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Cyclotron-resonance studies of strongly coupled double quantum wells in tilted magnetic fields
near the quantum and semiclassical limits
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Far-infrared cyclotron-resonand€R) spectroscopy has been used to study a pair of strongly coupled
two-dimensional electron gas€2DEG’s) which were formed in two GaAs quantum wells and separated by a
thin Al,Ga, _,As 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.
[S0163-18207)50832-0

The physics of strongly coupled two-dimensional electronasymmetric as might be expected due to dopant diffusion
gases(2DEG’s) has recently become the focus of great in-during growth of the layers. Also shown for comparison are
terest, mainly because of the phenomena which arise asthe densities predicted by the numerical simulation based on
consequence of wave-function hybridization between the adself-consistent solutions of Poisson’s and Schroedinger’s
jacent gases. With the application of parallel and perpendiCLﬁquations. In the simulation, the effective mass was taken to
lar magnetic fields to such a system, a variety of phenomen@€ constant in the wells, and the rectangular barriers were
not present in single 2DEG’s are observed at low and higtgssumed to be perfect and of constant thickness. Despite
filling factors », corresponding to regions near the quantumtN€Se limitations, Fig. 1 shows good agreement between ex-
and semiclassical limits, respectively. Whilst numerous dd€riment and simulation over most of the front gate bias

electrical investigationge.g., Refs. 1 and)have been per- 'anN9¢€ if asymmetric doping s lalso used in the ”.‘Ode'- Th‘?
g %9 ) P GDred|cted subband separation is also plotted in Fig. 1 and it

(FIR) cyclotron-resonancéCR) investigations have been un- “2" be seen that the two wells were on resonance, corre-
sponding to minimum subband separation, wheg=

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 o= s
a second CR absorption peak at large parallel fields.

The heterostructure used for these investigations was
grown by molecular beam epitaxviBE) and consisted of
two 95 A modulation-doped GaAs quantum wells separated
by a 16 A Al 3{GaysAs barrier. Ohmic contacts to both
wells were formed using an annealed Ali; _,Ge metalli-
zation, a 1.8 mhimesa was wet-etched chemically, and 80 0.6 0.4 -0.20 ({’,olts) 0.2 0.4
A of NiCr was evaporated as a semitransparent front gate. fe
The total carrier density and the mobility wefé=5.9
X 10" cm™2 and 4=630 000 cri/Vs, respectively, all i (No) and antisymmetric),) states as a function of front gate
=3.3 K. biasVy,. Solid circles are experimental densities extracted from dc

Figure 1 depicts the carrier densities of the two occupiegnagnetoresistance measurement3 a83.3 K, and solid lines are
subbandsNs andN,, as a function of front gate biad/{;),  densities derived from the numerical simulation. The dashed line

and was derived from Shubnikov de Ha&lH) data. Note  represents the energy separatibietween these states calculated
that the experimental data implies the device is electricallyfrom the simulation.
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FIG. 1. Carrier densities of subbands corresponding to symmet-
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+0.14 V. This point of complete wave-function hybridiza- -
tion was close to the value of;y=+0.09(=0.04) V esti- QE 0.08
mated from the minimum separation betweég¢pandN, in = 0.04
Fig. 1, confirming the different numbers of ionized dopants <
in each layer. Significant wave-function hybridization was g 0
predicted between the strongly coupled wells over the entire %
range ofVy,, even away from the resonance bias. The simu- g -0.04
lation suggested that the lower energy subban8a0 T g
(Ng) was predominantly symmetric across the entire double- & -0.08
well region, whereas the higher energy subbahg)(was 4
mainly antisymmetrid¢see inset of Fig. @)]. = -0.12
The FIR response of such a strongly coupled structure E 0.16
was investigated in the presence of paral®|)(and perpen- 60 70 80 9 100 110 120
dicular (B,) magnetic fields, with CR spectra recorded at Wave number (cm™)
combinations oV, B, andB, with T=3.3 K. Transmis-
sion spectrd (Vi4,B,,B, ) were normalized with a reference £ 0.08 (b)
spectrumT (V= —0.86V,B; ,B,) where both wells were E
totally depleted of electrons. Results were plotted as the rela- <1 0.04
tive transmission —AT/T = (T, ei— T)/ T\es. Unpolarized =
radiation was used at near-normal incidence, BpgtO T °§ 0
was achieved by tilting the normal to the plane of the gases T 0.04
at an angled to the applied field, so that ta#+B,/B, . Two z
regimes were investigated, corresponding to low and high £ _¢8
filing factors v;=hN;/eB, , where the subband indeix T,
=a,s refers to the antisymmetric and symmetric subbands, & -0.12
respectively. The region near the quantum limit was explored %
using B, <7.73 T,B;<2.73 T, andVjy=—0.10 V, giving T o 120
values ofr;<3 andv,<2. Closer to the semiclassical limit, Wave number (cm™)
the effects of high parallel fieldB,~7 T were studied for
weakerB, ~2.4 T andVg=+0.50 V, yieldingvs=11 and FIG. 2. Relative transmissior AT/T, as a function of wave
v,=8. In both limits, CR spectra witl;#0 T were com- number a(a) Vig=—0.10 V, andb) Vi;z= —0.25 V (T=3.3 K), for
pared to those witlB,=0 T. various magnetic fields applied at 15° to the normal of the plane of

The motivation for applying a parallel field near the quan-the coupled wells.
tum limit is to couple electron motion in the confinement
direction @) to cyclotron motion in the plane of the wells. solved self-consistently. The last term in E@) which
Without suchB,-induced coupling, normally incident FIR couples the parallel and perpendicular electron motion was
radiation excites transitions between Landau levels in théreated using degenerate perturbation theory, which yielded a
same subband only. The coupling relaxes the selection rulggixture of Landau levelseigenstates of the first two terms
and enables such radiation to excite transitions between difn the Hamiltoniam and hybridized subbandsigenstates of
ferent Landau levels associated with each of the electric sudhe next three terms producing an anticrossing nedr
bands, resulting in a splitting of the single CR peakBat =% w,.. Along with the strong mixing of the hybridized
=0 T into two whenB,#0 T.2 These new transitions are wave functions, significant splitting of the cyclotron reso-
strongest whem\ =% w,., Where A refers to the subband nance peak was predicted near appropriate valu&s,aind
separation in the wells anblw, is the cyclotron energy at B, .
the anticrossing fiel®, = B,.where the coupling is greatest. At the anticrossing pointg,), one would expect to see
The observation of the CR splitting thus provides a conveboth a minimum energy separation between the two CR
nient means for estimating. This B -induced mixing of peaks and equal peak intensities. This behavior is clearly
Landau levels and electric subbands can be seen explicitly iseéen in Figs. @) and 2b) which show spectra near the quan-

the Hamiltonian tum limit at a fixed angleg=15° for biasesViy=—0.10 V
) ) 2o and —0.25 V, respectively. In both cases, the single peak at
CoPx . oy, P2 e“B;z B, =5.50 T was split into two peaks as the field increased
H= W“L?m weX“+ 2m* +V(2)+ 2m* towardsB,., commensurate with a leveling of the peak in-
tensities. Note that the probability of a transition between
e’B, B Xz 1 states involved in anticrossing but in different electric sub-
m* ' @ bands reduces for fields away frd&y., so two peaks were

not observed in these regions. Figurés) &nd 3b) show the
whereX=x+fik,/eB, . measured peak positions as a functionBof for the data
V(2) is the potential arising from ionized donors, band-shown in Fig. 2, along with the relevant positions predicted
structure discontinuities, and the free charge, Bpds ap- by the simulation. Good agreement can be seen between
plied along they axis in the plane of the 2DEG'’s. Using this theory and experiment. The simulation suggested that for
Hamiltonian, the Schroedinger and Poisson equations weré,= —0.25 V, anticrossing between the first excited Landau
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data in the quantum limit have explicitly demonstrated the

120 p hybridized nature of the subbands in the strongly coupled
~ 110 ] structure. Whilst such an FIR response has been measured
o ] before?*° no self-consistent simulations or investigations as a
5 100 B function of gate bias have been performed. We have, how-
g ] ever, shown here that the bias, and hence the electric field,
E WE play an important role both in determining the subband sepa-
E ] rations and in forming the hybridized wave functions. Thus,
e 80 ] the subband separation in the wells at the resonance bias
E 70 E (Vig~+0.10 V) was A=9.1(+0.1) meV (see Fig. L By

contrast, a¥¢y= —0.25 V the experimental anticrossing field
60 55.5'66.5l7758 in Fig.:13 im)plied an increase in subband separation to
>, - [ A=13.3+0.3) meV. This value is in good agreement with
Perpendicular Magnetic Field (T) A=13.5 meV predicted by the simulation. Xt;=—0.10 V,
(b) taking B,.=7.1(x0.1) T yields the estimata=12.2+0.3)
120 vy meV, which is again in reasonable agreement with the data
in Fig. 1. This variation in subband separation resulted from
110 an increasing perturbation of the symmetric and antisymmet-
‘s e ® ric states for progressively more negativVg and is illus-
% 100 11,5>+10,a> trated in the inset of Fig.(®). Note, however, thah at these
£ 90 10,5> biases was still much less than the subband spacing associ-
Z ated with uncoupled well6~94 me\), implying significant
& 80 hybridization and, overall, symmetric and antisymmetric
= wave-function characteristics.
g 70 The FIR CR response near the semiclassical limit was
60 investigated by comparing the respons®gat0 T with that
5 5§55 6 65 17 175 8 at By#0 T for weak perpendicular field value®(<2.74
Perpendicular Magnetic Field (T) T). For suitably large values & applied along thg axis in

the plane of the 2DEG's, significant anticrossing between the
FIG. 3. Spectral peak position as a function of perpendicular2p parabolic dispersion curves associated with the individual
magnetic field for(@) Vig=—0.10 V and(b) Vig=—-0.25 V-atan  glectric subbands has been predicted, resulting in the forma-
angle of 15° T =3.3 K). Circles represent experimental peak posi- oy of two new curves with energies which are nonparabolic
tions whilst solid lines are predictions from the model for the tran-in momentum coordinaté, 6 To calculate these curves in

sitions shown in the corresponding inset. These insets show caIlehe presence of weak, , the semiclassical approximati70n
. ; L
lated energy levelg as a function oB, over the same field range. was used, with the Hamiltonian given by

The large inset ifa) shows the occupied subband wave functions at
B=0 T as a function o for Viz=—0.10 V (solid lines and Vy, 2

2
=—0.25 V (dotted lines. _ by Pz 1 )
H o +2m* +V(z)+ o (hkyteB2)s, (2

level of the lower energy symmetric staés) and the
ground Landau level of the higher energy antisymmetricwhereB, =0 T. A self-consistent quantum mechanical cal-
state|0,a) would occur atB, =8.10 T. This field is close to culation was first performed to determine the electric sub-
the value oB,=7.73 T determined experimentally from the bands of the coupled system, and the dispersion relation in
observations of equal peak intensities and minimum energ, was then found by evaluating E(R) for each value of
separation. The inset of Fig(l9 shows the transitions be- k,. The perpendicular field was finally included using qua-
tween these calculated energy levésbeled 2 and Bto-  siclassical quantization rules, with the energies of the Landau
gether with the single0,s) to |1,s) transition seen at low levels being determined by the requirement that each real-
B, (labeled 1. The shift of intensity between the CR peaks space electron trajectory must include an integer number of
asB, was swept througlB,. was also in good quantitative flux quanta. The two new Fermi contours associated with
agreement with the simulation and reflected the variation ireach of the dispersion curves were characterized by two cy-
wave-function mixing aroun8,.. At Vig=—0.10 V, similar  clotron masse8 The inset in Fig. 4 shows predictions of the
behavior was seen, but a lower valueByf and higher Fermi  new contours and their cyclotron massesBg#7.61 T and
energy resulted in a more complicated transition structureB, =2.46 T. To maintain the validity of the semiclassical
Below B, ~6.7 T the|1,s) to |2,s) transition[labeled 1 in  approximation and to ensure adequate spectral signal to
the inset of Fig. 8&)] was dominant in the spectrum. At noise ratio(SNR) at large tilt angless=70°, Viq=+0.50 V
B, =6.7 T, comparison with theory suggested that transiwas used in both simulation and experiment.
tions were occurring from two initial levels comprised of  Figure 4 presents CR spectra recorded at a variety of tilt
different mixtures of thg1,s) and|0,a) states to two final angles¢=70°, yielding spectra at differef®, whilst keep-
levels containing different combinations of th&s) and ing B, roughly constant. Also shown for comparison are
|1,a) states. These transitions are labeled 2 and 3 in the insspectra recorded #&=0° which have the sani, values but
of Fig. 3(@), showing the initial and final states. B,=0 T. The main difference is the presence of two peaks at
Comparisons between the experimental and simulatiotarge B, compared with the single peak &=0 T. The
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0.15 prerrrrrerrerrrerrTTTY two Fermi contours. The simulation also suggested that only
K Bi,B1 (T) . single peaks would be distinguishedéat15° with positions
E 0.1 7,73, 2.07 N Q ; close to those fop=0°, again agreeing with the experimen-
9 0.05 \l : tal observations.
a Whilst the prediction of two Fermi contours was qualita-
< 0 tively suppor_ted by the spectra, good qL_Jantitative agreement
E was not achieved. There are two possible sources of error.
2 .0.05 First, the accuracy of the semiclassical approximation de-
s creases for increasing, , implying that the approximation
B .01 may not be fully justified over the range Bf, investigated
@ L . . .
= ; here. In particular, the probability of electron tunneling be-
5 -0.15 tween the two contour¢magnetic breakdown(Ref. 8§ is
& 02 ~30%, implying a more complicated picture than that in the

inset of Fig. 4. Second, the small inaccuracies in the simula-
12 16 20 24 28 32 36 40 44 tion at very hjgh biagsee Fig. 1 may be_come significant.

In conclusion, the FIR magneto-optical response of two
strongly coupled electron gases was recorded systematically

FIG. 4. Relative transmissior AT/T, as a function of wave both in the quantum and near the semiclassical regimes as
number forVy,=+0.50 V at various magnetic fieldST€3.3 K). Vi, B, , andB, were altered. The CR spectra in the quan-
Solid lines are spectra recorded at the value8pfandB,#0 T tum limit revealedB,-induced anticrossing between the Lan-
indicated. Dashed lines are spectra recorded at ideficaut with  dau levels associated with different electric subbands. This
B,=0 T for comparison. Arrows denote peak positions predicted byallowed the subband separation and wave-function hybrid-
numerical simulation. Inset shows Fermi contoursBgr=7.61 T ization to be explicitly mapped out as a function of gate bias.
andB, =2.46 T; the inner and outer contours have relative cyclo-Adjusting the bias away from the resonance point increased
tron masses of 0.81 and 1.25, respectively. the subband separation and perturbed the symmetric and an-

tisymmetric wave functions, but did not completely destroy

experimental configuration also allowed simiBy to be in-  the hybridization. Towards the semiclassical regime, two
vestigated at lowB;~0.6 T (6~15°), where again only peaks at higlB, andV, were discovered, in marked contrast
single peaks were observed. The peak positions calculated by the single peak usually seen in the CR spectra of un-
the simulation for the giverB, ,B; combinations are indi- coupled 2DEG’s under similar conditions. These peaks were
cated by the arrows in Fig. 4. Qualitative agreement betweepredicted by the numerical simulation and resulted from
the simulation and experimental observations can be seeB,-induced anticrossing of the dispersion curves associated
allowing the two peaks to be attributed to the formation ofwith the electric subbands of the coupled system.

Wave number (cm’ l)
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