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With the magnetic field aligned along [100] and the current along [110], the following transport coefficients
have been determined: the transverse and Hall electrical resistivities, the transverse and Righi-Leduc thermal
resistivities, and the Nernst-Ettingshausen coefficient. If the transverse electrical resistivity is represented as
B" (B is the magnetic field), then n is found to peak at about 1.90 as B increases, and steadily decline at
higher fields. The lattice thermal conductivity is extracted from the data by two methods, the results of which
are not identical but are within experimental uncertainty. The Nernst-Ettingshausen coefficient yields a density
of electronic states consistent with that derived from specific-heat work, in agreement with recent theoretical

predictions.

I. INTRODUCTION

In comparison with the electrical properties,
the thermal properties of metals in high magnetic
fields have received relatively little attention.
This is partly due to the increased difficulties in-
volved in measuring the latter, and partly because
the galvanomagnetic properties have usually been
investigated with a view to obtaining the topological
properties of the Fermi surface, and the thermo-
magnetic properties are not expected to yield sig-
nificantly different information in this context.
However, if one wishes to calculate the detailed
properties in the regime where electrons are
scattered by phonons, it should be somewhat easier
to begin with the thermal coefficients, since the
angle through which an electron is scattered is not
of primary importance, in contrast to the case of
the electrical coefficients.

Some recent experimental results also suggest
that more effort in this general area can be re-
warding. Thus a simultaneous measurement of
the lattice thermal conductivity of tungsten,! uti-
lizing both the transverse thermal resistivity and
the Righi-Leduc thermal resistivity yielded two
different results; this discrepancy may result
from the large deviation from equilibrium of the
electronic distribution that can occur in com-
pensated metals under the influence of high mag-
netic fields. A study of the thermomagnetic prop-
erties of Cd, another compensated metal, has been
useful® as a comparison with the galvanomagnetic
properties; in particular, the detailed form of the
behavior of the thermal resistivity in comparison
with the electrical resistivity indicated that it
would probably be more profitable to attempt a
calculation of these quantities using a real Fermi
surface rather than look for explanations in terms
of intersheet scattering of the electrons.

The present investigation on molybdenum was
begun with these previous experiments in mind.
Both the transverse and Hall electrical resistivi-
ties, as well as the transverse and Righi-Leduc
thermal resistivities, have been determined on
the same sample. A useful aspect about dealing
with compensated metals is that it is much easier
to experimentally determine the Nernst-Ettings-
hausen coefficient as compared with the case of
uncompensated metals. The significance of this
coefficient was examined in a previous paper,®
where it was shown that it should yield a direct
measure of the density of states of the electrons
at the Fermi level without the complication of
electron-phonon enchancement. Since Ref. 3 was
published, it has been shown? that thermoelectric
coefficients are indeed enhanced by the electron-
phonon interaction so that specific-heat and trans-
port data should both yield the same result. We
have measured the Nernst-Ettingshausen coeffi-
cient of Mo during the present experiments; the
high Debye temperature should ensure that the
electronic scattering is almost purely elastic at
the temperatures of interest here.

II. EXPERIMENTAL METHODS

The Mo single crystal® was spark machined to
a shape similar to that described previously.? A
flat plate of dimensions 35X 6.5X 0.9 mm was first
produced by wire cutting, and large portions of
this were cut away, leaving thin transverse limbs.
The final width of the sample was about 3 mm, and
the length between the longitudinal limbs (those
used for the measurement of the transverse elec-
trical and thermal resistivities) was about 16 mm.
The long axis, i.e., the current direction, was
aligned along [110] to within 1°, and the normal
to the plate (the field direction) was along [100] to
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within 0.5°. The sample was mounted in the cryo-
stat using a conducting cement made from silver
powder (obtained by allowing silver paint to settle
and decanting off the excess liquid) and plastic
cement.® This provides a strong bond which can be
repeatably cycled to helium temperatures. The di-
rection of the magnetic field was arranged to be
normal to the sample surface to an accuracy of
0.25°.

The experimental techniques have been outlined
elsewhere,® and only improvements will be men-
tioned here. The calibration of the carbon ther-
mometers and the method of obtaining temperature
differences was the same as previously used, with
the exception that the use of the derivative of the
resistance with temperature to obtain the tempera-
ture differences was replaced by an absolute de-
termination of the two temperatures involved. This
gives an identical accuracy at small temperature
differences, but is an improvement at relatively
large ones, say 0.2 K at 4.2 K, since it eliminates
the errors due to higher derivatives. The tempera-
ture was stabilized by a feedback regulator which
monitors the helium vapor pressure using a capa-
citance gauge, and regulates the pumping speed by
means of a solenoid valve. This provides a control
independent of magnetic field and is capable of 1
mK or better at any temperature.

The initial data showed the sample has a rather
low residual resistance ratio () of 1690+ 3% (this
iS R,q,/R, ,). The sample was removed and cleaned
of all mounting cement using acetone, followed by
a solution made up of equal volumes of HC1 and
H,O0,. It was then heated to 1800 °C for 2 h with an
initial vacuum of 10™° Torr, which increased to
about 5X 10 Torr during the heating. This treat-
ment improved 7 to 5050 +5%. It was later dis-
covered that this treatment was almost the opti-
mum that could have been used to reduce the car-
bon content to low levels.” According to this pre-
vious work, the final impurities are probably
mainly tungsten. The sample was again tested
for alignment by x-ray diffraction, and subsequent-
ly remounted in the same manner as before. We
shall refer to the unannealed and annealed sample
as 1lu and la, respectively.

III. RESULTS AND DISCUSSION

A. General considerations

We shall use a notation consistent with that of
Grenier el al.? (conveniently summarized by
Long®), who define various adiabatic and isother-
mal tensors. Assuming the magnetic field B to
be along z and the current along x, we have de-
termined the isothermal electrical transverse and
Hall resistivities p,, and p,, defined according to

%[p,,x(B) + Py —B)]

We find p,, to be independent of the direction of
B (i.e., +z) to within the experimental uncertain-
ty. p,, is evaluated by suitable reversals of the
current and field to eliminate any component of
p,, due to slight misalignment of the transverse
limbs; with B along a high-symmetry axis we do
not anticipate any transverse even components of
p,,, but the data treatment would eliminate these
in any event. An examination of the original re-
sults that any transverse even components must be
less than about 15% of the magnitude of p,, at any
field and temperature. The adiabatic thermal
transverse and Righi-Leduc resistivities y{; and
Ya were determined in a similar manner, except,
of course, that the thermal current was not re-
versed. We use the superscript m to denote the
measured quantities for reasons which become
clear in the discussion. Again y7; was independent
of field direction. Finally we have measured the
adiabatic Nernst-Ettingshausen coefficient €,, [de-
fined as —-E,/(87/0x), and given the symbol Q° in
a previous publication®]. We have not investigated
the thermoelectric component €, in this work.

It is always useful to have estimates of the quan-
tity w,7, where w, is the cyclotron frequency and
7 is the relaxation time. Using the measured elec-
tronic specific heat and the estimated area of the
Fermi surface, Loucks!® estimated {1/2)"1~17.6
X 10° msec™, where v is the local electronic ve-
locity. Assuming (v)~{1/v)"! (which is probably
reasonably accurate since the measured cyclotron
masses and dimensions are all reasonably consis-
tent with this velocity), and using the measured
Fermi surface area'! of 24 A2, together with the
room-temperature resistivity'? of 5.3 uQ cm en-
ables the average room-temperature relaxation
time 7 to be estimated as ~1.6 x 107 sec. For B
along [001], the highest cyclotron mass will be ob-
tained for the external orbit of the large electron
surface!® at I' (the jack), and will be ~2.7m, where
m is the electron mass. At 4.2 K, for sample 1u,
this yields w,7~1.7B (B in tesla) for sample 1la,
w,T~5.3B. Although relatively complete data on
the anisotropy of the electronic lifetime exists
for some of the surfaces in Mo,'® there are as yet
no results for the jack surface, so the effect of
anisotropy on the estimated w,7 is notknown. It is,
however, encouraging that the other surfaces ex-
hibit a relatively isotropic orbital lifetime for a
variety of impurities. The data was taken up to
fields of 3.8-5.2 T (two different solenoids of dif-
ferent upper limits were used) so that sample 1la
should be well into the high-field region at the
upper fields, but sample 1u is somewhat marginal.
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All other orbits have much lower cyclotron mass-
es, giving correspondingly higher values of w,7.

B. Transverse resistivities p;; and 7 T}

The Debye temperature'* of Mo is 474 K so that
by 4.2 K, both samples are well into the residual
resistance regime. Any change in resistivity at
zero field on cooling from 4.2 to 1.3 K is below the
experimental uncertainties, but at high fields it is
easily measured and amounts to an increase of
about 1.9% for sample la, and about 0.5% for sam-
ple lu. Figure 1 shows the variation of p,,(B)

- p,,(0), with B at 4.2 K in the form of a Kohler
plot. The zero-field resistivity p,,(0) is a small
correction for both samples and, exceptatthe very
lowest fields, Fig. 1is essentially agraphofp,,(B).
The relative uncertainties in p,, are of the order of
0.1% for each sample, and 1% for comparisons be-
tween samples. (Sample 1a was slightly reduced in
dimensions by the cleaning solution so the form fac-
torsare slightly different.) The major uncertainties
inthe absolute values plotted in Fig. 1 arise from »
which is known to +5% for sample 1la, and +3% for
sample lu. Even allowing for these possible er-
rors the data for the two samples do not lie on a
common curve, but this is not necessarily unex-
pected. The residual impurities are probably dif-
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FIG. 1. Change in resistivity A,=p;(B) —p4;(0) of
Mo as a function of field B. Both axes have been multi-
plied by the residual resistance ratio » to produce a
plot of the Kohler form. O, sample la; ®, sample 1x;
solid line, Fawcett (Ref. 15).

ferent in the two cases,” being carbon for sample
lu and tungsten for sample 1la; this suggests that
the anisotropy of the electronic relaxation time 7
can be quite different, whereas Kohler’s law is
derived on the assumption that the anisotropy is
independent of the magnitude of 7 (or purity).*®

A much more serious problem is the form of
the curve. It will be noticed that the slope first
increases at relatively low values of »B, reaching
a maximum of near 1.90, after which it steadily
decreases until it has reached about 1.70 at the
highest values of 7B (corresponding to a field of
about 5.2 T for sample 1a). Figure 2 shows a
graph of slope against Br, the slope being obtained
by differences using neighboring points. The vari-
ation at low fields presumably reflects the transi-
tion from low- to high-field (or w,7) conditions, but
we anticipate a steadily increasing slope with a
limiting value'” of 2. Typical normal behavior for
compensated metals has been observed in W,"''®
Cd,? and Pb,'® where limiting slopes of 1.97°,
1.99°, and 1.99%, respectively, were obtained. The
decrease in slope that we observe may be a result
of magnetic breakdown causing the appearance of
extended orbits; this is in fact a possibility in Mo
since the large electron surface at I' (the jack) and
the large hole surface at H are separated'®* only
by spin-orbit coupling with a gap of about 0.10 eV.
In W the gap is much larger at 0.4 eV,*' so similar
effects would not be observable in that case. How-
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FIG. 2. Slope of Fig. 1 as a function of »B. The slope
is obtained by differences between neighboring points
on various experimental runs; the error bars represent
the spacing of the points used, and where none appear
the differences have been taken between points which
are closer together than the width of the circles on this
graph. O, sample la; ©, sample lu.
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ever, a problem with this explanation is that the
decrease in slope does not occur at a specific B
but at a specific value of B (which is presumably
a measure of w,7). Thus sample 1l shows a steady
increase in slope to the highest field (~3.8 T) to
which it was measured, whereas the break in the
slope for sample la appears at about 2 T. Fur-
thermore, Fawcett and Reed?? have looked for
breakdown in a Mo sample of »~ 830, with B along
[001] up to 8.3 T, and detected no evidence to sup-
port such a conjecture.?® Nevertheless Cabrera and
Falicov®® have shown that such breakdown effects
can be very purity dependent. They examined two
models, both of which could be applicable here,
and find that for an impure sample the effects may
be much less noticeable. We should point out that
p,, has a magnitude of about 10% of p,, for sample
la. Thus p,,=0,,(03 +0%)™ ~ 07} should be an excel-
lent approximation in this case, and the discrep-
ancies cannot be attributed to errors due to o,.
(ps,/ Py, is much higher for sample lu, but the
steady decrease in the exponent is not evident for
this sample.) Further experimental work on purer
samples is certainly warranted.

In the elastic-scattering limit, assuming the lat-
tice conductivity A, is zero, the electrical- and
thermal-conductivity tensors & and A” should be
related by the Weidemann-Franz® law A" =GL,T,
where T is the temperature and L, is the Sommer-
feld value of the Lorenz number (72%2/3¢?, k being
the Boltzmann constant and e the electronic charge).
If thermoelectric terms are ignored, this leads
to a similar relation between the resistivity ten-
sors p=¥°L,T where the superscript e denotes that
we are dealing with the thermal resistivity tensor
that would be obtained if A, were zero. Phonon
scattering is always more effective in influencing
thermal compared to electrical transport, so that
although p,, is hardly affected by reducing 7 below
4.2 K, we expect y¢, to be changed by a much larg-
er degree. Thus, in general, we will not obtain
the Sommerfeld-Lorenz number, but a modified
one, say L,, defined according to p,,=v¢,L,T,
where L, may be field dependent, though it should
saturate®® when w,7> 1. The measured thermal
resistivity is modified by the presence of A,, and
assuming v}, is small, one finds®®

(YT =)™ e,

It is usual to analyze data on ¥}, and p,, by either
plotting (y7)™* against 1/B? (e.g., Refs. 1, 2, and
18), or against (p,,)™ (e.g., Ref. 9), and extrapo-
lating to infinite B to obtain A,. The following anal-
ysis seems to be superior if A, is a relatively small
fraction of (y}})™".

The above equation can be rewritten, making use
of L, as

Pu/YET=L,+p,(A/T). (1)

If we assume L, is independent of B, then a graph
of (p,,/¥y™T) against p,, will be a straight line of
intercept L, and slope (1,/T). A selection of such
graphs is shown in Fig. 3 (though we have chosen
to plot p,,/y™L,T) and we see that Eq. (1) holds
within experimental error. The values of L, and
A, so obtained are shown in Figs. 4 and 5.

At this point a discussion of the possible errors
is in order. In the midrange of temperature, say
1.8-3.9 K, the absolute errors arising in y" due
to the calibration uncertainties of the carbon re-
sistors should be about 1% at low fields; however
these errors may be slightly field dependent and could
be (2-3)% at the higher fields, especially at low
temperatures (2.5 K). The errors increase at
the ends of the temperature range since small
calibration inaccuracies are not so effectively
smoothed out by neighboring points. Experience
has shown that they rarely exceed 5% with any
field-dependent part remaining the same as before.
Random errors are about 1% at any temperature,
and absolute errors due to the form factor should
be less than 5%. In all cases the error in deter-
mining the temperature should be negligible. Only
the field dependent errors are of importance in de-
termining A,; the heat transported by the lattice is
always less than 8% of the total so that a 2% rela-
tive uncertainty in 7, becomes a 25% uncertainty in
X,, and this will double at low temperatures where
A, provides an even smaller contribution. It should
be noted that if ¥}, varies approximately as T™', as
is the case here since the electronic scattering is
dominated by impurities and A, is small, then the
use of y™ T in the analysis, as in Fig. 3, tends to
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FIG. 3. Typical plots of py;/y{iL,T as a function of
py; at various temperatures. The variation in py, is
obtained by varying B. The slopes should give A,/L,T,
and the intercepts at zero py; give Ly/L,, assuming
L, is a constant independent of B.
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FIG. 4. Variation of L,, as obtained from graphs
such as those in Fig. 3, as a function of temperature.

eliminate problems with the temperature of the
sample varying a little as the field is increased.
We see that the value of L, is basically determined
by the low-field errors and should generally be ac-
curate to about 1% except near the ends of the tem-
perature range. However, the analysis does not
enable one to determine if L, is field dependent,
and indeed it would not be surprising if this were
so at the 1% level. Any such variation appears as
a magnified error in A,. In view of all these prob-
lems, we would be surprised if A, was more ac-
curate than +30%, and a purer sample would be
required to improve on this figure.

The data is consistent with L, tending to L, at
the lowest temperatures and being generally great-
er than L, at higher temperatures. This behavior
is similar to that obtained in W and Cd, and is ex-
pected on semiquantitative arguments,®!® but de-
tailed calculations do not appear to have been made
for any metal. The fact that a limiting value of L,
is obtained to an accuracy of 1% suggests that the
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FIG. 5. Lattice thermal conductivity as a function of
temperature. The open circles are the results of an
analysis of p,; and v7}, the closed circles the results
obtained from py; and ¥Jj. The solid lines are drawn
with slope 2, the upper line corresponds to A,=0.027 T?
W/mK, and the lower line 0.0227> W/mK.

thermoelectric coefficients that were ignored in
assuming 7,, =(X”)"! must be very small. The re-
sults taken with sample 1z could not be usefully
analyzed for A,, since the latter played an even
smaller role in the heat transport, being perhaps
3% of the total at the highest fields and tempera-
ture. We found that L, was always equal to L
within about 2%. In both cases the variation of
y5, with field is clearly quite consistent with the
anomalous variation of p,, exhibited in Fig. 1.

C. Hall and Righi-Leduc resistivities

The Hall resistivity p,, of each sample at 4.2 K is
shown in Fig. 6 in the form of a Kohler plot. Again
the major uncertainty is due to . Temperature
has relatively little effect; for sample la p,, in-
creases (2-3)% on cooling the sample from 4.2 to
1.3 K, and any change for sample lu is less than
1%. The sign of p,, is the same as that for W and
the magnitude is similar.! As in the case of p,;, a
common curve is not obtained and the reasons for
this are presumably the same. In view of the fact
that p,, for a compensated metal is a delicate bal-
ance between the effects produced by the electrons
and holes, it is somewhat surprising that two sam-
ples with different impurities need produce such
similar results.

The data on sample 1a can be fitted to a variety
of expressions involving simple polynomials in B.
At 4.2 K and above 1 T, the equation p,,=0.304B
+0.0248B® nOm will reproduce the results to about
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FIG.6. Hall resistivity py, as a function of field B.
Both axes have been multiplied by 7 to produce a Kohler
plot. O, sample 1la; ®, sample 1lu.
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2%. In contrast to the case of W, an expression of
the form p,, = a,B +a,B? provides a very poor fit.

1t is possible to evaluate o,, = —p,,/(p, + p?)), and
the expression o,, = —(0.01137/B + 0.0478/B°)

(nQm)~! reproduces the data on sample la extreme-

ly accurately with a rms of less than 1% from 0.5
to 5 T, which is about the same level as the rela-
tive experimental uncertainty. The absolute error
in p,, should be less than 2%.

If there is really magnetic breakdown in Mo, it
may be reflected in the Hall resistivity as well as
the transverse resistivity. In general,?” open or-
bits will produce a transverse even coefficient in
o,., as well as changing the magnitudes of the odd
components. Our sample is oriented with B along
a cubic axis which, by symmetry, eliminates any
transverse even coefficients and without a more
detailed understanding of p,, for compensated mod-
els it is impossible to say whether the odd compo-
nents are partially due to breakdown. We have de-
termined v}, as a function of temperature (1.5
=T=4.2 K) and field (0.4=B=4.2 T) and some of
the data is shown in Fig. 7 in the form of v, L, T
together with p,, for comparison. The relative er-
rors in v,, arise from the calibration of the carbon
thermometers and will be identical to the case of
7. The thickness of the sample contributes to the
absolute error and is known to 1%. The random
errors are rather large since v}, is very small.
The typical change in the carbon resistors due to
the Righi-Leduc temperature difference is 0.5% of
the total value at the highest fields, and consider-

2.8" T T T T T T T
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2.4+ /ﬂ

A 41K //3

FIG. 7. Measured Righi-Leduc resistivity y5 multi-
plied by LT as a function of field B at various tem-
peratures. The solid lines represent py; at 4.2 K (lower)
and 1.3 K (upper) for comparison. Some points have
been omitted below 2 T for clarity.
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FIG. 8. Typical plots of (py/YRL,T)!/? as a function
of p;; at various temperatures. The intercepts should
yield (L}/Ly)'/* and the ratio of slope to intercept
A\e/LT, assuming L, and L} are independent of B.

ably less at low fields.

We have previously shown® that X, modifies v,
i.e., the resistivity that would be appropriate to
the electrons in the absence of A, to give the mea-
sured value y7,, the relation being (assuming y 2,
«<1);

Yoy = 731(1 + Agyfl)-z .

If we again assume p,, =% L, T and an analogous®’
relation p,, =y, L]T, then we obtain

1/2
(ﬁﬁ) :(L;)I/Z(u——ian;) . (2)
21 1

Thus a plot of (p,,/y™L,T)*/? against p,, should be
a straight line of intercept (L}/L,)'/? and ratio of
slope to intercept of (Ag/LlT), again assuming L
and L} are independent of field. Representative
graphs are shown in Fig. 8 and the values of L] and
A, are shown in Figs. 9 and 5, respectively. The
random scatter on L} is high, but all results are
consistent with a value tending to L,, as T tends to
zero, as expected,?®?¢ and a decrease below this
value at higher temperatures; this is similar to the
case of W but no theory has been developed to ex-
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FIG. 9. Variation of Lj obtained from graphs such
as Fig. 8, with temperature.
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plain the temperature dependence.

The values of A, derived from the two methods
we have presented are not in good agreement but,
in view of the small magnitude of A,, the discrep-
ancy is not significant. Thus a variation of L}
with field to the extent of about 4% is sufficient to
produce the difference as is any field-dependent
error of similar magnitude in the calibration.

We have previously® used a similar (though not
identical) analysis for W and found distinctly dif-
ferent values of A, by the two methods, the differ-
ences being much too large to ascribe to experi-
mental errors or weak variations in Lorenz num-
bers. In that case we had a much purer sample,
with w,7>>1 at all fields, so that the Lorenz num-
bers should be constant We suggested!’®° that the
differences in the case of W arose from the effects
of phonon drag by the electronic heat current. Sim-
ilar arguments should apply in the present case,
but the much lower purity of the Mo should lead to
a strong decrease in the effect. 1], is very small
because it is the result of two opposite and almost
equal contributions from the electrons and holes.
These individual contributions are real in the sense
that they correspond to large deviations of the
electron and hole distributions from the zero tem-
perature gradient value, and it is as if there were
a transverse temperature gradient acting on each
of the distributions which is many orders-of-mag-
nitude larger than that which is actually measured,
i.e., 8T/8y. The ratio of the heat currents carried
by the electrons U, and the phonons U, in the trans-
verse direction is not Afl/xg (where A° is that part
of the tensor A” that is appropriate to the elec-
trons) but is more accurately given by

U, A5,(87/0x)
U, xg(aT? ay) ’

where we have ignored the contribution Afl(aT/ dy)
in the numerator. The factors® )¢, (~ne/B) and

A, are essentially purity independent (although A,
for Mo is about % that of W). However (37/0x)/
(87T/0y) is very purity dependent and is about 10
for Mo and 200 for W. Now if the drag effect exists
at all, then we anticipate that the phonon heat cur-
rent so produced would be proportional to the de-
viation from equilibrium of the electronic system
(assuming the drag effects are relatively weak and
the phonons are not too far from equilibrium),
that is, U,. Presumably the effect will become
easier to detect if the normal heat current U, is
small, so we argue that the relative magnitudes
of the drag and normal heat currents will contain
a factor U,/U,. If this is so, then the effect would
be 15 times smaller in Mo than W, and would be
too small to identify in view of the present uncer-
tainties.

The analysis of y7, for sample lu gave no useful
results; ¥ was always within 5% of p,,/L,T at all
fields and temperatures.

D. Nernst-Ettingshausen coefficient Q4

We have shown® that @® should be direct measure
of the density-of-states N(u) at the Fermi level u,
assuming that phonon drag effects are negligible.
More recently,* it has become clear that N(u) is
the density-of-states with electron-phonon en-
hancement.

For compensated metals it is found that, to
high accuracy,

Q°=ep,, =mk*TN(u)p,, /3B, (3)

where k is the Boltzmann constant and €}, a com-
ponent of the thermoelectric tensor €”. In the
event of magnetic breakdown in the xy plane, then
0,, may be modified as we have already pointed out.
This will presumably influence €7, since the theo-
ry used in deriving Eq. (3) relies on € = ~LeT
X (80,, /8€)u, where ¢ is the (negative) electronic
charge and € the electronic energy, the derivative
being evaluated at the Fermi energy . However
we recall that o, is the resultant of two large
terms of opposite sign but of almost equal magni-
tude (arising from the holes of, and electron ¢2,).
In taking the energy derivative these terms become
additive giving a large €7,. Any contribution to o,,
due to breakdown must be relatively small com-
pared to either o%, or 0¢,, since the measured o,,
is itself small. Assuming the number of electrons
per atom is about unity for Mo, then oﬁfne/B
~10'°/B (Qm)™, which should be compared with
the experimental value of 0,,~4 X 10° (2m)™ at a
field of 4 T. Thus the neglect of the small number
of electrons participating in breakdown should
cause no significant error in the evaluation of €7, .
The transverse voltages were small, being per-
haps 200 nV in the best case of high field and high
temperature. The potential leads were manganin
which has a thermopower®! of roughly 0.17 pV/K
in the temperature range of interest, 7T being the
temperature; the transverse Righi-Leduc temper-
ature differences were very small, being less than
5 mK, so that correction due to the thermoelectric
power of the leads were also very small, and typ-
ically 1% of the Nernst-Ettingshausen voltage. It
was necessary to use relatively large heater pow-
ers to produce the largest possible signals, and
this tended to produce changes in the absolute
temperature of perhaps 0.1-0.15 K, as B was in-
creased. Assuming @° is approximately linear in
T, then an analysis in terms of Q°/T will suppress
the effect of these variations, and this was, in fact,
the approach taken. Figure 10 shows a typical set
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FIG. 10. Quantity py7/Q¢, which is equivalent to
T/€%,, as a function of field for one particular experi-
mental run. The symbols represent ditferent temper-
atures: o, 4.21; O, 3.70; A, 3.20; =, 2.65; U, 2.00 K.

of data for p,,7/Q° (= T/€!,) as a function of B, and
it is evident that within experimental error, a sin-
gle line reproduces all the results. This confirms
that €}, varies linearly in 7 as would be expected
if phonon drag effects are small. It is of interest
to note that @° is not linear in B, since p,, does not
vary as B?, but that €, does vary accurately as
Bl. If one uses the mean values of p,,7/Q® over
various temperatures at a given field for different
sets of experimental data, then Fig. 11 results.
Although the data seems to lie consistently above
the line at low B, one should bear in mind that the
result in Eq. (3) is that appropriate to very high
fields (w,7> 1 for all orbits) and need not hold ac-
curately at low fields. Furthermore, the experi-
mental uncertainties rapidly increase at lower
fields. For both of these reasons, emphasis must
be placed on the data at higher fields. The slope
of this graph can be used to evaluate $m2k2N(u),
and gives 207.5 Jm™ K™, with an error of probably
less than 5% (this estimate being based on our pre-
vious experience with Cd)®. The same quantity can
be evaluated from specific-heat data'® which yields
196 Jm™K™'. If the transport result had not in-
cluded the electron-phonon enhancement factor 1
(which has been estimated as 0.41 experimentally
and 0.22 theoretically®?) then we would have ex-
pected a value for the above quantity of perhaps
140-160 Jm™=K™. Clearly the experimental data
is in much better agreement with the enhanced val-
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FIG. 11. Mean values of p;;7/Q? as a function of B,
the averages being taken over for any particular run at
fixed field and different temperatures. The various
symbols represent different runs.

ue. Our previous results® on Cd are not inconsis-
tent with the enhanced value of N(i), but these on
W are still not understood. Little data was taken
on Q° for sample lu since the much lower effective
purity meant that the transverse voltages werevery
small and the larger pieces of Fermi surface only
marginally satisfy the high field condition. The re-
sults suggested that p,, 7/Q® was larger for this
sample by roughly 25%, possibly indicating a de-
pendence of this quantity on purity. However the
results were too few and too inaccurate to be reli-
able.

IV. CONCLUSIONS

The work reported in this paper has attempted to
provide a complete set of results (with the excep-
tion of the thermoelectric coefficient €,) on the
various transport coefficients of a Mo single cry-
stal at temperatures of 1.5-4.2 K with the mag-
netic field perpendicular to the current. Generally
speaking, all the data is consistent with that which
would be expected for a normal compensated metal
but several aspects of the work deserve further
study. The ordinary transverse resistivity p,;
does not show a limiting behavior of B?, and an in-
vestigation using purer samples would be of inter-
est. There are no first-principles calculations for
the Hall resistivity p,, of any compensated metal;
the similarities between W and Mo indicate the ob-
served behavior is intrinsic to the electron (and
possibly phonon) spectra, and with the available
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detailed band structure®? should be amenable to
calculation. The corresponding thermomagnetic
coefficients behave generally as expected, but in
particular there is no available theory for L}. The
estimates of the lattice conductivity obtained by

the two methods outlined are not in perfect agree-
ment, but are within the expected errors incurred
in the experiments and analysis. Finally, the
Nernst-Ettingshausen coefficient is in agreement
with expectation.
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