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Systematic study of thermal transport of composite fermions around filling factorsnÄ1Á
1

2m
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The thermopower is calculated for a two-dimensional electron and hole gas at low temperatures in the

fractional quantum Hall-effect regime around filling factorsn516
1

2m
, 2m being the number of flux quanta

attached to each carrier in the composite fermion~CF! picture. The general expressions obtained are applied to
the 2m52 ~i.e., n5

1
2 andn5

3
2 ) and 2m54 ~i.e., n5

3
4 andn5

5
4 ) cases. The analysis leads to the determi-

nation, on a firm theoretical base, of the actual number of carriers involved in the expression of the ther-
mopower of the system. We demonstrate the significance of the contribution of the nondiagonal component of
the composite fermion thermopower to the diagonal component of the total thermopower of the system around
n5

3
2 . We investigate the dependence of the CF’s effective mass on the magnetic field analyzing the ratios

Sxx,n53/2/Sxx,n51/2 and Sxx,n53/4/Sxx,n51/2, together with the available experimental data, for the diffusion
case. We also analyze the phonon-drag case. Our theoretical results are in agreement with the experimental
data.

DOI: 10.1103/PhysRevB.66.155315 PACS number~s!: 72.20.My, 73.40.Kp
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I. INTRODUCTION

During the past decade there has been much intere
understanding the thermoelectric properties of tw
dimensional~2D! electron and hole systems in strong ma
netic fields and very low temperatures.1–9 Recent theoretica
calculations6,7,10 based on the composite fermion~CF!
picture11,12 gave a satisfactory interpretation of the expe
mental data13 for a wide magnetic-field range, where th
fractional quantum Hall effect~FQHE! is observed, for the
resistivity14–16 around filling factorsn5 1

2 andn5 3
2 and the

diffusion thermopower17,1 aroundn5 1
2 .

The n5 3
2 case is different thann5 1

2 . This is due to the
fact that atn5 3

2 the magnetic field is inadequate to tran
form all the carriers to CF’s as in then5 1

2 case. Then5 3
2 is

treated as a system composed of two different gases sho
parallel conduction. One is of electrons which fully occu
one of the two spin levels of the lowest Landau level, an
second is of electrons which partially occupy the other s
level and which have been transformed to compo
fermions.7 However, then5 3

2 case can be treated altern
tively as a parallel conduction between two gases, one
electrons fully occupying the lowest Landau level~both spin
levels! and a second gas of composite fermions origina
from holes occupying the upper half of the upper sp
level.18–23 The n5 1

2 case can also be treated as an elect
gas atn51 and a composite fermion gas originated fro
holes, occupying the upper half of the lower spin level of t
lowest Landau level, conducting in parallel.

The above analysis can be easily generalized for fill

factors n516
1

2m
, where 2m is the number of the flux

quanta attached to each carrier in the CF picture, to ob

the thermopower aroundn516
1

2m
, for different values of

2m, for a wide effective magnetic-field range. Bayotet al.1,2

measured the diagonal diffusion thermopower for a 2D h
gas in a GaAs/AlGaAs heterojunction, for a wide magne
field range. Ying et al.3 focused on the diagonal the
0163-1829/2002/66~15!/155315~7!/$20.00 66 1553
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mopower,Sxx , for a 2D hole gas in a GaAs/AlGaAs hetero
junction atn5 3

2 . According to their data, the diffusion~d!
thermopowerSxx

d is dominant atT,0.1 K, while at higher
temperatures the phonon-drag contribution becomes im
tant. To interpret their experimental data they used the M
formula for the diffusion thermopower, attributing the he
transfer to CF’s. Thus,

Sxx
qp52

p2kBT~p11!

3eEF
52

pkBTm* ~p11!

6e\2nCF

. ~1!

Here p is a constant directly connected with the scatter
mechanisms. The carrier~CF’s! concentration isnCF5nh/3,
wherenh is the total hole~h! concentration of the sample an
m* is the quasiparticle (qp) effective mass. However, Coo
per et al.8 argued that this was not the case. They ‘‘belie
that whoever uses the above equation the quantityn should
the total number of carriers, including those in any fille
Landau levels.’’

Tieke et al.4 reported measurements of the phonon-d
thermopower of a 2D electron gas, exhibitin
Sxx,n53/2/Sxx,n51/251 and alsoSxx,n53/4/Sxx,n51/451. They
also reported that atT5440 mK and atn5 1

2 the phonon-
drag ~g! thermopower is proportional to 1/ne , wherene is
the electron concentration.

The ‘‘belief’’ of Cooper et al.8 has been successfully ap
plied by Tsaousidou and Triberis9 to the phonon-drag ther
mopower of a 2D electron gas at filling factorn5 3

2 , where
the Fermi radius of CF’s is expressed in terms ofnCF
5ne/3. Although this seems to be the case there is no ex
nation, as far as we know, on a concrete theoretical b
justifying the correct number of carriers involved in the e
pression of the thermopower.

The present paper consists of the following: After the
troduction~Sec. I!, in Sec. II we present the theory and th
general expressions for the thermopower, for the 2m52 ~i.e.,
n5 1

2 and n5 3
2 ) ~Sec. II A! and the 2m54 ~i.e., n5 3

4 and
n5 5

4 ) ~Sec. II B! cases. In Sec. III we present results and
discussion forBe f f50 ~Sec. III A! for the diffusion and
©2002 The American Physical Society15-1
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V. C. KARAVOLAS AND G. P. TRIBERIS PHYSICAL REVIEW B66, 155315 ~2002!
phonon-drag cases andBe f fÞ0 ~Sec. III B! where we inves-
tigate the diffusion thermopower aroundn5 3

2 . Finally, in
Sec. IV we present our conclusions.

II. THEORY

Recently, the edge states model has been used10 to evalu-
ate thep value which characterizes the energy dependenc
the transport timet t , through the relation10,24 t t5t0Ep,
wheret0 is a constant andp is directly connected with the
scattering mechanisms. Thep value also determines the di
fusion thermopower,Sd, of the system.10,24,8

The resistivity of a system atn5 1
2 is given by

r5rqp1rCS, ~2!

where

rqp5
¹m*

e2JN

~¹T50!. ~3!

rCS is the nondiagonal term of the resistivity arising from t
statistical potential, andrqp is the quasiparticle~CF’s! inte-
ger quantum Hall-effect~IQHE! resistivity term. Lopez and
Fradkin25 showed that forn5 1

2 and weak external electri
fields El

Jk5
eklEl

2rCS
, ~4!

whereJk is the induced electric current in thek direction.
However, the electric current for the same magnetic fi
carried by electrons has a different sign than the one car
by holes. Thus

rCS56
2p\2m

e2
, ~5!

where the positive sign corresponds to electrons and
negative sign to holes. The thermopower of the system
given by

S5Sqp ~JN50!, ~6!

where Sqp is the quasiparticle component of the the
mopower andJN is the particle current.

2D electron gases in strong magnetic fields and very
temperature where the FQHE appears, at filling factorn
516 1

2 m, can be studied as a system of two gases condu
in parallel as described in the introduction. The positive s
in the above hierarchy expression corresponds to elect
transformed to CF’s, while the negative sign to holes.

The thermopower of the system is given by

S̃52
L̃

s̃
. ~7!

The conductivity of the system is given by

s̃5s̃11s̃2 , ~8!
15531
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where s̃1 is the conductivity of the fully occupied~lower!
spin level of the lowest Landau level,

s̃15F 0 2
e2

h

e2

h
0
G , ~9!

ands̃2 is the conductivity of the CF gas obtained by inve
ing the resistivity matrix

r̃5Frxx
qp 2rxy

qp2rCS

rxy
qp1rCS rxx

qpG . ~10!

rxy
qp is the nondiagonal quasiparticle CF IQHE conductiv

term andrxx
qp is the quasiparticle diagonal conductivity of th

CF’s.
The coefficientL̃ is given by

L̃5L̃11L̃2 , ~11!

where theL̃1 corresponds to the fully occupied spin level a
L̃2 to that of the CF’s. The matrix elements of transport c
efficientsL̃ i ( i 51,2) ands̃ i ( i 51,2) are calculated using

Li ,kl5
1

eTE2`

` F2
] f ~E!

]E G~E2EF!s i ,kl
(0) ~E!dE, ~12a!

s i ,kl5E
2`

` F2
] f ~E!

]E Gs i ,kl
(0) ~E!dE, ~12b!

wheres i ,kl
(0) (E) is the zero~0! temperature conductivity for

E5EF , for each gas~i! and the subscriptskl denote the
diagonal (xx) and nondiagonal (xy) components.

The conductivities are calculated using two models.
use the Isihara-Smrc̆ka26,27model for low effective magnetic
fields and the Englert model28,29 for higher effective fields.
The complete theory has been presented elsewhere.6,30

For i 51 ~i.e., for the fully occupied spin level of the
lowest Landau level! our calculation shows that the corre
spondingL̃ i 51 coefficient for the diffusion~d! case is zero.
For the phonon-drag~g! case the experimental results pr
sented by Tiekeet al.4 showed that for a fully occupied Lan
dau level both the thermopower components are zero.

From

Sxx5L1,xxrxx2L1,xyrxy , ~13!

Sxy5L1,xyrxx2L1,xxrxy , ~14!

and the fact thatrxx50 andrxyÞ0, for the fully occupied
Landau levels, we obtain the same result as for the diffus
case, i.e.,

L̃150 ~ L̃1
d5L̃1

g50!. ~15!

Then Eq.~7! leads to
5-2
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Sxx5
Sxx

qprxx
qp2

2Sxy
qprxx

qpN1M ~Sxy
qprxx

qp1Sxx
qpN!

M21rxx
qp2 , ~16a!

Sxy5
2Sxy

qprxx
qp2

2Sxx
qprxx

qpN1M ~Sxx
qprxx

qp2Sxy
qpN!

M21rxx
qp2 ,

~16b!

where M5rxy
qp1rCS1e2/h@rxx

qp2
1(rxy

qp1rCS)2# and N
5(rxy

qp1rCS).
The expressions given by Eqs.~16a! and~16b! allow us to

evaluate the diagonal and nondiagonal components of

thermopower for any filling factor given byn516
1

2m
. We

apply them to the cases 2m52 and 2m54, which are of
experimental interest. Our general expressions are applic
on both diffusion and phonon-drag cases.

A. The 2mÄ2 case

The 2m52 case corresponds to two different filling fa
tors, i.e.,n5 1

2 andn5 3
2 . Then5 1

2 case could be attribute
to a composite fermion gas atn5 1

2 , originated from electron
or an electron gasn51 and a composite fermion gas atn
5 1

2 conducting in parallel. In the latter representation the
gas originates from holes occupying the upper half of
lower spin level of the lowest Landau level. Then5 1

2 state
reveals the equivalence of the two approaches.

The hole conductivity atn5 1
2 has an opposite sign to th

electronic case.22,23 Thus,rCS522h/e2. Equation~16a! for
Be f f50, i.e., rxx

qp!2h/e2, rxy
qp50, and Syx,n51/2

qp (h)50
gives

Sxx,n51/252Sxx,n51/2
qp ~h!, ~17!

whereSxx,n51/2
qp (h) is the quasiparticle diagonal compone

of the thermopower of CF’s originated from holes~which are
positive!. This is consistent with the alternative picture
electrons occupying the lowest half of the lower spin level
the lowest Landau level for whichSxx is negative, i.e.,

Sxx,n51/25Sxx,n51/2
qp ~e!. ~18!

For then5 3
2 case, the two gases conducting in para

consist of an electron gas fully occupying the lower sp
level of the lowest Landau level (n51) and another electron
gas atn5 1

2 transformed to CF’s occupying the lower half
the higher spin level of the lowest Landau level. To ea
carrier two-flux quanta are attached (2m52).

From Eq.~3! we obtain thatrCS52h/e2. Equation~16a!
for Be f f50, i.e., rxx

qp!2h/e2, rxy
qp50, andSyx,n51/2

qp (e)50
gives

Sxx,n53/25
Sxx,n51/2

qp ~e!

3
, ~19!

whereSxx,n51/2
qp (e) is the quasiparticle diagonal compone

of the thermopower of CF’s, originated from electrons.
15531
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B. The 2mÄ4 case

The 2m54 case corresponds to two different filling fa
tors, i.e.,n5 3

4 andn5 5
4 . For then5 3

4 case the system con
sists of an electron gas fully occupying the lower spin le
of the lowest Landau level~at n51) and a second of com
posite fermions~at n5 1

4 ) conducting in parallel. The CF ga
originates from holes, occupying the higher fourth of t
lower spin level of the lowest Landau level. To each carr
four-flux quanta are attached (2m54).

The nondiagonal resistivity of the system of the comp
ite fermions, forBe f f50, is rCS524h/e2. Then, Eq.~16a!
for Be f f50, i.e., rxx

qp!4h/e2, rxy
qp50, andSyx,n51/4

qp (h)50
gives

Sxx,n53/452
Sxx,n51/4

qp ~h!

3
. ~20!

The quasiparticle thermopower,Sxx,n51/4
qp (h), has a positive

sign.
For then5 5

4 case, the system consists of an electron
occupying the lower spin level of the lowest Landau level~at
n51) and a second of composite fermions~at n5 1

4 ). The
CF gas originates from electrons occupying the lowest fou
of the higher spin level of the lowest Landau level. To ea
carrier four-flux quanta are attached (2m54).

From Eq.~3! we obtainrCS54h/e2. Equation~16a! for
Be f f50, i.e., rxx

qp!4h/e2, rxy
qp50, and Syx,n51/4

qp (e)50
gives

Sxx,n55/45
Sxx,n51/4

qp ~e!

5
. ~21!

Here we have to notice that

Sxx,n51/4
qp ~h!52Sxx,n51/4

qp ~e!. ~22!

Thus

Sxx,n53/452
Sxx,n51/4

qp ~h!

3
5

Sxx,n51/4
qp ~e!

3
. ~23!

The above result could mislead one to assume that the o
of the CF’s atn5 3

4 are electrons at theirn5 1
4 filling factor,

i.e., electrons occupying the lowest fourth of the higher s
level of the lowest Landau level. However, the latter is co
sistent with then5 5

4 state21 which leads to a completely
different result for the diagonal component of the syst
thermopower@Eq. ~21!#. This could lead to serious discrep
ancies in the interpretation of the resistivity data where
true number of carriers transformed to CF’s are of cruc
importance.

III. RESULTS AND DISCUSSION

A. BeffÄ0

For thediffusioncase, Eqs.~16a! and ~19! give
5-3
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Sxx,n53/25
Sxx,n51/2

qp

3
52

pkBTm* ~p11!

33~6e\2nCF!

52
pkBTm* ~p11!

6e\2n
, ~24!

wheren is the total number of carriers.
For thephonon-dragcase, the quasiparticle~CF’s! ther-

mopower is given by the semiclassical Cantrell-Butch
formula,9 which for n5 1

2 reads in a compact form

Sxx,n51/2
qp,g 52

Lm3/2

8p2kBT2nueu
F, ~25!

where F5(Q,svQ(q2/Q)*0
2pdu3*dek f 0(ek)@12 f 0(ek

1\vQ)#3PQ
a (k,k1q). Here L is the phonon mean fre

path,vQ is the frequency for the acoustic phonon with wa
vector Q5(q,qz) and polarization s,k5(kx ,ky) is the CF
wave vector,ek5\2k2/2m3/2 is the CF energy,f 0 is the
Fermi-Dirac function, andu is the angle betweenk andq. In
the above equationPQ

a (k,k1q) is the rate at which the CF
will transfer fromk to k1q by absorbing a phonon.9

According to our analysis,

Sxx,n53/2
g 5

Sxx,n51/2
qp,g ~e!

3
, ~26!

given that at the Cantrell-Butcher formula, for our casen
5nCF5ne/3, Eq. ~25! reads

Sxx,n53/2
g 5

Sxx,n51/2
qp,g

3
52

Lm3/2

338p2kBT2nCFueu
F

52
Lm3/2

8p2kBT2neueu
F, ~27!

in absolute agreement with the one used by Tsaousidou
Triberis.9 The kF Fermi vector is referred to the CF conce
tration nCF5ne/3.

The above analysis and discussion justify, on a firm t
oretical base, the ‘‘belief’’ expressed by Cooperet al.8 that
whoever uses Mott’s formula for the diffusion thermopow
should use the total number of carriers, including those
any filled Landau levels. Moreover they justify the numb
of carriers one should use in the expression of the phon
drag thermopower.

The composite fermion gases are both at theirn5 1
2 when

the system under study is at filling factorsn5 3
2 and n5 1

2

(2m52). For the diffusion case, assuming that the scatte
mechanism is the same forn5 3

2 and n5 1
2 , and taking the

effective mass to be proportional toAB, we obtain from Eqs.
~1! and ~24! that

Sxx,n53/2

Sxx,n51/2
5

m3/2*

m1/2*
5A B3/2

B1/2
5

1

A3
50.57. ~28!
15531
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Herem1/2* andm3/2* are the effective masses of the CF’s at t
corresponding filling factors of the system under study, i
n5 1

2 andn5 3
2 , respectively.

Bayot et al.2 measured the diagonal component of t
thermopower,Sxx , of a sample of hole concentrationps54
310214 m22, for a wide range of magnetic fields. AtT
5100 mK, where the diffusion thermopower dominates ov
the phonon drag, they found thatSxx,n53/2/Sxx,n51/250.75, a
value which is roughly in agreement with Eq.~28!.

However, in a later experiment of the same experimen
group, Yinget al.3 reported that the ratioSxx,n53/2/Sxx,n51/2
51.4 for a sample of total hole concentrationps56.5
310214 m22 at T560 mK. These measurements were
qualitative agreement with other reports of the same gr
~Bayot et al.1! for a different sample of hole concentratio
ps514310214 m22 at T5169 mK. For this system they re
ported for the diffusion thermopowerSxx,n53/2/Sxx,n51/2
51.8 in contradiction with their previous report2 and Eq.
~28! which predicts a ratio lower than 1. The above tw
measurements show an effective-mass dependence o
magnetic field opposite to what should have been expect8

This inconsistency does not appear in theSxx,n53/4 data2

according to which,Sxx,n53/4/Sxx,n51/251.3, in rough agree-
ment with Bayotet al.1 whereSxx,n53/4/Sxx,n51/251.9 and
Ying et al.3 whereSxx,n53/4/Sxx,n51/251.5.

From Eqs.~23!, ~19!, and~24! we obtained

Sxx,n53/4

Sxx,n51/2
5

m3/4* ~p3/411!

m1/2* ~p1/211!
. ~29!

wherep1/2 andp3/4 are constants connected to the scatter
mechanisms at the filling factors of the system under stu
i.e., n5 1

2 andn5 3
4 , respectively, andm3/4* is the CF’s effec-

tive mass atn5 3
4 . Recently Yehet al.20 and Onodaet al.31

reported that the effective mass of the four-flux qua
~around n5 1

4 ) follows the same equation as the two-flu
quanta~at n5 1

2 ) (m* 5aAB). However, the constanta of
the four-flux quanta is larger by a factor of 2 than the cor
sponding constant for the two-flux quanta.

Khveshchenko’s24 calculation for the random magnetic
field scattering mechanism gives ap1/250.13. Following his

TABLE I. Parameters used for the calculation of the th
mopower aroundn53/2.

Fitting parameters

GN,s ~meV! 0.1ABe f f /mq

lN,s ~meV! 0.025ABe f f /mq

GN,xx 0.9

Physical parameters

m (m2/Vs) 9.0
mq (m2/Vs) 2.10
ne (31015 m22) 2.3
m* (me) 0.43
nCF (Beff50)(31015 m22) 0.77
5-4
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calculation and using the same assumptions forn5 1
4 we

obtainp1/450.088. Thus, Eq.~29! gives

Sxx,n53/4

Sxx,n51/2
51.56 ~30!

in reasonable agreement with the above experimen
data.2,1,3

However, in a previous work of ours we have proposed
method of evaluating thep value from the resistivity experi-
mental data.10 This was based on the assumption that t
scattering mechanism is the same for bothn5 1

2 and n5 3
2 .

The p value obtained for electrons was in very good agre
ment with Khveshchenko’s reported value,24 i.e., p50.13
and the available experimental data. For holes thep value
obtained was different (p;20.8), in qualitative agreemen
with experimental data for zero magnetic field,32 indicating
probably a different scattering mechanism. We could ap
our method ton5 1

4 and n5 3
4 , if we had therxx measure-

ments of each sample at the above filling factors. We belie
thatm* ;AB holds and the reason for the large deviations
the experimental data by a factor of more than 20% from
above theoretical result is the incorrect value ofp used.

FIG. 1. ~a! CalculatedSxx at 0.025 K~dotted line!, Sxx
qp ~dashed

line! using the Isihara-Smrc̆ka model, and theSxx given by the Mott
formula forBe f f50 aroundn5

3
2 . ~b! CalculatedSxx ~dashed line!,

Sxx
qp ~dotted line!, andrxx ~scaled by a factor of 0.04 for clarity! ~full

line! aroundn5
3
2 using the Englert model at 0.025 K.
15531
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According to Tiekeet al.4 measurements of the phonon
drag thermopower lead toSxx,n53/2/Sxx,n51/251. They also
reported that atT5440 mK and atn5 1

2 the phonon-drag
thermopower is proportional to 1/n, wheren is the total car-
rier concentration of the sample. This means that theF term
of Eq. ~27! is independent of the carrier concentration at lea
at this temperature. Also, the prefactor in Eq.~27! is inde-
pendent of the actual composite fermion concentration a
depends only on the temperature and the total carrier conc
tration of the sample and consequently the total thermopow
at n5 3

2 equals to that atn5 1
2 . The composite fermion gase

at filling factors of the system under study,n5 3
4 and n

5 1
4 (2m54), are both at theirn5 1

4 .
Tieke et al.4 also reported measurements of thephonon-

drag thermopower according to whichSxx,n53/4/Sxx,n51/4
51. The n5 1

4 behavior of the system is similar to then
5 1

2 , and then5 3
4 thermopower can be calculated from a

identical expression such as Eq.~27!. Thus, the equivalence
of the two results is expected.

B. BeffÅ0 „nÄ3Õ2…

We calculate the diffusion thermopower around the fillin
factor n5 3

2 for a wide range of magnetic field using

FIG. 2. ~a! CalculatedSxx
qp/Sxx at 0.025 K aroundn5

3
2 for dif-

ferent theoretical models. The dashed line shows the theoret

calculations using the Isihara-Smrc̆ka model and the full line shows
the theoretical calculations using the Englert model. b. Calcula
ratiosntot /nCF ~dashed line! as well with (rxy

qp1rCS)/rxy ~full line!
at 0.025 K aroundn5

3
2 .
5-5
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Englert28 and Isihara-Smrc̆ka26 ~IS! models. We consider the
lower spin level of the lowest Landau level fully occupied b
electrons and a half filled higher spin level of the lowe
Landau level occupied by electrons which are transformed
CF’s. The parameters used in our calculations are prese
in Table I. They are the same we used in our previous wo7

for the interpretation of the Eisensteinet al.16 resistivity ex-
perimental data.

In Fig. 1~a! we plot the diagonal term of the system di
fusion thermopower aroundn5 3

2 . We present the results ob
tained from Eq.~16a! as well as the Mott formula value and
the quasiparticle component of theSxx , calculated from the
IS model forB2Bn53/2 in the range of@20.2–0.2# T. This
model is valid for low effective fields. The value of the the
mopower obtained using the Mott formulaSxx,M

qp is different
for each value of the magnetic field because the numbe
the electrons transformed to composite fermions chan
with the magnetic field as the number of the electrons oc
pying the filled lower spin level changes. With increasin
magnetic field the number of the electrons transformed
CF’s decreases and thus the ‘‘Mott thermopower’’ increas
This thermopower would have been the thermopower of
composite fermion gas if at that field the CF’s were at th
n5 1

2 . The slope of theSxx
qp curve follows theSxx,M

qp behavior.
In Fig. 1~b! we present results obtained from Eq.~16a! for

the diagonal term of the system diffusion thermopower fo
wide range of magnetic fields~where the composite fermion
Landau levels are well separated! aroundn5 3

2 and also the
resistivity, scaled by a factor of 0.04, and the quasiparti
component of theSxx , calculated from the Englert model
The diffusion thermopower follows the same behavior as
resistivity of the system.

In Fig. 2~a! we plot the ratioSxx
qp/Sxx for both the IS and

Englert models while in Fig. 2~b! the ratio (rxy
qp1rCS)/rxy

andn/nCF aroundn53/2 are plotted. At zero effective mag
netic field the values of all plotted quantities equals 3. Th
ratio, in contrast with then/nCF ratio, does not increase con
tinuously but shows characteristic plateaus.

FIG. 3. CalculatedSxy using the Englert model aroundn5
3
2 for

two different Landau-level broadeningsl5gABe f f /mq. The full
line is for g50.025 and the dashed line is forg50.033.
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However, our theory predicts, in the magnetic-field ran
where the Landau levels are well separated, large peak
the ratioSxx

qp/Sxx in contrast with the ratio (rxy
qp1rCS)/rxy

qp .
These peaks appear due to the contribution of the nondia
nal component of the quasiparticle thermopower,Syx . With
decreasing magnetic effective fields, theSyx becomes larger
and the contribution of the peaks increases. At low fiel
where the Landau levels are not well separated, these p
vanish. Thus, it is evident that nearn5 3

2 we can calculate
even at nonzero magnetic effective fields the thermopo
from the following equation:

Sxx,n53/25
Sxx,n51/2

qp

~rxy
qp1rCS!/rxy

qp
5

Sxx,n51/2
qp

n/nCF
. ~31!

On the other hand, every attempt to calculate the diago
component of the thermopower, at magnetic fields h
enough to separate the composite fermion Landau lev
these corrections should be taken into account, in orde
obtain quantitative agreement with experiment.

In Fig. 3 we plot theSxy
qp using the Englert model for two

Landau-level broadenings (l50.025ABe f f /mq and l
50.033ABe f f /mq). Heremq is the quantum mobility calcu-
lated from the single-particle relaxationtq time through the
relationmq5etq /m* . Comparing Figs. 2~a! and 3 we con-
clude that the large peaks appearing in the ratio ofSxx

qp/Sxx

are caused by the contribution of the nondiagonal term of
quasiparticle thermopower in the total thermopower of
system. This deviations from the (rxy

qp1rCS)/rxy
qp can also be

observed in the system thermopower. The quasiparticle n
diagonal thermopower component depends strongly on
Landau-level broadening. The dashed line in Fig. 3 refers
large broadening. The peaks are significantly lower. Thus,
expect that the corrections in the diagonal thermopower,
to the nondiagonal term, to vanish with increasing Land
level broadening. A full analysis of the effect of the Landa
level broadening on the thermopower will be presented
the near future.

IV. CONCLUSIONS

We have presented a systematic study of thermal trans

of composite fermions around filling factorsn516
1

2m
. The

general expressions obtained for the thermopower have b
applied to the 2m52 ~i.e., n5 1

2 andn5 3
2 ) and 2m54 ~i.e.,

n5 3
4 andn5 5

4 ) cases. The analysis demonstrates on a fi
theoretical base that the actual number of carriers involve
the expression of the thermopower of the system is tha
the CF’s. It is concluded that ifm* ;AB holds it is thep
value, which is connected with the scattering mec
anisms, that determines theSxx,n53/2/Sxx,n51/2 and
Sxx,n53/4/Sxx,n51/2 ratios.

For the n5 3
2 case the calculation of the diffusion the

mopower shows that in order to reproduce the behavio
the diagonal component of the thermopower of the sys
we have to include, at least for low Landau-level broadeni
the corrections imposed by the nondiagonal term.
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