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Magnetorotons in Quasi-Three-Dimensional Electron Systems
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The dispersion relation for magnetoplasmons propagating perpendicular to the magnetic field is inves-

tigated for a quasi-three-dimensional electron system. The magnetic field is in the plane of a =100-nm-
wide electron slab which is confined by a wide Al, Ga] —„As parabolic quantum well. A minimum is
found in the magnetoplasma dispersion relation, indicating the existence of a magnetoroton excitation
for wave vector q about twice the inverse magnetic length. Calculations of the dispersion relation within
the single-mode approximation are in good qualitative agreement with the measurements.
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Strongly interacting electron systems are of great
current interest. Examples range from the fractional
quantum Hall eA'ect (FQHE) in two-dimensional elec-
tron systems (2DES) to high-temperature superconduc-
tivity. Strong repulsive interactions frequently lead to the
ground-state pair-correlation function becoming prom-
inently peaked for particle separations near the mean in-
terparticle spacing ro. The Fourier transform S(q) then
tends to be prominently peaked at the corresponding
wave vectors, q= 1/ro. The collective excitation spec-
trum of such strongly correlated systems is generally ex-
pected to show minima at such wave vectors because of
the possibility of making excitations which disturb the
ground-state correlations only weakly. This connection is

explicit when the excitation spectrum is approximated by
using the single-mode approximation (SMA). One ex-
ample is the FQHE where minima are expected [1] to
occur in both the inter-Landau-level and the intra-
Landau-level branches of the collective excitation spec-
trum close to the q where S(q) is peaked. These minima
are analogous to the roton minimum in the excitation
spectrum of He [1]. Direct measurement of the mag-
netoplasma dispersion relation in the FQHE state of a
2DES is difficult because of the need for a large-wave-
vector [q= 1/lo, where lo=(h/e8) 'I is the magnetic
length] low-energy probe [2]. Raman-scattering experi-
ments [3] have been partially successful and, although
they are not completely understood, can be interpreted as
measuring a quantity proportional to the density of col-
lective states. However, they give no information on the
dependence of the collective excitation energy on q and
hence provide only a very indirect probe of the ground-
state correlations.

Three-dimensional electron systems also have prospects
for novel ground states [4,5]. Hartree-Fock calculations
show that various types of Wigner-crystal ground states
may be possible [5]. Attempts to observe these states in

bulk doped semiconductors have proven unsuccessful be-

cause the Coulomb interaction with the dopants leads
to localization [6]. In remotely doped wide parabolic
Al Ga] As quantum wells grown by molecular-beam
epitaxy (MBE), quasi-three-dimensional electron systems
(Q3DES) have been realized [7-12]. These structures
produce high-mobility nearly three-dimensional electron
slabs (100 to 300 nm thick) with densities in the range of
5 && 10' /cm to 5 x 10' /cm, that remain metallic in

magnetic fields as high as 17 T at temperatures as low as
25 mK. The electron density is nearly constant over the
thickness of the electron slab and its magnitude is deter-
mined by the curvature of the confining parabolic poten-
tial [7-12]. MBE-grown Q3DES have the unique advan-
tage that potential modulations can be inserted in the po-
tential profile which can permit the coupling of elec-
tromagnetic radiation to large-q excitations. Therefore
these systems are good candidates for the observation of
the dispersion relation for 3D magnetoplasmons. In this
Letter we report the results of measurements of the ener-
gies of the collective excitations at large wave vectors in a
Q3DES and the results are compared with the predictions
of the SMA for a 3D electron system. This is the first
measurement of the magnetoplasmon dispersion relation
in a strongly interacting electron system.

The magneto-optical properties of Q3DES in wide par-
abolic quantum wells with B applied in the plane of the
electron slab have been extensively studied [8-11]. In
this geometry a single resonance is observed, independent
of electron areal density N„at a frequency co+ =(co,
+too2) 'I2, where co„ is the cyclotron frequency and coo is
the harmonic-oscillator frequency characteristic of the
parabolic well. Examples of the spectra observed for
diA'erent N, are shown in Fig. 1(a). When the electron
slab is thick compared to lo, this excitation is the
plasma-shifted cyclotron resonance [8,9,11],and the plas-
ma frequency ton =coo. It has been shown [9,11,13] that
this is the only mode that couples to a homogeneous (i.e. ,
q=0) electromagnetic field. It corresponds to the uni-
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FIG. 1. Magnetotransmission spectra for three samples at

118.83-pm wavelength and T= l.4 K. (a) Sample with a pure
parabolic profile shown for different N, 8' was changed from
20 to l00 nm. (b) Sample with positive 6 planar periodic per-
turbations, 30-nm period. (c) Sample with a single r$ planar
perturbing potential at the center of the well.

FIG. 2. Magnetotransmission spectra of a periodically per-
turbed parabolic well for different wavelengths. The numbers
above the spectra indicate the infrared wavelength in pm. The
spectra are displaced vertically for clarity.

form oscillation of the center of mass of the electron sys-
tem at co=co+ independent of N, as observed in Fig.
1(a). This result [9] is known as the generalized Kohn
theorem [13]. If the potential has deviations from para-
bolicity, it is possible to couple to the additional collective
excitations of the Q3DES [11,12,14,15]. In order to
study these nonuniform excitations of the Q3DES we
have made measurements on quantum wells grown with
controlled perturbing potentials superimposed on a para-
bolic potential.

We report measurements on five samples with similar
3D densities no= 2.5X—10' cm (coo=50 cm '). Sam-
ple 1 is a pure parabolic well. The next two samples were
grown with perturbations of period a =20 nm. Sample 2
was grown with an array of positive 6 planar potentials
by superimposing 0.5-nm-thick layers of Ga~ —~A1~As
with y=0.005 on a 300-nm-wide Ga~ Al As parabolic
well (the integrated strength for each Ga~ —~AI~As layer
is I=+2.5 meV nm). In sample 3 a GaAs layer is insert-
ed every 20 nm into the parabolic Al profile. The insert-
ed GaAs layers represent a periodic array of negative 6'

planar perturbations for the electrons in the conduction
band. The widths of the GaAs layers are adjusted so that
each of these 8 planar perturbations has an integrated
strength of I= —5 meV nm. The fourth sample was
grown with a=30 nm and a periodic array of 6' planar
perturbations with I=+2.5 meVnm. Sample 5 has a
single 6 potential I=+7.5 meVnm at the center of the
well. In all samples the thicknesses of the in-plane per-
turbations are kept small compared to la=—10 nm. The
Al concentration profile of these samples was character-
ized by secondary ion mass spectroscopy, which permits a
measurement of the thickness of the wide parabolic well,
and, therefore, the period a.

Magnetoplasma excitations were measured in the
quantum limit (i.e., only one spin-degenerate Landau lev-
el is occupied) with a magnetic field B (0-9 T) applied in
the plane of the electron slab [9,11]. The electromagnetic
radiation propagates perpendicular to the electron slab

(Voigt geometry). The far-infrared radiation, which was
generated by an optically pumped molecular-gas laser,
was guided to the sample by light pipe optics, and was
linearly polarized a few millimeters before the sample.
The samples were immersed in liquid helium at 1.4 K.
The transmitted light was detected using a composite Ge
bolometer located outside the magnetic field at 4.2 K.
The sample substrate was wedged 3 in order to avoid
line-shape distortion due to interference effects. The
spectra were measured by sweeping B at fixed laser fre-
quencies. During the measurements it was possible to
reduce N, persistently using a red light emitting diode
placed near the sample [10]. N„which was me, asured
from the oscillator strength of the resonances, ranges typ-
ically from 10' /cm to 2.5 X 10''/cm [9]. At the largest
electron densities, the effective thickness of the electron
slab, defined as W=N, /nn, is &=100 nm, where no is
the 3D electron density determined optically from mp

[8,9, 1 1].
Typical transmission spectra for the three kinds of

samples are shown in Fig. 1. For the pure parabolic po-
tential only the Kohn mode (co=co+) is observed as dis-
cussed earlier. For samples with a periodic array of 6
planar perturbations a clearly resolved satellite resonance
appears on the high-field side of the Kohn mode as seen
in Fig. 1(b). It appears in the transmission spectra of the
samples with positive as well as negative 6 planar periodic
perturbations. The relative strength of this satellite in-
creases with B as seen in Fig. 2. The transmission spec-
trum of a well with a single perturbing 6 potential in its
center is shown in Fig. 1(c). In this case two satellites
are observed. In all samples the resonances are observed
only in the E&B polarization. We show the N, depen-
dence of the spectra for the perturbed wells in Fig. 3.
The amplitude of the satellite associated with the 6 array
is seen to increase rapidly with N, as 8' grows and more
6 potentials are covered by the electrons; however, its po-
sition remains independent of N, . The satellites observed
in the single 6 samples are found to shift toward lower
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FIG. 3. Magnetotransmission spectra of a parabolic well

with (a) a single 6 planar potential perturbation, and (b) a

periodic array of 6 planar potential perturbations (30-nm
period), I'or different JV, (W =IV;/no)
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magnetic fields with increasing N, [Fig. 3(a)].
We identify the distinct satellite resonance in the

periodically perturbed samples as the magnetoplasma
mode at q =2Ir/a. The resonances observed in the single
6' perturbed wells are identified as dimensional modes.
Since the electron slab has a finite eA'ective width 8'
standing magnetoplasma waves [12,15,16] (i.e., dimen-
sional resonances) are expected to form along the normal
of the electron system with q =Nrr/W (for integer N).
Since 8' increases with N„ the q of these modes de-
creases with N, . We also find evidence for dimensional
modes in the periodically perturbed wells as can be seen
in Fig. 3(b).

Coupling to the collective excitations of the Q3DES re-

quires that the mode must have a nonzero dipole moment

p pz=Jpz dz, where p is the charge Iluctuation of the mode
and z is normal to the slab [15]. In the ideal parabolic
well, p=0 for all modes except for the Kohn mode. For
any symmetric confining potential only the odd modes
can couple since p =0 for the even modes. This immedi-

ately leads to the excitation of the dimensional modes
with q =Nor/8' (N =2,4, 6, . . . ) [17]. The periodic (sym-
metric) perturbation will also couple to other odd excita-
tions which have the periodicity of the perturbation and
which, in the infinite W limit, will reduce to standing
magnetoplasmon modes at q =2aM/a (M an integer).
The power absorbed by a mode is proportional to E,p,
where F is the ac electric fiel-d [Ig]. In the vicinity of
the plasma-shifted cyclotron resonance, the radiation po-
larizes the electron slab along the growth axis z so that
E.- is large. Therefore the coupling is strongest near
&=M

In order to reconstruct the magnetoplasma dispersion
relation we have plotted the normalized satellite frequen-

cy (ro —Io, ) ' /ro„against the dimensionless wave vector
ql0=2Irln/a for the grating modes and ql&=NIrln/W for
the dimensional resonances in Fig. 4(b). The correspond-
ing data points are shown for 5 T~ 8 ~ 7 T. The mea-
sured position of the Kohn mode is also plotted similarly
(open symbols) to demonstrate that it scales properly

0.
7=i.45 K

q= Z7r/w
+

~ q=47r/w
I I I

FIG. 4. Bottom panel: Normalized dispersion of the magne-
toplasma modes. The dashed lines are the dispersion calculated
in the SMA. Solid symbols correspond to the satellite modes
and open symbols correspond to the Kohn mode plotted verti-
cally above the satellite resonances. The minimum that appears
at ql0=2 is the "roton minimum. " Top panel: Calculated
magnetoplasmon dispersion curve at high field. Solid curve is

for the Hartree-Fock Quid ground state. The dash-dotted curve
is for a trial correlated ground state with lower total energy.

with magnetic field and to give an indication of the uncer-
tainties in the resonance positions. The uncertainty in q
for the dimensional resonances comes from the uncertain-

ty in the measurement in N, from the integrated oscilla-
tor strength of the absorption profile and is represented
by the horizontal error bars. The resulting reconstructed
magnetoplasmon dispersion relation shows the existence
of a minimum excitation energy at ql 0=—2—a roton
minimum.

In order to relate these data to theory we have calculat-
ed the dispersion relation of 3D magnetoplasmons propa-
gating perpendicular to the magnetic field. We have used
the SMA in a way similar to that presented in Ref. [I].
The calculations were carried out using a Hartree-I'ock
ground state. The results are presented in Fig. 4(b) for
two diAerent magnetic fields. The pronounced minimum
found at ql0=2 can be understood in analogy with the
theory of Ref. [1] as a roton minimum. Good qualitative
agreement is found with the measured dispersion. There
is discrepancy, however, in the mode frequency and this
may be due to finite-size eAects of the electron slab that
are not included in the theoretical approach. In Fig. 5 we
show the positions of both the Kohn mode and the dis-
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tions that the 3D calculations may be adequate are found
in calculations for a square well in zero magnetic field
[20]. Also, a theory including the perturbations will be
required to assess their eAect on the mode frequencies
and to understand their coupling to the radiation.
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FIG. 5. co'-vs 8 dependence of the plasma-shifted cyclotron
resonance (circles) and of the satellite resonance (triangles) for
sample 3. The dashed line is the calculated position of the mag-
netoplasma mode ru(q=2tr/a), with a =20 nm and cor =51
cm '. The dotted line is the cyclotron resonance.

tinct satellite mode of a periodic 6 sample in a co vs 8
plot. The calculated modes are also shown for q =0 and

q =2 /tra(a=20 nm). In the SMA the magnetoplasmon
dispersion depends only on the pair-correlation function
in the ground state as expressed by S(q). At stronger
magnetic fields the Hartree-Fock ground state is crystal-
line [5]. However, studies [19] with trial wave functions
with built in FQHE-like correlations demonstrate that
strongly correlated Auid ground states, which diA'er quali-
tatively from the Hartree-Fock state, precede the sig-
ner-crystal state as the field strength is increased. In Fig.
4(a) we compare the SMA magnetoplasmon dispersion
relations calculated from the Hartree-Fock quid state
with the dispersion relation calculated from a strongly
correlated trial wave function [19]. The trial correlated
state has a lower energy than the Hartree-Fock crystal
[19] and the Hartree-Fock fluid state has the highest en-

ergy. The decrease in to(q) at small q which occurs when
the Hartree-Fock ground state is used rejects the de-
crease in the eA'ective Coulomb depolarization potential
when the wavelength of the collective mode becomes
comparable to the quantized cyclotron orbit radius of the
electrons. At large q the excitations are best regarded [I]
as magnetoexcitons with particle-hole separation ql0.
The increase in co(q) at large q reflects the loss of binding
energy as electrons and holes are separated. The asymp-
tote as q goes to infinity is the energy to make an un-
bound electron-hole pair. This energy is larger relative to
the depolarization shift in more strongly correlated sys-
tems and this accounts for the diAerence in the shapes of
the calculated to(q) curves. The qualitative changes sug-
gest that monitoring the magnetoplasmon dispersion can
provide a signature of the strong correlations building in

the system as the Wigner crystallization is approached.
Several aspects of these experiments remain to be

clarified. The important question is the degree to which
the 3D theory applies to the Q3D experiments. Indica-
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