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Interlayer coherence inv=1 and »=2 bilayer quantum Hall states
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The presence of interlayer coherence in bilayer quantum Hall states was examined by magnetotransport
experiments. Two macroscopic quantum conjugate observables, the phase difference and the electron density
difference between the two layers, are experimentally addressed by tilting the sample in a magnetic field and
applying gate bias voltages. Results strongly indicate the presence of interlayer coherence at the filling factor
v=1 and 2.[S0163-18209)05724-0

Quantum coherence is one of the most important concepts Murphy et al# have found an activation-energy anomaly
in physics. The macroscopic coherent state is a quantum syggether with a phase transition in te=1 BLQH state by
tem closest to the classical one, where the particle numbghcreasing the parallel magnetic field. Sawastaal® have
and its conjugate phase are measurable simultaneously wit§nd the anomalous stability of the state by applying bias
extreme accuracy. Well-established examples are sUpercofsiiages at =1 and 2. Although these two experiments sug-
ductors and superfluids. The quantum HalH) state is a gest the presence of the cohereficegne needs to make a

new candidate because of its similarity to the?¥. L .
superconductot.Although quantum coherence does not de_smultaneous determination of both of the conjugate observ-
ables to elucidate the coherent nature of the BLQH system.

velop in the monolayer QH system because it is an incom X >
pressible fluid, there exists an intriguing possibfiitythat In this paper, we report the results of experiments on the

bilayer quantum Hal(BLQH) states exhibit coherence. This »=1 and 2 BLQH states, where we have measured the Hall-
is because of an additional degree of freedom, i.e., the nunflateau width and the activation energy by changing the den-

ber difference and the conjugate phase difference betweedity in each quantum well and simultaneously tilting the
the two layers. sample in a magnetic field. Our results strongly indicate the

In order to experimentally examine the presence of interpresence of interlayer coherencerat 1 and 2.
layer coherence, it is necessary to address simultaneously the The sample was grown by molecular beam epitaxy on a
two macroscopic conjugate observablesndo, whered is  (100-oriented GaAs substrate, and consists of two modula-
the interlayer phase difference andis the normalized den- tion doped GaAs quantum wells of widii=200 A, sepa-
sity differences defined byo = (n¢—np)/n, with n, the total  rated by an Aj Ga, 7As barrier of thicknesdg=31 A . The
number density, anad; and ny, the electron density in the total electron density of this sample was 2.B0'* cm™? at
front and back layers. The essential property is that they argero gate voltage, the mobility was XA0® cn?/Vs at
determined simultaneously in the macroscopic system, sincemperature T=30 mK, and the tunneling-energy gap
their uncertainties are negligiblel 6=1/\/n;—0 and Ao Asas was 6.8 K. The Schottky gate electrodes were fabri-
o 1/y/n;—0. cated on both front and back surfaces of the sample so that

The interlayer phase differenégif it exists, can be tuned the front-layer and the back-layer electron density can be
by applying a parallel magnetic field between the two layersindependently controlled by adjusting the front and the back
which can be achieved by tilting the bilayer system. Thegate voltage.
interlayer number difference can be controlled by applying Measurements were performed with the sample mounted
gate bias voltages to the two layers. When the interlayein a mixing chamber of a dilution refrigerator. The magnetic
coherence exists, the BLQH state persists even if the electrdield with maximum 13.5 T was applied to the sample. Stan-
density is arbitrarily unbalanced between two quantum wellsdard low-frequency ac lock-in techniques were used with
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FIG. 1. The Hall-plateau width of the=1 state at 50 mK as a
function of the tilted angl® at variousn,; ando.

currents less than 100 nA to avoid heating effects. The
sample mounted on a goniometer with the superconducting
stepper motdtcan be rotated into any direction in the mag-
netic field.

The Hall-plateau width has previously been shown to be a
good indicator of the stability of the QH state, and a close
correlation with the activation energy has been pointec® out.
Its dependence on the tilted ang® and the normalized
density differencer gives an overview in categorizing dif-
ferent types of BLQH states.

In Fig. 1 we show the plateau width of the=1 BLQH
state as a function o® at variousn, and o. The plateau
width is defined® with respect to the perpendicular fiedd .

All data of the plateau width exhibit a similar behavior.

We give the activation energy as a function®fin Fig.

2. As typical examples we show the data with=1.0 and
0.7 in units of 18 cm 2. Two curves are at the balanced
point (c=0) and one at the unbalanced point=0.45).
The activation energy is derived from the temperature de-
pendence of the magnetoresistan&g;=Ryexp(—A/2T).
(Thiss definition is different by a factor of 2 from the previous
one?)

The activation energy has a peak&at 0, and drops rap-
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FIG. 2. Activation energy of the=1 state as a function & at

Plateau Width(T)

variousn, ando. The total density, is in units of 1¢* cm2.

(0=0) or increasesd+#0). This behavior is the anomaly
revealed first by Murphyet al* at the balanced pointo(
=0). The critical angle®* clearly indicates a phase transi-
tion. Yanget al’” have argued that it is the commensurate
state for® <®* and the incommensurate state for>0*,

Tilted angle © (deg)

FIG. 3. The Hall-plateau width of the=2 state at 50 mK as a
idly to a certain tilted anglé®*, and then it becomes flat function of ® at variousn, ando.
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TABLE I. Comparison between the optical and magnetotrans-
port results atv=2.
2 T . .
= our work Pellegriniet al.
> | Sample Agps=6.8 K Agps=7 K
2 n,=0.6-1.6 n=0.6-1.4
w
5 Low density coherent unpolarized
® ! In=0.9 In=13
> . . .
B High density compound polarized
<
Low tilt commens. unpolarized
] 1 ®*=50° 1@*=37°
High tilt incommens. polarized

Tilted angle © (deg) or compound

FIG. 4. Activation energy of the=2 QH state as a function of ) _ )
O at variousn, ando. whereQ=2mdB, /¢ with the Dirac flux unit¢o=h/e. We

) _ ) have taken the BLQH system parallel to tkg plane and
about which we explain later based on Efj. We also iden-  applied the parallel magnetic field to tigelirection. The first
tify ©* with the commensurate-incommensurat€IC)  term describes the Coulomb exchange energy with the pseu-
phase transition point. Our new finding is that the CIC tra”'dospin stiffnessp.= ve?/(16y2mely); the second term the

sition occurs also in unbalanced configurations#0). As o : : ; .
. . ; capacitive charging energy with the capacitafcehe third
we argue later in Eq2), the phase difference is related to term the tunneling energy; the last term describes the bias

in the interlayer coherent phase. Thus, each BLQH state . : o
turns out to possess definite valuesmfand 6 in Fig. 1: voliage applied externally. The tilted ang® is given by

Namely, their uncertainties are negligibléf—0 and Ao tan®=B /B, . The phase differencé induces screening

—0. We conclude that this is evidence of the developmenFu”en_tSJif _J,E:(Zﬂepslh)‘?xa on the two layers into the
of the interlayer coherence at=1. opposite dlrect|on_§.
We next show the plateau width of the=2 BLQH state On one hand, in the commensurate pha@e<(©®*) the
in Fig. 3. There are two distinct behaviors, as is consistentunneling term is minimized, ag8=Qx yields, or
with the previous data.(A) The overall behavior at a low
density[Fig. 3(a)] bears a close resemblance to that in the 0(x)=27xdB|/po=27xdB, tan®/¢y. 2)
v=1 state(Fig. 1). It indicates that the interlayer coherence
has developed also at=2 together with a possible CIC The phase differencé(x) counts the number of flux pen-
transition.(B) At higher densitie§Figs. 3b) and 3c)], we  etrated into the aread of the junction. As the tilted angle
observe two distinct types of stat€®&1) The plateau width increases, the screening curre||ﬂtf§b| increase, and they will
near the balanced pointr&0) increases monotonously as decrease the activation energy by destabilizing excitdtions
the tilted angle increase$B2) the plateau width at large across the two layers. On the other hand, in the incommen-
off-balanced points shows a behavior characteristic to thgurate phase@>®*) the kinetic term is minimized, and
coherent state. _ o yields #=6,=const. No screening current flows, which
We give the activation energy as a fung:'gon@tfln Fig.  means that the activation energy is insensitive to the tilted
4, wheren;=1.0 and 0.7 in units of 0 cm 2. (A) At low angle. The critical angl®* is given at the balanced point
density f,=0.7) it shows an anomalous behavior in the ac—by tan®* = (1/2772d) JAgagNip. It decreases as, in-

tivation energy as in the=1 coherent .BLQH state. How- creases, as is qualitatively consistent with the dBig. 1).
ever, the activation energy begins to increase beyorid An important observation is that cag(-Qx) oscillates

whose origin will be the Zeeman energy of spin excitations N ; )
as we disgcuss latefsee Table )L (B1) % higr?er density very rapidly in the incommensurate phase, and its average

(n;=1.0) it increases monotonically at the balanced pointvaniShes' Consequently, the tunneling energy is suppre§sed
(0=0). This is an expected behavior in the compound stat Sa many-body effect, 'and the second energy level IS given
which is stable only around the balanced péifihe increase  PY the antisymmetric spin-up state at the balanced p&igt

is due to the Zeeman energy of spin excitations. Note that ng(?)]- Because charge excitations do not acquire the Zeeman
tunneling energy contributes to the compound st@e) At energy, the activation energy is flat in the incommensurate

the off-balanced point £=0.45) its behavior is that of a

typical coherent state established in the 1 BLQH state. (a) Commensurate Phase (b) Incommensurate Phase
We proceed to discuss physics behind the interlayer co- |, _4 — o y_4—  |a
herence of the bilayer QH states. The interlayer coherence is ve3 1A ve3 IS
described by the Hamiltonian densfty* B =
22 V=2 —— G V=2 m— A
en
H=%[(&x0)2+(&xa)2]+ 8Ct o? v=l——— 18 v=1——— 18

A Y FIG. 5. The alignment of energy levels of electrongat2. The

sadlt eN Vi, i ' i

. m cog 6—Qx)— Iaso_, (1) symmetrlc_: and antisymmetric states are representé&blmﬁA. The_
4 2 short vertical arrows represent the orientations of electron spin.
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phase at=1 in the balanced configuration, as the ddta  experiments? We summarize the relations between the re-
o=0) in Fig. 2 and also the data by Murpley al.* explain.  sults in these two types of experiments in Table I. We also
We now discuss the BLQH state at=2. When the total remark that our experimental results are consistent with the-
density is sufficiently small, the interlayer coherenceoretical results atv=2 due to Das Sarma, Sachdev, and
develop as in thev=1 state, and is described also by the Zheng'® since the interlayer coherent state and the com-
effective Hamiltonian(1). Because the tunneling energy gap pound state correspond to the canted state and the FM state.
Asps is larger than the Zeeman energg*(ugB) in our In conclusion, by tilting the sample in a magnetic field
sample Qsps/g* ugB=4 atB=5 T), the lowest two levels  and applying gate bias voltages, we have experimentally ap-
occupied are the symmetric spin-up and spin-down states ifroached the two quantum conjugate observables in search-
the commensurate phagig. Sa)]. The activation energy g for interlayer coherence in BLQH systems. All our ex-
will decrease as the tilted angle increases as inthel erimental data are consistent with the presence of
commensurate phase. There are two possible phases fc"'géherence. Our data at=2 suggest that either the incom-

large tilted angle. First, the transition may bg from the CO-hensurate phase or the compound phase is realized for a
herent commensurate phase to the coherent mcommensur(f\é

phase. In the incommensurate phase, since the tunneling i _?ge ti_Ited angle. A further experiment is needed to clarify
teraction is effectively suppressed by a many-body effect, th s point.
lowest two levels are the symmetric and antisymmetric . .
spin-up statefFig. 5(b)]. Second, the transition may be from e thank T. SakuNTT) for growing the sample used in
the coherent commensurate phase to the compound phad€ present work. We thank S. Das Sarma for discussions on
Such a transition is also possible as a result of the decrease BtQH states atv=2. Part of this work was done at the
the one-body tunneling interaction. In any of them, chargd-aboratory for Electronic Intelligent Systems, RIEC, Tohoku
excitations flip spins, as is seen in the increase of the activaJniversity. The research was supported in part by Grants-in-
tion energy(for n,=0.7 ande=0) in Fig. 4. Aid for Scientific Research from the Ministry of Education,

Any of the physical interpretations of our magnetotrans-Science, Sports and CulturéGrant Nos. 10203201,
port experiments is supported by the results of opticaP9244103, and 1013823
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