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Measurements have been made of the superconducting critical Geld and the residual resistivity of oriented
single-crystal tin samples containing In, Sb, and Zn impurities up to 2.2 at. 'Po. The theory of MarJrowits and
Kadano8 is found to describe the variation of transition temperature with resistivity reasonably weB.
From the comparison, we obtain a value of 0.020 for the mean squared anisotropy of the superconducting
energy gap in tin. Linear variations of AT„ascribable to impurity-induced variations of the gross param-
eters of the superconducting system, are determined to be i4i, i35, and 58 m'I/pQ cm for Zn, Sb, and In
impurities, respectively. These results are in good agreement with previous measurements on polycrystalline
material. It is found that the impurity-induced variation of the critical-6eld parameters, He/2; and
(dZ, /dr)v„ is in accord with Clem s theoretical calcuhtions based on the washing out of gap anisotropy
by impurity scattering. Comparison of the data with this theory suggests that the average density of states
at the Fermi surface in tin is not seriously altered by the addition of up to 2 at.% impurity. Linear variations
of ABO with pog are found to be similar to those of AT,.These linear variations of AHo and 5T are correlated
in a way predicted by BCS.

INTRODUCTION

~ 1HE cGcct of nonmagnetic impurities on the super-.conducting transition temperature T, has been
studied expcrimcntRDy by scvcl'Rl Ruthox'8, MRI'ko-
wits and. Kadanoffe (hereafter referred to as MK)
calculated the CGect of impurity scattering on T, using
a BCS-like modcP which includes Rnisotropy. MK
separated the effect into two parts (1) a nonlinear
mean-free-path cGect which produces an initial rapid
decrease of T, because of reduction of energy-gap
anisotropy and (2) an effect linear in impurity concen-
tration which results from small modi6cations of the
average parameters of the superconducting system.
They calculate the foxmer theoretically and name it
the "anisotropy CGect." The lattex is obtained em-
plrlcRlly by effectively subtlRctlng thc Rnisotropy
CBcct from experimental data, and is simply called
the "linear CGect."The essential features of the theory
%'crc vcr16ed by coInpRI'lson %1th thc cxlstlng expcrl-
Incntal data on three supcI'coQductox'8 %1th many
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impurities. Our data will be compared to the theory
using the mechanics set up by MK, but only up to a
point where, as mill be shown, our lowest-impurity data
will permit thc removal of a weak link in thc earher
RQRlysls. Thc weak link conslstcd ln cstlIQRtlng thc
conversion between a theoretical parameter and the
resistivity; in view of the uncertainty in thc quantities
which were used to estimate this conversion, wc be-
lieved a direct determination from T, data to be very
desirable. Further, R single-crystal study, taking into
RccoUQt residual x'cslstRQcc RnlsotI'opy %'Rs avRilablc
only for the cadmium-in-tin system. We therefore
thought it worthwhile to undertake a, single-crystal
study of scvcl'Rl othex' llrlpulltlcs 1Q tlQ.

The effects of impurities on parameters of the -critical-
6eld curve such as the zero-temperature critical 6cld
Be and the slope near T„(dB,/d T)r„havebeen studied
previously. Toxen et ttl.s found that both Bo/T. and
the reduced slope (dh/dt) t, remained sensibly constant
%1th thc Rddltlon of tin to indium. The constancy of
these tWO quantltles has bCCQ kn0%'n RS the 81IQllRrlty
conditions" of the critical-Geld curve. Gueths et el. ,

'
%'olklQg %1th the cadmium-in-tin system, werc thc
6rst to 6nd that both of these parameters varied as
impurity was added to the host metal, and in a manner
which was in agreemcnt with a theoretical treatment
by Clem' predicting the sense and total size of the
cGccts. LRtcl Blech RQd ScI'1Q foUnd R sllnllar I'csult
for the tin-ln-lndlum system. Recently, Clem" has
cxtcQdcd his thcol ctlcR1 %'oI'k to lIlcludc CBlculatlon
of the form of the variations of Bo/T, and of i't (t) with
impurity density. These calculations will allow us to
make R detailed quantitative comparison of our data
to the theory-. Recently, wc have learned tha, t Mont-

I A. M. Toxen, M. J. Burns, and D. J. Quinn, Phys. Rev. 138,
Aii45, (i96$).
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Pro. 1. Circuit used to measure the critical-6eld curve. The
detection coils are ~15 000 turns of No. 40 TeQon-coated copper
wire wound on a form 4 cm long with i.d. 0.09 in. and o.d. 0.5
in. The dc solenoid produces 344 G/A. The ac solenoid produces
34 6/A with the dc winding open.

gomery' has conducted a study of the indium-in-tin
system and compared his results with Clem's predictions.

EXPERIMENTAL DETAILS

Seventy-seven tin single crystals in the tetragonal
phase containing antimony, indium, or zinc impurity
were grown and annealed at ~190'C for a period of
six to 30 days to relieve strains and homogenize the
impurity distribution. The methods of crystal growth
and ol'1c11tat1011 wcl'c cssc11tlaliy tllosc dcsc11bcd by
Gueths et cl.' and will not be repeated here. The descrip-
tion of a new device used as an aid in the orientation
of these crystals will be published elsewhere.

For thii work it was necessary for us to have an
experimental parameter which was proportional to the
impurity density. The residual resistivity in a particular
crystallographic direction 6lls this requirement, whereas
the resistivity ratio used in some previous investigations
is not entirely satisfactory owing to the impurity type
and the temperature dependences of the anisotropy
of the tin resistivity. %e have chosen ppL, the residual
resistivity perpendicular to the tin tetrad axis, as the
plotting parameter. This work was concurrent with a
study of resistivity anisotropy which is described in
the following paper; the details of the resistivity deter-
minations will be given there. '3

The superconducting critical 6eld H, of each sample
was measured at several points in the temperature
intervals 3.7—3.5 K and 1.9—1.1'K. A low-frequency
ac method of measurement similar to that described

by Reynolds et al. '4 was employed using the cryostat,
solenoids, and detection coils described by Gueths
et ul. ' The circuit used in this measurement is shown in

Hc(Oe)
P.O

O
Op p

O. l

I

0.3

Fig. j. and contained two identical detection channels,
which permitted the simultaneous measurement of an
alloy sample and a standard sample. Errors resulting
from small temperature drifts were thus eliminated and
a direct determination of the difterence in critical field
68, was obtained. All alloys were measured relative
to the standard sample, which itself contained 0.01%
Cd impurity; dH, was later corrected to a pure tin
reference. In the circuit of Fig. 1 a voltage proportional
to the change in dc solenoid current appeared on the
recorder X axis, and F deflection signified a phase
transition. Since the ac Geld ((0.15 Oe) was always
less than the transition width (&1 Oe) the centroid
of the recorded transition was taken as H, . Inhomo-
geneous alloys were identi6ed by broad transitions
with a temperature-dependent shape, and were rejected
on that basis.

Sample graphs used in the data reduction are shown
in Fig. 2. Since the critical-Geld curve of tin is nearly
linear near T„it is easily demonstrated that the inter-
cept and slope in Fig. 2(a) may be used to obtain
hT, and 8(dII,/dT)r. , respectively. We shall con-
sistently use the symbol 6 to mean a change and the
symbol 8 to mean a fractional change, both relative to
pure tin. In the reduction of the lower temperature
data from which we obtained ABp it was assumed that
the reduced critical field h could be written as a function
of the reduced temperature t in a form

h =1+Afs+DI4+. ~,
where A, 8, etc., and t are slowly varying functions of
impurity density. Under these assumptions it may be
shown that a graph of the type shown in Fig. 2(b) will

~' D. C. Montgomery, Ph. D. Thesis, University of Illinois, 1967
(unpublished) .

~ F. V. Burckbuchler and C. A. Reynolds, 6rst following paper,
Phys. Rev. 175, 550 (1968).

~4 C. A. Reynolds, B. Serin, and L. Nesbitt, Phys. Rev. 84,
691 (1951).

Fzo. 2. Sample of the data and form of data reduction. In (a)
AH, )=H, (pure) —H, (alloy)g is plotted versus H, (alloy) and
was used to determine AT, and b(dH, /dT}~, . The graph in (b)
was used to determine aHO, g =H, (1)/Po for pure tin; $~ = 7'/7'„
also for pure tin.
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be linear for the range of our data and it extrapolates
to BPs as t 4—. The subscript p in Fig. 2(b) denotes
pure tin for which the critical Geld data of Finnemore
and Mapother's were used in obtaining h„(f~).

It is estimated that the dT, of a sample relative to
our standard sample was accurate to &0.0002'K plus
&1% of hT, . By extrapolation from our least impure
samples, we obtain T, (pure tin) =3.7230+0.0010'K,
which is in reasonable agreement with Finnemore and
Mapother's" value of 3.7216&0,0010'K. The measure-
ment of o(dP, /d T) r„esti mated to be accurate within
&0.003, was particularly sensitive to errors arising
from sample inhomogeneity and a nonzero demagnetiza-
tion coefIj.cient. To AHA we assign an uncertainty of
+0.3 Oe. Since the samples were held at room tem-
perature between measurements, the room temperature
solubility of impurities limited. the range of accessible
impurity concentration. Residual resistivity measure-
ments indicated that approximately 1.8 at.% antimony
and less than 0.1 at.% zinc were soluble in tin.

The precipitation of zinc occurred slowly, however,
and results for zinc impurity are presented below which
correspond to impurity densities approaching 0.5 at.%.
The resistivities of zinc impurity samples were extrapo-
lated (by &5%) to the time at which the critical-field
measurements were made. Solubility limited the zinc
data and the high-temperature antimony data. The
low-temperature antimony data, and the high- and
low-temperature indium data were limited by another
eGect however. This effect was a change in the character
of the superconducting transition, which we tentatively
ascribe to a superconducting sheath for some range of
applied field H& B,. This limited the high-temperature
indium data to &2.2 at. %%uo, an d th e low-temperature
indium and antimony data to &1.8 and 1.4 at.%,
respectively.

RESULTS

Transition Temyerature

The results of the T, measurements on our samples
containing antimony, indium, or zinc impurity are
shown in Fig. 3. It is this data that we have compared
to the theory of Markowitz and Kadanoff, ' according
to which the change in transition temperature is given
by

T.=E'x+ (~s)T.I.(x), (2)

in which E' is the coefficient of the linear eGect and is
dependent on the impurity type i. (as) is the mean-
squared energy-gap anisotropy in pure tin, and I,(x)
is a function obtainable from their Fig. 4. x is a theo-
retical variable dined in terms of a mean collision
time r which averages over scattering events in such
a way as to take account of their eGect in washing out

'5 D. K. Finnernore and D. E. Mapother, Phys. Rev. 140, A507
(1965}.
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Pro. 3. Change in transition temperature, AT„versus poi
for antimony (~), indium (0), and zinc (+) impurity samples
measured in this work.

hT, /pp J=[E' (0.36+0.078 lnC) (—as) T,)C

+0.078(cs)T,C inpoJ (3)

was used by MK. In the limit of low impurity concen-

gap anisotropy. r is not to be identified with the
relaxation time for transport r except for the special
case of isotropic scattering. It is sufhcient for our
purposes to know that z is proportional to the impurity
density as is p«. Ke have therefore deGned a constant
C( =x/ppJ), which we have determined from our data
along with (as), Es, E a, and Ez . Conceptually, C
might be a function of impurity type; however MK
found this not to be the case for tin, and we have come
to the same conclusion. Assuming C to be independent
of impurity type, Eq. (2) declares that the data of one
impurity can be mapped onto the data of another
impurity by the addition of a constant to the quantity
AT,/psJ. In this analysis we confine our attention to
the impurities for which our data cover a wide range,
viz. , antimony and indium. The constant 0.077'K/pQ
cm has been added to each indium data point. That this
mapping of indium data onto antimony data is success-
ful is clearly shown in Figs. 4 and 5. Numerical results
are obtained by comparing the data with two approxi-
mations to Eq. (2). In the high and intermediate
impurity range of these data the approximate expression
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TAsLE I. Linear-e8ect coefficients and their separation into coefIIcients for isotropic mean-free-path @feet and charge effect.

(a) Linear-effect coeKcients E'C ('K/pQ cm) '
In Cd InSb Sb Zn

Presentb

0.057 0.075

0.071'
(0.068)

0, 100

e p ~

(0.101)

0.134 0.088

0.142
(0.051)

Ginsberg-
Markowitz~ Gueths' Ginsbergf

Glover and
Sherilltt Present

a (K'/pQcrn)'

/f (K /at%)

0.019

0.102"

0.020h

0 0871

0.01st

0.101

0.0224

a Resistivity ratios (pt) used in some previous studies have been con-
verted to pox by the relationship pt /pox = (1+cocos'8) /9.05 (1+0.55 cos~8)

using the af)'s of Ref. 13 and taking cos~8 0.2 for a polycrystalline sample.
b Measured values, except that values in parentheses vrere calculated

from our a and P.
o Estimated from the data of Gueths et al. (Ref. 2).
~ Reference 18.

e Reference 2.
D. M. Ginsberg, Phys, Rev. 138, A1409 (196$).

I R. K. Glover, III, and M. D. Sherlll, Phys. Rev. Letters 5, 248 (1950)."These est1mates are based on six impurities in tin.
t This is a theoretical estimate based on a simple model of the effect of

mean free path on the electron-electron interaction.
~ Measured directly by charging a thin 6lm of tin.

tration Clem" has suggested the approxima, te form

AT /pent = (—0393 (a') T,+Z') C+00557 (u') TC'pent.

(4)

These two expressions plot linearly onto the scales of
Figs. 4 and 5, respectively, in which the straight lines

shown have been interpreted in the light of Eqs. (3)
and (4), respectively. In plotting I'ig. 5, the highest
few points were corrected to compensate for the small
difference (&4 j~) which exists in that range between
the more exact function I, and its approximate form
contained in Eq. (4). Also, the lowest few points af-
forded a sensitive means of correcting the absolute
d T, of all samples in that a deviation from linearity
of the form (const/pp J.) would result from any additive-
constant error in all of the hT, values. This resulted in

o.o--
CP

Cy
"o.t

a 0.0005'K correction to our initial estimate of T,(pure) .
The line shown in Fig. 5 is a best 6t to the low-impurity
data and not an extension of the line or curve shown in
Fig. 4.

Combining the information from Figs. 4 and 5, we
have found. that C=15.1 per pQ cm; our results for
(a') and the linear-effect cocflicients are hsted in Table
I along with those from previous work. %e estimate the
uncertainty in C and in (as) to be +15%.The linear-
eGect coeScients are expected to be accurate to within
+0.01'K/flQ cm, but the differences between different
lnlplllltlcs ale lllllcll bet tel' known wlthlll &0.002 K/pQ
cm.

We note that there is very good agreement between
our results and those of MK. This is a consequence of
(1) the agreement of the data of Lynton et al.s (used

by MK) with our own, and (2) our obtaining of a
result for C which is in good agreement with the value
used by MK.

In view of the conclusion drawn in Ref. 13 that
scattering is not isotropic in tin in the residual-resist-
ance regime, it is surprising that our value of C agrees

«o

lo
"0.5

-0.4
&o.ot o.t t.o

Pro. 4. Antimony- and indium impurity data of Fig. 3 replotted
on diBerent scales; a constant b, T,/po~=0. 077'K/p, Q cm has
been added to the indium data points to superpose them onto
antimony data. Only samples for which the tetrad axis is nearly
perpendicular (8&75') to the sample axis are shown here. The
straight line is drawn to facilitate comparison to Eq. (3). The
curve represents Eq. (2).
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Fzo. 5. Low-impurity data of Fig. 3 but plotted on a different
abscissa scale. The straight line is drawn to facBitate comparison
with Eq. (4).



with MK's value; they vrerc forced to assume isotropic
scattering. We note, however, that their computation of
C involved the Fermi velocity eg and the ratio of
conductivity to mean free path o/A. Neither of these
quantities is well known for tin (estimates differ by
as much as a factor of 2) owing to their large anisot-
ropies. We must therefore conclude that the agreement
concerning C is fortuitous. Our experimental value of
C contains information about the ratio of the mean
free times appropriate to energy-gap anisotropyvrashout
and electrical transport, viz. , r,/r; any attempt to
determine this ratio is premature hovrever, since the
uncertainty in sp and. o/A. permits estimates of r,/r
that range betvreen 2 and ~. It is also surprising that.
C is independent of impurity type when thc anisotropy
of po is clearly dependent on impurity type. "We believe
that the apparent constancy of C is a consequence of thc
choice of po~ as the plotting parameter, in that this
component of the resistivity is primarily determined
by large-angle scattering, as is also the washing out of
energy-gap anisotropy. (Zavaritskii" has found that
thc directions of maximum and DllIllnlunl gap values
are separated by essentially 90'.) The resistivity paral-
lel to the tetrad axis, polI, ls determined by small-angle
as well as large-angle scattering. Had po~~ been used in
our analysis, C would have varied vrith impurity type,
and vre would not have been able to map the data of one
impurity onto that of another. '~

In Fig. 4 we have plotted Eq. (2) with &=15.1,
(a') =0.020, and Esb=0.136. It is seen that the theo-
retical curve weaves about the data and reasonably
describes its general behavior, but that thc Gt is far
from perfect; the maximum deviation of the theoretical
curve from the data exceeds 0.005'K, which is well
in excess of the experimental uncertainty. A variation
of the parameters C, (as), and E' does not appear to
materially improve the Gt, and the authors believe that
the dlfBculty ls looted ln thc assumption of lsotroplc
scattering made in thc theory. As has been pointed
outbyoneof us(DM, see Ref. 6), amoreexactsolution
can be obtained once the detailed variations of energy
gap and relaxation time over the Fermi surface are
known. Such detailed knowledge is not yet available
hovr ever.

Markovritz and later Ginsberg's have resolved the
linear CGcct cocfBcients into a term proportional to thc
resistivity, vrith coeScient 0., and a term proportional

MN. V. Zavaritskii, Zh. Ehsperim. i Teor. Fix. 48, 837 (1965)
[English transL: Soviet Phys. —JETP 21, 55/(1965) ).

"We expect that the resistivity ratio (p&} of polycrystalh e
samples used in some previous investigations will be much more
strongly influenced by ppL than pp~~ for three reasons. (i) An
average residual resistivity is given by Pp=(2pp~+pp~I)/3. (2)
It is our experience that cast specimens grow in the perpendicular
orientation preferentially, i.e., more often than would be expected
on a statistical basis. (3) Xn a truly polycrystalline sample there
will be parallel regions of di6erent crystaHographic orientation;
a current will be shunted by crystallites with |I~90 due to their
lower resistance.

D. Markowitz, Ph.D. thesis, University of Illinois, i963
(unpublished); D. M. Ginsberg, Phys. Rev. 136, Aii67 (i964).

to the valence excess of the impurity, vrith cori.cient
P. We have followed their procedure exactly using our
antimony and indium impurity data, and so vre vrill not
repeat their arguments here. The results of this analysis
using our results are given in Table I(b) and are in
good agreement with the earlier work.

ksT, =1.14%en exp[—1/Z(0) Vj,

Ps=1.75gkrX(0) j'lsksT, .

(5)

(6)

E(0) is the average density of states of one spin di-
rection at the Fermi surface in the normal metal.
V is the attractive electron-electron interaction, and
Sco~ is some average phonon energy. Thc major part
of the linear CGects vrill come from variation of
exp) —1/F(0) Vj, which is common to both T, and
He, the similarity condition, Hs/T, =constant, is
therefore seen to be predicted by SCS under the re-
striction that X(0)'I' is slowly varying. In order to
avoid linear CQ'ects, Clem vrorked vrith a quantity
8s, where

8ss=Bss/8~Ps.

This quantity is strictly free of linear CGects in the BCS
context since y, the normal-state electronic speciGc-
heat coef5cient, is proportional to N(0). Clem calcu-
lated the impurity-induced change in Bo and tabulated
~a'.

"=Ms(x) —Hs(0) j/(o')Hs(0). (8)

As the changes in Hs/T, due to all origins are small, we
may separate them according to

3(H./'. ) = ("»-+-,»(0)
The second term in this expression, which represents a
fractional variation in the density of states, is expected
to be small and linear in. po~. We therefore compare our
experimental values of Hs/T, with the erst term in
Eq. (9), being mindful of any linear separation of the
experimental points fram the theoretical prediction.
This comparison appears in Figs. 6(a), 7(a), and 8(a),
where our results for (os) and C have been used in
conjunction with b~ from Fig. 3 of Rcf. 11 in order to

Variation of Hs/T,

In the analysis of transition temperature vre obtained
values of (us) and C, whichwemaynowuse to compare
variations in the other critical-field parameters to the
predictions of Clem. Using the anisotropic BCS-like
model introduced by MK Clem" has calculated the
CGcct of energy-gap anisotropy on the critical-Geld
curve. As ln thc MK thcol'y UQpurity scattcrlng
reduces the effective (os). Clem noted that the critical
Geld is expected to exhibit linear impurity-induced
CGects similar to those of T,. For the particular case
of Ho this may be seen from thc isotropic SCS~ relations
fol' T Rnd Hp'.
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.Oio-

I a- energy-gap anisotropy. A variation due to 5E(0) is
also expected from the BCS' expression Ltheir Eq.
(3.52)j for the slope near T,. Combining these con-
tributions, we have

~l cP~ .005
6Q

0.05

~ 0.02 "
Io

~l-~~ 0.0l
6Q

Aw'IMONv

~ ~

ANTIMONY

(10)

in which Xrr (i, x) is a function given in Fig. 1 of Ref.
j.i. The comparison of experimental and theoretical
slope variations is handled the same way as was done
for Hp/T, and is shown in Figs. 6(b), 7(b), and 8(b).

Examination of Figs. 6—8 reveals that there is good
agreement between theory and the experimental data
especially in view of the smallness of the eGects. For

.OI5

0.00-
0 0.5

,OIO

Fxo. 6. Antimony impurity in tin. Fractional change in I'a)

Hp/T„(b) (dH, /dT)T. as functions of ppJ, The curves are pre-
dicted by Clem (Ref. 11) using (a') =0.02 and X=15 p0i. Filled
circles have 8&75', open circles have 8&75'.

K}
.005

plot the theoretical curve. We postpone discussion of
this comparison for a moment.

Slope of the Critical-Field Curve near T,

In the case of (dH, /dT)r. , we may use Clem's"

Kq. (24) in order to obtain an expression for the frac-
tional variation of the slope due to the reduction of

.OIS-

0,05—

0.02-

0.0I-6Q

,OIO-

0.00
0

P~ {p,Q cm}

.005 - /g ~

,0OC 0

INOIUM

0.05 "

~ 0.02

M U O.OI

0.00
0 04 I.O

Pyo. 7. Indium impurity in tin. Otherwise the same as Fig. 6.

PIG. 8. Zinc impurity in tin. Otherwise the same as Fig. 6.

antimony impurity the agreement is excellent, suggest-
ing that iV(0) is held very nearly constant as this
impurity is added to tin, In the case of indium it is
seen that Hp/T, systematically falls below the theo-
retical curve, though by an amount which is comparable
to the experimental uncertainty, and it is doubtful
that the discrepancy is due to a variation of X(0). If
X(0) were changing, we would expect the separation
of theory and data to increase linearly with the addition
of impurity; this does not appear to be the case. Fur-
ther, we would expect that both Hp/T, and (dH, /d T) r,
would depart from the theory in a similar way if 1V(0)
were responsible. In contrast to Hp/T„ the slope meas-
urements depart in the opposite sense, if they depart
at all, from the theoretical prediction. We are led to
conclude that the discrepancy in Hp/T, is a consequence



of a systematic experimental error of about 0.2%%uo, which

is not to be considered serious. For zinc impurity vie

Gnd the data and theoretical curve to be in satisfactory
accord. . The sma11 positive displacernent is within our
estimated experiInental uncerta, inty.

Montgomery" has estimated (e') to be 0.014+0.001
from results on Hs'/T, sS{0) for a smail set of quasi-
single-crystal tin samples with indium impurity. In-
deed, our own indium impurity Hs//T, data might lead
us to believe that (a') was somewhat lower than 0.020.
All of our other graphs however, including (dH, /dT)r,
for indium impurity, favor the estimate (as)=0.020.

(3 ~II o

Slm11RHtg COQ61tlons

%C mentioned similarity conditions above, viz. , the
alleged constancy of (dh/dt) q and Hs/T, . The latter is
obviously violated in the graphs of Figs. 6(a), 7{a),
and 8(a). The former requires that the slope and

Hs/T, change by the same amount. We see that the
variation of slope exceeds that of Hs/T, by about a
factoI' of 2. Wc concuI' with Gueths- 8t cl. In SRylDg

that nclthcr similarity conditloIl ls appllcaMc when
impurities are added to tin. From the agreement shown

by our comparison to Clem's theory, " we conclude
that this is a consequence of reduction of the CGect
of gap anisotropy due to impurity scattering. %C may
set an upper limit of 0.5%%uo on the change of $(0) with
the addition of 1 at. %%uoof indium, antimon y, orzinc
impurity to tin. %bile some of our data indicate that
the change is even much less, we believe that the scatter
in the indium-impurity data indicates that wc should
be cautious in making this estimate. The method is not a
sensitive test for small changes in X(0), nor was it
intended to be.

0.5
g {p.~ «)

FIG. 9. The lower curve is the change in IIO resulting from the
reduction of gap anisotopy as predicted by Clem I,'Ref. 11) for
(as) =0.02 and x/pai = 15.The points were obtained by subtract-
ing the theoretical curve from the measured change in II&. The
straight lines are dravrn consistent vrith the similarity principle
that Zo/T, =constant (the effect ot (o') having also been sub-
tracted from 2;). (~), antimony; (0}, indium; (+}, zine
imp urltIes.

similarity condition may be written in the form

~&0'=~&'O, t ~al
—~o, an 8

Linear EBects on Ho

It is implicit in the agreement of the data with
Clem's theory that the second similarity condition is
obeyed by the linear egects of alloying on Hs and T,.
The relative insensitivity of the ratio of these quantities
to changes 1I1 $(0), V, and (en 1s embodied 1ll the BCS
Eqs. (5) and (6). However, it is instructive to look
at the linear effect in Hs explicitly. We have subtracted
the anisotropy effect (EHs,„;,) from EPs, t,,r,,~ by use
of the expression

This fUIlctlon ls lndcpcndcnt of impurity type RIll ls
displa, yed in the lower curve in Fig. 9. The DBO da, ta
are also shown here, but with d,HO, ,„,, subtracted out.
The most important feature of the data is that they
vary linearly with po~, and at a rate which depends on
the particular impurity. %c may predict the rates
from the linear-effect coefEcients (CK') of i) T,. The

=Les(0)/T. (O) ICK'p, z

for cRch, lIQpuI'1ty type $. The straight llDcs in Fig. 9
%'cre obtR1Dcd froID this equation. It ls clcaI'ly demon-
strated that the linear CGects in Ho and T, are highly
correlated. It is pointless to speculate on improving the
agreement in Fig. 9 since we have used rather imprecise
estimates of (e'), C, and X' to subtract a major con-
tribution from ABO,~~,I, which was less precisely meas-
ured than iLT,.

SUMMARY

In comparing' our hT, data to the Markowitz-
Kadanoff theory, we have determined (a') =0.020,
Rnd IIQpux'lty-Induced varlRtlons of thc parameters
Fuse, E(0), and V are found to be responsible for linear
transition temperature variations of 141, 135, and
58m'K/tIQcm for Zn, Sb, and In impurity, respectively.

e have found that the impurity-induced variation
of the critical-field parameters Hs/T, and (dH, /dT) r,
arc in accord with the theoretical calculations of Clem
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based on the washing out of energy-gap anisotropy by
impurity scattering; this point is thus established for
four impurities in tin. Additional linear variations of
Bo with po~ are correlated with similar variations of
T„aspredicted by BCS. Our results suggest that
X(0) is held nearly constant as In, Sb, and Zn im-

purities are added.
General and consistent agreement between theory

and experiment is found for all of the parameters
of the critical-6eld curve studied. Because of the rela-
tive inaccuracy of the measurements of Ho and

(dH, /d T)r., no more can be said of their comparison
to theory. The greater accuracy of the T, measurement,
however, shows that there are yet unresolved dis-

crepancies in the detailed shape of the variation of this
quantity when impurities are added to tin.
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Anisotropy of the Residual Resistivity of Tin with Sb, In, Zn, and
Cd Impurities, and the Id.eal Resistivities and Deviations

from Matthiessen's Rule at 77 and 2'73'K*
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Measurements have been made of the orientation and of the electrical resistivities at 4.2, 7'I, and 273'K
of single-crystal tin samples containing In, Sb, Zn, and Cd impurity up to 2.2 at.%. The superconducting
transition temperature was used as a measure of impurity concentration. The anisotropy of the residual
resistivity is found to be dependent on impurity type, De6ning uo as the ratio of residual resistivities parallel
and perpendicular to the tin tetrad axis (ay= p0~ ~/poi), it is found that ~=1.21+0.05, 1.30~0,07, 1.53+0.07,
and 1.60+0.07 for In, Sb, Zn, and Cd impurities, respectively. These results indicate that impurity scattering
jn tin js not isotropic, and a qualitative discussion of these results is offered. It is found that po~ varies
linearly vrith impurity content x for indium and antimony impurity; @re determine (pox/x) =0.54+0.02
and 0.55~0.0& go cm/at. % for these two impurities, respectively. For zinc impurity this quantity is
estimated to be at least 0.82 pQ cm jat.m. For the 8=90' orientation, it is found that the deviations from
Matthiessen s rule at 77 and 273'K vary linearly vrith poi and are, vrithin experimental uncertainty, the
same for Sb, In. and. Zn impurity. At the ice point the deviation is approximately 1.7 times larger than at
77'K vrhere the deviation is (10&1)'Po of pe~. Determinations of the ideal resistivity at 77 and 273'K
are in good agreement with previous determinations made by Gueths.

INTRODUCTION

p IBISpaper is the result of an experimental investiga-

..tion of the anisotropic electrical resistivities of

impure tin at 42, 77, and 273'K.. Approximately 80
oriented tin single crystals containing cadmium, anti-

mony, indium, and zinc were measured. The purity of

the samples (0.03-2.2 at.%) was such that the 4.2'K
measul cmcnts yielded thc residual 1cslstlvltlcs. The
resistivity per unit of impurity density ps/s has been

found as a function of crystal orientation and impurity

type. From the 77 and 273'K measurements we have

*Supported by U.S. Air Force O@ce of Scienti6c Research
Grant No, AF-AFOSR-474-67 and O@ce of Naval Research
Contract No. NONR 2N/(00). Part of a thesis submitted by
F. V. Surckbuchler to the University of Connecticut in partial
fulfillment of the requirements for the Ph.D. degree in Physics.
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determined the ideal resistivity of tin at these tempera-
tures and the deviations from Matthiessen's rule.

The orientation dependence of the resistivity of a
tetragonal crystal such as tin may be written in the form

p(e) =p~(1+(e—1) cos'0),

in which 8 is the angle between the current direction
and the tetrad axis. By pi we mean p('90') and u, which
we call the anisotropy, is the ratio p(0')/p(90').

Previous measurements of the anisotropy ao of the
residual resistivity have appeared to bc inconsistent
with each other. ' 3 The values of this quantity as found

' J. E. Gueths, C. A. Reynolds, and M. A. Mitchell, Phys.
Rev. 150, 346 (1966).

s A. B. Pippsrd, Proc. Roy. Soc. (London) A216, 542 (1955).' V. B. Zernov and Yu. V Sharvin, Zh. Eksperim. i Teor. Fiz.
36, 1038 (1959) /English transl. : Soviet Phys. —JETP 9, 737
(1959)j.


