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Abstract 

The influence of atomic erdering and erdering kinetics on the 
superconducting and metallurgical properties of A15 type compounds are 
critically discussed based on own and literature data. 
First, the techniques for determin·ing the order parameter are reviewed. 
The dependence Tc vs. S in various A15 type compounds as a function of 
the quenching temperature and of the high energy particle irradiation 
fluence is discussed. A mnodel for the diserdering mechanism in A15 com­
pounds is established, based on the new concept of the virtual lattice 
site. It is shown that the diserdering mechanism is the same in both 
cases, high temperature heat treatment and high energy particle irra­
diation. The very compl representation of erdering effects also con­
tains the variation of othet' prkopet~ties, e.g. y, So, Po and Bc2(0). Fur­
thermore, it allows to draw empirical correlations between atomic ordering 
and Al5 phase stabil ity. 
Finally, it is shown on selected examples that the optimization of the 
critical current density at high fields in Nb3Sn wires by alloying is 
nothing else than a consequence of the occurrence of perfect atomic erder­
ing in binary Nb3Sn. 

ATOMARE FERNORDNUNG, STABILITÄT UND SUPRALEITUNG IN MASSIVEN UND 
FILAMENTAREN AlS-VERBINDUNGEN 

Zusammenfassung 

Der Einfluß von Ordnungseffekten und der Ordnungskinetik auf die supralei­
tenden und metallurgischen Eigenschaften von A15 Verbindungen wird kri-
tisch diskuti aufgrund von eigenen und Literatur-Daten. 
Es werden die Methoden zur Bestimmung der Ordnungsparameters vor-
gestellt. Dann VJird die Abhängigkeit von Tc als Funktion von S für alle 
bekannten A15-Verbindungen vor-gestellt, wobei S mittels Abschrecken aus 
hohen Temperaturen und Bestrahlung mit Hochenergie-Teilchen variier-t wur­
de. Ein Modell für den Entordnungsmechanismus in AlS-Verbindungen wird 
vorgesch 1 agen, der auf dem neuen Konzept der Existenz von metastabi 1 en, 
sogenannten 11 virtuell en 11 ~ Gitter-p 1 ätzen beruht. Aufgrund dieses Modells 
ist der Entordnungsmechanismus in beiden Fällen, also Hochtemperaturbe­
handlung und Bestrahlung, derselbe (bei nicht allzu großen Bestrahlungs­
dosery.9 die Tc auf > Tco/2 reduzieren). Es wird eine vollständige Studie 
der Anderung anderer physikalischer Eigenschaften mit S erstellt, wie y, 
Sn, po, Bc2(0). Ein empirischer Zusammenhang zwischen Ordnungsgrad und 
AiS-Phasenstabilität wird aufgestellt. 
Schließlich wird gezeigt~ daß die Optimierung der kritischen Stromdichte 
in Nb3Sn-Drähten bei hohen maqnetischen ldern durch Zulegierung mit ter­
nären Elementen eine direkte Folge des Auftretens eines perfekt geordneten 
Zustands im binären Nb3Sn i 
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I. I NTRODUCTI ON 

Most erdered intermetallic compounds exhibit an order-disorder phase 
transformation at a temperature TM' After fast q11enching of erdered com-

pounds as Cu 3Au /1/ or CuZn /2/ from temperatures T < TM' these materials can 
be retained at different degrees of atomic ordering, depending on temperature 
and cooling rate. Up to the present day, order parameters differing from perfect 
erdering have been detected on an appreciable number of erdered structures, one 

of them being the Al5 phase. The particular interest in the observation of ar­
der parameter changes in A15 type compounds resides in the unique correlation 
between deviations from perfect erdering and the superconducting transition tem­
perature, Tc. Such a correlation has so far not been detected in any other super­
conducting phase. 

Fig. 1.1. The Al5 structure. 

The observation of erdering effects on the low temperature properties of Al5 

type compounds is nothing else than a consequence of the existence of different 

nonequilibrium states in the Al5 superlattice, induced either by'rapid quenching 
I 

or by high energy irradiation. Quenching experiments have induced small, but ob-
servabl~ changes in the degree of long-range atomic erdering 6f the Al5 struc­
ture, reflecting the temperature dependence of the equilibrium order parameter. 
These small changes of the order parameter, S, have been found to affect the 
values ofT /3,4/. Since the first observation of these effects by Van Reuth c 
et al. /3/, other electronic properties at low temperature have been found to 
be affected by changes in S, as the electronic specific heat coefficient, y, the 
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magnetic susceptibility, x_, thc~ 11pper critical rnagnetic field, Hc 2 ' the electri­

cal resistivity in the normal state (just above Tc)' p
0

, and others. To a cer­

tain extent, lattice properties as the Debye temperature, e0, have also been 

found to var·y with S, the change be.ing considerably smaner than for y, at least 

for high Tc AlS ~ype compounds. 

The accurate determination of the absolute va·lue of the or·der parameter S 

requires time-consuming experiments and is particularly rlifficult for samples 

having a film geometry where grain textudng occurs. Forthis reason, many in­

vestigations on ordering effects in Al5 type compounds are restricted to the 

study of variations of selected low temperature properties as a function of 

the thermal or irradiation history, without a direct determination of the 

order parameter. In these cases, its value is indirectly determinated starting 

from reference values obtained elsewhere. The first reliable order parameter 

determination in Al5 type compounds by Van Reuthand Waterstrat /3/. After 

different heat treatments have furnished a first evidence for a possible 

correlation between superconductivity and degree of ordering in AlS type 

compounds. It appeared soon that the value of T for an AlS compound of the 
c 

general formu I a 1-\ B depends on two pararneters, i .e. the chemi cal corilpo-
. 1-ß ß ----------

~!_tJ_gn ß, anj_!_b_~_ll_ragg-l'{ll!_i an~~~g-range order pararneter, S. From a sy-

stematical work undertaken by the author /7/, it follows that this is 

in cantrast to the bahavior in bulk superconducting compounds crystallizing in 

other known structures, where within the superconducting phase field 1 
·,; c 

depends on tlw chemi ca l cotnpos i t i on on 1 y. 

The irtLerest in studying tlle correlal:ion lJetween atornic ordering and 

superconductivity in AlS compounds was originally 1notivated by the question 

whether it would be possible to raise the highest known T values by irnproving 
c 

the degree of atomic ordering. For this purpose, attempts were undertaken 

to vary the order parameter by rapid quenching or by high energy irradiation. 

The observation of a strong decrease of T in AlS cumpounds after neutron 
c 

irradiation /8/ raised the question about the lifetirne of a superconducting 

Nb
3

Sn magnet exposed to heavy neutron irradiation in a fusion reactor. Besides 

this technological aspect, it is of fundamental interest to know whether the 

decrease of T in quenched and irradiated AlS type compounds is caused by the 
c 

same mechanism, i .e. whether the decrease of the order parameter with 

increasing fluence is dominant with respect to various additional effects 

occuring during high energy irradiation. This questionwill be discussed in 
i 

detail in the present work, based on a model recently proposed by the a·uthor 

/6/ which attr-ibutes tlle initial deaease of T (down toT /T O.S) with 
C C CO 
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increasing fluence to the occurrence of nonequilibrium states of the A15 

lattice /5/. The discussion will be extended to the cases of heav~ly 

irradiated A15 type superconductors, where the value of T is influenced by 
c 

phonon softening rather than by changes of the electronic density of states. 

When studying atomic ordering effects in A15 type compounds, a particular 

emphasis has to be given to the metallurgical state (homogeneity, composi­

tional distribution, precise determination of composition). The preparation of 

homogeneaus samples at compositions close to the A15 phase boundary (where T 
c 

mostly reaches its maximum) requires an accurate knowledge of the correspon-

ding A15 phase field. A previous review by the author /7/ will be used as a 
broad reference basis for additional details concerning preparation and ana­

lysis. The author has accomplished numerous works in many aspects of ordering 

and phase stability of A15 type compounds, the treated subjects comprising 

a) the work on the high temperature phase fields of various high T Al5 
c 

systems, 

b) the determination of the order parameter and the Vibration amplitudes by 

diffractometry on most Al5 type compounds 

c) the study ef ordering changes (induced by argon jet quenching) on the 

electronic properties, e.g. T ,y , p , H and others. 
c o c2 

In recent years the activity was extended to high energy irradiation of bulk 

and multifilamentary A15 materials, to the study of the diserdering mechanisms 

and of the ordering kinetics. All these data were condensed in the present 

work, which also contains a considerable amount of critically selected 

literature data in order to get a better insight into the reality ef small 

changes ef the degree of atemic erdering producing important effects on the 

preperties of Al5 materials. 

The present werk is erganized as follews. In Sect~on 2, a survey ef the 

superconducting preperties in ordered and diserdered cempeunds showing poly­

morphism is presented. These data will later be used fer cemparison when 

studying the influence of deviations frem perfect erdering. In Sectien 3, the 

Bragg-Williams leng-range atemic erder parameter is defined and experimental 

metheds fer the determinatien of absolute values (on bulk samples) and 

relative values (en films) are discussed. 

A detailed description ef varieus deviations frem thermedynamical equi­

librium as induced by rapid quenching frem high temperatures er by irradiatien 

with high energy particles is given in Sectien 4. A strong analegy between the 

diserdering mechanisms in the Al5 lattice during the precesses of fast 
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quenching and irradiation is established, based on the hypothesis of occupied 
"virtual" sites /6/. 

All ordering data on A15 type compounds available to date are critically 

analyzed and listed in Se~!_ion~. In Secti~~. an attempt is made, to 
establish a correlation between the degree of ordering and stability of A15 
phases, the latter being represented by the the vibrational behavior of the 
lattice. The conditions for the occurrence of phonon softening below 300 K in 
AlS type compounds are studied, revealing systematical differences between 
high y and low y materials. The latter are found to exhibit a strong hardening 
of the lattice below 100 K which has got little attention so far. As well de­
viations from perfect ordering as from stoichiometry are founcl to reinforce 
this "low temperature hardening" for AlS type compounds with y > 7 mJ/K2g-at. 
In low y compounds, the inverse behavior is observed, disordering by high ener­
gy irradiation leading to softening of the lattice. The latter is responsable 
for the enhancement of Tc in Mo 3Ge and Mo 3s;, the electronic density of states 
remaining essentially unchanged. Several stability cons·iderations lead to a 
consistent picture for the instability of Al5 type compounds with B elements 
from the Zn (or IIB) column. with a tendency of reduced stability (mainly ex­
pressed by a lower degree of long range ordering) for the neighbouring compounds 
with B elements from the Cu (or IB) or from the B (or IIIA) column. 

In Section 7, the influence of atomic ordering and composition on the elec­
trical.resistivity p is studied. Own data and lHerature data on the variation 
p(T) at low and high temperature are discussed. A particular attention has been 
given to the study of the temperature exponent at T > 40 K, where an unexplained 
T2 dependence has been repeatedly reported for high y AlS type compounds. 

In Section 8, it will be shown that the degree of ordering has also a 
strong influence on industrial Nb3sn multifilamentary wires. In particular, 
the improvement of the critical current density in such wires after alloying 

with ternary additives is a direct consequence of perfect ordering occurring 
in this compound. The case of v3Ga and Nb 3Al wires is also discussed, both com­

pounds forming with a slight deviation from perfect ordering. 

In Section 9 finally, the effects of ordering and compositional changes 
on Tc of several Al5 type compounds are presented and discussed. The discussion 
also includes effects on other electronic properties as the electronic specific 

heat y and the upper critical magnetic field Hc2. 
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2. SUPERCONDUCTIVITY AND POLYMORPH15M IN INTERMETALLIC COMPOUNDS 

Intermetallic compounds are usually characterized by their crystal structu­

re. Within the same crystal structure, superconducting as well as nonsupercon­
ducting compounds can be encountered, but some crystal structures are particu­
larly favourable to the occurrence of high T superconductors. The most interes-c . 
ting ones are 

- the Al5 type structure (Tc = 23 K for Nb3Ge/l3/) 

- the Bl type structure (Tc = 18 K for NbN1_xCx/14/) 

- the rhombohedra1 structure in molybdenum chalcogenides 

(Tc= 15 K for PbMo6s8 /15/). 

- the Pu 2c6 type structure (Tc= 17 K for Y. 7Th. 3c1 . 58/16/). 

The nature of the corre1ation between superconductivity and crystal struc­
ture is complex and depends on the particular electronic density of states, pho­

non spectrum and electron-phonon coupling. The influence of the crystal structu­

re on Tc is particularly evident when polymorphic transformations occur, i:e. 
when the number of e1ectrons per atom, e/a, is constant for both modifications. 

Unfortunately, no case of a c1assical order-disorder transformation at equilib­
rium (involving site exchanges only, as for example in Cu3Au) has been found up 
to the present day between two superconducting phases. The only known cases con­
cern the transformation between incommensurable phases, as for example the 

A2(bcc) and the Al5 phases. Several examples for the polymorphism A2 - Al5 are 

listed in Table 2.1. In the three cases Nb.76Au. 24/l7/, v. 76Au. 24/l8/ and 
v. 75Ga. 25/19,20/, the transformation A2~Al5 occurs by a congruent solid reac-

tion, whi1e a massive transformation is observed in the case of Nb. 78Al. 22 
/21,35/. In the systems Nb-Au, V-Au, V-Ga and Nb-Al, both modifications are 

equilibrium phases, and the high temperature A2. phase can be obtained by argon 

jet quenching. This is in cantrast to the systems "Nb3Nb" and "W3W", where the 
Al5 phase is metastable and must be prepared by sputtering/22/ or by coeva­
poration/23/. 

The values of the electronic heat coefficients, y , for the modifica­

tions Nb. 76Au. 24 , v. 76Au. 24 and Nb3(Nb. 92Ge. 08 ), the 1atter being simpli­
fied to "Nb3Nb" are listed in Table 2.1, while specific heat data for the 
other systems arenot availab1e to date. In the known cases, the y va1ue~ 

for the ordered A15 phase exceed those of the disordered one, i.e. the bcc 
phase, by a factor of 2. Although the change in symmetry also affects the 
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Compound Structure Tc Ref. y Ref. 

( K) (mJ/K2at-g) 

a A2 1.2 24 4.8 29 
Nb~ 3Au Al5 11 24 8.96 25 

A2 <0.03 18 5.02 25,30 
v.76Au.24 

Al5 3.0 3,18 13.09 25 

A2 2.7 20 
v.75Ga.25 

Al5 15.9 26 24.22 25 

b A2 1.2 27 i 
Nb.78Al .22 

Al5 17.0 28 

A2 12.7 29 6.8 29 
Mo.40Tc.60 

A15 13.2 29 3.3 29 

Nb c 
A2 9.2 32 7.80 34 

AlS 5.2 22 4.65 22 

wd 
A2 0.012 33 

AlS 5 23 

Table 2.1. Superconductivity in ordered (Al5) and disordered (A2) 
polymorphic modifications. 

a The stoichiometric composition Nb3Au is not stable in the system 
Nb-Au. Very accurate microprobe measurements by R.M. Waterstrat 
yielded an effective composition Nb. 734Au. 236 /31/. 

b In Refs. 28 and 35, it has been shown that the highest 
solubility of Al in the A2 phase is 22 at.%Al at 1940°C. 

c 
The Al5 phase reported by Stev1art et al./22/, referred to as 11 Nb3Nb 11 

was found for an alloy containing a slight amount of Ge, 2 at.%, the 
total composition being Nb3(Nb.92Ge.o8). , 

d The AlS phase in this systemwas found tobe stabilized by a small 
amount of oxygen, the formula being W3 (~,0) /23/. 
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Debye temperature, e0, the strong difference of Tc between both modifications 
is generally attributed to changes in the electronic density of states. 

The calculated band structures for the Al5 and A2 modifications are 
shown in Figs. 2.1 and 2.2. The main features distinguishing the two density 

of states curves are essentially independent on the chosen model. The density 
of states for V3Au(Al5) and Nb3Au(Al5) has recently been calculated by Jarl­
borg /36/. Comparable band calculations on 3d-5d combinations in the A2 
structure are not available, but earlier calculations of Mattheiss /37/ on 
5d elements shown in Fig. 2.1 can be used as an approximation, which is jus­
tified by the validity of tf1e rigid band mode1 in materials crysta11izing in 

this structure type. This is in cantrast to the Al5 structure, where the 
strong localization of d electrans excludes a rigid band approximation. As 
expected, the Fermi energy EF far v3Au(Al5) lies at the top of a sharp density 
of states peak (Fig. 2.2). The corresponding Fermi energy for v3Au(A2) with 

e/a = 4.0 (counting 1 valence electron for Au, as propased in Ref. 7, p.547) is 
situated near ta the bottarn of a density of states peak (Fig. 2.1 )which is mar­
kedly broader than far the correspanding v3Au(A15) phase. There ar~ na other ca­
ses than those listed in Table 2.1 where T and y of the A2 and Al5 madifica-

c ' 
tions can be campared. Nevertheless, the T values for the A2 phase in other V c 
or Nb based systems, e.g. Nb-Sn/7/, V-Ge/38/ ar Nb-Ge/38/, extrapalated ta stoi-
chiometry, lead to the same result as above: the hypothetical stoichiametric A2 
modification would exhibit T values which are almost one arder af magnitude 

. c 
smaller than for the A15 madificatian. 

A completely different situation is encauntered in campaunds based on Mo 
and Cr (with 6 valence electrons). This can be seen in Fig. 2.3, where the Tc va­
lues of the A2 phase in different Mo - X systems are extrapolated to composi­

tions where the A15 phase is stable~ i.e. 25 at.% Os, 24 at.% Ir, 19.5 at.% Pt, 
~50 at.% Re' and 25 at.% Ge. In cantrast to the V and Nb based systems, the 
polymorphism A2 + A15 in Cr and Mo based systems has little effect on the super­
conducting transitian temperature. In systems containing transition elements on­
ly, the T values of the A2 and the A15 phase are very similar. A particular be-c 
havior is observed in Mo systems containing non transition elements, as Mo-Ge or 
Mo-Si: these are the only known cases where another phase exhibits a higher Tc 

value than the A15 phase. As shawn in Fig. 2.3, the Tc .value for the bcc Mo-Ge so­
lid solution reaches 2.2K atN8 at.% Ge/39/, which wauld extrapolate to 

~ 4.8K at 25 at.% Ge, where the A15 phase exhibits only Tc= l.3K/39/. 
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Fig. 2.1. Density of states for W after Mattheiss /36/ and experimental 
data for superconducting 5d compounds (e) crystallizing in the 
A2 (bcc) structure after Bucher /40/. The position of EF 

for v. 75Au. 25 (bcc modification) has been obtained assuming the 
validity of the rigid band model and a value of e/a = 4.0 (see 
Ref. /71). 

~ 
- 200 
(/) 

g 

100 

0 0.1 03 0.5 07 

Energy {RyJ Er 
Fig. 2.2. Density of states for v3Au (AlS modification) after Jarlborg/36/. 

EF is close to the top pf a sharp peak of the density of states curve. 
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Ghosh et al./41/ found Tc values of 3.5 K and 5.7 Kin sputtered 

Mo - Ge samples. These authors assigned the lower value to the tetragonal 

Mo 5Ge 3 phase, but could not determine the origin of the higher Tc value. The 
question is still open, and three configurations are possible, a highly dis­

ordered Al5 phase, a metastable A2 phase at 25 at.% Ge (see Fig. 2.3) or an amor­

phous phase. The particular problern of Mo3Ge will be treated in Sect. 4.3.6. 

Compound 

Mo-Os 

Mo-Ir 

Mo-Re 

Mo-T c 

Structure 
Type 

A2 
Al5 

a 

A3 

A2 

A15 
A3 

A2 
(A15)a 

x(a-Mn) 
A3 

A2 
Al5 

x(a-Mn) 
A3 

Compo s it i on 

(at.% X) 

15 

25 

29 

49 

10 

24 

38 

43 
(~ 50)a 

77 

78 

rv60 
rv60 

87 

Tc 
( K) 

8.5 

13.1 
7.3 
6 

5.4 
8.7 

6 

14.2 

15 
9.89 

10.0 

12.7 
14.7 

12 
14.0 

Ref. 

7 

7,39 

42,49 

7,43 

7 

39,43 

7 

7 

44 

45 

7 

29 

29,47 

47 

47 

Table 2.2. Superconducting transition temperatures of intermetallic phases 
in the bulk systems Mo-X (X = Os, Ir, Re, Tc), showing , 

that the maximum T values of the intermediate phases ofithese sy-
c ' 

stems are comparable. aThe Al5 phase in the system Mo-Re is meta-

stable and has been obtained by sputtering /44/. 

The case of Mo3s; is better understood. As shown by Johnson et al. /42/, 
amorphaus Mo-Si exhibits Tc values around 6K, i.e. substantially higher than 
the value corresponding to the ordered ~1o 3 s; compound crystallizing in the 

A15 structure: T = 1.3K /39/. 
c 

The behavior of Tc in the A2 and A15 phases of Cr and Mo based systems can be 

generalized to other intermetallic phases.· As shown in Table 2.2, the maximum 
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of Tc for the phases a-Mn,o or A3 (hcp) is comparable to that of the neighbour 
phase. An exception to this behavior was reported in the system Mo-Ir, where 
Sadagopan et al. /48/ found an increase from Tc= 1.2 to 8.8K after annealing 
an as-cast Mo. 50Ir. 50 alloy at 1200°C. A careful reexamination of this system 

15 

Tc 
(K) 

10 

5 

o~--~----~--~----~----~· 
0 10 20 30 40 

at.% X 
50 

Fig. 2.3. Superconductivity in A2 solid solutionsof the systems Mo-Re, Mo-Os, 
Mo-Ir, Mo-Pt and Mo·~Ge. The Tc values of the A2 phase. is stable, i.e. 
50 at.% Re, 25 at.% Os, 24 at.% Ir, 18.5 at.% Pt and 25 at.% Ge. At 
these compositions, Tc in both phases is similar, except for Mo-Ge, 
where it is higher for the A 2 phase (FlUkiger /7,39/). 

/38/ confirmed the sudden increase of Tc after annealing below 1200°C, but 
only for nominal Ir contents below 50 at.%. As can be seen from the Mo-Ir phase 
diagram/51/, this corresponds to the two-phase region Al5 + 819. It follows that 
the high T value in Ref. 48 belongs thus in reality to the Al5 phase at the c 
composition Mo. 76 Ir. 24/39/. 

After these remarks, it is not surpr1s1ng that the value of Tc in the Al5 
phase of all known Cr and Mo based systems varies very little with composition. 
From Ref. 7, where the variation of Tc with composition has been pldtted for 
most A15 systems, the largest variation is reported for the system Mo-Pt-Re 
/39/, with 0.25 K/at.%Mo. This is still one order of magnitude smaller than for 
the corresponding V and Nb based systems. 



-11-

There is thus an antagonism between the behavior of V and Nb based compounds 
on one hand and Cr and Mo compounds on the other hand, not only with respect 
to the behavior of Tc in different modifications, but also to the correlations 
between Tc and the electronio density of states, which is very different for 
both classes of materials /39/. This antagonism also extends to crystallo­

chemical properties,for example to the difference in sign of the deviation from 
Vegard's law (applied to the atomic volume) /7,50/. It may be recalled that 
Tc foramorphaus Mo alloys is ordinarily higher than in their crystallized 
state. Amorphaus Mo alloys exhibit the highest Tc of amorphaus alloys known 
so far (Tc = 9K for Mo-Ru-Zr /52/). This is in cantrast to Nb or V based 
alloys, for which the amorphaus modification has a tendency to lower Tc values 
with respect to the crystallized state. 

The difference between Tc in crystalline and amorphaus systems is represented 
by the plot in Fig. 2.4,which was established by Collver and Harnmond /52/. 

15 

....... 
~ 10 

5 

" 

4 5 6 

e Ia 
7 8 9 

Fig. 2.4. Experimental Tc curves for elements and nearneighbouralloys of the 
3d, 4d and 5d ~ransition metals. Ootted line foramorphaus 4-d. 
Amorphaus Nb (e/a = 5 has a lower Tc than in the cubic state, while 
Mo (e/a = 6) shows the opposite behavior (after Collver and 
Harnmond /52/). 

It will be shown in Sect. 4 that in addition to the amorphaus state, there 

are other nonequilibrium states of the A15 lattice, produced either by quen­

ching or by irradiation. 
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3. THE: BRAGG-WILLIAMS LONG-RANGE ORDER PARAMETER IN Al5 COMPOUNDS, 

Atomic ordering is a collective phenomenon and is understood as a thermodyna­
mic equilibrium distribution of atoms over the lattice points of the crystal. 
The order parameter S thus depends on temperature: S = S(T). Theoretically, 
the order parameter value of AlS compounds at low temperatures would be S = 1. 
However, a certain amount of disorder can be "frozen in" since the cooling 
process from the melt or from the annealing temperature, TA' occurs in finite 

times. The order parameter in a given AlS type compound will thus in general 
be S ~ 1, the deviation from unity depending on the thermal history of the 
measured sample. Thus, all order parameter measurements performed at room 
temperature describe in reality a nonequilibrium state. The equilibrium order 
parameter can only be measured at temperatur·es above the ·diffusion limit, 

TD' which will be defined later (see Table 4.1). 

3.1. Definition of the Bragg-Williams Order ParameterS 

The perfectly ordered Al5 crystal structure A3B is described by the space 
group Pm3n with A atoms in 6c sites at (1/4, 0, 1/2) and B atoms in 2a sites 
at (0, 0, 0). Partial disorder in this structure is introduced by a random site 
exchange between A and B atoms (Fig. 3.1 ). 

s = 1 

perfect order 

S. # 1 

partial disorder 

Fig. 3.1. The A15 type structure of a system A~B with different occupation of 
J 

the 6c (•) and the 2a (o) sites by the two atomic species. 
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The degree of atomic ordering in an Al5 type compound of the general 

formula A1_ßßß can be described in different ways: 
a) the occupation factors, ra and rb' where ra is defined by the fraction of 

6c sites (or a sites) occupied by A atoms and rb by the fraction of 2a sites 
(b sites) occupied by B atoms, or 

b) the Bragg-Williams order parameters, Sa and Sb for each lattice site, defined by 

r -(1-ß) r -(1-ß) 
5 

_ a _ a 
a - 1-(l-ß} - ~-=-ß ~ and 

r - ß b 5b = 1 - ß ( 3. 1 ) 

where ra is the fraction of a sites occupied by A atoms and rb the fraction of 

b sites occupied by B atoms. The parameters Sa and Sb, ra and rb are intercon­

nected by the formulas 

and 

(rb = 3ra- 2 for ß = 0.25). 

Thus, the degree of atomic ordering for a given sample at the composition ß 

is sufficiently described by one parameter only, either Sa or Sb. It follows 
from Eq.(3.2), that Sa =Sb= S at the stoichiomotric composition ~ = 0.25. 

(3.2) 

The Bragg-Williams order parameter is defined in such a way that S = 1 for 
the perfectly ordered lattice and S = 0 for complete disordering (or random dis­
tribution}. These t~o states correspond to r = 1 (or rb = 1) and r = 0.75 a a 
(rb = 0.75) at the composition ß. However, neither Sa or Sb nor ra or rb descri-
be the tendency of the different atom species to occupy a certain site. In 
5.2.1, a "relative" occupation factor will be used, which is defined by 

ra 
r• a = 

r" u 

"f rb r• 
b 

l rb 

0. 75 

1 - ß 

0.25 

ß 

for ß > 0.25 

for ß ~ 0.25 

for ß < 0.25 

for ß.?.. 0.25i 

(3.3) 
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The relative occupation factors, r~ and rb' relate the fraction of A atoms 
being effectively on 6c sites to the highest possible concentration of 6c sites 
which can be occupied by A atoms in a compound of the composition ß. 

3.2 Experimental Determination of the Long-Range Order Parameter 

The l ong-range order parameter of a crys ta 1 s tructure can be determi ned 
by using either by X ray or neutron diffraction. The measured intensities, I~kl' 

c are compared with the calculated values, Ihkl, where 

(3.4) 
I 

by means of a least-square refinement procedure. In this formula, n represents 
the multiplicity, LP the Lorentz polarization factor, Fhkl (S) the structure 
factor depending implicitly on the order parameter, and Bn is the temperature 
dependent term. 

3.2.1 Thermal and Static Mean Square Amplitudes 

The term Bn in Eq. (3.4) ,is generally called the temperature factor. It 
is connected with the mean square amplitude of the atomic oscillations araund 
the site n, which is expressed by the coefficient U~ .. In the case of har­
monic anisotropic Vibrations, U~. is a second ran~Jt~nsor, which is reduced 
to the scalar, U~ for isotropic

1

~~~ditions. For simplicity, the notation 
U~ will be used here instead of <U~> , the complete notation generally used 
in the literature. The value of the oscillation amplitude is generally called 

the root mean square amplitude or the r.m.s. amplitude and will be denoted e 
here as U instead of <U2>1/ 2 

n n · 
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For isotropic Vibrations, the term Bn can be written as 

2 2 . 2 2 exp Bn = exp {-Sn Uns1n 8/A ), (3.5) 

where e is the diffraction angle and A the wavelength. The quantity 
B = 8n2u2 is ordinarily called the isotropic temperature factor. It is n n 
customary in powder diffractometric investigations to define also an "over-
all11 temperature factor, B = 8n2u; which constitutes an average over all 
atoms and their sites. However, the physical meaning of an overall temperatu­
re factor is very restricted when comparing to the isotropic temperature 
fac tors, Bn, or the ani sotropi c tempetature factors, 8 .. n. 

1 J ' 

In the most general case of anisotropic harmonic oscillations, the term 

Bn in Eq. (3.4) can be written as 

(!3. 6) 

The number of coefficients U~. is reduced for the atoms lying on par-lJ,n 
ticular sites. Depending on the quality of the data, the refinement is perfor-

med for isotropic or for anisotropic temperature factors. For the Al5 struc­
ture, the isotropic temperature factors for the A and B atoms on the 6c and 2a 
sites are named Ba and Bb' respectively. If single crystal refinements are 
available, the anisotropic temperature factors can also be given. In this case, 
the anisotropic oscillations around the 6c sites are described by the anisotro­
pfc temperature factors B11 and B22 , the behavior on the 2a sites being assumed 

as isotropic and being characterized by Bb. 

The constraints for the anisotropic Vibrations on the site 6c of the 

Al5 structure are: 

= 
( 3. 7) 

= = 

The isotropic mean square amplitudes on the 6c sites are obtained by 
the average: 

1 
(3.8) = 

3 
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From the values of u2, it is possible to calculate the Debye temperature, 

according to the equation 

1 3 h
2 

X 
8x T {<P(x) + -} -lf4iM 4 

where u2 is the mean square vibrational amplitude, h = 6.6262 x l0- 3Js, 
k = 1.38062 x lo- 23 JK-l, M the atomic mass and x = 8/T. The function 

(3.9) 

cp(x) = 1/x f s/(es- 1) dt;, is tabulated in Table 5.2.28 of the International 
Tables of c(ystallography. The Debye temperature obtained by diffractometry 
is denoted here by 8X in cantrast to 8D' the Debye temperature derived from 
calorimetric measurements;· whete eD(O) and 80(300) stay for the values at 
T = 0 (obtained by extrapolation) and at 300 K (see 6.1.3). 

Beside the coefficients U~. representing the mean squarethermal vibra-
1 J, n 

tion amplitudes (dynamic displacements from the eqHilibrium lattice sites), 
other coefficients will be defined in 3.2.2 for describing static displacements, 
occurring after high energy irradiation provided that the irradiation temperatu­

re Tirr is low enough. In analogy to U~j' the static mean square amplitudes 
are denoted here by u2, the rms static amplitude by u (instead of the notations 
<u

2
> and <u 2 >~1 2 , respectively, used in the literature /54,55/). The total dis­

p 1 acement in an i rradi a ted crysta 1 can be approximated by the sum of thermal 
and static displacements:, 

I 

2 
utot = + (3.10) 

3.2.2 Least Square Refinement Procedure 

The structure factor for a perfectly ordered, stoichiometric AlS type 
compound A3B ban be written as 

F = f ll+cos 2rr (h+k+l)l+ hkl B 4 

I. 1 h h k k 1 + 2fA cos 2rr(~ + ~) + cos 2rr(2 + ~) + cos 2rr(~ + 4) 
(3.11) 

In Eq. (3.11), fA and f8 represent the scattering factors for A and B 
atoms lying on the 6c and 2a sites, respectively. The A15 type structure 
for both perfect order (S = 1) and partial disorder (S 'f 1) is schematically' 
represented in Fig. 3.1. 
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If deviations from perfect order or from ideal stoichiometry are in­

troduced, the form factors fA and fß for the atoms A and B have to be re­
placed by the effective form factors of the averages at the 6c and 2a sites, 

which will be called fa and fb' respectively. Fora diserdered A15 structure 
with ideal stoichiometry, there is: 

fa = ra fA + (1-ra)fs 

fb = (1-rb)fA + rb fB 

i.e. the formula A3ß is generalized to 

A3B _____..,. (Ar Bl- r ) (Al-r Br ) 
~ ..__-----3 b., 

s ite 6c s ite 2a 

Calculated structure factors for different hkl are listed in Table 3.3. 

For the general case of a disordered nonstoichiometric A15 structure, the 
structure formula becomes 

·Al-ßßß-+ (Ar Bl-r ) (Br Al-r ) ' 
a a b . b 

or using (3.3): 

Al-ßßß--+ (Ar 81-r )( 83( -1)+4ß Al-[3(ra-1)+4ß]) 
a a 

~L---------~-----------

site 6c s ite 2a 

(3.12a) 

(3.12b) 

(3.13) 

(3.14) 

The least-square refinement of the integrated measured intensities I~kl 
can now be carried out with the occupation factor ra the temperature factor 
B and an instrumental scale factor as variable parameters. 

For an Al5 single crystal with a very narrow compositional distribution, 
the chemical composition, ß, can be introduced as a supplementary variable 
in the crystallographical refinement process. For powder samples, however, 

(polycrystalline samples have to be treated as povJders), the number of 
measured peaks is much lower, the number of variables has thus to be kept 
as low as possible. Under these conditions, it is preferable to determine the 

chemical composition by another method, keeping ß (ixed during the refinement 
process. The prec1s1on in determining the chemical composition has a strong 
influence on the absolute value of the order parameter. The compound Nb 3Al is 
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a case where difficulties in determining the precise composition have led to 

erroneous conclusions about the absolute value of S. This case will be dis­
cussed in Section 5. 

The criterion for the refinement of the structure parameters is a minimum 

in the conventional agreement factors R and Rw when comparing observed and 
calculated integrated intensities. These factors are defined by: 

I 
m c 

1
2 m2 

R = 6 1hkl - 1hkl / 6 1hkl ' and 

1 m c 2 1 m2 
Rw = 6 ~ (Ihkl- 1hkl) / 6 -2--- 1hkl 

hkl 0 hkl 

where ~ is the observed standard deviation. 
0 hkl 

(3.15) 

(3.16) 

For well-defined, homogeneaus powder samples where the difference bet­

ween the atomic numbers of the two constituting elements is ~Z ~ 8, this re­
finement method yields absolute values of S with an uncertainty of ~S = ± 0.02. 

All proceeding steps in determining S described in this paragraph are equally 

valid for both X ray and neutron diffraction. Some characteristical differences 
between these two diffraction sources are discussed in detail in 3.3, where all 

factors influencing the experimental determination of the order parameter are 
discussed. 

3.2.3. Determination of S on Irradiated Thin Films 

If the sample is only available in a film geometry, texturing renders the 

refinement procedures extremely difficult: at present, the problern of deter­

mining an absolute value of S on this film samples has not been rigorously 
solved. For the special case where the relative change of S has to be measu­

red on the same film, as for example after consecutive irradiations, it has 
been shown by Linker/54/ that a quantitative determination of the order parameter 

Variation is possible, provided that the absolute value of the initial order para-
meter S is known. e.a. frnm diffractometric measurements on bulk samples. This 0 . . ' - - .J • -

procedure, first applied on Nb 3Al films /55/ is valid under the assumption 

that the dynamic behavior of the crystal remains essentially unaffected by 

irradiation and will now be briefly described. 
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The diffraction lines are subdivided in four different groups where the 

structure factor, F(hkl), depends on the same way on Sandon the form fac­

tors fA and fß (see Table 3.3): 

h + k + 1 = 2n: 

h + k + 1 
{

2) F(hkl) = S(fß- fA) + (3fA + fß) 
= 2n+ 1: 

3) F(hkl) = S(fß- fA)- (3fA + f8 ) 

h + k + 1 = 4n: 4) F(hkl) = 2(3fA + f8) 

(3.17) 

The data are analyzed in terms of a modified Wilson plot, where the loga­
rithm of the intensity ratio I(~t)/1 0 is plotted against sin2e;\2, where 10 and 

I(~t) are the intensities of a particular line before and after irradiation, 
\ the wavelength and e the scattering angle. Linker /54/ assumed that the 
decrease of the X ray line intensity as a consequence of statistically dis­
tributed static displacements can be described by means of a modified tem­

perature dependent term in Eq. 3.4. Under the condition that the dynamic 

behavior of the solid is not influenced by static displacements, the term 
Bn can be written as a sum of a thermal and a radiation induced component: 

B = B (U
2

) + B (u2) n n n n 

= -sn2 sin2e;\2 (U 2 + u2
) 

. n n 

Since u; is assumed to be unchanged after irradiation, 
figures in the quotient I(~t)/1 and can be determined 

0 

(3.18) 

2 only the term un 
by a Wilson plot. 

For group l in Eq. (3.17), the superstructure group, it is 

l n I I ( ~ t ) /1
0 
I = 

= - 16 n
2 

(sin
2e;\2

) u2 
+ 2 ln (Sa/Sa

0
) + ln c (3.19) 

where u2 is the mean square displacement amplitude (see 4.3.3) of the atoms 

perpendicular to the reflecting planes, Sao and Sa the order parameters on 
the 6c sites before and after irradiation and c a constant including the 
volume of the material contributing to X ray scattering. The static mean square 
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displacement amplitude, u~ can be determined from the slope of a straight line 
by least square fits of the representation I(~t)/I vs. sin 2 e;A~ 

0 

From the intersection of the straight line with the axis, one obtains 
the quantity 2·ln(Sa/Sa

0
) + ln c, from which Sa .can be determined. As pointed 

out by Schneideretal ./55/, ln c contributes only if parts of the material 

are either removed by sputtering or rendered amorphaus by radiation damage. 
Such a contribution can be detected by comparing the axial section values 

2 ln(Sa/Sa 0 ) + ln c for the data points of group 2 and 3 reflections, which 
should be approximately equal and of opposite sign if 1n c = 0. This test 
was used in Ref. 55 for detecting the possible creation ·of amorphou~ regions 
during irradiation. 

3.3 Factars Influencing the Determination of S 

The various factors influencing the determination of the order parameters 
can be subdivided in two main groups·. A first group is formed by the systematic 
factors, i.e. the calculation oftheX ray form factor, the neutron scattering 
amplitude, the anomalaus dispersion correction and the choice of source and 
WilVelength. The second group concerns the metallurgical state of the analyzed 

sample, which includes the presence of additional phases, homogeneity in 
composition, residual stresses, thermal history and/or irradiation history. 
A very important difficulty may arise from the presence of preferential orien­
tations. 

3.3.1 Systematic Factars 

3.3.1.1 The Atomic Scattering Factor 

The most important criterion for the accurate determination of the 
order parameter is the relative intensity of the Al5 superstructure lines, 

represented by the terms n·S(fs- fA) in Table 3.3, where n = 0, 1, 2 ... 
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~ 

hkl S Contribution to F hkl S Contribution to F 

110 2S( f -B fA) 420 S( fß - fA} + (3fA + f8} 
200 S( f -B f A) + (3fA + t 8) 421 S( f -B f A) - (3fA + f8} 
210 S( f -B f ) -A (3fA + t 8) 332 S( f -

B fA} + (3fA + t 8) 
211 S( f -B fA} + (3fA + f8) 422 2S( fß - fA} 
220 2S( f -B fA) 510,431 2S( f -B fA} 
310 2S( f -

B f A) 520,432 S( f -A fß) + (3fA + f8) 
222 3S( f -B f A) - (3fA + t 8) 521 S( fs - fA} + (3fA + f8} 
320 S( f -A fB} + (3fA + t 8) 440 2(3fA + f8} 
321 S( fß- fA} + (3fA + t8 ) 530,433 ""' r .c: \ 

0~ T - IAJ B 
400 2(3fA + t 8) 600,442 S( f -B fA} + (3fA + t 8) 
411,330 2S( t 8 - fA) 610 S{ t 8 - fA) - (3fA + f 8) 

611 ,532 S( fß- fA} + (3fA + f8} 

Table 3.3. Contribution of the long-range order parameter, S, to the 

structure factor, F, for stoichiometric compounds of the A15 

structure. The factors fA and t 8 represent either the X ray 
form factor or the elastic neutron scattering amplitude. 

It is obvious that if t 8 approaches fA, the determination of the order 
parameter becomes more and more uncertain, the intensity of the superstruc­

ture lines tending to zero. The magnitude of (f8 - fA) will thus decide if 
X ray or neutron diffraction is the appropriate experimental method. The 
latter is more favourable to ordering studies of compounds containing 

appreciable quantities of vanadium, which has a particular behavior with re­
spect to elastic neutron scattering. This is demonstrated in Fig. 3.2, which 
compares the X ray and the neutron diffraction patterns of V3Ga/20/, for 
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Camparisan between neutron (A = 0.2319 nm) and X ray (MoK , A = 0.07093 nm) a 
diffraction patterns for v3Ga (after Flükiger et al. /20/}. Note: The 
scales of 20 have been adjusted in order to allow direct comparison 
for each peak. 

-14 which the neutron scattering amplitudes are bV =- 0.05 X 10 m and 
b -14 Ga = + 0.72 X 10 m/56/. It is seen that the intensity of the super-
lattice lines is drastically enhanced in the neutron case. The corresponding 
Variation of the calculated intensity ratio between a superlattice line and 
a fundamental line, I~ 10;I~ 11 , in the system v3Ga /20/ with ß = 0.25 has been 

represented in Fig. 3.3. as a function of the occupation number, ra = l/4(Sa + 3). 

It follows that for v3Ga, 6S = ~ 0.03 represents a limit for an accu-

rate determination of S by X ray diffraction: In the following, the S value as 
determi ned by neutron cii ffraction/20/ wi 11 thus be quoted. Same cases are even 

more unfavourable 'than v3Ga. As shown by Waterstrat and Dickens/57/, 
neutron diffracti~h is the only way to determine accurate values of S in the 
systems v3Ni and v3co, where the difference in atomic number is 6Z = 4 and 5, 
respectively, and therefore (f8 - fA) is small. Theinversesituation is en-
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Fig. 3.3. Variation of the calculated intensity ratios between a superlattice 

line and a fundamental line, 1~ 10;1~ 11 , in V3Ga for X ray and neutron 
di ffracti on as a functi on of the order parameter and of the 

occupation factor, ra = 1/4(Sa + 3) /FlUkiger et al ./20/). 

countered in Nb3sn, where the neutron scattering amplitudes for Nb and Sn are 

nearly identical /56/. Here determination of the order parameter is only 
Possible by means of X rays. However, the situation is still not ideal, since 

A Z between Nb and Sn is only 9. Arecentdetermination of S in Nb3Sn/l2/ will 
be discussed in Section 5. 

The most frequently used values of the atomic form factors as a function 

of sin8/;\ are those calculated by Cromer et al./58/ on the basis of Hartree~ 

Fock wave functions. Fukamachi/59/ calculated the isolated atom form factor 

Of severa1 elements using Clementi 1 s Hartree-Fock quality atom wave functions. 
The calculation with both sets of values/58,59/ for v3Ga \~ith ~ Z = 8 did, 

however, not show significant differences inS /20/. This problern is less pro­
nounced for the neutron diffraction case, where the elastic scattering 
amplitude, b, does not depend on sin 9/'A. 



-24-

3.3.1.2. The Anomalaus Dispersion Gorreetion 

As well in the X ray as in the neutron diffraction case, the factors f 
are real functions if the wavelength A of the incident beam is significantly 

different from the wavelength AK of the K absorption edge for an atom of the 
scattering material. If, however, A ~ AK' there is an interaction leading to a 
frequency dependence of the absorption coefficient. This effect, the anomalaus 
dispers i on, can be expressed ana lyti ca lly by i ntroducing an i magi nary term 

and a small real term in the atomic scattering factor. The X ray scattering 
factor for an atom A becomes 

f :::: f + f 1 + i f 11 

A A
0 

A A (3.20) 

where fA and fß are the real and imaginary dispersion correction, calculated 
by Cromer/60/, tobe found in the 11 International Tables for Crystallography 11

, 

Volume IV. As first shown by Jones and Sykes/61/, it is possible to use ano­
malaus dispersion for increasing the relative intensity of superlattice lines, 
thus considerably diminishing the error in the determination of S in compounds with 

similar atomic numbers. For this purpose, an X ray radiation with a wave length 
as close as possible to that of the K absorption edge of an atom of the scat­
tering material is used. Taking S = 1 in Table 3.3, the intensity ratio between 
a superlattice and a fundamental line becomes 

In the cases where ifßo- fAol is small, the term jfß- fAI can be en­

hanced by the appropriate anomalaus dispersion correction terms f 1 and f 11
• 

The effect of anomalaus dispersion for CuK and MoKa radiation in V3Ga is 
('j, 

shown in Fig. 3.3. Another example is Nb~Sn. where for S = 1 the choice of 
J " 

MoKa radiation instead of CuKa radiation increases the ratio r110/I 211 by 

(3.21) 

a factor of 1.4 to a value of 0.039. This ratio is still low, but allows a reason-
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ably accurate determination of the order parameter S in Nb3sn. 
Anomalaus dispersion corrections have not to be considered in neutron diffraction 

experiments on Al5 compounds, since the few isotopes with complex scattering 
factors, i.e. 10B, 113cd, 149sm or 157Gd do not form compounds of this 
s tructure. 

3.3.2. The Metallurgical State of the Sample 

3.3.2.1. Homogenization Heat Treatments 

The ideal conditions for order parameter determination are given by 100% 
single phase samples with a very narrow composition distribution. These con­
ditions are difficult to be achieved, but can be approximated by lang homoge­
nization heat treatments at high temperature. In order to find the appropria-
te homogenization and cooling conditions, a precise knowledge of the A15 pha-
se field is necessary, in particular at high temperatures /7/. Typical homo­
genization conditions for obtaining single phase samples for several Al5 com­
pounds are listed in Table 3.4, tagether with the appropriate cooling condi­
tions. The data in Table 3.4 result from practical experience with each com­
pound. Most of them can be extracted from Refs. 7,26,39,62, a small part 
·deriving from own unpublished data/38/. In Table 3.4, 11 single phase 11 AlS samples 

are characterized as containing less than 2 vol .% foreign phases, detected by 
microscopical observation. The determination of small amounts of additional 
phases by optical means is more reliable than by X ray diffraction, in parti­
cula~ if these phases are ductile, e.g. bcc Nb, Vor Mo. In this case, the 
plastic deformation during the crushing process leads to serious line broade­
ning, thus rendering the detection of faint lines quite difficult. Of course, 
this effect can in principle be eliminated by 11 flash-annealing 11 /7,79/ of the 
powders prior to the diffraction experiments. In practice, however, this pro­
cedure is not often used, mainly because of the risk of oxydation or reaction 

with the containermaterial. 
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Compound Composition Homogenization Argon Cooling 
ß Heat Treatment Pressure Mode 

(atm) 

v
3

co 0.25 48 h/1500°C + 2 weeks/950°C 

V3Ni 0.27 48 h/1500°C + I month/800°C 

V3Pd 0.22 48 h/1500°C + month/700°C 

v
3

Rh o. 16 to 0.25 48 h/1600°C 

V Os 0.48 to 0.51 48 h/1800°C Q(T>I600°C) 

V3Pt 0.19 to 0.32 48 h/1700°C 

v3rr 0.25 to 0.37 48 h/1700°C 

Vlu o. 20 to 0.24 48 h/1400°C + I week/1200°C >I 

v3si 0.22 to 0.25 >48 h/1800°C 

V~Ge 0.235 48 h/1650°C > j 
.:l 

v
3

Ga 0.22 to 0.28 48 h/1450°C + 48 h/1250°C >I 

ß<0.22; ß>0.28 48 h/1450°C + 100 h/I000°C >I R(ß>0.25) 

Nb
3

Rh 0.25 >48 h/1800°C + I month/1200°C 

Nb 3os 0.26 to 0.29 >48 
0 

h/1800 c 

Nb 3Ir 0.22 to 0.28 >48 h/1800°C 

Nb3Pt o. 20 to o. 28 >48 h/1800°C 

Nb 3Au 0.20 to 0.24 >48 h/1650°C >I 

Nb3Al o. 21 to 0.23 >48 h/1900°C >I 

Nb3Ge 0.23 to 0.24 >48 h/1800°C >I Q(ß>0.24) 

0.20 to 0.23 >48 h/1700°C >I Q(ß>0.23) 

Nb3Sn 0.20 to 0.24 48 h/1800°C 

ß>0.24 >48 h/1500°C + 2 weeks/I050°C > l 

·' h/2000°C Mo 3os 0.25 48 

Mo3Ir 0.22 to 0.24 48 h/1800°C 

Mo3Pt 0.185 48 h/1600°C R(T>I600°C) 

Mo
3
si 0.23 to 0.25 48 h/1600°C 

Cr3Ru 0.28 48 h/1450°C + I month/750°C >I 

Cr
3

Rh 0.22 48 h/1400°C + 2 weeks/1200°C >I 

cr3os 0.26 to 0.28 48 h/1350°C >I 

Cr3Ir 0. 18 to 0.26 48 h/1500°C >I 

Cr
3
Pt o. 18 to 0.23 48 h/l450°C >I 

Cr3Si 0.22 to 0.28 48 h/1600°C >I 

Ti
3

Au 0.25 48 h/1300°C >I 

Ti 3Pt 0.23 to 0.27 48 h/1200°C 

Ir 0.25 to 0.27 48 h/1400°C 

Table 3.2. Homogenization heat treatments and cooling conditions required for obtaining 
single-phase samples of different AIS type compounds, i.e. samples containing 
less than 2 vol.% foreign phases. The compounds or compositions not listed here 
could not be produced single-phased. Argon pressure or cooling mode are only in-
dicated when necessary (Q = argon jet quenching, R = radiation quench). 
(Refs. 7' 10, 18,19,28,38,39,62, 76), 
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The effective concentration profile of an alloy is usually measured by 
electron probe analysis, by Auger spectroscopy or by secondary ion mass spec­
troscopy (SH1S). In superconducting compounds, the global distribution of 
compositions can be measured by an additional method, i.e. the observation of 
the calorimetrically measured superconducting transition. The width and the 
shape of the latter are excellent indicators for the composition distribution 
in the sample, provided that the variation of Tc with composition is known. 
This is not a serious restriction since T vs. ß is known for all known com-c 
pounds with appreciably high T /7/. The consequences of homogenization on 

c 
the compositional profile of Mo 3os and Nb

3
Al can be seen in Figs. 3.4 and 3.5. 

Figure 3.4. shows the specific heat curves of the same Mo~Os sample after 
.) . 

heat treatments of 1 hour at 1770°C and after 20 hours at 1800°C /7,63/, re-
spectively. The langer heat treatment at the higher temperature reduces the 

20 

0~----~------J-----~ 

100 2 2 200 300 
T (K) 

Fig. 3.4. Different states of homogenization for ~1o 30s revealed by 
specific heat measurements at the superconducting transi­

tion (Flükiger /7/}. 
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total width of the superconducting transition from 1 .50 to 1 .05K, the value 
of Tc (midpoint) being slightly increased from ll .70 to 11 .85K. At the same 
time, the height of the specific heat jump is increased by 20%. This point is 

important: in virtue of the correlation between Tc and the composition ß 
specific heat curves of inhomogeneaus alloys are always characterized by 
broad transitions at Tc. 

An even stronger effect is observed after homogenizing Nb-Al al1oys, whe­
re the variation Tc vs. ß is more pronounced than in Mo3os /28,39/. Figure 
3.5. shows specific heat curves for two different samples, the first one cor­
responding. to an effective Al content of 24 at.% /64/ and annealed 5 days at 
750°C (without homogenization heat treatment), the second one to an effective 
Al content of 23.1 at.% after a homogenization heat treatment of 48 hours at 
l850°C under an argon pressure of 4 atmospheres /28/. Comparison shows that 
the transition width is reduced from 1 .5K to 0.7K after the homogenfzation 
heat treatment. At the same time, the height of the jump in specific heat at 
Tc of the homogenized sample is doubled in spite of its lower Tc value. The 
homogenization effects on the specific heat curves in Figs. 3.4 and 3.5 have 
also an influence on the quantitative analysis. Indeed, the size of the speci­
fic heat discontinuity is typica1ly represented by (C

5
-Cn)/Cn at Tc or 6C/yTc' 

and is a measure of the electron-phonon coupling. It is obvious that for a 
broad superconducting transition the value 6C (peak of the transition minus 
the normal state extrapolation at the peak temperature) will be lower than 
for a narrower transition. 

3.3.2.2. The Presence of Additional Phases 

There are many reasons for the presence of additional phases. Some Al5 
compounds, as Nb3Al, Nb3Ge, Nb3Ga, ... have temperature-dependent phase li­
mits, the stoichiometric composition being, if at all, only stable at high 
temperatures. Compositions close to stoichiometry (ß = 0.25) have thus to be 
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Fig. 3.5. Effect of the homogenization heat treatment on Nb3Al revealed 
by specific heat measurements. The alloy with the effective 
composition Nb0. 769 A1 0. 231 has been homogenized 48 hours at 
1850°C; the alloy Nb 76Al 24 (nominal c~mposition Nb0.75Al 0. 25 ) 
was heat-treated for only 5 days at 750 C and shows a wide tran­
sition (Flükiger /7/). 

P~epared by non-equilibrium methods, i.e. rapid quenching techniques, CVD or 
PVD (evaporation, sputtering). These procedures lead in some cases to the pre­
sence of small amounts of neighbouring phases, e.g. bcc(Nb), a(Nb2Al), 

D8 b(Nb 5Ge 3) or others. Other compounds, as v3Ga /20/ or Nb3Ga /65/ have the 
tendency to pick up oxygen during the melting process. This leads to the for­
mation of small amounts of oxygen stabilized phases, i .e. v3Ga0x /20,66/, or 
Nb3Ga0x /65/. Adetermination of the order parameter canin principle be per­
formed even if additional phases are present, provided that their respective 
c rys ta 1 structures are known. The correspondi ng spectra can be refi ned and 
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substracted from Al5 diffraction pattern. However, a possible lap with Al5 
superstructure lines would lead to seriously enhanced error limits, these li­
nes having usually unfavourable peak/background ratios and thus a poor coun­

ting statistics. Another cause influencing the precision of the order parame­
ter determination is the presence of unrecognized, small amounts of additio­
nal phases, which alter the background intensity of superlattice lines. 
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Fig. 3.6. Neutron diffraction patterns (~ = 0.263 nm) for Nb 1_8Al 8 compounds with 

effective Al contents in the Al5 phase of 23.1 and 24.5 at.%, ho­
mogenized 48 hours at 1850°C and radiation quenched. Due to th~ 
temperature dependent Al rich phase boundary, a small volume frac-
tion of Nb 2Al phase (peaks indicated by arrows) is formed on cooling in 
the compound with the higher Al content (Flükiger et al. /28/). 
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An example where the order parameter of the Al5 phase can be accurately 
determined in spite of a second phase is the system Nb3Al. The neutron dif­
fraction pattern of the alloy Nb. 769Al . 231 shown in Fig. 3.6 shows no trace 
of additional lines, while -5 vol .% Nb2Al phase can be detected in~ sample 
of the nominal composition Nb. 75Al . 25 (effective Al content in the Äl5 phase: 
24.5 at.% /28/). 

In the system Nb - Ge, it is particularly difficult to obtain single 
phase samples of the Al5 structure at compositions close to stoichiometry. 
This is due to a) the strongly temperature dependent Ge rich phase boundary 
/67/ and b) to the extremely rapid formation of Nb5Ge 3 precipitations during 
the cooling process. Fig. 3.7 illustrates the difficult conditions for the 
order parameter determination encountered by Sweedler et al. /68,69/ on a · 
CVD 'Nb3Ge sample. The X ray pattern, taken after removing the substrate and 

Nb3Ge (CVD) AIS (210) 
I 

AIS (200) Al5(211) 
Al5(110) 400 I I 

0 
10001- A15 \400) -I T T T TT T T :@r 

1 
I t I t t I I I I 

H HH H HH H T H 
I I 

200 I I _L.;_ 
0 

23 25 34 36 38 40 42 44 72 74 76 

28 (deg) 

Fig. 3.7. X ray (CuKcx) diffraction pattern for Nb3Ge as produced by CVD. The 
reflections are identified as Al5, hexagonal (H) and tetragonal 
Nb 5Ge 3 (T) and NbO. (Sweedler et al. /68,69/ ). 

crushing the deposited Nb3Ge to powders, shows the presence of several additio­
nal phases as Nb 5Ge 3, NbO and the oxygen stabilized modification Nb3Ge2 /68/. 
Due to the rather complex pattern it is even possible that small amounts of 
other unidentified phases are present, contributing to the background only. 
It is obvious that the determination of the order parameter from such complex 
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diffraction patterns will lead to large uncertainties inS. However, no bet­

ter Nb3Ge samples close to stoichiometry are available in sufficient quantity 
allowing order parameter determination. Another preparation technique, coeva­
poration, yields Nb3Ge films with considerably improved homogeneity /73,74/, 
but the film geometry is not suitable for direct order parameter determina­
tions, due to preferred orientations as shown in the following. 

3.3.2.3. Preferred Orientations 

It follows from several investigations /4,18,20,62/ that the difficul-
ty of completely 'removing preferred orientations is a major factor limiting 
the accuracy of the order parameter. The occurrence of preferred orientations 
can be checked by establishing the intensity ratios of the reflection pairs 
for which the long-range order contribution to the structure factor is identi­
cal (Table 3.1): r200n 211 , r420;r 211 , r332n 21 " .. (1 211 ·.corresponds to the 
highest intensity). Ordinarily, these ratios can be brought closer to the cal­
culated values by repeated crushing and repacking of the powders,. the final 
size being of the order of lO~m, smaller sizes leading to line broadening. The 
problern of preferred orientations is a consequence of the operations producing 
a flat surface, and is characteristic for X ray diffraction while it is still 
negligible in neutron diffraction experiments. As mentioned in 3.2.2, thin 

film samples prepared by CVD or PVD teohniques generally show textured growth 
with preferred orientations obtained by homoepitaxy. It should be added that 
the texturing can also lead to large errors in the determination of second pha­
se contents in thin film samples. All these reasons explain why the determina­
tion of order parameters in thin films has so far only been possible by the in­
direct method of Linker et al. /54,55/, which still requires the knowledge of 
S

0 
as determined by a complete refinement on a sample having random grain orien- · 

tations. 

3.4. Indirect Determination of the Order Parameter, S 

The diffraction experiments described in the preceding section are a di­
rect way to determine absolute values of the atomic order parameter in Al5 com­
pounds. If a change in the degree of ordering is caused by fast neutron irra- .. 
diation, the order parameter S (~t) corresponding to the irradiation dose ~t 

can in principle be obtained indirectly by using the Aronin formula /71/ 

S(~t) = S
0 

exp(-k~t), (3.22) 

where k depen9s on the type of projectile and its energy and S0 is the order 
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parameter prior to irradiation, which has tobe determined by diffraction methods. 

Equation (3.22) was derived for fast neutron irradiation of the ordered 
compounds Cu3Au and Ni 3Mn, using simple theoretical considerations /71/. The 
parameter k in Eqo (3.22)is related to random replacements due to irradiation 
and is independent of the degree of ordering. It can be calculated by making 

some assumptions on the average number of displace~ atoms, the threshold ener­
gy for atornic displacement and the kinetic energy of the primary knock-on-atom, 

by using the models developed by Kinchin and Pease/72/ and Dienes and 
Vineyard/129/, which were later modified by Sigmund/116/ and Norgett et 
alo/147/ 0 For fast neutron irradiated Nb3sn, Brovm et alo/151/ calculated 
the value k = 1.9 X 1o-24 m2. Experimental values for· k in several neutron ir­
radiated Al5 systems are shown in Table 3o3. This table contains only such sy­
stems where S as well ·as S were measured by diffractometric means. It is seen 

0 
that there is a considerable scatter in the k values, arising from uncertain-
ties in the determination of the correct dose ~t of S and S 0 

0 . 

System k ( x 10-2 4 m2 ) Reference 

Nb 3Al l '8 53 
Nb 3Ge 1 ,84 70 
Nb 3Pt 3,54 76 
V3s; 0.7 + 0.1 78 -

Table 3.3. Aronin constant k for different neutron irradiated A15 type 
compounds (E > 1 MeV). 

Once the value of the parameter k is known, Eq. (3.22) gives in principle the 
possibility to determine the 1ong-range order parameter, S(<Pt), in a solid sub­
mi tted to a dose ~t provided that the value of S

0 
has previously been determi­

ned by diffraction. 

Using the correlation between Tc and S, it is tempting to measure Tc only 
and to deduce the value of S from the literature. This procedure is currently 

0 
used, but contains implicitely the assumption that a value of Tc corresponds 
unambiguously to,one value of the order parameter. The validity of this assump-
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tion has, however, to be veryfied in each case, since T in Al5 compounds is c 
not only a function of S, but also of the chemical composition ß. Equation 
3.22 offers the possibility of estimating order parameter changes in highly 
textured thin film samples (3.2.3). Thin films are suitable for irradiation 
studies with charged high energy particles, e.g. protons, 4He, 14N, 16o, 32s, 

... , which penetrate only thicknesses of ~ 5~m, but do not activate the sam­
ple. Furtheradvantages of the thin film geometry are: i) possibility to stu­
dy metastable compounds as Nb3Ge or Mo. 50Re. 50 , which cannot be prepared in 
the bulk state, ii) accurate determination of Po• the electrical resistivity 
just above Tc' and iii) analysis by means of X ray diffractometry and elec­
tron microprobe without any further preparation steps. There is, however, a 
difficulty. which may arise when irradiating thin films with heavy particles, 
due to local heatin~ ... causing an inhomogeneaus recovery and thus a gradient in 
Tc. The measured valüe of Tc woul d in such cases not be representati ve for 
the whole sample unles·s measured calorimetrically. 
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4. NONEQUILIBRIUM STATES IN AlS TYPE COMPOUNDS 

The possibility to obtain different degrees of atomic ordering in a com­
pound is a consequence of the fact that at room temperature, thermodynamic 
equilibrium cannot be reached in finite times. Strictly speaking, the study 
of ordering effects on the superconducting properties in AlS compounds cor­
responds in reality to an investigation of the consequences of deviations from 
equilibrium. For an AlS type compound, deviations from equilibrium can be ob­
tained either by a) quench disordering, including quenching and annealing pro­
cesses, b) irradiation with high energy (E2:_ lfvleV) electrons, neutrons or ions, 
or c) by a combination of both. 

In the quench disordered case, the situation is relatively simple, the 
only known deviation from equilibrium being a homogeneaus change in The Bragg­
Williams order parameter. Unfortunately, the effect of quench disordering is 
limited to order parameter changes 65 ~ 0.10, even after quenching at the hig­
hest rates (between ~ 103 and ~1o6 °C/s}. This is due to a generallyfast 

reordering in AlS type compounds during the quenching process (see Sect. 7). 
Nevertheless, this relatively small reduction of the long-range order parameter 
is sufficient to cause substantial changes of the superconducting properties. 

The interest in irradiation experiments with high energy particles thus 
also resides in their ability to further decrease the superconducting transi-

1 ' 

tion temperature, down to very low T values. However, a multitude of effects are 
c 

present in i rradi ated AlS compounds, 1 eadi ng to different types of defects 
(see 4.2.). There is evidence that some of these defects are inhomogeneously 
distributed over the crystal volume, which has raised a controversy about 
the real cause of the observed strong decrease of the superconducting proper­
ties in irradiated compounds. The difficulty in determining the dominant 
cause resides in the fact that all these defects occur simultaneously. 
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4.1. Ordering Changes Induced by Thermal Methods 

4. l . l . Vacancy Diffusion: The 11 Vi rtua 111 S ite 

In the tightly packed Al5 structure, each atom is closely surrounded by 
its neighbours (see Fig. 4.1). The atoms would need tobe considerably com­
pressed before any two could squeeze past one another and interchange posi­
tions as required for ordering changes. Among different possible diffusion 
mechanisms, vacancy diffusion is the most probable one. 

The vacancy diffusion mechanism is based on the fact that at thermal 
equilibrium each solid at a temperature above zero contains a certain number 
of vacant lattice sites. An atomwill now jump into a neighbouring vacancy, 
thus creating a new vacant site. Atoms and vacancies undergo a series of po­
sition exchanges, in orderthat a very small number of vacant lattice sites 
is sufficient to induce a substantial diffusion. Most of the studies dealing 
with diffusion have been undertaken on bcc or fcc structures. In the Al5 
structure, however, the situation is much more complex, due essenti~lly to 
the fact that the 6c and the 2a sites are not equivalent from the point of 
view of electronic bonding. Indeed, interactions beween atoms on the 6c and 
on the 2a sites are characterized by metallic bonding, while the intrachain 
bonding between two A nearest neighbours is of the covalent type, as was 
shown by Staudenmann /91,95/, who establ ished electron density maps of v3si. 
This covalent bond is correlated with the very short AA distances on the 
chains of Al5 type compounds, which are noticeably shorter than the sum of 

the atomic radii of the A element (different sets of atomic radii will be dis­
cussed in 4.3.ld. It is obvious that such a configuration leads to highly non­
spherical shapes for the A atoms. The region of covalent bonding between two 
A atoms on 6c sites will be called 11 overlapp1ng region 11 in the following. As 
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shown by Staudenmann /91,95/. this region corresponds to a high electron den­
s ity ; n v 3s; . 

The question arises whether this overlapping (or covalent bonding) bet­
ween two neighbouring A atoms on the chain sites still resides if one of them 
is next to a 6c vacancy. Welch et al. /5,80/ have recently shown by means of 
pair potential calculation that such an individual vacancy of an A atom on a 
6c site is unstable. They found that the state of lower energy corresponds to 
a configuration where one of the two A atoms adjacent to the single 6c vacan­
cy is shifted towards a new site which is equidistant from the next two A 
neighbours (see Fig. 4.1). This particular type of vacancy; called "split va-

( a) 

Virtual Site(occupied by A or 8) 
{ b) 

Fig. 4.1. Occupation of the "virtual" site in the Al5 structure after irradia­
tion or during exposure to high temperatures, a) in a chain parallel 
to the plane, b) in a chain perpendicular to the plane. The small 
circles indicate the regions of d electron localization (covalent 
bonding), drawn for simp1icity as over1apping regions between two 
neighbouring chain atoms of spherical shape. Note the hexagonal en­
vironment of an occupied "virtual" site {Flükiger /6,81/). 
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cancy" by Welchetal. /5,80/ (it could also be called "negative crowdion" 
following the nomenclature of Seeger /109/) is correlated to the occupation 
of a nonequilibrium or "virtual" lattice site /6,81/. This site is located at 
the region of overlapping between two neighbouring A atoms on a chain. 

The main result of the calculation of Welch et al .. /80/ is that vacancies 
on the 2a site (thus Sn vacancies in Nb3Sn) are thermodynamically unstable. They 
can be decomposed by the mechanism 

( 4 .1) 

where VSn is a 2a vacancy , VNb a 6c vacancy and Nbsn a Nb atom on
1
2a sites 

(representing an antisite defect). The energy of a Nb3Sn lattice as a Nb atom 
originally adjacent to a Sn vacancy (Vsn) jumps into the vacancy to yie1d a 
VNb split-vacancy and a NbSn antisite defect is plotted in Fig. 4.2, thus sho­
wing that the Sn vacancy Vsn is metastable. 

7.0 ,---.,----.----.-.,------,,--~-.----.-----; 
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L\E(eVJ 
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3.0 ill Vsn 
o Nb 

2.0 • Sn 
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0.0 0.2 0.4 0.6 0.8 1.0 

Location of atom number 1 

Fig. 4.2. Energy of the relaxed Nb 3sn lattice a~ a Nb atom close to a Sn va­
cancy (V), denoted as I in the figure, jumps into this vacancy, thus 
causing the neighbour Nb atom to move intö the virtual site I' (After 

Welchetal. /80/). 

Two possibilities of site exchange by vacancy diffusion in AlS type com­
pounds are illustrated in Fig. 4.3. In this figure, the atomic radii of the 
A and B atom have been chosen as the Pauling radii (see 4.3.1) of Nb and Al' 
respectively, in order to give a more realistic picture. As will be discussed 
later, this does not imply the hypothesis of spherical atoms in the AlS 
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structure, but was chosen for simplicity. The diffusion mechanism (4.1), 

VSn > VNb + NbSn' as described in Fig. 4.2 is represented in Fig. 4.3a. 
In Fig. 4.3b the complementary mechanism VNb > Vsn + SnNb is shown. 
This complementary mechanism is necessary, the number of antisite defects Nb 

and SnNb being correlated: Nbsn = SnNb' As mentioned above, the vacancy VSn Sn 
is, however, unstable, thus leading to the mechanism of Fig. 4.3a, and so on. 

( a) 

I 
I 
\ 
\ 

' ' " '--""",:!' 

( b) 

Fig. 4.3. A++B exchanges by vacancy diffusion in Al5 type compounds. 

a) jump of an A atom into a Vsn vacancy, followed by the occupa­
tion of the vacant "virtual" site by the neighbour A atom, 
b) jump of aB atom into an equilibrium 6c site ftwo-step processes). 
Small circles: overlapping region between two A atoms or region 

of covalent bonding (Flükiger /6,81/). 

It thus appears that the vacancy diffusion mechanism in the Al5 type struc­

ture comprises at least two steps, in cantrast to the one-step mechanism 
acting in simple bcc or fcc structures. As follows from Ref. 80, the mobility 
of 6c vacancies is quite high, and that not only the above mentioned split­
vacancies an:! theoretically possible, but also split-n vacancies, i.e. not 
only one atom is on a virtual site, but an array n (n = 1, ... 5 have been calcu­

lated). However, for the present considerations only the situation with the 

single virtual site will be retained. 

It would lead too far to discuss here in detail the calculations of Welch 
et al. /80/. The result of their calculation, leading to the above mentioned 
split-vacancy (or "virtual" site) will later (in 4.2.3) be used as a basis for 
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a new mechanism of homogeneaus disordering in irradiated Al5 tape compounds 
(Flükiger, /6,81/). A close look to the boundary conditions may thu,s be of in-

terest. The structure and energetics of point defects in the Al5 ty~e compound 
Nb3Sn were studied by Welch et al. /5,80/ by means of the pair potential ~(r), 

( 4 .1) 

where ~(r) is the energy of interaction of two atoms separated by a distance r, 
the subscripts Rand A referring to the repulsive and attractive part of the po­
tential, respectively. The potentials in Eq. (4.1) were used for separations 
of less than 0.35 nm ( just beyond the second Nb - Nb neighbour separation) and 
were smoothly truncated to zero at 0.45 nm (just below the third Nb - Nb neighbour 
separation) with the potential function 

~(r) 
2 3 

= -a 1(0.45- r) - a2(0.45- r) (0.35::; r~ 0.45 nm) 

~( r) = 0 ( r : 0 • 4 5 nm) . 
(4.2) 

The parameters a1 and chosen to match the potential value given in Eq. 

--> 
Q) -
--L.. --& 

r-~~------~--------~------~ 
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Sn-Sn---

Sn-Nb-· 

Nb-Nb------

TRUNCATION • ·· ..... ··• 

I~ Sn-Sn 

·0.2 0.3 0.4 0.5 r (nm) 
Fig. 4.4. Nb-Nb and Nb-Sn potentials given by Eq. (4.1) for separations less 

than 0.35 nm and by Eq. (4.2) for greater s.e.parations. The Sn-Sn 
potential is given by Eq. (4.1) for all separations (Welch et al ./80/). 
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(4.1) and its s1ope at the separation distance r = 0.35 nm. The potential ca1cu­
lated fo~ a Nb 3Sn phase fie1d extending to the Nb rich side according to Charles­
worth et al. /174/ and Oevantay et al. /86/ is reproduced in Fig. 4.4 /80/. 

The vacancy diffusion mechanism is governed by the diffusion coefficient 
0 = 00 exp(-E/kT), where E is the sum of the energies of formation and migra­
tion for vacancies. The activation energy E is related to the binding energy 
of the atoms, which is reflected by the proportionality between E and the 

melting temperature TM: E/Tt~ = const. An enhanced number of vacancies is ex­
pected at dislocations, grain boundaries and surfaces of the crysta1, where 
the regular lattice structure breaks down, thus favourizing vacancy diffusion 
processes. Compared to ordinary volume diffusion, surface and grain boundary 
diffusion is characterized by sma1ler va1ues of both 0 and E. The smal1 ato-

o 
mic packing density with the enhanced number of vacancies at grain boundaries 
reduces the acti va ti on energy E and thereby acce 1 erates the diffus i on process. 
The fact that surface diffusion is not isotropic but favors only certain di­
rections leads to a smaller 0 compared to volume diffusion. As the temperatu-

o 
re is lowered, the smaller activation energy for grain boundary diffusion 
leads to an increased ratio of 0 b /0 1 . This means that surface diffusion gr. . vo . 
mechani sms are rel ati vely important at 1 ower temperatures, whil e vol ume diffu-
sion is dominant at high temperature. In A15 compounds, surface mechanisms may 
somewhat influence the diffusion kinetics at the 1owest temperatures where or­
dering takes place, i.e. between 500 and 800 °C depending on the com-

pound (see temperature r0 in Table 4.1). Indeed, as cast Vlt powders of 
40 ~m size were found to reach the highest T value (T = 3.7 K /82/ after 

c c 0 
a shorter annealing time than for a bu1k 30 g samp1e (both at 800 C} /38/. 
A similar effect was also observed in Nb3Pt /38/. 

From other compounds, it is known that the number of vacancies necessary 
to site exchange by vacancy diffusion is very small. In v3s; single crystals 
/87/, Nb3A1 po1ycrystals /28/ and cr. 72os28 polycrystals /6/, the number of 
vacancies determined experimentally is always below the accuracy limit, e.g. 

< 0.2%. Argonjet quenching experiments at 1900°C on Nb. 74 Ir. 26 failed in pro­
ducing vacancy concentrations above this limit /7/. The only case where a sub~ 
stantial number of vacancies was reported on bulk sampl.es is Nb3sn, where 
Courtney et al. /85/ found up to 4% Sn vacancies after prolonged annealing at 
l800°C. Recent experiments an levitation melted Nb 3Sn alloys by Oe~antay et 
al./86/ did, however,. not confirm any vacancy concentration within the experi-
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mental error limits. The reproduction of these experiments by the author /38/ 
revealed indeed the presence of voids, a consequence of the extremely high 
annealing temperature which caused serious evaporation losses. It 

can thus be said that the number of vacancies in unirradiated Al5 type com­
pounds at 300K is generally below 2 X 10~ 3 , the experimental error limit. 
This is in agreement with other dense structures, for which vacancy concen­
trations of the same order of magnitude have been r~ported. The only case 
where a measurable amount of vacancies could be pr.oduced. in Al5 crystals was 
reported by Cox and Tarvin /78/, who found that the density of a v3s; single 
<:rystal after a fast neutron irradiation dose of 22,2 X lo18n;cm2 decreased 
by -o.3%. 

4.1.2. Variation of the Order Parameter with Quenching Temperature 

Various statistical mechanical treatments of ~he dependence of the 
equilibrium order parameter on the temperature were performed for cubic AB 
and AB 3 compounds /2,88,89,90/. In all models there is a decrease of the ar­
der parameter with increasing temperature, until a temperature TF is reached 
above which there is complete disorder. In these models, TF characterizes an 
order-disorder transition, which may be of first or second order. Since no 
order-disorder transitionwas observed so far in Al5 type compounds, a qua­
litative comparison will be made replacing TF by the temperature T~, defined 
as the formation temperature of the Al5 phase at the composition ß, which is 
known for most A15 compounds (Ref. 7, seealso Table 4.1). 

The Variation of S as a function of temperature for different Al5 com­
pounds is reproduced in Fig. 4.5. The order parameter values in this figure 

were determined at room temperature after argon jet quenching from the tem­
perature T and are not identical with the equilibrium order parameter values, 

SE(T) which would have to be measured directly at the temperature T (see 
(see also 5.5,2). This is important to know, since T is obviously correla-

c 
ted with the quenched-in degree of ordering, S, rather than with SE(T). 

In analogy to the classical order-disorder transformations, the order 
parameter, S, has been drawn as a function of the ratio T/T~ (Fig. 4.5), where 



1.0 
s 

0.9 

0.8 

0.7 

0.6 
0 

-43-

---+~ V-X,Nb-X 
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Fig. 4'.5. l11easured room temperature order parameter, S, for different Al5 ty-

pe compounds as retained by argon jet quenching from the temperature T. 

T~ was chosen as the formation temperature of the Al5 phase at the ap­
propriate composition. The curves were drawn as a guide for the eye. 

+: Vlt /62,82/,e: V3Ga /20/,0: v. 76Au. 24 /18,62/, o: Nblt /62, 

1126 j. : Nb. 769Al. 231 /28/, +: v3s; /38/,"f: MoiOs /39/, 

tJ : Mo. 76 rr. 24 /39/. 

The arrows indicate that the S values are too high, due to partial 
l'eorderi ng 'duri ng the quenchi ng process. 

T~ is now tne formatio~ temperature of the Al5 phase at the compositiön ß. 

In Fig. 4.5, the temperature T0 represents the estimated lower diffusi~n limit 
i .e. the lowest annealing temperature at which changes of Tc can be observed. 
This definition is reasonable, T being far moresensitive tosmall changes 

c 
of S than any quantity determined by diffraction measurements. 

· By .definition, Tc remains thus unchanged at temperatures belovJ T0, even 
after prolonged heat treatments of several weeks. At T0, there is thus 

S = SE(T), while forT> r0, S is always larger than SE(T). Recent direct mea­

surements of SE(T) by Flükiger and Isernhagen /162/ (see Sect. 5.2.2) on Nb
3
Sn, Nb

3
Ir 

and Nb 3Pt show that the difference 6S = S - SE(T) up to temperatures around 
1000°C i s of the order of the measuri ng error: 6S = 0. 02. The results will 
be discussed in 5.2.2. Considerably larger differences of 6S are expected 
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at higher temperatures, but the experimental difficulties were not yet resolved, 
in order that no erdering data at T > 1050 °C are available so far. The differen­
ce 6S is due to a partial reordering during the quenching process which cannot 
be avoided at the relatively low cooling rates of 5 X 103 °C/s obtained by argon 
jet quenching (see also Sect. 8). It is possible that a certain degree of re­
ordering c~n never be avoided, even at the highest attainable quenching rates. 

The diffusion limit temperature, T0, for several AlS type compounds is 
listed in Table 4.1. The same table also contains the formation 

AlS Type Formation Formation Solidus Diffusion u Ref. T D/T F 
Compound Type Temp. Temp. I . • -1-

._ 1 m1 " 

T~ ( K) T s ( K) T D (K) 

Nblt peritectic 2180 2180 1023 0.47 82,92 
Nb 3Al peritectic 2233 2233 923 0.42 21,28,3S,83 
Nb3Ga peritectic 2023 2023 923 0.46 26,6S,93,96 

v.76Au.24 congruent from 1S17 1783 813 O.S3 4' 18 
bcc sol. solution 

V3Ga congruent from 1S68 1843 837 0.53 20,84,94 

bcc sol. solution 
V/t peritecti c 2037 2037 1013 o.so 82,94 

I 

Mo30s peritectoidic 2483 2680 1193 0.48 '39 

Mo.76Ir.24 peritecti c 2242 2383 1173 O.S2 39 

er. 72 os.28 peritectoidic 1813 2173 9S3 O.S3 39 

Table 4.1. Phaseformation temperature, T~, solidus temperature T
5 

and diffusion 
limit temperature, T0 , for several AlS type co~pounds. The ratio· 

T0/T~ is comprised w~thin the limits 0.42 ~ T 0/T~ ~ o.S3 
(T0 and T~ are taken in degrees Kelvin). 
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temperatures, TF, of the corresponding Al5 phases at the composition ß, as 
well as the solidus temperatures, T , for this composition. It is seen that 

s 
the ratio T0/T~ between the diffusion limit and the formation temperature is 

contained within the limits 0.42 ~ T0/T~ ~ 0.53, i .e. the limit for thermal­
ly induced site exchanges is close to 50% of the Al5 formation temperature. 
Although the analogy with order-disorder transformations should not be pu­
shed too far, it is interesting that for a series of intermetallic compounds, 

similar values, e.g. T
0

/TF ~ 0.5, 
transformation temperature and T 

F 
dered (high temperature) phase. 

are found, where T is the order-disorder 
0 

the formation temperature of the disor-

4.1 .3. Homogeneity of S in Quench Disordered Crystals 

The long-range order parameter is defined as a statistical average over 
the whole crystal. Local deviations from the average value of S cannot be de­
tected by diffraction measurements, since the line width is not a function 
of S. The measurement of the superconducting properties is in this case the 
only way to determine the distribution of the order parameter through the 
crystal, in virtue of the unequivocal correlation between Tc and S. The width 
of the superconducting transition as determined by resistive or inductive 
measurements reflects the distribution of S in the measured sample, but may 
be subjected to shielding efiects, which tend to mask the low Tc tail due to 

the lower order parameters (the various possibilitie~ for shielding lower 
Tc values have been described in Ref. 7, p. 539). 

The mostsensitive method to determine a distributionofT values over c 
the crystal volume consists in studying the superconducting transition by ca-
lorimetry. Forthis put'pose, it is necessary to start with a sample which 
must be homogeneaus with respect to two criteria, composition and atomic orde­
ring. Several examples will now be presented, showing that the distribution of 
S in quench disordered Al5 type compounds is homogeneous. 

As representative for Mo- X compounds, the specific heat measurements 
for Mo 3os are represented in Fig. 4.6. The two curves were measured for the 
same Mo 30s sample, after homogenization at 1800°C and after an additional or-. 

dering heat treatment of 6 days at l050°C, with the corresponding order para­
.meter values of S = 0.81 and 0.87 /39/. It can be seen that Tc changed by 
0.51K, butthat the transition width was not affected by the different heat 
treatments. 
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Fig. 4.6. Specific heat of Mo3os after a heat treatment of 10 hours at l800°C 
and after an additional anneal of 6 days at l050°C. The transition 
width, ~Tc = 0.51K, is almost unchanged by the corresponding order 
parameter change from S = 0.81 toS= 0.87 (Flükiger et al ./39,63/). 

The relative invariance of the superconducting transition width after dif­
ferent ordering heat treatments has also been verified for Cr - X compounds /63/. 

Specifi~ heat measurements on the compound cr. 72os. 28 after homogenization 
at 1350 C and after an additional heat treatment of 30 days at 780 C are shown 
in Fi g. 4. 7. The correspondi ng order parameters ( measured on the same sam 
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Fig. 4.7. Specific heat of cr. 72os. 28 after homogenization at l350°C (3 days) 
and after an additional heat treatment of 30 days at 780°C, showing 
an unchanged transition width, ~Tc = 0.16 K (FlUkiger and Paoli /63/). 
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ple after the respective heat treatments) were Sa = 0.70 + 0.05 and Sa = 0.78 
+ 0.05/39,62/, respective1y. 

A si~ilar behavior was observed in the system v3Au (effective composition 

v. 76Au. 24 /18/, where the calorimetric superconducting width was measured after 
severa1 heat treatments, corresponding to different degrees of ordering, rea­
ching from S = 0.84 toS = 0.94 /18,98/, as i11ustrated in Fig. 4.8. a a 
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Fig. 4.8. Specific heat of the compound v. 76Au. 24 afterdifferent heat treatments. 
Al5 phase: a) 1150°C, followed by quenching in water, b) 800°C, 
c) 700°C, d) 560°C (slow cooling ~ft&r b), c) and d)). A2 phase: 
e) 1300°C, followed by argon jet quenching. (Spitzli /122/, 
Junod et al. /30,98/). 

In the three systems Mo 3os, Cr. 72os. 28 and v. 76Au. 24 mentioned above, 
cooling after heat treatments occurred slowly, the highest cooling rate aceur­
ring in curve d_) in Fig. 4.8 (cooling rate after quenching into ice water: 
~l00°C/s). It is interesting to study the homogeneity of. S in after cooling at 
higher quenching rates from temperatures sufficiently high to induce an appre­
ciable order parameter change. Such a case is illustrated in Fig. 4.9, repre­
senting the specific heat curves of v3Ga after a heat treatment at the same 
tempera ture, 1250°C, but coo 1 ed at different rates. Both measurements were 
effectuated on the same sample, the nirst one after slow cooling (~15°C/s), 
the secend one after argon jet quenching (>103 °C/s). In order to improve the 
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efficiency of quenching in retaining a lower degree of ordering, the ;sample 
vJith a mass of lüg was cut into slices of ,:s 1 mm thickness, which were indivi­
dually argon jet quenched from l250°C (the quenching device has been described 
in Ref. 7). As demonstrated by Fig. 4.9, the distribution of the order parame-

ter is even narrower after the quenching procedure. The rounding offiof the super­
conducting transition at the lower Tc limit reflects a slight local inhomoge-

80 ~---r----r----r----r----r----T---~--~ 

60 

9 
CTI 

N 

~ 40 ,, 
-, 
E 

1--u 20 o 1250°C-quenched 

~ • 2months/610°C 

0 
0 100 200 T2(K2) 300 400 

Fig. 4.9. Specific heat of v3Ga after homogenization at 1250°C, but cooling 
at different rates, J5°c;s and >103 °C/s, leading to order parame­
ters of S = 0.98 and S = 0.95, respectively (Flükiger et al. /20/, 
Junod et al. /97/). 

neity. The values of S corresponding to the different heat treatments are 
S = 0.98 and S = 0.95, respectively /20/. 

It can be concluded from the data in Figs. 4.5 to 4.9 that the order 
Parameterdistribution in A15 type compounds is quite narrow. From the corres­
ponding calorimetric superconducting widths, the gradient of S across these 
samples can be estimated to be 8S < 0.02. 
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4.2. Radiation Darnage and Disorder 

The decrease of T in different A 15 type cornpounds as a 
c 

function of the irradiation dose, ~t, for neutrons with E ~ 1 MeV at irradia-
tion ternperatures T. < 150°C is represented in Fig. 4.10, according to 1rr-
Sweed1er et al. /69/. It is seen that the variationofT with ~t is sirnilar 

c 

1, 0 1----lll------n:::::."-~--~x G 
·f:J. • ........._)(_ 

• ---x-x 

0 
1018 1019 1020 

rpt (E>1MeV)(n/cm2) 

Fig. 4.10a. Tc as a function of neutron dose (E ~ 1 MeV, Tirr ~ 150 °c). 
+ : V3Si, o : Nb3Ge, 6 : Nb 3Al, (): Nblt, V : Nb 3Ga, x : Mo 3os 
(all data frorn Sweed1er et a1. /69/), o : v3Ga (Francavi11a et 
a1. /134/,· G: Mo. 40rc. 60 (Giorgi et al. /293/). 

for rnos t ana 1yze,d cornpounds except for the atypi ca 1 cornpound Mo 3os, whi eh 
shows a rnuch s1ower decrease of T . In their review article, Sweedler et al. . c 
/69/ concluded that the decrease ofT in the low dose regirne, say, be1ow 

19 2 c 
10 neutronslern (where T/Tco ~ 0.5) is rnainly caused by a decrease of the long-
range order pararneter, S. 

iThe data in Fig. 4.10awere· obtained after irradiation with E > l MeV 
neutrons at T. = 150 °C ,169,1. A cornoarison with data obtained after 1ow tern-

lrr · 
perature irradiation and rneasured without warrning up to roorn ternperature would 
be interesting. Such data are not available for neutron irradiation, but for 

irradiation of Nb 3Sn filrns with 20 MeV 32s ions /136,152/, showing a1 
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very similar behavior of Tc vs, ~t as in Fig. 4.10a. In a very recent work, 
Flükiger et al. /156/ have studied the variation of T , J and Bc2 of binary 

' c c 
and alloyed Nb3sn multifilamentary wires after irradiation at Tirr = 4.2 K with 
14.8 MeVneutrons allowing, however, warming up to 300 K prior to the low 
temperature measurements {The experimental conditions will be described in 
Sect. 11.3). The variation of Tc for both types of wires is shown in Fig. 4.10b 
and agrees quite well with the behavior shown for bulk Nb 3Sn in Fig. 4.10a. It 

may be advanced (in particular comparing with the data in Refs. 136) 
that warming up to room temperature has little effect on Tc' thus meaning that 
recovery effects up to 300 K would not affect the degree of ordering (the corre­
lation between atomic ordering and Tc will be discussed just be1ow). Other defects 
may, however, recover in this temperature range: The behavior of both, Je and Bc2 
on the same Nb3Sn wires as in Fig. 4.10b /156/ is affected by the simultaneaus 
change in p

0 
and is thus more complex, as will be discussed in Sect. 11.3. 

1 

[K] 

14 
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17.87 19cores 
17.50 19 cores 
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Nb/13 Sn 
Nb-0.6 Ni/10Sn- 3Zn 
Nb-1.6Ti/13Sn 
Nb-7Ta/13Sn 
Nb/13Sn 

2 3 
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Fig. 4.10b. Tc as a function of dose for binary and alloyed Nb 3Sn multifi­

lamentary wires after in·adiation with 14.8 MeVneutrons at 

Tirr = 4.2 K (Flükiger et al. /156/). 

The arguments of Sweedler et al. /69/ can be considered as strongly suppor­
ting the hypothesis of a correlation between order parameter and Tc in irradiated 
Al5 type compounds, but they do not furnish a definitive proof 
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for its validity. In particular, Sweedler et al ./69/ gave no indication for a 
possible mechanism leading to a homogeneaus decrease of the order parameter 

throughout the sample volume. As pointed out by Pande/103/, the weakening of 
Al5 superstructure lines after irradiation (which was interpreted by 
Sweedler et al ./69/ as a decrease of S) could also arise from an increasing 
volume fraction of diserdered Al5 phase (e.g. in the depleted zones), concen­
trated in regions of rv5 nm diameter. Since the observation of such "disorde­
red" zones by TEM was 1 imi ted to .::_ 2 nm in the experiments of Pande/1 03/, the 
question whether diserdering in irradiated Al5 type compounds is homogeneaus 

or inhomogeneaus remained thus still controversial. 

At this point, it is necessary to give a precise description of the 
phenomenon. It has indeed to be distinguished between 
a) the presence of inhomogeneities in the sample after irradiation, observed 

as well by transmission electron microscopy /103,104/ as by small angle 
neutron scattering (Nikulin et al. /121/), and 

b) the causes for the decrease of T with dose, which were attributed either 
c 

to an inhomogeneaus state after irradiation (thus being correlated to the 
inhomogeneities mentioned in a)) or by a homogeneaus change of a material 
property, e.g. the long-range order parameter, which would be superposed 
to the observed inhomogeneities. 

A mechanism able to explain the occurrence of A+-+B site exchanges in ir7 

radiated Al5 type compounds and giving a qualitative picture of the observed 
lattice expansion and static deviations in this class of compounds was re­
cently proposed by the author /6,81/. It is the scope of this paragraph to give 

a definitive and irrevocable proof for ordering effects as the main cause for 
the initial decrease of T in the low dose regime. For this purpose, the abo-c 
ve mentioned mechanism as well as an extensive use of camparisans b~tween da-
ta on irradiated and quench diserdered Al5 type compounds will serve as major 
arguments. For experimental details concerning the irradiation experiments it 
\'Jill be referred to the 1 iterature /55.69,102/, the points of main interest 
being here atomistic considerations and crystallochemical aspects of the va­
rious processes occurring as a consequence of irradiation of Al5 type com­
pounds with high energy particles. 
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4.2.1. Coexisting Defect Mechanisms 

From the wealth of published data, it follows that the decrease ofT in c 
irradiated Al5 type compounds has in the past been attributed to three concur-
rent defect mechanisms: 
a) Homogeneaus Disordering: The 11 defects 11 a.re here lattice sites occupied by the 

wrang atoms (in analogy to the quenched state), also called. 11 antisite defects". 
A decrease of S in irradiated Al5 compounds was first observed by Sweedler 
and Cox/53/ for Nb 3Al. It was later confirmed by Moehlecke et al./99/ on 
Nb 3Pt and Cox and Tarvin/78/ on v3s;. Recently, Schneider et al ./55/ have re­
ported a decrease of S in Nb 3Al after irradiation with 700 keV N2+ ions. In 
a11 case·s, the diffraction analysiswas carried out following the principles 

. and methods described in 3.2. Of course, the attribution of the change in su­
perlattice line intensities to ordering changes implies the assumption of ho­
mogeneous di sorderi ng over the sampl e vol ume after i rradi ati on. The decrease 
in Tc is explained by changes of the electronic density of states at the 
Fermi energy (see Section 8). 
b) Inhomogeheous defects: the defects are represented. by the depl eted zones 

(or diserdered microregions, following the nomenclature of Pande/103,104/) of 
~4 nm diameter, generally observed in solids afterhigh energy irradiation. 
The main difference between theinhomogeneaus defect mechanism /103,104/ and 

the antisite defect mechanism/53/ can be represented as fol1ows. In the inhomo­
geneaus case, the matrix enclosing the depleted zones is assumed tobe essentially 

unaffected by the radiation, while the antisite defect (or disordering) mechanism 
is assumed tobe homogeneaus over the whole volLime. The inhomogeneou~ defect 
mechanism explains an overall degradation of the superconducting properties 
by the proximity effect /l04,10S/ between the ordered, high Tc matrix and the 
diserdered low Tc microregions of a size comparable to the coherence length, 
t;

0 
!::! 5 nm. 

c) Static Displacement of the Atoms from their Equilibrium Positions: this 
kind of defect was first observed by Meyer/106/ and Testardi et al./107/ on 
v3s; single crystals by means of the channeling technique. 
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The existence of the defect types a, b and c is based on sound experi­
mental data. It is also ascertained that all three types of defects occur si­
multaneously during irradiation. In the past, each of these defects has been 
independently made responsible for the decrease in T , without taking into c 
account the effects of the other two ones. As will be shown in this section, 
all three types of defects participate in one way or another in altering the 

superconducting properties of irradiated Al5 type compounds. Depending on the 
total irradiation dose, each one of these defect typeswill be dominant over 
the concurrents. 

4.2.2. Atguments in Favor of a Homogeneaus Atomic Disordering After Irradia­
tion 

The attribution of the initial decrease ofT in it~radiated A15 type com-
c 

pounds to one of the three (possibly interdependent) simultaneaus mechanisms 
can be compared to a system of equations with too many unknown parameters: on­
ly additional informations about these parameters will lead to a solution of 
the problem. Such informations could be furnished by irradiation experiments 
with different projectiles and energies on A15 materials with thicknesses va­
ryi ng in the range between 50 and 500 nm: the depth of the displ acements i s 
indeed different for light and heavy particles, as follows from the channeling 
measurements of Meyer and Seeber/106/. However, such experiments have so far 
not been reported. 

In order to demonstrate the dominant effect of homogeneaus antisite de­
fects in decreasing Tc of irradiated 11 typical 11 Al5 type compounds, several ar­
guments will now be presented and discussed in detail: 
a) the comparison between the effects caused by irradiation with high energy 

electrons and other projectiles (neutrons~ ions), 



-54-

b) the comparison of the variationofT vs. S for Al5 type compounds after c 
irradiation and after fast quenching from high temperatures (S is measu-
red by diffraction methods), 

c) the Observation of the increase of the calorimetric superconducting tran­
sition width, ~Tc' after irradiation at different doses, and 

d) the effects of varying the irradiation temperature, Tirr' on Tc 

It is interesting that none of these arguments alone is sufficient to 
identify \'Jithout any doubt the cause of the initial decrease of Tc at low do­
ses after irradiation: only the combination of these complementary arguments 
furnishes an irrevocable proof for the decrease of the order parameter as the 
responsible effect for the decrease of Tc after low irradiation doses. 

a) Irradiation with High Energy Electrons and Neutrons 

According to Seeger/109/, the complex situationinan irradiated crystal 
can be described as follows. The high energy particle transfers a kinetic 
energy, ET' to an atom of the target, the primary knock-on atom. At suffi­
ciently high values of E1, this atomwill be removed from its equil{brium 
lattice site: a Frenkel defect is formed. Due to inelastic collisions with 
electrons, the energy of the primary knock-on atom towards the end of its 
path falls to values of the order of Ed' the displacement energy (~25 eV), 
and almost every collided atom is displaced/110/. As a result of this displa­
cement cascade, regions with high concentrations of vacancies are formed, the 
so-called "depleted zones", which are surrounded by a zone enriched with in­
terstitial atoms. In Al5 type compounds, the existence of depleted zones has 
first been reported by Pande/103/, who called them "disordered microregions". 
In reality, the structure of this region can be either amorphous, of the Al5 
type (but strongly or completely disordered, S = 0), or of another structure 
type, as for example bcc (A2 type) in Nb3Al /55/ or in Nb~ 3Si/l08/. The cur­
rently used term "depleted zone" seems thus to be more appropriated and will 
be adopted in the present work. 

In cantrast to irradiation with fast neutrons or high energy ions, elec­
trons with energies of the order of ~H1eV do not produce the displacement 
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cascade described above. This is essentia11y due to the 1ow e1ectron mass, 
as pointed out by Schu1son/100/. 1 MeV electrons create isolated Frenkel 
pairs, resu1ting in a homogeneaus distribution of defects. This is in can­
trast to fast neutron or high energy ion irradiation, where at the end of 
the process, the vacancies and interstitials forming initial1y a Frenkel 
pair (produced by primary collisions) are separated by severa1 atomic distan­
ces, which 1eads to a co11ective inhomogeneaus defect, the depleted zones. 

Ghosh et al ./111/ have irradiated Nb 3Sn films with 2 MeV He ions and 
with 2 MeV electrons, respectively, while Ru11ier-Albenque et a1 ./101/ have 
irradiated Nb 3Ge films (with Tco = 19.5K) with 1 MeV neutrons and 2,5 MeV 
electrons, respectively. Both investigations lead to the same conclusion, 
i.e. a strong decrease of Tc is observed, regard1ess of the nature of the 
projectile. In particular, Ru1lier-Albenque et al ./101/ found that the ratio 
6Tc/6p (where 6p is the increase of the residual resistivity after irradia­
tion) for Nb 3Ge does not differ between fast neutron and high electron irra­
diation. The resu1ts of Ru11ier-Albenque et al ./101/ are shown in Fig. 4.11. 
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Fig. 4.11.Variation of the ratio 6Tc/6p with 6p in Nb 3Ge irradiated at 

Tirr = 20 K by fast neutrons (E > 1 MeV), (e ), and by 2.5 MeV 
electrons, ( o ). After Rullier- Albenque et al. /101/. 

A1though these experiments do not give any evidence that the order parameter 
is equivalent in both cases, they lead to an important conclusion: the possi­
bility of lowering Tc by proximity effects between the matrix (assumed to re­
tain the initial degree of ordering /103/) and the depleted zones (with much 
1ower Tc values) is now very improbab1e. 
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b) Campari son between I rradi ated and Quench Di sardered Nblt 

Quench induced disordering constitutes a particularly simple case, 
where the only possible defects are the antisite defects (a few percent) and 
quenched-in vacancies (~ 0.2% at 300K). Basedon the determination of S in 
neutron irradiated Nb 3Al, Sweedler and Cox/53/ first assigned the initial de­
crease of Tc after irradiation to antisite defects. This was later justified 
by a comparison in the Nb3Pt system, where the order parameters on irradiated 
and on quenched samples were experimenta1Jy determined by diffraction. As 

shown in Fig. 4.12, the variation of Tc with S for Nb 3Pt after neu~ron irra­
diation (~1oehlecke et al./76/) are in good agreement with the corresponding 
data afterfast quenching (Flükiger/62,112,142/). 

15 
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Fig. 4.12, Superconducting transition temperature, T , vs. long-range order c 
parameter (determined by diffraction) for the compounds Mo 30s and 
Nb3Pt in the neutron irradiated and in the quenched state. 
0: Sweedler et al./77/, 0: Flükiger et al./39/, •: Moehlecke et 
al ./76/, : Flükiger/62,112,142/. 

In the review paper of Sweedler et al ./69/, the comparison of Tc vs. S 
between irradiated and quench disordered Nb 3Pt represented in Fig. 4.12 consti-
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tutes the major (and only) argument in favour of the dominance of ho~ogeneous 
atomic diserdering over inhomogeneaus defects. However, even the excellent 

agreement between the S values of irradiated and quenched Nb 3Pt in Fig. 4.12 
cannot furnish a definitive answer to this problem, and this for two reasons: 
i) this comparison has so far only been effectuated for the system Nblt, ii) 
the decrease of the superlattice line intensities after irradiation could be 
only apparent, being in reality due to the superposition of two different 
phases, i .e. the fully ordered AlS phase (the matrix) and the diserdered AlS 
phase in the depleted zones (the presence of depleted zones in neutron irra­
diated Nb 3Pt has later been reported by Pande/113/, but no indication about 
the depleted volüme fraction was furnished}. There are no sufficient data for 
neutralizing the important objection ii). However, the highest volume frac­
tion of depleted zones reported so far in an AlS type compound is ~6% in 
Nb 3Sn/l05/, which would be too low for producing the observed decrease of the 
superlattice line intensities by 50%. In addition, a marked decrease of the 
superlattice line intensities on neutron irradiated v3s; has been reported/78/, 
a compound where no depleted zone could be observed by transmission electron 
microscopy at 300K/ll3/. It is important to mention, however, that in Ref. 113, 

the compound v3si ~vas irradiated at temperatures lying between room tempera­
ture and 150°e, in orderthat partial recovery could have reduced the size of 

the depleted zones to values below the detection limit, i .e. ~·2 nm ( the ef­
fects of varying T. will be discussed in paragraph 4.2.2.d). 

1 rr 

c) ealorimetric Observations on Irradiated AlS Type eompounds 

Calorimetry is a powerful method for detecting superconducting phases ex­
hibiting different T values in multiphase systems. In analogy to the measure-c 
ments on quenched samples in 4.1.3, specific heat measurements on irradiated 
samples are thus expected to furnish precious' informations about their metal­
lurgical state, in particular the composition profile and the distribution of 
the order parameter, S. Such measurements have been reported for: 

- V3Si, by Viswanathan et al. /115,117/, 
- Nb3Sn, by Karkin :et al. /160/, 
- Nb 3Al, by Cort et al. /114/, 
- Mo 3Ge, by Ghosh and eaton /153/, and 
- Mo 3s;, by Mirmelshteyn et al, /158/. 

All these irradiations were performed with ~ 1 MeVneutrons at temperatures 

Tirr = 150 °e /114,117,153/ and 70 °e /158,160/. 
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The present discussion will be centered on the first three compounds 
with Tc~ 17 K, while Mo3Ge and Mo3s; will be treated in 4.3.6. Besides 
individual differences in the respective change of the electronic density of 
states in v3si, Nb3Sn and Nb3Al {which will be discwssed in Section 8), 
these systems exhibit a common feature: The width of the calorimetric super­
conducting transition increases somewhat with neutron dose, particularly 
for Nb3Sn (see Fig. 4.15). When comparing the transition width after irradia­
tion, one aspect must be taken into account: The size of the sample. 

The Size of the 1rradiated Sample. 
Viswanathan et al. /117/ pointed out that v3si single crystals excee­

ding a certain size corresponding to a mass of ~1 g exhibited additional 
heating during irradiation, leading in one case even to a visible darkening 
of the surface, i.e. to estimated temperatures Tirr of 300 °C and above. 
This is due to increasing difficulties in transfering the nuclear heat to 
the sample environment (in this case, Ar gas) with increaeing volume to sur­
face ratio. In the present case, only the masses of v3s; and Nb 3Al were 
below l g, in centrast to Nb3Sn, where a mass of ll g was indicated by Karkin 
et al. /160/. The discussion of the latter will thus been carried out sepa­
rate ly. 

For illustration, the specific heat curves for v3s; /117/ and Nb3Al /114/ 
are reproduced ·in Figs. 4.13 and 4.14, respectively, after irradiation at 
different neutron doses. Following conclusions can be drawn: 

1) After irradiation there is no trace of the original superconducting transi­
tions at Tco' This implies that the size of the depleted zones is in each 
case smaller than that of the coherence length, ~ , which is of the order 

0 
of 3 to 5 nm for these three compounds. 

2) In spite of the observed slight broadening at high doses, the supercon­

ducting transition widths in Figs. 4.13 and 4.14 still remain narrow. For 

Nb 3Al; the width ~Tc increases from 0.8K in the unirradiated state to 
1 .3K after 1 .3 x 1019 n/cm2, where the ratio Tc/Tco is equal to 0.51 
/114/. For v3s;, an increase of ~Tc from 0.5 to l .2K was observed after 
2.22 x 1019 n/cm2, where T /T = 0.4 /117/. Keeping in mind that for 

C CO , 

high T Al5 type compounds a change of 1% in S causes a change in T of 
C I C 

nearly lK (see Section 8), it follows that there is still a high degree 
of homogeneity in the long-range order parameter, the total gradient 

across the sample being oS ~ 0.02. This necessarily implies that radiation 
induced site exchanges occur over large distances from the primary colli-
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Fig. 4.13. Specific heat of Nb3Al in the unirradiated state and after irra-
18 2 19 2 diation at doses of 1.3 x 10 n/cm and 1.3 x 10 n/cm , respec-

tively. The linear representation C/T vs. T has been chosen in ar­
der to visualize the moderate increase in ßTc with dose (after 
original data of Cort et al ./114/). 
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Fig. 4.14. Specific heat of v3si in the unirradiated state and after irradia­

tion doses of 3.52 x 1018 n/cm2 and 2.22 x 1019 n/cm2, respectively. 
The linear representation of C/T vs. T was chosen in order to visua­
lize the moderate increase in ßTc with dose (after original data of 
Viswanathan et al./117/). 
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s i on event. 

3) In spite of a small mass (< 1 g) the Nb 1~1 and v3s; samples still show 
nuc1ear heat recovery effects. At the given neutron doses, their Tc values 

are indeed considerably higher than those corresponding to the behavior 
Tc vs. ~t for sma11 samp1es shown in Fig. 4.10. From the values listed in 

Table 4.2, the increase of \ due to nuclear _heat recovery at ~t = 

l x 1019 n/cm2 can be estimated to ~2 K for v3s; and Nb 3A1. The increase 

for the larger Nb3Sn sampie /160/ is more important: 6Tc = + 3.5 K. 

Compound 

Nb3Al 

V3Si 

Dose 
·2 n/cm 

0 
1.3xlo18 

1. 3xl o19 

2.6xlo19 

0 

0.25xlo18 

l.65xlo18 

3.53xlo18 

2.22xlo19 

0 

0 

l.Ox1o19 

-
T ( ca 1 . ) c' , 
[ K) 

18.7 
17.5 
9.6 

7 

17.0 
16.85 

16.95 
16.75 

6.8 

18.0 

17.9 
12.0 

l'!Tc 
(K) 

0.6 

1.0 
1.2 

0.5 

0.6 
0.5 
0.6 

1.2 

0. 7 

0.6 
2.1 

y (-)_ 
I -u 
[mJ/at-gK2J [ KJ 

9.0 272 

8.5 276 
4.25 325 

376 

16.2 407 

16.3 397 

14.7 411 
13.3 436 

5.3 454 

12.8 227 

Ref. 

114 

117 

179 

T { l="i n 
I c \ t I~ e 

[K) 

18.7 

17.0 
7.5 
5.1 

17.0 
16.8 

J5.5 

13.7 

4.4 

17.9 

8.7 

4.10a) 

Table 4.2. Transition temperature and width, electronic specific heat coeffi­
cient and Debye temperature for Nb3Al /114/, v3si /117/ and Nb3Sn 

/160/ before and after neutron irradiation. For comparison, the 

specific heat data of Junod /179/ on unirradiated Nb 3Sn have been 

added. The Tc values from Fig. 4.10 are reference values, measured 
on small samples by Sweedler et al./69/. 
a) The y and eD values from Karkin et al. /160/ can only be estimated, 

since the specific heat measurements were not performed to temperatures 

low enough for applying the entropy condition. 
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Fig. 4.15. Specific heat of Nb~Sn, a) in the unirr~diated state and b) after 
a dose of 1.0 X 101 n/cm2 according to Karkin et al. /160/, (e). 
Since these authors did not perform the measurements at temperatures 
low enough to allow a precise determination of y (and of e0(0)), data 
of Junod et al. /179/ for unirradiated Nb 3Sn have been superposed 

for comparison, (o). 

The specific heat curves for the 11 g Nb 3Sn sample analyzed by Karkin et 
al. /160/ before and after neutron irradiation to a dose of 1 .0 x 1019 n/cm2 
are represented in Fig. 4.15. The preceeding discussion suggests that the ob­
served increase of the transition width in Nb3Sn and to a smaller extent al­
so for Nb 3Al and v3s; is mainly due to nuclear heat recovery effects. As 
shown in the following paragraph, the simple fact to increase the tempera­

ture Tirr from < 150 °e (but still above room temperature) to 240 °e was 
found to have a strong effect an Tc of v3s; /119/ (see Fig. 4.16). 

4) From Table 4.2, it can be seen that the electronic specific heat coefficient 

y, of the systems Nb3Al, v3s; and Nb3Sn decreases strongly with increasing 

neutron dose. In all three systems, a decrease ofT toT /2 leads to a 
CO CO 

decrease fromy, the value prior to irradiation, torvy /2. In the case 
0 0 

of Nb3Sn, this conclusion can only be drawn approximately, since Karkin et 
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a1. /160/ measured the specific heat only down to temperatures slightly be1ow 
Tc(see Fig. 4.15), in order·that a precise evaluation of y (and of e0) is 
not possible. Their y values given in Table 4.2 are not correct, being only 
based on the fit with the third power term, but without using the necessary 
e'ntropy condition. A comparison with a measurement of Junod /191/ on an un­

i~radiated Nb3Sn sample (see Fig. 4:15) shows, however, that the quality of 
both the sample and the measurement were comparable in Refs. 160 .and 191, 
in order that similar values of y

0 
c~n be expected. Knowing that the error 

in y is considerably smaller when extrapo1ating the data for an irradiated 

sample with Tc= 12 K (compared to the unirradiated sample with Tc= 17.9 K), 
it can be safe1y concluded that the variation of the electronic specific heat 

coefficient of Nb3Sn with irradiation is very similar tothat of Nb3Al and v
3
s;. 

The variation of the electronic density of states as a function of the degree 
of ordering will be discussed in Sect. 8. 

5) The Debye temperature, G0, shows a marked increase with irradiation dose 
in the three syste~s Nb3Al, v3s; and Nb3Sn, as follows from the values lis­
ted in Table 4.2. The value of G0 for Nb3Al increases from 272 K in the un­
irradiated state to 325 K at 1.3 x 1019 n/cm2, where Tc = 9.6 K, whi1e a 
change from 407 K to 454 K is observed in v3s; after 2.22 x 1019 n/cm2 

(Tc =· 6. 8 K). For Nb3Sn the same uncertai nty as for the y va 1 ues a 1 so 
subsists for Go~ Under the same assumptions as above, a change of G0 
from 227 ± 20 K to 287 ± 20 K can be considered as reasonab1e after a dose 

19 2 . ' 
of 1.0 x 10 n/cm {Tc= .12 K). In all the considered three compounds, a 
comparable decrease of Tc to va1ues araund T /2 thus causes an increase 

· CO 
of e0 .by "' 50 K. 
For V3Si, the stiffening of the Al5 lattice after irradiation has also been 

observed by ihe measurement of the elastic c~nstants by Guha et ~1./87/ and 

by inelastic scattering measurements by Cox and Tarvin /78/. The decrease of 
the order parameter by quenching also leads to a stiffening of the lattice, 

as shown by smail, but significant increases of GD in several Al5 type 
compounds /98/. 
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d) The Irradiation Temperature 

The existence of depleted zones is obviously restricted to low tempera­

tures where neither interstitials nor vacancies show any mobility. An increa­

se of the irradiation temperature, T. , is expected to favourize self-annea-
1 rr 

ling effects. This was de~onstrated by Meier-Hirmer and Küpfer/119/, who ir-
radiated v3si single crystals with fast neutrons up to Tirr = 700°e. As shown 
in Fig. 4.16, the decrease ofT with increasing dose is substantially redu-

c 
ced for T.rr = 240°C /119/ when compared with data taken at T. r < l50°e by 

1 1r -
Sweedler et al./69/. The 11 saturation 11 ofT at different levels after heavy irra­

c 
diation doses with different T. values has its reasons in recombination effects, 

1 rr 
which will be discussed in 4.3.7. 

Fig. 
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4.16. T as a function of fast neutron irradiation dose for v3s;. 

c 0 
T. < 150°e (Sweedler et al./69/), : T.rr = 240 e 

1 rr- 1 <>: T. = 6l0°e,oAo: T. = 700°e (~1eier-Hirmer and Küpfer/119/). 1rr 1rr 

The data in Fig. 4.16 can be interpreted as follows: the activation of 

vacancies at T. > 150°e has the effect of an annealing which not only increa-1rr 
ses the average order parameter of the crystal, but leads in addition to the 

break-dO\m and elimination of the depleted zones. The effect ofTirr on size 
and concentration of the depleted zones has so far not been investigated di­
rectly. However, an indirect conclusion is possible on the basis of recovery 
experiments by Meier-Hirmer and Küpfer/119/ on the same neutron irradiated v3si 

single crystal as shown in Fig. 4.16 (see Section 7). Their data on the recovery 

of Tc after 2 hours isoehranal annealing at different temperatures, TA, show 
the existence of two distinctly different recovery stages. The first recovery 
stage at TA ~400 °e is only present forT. > 150 °e, while the second stage 

1 rr -
at TA~ 600 °e is seen at T. = 150 °e as well as forT. = 240 °e. Meier-1rr 1rr 
Hirmer and KUpfer /119/ interpreted the first stage as being due to the mobiltty 
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of the radiation induced vacancies, i.e. the split vacancies with the corres­
ponding occupied 11 Virtual 11 sites, the second being correlated to the diffusion 

of thermal vacancies. 

The data in Fig. 4.16 are very suggestive, but would alone not proviäe suf­
ficient evidence for the exclusion of the inhomogeneaus mechanism /103,104,105/ 
as the cause for the decrease of Tc at low irradiation doses. It is easily 
seen that not only the radiation induced vacancies, but in principle also the 

0 ' 
depleted zones could be annealed out at T. = 240 C. On the other hand, Pan-, rr , 
de /113/ could not detect any depleted zones at 300 K in neutron irradiated 
V-.Si (dose: 1.3 x 1019 n/cm2• T. ·r < 150 °C) by means of tlfansmission electron .) · · 1r - ' 
microscopy. Due to experimental resolution limits, this means either that only 
depleted zones with sizes considerably below 2 nm (the resolution limit) were 
present or that they had already been annealed out at this irradiation tem­
perature. 

The second possibility has tobe favorized, since the reordering and dif­
fusion kinetics in v3s; is generally very rapid compared tothat of other Al5 

type compounds. In order to lower Tc of v3si samples by quenching methods, 
cooling rates well above 104 °C/s had tobe applied by Pannetier et al./120/ 
(see also Sect. 7). 

In combination with the arguments a) and b) discussed earlier in this 
section, the present considerations about the effects ofT. on T strongly 1rr c 
contribute in attributing the responsibility for the decrease of Tc in the 
low dose regime to a homogeneaus lowering of the order parameter. An interes­
ting result was obtained by Meier-Hirmer and Küpfer /119/, who reported an 
increase of Tc up to 17.0 K, i.e. 0.51 K above the initial value, on a v3s; sin­
gle crystal after neutron irradiation at Tirr = 700 °C. The crystal at the ini­
tial state was tetragonal at low temperatures while the state after irradiation 
was cubic, as shown by low temperature diffraction and specific heat measure­
ments. This would mean that the vacancies activated during the irradiation at 

700 °C stabilize the cubic phase (which is otherwise unstable for 25 at.% Si 
under equilibrium conditions), while the crystal is still perfectly ordered. · 
An important consequence can be drawn from this result: activated vacancies 

as produced by high Tirr could contribute in increasing Tc of various Al5 type 
compounds, e.g. transforming, stoichiometric Nb 3Sn or the systems Nb 3Al and 
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V3Ga where the atomic order parameter is substantially different from S = 1, 
i.e. Sa = 0.95 for Nb 3Al /28/ and S = 0.95 to 0.98 for v

3
Ga /20/. In the case 

of Nb 3Al, there is experimental evidence for an increase of Tc after neutron 
irradiation at T. = 500 °C /167/. wr 

The effects ofTirr on Tc presented in this paragraph permit to under­
stand the discrepancies on the decrease ofT reported in the literature for c 
similar doses. At the same time, they confirm the effects due to the large 
sample size for specific heat measurements as described in 4.2.2c. These 
effects are particularly important for high doses. For example, Cort et al ./114/ 

found in Nb 3Al a Tc value of 7.1 K after a neutron dose of 2.6 x 1019 n/cm~ 
while the value measured by Sweedler et al./69/ on small samples is ~4 K. 
Cox and Tarvin /78/ found that their V"Si single crystal was supercondueting 

j 19 2 
at 7.5 K after a neutron dose of 2.22 x 10 n/cm, while a value ofT = 3.4 K e 
would have been expected /69/, as follows ·from Fig. 4.10. 

It has been shown above that an increase of T.r above room temperature 
1 r 

has strong effects on Tc. The question arises whether irradiation at low tem-
peratures, say below 30 K, would lead to other results than for Tirr = 300 K. 
Numerous irradiations have been carried out so far on Al5 type eompounds at 
low temperatures, with neutrons or ions as radiation source. Although a really 
systematical work is still missing, the known data do not show relevant differen­
ees on T when eompared to irradiations at T. ~ 150 °C, thus indieating that 

c 1 rr 
l ittl e recovery occurs in thi s tempera ture range. 

Another supereondueting property, however, the eritieal current density of 

Al5 based supereonducting wires, Je' could be more affected by the change of Tirr 
from low temperature to 5 150 °C. As an example, very reeent measurements on 

Je as well as on Tc on binary and ternary Nb 3Sn wires after neutron irradiation 
at T. = 4.2 K (E = 14 MeV) have been reprodueed in Fig. lOb. An important point 

ur 
when irradiating at low temperature is whether the change of the supercondueting 
properties has been measured 11 in situ 11 or after v1arming up at room tempera-

ture after irradiation. In situ measurements have so far only been earried out 
after heavy ion inadiation. A facility allowing in situ measurements of \ and 
Je after low temperature neutron irradiation just eompleted at th~ Oak Ridge 
National Labaratory will be used by the author and his coworkers for answering 
the open questions about the effects ofT .. 1rr 
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4.2.3. The Virtual Site Exchange ~1echanism in Irradiated Al5 Type Compounds 

In spite of the fact that the observations in 4.2.2. strongly support a 
homogeneaus decrease of the long-range order parameter over the whole sample 
volume in irradiated A15 type compounds, a very important question arises: 
How is it possible that a homogeneaus decrease .of S implying site exchanges 
over several lattice spacings can occur during irradiations at temperatures 
T ~ 150°C, where little thermal diffusion takes place? 
Under these conditions, diserdering in i.rradiated Al5 type compounds can be cau­
sed either by a) local cascade replacements or b) focused replacement collision 
sequences, a superposition of both beinq even more probable. 

a) Local Cascade Replacements 

Int~raction between high energy incident particles and the lattice atoms 
produces a cascade, i.e. the atoms are displaced to produce Frenkel defects in 
a three-dimensional zone, the depleted zöne (see 4.2.2.a). Simultaneously, an 
even larger number of atoms change their rilutual positions (i_.e. they are re­
placed), thus producing locally a decrease of the degree of ordering. In prin­
ciple, it coUld be argued that the atomic replacements produced in the cascade 
would be sufficient to produce disorder in the whole Al5 lattice. 

However, this argument cannot be generalized, since electron irradiation 
of Al5 type compounds causes the same effect on the superconducting transition 
temperature, T, and the electrical resistivity /101/, but produces only isolated c 
Frenkel defects rather than depleted zones (or cascades). Thus, an additional 
mechanism must be effective in causing a homogeneaus decrease of the order para­
meter. Such a mechanism, requiring atomic transport over several interatomic 
distances (the c@ndition for a collective phenomenon) is constituted by the 
focused replacement collision sequences. · 

b) Focused Replacement Collision Sequen~es 

The so-called focusing replacement collision sequences, introduced by 
Seeger/109/, represent the transport of matter and energy in i rradi ated 
crystals along dense crystallographical .directions. Regardless of the crys-
tal structure, an interstitial atom produced by irradiation processes is trans­
ported several interatomic distances away from its associated Frenkel vacancy 
along these "focalizing" crystallographital directions. 

Focused replacement collision sequences can occur at the external boundaries. 
of depleted zones with sizes of 4 to 5 nm' for neutron irradiation /}03/> and 
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up to 15 nm for irradiation with 32s ions/165/. At these boundaries, highly dis­
ordered regions are adjacent to the matrix, and a sufficient (but still small 

number of virtual sites is thus occupied, a necessary condition for the occurren­

ce of focused replacement collision sequences (it may be recalled that this number 

is still very small, < 0.1 %). As irradiationfurther proceeds, the number of 

occupied virtual sites will increase, thus leading to an increase of site exchan­
ge processes. At the same time, thermal reordering will occur, as follows from 
the recombination theory of Liou and Wilkes /177/, discussed in 4.3.7. 

It can be immediately seen that in the unirradiated state the replace­
ment co 11 i s i on sequences in A 15 type compounds occurri ng in the <1 00> and 

<111> directions, i .e. along the chains and the diagonal of the cube, are 
not effective in producing A ++ B site exchanges. The only focusing direc-
tion where collision sequences could in principle produce A ++ B site ex­

changes is the <102> direction. However, the atomic sequence in the <102> direc­
tion is oABAoABAo, the space betvJeen two ABA sequences coinciding with the region 
of overlap of two A atoms on the chain being perpendicular to the {100} plane. 
It can be easily shown that this configuration excludes extended site exchanges. 
lr1deed, the. potential encountered by A or 8 atoms on their way along the <102> 
direction , calculated using a ßorn-Mayer interatomic potential /125/ (see 
Fig. 4.17) shows that VA-+B and VB-+A are of the same order of magnitude, ~10 eV, 

52 eV 

B A [10 2] 

Fig. 4.17. Potential encountered by the A and B atoms on their way along 

the focusing <102> direction in the unirradiated state. Since only 
equilibrium lattice sites are occupied, replacing sequences A++A 
are highly improbable /81/. 
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while VA +A reaches 52 eV. 

The situation in irradiated crystals is, however, quite different from that 

encountered prior to irradiation. With the occupation of the virtual sites (a 

very small number of occupied nonequilibrium sites represented in Figs. 4.1. and 

4.3 is sufficient),. the potential VA +Ais considerably lowered. The new 
sequence of atoms in the focalising <102> direction around the occupied 

virtual site is now oABAAABAoABAo or oABABAßAoABAo, depending on the occupation 
of the virtual site by an A or aB atom, respectively (see Fig. 4.18). 

(102) 

Occupied 
Virtual Site 
(A or B atoms} 

/ /'Overlapping" 
~ Between 

~.....----... N eighbouring 
6c Atoms 

Focusing Displacement 
Coll ision Sequence 

Fig. 4.18. Representation of the {100} plane of the AlS lattice (the radii are 

scaled for Nb 3Al ). The small circles correspond to the overlapping re­
gion between two A atoms belanging to the chains perpendic~lar to the 

{100} plane. The occupation of the virtual site by an A or aB atom 
leads to the sequences oABAAABAo or oABABABAo, respectively instead of 

oABAoABAo as in the unirradiated case, thus enabling A~B site ex­
changes in the <102> direction. a is the lattice parameter. 
(Flükiger /6,81/). 
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As mentioned above, a very small amount of vacancies (or occupied virtual 
sites) is sufficient for the occurrence of the present mechanism. It should be 
recalled that for example, density measurements have revealed ~0.3% of lattice 
vacancies in neutrön irradiated v3si after a dose of 22.2 X 1018 n/cm2, corres­

ponding to a decrease of Tc to a value less than one half of the initial Tc 
value. Due to the very large number of replacem~nt collisions over the whole 
crystal volume, the virtual sites will be many times occupied and abandoned 
again, alternatively by A or ß atoms, respectively. The latter constitute a 
11 bri dge 11 between nei ghbouri ng ABA sequences, thus a 11 owi ng A+-+B exchanges over 
several interatomic distances. This is a necessary condition for a homogeneaus 
decrease of the degree of ordering over the whole crystal after irradiation 
a t 1 ow temperatures. 

A very important conclusion can be drawn from a consideration of the 
close neighbourhood of an occupied "virtual" lattice site. Its nearest neigh­
bours, 6 A and 2 B atoms, are in close contact with the interstitial, which 

is either an A or a B atom. In the {100} plane, this leads to the hexagonal 

arrangement shown in Fig. 4.1 .b. The close neighbourhood of the virtual in­
terstice, reproduced in Fig. 4.19, shows some particularities of this none­
quilibrium arrangement. If the interstitial atom is of the A type, the occu­
pation of the virtual site leads to 4 additional AA contacts, with AA dis­
tances of 5/16a = 0.559 a, thus 6% more than the AA distances in the chains, 
a/2. In addition, there are 2 AB contacts with interatomic distances of a/2 
compared to 9jl6a in the unirradiated Al5 lattice, i .e. 6% shorter. 

This situation could be compared tothat occurring in quench diserdered 
Al5 type compounds, where the AB distances are the same, i .e. a/2. The case 
of aB element occupying the virtual site with 4 AB and 2 BB close contacts 
is more interesting. The AB distances are now 5/l6a, i .e. they are still the 
same as in the unirradiated Al5 structure, but the BB distances are now 36% 
shorter (a/2 with respect to Ja /2). This would mean that in each case, BB 

distances shorter than the sum of two B radii would be encountered. Such an 
"overlapping'' between B elements is only possible in the nonequilibrium 

situation caused by low temperature irradiations or in a dynamic situation 
during site exchanges at high temperature. It is particularly interesting to 

consider the case of nontransition B elements, where such close BB contacts 
are expected to cause strong electrostatic repulsive forces. The occurrence 
of such BBB sequences (see Fig. 4.19) furnishes the key for understanding 



-70-

Fig. 4.19. The hexagonal arrangementaraund the virtual site. Note the BBB 
sequence if this site is occupied by aB atom. 

the causes of the lattice expansion and the static displacements obsetved in 
irradiated Al5 type compounds (see 4.3.1 .). 

From these remarks, it can be recognized that the diffusion in the Al5 
structure is not a simple vacancy diffusion as suggested by Sweedler et al. 
/69/ nor it corresponds to a so-called interstitialcy diffusion mechanism, where the 

atom can diffuse from a normal site to an interstitial site. In the case of 
the Al5 structure, the situation is complicated by the fact that a jump into 
the virtual site (which is an interstitial site) requires simultaneously a 
rearrangement of the other atoms. 

4.2.4. Oisordering as Produced by Quenching and by Irradiation: A Comparison 

Based on the virtual site exchange mechanism /6,81/, it is now possible 
to compare the process of diserdering in Al5 type compounds submitted to ap­
pa rently very different processes, as quenchi ng from high temperatures or 

irradiation at high or low temperatures, defined by Tirr ·>> 150°C and 
Tirr < l50°C, respectively~ It is immediately seen .from Fig. 4.1 a and b 

that these processes are essentially based on the same mechanism: The occupation 
of virtual sites. 
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At high temperature, the occupation of the virtual site is dynamic, ha­
ving the character of an intermediate state in the course of two-step or 

multi-step processes connected with the particular diffusion mechanism in 

Al5 type compounds. The time of occupation of a virtual site is expected to 

be very short, depending on temperature and varying from compound to compound. 
In order to retain a significant amount of occupied virtual sites, the total 

cooling time during the quenching process should be shorter than the occupa­
tion time. From quenthing experiments on v3s;, where a lowering ofT is on-

ly observed at cooling rates well above 105 °C/s /120/, the occup~tion time 
can be estimated to<<l0- 3 s, the probability of retaining occupied virtual 
sites being thus very low. 

Quenching experiments thus retain a certain lattice disorder, but no 

virtual site occupancy, in cantrast to irradiation. In this case, those 
virtual sites which were occupied at the moment when the sample is taken out 

of the incident beam remain occupied as long as the sample temperature is 
kept sufficiently low, e.g. below room temperature. 

The main difference between quenching and irradiation resides in the 

formation process of the vacancies. In quenched crystals, the occurrence of 

vacancies is a consequence of the anharmonic thermal Vibrations of the atoms 
araund their equilibrium lattice site at a given temperature. In irradiated 
crystals, the formation of vacancies occurs by means of primary collision 
events. There is also a difference in the mechanism of disordering: In the 
thermal case, diserdering is the consequence of random site exchange, the 
driving force being a function of temperature, while site exchange due to 
high energy irradiation occurs along focusing directions, the driving energy 

being due to the incident particle. As discussed above, however, both cases 

lead to a homogeneously distributed degree of ordering throughout the whole 

crystal. ßoth processes, irradiation and quenching, lead to a nonequilibrium 

state of the crystal, the major difference being the occurrence of virtual 

sites and of static displacements (see 4.3.4) after irradiation. The number 

of radiation induced vacancies is considerably higher than the equilibrium 
nwnbet' of vacancies at high tempei·atute, which may be explained by simultaneaus 

occurrence of virtual sites and of static displacements. This fact is also 
responsible foranother associate effect, the observed lattice expansion 

after i rradiation (see next paragraph). A comparison between the mechanisms 

of disordering after quenching and irradiation, respectively, is given 
in Tab1 e 4.3. 
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Origin of Site exchange Type of Cause of Static Dis- Depl eted 
di sorderi ng mechanism vacancy diffusion placement zones 

Quenching Diffusion Vacancy at Temperature No No 
from high equil i bri um 
temperatures s ites + 

split vacancy 

Low tempera- <1 02> focused split vacancy Energy of Yesa) Yesa) 

ture irra- rep 1 acement incident 
diations collision particl e 
(T. <150°c) 1rr sequences 

High tempe- <102> focused Vacancy at Temperature Nob) ' b) 
No 

rature irra- rep 1 acement equilibrium + energy of 
diations collision s i tes + incident 
( T. »1 50° C) 

1 rr sequences + split vacancy particle 
diffus ion by 
activated 
vacancies 

Table 4.3. Comparison between mechanisms of disordering in Al5 type compounds 
submitted to quenching from high temperatures (T0 is the diffusion 
limit as defined in Table 4.1) and to high energy particle irradia-· 
tion at high (T. » 150°C) and at low (T. <150°C) temperature. 
a) 1 rr 1 rr 

Depending on the mass and energy of the incident particle, 
b) Annealed out if T. r is high enough. 

lr 

4.3. Additional Radiation Induced Effects 

4.3.1. The Lattice Expansion in Irradiated AlS Type Compounds 

Basedon the "virtual" site exchange mechanism /6,81/ leading to AB or BB 
overlapping, the variation of the lattice parameter in irradiated AlS type 
compounds can be interpreted as reflecting the electrostatic repulsion bet­
ween overlapping atoms. In this picture, the repulsion would be smallest bet­
ween two transition elements, intermediate between a transition and a nontran­
sition element and maximum between nontransition elements. Before to discuss 
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the effects of irradiation on the 1attice parameter, it is useful to consi­

der the repulsion effects in the unirradiated state. 

a. The Effect of AB Overlapping 

It is possib1e to estimate the effect of AB overlapping on the lattice 
paramet~r by studying the variation of the latteras a function of composi­

tion in Al5 systems where the phase field extends to both sides of stoichio­

metry. This is the case for four system.;, ·where the /\15 phase is stable 

within following composition ranges: Nb 3Pt, 0.20 ~ ß ~ 0.30 /92/, Nb 3Ir, 

0.22 ~ ß ~ 0.28 /127/, V3Pt, 0.19 ~ ß ~ 0.325 /62,128/ and V3Ga, 0.18 ~ ß ~ 
0.32 /19,20/. 1\t compositions exceeding ß = 0.25, the number of B atoms ex­

ceeds that of available 2a sites, and the quantity (ß- 0.25) of B atoms 
will thus be· 1ocated on 6c sites, giving rise to AB overlapping. The repul­
sive effect of the presence of B atoms on the chain sites can be visualized 

0.5 18 

0.517 

0.516 A15 

a(nm) laHice Parameter 

0.515 

0. 514 

0.513 

0.512 

0.4 84 

V-Ga 

0.483 

0.4 82 

t.a = 0.0003 nm 
0.481 

0.20 0.25 0.30 

ß (at.% Ir,Pt,Ga) 

Fig. 4.20. Lattice parameter as a function of composition in the system Nb-Pt 

(o, Ref. 76), Nb-Ir (~. Ref. 127)~ V-Pt ( , Ref. 128; 6, Ref. 62) 
and V-Ga ( o, Ref. 19,20). For compari son, 6a has been i ndi ca ted 

for the composition ß = 0.30 and is defined as the difference bet­
ween the measured lattice parameter and the value obtained by ex­
trapolating the portion below 0.25(Flükiger /81/). 
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·by the different slopes da/dß at both sides of the stoichiometric composition. 
It can be seen from Fig. 4.21 that a lattice expansion at compositions 

·ß = 0.25 is observed in the systems Nb3Pt, v3Pt and v3Ga. In the system Nb3Ir, 
no lattice expansion can be detected within the limits of accuraci. 

At ß = 0.30, which corresponds to 6.7% of 6c sites occupied by B atoms 
(or to Bragg-Hilliams order parameters Sa = 0.78 and Sb= 1), the measured va­
lue of a is larger than the extrapolated value from the data at ß < 0.25, the 
positive difference {corresponding to an expansion) being ~a = 0.0003 nm for 
Nb 3Pt /76/, ~ 0.0001 nm for Nb3Ir/62,127/, 0.0003 nm for v3Pt/62,128/ and 
0.0007 nm for v3Ga /19/. The lattice expansion ~a = ~a(ß) for v3Ga exceeds that 
for the Pt based systems by more than a factor of two. Thi s can be i nterpreted as 
the effect of stronger repulsion due to the presence of the nontr~nsition ele­
ment Ga on the 6c sites. Indeed, there are now interactions between a nontran­
sition and a transition element (represented by v6c and Ga6c) and between two 
nontransition elements (Ga6c and Ga 2a)' the distances v6c - Ga6c (0.2409 nm) and 
Ga6c - Ga2a(0.2693nm) being both shorter than the sum of the corresponding Pau­
ling/139/ or Geller/140/ radii, discussed in the next paragraph. 

b. The Effect of AA Overlapping 

There is an additional case where a variation of the lattice parameter can 
be interpreted as being caused by electrostatical~repulsion effects. This case, 
described in detail in Ref. 7, is the existence of a 11 bulk 11 limit for the lat­
tice parameter, a, in the series Nbl-ß Bß crystallizing in the A15 type struc­
ture, where Bisnontransition element (see Fig. 4.21). The 11 bulk 11 limit is the 
lowest lattice parameter which can be obtained on samples prepared by melting, 
and is situated araund a = 0.5170 nm. A further reduction of this value, e.g. a 
reduction of nearest heighbour distance between Nb atoms'on the 6c sites can 
only be obtained by nonequilibrium procedures. In Nb3Ga and Nb 3Ge, the values 
a = 0.5163 and 0.5150 nm, corresponding to compositions ß = 0.25 /26,65,93/ and 
0.23 /67,131/, respectively, have been measured after splat cooling. By means of co­
~vaporation or sputtering, even lower lattice parameters were obtained in the 

system Nb3Ge, i.e. a = 0.5140 nm/73,74/. The lowest lattice parameter in the sy-
stem Nb3Si, a = 0.509 nm, has been obtained after explosive compression /130/' 

which transformed the Ti 3P phase into the Al5 phase. The same compound was 
synthesized by sputtering/132/ or splat cooling/133/, however, with considerable 
deviations from stoichiometry. The lattice parameters of the Nb3Si samples pre­
pared by these techniques are a = 0.5134 nm/132/ and 0.5 ... nm/133/, respectively. 
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As follows from Fig. 4.21, the corresponding "bulk" limit of a for Nb3B 

compounds with a transition B element, e.g. Os or Ir is situated at a = 

0.5117 nm, which is considerably lower than for nontransition B elements. This 

fact illustrates the stronger repulsion between A and B atoms in the A15 
structure if B is a nontransition element (the shortest AB distance for 
Nb 3Ge is 0.2827 nm, compared to the shortest AA distance, a/2 = 0.257 nm). 

0.5300~----~------~------~-----r------~-----,--~ 

a (nm) 

0.5150-

0 5 10 15 20 25 30 
at.%X (X=B,T) 

Fig. 4.21. Lattice parameter of Nb1_ßXß compounds as a function of the X con­

tent. For X= B (nontransition element), the extrapolation to 

ß = 0 meets the value a
0 

== 0.5246 nm for 11 Nb 3Nb 11
• For X= T (T = transi­

tion element), a extrapolates to values a < a . This representa-
o 

tion illustrates the stronger repulsion between Nb atoms in the ca-
se of ·1 oca 1 i zed d e 1 ectrons. The 1 atti ce parameter of "tlb:1Si 11 i s 
extrapolated to values araund a = 0.509 nm (Flükiger /7/). 

c. Irradiation and the Lattice Parameter 

Cha racb?ri s ti c differences between trans iti on and nontrans ition B e 1 ements 

can also be found when analyzing the known data on the lattice expansion in 

A15 type compounds after irradiation with various high energy particles. The 

observed increase of the lattice parameter, 6a, in several A15 type com-
pounds is represented in Fig. 4.22 for neutron irradiation and in Figs. 4.23 a 

and 4.23 b for H and 32s ion irradiation, respectively. In spite of the small 

number of reported data, it can be concluded that t.,a is considerably smaller 

if B is a transition element, e.g. Os, Ir or Pt. 
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The increase of the lattice parameter, 6a, after neutron irradiation (in 
particular the initial expansion at low doses) is indeed considerably stronger 
for Nb

3
Ge, Nb

3
Sn, Nb

3
Al and v

3
s; than for the compounds Nb3Pt and Mo 30s, where 

B is a transition element, as shown in Fig. 4.22 and 4.23, where all 
reported data on the lattice expansion of Al5 type compounds after irradia­

tion with high enetgy particles are summarized .. 

An interesting comparison between the lattice expansion in irradiated Al5 

type compounds with transition and nontransition B elements is made in Fig. 

0. 5 3201,-.---.-,...--y--,--,.-.--,--,----.--.-. 
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o.4825r Jlf' V3 Ga .1 0.4820~ ...... 

::::::v I V: s: I 1 I 1 1 1 1 1 
0 1 2 3 4 5 6 1 8 9 10 11 

· <!tt 1019 ln/cm11-fii-

Fig. 4.22. Lattice parameters of various AlS type compounds as a function of 
the neutron irradiati.on dose (E ~ l MeV). Data for Nb3Sn~ Nb3Al, 

Nb3Pt, Nb 3Ge, Mo 30s: Sweedler et al ./69/, for v3s;: Cox and Tarvin/78/, 

for V3Ga: Francavilla et al. /134/. 
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Fig. 4.23. Lattice parameters of various types of Al5 type compounds as a 

function of irradiation dose. a) 4He ions (E L 0.3 MeV). Data for 
V3Si: Meyer and Seeber/106/, for Nb 3Al: Schneideretal ./55/, for 

Nb 3Ir: Schneiderand Linker/135/, b) 32s ions (E L 25 MeV). Data 

for Nb3Sn and Nb3Ge: o P. Müller /181/, 6 Nölscher and Saemann-Ischenko 

/136/, for Mo3Si: Lehmann and Saemann-Ischenko /137/, for!Mo 3Ge: Lehmann 

et al. /138/. 

4.23 a, where the values ot öa for Nb 3Ir are plotted tagether with those o: Nb2'3s; and Nb 3Ge after He ion irradiation. After a proton dose of 3 X 10
17 

H /cm , the increase of the lattice parameter in Nb~3Si and Nb3Ge is 0.0047 and 
0.0059 nm, respectively, i .e .. more than tv1ice as large as the corresponding va­
lue for Nb3Ir, 6a = 0.0021 nm/55/. The large lattice expansion in Mo3Ge and 

Mo 3Si, 6a = 0.0072 nm or 6a/a = 1.3% reported by Lehmann and Saemann-lschenko 
/137/ and Lehmann et al ./138/ after irradiation with 32s ions is also in sharp 
cantrast to the value 6a/a = 0.18% reported for neutron inradiated Mo 30s by 

Sweedl er et a l. /69/. 
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From Figs. 4.22 apd 4.23, it can further be seen that the magnitude of 

· the lattice expansion is very similar for all the radiation sources, the · 

maximum values of the lattice parameter in the region where Tc saturates 
being, however, slightly smaller for neutron irradiations. The case of Nb3Al 
shows the most apparent dtfference between neutron and N++ irradiations. 

At low doses, the compound Nb3Al shows the same initial lattice expansion 
as the other AlS type compounds with nontransition B elements (see Fig. 4.22). 
At high doses (in the saturation region of Tc), Schneideret al./55/ reported 
a maximum value of 6a = 0.0032 nm (at 1015 N2+;cm2), i .e. nearly twice as the 
11 Saturation 11 value of the lattice expansion in Nb3Al after neutron irradiation, 
6a = 0.0017 nm (at 4,7 X 1019 n/cm2) as reported by Sweedler et al./69/ and Moeh­
lecke/183/. 

For the present work, the behavior at high doses is of secondary interest, 
since the behavior of Tc is dictated by a superposition of several effects, 
leading finally to the 11 Saturation 11 ofT. Nevertheless, it is interesting that c 
at high doses, the darnage caused by different projectiles at different irradia-
tion temperatures leads to specific differences in the values of 6a and T 

c 
even to a radiation-ind~ced phase transformation in N++ irradiated Nb3Al, as 
found by Schneideretal ./55/. 

The question arises about the possible reasons for the individual changes 
of 6a/a in each Al5 type compound. A correlation between 6a/a and the atomic radius 
ratio, rA/r8 , has been proposed by Sweedler and Cox/53/. However, it will be shown 
in the following paragraph that the dom~nant f~ctor influe~cing 6a is the nature of 

the B element, the ratio rA/r8 being of secondary importance only. This ratio 
is only relevant when comparing the behavior of 6a among compounds with non­
transition B elements. All kn01m data have been summarized in Table 4.4. The-

se results confirm the hypothesis of an enhanced electrostatic repulsion bet-
ween AB nei ghbours but particul arly between BB nei ghbours around an occupied 
"virtual" site if Bis a nontransition element. A detailed comparison will be 
made in the next paragraph where different sets of atomic radii are discussed. 
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System 6a/ a (%) G G p p 
Ref. a rA/rB rA/rB 

(nm) y=1 y=2 y=3 ( y • 1015 32S/cm2) 

Nb3Ge 0.5140 0.61 0.87 1.05 1 .119 1 . 111 149 
Nb3Sn 0.5289 0.51 0.73 (0.91) 1. 041 0.950 136 
Mo3Ge 0.4937 1.11 1. 32 1 .044 1 .066 138 
Mo 3s; 0.4900 1.16 l .068 1 .112 137 

System 6a/a (%) G G rP;/ Ref. a rA/rB A B 

(nm) y=0.5 y= 1 y=3 y=5 ( y • 1016 He/cm2) 

Nb 3Ge 0.5147 0.23 0.42 1. 20 1 .119 1 . 111 149 
Nb_ 3s; 0.5134 0.27 0.47 0.93 1 .144 1 .158 123 
Nb 3Ir 0.5133 0.20 0.25 0.44 1.110 1 .077 135 
V3s; 0.4727 0.13 0.21 0.59 0.992 1 .057 148 

System a 6a/a (%) G G 
rA/rB 

p p 
rA~rB Ref. 

(nm) y=1 y=3 y=5 ( y • 1019 n/cm2) 

Nb 3Ge 0.5140 0.38 0.76 1.07 1.119 1.111 69 
Nb 3Sn 0.5289 0.25 l . 041 0.950 69 
Nb 3A 1 0.5183 0.19 0.27 0. 31 1. 094 1 .047 69 
Nb 3Pt 0.5155 0.08 0. 17 1 .094 1 .051 69 
Mo3os 0.4968 0.10 0.12 0.18 1 .037 1 .036 69 
V3Ga 0.4818 0.10 0.956 0.965 134 
V3s; 0. 4 725 0. 21 0.992 1. 057 78 

Table 4.4. Lattice parameter changes in severa1 A15 type compounds after irra-
') ') 

diation with neutrons (E L 1 MeV), He ions (E = 300 keV) and JLS ions 

(E L 20 MeV). For comparison, the ratios between the Pauling/139/ and 

the Ge11er/140/ radii of the A and B atoms have been added. 
For Nb and Mo based compounds, the va1ues of 6a/a are considerably 

smaller if B =Os, Ir, Os, i.e. if Bis a transition element. 
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d. Atomic Radii and their Limitations in Disordered Al5 Type Garnpounds 

There have been different attempts to calculate the lattice parameter 
of the Al5 structure for various compounds by assuming spherical shapes for 
the A and B constituents. Different sets of atomic radii have been proposed, 
which differ more or less from the more general definition of Goldschmidt 
radii, defined for a coordination number 12. Two sets of atomic radii have 
been most used, the Pauling/139/ and the Gel1er radii/140/. Before to compa­
re them, it shou1d be recalled that no sEt of radii will ever be able to 
predict the correct lattice parameters of Al5 type compounds, since the AA 
interatomic distance between 6c atoms is always smaller than the interatomic 
distance in the elementary form. This means that nonspherical atomic shapes 
should be introduced, a problern of great complexity. Nevertheless, both mo­
dels /139,140/ have been able to predict the A15 lattice parameters of stoi­
chiometric Al~ type compounds within a precision of 1%. However, their app­
lication to nonstoichiometric compounds or to disordered compounds reveals 
the limits of both models. 

The Ge 11 er ~1ode 1 

On the basis of neutron irradiation studies on Nb 3Al and Nb 3Pt, Sweed­
ler and Cox/53/ and later Moehlecke et al ./99/ attributed the observed lat­
tice expansion to site exchanges of the atoms A and B having different radii. 
This explanatiori is based on geometrical arguments due to Geller/140/, who 
proposed a simple model for calculating the lattice parameter, based on ato­
mic contacts between spherical A and B atoms. He found the formula 

4 G G 
a =Vs(rA + r8 ) (4.3) 

where r~ and r~ are the corresponding Geller radii, listed in Table 4. for 
several elements. However, it can be easily shown that the agreement between the 
above mentioned data on Nb3Al with Eq. (4.3) found by Sweedler et al ./53/ is 
accidental and is due to the fact that Al has a considerab1y sma11er atomic 
radius than Nb (see Table 4.4). Forthis purpose, the lattice parameter for 
a stoichiometric Al5 type compound A} is calculated, using average radii 
for the respective occupation of the sites 6c and 2a~ 

(4.4) 
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vthere r and rb are the occupation probabilities for atoms A and B on the a 
sites 6c and 2a, respectively. 

Compound r8 ( nm) G r8 ( nm) 
p 

r8 ( nm) a
0 

( nm) 
Goldschmidt Gell er Pau1ing 
radius radi us/140/ - radi us/ 139 I 

Nblt 0.139 0.138 0.1388 0.5155 
Nb 3Ge 0.137 0.136 0.1314 0.5140 
Nb3Ga 0.141 0.137 0.1381 0.5167 
Nb3Al 0.143 0.138 0.1393 0.5180 
Nb 3Sn 0.162 0.145 0.1536 0. 5290 
V3Ga 0.141 0.137 0.1381 0.4816 
V3s; 0.132 0.132 0.1260 0.4 724 

Nb 0.146 0.151 0. 1459 
V 0.134 0.131 0.1332 
rlo 0.139 0.141 0.1401 

Table 4.5. Different sets of atomic radii for A and B elements in some high 

Tc Al5 type compounds. The different radii are defined in the 
text. 

If the radii rA (S) and r8(S) are introduced in Eq. (4.4), the increase 
6a between the lattice parameter of the unirradiated crystal (which for simp­
licity will be supposed tobe perfectly ordered, i .e. S = 1) and that of the 
irradiated crystal with the order parameter S will be 

!:Ja = a ( S) - a ( S = 1 ) = _! ( 1 - r ) ( rAG - r8G), ( 4. 5) 
lf5 a 

which leads to the conditi ons 

!:Ja > 0 for G > G 
rA rß (4.6) 

and !:Ja < 0 for rG < G 
A rß, 

The validity of Eq. (4.5) is, however, contradicted by the absence of obser­

ved lattice parameter changes in quench diserdered Al5 type compounds. Indeed 

in quenched Nb3Al/281 Nb3Ga/26/, v3Ga/20h v3Au/l8/ and Nb3Pt/62,142/ with a 

change in S up to 0.08 and a T reduction of -4K, the author and his coworkers 
c 
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could not detect any changes in the lattice parameter within the experimental 
error, ± 0.0001 nm. The largest depression in T , ~4 K, was observed after argon c 
jet quenching in the system Nb3Pt/62,142/, after the treatments described as 

follows. Are melted Nb3Pt was homogenized at 1800°C for 24 hours and then an­
nealed 30 days at 900°C, thereafter it was characterized by T = 11 .lK and S c 
= 0.98 (for the absolute value of S in Nb 3Pt (see Sect. 5). The same Nb3Pt 
sample was then argon jet quenched from l900°C, after which the values r = 7 K 

c 
and S = 0.88 ± 0.03 were measured, while the lattice parameter remained un-
changed within the experimental accuracy of ± 0.0001 nm. It is now interesting 
that in neutron irradiated Nb 3Pt with T = 7K and S = 0.88 after the dose of 

18 2 ' ' c 
5.8 x 10 n/cm , an increase of the lattice parameter from .a = 0.51545 nm to 

a = 0.51575 nm was observed/76/. This variation is still smaller than the va­
lue expected using Eq. (4.4), i.e. a = 0.51625 nm. 

From the small variations of 6a = 6a(ß) in Fig. 4.20, it can be understood 
why no lattice parameter changes have been observed so far in quench disorde-
red Al5 type compounds. Indeed, the variations of the order parameter after 
quenching are limited toS _s_ 0.10/142/' (or Sa ~ 0.10/142/ ), while the 
values of 6a have been taken up to 6ß = 0.05, i.e. 6Sb = 0.22. For v3Ga, a change 

6S = 0.02 has been observed, which would correspond to a variation 6a = 
0.00007 nm. The corresponding change for Nb3Pt is 6S = 0.06, which would lead 
to the expansion 6a = 0.00008 nm. In both cases, v3Ga and Nb3Pt, the value of 
6a is just below the accuracy of lattice parameter determinations, ± 0.0001 nm. 
(It is of course possible to measure the lattice parameter with a higher ac­
curacy, but the necessary sophisticated procedures. have not been used in the 
works mentioned above). 

From these remarks, it follows that the Geller model/140/ is inappropria­
te in describing the variation of the lattice parameter in Al5 type compounds 
as a function of either the atomic order parameter or stoichiometry: 
i) Eq. (4.5) wou1d predict a contraction of the 1attice for Al5 systems with 

r~ < r~, as for example v3Ga. However, measurements of Francavilla et al./134/ 
have shown that a lattice expansion is observed in neutron irradiated v3Ga, 
similarly as in all other A15 type compounds measured so far (see Fig. 4.23 a). 
ii) The Geller model/140/ also fails in describing the effects of stoichiome­
try on the lattice parameter changes. For example, the lattice parameter in 
the system Nb 1_ßsn

6 
as a function of the Sn content should be minimum at the 

stoichiometric composition, ß = 0.25, if the Geller radius for Sn, 0.144 nm, 

were. correct. In reality, the lattice parameter is maximum at ß = 0.25, 
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a = 0.5289 nm, as shown in Fig. 4.21. Similarly, stoichiometric v3s; should ex­

hibit a maximum of a, while in reality a minimum is observed: a = 0.4724 nm 
for ß = 0.25 and a = 0.4736 nm for ß = 0.20/141/. 

iii) The positive change of the slope da/dß at ß ~ 0~25 in Fig. 4.20 for v3Pt 
and Nb3Pt can also be found by applying the Ge)ler model/140/, while no chan-
ge is predicted by the Pauling model /139/. However, the agreement with the Geller 
model is again accidental, since a) the calculated change of da/dß would be 
much larger than the measured value and b) in the case of v3Ga, a contraction 
instead of the observed expansion would be expected. 

The Pauling Model 

Pauling/13W has proposed a formula for calculating the Al5 lattice para­
meter which takes into account the relative proportians of A and B atoms, 

a = ~ {3/2 rÄ + r~) ( 4. 7) 

where rÄ and r~ are the corresponding Pauling radii (also listed in Table 4.5). 

As reported earlier by the author /81/, there are several arguments in favour 
of the Paul ing model, in spite of the unsatisfactory situation of approximating 
6c atoms by spheres: 

a) It describes correctly the trend of the lattice parameter with composition, 
a = a(ß), represented in Figs. 4.20 and 4.21, 

b) It gives correctly the invariance of the lattice parameter against order para­
meter changes. The same ~rocedure as in Eq. (4.4) yields .indeed 6a(S) ~ 0, 
independently of the si.ze of the respective radii, thus agreeing with the re­

sults for quenched Al5 type compounds, 
c) The Pauling radii are in general very similar to the Goldschmidt radii, as 

can be verified from the column 6(rp - rGold) in Table 4.5. The difference 

is below 0.0010 nm for transition metals, the discrepancy observed for the 
elements Ru, Co, Ni, Ti and Ta mainly arising from the fact that /in the­

se cases was calculated using lattice parameters of nonstoichiometric com­

pounds/14W .The main conclusion which can be drawn from this comparison is 
the negative difference 6(/- rGold) fot the nontransition elements Al, Ga, 
Si, Ge, Sn and As, which is comprised between 0.0030 and 0.0080 nm (see Table 
4 ). A possible way to interprete this result consists in assuming that the­
se nontransition elements are under considerable compression in the Al5 
structure. This would lead to the picture the Al5 structure composed by or-
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thogonil chains with strong attractive forces between AA neighbours, exerting 
a compression on B atoms on the 2a sites. This compression would be strongest 
for nontransition elements. 

More recently, Lam and Cohen/143/have shown that the calculation of Al5 
lattice parameters for stoichiometric as well as for nonstoichiometric com­
pounds can be performed by using either atomic radii or volumes. For an Al5 
type compound of the general formula A1_ßßß, they derived the formula 

a = 8113( (1 - ß)VA + ßV8)113 (4.8) 

where ß is the atomic content of the atom B and VA and v8 are the effective 
volumes, obtained by refinement with the known a values. From the effective 
volumes, a new set of radii, R, was found, which is very similar to that ori­
ginally proposed by Pauling/139/ and will not be introduced here. It is inte­
resting that by expanding Eq. (4.7) and using the approximation 6V/V = 36 R/R, 
Lam and Cohen/143/ essentially reproduced the Pauling formula (Eq. (4.7)). 

As a conclusion, there is no simple correlation between the lattice ex­
pansion in irradiated Al5 type compounds and the atomic radius ratio, rÄ/r~ 

of the constituents. The value of 6a is primarily influenced by the nature 
(the electronic configuration) of the B element, which in turn influences the 
repulsion between B atoms in the complex araund the "virtual" site (see the 
hexagonal arrangement in Figs. 4.18 and 4.19). The ratio rÄ/~ has a small in­
fluence on 6a only for B elements with similar electronic configuration, e.g. 
nontransition elements. The lattice expansion is smallest for transition B 
elements as Os, Ir and Pt. 

The Machlin Model (Crystal Field Modified Model) 

A main objection towards the Pauling model is obviously the spherical 
approximation. Machl in and Whang /294/ have developed a model, the "Crystal Field 
Modified Model",which for simplicity will be called the Machlin model in the · 
following .. The denomination "Crystal Field" arises from the fact that instead 

of a spherical electron density distribution associated with point site 
symmetry the calculation is effectuated with that of an oblate spheroid taking 
into account the o2d point symmetry of an atom on a chain site in the A15 
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structure (The tetragonal crystal field arises from the o2d point symmetry) 
/294/. The crystal field induced electron transfer between orthogonal d states 
results in a change in screening such that the screening of the outermost sp 
shell of electrons by the inner d electrons is no langer spherically symmetric. 
A main feature of Machlin's model is the introduction of an ionicity correction 
the results thus depending on the choice of a suitable electronegativity scale. 
The electronegativity correction was introduced as an empirical correction, 
in order to eliminate the systematic deviations of the calculated lattice 
parameter values with respect to the observed ones. The correction consists 
in modifying the electronegativity of the component situated at particular 
sites of a given structure. For the A15 structure; the electronegativity of 
the atom occupying tne chain sites (6c) was taken to 0.68 of its normal value. 
Machlin and Whang /294/ mentionthat no other adjustable parameter were needed 

for calculating the lattice parameters. As a main result, the Machlin model 
allows to calculate the lattice parameter of Al5 type compounds within a r.m.s. 
deviation of 0.4 % (approximately 0.0020 nm) with respect to the observed 
values. 

It is clear that such a way to calculate the Al5 lattice parameters taking 
into account the crystal symmetry, thus calculating with oblate spheroids is phy­
sically more meaningful than using spherical atomic shapes. 'On the other hand, 
it requires more complex calculations and a rather empirical electronegativity 
correction. As will be shown in 6.2.2, the Machlin model can be used for calcu­
lating the energies of formation in selected (cubic) phases, e.g. Al, Ll 2, A2 and 
Al5. In addition, it gives the approximate order parameter in a series of Al5 
type compounds. 

4.3.2. The Radiation Induced Lattice Expansion and the Variation of Tc 

Since the lattice expansion and the decrease of the atomic order parame­
ter occur simultaneously in irradiated A15 type compounds, it is difficult to 
decide ·whether the lattice expansion has an influence on Tc or not. This que­
stion can be answered by comparing with the data of quench disordered compounds, 
where important changes of Tc were measured without any observable variation of 
the lattice parameter/142/. After having demonstrated th~t homogeneaus chan-
ges of the order parameter occur during irradiation (see 4.2.2.), the vari~-
tion of Tc vs. S for Nb 3Pt in Fig. 4.12 suggests that the variation of the lattice 

Parameter has, ifatall, asmall influence on the observed variationofT. Of 
c 

course, this conclusion would be more strinqent if the direct comparison of 
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Tc vs. S could have been effectuated for a compound with ~ nontransition B 
element, which is unfortunately not possible, the variation ofS 
in V3Ga or Nb3Al after quenching being too small. 

By comparing the variation of T and of the lattice parameter after irradiation . c 
with different particles, it can be seen that these two quantities are not direc-
tly correlated. Fig. 4.24 shows the variation Tc vs. a for Nb3Sn after irradia­
tion with neutrons (E > 1 MeV, T. = 150 °C, Ref. 69), 4He ions (1 .9 MeV, Tirr -

32 1rr 
300 K, Ref. 144) and S ions (E = 20 MeV, Tirr ~ 30 K, Ref. 136). The data 
in Refs. 136, 144 have been obtained on thin Nb

3
Sn films, where the 

stresses arising from the differential thermal contraction between superconductor 

and substrate have tobe corrected. A correction formalism·developed by Haase/160/ 
has been used in these cases. It is seen from Fig. 4.24 that the same va1.ue 
of Tc can correspond to different lattice parameter values, 6Tc/6a ranging from 
30.1 to 51.8 K/nm, depending on the projectile and on T .. The case of Nb

3
Al is 1 rr 

20 

....., unirradiated 

10 

5 

[IEtl 

32s lo/ 
(20MeVI 

0.5300 

--o--

0.5350 

-.....a [nm] 

Fig. 4.24. Tc of Nb3Sn as a function of the lattice parameter after irradiation 

with neutrons (E > 1 MeV, T.rr = 150 °C, Sweedler et al ./69/), 4He ions 
1 32 (E = 1.9 MeV, T = 300 K, Burbankset al./144/) and S ions (E = 20 MeV, 

T = 20 K, NHlscher and Saemann-lschenko /136/). 

illustrated in Fig. 4.25, showing the decrease of ,Tc as a function of the 1attice 
parameter Variation, 6a, for three types of projectile, i.e. > 1 MeV neutrons/69/, 
300 keV protons and 700 keV He ions/55/, the corresponding ratios 6Tc/6a being -77, 
~ 85 and - 60 ~/nm, respectively. In both cases; Nb3Al and Nb3Sh, it is thus seen 
that very different values of Tc are observed at the same lattice parameter value. 
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T /T of Nb 3Al as a function of the lattice parameter change after 
C CO 

irradiation with fast neutrons (E ~ 1 MeV, Sweedler and Cox/53/) 
N
2+ ions (700 keV) and protons (300 keV, Schneideretal ./55/). 

T /T was chosen because of different values of T in Refs. 53 and 55. 
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/J.Tc/!J.a Ref. 

( K/ nm) 

-54.5 Sweedler /69/ 
-46.3 

-51.8 Sweedler et a1./69/ 
-50.0 Nölscheret al. /136/ 

-30.1 Burbankset a1./144/ 

-77.0 s~~eedler /53/ 

-85.0 

-60.0 

f-95. 0) 

-120.0 

-64.1 

Schneider /55/ 

Schneider /55/ 

Cox /78/ 

Moeh 1 ecke /76/ 

Francavilla /134/ 

Table 4.6. Lattice expansion and T changes in different Al5 type compounds 
c 

after irradiation with high energy partic1es. 
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The available data for the ratio 6T /6a as determined for different AlS 
c 

type compounds after irradiation with various high energy particles are summa-
rized in Table 4.6. Although the number of investigations on this subject is 

rather small, it follows from Table 4.6 that irradiation with h~avier particles 
leads to smaller values of 6T /6a. This means that the lattice parameter cor-c 
relates with the total amount of damage, in particular the amount of static 
displacements, rather than with T . 

c 

When searching for an estimation of the lattice expansion on Tc after irra­
diation, it is tempting to compare these effects with those caused by hydrosta­
tic compression. However, no direct comparison is possible, as shown for V3Ge, 
where the hydrostatic compression causes an increase of Tc from 6 to 12 K, as 
shown by Testardi /219/, in cantrast to Nb 3Sn, Nb 3Al and other AlS typl 
compounds. After irradiation, T of all these compounds invariably was found to c 
decrease. For a detailed comparison, the individual electronic structure for 
each one of these compounds should thus be known. 

4.3.3. Static Displacement from Eguilibrium Atomic Positions 

Static displacements with average rms amplitudes (defined in 3.2.1) up to 
0.01 nm were first detected by channeling studies on He irradiated v3s; by Meyer and 
Seeber/106/ and by Testardi et al./107/. Prior to these observations, a weakening of 
the X ray line intensities at higher 28 angles had been observed by Testardi et 

al ./145/ and Poate et al ./146/ on irradiated Nb3Ge and Nb3Sn. This ~eake-
ning could neither be accounted for by a lowering of the long-range order pa­
rameter nor by a particular choice of the temperature factor. It was found to 
be related to static displacements of the chain atoms from their ideal latti-
ce sites, in addition to the normal thermal displacements. 

It would exceed the task of the present work to discuss the complex technique 
of channeling effect measurements for detecting the static r.m.s. amplitudes u 
(defined in 3.2.1), it will thus be referred to the description of Meyer and cowor~ 
kers in a series of publications /148,150/. Later on, the same authors have shown 
a way to determi ne the quanti ty u by means of X ray diffract i on measurements ( Pflü­
gerand Meyer /149/, Linker /54/ and Schneideretal. /55/), described in 3.2.2. 
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After their first detection, the static displacements were invoked as 

being the main responsable for the initial decrease of Tc after high energy 
irradiation /106,107,144/. This hypothesiswas influenced by the fact that i) 

irradiation at higher doses leads to larger static displacements and that ii) 

the occurrence of focused replacement collision sequences in the Al5 structu-
re (and thus the homogeneaus decrease of the order parameter) were at that 

time considered as being highly improbable /100,103,104/. The virtual site 
exchange mechanism /81/ described in 4.2.3, in combination to the arguments 

given in 4.2.2. shows convincingly that the effect of static displacements on Tc 

at low doses, <jJt::; 1o19 n/cm2, is of secondary.importance with respect to 

the simultaneaus decrease of the order parameter after irradiation. 

A similar comparison as for the case of lattice expansion (see 4.3.2) 
can now be made between irradiated and quenched Al5 type compounds. Indeed, 
even after fast quenching, no static displacements could be detected by means 
of X ray diffraction by the authors and coworkers in the system Nb3Pt/112, 
142/, V3Au/l8/, V3Ga/20/, Nb 3Al/28/ and Mo 30s/39/. From a comparison of al I 

known static displacement data, it can be seen that the amplitude of static 
displacements depends on the nature of the irradiation source. After irradia­
ting V3Si with Kr and He ions, respP.ctively, Meyer and Linker/148/ found in-

creased static rms amplitudes, u, for the heavier ion. After irradiation doses 
reducing the Tc value from T = 17 K to 4 K, these authors /148/ determined co 
u values of 0.008 and 0.005 nm for Kr and He ions, respectively. Later on, Schnei-
deret al./55/ determined the static rms amplitudes on Nb3Al films after N2+ 
and H+ irradiation, using the X ray diffraction method developed by Linker /54/ 

(see Fig. 4.26). For proton irradiations, these 

u 
(nm) 

0.010 

0.005 

0 
0 0.001 0.002 0.003 

t.a (nm) 

Fig. 4.26. Static rms amplitude, u, in Nb 3Al after irradiation with 300 keV 

protons and 700 keV nitrogen ions (After Schneideretal. /55/). 
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authors/55/ found that di sp 1 acements s ubs tanti a 11 y different from zero were 
encountered afterhigh doses only. Their value. u = 0.004 ± 0.003 nm, 

agrees wi:1th the very small displacement values which can be estimated from 

the neutron irradiation data of Sweedler and Cox/53/ on Nb3Al and by Cox and 
Tarvin/78/ on neutron irradiated v3si. In the case of N2+ irradiation, the 

static rms amplitude reported in Ref. 55 afterhigh doses reached 0.01 nm, 

which is of the same order of magnitude as in He irradiated v3Si/106,1107/. 

Recently, NHlscher and Saemann-Ischenko /136/ also determined the variation 
for u of Nb3sn after irradiation with 20 MeV sulfur ions and found a maximum 

value of 0.008 nm at a dose characterized .by Tc= 3.2 K. 

Since the same value ofT correspond to very different values of u 
c 

(Fig. 4.26), it can befollowed that ~tatic displacements are certainly not the 

dominant factor causing the initial decrease of Tc in high Tc AlS type com­
pounds. 

It is certainly not a coincidence that the variation of u with ~t 

and the relationship between light and heavy ion irradiation shows such 

strong similarities with the behavior of the lattice expansion, 6a. 

The occurrence of static displacements from the equilibrium atomic positions 
observed in several Al5 type compounds after irr·adiation could also be related to 
the proposed virtual site exchange mechanism/Al/. From Fig. 4.19, it can 
be deduced that an occupied virtual site must cause a perturbation of the 
potential in the surrounding complex hexagonal configuration, which not only 

leads to an increase of the lattice parameter, but also to displacements of this 

group of atoms from their equilibrium lattice positions.It thus appears that 
'both quantities, u and 6a, are coupied. The comparison between irradiation 

of the same compound with light and heavy ions/55,148/ (see Figs. 4.25 and 
4.26) shows that for the heavier ions, both quantities, u as well as 6a, 
are enhanced. However, if these data seem to confirm a certain tendency, they 

suffer from an inherent lack of precision in the measurement of the static dis­

placements, because the measurements on irradiated films are not appropriate 

for determining anisotropies in the displacement amplitudes. Structural refine­

ments on single crystals, irradiated with different high energy particles, 

should be undertakenfor mote clarity. Indeed, the anisotropy of both, the ther­

mal and the static displacement amplitudes should be known in order to esta­

blish a detailed correlation with the corresponding superconducting 
properties. 
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4.3.4. Radiation Induced Phase Changes 

Radiation induced transformations from the A15 phase into the cubic A2 or in­

to the amorphaus phase have been repeatedly reported. When a highly ordered 
intermetallic compound, e.g. an AlS type compound, is in thermal equilibrium with 
the adjacent phase of the phase diagram, disordering of this compound can 
modify the stability conditions with respect to the adjacent phases. In an ordered 

compound, the equilibrium order parameter (called SE in 4.1.2} corresponds to the 
atomic arrangement with the lowest free energy. By irradiation, the A15 phase may 
be brought into a state where the free energy is higher than the equilibrium va­

lue, due to the strong decrease of the order parameter, as shown theoretically 

for the case of cu3Au by Liou and Wilkes/177/. Therefore, a new free energy ba­
lance between adjacent phases can be established, as shown schematically in Fig. 
4.27, where the ordered compound ß represents the AlSphase and one of the 

0 
adjacent phases the cubic :~2 phase. The large increase of the free energy with in-

creasing disordering under irradiation shifts the free energy curve of the A15 
phase above the common tangent for the two adjacent phases. At the composition 

ß, there will thus be a two-phase region (A2 + y in the chosen example) instead 
of the original Al5 phase. Of course, a similar mechanism can be ·imagined repla­

cing one of the adjacent phases by the amorphaus phase. 

LL .. A2 
~ 
0) 
L 
Q) 
c 
w 
Q) 
Q) 
L 
lL 

A at.% B 
Fig. 4.27. Schematical representation of the increase of the free energy of the Al5 

phase by öF as it disorders from s1 to s2 (s 1 > s2) under irradiation. The 

tangent line between the A2 and the y phase indicates the new equilibrium 
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The first case of amorphaus phase formation after heavy irradiation in 

Al5 phases has been reported by Sweedler et al. /69,70/. Schneideretal. /55/ 

have produced the A2 phase in Nb3Al after irradiation with N2+ ions, while Ru­

zicka et al. /108/ observed the formation of both, A2 and amorphaus phase, in 

Kr+ irradiated Nb"'3s;. Recently, Meyer et al. /155/ observed the presence of 

both modifications, A2 and amorphaus phase, in Nb3Ir after irradiation with 

Kr+ ions. It is not known at present why such similar systems exhibit such a 

different transformation behavior. One reason could be correlated to the indi­
vidual differences in the kinetics of recovery and recombination, which in turn 
could arise from the electronegativities of the components. A possibility 
which has also to be considered is the temperature during the irradiation, 

Tirr' which may change frorn one experirnent to another. Since recovery have 
been observed even at room ternperature, this could lead to possibly erroneous 
interpretations if the sample is warmed up between two subsequent experiments 
after low temperature irradiation. 

At present, it is not clear what is the factor causing the breakdown of 

the Al5 structure. Apriori, different isolated factors could be invoked. The 
structure could become unstable in the following cases: 

a) the mean static displacements exceed a c~rtain yalue, u = 0.0115 nm 
being the largest value reported so fa~/55,106,150/ 

b) the lattice expansion exceeds certain limits, the largest reported value 
being 6a = 0.0065 nm for Nb3Ge/69/ and Mo 3Ge/138/ and 6a = 0.0053 nm for 
Nb3Sn/154/, 

c) the degree of atornic ordering is too low. Afterneutron irradiation, the Al5 

structure was found to be rnaintained at order parameters as low as S = 0.4 a 
for Nb 3Al/53/ and Nb3Ge/69,70/, while after irradiation with N2+ and H+ ions, 

t11e lowest reported order parameter for llb3Al was S ~ 0.2 /55/. It is still open 
whether the completely diserdered state, characterized by S = 0, must be 

reached by the crystal before to undergo a radiation induced phase transfor­
mation. 

d) the number of radiation induced vacancies is too important. So far, the only 

reported value,rJ0.3%, was reported on a v3s; single crystal after neutron 
irradiation toS= 0.90/78/. 

In reality, however, these factors are certainly tightly coupled, thus re­

sulting in a weakening of the covalent bond between chain atoms. The formation 

of vacancies may be considered as the primary effect, causing or favörizing as 
well diserdering as lattice expansion or static displacements. It coJld even be 
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advanced that the Al5 structure with a high degree of disorder is stabilized by 
the presence of static displacements introducing additional bonding hetween the 
atoms on the 2a and the 6c sites, but also between the differe,,t cha~.ns. 

As discussed in 4.3.1, atomic disordering alone (as induced by rapid 
quenching procedures) does not lead to essential changes of the interatomic 
distances. This is in cantrast to the observed lattice expansion after irra-
diation reaching up to 1.3% /55,69,136,137,138,144/, simultaneously to static displa­
cements involving statistical deviations from t:1e equilibrium atomic positions 
reaching as high as 2% of the lattice parameter. It can thus be advanced 
that the instability of the A15 phase after low temperature f)igh energy irra-

diation occurs when the.the static displacements and/or the lattice expansion 
exceed a certain value. This value is expected to vary from compound to compound, 

but an upper limit of 1.5 to 2% of the original value of a at 300 K seems tobe a 
reasonable condition for radiation induced instability in A15 type compounds. 
It will be seen later that this condition also holds at very high temperature 

for another type of instability: Melting. Indeed, Isernhagen and FlUkiger /162/ 
have shown that at the melting points of a series of AlS type compounds, the thermal 
rms amplitude reaches ~2 % of the lattice parameter value at 300 K (see also 5.4.2). 
In spite of the fact that in this case, dynamic and static deviations are com­

parable, it is interesting +_J note that the lattice parameters, too, show an 
expansion of ~2 % with respect to the unirradiated room temperature value, as 
wel l at the melting point as after irradiation. In a general sense, it could 

thus be said that low temperature irradiation and high temperature treatments 
on Al5 type compou~ds have analogaus consequences on the lattice expansion and 
the devi·ations of the atoms from their equilibrium positions, the latter being, 

however, static in the low temperature case. 

4.3 -5. The "Saturation" RegionofT at High Doses c 

Regardless to the nature of the irradiation source, fast particle ir­

radiation of Al5 type compounds at high doses leads to a region where Tc shows 
a SCituration behavior. For Nb3Al, this region is reached at cpt ~ 3xlo19 n/cm2 

(neutrons with E ~ H1eV}, at cpt"' lxlo15 sulfur ions/cm2 (32s with E 2. 25~1eV). 
or .at cpt ~ 6xlo16 nitrogen ions/cm2 (14N with E ~ 770keV). lf the sa'turation 

WOUld be caused by ordering effects, the curve T vs.(cj>t) (see Fig. 4.10) should c 
rea~h the saturation value, T (sat.), by a gradual change. There are several 
. c 
lnVEstigations where this region has been carefully studied and which permit 

to decide if there is a sudden change in slope or not. Obvious)y,only data for 

lo~ temperature irradiations, followed by T measurements without intermediate c 
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warming up to room temperature can be used for this comparison. The satu­
ration region at high doses has been investigated in the systems Nb

3
Ge and 

Nb3Sn /74,102,136,146~152,155,157/. As an example, the behavior of Nb
3

Sn /157/ 
after irradiation with different particles has been reproduced in Fig. 4.28. 
It is seen that after low temperature irradiation with oxygen ions, the satura­
tion value ofT is attained after a sudden change in s1ope. T exhibits a c c 
minimum of 3.5 K after a dose of 2 X 1016 o2+;cm2, a further increase of the do-
se leading to the

0
saturation value, Tc= 4.1 K. Afterrecovery anneals at tempe­

ratures up to 410 C, Tc decreases again, down to 3.42 K (right side of Fig. 4.28). 

10 

x neutrons 

5 

Fig. 4.28. Tc of Nb3sn after irradiation with oxygen ions at Tirr = 30 K/157/~ 
by He ions at T. = 300 K/146/ and by fast neutrons at Tirr = 150 C 

1rr · -4 
/69/. The doses have been normalized by a factor k(N) = 31x 10 
k(He) = 0.195 for better comparison/157/. 

A comparison with the irradiation data at higher 
and Karkin et al./159/ shows that the observed slight 
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In all cases known so far, a small but significant increase of the super­
conducting transition width, öT , has been observed with increasing dose. The c 
maximum of öTc' approximately 1.5 K, was observed at doses where the initial 

value of Tc was decreased toT /T ~ 0.4 /117,136,157/. For illustration, the 
C CO -

ratio öTc/Tc deriving from specific heat measurements of Viswanathan et al. /117/ 

on neutron irradiated v3s; is reproduced in Fig. 4.29 as a function of Tc. It is 

seen that down to T ~ 8 K, the increase of öT is moderate (which had been dis-c c 
cussed in 4.2.2 b). Below this T value, a marked maximum of öT /T occurs, c c c 
followed by a quite rapid decrease to very small values at the saturation dose. 

It is obvious that this effect cannot be explained by any homogeneaus model. 

The observations of Pande /103,104,105/{depleted zones (or 11 disordered microre­

gions11) of 2 to 5 nm size) are here helpful in trying to find an explanation. 

Indeed, with the increasing volume fraction of depleted zones at high doses, 

the sample becomes more and more inhomogeneous. After having excluded these 

0.20 .------.e-------.-----.------, 

~ Tc/Tc 
0.15 -~ 

0.10 

0.05 

Fig. 4.29. Change of the relative superconducting transition width, öTc/Tc' 

as a function of Tr for an irradiated v3s; single crystal, from 

heat capacity measurements /117/. ~: heat capacity measurements, 

•: resistivity measurements. 

inhomogeneities as a reason for the decrease of T after high energy irradia-c 
tion (4.2.2), the existence of two modifications, i.e. the partly diserdered 

matrix and the completely diserdered depleted zones can be used as a basis for 

understanding the increase of öTc. 
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The present model assumes, similarly to Pande /103/, that the matrix and 
the depleted zones have strongly different T values. The observed small size c 
of the latter, 2 to 5 nm /103/, certainly leads to proximity effects. However, 
due to the very small volume fraction of depleted zones /113/, these proximity 
effects leading to a decrease of Tc are only effective in a very small region 
of the crystal, letting the matrix unaffected. The conclusion i$ very simple: 
proximity effects in irradiated Al5 type compounds cause a broadening of the 
superconducting transition width, 6Tc' tmvards lower values., the overaU Tc 
value being little affetted .. The sharp decrease of 6Tc at h{gher dos~s is attri­

buted to the steady decrease of the interspace between depleted zones below 
a critical value, thus leading to 11 perc:o1ation 11 betv1een depleted zones~ 

On the basis of this two-phase model (the two phases being the A15 and 
the amorphaus phase) it is possible to understand the observed minimum of Tc after 
high dose irradiation at low temperatures, according to Haase and Ruzicka /123/. 

This simple qualitative model is visualized in Fig. 4.30, where the data of 

Krämer et al. /74/ on 20 MeV 32s irradiated Nb3Ge (T = 21.92 K) is plotted. It is 
CO 

seen that Tc would continue to decrease with higher doses if disordering would be 
the only actingmechanism. The slight increase would thus be due to the presence 

1.0 

0.8 

0.6 

0.4 

0.2 

0 
101~ 1015 1016 

<Pt (32S/cm2) 

Tc 
(K) 

5.0 

Fig. 4.30. The minimum of Tc in Nb3Ge after high dose 32s irradiation at low 

temperature (Krämer et al. /74/) and its explanation by a two-phase 
mechanism.(The dotted curves are qualitative, the increase of Tc of 
the amorphaus phase arising from proximity effects). 
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of amorphaus phase, which reaches its maximum at Tc = 4.38 K, the transition 
zone being characterized by proximity effects. 

4.3.6. Increase of Tc in irradiated Mo3Ge, Mo3s; and Nb~: A Phononic Effect 

The three low Tc systems Mo3Ge, Mo3s; and Nb 3Ir crystallize in the Al5 
structure and are superconducting at 1.3, 1.3 and 1.7 K, respectively. Thetr 
electronic density of states values are among the lowest reported so far for 
Al5 type compounds. It is not surprising that the Variation of Tc with compo­
sition in these systems is quite slow (Flükiger et al. /39,62/). With 
dTc/dß =- 0.13, - 0.13 and + 0.43 K, respectively, the effect of composition 
on T is almost one order of magnitude smaller than for 11 typical 11 /39/ Al5 type c 
compounds. From various points of view, the behavior of some physical proper-
ties on fv1o 3Ge, t~o 3s; and Nb 3Ir is opposed to that encountered in the former 
class of materials. For example, the stoichiometric composition does not cor­
respond to a maximum, but to a minimum of T . The main interest, however, arises 
from the fact that high energy irradiation leads to a substantial ihcrease of T 
in all three systems in cantrast to the generally reported decrease illustrated 
in Fig. 4.10. 

Th~ question arises ubout the ~echanism causing the increase of Tc in 
these low Tc materials after irradiation. In the past, it has been advanced 
that atomic disordering would be the cause of this behavior, with the argument 
that the Fermi energy, situated in a valley between two peaks would be shifted 

by any change of the system towards higher densities of states. This was appa­
rently corroborated by many mesurements of p

0 
and of the initial slope of the 

upper critical magnetic field, dHc2/dTIT=T , from which the electronic density 
of states was indirectly determined by cnl~ulation. This procedure had been 
successfully applied before on high T Al5 type compounds, and there was no rea-c 
son why it should not apply to low Tc Al5 type compounds. Direct measurements 
of the electronic specific heat coefficient, however, have led to a completely 

opposed picture. Ghosh and Caton /153/ and Mirmelshteyn et al. /158/ found for 
Mo')Ge and Mo'JSi, respectively, that the electronic density of states after 

v .J 

neutron irradiation remained essentially unchanged, although Tc was raised by 
a factor ranging between 3 and 4. These authors /153,158/ found that the Debye 
temperature in both systems considerably decreased after irradiation, the lattice 
softening thus being the real cause of the enhancement of Tc. This is obviously 
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in sharp cantrast to the behavior found in high T Al5 type compounds. At this 
c 

point, it should be recalled that the observed lattice hardening observed in 
the latter after high energy irradiation has to be considered as an exception. 

The aim of this paragraph is to present a new picture of the superconducting 
behavior of low T Al5 type materials. For this purpose, all known investigations c . 
on these materials, including own data obtained by quenching procedures, will 
be critically discussed. First of all, it is important to analyze 

whether the increase of Tc is really a property of the Al5 phase, since addi­
tional phases are known to be formed after irradiation, e.g. the amorphaus pha-

' se in Mo 3Si /137/ and Nb3Ir /155/ and the bcc (or A2) phase in Nb3 I~ /155/. 
It is further of fundamental interest to analyze this question by comparing 
disordering effects induced by poth, fast quenching from high temparatures 
and high energy irradiation. In order to facilitate the discussion, all calo-, 
rimetric data known so far on the three systems of interest are summarized in 
Table 4.7. This is also necessary since the data for Mo 3Si and Mo 3Ge 
obtained by Flükiger and Paoli /63/ were not published before. The corres­

ponding Variation of Tc after irradiation is shown in Fig. 4.31 (Mo
3

Ge, Mo
3
si). 

and 4.32 (Nb3Ir). 

a) Quenching Experiments 

In analogy to the high Tc systems discussed in 4.1, a comparison with the 

data on quenched samples will first be made. As shown in Table 4.7, the samples 

annealed at higher temperatures followed by radiation quenching show always 

a slightly smaller Tc value. For example, Nb 3Ir exhibits Tc = 1.45 K and 
Tc = 1.58 K after anneals at 1700 and 1500°C, respectively. The corresponding 

Tc values for Mo. 762 s; .238 after annealing at 1600 and 1400°C, followed by 

radiatidn quenching are 1.57 and 1.63 K, respectively. Although the order 
parameter corresponding to both heat treatments was not measured, it can 

be safely concluded from thermodynamics arguments that the higher quenching tempe­
rature yields a slightly lower, degree of ordering (see also Fig. 4.5). This behavior 
of T _ with annea l i ng tempera ture has been confi rmed by numerous quenchi ng ex-

l. . 

periments, as well by irradiation as by quenching procedures(see Sect. 8 

and Refs. 20,39,62). The decrease ofT and y with lower degrees of. long-
. c 

range ordering induced by quenching and annealing has been observed in all Al5 
type compounds studied so far by the author and coworkers, i .e. in mo~"e than 
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40 systems, regardless whether the electronic density of states was very 

high (e.g. v3Ga), intermediate (e.g. Nb 3Pt, v3Pt, .. ) or very low, as the pre­

sently discussed systems Mo3Ge, Mo3s; and Nb3Ir. This effect seems to be inhe­

rently coupled to the particularities of the A15 electronic structure, while the 

position of the Fermi energyrelative to a peak of the electronic density of sta­

tes curve influences merely the rate of variation of Tc and N(EF) with S. 

Compound Annealing a Tc y 8 D Ref. 

(nm) ( K) (m J/at-g·K2) ( K) 

Nb.72Ir.28 360 h/900°C 0.5120 2.85 2.63 + 0.03 362 + 10 62,208 -
Nb.75Ir.25 4 h/1700°C 0.5135 1,45 62 

Nb75Ir.25 24 h/1500°C 0.5135 1. 58 62 

Nb.75Ir.25 as cast 0.5135 1,63 2.13 + 0.01 409 + 8 25, 62 
- -

Nb.775 1r.225 24 h/1650 0.5147 0.30 1,81 + 0.01 374 + 10 62,208 
-

Mo.75Si .25 3 h/1600°C 0.4893 1. 33 62 

M0 .76251 .238 3 h/14oo0c 0.4900 1. 63 1. 78 + 0.01 538 + 25 63 -
M0 .76251 .238 3 h/1600°C 0.4900 1. 57 1. 76 + 0.01 510 + 20 63 - -
Mo.75Si .25 100 h/1100°C 0.485 1. 56 2.44a) 560 158 

Mo.75Si .25 100 h/11 00°C + 
1.0xlo20n/cm2 0.489 6.00 2.53a 330 158 

Mo.75Ge. 25 3 h/1600°C 0.4933 1.48 1. 85 + 0. 02 510 + 20 63 

M0 .765Ge.235 3 h/1600°C 0.4937 1.68 1.92 + 0.03 476 + 30 63 -

M0 .751Ge.249 · 16 h/1600°C 1.45 1.22 392 153 

M0 .751Ge.249 
16 h/l600°C + 

2.2xlo19n/cm2 4.25 1.35 322 153 

Table 4.7. S~perconducting transition temperature, electronic specific heat 

and Debye temperaures of the Al5 type systems Nb-Ir, Mo-Si and 

Nb-Ir at different compositions. The samples Mo.
75

s; .25 /158/ and 

Mo. 751Ge. 249 /153/ were irradiated at Tirr =
2

70 and ~ 150°C, res­
pectively.·a) These values are given in mJ/K male, but should probably 

be indicated in mJ/K2at-g. 
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There is also a more general argument which tends to exclude the possi­

bility of an incr·ease ofT after irradiation as a consequence of decreasing c 
order parameter in Mo3Ge: in all A15 type compounds known so far (in~ludinq 

Mo and Cr based systems with transition 8 elements), the variation of Tc 

with composition or with ordering is comparable (see Sect. 8). For example, 

Tc in Mo 3Ir (after slow cooling from 1800 °C) varies from 8.35 to 8.12 K 

between 22 and 24 at.% lr/39,62/, thus corresponding to a rate of 

- 0.12 K/at.%. In the same compound, Tc decreases with S at a rate of 0.05 K 

per 1%/39/. For Mo 3Ge, where only the variation of Tc with comp?sition 
is known, T varies at a rate of- 0.13 K/at.% bet~een 23 and 25 at.% Ge/39/. 

c 
Thus, a comparably small variation of T as a function of S would be expected, 

c 
rather than the increase by>5 K observed after irradiation (see Fig. 4.31) 

leading to the extremely high value dT /dS = - 22.2 K per 1% order parameter 
c 

change, given in Table 4.8. In this table, all known values about the variation 

of Tc with composition and order parameter in low Tc A15 type compounds are 
summarized for comparison. 

Compound 

Mo 3Ge 

Mo3Si 

Mo3Si 

l~o 3 I r 

Nb3Ir 

cr3Ir 

V3Ir 

Table 4.8. 

dTc/dß Reference 

lK/at. %] 

0.13 

0.13 

- 0.13 

.. 0.12 

+ 0.43 

- 0.09 

- 0.09 

+ 0.14 

Flükiger et al. /39/ 

II 

II 

II 

Flükiger et al. /62/ 

Blaugher et al. /75/ 

Flükiger et al. /223/ 

Blaugher et al. /75/ 

dT/dS 
(K] 

22.2 

- 20 

- 10 

+ 0.05 

Reference 

Lehmann et al. /138/ 

Lehmann et al. /137/ 

Mirmelshteyn et al. /58/ 

Flükiger et al. /39/ 

{ + 2 ± 0.5 Schneider ~t al. /155/ 
.. 1,8 II 

Variation of T with composition and order parameter in low T 
c c 

Al5 type compounds. Ordering changes were induced by fast quen-

ching /39,62,75,223/, neutron irradiation at T. = 70°C /158/, 1rr 
low temperature 20 MeV 32s irradiation /137,138/ and room tempe-

rature 300 keV H+ irradiation /155/. 
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b) Irradiation Experiments 

The system Mo~. 

The Variation of Tc with dose for Mo3Ge /138/ and Mo3s; /137/ after 
irradiation with 20 MeV 32s ions is represented in Fig. 4.31, where the above 
mentioned increase ofT is illustrated. At high doses, both systems show 

c 
a significant difference, a saturation being observed for Mo3Si /137/, while 
a strong peakwas reportied for Mo3Ge /138/. The reasons for this behavior will 
now be analyzed. 

It is remarkable that independently on the radiation source, i.e. either 
He ions /111,164/,. 32s ions /138/ or neutrons /153/, no amorphaus phase could 
ever be detected in the Mo3Ge system. The absence of amorphaus phase was dedu­
ced from diffractometric measurements /138,163,164/ and is confirmed by the 
behavior of the electric resistivHy at temperatures below 300 K, which always 
showed a positive dp/dT slope, even after heavy irradiation /111,137/. As will be 
seen below, this is in cantrast to the behavior of p(T) observed in Mo 3Si /137/. 

Tc 
8 

(K) 7 -
ß Mo3Si 

6 
0 Mo 3Ge 

5 
325 20 MeV 

4 
. 

Tirr<20K 

3 

2 

1~ I I I I I I I 

1013 1014 15 16 100 400 
10 10 

<Pt e2s /cm2
) TA(K) 

Fig. 4.31. Variation of Tc in Mo3Ge/l38/ and Mo 3Si/137/ films after low tempe­

rature irradiation with 32s ions (E = 20 MeV), as a function of the 
I 

irradiation dose. At the right side, the recovery behavior of Tc up to 

410 K is shown. TA is the annealing temperature. 
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After heavy irradiation, Lehmann et al. /138/ observed a decrease 

of the lattice parameter of the bcc Mo rich solid solution initially present 

in the samp1e as secondary phase, from a = 0.3145 nm to a= 0.3140 nm after a dosis 
15 32 2 . of 1.4 X 10 S/cm, where T nearly corresponds toT (max) 1.e. 6.9 K. Ac-e c 

cording to Fig. 2.3, the A2 phase with the metastable composition Mo. 75Ge. 25 
cou1d cause an increase of T , but certainly not as high as 6.9 K! c An effect of 
amorphaus elementary Mo, produced by dissociation, can be excluded: Gurvitch et 
al ./164/ did not find any T enhancement after imp1anting Ge in Mo films~ c 

The increase of Tc in irradiated Mo 3Ge, identified above as a property 
of the A15 phase, is a bulk effect as follows from specific heat measurements 

of Ghosh and Caton/153/. These authors ana1yzed the effect of neutron irradia­
tion on both the Al5 phase Mo3Ge and the tetragonal neighbour phase Mo 5Ge 3 
by calorimetry .. They found that in both phases, the e1ectronic density of sta­

tes afterirradiationwas essentially unchanged, in cantrast to the Debye tempe-

ture, which decreases considerably. For Mo 3Ge a decrease of e0 from 392 to 

322 K and for the tetragonal Mo 5Ge 3, a decrease from 377 to 320 K was observed 

after neutron irradiation /153/. This result is particu1arly important for the 
present discussion. Since 1attice softening, accompanied by an enhancement of 

Tc (from < 1.6 to 3.3 K for Mo 5Ge 3 /153/) after irradiation seems tobe little 
dependent on the crystal structure, it is rea1ly questionab1e whether this 

change can be explained by ordering effects only. 

Thus, the A2 phase cannot cause the increase of Tc in irradiated Mo3Ge 
but is very probab1y responsible for the sharp decrease of T at doses 

c 
<Pt ..2.. 1.4 X 1015 32s;cm2 represented in Fig. 4.31. lndeed, the most obvious ex-

planation for the sharp decrease of Tc wou1d consist of assuming that on1y the 
AZ phase would be present in this highly damaged state. This is at least partly 

confirmed by the observation/138,163/ that the strongest Al5 peaks (the only 

ones beinq oresent besides the A2 oeaks) had onlv 5% of their initial intensitv. 
- • I - I V . - - . . ..., 

It can be assumed that the presence or absence of such a small amount of Al5 

phase in a sample is influenced by sma1l inhomogeneities. The lowest Tc values 

at high doses, Tc= 3.5 K/138/, fit very well with the extrapo1ated'values for 

metastable A2 Mo3Ge in Fig. 2.3. From all the arguments discussed above, i.e. 

comparison between irradiation and quenching data, changes of Tc with ordering 

and composition, calorimetric analysis, crystallographical observations and 
resistivity measurements, it follows that the increase of Tc in irradiated Mo 3Ge 

is a property of the damaged A15 phase, but has no unique character limited to 
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this phase on~. Irradiation of Mo3Ge with 20 MeV 32s ions /138/ produced an 
increase of the lattice parameter from 0.4937 to 0.5002 nm, the strongest ob­

served so far in Al5 type compounds (see Fig. 4.23 b). The strong decrease of 

line intensities reflects particularly high static displacements. It may thus 

be advanced that here the static displacemen~, possibly in combination with the 

lattice expansion are responsible for the enhancement of T rather than ordering 
c 

effects. In cantrast to high T A15 superconductors, the electronic density of c 
states is not a relevant pararneter for describing the changes in T of this class 

c 
of materials. In some respect, the situation in Mo3Ge may be compared to that 
encountered in heavily irradiated Nb3sn, where Tc was also found to increase 
(see Fig. 4.28). 

The system Mo~. 

After having shown that the enhancement of T in irradiated c 
Mo 3Ge is due to the damaged Al5 phase, a similar explanation can be advanced 
for Mo3Si. The main difference between these two irradiated systems is the ap­
pearance of the amorphaus phase in Mo3s;. The saturation value for Mo~Si after 
heavy irradiation, Tc= 7.8 K/137/, corresponds tothat obtained foramorphaus films 
obtained by coevaporation at 77 K by Johnson et al./175/. It can thus safely be 

concluded that the increase of Tc in both, Mo 3Ge and Mo3Si is a property of the 

damaged A15 phase, the different behavi~r of Tc at high d~ses shown in Fig. 

4.31 being due to a different Tc of the corresponding radiation induced pha-
ses. 

A detai1ed calorimetric investi.gation was performed on neutron irradia­
ted Mo 3s; by Mirmelshteyn et al. /158/ (T. = 70°C). An arc melted Mo3s; sam­
ple was homogenized 100 hours at 1100 °C, 1 ~~radiated at a dose of 1 x Io20n;cm2 

and submitted to successive isoehranal anneals (t = 20 minutes) in the range 
between 300 and 700 °C. The data prior to and after the irradiation are listed 

in Table 4.7. This direct determination of y can be considered as the key work 
in the field, the systematical choice of 9 different recovery anneals covering 
the whole range of T from 6.0 K (just after irradiation) to 1.56 K after reco-c 
vering at 700 °C. The latter value is the same one as that of the original sam-

ple after homogenizing. After each recovery anneal, the specific heat and the 
order parameter were determined, thus giving a clear picture of the process. 
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It is interesting that no small-angle scattering effects could be detec-

ted in Mo3Si /1S8/, in cantrast to Nb3Sn (It may be recalled that the presence 
of such effects in Nb3sn, observed by Karkin et al. /1S9/ was a major argument 

supporting theinhomogeneaus darnage hypothesis /103/). Mirmelshteyn et al. /1S8/ 
observed after neutron irradiation a mainly amorphaus sample, in agreement with 

Lehmann et al. /137/. In this case, the difference in Tirr between 70 °C /1S8/ 
and 30K /137/ thus seeems to have little effect on the radiation induced phase. 
The retransformation from the amorphaus to the crystalline state wa!; observed 
at ~ 4SO °C. It is remarkable that the AlS phasewas present at all observed 
states and that it was even possible to determine the order parameter just 
after irradiation, i.e. where the AlSphase is only present in ~5% of the 
sample. The order parameterwas originally S = 0.86, which is considera-
bly smaller than the value S ~ 0.99 reported in 5.3.1. At present, 

the reasons for this difference cannot be understood. In spite of some criti­
cism about the absolute value of y and the measurement of the specific heat 
at temperatures T >4.2 K only, the data of Mirmelshteyn et al. /158/ lead to 

following conclusions: 

a) Neutron irradiation up to 1x1o20 n/cm2 causes a considerable softening of the 

phonon spectrum: A decrease of efl from 560 to 330 K i s observed. 

b) The electronic density of states is not affected by irradiation nor by the 

transition from amorphaus to crystalline state. 

c) The factor N(EF) <J2> in the MacMi.llan equation also remains unaffected, 
being situated at the value ~ 700 eV nm- 2 (or 7 eV ~- 2 ). 

The above results illustrate the danger of deducing y from measurements 

of p0 and of the initial slope of the upper critical field, dHc 2/dTIT=Tc' simply 
assuming the validity of the equation 

(dirty limit) (4.9) 

without taking into account the changes of the phonon spectrum. As will be shown 
in Sect. 8, the approximation (4.9) gives certainly the right tendency if the 
phonon spectrum does not change dramatically or if electronic density effects 
are dominant, as it is the case for irradiated high Tc Al5 type compounds. 

In the present case, however, it has led to an incorrect conclusion, as 
shown in Fig. 4.32. 
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Fig. 4.32. Variation of y and e0 with Tc in irradiated Mo 3Si, from data of 

Mirmelshteyn et al. /158/ ( T. = 70°C, calorimetry) and Lehmann 
1rr 

et al. /137/ (T. < 20 K, thin films). This figure illustrates wr 
how the indirect determination of y from the values of dHc2/dT and o0 

(see Eq. (4.9)) may be erroneous in the case of low Tc AlS type compounds. 

The sys tem NbJlr. 

In a recent room temperature irradiation work on Nb 3Ir, Schneider and 
Linker /135/ observed a very interesting behavior ofT at low doses of H+ and 

++ ·. c 
He i?ns, respectively (both with an energy of 300 keV). The irradiation 
with He ions leads to increased Tc values, the tendency being the same as in 
previously reported Kr+ irradiations at 77 K on the same compound/155/. After 
proton irradiation, however,a new behavior was observed, Tc showing an 
initial decrease at low doses, from 1.74 to 1.39 K, the minimum occurring 
after the dose ~t = 3 x 1016 H+/cm2 /135/j as shown in Fig. 4.33. At this dose, 

the order parooEterwas determined toS= 0.95 by X ray diffractometry, using 
the method of Linker/54/ forthin films. With higher proton doses, Tc was found 
to increase up to a saturation value of 2.59 K, at which the static rms ampli­
tude, u, , reaches 0.007 nm. In the light of the quenching experiments mentio­

ned above, the initial decrease of T must be attributed to the decrease of the c 
1 ong- range order parameter. 

It is interesting that the initial decrease of Tc in Nb3Ir was observed 
after proton irradiation only. A comparison with the Kr+ and He+ irradiations/155/ 
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He+(upper scale) 

0 

H+ (lower scale) 

0~----~------~------~------~------~------~--~ 
0 10 20 30 40 so 60 

x1016 H+/cm2 

Fig. 4.33. Variation of Tc in Nb3Ir films after low temperature irradiation 

with Hand He ions (both with E = 300 keV), as a function of the de­

posited energy. Note the minimum of Tc for the proton irradiation 
and the different level of Tc saturation. The value for amorphaus 
Nb 3Ir, produced by Kr+ irradiation/155/ is shown for comparison 
(This figure has been established based on the data of Schneider 
and Linker /135/). 

shows that the latter lead to considerably higher static rms amplitudes, the hi­
ghest measured values being u = 0.007, 0.0085 and 0.01 nm, respectively. The 

minimum of Tc is observed at a very low static displacement of 0.003 nm. 

From Fig. 4.34, it can be seen how the highest values of u and 6a 

as well as the lowest values of S after irradiation depend on the projectile: 

as stated earl ier (see Figs. 4.24 and 4.25), the heavier particles cause the 

larger damage. The variation of 6a as well as of u scales over the whole dose range 
for both, H+ and He+ irradiation. This observation fits well with the virtual 

site exchange mechanism/81/, where the increase of a and the static displace-

ments in irradiated AlS type compounds depend mainly on the chemical nature 
of the elements A and B. 
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Fig. 4.34. Variation of Tc' S and the static rms amplitude, u, in Nb3Ir films as 
a function of the lattice parameter expansion after low temperature 
irradiation with He and H ions (both with E = 300 keV). At 6a = 0.0008 nm, 
Tc of proton irradiated Nb3Ir undergoes a minimum {After Schneider and 

Linker I 1351). 

The variation of Tc in irradiated Nb 3Ir can thus be understood as a super­
position of two opposite changes, i.e. an initial decrease of Tc with decreasing 
order parameter and at high doses an increase of Tc with higher static displace­
ments, possibly connected with lattice softening. The increase of Tc can now be 

compared to that observed ~fter heavy irradiation on Nb 3Sn /157/ (see also Fig. 

4.28) or on Nb 3Ge (Krämer et al. /134/), shown in Fig.4.30. Thus, a common feature 

has been found between high T and low T Al5 type compounds submitted to heavy c c 
irradiation doses: The increase ofT observed in both cases could be attributed 

C I 

to the occurrence of static displacements, possibly combined with l~ttice softening. 
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c) Comparison between the Irradiation Behavior of Low and High Tc AlS Compounds 

The discussion of irradiation data on the low Tc systems Mo3Ge, Mo 3s; and 
Nb 3Ir reveals that many physical properties exhibit just the opposite behavior 
with respect to high Tc AlS type materials. It is beyond any doubt that it is 
the superconducting transition temperature of the damaged AlS phase which increa­
ses with irradiation of the three discussed low Tc AlS type compounds, in sharp 
cantrast to the behavior shown by Fig. 4.10. It is remarkable that the property 
showing the strengest variation is the Debye temperature (see Fig. 4.32), in 
cantrast to the high T AlS type compounds, where it is the electronic density c 
of states. The opposite behavior of different physical properties in high T .... 
and in low T AlS type materials is shown by the comparison in Table 4.9. 

c 

Physical 
Property 

a 

u 

High Tc Low Tc 
AlS Compound AlS Compound 

'-' 

Table 4.9. Opposite behavtor of various physical properties in high and low Tc 
AlS type compounds after irradiation. 

It is certain that the respective change of phonon spectrum and electronic 
density of states is responsible for the different effects on Tc after irradiation 
of these two classes of materials. A question arises: Why do the lattice vibratio­
nal modes react in such a different way when going from one class to the other? 

For a discussion about the reasons for the different lattice response to 
irradiation <i·n the case of high or low Tc AlS type compounds, it is useful to 
recall that the former class of materials exhibits a lattice softening when 
cooling from 300 K to 4.2 K. In some cases, e.g. v3s; or Nb 3Sn, this softening 
even leads to a low temperature lattice instability., leading to the 
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martensitic cubic-tetragonal transformation. Other systems, e.g. Nb 3Ge, Nb 3Al, 

V3Ga and others arestill stable at low temperature but exhibit a lattice softe­

ning when cooling from room temperature to low temperatures. It is on the other 

hand known that the compound Cr3Si (normal even at 0.015K) not only does not show 
any lattice softening, but exhibits even an increase of e0 by 100 K: e0(300K) = 

530 K and e0(0) = 640 K /229/. The same behavio~ is encountered in Mo 3Si, where 
e0(300K) = 470 K and e0(0) = 560 K were reported /158/. In both cases, the cala­
rimetrically measur·ed value af e0(T) show an increase by ~ 100 K belaw 60 K, thus 
reflecting a phonon hardening, in cantrast to the phonon softening encauntered 

in high Tc materials. 

In high Tc Al5 type campaunds, irradiatian thus leads to a gradual canceling 
of the low temperature phonon softening, the correlated decrease af Tc being main­
ly due ta the simultaneaus decrease af the electronic density af states. This is 
the paint af departure far the understanding af the radiation behaviar of the low 
Tc supercanductars cansidered in this paragraph: It is the lattice hardening a~ 
low temperature which is naw g~!d~ally reduced by irradiation, thus leading to 
the observed increase af T . In cantrast ta the high T Al5 type campounds, haw-c c 
ever, the electronic density of states has practically no influence an the 
enhancement af T , which is naw entirely due ta the lawered phonon fre-
quency <w>

2. The\ehavior of Al5 type compounds after irradiation vJill thus be 
different, depending an the initial electronic density af states and the Varia­
tion of e0(T) between 300 K and low temperature: 

a) High Tc materials. High elect1Aonic density of states, phonon saftening 
V3Si, Nb 3Sn, Nb 3Al, Nb 3Ge, .... 

----+Strang decrease of T with increasing dose, as for c 
most compounds in Fig. 4.10a. N(O) is dominant. 

b) Low Tc materials: Low electronic density af states, phonon hardening 
Mo 3s;, Mo 3Ge, Nb 3Ir, ..... 

~ Considerabie increase of Tc with increasing dose, 
as for Mo 3Ge and Mo 3Si in Fig. 4.31 and Nb3Ir in 

Fi g. 4. 33. <w> 2 i s dominant. 

c) Intermediate T materials: Intermediate electranic density of states, phonon 
harderiing 

Mo 3os, Mo. 76 rr. 24 , Ma~. 50Re~_ 50 , ... 
Moderate decrease of Tc with increasing dose, as for 
Mo 30s in Fig. 4.10a and Mo-Re in Ref. 239. 

Combined effect of N(O) and <w>2. 
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It is suggested that the picture developed for irradiated low Tc A15 type 
materials may be applied to heavily irradiated high Tc materials, as Nb3Sn in 
Fig. 4.28 and Nb 3Ge in Fig. 4.30. In fact, both highly disordered compounds ex­
hibit Tc values below 4 K, corresponding certainly to low values of the electro­
nic density of states. Above the state of high disorder (S < 0.40) characterized 

by the minimum of Tc in Figs. 4.28 and 4. 30, it can be imagined that further 
irradiation leads again to phonon softening, thus leading to the observed slight 
increase of Tc in Nb 3Sn /157/ and Nb3Ge /34/ after irradiation at the highest 
doses. Like for the low Tc Al5 type materials, the electronic density of states 
is expected tobe of little importance, the small increase in T being due to 

2 c 
slightly lowered <w> at low temperatures. 

The changes of the phonon spectrum during disordering are connected with the 
change in character of the interatomic forces acting in a compound. At thi.s point, 
it may be interesting to compare the pair potential between the two systems Nb 3Sn 
/224/ and Mo3Si /225/, which have been carried out under the same conditions and 
using the same Heine-Abarenkov-Animalu model pseudopotential. (see Fig. 4.35). The 
difference between the pair potenti a 1 for Nb3Sn of Fi gs. 
different boundary conditions and will thus be neglected 
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4.4 and 4.35 arise from 
for ins tance. 

Fig. 4.35. Pair potentials in th~ systems Nb3Sn /224/ and Mo3s; /225/, calcu-

lated using the same pseudopotential approximation. Note the differen-
ce between the potentials for Mo-Si and Nb-Sn. 
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A comparison between the potentials in Fig. 4.35 shows that the main dif­
ference is encountered for the potentials between different elements, i.e. 
Mo-Si and Nb-Sn. It is expected that simultaneaus static displacements and 

atomic diserdering would particularly affect these interactions, but there is 

no further proof for this hypot~esis. It is possible that the difference betw~en 
the Mo-Si and Nb-Sn pair potentials is at the basis of the antagonism between 
Cr, Mo and V, Nb based A15 type compounds repeatedly mentioned in the present work. 

4.3.7. Recombination Effects 

When analyzing the irradiation data presented in this section. n question 

arises: Why is the level of saturation for various properties, as Tc' a, S or 
u in irradiated Al5 type compounds different for each particle? In par­

ticular, the saturation behavior of the order parameter is of interest, since 
even prolonged irradiation does not produce complete disorder, the minimum values of 

Ssat lying in the ~ange between 0.20 and 0.40 as stated in 4.3.5. 

~ecently, Zee and Wilkes/178/ have established a model describing the de­
crease of the long-range order parameter in cu3Au after irradiati-on, in parti­
cular also the saturation behavior at high doses. In their model, the variation 
of the order parameter in an irradiated compound is described by the d~fferential 
equation 

dS (dS) + (dS) = 
dt dt irr dt therm 

(4.10) 

lhe first term represents the disordering rate due to irradiation, 

(dS) = -EkS, (4.11) 
dt 

which is nothing else than.the Aronin equation, Eq.(3.22). The second term re­

presents the radiation induced thermal ordering, a consequence of the enhanced 
vacancy concentration (in the case of cu3Au, the vacancies are single in can­
trast to the present A15 structure, where the split-vacancy structure is more 
complex). 

The second term in Eq. (4.10) implies that the point defects have reacted 

their,steady-state concentration, taking into account for the irradiation tem­

pera~~re, T;rr· It is quite complex\ · 
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r~:· J 
VV z 

= c ~ (Z + zb - 2) 
2 V X a therm b 

X exp (-E~/K8 T) 
2 -V S 

X (XAXB{l - Sa} - exp ( o a 

XAXB(l - Sa)2}) 
K8 T 

X {Sa + 
(4.12) 

(The symbols are explained in Table 4.10). 

It would lead too far to tteat in detail a11 considerations of the theory 
of Zee and Wilkes /178/, based on a first model of Liou and Wilkes /177/. 
Schneider and Linker /135/ have performed the calculation for He+ and H+ irra­

diated Nb3Ir. The result of Sa as a function of the irradiation time is shown 

in Fig. 4.36. The level of the steady-state, Ssat' depends on the projectile 
and its energy, but is also strongly influenced by the irradiation temperature. 
The material properties enter with the vacancy ordering motion energy, which is 

of the order of 0.84 eV for cu3Au and is estimated to the same value for Nb3Ir 
/135/. It is interesting to give a list of the other parameters used for this 
calculation /135,224,225/: this is done in Table 4.10. 

1.0 

Sa 

• H+- Nb31r 
x He+_,.,. Nb 31r 

-- Aronin Term (lrrad. Oisordering) 
~, - Sa(t) theoretical 

~....... -- Jhermal Reordering 
........... 0.5 

0.1 

0 1000 

~ ........... ..._ 
x.----x-

Steady State 

5000 10000 15000 
Irradiation time, t. [sec] . 

Fig. 4.36. Lang-range order parameter in irradiated Nb 3Ir as function of 

the irradiation time, determined by Schneiderand Linker /135/. 
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Boltzmann constant 
Number of 6c sites next to a 2a site 
Number of 2a sites next to a 6c site 
Fraction of A atoms 
Fraction of B atoms 
Vibrational frequency 
Irradiation temperature 
Vacancy concentration at equilibrium 
Vacancy formation energy 
Recombination coefficient 
Dislocation bias for vacancies 
Diffusion constant for vacancies 
Vacancy preexponential diffusion coefficient 
Vacancy motion energy 
Vacancy ordering motion energy 
Orderi ng energy 

KB 
za 
zb 

XA 

= 

= 
= 
= 

8.62 . 10-5 eV/K 

12 
4 
0.75 

x8 = 0.25 

vv = 1 · 10
13

Hz 

Tirr = 300 K 
cve = 2 · exp (-Efv/K8T) 
Efv = 1 eV 

17 -2 a/ D. = 1 · 1 0 cm 
1 

zv = 1 

Dv = D0 v exp ~;E~{KßT) 
D

0
v = 0.82 cm s 

E = 0.79 eV 

E~ = 0.84 eV 
V

0 
= 0.35 eV 

Table 4.10. Parameters used for fitting the Nb 3Ir data /135/. 

4.3.8. Radiation Darnage in Al5 Type Compounds: A Synopsis 

Although irradiations an Al5 type compounds have been carried out since 
more than 20 years, some questions are still open due to the lack of simulta­
neaus relevant experiments, in particular specific heat, lattice parameter, 
thermal and static rms amplitudes and others an one and the same sample. The 
attention has too much been concentrated on the decrease of Tc only, while a 
combination of these properties would have been needed for a further understanding. 

A very important missing point is the lack of neutron irradiations at low Tirr' 

followed by in situ low temperature measurements. As· ~hown by the author and 
coworkers /156/, this point is of particular technical importance (see Sect. 11.3). 

In spite of the sometimes rather incomplete sets .. of data, the present analy­
sis has led to a good overall understanding of the irradiation phenomena in high 
and low Tc A15 type compounds. It has been shown that the complexity of the effects 
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produced by high energy particle irradiation cannot be described by a 
simple effect alone: there is no "universal" defect. The fact that the 

behavior of Tc vs. cpt almost coincides for several "typical" A15 type com­

pounds (see Fig.4.10a) indicates that the Fermi energy lies in a region where the 
density of states of these compounds varies strongly as fun_ction of E. 

After having shown that the initial decrease of Tc is correlated to a de-
crease in the degree of atomic ordering, it is clear that the similarity of 
Tc vs. cpt between "typical" A15 type compounds simply reflects a similar 
Variation of Tc vs. S for this class of materials. 

The different types of deviations from the perfectly ordered state 
observed in irradiated A15 type compounds have been schematically repre-

sented in Fig. 4.37. Each one of these non-equilibrium states of the matter 
has an effect on the superconducting properties of the analyzed compound, 

depending on the radiation dose, the energy of the irradiating particle and the 

irradiation temperature, Tirr' but also on the compound itself (high or low Tc 
Al5 type compound). At very low doses, the first low temperature physical pro­
perty tobe affected is the electrical resistivity, p , which will be discussed 

0 

in Sect. 8 and in Sect. 11.3 tagether with the data on Nb 3Sn multifilamentary wi-
res. At low doses the 1owering of Tc in high Tc Al5 type compounds is without 
any doubt dominantly influenced by the decrease of the order parameter, as a con­

sequence of a decrease of the electronic density of states and lattice hardening. 
In low Tc A15 type compounds, the primary effect seems to be the marked lattice 
softening, while the electronic density of states remains essentially unchanged. 
At intermediate doses, where T approaches the saturation va 1 ue, proxi mity effects c 
between regions with decreased order parameter and depleted zones or diserdered 
zones become important . and lead to a maxirnum of the superconducting transition 
width, 6Tc. After heavy irradiation final1y, various effects are encountered, 
as the presence of amorphaus phase or of radiation induced phases. 

After having shown :the occurrence of a series of additional effects at 

high irradiation doses, it is obvious that the description of the decrease of 
T after irradiation in high T as a function of atornic disordering is only c c 
valid for doses sufficiently far away from the beginning of these effects. 

This dose is reached when Tc/Tco as a function of fluence starts to curve up­

wards. From Fig. 4.10a,this level can be set at doses where T/Tco falls 
b e 1 ow T I T ~ 0 • 4 • C . CO 
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Fig. 4.37. Sequence of possible radiation induced effects in Al5 type compounds. 

Depending on Tirr and the energy of the incident particle, a different 
steady-state can be reached after heavy irradiation. 
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5. THE DEGREE OF ORDERING IN AlS TYPE COMPOUNDS 

In analogy to the system cu1Au, AlS type compounds can under certain 

conditions undergo small deviations from the perfectly ordered state. The 

achievement of perfect order in a compound is intimately connected to the 

kinetics of site exchanges in the temperature range between the formation 

temperature of the Al5 phase, T , and the diffusion limit, T (see Fig. 
F D 

4.5). In a certain number of AlS type compounds the state of perfect order 

can be reached, while in others, a certain amount of disorder cannot be 

eliminated, even after prolonged anneals at intermediate temperatures just 
0 

above T {T lies between 560 and 900 C, as follows from Table 4.1). The 
D D 

factors governing the ordering kinetics in A15 type compounds have so far 

not been studied in detail: Several arguments, as the ratio between the 

atomic radii of the constituents or the difference in electronegativity have 

been introduced, but without any theoretical justification. This problern 

will be discussed at the end of this Section. 

All ordering data on Al5 type compounds basedonleast square refi-

nement procedures performed either on X ray or neutron diffraction measurements 

will be critically reviewed in the following. The order parameter {either S, 
S or S depending on the effective composition of a compound), as well as 
a b 2 

mean square Vibration. amplitude U and the lowest R factor (as defined 

by Eq. 3.15) are separately listed for each system. 

~1ost data have been obtained by powder diffractometry, thus inherently yiel­

ding larger error margins than those based on single crystal refinements. 

Nevertheless, the reproductibility of the measured intensities as well as 

the comparison with the single crystal data show that the order parameter 

values as obtained on powder diffractometry can be considered as 

representative under the condition that the number of analyzed peaks is 

sufficiently high, thus reducing statistical errors. This obviously 

corresponds to measurements up to values of sin9/n as high as possible. 

Most diffraction measurements on powdered A15 type compounds, however, have 
-10 1 

only been performed up to values of sinG/)\ lying between 0.5 and 0~7 X (10 · mf . 
This allows to maintain the uncertainty of the order parameter below 

2%, in more unfavourable cases below 3%. Unfortunately, this limited angle 

range leads to much larger errors in the mean square vibration amplitudes, 
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up to 20%, as can be seen from a comparison of the data in the following 

tables of this Section. In particular, it is virtually impossible to make a 

significant distinction between isotropic and anisotropic thermal Vibrations 

based on refinements of powder diffraction data. In these cases, U~ and U~ were 
determined by using the method described in 3.2.1. 

The lack of precision in the determination of the vibration amplitudes, in 

particular V1ose on the 2a and on the 6c sites is the most serious criticism to 
the diffraction work accomplished so far on Al5 type compounds. As will be shown 

in Sect. 6, however, the knowledge of the Vibration amplitudes U2 or U~ and U~ 
is very useful for the description of this class of compounds. It must be men­

tioned that the earliest order parameter determinations on Al5 type compounds 

by Van Reuth and Waterstrat /4/ and by Flükiger /4,18,62/ were performed without 
to take into account the vibration amplitudes, which were hold at u2 = 0 or 

at U2 
= 0.0063 X 10- 20 m2 (B = 0.5). This illustrates the low importance which 

was originally given to this property, with the result that additional errors 

were introduced in the determination of S. Complete refinements were only effec­

tuated in the works published after 1975. In the cases where earlie.r raw data were 

still available, a complete refinement was performed by the author in order to 

include the results in the present work. 

Since most refinement data reported here have been performed on 
powder samples, some uncertainties still subsist in particularly difficult 

cases, e.g. Nb Ge or Nb Sn. Where available, data on electrical resistivity 
at low temperafure, 9. ,3are of considerable help for determining how close 

0 
to perfect ordering is the compound in reality (See Sect. 7). Recently, 
values well below g = lx10-

8
Jlm (RRR = 80) were measured by Flükiger et 

0 
al. /220/ on v3s; single crystals which were prepared by 
recrystallization. Fora stoichiometric, perfectly erdered A15 type 

-8 
compound, ~~ ~ 1x10 Slm can thus safely be assumed. This condition is 

confirmed by measurements of Caton and Viswanathan /217/, Orlando et 1a1. 

/186/, Testardi /219/ and Williamson and Milewits /218/ on V3Si and Arko et 
al. /185/ on Nb

3
Sn single crystals, yielding p

0 
.2. 4 X 10-8 ~m in each case. 

The variation of g
0 

with S has so far only been measured in one Al5 type 
compound, Nb Pt, by Flükiger et al. /142/ on argon jet quenched samples. The 

3 
result is represented in Fig. 8.5. 
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5.1 Presentation and Discussion of the Ordering Data 

5.1.1 Nb Based AlS Type Compounds 

a) Nb3Sn (Single Crystal) 

A single crystal, grown by Hanak et al. /168/ by means of the CVD technique 

was characterized by measurements of the specific heat (Vieland and Wicklund 

/169/), of the electrical resistivity (Woodard and Cody) /170/ and of the 
2 2 

Debye-Waller factor, M = B sin e;A (Vieland /171/). On the same sample, 
Kellerand Hanak /172/ measured the elastic moduli and Mailfert et al. /173/ 

the low temperature lattice parameter variation at the cubic-tetragonal 
? 

phase transition. The reported data are T = 18 K, ~ = 13.1 mJ/K-at-g /169/, 
PT2:_Tc = P0 = 10-8 Qm /170/ , a = 0.5290cnm, while the composition was 

s t ö ich i ome tri c , (3 = 0. 2 5. 

Unfortunately, Vieland /171/ did not refine the long range order para­

meter for his Nb 3sn single crystal. His measurements up to the (14,1,0) line 
-1 -1 

corresponding to sin9;~ = 1.326 x10 nm (Mo~ radiation) yielded, 
however, a high precision in the temperature factor, B, which was determined 

for both, the Nb atoms on the 6c sites (B ) and the Sn atoms on the 2a sites 
a 

(B ). He did not differentiate between the thermal Vibrations along and 
b 

perpendicular to the chain directions, and performed the refinement with 

fixed values 0 = 0.25 and S = 1, the results being summarized in Table 5.1. 

A single crystal refinement on Nb 3sn by Kodesset al. /180/ wi
1
th fixed order 

parameter at S = 1 yielded the isotropic temperature factors B = 0.445 and 
a 

B = 0.486 for Nb and Sn respectively, i.e. slightly different values with 
b 

re
2
spect to those of Vieland /171/, but show the same tendency of B ~ B (or 
< 2 a b 

ü U) (see Table 5.1). The same data of Kodesset al. /180/, refined 
a b 

for anisotropic temperature factors for Nb, yielded a smaller R factor 

(0.035 instead of 0.045) and the values ui 1 = 0.0042 X 10-20 m2, u~2 = 0.0062 X 

la- 20
m2 and U~ = 0.0052 X lo- 20 m2 (or s11 = 0.33 X lo- 20 m2, 822 = 0.491 X 1o-20 

2 -20 2 . m and 8b = 0.483 X 10 m ), 1.e. (822 - B11 );B22 = 0.328. Kodesset al. /180/ 
also report the result of a refinement for sin8/A > 0.65 X 1010 m- 1, yielding a 

smaller R factor, R = 0.013 and showing a similar anisotröpy: ui 1 = 0.0052 X 
-20 2 2 -20 2 . 2 . 0 2 

10 m and u22 = 0.0074 X 10 m' l.e. u22 lS 28.9% larger than u11' 
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There is thus a high anisotropy in the thermal Vibrations of Nb atoms in the 

compound Nb Sn. This illustrates the covalent character of the Nb-Nb 
3 

interaction, earlier shown for V-V interactions in V Si by Staudenmann /91, 
3 

95, 181/. Since the measurements of Vieland /171/ and Kodess et al. /180/ 

were both performed at room temperature, it can be said that at temperatures 

close to the Debye temperature, the Vibration of the Nb atoms is mainly 

governed by their tetragonal environment (point symmetry 42m). 

b) Nb3Sn (Polycrystals) 

In spite of a considerable interest in knowing the degree of erdering of 

the high Tc compound Nb3sn, the first reliable determinations of S by powder 
diffractometry in this compound have been performed only recently by the author 

.and coworkers /9/. This. is due to two reasons: i) the small difference 

between the form factors f and f , a consequence of the proximity of Nb 
Nb Sn 

and Sn in the periodic system {öZ = 9) leads to low intensities of the X ray 

superlattice lines 110, 220, 310, ••• , thus increasing the uncertainty6S. 

Neutron diffraction cannot be used at all, since the neutron scattering 

factors for Nb and Sn are identical /56/, ii) it is very difficult to obtain 

a homogeneaus Nb Sn sample, due to the particular shape of the Sn. rich A15 
3 

phase boundary, the formation temperature falling indeed very rapidly from 
0 0 

2230 C to 931 C in the narrow composition range between ~22 and 25 at.% Sn 
/174/. 

The availability of a Nb 3Sn sample with a very narrow compositional 

distribution was the necessary condition for a determination of S in Nb
3
Sn, 

where f = f - f = 9 is rather unfavourable. Thus, the Nb Sn sample on 
B A 3 

which the order parameter was measured /9/ was a piece of the same sample on 

which Junod et al. /179/ previously measured the specific heat. The 

calorimetric superconducting transition width is very narrow, AT ~ 0.7 K, 
c 

corresponding to a compositiona1 variation throughout the sample of 0.3 at.% 

Sn (see Fig. 5.1). 

The Sn content of thii·sample was determined from the variationofT vs. ß . c 
as well as from a vs.~ both being established by Devantay et al. /86/. From 

the values a = 0,5288(7) nm and T = 17.8 K (~ is the average value of the 
c c 

calorimetric transition), an effective Sn content of 24.5 + 0.2 at.%Sn was 
2 

found. The specific heat value was ~= 13.2 mJ/K at-g, which is very close 

to the value determined by Vieland and Wicklund /169/ on their Nb
3

Sn single 
crystal. 
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Fig. 5.1. The calorimetric superconducting transition in the Nb Sn sample 
3 . 

used for the order parameter determination by FlUkiger et ~1. /9/, 

measured by Junod et al. /179/. The superconducting transition width 

is < 0.7 K, corresponding to a compositional variation of ~0.3 at.% Sn. 

The Nb 3Sn sample was further characterized by low temperature X ray 
diffractometry using a quartz monochromator for suppressing the CuKcx 

radiation, revealing the presence of 45% tetragonal and 55% cubic phase at 
10 K /9,215/ (See also (11.1)). The observed mixture of cubic +tetragonal (de-

noted as T1 in Ref. 9), determined earlier to ~24.5 at.% Sn /86/, lies within the 
composition range exhibited by this sample. The information about the low 

temperature structure of the analyzed Nb Sn sample will be important for the 
3 

discussion in Section 10 about the influence of the martensitic transfor-

mation on the electronic properties of this compound. lndeed, Junod et al. 

/179/ assumed in their paper that the present sample would completely trans­

form to the tetragonal phase at low temperature, which raised a controversy 

about the question whether the cubic or the tetragonal phase would exhibit 

the higher electronic density of states /184/. This will be discussed in 
Section 11. 

The results of the various refinements, listed in Table 5.1 s~ow that with an 
uncertainty of ÄS = ~ 0.02, Nb Sn is in reality perfectly ordered. The low 

3 
error margin was obtained by repeated measurement and averaging of the 



-121-

System Prepara- lrradia- a ß Tc Beam sine/>- Order uz R 

tion tion (nm) (K) (lo- 10 m)- 1 Parameter (X 10-20 m2) 

Nb3Sn L3 (S = l)a 2 CVD, Sin- - 0.52889 0.25 18.0 MoK Ua = 0.0048 -a 
us = 0.0056 gle Cryst. 

Nb3sn (S =1 )a 2 0.045 ,CVD, Sin- - 0. 5294 0.25 18.2 MoK
0 

1.2 Ua = 0.0056 
gle Cryst. u~ = o.oo62 

1.2 (S = l)a 2 0.013 - 0. 5294 0.25 18.2 t~oK0 un = o.oo42 
u~ 2 = o.oo62 
u2 
b = 0.0061 

I Nb
3s, 

Sintered - 0.5288 0.245 17.8 CuK0 0.6 sa = 1. o u2 = o. oo54 0.09 
7h/1550°C 

u~ = o.oo49 0.060 
u~ = o.oos9 

Nb3sn Are Fission 0.5350 0.25 - CuK 1211 (5 = O)b - -a 
r~e 1 ted Fragm. -

1210 

Nb3Sn Films unirrad. 0.5288 0.25 17.85 CuK a 0.63 (5=0.98)c - -
0.5298 13.85 s = 0.84 
0.5307 10.54 s = 0.74 

32s i ons d 0.5318 6.80 s = 0.64 
0.5322 4.89 s = 0.57 
0.5329 3.62 s = 0.42 
0.5345 3.25 s = 0.20 

Table 5.1. Structural parameters from least square refinements for Nb 3Sn, as 
prepared by various methods: CVD = chemical vapor deposition, sin-

tering and arc melting. The data of samples irradiated with 32s 
ions (E = 20 MeV) are also added. 

Ref. 

171 

180 

180 

9 

162 

154 

136 

a) The refinement was carried out with fixed order parameter, S = 1, 
b) The order parameter is only estimated, based on the 1211 and the 
1210 intensities, c) For the unirradiated sample, S

0 
= 0.98 was as­

sumed in Ref . 136, d) The individual dosewas not precised in Ref. 
136. R is the reliability factor. 

measured intensities. The overall temperature factor, B = 0.43 X 1o- 20 m2, is in 
good agreement with the data of Vmeland /171/ and Kodess /180/. As will be shown 
later in Sect.7, there areadditional arguments for the occurence of 
perfect ordering in Nb3Sn, in particular the low value of the electrical 
resistivity, 1p <4x1o-8 ~m /185/, following the argumentations of Devantay 

0 

et al. /86/. The occurence of the martensitic phase transition at low 
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temperature in V Si and Nb Sn could also be considered as an argument for 
3 3 

perfect ordering {Section 10), but this correlation cannot be invoked as a 
proof, the number of transforming Al5 type systems being too low. 

It is interesting that Tc in Nb 3Sn is only little influenced by fast quen­

ching procedures /38,131/, which could have the following reasons: i) The order 

parameter does not vary up to the highest quenching temperatures where the stoi­

chiometric composition is included in the Al5 phase field /86,174/, i .e. 1500 °C, 

or ii) the reordering kinetics is extraordinarily fast, and lower degrees of or-
1 

dering than S = 1 cannot be retained by conventional quenching techniques. Recent 

order parameter determinations up to 900 °C /162/ on1y indicate that no measura­

ble change of S can be detected up to this temperature (see 5.2.2). Nevertheless, 

the second hypothesis has tobe retained for thermodynamical reasons. 

The occurrence of perfect ordering in Nb3Sn was also observed after the 

formation of the Al5 phase by diffusion reaction starting from the Cu 
bronze, as in Nb Sn multifilamentary wires. As recently shown, the order 

3 
parameter in the Nb Sn filaments after etching away the bronzematrixwas 

3 
found tobe very high, too: S = 1, with an uncertainty 6S = ± 0.03 /9/. 

a 

An order parameter S = 0 indicating complete disorder has been reported by 
Skvortsov et al. /154/ after irradiating Nb Sn with fission fragments. This 

3 
value was, however, obtained on the basis of the ratio I /I only, and 

211 210 
the error may thus be considerable. This would be the only case reported so 

far where a completely diserdered A15 phasewas observed. Obviously, this 

structure is very far from an ideal fundamental structure, with a lattice 

parameter of a = 0.5350 nm /154/ and mean static displacements of the order 
u2= 0.02 nm 

2
, as estimated by a comparison with the data of Burbank et al. 

/144/. In Table 5.1, recent measurements of Nölscher and Saemann-Ischenko /136/ 

on Nb3Sn films after irradiation with 20 MeV 32s ions were included,where the 

starting value of the order parameterwas assumed as S = 0.98. 
0 

c) Nb3Ge (Single Crystal) 

As follows from the Nb-Ge phasediagram of Jorda et al. /67/, the 
stoichiometric composition is not comprised in the equilibrium A15 phase 

field. It is, however, possible to form small single crystals (0.1 mm 3) at 

compositions ~ ~ 0.20, as shown by Rasmussen and Hazell /166/, who used 
floating zone melting. These authors found almost perfect ordering of the Nb 

atoms on the 6c sites. Depending on the composition chosen for the 



-123-

refi nement, (3 = 0.1875 or ~ = 0. 20, they found S a = 1. 0 or \ = 0. 965, 
respectively. From a comparison of their lattice parameter, a = 0.51698 nm 

/166/ with the correlation a = a(~) given by Jorda et al. /67/, a value of (3== 
= 0.19 can be deduced, so that the order parameters S = 1 and S = 0.76 

a b 
(with an estimated uncertainty ÄS = ~ 0.02) can be considered as reJiable 
(see Table 5.2). 

From the single crystal refinement of Rasmussen and Hazell /166/ (Table 5.2) 

it follows that the smallest Vibrationamplitude for Nb atoms occurs in 
chain direction. The r.m.s. vibration amplitude in chain direction is 20% 

smaller than those perpendicular to them. This result is not surprising, 

since it reflects the 11 overlapping 11 between neighbouring A atoms on 6c sites 
discussed in Sect. 4, thus giving a quantitative picture for the deviation 

from sphericity in A15 type compounds. A comparison between the measured 
anisotropies in different Al5 type compounds will be made in 6.1.1. 

Stoichiometric Nb3Ge would be expected to show even a more pronounced ther­

mal anisotropy than Nb. 81Ge. 19 , due to the smaller lattice parameter 

(a = 0,5140 nm), compared with a = 0.5169 nm and the correlated stronger 

intrachain repulsive forces. However, no single crystals are available above 

~ = 0.19, and the poor quality ( 11 poor 11 from the point of view of the 

crystallographer) of the polycrystalline samples produced by nonequilibrium 

methods does not allow at present to verify this hypothesis. 

d) Nb3Ge (Polycrystals) 

Al reported order parameter determinations in Nb3Ge polycrystals have been 
carried out at the Brookhaven National Labaratory /68,69,70/, on 
samples prepared by chemical vapour deposition /182/. The results are 

summarized in Table 5.2. The achievement of Nb Ge samples with Ge contents 
3 

exceeding 20 at.% by CVD allüWS to study the variationofT or of the 
c 

lattice parameter at the vicinity of the stoichimetric composition. 

However,secondary phases cannot be avoided, their amount oscillating between 
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System Prepara- Irradia- a ß Tc Beam sine/>. Order uz R 

tion tion (nm) (K) (10-lOmfl Parameter (X 10-ZO i) 

= 1.00 2 0.034 Nb3Ge Zt~, Single - 0.51693 0.19 - AgKa 1.6 sa u11 = o.oo4o 
Crysta 1 u~2 = o.oo63 

u2 b = 0.0057 

Nb3Ge CVD, Poly- - 0.5179 0.17 5.8 CuK 0.45. sa = 0.99 u2 = o.ol14 0.049 a 
crystal 
l350°C 

Nb3Ge CVD, Poly- - 0.5412 0.24 19.4 CuK 0.47 \ = 0.86 u2 = o.o101 0.066 a 
crystal <I 

Nb3Ge CVD, Poly- - 0.5143 n "" 20.2 CuKct 0.47 sa ;:; 0.92 u2 = o.oo38 -VoC.."1 

Nb3Ge CVD, Poly- - 0.51415 0.24 20.9 CuKa 0.47 sa = 0.83 u2 = o.oo89 0.043 
crys ta 1 

0.75Xlo19 0.5152 14.2 sa = 0.75 u2 = o.oo89 -
n/cm2 

2.1 Xl0 19 0.5158 9.1 sa = 0.65 u2 = o.ooz5 -
n/cm 2 

3. 4 Xl0 19 0.5174 4.4 sa = 0.46 u2 = o.o14o -
n/cm2 

Nb3Ge CVD, Poly- 5 X 10 19 0.5148 0.23 15 CuKa 0.47 \ = 0.91 u2 
= o.oo51 -

crystal n/cm2 + 

750°C 

Table 5.2 Structural parameters from Ieast-square refineme11ts for Nb Ge as 
3 

prepared by different methods. CVD = chemical vapor deposition, 

ZM = zone melting. The data for neutron irradiated samples 
/68,69,70/ are also shown. 

18 and 40 wt.% in the samples analyzed in Refs. 68-70,182 and 183 (see 

Fig. 3.7). As pointed out in 3.3, the refinement of such multiphase samples 

is not only very difficult, but leads to systematical uncertainties. Cox et 

al. /70/ have nevertheless carried out a very careful study in order to take 

into account the additional phases, which in addition have diffraction lines 

overlapping with most of the A15 reflexes (see Fig. 3.7). These authors 

refined the parameters for each additional phase separately, i.e. for the 

tetragonal Nb Ge phase, the hexagonal Nb Ge phase (this phase is not an 
5 3 5 3 

equilibrium phase of the binary Nb-Ge phasediagram /67/, it only appears in 

CVD samples) and NbO. The result from a subtraction of all these line 

spectra from the measured one was assumed tobe the A15 line spectrum, which 

was then used for the refinement procedure. 

Ref. 

166 

68,70 

68,70 

70' 182 

70' 182 

70 
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This procedure is in princfple correct, but is nevertheless subject to 

criticism: i) Since even in single-phased samples preferred orientations cannot 

be accounted for, this will also be true for each one of the various additional 

phases present in the CVD Nb Ge samples. However, the line intensities of 
3 

all additional phases were assumed /70, 182/ to correspond to the case of no 

preferential orientations. It may be mentioned that in order parameter 

determinations, where the line intensities vary by a few percent only, even 

a very small amount of preferential orientations can affect the final 

result. Further, a systematical enhancement of a peak intensity compared to 
others is very frequent in powder diffractometry, as a result of the 

necessity to dispose the powders in planar geometry, ii) order parameter 

measurements are seriously influenced by the background intensity, which in 

turn may depend on the presence of small amounts of additional phases, as 

described in 3.3. It thus cannot be completely excluded that small amounts 

~2%) of bcc Nb, NbH or other phases are present, contributing to the 
background intensity, but without to appear as isolated peaks. 

For these reasons, the ordering data on Nb3Ge polycrystals listed in Table 

5.2 have an indicative character only, in spite of the sophisticated 

analysis performed by Cox et al. /70/, thus indicating the actual 
experimental limitations. These limitations appear when comparing the values 

of S on unirradiated Nb G~ samples, reaching from S = 0,83 to S = 0,92 
a 3 a a 

(Table 5.2), revealing an uncertainty up toAS = 0.09. An even larger 

uncertainty is observed for the temperature factor B, which varies between 

0.3 and 0.8 X 1o- 20 m2 (or 0.0038 and 0.0101 X 1o-20 m2 for U2). This observation 

is of particular importance since the uncertainty in B (or u2) is a goo~ indica­

tor for the qua 1 ity of the refi nement. Tlli s can be eas i ly seen when carryi ng out 

the refinement for a given Al5 type compound setting different values of U
2 

and 

S, respectively. In this case, the reliability factor, R, will vary much slower 
1. f u2 · · d 1s vane . 

These critical remarks show that there is an experimental limitation to 

the accuracy of order parameters in Nb3Ge as produced by CVD. Complementary 
observations on physical properties, as for example the electrical 

resistivity, ~ , give fortunately additional informations about the d~gree 
0 

of ordering in Nb Ge. It was indeed shown by Kihlström et al. /73/ on 
3 

coevaporated Nb
3

Ge films that p
0 

in Nb 3Ge films with Tc = 20 K and 

a = 0.51 nm can be as low as 30 X 10-8 ~m. This low value of P
0 

has been 
confirmed by Schaueret al. /216/ on a coevaporated Nb 3Ge sample with Tc= 21.9 K. 
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-8 
By analagy with the system Nb Pt, where g increases fram 20 ta 86x10 ~m 

3 a 
/142/ when S decreases fram S = 0.98 ta S = 0.88 (Fig. 6.5), it fallaws that 

-8 
the arder parameter af Nb Ge with S = 30x10 ~m shauld certainly be 

3 a 
cansiderably claser ta perfect ardering than suggested by the data af Cax et 

a l • /70/. 

Due ta the twofold dependence of p as a function of S and ß (the 
0 

dependence ~a vs.(:3 has been established by Devantay et al. /86/ and Orlanda 

et al. /186/ far Nb Sn and by Kihlström et al. /73/ an Nb Ge), it fallaws 
3 -8 3 

that the low value of J = 30x10 ~m cauld carrespond to either i) a Ge 
0 

cantent lying araund 24 at.% Ge, when assuming perfect ardering ar ii) ta an 

order parameter lying between S = 0.96 and S = 0.98, if the campasitian is 

assumed ta be perfectly stoichiametric. It is thus probable thut the 

mentioned resistivity value carrespands ta a campletely ardered, but 

slightly nonstoichiornetric allay. An additional argument for the occurrence af 

perfect ordering in Nb3Ge is furnished by the comparisan of the general behavior 

of S when ~arying the B element in Nb3B compounds, represented in Figs. 5.2 and 

5.3. The arguments in favour af perfect ordering in Nb 3Ge are summarized in 7.5. 

Table 5.2 also contains the ordering data on neutron irradiated Nb 3Ge 

samples. Due to the seriausly enhanced backgraund accompanying the presence 

of amorphaus volume fractions, the accuracy af the S determination becomes 

even warse than in the unirradiated state, but the trend is certainly 
carrect. The correlation between T and S will be discussed in Sect. 9. 

c 

e) Nb 3Al (Polycrystals) 

The Al5 phase field in the system Nb - Al established by Jarda et al. /35/ 

is characterized by strangly temperature dependent phase baundaries, in a 

similar way to the system Nb- Ge. The Al rich A15 phase limit varies fram 
a 0 . 

21 at.% Al at 1000 C /28, 35/ ta 25 at.% Al at 1940 C. As shawn by Flükiger 

et al. /28/, it is possible ta retain the staichiametric campositian (ar at 

least a camposition within 0.5 at.% fram staichiametry) by argan jet 
0 

quenching fram 1940 C, while caaling by radiatian quenching (i.e. with 

50° C/s coaling rate) anly allaws to retain single phase samples up ta 24 

at.%. Several order parameter determinations have been carried out an Nb Al 
3 

al lays, by Sweedler and Cax /53/, Maehlecke et al. /99, 183/, Flükiger et 

al. /28/ and finally, by Isernhagen und Flükiger /162/. The results of 

the crystallographic refinements are summarized in Table 5.3. 
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In all these cases /28,53,99,183,191/, the Nb- Al samples have been 

obtained by arc melting under moderate argon pressure, followed by ordering 

or homogenization heat treatments. As pointed out in Ref. /28/, there is an 

excellent agreement between the values for the line intensities for all the 

mentioned works. However, there is an apparent disagreement between the 

order parameter values in Refs. 53, 99 and 183 and those in Ref. 28, the 

latter being considerably higher. The author and coworkers /28/ have 

demonstrated that the origin of this difference, b. S ~ 0.06, resides in 

different assumptions about the effective composition in the relative 

refinement procedures. lndeed, Sweedler and Cox /53/ have originally 

performed their refinement on the basis of the composition (6 = 0.26 which 

led to a value S = 0.88. Later, Moehlecke et al. /99, 183/ refined the same 
Nb

3
Al data as inaRef. 53, but assuming (3 = 0.25 and found the value S = 

' a 
0.92. However the stoichiometric composition in Nb Al is stable at the 

' 0 3 
highest temperatures only, i.e. 1940 C /28, 35/ and must be retained by 
severe argon jet quenching /28/, after which it exhibits the lattice 

parameter a = 0.5180 nm, i.e. somewhat smaller than the value a = 0.5183 nm 

for the sample of Sweedler and Cox /53/, which thus has a composition ß = 0.24. 

Using this composition and refining again the data of Sweedler and Cox, the value 
Sa = 0.96 was found /28/, which is essentially the sameasthat given by Flükiger et 

al. /28/, i .e. sllO\~ing a good agreement. A comparison between the data at the compo­

sitions ß = 0.23 (Sa = 1.0 /70/) and ~ = 0.231 (Sa = 0.97 /28/) with the values at 

ß = 0.24 (Sa = 0.96 /53/) and ß = 0.245 (Sa = 0.95 /28/) shows that the order para­

meter of Nb 3Al decreases when approaching the stoichiometric. composition. A possible 
correlation with the Al5 phase stability will be discussed in Sect. 6. 

Table 5.3 also contains the erdering data of Schneideret al. V55/ on 
+ 

coevaporated Nb Al films after irradiation with 300 keV H ions. The initial ' 3 
conditions of these films were T = 15.6 K and a = 0.5191 nm, thus 

CO 
coresponding to an estimated composition ~= 0.22. In their paper, Schneider 

et al. /55/ determined the order parameters by using the procedure of Linker 

/54/ for samples with film geometry, assuming a value S = 0.90 for the 
ao 

unirradiated sample. Referring to Ref. 28, the order parameters in Table 5.2 

have been corrected to an initial order parameter of S = 0.97. 
ao 

Belovol et al. /167/ performed order parameter determinations on 3 Nb 3Al sam­

ples with the compositions ß = 0.223, 0.247 and 0.263. Their results are reprodu­

ced in Table 5.3 and show a large scattering in S . This scattering is not surpri­a 
sing, ~ince their NbjAl samples have been prepared by melting, followed by rapid 

cooling in the mold, but without any homogenization heat treatment (see Table 3.2). 
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System Prepara- lrradia- a ß Tc Beam sine/>. Order u2 R Ref. 

tion tion (nm) (K) 
-10 -1 ( 10 m) Parameter (X1o- 20 m2) 

Nb3Al AM 0.5183 0.24a 18.6 0.54 a 2 0.020 53,99 - n sa = 0.96 Ua = 0.0073 
750°C,R a u~ • 0.0010 

O. 58X1o 19 0.5191 13.6 Sa = 0.86 Ua = 0.0060 0.06 
n/cm2 u5 = o.ooso 
1.2 Xl019 0.5195 9.6 sa = 0.8oa u2 = o.oo6o 0.024 

n/cm 2 

1.9 X1o19 - - sa • 0.70a - -
n/cm2 

5.0 XI0 19 0.5202 - sa = 0.41a - -
n/cm2 

Nb3Al AM - 0.5187 0,23 18.6b n o. 54 sa 3 1.00 u2 = o.ooso 0.084 70 
750°C; R 

Nb3Al Al1 - 0.51057 0.231 17.8 
1900°C, R 

n 0.47 sa = 0.97 u2 = o.oo84 0.007 28 

Nb3Al AM - 0.51837 0.236 17.0 n 0.47 sa • 0.96 u2 = o.oo79 0.010 28 
1850°C,Q 

Nb3Al At1 - 0.51814 0.245 18.0 n 0.47 sa = 0.95 u2 = o.oo6s 0.010 28 
1900°C,R 

CuK 0.63 sa = 0.93 u2 = o.oo64 - 162 - a a 
u~ = o.oo7o 

Nb3A1 CE - 0.5191 0.22c 15.6 CuKa 0.66 (Sa=0.97)d - - 55 

0.5194 12.8 (Sa=0.90)d - -
H+ /cm2 

d 
0.5197 10.9 (Sa•O.OB) - -

Ht/cm2 
d 

0. 5211 5.9 (Sa=0.79) - -
lf+/cm2 

Nb3A1 MC - 0.5186 0.223 16.75 CuK 0.60 Sa=0.93±0.13 e) - 167 a 
0.5184 0.247 18.50 Sa=0.83~0.09 e) - 167 

0.5181 0.263 18.40 Sa=0.96!0.09 e) - 167 

Nb3Al Al1 - 0. 51842 0.24 - MoK
0 

1.30 not u2 = o.oo44 - 242 
given u~ = o.oo72 -

Table 5.3. Structural data from lest-square refinements for Nb 3Al, prepared by va­

rious methods: AM= arc melting, CE = coevaporation, MC = melting, fol­
lowed by rapid cooling in the mold. R = radiation quenching, Q = argon 
jet quenching. 
a) These order parameters have been refined using the corrected compo­
sition ß = 0.24 (see text), b) Too high Tc value, probably affected by 
shielding effects, c) Composition estimated from the lattice parameter, 
d) S values obtained by the procedure of Linker /54/ for film geometry, 

corrected for sao = 0.97 /28/, e) no indications about the value of u2. 
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In addition, no indications were given about the refinement procedure and the 

Vibration amplitudes, in orderthat these data will not be retained for the dis­
cussion in the following Section. 

The Vibration amplitudes u! and U~ in Nb3Al were determined both by refine­

ment procedures/53,99/ and by the study on selected lines /162,242/ described in 

3.2.1. The result show a considerable uncertainty, u2 varying from 0.0044 to 
0 -20 2 2 -~0 2 .0073 X 10 m and Ub from 0.0068 to 0.0070 X 10 m . The uncert&inty for 
the isotropic vibration amplitude u2 is somewhat smaller, ranging from 0.0050 
to 0.0071 X 10- 20 m2. Nevertheless, it can be said that the vibration amplitudes 

in Nb3A1 are 1arger than those measured on other Al5 type compounds (See 6.1.3). 

A sample of the composition Nb 81 Ga 19 , characterized by Tc= 9.0 K and by 
• • 0 

a = 0.5181 nm was found to be completely ordered after 48 hours at 1700 C, follo-
wed by slow cooling /38/, the order parameter being determined to SQ. = 1 with an 
uncertainty of ± 0.03. The specific heat measurement on the same sample yielded 

Y = 9 mJ/K2at-g /195/. The occurrence of perfect ordering at Nb rich compositions 

(ß = 0.1~) in Nb 3Ga suggests a similar tendency tothat reported above for the 
compounds 14b 3Ge and Nb 3Al. Unfortunately, it was impossible to obtain single pha­

se Al5 samples with ß = 0.20, in order that the question of a possible decrease 
of the order parameter toward stoichiometry cannot be studied in the system Nb 3Ga .. 

By analyzing selected lines (see 3.2.1), Försterling /242/ found the vibration 

amplitudes u~' = 0.0046 and U~ = 0.0043 X 1o- 20 m2 (see Table 5.4). However, these 
data need a further confirmation since the sample was unsufficiently characteri­
zed, neither the lattice parameter (thus the effective composition) nor the metal­
lurgical state being precised. 

Order parameter data in Nb3Au have been reported by Van Reuth and Waterstrat 

/4/, FlUkiger /62/, Muller et al. /194/ and more recently, by Wire et al. 
/192/. In this system~ the A15 phase forms by a congruent reaction from the 

solid bcc phase /196/, but the stoichiometric composition is not comprised 
0 

in the A15 phase field /7, 142/. The Au rich phase limits at 1000 and 1530 C 
0 

are situated at 23 and 24 at.% Au, respectively, the Nb rich limit at 1200 C 

lying at 20 at.% Au /7, 31, 62/. 
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In their original paper, Van Reuth and Waterstrat /4/ assumed a composition 

0= 0.25, the Nb- Au phasediagram /196/ being not yet established at that 

time. Ulterior refinements were performed on the basis of the composition 

ß= 0.236 /31, 62/ and (3= 0.242 (Wire et al. /192/), respectively. All 
known data are listed in Table 5.4, which also includes recent data of 

Isernhagen and Flükiger /162/. The earlier order parameter determination 
based on the composition ß = 0.25 /4,62/ has been corrected, assuming 

the more realistic value of r= 0.236 (based on miereprobe analysis data 
from R.M. Waterstrat /31/), which leads to an increase 6S = 0.09. (Again, 

the earlier refinements of Van Reuth and Waterstrat /4/ and Flükiger /18, 

System Prepara- a ß T Beam sfna;>. Order uz R Ref. ·c 
tion (nm) (K) (I0" 10m)" 1 Parameter (X 10-20 m2) 

~'-

Nb3Ga M1 0.5156 0.19 9.0 CuK 0.54 sa ~ 1 (U2=0.0063)c - 38 
1700°C,R 

(i 

Nb 3Ga AM d) d) d) MoK 1.38 not u2 ~ o.oo4G - 242 
(l 

u~ ~ o.oo43 given 

Nb311u AM 0.5203 0.236a 9.73 CuK o. 59 sa = 0 .84a) b) - 4 
(l 

as cast 

Nb311u /IM 0.52024 0.236a CuKa 0.59 a b) 0.034 4 - 5
8 

= 0.95 
800°C,R 

Nb311u AM 0.5203 0.236a 11.2 CuK o. 54 a (U2=0.0063)c 0.064 62 sa = 0.96 

800°C,R 
a 

Nb3Au AM 0.5203 0.236a 8.4 CuK
0 

0.54 sa = 0.85a) (U2=0.0063)c 0.080 62 

1500°C,Q 

Nb311u AM 0.5205 0.242 10.56 CuKa 0.54 sa ~ 0.96 u2 =o.oo51 0.076 192 
ll50PC,R 

Nb3Au AM 0.5203 0.236a 9.8 CuK 0 0.54 sa = 0.92. u2 
Q o.oo4J 0.017 162 

as cas t 

Table 5.4. Structural data from least-square refinements on Nb3Ga and Nb3Au: 
AM = arc melted, R = radiation quenched, Q = argon jet quenched. 

a) The composition has been corrected to ß = 0.236 /31/, leading to a 

slight change of S with respect to Refs. 3, 4 and 62, b) u2 = 0 

was fixed during t~e refinement, c) u2 
= 0.0063 X 10-20 m2 (B = 0.5 

X 1o- 20m2) fixed during the refinement~ d) No indications given. 
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62/ were effectuated with a fixed temperature factor, B = 0 and B = 0.5 (or u2 = 0 
and 0.0063 X 10-20 m2, respectively). As shown by the comparison in Table 

5.4 this does not seriously affect the value of the order parameter, S , the 

difference between the atomic numbers of Nb and Au being high, 6Z = 38. From 

Table 5.4 it follows that Nb Au exhibits appreciably high order parameters, 
3 

butthat a considerable change~S can be induced by quenching methods, the 

lowest order parameter being S = 0.85 (/62/, corrected value). The observed a 
total order parameter variation of 6S = 0.12 is rather large for A15 type com-

pounds after quench and anneal processes only, but is comparable to the change 

in V3Au, 6S = 0.10 (See 5.1.2). The presence of additional phases and compositio­

nal inhomogeneities in Nb 3Au may lead to large errors, of the order of 6S ~ 0.05. 

h) Nb 3Pt 

The degree of ordering in the system Nb 3Pt has been repeatedly investiga­

ted. A particular feature of this system is the large variation of Tc as a 
function of the heat treatment, ranging from 7.1 to 11.1 K corresponding to 

changes in the order parameter from S = 0.88 /62, 76, 142/ to S = 0.98 /62, 

142, 176/. This system is ideal for order parameter investigations, single 

phase samples being easily obtained over the whole phase field, i.e. from 19 
0 

to 28 at.% Pt at 1800 C according to the phase diagram of Waterstrat and 

Manuszewski /92/. 

The ordering data are listed in Table 5.5. All diffraction measurements were 

performed with CuK radiation) with one exception, where neutron radiation 
a 

was used /176/. In the latter case, an order parameter S = 1 was originally 
reported by Flükiger et al. /142, 176/, i.e. slightly higher than the 

corresponding value found by X ray diffraction on the same sample S = 0.98 

(see Table 5.5). Subsequent analysis has shown that the X ray value has tobe prefer­

red, due to the higher number of analyzed peaks (sin8/A = 0.62 instead of 0.43 X 10-1nm- 1 

m- 1) and tothelarge difference between fA and t 8, 6Z being equal to 37. A further 

indication for a sma11, but significant deviation from perfect ordering is 

given by the electrical resistivity value, which is 'P
0 

= 20.1 X 10-8 r2m for 
the same sample as analyzed in Ref. 142, while Caton and Viswanathan /216/ 

-8 
r~e ____ .._ _ _. - ··-1.·-""' - ?-:t -:t v 1n r.m pur·t.eu d Vdlue ~ ~ ............ " ~~ ~~.. ..• 

0 

The overa 11 vibra ti on amp 1 itude in uni rradi a ted Nb3Pt vari es between 
u2 = 0.0038 X lo- 20 m2 /76/ and 0.0051 X lo- 20 m2 /38/ and is thus considerably 

smaller than that reported for Nb Sn, Nb Ge and Nb Al (see Tables 5.1 to 
3 3 3 

5.3). The original data of Van Reuth and Waterstrat /4/ have been refined 
. 2 

aga1n, but_now allowing for variable B factor. However, the result, U = 
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System Prepara- I rradia- a ß Tc Beam slne/.\ Order u 2 R Ref. 

tion tlon (nm) (K) (1o·10 m)-1 Parameter (X 10-20 m2) ' 

Nb3Pt AM 0.51524 0.25 8.2 CuKa 0.57 S B 0,93 a 1
o.oo8 4 -

1600°C,R 
s ~ 0.94 ( u2=o .ooo9 )b 0.09 162 

Nb3Pt MI 

l900°C,Q - 0.5155 0.25 7.2 CuKa 0.54 s B 0,88 (U2=0.0063)c 62,112 

Nb3Pt AM - 0.5155 0.25 9.2 CuKa 0.54 s = 0.94 (U2=0.0063)c 62, 112 

as cast 

Nblt AM - 0.5155 0.25 8.4 CuKa 0.54 s = 0.92 u2 =o.oo51 0.070 38 

1400°C,Q 

Nb3Pt AM - 0.5155 0.25 9.8 CuKa 0.54 s = 0.96 (U2=0.0063)c 62 ,112 
l050°C,R 

Nblt AM - 0.5155 0.25 !0. 5 Cu ~Ca 0.54 s • 0.98 (U2.o.oo63)c 62' 112 
900°C,R 

Nblt AM - 0.5155 0.25 11.1 n 0.43 S =l.Od u2 = o .oo7od 0.103 176 
850°C,R 

cur'(l 0.54 s • 0.98 u2 • o.oo41 0.032 38 

Nblt AM - 0.51545 0.251 10.7 CuY,:; 0.54 s = 0.95 u2 = o.oo3B 0.056 76 
900°C,R 

0.58X1019 0.51575 7.0 S = 0.88 u2 = o.oo38 0.071 76 

nlcri 
1. 44X 10 19 o. 5161 3.5 s • 0.59 u2 • o.oo76 0.114 76 

n/cm2 

Nb3Pt AH - 0. 51405 0.291 5.1 Cu~ 0.54 sa = 0.79 u2 • o.oo51 0.075 76 

900°C,R 
AM - 0. 51725 0.21 4.8 
1800°C,R 

Cu~ 0. 54 sa = 0.92 u2 = o.ooGJ 0.043 76 

AM - 0.51725 0.21 6.2 Cu~ 0.54 Sa = l.OO u2 = o.oo51 0.057 76 

900°C,R 

Nb 3Pt Af1 0.51539 0.258 10.9 CuKa 0.60 sa = 0.95 2 162 - ua = 0.0038 -
l800°C,R Uß = 0.0073 

Table 5.5. Structural data from least-square refinements on Nb Pt at dif-
3 

ferent compositions. AM = arc melted, Q = argon jet quenched, R = 
radiatibn quenched. a) the temp. factor in Ref. 4 was fixed at 
u2 

= 0, ) Recalculated using the same data as in Ref. 4, but with 

variable u2 , c) refined with fixed u2 = 0.0063 X 10-ZO m2 

(B = 0.5 X la- 20m2), d) the value S = 1 /176/ has an uncertainty of. 

6S = 0.04, while for all other measurements, 6S = 0.02. 
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0.0009 X 1o- 20 m2, is unreasonably low. Since the new refinement of the inten­

sities of Van Reuth and Waterstrat /4/ yields in some cases values of u2 close to 
zero (in particular for the V3B compounds), it must be concluded that some syste­
matical error of their intensity measurements at high angles occurred. Fortunate­
ly, this had präctically no effect on the value of S, due to the large value of ~Z 
(see values in Table 5.5). Isernhagen and Flükiger /162/ have determined the vi- · 
bration amplitudes u! and U~ ön a Nb 3Pt sample with ß = 0.258, using the selected 
line method described in 3.2.1. It was found that the value for u2 ~ 0.0038 X 10-10 

m2 is markedly lower than for the compounds with B = Sn, Al and G! discussed in 
the preceeding paragraph. The low value for the isotropic vibration amplitude in 
Nb 3Pt is thus primarily due to the small amplitude of the Nb atoms. 

As metioned earlier, the case of Nb,.Pt is particularly interesting since 
'-' 

the only comparison between the change of Tc with the order parameter for both 
quenched and irradiuted Al5 type compounds Iias been made on this compound (see 
Fig. 4.12), using the data from Refs. 76, 112 and 142. 

Although this system exhibits quite low Tc values between < 0.1 and 3.2 K 
in the range between 22 and 28 at. % Ir /62/ it is very interesting as a repre­
sentant of 11 atypical" A15 type compounds based on two transition elements. The 
difference between the reported ordering data arises from the.quality of the re 
finement procedure. Van Reuth and Waterstrat /4/ and Flükiger /62/ performed the 
least-square refinement with fixed B = 0 and obtained S = 0.95 and 0.93, respec­
tively. Later, Isernhagen and Flükiger /162/ found that a least-square refine­
ment on the data of Van Reuth and Waterstrat /4/ with B and S as variables yields 

S = 1.00 with an uncertainty of ± 0.02. This value is considerably higher than 
the original value , S = 0.95 /4/, but also higher than the value of Flükiger, 
S = 0.93 /62/, which is due to preferential orientations. Additional evidence for 

. _Q 

high S values in Nb 3Ir is furnished by the low p
0 

value, 14 X 10 u ~m (See Sect. 
8). Recently, a new Nb 3Ir sample was measured and refined /162/, confirming the 

high degree of ordering in this compound. (S = 1, see Table 5.6). The isotropic 
~ 1n ? 

Vibration amplitude U~ was determined to 0.0030 X 10-.v m-, i .e. nearly half the 

value found for Nb 3Sn, Nb 3Ge and Nb 3Al. The values of u! and U~ were determined 
to 0.003? and 0.0024 X lo- 20 m2, respectively. The vibration amplitude of the Nb 

atoms is even smaller than that reported above for Nb 3Pt. However, .the precision 
of these measurements is not high enough to decide whether u2 

> ub2 torresponds to a . 
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System Prepara- Irradiation a ß Tc Beam sln9/.\ Order uz R Ref. 
tion (X 1 o16H+ /cm2) (nm) (K) ( !Onm - 1) Parameter (x1o- 2nm2) 

Nb3Ir AM o. 51333 0.25 1.7 CuK 0.60 S = 0.95 a) 0.001 4 a 
2000°C,R S = 1.00c) 0,0011b) 0.044 38,162 

Nb3Ir Ar1 
l900°C,R 0.5134 0.25 1.7 CuK 

a 
0.60 s = 0. 93 a) 0.071 62 

Nb3Ir Ar1 
1600°C,R 0.51345 0.25 1.7 CuK 0.60 S = l.OOb u2 • o.ooJob o.ou 162 

a 

s = 1. 00 u2 ~ o.o032d - 162 
~ d ub • o.oo24 

Nb31r Fi 1ms - 0.5132 0.25 l. 75 CuK 0.65 S
0

=1.00c) - - 135 
Cl 

2.2 0.5136 1.40 S = 0.97c) - - 135 

6.5 0. 5139 1.45 S • 0.89c) - - 135 
10.9 ,0.5144 1.65 S • 0.79c) - - 135 
32.8 0. 5149 2.2 s = 0.51~) - - 135 

43.8 0.5150 2.5 S = 0,45c) - - 135 
65 0.5149 2.6 S = 0.40c) - - 135 

Nb3os Ar1 0.51358 0.25 0.95 CuK 0.60 s = 0.90 aJ 0.009 4 

1800°C,R 
a 

S • l.OOb u • 0.0033b 0.069 162 

Table 5.6. Structural data from least-square refinements on Nb3Ir and Nb30s. 

AM= arc melted, R = radiation quenched. 
a) Refined with fixed u2 = 0, b) Data of Ref. 1 :-efined v1ith varia­
ble u2, c) film data, refined assuming S

0 
= 1.00, d) determined using 

the selected line method described in 3.2.1. 

rea 1 i ty . Due to 

of the selected 

the small difference between both quantities, the uncertainty 
line method is sufficiently high to allow the inverse situation, 

. 2 2 u2 still remains low compared to the 1 .e. Ua < Ub. Nevertheless, the average value 
other Al5 type compounds. A comparison of the vibration amplitudes will be made in 

6.1.2 and 6.1.3. 

The only determination of the order parameter of Nb30s arises !from Van Reuth 

and Waterstrat /4/, who assumed B = 0 and obtained S = 0.90. A complete 
refinement using the data of these authors, recently performed by Isernhagen and 
FlUkiger /62/ ytelded S = 1.0 and B = 0.26 (or u2 

= 0.0033 X 1o-20 m2, see Table 
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5.6). Like in Nb Ir, it is remarkable that the value of B is quite low (see 
3 

discussion in Section 5.3). The very high degree of ordering in Nb Os is 
f

. . 3 
con 1rmed by the very low value of the electrical resistivity, 

P0 = 15 x 10-
8

nm /38, 206/, again in analogy with Nb
3
Ir (See Sect. 7). 

5.1.2 V Based AlS Type Compounds 

a) _y3s; (Single Crystal) 

Extensive diffraction work on v3si single crystals has been performed by 

Staudenmann /95/ and Cox and Tarvin /78/, who used X ray and neutron 

diffraction, respectively. The least square refinements are listed in Table 

5.7 and indicate a ve'ry hi.gh degree of ordering in V Si. In particular, the 
results of Staudenmann /95/ (MoKO(radiation up to si~~~~ = 1.4X (10-lüm)-l) i.ndicate 

perfect ordering (to within 1% uncertainty). The results of Cox and Tarvin 

/78/ are in agreement to those of Staudenmann /95/, their order parameter 
showing a small deviation from perfect ordering: S = 0.97 /78/. Cox and 

Tarvin /78/ indicate that this small difference is not significant, due to 

the important extinction effects encountered when effectuating neutron 
3 

diffraction of a V Si of a size of 5 x 6.5 x 7 = 227.5 mm volume /78/, 
3 . 

leading to an uncertainty in S of about 0.03 /78/. This higher error margin 

appears obvious when considering the complexity of the extinction correction 

which had tobe used. Following Becker and Coppens /187/, a correction of 

the form 
2 

F 
calc 

(5.1) 
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was used, where F and Fk are the calculated extinguished and theoretical 
calc 

structure factors per unit cell, respectively, and y is the secondary 
extinction coefficient, given by 

s 

( 5. 2) 

where 

X = {5.3) 

-where ~ is the wavelength, V the unit cell volume and T the absorption-modi-

fied path length through the crystal. The secondary extinction coefficient, 

Y , is the result of complex assumotions about the occurrence of small s . . 
domains in the crystal (approximated by spheres with radius r), in which 

primary extinction can be ignored. Assuming a Gaussian mosaic distribution, 
1t is 

r = 
G 

(5.4) ., 

where g is the mosaic spread parameter. Finally, the dependence of y 
s 

was taken into account by the expression 
upon 

+ cX + A(Q) X 2. J 
(~+ B(9)X) 

- .tl/2. 

(5.5) 

In this case, extinction poses a particular problern because of the 

correlation with the main parameters of interest, i.e. the order pa~~meter 
I 

and the temperature factor. As mentioned above, both investigation~ /78, 95/ 

yield qualitatively the same results, but the quantitative results of the 

investigation of Staudenmann /95/ have to be considered as being more 

significant, essentially because of the (size dependent) complex extinction 

correction which had tobe introduced by Cox and Tarvin /78/ in their 

neutron diffraction work. 

Due to the extinction effects, the neutron diffraction data give only satis­

factory answer for the refin8ment with an isotropic temperature factor. The 
? .c . c 

value U~ = 0.0048 X l0- 20 m2 at 300 K is somewhat smaller than fortheX ray 

data. The refinement for anisotropic 
which is physically unrealistic, the 

overlapped than the Si atoms. 

temperature factors yields U > U . 
V Sl 

V atoms on the 6c sites being much more 
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In the light of the discussions in Section 4, it is interesting to mention 
the neutron diffraction data of Cox and Tarvin /78/ on neutron irradiation 

V Si single crystals, also listed in Table 5.6. These results suggest a de-
3 

crease of the order parameter by ~S = 0.07 compared to the initial value, 
18 ,, 

S , after a dose of 22.2 x 10 n/cm4
, characterized by a decrease in T 

0 c 
from 17.3 K to 7.5 K. A comparison with the data of Sweedler at al. /69/ 

(see Fig. 4.10a) shows that the value ofT = 7.5 K after the dose 22.2 Xlo 18 
2 c 

n/cm is about two times higher than reported earlier. The discrepancy is 
certainly due to an increase of the temperature T. during the irradiation, 

1 rr 
due to the large size of the V Si single crystal. This case has been dis-

3 
cussed in 4.2.4d. 

The results of Staudenmann /95/ do not only reveal perfect erdering in v
3
s;, 

but also a small, but significant anisotropy of the mean square amplitude. 
2 -20 2 At 300 K, U = 0.0053 X 10 m , i.e. 7% smaller than 

u
2 

= 0.005J
1
x lo- 20 m2 (Table 5.7). At 13.5 K, the difference between u2 and u2 is 

22 · a b 
accentuated, the mean Vibration amplitude of the V atoms being now 23% 
smaller than that for the Si atoms /95/. This Shows a similar tendency as 

for the Nb based compounds Nb Sn /180/ and Nb Ge /166/: as expected, the 
3 3 

thermal Vibrations of A atoms on 6c sites are smaller than those for B atoms 

~n 2a sites. This is confirmed by the results of Kodesset al. /18q/ on two 

v
3
s; single crystals with Tc = 16.8 and 15.4 K, corresponding to estimated 

compositions(3= 0.25 and (6= 0.24, respectively. These results arealso 

listed in Table 5.7. The behavior of the anisotropic temperature factor 

given by Kodesset al. /180/ suggests an enhancement of the anisotropic 

character towards stochiometry. 

A determination of the cirder parameter by means of X ray 
diffractometry on a small v

3
s; polycrystal after irradiation down to a Tc 

value of 7 K /78/ also showed a considerable decrease of the degree of 

ordering (S = 0.84 in Table 5.7). The case of V
1

Si has been analyzed very 
carefully because of the importance of this sys~em for the classification of 

all other A15 type compounds. This importance is characterized by the 

quantity of additional measurements which were undertaken on the same V Si 
3 

single crystal used for the neutron diffraction experiments of Cox and Tar-

vin /78/, e.g. specific heat /117/ (see also Fig. 4.14), electrical resistivity, 

magnetic susceptibility /87/ and sound velocity /87/, before and after the neutron 

irradiation. Both v3s; single crystals measured by Cox and Tarvin /78/ were found 
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System Prepara- lrradia- a ll Tc Beam sine/>. Order u~ R Ref 
tion tion (nm) (K) (10-lOm)-1 Parameter (X 10-20 m2) 

v3Si W,Single - 0. 4 724 0.25 17.0 MoK
0 

1.4 (S=l)a 300K: UJt=0.00452 0.014 95 
Crystal u~ 2 =o.oo571 

u5 =o.oos7 

(S=l)a 13 K: u~ =o.oo17 0.024 95 

u6 =O.oo22 

V3Si CVD, Sin- - 0. 4 724 0. 25 16.8 MoK
0 

1.2 (S= 1 )a JooK: u~ =o.oos7 0.013 IBO 
gle Cryst. u~ =0.0072 

V3Si CVD, Sin- - 0.472 0.24b 15.4 HoK
0 

1.2 (\=l)a 300K: U~J=0.0054 0.013 180 
gl e Crys t, u~ 2 =o.oo66 

V3Si ZM, Single 0.47255 0.25 17.3 n:>.= 0. 77 s ?: 0. 97 
2 0.024 78 - 300K: U0 =0.0060 

Crys ta 1 0.235 u6 =o.oo48 

s 2 0. 97 JOK: U~ =0.0030 0.024 78 
"§ n oon• u =u. t:l 

3.5Xl018 - 0.25 17.0 n:~= 0.77 s ~ 0. 96 JooK: u2 =o.oo4s 0.035 78 
0.235 

2.2X1o 19 0.47355 0.25 7.5 n:>.= 0.77 s ~ o. 90 300K: u2 =0.0052 0.049 78 
n/cm2 0.071 I6oK: u2 =o.oo39 

4.6K: u2 =O.OOj2 

V3Si AM, Poly- c) - 0.25 7 .o CuK - s = o. 84 - - "' 198 
(l 

crys ta 1 

V3Si Crushed s. - 0. 4 725 0.253 16.8 ~IoK 1.38 not given JOOK: u2 = o.oos8d - 274 
(l ~ d Crys ta 1 UQ = 0.0070"' 

' 2 ".;Y: U~ = 0. 0n21u 

u~ = o.oo62d 
600K: U2 ~ 0.0100d 

Table 5.7 Structural parameters from least-square refinement of intensity 

data from v
3
s; single crystals at different temperatures and after 

different irradiation doses: ZM = zone melted, CVD = chemical 
a 

vapor deposition, AM= arc melted. ) refined with fixed S=l, 
b 

) composition corrected to (3=0.24, based on the T and the a 
c c 

value, ) dose not precised in Ref. 198, irradiation state given 
h\l ''""1,,...." "...t: T d, ...... • • • . - • 
UJ varuc v1 1 1 J ueterm1ned using selected l1nes. 

c 

to transform into the tetragonal phase at low temperature prior to irradi~tion. 

The effect of neutron irradiationwas to suppress the martensitic phase transfor­
ma tion. 
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From the above remarks it can thus be concluded that v3s; is really per­

fectly ordered: S = 1. A strong argument confirming this result is the value 

of the electrical resistivity just above T , p , which reaches the lowest values 
c 0 8 

published so far on A15 type compounds: p
0 

_s_ 10- stm (see Sect. 7). 

b) _y_~ 

From the point of view of the electronic properties at low temperature, 

the sytem V Ga can be compared to V Si. Both have appreciably high T 
3 3 c 

values and exhibit the highest ~ values among the known superconduc-
2 ? 2 . 

tors, 17 mJ/K at-g for v3s; /64/ and 24 mJ/K at-g for v3Ga /97/. The magnet1c 

susceptibility x in both compounds shows a strong temperature depemdent beha­

vior, reflecting the sharp structure of the density of states at the Fermi level · 

The metallurgy of both systems shows, however, much less similarities. 
The A15 phase in the system V-Si is formed by a congruent reaction from 

0 
the melt at 1900 C /141,201/, while V3Ga is formed from the solid at 

0 J 

1300 C /20/. The total width of the A15 phase field is also very dif-

ferent, from 18 to 32 at.% Ga in the case of V Ga /20/ and from 20 to 
3 

25.5at.%Si in thecase of v3s; /64,141/. v3Ga is one of the few systems where the 

Al5 phase forms at both sides of stoichiometry, the others being Nb3Pt /92/, V1Pt 

/128/, Nb 3Ir /62/ and Ti 3Pt /207/, while in v3s; the stoichiometric composition is 

very close to the phase boundary. The ordering behavior in V3Ga is different from 

that observed in v3s;, as shown in the following. 

The order parameter in v3Ga has been investigated by Koch /203/, Das et al. 

/19/ and Flükiger et al. /20/, all on arc melted samples. Koch /203/ and Das et al. 

/19/ used X ray diffractometry, while both X ray and neutron diffractometry were 

used by Flükiger et al. /20/~ thus allowing an interesting comparison. The results 

of least-square refinements are represented in Table 5.8. As mentioned in 3.3.1, 

the error margin for the neutron diffraction expertments is very small, 

AS = ~ 0.01 compared to 6S = ~ 0.03 for X ray diffraction experi-

ments /20/, due to the particularly favourable difference between the 

neutron scattering factors for V and Ga. For this reason, the neutron 

results on V Ga have tobe considered as the most reliable ones and 
3 

will be referred to in the following. 

The high volatility of Ga at high temperatures and the solid bcc---+Al5 

transformation renders the formation of homogeneaus V3Ga samples much more dif­

ficult than in the case of v3s;. The compound v3si cannot only 
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be melted without appreciable Josses, it can easily be obtained single­

phased by subsequent homogenization heat treatments. It is interesting 

that large v
3
si single crystals wHh sizes up to 5mm can be obtained by recrys­

tallization at temperatures ~50 °C below the meltin point (Flükiger et al. /38, 

220/. For the order parameter investigation in V3Ga /20/, a sample was 
chosen out of 10 different ones with compositions deviating only 

slightly from stoichiometry, the criterion being the highest T value 
(see variation T vs. (b for V Ga in Sect. 9). This sample waschomoge-

. 0 c 3 : 
n1zed at 1450 C (in the bcc phase field), followed by prolonged · 

0 
anneals at 1250 C for retransforming into the Al5 phase. The homoge-

neity of the samples can be verified by the calorimetric superconduct­

ing transition width (see Fig. 4.9). The lower fo~~ation temperature of 

the A15 phase in the system V-Ga with respect to V-Si may be corr~lat~d 
to slower ordering kinetics for V Ga. 

3 

It can thus be concluded that perfect ordering is reached in v3s; (Table 5.7), 

while the Bragg-Williams order parameter in V Ga never exceeds S = 0.?8, 
3 

even after very long heat treatments /18, 20/. It follows that the per-

fectly ordered state in V Ga cannot be formed at equilibrium. Another 
difference between V Si a~d V Ga is that in the latter, different 

3 3 
states of ordering can be retained by classical quench and anneal 

procedures comprising quenching by either argon jet (or water) or 

~ooling by radiation (frequently called radiation quench). A comparison between 

different quenching methods with respett to their effect on Tc will be made in 
Sect. 8. In cantrast to v

3
Ga, laser quenching procedures with very high cooling 

rates are needed for inducing measurable Tc changes in v3si /120/. 

The isotropic vibration amplitude in v3Ga measured by Flükiger et al. /20/ 
varies between 0.0046 X 1o-20 m2 for the neutron and 0.0057 X 1o- 28 m2 for the 

X ray diffraction experiments. Försterling /242/ found the values u2 
= 0.0059 

X lo- 20 
m2 and U~ = 0.0041 X lo- 20 m2, the average u2= 1/4(U~ + U~)a= 0.0054 X 

10-
20 

m2 being in good agreement with these values. However, the large ratio : 
2 2 

Ua/Ub = 1.49 in Ref. 242 seems somewhat doubtful when compared the ratios found 

in other Al5 type compounds (see Table 6.2). This illustrates the limits of de­

termining the atomic Vibration amplitudes by using selected lines: This method 

is only successful if i) no preferential orientations are present.arld ii) a suf­
ficient number of lines is analyzed. In particular, the value U~ determined 

from a mixed term containing both fA and r8 is subject to large errors, which 
'l 2 eas 1 y reach 20 % and more, compared to 10 to 15 % for Ua. 



-141-

System Preparation a ß Tc Beam sine/>- Order u~:: R r:ef. 

(nm) (K) (10-lOm)-1 Parameter (X 10-20m2) 

V3Ga AM 0.4817 0.25 14.9 Mo Ku 0.76 s = 0.97 u2 = o.oo57 0.032 20 
1250°C,R 

_j_ 

0.4817 0.25 14.9 0.55 s = 0.98 
2 ' 

0.013 20 n u = 0.0046 

V3Ga AM 0.4817 0.25 13.8 MoKa 0.76 s = 0. 92 u2 = o.oos7 0.041 20 
1250°C,Q 

0.4817 0.25 13.8 n 0.55 s = 0.95 u2 = o.oo42 0.014 20 

V3Ga AM 0. 48202 0. 25 c) Cu Ku 0.64 c) u2 = o.oosg - 242 

u~ = o.oo41 

V3Ge AM 0.4781 0.24 6.1 CuK
0 

0.60 sa = 1. o u2 = 0.0063a 0.062 

l300°C,R 

(Sa=l)b 2 V3Ge CVD,Single 0.4782 C) 6.0 MoKa 1.2 U11= 0.0058 

Crystal u~2 = o.oo58 

Table 5.8 Structural parameters from least-squares refinement of 
intensity data from V Ga and V Ge polycrystals. The heat 

3 3 
treatments HT1 and HT2 for V Ga stay for the same homoge-

3 0 
nization heat treatment at 1250 C, cooling occurring at the 

0 0 
rates of 1.5 C/s and 10 C/s, respectively. 
a) the refinement was performed with fixed u2 = 0.0063 X 

0.013 

10-20 m2 (or B = 0.5 X 10- 20 m2), b) refined with fixed Sa = 1. 
c) no indication given 1 d) Determined using selected lines. 

c) V Ge 
-3-

v3Ge has an extremely narrow phase field, centered at ß = 0.24 ± 0.005 

/62/, i.e. the stoichiometric composition is not comprised. Noorder 

parameter determination on the system V~Ge has been published so far, 
J 

Unpuolished results /38/ on a sample of the effective composition 

ß = 0.24, later used for Raman spectroscopy by Schicktanz et al. /178/ 
are reported in Table 5.8. The least square refinement (with B fixed at 

0.5) yielded S = 1.0, i.e. the system V Ge can be considered as 
.76 .24 

perfectly ordered. The order kinetics of v
3

Ge thus shows similarities 
with that of v3s;: It has so far not been possible to alter the value of Tc 

38 

180 

I 
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(and thus the degree of long-range ordering) by using conventional heat treat­
ment,procedures as argon jet quenching or prolonged annealing in the temperature 
range between 600 and 1000 °C. 

By means of X ray diffractometry (MoK ) Kodess /180/ determined the vibra-a 
tion amplitudes u~ 1 and u~ 2 on a v3Ge single crystal The least-square refinement, 
however, was effectuated witha fixedvalue of the order parameter, S = 1. A com­
parison of own v3Ge data in Table 5.8 shows very similar values of both, the order 
parameter and the vibration amplitudes, in order that S = 1 can be safely conclu-

ded. The ratio ui 1;u~2 = 0.853 reflects the anisotropy in the vibrational behavior, 
the smaller amplitude being measured in chain direction, in ana1ogy to v3s;, as 
will be discussed in 6.1.1. 

d) V Au 
-3-

It is not a coincidence that the correlation between atomic erdering 
and superconductivity was discovered on the compound v3Au ( Van Reuth et 

al. I 3,4 /).This system not only exhibits the highest relative change in Tc 
(from 0.3 to 3.2 K /3,4,18,62/) but can in addition easily be obtained at dif­
ferent degrees of ordering, ranging from S = 0.84 to S = 0.94, as reported a a 
by Flükiger et al. /18,62/. The difference ~S = 0.10 produced by classical 
quench and anneal procedures is quite exceptional for Al5 type compounds where 
lower changes of the order parameter, araund ~S = 0.02 or 0.03 are common. 
Due to the favourable difference between the atomic X ray scattering 
factors of V and Au, the system V3Au appears thus as a very suitable model sys­
tem for studying as well the Variation of S as its consequence on Tc. The orde~ 

ring data on v3Au are summarized in Table 5.9. 

The value of the order parameter in v3Au reported by Van Reuth et al. /3/ 
and by Flükiger et al. /18/ showed a considerable discrepancy. As pointed out by 

the authors and coworkers, this discrepancy is only apparent and is merely due to 
a computational error in determining the intensity 110 by Van Reuth et a1. /3/, 
leading to order parameters being 4% to high. The erroneous outprint of the line 
intensities in Ref. 4 can be verified by comparing the 110 intensities of the sys­
tems V3Ir, v3Pt and v3Au (Ref. 4, Table V): The normalized intensity I110/I 211 
of the latter should be 0.700 instead of 0.625, this difference being well beyond 
the measuring error. It is interesting that all the other line .intensities by Van 
Reuth et al. /3,4/ in more than 20 different Al5 type compounds agree well with 
those of the author and coworkers /18,62,162/. It has tobe mentioned that the 
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System Preparation a ß Tc Beam sine/A Order Ref. 

(nm) (K) (10-lom)-1 Parameter 

v3Au AM,as cast 0.48807 0.24c 0.87 CuK« 0.63 S = 0.92a,b 4,193 
lh/800°C,R 1.85 Sa = 0.87 11 'b 4,193 a 
lh/800°C + 

S = 0.93a,b 5d/1000°C,R 1. 79 193,202 
1000°C,Q 0.89 sa = 0.87a,b 193,202 a 
l000°C,Q + 

' 

' "0.87a,b 1h/600°C,R 0.90 sa 193,202 

l000°C,Q + 

lh/800°C,R 1. 55 S = 0.87a,b 
a 193,202 

b 18,62 V3'1\u AH, 90d/ 560° C 0.4881 0.24 3.2 CuKa 0.56 s " 0.94 a ~ _h 
6h/1400°C,R 1.15 s = 0.88- 16,62 

I 
a b 

1200°C,Q 0.40 sa = 0.84 18,62 

b 
18 v3Au A~1,30d/560°C, 0.4878 0.225 2.03 CuK 0.56 sa = 0.90 I Cl. 

Table 5.9. Structural parameters from least-square refinements of inten­
sity data of v3Au. a) Refinement performed with U2 = 0, 
b The values of S from Refs. 4 and 193 have been corrected a 
by subtracting 6S = 0.05 (see remark in the text), 
c) The ~omposition has been corrected to the maximum solubility 
limit of Au in the A15 phase, ß = 0.24 /18,62/. Q =Argon jet quenched .. 

order parameter in v3Au has to be expressed by Sa rather than by: S, the highest Au 
coritent at equilibrium being 24 at. %. Both the m~ntio~ed corrections have been 
t~k~n into account in Table 5.9 by subtracting 6S = 0.05 from the original values 
of S for V3Au reported in Refs. 3 and 4. In the same table are data on 21.5 
and 22.5 at. %Au, respectively, for which the values S = 0.92 ± 0.04 were 

a 
found /62/. It i s seen that \·:itlli n the 1 imits of accuracy ( of the order of 
~Sa = ~ 0.02 in this system) the approach of stoichiometry does not lead to 
a decrease of the order parameter as for examp1e in the system Nb

3
A1 discus-

sed in 5.1.1e ( In the' system Nb3Ge, where the data of Sweedler et al. /69,70~ 
Newkir.k et aL /182/ and' Rasmussen and Hazel /166/ also suggest a decrease' of 
Sa for ß + 0.25, the Sitüation is high1y uncertain. T.his is due to ~he consi·de­
rably larger measuring error caused by the additional phases, as sho~n in Sect. 3. 
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The system v3Pt exhibits a very broad phase field, extending from 19 to 

32 at.% according to Waterstrat and Manuszewski /128/. The variation of 

T as a function of ~exhibits a sharp maximum at the stoichiometric 
c 

composition, T = 3.7 K /82/. Orderparameter determinations have been 

effectuated fo~ the compositions ~= 0.20 /195/, (3 = 0.25 /4, 6, 62/ 

and ~= 0.30 /195/ after various heat treatments. The results, 

represented in Table 5.10 show that the order parameter in V Pt after 
3 

classical quench and annealing procedures varies from 0.90 to 0.98, 

which is very similar to Nb Pt, where S varies from 0.89 to 0.98 (see 
Fig. 4.12 and Table 5.5). 

3 

In two cases, at the compositions ß = 0.20 and ß = 0.30, the order 

parameterwas also measured for nonstoichiometric compounds /202/. At 
0 

~= 0.20, the value of S after a heat treatment at 1400 C, followed 
a 

by radiation quenching is very high, S = 0.97. This is not surprising, 
a 

since in ·the A15 systems investigated to date the value of S for 
~ . a 

compositions ,~<0.25 is always higher or equal to the order parameter 

at stoichiometry: S = 0.75 and S = 0.97, i.e. from the available V 
a o 

atoms, 99.2% are on the 6c site. This reflects the high tendency of 

V Pt to form at a high degree of ordering. A comparison between V Pt 
3 3 

and V Au shows (in analogy to Nb Pt and V Au ) that the optimum heat 
3 3 3 

treatment for reaching the maximum value of T (or S ) is 
c max 

considerably higher for the Pt based than for the Au based compounds. 

This optimum ordering temperature is correlated to the diffusion limit, 

T
0 

(see Table 4.1). 

Like for Nb Au, the earlier refinements of v Pt /4,62/ have been performed for 
fixed value; u2 = o. Where the intensity dat~ were still available, ithe 

refinements have been carried out for the present work, allowing the 

te~perature factor to vary. The results are also included in Table 
5.1 o. 

These atypical /39/ Al5 type compounds all exhibit relatively low Tc 

values, their atomic order parameters have thus not been investigated 
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System Preparation a ß Tc Beam s inS/>.. Order Ref. 

(nm) (I<) (10-lom)-1 Parameter 

V3Pt AM,as c<~st 0.48166 0.25 2.53 CuK a 
0.63 s = 0.95 4,193 

lh/800°C,R 2.86 CuK 0.63 s = o. 98 4,193 
a 

V3Pt AM,l500°C,Q 0.4817 0.25 2.7 CuK 0.57 s = 0.90 62,94 
7d/1050°C,R 

a 
3.2 s = 0.96 62,94 

21d/900°C,R 3.55 s = 0.98 62,94 

V3Pt AM ,24h/ 140<flC,R 0.4812 0.20 0.30 CuK a 0.63 sa = 0.97 202 

Vlt AM, 24h/ 140CPC, R 0.4825 0.30 0.35 CuK 0.63 sa = 0.75 202 a 
Sb = 0.97 

Table 5.10. Structural parameters from least-square refinement of intensity 

data for V3Pt. All refinements have been performed with fixed u2 = 0. 

very intensively. Nevertheless, at least one order parameter determina­

tion has been performed for each compound by Waterstrat and Van Reuth 

/202/, Van Reuthand Waterstrat /4/, Waterstrat and Dickens /57/, 
FlUkiger/38,62,94/and Isernhagen and FlUkiger /162/. These results are 

summarized .in Table 5.11. 

The reported S values for stoichiometric v3Ir after similar heat 

treatments vary between S = 0.94 ~ 0.02 /4,62,202/ and S = 0.98 
~0.02 /38, 162/. Like for Nb 3Ir, the temperature factor of V3Ir, B ~ 
0.14 ± 0.05 (u2 = 0.0018 X 1o-20 m2) at 300 K, is considerably smal,er than for 

the V based Al5 type compounds containing a nontransition element. For compa­

rison, in,v3s; and V3Ga, the values B = 0.41 ± 0.05 (U2 
= 0.0052 X lo-

20 
m

2
) /78/ 

and B = 0.45 ± 0.05 (U2 = 0.0057 X 1o- 20 m2) /20/,~espectively, were reported 

for T = 300 K. 
The other compounds also exhibit rather high order parameters, S = 0.96 

+ 0.02 for V Rh /4/, ~ = 1.00 (+) 0.03 for V Ni /57/ and S = 
- 3 a - • 775 • 225 
0.90 + 0.05 for V Co /57/,,the only exception being V Pd, where S = 

- ' 3 3 
0.69 + 0.05~was reported /4/. This excessively low value is certainly 

- ' 0 
correlated to the low formation temperature of V Pd, 900 C /4/: the 

3 
slow diffusion at these temperatures (the sample in Ref. 4 has been 

0 
annealed 1 month at 800 C) does probably not allow to reach the 

equilibrium order parameter in reasonable times. 
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System Preparation a ß Tc Beam sina/\ Order u.: R Ref, 
(nm) (K) (10- 10m)-l Parameter (X 10-20 m2) 

v3rr AM,2h/1500°C,R 0.4788 0.25 < 0.2 CuKa 0.54 s = 0.94 a) 0.036 62 
48h/1700°C,R < 0.2 s = 0.98 u2 = o.ooz5 0.0042 38,162 

V3Ir AM,40min./1800°C,R 0.47876 0.25 < 0.015 CuKa 0.63 s = 0.94 a) 0.004 4, 202 

V3Ir AM,40min./l800°C,R - 0.38 1. 71 CuKa 0.63 sa = o.so a) - 202 
Sb = 0.91 

V3Rh AM, 72h/1200°C + 0.47852 0.25 < 0.015 CuKa 0.63 s = 0.96 a) 0.0199 4 
14d/ ll00°C, R 

'lld AM,30d/800°C,R 0.48254 0.225 0.082 CuKa 0.63 sa = 0.69 a) 0.0007 4,202 

V3Ni AM,6h/l250°C + 0.4710 0.25 0.30 i1 0.50 s = 1. 00 u2 = o.oo3s 0.09 57 

30d/850°C,Q 

V3Co AM, 3h/l350°C, R 0.4676 0.25 < 0.015 n 0.50 s = 0.90 u2 = o.oo38 0.03 57 

"V30s" AM, lyear/620°C 0.4807 0.52 5.04 CuKa 0.63 sa = 0.30 a) - 202 

Sb = 0.96 

"V3Re" AM,l600~C,Q 0.48783 0.71 IL4 CuKci 
b a) 209 (sa= o.G4) -

(Sb= 1) 

Table 5.11. Structural parameters from least-square refinements of intensity 

data on V3Ir, V3Rh, V3Pd, v3Ni and v3co and on the nonstoichiome~ 
tric Al5 type compounds V 50os. 50 and v. 29 Re. 71 . a) Refinement per­
formed with fixed u2 = o, 15 ) Sa and Sb are only estimated (no least­
square refinement). 

Same of the atypical A15 type compounds are stable at strongly nonstoichio­

metric compositions, ·one phase limit (the limit poor in V) being close to 6.5 
electrons per atom. In spite of their crystal structUre, these compounds can be 
considered as "electron compounds" /7/. For two of these compounds, v3Ir and V3Rh, 
the V rich limit of the homogeneity range is the stoichiometric composition, 
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the other phase limit being at ß = 0.38 /202/, thus corresponding to 

e/a = 6.62. In the two other sytems, the A15 phase field is centered at 

the equiatomic composition for V Os (e/a = 6.5) or even beyond, 
.50 .50 

as in V Re (e/a = 6.42). The order parameters have been meas~red 
0 29 • 71 

in the three compounds V Ir , V Os and V Re only and 
.62 .38 .50 .50 .29 .71 

are summarized in Table 5.11. 

For the compound v. 62 rr. 38 , Waterstrat and Van Reuth /202/ found the 
parameters S = 0.50 + 0.02 and s = 0.91 + 0.02. The very low value 

a b -
of S of course indicates a low concentration of V atoms on the 6c 

a 
sites. It would, however, be erroneous to conclude that the compound 

V Ir has a tendency toward higher disordering. Indeed, it can be .62 .38 
easily verified using Eq. (3.1) that 98% of all available V atoms are 

on the 6 c sites. For nonstoichiometric compounds with ~> 0.25, it is 

useful to define this quantity as the "relative" occupation number, 

r' = 0.98 obtained from the ordinary occupation number, r = 0.81, by 
a a 

multiplying with 0.75/(1-~) (see Eq. 3.4). Since for the stoichiometric 

compound V Ir the occupation number r is equal to 0.985, i.e • 
• 75 .25 a 

98.5% of the V atoms are on the 6 c sites, it follows that the tendency 

to undergo the highest possible degree of ordering in the Al5 phase of the 

system V - Ir does essentially not depend on the composition. 

In both compounds v. 50os. 50 and v. 29Re. 71 , the Al5 phase decomposes 

eutectoidically and must be retained by a reasonably rapid quenching 
0 0 

( > 10 C/s) from ~ 1600 C. Neverthe l ess, from the measurements of 

Waterstrat and Van Reuth /195/ a very high relative order parameter is 
found for v Os : r' = 0.99, i.e. 99% of the V atoms present in 

.50 .50 a 
the lattice are on the 6c sites. The chain integrity is, of course, 

largely affected, as follows from the values Sa = 0.30 and Sb = 0.96, 

corresponding to 63.4% V on the 6c sites only. 

In the system v. 29 Re. 71 , only qualitative diffraction measurements 

have been performed. However, Giorgi et al. /209/ were able to observe 

the (110) line, which can be interpreted as an indication for the 

occupancy of 2a sites by Re atoms only. Indeed, would all V atoms go on 

the 2a sites, the intensity of the (110) line would drop to zero. It 

was thus concluded that the V atoms would essentially occupy the 6c 

sites, i.e. the compound is as orderedas possible, taking into account 

the V deficiency (S ~ 0.14, S ~ 1.0). 
a b 



-148-

It is remarkable that all three highly nonstoichiometric compounds dis­

cussed here have a common tendency to undergo the highest possible degree 
ofo~ering, as represented by r~ ~1. The low values of Sa result from the 
deficiency in V for compositions ß > 0.25. characteristic for electron com­
pounds with e/a ~ 6,5. 

In particular, there is no apparent evidence for a correlation between 
the absolute value of the order parameter and any peculiarity of the band 
structure. In agreement with Van Reuthand Waterstrat /4/, it can be concluded 
that the Bragg-Williams order parameter decreases when the B element approaches 

the Mn column in the periodic system. However, this statement has to be re­
formulated: the Bragg-Williams order parameter decreases mainly because the 

composition ß rich phase limit in the systems V-Pt, V-Tr, V-Os and V-Re 
follows the line along e/a = 6.5 /7/, thus largely exceeding the stoichio­
metric value, ß = 0.25. The tendency to form as ordered as possible is in 

reality unchanged, even for B = Ir, Os and Re (see 5.2). 

5.1.3. Mo Based Al5 Type Compounds 

The reported orderi,ng data on Mo based A15 type compounds have been re­
produced in Table 5.12. It is seen that the antagonisrn between A15 type com­
pounds based on V and Nb on one hand and on Mo and Cr on the other also per­
sists for the degree of ordering of these compounds. 

a) Mo~ 

On a stoichiometric sample with Tc = 1.24 cooled by radiation quenching 
from 1400°C, an order parameter of S = 0.98 ~ 0.03 was formed /38/. Recently, 

Mirmelshteyn et al. /158/ reported the order parameter S = 0.86 for Mo3Si. 

However, since the sarnple was not single-phased (95% A15 phase) and no in­
dications about the refinement conditions were given, this result has to 

be treated with caution. No other ordering data have so far been reported 

on Mo based A15 type compounds containing nontransition B elements. Several 
atternpts undertaken on Mo3Ge by the author /38/ failed, due to the presence 

of small amounts of bcc and tetragonal phase which could not be avoided, 
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even after prolonged heat treatments at 1600°C, thus causing large errors 
in the determination of the order parameter. 

b) Mo. 81sE!.185 

As found by Flükiger et al. /50/, the A15 phase in the system Mo-Pt 

forms peritectioidically at 1780°C and decomposes eutectoidically at 1280°C. 
The A15 phase field was found to be extremely narrow (less than 1 at.% 
wide and centered at the composition 18.5 ~ 0.5 at.% Pt. Like in the other 

decomposing eutectoidically A15 system v. 50os. 50 and V. 79Re.21 
discussed in 5.1.2g, the Al5 phase has to be retained by reasonably 
fast cooling. As a consequence of the slower diffusion encountered in Mo 

based compounds, however, the cooling rate necessary to retain the high 
temperature A15 phase Mo .815 Pt .185 is lower: 11 radiation quenching 11 (or 
cooling by radiation by switching off the furnace power) at a rate of 

- 15° C/s is sufficient. The reported order parameters are Sa = 0.94 + 0.03 
50, 62/ and S = 0.98 + 0.05 /4/, i .e. the compound exhibits a rather a -

high degree of ordering. The difference between the data of Van Reuth and 

Waterstrat /4/ measured a sample with ß = 0.20 which necessarily must con­
tain a certain amount of secondary phases, e.g. the hexagonal oo19 phase/50/. 

c) Mo~ 

The A15 phase field in the system Mo-Ir is comprised within the 
limits 22 ~ at.% Ir~ 24, following Michalek et al. /210/ and Flükiger 

et al. /39/,i.e. the stoichiometric composition is not stable at equili­

brium. As shown in Table 5.12, .the order parameter in M~76 Ir. 24 ranges 
between S = 0.82 + 0.03 /39/ (after radiation quenching from l800°C) a -
and Sa = 0.87 ~ 0.03 /39, 62/ after prolonged annealing at 1000° C, 

corresponding to Tc= 8.40 K /39, 62/. Van Reuthand Waterstrat /4/ 
found a similar value, S~ = 0,87 + 0.05 (the recalculation with variable 

a ~ 

temperature factor yielded Sa = 0.88 /162/ after radiation quenching from 

1800°C. It results that Mo. 76 rr. 24 is considerably less ordered than 
V1 Ir or Nb~Ir. Attempts to optimize T by series of prolonged heat treatments 
~ j c 

at different temperatures from 1800°C to 900°C led to a maximum value of 

\ = 8.46 K /39/. It thus appears that the order parameter Sa = 0.88 is very 
close to the highest value which can be reached in the system Mo. 76 rr. 24 . 
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System Prcparation Irradia- a ß Tc Beam sine/>. _
1 

Order u2 R 
tion (nm) (K) ( 10-IOm) Parameter (X 10-20 m2) 

Mo3Si AM,2h/1400°C,R - 0.4893 0.25 1.24 CuKct 0.54 s = 0.99 u2= o.oo34 -
Molt At~, 70h/ 1600°C ,Q - 0.4989 0.185 4.62 CuK a o. 54 sa =0.94 a) -

ct 

sa = 0.97 u2= o.oo4o 0.022 

Molt AM,24h/1600°C,Q 0.49878 0.20 4.56 CuKct 0.60 sa = 0.98 a 0.011 -
ul =o.oo37 sa = 0.98 0.026 

~~ 

Mo31r AM, 12h/1800°C, R - 0.4970 0.24 8.12 CuK 0.54 sa = 0.82 a) 0.026 
ct 

sa = 0.85 u2 = o.oo32 0.014 

Mo3rr AM,lOOh/l000°C,f - 0.4970 0.24 8.40 CuK 0.54 s_ = o.87 a) -
ct a 

Mo3Ir AM,48h/2000°C,R - 0.49682 0.24b 8.11 CuKa 0.60 sa = 0.87 a) 0.0 17 

Mo30s Ar~,l00h/1900°C,f - 0.4969 0.25 11.72 CuK 0.54 s = 0.79 a) -
ct 

60h/l800°C,R 11.81 s = 0.81 a) -
14d/l000°C,R - 0.4969 0.25 12.70 CuKa 0.54 s = 0.87 a) -

s = 0.88 u2 = o.oo26 0.013 

Mo30s AM,48h/1800 - 0.49689 0.25 11.68 CuKa 0.60 s = 0.81 a) 0.006 

Mo 3os AM,l5h/1850°C + c - 0,4968 0.25 12.77 - - so = 0.89 - -
25h/ 1450°C + 2.5Xl018 0.4970 12.37 s = 0.86c 
10h/1000°C n/cm2 

5.8Xl018 0.4971 12.20 s = 0.82c 

n/cm2 

4.9X1o19 0.4976 10.47 s ~ 0.44c 

n/cm2 

1.03X1o20 0.49785 10.29 s = 0.20c 

n/cm2 

Table 5.12: Structural parameters from least-square refinements of inten­

sity data on Mo. 815 Pt. 185 , Mo. 26 Ir. 24 and Mo3os. a) ~he tem­
perature factor was fixed at U = 0 for refinement, ) the 
da ta of Ref. 4 were corrected for the com~os i tion ß = 0. 24 

c /39, 62/, ) the order parameters in Refs. 69, 77 were deter-

mined by using the Aronin formula, starting with the value 
S = 0.89 reported by Flükiger et al. /39, 62/. 

The AlS phase field in the system Mo-Os is very narrow and is centered 
at 25 + 0.5 at.% Mo /39, 211/. Due to the rather high value of T in this c 
compound (up to 13.1 K) and to the considerable variation ~Tc ~ 2 K after 

Ref. 

38 

50,62 
38 

4.193 

38 

39,62 
38 

39,62 

4.193 

39,62 

39,62 

39,62 
38 

4,193 

77 

77 

77 

77 

77 
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different irradiation or quench and annealing procedures, the degree of 

ordering in Mo 3os and the consequences of its variation on Tc have been 
intensively studied /4, 39, 62, 77/. According .to Table 5.12, the order parame­
ter in Mo30s varies between 0.79 ~ 0.03 and 0.88 ~ 0.03, the latter value 

corresponding a sample with Tc= 12.7 K /39/. For improved annealing conditions, 

Tc values up to 13.1 K have been measured /38/, which indicates that the 
highest attainable order parameter in Mo 3os could be of the order of 0.89 

or 0.90. Like for Mo. 76 Ir. 24 , a considerable deviation from the perfectly 
ordered state is thus encountered in Mo30s. 

As mentioned in 4.2.2 (see Fig. 4.12)~ Sweedler et al. /77/ have deter­
mined the variation of S and Tc of Mo 3os after high energy neutron irra­
diation. As starting value, these authors assumed the value S

0 
= 0.89 resul­

ting from the data in Ref. 39, The decrease of the orderparameterwas then 

calculated by using the Aronin formula (Eq. 3.22). As mentioned earlier, 
the comparison between the curves Tc vs. S (see Fig. 4.12) has furnished an 
additional evidence for the hypothesis that the decrease of the long-range 
order parameter is mainly responsible for the decrease of Tc in irradiated 
Al5 type compounds. 

5.1.4 Cr Based Al5 Type Compounds 

The ordering data of the Cr based Al5 type compounds show a marked 
analogy with those based on Mo. From the data summarized in Table 5.13, 

it follows that for transition B elements, a substantial deviation from 
perfect ordering is always present in both, Cr and Mo Al5 type compounds. 

Both Cr compounds containing nontransition elements are non-supercon­
ducting down to 0.015 K. The interest in the system Cr3s; resides in the 
compari~on with the high Tc superconductor v3si. From a least-square re­
finement on a Cr?Si single crystal, Staudenmann /199/ concluded that the 

I ~ 

order parameter S must exceed the value 0.98. Both systems, v3s; and Cr3Si, 
are thus almost perfectly ordered. Both are found to form congruently from 
the melt. The difference between them resides in the electronic density of 
states and in the phonon softening at low temepratures. The degree of or­
dering of the compound cr3Ga has been analyzed by neutron diffraction by 
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System Preparatfon a ß Tc i3eam sine/>. Order u2 R 

(nm) (K) (10- 1gn) - 1 Parameter (X 10-20 m2) 

Cr3Si (S = l)a 2 CVD,Single Crystal 0.4550 0.25 < 0.15 MoK 1.2 U11 = 0.0042 0.013 a 
u~2 = o.oo48 

(S =l)b 2 Cr3Si RC, Single Crystal o. 4556 0.25 < 0.015 ~1oKa 1.4 u21 = o.oo33 o.oo6 
u22 = o.oo37 

u~ = 0.0039 

Cr3Si 1\r~. Polycrystal 0.45574 0.25 c) l~oKa 1.38 c) u2 = o.oo25d 
2 d ub = o.oo27 

Cr3Ga 1\M,Polycrystal 0. 4653 0.25 < 0.15 n 0.64 s = 0.92 u2 = o.oo63 0.054 

Cr3Pt AM,9h/1300°C,R 0.46997 0.21 < 0.015 CuK 0.66 sa = 0.90a) 0.006 a 

cr3rr 1\M,as cas t 0.46810 0.25 0.168 CuK 0.66 S = 0.89 a) 0.004 a 

cr3os Af1,24h/1400°C,R 0.46842 0.28 3.86 CuK 0.66 sa = 0.648
) 0.021 a 

Sb= 0.75 

Cr3os AM,Gh/1350°C,R 0.4682 0.275 3.83 CuK a 0.57 s
8 

= 0.55a) 0.030 

Sb = 0.63 

AM,l0d/900°C,R 4.10 S = 0 708
)' a . . 0.028 

Sb = 0.80 

AH,4weeks/680°C,R 4.68 a Sa=0.78) 0.041 

Sb = 0.89 

cr3Ru AM,6weeks/800°C,R 0.46768 0.28 3.43 CuKa 0.66 sa = o.ss<') 0.008 
Sb = 0.64 

Cr3Rh IIM,3days/1200°C,R 0.46731 0.25 0.072 CuK 0.66 a s = o.8f) 0.025 

Table S.l3: Structural parameters from least-square ref~nement of 
intensity data on er based AlS compounds. 

a) the refinement was performed with fixed u2 ·= 0, 
h. 

u) the refinement was performed with fixed s = 1, 
c) no indication given, d) determined using selected lines. 

Girgis and Fischer /212/, which found a rather high order parameter, S = 0.98. 

b) cr.7~.21 

As follows from the phase diagram of Waterstrat and Manuszewski /92/, 

Ref. 

180 

95 

242 

212 

4,193 

4,193 

4,193 

39,62 

39,62 

39,62 

4,193 

4,193 

the AlS phase in the system Cr-Pt ranges from 18 to 22 at.%. For the compo­

sition ß = 0.21, these authors reported the order parameter Sa = 0.90 + O.OS /4/. 
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c) Cr 
3

_!_!: 

~or the stoichiometric compound Cr3Ir, Van Reuth and W~terstrat /4/ 
repor~ed the order parameter S = 0~02. This result can be compared to 

that ~f Mo. 76 rr. 24 (see Table" 5.13). '' · 
,, \ 

'. 

In spite of the Cr deficiency (see Ref. 62 for the A15 phase field), 

thi s compound e)(hib.i,ts :the hi.gh,est :Te. va lue. of all ,Cr .based, ,Al5, type .qo!Jl­
pounds, 4. 68 K /39/. It$ .. ord.er pi;lrame,~er has been m.east,~r.edl by Y"n Reuth 

: · 1 ', ! ' I, ;' i i, 

and Waterstrat /4/ and by Flükiger /38, 39, 62/. From the data in Table 
5.13, it f~llows that the order parameter Sa ranges from 0.64 + 0.04 to 
0.78 + 0.02. 

e) Cr. 72 Ru. 28 

The co,mpo,und· Cr~ 72Ru exhibits a. sirnilarTe value .to th~.~ of Cr.7.2os: 28 
(Tc= 3.4J.). ,However, the ,necessityto form the A15 ph.~se at);erppet9.tu~~? 

below 800°;C, du,e to the; low fo!;'ma,tion t~mpe~ature,, pro
1
bablY: le.ad,s t9 ,l:imit . .e,d 

1
.: 

diffusiqn.apd)s:;.r;ef,l~c.t~d by ttw .1ow value pfJhe order para111e,t.er, ~a'(,= 0·:5~r. 

Thi s c;o,se Cpn be y0l11P,9~ed tq, Vld, where. S,js. p lso C()n.s!i dr~rab ly 1 ()W~r wtth 
resp~c~ to other X based ~l5 ~ype co~pounds /4/! 

' ' ~ ) j 

f) Cr~ 

The order parameter for this compound has been determinated to S = 0.83 
/4/. It is not known if heat treatments below 1200°C would lead to' higher 
values of S. 

5.1.5. Ti Based A15 Type Compounds 

The only order parameter determination in Ti 3B compounds has been per­

formed by Van Reuth and Waterstrat /4/. Their results, summarized in 
Table 5.14, shows a very high degree of ordering for all three compounds. 
The large difference between the S values for two Ti 3Ir in cast conditions, 

S = 091 + 0.02 and S = 1.00 (uncertainty: 0.02) is not understood. It is 
not excluded that this uncertainty is due to slight inhomogeneities in the 
as cast samples, in particular to a change in composition. Indeed, Junod et al. 

/207/ have shown that Ti 3Ir is stable within the range 0.25 ~ ß ~ 0.27. 
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System Preparation a ß Tc ßearn sina/>. Order 
(nrn) (K) (lo-lOmtl Pat·ameter 

Ti 3Au As cast 0.50974 0.25 0.015 CuK 0.61 s .. 0.97 a 
Ti 3Pt As cas t 0.50327 0.25 0.486 CuK a 0.61 s "' 0.99 

Ti 3Ir As cast 0.50087 0.25 4.18 CuK a 0.61 s "0.91 

Ti 3Ir As cast 0.50082 0.25 4.63 CuK 0.61 s = 1.00 a 

Table 5.14: Structural parameters from least-square refinements of 
intensity data on Ti based A15 type compounds. 

5.2 The Order Parameter in A15 Type Compounds: A Comparison 

Ref. 

4,6 

4,6 

4,6 

4,6 

The data in Tables 5.1 to 5.14 give a good picture of the degree of 
ordering in A15 type compounds. The main points of interest are a) the 

highest attainable order parameter in each compound and b) the variation 
of the order parameteras a consequence of quench and annealing procedures. 
These processes 1 ead to nonequil i bri um confi gurati ons lyi ng quite dose to 
the thermodynamical equilibrium, in cantrast to irradiation processes, which 
cause large deviations from equilibrium, e.g. very low order parameter values 
and will therefore not be considered in this paragraph. 

5.2.1 The Order Parameterat 300 K 

The known ordering data have been represented in Fig. 5.2, 5,3 and 
5.4, showing the V and Nb and the er and Mo based Al5 type compounds, respec­
tively. In these figures, the value of Sa and of r~, the relative occupation 
factor defined in Eqs. (3.4) and {3.5), and their variations afterdifferent 
heat treatments are plotted as a function of the B element, more precisely 
of its colurnn in the periodic system (or the valence electron number). 
This kind of representation, introduced in Ref. 7, is useful for comparing 
different physical and metallurgical properties between A15 type compounds 
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and will also be used later in this work. It will be noted that the following 
discussion does not include the Ti 3B and the zr3B compounds, which do not exhi-
bit the 11 1nstability Region 11 observed in Cr, Mo, V and Nb based Al5 type compounds. 
However, there arenot enough data (see Table 5.14) to carry out a serious discussion 
on these two types of compounds. 

From the variables S or r• it is possible to deduce the average chain a a 
length: the average number of A atoms lying between two B atoms on the 

6c sites is equal to (1-ra)/ra, where ra is here the occupation factor .. 
Fig. 5.2 shows that for V and Nb based A15 type compounds there are two 

regions where S deviates considerably from perfect ordering, for the transition 

elements B =Os, Re and for the nontransition elements B =Au, Al, Ga 
(Following Ref. 7, Au is considered as behaving like a nontransition! 
element in AlS type compounds). These regions correspond to the limits 
of the series of stable AlS type compounds, thus suggesting a con-
nection between the degree of atomic ordering and the phase stability 
in Al5 type compounds. Such a correlation will be discussed in Sect. 6. 

From Fig. 5.2, it follows in particular for V based Al5 type compounds 
that B elements closer to the Mn columns lead to a decrease of Sa' thus sug­
gesting a tendency towards lower degrees of ordering. However, this tenden­
cy is only apparent, as will be explained in the following. For this consi­
deration, it is necessary to recall that ra represents the probability of en­
countering an A atom on the 6c sites, rather than the tendency to exhibit a 
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Os.so rJ 
Co Ni Al Si 
Rh Ga Ge 

Re Os Ir Pt Au Sn Sb 

VIIB VIII VA 
-~~-o\-

-+ B Element 

Fig. 5.2. Atomic order parameters, S or Sa, in Nb
3
B and v

3
B compounds. 

For the stoichiometric compounds, S = s. The full symbols 
a 

represent data on argon jet quenched samples. 

high degree of ordering (for example, for Nb atoms to occupy 6c sites). Such 
a tendency is better represented by the quantity r• relating the occupation a 
factor to its highett possible value at a composition ß (see Eqs. (3,4) and 
(3.5)): 

11'\1 = \.1'1 

'a •a 

This 11 relative 11 occupation 
and simolifies to r• = r 

· a a 

0.75 
( 5. 6; 

(1 - ß) 

factor, r • , is only defined for ß > 0.25 
a 

fo~ ß = 0.25. From Fig. 5.3, where the 
variation of r• with the B element is plotted, it is seen that the 

a 
tendency toward high ordering is present, even for B elements 
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approaching the Mn column (r' ~ 1 for B =Os, Re), while a certain 
a 

amount of disordering subsists for B = Au, Al and Ga. Two conclusions 

can be drawn: 

a) the compounds where r deviates substantially from 1 are those 
a 

situated on both sides of the A15 instability region (B =Au, Al, 

Ga). For these compounds, substantial variations of the order 

parameter can be obtained by quench and anneal procedures: t.. r = a 
0.04 for V Au , t.. r = 0.02 for V Ga, which have to be comparE?d 

.76 .24 a 3 · 
tot..r = 0.0025 for B =Ir, Os, Re, Si. Both the Vand Nb based 

a compounds with B = Pt exhibit quite high degrees of ordering, but show a 
large change t..S , while their neighbours with B = Au show an even larger value 

a 
of t..Sa' but exhibit stronger deviations from perfect ordering. 

s... 
0 

......" 
u 
~ 
s::: 
0 

•r-
+-1 
n:l 
0.. 
::l 
u 
u 
0 

(IJ 
> ...... 

+-1 
n:l 

r--
(IJ 
s... 

- n:l s... 

1.00 -

Ni 

Re Os Pt 

VtiB I VIII 

Al Si 
Ga Ge 

Au Hg Sn Sb 

IB IIB lntAitvA I VA 

+ B Element 

Fig. 5.3. Relative occupation factor, r • (as defined by Eq. 5.6), in 
. a 

Nb B and VB compounds, show1ng a marked decrease at both 
3 3 sides of the instability region. The full symbols represent 

data on argon jet quenched samples. 
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The variation of r~ for Cr and Mo based Al5 type compounds is shown 

in Fig. 5.4. In spite of the very incomplete data sets, a very high degree 

of ordering is observed for n6ntransition B elements. For transition B ele­

ments, the degree of ordering of Cr and Mo based compounds is somewhat 

lower than for those based on V and Nb, regardless on the B element. A com­

parison with Fig. 5.3 shows that the variation of Sa when the B element 
approaches the Mn column is much smaller than for the corresponding v3B and 
Nb3B compounds. 

b) From the data in Tables 5.1 to 5.14, it appears that the substitution of 

the A element in the sequence Ti +V+ Cr leads to lower order parameters. At 

present, the reasons for this behavior are not understood. A 

suggestion made by Waterstrat and Van Reuth /202/ correlates the 
decrease of S in this sequence to increasing orbital overlapping in 

consecutive electronic bands. However, this hypothesis is based on 
the linear model, which certainly does not app1y to Mo and Cr based 

A15 type compounds. Searc~ing for other reasons, it shou1d ~e 
reca 11 ed that the degree' of atomi c orderi ng as we 11 as the 
equilibrium composition in Al5 type compounds arehigh temperature 
prorerties and are frozen below T (see Table 4. 1). Above these 

D 

r: 
E 
L) 

& 
c::: 
0 

:;:: 1.00 
0 
Ci. 
::l 
L) 
L) 

0 
OJ 
.~ 0.95 -0 

tf 
·~-o 

0.9C 

lp( !e/ /~ o_s.2~ .1,_, /.§ / / 
~0 e Bli!2~4jPt.21 ·cn 

5.25 QJ 

A~...Rh.25 m ~ 
Os.25 Ir24 ..... .,_ 

0 . <t: ·-
~~275 //~ 
Ru,,. /~i 

Ru 
Os 

Rh 
Ir 

VIII 

Pt 

Al 
Ga 

~i.2s 
I Si.25 

/.--------. 
1 o • Cr3B 

/ l:>A Mo38 

VA 

Fig. 5.4. Relative occupation factor r~ as defined by Eq. (5.6) in Cr3B and 

Mo 3B compounds. The full symbols stay for data an argon jet quenched 

samples. 
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temperatures, the number of thermal vacancies becomes sufficiently 

high for allowing A-B site exchanges. The ability of a system to 
undergo a certain amount of disorder this depends on the probability 
of two-step or multiple-step processes (see Fig. 4.3) following the 
occupation of a 11 Virtual 11 site, i.e. on the potential differences 

between neighbouring configurations. In V and Nb based AlS type 
compounds these potential differences would be smallest for B = Pt, 
Au, Aland Ga. 

An interesting question is why so few Al5 type compounds exhibit per-· 
fect ordering, e.g. v3s; and Nb 3sn. A recent "in situ 11 investigation of the 
order parameter by Isernhagen and Flükiger /162/ has shown that the order pa­
rameter of several Nb based AlS type compounds (Nb 3Sn, Nb 3Ir, Nb 3Pt and 
Nb3Al) up to rv 900 °C did not vary within the error limits. This indicates 
that at least in these cases the ordering process is relatively slow within 
100 or 200 degrees K above r 0, where S ~SE. The reasons for the higher ordering 
in v3st and Nb 3Sn thus derive from the behavior at higher temperatures, 
close to T~. 

The results of order parameter.determinations at 300 K of AlS type compounds 

a fter quenchi ng from different temperatures have been pr'esented in 

4.1.2. The known data have been summarized in Table 4.1. It was then 
expected that there would certainly be a difference between s

0
, the 

order parameter after quenching from a temperature T and the correspon-
ding value of the equilibrium order parameter, S , measured directly at 

E 
the same temperature T (The notation s

0 
for the order p~~ameter on quenched sam-

ples will only be used in the present paragraph, where the distinction between 
the different definitions is relevant). Obviously, there is s0 ~ SE' but it would 
be interesting to know for each compound the temperature up to which s

0 
is 

a good approximation of SE: s0 ~SE . The difference between s
0 

and SE at higher 
temperatures would then directly give an information about the ordering ki-
neti es. 
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Unfortunately, no data of SE(T) have been published so far, but recent 

results obtained at the Institute of Technical Physics allow to give a 
first picture. Flükiger and Isernhagen /162/ have recently determined the 

"in situ" order parameters of the systems Nb Sn, Nb Pt, Nb Ir and Nb Al 
0 3 3 3 3 

up to 1000 C by X ray powder diffractometry. The measurements were 
performed on twell homogenized, single phase samples which were 

crushed to powders of 20 ~m size. After careful determination of the 
order parameter at room temperature, the powders were mounted in a 
ceramic sample holder particularly designed for use up to 1400°C. 

Partial sintering of the powders, disposed in a hole of 
2 

8 x 8 x 0.5 mm provided sufficient geometrical stability, thus 
all o\'li ng preci se angle and i ntens i ty measurements, a necessary 
condition for the determination of the lattice parameter and s at high 
temperature. 

In this first work, evaporation and oxydation at high temperatures were 

found tobe a major problem, which is hardl.Y surprising when taking into account 
the large surface of the powder particles. In order to lower the time of expo­
sition at high temperature, Flükiger and Isernhagen /162/ used a position sensitiw 
ve detector, consisting of a graphite coated quartz wire in a high pressure 
chamber filled with argon and methane (or xenon and methane). This detector type 
allowed a considerable reduction of the measuri~g time, by a factor of 5 to 10. 

The highest temperature which could be achieved without excessive evaporation 
was 950 °C for Nb3sn and Nb 3Al, while the limits for Nb3Pt are certainly above 
1300 °C. 

The results are shown in Fig. 5.5, where the normalized in situ order 
parameter, SE'/S (S is the order parameter prior to the heating cycle) max max 
is plottedas a function of temperature (T~ is the Al5 formation temperature). 
It is important to note that although the order parameter measurements aceur-
red in situ, the results do not exact1y represent the equilibrium order parameter 
SE(T). The reason resides in the fact that the exposure times at a given tem­
perature T prior to the order parameter measurement /162/ were l!imited to 
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approximately 1 day, in order to minimize oxydation or evaporation at the sur­
face of the powders. It may thus be that the values given in Fig. 5.5 are sligh­
tly larger than the equilibrium order parameter: S[(T) ~ SE(T). At higher tempe­
ratures, it is expected that S[(T) tends towards SE(T). 

s' E 

1.0 

smax 

0.95 

0.90 

0 0.5 

TITF 
Fig. 5.5. Normalized in situ order parameter, S[/Smax as a function of tempera­

ture for different Nb based Al5 type compounds. Smax is the order 
parameter prior to the heating cycle, T~ is the Al5 formation tempe­
rature. For comparison, the curve s0(T) obtained on quenched NbjPt 

samples (see Fig. 4.5) has been reproduced; .. : Nb. 742Pt. 258 , 

ß : Nb. 748 rr. 252 , : Nb. 754 Al . 246 , I : Nb. 755sn. 245 (all measured 
in situ), x : Nb. 75Pt. 25 (Quenched at different temperatures). 

Obviously the above results suffer from the limitation in temperature (only 
1050 °C. could be reached when the measurements were performed /162/), but some 
interesting conclusions can nevertheless be drawn: 
a) The order parameter changes up to T/T~ ~ 0.6 aresmall and are of the order 

of the measuring erro~. For Nb 3Ir a decrease by 0.01 was observed at T/T~ = 0.48 
b) Up to T/T~ = 0.5, there is practically S[(T) ~ SE(T) ~ s0(T). In the particular 
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case of Nb 3Sn (and possibly of v3si, too), this indicates that if there is 

a difference in the erdering kinetics which leads te perfect erdering in this 

compound compared te others, it must act at much higher temperature than rea­
ched in the present experiments, probably even just below T~. 
c) The curve SQ(T) vs T/T~ for quenched Nb 3Pt in Fig. 5.5 shows without any 

doubt that the values of SQ close to T/T~ = 1 must be toe high, due to partial 

reordering during argon jet quenching. In Sect. 7, it will be shown for v3Ga 
that other quenching techniques lead to considerably higher quenching rates 
/227/, reducing the actually ebserved partial reordering on cooling. There 
is thus a need for order parameter measurements in AlS type compounds at tem­
peratures approaching the formation temperature, T~, i.e. ~ l800eC. However, 
the difficulties weuld be considerably higher than those encountered in the 
present investigatien up to 1050 °C /162/. 

6. LATTICE VIBRATIONS ANO PHASE STABILITY 

The scope of this Section will bete study whether an empirical corre­
lation can be established between lattice Vibrationsand stabil ity in Al5 
type compounds. Results on pair potential calculations will be used as a 
supplementary argument in favour of such a correlation. 

6.1. Lattice Vibrations in Al5 Type Compounds 

6.1.1. Vibrational Anisotropy of the Atoms a the 6c Sites 

Most data on Vibration amplitudes discussed in this Section were 
ebtained by rneans of powder diffractometry, It does not make a doubt that 

a much better picture could be given if the anisotropic Vibration am­
plitudes would have been determined by single crystal refinements. The 

latter would give more infermations aoeut the phase stability and thus 
possibly on the degree of atomic ordering than the isotropic ones. 

In general, nothermal diffusion scattering (TOS) corrections have been 

applied in the Al5 diffraction data~ It is expected that TOS corrections 
would affect the values of u2 rather than those on the order parameter, 
since lines at higher angles 28 have more weight on u2 and the TOS cor-
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rection factor a (see Sect. 3) increases with 28. To give an idea of the 

magnitude of a, its value for BaF2 at the 511 line is 1.7 % and increases 
to 3.7 % for the 711 line. The situation is different whsn determining S, 
the most intense superstructure lines (where the structure factor depends 

on 2S(f8 - fA) [see Table 3.3]), e.g. 110, 220, 310, 411, 422, .... , being 
situated at lower angles where the correction a is very small. As mentioned 
in Section 3, the precision in determining S is stronger toupled to the diffe­
rence beb:~een the scattering factors f8 - fA than to small changes i~ u2, 
prmvided this difference is large enough. 

So far, anisotropic Vibration amplitudes have only been reported for 
single crystals of the compounds Cr3Si/180/, V3Ge/180/, v3Si/95,180/, 

Nb. 80Ge. 20/166/ and Nb3Sn/171,180/. In, the system Nb3Al/53,99/, powder data 
were used for deducing the ratio u11 ;u22 between the r.m.s. amplitudes parallel 
and perpendicular to the chains. For simplicity, the r.m.s. amplitudes are deno-

, ted as U rathtr than <U2
>
112 (see definition in Sect. 3.2.1). From the known 

data,summarized in Table 6.1 , it follows that the ratio u11;u22 is always smal­

ler than 1, thus reflecting the 11 overlapping 11 between A neighbours on 6c sites. 

ull u22 u,,;u22 Ref. 
Compound 

( X1o- 20m2) ( Xl0-20m2) 

a 
Nb.75A1.245) 0.0063 0.0079 0.80 53, 99 

No.81Ge.19 0.0063 0.0079 0.80 166 

Nb.7ssn.25 0.0064 0.0078 0.82 180 

V 3s; 0.0067 0.0076 0.88 95 
--------· 

v
3
s; 0.0073 0.0081 0.90 180 

\, 

------------------------~ ... -------

v3Ge 0.0076 0.0082 0.93 180 
---------------------------

Cr3Si 0.0058 0.0062 ü.94 95 

---------- ---~---------------

Cr 3Si 0.0064 0.0078 0.82 180 

Table 6.1. Anisotropie r.m.s vibration amplitudes at 300 K for various 
AlS type compounds. a) Polycrystalline sample. 
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The smallest ratios u11;u
22 

(stays for (ui 1 ;u~ 2 ) 1 / 2 ) between the r.m.s. 

vibration amplitudes of chain atoms are observed for the compounds Nb. 81Ge. 19/166/ 

and Nb.?ssAl . 24 s /S3,99/, thus indicating the strengest repulsion forces. As 
mentioned in S.1.1c, stoichiometric Nb3Ge would be expected to exhibit an even 
stronger anisotropy, due to the considerably smaller lattice parameter of 

O.S140 nm instead of O.S169 nm as measured for the composition ß = 0.19. This sug­

gests that the vibrational anisotropy could be a measure of the AlS phase stabi­
lity. The question arises how large would be the ratio' u11 ;u22 for the metastable 
compounds Nb3Si or v3Al. 

When considering the effects influencing phase stability, the question of di­
merization arises (dimerization is an additional shift of the A atoms in chain 
direction). This effect has so far only been observed in Nb 3Sn single crystals 

by Axe and Shirane/273/, but could not be detected in v3si. Taking into account 
that this effect is very small, it may be justified to attribute only a small 
influence of dimerization on the AlS phase stability. 

When considering a possible correlation between the vibratiohal anisotropy 
of the chain atoms and the Al5 phase stability it must be taken into account 
that all refinements reported in this work have been·performed at temperatures 

T ~ 300K. High temperature refinements would be necessary to follow the develop­

ment of u11;u22 and to confirm the very plausible hypothesis of a correlation 
between vibrational behavior and AlS phase stability. An additional indi­
cation for such a correlation will be given in the next paragraphs, where 
the variation of the Debye temperatures and of the interatomic forces will be 
discussed. 

6.1.2. Mean Square Vibration Amplitudes at the 6c and 2a Sites 

·,' I 

Once the compound A3B i~ formed, a change of the mean square Vibration 

amp11tude of u; and U~ of the A and B atoms at the 6c and the 2a sites with 
respect to their elementary state is expected. A comparison is made in Table 

6.2, where all known data are listed (in some cases, U~ was obtained by the 

average ü! = (2ui 1 + u~ 2 )/3 ) . 

. The ratio of the mean square vibration amplitudes U~ and U~ in the AlS 
lattice is expected to be correlated to the mass ratio of the atoms A and B. 
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Elementary State A3B Compound 

UÄ u~ u~ u~ ( u~;u~) 1f
2 

Ref 
------------------r------------------------------------
0.0062 0.0092 0.0047 0.0053 1.062 171 

Nb 3Al 0.0062 0.0088 

Nb3Ga 0.0062 0.0061 

0.0049 0.0061 1.116 180 
0.0049 0.0059 1.204 162 

0.0044 0.0072 
0.0062 0.0070 

0.0046 0.0043 

1.280 
1.063 

0.967 

242 
162 

242 

Nb 3Ge 0.0062 0.0048 0.0057 1.080 166 
------r------------------r------------------------------------
V3Si 0.0059 0.0036 0.0059 0.0070 1.089 · 171 

0.0049 t 0.0057 1.079 95 
0.0057 0.0072 1.124 180 

------ ------------------ ~-----------------------------------
0.0059 0.0061 

Cr3Si 0.0021 0.0036 

Nb 3Ir 0.0062 
------ ----------------~-
Nb3Pt 0.0062 

0.0059 0.0041 

0.0034 0.0039 
0.0025 0.0027 

0.0032 0.0024 

0.0038 0.0050 

0.834 

1.071 
1.039 

0.866 

1.147 

242 

95 
242 

162 

162 
------ ------------------ ------------------------------------

Table. 6.2. Mean square Vibration amplitudes u! and U~ of the atoms on the 6c 
and 2a sites of A3B A15 type compounds and the corresponding values 

UÄ and U~ for the A and B atoms in their elementary state. The 

data are taken from Tables 5.1 to 5.13. 

A simple model of two atomic species on an infinite linear chain yields the 

conditions: 

(acoustic branch) 

(optic branch) 
( 6.1) 

As illustrated in Fig. 6.1, the measured ~alues are situated close to the acoustic · 

branch. This tendency towards lower frequencies can be explained by the dependence 

of U2 on the term {exp(hw/kT) - 1)-l, which e~phasizes the Gontributions from 

the low frequency spectrum. 
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Fig. 6.1. Ratio of the r.m.s. vibration amplitudes of the A and B atoms on 

the 6c and 2a sites as a function of the mass ratio., mA/m8. 
Data from Table 6.2. 

It fol.lows fr<ilm Table 6.2 that U~ for both V and Nb varies very little 
with bhe nontransition B elements B =Sn, Al, Ga and Ge. In the case of V based 
compounds, U~ is even equal to the. value · u2 for elementary V in the bcc lattice, 
u2 -2o 2 · 2 a = 0.0059 X 10 m . In Nb based compounds, a markedly lower value of Ua is 
encountered with respect to the elementary Nb: u2 = 0.0044 to 0.0049 X 10-20 111

2, 

compared to U~b = 0.0062 X 10-20 m2. It appears ~hat u2 for Nb decreases for 
transition B elements, to u! = 0.0038 and 0.0032 X 10-~0 m2 for Nb 3Pt and Nb 3Ir, 
respectively./162/. This reflects the decrease of the overall Vibration ampli­
tude in these two compounds found by I sernhagen and Fl Uk'i ger /162/. On the other 
hand, the values u~· for the different B elements on the 2a sites do not show 

any clear correlation to their elementary values UÄ. 

Within the error limits, 6jU~/U~i 1 1 2 ~ 0.1, most ratios in Table 6.2 

exceed l, reflecting a larger r.m.s. vibration amplitude for the atoms. Obvious-
1~, the occurrence of U~ > U~ is strongly influenced by the smaller val~es of 
U} 1 in the chain direction, which constitute 2/3 of the overall value UL. In both 
cases where the amplitude ratio is smaller than 1, V3Ga and Nb 3 Ir~ the deviation 
could be attributed to the measuring error. It is interesting to ask whether 
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the metastable compounds Nb 3Si and v3Al would exhibit particular values of 

the Vibration amplitudes. Figure 6.1 would suggest that the ratios (U~/U~) 112 

for these two compounds would fall very close to those of Nb 3Al and V3Si, res­
pectively. As mentioned in 6.1.1, the difference between these two metastable 
compounds and the otherones must thus reside in the vibrational anisbtropy 

ui/u~2 .· However, there is at present no mean to predict this ratio. 

It is obvious that the small deviation from perfect ordering generally 
observed in Al5 type compounds will have practically no influence on the values 
of u; and U~ discussed in this paragraph, The question of a possible correlation 

bet\oJeen these two quantiti es i s thus of secondary i mportance on ly. 

6.1.3. Isotropie Vibration Amplitudes at 300 K and the Debye Temperatures 

As mentioned in the preceeding paragraphs, the informations about the mean 
square Vibration amplitudes are not as complete as those about the order para­
meters. In addition, the errors in determining u2 are higher, reaching sometimes 

up to 20 % of the absolute value (particularly for powder diffraction investiga­
tions). Nevertheless, an attempt will now be made to summarize and to interpret 
the known data. Forthis purpose, all known u2 data on Al5 type compounds have 
been listed in the Tables 6.3 and 6.4. The anisotropic Vibrations having been trea­
ted in 6.1.1, the present considerations will be restricted to isotropic Vibra­
tions only. In the case where u2

11' U~2 , u2 or Ub2 are given, the "isotropic" 
2 a 2 2 2 

values of U have been obtained by the average U = (3Ua + Ub)/4 or by 
u2={1/3(2ui1 + u~ 2 ) + U~}/4. The corresponding average Debye temperature,ex(300K), 

was calculated from the u2 values, using Eq. (3.9). For several compounds, it 
is possible to compare the values of 8X(300K) with e0(300K), the Debye temperature 
at 300 K determined by Knapp et al. /222/ by means of calorimetry. It i's obvious 
that the Debye temperature derived from different measuri~g techniques may ex­
hibit systema.tic differences, the observed physical property (diffraction, elec­
tronic specific heat, elastic constants, ... ) being more or less sensitive to dif­
ferent portians of the phonon spectrum. Nevertheless, the agreement between Bx(300K) 
and e0(300K) is satisfactory, as follows from Tables 6.3 and 6.4 showing always 

differences below 50 K for the systems v3si, v3Ga, Nb3Sn, Nb 3Al, Mo3Si, which 

may also partly be due to measuring errors. This result suggests that the effect 

of the TOS correction (which has been taken into account in any of the diffrac-
tion works on Al5 type compounds performed so far) would be situated within the 
present error limits for ex(300K), i.e. ordinarily ± 20 K, in some cases ±30 K, 
or öU2;u2 = 5 to 7 %. It has· tobe noted that e0(300K) as measured by sound velo­

city data /219/ is systematically higher than the ·Calorimetrical values. 
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Compound 9y( 0 ), 9
0

(JOOK) u2 9XIJOOK) 119
0 

( 300K->O) 

K) (K) fX10-20m2) (K} . (KJ 

v
3
si 297 /30/ 470 /229/ • 17 3 

498d/222/ • 201 
530 /219/ C• 237) 

0.0048 /78/ 450 !. 20 I• 153) 
0,0051 /95/ 430 .!:. 20 (. 133) 
0,0057 /78/ 422 .!:. 20 I• 125) 
0.0060 /180/ 412 .!:. 20. I• 115 l 
o ons1 "74' 408 • 20 I • 111 I 

V
3

Ga 292 /97/ 390 /222/ • 98 
0.0054 /242/ 390 .!:. 20 (. 98) 

0.0057 /20l 380 • 20 '• 881 

V Ge 415 /122/ 471~/256/ [• 56] 
P3 = o.24 392 /229/ HB /219/ 

0.0061b/180/ 363 !. 20 1- 48) 

0.0063 /18/ 372 • 20 1- 20) 

v
3

sn 347 /122/ 
1l_ : 0. 19 360 1222/ • 13 
V3Sb 398 /122/ 
V3As 530 /62/ 
V,Au 337 /97/ 

~r 
413 /30/ 

3
1r HJ /30/ o.oozs /38/ 

~Rh 485 /1221 
3

co 560 /122/ 0.0038 /57/ 480 !. 20 (- 90) 

f-.-.-.Y;t'i - 0,0036 /57 
V Os 385 /122/ 
v.soPd.so 400 /122/ 
v.1oR .22 /195/ 29 e.21 

Nb
3

sn 
37od /219 I 

[. 162] 
p ' 0.245 227 /179/ • 63 
p = 0.25 208 /229/ 290 /222/ • 82 

0.0050 /17/ 295 !. 20 I+ 68) 
0.0052 /9,162/ 290 !. 20 I• 63) 
o.noso 11onJ 775 • ?0 I+ 481 

Nb Ge & 76] 
P ~ 0.25 8 

302 /214 
378d/219/ 

0.0051 /68,70/ 316 • 20 I• 14, 
9 • 0 18 0 0050 1166/ 320 -; 20 I+ 18) 
Nb Ga 280 /214/ 
8 ~ 0 24 0 0045 /'H21 34 0 • 20 I+ GOI 
Nb

3
Al 

p = 0.25 324 /248/ 
p • 0.24 283 /114/ 335 /222/ 0.0050 /70/ 341 !. 20 • 52 

0. 0050 /70/ 34 1 ..!. 20 I• 58) 
0.0064 /162/ 304 !. 20 I• 211 
0.0068 /28/ 294 !. 20 I• 11) 
n 007? /53 qg/ 786 • ?0 I+ 11 

Nb
3

Sb 345 /30/ 
330 /222/ - 15 

Nb
3

Au 253 /30 
fl = 0.236 0.0043 /162/ 296 .!:. 20 I• 43) 

o.nost 119'' ?70 • 20 I+ 171 

Nb
3

Pt HO /25/ 
0.0038 /76/ 316 !. 20 1- 241 
0.0041 /38/ 305 ..!. 20 1- 35) 
0.0047 /162/ 284 !. 20 1- 56) 

00051/38.76/ 273 • 20 1- R71 

~3Rh 398 /208/ 
Nb

3
Ir 378 /30/ 

0.0030 /162/ 359 • 20 , - 19) 
NbJo, 378 /206/ 0.0033 /162/ 343 • 20 1- 35) 

Table 6.3. Debye temperatures for V and Nb based AlS type compounds. 80(0) and 
e0(300K) are determined by calorimetry, while the values 8X(300K) are 
obtained from u2 (Tables 5.1 to 5.11) using Eq. (3.9). a) The composi­
tion is given as ß = 0.25, but the average Ge content is well below 

b 2 2 2 c this value. ) Calculated assuming Ub ~ l/3(2U11 + u22 ), ) Ultraso-
nie attenuation, by Rosen et al. /256/, d) Soundvelocity measurements 

by Testardi /219/. The difference 68(300K+O) is taken from calori­
metric data (no brackets), using sound velocity data [square bra­
ckets] or using ex(300K) values (round brackets). 
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Compound eD{O) e0{300K) u2 Bx(300K) M0( 300+0) 

(KJ fKJ [X10-20m2] (K] (KJ 
~ 

Mo3Si 520 /63/ - 50 
560 /158/ 470 /158/ - 90 

0.0034 /38/ 415 ± 20 (- 105) 
~ .. 

Mo Al 500 /63/ 
Mo~Ge 510 /63/ 

·-
Mo 3Pt 
'ß= 0.185 405 /63/ 0.0033 /38/ 335 :t 20 (- 70) 

Mo3Ir 
ß= 0.24 460 /63/ 0.0032 /38/ I 340 ± 20 

··~ 

(.; 120) 
-

Mo 30s 430 /63/ I 0.0028 /38/ 370 ±" 20 (- 60) 
.... 

I I Cr3Si 640 /229/ 530 /229/ - 110 
670 /223/ - 140 

0.0028 1242/ 607 :1: 20 (- 63) 
0.0035 /95/ 540 :!: 20 (- lZO) 

_..:._ 

cr3Ge I 670 12231 

1

. 

I 
4,70 /2291 410 /229/ - 60 

cr3Ga 584 /2231 Ö.0063 /212/ 
Cr3Pt 402 12231 

B= 0.21 402 /2231 
I 

Cr3ir 449 /223/ 
' cr3os 

B= 0.275 442 /2231 
Cr3Rh 460 12231 
cr3Ru 

ß= 0.28 418 12231 

:ti 3Sb 282 12071 
Ti 3Au 385 ./207 I 
Ti 3Pt 376 12071 
Ti 3Ir 210 /25/ 
Ti

3
Hg 330 /207/ 

zr3Pb 255 /2071 
ZrJSn 

292 /207/ 6- 0.20 
Zr3Au 310 1207 I 

·-
Table 6.4. Debye temperatures for Cr, Mo, Ti and Z~ based A15 type compounds. 

eD(O) and e0(300K) are determined by calorimetry, while the values 
of ex(300K) are obtained from ü2 (see Tab1es 5.12, 5.13 and 5.14) 
using Eq .. (3~9). The difference 680 (300~0) is taken from calorimetry 
{no brackets) or using the ex(300K) values (round brackets). 

The Tables 6.3 and 6.4 also contain the Debye temperatures e0(0) as deter­
mined by low temperature calorimetry on all known Al5 type compounds. The choice 
of data in Tables 6.3 and 6.4 was restricted to samples being as close as possi­
ble to stoichiometry or having the highest degree of ordering, taking care to 
include at least one representative for each compound. The effect of varying 
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either the atomic composition or the degree of ordering on the value of 80 
will be discussed in the next paragraph, where an attempt will be made to esti­
mate whether and in which cases 80(0) can be used as an approximation for 

'80(300K) in ordertobe used for stability considerations, the latter being 
only known for a small number of systems. 

The variation of u2 at 300 K as well as of 8x(300K) for various Al5 type 
compounds has been reproduced in Fig. 6.2. When discussing the variation of 

2 
U and 8x(300K) for A3B series with fixed A and varying B element, the question 
arises how these quantities are connected with those of the B constituents in 

u2 o.oo7o 

[x1 o-20 m2] 0.0060 

0.0050 

0.0040 

0.0030 

0.0020 

0.08 u 

[x10-10m] 
0.07 

0.06 

0.05 

- 0.04 

0.03 0.0010 

0~---+--~--~-+--~--·~-1--~ 

600-

500 
8x[300KJ 

400 

300 

Co Ni 
Os Ir P~ 

VIII 

Fig. 6.2. Isotropie mean square vibration amplitudes at 300 K, u2, and corres­

ponding Debye temperatures 8x(300K) calculated by means of Eq. (3.9), 
using the data listed in Tables 5.1 to 5.14. 
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their elementary state. In the literature, there is no information about such 
correlations, the whole subject of the atomic vibrations in compounds having been 
somewhat neglected in the past. Basedon the values in Tables 5.1 to 5.14 arising 
from. own and from literature values, a first attempt will thus be undertaken 
to search for possible relationships, which also may give additional information 
on the Al5 phase stability. Following the general philosophy of the present 
work, the attentionwill not be concentrated on one or few compounds, but will 
be extended to the totality of k~own Al5 type systems. For this purpose, the 2 . 
U · and e0 values (th~ latterat temperature ranges as close as possible to 300K) 
of a series of elements has been extracted from the International Tables of Crys-
+..,,,,..,..",.",..h., 1/n.l TTT C:.~:>rt 
t.a 1 v ~ r u p '.J 9 v v • .L ... ... , - .......... "' .. 3.3 and has been condensed in Fig. 6.3. 

It is immediately seen from Fig. 6.3 that with increasing electron number 
u2 

exhibits significant changes starting with the IB elements, i .e. Cu, Ag and 
Au, followed by a very strong raise for the IIB elements Zn and Cd. A further 
increase in Z leads to a minimum of u2 for the. 1\iA elements C, Si, Ge and Sn. 
Besides the mentioned sharp change of u2 for IIB and lilA elements, the most 
important feature in Fig. 6.3 is the nearly parallel variation of u2 for ele­
ments of the same period. However, an inversion of the vibrational behavior is 
observed between transition and nontransition elements. For transition elements, 
u2 increases in the sequence 5d+4d+3d, while for nontransition elements, u2 is 
smallest for the lightest elements (Band C) and increases successively when 
going to the e}ements of the 3:, 4., 5. and 6. period. Of course, the variation 
of e0 is opposite to that of U2, ~ut the inversion is ~ot langer present. 
The lightest elements in a column always exhibit the highest e~ values, which 
is particularly apparent for the elements C and B, followed by Si ·and Al . 

. It is now interesting to compare the variation of u2 and e0 in the figures 
6.2 and 6.3 in order to see how the vibrational properties of the B elements 
infl~ence thnse of A3B compounds crystallizing in the Al5 structure. The impor­
tance of the B element on the vibrational behavior of Al5 type compounds is 
larger than that of the A element. The reason cari be easily seen from Fig. 6.3: 
as we 11 u2 as e0 for the A e l,ements Ti, Zr, Cr, Mo, V and Nb va ry withi n na rrow 
limits in cantrast to the Variation in B elements which is considerably larger. 
The following conclusions can now be drawn: 

1) In Al5 type A3B series, the values of u2 as 'llell as those of Bx (the latter 
also staying for e0) are strongly influenced by the B element. The gradual varia-
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6 .period 
u2 0.0300r--------~---f 1 1 

[x 10 -20m2J0.02SO 

0.0200 

0.0150 

8x(300Kl 60~ 

3d 4d 
I 

VIII 

Cd Bi 
Pb 

·Se U 
[x10-10m] 
0.16 

Fig. 6.3. Isotropie Vibration amplitudes u2 and Debye temperatures ex(300K} for va­
rious elements from the 2. to the 6. period of the periodic system, 
from lnt. Tables of Cryst., Vol.III, Sect. 3.3. The r.m.s .. vibration 

amplitudes are given at the right scale, where the total range of 
U in A15 type systems is also indicated for comparison •. 
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tion of the vibrational properties of the B element can still be observed after 
its inclusion in A3B series with the A 15 type structure, in spite of the low 
content of 25 at.% only. This is mainly observed for B =Si, where u2 is smal-
lest as well in the element as in the compound. In particular, the Vibration 
amplitudes for transition B elements in the Al5 structure are smaller than for non­
transition B elements, as in the elementary case (with the exception of v3si, see 
Fig. 6.2). Typical u2 values for v3si are close to 0.0030 X 10-20 m2, corres­
ponding to r.m.s. amplitudes U = 0.0547 X 1o- 10m, which have tobe compared 
with U = 0.0707 X 10- 20 m for compounds with nontransition B elements (all values 
a t T = 300 K). 

A similar varjation to that of u2 in Fig. 6.2 can also be plotted for the 
lattice parameter, thus constituting an additional indication for the regular 
changes of properties of the Al5 structure in A3B series. Here, the point of im­
portance for the present discussion is the smallest possible value of a in a 
given compound, previously discussed in 4.3.1 (see Fig. 4.21). This value cor­
responds to a minimum distance between neighbour A atoms and was f~und to be 
smaller for transition B elements than for nontransition elements u~der equi­
librium conditions. The smaller distance between Nb atoms in Nb3Ir or Nb30s 
is not expected to lead to the large vibration anisotropy observed for example 
in Nb 3Ge, due to the d character of Ir and Os. 

2) It is remarkable that the 11 lnstability Region 11 in Fig. 6.2 would correspond 
to the highest u2 values, probably lying above 0.0060 X 1o-20 m2. At the same 
time, Bx(300K) reaches minimum values at the borders of thts region, i.e. ~250 K 
for Nb. 764Au. 236 and Nb. 76Au. 24 . Both observations suggest that the existence 
of the 11 lnstability Region 11 could be correlated with a particular vibrational 

behavior, characterized by excessively large r.m.s. vibration amplitudes 
-10 U > 0.8 X 10 m, or by very low Debye temperatures e0 < 250 K, 

at least for A3B series with A = Cr, Mo, V, Nb and possibly Ta. It is tempting 
to attribute the existence of the 11 lnstability Region 11 to particularly high Vi­
bration amplitudes of the B elements in their elementary state, since only B 
atoms with u2 < 0.0150 X 10- 20 m2 are found to form Al5 phases without applying 
high pressures or thin film techniques. However, this criterion is certainly 

not sufficient to decide about stability of all Al5 systems, since both the 
Ti 3B and Zr3B series do not exhibit any instability for B =Hg, Pb or Tl. At 
this point, it should be recalled that phase stability is primarily dictated 
by electronic requirements, which finally lead to the observed vibration ampli­
tudes and that so far no simple electronic criteria can be gtven for the sta-
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bility of a given compound. It will be seen later (see Fig. 6.21) that the elec­
tronic transfer in Ti 3B and Zr3B is different than in the other Al5 type compounds 
studied here. As shown later in Table 6.8, there are Al5 phases covering 
the whole range of electron peY atom values between e/a = 3.25 and e/a = 6.8, 
without any "forbidden" zone. In the case of Ti 3B and Zr3B series, the parti­
.cular electronic configuration may stabilize the phase at lower vibration fre­
quenci es than in other A 15 type compounds, Indeed, as we 11 Ti 31 r as Ti 3sb and 
Zr3Pb exhibit very low Debye temperatures 8D(O) .when compared with other AlS 
type compounds, 8D < 280 K.(see Table 6.4). Unfortunately, no Debye temperatures 
at 300 Kare known for these compounds, which would complete the picture. · 

3) It is remarkable that the results on powder diffractometric measurements 
lead to significant conclusions about the vibrational behavior in AlS type com­
pounds, the estimated error in 8X(300K) being of the order of ~ 20 K, in some 
cases ± 30 K. It is important to recall that satisfactory data from powder dif­
fractometric measurements require very careful measurements (if possible taking 
several runs for each sample and averaging) on well characterized samples. It 
is obvious that the informations will be restricted to the isotropic vibration 
amplitudes and to the Debye temperature. For the very important measurements of 
the anisotropical vibrational behavior in A15 type compounds, single crystal 
refinements are required. 

6.1.4. The Debye Temperatures between 0 and 300 K 

In the preceeding paragraph, the attention was merely given to A15 phase 
stability, the discussion of the vibr~tional behavior was thus limited to 300 K. 
Between 300 K and 0 K, however, strong variations of the Debye temperature 
have been reported, which finally affect the superconducting properties. There 
are far more data on 8D at low temperatures than at 300 K, allowing a more com­

plete discussion. Nevertheless, it should be recalled that eD(T) is an average 
quantity, thus more informations about different phonon modes wouid be required. 

There i s a 1 so a gap of knowl edge for ani sotropi c properti es of the crys ta l, ui 1 
and U~2 below 300 K being only known for v3s; /95/. 

The variation of 8D between 0 and 300 K does not show the same behavior 
for all AlS type compounds, as follows from calorimetric data of Knappet al. 
/222/. These authors found that the Debye temperatur-es in the systems Nb 1Sn, 
Nb3Al, v3s;, v3Ga are higher at 300 K than at 0 K. This anomalaus behavior, al­
so called phonon softening, is correlated to a decrease of the elastic constants 
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and of the sound velocity as shown in the review of Testardi /219/. The shear 

modulus of Nb Sn and V Si vanishes at the low temperature transition from the 
3 3 

cubic into the tetragonal phase, observed in these two compounds only. The 

corresponding values of 8 are tabulated in Table 6.3 and show that V Si 
D 3 

exhibit the largest variation, 680 ~ 180 K from 300 to 0 K, followed by Nb
3
sn 

with 68 ~ 70 K (It has to be noted that the value of 8
0

(0) in v3s; is particular­

ly difficult to determine since y = y(T), as described by Junod /30/ who found 

80(0) = 297 K). The difference 68 for V3Ga and Nb 3Al in Fig. 6.4 issmaller, 35 

and <20 K, respectively. For the low Tc compound Nb 3Sb, Knappet al; /222/ 
found the inverse behavi or, i .e. 8 ( 0) > 8 ( 300 K). Nb Sb thus exhi bi t i ng the 

0 D 3 
behavior genera11y observed in other materials, where a gradual softening of 

the lattic~ is observed for increasing temperatures. In 4.3.6b, another low T 
c 

A15 type compound, Mo Si, had also been reported to exhibit a lattice 
3 

hardening at lower temperature, Mirmelshteyn et al. /158/ reporting 8 (0) = 
, D 

560 K and 8 (300 K) = 470 K, respectively. No attempt has been done so far to 
D 

give a description about the general behavior of 8 (T) in Al5 type compounds, 
0 

In the following, it will be shown that there are several rules governing 

this behavior. For thi~ purpose data from Junod et al. /25,30,248,276/, 

Fl ük i ger et a 1 • /62 ,63,223/, Suri kov et a 1 • /229/, Kna'pp et a 1 • /222/, Mi rme 1-

shteyn et al. /158/, Rosen et al. /256/, Stewart et al. /279/ and Testardi et 

al. /219/ will be presented and compared. In particular, it will be tried to 

determine the influence of composition and atomic ordering on 8 (T). 
D 

The starting point of the present consideration will again be the system 

Mo
3
s;, where the whole behavior of 8

0
(T) from 0 to 300 K is known /158/. The 

e (T) vs. T curves of Mo Si are represented in Fig. 6.4, tagether with those of 
D 3 

several other A15 type compounds where the 8 (T) measurement over an extended 
0 

temperature range between 0 and 300 K are available. 

The family of curves for Mo Si was obtained after neutron irradiation at 
20 2 3 

~t = 1 x 10 n/cm (curve I), followed by recovery heat treatments at 
0 0 0 

different temperatures, 450 C (I I), 650 C ( III) and 700 C (IV), the 1 ast 

one being almost identical to the unirradiated state. The corresponding 

variation of T is plotted in Fig. 4.32. It is remarkable that the excessive 
c 

lattice hardening below 50 K ist absent after irradiation where T = 6 K, but 
c 

gradually reappears with recovery. It is seen that the Variation of ,8 (T) in -u----
Mo Si is quite complex, consisting -3-
behavior. The following discussion 

of two distinct regions with~osite 
will be centered on these two 8 (T) 

0 
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regions, one staying for phonon softening (from 300 K to < 100 K), the second 
one representing a lattice hardening, encountered at temperatures well 
below 100 K. 

As shown in Fig. 6.4, a decrease ofT fr'om 300 K to lower temperatures in 
Mo3Si first causes a similar anomalaus decrease pf e0 as observed in high Tc com­
pounds. The value of e0 decreases from 470 K at 300 K to 414 K at 50 K, followed 
by a strong increase to 560 Kat 0 K. A similar behavior v1as also observed for 
Cr3Si (normal down to 0.015 K) by Flükiger et al. /223/. 

8n 
u 

[TJ 

- Nb 3Sb 

8o 
V3 Silal 

[TJ 
V3Ga 

/ Nb3AI 
/ Nb 3 Sn 
/ 

200 
0 100 200 3oo T [KJ 

Fig. 6.4. Variation of the Debye temperature of various A15 type compounds below 
300 K: Cr3s;, Cr3Ge and v3si(b) by Surikov et al. /229/, v3si(a), Nb3Al, 
Nb 3Sb, v3Ga and Nb3Sn(a) by Knappet al. /222/, Mo3Si by by Mirmelshteyn 

et al. /158/, v3Ge by Rosen et al. /256/ and Nb3sn by Junod /30/. 
All data were derived from specific heat measurements except for V3Ge, 

where e0(T) was determined from elastic constants. 
The meaning of Mo3s; I, II, III and IV is explained in the text. 
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between 670 and 720 K on different samples, while Surikov et a. /229/ found 
e0 = 620 K at 300 K. Obviously, the comparison between two different calorimetric 
measurements on two different samples has to be considered with some caution, but 

the relative difference betltJeen the Debye temperatures at 0 and 300 K is large 

enough (120 K) to exceed the individual errors in Refs. 223 and 229. 

The variation of e0 for several Al5 type compounds is reproduced in Fig. 

6.4. Most data have been obtained by specific heat measurements except for 
V3Ge, which was determined from the variation of the elastic constamts /256/. 

The system V3Ge was measured by Rosen et al. /256/ who reported an initial decrea­
se of e0 from 471 Kat room temperature to 467 Kat 150 K, followed by an in­
crease to 486 K for T + 0. These values are higher than those measured by spe­
cific heat (see Table 6.3) but certainly give the correct tendency. In cantrast 
to Nb 3Sn and v3s; /219/, the shear modulus of v3Ge, 1/2 (c11 - c12 ) was not 
found to vanish at low temperature. Only a decrease of 5.5 % from 300 K to 75 K 
was observed, followed by a rapid increase at lower temperatures, up to 486 K. 

The observed decrease of e0 with decreasing temperature thus reflects 
the phonon-mode softening characteristic of high Tc Al5 type compounds, i .e. 

V3Si, Nb 3Sn, V3Ga and Nb 3Al /237/. Temperature dependent softening is cor­
related to the sharp structure of the d band electronic density of states 
in the vicinity of the Fermi energy. This causes electronic properties such as 
the magnetic susceptibility to be temp~ratu~e dependent, thus producing 
temperature dependent electronic screening of the phonon mode fr.equencies. 
The observed softening effect is not pronounced for the Nb 3Al and v3sn sam­

ples measured by Knappet al. /222/ (see Table 6.3). This is attributed to 
inhomogeneities and to deviations from stoichiometry, as can be followed by 
a comparison with the specific heat data of Junod et al. /248/. These authors 
reported the value y = 11.4 mJ/K2at-g for a carefully homogenized, stoichio­

metric Nb~Al sample, i.e. substantially higher than the value y = 7.62 mJ/K2at-g 
J 

reported by Knapp et al. /222/. The latter value would rather correspond to 
an average Al content of 23.5at.% than to the stoichiometric composition. The 

compound v3sn is known tobe stable at the composition ß = 0.19 only /62/. 
In both cases, Nb 3Sb and v3sn, phonon softening seems to be sufficientiy strong 
to mask the usual dilatation effect. 
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The compounds in Fig. 6.4 are the only ones where the variation of the 
Debye temperature has been reported up to 300 K. Additional informations about 
the Variation of e0(T) can ordinarily be obtained up to 40 K from specific heat 
measurements. In the following, a global comparison will be made between the 
8x(300K) values reported in the present work (Tables 6.3 and 6.4) and the 
e0(0) values derived from specific heat data. 

a) Debye temperatures below 50 K. As shown in Fig. 6.4, both behavior types 

can occur in Al5 type compounds, as well soft~ning as hardSning of the lattice 
when going from 300 K to lower temperatures. A complement td these data is fur­
nished by the variation of en(T) in the systems based on Nb and Ti (Fig. 6.5, 

' ~ . 

from Junod /25,30,248/), on Nb and V with B = Ir, Pt and Au (Fig. 6.6, from Ju-
nod /30/) and on Mo (Fig. 6.7, from Stewart and Giorgi /279/ and FlUkiger et 
al. /63/). In all these cases, strong deviations from the Debyemodel are ob­

served, starting well below Tc. The deviations from the Debye model are diffe­
rent from compound to compound, but certain trends can be recognized from the 

analysis of, the known data. 

The t\'/O Nb 3Al curves in Fig. 6.5, corresponding to the states after 

31,0·------------, 

320 

300 -
8o ·----

ITJ 2ao . 

300 -----------------­
N~sosn.2o 

2BO -

20ooL ----;1~0 ----;::2~0 -~3o;;---"i,,o;;-----iso 
Tl Kl 

Fig. 6.5. Variation of the Debye temperature of various Al5 type compounds as de­
termined from calorimetry: Nb 3Sn and Nb .80sn .20 by Junod )30/, Nb 3Al (a) 
and (b) by Junod et al. /248/ and Ti. 75 Ir. 20Pt. 05 by Junolcl /25/. 
Nb3Al (a) was quenched from 1940 °c, Nb 3Al (b) was subsequently annea­

led 56 days at 750 °c. 
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quenching (a) and after subsequent ordering (b) show a very interesting effect. 
It is seen that eD(T) is affected by the state of ordering, but mainly in· the 
lower part of the phonon spectrum. According to Junod et al. /248/, eD(T) above 
Tc of Nb3Al differ by less than 10 K between the curves (a) and (b). 
An interesting comparison can be made between Nb 3Sn samples with different compo­
sitions, also shown in Fig. 6.5. On two samples with ß = 0.20 and 0.25, Junod /30/ 
flound that lattice softening at low temperature is almost absent in the non­
stoichiometric one, while eD(T) converges above 40 K. 

The curves for the stoichiometric Nb 3Sn sample in Fig. 6.5 can be compared 
with that for the pseudobinary system Ti ~ 5 Ir nnPt nc• which exhibits the 

,/ ,LU ,u;; 
lowest eD(O) value reported so far in Al5 type compounds, 209 K/276/. This low 
Debye temperature and the similarity of e0(T) with Nb 3Sn suggested that some 
low temperature instability could occur. However, no phase transition could be 
found in Ti . 75 Ir. 20rt. 05 by means of low temperature X ray diffraction. It can 
be argued that the the electronic density of states in this compound is too low 

450 r-r--,--,.-.-r-r---.--.----.-,,.-1\ ,---..-----. 

So 
(TJ 

Fig. 6.6. Variation of the Debye temperature of various Nb and V based Al5 type 
compounds with B =Ir, Pt and Au (After data from Junod /30/). For 
comparison, the values eX{300K) determined by X ray diffraction listed 
in Table 6.3 are also indicated. 
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(y = 8.93 mJ/K
2
at-g /276/) for inducing a lattice instability. Indeed, it appears 

that the occurrence of only one extreme value, either N(EF) or 8
0
{o), is not suf­

ficient for causing the cubic-tetragonal phase transition. It should be recalled 
that V3Ga with the highest y value among AlS type compounds does not transform, 
which is attributed to a small, but significant deviation from perfect ordering /20/. 
Does this mean that Ti. 75 Ir_ 20Pt. 05 could also ~~hibit a deviation from perfect 

order on the 6c sites (or from perfect stoichiometry), without which the value 
of 80{0) would even be smaller than 200 K ? This interesting question would 
justify a complete reinvestigation of the vibrational and ordering properties 
in Ti 3B compounds, as well in the binary as in the pseudobinary state. 

The Debye temperature of V and Nb based Al5 type compounds with B = Ir, Pt and 
Au below 35 K has been determined by means of calorimetry by Junod/30/. His graphs 
on a = 1/T2{C/T - y) have been replotted in Fig. 6.6. All compounds show the same 
complex behavior of 80(T), consisting of two branches, one indicating lattite sof­
tening from 300 K to T $ 35 K, characteristical for high N(EF) AlS type compounds, 
the second one showing a considerable increase of 8T(T) at the lowest temperatures, 
absent i~ high N(EF) compounds. It is advanced here that this lattice hardening at the 

lowest temperatures has a considerable influence on the superconducting properties 
of Al5 type compounds. 

When going from one B element to the next in Fig. 6.6 a gradual change of the 
behavior of 80(T) is apparent is observed. The minimum is shifted from 15 to 20 K 
for B =Au to 25 to 30 K for B =Pt and finally to 30 to 35 K for B = Ir. It is re­
markable that in both series v3B and Nb3B the compounds with B = Pt show the highest 
low temperature hardening, 680 = 77 K for v3Pt and 85 K for Nb 3Pt, the values of 
80(0) lying well above the values 8X(300K). Note that for the compoun.ds with B =Au 
the value of e0(o) lies below the room temperature value, like for Nb3Sn, v3s; and 
V3Ga. Unfortunately, the corresponding value for v_ 76Au. 24 is not known. The question 
arises whether the low temperature lattice hardening would still be present in stoi 
chiometric, perfect ordered v3Au and Nb 3Au, in cantrast to Nblt and Nb 3Ir which 
show this effect but arealready stoichiometric and perfectly ordered (Nb3Ir) or 
very close to perfect erdering (S = 0.98 for Nb3Pt). This questionwill be treated 
in detail at the end of this paragraph when discussing the effect of composition 
and atomic ordering on 80(0), leading to the answerthat both compounds would 
probably behave as Nb3sn and the other high N(EF) compounds (see Fig. 6.4). In this 
case, the question of the low temperature phase stability in V3Au and Nb3Au would 
be raised, e0(o) falling below 250 K and the electronic density of states being suf­
ficiently high in both compounds. 
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The strongest deviations from the Debye model are observed for A15 type 

compounds based on Cr and Mo. As illustrated in Fig. 6.4, Cr Si shows a strong 
3 e . ". low temperature hardening with 68

0 
(65K-OK) = 90 K, while Mo~Si exhibits 

0 
= 

155 K. The variation of 8 (T) for other Mo based compounds is reproduced in 
F

. D 
1g. 6.7, where data on Mo Os, Mo Os Ir Mo Ir (Flükiger et al. 

3 .75 .20 .05 .78 .22 
/63/) Mo Tc (Stewart and Giorgi /279/) and Cr 72os 28 (Flükiger et al. 
I 

.40 .60 . . 
63, 223/) are shown. It appears that going from B = Tc to Ir leads to 

higher values of 8 (0) (350, 400 and 418 K, respectively) and of 68 (> 80, 
D D 

120 and 150 K, respectively). In the case of Mo Os, two different anneals at 
0 0 3 

1800 C and at 1050 C caused an increase ofT by 0.6 K (from 11.85 to 12.45 K) 
c 

but no change on the 8 
0 

( T) curve (See a 1 so Fi g. 4.6 showi ng no change of the 

C/T curve above \ for two different heat treatments). The curve for Mo. 80Pt. 20 
(with ~ slight content of second phase) has not been measured at temperatures 

high enough for being compared with the other systems, but the general trend is 
the same. 

C/T BO 
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Fige 6.7 Variation of the Debye temperatures for various Mo based A15 type com­

pounds: Mo 3os (10 h/1800°C), Mo.7süs. 2orr.os (6 1/2 h/1800°C). Mo.7sir.22 
(7 h/180ooc) Mo.80Pt.2o (3 h/1500°C) and cr.720s.28 (Flükiger et al. 
/63/) and Mo.4oTc.60 (Stewart and Giorgi /279/). 
The corresponding C/T curves of Mo30s and Mo.78Ir.22 shown in the upper 
figure show the excess specific heat leading to the peculiar behavior of 
80(T) /63/. 



~ 182 ·-

A comparison between Figs. 6.4, 6.5, 6.6 and 6.7 shows that the behavior 

of e0(T) for Mo3B and Cr3B Al5 type compounds is the same regardless if B is 
a transition or a nontransition element. This is in cantrast to V and Nb based 
systems and is just a further illustration of the antagonism between these two 
classes of compounds. 

b) öe 0 (300K~o) From Calorimetry and X Ray Diffractometry. As mentioned above, 

the value of e0(0) is of primary interest in most specific heat works, the Va­
riation of the Debye temperature' being rarely discussed. A way to get an appro­
ximate idea of the change of &0(T) between 300 and 0 K consists in comparing 
the values 8X(300K) derived from diffractometric measuremerts listed in Tables 
6.3 and 6.4 and the va1ues e0(0) obtained by calorimetry. This proc::edure is 
justified by the good agreement between the values eX(300K) and e

0
(300K) men­

tioned earlier in this work. The difference ~e 0 (300K~) = eX(300K) - e0(o) 
is plotted in Fig. 6.8, which a11ows some very interesting conclusions about 
the vibrational behavior of Al5 type compounds below 300 K~ 

These cdnclusions arestill valid in spite of the complex behavior of e (T) 
D 

. showing a minimum lying below both values, e (0) and e {300 K): 
0 D 

Ll8o l3oo-.oKJ L\80 
IKI lKJ 

t100 - t100 ~ 

tSO -

)( 

I Sb2s 
~so tGe245- -so 

-100 • 
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Fig. 6.8. 

Cr 3 Si 
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Variation of the Debye temperature between 300 and 0 K (expressed by 

~e 0 (300K~O)) for various Al5 type systems. The values at 300K were de­
termined by diffractometry, those at 0 K were extrapolated from calori­
metric data (see Tables 6~3 and 6.4). (a) : Nb and V based systems, show 
positive 680 for y > 8 mJ/K2at-g and negative ~e 0 for y < 8 mJ/K2at-g, 
(b) : Mo and Cr based systems, exhibit negative 68 0 values only. · 
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- The Al5 type compounds based on V and Nb with y > 8 mJ/K2at-g all show a po­
sitive difference ~8 0 (300+0K), reflecting phonon softening. This difference 
reaches up to 180 K for v3s; and decreases in the sequence v3s; + Nb 3Sn + 

V3Ga + Nb.76Ga.24 + Nb.76Al .24 + Nb.736Au.234 + Nb.82Ge.18 + v.8lsn.l9' 
This behavior was known for v3s; and Nb 3Sn after having been observed by 
elastic measurements /219/, calorimetry /222,229/ and neutron scattering 
/237/. It is reported here for the firsttime for the compounds Nb. 76 Ga. 24 , 

Nb. 76Al . 24 and Nb. 764Au. 236 and for Cr and Mo based Al5 type compounds. 
The relatively small, but positive variation for the systems Nb. 81 Ge. 19 
and v. 81sn. 19 is not surprising, due to the strong deviation from stoichio­
metrywhichenhq.nces e0(o) ( see next paragraph). The small value of t.e 0 
for v. 81sn_ 19 confirms the calorimetric data of Knappetal. /222/. 
lt is expected that 680 would be 1arger in the three Nb based systems 
with B = Ga, Al and Au if their composition would be closer to stoichiometry. 
Figure 6.8 shows very clearly that the high T and high y compounds based c 
on V and Nb are the only ones where phonon softening has so far been observed, 

thus illustrating the strong connection with the high electronic density of 
states. 

- The negative difference ~80 for both v. 755Ge. 245 and v. 75sb. 25 confirms 
the data of Rosen et al. /256/ and Knappetal. /222/ (see Fig. 6.4). The 
large negative Välue forv·. 755Ge. 245 may partly be due to the uncertainty in 
determining 8x(300K). Indeed, the own refinement (see Table 5.8) was perfor­

med with fixed u
2

, while Kodess /242/ reported only the values uf 1 and u~ 2 , 
butnotu

2
. In Table 6.3, 8X was calculated assuming that U~ would be equal to 

the average 1/3(2uf1 + u~ 2 ). From Fig. 6.1, however, it can be estimated that 
U~ should be smaller than the average over the vibration amplitudes on the 
6c sites. This would raise the value of Bx(300K) and thus redu~e the differen­
ce ~80 (300K+O), which would nevertheless remain negative. 

~ All V and tlb based Al5 type compounds with transition B elements shownegative 
values of ~8 0 , the fluctuation for Nb3Pt reflecting the incertitude in deter­
mining u2 for this compound. 

- All Cr and Mo based A15 type compounds show a strongly negative difference ~8 0 , 

regardless if B is a transition or a nontransition element, thus reflecting 
phonon hardening at low temperature, i.e. the behavior common to "normal" 
compounds. These results confirm the Observations of Surikov et al. /229/ on 
Cr3Ge and Cr3Si,:Mirmelshteyn et al. /158/ on Mo 3s; and FlUkiger et al. /63/ 
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on Mo3os and Mo. 78 Ir. 22 (the latter only up to 35 K) by means of calorimetric 

measurements (see Figs. 6.4 and 6.7). 

The analysis of Fig. 6.8 allows to make a simple distinction between AlS 

type compounds with different vibrational behavior at low temperatures (except 
Ti 3B and Zr3B for which no eX(300K) values are available): 

Softening: L'le 0(300+0K) > 0: All Nb and V based compounds with nontransition B 
elements and y > 8 mJ/K2at-g (probably also Ti 3Ir) and 

Hardening: 6e 0(300+0K) < 0: A'll Nb and V based compounds with transition B 

elements (y < 8 mJ;K2at-g), 
All Cr and Mo based compounds with transition or 

nontransition B elements (_independent~, which 
lies below 8.5 and 5.5 mJ/K at-g, respectively) 

The cases of Nb 3Pt and v3 Ge~in Fig. 6.8 are particularly interesting. Both 

compounds are known to undergo considerable enhancements of T , by ~ 2 K /82/ . c 
and ~ 4 K /62/, respectively. Originally, this increase was attributed uni-
quely to compositional effects, but a ~ore detailed comparison shows th~t thi.s 
explanation alone cannot take into account for the strong initial change of Tc 

reported in these pseudobinary compounds. In the Jight of Fig. 6.8, a new 

qualitative explanation can be proposed for the strong initial increase ofT in 
c 

the pseudobinary systaffi V3(Ge 1_xAlx) and v3(Ge 1_xGax) (both plotted in Ref. 7) 
after substitution of Ge by the elements Al and·Ga. It appears that this initial 
enhancement could also be the consequence of a_transition of L'le0 from negative to 
positive values with substitution, reflecting a reduction of the low temperature 
hardening observ~d in v3Ge /256, Fig. 6.8/. 

6.1.5. Effect of Composition and Ordering on the Debye Temperature 

The values of the Debye temperature at 300 K plotted in Fig. 6.2 have 
been correlated with the vibrational behavior of the B constituents in A3B se­
ries and 'are in some way connected with the high temperature stability of Al5 
type compounds. Due to the strong changes.of eD(T) between 300 K and T ·~· 0, 
it is clear that e0(0) does not have the same meaning for stability considera­

tions. Nevertheless, it is interesting to establish the plot e0(o) vs. electron 
number ·;n analogy to Fig. 6.2, the number of measured values of eD(O) being con-
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siderably higher and the precision being better than for Bx(300K). This is rea­

lized in Fig. 6.9. 
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Fig. 6.9. Debye teruperatures eD(O) derived from low temperature specific heat 
measurements for various Al5 type compounds. The references are lis-
ted in Tables 6.3 and 6.4. The value for the metastable v3Al, eD(O) = 
280 ± 20 K, has been extrapolated from v3s1_xAlx series (see Fig. 6.10), 

while the value for metastable Nb 3Si, 310 ± 40 K, was measured by Stewart 

et al. /277/ on explosively compressed samples. 

Compared to the Debye temperatures at 300 K, the variations of e0(0) are 
much more structured, the difference between the highest and lowest values being 
considerably increased. As an example, the difference between Nb3Au and Nb 3Ir 
at 300 K is close to 70 K; compared to 125 K for 6e0 at 0 K. The decrease of the 
Debye temperature at both sides of the 11 lnstability Region 11 is much more pronoun­
ced than at 300 K, as illus,trated by the systems V3Ga and V3Ge, where e0(0) is 

now close to 300 K. The e
0

(o) values for Ti 3B series are also included in Fig. 
6.9, showing the fundamentally different behavior to A3B series with A = Cr, Mo, 



-186-

V and Nb. As mentioned above, there is no 11 lnstability Region 11 for Ti based Al5 
type compounds. At B = Ir, where a maximum of e0(0) is observed in all other se­
ries, Ti 3Ir exhibits a minimum, which is even the smallest Debye ~emperature 
reported so far in Al5 type compounds. The stability of the compound Ti 3Hg 
is correlated to a relatively high Oebye temperature, e0(o) = 330 K /207/, 
while values well below 250 K would be expected for the corresponding hypo­
thetical compounds Nb3Hg or v3Hg. 

The effect of varying the A atom on the Debye•temperature of the correspon­
ding Al5 type compound can be clearly deduced from Fig. 6.9, when comparin~ the 
8n(O) values for comoounds with the same B element. It follows that the Debye u . . 

temperatures decrease in the sequence Cr +Mo+ V+ Nb for both, transition and 
nontransition B elements. The difference is particularly high for B =Si, where 
6e0 between Cr3s; and Nbru3s; /277/ is equal to 400 1<. For transition B elements, 
the effect of changing the A element is considerably smaller, the difference 
between cr3Ir and Nb

3
Ir being only 71 K. 

After having discussed the variation of e0(o) for various Al5 type com­
pounds, the question arises how this quantity may vary in a given compound, but 
for different compositions and at different degrees of atomic ordering. The 

effect of diserdering by quenching or irradiation procedures, already treated 
for selected compounds in Sect. 4, is summarized in Table 6.5. 
It is seen that for small ordering changes the effects on e0(o) are quite small, 
a comparison thus requiring quite precise values. The error in e (0) as deter-

D 
mined by calorimetry can be estimated to below 10 Kat the present day /248,278/. 

a) Orderi ng Effects on eoiQ_l 

A very important remark concerning the effect of atomic ordering on e0(T) 

was made when discussing different states of Nb3Al (see Fig. 6.5). Indeed, the 
difference in e0(T) between quenched and reanneled Nb 3Al samples mainly resides 
at the lowest temperatures, L~.e 0 (T) vanishing at T > 40 K /248/. This means that 
the vibrational behavior in Nb3Al above this temperature is nearly unaffected 
by a change of the order parameter of ru 1% (from S = 0.95 ± 0.02 to 0.94 ± 0.02, a 
as estimated from the change in T from Refs. 28 and 53). This is obviously not c 
longer the case for larger changes of the order parameter, as shown for Mo3Si 
in Fig. 6.4. 
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Compound Treatment T 'Y 90(0) s .A!!o .!J!l Ref. 
e 

2 IJ. s 
[hours/°C] [KJ [mJ/K at-g] [ K l (or Sal [K/1.S] 

Are Helted 2.87 9.03 342 0.86J 2 
276 

200/600 0.8 13. 1 332 0.93 276 

-----------------------------------------------~~--~--------------------------
1250, a 
th 300/610 

13.5 
15. 1 

19.9 
24.0 

310 
297 

0. 9 81 
0.96 

6 
97 
97 

------------------------------------------------------------------------------
Are Helted 17.03 

2.22x1o 18 n/em2 
6.8 

Si~~ered 2 1x1o n/cm 

11.97 
17.93 
17.9 
12. 0 

<T 13.2 
>Tm 14. 7 
5~3 

t 2. 2 
14.3 
12-14

31 

8-10a) 

29.7 

454 

232 
232 
26Ba) 

287
31 

1. 0 ~ 
(0.90)b 

15 

4 

276 
276 
117 

275 
276 
160 
160 

---------~~======---------~-=-==- ~-------------------------------------------
Nb_Al 120/7l0 ~ 18.7 9.0 272 0.96d.J 114 
(IJJ· 0.24) 1.Jxto

1
; n/em~ 9.6 4.25 325 (0.84JdJ ll iH 

2 • s x 1 o n I em 1. o 376 ( o. 79) 114 

Nb Al 
(1)~0.25) 

104 o, a 
Q+IJ44/750 

16.84 
18.45 

9. 41 
11.24 

320 
296 

(0.94):} 
(0.96)~ !S 

248 
248 

------------------------------------------------------------------------------
Nblt 48/1450,Q 8.81 5.74 •316 (0.92)ff} 276 

200/800 10.03 6.17 ·348 (0.98) 
5 

276 

Nb 75 Pt 
15

Au
1 

48/1450 
. 0 200/750 

48/1450 
200/750 

11.45 
12.88 

11.52 
12.85 

7. 48 
8.38 

8.40 
10.14 

316 
320 

305 
290 

27S 
27S 

276 
266 

Table 6.5. Variation of Tc' y and e0(0) in various AlS type compounds at diffe­
rent states of ordering, induced either by quenching or by high ener­
gy irradiation. Q =Argon jet quenched. a) Values estimated from spe­

cific heat data above Tc' b) S from Ref. 78. c) S from Ref.9, d) S 
from Ref. 53, corrected following Ref. 28, e) Estimated from the 
Tc vs. Sa dependence in Ref. 53, f) For the values of S see Fig 4.12. 

In order to get an idea how e0(0) varies with the degree of atomic ordering, 
the order parameter values S (or Sa for nonstoichiometric samples) have also 
been included in Table 6.5. However, the order parameters have not' in all cases 
been determined on the same samples on which the calorimetric measJrements 
were performed. The missing S (or Sa) values were thus estimated from other in-
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vestigations, using the T values as a reference. This was the case for v3st c 
(S ~ 0.90 for Tc= 6.8 K /78/), Nb 3Sn (S ~ 0.85 for Tc= ~2.0 K /239/), 
Nb 76AI 

24 
(S ~ 0.96 for T = 18 7 K, S ~ 0.84 for T = 9.6 K and Sa ~ 0.79 . . a c a c 

forT = 7.0, as derived from the data of Sweedler et al. /53/ after the correc­
c 

tion indicated in Ref. 28), Mo.
3
Ge (S ~I forT = 1.45 K and S ~ 0.85 for Tc= 

' c 
4.25 K /239/). The original order parameter for Mo 3Si /158/ are somewhat Iower 
than own values (see Table 5.12), but the relative change is more important 
than the absolute values for the present considerations. 

The data in Table 6.5 have been used for determing .68 0(0)/AS, the effect 
of the change of S by 1 % on e0(o). When discussing this ratio, it has tobe 
taken into account that the relative error may be considerable, the small 
differ.ences .68

0
(0) and 11S being in sorne cases of the order of tlle error, e.g. 

in the systems v_ 76Au. 24 , v3Ga, Nb_ 75AI_ 25 , Mo3os and Mo_ 76 rr_ 24 . Neverthe­
less, it can be concluded that 
- in V and Nb based systems, e0(o) jncreases by 4 to 6 K when S decreases by 

1 %, and 
- in the systems Mo3si and Mo3Ge, 80(0) decreases by 5 K when S decreases by 

1 %. 

b) itional Effects on 0 . The variation of a0(0) with atomic 
composition can be estimated from the data listed in Table 6.6. In analogy 
to the erdering effects, composition is expected to act in a complex manner 
on the vibrational characteristics of eact1 compound. Nevertheless, a general 
trend can'be recognized: 

- For all known A15 type compounds, a minimum of e0(0) is always observed at 
the stoichiometric composition, leading to positive values of 1180(0)/ß 
for ·ß ~ 0.25 and to negative values at ß > 0.25. (The only exception, Mo-Ge, 
contained more than 10 % additional phase, Mo5Ge3, which could have influenced 
the result). 

- The individual change of6e0(0)/ß is, however, very different from compound 
to compound. In particular, no correlation with the relative atomic mass 
can be recognized. Within the uncertainties due to measuring errors the high 
Tc, V and Nb based A1~ type compounds are found to exhibit ratios between 
+8 and +18. The excessively high value of the ratio 1180(0)/ß for v3si and 
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'12 
[mJ/K at-g] 

90(0) 
LK] 

699(0)/ß 
[K at.l] 

Ref. 

Nb 
7 5 

s n 
2 5 

1 a . o 1 2 • 8 23 211 • 3 3 2 7 6 
Nb' Sn' 6.27 4.85 331] +15 276 

~~~;~=~~~~-----------~~~----------~~~----------~~=----------------------~~=---
Nb Ge V 21.8 7.6 302} +18 V 227 
Nb'

75
Ge'

25 
6.25 3.82 360 195 

--!~Q __ !~Q ___________________________________________________________________ _ 

Nb Ga V 19.8 11.5 2801 +15 V 227 
Nb'

75
Ga'

25 
9.9 5.34 341 195 

. 01 • 19 
--------------------------------------~---------------------------------------
Nb Pt 
Nb'75Pt'25 

. 80 . 20 

8.9 5.55 
3. 2 3.57 

339} 
358 

+4 
276 

62 

==-~-==---------------------~--------~---=--=-=-------------------------------

~~::;;j~;;;: _________ l:l~ _________ i:li _________ !!l~l _________ :~------:~::;1::_ 
Nb Os 0.96 2.34 37Bl _

1 
122 

Nb •
75

os"
25 

o.J 2.o4 JHr 62 
--!!~~--~~r~~~----------------------------------------------------------------
~.75~~.2~ :~:~ :~:~ ~~~1} !~:a ~~: 
v· 76 si' 2 

9.4 9.0 475 zrs 
-!~Q __ !~Q ____________________________________________________________________ _ 

V Ga 
v.78Ga'22 
v.65Ga'25 

V'13Ga'27 
.68 .32 

V Pt 
v.778Pt. 222 
v.7s Pt.2s 

• 7 2 • 28 

9.8 
15. 0 
12. 6 
4.2 

0.98 
2.88 
1. 50 

13. 3 
24.22 
16.9 
6.7 

5. 15 
7. 19 
6.32 

~:n}1 
310 
363 

475} 
403 } 
471 

+10 
-1 
-9 

30. 64 
97, 276 
30. 64 
30. 64 

122 
122, 276 

62 

------------------------------------------------------------------------------

Mo Ge 
Mo'734Ge'266 

.762 .238 

<O. 0115 
0. 91 
1. 71 

1. 4 B 
1. 68 

1. 97 
3. 67 
4.34 

1. 85 
1. 92 

445} 
414 1 
395 

510} 
476 

-5 
-3 

-12 

276 
122 
122 

63 
63 

------------------------------------------------------------------------------
8. 12 
8. 4 

5.34 
5.70 

452} 
467 

+8 
63 
63 

~~~;~~~~~~;~---------~~~~---------;~~~---------~~~! __________ :~---------~~~---
er Pt <0.01S o.57 402} 223 
er· 

79
Pt' 21 <1.20 1.64 473 +

28 
223 

--!~~~--;~~~------------------------------------------------------------------
er Si 
er .75Si'25 
er .75si'25 

.821 .179 

<0.015 
<0.015 
<1.20 

2.57 
2.75 
2. 81 

670} 
720 } 
140 

+9 

+3 

223 
223 
223 

Table 6.6. Variation of Tc, y and e0(0) in various Al5 type compounds at dif­
ferent compositions. VIn spite of the indicated nominal !composition, 

the compounds Nb. 75Ge. 25 and Nb. 75Ga. 25 in Ref. 227 are in reality 
nonstoichiometric, their average Ge or Ga content lying between 23 

and 24 at. %. 
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Nb3Sn may be connected to the peculiar properties of these compounds. It 
is remarkable that the Nb based compounds with transition B elements as 
weil as v31r exhibit smaller ratlos, lying below 5 K/at. %. The high ratio 
for the V-Pt system may be due to uncertainties of e0(T) for the stoichio­
metric sample for which Spitzli et al. /122/ previously reported a markedly 
higher e0(o) value, 411 K. 

c) Extrapolation of ~ (0) for Metastable Stoichiometric Nb3Au and V~. 
It is possible to estimate the value of e0(0) for the metastable perfectly 

ordered and stoichiometric modification of the systems Nb3Au and v3Au. 
Nb3Au and v3Au are nonstoichiometric, with ß = 0.236 /7.31/ and 0.24 /18/, 
respectively. In addition, both show deviations from perfect ordering, with 
Sa = 0.96 /62, 162, 192/ and Sa = 0.94 /18/, respectively (see Tables 5.4 
and 5.9}. When approaching stoichiometry, the rates indicated in Table 6.6 
for V3Ga, Nb2Ge or Nb3Ga suggest a decrease of e0(T) in Nb3Au and v3Au by 
- 16 and 10 K, respectively. An additional decrease of e0(o) by - 20 and 
- 30 K, r~spectively, would be ~xpected when reaching perfect ordering, thus 
resulting in hypothetical e0(o) values of - 215 K for Nb 3Au and - 290 K for 
V3Au. The .higher e0(0} value .for v3Au with respect to Nb 3Au follows the general 
tendency shown in Fig. 6.9, where V b~sed A15 type compounds exhibits higher 
e0{0} values than those based on Nb. A look into Fig. 6.6 shows that such low 
e0(0} values would Iead to the vanishing of the low temperature hardening: 
like for v3Ga, v3s; and Nb3Sn, phonon softening only would be expected to 
occur in Nb3Au and v3Au. This estimation confirms the statement /7/ 

that Au has to be considered as a nontransition element in the A15 structure • 

.Y.:0!-· Another interesting_ case is the metastable compound V3Al '. which can only 
be prepared by non~quilibrium methods, e.g. sputtering, coevaporation (Hart~ 

sough and Harnmond /280/, /281/). The pseudobinary series v3s1_xAlx with B = 
As, Au, Ga , Ge, Sb, Si, Sn have been prepared by severa l authors in order 
to extrapolate the superconducting properties of this compound (62, 280, 282 -
285). The question of interest is here whether the metastability of V3AI is 
connected with a particularly low ~alue of B0(o). FlUkiger /62/ and Spitzli 
and Flükiger /195/ have undertaken a specific heat study on a series of pseudo­
binary v3s1 Al alloys and have extrapolated the following values for meta-

-x x 2 
stable V3AI: a = 0.4840 ± 0.0005 nm, Tc= 17 ± 1 K, y = 17 ± 1 mJ/K at-g and 
B0(o) = 280 ± 20 K. The extrapolation of a0{0) for v3s1_xAlx is shown in 
Fig. 6.10. 
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80 (0) 
[ Kl 1oo 

600 

Fig. 6.10. Extrapolation of e 0(0) for metastable v3Al, from v3s1_xAlx series 
yielding 80(0) = 280 ± 20 K (Flükiger /62/, Spitzli and Flükiger /195/) 

There is some doubt whether these values really correspond to stoichiometric 
V3Al: in the original work, Flükiger /62/ had concluded that they would correspond 
to the composition ß = 0.23. Meanwhile, it appears that his picture has to 

I 

be corrected towards ß ~ 0.24. Nevertheless, it results that stoichiometric 
v3Al would exhibit the lowest 80(0) value (and probably also 80(300 K) value) 
among all V based A15 type compounds known so far. It is interesting to com­
pare the metastable v3Al with the metastable compound Nb3Si, which has been 
produced by explosive compression, starting from the stable tetragonal Ti 3P 
structure /286/. The reported value of 80{0) for Nb 3Si is 310 K /277/, which 
is quite low but still higher than that of Nb 3Al or Nb 3Sn (see Fig. 6.9). 
In cantrast to Nb3Si, where the radius ratio rA/r8 is too I arge, leading to 
an excessive overlapping of the Nb atoms on the chains, the instability of 
V3Al is rather due to the particular vibrational behavior. Unfortunately, no 

u2 values of any of the v3s1_ Al alloys has been measured. It would have been 

interesting to know whether u1 really increases at the solubility Iimit. 
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6.1.6. Lattice Vibrations at High Temperatures 

All the vibrational data discussed so far were determined at T < 300 K. 
It would be interesting to know whether the differences in u2 observ~d at 300 K 
between Nb3sn and Nb3Ir still subsist at high temperature. The only known 

experimental determination of the isotropic vibrational amplitudes of A15 type 
compounds at higher temperatures has recently been performed by Flükiger and 
Isernhagen /162/ on the compounds Nb3Sn, Nb3Al, Nb3Pt and Nb3Ir. The results 
of U~b of Nb 3Sn as a function of temperature are represented in Fig. 6.11. 
The term U~n could unfortunately not be determined from the present powder 
diffraction data with a sufficient precision. 

u2 
-4 2 2 

[ x 10 nm ] 

1 

Nb.755 sn.245 

0 
00 

oo 

T ( K) 
Fig. 6.1 1. Vibrational amplitudes U~b for Nb_ 755 Sn. 245 . 

o: low temperature data from Vieland /171/, 

1.5 u 
[ x1Ö

2
nm21 

1 .. 0 

x: powder diffractometry (Flükiger and Isernhagen /162/). 

There is no diffraction line where the structure factor depends exlusively on 
the B atom. In spite of the considerable scattering of the data, an almost 
linear Variation of U~b with T can be found above 300 K after least-square 
procedures. It is seen that the above data fit very well with the data of 
Vieland /171/, obtained on a Nb3sn single crystal. 

For comparison, the temperature dependence of isotropic vibrational 
amplitudes for the systems Nb3Sn, Nb3Al, Nb3Pt and Nb3Ir has been reproduced 
in Fig. 6.12/162/. In the case of Nb3Al two samples with the compositions 
ß = 0.21 and 0.245 were measured, but no significant differences arising from 
the different Al contents could be detected. The U~b values for Nb Sn and 

3 
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Nb3Al are almost identical over the whole temperature range 300 < T < 1200 K, both 
-2 -

curves being very close to that of elementary Nb. The values of UNb for Nb3Pt 
and for Nb 3Ir are substantially lower. At 1200 K, U~b of Nb3Pt is 12.6 %, the 
corresponding value of Nb3Ir even 33% smaller than that of Nb 3Sn and Nb 3Al. 
This result shows that the differences between the lattice properties of A15 
compounds containing transition or nontransition B elements persist up to very 
high temperatures, probably up to the melting point. 

T (K) 

Fig. 6. 12. Isotropie vibrational amplitudes, U~b' for various Nb based A15 
type compounds and for elementary Nb up to 1300 K. The values of 
U~b at the respective melting points (triangles) are obtained by 
linear extrapolation (after Flükiger and Isernhagen /162/}. 

For all examples represented in Fig. 6.12, the r.m.s. amplitude at the 
melting point, UM, is of the same order of magnitude, i.e. between UM= 0.017 
and 0.0215 nm (Lindemann's law). However, individual differences between the 
compounds are observed, UM ranging from 0.0214 nm for Nb3Al to 0.0176 nm for 
Nb3Ir. Thus, the vibrational behavior at the melting point as obtained from 
extrapolating the r.m.s. amplitudes in Fig. 6.12 can be summarized as follows: 

UNb in Nb3X compounds containing nontransition B elements, e.g. Sn orAl, 
behaves essentially like in elementary Nb, while it is markedly decreased by 
the presence of transition B elements as Pt and in particular, Nb3Ir. The 
melting instability thus occurs at r.m.s. Vibration amplitudes of N 0.02 nm. 

It is interesting that the static displacement amplitudes after irradiation 
of A15 type compounds reach approximately the same value of u, above which 
radiation induced phase transformation would occur. 
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6.1.7. Thermal Expansion in A15 Type Compounds 

Although the thermal expansion in A15 type compounds is not expected to 
be correlated with the degree of ordering, this property will be included in 
the present discussion, in view of a more complete characterization of this 
class of compounds. The thermal expansion is the direct consequence of the 
anharmonicity of the lattice potential. If Vk is the potential energy of the 
k-th atom in the force field of its neighbouring atoms, Vk can be developed 
assuming small displacements v from the state of equilibrium. 

(6.2) 

where the term -ß 1v3 represents the asymmetry of the mutual repulsion of the 
atoms and the term -y 1v4 represents the general 11 softening 11 of the Vibration 
at large amplitudes. The average displacement can be calculated using the 
Boltzmann distribution function weighing the possible values of v according 
to their thermodynamte probability. For small displacements (low anharmonic 
energy) one finds 

(6.3) 

thus giving a constant value for the temperature coefficient of thermal ex­
pansion: 

(6.4) 

Thus, the thermal expansion is smaller for larger harmonic bonding a 1 and for 
smaller anharmonicity s1 of the lattice potential. The temperature independence 
of dv/dT and thus of the linear term of the thermal expansion a., arises from 
the classical assumption k8T ~ r being the mean energy of the oscillator. Sub­
stituting for r the energy of aharmonicoscillator in quantum mechanics yields 

htuq (6.5) 

which meets the condition a(T) ~ 0 for T 4 0, which takes into account the 
observed behavior. 
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The linear thermal expansion coefficient is defined as 

(6.6) 

where a is the lattice parameter. 

a) ?(T) below 300 K. 

The measurements show that at T < 300 K a is strongly dependent on 
temperature. However, different types of behavior are reported for A15 type 
compounds. cr3Si /274/ shows a monotonaus decrease of a(T) towards T ~ 0 
while negative values of ~ have been reported for v3si by Smith et al. /287/, 
Testardi /219/, Testardi and Bateman /288/ and Försterling and Hegenbarth /274/, 
V3Ge by Testardi /219/ und V3Ga and Nb3Al by Herold et al. /243/. Fig. 6.13a 
shows that a minimum of a(T) between 20 and 25 K has been observed in the com­
pounds v3si and V3Ga. For the temperature region between T = 40 K and 300 K, 
Testardi /219/ has found an exponential variation a(T) ~ lnT, which possibly 
also holds for V3Ga. 
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Fig. 6.13. Linear thermal expansion coefficient for various A15 type compounds. 

A) v3s; (Smith et al. /287/, where (a) stays for ß = 0.25 and 
(b) for ß = 0.227 (Testardf and Bateman /288/, Försterling 
and Hegenbarth /274/, note the logarithmic abscissa). 

B) v3Ge (Testardi /219/), Nb 3A1, v3Ga, cr3s; (Herold et al. /243/). 
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The question has been raised whether negative a(T) values are an additional 
i 

feature of the structural instability of high Tc A15 type compounds. Obviously, 
the occurrence of negative a and a minimum of a in v3si would confirm 
this hypothesis. The cases of v3Ga, v3Ge and Nb3AI, however, are more difficult 
to answer. In analogy to v3si, the minimum of a at 20 K for v3Ga could mean 
that this compound is very close to the low temperature instability, which does 
not occur because of the slight deviation from perfect ordering detected in 
this compound /20/. The occurrence of negative a values in v3Ge and Nb3Al could 
reflect the particular Interaction between A and B elements in the A15 structure, 
the electronic density of states being high enough, > 7 mJ/K2at-g for V3Ge 
and Nb3AI. Even in these cases, a negative value of a only occurs for an un­
disturbed lattice, characterized by perfect ordering and stoichiometry or for 
lattices approachingthese conditions quite closely. This statement is confirmed 
by the experimental observation that in v3si, v3Ga and Nb 3Al negative a values 
are not Ionger observed after the following perturbations: 

i) deviation from stoichiometry, ii) substitution of the A or B atom and 
iii) application of plastic strain. 

These perturbations tend to render the lattice stiffer. The absence of negative 
a(T) values in strained Nb3Al produced by deforming Nb3AI cores was reported 
by Heroldetal. /243/ and is represented in Fig. 6.14. These authors found 
that the temperature dependence of the thermal expansion coefficient is strongly 
influenced by the state of strain (or of distortion) of the measured sample. 

C( 

[X 10-6 K-1J 8 

6 

4 

--\!1aaJ = 0.09% 

• (f1aa) = 0.10% 

2 
0~---H----~----~----~--~ 

-2 
-4 
-6 

100 200 T[KJ 

Fig. 6.14. Camparisan between the temperature dependence of the thermal expan­
sion coefficients of powdered Nb3AI and that of Nb3Al core wires 
with different lattice distortions ßa/a (Herold et al. /243/). 

•: Nb Al (Flükiger and Isernhagen, see Table 6.7) . 
. 754 .246 . 
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Fig. 6.14 shows the thermal expansion coefficients of powdered Nb3Al and of 
core wires produced from this material. With increasing lattice distortions 
ba/a the temperature dependence of the thermal expansion coefficient becomes 
smaller and a negative sign does not appear. The lattice of the Nb3Al gets 
stiffer regarding to its thermal expansion. The stiffer state of the lattice 
should be noticeable in other elastic properties, but measurements of such 
properties of these samples are not available. 

Such a strained state in an A15 type compound can obviously be caused 
either by deviations from perfect ordering, from stoichiometry or by sub­
stituting of A or B elements, It was shown by Smith et al. /287/ that negative 
values in v3si only occur on samples showing small deviations from stoichio­
metry. The effect of substituting Ge in Nb~Al combined to deviation from 

.J 

stoichiometry was reported by Herold et al. /243/. At 300 K, a was found to 
decrease from 11.52 x 10-6 K- 1 for Nb3Al to 7.16 x 10-6 K- 1 for the nominal 

alloy Nb3A~ 5 Ge. 5 (see Fig. 6.15). A similar decrease of a was observed by sub­
stituting Cr for V in v3si: a decreased from 11.86 x 10-6 K- 1 to 7.01 x 10-6 K- 1 

for v_ 675cr_ 075si _25 /243/. 
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[x10-6K-11 8 
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---"111>-Nb3 Alo.6Geo.4 
Nb 3 Al 0.5 Ge0.s 

0 t---( ----t----+----+---1 

-2 -
-4-

-6 ..._._ __ L __ __l ____ ..__ __ _.___ _ ___, 

0 100 200 3oo T (KJ 
Fig. 6.15. Linear thermal expansion coefficient a for Nb3Al and Nb3Al 1_xGex 

alloys (Herold et al. /243/).•: Nb_ 75Ge. 25 (Flükiger and Isernhagen 
/162/, see Table 6.7). 

Assuming that a change of the electron charge distribution takes place 
through the substitution of foreign atoms and through deviations from the 
stoichiometric composition, then follows under consideration of the results 

I 
of Staudenmann /95/ that the anomalaus temperature dependence of th~ thermal 
expansion coefficients of the high-temperature superconductors is also of an 
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electronic or1g1n. Therefore, the investigations carried out yield that in 
addition to other physical properties, e.g. elastic constants (Debye tem­
perature) and magnetic susceptibility also the thermal expansion coefficient 
of the A15 compounds with high Tc and N(EF) exhibits an anomalaus temperature 
dependence below 100 K. A direct correlation between negative a(T) values and 
the occurence of the low temperature phase transformation could not be confirmed. 

b) a(T) above 300 K 

The thermal expansion coefficient of a solid can be considered as a 
measure of the case with which the amplitude of the thermal vibrations is in­
creased with increasing temperature (Eq. 6.6). A low coefficient a is there­
fore indicative of strong interatomic forces. A comparison between inter­
atamte forces in A15 type compounds is of interest when considering phase sta­
bility. 

a 
(nm) 

0 500 1000 1500 
T (K) 

0.520 -

N~755 5~245 •• 
0.532 -

a 
(nm) -
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0. 52 8 l_J. -:-'---'---'--' 
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T (K) 

a 
(nm) 

a - • -
- (nm) N~74B 1 ~252 

0.516 -
0.518 -

0 500 1000 1500 0 500 1000 1500 

T (K) T (K) 

Fig. 6.16. Lattice expansion for the compounds Nb. 754Al . 246 , Nb. 79Al . 21 , 

Nb.755sn.245' Nb.806sn.194' Nb.742Pt.258 and Nb.748Ir.252 {After 
Flükiger and Isernhagen /162/). 
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Recent lattice parameter measurements in the systems Nb3Sn, Nb3Al, Nb3Pt, 
Nb3Ge and Nb3Ir by Flükiger and Isernhagen /162/, calibrated against the lattice 
parameter of Si, are represented in Fig. 6.16. From these data, the value of 
the linear thermal expansion coefficient ~ can be determined (see Table 6.7). 

In Nb3sn, the thermal expansion coefficient was measured for different com­
positions. The results are indicated in Table 6.7 and show little variation 
with composition, ~ values of 7.69 ± 0.11 and 7.81 ± 0.15 x 10-6 K- 1 being 
measured for ß = 0.245 and 0.194. 

Systems To 2 2 
Ci, rlll dU Nb 'F -~Nb 

01 ~ ·-ar-
( 10-6 K- 1 ) ( K) (x1o- 25m2K- 1) (x10-20m2) 

Nb.7ss5n.245 7.69 + 0.11 2100a) 1.74 2.26 -

Nb.806sn.194 7.81+0.15 2403 -

Nb.755A 1.245 8.61 + 0.13 2233 1.69 1. 96 -
Nb_ 79AI_ 21 8.20 + 0.39 2333 1.80 2.20 -

Nb.75Ge.25 
b) 7.77 + 0.54 2138 -

Nb.742Pt.258 7.75 + 0.19 2180 1.62 2.09 
-

Nb.748 1r.252 6.29 + 0.07 2403 1.33 2. 11 -

Nb 
c) 

7.03 2741 1.67 '2.28 

Table 6.7. Linear thermal coefficient expansion coefficient, ~, for various 
A15 type compounds in the temperature region 300 < T < 1200 K and 
ratio between the derivative dU~b/dT and ~. a) Th; fo;mation tempera­
ture of Nb 3Sn at ß = 0.245 is 2100 .:!:. 100 K. b) The measurements were 
performed on a CVD sample supplied by G. Stewart. c) Values by Conway 
et al. /290/. 
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In Nb3AI, a values of 8.20 ± 0.39 and 8.61 + 0.13 were measured at compositions 
ß = 0.21 and 0.245, respectively. 

A close relationship between the variation of the lattice parameter and 
of the vibrational amplitude U~b was found by Flükiger and Isernhagen /162/. 
As seen in Table 6.7, the ratio (dU~b/dT)/a is pratically constant for all 
investigated A15 type compounds and is close to the value of Niobium. The 
situation at high temperature is thus much simpler than at low temperatures, 
where negative value of a can occur: the change of the lattice parameter is 

2 directly proportional to that of the isotropic Vibrationamplitude UNb for 
the Nb atoms: 

2 
J da "' dUN~ 
a dT dT 

at T > 300 K. ( 6. 7) 

When comparing the values of a with Iiterature values, a satisfactory agreement 
. -6 -1 Is found for Nb3Sn, where Touloukian et al. /289/, reported 7.2 x 10 K at 

-6 -1 300 K and for Nb3Ge, where Hull and Newkirk /292/ reported 6.98 x 10 K at 
300 K. There is, nevertheless, a considerable scatter between the values given 
by different authors. For example, Försterling and Hagenbarth /274/ reported 
for Nb3AI a = 11.5 Kat 300 K, which is 33% higher than that in Table 6.7. 

-6 -1 Reddy and Suryanarayana /292/ reported for Nb3os at 400 K a = 3.6 x 10 K , 
which is much lower than that of the similar compound Nb3Ir in Table 6.7. For 
V3Si a considerable difference is observed between the value a = 9.0 x 10-6K- 1 

at 333 K /293/ and a = 7.5 x 10-6K- 1 at 303 K /274/. These differences may arise 
from the different strain states of the powders and from possible contamination 
by oxygen during the long warming up and measuring times at high temperatures. 
It is important to note that own results in Table 6.7 have been obtained with 
a Si reference. Different temperature cycles were performed, showing reproduc­
tibility of the results, except for Nb 3Al, which shows a tendency to oxyde /9/. 

6.2 Phase Stability and Atomic Ordering 

The stable A15 phases cover the entire range of e/a = electron per 
atom values from 4.0 to 6.8. In particular, the "Instability Region" mentioned 
in the preceeding sections does not correspond to particular e/a values, as 
shown in Table 6.8. 
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B atom 

VIIB VIII IB IIB lilA IVA 

IVB (Ti ,Zr) 5.25 5.25-5.4 3.25 3.5 3.75 4.0 

V1 
E 
0 

4.75 +-' VB (V,Nb,Ta) 6.5 5.9-6.5 6.25-6.5 6.0-6.5 4.0-4.2 4.4-4.6 <0 

c::( 

j lv I B ( c r , Mo ) 6.5 6.5-6.75 6.5-6.8 5.25 5.5 

u I 

Table 6.8. Stable A15 phases A3B and corresponding e/a values. 

6.2.1 The Stability Index of Raynor 

In 6.1, a correlation between the degree of erdering and the stability of 
A15 type compounds was suggested. A way of describing the stability of an inter­
metallic phase P1_xQx was proposed by Raynor /213/, who introduced a stability 
index 15 , defined by 

(6.8} 

where Q is the higher melting component and Tp and Tq are the melting points 
of the components in degrees K. T~ is the formation temperature of the phase 
of interest and x its mean composition in at. % of the element Q. This is equi­
valent of expressing the temperature of maximum stability of the phase as aper­
centage of the characteristical temperature at the composition x above the linear 
interpolation between the melting points of the components. The factor 104 was 
introduced in order to obtain values araund 100. A compound with 15 > 100 can 
be considered as being very stable, while a decrease of 15 corresponds to a less 
stable compound. The variation of 15 for A15 type compounds has been represented 

VA 

4.25 

5.0 



-202-

in Fig. 6.17. It follows immediately that the stability is considerably higher 
for nontransition B elements (92 ~ 15 ~ 110) than for transition B elements 
(73 ~ 15 ~ 95). 

It is remarkable that just the two compounds where the occurrence of 
perfect erdering has been experimentally confirmed, i.e. Nb3Sn and v3si, exhibit 
the highest stability Indexes, 15 > 105. Other A15 type compounds with very 
high degrees of ordering, e.g. v3Ge (S ~ 1, see Table 5.8), cr3si (S ~ l, see 
Table 5.13), Nb3Ge (Sa ~ l, see remarks in 5.1.1c and Table 5.2), Nb3Al (Sa = 

0.97, see Table 5.3), Nb3Pt (S = 0.98, see Table 5.5) and Nb3Ir (S = 1, see 
Table 5.6) all show Ic values between 95 and 100. The comoounds V~Au and Nbj~Au 

J • j 

exhibiting higher deviations from perfect erdering (Sa = 0.94 and 0.96, re-
spectively, see Tables 5.4 and 5.9) in addition to a deviation from stoichio­
metry are characterized by lower ·values of 15, rv 80. It is obvious 

1
that such 

a simple correlation can only indicate a tendency and is unable to 'explain 
all details, e.g. the difference between Nb 3Al and Nb 3Ge. The general tendency 
is demonstrated when comparing the variation of 15 (Fig. 6.17) with that of 
the order parameter, Sa or r•a (Figs. 5.2 and 5.3). 

X 
w 

1:1 
c ,__. 

H 

110 

100-

Sb 

Os Ir PI Sb 

VIII 

Fig. 6.17. Raynor•s stability index, 15, defined by Eq. (6.8), for some 
Nb3B, V3B, Mo3B and cr3B compounds. For each class of compounds 
the most stable ones undergo the highest order parameters: Nb3Sn, 
v3si, v3Ge, Mo 3Si, cr 3Si, .•.. Note the similarity with Fig. 5.2, 

where the analogaus dependence of Sa is represented. 
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The stability index as defined by Eq. (6.8) is certainly oversimplified 
and should contain details like electronegativity and charge transfer /200/ 
in addition to considerations about the tendency to form at nonstoichiometric 
compositions. lt appears indeed that only very few A15 type compounds are 
stoichiometric and exhibit perfect atomic ordering: the other ones are stabi­
lized either by a decrease of the order parameter by a deviation from stoichio­
metry (ß > 0.25 for B =Re, Os), ß < 0.25 for B =Sb, Ge or both (B =Au, Al, 
Ga). It should be recalled that considerations about the stability of a given 
phase are always high temperature considerations in the vicinity of T~. Never­
theless, they also influence the low temperature properties. i.e. the cubic­
tetragonal phase transformation observed in Nb~Sn or v~si. The necessary con-

.:> ,J 

ditions for the lattice instability in these two compounds, e.g. perfect ordering 
and stoichiometry, have both their origin in the equilibrium conditions at 
high temperatures, close to T~ , the A15 formation temperature. As already 
mentioned, a thermally induced change of the degree of erdering on V and Nb 
based A15 type compounds mainly occurs for B = Pt and Au at one side and B = 
Al and Ga at the other side of the instability region. The reason why such 
an instability region exists in V and Nb based as well as in Cr and Mo based 
A15 type compounds but not for Ti and Zr based compounds (Ti 3Hg, Zr3Hg are 
stable) is actually not known. 

A question often raised in the past is whether there is a correlation 
between phase instability and the occurrenceof high Tc values. There is actually 
no general explicite theory correlating these properties, but it can be ex­
cluded that the simultaneaus occurrence of low temperature instability and 
high Tc is fortuituous. 

For the particular case of A15 type compounds, attempts have been made 
to establish such a correlation using the model of Labbe and Friedel /259/ 
which qualitatively describes the particular band structure of Nb3Sn and v3si. 
In this picture, l.t. lattice instability is understood as a crystal Jahn-Teller 
effect /259/. A secend approach for explaining the lattice instabilities in 
A15 type compounds is based on the Peierls gap instability (Gor•kov /260/ and 
Bhatt /261/). 8oth approaches described here are based on oversimplified 
assumptions and are thus certainly questionable, but they furnish a streng 
indication for the influence of the electronic structure on the low temperature 
lattice instability. 
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6.2.2. Stability Considerations Based on Machlin's Model 

Machlin and Whang /294/ have attempted to calculate the relative stability 
of a number of binary compounds of the A3B composition crystallizing in the cubic 
structures A1, LI 2, A2 and A15. 

The main results of Machlin's model can be summarized as follows: 

1) Calculation of the lattice parameter of A15 type compounds within a r.m.s. 
deviation of 0.4 % with respect to the observed values, 

2) Calculation of the energies of formation in the 4 above mentioned cubic 
phases A1, LI 2, A2 and A15, 

3) Calculation of the approximate order parameter in a series of A15 type 
compounds, 

4) Verification of the nearly zero value for (c 11 - c12 )/2 as observed for 
Nb3Sn and V3Si. 

As described in 4.3.1d, the "Crystal Field Modified Model" of Machlin assurnes 
oblate spheroids instead of spheres for the electron density distribution 
associated with the o2d point site symmetry. The physical concept in Machlin's 
model /294/ is that the repulsive pararneter in transition elements arises from 
the outer sp shell. The repulsive pairpotentialstaken into account in this 
model are illustrated in Fig. 6.18, the pairs being AA 1 (nearest neighbours on 
a chain), AA2 (nearest neighbours on two orthogonal chains) and AB (chain atom 
and nearest B atom) Iocated at the corner and center of the unit cell. (The 
chain atoms are treated as oblate spheroids). The lattice energy, E , obtained 
by summing over the interatomic potentials, is found tobe a function of two 
variables: the lattice parameter a and the crystal field parameter 6SAv' (takes 
into account the screening of nuclear charge for electrons in I lsp orbital of 
A atoms, or more precisely, the excess total screen in I ld type orbital over 
that in 1 d type orbital). By minimizing the lattice energy with respect to 
both a and (6SAv'), the equilibrium values of the cohesive energy, the lattice 
parameter and 6SAv' are determined. Besides, the ability of this model to cal­
culate accurate lattice parameter values (< 0.44 % deviation from measured 
values, see 4.3.1d),two aspects are of interest for the present work, i.e. the 
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ability to calculate: 

i) the energies of formation for various A15 type compounds and 
ii) the order parameter values in these compounds. These properties will be 
discussed in the following. 

B 

0 
0 

0 

Fig. 6.18. Bonds between atomic pairs AA 1 (nearest A neighbours), ~ (nearest 
A neighbours in two orthogonal chains) and AB, used in Machlin's 
model /294/, giving the repulsive potential parameters 

AA1 , AA2 and AAB. 

a) The Energy of Formation. 

The crystal field modified pair potential model /294/ has been able to 
correctly predict the. most stable structure for binary A3B compounds out of 
a group of the four cubic structures Al, L12, A2 and Al5. The energies of formation 
formation are summarized in Table 6.9 for those systems where the Al5 struc-
ture is the most stable one (largest negative numbers). 
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Compound Al A2 Ll2 AlS 

Nb Pt -12.86 
3 

-10.39 - 3.85 -39.97 

V Pt 
3 

1.30 1.53 2.49 - 5.95 

Nb Al 4.84 
3 

6.31 1.22 -29.90 

Ti Au 
3 

-31.28 -25.01 -30.52 -42.09 
Zr Au -19.97 -12.49 - 4.94 -81.7 5 

3 
1.91 1.66 5.17 -21.20 V Co 

3 
Nb Ir -15.73 -12.88 - 5.20 -43.20 

3 
Ti

3 
Ir -27 .63 -20.43 -14.85 -38.00 

V Ir 1.01 0.42 1.45 6.96 
3 

Nb Os - 8.97 
3 

5.82 0.03 -34.00 
Nb Rh -13.55 

3 
-11.10 - 4.38 -29.37 

II Ni 
'3 

5.03 4.76 6.89 ""19.09 

0.16 3.79 -14.06 V Pd 0.50 
3 

-16.72 -12.65 ~34.15 Ti Pt -23.53 
3 

-18.02 -46.45 Ta Sn -27 .88 -25.50 
3 

V Rh - 1.38 
3 

- 1.13 2.05 -11.82 
V Sn -30.71 
3 

-30.92 -31.72 -36.54 
Nb Sn 

3 
-27 .38 -25.58 -18.62 -44.25 

Mo Os 
3 

1.07 3.44 - 0.17 -13.14 
Mo Ir 

3 
0.31 2.30 0.54 -17.72 

Mo Pt 1.30 
3 

1.89 0.65 -17.72 

Mo Si - 0.46 
3 

- 0.17 - 9.97 -47 .39 
Nb Ga 

3 
-22.46 23.55 25.33 -15.50 

V Ga 
3 

19,.53 18.60 20.89 - 0.99 
V Ge 

3 
- 9.ö80 -10.16 - 5.89 -27.11 

Ta Au - 4.94 
3 

- 2.66 0.23 -24.05 
V Si 
3 

7.52 7 .37 5.78 -21.58 
V Au 
3 

12.65 12.07 16.38 - 7 .50 
Nb Au - 9.36 

3 
- 7.58 - 5.82 -29.20 

Ti Hg -16.91 
3 

-11 .84 - 4.08 -32.95 
Nb !n 

3 
10.41 11.54 16.05 -14.16 

Nb Pb 
3 

-33.02 -31 .49 -23.19 -53.15 
V Pb 
3 

-12.32 -13.14 -12.30 -28.05 
V Al - 5.99 

3 
-12.78 -11 .88 -28.70 

Table 6.9. Structural component of energy of formation (kJ/g-at.) for A
3
B 

phases exhibiting stable A15 structure (largest negative number). 

Table 6.9 gives the correct data for A15 phase stability in most cases except 
for V3AI, where the A2 phase is known tobe more stable. In other cases, as 
Nb3Pb or V3Pb the results of Machlin et al. /294/ suggest a high stability 
of the A15 phase, which is in cantrast to reality, where these phases can only 
be formed in the metastable state. Nevertheless, the crystal field model may 
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be considered as a satisfactory approach. An interesting correlatidn occurs 
when comparing the different energies of formation. The latter are represen­
ted in Fig. 6.19 in the B element representation and show a very similar 
variationtothat observed for the order parameter (Fig. 5.2), (the Debye 
temperatures (Fig. 6.9)) and the stability index (Fig. 6.17). Indeed, the most 
stable A15 phases based on V, Nb, Cr and Moare those with B = Ir for tran­
sition B elements and with B = Sn, Ge, Si(Pb) for nontransition B elements. 

Again, the systems Ti 3B and Zr3B show a different behavior. 

E (A15} 
[ kJ/g~at J 

0 Nb 
x V 
• Ti 

RtJJ! 
V-T "")( Au 

--x:---x-

Nb-NT 
Sn 

Ge 

01--~--Lir~~~~t~~~--~ 
Co Ni 
Rh Pd 

Os Ir Pt 
VIII VA 

Fig. 6.19. Energy of formation for various A15 type compounds as cal­
culated by Machlin /294/. 

An interesting further result of Machlin's calculation concerns pseudo­
binary phases: If two binary A15 phases arenot stable, neither will any region 
of the A15 pseudobinary be stable, i.e. the energy of formation of the A15 
pseudobinary relative to the terminal A15 binary phases is never negative. In 
other words, this means that A15 phases never occur as true ternary phases. 
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b) The Degree of Lang-Range Atomic Ordering. 

As mentioned above, the crystal field model of Machlin /293/ also allows 
to calculate the long-range order parameter, S. The best way to represent the 
calculated values /294/ consists in plotting the calculated value of S vs. 
the reduced temperature T/T~, where T~ is the formation temperature of the 
corresponding A15 type compound. In analogy to Fig. 4.5 and 5, this has be done in 
Fig. 6.20, which leads the following conclusions: 

I I 
I 0 Nb 3Au 
i 1 x V3Au -

~:;;! v Ti 31r 
A V3Pt 

I + Ti 3 Pt 

s 

Ca lculated with I • Nb3Al 
- ' .. - ... Measured on -

Machlin's mode' I quenched Nblt 
I 

0.5 

I 
1- I 

I I 
0.5 1.0 

Fig. 6.20. Order parameter S vs. T/T~ for several A15 type compounds as cal­
culated by Machlin and Whang /294/ (T~ is the formation temperature 
of the corresponding A15 type compound. For comparison, the variation 
S/Smax on quenched Nb3Pt has been added (see Fig. 5.5). 

i) The difference between the calculated S value and that measured on quenched 
A15 type compounds is contained within certain narrow Iimits, estimated 
to 6S ~ 0.10 (without v3si, v_ 755Ge. 245 and Nb3sn, for which no indication 
can be given, due to the impossibility to induce an observable change in 
S by quenching methods), and 

ii) even at the highest temperatures, (T/T~ 4 1), S resides at vatues > 0.5, 
thus excluding the possibility of an order-disorder phase transformation. 
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6.2.3. The Quasiharmonie Potential Approximation 

In order to get a comparison of the interatomic forces in Al5 type compounds 
a temperature dependent potential V[r(T)J has tobe defined. The Vibration 
energy of the atoms increases linearly with T, since E = kT. The enhancement 
of the energy at T > e0 is reflected by i) a li~ear increase of the Vibration 
amplitude with T, u2 ~ T, as represented in Fig. 6.12 and ii) by a linear in­
crease of the interatomic distance with temperature, a ~ T, as illustrated in 
Fig. 6.16. An interatomic potential will nowbe determined from the Vibration 
amplitudes u2 and the linear thermal expansion coefficient a, taking the 
following assumptions: 

- harmonic Vibrations of the atoms araund the equilibrium site 
(the condition for this approximation, U << a/2, is well fulfilled with 
U/a ~ 0.06 for Nb_ 755sn. 245 at 1300 K (see Fig. 6.12)) 

- constant frequency v at T > e0 

- linear increase of the interatomic space (the equilibrium position r
0 

shifts linearly with T) 

- Independent vibration for each atom 

- the potential is spherical in a first approximation: V(r) = V
0 

+ 1/2 c(r-r
0

)
2. 

In order to take into account the linear thermal expansion of the crystal, 
an anharmonic term i~ added to the harmonic potential, giving rise to 

(6.9) 

the quasiharmonic potential /275/, which has essentially the sameform as the 
pair potential of Welch /80/. In the present case the displacement (r-r

0
) is 

given by the r.m.s. Vibration amplitude U: 

r(T) - r
0 

= ± U(T) . (6.10) 

Since the equilibrium positions vary themselves with T, it can be written 

(6.11) 
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where T
0 

= 300 K. For the average vibration energy, it is E = kT = 2 V(r), 
in order that 

2 3 E = kT = V
0 

+ C(r-r
0

) - 1/3 D(r-r
0

) • (6.12) 

The constants in Eq. (6.12) are calculated as follows. From the experimentally 
determined values of u2 and a, the displacement r-r

0 
~ (r-r

0
)(T) can be de­

termined, C and 8 being obtained by a least square fitting procedure. The 
results for a series of Nb 3B compounds and for elementary Nb are represented 
in Table 6.10, separately for the Nb and the B component /238/: 

ß CNb CB 0Nb DB 

x 10-8 [N/nmJ x 10-6 [N/nm2J 

Nb 1-ß Ptßr 0,258 9,38 10,78 4,57 6,41 

Nb1_ßAlsii 0,246 8,75 7,92 4,07 3,83 

Nb 1_6Aiß 0,210 8,25 9,20 3,59 4,81 

Nb 1_ß Snß 0,245 8,75 ,12' 78 4,33 9,06 

Nb 9' 12 4,55 

Table 6.10. Constants CNb' c8, DNb and o8 in the quasiharmonic potential 
equation determined by least square procedures following Isern­
hagen /238/. 

From Table 6.10, it follows that C as well as Darehigher for Nb 3sn and 
Nb3Pt than for Nb3AI. Attributing to these constants the meaning of n generalized 
force, it can be followed that the interatomic forces for Nb3Sn and Nb3Pt 
are higher than for Nb3AI. This fits weil in the present picture of a more 
unstable Nb3AI at the border of the "lnstability Region". 
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6.2.4. Electron Charge Transfer 

When discussing about phase stability and superconductivity, it is in­
dispensable to introduce the notions of electronegativity and of change trans­
fer. Miedema /200, 262, 263/ introduced an empirical approach for describing 
alloys, using two parameters ~*. the electronegativity and nws· the density 
of electrons at the limit of the Wigner-Seitz cell (being empirically connected 
to the bulk modulus). The chargetransferwas introduced by Weinkaufand 
Zittartz /264/ who tried to describe the superconducting properties of the 
metals by the local character of each of the constituents. According to Wenger 
et al. /265/, superconductivity and stability of an intermetallic campeund 
are also due to the electrons transferred from one site to another. 

Bongi et al. /266/ have calculated the electron transfer, 6n, between the 
chain atoms and those an the cubic sites using the empirical expression 

(6.13) 

.I 

where n~lloy is the number of valency electrons of the A atom an the 6c site, 
nA is the total number of electrons due to the A atoms in the unit cell, ß is 
a constant which fixes the nalloy value for one campeund (determined to ß = 
0.212 by Staudenmann /267/ after adjustment for A15 compounds on the values 

of Miedema /200, 262, 263/, 6nws = n~s- n~s is the difference between. the 
corresponding electron densities of the atoms A and B at the limit of the 
Wigner-Seitz cell and z8 is the valency of the B atoms in the A15 lattice. 
Bongi et al. /266/ established a correlation between the electron transfer and 
the superconducting properties of A15 type compound. For transition. B elements, 
they found nWS > 0, i.e. an electron transfer from the atom A to the atom B, 
while for nontransition elements, 6nws < 0. In other words, Si in v3si would 
act as "donor", while Ir in v3rr would act as "acceptor". The situation can 
best be visuaiized by representing n as a function of the valency of the B 
element (see Fig. 6.21), where n = N:lloy - nA (nA is the number of electrons 

of one before alloying. The charge transfer in v3s; has been calculated by Mat­
theiss and Hamann /286/ who obtained that each Si atom transfers 1.1 electrons 
to three V atomes, which is reasonably close to the value in Fig. 6.21. 

The analysis of Fig. 6.21 suggests a possible correlation between charge 
transfer and phase stability: The instability region in v3B, Nb3B, Mo3B and 
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Fig. 6.21. Electron transfer in A15 type compounds calculated with the em­

pirical equation (6.13) for n:lloy (after Bongi et al. /266/ and 
Staudenmann /267/). 

Cr3B compoundswould correspond to ~n = 0 or tosmall positive values of ~n. 
However, this suggestive picture does not hold for Ti 3B and zr3B ~ompounds, 
where Ti 3Hg, Ti 3TI and zr3Hg exist in the region of ~n ~ 0. As rem~rked by 
Staudenmann /267/, the value of ~n for Ti 3Ir is too high and some modifications 
of this simple model would be necessary. However, prior to follow the very 
suggesting conclusions of Fig. 6.21 about stability, more Independentarguments 
and calculations are needed. 

From the point of view of ordering, it would be interesting to know whether 
there is a correlation between ~n and the ability to undergo different values 
of the order parameter. In Nb3B and v3B compounds, the strengest erdering changes 
are encountered for Nb3Pt, Nb3Au, v3rt and v3Au, where ~n ~ 0. In Mo3B and 
Cr3B compounds, the strengest changes ~S are observed for B = Os and Ir, where 
~n attains its largest negative values, thus showing the usual cantrast with 

respect to Nb3X and v3x compounds. A a conclusion, this may reflect that 
a correlation exists between electron transfer, phase stability and atomic 
erdering in A15 type compounds. 
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7. ELECTRICAL RESISTIVITY AND ATOMIC ORDERING 

In the preceding paragraph, the order parameters of various A15 type com­
pounds after different treatments have been discussed. In the cases where the 
error ~S exceeds certain Iimits, a complementary physical property reflecting 
the degree of atomic erdering has been introduced, the electrical resistivity 
just above Tc, usually denoted as p

0
• This is obviously only meaningful if a 

general correlation between p
0 

and the degree of erdering can be established 
for different A15 type compounds, in a similar way as for the cu3Au system /257/. 
In the present paragraph, an attempt will be made to establish an empirical 
correlation S = S(p

0
) for the class of compounds with the A15 structure. For 

accomplishing this task, it must be taken into account that the value of p
0 

for a given A15 type compound not only depends on the degree of atomic ordering, 
but also on the composition, ß. TheSeparation of both effects requires a very 
careful analysis of the metallurgical state and the thermal history of the sample 
on which p

0 
was measured. Most of the p

0 
data on thermally diserdered A15 type 

compounds are taken from own data /38, 142, 220, 221/. In the fo~lowing, a 
comparison will be made between resistivity data on thermally disprdered and 
irradiated A15 type compounds. A particular attention will be given to the 
question whether p

0 
in the irradiated case can be considered or not as an indi­

cation for the degree of ordering in the sample. An important point when com­
paring the p

0 
values of various compounds resides in the particular temperature 

dependence, p = p(T), observed in this type of compounds. At high temperatures 
a saturation of p(T) is observed at values Psat ~ 140 to 160 x 10-8 S"Gm while 
at low temperatures (T <50 K), a variation p ~ Tn with 2 ~ n ~ 5 has be~n re­
ported. A careful analysis of all these aspects furnishes interesting new In­
formations about the properties of Al5 type compounds and wifl therefore preceed 
the considerations about the dependence of S on p

0
• 

7.1. p(T) at High Temperatures 

Woodard an Cody /170/ observed in Nb 3Sn a saturation of p (T) at high 
temperature, instead of the linear dependence predicted by the classical Bioeh­
Grüneisen theory. A direct estimation of P~ + can only be done for the few com-_,a.._ 
pounds where p(T) has been measured up to really high temperatures, i.e. up to 
800 K and above. The Variation of p(T) for the systems Nb3Sn /170/, v3si /235/ 
and Nb 3Ir /221/ has been represented in Fig. 7.1 for comparison. The similarity 
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between the resistivity data for these three compounds with very different elec­
tronic density of states demonstrates that the saturation effect is not corre­
lated to the individual electronic structure. This phenomenon does not seem to 
be correlated to the crystal structure either, since it has also been observed 
on intermetallic compounds crystallizing either in the cubic phase /232/, Laves 
phase /255/ or Chevrel phase /256/, all of them having a property in common: 
High resistivity, p~ when comparing with pure metals . 

.--.. 
E 
q 

CO 
1 •o 

~ 

.2S --r--01 

200 400 600 800 1000 1200 T[K 

Fig. 7.1. Electrical resistivity p = p(T) for the systems Nb3Sn (Woodward and 
Cody /170/) v3si (Marchenko et al. /235/) and Nb3Ir (Flükiger /221/) 
up to 1200 K, showing saturation values psat between "' 100 and 

"' 140 x 10- 8~m, respectively, 

7.2 The Shunting Model 

Meanwhile, such a saturation effect was not only reported for high Tc super­
conductors, e.g. Nb3Sn /170/, v3si /218, 235/, v3Ga /142/, Nb3Ge I /, Nb3AI 
/217, 220/, Mo30s /142/ but also for low Tc superconductors crystallizing in the 
A15 structure, e.g. Nb 3Sb /241/, Nb3Ir /38, 206/, Nb3os /38, 206/, Mo3Si /239/, 
Mo3Ge /206, 239/ and Ti. 73Pt. 27 /207/. 

The electrical resistivity for a series of A15 type compounds in the temperature 
range between Tc and 300 K has been reproduced in Fig. 7.2 for Illustration. It 
can be seen that the saturation effects start weil below room temperature, which 
is reflected by the inflection point varying between the Iimits 
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40 ~Ti~ 250 K, depending on the compound. The temperature of the inflection 
point, Ti' is notadefinite physical property of the material, but rather re­
presents the intermediate region between two different regimes of p(T), i.e. 
the low temperature behavior (T < 50 K) and the saturation behavior at high 
temperatures (T >> 300 K). 

E 
c:: 

"\b 

0 
0'1 

100-

100 200 300 1.00 

T (l<l 

Fig. 7.2. Electrical resistivity as a function of temperature for various A15 
type compounds, illustrating the saturation behavior at higher tem­
peratures. Nb3Sn: Woodard and Cody /170/, v3si: Caton and Viswanathan 
/217/, Cr3Si: Devahtay /206/, Mo3So, Nb3Pt, V3Ga and Nb3Au. 50Pt. 50 : 
Flükiger et al. /142/, Nb 3Al, Nb3Ir and Nb 30s: Flükiger et al. /220/. 

The value of p
0 

reflects as well the degree of ordering as the effective 
composition, as will be discussed in this paragraph. The fact that the p values 
at 300 K show considerable differences is of secondary importance only: at high 
temperatures; all compounds saturate at very similar value, P t• As can be sa V 

followed from Fig. 7.1, the difference between the values of Psat is expected 
to be smallest close to the melting point. From Fig. 7.2, no particular tendency 
can be recognized for the approach of p(T) toward the saturation value. There 
is no explanation for the excessively strong increase of p{T) for Nb 3Pt compared 

to the other A15 type compounds. It is interesting that the corresponding V 
based A15 compound with Pt, V Pt (not shown in Fig. 7.2) does not show this 

3 
anomalaus behavior. 
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Among different explanations for the observed saturation of the electrical 
resistivity at high temperatures, the most probable one assumes that this pheno­
menon occurs when the electronic mean free path is of the order of the inter­
atomic spacings (Matt Iimit). In the empirical parallel resistor or shunting 
model of Wiesmannet al. /236/, there is 

:: -- + --- ( 7 .1) 
p Psat Pideal 

where the ideal resistivity, pideal' is 11 in parallel 11 with the saturation resis­
t i V i ty, P t. sa 

This model is Independent on the crystal structure and fits very weil with 
the reported resistivity data on A15 type matertals /217,230,246,249,251,252/. 
An additional confirmation for the Iimitation of the electronic mean free path 
to interatomic distances at temperatures as low as 300 K is furnished by the 
data in Fig. 7.3. For argon quenched Nb3Pt samples, the value of Psat (which 
is very close to P300 ) is indeed very little affected by the diserdering process. 
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Fig. 7.3. Electrical resistivity for the same A15 phase sample after different 
heat treatments. 

a)Nb3Pt. 1: 5 weeks at 900°C + 7 weeks at 750°C, 2: 3 weeks at 900°C, 

3: 10 hours at 1250°C and argon jet quenched, 4: 30 min. at l800°C 
and argon jet quenched, 5: same treatment as 4 + 48 hours at 1250°C, 
6: same treatment as 4 + 24 hours at l000°C (FlUkiger et al./142/). 
b) Mo3os, V3Ga, Nb3Au. 7Pt. 3 /142/. 
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According to Allen /247/, p.d 1(T) can be derived from the basic variational 
1 ea 

solution of the Bloch-Boltzmann equation 

Pideal(T) =Po+ {(n/m)eff • e2 • Tph(T)}-1 
(7.2) 

= p + {(n/m) • e2l- 1 • 2TI!fi • k • Atr(T) • T o eff - B 

This equation involves two coupling constants, (n/m)eff = N(O) <vx2>, where 
N(O) is the electronic density of states at the Fermi level and <vx2> is the 
electronic Velocity at the Fermi surface and A.tr' the electron phonon coupling 
parameter for transport processes. At T = 0 and forT> o0, Eq. (7.2) can be 
simplified to 

(7 .3) 

Theoretical estimations by Allen /247/ assuming A.tr ~ >-., where A. is the electron­
phonon interaction parameter and calculating (n/m)eff from band theory have 
shown that if the Boltzmann theory would work, the electron mean free path at 
300 K would be of the order of 0.3 to 0.4 nm for Nb3Ge and Nb3Al. 

From the values in Fig. 7.3., the term pideal can now be calculated for 
V3Ga using the shunting model (Eq. 7.1) and assuming a saturation value Psat = 
120 x 10-8 Qm. The results are represented in Fig. 7.4 and show that the 
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Fig. 7.4. Decomposition of p(T) for v3Ga at different degrees of ordering charac­
terized by S = 0.98 and 0.95 (see Fig. 7.3) following the shunting mo-
del with p = 120 x 10-8 Qm, based on the data of Flükiger et max 
al. /142/. 
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slope of P1(T) decreases with disordering. It can thus be concluded that the 

Matthiessen rule is not valid for v3Ga at different degrees of ordering (the 
deviation for Nb3Pt is even stronger than for v1Ga). 

7. Electrical Resistivity in Quenched and Irradiated Sampies 

Under the assumption that the measured absolute values of p(T) for a sample 
crystallizing in the A15 structure at a given degree of ordering is neither 
influenced by internal stresses, small amounts of additional phases or other 
reasons, the following question is of interest: Does the diserdering process, 
i.e. quenching or Irradiation, influence the absolute value of the electrical 
resistivity? The answer can only be given by a direct comparison between quen­
ching and Irradiation data at low temperatures. 

The Variation of P(T) after high energy Irradiation has been measured in 
many A15 systems, as v3si /217/, Nb3Sn /165/, Mo 3Ge /138,244/, Mo3Si /137/, 
Nb3Ge /111,251/, Nb3AI /55/ and others. As an example, the Irradiation data 
on v3st /217/ (plotted in Fig. 7.5 for Illustration) show 
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Fig. 7.5 Variation of p(T) for a v3st single cryital after neutron Irradiation 
(E > 1 MeV). The numbers represent increasing fluences (Caton et al. /217/) 

that the general shape of p(T) changes gradually with disorder, p
0 

increasing 
from 3.74 x 10-8 nm to 125.2 x 10-8 nm for a corresponding change 10f Tc from 
16.90 K to 2.44 K. A similar variation of p(T) after Irradiation as in v3si 
has been observed for other A15 type compounds, the main difference occurring 
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at the highest irradiation doses. At these doses, p(T) exhibits sometimes a 
negative slope, reflecting the occurence of the amorphaus phase. 

Unfortunately, the system Nb3Pt is the only one where the Variation of 
p(T) has been studied on thermally disordered samples, (see Fig. 7.3), in order 
that the comparison must be restricted to this compound, where a neutron irra­
diation study has been performed by Caton and Viswanathan /217/. As mentioned 
above, the value of p300K in quenched Nb3Pt is very little affected, varying 
from 109 x 10-8 ~ to 117 x 10-8 ~m for a reduction of Tc from 11 K to 7.2 K 
/142/. This observation suggest that no cracks were introduced by the quenching 
process. This has also been proved by subsequent ordering heat treatments on 
the Nb3Pt sample with the highest p

0 
value, 87 x 10-8 ~m. resulting in an almost 

complete recovery of the original low p
0 

value for the most ordered sample /142/. 

Since the full p(T) curves for Nb3Pt are not reported by Caton and Vis­
wanathan /217/, the comparison will be restricted to the resistivity values 
at low temperature and at 300 K, both listed in Table 7.1. There is a good agree­
ment between the p

0 
values of the starting Nb 3Pt samples in both investigations, 

(Refs. 142 and 217), i.e. 23.3 x 10-8 ~m /217/ and 20.1 x 10-8 ~m /142/, respec­
tively, the corresponding Tc values being similar, 11 K /142/ and 11.1 K /217/. 
At room temperature, however, the sample in Ref. 217 shows a smaller resistivity 
value, p300 = 85.9 x 10-8 .~m. than that reported in Ref. 142, p300 = 104.6 x 
104.6 x 10-8 ~m. The origin of this difference is attributed to slight differen­
ces in the respective compositions as well as in the composition distribution 
across the samples. (It should be recalled that the value of Tc may be subject 
to shielding effects and is inadequate for yielding informations about the sample 
homogeneity /7/). Nevertheless, the relative changes of p

0 
and p300 for both 

disordering processes can be compared. 

It follows that the enhancement of p
0 

in both argon jet quenched and irra­
diated Nb3Pt is comparabie for similar changes of Tc (and thus of the order 
parameter). For diserdering cerrespending to a decrease of Tc by ~ 4 K, the 
corresponding variations after thermally diserdering are 6pe = 67.1 x 10-8 ~m 
and 6p300K = 7.1 x 10-8 ~m /142/, which is very similar to the change after 
irradiation, i.e. ~p0 = 10.9 x 10-8 ~m and 6p300 = 63.7 x 10-8 ~m /217/. 
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Treatment T Po p300 RRR Ref. c 

48 hours/1800°C 
+ 7 weeks/750°C 

(R) 11.0 20.1 ll 0. 1 5.48 142 

30 min./l800°C ~Q) 10. 15 41. 0' 107.7 2.63 38 
+ 16 hours/1000 C 
24 hours/T750°C (R) 9.3 51.4 109.9 2. 14 38 

15 min./1800°C bO) 9.0 65.3 112.2 l. 71 142 
+ 48 hours/1250 C (R) 
24 hours/l200°C (R) 9. 1 67.5 120. 1 l. 78 38 

30 min./1800°C (Q) 8. 1 86.4 116.7 1.35 142 

12 hours/1800°C (R) 
+ 3 weeks/900°C 

11. 1 23.3 85.9 3.69 217 

7.5 x 1018 n/cm2 6.45 87.0 96. 1 l.ll 217 
15 x 1018 n/cm2 4.31 102.7 107.2 1. 04 217 

202 x 1018 n/cm2 3.03 110.6 112.0 l. 01 217 

Tab1e 7.1. The quantities Tc' p
0

, p300K' RRR and S for Nb3Pt samp1es after 
disordering by argon jet quenching/142/ and by neutron irradia­
tion/217/. 

The present comparison with data obtained on quench disordered Nb3Pt samp1es 
furnishes the first evidence that the changes of the e1ectrica1 resistivity 
in irradiated Al5 type compounds, extensively reported in the literature, re­
a11y correspond to changes of the order parameter. It fo11ows that radiation 
induced effects (e.g. vacancies, depleted zones or the 1attice expansion) ha­
ve a minor importance only on p(T). This ho1ds for order parameter va1ues 
between S = 0.98 and 0.88, thus corresponding to low radiation doses. For hea­
vy radiation doses,.enhanced radiation induced effects on p(T) have tobe ex­
pected. 
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7.4. The Electrical Resistivity at Low Temperatures 

7.4.1. Description of p(T) below 50 K 

In a recent investigation, Caton and Viswanathan /217/ have shown that 
the model fitting best with the measured data ov,er the entire temperature range 
for the three compounds v3si, Nb3Pt and Nb 3Al with physically reasonable para­
meters is the shunting model mentioned above combined with Wilson's expression 
for s-d scattering in transition metals. At lower temperatures, Wilson's ex­
pression for P1(T) yields 

I 
0 

where esd is a cut-off temperature similar to the Debye temperature 
(e

5
d ~ 400 K for v3si /217/) and Ksd is a constant. 

(7.4) 

Another possibility to fit p(T) over the entire temperature range has been 
proposed by Milewits et al. /246/: 

-T /T 
p(T) = p

0 
+ b • Tn + c • e 0 (7.5) 

where p
0

, b, c and T
0 

are constants. The first two terms are dominant at low 
temperature (T <50 K), while the exponential termwas introduced for taking 
into account of the saturation at high temperatures ·(T >> 300 K). This formula 
differs from the original fit of Woodard and Cody /230/ only by the exponent n 
in the second term. Rather than interpreting the second term as high temperature 
limit of the Wilson model of s-d scattering, Milewits et al. /246/ assume that 
this term expresses a separate contribution to the resistivity and allow n to 
vary. 

The exponent n in Eq. 7.5) will be discussed below, while the quantity 
T0 is correlated to the inflection point (Ti ~ T

0
/2) and represents according 

to Milewits et al. /246/ the phonon energy necessary to scatter electrons bet­
ween bands of different pockets of the Fermi surface. Nevertheless, it is 
reasonable to consider this quantity as a characteristic temperature between 
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two different temperature regimes of p(T). An example illustrating how little 
this effect is understood is the compound Nb3Pt. Although this compound has 
neither extreme values of Tc nor of the electronic density of states, it exhibits 
the lowest infleetion temperature, among all A15 type compounds, Ti = 39 K (see 
Fig. 7.3). It would be interesting to know whether this behavior of p(T) in 
Nb3Pt reflects some peeularities in the phonon speetrum. After fast quenehing 
T1 inereases up·to ~ 60 K. 

In addition to the interest in understanding the saturation of p at higher 
T, there have also been attempts to explain the resistivity behavior at low T, 
i.e. from T_ to 50 Kor less. Marehenke et al. /235/ for v3si and Webb et al. c 
/241/ for Nb3Sn and Nb3AI reported a T2 dependenee of the resistivity. For high 
Tc A15 type eompounds, these authors proposed the formula 

p(T) 2 
= Po + b T , (7.6.) 

to be applied in the temperature range T < T < 50 K (in this formula, b is c- -
a eonstant). For other compounds, e.g. Nb3Sb /241/, the exponential n is not 
Ionger 2, but 3.6, while for the low Tc eompounds Mo3Ge and Mo3si Gurvitch et 
al. /244/ found n = 5, i.e. an ideal Bioeh-Grüneisen behavior. It is thus more 
eonvenient to generalize the formula (7.6) to 

(7. 7) 

and to deseribe the differenees between various A15 type compounds by listing 
the exponent, n. It may be reealled that Eq. (7.7) is nothing eise than the 
low temperature term in Eq. (7.5). 

7.4.2. The Exponent n in p(T) at Low Temperatures 

As mentioned above, a T2 behavior of p(T} was observed in various high 
Tc A15 type compounds. This behavior is represented in Fig. 7.6 for various 
A15 type compounds. From this figure, it can be seen that the validity of the 
exponential n = 2 is restrieted to temperatures weil below 50 K. In spite of 
the uncertainties about the real origin of the T2, dependence, it is interesting 
to note that the range of validity for p ~ T2 is depending on the degree of 
ordering. As reported by Gurvitch /244,254/ and Lehmann /239/, the upper Iimit 
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of the T2 dependence in Nb3Sn is shifted from 45 K to 88 K after irradiation 
causing increase of p

0 
from 30 to 140 x 10-8 nm. The same behavior was observed 

for various other irradiated A15 type compounds, as follows from Table 7.2, 
where all known resistivity data on A15 type compounds are listed. 

1000 2000 3000 4000. 
r2 !K2l. 

Fig. 7.6. Electrical resist i v i ty vs. r2, for va ri aus Al5 type compounds. The 
numbers in parenthesis are the p

0 
va 1 ues (Flükiger /38,142/). 

A T2 behavior of the electrical resistivity at low temperature is not only 
encountered in high Tc A15 materials, but also in other disordered and amorphaus 
compounds, and several attempts have been made to explain this exponent. As 

discussed by Allen /247/, theories by Gubanov /268/, Ohkawa /269/ and Gote and 
Meisel /270/ invoking different mechanisms are, however, not able to explain 
the particular behavior of p(T) in A15 type compounds. Gurvitch et al. ./244/ 
mentioned unpubiished caiculations correlating the T2 behavior of 'p(T) with 
narrow bands at the vicinity of the Fermi level. 

It ls interesting that at low temperatures, the calculation of p(T) assuming 
phonon-assisted s-d interband scattering and using the phonon spectrum for v3si 
of Schweiss et al. /237/ (or using the model density of states calculated by 
Testardi /272/ from acoustic data) results in a r3 dependence (n = 3), rather 
than the T2 dependence as observed in high T A15 type compounds /235,241,254/. c 
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In general, the low temperature behavior in A15 type compounds is des­
cribed by an exponential, n ranging from 2 to 5. The only exceptions to this 
behavior are Nb3Pt, Nb 3Au and the pseudobinary Nb_ 75Au. 125Pt_ 125 , where the 
low temperature behavior is rather complex /38/. The behavior of p(T) - P0 

for Nb3Pt reveals a deviation from a T2 dependence below ~ 21 K. 
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Log- log representation of p(T) - p vs. T for Nb 3Pt after various 
' 0 

heat treafments giving rise to different p
0 

values. The heat treat-

ments are specified in Table 7.1 /38,142/. The numbers are the corres­
-8 ponding p

0 
values (x 10 ~m). 

The deviation increases for higher p
0 

values, corresponding to,lower 
degree of ordering, induced by different heat treatments. Another wa~ to re­
present thus deviation consists in establishing a log- log plot (Fig. 7.7.), 
from which the exponent n can directly be determined. As shown in Fig. 7.7., 
there is a gradual change of the anomalaus low temperature behavior of p(T) 
in Nb~Pt. For the most ordered sample (p = 20.1 x 10-8 nm), a r5 behavior is 

v 0 
observed, while a second slope appears for the quenched states with p

0 
= 68.9 

and a6.4 x 10-8 ~m. All measurements in Fig. 7.7. were determined on the same 
sample. Reannealing of the sample with p

0 
= 86.4 x 10-8 ~m (argon jet quenched 

from 1800° C) Ieads to the original p(T) behavior with only one slope, in order 
that this is a real effect It has to be noted that the second slope is present 
in Nb 3Au and Nb_ 75Au_ 125Pt. 125 even without argon jet quenching. 
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As indicated in Table 7.2., the presence of two slopes in p(T) of Nb 3Pt 
has also been observed by Caton and Viswanathan /217/, who reported exponents 
between 3 and 5 at temperatures below 27 K. It is remarkable that the complex 
behavior of P(T) at low temperature does not occur in the analogaus V based 
campaunds v3Pt /206/ and v_ 76Au_ 24 /38/ (see Fig. 7.8.). It is very tempting 
ta advance the hypathesis that the twa slapes in the Nb based A15 type cam-
paunds (Figs. 7.7. and 7.8.) reflect the mixednature af these campounds, 
arising fram the fact that Pt has a campletely filled d shell while its neigh­
bour, Au, has ane s electran. The electrical resistivity measurements wauld 
indicate that the campaunds Nb 3Pt and Nb3Au (and the pseudabinary Nb_ 75Au_ 25Pt. 125 ) 
behave in same context like pure transitionmetals (n ~ 3); butthat they also 
exhibit some features of the high Tc A15 type campounds containing pure non 
transition B elements (n = 2). This hypothesis is supported by the fact that 
p(T) in v3Pt exhibits the expanent n = 3, observed in A15 type compaunds based 
an transitionmetals anly: in cantrast to Nb 3Pt, where Tc (11.1 K) isabaut 
the halfofthat encountered in Nb3Ge ar Nb3Sn, v3Pt only exhibits Tc = 3.7 K, 
which is anly about 20 % of the value of v3si or V3Ga. 
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System llea t Treatment 

loC/h J 

Mono 

Poly 

f1ono 

Mono, 1600/40 

Poly 

Poly 

Poly 

Mono 

Ftlm 

Ftlm 

Ftlm, lrrad, 

Film, trrad, 

Poly, 1200•Q 

Poly, 610/336 

Film 

film 

fi!m 

Poly 

Po 1 y, I rrad. 

Poly, lrrad. 

Poly, lrrad. 

Poly 

Poly, 1960•Q 

Poly, 750/1176 

Ftlm 

flb.7J 5AI. 235 Poly, 1900/3.5 

flb. 70A1. 22 Poly, 1850/24 

tib 31r 

lib 30s 

llb 3Sb 

Poly 

Poly, 750/168 

Poly, 9001168 

Poly, lrrad. 

Poly, 75011136 

Poly 

Poly, 1800148 

Poly, 1800/48 

Hono 
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16.9 4.22 

17 .I 6. 3 

16.8 5.2 

16.94 2.17 

18.2 

17.6 

10 

13.0 

14.8 

20.5 

19,4 

10.5 

10.5 
12.9 
0,4 

17.2 

10.8 

16.4 

17.5 

16.4 

II 

10.9 

11.1 

6.45 

0.1 

11.0 

II. I 

3 

2. 

6.0 

27.4 

11.4 

75.7 

95.7 

32.7 

24.2 

45 

51 

49.9 

55,8 

65 
99.7 

55 

48.2 

32.8 

64 

54.2 

105 

90.6 

23.3 

87 

06,4 

20.1 

I. 7 14 
0, 95 15, I 

0.8 oc2 

Tempera ture 

Range [K) 

17 - 25 

17 - 20 

I. 5 24 - 38 

3 22.5-4o•l 

3 20 - 40 

2. 9 17 - 20 

20 • 28 

< 76.5 

10.4 - 30 

< 00 
< 00 

19 - 30.5 

20 - 36 

<.3 < 36 

20 - 43 

18.6 - 40 

19 - 43 

19 - 43 

~ 45 
19 - 42 

20 - 60 

< 35 
1.0 20 - uo 

>4 

2 

3.6 

12 - 47) 
27 - 43 

22 - 36} 
36 - 43 

12 - 20} 
20 - 44 

< 25 1 
25 - 40} 

12 - 27} 
27 - 43 

20 - 45 

20 - 44 

--------------
V3Ge 

V. 76Au. 24 
V3Pt 

v.oo5n.2o 

t1o. 76 1r •24 
l·l:l. 65Re. 35 
fln3st 
f·l:l3Ge 

Tilt 
Ti 3sb 

Zr4sn 

Poly, 1600140 

Polyb) 

Poly, 900/168 

Poly, 95016 

Poly 

Poly, 195010.5 

Poly, 1100/336 

Poly, I000/24 

Film 

ftlm 

ftlm 

Film 

Poly 

Poly, 8501336 

Poly, 900/120 

6.0 

2.2 

3.0 

4, I 

<0 .030 

11.4 

Ja .I 

8. 2 

12.7 

I. 48 

1.49 
1.6. 

0,49 

6. 54 

0,93 

5.43 

06b) 

32.9 

26 

7.2 

35,0 

20.5 
61.29b) 

24 

18 

50 

19 

716) 

11.4 
144. 5b) 

2.86 18 - 65 

2.4 < 28 

< 65 

1.05 20 - 50 

< 60 

< 57 

< 60 

< 50 

< 64 '5 

< 64 '5 

10 - 35 

< 40 
< 30 

1.8 < 40 

Reference 

Caton et al. /217/ 

Harchenko /235/ 

Taub et al. /253/ 

Flllklger /301 

Gurvttch /271/ 

Gurvt tch /254/ 

Horton et a I. /240/ 

1/ebb et al. /241/ 

lehmann /2391 

Gurvt tcH /2541 

Gurv ttch /254/ 

Gurvt tch /254/ 

FIUktger 130,142/ 

FIUklger /30,142/ 

lutz et al. /251/ 

lutz et al. /251/ 

Gurvitch /254/ 

1/ebb et al, /241/ 

Caton et al. /217/ 
Caton et al. /2171 

Caton et al. /217/ 

Gurvt tch /240/ 

flUklger /38,2201 

fiUklger /38,2201 

lehmann /2391 

Flllklger 1381 

flUk lger /38/ 

Gurvttch /3391 

FIUklger (Fig. 7,8) 

Ca ton e t a I. 1217 I 

Caton et al. 12111 

fiUklger (flg.7.7) 

fiUklger (flg.7.7) 

Gurvttch I 339/ 

flllklger 1361 
flUklger /301 

flsk et al. /3381 

flllklger (flg. 7 .0) 

florton et a I. 12401 

FIUklger (flg.7.8) 

fiUk l9er /30/ 

Horton e t a I. 12521 

flUk lger /30/ 

Flllklger /30,142/ 

flUklger /30,1421 

FlUk lger /381 
lehmann 12391 

lehmann 1239/ 

lehmann /2391 

Gurvl tch /254/ 

Flllk lger /30/ 

Ramakrlshnan et al. 1249/ 

FlUk I ger /301 

Table 7.2. Electrical resistivity and n coefficient of p(T) for Al5 type com­

pounds, as well as the temperature range where n is valid. 
a) The V3Si single crystal transforms at 21.5 K, b) These samples 
show traces of second phases, which may lead to higher p

0 
values. 



-227-

According to Gurvitch /254/, a change of the degree of ordering has also 
a strong effect on the coefficient b in Eq. (7.6). As illustrated in Fig. 7.9., 
the change of b with fluence on various A15 type compounds is of the same order 
of magnitude as the change of p

0
, which will be discussed in Section 7.6. For 

all measured A15 type compounds, the coeffiecient b has been reported as de­
creasing. In Nb3sn for example, b decreases from 8.5 x 10- 11 OK- 2~ for a single 
crystal with p = 8 x 10-8 Om /241/ to 1 x 1o- 11 OK- 2m in irradiated films with 

0 
Po= 100 X 10-8 Om. 

,o • Nb3sn 

x v3oa 
o Nb3Pt 

o ••Nb3At 

A v3st 

~ 
V Mops 

lo 4
-

X 3 -

..0 

Fig. 7.9. The variation of the coefficient bin Eq. (7.6) for various A15 type 
compounds at different degrees of ordering, characterized by p

0
• 

0: Nb3sn /241, 254/, • : Nb3Sn /239/, 0: Nb3Pt I 142/ for the 
portion of the curve where n = 2, ~= Nb3Al /220/, .. : Nb 3Al /239/, 
X: V 3Ga /38/ I, fj,: V 3si /239/, V : Mo3os /38,142/. 

No explicite physical meaning has so far been attributed to the coefficient 
b, which mainly describes the rate at which p(Tj increases from p

0 
to higher 

temperatures. It is noteworthy that the factors b3 and b5 for the compounds 
where Eq. (7.7) has tobe applied rather than Eq. (7.6), having n = 3 and 
n = 5, respectively, show a very similar behavior to b with respect to the 
applied fluence /239/. However, the comparison between the b values for Nb3Sn 
and v3si in Fig. 7.9. suggests that b does not simply depend on P

0 
alone. 
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From the above remarks, it can be concluded that in spite of the data 
scattering due to different preparation techniques in the various works, but 
also due to possible traces of additional phases, the following tendencies 
can be identified (see also Table 7.2): 

a) there is a general agreement toward an exponent n = 2 (which could so far not 
be explained satisfactorily) for high Tc A1~ type compounds as Nb3Sn /239,243/, 

Nb 3Al /220,239,254/, Nb 3Ge /254,273/, V3Si /217,254/, V3Ga /220/, v3Ge /240/ and 
Ti 3Sb /249/, The exponent n is not affected by changes of the order parameter. 
Disordering extends the region of the r2 behavior towards higher temperatures. 

b) there is a category of A15 type compounds with low Tc values where n = 5, 
i.e. showing the Bioeh-Grüneisen behavior: Mo3Si /239/, Mo3Ge /239,244/, 
cr3s; /38,250/. On a series of single crystals in the pseudobinary system 
(V 1_xcrx) 3Si, Berthel et al. /250/ have observed a gradual chang~ from n = 2 
on the V rich side to n = 5 on the Cr rich side, 

c) the third category comprises the "atypical" A15 type compounds with transi-
tion B elements, where n = 3: Nb

3
Ir /220/, Nb 30s /220/, V3Pt /220/, M~ 6R~ 4/239/. 

/239/. A T3 dependence is in general observed in transitionmetals and is 
described by the s-d interband scattering model of Wilson. 

There are few A15 type compounds lying between these three main classes, 
as Nb3Sn /240,244/, v3sn /245/ and the above mentioned Nb3Pt and Nb 3Au /38,339/. 

Recently, Gurvitch /271,273/ proposed a correlation between the electron­
phonon interaction parameter A and the exponent n, based on an investigation 
on intermetallic compounds crystallizing in different crystal structures. In 
particular, he proposed that compounds with A > 1 exhibit n values equal to 
or close to 2. However, there are strong exceptions to this rule: V3Si, where 
n from 2 to 5 have been reported /217,235,253,254/ (see also Table 7.2, contai­
hing also unpublished own values on v3si close to n = 3.4 /38/) and the strong 

coupled superconductors Pb and Pbßi /273/. These important exceptions do not al­
low to accept the correlation proposed by Gurvitch /273/ in such a simple form, 
particularly as lang as a convincing physical explanation for the occurrence of 
the exponent n = 2 has not been found. Nevertheless, all results mentioned in 
Table 7.2 tagether with those of Gurvitch /273/ allow to reformulate the corre­
lation between A and n after a restriction: forall compounds with A < 0.8, the­
re is 3 > n > 5. 
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7.5. Compositional Effects~ 

The electrical resistivity in Al5 type compounds depends as well on the degree 
of ordering as on the effective composition. The value of the residual resisti­
ty, p

0
, will thus in general be the result of a combination of the two effects. 

In order to decompose ordering and compositional effects in p
0

, the Al5 material 
under study must be either completely ordered (S = 1) or perfectly stoichiometric 
(ß = 0.25). It is convenient to start the discussion with v3s; and Nb3Sn, which 
were proven to be perfectly ordered (see Sect. 5) and exhibit a fairly large 
homogeneity range. In these both compounds, the changes in p in unirradiated 

0 
samples can directly be attributed to deviations from stoichiometry. 

7.5.1. The System V~ 

The variation of p
0 

in v3si has been studied by Berthel arid Pietrass /250/ 
and by Küpfer and Flükiger /271/ on a series of single crystals and by Flükiger 

et al ./220/ on a series of polycrystals with grain sizes above 1 mm. The re­
sults are shown in Fig. 7.10, where the RRR value (RRR = P300K/p0 ) has been 

plotted as a function of the Si content (the RRR value has been chosen rather 
than g0 which is not well defined in each case, due to the irregular shape of 
the crystals). A striking feature of Fig. 7.10 is the sharp variation of the 
RRR quotient in the region at proximity of the stoichiometric composition. 

100 r----r------.,-----.--------. 

~ 
!:: 

80 

~60 
~ 
0 
0 

"' Cfl 

II 

~ 40 
a::: 

~ 20 t 

22 23 24 25 
at.% Si 

Fig. 7.10. The variation of the RRR ratio in v3s; as a function of the Si con­
tent. o : Berthel and Pietrass /250/, x : Küpfer and flükiger /271/, 
6 : Flükiger et al. /220/. 
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Between 22 and 14.5 at.% Si, RRR increases from 1 to 6, while the addition of on­
ly 0.5 at.% Si frQm 24.5 to 25 at.% Si causes an increase up to RRR above 80 ! The 
Variation of .~RR seems tobe symmetrical on both sides of stoichiometry. Fig. 7.10 
demonstrates that a very little deviation from stoichiometry, leading to a par­
tial replacement of A or B atoms on the 6c or the 2a sites,·respectively, has 
a considerable effect on the· value of p • The nearly symmetrical behavior indi-

. 0 
cates that p0 is mainly dependent on the perturbation due to wrongly occupied 
atoms, the excess at6m being of secondary importance. In Nb

3
Ir,. another compound 

with the phase field extending at b,oth sides of ß = 0.25 (0.22 < ß > 0.28), p
0 

is found to increase f~ster at the· Irrich side (see later Fig.· 7.14). 

The behavior of the RRR ratio as a function of composition in the v3s; 
system showing a sharp discontinuity at 'stoichiometry as shown in Fig. 7.10 is 
certain1y the most expressive way to. demonstrate that this system is perfect1y 
ordered. The change of p with ß is strongest when approaching the stoichiome-

~~~~~~ 0 ~--~------~~------~------~-------------tric composition. At the vicinity of ß = 0.25, very small perturbations of the 
sys tem, e. g. i nhomogElne ity, sma 11 devi a t i ons from s to i eh i ometry, i mpuri t i es, 
small amounts of ternary additives (see Sect. 8) or deviations from perfect or­
dering. (discuss~d'in 7.6) may cause a considerable increase of p

0 
.. 0nce the per­

turbation is important enough, e:g. ß ~ 0.245 in Fig. 7.10, further changes of 
the state of the system lead to smaller changes in the normal state resistivity. 
Between ß = 0.20 and 0.245, RRR varies only from 2 to 5. With a value p(300K) = 
75 x 10-8nfl.l (see Figs. 7.1 and 7.5) a resistivity ratio RRR = 83.7 corresponds 
to p

0 
= 0. 9o x 10-8nm, whi eh i s the 1 owes t va 1 ue reported so far in A15 compounds: · 

This low va1ue is a consequence of the particular w~y how the v3s; sfngle crystals 
were grown. The combination of extremely careful arc melting (with melting las-
ses be.low 0.1 %) and of excessively long recrystallization times at temperatures 

.ciose to, the solidus (14 days at 1850 ± 30°C) yields very homogeneaus pö~lycrys­
talline samples with large crystallites (grains) up to 5 mm size /220/. The ve­
ry sharp variation of the RRR ratio close to stoichiometry suggests that the 

, ' I 

lowest ~0-~alue in V~Si could even be substantially lowen than the value of 
0.9·· x 10 u nm mentioned above. At this high quality level, it may even be ex-

1 I 

pected that p
0 

of v3si could be further lowered by using very high quality vana-
dium {99.99 %) instead of the 99.7 % vanadium used in Ref. 220. 
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From these considerations, it follows that the lowest reported p
0 

val.ues 
for A15 type compounds at stoichiometry or close to this composition must in 
general be seriously affected by the compositional gradient. Indeed, even small 
inhomogeneities of say, ± 0.5 at. Si reduce the RRR ratio by a factor of 2 and 
more! As can be concluded from Fig. 7.10, the effect of the compositional gradient 
is considerably reduced if the average concentration is more than 0.5 at. % away 
from stoichiometry. 

7.5.2. The System Nb~ 

The electrical resistivity in the perfectly ordered A15 type system Nb3Sn 
(an order parameter S = 1.00 has been reported by Flükiger et al. /9/) has been 
studied by Devantay et al. /86/ and by Orlando et al. /186/. The former have 
reported the explicite dependence of p

0 
on ß, which is reproduced in Fig. 7.11. 
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Fig. 7.11. The Variation of p
0 

in the system Nb3Sn as a function of the Sn con­
tent.+: Devantay et al. /86/ (polycrystals, melted and homogenized 
at 1800 °e), a: Hanak et al. /296/ (single crystal, gro~n by evo). 

The samples below ß = 0.244 were produced by levitation melting followed by homo­
genization (12 hours at 1800 °e), both under an argon pressure of 10 kbar. It 
is not possible to produce stoichiometric Nb3Sn samples by melting techniques, 
due to the sluggish slope of the A15/A15 + L phase boundary and to the very low 
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melting temperature of 930 °C at 25.5 at. %Sn. For illustration, the Nb - Sn pha­
sediagram of Charlesworth et al. /174/ has been reproduced in Fig. 7.12. A 

better. way to prepare stoichiometric samples was found by Hanak et al. /168, 
296/ who us~d the CVD process. It appears that CVD, but also t~e sintering 
process yield quite homogeneaus Nb3Sn samples with narrow calorimetric tran­
sitions (see Fig. 5.1), while the melted samples /86/ exhibit a. noticeabla 
composition gradient. Nevertheless, the data of p

0 
vs. ß in FigT·).ll can be 

•' . considered as representative. 
':,' 

,. 

The value of p
0 

from 19 tq 24.4 at. % decreases from 82 to ~0 x 10-8 nm, 
corresponding to RRR ratlos of.~ 1 and 4, respectively /86/. A'fJrther increase 

. 8 ' 
of the Sn content by 0.6 at.% lowers p to values areund 2 x 10- nm /185,296/, 

. 0 
corresponding to RRR ~ 40. T~e behavior of p

0 
in Nb3Sn is very similar to that 

of V3Si. The absolute values of p
0 

at ß = 0.25 are somewhat higher for Nb3Sn, 
which is attributed to the metallurgical state of the measured sample, in 
particular the inhomogeneity. 

I Nb-Snj 

1500 

1000 930 
I. 

N!l;Sn5 
Nb Sn

2 
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231 

0 
0 10 20 30 40 so 60 70 80 '90 100 

at. 0/o sn 
Fig. 7.12. The Nb- Sn phasediagram {After Charlesworth et al. /174/). 
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7.5.3. The System Nb3Ge and a Camparisan with v3si and Nb~ 

In 5.1.1d, it had been mentioned that the system Nb3Ge is also perfectly 
ordered, the reported deviation from perfect ordering, S = 0.92 ± 0.04 (Sweedler 
et al. /68,69/) being rather due to the presence of additional phases (see Fig. 
3.7) causing a large measuring error in S. A str.ong argument in favour of perfect 
ordering in Nb 3Ge is the variation of p

0 
vs. ß, measured by Kihlström et al. 

/73/ on a series of coevaporated and. well characterized films. These data have 
been plotted in Fig. 7.13, tagether with those for Nb-Sn /86/ and V-Si /220/, 
showing an almost identical p

0 
vs. ß behavior for these three systems. 1he lowest 

reported P
0 

value for Nb3Ge is 30 x 10-8 nm, which was confirmed by Schauer 
et al. /216/. Knowing how streng atomic erdering affects the Vqlue ofp

0 
(see 

paragraph 7.6, but also the system Nb-Al in Fig. 7.13), this behavior can indeed 
be considered as an important argument indicating that Nb 3Ge i1s perfectly ordered, 
butthat even the sample with the lowest p

0 
value exhibits a slight deviation 

from stoichiometry , the average Ge content being ~ 24 at.%. 

~ 
I:. Nb3At : 5<1 

80 
x Nb3Ge 1 X 

~ o Nb3Sn 5=1 

E 60 X ~Si c:: ..,. ~ ~QuooW•d •o .... 
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C1l 

\ Annealed 
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at.% (Ge, Sn, Si,Al) 

Fig. 7.13. p
0 

vs. compositicin in the systems Nb-Sn /86/, V-Si /220/, Nb-Ge 
/173/ and Nb-Al /191,220/. 
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Obviously, this does not exclude that small parts of the sample (those with 
T values araund 23 K) are even closer to ß = 0.25. This is confirmed by the c 
available specific heat data of Stewart /227/, showing a considerable width 
of the calorimetric transition at T . c 

7.5.4. The System Nb3~l. 

No systematic variation of p
0 

vs. ß has been undertaken so far in the system 
Nb-Al. Measurements an two samples with ß = 0.235 and 0.25 recently reported 
by Flükiger et al. /191,220/ have been added to Fig. 7.13. 

The variation of p
0 

vs. ß for Nb3AI does not fit the common behavior of 
the three other systems. This is attributed to the fact that Nb3AI exhibits a 
deviation from perfect erdering /28/. Both Nb3AI samples have been prepared by 
arc melting, followed by a prolonged homogenization heat treatment at 1850 °e. 
In order to obtain two states with distinctly different degrees of ordering, 
both samples were first argon jet quenched from ~~40 °e (upper points in Fig. 
7.13), after which they were annealed 7 weeks at 750 °e (Iower points in Fig. 
7.13). The corresponding Tc and S values indicate that a change of Tc of 1.8 K 
corresponds to a difference in the order parameter lying between 6S = 0.01 and 
0.02. this relative variation 6Tc/ 6S agrees with that previously reported by 
Sweedler and eox ·/53/. The compositional inhomogeneity of the stoichiometric 
Nb3AI sample is estimated tobe smaller than ± 0.5 at.% Al, as deduced from 
the calorimetric measurements of Junod et al. /248/ an the same sample. As a 
conclusion, it can be said that the variation of p

0 
vs. ß for Nb3Al follows the 

same tendency as for the systems Nb3Sn, v3si and Nb3Ge, but that the absolute 
p

0 
values are enhanced with respect to these three systems due to the lower order 

parameter value. It can be recognized that for strenger deviations from stoichio­
metry (e.g. at ß = 0.20) the influence of the degree of erdering an p

0 
tends 

to vanish. The effect of atomic erdering on p
0 

will be treated in the next para­
graph. 

7.5.5. The System Nb~ 

The variation of p
0 

with Ir content has been studied by Schneider and Linker 
/135/ and is represented in Fig. 7.14. The interest in this system arises from 
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Fig. 7.14. Variation of Tc and p
0 

as a function of composition in Nb
3
Ir. 

o: Data on bulk samples (Devantay/2061),0: Data on thin film sam­
ples (Schneider and Linker /135/). 

the phase stability at both sides of stoichiometry. Schneider and Linker /135/ 
found a minimum of P

0 
at stoichiometry, with an almost symmetrical decrease at 

both sides. The P
0 

value of 19.66 x 10-8 nm at stoichiometry /135/ agrees well 
with the value p

0 
= 14 x 10-8 nm reported by Devantay /206/. On the same figure 

the variation of T with ß is represented, showing a continuous increase from 
c 

< 0.1 Kat 22 at.% Ir to 3.3 Kat 28 at.% Ir /62/. This shows clearly that 
the frequently used correlations between Tc and p

0 
have to be interpreted with care. 

7.6. The Effect of Atomic Ordering on P . 

In the preceeding paragraphs it has been shown that p
0 

in Nb 3Al depends 
on atomic ordering. A more systematic work has been performed by Flükiger et 
al. /142/ on Nb3Pt. This material was chosen because of the unique possibility 
of varying S within the range 0.88 ~ S ~ 0.98 by quench and anneal procedures 
on a single-phased stoichiometric sample. The Variation of p

0 
for different 

order parameter values is shown in Fig. 7.15. 
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Variation of p with S in quenched /142/ and neutron irradiated 
/217/ Nb3Pt. T~e dashed line repres~nts a hypothetical p

0 
~ 1-s2 

correlation /257/.(TAe dashed line is a guide to the eye). 

Knowing the good correspondence between Tc and S in quenched and neutron 
irradiated Nb3Pt (see Fig. 4.12), it is interesting whether it can be extended 
to the normal state resistivity p

0
• Such a comparison can be made using the 

P0 values of Caton and Viswanathan /217/ (see Table 7.1), on neutron irradiated 
Nb3Pt, estimating the order parameter values from Fig. 4.12. It is seen from 
Fig. 7.15 that the variation of p with order parameter is very similar for 

0 
quenched and irradiated samples, indicating that the effect of additional radi-
ation induced effects as lattice expansion or static displacements on p

0 
of 

Nb3Pt is negligible when comparing to the effect of A~B site exchanges. 

r A comparison between Figs. 7.13 and 7.15 shows that deviations from perfect 
ordering are at least as effective as compositional changes in increasing the 
value of p0 • As an ~xample, the occupation of 1 % Nb sites by Pt (corresponding 
to ra ~ 0.99 or S = 0.96) Ieads to p

0 
~ 40 x 10-B m. The same p

0 
value in the 

systems Nb3Ge, Nb3Sn and v3st would be obtained at a 2 % deviation from stoichio­
metry, thus reflecting the importance of chain integrity for the electrical 
resistivity. 
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The most remarkable feature in Fig. 7.15 is the similarity of p
0

..=_p
0

(S) for 
both argon jet quenched and neutron irradiated Nb3~(see also Table 7.1). 
This means that the static displacements and the lattice expansion in the 
irradiated state do not seriously contribute as additional scattering centers 
limiting the electronic mean free path. The main contribution arises from the 
wrongly occupied sites originating by deviation~ from perfect ordering and/or 
from perfect stoichiometry. In other words, the enhancement of resistivity in 
a slightly diserdered A15 type compounds is caused by the electronic scattering 
du2 the local breakdown of periodicity of the field in the latti~e. 

It can be easily seen that the curve in Fig. 7.15 does not follow the 
Variation 

(7.4) 

proposed by Muto /257/. This is not surprising if one considers that Eq. (7.4) 
was essentially verified for the system cu3Au. In the case of Nb3Pt the en­
hancement of P

0 
with decreasing S is much stronger than described by 

P0 ~ (1-S2). At the vicinity of perfect ordering, the Variation of p
0

(S) is 
strengest, in analogy to the Variation p

0
(ß) discussed in the preceeding 

Paragraph. 

After having demonstrated for Nb 3Pt that p
0 

= p
0

(S) is almost independent 
on the way how the disorderwas produced, i.e. by quenching or by irradiation 
procedures, it is now possible to study the variation of P

0 
with diserdering 

in other A15 type compounds where a deviation from 5 = 1 could only be ob-
tained by irradiation only, quenchingprocedures being unsuccessful. The available 
data on systems where 5 after irradiation was measured (and not only estimated) 
restricts the choice on two systems, one with a high Tc (Nb3Sn) and the second 
one with a low Tc value (Nb3Ir). 

In these both systems, both the values of p
0 

and 5 have been measured 
after irradiation with 20 MeV 325 /136/ and 300 keV He+ ions /135/, respectively. 
The data for Nb 35n are shown in Fig. 7.16, showing again a strong deviation 
from a ~ {1-52) dependence, as for Nb3Pt. The presently observed behavior in 
both systems is closer to ~ (1-54), as shown in Fig. 7.16, thus showing that 

the simple model of Muto /257/ cannot be applied to high Tc A15 type compounds. 
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Fig. 7.16. Variation of p with S in Nb3sn after irradiation with 20 MeV 32s 
Ü I 

ions (Data extracted from Nölscheret al. /136/. For comparison, 
calculated dependences with 1-s2 and 1-S4 are added. 

This model could, however, apply to low Tc compounds as Nb3Ir, where the variation 
of P

0 
vs. ß close to the stoichiometric composition, reproduced in Fig. 7.14, 

follows thesame schemeas for cu3Au /Ref. 257, p. 62/. The variation of P
0 

vs. S 
for Nb3Ir extracted from the data of Schneider and Linker /135/ are shown in 
Fig. 7.17. In this case, two different samples having composition close to 
Nb3Ir have been' irradiated by 300 keV H ions or 300 keV ·He ions, respectively. 
The value P

0 
(S ~ 0) in both cases differ by < 10 % only, indicating a little 

influence of the projectile. The variation ~f P
0 

with S, however, shows sub­
stantial differences, the dependence ~ (1-S~) being observed for He ions only. 
A comparison between Figs. 7.15, 7.16 and 7.17 shows .that the initial variation 
of P0 , for small deviations from perfect ordering is much stronger for the com­
pounds Nb3Pt and Nb3Sn than for Nb3Ir. 
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Fig. 7.17. p
0 

vs. S for Nb3Ir after Irradiation with He ions (E = 300 keV), 

extracted from the data of Schneiderand Linker /135/. 

The present considerations have been restricted to the few cases where 
both P

0 
and S were measured on the same samples. It is possible to extend the 

comparison to systems where the S values were calculated, i.e. using Appel's 
theory /304/. The results for the systems Nb3Ge and v3si (not shown here) show 
a similar behavior tothat of Nb 3sn. At present, no physical model can be pro­
posed for explaining the observed Variation of p

0 
with S in A15 type compounds. 

Again, the system Nb3Ir (with a transition 8 element) shows a different be­
havior, the variation of p with S being slower than for the other compounds 

. 0 ' 
with nontransition 8 elements. This is confirmed by the slow variation of P

0 
in diserdered Mo3os (see Fig. 7.3) and Mo. 65 Re_ 35 /301/. 
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8. TECHNICAL ASPECTS OF ATOMIC ORDERING MULTIFILAMENTARY WIRES 

8.1 General Remarks about Multifilamentary Wires. 

In the last years, there has been a growing need for superconducting high 
field magnets. In the next future, superconducting magnets producing fields 
above 12 Tesla will still be wound with wires based an A15 type compounds with 
upper critical fields, Bc2(o), exceeding 25 Tesla. Wires based an compounds 
crystallizing in other phases with high upper critical magnetic fields, e.g. 
NbN /305/ or PbMo6s8 /306/, show without any doubt promising current carrying 
properties, but still need a considerable development before achieving a prac­
tical stage. An A15 type material to be used in high field magnets must fulfill 
the following conditions: 

- Tc::._ 15 K 

- Hc2(4.2 K) > 25 T 

- Grain Size < 200 mm. 

In the following, it will be demonstrated that the first two points are 
influenced by the degree of atomic ordering. 

It has already been said in the present work that the first two properties, 
i.e. Tc and Hc2' depend an the degree of atomic ordering. It will be shown in 
the following that there is an additional condition: the material must be a 
dirty type II superconductor. This is the point where the degree of erdering 
plays an important role when optimizing the current carrying capacity of a 
multifilamentary superconducting wire at high magnetic fields. It has been 
stated by the author and coworkers /9,191,307,308/ that the knowledge of the 
order parameter in the investigated A15 type material, e.g. Nb3Sn, Nb3Al, V3Ga, 
Nb3Ge, ... is of primary importance for the understanding of the effects leading 
to an optimization of the critical current density Je. The effect of erdering 
on the critical current density Je of superconducting wires is essentially 
dominated by the variation of the normal state resistivitv p ~ discussed in 

V 0 

Sect. 7. For dirty type II superconductors, this quantity is correlated to the 
value of the upper critical field Hc2 by the equation 

H "'T •y•p c2 c o (8.1), 
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where lc is'the superconduc~i~g transitiorr temperatur~ and y the electrontc 
specific h~at coefficient. ·It can be e~sily seen from the variatibns of p

0 
with 

the· composition ß (Fig. 7.13) and of p with the order parameter (Figs. 7.15 
. . .. ' 0 

and 7.16) th~t at the ~ici~~ty of stoichiometry or perfeGt erdering ~p0 largely 
exceeds·the/corresponcting fiT or· ~Y values. This. question wi 11 be studied in . . ' c . . 
detail 'in the following. The attentionwill be restricted to the three systems 
Nb3sn, 'Nb3A·l.and v3Ga,·which cah··alre.ady be pre;ared in a multifilamentary con-
figuration. · · 

\ .. ·· 

' .. 
8.2 Wire Prsparation 

The numerous'method~ reported so far for producing multifilamentary wires 
based on A1~ type compounds have all one thing in common: During the ·mechanical de­
formation td the:final wire diameter, all the constituents have to be ductile, 
the inher~ntly.briitle A15 phase being formed at the end of the deformation pro­
cess only~ by a r~acti6n at temperatures weil below 1000°C. These ductile compo~ 
n~nts are ordinarily combinations between a variety of materials like Nb, V, 

Cu, Cu-Sn, ~J-Ga,. Ta, ... ·,depending whether N.b~Sn an v3Ga is produced /319,320,327/. 

Mu_Iti.filamentary wires have been recently produced at a }aboratory scale. 
with another Af5 type compound, Nb3Al /309/ by using the cold powder metallurgic!:!l 
approach (191,310/. Investigatio~s are actually performed in several laboratorie~ · 
for producing Nb3Al wires at an industrial scale. ·This constitutes a difficult 
enterprise, the deformation properties of Nb-Al wires being substantially differ­
ent from those of the 11 Classical 11 Nb 3Sn and v3Ga wires mentioned above. 

It is unfortunate that just for the two binary A15 type compounds exhibiting 
I ' ,._ 

the highest T value.s, ·Nb3Ge (T = 23 K) and Nb3Ga (T = 20.7 K), no way is seen c . . c c 
so far to obtain the required multifilamentary configuration. This may appear 
.relatively surprising in· view of the relative ease with which bo.th compounds 
can be formed as thin ',rt lms or tapes, either by sputtering, coevapor'~tion or 
CVD. This illu~t~~tes that the 'occurrerice öf a high T value in .a compound does · . ' . ' c . ' 
not necessarily imply its. suitability for practical superconducting wires ful-
filllng the necessary current:carrying and st~bility requirements at high fields. 

·. . ' ., 

\ 

The'main fattors deciding i~. favour qf a gJven material for the use in 
superconducting hig~ fie~d magnets bestdes high Tc and Hcz(O) valu~s are: 
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a) its metallurgy (phase stability at compositions close to stoichiometry) and 
b) its growth kinetics (grain size, pinning behavior at the grain boundaries). 
Both a) and b) determine the reaction conditions, i.e. reaction time and tempe­
rature, which have to be optimized, the criterion being a maximum of Je, the 
overall critical current density at the desired field, 8

0
. 

The search for possible new methods to produce multifilamentary wires based on 
the A15 type compounds exhibiting the highest Tc and Hc2 values will in the 
future mainly be directed towards nonequilibrium rnethods, the stoichiometric 
composition being metastable at pratical reaction temperatures, i.e. below 1000°C. 

This can be illustrated by two examples: i) Nb3AI and ii) Nb3AI. 8Ge. 2. The latter 
was recently retained in the amorphaus state by fast quenching on a hat sub­
strate. If the amorphaus alloy would be ductile enough to permit ulterior plastic 
deformation, the way would be open to the formation of fine filaments. At pre­
sent, however, it is too early for estimating the chances of such a procedure. 

Fig. 8.1. Typical Nb3Sn multifilamentary superconducting wire. 13.000 Nb3Sn 
filaments in a Cu bronze matrix are surrounded by a Ta for pro­
tecting the external Cu stabilizer. 
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8.2.1. The Equilibrium Phase Diagrams of the Systems Nb~~Ga and Nb~ 

The A15 phase fields of the systems Nb-Sn /174/ is represented in 
Fig.7.12, those of V3Ga /20/ and Nb3AI /35/ in Fig. 8.2. 
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Fig. 8.2. The A15 phase fields in the systems V-Ga /20/ and Nb-Al /35/. 

It is seen that the stoichiometric composition in the systems Nb3Sn and 
V3Ga is comprised at all temperatures of the corresponding A15 phase field, 
while for Nb3AI, it is stable at 1940°C only, the equilibrium composition at 
1000°C being close to 21.5 at.%Al /35/. This difference is of fundamental im­
portance, since practical A15 superconducting wires are always reacted at tem­
peratures below 1000°C: In the case of Nb3AI, Al content~ exceeding 21.5 at.% 
can only be obtained by nonequilibrium processes. Such processes are necessary, 
since at 21.5 at.%.Al,this compound would onlyexhibit Tc values araund 9 K and 
Hc 2(0) values close to 15 T (see Fig. 8.3), i.e. too low for a practical super­
conducting wire. 

8.3. Variation of the Physical Properties with Composition in Various A15 Systems 

8.3.1. The Superconducting Transition Temperature 

Itis interesting to compare the Variation of Tc with composition in 
various A15 type compounds. All high Tc compounds exhibit a maximum at the 
stoichiometric composition, but the behavior of Tc close to ß = 0.25 shows 
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characteristical differences. An almest linear variation T vs. ß is observed c 
for V3Ga, Nb3Pt and V3Pt (Fig. 8.3), where the A15 phase extends to both sides 
of the stoichiometric composition. The same figure also shows that the behavior 
of y in these systems is very similar to that of T . c 
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Fig. 8.3. Tc and y vs. the composition ß (in at.%) for the A15 phase in the 
systems V-Ga, Nb-Pt and V-Pt. 

The behavior of T in the system V~Au is plotted in Fig. 8.4. It is particularly c ,) 
interesting due to the streng dependence of T on the order parameter, but shows 

. c ' 
nevertheless a linear dependence. The solubility limit in the A15 phase of V-Au 
is 24 at. Au, while the highest achievable order parameter is Sa =· 0.94 (see 
Table 5.9). An extrapolation of Tc towards ß + 0.25 yields Tc~ 3.5 K. Flükiger 
et al. /18/ have further attempted to estimate Tc for S ~ 1 and found Tc~ 5 K. 

Although the superconducting transition temperature in Nb3Ge has been measu­
red on a great number of samples prepared by various methods, th~ variation of Tc 
with composition is less known than for other Al5 type compounds. At ~19.5 at. % 
Ge, Tc = 6K was reported on arc melted samples /62/. On splat-cooled samples, 
Matthias et al ./312/ reported T ~ l7K. From their lattice parameter value, c . 
a = 0.5150 nm, the composition can be estimated to 23 at. % Ge. The most diffi-
cult question is whether the highest value, T = 23K, corresponds to the stoi~. c 
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17d/650"C 
"' 

2 

20 25 at."/.Au 

Fig. 8.4. Tc vs. atomic composition for v3Au, showing the strong dependence 
on the annealing conditions (i.e. on the order parameter). 0 : Van 
Reuth et al. /3/,0, ü, •, +: Flükiger et al. /18/,~: extrapolated 
to ß ~ 0.25 /18/. 

chiometric composition. As mentioned earlier in this work several considerations, 
in particular the variation of p with ß, 1ead to the conclusion that Nb 3Ge is per-

o -8 
fectly ordered. The lowest p

0 
value reported so far, ~30 x 10 ~m /73/ suggests 

an effective composition close t'o 24.5 at.% Ge. As cliscussed below, there are ar­
guments suggesting that the c.orrect composition would rather be ~L4.5 at. % Ge, 
v:hich is also confirmed by Kihlström et al. /73/. 

' 
The variationofT in the system Nb3Ga /7/ and Nb 3Ge /62, 73,

1
312, 313, 314/ 

c ' 
is shown in Fig. 8.5. The system Nb3Ga has been studied in detai1 by quench and 
anneal procedures (Flükiger and Jorda /315/) and shows a slight saturation ten­

dency for Tc. 

20 

at.o/o GaJ Ge 

Fig. 8.5. Variation of Tc vs. composition in Nb3Ga and Nb3Ge. c: Nb3Ga, argon 
jet quenched /7, 315/, g: Nb3Ga, quenched + 1 month /650° C /7,315/ 
+: Nb3Ge, ( ~19 at. %Ge, melted /62/, ~23 at. %Ge, splat-cooled /312/, 
~25 at.% Ge, sputtered /313/ or coevaporated /73, 314/. 



-246-

This tendency to saturate is also observed in the system Nb3Al (see Fig. 8.6). 

20 

Tc 
[K] 1s 

10 

18 20 22 24 26 

at. o/o Al 

Fig. 8.6. Tc as a function of the Al content in the Nb3Al phase: + after Ar jet 
quenching from temperatures ranging from ll00°C up to 1940°C,x: after 
cooling by radiation (radiation quench) from the same range of tempera­
tures, o: annealed for periods between 30 and 50 days at temperatures 
ranging from 650 to 750°C, •: prepared by electron beam coevaporation 
/189/ (From FlUkiger et al. /28/). 

As stated by FlUkiger et al. /28/, the order parameter in the system Nb 3Al 
decreases from Sa = 0.97 ± 0.02 at 23.1 at. %Al to Sa = 0.95 ± 0.02 at 24.5 at. 
%Al. Thus, the saturationofT could be correlated to the decrease of the order c 
parameter when approaching the stoichiometric composition (see 5.1.1). 

An anomalaus saturation of Tc close to ß = 0.25 has also been reported in 
the system Nb3Sn (see Fig. 8.7). In this case, the cause for the saturation is 
thoUght tobe different than in Nb3Al. Indeed, the perfectly ordered state in 

Nb3Sn /9/ is thought to create the necessary conditions for the cubic-tetragonal 
martensitic transformation for Sn contents exceeding 24.5 at. %Sn /86/. 
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Fig. 8.7. Tc vs. composition in Nb3sn (After Devantay et al. /86/) 

The extrapolation of Tc to 25 at. %Sn for a hypothetical, cubic and stoichio­
metric sample would yield ~19K., i.e. nearly lK higher than the reported value 
for tetragonal stoichiometric Nb3sn. This is indirectly confirmed by the slight 
increase of Tc in alloyed Nb3sn occurring simultaneously with the suppression 
of the martensitic transformation, as shown later in this section. 

8.3.2. The Electronic Specific Heat 

A further quantity in Eq. (8.1) is the electronic specific heat y. For ob­
vious reasons, the variation of y with composition is less known than that of 
Tc. Nevertheless, the data collected in Tables 6.5 and 6.6 allow a rough 
picture of this variation. In general, y = y(ß) in V and Nb .based high Tc Al5 ty­
pe compounds varies in a very similar way to Tc= Tc ( ß ). This is best illu­
strated for the systems V-Ga and Nb-Pt in Fig. 8.3. Measurements of y in the 
systems Nb3Sn at ß = 0.20, 0.22 and 0.25 /169, 276/, in the system Nb3Ge at 
ß = 0.20 and ~0.25 /195, 227/, in the system Nb3Ga at ß = 0.19 and ~0.25 /195, 
227/ and v3s; at ß = 0.20, 0.24 and 0.25 /276/ confirm the general tendency 
(see Table 6.6). 
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The correlation between T and y for several high T AlS type compounds with c c 
different compositions or atomic parameters is illustrated in Fig. 8.8. (Note 
that the variation of A, the electron-phonon interaction parameter, vs. N(EF), 

the electronic density of states, is very similar). The slope dT/dy is 
maximum for Nb3s; and minimum for V3Ga. 

15 -

10-

5-

Go.» 
Go 1'l _..---- 61 

(S •0.95) ,.;._...---- (S •098) 

-~~GO 

o tlb--bosed 
'" V-based 

0'-----1__~---L~~---L---------l ~-----' 
0 5 10 15 20 25 

)l' fmJ/al-gl<'f 

Fig. 8.8. T vs. y for several high T AlS type compounds with different compo-c c 
sitions and atomic order parameters /307/ 

Jarlborg, 'reter and Weber /298/ have recently calculated the electronic 
structure for nonstoichiometric Nb3sn. They found that the electronic density of 
states at 2a sites occupied by,Nb atoms exhibits a three peak structure over 
the range of the valence bands, while the Nb atoms at the 6c sites have a two 
peak structure. The whole region of high density of states araund EF is found 
to decrease considerably when going away from· stoichiometry, while the regi.on 
above EF gets filled up. The.fine·structure near·E,F gets washed out, and the 
deep minimum slightly above EF becomes less pronounced. Jarlborgetal. /298/ 
found that the decrease of the density of states N(O) at EF appears to be in­
sufficient to account for the whole decreasd of 1 from 18 to 6K for ß = 0.25 c 
and 0.20, respectively; At this ~oint, one should also consider that composi-
tion changes are also accompanied by changes of the phonon spectrum, which are ,, 
reflected by strong enhancement,~f e0. As represented in Fig. 6.S, e0 increa-
ses from 227 K for ß = 0.2S to 305 K for ß = 0.20. A similar remark should al­
so be made for the change of N(O) of high T AlS type compounds after disorde-c 
ring. Of course, the change in N(O) is the dominant feature for the decrease 
of Tc for increasing disorder. However, in order to account for the whole de­
crease ofT , the simultaneaus phonon hardening should also be taken into ac-c 
count (see Table 6.5) 
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8.3.3. The Electrical Resistivity 

Compositional and erdering effects on p of various Al5 type compounds 
0 

have already been described in 7.4 and 7.5. The main conclusion was that a 
perfectly ordered, stoichiometric Al5 type compound should exhibit p values 

0 
well below 10 X 10-8 ~m (see Fig. 7.2). The system v3s; with particularly fa-
vourable metallurgical conditions (precise stoichiometric composition, homo­
geneity) exhibits the lowest value with p < 1 X 10-8~m, which raises the 

0 
question whether the latter should be considered as being representative for 
the true p

0 
value in A15 type superconductors. This illustrates again the 

strong influence of sma11 deviation from a perfect A15 crystal on the electri­
cal resistivity p

0
, which thus appears as being the most sensitive physical 

quantity for describing these variations. 

For technical superconductors as Nb3Sn, Nb3Al and v3Ga, the ultimate li­
mit of p

0 
is of little interest only. It is particularly important to recall 

that between 24.5 and 25 at. %Sn or Si in the systems Nb3Sn and v3si, respec­

tively (and presumably in Nb3Ge), p
0 

varies by almost one order of magnitude, 
which contrasts to the simultaneaus change of Tc by 10 % only. In other words, 
going from ß = 0.245 to 0.25 in these systems corresponds to go from a dirty 
type 11 superconductor(with an electronic mean free path A ~ 3 nm) to a clean 
type II superconductor wit A > 10 nm. After these remarks, it is now clear why 
for technical applications only type II superconductors in a dirty state can 
be envisaged. 

8.3.4. The Upper Critical Magnetic Field 

In virtue of Eq. (8.1), high values ofT, y and p lead to a superconduc-c 0 
tor having a high value of the upper critical magnetic field Hc2. Consequently, this 
quantity is also dependent on atomic ordering and composition. The variation of 

Hc2 in various Al5 type compounds (V3Ga, Nb/t, Nb3Au~lt. 3 and Mo30s) is shown 
in Fig. 8.9. In all these cases, partial disorderwas induced by quenching pro­
cedures. The corresponding p(T) measurements on the same samples have been plot-
ted in Fig. 7.3. In spite of their different behavior with regard to paramagne­
tical limiting, all investigated systems exhibit large variations of Hc 2(T) in 
spite of the small changes in order parameter produced by heat-treatment. For 
V3Ga and Nb3Pt, increases of the order parameter ~S = 0.03 and 0.06 cause an in­
crease in Hc 2(0) of 10 and 16 %, respectively. An even greater increase öf 
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Hc2(0) (~40%) is observed for Nb3Au0. 7Pt0.3. (The different states of ordering 
are characterized by the corresponding heat treatments~ The order parameter of 
a ternary system is not defined). For Mo3os, however, an increase of ~S = 0.06 
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Fig. 8.9. Hc 2(T) for different ordering parameters, S. 
a) v3Ga (S = 0.98 and 0.95); Mo30s (S = 0.85 and 0.79). 
b) Nb3Pt (S = 0.98 and 0.94). 
Heat treatment of Nb3Au0. 7Pt0.3: 2 weeks at 750°C (~), and 24 hours 
at l250°C (~), followed by quenching (Flükiger et al. /142/). 

produced a decrease in Hc 2(0) from 8.3 to 7.1 Tesla, in good agreement with ear-

1ier data. The initial slope, (dHc2/dT)T=Tc' is also. affected by ordering (see 
Table 8.1). For Mo30s and Nb3Pt, increasing disorder enhances the value of the 
initial slope from 0.85 to 1.05 and from 1.6 to 1.95 tesla/K, respectively, in 
cantrast to Nb3Au0. 7Pt0.3, for which the initial slope decreased. It should be 
noted (see Fig. 8.9) that the initial slope is difficult to determine for strong­
ly Pauli paramagnetical limited materials such as v3Ga. In this case, there is a 
noticeable variation of this slope very close to T and the slope cannot be de-c 
termined accurately. The errors in this determination make detailed camparisans 
with S difficult. The upper critical fields of Mo3os and Nb3Au0.7Pt0.3 agree 
with the predictions for' a dirty type II superconductor; the value h(O) = 
Hc2(0)/Tc(dHc 2/dT)T=T for both systems is close to the theoretica1 va1ue, inde­
pendent on the degreecof order (Table 8.1). It is interesting that Hc2(T) for 
Nb3Pt falls well above the predictions in agreement with Bongi et al. /317/. In 
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dHC2 Hc2(0) 
e h(O)f Compound Ordering Tc 5 y Po Hc2(0) 

treatment IJTT 
(time /oq (K) (mJ/K2cm3) (T/K)c (X10-811n1) (T) 

V3Ga 3w./610a 15.3 2.87 4.0 20.3 25 27 0.44 

V3Ga 1/2h./1250a 15.1 0,98 (2.72)c 4.0 24.2 23.1 30 0.38 

V3Ga 1/2h. /1250b 13.8 0.95 2.37 3,6 32.7 22 33 0.40 

~1o 3os 2w. /1100a 12.1 0.85 0.57 0.85 28.5 7 6 0.70 

~1o 3os 1/2h. /1950b 11.4 0.79 0.56 1.05 35.8 8 7 0.69 

Nb Pt 4w ./900a 10.9 0.98 (0.58)c 1.6 20.1 15 4 0.80 
3 

Nb3Pt 1/2h. /lBOOb 8.6 0.94 0.52 1. 95 66.6 13 9 0. 74 

Nb31\uo.lto.3 2w./750n 12.9 1.02 3,3 60.1 30 24 0.70 

Nb31\uo.lto.3 1/2h. /1550° 10.0 (0.62)c 2.9 82.5 21 16 0. 70 

Table 8.1. High field parameters, specHic heat and electrica1 resistivity of 

V3Ga, Nb3Pt, Nb3Au 7Pt 3 and Mo 30s at different degrees of atomic 
a · · b c ordering. Slowly cooled, Argon jet quenched, Interpolated values, 

dExtrapolated from measured data, eCalculated1 fro~ H 2(0) = 3.06Tcyp , 
f - c 0 
Calculated from h(O) = Hc2(o)[Tc·dHc2/dTirJ (After Flükiger 

et a1. /142/). c 

addition, an increase of the order parameter from S = 0.94 to S = 0.98 enhances 
the value of h(O) from 0.74 to 0.80. It can be suggested that the high value of 
h(O) for Nb3Pt may be due to d band overlap at the Fermi level. 
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Numerous metallurgical effects can influence the evaluation of the resisti­
vity at low temperatures. Generally, these effects increase the value of p

0 
so 

that estimates of H~2 (o) in Table 8.1 would be expected to give a value larger 
than measured. Thus it is difficult exept under particularly favorable circum­
stances to determine H~2 (o) using resistivity data. The estimates of H~ 2 (o) cal­
culated with pc gives values larger than measured for V3Ga which is consistent 
with the observed strong paramagnetic limiting. The results for Mo3os are close 
to the measured values, but the results for Nb3Pt give a calculated value of 
H~ 2 (o) which is quite low. Even the relatively dirty Nb3Au0.7rt0.3 materials gi­
ve a low calculated value of H~2 (o). 

The low resistivity and large residual resistance for well-ordered Nb~Pt 
J 

suggests a long mean free path. Atr' Estimates of Atr"' 10 nm for sample 1 of 
Fig. 7.3 and ~/At ~ 0.7 indicate that this material is a relatively clean su­o r 
perconductor. 

It is interesting that by introducing 3% Pt atoms on the Nb sites by quen­
ching from l800°C, corresponding to an order parameter S = 0.88, ~tr is reduced 
by almost 10, so that Nb3Pt then becomes a dirty type II superconductor. 
In addition, the alternation of the mean free path by thermal methods is rever­
sible. Similar estimates for the Mo3os materials in Table 8.1 yield ~tr"' 2 nm 
and ~0 /~tr ~ 10 so that these are dirty. Calculations for the well ordered V3Ga 

(Tc = 15.3 K) yield ~tr ~ 2 nm and ~0/~tr ~ 0.3. 

Discussing critical current density values Je at high magnetic fields, it 
is mostly neglected how strong the chemical composition may influence the value 
of Hcz· Hc 2 vs. composition for the systems Nb-Ge, Nb-Ga, V-Ga, Nb-Pt and V-Pt 
is illustrated in Fig. 8.10/142/ .. For the high __ !c compounds Nb3Ge and Nb3Ga, a 
variation 6Hc2/6ß = 5 Teslaper at.% is found. For the paramagnetically limited 
system v3Ga, the influence of composition on H 0 is considerably sma1-

c'-
ler, "' 2 Tesla/at. % Ga. This value is even smaller than in the system Nb-Pt 
("' 3T/at.% Pt at ß < 0.25), in spite of the considerably lower Tc ~alue of the 

latter, which is not paramagnetically limited (similarly to all other Nb based 
A15 type compounds), 

Due to the peculiar behavior of Tc at the vicinity of ß = 0.25 in Nb3Sn 
(Fig. 8.7) and Nb3Al (Fig. 8.6), the variation Hc2 vs. ß in these two systems 
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Fig. 8.10.Upper critical field Hc2(o) as a function of composition, ß, in 
A1_

8 
Bß compounds for the various Al5 compounds. The variation of 

the points at ß = 0.25 for Nb-Pt and V-Pt show the effects of atomic 
order (after Flükiger et al. /142/). The slope for Nb-Ge and Nb-Ga is 
rv5 T/at.%. 

is expected to be more complex than for Nb3Ge and Nb3Ga. For comparison, the va­
riation of both Tc and Hc 2 in the systems Nb3Sn and Nb3Al has been plotted in 
Fig. 8.11. 
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Variation of T and H 2(0) as a function of composition in the Al5 ' c c 
systems Nb-Sn and Nb-Al (Flükiger /308/). The hatched area for 
Nb3Al reflects the uncertainty in determining the atomic composi­

tions from Tc in the work of Kwo et al. /189/. 

27 
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In cantrast to the other two systems, the variation Hc 2 vs. ß for Nb 3Sn 
does not follow the behavior of Tc (86): above ~24 at.% Sn, a rapid decrease of 

Hc2(0) is observed /186, 308/, a consequence of the strong variation of the elec­
trical resistivity, p

0
, in this composition range /86/. In this compound, the oc­

currence of both, perfect erdering /9/ and stoichiometry leads to a very low re­
sistivity value, p

0 
~ 2wncm (185), which is nearly an order of magnitude smaller 

than the value for 24 at.% Sn, p = 22wncm /86/. The sharp drop of p in this 
0 0 

range is caused by the substitution of Sn atoms by 8 atoms for nonstoichiometric 
compositions: The relative change of the electronic mean free path is comparati­
vely stronger for small perturbations of the perfectly ordered, perfectly stoi­
chiometric state than for large perturbations (here, the deviation from stoichio­
metry is understood as a perturbation). Thus, the maximum of Hc2(o) in Fig. 8.11 
can be explained on the basis of the "dirty limit" equation(8.l} as the result of 
two opposite effects: i) below 24 at.% Sn, the increase of Tc and y is dominant 
over the decrease of p

0
, and Hc2(0) increases with ß, and ii) above 24 at.%Sn, Tc 

(and probably also y) shows the above mentioned "saturation", and the streng de­
crease of p

0 
dominates, thus leading to the observed decrease of Hc2(0) shöwn in 

Fig. 8.11. 

The variation of Hc2(0) for NbJAl in Fig. 8.11 combines several data sets, 
arising from the works of Kwo et al ./189/ on coevaporated thin film samples with 
Tc values up to 17.8 K (or ~23 at.% Al according to Flükiger et al .. /28/), and 
of Foner et. al. /311/ on a bulk sample with T = 18.8 K (the composition of this ' c 
sample was estimated from the preparation procedure: after Ref. 28, only Al con-
tents below 24.5 at.% can be retained by arc melting, higher cooling rates being 
required for retaining compositions closer to stoichiometry). 

It can thus be concluded that the variation Hc 2(o) vs. ß in both systems 
BP3Al and Nb3Sn is almostlinear up to ~23 at.%, where the slope of ~5 T/at.% is 
almo~~ the same as for the systems Nb3Ge and Nb3Ga (Fig. 8.10). Above ~23 at.%, 
different effects correlated with atomic erdering lead to a deviation from linea­
rity: 

a) the decreasing order parameter for ß + 0.25 in Nb3A1 leads to a slight curva= 
ture, 

b) the occurence of perfect erdering in Nb3Sn leads to excessively low values of 
P at ß > 0.245, thus causing a maximum of H 2 between 24 and 24.5 at.% Sn. 

0 c ' 
In this system, the maximum of Hc2(0) can only be achieved if a small pertur-
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bation (ß < 0.25, S < 1 due to irradiation or alloying) pushes the system from 
the "clean" to the "dirty" type II limit. 

8.3.5. The Upper Critical Field Slope in Nb~ 

It is interesting to analyze the variation with composition of the upper 
critical field slope at Tc, (dHc2/dT)T . A comparison between measured and cal­
culated values of the critical field c slope in Nb 3Sn has been performed by 
Devantay et al. /86/ and is plotted in Fig. 8.12. In this work, the slope was 
calculated for each composition using the expression /186/ 

(8.2) 

a and b being numerical coefficients, n the electron density, S/SF the ratio of 
the Fermi surface to the free electron Fermi suface and Yy = y/Vat the coeffici­
ent of the electronic specific heat per unit volume, nH (Tc) the strong coup­
ling correction factor. Following the work of Orlando c2 et al. /186/, S/SF = 
0.35 was adopted (the choice of this value is not critical below about 23 at. % 
Sn). The strong coupling correction factor nH (Tc) was assumed to increase li-
nearly from unity to 1.17 within the c2 homogeneity range. The factor 
R(oo)/R(Atr), related to the coherence length and the mean free path, was taken 
tobe unity over most of the homogeneity range and tobe 1.17 for the ideal com-
pound. Tc (KJ 
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Fig. 8.12. Comparison between calculated (a) and measured (b) upper critical 
field slope in Nb3Sn as a functi~n of the Sn content (Devantay et 
a l. /861). 
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The calculated values of (aHc2;ar)T are shown in curve a in Fig. 8.12. This 
curve is based on the resistivity d~ta taken from Fig. 7.11 and a linear varia­
tion of the electronic specific heat coefficient between 5 and 13mJ K- 2 per gram 
atom measured at the Nb-rich boundary and at Nb3sn, respectively. Experimentally 
observed slopes fall within the hatched area bin Fig. 8.12, which is very close 
to the predicted values. 

Obviously, the maximum observed in Fig. 8.12 corresponds to a positive cur­
vature of Hc 2(T) at the vicinity ofT= Tc (Fig. 8.13). The question whether the 
observed positive curvature of the H 0 (T) curve is correlated either to inhomoge-c.::. . • 
neities or to the low temperature martensitic transformation in Nb 3Sn was raised 

by Devantay et al. /86/. Indeed, one could construct a p~-~-~-tively curved Hc2(T) 
p 1 ot as the enve lope of a fami ly of i ntersecti ng s tra i ght·:\J:-ines cot;>respondi ng to 

a distribution ;f Tc in the sample. However, an attempt to~~~lyse the measure­
ments using a linear variation of Tc with composition up to ß = 0.25 failed /86/. 
It may be questioned if the positive curvature is an intrinsic property of Nb3Sn. 
Fermi surface and pairing anisotropies could produce such effects, but their oc­
currence at rather high reduced temperatures, such as observed here, can not ea­
sily be understood. Furthermore, Foner and McNiff /315/ have established that the 
anisotropy of the critical field is small in Nb3Sn. 

• Nb Sn 
75.6 24.1. 

A Nb Sn 

5 76 2G 

z 

15 16 17 18 

T(K) 

Fig. 8.13. Upper critical fields of near-stoichiometric Nb3Sn samples vs. T, 
showing a positive curvature (after Devantay et al. /86/). 
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The approximate coincidence of the cubic to tetragonal phase boundary near 
24.5 at. % Sn and the concentration characterized by the critical field anomaly, 
suggests that the two facts are related, as proposed by Devantay et al. /86/. 
These au~hors found that the re~uired T variation for explaining the measured c . 
Hc 2(T) must deviate from linear.ity, as represented in Fig. 8.7. This behavior 
has meanwhile ~een confirmed by other measurements, essentially on alloyed Nb3Sn 
samples. · · 

However, the role of the cubic-tetragonal phase transformation on the 
gbserved positive curvature is not as decisive as originally.supposed in Ref. 8~. 

The real cause for the positive curvature of Hc2{T) in Nb3sn is the enhan~ed decrea­
se of p approaching ß = 0.25 (see Fig. 7.11), a consequence of the perfectly or----:. 0 _..:....:.._ __ ___:: ___ _ 

dered state in this compound. The martensitic phase transformation has only the 
effect to lower Tc with respect to linearity at ß > 0.245, reaching 6Tc ~ lK at. 
ß = 0.25. It should be noted here that the occurrence of thi$ transformation i~ 

very probably also correlated to perfect atomic ordering. 

8.4. The Case of Alloyed Nb 3Sn Wires. 

The case of alloyed Nb3Sn multifilamentary wires is another expression of 
the perfectly ordered state in Nb3Sn. The critical current density Je of Nb3Sn 
multifilamentary wi~es at high fields, i.e. above 11 T, has considerably been 
enhanced in the last years by the.addition of third and fourth elements /318,319, 
·327/. In particular, Ta and Ti additives to multifilamentary Nb 3Sn wires /319, 
320/ attained most interest for commercial application. Recently, own studies 
showed that Ni additions to the core and Zn additions to the bronze (characteri­
zed here as Ni+Zn additions) also resulted in an enhancement of Je with respect 
to unalloyed Nb 3Sn wires /321/. Based on the GLAG formalism for dirty type II 
superconductors expressed by Eq. (8.1), it was to expect that the introduction 
of a small amount of additives to Nb3Sn may cause an increase in p

0 
without a 

drastic depression of Tc and Y, thus leading to an enhancement of the upper 
critical field Hc 2. Indeed, for bulk Nb3sn and also for samples prepared by 
coevaporation, there is experimental evidence that for a few atomic percent of 
additives, the residual resistivity p

0 
increases sufficiently to give an en­

hancement in Hc2 whi1e the specific heat coefficient Y decreases /189~322,323/ 
and the critical temperature Tc even shows a slight raise /319,321,323/. In the 
following, the consequences of alloying in Nb3Sn wires will be briefly des­
cribed on a representative example, based on a systematical investigation under­
taken by the author and coworkers /9,156,191,321,324,325,334/ on the same set of 
binary and alloyed multifilamentary wires. This complete investigatiqn allows the 
first direct. explanation of the physical properties of alloyed Nb3Sn wires. 
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8.4.1. Preparation and Characterization of the Alloyed Nb3Sn Wires 

Nb3Sn wires with one core and 19 cores without and with additives (Ta, 
Ti, Ni+Zn, Ga, H) were prepared by standardbronze raute. TheTa as weil as 
the Ti additions were added to the Nb core, their respective amounts being 3, 
5 and 7.5 wt.% Ta (i.e. 1.6, 2.6 and 4.0 at.% Ta) and 1.6 wt.% Ti (i.e. 3 at.% 
Ti), the matrix consisting in both cases of Cu-13 wt.% Sn (i.e. Cu-7.5 at.% Sn). 
For the combination Ni+Zn, Ni was added to the Nb core (0.6 wt.% i.e. 1.0 at.%), 
while Zn was added to the matrix {Cu-10 wt:% Sn-3 wt.% Zn i.e. Cu-5.6 at.% Sn-3 
at.% Zn) /321,324/. The Ga was added to the bronze matrix, its content in Nb3sn 
being later determined to 0.9 at.% /325/. The hydrogen was introduced by per­
forming the reaction heat treatment under H2 atmosphere. On a selected sample, 
0.5 at.% H were determined by chemical and X ray analysis /325/. 

The reaction heat treatment was given to wires of 0.6 mm final diameter 
obtained by standard wire drawing and annealing procedures. At this stage the 
filaments had about 300 ~m diameter for the monofilamentary wires and roughly 
60 ~m diameter for the 19 core wires. In order to obtain fully reacted Nb3Sn 
filaments for the resistivity measurements the 0.6 mm diameter 19 core wires 
were subsequently deformed to tapes by rolling and intermediate annealings. By 
this method Nb3sn filaments with a thickness of about 10 ~m and a width of about 
100 ~m were obtained, which were then etched out of the Cu-Sn matrix with nitric 
acid after the appropriate heat treatment. 

The configuration of the 19 core wires is represented in Fig. 8.14. It: 
is seen that the cores are uncompletely reacted, the A15 layer varying from 2 
to 10 ~m thickness, depending on the reaction conditions (temperature and time). 

Cu-Sn Bronze 

A15 Layer 

Unreacted Core 

Fig. 8.14. Cross-section of a 19 core bronze processed Nb3Sn wire after reacting 50 
hat 750°C (After Drost et al. /321/). 
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The distribution of the additives in the A15 layer was determined by Auger 
spectroscopy. A scan through the wire cross section of Ti and Ta alloyed wires 
is shown in Figs. 8.15 and 8.16. 
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Fig. 8.15. Auger scanning analysis of the cross section of a Nb-4 Ta/Cu-7.5 Sn 
(at.%) wire after reacting 64 hat 750°C (After Drost et al. /321/). 
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Fig~ .ß.l6. Auger scanning analysis of the cross section of a Nb-3 Ti/Cu-7.5 Sn 
(at.%) wi~e after reacting 64 hat 750°C (After Drost et al. /321/). 



-260-

It is seen that the content of the additive in the A15 1 is approximately 
constant, i.e. 4 at.% Ta and 1 3 at.% Ti. This constancy is essential for ex­
plaining the Variations on p

0 
caused by alloying. In the case of the Ta addi­

tive, the Ta content in the A15 layer is the same as originally in the Nb-Ta 
core. This in cantrast to the Ti additive, where the content (1.3 at.%) is lower 
than in the Nb-Ti core (3 at.%), due to diffusion of Ti into the Cu-Sn matrix. 
(In Fig. 8.16, the Ti distribution in Cu-Sn is not shown due to overlapping of 
the corresponding Auger spectra). 

An important feature is the distribution of Sn in the A15 layer. In both 
Figs. 8.15 and 8.16, it is seen that the Sn content is 25 at.% at the Cu-Sn/A15 
Interface, but iowers to ~ 22 at.% at the A15/Nb-X interface, in agreement to 
earlier measurements of Smathers et al. /326/. This distribution is of importance 
for describing the current carrying capacity of optimized Nb 3sn multifilamen­
tary wires. It should be recalled here that optimized Nb3Sn wires, i.e. wires 
with maximum Je values, have not necessarily fully reacted Nb cores, due to the 
combined influence of composition profile and grain size. Smaller grain sizes 
with larger grain boundary interfaces where dislocations, vacancies and other 
imperfections essentially contribute as 11 pinning centers 11 in transporting the 

superconducting current are indeed more important for optimizing J in the field 
c 

range below 12 T. For the following consideration, only the critical current den-
sities in the high field range (H > 12 T) will be of interest, where the value 
of Je is dominantly influenced by Hc2: This is the field range where atomic erde­
ring influences the current carrying capacity of Nb3Sn wires. 

It must be emphasized that the Sn composition profiles shown in Figs. 8.1S 
and 8.16 are always observed on AlSfilaments which were not completely reacted, 
i.e. where an unreacted Nb core still subsists. In wires with fully reacted fila­
ments, however, the Sn distribution across the AlS layer is considerably more ho­
mogeneous. 

8.4.2. Atomic Ordering in Multifilamentary Nb3sn Wires 

On a binary Nb3sn wire with fully reacted filaments and an average composi­
tion of rv2S at.% Sn (after 64 h/700°C of a multifilamentary wire with 1 l-lm fila­
ment size), the orderparameterwas determined after etching away the Cu bronze 
/9/. Due to the inherent inhomogeneity resulting from the bronze diffusion pro­
cess, the uncertainty is almost doubled with respect to a bulk sample sintered 
at 1550°C (see Table 5.1), 6S = ± 0.03. Nevertheless, the result on fully reac­
ted Al5 filaments is essentially the same, i.e. the Nb~Sn phase in the filaments 

J 
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has alsotobe considered as being perfectly ordered /9/. 

The situation in alloyed Nb 3sn wires can unfortunately not be analyzed by 
standard diffraction techniques, the sensitivity tosmall quantities of a 
third element in the Al5 lattice being insufficient. Using the sophisticated 
ALCHEMI technique, Tafto et al. /328/ were able to determine that both Ta and 
Ti additives occupy the Nb sites in the Nb3Sn lattice. It would lead too far 
to explain in detail the experimental procedure, which is clearly described in 
Ref. 328. Nevertheless, this result is very important for the understanding of 

the physical properties of alloyed Nb 3Sn multifilamentary wires. In particular, 
it shows that the preference for a given atom to occupy the 6c or the 2a lat­

tice site still holds if only small quantities of this elementare present in 
the Al5 phase. 

8.4.3. The Martensitic Phase Transformation in Alloyed Nb 3sn Wires 

In the binary Nb 3Sn system, the cubic phase is only stable up to 24.5 at.% 
Sn, higher Sn contents stabilizing the tetragonal low temperature phase/86/. 
The effect of adding a ternary element to Nb 3Sn is to stabilize the cubic pha­
se at low temperature /329- 334/. This may be illustrated by the 
(Nb1_xTax) Sn low.temperature phase diagram /332/ reproduced in Fig. 8.17 

establishe~ on samples sintered at 1200°C and on melted samples. 

Recently, a detailed low temperature X ray diffraction investigation on 

so 

T K 

Tetragonal phase field 

( Nb1_, Ta, )3 Sn : Powders 

(x= at.% I 

2!.,5 25 

··' ~1easured Transition 

0 No Transition 

Fig. 8.17. The low temperature (Nb1_xTax)Sn phase diagram, established on sin­

tered and melted bulk samples. (Flükiger /332/). 
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the same binary and alloyed Nb3sn wires as used by Drostetal. in Refs. 321, 

324 and 325 in the fully reacted state was undertaken by Goldacker and Flükiger 
/334/. The analyzed wire samples are characterized in Table 8.1. They exhibit 
somewhat higher lattice parameter values than those previously reported by 

Drostetal. /321/. The difference is due to the fact that the filaments are 
now fully reacted, leading to considerably narrower X-ray lines with drastical­
ly reduced contributions arising from the low Sn contents. Therefore, the ave­
rage composition is closer to stoichiometry, which explains the higher lattice 
parameter values. 

The cubic-tetragonal phase transitionwas suppressed in all Ta and Ti al­
loyed samples except forthat with the lowest investigated Ta content, i .e. 
1.7 at.% (number 8). This sample exhibited about 50% of tetragonal phase and 
is therefore just located at the cubic/tetragonal phase boundary. The diffrac­
tion lines for the tetragonal phase could not be well separated from the cubic 
line, in order that TM could not be determined with precision, but lies in the 
range 20 <TM< 50 K, thus revealing a broad distribution of (1 - c/a) values 
over the sample. The diffraction pattern thus confirms the low temperature 

(Nb1_xTax )3sn phasediagram /332/, established on the basis of sintered samples. 

No. Errcctivc Rcaction cond. flJutiK Volumc [raction T" t, 
Composition ("C/hours) (nm) at 10 K: (K) (K) 
(at.%) V,( I - c/a): V, 

Nb,Sn(bulk) sint. 1500° 0.52889 0.45(0.0043): 0.55 43 17.8 
( 100 atm. Ar) 

2 Nb, Sn 800/70 0.52892 0.75(0.0052): 0.25 43 17.9 
3 Nb,Sn 750/138 0.52RR8 =0.5/=0.5 =43 17.91 
4 Nbßn 700/290 0.52R88 0.5(0.0057): 0.5 =43 17.9 ° 

5 +0.6H 800/70 0.52934 cuhic 17.2 
6 + 4.3 Ta 800/70 0.52R80 cuhic 17.9 
7 + 2.8Ta 800/70 0.528R4 cubic 18.1 
f: + 1.7 Ta 800/70 0.52888 =0.5(broad): ""'0.5 ""20 18.2 

-50 
9 + 1.3 Ti 800/70 0.52873 cuhic 18.0 

10 +!Ni 800/70 0.52R60 cuhic 18.0 
11 + 0.9Ga 800/72 0.52876 0.85((J.00il3): 0.15 =43 18.3 

Table 8.1. Characterization of fully reacted binary and alloyed 19 core Nb 3Sn 
wires (the same ones as in Refs. 321, 324 and 325) by low tempera­
ture X-ray diffractometry (After Goldacker and Flükiger /334/. 
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Comparing the results in Table I on diffusion reacted samples (~500°C) 
with those in Fig. 8.17 on sintered or melted samp1es (1200°C and >2200°C, re­

spectively), it appears that the formation temperatures affects the equilibrium 
at compositions close to stoichiometry. There is some evidence that with increa­
sing Ta content the composition of the diffusion reacted samples deviates more 

and more from stoichiometry towards Nb richer contents. This is illustrated by 
Fig. 8. 18. where the 1attice parameter variation of the present Ta alloyed 
Nb 3Sn samples prepared by diffusion reaction is compared to the corresponding 
data of Kunz and Saur 13351, who investigated the region up to 40 at.% Ta on arc 
melted samples. The suppression of the phase transition in the system 
{Nb1_xTax) 3Sn is thus not only due to the increasing Ta content, but also to the 
increasing deviaUon from stoichiometry. The shift towards lower Sn contents is 
in agreement wi th the resul ts of Ta fto et a 1. I 3281. 

For Ti a11oyed Nb 3sn no significant 1attice parameter shift with increasing 
Ti content was reported 1 3351. Therefore the reducti on of the 1 attice parameter 

of sample 9 is mainly attributed to a deviation from stoichiometry, which itse1f 
is sufficient to hinder the phase transformation. The deviation from stoichiome­

try in Ti a11oyed Nb~n samples confirms previous results of Tachikawa et al. 
I 3191 . 

' 
The occurrence of a lattice instability for the additives Ta a,nd Ti substi-

tuting Nb on the 6c sites ( as recently shown by Tafto et al. I 191) can be summa­
rized by defining a region in a diagram representing the 1attice parameter as a 

a(300K 
(nm] 
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.52881 (diff
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usior; 

0 1 ;2 
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Fig. 8.18. Lattice parameter variation in the system (Nb1_xTax) 3Sn as a func­
tion of the Ta content (After Goldacker and Flükiger /3341). 
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function of the additive content (Fig. 8.19a). It follows that the small con­
tents are sufficient to suppress the phase transformation, which necessarily im­
pl:ies that the transforming region is restricted to very small variations of the 
lattice parameter with respect to that for binary Nb~n. The situation is, how­
ever, quite different for the additives Ga, Al, Sb and Ni substituting Sn atoms 
on the 2a sites of the A15 lattice. The 0.9 at.% Ga alloyed sample shows a near­
ly complete cubic/tetragonal phase transformation in spite of a markedly reduced 
lattice parameter. The same behavior was observed for the additions Al /329/ and 
Sb I 330, 331/, the latter showing the largest lattice parameter change ( the 
change of sign for ( l - c/a) in Nb..Al 1 Sb for x > O.l /331/ is here of secon-

. • j -x x 
dary importance ). These data have been plotted in Fig. 8.19a, which shows a much 
wider transformation region than for Ta and Ti additions. For the additives in 
Fig. 8.19b, the lattice parameter change is mainly caused by their substitution, 
rather than by deviations from the stoichiometric Nb content. It can thus be con­
cluded that the occurrence of the lattice instability in alloyed Nb 3sn is .domi­
nantly influenced by the chemical nature of the additives , which determines 
their positions in the perfectly ordered /9/ Nb~n lattice. Beside,s deviations 
from stoichiometry encountered particularly for Ta and Ti additions, it can be 
said that the substitution of additives on the 6c sites (Ta, Ti, ... ) has a much 
stronger effect in suppressing the lattice instability of Nb 3Sn than that on the 
2a sites (Ga, Al, Sb, Ni). This result can be easily understood in terms of the 
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Fig. 8.19. Occurrence of tetragonal phase in Nb 3Sn as a function of different 
additives. (a) Additives lying on the 6c sites (Ta, Ti). (b) Addi­
tives lying on the 2a sites (Ga, Al, Sb, Ni). 
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stronger interaction between chain atoms. 

8.4.4. Super·conducting Transition Temperature and Electrical Resistivity in 
All OY'ed Nb :fn Wi res 

The resu lts of the Tc and p
0 

measurements ~n the bi nary and a 1l oyed Nb :fn 

multifilamentary wires characteri zed in Table 8.1 are represented in Table 8.2/ 

Fig. 8.20. After a heat treatment of 160 hours at 750°C, the binary probe had a 

residual resistivity of 16 X l0- 8s-lm and a Tc of 18 K. The extremely 1ong reaction 

time was necessary to convert the totality of the filament (f1attened to a rib­

bon of 10 x 100 i-im2 cross section',toAl5 ohase, Bv comoarina the p_ value of 
1 .., I ""' • U 

this filament with. results obtained for bulk samp1es /86/, the composition of 

the Al5 phase should lie atabout24 at.% Sn. Actually, from 1attice parameter 

calculation by X ray powder diffractometry for a binary multifilamentary wire 

reacted at 7 0 0°C/ 107 h, the Sn concentration is found to vary fro
1

m 22 at.% -

25 at.% centered around 24at.%/321/. 

Fig. 8.20. 
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the additive (Ta, Ti, Ni +Zn, Ga, H) in the Nb core. The filaments 

are ful1y reacted, the reaction conditions are given in Table 8.2. 

(After Drost et a 1. /32 4/ ). 
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Reaction Additive to Tc Po RRR Compos ite [atr.] (°C/h} Nb 3Sn [ a t. %] [KJ (x lo-8nm] 

Nb/Cu-7 .5Sn 750/160 - 17.8 6,5+0,5 15 

Nb-0.9Ni/Cu-5.6Sn-3Zn 750/160 I ;o Ni 17.9 3.8+0.3 32 

Nb-1.6Ta/Cu-7.5Sn 750/168 I, 7 Ta 19.1 4.7+0.3 25 

Nb-2.6Ta/Cu-7.5Sn 750/168 2.R Ta 18.0 4.1+0.3 30 

Nb-4,0Ta/Cu-7,5Sn 750/168 4.3 Ta 17.9 3.3+0.3 36 

Nb-3.0Ti/Cu-7.5Sn 750/164 I. 3 Ti 17.9 2.9+0.3 i4o 

Nb/Cu-5Sn-4Ga 750/164 0,9 Ga 18,25 4.9+0,/1 23 

-

750/138 
Nb/ 13Sn-ll 

t 400/4-112 0,5 II 17. I 3.3+0,3 36 

Table 8.2. Characteri zation of the fully reacted binary and alloyed Nb 3Sn 
fi1aments produced by the bronze process. Filamentcross section: 
10 x l00]JlT1 2. The abbrevi at ion Nb - 4 Ta/ 7.5 Sn s tays for the 
composition Nb- 4 at.% Ta/Cu- 7.5 at.% Sn in the unreacted com­
posite. (After Drost and F1ükiger 1 325/). 

For the Ta allayed samples a nearly linear increase of p
0 

with increasing 
amount of Ta is obtained. The va1ues are about 26, 30 and 36 x lo-8nm for 3, 5 and 
7.5 wt.% Ta addition (1 .6, 2.6, and 4.0 at.%) to the Nb core. As a1ready known, 
an increase ofT for sma11 addition of Ta is observed, e.g. 0. 3 K for 1.6 at.% c 
Ta. The highest p

0 
value is achieved for the Ti addition i.e.about45x10-8nm 

for Nb-1.6 wt.% ( 3 at.%) Ti alloy core. For Ni + Zn addition the filaments show 
a value of 30]Jst cm. The Tc values for the filaments with Ti and Ni+ Zn addi­
tion arealso slightly higher than for the unalloyed one. It has already been 
said that the increase of the residual resistivity for alloyed wires by a fac­
tor of about 2 Cü"pared to unalloyed ones is only a direct consequence of the 
high degree of atomic ordering in Nb~n. Indeed, 6pJp0 ~ 1 is only possible 
for perfect1y ordered, nearly stoichiometric Nb~n, where p

0 
is low. 

For some samples measurements were also carried out after heat treatment 
at higher temperature: 800°C for 70 hrs. The corresponding p

0 
values are only 

slightly higher than for the 750°C heat treatment, as seen in Fig. 8.20. The 
respective T values are slightly lower and the transition is broader than af-c 
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ter the reaetion at 750°C. This eould again reflect the dissolution of a small 
amount of Cu in the A15 phase at the higher reaction temperature, whieh has 
still tobe demonstrated. Nevertheless, no major changes in the layer composi­

tion profile seem to oceur in Nb 3Sn wires when increasing the reaetion tempe­
rature from 750 to 800°C. 

From a eomparison of the above presented I 3251 p
0 

values on multifilamen­
tary wires with those on alloyed bulk Nb 3Sn by Akihama et al. 13221 and coe­
vaporated Nb3Sn films alloyed with Ga by Bormann 13361, it can be eoneluded 
that independent1y on the preparation procedure alloying produces a comparable 
enhancement of p

0
. Within the limited range of additive eontents where Je is op-

t'. ( ) -8 1m1zed see 8.4.5_ , i.e. a few at.%, p
0 

increases from 16 to rv40Xl0
0 

r2m. 
The maximum of J is achieved for p values between 30 and 3 5 X 10-o r2m. c 0 

8.4.5. Critica1 Current Density in A1loyed Nb~n Wires 

As mentioned above, the opposite requirements of small Al5 grain si zes 
<150 nm) and a homogeneaus Sn distribution in the layer lead to the intere­

sting result that J is optimized for ineomp1etely reacted filaments. The cor-
c 

responding heat treatment conditions ( Tab1e 8. 3) are substantially different from 
those in Tables 8.1 and 8.2, where the same set of wires was fu11y reaeted in 
order to get significant X ray and p

0 
data. 

Fig. 8.21 shows the Je (in the 1ayer) vs. H eurves for unalloyed as well 
as for Ta, Ti and Ni+Zn alloyed 19 core wires which were prepared under iden­
tica1 conditions. For a11 these additions an enhancement in the critical cur­
rent density for fields above 11 T compared to the una1loyed wire was observed. 
It is remarkable that above 11 T, the J vs. B curves for the a11oyed wires are c 
a1most identical (the average error in calculating Je of the Al5 1ayer is 5% to 
10 % ), independent on the chemiea1 nature of the additive. For each additive, 

curves in Fig. 8. 21 correspond to the :wires with eomposition and heat treat­
ment yieldinSJ the highest ·current densities in the high fie1d region; The cri­
tical current densities for these 19 core wires are in good agreement with the 
values reported by Springer et al. I 3201 and by Tachikawa et a1. /319/ for mu1-
tifilamentary wires with Ta and Ti additives, respectively. 

These resu1ts suggest that there exists an upper limit for improving the 
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Number Composition core/matrix .Reaction Layer 
of condition, thickness, 
cores wt% at% °C/h Jm1 

19 Nb/13 Sn Nb/7.5 Sn 700/64 2 
1 0.6 Ni/1 0 Sn-3 Zn 1 Ni/5.6 Sn-3 Zn 800/20 12-16 

19 0.6 Ni/1 0 Sn~3 Zn 1 Ni/5.6 Sn-3 Zn 750/64 14 
1 1.6 Ti/13 Sn 3 Ti/7.5 Sn 800/20 26 

19 1.6Ti/13Sn 3 Ti/7.5 Sn 700/64 8 
750/50 14 

19 7 Ta/13 Sn 3.6 Ta/7.5 Sn 725/100 5 
750/50 4 

9872 Nb/13 Sn Nh/7 ~ C::n 700/64 "' 1 (2.5 p.m fil1 ,.,._, . ·- -·· V I 

diameter) 
3721 7.5 Ta/13 Sn 4 Ta/7.5 Sn 700/64 'Vl (4 Jl.m fil. 

diameter) 

Table a 3. Characterizat~on of the wire samples for Je measurements. The abbre­

viation 0.9 Ni/5.6 Sn- 3Zn stays for Nb -0.9 at.% Ni/Cu- 5.6 at.% 

Sn- 3 at.% Zn in the composite. The Al5 layer thicknesses after dif­

ferent heat treatments are also indicated (After Drost et al. I 321/ ). 

Ä 
I 

c: 
Vl 
g> 
Zu ..., 

4 
Nb3Sn wires 

e Nb/Cu-13Sn 700/64 
0 Nb-0,6Ni/Cu-10Sn-3Zn 750/64 
\1 Nb-1,6Ti/Cu-13Sn 750/64 
+ Nb-7,5Ta/Cu-13Sn 750/64 

3 
(composillon ln wt% I 
[hll<lt trootment 'Cihl 

T=4,2K 

o~~--~~--~~~._~~~~~ 
6 8 10 12 14 16 18 20 22 24 

H(T) __.. 
Fig. 8.21. Critical current density in the l~b:f>n layer vs. H for 19 core wires 

without and with Ta, Ti and Ni+Zn additives. (After Drostetal · /321/). 
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high field critical current densities of Nb~n wires by alloying with various 
additives, whereby optimal eomposition and heat treatment ean differ from one 
alloying element to another. This limit is aehieved when p

0 
= 35 ± 5 X 10- 8 ~m 

/324/, regardless whether the inerease over p
0 

of the binary Nb~n filament 
has been aehieved by a different eontent of the additive or by a slight devia­

tion from stoiehiometry. 

8.4.6. The Upper Critieal Fields in Alloyed Nb 3Sn Wires 

The usual way to estimate the upper eritieal field of multifilamentary 
Nb 3Sn wires consists of establishing a Kramer plot, Jc 112 H1/ 4 vs. H based on 
Je measurements and to extrapolate linearly to zero. The intersection oeeurs at 
a field ealled He~ which reflects the upper eritieal field at 4.2 K, the tem­
perature at whieh Je was measured. The Kramer plots should not be overinterpre­
ted sinee they eannot be applied to all supereondueting struetures. For Nb 3Sn, 
they give nevertheless an approximate value whieh is useful in determining re­
lative ehanges of the upper eritieal fields after different reaetion eonditions. 

It is interesting to eompare H:2 with He 2(o), the upper eritieal field measu­
red at different temperatures at nearly zero eurrent and extrapolated to T + 0. 

e Nb/Cu-13Sn 700/64 
o Nb/Cu-13Sn 750/64 
CJ Nb/Cu-13 Sn 800/20 

V Nb-1,6Ti/Cu-13Sn 750/50 
D ~lb-0,6Ni/Cu-10Sn-3Zn 750/64 
0 Nb-7,5Ta/Cu-13 Sn 750/64 

lcomposillon in wl% I 
lheol lreotmenl •cn,J. 

T =4,2 K 

o--~--~~--.__. __ ~~~~~ 
8 10 12 14 16 18 20 22 24 26 

H(T) 
Fig. 8.22. Kramer plots for 19 core Nb 3sn wires with Ta, Ti, Ni+Zn and without 

additions, yielding H~ values of ~25 T and ~22 T, respeetively 
(After Drost et al. /321/). 
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The Kramer plot for the wires characterized in Table 8.3 is shown in 
Fig. 8.22. It is seen that alloyed Nb3Sn wires have appreciably higher He: 
values compared to those of binary (unalloyed) wires. For all alloyed wires, 
reacted at 750°C, a linear field dependence as predicted by Kramer•s theory 
is only observed up to 18 T. For the higher field region the plots show a 
downward curvature, in agreement with Suenaga /327. 

The behavior for binary Nb3sn wires annealed at 700, 750 and 800°C is 
the following (see Fig. 8.22): a reaction heat treatment at 800°C leads to a 
downward curvature in the high field region where as the lower temperature of 
700°C leads to a slightly upward curvature and a heat treatment at 750°C to a 
nearly straight line. There is thus a reaction temperature for which the 
Kramer piots show a linear field dependence. It is suggested that this tempera­
ture dependent effect is common to alloyed as well as to unalloyed wires, be-
cause Wecker et al./337/ also obtained an upward curvature for Nb3Sn compo-
sites with Ta additions (prepared by powder metallurgy) at 650°C reaction. 

The different curvatures for different reaction temperatures may be connec­
ted with the fact that reactions at higher temperatures favour high current den­
sities in the high field region and depress the current densities for lower 
fields (and vice versa). This effect pointsout that even the behavior at the 
highest fields is not only dictated by Hc2• but also by pinning. The physical 
reason for this behavior may be changes in the microstructure, in the distribu­
tion of Sn throughout the layer and of Cu at the grain boundaries. The question 
whether the downward curvature in binary Nb3sn wires is caused by small amounts 

~f Cu dissolved into the Al5 phase at 800°C is still open. 

. * Due to the pecul1ar curvatures of the Kramer plots the Hc2 values cannot be 
calculated accurately. But at least a comparison between binary and alloyed 
Nb 3Sn can be made: For alloyed wires reacted at 750°C the. H*2 values are 25 to 

* c 0 26 T. For the unalloyed wire the Hc 2 values are 23 to 24 T for 750 and 800 C 
heat treatment and 22 T for 700°C. Thus the drastic increase (H p

0 
for alloyed 

Nb 3Sn gives a strong evidence for the correlation between p
0 

and the enhancement 
of Hc1 for Nb 3sn wi th appropri ate additives. Thi s confi rms earl ier measurements 
of Bormann /323/, obtained an coevaporated Nb3sn films with Ga addition. 

The upper critical field Hc 2(0) has been extrapolated from measurements of 
the initial slope, dHc2/dT/T /325/. The measurements were performed on the same 

c 
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fully reacted binary and alloyed Nb3sn wires on which p
0 

was measured. Hc2(0) 

can be estimated using the GLAG relationships 

Hc2 {T = 0) = -0.73 dHc 2/dTjTc . T (Clean limit c 
i\tr. > ~) 

and {8.2) 

Hc2 (T = 0) ::: -0.69 dHc2fdT Tc · Tc (Dirty limit 
i\tr. 2 ~) 

The critical fields of the above described wires for temperatures close to 
Tc are shown in Fig. 8.23. The values H~2 are indicated at 50% of the magnetic 
transition. In the chosen temperature range, Hc 2(T) is linear, in order that 
Hc 2{0) can be calculated using Eq. (8.2). The slopes of the different curves in 
Fig. 8.23 are listed in Table 8.4, as well as the calculated Hc2(o) values, and 

m the Tc values at 50% of the transition. 

From the slope -2.05 T/K and Tm= 17.4K (this value is lowered by the pre-
c 

stress due to the bronze matrix), one obtains Hc2(o) = 26.5 T (clean limit). The 

alloyed wires all show higher slopes, -2.45, -2.35 and- 2.5 T/K for the Ni+Zn, 
Ta and Ti additive, respectively. In all cases, an enhancement ofT by 0.2 to 

c 

12 

10 

12 13 

fully reacted 19-filament Nb3 Sn wires 

0 Nb/Cu-7.5Sn 
o Nb/Cu-5Sn-4Ga 
® Nb/Cu-7.5Sn-H 

750/138 
750/164 
750/138 

+ 400/4-H2 
o Nb-0.9Ni/Cu-5.6Sn-3Zn 750/162 
<> Nb-4.0Ta/Cu-7.5Sn 750/168 
'V Nb-3.0Ti/Cu-7.5Sn 750/160 

(composition in at %1 
l heat treatmenl in "C/h I 

14 15 16 17 18 19 

T[KJ~ 

Fig. 8.23. Initial upper critical field slopes for fully reacted binary and 

alloyed Nb3Sn wires (After Drost and Flükiger /325/} 
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0.3K was observed, yielding Hc 2(ü) va1ues of 30, 29 and 31 T for the Ni+Zn, Ta 
and Ti additive, respective1y (dirty limit). 

For the Ga a11oyed wire, the slope is on1y 

bronze) is highest, 18K, yie1ding Hc2 (ü) = 28 T 
23 X 10-8~). This va1ue is 3 to 4 T 1ower than 

2.1 T/K, but the T value (in the 
c 

( c 1 ea n 1 i mit s i nce p 
0 

= 
that given by Bormann /323/ for 

Ga a1loyed Nb3sn fi1ms prepared by coevaporation. The difference can be easi1y 
explained by the different equilibrium conditions: In the bronze processed wire, 
the highest Ga solubi1ity is only 0.9 at.%, compared to ~2 at.% in the coevapora­
ted film /323/. The H alloyed wire showed an enhanced s1ope (-2.35 T/K) with re­
spect to binary Nb 3sn, but a relatively low Tc va1ue (16.9K) yielding Hc 2(ü) =: 

28 T. Possibly, the H content in the samp1e was too high for getting a higher 

Wi re Reacti on T dHc2/dTITc Hc2(0) c 
Composition Treatment (Ca1cu1ated) 
Core/Matrix (at.%) (°C/hours) I Kl I T/KI I Tl 

Nb/Cu-7.5 Sn 750/172 17.4 2.05 26.5 
Nb-0.9Ni/Cu-6Sn-3Zn 750/162 17.6 2.45 30 
Nb-4.0Ta/Cu-7.5Sn 750/168 17.6 2.35 29 
Nb-3.0Ti/Cu-7.5Sn 750/160 17.7 2.50 31 
Nb/Cu-5Sn-4Ga 750/164 18.0 2.10 28 
Nb/Cu-7.5Sn-H 750/172 + 16.9 2.35 28 

400/4 in H2 

Tab1e 8.4. Hc 2(T) data of bi nary and a1loyed Nb3Sn wires 

Hc2(ü) value. On the other hand, this illustrates the lowering effect of inter­

stitially dissolved hydrogen, in cantrast to the metallic substitutes. From the 
usual Hc 2(o) behavior at high fields /186/ a decrease of 2T can be estimated 

from T + 0 and T = 4.2K, yie1ding Hc 2 (4.2K) 1ying between 26 and 29 T, which 

is considerab1y high~r than the values found by the Kramer extrapolation. 

The present comparison illustrates the effect of additives on the perfectly 

erdered Nb 3sn matrix. It is obvious that a less erdered matrix wou1d not show 

the observed strong enhancement of Hc 2(ü) with a1loying, as can be seen for V3Ga. 
In Nb3A1, the effect of additives is also expected tobe much sma1ler than for 
Nb 3Sn. 
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8.4. 7. Room Temperature Irradiation of Alloyed and Binary Nb3Sn Wires 

In view of the possible use of superconducting magnets in future fusion 
reactors, it is interesting whether the expected neutron radiation causes dif­
ferent effects on the current carrying capacity of binary and alloyed Nb 3Sn mu1-

tifilamentary wires. A series of bronze processed Nb3Sn wire samples (characteri­

zed in Table 8.5) were recently submitted to the 14.8 MeV neutron radiation 

of the Lawrence Livermore National Labaratory in Livermore by the author and co­

workers (Weiss et al. /156/). The wires were irradiated at 300 K up to fluences 

~t = 3.6 x 1018 n/cm2, after which measurements of Je up to 20 T and Tc were per­
formed. The VariationofT with dosis is represented in Fig. 4.10b. c 

Wire Sample Cores Heat Oegree of Tc 6\ 
Treatment Reacti on 

0 (hours/ C) ( K) ( K) 

A Nb/13Sn 10000 64/700 fully 17.58 2.3 
B Nb/13Sn 19 100/700 partially 17.21 2.6 
C Nb-1.6Ti/13Sn 19 50/750 partially 17.50 3.1 

0 Nb-/-6Ni/10Sn-3Zn 19 19 parti a lly 17.87 2.9 
E Nb-7Ta/13Sn 61X61 64/700 fully 17.74 3.1 

Tab1e 8.5. Binary and Alloyed Nb 3Sn wires submitted to 14.8 MeV neutron irradia­

tion. The wires ß,C and 0 are the same as in Table 8.3~ the others are 
from VAC (Hanau). l'.T is the difference between the samples at ~t = 0 
and 3.6 x 1018 n/cm~ (Weiss et al. /156/). 

After the maximum dosis, the va1ue ofT in the wire samp1es was 1owered 
c 

with respect to that of the unirradiated wire, l'.T varying between 2.3 and 2.6 K 
c 

for the binary wires For the alloyed wires, slghtly larger depressions between 

l'.Tc = 2.8 and 3.1 K were observed. The decrease of Tc with dosis on a11 wires is 
summarized in Fig. 4.10a. 

a) Binary Nb3Sn Wires. The reduced critical current lc/Ico vs. the applied field 
for the 10000 core wire (A) is p1otted in Fig. 8.24, tagether with the correspon­
ding change of the critica1 field H~ resu1ting from the Kramer extrapolation. 

It is seen that both Ic/l and H*2 fo11ow the same trend, i .e. an initial in-
co c 18 2 

crease followed by a decrease above the dosis ~t = 0.7 x 10 n/cm . This dose 
at which I /I reaches a maximumwill be called ~tm in the following. 

C CO 

On the basis of Eq. (8.1), the plots in Fig. 8.24 can be explained as fol­
lows. The enhancement of H~2 by rv 10 % in the low dose region is essentially due 
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I ' ' ' ' 
0 0 f I I I I I I I I II 

SAMPLE: A 
10 000 Filaments 

REDUCED CiiiTICAL CURRENT 
VERSUS FLUENCE 

SAMPLE: A 
4.00 10 000 Filaments 

3.00 

I ., I I ' I " I I I I ! I I II 

Fig. 8.24. Ic/Ico and H~ of a 10000 core bronze processed binary Nb3Sn wire after 
low temperature neutron irradiation (After Flükiger et al. /156/). 

to the enhancement of the electrical resistivity p
0

• Indeed, Tc at <Pt
111 

is lowe­
red by 0.6 K only, while a similar decrease of y can be postulated. The enhancement 
of the upper critical field is reflected by increasing critical currents, parti­

cularly at high fields. At 20 T, Ic/Ico lies between 3 and 4, compared to lc/Ic
0
= 

2 at 14 T. This confirms that for small deviations from perfect ordering p
0 

is 
more sensitive to changes of S than any other phys i ca 1 property, in parti cul ar Tc. 
In addition, the variation of p is largest for the ~irst deviation from perfect 

0 

ordering, as shown by Figs. 7.15, 7.16 and 7.17. The analogy with the variation of 
P0 at the close proximity of the stoichiometric composition appears when comparing 
with the p

0 
vs. ß plots for the systems v3s;, Nb 3Sn arid Nb 3Ge in Figs. 7.10, 7.11 

and 7.13: The strongest variation of dp /dß or dp /dS occurs at small deviations 
------~~------------~o--~~-o~~~~~--~-----------

frorn perfect ordering and/or stoichiometry. For deviations exceeding rv 1 at.% or 

6S ~ 0.05; the rate of increase for p
0 

is markedly decreased. This is the basis 
for the understanding why I /I and H~2 decrease above the dosis <Pt . In this 

. C CO C 111 

region, dp /dS is smaller and the decrease ofT and y becomes dominant, thus lo-o c 
wering the upper critical fields and the corresponding critical currents at any 
gi ven va 1 ue of ~ = H/H;2. 
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The binary wire A in Table 8.4 has tobe considered as almost fully reacted 

after the indicated heat treatment of 64hours at 700 oc (the filament diameter 
is of the order of 4~m), thus exhibiting a relatively small gradient in the Sn 
composition. A similar behavior, but with stronger variations is observed on an­
other binary wire (B) with 19 cores of 300 ~m diameter and an A15 layer of ~ 8 ~m 
thickness after 50 hours at 750 °C. As shown in Figs. 8.15 and 8.16, such a wire 
exhibits a marked inhomogeneity, the Sn content varying from ~22 to 25 at. %. The 

results for the wire (B) are represented in Fig. 8.25. 

lcllco REDUCED, CRlTitAL CURR·E~n 
VERSUS FLUENCE . ~~~I , /o~~~fr~E ~u~tif;l~me~t·1 

SAMPLE: B 
2oT o 19 core 

multifilament 
I 
I 

16 T 
I 
I u 

X 14~ /18 I 
I :X 

I o~_:_x 12T 

I 
c..;;.: ~ 

1.0 ~10T 

0 ~tm 
I I I I t II I I I t I I 

10i8 

~t [n/cm2] 

l I J 

19 

/ :, 
I \ 
lb~ 
I 
I 

I I I I I I II 

1018 1019 

<Pt [n/cm2] 
# Fig. 8.25. Ic/Ico and Hc
2 

of a 19 core binary Nb 3Sn wire after low temperature 

neutron irradiation (After Weisset al. /156/). 

The tendency is similar to that in Fig. 8.24, but ~t appears to be somewhat 
18 2 m smaller (0.6 instead of 0.7 x 10 n/cm ). As expected for an uncompletely reacted 

wire, the average Sn content is considerably lower than for wire (A), giving rise 
to a smaller value of Ht

2
: 19.6 T instead of 21.4 T. This fits well with the obser­

vation of Goldacker and Flükiger /334/ in 8.4.3 that the lattice parameter a in 
this case is smaller than in fully reacted filaments. The enhancement of Ic/Ico 
with dose for both wires (A) and (B) can be compared at the same values of the 
reduced field Ii+ = H/H*

2
. This corresponds roughly to compare the I /I 0 curve for c c c 

wire (A} at 16 T with that of wire (B} at 14 T. Nevertheless, the enhancement of 
Ic/Ico in wire (B) is still more important. It can actually not be said whether this 
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difference arises fbom the different prestress 'condi!t~io'ns 1 iri' both wh·es or if 
i t is du'e to other reasons. '. '' . . ' ; ' ! 

. ' i ; ~ 

1:. ·, .; : . 

b)Alloyed Nb3Sn Wires. As seen from Table 8.5, L'ITc in binary Nb 3Sn wires is o~ 

the order of 2.3 to 2.6 K, i.e. considerably smaller than for alloyed wires, where 

L'IT0 varies from 2 .. 8 to 3.2 K. This trend towards stronger degradation for low tempe­

rature n~utron irr~~iated alloyed wir~s is ~v~n atcentuated when comparing the be­
ha'v'ior of I /I .. and H*

2
. with dose ... The results for the Ti alloyed wire (C) are 

C CO C 
represented on Fig. 8.26. They are also characteristical for the Ta and Ni+Zn additives 

. .t H * ) I /I REOUCED CRITICAL CURRENT C 2 SAMPLE: C , 
c CO VERSUS FLUENCE r T 1 I 19 core multifilament 

r SAMPLE: C • ';S ~ lo 
4.0 19 core multifilament- I I \ 

fl \ 

24 ~I \ 
I \ 

-

- -

I o \ 
\ 

23 I- I ~o 

I ' 
I ' I ~ 

22 r- I 

2.0 -

.- -

<Ptm 
Li 

<Pt. [n/cm2] 
Fig. n :) . 

l),L_\), * Ic/Ico .and Hc 2 of a 19 core Ti alloyed Nb3Sn wire after low temperature 

neutron irradiation (After Weiss et al, /156/). 

The mostevident differencesbetween the irradiated b.inary wires in Figs. 

8,24 and 8.25 and the Ti (but also the Ta and Ni+Zn) alloyed wires in Fig.8~26 
are: . 

a} Tlle ·dose <j>tm for the Ti alloyed wire lies at 0.18 x 1018 n/cm2, i.e. it is 

fQur time$ smaner than for binary Nb3sn wires. The same value of ~tm is also 

observed for Ta and .Ni+Zn additives .and seems thus to be. a general 'property of 
'.,. . ' . 

a 11 oyed Nb 3sn wi r.es. 

b) The enhancement of I/Ico at comparab.le tf values is small'er than for the binary 

wire. At h*ru 0.7, I /1. for the Ti and Ta alloyed wires is rv3 and 1.2, respec-= C CO 
tively, compared with rv4.5 for the binary 19 core wire 'and rv2.2 for the binary 

1000 core wire (see Figs. 8,24 and 8.25). 
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c) At ~t = 3 x 1018 n/cm2, I /I for the binary wire at all magnetic fields 
C CO 

is higher than before the irradiation, in cantrast to the alloyed wires where 
at this dosis level the ratio I /I is always smaller. 

C CO 

These three points a, b and c have a common origin, the enhancement of p 

after irradiation is smaller for the alloyed wire than for the binary one, due 
to the higher initial value of the latter. A ve~y simple model can be formulated for 
explaining these effects, based on the nonlinearity of p

0 
with dos1s. found by 

Lehmann /301/ on 32s irradiated Nb 3Sn (no p
0 

data are available for Nb 3Sn after 
neutron irradiation). Afterirradiation at the same (small) dose, binary Nb 3Sn 
beneficiates from the strong initial increase of p

0 
without degrading Tc and y 

too serious1y. A11oyed Nb3Sn wires encounter a slower increase of p
0

, thus sho-
wing a maximum of Hc2 at lower fluences. This model explains qualitatively 
the observed effects and illustrates once more the importance of ordering effects. 

The presently discussed ordering effect is without any doubt the most important 
one for applications. Tokamak fusion magnets producing fields of ~12 Twill be 
wo und with bi nary Nb3sn multi fil amentary wi res ~ even if a lloyed Nb 3Sn wi res 

may exhibit slightly higher initial critical current densities at this field /156/. 
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10. CONCLUSIONS 

A15 type compounds have an unique feature: Their superconducting properties 
depend on the degree of long-range atomic ordering. The aim of the present work 
was to contribute to the general understanding of the ordering phenomena in this 
crystal structure. The subject reaches from the variation of physical properties 
at the superconducting as well as in the normal state to the mechanism leading to 
the site exchange in annealed or quenched samples and finally, to the consequen­
ces of perfect ordering on the current carrying capacity of multifilamentary 
Nb 3Sn wi res. 

The effects of atomic ordering can conveniently be studied on samples with 
a wide range of order parameters. Since quenching from high temperatures results 
in a restricted variation, l'!S ~ 0.10, it is necessary to include data on irradia­
ted samples, too. It has been shown in Sect. 4 that there are common features bet­
ween the mechanism of disordering in Al5 type compounds submitted to high tempe­
ratures and to high energy particle irradiation. Indeed, it was found that both 
processes produce the same kind of lattice vacancy, a split-vacancy. giving rise 
to the occupation of a nonequilibrium site, called here 11 Virtual 11 site (see Fig. 
4.1). Due to the complexity of the Al5 structure, the simple one-step vacancy 
diffusion process occurring for example in bcc metals is not langer possible. 
Site exchanges require now two steps, the first one being the dynamical occupa­
tion of the nonequilibrium virtual site. The occupation of the latter is due to 
the. fact that the state of lowest energy after the creation of a 6c vacancy is 
that corresponding to the shift of one of both neighbours by a/4: the virtual site 
is situated at the center between two 6c sites. It can thus be said that both 
processes produce the same type of vacancy by different mechani sms, i. e. anhar­
monic Vibrations at high temperature and collision events following the irradia­
tion with high energy particles. One of the main results of this work is that for 
an Al5 compounds with a certain order parameter s,' the physical properties will 
essentially be the same, regardless how this degree of erdering was obtained, i .e. 
by thermal or irradiation processes. This means that for low fluences, the effect 
of S is dominant over the secondary radiation induced effects, e.g. static displa­
cements and the corresponding lattice expansion. This has been shown in the case 
of Nb3Pt for the Variation of Tc (see Fig. 4.12) and of p

0 
(see Fig. 7.15). After 

heavy irradiation, the secondary radiation induced effects (the same as above, 
but now in addition to disordered depleted zones and possibly to radiation induced 
transfor~ations) will dominate, in orderthat the observed properties, for example 
the saturation of Tc are not langer ordering effects. 
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A particular attentionwas given to the variation of the order parameter 
and its consequences on T., y, e0, p and H 2 after fast quenching from high tem-c 0 c 
peratures. The starting point for a deeper understanding of such ~hermally indu-

ced disorder is the knowledge of the reordering kinetics during the cooling pro­
cess from T~, the A15 phase formation temperatur~, down to the temperature of 
diffusion limit, T0. It has been found (see Table 4.1) that reordering in Al5 
type compounds occurs only above T0, which is correlated to the solidus by the 

relation T0 ~ 0.42·T~. The reordering kinetics, however, is very different from 
compound to compound, thus causing individual differences in the highest attaina­
ble order parameter in each compound. Although this point could not be proved 

definitively in the present work, it is thought that the variation of S(T)/Smax 
vs. T/T~ , S(T) vs. T/T~ is reproduced in Fig. 4.5) should be very similar 
for all Al5 type compounds, butthat the rate of reordering during the cooling 
process is dramatica11y different from compound to compound. As an example, it 
has not been possible to induce any deviation from perfect ordering in v3si, 
even after the fastest cooling rates obtained by argon jet quenching, i .e. 
10

4 
K/s. On the other hand, other compounds like v3Au, V3Ga, Nb 3Pt, Nb3Al and 

others all exhibit observable changes of S (and of Tc) for quenching rates well 
below 102K/s, as illustrated by Fig. 10.1. 

I I I I I 

6r-

......_ 0.96 Mo Os (1600°C) 
o,o 3 
~0.92 
0~ 0.88 

Nb Pt (1600°C) o-
3 6 

2~~--~--~~--~--~~---J 

0.01 0.1 1 10 102 103 104 105 106 

VA [K/s) 
" 

Fig. 10.1. Tc as a function of the cooling rate, vA' from a fixed temperature 

for v. 76Au. 24 , v3Pt, V3Ga, Nb 3Pt and Nb_ 765Al . 235 . The dotted lines 
indicate the highest known Tc values, obtained after prolonged annealing 

at temperatures close to T0. The numbers indicate the values of S or Sa. 
The triangles stay for T after splat cooling, illustrating the reorde-c 
ring effects during cooldown. 



-280-

Another way of illustrating the reordering effects during cooldown is the 

representation of Tc vs. TA' the annealing temperature. In Fig. 10.2, T§ vs. TA 
is represented for v3Ga which was cooled at two different rates, 5 x 10 K/s 
(Flükiger and Jorda /26/} and 5 x 104 K/s (Van Winkel et al. /340/). It is seen 

16 

15 
Tc 

[KJ 14 

13 
I I I I I I 

600 8 00 1000 1200 1400 

TAI°C] 

Fig. 10.2. Tc of v3Ga as a function of TA' the annealing.temperature, for two 
different cooling rates, 5 x 103 K/s (Flükiger and Jorda /26/} and 
5 x 104 K/~ (Van Winkel et al. /340/). In this case, T0 = 560 °e and 
Tc(max) = 15.9 K /26/. The ·numbers represent the order parameter. 

that at T > 850 °e (or T/T~ > 0.74), Tc and thus S start to differ for the two 
cooling rates. This curve shows clearly the difficulties of inducing higher par­
tial disorder in AlS type compounds by quench procedures: higher cooling rates 
require smaller sample .dimensions, i.e. < 1 mm for 3 x 103 K/s and 15 ~m for 
3 x 104 K/s. Such small particles will sinter tagether when heated above 1000 °e, 
which fixes a natural upper temperature limit and thus a lower limit for the 
order parameter s. whi eh can be quenched in by thermal procedures. AS a compari son, 
V3Si requires cooling rates vA > 105 K/s before an effect on Tc can be observed, 
as reported by Pannetier et al. /120/ after laser quenching experiments. Sear­
ching for reasons between the strong difference in the reordering kinetics bet­
ween v3s; and v3Ga, the question about the respective phase stability in these 
two systems arises. 

In the present work, an empirical correlation between the highest attainable 
order parameter in A15 type compounds (see Figs. 5.2, 5.3 and 5.4) and the phase 
stability was established. Although there is no particular theoretical basis to 
describe an explicite correlati.on between these two phenomena, the present analysis 
furnishes the experimental confirmation for such an interdepende~ce. Fig. 10.3 sum-

marizes the variation of a) r~, the. relative occupation factor (Ei.q. (5 .. 6). 
representing the order parameter, see Fig. 5.3), b) I, the Raynor stability 
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0 V3B 
" ~lb 3 B 
v Cr3 B 
EJ Mo 3B 

Ir 

><Sn III 
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Ru Rh Ga 
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Fig. 10.3. Variation of r~, the relative occupation factor (Eq.5.6), I, the 
Raynor stability i.ndex (Eq. 6.8), E(Al5), the energy of formation 
of the Al5 phase (see Fig. 6.19) and e0, the Debye temperature at 
0 K (see Fig. 6.9) as a function of the B electron number of Nb and 
V based Al5 type compounds. 
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index (Fig. 6.8, seealso Fig. 6.17), c) E(Al5), the energy of formation of the 
Al5 phase (see Fig. 6.19) and d) e0, the Debye temperature (see Figs. 6.2 and 
6.9). Although the value of e0 at 300 K would allow a more direct comparison 
with the other. "high'temperature" properties, the values of e0 at 0 K as deter­
mined by calorimetry have been chosen in Fig. 10.3. This choice is due to the 
fact that these data, listed in Tables 6.5 and 6.6, are by far more complete and 
reliable than the corresponding values ex(300K) determined in the present work 
by X ray diffraction on powders (see Fig. 6.2). The effects of phonon softening 
between 300 and 0 K are considerable (see Fig. 6.4, 6.5 and 6.8), but can be 
neglected for the present consideration. 

In Fig. 10.3, the four quantities r~, I, E(Al5) and e0 for Nb and V based 
compounds have been plotted as a function of the electron number of the B element. 
The latter has been used throughout the whole work rather than a e/a representa­
tion for a better distinction between transition and nontransition B elements. A 
further purpose was the clear representation of the influence of the chemical 
nature oftheB element: for example, all known Al5 type compounds containing 
Si, e.g. v3si, Mo3Si, cr3s; (and probably, but without proof) the metastable 
Nb 3Si are perfectly ordered. The somewhat surprising fact that the classification 
is done following the minoritary B elements is justified by their higher number 
with respect to A elements. 

The representation in Fig. 10.3 shows very clearly that all four considered 
quantities exhibit a very similar behavior at both sides of the AlS "Instabi-
l ity region 11

• This region is. represented by the elements B = Zn, Cd and Hg, for 
which no stable Nb or V based Al5 type compounds exist. The largest variation 
of the order parameter by thermal processes is observed for B = Au, Al and Ga, 
i .e. just for the closest compounds to the instability region, as shown in the 
top figure. FortheBelements corresponding to the next columns, i.e. B =Pt 
(for transition elements) and B =Si, Ge, Sn (for nontransition elements), r' 

a 
and thus S reaches 1, a certain amount of disorder being only induced for Pt. 
As mentioned above, it is extremely hard to induce erdering changes for the 
compounds with B =Si: this is also valid for B =Ge and Sn, where all quen­
ching attempts were so far unsuccessful. These compounds are the most stable 
ones, with r~ = 1 and maximum values for I, E(A15) and e0. A comparable situation 
for 8 transition elements is observed for B = Ir. 

Another way to represent the variation of erdering and phase stability in 
Al5 type compounds consists in considering the limits of the A~5 phase fields, 

·.f..• 
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as shown in Fig. 10.4. For ß = Ru and Os, the compounds are as orderedas possible 

with r~ = 1, but with a composition exceedingstoichiometry (in the cases of 
A = Cr and V): ß ~ 0.25. The ideal case is represented by compounds with ß = Ir, 
Si, Ge or Sn, where the stoichiometric composition is stable (except v. 80sn. 20 ) 
and r• = 1. These ideal A15 type compounds arerather rare: stability is reached a 
either by accomodating the composition towards ß > 0.25 or ß < 0.25 or by the 
limitation to order parameters S < 1. 

VII I IB IIB lilA !VA VA 

fil Si '" Co Ni Ga Ge As 
Ru Rh Pd In Sn Sb 
Os Ir Pt Au Hg Tl Pb Bi 

I I I I I l 
r 1 = 1 r 1 = 1 r 1 < 1 r 1 < 1 r 1 < 1 r 1 = 1 r 1 = 1 a il a- a a a a 

ß > 0.25 ß = 0.25 ß .2. 0.25 ß < 0.25 ß ..:. 0.25 ß .2. 0.25 ß < 0.25 

IDEAL IDEAL 

Fig. 10.4. Ordering and stoic~iometry in Al5 type compounds. The compounds with 
ß elements in the Co, Ni, Ir and Si, Ge, Sn columns are always per­
fectly ordered. In some ideal cases, e.g. Nb 3Ir, v3si and Nb

3
sn, they 

simultaneously form at pe.rfect stoichiometry. 

The observed total vari.ation of S wit~ varying ß electron nul)lber is of 
course also reflected by the corresponding Variation of Tc. The m~ximum Varia­
tion ~Tc as induced by quench and annealing processes for V and Nb based Al5 
systems is plotted in Fig. 10.5. The largest variation, ~Tc = 4.2 K, is obtained 

for the two pseudobinaries Nb. 75Au. 175Pt. 075 and Nb. 75Al . 20Ge. 05 at both limits 
to the instability region. A maximum of ~Tc would be expected for B =Au, Al and 
Ga, but in these cases the change in Tc is restricted either by deviations from 
stoichiometry {fro B = Au, while stoichiometry is reached at the highest tempera­
tures only for Nb3A 1 and Nb3Ga) or for perfect orderi ng ( for B = Au, A 1 and Ga). 
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Fig. 10.5. Maximum variation ~Tc as induced by quench and annealing for various 
Nb and V based Al5 type compounds. 

' 
10.2. Variation of the Low Temperature Properties With Atomic Ordering 

The Variation of Tc for. a series of Al5 type compounds as a function of 
the order parameter has been plotted in Fig. 10.6 on the basis of the data lis­
ted in Tables of Sect. 5. All order parameter values contained in these tables 
have been determined by refining diffractometric data and have been critically 
discussed (and in some cases corrected) in Set. 5. In order to co~pare the data 

I 

between the systems cr. 725os. 275 , Mo 30s, Nb3Ge, Nb 3Al, Nb 3Sn, Nb 3Pt, Nb. 736Au. 234 , 
V3Ga, V3Si, v3Pt ,and v. 76Au. 24 , a normalized representation was chosen: 

Tc/Tco vs. S/S0 (or Sa/Sao for the nonstoichiometric systems Cr. 725os. 275 , 
Nb. 736Au. 234 and v. 76Au. 24 ). The values for Tco and S

0 
are the estimated values 

for the highest attainable degree of ordering in each compound, the absolute 
error being inferior to 0.5 K for Tco and 0.02 for S

0
. 

The data for Nb3Ge were a 1 so i nc 1 uded, a 1 though the presence of addi ti ona 1 

phases and compositional inhomogeneities lead to uncertainties in the absolute 
value of S of the order of 0.04 to 0.08. It has been stated in Sect. 5 and 7, 
but also in the discussion of Fig. 10.3 that Nb 3Ge is probably perfectly ordered, 
and several convincing arguments have been given in these work. The data of 
Sweedler et al. /68,70,182/ are plotted in Fig. 10.6 assuming S

0 
= 1.00, and the 

resulting curve (dotted line) is practically identical to that obtained for the 
other Nb based systems. 
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0.5 0.6 0.7 0.8 0.9 1 
S/S0 (or S0 /S

00
) 

Fig. 10.6. T/Tco vs. S/S
0 

for the A15 systems Nb3Sn (f), Nb3Al (V), Nb 3Ge (+), 

Nblt (x), Nb. 736Au. 234 (1]), v3s; (0), V3Ga (A), V3Pt·(e), v. 76Au. 24 (o), 
Mo 3os (I) and Cr_ 725os. 275 (Q), based on the data listed in the tables 
of Sect. 5. Tco and S

0 
are the estimated values for the highest at­

tainable values of Tc and S in each of these compounds. 

It follows from Fig. 10.6 that the variation of Tc with the degree of atomic 
erdering is quite different for each compound. The smallest variation is observed 

in Mo3os and cr. 725os. 275 , the largest one in v. 76Au. 24 . The group of the other 
V and Nb based compounds occupies an intermediate position in Fig. 10.6, the Va­
riation forthe former being somewhat strenger (Note the scattering in the data for 
V3Pt, beingeither close to Nb 3Sn /53,220/ or to v. 76Au. 24 /4,193/). It is remar­

kable that the data for the V and Nb based systems fall within a quite narrow 

region (except v. 76Au. 24 ). This behavior is analogaus to that of Tc/Tco of irra­
diated Al5 systems (see Fig. 4.10a), where the decrease of Tc of all V and Nb 
based Al5 type compounds nearly fall together. The similarity between the re­
sults on thermally treated and irradiated samples has been stated in Sect. 4. 
The present considerations extend this similarity to the variation of Tc with 
the order parameter. As a very suggestive way to illustrate the analogy between 
thermally treated and irradiated samples, both representations, Tc/Tco vs. S/S0 

and T /T vs. ~t are compared in Fig. 10.7. This picture shows the significant 
C CO 

difference between the Nb and V based systems (whichall are situated within a 
narrow range) and Mo3os. Unfortunately, no irradiation data are available for 
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v. 76Au. 24 . There have been attempts to ascribe an universal behavior of Tc/Tco vs. 
~t for high Tc AlS type compounds. It will be discussed below that this behavior 
is obviously connect~d to the individual density of states of each compound, which 
must be sufficiently high. From this point of view, v. 76Au. 24 is an exception, 
which is possibly correlated to the strongly enhanced ~pin susceptibility in this 
compound /97/. There ,is thus no physical reason which could be advanced for a 

really 11 Universal 11 behavior of T/Tco vs. ~t or of Tc/Tco vs. S/S
0

, and 

1.0 
Mo30s,C~725o~ 

T /T_ o.B a---.-·----
·c· ·co 

0.6 

0.4 -

0.2 

0 
0.5 0.6 0.7 0.8 0.9 

S/So 
1019 1020 

~t [n/cm2 ] 

Fig. 10.7 Variation of Tc/Tco as a function of S/S
0 

and of ~t (See Figs. 4.10a 
and 10.6). The hatched area contains the systems Nb 3Ge, Nb3Sn, Nb 3Pt, 
Nb. 766Au. 234 , V3Ga, V3Si, V3Pt and .Nb3Al. 

it is certainly more correct to say that there is a similarity in the dependence 
of Tc on the degree of atomic ordering, due to the correlated change in N(EF), 
which must only be sufficiently high, in order to dominate over the simultaneaus 
effects of phonon hardening with disordering (see 4.3.6b). 

The variation of Tc for low Tc AlS type compounds discussed in Sect. 4 
is summarized in Fig. 10.8 which represents the corresponding variations for 
Mo3Ge, Mo3Si and Nb 3Ir. It has been shown in the present work that the enhance­

ment of Tc with irradiation in these compounds is really an ordering effect and 
is not due to secondary radiation induced effects. In the case of Mo 3Si /1S8/ 
(and probably also Mo 3Ge), a decrease of S leads to a decrease of e0, thus to 
a softening of the phonon spectrum. (See Fig.4.32). Since for these low T com­
pounds the electronic density of states remains essentially unch~nged after 
irradiation (only a slight increase is reported), the enhancement ofT must be 
attributed to the observed phonon softening. 

There is thus a cantrast between the behavior of high and low T~ A15 type 
" 

compounds with disordering: 
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S/So 

Fig. 10.8. Tc/Tco vs. S/S
0 

for Mo 3s; /137/, Mo 3Ge /138/ and Nb 3Ir /135/. 

a) High Tc materials show a lowering of N(EFl and an enhancement of e0 , 

b) Low Tc materials show a slight enhancement of N(EFl and a decrease of e0. 

The origin of the very different behavior in these two classes of materials 
may be the substanti.al difference in the pair potentials, essentially in the in­
teraction between the A and B elements, as illustrated for Nb 3Sn and Mo 3s; in 
Fig. 4.35. This is also the basis for the understanding of the antagonism between 
the compounds based on Nb and V on one hand and on Cr and Mo on the other. Com­
pounds with_ a transition B element as Mo. 76 rr. 24 , Mo 30s and cr. 725os. 275 have an 
intermediate behavior between the above cases a) and b). Indeed, it follows from 
the data in Table 6.5 that disorderin~ causes here a decrease of both, N(EF) and 
e0. However, both quantities vary very slightly, thus explaining the small change 
of T 

c' 

It is interesting to follow the variation of the electronic density of states 
with the degree of ordering. The Variation of the electronic heat capacity, y/y

0
, 

has been plotted in Fig. 10.9 for the systems v. 76Au: 24 , V3Ga, Nb 3Al, Nb 3Pt and 
V3Si , based on the data listed in Table 6.5. All these data were determined by 
calorimetric measurements on thermally treated or irradiated samples. In addi­
tion, the variation of y/y

0 
for Nb3Sn measured by Lehmann /301/ have also been 

added to Fig. 10.9, in order to extend the curve to lower S/S
0 

values. These data 
wer obtained by measuring the initial slope and p

0 
on 32s irradiated Nb 3sn films. 

The cantrast between the variation of y/y
0 

and of Tc/Tco is immediately apparent: 
All specific heat data are practically situated on the same curve, included 
v. 76Au. 24 . This demonstrates that the difference between the latter and the other 
systems in Fig. 10.6 cannot be explained by the variation of N(EF) alone. 
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0. 2 11-...1------.JL..----~~~--..!-' ___ ___, 
0.6 0.7 0.8 S/So 0.9 1 

Fig. 10.9. y/y
0 

vs. S/S
0 

for v. 76Au. 24 , v3Ga, Nb3Al, Nb3Pt and v3s; (Determined 
by calorimetry, listed in Table 6.5) and Nb3Sn (Deduced from the ini­
tial field slope and p

0 
/301/). 

From Fig. 10.9 it follows that the initial decrease of y/y is strongest 
0 

for the most ordered state. For example, the decrease of S by 5 % causes a decrea-
se of y/y

0 
by 20 %, while a further decrease of S by 5% lowers the heat capacity 

by 10% only, i.e. half the preceeding value. Below S = 0.7, saturation effects 
start to occur. As shown for Mo 3s; /158/, the two modification a) highly disordered 
A15 structure and b) amorphaus structure exhibit the same electronic density of 
states. 

From the above mentioned specific heat measurements, it is possible to draw 
some conclusions about the effect of atomic ordering on the variation of A, the 
electron-phonon interaction parameter, with the bare electronic density of states, 
Nb 5 (EF}. The results are represented in Fig. 10.10 and show a strong correlation. 
The correlation A vs. Nb

5
(EF) shows a linear tendency, as predicted by the model 

of Appel /304/. The slope increases from V3Au to Nb 1Al, in a very similar way to 
' - ~ 

the variation of Tc vs. y in Fig. 8.8. rt appears that Nbs(EF) undergoes the 
largest Variation with ordering for V based Al5 type compounds, while A is the 
mostchanging quantity for the Nb based compounds. A representation of A vs. 

Nb
5

(EF) for Al5 compounds with varying compositions yields a similar plot to 
that in Fig. 10.10. It is interesting that the only compounds for which the 
slope in a plot like Fig. 10.10 is negative are cr1_ßlrß (compositional change), 
MojOs and cr. 725os. 275 , thus reflecting the antagonism with respect to Nb and 
V based AlS type compounds. 
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Fig. 10.10. The electron-phonon interaction parameter A vs. the unrenormalised 
band structure density of states for various Al5 type compounds at 
different states of ordering (Muller /96/). 

The question about a possible further increase of Tc in Al5 type compounds 
above the highest value known so far, Tc= 23 K /44/, can now be answered. Among 
the known systems, only Nb 3Ge could possibly reach slightly higher Tc values if 
perfect stoichiometry could be reached. The measurements reported in Sect. 8 
indeed suggest that Nb 3Ge is perfectly ordered, but that the Ge content would 
be ~ 24.5 at.% rather than 25 at.%. In this case, the possible increase in Tc 
would be restricted to ~T < 1 K. There have been speculations about very high c-
Tc values in the metastable compound Nb3s;, which cannot be confirmed by the 
present work, which would rather suggest that Tc of Nb 3Si would hardly exceed 
the presently known highest value of 18 K. Indeed, Nb3s; is produced by explo­
sion techniques (Dlinger and Newkirk /130/), starting from the perfectly ordered 
Ti 3P structure type. Since the transition Ti 3P + A15 occurs diffusionless /130/, 
no change of the order parameter during the explosion at ~ 1000 °C is expected. 

The low Hc 2(0) value of 16 T for Nb3s; with Tc = 18 K would correspond to 

similar values in very clean Nb3sn with the same Tc (Orlando et al. /188/). 
However, the last proof of this hypothesis would require either measurements 
of the order parameter or of the electrical resistivity. An attempt on a sample 
given by G. Stewart (the same one on which the specific heat was measured) failed, 
the sample containing too much additional phases to allow unambiguous results. 
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It is interesting to follow how Tc varies when gradually increasing the B 
electron number. The representation in Fig.lO.ll contains all known AlSsystems 
based on Nb, V, Cr, Mo, Ti and Zr. As mentioned before, the instability region 
does not exist for Ti and Zr, the corresponding compounds Ti 3Hg and zr3Hg being 
stable (Both arenormal down to 0.1 K). For the Nb and V based compounds, it is 
remarkable that in cantrast to the variation of the properties in Fig. 10.3, the 
systems with B = Au, Al or Ga at the proximity of the instability region do not 
show any particular change. It can, however, not be anticipated whether the 
hypothetical compounds with B = Zn, Cd and Hg - would they exist - would exhibit 
Tc values lying on the dashed line in Fig. 10.11 or below. 

25 
o Nb 
ov 
• er 

20-
s Mo 

Tc(K) 
A Ti 
• Zr 

Fig. 10.11. T for var"ious. AlS type. compounds bas.ed on V, Nb, Cr, Mo, Ti and Zr. c 
as a function of the electron numb.er of the B element (From 
Flükiger /7/). 
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