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The spectrum of neutral excitations of a bilayer electron system in an in-plane magnetic field is studied by
means of inelastic light scattering spectroscopy. Tunnel induced interlayer excitation brunches are observed.
They are basically of a single-particle nature with a linear dispersion law. In the asymmetrical state the
interlayer excitations possess a large dipole moment normal to the layers. As a result, the excitation energies
aquire an extra gauge term in magnetic field. In the symmetrical state the magnetic field redistributes electron
wave functions in a way that a similar energy term arises. A method to determine the bilayer symmetry is
suggested.
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Spatial confinement of electrons in a quantum well gives
rise to intriguing effects which exist neither in two-
dimensional nor in three-dimensional systems. Excitation
branches related to electron transitions between different
quantum subbands have attracted theoretical and experimen-
tal interest.1–3 Excitation energies acquire an extra gauge
term under an external magnetic field applied along quantum
wells sQWsd sin-plane magnetic fieldd due to spatial separa-
tion of electron wave functions.4 The wave functions are
more widely separated in bilayer electron systems, so that
the same effect is expected to be more pronounced for exci-
tations involving electron transitions between the layers. Pre-
viously, an influence of in-plane magnetic field on the bilayer
system was discussed in conductivity and cyclotron reso-
nance experiments, where the parabolic dispersion curves
from the two layers were shown to shift in the momentum
space and to anticross. As a result, a minigap formed in the
electron energy spectrum and two van Hove singularities de-
veloped in the density of states.5,6

Attention to bilayer electron systems has been renewed
with a view toward studying quantum states with no analo-
gies in single QWs. Easy plane and easy axis ferromagnetics,
charge transfer instabilities, spontaneous symmetrization of
the ground state, and exciton superconductivity have been
predicted theoretically and have probably been observed ex-
perimentally in bilayer systems with a weak tunnel coupling,
in which the transversal electron motion does not destroy the
in-plane coherence.7–9 A key parameter defining a possible
bilayer ground state is the space inversion symmetry. A
method to determine experimentally the bilayer system sym-
metry is demonstrated in the present paper. The method uti-
lizes an inelastic light scatteringsILSd response from dipole
excitations in an in-plane magnetic field.

A symmetrically doped Al0.33Ga0.67As/GaAs double
quantum well heterostructure is used. The quantum well
sQWd thicknesses are 200 Å, and QWs are separated by an
Al0.33Ga0.67As barrier of 25 Å thickness. The electron sheet
densitiessn1,2d and mobilities in QWs are 3.631011 cm−2

and 1.83106 cm2 V−1 s−1, respectively. The QW confining
potential curvature caused by the electric field from the

charged donors creates a potential barrier additional to the
one of the AlGaAs barrier, see Fig. 1. This reduces the tun-
neling gap to about 0.3 meV, which is much smaller than the
electron Fermi energy. The heterostructure balancing is
achieved by optodepleting one of the QWs with He-Ne laser
light, which photon energy exceeds the fundamental gap in
the AlGaAs barrier. Without an external magnetic field a de-
tailed excitation spectrum of the structure studied is given
elsewhere.10 A Ti-sapphire laser tunable above the funda-
mental band gap in GaAs is used to excite the electron sys-
tem. The excitation power density is about 0.1–1 W/cm2.
Measurements are performed in a cryostat with a horizontal
split coil solenoid operating at 1.5 K. The light momentum
transferred to the electron system through the ILS process
fq=qi −qs, whereqissd is incident sscatteredd light momen-
tumg is kept fixed at 13105 cm−1. The scattered light is dis-

FIG. 1. Left, a sketch of the ILS process in a bilayer electron
system in two states, symmetrical and asymmetrical. The electron
wave function envelopes for the two lowest quantum subbands are
shown by solid lines. A schematic dependence of the intersubband
gap,V, on the depletion power is shown by a thick solid line. Right,
an example of ILS spectra from a symmetricalstopd and asymmetri-
cal sbottomd bilayer system measured at zero magnetic field. TP, AP,
and ISPE are the tunnel plasmon, acoustical plasmon, and interlayer
single particle excitations, respectively.
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persed in a T-64000 triple spectrograph and is recorded with
a charge coupled device camera. The experimental results
from the double quantum well heterostructure are compared
with those from a set of single asymmetrically doped QWs
with thicknesses of 180, 220, 260, 300, and 400 Å with all of
them having close densities of about 331011 cm−2.

Figure 1 demonstrates typical ILS spectra of low lying
neutral excitations taken in two bilayer states, symmetrical
and asymmetrical. The state is regarded as asymmetrical
when electron wave functions for two lowest quantum sub-
bands are confined in separate layers, whereas a symmetrical
state has wave functions located in both layersssee the dia-
gram in Fig. 1d. The ILS lines observed correspond to inter-
layer single particle excitationssISPEd and antisymmetrical
collective modes, an acoustical plasmon in the asymmetrical
state sAPd, and a tunnel plasmon in the symmetrical state
sTPd. In what follows, we will not consider collective modes,
as they have been thoroughly discussed in Ref. 10, and will
focus on interlayer single particle excitations. In accordance
with energy-momentum conservation, single-particle excita-
tions are allowed within the energy rangefV−qvF ,V
+qvFg with increased spectral weights at the boundaries,
V±qvF, Fig. 1.11

Figure 2 shows an example of an ILS image measured
from the bilayer system in the asymmetrical state at two
magnetic field orientations, along and perpendicular to the
light momentum,q.12 In the first case the excitation energies
are symmetric, whereas in the second case they are nonsym-
metric with the magnetic field inversion. The inversion an-
isotropy indicates the gauge energy term 1/cfd3Bg.4 We
note that the interlayer excitations in asymmetrical double
QWs possess a large dipole moment along the axis of sepa-
ration between the layers. The dipole moment is given as

d = euz1 − z2u, s1d

wherez1−z2=edzc1
*szdzc1szd−edzc2

*szdzc2szd is the average
distance between the excited electron in one layer and the
hole left below the Fermi surface in the otherssee the dia-
gram in Fig. 1d. Here,c1,2 are transversal components of the
wave function envelopes for the two lowest quantum sub-
bands. Interaction of the electron system with the radiation
field preserves vectorP=P+1/cfd3Bg, whereP is the ki-
nematical momentum. The gauge term, 1/cfd3Bg, arises
from the Lorentz force acting on the electron and hole in
separate layers. The kinetic energy of the excited electron
depends on the kinematical momentumP:

EsPd = ESUP −
1

c
fd 3 BgUD . s2d

When the magnetic field satisfies to

P =
1

c
fd 3 Bg, s3d

the kinetic energy is zero.
In agreement with the above equations, energies of single-

particle excitations at the continuum boundaries change lin-
early with the magnetic field asV±qvF1

+1/cdBvF1
whenq

is parallel to B, and asV± uq−1/cfd3BguvF1
when q is

perpendicular toB. Here, vF1s2d
is the Fermi velocity in a

layer with largerssmallerd electron sheet density. Atq'B
the kinetic energies for all single-particle excitations are zero
at acritical magnetic field of 0.25 T, at which neitherq nor
1/cfd3Bg is zerosB=0 andB critical are shown by white
linesd. Using the magnetic field value one finds from Eq.s3d
the dipole moment for interlayer excitations of about 240 Å,
which nearly coincides with the geometric center-to-center
separation between QWs forming the bilayer system.

A modification of the excitation spectrum when the bi-
layer system is driven to a symmetrical state is shown in Fig.
3. It can be qualitatively understood if a nonrealistic model
of two isolated QWs is imagined. As long as the intersub-
band gapV reduces the excitations energies reduce propor-
tionally. The critical magnetic fields0.25 Td does not change,
as the excitation dipole moment is constant. A nontrivial case
occurs when the term,uq−1/cfd3BguvF2

, exceeds the inter-
subband gapV. Two excitation branches coexist. They are
related to electron transitions from the first to the second
quantum subband sAd, fV− uq−1/cfd3BguvF1

,V+ uq
−1/cfd3BguvF1

g, and from the second to the first quantum
subbandsBd, f0,−V+ uq−1/cfd3BguvF2

g. Excitations from
the two branches have equal but oppositely directed dipole
moments, whereupon an increase in excitation energies
from one branch in the magnetic field results in decreased
energies from the other, and vise versa. At a certain value of
system parameters,V,1/2suq−1/cfd3BguvF2

− uq−1/cfd
3BguvF1

d, the upper boundary of theB branch exceeds that
of the A branch, which is the reason forsymmetrizationof
the excitation spectrum, Fig. 3.

The above model describes virtual excitations between
isolated layers. When a small tunnel coupling is introduced,

FIG. 2. Left, a sketch of the ILS process in an asymmetrical
bilayer electron system in two experimental geometries with the
light momentum parallelstopd and perpendicularsbottomd to an
in-plane magnetic field. Right, corresponding experimental images
of ILS resonances for interlayer single particle excitations. The de-
gree of darkness is linearly proportional to the ILS signal intensity.
The critical and zero magnetic fields are shown by white lines.
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one finds that intersubband excitations in the symmetrical
state do not have any dipole moment, see Fig. 3. Neverthe-
less, the excitation energies shift in the magnetic field as if
the dipole moment existed, see Fig. 3. The shift is ascribed to
the effect of in-plane magnetic field on the electron states in
the system. It can be accounted for within a tunnel Hamil-
tonian approximation:13,14

H = o
k
FEk

1sBdak
+ak + Ek

2sBdbk
+bk −

DSAS

2
sak

+bk + bk
+akdG

= o
k

fẼk
1sBdAk

+Ak
+ + Ẽk

2sBdBk
+Bkg, s4d

where

Ek
1,2sBd = E0 +

"2

2m
fskx 7 kBd2 + ky

2g.

E1,2 are electron energies in QWs without tunnelling,DSASis
the tunnel gap,ak

+, ak, bk
+, bk are electron creation and anni-

hilation operators in the two layers,E0 is energy of the first

quantized subband,k is the electron in-plane momentum,
kB=a/ lB

2, 2a is the distance between layer centers,lB is the
magnetic length, andB=s0,B,0d. A vector potential in the
Landau gauge is used. The tunnel Hamiltonian approxima-
tion is valid if E0@DSAS. The electron energies in two lowest
quantum subbands are

Ẽk
1,2sBd = E0 +

"2

2m
sk2 + kB

2d ±
1

2
ÎS2"2kxkB

m
D2

+ DSAS
2 ,

s5d

and the corresponding wave functions are

Ci = C1
i c1szd + C2

i c2szd, i = 1,2,

C1
i =

DSAS

ÎDSAS
2 + 4fEk

1sBd − Ẽk
i sBdg2

, s6d

C2
i =

2fEk
1sBd − Ẽk

i sBdg
ÎDSAS

2 + 4fEk
1sBd − Ẽk

i sBdg2
,

where c1,2szd are transversal wave function components in
the isolated layers. Depending on the in-plane momentum
the electron wave functions are either unaffected by the mag-
netic fieldskx=0d or totally transformedsk=kxd. The initially
symmetrical and antisymmetrical wave functions become lo-
calized in separate layers when a small magnetic field
s,0.2 Td is applied. The energies of single particle excita-
tions with the in-plane momentumq along thex axis be-
come:

EISPE= qvF1
cossvF1

,qd +ÎS2aeBvF1

c
D2

+ DSAS
2 , s7d

q!kF, kB!kF. The single-particle exciatations form a con-
tinuum with density of states maxima at cosskF1

,qd= ±1.
Taking d=2ae andDSAS!dBvF1

/c the continuum boundary
energies are

EISPE
± < USq ±

1

c
dBDUvF1

. s8d

Thus, except for a small range of magnetic fields where
DSAS,dBvF1

/c, intersubband excitations in a tunnel coupled
symmetrical bilayer system acquire a large dipole moment in
an in-plane magnetic field and could be thought of as inter-
layer excitations. Two interlayer excitation branches,A and
B, become coupled by tunneling. A critical magnetic field for
energy minimum of the common brunch is not determined
by Eq. s3d anymore, but is set at zero, see Fig. 3.

It is instructive to compare the critical magnetic field for
bilayer and single layer systems as a function of a zero mag-
netic field dipole moment, see Fig. 4. The dipole moment is
simulated as in Eq.s1d using electron wave function enve-
lopes obtained self-consistently from one-dimensional Pois-
son and Schrödinger equations with respect to fit the known
intersubband gap,V. In a single layer system the dipole mo-
ment reduces in QWs with a smaller QW width, Fig. 4. In
the bilayer system the dipole moment reduces with the sys-

FIG. 3. Modification of the interlayer excitation spectrum when
the bilayer system is driven from an asymmetrical to a symmetrical
state. At the top, confining potential and squares of the electron
wave functions in the two states are shown. The dark-colored shad-
ing corresponds to excitations from the first to the second quantum
subbandA, whereas the light-colored area designates excitations
from the second to the first subbandB. The experimental points are
shown by white circles. The intersubband gap,V, is given. In the
symmetrical state,V=DSAS, a simulated within tunnel Hamiltonian
upper excitation branch boundary is shown by a dashed line.
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tem symmetrization. Two systems, single layer and bilayer,
differ by the influence of an in-plane magnetic field on elec-
tron states in two lowest quantum subbands. If in a bilayer
system the magnetic field transforms the wave function en-

velopes, it affects negligibly those in a single layer. As a
result, the critical magnetic field is inversely proportional to
the dipole moment for a single layer system, which agrees
well with Eq. s3d, whereas it tends to zero when a bilayer
system symmetrizes, see Fig. 4.

An ILS response from single particle excitations under
in-plane magnetic field can be thus employed for determin-
ing a bilayer system symmetry. For example, an electron
density unbalance of 3% in two layers transfers the system
studied from a symmetrical to an asymmetrical state.10 Due
to such a small balancing range, the symmetrical state could
hardly be established with a conventional magnetotransport
balancing technique.6 On the other hand, the excitation di-
pole moment is defined by a large interlayer distance, and
has little to do with tunneling. To drive a bilayer system to a
symmetrical state one has to supply a finite in-plane momen-
tum to interlayer excitations via an ILS process and balance
the system until the excitation energies become isotropic
relative to the magnetic field inversion.

In conclusion, the effect of an in-plane magnetic field on
the spectrum of interlayer excitations in a bilayer electron
system with a weak tunnel coupling between the layers is
studied. Excitation energies are found to depend linearly on
the magnetic field due to the term 1/cfd3Bg in both sym-
metrical and asymmetrical states. A method to establish bi-
layer system symmetry is demonstrated.
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FIG. 4. Critical magnetic field vs dipole moment for singlestri-
anglesd and doublescirclesd QWs. The sketch shows squares of the
wave function envelopes for two single QWs, 180 and 400 Å. The
solid line is calculated from Eq.s3d. The dashed line is a guide for
the eyes.
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