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There are few previous data on the magnetothermoelectric properties of degenerate semiconductors. Al-
though magnetic quantum oscillations in the thermopower have been previously studied, quantitative, or even
semiquantitative agreement with theory was not achieved. We have developed a theoretical model allowing a
guantitative description of both the oscillatory and nonoscillatory parts of the thermopower $&rsar have
studied its validity in an experimental system. For the experiments we have chosen a high mobility sample of
HgSe:Fe (1=4.6x10°* m~%), and have measured both of the independent componer8sof transverse
magnetic fieldB of <8 T at temperatures 1 KT<60 K, together with the longitudinal and Hall resistivities
and the thermal conductivity. Our model predicts that the transverse comggpeastot affected by phonon
drag, and all our data are in agreement with this. The absolute value of the nonoscillating artiepends
linearly onT consistent with domination by diffusion. We observe large oscillationS,jnwhich exhibit a
phase shift ofr/2 relative to the resistivity oscillations. By including elastic electron scattering in the diffusion
theory we obtain excellent quantitative agreement for both the oscillations and the smooth background under
all conditions of B and T, including the observed phase shift of2. In contrast toS,,, the longitudinal
componentS,, shows a large contribution from phonon drag over most of the temperature Gp@xhibits
quantum oscillations similar t6,,, but these are found to be in phase with those in the resistivity and are far
too large to be explained by diffusion in any available model. Instead, they are well described by oscillations
in electron-phonon scattering which modulates phonon drag in much the same way as is observed in two-
dimensional systems. Small oscillations are also observed in the lattice thermal conductivity and their magni-
tude is shown to be consistent with the same phonon-electron scattering being responsible. Our analysis
demonstrates that the study of the thermopower is a powerful tool in the understanding of both the elastic
(throughS,,) as well as the inelasti¢through S,,) scattering of electrons in degenerate semiconductors.
[S0163-182696)03440-9

I. INTRODUCTION into the high-field limit, i.e., only the last Landau level is
occupied. The present work is concerned with the regime
A full understanding of the magnetothermopower of de-where many levels are occupied. A significant complication
generate semiconductors has been slower to emerge than fwith thermopower is that it is much more sensitive to phonon
the case of the resistivity. The lack of progress is partlydrag than is resistivity, and it is often not clear what fraction
because thermoelectricity is a more subtle phenomenon, bof the experimental thermopower, especially in the case of
also because the experiments are more difficult to carry oubscillations, is to be ascribed to each of the two components,
As far as we are aware, there is no comprehensive set of dapdnonon drag and diffusion. As far as we are aware, all this
available on either the oscillatory or nonoscillatory parts forearly work assumed that the oscillatory phenomena were due
both of the independent components of the thermopower of anly to diffusion, and achieved limited quantitative success.
degenerate semiconductor in a transverse magnetic field. More recent work turned to normal metals and two-
This paper presents such a set using HgSe doped with Fdimensional electron gasé2DEG's). The latter are usually
chosen because it has a high mobility and is known to givelegenerate metals under the conditions of measurement for
large oscillations in the resistivity. oscillatory phenomenéa recent reviewgives many details
The early literature on thermomagnetic effects in degenand have much in common with bulk degenerate semicon-
erate semiconductors is summarized in reviews by Zyryanoductors. The main difference is that, with a 2DEG, 3D
and Gusevhand Puri and Gebalfethe latter dealing mainly phonons interact with 2D electrons, but in semiconductors
with very low carrier density systems which can be takenboth systems are interpenetrating and 3D. In each case the
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phonon system is only weakly affected by electronic scattertensor. The magnetic field is taken to be alangand it is

ing. With 2DEG's it rapidly became clear that, under normalassumed throughout that there is sufficient symmetry so that

conditions, phonon drag is the dominant cause of the oscile,,= oy, oyx=— 0y, €tc. In the present case the heat con-

lations in the longitudinal thermopoweéwhich we will refer  duction is primarily by phonons, and we initially assume

to simply as the thermopowerDiffusion oscillations have VT,=0 (later we will make a correction for this not holding

never been reliably seen in the thermopower, though thegxactly. This is the same condition as for 2DEG’s where the

have been observed in the transverse thermogowsually insulating substrate carries the heat. Therefore, the experi-

called the Nernst-Ettingshausen or NE coefficient ments measure the componentsSgfdirectly. Thus the ther-
Experiments on metals’ showed that phonon drag plays mopower is jusS,, and the NE coefficient i§,, as follows:

little part in thermoelectric oscillations. Excellent agreement

between theory and experiment was achieved for both the Six= Ex/VTx= pxx€xxt pyxéxy (23
thermopower and NE coefficient by considering only diffu-

sion effects. With suitable modifications, the work on metals Sy x=Ey/VTy=pyx€yxt Pyx€Exx- (2b)
provides the theoretical basis for some of the present anal;{h bulk metals the heat current is mainly carried by electrons,

SIS. which means that there is a transverse temperature gradient

The fact that the oscillatory thermopower is dominated byVT due to the Lorentz, force and so the above equations are
phonon drag in 2DEG’s but by diffusion in metals is easily notyvalid in this simple,form

understood. Phonon drag arises via electron-phonon cou- The thermoelectric tensar has two contributions. diffu-
pling, and so is expected to oscillate with roughly the Same&i o ¢4 and phonon drag?, which are linearly additi\}e' this
relative magnitude as the electronic density of states at th?esults in their contributic’ms t& also being additive, ie
Fermi level, at least to first order. In normal metals suchg_ od’, oo Throughout, oscillatory parté.e., the part, re-

P 0 : )
oscillations are at the level of 1%, but in 2DEG's they vary sulting from the effects of magnetic quantization of the elec-

up to 1.00%' Large densit.y—of-state oscillations_are alsqr ng are denoted by a tilde, e.g, and nonoscillatory parts
present in degenerate semiconductors, so one might expe&?a bar, e.ge. S

these to be reflected in phonon drag oscillations in this case The diffusion component is examined first under the as-

too. sumption that elastic scattering is dominanton Because

The question then arises of how one makes a separati ;
between phonon drag and diffusion oscillations with a de(?[ﬂe electron gas is degeneraé€ can be calculated from the

generate semiconductor. The surprising answer is that thidot .relat|or? relation e LoeT(daloe), .ar.1d W'ti
system itself makes such separation. Our model calculatiopPherical energy-band results for the conductivity tensor
shows that the NE coefficient is not influenced by phonorPne finds

drag, and we will demonstrate experimentally that this is

_ N2
indeed true within experimental error. This remarkable result = Uxxﬂ— 3 T pl_,82 , (39)
enables us to examine the diffusion thermopower in some > er (2 1+8
detail, and we find that calculations based solely on diffusion
reproduce the experimental data almost perfectly for both the —__ LoeT 2p
) . €y=0yx— | 1+ ——|, (3b)
oscillatory and nonoscillatory parts. y € 1+8

In contrast,S,, is dominated by phonon drag, includin :

the oscillationsS,X):at least at relativ)(/als low tempgratures. P%e‘-"’herep:(ﬂlm/a'ng)%; e is the electron charge taken to be
vious worké on HgSe followed the accepted wisdom, andnegative, i.e.e=—|e|; e is the Fermi energyB=w,r,
analyzed these oscillations in terms of diffusion, but our datavith 7 the transport lifetime and_ the cyclotron frequency;
show that this approach is inappropriate. We are able to givk, is the Lorenz numberr?k3/3e?, andkg is the Boltzmann
a semiquantitative explanation of the oscillatory partSpf ~ constant.

at high fields and low temperatures in terms of phonon drag. With Egs. (2) one finds the following expressions for

s¢ and S;,’x as a function of magnetic field:

Il. THEORY
— L.,eT|3 p
We will be interested in the components of the transport ng: e §+ 1+—,32 ) (4a)
tensorsao, €, I1, and\ (for which the field is perpendicular F
to the currentas defined by the relations — LT[ pB
. = 1782 (4b)
J=0E—eVT, (1a eF B
- s These field dependencies are essentially the same as with
U=IIE=-AVT, (1b) a 2DEG with the former tending to the entropy per unit

harge and the latter to zero Bs—»c0. Equivalent equations
ave been given by Kuleest all!
The oscillating parfe? will be obtained in terms ofr

whereJ andU are the electric and heat current densities du
to an applied electric fiel (more generaIIyE is the nega-

tive of the gradient of the electrochemical poter)tmid t_em- using a semiclassical approach introduced by Youmalid
perature gradienV'T. The thermopower tens@ is defined o ajastic scattering. The derivation is analogous to that of

according tOéf SVT, so that, from Eq(1) with the bound-  the Mott result for the nonoscillatory parts, and in fact re-
ary conditionJ=0, S=o " le=pe, wherep is the resistivity ~ duces to this whekgT<%w.. One finds
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kg D'(X)_ sor €9 in the form =0 C, whereC is a constant which
=1 ry WU: ao, 5 contains all the details of the electron-phonon scattering, and
o is the conductivity tensor exactly as used above. The
where X=272k3T/hw,, D(X)=X/sinhX is the thermal theory includes the classical effect of the Lorentz force
damping factor for oscillations ie, D' (X)=dD(X)/dX is  througho, but does not take into account magnetic quanti-
the thermal damping factor for oscillations ia, and zation, soC is not a function ofB. From this definition it
i=+/—1 indicates ar/2 difference in the phase of the oscil- follows thatC=S{ i.e., the constant is just the phonon drag
lations. This phase difference is due to the fact thas  thermopower at zero field. Because of magnetic quantization,
essentially the derivative af with respect to electronic en- we expect the phonon-electron scattering probability to os-
ergy, though thermal averaging must be included to make theillate, and we assume this can be allowed for by writing
relation precise. The calculation of the oscillating diffusion C=C+C. WhenkgT<% w,, it is reasonable to assume that
contributionS? is similar to the case of the 2DEtand the C/C= yvlv, wherey is a constant of order unity. This is
components are found to be analogous to the case of elastic scattering where a similar
result holds. At higher temperatureswill contain a thermal

~d_

(S T o= a [P 2Fyx 6 damping term analogous @’ (X), but it will presumably be
So= @(PrxTxxt PyxTyx) = 1+ 82\ 5 — | (63 3 gifferent function for phonon drag, which is an inelastic
Pxx Pyx . . . .
interaction. Thus using Eq2) we find
o o~ aB (B 1
Six= @Byt Pynd = T3 gz | = += | (6D So=So(L vl (62
Pxx  Pyx
Sx=0. (8b)

wherep andp are the nonoscillatory and oscillatory resistiv-
ities, and the last step again assumes spherical energy bantis the case 05'3X the two terms in Eq(2b) exactly cancel,
If absolute results are required, the expressionsfgrand  independent of field. Thusgx is predicted to have no pho-
'ﬁyx from standard theoriés may be substituted. However, non drag contribution for either the background or the oscil-
for our purposes the above form is the most convenient. Thiatory part. The physical reason for this result is as follows.
sums of Eqs(4) and (6) give full results for the diffusion The fact thate=0oC means that the electric current pro-
components. duced by phonon drag in E¢la) is equivalent to that from
Previous experimental results on degenerate semicondue-fictitious electric field parallel t& T (assuming electrons
tors have been interpreted in terms of a different result foThermopower is measured with no resulting electric current

S, given by Obraztso¥® and so we briefly describe this in so a real electric field is set §i of Eq. (1a)] to provide the
the following. Obraztsov findSi,=S/ne, whereS is the  compensating current. Clearly this measured field is equal
entropy of the electron gas. When the oscillations are sinuand opposite to the fictitious one, i.e., antiparallel M@,
soidal so that harmonics can be ignored, the ensuing resulthich has a component only alomgin the present case.
for ST can be written in terms of the relative amplitude of ~ The results also apply to the case of a 2DEG, and the
the oscillations in the density of states at the Fermi levenonoscillatory parts are essentially the same as those pre-
Vv (which we obtain from Ref. 1)2as dicted by Zianni, Butcher, and Kearnésybut it is known
~ experimentally® that sgxa&o in this case, though it is small
Si v compared to either of the terms in E@b). In bulk metals
g (o0 =T XD,(X)? @) VT,#0, and so the measured NE coefficient is a mixture of
x S« andS,,, and the phonon drag part is not expected to be

where @X(oo) is the high field limit of Eq.(4a), i.e., 2€M0:

SU ()=w?k3T/2eer. No result is given for S‘y’X.

Obraztsov made his calculation in the zero-scattering limit IIl. EXPERIMENTS

and thus there was no impurity damping term. Schroder and pata were obtained for two samples, but we report on

Landwehf added such a term, since it appears to be essentighy the one for which we have a reasonably complete set of
from a physical point of view. By writing the result as above, rgqits on all the relevant coefficients. The other sample gave
the damping term is automatically includediv. There is  consistent data for the coefficients measured. The HgSe:Fe
a very useful limit of this equation. AsX—0, then (rysials were grown by the Bridgeman method at the Polish
,[.)d (X)——X/3. In this case we obtain the simple result ocademy of Science. The sample was oriented using stan-
St/ Six(*)=7/v. This is a good approximation when dard Laue techniques and cut with a wire-erosion machine
X<1. For largerX the ratio S‘X’X/S‘X’X(oc) is always smaller, into the shape of a rectangular parallelepiped, with dimen-
and for largeX, D'(X)— —2Xexp(—X). We note that the sions 9.0<2.7x0.80 mn¥. The electron density was found
predicted phase shift is always compared top,,. One to be 4.6<10°* m~2 independent of temperature, and the
might assume that Eq$7) and (6) are complementary and mobility 4.0 m?/V s at 4 K, decreasing with increasing tem-
perhaps valid under different conditions, but as far as we arperature to~3.2 m?/Vs at 50 K. Using an effective
aware this is not the cagthe Appendix has further detalils mas$®!” of m* =0.065n, gives a Fermi energy-~0.155

We do not have as detailed a theory for the phonon dragV or 1800 K, so the gas is highly degenerate at all tempera-
part S¥. However, Zaremb4 showed that it is possible to tures in these experiments. TREOQ] direction was perpen-
write the phonon drag components of the thermoelectric tendicular to the large face, and this was also the direction of the
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magnetic fieldB. A brief immersion in a solution of 5% Br
in methanol produced polished surfaces.

The sample was indium soldered into the cryostat, and a
small strain gauge was epoxied to the free end for use as a
heater. Ag filled epoxy was used to make contacts to four 50 0.7 F .
u manganin wires for use as potential leads; two similar 37.8K(x1.5)
wires were soldered with indium to act as current leads for
resistivity measurements. The temperature and temperature
gradient were measured with two 22kPhilips surface
mount resistors epoxied to the sample. These are useful from
about 1-100 K, and have negligible magnetoresistance over
the whole temperature and field rand&<({8 T). Calibrations
were made using a commercial Ge resistance thermometer.
Temperature was controlled with a capacitance thermometer
which is insensitive to magnetic field.

An EM dc nanovoltmeter was used to measure potential
differences across the sample. In all measurements in a mag-
netic field, suitable averages were evaluated for data taken at
*+B to eliminate unwanted components, though these com- 0.3
ponents were typically small.

The thermal conductivity of the samples was field depen- ! PR R R E—
dent over the whole range of temperatures. This was typi- -2 0 2 4 6
cally a 5—-30 % effect, and led to changes of the temperature
gradient and the average temperature of the sample during B (T)
field sweeps. Complete data on both of these effects were ] )
obtained, and the thermopower was corrected for the change F'G- 1. A selection ofp,, data at various temperatures. The
in gradient(on a continuous basis as a functiorB)f, but not pper two curves have been multiplied by 1.5 for clarity.

for the change in absolute temperature. This latter is negli-

gible above about 15 K, and peaks at a few tenths of a degregsted in such data for comparison wiater. The modula-
near 6 K. tion in the amplitude of the oscillations is known to arise

The main uncertainties in the data are systematic and aridgom the lack of inversion symmetry of the zinc-blende crys-
from the finite size of the potential and thermometer coni@l structure(see Ref. 17 for recent data and analydisit the
tacts. The latter contributes an uncertainty-e10% in the ~ details are not relevant to the present work. A useful quantity
temperature gradient. The former gives-40% uncertainty for later use is the relative modulation in the electronic den-

0'8 T M T T T T T T T T ¥

0.6 31.0K(x1.5)

0.5 -

Py, (uQm)

0.4

in the longitudinal electric field, but perhaps only a very Sity of statesu/v at the Fermi level due to maﬂgnetic quanti-

small error in the transverse field. Thus we expect uncertairgation. Using the results of Roth and Argyréswho find

ties of ~10% in any transverse thermal quantiut prob-  Pxx/Px=(3/2)D(X)v/v and the data in Fig. 1, we estimate

ably much less for the Hall resistiviy~10% for the ther- the peak-peak _va_lu_eg/y tobe~0.4at8T.

mal conductivity and longitudinal resistivity, and15% for The Hall resistivitypy is linear inB over the range 1-50

the thermopower. Errors due to thermometer calibrations$: and shows that any variation in carrier concentration with

should be small over most of the range, but might becomd€mperature is no more than 1%. Small oscﬂlgﬂons were

serious at the highest temperatures because of the poor séiiPerposed on the smooth background. The oscillatory com-

sitivity of the Philips resistors and the calibrating thermom-POnentp,, is expected to be very small whegge-1. At low

eter. At the upper limit~100 K, this might lead to further €mperatures our_sexpenments give a peak-peak value of

errors of~10% in the thermal quantities. All other errors are Pyx/PyX_N —5X10 - at 8T. _ R

believed to be small in comparison. Ignoring a negligible thermoelectric correctiqarising
from the fact that thermal conductivity is measured with
J=0 rather tharE=0), the measured thermal conductivity

IV. RESULTS AND DISCUSSION is just \ that appears in Eql1). We denote the zero-field

Field sweep data for most of the transport coefficients/@U€ Of M asho and Fig. 2 shows this as a function of
were taken over the range 1-55 K, but thermopower andemperature. The data are very similar to those obtained by

thermal conductivity were measured up to about 100 K inWVhitsettet al18 for HgSe samples which did not contain Fe.

zero field. This paper is primarily concerned with thermo- The conductivity is dominated by phonons, sej at low
electric effects, but other coefficients are also important td€mperatures, but by about 20 K the electronic contribution
the analysis. We first briefly review these auxiliary measure}q becomes visiblésee below. The solid line is a calcula-
ments. tion of \J using the same model and phonon-scattering
mechanisms as Whitsettt al, which include boundaries,
electrons, Rayleigh, resonant scattering by quasilocalized
phonons, andN andU phonon-phonon processes. We list the
Figure 1 gives some representative datgpgpas a func- fitting parameters, since they should be useful in any future
tion of field at various temperatures. We are mainly inter-calculation of the phonon drag thermopower of this sample,

A. Auxiliary measurements
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FIG. 2. The measured zero-field thermal conductivityas a 0 2 4 6 8 10

function of temperature. The two sets of symbols correspond to two

different cooldowns. The solid line is fitted using the model of FIG. 3. The thermal conductivitk,, as a function of field at
Whitsettet al,, as described in the text, for the lattice thermal con-various temperatures. The data are normalized to the zero-field val-
ductivity AJ. The dashed line shows the effect of turning off the ues\,. In the upper panel the dotted curves are calculations of the
phonon-electron scattering in the calculation. oscillations at 2 ath 6 K assuming they are due e scattering.

but we refer the reader to the paper by Whitsetal. for full  and is governed by r=1; this field slowly increases with
details and definitions: boundaries= 1.50 mm(after apply- temperature due to the temperature dependenm Below
ing the correction of Wybourne, Edison, and Kelfyand a 20 K, where the electronic contribution becomes negligible,
specularity factoF = 1.4: RayleighA=2.9x10"* s% reso-  another mechanism appears with a higher saturation field.
nance ws=5.1x10"% s, ©,=33x10” s7' and This behavior may be related to the Fe impurities, though
N=7.5x 107" m~3:U processB;=1.7x10"*" s/K. OurN  they do not seem to be connected with the dip jnat about
process and electronic scattering are identical to those im5 K seen in Fig. 2, since a similar dip is observed in un-
Whitsettet al.,, with the latter restricted to the range of pho- doped HgSé® At even lower temperatures below 4.3 K the
non wave vectors less than the diameter of the Fermi circlebehavior is again different, with an abrupt drophrat very
Our values for boundary, Rayleigh, abldprocess scattering low fields (~0.1 T, as Fig. 3 showswhich seems reminis-
are all very similar, but the strength of the resonance scattegent of a phase change. The sharp decreasg,iis mirrored
ing (N) is roughly a factor 2 higher. This last is responsiblepy a similar drop inp,y at the lowest temperatures.
for the strong dip i\, near 15 K. The observed oscillations do not arise from oscillations in
Figure 3 shows a selection of data on the thermal conducx®, which is negligible at low temperatures even before be-
tivity N, normalized ta\,, as a function of field at various ing turned off by the field, but are caused by the effect of
temperatures. The behavior of the nonoscillatory backgrounghagnetic quantization of the electrons on phonon-electron
is seen to be significantly different at low and high tempera{p-e) scattering. They are clearly related to the quantity
tures. At high temperatures there is a rapid drop,ipat low 3/ that appears in Eq8a), and in Sec. IV B we will give
fields, followed by an approximate saturation. This is due toan analysis based on this idea.
the electronic contributiony, Taking the electronic thermal
conductivity tensoh®=LTo, whereL is an effective Lorenz
number, then, withVT,=0 (which is an approximation if
Ay, is finite), one has\,,=\9+ LTo,/(1+B%). Thus the The thermopoweS8,, at zero fieldS,, is shown in Fig. 4.
electronic contribution is suppressed by the Lorentz motionThere is a small shift in the data between cooldowns which is
which enables us to estimate its magnitude. It is visible onlynot reflected in the thermal conductivity in Fig. 2. The
above~ 20 K, and reaches about 10% of the totate80 K. ~ change might be intrinsic to the electronic properties, but
Whitsettet al.*® quote similar results obtained by a different might also be simply due to instabilities in the potential leads
method. because of the use of Ag-filled epoxy for the connections.
The difference in curve shapes in Fig. 3 between 4 and 15 The straight line is the estimated diffusion p@xplained
K implies that the decrease iny, is due to a different below), and it is clear that phonon drag is completely domi-
mechanism. Above 20 K the saturation field is rather low,nant up to about 25 K. An interesting feature is that the ratio

B. Thermoelectric coefficients
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FIG. 4. The thermopower at zero fie®] as a function of tem- 4 — T
perature. The two sets of symbols are the same two cooldowns as
mentioned in Fig. 1. The straight line is the estimated diffusion 3| i
component. | 2K
of S, and\ is constant to a few percent over the range 1-6 2 .

K. This is unlikely to be coincidental, and is probably a
reflection of the fact that the same phonons are responsible
for both S, and)\, in this temperature range. At higher tem-
peratures most of the phonons can no longer interact with
electrons. The cutoff phonon frequency foe scattering is
related to the diameter of the Fermi sphere, and corresponds
to ~15 K. The decrease in the ratfg, /\» above~6 K is
presumably related to this.

Figure 5 gives a selection of data &y, as a function of
magnetic field at different temperatures. Kulesval.* re-
cently published data o, for a series of HgSe:Fe samples,
but field dependencies were not given. According to @j.
there should be no phonon drag in this coefficient, and the

S, (WV/K)

data do have the characteristics expected of the diffusion 0 2 + & =&
parts given in Eqs(4b) for S, and (6b) for S, as we will
now show. B (T)
The nonoscillatory part of the experimental data have
been fitted to Eq(4b) to find the amplitudd_,e Tp'er and FIG. 5. Examples of the Nernst-Ettingshausen coefficgnias

the mobility w= 8/B as a function of temperature. These fits a function of magnetic field. Data in pang) are at higher tem-

to the smooth parts are essentially perfect, even when theeratures, and those in parig) at lower temperatures. In pan)
oscillation amplitude is large. We find to be consistently the curves at 2.1 and 7.8 K have been offset hy\2K.

lower than calculated from the Hall and longitudinal resistiv-

ity, and ranges from~3.2 m?/V s at low temperature to perfect cancellation of the two phonon drag terms did not
~1.7 m?/V s by 50 K. The difference may be related to the occur, the residual would be easily recognizable since it
distinction between the electronic relaxation times appropriwould not be linear ifT, as was found with a 2DE€. There

ate to momentum and thermal transport, which our theorynay indeed be a tiny peak rmed K in Fig. 6, possibly
does not distinguish. Figure 6 givege Tp'eg as a function reflecting the peak in Fig. 4, though the noise is similar in
of T. The observed linear relationship shows that diffusion isnagnitude at these low temperatures. In any event the results
dominant ang can be taken as constant. It should be notedmply that the two terms are matched to no worse than
that each term in the phonon drag part of E2b) has a ~1%. With e=0.155 eV in Eq.(4b), we findp=—0.57.
magnitude ofS38/(1+ B2) which is of the same form as the ~ We have used Eq6b) and the measureg, (the contri-
diffusion part given by Eqs4b). At the peak of the phonon bution from py, is completely negligibleto calculate the
drag near 4 K, the ratio of former to the latter is about 60. Ifoscillatory contributionS,,. The phase has been shifted by
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FIG. 6. The quantityL,eTp/er obtained from fits to the
nonoscillatory parts of,, andS,,, respectively, as a function of
temperature.

/2, and we use the same mobility as required for the
smooth background. At low temperatures the harmonics in
‘pyx become very large, and must be taken into account to
obtain the observed wave form fﬁgx Thus we have ex-
tracted the fundamental and the first two harmonics using
Fourier analysis, evaluated these contributions separately in
the analysis, and finally added them and the nonoscillatory
parts to give the results shown in Fig. 7. Notice there are no
free parameters in this calculation. The correspondence be-
tween experiment and calculation is excellent at all tempera-
tures and fields. We particularly draw attention to the trian-
gular wave form at low temperatures which is well
reproduced by the harmonic contributions. The sharp peaks

S, (uV/K)

of the calculated data superpose essentially perfectly onto the —4 R R T
experimental data, both in magnitude and position. 0 2 4 6 8
The phases op,, and Sy, have also been compared di- B (T)

rectly from the experimental data using a method described

previously?® In the range with the highest experimental ac-  FIG. 7. Calculateds,, for the same temperatures as the experi-

curacy 8=5-8 T andT>15 K), all thep,, data are found mental data in Figs.(® and 8b). In panel(b) the curves at 2.1 and

to have the same phase to an accuracsdf 7/10, and the 7.8 K have been offset by 2V/K.

same is true forS,,. The two averages differ by almost

exactly 77/2, as predicted. thanp-e scattering, and consequently a decrease in phonon
Figure 8 shows typical data f@&,, as a function oB at  drag, but the origin of this feature is unknown.

various temperatures. Above9 K the nonoscillatory part Above ~ 10 K the field dependence of the nonoscillatory

shows a rapid rise followed by saturation. This is the effectbackground has been fitted to E4a), with an additive con-

of the second term containing in Eq. (48 for S, and, stant to take phonon drag into account. The fits giveon-

becausep is negative,SY, increases with field. At lower sistent with those fron$,,, andL,eTp/eg is shown in Fig.

temperatures this rise becomes swamped by the rapidly if. We findp=—0.48 compared to the value 6f0.57 from

creasing phonon drag contribution, which, according to EqS,,. The discrepancy is rather small, and might simply re-

(8a), is independent of field. There is also a decrease witlilect errors in sample dimensions, but it can also arise from

B at lower temperatures which is clearly related to the fieldthe fact that the electronic thermal conductivity is not negli-

dependence of,, described in Sec. IVA. A decrease in gible above about 20 K. This meaRs,# 0 which, in turn,

A,y implies more field-dependent phonon scatteriother  implies that the thermopower and the NE coefficient are no
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. . . of the measured thermopower means that the nonoscillatory
(a) part of the phonon drag is independent of field, in agreement
with Eq. (8a). _
The oscillatory pars,, is accuratelyr out of phase with
pyx (Sux iS @ negative quantilyover the whole temperature
12+ 41.9K T range, which immediately shows that E§a) cannot repre-
sent these data. The calculated amplitude is also too small at
all temperatures. A8 T and 4 K it predicts 0.07uV/K
compared with the observed 13V/K. The agreement im-
proves at high temperature, but is never good. At 50 K the
measured amplitude & T is ~0.08 nV/K, compared with
§ the calculated value of 0.0&V/K.
The entropy result of Ed.7) has the correct phase, but is
also unsuccessful with the amplitude. Fo<8 K and
6 — : L B=8 T, X<1, so thatS{,/S,()=7/v is a good approxi-
mation. Usingu/v~0.4, Eq.(7) predicts Sj,~0.4S5,(=).
BecauseSy (=)~ (4/3)SI, and Fig. 4 shows tha8l very
. . , . small compared t&¢ then these oscillations are also negli-
(b) gible. At high temperatures the agreement improves as with
25 | - Eqg. (6. At 50 K and 8 T the calculated amplitude is
~0.05 V/K.
4.3K The poor agreement with either of the above diffusion
results, especially at low temperatures, leads to the inevitable
20 f . conclusion that the oscillations have their origin in phonon
8.0k drag according to Eq8a). In other words, they reflect the
changes induced in phonon-electron scattering due to mag-
netic quantization of the electrons. This identification does
not appear to have been made before for degenerate semi-
conductors, but it is an obvious extension of the 2D case,
which is now well knowr? At low temperatures the ob-
served S, /S, is about 50%, in accordance with~1.
WhenkgT<% w,., we would expect the oscillation amplitude
to scale withS,,. At 8 T this should be so fof ~2-10 K.
Figure 8 does indeed show the expected scaling which is
. especially convincing given the strong variationpf in this
temperature range. For comparison, we note that both Egs.
(7) and(6a) predict a scaling a$ under these conditions. Of
course, at higher temperatures, whHeyT <% w., no longer
) . holds, all contributions to the oscillations are thermally
FIG. 8. Examples of the tl_wermopowﬁ;X as a function of field damped. For elastic scattering the damping ter 'i6X) in
at various temperatures. Notice the scale change for the data at Zé)qs_ (6a) and (7), but the form of the damping term is not
K. known for S, and so we cannot estimate the relative con-
tributions from diffusion and phonon drag to the high-
temperature oscillations.
longer precisely equal t8,, andS,, respectively. For ex-  Finally, we briefly return to the oscillations found if,,
ample, one finds that the NE coefficient is approximatelyantioned in Sec. IVA. An estimate aﬁx can be made as
given by S,,— S (Ayx/Ax)- At about 50 K this will appear  fqjiows. Let the relaxation time fop-e scattering ber,, and
to increase the magnitude of the NE coefficient by perhapghat for phonon scattering by all other mechanisms Then
20%, which leads to a value pftoo high by the same factor. NIINS= (Ureot T,a0)/ (UTe+ 1iT,), where the extra sub-
Although a similar relation holds for the thermopower, in script o specifies zero field. With some re-arrangement this
these experiments this correction is negligible. The result@ives NI INI=(70/ Tao) (1+ 76) [ 1+ 7o Teo! Tac) (Tal Te) 1,
for p are both consistent with the value 6f0.5 expected \yhere 7o=Taol Teo iS the ratio of scattering of phonons by
from a constant electronic mean free path. electrons to scattering by all other mechanisms at zero field.
We have usecp=—0.50 and Eq.(4a to calculate the Elementary modefd of phonon drag in 2D or 3D metals
diffusion component of the zero-field thermopow&ras a give the relation SV= constX C( 740/ Teo) (1+ 75)
function of T, and this is the straight line shown in Fig. 4. ~C9(r,,/7.,) WhereC? is the lattice specific heat. Using
We also note that, at least above about 10 K, the consistengliis together with the similar relatioB?,~ C9(7,/7), we
of the analysis in usin@?, to describe the field dependence finally find

51.9K

=S, (uV/K)

=S, (WV/K)

B (T)
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)\Q

XX

N Tao [1+ 70(SSISOT

This should be appropriate when all the phonons participat

Ta (1+ 7,) In bulk metals, diffusion oscillations are dominant in both

(99 the thermopower and NE coefficient, and conform to .

but most investigations have involved magnetic breakdown,
o the situation is perhaps not completely clear cut. Phonon

in both A9 andS?, i.e., over the range 16 K approximately. rag os_cillation have not been seen, which agrees with our

. g contention that these are at the same relative level as the

The nonoscillatory variations, is caused byra/7a0, and  (iijations in the electronic density of states; these latter are

the oscillatory parhf, arises through the ter@, . Using the  typically at a level of 1% or less as a result of the high
experimental data fofS,, (which is essentiallySl) as a  electronic density.

function of B, we have calculated?,/\J at 2 and 6 K using

values ofr,/7,, required to approximately match the back- ACKNOWLEDGMENTS
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e scattering. The calculated ratig, varies from~0.15 at 1  the Natural Sciences and Engineering Research Council of
K to 0.01 at 10 K. However, by abo® K the observed Canada, and is a part of a research program of the Stichting
oscillations inAg, show that electronic scattering is larger voor Fundamenteel Onderzoek der Mate®OM) finan-
than our calculation predicts, which probably implies that thecially supported by NWQThe Netherlands
calculation ofp-e scattering is in error at higher tempera-
tures. APPENDIX A: ENTROPY OSCILLATIONS

AND THERMOPOWER

V. CONCLUSIONS Equation(7) is from the high-field limit of Eq.(2a), i.e.,

Our model calculation of the thermopower tenSoior a _ng:/’yxfgy with py taken to_bdd3/ne and nonoscillatory. It
degenerate semiconductor predicts that both component® Well known that, ag8—=, €, is a direct measure of the
S« and S, have diffusion contributions, but that only the nonoscillatory d.ensny qf states at the Fermi level by virtue
former will show phonon drag effects. Experimentally this is Of the Mott relation applied tor,,=ne/B. It therefore seems
indeed found to be so for both the oscillatory and nonoscilfeasonable that the oscillatory density of states would appear
latory parts. This remarkable difference between the compa!) €xy, and this is what Eq.7) claims for the oscillatory part
nents is clearly a very useful result which has not been preSg,. However, other arguments suggest otherwise.
viously recognized. One would expect 2DEG’s to act in the All calculations ofo,, taking magnetic quantization into
same way, but a phonon drag componentSpf has defi- account are consistent with this coefficient having no oscil-
nitely been seefin that case, though it is small. The reasonlations asg— . Guseva and Zyryané%¥and Hortors® find
for this discrepancy is not known, and deserves close atterthat[ignoring the thermal damping term(X)]
tion. These two cases are particularly simple experimentally
because the absence of a transverse temperature gradient
means that the NE coefficient giv&, directly, and simi-
larly the thermopower giveS,, . _he 14 7

The diffusion model we have used to describe both the’*Y™ B 2p?
oscillatory and nonoscillatory components $f, has been
accurately confirmed. In particular, the oscillations Sp, fho. v (=1)f 2mwegl
show excellent agreement with calculated amplitudes, and X 26 2 g co oo 4
also the expected phase shift ®f2 compared to resistance F ' ' ¢
oscillations. In contrast, the oscillations 8, are found to
be due almost entirely to phonon drag, as is also true in
2DEG’s. We have given a semiquantitative argument for thelhe oscillatory corrections are a result of residual scattering
amplitude of the phonon drag oscillations at low tempera£ffects, whereby the electron-scattering probability reflects
tures and high magnetic fields, but a full quantitative calcuthe oscillations in the density of states, and go to zero as
lation is lacking. An analysis of the oscillations in the lattice 8— . The absence of oscillations as a functionBoin the
thermal conductivity at low temperatures supports the idenzero-scattering limit also implies there are no oscillations in
tification of the oscillations irS,, with phonon drag. the energy dependence of this coefficient. This can be seen

Previous experimental data on oscillations in the therdirectly from Eq.(10) where one can fix eithesr or B and
mopower of degenerate semiconductors, particularly omllow the other to vary. However, it is the zero-scattering
HgSe® have been analyzed in terms of entropy oscillations)imit that Obraztsov uses to calculagg,. The combination
but we have shown these cannot be the cause, at least at Iafithese two results implies th?éjfy ando,, are not related in
temperatures. It is unfortunate that we cannot see recognizhis limit and cannot, for example, satisfy the Mott result
able diffusion oscillations ir8,,, because this means we are which would be expected to hold whéRT <% w,.
unable to distinguish which, if either, of the models for these In contrast Eq(5) is essentially the Mott result extended
oscillations is correct for this coefficient. to the case of oscillations in the density of states with arbi-

} . (Al)



10574 B. TIEKE et al. 54

trary kg T/ w., and cancels to the usual Mott relation given are supported by a quantum-mechanical density matrix cal-
above in the high-field limitkyT<%w.. In the zero- culation by HortoR® for free electrons. Horton gives results
scattering limit, Eq.(10) predictso,,=0, and this means for o, [Eq. (10)] and’¢,, which are consistent with E¢5).
"éxy=0 from Eq.(5). Lest it be assumed that this result has Thus the two results Eq$5) and (7) appear to be inconsis-
no basis other than Young'semiclassical arguments, they tent. A resolution of this problem is clearly called for.
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