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We report a new correlated phase of two-dimensional charged carriers in high magnetic fields,
manifested by an anisotropic insulating behavior at low temperatures. It appears in a large range
of low Landau level fillings 1/3 < v < 2/3 in hole systems confined to wide GaAs quantum wells
when the sample is tilted in magnetic field to an intermediate angle. The parallel field component
(By)) leads to a crossing of the lowest two Landau levels, and an elongated hole wavefunction in
the direction of By;. Under these conditions, the in-plane resistance exhibits an insulating behavior,
with the resistance along B about 10 times smaller than the resistance perpendicular to B)|. We
interpret this anisotropic insulating phase as a two-component, striped Wigner crystal.

Low-disorder, two-dimensional (2D) systems of
charged carriers, cooled to low temperatures and sub-
jected to a strong perpendicular magnetic field (B, ) are
host to a plethora of exotic, quantum many-body states

ﬁ] At odd-denominator fractional fillings of the lowest
Landau level (LL), they exhibit fractional quantum Hall
states (FQHSSs), uniform-density, incompressible liquid
phases for which the resistance vanishes as temperature
T approaches absolute zero HIHE] On the other hand,
when the filling factor becomes very small (v < 1/5), the
system condenses into an ordered array of electrons, the
so-called Wigner crystal, which is insulating because it
is pinned by the ubiquitous disorder potential E@] Yet
another set of states are the anisotropic phases observed
at large even-denominator fillings (e.g., v = 9/2) which
are believed to be nematic liquid states ﬂgﬂ] The new
correlated phase we report here is distinct from these
states as it shows an anisotropic insulating behavior. It
is manifest in a range of low fillings near v = 1/2 in
2D hole systems (2DHSs) with a bilayer charge distri-
bution and tilted in magnetic field to introduce a field
component (Bj|) parallel to the 2D plane. Curiously, the
anisotropic phase forms in a relatively narrow range of
tilt angles near 6 ~ 35° when the two lowest energy
LLs are very close in energy. Outside this range, the
2DHS is not insulating and exhibits FQHSs at numerous
fillings. The conditions under which the new insulating
phase appears suggest that it is an anisotropic (striped),
two-component, pinned Wigner crystal (Fig. 1(a)).

Our 2DHSs are confined to 40- and 50-nm-wide GaAs
quantum wells (QWs) flanked by undoped Aly 3Gag 7As
spacer and C §-doped layers, and have as grown densi-
ties ~ 1.2 x 10" ecm™2. The structures were grown by
molecular beam epitaxy on GaAs (001) wafers and have
very high low-temperature mobilities, g 2 100 m?/Vs.
Each sample has a 4 x 4 mm? van der Pauw geome-
try with alloyed In:Zn contacts at its four corners. We
then fit it with an evaporated Ti/Au front-gate and an In
back-gate to control the 2DHS density (p) and keep the
QW symmetric. The holes in the QW have a bilayer-like
charge distribution (Fig. 1(b)). The transport measure-
ments were carried out in a dilution refrigerator with a

base temperature of T' ~ 30 mK, and an in-situ rotat-
able sample platform to introduce B)j. As illustrated in
Fig. 1(c), we use 6 to express the angle between the field
and the sample plane normal, and denote the longitudi-
nal resistances measured along and perpendicular to the
direction of Bj| by R;, and Ry, respectively. We used
low-frequency (~ 30 Hz) lock-in technique to measure
the transport coefficients.

Figure 1 (e) highlights our main finding. It shows
the longitudinal (R,, and R,,) and Hall (R,,) magneto-
resistance traces, measured for a 2DHS confined to a 40-
nm-wide GaAs QW at p = 1.28 x 10" ecm =2 and 6 ~ 35°.
Starting at B ~ 8 T, both R, and R,, rapidly increase;
note the 50 times change of scale for R,, and R, above 8
T. Most remarkably, in range of fillings flanking v = 1/2,
Ry is ~ 20 k2 while Ry, ~ 10R;, and, as we will show
shortly, both R, and R, exhibit an insulating behavior.
To probe the origin of this anisotropic insulating phase
(IP), we present several experimental observations.

First, we note that in the sample of Fig. 1(e) there is a
crossing of the two lowest LLs when 6 ~ 35° (Fig. 1(d)).
More generally, in 2DHSs confined to a reasonably wide
QW and with sufficiently high density, the lowest two LLs
can be made to cross by lowering the 2DHS densit ,
]), or tilting the sample in magnetic field . As
discussed in detail in Ref. ﬂﬂ], the crossing is signaled by
a weakening or disappearance of the v = 1 integer QHS,
and the appearance of uncharacteristically strong FQHSs
at the even-numerator fillings v = 4/3, 6/5, 6/7, and
4/5, as seen in Fig. 1(e). This is similar to what is seen
in bilayer 2D electron systems (2DESs) with extremely
small energy separation between the lowest two LLs HE],
and implies that these are two-component FQHSs, each
component having half of the total filling. In Fig. 1(e) we
also observe FQHSs at very unusual fillings such as v =
19/15 and 29/35. Such states were also seen in Ref. [16]
when the lowest two LLs are nearly degenerate, and were
interpreted as “imbalanced” two-component FQHSs: for
example, the v = 19/15 FQHS has fillings 2/3 and 3/5
for its two components. Now, depending on the 2DHS
QW width and density, at such a tilt-induced crossing
of the lowest two LLs, a v = 1/2 FQHS can be seen
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FIG. 1. (color online) (a) Conceptual rendition of an anisotropic (striped) Wigner crystal. (b) The charge distribution (red)
and potential (black), from calculating the Schroedinger and Poisson’s equations self-consistently at B = 0. (c¢) Experimental
geometry: R., and Ry, denote the longitudinal magneto-resistance measured along and perpendicular to the parallel magnetic
field (By)), respectively. (d) Schematic diagram, showing the crossing of the lowest two Landau levels at 6 ~ 35° near v = 1.
(e) Magneto-resistance traces measured at tilt angle 6 ~ 35° for a 2DHS with density p = 1.28 x 10" ¢cm™2 and confined to
a 40-nm-wide GaAs QW. Note the factor of 50 change in the scale for R, and Ry, for B > 8 T. We observe an anisotropic
insulating phase in a large filling factor range, from ~ 2/3 to ~ 1/3; note also the competition with FQHSs at several fillings.

]. As the QW width and density are increased, the
v =1/2 FQHS becomes weak and an IP starts to develop
near v = 1/2 [17). When the density and QW width are
sufficiently large, the TP becomes very strong and also
leads to highly anisotropic transport coefficients. This
anisotropic IP, which we observe in a large filling range
near v = 1/2, is the subject of our present study.
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Corroborating our above description, data of Fig. 2,
which were taken at § = 0 and 50°, demonstrate that
away from the LL crossing the anisotropic IP seen in
Fig. 1(e) is absent. Instead, strong FQHSs are seen at
the well-known, “standard” v = /(2i+1) fillings (i > 0 is
an integer) E] Moreover, the v = 1 integer QHS is very
strong as evidenced by its very wide resistance plateau
and large excitation gap A 2 10 K. In contrast, at the
intermediate angle 6 ~ 35° (Fig. 1(e)), the v = 1 QHS
is much weaker (A ~ 0.22 K) and has a very narrow
plateau. In Fig. 2, we also observe strong FQHSs at
the even-denominator filling v = 1/2. This FQHS is
seen in 2DESs and 2DHSs confined to wide GaAs QWs
[18-21)). Tt is likely the W3, state [22], a two-component
FQHS stabilized by strong and comparable interlayer and
%ralayer interactions which are prevalent at v = 1/2

].

We now focus on the anisotropic IP seen at 6 ~ 35°.
Figure 3 captures the insulating behavior of this phase
between 1/3 S v < 2/3. Both R,, and Ry, increase
as temperature is decreased but, as can be best seen in
Fig. 3(b), Ry, is about 10 times larger than R,,. Before
discussing this anisotropic behavior, it is instructive to
first briefly review the IPs seen in 2D systems at low
fillings.
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FIG. 2. (color online) Magneto-resistance traces for the sam-
ple of Fig. 1, measured at 6 = 0° and 50°. Both R.. and Ry,
are much smaller near ¥ = 1/2 than in Fig. 1(e) data.

It is well established that in very clean 2D systems of



10 T |35°| T T T T T JE T T T
(a)o= a7 v=1/2 4/93/7 2/5 (b)
—_ 2
a 10
=
mi
o5 10
n:x
100
o <= 200 mK A=04K |
8 10 12 14 16 10 20

B (T) 1T (K

FIG. 3. (color online) (a) Rs» and Ry, measured at three
temperatures in the 40-nm-wide QW near v = 1/2 at 6 ~ 35°.
(b) T-dependence of Ry, and Ry, near v = 1/2. To avoid the
influence of the relatively sharp v = 1/2 resistance minima
seen in some of the traces, here we are plotting the background
resistances by interpolating between the shoulders flanking
the ¥ = 1/2 minima. Also plotted is the T-dependence of the
Rzz minimum for the v = 2/5 FQHS.

charged carriers, at very small v (v < 1/5 for electrons
and v < 1/3 for dilute holes) the FQHSs give way to IPs
which are believed to be Wigner crystal (WC) phases
that are pinned by the small but ubiquitous disorder

B, @] For both 2D electron and hole systems in wide,
symmetric GaAs QWs, the charge distribution becomes
more bilayer-like with increasing density and the IP sets
in at progressively larger v ﬂﬂ, @, @] These IPs are be-
lieved to be bilayer WC states which, thanks to the addi-
tional layer/subband degree of freedom, are stabilized at
relatively large v compared to the single-layer systems.
For example, in 2DHSs confined to a 40-nm-wide QW
with p 2 1.7 x 10! ¢cm~—2 ﬂﬂ], an IP is observed near
v = 1/2. All the IPs described above are isotropic, and
were observed in the absence of B)| @, @]

To discuss the likely origin of the anisotropic IP we ob-
serve surrounding v = 1/2, we focus on its key attributes:

(i) It is a collective state. There are numerous incipient
FQHSs near v = 1/2 in Fig. 1(e), e.g., at v = 2/5, 3/7,
4/9, 3/5, 4/7, 5/9. These are much weaker than the
FQHSs seen at the same fillings in Fig. 2 traces, but
their mere presence in Fig. 1(e) strongly suggests that
correlations are prevalent in the filling range where the
IP reigns @] Also worth emphasizing is that in Fig.
2 traces there are very strong FQHSs near and even at
v =1/2. It is very unlikely that at the intermediate tilt
angle of Fig. 1(e) interactions would disappear and the
ground state become of single-particle origin.

(i) It is a two-component state. Tt is clear that the
anisotropic IP is observed near a LL crossing, and Fig. 2
traces, which were taken far from the LL crossing, do not
show insulating behavior near v = 1/2. This implies that
the presence of two nearly degenerate LLs plays a crucial
role for its stability. Also, theoretical calculations rule

3

out any single-component WC near v = 1/2 [33]. The
anisotropic IP we observe at 6 ~ 35° is thus likely to
have a two-component origin. In Fig. 3(a), the existence
of minima at v = 2/5, 3/7, 3/5, and their deepening (rel-
ative to the insulating background resistance) at lower
temperatures, signal a close competition between a reen-
trant two-component WC phase and the FQHSs.
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FIG. 4. (color online) (a) Ryy vs B, traces measured for a
2DHS confined to a 50-nm-wide GaAs QW at density p =
0.95 x 10" em™? and at different . The 2DHS exhibits an
insulating behavior near v = 1/2 at 6§ ~ 37° and at 6 = 65°,
but not at 8 = 25° or § = 55°. The inset shows the calculated
charge distribution and potential at B = 0. (b) Rzr and Ryy
traces are shown at 6 ~ 35° and at a slightly larger density
(p = 1.12 x 10" ¢cm™2) for different temperatures. Similar to
the data of Fig. 3, both R.. Ry, exhibit insulating behavior
and the system is anisotropic near v = 1/2.

(i) It is not a nematic liquid state. One might naively
conclude that the anisotropy we report resembles the one
observed at higher half-filled LLs, and believed to signal
nematic electron phases M, @] But this is incorrect,
as there are two major differences. First, nematic phases
are liquid states and, as such, are not insulating. This
is certainly true along the “easy axis” direction where
the resistance typically decreases as temperature is low-



ered and attains extremely small values ﬂQ, 1d, @] Along
the "hard-axis”, the resistance for the nematic phases in-
creases at low temperatures but tends to typically satu-
rate at a reasonably small value of about 1 k2 ﬂﬂ, ﬁ, ]
This is very different from the insulating behavior and
the large values we measure for both R,, and R,,. Sec-
ond, the “hard axis” of the Bj-induced nematic phases
is generally along B @@] although, depending on the
crystal orientation and electron spins, it can show the op-
posite behavior @, ] In our experiments on samples
from five different wafers we observe that the resistance
along By (Ry.) is always smaller than in the perpen-
dicular direction, opposite to what is typically seen in
Bj|-induced nematic phases fa1].

Based on the above observations, we associate the IP
observed in Fig. 1(e) with a pinned, anisotropic WC. We
suggest that the anisotropy originates from the strongly
distorted shape of the hole charge distribution induced
by Bj|, as schematically depicted in Fig. 1(a). Because
of the finite thickness of the hole layer in our sample,
By couples to the out-of-plane (orbital) motion of the
carriers, and squeezes the charge distribution in the di-
rection perpendicular to B (see Fig. 1(a)). Such dis-
tortions have been recently documented for carriers near
B, = 0, and also for composite fermions at high B
]. An elongated charge distribution can lead to
anisotropic interaction, and provides a natural expla-
nation for the anisotropic IP we observe in terms of a
pinned, striped WC as shown in Fig. 1(a) [34, [45-48].
Moreover, it is consistent with the experimental obser-
vation that the transport “easy axis” is along B (i.e.,
Rye < Ryy), as intuitively the excited quasi-particles (at
finite temperatures) should have a higher hopping rate
in the direction of charge distribution elongation.

Data taken on the 50-nm-wide QW (Fig. 4) corrobo-
rate Figs. 1-3 data and our above conclusions, and reveal
new information. In Fig. 4(a) we show Ry, traces at
density p = 0.95 x 10" cm~2 at different angles. Quali-
tatively similar to the data of Figs. 1 and 2, the traces at
0 = 0° and 55° appear normal and exhibit a very strong
v = 1 integer QHS and numerous FQHSs at standard fill-

ings as well as at v = 1/2. The 0 ~ 37° trace, however,
shows an IP between 1/3 < v < 2/3. The same trace
also indicates a weak minimum near v = 1 and other
features, e.g. FQHSs at v = 19/15 and 29/35, indicating
that the two lowest LLs are near a coincidence. Traces
taken at 6 ~ 35° and slightly higher density, presented
in Fig. 4(b), reveal that R,, >> R, and that both R,
and R,, show insulating behavior near v = 1/2, similar
to the 40-nm-wide QW data of Fig. 3.

The smaller density in the 50-nm QW sample allows
us to make measurements at higher tilt angles. As seen
in the top trace of Fig. 4(a), taken at 6 ~ 65°, an IP
reappears at high B, past v = 3/5. We believe this
IP signals the onset of the 2DHS splitting into a bilayer
system, similar to what is seen in 2DESs confined to wide
QWs at very large tilt angles @, @]

The results we report here attest to the extremely rich
physics of 2DHSs confined to wide GaAs QWs. In these
systems one can cause a crossing of the lowest two LLs
by either changing the density ] or titling the sample
in magnetic field . Depending on the sample pa-
rameters, the crossing can destroy the ordinary QHSs,
both at integer and fractional fillings, and bring to life
unusual phases such as a FQHS at v = 1/2 or, as
we have shown here, an anisotropic IP signaling a two-
component, striped Wigner crystal.
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See, e.g., the O = 40° trace in Fig. 1 of Ref. [31).

The IP we observe at the lowest fillings and highest angles in Fig. 4 is also anisotropic but R, is only about 3 times
larger than R.., qualitatively similar to the data of Fig. 2(b). We believe this anisotropy stems mainly from hole charge
distribution elongation [41].
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