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Evidence for a Bilayer Quantum Wigner Solid
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As the electronic charge distribution in a wide quantum well is tuned from a monolayer throug
interacting bilayer configuration toward weakly coupled parallel layers, we observe an insulating
concurrently manifesting a dramatic evolution. The data reveal that both interlayer interaction
charge symmetry, playing crucial roles, are able to stabilize acorrelated bilayerelectron insulator, thus
providing tantalizing evidence of a pinned bilayer Wigner solid phase crystallizing at total filling fa
n as large as 0.54 (n .

1
4 in each layer). [S0031-9007(96)01085-X]

PACS numbers: 71.45.–d, 73.20.Dx, 73.40.Hm
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It is possible to fundamentally alter the many-bo
ground states of a two-dimensional electron system
ES) at high magnetic fields (B) through the introduction o
an additional degree of freedom. For example, the a
tion of a spin degree of freedom enables the formation
particular spin-unpolarized fractional quantum Hall (FQ
states observed at lowerB [1,2], while radically increas-
ing the perpendicular spatial degree of freedom leads
weakening and eventual collapse of the FQH effect [3
Here we report magnetotransport measurements on a
teractingbilayer ES confined in a wide quantum well. I
this system, the additional layer degree of freedom st
lizes new FQH states such as the even-denominator inc
pressible liquids at Landau level filling factorsn ­

1
2 [5–

7] andn ­
3
2 [6], which have no counterpart in standa

single-layer 2D ESs. Our data reveal an intriguing int
play between the FQH effect and an insulating phase
that displays behavior profoundly different from any o
served in a standard 2D ES. In this paper we focus on
IP, which, we demonstrate, evolves into acorrelated bi-
layerelectron insulator with intralayer andinterlayerinter-
actions holding equal significance, thus providing uniq
evidence for a pinned bilayer Wigner crystal (WC).

The sample, grown by molecular beam epitaxy, cons
of a 750 Å GaAs quantum well flanked by Al0.35Ga0.65As
spacers and Sid-doped layers. When cooled to low tem
perature (T ) in a dilution refrigerator, this sample has typ
cal dark densityn . 1 3 1011 cm22 and mobility m .
1 3 106 cm2yV s. Both n and the charge distributio
symmetry are controlled via frontside and backside ga
[5,6,8]. In the density range spanned by our experime
3.7 3 1010 , n , 19.0 3 1010 cm22, at most two sub-
bands are occupied. As electrons are added to the
quantum well, their electrostatic repulsion causes them
pile up near the sides of the well, and the resulting elec
distribution appears increasingly bilayerlike asn grows
[Fig. 1 (inset)] [8]. For symmetric charge distribution
i.e., “balanced” states, two relevant parameters that q
tify this evolution are the symmetric-to-antisymmetric e
ergy gapDSAS, which is a measure of the coupling betwe
the two layers, and the interlayer distanced [Fig. 1 (inset)].
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Experimentally,DSAS is deduced from Fourier transform
of the low-B Shubnikov–de Haas oscillations at variousn
[5,6,8]. A crucial property of the ES in a wide quantu
well is that, for a given well width, bothDSAS andd de-
pend onn: Increasingn makesd larger andDSAS smaller.
Thus, by increasingn, the system can essentially be tun
from a (thick) single-layer-like system exhibiting the usu
FQH effect at odd-denominator fillings to a bilayer E
where for the highestn the strongest FQH states are tho
with even numerators, as expected for a system of two 2
layers in parallel. For intermediaten, even-denominator
FQH states atn ­

1
2 and 3

2 , which are stabilized by both
interlayer and intralayer correlations, are observed. C
current with this evolution of the FQH states, we obser
an IP which moves tohighern asn is increased.

The spectacular behavior of this IP is summariz
in Fig. 1, where the diagonal resistivityrxx at baseT
is
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FIG. 1. Evolution of the IP atT . 25 mK for varying n
(specified in units of1010 cm22 within legend). Inset: Conduc-
tion band potentials (solid curves) and electron density profi
(dotted curves) from self-consistent Hartree-Fock simulatio
for increasingn.
© 1996 The American Physical Society 1813
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(.25 mK) is plotted vsn21 ~ B for several representative
n. Experimentally, the IP is identified by arxx that
is both large (.hye2 . 26 kVyh, the quantum unit of
resistance) as well as stronglyT dependent. For very
low n, the IP appears nearn ­

1
5 (traceA), while at the

highestn there is an IP forn &
1
2 . The IP observed in

the intermediate density range (10 3 1010 & n & 14 3

1010 cm22) is most remarkable as it very quickly move
to largern with small increases inn (see, e.g., tracesB, C,
and D); along the way, it also showsreentrantbehavior
around well-developed FQH states atn ­ 2

7 (trace B),
n ­

1
3 (tracesC andD), andn ­

1
2 (bold traceE). Then,

asn increases past this point, the IP begins to move in
opposite direction to lowern (traceF).

The data in Fig. 1 forn ­ 12.6 3 1010 cm22 are
plotted in more detail in Fig. 2, along with the associat
Hall resistivity and theT dependence of both the reentra
IP peak (showing a divergingrxx asT ! 0) and then ­
1
2 minimum (exhibiting activated behavior characteris
of a FQH liquid state with finite energy gap). As a whol
the data of Fig. 2 bear a striking resemblance to the
observed reentrant aroundn ­

1
5 in low-disorder, single-

layer 2D ESs, generally interpreted as a pinned Wig
solid [9]; here, however, the IP is reentrant around t
bilayern ­

1
2 FQH state, with the reentrant peak reachi

the prominently high filling ofn ­ 0.54.
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FIG. 2. Diagonal and Hall resistivity vsB at n ­ 12.6 3
1010 cm22, highlighting the reentrant IP around the bilay
n ­ 1y2 FQH liquid. Inset: T dependence of then ­

1
2

minimum and the reentrant peak atn ­ 0.54.
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The IPs presented in Fig. 1 cannot be explained
single-particle localization. First, in the case of standa
single-layer 2D ESs it is well known that asn is lowered,
the quality of the 2D ES deteriorates and the sample sh
a disorder-induced IP at progressively largern [10]. This
is opposite to the behavior observed here: Asn decreases
from 19.0 3 1010 to 3.7 3 1010 cm22, the quality wors-
ens somewhat as expected (e.g., mobility decreases m
tonically from1.4 3 106 to5.3 3 105 cm2yV s) but the IP
moves tosmallern. Second, the observation of IPs whic
are reentrant aroundcorrelatedFQH states, and particu
larly around the very fragile and disorder-sensitiven ­

1
2

state [6], strongly suggests that electron interactions
also essential for stabilizing the IP.

To illustrate that the behavior of this IP is indeed co
sistent with the WC picture, it is important to elaborate
the evolution of FQH states in an ES confined in a w
quantum well [6]. This evolution can be understood
examining the competition between (1)DSAS [11], (2) the
in-plane correlation energyCe2ye,B [where C is a con-
stant,0.1 and ,B ; sh̄yeBd1y2 is the magnetic length]
and (3) the interlayer Coulomb interaction (, e2yed). To
quantify the behavior it is useful to construct the rati
g ; se2ye,BdyDSAS andse2ye,Bdyse2yedd ­ dy,B. As
n is increased,g increases since bothDSAS and,B (for a
FQH state at a givenn) decrease, anddy,B increases.
Experiments show that wheng is small, the ES ex-
hibits only “one-component” (1C) FQH states (standa
single-layer odd-denominator states) constructed so
from the symmetric subband, while for largeg the in-
plane Coulomb energy becomes sufficiently strong to
low the antisymmetric subband to mix into the correlat
ground state to lower its energy, and a “two-compone
(2C) state ensues. These 2C states, constructed o
the now nearly degenerate symmetric and antisymme
basis states, come in two classes. For largedy,B, the
ES behaves as two independent layers in parallel, e
with densityny2; FQH states in this regime therefore ha
even numerator and odd denominator. For small eno
dy,B, the interlayer interaction can become compara
to the in-plane interaction and a fundamentally new k
of FQH state becomes possible. Such a state has st
interlayer correlation and can be at even-denominaton.
A special example is theC331 state associated with th
n ­

1
2 FQH state observed in bilayer ESs with approp

ate parameters [5–7].
We have determined the quasiparticle excitation g

Dn of several FQH states in the current system for sev
n via thermal activation measurements; these gaps
plotted vsg in Fig. 3(a). As expected, we observe th
increasingg suppresses 1C states and enhances 2C st
Two states,n ­

2
3 andn ­

4
3 , undergo a 1C to 2C phas

transition with increasingg [6], as evidenced by shar
minima in their gaps. The critical point for this transitio
g . 13.5, matches the point where the gaps of other
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and 2C states emerge from zero. Surrounding this poi
a region where then ­

1
2 FQH liquid stabilizes. Note tha

since this 2C state also possesses interlayer correlation
2Cn ­

2
3 and 4

3 states are simply13 and 2
3 states in paralle

layers), it exists only within a finite range ofg. The
relevance of this plot to the IP is immediately highlight
by examining the three main reentrant peaks in Fig
(from tracesB, D, andE), which appear atn ­ 0.30, 0.39,
and 0.54 for the IPs surrounding then ­

2
7 , 1

3 , and1
2 FQH

states, respectively. The values ofg at these reentran
peaks are, respectively, 16.9, 16.3, and 16.5. The p
positions span a large range ofn, and yet the associate
g are remarkably similar. Moreover, at this value
g . 16.5, interlayer interactions are clearly important
this point is straddled by the 2C12 state in Fig. 3(a).

The construction of a phase diagram for the obser
IPs facilitates a lucid connection between the IP evolut
the 1C to 2C transition, and the development of then ­

1
2

liquid. To this end, we first collected arxx data set
for a fairly dense grid of points in then-B plane by
incrementally changingn and sweepingB at baseT .
Next rxx was mapped to a color interpolating betwe
blue (rxx ­ 0) and red (rxx $ hye2). Finally, using the
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FIG. 3(color). (a) Measured energy gapsDn of several FQH
states vsg. The number of components (C) in each st
is shown in parentheses. (b) Phase diagram showingrxx ,
chromatically mapped according to the color bar (right), vsn
andg.
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B, n, and DSAS values at each point, the color-mapp
rxx data set was plotted vsn and g [Fig. 3(b)]. By
utilizing hye2 as a natural resistivity scale for demarcati
the IP and noninsulating states [12], the result is
comprehensive phase diagram depicting incompress
phases (dark blue) together with compressible pha
both insulating (dark red) and metallic (all other colors

Immediately obvious in the phase diagram are
various FQH transitions, manifested by the appeara
or disappearance of dark blue FQH phases at sev
n (see, e.g.,35 , 4

5 , and the 1
2 “gulf”), or by a change

in vertical width of the FQH phase (see, e.g.,2
3 ); these

transitions correlate directly with the measured ene
gaps [Fig. 3(a)]. Another striking feature is the wrinklin
in the IP boundary: This is caused by the aforementio
IP reentrance around several FQH states, perhaps
picturesque nearn . 0.55 due to the formation of an IP
“peninsula” above the1

2 gulf. The limiting critical n at
low n (low g) is close to1

5 , consistent with a low-disorde
monolayer 2D ES. For the highestn when the ES is
effectively two weakly coupled layers in parallel, on
would expect (and our measurements on wider quan
wells directly indicate) that the IP boundary moves ton .
2
5 , consistent with two high-quality independent laye
becoming insulating near15 filling in each layer. As our
system is tuned throughcoupledlayers, however, the IP
boundary moves vividly above both of these limits
n & 0.55, and then only at highern does it begin to fall
back toward the2

5 weak-coupling limit (lying outside the
density limits of our current sample).

We can examine in more detail the evolution of t
IP as depicted in the phase diagram of Fig. 3(b)
making comparisons to Fig. 3(a). For intermediaten, as
g increases, the IP first remains close ton ­

1
5 but then

begins to move to highern in the range12 , g , 15.
This range is precisely bisected byg . 13.5 [Fig. 3(a)],
where the 1C to 2C transition occurs. Then the IP mo
very quickly ton . 1

2 as evidenced by the nearly vertic
phase boundary atg . 16. As discussed earlier, an
as evident from Fig. 3, thisg is centrally located in the
parameter range in which the12 state stabilizes. A quick
glance at the phase diagram underscores this central p
Theg extent of then ­

1
2 gulf coincides directly with the

rapidn shift in the phase boundary of the insulator.
The most convincing evidence for the formation of

pinned bilayer lattice comes from perturbing the symme
(“balanced”) charge distributions. Intuitively, the streng
of a bilayer WC should be diminished under unbalan
conditions due to incommensurability effects. This
indeed observed quite prominently in our system, a
can be highlighted by examining the high-n reentrant IPs.
Figure 4 shows the effect of asymmetry on the IP reent
around n ­

1
3 at fixed n ­ 11.0 3 1010 cm22 and for

varying nt , where nt is the electron density transferre
from the back layer to the front by proper gate bias
1815
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from the balanced condition. We construct an “imbalan
phase diagram by plottingrxx , color mapped to the sam
scale shown in Fig. 3, vsnt andB [Fig. 4(b)], and include
in Fig. 4(a) three representativerxx traces [horizonta
slices through the phase diagram of Fig. 4(b)]. It is v
clear that, while the 1Cn ­

1
3 state is strengthened a

expected, the IP is weakened by increasing imbala
jntj: The IP is most stable in a perfectly balanced s
(nt ­ 0) with a phase boundary atB . 10 T, while the
IP peak atn ­ 0.38 (B ­ 12 T) drops dramatically eve
for small imbalancent ­ 4.6 3 109 cm22 [Fig. 4(a)]. As
jntj is increased past.7 3 109 cm22, the reentrant IP
is destroyed (rxx , hye2) and the 1

2 state disappears
the phase boundary (which has now jumped toB *

14 T) continues to be pushed back asnt increases furthe
[Fig. 4(b)]. For the IP reentrant aroundn ­

1
2 at n ­

12.6 3 1010 cm22, the corresponding destabilization
the insulator (not shown here) occurs at an imbalanc
less than 3% (jntjyn . 0.027). In all cases, note that bot
the n ­

1
2 state and the reentrant IP are strongest in

balanced condition; asymmetry simultaneously destr
both the bilayer quantum liquidand the insulator—for
example, the vertical boundaries of the red reentran
“island” closely match those of the dark blue1

2 liquid phase
[Fig. 4(b)].

Recently, several theoretical papers have exam
Wigner crystallization in 2D systems with an addition
spatial degree of freedom by considering multiple [1
wide [14], and double [15] quantum wells. While e
tracting details of the bilayer lattice (see, e.g., Ref. [1
is beyond the scope of our work, our observation of a
insulator at the large fillings we identify sharply resona
IP.

In
. 3.

in
FIG. 4(color). Effect of asymmetry on the reentrant
Traces (a) and phase diagram (b) are at fixed totaln, with
varying amounts of chargent transferred between layers. [
(b), rxx is mapped using the same color scale shown in Fig
Slight imbalancejnt j destabilizes the IP.
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with the fundamental principle underlying these theore
cal investigations [13–15]: There is an additional pote
tial energy gain due to the interlayer Coulomb interactio
so that for equivalent layer densities a 2C WC can fo
at highern (e.g., n ¿

1
5 per layer) than a 1C WC. In

addition, interlayer coupling may concomitantly weak
the FQH effect, making a crossing of the liquid and so
ground-state energies even more favorable [13,14].

To summarize, our bilayer electron system provide
unique means of tuning the effective electron-electron
teractions underpinning the formation of various man
particle ground states. The crux of this reasoning is t
this system possesses two vital “yardsticks” for gaug
the relative importance of interlayer and intralayer inte
actions: the 1C to 2C transition and the novel bilay
n ­

1
2 condensate. Utilizing these unimpeachable m

suring sticks, we can connect the fascinating evolution
the IP with the significance and critical counterbalance
electron-electron interactions. In this light, our data co
clusively indicate that the IP we observe forg * 13 is
a collective 2C state with comparable interlayer and
tralayer correlations. The characteristics of this bilay
electron insulator are remarkably consistent [13,14] w
the formation of a novel pinned bilayer-correlated Wign
solid, a unique 2D electron crystal stabilized through t
introduction of an additional quantum degree of freedo
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