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Intersubband optical resonances in InAs/AISb quantum wells have been studied in the Voigt
configuration. Both spin-conserving and spin-flip transitions in the midinfrared spectral range were
observed simultaneously. We demonstrate that the in-plane magnetic field mediates the spin-conserving
transitions, whereas the bulk inversion asymmetry of InAs induces spin-flip excitations. The difference
in the observed resonance energies allows us to deduce directly the depolarization shift. Moreover, we
show that this depolarization strongly reduces the linewidth of the spin-conserving resonance.

PACS numbers: 71.70.Ej, 73.20.At, 73.20.Dx

Many-body effects in two-dimensional electron gasessubband transitions (IST) are only allowed for light po-
(2DEGSs) have been the subject of detailed investigationkrization in the direction of the electric confinement [9]
during the last few years. Especially inelastic light scat-unless the parallel and perpendicular motion are strongly
tering has been proven to be a powerful method becausmupled as, for example, in tilted valley systems [10]. We
charge- and spin-density excitations can be measured show that an in-plane magnetic field breaks this polari-
multaneously [1]. So far, in absorption spectroscopy onlyzation selection rule and that the inherent bulk inversion
combined cyclotron intersubband resonances [2,3] proasymmetry of our quantum well material gives rise to an
vide direct information on many-body effects. This is excitation mechanism for spin-flip IST. Futhermore, we
because in contrast to inelastic light scattering the dipolean simply deduce the depolarization shift of the spin-
selection rules for intersubband resonance require a strommpnserving transition from its energetic difference to the
spin-orbit interaction for the observation of spin exci- spin-flip IST. Comparing the linewidths of the spin-flip
tations. Thus attention has focused on either hole sysand the spin-conserving resonances we find that the de-
tems [4] or electrons in narrow-gap materials, in whichpolarization drastically reduces the line broadening of the
interband coupling leads to strong spin-orbit interactionlatter.

[5]. For example, electric-dipole-excited spin resonances The sample described here was grown on a GaAs
in bulk InSb have contributed greatly to the understandsubstrate followed by a sequence of buffer layers [11]
ing of the band structure and particularly the role of bulkto accommodate the relatively large lattice mismatch
inversion asymmetry as present in Ill-V compounds [6].between the substrate and the active layers. The 20
The latter not only enhances spin-flip transitions but alsgeriod multiple quantum well consists of 15 nm InAs

leads to a zero-field spin splitting at finilg also for a layers and 10 nm widé-doped Te:AlSb barriers. To

2DEG [7]. minimize band-bending effects [12] we chose a 55 nm

Here, we report on the experimental and theoretical inthick topmost AISb barrier capped by a 5 nm wide layer
vestigations of optical transitions between hybrid mag-of GaSbh. Hall effect measurements at low temperatures
netoelectric subbands (HMES) [8] of InAs/AISb multiple revealed a carrier density of, = 2.5 X 10'> cm™ per
quantum wells. This new material combination provideswell. The mid-infrared spectra were taken using a rapid-
high mobility 2DEGs with strong spin-orbit interaction scan Fourier transform spectrometer with the samples
which makes it a promising system to observe spin exmounted in Voigt geometry in the center of a supercon-
citations. Our experimental approach combines the speducting solenoid. Experimentally, we determined the
cific advantages of inelastic light scattering and absorptiomelative change in the transmissiaiB # 0)/T(B = 0)
spectroscopy as both spin-conserving and spin-flip trandnder normal incidence of unpolarized light for dif-
sitions can be observed simultaneously. Usually, interferent in-plane magnetic fieldsB. Alternately, we
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could ratio the spectra against those of a referenceero magnetic field. Hence, we conclude that both reso-
substrate. nancesA andC are induced by the magnetic field and gain
In Fig. 1 we show a transmission spectrum of ourstrength at high fields. With increasing field, the position
sample taken under an oblique angle of°S¥%ed in of line A shifts to higher energies frol = 94 meV at
a ratio against a reference substrate (upper trace). |B =2TtoE = 109 meV atB = 13 T, whereas the posi-
this conventional IST configuration the refraction of thetion of the much narrower lin€ remains almost constant.
incident light results in a finite electric field component Furthermore, lineC is symmetric, and its width does not
perpendicular to the 2DEG as required to excite an 1STepend on the magnetic field. Its integrated absorption,
at B=0 T. The extracted resonance position agreehowever, increases quadratically with the field (inset of
quite well with the one theoretically expected. Also Fig. 1). Comparing with the top trace, resonancds
the oscillator strength is found to exhibit the calculatedreadily identified as the depolarization shifted IST. This
dependence on the tilt angle (not shown in the figure). conclusion is based on the fact that the energetic position
In the Voigt configuration, i.e., the light incident per- and line shape are almost identical in both spectra. The
pendicular to the sample plane and the in-plane magnetiow-energy resonance, on the other hand, gains oscilla-
field, we obtain the lower traces of Fig. 1. The spectraor strength by an increase of both the absorption depth
have been taken betweén=2 T andB = 13 T with a  and the linewidth. It is considerably broader than lihe
reference atB = 0. Surprisingly, we observe two well at all fields and also becomes more and more asymmetric
separated resonances—one at arofndg 100 meV (A)  as the magnetic field is increased.
and a second af = 135 meV (C). In an additional ex- To understand the spectra in more detail we calculate
periment which is not shown here we verified that for thethe single particle subband energies within the framework
in-plane light polarization no absorption is detectable abf a three-levelk - 5 model [13] as a function of the
parallel magnetic field, where bending of the quantum
well bottom has been taken into account by first order
perturbation theory. Throughout this Letter we choose the
direction of growth and the electric confinement to)be
while the magnetic field is applied in thedirectionB || z.
In Fig. 2 we plot the intersubband transition energies
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FIG. 1. The upper trace shows a transmission spectrum of
our InAs/AISb multiple quantum well used in a ratio against 0 5 10 15
a reference substrate with the radiation incident under an B (T)

oblique angle of 57 The strength of the resonance follows

the same polarization dependence as expected for intersubbahkts. 2. Single particle transition energies between the HMES
transitions. We are not yet certain how to interpret the smalfor k, = k., = 0. The spin-conserving transitions differ only
structures around = 90 meV as they may be caused by the very little in energy while the spin-flip excitations are en-
ratio. In the magnetic field ratio of the same sample we showergetically more separated. As the band parameters were
spectraT (B # 0)/T(B = 0) at in-plane magnetic field8 = 2, take E, = 0.42 eV, A = 0.38 eV, and the Kane energy, =

4,6, 8,10, 11, 12, and 13 T. Both resonangesndC vanish  22.9 eV. The inset shows schematically the relevant subband
at zero magnetic field, and their absorption increases at highexdges as a function of the magnetic field. The spin-up branch
fields. The inset shows that the integrated absorption ofdine is lower in energy than the spin-down branch because the elec-
depends quadratically on the magnetic field. tronic g factor of InAs is negative.

2773



VOLUME 74, NUMBER 14 PHYSICAL REVIEW LETTERS 3 ARRIL 1995

the relevant subband edges as a function of magnetieasoning also explains why even in the limit— 0 T
field. From the four possible intersubband excitationsve observe the full depolarization shift of lire
two are spin conserving, while the two others involve a The excitation mechanism of the spin-flip transitions
spin flip. The transition energies are almost identical foris of a completely different nature. As has been shown
[0 1) — |1 1)and]|0 |) — [1 |), and they shift only slightly for bulk InSb [18] the band nonparabolicity in narrow-
at high magnetic fields. The spin-flip transition energiesgap lll-V semiconductors may induce combined spin-flip
on the other hand, are more widely separated. BAt  and cyclotron resonance excitations. Our calculations,
13 T the energetic difference betweéi) — |1 |y and however, suggest that for our samples, this mechanism
|0 1) — |1 ]) is about 15 meV fork; = 0 and decreases is too weak to account for the observed resonance.
to roughly 6 meV fork; = kj(Er). The splittings are to Inversion asymmetry induced by external electric fields
be compared with the line broadening for both the spin{19] also leads to the possibility of spin-flip excitations.
flip and the spin-conserving transitions which is governedrhe symmetry of our structure, however, rules out this
by the nonparallel subband dispersion of the first andnechanism, too. We thus conclude that here the inherent
the second subbands. For high carrier concentrationsulk inversion asymmetry is responsible for the spin-flip
as present in our sample this mechanism dominates adixcitations at higlk; values.
other sources of line broadening. At= 0 T the single The dominant inversion asymmetry terms in the Hamil-
particle subband spacings decrease by roughly 35 metonian have the schematic forgi(p,P; + P;P;), where
from ky = 0 to ky = kr = 0.04 A~%, accounting for the G is a material constant an#,; the canonical momen-
linewidth of the IST in the single-particle picture. From tum [20]. As these terms have only a small influence
this analysis we would thus not expect to resolve the fouon the energy dispersion and, in particular, on shde-
possible resonances. pendence of the transition energies we may neglect them
It is well known from Raman experiments that spin-in the computation of the eigenenergies, but we do in-
conserving IST are influenced by the depolarization fielcclude bulk inversion asymmetry in the computation of the
whereas spin-flip excitations are not [1]. As we interpreteight-component wave function and the Hamiltonian of
line A as a superposition of the spin-flip transitions andelectron-photon interaction. Since the value(fis not
line C as a superposition of the spin-conserving resoknown for InAs, we takeG = 3/%/2m, as in InSb [20]
nances, the energetic difference fBr— 0 T between and assume a level broadeningigf- = 5 meV. The de-
both represents to a good approximation the depolaripolarization effects are quantitatively taken into account
zation shift. This interpretation is further supported byby generalizing the approach of Ando [21] for the Voigt
calculating the kj-dependent single particle transition configuration.
energies which are in very close agreement withBhe We obtain the following important results. The tran-
0 position of resonancda. Moreover, the depolarization sition probability for the spin-flip processes increases
field reduces the line broadening of IST as has beestrongly as a function of the magnetic field. The ma-
predicted theoretically [14] and recently been observed ittrix elements of the two spin-conserving transitions are
inelastic light scattering experiments [15]. In our caseroughly equal and about twice as large as for both spin-
the depolarization-shifted lin€ has a full width at half flip transitions at all magnetic fields. Furthermore, all
maximum of roughly 8 meV which is much narrower than possible excitations are induced by the same radiation
expected from thé; dependence of the subband spacingscomponenta,. The other light componen&, can be
Line A, on the other hand, exhibits a pronounced low-shown to give only a negligibly small contribution to the
energy shoulder even at low magnetic fields where th@bsorption. This prediction has been confirmed in an ad-
spin splitting between both spin-flip transitions is muchditional experiment with predominantly-polarized light
smaller than the linewidth. where the relative transmission for both types of excita-
We now address the question how the spin-conservingons is significantly enhanced as compared-olarized
transitions are excited with in-plane polarized light.light.
Whereas only weak excitations caused by interband For the above reason we show in the calculated spec-
coupling in narrow-gap materials [16] are possible attrum of Fig. 3 only results for the polarization,. In
B =0 T another excitation mechanism is predominantagreement with the experiment two peaks appear, al-
in the Voigt configuration forB # 0 T. At finite mag- though we deal with four transitions. The resonance at
netic fields the light wave polarized in the direction %w = 135 meV represents the superposition of the two
(the “cyclotron resonance active” mode) is no longerdepolarization shifted spin-conserving transitions with al-
transverse [17] but acquires an electric field componenmost equal transition energies and oscillator strengths.
in the growth direction. The important fact is that this Their resonance width is drastically reduced by the
componente™ is proportional to the magnetic field  depolarization field and not determined by the non-
so that the intensity of the depolarization shifted IST parabolicity broadening. Also, the resonance position is
(A) varies adl = B* [8]. As shown in the inset of Fig. 1 almost field independent as the depolarization shift de-
this is indeed what we find experimentally. The abovecreases with increasing magnetic field. The broader peak
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