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Origin of the u = 1/2 Fractional Quantum Hall State in Wide Single Quantum Wells
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We study the effect of subband energy separation and asymmetry on the quasiparticle excitation

gaps of the v = 1/2 and coexisting fractional quantum Hall (FQH) states in wide single quantum

wells. A new even-denominator FQH state at v = 3/2 and a dramatic subband-mixing-driven phase
transition from a one- to two-component FQH state at v = 2/3 are observed. Our results reveal the
two-component origin of the v = 1/2 FQH state, and allow us to construct an experimental phase

diagram for electron states at half 611ing.

PACS numbers: 73.40.Hm, 72.20.My, 73.20.Dx, 73.40.Kp

Observations of new fractional quantum Hall (FQH)
states at the even-denominator Landau level filling factor
v = 1/2 were recently reported for quasi-two-dimensional
electron systems (2DESs) in either a wide single quantum
well (WSQW) [1,2] or a double quantum well (DQW)
[3]. Theoretically, in two-component systems, such as a
spin-unpolarized 2DES or a bilayer electron system, the
extra (spin or layer-index) degree of freedom can lead to
even-denominator FQH states [4—8]. The 1/2 FQH state
observed in DQWs of Ref. [3] is clearly a two-component
state and fits the theoretical predictions very well. The
origin of the 1/2 FQH state in a WSQW is more subtle,
however, since such a system possesses the duality of a
bilayer and a thick, single-layer system. In fact, both
one-component [9] and two-component [10] theoretical
models have been recently proposed to explain the 1/2
FQH state observed in WSQWs.

In this Letter, we present an experimental study of the
relevant energy and length scales for the v = 1/2 FQH
state in WSQWs. The unprecedentedly high quality of
the samples allows our quantitative and systematic mea
surements of the quasiparticle energy gaps (6„) for the
1/2 state as well as other FQH states. We also observe a
new even-denominator FQH state at v = 3/2 in our high-

est quality sample. Accompanying the existence of the
v = 1/2 FQH state, the v = 2/3 FQH state undergoes a
dramatic one- to two-component transition which is con-
firmed by examining the asymmetry effect. This transi-
tion and the v = 1/2 state are consistently explained by
(1) the Coulomb-interaction-induced mixing of symmet-
ric and antisymmetric subbands, and (2) the competition
between the interlayer and the intralayer Coulomb cor-
relation. These results strongly suggest that the v = 1/2
FQH state in WSQWs has a two-component origin.

The samples were grown by molecular beam epitaxy
and each consists of a wide GaAs well bounded on each
side. by an undoped Alo 35Gao 65As spacer and Si b-doped
layers. We studied six samples with well widths (w)
ranging from 600 to 960 A.. These had typical areal den-
sity N, 1 x 10i cm 2 and low-temperature mobility

1 x 10s cm2/Vs. Our experiments included measur-
ing the magnetotransport coefficients of a given sample

for various N, and, at each N„ for the symmetric (bal-
anced) as well as several difFerent asymmetric (unbal-
anced) charge distributions in the well. Both N, and the
charge distribution symmetry were controlled via front-
and back-side gates [1,2,11]. A most relevant param-
eter in these systems is the energy difference between
the lowest two subbands: for wells with a symmetric
charge distribution this corresponds to the symmetric-
to-asymmetric energy gap (Asks); otherwise we use the
symbol bp i to denote this energy difference. Experi-
mentally, we directly measured bsAs or Ap i from the
Fourier transforms of the low-field magnetoresistance os-
cillations and use the measured values throughout this

paper. In all cases we found excellent agreement be-
tween the measured ksAs and those determined from
self-consistent Hartree-Fock calculations.

The magnetotransport data for a sample with a 770-
A.-wide well, shown in Fig. 1, provide an overview of
the FQH efFect observed in WSQWs. The striking fea-

tures of the data are the well-developed FQH states at
the even-denominator fillings 1/2 and 3/2 which have
no counterparts in standard 2DESs in single heterostruc-
tures [12]. Note in Fig. 1(a) that aside from the v = 1/2
FQH state the structure of all the other FQH states is

surprisingly similar to that of a high-quality, standard
2DES. The data then immediately point to the appar-
ent dual nature of this electron system. To better bring
this duality into perspective, in Fig. 1(c) we show the
calculated wave functions for the occupied levels and the
charge distribution [p(z)] along the direction perpendic-
ular to the 2D plane at zero magnetic field (B). On
one hand p(z) has a bilayerlike distribution; on the other
hand, within a single-electron picture, only the symmet-
ric subband [@s(z)] is occupied for v & 1 and the system
should behave as a wide, single-subband 2DES.

To understand the origin of the v = 1/2 FQH state
we first exainine the relevant energy and length scales
for this state. The relevant lengths are [Fig. 1(c)] the
distance between two layers (d), the layer thickness (A)
defined as the full width at half maximum of the electron
distribution for each layer, and the magnetic length Iz =
(5/eB) i/z. The relevant energies at T = 0 are as follows:
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FIG. 1. Magnetotransport data, taken at T 30 mK,
for a 770-A-wide well with (a) X, = 1.03 x 10' cm
and (b) N, = 1.55 x 10 cm, showing well-developed
even-denominator FQH states at v = 1/2 and 3/2. In (c), the
calculated electron wave functions (dotted curves denoted 4s
and 4p, s) and distribution function [solid curve denoted p(z)]
are shown for this well with N, = 1.03 x 10 cm at 8 = 0.
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(1) &sAs,'(2) Ce /alga, the in-plane Coulomb correlation
~~~rgy, where C is a constant 0.1; and (3) e2/ed, the
Coulomb energy along the normal of the 2D plane. We
now discuss the significance of these three energies for the
properties of the correlated electron ground state [13].

When Ce /el~ ( hsAs, the upper (antisymmetric)
state is unlikely to mix into the many-body ground state
by the Coulomb interactions. For v & 1, the electron sys-
tem occupies the lowest Landau level of the symmetric
subband and exhibits one-component FQH states, such
as 1/3, 2/3, 3/5, etc. , similar to a standard 2DES but
with reduced strength due to the large thickness of the
electron layer [14,15]. If the in-plane correlation energy is
sufficiently strong (Ce /el~ + AsAs), the antisymmetric
state can mix into the correlated ground state to lower its
energy. This mixing can result in the reduction or even
collapse of Esses [11,16]. Such a system behaves as a two-
component system, the "components" being the (nearly
degenerate) symmetric and antisymmetric states. Now
in a WSQW, as in a bilayer electron system in a DQW,
two types of two-component FQH states are possible, de-
pending on the strength of the "interlayer" Coulomb in-
teraction (~ e jed). When e /ed is sufficiently small,
the system behaves as two independent layers in paral-
lel, each with a density equal to N, /2. An example of a
two-component FQH state in such a system is the @sso
state [4,7,8,17] which has v = 2/3 (1/3 filling for each
layer). Note that such a FQH state always has a v with
even numerator (because of the even number of layers)

FIG. 2. The quasiparticle excitation gaps 6 vs
—:As~s/(e /elan) for diff'erent v. The letters a, 5, and c mark
the states for which further data are shown in Fig, 3.

and, since each layer is a single-component 2DES, an odd
denominator. If e2/ed is large enough and comparable to
the intralayer correlation Ce /etre, a second type of FQH
state, one with strong interlayer correlation, is possible.
Such a FQH state is unique to a two-component system
and can be at even-denominator v; a special example is
the 4ssr FQH state with v = 1/2 [4,7,8,10].

In Fig. 2, we plot the measured 6 vs the relevant
energy ratio a—:b sAs/(e /elr3), which is a quantitative
measure of the subband mixing effect, for the sample
of Fig. 1. These gaps were determined from the acti-
vated temperature dependence of R minima at a given
v according to R ~ exp(A„/2T), and have an esti-
rnated accuracy of +5%%uo for b,„+ 1 K and +10% for

6, + 1 K. There is an uncertainty of about k5'%%uo in n,
primarily from the uncertainty in the measured AsAs.
Based on the arguments of the preceding paragraph we

expect that, for a given v, the one- or two-component
FQH states become stronger at larger or smaller cr, re-

spectively [18]. This is clearly evidenced in Fig. 2: the
one-component states such as 1/3 and 3/5 get weaker

at lower n and eventually collapse at sufficiently small
o.. The 4/5 state, in contrast, shows the opposite behav-
ior and can be associated with a two-component state
(2/5 filling for each layer). The v = 2/3 state exhibits
a pronounced minimum at o, 0.07. We attribute this
behavior to the system undergoing a one-component to
two-component phase transition as o. is lowered. Inter-
estingly, the v = 1/2 FQH state is most stable in this
transition region (0.045 n 0.085).

The one- to two-component transition at v = 2/3 is fur-

ther confirmed by examining the asymmetry effect. We
measured b, s i and 6„for a given fixed N, as a function
of N&, the electron density transferred from the back in-

terface of the WSQW to the front by proper gate biasing
from the balanced condition (our estimated accuracy for

Nq is +5%). As [Xq! increases, 6e i increases while the
electron distribution becomes more asymmetric and its



VOLUME 72, NUMBER 21 P H YS ICAL R EV I E% LETTERS 23 MAY 1994

I I I I I I I3
(a) 1.09x10" cm

0-1

2 3
-10

effective thickness decreases. Therefore we expect that
the one-component FQH states stay stable or get stronger
(since effective thickness decreases) [14,15]. The b,z/3
data of Figs. 3(a) and 3(b) indeed show this trend. Note
that the balanced 2/3 state at N, = 1.09x10 cm be-
longs to the one-component branch in Fig. 2 ((x = 0.080)
while the one at N, = 1.15 x 10 cm (n = 0.075) is
close to the transition point (a 0.07). In contrast, the
two-component 2/3 FQH state at N, = 1.26 x 101 cm z

(cr = 0.064 for the balanced condition in Fig. 2) becomes
unstable as [N, ] slightly increases [Fig. 3(c)] and then a
one-component state takes over at ~Nt] & 5 x 10s cm 3

[o.o 1 =—b,s 1/(e /et~) + 0.07]. These data provide a
striking demonstration of the asymmetry-driven two- to
one-component transition for the v = 2/3 FQH state.
Note in Fig. 3 that in all cases, the v = 1/2 FQH state
is most stable in the balanced condition and collapses for
sufficiently large [Nt], consistent with this state having a
two-component origin.

A summary of our experimental results for the v = 1/2
state in our balanced WSQW samples is given in the d/E~
vs ct phase diagram of Fig. 4. Here the range of ct stud-
ied for each sample is indicated by a thin solid curve,
while the presence of the 1/2 FQH state is marked by
a symbol whose size qualitatively indicates the strength
of the observed FQH state (for clarity we have used two

symbols, circles and squares, to show data for six sam-
ples with 600 & uj & 960 A). The v = 1/2 FQH state
for all the samples studied is stable only in the region
of 0.04 + cr + 0.1 between the vertical lines a and b,
i.e., in the same region where the one- to two-component
transition for other FQH states occurs and substantial
subband mixing is present; this observation also favors
the two-component origin of this state. Note in Figs. 2
and 3 that the v = 1/2 FQH state becomes weaker for o.
+ 0.07 and then collapses for a & 0.04. This weakening
at small ct is partly a result of an insulating phase that
sets in at low v and large N, in WSQWs [2]. We empha-
size, however, that even in the absence of the insulating
phase, a two-component 1/2 FQH state is likely to be
stable only in a finite range of a [10].

The theoretical models proposed for the two-
component 1/2 FQH ground state (tII331) [7,8,10) in a bi-
layer electron system require not only two close subbands
available to constitute two layer indices (or isospins) but
also a proper ratio of the interlayer ( e /ed) to in-

tralayer ( e /el~) Coulomb interactions, i.e., a proper
d/E~ ratio. Therefore, we expect the 1/2 FQH state to
exist only in a specific d/E~ range, consistent with the
data of Fig. 4. However, the intralayer and interlayer
correlations also depend on the thickness of the electron
layers [A in Fig. 1(c)]. As A increases, the short-range
component of the Coulomb interaction, which is impor-
tant for the FQH effect, softens. A careful examination
of the relevant lengths d, A, and l~ [19] reveals that for
a sample with larger A/E~, the v = 1/2 FQH state exists
in the region of larger d/E~ [20]. This is consistent with
the @331state: for a bilayer system with larger A/Eg, the
short-range component of the intralayer Coulomb inter-
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FIG. 3. The measured 4„for v = 1/2 snd 2/3 FQH states,
snd the low-field subbsnd spacing (Ao q) as functions of NI
for N, = (s) 1.09, (b) 1.15, snd (c) 1.26 x 103' cm

FIG. 4. Experimental d/fs vs t3. phase diagram for electron
systems in WSQWs st v = 1/2. The inset shows s qualitative
theoretical diagram proposed in Ref. [21j.
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action is weaker; therefore to ensure the proper intra- to
interlayer interaction ratio which favors the 433/ state, a
relatively weaker interlayer interaction (smaller e /ed) is

needed, implying a larger d/IB. This conjecture is fur-

ther strengthened by the v = 1/2 FQH effect reported
in DQWs [3] and represented in Fig. 4 by triangles. In
DQWs, A/E~ (+ 1.5) is smaller than in our WSQWs

( 2.6), consistent with the experimental observation of
the 1/2 FQH state in DQWs at a smaller d/E~.

We conclude that the 1/2 FQH state observed in the
region enclosed by boundaries a, b, and c in Fig. 4 is a
two-component FQH state, most likely a 433i like state.
For comparison, the results of calculations [10], based on
4 33i for a WSQW similar to ours is represented by a
"*" in Fig. 4. Also indicated in Fig. 4 is the result
of calculations by Greiter et aL [9] based on the one-

component (Pfaffian) state. Clearly the iIlssi state is

consistent with our experimental results.
Next, we compare our data to the schematic phase dia-

gram, as shown in the inset to Fig. 4, recently suggested

by Halperin [21] for the ground state of a disorder-free
bilayer system at v = 1/2. In his diagram, the phase
labeled D consists of two essentially independent lay-

ers with v = 1/4 [22]. Phases E and E' are similar to
a single-component metallic state in a standard 2DES.
Phase I" is a FQH state, which evolves continuously as
a function of n from a assi state at o. = 0, to a Pfaffian
state at a = oo. The theoretical phase diagram is qual-

itatively consistent with our data except for two major
discrepancies. First, in the experimental diagram, the

FQH region is separated from the o. = 0 axis by an insu-

lating phase region (n 0.04). This phase is particularly
interesting since the system is insulating for suKciently
large N, (small o.) We be.lieve that this insulating phase
is not caused by single-particle localization; instead, it is

a pinned bilayer Wigner-solid-like state. Further details
will be presented elsewhere. Second, a metallic phase
separates our observed 1/2 FQH states and the Pfaf-

Ean state, i.e., the two-component 433/ state probably
cannot continuously evolve to a one-component PfafBan
state without going through a metallic state.

Finally, we remark on the v = 3/2 FQH state in Fig.
1(b) and its origin. We observe a vanishing R, as T —& 0,
yielding 6s~z - 80 mK, and a p,„plateau quantized to
better than 0.5% at (2/3)(e /h). This FQH state exists
in the region 0.05 & n + 0.08 and, similar to the 1/2 state,
is unstable against asymmetry. All our results suggest
that the observed v = 3/2 FQH state is the hole conjugate

(3/2 = 2 —1/2) of the v = 1/2 FQH state. However, the

spin degree of freedom cannot be coD'pletely ignored at
such low B More experiments are needed to clarify this
issue.
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