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We have studied the high-frequency conductivity of multilayer two-dimensional electron systems on
GaAs in perpendicular magnetic fields with far-infrared transmission spectroscopy. In addition to cyclo-
tron excitation, new resonances with energies close to the cyclotron frequency are observed. Their num-
ber and dependence on the magnetic field strength and charge density are consistent with those theoreti-
cally predicted for two-dimensional magnetic excitons.

PACS numbers: 71.45.Gm, 72.20.My, 73.40.Lq, 78.20.Ls

A magnetic field perpendicular to the plane of a quasi
two-dimensional (2D) space-charge layer quantizes the
free in-plane motion in discrete Landau levels. In a clas-
sical 2D system the elementary single-particle and col-
lective intrasubband excitations are cyclotron resonance
(CR) and magnetoplasmons, respectively. Both are as-
sociated with transitions between Landau levels but the
latter involve a finite wave-vector transfer g.! The mag-
netoplasmon dispersion @mp(g) in the long-wavelength
limit X=q-kp/?<1 [kr is the Fermi wave vector;
I=(h/eB)"? is the lowest cyclotron orbit] in random-
phase approximation follows the relation’

wiy(q) =it oi(g), (1)

where o, =eB/m, is the cyclotron frequency and w,(g)
is the 2D plasmon dispersion for vanishing magnetic
field.? In the short-wavelength limit X > 1 the magneto-
plasmon frequencies are restricted to the vicinity of w,
and its multiples:

omp(@) =nlow.+F,(X)], n=1,2,..., )

where F,(X) is a positive, monotonically decreasing, os-
cillatory function of X.! Electron-electron interaction
affects the magnetoplasmon dispersion significantly in
the short-wavelength limit.>~> In addition, the electron-
electron interaction establishes spin and coupled mag-
netoplasmon-spin modes and all these.new dispersions
are referred to as magnetic excitons.* From experimen-
tal studies of the exciton dispersions in the short-

wavelength limit valuable information can be gained on
the importance of many-body effects in 2D systems. In
this Letter we report the first experimental evidence for
magnetic excitons. They are observed in cyclotron exci-
tation on modulation-doped Al,Ga, -,As-GaAs multiple
quantum wells (MQW).

We studied MQW grown by molecular-beam epitaxy
with different mobilities u, charge densities per well Ny,
numbers of wells, and periodicities d. A representative
set is listed in Table I. ~N; and u were determined by
Shubnikov-de Haas and van der Pauw measurements,
respectively. From the Shubnikov-de Haas experiments
there is no evidence for the population of a second sub-
band indicating that the Fermi energies are smaller than
the subband separations.

We studied CR in far-infrared transmission on wedged
samples at temperature 4.3 K in fixed perpendicular
magnetic fields with a rapid-scan Fourier-transform
spectrometer. We compare two transmission spectra
T(B) at zero and finite perpendicular magnetic field B to
obtain the dimensionless normalized transmission AT/T:

AT _T(B=0)—T(B)
T T(B=0)

Figure 1 compares experimental and calculated (dotted
lines) AT/T for samples 1 and 3 at different magnetic
fields. The filled arrows mark CR positions. The calcu-
lation assumes perpendicularly incident, linearly polar-
ized far-infrared radiation and a Drude-type three-

TABLE I. MQW with period d =dga+dai+2ds. Here dga, dai, and ds correspond to the
well width, the doped Al,Ga;—,As layer, and the undoped Al,Ga,-,As (spacer) layer, respec-
tively. Vs and p are the surface charge density and mobility for one well, respectively.

dGa dal ds

Number of N,

s u
Sample (A) (A) (R) wells (10" em 72) (103 cm?/V-s)
1 200 75 200 30 1.9+0.1 120
2 277 271 217 15 3.0%x0.2 140
3 200 150 200 30 39%+0.2 260
4 139 64 170 50 5.21+0.2 75
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FIG. 1. Experimental AT/T vs energy for (a) sample 1 and
(b) sample 3 for different magnetic fields B. CR (HER) posi-
tions are marked by solid arrows (open arrows). The dotted
curves represent calculated A7/T on the assumption of a
Drude-type well conductivity. The calculated CR amplitudes
are adjusted to the exerimental ones by scaling.

dimensional well conductivity

N e?z, 1
1+ilo+w )7’

o dGa me
with 7. replaced by 74, obtained from the mobility. The
MQW CR line shapes are broad and asymmetric be-
cause of the multilayered nature of the structure and the
high total charge density. The full widths at half maxi-
ma (FWHM) are ruled by the high total charge density
[Vs x (number of wells)], while u is of minor importance.
For our samples 1 and 3 the theory predicts complete
signal saturation, i.e., AT/T =50%, at w =w.. The ex-
perimental CR amplitudes do not exceed (44 + 1)% for
either sample. We attribute this discrepancy to shifts in
excitation strength and/or to CR-inactive regions in the
macroscopic sample area and have adjusted the calculat-
ed CR amplitudes to the experimental ones by scaling
(Fig. 1). Even more importantly, the calculated AT/T
gives no explanation for satellite resonances in the exper-
imental spectra (marked in Fig. 1 with open arrows).
Three new resonances, two with energies larger than
o, and one with energy lower than ., are found on
low-mobility and low-density MQW. The magnitude of
the shift with respect to w. is smaller for the resonance
with w < w. compared to the resonances with o> w,.
Their observability depends on the mobility and total
charge density of the MQW. In high-density, high-
mobility MQW as listed in Table I the resonances which
stay close to w, can be masked by the CR background
absorption. Therefore the resonance with w < w. could

FIG. 2. Shifts Av=Aw/2nc =vygr — V. in wave numbers for
MQW listed in Table I vs magnetic field strength. The uncer-
tainty in picking the peak positions for all N; is less than 3

-1
cm

not be identified on samples 1 and 3, but is seen weakly
in sample 2. Two satellite resonances with w > w. are
observed for sample 1 at low magnetic fields [Fig. 1(a),
B=2.1 T], whereas only one resonance is clearly re-
solved for sample 3. The most prominent satellite reso-
nance, to which we will refer as high-energy resonance
(HER) with largest positive shift Aw = — w., however,
is observed in all MQW. In Fig. 2 the shift (wygr — w.)
is shown for all MQW of Table I versus magnetic field
strength. The shift increases with increasing Vs and is
largest for a certain magnetic field B.(N;). From B, the
shift decreases with increasing and decreasing magnetic
field strength. This means that the satellite resonance
position approaches w, for high and low magnetic fields.

The FWHM of the satellite resonances do not depend
sensitively on N, and g which is in contrast to the ob-
served N; broadening of the CR line shape. The
FWHM of the resonances with w > w, for all samples
cover a range 9+ 3 cm ~! while the FWHM of the reso-
nance with o < w, can be up to a factor of 2 smaller.
The absorption strength is about 3% and is estimated by
comparison of the integral over the satellite resonances
divided by the number of wells to the calculated integral
over the CR of a single layer.

Helicons can be excluded as a possible explanation for
our satellite resonances since they are restricted to a
frequency regime w <., and show a linear fre-
quency-magnetic-field dependence.® The satellite reso-
nances have no analogy to anomalies reported for CR in
single-interface 2D systems. Harmonic CR7 can be
ruled out, since the new resonance positions do not scale
with multiples of w.. Splittings of the CR and line-
shape anomalies of single-interface heterostructures on
GaAs correlated with /Ny have previously been reported
by Schlesinger et al.® We find qualitatively similar
effects for MQW with low total charge density, i.e., few
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wells and low N, (W, = 3x10'" ¢m ~2). However, there
is no obvious correlation between those CR anomalies
and our satellite resonances. We also can exclude effects
arising from the coupling of CR to intersubband reso-
nances, which depends strongly on the tilt angle 6 of the
magnetic field B with respect to the interface normal.
In tilted-field configuration CR-intersubband-resonance
coupling can result in a splitting of the CR line shape if
hw. equals the subband resonance energy Eo.° To ex-
clude this coupling process as an explanation for our
satellite resonances we measured sample 3 in a tilted
magnetic field. The CR and HER positions follow a
cosf law up to B, = 4.5 T. No splitting of the CR is ob-
served, indicating that we are in the nonresonant limit,
ie., hw. <Ep. The sole influence of the coupling is
that for By = 4.5 T the CR and HER energies are lower
than predicted by the cosf law. The qualitatively similar
tilt-angle dependence of the HER and the CR demon-
strates that the HER is pinned to o, and that the HER
is confinement related.

There may be evidence for inhomogeneity in our sam-
ples, as described above. Thus, for a nonparabolic and
polar system like GaAs fluctuations in N, of individual
wells will correspond to different cyclotron frequencies.
However, calculations show that these differences are
small (<5 cm ™!). Shifts in w, which are comparable
to w. (Fig. 2) cannot be related to inhomogeneity. Spin
splitting is as well much too small to explain the satellite
resonance positions. The presence of localized states can
cause shifts in oscillator strength in cyclotron excitation
and result as well in satellite resonances.'® However, the
N, dependence of our satellite resonances cannot be ex-
plained in this model which therefore can be excluded as
a possible explanation.

We attribute the new satellite resonances to excitation
of magnetic excitons since the number of observed reso-
nances and their Ny and B dependences are consistent
with theoretical predictions. In a system with weak in-
teraction, i.e., Ecoulomb/h @, < 1, magnetic excitons can
be classified as magnetoplasmons, spin waves, and cou-
pled magnetoplasmon-spin modes.*!" The magneto-
plasmon modes associated with w. are the ones with the
highest oscillator strength. Figure 3 shows calculated
magnetoplasmon dispersions in single-layer approxima-
tion on the assumption of small interaction for the lowest
integer filling factors f=2x/2N,. Results are given for
the densities of samples 1 and 3 with solid and dotted
lines, respectively. Magnetoplasmon dispersions in ran-
dom-phase approximation' are shown for the spin-
polarized state f=1 and fully occupied lowest Landau
level f=2 with dashed and dash-dotted lines, respective-
ly. Compared to the quasiclassical prediction, electron-
electron interaction causes the magnetoplasmon frequen-
cies to increase with ¢ for g/ 2 2, thus giving rise to addi-
tional divergencies in the density of states. In an experi-
ment any excitation process which itself is not selective
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FIG. 3. Calculated shifts Av=Aw/27c =vex — v, of the mag-
netic exciton dispersions in single-layer approximation (Ref. 4)
for samples 1 (solid line) and 3 (dotted line) and filling factors
(a) f=1, (b) f=2, and (¢) f=3. Dashed and dash-dotted
curves present quasiclassical magnetoplasmon frequencies.
The lines and bars indicate shifts (vger —v.) and FWHM of
the HER, respectively, and are positioned arbitrarily in the
wave-vector regime | < g/ < 2.

in g, e.g., short-range scatterers,'"'? can induce resonant

structures in the optical spectra with related energies.
Scatterer-induced excitation is possible in our experi-
ment since the satellites were found particularly pro-
nounced in some MQW with low mobilities. However,
light scattering via interface roughness, crystal imperfec-
tions, inhomogeneities in the well density, or impurities
might as well contribute to the excitation process. '3

If more than one Landau level is occupied and both
spins are unequally present, two magnetoplasmon modes
E™ and E ~ are predicted. Exemplarily this is shown in
Fig. 3(c) for f=3. The E~ mode is a coupled mag-
netoplasmon-spin mode which does not exist for a nonin-
teracting system (E coulomp =0). Therefore in the most
general case the number of divergences in the exciton
density of states totals three, two with energies larger
and one with energy smaller than ., in contrast to only
one for the noninteracting system. This agrees with our
observation of three satellite resonances.

The shift of the HER to higher energies with N, (Fig.
2) is consistent with the exciton theory. In Fig. 3, at
fixed f, i.e., constant magnetic field strength, the exciton
frequencies shift to higher energies with increasing ;.
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Since the extrema in the theoretical dispersions occur in
a wave-vector range 1 < g/ =< 2 we can restrict a quanti-
tative comparison with the experiment to this regime.
Experimental HER positions for samples 1 and 3 are
marked with horizontal lines in the wave-vector regime
of interest 1 < g/ < 2. In the high-field limit f=1 [Fig.
3(a)] there is good agreement between the experimental
HER position and the extrema in the exciton dispersions.
Because of the increasing interaction parameter
E coulomb/ A 0. with decreasing B, which ranges from 2.6
to 0.8 for the magnetic field regime from 1 to 12 T, no
correspondence of the HER position with an extremum
in the exciton dispersions is expected in the low-field lim-
it f= 2. Stronger interaction enhances intermode cou-
pling and reduces the exciton energies, although the
form of the dispersion relations does not change qualita-
tively.> Generally, the finite thickness of the space-
charge layers and coupling of exciton modes of adjacent
wells are important as well. However, for our MQW
and g/ = 1, influences of interwell coupling are expected
to be small, because we are in the weak-coupling limit
(gd > 1).

The B dependence of the HER (Fig. 2) is in qualita-
tive agreement with the prediction. With decreasing
filling factor (f < 2) the exciton energies decrease [Figs.
3(a) and 3(b)], which agrees with our observation that
the HER approaches w, in the high-field limit. A de-
crease of the HER shift is also observed in the low-field
limit. This behavior is due to an increase in Coulomb
energy which leads to an increase of the excitonic mode
coupling with decreasing magnetic field.®

The satellite with w < w. shows a qualitatively similar
B dependence as the HER, whereas the satellite with
® > w, approaches o, more rapidly with increasing B
than does the HER and merges into the HER for low
fields. The magnitude of the shift | w — o, | of those sa-

tellites increases as well with Ny which supports our in-
terpretation that a plasmon oscillation is involved.

In conclusion new resonance structures are observed in
the high-frequency magnetoconductivity of MQW on
GaAs. Their number and dependence on N; and B is
consistent with predictions for the collective modes
(magnetic excitons) of an interacting two-dimensional
system in a magnetic field.
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