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at Very Low Temperatures

Kelvin’s discovery may be the key today

to electron transport problems.
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moelectricity dates from early in the
last century. The Seebeck potential, or
thermoelectric force, is the voltage pro-
duced in a circuit of two dissimilar ele-
ments when one junction is heated rela-
tive to the other (Fig. 1). The Peltier
heat is the component of heat evolved
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effect (known today as the Thomson .
heat) must exist in a single conductor
when a current flows through it and the
conductor is in a temperature gradient.
The Thomson heat is reversible in the
sense that a component of heat is evolved
or absorbed, depending on the relative
direction of the electric current and tem-
perature gradient. After his theoretical
prediction, Thomson then went on to
show the existence of this effect by a
painstaking series of experiments. The
definition of the Thomson coefficient w
is given by the. following equation:

. 2

Q=-wSE+ L5
where Q is the heat evolved per unit
volume per unit time in a conductor;
J» is the current density; d7/dx is the
temperature gradient; and o is the elec-

trical conductivity. -
The second term in Eq. 1 corresponds
to the irreversible Joule heating, and it

The author is on the staff of the division of
physics, National Research Council (Canada), Ot-
tawa, Ontario.

943



Fig. 1. Schematic thermoelectric circuit.
The net thermoelectric power of this cir-
cuit is given by dV/dT =S§,-S., where
S1 and S are the absolute thermoelectric
powers of conductors No. 1 and 2. If
S1 > Ss, then the polarity of AV is as
shown in the figure.

is assumed that the Thomson heat and
the Joule heat are independent of one
another. It is clear that the Thomson
heat (), like the electrical conductivity
(o) [or thermal conductivity ()], is a
bulk property of a conductor, and so
indeed are the Peltier heat and abso-
lute thermoelectric power; unfortunately,
confusion still sometimes occurs today
when it is implied that the Peltier heat
and thermoelectric power are “contact”
phenomena because they have to be
measured in a circuit composed of two
different conductors.

The thermoelectric power is of great
practical significance, since of course the
use of thermocouples as thermometers
depends on the very existence of this
effect. On the other hand, we might
perhaps say that thermoelectricity, until
rather recently, has been to some ex-
tent the “Cinderella” of conduction phe-
nomena from the point of view of yield-
ing fundamental information about elec-
tron-transport behavior. In particular, in
the last 30 years, a great deal of work
has been done on the investigation of
electrical conductivity at low tempera-
tures (by which, roughly, we mean liq-
uid-hydrogen temperatures—say, 20°K
and below), and since World War IT this
work has grown to be very intensive at
temperatures down to those of liquid
helium (say, 1.5° to 4°K). Also, during
this period thermal conductivity has be-
come a rapidly growing field of interest.
However, both of these parameters es-
sentially measure thermodynamically ir-
reversible effects. As a consequence of
this, at sufficiently low temperatures
(typically, below 4°K in a pure metal)
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the irreversible scattering of electrons
by chemical impurities and physical de-
fécts in the lattice tends to dominate
the situation, and it quickly becomes
more and more difficult to extract in-
formation about the scattering of elec-
trons by thermally activated processes.
Of recent years, this has been seen to be
particularly unfortunate because the de-
tails of thermal scattering of electrons
are of great interest to the fundamental
theory at these low temperatures. In ad-
dition, however, when more than one
type of scattering process is involved,
each, acting independently, would have
to contribute a positive resistivity, since
we are dealing with irreversible proc-
esses; put in other words, scattering due
to physical defects, chemical impurities,
excited lattice waves (“phonons”) of
high energy, low-energy phonons, or

other causes must in each case be essen-
tially positive, and it is not always easy
to distinguish experimentally between
these types with certainty. Lastly, the re-
sistivities -being essentially irreversible
effects, little can be said about their ex-
pected behavior from a thermodynamic
point of view (except, as we have said,
that electrical and thermal resistivity
must indeed be positive.)

Not so, however, for the thermoelec-
tric effects. It is becoming clear that the
puzzling changes of sign observed in
some elements, as we vary the tempera-
ture, may well be a direct consequence
of the changing predominance of differ-
ent scattering components. It is indeed
still true that the thermoelectric power
(or Thomson heat) is sensitively depen-
dent, in an almost alarming way in some
cases, on temperature, on the type of im-
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purity present, and so on, but this very
sensitivity appears now to offer thermo-
electricity as a rather valuable param-
eter for testing theories of conduction
and f{or obtaining fresh information in
this field. At the same time, it is a con-
sequence of the reversibility of the ther-
moelectric phenomena that the behavior
is not necessarily limited at low tem-
peratures by the irreversible scattering
due to impurities and the like, in the
way that the electric and thermal resis-
tivities are. Finally, we can, in some
cases, usefully appeal to the laws of ther-
modynamics for some guidance as to
what behavior we must expect from the
thermoelectric coefficients.

Let us turn, then, to consider the sig-
nificance of recent experimental work on
thermoelectricity at low temperatures—
say, 20°K and below.

Thomson Heat and
Thermoelectric Power

William Thomson himself first sug-
gested that the Thomson heat might be
regarded essentially as the specific heat
of electricity. This is not, however, to be
identified immediately with the familiar
specific heat at constant pressure or con-
stant volume; it is a rather special spe-
cific heat, measured in a temperature
gradient under conditions of no net elec-
tric current. Now in order to evaluate
this properly we must appeal to some
detailed theory of electron transport, but
it would certainly be reasonable to as-
sume that the Thomson heat should be
fairly close in value to the more conven-
tional equilibrium electronic specific
heat. Thus, we should expect

w~C (2a)

or

R~ cer/e (2b)

where C is the specific heat per unit
(free) charge transported [assumed posi-
tive from the defining Eq. I]; ¢4 is the
specific heat per electron; and e is the
charge of an electron in sign and mag-
nitude. The relation shown in Eq. 2b
follows from Eq. 2a of course if we as-
sume conduction by free electrons. Now,
the modern theory of metals gives

where T, is the electron-degeneracy
temperature (around 50,000°K for a
typical metal), and thus we might ex-
pect
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Now k/e is about 10-* volt/°C and
we should therefore expect a Thomson
heat falling linearly with temperature
and diminishing from about 10-7 volt/
C° in the region below about 20°K. Ac-
tually, one usually measures the absolute
thermoelectric power (S) of a metal,
but since we have the Thomson rela-
tion

_Tds
W=7 (3)

w and § should be identical if Eq. 4 is
valid. Actually, few metals seem to be
“well-behaved”—at first glance, anyway
—in this temperature region. Perhaps
most striking are the Thomson heats of
the alkali metals between 2°K and 20°K,
shown in Fig. 2. The variation of ther-
moelectric behavior with temperature in
most of this group of metals appears
rather disconcerting, and the magni-
tudes of thé¢ Thomson heat and thermo-
electric  power, particularly in the
heavier alkali metals, are often greatly
in excess of the predicted values as in-
dicated by the relation of Eq. 4 above.

“Phonon-drag Effect”

The tentative theoretical explanation
today of these results rests on the so-called
“phonon-drag” effect [or Gurevich effect

(2)]. When we think of the Thomson
heat as a specific heat of electricity, we
are confining our attention essentially to
the thermal entropy of the conduction
electrons themselves. That is to say,
under a temperature gradient, we may
expect that the “hot” electrons (since
they have higher velocities, for one
thing) will tend to drift more rapidly
towards the “cold” end than the “cold”
electrons will drift in the opposite direc-
tion, and that this will give rise to a
thermoelectric current. However, if we
also recall that the electrons collide with
the excited lattice waves (or “pho-
nons”), it is not difficult to see that we
may be able, in this way, to “tap” the
entropy gradient of the lattice waves as
well. Perhaps the simplest way to think
of this process is as follows: When a
temperature gradient is present, the pho-
nons will themselves carry a thermal cur-
rent (the lattice heat flow) and if
phonon-electron collisions are important
—as indeed they are in a pure metal at
low temperatures—then the phonons
may tend to “drag” the conduction elec-
trons with them from hot to cold. Thus
arises the ‘“phonon drag” effect, pro-
ducing an additional component of ther-
moelectric power.

A simple momentum argument (see,
for example, 3) leads us to expect:

S~U.Cl:\tt/Nel (5)

where Cp,¢; is the lattice specific heat
per unit volume; N, is the density of
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Fig. 3. (Left) Absolute thermoelectric force of copper and alloys. (Open circles) Pure
Cu; (open triangles) pure Cu+ 0.0009 atomic percent Sn; (solid triangles) pure Cu +
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Fig. 4. (Left) Cryostat (with vacuum cans removed) for measurements of thermoelectric
force below 1°K. A4, Superconducting reversing switch; B, inner liquid helium bath at
about 1°K; C, Alkali metal specimen; D, “pill” of paramagnetic salt. Over-all dimension,
about 14 in. between arrows. (Right) Close-up of experimental ‘“cage,” showing “pill”
of paramagnetic salt and alkali specimen mounted for experiment. .

i

Fig. 5. Cryostat (inside Dewar vessel) in large electromagnet prior to establishment of
magnetization cycle for achieving temperatures below 1°K.

946

free clectrons; and « is a parameter lying
between 0 and 1; if phonon-electron col-
lisions can be neglected, a =0, while if
phonon-electron collisions are dominant,
o—> 1.

As the temperature increases, the lat-
tice specific heat grows rapidly [with
(T/©)2], and so long as « remains sig-
nificant, Eq. 6 can give rise to quite a
large amount of thermoelectric power.
More detailed theories, such as J. M.
Ziman and M. Bailyn are now develop-
ing, suggest that the behavior of the
“phonon-drag” effect could be quite
complicated, depending on the precise
mechanisms of phonon-electron scatter-
ing. Now scattering may take place by
direct interchange of momentum be-
tween a phonon and an electron (the
so-called “normal” process), or the ex-
change may also involve momentum cor-
responding to one of the reciprocal lat-
tice vectors. It seems that this latter
so-called “Umklapp process” (4) may
vield a component of thermoelectric
power opposite in sign to a component
due to “normal” processes; furthermore,
the rclative proportion of these two scat-
tering mechanisms may depend quite
sensitively on the temperature. It then
appears quite possible that a satisfactory
explanation for the behavior of thermo-
clectric power down to, say, liquid he-
lium temperatures may be provided in
this way; indeed Ziman has suggested
that this may well be one of the most
sensitive ways of estimating the shape of
the clectron Fermi surface in relation to
the Brillouin zones, since this is a vital
factor in determining the relative fre-
quency of the Umklapp processes.

Anomalous Minimum of
Electrical Resistance

At the same time, we should not for-
get many other peculiar features found
in thermoelectric power in the liquid
helium and hydrogen temperature re-
gion. It has been known for some time
(see, for example, 5, 6) that in metals
such as copper, very small amounts of
impurity (of the order of 0.1 atomic
percent) can have a quite violent effect
on the thermoelectric power in this re-
gion, and it appears rather certain that
this behavior is related quite closely to
the appearance of an anomalous mini-
mum in the electric resistance of such
metals at low temperatures. This is illus-
trated in Fig. 3. The anomalous mini-
mum of electrical resistance has excited
growing interest since it was first discov-
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ered in experiments on gold at Leiden
(7), but so far no adequate theoretical
explanation has been found for this be-
havior. One is sometimes tempted to sus-
pect that the fundamental explanation,
when found, might perhaps be compar-
able in significance for electron transport
theory to the explanation of supercon-
ductivity—although the phenomenon is
of course less dramatic.

Measurements Below 1°K

Since experiments have proved so
fruitful down to liquid-helium tempera-
tures, one is naturally led to extend the
work to even lower temperatures. Some
results below 1°K have now been pub-
lished (8, 9); apparatus for use in ex-
periments at these temperatures is shown
in Figs. 4 and 5. Since the “phonon-
drag” effect should diminish as 73
(compare Eq. 6) while the purely elec-
tronic component should diminish only

with T (see Eq. 4), we should certainly

expect that at sufficiently low tempera-
tures Eq. 4 would become essentially
valid—and, in fact, temperatures below
1°K, as a general rule, ought to be suf-
ficient to achieve this. We have now car-
ried out initial experiments on the alkali
metals; on copper, silver, and gold; and
on one or two other metals, such as plati-
num, nickel, and iron. In the alkalis we
find that the thermoelectric power has
indeed now fallen to the order of magni-
tude predicted by Eq. 4—that is, to
around 108 to 10-9 volt/°C in the
region below 1°K. On the other hand,
the temperature-dependence is not al-
ways linear, as we might expect it to be;
indeed, in the case of potassium (com-
pare the two parts of Fig. 6) the tem-
perature-dependence appears almost
quadratic, and, so far, we can offer no
theoretical explanation for this behavior,
Much remains to be done here, even
among the alkali metals; in particular
the dependence of thermoelectric power
on impurity requires careful investiga-
tion.

Perhaps the most striking results be-
low 1°K are those for copper, silver,
gold, and platinum—particularly those
obtained on gold. Figure 7 shows experi-
mental data on two samples of gold—
one specimen very much purer than the
other—and Fig. 8 shows some experi-
mental results on silver. The most re-
markable feature is the high order of
magnitude of the thermoelectric power
in gold; even at 0.5°K. At this tempera-
ture the “phonon-drag” effect should be
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quite negligible, and for the ordinary
electronic component we should expect
a thermoelectric power of about —4 x
10-° volt/°C; actually, with the purer
gold specimen, a figure about 1000 times
greater (about —4 uv/°C) is observed!
Again, no theoretical explanation for this
remarkable behavior is yet forthcoming;
naturally we are most interested to see
whether any other metals or group of
metals will show thermoelectric powers
of this (or perhaps an even greater)
order of magnitude.

The very high thermoelectric power

found in gold at these low temperatures
makes one consider another question. A
thermoelectric power of about 10-8
volt/°C, which we might generally ex-
pect at 1°K, corresponds to an entropy
of about 2x10-¢ cal/°C per mole of
electrons transported (that is, 1 fara-
day—about 10° coul of charge trans-
ported). On the other hand, a thermo-
electric power as large as 5 puv/°C cor-
responds to about 0.1 cal/°C Faraday.
This suggests at least the possibility of
thermoelectric cooling even at these
very low temperatures.
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Ideal Limit of Refrigeration

A detailed analysis (see 10) leads to
the conclusion that the ideal limit of
refrigeration is given by

AT/T,=8./2L, (7)

where AT is the reduction of tempera-
ture obtained; T, is the low temperature
(the cold end of the couple); S, is the
thermoelectric power at the cold end;
and L, is the Lorenz number (L=«/
oT") at the low temperature.

For a metal whose conductivity is lim-
ited by impurity or defect scattering (as
is generally the case at low tempera-
tures)

2
ng(’f) ~ 2.5 x 10°® (volt/deg)? (8)

If, now, S, =~ 10-8 volt/°C, then evi-
dently, from Eq. 7, the outlook is quite
hopeless for thermoelectric cooling! In
the case of gold, setting S, ~ —5x 10-¢
volt/°C, we would expect AT/T =~
5x10-* at temperatures around 1°K—
an amount which of course is still far too
small to be practically useful. However,
at our present state of knowledge we
cannot be sure that a metal or alloy is
not to be found with even higher ther-
moelectric power at low temperatures,
and if one could be found for which S,
was perhaps 10~ volt/°C, the situation
would become very promising. This
naturally provides a further incentive

for experimental work on thermoelec-
tricity at low temperatures.

There is another hopeful aspect; the
data of Fig. 8 show that the largest ther-
moelectric power was obtained in the
purer sample of gold. Now, if a metal
could be obtained which was sufficiently
pure so that the conductivity was not
limited, at the low temperatures re-
quired, by impurity or defect scattering
but was limited rather by thermal scat-
tering, then the Lorenz number (L)
could in principle be very much lower
than the limiting value quoted above.
This is because, if electrons are scattered
by thermal vibrations at low tempera-
tures, the electrical conductivity (o) in-
creases much more rapidly (as 7-3)
than does the thermal conductivity (x)
(which increases as T-2). Thus it is at
least possible that a metal might be ob-
tained which would be sufficiently pure
to have both a high enough value of §
and a low enough value of L to be of
use for low-temperature refrigeration.

If thermoelectric refrigeration could
be made a practical possibility at low
temperatures (say 1°K), it would be of
considerable benefit to experimental re-
search. At present the only feasible
method is to use the adiabatic demag-
netization of a suitable paramagnetic
salt, as first envisaged by Debye and
Giauque, in order to achieve tempera-
tures below 1°K. A number of such salts
are available—such as iron ammonium
alum (which is rather popular), with
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Fig. 8. Absolute thermoelectric power of two specimens of gold at very low temperatures.
Sample 4 (“specpure” quality): Ruizr/Raucx =~ 3.19 x 10°%. Sample B (lower purity),
unannealed) : Rs2ox/Rasecx =~ 6.39 x 10°% [From data of MacDonald, Pearson, and Tem-

pleton]
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Fig. 9. Superconducting reversing switch
designed by Templeton for operation in
liquid helium. (About 1% by 1% in.;
height, about 34 in.)

which one can conveniently work down
to about 0.05°K, and, say, cerium mag-
nesium nitrate, with which temperatures
of a few millidegrees Kelvin can be
reached. Of course such salts are used as
refrigerating agents in this work, but
there are certain serious difficulties that
are met with. As the temperature is re-
duced, the thermal conductivity of the
salts themselves becomes rather poor,
and the temperature distribution may
thus become rather inhomogeneous
through the salt “pill.” It is also not easy
to achieve satisfactory thermal contact
with the salt itself for the purpose of
cooling some other material; my co-
workers and I usually use the method of
recrystallizing the salt directly from a
saturated solution onto a silver mesh,
but we are by no means certain of the
adequacy of thermal contact below, say,
0.1°K.

Another problem of long standing is
the question of determining the absolute
temperature below 1°K. An approxi-
mate temperature is obtained by assum-
ing that the magnetic susceptibility of
the salt (%) obeys Curie’s law (x o< 1/T).
This is in fact an excellent approxima-
tion in the liquid-helium region; hence
a calibration of magnetic susceptibility
against absolute temperature can readily
be made in this temperature range. This
calibration is then extrapolated to pro-
vide a so-called “Curie temperature”
down to the low temperatures achieved
when the salt is adiabatically demagne-
tized. However, deviations from Curie’s
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law must (and indeed do!) occur at suf-
ficiently low temperatures, and thus for
accurate work it is necessary to make an
absolute calibration in the very low
temperature region. This, in principle,
can be done by various methods involv-
ing the second law of thermodynamics,
by taking the salt through a reversible
cycle. However, a difficulty arises in the
fact that the calibration found does not
always agree from laboratory to labora-
tory, or indeed necessarily from one sam-
ple of a salt to another, since the be-
havior may depend on the previous
history of the specimen. One solution is
to use as a thermometer an auxiliary
sample of a paramagnetic salt (such as
cerium magnesium nitrate) which is
known to obey Curie’s law down to
rather low temperatures, but of course
this all adds to the experimental diffi-
culties involved. In principle, a very at-
tractive solution would be one in which
use was made of the electrical Brownian
movement (‘“thermal noise”) in a re-

sistor for thermometry, but there are
many difficult technical problems as yet
unsolved, not the least of which is that
of measuring the very small noise volt-
age with some accuracy.

Another challenging aspect of the
measurement of thermoclectric power at
very low temperatures is the problem of
measuring the small thermoelectric volt-
ages involved in many cases. The super-
conducting reversing switch (see Fig. 9)
and superconducting modulator devel-
oped in these laboratories by Templeton
(11) have proved invaluable, and we
feel that the limit of sensitivity has by
no means yet been reached (12). All in
all, it appears that the study of thermo-
electricity at very low temperatures is
full of promise, and “Cinderella” may
yet turn out to be the “belle of the ball.”
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physical Year. The execution of these
experiments engaged the coordinated re-
sources of large segments of the scien-
tific talent of the nation, and it was ap-
parent that the effects of the experiment,
if successful, would be recorded by in-
struments of the far-flung international
network of the IGY. The compilation of
the observational and interpretative con-
tributions by the many participants will
doubtless stand as a durable milestone in
the development of man’s knowledge of
the great natural phenomena of the
earth’s atmosphere which have engaged
his study for many centuries.

Christofilos Proposal

The underlying idea for the Argus ex-
periments was due to Nicholas C. Chris-
tofilos, physicist of the Lawrence Radia-
tion Laboratories of the University of
California. In October 1957 he called
attention to the fascinating physical ef-
fects which might be expected to follow
an atomic burst in the near-vacuum of
outer space, high above the earth and
its dense atmosphere. Of the various ef-
fects contemplated, the most interesting
one promised to be the temporary trap-
ping of high-energy electrons at high
altitudes in the magnetic field of the
earth. Following the burst there would be
thrown off in all directions nuclei of in-
termediate atomic weight. Most of these
nuclei, as is well known, are radioactive
and subsequently decay with the release
of energetic electrons and gamma rays.
Most of the decays occur within a few
minutes. The fission fragments them-
selves are electrically charged and move
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