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Observation of Roton Density of States in Two-Dimensional Landau-Level Excitations
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Inelastic light scattering by inter-Landau-level excitations of the 2D electron gas in high-mobility
GaAs structures in a perpendicular magnetic field was observed at the energies of the critical points in

the mode dispersions. For Landau-level filling factors v) 1, structure in the spectra indicates the exci-
tonic binding and roton behavior predicted by the Hartree-Fock approximation. The large critical-point
wave vectors, q) (hc/eB) 'I ) 10 cm ', are probably accessible in resonant light scattering through
the residual disorder that broadens the Landau levels.

PACS numbers: 78.30.Fs, 71.45.6m, 73.20.Dx

A high-mobility two-dimensional (2D) electron gas in

a large magnetic field perpendicular to the layer has
unique properties that arise from quantization of the 2D
continuum of kinetic energy states into sharp Landau
levels. ' Strong electron-electron correlations lead to re-
markable phenomena, like the fractional quantization of
the Hall effect (FQHE), that have been extensively stud-
ied in magnetotransport. In principle, electron-elec-
tron interactions can be investigated by measurement of
elementary excitations associated with transitions be-
tween Landau levels. The inter-Landau-level modes,
magnetoplasmons and spin-density excitation s, have

disper sion s

co(q) =to, +a(q,8),
where co, is the cyclotron frequency. A distinctive
feature of the Hartree-Fock calculations of h(q, 8) is the
roton minimum at finite wave vector q )qo =1/lo, where

lo (hc/e8)'I is the magnetic length. 5 The roton is
due to the reduction at large wave vectors of the exciton-
ic binding between the electron in the excited Landau
level and the hole in the lower state. These interac-
tions also play a leading role in the theory of collective
excitations of the FQHE. The magnetoroton minimum,
related to the gap of the FQHE and the Wigner crystal,
is connected with the excitonic attraction between frac-
tionally charged quasiparticles. Unfortunately, the
relevant range of wave vectors, q&10 cm ', is not
easily accessible in infrared absorption or inelastic light-
scattering experiments. ' " However, with the break-
down of translational symmetry due to impurities and
disorder, the q-0 Landau-level transitions are expected
to couple to large wave-vector excitations. '

This Letter reports the observation of roton structure
in the density of states of inter Landau level ex-citation-s

by resonant inelastic light scattering. The measured

spectra are interpreted on the basis of critical points in

the calculated mode dispersions, where Bat/Bq =0. The
observed modes have significant shifts from A to, and the
spectral line shapes reveal the multiple critical-point
structure that is characteristic of roton minima. The ex-
periments are conducted in high-mobility GaAs hetero-
structures, ' and cover a broad range of electron areal
density n and Landau-level filling factor v=2trlon. Our
observations indicate that light scattering is a powerful
probe of 2D electron-electron interactions. The critical-
point wave vectors are much larger than the light-
scattering wave vectors (k = 10 cm '). The massive
breakdown of wave-vector conservation in these experi-
ments occurs in systems with ultrahigh electron mobility
(p-10 cm /V sec). While we do not have a full inter-
pretation of this breakdown, we associate it with optical
transitions of the disorder-broadened Landau levels.

Several modulation doping GaAs-(Alo3Gao7)As sin-

gle heterojunctions (SH) and multiple quantum wells

(MQW) were investigated. The SH show a persistent
photoconductivity effect and have electron mobilities, in

excess of 10 cm /V sec. ' The densities are in the
range 0.4x10"&n &4x10" cm . In the MQW there
is no persistent effect of illumination. The GaAs layers
have thickness d~ & 200 A. and the superlattice period is

d =700 A. The mobilities and densities are in the ranges
1.5x10 &p&5x10 cm /V sec and 1.8x10"&n&6
x10" cm . The samples were placed in a supercon-
ducting magnet cryostat with perpendicular fields as
high as B=11.5 T. A backscattering geometry was used
with in-plane component of the scattering wave vector
k ~ 10 cm '. The light-scattering measurements were
carried out with tunable infrared cw dye lasers at power
levels of -2 mW, power densities below 0.1 W/cm, and

photon energies close to the optical transitions between
higher-valence and lower-conduction Landau levels.
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FIG. 1. (a) Inelastic light-scattering spectra from a MQW
sample at three values of the incident photon energy hcoL. (b)
Calculated mode dispersions at Landau-level filling factor v=2
(after Ref. 6). The magnetoplasmons at E,/leo, = I are repre-
sented by the full line. The dotted line is for spin-density exci-
tation s.

FIG. 2. (a) Resonant inelastic light-scattering spectra from
a very high-mobility SH sample for different values of hcoL.
Inset: The spectrum of a MQW with comparable free-electron
density and much lower mobility. (b) Calculated mode disper-
sions at Landau-level filling factor v =1 (after Ref. 6). IS rep-
resents the range of lowest intersubband excitations.

Figure 1(a) displays results from a MQW sample at
v=2. The spectra have an onset at 1 meV below hco,
(for electron effective mass m* =0.0695) ' and a cutoff
at an energy that lies well below the onset of intersub-
band excitations at 28 meV. The spectra overlap with
the energy of calculated dispersions of inter-Landau-
level excitations shown in Fig. 1(b). This indicates that
they are magnetoplasmons and spin-density excitations
at large wave vectors q ~ qo = I/lo =1.1 x 10 cm
The intensities of the two types of excitations are compa-
rable, as in 8 =0. ' Similar spectra were measured in
all MQW samples. The onset and cutoff energies vary
with filling factor and electron density. Excitations asso-
ciated to higher Landau-level transitions marco, are also
observed. At v~10 we found the modes of m ~ 5. Fig-
ure 2(a) shows the spectra measured in the SH sample
of ultrahigh electron mobility at filling factor v=1. The
scattering in the range 12 ~ A, m ~ 16 meV, also agrees

with the calculated large wave-vector magnetoplasmons
shown in Fig. 2(b). The structures measured at lower
energies, in the range labeled IS, involve intersubband
excitations as verified in ir absorption. ' The agreement
with ir absorption also verifies that incident power densi-
ties do not cause significant changes in electron density.
The inset shows that the magnetoplasmon spectrum
measured in a MQW sample of comparable density and
much lower mobility is very similar. In fact, we do not
expect much difference because for q & qo coupling be-
tween oscillations in different quantum ~elis is negligible
(qod»1). "

These results indicate an extensive breakdown of
wave-vector conservation in which the observed spectral
line shapes are related to structure in the density of
states. The roton in the magnetoplasmon dispersion ap-
pears as the structure between A, ~, and the high-energy
maximum. Cyclotron resonance at q =0 is weak in light
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scattering. ' The structure near hro, is assigned to criti-
cal points at q-0 and 1.6qo in the dispersion of spin-
density excitations. The rich critical point structure as-
sociated with the roton is also evident in the asymmetric
magnetoplasmon band observed in spectra of Fig. 2(a).
The maximum at 12.7 meV indicates the position of the
roton minimum in the mode dispersion. In the range la-
beled IS there is overlap and coupling' between inter-
subband and Landau-level excitations. This could ex-
plain the complex structure seen in the spectra. The
higher-energy features of the density of states are re-
vealed in the asymmetry of the magnetoplasmon band
and in its changes with increasing htoL.

We investigated the profile of resonant enhancement
of the intensities in the SH sample. The results in Fig. 3
show a linear 8 dependence for v~ 2, when only the
lowest Landau level is occupied. The slope is
(I+ —,

' )hco,'=4.5 meV/T. l 2 is the Landau-level in-

dex of the optical transitions and co,
' =co,m /p, where

p*=0.064mo is the reduced effective mass. This field
dependence suggests a third-order resonant light-scat-
tering process as described in the inset of Fig. 3. ' The
virtual and real optical transitions take place between
valence states i v) and conduction Landau levels ice, l)
and

i co, i —1), where co labels the lowest confined con-
duction subband. The emission of Landau-level excita-
tions ro(q) is due to coupling of the electron optically ex-
cited in a Ice,2) state with the Fermi sea in I co,0)
states. The requirement of wave-vector conservation is
relaxed for transitions among Landau levels broadened
by disorder. For the scattering intensity we approximate

)
E

1550—
C9

LLJ

IJJ

I I I i I I

GOAs- (Alp gGap7) As

SINGLE HET

n=1.7x10
p= 4.5x 10

T = 2.5 K

O
O
CL

I—
z'.
LLJ

CI
O

1519 meV

fi~(q) - ic, 1)

'I500—

0 5 10
MAGNETIC FIELD [teslo]

FIG. 3. Incident photon energy of the maximum in resonant
enhancement of the light-scattering intensities of critical-point
magnetoplasmons in a high-mobility SH sample as a function
of magnetic field. The line extrapolates to the energy gap of
GaAs at 8 0. Inset: A light-scattering process that explains
the slope of 4.5 meV/T.

I(a))— M(co)
p(ro) . (2)

(Ep —hroL)(Et+ hco —hroL)

In Eq. (2) p(r0) is the density of states of inter-Landau-
level excitations. M(co) is the product of the two optical
matrix elements with the matrix element of the
electron-electron interaction that causes the transition

i co, 2) I co, 1) with emission of a mode at to(q).
Equation (2) represents the scattering cross section un-

der the simplifying assumption that the resonant energies
have constant values EI (I+ —,

' )hco,'.
The remarkable changes in spectral line shapes seen in

Fig. 2(a) are explained by the dependence of resonant
denominators in Eq. (2) on both lllroL and |Italo. The
weaker structure in the density of states is revealed at
the "double-resonance" condition E2 —Ei=kco of the
largest resonance enhancement. The scattering intensi-
ties have a striking temperature dependence that is not
seen in the MQW. The measured intensities drop by a
factor of —10 when the temperature is raised from 2 to
10 K. Such a change is much faster than that reported
for shallow donors.

The dispersions d, (q,8) have been evaluated to lowest
order in Ejhco„where E, =e /loco is the Coulomb en-

ergy and eo is the dielectric constant (eo =13.1 in
GaAs). ' ' The dispersions shown in Figs. 1(b) and
2(b) are based on the calculations reported in Ref. 6,
that considers coupling to higher Landau-level transi-
tions when hto, =E,. For magnetoplasmons at v=2 the
couplings reduce by -30% the maximum in d, (q, 8) cal-
culated in Ref. 5. Kallin ' has recently shown that
finite-thickness effects, that weaken the strength of the
electron-electron interactions, cause similar reductions
in W(q, 8).

In Fig. 1, there is agreement between the observed
cutoff in the magnetoplasmon band and the calculated
energy of the critical point at q=qo. Finite-thickness
effects could lower the calculated critical-point energies
by 0.5-1 meV, ' and give a better numerical agreement
with measured energies. The maximum in scattering in-

tensity measured at Am~15. 6 meV appears to result
from the superposition of the roton minimum at
q =2.5qo and the large density of states for larger values
of q. The spectra in Fig. 1(a) have an onset at —11
meV and a well-defined maximum at 11.7 meV, both
below co, . This is evidence of the excitonic binding and
roton minimum of spin-density level excitation s.
However, there is a significant discrepancy with the cal-
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culated roton energy shown in Fig. 1(b). The difference
is likely to arise from sizable finite-thickness efl'ects. '

In Fig. 2(b) there is agreement between the calculated
energy of the roton-minimum at q =2qo and the position
of the maximum of the magnetoplasmon band. There is
also good agreement of the energy of the critical point at
q =0.9qo with the position of the weaker maximum at 14
meV in the asymmetric magnetoplasmon band. The
much weaker scattering intensities measured at hco ) 14
meV are due to magnetoplasmons with q & 2qo. Finite-
thickness effects could lower calculated critical-point en-

ergies by -0.4 meV. '

The present light-scattering observations reveal
features of the density of states of two-dimensional
Landau-level excitations in high magnetic fields. We
found direct evidence of the excitonic binding and roton
minima predicted by Hartree-Fock theories. The re-
quired extensive breakdown of wave-vector conservation
could occur in intermediate transitions between dis-
order-broadened Landau levels. The experiments in the
ultrahigh electron mobility samples show that these stud-
ies could also unravel intriguing physics of electron-
electron interactions in the lowest-disorder systems. Of
special interest is the extreme magnetic quantum limit,
where condensation into the incompressible fluid of the
FQHE is predicted to alter the mode dispersions.
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