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Spin-Excitation-Instability-Induced Quantum Phase Transitions
in Double-Layer Quantum Hall Systems
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We study intersubband spin density collective modes in double-layer quantum Hall systerss At
within the time-dependent Hartree-Fock approximation. We find that these intersubband spin density
excitations may soften under experimentally accessible conditions, signaling a phase transition to a
new quantum Hall state with interlayer inplane antiferromagnetic spin correlations. We show that this
novel canted antiferromagnetic phase is energetically stable and that the phase transition is continuous.
[S0031-9007(97)02773-7]

PACS numbers: 73.40.Hm, 73.20.Dx, 73.20.Mf

Electron systems in confined geometries exhibit a richeuous. We are, therefore, predicting a new quantum phase
variety of physical properties than their higher-dimensionatransition to a novel canted antiferromagnetic state in the
counterparts due to enhanced interaction effects in redouble-layer system which occurs at zero temperature as
duced dimensions. Interaction in a low-dimensional syssystem parameters (such as interlayer separation) are var-
tem does not merely result in stronger renormalizatioried. Our findings seem to be consistent with recent inelas-
of physical quantities, but can in many cases drive thdic light scattering measurements [6], where a remarkable
system into completely new phases with peculiar propersoftening of the long wavelength SDW mode inva= 2
ties. For atwo-dimensional electron gas in a perpendiculadouble quantum well system has been observed.
magnetic field, the interaction effects are especially im- There has been a lot of work on double-layer QHE sys-
portant because of Landau level quantization. When eledems. Most studies [2,7], however, have focused ca 1
trons are entirely restricted to the lowest Landau level bywith some work [3] ony = %), leaving ther = 2 state
a large magnetic field, electron-electron interaction comessentially uninvestigated. Our work shows thatithe 2
pletely dominates the properties of the system as the ele@QHE state, where the spin and the layer index compete
tron kinetic energy is quenched to an unimportant constantvith each other, has nontrivial magnetic properties. Al-
One of the most interesting phenomena in this strongly corthough» = 1 andv = 2 double-layer QHE states exhibit
related system is the quantum Hall effect (QHE), whichsome similarities such as the softening of the low energy
has attracted a great deal of experimental and theoreticabllective excitations under certain conditions, there are
interest during the last 15 years [1]. Recent advances iimportant differences between them. At= 1, the spin
materials growth techniques have made it possible to faldegree of freedom is normally frozen out because of the
ricate high-quality double-layer two-dimensional electronSU(2) symmetry of the Coulomb interaction. The relevant
systems with the electrons confined to two parallel planefow energy excitations in the = 1 QHE state are there-
separated by a distance comparable to that between eldore intersubband charge-density-wave excitations, and the
trons within a plane. With the introduction of this layer properties of the system are determined by the interplay
degree of freedom, many qualitatively new effects duebetween the interlayer tunneling energy and the Coulomb
entirely to interlayer correlations appear [2—4]. In thisinteraction energy. At = 2, both the spin degree of free-
Letter, we present a theoretical study of the intersubbandom and the layer degree of freedom are relevant, and
spin-density-wave (SDW) excitations and the associatethe low energy excitations are intersubband SDW excita-
phase transitions in double-layer electron systems at a totéibns. Consequently, the properties of the system are de-
Landau level filling factow = 2. The intersubband SDW termined by the interplay among the tunneling energy, the
dispersion is evaluated in the time-dependent Hartree-Fockeeman energy, and the Coulomb interaction energy. At
approximation [5]. We find that the intersubband SDWy» = 1, the mode softening destroys the QHE [7] because
modes could soften under experimentally accessible corbeyond the critical layer separation the system is effec-
ditions, leading to a phase transition to a novel QHE statéively a pair of isolated layers with compressible half-filled
with interlayer inplane antiferromagnetic spin correlationsLandau level states, while at= 2, the QHE prevails in all
(S1) = —(Sx) # 0 (S is the electron spin operatot,isa phases due to the existence of incompressible filled Landau
direction parallel to the 2D plane with the magnetic fieldlevel states with charge excitation gaps, evew at .
along thez direction, and. andR denote the left and right The spin mode softening and the associated quantum phase
layers, respectively). Using a mean-field approximationtransition to the canted antiferromagnetic state’ at 2
we are able to show that this antiferromagnetic phase iare, however, experimentally observable through inelastic
energetically stable and that the phase transition is contirlight scattering experiments [6].
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In this work, we employ two different approaches between the electron excited to the higher level and
to study the spin excitation instabilities in double-layerthe hole it leaves behind, which lowers the excitation
systems atv = 2. These two approaches provide energies. In diagrammatic perturbation theories, the
complementary information: one approach [5] dealseffect of the exchange energy on the excitation ener-
with the collective excitations while the other [8] deals gies is accounted for by including the corresponding
with the ground state properties. Both approaches arself-energy in the electron Green’s functions, and the
based on the Hartree-Fock approximation. In singleeffect of the excitonic attraction is represented by vertex
layer integer QHE systems, calculations [5] in thecorrections. The direct Hartree term does not influence
Hartree-Fock approximation agree well with experi-the SDW excitations because the Coulomb interaction
ments [9]. In double-layer systems, the Hartree-Focks spin-rotationally invariant. Since the Coulomb in-
approximation is less accurate because the Coulomteraction potentials are subband-index dependent, they
interaction potentials are more complicated. Neverintroduce mode coupling between the two branches of the
theless, we expect the Hartree-Fock approximation téntersubband SDW excitations. This mode coupling
remain reasonably good for a double-layer system at  pushes down the frequency of the low-lying excitation
2, since the Hartree-Fock ground state, which is nondeand helps mode softening. The intersubband SDW
generate and separated in energy from higher levels, isexcitation spectra are obtained as the poles of the retarded
good approximation for the real many-body ground statespin-density response function [5]
at » = 2 due to the existence of filled Landau levels and "
cha_rgg excitation gaps. B_ecause our caIg:uIatlo_ns e.m.ploy ¥(q, @) = _l-f ¢ psp(a, t),p;rD(—q,O)]>, 3)
realistic Coulomb interaction potentials (including finite 0
well-thickness corrections [10]) and incorporate interlayer ) i .
tunneling and Zeeman splitting, we expect our results tgvhere the intersubband SDW operajay; is defined as
be not only qualitatively correct but also quantitatively follows. In the ferromagnetic ground state, i.e., whe)

reliable. and |1 1) are occupied,psp(r) =2, lﬁL(l‘)lﬂlml(l‘),
The Hamiltonian of the system i§¢{ = H, + H;  Where ¢, annihilates an electron in subband with
with spin o. In the symmetric ground state,fi.e., whint)
As <t and [0 1) are occupied, psp(r) = ¥, Yo, (€)1 o (r).
Hy= - TZ(CIMCZM +H.c) Equation (3) is evaluated in the time-dependent Hartree-
H i Fock approximation [5], which we adapt to double-layer
- = Z aCLUCiw, (1) systems and, for simplicity, ignore all the higher Landau
2 e levels. As argued above, this should be a good approxi-
whereC;,, annihilates an electron in the lowest Landaumation for our problem.
level in layeri (i = 1,2) with spin o (o = *1) in In Fig. 1, we show the dispersion of the intersubband

the direction of the perpendicular field and with intra- SDW in the ferromagnetic ground state. As mentioned
Landau level indexx. Interlayer tunneling induces the earlier, there are two intersubband SDW modesg) cor-

symmetric-antisymmetric energy separatidg,,. The responding, respectively, to transitiofs) — |1 |) and
Coulomb interaction part of{ is [1 1) — 10 |). The frequencies- increase as functions of

1 1 . . q, approachigg asymptotig valuasi(q — §0) = 0l + .

I = 5 Z Z Z q Z Vij(q)e 712l a)l; lvl, wherew? are the noninteracting excitation energies
q anduv, is the exchange energy of an electron in the ground

) state. Mode coupling, which pushes down (¢) and

hence helps mode softening, is most visiblg at 0. At
where () is the area of the sample. The interactionzero-layer separation, mode coupling disappears, and we
potentials are V;; = 2we*/eqF,(q) for i =j and recover previously known results [5,7]. The dispersions
Vi; = 2me?/eq)e 1“F,(q) for i # j. The finite-layer- in Fig. 1 are shown for two different input parameters. In
thickness form factorg’,() used in our calculations are one case, there is no mode softening-[¢) > 0], and
taken from Ref. [8]. in the other, there is mode softening [(¢ — 0) < 0].

We use |aupo) to denote the eigenstates dff;, The mode softening signals that the ground state is unsta-
where u = 0, 1 labels the symmetric and antisymmetric ble against spontaneous generation of intersubband SDW
subbands. There are two intersubband SDW excitaexcitations. In Fig. 2, we show the intersubband SDW
tions which correspond to transition® 1) < [1 |) and dispersion in the symmetric ground state. The results are
[0 1) « |1 1). Inthe absence of interaction, these modegyualitatively similar to those in Fig. 1. The important thing
have excitation energiefA,; = A,|. The interaction to notice is that there is mode softening here as well. We
renormalizes the excitation energies in two ways. Onemphasize that our calculated SDW dispersion is experi-
is due to the loss of exchange energy when an electromentally measurable through depolarized inelastic light
is excited to a higher but empty level, which raises thescattering experiments. In fact, the softening of the inter-
excitation energies. The other is an excitonic attractiorsubband SDW excitation in a double-layer system at 2
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and|1 1) are occupied, a symmetric phase whigré) and
|0 |) are occupied (it may also be viewed as ferromagnetic
in the subspace associated with the layer degrees of free-
dom [2]), and the antiferromagnetic phase. The symmet-
ric phase exists foAg,s > A, andd < d.;, the antiferro-
magnetic phase exists fdr,s > A, andd. < d < d.,,
and the ferromagnetic phase exists for either> Ag,;
or d > d.. The ferromagnetic phase is favored when
A, is increased, while the symmetric phase is favored
when A, is increased. It should be noted that, for a
given Ay, d. is considerably smaller than the critical
0.0k layer separation where the charge density excitation in
) the v = 1 state becomes soft [7]. The reason for this
0 1 2 3 4 5 is the absence of the Hartree contribution to SDW ex-
ql, citations. An intuitive explanation on the existence of
the canted antiferromagnetic phase is that in this phase

1.0[
0.8}

0.6

(e’/el,)

0.47

w.(q)

0.2}

FIG. 1. Intersubband SDW dispersian-(g) in the ferromag-
netic (FM) phase av = 2. The solid lines are foAy,, =
0.02¢2/€l,, and the dashed lines are fd,, = 0.1¢*/el,. e e R RRRRE Py
Other parameters are the same for both the solid and dashed 2.07 (a) A,=0.01e*/el, ]
lines: The Zeeman energy. = 0.01¢%/€l,, the layer sepa- ]
rationd = 1.151,, and the well-thicknesd,, = 0.8/,. Notice
that w_(g — 0) < 0 for Ay, = 0.1¢2/€l, (dashed line).

1.5 FM AF

(butnotatr = 4) may have already been observed in are-
cent experiment [6].

The mode softening ay — 0 suggests that the new
phase has a broken symmetfysp(g = 0)) # 0, where
psp(q) is the intersubband SDW operator defined earlier.
Since(psp(g = 0)) = Ny[(SL) — (Sk)], whereN is the
Landau level degeneracy, the new phase is in fact charac-

terized by an interlayer canted antiferromagnetic spin cor- '
relation. The phase diagram can be obtained by tracing the 0.00 0. 12 0'22O ZO':SO 0.40
points where the mode softening occurs. The results are w (€7/el)

shown in Fig. 3. There are three phases in a double-layer v N N SN

QHE system av = 2: a ferromagnetic phase whelte1) 201 (b) A,=0.08e*/el, ]
1.0 [
1.5 FM AF
0.8 [
S 06
=
—~ 0.4
=
3
0.2
0.00 0.10 0.20 0.30 0.40 0.50
0.07 A.. (€°/el,)
0 1 2 3 4 5 FIG. 3. Phase diagrams at = 2 for two different Zeeman
ql. energies: (@, = 0.01¢%/el, and (b)A, = 0.08¢2/el,. The

well-thicknessd,, = 0.8/, in both cases. Three phases are
FIG. 2. Intersubband SDW dispersian.(¢) in the symmet- present: a symmetric phase (SYM), a ferromagnetic phase
ric (SYM) phase av = 2. The solid lines are for layer separa- (FM), and an antiferromagnetic phase (AF). The"“in (a)
tion d = 0.85/, and the dashed lines are fér= 0.95/,. Other  denotes the experimental sample parameters of Ref. [6] (with
parameters are the same for both the solid lines and dashedmagnetic field3 = 1.3 T), where the measured SDW energy
lines: A, = 0.08¢%/€l,, Ay = 0.35¢%/€l,, d,, = 0.81,. No- has a sharp minimum at = 2 with a value 0f0.04 meV which
tice thatw_(q¢ — 0) < 0 for d = 0.95/, (dashed line). is comparable to the experimental temperature.6fK.
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the system can take advantage of the tunneling energgtates are macroscopically degenerate. Nevertheless, some

(the kinetic energy in the perpendicular direction) by hav-qualitative speculations for noninteger filling factors can

ing an interlayer antiferromagnetic spin correlation—anbe made. For example, whenis changed away from

example of the super-exchange-induced antiferromagneti; the presence of screening, which reduces the electron-
correlation. The reason the antiferromagnetic ordering ifiole excitonic attraction, may increase the intersubband
canted is to minimize Zeeman energy. We emphasiz&DW energy and prevent the mode softening. Thus, the
that our predicted phase diagram should be experimentallgntiferromagnetic phase would be unstable away from
measurable. v = 2. This is precisely the experimental observation in
The antiferromagnetic ground state can also be calcuRef. [6] where a sharp minimum in the SDW energy is

lated within a mean-field approximation. The approachfound aty = 2.

we employ is the same as that used to study magnetic- In summary, we have studied the instabilities induced

field-induced Wigner solid phase in 2D systems [8], excepby the softening of intersubband spin-density-wave exci-

that we look for only uniform solutions and allow for the tations in double-layer quantum Hall systems:at 2

possibility of a nonzero antiferromagnetic order paramewithin the time-dependent Hartree-Fock approximation.

ter {psp(g = 0)) # 0]. The energies obtained from this The intersubband spin-density excitation modes soften un-

mean-field theory show that the antiferromagnetic phasder experimentally accessible conditions and lead to a

is energetically stable. In Fig. 4, we show the antiferro-novel quantum Hall state with interlayer planar antifer-

magnetic order parameter obtained in this mean-field apromagnetic spin correlations. We show, in a mean-field
proximation. Several features are obvious from this figureapproximation, that this planar antiferromagnetic phase is

(i) The antiferromagnetic phase exists only at intermedi-energetically stable and that the phase transition is con-

ate layer separations. (ii) The range of layer separationgnuous. We therefore predict the existence of a novel

in which the antiferromagnetic phase exists shrinks wittcanted antiferromagnetic phase under suitable conditions
increasing Zeeman energy. (iii) The phase transitions arm between the symmetric and the ferromagnetic phases in

continuous. This mean-field theory also provides a way t@ double-layer QHE sample at= 2.

derive the phase diagram, and the phase diagram obtainedThe authors thank Dr. A. Pinczuk for helpful discus-

in this manner is identical to the one obtained from thesions on the experimental data. This work is supported

softening of the intersubband SDW excitations, providingby the U.S.-ARO and the U.S.-ONR.

a confirmation of our predictions.
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