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We use high-mobility bilayer hole systems with negligible tunneling to examine how the bilaygr
guantum Hall state evolves as charge is transferred from one layer to the other at constant total density. We
map bilayerv=1 state stability versus imbalance for five total densities spanning the range from strongly
interlayer coherent to incoherent. We observe competition between single-layer correlations and interlayer
coherence. Most significantly, we find that bilayer systems that are incoherent at balance can develop sponta-
neous interlayer coherence with imbalance, in agreement with recent theoretical predictions.
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The integet and fractiona quantum Hall(QH) effects  process for five densitig9.82<n; < 1.8) X 10 cm™?, rang-
highlight the role of quantization and interactions in two- ing from strongly interlayer coherefd/lz=1.26 to incoher-
dimensional(2D) electron systems. Bilayer systems consistent at balancéd/Ig=1.82. Our mapping of the stability of
of two parallel, closely spaced 2D electron layers separatethe SILC state versud/lg and imbalance exhibits diverse
by an insulating barrier, with a total carrier density=n;  behaviors, and we emphasize three key results. First, we
+n, wheren; andn, are the carrier densities of the top and identify the point at which the bilayer system undergoes total
bottom layers, respectively. Bilayer QH states, analogous teharge transfefall the charge in a single layeand note that
those in single 2D layers, are observed at integer and fragt is significantly enhanced by exchange-correlation effects.
tional total filling factorsv=hn/eB (=1+1,), whereB is  Second, we observe direct competition between the SILC
the applied perpendicular magnetic fiéttiThese bilayer QH state and the single-layer QH states in weakly coherent sys-
states can be attributed to one or more of three mechanismgms. Finally, our third and most significant result is that a
(i) the addition of two independent single-layer QH states abilayer system that is incoherent at balance can develop
even integer bilayer filling factors,(ii) the symmetric- SILC as the layers are imbalanced.
antisymmetric gapAgas established by interlayer tunneling  The continuous evolution of the SILC state into the
at odd integer bilayer filling factorsand (i) spontaneous single-layerr=1 QH state with charge imbalance was estab-
interlayer coherencéSILC), which produces remarkable bi- lished by Hamiltoret al® Several authors have since studied
layer QH states with no counterpart in single-componenthis evolution, focusing on the stability of the SILC state, as
systems> measured by the width of the quantum Hall plateatthe

The bilayerv=1 SILC QH state, hereafter referred to as activation gapA,-,.2° However, those studies were either
the SILC state, results from correlations between electrons inomplicated by the presence of a tunneling gap that was
different layers that unify the two layers into a single systemsignificantly larger than thev=1 transport gap(Asas
when the layer separation is sufficiently snfallhe relative  =6.8 K in Ref. 7 and 15 K in Ref.)&r restricted to a limited
strength of the interlayer and intralayer interactions governsange of imbalanc&.Hence a comprehensive study of the
the existence of the SILC state, and is parametrized by thimbalancedv=1 SILC state without the tunneling contribu-
ratio d/lg, where d is the layer separation andg tion has not been achieved until now.
=(h/eB)Y?=(27n;)"Y2is the magnetic length at=1. Using Recent Hartree-Fock calculations have predicted two in-
front and back gates, it is possible to alter, and hence teresting properties of bilayer systems when imbalanced.
d/lg, electrostatically. Significant attention is currently fo- First, thev=1 SILC state is not destroyed by charge imbal-
cused on understanding how the SILC state evolves as thence, as might naively be expectédnstead, the excitation
electron densities in the two layers are unbalanced at corgap remains constant until all the charge has been transferred
stantny (i.e., constantl/lg) by transferring charge from one into a single layet! Second, and more significantly, these
layer to the other—a process known as charge imbalance. galculations suggest that imbalance should stabilize the SILC
key question is: fod/lz>1.8, where the SILC state is not state!® making it possible to “turn-on” interlayer coherence
observed at equal layer densities can charge imbalance @ a system that exhibits no SILC at balari€é! However,
used to induce a SILC state? Our results indicate that thaeither of these behaviors has been observed to date. Previ-
answer is yes. ous experiments have shown a parabolic increase in the sta-

In this Communication, we map the existence and stabilbility with imbalance’= with no evidence for the turning-on
ity of the SILC state as the layer densities are unbalanced aif SILC with imbalance. In the present work, the removal of
constaning, spanning the entire range from balanced to com+tunneling and the ability to alter the charge distribution over
pletely imbalancedall charge in one layer We repeat this the entire range of imbalance has gone some way towards
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FIG. 2. Normalized widthAB/B of the v=1 p,, minima gate
FIG. 1. Longitudinalp,, and Hallp,y resistivity traces obtained jmbalanceN, for five d/lz. The arrows indicate the composite
at balance(n;=ny) for d/lg=1.36(n;=9.7x10'cm?). The inset  1/3+2/3states(see text and the three solid and one open circles

=1 QH state based opy, (dashediand p,y (solid). Consecutive traces are offset &B/B=0.04 for clarity.
reconciling theory and experiment, and indicates that it is ) o )
possible to turn on SILC with charge imbalance. suring the range in magnetic fieldB, over which the lon-

To overcome problems associated with tunneling, wegitudinal resistance is below a given cutpff (solid line in
have used a bilayer hole sample consisting of3al) A  the inset of Fig. 1 This is because fop,, to be quantized,
GaAs/AlGaAs heterostructure with two 15 nm wide GaAs py must tend to zerd3 We have checked that both tipg,
guantum wells separated by a 2.5 nm wide AlAs barrier. Theand p,, methods of determining the stability of the SILC
larger effective mass of holes, compared to electrons, sugstate are equivalent, with excellent qualitative agreement
presses interlayer tunnelifdsas<0.1 K). An in situ back  (and quantitative agreement t020%). To account for the
gate allows a wide gate range so that we can achieve totalependence of the width of the quantum Hall state on the
charge imbalance. As an added advantage, bilayer hole syttal carrier densityny, we normalizeAB to the magnetic
tems allow measurements of devices with smatlerand  field at which the quantum Hall state occtsB/B). This is
therefore largerns, where the effects of disorder are consistent with previous studies of single-layer QH
reduced® systems? which have shown that the normalized magnetic

Electrical measurements were performed using standariield width AB/B is a good measure of the activation gap.
low-frequency ac lock-in techniques with an excitation cur- Here we present data obtained from measurements of the
rentl <2 nA at a lattice temperature of 55 mK. The two 2D width of the p,, minimum, since these same data can also be
hole layers are measured using a Hall bar geometry witlhused to determine the carrier density in each layer and follow
ohmic contacts that contact both layers in parallel. The denthe evolution of other QH states through the low figlg
sities in the two layers are controlled electrostatically usingoscillations. This additional information will be essential for
gates above and below the 2D layers. Imbalance at constamterpreting several features of the evolution of the SILC
ny is achieved by adjusting the bias voltage on the®dp  state under charge imbalance, as discussed below.
and bottom(V,) gates in opposite directions by amounts pro- To quantify the charge imbalance, we introduce two
portional to the respective gate-layer separatfon. parameters—the layer imbalancg and the gate imbalance

Figure 1 shows longitudindp,,) and Hall(p,,) resistiv-  N.. The layer imbalance, =(n.—n,)/ny is also known as the
ities measured as a function Bfat d/Ig=1.36 for the bal- Z component of the pseudospin vectoand describes the
anced bilayer system. The absence of QH states at odd intéactional charge imbalance between the two layers. The
gerv=3 demonstrates that interlayer tunneling is negligible layer imbalance takes valueswf=+1, 0, and—1 when all
and that the QH state at=1 is entirely due to SILC. holes are in the top layer, equally balanced, and in the bottom

The inset of Fig. 1 shows two equivalent methods of delayer, respectively. The gate imbalance is the analogof
termining the stability of the SILC state by measuring itsfor the top and bottom gates, and describes the fraction of
width in magnetic field. Sawadst al. have previously shown charge moved from one gate to anothel,=(AN;
that the width of thev=1 quantum Hall plateau is a good —AN)/Ny, whereN=N;+N, is the total surface charge on
measure of the QH state’s activation energy obtained througthe gatesAN, =V, ,/d;, is the change in the top or bottom
thermal activation measuremerithis makes it experimen- gate surface charge density from its value at balanceVand
tally possible to conveniently measure the stability of theis the bias applied to the top/bottom layer, assumifig
SILC state as a function of both imbalance and total carrier0 V at balance. The distanag, is the gate-layer separa-
density. In Ref. 7, the width of the QH plateau is obtained bytion for the top/bottom layer. For a classical system, the gate
measuring the range in magnetic field over which the Halland layer imbalances are equ&l,=m,. However, in our
resistance was withirt2.5% of h/é (dashed arrows in the bilayer 2D hole systemsm,|=|N,|, due to the strong nega-
inset of Fig. 2 and subtracting the width of the classical Hall tive compressibility caused by exchange-correlation
resistance over the same2.5% range. However, the width effects®10
of the SILC state can be determined more simply by mea- Figure 2 shows measurements of the stabiliB/B of the
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FIG. 3. Simplified ground-state phase diagram for this bilayer ) )
v=1 system. Solid and dashed lines mark the boundary between FIG. 4. Grey-scale plot 0, (z axis) B andN,. Dark regions
SILC and non-SILC states with and without intralayer correlations CO"resPond to QH states. The four diagonal dotted lines denote
respectively. Dotted line indicates the transition between bilayeSingle-layer fractional QH states and the vertical white dotted line
and single-layer charge distributions. The symbols correspond tI)OHOWS the bilayery=1 QH state.

the data points highlighted in Fig. 2. Mapping the circles from the experimental data in Fig. 2

bilayer =1 QH state obtained as a function of gate imbal-ONt0 the phase diagram in Fig. 3, we find that the measured
anceN, for five different values ofi/|g ranging from 1.26 P€aks inAB/B in Fig. 2 correspond to the points at which
(top) to 1.82 (bottom). Our three key results are evident in total charg_e transfe_r is pr_ed|cted to occur. Th|s_ !nd|cates that
this data, which we discuss in order of increasitty. Com- e peak inAB/B is a signature of the transition from a
mencing with the lowestl/l (top trace, we observe an Pilayer to a single-layer charge distribution at1. This
approximately parabolic increase iB/B with increasing ~transition occurs afN,| <1 due to exchange-correlation ef-
N, for small imbalancgN,|<0.15, consistent with Refs. 7 fects. We also note that thi, where total charge transfer
and 9. However, ad/|g is increased to 1.5@niddle trace in  0ccurs decreases with decreasing density, consistent with the
Fig. 3 the parabola acquires a flat bottom, as expected frorglotted line in Fig. 2. We note that a similar sharp change in
Hartree-Fock calculatiors. It is unclear why this behavior the width of thev=1 state was also seen in bilayer systems
has not been observed in previous experiméritand why  with increasing imbalance when the charge density was not
the predicted behavior is only observed at lardég, since  kept constant,but this was not commented on.

the Hartree-Fock calculations should improve dH$z — 0. Our second key result comes from tthdz=1.66 trace in
One possibility is that topological excitatidh@ot consid-  Fig. 2. Atd/Iz=1.66, the interlayer correlations are weak and
ered in Ref. 11 cause deviations from the Hartree-Fock pre-therefore the SILC state is susceptible to perturbations from
dictions at smalled/lg. A second possibility is that since intralayer correlations. The downward pointing arrows in
smallerd/lg requires lowny, disorder may play a role. Fig. 2 mark the point at which,=1/3 andw»,=2/3 (left),

Our first key result is that fojN,| > 0.2 all thed/Ig traces and »=2/3 and »,=1/3 (right), for the d/Ig=1.66 trace.
evolve similarly—AB/B rises sharply towards a clear peak These are the points at which single-layer fractional QH
and then decreases gradually with increasing imbalancetates generate the strongest intralayer correlations. The
These AB/B peaks are marked with solid circles for the single-layer fractional QH states coincide with measured
d/15=1.26, 1.35, and 1.66 traces in Fig. 2, and these dateninima in the stability of the SILC state. This suggests that
points are also mapped onto Fig. 3 with the same symbolghe minima in the stability of the SILC state are the result of
For d/1g=1.82 we were unable to resolve the precise locathe compositev=1/3+2/3intralayer correlated state com-
tion of the peakbecause the=1 state extended beyond the peting with interlayer correlated SILC state: Changing the
maximum B of the measurements at large imbalandaut  imbalance alters the energy of the composite state with re-
the data shows that it occurs fit,| = 0.45, indicated by the spect to the SILC state, so that|hit|=0.18 the gap between
open circle. the two is minimized, reducing the activation energnd

Figure 3 introduces a simplified phase diagram for thehenceAB) of the SILC state.
existence of the SILC state in our bilayer system calculated To confirm that competition between the SILC state and
as a function oiN, andd/lgz. The lefty axis shows the the- the combined./3+2/3state is responsible for this effect, we
oreticald/lg and the righty axis shows the equivaleut/l;  track the evolution of the SILG=1 state and four single-
after accounting for finite well thicknedéThe SILC state is layer fractional QH states in Fig. 4. The grey-scale plot in
unstable above the dashed line according to the calculatiorfSg. 4 consists of 36 separate tracespgf (z axis) versusB
of Refs. 10 and 11. The solid line shows the same phaséx axis) obtained at different values &, (y axis). The dark
boundary after intralayer correlations have been considerexggions correspond tp,, minima(i.e., QH states We have
(i.e., comparing the ground-state energy of the SILC statéabeled five significant QH states in this plot: The diagonal
with those of two independent single-layer st&tesThe thin  black dashed lines indicate the four single-layer fractional
dotted line marks the calculated point at which the gate imQH states:vt=%, vb=§, vt=§, and vb=§. The light near-
balance drives all the charge into one layer, corresponding teertical dashed line marks the magnetic field at whictl.
m,=+1 (exchange and correlation effects cause this to occuin the data the bilayer=1 state is manifested as a vertical
for N,| <1). dark band centered on this vertical line, bounded by the four
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diagonal lines. Most significantly, the=1 state is weakest at =1 beyondN,=-0.23, we map the points at which the rise
N,=+0.18 where it intersects the diagonal lines that markstarts and stops onto the phase diagram in Fig. 3, using open
the single layew=1/3 andv=2/3 states. The weakening of symbols. The open square lies on the boundary between the
the v=1 bilayer QH state is indicated on the grayscale by &no SILC” phase and the SILC phase, and the open circle
significantly lighter shade of gray at thedg. These two lies on them,=+1 boundary. This suggests that the onset of
gray regions correspond to the local minima in tidg  the steep rise iMAB/B corresponds to turning-on interlayer
=1.66 trace in Fig. 2, and directly reveal the competitioncoherence with charge imbalance, and the peakBnhB oc-
between the SILC state and the compo%iﬂ% independent curs when all the charge has transferred into one layer
layer state at=1. This competition between the SILC state =+1). We note that the same steep riseAiB/B occurs for
and the composite state is not observed at sméellgy be-  all values ofd/Iz once the imbalance exceeds some critical
cause the interlayer coherence becomes stronger and inti@alue |N,|, whether or not ay=1 QH state exists atl,=0.
layer correlations become weaker@dg decreasedi.e., as In conclusion, we used low-density, high-mobility bilayer
| increasep _ _ _ hole systems with negligible tunneling to map the stability of
Finally, and most importantly, we find that a bilayer sys-the pilayerr=1 QH state versus charge imbalance at con-
tem that is incoherent at balance can develop SILC withstant total density for five values al/lg ranging from
charge imbalance in agreement with Ref. 11. Increaditg strongly interlayer coherentd/1g=1.26 to incoherent

to 1.82 (lowest trace in Fig. Rdestroys the SILC state at (d/15=1.82 at balance. We observe three key resufsthe

N,=0 (AB/B—0), and the system behaves as two indepeng;qnificant enhancement of total charge transfer due to

dent layers. As the_layers are then |mbf_:1lan_ced, proce?d'”&(change-correlation effect§i) the presence of direct com-
left from the center in thel/lg=1.82 trace in Fig. 2, there is  yeition between the SILC state and composite single-layer
initially no QH state aw=1 until N, reaches-0.2, where & gactional QH state in weakly coherent systems, and most
well-defined peak im\B/B (as opposed to the minimum at gjgnificantly that(iii) bilayer systems that are incoherent at
d/lg=1.66 indicates the formation of a composite=1  pajance develop spontaneous interlayer coherence with im-
states withy,=3 and »,=3 (i.e., this state has no SILC but pzjance. We note that 48| — 1, the pseudospin stiffness
strong intralayer correlationsThis is verified using a grey- tends to zero, making SILC susceptible to destruction by
scale plot similar to Fig. 4not shown. A small increase in  gisorder and quantum fluctuations. Recently, work subse-

imbalance toN,=-0.23 destroys the composite stdt®.,  quent to ours has appeared that also investigates the effect of
AB/B returns to zero, highlighted by the open square in Figcharge imbalance on SILE.

2). Upon further imbalanceAB/B again becomes nonzero

and begins to rise rapidly out t4,=-0.45(the limit of the This work was supported by the Australian Research
experimental data, indicated by the open circle in FijgT®d  Council, by NSF Grant Nos. DMR-0206681 and EPS-
understand the origins of this sharp rise in the stabilitwof 0132626, and by a grant from the Research Corporation.
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