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Electrical and thermal transport of composite fermions
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The resistivity and the diffusion thermopower are calculated for a two-dimensional electron and hole gas at
low temperatures in the fractional quantum Hall effect regime. The composite fermions picture enables us to
use the integer quantum Hall effect and Shubnikov—de Haas conductivity models for a quantitative comparison
with experiment. Satisfactory agreement with experiments on electron and hole gases is obtained.
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[. INTRODUCTION Fermi surface exists similar to the one appearind3 atO.
Kopietz and Castillashowed that the quasiparticle picture
for CF's, in the half-filled Landau level, remains valid even
The quantum Hall effect, which occurs in two- if the infrared fluctuations of the Chern-Simons gauge field
dimensional electron and hole systems in strong magnetigre taken into account. These results improved the accep-
fields, was first observed in 1980, opening a window to &ance of the idea according to which we can understand the
remarkably interesting field of physicsAt very low tem-  fermion (electron or holg FQHE states as IQHE states at

peratures and high magnetic fields an increasing number of 1/2m for CF’s in an effective magnetic fieldB given by

Hall plateaus were observed corresponding to fractional fill-

ing factors with odd denominators. LaugHliproposed a 2mhe ng

wave function that explained the behavior of the systems AB=B—Bym= e p*’ @

near filling factors with odd denominators. ) ) ) )
A very promising approach to understand a system neawheren, is the fermion concentration ande is the elec-

even denominators is to attach to each particle an even nunfOn's charge.

ber of “flux quanta.” In this way a quasiparticle named

“composite fermion” (CF) was created. This is based on the B. Transport coefficients

idea of the transmutability of the statistics for particles in The thermoelectric properties of a two-dimensional elec-
two-dimensional2D) systems°’. It is possible to introduce a qn gas(2DEG) have received a lot of attention in the last
Chern-Simons gauge field that interacts with the carriers regg,y years. A large number of experimental data for the ther-
sulting in a change of their statistics. '_I'he method is equivamonower are available for both zero and nonzero magnetic
lent to the attachment of a “magnetic-flux tube” to each fig|gs. However, the experimental situation is yet unclear. A
carrier. As a result, the quantum-mechanical properties of thf%\rge number of early datashow no indication of phonon
guasiparticles are the same with those of the convention%lrag in agreement with the diffusion thermopower

partiqlefé _ . _ theories'*=2 On the other hand, later studies, both
Jain;> following this idea and attaching even numbers Ofexperimentéf*‘% and theoreticat’~3 show a very large

flux quanta to each elgctron, successfully constructed the hizero_field thermopower due to the domination of the phonon
erarchy of the fractional quantum Hall effe¢FQHE)  §raq Only recently, there is clear experimental evidence for
through the following equation: the transition of the dominant mechanism from diffusion to
phonon drag?
_ v* ) However, the experimental data for the nondiagonal com-
2my* =17 ponent of the thermopowes,, in the IQHE regime show a
behavior similar to the diffusion thermopower, even for
where v is the filling factor, 2n is the number of attached samples in which the diagonal part is clearly dominated by
flux quanta, and* a positive integer. The remarkable prop- the phonon drag. The reason for this behavior is not well
erty of this idea is that instead of the FQHE for the actualunderstood yet. A recent theory attributes this behavior to the
carriers, at filling factow, we study the integer quantum Hall acoustoelectric draf}.However, in the FQHE regime, it was
effect (IQHE) for CF's, at filling factorv* As a result, the found that the phonon-drag nondiagonal thermopower in the
whole arsenal of ideas used to understand the IQHE are apicinity of the fractional states is proportional &, with a
plicable to the FQHE. smaller component proportional @S,,/dB superimposed
Halperin, Lee, and Re@ahowed that for an ideal sample on it3¢3" Although the diffusion part of the thermopower is
with no impurity scattering precisely at=3 and at various two orders of magnitude or more smaller than the phonon
other filling factors with even denominators®&t0, a sharp  drag, at liquid-helium temperatures, recent calculaffofs

A. Composite fermions
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show that the diffusion part will again dominate the ther- 0

mopower, at temperatures larger than 90 K. This is due to the Scs= j d3x 1 €L APF, (4)
fast decrease of the phonon mean free path caused by

optical-phonon scattering. where # determines the statistics afd™ is the field tensor

On the other hand, in the last two years, experiments dor the statistical gauge field. In this way we obtain a Hamil-
very low temperature0.03—0.3 K measuretf*' the diffu-  tonian for the system which is identical to B§).>***' The
sion part of the thermopower and determined the temperatut@hern-Simons term results in a “Gauss law” for the particle
at which diffusion becomes dominant over the phonon dragdensityjo(x) and the statistical flus,3>!

These measurements have been performed in the FQHE

regime, around filling factory= 3 but the CF idea enables us Jo(x)=6B(x). Q)
to test the 2D models for diffusion thermopower with experi- For arbitrary values of, Fradkir'* showed that the system is
ment, for the whole range of the effective fields. a set ofanyonswith statistical angle
In this work, we present calculations of the diffusion
transport coefficients for a 2DEG and a two-dimensional 1

B (6)

hole gas, at low temperatures, nea# 3. Different models ~2p

for the conductivity will be used for the low and the high ) o o
effective magnetic-field rangé8.For low fields, where the Measured with respect to Fermi-Dirac statistics. Thus, for
localization of the electrons does not play an important roleParticular values o), the system is again a set of fermions.
the model of Isihara and Srika*? as corrected by Coleridge These values are
et al, will be used* 11
For higher effective magnetic fields, a Gaussian density of = — —,
states will be used, as proposed by Englert and 27 2n

45,46 : ;
c_o-\_/vc_)rkers. Interesting results will be_ shc_)wn for the_ ' andn is an arbitrary integer. We can understafics the
sistivity and the thermopower and we will discuss the inter, erse ofthe statistical flux per particleThus, the above

play of the two models. I . fermions are connected withn2n which are understood as

The present paper consists of the following: An intro- 5 eyen number of flux quanta attached to each particle.
duction to the theory of the CFtSec. Il A), a brief intro- Jairf"> proposed a wave function for the carriers of the
duction to transport coefficientSec. Il B,, the models for form

the conductivity used in our calculations for sméBec.

II C), and large(Sec. Il D magnetic fields, are described in

Sec. II. In Sec. lll we present our results. In Secs. Il A and V(zy,...on) =11 @—z)" xa(z1,..20-), (8

Il B we present our results for the resistivity and the ther- b

mopower, respectively, and we compare them with the exwherey, is the wave function of a completely filled lowest
perimental datd’*4%*9Finally, in Sec. IV we present our Landau level, given by

@)

conclusions.
< |zl
1
X1(211---,ZN*):H_ (zi—z))ex —2 27| (9
Il. THEORY <] i=1
A. Composite fermions The phases in the first factor in E@®) can be understood as

an even numberni—1) of fluxes attached to each coordi-

. ; nate where a carrier is present. Lopez and Frad&imwed

or holes moving on a planex,y) in the presence of an a4 this approximation is the classidatean-field approxi-
external magnetic field=(0,08,) perpendicular to the 4ii0n of the above Chern-Simons description. They also

P'a”e,- We \_Ni" consider only 'Fhe case when the magnetiGgyeq that the above description leads to incompressible
field is so high that all the carriers populate the lowest Lan,ias.

dau level. Then we can ignore the spin contribution and write 5 very important result from the theory is that the con-
the Hamiltonian of the system ‘as ductivities in the FQHE for the electrons and in the IQHE of
the CF’s areadded in parallef® This result is very crucial in

our attempt for a quantitative comparison with experiment.

The system under study consistsNof carriers(electrons

N 2
e S .
H:J'Z’l [m pi+€ A(X) | +ehy(x) +§j V([x—x0), Then the resistivity tensor can be written as
3 — —
©) p= pxx+ Pxy pCS' (10)
PxyT Pcs Pxx

. . e
Whe_reA IS th? eIectromggnetlc vector potential; is th_e wherepcg is the term in the nondiagonal resistivity, arising
carriers effective masg; is the momentum of each particle, from the statistical potential

A, is the scalar potential, arM denotes the Coulomb poten-

tial generated by electron-electron interactions. An additional 2mhs

statistical vector potentiah, (x=0,1,2) can be introduced pcs= gz (13)

to change the statistics of the system. In this way the carriers

are transformed to anyons. The action term of the statisticglyy is the CF's IQHE termp,, is the diagonal resistivity of
field is a Chern-Simons terir’ the CF's, ands is the number of flux quanta attached to each
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carrier. p, andp,, are calculated using the same models aghrough electron-phonon scattering. Hence, an electric cur-
those we used to describe the carriers Shubnikov—de Haaent is prompted to flow and an electric field builds up to
(SdH) oscillations and the IQHE resistivity tensor, substitut-oppose i’ This is responsible for the “phonon drag” part
ing only the carriers parameters with the CF ones and thef the thermopower. Thus the thermopower is given by

actual magnetic field with the effective field given by Eq.
2). S=54+S, (17)

whereS; is the diffusion part an&y is the phonon drag part.
B. Transport theory

The basic equations that govern the response of a typical C. Small magnetic fields

S(lamlqor}QIJlg'[é)r to an extemal St('jm“ggf example an In the low magnetic-field range the SdH oscillations of
electric-fie or a temperature gradieftT) are the resistivityp,,, for a single subband, can be described by

J=oE-+LVT (129  the model of Isihara and Stii;* which was corrected by
m ’ Coleridgeet al** introducing different relaxation times. For
Q=ME,+N.VT (12p)  the calculation of the conductivity a constant density of

states(DOS) go=m*/7#2 (m* is the effective magswith a
whereE, is the electromotive force] is the electric current  sinusoidal oscillating part superimposed has been used. The
density,Q is the thermal current density; is the conductiv-  oscillating part of the DOS reflects the onset of the Landau
ity, andL, M, Ny are the three rest transport coefficients. |evels and leads to the SdH oscillations of the magnetocon-

For experimental convenience the above equations arguctivity. The conductivitiess,, and oyy Of a 2D system

transformed to with a single occupied subband in a magnetic fiBldare
iven by*
E.=pJ+SVT, (139 9 Y
J-«kVT 13b 70 |1+ 20:7: Ag 18
o e (13 e R e
where p is the resistivity,S is the thermopowersr is the
Peltier coefficient, andc is the thermal conductivity. The ToweTs ( 1+ 3w?72 Ag)
It the o - =21, asp
relations between the resistivify and the thermopowe® Xy 1+w§T§ (1+w§T§)ng§ %

with the original transport coefficients andL are
where gy is the zero-field conductivityw.=eB/m* is the

p=0o %, (143 cyclotron frequencyy, is the scattering time, and
S:_(Till_. (14b) Ag «© rX 2’/'TrE|:
o — =2 e wctq — co ar
When a magnetic field is applied these coefficients be- Y90 =1 sinh(rX) hoc
come second rank tensors depending on the applied magnetic (19

field. The following transport tensors have been derived fromg yue to the oscillatory component of the DOS;
the Kubo formula by Smia and Steda? and they are given — mfi?ng/m* is the 2D Fermi energyr, is the quantuFm

by lifetime, X=27%kT/A w., andk is the Boltzmann constant.
- I (E) This model i_s valid for low and intermediate fields such that
oij= f ( —T) oii(E)dE, (153 w:7q<1. Using the above expressions fox and the defini-
- tion of the mobility (u=er,/m*) we can substitute in Egs.

1 S (E) (183 and(18b) the termw, 75 with wB while in Eq.(19) the
T R _ 5 term w.74 can be expressed B. For larger magnetic
Li eT ) ( JE >(E Er)oij(E)dE, (150 fields theqlocalization of the elzgl'grons away from the center

) . of the Landau level starts to play an important role and the
where o (E) is the zero-temperature conductivity f&  559ve model will no longer be applicable.
=Ee. o In Egs. (189 and (18b) both, the scattering timerg
The thermopower tensor is given By =m* oy/e’n, and the quantum lifetimer, are present. In
S —Lot=—pL modulation-doped 2D systems they can differ by more than
P an order of magnitud& >’ The zero-field conductivityr,
[P Pxybyx — Pxybxxt Pxabyx =neue is determined by the scattering timg, while the
T\ pobo Pobyx — Pl Prybyxl” (16) zer_o—fleld smgle—parncle relaxation time or quantum lifetime
74 is present in the oscillatory part of the DOS. The essential

The temperature gradie®T initially causes a diffusion differencé*>® between the two is that in the transport scat-
of the charge carriers that gives rise to a charge separatidering rate, 1f5, forward scattering is not counted and small-
producing an electric field. This part of the thermopower isangle scattering receives a very small weight, as these scat-
called the diffusion thermopower. On the other hand, thdering events have a small effect on the electron drift
temperature gradient also produces a net flow of phonongelocity. In the single-particle scattering raterl/ however,
parallel toVT and consequently a net phonon momentum.every scattering event is equally important.

Part of this momentum is imparted to the electron system ForB=0 the diffusion thermopower follows the equation
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7?k’T do(E) carriers, is equal to that carried by the total number of states
Sx(B=0)=— 3e0(E.) dE | (200 in the filled Landau levels in the absence of these immobile
F E=¢ state€® The conductivities of a 2D system are given by
where ¢ is the chemical potential measured relative to the 5 ¢
bottom of the subband and(E) is the conductivity forE Tou= € 2 f dE( 9 (E))
=/, written as X mrlh (e JE
ne(E)e’ry(E) ]2
o(B)=—— . (21) X| 7| [#1 Ty Dns(B)% (263
m N,s
Here, ny(E)=eEnt/x#4? is the particle density, whei e
=¢. A commonly used approximation in the Oxy="1% > dEf(E)Dy s(E). (26b)
literatureé 22485 to assume that B s
7((E) = 1oEP 22) Here,f(E) is the Fermi-Dirac distribution functio y s(E)

_ s 0_ ' _ is the density of states for carriers in the Landau-lévelith
wherep is a cons_tant_ depending on the scattering mechaspins, 'y s is the Landau-level broadening, aig{/T"y s is
nism. Then, the diffusion thermopower becomes a dimensionless factor that depends on the range of scatter-

22T ers. The chemical potentiglis determined through the con-
S (B=0)=— T (p+1). (23) dition of conservation of charge
F
Similarly, for the nondiagonal part at very low magnetic an def(E)DN'S(E). (27)
fields, we hav&® N.s
2,2 The sum in the above equations runs over the single-particle
7KT  weTs X )
Sw= (24) states whose energies are given by

v~ TP 3Ee 14wl

- 1

For background impurity scattering, which is the dominant Ens=(nt2)fioc. 28
scattering mechanism for electrons at low temperatyres, The ratio /T’y s depends on the type of scattering. For
of the order of unity’® Halperin, Lee, and Reed found that short-range scatterifit

p=0.5 in the lowest Born approximation for the case of the

static random magnetic fiekiHowever, more recent calcu- Fﬁxzzrﬁ,s(N"' ). (29
lations performed by KhveshchenRdbeyond the lowest i .
Born approximation, givep=0.13. From the peak in th8,, Ando and Uemur¥ calculated the above ratio numerically
data atB=B,, and using the above theoretically calculategfor the case of a semielliptic DOS. They found that for long-

value of p=0.13 we can obtain the value of the effective fange scattering the ratiol (/T s)* is smaller than Kl
mass. + 1) and the difference from the short-range scattering result

For higher magnetic fields, Fletcher, Coleridge, andincreases with the Landau level indiix In order to compare
Feﬂg’g4 found the osci"a‘[ory part of the diffusion ther- the hlgh magnetic-field data with theory, a Gaussian form for

mopower to be given by the total DOS was used, namely,
2 wkg) [ d(X/sinhX) 1 1 2,12
= | —||—= = —(E-Ey,92/2'y ¢
ASom 3782 ( c )( X Ons®) ™ 2 s be 0
« om ) (2mEe 25 where|=\#/eB is the magnetic length and H2? is the
ex weTq sin hoe T @9 available number of states in each Landau level. For short-

) . ) range scattering, Ando, Fowler, and Sférfound
For small fields, such thab.7,<1, we will use the Isihara-

Smrdka model for the evaluation of the conductivitigsg. , 2 ) i’ B
(19)]. FN’S=; e e M_q’ (31
D. Large magnetic fields whereu,=er,/m* is the quantum mobility. In the center of

- L . the Landau levels the electron states are extended while
For sufficiently large magnetic fields applied t0 2D Sys-inge in the tail are localized and consequently do not con-

tems,p,, becomes vanishingly small apdy shows plateaus, iy te 1o the dispersive part of the conduction. In the phe-

in finite ranges of the magnetic field, whén lies between  3menological model of Engleft, the tails of the DOS are
two separated Landau levels. The quantized Hall resistancg,; off at a characteristic energy in the, calculation. This

is attributed to immobile states which piy inside the gap s gchieved by using a Gaussian DOS&fended statesith
between two Landau levels. In this way an integral number, \viqih Ay <<I'y. Of the form

of levels can remain filled, in finite ranges of the magnetic
field. These immobile states can be either localized states in
the 2D layer or impurity states sufficiently close to the 2D Dy, (B)=

1 , 1 e~ (E-Eng2j ¢ (32)
layer. In both cases, the Hall current, carried by the mobile 2l V2T AN s



56 ELECTRICAL AND THERMAL TRANSPORT C-. .. 15 293

Substituting this in Eq(26b), Eq. (263 results in Landau level, is orders of magnitude larger it means that the
phonon-drag completely screens the diffusion term.

ny;:_ VZ/WNES J dET(E) Ai s e En lll. RESULTS
(33 o . .
A. Resistivity: Theoretical results and comparison

and with experiment

h , MAE: In order to compare quantitatively our calculations with

Oxx 3=72 I'xx(N+ %)f dE( : ) the experimental data we have to know the exact value of the

€ N.s N.s CF effective mass for each sample. Halperin, Lee, and Reed

9f(E) - and d’Ambrumenil and Moff calculated the effective mass

( - ?) e E7Eng s, (34  and they found values aroumd* =0.3m,, wherem, is the

free-electron effective mass. They also found that this de-
Here we introduced the factdr? .= (YT )%/ (N+3) pends on the electron concentration. Halperin, Lee, and Reed
which is equal to one in the case of short-range scattering. 18!S0 predicted that the CF effective mass is field dependent.
the evaluation of the Fermi level the total D@5, (E) is  Geeet al. also found that the effective mass depends on the
used. FoiT=0 K we have— df(E)/dE~ S(E—E;) and the angle and the confining potential in tilted fieffsThus we

integrals in Eqs(33) and(34) can be evaluated analytically. have to use a different value for each sample according to the

. . g 47
Thena,, consists of a series of Gaussian peaks with maxim&Xisting conditions. Measurements made by Leagiel:
atEr=Ey. These peak values,, ,,, can easily be obtained and Duet al.”® showed the CF effective mass to be almost

from Eq.(34) and they are given by twice as large as theoretically expected. éluatl_.48 obtained
the effective mass by extrapolation from their experimental
e 1 rﬁ s data and they found that the CF effective mass diverges near
(N+2)T 'y xx - (35  v=1in contrast with other measurements and recent theoret-

ONXX"h A2
h 4\ ical calculationg'”"’
After a renormalization, necessary in order to have coinci- In Fig. 1 we present the calculated resistivities in com-
dence of our result with the one obtained using the semielParison with the experimental data of Leadleyal*’ The
liptic DOS, in the case of short-range scattering, the conducmobility used in our calculations was obtained from the ex-

tivity is given by perimentalp,, values atv=73. For CF's(at B,=0, i.e.,B
=Byp)
h 1 Ins|? ) )
O-XXEZ:; N,s ()\N,s) (FN’XX) (N+§)J dE MCF:(pxxnee)_l- (38
df(E) EemEn 2 In our resistivity calculations we introdugece to.Eq.(lsa). '
(— T)e FooNs TN, (36)  We have adopted the experimentally determined effective-

mass equatidtf

The approximation of short-range scattering is clearly not

satisfied in modulation-doped heterostructures. According to mM* =mg+ AgX Beg, (39
Ando, Fowler, and Sterft, it is obvious that, for long-range ) _ )

scattering, the peak transverse conductivity decreases rapidfyh€re Ag is a constant andn, is the effective mass at
with increasing scattering range. A number of theoretical inBes=0. Leadleyet al. gives for m, the value of 0.5h,.
Vestigations of the diffusion part Of the thermopower haveThiS Value haS been Used in F|g 1. The abOVe Zero effeCtive-
dealt with the disorder-free limit. With such an assumptionfie|d value is about 8 times larger than the electron effective
the nondiagona| e|ement of the thermopo\@§ Vanishes mass. This value is also a.bout 60(yg h|gher than the theoreti-
and the peaks Of the diagona| e|em8;t( appear at IOW Ca”y CaICUIated CF effeCUVe mag’g Leadleyet al. found

temperatures. FA{>0, S,, is given by that Ag is 0.074. However, in order to reproduce correctly
the slope of thep,,, we have takeng to be 0.11.

k\ In2 It is obvious from Fig. 1 that the range of the validity of

="l Nt D (37 the Isihara-Smika model is limited in a small range around

B=B,,,. This model is incapable of explaining the, be-

It has been assumed that the broadening of the Landau levBRVior at higher effective fields. On the other hand, the En-
is I'y s>kT. However, when the carriers are subjected todlert model completely fails ned=B,, but explains quite
impurity scatteringS,, becomes finite and starts to oscillate well the higher-field oscillations. o
passing through zero every time the Landau level is half The same picture but over a much larger magnetic-field
filled. This results in a drop in thg,, maximum. However, rang$8|s shown in Fig. 2 for the experimental results of Du
these universal values of the diffusion thermoposgrare et @l In Fig. 2@ we use them, value reported by Det al.

an important indication which one of the diffusion or the for large effective fieldsri,=0.9m). In order to obtain the
phonon-drag term dominates the thermopower. For sets 6?5”2[45 presented in Fig.(12 we use the Abrumenil and
data, for the half-filled Landau leve§,, has a value near Morf>" equation for them, at v=3, namely,

that predicted from Eq.37); the diffusion part is dominant. 1

On the other hand, when the valueSy,, for the half-filled mo= (0.3, ) me, (40)
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FIG. 1. Calculatedp,, at 0.320 K compared with experimental data of Leadil. for different theoretical models. The squares
represent the experimental data, the dashed line shows the theoretical calculations using the Isitkaraa8daic and the full line shows
the theoretical calculations using the Englert model.

where, in this formulan, is the composite particles concen- B (Tesla)
tration divided by 16° m~2. For larger effective fields Eq. 14 16 18 2 2 24 2
(39) has been used foxg=0.025. This value is about 4 oo

times smaller than the one used in Fig. 1. From @§) it is
clear that the important factor in the oscillations is the quan-
tum mobility. Thus, from these data we can deduce the quan-
tum mobility value but not the effective mass. In Table | we
see thaiu, is the same for Figs.(3) and 2b) and this is the
reason for the good agreement in both figures. The agree:
ment between theory and experiment is better for the Abru-
menil and Morf values of the effective mass and this is not
surprising. A logarithmic correction due to the combined ef- 0
fect of the CF gauge interactions and the impurity scattering
on the temperature dependence of the conductivity has beel
observed for which the analog for electronsBx:0 was
negligible®®% This has not been taken into account when
Leadleyet al. and Duet al. extrapolated their experimental
data to obtain the effective-mass value. This observation ex-
plains the “peculiar” results of Dwet al. for the effective
mass. 3000
The parameters used for the calculations are shown in 250
Table I. Because of the fact that the scattering is long range @ 2000 |
the mobility is almost 6 times larger than the quantum mo-
bility. This explains the value of,z\lyxx being 0.6. Ando,
Fowler, and Stern found that this parameter is Landau-level
dependent when the scattering is not of short range. In our 500
attempt to limit the number of parameters used in our calcu- 0
lations we assumed theﬂﬁyxx has the same value at every
Landau level. This is not artificial because the result of (b
Ando, Fowler, and Stern shows that only the lowest Landau

level for which the Englert model is not working well shows
2

3000
2500
2000

1500

Py (Ohms)

1000

500

3500

1500

P (OhM

1000

B, (Tesla)

. FIG. 2. Calculatetp,, at 0.03 K compared with experimental
— 2 XX
a constanﬂ“N'XX— 1.0 while the other Landau IeVeEN,XX data of Duet al. for different theoretical models. The squares rep-

values.are betvyeen 0.5 and 0.8. . resent the experimental data, the dashed line shows the theoretical
Again the Isihara-Smka model works quite well at low  cajculations using the Isihara-Stkecmodel, and the full line shows

effective fields but shows some peculiar behavipy,(0) the theoretical calculations using the Englert modekanwe used

at higher fields. The Englert model shows the opposite bethe experimental value of the effective mass given by éal.,

havior. Thus one has to be quite careful which one of thewhile in (b) we used the theoretical value of the effective mass

models one uses, attempting to analyze experimental data given by Ambrumenil and Morf.
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TABLE I. Parameters used for the calculation of the resistivities for the data of Leediy(Figs. 1 and
4) and the data of Det al. (Figs. 2 and 3

Figs. 1, 4 Fig. 2a) Figs. 2b), 3
Fitting parameters
I'ys (MeV) 1.50 B/ uq 1.0 VBl pgq 1.0 VB/ uq
s (MeV) 0.25 B/ uq 0.2 VBl uq 0.25 B/ uq
I'nxx 0.6 0.6 0.6
Physical parameters

w (MV s) 12.1 5.74 5.7
wq (MPIV S) 2.25 1.0 1.0
Ne (X10% m™3) 0.6 2.25 2.25

extract values of the effective mass. It is not allowed to uséo make our work more complete. In order to limit the num-
the Isihara-Smika model at high effective fields because its ber of parameters for the thermopower calculations we used
validity is rather limited** a constant effective mass.

In Fig. 3 we present theoretical resultsgf,+ p.s versus In Fig. 5 the diagonal component of the thermopower,
the magnetic field, using both models, for the same values d§,,, is shown for a system of holes near=3, at T
the parameter as those used to obtain Fig. 2. It is obvious that 0.263 K. We compare our theoretical results with the ex-
the Englert model reproduces quite well the plateaus in th@erimental data of Crumpt al*® According to their experi-
nondiagonal resistivity while the Isihara-Srkecmodel does mental data the diffusion term of the thermopower dominates
not. The plateaus are at the correct positions andptie at T=0.263 K (or generally atT<0.3 K). The squares are
+pcs has the expected values, frequently observed irthe experimental data of Crungt al. and the crossed circles
experiment$? are the universal values of tt8, calculated from Eq(37).

In Fig. 4 theEg (thick full line) and the bottom energy of The full line shows the theoretical results using the Englert
the first four CF Landau levels versus the effective magnetienodel for large effective fields while the dashed line shows
field are plotted for the same values of the parameter valuethe theoretical results using the Isihara-Skarenodel. The
used in Fig. 1. The characteristic feature here is the effect olatter fails completely to reproduce any of the oscillations
the Landau levels of the magnetic-field dependence of thebserved in theS,, measurements. This is not surprising
effective mass. The Landau levels are no longer a straightecause of the effect of the first derivative ¥fand the
line but are curved. The expected symmetry around has  smearing effect of the (4 x?B?) ! in Eq. (25). However,
been destroyed by the large changes of the effective massthe Isihara-Smika model shows a good agreement with the

experimental data near the the pealBgt=0. On the other

B. Thermopower: Theoretical results and comparison hand, the high effective-field model reproduces quite well

with experiment the oscillations when the CF Landau levels are half filled.

] This model fails completely near the peakvat 3. From Eq.
We have attempted to compare our theoretical calcul 23, using for p the value 0.13 calculated by

tions with two sets of experimental data of diagonal diﬁUSiO”Kveshchenké? and using the experimental value of the peak
thermopower for hole$4° Unfortunately, both sets lack S, atB.=0, we obtainE; and consequently fan,= 0.9

measurements for the nondiagonal term of the thermopowey 1015 m~2 the value of the CF effective mass. This is found

to be 1.4%n,.
B (Tesla)
14 16 18 20 22 24 26 B (Tesla)
T T T T T I — —T 2 4 6 8
80000 | . S T " T T T
70000 |- ve=an JPEE Arec N T
. v=1/2 Loy s
v =4 PRt
b= v =3 ’_'_, T
S T
& 50000 - T V=2 i
- /=215
+ Pt ez
2 ~r” =37
a 40000 [__+" v R
30000 ! 1 I L I [N
4 2 0 2 4 6 8 1 A . L , ! .
B (Tesla) -4 2 0 2 4

FIG. 3. Calculateg,,+ p.s at 0.03 K using the same values of
the parameters as those used in Fig).ZThe dotted line shows the FIG. 4. The Fermi energgfull line) and the four lowest Landau
results for the Isihara-Smika model and the dashed line shows the levels of CFs at 0.320 K using the same values of the parameters as
results for the Englert model. those used in Fig. 1.
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B (Tesla) B (Tesla)
4 6 8 10 12 8 10 12 14
70 7 T T T 40 T T T T T T T
g g
> >
= X
cr)gé )
By (Tesla) B (Tesla)

FIG. 5. Calculateds,, at 0.263 K compared with experimental ~ FIG. 6. Calculateds,, at 0.169 K compared with experimental
data of Crumpet al. for different theoretical models. The squares data of Bayotet al. for different theoretical models. The squares
represent the experimental data, the dashed line shows the theor&gPresent the experimental data, the dashed line shows the theoret-
ical calculations using the Isihara-Stkecmodel, the full line shows  ical calculations using the Isihara-Srkec model, the full curve
the theoretical calculations using the Englert model, and the crossedows the theoretical calculations using the Englert model.
circles are the univers&,, values at half-filled Landau level.

of 0.0027< \/(Beft/1q) meV. The two values are equal at

There is a problem with the height of the peaks, when &.=3.0 T. This means that our value is smaller than the one
Landau level is half filled, but we believe that this has noth-given by Bayotet al. for the whole range of the CF filling
ing to do with the diffusion term since this is also quite factors v* >2. However, for the lower Landau levels mea-
larger than the universal values 8f,. The Englert model sured, the two values are very near. Thg values are
reproduces these universal values every time a CF level ialmost identical in both figures. The values used Xqi¢
half filled. show that the nature of scattering is of long range. The value

This problem does not appear in Fig. 6 where a similarof the effective mass, deduced from the experimental data of
plot as in Fig. 5 is shown, also for a hole system,Tat Bayotet al, in the same way as before, is found to be equal
=0.169 K. In Fig. 6 our theoretical results are presented antb 1.2n,. Here we have to notice that the value of the
they are compared with the experimental data of Bayoeffective-mass deduced from the data of Bagbtl. (for
et al*® They are found to be in very good agreement. Thusn,=1.35<10"®m~?) and our calculations, seems to be
it seems that the problem with the height of the peaks in Figsmaller than the value of the effective mass we calculated
5 relies on the phonon-drag contribution which is significantusing the data of Crumet al. (for n,=0.9x 10'° m~?). This
at T=0.263 K but unimportant at lower temperatures such ass inconsistent with Eq(40). We believe that this inconsis-
T=0.169 K. Even at 0.3 K the diffusion thermopower domi- tency is due to the fact that in Fig. 5 the contribution of the
nates, in the case of hole carriers, in contrast with the elegghonon drag to the thermopower, which is not dominant but
tron systems, where the phonon drag starts to play the domsignificant, has not been taken into account and this leads to
nant role at lower temperatures thah=0.169 K. The an artificial inconsistency as far as the values of the effective
Landau-level broadening we used for the extended states imass are concerned.
magnetic-field dependent in contrast to the field-independent We also notice that using E@25) we can deduce the
value given by Bayotetal. based on Zawadski and value of the mobility, for each sample, from the slope of the
Lassnigt’ They deduced a value around 0.13 meV while weS,, curve, at very low effective magnetic fields. These values
obtain very good agreement with experiment using the valuare given in Table II.

TABLE II. Parameters used for the calculationS)f, for the data of Crumgt al. (Fig. 5 and the data of
Bayotet al. (Fig. 6).

Index Fig. 5 Fig. 6
Fitting parameters

I'ys (MeV) 0.019 B/, 0.027 B/ u,

s (MeV) 0.002 B/ uq 0.007 VBl uq

p 0.13 0.13
Physical parameters

w (M s) 0.6 0.32

pq (MAV's) 0.22 0.12

Ne (X10% m™3?) 0.9 1.35
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V. CONCLUSIONS results with the experimental data for the thermopower using

a field-independent effective mass, which we were able to

Our theoretical results show a very good quantlt"’m\“.adeduce from the zero effective magnetic-field valuesSgf.

? sr:gsr(rf]grme\ll\gzzr:r;z; Zﬁ%er;?eenéﬁui?;i f?k:etrf:somgvg\;lgggc;re&?h contrast, for the diagonal resistivity, we had to use a field-
P dependent effective mass, in order to reproduce satisfactorily

i =1
holeg around f||||ng factorv—_z and at tempe.ratures lower the slope of the curve. We were also able to deduce, from the
than 0.3 K. For the interpretation of the experimental data W& ope of theS,, curve, at very low effective magnetic fields
used two different modelglsihara-Smrka and Engleit P X ' y 9 ’

within the CF representation, and we investigated their rangthe value of the mobility. There is still an open question as

of validit far as the phono-drag contribution is concerned and the be-
Y- havior of other transport coefficients such as that of the ther-

The Isihara-Smika model reproduces quite well the L
mal conductivity.

transport coefficients behavior at the low effective-fields re

gime, where the Englert model fails. The latter model suc-
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