
Vox, UMz 38, NUMsxR 14 PHYSICAL RKVIKW LKTTKRS 4 ApRlr. 1977

Simple Model for Characterizing the Electrical Resistivity in A-15 Superconductors*
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A discussion of some of the difficulties with previous analyses of the resistivity of A-15
compounds is given. Precise high-temperature data on n-particle- and electron-dam-
aged Nbsoe and Nb&Sn samples with different defect concentrations are presented here
and analyzed in a simple way with use of a phenomenological model based on the idea
that the ideal resistivity must approach some limiting value in the regime where the
mean free path becomes comparable to the interatomic spacing.

In recent years, the deviations from linearity
(df1) in the resistivity of transition-metal super-
conductors at high temperatures, and, in particu-
lar, those in the high-T, A-15 superconductors
has been a subject of active interest. Some years
ago, Cohen, Cody, and Halloran' made a "Fermi
smea, ring" model where they argued that if the
Fermi level was within + kT of sharp structure in
the density of states, N(E), then as the tempera-
ture was raised the Fermi level could be expect-
ed to shift into a region of lower density of states
causing a dfl in the resistivity. A specific model
was offered, which is now referred to as the BCA
model. Recently, this approach has been used by
Fradin and co-workers' at Argonne. Other work
has emphasized that an exponential can be used to
fit the data'; and most recently, the idea of satu-
ration has been introduced by Fisk and Webb' to
explain the high-temperature behavior in A-15
materials.

We contend that "Fermi-smearing" models are
unreliable because of the following. First, a. re-
cent calculation' has shown that the approximate
solutions used in the 'Fermi-smearing" models
are inaccurate and, with a more accurate solu-
tion of the Boltzmann equation, the density of
states at the Fermi level does not appear explicit-
ly in the formula for the resistivity. Second,
even with a more accurate solution of the semi-
classical Boltzmann equation (SBE) and a.ccurate
band-structure information, the nonlinear p(T)
cannot be explained in Nb. The A-15 metals seem
not to be fundamentally different in these respects

from Nb. The calculated' shape of N(F) shows
sharp peaks in both cases, but not dramatically
different in A-15 metals compared with Nb. Band
theory provides little supporting evidence for the
simplified model used in Refs. 1 and 2.

Because of these difficulties, which are further
compounded by the problem of the short mean
free path and the breakdown of the SBE, we find
that the arguments given by Mooij and by Fisk
and Webb' at least provided a qualitative explana-
tion of df1.

Fisk and Webb' have recently extended argu-
ments of Mooij to A-15 materials; and they sug-
gest that at a resistivity near 135 pO cm the
mean free path, l, becomes comparable to the
interatomic spacing, and this essentially pro-
vides a maximum value for p. They call this ef-
fect "saturation. " Since we find the presently
proposed alternative models unacceptable, we
are inclined to agree that something of this type
is responsible for much or all of the anomalous
behavior. We assume that we can describe p(T)
by a competition between an ideal dependence,
pidea~ p and some limiting value given by p max
which is essentially ' shunting" p;d„~. Then we
write

p(T)/p, „=A/(I + A),

where A =p;d„i/p „and
Pi deal(T) i Peadl( )0+Pe ph i deal(T) q-

with p, ~i»d„i(T), as in the usual case, approach-
ing p,T in the high-temperature limit. There are
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FIG. 1. p vs T for sample irradiated with about 8
& 10 cm e particles for three different annealing
temperatures. Relevant fitting data for solid curves
are given in Table I.
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FIG. 2. Curve A, calculated pjd&»(0) vs dose. Note
that pjdgg)(0) is calculated from Eq. (2) and it is as-
sumed that p(0) is well approximated by the measured
value which was taken at 25 K. Curve 8, measured
p(25) -p(0) vs dose. The first six points were taken
without warming the sample above about 77 K. The
two highest-dose values of p(25) were measured after
a 10-h anneal at room temperature. In order to com-
pare all the points in a consistent manner, these last
two p(25) points should be increased by about 3 @CD cm
to account for the room-temperature anneal.

essentially two arbitrary parameters in using Eq.
(1) to fit the data, p, : the coefficient of T and

p,„.It is interesting that Eq. (1) can also be
written as two parallel resistors, i.e. , 1/p(T)
=1/p;«, ~+1/p~». p;d.„(0)is given through Eq.
(1) as

p(0)pmax
pid. ai(0) =

(0)

and p(0) is the measured residual resistivity. At
our present level of understanding, we can think
of p,„asessentially the limiting resistivity
when l has become an interatomic spacing. Qf
course, in metals where l»a, e.g. , copper,
then p, d„&«p,„andp(T) approaches p;~,».

The experiments reported here' were performed
by irradiating a —8000-A-thick Nb, Ge film at cry-
ogenic temperatures with 2.6-MeV & particles at
the Brookhaven National Laboratory small van de

Graaff accelerator. The data shown in Fig. 1 are
for a sample damaged with a dose of 3&&10"cm '
n particles. Successively higher temperature
anneals were performed and the sample was al-
lowed to come to equilibrium at the designated
annealing temperature (Table I). Upon cooling,
the p-vs-T curves were measured along with T,.
Shown in Fig. 1 are the three highest-tempera-
ture anneals, the last anneal being sufficient to
recover 97/o of the original T, (19.6 K).

In Fig. 1 we show data on &-particle-damaged'
Nb, Ge, which illustrates how p(0) increases, and
also illustrates how the curves appear to flatten
with increased damage. This general behavior
has a.lrea, dy been previously shown. ' '" An anal-
ogous behavior to the df1 found with increasing
temperature is also found if p(0) is plotted against
&-particle dose,"as shown in curve B in Fig. 2.
In curve A, p;d„&is calculated from Eq. (2) and

TABLE I. Fitting parameters for data in Fig. 1.

Curve

Annealing
temperature

{K)
p(0)

(pQ cm)
C

(midpoint)
Pj ~max

(pQ cm/K) (pQ cm)

D
C

1044
962
886

57.0
69.2
75.5

19.2
16.2
14.6

0.532
0.505
0.452

188.1
186.1
186.8

~Extrapolated from low-temperature data.
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plotted against dose, where it is seen to be es-
sentially linear. Hence in both cases, whether
the disorder is due to phonons or defects, the
saturation properties are apparently described
by an equation of the form of (1). Similar behav-
ior is obtained for Nb, Sn. In Fig. 1, the solid
lines are two-parameter fits to the data using Eq.
(1), where p, and p,„areallowed to vary and

p(0) is estimated from p(25). The values of p,
and p,„aregiven in Table I.

Perhaps it is even more impressive that a fit
to about 1% above 200 K can be obtained by taking
some average p, and p,„(p,—0.5&, p ..=132)
for all three curves in Fig. 1, and then only chang-
ing p(0), which is determined from the low-tem-
perature data. This illustrates that the gross
features of the data can be explained mainly by
the variation of p(0). We also mention that data
for Nb can be fitted to less than 2/o up to 2000 K
by using Eq. (1) with p, =0.05 p& cm/K and p
-230 pQ cm. Furthermore, it should be men-
tioned that if the analysis on the basis of Eq. (1)
is meaningful, analysis of the resistivity data at
low temperatures would be modified in large-p(0)
sanlples.

In the case of Nb, Sn, curves similar to Fig. 1
were taken for o.-irradiated samples. In this
case with a constant p, „andp„the curves up
to an anneal of 600'C could be fitted to about 5%

by just changing p„which varied from 12 p, O cm
in its original condition to 58 p. Q cm after irradi-
ation and a 300'C anneal. There were problems
with the quantitative fits in this data due to copper
impurities introduced from the holder during the
high-temperature M1neals. Therefore, to illus-
trate the resistivity model, in Fig. 3 we show
data for an unannealed Nb, Sn sample in its origi-
nal condition and after electron irradiation with
2.5-MeV electrons. The data can be fitted to bet-
ter than 1/o with a constant p „=133p& cm and

p, -0.572 p& cm/K. In this case, p changes a.l-
most a factor of 2, and the good fit obtained by
only changing p, nicely illustrates the saturation
idea.

The idea of saturation has been discussed by
Mott and Davis. " In the regime where l & a, they
argue as Allen does, ' that v is not a function of N.
However when l-a, they argue that l does not
keep decreasing, and instead the resistivity be-
comes'

p =12m'h [N(E,) f„,/N(E, ) ]'/SF e'a.

This saturation value is temperature independent
except for the dependence of N(E) on T; the large
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FIG. B. Nb38n sample in. origin. al condition and after
irradiation with dose of about 10'~ 2.5-MeV electrons.
Inset shows fit using p~» =188 p, Q cm and p&=0.57
pQ cm/deg. Solid curves are obtained by only changing

po ~

phonon contribution is absent.
It should also be mentioned that, in our work

and in the recent work of Testardi, Poate, and
Levenstein, "data are shown where T, is very
low and p(0) is greater than the p, „

that we have
used to fit our data. This is not surprising in the
small-mean-free-path limit where large amounts
of damage start drastically modifying the elec-
tronic properties and large changes of + are ex-
pected, which would raise p» through Eq. (3) or
some comparable result. Evidence that damaged
samples with lower T, 's have smaller N has al-
ready been given, "and this is confirmed by cri-
tical-field measurements on the sample discussed
here.

In concluding it is well to mention that the above
scheme for analyzing resistivity data is not unique
and, in fact, the approach to a constant p„,can
also be described nicely by assuming the conduc-
tivity goes as 1/T". The saturation of p(0) with
dose can also be explained with a picture of inde-
pendent defects becoming more complex as a re-
sult of the high damage levels. However, the rel-
ative simplicity with which Eq. (1) puts both pho-
non disorder and a structural disorder on a simi-
lar basis leads us to believe that there is some
physical basis in this phenomenological approach.

We are grateful for many discussions with
M. Blume, A. Goldman, Y. Imry, A. Paskin,
and S. J. Williamson. We are also indebted to
K. Jones, A. Goland, C. L. Snead, Jr. , and
E. Riley for their help at the Brookhaven Nation-
al Laboratory small van de Graaff and the Dy-
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A high-temperature series expansion for the Edwards and Anderson spin-glass order-
parameter susceptibility is computed for Ising spins on hypercubic lattices with nearest-
neighbor interactions. The series is analyzed by Pade approximants with Rudnick-Nel-
son-type corrections to scaling. The results agree with the first-order c expansion of
Harris, Lubensky, and Chen. The critical exponent y increases mouotonically with de-
creasing dimension, d, for d&6, and apparently tends to infinity at d=4; however, the
critical temperature does not appear to go to zero at d =4.

Recently, there has been great theoretical in-
terest in various models for spin-glasses, ' '
The Hamiltonian is usually of the form

X=QJ„S,S, ,

N

M(q) = lim — +exp(iq ~ r, )(S;)-N-~+ ' i=1

for all q, and

- av

der is characterized by the conditions

=0 (2)

where (S,.j are n-component vectors and the fZ;j
are randomly distributed over some probability
distribution which is assumed to be translational-
ly invariant. Edwards and Anderson' (EA) have
given a mean-field analysis for a model in which
the probability distribution for the (4,,j is sym-
metric, so that [Z,,]„=0,where [ ]~, denotes a
configurational average over the probability dis-
tribution of the {2,,]. The state of spin-glass or-

N N

Q'= lim —,Q Q Q;,' w0, (3)

where Q;, is defined by

n n

Q
2 g g ($ nS 8)2

=18=1
(4)

where o. and P label spin components. The first
condition, Eq. (2), indicates that there is no long-
range ferromagnetic or antiferromagnetic order,
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