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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 through an
interacting bilayer configuration toward weakly coupled parallel layers, we observe an insulating phase
concurrently manifesting a dramatic evolution. The data reveal that both interlayer interactions and
charge symmetry, playing crucial roles, are able to stabilizereelated bilayerelectron insulator, thus
providing tantalizing evidence of a pinned bilayer Wigner solid phase crystallizing at total filling factor
v as large as 0.54(> } in each layer). [S0031-9007(96)01085-X]

PACS numbers: 71.45.—d, 73.20.Dx, 73.40.Hm

It is possible to fundamentally alter the many-bodyExperimentally Asas is deduced from Fourier transforms
ground states of a two-dimensional electron system (2@f the low-B Shubnikov—de Haas oscillations at various
ES) at high magnetic field$] through the introduction of [5,6,8]. A crucial property of the ES in a wide quantum
an additional degree of freedom. For example, the addwell is that, for a given well width, botlhsas andd de-
tion of a spin degree of freedom enables the formation opend orw: Increasing: makesd larger andAgas smaller.
particular spin-unpolarized fractional quantum Hall (FQH) Thus, by increasing, the system can essentially be tuned
states observed at lowdr [1,2], while radically increas- from a (thick) single-layer-like system exhibiting the usual
ing the perpendicular spatial degree of freedom leads to BQH effect at odd-denominator fillings to a bilayer ES,
weakening and eventual collapse of the FQH effect [3,4]Jwhere for the highesi the strongest FQH states are those
Here we report magnetotransport measurements on an imith even numeratorsas expected for a system of two 2D
teractingbilayer ES confined in a wide quantum well. In layers in parallel. For intermediate even-denominator
this system, the additional layer degree of freedom stabiFQH states av = % and % which are stabilized by both
lizes new FQH states such as the even-denominator inconnterlayer and intralayer correlations, are observed. Con-
pressible liquids at Landau level filling factors= % [5—  current with this evolution of the FQH states, we observe
7] andv = % [6], which have no counterpart in standard an IP which moves thigher v asn is increased.
single-layer 2D ESs. Our data reveal an intriguing inter- The spectacular behavior of this IP is summarized
play between the FQH effect and an insulating phase (IPn Fig. 1, where the diagonal resistivity,, at baseT
that displays behavior profoundly different from any ob-
served in a standard 2D ES. In this paper we focus on this
IP, which, we demonstrate, evolves intacarrelated bi- 1 2 3 4 5
layerelectron insulator with intralayer araterlayerinter- 300 ' ' A ' ' ' '
actions holding equal significance, thus providing unique
evidence for a pinned bilayer Wigner crystal (WC).

The sample, grown by molecular beam epitaxy, consist
of a 750 A GaAs quantum well flanked by AkGa, ¢sAS
spacers and Si-doped layers. When cooled to low tem- —
perature 1) in a dilution refrigerator, this sample has typi- Q
cal dark densitys = 1 X 10'' cm™2 and mobility u = =
1 X 10° cm?/V's. Both n and the charge distribution ¥
symmetry are controlled via frontside and backside gate 100
[5,6,8]. In the density range spanned by our experiments
3.7 X 1019 < n < 19.0 X 10!° cm™2, at most two sub-
bands are occupied. As electrons are added to the wic
quantum well, their electrostatic repulsion causes them t )
pile up near the sides of the well, and the resulting electro] 0 —&=usss 2,5/\ e i 2e e
distribution appears increasingly bilayerlike asgrows Filling factor v
[Fig. 1 (inset)] [8]. For symmetric charge distributions,

e, "balanced” states, two relevant parameters that qua specified in units o10'® cm~2 within legend). Inset: Conduc-

tify this evolution are the symmetric-to-antisymmetric en-yion hand potentials (solid curves) and electron density profiles

ergy gapAsas, which is a measure of the coupling between(dotted curves) from self-consistent Hartree-Fock simulations
the two layers, and the interlayer distantcf-ig. 1 (inset)].  for increasingn.
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-IG. 1. Evolution of the IP atl’ = 25 mK for varying n
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(=25 mK) is plotted vsv ~! o B for several representative ~ The IPs presented in Fig. 1 cannot be explained by
n. Experimentally, the IP is identified by a,, that single-particle localization. First, in the case of standard,
is both large th/e? = 26 kQ /0, the quantum unit of single-layer 2D ESs it is well known that asis lowered,
resistance) as well as strongTy dependent. For very the quality of the 2D ES deteriorates and the sample shows
low n, the IP appears near = = (traceA), while at the a disorder-induced IP at progressively larg€l0]. This
highestn there is an IP fory < % The IP observed in IS Opposite to the behavior observed here: nAdecreases
the intermediate density range0(x 101 < n < 14 x  from 19.0 X 10'° t0 3.7 X 10 cm2, the quality wors-
10'° cm2) is most remarkable as it very quickly moves €ns somewhat as expected (e.g., mobility decreases mono-
to larger» with small increases in (see, e.g., trace®, C,  tonically from1.4 X 10°t05.3 X 10° cn?®/V s) butthe IP

and D); along the way, it also showentrantbehavior ~moves tasmaller». Second, the observation of IPs which
around well-developed FQH states at— % (raceB), &€ reentrant aroundorrelated FQH states, and particu-

. . ;. 1
v = % (tracesC andD), andy = % (bold traceE). Then, I‘F’;rli’ argun(i the ;/ery fragllf[e e;r;]dtdlsiorciler—sgr:&wT 2
asn increases past this point, the IP begins to move in thg'ate [6]. strongly suggests that electron interactions are

o also essential for stabilizing the IP.
opposite direction to lower (traceF). i . . .
The data in Fig. 1 forn = 12.6 X 10! cm™2 are To illustrate that the behavior of this IP is indeed con-

dsistent with the WC picture, it is important to elaborate on
Hall resistivity and the&l” dependence of both the reentrantthe evolution of FQH states in an ES confined in a wide
IP peak (showing a diverging,, asT — 0) and they = quantum well [6]. This evolution can be understood by
T " X ; ._.._examining the competition between Ayas [11], (2) the
5 minimum (exhibiting activated behavior characterlstlcin_ lane correlation energge?/els [where C is a con-
of a FQH liquid state with finite energy gap). As a whole, b g B

. o tant~0.1 and €z = (/i/eB)'/? is the magnetic length],
thbe datad"f Fig. 2 bear :ds’_””f'f‘glreszmb'znce to tlhe B (3) the interlayer Coulomb interaction ¢2/ed). To
IO ser\;\) I;esentrant arc?lu d=s1n OdW' ISoraer, Séngv?' guantify the behavior it is useful to construct the ratios
ayer s, generally interpreted as a pinned Wigner, Z (2 /¢p v /A ¢ < and(e?/ely)/(e/ed) — d/Cg. As

solid [9]; here, however, the IP is reentrant around then is increasedy increases since bothsss and {5 (for a

bilayerv = % FQI—_| state, with the reentrant peak reachingFQH state at a given’) decrease, and/(; increases.
the prominently high filling ofy = 0.54. Experiments show that whery is small, the ES ex-
hibits only “one-component” (1C) FQH states (standard
a5 250 single-layer odd-denominator states) constructed solely
" T from the symmetric subband, while for large the in-
] plane Coulomb energy becomes sufficiently strong to al-
low the antisymmetric subband to mix into the correlated
ground state to lower its energy, and a “two-component”
(2C) state ensues. These 2C states, constructed out of
the now nearly degenerate symmetric and antisymmetric
basis states, come in two classes. For laigép, the
150 ES behaves as two independent layers in parallel, each
with densityn/2; FQH states in this regime therefore have
even numerator and odd denominator. For small enough
d/€g, the interlayer interaction can become comparable
to the in-plane interaction and a fundamentally new kind
of FQH state becomes possible. Such a state has strong
interlayer correlation and can be at even-denominator
A special example is th&';;; state associated with the
50 v = % FQH state observed in bilayer ESs with appropri-
ate parameters [5-7].
We have determined the quasiparticle excitation gaps

plotted in more detail in Fig. 2, along with the associate
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U A, of several FQH states in the current system for several
00 LU Lﬁr , PUIP I, n via thermal activation measurements; these gaps are
0 2 4 6 8 10 12 plotted vsy in Fig. 3(a). As expected, we observe that

B[T] increasingy suppresses 1C states and enhances 2C states.

_ 2 _ 4
FIG. 2. Diagonal and Hall resistivity v at n = 12.6 X Two statesp = 5 and» = 3, undergo a 1C to 2C phase

10'° cm2, highlighting the reentrant IP around the bilayer transition with increasingy [6], as evidenced by sharp
v = 1/2 FQH liquid. Inset: T dependence of the = :  Minimain their gaps. The critical point for this transition,

minimum and the reentrant peak at= 0.54. v = 13.5, matches the point where the gaps of other 1C
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and 2C states emerge from zero. Surrounding this pointi8, n, and Asas values at each point, the color-mapped
aregion where the = %FQHquuid stabilizes. Notethat, p.. data set was plotted vs and y [Fig. 3(b)]. By
since this 2C state also possesses interlayer correlation (thilizing /1/¢* as a natural resistivity scale for demarcating
2Cv = 3 and3 states are simply and3 states in parallel the IP and noninsulating states [12], the result is a
layers), it exists only within a finite range of. The comprehensive phase diagram depicting incompressible
relevance of this plot to the IP is immediately highlightedphases (dark blue) together with compressible phases,
by examining the three main reentrant peaks in Fig. both insulating (dark red) and metallic (all other colors).
(from tracesB, D, andE), which appear at = 0.30, 0.39, Immediately obvious in the phase diagram are the
and 0.54 for the IPs surrounding the= >, &, ands FQH  Various FQH transitions, manifested by the appearance
states, respectively. The values pfat these reentrant Of disappearance of dark blue FQH phases at several
peaks are, respectively, 16.9, 16.3, and 16.5. The peak (see, e.g.5, 5, and the; “gulf”), or by a change
positions span a large range of and yet the associated in vertical width of the FQH phase (see, e.é); these

v are remarkably similar. Moreover, at this value of transitions correlate directly with the measured energy
v = 16.5, interlayer interactions are clearly important asgaps [Fig. 3(a)]. Another striking feature is the wrinkling
this point is straddled by the Zétstate in Fig. 3(a). in the IP boundary: This is caused by the aforementioned

The construction of a phase diagram for the observedP reentrance around several FQH states, perhaps most
IPs facilitates a lucid connection between the IP evolutionpicturesque near = 01.55 due to the formation of an IP
the 1C to 2C transition, and the development ofthe: 3 “peninsula” above the; gulf. The limiting critical » at
liquid. To this end, we first collected @,, data set low n (low y) is close tos, consistent with a low-disorder
for a fairly dense grid of points in th@-B plane by monolayer 2D ES. For the highest when the ES is
incrementally changing: and sweepingB at baseT. effectively two weakly coupled layers in parallel, one
Next p,, was mapped to a color interpolating betweenwould expect (and our measurements on wider quantum
blue (o« = 0) and red p., = h/e?). Finally, using the wells directly indicate) that the IP boundary moves/te-

%, consistent with two high-quality independent layers
becoming insulating neaéf filling in each layer. As our
system is tuned througboupledlayers, however, the IP
boundary moves vividly above both of these limits to
v =< 0.55, and then only at highet does it begin to fall
back toward th%2 weak-coupling limit (lying outside the
density limits of our current sample).

We can examine in more detail the evolution of the
IP as depicted in the phase diagram of Fig. 3(b) by
making comparisons to Fig. 3(a). For intermediateas
v increases, the IP first remains closerte= % but then
begins to move to higher in the rangel2 < y < 15.

This range is precisely bisected by= 13.5 [Fig. 3(a)],
where the 1C to 2C transition occurs. Then the IP moves
very quickly toy = % as evidenced by the nearly vertical
phase boundary ay = 16. As discussed earlier, and
as evident from Fig. 3, thiy is centrally located in the
parameter range in which ti'éestate stabilizes. A quick
glance at the phase diagram underscores this central point:
The y extent of they = % gulf coincides directly with the
INSULATING rapid » shift in the_ph_ase b(_)undary of the msulatqr.

BUASE The most convincing evidence for the formation of a
pinned bilayer lattice comes from perturbing the symmetric
(“balanced”) charge distributions. Intuitively, the strength
of a bilayer WC should be diminished under unbalanced
conditions due to incommensurability effects. This is
indeed observed quite prominently in our system, and
can be highlighted by examining the highreentrant IPs.

FIG. 3(color). (a) Measured energy gajss of several FQH  Figure 4 shows the effect of asymmetry on the IP reentrant
states vsy. The number of components (C) in each state dv =) atfixedn = 11.0 X 101 cm2 df
is shown in parentheses. (b) Phase diagram showsi around» = 3 al ixed n = 11. ¢m = and for

chromatically mapped according to the color bar (right),ws Varying n,, wheren, is the electron density transferred
andy. from the back layer to the front by proper gate biasing
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from the balanced condition. We construct an “imbalance'with the fundamental principle underlying these theoreti-
phase diagram by plotting,,, color mapped to the same cal investigations [13—15]: There is an additional poten-
scale shown in Fig. 3, v, andB [Fig. 4(b)], and include tial energy gain due to the interlayer Coulomb interaction,
in Fig. 4(a) three representative,, traces [horizontal so that for equivalent layer densities a 2C WC can form
slices through the phase diagram of Fig. 4(b)]. It is veryat higherv (e.g.,»v > é per layer) than a 1C WC. In
clear that, while the 1G> = 3 state is strengthened as addition, interlayer coupling may concomitantly weaken
expected, the IP is weakened by increasing imbalancthe FQH effect, making a crossing of the liquid and solid
In.|: The IP is most stable in a perfectly balanced stateyround-state energies even more favorable [13,14].
(n, = 0) with a phase boundary & = 10 T, while the To summarize, our bilayer electron system provides a
IP peak atr = 0.38 (B = 12 T) drops dramatically even unique means of tuning the effective electron-electron in-
for small imbalance, = 4.6 X 10° cm 2 [Fig. 4(a)]. As teractions underpinning the formation of various many-
|n;| is increased past7 X 10° cm 2, the reentrant IP particle ground states. The crux of this reasoning is that
is destroyed f,. < h/e*) and the% state disappears; this system possesses two vital “yardsticks” for gauging
the phase boundary (which has now jumpedBco= the relative importance of interlayer and intralayer inter-
14 T) continues to be pushed backmsincreases further actions: the 1C to 2C transition and the novel bilayer
[Fig. 4(b)]. For the IP reentrant around= 5 atn = » = 3 condensate. Utilizing these unimpeachable mea-
12.6 X 10'° cm~2, the corresponding destabilization of suring sticks, we can connect the fascinating evolution of
the insulator (not shown here) occurs at an imbalance dhe IP with the significance and critical counterbalance of
less than 3%]¢,|/n = 0.027). In all cases, note that both electron-electron interactions. In this light, our data con-
the » = 5 state and the reentrant IP are strongest in thglusively indicate that the IP we observe for= 13 is
balanced condition; asymmetry simultaneously destroy@ collective 2C state with comparable interlayer and in-
both the bilayer quantum liquidnd the insulator—for ~tralayer correlations. The characteristics of this bilayer
example, the vertical boundaries of the red reentrant IRlectron insulator are remarkably consistent [13,14] with
“island” closely match those of the dark blééiquid phase the formation of a novel pinned bilayer-correlated Wigner
[Fig. 4(0)]. solid, a unique 2D electron crystal stabilized through the
Recently, several theoretical papers have examineptroduction of an additional quantum degree of freedom.
Wigner crystallization in 2D systems with an additional _ We thank X. Ying, S.R. Parihar, D. Shahar, and L. W.
spatial degree of freedom by considering multiple [13],Engel for technical assistance. H.C.M. is grateful to the
wide [14], and double [15] quantum wells. While ex- Fannie and John Hertz Foundation for fellowship support.
tracting details of the bilayer lattice (see, e.g., Ref. [15])This work was supported by the NSF.
is beyond the scope of our work, our observation of a 2C
insulator at the large fillings we identify sharply resonates
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