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Interlayer coherence in n51 and n52 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
n51 and 2.@S0163-1829~99!05724-0#
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Quantum coherence is one of the most important conc
in physics. The macroscopic coherent state is a quantum
tem closest to the classical one, where the particle num
and its conjugate phase are measurable simultaneously
extreme accuracy. Well-established examples are super
ductors and superfluids. The quantum Hall~QH! state is a
new candidate because of its similarity to t
superconductor.1 Although quantum coherence does not d
velop in the monolayer QH system because it is an inco
pressible fluid, there exists an intriguing possibility2,3 that
bilayer quantum Hall~BLQH! states exhibit coherence. Th
is because of an additional degree of freedom, i.e., the n
ber difference and the conjugate phase difference betw
the two layers.

In order to experimentally examine the presence of in
layer coherence, it is necessary to address simultaneousl
two macroscopic conjugate observables,u ands, whereu is
the interlayer phase difference ands is the normalized den
sity differences defined bys5(nf2nb)/nt with nt the total
number density, andnf and nb the electron density in the
front and back layers. The essential property is that they
determined simultaneously in the macroscopic system, s
their uncertainties are negligible,Du}1/Ant→0 and Ds
}1/Ant→0.

The interlayer phase differenceu, if it exists, can be tuned
by applying a parallel magnetic field between the two laye
which can be achieved by tilting the bilayer system. T
interlayer number differences can be controlled by applying
gate bias voltages to the two layers. When the interla
coherence exists, the BLQH state persists even if the elec
density is arbitrarily unbalanced between two quantum we
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Murphy et al.4 have found an activation-energy anoma
together with a phase transition in then51 BLQH state by
increasing the parallel magnetic field. Sawadaet al.5 have
found the anomalous stability of the state by applying b
voltages atn51 and 2. Although these two experiments su
gest the presence of the coherence,6–8 one needs to make
simultaneous determination of both of the conjugate obse
ables to elucidate the coherent nature of the BLQH syste

In this paper, we report the results of experiments on
n51 and 2 BLQH states, where we have measured the H
plateau width and the activation energy by changing the d
sity in each quantum well and simultaneously tilting t
sample in a magnetic field. Our results strongly indicate
presence of interlayer coherence atn51 and 2.

The sample was grown by molecular beam epitaxy o
~100!-oriented GaAs substrate, and consists of two modu
tion doped GaAs quantum wells of widthW5200 Å , sepa-
rated by an Al0.3Ga0.7As barrier of thicknessdB531 Å . The
total electron density of this sample was 2.331011 cm22 at
zero gate voltage, the mobility was 3.03105 cm2/V s at
temperature T530 mK, and the tunneling-energy ga
DSAS was 6.8 K. The Schottky gate electrodes were fab
cated on both front and back surfaces of the sample so
the front-layer and the back-layer electron density can
independently controlled by adjusting the front and the ba
gate voltage.

Measurements were performed with the sample moun
in a mixing chamber of a dilution refrigerator. The magne
field with maximum 13.5 T was applied to the sample. Sta
dard low-frequency ac lock-in techniques were used w
14 888 ©1999 The American Physical Society
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PRB 59 14 889BRIEF REPORTS
currents less than 100 nA to avoid heating effects. T
sample mounted on a goniometer with the superconduc
stepper motor9 can be rotated into any direction in the ma
netic field.

The Hall-plateau width has previously been shown to b
good indicator of the stability of the QH state, and a clo
correlation with the activation energy has been pointed o5

Its dependence on the tilted angleQ and the normalized
density differences gives an overview in categorizing dif
ferent types of BLQH states.

In Fig. 1 we show the plateau width of then51 BLQH
state as a function ofQ at variousnt and s. The plateau
width is defined10 with respect to the perpendicular fieldB' .
All data of the plateau width exhibit a similar behavior.

We give the activation energy as a function ofQ in Fig.
2. As typical examples we show the data withnt51.0 and
0.7 in units of 1011 cm22. Two curves are at the balance
point (s50) and one at the unbalanced point (s50.45).
The activation energyD is derived from the temperature de
pendence of the magnetoresistance;Rxx5R0 exp(2D/2T).
~This definition is different by a factor of 2 from the previou
one.5!

The activation energy has a peak atQ50, and drops rap-
idly to a certain tilted angleQ* , and then it becomes fla

FIG. 1. The Hall-plateau width of then51 state at 50 mK as a
function of the tilted angleQ at variousnt ands.
e
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(s50) or increases (s5” 0). This behavior is the anomal
revealed first by Murphyet al.4 at the balanced point (s
50). The critical angleQ* clearly indicates a phase trans
tion. Yang et al.7 have argued that it is the commensura
state forQ,Q* and the incommensurate state forQ.Q* ,

FIG. 3. The Hall-plateau width of then52 state at 50 mK as a
function of Q at variousnt ands.

FIG. 2. Activation energy of then51 state as a function ofQ at
variousnt ands. The total densitynt is in units of 1011 cm22.
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about which we explain later based on Eq.~1!. We also iden-
tify Q* with the commensurate-incommensurate~CIC!
phase transition point. Our new finding is that the CIC tra
sition occurs also in unbalanced configurations (s5” 0). As
we argue later in Eq.~2!, the phase differenceu is related to
Q in the interlayer coherent phase. Thus, each BLQH s
turns out to possess definite values ofs and u in Fig. 1:
Namely, their uncertainties are negligible,Du→0 andDs
→0. We conclude that this is evidence of the developm
of the interlayer coherence atn51.

We next show the plateau width of then52 BLQH state
in Fig. 3. There are two distinct behaviors, as is consist
with the previous data.5 ~A! The overall behavior at a low
density @Fig. 3~a!# bears a close resemblance to that in
n51 state~Fig. 1!. It indicates that the interlayer coheren
has developed also atn52 together with a possible CIC
transition.~B! At higher densities@Figs. 3~b! and 3~c!#, we
observe two distinct types of states:~B1! The plateau width
near the balanced point (s.0) increases monotonously a
the tilted angle increases;~B2! the plateau width at large
off-balanced points shows a behavior characteristic to
coherent state.

We give the activation energy as a function ofQ in Fig.
4, wherent51.0 and 0.7 in units of 1011 cm22. ~A! At low
density (nt50.7) it shows an anomalous behavior in the a
tivation energy as in then51 coherent BLQH state. How
ever, the activation energy begins to increase beyondQ* ,
whose origin will be the Zeeman energy of spin excitatio
as we discuss later~see Table I!. ~B1! At higher density
(nt51.0) it increases monotonically at the balanced po
(s50). This is an expected behavior in the compound s
which is stable only around the balanced point.5 The increase
is due to the Zeeman energy of spin excitations. Note tha
tunneling energy contributes to the compound state.~B2! At
the off-balanced point (s50.45) its behavior is that of a
typical coherent state established in then51 BLQH state.

We proceed to discuss physics behind the interlayer
herence of the bilayer QH states. The interlayer coherenc
described by the Hamiltonian density,7,11

H5
rs

2
@~]xu!21~]xs!2#1

e2nt
2

8C
s2

2
DSASnt

4
A12s2 cos~u2Qx!2

entVbias

2
s, ~1!

FIG. 4. Activation energy of then52 QH state as a function o
Q at variousnt ands.
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whereQ52pdBi /f0 with the Dirac flux unitf0[h/e. We
have taken the BLQH system parallel to thexy plane and
applied the parallel magnetic field to they direction. The first
term describes the Coulomb exchange energy with the p
dospin stiffnessrs.ne2/(16A2p« l B); the second term the
capacitive charging energy with the capacitanceC; the third
term the tunneling energy; the last term describes the
voltage applied externally. The tilted angleQ is given by
tanQ5Bi /B' . The phase differenceu induces screening
currentsJx

f 52Jx
b5(2pers /h)]xu on the two layers into the

opposite directions.6

On one hand, in the commensurate phase (Q,Q* ) the
tunneling term is minimized, asu5Qx yields, or

u~x!52pxdBi /f052pxdB' tanQ/f0 . ~2!

The phase differenceu(x) counts the number of flux pen
etrated into the areaxd of the junction. As the tilted angle
increases, the screening currentsuJx

f ,bu increase, and they will
decrease the activation energy by destabilizing excitatio8

across the two layers. On the other hand, in the incomm
surate phase (Q.Q* ) the kinetic term is minimized, and
yields u5u05const. No screening current flows, whic
means that the activation energy is insensitive to the til
angle. The critical angleQ* is given at the balanced point7

by tanQ* 5(1/2p2d)ADSAS/ntrs. It decreases asnt in-
creases, as is qualitatively consistent with the data~Fig. 1!.

An important observation is that cos(u02Qx) oscillates
very rapidly in the incommensurate phase, and its aver
vanishes. Consequently, the tunneling energy is suppre
as a many-body effect, and the second energy level is g
by the antisymmetric spin-up state at the balanced point@Fig.
5~b!#. Because charge excitations do not acquire the Zee
energy, the activation energy is flat in the incommensur

TABLE I. Comparison between the optical and magnetotra
port results atn52.

our work Pellegriniet al.
Sample DSAS56.8 K DSAS.7 K

nt50.6–1.6 nt50.6–1.4

Low density coherent unpolarized
↓ ↓nt.0.9 ↓nt.1.3
High density compound polarized

Low tilt commens. unpolarized
↓ ↓Q* .50° ↓Q* .37°
High tilt incommens.

or compound
polarized

FIG. 5. The alignment of energy levels of electrons atn52. The
symmetric and antisymmetric states are represented bySandA. The
short vertical arrows represent the orientations of electron spin
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phase atn51 in the balanced configuration, as the data~for
s50) in Fig. 2 and also the data by Murphyet al..4 explain.

We now discuss the BLQH state atn52. When the total
density is sufficiently small, the interlayer coheren
develops8 as in then51 state, and is described also by t
effective Hamiltonian~1!. Because the tunneling energy ga
DSAS is larger than the Zeeman energy (g* mBB) in our
sample (DSAS/g* mBB.4 atB55 T), the lowest two levels
occupied are the symmetric spin-up and spin-down state
the commensurate phase@Fig. 5~a!#. The activation energy
will decrease as the tilted angle increases as in then51
commensurate phase. There are two possible phases
large tilted angle. First, the transition may be from the c
herent commensurate phase to the coherent incommens
phase. In the incommensurate phase, since the tunnelin
teraction is effectively suppressed by a many-body effect,
lowest two levels are the symmetric and antisymme
spin-up states@Fig. 5~b!#. Second, the transition may be fro
the coherent commensurate phase to the compound p
Such a transition is also possible as a result of the decrea
the one-body tunneling interaction. In any of them, cha
excitations flip spins, as is seen in the increase of the act
tion energy~for nt50.7 ands50) in Fig. 4.

Any of the physical interpretations of our magnetotran
port experiments is supported by the results of opti
er
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experiments.12 We summarize the relations between the
sults in these two types of experiments in Table I. We a
remark that our experimental results are consistent with
oretical results atn52 due to Das Sarma, Sachdev, a
Zheng,13 since the interlayer coherent state and the co
pound state correspond to the canted state and the FM s

In conclusion, by tilting the sample in a magnetic fie
and applying gate bias voltages, we have experimentally
proached the two quantum conjugate observables in sea
ing for interlayer coherence in BLQH systems. All our e
perimental data are consistent with the presence
coherence. Our data atn52 suggest that either the incom
mensurate phase or the compound phase is realized f
large tilted angle. A further experiment is needed to clar
this point.

We thank T. Saku~NTT! for growing the sample used in
the present work. We thank S. Das Sarma for discussion
BLQH states atn52. Part of this work was done at th
Laboratory for Electronic Intelligent Systems, RIEC, Toho
University. The research was supported in part by Grants
Aid for Scientific Research from the Ministry of Educatio
Science, Sports and Culture~Grant Nos. 10203201
09244103, and 10138203!.
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