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We have investigated the interaction of phonons with a two-dimensional electron gas in the fractional
guantum 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
v = % 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

New ground states appear in the energy spectrum ahents, an electric field appears which provides a compen-
a two-dimensional electron gas (2DEG) at high magnetisating electric current, and the ratio of this electric field
fields and low temperatures when an odd fraction of Lanto the temperature gradient is the TEP. It is important to
dau levels is occupied, an effect known as the fractionahote that both the drag and compensation current are pro-
guantum Hall effect (FQHE). In a recently developedportional to the same impurity relaxation timeg so that
model [1,2], the FQHE is attributed to quantum oscil- TEP becomes independent of this quantity. Thus phonon
lations of new quasiparticles, called composite fermiongirag TEP is fundamentally different from the resistivity
(CFs), consisting of electrons to which an even numbep,, which is almost completely determined by at low
2m of flux quanta is attached. A profound consequence isemperatures.
that, at exactly even-denominator filling factars= ﬁ The TEP of a high mobility GaAs-GaAlAs heterostruc-
these new quasiparticles behave as fermions in a magnetigre was measured at temperatures down to 150 mK in
field which is effectively zero. This interpretation has magnetic fields up to 20 T. The density and mobility of
proved to be highly successful in describing experimentathe 2DEG were varied in the range = (1.0 — 1.9) X
results, including transport [3,4], geometrical resonance$0'> m~2andu = 60 — 100 m?/V's, respectively, using
in samples with antidots [5], and in surface acoustic wavédllumination from an infrared diode. For TEP measure-
experiments [6]. ments, a calibrated temperature gradient was applied to

In this Letter we report thermoelectric experimentsthe sample and the thermally created electric field mea-
which probe the interaction of these quasiparticles wittsured. For this purpose a heater and two thermometers
phonons. For a broad range of temperatures and electrovere glued to the substrate which was mounted on a cold
densities, the experimental results convincingly demonfinger in the vacuum space of a dilution refrigerator. The
strate that states observed at half-filled Landau levels haygown thermal conductivity of the substrate was used as a
the same value of the thermoelectric power (TEP), angheck of the thermometry in both zero and high magnetic
that states at quarter filling are also related in a similafields [7]. We will concentrate of., the component of
way. These results find an elegant explanation in termte TEP along the direction of the temperature gradient.
of a zero-field Boltzmann theory for the phonon drag TEP Figure 1 shows the experimental magnetic field depen-
with the appropriate CF parameters. dence ofS,, at two different temperatures. As commonly

TEP can be used to study the interaction of phonon§bserved forp,., we also see that fof., the minima
with 2DEGs at temperatures below 4 K, where the domiin the FQH regime are deepened as the temperature is
nant mechanism is phonon drag and also where the FQHEWered. However, Fig. 1 also shows the extraordinary
can be observed. Therefore, this technique provides ifesult that the relative magnitude of the TEPs at even-
formation on the CF-phonon interaction [7]. At the very denominator filling factors = 3, 3, and 3 is indepen-
lowest temperatures, the phonons are frozen out and diflent of temperature, with the first pair actually being
fusion TEP, which has been observed in 2D hole gaseilentical within experimental error.
[8], dominates, but this is not relevant in the present case. This striking experimental result can be seen_more
Phonon drag TEP is due to the flow of phonons in arclearly |n Fig. 2, where the ratios cﬂ‘xx( ) and Sxx( )
applied temperature gradient which produces an electrow Sy (3 ) are shown as a function of the inverse
current caused by electron-phonon interaction. Since ntemperature. Both ratios increase as temperature de-
net current is drawn from the sample during measureereases, but below a characteristic temperafirghey
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T observed in other samples before [7] and is not affected
by the proximity of an insulating phase in our temperature
range. We findsxx(i)/Sm(%) = 2.4, which is close
enough tonx(%)/Sxx(%) to suggest thaﬁxx(%)/sxx(%) is

also unity as for thq1 states.

- The absolute magnitude of the observed TEP varies
strongly with temperature as can be seen in Fig. 3, which
makes the constant relative magnitude of the TEP at even-
denominator filling factors all the more remarkable. This
figure also shows the strong similarity betwe.&;}(%)

and the zero-field TEB, with the rationx(%)/So being
approximately constant. The power law behawor T*

IFO'nG-itt-diniﬁrgﬂegngastheogﬁge”?técpﬁe%g%%‘?g%i?gﬁ"r?:;sthfwhich is approached at low temperatures is very similar
g ponen.« ' for B=0 (k=40 +05)andv = 5 (k = 3.5 = 0.5),

mark the constant relative value for the even-denominato > =
filing factors » = 3 and. confirming that the TEP for both zero magnetic field and

for even-denominator filling factors is caused by phonon
drag. Furthermore, as seen in the inset of Fig. 3, the
explicit density dependence of the absolute magnitude of
the TEP at half filling at a fixed temperature is found to
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'Sxx
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remain constant corresponding tdxx(%)/sxx(%)=

0.99 + 0.03 and S..(3)/S..(3) = 2.15 * 0.05. At an

. — 15 -2 =
electron dens3|tyng 1.76 X 10> m™=, T. = 480 mK bel/n,.

3 . L. .
for both » =5 and 3, which coincides with the tem- A '>DEG at even-denominator filling factor can be re-
perature at which features of theS FQHE around= 5 garded as a metallic state of CFs in zero effective mag-
become visible (e.g., minima at= 3 and3). netic field. This concept, together with the experimental

We note that the constant relative TEP bel@w is  results at even-denominator filling factors, strongly sug-
unique to the even-denominator filling factors= % gests that the coupling to the phonons is very similar for
and %_ The TEPs at other filling factors in the FQH CFs and electrons. Therefore we use a model for the
regime clearly have different temperature dependenceghonon drag TEP based on the solution of the Boltzmann
an example is given in Fig. 2. A similar correspondenceequation for a 2DEG in zero magnetic field [9] to ana-
between even-denominator filling factors is not observedyze our results. This calculation consists of two steps:
in pyy, €.9., in our sample we ﬁn'dxx(%)/pxx(%) ~ 0.2. the e_valugtlon of (i) 'Fhe thermally crfeated dra_g current of

This behavior of the TEP is found for all electron guasiparticles and (ii) the electric field required to pro-
densitiesn, studied, the only variation being that,  duce the compensating current. Wher= 5 and 7 are
increases with density. At lower electron densities the
v = % state becomes visible below 20 TS,, shows - ——————rr

an almost field-independent plateau around=§ as
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FIG. 2. The relative TEFSXX(v)/S”(%) at filling factorsy = FIG. 3. The temperature dependence of the absolute value of

3 and3 as a function of inverse temperature. Arrows indicatethe TEP for even-denominator fiIIing factors and zero magnetic
T., below which these ratios remain constant. Data for arfield. The dashed curve indicates’a dependence. The inset
arbitrary filling factor ¢ = 0.62, a maximum in the TEP) are showsS,,(5) at T = 440 mK (in mV/K) versus the inverse
shown for comparison. density1/n, (in units of 1071 m?).
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considered, one must also account for the role of the filled Equation (1) not only describes the remarkable exper-
Landau level to which the CF state is added. In this casamental fact thatS¢ is independent ofn, for differ-
only a fractionngy /n, (Whereny is the CF density) of the ent even fractions with the same denominator, but also
total currentj, is carried by the quasiparticles [2]. In thatS¢ « 1/n, at v = % as seen in the inset of Fig. 3,
the derivation of Eq. (1) below, we have used the abovevhereas the experimental zero-field TER is found to
relation betweery,, and the CF current densityp, and  vary betweem, > andn, 2. This observation can be ex-
have also made the assumption that the thermally creatgdained by the fact that the electron mass does not de-
quasiparticle current must be compensated by a curreiend on,, in contrast ton, for CFs, so that Eq. (1) does
of quasiparticles only. This gives the result that the toindeed predict a stronger density dependence for elec-
tal electron density,, appears in the prefactor; a behavior trons, Sy « n; 'kz' « n; 1.
similar to the Hall resistivity which is also based on an Focusing on the temperature dependence of electrons
effect of a compensation current. at zero magnetic field and CFs, they agree within ex-
For the range of temperatures and densities studiegherimental accuracys, o« 749*03 andex(%) o« T3:5%05,
typical phonon wave vectors (~ 4kT /hv, wherev, is  Equation (1) predicts &* behavior for both particles in
the velocity of sound in GaAs) are small compared to theaxcellent agreement with this. In a recent paper, an evalu-
diameter of the Fermi circle for both electrons and CFsation of a related quantity, the phonon contributiap,
and with this condition we obtain for the phonon dragto the electron (CF) mobility, has been inferred from
TEP of CF states in zero effective magnetic field [9] px: data, and a significant difference i dependence

_— myvs (msh = T3 andu’, = T-5) has been found [13]. How-
§¢ = —AVT" = ][ 0 f(&.&)dédé; . (1) ever,s¥:, which depends to first order on electron- (CF-)
¢ £ phonon scattering and, contrary gq,, is independent of
In this equation,f(¢,¢;) is a function containing the impurity scattering, does not show this difference but, at
thermal distribution of the phonons and takes into acmost, an only marginally weakef dependence for CFs
count all possible scattering events with the quasipartithan for electrons.
cles consistent with energy and momentum conservation, Extending the comparison of the zero-field TEP with
with & = ghv,/kT and ¢. = q:hvs/kT being dimen- the CF states further, we find,.(3)/So = 50 which
sionless phonon wave vectors in the plane of the 2DEG,ould result in mz(%) ~ 5my (where myq is the free
and perpendicular to it, respectively. The effective masgectron mass) if the magnitude of the change is attributed
and Fermi wave vector of the CFs are denotednly  gojely to mass enhancement. This is a very high value

and kf = J&mng, andm; is the effective (band) mass compared to those from Shubnikov—de Haas analyses

of electrons in GaAs. The prefactdrcontains only fun-  \yhich yieIdme(%) ~ my [3]. On the other hand, masses
damental constants and fixed parameters of the phono

n % .1
; ) . . in the rangeny(5) = (2 — 6)my have also been reported
system, and/ is an effective scattering potential for the from  the ng%i(”zt; argalysis) n(1)e ntioned above [193]. A

CF-phonon coupling, which, in our case, may be taken tg ossible explanation could be that the scattering potential
be constant [10]. The double integral is to be evaluated iy, . pan . gp
in Eqg. (1) differs not so much inl dependence

5 5 e .
the ranga/q> + ¢; = 2kr, and in its dimensionless form but in absolute value for CFs and electrons, but a

is almost independent Gf with our range of parameters. more elaborate theory would be needed to confirm this
In the CF model, the fundamental difference between y

o 3. S . : statement.
v = 3 andj is that the quasiparticle densiny, d|ffgrs Finally, we draw attention to the important feature that
by a factor of 3 for constant total electron density

) X X PN the TEP has a maximum at exactly half filling with an
[2]. Since the integral contains only the ratiey/kr,  amplitude which increases with decreasing temperature

and bothmz) and kg are proportional to,/ig [2], S¢ and increasing density (see Fig. 4). Thils structure of
becomes independent of and we obtairs¢(3) = s¢(;) ~ the TEP is strikingly symmetric around = 3, showing
and S¢(3) = S¢(3) as observed experimentally. This that S#(B") = $¢(—B"), where B = B — B(3) is the
result is independent of whether the= %state is totally effective magnetic field, a result completely consistent

. . . 1\ - .
polarized or only partially polarized, as recently observed"’Ith the theoretical conjecture tha(;) is an effectively

|  ond i d 4in th zero magnetic field for CFs [2]. A similar symmetry is
[11] as long asnp andkr depend in the same way On ,psent in the resistivity,, where only a minimumlike

the spin polarization, leaving the ratio) /k¢ unaltered. ~structure on a rising background is observed (see top
Furthermore, for the states with four flux quanta, it ispanel of Fig. 4). We attribute the lack of symmetry in
plausible that the ratichx(g)/Sxx(%) = 2.2 arises from the background op,, to the fact that it is governed by
an increased effective masg, in Eq. (1) as observed in the field dependence of.

calculations [12] and other experiments [3] fi (3). In Using the result from Eq. (1) thaf = mgp, we can
any case, the TEP results clearly indicate that CF statemssign the symmetric peak in the TEP abeut % to
with different numbers of flux quanta are indeed verya property characteristic for the quasiparticle mass. In
similar. the CF theory, weak divergences of the fommy,
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T T T 3 zero-field theory for the phonon drag TEP to CFs. This

S 1.0 approach provides an understanding not only of these re-

O sults, but also of the temperature and density dependence

& { ! of the TEP for both electrons and CFs, perhaps leaving
o only the high value of the ratinx(%)/So as an open ques-

% 0.0 v=1/2 tion. Our results fully support the theoretical concept of

1.5 } 1.5x105m2 CFs as fermions in an effective zero magnetic field. Fi-

a nally, the symmetric peak in the TEP at= % is found

= to be in agreement with a weakly diverging effective mass

o 1.0 - of CFs at this filling factor.
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