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We study intersubband spin density collective modes in double-layer quantum Hall systems atn ­ 2
within the time-dependent Hartree-Fock approximation. We find that these intersubband spin d
excitations may soften under experimentally accessible conditions, signaling a phase transitio
new quantum Hall state with interlayer inplane antiferromagnetic spin correlations. We show tha
novel canted antiferromagnetic phase is energetically stable and that the phase transition is cont
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Electron systems in confined geometries exhibit a ric
variety of physical properties than their higher-dimensio
counterparts due to enhanced interaction effects in
duced dimensions. Interaction in a low-dimensional s
tem does not merely result in stronger renormalizat
of physical quantities, but can in many cases drive
system into completely new phases with peculiar prop
ties. For a two-dimensional electron gas in a perpendic
magnetic field, the interaction effects are especially
portant because of Landau level quantization. When e
trons are entirely restricted to the lowest Landau level
a large magnetic field, electron-electron interaction co
pletely dominates the properties of the system as the e
tron kinetic energy is quenched to an unimportant const
One of the most interesting phenomena in this strongly c
related system is the quantum Hall effect (QHE), wh
has attracted a great deal of experimental and theore
interest during the last 15 years [1]. Recent advance
materials growth techniques have made it possible to
ricate high-quality double-layer two-dimensional electr
systems with the electrons confined to two parallel pla
separated by a distance comparable to that between
trons within a plane. With the introduction of this laye
degree of freedom, many qualitatively new effects d
entirely to interlayer correlations appear [2–4]. In th
Letter, we present a theoretical study of the intersubb
spin-density-wave (SDW) excitations and the associa
phase transitions in double-layer electron systems at a
Landau level filling factorn ­ 2. The intersubband SDW
dispersion is evaluated in the time-dependent Hartree-F
approximation [5]. We find that the intersubband SD
modes could soften under experimentally accessible c
ditions, leading to a phase transition to a novel QHE st
with interlayer inplane antiferromagnetic spin correlatio
kSx

Ll ­ 2kSx
Rl fi 0 (S is the electron spin operator,x̂ is a

direction parallel to the 2D plane with the magnetic fie
along theẑ direction, andL andR denote the left and righ
layers, respectively). Using a mean-field approximati
we are able to show that this antiferromagnetic phas
energetically stable and that the phase transition is con
0031-9007y97y78(12)y2453(4)$10.00
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uous. We are, therefore, predicting a new quantum ph
transition to a novel canted antiferromagnetic state in t
double-layer system which occurs at zero temperature
system parameters (such as interlayer separation) are
ied. Our findings seem to be consistent with recent inel
tic light scattering measurements [6], where a remarka
softening of the long wavelength SDW mode in an ­ 2
double quantum well system has been observed.

There has been a lot of work on double-layer QHE sy
tems. Most studies [2,7], however, have focused onn ­ 1
(with some work [3] onn ­

1
2 ), leaving then ­ 2 state

essentially uninvestigated. Our work shows that then ­ 2
QHE state, where the spin and the layer index comp
with each other, has nontrivial magnetic properties. A
thoughn ­ 1 andn ­ 2 double-layer QHE states exhibi
some similarities such as the softening of the low ener
collective excitations under certain conditions, there a
important differences between them. Atn ­ 1, the spin
degree of freedom is normally frozen out because of t
SU(2) symmetry of the Coulomb interaction. The releva
low energy excitations in then ­ 1 QHE state are there-
fore intersubband charge-density-wave excitations, and
properties of the system are determined by the interp
between the interlayer tunneling energy and the Coulo
interaction energy. Atn ­ 2, both the spin degree of free
dom and the layer degree of freedom are relevant, a
the low energy excitations are intersubband SDW exci
tions. Consequently, the properties of the system are
termined by the interplay among the tunneling energy, t
Zeeman energy, and the Coulomb interaction energy.
n ­ 1, the mode softening destroys the QHE [7] becau
beyond the critical layer separation the system is effe
tively a pair of isolated layers with compressible half-fille
Landau level states, while atn ­ 2, the QHE prevails in all
phases due to the existence of incompressible filled Lan
level states with charge excitation gaps, even atd ! `.
The spin mode softening and the associated quantum ph
transition to the canted antiferromagnetic state atn ­ 2
are, however, experimentally observable through inelas
light scattering experiments [6].
© 1997 The American Physical Society 2453
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In this work, we employ two different approache
to study the spin excitation instabilities in double-lay
systems at n ­ 2. These two approaches provid
complementary information: one approach [5] de
with the collective excitations while the other [8] dea
with the ground state properties. Both approaches
based on the Hartree-Fock approximation. In sing
layer integer QHE systems, calculations [5] in t
Hartree-Fock approximation agree well with expe
ments [9]. In double-layer systems, the Hartree-Fo
approximation is less accurate because the Coulo
interaction potentials are more complicated. Nev
theless, we expect the Hartree-Fock approximation
remain reasonably good for a double-layer system atn ­
2, since the Hartree-Fock ground state, which is non
generate and separated in energy from higher levels,
good approximation for the real many-body ground st
at n ­ 2 due to the existence of filled Landau levels a
charge excitation gaps. Because our calculations em
realistic Coulomb interaction potentials (including fini
well-thickness corrections [10]) and incorporate interlay
tunneling and Zeeman splitting, we expect our results
be not only qualitatively correct but also quantitative
reliable.

The Hamiltonian of the system isH ­ H0 1 HI
with

H0 ­ 2
Dsas

2

X
as

sCy
1asC2as 1 H.c.d

2
H
2

X
ias

sC
y
iasCias , (1)

whereCias annihilates an electron in the lowest Land
level in layer i (i ­ 1, 2) with spin s (s ­ 61) in
the direction of the perpendicular field and with intr
Landau level indexa. Interlayer tunneling induces th
symmetric-antisymmetric energy separationDsas. The
Coulomb interaction part ofH is

HI ­
1
2

X
s1s2

X
ij

X
a1a2

1
V

X
q

Vijsqde2q2l2
oy2eiqx sa12a2dl2

o

3 C
y
ia11qys1

C
y
ja2s2

Cja21qys2 Cia1s1 , (2)

where V is the area of the sample. The interacti
potentials are Vij ­ 2pe2yeqFasqd for i ­ j and
Vij ­ s2pe2yeqde2qdFesqd for i fi j. The finite-layer-
thickness form factorsFased used in our calculations ar
taken from Ref. [8].

We use jamsl to denote the eigenstates ofH0,
wherem ­ 0, 1 labels the symmetric and antisymmetr
subbands. There are two intersubband SDW exc
tions which correspond to transitionsj0 "l $ j1 #l and
j0 #l $ j1 "l. In the absence of interaction, these mod
have excitation energiesjDsas 6 Dzj. The interaction
renormalizes the excitation energies in two ways. O
is due to the loss of exchange energy when an elec
is excited to a higher but empty level, which raises t
excitation energies. The other is an excitonic attract
2454
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between the electron excited to the higher level a
the hole it leaves behind, which lowers the excitatio
energies. In diagrammatic perturbation theories,
effect of the exchange energy on the excitation en
gies is accounted for by including the correspondi
self-energy in the electron Green’s functions, and t
effect of the excitonic attraction is represented by vert
corrections. The direct Hartree term does not influen
the SDW excitations because the Coulomb interact
is spin-rotationally invariant. Since the Coulomb in
teraction potentials are subband-index dependent, t
introduce mode coupling between the two branches of
intersubband SDW excitations. This mode couplin
pushes down the frequency of the low-lying excitatio
and helps mode softening. The intersubband SD
excitation spectra are obtained as the poles of the retar
spin-density response function [5]

xsq, vd ­ 2i
Z `

0
eivtkfrSDsq, td, r

y
SDs2q, 0dgl , (3)

where the intersubband SDW operatorrSD is defined as
follows. In the ferromagnetic ground state, i.e., whenj0 "l
and j1 "l are occupied,rSDsrd ­

P
m c

y
m"srdc12m#srd,

where cms annihilates an electron in subbandm with
spin s. In the symmetric ground state, i.e., whenj0 "l
and j0 #l are occupied,rSDsrd ­

P
s c

y
0ssrdc12ssrd.

Equation (3) is evaluated in the time-dependent Hartr
Fock approximation [5], which we adapt to double-lay
systems and, for simplicity, ignore all the higher Land
levels. As argued above, this should be a good appro
mation for our problem.

In Fig. 1, we show the dispersion of the intersubba
SDW in the ferromagnetic ground state. As mention
earlier, there are two intersubband SDW modesv6sqd cor-
responding, respectively, to transitionsj0 "l ! j1 #l and
j1 "l ! j0 #l. The frequenciesv6 increase as functions o
q, approaching asymptotic valuesv6sq ! `d ­ v0

6 1

jyxj, wherev0
6 are the noninteracting excitation energie

andyx is the exchange energy of an electron in the grou
state. Mode coupling, which pushes downv2sqd and
hence helps mode softening, is most visible atq ! 0. At
zero-layer separation, mode coupling disappears, and
recover previously known results [5,7]. The dispersio
in Fig. 1 are shown for two different input parameters.
one case, there is no mode softening [v6sqd . 0], and
in the other, there is mode softening [v2sq ! 0d , 0].
The mode softening signals that the ground state is un
ble against spontaneous generation of intersubband S
excitations. In Fig. 2, we show the intersubband SD
dispersion in the symmetric ground state. The results
qualitatively similar to those in Fig. 1. The important thin
to notice is that there is mode softening here as well. W
emphasize that our calculated SDW dispersion is exp
mentally measurable through depolarized inelastic lig
scattering experiments. In fact, the softening of the int
subband SDW excitation in a double-layer system atn ­ 2
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FIG. 1. Intersubband SDW dispersionv6sqd in the ferromag-
netic (FM) phase atn ­ 2. The solid lines are forDsas ­
0.02e2yelo, and the dashed lines are forDsas ­ 0.1e2yelo.
Other parameters are the same for both the solid and da
lines: The Zeeman energyDz ­ 0.01e2yelo , the layer sepa-
ration d ­ 1.15lo , and the well-thicknessdw ­ 0.8lo . Notice
that v2sq ! 0d , 0 for Dsas ­ 0.1e2yelo (dashed line).

(butnotatn ­ 4) may have already been observed in a
cent experiment [6].

The mode softening atq ! 0 suggests that the new
phase has a broken symmetry:krSDsq ­ 0dl fi 0, where
rSDsqd is the intersubband SDW operator defined earl
SincekrSDsq ­ 0dl ­ NffkSx

Ll 2 kSx
Rl], whereNf is the

Landau level degeneracy, the new phase is in fact cha
terized by an interlayer canted antiferromagnetic spin c
relation. The phase diagram can be obtained by tracing
points where the mode softening occurs. The results
shown in Fig. 3. There are three phases in a double-la
QHE system atn ­ 2: a ferromagnetic phase wherej0 "l

FIG. 2. Intersubband SDW dispersionv6sqd in the symmet-
ric (SYM) phase atn ­ 2. The solid lines are for layer separa
tion d ­ 0.85lo and the dashed lines are ford ­ 0.95lo. Other
parameters are the same for both the solid lines and da
lines: Dz ­ 0.08e2yelo , Dsas ­ 0.35e2yelo, dw ­ 0.8lo . No-
tice thatv2sq ! 0d , 0 for d ­ 0.95lo (dashed line).
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andj1 "l are occupied, a symmetric phase wherej0 "l and
j0 #l are occupied (it may also be viewed as ferromagne
in the subspace associated with the layer degrees of f
dom [2]), and the antiferromagnetic phase. The symm
ric phase exists forDsas . Dz andd , dc1, the antiferro-
magnetic phase exists forDsas . Dz anddc1 , d , dc2,
and the ferromagnetic phase exists for eitherDz . Dsas
or d . dc2. The ferromagnetic phase is favored whe
Dz is increased, while the symmetric phase is favor
when Dsas is increased. It should be noted that, for
given Dsas, dc1 is considerably smaller than the critica
layer separation where the charge density excitation
the n ­ 1 state becomes soft [7]. The reason for th
is the absence of the Hartree contribution to SDW e
citations. An intuitive explanation on the existence
the canted antiferromagnetic phase is that in this ph

FIG. 3. Phase diagrams atn ­ 2 for two different Zeeman
energies: (a)Dz ­ 0.01e2yelo and (b)Dz ­ 0.08e2yelo. The
well-thicknessdw ­ 0.8lo in both cases. Three phases a
present: a symmetric phase (SYM), a ferromagnetic ph
(FM), and an antiferromagnetic phase (AF). The “3” in (a)
denotes the experimental sample parameters of Ref. [6] (w
a magnetic fieldB ­ 1.3 T), where the measured SDW energ
has a sharp minimum atn ­ 2 with a value of0.04 meV which
is comparable to the experimental temperature of0.6 K.
2455
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the system can take advantage of the tunneling ene
(the kinetic energy in the perpendicular direction) by ha
ing an interlayer antiferromagnetic spin correlation—
example of the super-exchange-induced antiferromagn
correlation. The reason the antiferromagnetic orderin
canted is to minimize Zeeman energy. We emphas
that our predicted phase diagram should be experimen
measurable.

The antiferromagnetic ground state can also be ca
lated within a mean-field approximation. The approa
we employ is the same as that used to study magne
field-induced Wigner solid phase in 2D systems [8], exc
that we look for only uniform solutions and allow for th
possibility of a nonzero antiferromagnetic order param
ter [krSDsq ­ 0dl fi 0]. The energies obtained from thi
mean-field theory show that the antiferromagnetic ph
is energetically stable. In Fig. 4, we show the antifer
magnetic order parameter obtained in this mean-field
proximation. Several features are obvious from this figu
(i) The antiferromagnetic phase exists only at interme
ate layer separations. (ii) The range of layer separat
in which the antiferromagnetic phase exists shrinks w
increasing Zeeman energy. (iii) The phase transitions
continuous. This mean-field theory also provides a way
derive the phase diagram, and the phase diagram obta
in this manner is identical to the one obtained from t
softening of the intersubband SDW excitations, provid
a confirmation of our predictions.

Our calculations atn ­ 2 are well controlled in the
absence of Landau level mixing. We expect that
Landau level mixing is negligible atn ­ 2, but may not be
negligible atn ­ 6 (otherwise, the results presented he
would be qualitatively valid atn ­ 6 [11]). We would like
to emphasize that the Hartree-Fock approximation f
completely at noninteger filling factors, because the gro

FIG. 4. Antiferromagnetic order parameterkrSDsq ­ 0dlyNf

versus layer separationd for the indicated Zeeman energie
where Nf is the Landau level degeneracy andrSDsqd is the
intersubband spin-density operator defined in the text.
well-thicknessd ­ 0.8l0.
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states are macroscopically degenerate. Nevertheless, s
qualitative speculations for noninteger filling factors ca
be made. For example, whenn is changed away from
2, the presence of screening, which reduces the electro
hole excitonic attraction, may increase the intersubba
SDW energy and prevent the mode softening. Thus, t
antiferromagnetic phase would be unstable away fro
n ­ 2. This is precisely the experimental observation i
Ref. [6] where a sharp minimum in the SDW energy i
found atn ­ 2.

In summary, we have studied the instabilities induce
by the softening of intersubband spin-density-wave exc
tations in double-layer quantum Hall systems atn ­ 2
within the time-dependent Hartree-Fock approximation
The intersubband spin-density excitation modes soften u
der experimentally accessible conditions and lead to
novel quantum Hall state with interlayer planar antifer
romagnetic spin correlations. We show, in a mean-fie
approximation, that this planar antiferromagnetic phase
energetically stable and that the phase transition is co
tinuous. We therefore predict the existence of a nov
canted antiferromagnetic phase under suitable conditio
in between the symmetric and the ferromagnetic phases
a double-layer QHE sample atn ­ 2.
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