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Plasmons in tunneling coupled bilayer systems with tunable space symmetry studied
by far-infrared spectroscopy
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Tunneling coupled bilayer systems based og Aba, 7/AS/GaAs heterostructures have been investigated
with far-infrared spectroscopyFIR) and magnetotransport measurements. Via a Ti front gate the charge
density as well as space symmetry of the bilayer are tuned. Using FIR spectroscopy we observe intrasubband
optical plasmon modes and an intersubband plasmon. From magnetotransport measurements we determine the
single-particle tunneling gap sas between the symmetric and antisymmetric subband. By comparing
with the resonance energy of the intersubband plasmon, we are able to determine directly from measurement
the depolarization shift, i.e., a many-body correction to the intersubband excitation. We study its behavior by
changing the space symmetry of the bilayer system.
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Bilayer systems with two two-dimensional electron gasedFIR) spectroscopy. We focus on the gate-voltage depen-
(2DEG’s) separated by a barrier with a width at the order ofdence of the mode energies. By comparing the ISP energy
tens of nanometers have been long ilnterested due to theifeasured by FIR spectroscopy with the single-particle inter-
rich many-body effects. Das Sarnedal.” predicted twenty  syphand energy gajp obtained by magnetotransport mea-
years ago the existence of an undamped acoustic plasmQyements, we are able to determine directly the depolariza-

with a linearq dispersion in addition to an optical plasmon s ghit, j.e., a many-body correction to the intersubband
with a \/a dispersion in a Coulomb coupled double quantum,osonance.

well system. In the opticalacousti¢ plasmon mode the Our samples were grown with molecular beam epitaxy

ff_?]arge de;sities of g‘e Iayéar_s gscillate (ot .?12 dggse' and have the following layer structure: a 280 nm AlAs/GaAs
€S€ Modes Were opserved In Raman exper uc- superlattice(period: 5.6 nm, a buffer of 500 nm GaAs and

ing the barrier to the order of a few nanometers, tunnelin . )
effects between the two 2DEG’s become significant. Theog-250 nm AbsdGa eAs and a Sig-donor layer. The bilayer

retical understanding of the plasmons in such tunneling-StrUCture which is grown on top consists of 30 nm
coupled bilayer systems is currently under discusiign. ~losGCaeAS, 15 nm GaAs, 1 nm AlsGaeAS, 15 nm
Systematic experimental study are highly needed to investaAs, and 20 nm Al;Ge eAs. It is followed by a Si
gate the influences of tunneling on plasmon modes. o-donor layer, 10 nm Al3fGa ¢As, a Sié donor layer, 10
From the experimental point of view, an elegant way of "M Aly35Ga ¢As and a 5 nnGaAs cap layer.
changing tunneling behavior is to use the gated bilayer sys- After preparing a macro Hall-bar mesa with a width of 3
tem. By applying a gate voltage across two quantum wellgnm, Ohmic contacts were made by depositing Au-Ge fol-
separated by a thin barrier where the bilayer 2DEG’s ardowed by annealing. A 8 nm Ti front gate was then evapo-
formed, the energy levels in each quantum well shift, changrated onto the sample. On top of the gate we fabricated an Au
ing the way of the wave function mixture induced by grating coupler with a period ci=2 um. The grating cou-
tunneling® Here the tunneling effect is tuned by varying the pler selects wave vectors for the optical plasmon modes with
space symmetry of the two quantum wells instead of changg,=n(2#/a), n=1,2, ... . Theexcitation strength of these
ing the tunneling matrix element that requires changing thenodes becomes weaker for higher indexrhe grating also
sample structure. When the two quantum wells are symeouples FIR light to intersubband plasmon via the optical
metrically aligned, the energy states of the bilayer system areear-field components with electric fields perpendicular to
tunneling mixed delocalized states. The lowest subbanthe 2DEG’s plane.
splits into a symmetri¢S) and an antisymmetric statdS) The FIR measurements were performed using a Fourier
with an energy gap\sas. When the two quantum wells be- transform spectrometer which is connected to a 12 T super-
come more and more asymmetr|§) and |AS) states get conducting magnet via a wave-guide system. Spectra were
more and more localized in different quantum wells with antaken at different gate voltagé4, and are normalized with
increasing energy gaf between the two states. Tunneling that measured at the threshold voltagg=—1.2 V. The
effect becomes negligible £> As,s. Our recent theoretical result is the relative changg(V,)/T(Vy,). Magnetotransport
study shows that at least three different plasmon modes exmeasurements at the same gate voltages were carriéd out
sisting in a tunneling-coupled bilayer system, namely, thesitu by applying the magnetic field up to 12 T. The sample
intrasubband optical and acoustic plasmons, and an intersutemperature was 2.2 K at all times.
band plasmoriISP) that can also be understood as the depo- Figure 1 shows the measured spectra at three different
larization shifted intersubband resonaric¥. gate voltages. For a better overview they are vertically
In this paper we report the observation of plasmon modeshifted. Up to four resonances can be seen. By analyzing the
in tunneling coupled bilayer systems by using far-infraredgate-voltage dependence of the resonance energies, the
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FIG. 1. Experimental plasmon excitations observed in a front- gate voltage (mV)
gated AlGa _,As/GaAs bilayer heterostructure. The gate voltages
75, —100, and—150 mV correspond to a total charge density of  FIG. 2. Measuredmarks and calculatedlines) gate-voltage
7.58, 6.06, and 5.4310'" cm™*, respectively. The resonances de- dispersion of plasmon modes. The optical plasmon mode energies
noted withq,,n=1,2,3 are optical plasmon modes, the intersub-(M) increase monotonically with increasing gate voltage, i.e.,
band plasmon is labeled with ISP. The space symmetry of the bicharge density. The ISP mode enerd@)(is governed by the space
layer system is shown schematically at different gate voltages. symmetry of the bilayer structure.
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modes labeled witly, , g3, andqs are identified as intrasub- s jnroduced, which is now dependent on the wave vegtor
band optical plasmons with the corresponding wave Vector§ o distanced . between the 2DEG and the gate, and the
qn. Itis clearly seen that the oscillator strength decreases fQfic|actric constant of the AGa,_,As layer in between. We
higher wave vectors, i.e., higher index number§he mode 555 me an identical value of the dielectric constant for
with the highest energy is identified as the intersubband pIasN Ga,_,As and GaAs of egpc=12.8. We haved

mon corresponds to intersubband transitions between the §5 n}rﬁ. We determinan® =%1./E)S7me by cyclotron ré’gtg_

tunneling split subbands) an_d|AS>. When the bilayer sys- .o experiment.
tem is tuned to be asymmetric the resonance shifts to signifi- From Fourier transformation of the Shubnikov—de Haas

cantly higher energies. Because of the low sensitivity of theoscillations measured by magnetotransport experiment we

_spectrometer at wave numbers S'_ma”ef than Z.UJCM"e determine the gate voltage dependent density as shown in the
intrasubband acoustic plasmon which should exist below the, <. of Fig. 3. The total carrier density is found of a linear

intrasubband optical plasmon mode cannot be observed. dependence on the gate voltage up to 200 mV. At higher
The gate-voltage dependence of the plasmon mode en€p a5 it saturates because of increasing leakage currents.

gieds is sBo:;vrgin k']:igf' |2| In_trasutl)bggrg optilcallplas?on mOd‘EJsing the linear gate-voltage dependence of the carrier den-
Is described by the following relatiort,neglecting the non- ;i \ve calculate the gate-voltage dispersions of the optical

local corrections plasmons and show them in Fig. 2. The calculated disper-
sions for optical plasmon modes with wave vectqggsand
] N.e’q gs; agree well with that measured. The agreement between
@™ e efm*’ @ theory and experiment for thg, mode is less satisfactory
mainly due to the increasing difficulty in determining the
HereNs is the total carrier densityg the wave vectomn* the  experimental resonance position at wave numbers below
effective mass, and* an effective dielectric constant. 20 cmi l,
The presence of a gate in the direct proximity of the In contrast to the optical plasmons the measured ISP reso-

2DEG changes the dielectric constant for plasmons propagaance position does not increase monotonically with increas-
ing parallel to the 2DEG3 Therefore an effective dielectric ing gate voltage, i.e., charge density but is strongly depen-

constant with the form dent on the space symmetry. To analyze the ISP mode we use
our recent developed theory on plasmons in tunneling
€ = €gand 1+ cothqdg, - (2)  coupled bilayer systernsWe set the parametet=16 nm
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FIG. 4. Experimental and theorical depolarization shiff. The
space symmetry of the bilayer system is shown schematically for
different gate-voltage ranges.

FIG. 3. Measured gate-voltage dependence of intersubband ex- ) o
citation energyX (@) and the single-particle ga (¢ ). The line ~ Measured from Shubnikov—-de Haas o‘?cnlat!ons. Here we
is calculated using a theory for plasmon in Ref. 7. The dashed line§eglect a small many-body correctionAd* that is less than
are guide to eyes. The insert shows the gate-voltage dependence®tt and lies within the measurement error of our results.
the charge densiti)Ngas of the symmetrical/antisymmetrical sub- Figure 3 shows comparatively the gate-voltage dependence
band and the total charge densiy,;. of the intersubband excitation enerdyand the intersubband
energyA measured by FIR spectroscopy and magnetotrans-
that is the distance between the center of the quantum wellsort, respectively. Dashed lines across the open marks are
and determine the tunneling gap in the symmetrical casguides to the eyes. Lines across the solid marks are the cal-
Asas=3 meV by magnetotransport measurement. In thesylated ISP modes energy based on the theory in Ref. 7. In a
case of an ISP the charges oscillates perpendicular to thst moment it is surprising that, in spite of an increasing
2DEG’s. The variation of the spatial charge distribution intotal density, the depolarization shift decreases N>
growth direction is very smalla few nanometejsn contrast  — 100 mV. One reason is that due to the occupation of the
to that for optical or acoustic plasmons which is in the orderantisymmetric subband final states are blocked. In a simple
of the grating COUpIer dimensions. The electrical fields aSS()picture whenA does not depend on the gate V0|tage this
ciated with the ISP are less influenced by the gate. We usegould lead to a constant depolarization shift. The reason for
value of the dielectric constant @f=12.8 that is the bulk the decrease is more subtile.
value for GaAs. Our results explain the approximately para- Note that our theory in the frame work of plasmon exci-
bolic gate-voltage dispersion of ISP mode and show that theations already explains well the overall enhancements of the
space symmetry has a strong influence on it. ISP mode energy compared with the intersubband excitation
Itis also interesting to compare the ISP mode energy withenergyA . In the following we provide an alternative analysis
the single-particle intersubband enedyysince the ISP mode ysing the formalism of depolarization-shifted intersubband

can be viewed as an intersubband excitation influenced byesonance to elucidate the behavior of the depolarization
the depolarization shift. If both thgS) and|AS) states are  ghift %15

populatedA can be determined by the relation The depolarization shifted intersubband resonafces

Ne— N given by
D,
in which D,=m*/7#? is the two-dimensional density of A=AVl+ay, )

statesNg andN,g, respectively, are the charge densities of
the symmetric and the antisymmetric subband, that can b&here the depolarization shiét;, is (Ref. 15
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2e? Ng—Njg the depolarization shift exhibits a maximum in the symmet-
an= T A i ) ric case (si®=1) and then decreases in spite of the increas-
»=0 ing density due to the increasing asymmetry. Using B9.
with L4, the Coulomb length tensor together with the transport measured gate-voltage depen-

5 dence of the intersubband eneryywe plot in Fig. 4 with a
" o, , , solid line the predicted depolarization shif{; as a function
Lu= J'mdz< Ldz x1(Z)xo(z )) : ©®) of the gate voltage. On the other hang, can be directly

We can safely neglect the so called exciton shift because thdeetermmed from Eq4) using the FIR measured data &f

total charge density is large in our sampiéo calculateas, and the transport measuréd These we plot in Fig. 4 with

we use the pseudospin formali&ii® The wave functions in circles. Our calculated curve lies within the tolerance of the
- y . experimental results. The measurement error results mainl
space coordinates areyq(z) = d(z+d/2)sin@/2)+ 5(z b y

“di2)cosP2)  and  yy(2)= 8(z+dI2)cos®l2)— 5z of the inaccuracy of the determination of the charge densi-

—d/2)sin@/2) with sin@=Ag.dA, 8(Z) the Dirac delta oo

; . . ; In conclusion, we have prepared a,Bb, ,As/GaAs
function andd =16 nm is the_d|stance between the center Ofbased bilayer heterostructure with a front gate, ohmic con-
the two layers. The integral is easily calculated:

tacts and a 2um grating coupler. With FIR spectroscopy we

d observe up to three optical plasmon modes and the intersub-
Ly,= Zsin2®. (7)  band excitatioS)—|AS). With magnetotransport we deter-
mined the single-particle energy gd@p The depolarization

We find therefore the depolarization shift, has the form shift is determirled by comparing the energy of the intersub-
of band excitatiomA and the single-particle energy gapand
agrees well with the theory. Space symmetry strongly influ-
ences the depolarization shift.

2e?D, d
2 sirt@, (8)

a =
U e.e 4
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