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Collective Excitations in the Dilute 2D Electron System
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We report inelastic light scattering measurements of dispersive spin and charge density excitatio
dilute 2D electron systems reaching densities less than1010 cm22. In the quantum Hall state atn  2,
roton critical points in the spin inter-Landau level mode show a pronounced softening asrs is increased.
Instead of a soft mode instability predicted by Hartree-Fock calculations forrs , 3.3, we find evidence
of multiple rotons in the dispersion of the softening spin excitations. [S0031-9007(99)08583-X]
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As the density of a two-dimensional electron syste
decreases, unusual behavior is expected due to the
creasing importance of the electron-electron interactio
Wigner originally predicted that at sufficiently low den
sity an interaction driven phase transition to a crystal sta
would occur [1]. It is possible, however, that quantum
phase transitions to other broken symmetry states may
cur before the onset of crystallization. In the quantu
Hall regimes, low energy rotons in collective excitation
have been identified as possible precursors of instabilit
at low electron densities [2–4]. Such collective excita
tions of quantum Hall systems have been observed us
inelastic light scattering [5–7]. Until now, however, mea
surements have been restricted to high density syste
relatively far from predicted instabilities. In this Letter we
report inelastic light scattering measurements of high m
bility dilute 2D electron systems with densities less tha
1010 cm22, in the range where instabilities have been pr
dicted to occur [3].

In the quantum Hall regime breakdown of wave vec
tor conservation due to weak residual disorder activa
light scattering by critical points in the dispersion of co
lective modes, allowing the observation of roton minim
in dispersion curves (Fig. 1c). We find that the roton o
spin-density inter-Landau level ( ILL) excitations atn  2
displays a significant softening at low density. At dens
ties similar to those where Hartree-Fock calculations pr
dict a zero-energy spin density mode [3], additional pea
appear in the light scattering spectra. These sharp pe
can be understood as the appearance of multiple rot
in the dispersion of the spin density excitation (SDE
We propose that the emergence of multiple rotons at ve
low density arises from a mixing of higher Landau lev
els into the ground state wave function. The roton inst
bility of Hartree-Fock calculations seems to be remove
or pushed to lower density by Landau level mixing in th
ground state.

In light scattering with wave vector conservation w
measure dispersive 2D plasmons (at magnetic fieldB 
0) and charge density ILL excitations atB fi 0 (mag-
netoplasmons). Well-defined dispersions are observed
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densitiesn & 1010 cm22. Because of the low electron
density, we can measure the dispersions up to wave v
tors approaching1yl0, wherel0 

p
h̄cyeB' is the mag-

netic length andB' is the magnetic field normal to
the sample.

The samples in this work are GaAsyAl xGa12xAs single
quantum wells containing high quality two-dimension
electron systems. In order to achieve low densiti
without gating the samples, we use heterostructure desi
with large setbacks of the quantum well from the S
delta doping and very low aluminum concentrations
the barriers. The setbacks vary from 600 to 2400
and the aluminum concentration varies from10% down

FIG. 1. (a) Experimental geometry. Changing the angleu

changes the scattering wave vectorq 
4p

l sinu. (b) De-
polarized inelastic light scattering spectrum of a sample w
rs  1.8 at n  2. (c) Charge density and spin densit
excitations as a function of wave vectorq in a Hartree-
Fock approximation.
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to 3%. The transport mobility of our samples exceed
1.5 3 106 cm2yV s at a density of1.3 3 1010 cm22. For
more dilute samples, the dispersive plasmon is used
determine the electron density [8].

As shown in Fig. 1(a), light scattering spectra are a
quired using a backscattering geometry at sample te
peratures less than 200 mK. The angleu between the
normal to the sample and the incident/scattered light
continuously tunable betweenu  660± at low tempera-
ture, allowing the scattering wave vectorq 

4p

l sinu

to vary betweenqmin ø 0 and qmax  1.3 3 105 cm21.
The laser excitation is kept close to the fundamental l
minescence (lL  8160 6 20 Å) to provide resonant en-
hancement. Incident power densities are always low
than 3 3 1024 Wycm2. More details on resonant light
scattering may be found in Refs. [9]. It is convenient t
define the electron density in terms of the usual dime
sionless parameterrs ; 1

p
pn

mbe2

e h̄2 , wheremb  0.067 is
the band effective mass, ande  13 is the dielectric con-
stant [10].

Inelastic light scattering mechanisms can be classifi
into two types: those that conserve wave vectorq, and
those that do not to conserveq [9]. Marmorkos and
Das Sarma have written the intensity of scattering
Isq, vd ,

R `

0 fqskdSask, vd dk, where Sask, vd is the
dynamical structure factor [11]. For the charge dens
responsea  r andSr is a density-density correlator; for
the spin density responsea  s and Ss is a spin-spin
correlator. fqskd depends on the length scale and on th
strength of the disorder. In the absence of disorder,
for long wavelength disorder, wave vector conservation
maintained:fqskd is sharply peaked atk  q, andIsq, vd
maps out the dispersions of collective excitations. In t
presence of short wavelength disorder,fqskd is broad, and
light scattering is independent ofq: Isvd is peaked at the
energies of critical points in the density of states (DOS
for collective excitations. In intermediate cases, bo
critical points in the DOSand the wave vector conserving
dispersion may be visible. In our samples and at integ
quantum Hall states, we find that the light scattering f
charge density excitations (CDEs) conserves wave vec
when the setbackd . 1600 Å, and breaks wave vector
conservation whend , 1600 Å. When d ø 1600 Å we
observe both types of scattering.

Figure 1(b) shows a light scattering spectrum o
ILL excitations in a sample with densityn  9.6 3

1010 cm22, corresponding tors  1.8. The incident and
scattered light have perpendicular polarizations (depol
ized spectra), indicating that the light scattering peak
due to spin-density excitations [12]. Because of the sp
symmetry atn  2, the spin density inter-Landau leve
excitation is expected to be a triplet mode [2,3]. The sha
triplet of Fig. 1(b), whose components have a full widt
at half maximum less than20 meV, is a direct observation
of this degeneracy. The peaks in the triplet are label
by the change in angular momentumdmz parallel to the
2164
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magnetic fieldB, and their splitting is the Zeeman energy
We observe triplet excitations in all measured sample
up to rs  3.3. At larger rs, the Zeeman splitting is too
small atn  2 to resolve the triplet.

The triplet in the depolarized spectra of Fig. 1(b) is
shifted below the cyclotron energȳhvc by 12%. As
is the case for all depolarized spectra we report her
the light scattering in Fig. 1(b) is independent of angl
u and wave vectorq. Wave vector independence is
the experimental signature of disorder activated scatteri
[13], so we identify the triplet as the roton minimum of
the SDE, as shown in Fig. 1(c).

Figure 2(a) shows light scattering spectra of spin ex
citations atn  2 in a sample withrs  4.9. The two
sharp peaks do not depend on angleu, indicating that they
correspond to densities of states in the dispersion curv
Both peaks are shifted well below̄hvc. The two peaks
do not correspond todmz components of the spin excita-
tions, because the Zeeman energy is less than10 meV at
this field. The appearance of two such distinct peaks
light scattering spectra of the spin excitations at largers is
surprising, because only a single critical point is expecte
in the dispersion of spin excitations [2,3,5].

The solid circles in Fig. 3 are the measured energies
spin density excitations atn  2 in 8 samples covering a
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FIG. 2. (a) Two SDE peaks in a depolarized spectrum of
sample with rs  4.9. The peaks are split by much more
than the Zeeman energy. (b) Polarized spectra from th
same sample at four anglesu. Stars indicate critical points
activated by residual disorder, and downward arrows indica
the dispersive magnetoplasmon.
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FIG. 3. Solid circles: Summary of peaks in depolarize
spectra for eight samples, each with a different value ofrs.
Peaks at the same value ofrs appear in the same sample
Note the onset of multiple peaks atrs  3.3. Dotted line:
Calculated energy of the roton minimum in a Hartree-Foc
approximation. Dashed lines: Linear extrapolation of the da

wide range inrs. We can compare these energies with
calculation in the Hartree-Fock approximation (HFA) o
the energy of the spin-density roton minimum, shown
the dotted line in Fig. 3. The calculation includes both th
effects of the finite thickness of the quantum well [14] an
the self-consistent coupling between the excited states
Although the fit is excellent forrs , 2, the HFA predicts
a collapse of the roton energy atrs ø 3.3 which is not
observed in our data. The HFA is perturbatively exa
whenrs ø 1, but is of questionable validity forrs * 1.

It is remarkable that the onset of multiple peaks
spin excitations, like the two peaks in Fig. 2(a), occu
at approximately the same value ofrs as the predicted
HFA spin instability. Figure 3 shows that all the sample
with rs $ 3.3 have multiple peaks in depolarized spectr
The multiple peaks can be explained by the emergen
of multiple rotons in the SDE dispersion at largers,
which increase the number of critical points in th
collective mode DOS. Multiple critical points produce
multiple light scattering peaks. A naive extrapolation o
the measured roton energies to largerrs, as shown by
the dashed lines in Fig. 3, reveals potential instabiliti
in the range11 & rs & 14: although the HFA seems
to overestimate the tendency towards instability, a sp
instability may still occur before the anticipated transitio
to a Wigner crystal at even largerrs.

Figure 4 shows how the concept of multiple roton
explains the depolarized (SDE) light scattering peaks w
observe at largers. As shown in Fig. 1(c), however,
the HFA predicts only a single roton minimum in the
dispersion of spin excitations. The disagreement w
Hartree-Fock calculations of the collective modes ma
arise because the HFA assumesa priori that the ground
state atn  2 fills the lowest spin-split Landau level,
without Landau level mixing. The origin of the single
d
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roton minimum in the HFA is essentially the simple
structure of the 0th and 1st (orbital) Landau level single
particle wave functions, which have zero and one node
respectively. We suggest that the incorporation of highe
Landau levels into the ground state at largers increases
the complexity of the ground state wave function by
including single particle states with a finite number of
nodes. The finite number of nodes can lead to multiple
rotons in the collective excitations. This is analogous to
collective excitations at higher filling factors, which are
predicted to have multiple rotons [2,3].

Figure 2(b) showspolarized spectra at four angles in
the sample withrs  4.9. The light scattering peaks
are due to then  2 charge density excitation. Two
peaks, marked by the? under the peaks, are independent
of u and are due to critical points in the density of
states (DOS) for the CDE. Unlike all the spectra we
have discussed so far, there is one peak in Fig. 2(b
which does depend on angleu and wave vectorq. It
is marked by the vertical arrows in Fig. 2(b). At 25±

this peak overlaps the DOS peak at 0.9 meV. Previou
experiments using inelastic light scattering to measur
the CDE in the quantum Hall regime have utilized wave
vector breakdown to measure densities of states [5], o
have used gratings to determine a scattering wave vect
[10,15]. In this sample, withrs  4.9 andd  1600 Å,
we observe both wave vector conservingandwave vector
nonconserving scattering in the same spectrum withou
artificial gratings. This crossover from nonconserving
to conserving scattering is consistent with our earlie
discussion of wave vector conservation breakdown. Th
data are also consistent with a shift in the spectral weigh
towards the magnetoplasmon mode which is expected
low density [16].

Figure 4 is a summary of depolarized and polarized
light scattering in the sample withrs  4.9. The four
asterisks indicate the energy of wave vector independe
light scattering peaks, which arise from densities of state
in the collective modes. The position of the asterisks
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FIG. 4. Circles: Experimentally measured dispersion. Aster
isks: Energies of observed critical points. Lines: SDE and
CDE dispersions in a Fermi liquid theory approximation.
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along the horizontal axis serves only to elucidate th
discussion below. The solid circles represent the wa
vector conserving peak, withq 

4p

l sinu. The results
in Fig. 4 provide a unique opportunity to compare bot
the critical points of the dispersion curves, and the lowq
dispersion itself, with theoretical calculations. Althoug
the HFA was used with great success to calculate t
mode dispersions at smallrs, it fails in the regime of
large rs. Specifically, the HFA predicts an unobserve
zero-energy roton atrs ø 3.3; it also predicts only a
single roton minimum in SDE at all values ofrs, whereas
our experiment shows multiple critical points. A robus
approximation for largers electron systems is the Landau
Fermi-liquid theory (FLT) [16,17]. We are led to apply
FLT to our experiment because it provides a good meth
to treat the low density electron system at zero or sm
magnetic fieldB. In the same way that it was instructive
to push the HFA out of its range of validity to largers, we
find it useful to push the Fermi liquid theory out of its stric
range of validity to largeB, into the quantum Hall regime.

The lines in Fig. 4 represent the calculated dispersio
of spin and charge modes in a semiclassical FLT appro
mation using only the first significant Fermi liquid pa
rameters for charge,Fs

1, and spin,Fa
0 [18]. We recall

that Fs
1 andFa

0 determine the effective mass and the sp
susceptibility, respectively. The best fit to our data is ob
tained withFs

1  20.1 and Fa
0  20.87, which are not

unreasonable values for these parameters at this den
[19]. We mark with thick lines the regions where the
weight of the collective mode is large in the dynamica
structure factorSasq, vd. The weight inSasq, vd oscil-
lates because of variations in the commensurability of t
cyclotron orbits and the wave vector of the collective os
cillation; this is analogous to the variation in the matri
elements for the overlap of particle-hole pairs in HFA ca
culations. The dispersive peak represented by the so
circles in Fig. 4 is revealed to be the dispersive magne
plasmon. The weight inSasq, vd continues through the
avoided crossing at,2.1 meV, as observed in the experi-
ment [20]. The two critical points in the spin (charge
mode are explained as arising from two minima (maxim
in the dispersions. The variation in the weight ofSasq, vd
explains why peaks are observed at only specific flat r
gions of the dispersion curves.

The surprisingly good numerical agreement (only tw
fitting parameters were used,Fs

1 and Fa
0 ) between our

data and the FLT calculations must at this point b
regarded as fortuitous. Neither FLT nor the HFA ar
fully valid in our experimental regime. While the HFA
provides an excellent treatment of then  2 quantum
Hall system with weak interactions, it is expected to fail i
the strong interaction limit. Conversely, although FLT i
an excellent paradigm in which to treat strong interaction
in weak magnetic fields, it is not well suited to handlin
the fully quantum limit atn  2.
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We studied dilute 2D electron systems by means
inelastic light scattering. The magnetoplasmon shows
well-defined dispersion in the quantum Hall regime dow
to n , 1010 cm22. At n  2 the roton of the spin-
density mode softens at largers. The spin instability pre-
dicted by HFA calculations atrs , 3.3 is not observed,
but we find the emergence of multiple rotons in the spi
density mode. We suggest a mixing of higher Landa
levels in the ground state wave function as an explan
tion for the appearance of multiple rotons at largers. The
collapsing energy of the roton of spin excitations sugge
the possibility of instabilities at largers due to spin corre-
lations, in addition to the anticipated Wigner crystal.

We thank K. Todd and J. P. Eisenstein for calculatin
the charge density in the growth direction of our sample
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