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Phonon-drag thermopower and weak localization
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Previous experimental work on a two-dimensiof@D) electron gas in a Si-on-sapphire device led to the
conclusion that both conductivity and phonon drag thermop@&¥erre affected to the same relative extent by
weak localization. The present paper presents further experimental and theoretical results on these transport
coefficients for two very low-mobility 2D electron gases drdoped GaAs/G&l; _,As quantum wells. The
experiments were carried out in the temperature range 3—7 K, where phonon drag dominates the thermopower
and, in contrast to the previous work, the changes observed in the thermopower due to weak localization were
found to be an order of magnitude less than those in the conductivity. A theoretical framework for phonon drag
thermopower in 2D and 3D semiconductors is presented that accounts for this insensitigftytafveak
localization. It also provides transparent physical explanations of many previous experimental and theoretical
results.[S0163-18208)01144-9

[. INTRODUCTION encountered in 3D systems. Introducing impurities into a 3D
lattice to reduce the elastic mean free piatbf the electrons
Weak localization\WL) refers to the quantum correction (so that WL is observable ia,,) inevitably leads to a strong
to the conductivity that arises because the phase of the eletgduction of phonon drag because of the scattering of
tronic wave function is not randomized during elastic colli- phonons by the same impurities. In the 2D casés reduced
sions. Through interference effects, this leads to a decread®y placing impurities into or near the 2DEG, but under nor-
in the longitudinal conductivityr,,, which can be restored Mal circumstances these impurities have no effect on the
either by raising the temperature, thus increasing the frePhonons in the substrate and S0 drag is not thereby reduced.
quency of phase-disrupting inelastic collisions, or by apply- AS far as we aware, there is only one theoretical paper
ing a low magnetic field, which destroys the phase coherencgoncerned with WL and phonon drag. This dealt vl but
of the electronic paths. WL has been thoroughlydgave aresultonly for the range of magnetic fiBldhere the
investigated over the past two decades but the effect onlocalization term inoy, is quadratic inB, which is appropri-
other transport coefficients has received much less attentiodte only at very lowB, and the situation at arbitrary fields
It was predictefithat the electrical conductivity,, and the —remained unclear. _ _ _ _
electronic thermal conductivitx$, would be related by the Experimental data for a 2DEG in a Si-on-sapphire device
Wiedemann-Franz relation in the usual way for elastic elecVere published by Syme and co-workewhich indicated
tronic scattering, and the available experimental Hatathe that S}, and o are affected equally by WL. The signifi-
longitudinal components in a quasi-2D system are in accor§ance of this result is most conveniently discussed, as did the
with this prediction[We take the 2D electron gé8DEG) to authors of that work, in terms of the phenomenological equa-
be in thexy plane and, unless otherwise stated, the magnetition relating the electric current densifyto the gradient of
field B alongz.] the electrochemical potentid’'=E+V u/e, whereE is the
The interpretation of thermopower data is complicated byelectric field andu the chemical potential, and the tempera-
the fact that there are two contributions, diffusiéfi and tre gradien®'T, i.e.,

phonon draggg. There is theoretical consensus that the lon-
gitudinal diffusion thermopoweis)‘fX should be modified by J=0E'—€eVT D)
WL,*" the result being equivalent to the well-known Mott

relation betweerSfX and oy, for elastic electronic scattering. . _ -
However, in 2DEG’s, which are the focus of the presentWhereé€ is a thermoelectric tensor. The thermopowds the

paper,S?, is very large at low temperatures so t@; is  experimental quantity which gives accessetand is defined
difficult to observe. This situation is quite different from that by E=SVT (the chemical par¥V u/e is not observed in ex-
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perimental situations, e.g. see Gureviehall®) measured previously as a function oB over a wide temperature
under the conditiod=0. The coefficien has two additive range!® At low temperatures, wher8,, for this device is
contributions, diffusione® and phonon drag?, which are ~dominated by phonon drag, no variationgf, with B up to
abou 1 T was seen to within the experimental accuracy of
<2% at low fields, even though change$-6% ofo oc-

se. curred due to localization effects.

Sy, varies rapidly with temperature and it is difficult to  In the present experiments a different cryostat was used
observe deviations that might be due to localization. It iswith the sample mounting and associated instrumentation re-
therefore necessary to measi$g as a function of perpen- designed to increase the precision of the measurements by
dicular magnetic field®. From Eq.(1) with VT, =0 we have about an order of magnitude in the range 3—7 K where pho-
Six= PxxExxT Pyx€xy, Wherep= &1, The very low mobility  non drag is dominant i,,, and also to allow the direction
of the previous(and presentsamples means that it is an of the magnetic field to be set either perpendicular or parallel
excellent approximation to writ,,= e, /oy . If we denote  to the 2DEG. The low-temperature limit was chosen to avoid
the relatively small changes dueBoas A oy, etc., then we any problems at low magnetic fields caused by the

responsible for the two corresponding componﬁsand

have superconducting/normal transition of In, which is used to
provide thermal contact between the sample and cold sink.
NS, A€, Aoy The experimental techniques are based on those published
s = e - O 2 previously!® All data were taken by dc methods. Very slow
X > field sweeps were used feor,,, with a sample current for

and the previous data are consistent with the first term on thevhich self-heating was negligible. To measure the tempera-
right-hand side being zero. Indeed, in a further publicafion ture and temperature gradient we used a matched pair of
it was assumed that this was precisely so and residual field2 kQ Philips surface mount devices that have very high
dependent effects at the level ef1% were analyzed in sensitivity at these temperatures and no observable magne-
terms of WL corrections t&y, . toresistance(even up to 8 J. During a measurement of
For reasons that will be explained in detail in Sec. llI, thisS,,, B was held constant and the temperature gradient was
experimental result is unexpected. Basically, we will showrepeatedly switched on and off by routing a fixed power
that €2, is proportional to the electron-impurity scattering €ither to the sample heater, which produced the temperature
rate 1k.; whereasS, is not. One can view WL to be a gradient, or to a matcheq heater mounted on the cpld sink
modification of 7,; due to interference effects. Thus, we close to the sample. In this way the average power input to

would have expected bo#f, anda,, to be affected by wL, the sample stage remained constant and times to equilibrate
but notSY, . This is just the opposite of that found by Syme were short. With temperature differences mostly in the range
and co—chJrker% of ~100-300 mK we had a resolution f&T, of <0.2%.

In view of these considerations, we have reexamined thd IS important to note that' T, was independently measured

guestion both experimentally and theoretically. The preserﬁlt each value oB.'Lhermoelleqtric \?olta;ges of 3.5-24V
paper gives new experimental data on two samples oyrere measured with a resolution of a few nV_ by an EM 11
2DEG's in 5-doped GaAs/Ga Al As quantum wells. In nanovoltmeter. The voltages were reproduciblest6.1%

X X "

; - when VT, was switched on and off at fixefl
contrast to the previous results, "Ze f{;rmsgxwo for B During;( the measurement &, the average samplewas
S _ «
;{ I(,)(\;\(/)r)nch IMPlieSA o/ 0= £ € € (10 an accuracy found to increase slightly witt8. The relative change was

For several years we have been using various physic ways largest at highest at 7.4 K and 1.5 T it reached a

ictures of phonon drag thermopower to help in understand- aximum of about 0.8% for S1, and 0.4% for S2. On low-
P TP 9 P P .. ering the field to 0.5 T, the changes dropped to 0.2% for S1
ing experimental data on 2D and 3D systems in a qualitativ

0 imi -
way, e.g., Refs. 12 and 13. In Sec. Ill, we outline a theory o%.nd 0.1% for S2. These changes are similar for both perpen

. icular and paralleB. Each data point has been corrected to
phonon-drag thermopower that puts these ideas on a quanfl-. :
ring them all to the same temperature. Interestingly, when

) his is done, the results are essentially the same as if we had
the result that WL has no influence on phonon drag. How- .
! used the zero-field value f& T, and the as-measured values
ever, we also show that the theory provides a useful frame; : o
. ; . or the thermoelectric voltages. This arises because the ther-
work to understand many previously published experimenta

and theoretical results in a transparent physical way. A brief" al conductivity of the substrate a®}, have similarT de-

preliminary account of some of this work has been presenteBend_ence.S' The estimated relative er_roSgg‘ as a functlo_n
in conference formi® of B is typically ~0.3% and that op,, is <0.1%. There is

a systematic overall uncertainty 8), of approximately 10%
due to possible errors in thermometer and voltage contact
spacing, but this should not depend Bror B.

Both our samples have been well characterized in previ- The temperature dependenceSpf for the two samples is
ous work®® The electron densities are=3.6x 101® m~2for  shown in Fig. 1 along witt8l,, which was measured for S1
sample 1(S1) andn=2.21x10'® m~2 for sample 2(S2.  (Ref. 16 but is estimated for S2. The increasedy for S2
Using the 4 K values of the conductivities, each has a mo-compared with S1 is due to the lower carrier density and
bility of ©~0.12 m?/Vs. Only a single subband is occu- somewhat higher substrate thermal conductivity. The data
pied in each sample. for S1 are in good agreement with those of previous

The thermoelectric properties of S1 have been studiedheasurement.

tative basis. In particular, it provides arguments to suppor

Il. EXPERIMENTAL TECHNIQUES AND RESULTS
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FIG. 1. The open circles give the measured thermop@&ygof 0.01 0.1 1

the two samples. The lines are the diffusion compon@f;;s In the
case of SlS‘X’X: —0.41 pVIK is a measured quantity taken from
Ref. 16. For S2S%,=—0.67 wV/K is estimated from that of S1
assumingS2, = 1/n.

B(M

FIG. 3. The same as Fig. 2 except these data are for S2.

10%, respectively, for the two samples, the variation of
_ A SIS, Is roughly an order of magnitude smaller over the
The upper panels of Figs. 2 and 3 show data onBhe same field range, though it is not zero within experimental

dependence OfAS /S =[Sux(B) — Six(0)]/Six(0) and
Aoyl o3y =[0x(B) = 04x(0)1/ 0%x(0) (taking oy,= Lipxy)
for the two samples. The plots are given in terms oBIn
because if WL is dominant we expee},>In B over a rela-
tively wide field range. Althouglt\ o,/ o, is @about 6% and

error. These data are contrary to those previously publi$hed,
where AS,, /S, showed essentially the same behavior as
EAN N o N

Although there seems no doubt that WL is responsible for
the behavior ofo,,, we briefly outline our analysis of the

temperature and field dependence of these data to show that

12 LR | LA AR | T

9 ____...“._..7“_.‘..,1.#'_"_'ﬁ_

they do indeed behave as expected. We expect the Boltz-
mann value ofo,, (which we write asmoykel. where oy
=e?/27%h, ke is the magnitude of the Fermi wave vector
andl, is the elastic mean free patto be modified due to

WL

contributions from WL, Ao, -, and electron-electron inter-
action,AcSe, of the fornt

Oyy= ToNKel o+ AO’X\)/(L-F Aoy

=on[TKele= (1+g)In(li/le) ] (€©)

wherel;=v7; is the inelastic mean free path given in terms
of the phase coherence timg, andg is a measure of the

AS,, /S,y and Ac,,/c,, (%)

strength of the electron-electron interaction. The temperature
dependence arises from. If one assumes;«1/TP, then
oxx=Pp(1+g)onInT+const. Plots ofo,, versus Il over
the range 2-9 K for both samples gave good straight lines
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with slopes of 1.9%10 °Q ! for S1 and 1.8%10 °Q !
for S2. From the analysis of tH& dependence given below
we find p=1.0; these results implg=0.57 for S1 and 0.51

for S2, each~ *+10%.

B (M

Noting thatAog; is B independent for low fields, thB

FIG. 2. A selection of the experimental data on the field dependependence af,, was fitted to the standard results of WL,

dence ofo,, (O) andS,, (®) at various temperatures for S1. The i.€.,
results are averages aof B data, though any dependence on the
direction ofB is weak. The upper and lower panels give data \Bith
perpendicular and parallel to the 2DEG, respectively. For clarity the
data have been offset vertically by multiples of 3%. The solid line
through the data foo,, in the upper panel is a theoretical fit ac-
cording to Eq.(4). The dashed lines are the measured zero field
values.
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TABLE |. The various parameters for the samplés.and |; a brief but complete summary of the theory in order to
=a/T were obtained from the fits of the data to the field depen-clearly reveal the underlying approximations that are made.
dence ofoyy. In addition, our intention is to bring out various features of

the theory, not immediately evident in the previous theoret-

n(10° m™%) u (MVs) |l (nm)  a(umK) Kele jcal work, which give useful physical insights into the gen-
s1 36 0.134 35 14 oo eral behavipr of the phonon drz_ig component of the ther-
S2 291 0144 42 21 13 Mopower in degenerate semiconductors. A result of

particular interest is the definition of an effective electric
field that accounts for the effect of a nonequilibrium flux of
where ¢ is the digamma function. Using an expression forPhonons on the e_Iectrons. O_ncg these semiclgssica_l results
the conductivity in this form puts a strong constraint on thehave been established, we indicate the way in which the
value for |, because it is required to fit simultaneously f[he(_)ry can be extended to include the effects of weak local-
both the Boltzmann term and the correction terms. ThdZation. , _ o
usual practice has been to fit only the field-dependent part in I the presence of static electric and magnetic fields, the
isolation. As shown in Figs. 2 and 3 this expression gi\,eselectrpn distribution functiorf,(r) satisfies the steady-state
excellent fits to our experimental data in the ran@e05 T ~ €quation
<B<0.05T, but at higher fields the fits become worse and
are no longer acceptable foB|>0.1 T. This agrees
with expectations since the field dependence in @&qg.is
accurate only when @BI¥%<1" which corresponds
to |B|<0.25 T in our case. Within experimental error Where the terms on the right-hand side account for impurity
l;=a/T and |, is precisely constan{using fits in the and phonon scattering. The impurity scattering term is given
range—0.05 T<B<0.05T); a andl, are given in Table I, by
along with kgl . If electron-electron effects are ignored in
the above ¢=0), the fitted parameters are changed only ‘7_fk
weakly. at
Our samples are in the dirty limit with/ 7.>kgT, where
kg is the Boltzmann constant ang the impurity relaxation  whereW,,, is an energy conserving impurity scattering rate.
time. Under these conditions, Altshuler Aronov, and Similarly, the phonon scattering term is given’by
Khemelnitsky® have predicted thdt should be given by

e afy
Vk'ka_ %(E‘.‘ka B)kakzﬁ

f

al v ©

ph

imp

=2 Wyl fir(1-f)—fi(1-f)], ()
k/

imp

af
In(epTeh), (5) Jt

1 kT = [fi(1=f)Pek—fr(1=f) Pl (8)
— k’

I, 2eel, ph

whereeg is the Fermi energy and, is the electronic elastic with
relaxation time. This expression yieltls=51/T um for S1 5
and 31T um for S2, which are to be compared with the pkk,:_WE IM e (Q)|AINQS(81 — 8 — Frwo)
experimental values of 1%/ um and 21T um. The agree- e

ment is certainly not as good as that obtained by Choi, Tsui,
and Alavit® with GaAs heterojunctions, but the order of mag-

nitude is correct, especial_ly for S2. All these res_ults confirmyp variableQ represents both the three-dimensional phonon
that our samples are dominated by WL, at least insofar as ”‘\ﬁave vectorQ with components parallel) and perpen-
B ollepﬁndencg Oy |sr?fgncerned. | K it th dicular (Q,) to the 2DEG, and polarization indeX wq is

n the previous workdata were also taken with the mag- ¢ phonon frequency ard, is the nonequilibrium phonon
netic field parallel to the 2DEG, where no change is expecte ccupation number. The term proportional hy corre-

Eor obsl,ervgd fo”ﬁ’.“ ang no _ch?rcljge was se_err: l?&. We sponds to phonon absorption whereas thie §+1) term
ave also done this and typical data 8, (with Bly) are ., rocnonds to emission. The electron-phonon matrix ele-

shown in the lower panels of Figs. 2 and 3 for both samples. ko .
Any changes are now at the level 0.2%, which is within thementl has the property i (Q) =M, (= Q) and |s'propor—h
range of the expected uncertainties. tional to 5k,,Q"+k, due to momentum conservation in the

plane of the 2DEG, and to the subband matrix element
1(Q,)=/Sexp(Q,2)|4(2)|’dz The detailed form oM (Q)
depends on the nature of the interaction; the acoustic phonon
In keeping with the experimental situation, we shall re-deformation potential and piezoelectric interactions are rel-
strict our attention to the case of a 2DEG in which the elecevant to the GaAs/GaAl,As systems studied here. Finally it
trons occupy a single subband and have an isotropic energhould be noted that electronic screening of the electron-
dispersion. The generalization to multiple subbands igphonon interaction is included by dividing the bare electron-
straightforward but will not be considered in this paper. Ourphonon matrix element by the dielectric functie(Q|) of
treatment of the transport properties is based on the semiclathe 2DEG.
sical Boltzmann equation and is similar to the approaches The solution to Eq(6) is obtained by linearizing about a
used by Butcher’'s grodpand Lyo?! It is useful to provide local equilibrium (e) Fermi distribution, i.e.,

+(N_Q+1)6(8kr_8k+ﬁwQ)] (9)

Ill. THEORY
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afg dominant scattering mechanism at low temperatures and this
fk(r)=fLe(T(r),M(r))—a—d>k, (10)  term can be neglected in comparison to H@3). The

&k equilibrium-phonon scattering term is nevertheless of inter-
where T(r) =T+ 8T(r) is the local temperature and(r)  est as will be discussed later.
=pu+8u(r) is the local chemical potential. The thermody- We now concentrate on the nonequilibrium-phonon scat-
namic equilibrium distribution at temperatufeand chemical tering term,df,/dt|,, >, which is responsible for phonon-
potential u will be denoted byf)=(ef(*x~#) +1)~1. The drag thermopower. It depends on the nonequilibrium phonon
deviation from local equilibrium is written in the form shown distribution that is obtained from the phonon kinetic equation
for later convenience. Similarly, the phonon distribution is

N 1
expanded as Vpn(Q) - VNQ:_&tQ =——(No—N§), (16
AN coll Tph
=N 9 o _ ]
No=Nq 0(ﬁwq)GQ’ (1)) where the phonon relaxation tims, is a parameter charac

terizing boundary and impurity scattering. In principle, itis a
whereNg = (e#"*e—1)"1 is the equilibrium Bose distribu- function of Q but we will take it to be a simpleQ-
tion at temperaturd. We shall assume that the nonequilib- independent constant that can be obtained from the phonon
rium phonon distributiorG, is established by a temperature thermal conductivity. With our earlier definition &, Eq.
gradient and is insensitive to the interactions of the phonon§L6) implies that
with the electronic system. However, phonon-drag ther- 5
mopower anses.q”e.ctly f(on".n thg interaction of the electrons Go=— ——>TpnVpn(Q)- VT. (17)
with the nonequilibrium distribution of phonons. T

_Substituting these forms of the electron and phonon disyyithin an isotropic Debye model, the phonon velocity
tributions into Eq.(6), we obtain the linearized equatidde- —s. O has distinct val for the lonaitudinal and
tails of the derivation of the phonon scattering terms can b ph(Q)=5,Q has distinct values for the longitudinal a

ransverse modes.

found in the work of Cantrell and Butcty The distribution function in Eq(17) has the property

afE &fE e afﬁ G(Q)= —G(_— Q), which is the asymmetry one wquld ex-
Vi VT ——ev-E'—+ - XB- V&, — pect to see in the presence of a temperature gradient. Using
KPT9T TR T g, R K k¥ kg
Ek €k this property, the nonequilibrium phonon scattering term in
K of " Eq. (14) can be written in the form
= T (12 y
imp ph k
- ==BX GQII(Q+Tw(-Q)], (18
where at ph,2 k'.Q
o, (9f(k) and substituting Eq(17) into Eq. (18), we find
tl :_%4 Wkk'[q)k’_q)k]gk (13 ot 1 ,
mp Tt Tl sV QM (Q)+ T~ Q)1
and ph.2 k".Q
(19
an The appearance of the in-plane projectiQp in the sum
ot _'8,2 {Pu = P T (Q) + T Q)] assumes that the temperature gradient is in the plane of the
pho 1@ 2DEG.
To simplify Eq. (19) it is convenient to make use of the
~B2 GQIMMw(Q-Tk QI (14 folowing identities:
k'.Q
with f9e)[1—f%e+hw)IN(w)
2m 26001 £0 1\© =—E£O[No(w)+fo(s+ﬁw)]
Fkk’(Q):7|Mkk’(Q)| fr(1=fINgd(ew —ex—Tiwg). B de :
(19 fo%e—hw)[1—1%e)IN%(w)
The effective electric fielE’ in Eq. (12) is now the gradient 1 40
of the electrochemical potentidt,+ V u/e. The first sum on = N )4+ 1—fOe—
the right-hand side of Eq14), which we call9f/dt|,p 1, B de [N(@)+1=(e~ho)], (20

represents the scattering of the nonequilibrium distribution OFor the thermal factors appearing in the scattering rates

electrons from the thermal distribution of phonons which ha: : : .
the effect of equilibrating the electrons to the lattice. Thesfkk'(Q) defined in Eq.(15. With these results, together

second sumgf, /dt| ., », accounts for the effect of the non- with the mome_ntum conservation conditiQ) =k’ -k, Eq.
T ph.: o . (19) can be written in the form

equilibrium phonons in driving the electrons out of equilib-

ri_um. When con_sid_e_red in isolation, the first sum is respon- of, afE m*s,A, VT

sible for the resistivity due to phonon scattering. However, — =— Vi E (21

for the samples of interest here, impurity scattering is the dt ph,2 deK’X T)(;p(s)
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whereA , =s, 7y, is the phonon mean free path af@(a)_ is . m*s,Ay/ 1\
an energy-dependent electron-phonon relaxation time de- e9(B)= —E T \ % a(B), (27
fined as » Tep

where the average lifetime is given by

1 21
—>

Tgp(s) h k',Q

Hefel g
X{[NQ+1%(e")]8(e' — e —twg) Al )T e he)

ep

k’ 5
1- ICOSﬁ My (Q)]

0 ’ ’ o
“L[NQJrl_‘(O(8 )]8(e' —ethawq)i. (22)  The phonon-drag thermopower tensor, defined S46B)

Here, 6 is the scattering angle between the initial wave vec-=;*1(B) Zg(B), is therefore given b)Sg(B)=Sgr with
tor k and the final wave vectdt’ and we have introduced

the short-hand notatioa=g, and &’'=g,,. Provided that m* S}\AA< 1 >
Eq. (17) is an accurate representation of the nonequilibrum SI= —2 —=\ (29
phonon distribution, E¢21) is a rigorous result for the pho- A et Tep
non collision integral. . .
If we now define the effective electric field We see that the phonon-drag thermopower is a diagonal ten-
sor independentf the magnetic field. This result is a direct
m*s,A, VT consequence of the thermoelectric tensor being a scalar mul-
Epn(e)= > — (23)  tiple of the conductivity. Equation@3) through(29) are the
Nergy(e) T main results of the theory.

An equation similar to Eq.(29 was first given by

Eq. (21) can be written in the suggestive form Herring? for 3D nondegenerate semiconductors, and is ex-

¢ 0 plained in terms of the following physical picture. The non-
Al —ev,-E h(s)_k_ (24) equilibrium phonons preferentially flow down the tempera-
ot ph.2 P dey ture gradientVT carrying a crystal momentum current

o o « AVT. Scattering of electrons by phonons leads to momen-
In the context of the original Boltzmann equation in EI@),  tym peing transferred to the electrons at a rate proportional
the electron-phonon scattering term given by E24) (@s g 1/7,, wherer,, is the e-p momentum relaxation time.
stated earlier, we neglect thef/dt|on, term) can be  This acceleration of the electrons proceeds for a mean time
grouped toggthgr with the term in EQ.2) arising from the  jetermined by thee-i momentum relaxation time,,;, (we
a_lctual electric f|eIdE_’. In other words, the phonc_)n—drag are assuming, as above, thgt>7,;) at which point impu-
field, Epn(e), proportional to the temperature gradient, hasjty scattering randomizes the momentum. The mean drift
exactly the same effect on the nonequilibrium electron disyg|ocity of the electrons established in this way gives rise to
tribution as the actual electric field. Its dependence on energye electric current contributiod,,. Thus Jpp=— €9V T
through the e_Iec_tron—p_honon relaxa_t|on time is only an ap'“(Tei/Tep)AVT- Since the thermopower is measured with
parent complication. Since the dominant impurity scatteringy_q 4 compensating drift currenl, = oE, is established.
mechanism is e!astlc, the |mpur|ty Boltzmann equation cafyiih Jontd,=0 and ox 7, the induced electric field is
be solved at a given energyto define an energy-dependent ExAVT/r.,, andS? has the form given in Eq29)
. . .« . - . . . pr .
impurity conductivity 3(e;B). The contribution to the cur- Before proceeding, we would like to indicate the useful-
rent density arising from the phonon-drag field can then bg,egs of the results we have obtained so far. In the Appendix

expressed in the form we show that the electron-phonon relaxation time appearing
(0 in Eq. (29) is closely related to the electron-phonon transport
Jph:J ds( _ ‘9_) F(£;B)Epn(e). (25) Iife_time that arise_s in the context of the phcirlon—limited mo-
Je bility. The latter is defined byuep,=e(1/7,)” */m* where
. the transport lifetime is given in EqA4) of the Appendix.

It can be shown that this result for the current density isy; | temperatures(1/7),) and (1/75.) are essentially
equivalent to that given by Zianni, Butcher, and Keafiey . . p

the same, in which case the phonon-drag thermopower
and therefore leads to the same results for the thermoelectric N . N
tensor and phonon-drag thermopower. can be expressed aS’=—ZX,(5\A)/ucpl) With uep

_ Ay -1 ; ;
Our interest here is in the low-temperature properties of &~ &1/7y)”*/m*. This result has been applied to degenerate

degenerate 2DEG. Since the impurity conductivity at low2DEG's (e.g., see Ref. 24but it has been viewed as a semi-
magnetic fields depends only weakly on energy, it can p&uantitative result, which indeed is the case for nondegener-
taken out of the integral in E425) and we simply obtain the ate semiconductors. The fact that it is quantitatively accurate

energy average of the effective field, for the.degenerate ca@ Ieas'F in the Iow-temperature linit
was discovered empirically in recent experimental work
Jon=&(B)(Epp), (26) concerned with the thermopower of 2DEG’s and composite

fermions, and was used there to evaluatg for these sys-
whered(B) is the measurable conductivity appearing in Eq.tems. The importance of this connection is that the contribu-
(1). In view of Egs.(23) and(26), the thermoelectric tensor tion to the resistivity from phonon scattering can be very
is small and difficult to measure at low temperatures, even in
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high mobility systems. Through E¢29), the thermopower that impart momentum to the electrons and induce a non-

provides an alternate way to measurg, that can be much equilibrium electron distribution.

more accurate. Syme and co-worket§?®argued that, since phonon scat-
Equation (29) shows that the longitudinal phonon-drag tering events are phase disrupting, and since phonon drag

thermopowersgx should be independent of magnetic field, originates in these events,ﬂ’x will not exhibit WL effects.

Ettingshausen coefficiersgx should be zero. These results Scription of the electron dynamics, we have shown that the

are contained in the theoretical work of Zianni, Butcher, anoeffeqt of _phonon collisions is equivalent to an effective _elec-
. tric field in so far as the subsequent current response is con-

Kearney? but were presented in a form that is not as physi- ) . . o
cally transparent as that given here. The field independenc%emed' Whether the impulse is provided by an electric field

¢ has b d irated : allyv i b r a phonon collision, the induced current is limited by im-
of Sj, has been demonstrated experimentally in a number ggurity scattering and is proportional to the impurity conduc-

2DEG systems, e.g., Refs. 16 and 25, though it is also evigyity 'in either case. The same conclusion should also apply
dent in much of the earlier work. However in contrast to thej, the WL regime wherre,> 7¢;. Once an impulse has been
theoretical prEdiCtion, it was found t X is not zero for the app”ed, an electron propagates in the presence of the impu-
same systems. Butcher and Tsaousfitiave suggested an- rities and the full effects of quantum interference are opera-
isotropy of the electrons and phonons as a possible reasaive up to a time determined by . It is important to empha-

for this discrepancy, but this explanation would also implysize that the frequency of electron-phonon scattering events
some field variation ofs, . is unchanged when the phonon distribution is displaced from

Although the above results were derived with 2DEG’s inequilibrium by the temperature gradient. This means that the
mind, it should be emphasized that they are equally valid irfrequency of phase disrupting events is unchanged and the
three dimensions when the same physical conditions prevaitelevant conductivity determining the current response is the
In Eq. (19), for example, the summation ov&f is simply  one including the WL effects. Thus with the use of the gen-
interpreted as a three-dimensional sum, all electron-phonoeralized Boltzmann equation to incorporate WL effects, our
matrix elements are evaluated using three-dimensional plarfenal results for the phonon-drag thermoelectric tensor given
wave states an@ is replaced by the total phonon wave in Eq. (27) should still be valid with the simple replacement
vector Q. The subsequent analysis leading to the therof the conductivity by the one including weak-localization
mopower in Eq.(29) remains unchanged. It was recently corrections.
demonstrated experimentally tt@xzo to high accuracy in As a final comment, we note that the above argument
a degenerate 3D semiconductor, even W@Q is com- U_SGd .fOI' phOﬂOﬂ drag can al_so be made in the case OT the
pletely dominant in the longitudinal ca¥2and thatSy, is diffusion thermopower. The first term on the left-hand side
independent of magnetic field. In this respect, the 3D situa®f Ed- (12) gives rise to the diffusion current
tion conforms even more closely to the theoretical predic-
tions. 1 af° o

We now turn to the aspect of immediate concern in this Jd_EJ ds( a %)w_’u)a(s’B)?' (30
paper, that of WL. The weak field dependence shown by our
experimental results for the thermopower is consistent witd!sing a conductivity with WL corrections in this expression
the conclusions reached above on the basis of the semicla¢ads to the accepted form of the diffusion thermopower
sical Boltzmann equation, even though the behavior of thavhich, in contrast to the phonon-drag thermopower, does
conductivity in our samples is manifestly nonclassical. Weexhibit WL correctiong’”’
argue that these observations have a natural explanation in TO summarize, we have argued that the role of phonon
terms of a genera"zed Boltzmann equation de\/e]oped b?rag in establishing an electric current is equivalent to an
Hershfield and Ambegaokaf These authors showed that the applied electric field in the impurity-dominated regime, with
effects of coherent backscattering can be included with théhe consequence that the phonon-drag thermoelectric tensor
addition of an extra term in the semiclassical BoltzmanniS proportional to the impurity conductivity. The WL correc-
equation. Although their final results are derived in the abdions within the conductivity also appear in the thermoelec-
sence of a magnetic field, they claim that their approach caHic tensor, resulting in a cancellation of WL effects in
be extended to include a magnetic field and that all the starPhonon-drag thermopower. These results are essentially in
dard WL results for the magnetoresistance can be reprcaccord with the present experimental data.
duced. The significance of this is that WL effects are, in
principle, accessible within an otherwise semiclassical ap- IV. DISCUSSION
proach.

We accept the argument that a suitable modification of the The origin of the discrepancies between the present and
impurity scattering term in Eq(6) can be made that, in the previous work with regard t7, in a perpendicular magnetic
absence of phonon scattering, leads to a conductivity witffield is not clear. The fact that the previous data were ob-
WL effects included, and now consider the additional effectdained on a metal-oxide-semiconductor field-effect translator
of phonon scattering. This is one inelastic scattering mechaand the present data are for GaAs{Ggl,As quantum
nism contributing to the phase-coherence lifetimappear- wells should be irrelevant if WL is the cause of the field
ing in the WL correction, though electron-electron scatteringdependence d&, . This in itself is significant because if the
is usually the dominant mechanism at low temperatures. Odlifferences are real, it implies that something other than
interest here are the additional effects of phonon collisionsveak localization is involved in at least one of these experi-
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ments. One possibility might be that the previous samplesheory of phonon drag based on the semiclassical Boltzmann
hadkgle~2—4, though WL theory is expected to be valid approach, which shows th&, is independent of magnetic
only for kel > 1. The present samples hake .>10 (Table  field. Using the results of Hershfield and AmbegadKane
[). Much less is known, both experimentally and theoreti-have argued that this result remains valid in the presence of
cally, about the situation at smadil, where the system is weak localization. Our theory also gives results that are use-
approaching strong localization. Astet al?® have probed ful in understanding the origin and behavior of phonon-drag
oy In this limit but were unable to find satisfactory agree-thermopower in 2D and 3D degenerate systems.
ment with WL, even with extensions to the theory. How
phonon drag might behave in this limit is unknown.

There are also some features of the experimental tech- ACKNOWLEDGMENT
Ql)qnuceerﬁsesd rlr?e tgﬁ dpcrgyvlvoot\j;ké\'/ﬂcé)% SZitd 2:\922 téfe%%lésfo:m The work was supported by grants from the Natural Sci-

. - Y : ences and Engineering Research Council of Canada.
which the temperature difference could be measured only
whenB=0 and it was assumed to remain unchanged at finite

B. Also, although constantan potential leads were used to APPENDIX A:
minimize heat losses when thermal conductivity was mea- S
sured, these were replaced by Cu leadsSgr. The authors It is apparent that E¢19) bears a strong similarity to the

argued that this gives isothermal conditions in the directiorfirst phonon scattering term in E¢L4), which is dependent
transverse to the applied temperature gradient. However, th@n the nonequilibrium electron distribution. This similarity
use of Cu leads implies a significant heat leak to the surcan be exploited to provide a relation between the phonon-
roundings and unknown thermal boundary conditions on th&lrag driving term given by Eq19) and the electron-phonon
2DEG; this might be particularly important with an ac mea-momentum  relaxation time that determines the phonon-
surement where the heat flow is continuously changing.  limited mobility. This latter quantity is obtained by solving
Although the change we see 8, is much smaller than the following transport equation:
that in oy, nevertheless it is outside experimental error,

especially for S2, and we must ask how it arises. An obvious 9f0
possibility is that it is due to diffusion. The effect of WL on gy, . E—K = —B> AP — DI (Q)+Tr(— Q)1
sd . sayAS!, | is believed to b&”’ dek K'.Q AL
Al
ASLIn(li/le)

- (3D which describes the transport of electrons scattering exclu-
S(xjx Fle sively from phonons, that is, in the absence of impurities. It

For our samples at 3 K7 K), In(l; /1)/kel,=0.08 (0.06) for should also be noted that we have not included a magnetic

s field or thermal gradient in this equation. This of course is
S1, and 0.120.10 for S2. From Fig. 1 we see that for S1 : S . .
(S2) the measurements show t@&/sgx varies between ap- not the physical situation of interest in E@.2), but rather

. represents an auxiliary problem that identifies a useful trans-
proximately 25 and 7040 and 63 for the temperature range ort property that is relevant to the phonon-drag calculation.

3-7 K. This suggests that changes due to this cause would S addition. a discussion of EGAL) will allow us to make
~ 0 ~ 0 i . . .

_OH?’P? ab3 Kand (;.1A) at 7h K. These estimates algljree contact with earlier wor€=320n the calculation of electron-
with the observations for S1, whelsS,, /S,, is very small, phonon mobilities.

but seem rather too low to account for the variations for S2." 1,4 right-hand side of EqAL) follows from Eq. (14)

We would expect the effect to decrease as temperature inui he replacemen— —Q in the T (Q) term.. This
creases, thereby decreasing the relative importanc#,0f  pyts it in the same form as the corresponding term in Eq.
but the experimental results are not unambiguous on th|§19)_ To proceed with the solution of EGAL), we make use
point. We also note that these effects might be much larget the identities in Eq(20). The appearance of the Fermi

and basicalllly unknown, for the samples of Syme andynction derivatives allows the transport equation to be sim-
co-worker§*! with kel ~2-4. plified as

Another possibility is that we may be observing the ef-
fects of anisotropy in the electron and phonon system. As we

noted in Sec. Ill, Butcher and Tsaousid®dhave suggested 2m )
this as the origin of the finit}, observed in 2DEG's. If this Vi Ez?;Q { i =P} M (Q)]

is correct, it will be accompanied by a field dependence of ’

S, and this should be essentially independent of tempera- X{[N%+f°(s’)]5(s’—s—ﬁwQ)

ture, not inconsistent with the observations.
+[NG+1-1%e")]8(e' —e+hiwg)}. (A2)

V. CONCLUSIONS . . .
We now look for a solution to this equation that has the form

Our measurements show that the longitudinal phonorb,= —ev,-E7,(e). We shall refer tor;,(¢) as the electron-
drag thermopowe®,, is essentially independent of magnetic phonon transport lifetime to distinguish it from the electron-
field, which implies that it is independent of weak localiza- phonon relaxation time defined in E@2). With this ansatz,
tion, a result contrary to earlier work. We have given aEq. (A2) becomes



2w k'cosd
1=—72 | m(e) = ——mu(e") [ IMu (Q?
k’,Q

X{[NG+f2(e")]8(e' — & —hwq)

+[NG+1—-1%e")]8(e' —&+hiwg)}. (A3)

This is an integral equation for,,(¢) and is equivalent to
Eqg.(22) in Ref.[32]. The form of Eq.(A3) is obviously very
similar to Eq.(22). It simplifies if we now make the quasi- —f%(s)]N%(w)=f%(e)[1— (e —fw)][N(w)+1].
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1 2
<_> = %E (1—cosd)|M . (Q)|?
K'.Q

Tty
X B{%e")[1— e’ +hawg) ING
+f0%>e")[1-1%e' —hwg) NG+ 1)}. (A5)

In arriving at this expression, we have again used the iden-
tities in Eq. (200 as well as the identityf®(e—Aw)[1
The

elastic approximatiof? which assumes that the energies of result actually given by Stormeet al>® follows from Eq.

interest are near the Fermi energyandf wg<ep. We can
then replaces’ by ¢ in the 7-dependent factor in EA3),

(A5) by performing theQ sum with the understanding that
k=k', so thatQ)=2k’sin(¢#/2). The phonon-limited mobil-

and we obtain the following explicit expression for the re-ity defined asue,=e(1/m,)”/m* was used by Stormer

laxation time:
L 2T (1 o) M (Q))?
—_— = —co ,
Tw(e) R K0 Kk

X{[NQ+f0(e")]8(e' — e —fiwg)
+[NQ+1—1%e")]8(e' —e+hiwg)}. (Ad)

It can be shown that this expression fgy(e) is identical to

Eqg. (39 in Ref. 32 where the quasielastic approximation is
also invoked. The summation ov€r includes the polariza-

tion index\ so that 1+tr(s)=27\1/7-{}(s). It is clear that if
the quasielastic approximation is also made in E2R),

1/7},(#) and 144 (e) would in fact be identical. We expect
any quantitative differences to be minimal at low temper-

et al®! to interpret their observation of a transition into the
Bloch-Grineisen regime of the mobility of a 2DEG. Equa-
tion (A5) is applicable at arbitrary temperatures, but a sim-
pler expression can be obtained in the limit of low tempera-
tures. Since the derivative of the Fermi function is then
sharply peaked at the chemical potentigl the average in
Eqg. (A5) may be replaced by the value at the chemical po-
tential if 7,(e) is a slowly varying function of energy. In
this case we havesee Eq(A4)]

2w IM(Q)|?
T () _7% (1= 00 S Bhag)
X{5(8k+QH_M_ﬁwQ)+ 5(8|<+QH—M+ﬁwQ)}-

(AB)

tures where the two relaxation times can be used inter-

changeably.

In obtaining this result, we have made use of the momentum

Finally, we can make contact with the average electronconservation Condition|Mkk'(Q)|2:|M(Q)|25k’,k+QH to

phonon scattering rate that was derived by Storeteal3!

on the basis of the work of Pric8.If Eq. (A4) is averaged
function mation in Eq.(28) would allow the average lifetime defined

over energy with respect to
(—af%ae), we obtain the result

the weight

perform the sum ovek’. The magnitude ok in Eqg. (A6) is
now restricted to the Fermi wave vector. A similar approxi-

there to be replaced by EGAG).
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