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THERMAL AND ELECTRICAL CONDUCTIVITY OF Ag AND Pt BELOW 1 K*
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Results obtained in the temperature range 0.3-1.2'K give direct evidence that electron-
electron scattering in the transition metal Pt is at least an order of magnitude greater
than in Ag. Our results do not confirm the anomalous behavior in thermal conductivity
which has been reported for numerous metals below 1 K.

Theoretically, the thermal conductivity of
normal metals is expected to vary linearly
with temperature in the limit of very low tem-
peratures. In recent years, however, sever-
al experimental papers have reported oscilla-
tory deviations from this behavior for a, vari-
ety of metals in the temperature range 0.3
-1.0'K.' No attendant anomalies were observed
in the electrical conductivity, nor in the ther-
mal conductivity of the superconducting state. '
One might therefore infer that the phenomenon
is not found in the thermal transport contrib-
uted by phonons, but rather by electrons. In

addition, the effect would be associated with
small-angle electron scattering which is of
importance in thermal conductivity as opposed
to electrical conductivity. The fact that the
magnitude of the anomalies was found to scale
roughly with the magnitude of the thermal con-
ductivity, i.e. , with the purity of the metal, '&'

is suggestive of an error in thermometry, but
thermal-conductivity data for the superconduc-
tors and for sapphire which varied as T' ap-
peared to rule this out. Nevertheless, in view

of the unusual nature of the above-mentioned
implications and since all previous measure-
ments were evidently made in the same eryo-
stat, we decied to make similar measurements
on Ag and Pt. This also allowed us, in a tem-
perature range where electron scattering by

phonons should contribute less than 1:10' to
the total scattering probability, to compare
electron scattering in a noble metal with that
in a transition metal. The latter has a great-
er density and variety of states at the Fermi
surface because of a more significant overlap
of s and d bands.

The technique was to establish a known ther-
mal flux Q in a sample of cross sectional area
A and length l, measure the (time-independent)
temperatures TC and TII at points C and II a
distance l apart on the sample, and compute
the thermal conductivity K from K = fQ/A(TfI
-TC), where TIf Tg ~0.1T~. An-uncalibrat-
ed resistance thermometer clamped to C main-

tained that point at a fixed temperature (T~)
by means of an electrical heater and electron-
ic {or manual) regulation. With Q =0, T& was
measured with a cerium magnesium nitrate
{CMN) magnetic thermometer attached to H.
Turning on Q then permitted the same magnet-
ic thermometer to measure TII while Tc re-
mained constant. Since the thermometric pa-
rameter of CMN-namely the inverse suscep-
tibility —varies linearly with T, errors in cal-
ibration could at most produce a slight curva-
ture in a plot of K vs T. The CMN was cali-
brated against the vapor pressure of liquid
He' in the range 1-2'K. No corrections were
required. The calibration reproduced to 1:103
from run to run, and was frequently checked
during a run against a calibrated resistance
thermometer. In measuring the electrical con-
ductivities, the thermometer contacts were
utilized as the potential contacts to the sample.

The results on thermal conductivity obtained
for Ag' and Pt are shown in Fig. 1. The scat-
ter is +0.2% but the total systematic error
may be as large as +0.5%.' Both samples had
been vacuum annealed, but were strained some-
what during mounting. Sharma's results on
Ag are also shown in Fig. 1 for comparison.
The anomalous, oscillatory behavior cannot
be found in the present data. Both our samples
were remeasured, and the results (not shown
in Fig. 1) agreed to within 1 /o with the first
runs. The slight change may have been caused
by a limited handling of the samples at room
temperature. A second, unannealed sample
of Ag' was also measured and showed no anom-
alies.

The electrical resistivity p for Ag was 0.203
&&10 ' cm, and was independent of T below
O'K to within +1%." The Pt data could be fit-
ted by the expression p = (1.687+0.0020T')&10
0 em, which, for the T' term, is in reasonable
agreement with the data White and Woods ob-
tained above 2 K." This temperature depen-
dence in p is typical of the transition elements. "

The empirical Lorenz number L(=pK/T) for
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our sample of Ag is 2.53 X 10 ' W 0 'K ' as
compared to the theoretical value of L, = 2.45
x10 ' W 0 'K . Willott found a similar ef-
fect in Al with data obtained above 1.5'K." He
suggested this was due to an additional ther-
mal conduction contributed by transverse pho-
nons, and that the empirical Lorenz number
would tend to I-p at lower temperatures. If
such a conduction mechanism is present in
Ag, it has not started to decrease with decreas-
ing temperature at 0.35'K.

As is obvious from Fig. 1, the data for Pt
definitely deviate from a linear temperature
dependence. Using only data below 0.6'K, which
extrapolate rather well to the origin, gives
an empirical Lorenz number of 2.50~10 ' W
B 'K ', again greater than Lp. A logarithmic
plot of the deviation from this straight line
indicates a T' dependence. Therefore, justi-
fiably assuming the validity of Matthiessen's
rule, we plot T/K vs T and obtain the relation
T/K=0. 676+0.022T cm 'K /W. The T tem-
perature dependence in both p and T /K is in-
dicative of electron-electron scattering, for
which Herring has suggested that an effective
Lorenz ratj.o of L' —1.6X10 W 0 'K should
be appropriate. '3 Using the 7 terms in p and
T/K from our data on Pt, however, gives L'
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FIG. 1. The thermal conductivity K of Pt and Ag ver-
sus temperature. Data labeled Ag and Pt are from the
present work. That labeled (Ag)~, taken from Ref. 4
for comparison, has been multiplied by a constant fac-
tor of 0.78 for purposes of clarity. Ag is referred to
the left ordinate, Pt and (Ag)& to the right.

Other recent measure-
ments on the transition metals at higher tem-
peratures also indicate low values of L', with
1.0 for Nj. ,

~ 0.7 for Pd, and 0.5 for Re, ' each
in units of 10 ' W 'K '. '6

In summary, the present experiment clear-
ly shows that cusp- or oscillatory-shaped anom-
alies are not inherently present in the thermal
conductivity of pure metals. It has given fur-
ther evidence that the details of electron-elec-
tron scattering in the transition metals vary
greatly from metal to metal, i.e. , a simple
Lorenz ratio is not applicable. It has demon-
strated explicitly that, in a temperature range
uncomplicated by phonon scattering, evidence
for electron-electron scattering is present
in both the thermal conductivity and the el.ec-
trical conductivity for the transition metal Pt,
while for the noble metal Ag any such effects
are at least an order of magnitude smaller.
It has not resolved the question concerning
the high empirical Lorenz number in the lim-
it of low temperatures. Here it should be noted,
however, that conclusions based on this and
other low-temperature experiments involving
absolute magnitudes must be considered ten-
tative pending further refinement of the inter-
national temperature scales which utilized the
vapor pressure of liquid He' or He .'

We thank Professor J. Bardeen and Profes-
sor R. O. Simmons for helpful discussions con-
cerning this work.
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resistivity ratio when mounted in the cryostat was Rppp/
Rp=633, its A/l =2.02x10 4 cm.

This does not include any deviation which may exist
between the T62 (or T58) temperature scale and the ther-
modynamic scale. A deviation that ranged as abruptly
as that reported by D. T. Grimsrud and J. H. Werntz,
Jr. , Phys. Rev. 157, 181 (1967), would completely
change the quantitative, though not the qualitative, con-
clusions of the present paper. In private conversations
with Dr. H. Plumb and Dr. C. A. Swenson we learned
that recent work above 2 K indicates a smoother devia-
tion as a function of temperature. See H. Plumb and
G. Cataland, Metrologia 1, 127 (1966), and J. S. Rog-
ers, R. J. Tainsh, M. S. Anderson, and C. A. Swenson,
to be published.

This Ag sample was taken from the same spool as
that of Ref. 6 and used in the "as received" condition.
The electrical properties were not measured; the ther-
mal conductivity was 5.4T W/cm 'K . We are indebted
to Professor J. S. Koehler for providing the Ag samples.

This large uncertainty resulted from the sr@all re-
sistance of the Ag sample plus the small measuring

current used in order to keep the resulting rise in tem-
perature of the sample (situated in a vacuum) small.
These measurements were made possible through the
kind loan of a nanovolt potentiometer by Professor
R. O. Simmons.

G. K. White and S. B. Woods, Phil. Trans. Roy. Soc.
London, Ser. A 251, 273 (1959).

~2W. B. %illott, Phil. Mag. 16, 691 (1967).
~3C. Herring, Phys. Rev. Letters 19, 167, 684(E)

(1967).
~4G. K. White and H, . J. Tainsh, Phys. Rev. Letters

19, 165 (1967). The value of L' for Ni is in question
because the metal is ferromagnetic; see F. C. Schwer-
er and J. Silcox, Phys. Rev. Letters 20, 101 (1968).

5J. I'. Schriempf, Phys. Rev. Letters 19, 1131 (1967).
~6A T2 term having a magnitude similar to that found

in the electrical resistivity of the transition metals has
been reported for single-crystal Ga above 1'K tM. Ya-
qub and J. F. Cochran, Phys. Rev. 137, 1182 (1965)],
but recent thermal-conductivity data tR. I. Houghton
and M. Yaqub, Phys. Rev. Letters 20, 108 (1968)] re-
Qect only electron-phonon scattering with a magnitude
in reasonable agreement with the earlier work of H. M.
Rosenberg, Phil. Trans. Roy. Soc. London, Ser. A 247,
411 (1955).

INTRINSIC QUANTUM FLUCTUATIONS IN UNIFORM FILAMENTARY SUPERCONDUCTORS*

W. W. Webb and R. J. Warburtont
Department of Applied Physics and Laboratory for Atomic and Solid State Physics,

Cornell University, Ithaca, New York
(Received 8 January 1968)

Small depressions of supercurrent and critical temperature that indicate intrinsic
thermodynamic fluctuations have been revealed in thin superconducting tin whisker crys-
tals.

Quantum fluctuations are supposed to rnan-
ifest their existence in thin superconductors
by depression of the critical supercurrent den-
sities and the critical temperature, according
to several recent investigations. ' ' However,
disparities among the various accounts of this
effect illustrate the present uncertainty about
the fundamental nature and even the existence
of fluctuations in systems characterized by
long-range coherence. This Letter reports
some new experiments on the critical super-
current depression due to intrinsic fluctuations
that may help to clarify this general problem.

Langer and Ambegaokar' have developed an
elegant theory of the effect of intrinsic fluctu-
ations on the resistive transition in thin super-
conductive filaments. They found that a fluc-
tuation of order parameter in a volume c'g{T),
where o' is the cross-sectional area and $(T)
is the coherence length, has the minimum ac-
tivation energy that permits phase slippage,

and they calculated the steady-state tempera-
ture and current-density dependence of the con-
sequent resistance near the critical tempera-
ture. However, all of the experiments —in thin
microbridges formed by vapor deposition of
thin films of tin —have shown a substantially
larger effect. Typically, depressions of the
effective critical temperature 4T& &10 ' K
have been observed instead of the predicted
4T~-10 ' 'K in comparable cross sections
-10 cm~. Groff, Marcelja, Masker, and Parks'
introduced a model based on phase fluctuations
in a volume aL extending the full length L of
their microbridges to explain their experiments.
Hunt and Mercereau' assumed a fluctuation
volume v3, where l is the electron mean free
path, and included a noise temperature seven
times the critical temperature to explain theirs.

Because the principal experimental difficul-
ty in measurements of intrinsic fluctuations
is elimination of overwhelming extraneous ef-


