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The thermal and electrical conductivities of two pure single crystals of tin have been mea-
sured. The samples were oriented at 72' and 6' with respect to the tetragonal axis of tin. The
thermal conductivity values for the two samples were fit to the relation (&T"+p/T) from 4 to
12 K with n approximately 3.2 for both samples. This large value is attributed to dispersion
in the phonon spectrum which causes an approximate 4. 2-power dependence with temperature
of the specific heat over the same temperature range. The electrical-resistivity value of the
two pure samples was found to obey the Bloch-Gruneisen expression over a wide range with a
Debye temperature of 125'K and with a small additional residual resistivity. The anisotropy
of the thermal conductivity exhibits a slight maximum at 10 K, attributable to the relative ef-
fect of impurity scattering and an anisotropic band structure. The anisotropy of the electrical
conductivities exhibits a more pronounced maximum around 20 K because of an additional ef-
fect of area differences of Brillouin-zone segments on the Fermi surface when small-angle
scattering dominates. The ratio of electrical anisotropy to thermal anisotropy at the maxi-
mum was found to be approximately 1.27, which compares well with the theoretically predicted
value of 1.26 from the area differences at the zone segments in the 90' and 0 orientations.

I. INTRODUCTION

This paper reports the results of thermal and
electrical-conductivity measurements on two pure
single crystals of tin from 4. 5 to 77 K. These
two samples had different crystallographic orien-
tations with respect to the tetragonal axis of tin,
one being nearly parallel (6 ) and the other nearly
perpendicular (I2'). A variable-temperature cry-
ostat consisting basically of a thermally isolated
Swenson-type heat exchanger' cooled by circulating
helium vapor was employed for the measurements.
The thermal conductivity of the samples was mea-
sured by the longitudinal-heat-flow method. The
temperature gradient was determined by calibrated
germanium resistors. The electrical resistivity

of both samples was measured potentiometrically
along the identical length as for the thermal-con-
ductivity measurements. An evaluation of the elec-
trical-resistivity anisotropy defined by aa ——p(ll)/p(i)
could then be obtained from the measured resistivity
of the two samples. Previous measurements on the
anisotropy of the electrical resistivity for pure
tin ' have indicated that a maximum occurs in the
vicinity of 20 K, and it was of interest to observe
the behavior of the thermal anisotropy ar = z(&)jv(tl)
given by the ratio of thermal conductivities of the
two samples. A comparison of the electrical and

thermal anisotropies for two pure samples of tin
above 4. 2 'K has not been previously reported be-
cause of the lack of thermal-conductivity measure-
ments on pure oriented crystals in this temperature
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range.

II. EXPERIMENTAL METHOD

A. Sample Preparation

Both of the samples used in this experiment were
prepared from Johnson-Matthey spectroscopically
pure 99. 999% tin obtained from the Jarrell Ash
Company, Waltham, Massachusetts. The samples
were single crystals grown by the Bridgeman tech-
nique in precision 2-mm-i. d. glass tubing. The
grown crystals were removed from the Pyrex con-
tainers by immersion in a 48%%uz solution of hydro-
fluoric acid. This mixture did not appear to have
any effect on the tin other than removing the Pyrex.
The samples were then etched in concentrated hy-
drochloric acid for approximately 30 sec in prepara-
tion for orienting them in an optical goniometer. '
Both samples were found to be single crystals over
approximately 8-cm length. The orientation of the
principal axes of the crystals with respect to the
sample axis was found to be V2 and 6' with an ac-
curacy of +1.5

B. Cryostat and Measurement

The variable-temperature cryostat that was de-
signed and built for this experiment incorporates
many of the features first utilized by Swenson and
Stahl. ' It consists basically of a thermally isolated
thermal platform and heat exchanger mounted in-
side 3 larger experimental vacuum chamber. This
chamber is surrounded with liquid helium with the
thermal platform being cooled by a steady flow of
helium vapor through the exchanger. The experi-
mental samples are suspended in vacuum from
this platform, with one end being held at the plat-
form temperature and the other end heated above
it to produce a temperature gradient along the
sample. The thermally isolated heat exchanger
consists of a 190-cm length of —,'-in. -o. d. —,', -in. -
i.d. copper tubing that is wound around a short
section of copper pipe. Temperature control is
provided by a standard regulating circuit that con-
trols the current to a heater wound over the tub-
ing.

An essential feature of this cryostat is that the
total heat content of the evaporating helium gas is
utilized in addition to the latent heat of vaporiza-
tion. The cooling of the thermal platform is there-
by made a more efficient process, with only a few
liters of liquid helium being required to span the
range from 4 to VV'K. The temperature stability
of the cryostat is found to be approximately 0.04/&

at temperatures below 10 'K and 0. 08% at tempera-
tures above 60'K.

All temperature gradients were determined by
monitoring the electrical resistance of two Cryocal
Inc. germanium resistors that were calibrated ac-

cording to the manufacturer' s specifications. These
resistors were attached to small copper clips that
also served as potential probes during the mea-
surement of electrical resistance. Once placed on
a sample, these clips were not disturbed until all
thermal- and electrical-conductivity measurements
were completed. This procedure minimizes any
geometrical error associated with relating the two
sets of data. However, separate low-temperature
runs were required for the thermal- and electrical-
resistivity measurements, since the latter re-
quired the placement of a low-resistance copper
wire to the sample end. This wire carried the
measuring current. At each temperature at least
six or seven different values of the current were
used, and the resistance was determined poten-
tiometrically as described previously. The prob-
able error of the electrical resistance is found to
be never more than 0. 6%%uo above 35 K, but the er-
ror increases to approximately 3/0 at 15'K. This
rather large error results from the very small
value of the resistance of pure tin at these tem-
peratures and from a current limit of —,

' A in the
current leads, since all of the resistivity mea-
surements were made in a vacuum.

Upon completion of the electrical-resistivity
data, the system was allowed to warm up, the cry-
ostat was opened, and the copper-resistivity cur-
rent leads removed from each sample. Thermal-
conductivity measurements were then made in a
similar manner, with the thermal platform held
at the desired temperature by the regulating sys-
tem. Several heater-power settings were em-
ployed at each platform temperature with the data
being corrected for stray heat losses resulting
from the wiring connections on the warm end of th~

sample. Corrections were also made for the heat
generated in the leads carrying current to the sam-
ple heaters.

The heaters themselves consist of small copper
spools over which VO ft of 0. 0025-in. Evanohm wire
is wound noninductively. This wire provides a
resistance on the order of 9000 0, constant to with-
in 0. 1'%%uo at all temperatures from 4. 2 to 75 'K.
Heat losses due to radiation were minimized by
enclosing the entire sample with a copper-foil ra-
diation shield that was held at the temperature of
the thermal platform. At the higher temperatures
(above 60'K) a small radiation correction was
made. This correction never exceeds 1% of the
heater power at worst. The probable error in the
thermal conductivity results essentially from a
fixed geometrical factor and a calibration error
associated with the uncertainty in the true tempera-
ture. The latter increases with temperature, as
specified by Cryocal Inc. , and results in a total
probable error in the thermal conductivity of the
order of 1.0%%uo at temperatures above 40 'K. At
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lower temperatures the probable error is smaller;
below 20 'K it is of the order of 0. 5%.

III. EXPERIMENTAL RESULTS AND ANALYSIS

A. Thermal Conductivity

The two pure-tin samples were designated P-1
and P-3. Sample P-1 had its cylindrical specimen
axis inclined 6' with respect to the tetragonal axis
of the tin crystal, whereas the orientation of P-3
was at an angle of 72'. Both samples were op-
tically found to be single crystals over lengths ap-
proximately 10 and 8 cm, respectively. The ther-
mal conductivity was obtained by the longitudinal-
heat-flow method: If a measured rate of heat flow

Q is established along a specimen of cross-sec-
tional area A with a temperature difference DT
over a length L, , the thermal conductivity x is given
by

The values of the thermal conductivity thus mea-
sured on the two specimens are shown in Fig. 1.
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FIG. 1. Total thermal conductivity of the two pure
samples. Measured values are shown by the circles for
sample P-1 and squares for sample P-3. The solid linea
are calculated from the relation ~ = (&T"+P/7) ~ with the
values shown in the inset. The X points for P-3 at 4. 5 K
were obtained by pumping on the cryostat bath and capil-
lary. A line with slop -2 on the log-log plot is shown for
comparison.

The values for P-1, oriented nearly parallel, are
seen to lie significantly below those of P-3 at all
temperatures by a ratio of from 1.4 to 1.5. This
difference can be attributed to the anisotropic con-
duction properties of tin. At the lowest tempera-
tures, the measured values agree well with those
reported by previous investigators on samples of
similar purity. ' At the highest temperatures, the
data of P-3 approach those of Lees, ' who mea-
sured a polycrystalline specimen from 100 'K up.
At the temperature of highest thermal conductivity
(close to 4. 2 'K), it was difficult to establish a
temperature gradient along sample P-3 without ex-
cessively raising the average temperature. How-

ever, it was possible to obtain reliable data below
5 'K by pumping on both the helium bath and the
heat-exchanger exhaust, thus lowering the tem-
perature of the platform down to 3. 8 'K. The ap-
plication of substantial heater power then allowed
data to be taken near 4. 5 K. The actual data points
thus obtained for sample P-3 are shown by crosses
in Flg. 1.

An initial analysis of the thermal conductivity for
both samples was attempted by plotting T/z vs T
for all data points below 16 K. This assumes a
relation of the form

for the electronic thermal conductivity below jo Q,
where 0 is the Debye temperature. The two terms
describe the thermal resistivity due to electron-
phonon interactions and defect scattering, respec-
tively. It is implied that the lattice component of
the thermal conductivity can be neglected in these
pure samples. The above-mentioned plot would
therefore yield a straight line with slope n and in-
tercept g at 7=0. However, the resulting curve
was not a straight line nor was it straight over two
separate portions as reported by Rosenberg for
cadmium and zinc. " The plot curved progressively
upward, thus indicating a power dependence greater
than two for the temperature dependence of the in-
trinsic resistivity term. A generalized least-
squares analysis was made to obtain an optimum
power (n) for both sample curves. Assuming the
form z = (oT"+,8/T) ', a best fit for all the data for
each sample up to 12 K was found for values of n,
n, and P. Resu".ts are given in Table I.

The resulting curves obtained from these param-
eters are drawn through the data points in Fig. 1

so that the quality of the fit can be judged. These
calculated curves were extended below the limit of
our measurements down to 2 K. Both curves pre-
dict a maximum in thermal conductivity at approxi-
mately 3. 5 K, slightly below the superconducting
transition temperature of 3.V2'K. These values
agree well with those measured by other investi-
gators' ' but are still substantially below the purest
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TABLE I. Values of coefficients n, &, and P in the
equation 1/v = &T"+P/T, found by a least-squares analy-
sis to best fit the thermal-conductivity data up to 12 K.

Sample o.'jcm W ('K) "] P[cm ('K)2 ~-~]

P-1
P-3

3.21
3.17

8.38x10 ~

5. 81x10 5
5. 07x10 2

3.54x10 2

tin that has ever been measured by Zavaritskii'
or by Guenault, ' where peaks on the order of 200
W/cm K were observed at temperatures close to
1.5 K.

Equation (2) could thus be replaced by

~ = (n T"+p/T) ',
with the appropriate value of n and P given above
for each of the two samples.

A temperature dependence greater than two is not
unusual and has been obtained for many other met-
als."' '" In the present case, the primary cause
of this departure from a T dependence may lie in
the fact that the phonon spectrum departs from the
Debye model, thereby leading to a departure of the
lattice specific heat from a T' law. As a check of
this fact, specific-heat data on pure tin taken from
Corruccini and Gniewek' were plotted as a function
of temperature in the range 4 to 12'K. This curve
is shown in Fig. 2 along with a dotted line showing
a T"dependence. Because the electrons them-
selves introduce a specific heat proportional to T
and their relaxation time varies inversely as the
lattice specific heat, a 4. 2-power dependence of
the specific heat for phonons will result in a 3.2-
power dependence of the intrinsic thermal resistiv-
ity. The agreement with this 4. 2-power line and
the actual data appears to be quite close over the
same temperature range. This signifies that the
actual number of phonons available at these tem-
peratures is larger than one would normally ex-
pect. This particular result has been noted for
tin before by Wolfram et al. , who analyzed the

1'7

vibrational spectrum. That analysis found the op-
tical and acoustic modes for the tin lattice to be
strongly affected by edges of Brillouin zones.
This subsequent dispersion results in a large max-
imum in the longitudinal acoustic branch near the
center of the zone and can explain the rapid rise in
the specific heat at low temperatures. At higher
temperatures this effect is lost and the fit to the
data by means of Eq. (2) becomes impossible. The
fact that the rapid change in the specific heat co-
incides with the large value of n indicates that there
is a strong interaction between the electrons and
the transverse phonons in this temperature range.
Unfortunately, departures of the thermal resistiv-
ity from a T dependence cannot be explained in all
cases by deviations of the specific heat from a T'

dependence, as was pointed out by Bogaard and
Gerritsen" in the case of cadmium.

The values of the constants cy and P yield the in-
teresting result that n and 8 of the two specimens
are approximately proportional, i. e. ,

(P-l)/n(p-2) = P(p-&)/P(&-2) = l 4f . (4)

B. Electrical Resistivity

The electrical resistivity of the two pure speci-
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FIG. 2. Specific heat of tin from 4 to 12'K. Circles
are values taken from Ref. 16. A line with slope 4. 2 on

the log-log plot is shown for comparison.

This fact is not unusual, but it does point out that
phonon scattering and impurity scattering are equal-
ly effective in the two directions of transport and
are similar in regard to their thermal resistivity.
However, this may be a coincidence. The constant
P is related to the residual resistivity po by P= po/L,
where L is the Lorenz constant. For pure sam-
ples, po will be determined by trace amounts of im-
purities that are present. Although both samples
were prepared from the same melt and were grown
and handled in the same manner, their exact sim-
ilarity with respect to trace amounts of impurities
is unlikely. Furthermore, P is determined from
points taken from 4. 2 to 12 'K, all above the maxi-
mum, so that it is not as well determined as n.
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mens was measured by the potentiometric technique
during a separate run. Because the current was
limited to —,

' A in the current leads on the variable-
temperature cryostat, reliable resistivity data
could not be obtained below 15 'K. Data above this
temperature up to 78 'K were taken by employing
the same unmoved clamps as potential taps that were
used as thermometer attachments during the ther-
mal-conductivity run. Possible spurious tempera-
ture gradients across each sample were monitored
potentiometrically by the resistance of the two ger-
manium resistors that were attached to each po-
tential clamp. Any errors resulting from spurious
thermoelectric potentials were thereby avoided;
data were accepted only when no measurable thermal
gradients were present. Application of currents
up to & A to the samples did not appear to cause any
measurable heating over short periods of time.

The actual electrical-resistivity data for both
samples is shown in Fig. 3. There is good agree-
ment with results obtained for the ideal electrical
resistivity of tin by other investigators who also
utilized single crystals. ' Qf these previous mea-
surements, the results of Aleksandrov and D'Yakov~

appear to be the most comprehensive, since they

TEMPERATURE, T |K)

FIG. 3. Electrical resistivity of the two pure samples.
Measured values are shown by the open circles for P-1
and closed circles for P-3. The solid lines are calculated
from the Bloch-Gruneisen expression for the values of
A and 8 (in 0 cm) shown in the inset and for 0 =125'K.

C. Theoretical Analysis of Electrical Resistivity

The measured electrical resistivity at 4. 2 K for
both samples is considerably higher than the ideal
resistivity deduced by other workers, ' 0 and it is
expected that the residual resistivity would be dom-
inant below about 8 K. At any temperature higher
than 10 K the ideal resistivity should be dominant.
In order to represent the temperature dependence,
the total resistivity is assumed to obey the Bloch-
Griineisen relation,

p=A+h(T/0)' J [x'e"(e"-l) 'dx], (8)

where A represents the residual resistivity. The
ideal resistivity should vary as T' at sufficiently
low temperatures, as has indeed been found by
Zernov and Sharvin. Our measurements, save

TABLE II. Residual (T =4.2'K) and ice-point resis-
tivities of samples P-3 and P-l.

Sample

P-3
P-1

P-3
P-1

Temp,
( K)

4. 2
4.2

273
273

Resistivity
(0 cm)

(8. 6 + 0, 5) x 10
(12.4+0.5) x 10-"

(9.395 + 0.056) x 10 6

(13.905+0. 083) x10 6

employed very pure single crystals of parallel and
perpendicular orientations over a very wide range
of temperature (3.7-273'K). The present results
agree very well with theirs. Figure 3 also shows
a theoretical fit to the experimental points using the
Bloch-Grueisen expression given in the top of the
figure. The optimum values for the constants A and
8 as determined by computer fit are also shown in
the bottom of the figure. Here, the constant A rep-
resents the residual resistance po for the measured
samples. As a check on this value of the residual
impurity, a different cryostat was used to measure
the resistivity of both pure samples at 4. 2 K by
direct immersion in a helium bath. The results
are given in Table II. Currents of up to 3 A were
utilized for these measurements with the potential
difference being determined with a Honeywell
(Model No. 2783) potentiometer

As a check on the goniometer measurement of
the orientation for both of the pure samples, the
ice-point resistivity was also determined by em-
ploying the same apparatus with the samples im-
mersed in packed ice and distilled water. The re-
sults are also in Table II.

Since the anisotropic resistivity at 273 K for
pure tin is well known, ' the two resistance values
given above could be utilized as a check on the ori-
entation of the two samples as determined by the
optical goniometer. The agreement was found to
be good.
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for the 4. 2 'K point, do not extend below about
15'K, so that we are unable to test the low-tem-
perature limiting behavior of the ideal resistivity
p] ~

Assuming a dependence given by Eq. (5), optimum
values of A and B were obtained by a least-squares
fit to the data, using successive choices of O. A
value of 0 = 125 'K gave a good fit up to 60 'K for
both samples; trial values of 120 and 130'K re-
sulted in a poorer fit.

One can also obtain a value of 8 from p, (T,) at
some very low temperature and p, (T,) at some high
temperature, using a limiting case ' of Eq. (5):

"a
C
O

CL
O
K
O
tA
R'

2.4 ~ ~ ~ ~ ~
1

2.5

202

2.1-

2.0-

1.9-

1.S

1.7-

1.6-

/ oig

I I I ~

(6)

where T~)Q, T, «O. Taking 2V3'K for T~ and
4. 2'K for T, , and using published data, ' i. e. ,
p; (373) =9.40x 10 ' 0 cm and p, (4. 3) = l. Qx10 '0

0 cm, a value of 0= 123 'K is obtained.
It should be remembered, however, that Eq. (5)

is based on a model of a spherical Fermi surface
without zone boundaries. Since this is not a realis-
tic model, agreement with Eq. (5) is fortuitous,
and the parameter 8 in Eq. (5) or Eq. (6) should
not be identified with the Debye temperature as de-
fined by the low-temperature specific heat, ' which
is around 165 K.

0
1.5-

1.4-
~ Resistivity Ratio

Thermal Conductivit y Ratio

( $ ~

4 7 10
I j

20 40
a I ~ I

70 100
Temperature, T ( K)

FIG. 4. Electrical-resistivity {az) and thermal-con-
ductivity (a~) anisotropies of pure tin, adjusted to sample
orientations of 0' and 90'. The values of ag and a~ are
obtained from the data for samples P-1 and P-3, and .
transformed to a@ and a~. The values of az are shown by
the closed circles; the values of a~ are shown by the open
circles.

IV. ANISOTROPIC PROPERTIES OF TIN

The specific anisotropic behavior of tin can be
readily observed by a comparison of data for P-1
and P-3, oriented at 6 and 72', respectively. We
define the quantity a~ to be the electrical-resistivity
anisotropy and ar, that of the thermal-conductivity
anisotropy for the orientation of the samples actual-
ly used, so that,

a~= p(P-1)/p(P-3) or ar=z(P-3)/z(P-I),

where p and z are the measured values of the elec-
trical resistivity and thermal conductivity, respec-
tively. They are related to the anisotropies for
ideal orientation, a~ = p(0 )/p(90') and ar = z(90')/
z(0') through the following relations':

p(8) = p(90 ) [1+(a —1)cos '8],

I/~(8) = [I/~(90')] [1+(ar —1) cos 8]

where p(8) is the electrical resistivity, and z(8)
is the thermal conductivity of a sample with cylin-
drical axis at an angle 9 with respect to the tetrag-
onal axis of the lattice. One may use these equa-
tions to transform a~ and a~ to a~ and a~, the an-
isotropies for ideal orientation:

a~ —1 +1;cos 6 —Qg cos 72

a~ —1
cos 6 —a~cos'72'

The values of the anisotropies, a~ and a~, obtained
from the experimental data, and transformed to
the values which would be obtained for ideal geom-
etry, have been plotted in Fig. 4 against tempera-
ture. The open circles are the thermal-conductiv-
ity ratios and the solid points the electrical-resis-
tivity ratios. The electrical-resistivity data are
incomplete since no data were taken below 1V 'K
with the variable-temperature cryostat. The single
point taken at 4. 2 K with the other cryostat yields
a corrected resistivity ratio of 1.52 which should
be valid up to about 7 'K. The probable behavior
of the resistivity anisotropy between 7 and 1V K
has been indicated by the dashed line. The general
form of this curve shows a maximum in the vicinity
of 20'K. Similar behavior has been observed by
other investigators in tin ' and in cadmium and
zinc. The ansiotropy of the thermal conductivity
exhibits a less pronounced maximum at a tempera-
ture close to 10'K. There appears to be no other
measurements of the thermal-conductivity anisot-
ropy of tin at intermediate temperatures.

The probable error in a~ for both curves is
shown by the error bars close to 40 K and also
near 20 'K. At the latter temperature there is sig-
nificant scatter since each single measured resis-
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tivity value was accurate only to within 3%. The
thermal-conductivity ratio was more clearly de-
fined with a probable error of less than 0. 5% as-
sociated at each point below 30'K. The single
error bar shown at 40 K, therefore, holds equally
well for the entire curve, with the possible excep-
tion of points above 60'K, where the probable er-
ror for each measured value is around 1%.

The salient point about the anisotropies is that
aE differs from a~, and in particular that aE is
much larger at intermediate temperatures. We
may picture the anisotropy to arise from two
causes: the anisotropy in the density of high-mo-
bility electron states contributing to the conduction
processes and the further anisotropy in the elec-
tron relaxation times. The former is the same for
electrical and thermal conductivity, the latter can
lead to differences between aE and a~.

In the residual-resistance region, where the
Wiedemann-Franz law is obeyed, the relaxation
times for electrical and thermal conduction are
equal, ' and these conductivities therefore have the
same anisotropy. The fact that aE and a~ are equal
at lowest temperatures is thus readily explained.
In this regime the electrical resistivity is pictured
as due to large-angle elastic scattering of electrons
by impurities and defects.

Although our measurements do not extend to high
temperatures, the trend of the anisotropy curves
suggests that aE and a~ become again equal above
about 200 K. At these high temperatures scatter-
ing is again elastic and through large angles, and
the Wiedemann-Franz law is again obeyed. Qne
would thus expect aE to equal a&. The high-tem-
perature limit of aE or a~ would equal the value of
aE at 4. 2 K if the mean angle of scattering by ther-
mal vibrations at high temperatures were to equal
the mean scattering angle for defect scattering.
This is unlikely to be the case, hence the high- and low-
temperature limits of the anisotropy should be dif-
ferent. However, both scattering processes favor
large angles, so that the difference should not be
large. This is borne out by the behavior of a~.

At intermediate temperatures the Wiedemann-
Franz law breaks down, indicating that the relaxa-
tion times for electrical and thermal conductivity
differ. Under these circumstances aE can be dif-
ferent from a&, as is indeed the case.

At these temperatures the ideal resistivity dom-
inates, and the electron relaxation time is governed
by' electron-phonon interactions. The relaxation
times for electrical and thermal conduction can be
related as follows

Here TE is the electron relaxation time for electri-
cal conduction, 7~ is the relaxation time for thermal

conduction, y is a numerical coefficient of order
unity which should be isotropic, and N is defined
below. At low temperatures the electron-phonon
interaction causes the electrons to be scattered
inelastically through small angles. The factor N

denotes the average number of steps an electron
must take in order to move in a random walk on
the Fermi surface either to a zone boundary or to
a region normal to the field direction.

The anisotropy in relaxation time arises mainly
from the anisotropy in N. The Fermi surface of
tin can be regarded as composed of segments of the
free-electron Fermi sphere, bounded by the inter-
section of the sphere with zone boundaries. The
bigger an individual segment, the larger will be N,
the average number of steps a diffusing electron
needs to reach a zone boundary. As different seg-
ments are weighted differently for various direc-
tions of conduction, a difference in N for different
segments can lead to an anisotropy in ~E even though
there is very little anisotropy in 7~. It is proposed
here that the difference between aE and a~ which has
been observed is to be ascribed to an additional
anisotropy factor for vE, arising from differences
in N due to differences in the size of segments of
the Fermi surface.

According to a model proposed by Klemens et
a/. for tin, the major contribution to the conduc-
tivities comes from two types of segments on the
Fermi surface: a smaller segment around the c
axis, and a set of larger segments grouped about
the a axes. The effective value of N should thus
be larger fora-axis conduction (perpendicular ori-
entation) than for c-axis conduction (parallel orien-
tation), i. e. , we would indeed expect a~ to exceed
a~ in the temperature regime where the electron-
phonon interaction is dominant but scatters elec-
trons through small angles only.

We can attempt to draw quantitative conclusions
from this model. In the limit when the length of a
single step of an electron moving on the Fermi sur-
face is small compared to the dimensions of the
segment, we would expect the average number of
steps N for each segment to be proportional to its
area. In the model of Klemens et al. , where the
segments are bounded by zone boundaries of non-
zero structure factor, the segment areas are in
the ratio 1.26 to I. We would expect

a-axis -segment area
QE= Og c-axis-segment area

Since a~= 1.67, we would expect aE to be 2. 10 in
the limit of low temperatures, provided it is not
reduced by the residual resistivity, which becomes
dominant at the very lowest temperatures. The
value 2. 10 should thus be a limiting value of aE for
very pure specimens. In the present case the max-
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imum value of g~ was found to be 2. 11, very near
the estimated limit, and in reasonable agreement
with it if one considers experimental uncertainties.

There is still a small anisotropy in 7~, which
causes the shallow maximum in gz around 10 'K.
This is probably due to an anisotropy in the elec-
tron-phonon interaction constant and an anisotropy
in the phonon spectrum. No treatment of this
effect ls attempted here.
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The screening of a static charge distribution inside and near the surface of a bounded quan-
tum-degenerate electron gas is calculated in the self-consistent Hartree approximation.
Special attention is paid to the Friedel-type oscillations of the screening charge density. Go-
ing inside the gas from an impurity near the surface, the oscillations are found to be larger
than the corresponding oscillations in a homogeneous electron gas. The enhancement is caused
by contributions to the oscillations due to electrons forward scattered by the screened poten-
tial.

I. INTRODUCTION

Quantum-mechanical screening of a static charge
density near the bounding surface of a degenerate

electron gas has been discussed by several work-
ers. Three papers, in which the boundary. of the
electron gas is a plane and the bounding potential
an infinite step, have been especially su.ccessful.


