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Far-infrared cyclotron-resonance~CR! spectroscopy has been used to study a pair of strongly coupled
two-dimensional electron gases~2DEG’s! which were formed in two GaAs quantum wells and separated by a
thin AlxGa12xAs barrier. The degree of wave-function hybridization, along with the effect of a magnetic field
parallel to the plane of the electron gas, have been investigated near both the quantum and semiclassical limits,
corresponding to low and high filling factors, respectively. Near the quantum regime, the CR transitions in the
presence of a small parallel field reveal anticrossing between the Landau levels associated with different
hybridized subbands. The energies and intensities of these transitions change with front gate bias, yielding
information on the bias dependence of the wave-function hybridization and the subband energy splitting. Close
to the semiclassical limit and with strong parallel magnetic fields, two CR peaks are observed. The correspond-
ing cyclotron masses are compared to those expected for noncircular Fermi contours created by anticrossing of
the parabolic dispersion curves associated with the coupled 2DEG’s. Experimental results in both limits are
discussed in the light of predictions from self-consistent solutions of Poisson’s and Schroedinger’s equations.
@S0163-1829~97!50832-0#

The physics of strongly coupled two-dimensional electron
gases~2DEG’s! has recently become the focus of great in-
terest, mainly because of the phenomena which arise as a
consequence of wave-function hybridization between the ad-
jacent gases. With the application of parallel and perpendicu-
lar magnetic fields to such a system, a variety of phenomena
not present in single 2DEG’s are observed at low and high
filling factors n, corresponding to regions near the quantum
and semiclassical limits, respectively. Whilst numerous dc
electrical investigations~e.g., Refs. 1 and 2! have been per-
formed on such systems in these limits, very few far-infrared
~FIR! cyclotron-resonance~CR! investigations have been un-
dertaken. Here, we reconcile the FIR response in the quan-
tum regime to theoretical models of this system, using gate
bias to map out the dependence of the response on wave-
function hybridization and subband energy separation. Fur-
ther, near the semiclassical regime, we see the appearance of
a second CR absorption peak at large parallel fields.

The heterostructure used for these investigations was
grown by molecular beam epitaxy~MBE! and consisted of
two 95 Å modulation-doped GaAs quantum wells separated
by a 16 Å Al0.33Ga0.67As barrier. Ohmic contacts to both
wells were formed using an annealed NixAu12xGe metalli-
zation, a 1.8 mm2 mesa was wet-etched chemically, and 80
Å of NiCr was evaporated as a semitransparent front gate.
The total carrier density and the mobility wereN55.9
31011 cm22 and m5630 000 cm2/Vs, respectively, atT
53.3 K.

Figure 1 depicts the carrier densities of the two occupied
subbands,Ns andNa , as a function of front gate bias (Vfg),
and was derived from Shubnikov de Haas~SdH! data. Note
that the experimental data implies the device is electrically

asymmetric as might be expected due to dopant diffusion
during growth of the layers. Also shown for comparison are
the densities predicted by the numerical simulation based on
self-consistent solutions of Poisson’s and Schroedinger’s
equations. In the simulation, the effective mass was taken to
be constant in the wells, and the rectangular barriers were
assumed to be perfect and of constant thickness. Despite
these limitations, Fig. 1 shows good agreement between ex-
periment and simulation over most of the front gate bias
range if asymmetric doping is also used in the model. The
predicted subband separation is also plotted in Fig. 1 and it
can be seen that the two wells were on resonance, corre-
sponding to minimum subband separation, whenVfg5

FIG. 1. Carrier densities of subbands corresponding to symmet-
ric (Ns) and antisymmetric (Na) states as a function of front gate
biasVfg . Solid circles are experimental densities extracted from dc
magnetoresistance measurements atT53.3 K, and solid lines are
densities derived from the numerical simulation. The dashed line
represents the energy separationD between these states calculated
from the simulation.
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10.14 V. This point of complete wave-function hybridiza-
tion was close to the value ofVfg510.09(60.04) V esti-
mated from the minimum separation betweenNs andNa in
Fig. 1, confirming the different numbers of ionized dopants
in each layer. Significant wave-function hybridization was
predicted between the strongly coupled wells over the entire
range ofVfg , even away from the resonance bias. The simu-
lation suggested that the lower energy subband atB50 T
(Ns) was predominantly symmetric across the entire double-
well region, whereas the higher energy subband (Na) was
mainly antisymmetric@see inset of Fig. 3~a!#.

The FIR response of such a strongly coupled structure
was investigated in the presence of parallel (Bi) and perpen-
dicular (B') magnetic fields, with CR spectra recorded at
combinations ofVfg , Bi , andB' with T53.3 K. Transmis-
sion spectraT(Vfg ,Bi ,B') were normalized with a reference
spectrumTref(Vfg520.86V,Bi ,B') where both wells were
totally depleted of electrons. Results were plotted as the rela-
tive transmission2DT/Tref5(Tref2T)/Tref . Unpolarized
radiation was used at near-normal incidence, andBi.0 T
was achieved by tilting the normal to the plane of the gases
at an angleu to the applied field, so that tanu5Bi /B' . Two
regimes were investigated, corresponding to low and high
filling factors n i5hNi /eB' , where the subband indexi
5a,s refers to the antisymmetric and symmetric subbands,
respectively. The region near the quantum limit was explored
using B'<7.73 T, Bi<2.73 T, andVfg<20.10 V, giving
values ofns<3 andna<2. Closer to the semiclassical limit,
the effects of high parallel fieldsBi'7 T were studied for
weakerB';2.4 T andVfg510.50 V, yieldingns511 and
na58. In both limits, CR spectra withBiÞ0 T were com-
pared to those withBi50 T.

The motivation for applying a parallel field near the quan-
tum limit is to couple electron motion in the confinement
direction (z) to cyclotron motion in the plane of the wells.
Without suchBi-induced coupling, normally incident FIR
radiation excites transitions between Landau levels in the
same subband only. The coupling relaxes the selection rules
and enables such radiation to excite transitions between dif-
ferent Landau levels associated with each of the electric sub-
bands, resulting in a splitting of the single CR peak atBi

50 T into two whenBiÞ0 T.3 These new transitions are
strongest whenD5\vac, where D refers to the subband
separation in the wells and\vac is the cyclotron energy at
the anticrossing fieldB'5Bac where the coupling is greatest.
The observation of the CR splitting thus provides a conve-
nient means for estimatingD. This Bi-induced mixing of
Landau levels and electric subbands can be seen explicitly in
the Hamiltonian
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whereX5x1\ky /eB' .

V(z) is the potential arising from ionized donors, band-
structure discontinuities, and the free charge, andBi is ap-
plied along they axis in the plane of the 2DEG’s. Using this
Hamiltonian, the Schroedinger and Poisson equations were

solved self-consistently. The last term in Eq.~1! which
couples the parallel and perpendicular electron motion was
treated using degenerate perturbation theory, which yielded a
mixture of Landau levels~eigenstates of the first two terms
in the Hamiltonian! and hybridized subbands~eigenstates of
the next three terms!, producing an anticrossing nearD
5\vac. Along with the strong mixing of the hybridized
wave functions, significant splitting of the cyclotron reso-
nance peak was predicted near appropriate values ofVfg and
B' .

At the anticrossing point (Bac), one would expect to see
both a minimum energy separation between the two CR
peaks and equal peak intensities. This behavior is clearly
seen in Figs. 2~a! and 2~b! which show spectra near the quan-
tum limit at a fixed angleu515° for biasesVfg520.10 V
and20.25 V, respectively. In both cases, the single peak at
B'55.50 T was split into two peaks as the field increased
towardsBac, commensurate with a leveling of the peak in-
tensities. Note that the probability of a transition between
states involved in anticrossing but in different electric sub-
bands reduces for fields away fromBac, so two peaks were
not observed in these regions. Figures 3~a! and 3~b! show the
measured peak positions as a function ofB' for the data
shown in Fig. 2, along with the relevant positions predicted
by the simulation. Good agreement can be seen between
theory and experiment. The simulation suggested that for
Vfg520.25 V, anticrossing between the first excited Landau

FIG. 2. Relative transmission2DT/Tref as a function of wave
number at~a! Vfg520.10 V, and~b! Vfg520.25 V (T53.3 K!, for
various magnetic fields applied at 15° to the normal of the plane of
the coupled wells.
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level of the lower energy symmetric stateu1,s& and the
ground Landau level of the higher energy antisymmetric
stateu0,a& would occur atB'58.10 T. This field is close to
the value ofBac57.73 T determined experimentally from the
observations of equal peak intensities and minimum energy
separation. The inset of Fig. 3~b! shows the transitions be-
tween these calculated energy levels~labeled 2 and 3! to-
gether with the singleu0,s& to u1,s& transition seen at low
B' ~labeled 1!. The shift of intensity between the CR peaks
asB' was swept throughBac was also in good quantitative
agreement with the simulation and reflected the variation in
wave-function mixing aroundBac. At Vfg520.10 V, similar
behavior was seen, but a lower value ofBac and higher Fermi
energy resulted in a more complicated transition structure.
Below B';6.7 T theu1,s& to u2,s& transition @labeled 1 in
the inset of Fig. 3~a!# was dominant in the spectrum. At
B'*6.7 T, comparison with theory suggested that transi-
tions were occurring from two initial levels comprised of
different mixtures of theu1,s& and u0,a& states to two final
levels containing different combinations of theu2,s& and
u1,a& states. These transitions are labeled 2 and 3 in the inset
of Fig. 3~a!, showing the initial and final states.

Comparisons between the experimental and simulation

data in the quantum limit have explicitly demonstrated the
hybridized nature of the subbands in the strongly coupled
structure. Whilst such an FIR response has been measured
before,4,5 no self-consistent simulations or investigations as a
function of gate bias have been performed. We have, how-
ever, shown here that the bias, and hence the electric field,
play an important role both in determining the subband sepa-
rations and in forming the hybridized wave functions. Thus,
the subband separation in the wells at the resonance bias
(Vfg;10.10 V! was D59.1(60.1) meV ~see Fig. 1!. By
contrast, atVfg520.25 V the experimental anticrossing field
in Fig. 3 implied an increase in subband separation to
D513.3~60.3! meV. This value is in good agreement with
D513.5 meV predicted by the simulation. AtVfg520.10 V,
taking Bac57.1(60.1) T yields the estimateD512.2~60.3!
meV, which is again in reasonable agreement with the data
in Fig. 1. This variation in subband separation resulted from
an increasing perturbation of the symmetric and antisymmet-
ric states for progressively more negativeVfg and is illus-
trated in the inset of Fig. 3~a!. Note, however, thatD at these
biases was still much less than the subband spacing associ-
ated with uncoupled wells~;94 meV!, implying significant
hybridization and, overall, symmetric and antisymmetric
wave-function characteristics.

The FIR CR response near the semiclassical limit was
investigated by comparing the response atBi50 T with that
at BiÞ0 T for weak perpendicular field values (B'<2.74
T!. For suitably large values ofBi applied along they axis in
the plane of the 2DEG’s, significant anticrossing between the
2D parabolic dispersion curves associated with the individual
electric subbands has been predicted, resulting in the forma-
tion of two new curves with energies which are nonparabolic
in momentum coordinatekx .6 To calculate these curves in
the presence of weakB' , the semiclassical approximation7

was used, with the Hamiltonian given by
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whereB'50 T. A self-consistent quantum mechanical cal-
culation was first performed to determine the electric sub-
bands of the coupled system, and the dispersion relation in
Bi was then found by evaluating Eq.~2! for each value of
kx . The perpendicular field was finally included using qua-
siclassical quantization rules, with the energies of the Landau
levels being determined by the requirement that each real-
space electron trajectory must include an integer number of
flux quanta. The two new Fermi contours associated with
each of the dispersion curves were characterized by two cy-
clotron masses.6 The inset in Fig. 4 shows predictions of the
new contours and their cyclotron masses forBi57.61 T and
B'52.46 T. To maintain the validity of the semiclassical
approximation and to ensure adequate spectral signal to
noise ratio~SNR! at large tilt anglesu>70°, Vfg510.50 V
was used in both simulation and experiment.

Figure 4 presents CR spectra recorded at a variety of tilt
anglesu>70°, yielding spectra at differentB' whilst keep-
ing Bi roughly constant. Also shown for comparison are
spectra recorded atu50° which have the sameB' values but
Bi50 T. The main difference is the presence of two peaks at
large Bi compared with the single peak atBi50 T. The

FIG. 3. Spectral peak position as a function of perpendicular
magnetic field for~a! Vfg520.10 V and~b! Vfg520.25 V at an
angle of 15° (T53.3 K!. Circles represent experimental peak posi-
tions whilst solid lines are predictions from the model for the tran-
sitions shown in the corresponding inset. These insets show calcu-
lated energy levelsE as a function ofB' over the same field range.
The large inset in~a! shows the occupied subband wave functions at
B50 T as a function ofz for Vfg520.10 V ~solid lines! andVfg

520.25 V ~dotted lines!.
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experimental configuration also allowed similarB' to be in-
vestigated at lowBi;0.6 T ~u;15°!, where again only
single peaks were observed. The peak positions calculated by
the simulation for the givenB',Bi combinations are indi-
cated by the arrows in Fig. 4. Qualitative agreement between
the simulation and experimental observations can be seen,
allowing the two peaks to be attributed to the formation of

two Fermi contours. The simulation also suggested that only
single peaks would be distinguished atu;15° with positions
close to those foru50°, again agreeing with the experimen-
tal observations.

Whilst the prediction of two Fermi contours was qualita-
tively supported by the spectra, good quantitative agreement
was not achieved. There are two possible sources of error.
First, the accuracy of the semiclassical approximation de-
creases for increasingB' , implying that the approximation
may not be fully justified over the range ofB' investigated
here. In particular, the probability of electron tunneling be-
tween the two contours~magnetic breakdown! ~Ref. 8! is
;30%, implying a more complicated picture than that in the
inset of Fig. 4. Second, the small inaccuracies in the simula-
tion at very high bias~see Fig. 1! may become significant.

In conclusion, the FIR magneto-optical response of two
strongly coupled electron gases was recorded systematically
both in the quantum and near the semiclassical regimes as
Vfg , B' , andBi were altered. The CR spectra in the quan-
tum limit revealedBi-induced anticrossing between the Lan-
dau levels associated with different electric subbands. This
allowed the subband separation and wave-function hybrid-
ization to be explicitly mapped out as a function of gate bias.
Adjusting the bias away from the resonance point increased
the subband separation and perturbed the symmetric and an-
tisymmetric wave functions, but did not completely destroy
the hybridization. Towards the semiclassical regime, two
peaks at highBi andVfg were discovered, in marked contrast
to the single peak usually seen in the CR spectra of un-
coupled 2DEG’s under similar conditions. These peaks were
predicted by the numerical simulation and resulted from
Bi-induced anticrossing of the dispersion curves associated
with the electric subbands of the coupled system.

*Also at the Cavendish Laboratory.
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FIG. 4. Relative transmission2DT/Tref as a function of wave
number forVfg510.50 V at various magnetic fields (T53.3 K!.
Solid lines are spectra recorded at the values ofB' and BiÞ0 T
indicated. Dashed lines are spectra recorded at identicalB' but with
Bi50 T for comparison. Arrows denote peak positions predicted by
numerical simulation. Inset shows Fermi contours forBi57.61 T
andB'52.46 T; the inner and outer contours have relative cyclo-
tron masses of 0.81 and 1.25, respectively.

RAPID COMMUNICATIONS

56 R4343CYCLOTRON-RESONANCE STUDIES OF STRONGLY . . .


