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Far-infrared absorption of interaction-induced ground states of two weakly coupled
quantum wires
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We theoretically investigate the far-infrared~FIR! absorption of two weakly coupled vertical
GaAs/AlxGa12xAs quantum wires subjected to a perpendicular magnetic field. The calculations are performed
within the time-dependent Hartree-Fock approximation. For a single occupied subband we find, depending on
the electron density, different interaction-induced ground states. For small densities the interlayer exchange
energy dominates, and we find a symmetric ground state with strong interlayer coherence. For larger densities
the interplay of direct and exchange interaction drives the system into a state that shows the characteristics of
a charge-density wave~CDW! in the direction of lateral confinement. The signatures of these states, the
exchange enhanced tunneling gap of the coherent state and the density oscillations of the CDW, are directly
reflected in the FIR spectrum.@S0163-1829~98!01743-3#
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I. INTRODUCTION

Double-layered two-dimensional electron syste
~2DES’s! are currently a subject of growing interest. Muc
theoretical1–7 and experimental8–10 work has been carried
out investigating the possible existence of exchan
correlation-driven broken-symmetry ground states in s
systems. Even in the absence of any tunneling the interac
may lead to a ground state with spontaneous interlayer p
coherence.3,6,7 Exact finite-size numerical calculations for
filling fraction n51 predict different incompressible quan
tum Hall states driven either by the single-particle tunnel
gap DSAS

0 or by the electron-electron interaction.11 Both
states were experimentally observed.12 Calculations within
the Hartree-Fock approximation~HFA! show that atn51 a
double-layered 2DES can lower its energy by spontaneo
breaking its translational invariance.13 At certain values for
the ratio of layer separation and magnetic length, the unifo
coherent state becomes instable against the formation o
ther a charge-density wave~CDW! or a Wigner-crystal state

In this work we investigate the ground state and the f
infrared ~FIR! absorption of two weakly coupled vertica
quantum wires for magnetic fields where one or two sp
split one-dimensional~1D! subbands are occupied (n51 and
2). We work in the regime of intermediate layer separatio
D1w'15 nm, where the unrenormalized tunneling gap
small (DSAS

0 '0.15 meV).D is the barrier thickness andw
the thickness of the quantum wires in the growth directioz
~see Fig. 1!. Exact numerical calculations for quantum do
show that for these layer separations the interlayer corr
tions are small.14 We consider the layers to have slight
different external potentials, an effect that is present in a
actual sample. Electrostatics show that the difference in
confinement energies is of the order of 10%.15 Depending on
the electron density we find different ground states atn51.
For small densities the ground state is a coherent tunne
PRB 580163-1829/98/58~20!/13944~7!/$15.00
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dominated state where the single-particle states form s
metric and antisymmetric combinations of wave functio
located in the isolated wires. For larger densities we fin
transition to a CDW-like state where the electron densities
the two wires are modulated in the lateral direction a
shifted by half a wavelength against each other in orde
reduce the interlayer Hartree repulsion. As pointed out
Ref. 13, the CDW is at the cost of interlayer exchange
ergy, but it optimizes the intralayer exchange energy by
cumulating electrons in regions with a width of about tw
magnetic lengthsl c . Only in this region does the exchang
give a significant contribution. In quantum wires the CDW
additionally stabilized by the different confinement energi
The dependence of the ground state on the interlayer sep
tion D is more complicated than for the 2D case, where
transition to the CDW is found atD/ l c'1.5. In particular,
we do not find a CDW for sufficiently small electron dens
ties by increasingD and keepingl c fixed. A largeD reduces
the interlayer screening, and therefore the width of the e
tron distribution shrinks. When the width becomes sma
than the wavelength of the CDWlCDW'4l c , the formation
of the CDW is counteracted by the external confineme
However, there is still the possibility of a longitudinal CDW
which we do not consider.

We calculate the FIR absorption of such a system wit
the time-dependent HFA~TDHFA!. The characteristics o
the different ground states can be found in the calcula
spectra. In particular, the low-density coherent state has
acoustic intersubband magnetoplasmon mode with a hig
frequency than the optical one. We will show that this is
direct evidence of the enhancement of the tunneling gap.16 In
systems without tunneling the acoustic mode is usua
found below the optical one.17,18

The TDHFA has been selected in light of the close
obtained to experimental results for collective charge- a
spin-density excitations in quantum wires.19,20 We are aware
of the fact that the TDHFA cannot properly describe cor
13 944 ©1998 The American Physical Society
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lation effects beyond a simple spin correlation. Thus we
not predict precisely the parameter range where brok
symmetry ground states occur.

II. MODEL

A schematic cross section of the underlying double qu
tum well in the growth directionz is shown in Fig. 1. The
widths of the GaAs quantum wells and of the AlxGa12xAs
barrier that separates the two electron systems arew andD,
respectively. Also indicated are the band-gap offsetV0 and
the wave functions of the two lowest 2D subbands which
separated in energy by the tunneling gapDSAS

0 .
We treat the electron-electron interaction in the HFA, a

account approximately for the finite thickness of the wires
the z direction as described below. The lateral direction a
the direction along the wires are chosen as they andx direc-
tions, respectively. We assume the lateral confinement to
parabolic with different confinement energies\v0

l in the two
sheets. The indexl5 l ,r denotes the left and right wires
respectively. We consider a magnetic fieldB in the z direc-
tion with the vector potential in Landau gaugeA5
(2yB,0,0). The single-electron states are written as tw
component spinors

cmks~x,y!5
1

ALx

eikxFwmks
l ~y!

wmks
r ~y!

G , ~1!

whereLx is the length of the wire,m is the subband index,k
is the longitudinal quantum number,s is the spin index, and
l (r ) refer to the part of the wave function which is located
the left ~right! quantum wire, respectively. The single
particle states are solutions of the HF equation

FHks
l l Hks

lr

Hks
rl Hks

rr GFwmks
l

wmks
r G5emksFwmks

l

wmks
r G . ~2!

FIG. 1. Sketch of a double-layered quantum-well structure. T
two GaAs layers are separated by a distanceD, and each well has a
width w. The band-gap offset between GaAs and AlxGa12xAs is
V0 . The single-particle wave functions of the lowest subbands
indicated as solid~ground state! and dashed~first excited state!
lines. In the absence of the exchange interaction the states are
rated by the pure tunneling gapDSAS

0 .
n
n-

-

e

d

d

be

-

The Hamiltonian is given byHks5H0,k1HZ,s1HT1HH
1HF,ks . H0,k describes the kinetic energy and the exter
potential

H0,k
ll85dll8F2

\2

2m*
~]y

22k2!

1
1

2
m* ~v0

l21vc
2!y22\vckyG , ~3!

with the effective mass of GaAsm* 50.07m0 and the cyclo-
tron frequencyvc5eB/m* .

HT andHZ describe the tunneling and Zeeman energy

HZ,s
ll85dll8g* mBBs, ~4!

HT52
DSAS

0

2 F0 1

1 0G . ~5!

The g factor of GaAs isg* 520.44, mB is the Bohr mag-
neton, ands56 1

2 . We calculateDSAS
0 by solving the Schro¨-

dinger equation of the underlying quantum-well structure
the growth directionz. The Hartree potential is

HH
ll8~y!5dll8(

l9
E dy8rl9~y8!vll9~ uy2y8u!, ~6!

where the intralayer and interlayer interactions are

vll9~ uy2y8u!52
e2

2pee0
lnA~y2y8!21~w/2!2

L2

for l5l9 ~7!

and

vll9~ uy2y8u!52
e2

2pee0
lnA~y2y8!21~D1w!2

L2

for lÞl9. ~8!

e512.53 is the dielectric constant of GaAs,L is an arbitrary
length, andw accounts approximately for the finite thickne
of the wires inz direction. The electron density in wirel is

rl~y!5
1

Lx
(
mks

f mksuwmks
l ~y!u2. ~9!

f mks is the Fermi occupation number of the stateumks&. The
exchange part of the Hamiltonian is in general nondiago
in the layer index

~HF,ks
ll8 wmks

l8 !~y!5 (
m8k8

f m8k8swm8k8s
l

~y!

3E dy8wm8k8s
l8* ~y8!wmks

l8 ~y8!

3Kkk8
ll8~ uy2y8u!, ~10!

with
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Kkk8
ll8~ uy2y8u!52

e2

2pee0Lx
K0@ uk2k8u

3A~y2y8!21~w/2!2#

for l5l8, ~11!

and

Kkk8
ll8~ uy2y8u!52

e2

2pee0Lx
K0@ uk2k8u

3A~y2y8!21~D1w!2#

for lÞl8. ~12!

K0 is a modified Bessel function which has a logarithm
singularity atk5k8. This is treated by remembering that
the long-wire limit thek sums are replaced by integrals. A
the singularity is logarithmic, it can be integrated.

We search for a self-consistent solution of Eq.~2!. It turns
out that for certain magnetic fields we end up with a sm
number of different solutions of Eq.~2! depending on the
state we started the iterative procedure with. In order to
cide which one is the HF ground state we started our ite
tion with different values ofDSAS

0 andg* which were finally
set to their actual values. Then we calculated the total ene
Et of the different solutions according to the formula

Et5(
a

f aea2 1
2 (

ab
f af b@^abuvuab&2^abuvuba&#,

~13!

with v being the 3D Coulomb interaction, and we have d
fined combined quantum numbersa5(m,k,s), b
5(m8,k8,s8).

The FIR absorption for an external potenti
Fext52yEext is calculated within the TDHFA~Ref. 21!
from the Joule heating of the system,

P~v!5
1

2(l
E d2rR@d jl~r ,v!El* ~r ,v!#. ~14!

d jl(r ,v) is the induced current density andEl(r ,v) the to-
tal self-consistent~SC! electric field.P can be written as

P~v!}vEext(
ab

^buyua&I@ f ab~v!^auFSCub&#, ~15!

The matrix elements of the self-consistent potentialFSC are
found as the solution of the linear set of equations

(
dc

eab,dc~v!^duFSCuc&5^auFextub&, ~16!

with the dielectric tensor
ll

e-
-

gy

-

eab,dc~v!5@dab,dc2~Hcd,ba1Fcd,ba! f dc~v!#, ~17!

where

Hcd,ba5
1

Lx
(
ll8

E dy dy8wc
l* ~y!

3wd
l~y!wa

l8* ~y8!wb
l8~y8!vll8~ uy2y8u!, ~18!

Fcd,ba5(
ll8

E dydy8wc
l* ~y!wd

l8~y8!

3wa
l8* ~y8!wb

l~y!Kkk8
ll8~ uy2y8u!, ~19!

f dc~v!5
f d2 f c

ed2ec2\v2 ig
. ~20!

g is a phenomenological broadening.

III. RESULTS AND DISCUSSION

Let us first consider a system with a small electron den
n1D543105 cm21. For a magnetic field ofB53.3 T only
the lowest spin-split 1D subband is populated. The confi
ment energies are\v0

l 54 meV and\v0
r 54.2 meV, and

the tunneling gap isDSAS
0 50.16 meV for an aluminum con

centration ofx50.35. The subband dispersion is displayed
Fig. 2~a!. For these parameters we find that the sing
particle states can be classified to a good approximation
pairs of symmetric and antisymmetric states. We label
subbands byis and ia, wherei is the lateral quantum num
ber, ands and a refer to the symmetric and antisymmetr
states, respectively. Figure 2~b! shows the probability of an
electron in the considered subbands to be located in the l
l5 l . We find two different regions. For small values ofk,
which corresponds to states located in the center of the w
the tunneling is nearly perfect, whereas states at the edg
the wire are more located in either one of the layers. T
bare tunneling gapDSAS

0 is enhanced by the nonlocal inte
layer exchange interaction. This is similar to the effect of t
enhancedg factor.22 As the chemical potentialm lies be-
tween the bands 1s and 1a, the symmetric states are lowere
in energy by the interlayer exchange self-energy. For
enhanced tunneling gap we find atk50 DSAS* 55.4 meV
for i 51 andDSAS* 51.2 meV for i 52. Thus this coheren
tunneling-dominated ground state is stabilized by taking
vantage of the interlayer exchange energy. The density
tribution in the two wires is shown in Fig. 2~c!. As for a
single wire it has its maximum in the center.

The FIR absorption of this state is depicted in Fig. 3~a!.
We find three major peaks. The resonancesvo

(1) andvo
(2) are

optical modes, as can be seen from the induced density
cillations shown in Fig. 3~b!. The mode labeledva is an
acoustic mode as it corresponds to an out-of-phase motio
the electrons. There are two interesting features which
the signature of the underlying ground state. First, the opt
mode splits into two peaks. We will explain later thatvo

(1) is
an edge plasmon whereasvo

(2) is due to an oscillation in the
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bulk region of the wire. Even more interesting is the fact th
va is higher in energy than the optical mode. This direc
reflects the effect of the enhanced tunnel gap. In syst
with no tunneling we always havevo.va due to the re-
duced depolarization shift of the acoustic mode.18 As the
acoustic mode is connected with an out-of-phase motion
the electrons in the two layers, it corresponds to transiti
1s→2a, as indicated in Fig. 1~a!. The optical modes are
mainly due to transitions 1s→2s. The effect of interlayer
exchange which shiftsva to higher values is not compen
sated for by dynamical vertex corrections, i.e. the exci
shift. These are nearly the same for both transitions. This

FIG. 2. 1D subbands withs5
1
2 ~a!, probability of a state to be

located in the left wire~b!, and the ground-state density~c! of
weakly coupled vertical quantum wires atB53.3 T. The electron
densities aren1D543105 cm21, x50.35, andDSAS

0 50.16 meV,
and the confinement energies\v0

l 54 meV and\v0
r 54.2 meV.

The chemical potential in~a! is set tom50. In ~c! the solid line
shows the density in wirel5 l , and the dashed line the density
layer l5r .
t

s

of
s

n
n

be easily derived from Eq.~19!. The main contribution to the
transition 1s→2a is due to the diagonal matrix elemen
F1s2aks,1s2ak8s . For a symmetric system this is exactly th
same asF1s2sks,1s2sk8s which is prominent for the transition
1s→2s. Furthermore, as we are in the low-density regim
the depolarization effect is small. As a net result of reduc
depolarization shift and enhanced tunnel gap we findva
.vo .

FIG. 3. FIR spectrum~upper figure! and induced charge densit
~lower figure! calculated for the same parameters as used in Fig
The optical modes are labeled asvo

( i ) , and the acoustic mode a
va . In the lower figure the solid lines correspond to layerl5 l , the
dashed lines tol5r .

FIG. 4. Sum of the induced density of the modesvo
(1) andvo

(2) .
The solid and dashed lines refer to the parameters of Fig. 3,
open triangles and diamonds to\v0

r 54.1 meV.
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The splitting of the optical mode is a combined effect
tunneling and different confinement potentials in the t
wires. From the induced density in Fig. 3~b! we can deduce
that vo

(2) is caused by transitions in the center of the wi
The node structure ofvo

(1) implies that it consists of transi
tions at the edge of the wire. This can be understood fr
Fig. 2~b!. In k space there are two different regions. F
small k the electrons occupy symmetric and antisymme
states. For increasingk these states are eventually destroy
as the potential difference increases for states localized a
edge. Thus, we find two groups of single-particle states, e
participating predominantly in a collective plasmon mode

In order to confirm this picture we have calculated t
FIR spectrum for\v0

l 54 meV and\v0
r 54.1 meV. For

\v0
l→\v0

r the two optical peaks eventually merge and t
high-energy mode decreases in intensity. The additional
cillations in the induced density of thevo

(1) mode disappear
These oscillations were due to a lack of transitions neak
50 which are now redistributed from thevo

(2) mode.
Figure 4 shows the sum of the induced densities of

two optical modes. The lines are calculated for\v0
r

54.2 meV, and the open symbols for\v0
r 54.1 meV. Al-

though the individual oscillations are quite different for t
two cases, the sums are nearly identical. Only forl5r does
the distribution become slightly wider for\v0

r 54.1 meV
due to the decreasing confinement. This additionally stre
our statement that the two optical peaks are due to diffe

FIG. 5. Subbands~a! and FIR absorption~b! for B52.8 T. The
other parameters are the same as in Fig. 2. In~a! the solid lines
correspond to states which are mostly localized in layerl5 l , and
the dashed lines to states in layerl5r . The arrows indicate the
allowed single-particle transitions.
f
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groups of transitions ink space. The question of which tran
sition contributes to which mode depends on the degree
asymmetry between the wires and the tunneling strength

We compare the absorption of the tunneling domina
state described above with that for a lower magnetic fi
B52.8 T. Figure 5 displays the subbands and the calcula
FIR spectrum. Two subbands are occupied which are do
nantly localized in the left~solid lines! and the right~dashed
lines! wires, respectively. The arrows indicate the allow
transitions. The collective excitations correspond to in-ph
coupling~optical mode! and out-of-phase coupling~acoustic
mode! of these transitions. The acoustic mode carries v

FIG. 6. Subband dispersion~a!, probability of a single-particle
state to be located in layerl5 l ~b!, and ground-state density~c! for
a pair of quantum wires atB57 T andn1D51.73106 cm21. The
other parameters are the same as in Fig. 2. The solid~dashed! lines
in ~b! correspond to solid~dashed! lines in ~a!. In ~c! the solid line
shows the density in wirel5 l , and the dashed line the density
wire l5r .
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little oscillator strength and is not resolved in Fig. 5~b!. The
crossover from this state to the tunneling-dominated s
takes place abruptly atB53.1 T, when the coherent sta
becomes lower in energy. We do not observe a continu
transition between these two states.

Recently, double-layered 2DES atn52 have attracted
much interest due to a phase with interlayer in-plane anti
romagnetic spin correlations that is expected to occur at
termediate tunneling gapsDSAS

0 .4 Since we are interested i
the regime of small tunneling, the system considered in
work is in the ferromagnetic region of the phase diagr
calculated in Ref. 4. Therefore, we do not perform an un
stricted HFA with respect to the spin-degree of freed
which would be necessary to account for the antiferrom
netic phase.

We now investigate the situation of larger electron dens
n1D51.73106 cm21, but the same values for the extern
potential as in Fig. 2. The subband dispersion and
ground-state density forB57 T are shown in Fig. 6. The
electron density shows strong oscillations in the lateral dir
tion. The maxima are formed in order to optimize the int
layer exchange energy. The width of each peak is ne
given by that of a single-particle state. It is determined by
short-range exchange interaction which, for a state w
wave vectork, acts only in a region ofXk2 l c,y,Xk

1 l c , with l c5@\/(m* vc)#1/2, andXk5klc
2 is the center co-

ordinate of the statek. In order to minimize the interlaye
Coulomb repulsion the density maxima in the two wires
shifted against each other. This gain in intralayer excha
and interlayer Hartree energy is at the cost of intralayer H
tree and interlayer exchange energy, as can be seen from
6~b!. Only for certaink values are the single-particle stat
extended on both layers. This ground states resembles
CDW which was predicted for a 2DES.13 It was predicted to
form spontaneously for identical layers. In the case of qu
tum wires it is stabilized by the different confinement en
gies in the two layers.

The oscillatory behavior is also reflected in the subba
dispersion. Local maxima and minima in the lowest subba
correspond to symmetric and localized states, respectiv
The reason for this is that the exchange for the locali
states is stronger since it is due to intralayer exchange o
whereas for the symmetric states the exchange is partly

FIG. 7. FIR absorption as a function of the magnetic field for
same parameters as in Fig. 6.
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to the weaker interlayer interaction.
This CDW-like ground state evolves continuously from

state atB54 T which is very similar to that of Fig. 5. The
amplitude of the density oscillations increases, until atB
56.4 T the second subband is completely depopulated.
ure 7 shows the FIR absorption of this CDW in the range
B5627 T. We find two modes which show an anticrossi
at B56.5 T. We label these modes asvo ~optical! andva
~acoustic!. However, the situation is more complicated com
pared to the low-density case. As can be seen from Fig
outside the anticrossing region the optical mode correspo
to an induced density which is out of phase. Since
ground-state densities are already out of phase, this co
sponds to an in-phase center-of-mass motion of the dens
in the two wires. Near the anticrossing the modes mix, a
are mostly localized in either one of the wires~see Fig. 8!.
Due to the complicated subband structure and the indu
density distribution, the origin of the anticrossing is ve
intricate. However, we regard it as a signature of the grou
state which can be probed experimentally.

IV. SUMMARY

We have investigated the FIR absorption of differe
interaction-induced ground states of a pair of weakly coup
quantum wires at magnetic fields where one 1D subban
occupied. Similar to the 2D case, at small electron densi
we find a coherent tunneling-dominated state, and at la
densities a state that has the characteristics of a CDW.
have shown that the FIR absorption is qualitatively differe
to that of a system that is only coupled by direct Coulom
interaction. The magnetic-field transition to the cohere
state shows up in the spectrum as a jump in the energy o
acoustic mode which is found above that of the optical o
This can be explained by the enhanced tunneling gap.
CDW state shows a complicated subband structure wh
results in an anticrossing of the optical and acoustic m
aroundn51.
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FIG. 8. Induced densities in layerl5 l ~solid line! and l5r
~dashed line! for magnetic fieldsB56.1, 6.4, and 7 T.
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