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Thermoelectric transport of composite fermions atnÄ 1
2 and nÄ 3

2: A simple way of evaluating p
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~Received 10 August 2001; published 13 December 2001!

We propose a simple and generic way of evaluatingp directly from the ratio of the experimental values of
the diagonal components of the resistivityrxx at filling factorsn53/2 andn51/2 in the fractional quantum
Hall regime. Thep value determines the energy dependence of the scattering time, and the diffusion ther-
mopower of the system. We use the idea of parallel conduction of two gases. One gas, composed of electrons,
fully occupies one of the two spin levels of the lowest Landau level, and a second, composed of composite
fermions, partially occupies the other spin level. The analysis is free of limitations connected with the specific
scattering mechanisms and the nature of the carriers. The validity of the method is tested successfully, using the
available experimental data, for electron and hole gases.
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The quantization of the Hall effect, discovered in 1980
a remarkable macroscopic quantum phenomenon that oc
in two-dimensional electron systems and strong perpend
lar magnetic fields. In 1982, working with much higher m
bility samples, Tsuiet al.1 discovered the fractional quant
zation of the Hall conductivity. At very low temperatures a
high magnetic fields an increasing number of Hall plate
were observed corresponding to fractional filling factors w
odd denominators.

A very promising approach to understand a system n
even denominators is to attach to each particle an even n
ber of ‘‘flux quanta.’’ In this way, a quasiparticle name
‘‘composite fermion’’ ~CF! was created. Jain,2 by following
this idea, constructed successfully the hierarchy of the fr
tional quantum Hall effect~FQHE!.

In previous investigations we presented calculations
the resistivity and diffusion thermopower of a two
dimensional electron gas~2DEG! and hole gas~2DHG! at
low temperatures nearn51/2 and for the resistivity of a
2DEG nearn53/2 in a wide magnetic-field range.3,4 In the
present work, we focus upon the relation between the d
onal components of the resistivityrxx at n53/2 andn51/2.
The analysis reveals a simple way of evaluating thep value.
This p value determines the energy dependence of the s
tering timet t through the relation5,6 t t5t0Ep, wheret0 is a
constant andp is directly connected with the scatterin
mechanisms.Thep value also determines the diffusion the
mopowerSd of the system.5–7 The validity of the method is
tested successfully, using the recent experimental data
electron and hole gases.

The difference of the electrochemical potential of t
electronsDm, and of the composite fermionsDm* between
the edges of the sample are connected through the follow
equation:8

Dm5Dm* 1E
b

a

~2h/e!J•B̂3dr5Dm* 12hJN , ~1!

wherea andb label different edges of the Hall bar,B is the
magnetic field,J is the current density, andJN is the particle
current.
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The resistivity is defined from the basic transport equ
tions as

r5
“m

e2JN

5

“m* 1E
b

a

~2h/e!J•B̂3dr

e2JN

5
“m*

e2JN

1

E
b

a

~2h/e!J•B̂3dr

e2JN

5rqp1rCS ~“T50! ~2!

where

rqp5
“m*

e2JN

~“T50!, rCS5
2p\s

e2
. ~3!

rCS is the nondiagonal term of the resistivity arising from t
statistical potential,rqp is the quasiparticle CF’s intege
quantum Hall effect~IQHE! resistivity term, ands is the
number of flux quanta attached to each carrier.

A very important result from the theory is that the co
ductivities for the electrons in the FQHE and for the CF’s
the IQHE areadded in parallel.9,10The resistivity tensor of a
system nearn51/2 is expressed in terms of the quasipartic
r1/2, resistivity componentsrxx

qp and rxy
qp , and the Chern-

Simmons termrCS.4 For a wide magnetic-field range the
have been calculated elsewhere.3,4

The thermopower is defined from the basic transp
equations by

S5
1

e

“m

“T
5

1

e

“m* 1E
b

a

~2h/e!J•B̂3dr

“T
5

1

e

“m*

“T

1
1

e

E
b

a

~2h/e!J•B̂3dr

“T
5Sqp ~JN50! ~4!

where
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Sqp5
1

e

“m*

“T
~JN50!. ~5!

It is important to notice that the Chern-Simmons term t
appears in the resistivity is absent in the thermopower ten
Thus, taking into account the fact that forBe f f50, Sxy

qp50,
the total diffusion thermopower of the system is given by7

Sxx
qp52

p2kB
2T~p11!

3eEF
52

pkB
2Tm* ~p11!

6e\2nCF

. ~6!

The system under study consists ofN carriers moving on
a (x,y) plane in the presence of an external magnetic fi
B5(0,0,Bz) perpendicular to the plane. We will consid
only the case when the magnetic field is so high that all
carriers populate the two lowest spin levels of the low
Landau level.

The n53/2 case is different than then51/2. This is due
to the fact that atn53/2 the magnetic field is not inadequa
enough to transform all the carriers to CF’s as in then
51/2 case. We will treat the system under study as two
ferent gases, showing parallel conduction. One of electr
fully occupies one of the two spin levels of the lowest La
dau level (i 51), and a second set of electrons that occup
the other spin level (i 52) ~Ref. 4! have been transformed t
composite fermions. The total current in the case of a para
conducting multilayer system is the sum of the currents
the different layers. Consequently the total sheet conducti
is the sum of the sheet conductivities of the separ
layers,11,4 given by

s̃ i5S s i ,xx 2s i ,xy

s i ,xy s i ,xx
D , ~7!

wheres i ,xx ands i ,xy are the diagonal and nondiagonal com
ponents of layeri conductivity, respectively.

Then the total conductivity of the two-layer system is

s̃ tot5s̃11s̃25S ~s1,xx1s2,xx! 2~s1,xy1s2,xy!

~s1,xy1s2,xy! ~s1,xx1s2,xx!
D .

~8!

The conductivity of the electrons fully occupying the low
est spin level of the lowest Landau level (i 51) is given by

s̃el5S s1,xx 2s1,xy

s1,xy s1,xx
D 5S 0 2

e2

h

e2

h
0
D . ~9!

The conductivity of the second gas~i52! can be obtained
from the inversion of the resistivity tensorr1/2.4

The total resistivity of the system atn53/2 is given by

rxx,3/25
~rxx

qp2
1N2!rxx

qp

rxx
qp2

1M2
, ~10a!
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rxy,3/25
~rxx

qp2
1N2!M

rxx
qp2

1M2
, ~10b!

where M5rxy
qp12h/e21s1,xx@rxx

qp2
1(rxy

qp12h/e2)2# and
N5(rxy

qp12h/e2).
Equation~10a! for Be f f50, i.e.,rxx

qp!2h/e2 andrxy
qp50

transforms to

rxx,3/25
rxx

qp

9
, ~11!

where

rxx
qp5

m3/2*

nCF,3/2e
2t t,3/2

. ~12!

m3/2* is the effective mass,t t,3/2 is the scattering time, and
nCF,3/2 is the concentration of the composite fermions atn
53/2. At n53/2 only the one-third of the carriers are tran
formed to composite fermions,4 i.e., nCF,3/25n/3.

However, atn51/2, all the carriers are transformed
composite fermions,4 i.e., nCF,1/25n. On the other hand,

rxx,1/25rxx
qp5

m1/2*

nCF,1/2e
2t t,1/2

, ~13!

where,m1/2* is the effective mass,t t,1/2 is the scattering time,
andnCF,1/2 is the concentration of the composite fermions
n51/2.

Halperin et al.10 who calculated the transport time usin
the lowest Born approximation as well as Khveshchenk6

who calculated the transport time beyond the lowest B
approximation, found that the transport time is proportion
to the effective mass. We can approximate the transport t
t t by5

t t5t0m* nCF
p . ~14!

Thus, Eq.~12! implies that the resistivity is independent o
the effective mass. The composite fermion gasses at bon
53/2 andn51/2 correspond to carriers connected with tw
magnetic fluxes. They differ only in their concentrations a
the value of their effective masses. At low temperatures
may assume that Eq.~14! holds for both gases, with the sam
t0, becauset0 is independent of the filling factor6,10 and the
effective mass of the composite fermions. The resistivity
connected to the filling factor only through the compos
fermion concentration. Given that thep value does not de-
pend on the composite fermion concentration,6

rxx,3/2

rxx,1/2
5

3p11

9
. ~15!

Equation ~15! permits the straightforward evaluation o
the p value just from the ratio of therxx,3/2 /rxx,1/2 available
from the experiment.
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TABLE I. Experimental data forrxx,3/2 /rxx,1/2.

Group rxx,3/2 /rxx,1/2 Carriers T~mK! ns(ps) (31015 m22)

Sajotoet al. ~Ref. 19! 0.35 Electrons 28 0.22
Sajotoet al. ~Ref. 19! 0.43 Electrons 28 0.50
Sajotoet al. ~Ref. 19! 0.33 Electrons 62 1.3
Willet et al. ~Ref. 20! 0.30 Electrons 85 3
Yeh et al. ~Ref. 21! 0.34 Electrons 40 1.3
Nicholaset al. ~Ref. 22! 0.39 Electrons 710 4.8
Nicholaset al. ~Ref. 22! 0.38 Electrons 590 3.0
Zeitler et al. ~Ref. 23! 0.34 Electrons
Panet al. ~Ref. 24! 0.35 Electrons 2.2
Tieke et al. ~Ref. 12! 0.2 Electrons 28 1.76
Crump ~Ref. 13! 0.19 Holes 299 ~0.93!
Ying et al. ~Ref. 14! 0.14 Holes 50 ~0.65!
Bayot et al. ~Ref. 16! 0.14 Holes 100 ~0.4!
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Substituting in Eq.~15! the values forp from Halperin
et al.10 (p50.5), we obtain rxx,3/250.65rxx,1/2. Using
Khveshchenko’s value6 for p (p50.13), we obtainrxx,3/2
50.39rxx,1/2. In Table I we present a series of experimen
data for the ratiorxx,3/2 /rxx,1/2. The vast majority of the data
are in remarkable agreement with our result forp50.13.
There are only two exceptions. The first concerns electr
and it has been reported by Tiekeet al.12 for which rxx,3/2
50.2rxx,1/2. The second concerns holes and it is referred
the data reported by Crump,13 Ying et al.,14 and Bayot
et al.15

Crump’s13 data for holes with concentrationps50.93
31015 m22 give a ratiorxx,3/2 /rxx,1/250.19. From Eq.~15!
we obtain p520.5. Ying et al.14 and Bayotet al.15 data,
also for holes with concentrations, respectively,ps50.65
31015 m22 and ps50.431015 m22 give a ratio
rxx,3/2 /rxx,1/250.14. From Eq.~15! we obtainp520.8. This
p value deviates significantly from the value obtainedp
50.13) if the random magnetic field scattering mechanis6

is dominant. However, these hole concentrations are q
smaller than those of other samples studied by Bayotet al.16

There, ps51.3531015 m22, and in a previous work3 we
have shown that Khveshchenko’s value forp is applicable.
Thus, comparing thep values as the hole concentration d
minishes we expectp to decrease. If this is the case, andp
becomes lower than21, according to Eq.~6! a change of
sign in the diffusion component of the thermopower sho
be observed. Recently, Moldovanet al.17 reported ther-
mopower data for holes of concentrations in the range
0.231015 m22,ps,1.231015 m22. For low enough con-
centrations 0.1831015 m22,ps,0.3331015 m22 their
data showed a change in the sign of the thermopower. Th
03330
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concentrations are very close to those reported by Ba
et al.15 (ps50.431015 m22) and consequently, the negativ
p value obtained (p520.8), using Eq.~15! looks reason-
able. Even for higher hole concentrations (ps50.86
31015 m22), Moldovanet al.17 reported negativep values.

Tieke et al.12 data although concern electrons of comp
rable electron sheet densities with other experiments liste
Table I seem to deviate from the 0.39 value of the resist
ties’ ratio. Applying Eq.~15! to their data we obtainp5
20.4. Thisp value together with Tiekeet al. conclusion that
the dominant contribution to the thermopower is due to p
non drag, suggests that the effective mass of the carr
involved is comparable with the free electron mass, i
m* .m0 and notm* 55m0 that is the value they used i
their report. This is in agreement with Shubnikov-de Ha
analyses that yieldm* .m0.18 Consequently, the scatterin
mechanism in the specific samples needs further invest
tion.

In summary, in the present work, we propose a sim
way of evaluatingp directly from the ratio of the experimen
tal values of the diagonal component of the resistivity an
53/2 andn51/2 for electron or hole gases, in the fraction
quantum Hall effect regime. The analysis is not subjected
limitations such as the specific scattering mechanism
volved and the nature of the carriers present in the dev
For electron gases our result justifies thep value proposed by
Khveshchenko.6 However, for hole gases, our result sugge
negativep values, in agreement with recently reported e
perimental data on thermopower.17
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