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Abstract

The influence of atomic ordering effects and ordering kinetics on the
superconducting and metallurgical properties of Al5 type compounds are
critica11y discussed based on own and literature data.

First, the techniques for determining the ovder parameter are reviewed.
The dependence of Tc vs. S in various Al5 type compounds as a function of
the quenching temperature and of the high energy particle irradiation
fluence is discussed. A mnodel for the disordering mechanism in A15 com-
pounds is established, based on the new concept of the virtual lattice
site. It is shown that the disordering mechanism is the same in both
cases, high temperature heat treatment and high energy particle irra-
d1§tion. The very complete representation of ordering effects also con-
tains the variation of other properties, e.g. vy, Op, po and Bc2(0). Fur-
thermore, it allows to draw empirical correlations between atomic ordering
and Al5 phase stability. ‘
Finally, it is shown on selected examples that the optimization of the
critical current density at high fields in Nb3Sn wires by alloying is
pothing else than a consequence of the occurrence of perfect atomic order-
ing in binary Nb3Sn.

ATOMARE FERNORDNUNG, STABILITAT UND SUPRALEITUNG IN MASSIVEN UND
FILAMENTAREN A15-VERBINDUNGEN

Zusammenfassund

Der EinfluB von Ordnungseffekten und der Ordnungskinetik auf die supralei-
tenden und metallurgischen Eigenschaften von Al5 Verbindungen wird kri-
tisch diskutiert aufgrund von eigenen und Literatur-Daten.

Es werden zundchst die Methoden zur Bestimmung der Ordnungsparameters vor-
gestellt. Dann wird die Abhdngigkeit von T¢ als Funktion von S fir alle
bekannten Al5-Verbindungen vorgestelit, wobei S mittels Abschrecken aus
hohen Temperaturen und Bestrahlung wit Hochenergie-Teilchen variiert wur-
de. Ein Modell flr den Entordnungsmechanismus in Al5-Verbindungen wird
vorgeschlagen, der auf dem neuen Konzept der Existenz von metastabilen,
sogenannten “virtuellen", Gitterplitzen beruht. Aufgrund dieses Modells
1st der Entordnungsmechanismus 1in beiden Fdllen, also Hochtemperaturbe-
handlung und Bestrahlung, derselbe (bei nicht allzu groBen Bestrahlungs-
dosen, die T¢ auf > Tep/2 reduzieren). Es wird eine vollsténdige Studie
der Anderung anderer physikalischer Eigenschaften mit S erstellt, wie vy,
OD, pos Bc2(0). Ein empirischer Zusammenhang zwischen Ordnungsgrad und

15-Phasenstabilitit wird aufgestellt.

§ch1ieB1ich wird gezeigt, daB die Optimierung der kritischen Stromdichte
in Nb3Sn-Drihten bei hohen magnetischen Feldern durch Zulegierung mit ter-
naren Elementen eine direkte Folge des Auftretens eines perfekt geordneten
Zustands im bindren Nb3Sn ist.
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I. INTRODUCTION

Most ordered intermetallic compounds exhibit an order-disorder phase
transformation at a temperature TM' After fast quenching of ondered com-
pounds as Cu3Au /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
ordering have been detected on an appreciable number of ordered structures, one

of them being the A15 phase. The particular interest in the observation of or-
der parameter changes in Al5 type compounds resides in the unique correlation
between deviations from perfect ordering 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 A15 structure.

The observation of ordering effects on the lTow temperature properties of Al5
type compounds is nothing else than a consequence of the existence of different
nonequilibrium states in the A15 superlattice, induced either by:rapid quenching
or by high energy irradiation. Quenching experiments have induced small, but ob-
servablz changes in the degree of long-range atomic ordering of 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 of TC /3,4/. Since the first observation of these effects by Van Reuth
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, vy, the



magnetic susceptibility, ¥, the upper critical magnetic field, HC29 the electri-
cal resistivity in the normal state (just above TC), Py> and others. To a cer-
tain extent, lattice properties as the Debye temperature, ChY have also been
found to vary with S, the change being considerably smaller than for y, at least
for high TC A15 type compounds.

The accurate determination of the absolute value of the order parameter S
requires time-consuming experiments and is particularly difficult for samples
having a film geometry where grain texturing occurs. For this 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 determiﬂatéd starting
from reference values obtained elsewhere. The first reliable order parameter
determination in Al5 type compounds by Van Reuth and Waterstrat /3/. After
different heat treatments have furnished a first evidence for a possible
correlation between superconductivity and degree of ordering in Al5 type
compounds. It appeared soon that the value of T for an Al5 compound of the
general formula A B depends oh two parameterg, i.e. the chemical comDOB
sition B, and the §?agg=wi11jams long-range order parameter, S. From & Sy-
stematical work undertaken by the author /7/, it follows that this is
in contrast to the bahavior in bulk superconducting compounds crystallizing in

other known structures, where within the superconducting phase field T
% C

depends on the chemical composition only.

The interest in studying the correlation between atomic ordering and
superconductivity in Al5 compounds was originally motivated by the question
whether it would be possible to raise the highest kndwn'T values by improving
the degree of atomic ordering. For this purpose, attemptscwere undertaken
to vary the order parameter by rapid quenching or by high ehergy irradiation.
The observation of a strong decrease of T in Alé compounds after neutron
irradiation /8/ raised the question aboutcthe 1ifetime of a superconducting
Nb_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 Al5 type compounds is caused by the
same mechanisﬁg 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 question will be discussed in
detail in the present work, based on a model recently proposed by[the author

/6/ which attributes the initial decrease of T (down to T /T 0.5) with
¢ c co




increasing fluence to the occurrence of nonequilibrium states of’the Al5
lattice /5/. The discussion will be extended to the cases of heavily

irradiated Al5 type superconductors, where the value of T is influenced by
phonon softening rather than by changes of the electron1c density of states.

When studying atomic ordering effects in Alb type compounds, a particular
emphasis has to be given to the metallurgical state (homogeneity, composi-
tional distribution, precise determination of composition). The preparation of
homogeneous samples at compositions close to the Al5 phase boundary (where TC

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

ding Al5 phase field. A previous review by the author /7/ will be used as a

broad reference basis for additional details concerning preparation and ana-

1ysis. The author has accomplished numerous works in many aspects of ordering

and phase stability of Al5 type compounds, the treated subjects comprising

a) the work on the high temperature phase fields of various high TC Alb
systems, '

b) the determination of the order parameter and the vibration amplitudes by
diffractometry on most A15 type compounds

c) the study of ordering changes (1nduced‘by argon jet quenching) on the
electronic properties, e.g. T ,y , 0 , H and others.

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

and multifilamentary Alb mater1als, to the study of the disordering 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 of small

changes of the degfee of atomic ordering producing important effects on the

properties of Al5 materials.

The present work is organized as follows. In Section 2, a survey of the
superconducting properties in ordered and disordered éompounds showing poly-
morphism is presented. These data will later be used for comparison when
studying the influence of deviations from perfect ordering. In Section 3, the
Bragg-Williams long-range atomic order parameter is defined and experimental
methods for the determination of absolute values (on bulk samples) and

relative values (on films) are discussed.

A detailed description of various deviations from thermodynamical equi-
Tibrium as induced by rapid quenching from high temperatures or by irradiation
with high energy particies is given in Section 4. A strong analogy between the
disordering mechanisms in the Al5 lattice during the processes of fast



quenching and irradiation is established, based on the hypothesis of occupied

"virtual" sites /6/.

A1l ordering data on Al5 type compounds available to date are critically
analyzed and listed in Section 5. In Section 6, an attempt is made to
establish a correlation between the degree of ordering and stability of Al5
phases, the latter being represented by the the vibrational behavior of the
Tattice. The conditions for the occurrence of phonon softening below 300 K in
A15 type compounds are studied, revealing systematical differences between
high v and Tow 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 found to reinforce
this "low temperature hardening" for Al5 type compounds with y > 7 mJ/Kzgwat.
In Tow y compounds, the inverse behavior is observed, disordering by high ener-
gy irradiation leading to softening of the lattice. The Tatter is responsable
for the enhancement of TC in Mo3Ge and Mo3Si, the electronic density of states
remaining essentially unchanged. Several stability considerations lead to a
consistent picture for the instability of A15 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 literature data on the variation
p(T) at Tow 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 A15 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 Nb3A1 wires is also discussed, both com-
pounds forming with a stight 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 ch.




2. SUPERCONDUCTIVITY AND POLYMORPHISM 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 TC superconductors. The most interes-

ting ones are
- the Al5 type structure (TC = 23 K for Nb3Ge/13/)
- the Bl type structure (TC = 18 K for NbN]_XCX/14/)

- the rhombohedral structure in molybdenum chalcogenides
(T. =15 K for PbMo Sq /15/}.

- the Pu266 type structure (TC = 17 K for Y°7Th'3C]°58/16/).

The nature of the correlation 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 T. is particularly evident when polymorphic transformations occur, i.e.
when the number of electrons per atom, e/a, is constant for both modifications.
Unfortunately, no case of a classical 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
Tisted in Table 2.1. In the three cases Nb_76AU 54/17/, V_76Au 54/18/ and
V.7SGa.25/19,20/, the transformation A2—e-A1l5 occurs by a congruent solid reac-
tion, while a massive transformation is observed in the case of Nb.78A1'22
/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 contrast to the systems ”Nb3Nb“ and "w3w", where the
A15 phase is metastable and must be prepared by sputtering/22/ or by coeva-
poration/23/.

The values of the electronic heat coefficients, vy , for the modifica-
tions Nb.ml\u.24 R V.76Au.24 and Nb3(Nb=92Ge.O8), the latter being simpli-
fied to "Nb3Nb" are listed in Table 2.1, while specific heat data for the
other systems are not available to date. In the known cases, the y values
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




Compound Structure TC Ref. Y Ref.
(K) (md/K%at-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 Au
767724 Al5 3.0 3,18 13.09 25
A2 2.7 20
V .. Ga
757,25 Al5 15.9 26 24,22 25
- b A2 1.2 27
1 .. |
78722 AL5 17.0 28
A2 12.7 29 6.8 29
Mo Tc
+40°7.60 AL5 13.2 29 3.3 29
c A2 9.2 32 7.80 34
Nb
Al5 . 5.2 22 4.65 22
d A2 0.012 | 33
W
Al5 5 23

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

polymorphic modifications.

% The stoichiometric composition Nb3Au is not stable in the system
Nb-Au. Very accurate microprobe meéasurements 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.

© The A15 phase reported by Stewart et al./22/, referred to as "NbsNb"
was found for an alloy containing a stight amount of Ge, 2 at.%, the
total composition being Nb3(Nb gpGe g).

d The A15 phase in this system was found to be stabilized by a small
amount of oxygen, the formula being NB(M,O) /23/.




Debye temperature, OD’ 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 A15 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(A15) and NbsAu(A15) has recently been calculated by Jari-
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 the rigid band model in materials crystallizing in
this structure type. This is in contrast to the A15 structure, where the
strong localization of d electrons excludes a rigid band approximation. As
expected, the Fermi energy EF for V3Au(A15) 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 proposed in Ref. 7, p.547) is
situated near to the bottom of a density of states peak (Fig. 2.1)which is mar-
kedly broader than for the corresponding V3Au(A15) phase. There are no other ca-
ses than those listed in Table 2.1 where TC and y of the A2 and A15 modifica-
tions can be compared. Nevertheless, the TC values for the A2 phase in other V
or Nb based systems, e.g. Nb-Sn/7/, V-Ge/38/ or Nb-Ge/38/, extrapolated to stoi-
chiometry, Tead to the same result as above: the hypothetical stoichiometric A2
modification would exhibit TC values which are almost one order of magnitude
smaller than for the Al5 modification.

A completely different situation is encountered in compounds based on Mo
and Cr (with 6 valence electrons). This can be seen in Fig. 2.3, where the T va-
Tues of the A2 phase in different Mo - X systems’are extrapolated to composi-
tions where the Al5 phase is stable, i.e. 25 at.% Os, 24 at.% Ir, 19.5 at.% Pt,
~ 50 at.% Re and 25 at.% Ge. In contrast to the V and Nb based systems, the
polymorphism A2 - Al5 in Cr and Mo based systems has little effect on the super-
conducting transition temperature. In systems containing transition elements on-
1y, the TC values of the A2 and the Al5 phase are very similar. A particular be-
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 Te
value than the Al5 phase. As shown in Fig. 2.3, the T. value for the bcc Mo-Ge so-
1id solution reaches 2.2K at ~ 8 at.% Ge/39/, which would extrapolate to
~ 4.8K at 25 at.% Ge, where the Al5 phase exhibits only T, = 1.3K/39/.
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Fig. 2.1. Density of states for W after Mattheiss /36/ and experimental
data for superconducting 5d compounds (@ ) crystallizing in the
A2 (bcc) structure after Bucher /40/. The position of EF
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Fig. 2.2. Density of states for V3Au (Al5 modification) after Jarlborg/36/.

EF is close to the top of a sharp peak of the density of states curve.




Ghosh et al./41/ found T, values of 3.5 K and 5.7 K in sputtered
Mo - Ge samples. These authors assigned the lower value to the tetragonal
M05Ge3 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 problem of Mo3Ge will be treated in Sect. 4.3.6.

Compound Structure Composition TC Ref.
Type (at.% X) (K)
Mo-0s A2 15 8.5 7
Alb 25 13.1 7,39
o 29 7.3 42,49
A3 49 6 7,43
Mo-1Ir A2 10 7
A15 24 39,43
A3 38 7
Mo-Re A2 43 14.2 7
(A15)2 (~ 50)° 15 a4
¥ (0=Mn) 77 9.89 45
A3 78 10.0 7
Mo-T_ A2 60 12.7 29
Al5 60 14.7 29,47
X (0-Mn) 12 47
A3 87 14.0 47
Table 2,2. Superconducting transition temperatures of intermetallic phases

in theé bulk systems Mo-X (X = 0s, Ir, Re, Tc), showing
that the maximum TC values of the intermediate phases ofjthese sy-
stems are comparable, ®The Al5 phase in the system Mo-Re is meta-

stable and has been obtained by sputtering /44/,

The case of Mo3Si is better understood. As shown by Johnson et al. /42/,
amorphous Mo-Si exhibits TC values around 6K, i.e. substantially higher than
the value corresponding to the ordered M0351 compound crystallizing in the

Al5 structure: TC = 1.3K /39/.

The behavior of T, in the AZ and Al5 phases of Cr and Mo based systems can be
generalized to other intermetallic phases. As shown in Table 2.2, the maximum




of Te for the phases o-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'solr.50 alloy at 1200°C. A careful reexamination of this system

A 2{axir}
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TC /-.|¥22|‘5“ M°75 0515
K [Mo-X
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VA Ats }“"76 Iy,
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F1g 2 3. Superconductivity in A2 solid solutionsof the systems Mo-Re, Mo-Os,
Mo-1Ir, Mo-Pt and Mo-Ge. The T. 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, Te in both phases is similar, except for Mo-Ge,
where it is higher for the A 2 phase (Flikiger /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 A15 + B19. It follows that
the high TC value in Ref. 48 belongs thus in reality to the Al5 phase at the
composition Mo;761r.24/39/.

After these remarks, it is not surprising 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 p]dtted for
most Al 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.
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There 1is 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 electronic 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 for amorphous Mo alloys is ordinarily higher than in their crystallized
state. Amorphous Mo alloys exhibit the highest TC of amorphous alloys known
so far (TC = 9K for Mo-Ru-Zr /52/). This is in contrast to Nb or V based
alloys, for which the amorphous modification has a tendency to lower TC values
With respect to the crystallized state.

The difference between TC in crystalline and amorphous systems is represented
by the plot inFig.2.4,which was established by Collver and Hammond /52/.

e/o
Fig. 2.4, Experimental Tc curves for elements and near neighbour alloys of the

3d, 4d and 5d transition metals. Dotted line for amorphous 4-d.
Amorphous Nb (e/a = 5 has a Tower T, than in the cubic state, while
Mo (e/a = 6) shows the opposite behavior (after Collver and

| Hammond /52/).

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

are other nonequilibrium states of the Al5 lattice, produced either by quen-

ching or by irradiation.



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 Al5 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, TAg occurs in finite
times. The order parameter in a given Al5 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 temperatures above tne -diffusion limit,

Tp» which will be defined later (see Table 4.1).

3.1. Definition of the Bragg-Williams Order Parameter S

The perfectly ordered Al5 crystal structure A3B is described by the space
group Pm3n with A atoms in 6¢c 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).
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Fig. 3.1.The Al5 type structure of a system AgB with different occupation of
the 6¢ (e) and the 2a (o) sites by the two atomic species.
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The degree of atomic ordering in an A15 type compound of the general
formula Al_BBB can be described in different ways:
a) the occupation factors, s and Pl where s is defined by the fraction of
6c sites (or a sites) occupied by A atoms and b 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

ry-(1-8) ) ra=(1-8) - B
S = T=(1-g) ~ 8 and 5 = T3 (3.1)

where ry is the fraction of a sites occupied by A atoms and y the fraction of

b sites occupied by B atoms. The parameters S, and S, ra and ry are intercon-

nected by the formulas

. 38 d
= -8 Sa an (3'2)

3ra -3+ 4B (rb = 3ra - 2 for g = 0.25).

Sy

b
Thus, the degree of atomic ordering for a given sample at the composition B8

is sufficiently described by one parameter only, either Sa or Sb. It follows
from Eq.(3.2), that S, = 5 = S at the stoichiometric composition (3 = 0.25.

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 two states correspond to ry =1 (orry = 1) and ry = 0.75
(rb = 0.75) at the composition B. However, neither Sa or Sb nor r, or ry 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

0.75
r for g > 0.25
r! = 1-8
)=
r. for B < 0.25
0.25 for 8 < 0.25 (3.3)
ry ;
|
ry =
krb for B > 0.25¢




The relative occupation factors, ré and rg, relate the fraction of A atoms
being effectively on 6¢ sites to the highest possible concentration of 6¢ sites
which can be occupied by A atoms in a compound of the composition B.

3.2 Experimental Determination of the Long-Range Order Parameter

The long-range order parameter of a crystal structure can be determined
by using either by X ray or neutron diffraction. The measured intensities, Iﬁk],
are compared with the calculated values, Iﬁk]’ where
2
|

bl voon o LP e |R(S)

I - exp B, '53-4)

N
by means of a least-square refinement procedure. In this formula, n represents
the multiplicity, LP the Lorentz polarization factor, Fhk1(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 around
the site n, which is expressed by the coefficient U?i n In the case of har-

. . . . . 2 . , .
monic anisotropic vibrations, U is a second rank tensor, which is reduced

to the scalar Uﬁ for isotropic1g52ditions. For simplicity, the notation
Uﬁ will be used here instead of <U§> , the complete notation generally used

in the Titerature. The value of the oscillation amplitude is generally called
the root mean square amplitude or the r.m.s. amplitude and will be denoted €

here as Un instead of <Uﬁ>l/2.




For isotropic vibrations, the term Bn can be written as
exp B = exp (-81Usin“e/n”), (3.5)

where 6 is the diffraction angle and ) the wavelength. The quantity

Bn = 8ﬂ2Uﬁ is ordinarily called the isotropic temperature factor. It is

customary in powder diffractometric investigations to define also an "over-
all" temperature factor, B = BHZU? 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

factors, B> or the anisotropic temperature factors, Bij n°
9
‘In the most general case of anisotropic harmonic oscillations, the term

B in Eq. (3.4) can be written as

2
11,n

2 2 ]2

33,n
2
23,n

h +

exp B = (-8n°[U !

2

| k1] sin®0/3%). (3.6)

2
+ 2U12’nhk + 2V 3,nh] + 2U

The number of coefficients U%j,n is reduced for the atoms lying on par-
ticular sites. Depending on the quality of the data, the refinement is perfor-
med for isotropic or for anisotropic temperature factors. For the Al15 struc-
ture, the isotropic temperature factors for the A and B atoms on the 6¢ and Za
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 6¢c sites are described by the anisotro-
pic temperature factors Bll and BZZ’ the behavior on the 2a sites being assumed

as isotropic and being characterized by Bb’

The constraints for the anisotropic vibrations on the site 6¢ of the -
Al5 structure are:

2

U11 free

2 2
Uzz U3 (3.7)
2
U ) 2 2

12 = U13 = U23 .

The isotropic mean square ahp]itudes on the 6¢c sites are obtained by

the average:
1
= —— (Byq + 2B
24ﬂ2( 11

2 2

+ 2U5,) (3.8)

22)¢




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

according to the equation

1 3K X
0, = —5 T {¢(x) + —

where U2 is the mean square vibrational amplitude, h = 6.6262 X 10'3Js, ;

k = 1.38062 x 10'23 JK—], M the atomic mass and x = 8/T. The function i
d(x) = 1/xéZ’g/(e€ - 1) d& is tabulated in Table 5.2.2B of the International

Tables of Crystallography. The Debye temperature obtained by diffractometry
is denoted here by Oy in contrast to 6> the Debye temperature derived from
calorimetric measurements, where eD(O) and eD(300) stay for the values at

T = 0 (obtained by extrapolation) and at 300 K (see 6.1.3).

representing the mean square thermal vibra-

Beside the coefficients U?j,n
tion amplitudes (dynamic displacements from the equilibrium 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
<u2> and <u2>1/2, respectively, used in the Titerature /54,55/). The total dis-
placement in an irradiated crystal can be approximated by the sum of thermal

and static displacements: t

2 2 2
Uppp = U5+ u (3.10)

3.2.2 Least Square Refinement Procedure

The structure factor for a perfectly ordered, stoichiometric A5 type
compound ABB oan be written as

Frep = fg |1vcos am (k)

+ ZfA[cos ZW(% + %) + COs 2n(g-+ %) + Ccos Zﬂ(g +.%)

In Eq. (3.11), fA and fg represent the scattering factors for A and B
atoms lying on the 6¢ and 2a sites, respectively. The Al5 type structure
for both perfect order (S = 1) and partial disorder (S # 1) is schematically
represented in Fig. 3.1.




If deviations from perfect order or from ideal stoichiometry are in--
troduced, the form factors fA and fB 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. For a disordered Al5 structure
with ideal stoichiometry, there is:

f = Pa fA + (1mra)f8

a
(l-rb)fA vy fB (3.12a)

i

fy

i.e. the formula A3B is generalized to

A
3B — (A, B ) (Al—rb Brb
1 o l'_éiw_v_.__...—J

site 6¢ site 2a

(3.12b)

Calculated structure factors for different hk1l are listed in Table 3.3.

For the general case of a disordered nonstoichiometric Al5 structure, the
structure formula becomes

A, B.— (A B, )(B. A __ ), (3.13
1-8°B Py 17Ty ; ™ ! )
or using (3.3):
MogBp (A By ) Ba(r _1)1ap M- [3(r -1)+48)) (3.14)
1 g - b L <
site 6c¢ site Z2a

The least-square refinement of the integrated measured intensities IEk]
can now be carried out with the occupation factor r, 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, B, can be introduced as a supplementary variable

in the crystallographical refinement process. For powder samples, however,
(polycrystalline samples have to be treated as powders), 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 g fixed during the refinement
process. The precision in determining the chemical composition has a strong
influence on the absolute value of the order parameter. The compound Nb3A1 is




a case where difficulties in determining the precise composition have led to
erroneous concliusions 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:

2 2
R = 3|1 = Ipq /2 iy and (3.15)
2
fw =2 ;%_—'(Iﬁkl_ ) /25— iy (3.16)
hk1 hk1

where ;23—— is the observed standard deviation.
hk1

For well-defined, homogeneous powder samples where the difference bet-
ween the atomic numbers of the two constituting elements is AZ > 8, this re-
finement method yields absolute values of S with an uncertainty of AS = * 0.02.
A1l 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 problem 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 S0 is known, e.g. from diffractometric measurements on bulk samples. This
procedure, first applied on NbjAl 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 S and on the form fac-
tors f, and f, (see Table 3.3):

A B

h+k+1=2n: 1) F(hk1) = 25(fy = f,)
2) F(hk1) = S(f, = F,) + (3, + ;)

h+k+1=2ntl: B A A (3.17)
3) F(hkl) = S(fy = ) - (3fy + fp)

h+k+1=4n 4) F(hkl) = 2(3f, + fp)

The data are analyzed in terms of a modified Wilson plot, where the loga-
rithm of the intensity ratio I(q>t)/1O is plotted against sinze/xz, where I0 and
I(¢t) are the intensities of a particular line before and after irradiation,

A the wavelength and 8 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:

2 2
n = B, (U,) + B (u)

_gn® sin’e/ )’ (Uf{ + uﬁ)

B

it

(3.18)

1

Since Ug is assumed to be unchanged after irradiation, only the term uﬁ
figures in the quotient I(¢t)/10 and can be determined by a Wilson plot.

For group 1 in Eq. (3.17), the superstructure group, it is

Infi(et)/1,] =

2 .2
= - 16 7° (sin“0/2%) - u® + 2 1n (5,/5,,) + Inc  (3.19)

where W 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 6¢ sites before and after irradiation and ¢ a constant including the
volume of the material contributing to X ray scattering. The static mean square




displacement amplitude, u% can be determined from the slope of a straight line
by Teast square fits of the representation I(¢t)/I0 Vs. sinze/A?

From the intersection of the straight line with the axis, one obtains
the quantity 2°]n(Sa/SaO) + In ¢, from which S,.can be determined. As pointed
out by Schneider et al./55/, 1n ¢ contributes only if parts of the material
are either removed by sputtering or rendered amorphous by radiation damage.
Such a contribution can be detected by comparing the axial section values
2 1n(Sa/Sao) + In ¢ for the data points of group 2 and 3 reflections, which
should be approximately equal and of opposite sign if In ¢ = 0. This test
Was used in Ref. 55 for detecting the possible creation of amorphou§ regions
during irradiation. |

3.3 Factors 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 of the X ray form factor, the neutron scattering
amplitude, the anomalous dispersion correction and the choice of source and
wavelength. 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 Factors

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(fg - fp) in Table 3.3, where n = 0, 1, 2 ...




—
hk1 S Contribution to F hk1 S Contribution to F
110 25( fg - Tp) 420 S( fg - ) + (3fy + fp)
200 S( fg - fy) + (3F, + f5) 421 S( fg - fy) - (3fy + fp)
210 S( fp - fa) - (3f, + fy) 332 S( fy = £4) + (3F) + fp)

211 S( fg - ) + (3fy + fy) 422 25( fg - fp)

220 2s( fg - fp) 510,431 25( fy - f,)

310 25( fy - ) 520,432 S( fy = fg) + (3F, + fp)

222 3S( fg - ) - (3f, + ) 521 S( fg - ) + (3fy + f3)

320 S( fp - fg) + (3F, + ) 440 2(3F, + fp)

321 S( fg = ) + (3f, + f3) 530,433 25( fy - f,)

400 2(3F, + fp) 600,442 S( fg - ) + (3 + f5)

411,330 2S¢ fg = a) 610 S( fg - fo) - (3, + fp)
611,532 S( fg = fo) + (3, + fp)

Table 3.3. Contribution of the long-range order parameter, S, to the
structure factor, F, for stoichiometric compounds of the Alb
structure. The factors fA and fB represent either the X ray
form factor or the elastic neutron scattering amplitude.

It is obvious that if fB 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 (fB - fA) will thus decide if
X ray or neutron diffraction is the appropriate experimental method. The
Tatter 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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Fig. 3.2. Comparison between neutron (A = 0.2319 nm) and X ray (MoKa, A = 0.07093 nm)
3Ga(afterF]Ukiger et al. /20/). Note: The
scales of 20 have been adjusted in order to allow direct comparison

diffraction pattérns for V
for each peak.

which the neutron scattering amplitudes are b, = - 0.05 X 107 o and

bGa =+ 0.72 X 10—14 m/56/. It is seen thatvthe intensity of the super-
Tattice lines is drastically enhanced in the neutron case. The corresponding
variation of the calculated intensity ratio between a superlattice 1ine and

a fundamental line, 1510/1511’ in the system V3Ga /20/ with B = 0.25 has been

represented in Fig. 3.3. as a function of the occupation number, ry = 1/4(S5 + 3).

It foilows that for V,Ga, AS = + 0.03 represents a limit for an accu-

rate determination of S b;gx ray diffraction: In the following, the S value as
determined by neutron diffraction/20/ will thus be quoted. Some cases are even
more unfavourab]ejthan V4Ga. As shown by Waterstrat and Dickens/57/,

neutron diffraction is the only way to determine accurate values of S in the
systems V3N1 and V3Co, where the difference in atomic number is AZ = 4 and 5,

respectively, and therefore (f, - fA) is small. The inverse situation is en-

B
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Fig. 3.3. Variation of the calculated intensity ratios between a superlattice
1ine and a fundamental line, 1210/1211’ in V3Ga for X ray and neutron
diffraction as a function of the order parameter and of the
occupation factor, ry = 1/4(S, + 3) /Flikiger 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
A7 between Nb and Sn is only 9. A recent determination of S in NbsSn/12/ will
be discussed in Section 5.

The most frequently used values of the atomic form factors as a function
Of sinB/A 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 several elements using Clementi's Hartree-Fock quality atom wave functions.
The calculation with both sets of values/58,59/ for VaGa with AZ = 8 did,
however, not show significant differences in S /20/. This problem is less pro-
Nnounced for the neutron diffraction case, where the elastic scattering
amplitude, b, does not depend on sin ©/x.



3.3.1.2. The Anomalous Dispersion Correction

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 anomalous
dispersion, can be expressed analytically by introducing an imaginary term
and a small real term in the atomic scattering factor. The X ray scattering

factor for an atom A becomes
£, o= f, + fA + fA (3.20)

where f} and f are the real and imaginary dispersion correction, calculated

A B
by Cromer/60/, to be found in the "International Tables for Crystallography",

Volume IV. As first shown by Jones and Sykes/61/, it is possible to use ano-
malous 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 supér]attice and a fundamental line becomes

2 2
I F fo - f
110 _ | 110]2 _|'s A12 (3.21)
I Foppl™ It + 4l

211

In the cases Where g - onl is small, the term IFB - fAl can be en-
0
hanced by the appropriate anomalous dispersion correction terms f' and f".

The effect of anomalous dispersion for CuK, and MoK, radiation in V3Ga is
shown in Fig. 3.3. Another example is Nb3Sn, where for S = 1 the choice of

MoKu radiation instead of CuKa radiation increases the ratio 1110/1211 by
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 NbgSn .
Anomalous dispersion corrections have not to be considered in neutron diffraction

experiments on Al5 compounds, since the few isotopes with complex scattering

factors, i.e. 108, 113Cd, 149Sm or 157Gd do not form compounds of this

structure.

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 long homoge-
Nization heat treatments at high temperature. In order to find the appropria-
te homogenization and cooling conditions, a precise knowledge of the Al5 pha-
se field is necessary, in particular at high temperatures /7/. Typical homo-
genization conditions for obtaining single phase samples for several A15 com-
pounds are listed in Table 3.4, together 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, "single phase" A15 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-
cular if these phases are ductile, e.g. bcc Nb, V or Mo. In this case, the
plastic deformation during the crushing process leads to serious line broade-
ning, thus rendering the detection of faint Tines quite difficult. 0f course,
this effect can in principle be eliminated by "flash-annealing" /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 container material.




Compound Composition Homogenization Argon Cooling
B Heat Treatment Pressure Mode
(atm)
v,Co 0.25 48 h/1500°C + 2 weeks/9SOgC
voNi 0.27 48 n/1500%c m°“th/8°°OC
V3Pd 0.22 48 h/1500°C + t month/700 C
V,Rh 0.16 to 0.25 48 h/1600°C
VOs 0.48 to 0.51 48 h/1800°C Q(T>1600°C)
(AL 0.19 to 0.32 48 h/1700°C
V,Ir 0.25 to 0.37 48 h/1700°C
V,Au 0.20 to 0.24 48 h/1400°C + 1 week/1200°C >1
v,Si 0.22 to 0.25 >48 h/1800°C
V,Ge 0.235 48 h/1650°¢ >
V,Ga 0.22 to 0.28 48 h/1450°C + 48 h/1250°C >1
B<0.22; B>0.28 48 w/1450°C + 100 h/1000°C > R(B>0.25)
Nb ,Rh 0.25 >48 h/1800°C + 1 month/1200°C
Nb0s 0.26 to 0.29 >48 h/1800°C
Nb,Tr 0.22 to 0.28 >48 h/1800°C
Nb,Pt 0.20 to 0.28 >48 h/1800°C
Nb,Au 0.20 to 0.24 >48 h/1650°C >1
Nb,AL 0.21 to 0.23 >48 h/1900°C >1
b Ce 0.23 to 0.24 >48 h/lsoo:c >1 Q(B>0.24)
0.20 to 0.23 >48 h/1700 C >1 Q(B>0.23)
Nb,Sn 0.20 to 0.24 48 h/1800°C 1
8>0.24 >48 h/1500°C + 2 weeks/1050°C >1
Mo,0s 0.25 48 h/2000°C
Mo, Tr 0.22 to 0.24 48 h/1800°C
Mo, Pt 0.185 48 h/1600°C R(T>1600°C)
Mo,Si 0.23 to 0.25 48 h/1600°C
Cr jRu 0.28 48 h/1450°C + 1 month/750°C >1
Cr JRh 0.22 48 h/1400°C + 2 weeks/1200°C >1
Cr,0s 0.26 to 0.28 48 h/1350°¢C >1
Cr,Ix 0.18 to 0.26 48 h/1500°C >1
Cr Pt 0.18 to 0.23 48 h/1450°C >1
i 0.22 to 0.28 48 h/1600°C >1
Ti Au 0.25 48 h/1300°C >1
Ti,Pt 0.23 to 0.27 48 h/1200°C
Ti,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 Al5 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).




The effective concentration profile of an alloy is usually measured by
electron probe analysis, by Auger spectroscopy or by secondary ion mass spec-
troscopy (SIMS). 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 TC vs. B is known for all known com-
pounds with appreciably high TC /7/. The consequences of homogenization on
the compositional profile of Mo3Os and Nb3A1 can be seen in Figs. 3.4 and 3.5.
Figure 3.4. shows the specific heat curves of the same M0305 sample after
heat treatments of 1 hour at 1770°C and after 20 hours at 1800°C /7,63/, re-
spectively. The longer heat treatment at the higher temperature reduces the
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Fig. 3.4. Different states of homogenization for Mo30$ revealed by
specific heat measurements at the superconducting transi-
tion (Flukiger /7/).




total width of the superconducting transition from 1.50 to 1.05K, the value
of TC (midpoint) being slightly increased from 11.70 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 B
specific heat curves of inhomogeneous alloys are always characterized by
hroad transitions at TC.

An even stronger effect is observed after homogenizing Nb-Al alloys, whe-
re the variation TC vs. B 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°¢ (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
1850°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 homogenization
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 Tower 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 typically represented by (CS—Cn)/Cn at TC or AC/yTC,
and is a measure of the electron-phonon coupling. It is obvious that for a
broad superconducting transition the value AC (peak of the transition minus
the normal state extrapolation at the peak temperature) will be Tower 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 Alb
compounds, as Nb3A], Nb3Ge, Nb3Ga, ... have temperature-dependent phase 1i-
mits, the stoichiometric composition being, if at all, only stable at high
temperatures. Compositions close to stoichiometry (8 = 0.25) have thus to be
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Fig. 3.5. Effect of the homogenization heat treatment on Nb3A1 revealed
by specific heat measurements, The alloy with the effective
composition Nby 4-0Alg ,4¢ has been homogenized 48 hours at
1850°C; the alloy Nb 76A] 24 (nominal composition Nbo.75A10.25)
was heat-treated for only 5 days at 750°C and shows a wide tran-
sition (Flikiger /7/).

Prepared 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), o(NbZAl),
Dggb(NbSGe3) 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, 1i.e. V36a0x /20,66/, or
Nb3GaOX /65/. A determination of the order parameter canin principle be per-
formed even if additional phases are present, provided that their respective
Crystal structures are known. The corresponding spectra can be refined and




substracted from A15 diffraction pattern. However, a possible lap with Al5
superstructure Tines would lead to seriously enhanced error Timits, these 1i-
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.

Fig. 3.6.
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Neutron diffraction patterns (A = 0.263 nm) for Nb]_BAlB 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 the
temperature dependent Al rich phase boundary, a small volume frac-

tion of Nb,Al phase (peaks indicated by arrows) is formed on cooling in

the compound with the higher Al content (Flukiger et al. /28/).




An example where the order parameter of the Al5 phase can be accurately
determined in spite of a second phase is the system Nb 3Al. The neutron dif-
fraction pattern of the alloy Nb 769A] 23] shown in F1g 3.6 shows no trace
of additional Tines, while ~5 vol.% Nb oAl phase can be detected in a sample
of the nominal composition Nb.7 A1.25 (effect1ve A1 content in the A15 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 strong]y temperature dependent Ge rich phase boundary
/67/ and b) to the extremely rapid formation of NbSG“’ precipitations during
the cooling process. F1g. 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
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Fig. 3.7. X ray (CuKa) diffraction pattern for Nb;Ge as produced by CVD. The
reflections are identified as A15, hexagonal (H) and tetragonal
NbGey (T) and NbO. (Sweedler et al. /68,69/ ).

crushing the deposited Nb3Ge to powders, shows the presence of several additio-
nal phases as Nb56e3, 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 in S. However, no bet-
ter Nb3Ge samples cjose 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 Timiting
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): 1200/12]], 1420/12]], 1332/1211,.. (IZ]]: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 10um, smaller sizes leading to line broadening. The
problem 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 techniques 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, as determined by a complete refinement on a sample having random grain orien- -

0
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 A15 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(ot) =S, exp(-kot), (3.22)

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

Equation (3.22) was derived for fast neutron irradiation of the ordered
compounds Cu3Au and N13Mn, using simple theoretical considerations /71/. The
parameter k in Eq. (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 displaced atoms, the threshold ener-
gy for atomic 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
al./147/. For fast neutron irradiated Nb3Sn, Brown et al./151/ calculated
the value k = 1.9 X 1()_24 m2. Experimental values for-k in several neutron ir-
radiated Al5 systems are shown in Table 3.3. This table contains only such sy-
stems where SO as well '‘as S were measured by diffractometric means. It is seen
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 So*

~ Systenm k (x 10'24 mz) Reference
Nb A1 1,8 | 53
Nb 5Ge 1,84 70
NbPt 3,54 76
V3Si 0.7 + 0.1 78

Table 3.3. Aronin constant k for different neutron irradiated Al5 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 long-range order parameter, S{¢t), in a solid sub-
mitted to a dose ¢t provided that the value of So 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 S0 from the literature. This procedure is currently
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, howéver, to be veryfied in each case, since TC in A15 compounds is
not only a function of S, but also of the chemical composition B. 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, AHe, 14N, 160, 32s,

cees which penetrate only thicknesses of < bum, but do not activate the sam-
ple. Further advantages of the thin film geometry are: i) possibility to stu-
dy metastable compounds as Nb3Ge or Mo.5ORe.5o, which cannot be prepared in
the bulk state, ii) accurate determination of pp» the electrical resistivity
Jjust above TC, and i1i) 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 Tocal heatingféausing an inhomogeneous recovery and thus a gradient in
T . The measured vdTﬁéﬁbf;Tc would in such cases not be representative for

o
the whole sample unless measured calorimetrically.




4. NONEQUILIBRIUM STATES IN A15 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 A15 compounds cor-
responds in reality to an investigation of the consequences of deviations from
equilibrium. For an A15 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 (E> 1MeV) 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 homogeneous change in The Bragg-
Williams order parameter. Unfortunately, the effect of quench disordering is
Timited to order parameter changes AS < 0.10, even after quenching at the hig-
hest rates (between > 103 and ~106 0C/s). This is due to a generally fast
reordering in Al5 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 thair ability to further decrease the superconducting transi-
tion temperature, down to very low TC values. However, a multitude of effects are
present in irradiated A15 compounds, leading to different types of defects
(see 4.2.). There is evidence that some of these defects are inhomogeneousiy
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.




4.1. Ordering Changes Induced by Thermal Methods

4.1.1. Vacancy Diffusion: The "Virtual" Site

In the tightly packed Al15 structure, each atom is closely surrounded by
its neighbours (see Fig. 4.1). The atoms would need to be 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 Tattice sites. An atom will now jump into a neighbouring vacancy,
thus creating a new vacant site. Atoms and vacancies undergo a series of po-
sition exchanges, in order that 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 essentially to
the fact that the 6¢c and the 2a sites are not equivalent from the point of
view of electronic bonding. Indeed, interactions beween atoms on the 6c¢c 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 established electron density maps of V3Si.
This covalent bond is correlated with the very short AA distances on the
chains of A15 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 4.3.1d. 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 6¢c sites will be called "overlapping region" in the following. As




shown by Staudenmann /91,95/, this region corresponds to a high electron den-
sity in VSSi.

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 6¢ 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 lTower energy corresponds to
a configuration where one of the two A atoms adjacent to the single 6¢ 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-

Virtual Site (occupied by A or B)
(a) (b)

Fig. 4.1. Occupation of the "virtual" site in the A15 structure after irradia-

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 simplicity as overlapping regions between two
neighbouring chain atoms of spherical shape. Note the hexagonal en-
vironment of an occupied "“virtual" site (Flikiger /6,81/).



cancy" by Welch et al. /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

Ve ——m >V

Sn + Nb

Nb (4.1)

Sn
where \./Sn is a 2a vacancy , VNb a bc vacancy and NbSn a Nb atom on;Za sites
(representing an antisite defect). The energy of a Nb3Sn lattice as a Nb atom
originally adjacent to a Sh vacancy (VSn) jumps into the vacancy to yield 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.

70 T | l.‘ ] = T
60}~ ' -
AE[eV]
SO0 T .
Lol e- S 1 ]
10
30 Vsn Vv 7
2O Nb 2y
“I'eSn yau
V Vacancy Nbsy,

%11 Nb atom at 6c site
2 Nb atom at virtualsite
1 S i | 1
00 02 04 06 08 10
Location of atom number 1

00

Fig. 4.2. Energy of the relaxed Nb3Sn lattice a3 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 intd the virtual site I' (After
Welch et al. /80/).

Two possibilities of site exchange by vacancy diffusion in Al5 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
Tater, this does not imply the hypothesis of spherical atoms in the Al5




structure, but was chosen for simplicity. The diffusion mechanism (4.1),

v
Sn
In Fig. 4.3b the complementary mechanism VNB——ﬁ————> VSn + San is shown.

> VNb + NbSn’ as described in Fig. 4.2 is represented in Fig. 4.3a.

This complementary mechanism is necessary, the number of antisite defects Nb

and San being correlated: NbSn = Sanw As mentioned above, the vacancy VSn

is, however, unstable, thus leading to the mechanism of Fig. 4.3a, and so on.

Fig. 4.3. A«+B exchanges by vacancy diffusion in A15 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 a B atom into an equilibrium 6c site (two-step processes).
Small circles: overlapping region between two A atoms or region
of covalent bonding (Fliikiger /6,81/).

It thus appears that the vacancy diffusion mechanism in the Al5 type struc-
ture comprises at least two steps, in contrast to the one-step mechanism
acting in simple bec or fcc structures. As follows from Ref. 80, the mobility
of 6¢ vacancies is quite high, and that not only the above mentioned spiit-
vacancies are 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 Tead 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 Tater (in 4.2.3) be used as a basis for
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a new mechanism of homogeneous disordering in irradiated A15 tape compounds
(Flikiger, /6,81/). A close look to the boundary conditions may thus be of in-

terest. The structure and energetics of point defects in the A15 tyde compound
Nb3Sn were studied by Welch et al. /5,80/ by means of the pair potential ¢(r),
d(r) = Agexp (-bpr) - Ap exp (-bpr) (4.1)
where ¢(r) is the energy of interaction of two atoms separated by a distance r,
the subscripts R and 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

2

¢(r) = -a;(0.45 - r) (0.355 r< 0.45 nm)

(4.2)
o(r) = 0 | (r 2 0.45 nm).

The parameters ay and a, were chosen to match the potential value given in Eq.
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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 separations. 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 slope at the separation distance r = 0.35 nm. The potential calcu-
lated for a NbSSn phase field extending to the Nb rich side according to Charles-
worth et al. /174/ and Devantay et al. /86/ is reproduced in Fig. 4.4 /80/.

The vacancy diffusion mechanism is governed by the diffusion coefficient
D = DOEXp(-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/TM = const. An enhanced number of vacancies is ex-
pected at dislocations, grain boundaries and surfaces of the crystal, 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 smaller values of both DO and E. The small ato-
mic packing density with the enhanced number of vacancies at grain boundaries
reduces the activation energy E and thereby accelerates the diffusion process.
The fact that surface diffusion is not isotropic but favors only certain di-
rections leads to a smaller D0 compared to volume diffusion. As the temperatu-
re is lowered, the smaller activation energy for grain boundary diffusion

Teads to an increased ratio of D b /D . This means that surface diffusion

mechanisms are relatively 1mportg:£ at ¥8Lér temperatures, while volume diffu-
sfon is dominant at high temperature. In A15 compounds, surface mechanisms may
somewhat influence the diffusion kinetics at the lowest temperatures where or-
dering takes place, i.e. between 500 and 800 °C depending on the com-

pound (see temperature TD in Table 4.1). Indeed, as cast V3Pt powders of

40 um size were found to reach the highest TC value (TC = 3,7 K /82/ after

a shorter annealing time than for a bulk 30 g sample (both at 800 0C) /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 V351 single crystals
/87/, Nb3A1 polycrystals /28/ and Cr 5,0s,0 polycrystals /6/, the number of
vacanciesdeterminedexperimenta]]y15 always below the accuracy limit, e.q.

2 0.2%. Argon jet quenching experiments at 1900°C on Nb.741r'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 samples is Nb3Sn, where
Courtney et al. /85/ found up to 4% Sn vacancies after prolonged annealing at
1800°C. Recent experiments on levitation melted Nb,Sn alloys by Devantay et

al./86/ did, however, not confirm any vacancy concentration within the experi-




— 42 —

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 A15 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 reported. The only case
where a measurable amount of vacancies could bé‘pPOdUCEdnin Al5 crystals was
reported by Cox and Tarvin /78/, Who found that the density of a V3Si single
<rystal after a fast neutron irradiation dose of 22,2 X 'IO-]Bn/cm2 decreased

by ~0.3%.

4.1.2. Variation of the Order Parameter with Quenching Temperature

Varijous statistical mechanical treatments of the dependence of the
equilibrium order parameter on the temperature were pérformed for cubic AB
and AB3 compounds /2,88,89,90/. In all models there is a decrease of the or-
der parameter with increasing temperature, until a temperature TF js 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 transition was observed so far in A15 type compounds, a qua-
Titative comparison will be made replacing TF by the temperature Tg, defined
as the formation temperature of the Al5 phase at the composition B, which is
known for most A15 compounds (Ref. 7, see also Table 4.1).

The variation of S as a function of temperature for different A15 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 1is important to know, since TC is obviously correla-
ted with the quenched-in degree of ordering, S, rather than with Sp(T).

In analogy to the classical order-disorder transformations, the order
parameter, S, has been drawn as a function of the ratio T/Tg (Fig. 4.5), where
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Fig. 4.5. Measured 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 A15 phase at the ap-
propriate composition. The curves were drawn as a guide for the eye.
+: V3'Pt 162,82/, @: V4Ga /20/, OO V 76hU 54 718,62/, O: NbyPt /62,
112/ & : No 5e0RT 500 /28/, @ @ VST /38/,% : Mog0s /39/,

9 Mo‘761r.24 /39/. '

The arrows indicate that the S Values are too high, due to partial

reordering 'during the quenching process.

o . :
TF 1S now tne formation temperature of the Alb phase at the composition B.
In Fig. 4.5, the temperature TD represents the estimated lower diffusion 1imit

i.e. the lowest annealing temperature at which changes of TC can be observed.
This definition is reasonable, TC being far more sensitive to small changes

of S than any quantity determined by diffraction measurements.

By .definition, TC remains thus unchanged at temperatures below TD’ even
after prolonged heat treatments of several weeks. At TD’ there is thus
S = SE(T), while for T > TD’ S is always larger than SE(T). Recent direct mea-
surements of SE(T) by Fliikiger and Isernhagen /162/ (see Sect. 5.2.2) on Nb,Sn, Nb31r
and Nb3Pt show that the difference AS = S - SF(T) up to temperatures around
1000C s of the order of the measuring error; AS = 0.02., The results will
be discussed in 5.2.2. Considerably larger differences of AS are expected

3
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at higher temperatures, but the experimental difficulties were not yet resolved,
in order that no ordering data at T > 1050 C are available so far. The differen-
Ce AS is due to a partial reordering during the quenching process which cannot

be avoided at the relatively low cooling rates of 5 X 103 9c/s obtained by argon
jet quenching (see also Sect. 8). It is possible that a certain degree of re-
ordering can never be avoided, even at the highest attainable quenching rates.

The diffusion 1imit temperature, TD’ for several Al5 type compounds is

listed in Table 4.1. The same table also contains the formation

A15 Type Formation Formation Solidus Diffusion TD/Tg Ref,
Compound  Type Temp. Temp. Limit
O .
0 (K) T (k) Ty (K)
Nb3Pt peritectic 2180 2180 1023 0.47 82,92
Nb A1 peritectic 2233 2233 923 0.42 = 21,28,35,83
Nb3Ga peritectic 2023 2023 923 0.46  26,65,93,96
V. 76Au 54 congruent from 1517 1783 813 - 0.53 4,18
bcc sol. solution
V3Ga congruent from 1568 1843 837 0.53 20,84,94
bcec sol. solution
V3Pt peritectic 2037 2037 1013 0.50 I82,94
Mo ,0s peritectoidic 2483 2680 1193 0.48 39
Mo,76 Ir o4 peritectic 2242 2383 1173 0.52 39
Cr172 03.28 peritectoidic 1813 2173 953 0.53 39
Table 4.1. Phase formation temperature, Tg, solidus temperature TS and diffusion
Timit temperature, T» for several Al5 type compounds. The ratio
T, /TZ is comprised within the limits 0.42 < TD/T‘; < 0.53

(TD and Tg are taken in degrees Kelvin).
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temperatures, Tg, of the corresponding Al5 phases at the composition B, as
well as the solidus temperatures, TS, for this composition. It is seen that
the ratio TD/TE between the diffusion 1imit and the formation temperature is
contained within the Timits 0.42 < Tp/Tp < 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,/Tg v 0.5, are found, where T is the order-disorder
transformation temperature and T the formation temperature of the disor-

dered (high temperature) phase.

4.1.3. Homogeneity of S in Quench Disordered Crystals

The Tong-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 Tine 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 Te 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 effects, which tend to mask the Tow TC tail due *o
the lower order parameters (the various possibilities for shielding lower

TC values have been described in Ref. 7, p. 539).

The most sensitive method to determine a distribution of TC values over
the crystal volume consists in studying the superconducting transition by ca-
Torimetry. For this purpose, it is necessary to start with a sample which
must be homogeneous 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 rvepresentative for Mo - X compounds, the specific heat measurements
for M03OS are represented in Fig. 4.6. The two curves were measured for the |
same M0305 sample, after homogenization at 1800°C and after an additional or-
dering heat treatment of 6 days at 105006, 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, but that the transition width was not affected by the different heat

treatments.
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Fig. 4.6. Specific heat of Mos0s after a heat treatment of 10 hours at 1800°¢C

and after an additional anneal of 6 days at 1050°C. The transition
width, AT = 0.51K, is almost unchanged by the corresponding order
parameter change from S = 0.81 to S = 0.87 (Flikiger 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/.

Specific heat measurements on the compound Cr 7205 28 after

homogenization

at 1350°C and after an additional heat treatment of 30 days at 780°C are shown
in Fig. 4.7. The corresponding order parameters ( measured on the same sam

Fig. 4.7.
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Specific heat of Cr 7205 08 after homogenization at 1350°C (3 days)
and after an additional heat treatment of 30 days at 780° C, showing

an unchanged transition width, AT, = 0.16 K (Flikiger and Paoli /63/).
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pte after the respective heat treatments) were 5, =0.70 + 0.05 and Sa = 0.78
+ 0.05/39,62/, respectively.

A similar behavior was observed in the system VaAu (effective composition
V.76Au.24 /18/, where the calorimetric superconducting width was measured after
several heat treatments, corresponding to different degrees of ordering, rea-
ching from Sa = 0.84 to Sa = 0.94 /18,98/, as illustrated in Fig. 4.8.
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Fig. 4.8. Specific heat of the compound V.76Au.24 after different heat treatments.
A15 phase: a) 1150°C, followed by quenching in water, b) 800°C,
c) 700%C, d) 560°C (slow cooling aftér 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 Mos0s, Cr 4,0s ,g and V ggAu 54 mentioned above,
cooling after heat treatments occurred slowly, the highest cooling rate occur-
ring in curve d) in Fig. 4.8 (cooling rate after quenching into ice water:
NTOOOC/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
temperature, 125006, but cooled at different rates. Both measurements were
effectuated on the same sample, the first one after slow cooling (wlBOC/S),
the second one after argon jet quenching (>103 0C/s). In order to improve the




efficiency of quenching in retaining a Tower degree of ordering, the:sample

with a mass of 10gwas cut into slices of < 1 mm thickness, which were indivi-
dually argon jet quenched from 1250°¢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 T, limit reflects a slight local inhomoge-
80 T T T T T 1 T

60 - .
:i n \p/
e 4ot g
E
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o 3va
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0 [} 1 i [} 1 1
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Fig. 4.9. Specific heat of V3Ga after homogenization at 1250°C, but cooling
at different rates, 15°c/5 and >103 °c/s, leading to order parame-
ters of S = 0.98 and S = 0.95, respectively (Fliukiger 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
parameter distribution in Al5 type compounds is quite narrow. From the corres-
ponding calorimetric superconducting widths, the gradient of S across these
samples can be estimated to be &S < 0.02.
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4.2. Radiation Damage and Disorder

The decrease of TC in different A15 type compounds as a
function of the irradiation dose, ¢t, for neutrons with E < 1 MeV at irradia-
tion temperatures Tirr's 150°C is represented in Fig. 4.10, according to
Sweedler et al. /69/. It is seen that the variation of TC with ¢t is similar
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0.2 | .
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¢t (E>1MeV){n/cm?)

Fig. 4.10a. TC as a function of neutron dose (E <1 MeV, Tirr=i 150 OC).
+ 1 V381, 0 ¢ NbyGe, A @ NbsAT, ©: NbgPt, V : NbgGa, X : Moy0s
(all data from Sweedler et al. /69/), o : ViGa (Francavilla et
al. /134/,.0 : Mo.40Tc.60 (Giorgi et al. /293/).

for most analyzed bompounds except for the atypical compound Mo305, which

shows a much slower decrease of T In their review article, Sweedler et al.

/69/ concluded that the decrease of T in the low dose regime, say, below

1019 neutrons/cm (where T /T ~n 0. 5) is mainly caused by a decrease of the long-

range order parameter, S.

iThe data inFig. 4.10awere' obtained after irradiation with E > 1 MeV
neutrons at Tirr = 150 O¢ /69/. A comparison with data obtained after low tem-
perature irradiation and measured without warming up to room temperature would
be interesting. Such data are not available for neutron irradiation, but for

irradiation of NbsSn Films with 20 MeV S fons /136,152/, showing g




very similar behavior of T vs, ¢t as in Fig. 4.10a. In a very recent work,
Flukiger et al. /156/ have studied the variation of T and B 2 of binary

and alloyed Nb Sn mu1t1f11amentary wires after 1rrad1at10n at T1rr = 4,2 K with
14.8 MeV neutrons 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 Nb3Sn in Fig. 4.10a. It
may be advanced (in particular comparing with the data in Refs. 136)

that warming up to room tempenature has little effect on T , 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 below). Other defects
may, however, recover in this temperature range: The behavior of both, JC and Bc2
on the same Nb,Sn wires as in Fig. 4.10b /156/ is affected by the simultaneous
change in Po and is thus more complex, as will be discussed in Sect. 11.3.

1
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Fig. 4.10b. T. as a function of dose for binary and alloyed Nb3Sn multifi-
lamentary wires after irradiation with 14.8 MeV neutrons at
Tirr = 4,2 K (Flukiger 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 T in irradiated
A15 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 Teading to a homogeneous decrease of the order parameter

throughout the sample volume. As pointed out by Pande/103/, the weakening of
A15 superstructure Tines after irradiation (which was interpreted by

Sweedler et al./69/ as a decrease of S) could also arise from an increasing
volume fraction of disordered Al5 phase (e.g. in the depleted zones), concen-
trated in regions of ~5 Nmdiameter. Since the observation of such "disorde-
red" zones by TEM was limited to < 2 nm in the experiments of Pande/103/, the
question whether disordering in irradiated A15 type compounds is homogeneous

or inhomogeneous 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 présence 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 Tc with dose, which were attributed either
to an inhomogeneous state after irradiation (thus being correlated to the
inhomogeneities mentioned in a)) or by a homogeneous change of a material
property, e.g. the long-range order parameter, which.would he superposed
to the observed inhomogeneities.

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

radiated A15 type compounds and giving a qualitative picture of the observed
Tattice 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 TC in the Tow dose regime. For this purpose, the abo-
ve mentioned mechanism as well as an extensive use of comparisons between da-
ta on irradiated and quench disordered A15 type compounds will serve as major
arguments. For experimental details concerning the irradiation experiments it
will be referred to the literature /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.




4.2.1. Coexisting Defect Mechanisms

From the wealth of published data, it follows that the decrease of TC in
irradiated A15 type compounds has in the past been attributed to three concur-

rent defect mechanisms:
a) Homogeneous Disordering: The "defects!" are here lattice sites occupied by the

wrong atoms (in analogy to the quenched state), also called "antisite defects".
A decrease of S in irradiated A15 compounds was first observed by Sweedler

and Cox/53/ for Nb A] It was Tater confirmed by Moehlecke et al./99/ on

Nb Pt and Cox and Tarv1n/78/ on V S1 Recently, Schneider et al. /56/ have re-
ported a decrease of S in Nb A] after irradiation with 700 keV N ions. In

all cases, the diffraction anaiys1s was 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 disordering over the sample volume after irradiation. The decrease

in TC is explained by changes of the electronic density of states at the

Fermi energy (see Section 8).

b) Inhomogeneous defects: the defects are represented by the depleted zones
(or disordered microregions , following the nomenclature of Pande/103,104/) of
V4 nm diameter, generally observed in solids after high energy irradiation.

The main difference between the inhomogeneous defect mechanism /103,104/ and
the antisite defect mechanism/53/ can be repfesented as follows. In the inhomo-
geneous case, the matrix enclosing the depleted zones is assumed to be essentially

unaffected by the radiation, while the antisite defect (or disordering) mechanism

is assumed to be homogeneous over the whole volume. The inhomogeneous defect

mechanism explains an overall degradation of the superconducting properties
by the proximity effect /104, 105/ between the ordered, high T matrix and the
disordered low T microregions of a size comparab]e to the coherence length,
£y = 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
V3Si single crystals by means of the channeling technique,




The existence of the defect types a, b and ¢ 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 TC, without taking into
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 A15 type compounds. Depending on the
total irradiation dose, each one of these defect :types will be dominant over

the concurrents.

4.2.2. Arguments in Favor of a Homogeneous Atomic Disordering After Irradia-

tion

The attribution of the initial decrease of TC in irradiated Al5 type com-
pounds to one of the three (possibly interdependent) simultaneous mechanisms
can be compared to a system of equations with too many unknown parameters: on-
1y 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 Al5 materials with thicknesses va-
rying in the range between 50 and 500 nm: the depth of the displacements is
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 homogeneous antisite de-
fects in decreasing T, of irradiated "typical" A15 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),
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b) the comparison of the variation of TC vs. S for Al5 type compounds after
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, ATC, 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 without 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 situation in an 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 ET’ this atom will be removed from ijts equi]%brium
Tattice 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 A15 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 Nb3A1 /55/ or in Nb~3Si/108/. The cur-
rently used term "depleted zone" seems thus to be more appropriated and will
be adopted in the present work.

In contrast to irradiation with fast neutrons or high energy ions, elec-
trons with energies of the order of ~1MeV do not produce the displacement




cascade described above. This is essentially due to the low electron mass,

as pointed out by Schulson/100/. 1 MeV electrons create isolated Frenkel
pairs, resulting in a homogeneous distribution of defects. This is in con-
trast to fast neutron or high energy ion irradiation, where at the end of

the process, the vacancies and interstitials forming initially a Frenkel

pair (produced by primary collisions) are separated by several atomic distan-
ces, which leads to a collective inhomogeneous defect, the depleted zones.

Ghosh et al./111/ have irradiated Nb3Sn films with 2 MeV He ions and
with 2 MeV electrons, respectively, while Rullier-Albenque et al./101/ have
irradiated NbsGe films (with T.o = 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, regardless of the nature of the
projectile. In particular, Rullier-Albenque et al./101/ found that the ratio
ATC/Ap (where Ap is the increase of the residual resistivity after irradia-
tion) for Nb3Ge does not differ between fast neutron and high electron irra-
diation. The results of Rullier-Albenque et al./101/ are shown in Fig. 4.11.
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Fig. 4.11.variation of the ratio AT /bp with 8p in NbsGe irradiated at
Tipp = 20 K by fast neutrons (E > 1 MeV), (@ ), and by 2.5 MeV
electrons, (o ). After Rullier - Albenque et al. /101/.

Although 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
Tower T. values) is now very improbable.




b) Comparison between Irradiated and Quench Disordered Nb3Pt

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). Based on the determination of S in
neutron irradiated Nb3A1, 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 experimentally determined by diffraction. As
shown in Fig. 4.12, the variation of TC with S for Nb3Pt after neutron irra-
diation (Moehlecke et al./76/) are in good agreement with the corresponding

data after fast quenching (Fiiikiger/62,112,142/).
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Fig. 4.12, Superconducting transition temperature, T.» vs. long-range order
parameter (determined by diffraction) for the pompounds M0305 and
NbBPt in the neutron irradiated and in the quenched state.
O : Sweedler et al./77/, [J: Flikiger et al./39/, @ : Moehlecke et
al./76/, B8 : Flikkiger/62,112,142/.

In the review paper of Sweedler et al./69/, the comparison of TC vs. S
between irradiated and quench disordered Nb3Pt represented in Fig. 4.12 consti-




tutes the major (and only) argument in favour of the dominance of homogeneous
atomic disordering over inhomogeneous defects. However, even the excellent
agreement between the S values of irradiated and quenched Nb3Pt in Fig. 4.12
cannot furnish a definitive answer to this problem, and this for two reasons:
1) this comparison has so far only been effectuated for the system Nb3Pt, 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 A15 phase (the matrix) and the disordered Al5
phase in the depleted zones (the presence of depleted zones in neutron irra-

diated Nb3Pt has later been reported by Pande/113/, but no indication about
tion was furnished). There are no sufficient data for

1
LUl

the depleted volume frac
neutralizing the important objection ii). However, the highest volume frac-
tion of depleted zones reported so far in an Al5 type compound is ~6% in
Nb,Sn/105/, which would be too low for producing the observed decrease of the
superlattice Tline intensities by 50%. In addition, a marked decrease of the
superlattice line intensities on neutron irradiated V3Si has been reported/78/,
a compound where no depleted zone could be observed by transmission electron
microscopy at 300K/113/. It is important to mention, however, that in Ref. 113,
the compound V351 was irradiated at temperatures lying between room tempera-
ture and ]5000, in order that 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 Tirr will be discussed in paragraph 4.2.2.d).

c) Calorimetric Observations on Irradiated A15 Type Compounds

Calorimetry is a powerful method for detecting superconducting phases ex-
hibiting different TC values in multiphase systems. In analogy to the measure-
ments on quenched samples in 4.1.3, specific heat measurements on irradiated
samples are thus expected to furnish precious informations about their metal-
Turgical 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/,

Nb3A1, by Cort et al., /114/,

Mo3Ge, by Ghosh and Caton /153/, and
M03Si, by Mirmelshteyn et al. /158/.

f

Al these irradiations were performed with > 1 MeV neutrons at temperatures

Tippe = 150 °C /114,117,153/ and 70 °C /158,160/..
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The present discussion will be centered on the first three compounds
with Tc,g 17 K, while Mo3Ge and Mo3Si will be treated in 4.3.6. Besides
individual differences in the respective change of the electronic density of
states in V3Si, Nb3Sn and Nb3A1 (which will be discussed in Section 8),
these systems exhibit a common feature: The width of the calorimetric super-
conducting transition increases somewhat with neutron dose, particularly
for Nb,Sn (see Fig. 4.15). When comparing the transition width after irradia-

3
tion, one aspect must be taken into account: The size of the sample.

The Size of the Irradiated Sample.

Viswanathan et al. /117/ pointed out that V3Si single crystals excee-
ding a certain size corresponding to a mass of vl g exhibited additional
heating during irradiation, leading in one case even toavisible 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 increasing volume to sur-
face ratio. In the present case, only the masses of VBSi and Nb3A1 were
below 1 g, in contrast to Nb3Sn, where a mass of 11 g was indicated by Karkin
et al. /160/. The discussion of the latter will thus been carried out sepa-
rately.

For illustration, the specific heat curves for V3Si /117/ and Nb3A1 /1147
are reproduced "in Figs. 4.13 and 4.14, respectively, after irradiation at
different neutron doses. Following conclusions can be drawn:

1) After dirradiation 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, go’ which is of the order
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
Nb3A1; the width ATC increases from 0.8K in the unirradiated state to
1.3 after 1.3 x 10'° n/cmz, where the ratio TC/TCO is equal to 0.51]
/114/. For V3Si, an increase of ATC from 0.5 to 1.2K was observed after

2.22 x 1019 n/cmz, where TC/TCO = 0.4 /117/. Keeping in wmind that for

high Tc A15 type compounds a change of 1% in S causes a change'jn TC of

nearly 1K (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 65 < 0.02. This necessarily implies that radiation

induced site exchanges occur over large distances from the primary colli-
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Specific heat of V3Si in the unirradiated state and after irradia-
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The linear representation of C/T vs. T was chosen in order to visua-
Tize the moderate increase in ATC with dose (after original data of
Viswanathan et al./117/).



sion event.

3) In spite of a small mass (< 1 g) the Nb3A1 and V3Si samples still show
nuclear heat recovery effects. At the given neutron doses, their Tc values
are indeed considerably higher than those corresponding to the behavior
T, vs. ¢t for small samples shown in Fig. 4.10. From the values listed in
Tab]e 4 2, the increase of T due to nuclear heat recovery at ¢t =
1 x 10 n/cm can be est1mated to v2 K for V3S1 and Nb A] The increase
for the larger Nb Sn sample /160/ is more important: ATC =+ 3.5 K,

Compound Dos.e2 f}(cé].) ATC Y ) Op Ref. Tc(Fig. 4,10a)

n/cm (K] (K] [md/at-gk™]  [K] (K]

Nb ;AT 0 18.7 0.6 9.0 272 114 18.7

1.3x1018  17.5 1.0 8.5 276 17.0
1.3x1017 9.6 1.2 4.25 325 7.5
2.6x101% 7 e e 376 5.1
V,Si 0 17.0 0.5  16.2 407 117 17.0
0.25x10"% 16.85 0.6  16.3 397 16.8
1.65x101% 16,95 0.5  14.7 411 15.5
3.53x10°®  16.75 0.6 13.3 436 13.7
2.22x107 6.8 1.2 5.3 454 4.4
Nb3Sn 0 18.0 0.7 12.8 227 179 -
NboSn 0 17.9 0.6 12-14%) 268%) 160  17.9
1.0x10'% 12 2.1 8-10%) 287%) 8.7

Table 4.2. Transition temperature and width, electronic specific heat coeffi-

cient and Debye temperature for Nb3A1 /114/, V3Si /117/ and Nb35n
/160/ before and after neutron irradiation. For comparison, the
specific heat data of Junod /179/ on unirradiated Nb,Sn have been
added. The T, values from Fig. 4.10 are reference values, measured

on small samples by Sweedler et al./69/.
) The y and 8, 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 unirraddiated state and b) after
a dose of 1.0 X 1013 n/cm2 according to Karkin et al. /160/, (e).
Since these authors did not perform the measurements at temperatures
Tow enough to allow a precise determination of y (and of eD(O)), data
of Junod et al. /179/ for unirradiated Nb3Sn have been superposed

for comparison, (o).

The specific heat curves for the 11 g Nb3Sn sample analyzed by Karkin et
al. /160/ before and after neutron irradiation to a dose of 1.0 x 1019 n/cmé
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 Nb3A1 and V351 is mainly due to nuc1e§r heat recovery effects. As
shown in the following paragraph, the simple fact to increase the tempera-
ture Tirr from < 150 °C (but still above room temperature) to 240 ¢ was

found to have a strong effect on TC of V3Si /119/ {see Fig. 4.16).

From Table 4.2, it can be seen that the electronic specific heat coefficient
Y, of the systems Nb3A1, V351 and Nb3Sn decreases strongly with increasing
neutron dose. In all three systems, a decrease of TCO to Tco/2 leads to a
decrease from Yy the value prior to irradiation, to w'yo/Z. In the case

of Nb3Sn, this conclusion can only be drawn approximately, since Karkin et




al. /160/ measured the specific heat only down to temperatures slightly below
Tc(see Fig. 4.15), in order that a precise evaluation of y (and of GD) 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
entropy condition. A comparison with a measurement of Junod /191/ on an un-
irradiated NbySn sample (see Fig. 4.15) shows, however, that the quality of
beth the sample and the measurement were comparable in Refs. 160 and 191,
in order that similar values of ¥y, can be expected. Knowing that the error

in vy is considerably smaller when extrapolating the data for an irradiated
sample with TC = 12 K (compared to the unirradiated sample with T =17.9 K)
it can be safely concluded that the variation of the electronic spe01fic heat
coefficient of Nb Sn with irradiation is very similar to that of Nb AT and V Si.
The variation of ihe electronic dens ity of states as a function of the degree
of ordering will be discussed in Sect. 8.

The Debye temperature, Op> shows a marked increase with irradiation dose

in the three systems Nb Al, V3Si and NbBSn, as follows from the values lis-
ted in Table 4.2. The vaTue of op for]gb A] %ncreases from 272 K in the un-
irradiated state to 325 K at 1.3 x 10°7 n/cm~, where TC 9.6 K, while a
change from 407 K to 454 K is observed in V,;Si after 2.22 x 10]9 n/cm?

(T, ="6.8 K). For Nb,Sn the same uncertainty as for the y values also
subsists for GD Under the same assumptions as above, a change of OD

from 227 + 20 K to 287 * 20 K can be considered as reasonable after a dose
of 1.0 x 1019 n/cm2 (T = 12 K). In all the considered three compounds, a

comparable decrease of T to vaTues around T /2 thus causes an. increase

‘0F® bymSOK

For V381, the stiffening of the Al5 Tattice after irradiation has also been
observed . by the measurement of the elastic constants by Guha et al./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 Op in several Al type
compounds /98/. ‘ -




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-

irr
ling effects. This was demonstrated by Meier-Hirmer and Kiipfer/119/, who ir-
radiated V3Si single crystals with fast neutrons up to Tirr = 700°C. As shown
in Fig. 4.16, the decrease of TC with increasing dose is substantially redu-

ced for Tirr = 240°% /119/ when compared with data taken at Tirr 5_15000 by

Sweedler et al./69/. The ”saturdtion" of TC at different levels after heavy irra-
diation doses with different Tirr values has its reasons in recombination effects,

which will be discussed in 4.3.7.
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Fig. 4.16. TC as a function of fast neutron irradiation dose for VBSi.
B: T. < 150°C (Sweedler et al./69/), @: T, . = 240°C

mwrr —
o¥ Ty = 610°C,0 Ao: Topp = 700°C (Meier-Hirmer and Kiipfer/119/).
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The data in Fig. 4.16 can be interpreted as follows: the activation of
vacancies at Tirr > 150°C has the effect of an annealing which not only increa-

ses the average order parameter of the crystal, but leads in addition to the
break-down and elimination of the depleted zones. The effect of Tirr 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 Kiipfer/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 isochronal annealing at different temperatures, TAs show

the existence of two distinctly different recovery stages. The first recovery
stage at TA 400 °C is only present for Tirr > 150 OC, while the second stage

at TA v 600 °C is seen at Tirr = 150 °C as well as for Tirr = 240 °C. Meijer-
Hirmer and Kiipfer /119/ interpreted the first stage as being due to the mobility



of the radiation induced vacancies, i.e. the split vacancies with the corres-
ponding occupied "virtual" sites, the second being correlated to the diffusion |

of thermal vacancies.

The data in Fig. 4.16 are very suggestive, but would alone not provide suf-
ficient evidence for the exclusion of the inhomogeneous mechanism /103,104,105/
as the cause for the decrease of T, at low irradiation doses. It is easily
seen that not only the radiation induced vacancies, but in principle also the
depleted zones could be annealed out at Tirr = 240 °C. On the other hand, Pan-
de /113/ could not detect any depleted zones at 300 K in neutron irradiated
V3Si (dose: 1.3 x 1019 n/cmz, Tirr < 150 OC) by means of transmission electron
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 to be favorized, since the reordering and dif-
fusion kinetics in V3Si is generally very rapid compared to that of other Alb
type compounds. In order to lower TC of V3Si samples by quenching methods,
cooling rates well above 104 9c/s had to be 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 of Tirr on TC strongly
contribute in attributing the responsibility for the decrease of TC in the
low dose regime to a homogeneous lowering of the order parameter. An interes-
ting result was obtained by Meier-Hirmer and Kiipfer /119/, who reported an
increase of TC up to 17.0 K, i.e. 0.51 K above the initial value, on a V3Si sin=
gle crystal after neutron irradiation at Tirf = 700 °C. The crystal at the ini-
tial state was tetragonal at low temperatures while the state after irradiation
was cubic, as shown by lTow 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 Nb3Sn or the systems Nb3A1 and
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V3Ga where the atomic order parameter is substantially different from S =1,
i.e. Sa = 0.95 for Nb3A1 /28/ and S = 0.95 to 0.98 for V3Ga /20/. In the case
of Nb,Al, there is experimental evidence for an increase of TC after neutron

3
irradiation at T, = 500 °c /167/.

The effects of Tirr on TC presented in this paragraph permit to under-
stand the discrepancies on the decrease of TC reported in the literature for
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/

19 n/cm%

found in Nb3A1 a TC value of 7.1 K after a neutron dose of 2.6 x 10
while the value measured by Sweedler et al./69/ on small samples is 4 K.
Cox and Tarvin /78/ found that their V351 single crystal was superconducting
at 7.5 K after a neutron dose of 2.22 x 1019 n/cmz, while a value of TC = 3.4 K
would have been expected /69/, as follows from Fig. 4.10.

It has been shown above that an increase of Tirr above room temperature
has strong effects on TC. The question arises whether irradiation at low tem-
peratures, say below 3Q K, would lead to other results than for Tirr = 300 K.
Numerous irradiations have been carried out so far on Al5 type compounds 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-
ces on TC when compared to irradiations at Tirr $ 150 OC, thus indicating that

Tittle recovery occurs in this temperature range.

Another superconducting property, however, the critical current density of
A15 based superconducting wires, JC, could be more affected by the change of Tirr
from Tow temperature to £ 150 °C. As an example, very recent measurements on
JC as well as on TC on binary and ternary ijSn wires after neutron irradiation
at Tirr = 4,2 K (E = 14 MeV) have been reproduced in Fig.»lOb. An important point
when irradiating at low temperature is whether the change of the superconducting
properties has been measured "in situ" or after warming up at room tempera-
ture after irradiation. In situ measurements have so far only been carried out
after heavy ion irradiation. A facility allowing in situ measurements of T and
JC after lTow temperature neutron irradiation just completed at the Oak Ridée
National Laboratory will be used by the author and his coworkers for answering

the open questions about the effects of Tirr'




— 66 —

4.2.3. The Virtual Site Exchange Mechanism in Irradiated A15 Type Compounds

In spite of the fact that the observations in 4.2.2. strongly support a
homogeneous 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 homogeneous 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, disordering in irradiated A15 type compounds can be cau-
sed either by a) local cascade replacements or b) focused replacement collision
sequences, a superbosition of both being even more probable.

a) Local Cascade Replacements

Interaction between high energy incident particles and the Tattice atoms
produces a cascade, i.e. the atoms are displaced to produce Frenkel defects in
a three-dimensional zone, the depleted zone (see 4.2.2.a). Simultaneously, an
even larger number of atoms change their rutual 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 Tattice.

However, this argument cannot be generalized, since electron irradiation
of A15 type compounds causes the same effect on the superconducting transition
temperature, TC, and the electrical resistivity /101/, but proddces only isolated
Frenkel defects rather than depleted zones (or cascades). Thus, an additional
mechanism must be effective in causing a homogeneous decrease of the order para-
meter. Such a mechanism, requiring atomic transport over several interatomic
distances (the condition for a collective phenomenon) is constituted by the

focused replacement collision sequences.

b) Focused Replacement Collision Sequences

The so-called focusing replacement fo11ision sequences, introduced by
Seeger/109/, represent the transport of matter and energy in irradiated
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" crystallographical directions.

Focused replacement collision sequences can occur at the external boundaries. }
of depleted zones with sizes of 4 to 5 nm for neutron irradiation /)OBAzand
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up to 15 nm for irradiation with 325 jons/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 irradiation further 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 collision sequences in A15 type compounds occurring in the <100> 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 between 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.
‘Indeed, the potential encountered by A or B atoms on their way along the <102>

direction , calculated using a Born-Mayer interatomic potential /125/ (see
Fig. 4.17) shows that Vp_,p and VB—+A are of the same order of magnitude, ~10 eV,

V 52 eV
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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 improbabie /81/.




while VA SA 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 representad.in Figs. 4.1. and
4.3 is Sufficient), the potential VA SA is considerably lowered. The new
sequence of atoms in the focalising <102> direction around the occupied
virtual site is now oABAAABA0ABAo or oABABABAoABAo, depending on the occupation
of the virtual site by an A or a B atom, respectively (see Fig. 4.18).

__Occupied
Virtual Site
(A or B atoms)

~'Overlapping”
Between
Neighbouring
6c Atoms

. |Focusing Displacement
{02 {collision Sequence

Fig. 4.18. Representation of the {100} plane of the Al15 lattice (the radii are
scaled for Nb3A1). The small circles correspond to the overlapping re-
gion between two A atoms belonging to the chains perpendicular to the
{100} plane. The occupation of the virtual site by an A or a B atom
leads to the sequences oABAAABAo or oABABABAo, respectively instead of
0ABA0ABA0 as in the unirradiated case, thus enabling A<~B site ex-
changes in the <102> direction. a is the Tattice paranmeter.

(Flukiger /6,81/). '




1

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 neutron irradiated V351 after a dose of 22.2 X 1018 n/cmz, 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 replacement collisions over the whole
crystal volume, the virtual sites will be many times occupied and abandoned
again, alternatively by A or B atoms, respectively. The latter constitute a
"bridge" between neighbouring ABA sequences, thus allowing A«<+B exchanges over

several interatomic distances. This is a necessary condition for a homogeneous
f the degree of ordering over the whole crystal after irradiation

decrease of ¢

at Tow 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 9/16a in the unirradiated A15 lattice, i.e. 6% shorter.

This situation could be compared to that occurring in quench disordered
Al5 type compounds, where the AB distances are the same, i.e. a/2. The case
of a B element occupying the virtual site with 4 AB and 2 BB close contacts
is more interesting. The AB distances are now 5/16a, 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 3a/2). This would mean that in each case, BB
distances shorter than the sum of two B radii would be encountered. Such an
"overiapping" 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



Fig. 4.19. The hexagonal arrangement around the virtual site. Note the BBB
sequence if this site is occupied by a B atom.

the causes of the lattice expansion and the static displacements observed in

irradiated A15 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 Al15 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. Disordering 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 disordering in A15 type compounds submitted to ap-
parently very different processes, as quenching from high temperatures or
irradiation at high or low temperatures, defined by T §>1500C and
T, < 150° C, respectively. It is immediately seen from Fig. 4.1 aand b

irr
that these processes are essentia]ly based on the same mechanism: The occupation

of virtual sites.




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
A15 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 quenching experiments on V351% where a lowering of TC is on-
1y observed at cooling rates well above 10b 0C/s /120/, the occupation time
can be estimated to«:,<10'3 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 contrast 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 lTow, 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
around their equilibrium Tattice 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, disordering 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. Both processes, irradiation and quenching, lead to a nonequilibrium

mtn 1

state of the crystal, the major difference peing the occurrence of virtua
sites and of static displacements (see 4.3.4) after irradiation. The number

of radiation induced vacancies is considerably higher than the equilibrium
number of vacancies at high temperature, which may be explained by simultaneous
occurrence of virtual sites and of static displacements. This fact is also
responsible for another associate effect, the observed lattice expansion

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

of disordering after quenching and irradiation, respectively, is given

in Table 4.3,
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Origin of Site exchange Type of Cause of Static Dis- Depleted
disordering mechanism vacancy diffusion placement zones
Quenching Diffusion Vacancy at Temperature No No

from high equilibrium

temperatures sites +

split vacancy

Low tempera- <102> focused split vacancy Energy of Yes?) Yes?)
ture irra- replacement incident
diations collision particle
(Tirr<]5000) sequences
High tempe-  <102> focused Vacancy at Temperature Nob) Néb)
rature irra- replacement equilibrium + energy of
diations collision sites + incident
(TirPEJSOOC) sequences + split vacancy particle
diffusion by
activated
vacancies

Table 4.3. Comparison between mechanisms of disordering in A15 type compounds
submitted to quenching from high temperatures (TD is the diffusion
Timit as defined in Table 4.1) and to high energy particle irradia-

tion at high (Tirr» 150°C) and at Tow (Tirr <150°C) temperature. =

a) Depending on the mass and energy of the incident particle,

b) Annealed out if Tirr is high enough.

4.3. Additional Radiation Induced Effects

4.3.1. The Lattice Expansion in Irradiated A15 Type Compounds

Based on the "virtual" site exchange mechanism /6,81/ leading to AB or BB
overlapping, the variation of the lattice parameter in irradiated Al5 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'nontransitfon elements. Before to discuss
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the effects of irradiation on the lattice parameter, it is useful to consi-

der the repulsion effects in the unirradiated state.

a. The Effect of AB Overlapping

It is possible to estimate the effect of AB overlapping on the lattice
parameter by studying the variation of the latter as a function of composi-
tion in AT5 systems where the phase field extends to both sides of stoichio-
metry. This is the case for four systems, where the Al5 phase is stable
within following composition ranges: Nb3Pt, 0.20 < B < 0.30 /92/, Nb3Ir,
0.22 < B <0.28 /127/, VoPt, 0.19 < g < 0.325 /62,128/ and V3Ga, 0.18 < B <
0.32 /19,20/. At compositions exceeding g = 0.25, the number of B atoms ex-
ceeds that of available 2a sites, and the quantity (B - 0.25) of B atoms
will thus be located 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
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Fig. 4.20. Lattice parameter as a function of composition in the system Nb-Pt

(0, Ref. 76), Nb-Ir (e, Ref. 127), V-Pt (A, Ref. 128; A, Ref. 62)

and V-Ga (o, Ref. 19,20). For comparison, Aa has been indicated

for the composition g = 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 (Flikiger /81/).
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by the different slopes da/dB at both sides of the‘stoichiometric composition.
It can be seen from Fig. 4.21 that a lattice expansion at compositions

‘B = 0.25 is observed in'the systems Nb3Pt, V3Pt and V3Ga. In the system NbBIr,
no lattice expansion can be detected within the limits of accuracy.

At B = 0.30, which corresponds to 6.7% of 6c sites occupied by B atoms
(or to Bragg-Williams order parameters Sa = 0.78 and Sy = 1), the measured va-
Tue of a is larger than the extrapolated value from the data at B < 0.25, the
positive difference (corresponding to an expansion) being Aa = 0.0003 nm for
Nb3Pt /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 Aa = Aa(B) for‘VBGa exceeds that
for the Pt based systems by more thana factor of two.This can be interpreted as
the effect of stronger repulsion due to the presence of the nontransition ele-
ment Ga on the 6¢ sites. Indeed, there are now interactions between a nontran-
sition and a transition e1ement (represented by V6C and Ga6c) and between two
nontransition elements (Ga6C and Ga,_ ), the distances Ve - Gag,. (0.2409 nm) and
Ga6C - GaZa(O.2693rmw being both shorter than the sum of the corresponding Pau-

1ing/139/ or Geller/140/ radii, discussed in the next paragraph.

b. The Effect of AA Overlapping

There is an additional case where a varjation of the Tattice parameter can
be interpreted as being caused by e]ectrostatica];repg1510n‘effects. This case,
described in detail in Ref. 7, is the existence of a "bulk" Timit for the Tlat-
tice parameter, a, in the series Nbl-B BB crystallizing in the Al5 type struc-
ture, where B is nontransition element (see Fig. 4.21). The "bulk" 1limit is the
Towest lattice parameter which can be obtained on samples prepared by melting,
and is situated around a = 0.5170 nm. A further reduction of this value, e.g. a
reduction of nearest heighbour distance between Nb atoms on the 6¢c sites can
only be obtained by nonequilibrium procedures. In Nb3Ga and Nb3Ge, the values
a = 0.5163 and 0.5150 nm, corresponding to compositions 8 = 0.25 /26,65,93/ and
0.23 /67,131/, respectively, have been measured after splat cooling. By means of co-
evaporation or sputtering, even lower lattice parameters were obtained in the
system NbBGe, i.e.a = 0.5140 nm/73,74/. The lowest lattice parameter in the sy-
stem NbjSi, a = 0.509 nm, has been obtained after explosive compression /130/,
which transformed the T13P phase into the A15 phase. The same compound was
synthesized by sputtering/132/ or splat cooling/133/, however, with considerable
deviations from stoichiometry. The lattice parameters of the NbBSi 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" Timit of a for Nb,B
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 Alb

structure if B is a nontransition element (the shortest AB distance for
Nb3Ge is 0.2827 nm, compared to the shortest AA distance, a/2 = 0.257 nm).
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Fig. 4.21. Lattice parameter of Nb1=6XB
tent. For X = B (nontransition element), the extrapolation to
B = 0 meets the value a, = 0.5246 nm for "Nb3Nb“. For X = T (T = transi-
tion element), a extrapolates to values a < a,- This representa-

compounds as a function of the X con-

tion illustrates the stronger repulsion between Mb atoms in the ca-
se of localized d electrons. The lattice parameter of ”NbQSi” is
extrapolated to values around a = 0.509 nm (Flikiger /7/).

c. Irradiation and the Lattice Parameter

Characteristic differences between transition and nontransition B elements
can also be found when analyzing the known data on the Jattice expansion in
Al5 type compounds after irradiation with various high energy particles. The
observed increase of the lattice parameter, Aa, in several Al5 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 325 ion irradiation, respectively. In spite of the small
number of reported data, it can be concluded that Aa is considerably smaller
if B is a transition element, e.g. Os, Ir or Pt.




The increase of the lattice parameter, Aa, after neutron jrradiation (in
particular the initial expansion at low doses) is indeed considerably stronger
for Nb3Ge, Nb Sn, Nb Al and V3S1 than for the compounds Nb Pt and Mo Os, where
B is a trans1t1on e]ement, as shown in Fig. 4.22 and 4.23, where a]]

reported data on the lattice expansion of Al5 type compounds after irradia-

tion with high energy particles are summarized.
. . s . -
An interesting comparison between the lattice expansion in irradiated Al5

type compounds with transition and nontransition B elements is made in Fig.
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Nb3Pt, Nb3Ge, Mo3Os: Sweedler et al./69/, for VBSi: 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 jons (E > 0.3 MeV). Data for
V,Si: Meyer and Seeber/106/, for Nb A] Schneider et al./b5/, for

3
Nb,Ir: Schneider and Linker/135/, b) 325 jons (E > 25 MeV). Data

3
for Nb3Sn and Nb3Ge: o P. Muller /181/, A Nolscher and Saemann-Ischenko
/136/, for Mo3Si: Lehmann and Saemann-Ischenko /137/, foquo3Ge: Lehmann

et al. /138/.

4.23 a, where the values of Aa for ND Ir are plotted together with those
Of Nb 351 and Nb Ge after He ion 1rrad1at1on After a proton dose of 3% 10
HY /cm, the 1ncrease of the lattice parameter in me Si and NbjGe is 0.0047 and
0.0059 nm, respectively, i.e..more than twice as large as the corresponding va-
lue for Nb3Ir, Aa = 0.0021 nm/55/. The large lattice expansion in M03Ge and

Mo 51, Aa = 0.0072 nm or Aa/a = 1.3% reported by Lehmann and Saemann-Ischenko
/]L37/ and Lehmann et al./138/ after irradiation with 2 jons is also in sharp
contrast to the value Aa/a = 0.18% reported for neutron inradiated Mo305 by

Sweedler et al./69/.
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From Figs. 4.22 apd 4.23, it can further be seen that the magnitude of
" the 1attice'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 Nb3A1
shows the most apparent difference between neutron and N** irradiations.

At low doses, the compound Nb3Al shows the same initial lattice expansion

as the other A15 type compounds with nontransition B elements (see Fig. 4.22).

At high doses (in the saturation region of T.), Schneider et al./55/ reported

a maximum value of Aa = 0.0032 nm (at 1015 NZ+/cm ), i.e. nearly twice as the
"saturation" value of the lattice expansion in Nb A] after neutron irradiation,

Aa = 0.0017 nm (at 4,7 X TU] n/cmz) 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 "saturation" of Te Nevertheless, it is interesting that
at high doses, the damage caused by different projectiles at different irradia-
tion temperatures leads to specific differences in Lhe values of Aa and T
even to a radiation-induced phase transformation in N irradiated Nb A], as

found by Schneider et al./55/.

3

The question arises about the possible reasons for the individual changes
of Aa/a in each Al5 type compound. A covrelation between Aa/a and the atomic radius
ratio, rA/rB, has been proposed by Sweedler and Cox/53/. However, it will be shown
in the following paragraph that the dominant factor influencing Aa is the nature of
the B element, the ratio rA/rB being of secondary importance only. This ratio
is only relevant when comparing the behavior of Aa among compounds with non-
transition B élements. A1l known data have been summarized in Table 4.4. The-
se results confirm the hypothesis bf an enhanced electrostatic repulsion bet-
ween AB neighbours but particularly between BB neighbours around an occupied
"virtual" site if B is a nontransition element. A detailed comparison will be
‘made in the next paragraph where different sets of atomic radii are discussed.




0 G, G p, P
System a Aa/a (%) rA/rB rA/rB Ref.

(nm)  y=1 y=2  y=3 (y - 100 325/cnd)
NbsGe  0.5140 0.61  0.87  1.05 1,119 1.711 149
Nb.Sn 0.5289 0.51  0.73  (0.91) 1.041  0.950 136
MosGe  0.4937 1.11 1.32 1.044  1.066 138
Mo,Si  0.4900 1.16 » 1.068  1.112 137
S t A % G G P P
ystem  a a/a (%) ra/tg  ralrg  Ref.
, ) 3 16 2
(nm) y=0.5 y=1 y=3 y=5 (y - 107" He/cm™)
NbsGe  0.5147 0.23  0.42 1.20 1119 1111 149
Nb_,Si 0.5134 0.27  0.47 0.93 1.144  1.158 123
Nb,Ir  0.5133 0.20  0.25 0.44 1.170  1.077 135
ViSio 0.4727  0.13 0.21 0.59 0.992 1.057 148
System a ha/a (%) rg/rg rg{rg Ref.
(nm) y:]_ y:3 y:5 ( y ¢ 1019 n/CmZ)
NbsGe  0.5140 0.38  0.76 1.07 1119 1.1 69
Nb,Sn  0.5289 0.25 1.041  0.950 69
Nb,A1  0.5183 0.19  0.27 0.3 1.094  1.047 69
Nb,Pt  0.5155 0.08  0.17 1.094 1.051 69
Mos0s  0.4968 0.10  0.12 0.18 1.037  1.036 69
ViGa  0.4818 0.10 0.956 0.965 134
V3Si 0.4725 0.21 0.992 1.057 78

Table 4.4, Lattice parameter changes in several Al15 type compounds after irra-
diation with neutrons (E > 1 MeV), He ions (E = 300 keV) and 328 ions
(E > 20 MeV). For comparison, the ratios between the Pauling/139/ and
the Geller/140/ radii of the A and B atoms have been added.
For Nb and Mo based compounds, the values of Aa/a are considerably
smaller if B = Os, Ir, Os, i.e. if B is a transition element.
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d. Atomic Radii and their Limitations in Disordered A15 Type Compounds

There have been different attempts to calculate the lattice parameter
of the A15 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 Geller radii/140/. Before to compa-
re them, it should be recalled that no set of radii will ever be able to
predict the correct Tattice 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 problem of great complexity. Nevertheless, both mo-
dels /139,140/ have been able to predict the A15 Tattice parameters of stoi-
chiometric A15 type compounds within a precision of 1%. However, their app- -
Tication to nonstoichiometric compounds or to d{sqrdered compounds reveals
the Timits of both models.

The Geller Model

On the basis of neutron irradiation studies on NbBA] and Nb3Pt, 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 explanation 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
a = (rp + rg) (4.3)

5

where rg and rg 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 Nb AT with Eq. (4.3) found by Sweedler et al./53/ is
accidental and is due to the fact that Al has a considerably smaller atomic
radius than Nb (see Table 4.4). For this purpose, the lattice parameter for
a stoichiometric A15 type compound A3B is calculated, using average radii
for the respective occupation of the sites 6c and 2a’

rA(S) =ryorp (1~ ra) '

(4.4)
rB(S) =r,rg * (1 - rb) ra
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where ry and r, are the occupation probabilities for atoms A and B on the

sites 6¢ and 2a, respectively.

G

Compound rB(nm) rB(nm) rg(nm) ao(nm)
Goldschmidt Geller Pauling
radius radius/140/ - radius/139/
Nb3Pt 0.139 0.138 0.1388 0.5155
NbBGe 0.137 0.136 0.1314 0.5140
Nb3Ga 0.141 0.137 0.1381 0.5167
Nb3A1 0.143 0.138 0.1393 0.5180
Nb3Sn 0.162 0.145 0.1536 0.5290
V3Ga 0.141 0.137 0.1381 0.4816
VBSi 0,132 0.132 0.1260 0.4724
Nb 0.146 0.151 0.1459
v 0.134 0.131 0.1332
Mo 0.139 0.147 0.1401

Table 4.5. Different sets of atomic radii for A and B elements in some high
Te A15 type compounds. The different radii are defined in the

text.

If the radii ra (S) and rg(S) are introduced in Eq. (4.4), the increase
Aa between the lattice parameter of the unirradiated crystal (which for simp-
Ticity will be supposed to be perfectly ordered, i.e. S = 1) and that of the
irradiated crystal with the order parameter S will be

ha = a(S) -

which leads to the conditions

Aa > 0 for rg

b ep]

and ha < 0 for v

a(S =1) =

8

Is

G

(1 - r)) (rp -

(4.5)

(4.6)

The validity of Eq. (4.5) is, however, contradicted by the absence of obser-
ved Tattice parameter changes in quench disordered A15 type compounds. Indeed
in quenched Nb3A1/28/ Nb3Ga/26/, V3Ga/20A V3Au/18/ and Nb3Pt/62,142/ with a
change in S up to 0.08 and a TC reduction of ~4K, the author and his coworkers



could not detect any changes in the lattice parameter within the experimental
error, + 0.0001 nm. The Targest depression in‘T ~4 K, was observed after argon
jet quenching in the system Nb Pt/62 142/, after the treatments described as
follows. Arc melted Nb Pt was homogen1zed at 1800 C for 24 hours and then an-
nealed 30 days at 900° C thereafter it was characterized by TC 11.1K and S

= 0.98 (for the absolute value of S in Nb Pt (see Sect. 5). The same NbgPt
sample was then argon jet quenched from 1900°C, after which the values T, = 7 K
and S = 0.88 + 0.03 were measured, while the Tattice 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
5.8 x 10] n/cmz, an increase of the ]att1ce parameter from .a = 0.51545 nm to

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

From the small variations of Aa = Aa(B) in Fig. 4.20, if 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 Timited to S < 0.10 /142/" (or S, < 0.10 /142/ ), while the
values of Aa have been taken up to A = 0.05, i.e. ASb = 0.22. For VBGa, a change
AS = 0.02 has been observed, which would correspond to a variation Aa =
0.00007 nm. The corresponding change for NbsPt is AS = 0.06, which would lead
to the expansion Aa = 0.00008 nm. In both cases, V Ga and Nb Pt, the value of
Aa is just below the accuracy of lattice parameter determ1nat1ons, + 0.0001 nm.
(It is of course possible to measure the Tattice parameter with a higher ac-
curacy, but the necessary sophisticated firocedures. 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 Al15 type compounds
as a function of either the atomic order parameter or stoichiometry:

i) Eq. (4.5) would predict a contraction of the lattice for A15 systems with
rg < rg, 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] BSnB as a function of the Sn content should be minimum at the
stoichiometric composition, 8 = 0.25, if the Geller radius for Sn, 0.144 nm,

‘were  correct. In reality, the lattice parameter is maximum at g = 0.25,




a = 0.5289 nm, as shown in Fig. 4.21. Similarly, stoichiometric V351 should ex-
hibit a maximum of a, while in reality a minimum is observed: a = 0.4724 nm

for 8 = 0.25 and a = 0.4736 nm for B = 0.20/141/.

111) The positive change of the siope da/dB at B > 0.25 in Fig. 4.20 for V3Pt

and Nb3Pt can also be found by applying the Geller model/140/, while no chan-

ge is predicted by the Pauling model /139/. However, the agreement with the Geller
model 1is again accidental, since a) the calculated change of da/dg would be

much Targer 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/139 has proposed a formula for calculating the A15 lattice para-
meter which takes into account the relative proportions of A and B atoms,

a =2 (3/2 rg + rg) - | (4.7)

3

where rz and rg 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 Pauling model, in spite of the unsatisfactory situation pf”épproximating

6c atoms by spheres:

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

b) It gives correctly the invariance of the lattice parameter against order para-
meter changes. The same procedure as in Eq. (4.4) yields .indeed Aa(S) = 0,
independently of the size 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 A(rP - rGO]d).in Table 4.5. The difference

is below 0.0010 nm for transition metals, the discrepancy observed for the
p

~t

elements Ru, Co, Ni, Ti and Ta mainly arising from the fact that r
se cases was calculated using lattice parameters of nonstoichiometric com-

in the-

pounds/140/ .The main conclusion which can be drawn from this comparison is
the negative difference A(rP - rGO]d) for 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 A15 structure composed by or-
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thogonal 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’BBB’ they derived the formula

a = 8300y, + a7 (4.8)

where B is the atomic content of the atom B and VA and VB 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 AV/V = 3A 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 A15 type compounds and the atomic radius ratio, rz/rg

of the constituents. The value of Aa 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 around the "virtual® site (see the
hexagonal arrangement in Figs. 4.18 and 4.19). The ratio rX/g has a small in-
fluence on Aa iny for B elements with similar electronic configuration, e.g.
nontransition elements. The lattice expansion is smallest for transition B
elements as 0Os, Ir and Pt.

The Machlin Model (Crystal Field Modified Model)

A main objection towards the Pauling model is obviously the spherical
approximation. Machlin 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 D2d point symmetry of an atom on a chain site in the Al5
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structure (The tetragonal crystal field arises from the D2d 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 longer 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 the chain sites (6c) was taken to 0.68 of its normal value.
Machlin and Whang /294/ mentionthat no other adjustable parameter were needed

for ca}cu]ating 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 A15 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 1n.6.2.2, the Machlin model can be used for calcu-
Tating the energies of formation in selected (cubic) phases, e.g. Al, L12, A2 and
A15. 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

—F

Since the Tattice 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 T, 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 that honogeneous chan-

ges of the order parameter occur during irradiation (see 4.2.2.), the varia-

tion of TC vs. S for Nb3Pt in Fig. 4.12 suggests that the variation of the lattice
parameter has, ifatall, asmall influence on the observed variation of TC. of

course, this conclusion would be more stringent if the direct comparison of
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Tt vs. S could have been effectuated for a compound with a nontransition B
element, which is unfortunately not possible, the variation of$S

in V3Ga or Nb,AT after quenching being too small.

By comparing the variation of TC and of the lattice parameter after irradiation
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), "He ions (1.9 MeV, T, . =
300 K, Ref. 144) and °%S fons (E = 20 MeV, T, < 30 K, Ref. 136). The data

in Refs. 136, 144 have been obtained on thin Nb3Sn films, where the

stresses arising from the differential thermal contraction between superconductor
and substrate have to be corrected. A correction formalism developed by Haase/160/
has been used in these cases. It is seen from Fig. 4.24 that the same value

of TC can correspond to different lattice parameter values, ATC/Aa ranging from
30.1 to 51.8 K/nm, depending on the projectile and on Tirr' The case of Nb3A1 is
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Fig. 4.24. TC of Nb3Sn as a function of the lattice parameter after irradiation
with neutrons (E > 1 MeV, Tirr = 150 °c, Sweedler egzal./69/), 4He jons
(E = 1.9 MeV, T = 300 K, Burbanks et al./144/) and “°S ions (E = 20 MeV,
T = 20 K, Nolscher and Saemann-—-Ischenko /136/).

illustrated in Fig. 4.25, showing the decrease of T. as a function of the lattice
parameter variation, Aa, for three types of projectile, i.e. > 1 MeV neutrons/69/,
300 keV protons and 700 keV He ions/55/, the corresponding ratios ATC/Aa being -77,
- 85 and - 60 K/nm, respectively. In both cases; Nb;AT and Nb3Sh, it is thus seen
that very different values of TC are observed at the same lattice parameter value.




Fig. 4.25.

1 ¢

quéo:

05

' L)
o n(E=1

s H'(E=300keV) |
o N*E=600keV) ]

d..

] ! I
MeV) i

00010

00020

a (nm)

00030 00040

Tc/Tco of Nb3A1 as a function of the Tattice parameter change after

irradiation with fast neutrons (E > 1 MeV, Sweedler and Cox/53/)

N2+ ions (700 keV) and protons (300 keV, Schneider et al./55/).
T./T,, was chosen because of different values of Teo N Refs. 53 and 55.
. {
Compound TCO a, source Energy ATC/Aa Ref.
(K) ( nm) (MeV) (K/ nm)
b, Ge 20.2  0.5141 n 21 -54.5 Sweedler /69/
20.3  0.5140 % 20 -16.3
Nb4Sn 18.0  0.5290 n > 1 -51.8  Sweedler et al./69/
18.0  0.5289 %5 20 -50.0 No1scher et al. /136/
18.0  0.5290  “He 1.9 -30.1 Burbanks et al./144/
Nb3A1 18.6 0.5183 > 1 -77.0 Sweedler /53/
15.6  0.519] pt 0.3 -85.0  Schneider /55/
15.6  0.5191  n* 0.7 60.0  Schneider /55/
V,Si 17.0  0.4725 n > 1 (95.0)  Cox /78/
NbyPt 10.6  0.5155 n > 1 -120.0 Moehlecke /76/
V,Ga 14.6  0.4818 n 21 ~64.1 Francavilla /134/

Table 4.6. Lattice expansion and TC changes in different A15 type compounds
after irradiation with high energy particles.




The available data for the ratio ATC/Aa as determined for different Alb
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 heavier particles
leads to smaller values of ATC/Aa, This means that the lattice parameter cor-
relates with the total amount of damage, in particular the amount of static
displacements, rather than with TC.

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 V;Ge,
where the hydrostatic compression causes an increase of TC from 6 to 12 K, as
shown by Testardi /219/, in contrast to NbsSn, NbgAl and other Al5 type
compounds. After irradiation, TC of all these compounds invariably was found to
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 Equilibrium 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 V351 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 26 angles had been observed by Testardi et

a1.7145/ and Poate et al./146/ on irradiated Nb3Ge and Nb3Sn. This weake-
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 normé] thermal displacements.

I't 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 1in 3.2.1),‘1t 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 determine the quantity u by means of X ray diffraction measurements (Pfli-
ger and Meyer /149/, Linker /54/ and Schneider et al. /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 hypothesis was influenced by the fact that 1)
irradiation at higher doses leads to larger static displacements and that i7)

the occurrence of focused replacement collision sequences in the A5 structu-
re (and thus the homogeneous 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, ¢t < 1019 n/cmz, is of secondary.importance with respect te
the simultaneous 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 A15 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/, ViAu/18/, V3Ga/20/, Nb,A1/28/ and Mos0s/39/. From a comparison of all
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, respectively, Meyer and Linker/148/ found in-
creased static rms amplitudes, u, for the heavier jon. After irradiation doses
reducing the TC value from TCO = 17 K to 4 K, these authors /148/ determined
u values of 0.008 and 0.005 nm for Kr and He ions, respectively. Later on, Schnei-
der et al./55/ determined the static rms amplitudes on Nb3A1 films after N2+
and HY irradiation, using the X ray diffraction method developed by Linker /54/
(see Fig. 4.26). For proton irradiations, these
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Fig. 4.26. Static rms amplitude, u, in Nb3A1 after irradiation with 300 keV
protons and 700 keV nitrogen jons (After Schneider et al. /55/).




authors/55/ found that displacements substantially different from zero were
encountered after high doses only. Their value, u = 0.004 + 0.003 nm,

agrees with the very small displacement values which can be estimated from
the neutron irradiation data of Sweedler and Cox/53/ on Nb3A] and by Cox and
Tarvin/78/ on neutron irradiated V3Si. In the case of N2+ irradiation, the
static rms amplitude reported in Ref. 55 after high doses reached 0.01 nm,
which is of the same order of magnitude as in He irradiated V381/106,f07/.

Recently, Nolscher and Saemann-Ischenko /136/ also determined the variation
for u of NbBSn 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 of TC correspond to very different values of U
(Fig. 4.26), it can be followed that static displacements are certainiy not the
dominant factor causing the initial decrease of TC in high TC Al5 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, Aa.
The occurrence of static displacements from the equilibrium atomic positions
observed in several Al5 type compounds after irradiation could also be related to
the proposed virtual ‘site exchange mechanism/81/. 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 pAa, are coup1ed. 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 Aa,
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 undertaken for more 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 Al5 phase into the cubic A2 or in-
to the amorphous phase have been repeatedly reported. When a highly ordered
intermetallic compound, e.g. an Al5 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 Al5 phase may
be brought into a state where the free energy is higher than the equilibrium va-
Tue, due to the strong decrease of the order parameter, as shown theoretically
3Au 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 B, represents the A15 phase and one of the
adjacent phases the cubic A2 phase. The large increase of the free energy with in-
creasing disordering under irradiation shifts the free energy curve of the Alb
phase above the common tangent for the two adjacent phases. At the composition
B, there will thus be a two-phase region (A2 + y in the chosen example) instead
of the original A15 phase. Of course, a similar mechanism can be ‘imagined repla-

cing one of the adjacent phases by the amorphous phase.

for the case of Cu
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Fig. 4.27. Schematical representation of the increase of the free energy of the Al5

phase by 6F as it disorders from Sy to's, (S1 > SZ) under irradiation. The
tangent Tine between the A2 and the y phase indicates the new equilibrium




The first case of amorphous phase formation after heavy irradiation in
A15 phases has been reported by Sweedler et al. /69,70/. Schneider et al. /55/
have produced the A2 phase in Nb,AT after irradiation with N ions, while Ru-
zicka et al. /108/ observed the formation of both, A2 and amorphous phase, in
Krt irradiated meBSi' Recently, Meyer et al. /155/ observed. the presence of
both modifications, A2 and amorphous phase, inva3Ir after irradiation with
ket dons. It is not known at present why such similar systems exhibit such a
different transformation behavior. One veason 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 from one experiment to another. Since recovery have
been observed even at room temperature, 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 A15 structure. A priori, different isolated factors could be invoked. The

structure could become unstable in the following cases:

a) the mean static displacements exceed a certain value, u = 0.0115 nm
being the largest value reported so far/55,106,150/

b) the Tattice expansion exceeds certain limits, the largest reported value
being Aa = 0.0065 nm for Nb3Ge/69/ and Mo3Ge/138/ and Aa = 0.0053 nm for
Nb3Sn/154/,

c) the degree of atomic ordering is too low. After neutron irradiation, the A15
structure was found to be maintained at order parameters as low as Sa = 0.4
for Nb3A1/53/ and Nb3Ge/69,70/, while after irradiation with N2+ and H+ jons,
the Towest reported order parameter for Hb,Al was S ¥ 0.2 /65/. It is still open
whether the completely disordered 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,~ 0.3%, was reported on a V381 single crystal after neutron
irradiation to S = 0.90/78/.

@]

In reality, however, these factors are certdainly 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 favorizing as
well disordering as lattice expansion or static displacements. It codld even be
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advanced that the A15 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 6¢ sites, but also between the different chains.

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 contrast 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 étatistica] deviations from the equilibrium atomic positions
reaching as high as 2% of the lattice parameter. It can thus be advanced
that the instability of the Al5 phase after low temperature high 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 Timit of 1.5 to 2 % of the original value of a at 300 K seems to be 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 Al15 type compounds, the thermal
Yms 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 tonote that the lattice parameters, too, show an

EXpansion of v2 % with respect to the unirradiated room temperature value, as
well 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 compounds have analogous consequences on the lattice expansion and
the deviations of the atoms from their equilibrium positions, the latter being,

however, static in the low temperature case.

4.3.5. The "Saturation" Region of T, at High Doses

Regardless to the nature of the irradiation source, fast particle ir-

radiation of Al15 type‘compounds at high doses leads to a region where TC shows

a8 Saturation behavior. For Nb3A1, this region is reached at ¢t = 3)(10]9 n/cm2
(newtrons with E » 1MeV), at ¢t ~ 1x10'° sulfur fons/cm® (°2S with E > 25MeV).
or at ¢t ~ 6x10]6 nitrogen 1'ons/cm2 (14N with E > 770keV). If the saturation
WOU 1d be caused by ordering effects, the curve TC vs.(¢t) (see Fig. 4.10) should
rea <h the saturation value, Tc(sat.), by a gradual change. There are several
1NV estigations where this region has been carefully studied and which permit

to decide if there is a sudden change in slope or not. Obviously,only data for

Tow temperature irradiations, followed by TC measurements without intermediate.




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 Ge and

Nb 35N /74,102,136,146,152,155,157/. As an example, the behavior of Nb 3N /157/
after irradiation with different particles has been reproduced in F1g 4.28.

It is seen that after Tow temperature irradiation with okygen ions, the satura-
tion value of TC is attained after a su?genzihange in slope. T exhibits a
minimum of 3.5 K after a dose of 2 X 10°° 0 /cm™, a further 1ncrease of the do-
se leading to the saturation value, TC = 4.1 K. After recovery anneals at tempe-

ratures up to 410°c, TC decreases again, down to 3.42 K (right side of Fig. 4.28),
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Fig. 4.28, T of Nb Sn after 1rrad1at1on with oxygen ions at T1rr = 30 K/157/,

by He ions at T1r = 300 K/146/ and by fast neutrons at T1rr = iSO °c
/69/. The doses have been normalized by a factor k(N) = 3,x 10~

k(He) = 0.195 for better comparison/157/.

A comparison with the irradiation data at higher T by Poate et al./146/
and Karkin et al./159/ shows that the observed slight 1ncrease of T. at the highest
doses s st trongly influenced by the irradiation temperature, T irp Such a minimum
of T after high dose irradiation at low temperatures has also been observed by
Kramer et al. /74/ on Nb3Ge and by Haase and Ruzicka /123/ on Nb,, S1
The behavior in Fig. 4.28 clearly indicates the occurrence of another mechanism
influencing the variation of T at high doses and Tow T. ipp? in addition to the de-
Ccrease of the long-range order parameter., What kind of ”a1sorder” is now present?
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In all cases known so far, a small but significant increase of the super-
conducting transition width, ATC, has been observed with increasing dose. The
maximum of ATC, approximately 1.5 K, was observed at doses where the initial
value of TC was decreased to Tc/Tco ~v 0.4 /117,136,157/. For illustration, the
ratio ATC/TC deriving from specific heat measurements of Viswanathan et al. /117/
on neutron irradiated V3Si s reproduced in Fig. 4.29 as a function of To. It is
seen that down to TC ~v 8 K, the increase of ATC is moderate (which had been dis-
cussed in 4.2.2 b). Below this TC value, a marked maximum of ATC/TC occurs,
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 homogeneous model.

The observations of Pande /103,104,105/(depleted zones (or "disordered microre-
gions") 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
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Fig. 4.29. Change of the relative superconducting transition width, ATC/TC,
as a function of T_ for an irradiated VBSi single crystal, from
heat capacity measurements /117/. A : heat capacity measurements,

® : resistivity measurements.

inhomogeneities as a reason for the decrease of TC after high energy irradia-
tion (4.2.2), the existence of two modifications, i.e. the partly disordered
matrix and the completely disordered depleted zones can be used as a basis for

understanding the increase of ATC.




The present model assumes,‘simi1ar1y to .Pande /103/, that the matrix and
the depleted zones have strongly different TC values. The observed small size
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 is very simple:
proximity effects in irradiated Al5 type compounds cause a broadening of the
superconducting transition width, ATC9 towards lower va]ues,'the Qvera]i TC
value being 1ittle affected. The sharp decrease of AT _ at higher doses is attri-
buted to the steady decrease of the interspace between depleted zones below
a critical value, thus leading to "percolation" between depleted zones,

On the basis of this two-phase model (the two phases being the A15 and
the amorphous phase) it is poss1b1e to understand the observed minimum of T after
high dose irradiation at Tow temperatures, according to Haase and Ruzicka /123/
This simple qualitative model is visualized in Fig. 4.30, where the data of
Kramer et al. /74/ on 20 MeV 328 irradiated Nb3Ge (TCO = 21.92 K) is plotted. It is
seen that TC wou]d continue to decrease with higher doses if disordering woq]d be -
the only actingmechanism. The slight increase would thus be due to the presence
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Fig. 4.30. The minimum ofaTC in NbBGe after high dose 325 irradiation at Tow

~ temperature (Krdmer etal. /74/) and its explanation by a two-phase
mechanism. (The dotted curves are qualitative, the increase of T of

the amorphous phase arising from proximity effects).




of amorphous phase, which reaches its maximum at To = 4.38 K, the transition

zone being characterized by proximity effects.

4.3.6. Increase of T._in irradiated Mo,Ge, Mo,Si and Nb,Si : A Phononic Effect

The\three Tow TC systems Mo3Ge, Mo3Si and Nb3Ir crystallize in the Al5
structure and are superconducting at 1.3, 1.3 and 1.7 K, respectively. Their
electronic density of states values are among the lowest reported so far for
A15 type compounds. It is not surprising that the variation of TC with compo-
sition in these systems is quite slow (Fliukiger et al. /39,62/). With
dT./dg = - 0.13, - 0.13 and + 0.43 K, respectively, the effect of composition
on TC is almost one order of magnitude smaller than for "typical" /39/ Al5 type
compounds. From various points of view, the behavior of some physical proper-
ties on M03Ge, M03Si and'Nb3Ir 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 Teads to a substantial ihcrease of TC

in all three systems in contrast to the generally reported decrease illustrated
in Fig. 4.10. ’

The question arises about the mechanism causing the increase of T, 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 enerqy, 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 Po and of the initial slope of the
upper critical magnetic field, dch/dTlT=T , from which the electronic density
of states was indirectly determined by cal€ulation. This procedure had been
successfully applied before on high TC A15 type compounds, and there was no rea-
son why it should not apply to low T_ Al5 type compounds. Direct measurements
of the electronic specific heat coef?icient, however, have led to a completely
opposed picture. Ghosh and Caton /153/ and Mirmelshteyn et al. /158/ found for
M03Ge and Mo381, respectively, that the electronic density of states after
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 béing the real cause of the enhancement of TC. This is obviously




in sharp contrast to the behavior found in high TC A15 type compounds. At this
point, it should be recalled that the observed Tattice 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 TC A15 type materials. For this purpose, all known investigations
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 Te is really a property of the Al5 phase, since addi-

tional phases are known to be formed after irradiation, e.g. the amorphous pha-
|

se in Mo,Si /137/ and NbsIr /155/ and the bcc (or A2) phase in Nb Ir'/155/

It is further of fundamenta] interest to analyze this question by comparing
disordering effects induced bylboth, fast quenching from high temparatures
and high energy irradiation. In order to facilitate the discussion, all calo-
rimetrié data known so far on the‘three systems of interest are summarized in
Table 4.7. This is also necessary since the data for Mo3Sj and Mo,Ge
obtained by Fliikiger and Paoli /63/ were not published before. The corres-

ponding variation of T afuer irradiation is shown in Fig. 4.31 (M03Ge, Mo3S1)

and 4,32 (NbsIr).

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, NbBIr exhibits T, = 1.45 K and

TC = 1,58 K after anneals at 1700 and 1500°C, respectively. The corresponding

T values for Mo 76281 238 after annealing at 1600 and 1400° C, followed by

rad1at1on quenching are 1.57 and 1.63 K, respect1ve]y Although the order

parameter correspond1ng to both heat treatments was not measured, it can

be safely concluded from thermodynamics arguments that the higher quenching tempe-
rature yields a s]1ght]y Tower: degree of ordering (see also Fig. 4.5). This behavior
of T with annealing temperature has been confirmed by numerous gquenching ex-

periments, as well by irradiation as by quenching procedures(see Sect. 8

and Refs. 20,39,62). The decrease of T and v with lower degrees of. long-

| range order1ng induced by quenching and annealing has been observed in all Al5
type compounds studied so far by the author and coworkers, i.e. in more than
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40 systems, regardless whether the electronic density of states was very
high (e.qg. V3Ga), intermediate (e.qg. Nb3Pt, V3Pt,..
sently discussed systems Mo3Ge, Mo3Si and Nb3Ir. This effect seems to be inhe-

rently coupled to the particularities of the A15 electronic structure, while the
position of the Fermi energy relative to a peak of the electronic density of sta-

) or very low, as the pre-

tes curve influences merely the rate of variation of TC and N(EF) with S.
Compound Annealing a TC Y % Ref.
(nm) (K) M/ gy (K
Nb _,Ir .o 360 h/900°C 0.5120  2.85 2.63 + 0.03 362 + 10 62,208
Nb SoTr o 4 h/1700°C  0.5135 1,45 - - 62
Nb e Ir o 24 h/1500°C  0.5135 1.58 - - 62
Nb 7510 o as cast 0.5135 1,63 2,13 + 0.01 409 + 8 25, 62
Nb o clr 5op 24 h/1650 0.5147  0.30 1,81 + 0.01 374 + 10 62,208
Mo 2S¢ 3 h/1600°C  0.4893  1.33 - - 62
Mo ,eoSi 500 3 h/1400°C  0.4900  1.63 1.78 + 0.01 538 + 25 63
Mo 76281 53 3 h/1600°C  0.4900  1.57 1.76- + 0.01 510 + 20 63
e 0
Mo seSi 5 100 0/1100%  0.485 1.6 2.442) 560 158
Mo .Si 100 h/1100°C +
.75°1.25 0, 2 ]
1.0x10°"n/cm® 0.489  6.00 2.53 330 158
Mo 756e ,. 3 h/1600°C  0.4933  1.48 1.85 + 0.02 510 + 20 63
’ ) 0
Mo secGe ooe 3 h/1600°C  0.4937  1.68 1.92 + 0.03 476 + 30 63
0
Mo sg.Ge 5pg - 16 h/1soooc 1.45 1.22 392 153
Mo - Ge 16 h/1600°C +
1289 ax10Yn/en? 4.25 1.35 322 153
Table 4.7. Superconducting 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 581 o5 /158/ and
Mo.7516e 249 /153/ were irradiated at T, = = /U "and = 150°C, re
pectively. @) These values are given in mJ/K mo]e but should probably

be indicated in mJ/Kzat-g.



There is also a more general argument which tends to exclude the possi-
bility of an increase of TC after irradiation as a consequence of decreasing
order parameter in MojGe: in all Al5 type compounds known so far (ing]udinq
Mo and Cr based systems with transition B elements), the variation of TC
with composition or with ordering is comparable (see Sect. 8). For example,

T in M031r (after slow cooling from 1800 OC) varies from 8.35 to 8.12 K
between 22 and 24 at.% Ir/39,62/, thus corresponding to a rate of

- 0.12 K/at.%. In the same compound, T. decreases with S at a rate of 0.05 K
per 1%/39/. For Mo3Ge, where only the variation of TC with composition

is known, TC varies at a rate of - 0.13 K/at.% between 23 and 25 at.% Ge/39/.
Thus, a comparably small variation of T, as a function of S would be expected,
rather than the increase by >5 K observed after irradiation (see Fig. 4.31)
leading to the extremely high value dTC/dS = - 22.2 K per 1% order parameter
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
summayrized for comparison.

Compound dTC/dB Reference dTC/dS Reference

[K/at. %] (K]
Mo 5Ge - 0.13 ' Flukiger et al. /39/ - 22.2  Lehmann et al. /138/
Mo,Si - 0.13 " - 20 Lehmann et al. /137/
Mo3Si - 0.13 " - 10 Mirmelshteyn et al. /58/
MO3Ir = 0,12 " + 0.05 Fliikiger et al. /39/
NboIr + 0.43 Flukiger et-al. /62/ ¥ %,% 0.5 Schneidernet al. /1s5/
Cr3Ir - 0.09 Blaugher et al. /75/

- 0.09 Flikiger et al. /223/
VBIr + 0.14 Blaugher et al. /75/

Tabie 4.8. Variation of TC with composition and order parameter in Tow TC
A15 type compounds. Ordering changes were induced by fast quen-
ching /39,62,75,223/, neutron irradiation at Tirr = 70°¢C /158/,
low temperature 20 MeV 325 irradiation /137,138/ and room tempe-
rature 300 keV H' irradiation /155/.
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b) Irradiation Experiments

The system Mo, Ge.

The variation of T with dose for Mo Ge /138/ and Mo Si /137/ after
irradiation with 20 MeV 25 ions is represented in Fig. 4. 31 where the above
mentioned increase of TC is illustrated. At high doses, both systems show
a significant difference, a saturation being observed for Mo3Si /137/, while
a strong peak was reported 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/,A3ZS ions /138/ or neutrons./153/, no amorphous phase could
ever be detected in the MosGe system. The absence of amorphous phase was dedu-
ced from diffractometric measurements /138,163,164/ and is confirmed by the
behavior of the electric resistivity 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 contrast to the behavior of p(T) observed in Mo3Si /137/.

Eﬁ7¢ T T | T T

8 —
Te
(K) 7 .
6&—- .
5+ =
b |
3 _
2L .
P _

1L | v I I I , |

1OB 10M 1d5 1d6 100 400

ot (%S Jem?) TalK)

Fig. 4.31. variation of T in Mo Ge/138/ and Mo 51/137/ films after low tempe-
rature 1rrad1at1on w1th 325 jons (E = 20 MeV), asa funct1on of the
irradiation dose. At the right side, the recovery behav1or 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 sample as secondary phase, from a = 0.3145 nm to a= 0.3140 nm after a dosis
of 1.4 X 1015 325/cm2, where TC nearly corresponds to Tc(max) i.e. 6.9 K. Ac-
cording to Fig. 2.3, the A2 phase with the metastable composition Mo'75Ge.25
could cause an increase of TC, but certainly not as high as 6.9 K! An effect of
amorphous elementary Mo, produced by dissociation, can be excluded: Gurvitch et
al./164/ did not find any TC enhancement after implanting Ge in Mo films.

The increase of TC in irradiated Mo3Ge, identified above as a property
of the Al5 phase, is a bulk effect as follows from specific heat measurements
of Ghosh and Caton/153/. These authors analyzed the effect of neutron irradia-
tion on both the A15 phase Mo3Ge and the tetragonal neighbour phase M056e3
by calorimetry.. They found that in both phases, the electronic density of sta-
tes after irradiation was essentially unchanged, in contrast to the Debye tempe-

ture, which decreases considerably. For Mo3Ge a decrease of BD from 392 to

322 K and for the tetragonal MoSGe3, a decrease from 377 to 320 K was observed
after neutron irradiation /153/. This result is particularly important for the
present discussion. Since lattice softening, accompanied by an enhancement of
TC (from < 1.6‘to 3.3 K for M05G63 /153/) after irradiation seems to be little
dependent on the crystal structure, it is really questionable 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 probably responsible for the sharp decrease of TC at doses
ot > 1.4 X 1015 32S/cm2 represented in Fig. 4.31. Indeed, the most obvious ex-
planation for the sharp decrease of T. would consist of assuming that only 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 A15 peaks (the only
ones being present besides the A2 peaks) had only 5 % of their initial intensity.
It can be assumed that the presence or absence of such a small amount of A15
phase in a sample is influenced by small inhomogeneities. The lowest TC values
at high doses, T. = 3.5 K/138/, fit very well with the extrapolated'values for
metastable A2 Mo ;Ge 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 Mo3Ge
is a property of the damaged A15 phase, but has no unique character limited to
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this phase only. Irradiation of MoBGe with 20 MeV 325 jons /138/ produced an

increase of the lattice parameter from 0.4937 to 0.5002 nm, the strongest ob-
served so far in A15 type compounds (see Fig. 4.23 b). The strong decrease of
line intensities reflects particularly high static displacements. 1t may thus

be advanced that here the static displacements, possibly in combination with the
lattice expansion are responsible for the enhancement of TC rather than ordering
effects. In contrast to high TC A15 superconductors, the electronic density of
states is not a relevant parameter for describing the changes jn TC of this class
of materials. In some respect, the situationin Mo3Ge may be compared to that
encountered in heavily irradiated NbBSn, where TC was also found to increase

(see Fig. 4,28).

The system Mo3§i.

After having shown that the enhancement of T, in irradiated
MosGe is due to the damaged AT5 phase, a similar explanation can be advanced
for MosSi. The main difference between these two irradiated systems is the ap-
pearance of the amorphous phase in Mo,Si. The saturation value for Mo,5Si after
heavy irradiation, T. = 7.8 K/137/, corresponds to that obtained for amorphous films
obtained by coevaporationat 77 K by Johnson et al./175/. It can thus safely be
concluded that the increase of TC in both, M03Ge and Mo3Si is a property of the
damaged Al5 phase, the different behavior of T. at high doses shown in Fig.
4.31 being due to a different TC of the corresponding radiation induced pha-

sSes.

A detailed calorimetric investigation was performed on neutron irradia-
ted MosSi by Mirmelshteyn et al. /158/ (T, . = 70°C). An arc melted Mo3S; sam-
ple was homogenized 100 hours at 1100 C, irradiated at a dose of 1 x 10 0n/cm
and submitted to successive isochronal 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-
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.

2
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It is interésting that no small-angle scattering effects could be detec-
ted in Mo3Si /158/, in contrast to Nb3Sn (It may be recalled that the presence
of such effects in Nb3Sn, observed by Karkin et al. /159/ was a major argument
supporting the inhomogeneous damage hypothesis /103/). Mirmelshteyn et al. /158/
observed after neutron irradiation a mainly amorphous sample, in agreement with
Lehmann et al. /137/. In this case, the difference in Tirr between 70 °C /158/
and 30K /137/ thus seeems to have little effect on the radiation induced phase.
The retransformation from the amorphous to the crystalline state was observed
at v~ 450 °C. It is remarkable that the Al5 phase was present at all observed
states and that it was even possible to determine the order parameter just
after irradiation, i.e. where the A15 phase is only present in ~5 % of the
sample. The order parameter was 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/ Tlead to
following conclusions:

a) Neutron irradiation up to 1x1020 n/cm2 causes a considerable softening of the

phonon spectrum: A decrease of 6, from 560 to 330 K is observed.

b) The electronic density of states is not affected by irradiation nor by the
transition from amorphous to crystalline state.

c) The factor N(EF) <% in the MacMillan equation a]so remains unaffected,

being situated at the value ~ 700 eV nm K (or 7 eV R

The above results illustrate the danger of deducing y from measurements
of p, and of the initial slope of the upper critical field, dHcZ/dT|T=TC’ simply
assuming the validity of the equation

1
Y ——dHCZ/dTlT 7, (dirty Timit) (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 densi

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 op with TC in irradiated M03Si, from data of
Mirmelshteyn et al. /158/ ( T irp = 70°C, calorimetry) and Lehmann

et al. /137/ ( < 20 K, thin films). This fiqure illustrates
how the 1nd1rect determ1nat1on of v from the values of dH 2/dT and %%
(see Eq. (4.9)) may be erroneous in the case of low T_Al5 type compounds.

The system Nb3£§

In a recent room temperature irradiation work on Nb,Ir, Schneider and

. 3
L1nker /135/ observed a very interesting behavior of TC at low doses of H* and

He ™" ions, 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 ket 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 1018 W*/cn® 135/, as shown in Fig. 4.33. At this dose,
the order parameterwas determined to S = 0.95 by X ray diffractometry, using
the method of Linker/54/ for thin films. With higher proton doses, T 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 TC must be attributed to the decrease of the

long-range order parameter.

It is interesting that the initial decrease of TC in Nb3Ir was observed

after proton irradiation only. A comparison with the Krt and He irradiations/155/
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Fig. 4.33. Variation of TC in NbBIr films after low temperature irradiation
with H and 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 amorphous
Nb3Ir, produced by Kyt 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 T. 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 Aa
as well as the lowest values of S after irradiation depend on the projectile:

as stated earlier (see Figs. 4.24 and 4.25), the heavier particles cause the

larger damage. The variation of Aa 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 Al15 type compounds depend mainly on the chemical nature
of the elements A and B.
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Fig. 4.34. variation of Tes S and the static rms amplitude, u, in NbaIr films as
a function of the lattice parameter expansion after Tow temperature
irradiation with He and H ions (both with E = 300 keV). At Aa = 0.0008 nm,
TC of proton irradiated Nb3Ir undergoes a minimum (After Schneider and

Linker /135/).

The variation of TC in irradiated Nb3Ir 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 T. with higher static displace-
ments, possibly connected with lattice softening. The increase of TC can now be
compared to that observed after heavy irradiation on Nb3Sn /157/ (see also Fig.
4.28) or on Nb3Ge (Kramer et al. /134/), shown in Fig.4.30. Thus, a common feature
has been found between high TC and low TC A15 type compounds submitted to heavy
irradiation doses: The increase of TC observed in both cases couxd be attributed

to the occurrence of static displacements, possibly combined with Tattice softening.



c) Comparison between the Irradiation Behavior of Low and High TC A15 Compounds

The discussion of irradiation data on the low TC systems MosGe, Mo4Si and
NbsIr reveals that many physical properties exhibit just the opposite behavior
with respect to high Te A15 type materials. It is beyond any doubt that it is
the superconducting transition temperature of the damaged A15 phase which increa-
ses with irradiation of the three discussed low TC A15 type compounds, in sharp.
contrast to the behavior shown by Fig. 4.10. It is remarkable that the property
showing the strongest variation is the Debye temperature (see Fig. 4.32), in
contrast to the high TC A15 type compounds, where it is the electronic density
of states. The opposite behavior of different physical properties in high TC
and in Tow TC A15 type materials is shown by the comparison in Table 4.9.

Physical High TC Low TC
Property A15 Compound A15 Compound
TC ~a =

Y T -

eD B s

2 ~a /

a o e 4

u - e

Table 4.9. Opposite behavior of various physical properties in high and low Tc
A15 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 d¢n the case of high or Tow TC Al15 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. V3Si or Nb3Sn, this softening
even leads to a low temperature lattice instability, leading to the
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martensitic cubic-tetragonal transformation. Other systems, e.qg. ijGe, Nb3A1,
V3Ga and others are still stable at low temperature but exhibit a Tattice softe-
ning when cooling from room temperature to low temperatures. It is on the other
hand known that the compound Cr,Si (normal even at 0.015K) not only does not show
any lattice softening, but exhibits even an increase of op by 100 K: eD(BOOK) =
530 K and eD(O) = 640 K /229/. The same behavior is encountered in MosSi, where
eD(BOOK) = 470 K and 6D(0) = 560 K were reported /158/. In both cases, the calo-
rimetrically measured value of eD(T) show an increase by > 100 K below 60 K, thus
reflecting a phonon hardening, in contrast to the phonon softening encountered

in high Te materials.

In high TC A15 type compounds, irradiation thus leads to a gradual canceling
of the low temperature phonon softening, the correlated decrease of TC being main-
ly due to the simultaneous decrease of the electronic density of states. This is
the point of departure for the understanding of the radiation behavior of the Tow
TC superconductors considered in this paragraph: It is the lattice hardening at
low temperature which is now gradually reduced by irradiation, thus leading to
the observed increase of TC. In contrast to the high TC A15 type compounds, how-
ever, the electronic density of states has practically no influence on the
enhancemen; of Tc’ which is now entirely due to the lowered phonon fre-
quency <w>". The behavior of Al5 type compounds after irradiation will thus be
different, depending on the initial electronic density of states and the varia-
tion of eD(T) between 300 K and Tow temperature:

a) High T materials. High electronic density of states, phonon softening
V,Si, Nb,Sn, Nb3A1, Nb,Ge,....

3 3 3
~——+ Strong decrease of TC with increasing dose, as for
most compounds in Fig. 4.10a. N(0) is dominant.

b) Low TC materials: Low electronic density of states, phonon hardening
Mo3Si, M03Ge, Nb3Ir, .....
- —— Considerable increase of TC with increasing dose,
as for Mo3Ge and Mo3Si in Fig. 4.31 and Nb3Ir in

Fig. 4.33. <w>2 is dominant.

c) Intermediate T_ materials: Intermediate electronic density of states, phonon
hardening

Mo3Os, Mo'761r.24, Mom.50Rem.50,...
—— Moderate decrease of TC with increasing dose, as for

Mo0s in Fig. 4.10a and Mo-Re in Ref. 239.
Combined effect of N(0O) and <w>2.
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It is suggested that the picture developed for irradiated Tow TC Al5 type
materials may be applied to heavily irradiated high T, materials, as NbsSn in
Fig. 4.28 and Nb3Ge in Fig. 4.30. In fact, both highly disordered compounds ex-
hibit T, 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 Nb3Sn /157/ and Nb3Ge /34/ after irradiation at the highest
doses. Like for the low Te A15 type materials, the electronic density of states
is expected to be of little importance, the small increase in TC being due to
slightly Towered <w>2 at lTow temperatures.

The changes of the phonon spectrum during disordering are connected with the
change in character of the interatomic forces actingina compound. At this point,
it may be interesting to compare the pair potential between the two systems Nb4Sn
/224/ and MosSi /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 potential for NbsSn of Figs. 4.4 and 4.35 arise from
different boundary conditions and will thus be neglected for instance.
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Fig. 4.35. Pair potentials in the systems Nb3Sn /224/ and Mo381 /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 simultaneous static displacements and
atomic disordering would pakticu]arly affect these interactions, but there is
no further proof for this hypothesis. It is possible that the difference between
the Mo-Si and Nb-Sn pair potentials is at the basis of the antagonism between
Cr, Mo and V, Nb based Al15 type compounds repeatedly mentioned in the present work.

4.3.7. Recombination Effects

When analyzing the irradiation data presented in this section, a question
arises: Why is the level of saturation for various properties, as Tc’ a, S or
u in irradiated A15 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 range between 0.20 and 0.40 as stated in 4.3.5.

Recently, Zee and Wilkes/178/ have established a model describing the de-
Crease of the long-range order parameter in Cu3Au after irradiation, 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 differential

equation |
ds ds ds
— = (= + (=) (4.10)
dt dt irr dt therm

The first term represents the disordering rate due to irradiation,
(95) = -ekS, (4.11)
dt

which 1is 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 Cu3Aus the vacancies are single in“cqn-
trast to the present Al5 structure, where the split-vacancy structure is more
complex). ‘

" The second term in Eq. (4.10) implies that the point defects have reacted

thefr;steady-state concentration, taking into account for the irradiation tem-
perafure, Tippe 1t is quite complexs. -
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[dsa ] \)V Z

N = — Cc. — (Z + 7, - 2)
v
dt therm 2 Xb b
0
X exp (-Em/KBT)
2 Vs
X (XAXB{] - Sa} - exp (___9_3_)
) KBT
X {S. + XX, (1 -5
a A B< a) H (4.12)

(The symbols are explained in Table 4.10).

It would lead too far to treat in detail all 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 HY 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.

T T T T N
e H* — Nbslr
108 XIﬁ‘@N;k ]
Sa F\ —- Aronin Term (Irrad. Dlsorderlng) R
A N — Sa(t) theoretical -
- o~ ——Thermal Reordering =
0.5—-}\{\ L i
B ~ 1
Y L — X X
- \v:" Steady State .
01} // Se | - .
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Irradiation time, t [sec]

Fig. 4.36. Long-range order parameter in irradiated Nb3Ir as function of
the irradiation time, determined by Schneider and Linker /135/.
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8.62 - 107° eV/K

Boltzmann constant KB =

. Number of 6¢c sites next to a 2a site Za = 12
Number of 2a sites next to a 6¢c site Zb = 4
Fraction of A atoms XA = 0.75
Fraction of B atoms XB = 0.25
Vibrational frequency vV”= 1 - 1083z
Irradiation temperature Tirr = 300 K
Vacancy concentration at equilibrium CVe =2 + exp (—EfV/KBT)
Vacancy formation energy Efv =1 eV
Recombination coefficient o/D, =1 "° 10M en?
Dislocation bias for vacancies Z, = 1
Diffusion constant for vacancies D, = D, exp (;Em/KéT)
Vacancy preexponential diffusion coefficient DOV = 0.82 cm’Ls_I
Vacancy motion energy E_ = 0.79 eV
Vacancy ordering motion energy Eg = 0.84 eV
Ordering energy VO = 0.35 eV

Table 4.10. Parameters used for fitting the Nb3Ir data /135/.

4.3.8. Radiation Damage in A15 Type Compounds: A Synopsis

Although irradiations on Al5 type compounds have been carried out since
more than 20 years, some questions are still open due to the lack of simulta-
neous relevant experiments, in particular specific heat, lattice parameter,
thermal and static rms amplitudes and others on 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 tack of neutron irradiations at low Tirr’

followed by in situ low temperature measurements. As shown 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 Tow TC A15 type compounds. It has been shown that the complexity of the effects




— 114 —

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 To vs. ¢t almost coincides for several "typical" Al5 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 function 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. ¢t between "typical" Al5 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 Al5 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 Te
A15 type compound). At very low doses, the first low temperature physical pro-
perty to be affected is the electrical resistivity, Py which will be discussed
in Sect. 8 and in Sect. 11.3 together with the data on Nb3Sn multifilamentary wi-
res. At low doses the lowering of TC in high T. Al15 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 Tow T. Al5 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'TC approaches the saturation value, proximity effects
between regions with decreased order parameter and depleted zones or disordered
zones become important .and Tead to a maximumof the superconducting transition
width, ATC. After heavy irradiation finally, various effects are encountered,
as the presence of amorphous 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
TC after jrradiation in high TC as a function of atomic disordering is only
valid for doses sufficiently far away from the beginning of these effects.
This dose 1is 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 Tc/Tco falls

v
below Tc/,TCO = 0.4.
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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 Al5 TYPE COMPOUNDS

In analogy to the system Cu,Au, A15 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, TF, and the diffusion limit, TD (see Fig.
4.5). In a certain number of Al5 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
above T_ (T _ lies between 560 and 9000C, as follows from Table 4.1). The
factors govgrning the ordering kinetics in Al5 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 problem

will be discussed at the end of this Section.

A11 ordering data on A15 type compounds based on least 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,
Sa or Sb depending on the effective gomposition of a compound), as well as
mean square vibration. amplitude U and the lowest R factor (as defined

by Eq. 3.15) are separately listed for each system.

Most 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 sin©/) as high as possible.

Most diffraction measurements on powdered Al5 type compounds, however, have 10

only been performed up to values of sin©/) lying between 0.5 and 0,7 X (107"~ m)™",

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,

1
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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, Us and Ug were
determined by using the method described in 3.2.1.

The lack of precision in the determination of the vibration amplitudes, 1in
particular those on the 2a and on the 6¢ 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 US
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 Flikiger /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 10720 m2 (B = 0.5). This illustrates the low importance which
was originally given to this property, with the result that additional errors
were fjntroduced in the determination of S. Complete refinements were only effec-
tuated in the works published after 1975. In the cases where earlier 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 temperature, gz, are of considerable help for determining how close
to perfect ordering is the compound in reality (See Sect. 7). Recently,
values well below go = 1x10 Qm (RRR = 80) were measured by Flikiger et
al. /220/ on V551 single crystals which were prepared by
recrystallization. For a stoichiometric, perfectly ordered Alb type
compound, Q ﬁr1x10_8Slm can thus safely be assumed. This condition is
confirmed B; measurements of Caton and Viswanathan /217/, Orlando etial.
/186/, Testardi /219/ and Williamson and Milewits /218/ on V Si and Arko et
al. /185/ on Nb Sn single crystals, yielding p, - S 410 -8 Qm in each case.
The variation of S) with S has so far oniy been measur in one AlbG type
compound, NDBPt by Flikiger et al. /142/ on argon jet quenched samplies. The

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 Al5 Type Compounds

a) ﬂpSSn (Single Crystal)

A single crystai, 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
Debye-Waller factor, M = B sin ©/) (Vieland /171/). On the same sample,

Kelier and Hanak /172/ measured the elastic moduli and Mailfert et al. /173/
the low temperature lattice parameter variation at the cubic-tetgagonal
phase transition. The reported data are T = 18 K, 8*= 13.1 mJd/K at-g /169/,

PTaT. = Pp = 1078 om /170/ , a = O.5290Cnm, while the composition was
stOichiometric,(B = 0.25.

Unfortunately, Vieland /171/ did not refine the long range order para-
meter for his Nb3Sn single crystal. His measurements up to the (14,1,0) line

corresponding to sinEWA = 1,326 x10-1nm (MoKe¢ radiation) yielded,
however, a high precision in the temperature factor, B, which was determined
for both, the Nb atoms on the 6¢c sites (B ) and the Sn atoms on the 2a sites
(Bb)a He did not differentiate between thg thermal vibrations along and
perpendicular to the chain directions, and performed the refinement with
fixed values (3==0.25 and S = 1, the results being summarized in Table 5.1.

A single crystal refinement on Nb3Sn by Kodess et al. /180/ wi;h fixed order
parameter at S = 1 yielded the isotropic temperature factors Ba = 0.445 and
Bb = 0.486 for Nb and Sn respectively, j.e. slightly different values with
r%spe%t to those of Vieland /171/, but show the same tendency of Ba<f Bb (or
Ua<:Ub) (see Table 5.1). The same data of Kodess et al. /180/, refined
for anisotropic temperature factors for Nb, yielded a smaller R factor

(0.035 instead of 0.045) and the values U5y = 0.0042 x 10720 w?, u2, = 0.0062 X
- - - -
10 n® and U2 = 0.0052 X 1070 n? (or B, = 0.33 x 10720 v, By, = 0.491 X 10720
n° and By = 0.483 X 107°0 n”), i.e. (B,, - B);)/B,, = 0.328. Kodess et al. /180/

also report the result of a refinement for sino/A > 0.65 X 1010 m_l, yielding a
smaller R factor, R = 0.013 and showing a similar anisotropy: Uil = 0.0052 X

10720 2 and USZ - 0.0074 X 10720 w2, j.e. ng is 28.9 % larger than U§1'
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There is thus a high anisotropy in the thermal vibrations of Nb atoms in the
compound Nb38n. This illustrates the covalent character of the Nb-Nb
interaction, earlier shown for V-V interactions in V_Si by Staudenmann /91,
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) Nb,Sn (Polycrystals)

In spite of a considerable interest in knowing the degree of ordering of
the high T compound Nb Sn, the first reliable determinations of S by powder
dlffractomntry 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 b and f . a consequence of the proximity of Nb
and Sn in the periodic system (AZ = 9) leads to low intensities of the X ray
superlattice lines 110, 220, 310, ..., thus increasing the uncertainty AS.
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 homogeneous Nb_Sn sample, due to the particular shape of the Sn.rich Alb
phase boundary, the formation temperature falling indeed very rapidly from
22300C to 93100 in the narrow composition range between ~22 and 25 at.% Sn
/174/.

The availability of a Nb3Sn sample with a very narrow compositional
distribution was the necessary condition for a determination of S in NbsSn,
where f =f - f =9 is rather unfavourable. Thus, the Nb35n sample on
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, AST %0.7 K,
corresponding to a compositional variation throughout the sample of 0.3 at.%
Sn (see Fig. 5.1).

The Sn content of thié“samp]e was determined from the variation of T vs.
as well as from a vs.QB both being established by Devantay et al. /86/. Fer
the values a = 0,5288(7) nm and T = 17.8 K (T is the average value of the
calorimetric transition), an effective Sn contgn% of 24.5 + 0.2 at.%Sn was
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 Nb3Sn single
crystal,
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Fig. 5.1. The calorimetric superconducting transition in the Nb3Sn sgmple
used for the order parameter determination by Fliikiger et al. /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 NbBSn sample was further characterized by low temperature X ray
diffractometry using a quartz monochromator for suppressing the CuKeg¢ ;

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 T] 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
discussion in Section 10 about the influence of the martensitic transfor-
mation on the electronic properties of this compound. Indeed, 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 show that with an
uncertainty of AS = +0.02, NbBSn is in reality perfectly ordered. The low
error margin was obtained by repeated measurement and averaging of the
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System  Prepara- Irradia- a 8 T Beam sing/\ Order T4 R Ref.
tion tion (nm) (K) (10'10 m)"1 Parameter (X 10-20 mz)
NbaSn cvp, Sin- | - 0.52889 0.25 18.0 MoK =~ 1.3 (s =1 u§ = 0.0048 - 171
gle Cryst, U% = 0,0056
NbsSn cvD, Sin- | - 0.5294 0.25 18.2 MoK, 1.2 (s =1)* 1% =0.005  0.045 180
gle Cryst. , Ug = 0.0062
- 0.5294  0.25 18.2 Mok, 1.2 (s = 1) u%l = 0.0042 0,013 180
U, = 0.0062
ug = 0.0061
NbsSm  Sintered |- 0.5288 0.245 17.8 Cuk, 0.6 54 = 1.0 vl = 0.0054  0.09 9
7h/1550°¢C ”
UJ = 0.0049  0.060 162
Ug = 0,0059
Nbysn  Arc Fissfon  0.5350 0.25 -  Cuk, Ipyg s=0° - - 154
Melted Fragm,
I210
NbaSn * Films unirrad.  0.5288 0.25 17.85 Cuk_ 0.63 (5=0.98)¢ - - 136
(0.5298 13.85 S = 0.84
0.5307 10.54 S = 0.74
325 ionsqz 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,Sn, as

prepared by various methods: CVD = chemical vapor deposition, sin-

tering and arc melting. The data of samples irradiated with 325

ions (E = 20 MeV) are also added.

a) The refinement was carried out with fixed order parameter, S = 1,
b) The order parameter is only estimated, based on the I211 and the

I,1p intensities, C) For the unirradiated sample, S, = 0.98 was as-

sumed in Ref . 136, 9) The individual dose was not precised in Ref.

136. R is the reliability factor.

Measured intensities. The overall temperature factor, B = 0.43 X 10720 12 , 'is in
good agreement with the data of Vieland /171/ and Kodess /180/. As will be shown
Tater in Sect. 7, there are additional arguments for the occurence of

perfect ordering in Nb3Sn, in particular the low value of the electrical
resistivity,fpo<i4xlo‘8 Qm /185/,  following the argumentations of Devantay

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
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 Nb3Sn is only 1ittle 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 A15 phase field /86,174/, i.e. 1500 OC,
or ii) the reordering kinetics is extraordinarily fast, and lower qegrees of or-
dering than S = 1 cannot be retained by conventional quenching techniques. Recent
order parameter determinations up to 900 Oc /162/ only indicate that no measura-
ble change of S can be detected up to this temperature (see 5.2.2). Nevertheless,
the second hypothesis has to be 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
parameter in the Nb3Sn filaments after etching away the bronze matrix was
found to be very high, too: Sa = 1, with an uncertainty AS = * 0.03 /9/.

An order parameter S = 0 indicating complete disorder has been reported by
Skvortsov et al. /154/ after irradiating Nb35n with fission fragments. This
value was, however, obtained on the basis of the ratio 1211/1210 only, and
the error may thus be considerable. This would be the only case reported so
far where a completely disordered Al5 phase was 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
UZB*O.OZ nm , as estimated by a comparison with the data of Burbank et al.
/144/. In Table 5.1, recent measurements of Nglscher and Saemann-Ischenko /136/
on Nb3Sn films after irradiation with 20 MeV 325 ions were included,where the

starting value of the order parameter was assumed as SO = 0,98,

c) Nb,Ge (Single Crystal)

As follows from the Nb-Ge phase diagram of Jorda et al. /67/, the
stoichiometric composition is not comprised in the equilibrium Al5 phase

field. It is, however, possible to form small single crystals (0.1 mm ) at
compositions Qb:é 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 6¢c sites. Depending on the composition chosen for the
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refinement, (3 = 0,1875 or@ = 0.20, they found sa = 1.0 or sa 0.965,
respectively. From a comparison of their lattice parameter, a = 0.51698 nm
/166/ with the correlation a = a(G» 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

(with an estimated uncertainty AS = + 0.02) can be coasidered asbrediable

(see Table 5.2).

From the single crystal refinement of Rasmussen and Hazell /166/ (Table 5.2)
it follows that the smallest vibration amplitude 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 "overlapping" between neighbouring A atoms on 6c sites
discussed in Sect. 4, thus giving a quantitative picture for the deviation
from sphericity in Al5 type compounds. A comparison between the measured
anisotropies in different Al5 type compounds will be made in 6.1.1.

Stoichiometric NbjGe would be expected to show even a more pronounced ther-
mal anisotropy than Nb o,Ge ,q, due to the smaller Tattice 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
(2= 0.19, and the poor quality ("poor" 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)_ﬂ93ﬁe (Polycrystals)

Al reported order parameter determinations in NbBGe polycrystals have been
carried out at the Brookhaven National Laboratory /68,69,70/, on
samples prepared by chemical vapour deposition /182/. The results are
summarized in Table 5.2. The achievement of Nb3Ge samples with Ge contents
exceeding 20 at.% by CVD allows to study the variation of T or of the
lattice parameter at the vicinity of the stoichimetric compgsition.
However,secondary phases cannot be avoided, their amount oscillating between
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System Prepara- Irradia- a B Tc Beam sin6/A Order U2 R ‘ Ref.
tion tion (nm) (K) (107 10p)"1 Parameter (x 19720 ;2)
NbjGe  ZM, Single| - 0.51693 0.19 - Agk, 1.6 5, = 1.00 Ufl = 0.0040 0.034 166
Crystal U§, = 0.0063
W = 0.0057
NbsGe  CVD, Poly-| - 0.5179 0.7 5.8 Cuk ~ 0.45 5, = 0.99 v = 0.0114  0.049 68,70
crystal
1350°¢
NbiGe  CVD, Poly-| - 0.5412 0.24 19.4 CuK, =~ 0.47 s, = 0.86 v = 0.0101  0.066 68,70
crystal a
NbjGe  CVD, Poly-| - 0.5143 0.24 20.2 CuK, 0.47 5, = 0.92 v - 0.0038 - 70,182
NbjGe  CVD, Poly-| - 0.51415 0.24 20.9 Cuk ~ 0.47 5, = 0.83 02 = 0.0089  0.043 70,182
crystal
0.75%101% 0.5152 14.2 s, = 0.75 T 0.0089 -
n/cm2 '
2.1 x1019 0.5158 9.1 5,=0.65 UF=0.0025 -
n/cm2
3.4 x101° 0.5174 4.4 5, = 0.46 v’ = 0.0140 -
n/cm2
NbjGe VD, Poly- [5 X 101 0.5148 0.23 15 cuk, 0.47 5, =091 v =0.0051 - 70
crystal n/cm2 +
750°¢C

Table 5.2 Structural parameters from least-square refinements for Nb Ge as
prepared by different methods. CVD :
IM = 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

= chemical vapor deposition,

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 Tines

overlapping with most of the Al5 reflexes (see Fig. 3.7). These authors

refined the parameters for each additional phase separately, i.e. for the
tetragonal Nb5Ge3 phase, the hexagonal Nb56e3 phase (this phase is not an
equilibrium phase of the binary Nb-Ge phase diagram /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 to be the Al5 line spectrum, which

was then used for the refinement procedure.
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This procedure is in principle 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
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_Ge samples, reaching from S = 0,83 to S = 0,92
(Tab?e 5.2), revealing as uncertainty up toAS = 0.08. An even 1agger
uncertainty is observed for the temperature factor B, which varies between
0.3 and 0.8 X 1072% w? (or 0.0038 and 0.0101 X 10720 w® for U). This observation
is of particular importance since the uncertainty in B (or U2) is a good indica-
tor for the quality of the refinement. This can be easily seen when carrying out
the refinement for a given A15 type compound setting different values of v% and
S, respectively. In this case, the reliability factor, R, will vary much slower

if U2 is varied.

These critical remarks show that there is an experimental limitation to
the accuracy of order parameters in NbBGe as produced by CVD. Complementary
observations on physical properties, as for example the electrical
resistivity, SB’ give fortunately additional informations about the degree
of ordering in Nb3Geo It was indeed shown by Kihlstrom et al. /73/ on
coevaporated Nb3Ge films that p, in NbsGe films with T_ = 20 K and

a = 0.51 nm can be as Tow as 30 X 10'8 am. This low value of pg has been
confirmed by Schauer et al. /216/ on a coevaporated Nb;Ge sample with T = 21.9 K.
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By analogy with the system Nb3Pt, where 90 increases from 20 to 86x10n§51m
/142/ when S decreases from S = 0.98 to S = 0.88 (Fig. 6.5), it follows that
the order parameter of Nb_Ge with~90 = 30x10 -2m should certainly be
considerably closer to perfect ordering than suggested by the data of Cox et

al. /70/.

Due to the twofold dependence of p, @S @ function of S and B (the
dependence_9O VS,GB has been established by Devantay et al. /86/ and Orlando
et al. /186/ for Nb3Sn and by Kiﬁéstrdm et al. /73/ on NDBGe), it follows
that the low value of‘QO = 30x10 XLm could correspond to either i) a Ge
content lying around 24 at.% Ge, when assuming perfect ordering or ii) to an
order parameter lying between S = 0.96 and S = 0.98, if the composition is
assumed to be perfectly stoichiometric. It is thus probable that the
mentioned resistivity value corresponds to a completely ordered, but
slightly nonstoichiometric alloy. An additional argument for the occurrence of
perfect ordering in NbSGe is furnished by the comparison of the general behavior
of S when varying the B element in Nb3B compounds, represented in Figs. 5.2 and
5.3. The arguments in favour of perfect ordering in Nb3Ge are summarized in 7.5,

Table 5.2 also contains the ordering data on neutron irradiated Nb3Ge
samples. Due to the seriously enhanced background accompanying the presence
of amorphous volume fractions, the accuracy of the S determination becomes
even worse than in the unirradiated state, but the trend is certainly
correct. The correlation between TC and S will be discussed in Sect. 9.

e) Nb,Al (Polycrystals)

The A15 phase field in the system Nb - Al established by Jorda et al. /35/

is characterized by strongly temperature dependent phase boundaries, in a
similar way to the system Nb - Ge. The Al rich Alb phase Timit var1es from
21 at.% Al at 1000 C /28, 35/ to 25 at.% Al at 1940 C. As shown by Fluk1oer
et al. /28/, it is possible to retain the stoichiometric composition (or at
least a composition within 0.5 at.% from stoichiometry) by argon jet
quenching from 19400C, while cooling by radiation quenching (i.e. with
500 C/s cooling rate) only allows to retain single phase samples up to 24
at.%. Several order parameter determinations have been carried out on Nb_Al
alloys, by Sweedler and Cox /53/, Moehlecke et al. /99, 183/, Fliikiger et
l. /28/ and finally, by Isernhagen und Fliikiger /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 moderéte 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, AS< 0.06, resides in
different assumptions about the effective composition in the relative
refinement procedures. Indeed, Sweedler and Cox /53/ have originally
performed their refinement on the basis of the composition (5 = 0.26 which
led to a value S = 0,88. Later, Moehlecke et al. /99, 183/ refined the same
Nb3A] data as in Ref 53, but assuming 63- 0.25 and found the value S =
0.92. However, the stoichiometric compos1t1on in Nb3A1 is stable at the
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, 1i.e. somewhat smaller than the value a = 0.5183 nm

for the sample of Sweedler and Cox /53/, which thus has a composition B = 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 same as that given by Fliikiger et
1. /28/, i.e. showing a good agreement. A comparison between the data at the compo-

sitions g = 0.23 (S, = 1.0 /70/) and B = 0.231 (S, = 0.97 /28/) with the values at

B =0.24 (S, =0.96 /53/) and B = 0.245 (S, = 0.95 /28/) shows that the order para-

meter of Nb3A1 decreases when approaching the stoichiometric composition. A possible

correlation with the A15 phase stability will be discussed in Sect. 6.

Table 5.3 also contains the ordering data of Schneider et al. 55/ on
coevaporated Nb_Al films after irradiation with 300 keV H+ jons. The initial
conditions of these films were T = 15.6 K and a = 0.5191 nm, thus
coresponding to an estimated comggsition G5= 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 5 = 0.90 for the
unirradiated sample. Referring to Ref. 28, the order parameters in Table 5.2
have been corrected to an initial order parameter of Sao = 0.97.

Belovol et al. /167/ performed order parameter determinations on 3 NbsAl sam-
ples with the compositions B = 0.223, 0.247 and 0.263. Their results are reprodu-
ced in Table 5.3 and show a large scattering in Sa' This scattering is not surpri-
sing, $ince their NbsAT 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- Irradia- a B Tc Beam sing/x Order U2 R Ref,
tion tion (nm) (K) (10_10 m”! paraneter ()(10-20 n%)
NbyAl A - 0.5183 0.24® 18.6 n 0.54 5, = 0.96° v% = 0.0073  0.020 53,99
750%C,R u§ = 0.0070
0.58x101% 0.5191 13.6 s, = 0.86> U§ = 0.0060 0,06
n/cn’ uf = 0.0050
1.2 x10'? 0.5195 9.6 .5, = 0.80% U? = 0.0060 0,024
n/cm2
1.9 x10!? . . 5, = 0.70% - -
n/cm2
5.0 X109 0.5202 - 5, = 0.417 - -
n/cm2
b AL A . 0.5187 0,23 18.6° n 0.54 s, = 1.00 % = 0.0050 0.084 70
750°¢,R
NbyAl AN - 0.51857 0.231 17.8 n 0.47 s, = 0.97 v? = 0.0084 0.007 28
1900°C, R
NbjAl A - 0.51837 0.236 17.0 n 0.47 S, = 0.96 w2 = 0.0079 0.010 28
1850°¢,Q
NbjAl A - 0.51814 0.245 18.0 n 0.47 5, = 0.95 2 = 0.0068 0.010 28
(1)
19007C,R | Cuk 0.63 5, = 0.93 V2 = 0.0064 - 162
ug = 0.0070
NbyAl  CE - 0.5191 0.22° 15.6 Cuk, 0.66 (5,0.97)9 - - 55
0.5194 12.8 (5,70.90)4 - -
H*/cn? .
0.5197 10.9 (5,70.88)° - -
H+/<:m2 d
_ 0.5211 5.9 (5,20.79)° - -
N’/cm2
NbgAT  MC - 0.5186 0.223 16.75 Cuk_ ~ 0.60 s,s0.93t0.13 %) - 167
0.5184 0.247 18.50 s,=0.83f0.09 %) - 167
0.5181  0.263 18.40 5,70.9610.09 ) - 167
Nb,AT AN - 0.51842 0.24 - Mok, ~1.38 not 02 = 0.0004 - 242
given ug = 0.0072 -

Table 5.3. Structural data from lest-square refinements for Nb3A1, prepared by va-

rious methods: AM = arc melting, CE = coevaporation, MC = melting, fol-
lTowed 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 B = 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 order that these data will not be retained for the dis-
-cussion in the following Section.

The vibration amplitudes Ui and Ug in Nb3A1 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
0.0073 X 107 w? and UZ from 0.0068 to 0.0070 X 10" . The uncertainty for
the isotropic vibration amplitude U2 is somewhat smaller, ranging from 0.0050
to 0.0071 X 10'20 mZ. Nevertheless, it can be said that the vibration amplitudes

in Nb3Al e larger than those measured on other A15 type compounds (See 6.1.3).

f) Nb3Ga

A sample of the composition Nb 1Ga 19° characterized by T = 9,0 K and by
= 0.5181 nm was found to be complete]y ordered after 48 hours at 1700 °c, follo-
wed by slow cooling /38/, the order parameter being determined to Sa = 1 with an
uncertainty of * 0.03. The specific heat measurement on the same sample yielded
=9 mJ/Kzat-g /195/. The occurrence of perfect ordering at Nb rich compositions
(B = 0.19) in Nb3Ga suggests a similar tendency to that reported above for the
compounds Nb3Ge and NbsAT. Unfortunately, it was impossible to obtain single pha-
se A15 samples with 8 = 0.20, in order that the question of a possible decrease
of the order parameter toward stoichiometry cannot be studied in the system Nb3Ga;
By analyzing selected lines (see 3.2.1), Forsterling /242/ found the vibration
amp1itudes U = 0.0046 and U2 = 0.0043 X 10720 nf (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-

Turgical state being preéised,

g) Nb3Au

Order parameter data in Nb3Au have been reported by Van Reuth and Waterstrat

/4/, Flikiger /62/, Muller et al. /194/ and more recently, by Wire et al.
/192/. 1In this system, the Al5 phase forms by a congruent reaction from the
solid bcc phase /196/, but the stoichiometric composition is not compr1sed
in the Al5 phase field /7, 142/. The Au rich phase limits at 1000 and 1530 C
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
(= 0.25, the Nb - Au phase diagram /196/ being not yet established at that
time. Ulterior refinements were performed on the basis of the composition
(3= 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 Fliikiger /162/. The earlier order parameter determination
based on the composition B = 0.25 /4,62/ has been corrected, assuming
the more realistic value of 63= 0.236 (based on microprobe analysis data
from R.M. Waterstrat /31/), which leads to an increase AS = 0.09. (Again,
the earlier refinements of Van Reuth and Waterstrat /4/ and Fliikiger /18,

System  Prepara- a [2} TC Beam sino/X Order Uz R Ref.
tion (nm) (K) ' (10‘1°m)'1 Parameter (x 10720 mz)

NbiGa AN 0.5156 0.19 9.0 Cuk, 0.5 5, = 1 (U%=0.0063)¢ - 38
1700%,R

NbjGa  AM 9y d 9 hk, 138 not ¥ - 0.0046 - 242

given Ub = 0,0043
a a) b

NbaAu A 0.5203 0.236 9.73 Cuk,  0.59 S, = 084 ) - 4
as cast

NbjAu M 0.52024  0.236% - Cuk, 0.59 5, = 095 by 0.034 4
800°C,R

NbjAu AN 0.5203 0.236% 11.2 Cuk, 0.54 s, = 0.96° (2-0.0063)° 0.064 62
800°¢,R '

NbsAu  AM 0.5203 0.236 8.4  Cuk, 0.54 S, = 0.852) (U?-0.0063)° 0.080 62
1500%¢,Q '

NbaAu  AM 0.5205 0.292 10.56 Cuk, 0.54 S, = 0.96 v? -0.0051 0.076 192
1150°C, R

NbjAu  AM 0.5203 0.236 9.8  Cuk, 0.54 s, = 092 W « 0.0043 0.017 162
as cast

Table 5.4. Structural data from least-square refinements on NbBGa and Nb3Au:

AM = arc melted, R = radiation quenched, Q = argon jet quenched.

a) The composition has been corrected to B = 0.236 /31/, leading to a
slight change of S_ with respect to Refs. 3, 4 and 62, b) T

was fixed during the refinement, ©) W = 0.0063 X 107°0 n? (B = 0.5

X 10“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 mz, 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, AZ = 38. From
Table 5.4 it follows that Nb_Au exhibits appreciably high order parameters,
but that a considerable change‘AS can be induced by quenching methods, the
Towest order parameter being Sa = 0.85 (/62/, corrected value). The observed
total order parameter variation of AS = 0.12 is rather large for Al5 type com-
pounds after quench and anneal processes only, but is comparable to the change
in V3Au, AS = 0.10 (See 5.1.2). The presence of additional phases and compositio-
nal inhomogeneities in Nb3Au may lead to large errors, of the order of AS ~ 0.05.
h) Nb3Pt

The degree of ordering in the system Nb,Pt 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 i¢ ideal for order parameter investigations, single
phase samples being easily obtained over the whole phase field, i.e. from 19
to 28 at.% Pt at 18000C 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 CuKa radiation, with one exception, where neutron radiation

was used /176/. In the latter case, an order parameter S = 1 was originally

reported by Fliikiger 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 to be prefer-
red, due to the higher number of analyzed peaks (sino/A = 0.62 instead of 0.43 X 10™*nm™*
m—l) and to the large difference between fA and fB, AZ being equal to 37. A further
indication for a smail, but significant deviation from perfect ordering is

given by the electrical resistivity value, which is 'p, = 20.1 X 107 am for

the same sample as analyzed in Ref. 142, while Caton and Viswanathan /216/

o =23.3x 10 m.

ue = Lvewv

The overall vibration amplitude in unirradiated Nb3Pt varies between
U? = 0.0038 X 10720 2 /76/ and 0.0051 X 1070 m® /38/ and is thus considerably
smaller than that reported for Nb3$n, Nb3Ge and Nb3Al (see Tables 5.1 to

5.3). The original data of Van Reuth and Waterstrat /4/ have been ref;ned
again, but now allowing for variable B factor. However, the resuit, U =

2
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System  Prepara- Irradia- a ] TC Beam  sing/A Order Ue R Ref,
tion tion (nm) (K) (10710 m)'l Parameter (X 10720 m2)
|
NojPt A - 0.51524 0.25 8.2  CuKy 0.57 5 =093 ° 0.008 4
1600°C,R
s = 0.9 (U?=0.0009)° 0.09 162
No,pt M
1900%,q | - 0.5155 0.25 7.2  CuKy 0.54 s =0.88 (U2=0.0063)° 62,112
NosPt  AM - 0.5155 0.25 9.2  Cuky 0.54 s =0.94 (V2-0.0063)° 62, 112
as cast
HbsPt  AM - 0.5155 0.25 8.4  Cuky 0.54 s =0.92 U =0.0051 0.070 38
1400°¢,q
]
HbaPt  AM - 0.5155 0.25 9.8  Cuky 0.54 s =0.9 (U%=0.0063)° 62,112
1050%¢,R
NbsPt  AM - 0.5155 0.25 10.5  Cuky 0.54 5 =098 (U2-0.0063)¢ 62,112
900°C, R
fb,pt A . 0.5155 0.25 11.1 n  0.43 s =100 ¥ -0.0070% 0.103 176
850°C, R
Cuky  0.54 s =0.93 U2 =0.004l .03 38
NbsPt AN - 0.51545 0.251 10.7  Cuky 0.54 5 =0.95 U -0.0038 0.056 76
900°¢,R
0.58x10!° 0.51575 7.0 s =0.8 U°=0.0038 0.071 76
n/cm2
1.44x10"° 0.5161 3.5 5 =0.59 U=0.0076 0,114 76
n/cm2
NbsPt  AM - 0.51405 0,291 5.1  Cuky 0.54 S, = 0.79 v? = 0.0051 0,075 76
900°C,R
AM - 0.51725 0.21 4.8  Cuk, 0.54 5, = 0.92 u? = 0.0063 0.043 76
1800°¢C,R .
AM - 0.51725 0.21 6.2  Cuk  0.54 Sy = 1.00 v? = 0.0051 0.057 76
900°¢,R
NbsPt  AM - 0.51539 0.258 10.9  Cuka 0.60 S, = 0.95 U: = 0.0038 - 162
1800°¢, R u¢ = 0.0073

Table 5.5. Structural data from least-square refinements on Nb Pt at dif-

ferent compositions. AM = arc melted, Q = argon jet quenched, R =

radiation quenched. a) the temp. factor in Ref. 4 was fixed at

b) Recalculated using the same data as in Ref. 4, but with
= 0.0063 X 10
0.5 X 10'20m2), d) the value S = 1 /176/ has an uncertainty of,
0.04, while for all other measurements, AS = 0.02.

ué =0,

. 2 c . . . 2
variable U™, *) refined with fixed U
(B =
AS =

-20 2
m
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20 mz, is unreasonably low. Since the new refinement of the inten-

0.0009 X 10
sities of Van Reuth and Waterstrat /4/ yields in some cases values of U2 close to
“zero (in particular for the VgB compounds), it must be concluded that some syste-
matical error of their intensity measurements at high angles occurred. Fortunate-
1y, this had practically no effect on the value of S, due to the large value of AZ
(see values in Table 5.5). Isernhagen and Flukiger /162/ have determined the vi-
bration amplitudes Ug and Ug on a Nb3Pt sample with B = 0.258, using the selected
Tine method described in 3.2.1. It was found that the value for Ug = 0.0038 X 10_10
me is markedly lower than for the compounds with B = Sn, Al and Ge discussed in
the preceeding paragraph. The low value for the isotropic vibration amplitude in

Nb3Pt is thus primarily due to the small amplitude of the Nb atoms.

As metioned earlier, the case of Nb3Pt is particularly interesting since
the only comparison between the change of TC with the order parameter for both
quenched and irradiated A15 type compounds has been made on this compound (see
Fig. 4.12), using the data from Refs. 76, 112 and 142.

i) NbyIr

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 "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 Fliikiger /62/ performed the
least-square refinement with fixed B = 0 and obtained S = 0.95 and 0.93, respec-
tively. Later, Isernhagen and Flikiger /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 Fliikiger,

S = 0.93 /62/, which is due to preferential orientations, Additional evidence for
high S values in Nbafr is furnished by the Tow o value, 14 X 1OE8 am (See Sect.
8). Recently, a new Nb31r‘samp1e was measured and refined /162/, confirming the
high degree of ordering in this compound. (S = 1, see Table 5.6). The isotropic
vibration amplitude U2 was determined to 0.0030 X 10-10 mz, i.e. neariy half the
value found for Nb3Sn, Nb3Ge and Nb3A1. The values of Ug and Ug were determined
to 0.0032 and 0.0024 X 10 20

atoms is even smaller than that reported above for Nb3Pt. However, the precision

m2, respectively. The vibration amplitude of the Nb

of these measurements is not high enough to decide whether Ug > Ug corresponds to
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System  Prepara- { lIrradiation a 8 Tc Beam sing/x Order Uz— R Ref.
tion (x1016H+/cn12) (nm) (K) (10nm"1) Parameter (xlO'znmz)
NoIr  AM 0.51333 0.25 1.7 CuK, 0.6 $ =095 9 0.001 4
2000°C, R s = 1.00° 0.0011°)  0.084 38,162
NbyIr AN
1900%,R 05134 0.25 1.7 K 0.60 s =093 %) 0.071 62
Nbslr AN
1600°C,R 0.51345 0,25 1.7 CuK_~ 0.60 s = 1.0 U7 =0.003 0.011 162
$ = 1.00 ué 4 0.0032° - 162
U = 0.0024
HbaIr  Films - 0.5132  0.25 1.75 Cuk  0.65 5, = 1.00%) - - 135
2.2 0.5136 1.40 § = 0.97°) - - 135
6.5 0.5139 1.45 s = 0.89%) - - 135
10.9 ,0.5144 1.65 s = 0,79%) - - 135
32.8 0.5149 2.2 $=0.51") - - 135
43.8 0.5150 2.5 S = 0.45%) - - 135
65 0.5149 2.6 s = 0.40%) - - 135
NbOs  AM 0.51358 0.25 0.95 Cuk_ 0.60 S = 0.90 ag 0.009 4
1800°¢, R s = 1.00° U° =0.0033° g.069 162

Table 5.6. Structural data from least-square refinements on Nb3Ir and Nb3Os.
AM = arc melted, R = radiation quenched.
3y Refined with fixed U2 = 0, ) Data of Ref. 2. vefined with varia-
ble U2, C) film data, refined assuming SO = 1.00, d) determined using
the selected line method described in 3.2.1.

reality. Due to the small difference between both quantities, the uncertainty
of the selected 1line method is sufficiently high to allow the inverse situation,
i.e. Ug < Ug. Nevertheless, the average value U2 still remains low compared to the
other A15 type compounds. A comparison of the vibration amplitudes will be made in
6.1.2 and 6.1.3.

k) Nb0s

The only determination of the order parameter of Nb305 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

Fliikiger /62/ yielded S = 1.0 and B = 0.26 (or U2 = 0.0033 X lO“20 mz, see Table




— 135 —

5.6). Like in Nb31r, it is remarkable that the value of B is quite low (see

discussion in Section 5.3). The very high degree of ordering in Nb305 is
confirmed by the very low value of the electrical resistivity,

Po = 15 x 10”3am /38, 206/, again in analogy with NDBIP (See Sect. 7).

5.1.2 V Based Al5 Type Compounds

a) V3Si (Single Crystal)

Extensive diffraction work on VBSi single crystalé has been performed by
Staudenmann /95/ and Cox and Tarvin /78/, who used X ray and neutron
diffraction, respectively. The Teast square refinements are listed in Table
5.7 and indicate a very high degree of ordering in V_Si. In particular, the
results of Staudenmann /95/ (MoKo(radiation up to sin©/) = 1.4X (10-1Om)_1) indicate
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
diffraction of a V_Si of a size of 5 x 6.5 x 7 = 227.5 mm volume /78/,
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 to be used. Following Becker and Coppens /187/, a correction of

the form
2 _ S (5.1)




— 136 —

was used, where FC and Fk are the calculated extinguished and theoretical
structure factors per unit cell, respectively, and y is the secondary
~extinction coefficient, given by

Y, = f(©;,X) (5.2)
where . r_%_ )\1 ".‘l.‘“.'“’?"
= D y (5.3)

where n is the wavelength, V the unit cell volume and T the absorption-modi-
fied path length through the crystal. The secondary extinction coefficient,
y , 1s the result of complex assumptions about the occurrence of small
domains in the crystal (approximated by spheres with radius r), in which
primary extinction can be ignored. Assuming a Gaussian mosaic distribution,
it is
*
v

r = : 4
O (U £ (s 29/0g)"

(5.4)

where g is the mosaic spread parameter. Finally, the dependence of y upon

was taken into account by the expression
.../”2”

L A©) X*
.ys =1+ cK+ m—s (5.5)

In this case, extinction poses a particular problem because of the
correlation with the main parameters of interest, i.e. fhe order parameter
and the temperature facﬁor. 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 to be introduced by Cox and Tarvin /78/ in their

neutron diffraction work.

Due to the extinction effects, the neutron diffraction data give only satis-

factory ,2answer for the refipnement with an isotropic temperature factor. The
value U = 0.0048 X 10 -20 mZ at 300 K is somewhat smaller than for the X ray
data. The refinement for anisotropic temperature factors yields U :>US1
which is physically unrealistic, the V atoms on the 6¢ sites being much more

overlapped than the Si atoms.
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In the 1ight 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-
crease of the order parameter by AS = 0.07 compared to the initial value,
So, after a dose of 22.2 x 10 n/cmz, characterized by a decrease in TC
from 17.3 K to 7.5 K. A comparison with the data of Sweedler at al. /69/
(see2Fig. 4.10a) shows that the value of TC = 7}5 K after the dose 22.2 X10
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,

irr
due to the large size of the V3$1 single crystal. This case has been dis-

18

cussed in 4,2.4d,

The results of Staudenmann /95/ do not only reveal perfect ordering in Vgsi,
but also a small, but significant anisotropy of the mean square amplitude.

2 - v
A 300 K, U= 0.0053 X 10 20 12 j.e. 7 % smaller than

U22 = 0.005%]X 10740 w2 (Table 5.7). At 13.5 K, the difference between Ui and UE is
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 Nb3Sn /180/ and Nb3Ge /166/: as expected, the

thermal vibrations of A atoms on 6¢ sites are smaller than those for B atoms

.on 2a sites. This is confirmed by the results of Kodess et al. /180/ on two

' VBSi single crystals with‘TC = 16.8 and 15.4 K, corresponding to estimated
compositionsQ3= 0.25 and (3= 0.24, respectively. These results are also

listed in Table 5.7. The behavior of the anisotropic temperature factor

given by Kodess et al. /180/ suggests an enhancement of the anisotropic

character towards stochiometry.

A determination of the order parameter by means of X ray
diffractometry on a small V3Si polycrystal after irradiation down to a T
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 VqSi has been analyzed very
carefully because of the importance of this system for the classification of
all other Al5 type compounds. This importance is characterized by the
quantity of additional measurements which were undertaken on the same V3Si
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 V3Si single crystals measured by Cox and Tarvin /78/ were found
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System  Prepara- Irradia- a B Tc Beam sino/x Order U2 R Ref
tion tion (nm) (X) (1071971 Parameter | (x 10720 4?)
V,Si M,Single | - 0.4724 0.25 17.0 Mok 1.4 (s=1)* | 300k: u{;=0.00452 0.014 95
Crystal ’ U35=0.00571
U§ =0.0057
(s=1)* |13 k: V% =0.0017 0.024 95
Ug =0.0022
Vi cvD, Sin- | - 0.4724 0.25 16.8 Mok 1.2 (s=1) | 300k: uZ =0.0057 0.013 180
gle Cryst. UE =0.0072
V,Si VD, Sin- | - 0.472  0.24° 15.4 MoK, 1.2 (s,=1)* | 300K: u§)-0.005¢ 0.013 180
gle Cryst. U3,=0.0066
Vi IM, Single| - 0.47255 0.25 17.3 n:A=  0.77 S 0,97 |300k: 02 =0.0060 0.024 78
Crystal 0.235 Ug =0.0048
520.97 | 30k: U3 =0.0030 0.024 78
u§ =0.0021
3.5x1018 . 0.25 17.0 n:u= 0,77 $>0.96 |300k: U2 =0.0048 0.035 78
- 0.235 .
2.2x101%  0.47355 0.25 7.5 niA= 077 S = 0.90 |300k: U2 =0.0052 0.049 78
n/cm® 0.071 160K: U2 =0.0039
a.6k: V2 -0.0032
VySi AM, Poly- | ©) - 0.25 7.0 CuK & - S =08 |- - 198
crystal
V51 Crushed s. | - 0.4725 0.253 16.8 MoK, 1.38 not given | 300k: U% = 0.0058% - 274
Crystal ug = 0.0070¢
250 Y€ = 0.npa0
ug = 0.00624
600K: U2 = 0.0100%

Table 6.7 Structural parameters from least-square refinement of intensity

to transform into the tetragonal phase at low temperature prior to irradiation.
The effect of neutron irradiation was to suppress the martensitic phase transfor-

mation.

data from V_Si single crystals at different temperatures and after
different irradiation doses: ZM = zone melted, CVD = chemical
gapor deposition, AM = arc melted. a) refined with fixed S=1,

) 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
\V3 AV E-Y [YWaY ”~ d\ -~ s . N . - .
by value of TC, ) Determined using selected Tines.
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From the above remarks it can thus be concluded that V351 is really per-
fectly ordered: S = 1. A strong argument confirming this result is the value
of the electrical resistivity just above T s Py wh1ch reaches the Towest values
published so far on A15 type compounds: P 10 m (see Sect. 7).

b) V,6a

From the point of view of the electronic properties at low temperature,

the sytem VgGa can be compared to V3Si Both have appreciably high T

values and exh1b1t the highest ¢ values among the known superconduc-

tors, 17 mJ/Kzaf g for V, S1 /64/ and 24 mJ/K at-g for V,Ga /97/. The magnetic
susceptibility yx in both compounds shows a strong temperature dependent 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 Al5 phase in the system V-Si is formed by a congruent reaction from
the melt at 1900 ¢ /141,201/, wh11e V Ga is formed from the solid at
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 V36a /20/ and from 20 to
25.5at.%Siin the case of V,Si /64,141/. V;Ga is one of the few systems where the
A15 phase forms at both sides of stoichiometry, the others being Nb3Pt /92/, V,Pt
/128/, Nb3Ir /62/ and TigPt /207/, while in V381 the stoichiometric composition is
very close to the phase boundary. The ordering behavior in V,Ga is different from
that observed in V3Si, as shown in the following.

The order parameter in V3Ga has been investigated by Koch /203/, Das et al.
/19/ and Flikiger 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 Fliikiger 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 experiments is very small,
AS = + 0.01 compared to AS = + 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 Y Ga have to be considered as the most reliable ones and
will be referred to in the following.

The high volatility of Ga at high temperatures and the solid bcc---+Alb
transformation renders the formation of homogeneous V3Ga samples much more dif-

ficult than in the case of V3Si. The compound V3Si cannot only
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be melted without appreciable losses, it can easily be obtained single-

phased by subsequent homogenization heat treatments. It is interesting

that large V3Si single crystals with sizes up to 5mm can be obtained by recrys-
tallization at temperatures ~ 50 °C below the meltin point (Flikiger et al. /38,
220/. For the order parameter investigation in V,Ga /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 variatiog TC vs. (b for V_Ga in Sect. 9). This sample waschomoge-

nized at 1450 C (in the bcc phase field), followed by prolonged

anneals at 1250O 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 foﬁﬁation temperature of

the Al5 phase in the system V-Ga with respect to V-Si may be correiated

to slower ordering kinetics for V3Ga.

It can thus be concluded that perfect ordering is reached in V381 (Table 5.7),

while the Bragg-Williams order parameter in VBGa never exceeds S = 0.9%,

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 and VBGa is that in the latter, different

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 respect to their effect on T. will be made in
Sect. 8. In contrast to V3Ga, laser quenching procedures with very high cooling
rates are needed for inducing measurable T. changes in V,Si /120/.

The isotropic vibration amplitude in V Ga measured by F1uk1ger et al. /20/
varies between 0.0046 X 10 -20 m2 for the neutron and 0.0057 X 10 -40 m2 for the

X ray diffraction experiments. Forsterling /242/ found the values Ui = 0.,0059

x 1070 % and 12 = 0.0041 x 10720 w?, the average U= 1/4(u° + U7) = 0.0054 X
10_20 m2 being in good agreement with these values. However,athe large ratio
UZ/U2 = 1.49 in Ref. 242 seems somewhat doubtful when compared the ratios found
n OtheP A15 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 and ii) a suf-
ficient number of lines is analyzed. In particular, the value Ug determined
from a mixed term containing both fA and fB is subject to large errors, which

easily reach 20 % and more, compared to 10 to 15 % for Ua’
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System Preparation| a 8 Te Beam sing/A Jrder vé R  Ref. !
-10_,- -20 2 |
(nm) (k) (10" 0m) U parameter (% 107%7)
L ‘
V4Ga A 0.4817 0.25  14.9 MoK, 0.76 $=0.97 U?=0.0057 0.032 20
1250%C,R ’
4
0.4817 0.25 14,9 n 0.55 $=0.98 U®=0.0046 0.013 20
V56a AM 0.4817 0.25  13.8 MoK, 0.76 s=009 U®=0.007 0.081 20
1250°¢,Q
0.4817 0.25  13.8 n 0.55 s =009 U’ =00042 0.014 20
&~ 9 o n
V5Ga AM 0.48202 0.25  °) CuK,, 0.64 ) u- = 0.0089 - 242
ug = 0.0041
V,Ge AM 0.4781 0.24 6.1 CuK,, 0.60 5,= 1.0 W - 0.0063% 0.062 38
1300°¢,R
VjGe CvD,Single | 0.4782 €) 6.0 MoK 1.2 (sa=1)b u%1= 0.0058 0.013 180
Crystal u§2= 0.0068

Table 5.8 Structural parameters from least-squares refinement of
intensity data from VBGa and V3Ge polycrystals. The heat
treatments HT1 and HT2 for V3Gaostay for the same homoge-
nization heat treatment at 1250 C, cooling occurring at the
rates of 1.50C/s and IOOC/s, respectively.

) the refinement was performed with fixed U2 = 0.0063 X
1070 w? (or B = 0.5 X 10720 w?), ) refined with fixed s, -
C) no indication given, ) Determined using selected lines.

i
—

c) V_Ge

i+

V3Ge has an extreme]y narrow phase field, centered at 8 = 0.24 I 0.005

/62/, i.e. the stoichiometric composition is not comprised. No order
parameter determination on the system V Ge has been published so far,
Unpublished results /38/ on a sample of the effective composition

@-= 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 76Ge ” can be considered as

perfectly ordered. The order kinetics of V Ge thus shows similarities
with that of VaSitIthas so far not been poss1b1e to alter the value of T,
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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 9.

By means of X ray diffractometry (MoKa) Kodess /180/ determined the vibra-
tion amplitudes U?l and ng on a VjGe single crystal The least-square refinement,
however, was effectuated with a fixed value 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 Uil/ug2 = 0.853 reflects the anisotropy in the vibrational behavior,

the smaller amplitude being measured in chain direction, in analogy to V3S|, as
will be discussed in 6.1.1.

d) V Au

4

It is not a coincidence that the correlation between atomic ordering
and superconductivity was discovered on the compound V3Au ( Van Reuth et
al./3,4/)This system not only exhibits the highest relative change in Te
(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 Sa = 0.84 to Sa = 0.94, as reported
by Fliukiger et al. /18,62/. The difference AS = 0.10 produced by classical
quench and anneal procedures is quite exceptional for Al5 type compounds where
lower changes of the order parameter, around AS = 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 T.. The orde-

ring data on V3Au are summarized in Table 5.9.

The value of the order parameter in ViAu reported by Van Reuth et al. /3/
and by Flikiger 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 al. /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 V,lIr, VaPt and ViAu (Ref. 4, Table V): The normalized intensity I;,q/15;;
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 A15 type compounds agree well with
those of the author and coworkers /18,62,162/. It has to be mentioﬁed that the
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System Preparation |a 8 ’ Tc Beam sing/x Order Ref.
(rm) (¥) (10—10m)-1 Parameter
Vyhu Mas cast 0.48807  0.24° 0.87 K 0.63 s, = 0.92°° 4,193
1n/800°C, R 1.85 v 5, = 0.87%° 4,193
1h/800°C +
5d/1000%C,R 1.79 5, = 0.93% 193,202
10000 0.89 5, = 0.87%° 193,202
1000°C,q + ,
1h/600°C, R 0.90 5, = 0.8 193,202
1000°C,Q +
1h/800°C, R 1.55 5, = 0.87%P 193,202
VA AM,90d/560°C |0.4881  0.24 3.2 Cuk,  0.56 5, = 0. 94° 18,62
6h/1400°C,R 1.15 ) s, = 0.88° 18,62
1200°C,Q - 0.40 - ‘ s, = 0.84° 18,62
Vyhu AM,304/560°C [0.4878  0.225 2.03  Cuk 0.56 S, 0.90° 18

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 Sa from Refs. 4 and 193 have been corrected
by subtracting AS = 0.05 (see remark in the text),

) The composition has been corrected to the maximum solubility

1imit of Au in the A15 phase, B = 0.24 /18,62/.Q = Argon jet quenched.

order parameter in V3Au has to be expressed by S rather than by: S, the highest Au
content at equilibrium being 24 at. %. Both the ment1oned corrections have been
taken into account in Table 5.9 by subtracting AS = 0.05 from the original values
of S for V3Au reported in Refs. 3 and 4. In the same tab]e are data on 21.5

and 22.5 at. % Au, respectively, for which the values S = 0.92 ¥ 0.04 were

found /62/. It is seen that within the limits of accuracy (of the order of

ASa =} 0.02 in this system) the approach of stoichiometry does not lead to

a decrease of the order parameter as for exampie in the syst hb Al discus-

sed in 5.1.1e ( In the system Nb Ge, where the data of Sweedler et al. /69,70/,
Newk1rk et al. /182/ and Rasmussen and Hazel /166/ a]so suggest a decrease of

S for 8 + 0.25, the situation is highly uncertain. This is due to the conside-
rably larger measuring error caused by the additional phases, as shcwn in Sect. 3.



— 144 —

e) VPt
ALt

The system V3Pt exhibits a very broad phase field, extending from 19 to
32 at.% according to Waterstrat and Manuszewski /128/. The variation of
TC as a function of GBexhibits a sharp maximum at the stoichiometric
composition, T = 3,7 K /82/. Order parameter determinations have been
effectuated for the compositions @= 0.20 /195/, B= 0.25 /4, 6, 62/
and (5= 0.30 /195/ after various heat treatments. The results,
represented in Table 5.10 show that the order parameter in V_Pt after
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).

In two cases, at the compositions B = 0.20 and B = 0.30, the order
parameter was also measured for nonstoichiometric compounds /202/. At
= 0.20, the value of Sa after a heat treatment at 1400° C, followed
by radiation quenching is very high, Sa = 0.97. This is not surprising,
since in the Alb systems investigated to date the value of S for
compositions (3<0.25 is always higher or equal to the order Sarameter
at stoichiometry: Sa = (.75 and SD = 0,97, i.e. from the available V
atoms, 99.2% are on the 6¢ site. This reflects the high tendency of
V3Pt to form at a high degree of ordering. A comparison between V Pt
and V3Au shows (in analogy to Nb3Pt and V3Au ) that the optimum heat
treatment for reaching the maximum value of T (or S ) is
considerably higher for the Pt based than forcthe Aumggsed compounds.
This optimum ordering temperature is correlated to the diffusion limit,
T, (see Table 4.1).
Like for Nb_Au, the earlier refinements of y_pt /4,62/ have been performed for
fixed values U2 = o, Where the intensity data were still avai]ab]e,ithe
refinements have been carried out for the present work, allowing the
temperature factor to vary. The results are also included in Table
5.10.

) Vilr, V3Rh, V3Pd, V3N1, V,Co

3

These atypical /39/ A15 type compounds all exhibit relatively Tow T

values, their atomic order parameters have thus not been investigated
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System Preparation a ) T. Beam sing/x Order Ref.
(nm) (1) (lo-mm)-1 Parameter
VPt AM,as cast 0.48166 0.25  2.53  Cuk, 0.63  S-=10.95 4,193
1h/800°C,R 2.86  Cuk 0.63 S = 0.98 4,193
V Pt AM,1500°¢,Q 0.4817 0.25 2.7 CuK 0.57 S = 0.90 62,94
7d/1050%C,R 3.2 ’ S = 0.96 62,94
21d/900°C,R 3,55 S = 0.98 62,94
| ,
V4Pt AM,24h/1400°C,R [0.4812  0.20  0.30  CuK_ 0.63 5, = 0.97 202
v Pt AM,24h/140°C,R |0.4825  0.30  0.35  Cuk 0.63 5, = 0.75 202
5, = 0.97

Table 5.10. Structural parameters from least-square refinement of intensity
data for V3Pt. A1T 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 Reuth and Watéfstrat /4/, Waterstrat and Dickens /57/,
Fllikiger /38,62,94/and Isernhagen and Flikiger /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 NbsIr, the temperature factor of Vslr, B =
0.14 + 0.05 (U2 = 0.0018 X 10 -20 ?) at 300 K, is considerably smaller than for
the V based Al5 type compounds containing a nontransition element. For compa-
rison, in V,Si and V,6a, the values B = 0.41 # 0.05 (U° = 0.0052 X 10° “20 12y /78
and B = 0,43 +0.05 (U2 - 0.0057 X 10720 n?) /20/,respectively, were reported
for T = 300 K. |
The other compounds also exhibit rather high order parameters, S = 0.96
+ 0.02 for V_Rh /4/, Sé = 1.00 (+) 0.03 for V 775 Ni ey /57/ and S =
0.90 + 0.05 for V3CO /57/,.the only exception being V3Pd where S =
0.69 + 0.05 was reported /4/ This excessively low value 1s certainly
correlated to the low formation temperature of V_Pd, 9UO C /4/: the
slow diffusion at these temperatures (the sample in Ref. 4 has been
annealed 1 month at 8000 C) does probably not allow to reach the

equilibrium order parameter in reasonable times.
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System Preparation a B TC Beam sine/x Order U2 R Ref,
{(nm) (K) (10'1°m)'1 Parameter (X 10720 m2)
Vylr A, 2h/1500°C,R 0.4788 0.25 < 0.2  Cuk, 0.54 $=09 % 0.036 62
48h/1700°C, R <0.2 s=0.98  u%=0.0025 0,002 38,162
Vylr AM,40min./1800°C,R | 0.47876 0.25 < 0.015 CuK, 0.63 $=094 Y 0.004 4, 202
Valr AM,40min./1800°C,R | - 0.38  1.71 CuKy 0.63 s, =050 7) - 202
5, = 0.91 A
i
V3Rh AM,72h/1200°C + | 0.47852 0.25 < 0.015 CuKy 0.63 s=09 ) 0.0199 4
14d/1100°C, R
v pd Ai,30d/800°C, R 0.48254 0.225 0.082 CuKy 0.63 s, =0.69 % 0.0007 4,202
2 nn1o P
VN AM,6h/1250°C + 0.4710 0.25  0.30 = 0.50 §=1.00 U =0.0038 0,09 57
30d/850°¢,Q
V3Co AM, 3h/1350°C,R 0.4676 0.25 < 0.015 n 0.50 $=09 200038 0.03 57
“V30s" AM, lyear/620°C 0.4807 0.52  5.04 Cuk ~ 0.63 S, = 0.30 ) - 202
‘ S, = 0.96
"y _Re" (s} = b a - 9
3Re AM, 16007¢,Q 0.48783 0.71 8.4 CuK (542 0.14)° %) 20
(Sp= 1)

Table 5.11. Structural parameters from least-square refinements of intensity
data on VBIr, V3Rh, V3Pd, V3Ni and V3Co and on the nonstoichiome=
tric Al5 type compounds V 5005.50 and V.29Re.71’ a) Refinement per-
formed with fixed UZ = O,b) Sa and S, are only estimated (no least-
square refinement).

9) V golr 38> V 505 5 and V ogRe 4,

Some of the atypical Al5 type compounds are stable at strongly nonstoichio-
metric compositions, one phase limit (the 1imit poor in V) being close to 6.5
electrons per atom. In spite of their crystal structire, these compounds can be
considered as "electron compounds" /7/. For two of these compounds, V3Ir and V3Rh,
the V rich Timit of the homogeneity range is the stoichiometric composition,
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the other phase limit being at 8 = 0.38 /202/, thus corresponding to
e/a = 6.62. In the two other sytems, the Al5 phase field is centered at

the equiatomic composition for V Os (e/a = 6.5) or even beyond,

as in V Re 1 (e/a = 6.42). The order parameters have been measured

in the ﬁhree Eompounds v Ir , V Os and V Re only and
38 50 50 29 .71

° @ )

are summarized in Table 5.11.

For the compound V,621r.38’ Waterstrat and Van Reuth /202/ found the
parameters S = 0.50 + 0.02 and S = 0.91 + 0.02. The very low value
of Sa of cou?se indicates a low cgncentration of V atoms on the 6¢
sites. It would, however, be erroneous to conclude that the compound
V.62 IP‘ has a tendency toward higher Qisordering. Indeed, it can be
easily verified using Eq. (3.1) that 98% of all available V atoms are
on the 6 c sites. For nonstoichiometric compounds with (3>’0.25, it is
useful to define this quantity as the "relative" occupation number,

r; = 0.98 obtained from the ordinary occupation numpber, r = 0.81, by
3 . . a

multiplying with 0.75/(1-() (see Eq. 3.4). Since for the stoichiometric

compound V Ir 5 the occupation number r is equal to 0.985, i.e.

. . a
98.5% of the V atoms are on the 6 ¢ 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°5OOS.50 and V.29Re.71, the A15 phase decomposes
eutectoidically and must be retained by a reasonably rapid quenching
(>100 C/s) from ;_:16000 C. Nevertheless, from the measurements of
Waterstrat and Van Reuth /195/ a very high relative order parameter is
found for V.SOOS.SO : r; = 0.99, i.e. 99% of the V atoms present in
the lattice are on the 6¢c sites. The chain integrity is, of course,
largely affected, as follows from the values S = 0.30 and Sb = 0.96,

corresponding to 63.4% V on the 6¢c sites only.

a

In the system V 29Re 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 ordered as possible, taking into account

the V deficiency (S = 0.14, SD‘221.0).
a
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It is remarkable that all three highly nonstoichiometric compounds dis-
cussed here have a common tendency to undergo the highest possible degree
of ordering, as represented by ré x«1. The low values of Sa result from the
deficiency in V for compositions g > 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 Reuth and 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 g rich phase limit in the systems V-Pt, V-Tr, V-0Os and V-Re
follows the line along e/a = 6.5 /7/, thus largely exceeding the stoichio-
metric value, g = 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 ordering data on Mo based Al5 type compounds have been re-
produced in Table 5.12. It is seen that the antagonism between Al5 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) M93§i

On a stoichiometric sample with T. = 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 MosSi.
However, since the sample was not single-phased (95% Al5 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 Al5 type compounds containing nontransition B elements. Several
attempts undertaken on M03Ge 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 g15Pt g5

As found by Fliikiger et al. /50/, the Al5 phase in the system Mo-Pt
forms peritectioidically at 1780°C and decomposes eutectoidically at 1280°c.
The Al5 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 Al5 system V 500S 5o and V ,9Re 5q
discussed in 5.1.2g, the A15 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 Al5 phase Mo gi5Pt 1g5 is lower: "radiation quenching" (or

cooling by radiation by switching off the furnace power) at a rate of

- 15° C/s is sufficient. The reported order parameters are S = 0.94 + 0.03
50, 62/ and S_ = 0.98 + 0.05 /4/, i.e. the compound exhibits a rather

high degree of ordering. The difference between the data of Van Reuth and

Waterstrat /4/ measured a sample with B = 0.20 which necessarily must con-
tain a certain amount of secondary phases, e.g. the hexagonal DO19 phase /50/.

c) Mo,Ir

The A15 phase field in the system Mo-Ir is comprised within the
Vimits 22 < at.% Ir < 24, following Michalek et al. /210/ and Fliikiger

et al. /39/,i.e. the stoichiometric composition is not stable at equili-

brium. As shown in Table 5.12, the order parameter in Mq761r.24 ranges
between Sa = 0.82 + 0.03 /39/ (after radiation quenching from 18000C)

and Sa = 0.87 + 0.03 /39, 62/ after prolonged annealing at 1000° C,
corresponding to Te = 8.40 K /39, 62/. Van Reuth and Waterstrat /4/

found a similar value, Sa = 0,87 + 0.05 (the recalculation with variable
temperature factor yielded S, = 0.88 /162/ after radiation quenching from
1800°C. It results that Mo.761r'24 is considerably less ordered than

V3Ir or Nb3Ir. Attempts to optimize TC by series of prolonged heat treatments
at different temperatures from 1800°C to 900°C led to a maximum value of

Tc = 8.46 K /39/. 1t thus appears that the order parameter Sy = 0.88 is very
close to the highest value which can be reached in the system Mo.761r.24.
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System  Preparation Irradia- a B Tc Beam sing/A | Order U2 R Ref.
tion (nm) (K) (1071%) " parameter (x 1020 n?)
Mo,St  AM,2h/1400°C,R | - 0.4893  0.25  1.24 Cuk, 0.54 $=0.9 Ul .003 - 38
MosPt  AM,70n/1600°C,Q| - 0.4989  0.185 4.62 Cuka 0.54 S, =0.9¢ 9 - 50,62
Sa =0.97 2 0.0040 0,022 38
MosPt  AM,24h/1600°C,Q | - 0.49878 0.20  4.56 Cuk, 0.60 S, =0.98 33 0.011 4,193
5, = 0.98 U =0.0037 9,026 38
Moglr  AM,12h/1800°C,R| - 0.4970 0.4  8.12 Cuk ~ 0.54 s, =0.82 %) 0.026 39,62
s, = 0.85 % = 0,003z 0.014 38
Moslr  AM,100h/1000°C,§ - 0.4970  0.24  8.40 Cuk 0.5 5. =0.87 °) - 39,62
Mo Ir  AM,48h/2000°C,R| - 0.49682 0.24° 8.11 Cuk,  0.60 5, = 0.87 %) 0.0 17 4,193
Mos0s  AM,100h/1900°C,} - 0.49%9  0.25 11.72 CuK 0.5 $=079 % - 39,62
-60h/1800°C, R 11.81 s =0.81 %) - 39,62
14d/1000°c, R - 0.4969  0.25 12.70 Cuk, 0.5 =0.87 9 - 39,62
=0.88 y = 0.0026 0.013 38
Mos0s  AM,48h/1800 - 0.49689 0.25 11.68 CuK ~ 0.60 s =08 % 0.006 4,193
MojOs . AM,15h/1850°C +| - 0.4968  0.25 12.77 - - S, = 0.89° - - 77
(8]
10h/1000°C n/en?
5.8x10!8  0,4971 12.20 s =0.82° 77
n/cm2 .
4.9%x10'°  0.4976 10.47 s = 0.44¢ 77
n/cm2
20 ) c 77
1.03X10°° 0,49785 10.29 S = 0.20

n/cm2

Table 5.12: Structural parameters from least-square refinements of inten-

d) Mo

sity data on Mo

.815Ft

.185°
perature factor was fixed at U

Mo

36™".24
= 0 for refinement,

b) the

data of Ref. 4 were corrected for the compositiong = 0.24
/39, 62/, C) the order parameters in Refs. 69, 77 were deter-

mined by using the Aronin formula, starting with the value
S = 0.89 reported by Fliikiger et al. /39, 62/.

305

and Mo3Os. a) the tem-

The Al5 phase field in the system Mo-0Os is very narrow and is centered
at 25 + 0.5 at.% Mo /39, 211/. Due to the rather high value of TC in this
compound (up to 13.1 K) and to the considerable variation AT = 2 K after
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different irradiation or quench and annealing procedures, the degree of

ordering in Mo3Os 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 Mos0s 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 Mo3Os could be of the order of 0.89

or 0,90. Like for Mo.761r.24, a considerable deviation from the perfectly

ordered state is thus encountered in Mo3Os.

As mentioned in 4.2.2 (see Fig. 4.12), Sweedler et al. /77/ have deter-
mined the variation of S and T, of Mo305 after high energy neutron irra-
diation. As starting value, these authors assumed the value SG = 0.89 resul-
ting from the data in Ref. 39, The decrease of the order parameter was 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 T, in irradiated
A15 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.

a) Crasi, CriGa

Both Cr compounds containing nontrans1t1on elements are non-supercon-
ducting down to 0 015 K. The interest in the system Cr3S1 resides in the
comparison with the high TC superconductor V3S1. From a least-square re-
finement on a Cr381 single crystal, Staudenmann /199/ concluded that the
order parameter S must exceed the value 0.98. Both systems, V351 and Cr351,
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 Preparation a 8 Tc Beam sing/x  Order U2 R Ref.
(nm) (K) (lo'mmfl Parameter (X 10720 mz)
Crysi CVD,Single Crystal 0.4550  0.25 < 0.15 Mok 1.2 (s =1)°2 ufl = 0,0042 0.013 180
Usp = 0.0048
Crysi RC, Single Crystal 0.4556  0.25 < 0,015 Mok, 1.4 (s -1)° USI = 0.0033 0.006 95
: u%2 = 0,0037
UZ = 0.0039
CrySi M, Polycrystal 0.45574 0.25  °) Mok, 1.38 3 w2 = 0.00259 242
ug = 0.0027¢
Cr‘3Ga AM,Polycrystal 0.4653 0.25 < 0,15 n 0.64 S = 0,92 U2 = 0.0063 0.054 212
CryPt  AM,9h/1300°C,R 0.46997 0.21 < 0.015 Cuk = 0.66 S, = 0.90% 0.006 4,193
Crylr AM,as cast 0.46810 0.25  0.168 Cuk  0.66 S = 0.89 %) 0.004 4,193
Cr40s AM,24h/1400°C,R 0.46842 0.28  3.86  CuK, 0.66 Sy = 0.64%) 0.021 4,193
5, = 0.75
Cry0s | AM,6h/1350°C,R 0.4682  0.275 3.83  Cuk, 0.57 5 = 0.55%) 0.030 39,62
s, = 0.63
AM, 10d/900°C, R 4.10 s, = 0.70%)! 0.028 39,62
S, = 0.80
AM,dweeks/680°C,R 4,68 s, = 0.78%) 0.041 39,62
S, = 0.89
CryRu AM, 6weeks/800°C R 0.46768 0.28  3.43  Cuk_  0.66 s, = 0.55%) 0.008 4,193
5, = 0.64
CryRh M, 3days/1200°C,R 0.46731  0.25  0.072 Cuk  0.66 s = 0.83%) 0.025 4,193

Table 5.13: Structural parameters from least-square refinement of

Girgis and Fischer /212/, which found a rather high order paramet

b) Cr

intensity data on Cr based Al5 compounds.

a) the refinement was performed with fjxed U2'= 0,

N .
”) the refinement was performed with fixed S = 1,
C . . . . . .

) no indication given, d) determined using selected lines.

Pt

—.79—=.21

er, S = 0.

cls

As follows from the phase diagram of Waterstrat and Manuszewski /92/,
the Al5 phase in the system Cr-Pt ranges from 18 to 22 at.%. For the compo-

sition g = 0.21, these authors reported the order parameter Sy = 0.90 + 0.05 /4/.
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C) E3l£ . P : AR a IRERE ;
Eor_the stoichiometric compound Cr3Ir, Van Reuth and WEterstrat /4/
reporﬁed‘the order parameter S = 0,02, This result can:be compared to

that of Mo 76Ir 24 (see Tab1e<5213)::' e

d) Cr: 7203 08

In spite of the Cr deficiency (see Ref. 62 for the Al5 phase field),
this compound exhibits ithe highest T . value of all Cr based Al5 type com- . .
pounds, 4.68 K /39/. Its order parameter has been measurgq;byuyganeuth
and Waterstrat /4/ and by Fliikiger /38, 39, 62/. From the‘data in Table
5.13, it follows that the order parameter S, ranges from 0.64 + 0.04 to
0.78 + 0.02.

€) Lr 70RY 28 R |

The_compound3Cr;72Ru exhibits;a,sjmi]ar;TC value to that of C".7205ﬁ28 '
(TC = 3.43). However, the necessity to form the Al5 phase at Jtemperatures . ..,
below 800°C due to the low format1on temperature, probab]y 1eads to 11m1ted -
diffusion.apd s, ref]ected by the low value of the order parameter,,ﬁ =.0.55,,
This qase;cgn‘be .compared tQ%V,Pd"where,SJJs_glsQ,cgnsﬂdgrqbly 1qwgniwl;hA
respect to other,N basedkA15_type compounds /4/. | | |
f)~E£ Rh

The order parameter for this compound has been determinated to S = 0.83
/4/. 1t is not known if heat treatments below 1200°C would Tead to’ h1gher
values of S.

5.1.5.Ti Based Al5 Type Compounds

The only order parameter determination in Ti3B 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 T13Ir in cast conditions,
= 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 TigIr is stable within the range 0.25 < g < 0.27.
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System  Preparation a B Te Beam  sing/A Order Ref.
(nm) (K) (10-10p)-1 Paranie ter

TiBAU As cast 0.50974 0.25 0.015 CUKa 0.61 S =0.97 4,6

Ti3Pt As cast 0.50327 0.25 0.486 CUKa 0.61 S =0.99 4,6

Ti3lr As cast 0.50087 0.25 4.18 CUKu 0.61 S =0.91 4,6

T131F As cast . 0.50082 0.25 4.63 CuKu 0.61 S = 1.00 4,6

Table 5.14: Structural parameters from least-square refinements of
intensity data on Ti based Al5 type compounds.

5.2 The Order Parameter in Al5 Type Compounds: A Comparison

The data in Tables 5.1 to 5.14 give a good picture of the degree of
ordering in Al5 type compounds. The main points of interest are a) the
highest attainable order parameter in each compound and b) the variation
of the order parameter as a consequence of quench and annealing procedures.
These processes lead to nonequilibrium configurations lying quite close to
the thermodynamical equilibrium, in contrast 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 Parameter at 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 Cr and Mo based Al5 type compounds, respec-
tively. In these figures, the value of Sa and of ré, the relative occupation
factor defined in Eqs. (3.4)and (3.5), and their variations after different
heat treatments are plotted as a function of the B element, more precisely
of its column in the periodic system (or the valence electron humber).

This kind of representation, introduced in Ref. 7, is useful for comparing
different physical and metallurgical properties between Al5 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 Ti3B and the Zr3B compounds, which do not exhi-

bit the "Instability Region" observed in Cr, Mo, V and Nb based Al5 type compounds.
However, there are not enough data (see Table 5.14) to carry out a serious discussion

on these two types of compounds.

From the variables Sa or ré it is possible to deduce the average chain
length: the average number of A atoms lying between two B atoms on the
6c sites is equal to (1—ra)/ra, where r_ is here the occupation factor.
Fig. 5.2 shows that for V and Nb based Al5 type compounds there are two
regions where S deviates considerably from perfect ordering, for the transition
elements B = 0Os, Re and for the nontransition elements B = Au, Al, Ga
(Following Ref. 7, Au is considered as behaving like a nontransition'
element in Al5 type compounds). These regions correspond to the limits
of the series of stable Al5 type compounds, thus suggesting a con-
nection between the degree of atomic ordering and the phase stability
in A15 type compounds. Such a correlation will be discussed in Sect. 6.

From Fig. 5.2, it follows in particular for V based A15 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 6¢ sites, rather than the tendency to exhibit a
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Fig. 6.2, Atomic order parameters, S or Sa’ in Nb.B and V3B 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 6¢ sites). Such
a tendency is better represented by the quantity ré relating the occupation
factor to its highedt possible value at a composition B (see Eqs. (3,4) and

(3.5)):

0.75
Ty T (5.6)

1"
T,

This "relative" occupation factor, r' , is only defined for g > 0.25
and simplifies to r' =1pr for g-= 0?25. From Fig. 5.3, where the
variation of r' wi%h theaB element is plotted, it is seen that the
tendency towarg 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
amount of disordering subs1sts for B = Au, Al and Ga. Two conclusions

. can be drawn:

a) the compounds where r deviates substantially from 1 are those
situated on both s1des of the Al5 instability region (B = Au, Al,
Ga). For these compounds, substantial variations of the order
parameter can be obtained by quench and anneal procedures: A r =
0.04 for V' 6Au. 4,,Ara= 0.02 for V Ga, which have to be compared
toAr = 0.0025 for B = Ir, Os, Re, Si. Both the V and Nb based

= Pt exhibit quite high degrees of ordering, but show a

a
compounds with B =
large change AS a’ while their neighbours with B = Au show an even larger value

of AS s but exh1b1t stronger deviations from perfect ordering.
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Fig. 5.3, Relative occupation factor, r' (as defined by Eq. 5.6), in
Nb B and V_B compounds, show1ng a marked decrease at both
sides of the instability region. The full symbols represent
data on argon jet quenched samples.
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The variation of ré for Cr and Mo based A15 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 néntransition B elements. For transition B ele-
ments, the degree of ordering of Cr and Mo based compounds is somewhat
Tower 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.

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 apply to Mo and Cr based
Al5 type compounds. Searching for other reasons, it should be
recalled that the degree of atomic ordering as well as the
equilibrium composition in Al5 type compounds are high temperature
properties and are frozen below TD (see Table 4. 1). Above these

% T T T T T T =T T
L
& 5i
S 25
= 100 ¢ ‘g /
é- 0s275 P g///’ ) Slzs
(8} s -
8 W Pl S /
o A—;EQ}Rh% x /| oe Cr3B
2095 Oms  Iry 2 ! | aa Mo3B
2 @0s275 = /
] o] fa] M
= Ruzg //////'E /////éGo
s /g 25
0.9C ! ] | AndN! N §|i !
Ga Ge
Ru Rh
Os Ir Pt Au Hg )
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‘Fig. 5.4. Relative occupation factor ré as defined by Eq. (5.6) in Cr3B and

At

Mo3B compounds. The full symbols stay for data on argon jet quenched

samples.
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temperatures, the number of thermal vacancies becomes sufficiently
high for allowihg A<sB 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 "virtual" site, i.e. on the potential differences
between neighbouring configurations. In V and Nb based Al5 type
compounds these potential differences would be smallest for B = Pt,
Au, Al and Ga.

An interesting question is why so few A15 type compounds exhibit per-:
fect ordering, e.g. V5Si and NbySn. A recent "in situ" investigation of the
order parameter by Isernhagen and Fliikiger /162/ has shown that the order pa-
rameter of several Nb based Al5 type compounds (NbgSn, Nb,Ir, NbSPt and
ijAl) up to v 900 °C did not vary within the error Timits. This indicates
that at least in these cases the ordering process is relatively slow within
100 or 200 degrees K above TD’ where S SE' The reasons for the higher ordering
in V3Si and Nb3Sn thus derive from the behavior at higher temperatures,

close to Tg.

5.2.2 The Order Parameter at High Temperature

The results of order parameter determinations at 300 K of A15 type compounds
after quenching from different temperatures have been presented 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 SQ’ the
order parameter after quenching from a temperature T and the correspon-
ding value of the equilibrium order parameter, SE’ measured directly at
the same temperature T (The notation SQ for the order parameter on quenched sam-
ples will only be used in the present paragraph, where the distinction between
the different definitions is relevant). Obviously, there is SQ§: Sps but it would
be interesting to know for each compqund the temperature up to which SQ is
a good approximation of Sg! SQ % Sg . The difference between SQ and S at higher
temperatures would then directly give an information about the ordering ki-
netics.
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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. Fliikiger and Isernhagen /162/ have recently determined the
"in situ" order parameters of the systems NbBSn Nb3Pt Nb31r and Nb3A1

up to 1000 C by X ray powder diffractometry. The measurements were
performed on well homogenized, single phase samples which were

crushed to powders of 20 pm 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 14OOOC.

Partial sintering of the powders, disposed in a hole of

8 x8 x 0.5 mm provided sufficient geometrical stability, thus.

allowing precise angle and intensity measurements, a necessafyv

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 to be amajor problem, which is hardly surprising when taking into account
the large surface of the powder particles. In order to Tower the time of expo-
sition at high temperature, Fliikiger and Isernhagen /162/ used a position sensiti~
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 measuring time, by a factor of 5 to 10.
The highest temperature which could be achieved without excessive evaporation
was 950 °C for Nb Sn and Nb A] while the Timits for Nb3Pt are certainly above
1300 °c.

The results are shown in Fig. 5.5, where the normalized in situ order
parameter, Sé/smax (Smax is the order parameter prior to the heating cycle)
is plotted as a function of temperature (Tg is the A15 formation temperature).
It is important to note that although the order parameter measurements occur-
red in situ, the results do not exactly 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 limited 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: Sé(T) j_SE(T). At higher tempe-
ratures, it is expected that Sé(T) tends towards SE(T).
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Fig. 5.5. Normalized in situ order parameter, Sé/smax as a function of tempera-
ture for different Nb based Al5 type compounds. Smax is the order
parameter prior to the heating cycle, Tg is the A15 formation tempe-

rature. For comparison, the curve SQ(T) obtained on quenched Nb;Pt
samples (see Fig. 4.5) has been reproduced,: Nb.742Pt.258,

A Nb'7481r'252, @ : Nb.754A1.246, | Nb.7555n.245 (all measured
in situ), x : Nb 75Pt 25 (Quenched at different temperatures).

Obviously the above results suffer from the Timitation 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/Tg n 0.6 are small and are of the order
of the measuring error. For Nb3Ir,a decrease by 0.01 was observed at T/Tg = 0.48

b) Up to T/Tg = 0.5, there is practically SE(T)‘g SE(T)_g SQ(T). In the particular
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case of Nb3Sn (and possibly of V5Si, too), this indicates that if there is

a difference in the ordering kinetics which leads to perfect ordering in this
compound compared to others, it must act at much higher temperature than rea-
ched in the present experiments, probably even just below Tg.

c) The curve SQ(T) Vs T/Tg for quenched NbsPt in Fig. 5.5 shows.without any
doubt that the values of SQ close to T/Tg = 1 must be too 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 observed partial reordering on cooling. There

is thus a need for order parameter measurements in Al5 type compounds at tem-
peratures approaching the formation temperature, Tg, i.e. 3_18000C. However,
the difficulties would be considerably higher than those encountered in the
present investigation up to 1050 °C /162/.

6. LATTICE VIBRATIONS AND PHASE STABILITY

The scope of this Section will be to study whether an empirical corre-
latjon can be established between lattice vibrations and stability in Alb
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 A15 Type Compounds

6.1.1. Vibrational Anisotropy of the Atoms a the 6c Sites

Most data on vibration amplitudes discussed in this Section were
obtained by means 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 informations about the phase stability and thus
possibly on the degree of atomic ordering than the isotropic ones.

In general, no thermal diffusion scattering (TDS) corrections have been
applied in the A15 diffraction data. It is expected that TDS corrections
would affect the values of U2 rather than those on the order parameter,
since lines at higher angles 26 have more weight on U2 and the TDS cor-
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rection factor o (see Sect. 3) increases with 26. To give an idea of the
magnitude of o, its value for Ban at the 511 1line is 1.7 % and increases

to 3.7 % for the 711 line. The situation is different whan determining S,

the most intense superstructure lines (where the structure factor depends

on 25(fg - f,) [see Table 3.3]), e.g. 110, 220, 310, 411, 422,...., being
situated at lower angles where the correction o is very small. As mentioned

in Section 3, the precision in determining S is stronger coupled to the diffe-
rence between the scattering factors fB - fA than to small changes iq U2,
provided this difference is large enough.

So far, anisotropic vibration amplitudes have only been reported for
single crystals of the compounds Cr381/180/, V3Ge/180/, V3Si/95,180/,
Nb.BOGe.20/166/ and Nb3Sn/171,180/. In]the system Nb3A1/53,99/, 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 rather than <U2>]/2 (see definition in Sect. 3.2.1). From the known
data, summarized in Table 6.1 , it follows that the ratio Ull/U22 is always smal-

ler than 1, thus reflecting the "overlapping" between A neighbours on 6¢ sites.

Compound Ull_zo 2 Uzggo 2 U]]/Uzz et
(X10° “"m™) (X10 ~"m")
Nb 75 AT 5pc”) 0.0063  0.0079 0.80 53, 99
Nb_g,Ge 1q 0.0063  0.0079 0.80 166
ND_76SN e 0.0064  0.0078 0.82 180
V,Si © 0.0067  0.0076 0.88 95
VS | 0.0073  0.0081 0,90 180
V,Ge 0.0076  0.0082 0.93 180
CrySi 0.0058  0.0062 0.94 95
CrySi 0.0064  0.0078 0.82 180

: L \
Table 6.1. Anisotropic r.m.s vibration amplitudes at 300 K for various
A5 type compounds.a) Polycrystalline sample.
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1/2) between the r.m.s.

The smallest ratios U11/U (stays for (U 11/U )
vibration amplitudes of chain atoms are observed for the compounds Nb 81Ge 19/166/
and Nb.755A]‘245 /53,99/, thus indicating the strongest repulsion forces. As
mentioned in 5.1.1c, stoichiometric Nb3Ge would be expected to exhibit an even
stronger anisotropy, due to the considerably smaller lattice parameter of

0.5140 nm instead of 0.5169 nm as measured for the composition 8 = 0.19. This sug-

gests that the vibrational anisotropy could be a measure of the Al5 phase stabi-
lity. The question arises how large would be the ratio U”/U22 for the metastable
compounds Nb381 or V3A1.

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 Nb3Sn single crystals
by Axe and Shirane/273/, but could not be detected in V351, Taking into account
that this effect is very small, it may be justified to attribute only a small
influence of dimerization on the A15 phase stability.

When considering a possible correlation between the vibratiohal anisotropy
of the chain atoms and the Alh 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 Ull/UZZ and to confirm the very plausible hypothesis of a correlation
between vibrational behavior and Al5 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
' "(

Once the compound A B is formed, a change of the mean square vibration
ampiitude of U2 and Ub of the A and B atoms at the 6¢ and the 2a sites with
respect to the1r elementary state is expected. A comparison is made in Table
6.2, where all known data are listed (in some cases, Ug was obtained by the

2 2 2
average U = (dU11 + U22)/3 ).

.The ratio of the mean square vibration amplitudes Ug and UE in the Al5
lattice is expected to be correlated to the mass ratio of the atoms A and B,
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Elementary State A3B Compound
2 2 ? 2 AR YA
________ S SN e N TS X LAl
Nb3Sn 0.0062 0.0092 0.0047 0.0053 1.062 171
: 0.0049 0.0061 1.116 180
0.0049  0.0059 1.204 162
______ r—__.....—_._—_._.__.._..g...._,..______—___"“__ﬂam‘ug_-_—————_—-_———_——
Nb3A1 0.0062 0.0088 0.0044 0.0072 1.280 242
0.0062 0.0070 1.063 162
NbsGa | 0.0062  0.0061 0.0046  0.0043 0.967 242
NbBGe 0.0062 0.0048  0.0057 1.080 166
V351 0.0059 0.0036 0.0059 . 0.0070 1.089 171
0.0049  0.0057 1.079 95
0.0057 0.0072 1.124 180

o e o o e b o D o e o s o e e o e e e a9k G Y A o R e R M A e R D W S e R o W R G m R S e e

CraSi | 0.0021  0.0036 0.0034  0.0039 1.071 95

0.0025 0.0027 1.039 242
Nb3lr 0.0062 0.0032 0.0024 0.866 162
Nb3Pt 0.0062 0.0038 0.0050 1.147 162

—————————————————————————

Table. 6.2. Mean square vibration amplitudes U2 and U§ of the atoms on the 6c¢

and 2a s1tes of A3B A15 type compounds and the corresponding values
Ui and UB 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:

U2 = Ug (acoustic branch)

0 b/UZ)l/Z

(6.1)
A/m (optic branch)

As illustrated in Fig. 6.1, the measured values 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}'1, which emphasizes the contributions from

the Tow 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 ratioy mA/mB.
Data from Table 6.2.

It follows from Table 6.2 that U2 for both V and Nb varies very little
with the nontransition B elements B = Sn, Al, Ga and Ge. In the case of V based
compounds, U§ is even equal to the va1ue U2 for elementary V in the bcc lattice,
U2 = 0.0059 X 10~ -20 2. In Nb based compounds, a markedly lower value of Ug
encountered with respect to the elementary Nb: U2 0.0044 to 0.0049 X 10-20 m2,
compared to Uﬁb = 0.0062 X 10 -20 mz. It appears that U2 for Nb decreases for
+ transition B elements, to Ug = 0.0038 and 0.0032 X 107<0 m’ for NbsPt and NbsIr,
respectively./162/. This reflects the decrease of the overall vibration ampli-
tude in these twe compounds found by Isernhagen and Flukiger /162/. On the other
hand, the values Ug'for the different B elements on the 2a sites do not show

any clear correlation to their elementary values Ui.

Within the error Timits, 8|US/U = 0.1, most ratios in Table 6.2
- exceed 1, reflecting a larger r.m.s. vibration amplitude for the atoms. Obvious-

2,1/2
b

1y, the occurrence of Ug > U2 is strongly influenced by the smaller va1ues of

U11 in the chain direction, wh1ch constitute 2/3 of the overall value US. In both
cases where the amplitude ratio is smaller than 1, V3Ga and Nb Ir, the deviation
could be attributed to the measuring error. It is interesting to ask whether




— 167 —

the metastable compounds Nb,Si and V4AT would exhibit particular values of
the vibration amplitudes. F1gure 6.1 wou1d suggest that the ratios (U /Uz)l/2
for these two compounds would fall very close to those of Nb,Al and V551, res-
pectively. As mentioned in 6.1.1, the difference between these two metastab]e
compounds and the other ones must thus reside in the vibrational anisbtropy

Uil/ng.'However, there is at present no mean to predict this ratio.

It is obvious that the small deviation from perfect ordering generally
observed 1n A15 type compounds will have practically no influence on the values
discussed in this paragraph, The question of a possible correlation

these two quantities is thus of secondary importance only.

6.1.3. Isotropic 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. For this purpose, all known U2 data on.A15 type compounds have
been Tisted 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 U%l’ ng, U2 or Ug are given, the 'isotropic”
values of U have been obta1ned by the average U2 (3U2 )/4 or by

u2= {1/3(2U11 + ng) v U2 /4. The corresponding average Debye temperature, 6, (300K),

was calculated from the U values, using Eq. (3.9). For several compounds, it

is possible to compare the values of OX(3OOK) with 6D(300K), the Debye temperature
at 300 K determined by Knapp et al. /222/ by means of calorimetry. It is obvious
that the Debye temperature derived from different measuring techniques may ex-
hibit systematic differences, the observed physical property (diffraction, elec-
tronic specific heat, elastic constants,...) being more or less sensitive to dif-
ferent portions of the phonon spectrum. Nevertheless, the agreement between GX\JUOK)
and o (300K) is satisfactory, as follows from Tables 6.3 and 6.4 showing always

differences below 50 K for the systems V3Si, V,Ga, Nb3Sn, Nb3A1, Mo3Si, which

may also partly be due to measuring errors. This result suggests that the effect
of the TDS correction (which has been taken into account in any of thé diffrac-
tion works on A15 type compounds performed so far) would be situated within the
present error limits for GX(BOOK), i.e. ordinarily + 20 K, in some cases +30 K,
or AUZ/U2 =5 to 7 %. It has to be noted that eD(300K) as measured by sound velo-
city data /219/ is systematically higher than the -calorimetrical values.
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2
Compound 6 _(0) e, {300kK) u- 6, 1300K) A8 (300K+0)
0! °[x) fx10"%n?) aoE " Ix
v,si 297 /30/ 470 /228/ + 173
4sad/222/ + 201
530%/219/ Lo 237]
0.0048 /78/ 450 + 20 (+ 153)
0.0051 /95/ 430 & 20 {+ 133)
0.0057 /78/ 422 » 20 (+ 125)
0.0080 /180/ | 412 & 20° {+ 115)
0,0061 J274/ | 408 ¢ 20 (¢ 111)
V_Ga 292 91/ 390 /222/ ¢+ 96
3 9.0054 /242/ | 390 3 20 {+ 9a)
: 0.0057 20/ 380 ¢+ 20 (+ 88)
v.ce 415 /122/ 8717256/ [+ s8]
= 0.2¢ 92 /229/ 418 /219/ b
0.0061°/180/ 363 + 20 (- 48)
0.0063 /J38/ 372 ¢+ 20 (- 20}
v sn 347 /122/
B7= 6.19 360 J222/ ‘ + 12
v35b 398 122/
Vi As 530 /62/
V. Au 331 191/
V;Pt §13 /30/
viIr 643 /30/ 6.0025 /368/
. V_Rh 485 [122/
vico 560 /122/ 0.0038 /57/ 480 + 20 (- 80)
__iJﬁi, = 0.0038 /51 =
V' e008 gq | 305 /122/
V'mpd‘22 400 /122/
V:zgke:21 1195/
Nb_ Sn 4 [+ 162]
B = 0,245 | 2271 /119/ 370 /219¢/ + 63
B =0.25 208 /229/ 290 /222/ + 82
6.0050 717/ 295 ¢ 20 {+ 68)
0.0052 /9,162/] 290 + 20 (+ 63)
0.0058 /180/ | 2715 ¢+ 20 {e 48}
Nb_Ge [ 16]
g to0.25 302 /214 d 0.0051 /68,70/] 316 ¢+ 20 f+ 14)
B =018 318 /219/ | 0,0050 /166 320 + 20 (+ 18}
NbSGa 200 /2147
8 = 0,24 0.0065 f242/ 340 ¢ 20 te 60)
Nb_ Al
[ 30,25 324 [248/
= 0,24 283 /114/ 335 /222/ | o.o050 /10/ 341 & 20 + B2
0.00%0 /70/ 341 5 20 (+ 58)
0.0064 7162/ 304 3+ 20 (e 21}
0.0068 /26/ 294 2 20 t+ 11}
0,0072 53,99/ 286 ¢ 20 {+ 3)
NbJSb 345 /30/
330 /222/ - 15
NbJAu 253 /30
f = 0.236 0.0043 /162/ 296 & 20 {+ 43)
0.0051 /192/ 270 + 20 (¢ 17}
NbaPt 340 /25/
0.0038 /76/ 316 ¢ 20 (- 2%)
0.0041 /38/ 305 & 20 {- 35)
0.0047 /162/ 284 & 20 {~ 66)
0,0081 /38,76/ | 273 ¢ 20 (- 8671}
L Hb_Rh 398 /208/
Nbglr 378 /30/
0.0030 /162/ 359 ¢ 20 (- 19)
Nb303 18 J208/ 0.0033 /i62/ 143 + 20 (- 35)

Table 6.3. Debye temperatures for V and Nb based A15 type compounds. GD(O) and
GD(3OOK) are determined by calorimetry, while the values GX(300K) are
obtained from I (Tables 5.1 to 5.11) using Eq. (3.9). a) The composi-
tion is given as B = 0.25, but the average Ge content is well below
this value. °) Calculated assuming U3 = 1/3(205, + U3,), ©) Ultraso-
nic attenuation, by Rosen et al. /256/, ") Sound velocity measurements
by Testardi /219/. The difference A6(300K+0) is taken from calori-
metric data (no brackets), using sound velocity data [square bra-

ckets] or using 0,(300K) values (round brackets).
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Compound | 0(0) | - 6,(300K) v2 6, (300K) 86,(300+0)
-20 2
(K] [X] [X10"""n"] (K] (K]
Mo,si 520 /63/ , - 50 .
| 560 7158/ | 470 7158/ - 90
0.0034 /38/ | 415 % 20 (- 105)
Mo Al | 500 /63/
Mo Ge 510 /63/
Mo,Pt ]
.2 0.185| 405 /63/ 0.0033 /38/ | 335 20 (- 70)
Mo, Ir _
82 0.24 | 460 /63/ 0.0032 /38/ | 340+ 20 (< 120)
]
Mo0s 430 /63/ 0.0028 /38/ | 370 + 20 (- 60)
CrySi 640 /229/ 530 /229/ B - 110
670 /223/ - 140
0.0028 /242/| 607 + 20 (- 63)
0.0035 /95/ | 540 * 20 (- 170)
CraGe 670 /223/ | .
470 229/ | 410 /229/ - 60
Cry6a 584 /223/ 6.0063 /212/
CraPt 402 /223/
g2 0.2l | 402 /223/
Crylr 449 /223/
Cr305
82 0.275) 442 /223/
CryRh 460 /223/
Cr3Ru
g2 0.28 | 418 /223/
Tigsh 282 /207/
TijAu 385 /207/
TijPt 376 /207/
Tizlr | 210 /25/
TigHg 330 /207/
Zr4Pb 255 207/
ZrQSn
82 0.20 | 292 /207/
Zr A 310 /207/ __J

Table 6.4. Debye temperatures for Cr, Mo, Ti and Zr based Al5 type compounds.
eD(O) and GD(3OOK) are determined by calorimetry, while the values
of ex(3OOK) are obtained from UZ (see Tables 5.12, 5.13 and 5.14)
using Eq. (3.9). The difference AeD(3OO+O) is taken from calorimetry

(no brackets) or using the‘eX(BOOK) values {round brackets).

The Tables 6.3 and 6.4 also contain the Debye temperatures eD(O) as deter-
mined by low temperature calorimetry on all known A15 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



either the atomic composition or the degree of ordering on the value of oy
will be discussed in the next paragraph, where an attempt will be made to esti-
mate whether and in which cases eD(O) can be used as an approximation for

' 6,,(300K
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only known for a small number of systems.

The variation of U
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) in order to be used for stability considerations, the latter being

at 300 K as well as of eX(BOOK) for various Al5 type
cgmpounds has been reproduced in Fig. 6.2. When discussing the variation of

U~ and eX(BOOK) for ASB series with fixed A and varying B element, the question
arises how these quantities are connected with those of the B constituents in

-10.08

-10
0.07[><10 m]

006

005

0.04
0.03

Fig. 6.2. Isotropic mean square vibration amplitudes at 300 K, U2, and corres-

ponding Debye temperatures ex(3OOK) 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 Titerature, there is no information about such
correlations, the whole subject of the atomic vibrations in compounds having been
somewhat neglected in the past. Based on 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 A15 phase stability. Following the general philosophy of the present
work, the attention will not be concentrated on one or few compounds, but will
be extended to the totality of kmown A15 type systems. For this purpose, the
U2'and GD values (thd latter at temperature ranges as close as possible to 300K)
of a serids of elements has been extracted from the International Tables of Crys-
lography, Vol.IlI, Sect. 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 I[IB elements Zn and Cd. A further
increase in Z leads to a minimum of U2 for the. IVA elements C, Si, Ge and Sn.
Besides the mentioned sharp change of U2 for IIB and IIIA 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,
V2 increases in the sequence 5d+4d+3d, while for nontransition elements, v is
smaliest for the lightest elements (B and C) and increases successively when
going to the elements of the 3 4., 5. and 6. period. Of course, the variation
. of eD is opposite to that of U but the inversion is not longer present.

The Tightest elements in a co]umn always exhibit the highest eD-values, which
is particularly apparent for the elements C and B, followed by Si and Al.

It 1s now interesting to compare the variation of U2 and op in the figures
6 2 and 6.3 in order to see how the vibrational properties of the B elements
influence those of A3B compounds crystallizing in the A15 structure. The impor-
tance of the B element on the vibrational behavior of Al5 type compounds is
larger than that of the A e]emenf. The reason can be easily seen from Fig. 6.3:
as well Uzvas 8. for the A e{ements Ti, Zr, Cr, Mo, V and Nb vary within narrow

D
Timits in contrast to the variation in B elements which is considerably larger.

The following conclusions can now be drawn:

1) In A15 type ABB series, the values of U2 as well as those of eX (the latter
also staying for GD) are strongly influenced by the B element. The gradual varia-
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Fig. 6.3.

Isotropic vibration amplitudes U2 and Debye temperatures ex(3OOK) for va-
rious elements from the 2. to the 6. period of the periodic system,

from Int. 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, 1n.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 A15 structure are smaller than for non-
transition B elements, as in the elementary case (with the exception of V351, 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 10'10m9 which have to be compared

with U = 0.0707 X 10720 m for compounds with nontransition B elements (all values

at T = 300 K).

A similar variation 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 found to be
smaller for transition B elements than for nontransition elements uﬁder equi-
Tibrium conditions. The smaller distance between Nb atoms in Nb31r‘or Nb3Os
is not expected to lead to the large vibration anisotropy observed for example

in Nb3Ge, due to the d character of Ir and Os.

2) It is remarkable that the "Instability Region" in Fig. 6.2 would correspond
to the highest U2 values, probably lying above 0.0060 X 10“20 mz. At the same
time, ex(300K) reaches minimum values at the borders of this region, i.e. 250 K
for Nb.764l\u‘236 and Nb.76Au.24. Both observations suggest that the existence

of the "Instability Region" could be correlated with a particular vibrational
behavior, characterized by excessively large r.m.s. vibration amplitudes
U>0.8x% 1010, or by very low Debye temperatures o, < 250 K,

at least for AaB series with A = Cr, Mo, V, Nb and possibly Ta. It is tempting
to attribute the existence of the "Instability Region" 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 A15 phases without applying
high pressures or thin film techniques. However, this criterion is certainiy
not sufficient to decide about stability of all A15 systems, since both the

TiBB and ZrBB series do not exhibit any instability for B = Hg, Pb or T1. 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 given 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 Ti3B and Lr3B is different than in the other A15 type compounds
studied here. As shown Tater in Table 6.8, there are Al5 phases covering

the whole range of electron per atom values between e/a = 3.25 and e/a = 6.8,
without any "forbidden" zone. In the case of Ti3B and ZrBB series, the parti-
.cular electronic configuration may stabilize the phase at lower vibration fre-
quencies than in other Al5 type compounds. Indeed, as well Ti3Ir as Ti3Sb and
Lr3Pb exhibit very Tow Debye temperatures eD(O),when compared with other Al5

type compounds, eD < 280 K.(see Table 6.4). Unfortunately, no Debye temperatures
at 300 K are known for these compounds, which would complete the picture.’

3) It is remarkable . that the results on powder diffractometric measurements
Tead to significant conclusions about the vibrational behavior in Al15 type com-
pounds, the estimated error in eX(3OOK) 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 Al5 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 Al5 phase
stability, the discussion of the vibrational 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 6p 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 would be required.
There 1is also a gap of knowledge for anisotropic properties of the crystal, U%l
and ng below 300 K being only known for V3Si /95/.

The variation of o between 0 and 300 K does not show the same behavior
for all Al5 type compounds, as follows from calorimetric data of Knapp et al.
/222/. These authors found that the Debye temperatures in the systems Nb,Sn,
Nb3A1, V3Si, V3Ga are higher at 300 K than at 0 K. This anomalous 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
cubic into the tetragonal phase, observed in these two compounds only. The
corresponding values of eD are tabulated in Table 6.3 and show that V381
exhibit the largest variation, A8y = 180 K from 300 to 0 K, followed by NbSn
with A6 = 70 K (It has to be noted that the value of eD(O) in V5Si s particular-
ly difficult to determine since y = y(T), as described by Junod /30/ who found
6(0) = 297 K). The difference A6 for V;Ga and NbsAT in Fig. 6.4 is smaller, 35
and <20 K, respectively. For the low TC compound Nb3Sb, Knapp et a]i /222/
found the inverse behavior, i.e. GD(O) > eD (300 k). NbBSb thus exhibiping the
V enerally observed in other materials, where a gradual softening of
the Tattice is observed for increasing temperatures. In 4.3.6b, another low T
Al15 type compound, Mo3Si, had also been reported to exhibit a lattice ¢
hardening at lower temperature, Mirmelshteyn et al. /158/ reporting GD(O) =
560 K and eD(300 K)'= 470 K, respectively. No attempt has been done so far to
give a description about the general behavior of © (T) in Al5 type compounds,
In the following, it will be shown that there are several rules governing
this behavior, For this purpose data from Junod et al. /25,30,248,276/,
Fliikiger et al. 762,63,223/, Surikov et al. /229/, Knapp et al. /222/, Mirmel-
_ 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 GD(T).

The starting point of the present consideration will again be the system
Mo3Si, where the whole behavior of eD(T) from 0 to 300 K is known /158/. The
O (T) vs. T curves of M0351 are represented in Fig. 6.4, together with those of
several other Al5 type compounds where the GD(T) measurement over an extended

temperature range between 0 and 300 K are available.

[

The family of curves for Mo _Si was obtained after neutron irradiation at
¢t = 1 % 1020 n/cm2 (curve 1), followed by recovery heat treatments at
different temperatures, 450 OC (11), 650 0C (111) and 700 OC (1V), the Tast
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
lattice harden?ng below 50 K ist absent after irradiation where TC = 6 K, but
gradually reappears with recovery. It is seen that the variation of QDLIleﬂ
Mg3§i is quite complex, consisting of two distinct regions with opposite
behavior. The following discussion will be centered on these two eD(T)
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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 of T from 300 K to lower temperatures in
MosSi first causes a similar anomalous decrease of 6p as observed in,high T, com-
pounds. The value of eD decreases from 470 K at 300 K to 414 K at 50 K, followed
by a strong increase to 560 K at 0 K. A similar behavior was also observed for
Crasi (normal down to 0.015 K) by Fliikiger et al. /223/.
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Fig. 6.4. Variation of the Debye temperature of various Al15 type compounds below
300 K: Cr,Si, CryGe and VBSi(b) by Surikov et al. /229/, V5Si(a), Nb3A1,
NbySb, ViGa and Nb,Sn(a) by Knapp et al. /222/, MosSi by by Mirmelshteyn
et al. /158/, VjGe by Rosen et ai. /256/ and NbgSn by Junod /30/.
A1l data were derived from specific heat measurements except for VjGe,
where eD(T) was determined from elastic constants.
The meaning of Mo351 I, Il, IIT 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

BD = 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 between 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 6 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 ®p from 471 K at room temperature to 467 K at 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 contrast
to‘Nb3Sn and V3Si /219/, the shear modulus of V3Ge, 1/2 (C11 - Clz) 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 op with decreasing temperature thus reflects
the phonon-mode softening characteristic of high TC A15 type compounds, i.e.
V3Si, Nb,Sn, VSGa and Nb3A1 /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 temperature dependent, thus producing
temperature dependent electronic screening of the phonon mode frequencies.
The observed softening effect is not pronounced for the Nb3A1 and V3Sn sam-
ples measured by Knapp et 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/Kzat—g for a carefully homogenized, stoichio-
metric Nb3A1 sample, i.e. substantially higher than the value y = 7.62 mJ/KZatmg
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 to be stable at the composition B = 0.19 only /62/.
In both cases, Nb3Sb 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 eDkT) can ordinarily be obtained up to 40 K from specific heat
measurements. In the following, a global comparison will be made between the
ex(3OOK) values reported in the present work (Tables 6.3 and 6.4) and the

eD(O) 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 softening as hardening of the Tattice
when going from 300 K to Tower temperatures. A complement to these data is fur-
nished by the variation of eD(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 Debye model 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 two Nb3A1 curves in Fig. 6.5, corresponding to the states after
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Fig. 6.5. Variation of the Debye temperature of various Al5 type compounds as de-
termined from calorimetry: Nb3Sn and Nb.805n'20 by Junod /30/, Nb3A1 (a)
and (b) by Junod et al. /248/ and Ti.751r.20Pt.05 by Junod /25/.
Nb3A1 (a) was quenched from 1940 , Nb3A1 (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

T, of NbjAl differ by less than 10 K between the curves (a) and (b). i

An interesting comparison can be made between Nb3Sn samples with different compo-
sitions, also shown in Fig. 6.5. On two samples with B8 = 0.20 and 0.25, Junod /30/
found that lattice softening at Tow temperature is almost absent in the non-
stoichiometric one, while GD(T) converges above 40 K.

The curves for the stoichiometric NbsSn sample in Fig. 6.5 can be compared
with

ct

hat for the pseudobinary system T1.751r.20Pt.05, which exhibits the
lowest eD(O value reported so far in Al5 type compounds, 209 K/276/. This low
Debye temperature and the similarity of eD(T) with Nb,Sn suggested that some
Tow temperature instability could occur. However, no phase transition could be
found in Ti_751r'20Pt.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
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Fig. 6.6. Variation of the Debye temperature of various Nb and V based A15 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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(v = 8.93 mJ/KZat~g /276/) for inducing a lattice instability. Indeed, it appears
that the occurrence of only one extreme value, either N(EF) or eD(O), is not suf-

- ficient for causing the cubic-tetragonal phase transition. It should be recalled
that V3Ga with the highest y value among A15 type compounds does not transform,

which is attributed to a small, but significant deviation from perfect ordering /20/.
Does this mean that Ti'751r920Pt°05 could also exhibit a deviation from perfect
order on the 6¢ sites (or from perfect stoichiometry), without which the value

of eD(O) would even be smaller than 200 K ? This interesting question would

justify a complete reinvestigation of the vibrational and ordering properties

in TiBB compounds, as well in the binary as in the pseudobinary state.

The Debye temperature of V and Nb based A15 type compounds with B = Ir, Pt and
Au below 35 K has been determined by means of calorimetry by Junod/30/. His graphs
on o = 1/T2(C/T - y) have been replotted in Fig. 6.6. A1l compounds show the same
complex behavior of GD(T), consisting of two branches, one indicating lattice sof-
tening from 300 K to T $ 35 K, characteristical for high N(EF) A15 type compounds,
the second one showing a considerable increase of eT(T) at the Towest temperatures,
absent in high N(EF) compounds. It is advanced here that this Tattice hardening at the
Towest 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 BD(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 VBB and Nb3B the compounds with B = Pt show the highest
low temperature hardening, A8y = 77 K for V4Pt and 85 K for NbgPt, the values of
eD(O) lying well above the values ex(3OOK)° Note that for the compounds with B = Au
the value of eD(O) lies below the room temperature value, like for NbjSn, V5Si 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 ViAu and NbjAu, in contrast to NbsPt and NbjIr which
show this effect but are already stoichiometric and perfectly ordered (Nb3Ir) or
very close to perfect ordering (S = 0.98 for Nb3Pt). This question will be treated
in detail at the end of this paragraph when discussing the effect of composition
and atomic ordering on eD(O), Teading to the answer that both compounds would
probably behave as NbBSn and the other high N(EF) compounds (see Fig. 6.4). In this
case, the question of the Tow temperature phase stability in V3Au and NbAu would
be raised, BD(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 obéerved for Al5 type
compounds based on Cr and Mo. As illustrated in Fig. 6.4, Cr_Si shows a strong
low temperature hardening with A8 (65K-0K) = 90 K, while MoéSi exhibits 9 =
155 K. The variation of 6 (T) for other Mo based compounds is reproduced in
Fig. 6.7, where data on Mo?Os, Mo _ 0Os ) Ir Mo Ir (Fliikiger et al.
/63/) Mo Tc (Stewart and Giorgi /279/) ‘and C%,7205.28 (Flikiger et al.
/63, 223]) are shown. It appears that going from B = Tc to Ir leads to
higher values of SD(O) (350, 400 and 418 K, respectively) and of AeD (> 80,
120 and 150 K, respectively). In the case of Mo Os, two different anneals at
1800°C and at 1050 C caused an increase of T b§ 0.6 K (from 11.85 to 12.45 K)

but no change on the GD(T) curve (See also Fig. 4.6 showing no change of the

C/T curve above T, for two different heat treatments). The curve for Mo g Pt .,
(with a 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.
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Fig. 6.7 Variation of the Debye temperatures for various Mo based A15 type com-
pounds: Moy0s (10 h/1800°C), Mo, 750s pgIr.gs (6 1/2 h/1800°C). Mo, 7gIr o
(7 h/1800°C) Mo _ggPt pq (3 h/1500°C) and Cr 720s g (Fliikiger et al.
/63/) and Mo 40Tc 6o (Stewart and Giorgi /279/).

The corresponding C/T curves of M0305'and Mo 7glr 22 shown in the upper
figure show the excess specific heat leading to the peculiar behavior of

op(T) /63/.
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A comparison between Figs. 6.4, 6.5, 6.6 and 6.7 shows that the behavior
~of eD(T) for MogB and CraB A15 type compounds is the same regardless if B is

a transition or a nontransition element. This is in contrast to V and Nb based
systems and is just a further illustration of the antagonism between these two
classes of compounds.

b).égD(§OOK+OlfFrom Calorimetry and X Ray Diffractometry. As mentioned above,
the value of BD(O) 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 GD(T) between 300 and 0 K consists in comparing
the values ex(3OOK) derived. from:diffractometric measurements listed in Tables
6.3 and 6.4 and the values eD(O) obtained by calorimetry. This procedure is
Justified by the good agreement between the values GX(BOOK) and eD(3OOK) men-
tioned earlier in this work. The difference AeD(3OOK+O) = GX(BOOK) - GD(O)

is plotted in Fig. 6.8, which allows some very interesting conclusions about
the vibrational behavior of A15 type compounds below 300 K.

These conclusions are still valid in spite of the complex behavior of eD(T)

showing a minimum lying below both values, GD(O) and 90(300 K):
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Fig. 6.8. Variation of the Debye temperature between 300 and 0 K (expressed by
AGD(300K+O)) for various Al15 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 AeD for y > 8 md/Kzat—g and negative AeD for v < 8 mJ/Kzat—g,
(b) : Mo and Cr based systems, exhibit negative AeD values only.
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- The A15 type compounds based on V and Nb with v > 8 mJ/KZat—g all show a po-
sitive difference AeD(300+OK), reflecting phonon softening. This difference
reaches up to 180 K for V;Si and decreases in the sequence V3Si + NbjSn ~»
V30 = Nb 7662 o4 > Nb 76Al 5 > ND 36AU 534 > Nb goGe 15>V g151 q9-
This behavior was known for V351 and Nb3Sn after having been observed by
elastic measurements /219/, calorimetry /222,229/ and neutron scattering
/237/. 1t is reported here for the first time for the compounds Nb.76Ga.24,
Nb_]()A]Q24 and Nb.764Au.236 and for Cr and Mo based Al5 type compounds.

The relatively small, but positive variation for the systems Nb.81Ge-19
and V.815n.19 is not surprising, due to the strong deviation from stoichio-

D

metry which enhances OD(O) ( see next paragraph). The small value of A®

for V,°81Snn19 confirms the calorimetric data of Knapp et al. /222/.

It is expected that AGD would be larger 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 TC and high y compounds based

on V and Nb are the only ones where phonon softening has so far been observed,
thus illustrating the strohg connection with the high electronic density of

states.

- The negative difference AeD for both V'755Ge.245 and V.755b.25 confirms
the data of Rosen et al. /256/ and Knapp et al. /222/ (see Fig. 6.4). The
large negative value for'V.7556e.245 may partly be due to the uncertainty in
determining ex(3OOK). Indeed, the own refinement (see Table 5.8) was perfor-
med with fixed U2, while Kodess /242/ reported only the values U%l and ng,
butnotUZ. In Table 6.3, eX was ca]culated assuming that Ug would be equal to
the average 1/3(2U§1 + ng). From Fig. 6.1, however, it can be estimated that

Ug should be smaller than the average over the vibration amplitudes on the

6c sites. This would raise the value of GX(BOOK) and thus reduce the differen-

ce A8, (300Kk+0), which would nevertheless remain negative.

= A1l V and Nb based A15 type compounds with transition B elements show negative
values of AeD, the fiuctuation for Nb3Pt reflecting the incertitude in deter-
mining U2 for this compound.

= AlT Cr and Mo based A15 type compounds show a strongly negative difference AeD,
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 Cr351,:Mirme1shteyn et al. /158/ on Mo3Si and Fliikiger et al. /63/
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on Mo,0s and Mo 781r 99 (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 Alb
type compounds with different vibrational behavior at low temperatures (except
Ti3B and ZrsB for which no eX(BOOK) values are available):

Softening: (300+OK) > 0: A1l Nb and V based compounds with nontransition B
elements and y > 8 mJ/Kzat g (probably also Ti Ir) and

Hardening: A®

A8,(300+0K) < 0: AT1 Nb and V based compounds with transition B

elements (y < 8 mJ/KZatug),

A1l Cr and Mo based compounds with transition or
'nontrans1t1on B elements (1ndependent on v, which
lies below 8.5 and 5.5 mJ/K at-g, respectively)

The cases of Nb3Pt and V3Ge“1n Fig. 6.8 are particularly interesting. Both
compound; are known to undergo considerable enhancements of TC, by ~ 2 K /82/
and ~ 4 K /62/, respectively. Originally, this increase was attributed uni-
quely to compositional effects, but a more detailed comparison shows that this
explanation alone cannot take into account for the strong initial change of TC
reported in these pseudobinary compounds. In the light of Fig. 6.8, a new
qualitative explanation can be proposed for the strong initial increase of TC in
the pseudobinary systensv3(Ge1“xA1x) and V3(Ge1 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 A8y from negative to
positive values with substitution, reflecting a reduction of the low temperature |

hardening observgd 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 eD(O) does not have the same meaning for stabi]ity considera-
tions. Nevertheless, it is interesting to establish the plot eD(o) vs. electron
number in 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 06y(300K). This is rea-
lized in Fig. 6.9.
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Fig. 6.9. Debye temperatures eD(O) derived from lTow temperature specific heat
measurements for various Al15 type compounds. The references are lis=
ted in Tables 6.3 and 6.4. The value for the metastable V,3Al, eD(O) =
280 + 20 K, has been extrapolated from V3Bl_XA1X series (see Fig. 6.10),
while the value for metastable Nb3Si, 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 BD(O) are
much more structured, the difference between the highest and lowest values being
considerably increased. As an example, the difference between Nb3Au and Nb31r
at 300 K is close to 70 K, compared to 125 K for A6, at 0 K. The decrease of the
Debye temperature at both sides of the "Instability Region" 1is much more pronoun-
ced than at 300 K, as illustrated by the systems V3Ga and V3Ge, where eD(O) is
now close to 300 K. The eD(O) values for Ti,B series are also included in Fig.
6.9, showing the fundamentally different behavior to A3B series with A = Cr, Mo,
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V and Nb. As mentioned above, there is no "Instability Region" for Ti based Alb
type compounds. At B = Ir, where a maximum of eD(O) is observed in all other se-
ries, Ti3Ir exhibits a minimum, which is even the smallest Debye ‘temperature
reported so far in Al5 type compounds. The stability of the compound TijHg

is correlated to a vrelatively high Debye temperature, eD(O) = 330 K /207/,
while values well below 250 K would be expected for the corresponding hypo-

thetical compounds Nb3Hg or V4Hg.

The effect of varying the A atom on the Debye temperature of the correspon-
ding A15 type compound can be clearly deduced from Fig. 6.9, when comparing the
GD(O) values for compounds with the same B element. It follows that the Debye
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
AeD be tween CraSi and ND, 351 /277/ is equal to 400 K. For transition B elements,
the effect of changing the A element is considerably smaller, the difference

between Cr31r and Nbglr being only 71 K.

After having discussed the variation of GD(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 disordering 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 eD(O) are quite small,

a comparison thus requiring quite precise values. The error in 6 (0) as deter-

mined by calorimetry can be estimated to below 10 K at the present day /248,278/.

a) Ordering Effects on eD(O}

A very important remark concerning the effect of atomic ordering on eD(T)
was made when discussing different states of Nb3A1 (see Fig. 6.5). Indeed, the
difference in eD(T) between quenched and reanneled Nb,Al samples mainly resides
at the Towest temperatures, AeD(T) vanishing at T > 40 K /248/. This means that
the vibrational behavior in NbsAl above this temperature is nearly unaffected
by a change of the order parameter of ~ 1% (from 5, =0.95 + 0.02 to 0.94 ¥ 0.02,
as estimated from the change in TC from Refs. 28 and 53). This is obviously not
longer the case for larger changes of the order parameter, as shown for M03Si

in Fig. 6.4.
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Compound Treatment Tc 5 80(0) S _A_G_D_(__U_). Ref.
AS
(hours/®¢] (k1 (mi/k%at-g] K1 for s)  [K/1S]
Voighu . Arc Melted 2.87 9.03 342 0 as} 2 276
! 200/600 0.8 13.1 332 0.93 276
Vo6 L. 1250, @ 5 19.9 310 0.98 6 97
s Qe 300/610 r 24.0 297 0.96 37
i . 3. 29. . 276
v 7551'25 Arc Melted 17.03 <Tm 13.2 9.7 1.0
'8 , T 14T ol 15 276
2.22%10' 7 nfem® 6.8 573 454 (0.90) 117
Nb _ Sn 1500%¢c/sint. 17.97  12.2 232 1 02 276
: , 1" 1 232, 1.0 . 216
Sipgered , 11,9 12-147, zsa:) 1.0° 160
tx10'Y nfem 12.0 8-10 281 (0.88) 160
_____________________________________________________________ P
Nb_AL 120/759 L 187 9.0 212 0.96" ) 14
(p7~ 0.26)  1.3%10'° n/em’ 9.6 4.25 325 (0,845 3 ik
2.6x10°° n/em 7.0 - 376 (0.79) j 114
Nb_AL 1040, Q 16.84  9.41 320 (0.94)7) o 248
(po.25) Q+13464/750 18.45 11.24 296 (0.96)° 248
NbaPt £8/1450,0Q 8.81 5.74 =378 (0.92); 5 216
200/800 10.03 6.17 348 (0.98) 276
Nb (Pt Au, 48/1450 11.45 T.48 316 - ) 276
. 200/750 12.88 8.38 320 - 276
Nb _ Pt /
75’ °.075
Ru 175 4871450 11.52 8.40 305 - ) 276
‘ 200/150 12.85  10.16 290 - 266
Mo, 0s 10/1800 11.85 5.20 430 0.81 ) 63
144/1050 12.45 5.21 420 0.87 63
Mo .Ix ,, 12/1000 B.12 5.48 " 469 0.82 . 63
. 120/1180 8.40 5.34 452 0.87 63
Mo __ Ge 16/16 1.45 1.22 392 (1.0} 153
.151°%. 249 . -

TS1.24 2.2x10?8n/cm2 4,25 1.35 322 (0.85) 3 153
T e e s o ittt ettt
Mo .S, 110" n/cm 6.00 2.53 330 (0.35) 158
Co + 350 ’c 5.66 2.55 342 (0.35)

+ 450 % 3.58 2.40 420 (0.62) -5
+ 550 °c 2.90 2.38 b4 (0.71)
+ 650 °c 2.13 2.14 500 {0.75)
100/1100 1.56 2.44 560 {0.80)

Variation of Tc’ vy and eD(O) in various Al5 type compounds at diffe-
rent states of ordering, induced either by quenching or by high ener-
gy irradiation. Q@ = Argon jet guenched. a) Values estimated from spe-
cific heat data above T_, b) S from Ref. 78. C) S from Ref.9, d) S
from Ref. 53, corrected following Ref. 28, e) Estimated from the

T, vs. S, dependence in Ref. 53, f)‘For the values of S see Fig 4.12.

c

In order to get an idea how eD(O) 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 meastrements
were performed. The missing S (or S,) values were thus estimated from other in-
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vestigations, using the T values as a reference. This was the case for V3$i : |
(S = 0.90 for T_ = 6.8 K /78/) NbySn (S = 0.85 for T, = 12.0 K /239/),
Nb,76A1.24 (Sa ~ 0,96 for T = 18.7 K, Sa = (.84 for T = 9.6 K and Sa = (.79
for T, =7.0, as derived from the data of Sweedler et al. /53/ after the correc-
tion indicated in Ref. 28), MOBGe (s = 1 for TC = 1.45 K and S = 0.85 for TC =
4.25 K /239/). The original order parameter for Mo,Si /158/ are somewhat lower
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 determlng AB (O)/Asg the effect
of the change of S by 1 % on SD(G) When discussing this YdEiO, it has to be
taken into account that the relative error may be considerable, the small
differences A9,(0) and AS being in some cases of the order of the error, e.g.
in the systems v 76Au o4 VjGa, Nb 1 05> MO3OS and Mo”761r324“ Neverthe-
less, it can be concluded that
- in V and Nb based systems, GD(O) increases by 4 to 6 K when S decreases by

T %, and
- in the systems Mo38i and MoBGeg OD(O) decreases by 5 K when S decreases by

T %.

b) Compositional Effects on @ (0) The variation of 6 ( ) with atomic
composzulon can be estimated from the data listed in Table 6.6. In analogy
to the ordering effects, composition is expected to act in a complex manner
on the vibrational characteristics of each compound. Nevertheless, a general

trend can'be recognized:

- For all known A15 type compounds, a minimum of GD(O) is always observed at
the stoichiometric composition, leading to positive values of AGD(O)/B
for B < 0.25 and to negative values at B > 0.25. (The only exception, Mo-Ge,
contained more than 10 % additional phase, MogGeq, which could have influenced
the result).

- The individual change ofAeD(O)/B 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

T.» V and Nb based A15 type compounds are found to exhibit ratios between

c
+8 and +18. The excessively high value of the ratio AOD(O)/B for VBSi and
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Compound T 1, 0 (0} Ao _(0}/B Ref.
ix§ {ml/Kat-g] Pc1 tkVat. 1]
Nb _osn o 18.0 12.8 232} «13 216
Nb';83n'§2 6.27 L.85 334 +15 278
.0 6.0 305 169
Woeotao O s
v
Nb ,_Ge 21.8 7.6 302} v 221
15°° .25 s18
3.82 360 195
oeota0 S iR S
)
Nb __Ga 19.8 11.5 zao} v 221
75°% 25 +15
) 3 341 195
N LIS L T I N S
Nb __Pt 8.9 5.55 339} 216
15 25 +h
. 5 358 62
Woeo a0 A SR A
Nb Ir 0.3 1.81 374 62
Nb 7;:1 ;gs 1.6 2.05 377}} _g 122, 278
Nh B
e
Nb 0s 0.96 2.34 378} 122
15 _°.25 -1
Mores®ars 03 R
v o__Si 16.9 12.1 297 a 276
+48
v ;:Sl :f 15.1 13.9 3&5}} 436 276
Yoeottao SR SR A
V _ Ga 9.8 13.3 326 30, 64
V';:Ga ;g .0 24,22 297} °1$ 97, 276
Vi yGas 2.6 16.9 310 g 30, 64
Yoesttaa M2 R 0.8
v Pt 0.98 5.15 475 122
v 110pg 222 2.8 7.19 403}} o 122, 276
Y2 e M0 AR N °2 .
vV __Ir <0.0115 1.97 1.45} 276
v ;;’n:? 0.91 3.67 414 } :;’ 122
Yoealtar Tt S e
Mo Ge 1.48 1.85 510} 63
734.°. 266 -12
L T ET DS S S .
Mo __Ir 8.12 5.34 :.52} 83
16, .24 8
Mol M LS A =
Cr Ir 0.17 8.67 1.1.9} 223
75 .25 +8
oeasitoes T & 2
cr Pt <0.01% 8.57 402} 223
79, .21 +28
oerstties <2 e M IS
Cr LS. <0.015 2.57 670 +9 223
Cr 7551 2% <0.015 2.75 120 } .3 223
er Loysifis, <1.20 2.81 740 223

Table 6.6. Variation of Teo Y and eD(O) in various A15 type compounds at dif-
ferent compositions. VIn spite of the indicated nominalicomposition,
the compounds Nb.75Ge.25 and Nb‘75(3a.25 in Ref. 227 are in reality
nonstoichiometric, their average Ge or Ga content lying between 23
and 24 at. %. |
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NbBSn may be connected to the peculiar propertiés of these compounds. It

is remarkable that the Nb based compounds with transition B elements as
well as V3Ir exhibit smaller ratios, lying below 5 K/at. %. The high ratip
for the V-Pt system may be due to uncertainties of eD(T) for the stoichio-
metric sample for which Spitzli et al. /122/ previously reported a markedly
higher eD(O) value, 411 K.

c) Extrapolation on{)(O) for Metastable Stoichiometric NbgAu and VBAE.
It is possible to estimate the value of eD(O) for the metastable perfectly
ordered and stoichiometric modification of the systems Nb3Au and V3Auw
NbSAu and V3Au are nonstoichiometric, with 8 = 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 VBGa, NbgGe or Nb3Ga suggest a decrease of eD(T) in Nb3Au and V3Au by
~ 16 and 10 K, respectively. An additional decrease of eD(O) by ~ 20 and
~ 30 K, respectively, would be expected when reaching perfect ordering, thus
resulting in hypothetical OD(O) values of ~ 215 K for Nb3Au and ~ 290 K for
V3Au. The .higher SD(O) value .for V3Au with respect to Nb3Au follows the general
tendency shown in Fig. 6.9, where V based A15 type compounds exhibits higher
GD(O) values than those based on Nb. A look into Fig. 6.6 shows that such low
GD(O) values would lead to the vanishing of the low temperature hardening:
like for V4Ga, V351 and Nb,Sn, phonon softening only would be expected to
occur in NbBAu and V3Qg; This estimation confirms the statement /7/

that Au has to be‘considered as a nontransition element in the A15 structuré.

13AL Anotherinteresting'case is the metastable compound V3A1, which can only

be prepared by nonequilibrium methods, e.g. sputtering, coevaporation (Hart-
sough and Hammond /280/, /281/). The pseudobinary series V3B1—xA1x with B =

As, Au, Ga, Ge, Sb, Si, Sn have been prepared by several 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 V3A1 is
connected with a particularly low value of GD(O). Fliikiger /62/ and Spitzli

and Flikiger /195/ have undertaken a specific heat study on a series of pseudo-.
binary V3B1_XA1x alloys and have extrapolated the following values for meta-
stable V3A1: a = 0.4840 + 0.0005 nm, TC= 17+ 1K, vy=17 + 1 mJ/KZat-g and
GD(O) = 280 + 20 K. The extrapolation of &D(O) for V3 1_XAIX is shown in

Fig. 6.10.
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Fig. 6.10. Extrapolation of eD(O) for metastable V3A1, from VBB1—xA1x series

yielding 6,(0) = 280 + 20 K (Flikiger /62/, Spitzli and Flikiger /195/)

ol
There is some doubt whether these values really correspond to stoichiometric

V3A1: in the original work, Flikiger /62/ had concluded that they would correspond
to the composition B = 0.23. Meanwhile, it appears that his picture has to

be corrected towards B > 0.24. Nevertheless, it results that stoichiometric

V3A1 would exhibit the lowest GD(O) value (and probably also 6D(300 K) value)
among all V based A15 type compounds known so far. It is interesting to com-

pare the metastable V3A1 with the metastable compound NbBSi, which has been
produced by explosive compression, starting from the stable tetragonal TigP
structure /286/. The reported value of eD(O) for Nb,Si is 310 K /277/, which

is quite low but still higher than that of Nb3A1 oy NbBSn (see Fig. 6.9).

In contrast to NbBSi, where the radius ratio rA/rB is too large, leading to

an excessive overlapping of the Nb atoms on the chains, the instability of

VoAl is rather due to the particular vibrational behavior. Unfortunately, no
Uz'values of any of the V4B, Al alloys has been measured. It would have been
interesting to know whether U really increases at the solubility limit.
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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 observed 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 Flikkiger and
Isernhagen‘/162/ on the compounds Nb,Sn, Nb3A1, Nb3Pt and Nb,Ir. The results
of Uﬁb of Nb3Sn as a function of temperature are represented in Fig. 6.11.
The term U2n could unfortunately not be determined from the present powder

diffractiog data with a sufficient precision.
L LA S s R Rt S S
T P -
4 22 [ ’ 2 2
[%10 nm) Nb'7555n'21’5 [ %10 nm“)
1 -11.0
ooooO | - 05
O 1 )\ | 1 l ' 1 1 ! | ) ) 1 )
0 500 1000 1500

) T (K)
Fig. 6.11. Vibrational amplitudes UNb for Nb.755 Sn.245.

0: low temperature data from Vieland /171/,
x: powder diffractometry (Fliikiger 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 Uﬁb 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, Nb3A1, NbBPt and Nb31r has been reproduced
in Fig. 6.12 /162/. In the case of Nb,AL two samples with the compositions
B = 0.21 and 0.245 were measured, but no significant differences arising from
the different Al contents could be detected. The Uﬁb values for Nb3Sn and
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NbsAL are almost identical over the whole temperature range 300_§éT_5 1200 K, both

curves being very close to that of elementary Nb. The values of UNb for Nb3Pt
-and for Nb31r are substantially lower. At 1200 K, Uﬁb of Nb3Pt is 12.6 %, the

corresponding value of Nb3Ir even 33 % smaller than that of Nb3Sn and Nb3A1.

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 T =T T T

<16% ) y . i
1 / "

-0.015

1+ . Nb, 2Pt 258 o0t

Nbyalrzs2

. ! ! L 0
o} 500 1000 1500 2000 2500

T (K]

Fig. 6.12. Isotropic vibrational amplitudes, Uﬁb, for various Nb based A15
type compounds and for elementary Nb up to 1300 K. The values of
Uﬁb at the respective melting points (triangles) are obtained by
linear extrapolation (after Flikiger 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 Nb3A1 to 0.0176 nm for
Nb31r. Thus, the vibrational behavior at the melting point as obtained from
extrapolating the r.m.s. amplitudés in Fig. 6.12 can be summarized as follows:
UNb in Nb3X compounds containing nontransition B elements, e.g. Sn or Al,
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 ~ 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.

Vk(V> - VO + af1 2 = B1V3 = Y,!VZ = e eaoe (6.2)

where the term —B1v3 represents the asymmetry of the mutual repulsion of the
atoms and the term —y1v4 represents the general "softening" 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 thermodynamic probability. For small displacements (low anharmonic
energy) one finds
il
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thus giving a constant value for the temperature coefficient of thermal ex-
pansion:
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Thus, the thermal expansion is smaller for larger harmonic bonding oy and for
smaller anharmonicity 81 of the lattice potential. The temperature independence
of dv/dT and thus of the linear term of the thermal expansion ., arises from
the classical assumption kBT = E being the mean energy of the oscillator. Sub-
stituting for E the energy of aharmonic oscillator in quantum mechanics yields
81 qu (6.5)
q exp (hwq/kBT - 1)

I
|

Vv =

o

which meets the condition o.(T) - 0 for T - 0, which takes into account the
observed behavior.
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The linear thermal expansion coefficient is defined as

I R LT (6.6)

where a is the lattice parameter.

a) a{T) below 300 K.

The measurements show that at T < 300 K o is strongly dependent on
temperature. However, different types of behavior are reported for A15 type
compounds . Cr3Si /274/ shows a monotonous decrease of o{T) towards T - 0
while negative values of o have been reported for V3Si by Smith et al. /287/,
Testardi /219/, Testardi and Bateman /288/ and Férsterling and Hegenbarth /274/,
VBGe by Testardi /219/ und VBGa and Nb3Al by Herold et al. /243/. Fig. 6.13a
shows that a minimum of o(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 o(T) ~ InT, which possibly
also holds for VBGa.

F T T T l A T_’ll k) 1 T ! T J
| ]
I — )
o [
[x107°K™ |
S‘_.
Testardi . _ :
and Bates<_.7 Forsterting and |
- Hegenbart .
0y —iff——=— ————
-5 :. _: -2+ / -
I ] -4 .
Smith et al.
; -6 -
-10 = L1 |L11|l R B | 1 )
10 30 50 100 300 500 1000 0 100 200 300 T(K]

T(K]

Fig. 6.13. Linear thermal expansion ccefficient for various A15 type compounds.
A) V3Si (Smith et al. /287/, where (a) stays for B = 0.25 and
(b) for B = 0.227 (Testardi and Bateman /288/, Forsterling
and Hegenbarth /274/, note the logarithmic abscissa).

B) V3Ge (Testardi /219/), Nb3A1, V3Ga, Cr351 (Herold et al. /243/).




— 186 —

The question has been raised whether negative a(T) values are an additional
feature of the structural instability of high TC A15 type compound%. Obviously,
the occurrence of negative o and a minimum of o in VBSi would confirm
this hypothesis. The cases of V3Ga, V3Ge and Nb3A1, however, are more difficult
to answer. In analogy to VBSi, the minimum of o at 20 K for VBGa 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 o values in VBGe and Nb3A1 could
reflect the particular interaction between A and B elements in the A15 structure,
the electronic density of states being high enough, > 7 mJ/KZat-g for VBGe
and NbBAl, Even in these cases, a negative value of o only occurs for an un-
disturbed lattice, characterized by perfect ordering and stoichiometry or for
lattices approaching these conditions quite closely. This statement is confirmed
by the experimental observation that in VBSi, V3Ga and Nb3A1 negative a values
are not longer 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 Nb3A1 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.

<égi>= 0.09% |
<Aaﬁ> =010% |

6~ Nb3Al-powder |
L~ _
21 ]
0 /} | ] |
.,,2_ —
-l - —
A ! L
100 200 300 TIK]

Fig. 6.14. Comparison between the temperature dependence of the thermal expan-
sion coefficients of powdered Nb3A1 and that of Nb3A1 core wires
with different lattice distortions Aa/a (Herold et al. /243/).

® : Nb.754mu246 (Fluikiger and Isernhagen, see Table 6.7).
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Fig. 6.14 shows the thermal expansion coefficients of powdered Nb3A1 and of
core wires produced from this material. With increasing lattice distortions

- Aa/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 VBSi only occur on samples showing small deviations from stoichio-
metry. The effect of substituting Ge in Nb,Al combined to deviation from
stoichiometry was reported by Herold et af. /243/. At 300 K, o was found to
decrease from 11.52 x 107° k™" for Nb,Al to 7.16 x 107 k™! for the nominal

3
alloy NbBA{BGe 5(see Fig. 6.15). A similar decrease of o was observed by sub-

stituting Cr for V in V3Si: o decreased from 11.86 x 1070 K'1 to 7.01 x 10_6 !
for V.675Cr.07551.25 /243/.
ol T | T | ~
o« ol Nbj Al i
-6y.-1 Nb3 Alg,Gegg
[x107°K™] 8| —Nb3 AlggGegy, 1
6}- Nb3 A‘O.SGQO.‘S“
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2 L . —
0 i { } }
_2 - b
-4 ]- _]
_6 F_ -]
| { I {
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Fig. 6.15. Linear thermal expansion coefficient o for Nb3Al and Nb3Al1_XGeX

alloys (Herold et al. /243/).®: Nb 756e o5 (Flukiger 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
of Staudenmann /95/ that the anomalous temperature dependence of tﬁe thermal
expansion coefficients of the high-temperature superconductors is also of an
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electronic origin. 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 anomalous temperature
dependence below 100 K. A direct correlation between negative o(T) values and
the occurence of the low temperature phase transformation could not be confirmed.

b) o(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 o is there-
fore indicative of strong interatomic forces. A comparison between inter-
atomic forces in A15 type compounds is of interest when considering phase sta-
bility.
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T v - _
05221~ _ Nb.7555n.245. X
: .
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{nm) - -
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; . 8065191,
Nbys, Alyg :
i T B 17 A S
0 500 1000 1500 0 500 1000 1500
T (K) T (K)
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0.520|- - . :
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0518} 4 - A ,
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1 I f— j d ' — I} )
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.Fig. 6.16. Lattice expansion for the compounds Nb_754A1.246, Nb.79A1.21,

Nb csSN aps ND goeSN 1gas ND 740Pt opg and Nb oaalr 5gn (After

Fliikiger and Isernhagen /162/).
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Recent lattice parameter measurements in the systems Nb3Sn, Nb3Al, Nb3Pt,
NbBGe and Nb,Ir by Flikiger 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 o 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, o values of 7.69 + 0.11 and 7.81 + 0.15 x 1076 being

measured for B = 0.245 and 0.194.

Systems o Tg duﬁb .?Uég
T o ar

(10701 (K) (x1072% 2y (x107208)
a)

Nb 2e6SN ,ge 769 + 0.11 2100 1.74 2.26

"0 8065194 7.81 + 0.15 2403

"o 755R1 205 8.61 4+ 0.13 2233 1.69 1.96

N 7oAl . 8.20 + 0.39 2333 1.80 2.20

Nb oeGe ,.0)  7.77 + 0.54 2138

.75%€ 25 77+ 0.
Nb s4oPt peg  7.75 + 019 2180 1.62 2.09
" 748" 252 629+ 0.07 2403 1.33 2.11
c)

Nb 7.03 2741 1.67 '2.28

Table 6.7. Linear thermal coefficient expansion coefficient, o, for various
A15 type compounds in the temperature region 300 < T < 1200 K and
ratio between the derivative duﬁb/dT and a. a) The formation tempera-
ture of Nb,Sn at g = 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 NbgAl, o values of 8.20 + 0.39 and 8.61 + 0.13 were measured at compositions

B = 0.21 and 0.245, respectively.

A close relationship between the variation of the lattice parameter and
of the vibrational amplitude Uﬁb was found by Fliikiger and Isernhagen /162/.
As seen in Table 6.7, the ratio (dUNb/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 o can occur: the change of the lattice parameter is
directly proportional to that of the isotropic vibration amplitude Uﬁb for

the Nb atoms:

du? -
1da, Nb at T > 300 K. (6.7)
a dT = dr

When comparing the values of o with literature values, a satisfactory agreement
is found for Nb3Sn, where Touloukian et al. /289/, reported 7.2 x 10'6I'<'1 at
300 K and for Nb Ge, where Hull and Newkirk /292/ reported 6.98 x 10 6K 1 at
300 K. There is, nevertheless, a considerable scatter between the values given
by different authors. For example, Forsterling and Hagenbarth /274/ reported
for Nb3Al o= 11.5 K at 300 K, which is 33 % higher than that in Table 6.7.
Reddy and Suryanarayana /292/ reported for Nb4Os at 400 K a = 3.6 x 10_6K"1,
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 o = 9.3 X 1075
at 333 K /293/ and o = 7.5 x 10~ K -1 at 303 K /274/. These differences may arise
from the different strain states of the powders and from possible contamination
by oxygen dufing 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 Nb3Al, 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 TIB}| IIIA IVA VA

1VB (Ti,Zr) 5.26 ] 5.25-5.4} 3.26 1 3.5{ 3.7b6 4.0 | 4.25
[73]
5
SNVB (V,Nb,Ta) 6.5 5.9-6.5 16.25-6.5| 6.0-6.5 {4.0-4.2 4.4-4.61 4,75 5.0
<

VIB (Cr,Mo) 6.5 6.5-6.75] 6.5-6.8 5.25 5.5
||

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 ordering 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 IS’ defined by

I

70
Y F (6.8)
g = _
1007 - !
D + (Tq Tp) X

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 a per-
centage of the characteristical temperature at the composition x above the linear
interpolation between‘the melting points of the components. The factor 10" was
introduced in order to obtain values around 100. A compound with IS > 100 can

be considered as being very stable, while a decrease of IS corresponds to a less

stable compound. The variation of IS for A15 type compounds has been represented
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in Fig. 6.17. It follows immediately that the stability is considerably higher
for nontransition B elements (92 5_15 < 110) than for transition B elements
(73 < 1 < 95).

It is remarkable that just the two compounds where the occurrence of
perfect ordering has been experimentally confirmed, i.e. Nb3Sn and VBSi, exhibit
the highest stability indexes, IS > 105. Other A15 type compounds with very
high degrees of ordering, e.g. VSGe (S = 1, see Table 5.8), CrBSi (S =1, see
Table 5.13), Nb,Ge (Sa = ], see remarks in 5.1.1c and Table 5.2), NbBAl (Sa =
0.97, see Table 5.3), Nb3Pt (S = 0.98, see Table 5.5) and NbBIr (S=1, see
Table 5.6) all show IS values between 95 and 100. The compounds V3Au and Nb3Au
exhibiting higher deviations from perfect ordering (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 IS’ v 80, It is obvious:that such
a simple correlation can only indicate a tendency and is unable to explain
all details, e.g. the difference between Nb3Al and Nb3Ge, The general tendency
is demonstrated when comparing the variation of IS (Fig. 6.17) with that of

the order parameter, Sa or r' (Figs. 5.2 and 5.3).
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Fig. 6.17. Raynor's stability index, IS’ defined by Eq. (6.8), for some
NbBB, V3B, MogB and CrBB compounds. For each class of compounds
the most stable ones undergo the highest order parameters: Nb3Sn,
V3Si, V3Ge, MoBSi, Cr3Si, .... Note the similarity with Fig. 5.2,
where the analogous 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. It appears indeed that only very few A15 type compounds are
stoichiometric and exhibit perfect atomic ordering: the other ones are stabi- 3
lized either by a decrease of the order parameter by a deviation from stoichio- 5
metry (g8 > 0.25 for B = Re, 0s), 8 < 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 NbBSn or Vgsi. The necessary con-
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 70 , the A15 formation temperature. As already
mentioned, a thermally induced change of the degree of ordering 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 (Ti3Hg, 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 occurrence of high TC values. There is actually
no general explicite theory correlating these properties, but it can be ex-
cluded that the simultaneous 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 Labbé and Friedel /259/
which qualitatively describes the particular band structure of NbBSn and V3Si.
In this picture, 1.t. lattice instability is understood as a crystal Jahn-Teller
effect /259/. A second approach for explaining the lattice instabilities in
A15 type compounds is based on the Peierls gap instability (Gor'kov /260/ and
Bhatt /261/). Both approaches described here are based on oversimplified
assumptions and are thus certainly questionable, but they furnish a strong
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, L1 A2 and A15.

29

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 Af, LIZ, 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 (C11 - C12)/2 as observed for
Nb3Sn and VBSi.
As described in 4.3.1d, the "Crystal Field Modified Model” of Machlin assumes
oblate spheroids instead of spheres for the electron density distribution
associated with the D2d point site symmetry. The physical concept in Machlin's
model /294/ is that the repulsive parameter in transition elements arises from
the outer sp shell. The repulsive pair potentials taken into account in this
model are illustrated in Fig. 6.18, the pairs being ﬂﬁ? (nearest neighbours on
a chain),ﬂﬁg (nearest neighbours on two orthogonal chains) and AB (chain atom
and nearest B atom) located 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 to be a function of two
variables: the lattice parameter a and the crystal field parameter ASAv' (takes
into account the screening of nuclear charge for electrons in ||sp orbital of
A atoms, or more precisely, the excess total screen in ||d type orbital over
that in | d type orbital). By minimizing the lattice energy with respect to
both a and (ASAv'), the equilibrium values of the cohesive energy, the lattice
parameter and ASAv' are determined. Besides, the ability of this model to cal-
culate accurate lattice parameter values (< 0.44 % deviation from measured
.3.1d), two aspects are of interest for the present work, i.e. the

a
values, see 4
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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.

o 7
o —o

A A2

/%5
.
.

Fig. 6.18. Bonds between atomic pairs'ﬂﬁ? (nearest A neighbours), IIE (nearest
A neighbours in two orthogonal chains) and AB, used in Machlin's
model /294/, giving the repulsive potential parameters

*
AA1 , A

O

* *
R, and Axp

a) The Energy of Formation.

The crystal field modified pair potential model /294/ has been able to

correctly predict the most stabie 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 A15 struc-

ture is the most stable one (largest negative numbers).
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Compound Al A2 L12 Al5

No_Pt -12.86 -10.39 - 3.85 -39.97
v Pt 1.30 1.53 2.49 - 5.95
No,_ A1 4.84 6.31 1.22 -29.90
T A -31.28 -25.01 -30.52 -42.09
r Au -19.97 -12.49 - 4,94 -81.75
v 2o 1.91 1.66 5.17 -21.20
NgSIr -16.73 -12.88 - 5.20 -43.20
Ti lr -27.63 -20.43 -14.85 -38.00
Vs?r 1.01 0.42 1.45 6.96
Nb_ 0s - 8.97 - 5.82 0.03 -34.00
ho_Rh © 13.55 -11.10 - 4.38 -29.37
v N 5.01 4.76 6.89 -19.09
V:Pd 0.50 0.16 3.79 -14.06
i Pt -23.53 -16.72 -12.65 -34.15
Ta_Sn -27.88 -25.50 -18.02 -46.45
V,Rh -1.38 - 1.13 2.05 -11.82
V.S -30.71 -30.92 23172 -36.54-
Nb, 51 -27.38 -25.58 -18.62 44,25
o 0s 1.07 3.44 - 0.17 -13.14
Mo, Ir 0.31 2.30 0.54 -17.72
Ho_ Pt 1.30 1.89 0.65 -17.72
Mo_ St - 0.46 - 0.17 - 9.97 -47.39
No_Ga -22.46 23.55 25.33 -15.50
v,Ga . 19.53 18.60 20.89 - 0.99
v Ge - 9.580 -10.16 - 5.89 -27.11
Ta Au - 4.98 - 2.66 0.23 -24.05
A 7.52 7.37 5.78 -21.58
v A 12.65 12.07 16.38 - 7.50
Nb_Au - 9.36 - 7.58 - 5.82 -29.20
™1 Hg -16.91 -11.84 - 4,08 -32.95
No_ In 10.41 11.54 16.05 -14.16
No_PD -33.02 -31.49 -23.19 -53.15
v.Pb -12.32 -13.14 -12.30 -28.05
VA - 5.99 -12.78 -11.88 -28.70

Table 6.9. Structural component of energy of formation (kd/g-at.) for AsB
phases exhibiting stable A15 structure (largest negative number).

Table 6.9 gives the correct data for A15 phase stability in most cases except
for V3Al, where the A2 phase is known to be more stable. In other cases, as
NbBPb or V4Pb the results of Machlin et al. /294/ suggest a high stability

of the A15 phase, which is in contrast 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 correlation 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
variétion to that observed for the order parameter (Fig. 5.2), (the Debye
temperaturesv(Fig. 6.9)) and the stability index (Fig. 6.17). Indeed, the most
stable A15 phases based on V, Nb, Cr and Mo are those with B = Ir for tran-
sition B elements and with B = Sn, Ge, Si(Pb) for nontransition B elements.
Again, the systems Ti3B'and Zr3B show a different behavior.

E(A15) | | | | | | i
o N
K3 /g-at]f v
—6of "' -

=}
01 PR (Ga
Co Ni Al Si
Rh - Pd Ga Ge
ir Sn
Os It Pt Au Hg TUL Pb
Vil [ 1B [1B [A TIVATVA

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 are not 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 Long-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/Tg, where Tg is the formation temperature of the
corresponding At15 type compound. In analogy to Fig. 4.5 and 5, this has be done in

Fig. 6.20, which leads the following conclusions:

: |
! G)Nb3Au
i * V3Au |
| VTi3|l‘
| & V3Pt .
I "’”Tiapf 1
0.5:_ Calculated with | eNbjAl ]

I w—-Measured on
quenched Nb3P%-

-

| Machlin’s mode!

0 i
’ _ 1.0 T/TFO

Fig. 6.20. Order parameter S vs. T/Tg for several A15 type compounds as cal-
culated by Machlin and Whang /294/ (Tg is the formation temperature
of the corresponding A15 type compound. For comparison, the variation

S/Smax on quenched NbsPt 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 limits, estimated
to AS < 0.10 (without V,Si, V ;5568 545 and NbsSn, 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/Tg -~ 1), S resides at values > 0.5,
|
thus excluding the possibility of an order-disorder phase transformation.
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6.2.3. The Quasiharmonic Potential Approximation

In order to get a comparison of the interatomic forces in A15 type compounds
a temperature dependent potential VIr(T)] has to be defined. The vibration
energy of the atoms increases linearly with T, since E = kT. The enhancement
of the energy at T > ®p is reflected by i) a linear 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
2 and the linear thermal expansion coefficient o, taking the

amplitudes U
following assumptions:

- harmonic vibrations of the atoms around the equilibrium site
(the condition for this approximation, U << a/2, is well fulfilled with

U/a ~ 0.06 for Nb“7558n.245 at 1300 K (see Fig. 6.12))

- constant frequency v at T > eD

- linear increase of the interatomic space (the equilibrium position o
shifts linearly with T)

- independent vibration for each atom

- the potential is spherical in a first approximation: V(r) = Vo + 1/2 c(rsro)z.

In order to take into account the linear thermal expansion of the crystal,

an anharmonic term is added to the harmonic potential, giving rise to

2 176 D(r-r.)3 (6.9)

V(r) =V, + 1/2 C(r-r)) o

the quasiharmonic potential /275/, which has essentially the same form as the
pair potential of Welch /80/. In the present case the displacement (r-ro) is
given by the r.m.s. vibration amplitude U:

r(T) = r_ =+ UWT) . (6.10)

/ 0 -

Since the equilibrium positions vary themselves with T, it can be written

r(T) = v (T ) =r (T )o AT + U(T), ‘ (6.11)
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where TO = 300 K. For the average vibration energy, it is E = kT = 2 V(r),
in order that

E=kT =V +C(r-r)% - 1/3D(r-r )3 (6.12 )

: 0 0 o’ :

The constants in Eq. (6.12) are calculated as follows. From the experimentally
determined values of U% and a, the displacement r-r = (r~ro)(T) can be de-
termined, C and B being obtained by a least square fitting procedure. The
results for a series of Nb3B compounds and for elementary Nb are represented

in Table 6.10, separately for the Nb and the B component /238/:

Nby_gXg B O C O Dy
X 10—8 [N/nm] X 10"6 [N/nmz]

Nb, Pt 0,258 9,38 10,78 4,57 6,41

-8 8;
Nb1-BAIBII 0,246 8,75 7,92 4,07 3,83
Nb1—BAlB 0,210 8,25 9,20 3,59 4,81
Nb1-BS”B 0,245 8,75 *12,78 4,33 9,06
Nb 9,12 4,55

Table 6.10. Constants CNb’ CB, DNb and DB 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 D are higher for NbBSn and

NbgPt than for NbgAl. Attributing to these constants the meaning of a generalized
force, it can be followed that the interatomic forces for Nb3Sn and Nb3Pt

are higher than for NbBAla This fits well in the present picture of a more
unstable Nb3A1 at the border of the "Instability 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 MWs* the density
of electrons at the limit of the Wigner-Seitz cell (being empirically connected
to the bulk modulus). The charge transfer was introduced by Weinkauf and
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 compound
are also due to the electrons transferred from one site to another.

Bongi et al. /266/ have calculated the electron transfer, An, between the
chain atoms and those on the cubic sites using the empirical expression

1

B
Nalloy = & 7%) (6.13)

A
(n™ - BAan

wRere nglloy is the number of valency electrons of the A atom on the 6¢c site,

n" is the total number of electrons due to the A atoms in the unit cell, B is

a constant which fixes the nalloy value for one compound (determined to B =
0.212 by Staudenmann /267/ after adjustment for A15 compounds on the values

of Miedema /200, 262, 263/, Anws = nas - nGS is the difference between the
corresponding electron densities of the atoms A and B at the limit of the
Wigner-Seitz cell and ZB 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 Myg > 0, i.e. an electron transfer from the atom A to the atom B,
while for nontransition elements, Anws < 0. In other words, Si in VBSi would
act as "donor", while Ir in Vilr 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 = Nglloy - nA (nA is the number of electrons
of one before alloying. The charge transfer in V3Si 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 1in V3B, Nb3B, MoaB and




Fig. 6.21.
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Electron transfer in A15 type compounds calculated with the em-

pirical equation (6.13) for nA (after Bongi et al. /266/ and

alloy
Staudenmann /267/).

Cr3B compounds would correspond to An = 0 or to small positive values of An.
However, this suggestive picture does not hold for Ti3B and Zr3B gompounds,
where Ti3Hg,‘Ti3TI and ZrBHg exist in the region of An © 0. As remarked by
Staudenmann /267/, the value of An for TiBIr 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 independent arguments

and calculations are needed.

From the point of view of ordering, it would be interesting to know whether
there is a correlation between An and the ability to undergo different values
of the order parameter. In Nb3B and VBB compounds, the strongest ordering changes
are encountered for Nb3Pt, Nb3Au, V3Pt and V3Au, where An ~ 0. In MoBB and
CP3B compounds, the strongest changes AS are observed for B = Os and Ir, where
An attains its largest negative values, thus showing the usual contrast with
respect to Nb3X and V3X compounds. A a conclusion, this may reflect that
a correlation exists between electron transfer, phase stability and atomic
ordering 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 AS exceeds certain limits, a complementary physical property reflecting
the degree of atomic ordering has been introduced, the electrical resistivity
just above TC, usually denoted as Py This is obviously only meaningful if a
general correlation between Po and the degree of ordering 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(po) for the class of compounds with the A15 structure. For
accomplishing this task, it must be taken into account that the value of e
for a given A15 type compound not only depends on the degree of atomic ordering,
but also on the composition, 8. The separation of both effects requires a very
careful analysis of the metallurgical state and the thermal history of the sample
on which 0, Was measured. Most of the o data on thermally disordered A15 type
compounds are taken from own data /38, 142, 220, 221/. In the following, 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 Py 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 o 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 Peat 140 to 160 x 10_8 Qm while
at low temperatures (T < 50 K), a variation p ™~ " with 2 < n < 5 has been re-
ported. A careful analysis of all these aspects furnishes interesting new in-
formations about the properties of Al5 type compounds and will therefore preceed

the considerations about the dependence of S on Py

7.1. p(T) at High Temperatures

Woodard an Cody /170/ observed in NbBSn a saturation of p (T) at high
temperature, instead of the linear dependence predicted by the classical Bloch-
Grineisen theory. A direct estimation of Py CAN only be done for the few com-
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 Nb4Sn /170/, V3Si /235/
and NbBIr /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, Por when comparing with pure metals.

'Fm‘ e . v v T 7 ™ 7 T I 7 = T
£ - /
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‘o 100} WSi e
= o
h 50:
“'- | 4 i l 1 1 1] [} l ) 1 L.
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Fig. 7.1. Electrical resistivity p = p(T) for the systems NbySn (Woodward and

Cody /170/) VBSi (Marchenko et al. /235/) and NbBIr

(Flikkiger /221/)

up to 1200 K, showing saturation values Psat between ~ 100 and

~ 140 x 10”8, respectively.

7.2 The Shunting Model

Meanwhile, such a saturation effect was not only reported for high TC super-

conductors, e.g. NbBSn /170/, V,Si /218, 235/, V3Ga /142/, NbgGe /

/s Nb3AI

/217, 220/, Mo,0s /142/ but also for low T. superconductors crystallizing in the
A15 structure, e.g. Nb3Sb /241/, NbBIr /38, 206/, NbSOs /38, 206/, MoBSi /239/,
7

Mogee /206, 239/ and Ti

737 27

t /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 well below room temperature, which
is reflected by the inflection point varying between the limits
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40 < Ti-5 250 K, depending on the compound. The temperature of the inflection
point, Ti’ is not a definite 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).

{ ¥ )
Nb 3(AUOSP‘OE)
100}~ ) -
€ Nb4Sn
G
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X Nbasb
o
50 Nb3|r -
0 i f |
0 100 200 300 400

T(K)
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/, VBSi: Caton and Viswanathan
/217/, CrqSi: Devantay /206/, Mo4S0, NbyPt, VyGa and NbgAu Pt it
Flikiger et al. /142/, Nb3A1, Nb31r and NbBOs: Flikiger et al. /220/.
The value of Py 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
sat® As can be
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 Nb3Pt compared
to the other A15 type compounds. It is interesting that the corresponding V
based A15 compound with Pt, V3Pt (not shown in Fig. 7.2) does not show this
anomalous behavior.

temperatures, all compounds saturate at very similar value, P
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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 (Mott limit). In the empirical parallel resistor or shunting
model of Wiesmann et al. /236/, there is

1 1 1
— = + (7.1)

p Psat Pideal

where the ideal resistivity, Pideal’ is "in parallel" with the saturation resis-
tivity, psat‘

This model is independent on the crystal structure and fits very well with
the reported resistivity data on A15 type materials /217,230,246,249,251,252/.
An additional confirmation for the limitation 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 0300) is indeed very little affected by the disordering 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 1800°¢C
and argon jet quenched, 5: same treatment as 4 + 48 hours at 1250°C,
6: same treatment as 4 + 24 hours at 1000°C (Flukiger et al./142/).

b) Mo,0s, VjGa, NbBAu. Pt.3 /142/.

3 7
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According to Allen /247/, pideal(T) can be derived from the basic variational

solution of the Bloch-Boltzmann equation

2 1
PideallT) = P + Un/m)gee = €™ o T (T)) 7.2)

o211, ke .
= py + Un/m) pp @ €5V e 20 o kg o A(T) o T

This equation involves two coupling constants, (n/m)eff = N(0) <vX2>, where

N(O) is the electronic density of states at the Fermi level and <Vx2

the electron phonon coupling

> is the
electronic velocity at the Fermi surface and xtr’
parameter for transport processes. At T = 0 and for T > 0y, Ed. (7.2) can be
simplified to ‘

pideal(T) = po + p1 * T (7.3)

Theoretical estimations by Allen /247/ assuming Xtr v A, 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 NbyGe and Nb,Al.

From the values in Fig. 7.3., the term Pidea] CaN now be calculated for
ViGa using the shunting model (Eq. 7.1) and assuming a saturation value P,; =
120 x 1078 @m. The results are represented in Fig. 7.4 and show that the

WO
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Fig. 7.4. Decomposition of p(T) for ViGa 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 am, based on the data of Fliikiger et
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 ViGa at different degrees of ordering (the
deviation for Nb3Pt is even stronger than for VaGa).

7. Electrical Resistivity in Quenched and Irradiated Samples

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 disordering process,
i.e.‘quenching or irradiation, influence the absolute value of the electrical
resistivity? The answer can only be given by a direct combarison 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/, Nb35n /165/,,Mo3Ge /138,244/, Mo3Si /137/,
"NbBGe /111,251/, Nb Al /55/ and others. As an example, the irradiation data
on V;Si /217/ (plotted in Fig. 7.5 for illustration) show

150 1 T 1 [} | i

S TR wzeo— D

Q(T) [x1680m]

300

0 100 - 20

O 1K)

Fig. 7.5 Variation of p(T) for a VBSi single crystal 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, Po increasing
from 3.74 x 1078 qm to 125.2 x 10”8 am for a corresponding change iof T, 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 amorphous 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 107 on to 117 x 10™ am for a reduction of T_ 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 NbBPt sample with the highest Py value, 87 x 10'8 @m, resulting in an almost
complete recovery of the original low Po 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 Po values of the starting Nb3Pt samples in both investigations,
(Refs. 142 and 217), i.e. 23.3 x 1078 am /217/ and 20.1 x 1078 o /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, P300.7 85.9 x 10'8,Qm, than that reported in Ref. 142, P30 = 104.6 x
104.6 x 10’8 $im. 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 fs and 300 for both

disordering processes can be compared.

It follows that the enhancement of o in both argon jet quenched and irra-
diated Nb3Pt is comparable for similar changes of TC (and thus of the order
parameter). For disordering corresponding to a decrease of TC by ~ 4 K, the
corresponding variations after thermally disordering are Apo = 67.1 X 10'8 Qm
and Ap300K - 7.4 x 1078 am /142/, which is very similar to the change after
irradiation, i.e. Ao = 10.9 x 107 On and Ao,y = 63.7 x 107 am /217/.
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Treatment TC Py 300 RRR Ref.
48 hours/1soogc (R) 11.0 20.1 110.1 5,48 142
+ 7 weeks/750°C
30 min./1800°C SQ) 10.15 41.0° 107.7 2.63 38
+ 16 hours/1000°C
24 hours/1750°C (R) 9.3 51.4 109.9 2.14 38
15 min./1800°C (Q) 9.0 65.3 112.2 1.71 142
+ 48 hours/12509C" (R)

24 hours/1200°C (R) 9.1 67.5 120.1 1.78 38
30 min./1800°C (Q) 8.1 86.4 116.7 1.35 142
12 hours/lsoogc (R) 1.1 23.3 85.9 3.69 217
+ 3 weeks/900°C

7.5 x 10'8 n/cm? 6.45  87.0 9.1 1.11 217

15 x 10'® njen? 4.31  102.7  107.2 1.0 217
202 x 10'® n/cn? 3.03 110.6  112.0 1.0 217

Table 7.1. The quantities TC, Po* P300K° RRR and S for Nb3Pt samples after
disordering by argon jet quenching/142/ and by neutron irradia-
tion/217/.

The present comparison with data obtained on quench disordered Nb3Pt samples
furnishes the first evidence that the changes of the electrical resistivity

in irradiated Al5 type compounds, extensively reported in the Titerature, re-
ally correspond to changes of the order parameter. It follows that radiation
induced effects (e.g. vacancies, depleted zones or the lattice expansion) ha-
ve a minor importance only on p(T). This holds for order parameter values
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 to be 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 over the entire temperature range
for the three compounds V3Si, Nb3Pt and Nb3A1 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
| Osd/T
3

3 d
(1 * (7.4)

Psd (- 1) (1-e%)
0

p1(T) T Psd T Ked

where esd is a cut-off temperature similar to the Debye temperature
(esd N 400 K for V,Si /217/) and keq IS @ constant.

Another possibility to fit po(T) over the entire temperature range has been
proposed by Milewits et al. /246/:

T /T
0 (7.5)

p(T) =P, + b ° TMicoe
where Py b, ¢ and To are constants. The first two terms are dominant at low
temperature (T < 50 K), while the exponential term was 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
T, is correlated to the inflection point (Ti v TO/Z) 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 NbBPt. Although this compound has
neither extreme values of TC nor of the electronic density of states, it exhibits
the lowest inflection 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 pecularities in the phonon spectrum. After fast quenching

Ti increases up'to v 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 K or less. Marchenko et al. /235/ for V3Si and Webb et al.
/241/ for Nb3Sn and Nb3A1 reported a T2 dependence of the resistivity. For high
TC A15 type compounds, these authors proposed the formula

o(T) = py + b T2, (7.6.)

to be applied in the temperature range TC < T <50 K (in this formula, b is

a constant). For other compounds, e.g. Nb3Sb /241/, the exponential n is not
longer 2, but 3.6, while for the low TC compounds Mo3Ge and Mo3Si Gurvitch et
al. /244/ found n = 5, i.e. an ideal Bloch-Griineisen behavior. It is thus more

convenient to generalize the formula (7.6) to
_ n
p(T) = Py *+ b, T (7.7)

and to describe the differences between various A15 type compounds by listing
the exponent, n. It may be recalled that Eq. (7.7) is nothing else 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 Tz 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 restricted.to temperatures well 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 v T2 is depending on the degree of
ordering. As reported by Gurvitch /244,254/ and Lehmann /239/, the upper limit
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of the T2 dependence in NbBSn is shifted from 45 K to 88 K after irradiation

causing increase of o from 30 to 140 x 10'8 Qm. 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.

T | T T T T T T
100
g I Nb,P1,167.2) M =
s 90} e |
o ttib=bE
L M
5 NbggAlog 148.2) o

—

. ~ ]
40 \’.75602513,3;2/ i

o

30k ‘ Nb, Al (32.8) ' -]

) 1 1 ! ! ! 1 1
1000 2000 - 3000 4000 .

TZ (KZ) .

!

Fig. 7.6. Electrical resistivity vs. T2, for various A15 type compounds. The
numbers in parenthesis are the p, Values (Flikiger /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 amorphous
compounds, and several attempts have been made to explain this exponent. As
discussed by Allen /247/, theories by Gubanov /268/, Ohkawa /269/ and Cote 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 unpublished calcuiations correlating the T2 behavior of p(T) with
narrow bands at the vicinity of the Fermi level. !

It is interesting that at low temperatures, the calculation of p(T) assuming
phonon-assisted s-d interband scattering and using the phonon spectrum for VBSi
of Schweiss et al. /237/ (or using the model density of states calculated by
Testardi /272/ from acoustic data) results in a T3 dependence (n = 3), rather
than the T2 dependence as observed in high TC A15 type compounds /235,241 ,254/ .
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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, Nb3Au and the pseudobinary Nb.75Au.125Pt°125, where the
low temperature behavior is rather complex /38/. The behavior of p(T) - Po
for Nb3Pt reveals a deviation from a T2 dependence below v 21 K.
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Fig. 7.7. log - 1og.representation of p(T) - Py VS T for Nb3Pt after various
heat treatments giving rise to different Py values. The heat treat-
ments are specified in Table 7.1 /38,142/. The numbers are the corres-
ponding p  values (x 10“89m).

The deviation increases for higher Po values, corresponding to, lower
degree of ordering, induced by different heat treatments. Another way 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 anomalous low temperature behavior of p(T)
in Nb3Pt. For the most ordered sample (pO = 20.1 X 10“8 fm), a T5 behavior is
observed, while a second slope appears for the quenched states with Py = 68.9
and 86.4 x 10“8 fm. All measurements in Fig. 7.7. were determined on the same
sample. Reannealing of the sample with Py = 86.4 x 10“8 @m (argon jet quenched
from 1800° C) leads 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 Nb3Au and an75Au.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,Pt
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 analogous V based
compounds V3Pt /206/ and V.76Au.24 /38/ (see Fig. 7.8.). It is very tempting
to advance the hypothesis that the two slopes in the Nb based A15 type com-
pounds (Figs. 7.7. and 7.8.) reflect the mixed nature of these compounds,
arising from the fact that Pt has a completely filled d shell while its neigh-
bour, Au, has one s electron. The electrical resistivity measurements would
indicate that the compounds Nb3Pt and Nb3Au (and the pseudobinary Nbe75Au°25Pta125)
behave in some context like pure transition metals (n > 3), but that they also
exhibit some features of the high TC A15 type compounds containing pure non
transition B elements (n = 2). This hypothesis is supported by the fact that
o(T) in V3Pt exhibits the exponent n = 3, observed in A15 type compounds based
on transition metals only: in contrast to NbBPt, where TC (11.1 K) is about
the half of that encountered in Nb3Ge or NbBSn, V3Pt only exhibits TC = 3.7 K,
which is only about 20 % of the value of VBSi or V3Ga.
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Fig. 7.8. Log - log representation of p(T) - Py VS~ T for V 76Au o4
\11’766e.24 and Nb_76Au.24 after various heat‘treatments /38/.
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System Heat Treatment TC [ n Temperature Reference
(%c/n] K] fx 10™%am) Range [K]
V8 Hono 6.9 4.2 2 17-2 Caton et al. /217/
Poly 17.1 6,3 2 17 - 28 Harchenko /235/
Hono 16.8 5.2 1.6 24 -138 Taub et al}, /253/
Mono, 1680/48 16,94  2.17 3 22.5-40%) Flilkiger /38/
Poly k] k] 20 - 40 Gurviteh /271/
Poly 2 2.9 17 -28 Gurvitch /254/
Hb3Sn Poly 2 Morton et al, /240/
Hono 18.2 6.8 2 20 - 28 Hebb et al, /241/
Film 17.6 21.4 2 < 76,5 Lehmann /239/
Film 18 11.4 2 18.4 - 30 Gurvitcli /2547
Film, Trrad, 75.7 2 <88 Gurvitch /254/
Film, Irrad, 95.7 2 < 88 Gurvitch /254/
VJGa Paly, 1200+Q 13.8 32,7 2 19 ~ 38,5 FlUkiger /38,142/
Poly, 610/316 14.8 24,2 2 20 - 36 Fltikiger /38,142/
IleGe Film 20.5 45 2 Lutz et al, /251/
Filn 19.4 51 2 Lutz et al, /251/
Fidm 43,9 3 2% Gurvitch /254/
NbJAI Poly 18.5 66.8 2 20 - 43 Hebb et al, /241/
Poly, Irrad, 18.5 65 1 Caton et al, /2177
Poly, lrrad. 12.9 99.7 2 Caton et al, /217/
Poly, lrrad, 8.4 3 Caton et al, /217/
Poly 65 2 18,6 - 40 Gurvitch /240/
Poly, 19609 17.2 48,2 2 19 - 43 Fllkiger /38,220/
Paly, 750/1176 18.8 3.8 2 19 - 4 Fllkiger 738,220/
Film 16.4 64 2 <45 Lehmann /239/
Nb’735M.235 Poly, 1900/3,5 17,5 ° 54,2 2 19 - 42 Fliikiger /38/
Nb'mAl_z2 Poly, 1850/24 16.4 105 k] 20 - 60 FHikiger /38/
Hb4Au Poly 1 <35 Gurvitch /339/
Poly, 750/168 10.9 90.6 1.8 20 - 80 Flukiger (Fig. 7.8)
fibsPt Poly, 900/168 1.1 23,3 5 12 - 47} Caton et al. /217/ !
o o 2 -4 u
Poly, Irrad, 6.45 87 3 22 - 36 Caton et al. /217/
w wo Hu 2 36 - 43} o
Poly, 1800/48+Q 8.1 86.4 5 12 - 20 Fiukiger (Fig.7.7)
ue uo " 2 20 - 44} ne
Poly, 750/1136 1.0 "20.1 >4 <28 Flikiger (Fig.7.7)
v " ue 2 25 - 40} o
Poly 11.1 12 - 27} Gurvitch /339/
e 2w
Hbjh‘ Poly, 1800/48 1.7 14 k] 20 - 45 Flikiger 738/
NDJOS Poly, 1800/48 0,95 15.1 3 20 - 44 Fllkiger /38/
HbSh Hono 0.8 "2 3.6 Fisk et al, /338/
V4Ge Poly, 1600/48 6.0 5.43 2.86 18 - 65 Fllikiger {Fig.7.8)
Horton et al, /240/
V 6h g poly?) 2.2 geb) 2.4 <2 Fllkiger (Fig.7.8)
VaPt Poly, 900/168 3.0 32.9 3 < 65 Flukiger /38/
V‘EOS".ZO Poly, 950/6 4.1 26 1,05 20 - 50 Horton et al, /252/
Cr3Si Poly <0.030 1.2 5 < 60 Flikiger /38/
HOJOS Poly, 1950/0.5 11.4 35.8 k] < 87 Fllikiger 738,142/
Poly, 1100/336 12.1 28.5 . k] < 60 Flikiger /38,142/
Mo s6lr 54 Poly, 1800/24 8.2 6129°) 3 <50 Flikiger /38/
Mo gefe 4o Film 12.7 24 3 Lehmann /239/
HnJSi Film 1.48 18 5 < 64.5 Lehmann /239/
Mo, Ge Film 1.49 58 5 < 64.5 Lehmann /239/
Film 1.6 19 5 10 - 35 Gurvitch /254/
TPt Poly 0.49 1Pt 1 <40 Flilkiger /38/
TiJSb Poly, 850/336 6.54 11.4 2 <38 - Ramakrishnan et al, /249/
Iry5n Poly, 900/120 0.9 14.5®) 18 <0 FlUkiger /38/

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 VBSi single crystal transforms at 21.5 K, b) These samples

show traces of second phases, which may lead to higher Po values.
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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 Py which will be discussed in Section 7.6. For
all measured A15 type compounds, the coeffiecient b has been reported as de-
creasing. In Nb Sn for example b decreases from 8.5 x 10~ -1 QK'zm for a single

crystal with p =8 x 10 Qm /241/ to 1 x 10° -1 QK 2m in irradiated films with
- 100 x 10 % o,
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Fig. 7.9. The variation of the coefficient b in Eq. (7.6) for various A15 type
compounds at different degrees of ordering, characterized by Po-
O: NbgSn /241, 254/, e : NbySn /239/, B: NbsPt /142/ for the
portion of the curve where n = 2, & : Nb Al /220/, &: Nb3A1 /239/,
X: Vy6a /38//, A: VySi 7239/, V@ Mog 05 /38,142/.

No explicite physical meaning has so far been attributed to the coefficient
b, which mainly describes the rate at which p(T) increases from o to higher
temperatures. It is noteworthy that the factors b3 and b5 for the compounds
where Eq. (7.7) has to be 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 VBSi in Fig. 7.9. suggests that b does not simply depend on Po 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 T_ A15 type compounds as NbsSn /239,243/,
Nb,AT /220,239,254/, Nb,Ge /254,273/, V3Si /217,254/, V3Ga /220/, V3Ge /240/ and
Ti3Sb /249/. The exponent n is not affected by changes of the order parameter.

Disordering extends the region of the T.2 behavior towards higher temperatures.

b) there is a category of A15 type compounds with low TC values where n = b,
i.e. showing the Bloch-Griineisen behavior: MOBSi /239/, Mo3Ge /239,244/,
CrySi /38,250/. On a series of single crystals in the pseudobinary system
(V1_xCrx)3Si, Berthel et al. /250/ have observed a gradual changé fromn = 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: Nb31r /220/ Nb30$ /220/, V3Pt /220/, hk{6Rq4/239/.
/239/. A T3 dependence is in general observed in transition metals 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 Nb3Au /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-
ning also unpublished own values on VBSi close to n = 3.4 /38/) and the strong
coupled superconductors Pb and PbBi /273/. These important exceptions do not al-
low to accept the correlation proposed by Gurvitch /273/ in such a simpie form,
particularly as long 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 together with those of Gurvitch /273/ allow teo reformulate the corre-
Tation between X 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 on Po

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, Py will thus in general be the result of a combination of the two effects.
In order to decompose ordering and compositional effects in Po? the A15 material
under study must be either completely ordered (S = 1) or perfectly stoichiometric
(B = 0.25). It is convenient to start the discussion with V3Si and NbgSn, which
were proven to be perfectly ordered (see Sect. 5) and exhibit a fairly large
homogeneity range. In these both compounds, the changes in o in unirradiated
samples can directly be attributed to deviations from stoichiometry.

7.5.1. The System V,5i

The variation of po in V3Si has been studied by Berthel and Pietrass /250/
and by Kiipfer and Flikiger /271/ on a series of single crystals and by Fliikiger
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 = p3OOK/po) has been
plotted as a function of the Si content (the RRR value has been chosen rather
than & 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.
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Fig. 7.10. The variation of the RRR ratio in V3Si as a function of the $i con-
tent, o : Berthel and Pietrass /250/, x : Kiipfer and Flukiger /271/,
A : Fliikiger 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 RRR seems to be symmetrical on both sides of stoichiometry. Fig. 7.10
demonstrates fhat 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 thelva]ue of Po The nearly symmetrical behavior indi-
cates that Po is mainly dependent on thé perturbation due to wrongly occupied
atoms, the excess atom being of secondary importance. In Nb3Ir,.another compound
with the phase field extending atyboth sides of B = 0.25 (0.22 < 8 > 0.28), Po

is found to increase faster at the Ir rich side (seg later Fig: 7.14).

The behavior of the RRR ratio as a function of composition in the V3Si
system showing a sharp discontinuity at 'stoichiometry as shown in Fig. 7.10 is
certainly the most expressive way to demonstrate that this system is perfectly
ordered. The change of Po with B .is strongest when approaching the stoichiome-
tric composition. At the vicinity of B = 0.25, very small perturbations of the
system, e.qg. inhomogéneity, small deviations from stoichiometry, impurities,
small amounts of ternary additives (see Sect. 8) or deviations from perfect or-
dering,(discusséd’in 7.6) may cause a consjderab]e increase of Py, Once the per-
turbation is important enough, e.g. B < 0.245 in Fig. 7.10, further changes of
the state of the system lead to smaller changes in the normal state resistivity.
Between B = 0.20 and 0.245, RRR varies only from 2 to 5. With a value p(300K) =
75 x IO"BQm (see Figs. 7.1 and 7.5) a resistivity ratio RRR = 83.7 corresponds

to p, = 0.90 x lo'gﬂm, which is the Towest value reported so far in Al5 compounds.

This Tow value is a consequence of the particular way how the V5Si single crystals
were grown. The combination of extremely careful arc melting (with melting los-
ses below 0.1 %) and of ekcessive]y long recrystallization times at temperatures
‘close to: the solidus (14 days at 1850 + 30°C) yields very homogeneous pohycrys-
talliné samples with large crystallites (grains) up to 5 mm size /220/. The ve-

ry sharp variation of the RRR ratio close to stoichjomgtry suggests that the
| lowest Py Xa]ue in VéSi could even be subétant1q11y Towen than the value of

0.9- x 10" om mentioned above. At this high quality level, iF‘may even be ex-
pected that Po 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.




— 231 —

From these considerations, it follows that the lowest reported Po values
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 NbsSn

The electrical resistivity in the perfectly ordered A15 type system Nb,Sn
(an order parameter S = 1.00 has been reported by Fliikiger 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 Py ON B, which is reproduced in Fig. 7.11.
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Fig. 7.11. The variation of Po in the system NbBSn as a function of the Sn con-
tent. 4 : Devantay et al. /86/ (polycrystals, melted and homogenized
at 1800 OC), O: Hanak et al. /296/ (single crystal, grown by CVD).

The samples below B = 0.244 were produced by levitation melting followed by homo-
genization (12 hours at 1800 oC), both under an argon pressure of 10 kbar. It

is not possible to produce stoichiometric NbBSn 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 témperature of 930 °C at 25.5 at. % Sn. For illustration, the Nb - Sn pha-

se diagram 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 used the CVD process. It appears that CVD, but also the sintering

process yield quite homogeneous Nb3Sn samples with narrowvcalorimetric tran-

sitions (see Fig. 5.1), while the melted samples /86/ exhibit a noticeable
© composition gradient. Nevertheless, the data of po‘vs. 8 in Fig?Q7L11 can be

considered as representative. =

The value of p  from 19 to 24.4 at. % decreases from 82 to 20 x 1078 Qm,

© corresponding to RRR ratios of ~ 1 and 4, respectively /86/. A further increase
of the Sn content by‘0.6 at. % lowers po-to values around 2 x 10'8 Qﬁ /185,296/,
corresponding to RRR ® 40. THe behavior of Py in Nb3Sn is very similar to that
of VBSi. The absolute values of Po at B = 0.25 are somewhat higher for NbBSn,
which is attributed to the metallurgical state of the measured sample, in
particular the inhomogeneity.
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Fig. 7.12. The Nb - Sn phase diagram (After Charlesworth et al. /174/).
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7.5.3. The System Nb,Ge and a Comparison with V,Si and Nb,Sn.

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 strongargument in favour of perfect
ordering in Nb3Ge is the variation of Py VS- B, measured by Kihlstrtm et al.

/73/ on a series of coevaporated and well characterized films. These data have
been plotted in Fig. 7.13, together with those for Nb-Sn /86/ and V-Si /220/,
showing an almost identical Py VS- B behavior for these three systems. The lowest
reported Po value for NbBGe is 30 x 10"8 $im, which was confirmed by Schauer

et al. /216/. Knowing how strong atomic ordering affects the value of p, (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,Ge is perfectly ordered,
but that even the sample with the lowest po‘value exhibits a slight deviation

from stoichiometry , the average Ge content being ~ 24 at.%.
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Fig. 7.13. Py VS- composition in the systems Nb-Sn /86/, V-Si /220/, Nb-Ge
/173/ and Nb~A1‘/191,220/.
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Obviously, this does not exclude that small parts of the sample (those with
TC values around 23 K) are even closer to g = 0.25. This is confirmed by the
available specific heat data of Stewart /227/, showing a considerable width
of the calorimetric transition at TC.

7.5.4. The System Nb,Al.

No systematic variation of Py VS- B has been undertaken so far in the system
Nb-Al. Measurements on two samples with B8 = 0.235 and 0.25 recently reported
by Flikiger et al. /191,220/ have been added to Fig. 7.13.

"The variation of Py VS- g for Nb3A1 does not fit the common behavior of
the three other systems. This is attributed to the fact that NbjAl exhibits a
deviation from perfect ordering /28/. Both Nb3A1 samples have been prepared by
arc melting, followed by a prolonged homogenization heat treatment at 1850 oc.
In order to obtain two states with distinctly different degrees of ordering,
both sémples were first argon jet quenched from 1940 ¢ (upper points in Fig.
7.13), after which they were annealed 7 weeks at 750 ¢ (lower 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 AS = 0.01 and
0.02. this relative variation ATC/ AS agrees with that previously reported by
Sweedler and Cox '/53/. The compositional inhomogeneity of the stoichiometric
Nb3A1 sample is estimated to be smaller than + 0.5 at. % Al, as deduced from
the calorimetric measurements of Junod et al. /248/ on the same sample. As a
conclusion, it can be said that the variation of Po VS~ B for Nb3Al follows the
same tendency as for the systems NbBSn, VBSi’and NbBGe, but that the absolute
Py values are enhanced with respect to these three systems due to the lower order
parameter value. It can be recognized that for stronger deviations from stoichio-
metry (e.g. at B = 0.20) the influence of the degree of ordering on Po tends
to vanish. The effect of atomic ordering on P, will be treated in the next para-
graph.

7.5.5. The System Nb,Ir.

The variation of Po 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, aS @ function of composition in Nb3Ir.
o: Data on bulk samples (Devantay /206/), [} : 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 Py at stoichiometry, with an almost symmetrical decrease at
both sides. The P, value of 19.66 x 1078 am at stoichiometry /135/ agrees well
with the value Py = 14 x 10_8 om reported by Devantay /206/. On the same figure
the variation of T, with 8 is represented, showing a continuous increase from

< 0.1 Kat 22 at. % Ir to 3.3 K at 28 at. % Ir /62/. This shows clearly that
the frequently used correlations between TC and Po have to be interpreted with care.

7.6. The Effect of Atomic Ordering on Py

In the preceeding paragraphs it has been shown that o in Nb3A1 depends
on atomic ordering. A more systematic work has been performed by Fliikiger et
al. /142/ on NbgPta 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 for different

order parameter values is shown in Fig. 7.15.
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Fig. 7.15. Variation of Po with S in quenched /142/ and neutron irradiated
/217/ NbgPt. The dashed line represents a hypothetical Py ™ 1—52
correlation /257/.(The dashed 1ine 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, Such a comparison can be made using the
Po 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 bo with order parameter is very similar for
quenched and irradiated samples, indicating that the effect of additional radi-
ation induced effects as lattice expansion or static displacements on o of
NbBPt is negligible when comparing to the effect of A~B site exchanges.

© 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 Py As an éXample, the occupation of 1 % Nb sites by Pt (corresponding
tory = 0.99 or S = 0.96) leads to p, v 40 x 10" m. The same p, value in the
systems NbBGe, Nb3Sn and VBSi 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 po-f-po(s) for
both argon jet quenched and neutron irradiated NbBEEW(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 deviations from perfect ordering and/or
from perfect stoichiometry. In other words, the enhancement of resistivity in

a slightly disordered A15 type compounds is caused by the electronic scattering
duz the local breakdown of periodicity of the field in the lattice.

It can be easily seen that the curve in Fig. 7.15 does not follow the
variation
_ 2 _

DO(S) = Apo(1-S ) + pO(S~1) (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 ® with decreasing S is much stronger than described by
Py v (1-52). At the vicinity of perfect ordering, the variation of pO(S) is
strongest, in analogy to the variation pO(B) discussed in the preceeding
paragraph.

After having demonstrated for Nb3Pt that Py = pO(S) is almost independent
on the way how the disorder was produced, i.e. by quenching or by irradiation
procedures, it is now possible to study the variation of o with disordering
in other A15 type compounds where a deviation from S = 1 could only be ob-
tained by irradiation only, quenching procedures being unsuccessful. The available
data on systems where S 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 (Nbglr).

In these both systems, both the values of o and S have been measured
after irradiation with 20 MeV 325 /136/ and 300 keV He' ions /135/, respectively.
The data for NbBSn are shown in Fig. 7.16, showing again a strong deviation
from a v (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 NbySn after irradiation with 20 Mev °%s

ions (Data extracted from N&lscher et al. /136/. For comparison,
calculated dependences with 1~S2 and 1~S4 are added.
This model could, however, apply to low TC compounds as NbBIr, where the variation
of Py VS- B close to the stoichiometric composition, reproduced in Fig. 7.14,
follows the same scheme as for Cu3Au /Ref. 257, p. 62/. The variation of Py 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
Nb3lr have been'irradiated by 300 keV H ions or 300 keV He ions, respectively.
The value Py (S = 0) in both cases differ by < 10 % only, indicating a little
influence of the projectile. The variation of DO with S, however, shows sub-
stantial differences, the dependence ™ (1—5‘) being observed for He ions only.
A comparison between Figs. 7.15, 7.16 and 7.17 shows that the initial variation
of P,s for small deviations from perfect ordering is much stronger for the com-
pounds Nb3Pt and Nb3Sn than for Nb3lr.
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Fig. 7.17. Py VS- S for Nb31r after irradiation with He ions (E = 300 keV),
extracted from the data of Schneider and Linker /135/.

The present considerations have been restricted to the few cases where
both Py 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 to that of Nb3Sn. At present, no physical model can be pro-
posed for explaining the observed variation of P with S in A15 type compounds.
Again, the system NbBIr (with a transition B element) shows a different be-
havior, the variation of P, with S being slower than for the other compounds
with nontransition B elements. This is confirmed by the slow variation of °
in disordered M03Os (see Fig. 7.3) and Mo.65Reﬂ35 /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 on A15 type compounds with
upper critical fields, Bcz(O), exceeding 25 Tesla. Wires based on 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:

=T, > 15K
- Hp(4.2K) > 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 ch, depend on 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 ordering
plays an important role when optimizihg 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. NbBSn, Nb3A1, V3Ga,
Nb3Ge,...1s of primary importance for the understanding of the effects leading
to an optimization of the critical current density JC. The effect of ordering
on the critical current density JC of superconducting wires is essentially
dominated by the variation of the normal state resistivity Py discussed in

Sect. 7. For dirty type II superconductors, this quantity is correlated to the
value of the upper critical field‘ch by the equation

Hoo ¥ Te ° Y P (8.1),
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where. T is the superconducthg transition temperature and vy the electronic
spec1f1c heat coefficient. It can be easily seen from the variations of Py with
the composition B (Flg 7. 13) and of o with the order parameter (Figs. 7.15
and 7.16) that at: the v1c1n1ty of sto1ch1ometry or perfect ordering Ap largely
exceeds: the corresponolng AT -or-Ay values. This question will be studled in
detall in the follow1ng The attent1on will be restricted to the three systems
Nb Sn b, Al and VBGa whlch can- already be prepared in a multlfllamentary con-

3 3

f1guratlon : G
. "

8.2 Wire Prepar'ati*dri‘ |

The numerous methods reported so far for produc1ng multifilamentary wires

} based on A15 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 inherently brittle A15 phase being formed at the end of the deformation pro-
cess only, by a reaction at temperatures well below 1000°C. These ductile compo-
nents are ordinarily combinations between a‘Variety of materials like Nb, 'V,

Cu, Cu-Sn, QuLGa, Ta,..;;'dependihg whether NhéSn oh V3Ga is produced /319,320,327/.

Multifilamentahy wires have been recently produced at a laboratory scale.
with another A15 type compound, Nb3A1 /309/ by using the cold powder metallurgical
approach /191,310/. Investlgatlons are actually performed in several laboratories
for producing NbyAl 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 “"classical" Nb3Sn and V3Ga wires mentioned above.

It is unfortunate that just for the two.binary A15 type compounds exhibiting
the highest T values, Nb3Ge (T = 23 K) and Nb Ga (T o = 20.7 K), no way is seen
so far to obtaln the required multxfllamentary conflguratlon This may appear
,relatlvely surprlslng in view of the relative ease with which both compounds
can be formed as thin films. or tapes, either by sputtering, coevapordtion or
CVD. This 111ustrates that the occurrence of a hlgh TC value in.a compounq does
not neoessarily imply its suitability for practical superconducting wires ful-
filling the neceSsary'curheht,oarrying and sfab?lity requirements at high fields.

‘ The'mein factors dec1d1ng ini favour of a given material for the use in
superconductlng hlgh fleld magnets besides high Te and H 2(O) valués 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 JC, the
overall critical current density at the desired field, Bo'

The search for possible new methods to produce multifilamentary wires based on
the A15 type compounds exhibiting the highest TC and ch values will in the
future mainly be directed towards nonequilibrium methods, the stoichiometric
composition being metastable at pratical reaction temperatures, i.e. below 1000°C.
This can be illustrated by two examples: i) Nb3A1 and ii) Nb3A1.8Ge°2. The latter
was recently retained in the amorphous state by fast quenching on a hot sub-
strate. If the amorphous 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 NbBSn multifilamentary superconducting wire. 13.000 Nb38n
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 Nbgsn, V3Ga and Nb3ﬁl

The A15 phase fields of the systems Nb-Sn /174/ is represented in
Fig.7.12, those of V,Ga /20/ and Nb Al /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 NbBSn and
V3Ga is comprised at all temperatures of the corresponding A15 phase field,
while for NbSAl, it is stable at 1940°C only, the equilibrium composition at
1000°¢ 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 NbSAl, Al contents exceeding 21.5 at.%
can only be obtained by nonequilibrium processes. Such pfocesses are necessary,
since at 21.5 at.% Al, this compoUnd would onlyexhibit T, values around 9 K and
ch(O) 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 Al5 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 T, close to B = 0.25 shows
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characteristical differences. An almost linear variation TC Vs. B is observed
for VyGa, NbsPt and V,Pt (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 Tc'
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Fig. 8.3. T_ and y vs. the composition B (in at.%) for the A15 phase in the

c
systems V-Ga, Nb-Pt and V-Pt.

The behavior of TC in the system V3Au is plotted in Fig. 8.4. It is particularly
interesting due to the strong dependence of TC on the order paramgter, but shows
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 B + 0.25 yields TC ~v 3.5 K. Flukiger
et al. /18/ have further attempted to estimate TC for S » 1 and found TC # 5 K.

Although the superconducting transition temperature in NbBGe has been measu-
red on a great number of samples prepared by various methods, the 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 sp]at-qoo]ed samples,
Matthias et al./312/ reported TC ~ 17K. From their lattice parameter value,

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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Fig. 8.4. TC vs. atomic composition for V3Au, showing the strong dependence

on the annealing conditions (i.e. on the order parameter). {7 : Van

Reuth et al. /3/,0,4,®, +: Flikiger et al. /18/ % : extrapolated

to B~ 0.25 /18/.
chiometric composition. As mentioned earlier in this work several considerations,
in particular the variation of Po with B8, lead to the conclusion that Nbaee is per-
fectly ordered. The lowest Po value reported so far, ~30 X 10'8 @m /73/ suggests
an effective composition close to 24.5 at.% Ge. As discussed below, there are ar-
guments suggesting that the correct composition would rather be 24.5 at. % Ge,
vhich is also confirmed by Kihistrom et al. /73/.

The variation of T_ in the system NbjGa /7/ and NbsGe /62, 73, 312, 313, 314/
is shown in Fig. 8.5. The system Nb3Ga has been studied in detail by quench and
anneal procedures (Flikiger and Jorda /315/) and shows a slight saturation ten-

dency for T_. T T T T ]
¢ )
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Fig. 8.5. Variation of To vs. composition in Nb3Ga and Nb3Ge. 0: Nb3Ga, argon
jet quenched /7, 315/, @: Nb3Ga, quenched + 1 month /650o c /7,315/
+: Nb3Ge, ( ~19 at. % Ge, melted /62/, 23 at. % Ge, splat-cooled /312/,
25 at. % Ge, sputtered /313/ or coevaporated /73, 314/.
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This tendency to saturate is also observed in the system Nb3Al (see Fig. 8.6).

201 =

r—
PN
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o
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T

18 20 22 24 26

at.% Al

Fig. 8.6. TC as a function of the Al content in the Nb3A1 phase: 4 after Ar jet
quenching from temperatures ranging from 1100°C up to 1940%C, % : after
cooling by radiation (radiation quench) from the same range of tempera-
tures, ©: annealed for periods between 30 and 50 days at temperatures
ranging from 650 to 750°C, e: prepared by electron beam coevaporation
/189/ (From Flikiger et al. /28/).

As stated by Flikiger et al. /28/, the order parameter in the system Nb3A1
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 saturation of TC could be correlated to the decreasé of the order
parameter when approaching the stoichiometric composition (see 5.1.1).

An anomalous saturation of TC close to B = 0.25 has also been reported in
the system Nb,Sn (see Fig. 8.7). In this case, the cause for the saturation is
tholight to be different than in Nb3
NbsSn /9/ is thought to create the necessary conditions for the cubic-tetragonal
martensitic transformation for Sn contents exceeding 24.5 at. % Sn /86/.

Al. Indeed, the perfectly ordered state in
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Fig. 8.7, TC vs. composition in NbBSn (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 1K 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 Soecific 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(B) in V and Nb based high T_ Al5 ty-

pe compounds varies in a very similar way to T = Te (B). This is best illu-
strated for the systems V-Ga and Nb-Pt in Fig. 8.3. Measurements of y in the
systems NbBSn at g = 0.20, 0.22 and 0.25 /169, 276/, in the system NbSGe at

R = 0.20 and ~0.25 /195, 227/, in the system Nb3Ga at g = 0.19 and ~0.25 /195,
227/ and V3Si at g = 0.20, 0.24 and 0.25 /276/ confirm the general tendency
(see Table 6.6).
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The correlation between TC and y for several high TC A15 type compounds with
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 Nb,Si and minimum for V3Ga.
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Fig. 8.8. TC vs. y for several high TC A15 type compounds with different compo-
sitions and atomic order parameters /307/

Jar]borg,‘Peter 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 6¢ sited have a two
peak structure. The whole region of high density of states around EF is found
to decrease considerably when 901ng away from stoichiometry, while the region
above EF gets filled up. The fine: structure near EF gets washed outa and the
deep minimum slightly above EF becomes Tess pronounced. Jariborg et al. /298/
found that the decrease of the density of states N(0) at EF appears to be in-
sufficient to account for the whole decrease of Té from 18 to 6K for B = 0.25
and 0.20, respectively. At this point, one should also consider that composi-
tion changes are also accompan1ed by changes of the phonon spectrum, which are
reflected by strong ehhancement of eD As represented in Fig. 6.5, eD increa-
ses from 227 K for B = 0.25 to 305 K for g = 0.20. A similar remark should al-
so be made for the change of N(O) of high Té A15 type compounds‘after disorde-
ring. Of course, the change in N(0) is the dominant feature for the decrease
of TC for increasing disorder. However, in order to account for the whole de-
crease of TC, the simultaneous phonon hardening should also be taken into ac-
count (see Table 6.5)
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8.3.3. The Electrical Resistivity

Compositional and ordering effects on P of various Al5 type compounds
have already been described in 7.4 and 7.5. The main conclusion was that a
perfectly ordered, stoichiometric A15 type compound should exhibit bo values
well below 10 X 10-8 Qm (see Fig. 7.2). The system VBSi with particularly fa-
vourable metallurgical conditions (precise stoichiometric composition, homo-
geneity) exhibits the Towest value with o, < 1 X 10™m, which raises the
question whether the latter should be considered as being representative for
the true 0 value in Al5 type superconductors. This illustrates again the
strong infiuence of smail deviation from a perfect A15 crystal on the electri-
cal resistivity Py> which thus appears as being the most sensitive physical
quantity for describing these variations.

For technical superconductors as Nb3Sn, Nb3A1 and V3Ga, the ultimate 1i-
mit of fo is of Tittle 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), Po varies by almost one order of magnitude,
which contrasts to the simultaneous change of TC by 10 % only. In other words,
going from B = 0.245 to 0.25 in these systems corresponds to go from a dirty
type II superconductor(with an electronic mean free path A < 3 nm) to a clean
type II superconductor wit X > 10 nm. After these remarks, it is now clear why
for technical applications only typé I1 superconductors in a dirty state can

be envisaged.

8.3.4. The Upper Critical Magnetic Field

In virtue of Eq. (8.1), high values of TC, vy and o lead to a superconduc-
tor having a high value of the upper critical magnetic field HcZ' Consequently , this
quantity is also dependent on atomic ordering and composition. The variation of
ch in various Al5 type compounds (V3Ga, NbaPt, NbgAu;7Pt.3 and M03Os) is shown
in Fig. 8.9. In all these cases, partial disorder was 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 Timiting, all investigated systems exhibit large variations of HCZ(T) in
spite of the small changes in order parameter produced by heat-treatment. For
V3Ga and Nb3Pt, increases of the order parameter AS = 0.03 and 0.06 cause an in-

crease in HCZ(O) of 10 and 16 %, respectively. An even greater increase of
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HCZ(O) (v40%) is observed for Nb3AuO 7PtO 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 AS = 0.06

30 T Y ¥ 1‘ e ey 30 T To—F T T ¥ T
a b
201 NbjAUPty
:6 e
5 g
[ 2 b oog .
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Nb,Pt

L. ] { 1 1

1 ) 0 1
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Fig. 8.9. H.o(T) for different ordering parameters, .
a) VyGa (S = 0.98 and 0.95); Mog0s (S = 0.85 and 0.79).
b) NbgPt (S = 0.98 and 0.94)
Heat treatment of Nb3Au0.7PtO’3: 2 weeks at 750°C (A), and 24 hours

at 1250°C (A), followed by quenching (Fltkiger et al. /142/).

produced a decrease in HCZ(O) from 8.3 to 7.1 Tesla, in good agreement with ear-
lier data. The initial slope, (dHCZ/dT)T=TC’ is also. affected by ordering (see
Table 8.1). For MOBOS and'NbSPt, 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
contrast to Nb3AuO'7PtO.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-
1y Pauli paramagnetical 1imited materials such as V,Ga. In this case, there is a
noticeable variation of this slope very close to chand the slope cannot be de-
termined accurately. The errors in this determination make detailed comparisons
with S difficult. The upper critical fields of M0305 and Nb3AuD;7PtO'3 agree
with the predictions for a dirty type II superconductor; the value h(0) =
Hep(0)/T (dH_,/dT);_; for both systems is close to the theoretical value, inde-
pendent on the degreecof order (Table 8.1). It is interesting that HCZ(T) for
Nb3Pt falls well above the predictions in agreement with Bongi et al. /317/. In
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Compound Ordering T S Y dHep Po ch(o)a Hea(0)® (0 )*
treatment N a1
(time /9C)  (K) (md/Keem’) (T/K;c (x10°%m)  (7)
V,Ga 3w./610° 15.3 2.87 4.0 203 25 27 0.44
V,Ga 1/2h./1250* 151 0.98 (2.72)¢ 4.0 24,2 23.1 30 0.38
V,6a 1/2h./1250° 13,8 0.95  2.37 3.6 32.7 22 33 0.40
Mo,0s 2o /Mo0® 2.3 0.85  0.57 0.85 28.5 7 6 0.70
Mo0s 1/2h./1950°  11.4 0.79  0.56 1.05 35.8 8 7 0.69
Nb_Pt 4. /900° 10.9 0.98  (0.58)° 1.6 20.1 15 4 0.80
Nb,PE 1/2h./1800° 8.6 0.94  0.52 1.95 66.6 13 9 0.74
NbaAug Pty o 2w./750° 12.9 1.02 3.3 60.1 30 24 0.70
Nbahug Pty 5 1/2h./1550° 10,0 (0.62)° 2.9 82.5 21 16 0.70

Table 8.1, High field parameters, specific heat and electrical resistivity of
V3Ga, Nb3Pt, Nb3Au 7Pt 3 and Mo3Os at different degrees of atomic

aS]ow]y cooled, "Argon jet quenched, CInterpo1ated values,

ordering.
dExtrapo]ated from measured data, eCa]cu]ate§1from'HC2(0) = 3.06Tcyp0,

fatcutated from h(0) = Hep(O)[ T, dHcp/dT| ]~ (After Flikiger
et al. /142/). ¢

addition, an increase of the order parameter from S = 0.94 to § = 0.98 enhances
the value of h{(0) from 0.74 to 0.80. It can be suggested that the high value of
h(0) for Nb,Pt may be due to d band overiap at the Fermi level.
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Numerous metallurgical effects can influence the evaluation of the resisti-
vity at Tow temperatures. Generally, these effects increase the value of Py SO
that estimates of HéZ(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 HéZ(O) using resistivity data. The estimates of HéZ(O) cal-
culated with Pe gives values larger than measured for V3Ga which is consistent
with the observed strong paramagnetic Timiting. The results for MO3OS are close
to the measured values, but the results for Nb3Pt give a calculated value of
HéZ(O) which is quite low. Even the relatively dirty Nb3AuO.7Pt0b3 materials gi-
ve a low calculated value of Hep(0) .

The Tow resistivity and large residual resistance for well-ordered Nb3Pt
tre Estimates of At
Fig. 7.3 and go/ktr =~ 0.7 indicate that this material is a relatively clean su-
perconductor.

suggests a long mean free path, A p 10 nm for sample 1 of

It is interesting that by introducing 3% Pt atoms on the Nb sites by quen-
ching from 1800°C, corresponding to an order parameter S = 0.88, Ktr 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 ztr v o2 onm
and EO/Ztr ~ 10 so that these are dirty. Calculations for the well ordered V;6a

(Tc = 15.3 K) yield Lip ™ 2 nm and Eo/ztr = 0.3,

Discussing critical current density values JC at high magnetic fields, it
is mostly neglected how strong the chemical composition may influence the value
of ch. HC2 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 jc compounds NbBGe and Nb3Ga, a
variation AH.,/AB — 5 Tesla per at.% is found. For the paramagnetically 1limited

system VSGa, the influence of composition on HC2 is considerably smal-

ler, ~ 2 Tesla/at. % Ga. This value is even smaller than in the system Nb-Pt

(v 3T/at.% Pt at B < 0.25), in spite of the considerably Tower T walue of the
Tatter, which is not paramagnetically limited (simi1ar]y to all other Nb based

A15 type compounds),

Due to the peculiar behavior of TC at the vicinity of g = 0.25 in Nb3Sn
(Fig. 8.7) and Nb3A1 (Fig. 8.6), the variation HC2 vs. B in these two systems
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Upper critical field HCZ(O) as a function of composition, B, in
A1—B BB compounds for the various Alb compounds. The variation of

the points at B = 0.25 for Nb-Pt and V-Pt show the effects of atomic
order (after Fliukiger et al. /142/). The slope for Nb-Ge and Nb-Ga is
5 T/at. %.

is-expected to be more complex than for NbBGe and NbBGa. For comparison, the va-
riation of both TC and HC2 in the systems Nbgsn and Nb3A1 has been plotted in

Fig. 8.11,
™77 T 1T T T T .
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Fig. 8.11. Variation of T, and H_,(0) as a function of composition in the Al5

systems Nb-Sn and Nb-Al (Flukiger /308/). The hatched area for
Nb3A1 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 contrast to the other two systems, the variation HC2 vs. B for NbBSn

does not follow the behavior of Te (86): above ~24 at.% Sn, a rapid decrease of
HC2(O) is observed /186, 308/, a consequence of the strong variation of the elec-
trical resistivity, Py in this composition range /86/. In this compound, the oc-
currence of both, perfect ordering /9/ and stoichiometry Teads to a very low re-
sistivity value, Py = 2pem (185), which is nearly an order of magnitude smaller
than the value for 24 at.% Sn, Po = 22pQcm /86/. The sharp drop of Py in this
range is caused by the substitution of Sn atoms by B atoms for nonstoichiometric
compositions: The relative change of the electronic mean free path is comparati-

Lo~d

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 perturbatibn). Thus, the maximum of Hep(0) in Fig. 8.11
can be explained on the basis of the "dirty 1imit" equation(8.1) as the result of
two opposite effects: i) below 24 at.% Sn, the increase of TC and y is dominant
over the decrease of Py and HC2(O) increases with B, and ii) above 24 at.%Sn, T,
(and probably also y) shows the above mentioned "saturation", and the strong de-
crease of Po dominates, thus leading to the observed decrease of HCZ(O) shown in

Fig. 8.11.

The variation of H.,(0) for Nb,Al 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 Fliikiger et al. /28/), and
of Foner et. al. /311/ on a bulk sample with TC = 18.8 K (the compoesition of this
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 HCZ(O) Vs. B in both systems
.Np3A1 and Nb3Sn is almost linear up to 23 at.%, where the slope of ~b T/at.% is
almost the same as for the systems NbsGe and Nb3§§ﬂ(Fig. 8.10). Above 23 at.%,
different effects correlated with atomic ordering lead to a deviation from linea-
rity:

a) the decreasing order parameter for g8 + 0.25 in Nb3A1 leads to a slight curva-
ture,

b) the occurence of perfect ordering in Nb Sn leads to excessively low values of
P, at B > 0.245, thus causing a maximum of H.p between 24 and 24.5 at.% Sn.
In this system, the maximum of H 2(O) can on]y be achieved if a small pertur-
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bation (B < 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,Sn

It is interesting to analyze the variation with composition of the upper
critical field slope at Tes (dHCZ/dT)T . A comparison between measured and cal-
culated values of the critical field °© slope 1in Nb3Sn 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/

dH R(~)
2 - ;

- 5 = ™ (s/s) TAET + bp )
dT Tc R(Aﬁr)

My, {Te) (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, Ny (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 nyy (TC) was assumed to increase 1i-
nearly from unity to 1.17 within the c2 homogeneity range. The factor
R(w)/R(Atr), related to the coherence length and the mean free path, was taken

to be unity over most of the homogeneity range and to be 1.17 for the ideal com-
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Fig. 8.12. Comparison between calculated (a) and measured (b) upper critical

field slope in Nb3Sn as a function of the Sn content (Devantay et
al. /86/).
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The calculated values of (chz/BT)TC are shown in curve a in Fig. 8.12. This
curve is based on the resistivity data taken from Fig. 7.11 and a Tinear varia-
tion of the electronic specific heat coefficient between 5 and 13md K-2 per gram
atom measured at the Nb-rich boundary and at Nb3Sn, respectively. Experimentally
observed slopes fall within the hatched area b in 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 H.o(T) at the vicinity of T = Te (Fig. 8.13)5 The question whether the
observed positive curvature of the ch(T) curve is correlated either to innomoge-
neities or to the low temperature martensitic transformation in Nb3Sn was raised
by Devantay et al. /86/. Indeed, one could construct a pgfjtively curved HCZ(T)
plot as the envqlope of a family of intersecting straightﬁ&ines corresponding to
a distribution of T, in the sample. However, an attempt to”éhélyse ithe measure-
ments using a linear variation of T_ with composition up to 8 = 0.25 failed /86/.
I't may be questioned if the positiv; 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 NbySn.
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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 authors found that the required T, variation for explaining the measured
HCZ(T) must deviate from linearity, as represented in Fig. 8.7. This behavior
has meanwhile been confirmed by other measurements, essentially on alloyed Nb Sn
samples. ‘

However, the role of the cubic-tetragonal phase transformation on the

observed positive curvature is not as decisive as originally. supposed in Ref. 86.
‘The real cause for the positive curvature of HCZ(T) in Nb Sn 1is the enhanced decrea-
se of p, approaching g = 0.25 (see Fig. 7.11), a rnnqeouence of the perfectly or-
~ dered state in this compound. The martensitic phase transformation has only the
effect to lower TC with respect to linearity at 8 > 0.245, reaching ATC = 1K at.
B = 0.25. It should be noted here that the occurrence of this transformation i
very probably also corre1ated to perfect atomic ordering.

8.4. The Case of Alloyed Nb,Sn Wires

The case of alloyed Nb3Sn multifilamentary wires is another expression of
the perfectly ordered state in Nb3Sn. The critical current density JC of Nb3Sn
multifilamentary wires 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 NbySn 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 JC with respect
to unalloyed NbBSn 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 NbBSn may cause an increase in Po without a
drastic depression of TC and Y, thus leading to an enhancement of the upper
critical field ch. Indeed, for bulk NbBSn and also for samples prepared by
coevaporation, there is experimental evidence that for a few atomic percent of
additives, the residual resistivity o increases sufficiently to give an en-
hancement in Heo while 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 representatlve 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 investigation 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 Nb,Sn Wires

Nb38n wires with one core and 19 cores without and with additives (Ta,
Ti, Ni+Zn, Ga, H) were prepared by standard bronze route. The Ta as well as
the Ti additions were added to the Nb core, their respective amounts being 3,
5and 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 um diameter for the monofilamentary wires and roughly
60 pm 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 NbBSn filaments with a thickness of about 10 pm and a width of about
100 pm 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 pm thickness, depending on the reaction conditions (temperature and time).

: ‘,f‘/Cu—Sn Bronze

A1S Layer

Unreacted Core

Fig. 8.14. Cross-section of a 19 core bronze processed Nb4Sn wire after reacting 50
h at 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 h at 750°C (After Drost et al. /321/).
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Fig. 8.16. Auger scanning analysis of the cross section of a Nb-3 Ti/Cu-7.5 Sn
| (at.%) wire after reacting 64 h at 750°C (After Drost et al. /321/).
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It is seen that the content of the additive in the A15 layer is approximately
constant, i.e. 4 at.% Ta and 1.3 at.% Ti. This constancy is essential for ex-
plaining the variations on Po 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 contrast 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 lowers 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 Nb3Sn multifilamen-
tary wires. It should be recalled here that optimized NbBSn wires, i.e. wires
with maximum JC 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 "pinning centers" in transporting the
superconducting current are indeed more important for optimizing JC in the field }
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 JC is dominantly influenced by HC2: This is the field range where atomic orde-

ring influences the current carrying capacity of NbBSn wires,

I't must be emphasized that the Sn composition profiles shown in Figs. 8.15
and 8.16 are always observed on A15 filaments 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 A15 layer is considerably more ho-

mogeneous .

8.4.2. Atomic Ordering in Multifilamentary Nb3Sn Wires

On a binary NbySn wire with fully reacted filaments and an average composi-
tion of 25 at.% Sn @fter 64 h/7OOOC of a multifilamentary wire with 1 um fila-
ment size), the order parameter was 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°¢ (see Table 5.1), AS = + 0.03. Nevertheless, the result on fully reac-
ted Al5 filaments is essentially the same, i.e. the NbBSn phase in the filaments
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has also to be considered as being perfectly ordered /9/.

The situation in alloyed Nb3Sn wires can unfortunately not be analyzed by
standard diffraction techniques, the sensitivity to small quantities of a
third element in the A15 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 Nb,Sn lattice. It would lead too far
to explain in detail the experimental proc;dure, which is clearly described in

Ref. 328. Nevertheless, this result is very important for the understanding of
the physical properties of alloyed Nb,Sn 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 element are present in
the A15 phase.

8.4.3. The Martensitic Phase Transformation in Alloyed Nb3Sn Wires

In the binary Nb3Sn 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 NbsSn 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

establishea on samples sintered at 1200°C and on melted samples.

Recently, a detailed lTow temperature X ray diffraction investigation on

T(K)
Tetragonal phase field (i Measured Tronsition
(Nb,, Ta,}, Sn : Powders O No Transition
(x=at.%)
e ’}—3
© P G >

at. % Sn

Fig. 8.17. The low temperature (Nb TaX)Sn phase diagram, established on sin-

1-x
tered and melted bulk samples. (Flikiger /332/).
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the same binary and alloyed Nb3Sn wires as used by Drost et al. in Refs. 321,
324 and 325 in the fully reacted state was undertaken by Goldacker and Fliikiger
/334/. The analyzed wire samples are characterized in Table 8.1. They exhibit
somewhat higher lattice parameter values than those previously reported by
Drost et al. /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 transition was suppressed in all Ta and Ti al-
loyed samples except for that with the Towest 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 Tines 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 < Ty < 50 K, thus revealing a broad distribution of (1 - c/a) values
over the sample. The diffractijon pattern thus confirms the low temperature

(Nb]_XTaX)3Sn phase diagram /332/, established on the basis of sintered samples.

No. Effective Reaction cond. Qg ke Volume fraction Ty .
Composition (°C/hours) (nm) at 10K: (K) (K)
(at. %) V(1 —cla): V,
1 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 43 179
3 Nb,Sn 7507138 0.52888  =0.5/=0.5 =43 17.9;
4 Nb,Sn 7007290 0.52888  0.5(0.0057): 0.5 =43 17.9°
5 +0.6H 800/70 0.52934  cubic - 172
6 +4.3Ta 800/70 0.52880  cubic - 179
7 +2.8Ta 800/70 0.52884  cubic - 181
& +1.7Ta 800/70 0.52888  =0.5(broad): =0.5 =20 18.2
-~50
9 + 1.3 Ti 800/70 0.52873  cubic - 18.0
10 + I Ni 800/70 0.52860  cubic - 180
11 +0.9Ga 800/72 0,52876  0.85(0.0043): 0.15 =~43 18.3

Table 8.1. Characterization of fully reacted binary and alloyed 19 core NbBSn
wires (the same ones as in Refs. 321, 324 and 325) by low tempera-
ture X-ray diffractometry (After Goldacker and Fliikiger /334/.
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Comparing the results in Table I on diffusion reacted samples (mSOOOC)
with those in Fig. 8.17 on sintered or melted samples (120000 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 lattice parameter variation of the present Ta alloyed
Nb3Sn samples prepared by diffusion reaction is compared to the corresponding
data of Kunz and Saur /335/, 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 deviation from stoichiometry. The shift towards lower Sn contents is
in agreement with the results of Tafto et al. /328/.

For Ti alloyed Nb3
Ti content was reported /35/. Therefore the reduction of the lattice parameter
of sample 9 is mainly attributed to a deviation from stoichiometry, which itself
is sufficient to hinder the phase transformation. The deviation from stoichiome-
try in Ti alloyed NbSn samples confirms previous results of Tachikawa et al.
/ 319/ .

Sn no significant lattice parameter shift with increasing

The occurrence of a lattice instability for the additives Ta épd Ti substi-
tuting Nb on the 6¢c sites (as recently shown by Tafto et al. /19/) can be summa-
rized by defining a region in a diagram representing the lattice parameter as a

T T L T

a(300K

Ao (melted] ]

AN

57288+ (diffusion reacted) il

T T

0 1 2 3 4 at%Ta

Fig. 8.18. Lattice parameter variation in the system (Nbl_XTax)3Sn as a func-

tion of the Ta content (After Goldacker and Flikiger /334/).
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function of the additive content (Fig. 819a). It follows that the small con-
tents are sufficient to suppress the phase transformation, which necessarily im-
plies that the transforming region is restricted to very small variations of the
lattice parameter with respect to that for binary Nb3Sn. 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 /330, 331/, the latter showing the largest lattice parameter change (the
change of sign fok (1 -c/a)in Nb3A11_XSbX for x >-0.1/ 331/ is here of secon-
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 NbsSn is domi-
nantly influenced by the chemical nature of the additives , which determines
their pqsitions in the perfectly ordered /9/ NbSSn lattice. Besides 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 Nb3Sn than that on the
2a sites (Ga, Al, Sb, Ni). This result can be easily understood in terms of the

: o cubic o cubic
5294 .
294 Alloying e tetragonal Alloying e tetragonal
al300KI  Eements at T=10K al300KH}  Elements at T=10K
(nm] on 6c¢ sites (nm] on 2a sites
5291 5291 Al
3 i :
transformi NONNNNNNN [ forming
PN SRS N
T
5288 R 0 5288
o Ta
Ti O
52851~ T T T v 5285
0 1 2 3 4 at% 0

Fig. 8.19. Occurrence of tetragonal phase fn Nb3Sn as a function of different
additives. (a) Additives lying on the 6¢c 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. Superconducting Transition Temperature and Electrical Resistivity in
Alloyed Nb3Sn Wires

The results of the TC and fo measurements on the binary and alloyed szén
multifilamentary wires characterized 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 10-%Qm and a TC of 18 K. The extremely long reaction

time was necessary to convert the totality of the filament (flattened to a rib-
bon of 10 x 100 pwz cross section) to Al5 phase. By comparing the p_ value of
this filament with results obtained for bulk samples /86/, the compos1t1on of
the A15 phase should lie atabout?24 at.% Sn. Actually, from lattice parameter
calculation by X ray powder diffractometry for a binary multifilamentary wire
reacted at 7()000/107 h, the Sn concentration is found to vary froﬁ 22 at.% -

25 at.% centered-around 24 at.% /321/.

=1 T T T T
fully reac'red Nb, Sn filaments
A 185} 5
| 2 o
L - (ORES i
E o 175k i
: 17158
®
1705 p
A sof 13Ti -
l 05H ‘ 43 Ta
= r % 28T /%
W)
G i §
Ly
. b4
Q 20f Nb { 1
é/ 09G
10t 8

L R N R
effective content of additive in
the NbySn filament  [at %] —=

Fig. 8.20. Normal state resistivity Py and critical temperature TC for binary
and alloyed NbySn filaments as function of the effective content of
the additive (Ta, Ti, Ni + Zn, Ga, H) in the Nb core. The filaments
are fully reacted, the reaction conditions are given in Table 8.2.
(After Drost et al. /324/ ).
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Reaction | Additive to T p
Composite 0 . ¢ RRR %g
[at2] [°C/h] NboSn [at.%] | (K] [x 107 "om]
Nb/Cu-7.58n 750/160 - 17.8 6.5+0.5 15
Nb~0.9Ni/Cu-5.6Sn~-3Zn 750/160 1.0 Ni 17.9 '3.8+0.3 32
Nb-1.6Ta/Cu-7.55n 750/ 168 1,7 Ta 19.1 4,7+0.3 25
Nb-2.6Ta/Cu-7.5Sn 750/ 168 2.8 Ta 18,0 4.140.3 30
Nb-4 .0Ta/Cu-7.5Sn 750/168 4.3 Ta 17.9 3.340.3 36
Nb~3.0Ti/Cu~7.58n 750/ 164 1.3 Ti 17.9 2.940.3 40
Nb/Cu~5Sn-4Ga 750/ 164 0.9 Ga 18,25 4.940.4 23
750/138

Nb -

/138n-11 + 400/4-112 0.51 17.1 3.3+0.3 36

Table 8.2. Characterization of the fully redcted binary and alloyed Nb3Sn
filaments produced by the bronze process. Filament cross section:
10 x 100umz. The abbreviation Nb - 4 Ta/7.5 Sn stays for the
composition Nb - 4 at.% Ta/Cu - 7.5 at.% Sn in the unreacted com-

posite. (After Drost and Flikiger / 325/).

For the Ta allayed samples a nearly linear increase of o with increasing
amount of Ta is obtained. The values are about 26, 30 and 36 x 10_89m for 3, 5 and
7.5 wt.% Ta addition (1.6, 2.6, and 4.0 at.%) to the Nb core. As already known,
an increase of TC for small addition of Ta is observed, e.g. 0.3 K for 1.6 at.%
Ta. The highest P value is achieved for the Ti addition i.e. about 45 x10'89m
for Nb-1.6 wt.% (3 at.%) Ti alloy core. For Ni + Zn addition the filaments show
a value of 30u cm. The TC values for the filaments with Ti and Ni + Zn addi-
tion are also slightly higher than for the unalloyed one. It has already been
said that the increase of the residual resistivity for alloyed wired by a fac-
tor of about 2 compared to unéi1oyed ones is only a direct consequence of the
high degree of atomic ordering in Nb Sn. Indeed, dp/p, > 1 is only possible

for perfectly ordered, nearly stoichiometric Nb3Sn, where Po is low.

For some samples measurements were also carried out after heat treatment
at higher temperature: 800°C for 70 hrs. The corresponding Po values are only
slightly higher than for the 750°C heat treatment, as seen in Fig. 8.20. The
respective TC values are slightly lower and the transition is broader than af-
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ter the reaction at 70°C. This could again reflect the dissolution of a small
amount of Cu in the Al5 phase at the higher reaction temperature, which has
still to be demonstrated. Nevertheless, no major changes in the layer composi-
tion profile seem to occur in M)3Sn wires when increasing the reaction tempe-
rature from 750 to 80 0°C.

From a comparison of the above presented / 325/ % values on multifilamen-
tary wires with those on alloyed bulk Nb,Sn by Akihama et al. /322/ and coe-
vaporated Nb3Sn films alloyed with Ga by Bormann /336/, it can be concluded
that independently on the preparation procedure alloying produces a comparable
enhancement of Py Within the Timited range of additive contents where JC is op-
timized (see 8.4.5) , i.e. a few at.%, p, increases from 16 to w4OX1OZ8 om.

The maximum of JC is achieved for P va]ues‘between 30 and 35 X 10 ° sm.

8.4.5. Critical Current Density in Alloyed NbSn Wires

As mentioned above, the opposite requirements of small Al15 grain sizs
( <150 nm ) and a homogeneous Sn distribution in the layer lead to the intere-
sting result that JC is optimized for incompletely reacted filaments. The cor-
responding heat treatment conditions (Table 8.3) are substantially different from
those in Tables 8.1 and 8.2, where the same set of wires was fully reacted in

order to get significant X ray and Py data.

Fig. 821 shows the Je (in the layer) vs. H curves for unalloyed as well
as for Ta, Ti and Ni+Zn alloyed 19 core wires which were prepared under iden-
tical conditions. For all these additions an enhancement in the critical cur-
rent density for fields above 11 T compared to the unalloyed wire was observed.
It is remarkable that above 11 T, the JC vs. B curves for the alloyed wires are
almost identical (the average error in calculating JIe of the Al15 layer is 5% to
10 %), independent on the chemical nature of the additive. For each additive,
curves in Fig. 8.21 correspond to the wires with composition and heat treat-
ment yielding the highest current densities in the high field region. The cri-
tical current densities for these 19 core wires are in good agreement with the
values reported by Springer et al. / 320/ and by Tachikawa et al. /319/ for mul-
tifilamentary wires with Ta and Ti additives, respectively.

These results 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 pm
19 Nb/13 Sn Nb/7.5 Sn 700/64 2
1 0.6 NiY10 Sn-3 Zn 1 Ni/56.6 Sn-3 Zn 800/20 12-16
19 0.6 Ni/10 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 1.6 Ti/13 Sn 3 Ti/7.5 Sn 700/64 8
: 750/50 14
19 7 Ta/i13 Sn 3.6 Ta/7.56 Sn 7257100 5
750/50 4
9872 Nb/13 Sn Nb/7.5 Sn 700/64 ~1 (2.5 pm il
. diameter)
3721 7.5 Ta/13 Sn 4 Ta/7.5 Sn 700/64 V1 (4 pm fil,
: : diameter}

Table 8 3. Characterization of the wire samples for JC 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 Tayer thicknesses after dif- |
ferent heat treatments are also indicated (After Drost et al. /321/). "

Nbasn wires
44
@ Nb/Cu-13Sn 700/64
O Nb-0,6Ni/Cu-10Sn-3Zn  750/64
A ¥ Nb-16Ti/Cu-13Sn 750164
| + Nb-75Ta/Cu-13Sn 750164
34 leomposition in wt%] !
[heat treatment °Clh} ' ¢
T
E
(8]
P Z-J
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=)
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n
-1
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6 8 10 12 1 16 18 20 22 24

‘ H(T) —

Fig. 8.21. Critical current density in the Nb 3Sn layer vs. H for 19 core wires
without and with Ta, Ti and Ni+Zn additives.(After Drost et al. /321/).
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high field critical current densities of szﬁn wires by alloying with various
additives, whereby optimal composition and heat treatment can differ from one
alloying element to another. This limit is achieved when Py = 35 + 5 X 10_89m
/324 /, regardless whether the increase over Po of the binary szﬁn filament
has been achieved by a different content of the additive or by a slight devia-

tion from stoichiometry.

8.4.6. The Upper Critical Fields in Alloyed Nb3Sn Wires

The usual way to estimate the upper critical field of multifilamentary

Nb,Sn wires cons /2 H1/4 vs. H based on

3 i

-.;
wn

ts of establishing a Kramer plot, JC

J measurements and to extrapolate linearly to zero. The intersection occurs at
a f1e1d called H which reflects the upper critical field at 4.2 K, the tem-
perature at which JC was measured. The Kramer plots should not be overinterpre-
ted since they cannot be applied to all superconducting structures. For Nb3Sn,

an
*
c2

they give nevertheless an approximate value which is useful in determining re-
lative changes of the upper critical fields after different reaction conditions.
It is interesting to compare HZ; with ch(o)’ the upper critical field measu-
red at different temperatures at nearly zero current and extrapolated to T =+ 0.

o Nb/Cu13Sn 700064
O Nb/Cu-135n 750164
olloyed & Nb/Cu-135n 800/20
n .
ol / 3 U Nb-1,6Ti/Cu-135n 750150

O Nb-0,6NilCu-10Sn-3Zn 750/64
O Nb-75Ta/Cu-135Sn  750/64

[compositton in wt%
_Iheat treotment °Ci}

4
\

3

=~ binary

A 5 Nb,Sn 1
I T=42K

N

o

«— O
“3

8 10 12 14 16 18 20 22 24 26

H(T)

Fig. 8.22. Kramer plots for 19 core Nb Sn wires with Ta, Ti, Ni+Zn and without
additions, yielding H%¢ Va1ues of w25 T and ~22 T, respectively
(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 HC?
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 Nb Sn 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 Teads to a slightly upward curvature and a heat treatment at 750°C to a
nearly straight Tine. There is thus a reaction temperature for which the
Kramer plots 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 points out that even the behavior at the
highest fields is not only dictated by HCZ’ 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
of Cu dissolved into the A15 phase at 800°C is still open.

Due to the peculiar curvatures of the Kramer plots the FC; values cannot be
calculated accurately. But at least a comparison between binary and alloyed
Nb3Sn can be made: For alloyed w1res reacted at 750°C the H values are 25 to
26 T. For the unalloyed wire the H 2 values are 23 to 24 T for 750 and 800°C
heat treatment and 22 T for 700°C. Thus the drastic increase of P for alloyed
Nb Sn gives a strong evidence for the correlation between Po and the enhancement
of H for Nb3Sn with appropriate additives. This confirms ear11er measurements
of Bormann /323/, obtained on coevaporated Nb3Sn films with Ga addition.

The upper critical field HCZ(O) has been extrapolated from measurements of
the initial slope, dch/dT/T /325/. The measurements were performed on the same
c .
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fully reacted binary and alloyed Nb3Sn wires on which Py Was measured. HcZ(O)
can be estimated using the GLAG relationships

HC2 (T=0) =-0.73 dH.Cz/dT[TC : TC (glean>1g?it
and tr. (8.2)
Hep (T=0) =-0.69 dHd_,/dT T. T, (Dirty Timit
M., S £)

The critical fields of the above described wires for temperatures close to
TC are shown in Fig. 8.23. The values H?z are indicated at 50% of the magnetic
transition. In the chosen temperature range, HcZ(T) is Tinear, in order that
ch(O) 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
the T? values at 50% of the transition.

From the slope -2.05 T/K and T = 17.4K (this value is lowered by the pre-
stress due to the bronze matrix), one obtains HCZ(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+in,
Ta and Ti additive, respectively. In all cases, an enhancement of TC by 0.2 to

—7// T T T T T T T H
fully reacted 19-filament NbySn wires
172 i O Nb/Cu-75Sn 750/138 |
' O Nb/Cu-S5Sn-4Ga 750/ 164
Ga\ \\ ® Nb/Cu-75Sn-H 750/138
10+ + IOOO/Q'HZJ
H O Nb-09Ni/Cu-56Sn-3Zn 750/162
c2 © Nb-4.0Ta/Cu-755n 750/168
B Nb-3.0Ti/Cu-15Sn 750/160 |
[composition in at %]
[ T ] [heat treatment in °C/h)
o1 N
L -
2F 4
0t ' .
iz 13 18 19

Fig. 8.23. Initial upper critical field slopes for fully reacted binary and
alloyed Nb3Sn wires (After Drost and Flikiger /325/)
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0.3K was observed, yielding HC2(O) values of 30, 29 and 31 T for the Ni+Zn, Ta
and Ti additive, respectively (dirty limit).

For the Ga alloyed wire, the slope is only 2.1 T/K, but the TC value (in the
bronze) is highest, 18K, yielding HC2(O) =28 T (clean limit since Py =
23 X 10_8Qm). This value is 3 to 4 T lower than that given by Bormann /323/ for
Ga alloyed Nb3Sn films prepared by coevaporation. The difference can be easily
explained by the different equilibrium conditions: In the bronze processed wire,
the highest Ga solubility is only 0.9 at.%, compared to 2 at.% in the coevapora-
ted film /323/. The H alloyed wire showed an enhanced slope (-2.35 T/K) with re-
spect to binary Nb3Sn, but a relatively Tow TC value (16.9K) yielding HcZ(O) =
28 T. Possibly, the H content in the sample was too high for getting a higher

Wire Reaction T, dHcZ/dTITC Hep(0)
Composition Treatment (Calculated)
Core/Matrix (at.%) (°C/hours)  |K| |T/K| IT|
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-7.5S5n 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

Table 8.4, H.,(T) data of binary and alloyed NbsSn wires

HC2(O) value. On the other hand, this illustrates the lowering effect of inter-
stitially dissolved hydrogen, in contrast to the metallic substitutes. From the
usual HCZ(G) behavior at high fields /186/ a decrease of 2T can be estimated
from T+ 0 and T = 4.2K, yielding ch (4.2K) lying between 26 and 29 T, which
is considerably highér than the values found by the Kramer extrapolation.

The present comparison illustrates the effect of additives on the perfectly
ordered Nb3Sn matrix. It is obvious that a less ordered matrix would not show
the observed strong enhancement of HCZ(O) with alloying, as can be seen for V3Ga.
In Nb3A1, the effect of additives is also expected to be much smaller than for

Nb3Sn.
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8.4.7. Room Temperature Irradiation of Alloyed and Binary Nb,Sn 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 Nb3Sn mul-
tifilamentary wires. A series of bronze processed NbsSn wire samples (characteri-
zed in Table 8.5) were recently submitted to the 14.8 MeV neutron radiation
of the Lawrence Livermore National Laboratory in Livermore by the author and co-
workers (Weiss et al. /156/). The wires were irradiated at 300 K up to fluences
dt = 3.6 x 1018 n/cmz, after which measurements of Jo up to 20 T and TC were per-

formed. The variation of T, with dosis is represented in Fig. 4.10b.
Wire Sample Cores Heat Degree of TC ATC

Treatment Reaction

(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
D Nb-/-6Ni/10Sn-3Zn 19 19 partially 17.87 2.9
E Nb-7Ta/13Sn 61X61 64/700 fully 17.74 3.1

Table 8.5. Binary and Alloyed Nb4Sn wires submitted to 14.8 MeV neutron irradia-
tion. The wires B,C and D are the same as in Table 8.3, the others are
from VAC (Hanau). AT_ 1is the difference between the sahp]es at ¢t = 0
and 3.6 x 10'8 n/cm- (Weiss et al. /156/).

After the maximum dosis, the value of T. in the wire samples was Towered
with respect to that of the unirradiated wire, ATC varying between 2.3 and 2.6 K
for the binary wires For the alloyed wires, slghtly larger depressions between
ATC = 2.8 and 3.1 K were observed. The decrease of TC with dosis on all wires is
summarized in Fig. 4.10a.

a) Binary Nb3Sn Wires. The reduced critical current IC/ICO vs. the applied field
for the 10000 core wire (A) is plotted in Fig. 8.24, together with the correspon-
ding change of the critical field H:é resulting from the Kramer extrapolation.
It is seen that both I./1., and Hgé follow the same trend, i.e. an initial in-
Crease followed by a decrease above the dosis ¢t = 0.7 x 10]8 n/cmz.

at which IC/IC reaches a maximum will be called ¢tm in the following.

This dose

0

On the basis of Eq. (8.1), the plots in Fig. 8.24 can be explained as fol-

lows. The enhancement of H?% by ~ 10 % in the low dose region is essentially due
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Fig. 8.24. Ic/Ico and Hzé of a 10000 core bronze processed binary Nb3Sn wire after
low temperature neutron irradiation (After Fliukiger et'al. /156/).
|

to the enhancement of the electrical resistivity Py Indeed, TC at ¢tm is Towe-
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 IC/ICO=
2 at 14 T. This confirms that for small deviations from perfect ordering o is
more sensitive to changes of S than any other physical property, in particular TC.
In addition, the variation of o is largest for the first deviation from perfect
ordering, as shown by Figs. 7.15, 7.16 and 7.17. The analogy with the variation of
P, at the close proximity of the stoichiometric composition appears when comparing
with the P, VS. B plots for the systems V,Si, NbBSn and Nb,Ge in Figs. 7.10, 7.11
and 7.13: The strongest variation of dp,/dB or dp_ /dS occurs at small deviations
from perfect ordering and/or stoichiomet;y. For deCiations exceeding ~v 1 at.% or
AS ~ 0.05; the rate of increase for Po is markedly decreased. This is the basis
for the understanding why IC/ICO and Hz% decrease above the dosis ¢tm. In this
region, de/dS is smaller and the decrease of TC and y becomes dominant, thus To-
wering the upper critical fields and the corresponding critical currents at any

.given value ofl$= H/H?é.
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The binary wire A in Table 8.4 has to be considered as almost fully reacted
after the indicated heat treatment of 64hours at 700 OC (the filament diameter
is of the order of 4um), 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 um diameter and an A15 layer of ~ 8 um
thickness after 50 hours at 750 Oc. 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.
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Fig. 8.25. IC/ICO and HC2 of a 19 core binary Nb3Sn wire after low temperature
neutron irradiation (After Weiss et al. /156/).

The tendency is similar to that in Fig. 8.24, but ¢tm appears to be somewhat
smaller (0.6 instead of 0.7 X 10]8 n/cmz). 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 H?%: 19.6 T instead of 21.4 T. This fits well with the obser-
vation of Goldacker and Flikiger /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 R = H/H?é. This corresponds roughly to compare the IC/ICO curve for

wire (A) at 16 T with that of wire (B) at 14 T. Nevertheless, the enhancement of

I/1., in wire (B) is still more important. [t can actually not be said whether this
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difference arises from the d1fferent prestress cond1tmons in’ both wires or 1f
it is due to other reasons SRR ' o

b)A]]oyed Nb3Sn W1res. As seen from Tab]e 8 5 AT 1n b1nary Nb Sn w1res is of

the order of 2. 3 to 2.6 K, i.e. cons1derab1y sma]]er than for a]loyed wires, where

AT var1es from 2.8 to 3.2 K. This trend towards stronger degradation for low tempe-
rature neutron 1rr&d1ated a]]oyed w1res is even accentuated when comparing the be—
hav1or of I /I co and H*' with dose.. The results for the Ti alloyed wire (C) are
represented.on Fig. 8. 26 They are also characteristical for the Ta and Ni+Zn additives
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Fig..3.20. IC/ICO and H*é of a 19 core Ti alloyed NbsSn w1re after lTow temperature

neutron irradiation (After Weiss et al, /156/)

The most evident differences between the irradiated binary 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: . , ' ‘ s

a) -The 'dose ¢t for the Ti alloyed wire lies at 0.18 x 10
four times smaller than for binary Nb Sn wires. The same value of. ¢t is also

‘ observed for Ta and N1+Ln additives, dnd seems thus to be a general property of
a]loyed Nb3Sn wires. . _ : ‘

b). The enhancement of I /I at comparab1e h va]ues is smaller than for the binary
wire. At h ~ 0.7, IC/ICO for the Ti and Ta alloyed wires ie 3 and 1.2, respec-
tively, compared with 4.5 for the binary 19 core wire and ~2.2 for the binary
1000 core wire (see Figs. 8.24 and 8.25).

18 n/cmz, j.e. it is
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c) At ¢t = 3 x 1018 n/cmz, IC/ICO for the binary wire at all magnetic fields
is higher than before the irradiation, in contrast to the alloyed wires where
at this dosis level the ratio IC/IC-0 is always smaller,

These three points a, b and ¢ have a common origin, the enhancement of Py
after irradiation is smaller for the alloyed wire than for the binary one, due
to the higher initial value of the latter. A very simple model can be formulated for
explaining these effects, based on the nonlinearity of p_ with dosfis, found by
Lehmann /301/ on 325 irradiated NbsSn (no fo data are avzilable for Nb3Sn after
neutron irradiation). After irradiation at the same (small) dose , binary NbBSn
beneficiates from the strong initial increase of Py without degrading TC and y
too seriousiy. Ailoyed Nb3Sn wires encounter a slower increase of Py thus sho-
wing a maximum of HC2 at Tower 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 T will be
wound with binary Nb,Sn multifilamentary wires; even if alloyed Nb3Sn wires

may exhibit slightly higher initial critical current densities at this field /156/.
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10. CONCLUSIONS

Al5 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
Nb3Sn Wires,

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, AS < 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 Tattice vacancy, a split-vacancy, giving rise
to the occupation of a nonequilibrium site, called here "virtual" site (see Fig.
4.1). Due to the complexity of the A15 structure, the simple one-step vacancy
diffusion process occurring for exampTe in bcc metals is not longer 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 6¢ sites. It can thus be said that both
processes. produce the same type of vacancy by different mechanisms, 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 ordering 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 T. (see Fig. 4.12) and of Po (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
transforﬁations) will dominate, in order that the observed properties, for example
the saturation of TC are not Tonger ordering effects.
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A particular attention was given to the variation of the order parameter
and its consequences on Tc’ Ys 0ps Py and HCZ after fast quenching from high tem-
peratures. The starting point for a deeper understanding of such thermally indu-
ced disorder is the knowledge of the reordering kinetics during the cooling pro-
cess from T?, the Alb phase formation temperature, down to the temperature of |
diffusion limit, TD' It has been found (see Tab]é 4.1) that reordering in Al5
type compounds occurs only above TD’ which is correlated to the solidus by the
relation TD 3'0.42'Tg. 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)/S
VS, T/Tg S(T) s, T/Tg is reproduced in Fig. 4.5) should be very similar
for all A15 type compounds, but that the rate of reordering during the cooling
process is dramatically 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.
104 K/s. On the other hand, other compounds like V3Au, V3Ga, NbaPt, Nb3A1 and
others all exhibit observable changes of S (and of TC) for quenching rates well

below 102K/s, as illustrated by Fig. 10.1.
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Fig. 10.1. TC as a function of the cooling rate, Vo from a fixed temperature
for V.76Au'24, V3Pt, VjGa, Nb3Pt and Nb;765A13235. The dotted 1ines
indicate the highest known TC values, obtained after prolonged annealing
at temperatures close to TD’ The numbers indicate the values of S or Sa.
The triangles stay for Tc after splat cooling, illustrating the reorde-

ring effects during cooldown.
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Another way of illustrating the reordering effects during cooldown is the
representation of T Vs, hA’ the annealing temperature. In Fig. 10.2, Tg VS. TA
is represented for V3Ga which was cooled at two different rates, 5 x 10° K/s
(Flikiger and Jorda /26/) and 5 x 10 K/s (Van Winkel et al. /340/). It is seen

T T T T T

16T
- O\ 0.98 e
] VbGa i

i5
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(K] 14k 5.103 K/s -
B ‘o\—o -
ik sadks 095
UM WO VU A SR W SN S I
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Fig. 10.2. T of V3Ga as a function of TA’ the annealing. temperature, for two
d1fferent cooling rates, 5 x 10 K/s (Flikiger and Jorda /26/) and
5 x 10% K/s (Van Winkel et al. /340/). In this case, T, = 560 9c and
Tc(max) = 15.9 K /26/. The -numbers represent the order parameter.

that at T >'850 °C (or T/TZ > 0.74), T_ and thus S start to differ for the two
cooling rates. This curve shows clearly the difficulties of inducing higher par-
tial disorder 1in Al5 type compounds by quench procedures: higher cooling rates
require smaller sample dimensions, i.e. < 1 mm for 3 x 10° K/s and 15 um for

3 x 104 K/s. Such small particles will sinter together when heated above 1000 °c,
which fixes a natural upper temperature limit and thus a lower limit for the
order parameter s which can be quenched in by thermal procedures. AS a comparison,
V3Si requires cooling rates vy > 105 K/s before an effect on T. 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 V3Si 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 Al5 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 correlation between these two phenomena, the present analysis
furnishes the experimental confirmation for such an interdependence. Fig. 10.3 sum-

marizes the variation of a) ré, the relative occupation factor (Eq.(5.6),
representing the order parameter, see Fig. 5.3), b) I, the Raynor stability
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Fig. 10.3. Variation of ré? the relative occupation factor (Eq.5.6), I, the
Raynor stability index (Eq. 6.8), E(A15), the energy of formation
of the A15 phase (see Fig. 6.19) and eD, 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, see also Fig. 6.17), c¢) E(A15), the energy of formation of the
A15 phase (see Fig. 6.19) and d) 6p the Debye temperature (see Figs. 6.2 and
6.9). Although the value of oy at 300 K would allow a more direct comparison
with the other "high:temperature" properties, the values of 6 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(BOOK) 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
heglected for the present consideration.

In Fig. 10.3, the four quantities ré, I, E(AT5) and o 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 of the B element: for example, all known Al5 type compounds containing
Si, e.qg. V4S1, MogSi, CrgSi (and probably, but without proof) the metastable
Nb351 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 Al5 "Instabi-
lity region". 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. For the B elements corresponding to the next columns, i.e. B = Pt
(for transition elements) and B = Si, Ge, Sn (for nontransition elements), r;
and thus S reaches 1, a certain amount of disorder being only induced for Pt.

As mentioned above, it is extremely hard to induce ordering 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 ré = 1 and maximum values for I, E(Al5) and 65 A comparable situatien
for B transition elements is observed for B = Ir.

Another way to represent the variation of ordering and phase stability in
Al5 type compounds consists in considering the Timits of the Al5 phase fields,
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as shown in Fig. 10.4. For B = Ru and Os, the compounds are as ordered as possible
with ré = 1, but with a composition exceedingstoichiometry (in the cases of

A =Cr and V): B > 0.25. The ideal case is represented by compounds with B = Ir,
Si, Ge or Sn, where the stoichiometric composition is stable (except V.BOSn.ZO)
and ré = 1. These ideal Al5 type compounds are rather rare: stability is reached
either by accomodating the composition towards B8 > 0.25 or 8 < 0.25 or by the
limitation to order parameters S < 1.

VI iB 11B I1IA IVA VA
A Si
Co Ni Ga Ge As
Ru Rh Pd In Sn St?
Os Ir Pt Au Hg T Pb Bi
| | I | | I | : Il
r$=1 r‘,'izl ra"_<_1 ra"<1 réfl'_ra:l ry =
B > 0.25] |8 = 0.25] |B < 0.25) |8 < 0.25 B > 0.25 |B < 0.25} B < 0.25

Fig. 10.4. Ordering and stoichiometry in A15 type compounds. The compounds with
B elements in the Co, Ni, Ir and Si, Ge, Sn columns are always per-
fectly ordered. In some ideal cases, e.g. Nb31r, V3Si and NbBSn, they
simultaneously form at perfect stoichiometry.

The observed total variation of S with varying B electron number is of
course also reflected by the corresponding variation of Tee The maximum varia-
tion ATc as induced by quench and annealing processes for V and Nb based Al5
systems is plotted in Fig. 10.5. The largest variation, AT, = 4.2 K, is obtained
for the two pseudobinaries Nb'7~,,=’,L\u'175Pt.075 and Nb'75A1.ZOGe.05 at both limits
to the instability region. A maximum of AT, would be expected for B = Au, Al and
Ga, but in these cases the change in Te is restricted either by deviations from
stoichiometry (fro B = Au, while stoichiometry is reached at the highest tempera-
tures only for Nb3A] and Nb3Ga) or for perfect ordering (for B = Au, Al and Ga).
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Fig. 10.5. Maximum variation ATc as induced by quench and annealing for various
Nb and V based A15 type compounds.

10.2. Variation of the Low Température 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 compare the data
between the systems Cr ,,c05 ,7c, Moj0s, NbyGe, NbogAl, NbySn, NbosPt, Nb sachu o,
V3Ga, VaSi, V3Ptyand V.76Au.24, a hormalized representation was chosen:

T/ Teo Vs $/5, (or S./S,, for the nonstoichiometric systems Cr 25508 5755

Nb 35AU 55, and V 56AU 54). The values for T, and S 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 SO.

The data for NbsGe were also included, although the presence of additional
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 NbsGe 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 SO = 1.00, and the
resulting curve (dotted line) is practically identical to that obtained for the

other Nb based systems.
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Fig. 10.6. TC/TCO VS, S/S0 for the Al5 systems Nb3Sn (¥), Nb 5 Al V), Nb 5Ge +),
NbsPt (%), Nb 36U 5oy @), V4Si (0), V3Ga (A), V3Pt (@), V 7gAu o4 (0),
Mo3Os (@) and Cr;72505.275 (), based on the data Tisted in the tables
of Sect. 5. T, and S are the estimated values for the highest at-
tainable values of TC and S in each of these compounds.

[t follows from Fig. 10.6 that the variation of TC with the degree of atomic
ordering is quite different for each compound. The smallest variation is observed
in Mo305 and Cr’72505.275, 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 for the former being somewhat stronger (Note the scattering in the data for
V3Pt, being either close to Nb3Sn /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 analogous to that of T /T .  of irra-
diated A15 systems (see Fig. 4.10a), where the decrease of T, of all V and Nb
based A15 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 TC/TCo vs. ¢t are compared in Fig. 10.7. This picture shows the significant
difference between the Nb and V based systems (whichall are situated within a
narrow range) and MOBOS. 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 Te A15 type compounds. It will be discussed below that this behavior
is obviously connected 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 spin susceptibility in this
compound /97/. There.is thus no physical reason which could be advanced for a
really "universal" behavior of TC/TCO vs. ¢t or of TC/TCO Vs, S/SO, and

T T TN T T T T T
10 |~ £
i MO3OS’C'."'725012¢25.; 7 \\K
T./T. 08" — /5 V
'C’ 'Co |- :
06 |- ]
04 }-
02} VogAuys/
- ]
bt Coond ol el
05 06 07 08 09 1 1018 1019 1020
SIS, ¢t [n/cm?]

Fig. 10.7 Variation of Tc/Tco as a function of S/S  and of ¢t (See Figs. 4.10a
and 10.6). The hatched area contains the systems NbsGe, Nb3Sn, Nb3Pt,

Nb.766Au.234’ VBGa, V3Si, V3Pt and .Nb3AT.

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 simultaneous
effects of phonon hardening with disordering (see 4.3.6b).

The variation of T, for Tow TC A15 type compounds discussed in Sect. 4
is summarized in Fig. 10.8 which represents the corresponding variations for
MosGe, MosSi and NbgIr. 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 Mo3Si /158/
(and probably also Mo3Ge), a decrease of S leads to a decrease of Op> thus to
a softening of the phonon spectrum. (See Fig.4.32). Since for these JEELJ;>£¥HE:
pounds the electronic density of states remains essentially unchanged after
irradiation (only a slight increase is reported), the enhancement of TC must be

attributed to the observed phonon softening.

There is thus a contrast between the behavior of high and Tow T_ Al5 type
compounds with disordering:
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Te/Te,

SIS,
Fig. 10.8. TC/TCO vs. S/SO for MogSi /137/, Mo, Ge /138/ and Nb,Ir /135/.

a) High TC materials show a lowering of N(E.) and an enhancement of 0p>

b) Low T. materials show a slight enhancement of N(E_) and a decrease of Op-

The origin of the very different behavior in these two classes of materials
may be the substantial difference in the pair potentials, essentially in the in-
teraction between the A and B elements, as illustrated for Nb,Sn and Mo5Si 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.761r.24, Mo3Qs and Cr.72503.275 have an
intermediate behavior between the above cases a) and b). Indeed, it follows from
the data in Table 6.5 that disordering causes here a decrease of both, N(EF) and
6p- 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/yo,
has been plotted in Fig. 10.9 for the systems V'76Au;24, V3Ga, Nb3A1, Nb3Pt 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 for Nb Sn  measured by Lehmann /301/ have also been
added to Fig. 10.9, in ordcr to extend the curve to lower S/S values. These data
wer obtained by measuring the initial slope and Py ON 325 1rrad1ated Nb3Sn films.
The contrast between the variation of y/yo and of T /T ., is immediately apparent:
A1l 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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Fig. 10.9. y/yo Vs, S/SO for V 76Au 24 V3Ga, Nb3A1, Nb3Pt and V351 (Determined
by calorimetry, Tisted in Table 6.5) and Nb3Sn (Deduced from the ini-
tial field slope and p, /301/).

From Fig. 10.9 it follows that the initial decrease of y/yo is strongest
for the most ordered state. For éxample, the decrease of S by 5 % causes a decrea-
se of Y/YO 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,Si /158/, the two modification a) highly disordered
Al5 structure and b) amorphous 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,
Nps(Eg).  The results are represented in Fig. 10.10 and show a strong correlation.
The correlation A vs. Nbs(EF) shows a linear tendency, as predicted by the model
of Appel /304/. The slope increqses from V3Au to Nb3A1, in a very similar way to
the variation of To vs. vy in Fig. 8.8. It appears that Nbs(EF) undergoes the
largest variation with ordering for V based A15 type compounds, while X is the
most changing quantity for the Nb based compounds. A representation of A vs.

Ny (Ep) for A15 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 Crl_BI‘r8 (compositional change),
.725050275, thus reflecting the antagonism with respect to Nb and

V based A15 type compounds.

MojOs and Cr
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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 A15 type compounds
above the highest value known so far, TC = 23 K /44/, can now be answered. Among
the known systems, only Nb3Ge could possibly reach slightly higher TC values if
perfect stoichiometry could be reached. The measurements reported in Sect. 8
indeed suggest that Nbaﬁe 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 ATC.i 1 K. There have been speculations about very high
Tc values in the metastable compound Nb351, which cannot be confirmed by the
present work, which would rather suggest that Te of Nb3Si would hardly exceed
the presently known highest value of 18 K. Indeed, Nb4Si is produced by explo-
sion techniques (0linger and Newkirk /130/), starting from the perfectly ordered
T13P structure type. Since the transition TigP - Al5 occurs diffusionless /130/,
no change of the order parameter during the explosion at < 1000 °c is expected.
The Tow HCZ(O) value of 16 T for Nb3Si with TC = 18 K would correspond to

similar values in very clean NbBSn 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 Te varies when gradually increasing the B
electron number. The representation inFig.10.11 contains all known Al5 systems
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 T13Hg and Zr3Hg being
stable (Both are normal down to 0.1 K). For the Nb and V based compounds, it is
remarkable that in contrast 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

T, values lying on the dashed line in Fig. 10.11 or below.

25
20

TelK)

15

10

1 ! S, L

1 ) 1 i i

Re Os Ir Pt Au Hg Al Si

Ga Ge As
Sn_Sb

Vﬂﬂi via l Ii:] i He ‘ lnAl WA| VA

Fig. 10.11. T. for various AlS type compounds based on V, Nh, Cr, Mo, Ti and Zr.
as a function of the electron number of the B element (From
Flikiger /7/).
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