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We theoretically investigate the far-infrare@FIR) absorption of two weakly coupled vertical
GaAs/ALGa _,As 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 wavéCDW) 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 spectrumiS0163-18208)01743-3

[. INTRODUCTION dominated state where the single-particle states form sym-

metric and antisymmetric combinations of wave functions

Double-layered two-dimensional electron systemdlocated in the isolated wires. For larger densities we find a
(2DES’9 are currently a subject of growing interest. Much transition to a CDW-like state where the electron densities in
theoretical'~" and experiment&f!® work has been carried the two wires are modulated in the lateral direction and
out investigating the possible existence of exchangeshifted by half a wavelength against each other in order to
correlation-driven broken-symmetry ground states in sucteduce the interlayer Hartree repulsion. As pointed out in
systems. Even in the absence of any tunneling the interactidRef- 13, the CDW is at the cost of interlayer exchange en-

may lead to a ground state with spontaneous interlayer pha&§89, but it optimizes the intralayer exchange energy by ac-
coherencé®’ Exact finite-size numerical calculations for a cumulating electrons in regions with a width of about two

. ; _ - : ; _ magnetic length$.. Only in this region does the exchange
filing fraction v=1 predict different incompressible quan give a significant contribution. In quantum wires the CDW is

um 22” statez drtlxen ellthter b_y Ithet S'ng!e;part'fgit;n?flmgadditionally stabilized by the different confinement energies.
9ap Asas OF Dy the electron-electron interaction.sotr The dependence of the ground state on the interlayer separa-
states were experimentally Qbser\)édZalcuIatlons Within tion D is more complicated than for the 2D case, where the
the Hartree-Fock approximatidfiFA) show that av=1 a  ansition to the CDW is found @b/l ,~1.5. In particular,
double-layered 2DES can lower its energy by spontaneouslye do not find a CDW for sufficiently small electron densi-
breaking its translational invariané& At certain values for ties by increasind and keepind, fixed. A largeD reduces
the ratio of layer separation and magnetic length, the uniformhe interlayer screening, and therefore the width of the elec-
coherent state becomes instable against the formation of eiron distribution shrinks. When the width becomes smaller
ther a charge-density way€DW) or a Wigner-crystal state. than the wavelength of the CDWpw~4l., the formation

In this work we investigate the ground state and the farof the CDW is counteracted by the external confinement.
infrared (FIR) absorption of two weakly coupled vertical However, there is still the possibility of a longitudinal CDW
guantum wires for magnetic fields where one or two spin{yhich we do not consider.
split one-dimensiondl1lD) subbands are occupied< 1 and We calculate the FIR absorption of such a system within
2). We work in the regime of intermediate layer separationghe time-dependent HFATDHFA). The characteristics of
D+w~15 nm, where the unrenormalized tunneling gap isthe different ground states can be found in the calculated
small (A2,&=0.15 meV).D is the barrier thickness and  spectra. In particular, the low-density coherent state has an
the thickness of the quantum wires in the growth direction acoustic intersubband magnetoplasmon mode with a higher
(see Fig. 1 Exact numerical calculations for quantum dots frequency than the optical one. We will show that this is a
show that for these layer separations the interlayer correladirect evidence of the enhancement of the tunneling'§ép.
tions are smalt* We consider the layers to have slightly systems without tunneling the acoustic mode is usually
different external potentials, an effect that is present in anyound below the optical on¥:'®
actual sample. Electrostatics show that the difference in the The TDHFA has been selected in light of the close fit
confinement energies is of the order of 1&%epending on  obtained to experimental results for collective charge- and
the electron density we find different ground stategatl.  spin-density excitations in quantum wirEs?>We are aware
For small densities the ground state is a coherent tunnelingf the fact that the TDHFA cannot properly describe corre-
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“w D’ w 4 The Hamiltonian is_ given by_—lk,,_z HoxtHz,+Ht+Hy
} +Hg k- Hoy describes the kinetic energy and the external
V/ A\ /
1 \
\ / 2
N Vo HA =6, ] — (92—K?)
- == N\
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\ ) 1
A +5m* (wh?+ wd)y?>—hwky|, 3
v with the effective mass of GaAs* =0.07m, and the cyclo-
- > tron frequencyw.=eB/m*.

H; andH; describe the tunneling and Zeeman energy:

FIG. 1. Sketch of a double-layered quantum-well structure. The

H3\ =6\, 0* ueBo, 4
two GaAs layers are separated by a distadcend each well has a o= Od He @
width w. The band-gap offset between GaAs andGd, ,As is 0

. . . Agpd0 1
V. The single-particle wave functions of the lowest subbands are Hy=— ) (5)
indicated as solidground state and dashedfirst excited state 21 0

lines. In the absence of the exchange interaction the states are se

rated by the pure tunneling ga¥ . Hhe g factor of GaAs isg* = —0.44, ug is the Bohr mag-

neton, andr=+ 3. We calculateA2 , sby solving the Schiro

lation effects beyond a simple spin correlation. Thus we car%“nger equation of the underlying quantum-well structure in
' the growth directiorz. The Hartree potential is

not predict precisely the parameter range where broken
symmetry ground states occur.

HY ()= 60 > f dy’ o (y )™ (ly=y'D, (6
)\II

II. MODEL . . . .

where the intralayer and interlayer interactions are

A schematic cross section of the underlying double quan-
tum well in the growth directiorz is shown in Fig. 1. The NG e2 \/(y—y’)2+(w/2)2
v (ly-y |)=—2W€60In %
for N\=\" (7)

widths of the GaAs quantum wells and of the, &k _,As
barrier that separates the two electron systemsvaadD,
respectively. Also indicated are the band-gap offégtand
the wave functions of the two lowest 2D subbands which are
separated in energy by the tunneling gh%)AS. and

We treat the electron-electron interaction in the HFA, and

\/(y—y'>2+(D+w>2
In
LZ

tions, respectively. We assume the lateral confinement to be ,
parabolic with different confinement energies} in the two for A#\". (8)
sheets. The index=1,r denotes the left and right wires, ¢=12 53 is the dielectric constant of GaAsijs an arbitrary
respectively. We consider a magnetic fi#@dn thez direc-  |ength, andw accounts approximately for the finite thickness
tion with the vector potential in Landau gaug@=  of the wires inz direction. The electron density in wibe is
(—yB,0,0). The single-electron states are written as two-

account approximately for the finite thickness of the wires in ) e2
the z direction as described below. The lateral direction and v (Jy—y'|)=—
the direction along the wires are chosen asytlamdx direc-

2meeg

component spinors 1
PN=T 2 fual oY) ©
X pko
B kx QDLkU(Y) f .o is the Fermi occupation number of the sthio). The
(xy)=—=e 1) itonian Is i |
Puka(X,y L o ()] exchange part of the Hamiltonian is in general nondiagonal
X pko

in the layer index

whereL, is the length of the wirey is the subband index,

is the longitudinal quantum number,is the spin index, and
[(r) refer to the part of the wave function which is located in
the left (right) quantum wire, respectively. The single-
particle states are solutions of the HF equation

(M hir) = 2 F o oY)
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? €ande @) =[ Sabdc— (HeapaT Feapa) facd(@)],  (17)

AN o Ve L
Kkk’(|y y'D zweeoLch’“k K| Where
X\(y—y')?+(w/2)?] 1
Hedpa=7— dy dy et*
for A=\', (11) cd,ba Lx% ydy o (y)
and X oa(y)eh *(y)ep (y)o™ (ly—y']), (18)

N e?
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< Y=y ) 2T (D +w)? , ,
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for N#N. (12

fd_fc
foc @)=~ (20

Ko is a modified Bessel function which has a logarithmic d—€—ho—iy’

singularity atk=k’. This is treated by remembering that in

the long-wire limit thek sums are replaced by integrals. As v is a phenomenological broadening.

the singularity is logarithmic, it can be integrated.

We search for a self-consistent solution of E2). It turns
out that for certain magnetic fields we end up with a small
number of different solutions of Eq2) depending on the Let us first consider a system with a small electron density
state we started the iterative procedure with. In order to den;;=4x10° cm 1. For a magnetic field oB=3.3 T only
cide which one is the HF ground state we started our iterathe lowest spin-split 1D subband is populated. The confine-
tion with different values oA 2 ,sandg* which were finally ment energies aréw,=4 meV andiwh=4.2 meV, and
set to their actual values. Then we calculated the total energghe tunneling gap id2,=0.16 meV for an aluminum con-

E; of the different solutions according to the formula centration ofk=0.35. The subband dispersion is displayed in
Fig. 2(@). For these parameters we find that the single-
particle states can be classified to a good approximation as

Et:E faea—%E f.fpl(ablv]ab)—(ablv|ba)], pairs of symmetric and antisymmetric states. We label the
a ab subbands bys andia, wherei is the lateral quantum num-
13 ber, ands and a refer to the symmetric and antisymmetric
states, respectively. Figurd® shows the probability of an
with v being the 3D Coulomb interaction, and we have de-glectron in the considered subbands to be located in the layer
fined combined quantum numbersa=(u,k,0), b \=|. We find two different regions. For small values lof
=(u'" K\ 0"). which corresponds to states located in the center of the wire,

The FIR absorption for an external potential the tunneling is nearly perfect, whereas states at the edge of
Peyi= —YEex is calculated within the TDHFARef. 21 the wire are more located in either one of the layers. The
from the Joule heating of the system, bare tunneling gap\2 < is enhanced by the nonlocal inter-

layer exchange interaction. This is similar to the effect of the
1 enhancedy factor?? As the chemical potential lies be-
P(w)= 52 f d2rR[6jMr,w)EM (r,w)].  (14)  tween the bandssland la, the symmetric states are lowered
A in energy by the interlayer exchange self-energy. For the
enhanced tunneling gap we find a0 A% <54 meV

SM(rw) is the induced current density a'Ed(r"f’) the to-  for j=1 andA%,=1.2 meV fori=2. Thus this coherent

tal self-consistentSC) electric field.P can be written as tunneling-dominated ground state is stabilized by taking ad-
vantage of the interlayer exchange energy. The density dis-
tribution in the two wires is shown in Fig.(@. As for a

P(w)xwEey, (bly|a)d[fan(w)(al®9b)], (15  single wire it has its maximum in the center.
ab The FIR absorption of this state is depicted in Fi¢p)3
_ _ _ We find three major peaks. The resonane&8 andw{? are

The matrix elements of the self-consistent potenfidf are optical modes, as can be seen from the induced density os-

found as the solution of the linear set of equations cillations shown in Fig. @). The mode labeledo, is an
acoustic mode as it corresponds to an out-of-phase motion of
the electrons. There are two interesting features which are

> €ab.ac( @)(d|®5Yc)=(a|®*b), (16)  the signature of the underlying ground state. First, the optical
de mode splits into two peaks. We will explain later th@@l) is

with the dielectric tensor an edge plasmon Whereargz) is due to an oscillation in the

Ill. RESULTS AND DISCUSSION
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FIG. 2. 1D subbands With:% (a), probability of a state to be
located in the left wire(b), and the ground-state densifg) of
weakly coupled vertical quantum wiresB&=3.3 T. The electron
densities ar@;p=4x10° cm !, x=0.35, andA2,~0.16 meV,
and the confinement energiés,=4 meV andfiwh=4.2 meV.
The chemical potential irfa) is set tox=0. In (c) the solid line

shows the density in wird =1, and the dashed line the density in

layer\=r.

bulk region of the wire. Even more interesting is the fact that
w, is higher in energy than the optical mode. This directly
reflects the effect of the enhanced tunnel gap. In systems

with no tunneling we always have,>w, due to the re-
duced depolarization shift of the acoustic mdieds the

acoustic mode is connected with an out-of-phase motion of EL ‘ s . I

absorption (arb. units)
\

6.0 7.5 8.0

induced density (arb. units)

-40 =20 0 20 40
y (nm)

FIG. 3. FIR spectrunfupper figuré¢ and induced charge density
(lower figure calculated for the same parameters as used in Fig. 2.
The optical modes are labeled a8, and the acoustic mode as
w, - In the lower figure the solid lines correspond to layer!, the
dashed lines ta.=r.

be easily derived from Eq19). The main contribution to the
transition Is—2a is due to the diagonal matrix element
F1spake,1s2ak’ o - FOr @ symmetric system this is exactly the
same as 1 gqk, 1525k o Which is prominent for the transition
1s—2s. Furthermore, as we are in the low-density regime,
the depolarization effect is small. As a net result of reduced
depolarization shift and enhanced tunnel gap we fingd
>wg.

)

<
$
§§
&

induced density (arb. units)
RN —

the electrons in the two layers, it corresponds to transitions —40 -20 0 20 40

1s—2a, as indicated in Fig. (). The optical modes are
mainly due to transitions &—2s. The effect of interlayer
exchange which shifte, to higher values is not compen-

y (nm)

FIG. 4. Sum of the induced density of the mod€s’ andw’? .

sated for by dynamical vertex corrections, i.e. the excitoriThe solid and dashed lines refer to the parameters of Fig. 3, the
shift. These are nearly the same for both transitions. This caopen triangles and diamonds #ag=4.1 meV.
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FIG. 5. Subbandga) and FIR absorptioiib) for B=2.8 T. The
other parameters are the same as in Fig. 2@nthe solid lines
correspond to states which are mostly localized in layetd, and
the dashed lines to states in layerr. The arrows indicate the
allowed single-particle transitions.

The splitting of the optical mode is a combined effect of
tunneling and different confinement potentials in the two
wires. From the induced density in Fig3 we can deduce
that »?) is caused by transitions in the center of the wire.
The node structure ab{!) implies that it consists of transi- 200 “eo o 0 100
tions at the edge of the wire. This can be understood from y (nm)

Fig. 2(b). In k space there are two different regions. For
small k the electrons occupy symmetric and antisymmetric . . . . .
states. For increasirigthesep )éta)t/es are eventually dyestroyed FIG. 6. Subband dispersio®), probability of a single-particle
as the potential difference increases for states localized at t Séate to be located n layar=1 (b), and ground-state densi) for

) > ; pair of quantum wires &=7 T andn;p=1.7x10° cm . The
edgg..Thl.JS, we find t.WO grogps of smglle-partlcle states, eac%lher parameters are the same as in Fig. 2. The ééishedllines
participating predor'nlnan'gly In a collective plasmon mode. ;, (b) correspond to soliddashedl lines in (a). In (c) the solid line

In order to confirm this picture we have calculated thegpos the density in wira =1, and the dashed line the density in
FIR spectrum foriwy=4 meV andiwh=4.1 meV. For ire r=r.
hw'o—%w{) the two optical peaks eventually merge and the

high-energy mode decreases in intensity. The additional os- o . . .
N ; . : . roups of transitions ik space. The question of which tran-
cillations in the induced density of the{") mode disappear. aroup D q

o " sition contributes to which mode depends on the degree of

These _oscnlatlons were d_ue to a lack ozzt)ransmons rear asymmetry between the wires and the tunneling strength.
=0 which are now redistributed from the;™ mode. We compare the absorption of the tunneling dominated

Figure 4 shows the sum of the induced densities of theate described above with that for a lower magnetic field
two optical modes. The lines are calculated fbwy,  B=2.8 T. Figure 5 displays the subbands and the calculated
=4.2 meV, and the open symbols fbws=4.1 meV. Al-  FIR spectrum. Two subbands are occupied which are domi-
though the individual oscillations are quite different for the nantly localized in the lefsolid line9 and the right(dashed
two cases, the sums are nearly identical. OnlyNerr does  lines) wires, respectively. The arrows indicate the allowed
the distribution become slightly wider fotwg=4.1 meV transitions. The collective excitations correspond to in-phase
due to the decreasing confinement. This additionally stresseupling (optical modé¢ and out-of-phase couplin@coustic
our statement that the two optical peaks are due to differenthode of these transitions. The acoustic mode carries very
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FIG. 7. FIR absorption as a function of the magnetic field for the

— to the weaker interlayer interaction.
same parameters as in Fig. 6.

This CDW-like ground state evolves continuously from a

little oscillator strength and is not resolved in Figbp The statel_aﬂ(?:4f ThWh(;Ch i.S very Tc,lilmi_lar to_ that of Fig. 5.'|1B—2e
crossover from this state to the tunneling-dominated stat@MPlitude of the density oscillations increases, untilBat
takes place abruptly &8=3.1 T, when the coherent state =6.4 T the second subband is completely depopulated. Fig-

becomes lower in energy. We do not observe a continuoul"® 7 Shows the FIR absorption of this CDW in the range of
transition between these two states. B=6—7 T. We find two modes which show an anticrossing

Recently, double-layered 2DES at=2 have attracted at B:6:5 T. We Iab(;l tht_ase T“OO.'eS as (opticalp andwq
much interest due to a phase with interlayer in-plane antiferl@coustig. However, the situation is more complicated com-

romagnetic spin correlations that is expected to occur at inParéd to the low-density case. As can be seen from Fig. 8,
termediate tunneling gapSgAS.4 Since we are interested in outside the anticrossing region the optical mode corresponds

the regime of small tunneling, the system considered in ou}0 an induced density which is out of phase. Since the

work is in the ferromagnetic region of the phase diagramground-state densities are already out of phase, this corre-

calculated in Ref. 4. Therefore, we do not perform an unre:SpondS to an in-phase center-of-mass motion of the densities

stricted HFA with respect to the spin-degree of freedomn the two wires. Near the anticrossing the modes mix, and

which would be necessary to account for the antiferromagiire mostly Iocahzgd in either one of the wiresee Flg._&
netic phase. Due to the complicated subband structure and the induced

We now investigate the situation of larger electron density. en.s“y distribution, the origin_ of the.anticrossing Is very
np=1.7%10C° cm 1, but the same values for the external intricate. However, we regard it as a signature of the ground
potential as in Fig. 2. The subband dispersion and th<§tate which can be probed experimentally.
ground-state density foB=7 T are shown in Fig. 6. The
electron density shows strong oscillations in the lateral direc- IV. SUMMARY
tion. The maxima are formed in_order to optimize the intra-  \we have investigated the FIR absorption of different
layer exchange energy. The width of each peak is nearlyeraction-induced ground states of a pair of weakly coupled
given by that of a smgle-'partlcle_state. I_t is determined by th%uantum wires at magnetic fields where one 1D subband is
short-range exchange interaction which, for a state withyceypied. Similar to the 2D case, at small electron densities
wave vectork, acts only in a region ZOD(k_lc<y<Xk we find a coherent tunneling-dominated state, and at larger
+1¢, with I;=[%/(m* w.)]"% andX,=KIg is the center co- densities a state that has the characteristics of a CDW. We
ordinate of the staté&. In order to minimize the interlayer have shown that the FIR absorption is qualitatively different
Coulomb repulsion the density maxima in the two wires are that of a system that is only coupled by direct Coulomb
shifted against each other. This gain in intralayer exchanggteraction. The magnetic-field transition to the coherent
and interlayer Hartree energy is at the cost of intralayer Harstate shows up in the spectrum as a jump in the energy of the
tree and interlayer exchange energy, as can be seen from Figgoustic mode which is found above that of the optical one.
6(b). Only for certaink values are the single-particle states This can be explained by the enhanced tunneling gap. The
extended on both layers. This ground states resembles thgDw state shows a complicated subband structure which

CDW which was predicted for a 2DES|t was predicted to  results in an anticrossing of the optical and acoustic mode
form spontaneously for identical layers. In the case of quangroundy=1.

tum wires it is stabilized by the different confinement ener-
gies in the two layers.
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