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Evolution of the bilayer »=1 quantum Hall state under charge imbalance
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We use high-mobility bilayer hole systemswith negligible tunneling to examinehow the bilayer v=1
guantumHall stateevolvesas chargeis transferredfrom one layer to the other at constanttotal density. We
map bilayer v=1 state stability versusimbalancefor five total densitiesspanningthe rangefrom strongly
interlayer coherentto incoherent.We observecompetition betweensingle-layercorrelationsand interlayer
coherenceMost significantly, we find that bilayer systemshat areincoherentat balancecandevelopsponta-
neousinterlayercoherencavith imbalancejn agreementith recenttheoreticalpredictions.
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The integet and fractiona? quantumHall (QH) effects
highlight the role of quantizationand interactionsin two-
dimensional(2D) electronsystemsBilayer systemsconsist
of two parallel, closely spaced?2D electronlayersseparated
by an insulating barrier, with a total carrier density ny=n;
+n, wheren, andn, arethe carrierdensitiesof the top and
bottom layers,respectivelyBilayer QH statesanalogoudo
thosein single 2D layers, are observedat integerand frac-
tional total filling factors v=hn;/eB (=y+v,), whereB is
theappliedperpendiculamagnetidield.3* Thesebilayer QH
statescanbe attributedto one or more of threemechanisms:
(i) the additionof two independensingle-layerQH statesat
even integer bilayer filling factors® (i) the symmetric-
antisymmetricgap Agas establishedy interlayertunneling
at odd integer bilayer filling factors® and (iii) spontaneous
interlayercoherencgSILC), which producesemarkablebi-
layer QH stateswith no counterpartin single-component
systems>

The bilayer v=1 SILC QH state,hereafterreferredto as
the SILC state resultsfrom correlationsbetweerelectronsn
differentlayersthat unify the two layersinto a singlesystem
whenthe layer separatioris sufficiently small# The relative
strengthof the interlayerandintralayerinteractionsgoverns
the existenceof the SILC state,andis parametrizedby the
ratio d/lg, where d is the layer separation and Ig
=(h/eBy?=(2 n;)~Y2is themagnetidengthat v=1. Using
front and back gates,it is possibleto alter ny, and hence
d/lg, electrostatically.Significant attentionis currently fo-
cusedon understandindiow the SILC stateevolvesasthe
electrondensitiesin the two layers are unbalancedat con-
stantny (i.e., constantd/lgz) by transferringchargefrom one
layer to the other—aprocessknown as chargeimbalance A
key questionis: for d/Ig>1.8, wherethe SILC stateis not
observedat equallayer densitiescan chargeimbalancebe
usedto induce a SILC state?Our resultsindicate that the
answeris yes.

In this Communicationye mapthe existenceand stabil-
ity of the SILC stateasthe layer densitiesare unbalancedt
constaning, spanninghe entirerangefrom balancedo com-
pletely imbalanced(all chargein one layer). We repeatthis
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procesdor five densitieg0.82< ny < 1.8)x 10* cm™2, rang-
ing from stronglyinterlayercoheren{d/Iz=1.26)to incoher
ent at balance(d/13=1.82). Our mappingof the stability of
the SILC stateversusd/lg and imbalanceexhibits diverse
behaviors,and we emphasizethree key results. First, we
identify the point at which the bilayer systemundergoesotal
chargetransfer(all the chargein a singlelayern andnotethat
it is significantly enhanceddy exchange-correlatioeffects.
Second,we observedirect competition betweenthe SILC
stateandthe single-layerQH statesin weakly coherentsys-
tems.Finally, our third and most significantresultis that a
bilayer systemthat is incoherentat balancecan develop
SILC asthe layersareimbalanced.

The continuous evolution of the SILC state into the
single-layery=1 QH statewith chargeimbalancewvasestab-
lishedby Hamiltonet al.® Severalauthorshavesincestudied
this evolution,focusingon the stability of the SILC state,as
measuredy the width of the quantumHall platead or the
activation gap A,-,.2° However, those studieswere either
complicatedby the presenceof a tunneling gap that was
significantly larger than the »=1 transport gap (Agas
=6.8K in Ref. 7 and15K in Ref. 8) or restrictedto alimited
range of imbalance® Hencea comprehensivestudy of the
imbalancedv=1 SILC statewithout the tunnelingcontribu
tion hasnot beenachieveduntil now.

RecentHartree-Fockcalculationshave predictedtwo in-
teresting propertiesof bilayer systemswhen imbalanced.
First, the v=1 SILC stateis not destroyedby chargeimbal-
ance,as might naively be expected? Instead the excitation
gapremainsconstanuntil all the chargehasbeentransferred
into a single layer™* Second,and more significantly, these
calculationssuggesthatimbalanceshouldstabilizethe SILC
state'® makingit possibleto “turn-on” interlayercoherence
in a systemthat exhibitsno SILC at balanceé®'* However,
neitherof thesebehaviorshasbeenobservedo date.Previ-
ousexperimenthaveshowna parabolicincreasen the sta-
bility with imbalance® with no evidencefor the turning-on
of SILC with imbalanceln the presentwork, the removalof
tunnelingandthe ability to alter the chargedistributionover
the entire range of imbalancehas gone someway towards
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FIG. 1. Longitudinal ,, andHall ,, resistivity tracesobtained
at balance(n,=ny) for d/Ig=1.36(n;=9.7x 10'° cm ). The inset
showstwo equivalentmethodsof determiningthe width of the v
=1 QH statebasedon ,, (dashedjand ,, (solid).

reconciling theory and experiment,and indicatesthat it is
possibleto turn on SILC with chargeimbalance.

To overcome problems associatedwith tunneling, we
have used a bilayer hole sampleconsistingof a (311) A
GaAs/AlGaAsheterostructuravith two 15 nm wide GaAs
quantumwells separatedby a 2.5 nm wide AlAs barrier.The
larger effective massof holes,comparedto electrons,sup-
pressesnterlayertunneling (Agas<0.1K). An in situ back
gateallows a wide gaterangeso that we can achievetotal
chargeimbalance As an addedadvantagebilayer hole sys-
tems allow measurement®f deviceswith smaller d, and
therefore larger ny, where the effects of disorder are
reduced

Electrical measurementsvere performedusing standard
low-frequencyac lock-in techniqueswith an excitationcur-
rentl <2 nA at a lattice temperaturef 55 mK. Thetwo 2D
hole layers are measuredusing a Hall bar geometrywith
ohmic contactsthat contactboth layersin parallel. The den-
sitiesin the two layersare controlledelectrostaticallyusing
gatesaboveandbelow the 2D layers.Imbalanceat constant
ny is achievedby adjustingthe bias voltageon the top (V,)
andbottom(V,) gatesin oppositedirectionsby amountspro-
portionalto the respectivegate-layerseparatiort?

Figure 1 showslongitudinal ( ) andHall ( ) resistiv-
ities measuredas a function of B at d/Ig=1.36 for the bal-
ancedbilayer system.The absencef QH statesat odd inte-
gerv 3 demonstratethatinterlayertunnelingis negligible
andthatthe QH stateat v=1 is entirely dueto SILC.

The insetof Fig. 1 showstwo equivalentmethodsof de-
termining the stability of the SILC state by measuringits
width in magneticfield. Sawadatal. havepreviouslyshown
that the width of the »=1 quantumHall plateauis a good
measuref the QH state’sactivationenergyobtainedthrough
thermalactivationmeasurementsThis makesit experimen-
tally possibleto convenientlymeasurethe stability of the
SILC stateasa function of both imbalanceand total carrier
density.In Ref. 7, the width of the QH plateauis obtainedby
measuringthe rangein magneticfield over which the Hall
resistancevas within +2.5% of h/e? (dashedarrowsin the
insetof Fig. 1) andsubtractinghe width of the classicaHall
resistanceover the same=2.5% range.However,the width
of the SILC statecan be determinedmore simply by mea-
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FIG. 2. Normalizedwidth AB/B of the v=1 ,, minima gate
imbalanceN, for five d/lz. The arrows indicate the composite
1/3+2/3states(seetext) and the threesolid and one opencircles
correspondo thoseshownin the simplified phasediagram(Fig. 3).
Consecutiveracesare offset by AB/B=0.04for clarity.

suring the rangein magneticfield, AB, over which the lon-
gitudinal resistancés below a given cutoff §, (solid line in
the insetof Fig. 1). This is becausdor ,, to be quantized,
xx musttendto zero!* We havecheckedthatboththe
and ,, methodsof determiningthe stability of the SILC
state are equivalent, with excellent qualitative agreement
(and quantitativeagreemento +20%). To accountfor the
dependencef the width of the quantumHall stateon the
total carrier density ny, we normalize AB to the magnetic
field at which the quantumHall stateoccurs(AB/B). Thisis
consistent with previous studies of single-layer QH
systemd3 which have shownthat the normalizedmagnetic
field width AB/B is a good measureof the activationgap.

Herewe presentdataobtainedfrom measurementsf the
width of the ,, minimum, sincethesesamedatacanalsobe
usedto determinghe carrierdensityin eachlayerandfollow
the evolution of other QH statesthroughthe low field
oscillations.This additionalinformationwill be essentiafor
interpreting severalfeaturesof the evolution of the SILC
stateunderchargeimbalance as discussedelow.

To quantify the charge imbalance, we introduce two
parameters—thé&ayerimbalancem, andthe gateimbalance
N,. Thelayerimbalancem,=(n;—n,)/ny is alsoknownasthe
z componentof the pseudospinvector? and describesthe
fractional charge imbalance betweenthe two layers. The
layerimbalancetakesvaluesof m,=+1, 0, and —1 whenall
holes are in the top layeequally balancedand in the bottom
layer, respectively.The gateimbalanceis the analogof m,
for the top and bottom gates,and describeshe fraction of
charge moved from one gate to another: N,=(AN;
—-AN,) /Ny, whereN:=N;+Nj, is the total surfacechargeon
the gates AN;, V;p/d; is the changein the top or bottom
gatesurfacechargedensityfrom its valueat balanceandV,
is the bias applied to the top/bottom layer, assumingV,
=0V at balance.The distanced, , is the gate-layersepara-
tion for the top/bottomlayer. For a classicalsystem the gate
and layer imbalancesare equal, N,=m,. However, in our
bilayer 2D hole systems|m,| |N,|, dueto the strongnega-
tive compressibility caused by exchange-correlation
effects®10

Figure2 showsmeasurementsf the stability AB/B of the
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FIG. 3. Simplified ground-statephasediagramfor this bilayer
v=1 system.Solid and dashedlines mark the boundarybetween
SILC andnon-SILCstateswith andwithout intralayercorrelations,
respectively.Dotted line indicatesthe transition betweenbilayer
and single-layerchargedistributions. The symbols correspondto
the datapoints highlightedin Fig. 2.

bilayer v=1 QH stateobtainedas a function of gateimbal-

anceN, for five different valuesof d/Ig rangingfrom 1.26
(top) to 1.82 (bottom). Our threekey resultsare evidentin

this data,which we discussn orderof increasingd/lz. Com-
mencing with the lowest d/Ig (top trace), we observean
approximatelyparabolicincreasein AB/B with increasing
N, for small imbalance|N,| <0.15, consistentwith Refs. 7

and9. However,asd/lg is increasedo 1.53 (middle tracein

Fig. 3) the parabolaacquiresa flat bottom,asexpectedrom

Hartree-Fockcalculationst! It is unclearwhy this behavior
hasnot beenobservedn previousexperiments;® and why

the predictedbehavioris only observedat largerd/lg, since
the Hartree-Fockcalculationsshould improve as d/1g— 0.

One possibility is that topological excitationg (not consid-
eredin Ref. 11) causedeviationsfrom the Hartree-Fockpre-
dictions at smallerd/lg. A secondpossibility is that since
smallerd/lg requireslow ny, disordermay play a role.

Our first key resultis thatfor [N,|>0.2 all thed/Ig traces
evolve similarly—AB/B risessharplytowardsa clear peak
and then decreasegyradually with increasingimbalance.
These AB/B peaksare marked with solid circles for the
d/1g=1.26, 1.35, and 1.66 tracesin Fig. 2, and thesedata
points are also mappedonto Fig. 3 with the samesymbols.
For d/13=1.82 we were unableto resolvethe preciseloca-
tion of the peak(becausehe v=1 stateextendecbeyondthe
maximum B of the measurementat large imbalance, but
the datashowsthatit occursfor [N,| 0.45,indicatedby the
opencircle.

Figure 3 introducesa simplified phasediagramfor the
existenceof the SILC statein our bilayer systemcalculated
asa function of N, andd/lg. The left y axis showsthe the-
oreticald/lz andthe right y axis showsthe equivalentd/Ig
afteraccountingor finite well thicknesst* The SILC stateis
unstableabovethe dashedine accordingto the calculations
of Refs. 10 and 11. The solid line showsthe samephase
boundaryafter intralayer correlationshave beenconsidered
(i.e., comparingthe ground-stateenergy of the SILC state
with thoseof two independensingle-layerstates®). Thethin
dottedline marksthe calculatedpoint at which the gateim-
balancedrivesall the chargeinto onelayer, correspondingo
m,=+1 (exchangeandcorrelationeffectscausethis to occur
for N,| <1).
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FIG. 4. Grey-scaleplot of , (z axis) B andN,. Dark regions
correspondto QH states.The four diagonal dotted lines denote
single-layerfractional QH statesand the vertical white dottedline
follows the bilayer v=1 QH state.

Mappingthe circlesfrom the experimentadatain Fig. 2
onto the phasediagramin Fig. 3, we find thatthe measured
peaksin AB/B in Fig. 2 correspondo the points at which
total chargetransferis predictedto occur. This indicatesthat
the peakin AB/B is a signatureof the transition from a
bilayer to a single-layer charge distribution at v=1. This
transitionoccursat |[N,| <1 dueto exchange-correlatiorf-
fects. We also note that the N, where total chargetransfer
occursdecreasewith decreasinglensity,consistentwith the
dottedline in Fig. 2. We notethat a similar sharpchangein
the width of the v=1 statewasalsoseenin bilayer systems
with increasingimbalancewhen the chargedensitywas not
kept constan€ but this was not commentecbn.

Our secondkey resultcomesfrom the d/Ig=1.66tracein
Fig. 2. At d/13=1.66,theinterlayercorrelationsareweakand
thereforethe SILC stateis susceptiblego perturbationsrom
intralayer correlations.The downward pointing arrows in
Fig. 2 mark the point at which »,=1/3 and »,=2/3 (left),
and »=2/3 and »,=1/3 (right), for the d/1z=1.66 trace.
Theseare the points at which single-layerfractional QH
states generatethe strongestintralayer correlations. The
single-layer fractional QH statescoincide with measured
minimain the stability of the SILC state.This suggestghat
the minimain the stability of the SILC statearetheresultof
the compositer=1/3+2/3intralayer correlatedstate com-
peting with interlayer correlatedSILC state: Changingthe
imbalancealtersthe energyof the compositestatewith re-
spectto the SILC state sothatat [N,|=0.18the gapbetween
the two is minimized, reducingthe activation energy (and
henceAB) of the SILC state.

To confirm that competitionbetweenthe SILC stateand
thecombinedl/3 +2/3stateis responsibldor this effect,we
track the evolution of the SILC v=1 stateand four single-
layer fractional QH statesin Fig. 4. The grey-scaleplot in
Fig. 4 consistsof 36 separatdracesof ,, (z axis)versusB
(x axis) obtainedat different valuesof N, (y axis). The dark
regionscorrespondo ,, minima(i.e., QH states) We have
labeledfive significantQH statesin this plot: The diagonal
black dashedlines indicate the four single-layerfractional
QH states:n=3, w,=3, n=5, and w,=5. The light near-
vertical dashedine marksthe magneticfield at which v=1.
In the datathe bilayer v=1 stateis manifestedas a vertical
dark bandcenteredn this vertical line, boundedby the four
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diagonallines.Most significantly,the »=1 stateis weakestat
N,=+0.18 where it intersectsthe diagonallines that mark
the singlelayer v=1/3 and v=2/3 states.The weakeningof
the v=1 bilayer QH stateis indicatedon the grayscaleby a
significantly lighter shadeof gray at theseN,. Thesetwo
gray regions correspondto the local minima in the d/Ig
=1.66 trace in Fig. 2, and directly reveal the competition
betweerthe SILC stateand the composite +5 independent
layer stateat »=1. This competitionbetweenthe SILC state
and the compositestateis not observedat smallerd/lz be-
causethe interlayer coherencebecomesstrongerand intra-
layer correlationsbecomeweakerasd/lz decreasedi.e., as
lg increases).

Finally, and mostimportantly, we find that a bilayer sys-
tem that is incoherentat balancecan develop SILC with
chargeimbalancen agreementvith Ref. 11. Increasingd/lg
to 1.82 (lowesttracein Fig. 2) destroysthe SILC stateat
N,=0 (AB/B— 0), andthe systembehavesastwo indepen-
dentlayers.As the layers are thenimbalanced proceeding
left from the centerin the d/Ig=1.82tracein Fig. 2, thereis
initially no QH stateat v=1 until N, reaches-0.2, wherea
well-definedpeakin AB/B (asopposedto the minimum at
d/13=1.66) indicates the formation of a composite v=1
stateswith =1 and »,=3 (i.e., this statehasno SILC but
strongintralayercorrelations).This is verified usinga grey-
scaleplot similar to Fig. 4 (not shown).A smallincreasein
imbalanceto N,=-0.23 destroysthe compositestate (i.e.,
AB/B returnsto zero, highlightedby the opensquaren Fig.
2). Upon further imbalance,AB/B againbecomesnonzero
and beginsto rise rapidly out to N,=-0.45 (the limit of the
experimentabata,indicatedby the opencircle in Fig. 2). To
understandhe origins of this sharprise in the stability of v
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=1 beyondN,=-0.23,we map the points at which the rise
startsandstopsonto the phasediagramin Fig. 3, usingopen
symbols.The opensquarelies on the boundarybetweenthe
“no SILC” phaseand the SILC phase,and the opencircle
lies on the m,=+1 boundary.This suggestdhat the onsetof
the steeprise in AB/B correspondgo turning-oninterlayer
coherencevith chargeimbalanceandthe peakin AB/B oc-
curswhen all the chargehastransferredinto one layer (m,
=+1). We notethat the samesteeprise in AB/B occursfor
all valuesof d/lg oncethe imbalanceexceedssomecritical
value|N,|, whetheror not a v=1 QH stateexistsat N,=0.

In conclusionwe usedlow-density,high-mobility bilayer
hole systemswith negligibletunnelingto mapthe stability of
the bilayer =1 QH stateversuschargeimbalanceat con-
stant total density for five values of d/lz ranging from
strongly interlayer coherent (d/1g=1.26) to incoherent
(d/1g=1.82) at balance We observethreekey results:(i) the
significant enhancementof total charge transfer due to
exchange-correlatioaffects,(ii) the presencef directcom-
petition betweenthe SILC stateand compositesingle-layer
fractional QH statein weakly coherentsystems,and most
significantly that (iii) bilayer systemsthat are incoherentat
balancedevelopspontaneoudnterlayer coherencewith im-
balance We note that as |m,| — 1, the pseudospirstiffness
tendsto zero, making SILC susceptibleto destructionby
disorder and quantum fluctuations. Recently, work subse-
quentto ourshasappearedhatalsoinvestigateghe effect of
chargeimbalanceon SILC.16
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