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Multiple cyclotron resonances in GaAs-Al,Ga;_,As quantum wells detected
by resonant inelastic light scattering
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Cyclotron resonance excitations in modulation-dopedGa, _,As-GaAs quantum wells have been inves-
tigated by means of resonant inelastic light scattering. Besides the cyclotron resonance excitatjowe
observe up to fifteen additional peaks at multipleshiaf-. The constant energy separation between these
resonances indicates that they are multiple excitationdwf (and not higher harmonigsThese multiple
resonances all have nearly the same strength. For an explanation, we propose a cascade model, where the
photocreated hole in the valence band couples via direct and exchange Coulomb interactions to the Fermi sea.
This allows the hole to relax resonantly by creating cyclotron resonance excitations in the conduction band.
[S0163-182697)02827-0

Although resonant inelastic light scattering has proven tdiber optics have been usédwith a microscope objective
be a powerful tool in the investigation of electronic excita-the light from a Ti:sapphire laser was coupled into a fiber
tions in two-dimensional2D) electron systems, there are with a 110um core diameter. The fiber guided the laser light
only a few Raman investigations with application of externalinto a 10 T axial magnet cryostat. Within the axial magnet
magnetic fields. In 1987, Pinczuit al. reported the obser- the light was focused onto the sample via a graded-index
vation of cyclotron resonance and combined intersubbandGl) lens. The sample was immersed in liquid superfluid he-
inter-Landau-level excitations in multiple-quantum-well lium at a temperature of 2 K. Another Gl lens collected the
structures. In these resonance experiments, where photoscattered light and coupled it into a glass fiber with a 600
energies in the range of thE, gap have been used, the um core diameter. The scattered light was analyzed in a
usually Raman forbidden inter-Landau-level excitationstriple Raman spectrometer and detected by a charge coupled
could be observed due to relaxation of parity selection ruleslevice camera. Since the multimode glass fibers do not con-
by heavy-hole-light-hole mixing at the, gap. Pinczulet al. ~ serve polarization, all experiments in the axial magnet sys-
observed the roton density of states in two-dimensionatem were made using unpolarized light. For polarization de-
Landau-level excitations applying very strong magneticpendent measurements, a 8.5-T optical split-coil magnet
fields? Brozak et al. reported the observation of combined system has been used. The photon energies of the Ti:sap-
intersubband inter-Landau-level excitations of collectivephire laser were in the range of transitions from various con-
spin-density and charge-density type. In their investigationdined hole states to the Fermi energy in the 2D conduction-
at theEy+ A gap, the breakdown of selection rules has beerband ground state at th&, gap of the quantum-well
achieved by a tilted magnetic field with respect to the samplatructure. The power density was about 20 W¢&m
normal? In this paper we report the observation of multiple  Figure 1 shows measured Raman spectra of a quantum-
cyclotron resonances in 2D electron structures. To explaimvell sample in dependence on the magnetic fieldBAtO T,
our experimental results, we propose a cascade model verye observe no excitation in the displayed energy range. At
similar to the model that was used to explain the multi-B=1 T, twelve equally spaced peaks occur within the de-
phonon Raman scattering in CdS bulk matetidlRecently, tected range where their energetic positions exactly differ by
Stihler et al. observed multiple spin-flip Raman excitations 2w . The numbers above the peaks indicate the number
in semimagnetic CgMg,_,Te-CdMn,_,Te quantum of cyclotron quanta that contribute to the observed excita-
wells. tions. As a guide to the eye, dotted lines are drawn, which

Our investigations were performed on high-quality one-connect peaks with the same For Raman shifts=22 meV
sided modulation-doped single quantum wells with a widththe cyclotron excitations are obscured by the much stronger
of 25 nm. The GaAs well was separated from the Si-dope@D intersubband excitations and luminescence. At magnetic
top barrier by a 20-nm-wide AlGa; _,As spacer. The carrier fields larger than 2 T, also the combined intersubband inter-
densities under illumination were in the range Landau-level excitationg&qy,—7%wc and Ey;— 2% wc can be
(4.0—7.5)x 10" cm~2. The mobilities were about¥10°  observedindicated by arrows in Fig.)1Eg, is the 2D inter-
cm?V ~1s™ 1 At a temperaturd =2 K, only one subband subband spacing. For a closer look, Raman spectra in the
in the quantum wells was occupied. For the inelastic lighttangeB=0-1 T are displayed in Fig. 2. The multiple reso-
scattering experiments with magnetic fields up to 10 T, glas®iances can be resolved for magnetic fiddds0.3 T. These
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Raman shift (meV) FIG. 3. Magnetic-field dispersion of the multiple cyclotron reso-

nance excitations. The numbarslabel the same excitations as in
FIG. 1. Experimental cyclotron resonances in a one-sidedFig. 1. We note that the energy of the first cyclotron resonance at
modulation-doped single-quantum-well structure with 25 nm wellB=10 T is about 1.2 meV lower than the tenth resonance at
width and carrier density1;=7.5x 10" cm~2. The spectra are B=1 T. This is due to the increase of effective mass with the
shown in dependence on the magnetic field. The laser energy wasagnetic field.
E, =1570 meV. The numberns label the number of excited cyclo-

tron q”b"i)maa The daShe?j a“:j Sollid arrows indicate the Corgbi”eﬁ’\ both polarizations. This indicates the single-particle char-
'é‘teis;h an mte[_- La}n au-level  transition€o,~fiwc - and  4oter of the observed excitations. This single-particle charac-
o1 wc, respectively. ter is also emphasized by the observation that the excitations
. . show strong resonant behavior in the vicinity of &g gap.
spectra(polarized spectjahave been recorded using the 0p- ¢ i |aser energy is well above the effective band gap of the

t@cal magnet cryostat with well-defined polarizatior! direc'quantum well, only one single cyclotron resonance peak at
tions of the incident and scattered light. In the experiments %wc is observed. The multiple resonances occur under con-

. . _ _1
|f|r:|te V\r/]avelvecto?;]o.gg 1?5 cm = was transferred paral- gitions of extreme resonance in a range of laser energies,
el to the plane of the 2D electron gas. where in the quantum-well samples as well as in laterally

We find that the cyclotron resonance excitations occur ing ,~tured samples, 8=0 T, so-called single-particle exci-
the depolarized as well as in the polarized scattering Conﬁgufations can be obsérvé?i '

rations, where the observed spectra do not differ significantly The magnetic-field dispersion of the cyclotron resonances

is shown in Fig. 3. The solid dots in the inset show the
observed resonances in the rarBe 0—-2 T. The observed

saw - peaks, which correspond to the open symbols in the inset,
?:(1)',31((10 cem can be attributed to impurity-related resonances from the
E,=1567 meV GaAs buffer layer. The dotted lines in Fig. 3 represent
polarized 1.0 the  calculated cyclotron resonance  dispersions
nfwc=nh(eB/m*), where the effective mass* =0.071
. me andn=1,2,3,. ... Thedeviation from the linear disper-
Q sion relation in the range 0—10 T is about 9% and is due to

the increase of effective mass with magnetic field. It is em-
phasised that for a fixed magnetic field, the energy spacing
between the multiple resonances is the same to an accuracy

of 1.5%. For clarity, the dashed line in Fig. 3 connects the
tenth point &1 T with the first point at 10 T. If the multiple

Ramanshift(mev)5 0 ' resonances were higher harmonics, i.e., inter-Landau-level

transitions with a change in Landau-level quantum number

Al>1, the dashed line should be horizontal. This leads to the

FIG. 2. Polarized Raman spectra of the same sample as in Fig.@onclusion that the multiple cyclotron resonances all arise
for small magnetic field8=0-1 T. from Landau-level transitions with| =1. On the other hand,

intensity (arb. units)
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FIG. 4. Sketch of the proposed cascadelike scattering proces: r \\\\\
where(a) one, (b) two, or (c) three cyclotron resonance excitations \ \
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if higher-order Raman scattering would be the reason for the ! :S\\E\\\\\§
observed peaks, the intensity of the=2 excitation should NS
be at least one order of magnitude less than the intensity ¢
the first cyclotron resonance peak. Obviously, this is not the
case. We suggest that the multiple cyclotron resonances al
not created simultaneously, but in a cascade process. In or
step of this process, the photoexcited electron hole pair i
scattered via an interaction with the Fermi sea by creating ¢ 60
cyclotron resonance excitation. The number of cyclotron 0 2 4 6 8 10
resonances created in one cascade seems to be arbitrary. E B(T)
ergy conservation is provided by the almost continuous dis:
tribution of hole states in the valence band and thus all the
scattering processes can take place via real transitions. One FIG. 5. Hole states in the axial approximation with Landau-level
necessity for such cascades to occur is that the time for créadex —2<N=18 for a quantum-well structure with electron den-
ation of a cyclotron resonance excitation is much shorteity ns=7.5x 10" cm~2 We have used the Luttinger parameters
than the lifetime for radiative recombination. Figurgg)4  ¥1=6:85 v2=2.1, andy;=2.9 for both GaAs and AlGa, ,As.
4(c) show a schematic picture of the proposed scattering prd=0" €achN the ten lowest eigenvalues are displayed.
cess: In the first stefll) an electron-hole pair or exciton is
created by absorption of the incident photon. In the seconéhixing, there are a large number of closely spaced Landau
step (2) the hole is scattered into another state due to thgevels, which form a quasicontinuum of real states. The hole
Coulomb interaction with the Fermi sea, where during the andau levels are calculated within the axial approximation
scattering process a cyclotron resonance excitation in thgs 5 4x 4 Luttinger Hamiltonian! As an input we have used
conduction band is created. We assume these two steps §fe potential that has been calculated self-consistently within

the scattering process to be very similar to the commonlyy,o |4c41 density approximation of tHg, conduction band.
known excitonic s_cattermg mechan.|sm propos_ed by Dana&or a fixed magnetic fiel®, Fig. 5 displays the ten lowest
et al® for electronic Raman scattering by 2D intersubband '

excitations. In the third ste{8) the electron recombines with T%e?(;/?lges for each Landau-level indaix ranging from
the scattered hole. The important point is that due to the o .
We like to note that in the past there was some contro-

almost continuous distribution of real states in the valence .
band at finite magnetic field, the hole may be scattered versy about whether or not the resonant multiphonon Raman

times, where all intermediate states in the scattering or relax3cattering in CdS bulliamaFerlaI_must be interpreted in terms
ation process may be real, before it recombines. During the<d ot luminescenc&™* This point, which might be only a

n scattering processes,cyclotron resonance excitations can duestion of semantics,is still not clear. Therefore, it may

be created in the conduction band by energy conservatioR€ regarded as an open question whether or not our spectra
[Figs. 4b) and 4c)]. In principle, the hole can resonantly of multiple cyclotron resonance excitations have to be inter-
relax until it reaches the top of the valence-band. To demonpPreted as hot luminescence.

strate the plausibility of this scattering process, we have cal- In conclusion, we have observed multiple cyclotron reso-
culated the splitting of the valence band states for an asynnrance excitations in single-quantum-well samples by reso-
metric quantum-well sample in a magnetic field. The resultspant Raman spectroscopy. The results could be reproduced
plotted in Fig. 5, show that, due to heavy- and light-holein different samples with different densities in the range
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(4.0-7.5)x 10" cm 2. For explanation, we propose a cas- This work has been supported by the Deutsche For-
cadelike scattering mechanism where the photoexcited holechungsgemeinschaft via the Graduiertenkolleg “Nanostruk-
is resonantly scattered by exciting cyclotron resonance exciurierte Festkgper” and Projects Nos. Hel938/6 and
tations in the conduction band. Hel1938/7.
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