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We have investigated the quantum oscillations in the diffusion thermopower of a HgSe crystal doped with
about 1% Fe. The high concentration of Fe has provided sufficient attenuation of phonon-drag quantum
oscillations to allow clear observation of oscillations in the diffusion thermopower of a degenerate semicon-
ductor. At high magnetic fields the diffusion oscillations are well represented by the entropy per unit charge,
though the measured amplitude is larger than expected by about 50%. At low fields the oscillations shift in
phase and agree with those predicted from the electronic relaxation time using the Mott relation.
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I. INTRODUCTION scattering of the electrons and applies to both the oscillatory

_ part S and the smooth backgroursf,. (Throughout we

In the absence of phonons, thermopower is closely conyjj| yse a bar and tilde to indicate monotonic and oscillatory
nected to carrier diffusion in a temperature gradient an¢omponents of the coefficientsThe Boltzmann equation
therefore can, in principle, give direct access to fundamentglyy ot pe applied to this situation regardless of the strength
fchermoqunamm prppertles Of co_nductors. However, phonora)f the magnetic field. Later the result was extended to the
interactions also give a contribution to thermopower, phonoQ:ase with electron scatterihgnd was shown to remain valid
drag, which typically masks the more fundamental diffusionbut correction terms appear. We note that for negatively
contribution. In this paper we discuss results on diffusion arged carriers the oscillatio.nssﬂ are in antiphase with

X

tehﬁeer(r:r:c:)pf)ogpllirngrqsahsageggaellrz/ ;Peoaiﬁlnrsgizjémple where t the oscillqtions in th(_a electron_ic density_ o_f ~states, which, in

It has long been known, see, for example, Idffthat ~ tUrn, are in phase with those in the resistivity,. The cal-
charge carriersS (defined here as the entropy per unit vol- scattering but we will not consider this case further except
ume), for simple semiconductors. If electron-scattering ef-to say that the entropy component has not been definitively
fects can be ignore€n practice it is sufficient if the electron observed there as yet.
scattering is independent of eneyggnd with no magnetic Because Eq(1) had been known for many years, it was

field presentS? is equivalent to the electronic entropy per not surprising that it should also hold when quantum effects
unit charge, i.e., dominate at high fields. Nevertheless, there is another result

that has invariably been used in analyzi#tin degenerate
= —S/n|e, (1)  systems, the Mott relation. This relatBbto the derivative of
the conductivity with respect to electron energy. Although
wheren is the electron density ané| the magnitude of the this was originally based on the Boltzmann equation, an
electronic charge, the negative sign assumes that electroagalogous result has been shown to remain valid even in
rather than holes are the charge carriers. This result is knowgfrong magnetic fieldd.In 3D this approach leads to the
to be valid in the limits of degenerate and classical statisticprediction thatéfX is shifted in phase byr/2 compared to
of the carriers, but is probably valid for any degeneracyentropy oscillation§, and also has a different field depen-
though we have seen no proof for the general case. It is alsgdence. Although the situation is not completely clear, the
valid in both three and two dimensions and appears to retheoretical worR? appears to suggest that the two contribu-
main true whatever the electron scattering in transverse, clagons, Mott and entropy, should both exist, in general, at least
sically high magnetic fields. “Classically high magnetic at high fields when the scattering is not too strong. Only the
fields” means that Landau quantization is ignored and thisntropy component would exist when there is no electronic
restriction arises because the result is based on the Boltzcattering and the Mott component can be considered to be
mann transport equation, which becomes invalid when Laneorrection to allow for the effects of electronic scattering.
dau levels are dominant. Assuming sufficient symmetry in  Given the phase shift and generally different amplitudes
the xy plane and with a transverse magnetic fiBlélongz,  between the Mott and entropy results in 3D, one might ex-
there are two independent components of the thermopowegect that it would be a straightforward matter to distinguish
tensor, the thermopowes,, and the Nernst-Ettingshausen the two contributions experimentally, but this has not proved
coefficient S. The entropy result applies only to the to be the case. The main reason is that there is another con-
former. tribution to thermopower, the phonon dr&§ due to non-
Obraztso? showed that Eq(1) is also valid forSﬂx in equilibrium phonons in the temperature gradient pumping
three dimension&D) in a magnetic field for the case of zero momentum into the electron system via electron-phonon col-

0163-1829/2001/63)/0352019)/$20.00 65035201-1 ©2001 The American Physical Society



K. IKEDA, R. FLETCHER, J. C. MAAN, AND J. KOSSUT PHYSICAL REVIEW B5 035201

lisions. ClassicallyS], is predicted to be independent d  the relative phases CNS;’X andp,, it was necessary to ex-
but in reality the electron-phonon relaxation time also oscil-perimentally investigate the latter in some detail. Resistivity
lates in the presence of Landau levels. There are no theoretscillations reflect the oscillations in the electronic density of
ical results dealing with the resulting quantum oscillations instates at the Fermi energy via changes in the relaxation
S, but for negative carriers they are expected to be irtime 7 of the electrons. For degenerate electrons with spheri-
antiphase with the oscillations in the density of states andal energy surfaces and elastic scattering, it is preditted
this has experimentally been seen to be the case Bigis  that
completely dominant. This means that th%y are not easily

distinguishable from entropy oscillations 8, . _ 5/ B\ (-1
Although this is a long-standing problem, as far as we are  Pxx= Pxxt Pxx=po| 1+ 2127 21 le—D(fX)

aware there are only two previous papers concerned with

experimentally investigating the oscillations in the ther- S(zﬂ_f -
X co

—_r— —

mopower of 3D semiconductors. Schroder and Landfvehr 7}

{3
I exp — ?r
made an early study &,, in HgSe specifically to check the

Obraz_tsov entropy r_esult. They found that the osciI.Iationglvherep0 is the resistivity at zero field (X) =X/ sinhX is a
were in antiphase witp,, as predicted and, with a suitable thermal damping factor witlx=27r2kéT/ﬁwc and o, being

choice of various parameters, the field dependence of thﬁﬁe cyclotron frequency, antl, is the Dingle temperature

oscillations could also be made to agree with the Obraztsom ¢ :
| he absol U that accounts for collision broadening of the Landau levels.
result. However, the absolute magnitudésif was not mea- ¢ ratio f/B=¢¢ /hw.. We have dropped a small extra

sured and the presence 6f, was not appreciated at the oscillatory term, which is negligible in this work, and also
time. Thus there remains some doubt as to the significance @inored a spin-splitting term that will be introduced later.
those measurements. 6 _ Although the oscillations i, are very small and have
More recently, Tiekeet al” made detailed measurements ot atiracted much experimental attentiéine most compre-
on both components &; and of the resistivity;; for HgSe  pensive set of data seem to be those of Mani, Anderson, and
doped with 0.03% Fe. It was found thait was very large at  j5nnsof?), they are required to give a complete picture of
low temperatures. The oscillatory pa&, was probably the thermopower oscillations. Equations for the Hall conduc-
dominant up to about 20 K and c~ould not be ignored up vty oy, have been given by Hortd, Guseva and
temperatures of order 50 K so th&}, could not be evalu- Zyryanov}* and Zyryanov and Kuleyé¥? (the last two pa-
ated. InterestinglyS‘jx is predicted to be zefoand it was pers give a result only for the fundamental component at
found that the experimental results 8, which were then zero temperatuje Horton gives
presumably onl)8§’X, could be accurately reproduced by cal-
culations based on the Mott relation at all fields and tempera- - nle| nle|
tures. Recall that there is no entropy componer§jp. Oxy=Oxyt Oxy=~ g~ T B(1+ 9
Clearly the key to the experimental problem of observing
Sl is to reduces? and therebyS?,. In general, this can be
done by adding impurities that strongly scatter phonons. Un-
fortunately, this also usually reduces the electron mobility
very rapidly so that quantum oscillations are no longer vis- W) F{ ¥To )
exg — —=—r

: 2

V2 (B Wi (— )'D “ 2xf
T g 2] & ymr DUX)cog g

ible. Tiekeet al® chose the system Hg$®.03% Fe because 7 : ()]
Fe impurity can be added to HgSe to give a high electron
concentration, and thus many oscillations, while retaining ayhere = w.r. We usepyy= ny/(g§y+ 02) whereo,, is
high mobility. However, it is known that the HgSeFe systemgptained from Eq(2) (using a similar relation between,,
is unusual in that considerably more Fe may be introducedandpxx) and find forg?>1

up to at least 1%, with relatively little effect on either elec-

tron mobility or density(for a recent review, see Ref).9 B 3(B\21.Z (-1
Such a large Fe content has also been shbum give a Pyx= Pyxt Pyx=— = 1_§<ﬁ) — —
strong decrease i8°. nlel Boi=1or

Owing to these attractive properties, we have investigated o -
the thermopower of HgSe sample doped with about 1% Fe xD(rX)co{ir— Z) ex% - Qr) .
and the present paper reports our results. Briefly, the ex- B 4 B

pe_cted reduction 0" wa_s opservgd, anq V\_/e find strgng It is possible that these results may not be complete for the
evidence that both contributions Hx exist In magnetic  -,qe of HgSe:Fe because it has been postulated that for suf-
flglds, with thg entropy and_ Mott results being dominant at;iant Fe contentas hergthe Fermi energy:r is pinned in
high and low fields, respectively. the conduction band by the Fe impurity st&tef this is
correct, and if it remains valid under dynamic conditions at
low temperature, then the number of electrons will oscillate
This section introduces the main theoretical results thawith changing magnetic field and will result in another con-
are required to analyze the data. Because we are interestedtitbution to’p,, .

4

Il. THEORY
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The thermopower is defined Wy, =S;VT;, whereE is  Finally, using Eqs(2) and(4), NSQ"X is predicted to be
the measured electric field aMdT is the temperature gradi-
ent. The situation is complicated by the fact that the present _ |
sample has a relatively large contribution to the thermal con- X:W Tﬁz—
ductivity from the eIectronsAﬁ , which gives a finite trans-
verse temperature gradieMT,. With no transverse heat 2wt T vTp
current, VT, /VT,= - ANYIAS(1+ B2) + AE]~ — A&/ BT, Xsin| —g=r—/exp — 5= |- (12)
assuming free-electron results and elastic scattering far
with A& being the electronic thermal conductivity at zero ~ Obraztso? studied the case of no electronic scattering
field. This gives a measured thermopower where Eq.(11) gives a zero result. He found the following,

which we refer to ass;, (there is no contribution &, ),

kg 1+(5>\g/2>\9)( B )1’2 “(—1)

27 & D'(rX)

S Sact Sy(No/ BN9), (5
_ . _ m?kET  3kg [ B \*2S (-1
which we shall use below. The thermal conductivity at zero g0 _gd 1&d — B _B(_> e
field isA9+\5. WhenB?>1 we expect a measured thermal 2leler  2[e[\2f) =1 ox
conductivity of ~\9+(\§/B)[1+(A§/\%], which ap- orf
9 as~1/B? for g>1 D’(rX <.z 12
proaches\9 as . XD’ (rX)co 5 "2/ (12

The semiclassicalMott) results for the diffusion compo-

nents?ﬁi with elastic scattering and degenerate electronghis equation is equivalent to the entropy of the electrons per
arél’ unit charge. We assume that when the Landau levels are
broadened by scattering, a collision-broadening term,

= _ mkgT[3 p exp(— yTp/B), must be included in the oscillatory part. Be-
S~ 3leleg 2" 1+ B2 © causeD'(X) is a negative quantityS, as predicted by Eq.
_o27 P (12) is in antiphasel/vitlf)XX as given by Eq(2). Also éxc’x is
_dX: — B p_z , (7)  distinguishable fronsy, given by Eq.(10), which is7/2 out
3leler |1+ of phase. Finally note thag’, is the same as that given by

wherep=(dIn/dIng),_. Using Eq.(5) we see that, what- EQ. (6) when g— .
ever the value ok /A9, the limiting high-field result foiS,

reduces to— m?k3T/2|e|er, which is the entropy per unit
charge, i.e., Eq(1), though\g, might have some effect on A sample was cut from a single crystal of HgSe doped

IIl. EXPERIMENTAL TECHNIQUES AND RESULTS

how SV, makes the transition from low to high field. with nominally 1% Fe using a diamond impregnated wire
There is an extension of the Mott result to oscillatorysaw and lapped to a rectangular shape aboxt28

components, which are found to%e X 0.9 mnt. This was a rather small sample that should help

5 5 to minimize any problems with inhomogeneity. It was pol-

S i 2&‘) ) ished with 1% Br in methanol and, after cleaning with ben-

X 1487 pyx Pyx]’ zene, given a 10 min dip at 40°C in an acid etch recom-

mended by Warekoigt al® Following this treatment the
Dxx sample was readily soldered with indium. Six A2&-
i)’ ©) diameter gold leads were attached as current and potential

probes, and these in turn were soldered tgub®-manganin
where a=i(wkg/|e])D’(rX)/D(rX) and D’(rX)=[1 leads to provide thermal isolation. The indium contacts all
—rX coth(X)]/ sinh¢X) is the thermal damping factor for had very low resistance. Finally the sample was indium sol-
thermopower oscillations aridsignifies that there is a phase dered at one end to the cold sink. The remaining setup was
shift of 7/2 betweer;; and~Sﬂ- . Although these last results similar to that used by Tieket al® _ -
were first derived using the Boltzmann equation, theoretical The small sample combined with the finite width of the
results by Smrka and Sted& suggest that they are more indium contacts means that the resistivity could be in error
general. In support of this view we note that E@). has been by about 15%. However, we will only need the ratio of
shown to be accurately obeyed in HgSe:Fe under similapxx/po [Ssee EQ.(2)], which we would expect to be much
conditions of temperature and field as used didote that ~More accurate unless the effective contact spacing is field
the sians oY and&. given in Eas(6a and(6b) of Ref. 6  dependent. The thermopower needs the extra measurement
shoulcgj botrﬁ\)(ave bseyég negativeqas( :)b})we(sh)all refer to of the length between the thermometer probes. This raises

. H _ 0 .
the measured thermopower from this source as the Mott corjn€ Overall uncertainty to about 20-259%. In the analysis we

Y . L will use the high-field limit of the smooth part of the ther-
tribution S, which from Eqgs.(5), (8), and(9) is given by mopower to normalize the data so that the resulting error on

- af

X _1+BZ

~ N ~ the absolute magnitude should be much lower.
M [ Pxx]g ROl poPyx (10) The electron density was found from Hall data to be 5.2
S(X 2 g B 4. —3 .
1+ 8%\ pxx A Pyx X 10?*m~3(+ 1%) and independent of temperature. The mo-
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FIG. 1. Thermal conductivit\ at zero field as a function of FIG. 2. Thermopowes at zero field as a function of tempera-

temperature. The closed symbols are for the present sample and tH#€. The symbols are defined in Fig. 1. The line is the estimated
open symbols are from the earlier work of Tietal® The line is  diffusion componens".
an upper estimate for electronic thermal conductivity calculated us-
ing the measured conductivity at 4.2 i&,, and the Sommerfeld region; we shall assume this in what follows.
value of the Lorenz numbst. To obtain the field dependence of bgth andS,, it was
necessary to take field sweeps with batfB and evaluate
bility was somewhat temperature dependent ranging fronthe even parts, e.gS.,=[ Syx(+ B) + Su«(— B)]/2. Similarly
5.2 nf/V s at“He temperatures to 4.0%W s at 42 K. Figure  we used the odd part in evaluatipg, . Measurements were
1 shows data on the thermal conductivityof the present made only during sweeps with increasing field to minimize
sample, together with data from the study by Tiekel®on  any hysteresis problems with the superconducting magnet.
a HgSe sample with nominally 0.03% Fe. The extra Fe haginally, all data for bothp,, and S,, were taken with the
greatly increased phonon scattering in the present sampleame pair of voltage probes on the sample because we re-
thereby strongly decreasing®. As a result the electronic quire the relative phases of the oscillations in each of these
part\g is relatively much larger in the present sample. Thecoefficients and this arrangement minimizes, or even elimi-
line gives an estimate ofg assuming the validity of the nates, inhomogeneity effects.
Wiedemann-Franz law, but it is known that the Lorenz num- We will not show examples of raw data fpx, because
ber begins to drop rapidly in the region of interéS%e can  they are very similar to those given by Tielet al® The
obtain a better estimate ofg/\9 using the magnetic-field current in the sample was limited t85 mA to avoid any
dependence of the measuredOver the range 20—40 K the temperature gradiertve can detect about 1 mkand un-
ratio is only weakly temperature dependent and has an avewanted admixture of a thermopower signal.
age value of about 0.4. Figure 3 showsS,, (which we now take to bé};’x) as a
The thermopower at zero field for both samples is giverfunction of magnetic field at various fixed temperatures from
in Fig. 2. The straight line is the estimated diffusion ther-about 22—44 K. The upper temperature limit of the measure-
mopowerS? (assuming that the high-temperature asymptotanents was dictated by the thermometers becoming too insen-
gives a good guideand is essentially the same for both sitive. At low fields whereS,, varies rapidly, the thermal
samples. We attribute deviations from this line$%. The  conductivity also has a strong magnetic-field dependence due
strong reduction seen ik is also seen irg%. In the present to the presence okfj. This leads to the temperature and
sampleS® becomes very small above about 20 K. Althoughtemperature gradient of the sample being functions of field.
there are no predictions Concerning the magnnud@Qf a Our int.erest is pl’imarily in the data at h|gh fields where these
consideration of their physical origin sugges@ /§ corrections decrease asBf/and become very small. Hence
N ~ ST we have not corrected the results for these effects at low
<Pux/pxx- It follows that S§, should be negligible above fie|ds. With this proviso in mind, the smooth backgrounds of

~20 K so the data 08,, should be dominated @‘xjx inthis  the data are consistent with the field dependence predicted by

035201-4



THERMOPOWER, ENTROPY, AND THE MOTT RELATION . .. PHYSICAL REVIEW B5 035201

140 T T T T T T T 0.4 T T T T T T T T T T
120 44 3K |
- 03 F 40.2K (x4) i
—_ 02 20.0K 1
¥ -
>
= _
)]
) (=]
. a
~ 0.1 F -
. !
la 7.6K
i 00} ' I‘ l I i -
20 | -
0.0 1 | 1 1 1 | 1 ) | 1
0 2 4 6 8 0.1
B (T
FIG. 3. ThermopowefS,, as a function of field at the various
temperatures used in these experiments. These data are believed 0.2 —_
be almost tOtaIIySgX. 0.1 0.2 0.3 0.4 0.5 0.6 0.7
1/B (1/T)

Eq. (6) and are similar to those seen by Tiedeal ® How-

ever, it is noticeable that the OSC'”atlonS. n t_he pre_sent dataf inverse field. Note the scale change for the data at 40.2 K. The

are _alv_vays smaller than tho_se_ re_ported in th'_s previous Worgots represent 25% of the measured data points and the curves

at similar tNemperatures. This is in accord with the fact that[hlrough the points were fitted as described in the text.

we expectS), to be significant in the earlier sample. The

saturation values o2, will be mentioned again in the fol- Symmetry of the crystal lattice, which causes an energy dif-

lowing section. ference between electrons of opposite $fifihis has been
extensively studied in previous wofkee Ref. 21 and refer-
ences therein If we take the components from opposite spin

IV. ANALYSIS to have the same amplitude and assume that the spin-up and

The goal of the analysis is to compare the experimenta%gmir;ec?r?; pfc& r:}%r;;:hr?;hésr?‘tplgnpeirglIgg we can use 2y,

data or‘rS‘x’X in Fig. 3 with Egs.(10) and(12). We first analyze

FIG. 4. Examples of the resistivity oscillatiopg, as a function

Pyx 10 give the reference frequencies and phases that we need Dx 5 12 2mf,

to distinguish the two contributions to the thermopower. ——=—7l7% D(X) COS( B ¢1)
The de Haas—Shubnikov oscillations at the lowest tem- Po avg

perature of 7.6 K have more than one frequency component 27 f ¥To

(see the data of Tieket al®). Fourier analysis shows that +COS( B 2) exp( - B)

there are two close frequencies near 91 T of approximately

equal amplitude, and also second and third harmonics of 5/ B \¥ 27favg

these frequencies. To simplify the analysis we first removed =3 ( > favg) D(X)COS< B ¢avg)

the harmonics by filtering using a pass band of 50-150 T.

This procedure also removes the smooth backgrounds though 2mwAf ¥Tp

it was found to be better to first eliminate most of the back- XCOS{ B—Aq&)exp( - B)’ (13

ground by fitting to a low-power polynomial. The results are

shown in Fig. 4 as a function of B/where it is seen that where f,,=(f,1+f,)/2, Af=(f,—f,)/2, etc. and we have

there is now a simple beat pattern arising from the two closenade no assumptions about the valuegpofand ¢, .

frequencies. As Fig. 4 shows, Eq(13) gives an excellent fit to the
These two frequencies do not have their origin in a nonexperimental data at 7.6 K using as varialfigg, Af, ¢,.g,

spherical Fermi surface, but rather in the lack of inversionA¢, Ty, and the amplitude, and fixing* = 0.065n, . This
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value ofm* was used by Tieket al® and is consistent with 0.6 T T T

that of Miller and Reifenbergét who give (0.067 q
+0.01)m, for samples with similar Fe content and electron

density. The second form of the equation was much easier t

fit to experimental data than the first.

As one might expect, the value of the amplitude depends 0.4
somewhat on the value ah* assumed, though the depen-
dence is not very strong at 7.6 K because the damping func | %U
tion D(X) becomes independent &f for small X. We ob-
tained an amplitude range of 2:99.10 for a range ofm*
=(0.065+0.02)m.. (Note that the amplitude is a relative
measurement in terms @f; and so the size of the potential
contacts should not be relevant provided their effective sepa 2
ration is not a function of the fieldlt is difficult to put a %
precise uncertainty on the absolute amplitude from all other ??
sources, but it is expected to be less than 10%. This result i 00
in good agreement with the predicted value3ofAlthough
many papers exist dealing with the various terms in . 22.4K
we know of no previous measurement of the absolute ampli-
tude ofp,y. We foundTp=(1.8+0.1) K for the same range
of m*, which is also in good agreement with that of Miller
and Reifenberger for a similar sampfe.

The oscillations inp,, at higher temperatures were also
separated from the background and filtered in the same way
The resulting data are also shown in Fig. 4. Because there ar
fewer oscillations, the Fourier transforms are broadened anc
do not indicate whether the two frequencies are still present
Nevertheless, these data cannot be satisfactorily fitted to . 1/B (1/T)
single frequency as in Eq2), but Eq.(13) still provides an
excellent representation using the same valuek,gf Af,
andTp as found above. The phases,,q andA¢, were left
as adjustable constants. This was essential in the case of t

latter, which smoothly increases by about 1 rad over th‘?itted components at 22.4 K with the solid line being the entropy

range 7—-42 K. On the other hangl,q is constant within -4 (gominant at high fieldsand the dashed line the Mott part
+0.1 rad. The fact thah¢ varies with temperature has been yominant at low fields

noted previousl§? and attributed to interactions between the
electron spin and crystal magnetization. The average absoropower slightly differently even though the same sample
lute amplitude for all the data, except those at 7.6 K treate@ontacts were used for both. Against this it is found that at

above, is 2.56:0.16 withm* =0.065n,, where the error is  abou 7 K whereJ, dominates, the oscillations remain in
the statistical uncertainty. This agrees well with the predlctecbhase much more accurately over the whole field range.
value of 3 but at these higher temperatures the value of the \ve have analyzed the data quantitatively as follows. The
amplitude depends sensitively an*. A change inm* of  entropy contribution will also have two frequency compo-

+0.002n, a reasonable range given in previous work,nents and so we write the fundamental of E#2) in the
gives a change in amplitude af13%. Although small errors  form of Eq. (13), i.e.,

in T are more serious at these higher temperatures, the con-

443K (x5)

32.0K (x2)

uV/K)

» T

0.2 F

0.15 0.20 0.25 0.30 0.35

FIG. 5. Examples of the thermopower oscillati®s as a func-
tion of inverse field. Note the scale changes and the vertical offsets.
%5% of the measured points are shown as dots and the lines are
caelculated as explained in the text. The lowest curves show the

sistency in the data suggests that the additional error in the o 3kg[B 32 , 27f avg
absolute amplitude is probably still no more than about 10%. X ﬁ 2f D’(X)co B bavg
At this point the data o, , have been completely param-
etrized and we are now able to considt . We removed xcos(zwm—mﬁ)ex;{ - —yTD). (14)
most of the smooth background by fitting to E@), and B B

filtered the remainder with the same passband agfer Again allowing for the two frequencies in the Mott result
Some of the results are shown in Fig. 5. A close exam|nat|or(110) we obtain

of the oscillations shows that SZ, is almost in phase with . /

Py at high fields but the phase smoothly changes until itis ~y 7Kg (1+5Ag/2\9) (E)”D, (X)Sm(waavg

shifted by almostr/2 at the lowest fields; this is particularly X" le] 1482 2f B
noticeable in the case of the data at 22.4 K, which extend to

the lowest fields. One might question whether this could be — )cos(ZWAf—Mb)exp( B ﬁ) (15)
due to sample inhomogeneities affecting resistivity and ther- avg B B /)
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l— tor 1+ B8°~B? in the denominator of E¢(15) and the extra
i ] factor of B in the numerator of Eq(14).

The data at all the other temperatures have been analyzed
in the same manner with similar results, but we will not
present them here because the signal-to-noise ratio decreases
at higher temperatures. Instead, we found it better to utilize
all the data at each temperature simultaneously by fitting to
the sum of Eqs(14) and (15), leaving only the individual
amplitudes, sayA°® and AM as adjustable constants. Using
the measured value 6f,,=91.5T, the expected amplitudes
are given by

01F

C° and C™ (uV/K)

o 3kB< 1

3/2
AC=— — | ——| =-0.052uV/KT32 1
: 2le] 2favg) 8 0

0.01 |

’7TkB 1 1/2
AM= — —— (1+5\&/2\9 (—)
:U’2|e| ( 0 ) 2 favg

=—(40/u?) pVTIK (18

with N§/A9~0.4. In the case oAM, u? appears in the am-
plitude because the factortB%~ 2= u?B?.
B (T) The fits were always excellent and examples are plotted in
Fig. 5. The average experimental value we obtainABris
FIG. 6. Local amplitudes of the components &t at 22.4 K (—0.090+0.008)V/K T2, where the uncertainty quoted
that are in phase@®) and «/2 out of phase €M) with 5,, as a  is only the statistical error. There is no obviclidependence
function of field. The solid lines are the expected variations with thethat might arise if there was a significant admixtureﬁéﬁ,t.
overall absolute amplitudes adjusted to give the best fits. There are also uncertainties25% from the probe and ther-
) ) mometer spacing that must be added. However, it seems rea-
We first show how the two components contribute to thegonaple that these may be allowed for as follows. We believe
measured,, as a function oB. The separation was made by 4t the high field value ngx: _ wzkéT/2|e|sF given by
fitting.successi.ve sing_le periods of the oscillations u;ing thejither Eq.(12) or Eq. (6) is a reliable prediction. For our
following function, which retains only the basic oscillatory sample we expect w2k§/2|e|s,:= —0.225uV/K. The aver-

terms of Eqs(14) and (15): age experimental value over the range 20-40 K is
2t 20t (—0.264+0.020)uV/IK (again with noT dependende As-
c° cos{ =2 ¢avg) +CcM sin(—avg suming thatA® is incorrect by the same factor gives a cor-
B rected A°=(—0.076+0.008)uV/K T%2. This amplitude is
2aAf almost 50% higher than the expected value. It seems prob-
— davg CO{ B ) (16)  able that there might still be systematic errors of the order of
about 10% from errors o and other causes, but the fact
where the phaseg,,, and A¢ are those determined from that the absolute amplitude of the resistivity oscillations
fitting Py« at nominally the same temperature, aBfl and  agrees with theory so well suggests that there are no major
CM correspond to the amplitudes of the parts in phase andources of error. We should mention that if the Dingle factor
m/2 out of phase witlp,,, i.e., the entropy and Mott com- is omitted when we analyze the data, as in Obraztsov’s origi-
ponents, respectivel\C is a simple constant that is close to nal result(12), the experimental amplitude agrees well with
zero. These amplitudes are, of course, field dependent but ftihat predicted. However, the Dingle factor appears to be nec-
single periods this expression gives excellent fits and givesssary on physical grounds.
the average amplitude of the two components at the field The average experimental value oAM=(-5.5
corresponding to the center of the oscillation. The results for=1.0) xV T¥JK. In this case we might have expectedra
C® andCM are shown in Fig. 6 for the data at 22.4 K. The dependence from but the scatter on the results appears to
amplitudes below about 2.5 T become unreliable due tde random. We correct this experimental value as we did
noise. The curves through the data points are the best fitgith A° to giveAM= —4.7+ 0.8V T¥JK. The measureg
using the theoretical expressions for the field dependence afecreases from 4.6 to 4.0% s over the range 20—40 K,
CO andCM from Eqgs.(14) and(15), with only the absolute giving a predicted range &" = —1.9 to—2.5 nf/V's. There
amplitudes left as adjustable constafsise below. These fits is a discrepancy of about a factor of 2. Because we have
to the two components are reasonable indicating that thegormalized the values to the expected result for the back-
have been identified correctly. They also show that theground, we cannot ascribe any remaining error to thermom-
Obraztsov(entropy term dominates at high fields and the eter or contact spacing. We note, however, that the Mott
Mott term dominates at low fields. This results from the fac-contribution is small over most of the field range, which

0.001

Six=C+
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probably implies that it has larger absolute errors than theemains a possibility that the actual phase was not the same

entropy term. Nevertheless the discrepancy is certainly reahsp,,. If there is a component shifted by=/2, there would

There are several possible reasons why there could be dige a corresponding Mott component"éﬁ‘x indistinguishable

crepancies between the experimental and theoretical valuggm the entropy component and leading to incorrect values

of both AM and A°. " for both AM and A°. There is some theoretical support for
First, specifically for the case &", we know from pre- this possibility. Wheniw,/e-=B/f~1 the phase Ony is

vious work that u obtained fromp,, is too large to obtain ) ! =~ 1415
Expected to shift byr/2 relative to that op,, .~ Although

good fits to dx. This seems to be related with the presence=" ; 1893
of inelastic electron scatterifd.It is not a small effect and thiS has been seen experiment ¥” it should be a small

results in an effectives that is 50% smaller than that mea- €ff€ctin the present case wheéf <0.1. However, a similar
sured at 50 K, with smaller differences at lower Agree- ~ Phase difference is also expected when the scattering poten-
ment between the experimental and predicted resulta'dn tial is long range; & situation that might well occur in
requires an average~ 2.9 n?/V's. This is not unreasonable HgSeFe. Clearly this is a problem that deserves further ex-
and suggests that this is probably the major source of thBerimental and theoretical study.
discrepancy.

The second, which applies equally to_b@tﬁ' andA©, is V. CONCLUSIONS
that the effective masm* =0.065n,, which we are using . . o
for the analysis might be in error. There is a decrease in both This paper has presented experimental data on oscillations
AM and A° by about—6.5% for each decrease im* by in the diffusion thermopower of a degenerate semiconductor,
0.001m,. However, it would also decrease the experimentaWwhich are essentially free of phonon drag. We have shown

amp”tude ofﬁxx by the same amount and destroy the goodthat the oscillations have two components, the usual one that
agreement with theory that we obtain there. can be traced to oscillations in the electronic relaxation time,

Afinal possibility is that Eq(4) for B, which is used in which we refer to as the Mott contribution, and one originat-
Eq. (10), is not correct for HgSe:Fe. Equatiof® and (4) ing from the oscillatory mag_netization of the sar_nple, Wh_ich
show that the contributions frofy, andp, to Eq.(8) are of ~ reflects the entropy per unit charge. Due to different field
opposite sign with the latter beingtimes the magnitude of dependences, the former is dominant at low fields and the
the former. As we have already mentioned, Ej.would be latter at high fields. The components are separable because
incomplete, or even invalid, i is pinned so that the num- they have different phases compared to resistivity oscilla-
ber of electrons varies periodically with field. We did, in fact, tions. The measured amplitudes of the two components, es-
experimentally investigatg, . As expected the amplitude is Pecially the entropy term, are higher than expected but all
very small withp,, /py,<0.001 forT>20 K. Unfortunately, other fe_atures are in accord with pr_edlct|o_ns. In the process
we were unable to determine the phasépf because dif- qf carrying out the. above, we also investigated the oscilla-
ferent sets of probes yielded slightly different phases, eve#{ons in the resistivity. These were found to obey the theoret-
though the amplitudes were quite reproducible. Presumablig@l predictions in all respects, including their absolute am-
this arises from small inhomogeneities in the crystal and th@litude.
fact thatp,, cannot not be measured on the probes used for

S and p,,. (We also tested the data of Tielet al® but ACKNOWLEDGMENT
these had the same problenThe field dependence of the
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