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The region of filling factors 1/3 < v < 2/5 is predicted to support new types of fractional quantum
Hall states with topological order different from that of the Laughlin-Jain or the Moore-Read states.
Incompressibility is a necessary condition for the formation of such novel topological states. We find
that at 6.9 mK incompressibility develops only at v = 4/11 and 5/13, while the states at v = 6/17

and 3/8 remain compressible.

Our observations at v = 4/11 and 5/13 are first steps towards

understanding emergent topological order in these fractional quantum Hall states.

The study of electronic systems with topological prop-
erties is one of the most active areas of research in con-
temporary condensed matter physics. This field of study
was opened up by the discovery of the integer quantum
Hall states (IQHSs) developing in the two-dimensional
electron gas (2DEG) subjected to a perpendicular mag-
netic field (B)!. Topological phases distinct from the
TIQHSSs also exist at zero magnetic field in topological in-
sulators and topological superconductors?. We witnessed
a rapid development of the theory of topological order ev-
ident in efforts to classify topological phases, to identify
topological invariants, as well as to extend the theory
beyond the known topological phases®.

Strong interactions in many-body systems are recog-
nized as being instrumental in the generation of emergent
topological order. A textbook example of such emergent
order is that of the conventional fractional quantum Hall
states (FQHS) described by Laughlin’s wavefunction and
Jain’s theory of composite fermions (CF)* 5. However,
it is well known that electron-electron interactions also
lead to FQHSs with order fundamentally different from
that of the conventional Laughlin-Jain states. One ex-
ample of such an exotic FQHS is the even denominator
FQHS at v = 5/2, which is thought to be described by a
wavefunction of the Moore-Read type” '°.

The observation of a depression, i.e. a local mini-
mum, in the magnetoresistance R,, at the filling fac-
tor v = 4/11'1 gave a new impetus to the quest for an
enlarged family of topological ground states. As noted
in Ref.l', the FQHS at v = 4/11 can be understood as
a fractional quantum Hall effect of composite fermions.
Early theoretical work suggested that, owing to the resid-
ual interactions between the CFs, at v = 4/11 the ground
state is an unusual FQHS'2. In contrast, subsequent
work found that this state may be either a conventional
FQHS'™ 16 or even an electron crystal'” 20, Work by
Wdjs, Yi, Quinn and collaborators reinforced a novel
FQHS at v = 4/11, termed the WYQ state?! 2. Most
recently the idea of novel topological order at v = 4/11 of
the WYQ type received strong support from CF diago-

nalization over an extended Hilbert space?® and which
included a more accurate model of the interaction of
CFs than the earlier used one?"?2. Even though a trial
wavefunction for the WYQ state remains yet to be con-
structed, calculations reveal that the WYQ state is topo-
logically distinct?!:2%26 from either the Laughlin-Jain®-
or the Moore-Read state?. This difference is quantified
by a different shift, a topological invatiant of the Haldane
sphere?”:28.

Incompressibility is a necessary condition for establish-
ing topological order. While the theoretical support fa-
voring a FQHS with a novel topological order at v = 4/11
is compelling?h?%26_ an unambiguous experimental con-
firmation of incompressibility of the ground states at this
filling factor is still missing. Incompressibility is sig-
naled by the opening of an energy gap A in the den-
sity of states which in transport measurements mani-
fests itself in an activated magnetoresistance of the form
R, x exp(—A/2kpT). Here T is the temperature and
kp Boltzmann’s constant. Testing for an activated be-
havior is of importance since a depression in R, may not
always develop into an activated R, hence such a de-
pression does not guarantee the development of a FQHS.
Examples of filling factors at which a fractional quantum
Hall ground state does not develop in spite of the pres-
ence of a depression in R, are v = 1/72%3% and 2/113°.

In this Rapid Communication we present a study of
correlated states in the 1/3 < v < 2/5 range at ultra-low
temperatures, a factor of 5 below that of previous stud-
ies at these filling factors''. We report an opening of an
energy gap at v = 4/11 as seen in the observation of an
activated magnetoresistance. Furthermore, the tempera-
ture dependence of magnetotransport at v = 5/13 is also
consistent with the development of an incipient gap. Our
results establish a fractional quantum Hall ground state
at these two filling factors and open up the possibility for
existence of novel topological order of the WYQ type in
this region. However, despite a considerable progress at
v =4/11 and 5/13, the transport data in our sample at
other filling factors of interest, such as v = 3/8 and 6/17,
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FIG. 1. Longitudinal (R.,) and Hall (R.y) resistance in the
filling factor range 1/3 < v < 1/2 at 6.9 mK. Horizontal
lines indicate the expected plateau-like behavior of the Hall
resistance at v = 4/11 and v = 5/13.

do not exhibit signatures of an energy gap. The nature
of the ground state at these two filling factors remains
uncertain.

The sample used in this study is a symmetrically doped
56 nm wide GaAs/AlGaAs quantum well with electron
density 8.3 x 101 ¢cm~2 and mobility 12 x 10% cm?/Vs.
When cooling the sample, it is of the essence to en-
sure that the electronic temperature follows that of the
phonons. We achieved this in our experiment by the use
of a He-3 immersion cell®32. Electrons are thermalized
by being passed through sintered silver heat exchang-
ers directly attached onto the sample and which are im-
mersed into the He-3 bath. The temperature of the He-3
bath is monitored via a quartz tuning fork thermome-
ter, which provides magnetic field independent readings

to the lowest temperatures32.

Fig.1 shows the longintudinal magnetoresistance R,
and the Hall resistance R, in the region of interest 1/3 <
v < 1/2 at 6.9 mK. A long series of conventional FQHSs®
are observed at v = n/(2n+1) with n being an integer up
to 10, demonstrating a sample of high quality. Between
the two strong conventional FQHSs at v = 1/3 and 2/5
we notice the presence of several features. For example,
at v = 4/11 and 5/13 we observe deep minima in the
magnetoresistance and strong plateau-like inflections in
the Hall resistance at 11h/4e? and 13h/5€?, respectively.
These features indicate the possibility of FQHSs at these
filling factors.

A Dbetter appreciation of the features of R,, can be
gained from Fig.2 by examining the region of interest
1/3 < v < 2/5 on a magnified horizontal scale. At the
relatively high temperature of 72 mK, there are four dis-

v:5)13 3)8 4:/11 6}17 85} v=5/13 3/8  4/11 6217
5F /"\..\/—-.-/\
f 80
4 \v/\/\\ P /
_ e / _
éff NN
o ' ./ /
70 _/ / /
I — 72mk
1 _/ / — 51mK
— 25mK
65 — 15mK
5 — 6.9 mK
8. 9.0 9.5 100 85 9.0 95 10.0
B [T] B [T]

FIG. 2. Waterfall plot of R;, and R, curves at several dif-
ferent temperatures in the 1/3 < v < 2/5 range. The dashed
lines mark v = 5/13, 3/8, 4/11 and 6/17 filling factors. Scales
refer to the lowest temperature data sets. For clarity, Ry.
traces are shifted vertically by 1 k2, while R, traces are
shifted by 2 kQ each relative to the trace of lower tempera-
ture.

cernible depressions in the magnetoresistance curve at
v = 5/13, 3/8, 4/11 and 6/17 filling factors. These
depressions are quite similar to those seen in Ref.'! at
35 mK. However, as the temperature is decreased not
all of these depressions evolve similarly. At v = 4/11,
5/13, and 3/8 the depressions persist as T is lowered. In
fact, the depressions at v = 4/11 and 5/13 clearly get
more pronounced at 6.9 mK. In contrast, the feature at
v = 6/17 develops quite differently from those at the
other three filling factors. As T is lowered, this depres-
sion significantly weakens at 25 mK and it has virtually
disappeared at 15 mK. At the lowest achieved temper-
ature of 6.9 mK, the R,, shows only a weak inflection
near v = 6/17, which is not separated from the v = 1/3
plateau with a local maximum. Similarly, R, at 6.9 mK
does not show a quantization to 17h/(6e?), but it is very
close to 3h/e? instead. This suggests that the system
at the electronic filling factor v = 6/17 tends to local-
ize in the limit of zero temperature, joining the v = 1/3
plateau. Thus we conclude that, in contrast to an earlier
report!!, the ground state at v = 6/17 in our sample is
not a FQHS. However, such a ground state may develop
in samples of lower disorder.

Further insight on the ground states at v = 4/11, 5/13,
and 3/8 emerges from Fig.3, where R, is plotted against
T. Since significant differences between R, at these
three filling factors develop only below T' ~ 30 mK, Fig.3
demonstrates that accessing these low temperatures is a
critical capability in the study of the 1/3 < v < 2/5 re-
gion. We notice that as the temperature is lowered from
100 mK, R,, at v = 4/11 first increases, then it drops
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FIG. 3. Dependence of magnetoresistance on temperature at
the filling factors v = 4/11, 3/8 and 5/13. Lines are guides to
the eye.
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significantly. These data are consistent with a vanishing
R, in the T = 0 limit. Similarly, at the lowest temper-
atures, R,, at v = 5/13 is also decreasing, albeit this
decrease is not as pronounced as that at v = 4/11. The
observed behavior at v = 4/11 and 5/13 indicates incom-
pressibility and, therefore, it establishes the ground state
at these two filling factors is a genuine FQHS.

An examination of the temperature dependence of the
magnetoresistance at v = 4/11 below T = 30 mK reveals
that it is activated. Indeed, as shown in the Arrhenius
plot Fig.4, at the lowest temperatures we find a linear de-
pendence of In R, on 1/T. The slope of this linear por-
tion of the data yields an energy gap of Ay 11 = 15 mK.
A similar analysis of the incipient incompressibility at
v = 5/13 results in an upper bound of the energy gap
As/p3 ~ 3 mK.

The FQHS at v = 4/11 is quite feeble as seen from its
small energy gap Ay/1; = 15 mK. This value comes short
by more then one order of magnitude when compared to
the expected value 0.002E¢ =~ 0.3 K from recent numeri-
cal work?. Here E¢ = €2 /4melp is the Coulomb energy,
Ip = \/h/eB is the magnetic length, and € is the dielec-
tric constant in GaAs. However, in Ref.26 disorder ef-
fects are not included. In order to estimate the disorder-
free, or intrinsic gap d4/11 of the v = 4/11 FQHS, we
employ a method of scaling of the gaps of a pair of
particle-hole conjugate FQHSs with Coulomb energy33.
This method has been previously used for gap estima-
tions for the v = 5/2 FQHS, e.g. Refs.?33%. Accord-
ing to this method, the measured energy gaps scale with
the Coulomb energy according to A™¢* = §"'Es — T,
where the term I' is commonly referred to as the disorder
broadening parameter. We assume that the v = 4/11

and ¥ = 5/13 FQHSs are particle-hole conjugated, an
assumption which may not hold for a dissimilar spin po-
larization. In the inset of Fig.4 we plot the experimental
gaps of ¥ =4/11 and v = 5/13 FQHSs against Coulomb
energy. Fitting these two points, we extract the intrinsic
gap 0% ~ 0.0028, which is of the same order of mag-
nitude as 0.002, the value found in a recent numerical
simulation?®. One must note, however, that the numeri-
cal results do not include finite thickeness effects and are
not extrapolated to the thermodynamic limit2®. Within
the assumptions used, the similarity of the intrinsic gap
extracted from our data and that from numerics?® raise
the possibility of novel topological order of the WYQ
type in the FQHS at v = 4/11 and at 5/13.

So far we have established incompressibility, i.e. the
formation of a gap, at v = 4/11 and the agreement of
the measured and the calculated intrinsic gaps. These
are necessary but not sufficient conditions for establish-
ing the formation of WYQ state at this filling factor.
Another necessary condition for the formation of WYQ
state is a full spin polarization of CF's at this filling fac-
tor. Numerics cannot yet accurately predict in the ther-
modynamic limit the spin polarization field for realis-
tic sample parameters!3-16:21,26.35 = Experimentally the
tilted field technique may reveal the spin state of the
FQHS at v = 4/11''. However, because of the weakness
of this state, convincing evidence of a spin transition re-
mains an extremely challanging task.

In contrast to the temperature dependence of R, at
v = 4/11 and 5/13, that at v = 3/8 is very different.
While the depression in R, is present at v = 3/8 to
the lowest temperatures, its magnitude does not seem
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FIG. 4. Arrhenius plot for Rzr at v = 4/11 and v = 5/13
filling factors. Straight lines are used as guides for the eye
representing the activated regions. The inset shows the scal-
ing of the experimentally extracted gaps A at v = 4/11 and
5/13 states with the Coulomb energy Ec¢.



to develop significantly as the temperature is dropped.
In addition, as seen in Fig.3, R, at v = 3/8 continues
to increase monotonically with a decreasing T'. Further-
more, Ry, does not show signs of a developing plateau.
The behavior of the magnetoresistance is thus inconsis-
tent with an activated behavior and incompressibility de-
spite the existence of a depression in R,, at this filling
factor. In the absence of incompressibility, the ground
state at ¥ = 3/8 and, as discussed earlier, at 6/17 are
not ascertained to be a FQHS.

A FQHS at v = 2 + 3/8 has been observed in sev-
eral samples31:32:36740 and it is believed that this state,
similarly to the v = 5/2 FQHS, is a paired CF state®!.
However, the formation of a FQHS at v = 2+ 3/8 in the
second Landau level, does not guarantee the formation of
a FQHS at v = 3/8 in the lowest Landau level1%:20:42:43,
It is interesting to compare other two filling factors to the
half-filled Landau levels in the lowest and second Lan-
dau level. At v = 2+ 1/2 = 5/2 a FQHS develops’,
whereas at ¥ = 1/2 there is a compressible Fermi sea of
CFs*45, For these pairs of filling factors, the difference
in the interactions between the CF's in different Landau
levels clearly leads to very different ground states. It
is thus not surprising that the presence of a FQHS at
v = 2+ 3/8 may be accompanied by a compressible state
at v = 3/8. Generally speaking, the conditions of the
formation of paired CF states are currently not under-
stood. Even though we do not observe incompressibility
at v = 3/8, the possibility of opening of a gap at this
filling factor in either higher quality samples or at lower
temperatures can not be ruled out at this stage.

In conclusion, we performed ultra-low temperature
measurements of the 1/3 < v < 2/5 filling factor re-
gion, where some of fractional quantum Hall states are
expected to have novel topological order. We presented
compelling evidence that the ground states at v = 4/11
and 5/13 are incompressible. Our observations ensure
genuine fractional quantum Hall ground states and pave
the way towards establishing exotic topological order at
these two filling factors. In contrast, the ground state
in our sample at two other filling factors in this region,
namely at v = 3/8 and 6/17, are compressible to the
lowest temperatures accessed. The development of frac-
tional quantum Hall states at the latter two filling factors
remains an open question.

Note added. In the recent work by Pan et al.*6 incom-
pressibility at ¥ = 4/11 has been reported with an energy
gap of 7 mK. This gap is a factor of 2 lower than the gap
we found. Since the sample densities are different, the
difference in the gaps may be due to a nontrivial spin
behavior.
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