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Dipole excitations in a bilayer electron system in a parallel magnetic field
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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.

DOI: 10.1103/PhysRevB.71.165303 PACS nunt®er73.21-b, 73.20.Mf, 78.30-j, 42.50.Ct

Spatial confinement of electrons in a quantum well givescharged donors creates a potential barrier additional to the
rise to intriguing effects which exist neither in two- one of the AlGaAs barrier, see Fig. 1. This reduces the tun-
dimensional nor in three-dimensional systems. Excitatiorneling gap to about 0.3 meV, which is much smaller than the
branches related to electron transitions between differerglectron Fermi energy. The heterostructure balancing is
quantum subbands have attracted theoretical and experimeachieved by optodepleting one of the QWs with He-Ne laser
tal interest—3 Excitation energies acquire an extra gaugelight, which photon energy exceeds the fundamental gap in
term under an external magnetic field applied along quanturine AlGaAs barrier. Without an external magnetic field a de-
wells (QWS) (in_p'ane magnetic fiewdue to Spatia| separa- tailed excitation SpeCtl‘um of the structure studied is giVen
tion of electron wave functiorfs The wave functions are elsewheré? A Ti-sapphire laser tunable above the funda-
more widely separated in bilayer electron systems, so thdfiental band gap in GaAs is used to excite the electron sys-
the same effect is expected to be more pronounced for exciem. The excitation power density is about 0.1-1 Wicm
tations involving electron transitions between the layers. PreMeasurements are performed in a cryostat with a horizontal
viously, an influence of in-plane magnetic field on the bilayersplit coil solenoid operating at 1.5 K. The light momentum
system was discussed in conductivity and cyclotron resotransferred to the electron system through the ILS process
nance experiments, where the parabolic dispersion curvd§=di—ds, Whereg is incident(scattereyl light momen-
from the two layers were shown to shift in the momentumtum] is kept fixed at 2 10° cm™. The scattered light is dis-
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 statés$.

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
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predicted theoretically and have probably been observed ex- AR
perimentally in bilayer systems with a weak tunnel coupling, —’i’h ﬁ ISPE

in which the transversal electron motion does not destroy the (hy il
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in-plane coherenc&? A key parameter defining a possible AN .’_‘ “

bilayer ground state is the space inversion symmetry. A J}

method to determine experimentally the bilayer system sym- (hv, q:‘ 7 0 2 4 6 8

metry is demonstrated in the present paper. The method uti- Raman shift (meV)

lizes an inelastic light scatteringLS) response from dipole

eX(:tatlons In qn llrll—plzne rgagnetlc field. G doubl system in two states, symmetrical and asymmetrical. The electron
symmetrically doped AsGa sAs/GaAs double wave function envelopes for the two lowest quantum subbands are

quantum well heterostructure is used. The quantum wellh,, by solid lines. A schematic dependence of the intersubband
(QW) thicknesses are 200 A, and QWs are separated by 8y 0, on the depletion power is shown by a thick solid line. Right,
Al 34Gay 6As barrier of 25 A thickness. The electron sheeta example of ILS spectra from a symmetritab) and asymmetri-
densities(n; ;) and mobilities in QWs are 3810 cm™ ¢ (bottom) bilayer system measured at zero magnetic field. TP, AP,
and 1.8<10° cm?V~1s™, respectively. The QW confining and ISPE are the tunnel plasmon, acoustical plasmon, and interlayer
potential curvature caused by the electric field from thesingle particle excitations, respectively.

FIG. 1. Left, a sketch of the ILS process in a bilayer electron

1098-0121/2005/716)/1653034)/$23.00 165303-1 ©2005 The American Physical Society



KULIK et al. PHYSICAL REVIEW B 71, 165303(2005

d:e|zl_22|, (1)

wherez,—z,= [dzi;(2) 2¢1(2) - [dz(2) zih5(2) is the average
distance between the excited electron in one layer and the
hole left below the Fermi surface in the othesee the dia-
gram in Fig. ). Here,y , 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 vectd?=II1+1/c[d X B], wherell is the ki-
nematical momentum. The gauge termc[t¥x B], 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 momentliin

Raman shift (meV)

34567 8 345267 8

(hv,q) 1

Magnetic field (T)

E(H)=E(’P—%[dx8]‘). 2)

FIG. 2. Left, a sketch of the ILS process in an asymmetricalVhen the magnetic field satisfies to
bilayer electron system in two experimental geometries with the 1
light momentum paralle(top) and perpendiculatbotton) to an P==[d X B], (3)
in-plane magnetic field. Right, corresponding experimental images c
of ILS resonances for interlayer single particle excitations. The de-

gree of darkness is linearly proportional to the ILS signal intensity.theI kinetic energy_li Zﬁro'b . . f sinal
The critical and zero magnetic fields are shown by white lines. n agreement with the a OVPT equations, engrgles 0 smg e-
particle excitations at the continuum boundaries change lin-

early with the magnetic field 88 +qug +1/cdBog, whenq

persed in a T-64000 triple spectrograph and is recorded witf$ Parallel toB, and asQi|q—.1/c[d X B]|UF1 when q is
a charge coupled device camera. The experimental resulggrpendicular toB. Here,vg, , is the Fermi velocity in a
from the double quantum well heterostructure are comparetayer with larger(smalle) electron sheet density. A1 1L B
with those from a set of single asymmetrically doped QWsthe kinetic energies for all single-particle excitations are zero
with thicknesses of 180, 220, 260, 300, and 400 A with all ofat acritical magnetic field of 0.25 T, at which neithgrnor
them having close densities of abouk 30 cm™. 1/c[d X B] is zero(B=0 andB critical are shown by white
Figure 1 demonstrates typical ILS spectra of low lying lines). Using the magnetic field value one finds from E3).
neutral excitations taken in two bilayer states, symmetricathe dipole moment for interlayer excitations of about 240 A,
and asymmetrical. The state is regarded as asymmetricifhich nearly coincides with the geometric center-to-center
when electron wave functions for two lowest quantum sub-Separation between QWs forming the bilayer system.
bands are confined in separate layers, whereas a symmetrical A modification of the excitation spectrum when the bi-
state has wave functions located in both layee the dia- 2Yer System is driven to a symmetrical state is shown in Fig.
gram in Fig. 3. The ILS lines observed correspond to inter- 3. It can be quaI|tat|vc_aIy.und(.arstood if & nonreallst!c model
layer single particle excitationdSPE) and antisymmetrical Of WO isolated QWs is imagined. As long as the intersub-

collective modes, an acoustical plasmon in the asymmet”C%sgg"gaﬁefgﬁgsrﬁgeniﬁtﬁg%gszgnﬁrgfess rneéjtuccheaﬁr%por-
state (AP), and a tunnel plasmon in the symmetrical state Y- 9 ’ ge,

(TP). In what follows, we will not consider collective modes, as the excitation dipole moment is constant. A nontriv_ial case
as they have been thoroughly discussed in Ref. 10, and wiffceurs when the ternig __1/9[d X B]|UF2’ exceed§ the inter-
focus on interlayer single particle excitations. In accordanc&UPband gag). Two excitation branches coexist. They are
with energy-momentum conservation, single-particle excital€lated to electron transitions from the first to the second
tions are allowed within the energy randé-que,Q  duantum  subband (A), [Q-[q-1/c[dx B]|'_’F1'Q+|q
+que] with increased spectral weights at the boundaries; 1/¢ld X B]lvg, ], and from the second to the first quantum
Q+qug, Fig. 11 subband(B), [0,~Q+|q-1/c[d X B]|vg,]. Excitations from
Figure 2 shows an example of an ILS image measurethe two branches have equal but oppositely directed dipole
from the bilayer system in the asymmetrical state at twonoments, whereupon an increase in excitation energies
magnetic field orientations, along and perpendicular to thérom one branch in the magnetic field results in decreased
light momentumg.22 In the first case the excitation energies energies from the other, and vise versa. At a certain value of
are symmetric, whereas in the second case they are nonsysystem parameters) <1/2(|q-1/c[d X B]|ve,~|q-1/c[d
metric with the magnetic field inversion. The inversion an- X B]|U|:1), the upper boundary of thB branch exceeds that
isotropy indicates the gauge energy ternc[t/x B].* We  of the A branch, which is the reason feymmetrizatiorof
note that the interlayer excitations in asymmetrical doublghe excitation spectrum, Fig. 3.
QWs possess a large dipole moment along the axis of sepa- The above model describes virtual excitations between
ration between the layers. The dipole moment is given as isolated layers. When a small tunnel coupling is introduced,
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guantized subbands is the electron in-plane momentum,
—_— kB:allé, 2a is the distance between layer centdgsis the
A magnetic length, an@®=(0,B,0). A vector potential in the
- Landau gauge is used. The tunnel Hamiltonian approxima-
tion is valid if Eg> Agag The electron energies in two lowest
quantum subbands are

~ h? 1 212k .kg \ 2
Eci(B)=Eo+ o kg) + 5 \/ (—mx B) Aépq
(5
and the corresponding wave functions are
W =Ciia(d + Cotol),  1=1,2,
A
SAS (6)

c = ,
VA% 4ENB) - EB)P

Raman shift (meV)

o . AE(B) -E(B)]
* A 4ENB) -ELB)P

where i, ,(z) 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-
0.5 0 0.5-05 0 05 netic field (k,=0) or totally transformedk=k,). The initially
Magnetic field (T) symmetrical and antisymmetrical wave functions become lo-
calized in separate layers when a small magnetic field
FIG. 3. Modification of the interlayer excitation spectrum when (~0.2 T) is applied. The energies of single particle excita-
the bilayer system is driven from an asymmetrical to a symmetrications with the in-plane momentumg along thex axis be-
state. At the top, confining potential and squares of the electrogome:
wave functions in the two states are shown. The dark-colored shad-
ing corresponds to excitations from the first to the second quantum ZaGBJpl 2 2
subbandA, whereas the light-colored area designates excitations Eispe= Qur, COSVE,,Q) + N +ASs  (7)
from the second to the first subbaBd The experimental points are

o
EISPE~

shown by white circles. The intersubband gék,is given. In the  q<<kg, ky<<kg. The single-particle exciatations form a con-
symmetrical state)=Agag @ simulated within tunnel Hamiltonian tinuum with density of states maxima at (:Io,sl,q)=tl.
upper excitation branch boundary is shown by a dashed line. Taking d=2ae and ASAS<dBUFl/c the continuum boundary
energies are
one finds that intersubband excitations in the symmetrical
. . 1

state do not have any dipole moment, see Fig. 3. Neverthe- (qi —dB) E... (8)
less, the excitation energies shift in the magnetic field as if c '
the dipole mqment existed, see I_:lg. 3. The shift is ascribed ,t?hus, except for a small range of magnetic fields where
the effect of in-plane magnetic field on the electron states N\ .o~ dBur /c, intersubband excitations in a tunnel coupled

i i i - . l . . . .
:he. system. It. car; bﬁ%ﬁccounted for within a tunnel Hamil symmetrical bilayer system acquire a large dipole moment in
onian approximation: an in-plane magnetic field and could be thought of as inter-

A layer excitations. Two interlayer excitation branchésand
— 1 2 SA
H=2 | Ei(B)agay + E{(B)byby - > agby + biay) B, become coupled by tunneling. A critical magnetic field for
K energy minimum of the common brunch is not determined
= [EXB)AA’ + EAB)B!B,], (4) by Eq.(3) anymore, but is set at zero, see Fig. 3.
K 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
10 52 s simulated as in Eq(l) using electron wave function enve-
Ey(B)=Ep+ %[(kx + kg)“+ K] lopes obtained self-consistently from one-dimensional Pois-
son and Schrédinger equations with respect to fit the known
E'2 are electron energies in QWs without tunnellidgagis  intersubband gagf). In a single layer system the dipole mo-
the tunnel gapay, a, by, by are electron creation and anni- ment reduces in QWs with a smaller QW width, Fig. 4. In
hilation operators in the two layerk, is energy of the first the bilayer system the dipole moment reduces with the sys-

where
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2.0 velopes, it affects negligibly those in a single layer. As a
result, the critical magnetic field is inversely proportional to
1.5 F the dipole moment for a single layer system, which agrees
well with Eq. (3), whereas it tends to zero when a bilayer
10 F system symmetrizes, see Fig. 4.
An ILS response from single particle excitations under
05 F in-plane magnetic field can be thus employed for determin-
ing a bilayer system symmetry. For example, an electron
o o . L density unbalance of 3% in two layers transfers the system
;Z 0.3 T T studied from a symmetrical to an asymmetrical stdtBue

’ to such a small balancing range, the symmetrical state could
H hardly be established with a conventional magnetotransport
02 r 1 T balancing techniqu&.On the other hand, the excitation di-
DQW 6 pole moment is defined by a large interlayer distance, and
) has little to do with tunneling. To drive a bilayer system to a

o1 r i symmetrical state one has to supply a finite in-plane momen-
_',o‘ tum to interlayer excitations via an ILS process and balance
O._.....------|----"“ : the system until the excitation energies become isotropic
0 100 200 300 relative to the magnetic field inversion.
d (4) In conclusion, the effect of an in-plane magnetic field on

the spectrum of interlayer excitations in a bilayer electron
FIG. 4. Critical magnetic field vs dipole moment for singte- system with a weak tunnel coupling between the layers is
angles and double(circles QWs. The sketch shows squares of the gy, gjed. Excitation energies are found to depend linearly on
wave function envelopes for two single QWSs, 180 and 400 A. Thethe magnetic field due to the termcd x B] in both sym-
solid line is calculated from Ed3). The dashed line is a guide for metrical and asymmetrical states. A method to establish bi-
the eyes. layer system symmetry is demonstrated.

tem symmetrization. Two systems, single layer and bilayer, We thank S. Lok for his suggestions about growing bi-

differ by the influence of an in-plane magnetic field on elec-layer structures. Financial support from Max-Planck and
tron states in two lowest quantum subbands. If in a bilayeHumboldt Research Award, the Russian Fund of Basic Re-
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