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We have investigated the interaction of phonons with a two-dimensional electron gas in the fractional
quantum Hall regime with phonon drag thermoelectric power (TEP). The TEPs at filling factors
with the same even denominator are found to be identical; at other even-denominator filling factors
they differ only by a constant factor. Treating these states as composite fermions, the findings are
explained by a zero magnetic field theory for phonon drag. A maximum observed in the TEP at
n ­ 1

2 is modeled by a weakly diverging effective mass of the composite fermions at this filling
factor. [S0031-9007(96)00178-0]

PACS numbers: 73.40.Hm, 72.20.Pa
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New ground states appear in the energy spectrum
a two-dimensional electron gas (2DEG) at high magne
fields and low temperatures when an odd fraction of L
dau levels is occupied, an effect known as the fractio
quantum Hall effect (FQHE). In a recently develop
model [1,2], the FQHE is attributed to quantum osc
lations of new quasiparticles, called composite fermio
(CFs), consisting of electrons to which an even num
2m of flux quanta is attached. A profound consequenc
that, at exactly even-denominator filling factorsn ­

1
2m ,

these new quasiparticles behave as fermions in a mag
field which is effectively zero. This interpretation ha
proved to be highly successful in describing experimen
results, including transport [3,4], geometrical resonan
in samples with antidots [5], and in surface acoustic wa
experiments [6].

In this Letter we report thermoelectric experimen
which probe the interaction of these quasiparticles w
phonons. For a broad range of temperatures and elec
densities, the experimental results convincingly dem
strate that states observed at half-filled Landau levels h
the same value of the thermoelectric power (TEP), a
that states at quarter filling are also related in a sim
way. These results find an elegant explanation in te
of a zero-field Boltzmann theory for the phonon drag T
with the appropriate CF parameters.

TEP can be used to study the interaction of phon
with 2DEGs at temperatures below 4 K, where the dom
nant mechanism is phonon drag and also where the FQ
can be observed. Therefore, this technique provides
formation on the CF-phonon interaction [7]. At the ve
lowest temperatures, the phonons are frozen out and
fusion TEP, which has been observed in 2D hole ga
[8], dominates, but this is not relevant in the present ca
Phonon drag TEP is due to the flow of phonons in
applied temperature gradient which produces an elec
current caused by electron-phonon interaction. Since
net current is drawn from the sample during measu
630 0031-9007y96y76(19)y3630(4)$10.00
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ments, an electric field appears which provides a comp
sating electric current, and the ratio of this electric fie
to the temperature gradient is the TEP. It is important
note that both the drag and compensation current are
portional to the same impurity relaxation timeti , so that
TEP becomes independent of this quantity. Thus pho
drag TEP is fundamentally different from the resistivi
rxx which is almost completely determined byti at low
temperatures.

The TEP of a high mobility GaAs-GaAlAs heterostru
ture was measured at temperatures down to 150 mK
magnetic fields up to 20 T. The density and mobility
the 2DEG were varied in the rangene ­ s1.0 2 1.9d 3

1015 m22 andm ­ 60 2 100 m2yV s, respectively, using
illumination from an infrared diode. For TEP measur
ments, a calibrated temperature gradient was applied
the sample and the thermally created electric field m
sured. For this purpose a heater and two thermome
were glued to the substrate which was mounted on a c
finger in the vacuum space of a dilution refrigerator. T
known thermal conductivity of the substrate was used a
check of the thermometry in both zero and high magne
fields [7]. We will concentrate onSxx , the component of
the TEP along the direction of the temperature gradien

Figure 1 shows the experimental magnetic field dep
dence ofSxx at two different temperatures. As common
observed forrxx, we also see that forSxx the minima
in the FQH regime are deepened as the temperatur
lowered. However, Fig. 1 also shows the extraordina
result that the relative magnitude of the TEPs at ev
denominator filling factorsn ­

1
2 , 3

2 , and 3
4 is indepen-

dent of temperature, with the first pair actually bein
identical within experimental error.

This striking experimental result can be seen mo
clearly in Fig. 2, where the ratios ofSxxs 3

2 d and Sxxs 3
4 d

to Sxxs 1
2 d are shown as a function of the invers

temperature. Both ratios increase as temperature
creases, but below a characteristic temperatureTc they
© 1996 The American Physical Society
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FIG. 1. Examples of the magnetic field dependence of
longitudinal componentSxx of the TEP. The horizontal lines
mark the constant relative value for the even-denomina
filling factors n ­ 3

2 and 3
4 .

remain constant corresponding toSxxs 3
2 dySxxs 1

2 d ­
0.99 6 0.03 and Sxxs 3

4 dySxxs 1
2 d ­ 2.15 6 0.05. At an

electron densityne ­ 1.76 3 1015 m22, Tc ­ 480 mK
for both n ­

3
2 and 3

4 , which coincides with the tem-
perature at which features of the FQHE aroundn ­

3
2

become visible (e.g., minima atn ­
5
3 and 4

3 ).
We note that the constant relative TEP belowTc is

unique to the even-denominator filling factorsn ­
3
2

and 3
4 . The TEPs at other filling factors in the FQH

regime clearly have different temperature dependenc
an example is given in Fig. 2. A similar corresponden
between even-denominator filling factors is not observ
in rxx, e.g., in our sample we findrxxs 3

2 dyrxxs 1
2 d ø 0.2.

This behavior of the TEP is found for all electro
densitiesne studied, the only variation being thatTc

increases with density. At lower electron densities t
n ­

1
4 state becomes visible below 20 T.Sxx shows

an almost field-independent plateau aroundn ­
1
4 as

FIG. 2. The relative TEPSxxsndySxxs 1
2 d at filling factorsn ­

3
2 and 3

4 as a function of inverse temperature. Arrows indica
Tc, below which these ratios remain constant. Data for
arbitrary filling factor (n ­ 0.62, a maximum in the TEP) are
shown for comparison.
e

or

es;
e
d

e

e
n

observed in other samples before [7] and is not affec
by the proximity of an insulating phase in our temperatu
range. We findSxxs 1

4 dySxxs 1
2 d . 2.4, which is close

enough toSxxs 3
4 dySxxs 1

2 d to suggest thatSxxs 3
4 dySxxs 1

4 d is
also unity as for the12 states.

The absolute magnitude of the observed TEP var
strongly with temperature as can be seen in Fig. 3, wh
makes the constant relative magnitude of the TEP at ev
denominator filling factors all the more remarkable. Th
figure also shows the strong similarity betweenSxxs 1

2 d
and the zero-field TEPS0 with the ratioSxxs 1

2 dyS0 being
approximately constant. The power law behaviorS ~ T k

which is approached at low temperatures is very sim
for B ­ 0 sk ­ 4.0 6 0.5d and n ­

1
2 sk ­ 3.5 6 0.5d,

confirming that the TEP for both zero magnetic field a
for even-denominator filling factors is caused by phon
drag. Furthermore, as seen in the inset of Fig. 3,
explicit density dependence of the absolute magnitude
the TEP at half filling at a fixed temperature is found
be1yne.

A 2DEG at even-denominator filling factor can be r
garded as a metallic state of CFs in zero effective m
netic field. This concept, together with the experimen
results at even-denominator filling factors, strongly su
gests that the coupling to the phonons is very similar
CFs and electrons. Therefore we use a model for
phonon drag TEP based on the solution of the Boltzma
equation for a 2DEG in zero magnetic field [9] to an
lyze our results. This calculation consists of two ste
the evaluation of (i) the thermally created drag current
quasiparticles and (ii) the electric field required to pr
duce the compensating current. Whenn ­

3
2 and 3

4 are

FIG. 3. The temperature dependence of the absolute valu
the TEP for even-denominator filling factors and zero magne
field. The dashed curve indicates aT 4 dependence. The inse
shows Sxxs 1

2 d at T ­ 440 mK (in mVyK) versus the inverse
density1yne (in units of 10215 m2).
3631
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considered, one must also account for the role of the fi
Landau level to which the CF state is added. In this ca
only a fractionnQyne (wherenQ is the CF density) of the
total currentjtot is carried by the quasiparticles [2]. I
the derivation of Eq. (1) below, we have used the ab
relation betweenjtot and the CF current densityjQ, and
have also made the assumption that the thermally cre
quasiparticle current must be compensated by a cur
of quasiparticles only. This gives the result that the
tal electron densityne appears in the prefactor; a behav
similar to the Hall resistivity which is also based on
effect of a compensation current.

For the range of temperatures and densities stud
typical phonon wave vectors (q , 4kTyh̄ys, whereys is
the velocity of sound in GaAs) are small compared to
diameter of the Fermi circle for both electrons and C
and with this condition we obtain for the phonon dr
TEP of CF states in zero effective magnetic field [9]

Sg ­ 2AV 2T4 mp
e

ne

Z Z mp
Qys

h̄k
Q
F

fsj, jzddjdjz . (1)

In this equation,fsj, jzd is a function containing the
thermal distribution of the phonons and takes into
count all possible scattering events with the quasipa
cles consistent with energy and momentum conserva
with j ­ qh̄ysykT and jz ­ qzh̄ysykT being dimen-
sionless phonon wave vectors in the plane of the 2D
and perpendicular to it, respectively. The effective m
and Fermi wave vector of the CFs are denoted bymp

Q

and k
Q
F ­

p
4pnQ, and mp

e is the effective (band) mas
of electrons in GaAs. The prefactorA contains only fun-
damental constants and fixed parameters of the pho
system, andV is an effective scattering potential for th
CF-phonon coupling, which, in our case, may be taken
be constant [10]. The double integral is to be evaluate
the range

p
q2 1 q2

z # 2kF , and in its dimensionless form
is almost independent ofT with our range of parameters

In the CF model, the fundamental difference betwe
n ­

1
2 and 3

2 is that the quasiparticle densitynQ differs
by a factor of 3 for constant total electron densityne

[2]. Since the integral contains only the ratiomp
Qyk

Q
F ,

and bothmp
Q and k

Q
F are proportional to

p
nQ [2], Sg

becomes independent ofnQ and we obtainSgs 3
2 d ­ Sgs 1

2 d
and Sgs 3

4 d ­ Sgs 1
4 d as observed experimentally. Th

result is independent of whether then ­
3
2 state is totally

polarized or only partially polarized, as recently observ
[11] as long asmp

Q and k
Q
F depend in the same way o

the spin polarization, leaving the ratiomp
Qyk

Q
F unaltered.

Furthermore, for the states with four flux quanta, it
plausible that the ratioSxxs 3

4 dySxxs 1
2 d . 2.2 arises from

an increased effective massmp
Q in Eq. (1) as observed in

calculations [12] and other experiments [3] formps 1
4 d. In

any case, the TEP results clearly indicate that CF st
with different numbers of flux quanta are indeed ve
similar.
3632
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Equation (1) not only describes the remarkable exp
imental fact thatSg is independent ofnQ for differ-
ent even fractions with the same denominator, but a
that Sg ~ 1yne at n ­

1
2 as seen in the inset of Fig. 3

whereas the experimental zero-field TEPS0 is found to
vary betweenn21.5

e andn22
e . This observation can be ex

plained by the fact that the electron massmp
e does not de-

pend onne, in contrast tomp
Q for CFs, so that Eq. (1) does

indeed predict a stronger density dependence for e
trons,S0 ~ n21

e k21
F ~ n21.5

e .
Focusing on the temperature dependence of electr

at zero magnetic field and CFs, they agree within e
perimental accuracy,S0 ~ T 4.060.5 andSxxs 1

2 d ~ T3.560.5.
Equation (1) predicts aT4 behavior for both particles in
excellent agreement with this. In a recent paper, an eva
ation of a related quantity, the phonon contributionmph

to the electron (CF) mobility, has been inferred fro
rxx data, and a significant difference inT dependence
(mCF

ph ~ T 23 andm
e
ph ~ T 25) has been found [13]. How-

ever,S
g
xx , which depends to first order on electron- (CF

phonon scattering and, contrary torxx, is independent of
impurity scattering, does not show this difference but,
most, an only marginally weakerT dependence for CFs
than for electrons.

Extending the comparison of the zero-field TEP wi
the CF states further, we findSxxs 1

2 dyS0 ­ 50 which
would result in mp

Qs 1
2 d ø 5m0 (where m0 is the free

electron mass) if the magnitude of the change is attribu
solely to mass enhancement. This is a very high va
compared to those from Shubnikov–de Haas analy
which yieldmp

Qs 1
2 d ø m0 [3]. On the other hand, masse

in the rangemp
Qs 1

2 d ­ s2 2 6dm0 have also been reported
from the mobility analysis mentioned above [13].
possible explanation could be that the scattering poten
V in Eq. (1) differs not so much inT dependence
but in absolute value for CFs and electrons, but
more elaborate theory would be needed to confirm t
statement.

Finally, we draw attention to the important feature th
the TEP has a maximum at exactly half filling with a
amplitude which increases with decreasing temperat
and increasing density (see Fig. 4). This structure
the TEP is strikingly symmetric aroundn ­

1
2 , showing

that SgsBpd ­ Sgs2Bpd, where Bp ­ B 2 Bs1
2 d is the

effective magnetic field, a result completely consiste
with the theoretical conjecture thatBs 1

2 d is an effectively
zero magnetic field for CFs [2]. A similar symmetry i
absent in the resistivityrxx where only a minimumlike
structure on a rising background is observed (see
panel of Fig. 4). We attribute the lack of symmetry
the background ofrxx to the fact that it is governed by
the field dependence ofti .

Using the result from Eq. (1) thatS ~ mp
Q , we can

assign the symmetric peak in the TEP aboutn ­
1
2 to

a property characteristic for the quasiparticle mass.
the CF theory, weak divergences of the formmp

Q ~
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FIG. 4. The vicinity ofn ­ 1
2 : In the lower panel,Sxx , with

the characteristic symmetric maximum atn ­
1
2 , is shown for

different temperatures and densities, respectively. The das
line is a fit to the background of the lowest curve, assumin
logarithmically diverging mass atn ­ 1

2 . For comparison, the
resistivity, which exhibits no similar symmetry aroundn ­ 1

2 ,
is shown in the upper panel.

a0 1 b0yjBpj0.5 or mp
Q ~ a 1 b ln jBpj for short range

and Coulombic interactions, respectively, are expected
n !

1
2 [2,4]. We have calculated the effect of a logarit

mically diverging mass on the TEP using a simple dist
bution for the broadening of the effective field,PsBd ­
s1 2 jB 2 B0jyDBpdyDBp, and assuming thatBp affects
only mp

Q, thus,SsB0dySs 1
2 d ­

R
PsBdmpsBddBymps 1

2 d for
the normalized TEP. Using the fit parametersbya ­ 0.16
and DBp ­ 0.099 [in units of Bs 1

2 d], this function per-
fectly reproduces the smooth background in the vic
ity of n ­

1
2 (see Fig. 4), demonstrating the consisten

of the peak with a weakly divergingmp
Q as theoreti-

cally predicted. The value ofDBp is comparable to the
width of the field region where no quantum oscillation
are observed which coincides with the range of vanish
(or negative) gaps in activated transport measurement
rxx [3]. In a detailed analysis of these Shubnikov–
Haas experiments, a mass enhancement was also fou
n !

1
2 [4], although these are not able to probe the reg

very close ton ­
1
2 .

In conclusion, our experiments have shown that
TEPs of 2DEGs are identical for even-denominator fi
ing factors with the same denominator and that the TE
at different even denominators scale with a fixed co
stant. We have interpreted these findings by applyin
ed
a

s

-

-

g
of

as
n

e

s
-
a

zero-field theory for the phonon drag TEP to CFs. Th
approach provides an understanding not only of these
sults, but also of the temperature and density depende
of the TEP for both electrons and CFs, perhaps leav
only the high value of the ratioSxxs 1

2 dyS0 as an open ques
tion. Our results fully support the theoretical concept
CFs as fermions in an effective zero magnetic field.
nally, the symmetric peak in the TEP atn ­

1
2 is found

to be in agreement with a weakly diverging effective ma
of CFs at this filling factor.

[1] J. K. Jain, Adv. Phys.41, 105 (1992).
[2] B. I. Halperin, P. A. Lee, and N. Read, Phys. Rev. B47,

7312 (1993).
[3] R. R. Du, H. L. Stormer, D. C. Tsui, L. N. Pfeiffer, and

K. W. West, Phys. Rev. Lett.70, 2944 (1993); D. R.
Leadley, R. J. Nicholas, C. T. Foxon, and J. J. Harris, Ph
Rev. Lett.72, 1906 (1994).

[4] R. R. Du, H. L. Stormer, D. C. Tsui, L. N. Pfeiffer, and
K. W. West, Phys. Rev. Lett.73, 3274 (1994); P. T. Co-
leridge, Z. W. Wasilewski, P. Zawadzki, A. S. Sachrajd
and H. A. Carmona, Phys. Rev. B52, R11 603 (1995).

[5] W. Kang, H. L. Stormer, L. N. Pfeiffer, W. Baldwin, and
K. W. West, Phys. Rev. Lett.71, 3850 (1993).

[6] R. L. Willett, R. R. Ruel, K. W. West, and L. N. Pfeiffer
Phys. Rev. Lett.71, 3846 (1993).

[7] U. Zeitler, B. Tieke, S. A. J. Wiegers, J. C. Maan
R. Fletcher, V. I. Fal’ko, C. T. Foxon, and J. J. Harris,
High Magnetic Fields in the Physics of Semiconducto,
edited by D. Heiman (World Scientific, Singapore, 1995
p. 38.

[8] V. Bayot, E. Grivei, H. C. Manoharan, X. Ying, and
M. Shayegan, Phys. Rev. B52, R8621 (1995).

[9] D. G. Cantrell and P. N. Butcher, J. Phys. C20, 1985
(1987);20, 1993 (1987).

[10] It has been shown [S. K. Lyo, Phys. Rev. B38, 6345
(1988)] that expressions such as Eq. (1) with aT4

dependence are obtained for both unscreened deforma
potential and screened piezoelectric scattering in the c
of a 2DEG in zero magnetic field. In the case
deformation potential scattering,V ­ E1, the deformation
potential coefficient, while for piezoelectric scattering,V
is an effective potential.

[11] R. R. Du, A. S. Yeh, H. L. Stormer, D. C. Tsui, L. N
Pfeiffer, and K. W. West, Phys. Rev. Lett.75, 3926 (1995).

[12] R. Morf and N. d’Ambrumenil, Phys. Rev. Lett.74, 5116
(1995).

[13] W. Kang, Song He, H. L. Stormer, L. N. Pfeiffer
W. Baldwin, and K. W. West, Phys. Rev. Lett.75, 4106
(1995).
3633


