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Measurements of the thermal and electrical conductivities of a polycrystalline indium sample of very
high purity have been performed between 1.5 and 4.2°K and in the presence of longitudinal magnetic fields
up to 15000 Oe. It was found that, within the experimental error, the electrical and thermal Kohler’s rules
were satisfied, the functional forms for the two being quite similar. The expression for the resistivity as a
function of T for the normal state and in zero magnetic field are in good agreement with theory. The Lorenz
number obtained by extrapolating to T'=0 gives a very high value compared with the theoretical one.
Measurements of the thermal conductivity for the superconducting state, in the same temperature range,
have been made. The thermal-resistivity ratio W,/W, as a function of the reduced temperature does not

agree with the results of Kadanoff and Martin.

I. INTRODUCTION

CCORDING to the Wiedemann-Franz law, the

ratio L(T)=p/W.T, where p and W, are the
electrical and thermal resistivities at temperature T,
should be a constant for all metals and equal to Ly=2.44
X108 W @ °K2.

The law will be satisfied if the electron scattering is
elastic; this is the case when the temperature is low
enough and the scattering of the electrons takes place
mainly at the impurities.

Theory predicts that for low enough temperatures,
p and W, T should be described by the following func-
tions of T':

p=pot+ATS, 1)

WaT=a+BT3. (2)

The ratio between (1) and (2) gives the expression
for L(T), and in the limit 7=0 this expression should
be equal to L.

In formulas (1) and (2), po and « are dependent on
the purity, and the purer the materials under study, the
smaller they become.

Thus, in samples of very high purity, the determina-
tion of the resistivity as a function of 7" will have a
large influence upon the extrapolation to zero tempera-
ture, which should give the value L,.

Measurements carried out in indium by different
authors™7 have shown that relations (1) and (2) are
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satisfied and that the Wiedemann-Franz law holds for
T'=0. However, the measurements reported here, in
a sample of purity higher than those used by these au-
thors, have shown an incompatibility between (2) and
the extrapolation to the Lorenz number L.

Indium becomes superconducting for temperatures
below T,=3.4°K. Measurements in the normal state
below this temperature were made by applying a longi-
tudinal magnetic field H. To be able to obtain the re-
sistivities at zero field, it was necessary to measure the
electrical and thermal magnetoresistance. The electrical
Kohler’s rule was satisfied at several temperatures, and
the values obtained were in good agreement with previ-
ous results.?

The thermal measurements satisfied Kohler’s relation

[Wa(H)—Wa(0)]/Wa(0)=GLH/W.(0)T], (3)

where W, (H) and W,(0) are the resistivities for H and
zero magnetic field, respectively, G is a characteristic
function of the metal, and T is the absolute temperature.

Because of the high purity of the sample, the main
contribution to the thermal resistivity in the normal
state for T'=T arises from the scattering of electrons by
phonons. The thermal resistivity in the superconduct-
ing state W, was measured in order to obtain W,/W,
as a function of 7/T.. The results show considerable
departures from the curves of Kadanoff and Martin.?

II. EXPERIMENTAL DETAILS

One slice was cut out of an ingot of 99.99999, pure
indium from Consolidated Mining and Smelting Co.,
Canada, Ltd.; the material was rolled between Teflon
plates to a thickness of 1.5 mm. Much care was taken
with the cleanliness during the rolling process so as to
avoid contamination of the material.

A sample in the form of a rectangular prism with the
ratio of cross section to length 4/L=3.96X10~3 cm
was cut from the rolled material. The geometry factor

8 F. de la Cruz, M. E. de la Cruz, and J. M. Cotignola, Phys.
Rev. 163, 575 (1967).

L. P. Kadanoff and P. C. Martin, Phys. Rev. 124, 270 (1961),
871



872

— —7"rr’
ra 1 1 - Wrﬁ
=TT -
H &
| g d dand
: A
ed i-2)
BEE B
1 .'—‘*.... =
il I“‘..L-A.JI. C
g
4-p
4 1

AN
AN

/ ik

1
, O

}1 s,

/“G

S

= J

/ O ]

11l & ATt

Fic. 1. Experimental arrangement. A—He! evaporator, B—
thermal shield, C—vacuum jacket, D—coupling between evapo-
rator and Mylar frame, E—Mylar frame, F—indium sample,
G—heater, H—superconducting magnet, I—cotton threads used
to center the sample, J—nylon cap, K—He* bath, R, Rs—carbon
resistor.

was determined by measuring the resistance of the
sample at room temperature and assuming that pssz°x
=9.1X10"5Q cm.?

The ratio between resistivities at room temperature
and at 4.2°K was found to be 2X10%

The experimental arrangement is shown in Fig. 1.
The He* evaporator (A) was thermally isolated from
the helium bath by a vacuum jacket (C). Pumping on
the liquid helium of the evaporator made it possible to
lower the temperature to 1°K.

The sample (F) and the thermometers (R;) and (R.)
were fixed on a frame (E). This was made of a 0.005-
in.-thick Mylar sheet which was bent longitudinally
into a U shape in order to obtain more rigidity. The
frame was glued on to an Epoxy 100 A piece (D) which

10 Wright Air Development Division Technical Report No.
60-56, Part IV (unpublished).
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was screwed to the evaporator. In order to avoid defor-
mations due to the different expansion coefficients, the
sample was glued (with GE 7031 varnish) into the
frame at only one end, above the upper thermometer
R.. At a distance of 1 cm above the R, thermometer,
the sample was widened and fixed to the evaporator
with Apiezon N grease; this part of the sample was
covered with a 0.1-mm-thick copper sheet, which was
wrapped around the evaporator in order to get a larger
contact surface. Thermal contact among the sample,
the copper sheet, and the evaporator was made by
means of Apiezon N grease. The contact area was about
4 cm?.

The thermometers R; and R, consisted of 10-Q, 1-W
Allen-Bradley carbon resistors. Contact between the
thermometers and the sample was made by soldering a
1-mm-diam copper wire to the sample; the other end
of each wire was soldered to a piece of coil-foil! wrapped
tightly upon the resistor and in contact with it by
means of Apiezon N grease. In all cases indium was
used as soldering material in order to avoid the presence
of other superconductors near the sample. The elec-
trical wiring for the thermometers was made from 0.05-
mm-diam manganin wire.

The heater (G) was made with manganin wire coiled
on a piece of Mylar sheet and glued to it with GE 7031
varnish. The thermal contact between the heater and
the sample was made with Apiezon N grease. The
distance from the heater to R; was of the order of 1 cm.
The electrical wiring to measure the voltage on the
heater was made with 0.05-mm-diam manganin wire.
To avoid heat dissipation outside the heater, the wires
supplying current to it were made of copper'? and were
coiled in the shape of springs to avoid mechanical work
on the sample. The length of the copper wires between
heater and evaporator was of the order of 30 cm.

After assembly, the arrangement was put into a
liquid-air bath for testing, and no deformation could be
detected.
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F16. 2. Thermal resistivity W,(H) versus longitudinal magnetic
field H at 7=3.6 and 2.2°K.
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11 A, C. Anderson, G. L. Salinger, and J. C. Wheatley, Rev. Sci.
Instr. 32, 1110 (1961).
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F16. 3. The unbroken curve gives the thermal Kohler’s rule for
indium in a longitudinal magnetic field. H as a function of H/
W(0)T. Temperatures corresponding to symbols are:

*T=381°K, O0T=3.60°K, XT=3.17°K,
VT=2.69°K, oT=2.22°K, Or=12 °K,
+T=153K.

The dashed curve gives the electrical Kohler’s rule for indium in
a longitudinal magnetic field H as a function of vH /p(0). v=2.06
X1078 W @ °K2,

The vacuum jacket (C) was removed to make the
electrical measurements. The electrical connections to
measure the voltage drop were made on the thermal
contacts between the sample and thermometers without
modifying the arrangement. The current leads were
soldered on the widening of the sample and below the
heater.

The magnetic field was applied with a Magnion
superconducting coil, model CF 20-200-800.

When the measurements were finished, the portion of
the sample between R; and R, was cut out. The thermal
conductance of the rest was measured and was found to
be negligible compared with that of the part taken out.

IOII. EXPERIMENTAL METHOD

In order to measure the thermal conductivity, ther-
mometers R; and R, were calibrated over the whole
range of temperature against the vapor pressure of the
He* in the evaporator. This was done at the beginning
of each experiment. A pressure regulator'® was used to
maintain constant temperature.

It was checked that no magnetoresistive effects were
present on the thermometers due to the applied mag-
netic fields. Resistances were measured by means of an
ac bridge with a frequency of 33 cps. By regulating the
He* pressure it was possible to obtain the desired work-
ing temperature. Once the system attained equilibrium,
power was applied to the heater and the helium pressure
was changed so as to maintain R, constant. The tem-
perature difference between the ends of the sample was
obtained from the values of R; and R.. Power was cal-
culated from voltage measurements made with a K-3
potentiometer.

The electrical measurements were made by putting
a constant current through the sample and measuring

13 P. G. Strelkov and E. J. Walker, Rev. Sci. Instr. 30, 834
(1959).
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the voltage drop. The current was measured with a
Weston model 931 ammeter (3 A full scale) and the
voltage was measured with a Keithley model 149 milli-
microvoltmeter (0.1 xV full scale maximum sensitivity).
Several current values were used in order to ensure that
no heating of the sample took place; the value of the
current finally used was 2 A.

IV. EXPERIMENTAL RESULTS
A. Thermal and Electrical Magnetoresistance

Measurements of the electrical and thermal magneto-
resistance were carried out alternately, with intervals
of some days, during which the sample was allowed to
attain room temperature.

The isothermic variation of W, as a function of the
magnetic field was measured at several temperatures.
Figure 2 shows two of the curves obtained. It is easy to
appreciate that W, depends very strongly on the mag-
netic field; consequently, it is very important to find a
good extrapolation procedure which enables one to find
the values of W,(0,T) for T<T..

Wyder” has developed an extrapolation method which
allows the determination of W,(0,T) from the values
obtained for 77> T,. The method is based on the exis-
tence of a certain characteristic function whenever the
representations on log-log paper of W,(H,T) as a func-
tion of H for different values of T can be made to co-
incide one with another by means of a simple displace-
ment parallel to the axis. This was possible in our case,
and the corresponding characteristic function was that
given for Kohler’s relation (3). Figure 3 shows the
results.

W[°Kkcm watt!)
0207
015t
0101
0051
. 1K)
1 2 3 4

F1c. 4. Thermal resistivity of the normal and
superconducting states,versus temperature.
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F16. 5. W,(T)T versus T* for the normal state.

Measurements of the electrical magnetoresistance
were made on the same sample and in the same range
of temperature. The values of p(0,T) below the critical
temperature were obtained with the same method used
in the thermal case. These values were used in the
determination of the electrical Kohler’s function, which
was found to be in good agreement with previous
results.®

B. Dependence of Thermal and Electrical Resistivities
on the Tempersture

In Fig. 4 the results obtained for the thermal resistiv-
ity of the normal state with zero field are shown. These
results satisfied relation (2) within the experimental
error.

W (T)T=a+BT3,
where
a=1.8X10"3 cm °K2? W1
and
$=9.6X10"* cm °K* W1,

Figure 5 shows W,(T)T as a function of 7%.
The results for the electrical resistivity p(7") can be
expressed, within the experimental error, by expression

(1), ie.,
p(T) =P0+A 1% )

where po=1.0X10"1° @ cm and 4=3.33X10"8 Q@ cm
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°K-5. The corresponding representation is shown in
Fig. 6.

Figure 7 shows values of the Lorenz number as a
function of T':

as it was obtained from relations (1) and (2). If (1) and
(2) are valid in the limit where T'=0, then

L(0)=5.6X10"8 W © °K~2.

The values of L(H,T)/L(0,T), as a function of H for
the range of temperature where the present measure-
ments were carried out, can be seen in Fig. 8.

The thermal resistivity of the superconducting state
W(T) was always measured before switching on the
magnetic field. The results for W,(T) can be seen in
Fig. 4.

V. DISCUSSION

The estimated error in the measured values, which is
of the order of 3%, arises mainly from the error in AT

Measurements made by Mendelssohn and Rosen-
berg!* in indium, in regions where the scattering is
mainly due to impurities, with perpendicular magnetic
fields up to 4 kOe and in a temperature range 2-4.5°K,
showed that relation (3) is satisfied. Guenault* verified
the same relation for indium in longitudinal magnetic
fields, but because of the lack of graphical representa-
tion of his results it was not possible to compare them
with ours. Other authors®” did not find an agreement
between relation (3) and their experimental results.

Figure 3 also shows the electrical Kohler’s rule as a
function of vH/p(0). The constant v=2.06X10"8 W Q
°K-2 was introduced to make a convenient change in the
scale to show that, in this representation, both of
Kohler’s functions can be made to coincide by means of
a translation parallel to the ordinate axis. Assuming
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Fic. 7. Lorenz number for zero field versus temperature. The
unbroken line corresponds to the measured range.
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F16. 6. p(7) versus 7% for the normal state.

4K, Mendelssohn and H. M. Rosenberg, Proc. Roy. Soc.
(London) 218, 190 (1953).
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F16. 8. Lorenz number versus magnetic field.

that both functions continue to be parallel up to satura-
tion values of the field, we can define a more general
function

AW/ w.(0)) _ (B0/p(0))
AW/ Wa(0))n  (8/p(0))

where the value of the denominator for each case is the
corresponding saturation value of the Kohler’s function.

The parameter Z takes different values depending on
whether one wishes to express the electrical or the
thermal magnetoresistance.

Zel =p (0)1

=f(H/Z),

Z(,},= Wn(O)T.

The coefficient B in expression (2) is in good agree-
ment with values obtained by Jones and Toxen® and
Wyder.” On the other hand, the coefficient of 7% in
expression (1) does not agree with the value obtained
by Aleksandrov and D’Yakov,’ but it agrees with the
values obtained by other authors.®”

The values of pp and & in (1) and (2), which are de-
pendent on purity, are much smaller than the ones ob-
tained in previous work.

A least-squares adjustment was made to find the
best value of the exponent in the exponential depen-
dence of W,T on T. A similar method was used to find
the dependence of p on T in expression (1). Both func-
tions are in good agreement with experimental results
of other authors and with the predictions of existing
theories. However, the value of L(0) which results is
much larger than the theoretical one. On the other hand,
in our range of measurements, this value is very sensi-
tive to the T dependence of W,(T')T. The dependence
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F16.9. W, /W, versus T/T,. The dashed line corresponds to the

values obtained from curves of Fig. 4, and the unbroken line gives
the theoretical curve of Kadanoff and Martin for a= .

of p on T is not so important, since we are working near
the residual zone.

It is important to note that if we take the value 3.4
for the power to which 7 is raised in Eq. (2), the Lorenz
number obtained by extrapolating to zero temperature
equals the theoretical one. In that case the dispersion
of the experimental values is only 209, larger than the
dispersion which results with the 7% law.

It is thus possible to conclude from the present mea-
surements that the theoretical value of the Lorenz
number is incompatible with the fulfillment of the 7%
law and vice versa.

Figure 9 shows the ratio W,/W, as a function of
T/T.. By means of expression (2) it is possible to de-
termine that the contribution of phonon scattering to
the resistivity is of 95%. In this case the curve of
Kadanoff and Martin® for a= « should be applicable.
It can be seen from Fig. 9 that the present results do not
agree with the curve corresponding to a= c, and that
they are in the region between the Kadanoff and Martin
curve and the values corresponding to mercury! and
lead 215

15 W. J. de Haas and A. Rademakers, Physica 7, 992 (1940).



