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Isotope effect on the phonon-drag component of the thermoelectric power of germanium
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We have measured the thermoelectric power of several germanium single crystals with different isotopic
compositions: natural, 96.3%, and 99.99% enricHi&k. N- andp-type Ge samples with the net concentration
of electrically active impurities<2x 10* cm® were studied. Our experimental data show a decrease of ther-
mopower with an increase in isotopic mass disorder. This isotope effect is evident at temperatures below
approximately 70 K where a phonon-drag part of the thermopower dominates. At high temperatures, in the
diffusion regime, the thermopower does not correlate with the isotopic composition within experimental error.
The observed isotope effect can be explained with a special phonon-drag contribution induced by a momentum
transfer from thermal phonons to low-energy phonons in the enriched samples.
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Investigations of perfect crystalline solids provide impor- wherew is the phonon frequency, is the molar volumey is
tant information on intrinsic processes, such as anharmonithe phonon group velocity, and the parameter
phonon-phonon interactions. Isotope disorder, a kind of im-
perfection common to most crystalline solids, has been
shown to affect numerous properties.In this paper, we 9 :2 f.(AM, /M)2 )
show that in nearly perfect, isotopically enriched crystals, 24 TR
intrinsic processes strongly enhance the drag of electrons by

phonons which, in turn, dominates the thermoelectric pOWeg o cterizes the isotopic disorder. Héfés the concentra-

at low temperatures. In particular, this effect is expected ion of theith isotope, whose masd, differs from the av-
manifest itself in thermopower of carbon materials, Whicherage masd =S, . M by AM:M-I—M In germanium
[ | I | "

has found broad recent interesee, e.g., Ref. 3 and refer- with natural isotopic compositio?Ge five stable isotopes

en(;etshthereu;th h drag th . icond of comparable abundandsee Table | beloygive rise to a
eory of the phonon-drag thermopower in semicon uC'strong isotopic disorderg,=5.89x10 4. This makes ger-

tors was developed by Herrifigiearly 50 years ago. This manium especially suitable for investigations of isotope dis-

theory captures the essential physics of the phonon drag Ié'rder effects of different propertié€.In 1958, Geballe and
mhoderatelrz/ pure cr)t/tsta_lls when the trr]10mt]at| Iproces_ses Yall” measured for the first time the effect of isotopic disor-
phonon-phonon scatteringconserving the total quasimo- der on the thermal conductivity of germanium single crys-

mentun) have an insignificant eﬁect_ on the total I|fet|mes of tals. They observed an almost threefold increase of(fid
thermal phonons as compared with other relaxation pro;

) ; . oA
cesses, such as phonon scattering from the crystal point af%r an isotopically enriched sample dfGe (95.8% with

. »=23.7x10 ° over that of "®Ge near the thermal conduc-
extended defects, crystal boundaries, and Umklapp phono,[i—vity maximum at~15 K. Recently, precise and compre-
phonon processes. : :

hensive data were obtained for the isotope effect on thermal

Isotopes, randomly distributed over the lattice sites in SOI'conductivity of Ge(Refs. 8,9 with a nearly isotope-pure

ids, disturb the tra_nsllatlonal symmetry of a crystal _and re'germanium single crystal=99.99% of °Ge) havingg,

duce the phonon lifetimes by elastic phonon scattering. Be¥ g : .
s ) . =8.2x 10 °. The maximum value of the thermal conductiv-

cause the phonon lifetimes directly govern the lattice therma.llt of this isotopically pure’%Ge (99.99% crystal is eight

conductivity, the isotopic disorder may produce a strong supﬁ?’nes hiaher thF;n thyatpof'a‘Ge or st'al Thisyresult clegarl

pression of thermal conductivitk(T) in chemically pure demonst%ates that phonon scattgrin .b isotopes in na¥ura|

nonmetallic crystals at low temperatures. This effect was P g by P

found theoretically by Pomeranchakyho pointed out that _

the isotope scattering rate is proportional to the square of the TABLE . Isotopic parameters of Ge crystals.

mass differences of the isotopes. Later, within the Debye — 70 . . ; 7

approximation, Klemerfsderived the Rayleigh type formula  COmposition  “Ge ‘Ge "Ge "Ge "Ge g, M

. . — 6
for the phonon relaxation rate due to mass fluctuation scat- ) (0 (%) (%) (% 10° @mu)
tering: naGe 21.23 27.66 7.73 35.94 7.44 589 7259
%Ge96 963 21 01 12 03 775 70.04
(1)  "°Ge99 =>99.99 <001 0 0O O 008 69.92

ng(y)4
3 7

Tgol(w) =

4arv
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germanium is the primary process that limits the lifetimes TABLE Il. Characteristics of the Ge samplesN=|Ny—N,| in
of thermal phonons at temperatures near the conductivitﬂtolz cm 3 was estimated from electrical conductivity data at 77 K.
maximum.

The phonon lifetimes control other kinetic coefficients, Sample Composition Axis Type AN
e.g., thermoelectric power described by the Seebeck coeffis; naGe [111] n 4
cient S(T). The. thermopower has two additive mdependentan naiGe [100] D 05
components: diffusior§;(T) and phonon-dragy(T). The 70696 [100] 0 5
former arises from a diffusion of charge carriers opposite to 70
a temperature gradient in the electronic system. The latte Ge99 [100) . 2.7

P g ystem. 70Ge99 [111] n 20

results from a quasimomentum transfer from the phonons to
the charge carriers in the presence of a temperature gradient
in the phonon system.

The effect of phonon lifetime is most evident at low tem- Single crystals with different isotopic compositions including
peratures where the phonon-drag thermopower dominates. fhighly enriched crystal with 99.99%Ge. We find that the
a sufficiently pure (nondegeneraje semiconductor the absolute valu¢S(T)| increases significantly with a reduction
phonon-drads,(T) depends upon electron-phonon scatteringin isotopic disorder at low temperatures. This surprising re-
and phonon relaxation processes. According to the laws ddult cannot be accounted by the conventional theory of the
crystal momentum- and energy-conservation, only acoustiphonon-drag thermopower.
phonons with very small wave vectogscan participate in To determine experimentally the effect of isotopes on the
electron-phonon scattering events. Thus, the lifetimes ofhermoelectric power, one compar8€T) for samples with
these lowg phonong(so-called “electronic” phononsdeter-  different isotopic compositions but with all the other impor-
mine the magnitude dgy(T), in contrast to the thermal con- tant properties left identical. These include the sample shape
ductivity where thermal phonons dominate. In the frame- and dimensions, its surface roughness, the crystal lattice de-
work of Herring’s theory of phonon-drdthe electron drag  fect concentration, the chemical impurity concentration, and
by phonons, which acts as a phonon low-pass filter, is Sensjne free charge carrier concentration. Fortunately, in chemi-
tive to the phonon relaxatl_on processes having relat|vel36a”y pure germanium crystals of both andp-type with the
weak frequency dependencies °,p<4). For pure™Ge | oiconcentrations of electrically active donors and acceptors

crystals the magnitude and temperature dependenSg( oj AN=|Ny—N,|<10" cr?, the phonon-drag thermopower

can be We_” described by using (_)nly two phonon relaxat'onchanges little<<5%, with increasing carrier concentratiGn
processes: boundary scattering and phonon-phonon

scattering® The frequency independent boundary scatteringfhue to the satura;uon eﬁeCt_lf)f Hernﬁgntn- tz)indp-typ? Ge,t
determinesSy(T) at very low temperature§ <10 K in e maximum values ofSy(T)| appear to be very close to

samples with diameters of few millimeters. This scatteringe"’lch other. This doping dependence of the phonon-drag

gives rise to theT*2 dependence 08,(T). In germanium, Sg_(T)_offers _excell_ent _Conditions for the experimental deter-
the influence of boundary scattering of phonons upon th&nination of isotopic disorder effects in chemically pure Ge
phonon-drag thermopowa,(T) has been observed experi- crystals. _ _ _
mentally in Refs. 10,11. At relatively high temperatures, 50 Germanium single crystals of isotopically controlled com-
<T<100 K, where phonon-phonon scattering dominatespPosition were grown using the Czochralski methoéh this
Sy(T)~T~" with n=2.2—2.5"1 Phonon scattering from Work five crystals with three different isotopic compositions
point mass defects, which has a strong frequency dependen#gre studied: naturdl®Ge, °Ge96 with 96.3% enrichment,
~ w* weakly affectsS,(T). As a consequence, in moderately and "%Ge99 with=99.99% enrichment. Their isotopic pa-
pure semiconductors, the phonon-drag thermop@ygF) is  rameters are listed in Table I. Five different samples in the
practically independent of impurity concentration in com-form of rectangular parallelepiped with typical dimensions
parison with the thermal conductivity at temperatures neap.5x 2.5x 40 mn? were cut from these crystals. The sample
the maximum ofx(T).* Therefore, in this conventional ap- surfaces were ground with 14 uwm diamond powder slurry
proach to the phonon-drag effect in thermoelectric phenomto ensure diffuse scattering of thermal and subthermal
ena, the isotopic disorder produces only a very small reducphonons from the sample surfaces at temperatures above 10
tion of the magnitude of thermoelectric coefficiefts. K. Two samples were of natural isotopic composition, while
To our knowledge, the only experimental study of theanother two samples were nearly single isotdf@e. Note
effect of isotopic disorder on"thelghermoelectnc power hashat the samples with the same isotopic composition differed
been performed by Oskotskét al.™ They have measured , crysial orientation and up to one order of magnitude in
the thermopower for two tellurium single crystals with dif- their impurity contents. The netconcentration of electrically

ferent isotopic compositions: natural and enrich&dTe active impuritiesAN was <2x 10' cm®. Characteristics of
0 i i is di e .
(92%). The enriched crystal had an isotopic disorder params samples are given in Table II.

eterg, reduced by factor 7.5. These authors found that the Differential thermoelectric power and thermal conductiv-
isotopic composition did not influence the thermopower of. . P L
Te crystals at low temperatures. ity were measured simultaneously by a longitudinal steady-

In this paper we present results of an experimental invesState technique. The heat flow was parallel to the long axis of

tigation of the thermoelectric power for high-purity Ge the sample. Electrical contacts to the sample in the form of
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FIG. 1. Thermoelectric power as a function of temperature for ~FIG. 2. Phonon-drag thermopower vs temperature for Ge crys-
Ge crystals with different isotopic composition. The dashed curvedals. The inset shows the calculated Herring phonon-drag ther-
are calculated diffusion thermopower for and p-type Ge. mopower as a function of isotopic disorder for=20 K (lower

curve and 80 K(upper curve Arrows show the values for isotopic

metallic stripes aligned across the long axis of the samplgornIOOSItIOnS studied in this work.

were made by tinning the sample surface with Pb/Sn alloy
solder. Two small copper clamps carrying resistance themwhich is about 2.5 times larger than f8tGe sample S1 near
mometers were attached to the sample directly on the stripethe S(T) maximum. The data strongly suggest that the mass-
These thermometers were used to determine the mean teffuctuation phonon scattering due to the isotopic disorder
perature of the sample and the temperature drop along tRUppresses the phonon-drag effect in pure Ge single crystals.
sample. Manganin lead wires were electrically connected to In Fig. 2 we present data on phonon-drag thermopower
the copper clamps. These wires were used to measure th8y(T)| obtained by subtracting the diffusion pa®y(T)
Seebeck voltage across the sample. No corrections weffeom the measured values. The diffusion thermopo@gi)
made to the measured thermopo\&T) relative to manga- shown in Fig. 1 as the dashed line was calculated with the
nin, as its absolute thermopower is negligiblel wV/K  conventional Herring theory(see, for example, Refs.
below 300 K¢ Thermal conductivity data obtained with this 4,12,13 taking into account the experimental data on elec-
setup coincide with the data reported previously in Refs. 8,9rical conductivity for our samples. It is seen from Fig. 2 that
for the same samples to within an experimental error of 2%near the maximum of phonon-drag thermopower the effect of
The uncertainty in the absolute value of thermoelectridsotopic disorder is most pronounced. In the range<%0
power is estimated to be less than 5% at high temperatures 100 K [Sy(T)|~T ™", wheren~2.4, our data onSy(T)|
and~20% below 20 K. for "@Ge are in agreement with those of Refs. 10-13. We
The results of the measurements are presented in Fig. bave also calculated the Herring phonon-drag thermopower
The absolute values dB(T) for all samples are identical SS(T) for germanium as a function of isotopic disorder pa-
within 20% at high temperature$;>100 K, in the regime of rameterg, (the inset in Fig. 2 The experimentally observed
extrinsic conductivity, where the diffusion thermopower isotope effect turns out to be larger by two order of magni-
dominates. Small variations |$(T)| from sample to sample tude than the theoretical estimates.
originate apparently from the variations in impurity content The enhanced phonon-drag thermopower is observed in
and type of dominant charge carriers that alter the diffusiorisotopically pure samples. For these samples as it follows
part of thermopower. In this temperature range, we did nofrom the analysis of thermal conductivity datdthe isotope
find a correlation betwee[S(T)| and isotopic composition scattering of thermal phonons is reduced so milaghfactor
of a sample. up to 7000 that the normal phonon-phonon processes domi-
At low temperaturesT<70 K, in the regime dominated nate to an appreciable extent the nonequilibrium phonon dis-
by phonon drag, the absolute values for different sampletribution, which exists in the presence of a temperature gra-
with the same isotopic composition are identical within ex-dient. Under these conditions not only the additioat
perimental uncertainty in spite of very different doping lev- correction term «»(T) to the thermal conductivity, which is
els. This is in accord with Herring’s saturation effect. At remarkably sensitive to the isotopic disorder, appears as was
these temperatures the experimental data clearly demonstrateown by Callaway® but an additional contributio,4(T)
the increase of thermopower with decreasing isotopic disorto the phonon-drag thermopower can arise. Kozlov and
der. The isotope effect is present in samples of betand  Nagaev® suggested a mechanism for the additional phonon-
p-type conductivity and does not appear to depend upon thdrag thermopower: a quasimomentum transfer from the ther-
direction of a temperature gradient with respect to the crysmal phonons to the low “electronic” phonons through the
tallographic orientation. Note, that the highly enrichednormal phonon-phonon processes, which increases the avail-
sample G7 has the highest level of residual impurities, howable phonon momentum that can be transferred to the charge
ever, it shows the largest absolute value of thermopowewarriers. This contributiorS,y(T), which can be large in
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In summary, we have measured the thermoelectric power

crystals and has a similar temperature dependence, decreagesgermanium single crystals with different isotopic compo-

linearly with increasing point defect concentratfdrConse-

sitions at low temperatures. We have found a strong increase

quently the isotopic disorder can produce a relatively strongf the electron-phonon drag effect in isotopically pure Ge
reduction ofS,(T). The isotope effect, which we observed crystals. This result suggests an appearance of additional
in the phonon-drag thermopower for germanium crystals igontribution to the Herring phonon-drag thermopower in the

likely due to an additional contributioB,4(T). Note that in

case when normal processes are the dominant phonon scat-

Ref. 21 a proper account of normal phonon-phonon protering mechanism.
cesses has been proposed for the case of isotopically pure Ge

crystals. In the framework of this model the qualitative ac-
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