3 HOT-ELECTRON PROBLEM.
ly apparent why the Rees iterations yield the exact
time evolution in the limit of an infinitely large
self-scattering rate. It is also demonstrated that
the notion of self-scattering can be generalized to
allow for negative self-scattering rates, in direct
violation of a condition imposed by Rees. It is even
shown for one model that for certain choices of the
model parameters, the optimum self-scattering
rate may be negative everywhere.

The models are also used to discuss various
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methods of evaluating the first-order corrections
to the steady state resulting from a small perturba-
tion in the system. It is shown that the summations
arising must be treated carefully, and consistently,
lest the results obtained be simply incorrect.

The advantages of the models for the evaluation
of numerical and analytic approximation procedures
used in calculating other hot-electron properties,
for which the models will usually yield exact solu-
tions, need hardly be stressed.
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®m some ways this is a model for any physical situation

where there are two valleys in k space, sufficiently re-
moved from one another that one can neglect the orbits
that link them, There is, unfortunately, one important
respect in which the interesting physical situations differ
from the models. In the physical situations, the inter-
valley scattering rate varies dramatically with position
within the initial valley.
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Direct-current electrical and thermal transport coefficients were experimentally determined
in a very pure tungsten crystal at six temperatures in the range 1.4—4.1 K and at magnetic
fields up to 22 kOe. The field was applied along a [100] axis and each of the coefficients mea-
sured along an equivalent (100) direction. Kinetic coefficients computed from the data were
interpreted in terms of a Sondheimer-Wilson—type multiband relaxation-time model. The
results were generally consistent with the extensive literature on the fermiology of tungsten.
Galvanomagnetic data were approximately independent of temperature, a result implying elas-
tic scattering and a common relaxation time for all transport effects, but the field dependence
and magnitude of the thermal and Righi-Leduc resistivities were both distinctly less than those
predicted by the Wiedemann-Franz law when a reasonable value of the lattice conductivity was
assumed. A density of states computed from the Nernst-Ettingshausen coefficient was consis-
tent with values reported from specific-heat measurements, but displayed an anomalous tem-
perature dependence similar to that of the Righi-Leduc coefficient.

I. INTRODUCTION

The temperature and magnetic field dependence
of six galvanomagnetic and thermomagnetic trans-
port coefficients of a tungsten monocrystal are re-
ported here. The dc measurements were per-
formed at liquid-helium-4 temperatures in mag-
netic fields up to 22 kOe directed along a [100]
axis transverse to the plane of the effects in the
body-centered-cubic (bcc) crystal.

Provided the magnetic field is applied along an
axis of three-, four-, or sixfold rotational sym-
metry, and the electrical and thermal fluxes are
constrained to the plane normal to that axis, only

six kinetic transport coefficients are required to
determine all of the thermogalvanomagnetic phe-
nomena in a metallic crystal. The transverse-
even effects vanish, and the six kinetic coefficients
are calculable in terms of only six measurable
nonkinetic coefficients. This is a consequence of
the Onsager relations. 1’2

A study of transport phenomena is motivated by
two distinct, but coupled, goals. First, one would
like to use the transport effects as a tool for in-
vestigating the structure and dynamics of the elec-
tron-lattice-defect system in a class of materials.
Second, one wishes to understand mechanisms
present in the transport process and to determine
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the relative importance of those mechanisms which
are active in a given material under a specific set
of conditions. The measurements reported here
were primarily directed toward the second of these
goals. The successes of Fermi-surface studies®
over the past decade have made it possible to seek
a much more detailed interpretation of transport
processes on the Fermi surface than was possible
earlier. Improvements in experimental facilities
and sample quality are also very significant.

Many of the extant transport data were obtained
when our knowledge of Fermi surfaces was poor.
In addition, the large impurity content of most
samples resulted in a masking of the intrinsic scat-
tering mechanisms at low temperatures, a situa-
tion which may actually favor the first of the above-
stated goals, but which severely limits the second.
Tungsten is representative of the above situation.

Tungsten, a transition metal of the sixth group
and period, has been available in monocrystalline
form with relatively high purity for a longer time
than most other metals. The behavior of electrical
and thermal transport coefficients of tungsten in a
magnetic field was investigated as early as 1936
by Justi and Scheffers* and by Griineisen and
Adenstedt.? An extended series of measurements
of the thermal and electrical magnetoresistivities
by de Haas and de Nobel® and de Nobel”'® are par-
ticularly relevant to the thermal measurements
reported here. Except for the relatively high-
temperature work of van Witzenburg and Laubitz,®
work on the very-high-purity tungsten now avail-
able has not considered the problem of thermal
transport. The electrical resistivity has been
studied by Berthel!® and by Volkenshteyn et al. ,*!
while the galvanomagnetic effects were measured
by Fawcett, !2 by Fawcett and Reed, ** and by
Volkenshteyn et al.'* The low-temperature mag-
netothermoelectric, Nernst, and Righi-Leduc effects
reported here do not appear to have been studied
previously.

References to the extensive experimental litera-
ture on the closed compensated Fermi surface of
tungsten may be found in the de Haas~van Alphen
work of Girvan, Gold, and Phillips, !° while theo-
retical APW (augmented-plane-wave) band-struc-
ture calculations were done by Loucks!® and by
Mattheiss!” following the model of Lomer. 18

In Sec. II, the phenomenological definitions and
elementary microscopic theory of the magneto-
transport coefficients are reviewed. Section III
deals with pertinent experimental aspects of the
work. The results and an elementary interpreta-
tion of each type of measurement are then pre-
sented. A more detailed interpretation of certain
parts of this work will be found in a following
paper. All of the measurements reported pertain
to transport effects with a monotonic dependence
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on the magnetic field. Oscillatory phenomena due
to size effect’® or Landau quantization®® were not
measured.

II. THEORY

The Onsager formulation!'? of the thermodynam-
ics of irreversible processes has resulted in a
rigorous phenomenological framework for defining
the magnetotransport coefficients. The kinetic
coefficients of the thermogalvanomagnetic effects
are tensors defined by the kinetic equations®

»=..-> ?"_Vb
M g
U=-7"E-X"VT,

which express the fluxes J , the electric-current
density, and ﬁ, the heat-current density, aslinear
combinations of the affinities E, the effective emf
(which includes the thermodynamic force associated
with the chemical potential of the electronic car-
riers and plays the role of the measurable electric
field), and the temperature gradient VT. The
kinetic coefficients so defined are: 77', the elec-
trical conductivity; X '/, the thermal conductivity;

€', the thermoelectric tensor; and 7'/, the

Peltier tensor. Only one of the tensors € '’ and

7' is independent, since by the Onsager-Kelvin

relation 7''=T€’. For effects measured in the
[100] plane normal to the magnetic field, the inde-
pendent tensors G, X '/, and € '’ each reduce to a
2 X 2 form with two independent elements in each
tensor. The total number of independent coeffi-
cients is thus six. The 0 tensor is, for instance,

‘(;= (Uxx Ury) = ( 011 012)
Oyx Oyy =012 Oy
if the magnetic field is applied along a threefold or
higher z—3 direction and the affinities and fluxes
are measured in orthogonal x -1 and y - 2 direc-
tions.

The phenomenological kinetic coefficients are
most important because kinetic coefficients relate
directly to the results of microscopic theory where
it is customary to calculate J and U. The conven-
tional microscopic theory of transport phenomena
assumes validity of a Boltzmann transport equation
and the fundamental problem is then to solve the
equation for the distribution function f; for specific
conditions of symmetry, thermodynamic affinities,
and other parameters. One then calculates

- e - -
J=mﬁifidk,

where V; is the velocity of an electronic carrier of
charge e, energy &; chemical potential ¢, and
wave vector k. A calculation of the currents by
(2) leads to expressions in which the kinetic coef-
ficients defined by (1) may be identified as the

ﬁ:i/wg;- Ofidk, @)

473
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coefficients of E and V7.

A tractable comparison of all six experimentally
determined kinetic coefficients with microscopic
theory is possible at present only for rather sim-
plified models. The most useful of these has been
the Sondheimer-Wilson?? model, which assumes
conduction by independent quadratic bands of car-
riers of either sign, each achieving equilibrium
by a relaxation process and each contributing addi-
tively to the total current. The Sondheimer-Wilson
(SW) results® as modified by Grenier®*'® are sum-
marized in Gaussian units as follows:

magnetoconductivity,

ou-ecL—-é—‘ ; (3a)

+H,

Hall conductivity,

012-96‘2(*)1{2 Y (3b)
magnetothermopower,
a ZeT a;H
1,1,'— 2( )_Ll b (3c)

Hz H I 22
Nernst or Nernst-Ettingshausen coefficient,

m2p2cT ZH
€12= 3 Y H+H?’ (3d)

thermal magnetoconductivity,

Mi=x+ 0, =)'+ L Toy; (3e)

ey
Righi-Leduc conductivity,

Mz = LyT0y5. (3f)

In these expressmns H is the magnetic field ap-
plied normal to J and U and T is the Kelvin tem-
perature. The symbols 7, e, ¢, and kg are con-
stants having their conventional meaning. The
other symbols represent properties of the crystal.
The ith band contains #n; carriers, which, if hole-
(electron-) like, takes the + (=) sign as indicated
in Eqs. (3b) and (3c). The mobility u; of the car-
riers is represented by the relaxation field H,
=c/p;=mjc/er;, where 7; is the relaxation time
and m ] is the cyclotron effective mass. For a
band of cyclotron frequency w,;, H; is the applied
field for which w,;7;=1. The magnitudes of the
thermoelectric coefficients are determined by Z,,
the density of states of the ith band. The quantity
a; is a mass anisotropy factor which takes the
value unity for a spherical Fermi surface, 24:25
The thermal conductivities are given in terms of
the electrical conductivities, where L; is the
Lorenz number. Strict validity of these SW ex-
pressions is limited to elastic scattering, in which
case L;=Lo=72k2/3¢%=2.445% 10° V2K, The
electronic component A,;, of the thermal conductiv-
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ity is supplemented by 2;’, the lattice thermal
conductivity, # which will be considered separately,
from the SW theory of the electronic effects.

The physical conditions which lead to Eqs. (1)-(3)
imply control of E and VT as independent variables,
a condition not readily attained in the laboratory.
The practical experimental arrangements are the
following: (a) One immerses the sample in an
isothermal bath and controls J and §T, in which
case a set of isothermal coefficients is defined
by the equations

E ='[:). J-e VT, (42)
=-TJ-X vT;

or (b) one connects one end of the sample to a ther-
mal reservoir, while thermally isolating the bulk
of the sample in a high vacuum. These transverse
adiabatic conditions imply control of J and ﬁ, in
which case a set of “adiabatic” coefficients is
defined by the equations

E=3'7+€'T,
(4b)

Vr=-7'3-7T.
In this work, both sets of experimental conditions
were utilized in order to measure two elements
each of the isothermal resistivity tensor p , the
“adiabatic” thermal resistivity tensor 7, and the
“adiabatic” thermoelectric tensor € ',

Microscopic theory calculates kinetic coeffi-
cients, but an experiment does not measure them.
A popular practice found in the literature of trans-
port phenomena is to “invert” the expressions
obtained from a microscopic theory into the form
of the experimental coefficients. In the present
work, the experimental coefficients have, instead,
been inverted into kinetic form. Presentation of the
measurements in kinetic form offers several ad-
vantages. Any simplifying approximations made in
the inversions are determined by the experimental-
ly observed magnitudes of the coefficients and do
not involve additional assumptions in the micro-
scopic theory. Experimental results presented in
kinetic form should be more directly comparable
to any new theoretical results. Finally, the physi-
cal interpretation of kinetic coefficients is usually
more direct.

In general, the kinetic coefficients are obtained
from the isothermal and “adiabatic” coefficients
by means of Heurlinger?” relations of the form
G=p-t, X'"=Y'T+€"2p17-1T), and € "
= p'l“'y'l For electronically compensated met-
als, it is usually possible to demonstrate, as in
the present case, that some of these relations may
be greatly simplified without significant error.
One fmds 1t partlcularly helpful that, when H>H,,
then X "'~7-1=X and €/, ~€}5/py;%1;-
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III. EXPERIMENTAL

The tungsten monocrystal was spark planed into
a rectangular parallelepiped with sides nominally
19 mm long by 4 mm wide by 2 mm thick oriented
normal to the (100) directions. It was purchased
from Aremco Products, Inc. The residual resis-
tivity ratio was found to be p3o9x/P;.3x~ 3 X10%

All of the electrical and thermal measurements
were performed using the four-terminal dc methods
of Grenier et al.?$'%'28 The magnetic field was
generated by a Ventron-Harvey-Wells L128A-FFC4
system and the dc potentials were detected with a
Keithley 147 in conjunction with a Honeywell 2768
potentiometer. The sensors used in the bridge
measurement of temperature differentials were
Allen-Bradley $-W 33-Q carbon resistors cali-
brated by He* vapor-pressure thermometry. The
67-Q heater wound on a copper bobbin attached to
the lower end of the crystal was made of W. B.
Driver Cupron, as were the leads connected to
the crystal, thermometers, and heater.?

In the thermomagnetic measurements, heat-
current densities from 0. 44 mW/cmz, at the low-
est temperature, to 4.6 mW/cm?, at the highest
temperature, were used in order to adjust the
maximum longitudinal temperature differential to
about 0.1 K. A complete set of measurements
was performed at the temperatures 4.1, 3.8, 3.4,
2.6, 1.9, and 1.38 K. An electric-current density
of 7.1 A/cm? was used.

The most persistent source of error in the ab-
solute determination of transport coefficients is
the measurement of the effective spacing of the
electrical and thermal probes to the sample. Some
difficulty was encountered in obtaining contacts to
tungsten suitable for both electrical and thermal
currents under cryogenic high-vacuum conditions.
The contacts used were made by Bi-Cd soldering
to a lug consisting of a 0. 5-mm-wide X 5-mm-long
strip of 0.003-in. gold foil which was attached to
the crystal with a dot of Dupont #4922 silver prep-
aration. The main virtue of this type of contact
is that it may be completely removed by aqua
regia, and leaves the crystal in pristine condition
for any other measurement, The properties of
these contacts were generally satisfactory except
that they did not provide an ideal point contact. The
probe separations of 8. 34 mm for the longitudinal
set and 3.86 mm for the transverse set were thus
systematically uncertain by about + 3%. Analysis
of the effect of all combined systematic errors on
the calculated kinetic coefficients led to a confidence
of about + 4% in the absolute values of the coeffi-
cients oy;, 1\jy, and €,,. The coefficients 0, and
A)» are only reliable to + 8%, while the absolute
precision of €} may be as poor as + 15%. Errors
in field and temperature dependences, relative
values, and ratios are much less, the precision in
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this case being about + 1%.

The magnetic field was oriented with respect to
the crystal in situ for the experiment by finding
the [100] minimum®? in the electrical magnetore-
sistance. In that position the transverse-even
voltage was null.

IV. RESULTS AND DISCUSSION
A. Galvanomagnetic (Magnetoelectric) Tensors o and G
1. Zevo-Field Measurements

The temperature dependence (or lack) of p,(0, T),
the electrical resistivity in zero applied magnetic
field, is the standard indicator of the nature of the
dominant scattering mechanism in a metal and,
for tungsten, has been the subject of several re-
cent studies. 121130 For the crystal and conditions
of this work, p,(0, T) was nearly residual, in-
creasing by only 5% at 4.1 K over a minimum
value of (1.8+0.2)x 10" Q cm at 1.3 K, which
will be taken as the residual value. It is thus in-
ferred that large-angle elastic scattering by point
impurities and defects was dominant over intrinsic
processes in the limitation of charge transport.
Size effect was certainly also a factor.'® A study
of the intrinsic scattering and a check of Matthies-
sen’s® rule from the temperature dependence of
p11(0, T) was beyond the capabilities of the mea-
suring system.

It is generally concluded!? 1'% that the dominant
low-temperature intrinsic scattering mechanism
in tungsten is the electron-electron U process, 33
but this conclusion has been based on data taken
at somewhat higher temperatures than those used
here.

2. High-Field Measurements

In this work the term “high field” is taken to
mean H > H, for all bands. Such is the usual con-
dition in standard magnetoresistance studies of the
Fermi-surface topology of metals®'!? and is dis-
tinct from other uses of the term “high field” as
applied to quantum-oscillatory®® and magnetic-
breakthrough®® effects. The results of the high-
field measurements of p;; and p,; are shown in
Fig. 1 for the data up to H=22 kOe at 1. 3 and 4.1 K,

The magnetoresistivity p,;(H, T) was found to be
precisely quadratic in H at all temperatures. The
deviation from pure H? behavior for H in the (100)
direction as reported by Fawcett!'? was not observed.

Volkenshteyn et al.!* have pointed out that “the
influence of temperature on the galvanomagnetic
properties of metals has received very little study
in the region of high fields.” The temperature de-
pendence of the p,; data reported here was small
and could only be approximately determined. The
criterion applied in obtaining an expression was to
fit the data to the nearest integral power of 7.
From previous studies of p,,(0, T), a T? relation
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FIG. 1. Electrical resistivity tensor. Magnetoresis-

tivity py; and the Hall resistivity pyy are shown as functions
of field and temperature. Note the temperature depen-
dence of pyy and that pyy is roughly 1% of py; in the upper-
field range.

was expected but a T3 relation gave a better fit
to the scattered values of the small quantity
p11(H,0) = p,,(H,T). The data are approximated
by either of the expressions

pu(H, T)~ py; (0, T)+ 2. 86 x 10 HZ(1-7.9 X 10%T?),
(52)

pu(H, T) =~ py;(0, T)+ 2. 87 x 10-1H%(1-3. 4 x 1037°2),
(5b)

Although it is not well justified,®’ it is interesting
to examine Eqs. (5) on the basis of a relaxation-
time model. For a compensated metal in a strong
field o0y, > 0,5, when the geometry is such that
there is no transverse-even voltage. From Eq.
(3a) one thus obtains

. . H?

[l{t}n}” pul, T)~ ,}ir?;, oy Limaymt/T;
where p;;(0, T) is negligible. If Matthiessen’s
rule is assumed valid, then it is possible to sim-
ply add the reciprocals of the relaxation times 7,
of the large-angle elastic processes (presumably
due to point-defect scattering plus some size ef-
fect) contributing to the residual resistivity, and
T;; of the intrinsic processes leading to a tempera-
ture-dependent resistivity. Dominance of the
residual resistivity implies that 7,,/7,;<1. If
one makes the further assumption that all of the
N bands in the sum over bands are identical except
for charge compensation, then

H\?2 7 T
1i w(—) —0 -0,
”irr;‘ pulH,T) ¢/ Nnam* ! Tt

Comparison of this approximation with Egs. (5)

THERMAL AND ELECTRICAL TRANSPORT IN A ...

1201

implies either 7,/7,~7.9x 10™T?, or 7,/7,~3.4
x102T2, or some intermediate relation. Appli-
cation of the same arguments to p;; (0, T) implies
that

0,T)= lim py (&, T)~—2— (1470
P11 \V, s P11\, eanaT(, +Tz

which, with the previous result, would indicate
that

P11 (0, T) = p;;(0,0)+1.4x 10°B7% Qcm
or
011(0, T) =~ p;,(0,0)+6.1x 10372 Qcm,

where p;;(0,0)=1.8x10""° Qcm.

The foregoing analysis is clearly too simple, and
should be regarded, primarily, as a vehicle for
presenting the experimental observations. It is
curious, however, that little support can be found
in this work for the dominance of electron-electron
scattering as concluded from the 72 law found by
others, 10:11:3% The coefficient of T2 found here is,
roughly, a factor of 45 smaller than the coefficient
indicated by the work of Volkenshteyn et al.! and
the approximate fit [Eq. (5b)] of the data to a T'2
relation is inferior to the fit [Eq. (5a)]to a T*
relation, A T3 law is indicative of phonon-electron
s-d scattering also commonly found in many transi-
tion metals, 30:%®

The Hall resistivity p,, (Fig. 1) exhibited a some-
what complicated field dependence and, within the
precision of the measurements, was independent
of temperature with a magnitude approximately
1% that of p,;. The observed behavior of py is
readily understood by again applying the conditions
0y, > 04, and H>> H, to the inversion of Eqs. (3a)
and (3b). Then,

0, HY,(m, — HY, (£)n,H,?
lim py= lim —=—F——d——siori
H» Hy Pt a»Hy 01 ecQmnia;Hy)

On the basis of this model, any observable temper-
ature dependence of p,; must come from the tem-
perature dependence of the relaxation time con-
tained within the quantities H; of eachband. There-
fore, if the metal is perfectly compensated
[$:(®)n;=0, but 3,(x)n;H,;%+0 except when all H;

are equal], it is only necessary that the relaxation
time of each band have the same functional tem-
perature dependence in order that p,, be indepen-
dent of temperature. In the present case, com-
pensation was complete to the extent that the term
linear in H was roughly nine times as great as the
cubic term at a field of 10 kOe. The very weak
temperature dependence of p, is thus quite rea-
sonable. The positive sign and somewhat greater
than linear field dependence of p,; implies that
%.:(£)n; was positive but that ¥,(+)n,H,? was negative.
Therefore, holes were in the majority,and were also
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TABLE I. Coefficients of the asymptotic conductivities.

Comparison of the experimental results with the strong-
field limits of Egs. (3a) and (3b) yielded the tabulated
quantities shown at three temperatures.

Kinetic
coefficient
from which
Quantity shown quantity Quantity at selected
and units is derived temperatures
T(K) 4.1 2.6 1.4
2 ima;H;(10% cm™ 0e)  lim Hloy, 2.32  2.24  2.19
H=o
2, (Hn; (1017 em™?) 1im Hoy, 4.4 4.4 4.4
H=w
20 nmHA10%® em=30ed) limH%0;,  —3.86 —3.57 —3.43
H~o

the more mobile carriers.

Results of the inversion of the measured quan-
tities p,; and p,; into the kinetic quantities o0y, and
0y, are summarized (Table I) in terms of Egs. (3a)
and (3b). Inverse-square dependence of 0y; on
magnetic field is expressed in terms of the quan-~
tity 3;n;a0;H; derived from H?0,, and Eq. (3a). The
temperature dependence of };n;a;H; was covered
in the discussion of p;;. The results for o;; are
expressed by putting Eq. (3b) in the form

lim op,= ec(l 2 (&) - -1—3 2 (i)n,H,a)
H > H; H i H i
and tabulating the quantities ¥;(+)n; and 3, (x)n,H 2.
Comparison of the quantity 3;(+)n;=4.4 X 10" cm=
with the number®® 3, (+)n; =3;(-)n;=7.4 X 10* cm®
obtained from de Haas—van Alphen measurements
indicates an excess of only 0.006% of holelike over
electronlike carriers. This result supports the
view that minute impurities are the sole cause of
any deviation from perfect compensation of a metal
which satisfies the Fawcett®® criteria for compen-
sation.

B. Magnetothermal Tensors Y and X"

The thermal magnetoresistivity y,; and the Righi-
Leduc resistivity v, are shown as functions of tem-
perature and magnetic field in Fig, 2. In the event
that thermal and electrical transport in the crystal
were entirely limited by large-angle elastic (point-
defect) scattering, which is the common assump-
tion at helium temperatures, and in the absence of
an appreciable conduction by the lattice, one would
expect that the curves of Fig. 2 could be made to
resemble quite closely those of Fig. 1 by simply
multiplying all of the quantities of Fig. 2 by L,T.
That is, pandy might be connected by a straight-
forward application of the Wiedemann-Franz-
Lorenz (WFL) relation. Such is not the case.

The most obvious dissimilarity between the p
and 7 data is the tendency of the Righi-Leduc re-
sistivity to pass through a maximum, the maximum
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apparently moving to fields above the range of these
measurements at the lowest temperatures. In ad-
dition, the product T, increases by approximately
65% as T is reduced from 4.1 to 1.4 K, while pj

is essentially independent of temperature. This
temperature dependence of 3, does not appear ex~
plicable in terms of any conventional model. It

has been discussed in a brief communication?® and
will be discussed further in a following paper in
terms of the kinetic coefficient A{5.

The peaking of ¥, is characteristic of a crystal
in which the application of a magnetic field has re-
duced the conduction of heat by electronic carriers
to a point comparable to that of the conduction of
heat by the lattice. Larger fields must be applied
to achieve this peaking at lower temperatures be-
cause the lattice conductivity is smaller at lower
temperatures. A further discussion of the peaking
of ¥, can be found in a study of antimony, 26'*! where
the effect was considerably more pronounced.

The direct effect of an apparently appreciable
lattice conductivity (which is itself essentially in-
dependent of the magnetic field) at the fields of
these measurements was the reduction of the pure
quadratic field dependence of p;; to an effective
H'® dependence of 7, (Fig. 2). At fields of 60-80
kOe and above, the y;; of this crystal should have
saturated to values characteristic of the lattice
conductivity and independent of H. An example of

280l
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240+ 102 %, ___}__
—_——
220k — 14K
T 200+
19K
= 180~
£
© 1e0
X —_—<
X ok 19K
Y eo-
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34K
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aofF 7 4. K
7,
20+~ 4%
s
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FIG. 2. Thermal resistivity tensor. Thermal magneto-
resistivity v¢; and the Righi-Leduc resistivity y,; are
shown as functions of field and temperature. Note that
Y11 is less than quadratic in H and that v, tends to pass
through a maximum at a value that is roughly 1% of vy;.
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the complete saturation of y;; due to lattice con-
duction was reported at much lower fields in the
antimony papers®'*% and the tendency to saturation
as observed here in tungsten at liquid-helium tem-
peratures was studied extensively for tungsten in
the scattering regime of liquid-hydrogen tempera-
tures by de Nobel.®-® The term “saturation” as
applied here to the effect of lattice conduction on
Y11 should not be mistaken for the ordinary satura-
tion of both p;; and ¥; in uncompensated metals or
saturation due to magnetic breakthrough in normal-
ly compensated metals. 3% Lattice conduction will
be discussed further in a following paper.

It can be seen (Fig. 2) that ¥;; depends on tem-
perature approximately as T-!*° over the range of
temperatures studied, rather than with the 7!
dependence predicted by the WFL relation. The
product T4, is considerably more dependent upon
temperature than py;. While p,; increases by about
% as T varies from 4.1 to 1. 3K at 22 kQe, the
product T¥,, increasesby 70% over roughly the same
interval. Although lattice conduction accounts for
some of this variation, it is not nearly sufficient
to account for all of it.

The assumption of a single relaxation time com-
mon to both electrical and thermal processes is
implicit in Eqs. (3). The excess temperature de-
pendence of T'%;, is not consistent with the assump-
tion of a single relaxation time. The common
inference, that a single relaxation time is domi-~
nant when the residual part of the zero-field re-
sistivity p,;(0, T) is dominant, appears to be valid
only for electrical processes. Small-angle scat-
tering, which has a rather minor effect upon p,,
can be very effective upon y,; via the vertical
process. *?

The failure of ¥ data to conform to a straight-
forward Sommerfeld version of the WFL relation
does not rule out the possibility of fitting the data
to more general relations of the form of Eqgs. (3e)
and (3f), as will be seen in a following paper. If
this is to be done, the data must be converted into
X' form. The conversion involves the lengthy
tensor manipulation X /=7 -1(1+€ ‘25177 -1T), In
general, these manipulations may seriously com-
pound errors in the measured quantities. However,
for compensated metals at high fields and low tem-
perature, it turns out that, to a precision of 1%
or better,

u~1—€’gle/Pl]7]] :/~721(1—25132;T/911711)
Ay = ) M2 ™ 2
Y Y11

b

with the correction term €,27/p,,7,, usually being
small. For the present tungsten data at 20 kOe,
the correction ranges from 0.3% at 1.4 K to 1.7%
at4.1 K. Thekinetic thermal conductivities A{j and
A5 can thus be computed from the experimental
data with nearly the same precision as the electri-
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cal conductivities oy, and 0y,.
C. Magnetothermoelectric Tensors €, €', and €

The “adiabatic” thermoelectric tensor € ’, as
defined by Eqgs. (4b), was measured. Raw € ’data
are of little interest because they contain the effect
of the thermopower of the electric field probes, %
and are not simply related to any microscopic
theory. The isothermal thermoelectric tensor ?,
as defined by Egs. (4a), is related to € ' by
the relation € =€ '¥-!. The € tensor is conceptually
more familiar, its component €, (0, 7) =S being the
absolute thermoelectric power as involved in the
measurement of temperature with a thermocouple.
The correction for the Seebeck effect in the leads
is simply related to € through the relation € =S, 1
+e /'y, Components of the tensor € corrected
for the effect of the leads are shown as functions
of field at two temperatures in Fig, 3. The thermo-
couple effect of the leads does not appear in €;,
but was sufficiently large in €,, at the lower fields
to render the low-field €;; data useless. Both
quantities were negative, with €,; essentially in-
dependent of field and one order of magnitude
smaller than €,,. Substitution of Eqs. (3) into the
Heurlinger relation €;,= (€;;0y; + €,,0,,) Ag;;2 + 0,,%)
shows that the high-field value of €,; should be in-
dependent of field if 3 ;(+)n; is negligible compared
to 3;()n;H;?/H?. This was found to be approximate-
ly true in the analysis of 0y, and the thermal effect
is characterized by larger H; values.

A comparison of the data with Eqs. (3) requires
that they be put in the form of the kinetic tensor
€', as defined by Eq. (1). The tensor is related
to the corrected € tensor by the operation € '’

351

20l 41 K
W 25F
.~ 20fF
‘o
' 15
1
o 14 K
& lof
Q
'

5k

0 1 1 1 1 1 i 1 1 1

2 4 6 8 10 12 14 16 18 20 22

- H (kOe)

FIG. 3. Isothermal thermoelectric tensor. The coef-
ficient € is the ordinary thermocouple coefficient, the
absolute thermoelectric power, and €y, is the isothermal
Nernst coefficient. Note that €, is essentially independent
of H, Results at the lowest fields were not reliable and
are omitted. These are quantities derived from the
experimental coefficients €’ and are corrected for the
€ of the leads.
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=€ p-l. The inequalities p,; > pa, Y13 > Y1, and
€,, > €,, found in the compensated metal at high
field and low temperature allow some simplifica-
tion. Thus, to first order €/;=€,,/p;;= = €5/P11 711
and €,;= (€101 — €12021)/P1%

The kinetic Nernst coefficient €, can, therefore,
be computed from the experimental data with rea-
sonable precision, since it involves only a single
product of three large measured coefficients and
does not involve a correction for the thermocouple
effect of the leads. The computation of €;;, how-
ever, is very crude. Not only does the computa-
tion involve the difference of comparable small
quantities, but the term in €] involving S, .4, is
roughly 50% of the total effect.?® Nevertheless,
the field and temperature dependence of €;, com-
puted at six temperatures was found to be self-
consistent.

From Eqs. (3c) and (3d) it might be expected
that, when H> H,, the quantities €,;/T and €,,/T
should be independent of temperature. They are
not. Their actual behavior is indicated in Fig. 4.
Each coefficient has the expected field dependence,
€/; decreasing as 1/H?, and €, decreasing as 1/H.
Therefore, the excess temperature dependence
implies that the density-of-states factors };(x)Z;a;H
and Y;Z; are temperature dependent. A fit of the
high-field results to Eqs. (3c) and (3d) requires
that ¥, (+)Z;a;H, and 3,Z; vary from - 3. 26 x 10%7
ergem= Oe and + 1. 95 x 10* erg™ cm™®, respec-

e
8 'T'Z(A cm™! K

-0
IOT

1 1 1 L L Il L L 1

0
4 6 8 10 12 14 16 18 20 22

FIG. 4. Kinetic thermoelectric coefficients. The
thermoelectric coefficient €}{ and the Nernst coefficient
€5 are shown as functions of field and temperature T.
The simplest interpretation of Egs. (3c) and (3d) leads
one to expect that "€ ’’/T should be independent of T.
The precision of €} results is much greater than that of
€] results.
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FIG. 5. Nernst specific-heat coefficient. The €]} data
interpreted in terms of Eq. (3d) lead to a prediction of
the temperature coefficient ¥ of the electronic specific
heat. The value of ¥ spans the range of published speci-
fic-heat results and displays a monotonic temperature
dependence.

tively, at 1.4 K to - 3.61 x 10%” erg™* cm™ Oe and
+2.31x10* erg~ cm™3, respectively, at 4.1 K.

The temperature dependence of 3;(+)Z;a;H; is
accountable in terms of the relaxation field H;
which is expected in the thermoelectric effect to
display an excess temperature dependence if the
€,; data are to be consistent with the temperature
dependence found in the thermal magnetoresistivity
711, Presumably due to vertical scattering process-
es.

The relaxation field does not appear in the high-
field limit of €,5. Like the high-field Hall conduc-
tivity 0y,, the high-field Nernst coefficient should
be independent of the scattering and measure a
property of the band structure. The Nernst coef-
ficient is, in principle, an alternative measure of
the free-electron density of states as classically
determined from the temperature coefficient of the
electronic specific heat C,. The observed tem-
perature dependence of 3,Z;=3C,/m2kET is thus
not directly explicable in terms of Egs. (3).

This will be discussed further in a following paper.
The results for };Z; when expressed in terms of
a specific heat ¥ (C,=yT) imply a systematic de-
crease of ¥ from 13.8x 10-* J mole'K-? at 4.1 K
to 11.7x10™* Jmole' K2 at 1.4 K (Fig.5). These
values are well within the range of values of y re-
ported from specific-heat measurements on tung-
sten. *3

V. CONCLUSION

The high-field magnetotransport effects at liquid-
helium temperatures in this rather pure tungsten
crystal are, in most respects, amenable to analy-
sis in terms of the asymptotic (H > H,) form of a
multiband Sondheimer-Wilson theory [Egs. (3)].
The theory must be empirically modified to allow
for a temperature-dependent relaxation time which
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is not unique, but different for electrical and ther-
mal processes. Exceptions to this conclusion are
the Righi-Leduc coefficients 7, and A, and the
Nernst coefficient €,, which display temperature
dependences which are not explicable in terms of
the SW equations without still further modifications.
This and the appreciable lattice conduction found
in the thermal-resistivity data will be considered
in a following paper. The relationship between
these results and Fermi-surface data must also be
considered.

It has recently been noted by Ehrlich* that ther-
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mal umklapp scattering may be mistaken for elec-
tron-electron scattering. This may bear on Eq.
(5), the discussion following that equation, and
other parts of this work.
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