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By applying low-temperature (T < 10 K) ion irradiation to continuously increase the disorder of Zn,
Al, a-Ga, B-Ga, In, Pb, Auln,, and Al,Au films, the corresponding relative changes of the superconduct-
ing transition temperature 6t =AT, /T,, was studied as a function of the electrical resistivity p. In all
cases, a linear 8¢-vs-p relation is observed over a wide range of resistivities. The corresponding slopes
(8t /p) are compared to existing theories and good agreement is found, provided that experimental input
parameters are used for the calculations. For Al, by ion-bombarding oxygen-containing films, the
influence of these impurities on the value of (8¢/p) could be demonstrated. In addition, by repeating
vapor-quenching experiments onto liquid-helium-cooled substrates for Zn, a-Ga, and Al, earlier
discrepancies concerning the value of (8¢ /p) are resolved. Even in cases in which an amorphous phase
results by ion irradiation (a-Ga, Auln,, Al,Au), a continuous §-vs-p curve is obtained, emphasizing a
universal behavior of T, on disorder. But a detailed comparison of disorder produced by different
preparation techniques clearly reveals deviations from such universality. This indicates that different

types of defects act differently on T,.

I. INTRODUCTION

Experimentally it has long been known that the super-
conductive transition temperature (7, ) can be influenced
by introducing disorder into a superconductor. In a large
number of metallic alloys, and in some rare cases like Ga
even in elemental superconductors, an increasing degree
of disorder eventually leads to an amorphous system ac-
companied by corresponding T, changes. Qualitatively
one finds that low-T, materials show a T, enhancement
while high-T, materials exhibit a T, degradation due to
disorder.

Theoretically, as a consequence of Anderson’s
theorem,! a BCS superconductor should not be affected
by disorder at all as long as time-reversal invariance
holds and neither the density of states (DOS) nor the
effective phonon-mediated electron-electron interaction is
changed. Consequently, within this framework the ob-
served T, changes have to be attributed either to
disorder-induced changes of the DOS or of the effective
electron-phonon coupling. In simple metals without
sharp structures of the DOS near the Fermi energy,
changes of the electron-phonon coupling are expected to
play the dominant role. Based on this idea, Keck and
Schmid? calculated the influence of disorder on the
electron-phonon coupling constant A within Eliashberg
theory. Neglecting effects of DOS and Coulomb interac-
tion, these authors found an enhancement of 7T, for disor-
dered low-T, superconductors. More specifically, if the
disorder is characterized by the corresponding electrical
resistivity p, a linear increase AT, /T,,~p is obtained at
small A values with slopes (AT, /T,,)/p of the order of
the experimentally observed values. But clearly, this
theory has not been able to describe the experimentally
observed T, degradation for strong-coupling supercon-
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ductors. Here, in the case of transition metals and 415
compounds, the disorder-induced T, decrease has been
attributed to DOS (Ref. 3) or to Coulomb effects.* In ad-
dition, the importance of the normal self-energy has been
realized.>® Taking the effects of the normal self-energy
into account and including Coulomb interaction, Belitz
was able to extend the theory of disorder-induced T,
changes into the strong-coupling regime.” The main re-
sult of this extension is that it reproduces the experimen-
tally observed trend, i.e., for small A values, a T,
enhancement is obtained while large A values result in a
T, decrease. To arrive at this result, the disorder renor-
malizations were calculated to first order within a jellium
model. As a consequence, DOS effects are not included
in this theory and, for weak disorder, a universal linear
behavior of the relative T, changes AT, /T,, as a func-
tion of the resistivity p is found. Quantitatively, the scale
of the resistivity is set by the Mott resistivity p,, of a met-
al. By using two sets of jellium input data representing
simple metals and transition-metal- 4 15-material com-
pounds, respectively, Belitz obtained reasonable agree-
ment between his theory and experimental data over the
full range of A values 0<A <2. But even within the more
restricted range A =<1, for some metals like Al, Ga, and
In, strong deviations of the experimental results from the
standard Belitz curve occur. These deviations might well
be a consequence of experimental difficulties. For in-
stance, a prominent technique to produce disorder is
quenching. Here, metals like In, Ga, Al are prepared by
evaporation onto liquid-He-cooled substrates®® followed
by annealing steps. Especially, if an amorphous phase re-
sults by this technique, as for Ga, only the starting and
final values of p and T, are determined and the data can-
not be checked for the linear (AT, /T,y)-vs-p behavior
predicted by theory. The slope deduced from the starting
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and final values might thus be of no use for a quantitative
comparison to theory. Even if the highly disordered as-
quenched state can be stepwise annealed thereby reduc-
ing the disorder, by this procedure the various types of
defects, of which each may act differently on T,, disap-
pear at different temperatures leading to more curved
T,-vs-p curves. As will be shown, such a behavior ap-
pears to be present in the case of In. It then indicates
that a universal description of disorder in terms of resis-
tivity is only a first approximation. Rather, different
types of defects, though producing the same value of p,
can result in different T, values. In this way, consider-
able variations of the slopes (AT, /T,,)/p are obtained
when the results of different preparation techniques are
compared, though the relative differences of the T, values
usually are small. It is the aim of the present paper to
provide experimental data for eight different supercon-
ducting systems, into which disorder could be gradually
introduced by the same technique in all cases. For this
purpose, ion irradiation at low temperatures combined
with in situ measurements of T, and p, has been applied.
The corresponding experimental details will be given in
Sec. II. To allow a quantitative comparison to theory,
systems have to be chosen where DOS effects are expect-
ed to be negligible. Furthermore, one should concentrate
on the regime of weak disorder, i.e., p <100 pQ cm. For
these reasons, the following systems were chosen: the ele-
mental superconductors Al, Zn, In, a-phase Ga, B-phase
Ga, Pb, and the intermetallic compounds Auln, and
AlL,Au. For a-phase Ga, Auln,, and Al,Au, by increas-
ing disorder, eventually an amorphous phase is obtained,
while in the other cases the polycrystalline state is
preserved.

The experimental results are presented in Sec. III for
each system separately. Emphasis is put on the question
whether a linear T.-p relation can be used to describe the
data. In such cases, the corresponding slopes are com-
pared to the theoretical values calculated using realistic
input parameters.

II. EXPERIMENT

In all cases of this study, the disorder necessary to in-
duce T, changes is introduced into the samples by low-
temperature ion irradiation. For this purpose, films of a
typical thickness D =80 nm are bombarded with inert
jons (mostly Ar™). The energy of the projectiles is
chosen such that the corresponding projected range of
the ions is larger than the film thickness. In this way, any
significant implantation of the bombarding species can be
avoided (the concentration of implanted atoms was kept
below 1.5 at. % in all cases) and quite homogeneous radi-
ation damage profiles are obtained. An example is given
in Fig. 1, where the nuclear energy loss (dE /dx ), of Ar™"
ions (275 keV) within a Zn film is shown. This damage
profile, calculated by the TRIM code,'® exhibits a variation
of less than 17% over the film depth. Such homogeneous
profiles are necessary to guarantee a correct calculation
of the film resistivity from its measured resistance. Addi-
tionally, shown in Fig. 1 is the concentration profile of
implanted Ar atoms. Even after irradiation of a high
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FIG. 1. Typical ion-irradiation conditions exemplified by the
275-keV Ar* bombardment of Zn films (thickness 80 nm). The
damage profile is given by the dashed curve (left scale). The
profile of the implanted Ar atoms corresponding to a total
fluence of 10'® cm ™2 is represented by the solid line (right scale).
Both curves are calculated using the TRIM code (Ref. 10).

fluence (10'® Ar/cm?), the implanted Ar concentration is
well below 1 at. %. To further exclude any additional
influence of the implanted species, Zn and In films were
also implanted with Art (150 keV). In both cases no
specific implantation effect on the T, changes could be
detected.

In order to achieve a high degree of disorder by the ir-
radiation technique, the samples must be kept at low tem-
peratures during bombardment to avoid annealing. In
the following, all irradiations were performed at 4.2 K
(nominal temperature of the sample holder) and the beam
current was reduced appropriately to guarantee a film
temperature of less than 10 K during bombardment.
Temperatures were determined by a commercial Ge-
resistance thermometer and for the in situ measurement
of the irradiation-induced resistance changes the usual
four-point technique was applied. In this way, also, the
corresponding T, changes were determined resistively.
Since some of the systems studied exhibit T, values well
below 1 K, two sets of experiments have been performed:
AlLbAu and Zn films were ion bombarded within a
’He-*He dilution cryostat with a lowest attainable tem-
perature of 150 mK, while the other systems were irradi-
ated within a *He cryostat (lowest attainable temperature
1.2 K). A more detailed description of both types of irra-
diation cryostats are given in Ref. 11.

Except for Al, all other systems were prepared in situ
within the irradiation cryostats by evaporation from
resistively heated boats. In case of the Auln, and ALLAu
alloys, bulk samples are produced first and, after grind-
ing, small grains (with diameter <0.28 mm) are flash eva-
porated to avoid changes of the stoichiometry due to
fractional evaporation. The above compounds were eva-
porated in this way onto glass substrates held at 77 K re-
sulting in amorphous phases'>!* with well-defined recry-
stallization temperatures Tx (Tx =210 K for Al,Au,
Tx=190 K for Auln,). After recrystallization of the
evaporated amorphous phase and annealing up to 300 K,
the films are recooled to 4.2 K and ion irradiated. The Al
films were prepared ex situ within a separate UHV
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chamber by electron-gun evaporation. Here, the back-
ground pressure during evaporation could be kept below
102 mbar, while within the cryostates the corresponding
pressures were in the 10~ ®-mbar range. Since the super-
conducting properties of Zn, and especially of Al, are
sensitive to the amount of oxygen present within a film,
these metals were also evaporated under controlled pres-
sures of oxygen. The resulting oxygen concentration
within the films could be determined by Rutherford back-
scattering (RBS). Impurities like oxygen also play an im-
portant role in the ion-irradiation experiments, since they
are able to chemically stabilize defects leading to higher
irradiation-induced resistivities as compared to pure sam-
ples."* This again could result in erroneous 7T-vs-p rela-
tions. To get a quantitative estimate of such an effect, Al
films with deliberately incorporated amounts of oxygen
were ion bombarded in the same way as the pure samples
and the corresponding T, and p changes were deter-
mined. In the following section the results are reported
for each system separately.

III. RESULTS

A. Zn

All Zn films (eight samples) were evaporated from a
resistively heated Ta boat within the *He-*He cryostat
onto glass substrates held at 150 K. Typical evaporation
rates were 6 nm/s at a background pressure in the 107 %-
mbar range. After annealing the films at 300 K (RT),
they were recooled to liquid-He temperature for the irra-
diation experiments. From the temperature dependence
of the resistance R (T) during cooling, the film thickness
could be determined. Typical thicknesses ranged be-
tween 60 and 80 nm. The resistance ratios
r=R(RT)/R(4.2 K) of the films were found as
2.7=r=3.6 and the absolute values of the resistivity
p(4.2 K) were in the range 2.4 puQcm <p(4.2
K) =3.70 uQ2cm. The transition temperature to super-
conductivity T, exhibited only a small variation from
film to film resulting in an average value of
(T.,)=0.811£0.01 K.

Three types of ion bombardment were performed:
Ar” irradiation with 275 keV (projected range R p of the
ions larger than film thickness D), Art implantation
with 150 keV (R, <D), and He™ irradiation with 200
keV (R, >>D). The results of all ion bombardments are
summarized in Fig. 2, where the relative T, changes
dt=AT, /T, are plotted versus the resistivity p. Such a
representation allows a direct comparison to the theories
of Belitz’ and Keck and Schmid,? who predict a linear re-
lation for these quantities. Indeed, the data in Fig. 2
(different symbols represent different samples) can be sat-
isfactorily described by such a linear relation with a slope
(8t /p)=16.5 (mQ cm)~!. Within the scatter of the data
around the average solid line in Fig. 2, no difference is
found between Ar irradiation (open symbols), Ar implan-
tation (solid symbols), and the He irradiation (crosses).
On the other hand, the production of different types of
defects are expected under these different bombarding
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FIG. 2. Relative changes of the superconducting transition
temperature AT, /T,y induced by low-temperature (T <10 K)
Ar* bombardment of Zn films as a function of the electrical
resistivity p. Different symbols stand for different samples [open
symbols, Ar irradiation (275 keV); solid symbols, Ar implanta-
tion (150 keV); crosses, He irradiation (200 keV)].

conditions. Thus, the observed linear behavior can be in-
terpreted as a ““universal” dependence of T, on disorder.
For a quantitative comparison to theory, a number of
input parameters must be provided: the Debye tempera-
ture ®p and the Debye wave vector gp, the Fermi energy
E, and the Fermi wave vector kj, the inverse Coulomb-
screening length «, the ratio of the longitudinal to the
transverse velocity of sound c; /cy, and the Mott resis-
tivity p,s, which is given within a free-electron model
(FEM) by pfFM=(37%%)/(kre?). When these properties
are known, the input parameters for the theory can be
calculated. Adapting the notation of Ref. 7, all necessary
input data for Zn are collected in Table I. In this con-
text, the following problem should be noted: though Zn
is excepted to be free-electron-like,'” the scattering of
electrons leading to resistivity may be strongly influenced
by the complicated topology of its Fermi surface'® mak-
ing the value of p§f™ quite uncertain. On the other hand,
the actually observed scattering behavior of the electrons
can be quantified by the product 4**'=p-/ (I is the elas-
tic mean free path of the electrons). In the FEM, the
corresponding  value = AFEM  is  given by
ATM=(37%) /(k}e?)=p5f™ /ky. In analogy, we define
the value p§P* by piP' = 4Pk, i.e., kp is given by the
FEM value, while A are experimental values taken
from the literature. These values are also included in
Table I. The columns (8¢/p)z and (8¢ /p)ks give the
theoretical results after Belitz’ and Keck and Schmid,?
respectively. Excellent agreement between theory and
experiment is obtained if the experimental Mott resistivi-
ties are used. For the calculation, the coupling constant
A corresponding to T, must be known. For this purpose,
McMillan’s T, formula,’® which takes into account
Coulomb effects by u*, is inverted to give A,,. On the
other hand, in the theory of Keck and Schmid, u* effects
are neglected. Thus, for a comparison to this theory, the
Ao value calculated from Ref. 26 with u*=0 appears
more appropriate. Both values are included in Table 1.
With the above modification both theories deliver identi-
cal results for Zn. This agreement between theory and
experiment should not be overestimated as can be seen
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from the following estimates: the partial derivatives
a(8t /p)/3dxp, (8t /p)/dy and d(8t /p)/d(c; /ey )* were
calculated numerically from Belitz’s theory at the point
xp=0.44, y=0.62, (c; /c;)*=2.98 representing Zn (the
results are also included in Table I). Here, p'is defined by
p/py- Assuming a relative error of 10% for x, and y
and 5% for (c; /c;)?, one calculates by standard error
analysis a total absolute error A(8t /p)=10.3 (mQcm) ™!
for py;=2.8 mQcm. But even with such a large uncer-
tainty, the theoretical value (8¢ /p)z =18£10 (mQcm) ™'
lies significantly below the FEM value of 67 (mQcm) .
In this context, it is important to note that an experimen-
tal value of 60+10 (mQ cm)~! for Zn is quoted by Bel-
itz This value was obtained by vapor quenching onto
liquid-He-cooled substrates.® In order to check this
value, we have repeated the same type of experiment un-
der improved vacuum conditions. Two films (thicknesses
70 and 67 nm as determined optically by the Tolansky
technique) were evaporated onto glass substrates held at
4.2 K (pressure during deposition 10~ ® mbar) and p and
T,, were determined in situ. For the transition tempera-
ture we obtained T,,=1.33 and 1.28 K, i.e., only slightly
smaller values than 1.39 K reported in Ref. 8. But our
resistivities were p(4.2 K)=24.3 and 25.6 uQ cm, respec-
tively, i.e., larger by a factor of 2.6 as compared to Ref. 7.
In our opinion, this discrepancy can be resolved by not-
ing that, in Ref. 8, a value of p(273 K)=4.8 uQlcm is
given for Zn, which is then used to calculate the resistivi-
ty of the quenched film. But 4.8 u{) cm is clearly a bulk
value, not appropriate for films, which still are disordered
even after annealing to RT. In our case, the eight films
used for the ion-irradiation experiments exhibited an
average value p(RT)=9.8 uf)cm, which is larger by a
factor of 2.1, thus practically compensating the above
factor 2.6. As a consequence, we obtain 8t/p=29
(mQcm)~ ' rather than 60 (mQcm) ! for quench-
condensed Zn films. But even this smaller value is
significantly larger than the slope obtained for ion-
induced disorder [16.5 (mQcm) !]. Thus, one has to
conclude that different techniques lead to different types
of disorder, each acting differently on 7,. Consequently,

¢

at a given p value, different T, values can be observed
proving that any universal T,-vs-p relation must be taken

as a more or less satisfying approximation.

B. Ga

Ga represents one of the few cases where a metallic ele-
ment can be forced into the amorphous phase by quench-
ing its vapor onto a liquid-He-cooled substrate.® The
amorphous (a) phase exhibits an electrical residual resis-
tivity of p=33 uQ cm and a T, value of 8.5 K, but it is
stable only up to Tx =17 K, where it transforms into the
metastable crystalline 8-Ga phase.!” This B-Ga shows a
much lower resistivity of p=3 uQ cm and a T, value of
6.3 K. Eventually, at 60 K, B-Ga transforms into the
stable a phase with a residual resistivity of p=12 pu{)l cm
and T,,=1.07 K. From earlier ion-irradiation experi-
ments of Ga films it is well known!”!® that low-
temperature ion bombardment of a-Ga leads to the
amorphous phase, while 3-Ga can only be slightly disor-

TABLE I. Input data for Zn.

T, (K)
0.81°

kp (10 cm™") gp (10° cm™") & (103 cm™")

0, (K)

1.58° 1.38° 1.95°

322*
In(Ep/ky®p)

(8t /p)expe (1/m8 cm)

(St/p)KS (1/mQ cm)
Ay =0.381" A,=0.227

PM (uQem) AP (1072 Qem?) p§ft (uQem) (8¢/p)p (1/mQem)

(CL /C"[‘)2

dp /2k1:

Xp=

K/2ky

y=

67

7708

2.98¢

0.44
0.44
0.44

0.62
0.62
0.62

5.83°

11 18.5 16.5+1

18
27

2844

1896
A(8t/p)/dxp d(8t/p)/dcy Jer)?

18¢
12¢
(8t /p) /3"

2.98¢

5.83°

277
(6t /p) /3T, (K

16.5

2.98¢

5.83°

-1

-39

—561 +54.5

—16.4

2From Ref. 18.
®From Ref. 15.

'p=p/pu-

gt =371 /kpe’.
"McMillan value.

°Experimental average of eight Zn films.

dFrom Ref. 20.
‘From Ref. 21

‘McMillan value with u* =0.
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dered by this technique, but remains polycrystalline. In
the following, the irradiation-induced 7, changes will be
reported for both cases.

The Ga films (typical thickness 40 nm) were prepared
in situ by evaporation onto liquid-He-cooled glass sub-
strates resulting in the a-Ga phase. The crystalline
phases were obtained from the amorphous-phase by heat-
ing to the corresponding crystallization temperature.
After recooling, the crystalline films were irradiated at
T <10 K with different projectiles (Ar*, Kr*) and the
resulting T, and p changes were determined. The results
are shown in Fig. 3(a) for a-Ga bombarded with 350-keV
Ar” ions. A linear relation is found between the relative
T, changes and the resistivity up to p=24 u{) cm with an
exceptional high value of the slope (8¢/p)=545
(mQ cm)~!. For even higher resistivities approaching the
amorphous value, a clear deviation from the straight line
is observed: while T, has reached its amorphous value of
8.5 K, the resistivity can still be increased by the ion
bombardment. But this behavior could well be an experi-
mental artifact caused by an inhomogeneous depth profile
of the irradiation-induced damage. In such a case, fur-
ther irradiation leads to a saturation of the resistivity,
while the resistive T, measurement indicates the highest
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FIG. 3. Relative changes of the superconducting transition
temperature AT, /T,, induced by low-temperature (T < 10 K)
ion bombardment of different modifications of Ga as a function
of the electrical resistivity p. (a) Ar* irradiation of an a-Ga film
(350 keV). (b) Irradiation of 5-Ga films [open symbols, Ar™ ir-
radiation (230 and 275 keV); solid squares, Kr™" irradiation (350
keV); Ap=p(®)—p(0)].

T, value present within the film, i.e., the amorphous
value corresponding to the highest damage level. Thus,
only the linear part of the curve in Fig. 3(a) is compared
to theory. In Fig. 3(b) the corresponding behavior of the
crystalline B-Ga is presented. Since the [-Ga films
differed in their residual resistivities p(7 K), the
irradiation-induced T, changes 6t are plotted versus
Ap=p(®)—p(®=0). Both, Ar" and Kr" irradiations
lead to linear &¢-vs-Ap relations, but with slightly
different slopes [14.9 and 20.7 (mQ cm) ™!, respectively].
This observation indicates that different defects as pro-
duced by different projectiles act differently on 7, in con-
trast to the assumption of a universal 6¢-vs-p curve. To
compare the experimentally obtained slopes to theory,
the input data given in Table II were used. These data
refer to the stable a-Ga phase or were calculated accord-
ing to the FEM. The most conspicuous parameter in
Table II is the ratio (c; /c;)* exhibiting an exceptionally
large value of 16.3. The calculated slope (8¢ /p)p based
on these parameters [519 (mQcm)~!] is surprisingly
close to the experimental one [545 (mQcm)~']. Thus,
this high value can be mostly traced back to the anoma-
lous high (¢, /c7) ratio. It is noteworthy that the results
of quench-condensation experiments also give large
(8t /p) slopes, if the final amorphous values and the start-
ing a-Ga values are used. In this way, we obtain
(8t /p)=338 (mQ cm)~! in contrast to the value quoted
by Belitz’ [40 (mQ cm)~!]. The slope (8¢ /p)gg calculat-
ed after Keck and Schmid using the same input parame-
ters is also included in Table II for completeness.

The results obtained for the metastable 5-Ga clearly
follow the general trend that higher T, values lead to
smaller slopes (6¢/p). A more detailed comparison to
theory is not possible since the necessary experimental in-
put parameters are not available. But it is noteworthy
that, by reducing the anomalous high (c; /c7)* value
from 16.3 to the more typical value of 4.7, one obtains a
slope (8t /p)=15 (mQcm) ! equal to the experimental
value found for Ar irradiation. A more physical, though
still speculative, estimate is based on the following con-
sideration. = Experimentally, one commonly finds
(c; /er)*=1.8. This value was also applied by Belitz for
calculating his standard (8¢ /p)-vs-T,, curves.” Adopting
this value for B-Ga and assuming that the longitudinal
velocity of sound ¢; is the same as for a-Ga
[ef =cf=3030 m/s (Ref. 20)], one calculates an average
sound velocity {c)=2516 m/s, which is larger by a fac-
tor of 1.7 than the corresponding average for a-Ga. Asa
consequence, a smaller g, value is obtained for -Ga
leading to a smaller input parameter x;, =0.37 for fixed
kg. Leaving all other input parameters as given in Table
I1, one obtains (8¢ /p); =8 (mQ cm) ! close to the exper-
imental value. Thus, the experimentally observed slopes
(6t /p) for a-Ga and B-Ga can be both described by the
theory by Belitz applying reasonable sets of input param-
eters despite their large numerical difference.

C. Al

It is well known that the transition temperature of Al
reacts sensitively to the presence of oxides within the
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films.22~2* Furthermore, it has been demonstrated that
the irradiation-induced resistivity changes also depend on
the oxygen concentration present within the bombarded
films.!*?* To clarify the complex behavior of Al films,
previous data'* are reanalyzed in the form 8¢-vs-p and
compared to theories.

The Al films were prepared ex situ by evaporation un-
der UHV conditions or under controlled oxygen partial
pressures at RT onto glass substrates. The actual concen-
tration of oxygen cy present within the films due to this
preparation procedure was determined by RBS. Experi-
mental details can be found in Ref. 14. Additionally, Al
films were vapor quenched onto liquid-He-cooled sub-
strates and ¢, determined after warming to RT. The
average film thickness was 100 nm.

For the low-temperature ion bombardment, Al self-
ions (AI°™, 500 keV) were used (R, >D) and the result-
ing T. and p changes were determined in situ. The re-
sults of the ion irradiation are shown in Fig. 4. Here 8¢ is
plotted versus resistivity p for Al films of different oxygen
concentrations ¢, resulting in different residual resistivi-
ties prior to the ion bombardment. For all films a linear
8t-p relation is obtained, but with slopes depending on
co- For the purest films (cg <0.5 at. %, this limit is
given by the resolution of RBS) (8¢ /p)=159 (mQcm) ™',
for co=1.4 and 3.6 at. % the slope significantly increases
up to (8¢ /p)=269 (mQ cm) ' and for the even larger ox-
ygen concentration cy=7 at. %, it drops down to 52
(mQcm)”!. Thus, it appears that, by ion-irradiation,
oxygen-stabilized defects can be produced which are
especially instrumental in enhancing T, for cq =4 at. %.
For higher ¢, values, the production of resistivity by
these stabilized defects starts to become dominating re-
sulting in reduced &8t /p values. Eventually, for approxi-
mating ¢, =40 at. %, the metal-insulator transition is ap-
proached.'* This situation has been analyzed by Dynes et
al.?® and from their data a slope of 45+5 (mQ cm) ™! was
deduced by Belitz.” This value is close to ours found for
co=7at. % by irradiation. But, if the experimental ini-

AT + |
Teo 0263 (HSQemi!
05t &

-1
0052 (HQem)

| 0.269([LSecm)
04 <

03T 0.159 1
(Wemi" Co=05 at
L oe =05 at %
02 N « CS-14 ot
o Co=36at.%
ol x Co=70at%
O I 1 1 1 B T /’LI 1 1 1 1 1 1 1 1 n
0 2 4 6 10 15 20

P (®) (Lem)

FIG. 4. Relative changes of the superconducting transition
temperature AT, /T,y induced by low-temperature (7 <10 K)
self-ion irradiation (A", 500 keV) of Al films as a function of
the electrical resistivity p. Different symbols stand for different
samples. The oxygen content of the films is indicated in the in-
set.

TABLE II. Input data for @-Ga and 3-Ga.

gp (108 cm™") k(108 cm™") T,, (K)

kp (10 cm™)

0, (K)

a-Ga
B-Ga
(8t/p)p (1/mQcm)

1.07
6.3

1.99°

a

2.1

1.66*

240°

(8 /p)expe (1/mQ cm)

(8t /p)gs (1/mQ cm)

PEEM (uQ cm)

(cy /eq)?

qp/2kp

Xp

Kk/2kp

y=

In(Eg/kp®p)

a-Ga

545
(18)

0.26¢

255

A=

Ay =0.41°
161

519

0.60 0.63 16.3° 733
0.37

0.60

6.22°
6.22

Ga

1.8

733

A(8t/p)/d(cy /ep)? A(8t/p) /3T (K™H)

a(dt/p)/dxp

B(5¢/p)/dy

—138

+31.7

—1014

+12.7

*From Ref. 15.
®From Ref. 20.

dMcMillan value with u* =0.

‘McMillan value.



45 DISORDER-INDUCED CHANGES OF SUPERCONDUCTING T, ...

tial slope (8t /p) is taken for granular Al films and not
the value calculated from the maximum T, .,=2.2 K
and p(T, ., )=200 uQcm, one obtains (8¢/p)=23
(mQ cm)~! from the data of Ref. 23. This is in excellent
agreement with our previous result of (&z/p)=24
(mQcm)~! for granular Al films.2* But, it should be
stressed that all experimental values (8¢/p)<100
(mQ cm) ! appear to be reduced due to the presence of
oxygen within the samples. Thus, for a comparison to
theory with input parameters corresponding to pure Al, a
slope of (8t /p)=159 (mQ cm) ™! obtained by irradiation
of the purest films seems to be most appropriate. As for
the former examples, all input data are collected in Table
III. In this table, the theoretical slopes (8¢ /p) as calcu-
lated from the theories of Belitz and of Keck and Schmid
are also included. The value (8¢ /p)=180 (mQ cm) ! ob-
tained by using p$P' is in good agreement with experi-
ment. This is corroborated by the following error esti-
mates based on the partial derivatives of (8¢ /p) as given
in Table III: if a relative error of 5% is assumed for x,,
y, and (c;/cr)?, one obtains an absolute error
A(dt /p)=124 (mQ cm)”}, ie., the experimental value
lies within the theoretical range (6¢/p)z=180124
(mQcm) . The high sensitivity of 8¢/p on x; changes
as given in Table III suggests, as a natural explanation of
the low (8¢ /p) values experimentally observed for oxide-
containing granular Al films, the assumption of a reduced
electron density resulting in smaller k. values.

The data summarized in Table III further indicate a
significantly worse agreement of the experimental slope
with the calculation according to the theory of Keck and
Schmid even when the smaller A, values are used. The
full calculation [using formula (2.13) of Ref. 7] including
p* is necessary to obtain (8¢ /p)y =180 (mQ cm) ™!,

A further detail appears to be noteworthy. In Ref. 7, a
value of (8¢/p)=190 (mQcm)™' is quoted for
quenched-condensed Al deduced from Ref. 8. This value,
though being close to the theoretical one, is clearly too
large for the same reason as in the case of Zn: a bulk
value for p(273 K) is used, which is not appropriate for
films exhibiting a resistance ratio » =1.5. By performing
the same type of experiments, we obtained values ranging
between 42 and 46 (mQcm) 1.2’ Furthermore, by RBS
it could be shown that quench-condensed Al films, which
are not prepared under UHV conditions, typically con-
tain 10-at. % oxygen. Thus, the low value of (8¢/p) is
consistent with the results on granular films.

D. In

Indium, similar to the case of Ga, exhibits a large ratio
of the longitudinal to the transverse velocity of sound
(cp /er)*=12. Theoretically, this should result in a
large-T, enhancement by disorder. To test this predic-
tion, previous results of irradiation experiments of In
films®’ are reanalyzed.

The In-films were evaporated within the irradiation
cryostat onto glass substrates held at 200 K. After an-
nealing to RT and recooling to liquid-He temperature,
the films were irradiated or implanted with Ar™ ions (275
and 125 keV, respectively, typical film thickness 70 nm).

TABLE III. Input data for Al.

kp (108 em™!) gp (10 cm™") « (10° cm™") T, (K)

Op (

1.20

2.05°

1.32°

1.75°

428

pitM (uQem) 4% (1072 Qem?) p§P (uQcem) (8t/p)p (1/mQcm) (8t /p)gs (1/mQ cm) (82/p)expr (1/mQ cm)

(CL /CT)Z

qD/ZkF

Xp=

K/2kp

y:

ln(Ep/kBGD)

0.2338
121

}\'M :0.38f }\.0

159

74
60

222

695
695

0.59 0.38 4.13¢
0.38 4.13¢

0.59

5.76°

98
3(81/p) /8T, (K™

180

(8t /p)/3xp  (8t/p)/dcy /ey

858

4.9
(5t /p)/dy*

5.76°

—155

+61

—847

+1.4

2From Ref. 26.
®From Ref. 15.
‘From Ref. 20.
9From Ref. 21.

P

901

P/Pu-

tMcMillan value with u* =0.

"McMillan value.
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FIG. 5. Relative changes of the superconducting transition
temperature AT, /T,, induced by low-temperature (T <10 K)
Ar* bombardment of In films as a function of the electrical
resistivity p. Different symbols stand for different samples [open
symbols, irradiation (275 keV); solid symbols, implantation (125
keV)].

The annealed In films showed large resistance ratios r
with 10<r <18 and typical residual resistivities of
p(4.2 K)=0.6 uQd cm. The T, values of these films were
found to be very reproducable with T,,=3.45+£0.03 K
averaged over ten samples. No oxygen impurities could
be detected by RBS within the resolution limit. The
effect of the Ar* bombardment at T <10 K on T, is
presented in Fig. 5, where the relative T, change 6¢ is
plotted versus the resistivity p for ten different samples
(each represented by a different symbol in Fig. 5). Open
symbols and crosses stand for irradiation experiments
(Rp>D) and solid symbols for implantation (Rp <D).
No specific effect can be distinguished within the scatter
of the data due to implanted Ar atoms. The solid line,
representing the initial linear 6¢-p behavior, has a slope
of (81/p)=35 (mQcm)~!. It should be noted that the
experimental data for p= 6 pQ cm show a significant de-
viation from the solid straight line indicating that the
first-order expansion of McMillan’s T, formula used in
Ref. 7 is no longer appropriate in this case. Earlier re-
sults by Heim et al.?® obtained by low-temperature self-
ion implantation of In films are in excellent agreement
with the data shown in Fig. 5 and confirm the deviation
from the straight line for higher resistivities. The results
given in Fig. 5 can be compared with those of Berg-
mann?® for quench-condensed In films, which were step-
wise annealed to reduce the amount of disorder. From
these data a slope of (8t /p)=60 (mQ cm) ™' has been de-
duced by Belitz.” Clearly, the behavior of quench-
condensed In films is different from the results of ion-
induced disorder for 1=p=5 uQcm. This is a further
example that different preparation techniques can lead to
different types of defects, each acting specifically on T,.
To compare the experimental results to theory, the in-
put parameters collected in Table IV were used. This
table also contains the theoretical results. As can be seen,
the free-electron model leads to far too large (6t/p)
values as compared to experiment. But even if the most
probable Mott resistivity p5?'=1.8 mQ cm is used, the

TABLE IV. Input data for In.

T., (K)

kp (108 cm™") gp (10° cm™") k (10° cm™")

(
112°

ln(E].‘/kB@D)

40

3.
PEM (uQem) AP (1077 Qem?) p§f (uQem) (82/p)y (1/mQcm)

1.13° 1.90°

1.51°

(8t /p)ks (1/mQcm) (81/p)exp (1/medcm)

(CL /Cr)z

qD/2kF

Xp=

Kk/2kp

y=

Ay=0.508
151

0.805f
220

Ay =0.7" A

279

806

12.0¢

0.37

0.63
0.63
0.63
0.63

6.79
6.79
6.79
6.79

35

67

98

124
83
54

1812
2718

12¢
18¢
12
(5t /p) /3y

12.0°

0.37
0.

45

65

12.0¢

37

37

41

(8t /p) /ey /e )?

1812
A5t /p)/3x)p

6.8

0.37

-1

(5t /p) /3T, (K

—46.3

+24.2

—936

+0.67

2From Ref. 26.
®From Ref. 15.

From Ref. 33.

¢From McMillan’s formula with u*=0.
"From McMillan’s formula.

Ip\ =p/pu
JFrom Ref. 18, calculated from elastic constants.

‘From Ref. 20.

dAveraged value from Ref. 21.

¢Averaged value for films from Ref. 21.
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resulting (8¢/p)p =124 (mQ cm) ™! is larger than the ex-
perimental value by a factor of 3.5. This discrepancy can
be somewhat mitigated by increasing p$P' as well as A up
to the highest values reported in the literature for In.
But even then, the theoretical value 65 (mQ cm)~! is too
large by a factor of 1.9. This disagreement is cured im-
mediately if a lower (c; /c7)* ratio is accepted. In Ref.
18, a value of 6.8 is given for this ratio, deduced from the
elastic constants of In and assuming cubic symmetry.
Using this lower value, the resulting theoretical slopes
(8t /p) are in good agreement with the experimental
value (cf. Table IV). By standard error analysis based on
the partial derivatives given in Table IV, one derives a to-
tal error A(8t/p)p=17 (mQcm) ! assuming a 10% er-
ror of (¢, /cr)* and a 5% error of x;,. Thus, an evalua-
tion of the agreement between theory and experiment in
the case of In hinges on the accepted value of (¢, /cy )%

E. Pb

Pb films, disordered by quench condensation at 4.2 K,
virtually show no T, changes® in agreement with cold-
worked samples.*® On the other hand, ion-irradiated Pb
foils’! and thick (4 um) films* exhibit a small T, de-
crease. Obviously, the disorder-induced 7, behavior of
Pb is very close to the change of sign of (8¢ /p), which is
describable by the theory of Belitz.

Pb films (100 nm) were evaporated from a Ta boat
within the irradiation cryostat onto glass substrates held
at 125 K (background pressure 3 X 10”7 mbar, deposition
rate 7 nm/s). After annealing at 350 K, the films showed
high-resistance ratios (r =23) with corresponding residu-
al resistivities of typical p(4.2 K)=1 uQ cm. The aver-
age T, value was 7.1910.003 K. These films were irra-
diated at T <10 K with 225-keV Ar™ ions and the T,
and p changes were determined in situ. The results are
shown in Fig. 6, where the relative T, changes AT, /T,
are plotted versus the resistivity p as obtained by Ar
bombardment. A linear 8¢/p behavior is found with a
negative slope of —5.3 (mQcm)~!. This negative sign

AL f

T | Pb
x10% [

-6}

sl -53 (mQcm)-!

4}

10 15 20 25
p (®) (uSem)

FIG. 6. Relative changes of the superconducting transition
temperature AT, /T,, induced by low-temperature (T < 10 K)
Ar* irradiation (225 keV) of Pb films as a function of the elec-
trical resistivity p. The different symbols stand for different
samples.

TABLE V. Input data for Pb.

kp (105 cm™!) gp (103 cm™) k (108 ecm™") T, (K)

0, (K)

1052

7.19
PIM (uQcm) 45 (10712 Qcm?)

1.95°

1.19°

1.58°

(8t/p)g (1/mQcm) (8t/p)gs (1/mQcm) (8t/p)esy, (1/m cm)

P (pQcm)

(cp /cp)?

XDZqD/sz

K/2kp

y=

In(Eg/kg®p)

A=0.828
64
26

1.55

A=

Ay=1.1°

66
27

770

8.3¢
8.3

0.38
0.38
0.38

0.62
0.62

6.95
6.95

53

9.9
—4.4

1882
1882
(8t /p)/3(cy /er)?

11.9¢

5.2

p*=0.105

3(8t/p)/3xp

+13.3

fFrom Ref. 33.

—435

2From Ref. 26.
®From Ref. 15.
‘From Ref. 20.
dFrom Ref. 21.

¢From McMillan’s formula with u* =0.

"From Ref. 33.
iFrom Ref, 34.

‘From McMillan’s formula.
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TABLE V1. Properties of Al,Au and Auln,
p (77 K) (u2cm)* p (300 K) (uQcm) Tx (K) R (300 K)/R(4.2 K) (81 /P)expr (MO cm) ™! T,, (mK)
Al,Au 220+53 48+5° 218+10° 1.2 92.4 180¢
Auln, 95f 29+5 16618 1.5 115 210£10°

2Value of the amorphous phase.
®Crystallization temperature.
“Value of the crystalline phase.
9From Ref. 35.

¢From Refs. 35-37.

From Ref. 13.

confirms the earlier results obtained by ion irradiation,
which were quoted above. For the comparison of the ex-
perimental results to theory, the input parameters collect-
ed in Table V were used. In this table, the theoretical re-
sults are also given. As generally found, the FEM value
of the Mott resistivity results in much too high values of
the theoretical slopes (8¢ /p). But even if the experimen-
tal value p§' is used, the resulting (8¢/p)=27
(mQ cm) ! based on McMillan’s formula is significantly
too large. Part of this discrepancy can be reduced by as-
suming the experimental value A=1.55 for Pb leading to
(8¢/p)=9.9 (mQcm)~!. Though this result approxi-
mately lies within the calculated errors [a total error
A(8t/p)==11 (mQcm) ™! is deduced by standard error
analysis based on the dominanting partial derivatives
given in Table V and assuming a 10% error of x, and
(¢ /e7)?], it exhibits a similar trend as observed for In:
high experimental values of (c; /c;)* lead to an overesti-
mate of (8¢/p) by theory. If (¢ /c;)*=5.2 is chosen, a
value given in Ref. 34 as calculated from elastic con-
stants, and the experimental values of u* and A are used,
one obtains (8t/p)p=—4.4 (mQcm)” ' in good agree-
ment with the experimental result.

F. Al;Au and Auln,

In the following, the effect of irradiation-induced disor-
der on T, of the isostructural (CaF, structure) intermetal-
lic compounds Al,Au and Auln, are reported. Both are
weak-coupling superconductors with transition tempera-
tures of 180 mK (Ref. 35) and 210+10 mK,* 37 respec-
tively. Furthermore, like a-Ga, both systems can be
forced into an amorphous phase by low-temperature ion
bombardment®3 in a continuous way.

As described in Sec. II, the alloy films were flash eva-
porated within the irradiation cryostat onto substrates
held at 77 K (typical film thicknesses were 60 and 40 nm,
respectively). This procedure results in an amorphous
phase for both systems. Next, the films were recrystal-
lized [ Tx =220%53 K for a-Al,Au and Ty =(166+18) K

TABLE VII. Input parameters for the (87 /p)-vs

100 —r
AT Auln,
TcD
0115 (uQcm)™
50+ 4
r Al2Au
AN
™ 0.0924 (pQem)-
0 L N
0 10

plo)(uQcm)

FIG. 7. Relative changes of the superconducting transition
temperature AT, /T,y induced by low-temperature (7 <10 K)
Art (300 keV, open circles) and He* irradiation (350 keV, solid
circles) of Auln, and Ar™ irradiation (250 keV) of Al,Au films
as a function of the electrical resistivity p. The different sym-
bols stand for different samples.

for a-Auln,] and annealed at 300 K. After recooling, the
samples were irradiated at T < 10 K with Ar™ ions (250
keV for Al,Au, 300 keV for Auln,) and He™ ions (350
keV for Auln,). The resistivity p and T, were deter-
mined in situ. The results of these experiments are
presented in Fig. 7, where AT, /T, is plotted versus the
resistivity p for both systems. As in Ga, a linear 8¢-vs-p
behavior is observed over the full range from the poly-
crystalline to the amorphous phase. This indicates that,
to a first approximation, the disorder, which influences

., can be characterized by the corresponding resistivity
independent of specific types of the defects present. Since
the input data necessary for a comparison to theory are
not available for both compounds, in Table VI only their
characteristic properties as determined experimentally
are collected. The experimental slopes (8¢/p) will be
compared to theory in the following section.

-T,, curves in Fig. 8 representing simple metals.

0, (K) In(Ep/kp®p) y Xp (cp /er)? oy (1Qcm)
200 5.0 0.5 0.30 1.8 750 Solid line in Fig. 8
250 5.0 0.5 0.34 3.0 800 Dashed line in Fig. 8
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G. Representative (8¢ /p)-vs-T,, curves

In cases where no experimental input parameters are
available to allow a calculation of (8¢ /p), one is restricted
to representative (8¢ /p)-vs-T,, curves giving at least the
expected trends for a specific class of superconductors.
Belitz has introduced two curves, one representing transi-
tion metals and their alloys, the other representing simple
metals and their alloys. In our case, the latter is more ap-
propriate. This curve is shown in Fig. 8 by the solid line
together with a second curve (dashed) calculated with a
different set of input parameters. These parameters are
given in Table VII. Also added to Fig. 8 are the results of
all superconductors studied in the present work. Except
for a-Ga and the alloys Auln,, Al,Au, experimental in-
put parameters were available resulting in a satisfying
agreement with theory as has been shown in the previous
sections. This agreement is reflected in Fig. 8. With only
one exception (a-Ga), all experimental data including the
alloys and B-Ga are close to the two representative curves
confirming the overall trend as calculated by the Belitz
theory. More specifically, the input parameters given in
Table VII allow a quantitative estimate of (8¢ /p) with a
reasonable accuracy for systems which can be modeled as
simple metals. The extremely large value of (8¢/p) ex-
perimentally found for a-Ga is a consequence of the

600 T T T T T T

O a-Ga

400 } 1

6t/p [imQecm)™]

FIG. 8. Slopes of the linear 8t =AT, /T, ,-vs-p relations as a
function of the transition temperature T, of the disorder-free
material. The solid and dashed curves are theoretical results
after Belitz (Ref. 7) calculated with the input parameters given
in Table VII. The open circles are the experimental results of
the present study.

anomalously high anisotropy of the sound velocities as
discussed in Sec. II. Due to this anomaly, a-Ga cannot
be taken as a typical simple metal with a superconducting
behavior as represented by the curves in Fig. 8.

IV. CONCLUSIONS

We have analyzed the influence of disorder on the su-
perconducting transition temperature T, for eight sys-
tems representing simple metals or alloys. For this pur-
pose, the samples were irradiated at low temperature and
the corresponding changes AT, were observed in situ. In
all cases, a resistivity range is found with a linear AT,-
vs-p behavior as expected by theory. The corresponding
slopes (8¢ /p) are compared to the theory of Belitz and
good agreement is obtained if input parameters are used,
which are specific for each system. But, due to the uncer-
tainty of these parameters, this agreement does not ex-
clude T,-influencing mechanisms like changes of the pho-
non spectra, which are not taken into account by the
above theory. Nevertheless, the general trend of (8¢ /p)-
vs-T, found by Belitz is nicely confirmed by the present
results.

In some cases, by repeating quench-condensation ex-
periments under improved vacuum conditions, discrepan-
cies concerning the numerical value of (8¢/p) could be
resolved. Especially, the influence of oxygen impurities
on this value has been clearly demonstrated. A further
remarkable result is obtained for systems which can be
forced into the amorphous state by ion irradiation. Even
in this case, a continuous &z-vs-p behavior is observed
confirming the notion of a universal influence of disorder
on T,.. But, it turns out that this description is only an
approximation, though a very good one. Clear evidence
could be provided that different defects produced by
different preparation techniques influence T, differently,
leading to a deviation from universality.
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