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The normal-state resistivity of the A15 superconductors V3Si, Nb3Pt, and Nb3A1 has been
studied as a function of neutron damage. Resistivity data have been taken from the supercon-
ducting transition temperature T, to room temperature on unirradiated samples and irradiated
samples with degraded T, 's ranging down to 2—3 K. The V3Si data are the most extensive and
both a single-crystal and polycrystalline samples have been studied. The N13Pt and Nb3A1 data
were taken for comparison. The data are fitted to several theoretical expressions put forth to
explain the normal-state resistivity in A15 superconductors at low temperatures, high tempera-
tures, and the full range of temperatures. The results are discussed in light of these theories.
The most striking feature of the V3Si data is that there is no observable change in the shape of
the temperature-dependent contribution to the resistivity down to a fractional degradation of T,
of -0.5. This does not appear to be the case for the Nb-based A15 superconductors. It is sug-

gested that this difference in behavior may be related to the different sensitivity of T, to disor-

der in V3Si as opposed to the Nb-based A15 superconductors.

I. INTRODUCTION

The normal-state resistivity of high-transition-
temperature ( T,) superconductors has been of con-
siderable interest for several years. This interest has
grown in the recent years and attempts have been
made to understand the rather distinctive tempera-
ture ( T) dependence of the resistivity (p) and relate
it to T, (e.g. , see Refs. 1—9). One of the most strik-
ing features in the resistivity data common to many
high- T, superconductors is a strong saturation of p at
high T rather than the linear dependence predicted by
the classical Bloch-Gruneisen theory. ' This behavior
has been reported in many high- T, superconductors:
several cubic structures, ' A 15 compounds, "' Laves
phases, "and most recently the Chevrel phases. ' It
should be noted that the saturation behavior is seen
in nonsuperconductoring elements" also and not in
all high-T, superconductors. ' However, the near ubi-
quity of this feature in high-T, superconductors is
enough incentive to stimulate further studies. We
undertook an investigation of the effect of neutron
irradiation on the resistivity of A 15 compounds
which concentrated mostly on V3Si with some data on
Nb3Al and Nb3Pt for comparison. Through neutron
damage, it is possible to lower the T, (Ref. 16) and
thus systematically analyze the relation between resis-
tivity (magnitude and temperature dependence) and
T, for a single system. This avoids the inherent diffi-
culties in comparing data on different samples

prepared in different manners. Studies of the effects
of electron irradiation (Nb3Sn and Nb3Ge), ' u-
particle irradiation (several A 15 's), 6'8'9 and neutron
irradiation (Nb3Sn and V3Si) ' on the electrical
resistivity have been reported by other investigators.

As the purpose of this work is to follow the rela-
tion between resistivity and T„wehave analyzed our
data in terms of several theories proposed to describe
the resistivity in 315 compounds. Woodard and
Cody" were the first to attack this problem by fitting
Nb3Sn data to the empirical formula

-Tp/T
p = pp+ p&T+ Ce (1)

where pp is the residual resistivity and p~, c, and Tp
are all constants. The second and third terms
represent the high- and low-temperature limits of the
occupation number of a particular phonon which as-
sists in interband scattering according to Wilson's
model of s-d scattering. Unfortunately, the ratio
C/p~ from the Nb3Sn data is not consistent with
Wilson's theory. More recently, Milewits, William-
son, and Taub have suggested the modification

-Tp/T
p = pp+ p&

T"+ Ce (2)

where they suggest that the third term arises from
phonon-assisted scattering between two pockets of
the Fermi surface. But rather than interpret the
second term according to Woodard and Cody as the
high-temperature limit of the Wilson theory, they
propose the second term to express a separate 1ow-
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+ ~/T
pl(T) = ps~ ——K„ x dx

(e"—1)(1—e ")
(4)

temperature contribution to the resistivity and allo~
the exponent n to vary. They find an exponent
n =

2
or 2 best fits their data on V3Si.

Cohen, Cody, and Halloran'~ (RCA model) were
able to fit the saturation of p in the Nb3Sn data by
assuming the existence of sharp structure in the den-
sity of states near the Fermi level Er (in fact, they
chose a step function). A sharp structure in the den-
sity of states is reasonable for 215 's where there is a
high-density-of-states d band overlying a low-
density-of-states s band. Bader and Fradin' have car-
ried this further and shown that a more realistic
smoothed electronic density of states (using half of a
Gaussian function) also can explain the saturation
seen in many high-T, 315 compounds. Further,
they show that a parabolic-model density of states can
be used to describe the saturation observed in the
low- T, A 15 Nb3Sb. In other words, the existence of
fine structure in the density of states near Ep can ex-
plain the observed saturation in resistivity.

Along other lines, Fisk and Webb' suggest that the
observed saturation in resistivity takes place when the
mean free path is on the order of the interatomic
spacing. At this point, the mean free path saturates
and no longer depends linearly on the scattering per-
turbation. Thus the linear T dependence of p breaks
down and the subsequent increase in p is less than
linear. They point to data for pure Nb which indi-
cates that the mean free path will be the order of the
interatomic spacing when p =200 p, O cm and this is
the order of magnitude of saturation resistivities ob-
served in 315's. Recently, Allen et a/. "have calcu-
lated "extremely short phonon-limited mean free
paths" for the A 15 compounds Nb3Ge and Nb3Al
near room temperature which lends further support
to the above idea. Wiesmann et al. ' have cast the
idea of saturation and a maximum resistance into the
empirical formula

+1 1 1 (3)
p p max p ideal

where the ideal resistivity p;~„&,which can be charac-
terized many ways, is "in parallel" with the satura-
tion resistivity p,„.One can separate p;&„~into two
parts by writing p;q„~=pal(T) +pi(T), where pol is
the ideal temperature-independent residual resistivity
without the additional saturation channel and pl( T)
is the corresponding ideal temperature dependent
part. For higher-temperature data ( T & 200 K) one
can characterize pi( T) by the limit of the Bloch-
Grueisen expression at high temperature or
pi( T) = LT, where L is a constant which is propor-
tional to the strength of the electron-phonon cou-
pling. For lower T one can try either Wilson's mode1
of s-d scattering for transition metals

where H,q is a cutoff similar to the Debye tempera-
ture and ~~ is a constant or the Bloch-Gruneisen ex-
pression

4T' s" x'd
pl(T) = po,a„=~a 6J,(5)

8s 0 e"—1 1 —e"
where O~ is a cutoff, again similar to the Debye tem-
perature, and Kq is a constant. Recently, Chakrabor-
ty and Allen9 have generalized Boltzmann transport
theory by including intergand scattering and renor-
malization effects which become important at short
mean free paths. This opens up a channel "reminis-
cent of hopping mechanisms" which accounts for Eq.
(3).

Morton, James, and Wostenholm have obtained
the form of Eq. (3) by modifying the Bloch-Mott-
Wilson theory for transition metals. They include an
efficiency factor which accounts for the reduced rate
of scattering of the d electrons by phonons as the
mean free path of the d electrons becomes the order
of the interatomic spacing. Their expression for
p, (T) is

where O is yet another cutoff temperature with b,~
the associated constant. This amounts to a generali-
zation of the Wilson theory (r =3) or Bloch-
Griineisen model (r = 5) for the ideal part of the
resistivity.

Starting from extensions of Ziman's theory' of
liquid metals, Cote and Meisel obtain the saturation
effects observed in the resistivity of 315 compounds
at high temperatures by incorporating the interaction
postulate (attributed to Pippard) which can be stated
as: "phonons whose wavelength exceeds the electron
mean free path are ineffective electron scatterers. "
And, in a later paper, they obtain a computed curve
for a normalized T, versus a normalized residual
resistivity which saturates at low po (i.e., below

po
—40 p, O cm T, no longer increases but is con-

stant). This result agrees well with data on a-particle
damaged N13Sn.

The A 15 structure has a very striking feature in
that there exists three mutually perpendicular chains
of atoms and the atoms are more closely spaced
within the chains than in any other direction.
Gor'kov assumes that to a first approximation the d
electrons are localized on these chains and he locates
the Fermi level at a high-symmetry point in recipro-
cal space. This leads to an instability of the electron
spectrum at this point against electron-lattice and
electron-electron interactions which leads to a struc-
tural transition (-50 K in Nb3Sn and -20 K in

V3Si) in A 15 compounds in agreement with observa-
tion. Above this transition Gor'kov's theory predicts
a logarithmic temperature dependence for all quanti-
ties. In particular, the resistivity at high temperatures
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p = pp+bT (g)

to y' (y is the electronic specific-heat coefficient) is
comparable to ratios for transition metals where
electron-electron scattering is assumed to predom-
inate. Unfortunately, the value of y he used was

per gram mole and if you use the value per gram
atom as should be the case then there is a discrepan-
cy of a factor of 16. The quantity b/y2 is really 16
times smaller than for the transition elements as
pointed out by Webb et al. "for other A15's. In
fact, they show that the resistivity of Nb3Sn between
20 and 50 K can be fit using the actual phonon densi-

ty of states (rather than the Debye spectrum) assum-
ing only phonon-assisted s-d interband scattering. It
should be noted that the dependence in this case fits
the T' data but they suggest this is only an accident
due to the particular form for the actual phonon den-
sity of states. Bader and Fradin5 make a similar ob-
servation for V3Si. Thus in these two cases it is the
non-Debye character of the phonon spectrum which
explains the p vs T data at low T.

Since we plan to follow these ideas concerning the
nature of the resistivity in A 15 compounds as a func-
tion of neutron damage, it would be appropriate at
this point to interject a few very brief comments con-
cerning the nature of radiation damage in A 15 super-
conductors. Sweedler, Cox, and Moehlecke' ob-
tained a strong correlation between T, and site-
exchange disorder as T, is degraded by neutron dam-

age. Thus, they propose anti-site defects as the
culprit in lowering T, ~ From channeling experiments
on n-irradiated V3Si single crystals, Testardi et al. '

show that the results can be interpreted in terms of
static displacement of the V atoms from their lattice
sites. Perhaps both these defects are important in
understanding radiation damage in A 15 superconduc-
tors. However, Pande' has pointed out that there is
some question as to the uniformity of neutron-
irradiated A 15 superconductors and that it is neces-
sary to consider the effect of inhomogeneity when
discussing radiation damage in these compounds. In
neutron-irradiated A 15 's inhomogeneous regions on

0
the scale of 40 A have been observed. " However, all

can be expressed as

p= po+A ln(T/B)

where pp is the usual constant residual resistivity and
A and 8 are constants.

In addition to the interest in understanding the sa-
turation of p at high T, there have also been attempts
to explain the resistivity behavior at low T (from T,
to -50 K or less). Marchenko" noted a T' depen-
dence of the resistivity in V3Si in the region
T, & T & 29 K. He attributed this to intraband
electron-electron scattering and states that the ratio
of b in the formula

our present analysis assumes homogeneous damage;
the effect of inhomogeneity on resistivity is not dis-
cussed here.

II. EXPERIMENT

A. Sample preparation

The A 15 's studied in this work were V3Si, Nb3A1,
and Nb3Pt. The V3Si single crystal was from a boule
grown by Greiner and Mason using a floating-zone
melting technique and was adjacent to the large single
crystal for which heat-capacity, ' sound-velocity, "
magnetic-susceptibility, and neutron-scattering
measurements have been reported. The polycrystal-
line V3Si samples were arc melted starting with Ma-
terials Research Corporation marz grade (99.9+%-
pure) vanadium and semiconductor grade Si. The
resulting samples were nominally V75]Si249 as deter-
mined from weight-loss measurements. Before cut-
ting and polishing flat the resistivity specimens, the
V3Si ingot was annealed at 800 'C for -2 weeks.
The Nb3Al was prepared by Moehlecke' in a manner
similar to the V3Si except that the relatively high
volatility of the aluminum made it much more diffi-
cult to prepare. The starting materials were spectros-
copically pure Johnson Matthey Nb and 99.9%-pure
Al from ROC/RIC. the nominal composition of the
specimen we studied was Nb755A1245. The Nb3A1
sample was given a high-temperature homogenizing
anneal for 10 h at 1700'C plus a one-week ordering
anneal at 750'C. A small amount of cr phase, which
usually occurs in high-T, Nb3A1, was detected in this
sample. Finally, the Nb3Pt was also arc melted
starting with spectroscopically pure Johnson Matthey
Nb and 99.99%-pure Pt from Engelhard. The compo-
sition of the Nb3Pt was nominally Nb75 pPt25p. The
Nb3Pt resistivity samples were cut from an ingot that
was given a high-temperature homogenizing anneal at
180'C for 12 h. After this cutting the specimens
were given a low-temperature ordering anneal at
900'C for -3 weeks.

B. Neutron irradiation

The neutron irradiations were all carried out in the
high flux beam reactor (HFBR) at Brookhaven Na-
tional Laboratory. The HFBR uses ' 'U as a fuel and
is moderated and cooled with D20. The flux in the
irradiation chamber is composed of a broad spectrum
of neutron energies and can be broken down as fol-
lows: 1.3 x 10' n/cm'sec for E ) 1 MeV; 5.3 x 10'
n/cm sec for E )0.1 MeV; 1.9 x10' n/cm sec for
E & 0.63 eV; and a total flux of 12.1 x 10'
n/cm'sec. We have calculated our fluences on the
basis of neutrons with E ) 1 meV (i.e., using a flux
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of -1.3 x 10'4 n/cm2sec). The determination of the
flux was made by Argonne National Laboratory from
a self-consistent computer fit to activation analysis
data on 15 different pure metal foils irradiated in the
HFBR 3s

The handling of the samples during irradiation has
been described in detail elsewhere. ' Briefly, for the
first three irradiations of the single-crystal V3Si, the
sample was placed in a quartz tube sealed off in 0.5
atm of helium gas with the quartz tube fit tightly into
a eater-cooled aluminum capsule. For all other irra-

diations, the samples were wrapped in aluminum foil
and packed tightly in fine mesh aluminum pounder
directly in the water-cooled aluminum capsule. It is
estimated that the samples remained &200'C
throughout the irradiation.

C. Resistivity measurement

The resistivity p was measured as a function of
temperature from T, to room temperature. A stand-
ard four-probe technique was employed using an ac
excitation current in the range of 10 mA at a fre-
quency of -15 Hz. " The absolute values of p at
room temperature were obtained using knife-edge or
point-voltage contacts with separations on the order
of 1—2 mm. The overall reproducibility of this abso-
lute measurement was -5%. The temperature
dependence was measured either with the knife-edge
contacts (first three irradiations of the V3Si single
crystal) or indium contacts (for all other irradiations)
and the latter required normalization of the data to
the room-temperature values. The two techniques
gave temperature dependences within 1% of each
other. The temperature scale was a calibrated ger-
mainum thermometer from 4.2 to 40 K and a cali-
brated platinum thermometer from 40 to 350 K.
Thermal equilibrium was assured by thermally an-
choring the sample and thermometers to a large
copper block and making the measurement in helium
exchange gas. The exchange gas chamber was sur-
rounded by a uniformly bifilar wound heater extend-
ing well beyond the sample and thermometers and
was further surrounded by a vacuum can. Finally,
this outer vacuum can was immersed in liquid nitro-
gen or helium for cooling. Temperatures from -2 to
4.2 K were obtained by pumping on liquid helium.
Typically, two samples were mounted during one run
and one was measured while cooling and the other
while heating. The maximum heating or cooling rate
was 1 K/min. Although the precision of the measur-
ing instruments was -0.1 to 0.2%, the overall repro-
ducibility of the temperature dependences was on the
order of 0.5%. Finally, the data acquisition was au-
tomated and the data were stored on tape to facilitate
analysis.

III. PRESENTATION OF RESULTS

A. p-vs- T data

The p-vs-T data for the V3Si single crystal for vari-
ous irradiations (indicated in Table I) are presented
in Fig. 1 (note that some of the irradiations have
been omitted to avoid overcrowding). The polycrys-
talline V3Si data (all samples from the same ingot)
the Nb3Pt, and the Nb3A1 data are all very similar to
the single-crystal data and are not shown. The
geometry of two of the Nb3A1 samples was so poorly
suited for absolute p determinations that the absolute
values were no better than 50%. In these cases, p
was normalized by interpolation from a p(295)
versus fluence plot for the two good points. The
most unifying feature of these data is the universal
increase in po with fluence and consequent reduction
of the temperature-dependent contribution to the
point where the slope of p vs T becomes flat and
even negative. These results compare well in general
with previous radiation studies on A 15 com-
pounds

B. RRR and p(19) vs T,
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FIG. 1. p vs T for single-crystal V3Si. The numbers after
the curves refer to the irradiations listed in Table I.

We have chosen T, as a measure of damage for
our irradiations rather than fluence (however, the
fluence @r does appear in Table I) for several
reasons. (i) The energy spectrum is not the same in
all reactors and this makes difficult a comparison
which is already hampered by the fact that there is no
standard set of neutron energies defining fluence.
Comparison to fluences for other types of irradiation
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TABLE I. The quantities T„RRR,p(19), and pp (extrapolated as p(T) =po+ bT" from data in

the temperature range 17 to 25 K) for the samples listed after neutron irradiation. S stands for
single-crystal &~Si; P1, P2, and P3 are three polycrystalline V~Si samples from the same melt; Ptl,
Pt2, and Pt3 are three polycrystalline Nb~Pt samples; and All, A12, and A13 are three polycrystal-

line Nb~A1 samples from the same melt. The number after the dash in the sample designation is

the number of the neutron irradiation, for that sample. The fluences are accurate to +1%; T, 's to
+0.1 K, RRR's to +0.5%; and p(19) 's and p 's to +5%.

Sample

Fluence
(10 n/cm )

C

(K} RRR
p(19)

(p, O cm)
po

(p, O cm)

S-0
S-1
S-2
S-3
S-4
S-5
S-6
S-7
S-8
S-9
S-10
S-11
S-12
S-13
S-14

Pl-0
Pl-1
P1-2
P1-3
Pl -4
P1-5
P1-6
P1-7

P2-1
P2-2
P2-3
P2-4
P2-5

P3-0
P3-1
P3-2
P3-3
P3-4
P3-5

Pt1-0
Ptl-1
Pt2-1
Pt3-1

A11-0
All-1
A12-1
A13-1

0
0.25
1.65
3.53
5.40
8.21

11.0
14.5
18.0
21.5
25.0
28.5
36.0
43.5
88.4

0
0.23
0.94
2.57

12.4
46.1
82.1

127.0

0.7
3.04
6.55

10.1
13.6

0
1.64
9.13

12.6
16.1
41.8

0
7.5

15.0
202

0
7.5

15.0
202

16.90
16.65
16.60
16.70
15.95
13.95
12.27
10.25
8.97
6.96
5.69
4.83
3.71
2.78
2.44

16.98
16.98
16.3
15.23
11.36
3.7
2.20

(2.7
16.36
14.40
11.86
9.40
8.24

16.96
15.83
10.51
8.40
6.52
2.58

11.11
6.45
4.31
3.03

18.5
12.88
8.43
3.71

16.6
18.3
16.2
18.8
7.48
3.23
2.18
1.588
1.383
1.237
1 ~ 154
1.108
1.061
1.030
1.011

20.25
13.6
7.17
4.00
1.565
1.018
1.038
1.007

7.79
3.20
1.985
1.445
1.282

20.0
5.47
1.550
1.311
1.204
1.024

3.687
1.105
1.044
1.013

1.845
1.204
1.113
0.997

4.22
3.84
4.32
3.74
9.35

25.9
41.4
61.8
75.5
89,4
99.1

106.7
113.9
121.3
125.2

3.39
5.01
9.85

18.1
56.1

115.8
119.1
118.1

9.3
24.3
42.0
64,8
78.0

3.25
12.7
54.5
70.3
&1.5

113,4

23.3
87.0

102.7
110.6

3.78
3.41
3.86
3.23
8.79

25.2
40.&

61.4
75.5
89.3
99,1

106.6
113.9
121,.0
124.6

2.41

9.33
17.5
55.7

115.0
118,9
117.6

23.9
41,4

54.2
70.2
81 ~ 5

113.4

21.4
87.0

102.6
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is even more difficult. (ii) It is most likely that the
irradiated samples are inhomogeneous on the scale of
40 A and different starting samples behave very dif-
ferently as a function of fluence. '9 (iii) We cannot
completely discard the possibility that some annealing
takes place during irradiation —especially for the
longer irradiations. This would render fluence a
doubtful measure of damage. Since T, is very sensi-
tive to damage, it is a good candidate for a measure
of damage; however, one point should be made be-
fore using T, as a measure of damage. The T, we re-
port is from resistivity measurements and does not
necessarily represent the bulk T, which would lie
somewhat lower. %e have reported" T, measure-
ments from both resistivity and heat capacity on V3Si
as a function of neutron irradiation and find that,
indeed, T, of the bulk does lie lower than the resis-
tively measured T,. But this deviation is systematic
as the sample is damaged and thus the resistive T„
although it is not the bulk T„is a good measure of
the damage.

In Fig. 2 we plot the residual resistivity ratio
(RRR) versus T, for all the data. We take the RRR
to be defined as p(295)/p(19). This behavior has
been noted previously for nonoptimally deposited and
o;-damaged V3Si films by Testardi et al. ' and their
range of observed values is shown by the dashed
lines in Fig. 5. Our values for neutron-damaged sin-

gle and polycrystal V3Si bulk samples agree well with
the Testardi et al. data on V3Si films. Note that the
N13Pt data for unirradiated samples lie well below the
V3Si curve and the Nb3A1 data for low doses lie well
above. This most likely reflects the fact that the
Nb3Pt system produces the best quality metallurgical

samples ' 2 (closer to stoichiometry and less second
phase) while the Nb3Al system produces the worst, "
with V3Si in between.

p(19) vs T, is plotted in Fig. 3 and po extrapolated
from p = po+ bT" in the temperature range 17—25 K
appears in Table I. For V3Si the value of n is within
+0.5 of 2.0 when there is appreciable temperature
dependence. Larger values of n up to 4.6 are ob-
tained for the more heavily damaged samples, but
the values of pp obtained are within 1% (considerably
less than the error in po) of those obtained by setting
n =2. For N13Pt the values of n range from 2.7 to 4.
Of course, p(19) and po differ, but the behavior with
fluence is very similar. In the absence of any guiding
principle, namely that we do not know if po is a valid
extrapolation, we chose p(19) as a measure of the
residual resistivity. The single and polycrystal V3Si
samples again behave in a very similar manner (ex-
cept for initial damage region which is too
compressed here —see Ref. 39) and all the data in-
cluding N13Pt and Nb3Al coalesce at high p (19)
(similar to all the RRR's approaching unity). This is
expected because most A 15 's saturate at approxi-
mately the same T, (—2—3 K) and p,„(—130—140
p 0 cm). It should be noted here that our results in
Fig. 3 agree well with those of Karkin et at. 2' but we
have not plotted the Russian results as the figure is
already overcrowded.
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FIG. 2. T, vs RRR for neutron-irradiated 315 com-
pounds. 0, single-crystal V3Si; H, polycrystalline V3Si; I,
polycrystalline Nb3Pt; +, polycrystalline N13A1 (the dashed
line is from Ref. 18),

FIG. 3. p(19) vs T, for neutron-irradiated 315 com-
pounds. p(19) is the resistivity at 19 K. 0, single-crystal
V3Si; Lj, polycrystalline V3Si; b, polycrystalline Nb3pt; V',
polycrystalline Nb3A1.
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C. Data analysis 80

Each run from T, to room temperature typically
consisted of approximately 600 data points (p and T)
which were initially stored on cassette tape and ulti-
mately on magnetic tape accessible by the large Con-
trol Data 7600 computer at Brookhaven National La-
boratory. Some of the analysis was done with the
small HP9830 used to acquire the data, but most of
the curve fitting was done on the large computer us-

ing a program developed at CERN called MINUIT. '
With this program, it is possible to fit a curve to any
function that can be written in closed form using an
arbitrary number of parameters which are allowed to
float. It achieves this by minimizing the square of X

(the deviation of the measured value from the fit
curve). The minimization is accomplished by succes-
sively approximating the gradient of X' in the mul-
tidimensional parameter space until at some particular
set of parameters X' is a minimum within specified
tolerances. This powerful technique allows a fit to
functions with exponential or logarithmic terms or
even terms involving integrals where the limits con-
tain the fit parameter and the variable such as the
Bloch-Gruneisen function discussed in the Introduc-
tion.

D. Examples of fits and the fit
parameters for the various

theories

One should always check a fit by plotting it along
with the data. In Figs. 4—6 we show the fits over the
full temperature range for Eqs. (1), (3) with (4), or
(3) with (5), respectively, for the same run on

7Q—

60—

50—
E
O

c', 40—

30—

20—

10—

0
0 100 200

T (K)
300 400

FIG. S. Fit to the parallel resistor model with

pideai= pot + psd fEqs. (3) and (4)] for sample S-4 V3Si of
Table I. The solid line represents the data (actually many
closely spaced data points) and the solid circles are the fit to
the data.

single-crystal V3SI (irradiation 4). This run was
representative of all the runs. Inspecting these quick-
ly we see that all three fit the data reasonably well.
However, there are stronger systematic deviations ob-
servable in the fits using Eqs. (1) and (3) with (5).
In this comparison, and generally in the other runs,
the parallel resistor model [Eq. (3)] with the ideal
part of the resistivity described by Wilson's s-d
scattering [see Eq. (4)] fits the data best. It should
be cautioned that there are several parameters in
these expressions and the good fits could be fortui-
tous. Figure 7 shows the fit to Eq. 7 over the more
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FIG, 6. Fit to the parallel resistor model with

pideal pol+ pGrii [Eqs. (3) and (S)] for sample S-4 V3Si of
Table I. The solid line represents the data (actually many
closely spaced data points) and the solid circles are the fit to
the data.
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are the fit to the data.

IV. DISCUSSION OF RESULTS

A. Results on V3Si before irradiation

As there are many explanations put forth for the
resistivity in A 15 compoinds, it would be best to dis-
cuss the results before irradiation first and this will

naturally lead to the discussion of the neutron-
irradiation results. For this discussion, we will only
refer to the data on the single-crystal V3Si as being
representative of V3Si. Before irradiation we ob-
tained p~=0.029 p, Ocm/K, C =108 p, Ocm, and
To=170 K from the fit to Eq. (1) over the tempera-
ture range T, to 300 K. The deviation of the fit was
1.6%. [We fit to Eq. (I) because we were using

limited temperature region of 200 K to room tem-
perature since Gor'kov's theory is really only correct
at high temperatures. Again, we use the data for the
fourth irradiation of the single-crystal V3Si. We de-
fined the lower cutoff in temperature as 200 K be-
cause the logarithmic term cannot be fit through the
inflection in the data at —200 K. The fit is excellent
but then we are considering only a limited tempera-
ture region.

Before presenting the fit parameters, we list a few
important parameters [fluence, T„RRR,p(19) and
pp] in Table I for all the samples and their irradia-
tions. As a measure of the quality of the fit, the de-
viation given as a percentage of the fit from the mea-
sured data is defined as 100 x [( X,",X,')/N]' ',
where N is the number of data points in the fit region
and X~= [p~(T)a, pi(T) „,, ]lp~(—T) „,.

higher temperature data than appropriate for Eq. (2).
Also po was fixed to the extrapolated value in Table
I.] Williamson and Milewits' (WM) report values of
p~=0.022 p, 0cm, C =120 p, 0cm, and TO=187 K
from analysis of Marchenko's' data taken from T, to
1200 K on a polycrystalline V3Si sample with
RRR =26. These values are in reasonable agreement
with our results when one considers the following
points. (1) The magnitude of the p~T term in Eq.
(I) is on the order of 10% throughout the whole
temperature range and thus the fit is not too sensi-
tive to the value p~ and it is not suprising that the
two values of p~ are not in better agreement. (2) WM
show that C and To increase with RRR and the
values from Marchenko's data are greater in accor-
dance with his higher RRR (ours was only 17). (3)
Fits in various temperature ranges show that in-
clusion of higher temperature data results in higher
values of C and To which is another source of the
difference in the two sets of values. WM make the
point that the contribution resulting in an exponential
behavior below Ta [see Eq. (1)] should become linear
above To. However, for the fit the exponential term
becomes dominant at room temperature ranging from
less than 1% of the total contribution to p at 20 K to
around 80% from 150 to 300 K. The fit of the data
above To to a dominantly exponential term, accord-
ing to the ideas expressed by WM, should be fortui-
tous.

As a check on the accuracy of Ta (the physically
meaningful parameter in their interpretation of the
exponential term) WM vary Ta by 30% and find that
the deviation in the fit worsens from 1% to 4% for
Nb3Sn data in the temperature range T, to 100 K.
They conclude that Ta (95 K for Nb3Sn) is known to
10%. We carried out a similar analysis for our V3Si
data. For the data from T, to 350 K we find that
varying Te by 30% using Eq. (1) worsens the devia-
tion from 1.5% to 10%. Following the same pro-
cedure just for the data from T, to 50 K shows a
change of only 0.2% to 0.6%. Thus, the fit is least
sensitive to To in the region where the exponential
term is physically meaningful. If we use Eq. (2) to
fit the data and allow the parameters po, p~, n, and C
to range freely while fixing To and using data from T,
to 50 K, we find (see Table II) it hard to choose a
value of To since all fits are about equally good.
Lastly, examination of Fig. 4 shows deviations in the
fit curve outside the stated precision of 0.5%. All of
these facts taken together lead us to conclude that
the fit to Eq. (1) is indeed fortuitous and analysis of
the irradiated samples further substantiates this claim
as discussed below.

From Figs. 5 and 6 one can see that the parallel
resistor model [Eq. (3)] fits the data much better if
the Wilson s-d model is used for pq(T) rather than
the Bloch-Gruneisen expression. In fact, Eqs. (3)
and (4) fit the data better than the 0.5% uncertainty
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TABLE II. Fit parameters for Eq. (2) for sample S-0 using data from the temperature range T,
to 50 K. (FIX) appearing after To values indicates that To was fixed to this value while the other
parameters were still allowed to vary freely. pi was constrained & 0.02 and the entry )0.02 (L)
indicates the fit parameter was at this limit.

po (pOcm) pl (@Oem/K") C (+n cm) T, (K)
Deviation

(%)

3.80
3.54
3.69
3.81
3.86
3.88
3.90

0.0016
00.02(L)

0.005 14
0.001 42
0.000737
0.00050
0.000396

1.97
1.25
1.64
2.01
2.19
2.30
2.37

113
83

103
115
136
173
231

222
175(FIX)
200(FIX)
225(FIX)
250(FIX)
275(FIX)
300(FIX)

0.15
0.22
0.16
0.15
0.16
0.16
0.17

in the temperature dependence. The effect of vary-
ing the fit parameters p,„(sd)and O~ is shown in
Table III. The fit is much more sensitive to p, „

than to O~ which may indicate that while the parallel
resistor idea describes the data well the best form for
pi( T) has not been determined. The cutoff tempera-
ture 8~=442 K for sample S-0 is a reasonable value
since this is close to the Debye temperature
OD =410 K reported for the same material. ' Also,
the value of pm, „(sd)=134 p, Q cm is comparable to
values reported for other A 15 compounds (i.e.,
p,„=135p, A cm for Nb3Ge6). We did not try to fit
to Eq. (6) but the better fit for r =3 as opposed to
R =5 is in accord with the values r =2 for Nb3Sn
and V3 Ge and r =3 for Nb3Sb obtained by Morton
et al. 7 It is worthwhile to point out that we also get a
good fit to higher temperature data ( T «200 K) us-

ing pl( T) =LT and the values have been reported
elsewhere. We obtain a value of L =0.6 +0.2
p, O cm/K with a deviation of 0.01% for sample S-O.

This value of I is comparable to the 0.5 p, O cm/K

value obtained for Nb3Ge . However, we require
negative values of poy which may be a result of the
low po of V3Si compared to Nb3Ge.

Equation (7) describes the data in the temperature
range 200 to 350 K extremely well as can be seen by
reference to Fig. 7; in fact, the deviation is 0.13/o.
We obtain a value of 40 p, O cm for A and 55 K for
8. Varying A and 8 for sample S-0 by 30% changes
the deviation from 0.13% to 2.9% and 2.0%, respec-
tively, so the fit is quite sensitive to these parame-
ters. Testardi et al. ' report values for A and 8 of 49
p, 0 cm and 55 K, respectively, for an optimally depo-
sited V3Si film with a T, from 16.1 to 16.7 K. Our
value of B is in excellent agreement and the differ-
ence in A could easily be due to the uncertainty in
the absolute value of p.

The data for sample S-0 from 18 to 38 K are
described well by p =pa+ bT'. This has been ob-
served before for V3Si by Ma&'chenko' who reports
b =0.007 p, O cm/K for a sample with RRR =26 and
Milewits et al. who report b =0.0016 p, A cm/K' for

TABLE III. Fit parameters for Eqs. (3) and (4) for sample S-0 using data from 200 to 350 K.
(FIX) appearing after a parameter indicates that the parameter was fixed at the value listed while
the other parameters were still freely varied. The parameters pal and Kgg were constrained and the
(L) after an entry indicates the parameters were at the set limits.

p,„(sd) (I ncm) poi (p Q cm) H~ (K) ~„(~ncm) Deviation (%)

143
100(FIX)
186(FIX)
152
130

4.9
o(L)
6.0
o(L)

1o(L)

396
543

0.035
250(FIX)
560(FIX)

407
1000(L)

0.027
239
668

0,06
2.6
0.32
0.12
0.15
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a sample with RRR =14. Our value for S-O with
RRR =18 is b =0.0015 p, A cm/K . All these values
are in reasonable agreement. We also fitted to

p = po+ bT" using data from 17 to 25 K for sample
S-0 and obtained a value of n =1.94 but the sensitivi-
ty of the fit to n was not very great. Using a program
developed by Gurvitch4' to plot deviations from a fit
using various powers of n we determined n to be
2 +0.25.

The suggestion of Webb et al. ' that the low-
temperature resistivity can be described by phonon-
assisted s-d interband scattering if one uses the real
phonon density of states bears further scrutiny.
Bader et al. fitted the V3Si resistivity data of Milewits
et al. ' from T, to 50 K using the phonon density of
states obtained from neutron studies by Schweiss
et al. 46 We followed the procedure described by
Bader et al. ' to fit our data using the same phonon
spectrum. Since this calculation only gives the tem-
perature dependence and not the magnitude of the
resistivity change, it is necessary to fix the scale of p
at two temperatures (we chose 18 and 50 K). Thus it
is very important to examine the fit carefully between
the two temperatures where the fit resistivity and
measured resistivity are constrained to be equal. In
Fig. 8 we plot the deviation of the fit from the mea-
sured values between 18 and 50 K. Since we ob-
served a systematic deviation, we then determined
that the phonon spectrum calculation results in a T'
rather than T' dependence in the resistivity. Two
comments concerning the calculation are in order.
First, the phonon spectrum data are difficult to ob-
tain below 8 MeV and as this part of the spectrum
makes a reasonable contribution to the low-

temperature resistivity the method of extrapolating
the data to zero energy could be important. We ex-
trapolated the data as suggested by Schweiss et al. ,

47

as ao assuming a Debye spectrum at low co, and final-

ly using the model density of states calculated by Tes-
tardi and Mattheiss ' from acoustic data. All three
extrapolations gave an exponent of 3 +0.25 for the
temperature dependence of resisitvity. The second
point is that we used the phonon spectrum at 4.2 K
for the above calculation rather than a temperature-
dependent spectrum. However, the temperature
dependence of the phonon spectrum is not too large
and we can check the effect of temperature depen-
dence by using the phonon spectrum at 77 K and
comparing. The resulting exponent is 3.25. There-
fore, we can say with reasonable confidence that the
resistivity calculated assuming phonon-assisted s-d in-
terband scattering using the actual phonon spectrum
for V3Si results more nearly in a T' dependence rath-
er than the T' dependence observed by several inves-
tigators for high-T, A 15 superconductors. Although
the T and T dependencies may be accidental, there
is a definite discrepancy between calculation and ex-
periment.
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FIG. 8. [p,„(calc)—p,h(mess. )1/p, „(calc)vs T for sample
S-0 of Table I. p,h(calc) is the calculated temperature-
dependent contribution to the resistivity using the Karlsruhe
phonon spectrum for V3Si at 4.2 K. p,h{meas. ) is the mea-

sured temperature-dependent contribution. Note p,h(calc) is

constrained to equal p,h(meas. ) at 18 and 50 K.

B. Results on V3Si after
irradiation

As mentioned in the Introduction, Meisel et al. 2

computed a normalized plot of T, vs po which is in

good agreement with Nb3Sn results. However, this
agreement does not hold for V3Si because their curve
predicts a constant T, for po &40 p, A cm and it
would not be possible to fit our data in Fig. 3 onto
this curve. T, clearly continues to increase below the
critical value of po =40 p, O cm. It is possible that
this difference could be due to the parameters used
to generate their curve. The phonon spectrum for
V3Si is known to be considerably stiffer than that for
Nb3Sn and since the phonon spectrum is crucial to
their calculation this difference could be the source of
the different T, vs po behaviors of V3Si and Nb3Sn.

To present the neutron irradiation results for the
fit to Eq. (1), we plot To/Tpp vs T /T, a in Fig. 9,
where Too and T,o are the values for the unirradiated
samples. We chose this normalized plot to make
comparisons with other 3 15 compounds later in the
paper and do not plot against fluence for reasons dis-

cussed in Sec. III B. We will concentrate on TD in

this discussion; however, the following comments can
be made about the other parameters. p~ drops with

neutron dose which reflects the diminishing magni-
tude of the thermal contribution to p. Similarly the
parameter C drops for the same reason and also to
partially compensate for the rise in To. The data
plotted in Fig. 9 for the single-crystal V3Si and the
three polycrystalline V3Si samples all follow the same
curve within the scatter of the fit parameter To. In
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ed samples. 0, single-crystal V3Si; Lj, polycrystalline V3Si;
4, polycrystalline Nb3Pt; V, polycrystalline N13Al; x, V3Si
film (Ref. 18); LI, Nb3Ge film (Ref. 18).

fact, a data point from Testardi et al. ' for a nonop-
timally deposited V3Si film is also in reasonable
agreement with the bulk sample data and thus the
results are quite similar irrespective of the form of
the sample (i.e., single-crystal, polycrystal, or film).
Tp is relatively unaffected until a fractional reduction
of T, of approximately 0.5. At this point, Tp begins
to rise rather rapidly with further reduction in T, by
neutron damage. We will discuss this trend later in
comparison with other A 15 systems, but at present
we just note that the ultimate increase in Tp with
reducing T, is in agreement with the phenomenologi-
cal observation of Fisk and Lawson' that T, corre-
lates with the location of the inflection point in the p
vs T curve for high-T, materials. They observe that
the higher the inflection point ( Tp/2), the lower the
T,. Ho~ever, it should be pointed out that the rise
in Tp with damage is inconsistent with the proposals
of Woodard and Cody or Milewits, Williamson, and
Taub, "where Tp represents the phonon energy
necessary to scatter electrons between bands or dif-
ferent pockets of the Fermi surface. The damage
should smear out the electronic band structure,
thereby decreasing Tp and not increase it as we ob-
serve.

Turning to the fits to the parallel resistor model,
the values of p,„(sd)and p,„(R)do not seem to
have any significant trend as a function of neutron
damage and this result is in agreement with previous
observations on other A 15 compounds. 6'9 The
values of ca~ and ~~ are too scattered to make any
definite statements. The cutoff temperatures O,~ and
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FIG. 11. ()~ vs T,. O, single-crystal V3Si; LI, polycrystal-
line V3Si.

Og show less scatter probably because they measure
the shape of the p vs T curve and do not depend on
the poorly determined magnitude of p. In Figs. 10
and 11 we plot O~ and O~ as. a function of T,.
There is very little change in O,d or O~ down to
T, —5 K. The increase in O,~ and Hg seen below 5
K is in the direction observed from heat-capacity
measurements' on neutron-irradiated V3Si. It is pos-
sible that our observed increase is due to a break-
down of the fit as the thermal part of p becomes very
small, The constancy of the cutoff temperature
agrees with the analysis of Gurvitch et al. '9 of their
MO36e data where they find that one value of Og fits
all their p vs T curves for successively a-particle-
damaged samples.

Similarly, as for the Tp results we plot BIBp vs
T /Tqp from the fit to Eq. (7) in Fig. 12; here Bp is
the value of 8 for the unirradiated samples. Again,
the results for the single crystal V3Si and three po-
lycrystalline V3Si samples agree nicely with each other
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and a nonoptimally deposited V3Si film. " The same
type of behavior in 8/Bp is seen as for Tpl Tpp and
this is most likely due to the fact that both parame-
ters are sensitive to the shape of p vs T and not the
magnitude of p. The parameter A is dependent on
the magnitude of p and Testardi's has noted a corre-
lation of this parameter with T,. In Fig. 13 we plot A

vs T, for all the V3Si samples where the suggested
linear dependence of A and T, can be clearly seen.

The most striking feature of the V3Si p vs T data
(which has been mentioned elsewhere44) is that while

the magnitude of the thermal contribution to p drops
with damage the shape remains essentially unchanged
down to T,lT, p

—0.5. This feature is responsible for
the behaviors of Tp and 8,

The low-temperature resistivity of all the V3Si sam-
ples follows a T dependence for samples damaged to
the point where T, has dropped to -6 K. For
heavier damaged samples, we observe a linear depen-
dence in p (with negative slope) vs T as plotted in

Fig. 14 rather than the negative T dependence
predicted by Cote et al. The values of b from a fit
to p =pp+bT are shown in Fig. 15 as a function of
T, for those V3Si samples which still followed a T
dependence at low T. On the same graph, we have
plotted the square of the coefficient of the linear
term in the specific heat y from data on a single crys-
tal of V3Si which was adjacent to the resistivity sam-
ple in the master boule. The correlation between b
and y' is striking, but as mentioned before the mag-
nitude of b seems to be much too large (a factor of
16) for the electron-electron scattering mechanism
noted in transition elements.
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C. Results of other A 15 compounds
and comparison to V3Si

Also appearing on Fig. 9 are our results for Nb3Pt
and Nb3A1 and the results of Testardi et al. ' for
Nb3Ge films damaged by n particles. The results for
the Nb-based A 15 's do not show the same trend as
the V3Si data. To drops much more continuously
with T, for the Nb-based A 15 's and does not show
the striking constancy down to T,/T, D

—0.5 demon-
strated by the V3Si system. It has been shown that
V3Si does not disorder nearly as much as the Nb-
based A 15's for a similar drop in T,.' Perhaps T0 is
more sensitive to disorder than T, and the quicker in-
crease in TD for the Nb-based A15 's is related to the
greater disorder in these systems. This conjecture is
supported by two other facts. (1) Our observed
value of T0 for Nb3Pt (78 K) is lower than that we

observe for Nb3Al (102 K) even though T, is much
higher for Nb3A1 which is consistent because Nb3Pt is
known to be inherently more ordered than
Nb3Al. ' ' The correlation seems to be the lower TD

the greater the order (and of course T, is related to
the degree of order in the system). (2) In the
Mo3Ge system, ' T, increases with greater disorder
(as opposed to all other A 15 's) but it appears as if
TD is also increasing with disorder; so, again, the
correlation is with order and not T,. Thus it seems
plausible that the inflection in p vs Tat T0/2

phenomenologically correlates with disorder rather
than T, and that the correlation with T, results from
the fact that more highly ordered superconductors
usually have a greater T,—all else being equal.

The unirradiated Nb3Pt and Nb3A1 data also fit the
parallel resistor model reasonably well with one not-
able difference. For Nb3Pt the Wilson s-d model
works best for pI( T) as in the V3Si case, but for
Nb3A1 the Bloch-Gruneisen expression characterizes
pI(T) better. The values for p,„(sd)=102 p, fl cm
and p,„(R)=105 p, II cm for Nb3Pt while lower than
for V3Si are still the right order of magnitude. Also,
the cutoff temperatures H,q = 274 K and H~ =210 K
for Nb3Pt and 0~ =203 K and H~ =170 K for Nb3A1
are reasonable since OD is known to be lower in
Nb3Pt (Ref. 49) and Nb3A1 (Ref. 48) than V3Si (in
agreement with our relative values). Unfortunately
the fits could not be done on the irradiated N13Pt or
Nb3A1 samples.

Although it is not as clear as for T0, the parameter
8 does seem to drop more continuously for the Nb-
based A 15 's (see Fig. 12) probably for the same
reason as TD drops more continuously. We could not
get good enough absolute p values for Nb3 Al to war-
rant reporting values for A, but for the N13Pt system
we see the same linear correlation of A with T, as ob-
served for V3Si.

The low-temperature behavior of the resistivity of
Nb3Pt is quite different from that of V3Si while

N13A1 behaves similarly to V3Si. The as-cast samples
of Nb3Pt exhibit a T' behavior at the lowest T
(15—27 K) and a T2 5 dependence for higher T
(27—43 K). After the heat treatments previously
described, the behavior changes to T' at the lowest T
(12—27 K) and T2 at higher T (24—43 K). It is as if
the T behavior has been shifted to higher tempera-
tures compared to V3Si. It is interesting to note that
Mo3Ge with a low T, (-1.5 K) shows a T depen-
dence at low T. It appears as if the lower T, materi-
als have a higher power temperature dependence just
above T,. Further, the state of the material (as cast
or heat treated), which is related to the degree of or-
der, has a pronounced effect on the low-T tempera-
ture dependence. Nb3A1 ( T, =18.5 K), as previously
reported, ' shows a T' dependence from 20—43 K
and in this respect is similar to V3Sl.

After the lowest-dose irradiation of the heat-treated
Nb3Pt (which lowered T, from 11.1 to 6.5 K) the re-
gion of T behavior moved up in temperature to
22 —36 K and from 36—43 K the behavior was T .
This is consistent with a higher power of T depen-
dence over a greater temperature range for lower T,
materials. The next dose (which lowered T, to 4.3
K) produced a weaker temperature dependence which
was very hard to characterize as anything but linear.
The low-temperature data for the heaviest dose was
not of sufficient quality to lend itself to analysis. For
the Nb3Al system, the first dose (which dropped T,
from 18.5 to 12.9 K) produced no effect on the low-

temperature behavior. However, for the second dose
(which dropped T, to 8.4 K) the data fit a T' depen-
dence better than a T' dependence from 20 to 43 K
which is in accord with the N13Pt observations. Fi-
nally, the heaviest dose produced a flat temperature
dependence at low temperatures typical of the heavily
damaged V3Si samples.

V. CONCLUSION

We have studied the effect on the normal-state
resistivity of systematically lowering the T, of A 15
superconductors through neutron damage. As noted
previously for radiation damage in A 15 compounds,

p0 increases and the temperature-dependent contribu-
tion decreases with damage. However, for V3Si there
is very little change of shape (as evidenced by the
constancy of T0, B, O,q, and Os) in the
temperature-dependent part of the resistivity down to
a fractional reduction in T, of -0.5. The Nb-based
A 15 's seem to show a steadier change in shape with
reduction in T,. This could be related to the dif-
ferent sensitivity of T, to order in V3Si as compared
to Nb-based A 15's. A V3Si sample with a fractional
reduction in T, of 0.5 is much more ordered than a
Nb-based A 15 with the same fractional reduction.
Perhaps the degree of order of the sample is a more
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sensitive indication of a change in shape of the
temperature-dependent contribution to the resistivity
than T, is.

In comparing the fit to the data of the various
theories, it appears that they all have enough parame-
ters to give a good fit but the parallel resistor model
with the s-d scattering model of Wilson for the ideal
contribution seems to fit best over the entire tem-
perature range and the parameters required are physi-
cally reasonable. Also the analysis of the data indi-
cates that the fits to Eqs. (1) or (2) are most likely
fortuitous. It is of interest to note that the fits for all
theories continue to work down to quite large reduc-
tions in T,.

The low-temperature data for the high-T, A 15 's
V3Si and Nb3A1 exhibit a T dependence while the
heat-treated Nb3Pt (T, = 11.1 K) exhibits a T' depen-
dence at the lowest temperatures. Upon irradiation,
V3Si maintains a T' dependence down to a damage
level where T, -6 K. At this point, it becomes hard-
er to fit the data but the dependence is most likely
linear. The T' dependence in Nb3Al changes to a
higher power (-T') when T, has been lowered to 8.4
K. For N13Pt the radiation damage initially extended
the range of the T behavior and for a heavier dose
produced a weak linear dependence. Again, as was
seen for the shape of the p vs T curves, the effects
of radiation on the form of the low-T temperature
dependence were more noticeable in the Nb-based al-

loys at lower doses and lower fractional T, reduc-
tions.

It is clear that there is much to ponder regarding

the effect of radiation damage on the normal-state
resistivity of 315 superconductors. Hopefully, this
information mi11 be useful when examining existing
and new therories attempting to explain the behavior
of the resistivity in the normal state of 3 15 com-
pounds.
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