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1 INTRODUCTION

Ever since its discovery by Kamerlingh Onnes in
1913 superconductivity has aftracted many wor-
kers, theorists as well as experimenters, in order
to understand this interesting physical pheno-
menon and to discover new superconductors with
improved properties useful for applications. On
the experimental side this search has led to the
discovery of nearly stoichiometric Nb;Ge ' ? with
the highest superconducting transition tempera-
ture T, of 23.2 K presently known and to the
discovery of the Chevrel phases with critical
magnetic fields of about 60 Tesla.?

On the theoretical side the basic mechanism
namely the electron-phonon inferaction leading
to pairing of clectrons and thus to superconduc-
{ivity has deen described by Bardeen, Cooper and
Schrieffer* and with this mechanism many of the
experimental results could be explained. Con-

sidering strong coupling effects T, is given by:®

T. ~ {wy exp(— (1 + )/A), where {w) is the aver-
age phonon frequency and A the electronphonon
coupling constani given by: A= N{OWI?Y/
M<{w?>. N(O) is the electronic density of states at
the Fermi energy, (I*)> is an electronic matrix
clement and M is the atomic mass, Despite of
the progresses in theory it is still difficult to predict
the superconducting properties of complex ma-
terials. There seem however to be general argu-
ments from both theory and experiment that a
further increase of T, may be achieved if materials
with enhanced phonon softening (decrcase of
{w*» and high density of electronic states N{Q)
can be realized. This goal is difficult to reach
however from the metallurgical point of view as
there are severe obstacles such as solubility
limits, lattice instabilities followed by phase transi-
tions, equilibrium compositions in compounds far

oL

from optimum stoichiometric compositions and
the lack of long range ordering. In order to over-
come these difficulties numerous experiments have
been performed using non-equilibrium prepara-
tion techniques such as splat-cooling, chemical
vapour deposition, quench condensation, co-evap-
oration, sputtering and ion implantation.

In the following review examples will be presen-
ted which clearly demonstrate that ion implanta-
tion in many respects is superior o other non-
equilibrium techniques mentioned above. In
particular advantages and disadvantages of the
application of ion implantation to different material
classes revealing interesting superconducting pro-
perties will be discussed. Many clements show
enhanced T-values if they are strongly distorted
or if they are transfeired to an amorphous phase.
Results of implanted disordered systems will be
presented in Chapter IL. Metastable ion implanted
alloys with interesting superconducting properties
have been produced as will be shown in Chapter
III, Well ordered systems such as the AlS com-
pounds lor cxample have the highest T.-values if
their structure is undistorted and the long range
order parameter approaches unity. In such struc-
tures radiation damage will strongly depress 7.
and up to now fon implantation is of limited
success for the preparation of the A15 compounds.
Nevertheless ton implantation has also been used
for the formation and improvement of ordered
compounds, Such experiments, especially implan-
tation into niobium and vanadiam carbides will
be described in Chapter IV, A short summary of
applications using jon implantation is presented
in Chapter V.,

Numerous studies were concerned with the
influence of neutron and light ion radiation
damage on the superconducting critical current
and critical field. A summary of this work up to
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1968 is given by Cullen.® Further developments
in this field including work on heavy ion implanta-
tion effects are covered in the Proceedings of the
International Discussion Meeting on Radiation
Effects on Superconductivity.” Results on ion
implantation effects in superconductors have been
summarized in Ref. 8, a review on the production
metastable superconducting phases is given in
Refl 9. The present contribution emphasizes studies
performed using heavy ions, where considerable
changes of the metallurigical state of the material
OCCur.

iI DISORDERED SYSTEMS

a Non-transition Metals

Many elements can be rendered amorphous or
stabilized in a highly disordered state by quench
condensation, that is the evaporation onto sub-
strates cooled with liquid He.'® The metallurgical
state of these vapour quenched films is difficult
to analyze in detail. It may range from small
crystallites, with short range order preserved in
a microcrystalline structure, the so-called lattice-
like amorphous state, to a phase where the short
range order is different from the crystalline phase.
In this second phase the coordination number is
higher and thus the amorphous phase is more
metallic similar to the liquid, therefore this phase
is called liquid-like amorphous.!! These dis-
ordered phases which usually will recrystallize
by warming up to rocom temperature very often
exhibit enhanced T-valucs. It has been found that
a higher degree of disorder is stabilized by co-
evaporating impurities and some elements can
be stabilized in an amorphous phase only by the
addition of impurities, An excellent review on
amorphous metals and their superconductivity is
given by Bergmann.!?

Well-known example of such a superconductor
is Al with a bulk T-value of 1.2 K. All films pre-
pared by quench condensation show enhanced
T.-values of 3.3 K.'! Quench condensation in the
presence of O,, H, and rarc pases results in T-
values between 2 and 4.5 K.'° Co-evaporation of
Ge or Si with Al onto substrates at liquid He
temperature yielded films reaching 6.0 and 6.6 K,
respectively.!*!* Again the microscopic structure
is decisive for the possible T-enhancement mechan-

TABILL 1

Maximum 7 -values as observed after implantation of various
ions in Al thin Gilms at 4 K712

Implanted :
ion He C 0 Al Si Ge H D

max

T, 37 42 4.0 26 835 735 675 605

ism. In guenched Al-films the increase of T, is
generally ascribed to a softening of the phonon
spectrum caused by lattice disorder. In Al-films
with stabilizing elements incorporated, & granular
structure consisting of small Al grains separated
by semiconducting or insulating barriers has been
observed at room temperature.'* Bascd on the
idea of this granular structure T-enhancement
mechanisms such as changes in the amplitude of
the electron-phonon interaction,'* by cxcitonic!”
or surface plasmon!® effects have been suggested.
Implantation of various ions in Al-films below
10K have been performed in order to obtain
more detailed information about the T;-enhancing
mechanisms.! 718 The T.-values obtained in these
experiments are summarized in Table I,
Implantation of Si and Ge in Al-films exhibits
T-values of 8.35 K for AlgSisg and of 7.35 K for
AlgyGeyy. These T-values are considerably larger
than those obtained by co-evaporation onto cold
substrates. By implantation of He (and O-ions)
T, increases to about 4 K, a value similar to those
found by quench condensation. Al-ion implanta-
tion resulted in a T-value of 26 K. A further
exciting result is the high T-value of 675K
observed after H-implantation in Al-films. In this
special case there are several hints that an ordered
compound has been produced. Firstly additional
implantation of a low fluence of Al-ions was found
to reduce T, to about 4 K indicating that addi-
tional disorder destroys the high T,-phase and
leads to T,-values observed for O- and He-implan-
talion. Secondly, resistivity results’” of a high dose
H-implanted Al-sample suggest that H-ordering
or phase transformation takes place. The forma-
tion of an ordered AIH, compound is likely to
occur as the average H-concentration implanted
in Al is close fo this composition. Tunncling
experiments'® have shown an enhanced electron
attraction due to coupling via acoustical phonons.
As changes of the phonon spectrum are not
observed, the T.-enhancement is proposed o be
due to an increase of the electron-phonon-coupling
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parameter o*(w) caused by hydrogen influencing
the elecironic properties,

The results oblained for He, C and O implanted
Al-films have been explained by phonon softening
due to lattice disorder similar to the T.-enhance-
ment mechanism in quenched Al-films. The T,-
¢nhancement found after the implantation of
Al-ions suggested that intrinsic damage is present.
The question whether this T-enhancement is due
to intrinsic damage or disorder stabilized by
impurities has been studied®® by Al-ion implanta-
tion and irradiation of Al thin films with various
oxygen content at temperatures below 4 K. The
results from this work are presented in Figure 1.

Figure la shows the T.-variation for low Al-
fluences where the collision cascades do not yet
overlap and mainly point defects prevail. In
Figure 1b the results for high Al-fluences are
presented. Flere both, specific resistivity p, and
T-variations are found to corrclate with the
oxygen content in the films. In contrast to the
results given in Table I, Al-implantation into pure
Al-films with a residual resistivity ratio (Rpr/Rys )
of about I does not lead to an increase of 7.
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A T-value of 2.6 K as given in Table [ however is
reached by Al-implantation into Al-films having
an oxygen content of about 4 at. %/ corresponding
to a residual resistivity ratio of abouat 3.5, The de-
pendence of the T-values on the residual gas
content of the as-condensed Al-films shows that
additional disorder is stabilized by the impurities
during irradiation.

The T-enhancing mechanism, causing the ex-
ceptionally high T.-values for Si and Ge implanted
Al-films is still in debate. For both Al, _,Si, and
Aly _.Ge, the transition [rom metailic to semi-
conducting conduction occur for x > 045, the
maximum T-values arc obtained for x =~ 0.4 with
p = 100 xQcm indicating extremely high damage
Jevels 2! :

Alter annealing an Al-Si film up to room lem-
perature T, was found to decrease to 3.3 K.
Additional irradiation with Si with fluences of
2 x 10%° ions/cm* at 6 K was found to increase
T. sharply back to the original value of 83K,
This experiment demonstrates that disorder is
important and some disorder is still retained at
room {emperature. From the similarity of the
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FIGURE 1 T, variations of thin Al films with various oxygen content as a function of Al-ion fluence (&) for low Al-ion

fluence, (b) for fluences above 101°A] T fom? 214,
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dependence of T, and p on composition between
implanted films and granular structures an in-
creasc of the electron-phonon interaction matrix
element has been suggested as a common inter-
pretation of the T-enhancement mechanism.?!
With regard to the possible contribution of Si
and Ge to the f,-enhancement there exist interest-
ing results for quench condensed and ion implanted
Ge noble metal alloys, Quench condensed Ge-
films are still semiconducting, revealing a lattice-
like amorphous phase, By co-deposition of Ge
together with a noble metal (Cu, Ag of Au) onto a
liquid He-cooled substrate a superconducting
phase is stabilized having a maximum T.-value of
3.3 K for Geg,Cuso.2? Recent electron diffraction
investigation®* on quenched Ge-noble metal alloys
at 4 K however show broad diffraction rings
stimilar to those of liquid Ge. From this experiment
one may conclude that the enhanced super-
conductivity is due to a liquid like amorphous
phase of Ge and is not duc to a granular structure.

Implantation of Cu-ions at 4 K in pure Ge and
Ge-Cu alloy films as well as irradiation of these
filins with Kr-ions have been performed in order
to answer the question if Ge or Cu is responsible
for superconductivity.?* The maximum T-value
teached in these implantation experiments is 3.7 K,
i.e. about 0.4 K higher than observed for quenched
alloy films. As the maximum 7-value occurs
already at 25% Cu it is concluded that Ge is
responsible for the superconductivity. The Cu-
atoms siabilize the lattice disorder and prevent
Ge from the formation of covalent Ge—Ge bonds.
This means that in this case a higher degree of
latiice disorder can be produced with ion implanta-
tion than by quench condensation.

b Transition Metals

The influence of disorder on the T,-values of transi-
tion metals (TM) and TM-alloys produced by
vapour deposition onto cryogenic substrates has
been studied in Ref. {25). In general a decrease of
T. was found in disordered films of the group Vb
TM (V, Nb, Ta) and an increase of T, was observed
for group VIb and VIIb (Mo, W, Re). In contrast
to disorder in non-transition metals (NTM) where
annecaling to 100 K is in most cases sufficient to
remove the lattice disorder, higher annealing
lemperatures are necessary for the recrystalliza-
tion of disordered TM systems. The important role
of impurities in stabilizing disordered phases in

quench condensed Mo and Nb-layers has been
described recently in Ref. (26).

Heavy ion implantation and irradiation of TM-
films also resulted in substantial variations of
T..2"7 Strong T, depressions have been observed
in evaporated V-, Nb- and Ta-layers, whereas
T.-enhancements were found in Mo, W and Re
thin films, As impurity-stabilized disorder will not
anneal at room temperature it is difficult to
separate the influence of alloying effects on T,
from. that of disorder produced during implanta-
tion and irradiation of oxygen contaminated TM-
films, The importance of impuritics present in a
layer for changes of T, under ton bombardment has
been recognized in experiments with ion implanta-
tion into Mo-layers at temperatures below 10 I{.2®
Here the observed increase of T, after irradiation
with noble gas ions was found to correlate with
the oxygen content in the as-cvaporated Mo-
layers. For oxygen concentrations below about
1al.% resulting in Mo-layers with a residual
reststivily greater than 4, no T, was detected down Lo
1.7 K even after high fluence Xe-ion irradiation.
In Mo-layers with an oxygen content of about
8 ut. %, increases from 1.7 to 7.7 K were observed
depending on Xe-fluence, Implantation of O-ions
resulted ina 7", value of 5 K, additicnal irradia-
tion of the implanted layers with Xe-ions causes a
further enhancement up to 7.7 K. From these
results it was concluded that disorder is stabilized
by oxygen and that the stabilization is morc
effective if the density of mobile defects in a single
collision cascade is increased by using heavier
ions {Xe instcad of O or Ne). Disorder in Mo
stabilized by oxygen recrystallized by warming
up to 200° For this reason O-stabilized disorder
will not be preduced during O-implantation at
room temperature in agreement with experiment.

The implantation of chemically active impurities
with electronegativity values greater than that of
Mo into pure Mo-films has been found to increase
T..*® A summary of these results is given in
Table TL

Maximum T-values reached were 92K for
N-implantation at a concentration of 23 at.},
for S at 22 at.% and for P at 27 at.%;. Figure 2
shows the increase of T, as a function of implanted
N-ion concentration at liquid He and room
temperature. From the maximum T.-values of
9.2 and 7.0 K, respectively, it is scen that annealing
takes place for room temperature implantation,

As the same T-maximum of 9.2 K has been
found after implanting different ions this value is
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TABLE 11

Maximum T,-vakes and corresponding saturation values of the concentration after implantation of various
ions in Mo thin films at 4 K 2®

lon B C N O Ne

P ) As Sb Bi Xe

T 8.7 8.3 9.2 4,5 <17

at. Vg 16 17 23 10 20

4.2 9.2 7.6 1.7 <1.7 <17

27 25 30 35 35 20

altributed to a disordered Mo-phase. The nature
of this high T -phase for the system Mo-N has
been studied in more detail,?® especially as it could
be argued that molybdenum nitride compounds
may be formed and are responsible for the T~
enhancement. The high T.-values observed for
N-implantation into Mo at temperatures below
10 K could be correlated with a highly disordered
bee Mo-phase. During anncaling fec as well as tic
crystallographic structurcs appeared while the
T.-valne decreased continuously as a function of
annealing temperature. Finally at 850°C 7. de-
creased below 1.2 K while the fcc-phase was still
present. The decrease of T, and the structural
transformations as a function of temperature in
an isochronal annealing process are summarized in
Figure 3 for samples implanted at liquid He- and
at room temperature, The stabilization of the dis-
ordered high T-phase in these experiments is
therefore ascribed to the interaction of the chemi-
cally active impurity atoms with the distorted
host lattice as ne such effects were observed either
with bombardment or implantation of noble gas
ions in purc Mo. From channeling measurements

807K o
N' Implantations in Mo /
80 o at Liquid He Temperature
‘ + 4t Room Temperaiure /
20+
; o ‘___l___ﬁ_g
604
o
+
5.04 o
+
£.04
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30 /
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osH————— - g
1.0 50 100 150 200 2590

Conceniration in at %

FIGURE 2 Increase of T, as a function of implanied nitrogen
concentration for liquid He- and room-temperature implanta-
tions. Maximum observed T,.-values were 9.2 and 7.0 K respec-
tively for these temperatures.®!

Mo Mo reerystallization Mo
: lg' gmorphous‘— bcec-phase beec-phase
[ like fce-phase fce-phase
1 p% tic-phase

it was concluded that Mo-lattice is completely
disordered for a N-concentration of about 23 at. %,
in agreement with the concentration value neces-
sary to reach the maximum T-value.

The influence of impurities on the depression
of T, in heavy ion implanted and irradiatced
vanadium layers was studied in Ref (36). Vanadium
layers have been produced with various oxygen
contents analyzed by Rutherford backscattering
allowing an oxygen concentration determination
down to about 0.2 at. 9. Implantations and irradia-
tions were performed. using Ne- and N-ions at
room temperature. The T-values of as-evaporated
layers were in the range of 4.9 to 5.25 K, nearly
independent of the oxygen concentration up to
6 at.%. For higher oxygen contamination levels
reduced T,-values have been observed. Figure 4a
shows the relative T,-decrease in pure V-layers
implanted with N-ions as a function of N-concentra-
tion. In Figure 4b the relative T.-depression in
oxygen contaminated V-layers irradiated with

8- \o

67 | Mo 3
] bec-phuse

fec -phase \\‘\
47 fee-phase %

|becand ttc
phases at lower
N concentrations)

2 implantations: %
o at liguid He Temperature <1.2K
x at Room Temperature

O g———— gy T T T T T T &
RT 200 400 600 800 1000

ANNEALING TEMPERATURE °C

FIGURE 3 Decrease of the superconducting transition tem-
perature T, and structural transformations #s a function of
lemperature in an isochrenal (1 h} annealing process. Samples
were implanted till T,-saturation at Hquid He-temperature and
with 33 at. % nitrogen ai room lemperature, respectively.*!
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FIGURE4a Relafive decrease of T, as a function of implanted
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AT Oxygen concentration at%
c o
B /4’
] +"
"
0.5- A
) /L
- +/
S
o 'H/
0'1 _/11-
1 —
0] 5 10
Nitrogen concentration at%
(b)

FIGURE 4b  Relative decrease of T, of V-layers with various
oxygen content after irradiation with 2.9 x 10'® Nejem? at
320 keV. For a V-layer with 4 al. % oxygen the relative decrease
of T is shown with the Ne-ion fluence as a parameter. At about
3 x 10" Nefen? AT T, is found to saturale at 0.6, about the
saime amount as observed after implanting 4 at. % N as can be
seen in Figure 4a.%7

2.9 x 10'® Ne*/em? at 320 keV as a lunction of
oxygen concentrations is shown. For a V-layer
with 4 at.% oxygen the 7.-decrease with the Ne-
flnence as parameter is included in Figure 4b.

The following conclusions were drawn from
these results: chemically active impurities play an
important role in the T-decreases. These im-
purities can be either implanted into the layer or
activated, i.e. moved from oxide precipitates into
the vanadium grains by recoil implantation during
irradiation with noble gas ions. As similar T,-
depressions have been obtained with O- and N-
implantations it is unlikely that this effect is

caused by alloying as N is almost insoluble in V,
[t is assumed that the T.-decrease is duc to disorder
in the host lattice itself, The structure of this dis-
order is not completely clear, channeling experi-
ments show thal locally displaced V-atoms are
present in V single crystals implanted with N under
similar conditions as the layers. X-ray analysis of
the nitrogen implanted V-layers showed that the
V bec structure is only slightly disturbed and that
the lattice parameter has increased. In Table 11T
results from fmplantation and irradiation experi-
menis in pure and oxygen contaminated V- and
Mo-layers with Ne- and N-ions are summarized.

The important role of chemically active im-
puritics on the stabilization of the disordered
phases in {ransition metal layers with enhanced or
decreased T -values is clearly demonstrated in this
summary.

1IIT METASTABLE ALLOYS

a Magnetic Dnpurities in Non-transition
Metals

Magnetic atoms have been dissolved in NTM to
investigate the influence of localized moments on
the electronic properties of the host. From the
dependence of T, and the specific resistivity p on
the impurity concentration, information is obtained
about the coupling of localized moments and the
conduction electrons of the host, The slope of
the T,-depression is a direct measure of the pair
breaking parameter.®! Such experiments are dif-
ficult to perform mainly for two reasons: the
solubility limit of elements from the iron group in
non-transition elements is usually very low {e.g
100 ppm for Mn in Sn and below 100 ppm for Mn
in Pb). In order to enhance the solubility quench
condensed alloys have been produced. For quench
condensed alloys however an unknown amount of
fattice defects will be frozen in. The presence of
lattice defects will influence the slope of the T-
dependence us function of the solute concentration,

Ion implantation at liquid He-temperature has
been used®*3% in order to overcome such dif-
ficulties. The solubility limit with the implantation
technique is found to be much higher than in bulk
alloys (about 1200 ppm for Mn in Pd). However
implanted alloys are highly metastable and will
anneal oul at temperatures below 100 K. The
influence of disorder on T, could be separated by
using non-magnetic ion species, e.g, Zn-ions of
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TABLE 111

Variation of T, as result of implanted Ne-and N-jon fluence in pure and
oxygen contaminated V- and Mo-layers,

Implanted with

Materijal Ne ions N ions
Low oxygen 7,-decrease low T.-decrease
content (few %) high (50% ar

v <lat. % more)
= 52K High oxygen T.-decrease high T.-decrease high
conieni (below 1.2K) {beclow 1.2 K)
few at, ",
Low axygen
Mo conient no 1 above [ ,7TK 1.-increase up
<lat, ¥ t0 92K
.= 09K High oxygen T, -increase up to T.-increase up
content 55K at 4K to 9.2K
few at. % .

siinilar atomic mass and number as the paramag-
netic Mn, A further advantage of ion implantation
is the possibility to control concentrations in the
ppm range with the same relative accuracy as at
high concentration. Results from these implanta-
tion experiments®* arc presented in Figure 5,
where it can be seen that small concentrations of
Mn cause a strong depression of the T, of homog-
encously doped Hg, Pb and Su-films. The slope of
the curves is nearly constant at concentrations
above 100 ppm in agreement with theory. At
concentrations below 100 ppm a curvature in
the T-curves can be seem, it is positive for the
system Mn in Sn and negative for Mn in Pb and
Hg, These deviations from the linear dependence
reflect the influence of lattice defects on T, as
verified by implanting the nonmagnetic ions Cu
and In into Pb- and Sn-layers respectively (see
dashed curves in Figurc 5). The same technique
has been used for In-films implanted with Mn-
tons®® where the degree of lattice disorder has
been varied by preimplantation of In-ions. In
this way it was possible to explain differences in
the amount of T-depression measured in quench
condensed alloys of this system by different
authors,

b Al-Based Alloys

The T-dependence on the concentration ¢ of Ge,
Zn and Mg alloyed with Al exhibits an interesting
behaviour.?® For concentrations below 1 at.% T,

decreases slighlly in the range of a few perceni

‘ndependently of the nature (electronegativity,

valence, atomic size) of the solute. This decrease in
T, with concentration is ascribed to the removal of
the anisotropy effect.>” A further increase in con-
centration yields a positive slope dT'/dc and the
magnetic of this curvature was found to depend on
the valence of the solute. At the solubility limits
of 2 at.% for Ge, 25 at.’ for Zn and 15 at. % for
Mg, 71, saturates at 1.2, 1.6 and 1.45 K, respec-
tively.*®

In order to see if ion implanted alloys reveal the
same T-dependence on concentration and if an
enhanced solubilily will be reached, Ge, Zn and
Mg-ions have been implanted into Al-films at

mK
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FIGURE 5 Variation of T, after imptanting Mn-icns in thin
films of Hg, Pb and $n. By implanting Cu-ions in Sn and Zn-
ions in Pb the influence of disorder on T, can be separated.®
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room temperature,® In contrast to the findings
observed for bulk alloys, ion implanted systems
do not exhibit a decrease of T,. An increase of T,
is observed in the concentiration region {rom 0.00!
to 20 at. %, with maximum T-values of 14K,
1.42 K and 1.45 K, for Ge, Zn and Mg, respectively.
Reasons for this difference in the T-dependence
on concentration between ion implanted and bulk
alloys may rise from disorder introduced during
implantation at room temperature. This disorder
is probably not completely annealed out and will
influence T.. In order to test this assumption,
enhanced disorder has been introduced by im-
planting ions known to exhibit targe size effects
and also by implantation of ions which have large
electronegativity values and which are not soluble
in Al Indeed, the highest T-increase has been
observed for Ca, known to have the biggest size
effect in Al and for C, S and N-ions known to
have large electronegativity values. These resulls
indicate, that the T.-enhancement observed for
various ions implanted in Al at room temperature
is due to disorder and not to alloying, In Chapter 11
it was pointed out that disorder in Al-alloys pro-
duced by ion implantation at temperatures below
10 K does notl completely anneal out when warm-
ing up to room temperature,

c  Alloys with High Concentrations of
Interstitials

An excellent demonstration for the usefulness of
ion implantation becomes obvious from experi-
ments in the Pd-H system.

This systermn was found 1o become superconduct-
ing for H/Pd ratios above 0.8.>% Due to the limited
solubility level with a maximum ratio H: Pd of 0.7
at one atm H, and 300 K, a high H-concentration
is difficult to obtain. Thereforc H- and D-im-
plantations at liquid He temperature have been
used to increase this ratio up to and above 1.#°
Maximum T-values of 9 K and 11 K were observed
for nearly stoichiometric PdH and PdD, respec-
tively. One of the main reasons for this T,-increase
is the suppression of spin-fluctuations of the Pd.
It is known that the system becomes diamagnetic
al a H/Pd ratio of about 0.7,

The question arose whether lattice disorder
produced by the implantation process would have
some effect on T,. Therefore after the successful
implantation experiments, efforts were made to
produce stoichiometric PdH alloys by using high
pressure or electrical H-charging at temperatures

Transition Temperature (K}

of —50to —80°C., The T-values obtained with the
implantation technique have been confirmed. From
these results it is concluded that defects produced
during implantation either anneal out or do not
influence T,.

Further one may ask if the vather high T-values
are mainly due to the Pd-mairix or to the inter-
stitial H. Ion implantation has been used to solve
this question as one can easily vary the implanted
atom species. The following interstitial elements
have bcen implanted in Pd and the maximum
T.-values obtained are given in brackets:*! H(8.8
K), D{10.7K, B(3.8 K}, C(1.3K) and N({0.2 K).
While an increase of T, with mass is observed for
H and D, the inverse isotope effeci does not con-
tinue for the heavier elements. Through tunnel
experiments** it was shown that besides the
suppression of the paramagnetism a further posi-
tive influence on T, is due to an additional electron-
phonen coupling with the optical H- and D-
phenon modes.

If the Pd-matrix is changed by alloying with
noble metals the solubility of H decreases rapidly
and it becomes more difficult to apply other
charging techniques besides ion implantation.”
Pd-noble metal alloys do not show superconduc-
tivity above 10 mK and becomes diamagnetic if
the noble metal concentration exceeds 60 at.%,
Foils with different noble and metal concentrations
for the three systems Pd-Cu, Pd-Ag and Pd-Au
have been produced and implanted with H-ions at
4 K*3 with increasing fluences until T, passed the
maximum, These maximum T-values are shown
in Figure 6 as a function of the noble metal con-

e .
6 — Pd-Cu-H J
tL  __ Pd-Ag-H oo
---- Pd-Au-H N
2| -
\
0 L. | | I 1 | L 1 y \j
Q 20 40 60 20 100

Noble Metal Concentration (at )

FIGURE 6 Maximum 7T,-values observed after implanting
H in Pd-noble metal alloys for various noble metal concentra-
tions ¥
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centration. The highest T, of 16.6 K has been
observed in the system H:Pd;ssCu;.s. With
increasing mass of the solute and with simul-
tancously increasing the H-content, T, was found
to decrease. This indicates that not only a closed-
packed H-sublattice but also the matrix has a
strong influcnce on the super-conductivity. The
increase in TP as a function of decreasing
mass of the noble metal can be correlated with a
softening of the acoustic phonon spectrum in
agrecement with results from neutron scattering
experiments on hydrogenated PdAg alloy.**

IV COMPOUNDS

a Refractory Compounds

The carbides and nitrides of the group Vb transi-
tion metals with NaCl crystal structure have in-
teresting superconducting properties with high
values of T,, high critical magnetic field and high
critical current density, The superconducting pro-
perties of the AlS compounds which will be dis-
cussed below are in general somewhat superior to
those of the carbides and nitrides. However it
has been shown that NbN and NbC are highly
radiation resistant even against heavy ion bom-
bardment in contrast to Nb;Sn.2” Therelore these
materials seem to be well suited for ion implanta-
tion experiments.

The 7T.-values of the carbides and nitrides are
found Lo vary strongly with composition and reach
a maximum value for the stoichiometric metal. In
some cases such as VC, there is an appreciable
deviation from the stoichometric composition in
the thermal equilibrium and it is not possible to
form stoichiometric samples by thermal methods.
Applying the diffusion method an almost stoichio-
metric niobium carbide with a C/Nb ratio of
0.98 and a T, of 11.1 K has been obtained.*’

Ton implantation has been used in order to
compensate deviations from stoichiometry. Re-
sults obtained by the diffusion technique have been
compared to those obtained by C-ion implantation
into NbC.*® Single crystals of NbCg gy were
implanted at room {emperature and at elevated
temperatures (760° and 1070°C) with C-ions. In a
sccond experiment a C-layer was evaporated
onto a Nb(C, 4, single crystal and was diffused at
temperatures between 1200 and 1600°C. The T-
values were measured as a function of the annealing
and diffusion temperature and the results are

shown in Figure 7. The dashed curve in Figure 7
shows the T.-values of the carbon diffused single
crystal as a function of diffusion temperature.
T2 obtained in these diffusion experiments was
11,1 K in accordance with previous results.*? Aflter
implantation of C-ions at room temperature T,
increased from 4 to 7 K. With increasing annealing
temperature T, increased and reached a maximum
of 11.8 K. From this result it was concluded that
a carbon content above 0.98 was reached by ion
implantation. This assumption could be confirmed
by backscattering measurements. A possible reason
for the enhanced C-content is the comparatively
low formation temperature of the implanted
sample as compared to diffused samples causing
a decrcase of the equilibrium (vacancy) concen-
tration.

The thermal equilibrium phase of vanadium
has a C/V ratio of 0.89 and is not superconducting
down to temperatures of 30 mK., This behaviour is
exceptional in the group Vb carbides and nitrides
and it has been explained with the low C/V atom
ratio. Therefore C-ions were implanted into VCy g4
single crystals and the samples were examined for
superconductivity.*” None of the samples which
were implanted at room temperature and sub-
sequently annealed in an isochronal anmealing
process showed superconductivity. Increasing the
sample temperature during implantation how-
ever resulted in superconductivity. The results
of these experiments are shown in Figure 8, With
increasing implantation temperature up to 800°C
a maximum T-values of 3.2 K has been found.
Higher implantation temperatures reduced T, as
carbon starts to diffuse out of the enriched layer.
The implanted carbon profile and the carbon
diffusion processes have been investigated applying
the backscattering technique.*®

This example clearly demonstrates that ion
implantation is a useful tool o compensate the
deviations from stoichiometry beyond the thermal
equilibrium composition.

b Al5 Compounds

Compounds with the Al5-structure such as Nb;Sn
(182K} and V3Ga (17K) reveal the highest
known T-values and the best performance in
high field magnets up to now. Nb,Ge (23.2 K)
also belongs to this group of materials where the
TM atoms are aligned and densely packed in
three orthogonal chains and where the high T.-
values arc thought to be caused by this chain
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structure. Any disorder in this structure will result
therefore in a decrease of T.. Inspection of the
irradiated films with X-ray diffraction at fuences
where the lower T.-saturation has been just
reached, revealed a small increase of the lattice

parameter.*? More detailed results on damage
profiles and damage structures have been ob-
tained by applying the channeling and back-
scattering technique to the analysis of frradiated
V,Si single crystals.®® For crystals implanted with
300 keV He-ions a narrowing of the critical angle
for the f100] as well as for the {110] channeling
direction and an increase of the minimum yicld
has been observed as a function of He-ion fluence®
near the surface region. From these resulis which
have been confirmed by Monte Carlo calculations
followed that the V-atoms are displaced from their
lattice sites with an average static amplitude of
006 A. A “zig-zag” arrangement of the atoms
would be a possibility for the transition metals in
the chain to release compression,

Implantations of Sn and Ge-ions into Nb thin
films have been performed in order to study the
formation of the AIS phase.®* Two different types
of experiments were performed to stabilize the
Al5-phase. Implantations were conducted at room
temperature and subscquent annealing was carried
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out at temperatures between 500 and 850°C. In
a second experiment ions were implanted at high
temperatures (650°, 725° and 800°C), The anneal-
ing ternperatures required for the formation of the
Nb;Sn AlS-phase was about 100° higher than
from Nb-Sn sandwich films evaporated at 300 K.
It is believed that lattice defects introduced during
implantation hinder diffusion. T.-values up to
17.8 K have been obtained after annealing of the
implanted Nb-Sn system. Ge-implantations per-
formed at various larget temperatures and fluences
followed by isochronal annealing lreatments re-
sulted in an Al5-phase with T-values below 8 K.
From these results it was concluded that ion
implantation is probably not a useful technique
to form or stabilize Nb,Si which is believed to have
a high T.-values.

V APPLICATIONS

There are three main areas where the potentials
ol ion implantation for application are currently
being explored. These areas are: (a) increase of
pinning forces accompanied by an enhancement
of surface current carrying capacity, (b) reduction
of rf-losses at superconducting surfaces and (c) pro-
duction of weak links.

For the production of pinning centers Nb foils
with different oxygen contents have been bom-
barded with N- and O-ions at encrgies between
10 and 20 MeV and fluences in the range of 107
and 3 x 10'% ions/cm?.°* A significant increase
of the critical current I, and a slight increase in the
upper critical field H_, has been observed. Simi-
larly after implanting Ni-ions at energies of 3.5
MeV into Nb-foils at 300°C a substantial increase
in both I, and H,, has been found.*® In both
experiments voids have been observed in the
implanted regions of the samples; these voids were
believed to interact strougly with flux lines
Further experiments®* have been performed im-
planting MeV Ni-ions into oxygen-doped Nb,
NbZr and NbTa alloys, where dislocation loops
as well as statistically distributed or regularly
arranged voids have been observed. These defects
acted as very effeclive pinning centers, and the
clementary pinning forces are found to be larger
than theoretical values calculated for possible
interaction mechanisms.

Low frequency (30 Hz) losses have been meas-
ured in vanadivm samples before and after im-
plantation of Ga-ions. After implantation of

10'® Ga-ions per cm? at 75 keV a considerable
reduction of the losses at lower amplitudes by
two orders of magnitude have been observed
due to a pronounced increase of the surface
shielding capacity.

Ion implantation has attracted attention and
lead to widespread use in modern microelecironics
as its degree of precision for tailoring properties
of thin films and surfaces in small dimensions s
difficull 1o achieve by other means. There is an
increasing interest to explore the possibilities of
this technique for the production of superconduct-
ing weak link devices and microcircuits.

By implanting Fe-ions into a narrow band
(5000A wide) across a strip of Nb thin films 7,
is reduced and exceptionally stable weak links
exhibiting the Josephson effects have been pro-
duced.3® The critical current can be predetermined
by controlling the number and location of the
implanted fons. In a somewhat different procedure
T. has been increased up to about 4 K m a Mo-
film by implanting N or S ions except a narrow
band across the Mo-film which was covered with
a photoresist mask during implantation this re-
ducing the doping effect.>” This slightly doped
region with a T, of about L7 K acts as a weak
link between the heavily doped regions, and passes
a soper-current having an oscillatory diffraction
pattern dependence on the magnetic field similar
to that of Josephson tunnel junctions, Properties
of ion implanted weak links are quitc well de-
scribed by rceent theories®® due to their well-
defined geometry thus providing a basis for
circuit design calculations, However, a number
of significant improvements have to be worked
out before such weak links will be useful for
integrated circuits.®’

VI CONCLUSIONS

It is only about 7 vears ago that the technique of
fon implantation has been applied to improve
the superconducting properties of materials. With-
in this short period of time very exciting results
have been obtained which clearly demonstrate
the advantages of this technique in material hand-
ling and modification. The T-dependence of the
concentration of the solute element can be easily
measured in one and the same sample whereby
the reaction temperature can be optimized with
regard to superconductivity. New and metastable
alloys were produced as the concentration of the
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solute can be raised above the equilibrium solu-
bility limit. Compounds have been improved by
compensating deviations in composition from
stoichiometry. Disorder produced in such experi-
ments can be annealed out by choosing reaction
temperatures where intrinsic diffusion is small
but not negligible. The influence of lattice defects
on superconductivity can be studied in a very
efficient way as intrinsic disorder effects can be
separated from impurity stabilized disorder effects.
Much remains to be learned about both the elec-
tronic and the structural properties of ion im-
planted laycrs, An increase in understanding in
this respect, will certainly be followed by an
improvement of superconducting properties.
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INTRODUCTION

Giorgi et al' found that the superconducting
transition temperature 7, of niobium carbide with
sodium chloride structure is very sensitive to
deviaiions of the carbon content from stroichio-
metry. The maximum carbon content obtainable
by conventional methods is 0.98 corresponding
1o a T, of 11.1 K. The difficulty in obtaining a
completely stoichiometric carbide of niobium is
due to the fact, that the formation of the compound
has (o be carried out at high temperatures (1400
2000°C). So the equilibrium concentration of
carbon vacancies, which exponentially depends on
temperature can reach high values (2-24%). By
implantation of carbon fons the carbon content
could be increased resulting in a T, of 11.8 K.2 An
obvious consequence of this experiment is to
investigate, if by use of the method of ion im-
plantation the deficient carbon can be substituted
by other elements. The results of such implantation
experiments are described in this contribution.

EXPERIMENTAL

As starting material we used single erystals of NbCy g4 of NaCl
structure with a typical size of 15 x 4 x 2mmand a T, of 4 K.
The single crystals were produced by zone melling of hot
pressed NbC powder samples,®

The implantations were carried out at elevated temperatures
between 700 and 1000°C. Figure I shows the sample holder used
for these experiments. The sample is mounted on the cup shaped
anode of an electron gun and heated indirectly up to the desired
temperature, During implantation the beam current is measured
by 4 manitor electrode which alse is used as a bearn defining
diaphragm. The sample temperature is controelled by a thermo-
couple and a pyrometer. The pressure in the target chamber
during implantation wasabout [0 # Torr. Implantation energies
and fluences were selected to result in homogeneously implanted
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surface layers of about 2000 A thickness with a concentration
of 11-12%; at. % of implanted ions.

‘The superconducting transition temperature was determined
resistivily by a four probe arrangement. In order to detect the
highest transition of the implanted surface Jayer low measuring
currents (100 gA) were used. The resulting voltage drop across
the bulk sample (10-100 nV) was measured by a lock in ampli-
fier, The instrumenltation is described in more detail in.*

RESULTS AND DISCUSSION

The frst step in these investigations was to find
out the optimum (with respect to T,) implantation
temperature, Figure 2 shows 7, versus implanta-
tion temperature for P* and S* implants, T,
seems Lo saturate at about 900°C, This is also the
optimum implantation temperature for C* ions.?
J. M. Lombaard and O. Meyer® have shown using
the backscattering and channeling lechnique, that
at this implantation termperature the radiation
damage in the Nb sublattice is already completely
annealed. All implantations described in the
following have been carried out between 900 and
920°C.

The table shows the 7, results after implantation
of niobium carbide with elements from row 2 and
3 of the periodic system including He from row 1.
T, increases continuously from Li (5.7K) to N
(128 K) but O, F and Ne do not continue this
trend further. A striking fact is the T, increase
found after rare gas implantation with the highest
valoc of T, = 9.7 K for He."

The T, increase with increasing number of
valence electrons from Li to N can only partially
be caused by direct changes in the electronic
properties of the host metal, as it is unlikely, that
rare gases, especially He give electrons to the Fermi
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FIGURE 1 Sample helder for hot implantation.

sca. Possibly most of the T, increase after im-
plantation of light elements s caused just by
occupancy of the carbon vacancics by the implanted
ion, resulting in a rearrangement of the Nb
sublattice.
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The influence of ion bombardment on the superconducting transition temperature T, and the struciure of thin evaporated
niobium layers has been investigated as a function of {on species and layer purity. Irradiation through pure layers with
neon ions and fluences of typically [0'¢ ions/cm? leads lo relatively small 7, decreases (A7, ~ 0.5K), while in exygen
contaminated layers larger effects depending on oxygen concentration are observed. Homogeneous implantation of
chemically active impurities (nitrogen, oxygen} also drastically depresses T, reaching the detection limit of 1.2K at a
concentration of 15 at, % N. The T, depressions correlate with a lattice parameter expansion of the Nb bee structure at

a rate of about 0.1 % per 1 at. % impurity,

INTRODUCTION

Niobium is under normal conditions the clemental
superconductor with the highest superconducting
transition temperature 7. of 93 K, 7, in niobium
is sensitive to disorder and to interstitially dis-
solved impurities. Substantial depressions of T,
e.g. were observed in bulk samples with a few at. %
dissolved oxygen,!** or in layers where a high
degree of disorder was introduced by vapor de-
position onto cryogenic substrates.>* The in-
fluence of impurities on the stabilization of dis-
ordered phases of quench condensed Mo and
Nb layers has recently been shown by Schroeder
et ul® Both disorder and impurities may be
conveniently introduced into thin metal films in
a quantitative way by ion bombardment.

The influence of ion implantation and of irra-
diation through the layers with the bombarding
particles being stopped in the substrates on the
superconducting transition temperature has been
already studied in molybdenum and vanadium
thin films.®>7 Substantial changes of T, have been
observed in these experiments with T, of Mo
increasing up to 92K and T, of V decreasing
down to the detection limit of 12K. The T,
alterations were a function of the impurity con-
centration and were depending on ion species.
T. was affected strongly by the implantation or
activation (i.e. for example recoil implantation
from oxide precipitates} of chemically active im-
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purities like oxygen or nitrogen while layer bom-
bardment with Ne ions caused only smaller
effects.

In this contribution the influence of ion doping
and disorder produced by the irradiation process
on T, and the structure of evaporated niobium
films has been studied. The questions whether the
T, varialions are correlated with structural dis-
tortions and whether disorder is stabilized by
chemically active impurities were of special in-
terest.

EXPERIMENTAL PROCEDURE

Nicbium thin films with thicknesses in the range of 120-250
nm were prepared by eleciron beam evaporation onto quartz
and vitreous carbon substrates kept at room temperature or
heated to 500-800°C. The background pressure inn the chamber
typically was 2 x 107% Torr, and rose during depésition to
about5 x 1078 Torr at evaporation rates of 3 nm/s. Some layers
were deposited under reactive gas atmosphere (oxygen, nitro-
gen) with partial pressures varied in the range from 5 x 108
to ] x 107¢ Torr,

Film thickness, purity, homogeneity and the itnpurity con-
tent and distribution have been analysed using Rutherford back-
scattering of 2 MeV He ions, The analysis of the films deposited
onto the carbon substrates allowed a concentration determina-
tion of oxygen and nitrogen down to about 0.5 at. %,

Ton bombardment was performed at room temperature with
oxygen, nitrogen and neon ions. A homegencous doping of the
layers was performed by multiple enerpy implantation with
fluences obtaincd from ecalculated implantation profiles. An
example of 4 calculated profile is demonstrated in Figure 1.
The implantations were performed with fluences corresponding
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FIGURE 1 Calculated implantation profile for nitrogen in a
200 nm thick niobium layer. Energy values and fuences for
a 1 at, % doping are indicated in the figure.

to concentration values in the range from 1 to 3¢ at. %, ** Pure”
damage in the layers was created by 360 KeV Ne ion bombard-

ment, such that the ions penetrated the layers and stopped in the

substrates (laver irradiation). With this proceduse a rather
homogeneous primary energy deposition is achieved in layers
with thicknesses of about 150 nm. Fluences in Lhe range of
Iox [0%%-1 x 10'7 ionsfem? were used in the irradiation
experiments.

A thin film Guinier-camera was employed for X-ray analysis
supplying structural informatiens like the phase, the lattice
parameter and the grain size in the [ayers,

The Lransition temperature was measured resistively using a
standard four-probe arrangement, The resistivity and the
resistance ratio ¥ (r = Rsqo/R o) of the layers were also dater-
mined and considered as a measure of layer quality and defect
concentration in as cvaporated and in ion bombarded layers,
respectively. The lowest temperature obtainable in our cryostat
was 1.2 K.

RESULTS AND DISCUSSION

The properties of the as evaporated Nb layers
were depending on the deposition conditions.
Layers prepared under oplimum vacuum con-
tions onto substrates at room temperature had
T.-values around 94 K and r-values of about 4,
The oxygen content determined from layers on
carbon substrates was in the range between 1-2
at,%. Layers prepared at elevated substrate
temperatures (500-600°C) had T, values of 9.3 K,
rvalues up to 10 and oxygen contents below 1 at. %,
The high T,-values in layers with relatively high
oxygen contents indicate that oxygen was not
interstitially incorporated into the Nb bce-struc-
ture bul probably was present in the layers in form
of oxide precipitates at grain boundaries.! At
substrate temperatures above 700°C both T, and
1 decreased. Similarly evaporations in oxygen or

nitrogen atmospheres led to enhanced impurity
contents in the layers and to reductions of T,
down to the detection limit and of » values below
1 depending on the partial reactive gas pressure
in the evaporation chamber.

All the layers cvaporated under optimum
vacuum conditions revealed the pure bee-struc-
ture. The determination of the lattice parameler
was not unique due to strain in the layers. There-
fore a procedure on a relative scale taking a mean
value of the lattice parameter determined from
the (310), (222) and (321) lines was adopted. These
lines are closest to the diffraction angle 0 = 55°
where the internal strain vanishes.® This procedure
yielded a lattice parameter of 3.301 which is close
to the bulk value of 3.3006. A considerable dif-
ference in line width was observed for layers pre-
pared al room temperature and at elevaled
temperatures. Particle sizes of about {2 nm and
of 25nm have been estimated for the different
temperatures respectively if the line broadening was
ascribed to particle size effects alone. Evaporation
in the presence of reactive gases resulted in dis-
tortions of the Nb bee-structure with considerable
line broadening, intensily decrease and a line
shift to lower angles indicating a lattice parameter
increase. The degree of distortion was depending
on impurity content and an amorphization of the
layers was observed at about 30 at. %, of impurities
incorporated into the layers.

The results of the analysis of the as evaporated
layers show that r-values closely correlate with
growth conditions (subsirate temperature). Small
oxygen contents probably present in the layers
in form of oxide precipitates do not affect T,.
Both r and T, however are sensitive to impurities
incorporatedinto the bee-structure and are strongly
allected via grain size eflects at high impurity
levels finally causing amorphization of the

‘structure,

The ion bombardment of the Nb layers resulted
in decreases of the transition temperature T,
reductions of the resistivity ratio r and in structural
distortions. These effects were depending on ion
species and layer purity.

Implantations with nitrogen, oxygen and neon
tons were performed into layers with the least
oxygen content. A homogeneous doping is essen-
tial when T, decreases have to be detected. The
homaogeneity of the implantation performed with
the procedure described above was tested by the
backscattering technigue. As an example back-
scattering peuaks from an unimplanted and an im-
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FIGURE 2 Niobium peaks from backscaitering spectra of a
layer before and after implantation with a high dose nitrogen
indicating a homogeneous impurily distribution.

planted (with 30 at. % N) area on a Nb layer are
shown in Figure 2, The reduced peak height in the
spectrum from the implanted layer is due to the
change of the energy loss on account of the in-
corporated nitrogen thus reflecting the nitrogen
distribution. The peak arcas are proporfional to
the number of the Nb atoms. The relatively small
decrease of the peak arca (~3%) after the high
fluence bombardment necessary for a 30 at. %
doping indicates that sputtering effects are smail
in the implantation experiments.

The influence of nitrogen implantation on T,
is shown in Figure 3 where T, of the implanted
layers is plofted versus nilrogen concentration
determined from the implantation fluences, Dif-
ferent T, values, at the same concentration indicate
the reproducibility of the experiments performed
with different layers. A continuous depression of
T, is observed with nitrogen conceniration down
to the T, detection limit at 15 at. % N. For higher
N concentrations a slight T increase is observed.
Though this effect must be still confirmed it may
be due to nitride precipitation in the layers. An
increase of T, after a high dose nitrogen implanta-
tion into Nb layers above the initial value together
with probable §-NbN formation after annealing
was reported by Gamo et al.® These authors also
observed a peak formation in the range of im-
planted nitrogen in channelling-backseattering
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FIGURE 3 T. as a function of implanted nitregen con-
centration. T,-values for 5 at. % oxygen and neon implantation
arc included for comparison,

experiments with implanted Nb single crystals.
These results agree with our own observations
where peak formation starting at about 20 at. % N
concentration was detected indicating phase trans-
formations.*®

In addition to the nitrogen implantations oxygen
and neon profiles corresponding to 5 at, 3 impurity
concentration were implanted for comparison.
While oxygen caused a similar T, depression like
that observed for nitrogen only a relatively small
effect occurred for the neon implantation. The
measurement points are included in Figure 3,

In the irradiation experiments with Ne ions
through the layers T, depressions have also been
observed. Here the effect was a function of ion
fluence and was depending on oxygen content,
Results for two layers, NbE 921 and NbE 1032,
with oxygen contents of less 0.5at.% and of
7.4 at. % and initial T, values of 9.18 K and 8.13 K,
respectively, irradiated with fluences of 1 x 1048,
5 x 10'® and 1 x 10'7 Ne™/em? are quoted here
as an example, The relative T, depressions, AT/T,,
for the three fluences were for INbE 921: 0.057,
0.14,0.25and for NbE 1032:0,12,0.26,0.51, respec-
tively. This example shows that the larger T,
depressions occur in layers with the higher oxygen
content in accordance with similar observation in
vanadium layers.” The effect is thought to be due
to impurity activation during the irradiation
process, ie. recoil implantation of oxygen into
the Nb grains from oxide precipitates or surface
oxide layers. Thus the quantitative results will
depend on grain size; this and also the role of
surface oxides must still be explored in detail to
quote quantitative results.
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FIGURE 4 T, of jrradiated and implanted Nb layers as a
function of the resisiance ratio r.

The T, depressions in the implanted and irradia-

ted layers were accompanied by a decrease of the
resistance ratio r, and a correlation between T,
and r in a rather narrow band was found. This
1. versus r relationship is plotted in Figure 4,
showing T, saturation for r-values above 3 and a
sharp drop for r-values below 2. The unique
relationship between T, and r irrespective of the
irradiation and implantation conditions and the
initial properties of the Nb layers suggests a com-
mon defect structure in the ion bombarded layers.
A similar relationship in as prepared and ion
irradiated Nb-Ge superconducting films has been
already reported by Poate et al.'t

X-ray analysis of the bombarded layers re-
~vealed that the T, depressions correlate with dis-
tortions of the Nb bee-structure. The bec-structure
is preserved up to an impurily concentration of
15 at. %, showing some line weakening and a
considerable increase of the lattice parameter a.
The relative change of ¢ is shown in Figure 5as a
function of nitrogen concentration with an almost
linear increase up to 20 at. %, N. In the nitrogen
concentration range of 20-25 at. % the high angle
lines disappeared and only faint and broad low
angle lines were observed indicating heavy struc-
tural distortions towards amorphization. At 30

Lapg
a

Ot T T v T —— ——— ¢
01 3 5 7 10 15 20 25
Nitrogen conceniration at %%

FIGURE 5 The relative increase of the lattice parameter in
implanted Nb layers as a function of niltogen concentration.

at. % new lines appear in the X-ray photographs
probably due to nitride precipitation as discussed
before.

In summary, T, in niobium layers is sensitive to
implanted or activated chemically active impurities
causing depression down to 12K, A common
defect structure is suggested to be responsible for
this effect. X-ray analysis showed that the im-
purities cause a distortion of the bee phase with
a sizable lattice expansion and with the degree of
distortion growing with impurity concentration,
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We have performed measurements of relative integrated X-ray intensities in
order to study the influence of radiation damage on the Al3 structure of
superconducting Nb;Ge, With increasing He- and Ar-ion fluence an increase
of the “temperature factor” and the lattice parameter has been observed

in the fluence region where the depression of the superconducing transition
temperature T, was found to occur, Both parameters do not uniquely
depend on the decrease of T,. Further a decrease of the total relative X-ray
intensity is found for particle fluences in the saturation region of 7. The
results are interpreted in terms of static atom displacements statistically

distributed in the irradiated volume,

1. INTRODUCTION

THE SUPERCONDUCTING transition temperature of
material with A15 structure is strongly depressed by par-
ticle and neutron irradiation [1—4). The nature of
defects responsible for this decreass is still uncertain,
Three kinds of defects structures have been identified
up to now. (1) Disordered mictoregions observed with
small-angle neutron scattering [5} and transmission-
electron-microscopy [6] in neutron irradiated NbsSn,
(2) Antisite defects, i.e, the interchange of A- and
B-atoms from Xray and neutron diffraction exper-
iments after irradiation with fast neutrons [7]. (3)
Static displacements of atoms from theijr ideal lattice
sites by channeling experiments on He- and Kr-irradi-
ated V3Si-single crystals [2, 8, 9. From similarities in
the dependence of various physical properties such as
electrical resistivity, specific heat, magnetic susceptibit-
ity and upper critical field on irradiation with different
particles such as electrons or light ions and heavy ions
or neutrons, which are known to produce quite differ-
ent damage structures, the existence of a universal defect
preferentially responsible for the observed changes have
been suggested [3]. It has been shown earlier that differ-
ent damage siructures are present in V3Si-single crystals
after irradiation with light (He) and heavy (Kr) noble gas
ions [2, 10]. In strongly disordered regions produced
after Kr-irradiation the distribution of displaced lattice
atoms was also found to be inhomogeneous with a
normal distribution around their original lattice site. The
average displacement amplitude was found to increase
with increasing Kr-ion flnence up to a fluence of about
4 x 10" Krem™, where a complete amorphisation was
reached [13].

In order to get more information on the existence

of static displacements in polycrystalline material with

A15 structure after irradjation with light and heavy ions
we performed measurements of relative integrated X-ray
intensities on superconducting Nb3Ge-layers before and
after irradiation with 350 keV He- and 650 keV Ar-ions,

2. EXPERIMENTAL

NbsGe layers, about 220 to 250 nm thick have been
produced by simultaneous evaporation onto hot
sapphire substrates (~ 850°C). Layers were irradiated at
room-temperature with various fluences of 300keV He-
and 650 keV Ar-ions. The energies chosen aflowed the
fons to penetrate through the Nb,Ge layers and come to
rest in the substrates, Critical temperatures and resistiv-
ities were determined by using a standard four-point
probe technique. Lattice parameter and intensity
measurements were carried out with a Seemann—Bohlin

focusing camera and a Seemann—Bohlin focusing diffrac-

tometer. A Ge-monochromator was used to select
Cu—K,-radiation.

In order to provide a reproducible installation in the
diffractometer as well as in the ion-irradiation and T-
measuring facilities, the samples were mounted on
special sample holders. In this way measurements were
performed on exactly the same spot. The area irradiated
with ions was larger (about 10 mm in diameter) than the
X-ray beam diameter {about 3 x 5 mm), Intensities of 13
lines from the NbaGe layer were measured prior and
after irradiation at different {luences. In order to cancel
out long time drift on the X-ray tube, the integrated 311
line of a gold layer was routinely used to catibrate the
intensitics on a relative scale. The results are plotted as
the natural logarithm of the X-ray intensity ratio If, vs
(sin®6)/A? where A denotes the wavelength of the X-ray
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Fig. 1. (2) The natural logarithm of the integrated X-ray intensity ratio /{7, as a function of sin®#. The X-ray inten-
sity [ as measured after He-irradiation with various fluences indicated in the figure is normalized by [, the intensity
prior to irradiation. (b) Similar functional dependence as i (a) after irradiation with various Ar-fluences as indicated

in the figure,

radiation employed. [ is the intensity of a particular line
after irradiation and 7, the intensity of the same reflex
prior to irradiation. The intensity ratio is altered due to
irradiation effects only. The lattice parameters were
determined at an angle of 45° to the substrate surface
where it has been shown that the influence of stress
effects will cancel out f11],

3, RESULTS

Single phase A15 Nb3Ge layers have been produced
with T,-values of 21.7 K at half transition and with a

o5 $n’B 10

transition width of about 1 K. Residual resistivity ratio
values up to 2 were reached and the lowest residual
resistivity value was 40 u§2-cm. Lattice parameters
measured for these layers were 5.145 A,

The natural logarithm of the integrated intensities
ratio is presented in Figs, 1(a) and (b) as function of
sin? after irradiation with various fluences of He- and
Ar-ions. The fluences and the superconducting transition
temperatures determined after irradiation are indicated
in Figs. 1{(a) and (b). Least square fit straight lines have
been drawn through the experimental points. The slope
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Fig. 2. The relative decrease of T, after irradiation with
He- and Ar-ions as function of the average displacement
amplitude. Results obtained from channeling measure-
ments on He- and Ar-irradiated V;Si-single crystals are
included for comparison. Further included is the resuft
of 4 neutron diffraction experiment on a neutron irradi-
ated V3Si-single crystat [12].

of these curves is equal to 2B/\?, where B, the tempera-
ture coefficient, is equal to 87%(u?) and {u}) is the mean
square displacement of atoms from their mean position
normal to the reflecting plane, No discrimination has
been made between Nb- and Ge-atoms, With increasing
ion fluence and decreasing T, the slope and therefore
{u}) is found to increase for He — as well as for Ar —
irradiated layers. A similar saturation value T of 7',
equal to 3.8 K is observed for He — as well as for Ar —
irradiation to high fluences,

Besides the intensity loss due to an increase in the
temperature factor there is a loss of total intensity at
high ion fluences, i.e, the intensity of all lines decreased
by the same amount. This is indicated by the points of
intersection of the straight lines with the ordinates in
Figs. 1(a) and (b). The total intensity loss increases
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strongly in the fluence region where T,-saturation
oceurs. For He-fluences where T, is lowered to 5.7 and
4.5 K the total intensity lossis 7 + 2% and 25 £ 8%,
respectively, If T, is lowered to 5.3 K by Ar-irradiation
the total intensity loss is even 40 + 12%. At Ar-fluences
of about 2 x 10* Arcm™ causing a T,reduction to the
saturation of 3.8 K, reflexes could no longer be separ-
ated from the background indicating that the layer is
nearly amorphous.
The dependence of the relative T -reduction

(AT, + TS)/T?, where AT, is equal to T — T2 with

I being the T,-values for the non-irradiated and the
irradiated layer respectively, on the mean square dis-
placement is shown in Fig, 2. For equal values of
reduced T, ({2»)'/-values are larger for Ar- than for
He-irradiated layers. For the He-irradiated layer a com-
plete T -reduction corresponds to a mean displacement
amplitude of 0.1 A. Static displacements seein to be 2
common defect in irradiated A15 materials as it has
also been observed for He-irradiated V5581 single crystals
using the channeling technique [8—10]. The values for
He- and Kr-irradiated V58i-single crystals as measured
by the channeling technique have been included in Fig.
2. The displacement amplitudes measured after Kr-
irradiation are larger than those of He-irradiated V3Si-
single crystals and continue to increase at large fluences
in the region of T -saturation. Also included in Fig. 2 is
the mean displacement amplitude as measured by Cox
and Tarvin [12] for a neutron irradiated V,Si-single
crystal in good agreement with the channeling data.

For similar values of reduced T, the relative inte-

grated X-ray intensity is smaller for Ar-irradiated layers
than that for the He-irradiated Nb;Ge-layers. This is
clearly visible in Fig. 3 where T, is plotted in dependence
of In (/1) for the 521-line. This difference in intensity

T
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Fig, 3. Natural logarithm of the X-ray integrated intensily ratio of the 521 reflex and the lattice parameter as a func-
tion of T, after irradiation of NbyGe-layers with He- and Ar<ons.
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is partly due to the enhanced average displacement
amplitude for Ar-irradiated Nb;Ge-films. In addition an
increasing amount of total intensity loss is observed for
Ar-irradiated samples with T,-values below 10 K. The
reduction of intensity is caused by the enhanced produc-
tion of disordered regions in the collision cascade of the
Ar-ions. The increased damage level in Ar-irradiated
samples obviously does not influence T, as it is not
present in He-irradiated NbaGe-layers,

The lattice parameter of the irradiated samples as
function of Ar- and He-fluence is also shown in Fig. 3.
The increase of the lattice parameter with increasing
fluence and decreasing 7T ,-values is stronger for Ar-
irradiated than for the He-irradiated samples indicating
that the lattice parameter does not uniquely depend on
T, however does depend on the amount of damage pro-
duced in irradiation experiments.

4. SUMMARY AND DISCUSSION

We have observed that for similar reduced T,-values
the increase of the lattice parameter, the mean displace-
ment amplitude and the amount of randomly displaced
atoms (total loss of X-ray intensity) is larger for Ar- than
for He<rradiated Nb;Ge-layers, With increasing He- and
Ar-ion fluences the differences in lattice parameter,
mean displacement amplitude and amorphous compo-
nent increase and a total amorphisation of the irradiated
volume is reached for a fluence of 2 x 10 Arem 2.

These observations are in agreement with results
obtained from channeling experiments on He- and Ar-
irradiated V3 8i single crystals, where two different
damage components have been seen: (a) the first
component, preferentially produced after He-irradiation
in the transmission region of the He-particles, consisted
of statistically displaced V-atorns from their lattice site
with a comparatively smiall average displacement ampli-
tude of 0.05 A, The second damage component which is
preferentially produced at the end of the He-track or
along the total track of heavy ions was inhomogeneously
distributed in the irradiated volume. This second damage
component as produced in the collision cascades con-
sisted of displaced V-atoms having a normal distribution
around their original lattice site and an amorphous
component. The channeling results indicate that
V-atoms are displaced with a large mean displacement
amplitude, for example 50 at % V-atoms with 0.5 & [10,
13].

The strong increase of the mean displacement ampli-
tude in Ar-rradiated Nb3Ge-layers is probably due to
this second damage component, which completely
shadows the possible existence of the first component.
A continuous transition between increasing displacement
amplifude to a random distribution of atoms is observed
during irradiation indicating that the atoms have stable
positions in any distance from their original lattice sites.
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T, does not directly depend on the temperature
factor and the lattice parameter. The lattice parameter
however seems to depend on the amount and structure
of the damage present. For the discussion of a possible
dependence hetween damage and T, the distribution of
the damage in the irradiated volume is most important.
The displacement of nearly all Nb-atoms with an aver-
age displacement amplitude of about 0.1 A as observed
for He irradiated Nb;Ge-layers is sufficient to lower T,
to its saturation value. This displacement amplitude is
about twice as large as that observed for He-irradiated
V35i. The second damage component, large displace-
ment amplitudes of less lattice atoms, is not present
after He-irradiation up to moderate fluences and does
therefore not contribute to the T,-reduction mechan-
ism. In Ar-irradiated Nb3Ge-layers this second damage
component determines the temperature factor and the
latlice parameter and shadows therefore the possible
existence of the first damage component. Here we have
only indirect hints such as the functional dependence
of T, on the residual resistivity, py, which is similar for
He- and Ar-irradiation and from a similar functional
dependence of pg on the He- and Ar-fluence indicating
that the first damage component exists as well after
heavy ion irradiation and is responsible for the T,-
reduction mechanism.

The accuracy of the present X-ray intensity
measurements does not allow to evaluate the possible
influence of anti-site defects as a source for the T~
reduction mechanism, especially as the scattering
powers of Nb and Ge are not very different.
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Channeling and x-ray diffraction measurements on Kr- and He-irradiated
V3Si single crystals and films reveal different damage levels for fluences in
cases where the superconducting transition temperature T, has been reduced
by the same amount. This indicates that only special defect structures are
responsible for the T -reduction mechanism. In the fluence region where T, is
decreasing, T, correlates with residual resistivity p,, independent of the kind of
irradiation. However, at particle fluences where T, saturation occurs, different
saturation values of py are observed. The exponential decrease and the
saturation of T, with fluence are explained by a similar behavior of po versus
fluence in the damage production and saturation processes. The increase of the
lattice parameter is not uniquely dependent on the decrease of T., but also on
the amount of damage present. '

1. INTRODUCTION

Numerous studies have been performed on the influence of irradiation
on the physical properties of superconducting materials with the A-15
structure (see, e.g., Ref. 1). Large depressions of the superconducting
transition temperature T, have been observed after irradiation with neu-
trons,> heavy ions,>* light jons,” and electrons.® Different defect structures
and defect density distributions are produced during irradiation with elec-
trons or light ions and neutrons or heavy ions. Nevertheless, the mechanism
responsible for the radiation-induced reduction of T, appears to be similar.
From this, the question arises of whether there exists a universal defect
which indeed could ultimately limit the highest T, value obtainable in
materials with the A-15 structure.’
747 _
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Several kinds of defects have been determined in the past: (a) From
x-ray diffraction measurements a reduction of the Bragg—Williams long-
range order parameter S,” which is theoretically related to T,® was found.
(b) In neutron-irradiated NbsSn disordered regions of sizes between 20 and
60 A have been observed, surrounded by a less disordered matrix. The
proximity effect between these disordered regions with low T, and the
surrounding matrix with high T, was proposed to explain the exponential
decrease of T, with neutron fluence.’ (c) In irradiated VsSisingle crystals the
existence of static atomic displacements has been determined.'®'! Monte
Carlo computer simulations of these channeling measurements confirmed
the defect model of statistically distributed static displacements.'” As a
consequence of this damage, the symmetry of the system is disturbed, Wthh
may effect the electronic properties of the material.

A controversial discussion arose at the International Discussion Meet-
ing on Radiation Effects on Superconductivity at Argonne’ and afterwards"®
on the existence of different 7, degradation mechanisms in light-ion and
neutron-irradiated A-15 materials. In this paper a comparative study has
been performed on V38i thin films and VSi single crystals irradiated with
light ions (He) and heavy ions (Kr) in order to determine similarifies or
dissimilarities in the correlations between T, and fluence, electrical resis-
tivity, x-ray intensity, lattice parameter, and dechanneling cross section. The
results, we hope, will lead to a better understanding of the defect structures
present after irradiation with ions transferring quite different mean energies
in primary collisions to the lattice atoms, and on the influence of these defect
structures on the various physical properties mentioned above.

2. EXPERIMENTAL

A HF sputtering system was used for the preparation of V3Si thin films.
The geometry of the composed V and Si cathode was optimized in order to
get laterally homogeneous layers with a 3/1 ratio for V/Si over a length of
3 cm. The following parameters were used during deposition: HF power
300 W, bias voltage 1300V, Ar pressure 1.3 x 107! Torr. None of these
parameters had a strong influence on the growth process and film properties.
Single-crystalline V5Si films were deposited on hot, single- crystalline Al,O3
substrates. The substrate temperature was found to be the most important
parameter for epitaxial growth. Polycrystalline films for x-ray analysis were
deposited on slightly lapped Al,O; substrates. Composition, thickness, and
the degree of crystallinity have been determined by using-2-MeV He-ion
backscattering and channeling."* The layers have been irradiated at room
temperature with 350-keV He ions or 600-keV Kr ions. Similar irradiations
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have been performed with a V;Si single crystal cut perpendicular to the
{110) direction. :

Structural information has been obtained by diffraction measurements
employing a thin-film x-ray camera and a thin-film diffractometer. The
resistivity and the superconducting transition temperature were determined
resistively using a standard four-point probe arrangement. The lowest
temperature attainable in our cryostat was 1.2 K. Isochronal annealing has
been performed in vacua of 10~ Torr up to 700°C and of 10~° Torr for
higher temperatures.

3. DEFECT PRODUCTION PARAMETERS

The mean projected range Rp of 350-keV He and 600-keV Kr ions in
V,Si is about 920 nm for He and 110 nm for Kr. With these energies the
particles penetrated the V3Silayers, which had a thickness of 200 nm for He
and 50 nm for Kr irradiation. The energy density deposition profiles of the
bombarding ions have been calculated by a computer program of Brice.”
For He particles the energy loss due to nuclear collisions is nearly indepen-
dent of the depth within the film thickness (transmission region) and is found
to be 2.3 eV/nm. For Kr ions the energy density deposited into nuclear
collisions increases as a function of depth. The energy loss is 500 eV/nm at
the surface and is about 1400 eV/nm at a depth of 50 nm.

In order to estimate the cross section for primary collisions op, the
mean energy transferred in such a collision T, and the mean free path of
the bombarding ion /px, a Nielsen potential has been used.® In Table I the
calculated values are summarized for 350-keV He and 600-keV Kr ions and
are compared with data for neutron irradiation in a reactor.

Due to the energy distribution of neutrons in a reactor there also results
a distribution of T ranging from 5 keV for a neutron with 100 keV to
100 keV for a neutron with 2 MeV. At low neutron energies, T is similar to
the value for Kr-ion irradiation; for high neutron energies the primary

TABLE 1
Comparison of Damage Production Parameters for 350-keV He, 600-keV Kr, and 0.1-2-MeV
n in V3Si
(dE/ dx)nuclean -
Rp, nm eV/nm op, cm? T, keV lpx, nm
350-keV He 920 2.3 3.4%x107'8 0.2 39
600-keV Kr 110 500-1400 1.2%107%6 4 1.1

0.1-2-MeVn 10° — 2.5x107%# 5-100 5%107
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knocked-on lattice atom can be considered to behave in the defect produc-
tion like a heavy ion directly implanted at energies of about 100 keV. Thus
we expect similar damage structures for Kr- and n-irradiated samples, which
differ from those produced by He irradiation. As lpx is only 1.1 nm for Kr
ions compared to 39 nm for He ions, one expects a higher density of defects
along the track of the Kr ions.

© 4, RESULTS

4.1. Film Quality

The V;Si films sputtered onto Al,O5 single-crystalline substrates were
found to be single crystalline with a mosaic spread of 0.6 deg as determined
by channeling measurements.'® The highest T, value obtained was 16.7 K
with a transition width AT, of 0.1 K. The highest residual resistivity ratio r
was 22, Polycrystalline V,Si films had T, values of 16.4 K with AT, of 0.2 K
and r values up to 17. The residual resistivities po of these films were found to
be between 2.5 and 5 uQ)-cm. The T, AT,, r, and po values did not depend on
film thickness in the range between 50 and 700 nm.

4.2. Results from Channeling Measurements

Channeling measurements on irradiated V3Si single crystals provide a
direct tool to determine the defect profile.'” This can be seen from the
aligned backscattering spectra in Fig. 1. In this figure (110)-aligned spectra
are presented prior to and after irradiation with various fluences of 600-keV
Krions as indicated in the figure. With increasing Kr fluence the defect peak
area increases. The peak maximum is found at a depth of about 120 nm, in
good agreement with the calculated value (see Table I). At a Kr fluence of
1x 10" Kr/cm?, the defect peak touches the random level, indicating that
all V atoms are randomly displaced in a depth range between 50 and
150 nm. The Si atoms are also completely displaced, as can be judged from
the peak height located at 400 nm in the spectrum, in comparison to the
height of the Si step in the random spectrum.

Angular yield curves, which showed a narrowing of the critical angle
and an increase of the minimum yield, have been taken at a depth of about
50 nm. From the narrowing of the angular yield curve the changes of the -
mean displacement amplitudes are evaluated using a simple analytical
treatment'® and the results are summarized in Table II.

Channeling results from He-irradiated V3Si single crystals have been
discussed previously.'®'>'” The defect profile produced by 300-keV He
ions differs from that produced by Kr ions. Here only a slight increase of the
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Fig. 1. Random and (110)-aligned energy spectra of 2-MeV He ions elastic-
ally scattered from a V;Sisingle crystal. Aligned spectra are shown before and
after implantation of 600-keV Kr ions at various fluences. The depth scale is
calculated for He ions scattered from V atoms.

dechanneling yield was observed in the transmission region up to a depth of
about 300 nm. The main damage is produced at the end of the He-ion range
at about 700 nm. However, for a comparison with results from He-
irradiated thin films with thicknesses below 250 nm we are only concerned
with defects in the transmission region. The main defect structure in this
region is made up of static atomic displacements (see Table IT), which cause a
narrowing of the critical angle and an increase of the dechanneling yield. A
mean displacement amplitude of 0.03 A at a reduced 7, value of 7 K was
measured by Cox and Tarvin'® in agreement with the channeling data.

TABLE II

Mean Static Displacement Amplitudes (As Evaluated from Channeling Measurements) Intro-
duced by Irradiation of V38i Single Crystals with Various Fluences of Kr and He Ions

Kr fluence, Kr*/em? 1x10%? 3x 10" 6x10"
T,K 10.3 3.8 1.4
W2, A 0.06 0.08 0.1
He fluence, He*/cm? 0.9x10 2x10' 6x10'°

T,K 8.2 4.0 2.1
WH? A 0.03 0.05 0.07
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4.3. Results from X-ray Measurements

Comparative integrated x-ray line intensity measurements have been
performed before and after irradiation of the samples with various Kr and
He fluences. In addition 7T, values have been measured on the irradiated
part of the samples. As an example, the intensity of the (520) line is plotted
in Fig. 2 as a function of the T, values obtained after irradiation with He and
Kr ions.

It is clearly seen that in the fluence region where T, decreases the line
intensity of the Kr-irradiated sample is smaller than that of the He-
irradiated sample. The x-ray lines disappear completely for Kr fluences
above 2 x 10" Kr/cm?. This result is in good agreement with that obtained
from channeling measurements as shown in Fig. 1, indicating that the strong
disorder regions as visible in the aligned backscattering spectra after irradi-
ation with Kr ions lead to a loss of x-ray intensity.

Little decrease of the x-ray line intensity is observed for He-irradiated
samples having T, values above 4 K. From channeling measurements we
know that mainly displaced atoms with small displacement amplitudes exist
in the transmission region for He-irradiated samples. More precise intensity
measurements are in progress in order to investigate the influence of these
slightly displaced atoms on the x-ray line intensity in the fluence region
where the T, depression occurs. For higher He fluences the decrease of the
x-ray intensity is clearly seen in Fig. 2. '

100%_— %/J T\—%\{ [21

14760

\\. tla 14750
s k[x 600 kev Kr
.

2

NORMALIZED PEAK AREA OF THE 520 REFLEX

N @le 300 keV He 14740
,\\\
e \.\E 14730
L -~ Q\Aﬁ,‘_§
14720
5 0 T [K) B

Fig. 2. X-ray integrated intensity ratio of the (520) line and
the lattice parameter as function of T, after irradiation of
V3Si layers with He and Kr ions.
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Lattice parameter values are also presented in Fig. 2. In the fluence
region where the strong T, depression occurs, quite different values are
obtained for He- and Kr-irradiated samples. The lattice parameter is found
to increase more strongly with decreasing 7. for Kr-irradiated samples. This
shows that the lattice parameter preferentially correlates with the total
amount of damage rather than with T..

4.4. Influence of the Ion Fluence on the Residual Resistivity

From the results of the preceding sections it is obvious that the damage
structure and defect density distributions are quite different for He- and
Kr-irradiated samples. It is of interest to see if this difference is reflected in
other properties, such as the residual resistivity po. In Fig. 3 the change Apg
(the residual resistivity before irradiation has been subtracted) is plotted as a
function of the He and Kr fluence for both polycrystalline and single-
crystalline thin V;Si films. No pronounced difference in the influence of
irradiation on layers of different crystallinity can be seen. A clear difference,
however, is found in the saturation value, which is about 130 x{-cm for He-
and about 200 u}-cm for Kr-irradiated samples. The Ap, dependence on
He fluence F exhibits an exponential behavior of the form Apg=
Afl—exp(—BF)] (solid line in Fig. 3), where A, the saturation value, is
equal to 130 uQ-cm and B is equal to 7x 1077 cm®. The Ap, vs F depen-
dence for Kr cannot be described by such a formula because a second.

2
[uég;] 5107 pKr—FLUENCE 5 [Kr/cm?] 20108
ZOOL x single cryst. -
® poly cryst} 600 keV Kr
« single cryst.] 300 keV He
a poly cryst
® T _
&
x . u
Vel .
100F X
% .
. ]
LY '
S0r
P
1010% 20He-FLUENCE 30 [Helem?) 400F

Fig. 3. Change of the residual resistivity of single- and polycrystailine V,Silayers
as function of He- and Kr-ion fluence.
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damage component seems to contribute to p, in the fluence region above
1x 10 Kr/cm?. In this fluence region the V,Si layer becomes completely
amorphous as discussed in Section 4.2. If this second damage contribution
from the completely amorphous state is neglected, the measured dataup toa
fluence of 6 x 103 Kr/ cmz, where T, has already reached the lower satura-
tion value, can be fitted with A =140 x{}-cm and B =6.0 X 107% (solid
line). A similar saturation value is then found for Kr and for He irradiation,

The general form of the formula for Apg as given above is easily derived
by setting po proportional to c¢p, the concentration of defects, and by
calculating the rate of ¢p as a function of the flux (ions/cm’sec). The
saturation level is either due to an equilibrium between damage production
and annealing or due to the saturation of the irradiated volume with
defects.™® In order to test which mechanism would hold for the saturation
process, irradiations at LN temperature have been performed with the result
that no further increase of pg has been obtained for Kr-irradiated samples.
In contrast, a further increase of po was observed for He-irradiated samples,
indicating that for He irradiation at room temperature the saturation of po is
due to an equilibrium between damage production and annealing.

4.5. Influence of Ion Fluence on T,

The T, decrease with increasing fluence is shown in Fig. 4 for Kr- and
He-irradiated samples. The fluence necessary for a certain amount of T,

02 10° Kr - FLUENCE [Kr/cm2] 10% 10
| ;\1

1
AN \1

-
x
10F % 600 keV Kr \1}
1 350 keV He \ l i

I TRANSITION WIDTH i\
F

i . ~_,

0% 10" He - FLLUENCE [He/cm? ] 10° w07

Fig. 4, Superconducting transition temperature and transition widths as a function of
the He- and Kr-ion fluences.
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reduction is about three orders of magnitude larger for the He- than for the
Kr-irradiated sample. This difference is explained by the different energy
densities deposited by He and Kr ions in VSi (see Table I). The saturation
value is 1.3-1.4 K for He as well as for Kr ions. The width of the transition
AT, increases with fluence and has a maximum at a T, value of about 9 K,
with AT, equal to about 0.6 K for Kr irradiation and AT, equal to about
0.4 K for He irradiation. T, decreases exponentially over the whole range of
fluences for both Kr and He irradiations. The dependence of T, on fluence is
well described by an exponential term similar to that described in Section 4.4
with a constant B of about the same value for He as for Kr irradiation.

4.6. Correlation of T, with Po and py,

With increasing ion fluence both the resistivity at room temperature prr
and the residual resistivity po(T = T,) were found to increase. In Fig. 5, T is
given as a function of Ap, for Kr- and He-irradiated VSi single-crystalline
films. For comparison, three values obtained from a n-irradiated bulk V,Si
single crystal have been included.'® It is clearly seen that T, correlates with
Apoindependent of the kind of radiation, although it is clear from the results
of Sections 4.2 and 4.3 that different damage densities and structures exist
under conditions where T, has been reduced by similar amounts. T, depends

0 50 100 A, [n0cm] 50 200

Fig. 5. Superconducting transition temperature as a function of
the change in the residual resistivity after He and Krirradiation,
Included are results from a n-irradiated V,Si single crystal*®
and theoretical results (solid lines?®).
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Fig. 6. Residual resistivity and superconducting transition temperature
as a function of fluence.

almost linearly on Apy. This dependence is expected, as T.(F) and Apo(F)
have similar exponential dependences on F, as discussed previously.

The question arises of “threshold fluences” for both T, and po.19
Helium-ion irradiations of single-crystalline V3Si films at low fluences have
been performed and the results are given in Fig. 6. The residual resistivity is
found to increase linearly with fluence, whereas T, seems to be insensitive to
irradiation at low fluences. This is in contrast to results from a n-irradiated
bulk single crystal of similar low po."°

InFig. 7, T, is correlated with the thermal part of the resistivity pu. The
T, is found to decrease with decreasing py,. However, we have always
observed a slight increase in py, for small fluences, and the main effect occurs
after the first irradiation. An explanation for this behavior cannot be given.
At high fluences, in the T, saturation region, p., is the difference of two large
numbers Apg and p(T) of equal magnitude and this probably causes the
fluctuation of py, about the zero value,

A theoretical model has been developed®® which combines theoretical
energy-band properties for perfect VsSi crystals and measured electrical
resistivities. With this model the density of electronic states N(EF), the
Fermi velocity v, and the plasma frequency Q2=4xc’N(Eg){(v3)/3 are
calculated as a function of pp and py. Further, assuming that A, the
electron—phonon coupling constant, is proportional to N(Eg), T, is cal-
culated as a function of po. The results of this calculation are included as solid
lines in Fig. 5. These two solid lines have been calculated assuming vibra-
tional amplitudes corresponding to 300 and 400 K, respectively, and A equal
to 0.9 for perfect V35i.2° In general, the agreement between measured and
calculated values is good. Small deviations occur at low Ap, values, where T,
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Fig. 7. Superconducting transition temperature as a function of the thermal
part of the resistivity p,.

is seen to decrease immediately with increasing Apo, in contrast to the
theoretical prediction. At high Apy values above 100 wQ-cm the measured
T. values are somewhat below the calculated values.

The thermal part of the resistivity pey, = prr— pPo is proportional to Ay,
the electron—phonon coupling transport constant, which is closely related to
A and inversely proportional to the square of the plasma frequency. For
materials with the A-15 structure A is nearly equal to Aw?! We have
calculated py, under these conditions as a function of T, using the Q,(po)
dependence as determined in Ref. 20. A decrease of T, with decreasing py,
was obtained in agreement with the experimental results in Fig. 7. Cal-
culated values, however, are about a factor of 2 larger than the experimental
values over the whole range of T..

4.7. Annealing Effects

Isochronal annealing processes have been applied to Kr- and He-
implanted samples with fluences where T, had just reached the saturation
value (5 X 10" Kr/cm?, 4 x 10*¢ He/cm?) and at very high Kr fluences in the
amorphous state (1.5 x 10'° Kr/cm?). The results are given in Fig. 8. In the
first case annealing starts at 200°C, the maximum annealing rate is reached
at 630°C, and annealing is completed at 900°C. For temperatures greater
than 900°C, T. is slightly lowered and AT, is broadened; for temperatures
above 1000°C, T. decreases to 2 K due to outdiffusion of Si as has been
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Fig. 8. Superconducting transition temperature as a function of
temperature in an isochronal annealing process for samples
irradiated with He and Kr ions such that T, just reached its
saturation value, and for a high Kr fluence (1.5 % 10'° Kr/cm?)
in the saturation of the residual resistivity.

determined with Rutherford backscattering. In the second case, annealing
from the amorphous state shows a different behavior at low temperatures,
where T, is found to decrease below the detection limit of our T,-measuring
equipment. A sudden increase of T, is observed at 550°C, with the maxi-
mum annealing rate at 530°C. At temperatures above 650°C the annealing
rate is low, and complete annealing is not yet reached at 900°C.

5. SUMMARY AND DISCUSSION

From channeling measurements on He-irradiated V,Si single crystals it
has been concluded that the main damage component (here calied the first
component) consists of small, static displacements of the lattice atoms with
displacement amplitudes of about 6 X 107> nm.'°*? Further, it has been
shown that the maximum fraction of strongly disordered volume (amor-
phous zones, defect clusters, dislocations) is below 1.7% for He ﬂuences
where T, just reached the saturation level."”

For Kr-irradiated samples a second damage component has been
observed consisting of strongly displaced atoms with displacement ampli-
tudes on the order of 1-5x 1072 nm.
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Comparative x-ray line intensity measurements on He- and Kr-irradi-
ated V;8Si thin films where T, has been reduced by the same amount reveal a
stronger intensity reduction and a larger increase of the lattice parameter for
the Kr-irradiated samples. This enhanced x-ray intensity loss is due to the
second damage component, as demonstrated by the fact that for both x-ray
and channeling experiments complete amorphization appears at similar Kr
fluences (2—-4 X 10** Kr/cm?). Obviously this second damage component has
little influence on the T, reduction, as it is not present in He-irradiated thin
films. Still, the question remains of whether the first damage component is
also present in Kr-irradiated V;Si layers. From the relative large increase of
the lattice parameter for Kr-irradiated layers it can be concluded that the
total irradiated volume is affected. However, a direct dependence between
T. and the lattice parameter does not exist. Thus we depend on indirect hints
indicating that the first damage component does exist and that it may also be
responsible for the observed T, reduction in Kr-irradiated samples.

As T, is measured resistively, one may assume that a reduction of T,
can only be observed if the total irradiated volume is slightly damaged.
Assuming that this is the case already for a T, depression by about 1 K, then
the corresponding fluences are 2x 10** Kr/cm® and 5x 10 He/cm®. On
the other hand, at a fluence of 2 X 10'> Kr/cm” the volume fraction affected
by the second damage component is only about 0.01 as determined from
channeling measurements. This is far too small to account for the measured
T. reduction even if we were to invoke a proximity effect mechanism. A
further hint arises from the T, vs Apo dependence, where no difference is
observed for Kr and He fluences up to complete 7T, saturation. This
relationship indicates that a single crucial defect structure, probably dis-
placed atoms with small displacement amplitudes, provides strong electron
scattering centers. The influence of the second damage component on the
residual resistivity of irradiated V3Si samples is small for moderate fluences
in the fluence region where the T, reduction occurs. A dominant influence of
the second damage component on Apg is observed only for high Kr fluences
where complete amorphization occurs.

An exponential decrease of T, with fluence was observed for neutron
_ irradiation experiments.” This relationship was explained by the proximity
effect between observed defect clusters with low 7, and the unaffected
material.” We found a similar exponential behavior for He and Kr irradia-
tion causing different damage densities and structures. The exponent in our
experiment is determined by the process of damage production and satura-
tion with fluence. These results provide a simple explanation for the
observed exponential behavior of the T, decrease with fluence.

It has been argued that the increase of the transition width with fluence
would be an indication for the inhomogeneity of the damage produced by
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n-irradiation.”> We observed only slight differences of AT, for He- and
Kr-irradiated samples, although the damage levels are quite different. As
AT, is not sensitive to the damage density distribution, we conclude that the
second damage component in Kr-irradiated samples does not influence the
T.-depressing mechanism.

If we put together all the arguments discussed above, we may conclude
that the damage component consisting of strongly displaced atoms as
observed in Kr-irradiated samples is not responsible for the observed T,
reduction. In He-irradiated samples small, static displacements of all atoms
is the only defect structure which has been observed. We believe that these
small, static displacements are responsible for the T, reduction. The ques-
tion of the extent to which antisite defects exist and play a role in the
T.-depressing mechanism cannot be answered at present.
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