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Wigner crystal versus Hall insulator
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In a very low-disorder two-dimensional hole system we observe a direct transition from a
well-developed high ord-er fractional quantum Hall state st v = 2/5 to an insulating state at
1/3 & v & 2/5. As T —+ 0, p —+ oo for the insulating phase, while p —+ 0 for the frac-
tional quantum Hall states at v = 2/5 and 1/3, yielding quasiparticle excitation gaps of 0.60 and
3.6 K, respectively. The topology of the theoretical disorder versus magnetic Geld global phase dia-
gram for this system expressly forbids the direct quantum liquid-to-insulator transition we observe,
ruling out the disorder-induced "Hall insulator" as the explanation.

The quest for the two-dimensional (2D) quantum
Wigner crystal has focused considerable attention on
the nature of the insulating phases (IP's) observed in
various 2D systems subjected to a strong perpendicular
magnetic field. Insulating phases reentrant around well
developed integral or &actional quantuxn Hall (IQH or
FQH) states have been reported for a number of difFer-
ent 2D systems. In the less disordered samples these
IP's have generally been interpreted as magnetic-field-
induced pinned Wigner solid states of the 2D system.
This interpretation, however, has been disputed as the
relative roles of disorder and electron-electron interac-
tions are still unknown, and it is precisely the compe-
tition between these two elements that uniquely deter-
mines the ground state of the system. In particular,
based on their proposed disorder vs magnetic field global
phase diagram for the quantum Hall efFect, Kivelson, Lee,
and Zhang (KLZ) have argued that IP's arising primarily
&om disorder can exist around integral as well as prin-
cipal FQH states, characterized by Landau level filling
factor v = 1/(2p+ 1), where p is an integer. i These IP's
were named the "Hall insulator" since they are expected
to have a normal (nondiverging) Hall resistivity as tem-
perature T —+ 0. ' The fact that IP's reported so far
have indeed been observed around either IQH states or
a principal FQH state (such as 1/3 or 1/5), as well as
the observation of normal Hall coefficients in the IP of a
number of 2D systems ' ' appear to lend support to, or
at least be consistent with, the Hall insulator picture.

In this paper, we report the observation of a direct
transition from a well-developed high-order FQH state at
v = 2/5 to an IP at 1/3 & v & 2/5 in a very high-quality
2D hole system (2DHS) confined in a GaAs quantum
well. By significantly improving the intrinsic quality of
our 2DHS's, we are able for the first time to demonstrate
the incontrovertible hallmarks of a FQH liquid, namely a
quantized Hall resistance and activated temperature de-
pendence signifying the presence of an incompressibility
gap, at v = 2/5 when this state is immediately followed
by an IP at lower v. A direct transition from a high-
order FQH state to a disorder-induced IP (the Hall insu-
lator) is explicitly forbidden in the global phase diagram
of Ref. 10. Thus, our data rules out the association of
the IP observed in this system with a disorder-induced

Hall insulator state, and furthermore provides unique and
compelling evidence that the global quantum Hall phase
diagram xnust be modified to correctly account for the
quantum liquid-to-insulator transitions observed at low
filling in near-ideal 2D systems.

The 2DHS's discussed in this work were fabricated
by molecular beam epitaxy on undoped (311)A sub-
strates. Samples consist of 200 A GaAs quantum wells
sandwiched between thick (700—2500 A.) Alp spGap rpAs
spacer layers above and below, followed by Si-doped re-
gions. Doping &om both sides allows us to obtain higher
hole densities and mobilities than possible with single-
interface heterojunction structures. Ohmic contacts were
made to the 2DHS's by alloying eutectic In:Zn in an
H2.N2 ambient. Transport measurements on samples
with standard van der Pauw and Hall bar geometries
were performed in a dilution re&igerator system and a
superconducting magnet (16 T xnaximuxn field). Ad-
jacent to the samples were a calibrated Ru02 resistor
with known. magnetoresistance for T measurement, and
a light-emitting diode used to lower the density of the
2DHS's through a persistent photoconductivity efI'ect. A
lock-in technique was used to measure transport coefFi-
cients, with excitation currents of O.l—10 nA at &equen-
cies & 10 Hz. When cooled in the dark, the samples had
hole densities and mobilities of p ~ 1—2 x 10 cm and
p, 1 x10 cm /Vs.

First, we establish the unprecedentedly high quality
of these samples. Figure 1 shows the diagonal and Hall
resistivities (p and p „),as a function of applied mag-
netic field B, for a 2DHS at p = 1.48 x 10 cm 2. The
exceptionally high quality of this 2DHS is evidenced by
the set of FQH states at v = p/(2p 6 1), converging
to v = 1/2. Minima in p up to v = 5/11 and 6/ll
are observed. Indeed, the data shown in this figure are
quite similar to high-quality GaAs 2D electron systems
(2DES's). 2 This is particularly remarkable because, in
GaAs, FQH states are in general expected to be weaker
in 2DHS's than in 2DES's: the much larger hole efI'ec-

tive mass ( 0.38mo) compared to electrons (0.067mo)
leads to significant Landau level mixing, which is known
to reduce the strength of the FQH states. i A further
afFirmation of the low disorder in our 2DHS's is shown in
the inset of Fig. 1, where we plot p and p „for the same
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sample at higher density (p = 2.13x10ii cm 2). Here, we
see the first evidence of a v = 5/2 FQH state in a 2DHS.
We observe a developing plateau at p „= (2/5)(h/e )
and a strong dip in p at v = 5/2. We also observe
similar p minima at v = 7/2 and 9/2, although corre-
sponding plateaus are not detectable.

FIG. 1. Main figure: p and p „vs B for a 2DHS. Filling
factors v are marked with vertical lines. Inset: data from the
same sample at higher density, where a developing v = 5/2
FQH state is observed.

In Fig. 2, we show data &om a second 2DHS whose
transport data (not shown) at its dark density (p = 1.32 x
10ii cm ) is virtually identical to that shown in Fig. 1.
Density was reduced via illumination to p = 1.06 x 10
cm to move the IP near v = 1/3 into our accessible
field range. The data in Fig. 2 is highlighted by reen-
trant IP's characterized by large and, as we shall show,
strongly T-dependent resistivities for 1/3 & v & 2/5,
2/7 & v & 1/3, and v & 2/7. At the same time, the data
show well-developed FQH states at v = 2/5 and 1/3, and
a pronounced p minimum at v = 2/7. p „was taken
for both field directions with T held reasonably constant
and then averaged to remove the p admixture resulting
from any misalignment in the contacts. ' This averaged
trace is also plotted in Fig. 2, and shows quantization at
p „= (5/2)(h/e2) and 3h/e2 for the v = 2/5 and 1/3
FQH states, respectively. is Despite the deep p mini-
mum at v = 2/7, there is no corresponding p „plateau,
probably due to remaining admixture &om the large p
The IP is thus reentrant around the v = 1/3 FQH state
and around the v = 2/7 minimum, exhibiting peaks at
v = 0.37 and v = 0.30. Notably, p „appears to remain
close to its classical value (1/v) (h/e2) in these IP regions.

To illustrate the FQH liquid-to-insulator transitions
observed in this system, we plot the T dependence of
p at four separate v in Fig. 3. The two IP peaks at
v = 0.37 and 0.30 diverge as T is lowered, while the p
minima at v = 2/5 and 1/3 tend to vanish in a way
typical of FQH liquid states. From fits to the activated
regions of p minima vs 1/T, we obtain quasiparticle
excitation gaps A2y5 ——0.60 K and Az/3 ——3.6 K, using
p oc exp(b, „/2T).
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FIG. 2. Main figure: p ~ averaged over both field directions and p vs B for a second 2DHS. The insulating phase regions
are marked with "IP." A magnified trace (x50) is shown for lower fields, shifted up slightly for clarity. Expected plateaus for
the v = 2/5 and 1/3 FQH states are marked with horizontal lines. Inset: the theoretical global phase diagram according to
Ref. 10 for v centered around 1/3. Fractional quantum Hall liquids are marked by fractional quantum number v, and the Hall
insulator state is denoted "HI." A bold arrow marks the direction and region traversed in the phase diagram as we increase B.
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FIG. 3. Temperature dependence of p for the reentrant
IP at v = 0.3? and 0.30 (right axis), and for the FQH states
at v = 2/5 and 1/3 (left axis). Lines through the FQH data
represent fits to the activated regions, from which the quasi-
particle excitation gaps A„were determined.

at the phase boundary, where P is a dimensionless mea-
sure of microscopic disorder. We have plotted P vs 1/v in
the figure. Kivelson, Lee, and Zhang have proposed that
surrounding the quantum Hall liquid states is a disorder-
induced insulating phase (the "Hall insulator" state), in
which, as T m0, p moo, o = p /(p +pz„) +0,
and o „= p &/(p + p „) -+ 0 in such a way that

p „(1/v)(h/ez). Thus, the Hall insulator (HI) is char-
acterized by a roughly classical Hall resistivity. Note that
the law of corresponding states links the IP in the FQH
regime to the IP in the v ~ oo (B ~ 0) limit. Since

The relevant part of the global phase diagram, de-
rived from Ref. 10, is shown in the inset of Fig. 2.
In general, the topology of the entire diagram can be
reproduced &om the depicted phase by iteratively ap-
plying various transformations: v m v + 1 (Landau
level addition transformation), v ~ 1 —v (electron-
hole transformation), and (1/v) ~ (1/v) + 2 (Hux at-
tachment transformation). The law of correspond-
ing states, derived via a Chem-Simons Ginzburg-Landau
formulation, ' ' asserts that states linked through
these transformations should exhibit similar behavior.
We have chosen the root v = 1/3 phase to compare
directly to our data. The actual phase boundaries are
computed using results from two-parameter scaling the-
ory, namely, that there exists a critical point between
states v = n and v = n+ 1, where o. „remains fixed un-
der renormalization-group transformations and obeys
o „= (e2 jh)(n + 1/2). Using relations between trans-
port coefficients, this yields

these same transformations map electrons and holes to
quasielectrons and quasiholes, the Hall insulator v e refer
to in the rest of the paper is a quasiparticle insulator.

We now compare our data to the salient features of the
theory. In the global phase diagram, the only quantum
liquid-to-insulator phase transitions occur between states
v = 1/(2@ + 1) and the HI state. Specifically, a v = 1/3
FQH liquid m HI transition is the only such transition
allowed in the section of phase space we are examining,
while high-order FQH states are separated from the HI
by at least one other phase boundary. From our data we
can confidently assert the following as T i 0: (a) For
the FQH states at v = 2/5 and 1/3, p and o --i 0,
while p „and o „are quantized at h/ve2 and ve2/h,
respectively; (b) For the reentrant IP peaks at v = 0.37
and 0.30, p ~ oo while p „appears to remain finite
and close to its classical value, implying 0. and o. „--+ 0.
Thus. we observe a direct transition from a FQH liquid
at v = 2/5 to an IP at 1/3 & v & 2/5, followed by
another transition from the IP to a v = 1/3 FQH liquid,
followed by a third transition to an IP at v & 1/3. It is
possible yet another transition occurs to a FQH liquid at
v = 2/7. In the global phase diagram, there exists no HI
phase between the v ——2/5 and 1/3 FQH states; thus,
while the low-temperature behavior of p ~ is consistent
with the HI state„our observation of a direct transition
from the v =. 2/5 FQH state to the 1/3 & v & 2/5 IP
dissociates this IP from any disorder-induced HI state.
The observation of reentrance around a possible v = 2/7
FQH state is further evidence against a HI explanation. zi

Our observed IP's are consistent, on the other hand,
with pinned Wigner crystal (WC) states. As was pointed
out in Ref. 6, the larger effective mass of holes in
GaAs 2DHS's results in significant Landau level mix-

ing, which can reduce the difference between the ground
state energies of the v = 1/3 FQH liquid and the WC.
A crossing of the liquid and solid energies near v -.--- 1/3
is therefore possible. This conjecture has recently re-
ceived theoretical justification. Furthermore, if it is
assumed that conduction in this state occurs via ther-
mally activated dislocation pairs, recent theory also pre-
dicts an approximately classical [ (1/v)(h/e2)] Hall co-
eflicient at finite temJieratures, 2s consistent with our ex-
periment.

To further contrast WC and HI states in this system, a
brief discussion of the role of disorder is appropriate. In
the case of zero disorder, the phase transition at small v
from an incompressible quantum liquid to a compressible
Wigner solid is inescapable and is expected to be first or-
der. For finite disorder, the nature of the transition is less
clear. In this case, we can define a finite WC correlation
length $, for the 2D hole solid. Casting these remarks
into the framework of the KI.Z theory, the first order WC
transitions occur along the horizontal axis of the phase
diagram, whereas all of the phase boundaries [Eq. (1)]
are lines of second-order (continuous) phase transitions.
Imagine starting at a zero-disorder (localization length
(p M oo) WC state and then increasing disorder slightly.
We maintain that long-range WC order still exists as long
as (p & (, )) a, where a = (7') / is the mean inter-
hole spacing. Such %C phases are absent from the global
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phase diagram but consistent with our observations.
It is important to note that KLZ have speci6cally used

the observation of a reentrant IP around v = 1/3 in a
2DHS {Ref. 6) as evidence in favor of the HI state and
the consistency of the global phase diagram. They ar-
gue that the reduced mobility of the 2DHS, compared
to 2DES's in which reentrance around v = 1/5 is ob-
served, implies increased disorder and therefore easier
resolution of the HI phase surrounding the v = 1/3 FQH
liquid. Our samples, however, are comparable in qual-
ity to low-disorder 2DES's {as evidenced by comparable
mobilities and FQH features), yet they still exhibit an IP
near v = 1/3. Furthermore, the direct transition to this
insulator &om a carefully demonstrated quantum liquid
provides the smoking gun that the IP observed in this
2DHS is not a HI.

Finally, we make the following observation. Clearly the
reentrant IP around v = 1/3 in 2DHS's is quite similar
to the IP around v = 1/5 in low-disorder 2DES's. Since
we observe a direct transition &om a v = 2/5 FQH state
to a 1/3 ( v ( 2/5 IP that precludes a HI explanation,
we expect a similar violation of the HI selection rules
near v = 1/5 for electrons: there should exist a direct
transition &om a v = 2/9 FQH liquid to a 1/5 ( v ( 2I/9
IP in 2DES's with low enough disorder.

In conclusion, we report the observation of a direct

transition &om a FQH liquid at v = 2/5 to an IP in a
very low-disorder 2DHS. The IP we observe is reentrant
around the v = 1/3 FQH state and around a pronounced
v = 2/7 minimum. It is evident from our transport and
T-dependent measurements that the states at v = 2/5
and 1/3 are true FQH liquids, while there exists a clear
IP between them with diverging longitudinal resistivity
as T —+ 0. This observation is inconsistent with the po-
sition of the disorder-induced Hall insulator phase in the
global phase diagram describing this system. Our exper-
iments indicate tha, t another explanation is required, and
suggest that the reentrant IP we observe is characterized
by substantial Wigner crystalline order.

Note added. Since the submission of this manuscript,
we have learned that R. R. Du and co-workers, examin-
ing the temperature dependence of p near the IP reen-
trant around v = 1/5 in a 2DES, have recently seen ev-

idence of a direct v = 2/9 FQH liquid to IP transition.
This observation supports our conclusions.
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