PHYSICAL REVIEW B VOLUME 54, NUMBER 20 15 NOVEMBER 1996-II

Diffusion thermopower at even-denominator fractions
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We compute the electron diffusion thermopower at compressible quantum Hall states corresponding to even-
denominator fractions in the framework of the composite-fermion approach. It is shown that the deviation from
the linear low-temperature behavior of the thermopower is dominated by the logarithmic temperature correc-
tions to the conductivity and not to the thermoelectric coefficient, although such terms are present in both
guantities. The enhanced magnitude of this effect compared to the zero-field case may allow its observation
with the existing experimental techniquéS0163-18206)52644-3

The thermoelectric effect in metals and semiconductorsicular, that theS,, maxima increase approximately linearly
gives valuable information about the underlying electron-with the magnetic field as v decreases.
transport processes. A field of a high current activity is the The experimental data obtained:at 4 agree reasonably
thermoelectric effect in quasi-two-dimensiori@D) hetero-  ell with the above theoretical predictions. However, at
structure inversion layers. These systems are characterizegha|l ,, where the system is believed to be in the fractional
by a nearly 2D metallic conduction with very low Fermi quantum Hall(FQHE) regime dominated by the electron in-

energiestg~100 K compared to ordinary metals, which re- yaractions, both longitudinal and transverse components of
sults in a large electron diffusion thermopower. This quantityy,q thermopower behave qualitatively differently.

is experimentally accessible at low enough temperatures in In the insulating phases in the vicinity of=1/3 and 2/7

contrast to most of the other parameters related to the the{he diagonal thermopower diverges Bt>0 suggesting the
modynamic properties of 2D electronic systems, such as thse ectrum gaf.One might also expect that the zero-entropy

electronic specific heat, which are hardly measurable becaus : : :
of the dominant lattice contribution. argument can be applled to mc_ompress;_lble guantum Hall
P states at odd-denominator fractions which demonstrate a

n theapresence of an electric fiefd and a temperature vanishing diagonal thermopower. At present there are no
gradientVT the electric current can be written in terms of fm analytical results available for the FQHE states.
the conductivityo;; and the thermoelectric coefficients; In the present paper we analyze the behavidB,gfT) at
tensors, primary even-denominator fractions v{1/®, where

®=2,4, etc) which correspond to compressible states with

Ji=oiEj+ 7;V;T. (1) no gap. The theoretical framework for our calculations is

provided by the theory developed by Halperin, Lee, and

The normally measurable quantity is the thermopower tensoRead which explains the metal-like features observed at
Sj= —Ui}lmq, which relatesE andVT providedj=0. these fractionsas the formation of the Fermi surface of a

In the presence of a quantizing magnetic field thenew sort of fermionic quasiparticles named composite fermi-
GaAs/AlLGa, _,As heterostructures demonstrate the varietyons (CF'’s).
of phenomena known as the quantum Hall effect. The corre- At T>0.1 K the measured thermopower is dominated by
sponding behavior of the electron diffusion thermopowerphonon drad= The phonon drag contribution @, scales
S as a function of the filling factow=2mn./B is quite ~ with temperature approximately aB>>=%% and acquires
complicated. Atv=N+ 3 the theory of noninteracting elec- equal values at with the same even denominator, such as
trons predicts universal peaks of the diagonal thermopowet/2 and 3/2 or 1/4 and 3/4, which agrees reasonably well
(Seebeck coefficientS,,=In2/e(N+1/2) given by the en- with the recent theoretical estimate based on the picture of
tropy per particle for the half-filledN+1st Landau levél the 2D CF coupled to phonons in the substfate.

(here and hereafter we assume the carrier chargebe of At low enoughT the phonon drag term dies off and one
either sign. The thermopower of the integer guantum Hall expects the diffusion contribution to take over. To date, the
states ¢=N) vanishes al =0, as the entropy of any num- low-temperature measurements which revealed the approxi-
ber of completely filled Landau levels is zero, and demon-mately linear behavior 08,,(T) were only reported on 2D
strates the thermally activated behavior for snfall hole system§:’

In the presence of impurities the thermopower tensor de- The features exhibited byS,, at filling fractions
velops off-diagonal components increasing in magnituder=(2N+1)/(4N+2=*=2) in the range from 1/3 to 2/3 are
with the strength of disorder for partially occupied Landaustrikingly similar to those at high half-integervalues’ This
levels, which are now broadened into bands. TBg  observation lends support to the CF picture where on the
maxima at half-integer filling factors, on the contrary, arelevel of the mean-field description those fractions correspond
predicted to reduce by a factor dependent only on the ratito half-filled effective Landau levels of CR/t =N+ 3) in
betweenT and the Landau band widthlt implies, in par-  the residual field* =B—27®n, at ®=2.4
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The data at the primary fractions=1/2 and 3/2 were Given the complexity of the problem and the previous
interpreted in Ref. 6 by means of the standard Mott formulareports of non-Fermi-liquid—type features revealed by the
for noninteracting fermions at zero field, resistivity measurements at=1/2 and 3/2(Ref. 19 the is-

sue of interaction corrections to the classical Drude ther-

2T (do(E) mopower(3) desgrves_ further theorgtical analys.is.
o=~ 38 | TdE (2) We note at this point that even in the zero-field case the
E=Eg effects of the electron-electron interactions on the 2D ther-

~ mopower remain only poorly understood. Therefore as a pre-
where the energy-dependent Drude conductivitylude to our discussion we summarize the results obtained in
o(E)=(2me?/h) N(E)D(E) is a product of the density of this field so far.

statesN(E) and the diffusion coefficienD(E) determined Following the theoretical predictions of the logarithmic
by the transport timer, (E)~EP, which results in the clas- temperature corrections to the 2D electrical conductivity due
sical Drude thermopower, to both the effects of weak localization and Coulomb inter-
actions(see, for example, Ref. 13 and references therin
7°T [ dino(E) m(p+1)T similar effect on the thermopower was discussed in Ref. 14.
(?=¥(d—E) =" 3eE (3) It was argued in Ref. 14 that not only the conductivity,

E=Eg but also the thermoelectric coefficiemt, receive I cor-
rections. This prediction was refuted in a number of subse-
In the zero-field case formul@) was conventionally applied quent publications where it was shown that neither weak
to ordinary electrons which undergo scattering from remot@gcalization effect®® nor interference between Coulomb in-
as well as background impurities and from the surfaceeractions and impurity scatteritfgproduce such corrections
roughnes$.Assuming the applicability of the Matthiessen’s tg the Peltier coefficientl related toy by the Onsager rela-
rule it was shown in Ref. 9 that all together these threejon [1=7/T. It was pointed out in Refs. 15 and 16 that the
mechanisms lead to a fairly complicated dependence of thgg|culation of IT;; = Im(L/w) 5 dte"*([Qi(t),;(0)]) as a

exponenip on electron density;. At very low densities the o 4ion function of the hedd=(p/m)e and the electric
scattering by remote ionized donors dominates and vyields

p=3/2. The results obtained in Ref. 9 predict that at highelc””e”tj:e(ﬁlm) operators requires an application of the

n.~1x 10 cm™2 the overall effect of the three mechanisms finite- temperature formalism or an accurate analytic con-

c;n be approximated bg~1 while atn,~7x 10 cm 2 tinuation from imaginary frequencies which had not been

the exponenp was found to change sig;. done in Ref. 14. As a result, the zero-field diagonal ther-
In the framework of the CF theory the only mechanism™MOPOWer was predicted to receiveTlrcorrections solely

considered so far was the effect of ionized donors placed of°™M @xx- T the best of our knowledge an experimental

a distance~ 10 nm apart from the 2D electron gAsinder confirmation of such terms remains an open question..
the mapping of electrons at~ 1/ to the CF the Coulomb Recently strong although sample-dependeiitterms in

impurities become sources of the spatially randomthe resistivity atv=1/2 and 3/2 were reported.As we al-
static magnetic field (RMF) correlated as ready mentioned, in the CF plcture'the impurity scatterlr)g is
(BXB* ) =4m2d2ne 29, wheren, stands for the impurity translated to the RM_F problem, Whlch_ belongs to the unitary
cogcenqtration. ensemble characte_rlze_d by broker_1 time-reversal symmetry.
The RMF scattering appears to be essentially morél’herefore the Ipcallzanon effects in th_e RMF are strogngly
efficient than the ordinary potential one and leads to uppressed which r.ules outﬂdocghzaﬂon correctloné'.l
lower value of the exponerp. Namely, the result of the n the other hand, it was_shown n Ref. 19 that _the mterfe_r-
lowest Born approximation®(E) = £ \2E 2 #d2n; (Ref, ence between CF gauge interactions and impurity scattering
indeed leads to IAterms which are enhanced by the nonuni-

4) suggests that at low enough, the exponentp might
. ersal factor as compared to the well-known exchange cor-
be close to 1/2. A more systematic treatment of the RMler/ection Aaxx=(e2/wh)(lnTrt,) due to the Coulomb

problem beyond the lowest Born approximafibrgives . T SN :

interactiort® which is known to be independent of the mag-
7 (E) = (26 \M\ZE) exp(rd?ny [EMK,(mdn [EM), from 1o oe 0% P g
which one readily obtains an even smaller vapse0.13. In order to estimate quantum corrections to the classical

In the above discussion of the CF thermopower we ney e .
. ! . CF thermopowef3) and to facilitate a forthcoming calcula-
glected the effects of the CF gauge interactions which def R (3) g

velop beyond the mean-field approximatibithe available lon of A 7 we remind a reader of the basic ”022”;2 of the
experimental data seem to suggest that the effect of thes%': t_heory, which was recently used to compmeij_ _
interactions orS,,(T) is relatively small in spite of the ab- First we reF:aII that the fiee CF Green fu.nct|o.n LS
sence of any small parameter in the present CF theoryresence of disordeBr()(E,p) =1/E— p?/2m=i/27 is de-
Namely, the low-temperature value of the ratio termined by the(formally divergent RMF scattering rate
S(3/2)/S(1/2) was found in Ref. 6 to be close to 1/7: It also shows up in the particle-hole diffusion amplitude,
Er(1/2)/E(3/2)=3 in a good agreement with the mean- Which develops a poléheree=E — Eg):

field picture of free CF with the effective mass* ~ /2 1 1
forming the metal-like state characterized by the Fermi mo- I'le,w,q)= - ,
mentumke=[4mng(1—[v]/v)]*? on the[ v]+ 1st partially (od 27N(E)7* io—D(E)q?
occupied Landau levelhowever, the validity of this inter- provided thate(e+ »)<0.1® The gauge invariant physical

pretation forv>1 was recently questioned in Ref.)11 observables are, however, independent.of

4
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It was pointed out in Ref. 19 that in the CF theory therections which lead to the minima of the diagonal resistivity
diffusive regime (4) extends up to momentum transfers p,, as a function ofv in the vicinity of the primary even-
g~ B2 while the energy transfers remain small<1/r,).  denominator fractions. The temperature dependenpe,ait
The diffusive behavior at largg can be readily seen in the these minima exhibits the Thbehavior whereas the associ-
original electron representation where it is due to electrorated Hall resistivityp,, shows no such term.
hopping between adjacent Larmor orbits bein@ /2 dis- Formula (9) also allows one to understand the well-
tance apart. pronounced symmetric V-shaped maxima $)f(B*) ob-

In Ref. 19 we showed that the main negative temperaturgerved at'=1/2 and 3/2:" Namely, by using Eq(9) and the
correction to the CF magnetoconductivity teneé}f comes  classical Drude-liken,(B*)=[Qg 7,/1+(Qg 7)1 7x(0)
from the transverse vector gauge coupling mediated by theith  #,,(0) given by Eqg. (2) one obtains
propagatorhereE is the energy of the CF emitting the fre- S (B*)—S,(0)=—[2#?(p+1)/3] [ELT72/v*] in the vi-
quencyw gauge boson cinity (Qf 7,<1) of the primary fractions.

Now we return to the question of gauge interaction cor-

1 : CF : : ;
D (0,9)= — 5 (5) rections tor;;” proceeding along the lines of the formalism
—IN(E)D(E) @+ x4 developed in Ref. 16 for the zero-field case of Coulomb in-

where Xq=[1/12w2N(E)](1/6+ 1/(1)2)+[1/(277<I>)2]Vq is teractin_g electrons. A similar procedurt_a yields_ thg leading
the CF diamagnetic susceptibility determined by the form ofcOTTection due to the transverse gauge interactiépss(the
the pairwise electronic potentidf, . Fermi distribution function

In contrast to the zero-field caethis correction com- er?
puted in the first order ifD, (w,q) depends on the effective Any=—
magnetic fieldB* according to the relations

fddeafEZf 1)N2(E)D2(E
> wff(g_e( e+o— 1)N“(E)D“(E)

CF/ i\ — 2\ A CF dq
AUxx(B*)_(l_(Q:Ttr) )AO’xx, lefﬁll(w,q)l“(e,w,q), (10)
CF _ * CF
A0yy(B*)=2(Q¢ T) Aoy . ®  \which comes from small energys¢-<1) transfer processes.
Keeping the explicit dependence dB- one can write It can be readily seen thaE expressidn) vanishes unless
Ao in the short-range cas&/f~V,=2me? «, wherex is  one expands the result of tigintegration in odd powers of
a screening constagnas e/Eg. This is an example of the general rule that the diffu-

sion thermopower must vanish in the limit of a zero Fermi
surface curvature when the particle-hole symmetry gets re-

A CFzz—ez(InT )IN[N(E¢)D(Eg)] ()
To= o Tir F F stored.

) . In the conventional case of Coulomb interacting
whereas in the case of the unscreened Coulomb pOtent'%|ectron§6 the intearal over is independent of and the
(Vq=27re2/q) the double-logarithmic terms occur: 9 . P

expression similar to Eq10) vanishes, so that the only con-
tribution to the electron thermopower

_ﬂ+ﬂxx),

Oxx Mxx

CF 262 1
Aoy =— (INT7)[ININ(EF)D(Ep) ]+ 3InT7 ], (8)
AS,=S{; ( 11
which reduce the correctiof8) with respect ta7) by a fac- So= S (1)

tor ~of 2 in the range of temperatures where {9 is given by Eq.(3), comes fromA gy, and be-

EF[]./(EFTU)B]<T< 1/Ttr

[at lowerT the divergency in Eq(8) is cut off]. Because of haves aff <1/7, as

the extra logarithm oN(Eg)D(Eg) which equalkgl/4 at m(p+1)T

B* =0 the correctiong7) and(8) are stronger in samples of AS(B=0)~———=—(InTr,) (12

higher density and/or mobility. 3eErry

It was also argued in Ref. 19 that the higher-order correcThe zero-field electron diffusion thermopower correction
tions do not alter the above Tnbehavior oanﬁF, which (12 is further decreased by the Hartree tétwhose mag-
exhibits the diffusive character of the low-energy CF dynam-nitude depends on the screening lengtht of the Coulomb

ics. potential.

The physical magnetoresistivity tensor is related to the CF In the case of CF governed by transverse gauge interac-
magnetoconductivity tensor as follows: tions the integrand in Eq10) has an extra dependence due

to the factor IIN(E)D(E)] [which is the same as in Eg&l)
. — 0 -1 and (8)] arising from the integral oveﬁ. As a result, we
pi=oy =@yt zl1 o | (9 obtain[p is the same as ifB)]

. . . - . +
while the physical tensor of thermoelectric coefficientsis A 7,§XF: - MmTﬂr. (13
expected to be simply equal tgf;". 128,

On the basis of relatio®) we concluded in Ref. 19 that It is worthwhile to note that correction&), (8), and (13)
in contrast to the case of the Coulomb interacting 2D elecsatisfy the Mott formula2). Another known example of an
tron gas the CF Hall conductivity acquires nonzerd tor-  approximate validity of the Mott formula for the case of
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interacting fermions is provided by the electron-phonon in-(phonons or plasmohsin the problem at hand this kind of
teraction in the diffusive regimgl<1.2! correction is associated with the real part of the transverse

Repeating the calculations at finiB¥ we also obtain that gauge propagator as opposed to the kinetic terms, which de-
the corrections to the components of the ten&o;ﬁ-F(B*) scribe the effects of real gauge bosons and contain
obey the relations analogous to E§). ImD, (»,q).

Despite the fact that/ﬁ': receives a nonzero contribution Naively, these terms would lead to a contribution
(13), the overall correction to the Drude thermopow®t) is  A’S,,~ (T®?ke/e3mEg)InEL/T for the unscreened Cou-
dominated byAo;" given by Eqs(7) and(8). In the case of lomb CF problem [A’S~(1/e) (P2T/Ef)?3 for the
the screened electron Coulomb potential which appears to bscreened cagewhich one could conceivably relate to the
better consistefit with the IrT behavior of the conductivity singular CF effective mass renormalizafipn via
at v=1/2 and 3/2 reported in Ref. 17 the correction to theg_~ 1/m* (T).

Drude thermopower is Although such terms are indeed expected in a general
2m(p+1)T time reversal symmetric 2D gauge the®rthey do not ap-

AS = — —————(INT7y)Inkgl. (14) pear in the CF problem in accordance with the fact that the
3eErTy CF dynamics remains diffusive up tq~kg.!® A more

Correction(14) developing aff <1/, is enhanced as com- elaborated analysis, which is required to settle this subtle
pared to Eq.(12) due to the extra factor lkgl)?> and the issue, demonstrates that time-reversal symmetry breaking in-
absence of the corresponding Hartree term because of tigrent in the CF theofyis crucially important. The details
singular behavior o, (0,q) atq—0.1° will be presented elsewhere.

Although the available experimental d&faare not suffi- To summarize, we discuss the disorder and interaction
cient to extract the nonlinedinT contribution, the enhanced effects on the diffusion thermopower of composite fermions
magnitude of the effect may, in principle, provide its obser-in the vicinity of the primary even-denominator fractions.
vation atT~ 10— 100 mK with improved techniques. We show that in contrast to the zero-field case of Coulomb

Before concluding the discussion of the nonlinear terms irinteracting electrons the thermoelectric coefficient of com-
S«(T) we note that in the conventional zero-field case theposite fermions acquires theTlrinterference correction re-
subject of an even greater controversy is a role of large mosulting from small momentum transfer processes. However,
menta transferdl>1) processes in the thermopower renor-the mainTInT correction to the diagonal thermopower arises
malization. mostly from the composite-fermion conductivity. The en-

Such effects were previously discussed in both cases dfanced magnitude of this term compared to the zero-field
the 3D electron-phondh and electron-electréf interac-  case makes it in principle possible to observe such a term
tions. It was argued in Refs. 22 and 23 that the main contriexperimentally, which would provide a new significant test
bution to 7,, comes from processes involving virtual bosonsfor the composite-fermion theory.
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