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Low-teinyeratnre resistivity and thermoelectric ratio of coyyer and gold
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The resistivity p and thermoelectric ratio G have been measured between 0.04 and -7 K for "pure"
polycrystalline samples of copper and gold, in a. dilution refrigerator with a superconducting quantum-

interference device null detector system. The measurements confirm that these metals, like silver, show a

p —po ~ T' temperature dependence over a substantial temperature range. For the best copper sample a

p —po~ T' ' temperature dependence below 2 K is strong evidence for electron-electron scattering.

I. INTRODUCTION

Recently, Barnard and Caplin' have published
resistivity data for single-crystal silver samples
which demonstrate a T~ dependence between 1.2

.and 4 K. In this paper we give results of resistiv-
ity measurements on copper and gold and show
that these metals also exhibit a T4 (N-4) depen-
dence over a similar temperature range. We also
present data down to 40 mK in our quest for a def-
initive answer regarding the existence of a T'
contribution to the resistivity resulting from elec-
tron-electron scattering.

Much of the current theoretical work on the re-
sistivity of metals is concerned with the explan-
ation of a T" (N-2.8) terin observed by Rumbo' in
high-purity single crystals of copper between 1 and
4 K. Thus Brett and Black' have proposed that
this temperature dependence results because of
the change in the predominant scattering mechan-
ism from electron-phonon scattering to electron-
impurity scattering in this temperature range. Qn
the other hand, Lawrence4 ascribes it to the change
from electron-phonon scattering to electron-elec-
tron scattering. Dosdale and Morgan' have per-
formed a pseudopotential calculation of the resist-
ivity of copper alloys in the "dirty limit, " obtain-
ing a T"-dependence between 10 and 20 K.

As far as electron-electron scattering is con-
cerned, the results for copper should be the most
significant, because in this metal the electron-
phonon scattering is expected to diminish to neg-
ligible proportions at a comparatively high tem-
perature because of its large Debye temperature
(320 K), while the electron-electron scattering
should be the same order of magnitude as that of
other simple metals. 4

In Table I we show the theoretically estimated
contributions to the resistivity for electron-elec-
tron scattering' and expected crossover temper-
atures' where phonon and electron scattering
should be equal. From this table we expect cop-
per to be the easiest noble metal in which to see

an electron-electron contribution and gold with its
much lower Debye temperature (™180K) to be the
most difficult.

Our pr'ocedure has been to analyze the lowest-
temperature data which are still appreciably above
noise level to see if a T' dependence is obeyed.
In this way we hope to avoid problems of nonad-
ditivity of the components of resistivity arising
from competing scattering mechanisms at higher
temperatures. An added advantage of ultralow
temperature measurements is that the residual
resistivity pp can be measured precisely provided
that there are no apparent resistance minima
arising from the Kondo effect. Knowing the value
of p, is very important in the search for a T' de-
pendence.

We have also measured the thermoelectric ratio

where Z and Q are electrical and thermal current
densities and E is the electric field. In an elastic
scattering regime Q should be related to the ther-
mopower S by

S =GI OT (2)

where L,p is the Sommerfeld value of the Lorenz
number. Simple theory says that Scc T in this re-
gion so that Q shouM be a constant. We label QI.pT
obtained from our experimental results by 'S'. S'
=S in the elastic scattering regime.

The measurement of G and S' (-8) is an impor-
tant adjunct to measurement of p for the following
reasons. First, it gives information regarding
the nature of any impurities, particularly those
which generate Kondo resistance minima. Second,
a large mg, gnitude for S can result in a significant
reduction in the precision of p measurements since
fluctuations in the temperature of the refrigerator
could induce significant thermoelectric noise volt-
age across the sample. Third, our measurements
of p are not strictly isothermal, since the measur-
ing current, which enters and leaves at opposite
ends of the sample via superconducting wires,
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B (]0~5 QcmK 2)

Crossover
temperature (K)

Ag
Au

Cu

140
140
76

2.4
2.2
3.6

causes Peltier heating and cooling at the ends of
the sample. The heat flow thereby established
through the sample will induce a thermoelectric
voltage. A large value for S' can result in a sig-
nificant systematic error. The size of this sys-
tematic error is -S'/L, . For all the measure-

TABLE I. Theoretical values of B I.Eq. (3)] in the
regime where N-2 for three noble metals. The cross-
over temperature. is the theoretical value of the temper-
ature at which electron-electron and electron-phonon
scattering should make equal contributions to the re-
sistivity, .

ments reported here, the size of this error is
negligible on the scale of our precision.

II. EXPERIMENTAL

Cu 1 was prepared from ASARCO copper of high
but unknown purity purchased several years ago.
Cu 5 and 6 were prepared from ASARCO 99.999+
pure hot-rolled copper. They were machined
with potential probe arms and annealed for three
days at 1220 K in oxygen at a pressure of 5 && 10 4

Torr. ' Au 1 and Au 3 were made by melting
COMINCO 99.9999% pure gold pellets in a graphite
mold. Gold wire (0.025-cm diam. ) potential probes
were spot welded to the samples which were then
annealed in air at 1220 K for two days to minimize
the effect of iron impurities. We also attempted
to produce Fe-free Au samples using a chlorine
annealing technique. ' These chlorinated gold sam-
ples gave enormous Q values and accompanying
resistance minima which completely destroyed

TABLE II. Various parameters for copper and gold samples. po, B, and N (and their un-
certainties) are obtained by least- squares fitting the data to Eq. (3) over the temperature
range shown. & is the free-electron mean free path for a metal with resistivity po. d is the
smallest dimension of the sample.

R ~nn

Sample R4 2 X/d
Temperature po B

range (K) (10 ~cm) (1P Qcm K +)
P4.-2- Po

(10 "&cm)

Cu1

Cu 5

CU 6

2 600 0.08 3.06-7.00

P.3-2.1

0.6-1.85

5420 -0.10 3.47-7.00

4 190 0.11 2.57-7.53

0.064-2.15

6.539 02
+0.000 04

6.536 36
+0.000 04
6.536 35

+0.000 04
3.12961

+0.000 08
4.042 12

~0.00005
4.040 46

+0.000 01

5.10
+0.05
40.3
+1.3
41.9
+1.3

, 2.55
+0.07
3.0

+0.05
34.8
+1.7

3.93
+0.005
2.38

+0.04
.2.32

+0.09
4.02

+0.015
3.994

+0.007
2.03

+0.07

1.44

0.83

0.89

Cu3 8 810 0.96 3.08-7.28

Cu4 7 380 0.92 3.03-7.27

Au 1 5 600 0.13 1.48-6.40

1.48-6.80

0.5-1

Au 3 0 800 0.07 2-7.1

0.5-1.3

Rumbo
Cu 1 13690 1.34 3.3-7.21 1.13143

+0.001
1.761 2

+0.000 2
2.099 1

+0.002
3.898 40

+0.000 09
3.897 99

%0.000 09
3.898 86

+0.000 04
7.752 20

+0.000 28
7.751 06

+0.000 02

10.6
+ 2.5

4.56
+0.3
15.4
8.0

43.3
~0.2
44.5
~0.5
65.2
+3
51.0
+0.3
63.7
k3

3.32
+0.1
3.69

+0.03
3.00

+0.2
3.975

+0.002
3.959

+0.006
3.28

+0.41
3.987

+0.003
3.47

+0.15

1.4

0.93

1.12

130.3

131.1

157.3
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their efficacy as far as the resistance of pure gold
was concerned. These samples will be the subject
of a future paper.

The measurements were performed using a di-
lution refrigerator with a superconducting quan-
tum-interference device (SQUID) null detector
system as described by Imes et al. ' and Schroeder
and Uher. " The Cu¹i-clad NbTi wires which are part
of the SQUID circuit were in each case soldered
to the potential probes on the samples. Earlier
measurements in which the NbTi leads were di-
rectly soldered to the sample at a '-'point" gave
rise to many abnormalities in the measured re-
sistance. Resistance measurements were made
with a precision -2 parts-in 10'.

A germanium resistance thermometer (Cryocal
CR-100) calibrated between 0.2 and 2 K was the
basic temperature standard. Temperatures from
0.04 and 0.3 K were measured with a second Cryo-
cal CB,-50 germanium thermometer calibrated
against the CQ-100 above 0.3 K and against a di-
luted cerium-magnesium-nitrate (CMN) therm-
ometer between 0.04 and 0.3 K. The measure-
ments above 3 K were made using another cali-
brated germanium thermometer. The precision

in temperature measurements was ~1 mK through-
out.

III. RESULTS

The resistivity was fitted by least squares to

p =p, +Br~ (3)

in two ranges of temperature. p, , B, and N are
variable parameters. In the upper range we found
N-4. In the lower range we were searching for a
T' dependence with as small a contribution from
phonons as possible. We therefore used the low-
est temperatures consistent with the need for a
finite range of points to fit Eq. (3), and with the
temperature variation of the resistance being dis-
tinguishable from the noise. The results are given
in Table II. We also include analyses of Bumbo's
data (-1/10 our precision) over approximately the
same range as ours using the same computer pro-
gram. In Fig. 1 we illustrate the T", (N-4) de-
pendence for the Au 3 and Cu 6 sample, and in
Fig. 2 we show the variation of (p —p,)/T" with T
for all the samples measured. For comparison
we also include some results for silve&. '" In
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FIG. 1. Resistivity of Au 3 and Cu 6 samples plotted against T (N given in Table II). (Note, to be consistent with
the parameters correctly given in Table II, the ordinate for Au 3 should be multiplied by 0.9).
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FIG. 2. (p po)/T+ fo-r. Au, Cu, and Ag samples plotted
against T. N for Au and Cu is given in Table II. N=4
for Ag BC5 [sample 5, Barnard and Caplin (Ref. 1)]
and 3.96 for Ag KC2 I.sample C2, Khosnevisan et cl.
|Ref. 11)]. For the Cu data, the units of the ordinate
are 1O-" a cm-K.-".

Fig. 3 we show the results for the low-temperature
resistivity with the fits using the parameters in
Table II. In Fig. 4 we show the results for |"and
8 Q+pT 8' will depart from the true thermo-
power, particularly at the higher temperatures
where it is known that I.&I,
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FIG. 4. (a) G and S' plotted against T for Au samples.
(b) G and S' plotted against T for Cu samples.
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FIG. 3. p vs T for the low-temperature measure-
ments on Cu. The curves represent the fits with the
parameters given in Table H.

First it is clear that the high value N we obtain
is close to 4 in both metals, whereas Rumbo's
value for copper is generally closer to 3. The
other significant difference which may or may not
be associated with this is that X/d (A, is the free
electron mean free-path; d is the smallest dimen-
sion of the sample) is -1 for Rumbo's samples and
-0.1 for ours. Another difference is that Bumbo's
samples are single crystal, whereas ours are
polycrystalline. More experimental work is re-
quired to ascertain the significance of these dif-
ferences, though both our polycrystalline sample
of silver" and the single crystals of silver of
Barnard and chaplin showed @ substantial temper-
ature range over which a T" (N-4) dependence
held. Another matter that requires a more thor-
ough checking is the variation of & and p4, —p,
with resistance ratio, which occurs both in our
and Rumbo's data, .

The low-tempex'ature values of N for copper,
2.03 and 2.32, are close to 2.00, and give strong
evidence for the existence of a T' temperature
dependence at low T. This is particularly true of
the Cu 6 sample in which all experimental diffi-
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culties, fatal in some earlier runs, have been
successfully avoided. In the near future, we will
be making: measurements with higher precision
using a current comparator, which will enable us
to improve the quality of our data at the lowest
temperatures and shouM definitively answer the
question of the existence of a T' dependence. It
should be noted that, as in silver, the presence of
a T» (N-2) dependence would not be inferred from
high-temperature data. For. instance poor fits are
obtained if one attempts to fit the data above 1.5 K
to an equation of the form

p =p, +AT'+BT', (4)

or to various other combinations of power laws.
We note that like silver the values of gg obtained
experimentally for the lowest-temperature data,
although not strictly associated with a T' depen-
dence, are of the same order of magnitude as
those predicted by Lawrence~ (Table I) and by
Black, "whose values are 30%-50% of those of
Lawrence.

The low-temperature results for Au are compli-
cated by the fact that the phonon contribution to p
is higher than for Cu. Presumably, this larger
phonon contribution is the reason that N is of the
order of 3.3-3.5 for temperatures below approxi-
mately 1 K. Also for Au 3 there is a resistivity
minimum -3X10 ' p, at -0.3 K, but none is de-
tectable within the precision of our experiment
(-1 in 10') for Au 1. Of course, the existence of

y,n appreciable resistivity minimum would severely
limit our ability, to search for a simple power-law
behavior in the resistivity.

For the Kondo effect, thermoelectric powers of
rather large magnitude usually occur when a re-
sistivity minimum is observed. " In Fig. 4(a) we
exhibit our Q measurements for the two gold sam-
ples. For Au 1 the fact that G rapidly decreases
near the Kondo temperature (-0.24 K)" for Fe in
Au suggests that the decrease is associated with
trace amounts of unoxidized Fe. To be consistent
with the absence of a resistance minimum we
would have to conclude that the sensitivity of Q

to traces of Fe is extremely high. There is some
evidence for this. For example, we have a chlori-
nated sample with a residual-resistance ratio of
V000, for vihich Q ptunges to -1600 V ' at 0.04 K
compared with -4.5 V ' observed for Au 1 at ap-
proximately the same temperature. We cannot,
however, rule out the possibility that these affects
are attributable to some other impurity. Unfor-
tunately, there are no measurements of 8 on
Au(Fe) alloys with known fractional ppm Fe levels
with which to directly compare our data. The
situation is further confused by the fact that Au.3
exhibits a well-behaved Q below 1 K and a weak

resistivity minimum. Here we can only argue that
the Fe contribution to the thermopower is weighted
by a factor p„,/pr, where p„, is the contribution of
Fe to the total resistivity p~, and that for Au 3 this
factor is very small. The whole matter of prepar-
ing Kondo-effect free Au samples will be con-
sidered in another paper. Finally, we note that
the sign reversals of Q for both samples between
approximately 4 and 5 K are in rough agreement
with the S measurements on oxygen-annealed Au

by Guhnault and Hawksworth. " They interpret the
additional negative contribution to S at the higher
temperatures as being due to a change in the dom
inant electron scattering mechanism; electron-'
impurity at low temperatures to electron-phonon
at higher temperatures.

The low-temperature data for Cu 1 again show a
minimum at -0.4 K presumably due to the Kondo
effect. Its magnitude is such that it is just ob-
servable at our level of precision. Cu 6, on the
other hand, exhibits no evidence of a resistivity
minimum. In Fig. 4(b) we show 6 and S' for cop-
per. The Kondo temperature for Fe in Cu is much
higher (-24 K) '4 and typi ally manifests itself as
a minimum in S at -16 K.' It would appear likely
from our Q and S' values for samples 5 and 6 that
there is some Kondo effect present, presumably
due to unoxidized Fe. In fact, the temperature
dependences of S' for these two samples above 1.5
K are very similar to the temperature dependences
of S observed by Rumbo' on Cu samples of larger
resistance ratio; the magnitudes of our S' mea-
surements are roughly a factor of 3 larger. Our
value of -0.3 pV/K for Cu 5 at 4 K is very small
in magnitude compared with a value of --9 pV/K
for a 25-ppm Cu(Fe) sample of Kjekshus and Pear-
son." We do not believe that a resistivity minimum
contribution by unoxidized Fe would appreciably
affect the Cu 6 resistivity data below 2 K, for two
main reasons: First, the small magnitude for S'
implies a relatively small amount of unoxidized
Fe. Second, the Fe contribution to the resistivity
should be close to the temperature-independent
unitarity limit below 2 K." Our main argument
against a significant contribution at higher tem-
peratures is the T" (N-4) dependence which seems
to be.common to the three noble metals. Q and S-'

for Cu 1 are a different matter. They are an order
of magnitude smaller than that for samples 5 and
6; G is positive above 4 K and only below this tem-
perature does it begin to decrease rapidly. This
is not typical of Fe in copper and seems more like
the results obtained for Au with an impurity of
much lower Kondo temperature. A possibility
would be manganese, which has a Kondo temper-
ature of 10 ' K,"a temperature which seems to
correlate with the slight minimum in the very
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small thermopower measured on Cu 1. - The pres-
ence of the resistivity minimum does throw doubt
on the significance of the low-temperature data for
Cu 1.

In summary we conclude that there is strong
evidence of a 7" (N-4) region in the electrical
resistivity of all the noble metals. More work is
required on evaluating what factors influence the
temperature range over which this dependence
holds and in particular the value of the coefficient
p which has considerable significance in "dirty

limit" theories. " The evidence for a T' electron-
electron scattering term is strengthened, but its
confirmation wiQ require measurements with one
order of magnitude greater precision.
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