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Evidence of electron correlations in plasmon dispersions of ultralow density two-dimensional
electron systems
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Ultralow density two-dimensional electron systems are probed by inelastic light scattering at wave vectors
large enough for both correlation and nonlocal effects to be significant. We find well-defined plasmons with
dispersions that deviate from the ‘‘classical’’Aq limit. At lower temperatures, the deviation is negative and
scales with the interparticle spacing and becomes positive as temperature increases. These results are inter-
preted as evidence of large correlation effects, arising from the predominance of electron interactions over
nonlocal corrections at low temperatures.
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The dominance of Coulomb interactions in electron s
tems can cause either classical or quantum phase trans
to highly correlated states,1,2 where the charge distribution i
the electron system is dictated by electron interactions. Th
is much recent work in two dimensional~2D! systems on the
possible existence of highly correlated states.3–6 A complete
understanding of the low-temperature 2D ground state
definitive identification of novel quantum phases remains
actively pursued goal.6 When the kinetic energy of the sys
tem is well represented by the Fermi energyEF , the impact
of interactions is defined through the Coulomb energyEc

5e2/ea asr s5Ec /EF5a/a0* , where 2a52/Apn is the in-
terparticle spacing anda0* is the effective Bohr radius
Above a criticalr s the 2D electron system may undergo
quantum phase transition to a broken symmetry state, suc
a Wigner crystal.7 It is likely that correlation will change the
electron distribution at length scales of the order of the
terparticle spacing well before the system undergoes a p
transition. Experiments that probe strongly interacting el
tron systems at length scales of the order of the interpar
spacing may offer the insights that unambiguously iden
correlations due to Coulomb interactions.

Here we report evidence of correlation in ultralow dens
2D electron systems from inelastic light scattering studies
plasma oscillations. Light scattering experiments at la
wavelengthslL;a reach wave vectors in the range of fu
damental wave vectors: the Fermi wave vectorkF5A2pn;
the Debye screening wave vectorkD52pne2/ekBT; and the
Brillouin zone wave vector of a crystal phase,8 which is
roughly kBZ5p/2a. We find that determinations of plasmo
dispersions probe electron interactions because the pla
frequencyvp can be modified by correlation effects, whic
effectively reduce the Coulomb interactions, when the wa
vector transferq*1/a. Near these wave vectors, electro
correlation from Coulomb interactions should manifest its
in negative higher order inq corrections to the plasmon dis
persion.

Throughout our range of measurements, which extend
densities below 109 cm22 and a*0.18 mm, we find well-
defined plasmon modes that disperse roughly accordin
0163-1829/2002/65~16!/161309~4!/$20.00 65 1613
-
ns

re

d
n

as

-
se
-
le
y

f
r

ma

e

f

to

to

the lowest-order relationvp;Aq, with a negative correction
that scales withr s in theT→0 limit. These results are inter
preted as manifestations of correlation from Coulomb int
actions between electrons. At higher temperatures, comp
tion with positive corrections from single-particle nonloc
effects9–13 determines the sign and magnitude of correctio
to the lowest-order dispersion. These remarkable results
tend to systems with large interaction strengthsr s;20 for
large wave vectorsq.1/a. Calculations of the plasmon dis
persion that incorporate electron correlation14,15 show trends
that are consistent with our results.

At the lowest densities and larger s values, the determined
correlation corrections are strong enough to be signific
contributions to the plasmon energy atq;kBZ . Because
light scattering measurements in these ultra-low-density s
tems can reach wave vectorsq.kBZ , the periodicity of the
mode dispersions can be used to identify crystal phase
ways that are analogous to Bragg scattering experime
This is a particularly exciting prospect because the inter
tion strength in our lowest density sample isr s;20, which
approaches the regime ofr s where Wigner crystallization is
predicted to occur.7

The 2D electron systems examined here are formed
GaAs single quantum wells~SQWs!, with well widths w
5330 Å. The SQWs are asymmetrically dope
GaAs/AlxGa12xAs heterostructures with 0.03.x.0.01.
With modifications of previous designs,16 we have produced
high-quality 2D electron systems with densities as low an
57.73108 cm22. We shall discuss the results obtaine
from three such samples, which we denote asA, B, andC.
These samples have electron densities (r s values! of 4.0
3109 cm22 (8.7), 1.33109 cm22 (15.2), and 7.7
3108 cm22 (19.7), respectively. The density is determin
for sampleA from transport measurements of the quantu
Hall effect17 and has an uncertainty of 1%. Reliable tran
port data are not available for the lower density systems
cause the sample designs are optimized for light-scatte
measurements, making them difficult to contact electrica
The density in samplesB and C is therefore determined by
fitting the plasmon dispersion with Eq.~1!, as described be
©2002 The American Physical Society09-1
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low; the uncertainty in these determinations is roughly 10
The transport measurements of sampleA show that the 2D
system has a record high mobilitym593105 cm2/V s at 15
mK. Previous attempts to reach this density range by ga
higher-density samples18,19 have resulted in a decrease
mobility to below 105 cm2/V s.

Resonant inelastic light scattering spectra are obtaine
a backscattering geometry, shown in the inset of Fig. 1~c!.
The wavelength of the incident photons is tuned close to
fundamental optical gap of the GaAs SQW. The incide
power density is kept between 1.531021 W /cm2 and 1
31023 W / cm2 and no evidence of laser-induced heating
seen in these measurements. Samples are mounted in a
helium cryostat with windows for optical access, and a
cooled either by immersion in liquid helium or by conta
with helium vapor. The angleu between the plane of the 2D
electron system and the incident photons can be continuo
tuned to define theq transferred to the 2D system, which fo
low-energy excitations can be written asq5(4p/lL)sinu.
We are able to acquire spectra at anglesu<65°. This allows
us to access wave vectors as large asq51.43105 cm21,
which for our densities can be close tokD and significantly
above 1/a, and consequentlykF andkBZ .

Figure 1 shows typical spectra from samplesA, B, andC.
In all three cases, the plasmons are well defined and dis
sive. Figure 2 displays the dispersions measured at 1.85
the highest and lowest density systems, samplesA and C,
respectively. For sampleA, the dispersion is reasonably d
scribed by the long-wavelength limit given by classic
electrodynamics10–12,14,15: vp5v0[A(2pne2/em* )q, with
e513 andm* 50.067m0. The dispersion in sampleC, which
has a record highr s519.7 for a 2D electron system in GaA
also seems to follow thisvp;Aq dependence even at wav
vectors as large asqa51.6. This is remarkable because w
expect significant deviations from this limit due to intera
tion effects that appear as higher order inq corrections. In
this work, we consider three such effects. Correlation and
finite width of the electron layer both lowervp because they

FIG. 1. Plasmon spectra from~a! sampleA at various tempera-
tures for a fixed wave vectorq51.183105 cm21, with the arrows
indicating the values ofvp predicted by RPA calculations~Refs.
10–12!; ~b! sampleB at various angles atT51.85 K, with dotted
lines indicating an appropriate SQW photoluminescence ba
ground subtraction;~c! and sampleC at various angles at 1.85 K
~inset shows the backscattering geometry!.
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effectively decrease the impact of the Coulomb interaction
large wave vectors. The former does so whenqa*1, while
the latter may become apparent atqw*1. The third and only
positive correction comes from nonlocal effects, which a
significant whenqv;v0, wherev is the characteristic ve
locity of the electrons~the Fermi velocityvF5\kF /m* at
T50 and the thermal velocityvT5A2kBT/m* in the non-
degenerate limit!. To quantify the deviation, we write the
plasmon dispersion beyond lowest order as

vp
25v0

2@11jq#, ~1!

where j is the strength of the first correction term. Whe
higher-order effects such as correlation are significant, t
will enter into the dispersion throughj.

The behavior ofj reveals significant negative correction
due to correlation. Consider first the results in Fig. 2~a! for
the plasmon dispersion measured in the highest-den
sample atT51.85 K51.1TF , whereTF5(1/kB)EF , which
is best described by Eq.~1! with a small negative correction
j520.089a. From the temperature dependence ofvp
shown in Fig. 1~a!, it is also clear thatj varies markedly with
temperature, changing to a much largerj510.386a at
7.90 K. The negative value ofj is interpreted as evidence o
the existence and impact of correlation effects on the p
mon dispersion. The change in sign ofj at higher tempera-
tures indicates that a large positive term attributed to non
cal field corrections can become larger than correlation te
in the nondegenerate limit. Similar behavior ofj is seen in
the dispersion and temperature dependence ofvp in sample
C, shown in Fig. 2~b!. Since finite width corrections are
smaller and temperature independent, they cannot acc
for these trends~as discussed below!.

The competition between correlation and nonlocal corr
tions to the plasmon dispersion is particularly well display
in dispersions of the intermediate density sampleB in Fig. 3.
In this sample, the intermediate temperature (T51.85 K)
dispersion has very little deviation from thevp;Aq behav-
ior, and is well fit byj510.009a for n51.33109 cm22.
This small value ofj indicates that at this temperature th
negative correlation and positive nonlocal corrections

k-

FIG. 2. ~a! Plasmon dispersion from sampleA ~squares!. The
solid line shows the dispersion withj50, while the dashed line is
a fit with j520.089a. ~b! Dispersion from sampleC ~squares!
with the best fit line forj50. The inset showsvp at various tem-
peratures forq50.533105 cm21.
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roughly equal in magnitude. At temperatures belowTF , the
correlation correction dominates and the dispersion is we
by a negativej520.116a. This behavior is reversed a
higher temperatures, where the nonlocal effects are la
and the correction becomesj510.220a.

The T→0 behavior ofj reveals further evidence of
correlation correction tovp . In Fig. 4, we show a summar
of the j values obtained from the data in Figs. 1–3. For
three samples,j/a converges to nearly the same negat
value at low temperatures, indicating thatj(T→0) scales
close to linearly with r s;a. Because the nonloca
correction9 is positive and very small in the low-temperatu
limit, it cannot be the dominant contribution toj(T→0) at

FIG. 3. Plasmon dispersion from sampleB at 1.85 K ~circles!
and 4.55 K~squares!; 250 mK measurements~triangles! by Eriks-
son et al.16 are also shown. Error bars are shown only on
4.55 K data for clarity. The solid lines show the dispersions fit w
j510.009a at 1.85 K, j520.116a at 0.25 K, and
j510.220a at 4.55 K. The upper dotted line shows the RP
calculation10–12for the dispersion at 4.55 K, while the lower dotte
line shows the dispersion for a crystal state with a hexago
lattice.8 Also shown is the location ofkBZ5p/2a, the approximate
location of the Brillouin zone wave vector.8

FIG. 4. Corrections tovp , as defined in Eq.~1!, in units of the
interparticle spacing from samplesA (4.03109 cm22), B (1.3
3109 cm22), andC (7.73108 cm22). For sampleB, the values
of j are based on fits of the dispersion, while the other values
based on temperature dependencies ofvp at a fixedq. Characteris-
tic error bars forj/a are shown on one point. An additional unce
tainty in the temperature of the lowest temperature data point16 is
also indicated. In the limitT→0, j scales witha;r s , indicating
that the behavior in this limit is driven by correlation.
16130
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ultra-low densities. Since negative finite width effects
low-density systems are expected to be independent of t
perature and density to lowest order, they should not sc
with r s ~anda). Further, it has been proposed that the co
bination of the finite width and nonlocal corrections in o
2D systems should have little impact at low temperatu
because they should cancel almost exactly.15 We therefore
interpret the limiting value

j~T→0!52~0.1760.04!a ~2!

as the negative correction tovp due to correlation effects.
The correction from nonlocal effectsjNL can be calcu-

lated within the random phase approximation~RPA!.9–12 We
find that in the two lowest density samples, the differen
Dj5j2jNL becomes more negative with increasingT.
Since correlation should weaken at higherT, we interpret
this trend inDj as an evidence that RPA overstates the n
local correction tovp in large r s systems. Further evidenc
of the discrepancy between the RPA and the plasmon dis
sions measured by us can be seen in the 4.55 K dispers
shown in Fig. 3 and in the temperature dependence of sam
A in Fig. 1~a!.

Calculations ofvp that include correlation effects ar
consistent with our results. Very recently, Hwang and D
Sarma15 have modified the RPA calculations to include co
relation effects at finite temperatures through a variation
the Hubbard approximation. They calculate the correlat
correction in theT→0 limit as jc52a/2A250.35a. This
calculation matches the scaling with the interparticle spac
observed in our results, but is a factor of two larger
strength. Hwang and Das Sarma find that their results are
significantly altered by using other methods to account
the static corrections, such as those based on the forma
developed by Singwi, Tosi, Land, and Sjolander20 ~STLS!. A
dynamic version of STLS may be more consistent with o
results because the plasmon dispersions it generates lie
tween those from RPA and static STLS.21 In the nondegen-
erate regime we resort to a calculation that computes
plasmon dispersion in strongly coupled nondegenerate C
lomb liquids based on the physical model of quasilocaliz
particles occupying randomly located sites that are conti
ously rearranged.14 Within this formalism,j53lD1D(q)
where 3lD53kD

21 is the nondegenerate, nonlocal correcti
and D(q) is the pair-correlation function. Combined wit
numerical values from Monte Carlo simulations,22 this pro-
vides an explicit form for the correction in our region o
interest: j52a@(0.6906/G)1(0.1109/G3/4)20.175#, where
G5Ec /kBT5a/2lD is the nondegenerate equivalent ofr s .
The third term represents theT→0 limit of the correlation
correction and is again consistent with the scale observe
our measurements but too large by a factor of two. We n
that because our lowest-temperature measurements
done atT>0.5TF , we could find more pronounced effects
correlation at still lower temperatures.

At larger r s and lower temperature, the systems may u
dergo a phase transformation and become fully correla
By comparing the low-temperature dispersion in Fig. 3 to
expected phonon dispersion for a crystal of the sa

al
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density,8 we find that sampleB has not yet entered this re
gime. The ability to make this comparison demonstrates
inelastic light scattering in ultralow density 2D system
which can accessq*kBZ , can differentiate between differen
ground-state phases. Also, as seen in Fig. 1~c!, the plasmons
should be easily resolved atr s537 even though their ener
gies will be roughly a factor of two lower.

Finally we note that inelastic light scattering also prob
the damping of ultralow density 2D plasmons. As seen
Fig. 1, intensities of plasmons in these nondegenerate
tems are very weak above a critical wave vector that is te
perature dependent. These cutoffs, an example of whic
seen in Fig. 1~b! to occur in sampleB at 4.55 K for q
.105 cm21, are roughly consistent with Landau damping11

which occurs whenvp;qvT , wherevT is the average ve
locity of the electrons with energykBT. Before the cutoff the
full width at half maximum~FWHM! of the plasmon in-
creases withq and T. For all three samples at 1.85 K, w
find that the width before the cutoff, corrected for instrume
tal broadening, is described by FWHM5aq, wherea51.2
31026 meV/cm21. This density and wave vector de
r,

nd

od

d
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pendence is consistent with collisional damping.12 Similar
results have also been seen recently in degenerate 2D
tems by Nagaoet al.23

In summary, we have measured dispersive plasmon e
tations of extremely dilute 2D electron systems with den
ties that extend below 109 cm22 and r s;20. These experi-
ments probe 2D systems at wave vectors that are la
enough for correlation and nonlocal effects to be pronoun
in the dispersions. We find well-defined plasmons whose
ergies at relatively largeq and variousT show evidence of
being modified by correlation effects arising from the pr
dominance of Coulomb interactions. Our results also dem
strate the ability of inelastic light scattering, which can a
cessq*kBZ in ultralow density systems, to identify quantu
phase transitions to crystalline states predicted to occur
cause of strong interactions.

We wish to thank S. Das Sarma, A.J. Millis, S.H. Simo
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ported in part by the Nanoscale Science and Enginee
Initiative of the National Science Foundation under NS
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