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Pressure dependence of the thermoelectric power of sodium between S and 14'K~
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The effect of pressure on the thermoelectric power of sodium has been measured between 5 and 14'K
where phonon drag is believed to play a prominent role. A superconducting quantum interference
device (SQUID) was used to measure the tiny voltages involved. At 1 and 2 kbar no effect was

observable, but at 3 kbar the thermoelectric power was observed to grow smaller in magnitude, but

remained negative. The effect of pressure was most noticeable above 11'K and was monotonically
increasing with temperature above that point. The results have been compared with the predictions of a
theory of phonon-drag thermoelectric power by Bailyn, which are in rather good qualitative agreement
with the data. The results of this experiment therefore support his contention that a detailed
understanding of the lattice spectrum, rather than Fermi-surface distortion, is necessary to understand
the role of phonon drag in the alkali metals.

I. INTRODUCTION

While it is expected that the thermoelectric pow-
er (TEP) should be sensitive to the same charac-
teristics of ordinary metals (the shape of the
Fermi surface, the lattice spectrum, electro-
phonon interaction, etc. ) as electrical and thermal
conductivities, the TEP has not yielded to explana-
tion by traditional theories nearly as well as these
other transport properties. Limitations in theory
are particularly evident at low temperatures
(T«eo) where for example, ' in the alkali and
noble metals, pronounced oscillations and sign re-
versals often occur.

The thermoelectric power S is the only one of
the three transport properties which is not re-
stricted in sign. A negative value of 8 implies
that electrons tend to diffuse down an applied tern-
perature gradient, which is considered normal be-
havior. However, contrary to intuition, a tendency
for electrons to diffuse from low to high tempera-
tures (S&0) under the same circumstances is quite
common.

This lack of restriction in sign is undoubtedly
the cause of the inability of standard theories to
adequately explain the behavior of the TEP. Even
without a detailed analysis, one can imagine a
relatively small TEP of either sign which is the
result of two large contributions of nearly equal
magnitude but opposite sign. Even a small shift
in either contribution can produce a sign change
in TEP as well as an enormous fractional change
in its magnitude. Thus, different scattering pro-
cesses can be viewed as acting in competition
with each other in the case of the TEP, whereas
in the cases of electrical. and thermal resistivities
the same scattering processes all act to increase
them. In order to make accurate theoretical pre-
dictions of the TEP, it is obvious that individual

scattering processes must be understood with
much greater precision than is necessary for the
resistivities. An understanding of thermoelectric
power, therefore, represents a severe test of any
theory of electronic transport phenomena in metals.

Traditional theories of TEP generally assume
that in the case of electron-phonon scattering, the
collision integral in the electron Boltzmann equa-
tion can be adequately represented by setting the
phonon distribution equal to its equilibrium value
in the absence of a temperature gradient or an
electric current. This assumption, which is justi-
fiable when there are frequent collisions among
lattice vibrations at high temperatures or between
lattice vibrations and impurities, leads to the defi-
nition of the diffusion thermoelectric power.

Within the relaxation-time approximation the
TEP, S, is given by the familiar relation'

z'k2~ T 0 lna
3eEF 9 lnE zF

where 0 is the electrical conductivity and E is
some hypothetical Fermi energy. The derivative
is to be evaluated at EF, the actual Fermi energy
of the material. T is the absolute temperature,
k~ is Boltzmann's constant, and e(&0) is the elec-
tronic charge. If the electrical conductivity were
dominated by normal electron-phonon scattering,
this expression would generally predict a negative
value for S since any increase in kinetic energy of
the electrons usually reduces the effect of the scat-
tering potential. Then (s ln&/8 InE)s should al-FF
ways be greater than zero. However, the expansion
of the Fermi surface toward the Brillouin-zone
boundary in monovalent metals reduces the mini-
mum phonon wave vector required for umklapp
scattering, thereby increasing the number of
phonons available for such a process. Whether
S incr/S lnE is positive or negative depends upon
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which trend dominates: the reduction in the elec-
tron-ion scattering cross section with increasing
Fermi energy or the increased number of phonons
available for umklapp scattering.

It is generally believed that the high-temperature
(T & e„)TEP can be explained within the context of
traditional theories once details of the electron-
phonon and electron-impurity interactions are
understood well enough to predict quantities such
as 8 lnl/9 1nE, which figures prominently in the
above expression for S and is generally more dif-
ficult to calculate accurately than l itself (l is the
electron mean free path}. However, the behavior
at low temperature is quite incomprehensible
within such a theoretical framework. A more com-
plex model is clearly indicated.

A more complete treatment must dispense with
the assumption that the phonon distribution has its
equilibrium value N, in the Boltzmann equation for
the steady-state distribution of electrons and that
the electron distribution has its equilibrium value in
the phonon transport equation. A departure from the
equilibrium is certainly more reasonable since any
temperature gradient gives rise to a phonon heat cur-
rent, while an electric current, though carried by
electrons, interacts with the lattice vibrations and
cannot fail to drag some phonons along with it. In the
calculation of transport properties it is necessary
to suppose thatbothdistributions deviate from their
equilibrium values simultaneously in both Boltz-
mann equations; the nonequilibrium phonon dis-
tribution enters into the electron transport equation
in the same way that the nonequilibrium electron
distribution function enters into the phonon Boltz-
mann equation. The inclusion of these extra terms
was first considered by Gurevich' and results in
the theory of "phonon-drag thermoelectric power. "

Qualitatively, the effect can be understood as
follows: in the presence of a temperature gradient,
lattice waves travel preferentially from hot to
cold. This anisotropic distribution of phonons
scatters electrons in such a way as to push them
more often toward the cold end than the reverse.
Zero current results only when the electrostatic
field resulting from an excess of charge at the
cold end counterbalances the combined effect of
this phonon drag and the normal tendency of elec-
trons to diffuse down a temperature gradient. The
observed thermoelectric power S then should be
expressible as the sum of a diffusion term S, and
a phonon-drag term S, .'

An equivalent explanation can be formulated in
terms of the Peltier coefficient, p= TS. In this
case, phonon drag results in a much larger value
of heat flow accompanying the flow of electricity
in the absence of a temperature gradient. The
presence of an electric current tends to scatter

phonons preferentially in the direction of motion
of the carriers and results in a lattice heat flux
U, in addition to that normally carried by elec-
trons.

Implicit in the above explanation is the assump-
tion of conservation of crystal momentum in elec-
tron-phonon scattering. In such a normal Npro-
cess the general tendency is for electrons to emit
phonons opposite to the direction of the electrical
current j. Since U =~ j, this contribution to the
Peltier coefficient is negative.

But the reverse is often true in the case of an
electron-phonon umklapp (U) process, which gen-
erally results in phonons emitted in the direction
opposite to the average drift velocity of the elec-
trons and, therefore, in the same directions as j.
The phonon-drag contribution under these circum-
stances is positive.

Thus, the sign of S in the temperature region
where S, is of comparable or greater importance
than S„may be positive or negative depending upon
which term dominates the collision term of the
Boltzmann equation ( U or N processes}. Naturally,
the proximity of the Fermi surface to the Brillouin-
zone boundaries is important in this respect since
it determines the minimum wave vector which can
participate in a Uprocess.

Other scattering mechanisms, in addition to the
strength of the electron-phonon interaction, also
determine the phonon-drag contribution to the
thermoelectric power. Phonons streaming down a
temperature gradient generally collide with im-
purities, grain boundaries, and other phonons,
so that only a fraction of their momentum is trans-
ferred to the electrons. Anharmonic coupling and
phonon-impurity scattering grow stronger with in-
creasing temperature and thus tend to damp out
phonon drag. Above the Debye temperature, they
have reduced it to negligible proportions, while
at extremely low temperatures very few phonons
exist at all. The maximum effect, then, would
occur at some intermediate temperature, as
MacDonald' s data indicate. '

Starting with the work of Gurevich, a number of
theories have been proposed to explain the low-
temperature behavior of the TEP (Klemens, '
Hanna and Sondheimer, ' Ziman, "Bailyn, ' and
MacDonaldg), particularly in the alkali metals
where the assumption of a nearly spherical Fermi
surface is reasonable. It is only when umklapp
processes are neglected that a relatively simple
analytic expression is possible for S, . Under this
restriction all the models lead to essentially the
same result;

3',„'~~, ((u, ) + ~p(&u„}
'
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where C(&u, ) is the contribution to the lattice spe-
cific heat from phonons with frequency ~ and po-
larization j, N is the number of conduction elec-
trons per unit volume, 7~ is the total phonon-re-
laxation time for collisions with electrons, pho-
nons, and impurities, and v~, is its relaxation
time for collisions with electrons alone. This ex-
pression predicts that ideally, the phonon-drag
thermoelectric power ean be as large as -6691
x (T/8D)' p, V/'K, where 6~ is the Debye tempera-
ture of the material. When collisions between pho-
nons and impurities or phonons and other phonons
are frequent enough to maintain equilibrium in the
phonon distribution, v~-0 and S -0, as expected.

A complete elucidation of phonon-drag thermo-
electric power including the effects of Uprocesses
is a much more involved theoretical enterprise,
even for the case of an isotropic Fermi surface
and lattice spectrum. Nevertheless, Ziman" and
Bailyn' have succeeded in reproducing the main
qualitative features for the alkali metals, partic-
ularly the positive humps and sign changes. Their
theories, however, emphasize different aspects
of the problem.

Ziman's theory, based on a variational solution
to the Boltzmann equation, is largely concerned
with the role played by Fermi-surface distortion

in phonon-drag thermoelectric power, since in ad-
dition to reducing the minimum phonon wave vector
required for an umklapp process, its effect is
compounded by a resulting upturn in the electron-
phonon matrix element itself in the umklapp re-
gion. " The entire effect of Fermi-surface dis-
tortion is embodied in a variable U(110), a quan-
tity proportional to the energy gap at the center
of the (110) face of the first Brillouin zone.

While differences between longitudinal and trans-
verse-sound velocities are accounted for, each
set of vibrational modes is represented by its own
average Debye temperature (Br or 6~) and devia-
tions from a purely longitudinal or transverse
character are neglected. Thus, lattice-spectrum
anisotropy is completely ignored in this theory.

Since most models of the electron-phonon inter-
action predict that transverse waves can partici-
pate only in umklapp processes, the quantity 6r/
6~ as well as U(110) is of critical importance in
determining the sign of S, .

Ziman's model may be used to predict a value
for S in a metal-like sodium with its spherical
Fermi surface by setting U(110) equal to zero;
6r/6z can be approximated by a weighted average
of 8~ and 6~ over the three symmetry directions,
[110], [100], and [111J, of the unit cell:

[1/(2 x13)][38r (100}+36r(100)+66r (110)+66r (110)+46r (111)+46r (ill)J
6g ~+ [36~(100)+ 66~(110)+ 46~(111)]

Relating the Debye temperatures to the appropriate
elastic constants,

O, (100)=8, (100)=8,,(110)—C„~',
8, (»0) —[-,'(C„-C„)]~',
Or =8r (111)-[3(C„—C,2+C~)]'

and using Daniel's data" for sodium

C44=4.19xl0' dyn/cm',

—,'(C» —C„)=0.585 dyn/cm',

Bz -=—', (C„+2C»}= 6.61 dyn/em2;

we find Sr/6~=0. 44 .
In Ziman's model, 7 a graph of S vs T/O~ shows

an enormous positive swing in S before it becomes
negative for this value of Br/6~. To conform to
the experimental data for sodium, Br/O~ would
have to be about 1 and even then the computed val-
ues for S, would be too large by a factor of about
3. While an improved variationa1, function and the
use of a more realistic phonon spectrum might im-
prove the results, as it stands the model appears
inadequate to explain even the zero pressure of
behavior of S.

Bailyn"2 has formulated a theory which takes
detailed account of the variation of sound velocity
with direction as well as deviations of phonon po-
larization from perfect longitudinal or transverse
character. In this model, the source of the in-
creasingly positive character of the low-tempera-
ture thermopower of the alkalis is the variation in
their lattice spectra, while the shape of their
Fermi surfaces is relegated to a secondary role.
A point-by-point calculation is used to avoid the ap-
proximation inherent in using average Debye tem-
peratures which may underestimate the low-tem-
perature umklapp contributions.

Bailyn's expression for S, is

1 ~ (i, a) . CfN~
S, =—,, /

'

n(jq;q+'R)h(q+K) V, &u
3W'&t, q aT

where Vis the total number of free electrons per
unit volume, SXO/a T is the temperature derivative
of the equilibrium distribution of phonons, q is a
phonon wave vector of branch j and frequency cu,

and R is a reciprocal lattice vector. The notation
Q'~ ~l means a sum over all umklapp processes

K
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in which phonon (j, q) can participate, including
K =0. The quantity o(jq; q+K) is the probability
that a phonon (j, q) will be destroyed by means of
an electron-phonon Uprocess involving K relative
to the probability of destruction by all processes,
which include all possible umklapp processes as
well as collisions not involving electrons, such as
impurities and other phonons. This last term re-
duces a. and phonon drag at high temperatures.
However, it was neglected in this calculation.

Bailyn's formulation has a simple structure in
that S is expressible as a sum of two terms, one
representing the contribution from %processes
and the other from Uprocesses, while in Ziman's
treatment no such separation is possible. The two
terms are in opposition since q v, &u =q~v, ~

&0 and

(q+K) V, ru=v, ~ (q+K), which is generally nega-
tive. The net effect is a difference between two
large and nearly equal quantities. By ignoring the
scattering of phonons by anything but electrons we
see that the first term, due to %processes, is just
the specific heat; that is,

{ja)

z 'q;q+ =1.
K

cess. The results of Bailyn's calculations are
shown in Fig, 1, together with MacDonald's ex-
perimental data. '4

While Bailyn was able to achieve fairly good
quantitative agreement with experiment, as will
be discussed later, his numerical computations
involved some approximations to Eq. (3) and
several adjustable parameters. Under these
circumstances one cannot help but question the
physical significance of his results. The present
study was undertaken to provide a more rigorous
test of Bailyn's theory since it would permit a
comparison of his predictions of the changes in
thermoelectric power with experiment under small
reductions in lattice parameter. Measurements
were made of the effect of hydrostatic pressure up
to 3 kbar on the TEP of sodium at temperatures
below about 14'K, where the effect of phonon drag
is believed to be most evident.

Sodium is a relatively compressible material
undergoing a change in volume of almost 4'//q under
a pressure of only 3 kbar. As will be discussed in
Sec. III, its anisotropy parameter (C» —C»)/2C«
does not change under such compression which
makes it reasonable to assume that its spherical
Fermi surface remains undistorted at this pressure
and that the pressure dependence of the polariza-
tion of the phonon modes can be ignored. Thus,
only changes in the electron-ion interaction and the
frequencies of the lattice vibrations need be con-
sidered in analyzing the data.

Bailyn concludes that the longitudinal modes
contribute negligibly to the thermopower com-
pared to the transverse modes because the longi-
tudinal velocities are large and have small n's.
If longitudinal phonons were the only ones con-
tributing to umklapp-phonon drag, Fermi-surface
distortion would be of indisputable importance,
but the much larger contributions from the trans-
verse modes come from directions where the wave
vector is not that small; q is smallest where it,
the electron-scattering vector, and the reciprocal
lattice vector are all lined up. Along these sym-
metry directions transverse waves are rigorously
transverse so the polarization factor in the elec-
tron-phonon transition probability is zero. Away
from this direction the polarization factor in-
creases, but so does the quantity qv, thereby ex-
ponentially diminishing the number of available
phonons. A peak in the contribution to S, should
be reached some distance away. A surprising re-
sult of Bailyn's calculations is that one of the
transverse modes contains phonons which indi-
vidually contribute more than any phonons in any
other mode, and these are well above twice the
minimum size needed for participation in a Upro-
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FIG. 1. Comparison of theoretical calculation of
Bailyn with experiment for low-temperature TEP of
alkali metals.
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II. EXPERIMENTAL METHOD

A. Voltage measurement

In order to specify the pressure dependence of
the thermoelectric power of sodium with as much
accuracy as possible, a direct differential method
was used rather than differentiating a least-
squares fit of thermoelectric voltage versus tem-
perature. Since traditional voltmeters, which
have a range above 1 nV, were considered inade-
quate for this purpose, the tiny signals were mea-
sured with a [superconducting quantum interference
device (SQUID)] which is designed to work at
liquid-helium temperatures, and under favorable
circumstances can measure signals in the sub-
picovolt range. Details regarding the theoretical
basis for the operation of the SQUID system can
be found in the instruction manual published by
the (S.H.E.) Superconducting Helium Electronics
Manufacturing Corp. "and in a paper by Gifford,
%ebb, and Wheatl, ey." In this experiment, the
QUID and associated circuits were connected as
a self-balancing potentiometer with a loop gain of
10', with the output displayed on a digital volt-
meter.

The over-all experimental arrangement is shown
in Fig. 2. Leading from either end of the sodium
wire was a ribbon, 0.09 in. wide x 0.003 in. thick,
consisting of a thin layer of niobium-tin, having a
transition temperature of about 17'K, sandwiched
between two layers of copper. It was brought out
to the liquid helium where it eventually made con-
tact to niobium wires leading directly to the SQUID
probe. (See Nos. 13, 14, and 21 of Fig. 2. ) Since
all external connections leading from the sample
to the SQUID system were superconducting, no
corrections to the measured output were needed
to deduce the actual thermoelectric emf produced
by the sample in the temperature range of this
study (T& 14'K).

Unfortunate1. y, picovolt sensitivity was not
achieved in this experiment as a result of noise,
despite rather elaborate precautions. To eliminate
the problem of high-frequency stray fields, the
entire cryostat was surrounded by a continuous
copper shield consisting of,—', -in. copper sheet.
All leads entering the region of the input circuit
to the SQUID were shielded and equipped with I.-
section rf filters consisting of 10-p, H inductors
and 1000-pF capacitors to ground. Noise due to
changing stray magnetic fields was eliminated by
surrounding the lower end of the cryostat insert
and the SQUID probe with a superconducting lead
bag which was made by soldering together strips
of lead foil 0.0015 in. thick.

Even after the elimination of stray electromag-
netic fields, the presence of microphonic noise

was still enough to prevent the SQUID system
from locking. (There is a maximum rate at which
changing input flux to the SQUID can be nulled
out. Beyond that maximum slewing rate, the sys-
tem will not lock. ) To obviate this problem,
vibrations of the helium Dewar inside the nitrogen
Dewar were eliminated by means of oil that was
poured into the bottom 1..5-in. annular space be-
tween them. This froze the two Dewars together
when the liquid nitrogen was poured in.

Surprisingly, microphonics were still a prob-
lem. However, it was later realized that while
the lead bag expels stray magnetic flux from its
interior, it does trap whatever flux is present at
the instant it goes superconducting. The size of
the pressure vessel made it impossible to reduce
the cross-sectional area of the loop formed by
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FIG. 2. Overview of experimental setup (not drawn to
scale): (1) Brass flanges, (2) outer copper shield ($ -in.
sheet, 52 in. highx 22 in. across), (3) liquid nitrogen,
(4) frozen oil, (5) frozen nitrogen, (6) liquid helium,
(7) brass baffles (4.95-in. diameter), (8) helium level
detector, (9) superconducting lead bag, (10) vacuum can
(8 in. long x 3.5-in. diameter), (11)bath germanium resis-
tor, (12) Stycast epoxy vacuum feedthrough, (13) niobium-
tin-copper superconducting leads, (14) AU&D probe,
(15) nitrogen-level resistor, (16) helium depth probe
hole, (17) kovar electrical feedthrough for electrical
leads, (19) aluminum shield for rf traps, (20) helium
inlet port, (21) niobium leads.
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the sodium sample and connecting leads to the

SQUID below several square inches. Vibrations
of the vacuum can, in which this large loop sits
relative to the lead bag, can result in considerable
microphonic noise. This source of noise was
finally eliminated by pouring liquid nitrogen into
the helium Dewar to a level an inch or so above
the bottom of the vacuum can. At liquid-helium
temperatures the nitrogen froze the whole assem-
bly rigidly to the inner Dewar.

The presence of the liquid nitrogen in the helium
cryostat solved the microphonics problem, but
proved to be a cryogenic disaster. It more than
doubled the amount of helium required to cool the
cryostat from 7't to 4.2'K (from 20 to 50 liter),
and resulted in transfer times of several hours.

The other source of noise was thermal noise
associated with the sample resistance (all other
leads were superconductingj which was unusually

high (to be discussed later). The combination of
this noise and residual microphonics produced
about 40-pV noise rather than the ideal figure of
1 pV.

To measure the thermoelectric power the bomb
was first heated to the desired temperature T;
then, with one end controlled at that temperature,
the temperature of the other end was controlled
at various points between T —0.1 'K and T+ 0.1 'K.
The temperature controller was capable of con-
trolling to about 0.1 0 which represents a tem-
perature uncertainty of 0.1 mK below 5 K and
about 7 mK at 13'K." The error signal from the
controller and the SQUID output were monitored on
a chart recorder to make it obvious when a steady
state was reached after a step in temperature was
made. A visual average was taken of the digital
voltmeter output to determine the thermoelectric
voltage. Eight such temperature settings were
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usually made for each measurement of the thermo-
electric power.

B. High-pressure system

The design of the pressure vessel presented
several unique problems. Bringing any tempera-
ture sensor, such as a thermocouple or a semi-
conducting element, into the high-pressure cell
would have entailed a calibration of their thermo-
metric properties under pressure. Unfortunately,
no prior measurements had ever been made of
the pressure dependence of the TEP of any mate-
rials at helium temperatures, so no comparative
basis for such a calibration was available. There-
fore, temperature sensors had to be placed out-
side the pressurized region of the cell. It was
thus necessary to design a seal, viable at cryo-
genic temperatures, which used the end plugs
themselves both as electrodes and as gradient-
free regions where temperatures could be mea-
sured. These had to be electrically insulated from
each other (so as not to short out the sample) and

designed in such a way as to minimize the tem-
perature difference between the ends of the sample
and the point where the temperature is measured
and external leads contact the end plugs (in order
to exclude the thermoelectric power of the end

plug from the measurement). There appeared to
be no precedent for such a seal, so the final con-
figuration wa.s the result of a long evolution of
imperfect designs.

The body of the vessel was made of maraging
steel which was heat-treated at 900'F for 3 h and
then air-cooled to room temperature. One of the
pressure seals was a standard Bridgeman unsup-
ported area seal with an indium pa, cking ring and
copper and brass antiextrusion rings (Fig. 3). The
pressure seal at the other end of the bomb was a
tapered end plug (half-angle ="!—,")which fit into a
tapered hole. The sealing action and the electrical
isolation of this end plug from the rest of the ves-
sel was provided by a Stycast'6 epoxy conical shell
(half-angle = 'l-,")having a wall thickness of —,', in.
and a length of 0.'7 in. In order to provide an
initial seal, the shaft of the end plug was threaded
a.nd, by means of a nut, was partia, lly extracted.

The Stycast epoxy could not be machined; it con-
sistently wore away tool bits. It had to be molded
directly into the proper shapes. Because the un-
cured epoxy was so viscous, it was impossible to
pour it directly into a cavity in the shape of an an-
nulus only —,', in. thick and 0.'l in. deep and avoid
leaving voids. It was therefore necessary to pour
the uncured epoxy into a wide tapered cavity having
the same outer diameter as the shell, and then
push out most of the material with a center piece

having exactly the same shape as the tapered end

plug. This process left a thin cavity completely
filled with epoxy. The epoxy was then cured at
room temperature for 24 h. For ease of removal
of the hardened shell, all surfaces of the mold
(stainless steel) were initially coated with
Eccoslip" mold release.

Both pressure seals were quite reliable once
they were seated at room temperature at a pres-
sure between 20000 and 25000 lb/in. . The bomb
was then cooled under this pressure to liquid-
nitrogen temperatures when the pressure was re-
leased for a zero-pressure run at helium tem-
perature or increased for a higher-pressure run.
The maximum obtainable pressure was not limited
to the room-temperature prestress point. Oc-
casionally, the seals did leak at lower tempera-
tures, but could be reseated by warming back up
to nitrogen temperature, or if necessary, to room
temperature. However, the epoxy never cracked
and never extruded very much. No run was ever
aborted as a result of a leaky seal.

A third seal was made on the side of the bomb
with a fill-line connection consisting of a in.
long x —,

' -in.-o.d. length of stainless-steel tubing"
which was coned and threaded to form a standard
cone seal. This stud, originally 0.024-in i.d. , was
drilled out, slipped over, and brazed into a much
smaller, ,—', -in.-o.d. x0.006-in.-i.d. , stainless-
steel fill-line capillary, supplied by the Superior
Tube Co. It ran through one of the vacuum lines
along the entire length of the cryostat to room
temperature. A similar adaptor was made at that
point to connect to the external pressure system.
The tiny capillary was used because of the rela-
tively small heat leak it introduced. A 350-Q
heater was wrapped around the entire length of
the fill line to ensure its being open during pres-
surization.

The maximum obtainable pressure was limited
by the strength of the tapered end plug. While
both end plugs were made primarily of maraging
steel, the low thermal conductivity of this mate-
rial (probably about 0.001 W/cm~ at 4.2 'K) made it
impossible to satisfy the second design require-
ment that there be negligible temperature differ-
ence between the thermometer and the end of the
sample. To obviate this problem, an end plug of
pure copper was tested first. Unfortunately, it
blew out at about 32000 lb/in. '. Since no material
was found that was strong and yet highly thermally
conducting, a compromise was reached whereby
copper inserts were brazed into both end plugs
as shown in Fig. 3. Two holes —,

' in. in diameter,
were drilled, one for the thermometer and one
for external leads, to a point within the copper in-
sert and 0.15 in. from the bottom of the hole in
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which the sample assembly screws into each plug.
A test of this composite demonstrated its ability
to withstand a pressure of over 3 kbar with very
little outward motion of the tapered end plug. Un-
doubtedly it could have contained higher pres-
sures, but in the interest of safety was limited to
3 kbar.

The high-pressure pumping station consisted of
an air-driven two-stage diaphragm pump" which
took helium gas at 3500 lb/in. ' from a storage
bottle and raised it to 30000 lb/in. '. At 15:1
Harwood intensifier was used to raise the pres-
sure to any desired point above this.

C. Sample preparation

The sodium samples (originally supplied in
ampoules by Leico Industries" ) were extruded
wires (30 x0.1 cm) wrapped around a nylon rod
(-,'-in. diameter x1.35 in. long) threaded with a
square groove 0.05 in. wide x0.05 in. deep. The
sample fit loosely in the groove to avoid strain by
any differential thermal contraction. On each end
of the nylon rod was glued a copper disk (0.4-in.
diameter x0.05 in. thick) with a groove 0.03 in.
long running across its Qat surface in which each
end of the sodium wire was laid. Since the thick-
ness of the wire was 0.04 in. , part of it extended
above the surface of the copper disk. In addition,
a 0.3-in.-long stub of sodium was pressed on top
of the portion already sticking out, so a consider-
able amount of the material extended above the
surface of the copper.

A rigid copper connector (—,'-in. diameter) was
screwed into one end of the rod, pressing tightly
to the copper disk, thus mashing the sodium be-
tween the two copper surfaces. It was hoped that
this mashing would produce a good electrical and
thermal contact between the sodium and the cop-
per. The other end of the copper connector was
screwed (5-40 screw) tightly into a tapped hole
drilled in the copper insert of the tapered plug. It
was hoped that this action would produce excellent
thermal contact between the surface of the con-
nector and the insert.

Because the tapered end seals pressure by
moving out slightly, the connection from the other
end of the nylon rod to the Bridgeman seal had to
be flexible and still be highly thermally conducting.
For this purpose, a flexible connector was made
consisting of iwo square copper plates (0.5
x0.5 x0.05 in. ) attached to each other by means of
rectangular pieces of copper foil (0.35 x0.5
x 0.003 in. ) nominally 99.9999% pure, as opposed
to the electrolytic tough-pitch copper used every-
where else. Three layers were clamped on all
four sides of each disk and were flexed some-
what. It was hoped that the reduction in cross-
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I"IG. 4. View of sample mounted inside pressure cell:
{1) Pressure vessel, {2) niobium-tin-copper ribbon,
(3) germanium thermometers wrapped with enamel
coated copper leads, (4} nylon sheath, (5) sample,
(6) threaded nylon mandrel, (7) Qexible copper connec-
tor (square), (S) copper disk (glued to mandrel), (9)
rigid copper connector, (10) end of sample, mashed be-
tween the copper disk and connector, (11) capillary fill
line (—in. o.d. , 0.008-in. i.d.), (12) fill-line heater
(wrapped noninductively so as not to couple magnetic
flux into AU&D circuit), (13) flexible copper connector,
(14) rigid copper connector.

sectional area would be compensated by the higher
conductivity of the high-purity copper foil. The
two plates were screwed into the nylon rod and
the other end plug exactly as at the other end.

In order to minimize the amount of solid helium
in the sample chamber and, therefore, any paral-
lel conduction heat, a nylon sheath was slipped
over the threaded rod, thus filling up almost all
the remaining space in the bomb. The two end
plugs and sample assembly mere then slipped as
a single unit into the bomb and the initial pres-
sure seals made. All of this assembly work was
done inside a glove bag filled with dry helium. A
cutaway view of the sample mounted inside the
bomb is shown in Fig. 4.

D. Temperature measurement

In order that as much of the measured tempera-
ture gradient as possible appear across the sample
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itself, it was necessary to maximize the thermal
resistance between the two ends of the sample and

minimize it between the ends and the thermom-
eters. In this regard, the mounting procedure in-
cluded the following features: (i} the sample was
wound on a nylon rod; (ii) almost all the dead

space in the sample chamber was filled with nylon.
Thus any parallel conduction of heat through the
solid helium was sharply reduced. The nylon it-
self has a thermal conductivity in the neighborhood
of 10 'W/cm' at 4.2'K" and, therefore, provides
good thermal insulation; (iii) all material between
the ends of the sample and the thermometers was

copper (annealed at 600'C for several hours);
(iv) the thermometers and leads were placed in

the bottoms of deep holes drilled into the end plugs
where they would be as close to the ends of the
sample as possible; and (v) the sodium sample
was made reasonably long and thin (20 cm long
x O.l-cm diameter) to minimize its conductance.
A calculation performed using reasonable values
for the conductivities of the walls of the bomb, the

copper, the solid helium and the nylon indicated
that even if the thermal conducitivity of the sodium
were 20 W/cm', 99% of the temperature difference
between the two thermometers should appear
across the sample itself.

The two thermometers were calibrated" ger-
manium resistors encapsulated in cylindrically
shaped metal containers (about —,'-in. diameter
x 38 in long) filled with helium exchange gas."
Since most of the heat conduction to the german-
ium itself is through the leads and not the ex-
change gas, " lengths of No. 36 gauge formvar-
coated copper wires were soldered onto the plati-
num stubs sticking out of the capsule, were
wrapped tightly around it, and then varnished,
with QE 7031 varnish, onto the surface of the con-
tainer. It was hoped that this process would

thermally ground the thermometer to the bottom
of the copper hole, where it would be sensing the
temperature of a point as close to the end of the
sample as possible. In addition, the thermometers
were isolated from heat leaks down the electrical
leads which eventually led out of the cryostat by
means of 18-in. lengths of resistance wire
(19.48 56/ft} which were soldered between those
leads and the copper grounding wires. Tempera-
tures were measured by an ac bridge. "

A number of 0.015-in. gold wires attached to
both ends of the bomb and leading directly to the
liquid helium through the epoxy vacuum seal served
as thermal links between the bomb and the helium
bath.

E(IO V)

2.8 T-8 K

P=O

S=-,278}Lf,V/'K

crs =.002 p V/'K

saMPI E(D
(o)

T=IO'K

S=-,595+Vr K

cr =.014pV/ K

SAMPLE', . I '

(b)

0,4

0
—.IO:08 -.06 -.04 -.02 .02

ZT( K)

.04 .06 .08 .IO

Z T('K)

FIG. 5. Typical data:
(a} showing minimal scatter;
(b} showing maximal scat-
ter.
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III. RESULTS AND DISCUSSION

A. Presentation of data

The raw data for each temperature T was a
series consisting, on the average, of eight re-
sistance and voltage readings approximately
equally spaced in the range T —0.1'K to T +0.1 K.
In order to extract a value for the thermoelectric
power a least-squares fit was made for the cali-
bration data of the germanium resistor at the
variable end of the bomb.

Graphs of thermoelectric voltage E, versus ~T;
are illustrated for points taken at 8 and at 10'K
in Figs. 5(a) and 5(b), respectively. These two

graphs are representative of the two extremes in
the quality of the data.

The values of all the thermoelectric powers and
their standard deviations are listed in Table I.
The zero-pressure points are plotted in Fig. 6(a),

while MacDonald's data" are shown in Fig. 6(b)
for comparison. The high-pressure points are
plotted in Fig. V.

In Fig. 6, the fractional changes in S, (S~ —S,)/S,
for sample 1 are plotted as a function of tempera-
ture for the three pressures used in this experi-
ment. The error bars were calculated from the
formula

S —S, 8, —S, 5(S —5,) 5$,
)

where 6{A) is the error in A, and 5(S~ —S,}
5Sp + 5Sp As a result of large unc ertainti es due

to the necessity of using exchange gas, the data
for sample 2 were not considered reliable enough
to warrant such a plot. This point will be dis-
cussed later.

B. Discussion of results and comparison with theory

05-

'TlojT &

6 8 10 12

The only reasonable conclusion that can be
drawn from the graphs of (S~ —S,}/S, at I and 2

kbar is that the effect of pressure is essentially
zero within the experimental error. On the other
hand, there is a noticeable effect at 3 kbar which
indicates that (ignoring the possible crossover at
9.5 K, which may be spurious) the fractional
change of the thermoelectric power is negative
and is increasing in magnitude above 11'K. With-
in the context of the existing theories of phonon

T( K]
8 l0 12

T
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FIG. 6. Zero-pressure results: (a) present experi-
ment; (b) Macoonald's data (Ref. 24).

FIG. 7. Comparison of zero-pressure and high-
pressure data.
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drag it seems reasonable to assume that both the
positive contribution to S (due to U-processes)
and the negative contribution (due to N-processes)
should decrease in magnitude simply because
pressure generally increases sound velocities and
therefore decreases the number of phonons avail-
able for any electron-phonon interaction. What
determines the net change in thermoelectric
power is the term that decreases faster. The data
for sodium indicate that, since S is growing less
negative with pressure, the contribution from N
processes is diminishing in magnitude more
rapidly than that due to U processes.

In order to compare the results of this experi-
ment with the predictions of Bailyn's theory, the
pressure dependencies of the following quantities
must be considered: (a) The speed of sound (This
should affect the normal and umklapp contributions
to S differently. The former, since it depends
more or less on the specific heat of the lattice,
involves only an average Debye temperature. The
latter is more sensitive to certain directions of
phonon propagation ); (b.) the phonon-polarization
vectors; (c) the electron-phonon interaction;
(d) the shape of the Fermi surface.

Fortunately, the spherical Fermi surface of
sodium seems not to be distorted under moderate
compression. While direct observations of this
effect have not been made, this conclusion is con-
sistent with Daniels's finding that the anisotropy
parameter, (C„—C»)/2C~ is not pressure de-
pendent in sodium up to 2 kbar, "and with the the-
oretical models of Fuchs" and Ham. '6 Thus, it
seems reasonable that band-structure effects can
be ignored.

Bailyn's explicit expression for a pure material
can be written as a sum of positive and negative
contributions, S, and S, due to U and N process-
es, respectively;

S=S +S
3 pp

Ne 2m' 0

Bailyn's expression for Q. is

, IQ—
SAMPL E
P =

I kbor

.05-

Sp-So
0 t

6
+

;( 10 14
—T{ K)

—.08—

—10-
.08—

.06—

SAMPLE

P =2 kbar

S -So' '.02-
So

—.02—
6 10 14

T{ K)

—Q4-

.or I-

.04—

SAMPLE
P=3 kbar

where the sum is over all the reciprocal-lattice
vectors K xK„in which a phonon (j q) can partici-
pate. In the rigid-ion approximation

S+=—,,
2 ~ Q K' &(j q; q+K)

BNO
& (v h(u) d3q .

S -S
—.04 I-

So

N is the total number of conduction electrons per
unit volume; ge1 is the magnitude of the electronic
charge, and K is any one of the 12 equivalent
reciprocal-lattice vectors of the bcc Brillouin
zone. The heat capacity per unit volume of the
lattice, C~, is approximated by a T' dependence,
where 8 is a slowly varying function of temper-
ature.

—.081-

—.I Q t-

—.14I-

I IG. 8. Pressure variation of TEP.
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1j (~+K)1' 1v(q+K)1'
( (q )

1( ( )12 iv( )12

where $ is the pola. rization vector for phonon (j q)
and V {k) is the electron-ion matrix element.
Since crystal momentum is conserved q+K =k'- k,
the electron scattering vector P is, in effect, the
ratio of the probability that phonon (j q) will inter-
act with an electron via a U process involving K
to that involving K„.

Under pressure q+ K„doesnot change direction,
but increases in magnitude as a ', where a is the
lattice constant. Thus 1q+ K1'/1q+ K„1'is not pres-
sure dependent.

Since the polarization vector $(j q) depends on
the elastic constants, C, , , its direction should be
a function of the lattice parameter. While the
functional dependence of $ on C,&

at a general point
in the Brillouin zone is complex, near the three
symmetry directions its components can be ex-
pressed in terms of a combination of elastic con-
stants which depend very strongly on the anisotropy

parameter, (C» —C»)/2C~, "which is not a func-
tion of pressure. It is therefore reasonable to as-
sume, particularly in light of other approximations
made by Bailyn, that g (q+K)/g (q+K„)1'is not
pressure dependent.

The ratio of the V's will change only if the frac-
tional change of V(k) with pressure is a function
of k. A simple Thomas-Fermi model of the elec-
tron-ion interaction predicts that this fractional
change is strictly independent of k." That is,

V(r) —(I/r)e "' V(k) —(I!k'+Z '-)

where k {the electron scattering vector) =2k~ sin-,'6
(k~ is the Fermi wave vector and 8 is the scatter-
ing angle) and h. rz, t-he mean atomic radius.
Since r~ ' and k~ are inversely proportional to the
lattice parameter, 1V(k')!V(k)1' is obviously in-
dependent of it. A more realistic model would
undoubtedly predict some dependence of this ratio
on the lattice parameter, but its pressure depen-
dence is probably considerably smaller than that
of V(k) itself. It thus seems reasonable to assume

P=
0 kba;

( I i

2

12
1 I

15
TEMPERATURE ('K)

I IG. 9. Theoretical pos-
itive and negative contribu-
tions to TEP for various
pressures.
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that n is not a function of pressure.
This approximation is consistent with the fact

that the actual expression Bailyn used to make his
calculation of S, was, in fact, only an approxima-
tion to Eq. (4). In particular, he assumed that for
each polarization, j, a could be removed from
the sum over q and had some effective value a,
He also made use of another parameter, y&, a
geometrical factor for each polarization. The
product A,. =—n,.yj was treated as a constant adjusted
to fit experiment. Since this constant was not
rigorously derived from first principles, it hardly
seems worthwhile to try to calculate subtle
changes in n, due to pressure.

The actual expression used to calculate S, was

S, = 367.3 Q A~F(4~/T) pV/'K,
j=1,2

A~ 0 07 A2: 0 035

F(z}= (z/e* —1) -ln(1 -e ') .

l2

TEMPERATURE( K)

I4 l 5
l 1

l6
l

l7
1

k~4 &
represents an average phonon energy over

those modes that contribute significantly to S„as
opposed to an average over all the vibrational
modes of a solid. The use of an average 4& rep-
resents another approximation to Eq. (4). Bailyn
was able to obtain good results for all the alkali
metals by assuming that 4, = (0.35kkz/ks)(C«/p)'"
and 4 „=(0.25kk~/ks)(C«/p)"', where p is the mass
density and (kk~/ks)(C«/p) = 172'K for sodium. '
Since the numbers 0.35 and 0.25 were not derived
from a first-principles calculation, one can only
assume that they are pressure independent.

Thus, the only two quantities whose pressure
dependence need be considered are 8 in S and

(hkF/ks)(C«/p)'" =—I in S,. These can readily be

calculated to first order in the pressure ~ I"
8(P) =8(0) + (d8/dP)p, n. P

do Od
=8(0) +

„ /
~ „aP

=o-(0) (I + yP.»),
where y is the Gruneisen constant, which equals
1.25 for sodium, "and P, is the compressibility
at zero pressure, measured by Swenson to be
1.3~10 ' kbar '." Therefore,

8(p) =8(0)(1 +0.01625' P),

l2

TEMPERATURE (~ Kj

I3 14 I5
I 1 I

where ~ P is the pressure in kbar.
Similarly,

I'(P}= I'(0) + „o.P.dI
p o

The other parameters are assigned the values
C«=0.56x10" dyn/cm', dC«/dP =1.63, p =0.927
g/cm', dp/dP = ppo =1.205 gdyn/cm,
kz- 0. 09x I'Ocm ', anddkz/dP= 3kzp, = 0.3—9x10 '
cm/dyn. Putting these va1ues into the expression
for dI'/dP leads to I"(P) =172(1+2.03 a P)'K.
Therefore 4, =60(1+0.7IOAP)'K and 4,
= 43(1+ .506 a P)"K

In Figs. 9-11 are shown the results of the cal-
culation for S„S,S, and (S~ —S,)/S, in the tem-
perature range from 12'K to 16'K for pressures
of 0, 1, 2, and 3 kbar. It is immediately obvious
from Fig. 9 that S really is the result of two very
large contributions of nearly equal magnitude and

opposite sign. For example, at 16 K and P =0,
S+= 6.36 pV/'K and S = -7.2 pV/'K. Only a l(P/q

error in S can make almost a 10(F/(- error in S
itself.
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FIG. 10. Theoretical TEP for various pressures. I"IG. 11. Theoretical pressure variation of TEP.
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The calculation predicts that the tendency for
the thermoelectric power of sodium to increase
in magnitude mith temperature is less pronounced
under pressure. In particular, at 3 kbar S has
already started to drop in size at 12'K. While
the data do not indicate an upturn in S at this tem-
perature, they do indicate a flattening out and

suggest the start of an upturn, perhaps at 14' K.
In addition, the calculated values of (S~ -S,)/S,
are qualitatively consistent with the experimental
results at 3 kbar even though they are too large
by a factor of about 3. Considering the sensitivity
of S to very small errors in S, and S, the agree-
ment is surprisingly good. These discrepancies
can probably be reduced by a more careful deter-
mination of o.'(jq; q+K) and 4&(q).

C. Discussion of errors

While the accuracy with which the thermoelec-
tric power was measured was reasonably high
(several percent uncertainty) its rather small
pressure dependence has reduced the amount of
detailed information that can be obtained from
this experiment. This is particularly true at 1
and 2 kbar where the only reasonable conclusion
that can be drawn is that (S~ —S,)/S, is zero within
the experimental error. At 3 kbar a trend is
definitely observable, but even there large un-
certainties are evident. It mould be desirable to
reduce the experimental errors by at least one
order of magnitude to be able to specify the pres-
sure dependence with reasonable precision. The
worst uncertainties in the present experiment are
due to random errors which have the effect of in-
creasing the error limits in a particular measure-
ment without affecting its average value, as op-
posed to systematic errors which presumably af-
fect all measurements, regardless of pressure,
in the same manner and therefore have little in-
fluence on the measured pressure coefficient
(Sp —So)/So .

The most serious random error resulted from
imperfect temperature control at both ends of the
sample. The controller mas unable to maintain
the resistance of the germanium thermometers
constant to much better than 0.1 Q at any tempera-
ture. This value of 0.1 0 mas also the smallest
increment by which the resistance could be
changed. Near 4.2'K this change represents a
temperature change of only about 0.0001'K, while
at 11'K the same 0.1 0 represents 0.003'K. This
diminished thermometric sensitivity together with
a relatively large thermoelectric power conspired
to make it impossible at the upper end of the tem-
perature range to achieve the voltage stability of
40 pV mentioned earlier in connection with the

SQUID. At 11 K the measured value of S was ap-
proximately 0.5 gV/'K. At this temperature a
fluctuation of 0.003'K would produce a change in
the SQUID output of 1.5 nV. While the observed
oscillations were somewhat smaller (about 1 nV),
it was still necessary to average over rather large
voltage fluctuations. On the other hand, at O'K
where S=0.2 gV/ K, a temperature fluctuation of
0.001 K mould produce a shift in the voltage output
of only 20 pV. Consequently, the output, as ob-
served on the chart recorder, was very steady for
long periods of time at the lower end of the tem-
perature range.

The major problem arose from the phase shifts
due to the time delay between the application of
heater power and the response of the resistor.
Near 5'K about 2 min were required to reach a
steady state after the control point was suddenly
shifted by a fem hundredths of a degree. At 12'K
it sometimes took 8-10 min to stabilize after a
similar transient was introduced. Such an in-
crease is inevitable at higher temperatures be-
cause the thermal time constant is proportional
to C»/K, where C» is the specific heat and t& is the
thermal conductivity. Nom C„varies as T', while
z is more or less proportional to T. In stainless
steel v=0.003W/cm at 5'K, while at 12'K g=0.01
W/cm', over three times larger. At the same time
C„increases by a factor of (+' = 13.8. Thus
(C»/z)» j(C»/v), = 4.2. In light of this ratio, the
8:2 ratio for settling times is not surprising.
However, it should be possible to scale both time
delays down by placing the heater coils closer to
the sensing resistor than they were in this experi-
ment and by reducing the mass of the borr b. In
retrospect, the vessel was definitely overdesigned
for containing a, pressure of 3 kbar. (Our original
intentions, abandoned in the interest of safety,
was to attempt measurements at 6-7 kbar. ) It
should be possible to reduce the ratio of o.d. to i.d.
from the present 2.5 to less than 2.0 without intro-
ducing a safety hazard.

Apparently the manner in which the heater coils
are wrapped is also important. Greater care
should have been taken to wrap them in a single
layer so that no time delay is introduced by the
necessity of heat penetrating through one layer to
the next ~

The presence of exchange gas in the vacuum can
can also result in thermometry errors since it
thermally couples the resistor to the helium bath.
Under thes e circumstanc es the resistor does not
sense the temperature exactly at the bottom of the
hole, but some distance away because of the
existence of an extra conducting path through the
exchange gas. Despite the fact that a vacuum
gauge above the cryostat consistently read pres-
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sures of 10 ' mm, the equilibration temperature
of the bomb with no heater current varied from
day to day between 5.7'K and about O'K. Since the
gold links could not have changed, these fluctua-
tions must have been due to the presence of small
amounts of exchange gas resulting from intermit-
tent leaks into the vacuum can either through the
indium seal or the epoxy feedthrough.

In addition to errors in temperature measure-
ment, exchange gas also introduces errors in the
measured temperature gradient. Since the gas
represents another parallel conducting path be-
tween the ends of the sample, it decreases the
ratio of the total conductance between thermometer
and sample to that between the ends of the sample.
Therefore, a smaller fraction of the temperature
gradient, as measured by the two thermometers,
actually appears across the specimen. The net
result is a smaller measured thermoelectric
power. If the actual amount of exchange gas could
be kept constant it would introduce a systematic
error and therefore not affect the pressure coef-
ficient. However, it apparently varied somewhat
from day to day despite continuous pumping.

On one particular day S was measured at 11.50'K
as (—0.518+0.006) gV/'K. The heater current to
the two heaters was 2.85 and 4.00 mA; the total
power required to maintain the bomb at this tem-
perature was about 24.1 mN. On another day S
was measured at the same temperature as
(-0.494z0.006) gV/'K. The two heater currents
were 3.2 and 4.75 ma, so the heater power was
32.8 mW, giving evidence that some exchange gas
was present. This was a rather extreme case,
however. Somewhat more typical is a set of two
measurements made at O'K. In one case
S= (-0.337+0.002) pV/'K with the two heater cur-
rents at 1.8 and 2.75 rnA. The measurement was
made with the heater currents at 1.5 and 2.9 mA.
In this instance S = (-0.343 s 0.001) gV/'K. The
ratio of the two sets of power inputs is 1.013.

Another probable effect of exchange gas is to
prevent the bomb from ever achieving a steady-
state condition, at least for very long. Ever pres-
ent convection currents tend to keep the bomb in a
constant state of thermal oscillation which results
in the necessity of a visual average being taken
over larger voltage fluctuations. The net effect is
a larger uncertainty in the measured thermoelec-
tric power.

Sample 2 had to be run with some exchange gas.
For some inexplicable reason the germanium re-
sistor at the Bridgeman seal end of the bomb lost
almost complete thermal contact with its end plug.
In order to restore some coupling, exchange gas,
along with its attendant problems, had to be intro-
duced. These are reflected by the fact that the

uncertainties in 8 are rather large compared to
those found for sample 1 and that the shape of the
curve was not quite as smooth as that of sample 1.
(See Fig. 7) In addition, high-pressure data for
this sample are so erratic that not too much sig-
nificance can be attached to them.

There can be little doubt, however, that the
larger measured value for the thermoelectric
power of sample 2 is real. In light of the above
comments, its measured value would have been
even larger if it were possible to avoid using ex-
change gas. MacDonald" also found that the size
of the thermoelectric power of sodium can vary
from sample to sample of comparable purity, al-
though the general shape of the curve of S vs. T
was the same in all cases. At O'K, for example,
his result for "sample I" is about -0.41 pV/'K,
while at the same temperature, S= -0.475 pV/'K
for his "sample II". This represents a change of
about 15% .

These discrepancies may very well be due to
the martensitic transformation which is known to
occur in sodium starting at about 35'K as the
temperature is lowered. " While the fraction of
the material that has transformed to the hcp phase
seems to be independent of temperature below
about 13 K, this fraction will almost certainly
vary from sample to sample depending on its
state of strain and the degree to which it is cold
worked. Dugdale" estimates that about 25% of
the material may transform.

It is difficult to estimate how the thermoelectric
power of the low-temperature phase behaves. The
Fermi surface remains spherical in going from
the bcc to the hexagonal phase, but it is consid-
erably closer to the six rectangular phases of the
Brillouin zone than it is to the (110) face of the
bcc zone. The greater proximity to the zone face
suggests that umklapp processes are probably
more frequent in the low-temperature phase,
which alone indicates that the thermoelectric
power of sodium is more positive than it would be
if no martens itic transformation ever occurred.
But this effect might be offset by large phonon
velocities in certain critical directions. Since
data on the elastic constants of the hexagonal
phase do not exist, this possibility cannot be as-
sessed.

In addition to any intrinsic dependence of S in
the low-temperature phase, the pressure depen-
dence of the thermoelectric power of sodium is
also influenced by how pressure affects the amount
of low-temperature phase present. Since the
volume of the hexagonal phase is larger than that
of the bcc phase by about 0.3%," pressure should
tend to inhibit its formation.

Since Bailyn's original formulation and the above
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calculations based on it do not account for the pos-
sible complications introduced by the martensitic
transformation, they should be viewed with a cer-
tain amount of reservation.

The major systematic error in this experiment
involved measuring the temperature diff erence
between the two ends of the sample. The actual
temperature gradient across the specimen was,
of necessity, only a fraction of the measured
gradient between the two thermometers because
of the lack of perfect thermal conductance between
the thermometer and sample. However, if this
error is truly independent of pressure, it should
not affect (S~ —S,)/S, . The use of a poor thermal
conductor like nylon to fill almost all the dead
space in the sample chamber helped to insure this
by reducing parallel conduction through the solid
helium to negligible proportions.

As was mentioned in Sec. II, a calculation based
on reasonable values of the thermal conductivities
of the walls of the bomb, the nylon, etc., indicates
that even if the thermal conductivity of the sodium
were 20 W/cm', 99%%uo of the measured gradient
actually appears across the sample. Unfortunately,
a problem arose in the course of the experiment
which calls this conclusion into question. The
room-temperature resistance of samples 1 and 2

was about 14.5 mQ. This value is consistent with
that expected for a sodium wire of length 20 cm
and diameter 0.1 cm. However, the resistance of
the two samples actually rose at 4.2'K to 0.100
and 0.04 0, respectively& It was the Johnson noise
resulting from these high resistances that was a
major factor in reducing the ideal sensitivity of
the SQUID from 1 to 40 pV.

When the residual resistance ratio was measured
using a standard four-mire technique on other
sodium wires prepared from the same source, its

value was 700. It is quite probable that the re-
sistance ratio mould have been considerably higher
if the samples mere cooled more gradually. "
Therefore, the anomalous behavior of the resis-
tance had nothing to do with the bulk properties of
the sodium used.

& P&&0~, one possible cause of this phenomenon
may have been deterioration of the sodium surface
between the time the wires were extruded and the
time they were cooled sufficiently to the point
where oxidation is negligible. This interval was
several hours. Such deterioration mould have re-
duced the cross-sectional area or the contact area
with the copper connectors, or both. However,
such extensive deterioration mas unlikely. A
practice sample was placed in the bomb and, at
room temperature, its resistance increased over-
night by only about lo%%uo.

Undoubtedly the sodium did at least partially
pull away from the copper disk, but the resulting
contact resistance probably depended critically
on the state of oxidation of the sodium and copper
surfaces. These, of course, are unknown factors.
However, the data indicate that while such a sur-
face layer may have produced a large electrical
barrier, it was not thick enough to produce much
of a thermal barrier.
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