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%e have studied the temperature dependence of the fractional quantum Hall effect at Landau-
level filling factors v= T, T, T, T, T, and T in magnetic fields up to 28 T to determine the magni-

tude of the associated energy gaps. The data suggest a single activation energy for v = 3, T, —, , and1 2 4

3 . Its magnitude, much smaller than predicted by current theories, vanishes for B & 6 T and satu-

rates at B & 18 T. The data also suggest a single activation energy for v =
5 and 5 which is smaller

than predicted.

PACS numbers: 72.20.My, 73.40.Lq, 73.60.Fw

The fractional quantum Hall effect, FQHE, is ob-
served in high-mobility (p, & 100000 cm2/V-s) two-
dimensional electron systems at low temperatures
(T ( 4 K) and high magnetic fields (B & 5 T).' 7

The FQHE is phenomenologically similar to the in-
tegral quantum Hall effect, IQHE: Plateaus are ob-
served in the Hall resistivity, p~, concomitant with
minima in the diagonal resistivity, p . While thc
IQHE exists at magnetic fields corresponding to in-
tegral Landau-level filling, u, the FQHE is observed at
fractional Landau-level filling u=p/q where q is al-
ways odd (v = nh/eB, n = area density, and eB/h
=Landau-level degeneracy). In both cases, observa-
tion of a zero-resistance state implies the existence of
a gap in the excitation spectrum of the system. Mea-
surements of the activation energy in the IQHE repro-
duce closely the Landau-level splitting representing
the gaps in the single-particle density of states of the
system. s The FQHE is of many-particle origin and,
hence, activation-energy data on p in a given frac-
tional state is expected to provide a measure of the
size of the gap in the excitation spectrum of the corre-
lated electronic ground state.

Theories have been developed assessing the nature
of the underlying electronic state. In particular, a
model due to Laughlin interprets the FQHE as the sig-
nature of an incompressible quantum fluid at fraction-
al filling factors v =p/q with q odd. 9 '2 At finite tem-

peratures, it predicts thermal excitation of fractionally
charged quasielectrons and quasiholes across an energy
gap above the ground state. The magnitude of the gap
depends on v and is expected to scale with magnetic
field as e /lo, where lo ——(Itc/eB)'/ is the magnetic
length, the only relevant length scale in the system.
Although many interesting properties of the electron
liquid can be deduced from the existing model,
presently the only experimentally accessible quantity is
the size of the energy gap associated with a given frac-
tional state.

In this Letter we report the determination of the
magnetic field dependence and the relative magnitude
of the activation energies of the FQHE at p = —,', —,', —,',

and v = —', , —,
' . The four specimens are mod-

ulation-doped GaAs/AIGaAs heterostructures with
typical mobilities p, = 5000000—850000 cm /V-s and
electron densities n = (1.5-2.3) && 10" cm . The
electron densities are tunable by a backside gate bias
which also affects the sample mobility. ' Standard Hall
bridge specimens were used to measure p in samples
A and 8, while quasi Corbino-geometry specimens
were used to measure the diagonal conductance a- in
samples C and D. Near the p minima, p &( p~
and thus a and p differ only by a constant factor:
a. = p /(p +p~) —

p /p~. A specifically de-
signed dilution refrigerator was used which reached 64
mK in a hybrid magnet at 28.6 T. The specimens were
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immersed in the dilute He- He liquid near a carbon
resistor thermometer. No significant temperature hys-
teresis was observed during temperature sweeps and
the slight magnetoresistance of the carbon resistor was
determined as in Naughton eI, at. '4

The temperature dependences of p and o- have
been previously interpreted as activation energies in
the FQHE. 7 '3 's The value of p~ or a- at the
minimum corresponding to a given fractional factor is
determined as a function of temperature from 120 mK
to 1.4 K. Figure 1 shows such graphs for v = —,'at two
different magnetic fields.

The data of Fig. 1(a) follow a straight line, indicat-
ing activated conduction. The activation energy, 5, is
determined from p = po exp( —b, /2 T) . As defined
here, 6 represents the quasiparticle pair-creation ener-
gy. (Note that this definition of b, differs from the ac-
tivation energies defined in Refs. 7, 13, and 15 by a
factor of 2.) At higher T, p deviates from a simple
activated dependence as a result of the weak minimum
riding on a slightly temperature-dependent back-
ground. All data taken at magnetic fields between 6
and —10 T indicate simple activated behavior. Data
taken at 8 ) 10 T deviate from simple activated
dependence also at the lowest temperatures.

Figures 1(b) and 1(c) show the two qualitatively dif-
ferent types of low-temperature behavior. The majori-
ty (eleven out of fourteen) of our high-field data
resemble Fig. 1(b) in which the deviation is smooth

Q
IQ

D
x
X

and curved. Data like those in Fig. 1(b) fit very well
over the entire temperature range to a sum of activat-
ed conduction at higher T and hopping conduction at
lower T [solid curve in Fig. 1(b)]. This dependence
suggests that the quasiparticles in the FQHE become
localized at low temperatures, in analogy to the locali-
zation of electrons in the IQHE. ' ' '

The formula used to model the hopping conduction
in a magnetic field is from Ono, ' o. = o.o ( T)
x exp [ —( To/ T ) 'i ], although the two-dimensional
Mott variable-range hopping formula, '9 o = crp( T)
xexp[ —(To/T)' 3], fits the data as well. The data
could not be fitted if we assumed only hopping con-
duction over the entire temperature range. Ihm and
Phillips20 have suggested the existence of a second ac-
tivation energy in the FQHE, due to excitations of
electrons which, in the presence of potential fluctua-
tions, have not condensed into the Laughlin quantum
liquid. Attempts to fit the data by use of two activa-
tion energies are equally successful. In any case, the
activation energy at higher T is only slightly dependent
on the formula chosen to fit the lower-T data. This
dependence is within the error bars given in Fig. 2.

Three sets of data, all from sample D, resemble Fig.
1(c) in which the deviation from simple activated
behavior is a sharp break to a second linear region.
This behavior is similar to that reported by Kawaji er
al. The existence of two linear regions does suggest
two separate activation energies, 4i and 42. The 1inear
regions of the data are best described by Et=6.4 K
and b, 2

= 1.4 K. However, a plot of their sum,

a = a.t exp( —5t/2T) + a-2 exp( —A2/2T),

does not adequately fit the sharp break in the data. A
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FIG. 1. Temperature dependence of the minimum at
v= 3. (a) at B = 8.9 T, showing simple activated behavior;
(b) at B =20.8 T, showing the smooth, curved deviation
from activated behavior at lower temperatures; (c) at
B = 20.9 T, showing the sharp, linear deviation.

FIG. 2. Activation energies for the minima of v= 3, T,
4 5T, T vs magnetic field. Open symbols indicate data from
v = T. Filled symbols at 8= 5.9 and 7.3 T are from v = T
and T, respectively. All other filled symbols are from v= 3.
The dashed line is given by 0.03e /elo. Data from sample A
are from Ref. 13. The four data points shown by plusses are
from Refs. 7 and 22.
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successful least-squares fit using the above equation
yields 5t ——11.4 K and A2 ——2.4 K [solid curve in Fig.
1(c)]. However, 6& and b, 2 exhibit wide variations ap-
parently uncorrelated with B. (At B = 19.3 T, 5t ——4.2
K and A2 ——1.4 K. At B =26.8 T, 5& ——6.0 K and
52= 1.8 K.) In view of the fact that data sets contain-
ing a sharp break were the exception and are uncorre-
lated with magnetic field, we regard them as an artifact
probably caused by a nonequilibrium configuration of
the electronic state within the sample. An additional
observation is consistent with this speculation: A
second set of data taken immediately after the data in
Fig. 1(c) but with a slower cooling rate follows a
smooth curve similar to Fig. 1(b).

Figure 2 presents the activation energies from the
data on v = —, , 3 3 and —,'. The three atypical sets of
data resembling Fig. 1(c) have not been included. The
data from Kawaji et al. are not included because they
also resemble Fig. 1(c). Four features of Fig. 2 should
be stressed:

(1) There is no apparent sample dependence among
these samples of similar mobility.

(2) The data for v= —,
' and —,

' overlap at B —20 T.
Also, the data for v = —,

' and —, are consistent with the
data for v = —, at similar magnetic fields. This suggests
a single activation energy, 4, for all of the filling fac-

(3) The observed activation energies are much
smaller than theoretically predicted. These theories all
yield quasiparticle pair-creation energies for v = —, and

of the form 6 = Ce /elo, where e —12.8 is the
dielectric constant of GaAs. The constant of propor-
tionality, C, is model dependent. From hypernetted-
chain calculations, Laughlin determines' C = 0.056
and Chakraborty determines C =0.053. 3 Monte Car-
lo calculations by Morf and Halperin give C = 0.094.24

From calculations on finite numbers of electrons, Hal-
dane has extrapolated to N ~ to yield C =0.105.25

A single-mode approximation, in analogy with
Feynman's theory for He by Girvin, MacDonald, and
Platzman yields C = 0.106.26 To compare these results
with our experimental data, Fig. 2 contains a curve of
3A vs B for C =0.030, almost a factor of 2 smaller
than the lowest theoretical value.

It has been suggested that the quasiparticle-
quasihole interactions can result in bound states.
Laughlin discusses a quasiexciton state with a
minimum energy equivalent to C=0.014 at klo ——0,
where k is the wave vector of the quasiexciton. How-
ever, this calculation is unreliable for k 0. Haldan
and Rezayi and Girvin, MacDonald, and Platzman
find a roton minimum, analogous to the roton
minimum in superfluid He, at klo —1.4, where
C —0.075 for both. These activation energies, with
the exception of Laughlin's quasiexciton, lie well
above the observed values. It is not clear, however,

that the electrically neutral bound states would be ob-
served in magnetotransport measurements.

(4) b, vs B does not follow the predicted B' 2 mag-
netic field dependence. Rather, the phenomenon has
a finite threshold at B —5.5 T. For higher magnetic
fields, there is a roughly linear increase in d up to
B —18 T, followed by an apparent saturation of
3h —5.2 K for B & 18 T.

For completeness, we have also studied the tem-
perature dependence of p at v= —,'and —,

' for 14
T & B & 28 T. Within our temperature range, p
changes by less than an order of magnitude. The data
deviate from simple activated behavior but can be fit-
ted with activated conduction at higher T and any of
the discussed models at lower T. Attempts to fit the
data over the entire temperature range with a hopping
conduction formula were unsuccessful. The fifteen
sets of experimental data again suggest a single activa-
tion energy, 5d, for v = —,

' and —,', which varies mono-
tonically from d —1.4 K at B =14 T to d —2.5 K at
B =28 T. Halperin" estimates that the pair-creation
energies at v =p/q should scale as q 5, which yields
55 —0.2836, and C —0.015—0.030 for v= —', and —,'.
This corresponds to 5 & 2.9 K and & 4.0 K at B = 14
and 28 T, respectively. A more extensive description
of these observations at v = —, and —, will be given in a
forthcoming article.

There exists a startling discrepancy between the ex-
perimental results and the theoretical calculations of C
and the magnetic field dependence of d which
remains to be explained. A reduction of the many-
particle gap due to disorder and subsequent thermal
excitation to a mobility edge provides a qualitative ex-
planation for the reduced values of C as well as for the
finite threshold field. ' Recent theoretical work is at-
tempting to assess quantitatively the effects of disorder
and finite thickness of the two-dimensional electron
system on the energy gaps in the FQHE. 2s Initial
results from these calculations arrive at an average d
which approaches the experimental results; however,
the observed B dependence is not well reproduced.

In conclusion, we find a single activation energy,
for v=

3 3 3 and —,
' in magnetic fields up to 28 T.

d is much smaller than expected and does not exhibit
the expected B' magnetic field dependence. Instead,
d has a finite magnetic field threshold above which it

has a roughly linear increase with magnetic field.
apparently saturates at the highest magnetic fields. We
also find a single activation energy, d, for v= —,

' and
is also much smaller than predicted. The

discrepancies between these experimental results and
the theoretical values remain to be explained.
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