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Filling-factor —dependent oscillations of the coupled intersubband plasmon-LO phonon mode
in a tunneling coupled-bilayer system
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(Received 11 September 2002; published 4 December)2002

We have investigated an {Ga, c;AS/GaAs tunneling coupled-bilayer heterostructure with magnetotrans-
port and far-infrared spectroscopy. With a front gate the charge density could be tuned. A grating coupler was
prepared to investigate the collective excitations. We observed an intersubband plasmon which is coupled to
the GaAs LO phonon. In a magnetic field applied perpendicular to the two-dimensional electron gas plane, the
mode exhibits a strong filling-factor—dependent oscillation of the resonance energy.
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Tunneling coupled-bilayer systems show remarkable eftwo-dimensional electron gasd2DEGS have been con-
fects due to the interplay of Coulomb interaction and tunnelnected with ohmic contacts by depositing AuGe alloy fol-
ing. In these systems each subband splits due to tunnelingwed by annealing. The charge density can be varied with a
into two statesnS) and |[nAS) with a symmetric and an Ti front gate. A grating coupler of Au with a period af
antisymmetric wave function, respectively. By applying a=2um, where half the period is metal, has been prepared on
gate voltage, the space symmetry of a bilayer system can bep of the front gate to allow the excitation of the intersub-
tuned. This change in the electrostatic potential results in &and plasmons.
strong variation of the energy gap;as. The space asymme- The magnetotransport experiments were conducted in a
try also gives rise to a growing localization of the wave cryostat with a 12 T superconducting magnet at 2.2 K. From
functions in each layér? Additional interesting effects occur the Shubnikov—de Haas oscillations which were performed
in bilayer systems by applying a magnetic field. For ex-in parallel with the far-infraredFIR) measurements we de-
ample, effects like magnetic-field-driven collapse of thetermine the charge density. The results for different gate volt-
Asas have been investigated both theoretically andagesV, are given in Fig. 1. For gate voltages higher than
experimentally** —325 mV two different charge densitidéés and Nag exist,

We have recently studied the intra- and intersubband plaswvhich belong to the first symmetric and antisymmetric sub-
mons in tunneling coupled-bilayer system with tunable spacéand, respectively. The single-particle energy dafs can
symmetry? Intersubband plasmons can also be understood d% obtained from the relatiod sps=(Ng—Nag)/D5. D,
intersubband transitions affected by many-body effects=m*/7%? is the two-dimensional density of states, anti
namely the depolarization and exciton sfiff. Of particular  is the effective mass. We have performed self-consistent cal-
interest is the coupled intersubband plasmon-LO-phonon
mode caused by the electron-phonon interaction. The behav-
ior of this mode in a magnetic field has not yet been well
investigated experimentally. Its possible influence on cyclo-
tron resonance is now under discusSidhwith rather con-
troversial polaron pictures.

In this paper we present experimental results on a coupled
intersubband plasmon—LO-phonon mode in a tunneling

coupled-bilayer system. We study the mode dispersion sys- 0 ©) p
tematically by applying a gate voltage as well as a magnetic 10 A
field. We find interesting filling-factor—dependent oscilla- 3 L
tions of the mode energy. We compare our experimental re- % ©

sults with calculations that include electron-electron and S5 ) Agas
electron-phonon interaction as well as the magnetic-field de- < 1Lr ,UJ
pendent self-consistent charge redistribution effect. 0 . I-|_||_|_I : .

The bilayer system was grown by molecular-beam epitaxy
(MBE) and had the following layer structure: 280 nm super-
lattice (period 5.6 nn, a buffer of 500 nm GaAs, 250 nm

Alg 3858 6As with a Sis-donor layer, 30 nm Al3Gay 6AS, FIG. 1. () Gate-voltage dependence of charge densities of the
15 nm GaAs, 1 nm Al3GagAs, and 15 nm GaAs were |owest symmetric subbaris, lowest antisymmetric subbaéhs,
grown, followed by 20 nm AjsGaeAs, a Sid-donor  total charge densitl,,, and(b) single-particle energy gafigas.
layer, 10 nm A} 36Ga g7As, another Sis-donor layer, 10 nm  The solid curves in@ and (b) are results of a self-consistent cal-
Aly3Ga eAs, and a 5 nmGaAs cap layer. A macroscopic culation. The symmetry of the conduction band of the bilayer sys-
Hall bar of approximately 5 mn¥ has been prepared. The tem is drawn schematically.
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FIG. 2. Experimental spectra at different symmetries of the bi-y 1 111 o172 of the intersubband resonance. denotes the experi-

layer system. The conduction band is depicted schematically. FQf o5 resonance position and the solid line the calculated intersub-
the symmetric situation the resonance energy is at the maximuny energyE,«— Eqas. The dashed line is the energy, deter-

The asymmetric line shape and overshooting of the relative transsined by Eq.(1) of the coupled intersubband resonance-phonon
mission over unity is caused by a change in the dielectric constant, y4e with a depolarization shift af=0.35. The hatched area is
QUe tq ap AIAs-Ii!<e TO phonon at about 364 ¢ The horizontal the reststrahlen band of GaAs. Situatiols and (2) in (b) are
lines indicate unity. explained in the text.

culations within the local density approximation. The resultssuch a large discrepancy here cannot be explained by the
are given by the solid lines in Fig. 1. An excellent agreementncertainty in choosing the sample structure parameters. We
between theory and experimental data is achieved. FIR speoote the calculated intersubband energy is very close to the
tra were taken with a Fourier spectrometer which was conLO-phonon energy of GaAs. Therefore electron-phonon in-
nected to the cryostat via a waveguide system. The measuréeraction might significantly influence the intersubband en-
spectra at gate voltagas, were divided by the structureless ergy by forming coupled intersubband plasmon-LO-phonon
spectra taken at a threshold voltagg= —1.2 V. The result modes. The resonance energies of such coupled modes are

is the relative transmission(V)/T(Vyy). given by%*?
Figure 2 shows representative spectra taken at 0 T. An s 1 o~
increase of the gate voltage up t6/5 mV shifts the reso- wi =3 (0ot wigr)
nance position to higher energy. Further increase lowers the
energy of the mode because tuning the bilayer system asym- = IV (0l + D)2 dolsr wiot (a— B)wlo),

metric results in an increase of the energy gap of the tunnel- (1)
ing split nth-subbands betweémS) and|nAS). The energy .
differenceE,s— E; a5 between the first antisymmetitAS) ~ Wherew o, o, are, respectively, the LO- and TO-phonon
and the second symmetri2S) subband is lowered. Due to energies.o;sg and w;sg= w;sgV1+a— B are the intersub-
the presence of an AlAs-like TO phonon the dielectric con-band resonance energies between|th&S) and|2S) sub-
stant changes drastically around 364 ¢mThis causes an band without and with the many-body corrections, respec-
asymmetric resonance curve and an overshooting of the reléively. « describes the depolarization shift agdhe exciton
tive transmission over unity. shift. In our case with a large charge density-4

The mode energy dispersion is shown in Figa)3At a X 10' cm™2) and a strong population of th& AS) subband
first sight one could attribute the observed mode to the interthe exciton shift is small and can be neglectgt~(0) .13
subband transition between these two subbands. Its maxiExact calculation of the depolarization shift is a cumbersome
mum is reached for the symmetric situation. With self-task since we need considering a three energy level system
consistent calculations we determined the energy gapith two subbands occupied. We choose the symmetric situ-
between thé1AS) and|2S) subband. It is plotted as a solid ation to estimate its magnitude and apply the theory devel-
line in Fig. 3a). The observed mode energy lies more thanoped in Refs. 6 and 15. By using the approximation that
50 cmi ! higher. Since the self-consistent calculations repro{E;as— E19) <(Eps— E1as)~(E»s— E19), We obtain a value
duce well the charge densities and the energy 8aps, of «=0.35. This is a reasonable value if we compare it with
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FIG. 5. Self-consistent Landau level energies of {5,
|1AS), and|29) subband as well as the Fermi enefgyrelative to
the|1S) subband aB=0 T. The thin lines are the single-particle
Landau levels. The arrows show the intersubband trangitiévs)
to |29. In situation(1) only the lowest Landau levels of tH&S)
the resulta~3.5 for the depolarization shift of the intersub- and|1AS) are occupied. At lower magnetic fielgituation(2)] the
band transition between th&S) and|1AS) subbands, which next Landau level of1S) becomes occupied. The self-consistent
we have directly measured in the same sarﬁﬂree depo- potential is changed due to a magnetic-field-induced redistribution
larization shift is roughly inversely proportional to the inter- ©f the electrons between the two subbands. The electron-phonon
subband energy. In our sample, the intersubband energy bigteraction is not taken into account in this picture.
tween the 1AS) and|2S) subbands is about ten times larger
than that between thelS) and |1AS) subbands. Equation
(1) has two solutions. We plot in Fig.(8 the calculated the system. The magnetic-field-dependent intersubband en-
mode dispersion for the mode, with energy higher than ergy forN,,=7.6X 10 cm™? is depicted in Fig. &) with a
the LO-phonon energy with the dashed line. Since the valueashed and a solid line, respectively, for the cases of with
of a is quite small, we neglect for our estimation its gate-and without intersubband plasmon—LO-phonon coupling.
voltage dependence. Apparently, even in such a rough estfhe calculated dispersion assuming a constant depolarization
mation, the obsgrved resonance can be reasonably attributgfift value of «=0.35 agrees qualitatively with the experi-
as the coupled intersubband plasmon-LO-phonon mode. mental result. To improve the agreement, a detailed theoret-

Further evidence of the intersubband plasmon—LOqcq| investigation is needed to include the change of the de-

phonon coupling comes from the change of the oscillator,,|4rization shift in the magnetic field that is caused due to
strength with gate voltage as shown in Fig. 2. The observeﬁ_‘e change of the subband wave functions

resonance decreases in amplitude while increasing in widt Such an oscillatory behavior can be iﬁtuitively under-
as its resonance energy approaches the LO-phonon ENC"Wos0d. In the single-particle picture each tunneling split sub-
This can be understood as the mode becomes more and mge

phonon like and the excitation loses oscillator strength. Th a_md f‘_’”'?s a _Lan_dau fan, sepa_rated Dyas (dep|c'_[ed as
second solutione _ of Eq. (1), is not observable because it hin solid lines in Fig. 5. By changing the magnetic field, the

is more phononlike in the whole gate-voltage regime Wedensity of states of each Landau level changes. At integer

studied . filling factors, situations can occur in which electrons have to
We now study the mode behavior by applying a magnetigedistribute between different Landau levels which belong to

field up to 12 T perpendicular to the 2DEG plane. The meadifferent subbands? Such a case is situatiof?) in Fig. 5.
sured magnetic-field-dependent mode dispersion for a totdihe ratio of the charge densities of the symmetric and anti-
charge densiti,,,= 7.6x 10'* cm 2 is depicted in Fig. ). symmetric subband changes, which results in a variation of
It shows a clear oscillatory behavior. To clarify the origin of the self-consistent potential and hence the subband energies.
the oscillation, we measured the mode dispersion for differAs shown in Fig. 5, the effect is larger for theAS) subband

ent charge densities and show them comparatively in Fig. 4han that for thd2S) subband. Such a difference results in
One can clearly see that the oscillation depends on the chargiee filling-factor—dependent oscillation of the intersubband
density, with its minima coinciding with the filling factors of energy.

FIG. 4. Dispersion curves folN,,=7.6x10"%cm 2, 7.33
x10" ecm 2 and 7.xX10%cm 2. An oscillatory behavior is
clearly observable. Solid lines show the positions of filling factors.
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In conclusion, we have investigated a,AkGa, s7As/  tribution of the electrons between the symmetric and anti-
GaAs tunneling coupled-bilayer heterostructure with magnesymmetric subband.
totransport and far-infrared spectroscopy. We have observed
a coupled intersubband plasmon-LO-phonon mode. Its We acknowledge discussions with M. Schwarz and finan-
mode energy shows a filling-factor—dependent oscillatonycial support by the NEDO International Joint Research
behavior. We find it is caused by the change of the selfGrant, the BMBF through Project No. 01BM905 and the
consistent potential due to the magnetic-field-induced redisDFG through SFB 508.
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