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Spin and Charge Density Excitations and the Collapse
of the Fractional Quantum Hall State atw = 1/3
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Inelastic light scattering from 2D electrons below 100 mK reveals collective charge and spin
density excitations of the incompressible electron liquid at Landau level filling facter 1/3 and
provides experimental evidence for a magnetoroton minimum in the charge density dispersion curve.
The temperature scale for the collapse of electron correlation in the spin-polarized electron liquid is
determined by thermal excitation of long-wavelength spin waves. [S0031-9007(97)03255-9]

PACS numbers: 73.40.Hm, 73.20.Mf, 75.40.Cx, 78.30.Fs

The fractional quantum Hall effect (FQHE) is a collec- From their resonant enhancement profiles we find evi-
tive phenomenon characteristic of a two-dimensional elecdence for the existence of a continuum of CD excitations
tron system (2DES) in a perpendicular magnetic field: abetween the energies of the= 0 andq = qur (Mag-
certain fractional values of the Landau level filling factor netoroton) modes. From the temperature dependence of
v the Hall resistance is quantized and electrical transpothe exchange enhancement of the# 0 SD mode we
is dissipationless [1]. This is a manifestation of a quali-infer that the thermal collapse of electron correlation at
tatively new class of ground state—an incompressibler = 1/3 is mainly due to excitation of long-wavelength
electron liquid [2]—in which strong electron correlation spin waves.
suppresses short-range electron-electron repulsion. Two samples of a high-mobility 2DES u(=

Elementary excitations of the spin-polarized [3] elec-10’ cnm?V~'s™ ', n =97 X 10°cm™2 and 9.1 X
tron liquid at » = 1/3 are of central importance to 10'° cm™2) confined at a single Gak&ag7Al(33AS
theories of the FQHE. Neutral charge density (CD) ex-heterojunction were studied in the temperature range
citations have nonzero energy at zero wave vector, an80 mK—3 K. Laser excitatiof<<1 W) from an etalon-

a deep “magnetoroton” minimum in the dispersion curvetuned Ti:sapphire laser with linewidtR neV passed
characteristic of short-range order, is predicted to occur ahrough windows into the dilution refrigerator. Scattered
a wave vectoiqvr close to the inverse magnetic length light was collected by optical fibers and analyzed with a
o' = .JeB/I [4]. Large wave vectog.. neutral CD ex- quadruple spectrograph allowing measurement of Raman
citations consist of pairs of fractionally charged quasiparscattering down to a Stokes shift d20 weV with a
ticles [2,5]. In a model system with zegofactor a branch  spectral resolution 020 pweV. Simultaneous resistivity

of spin density (SD) excitations lies below the CD branchmeasurements were used to check both temperature and
[6]; the two branches approach each other nggg [7].  filling factor: we estimate that the electron temperature
In GaAs the energy of SD excitations is increased by thevas <50 mK above the sample temperature.

Zeeman energy: at sufficiently high magnetic fields the Figure 1 shows low-energy Raman scattering at
SD and CD branches may cross. 50 mK. Each spectrum corresponds to a different laser

The energy of aq.. excitation can be obtained by energy within the band of photoluminescence due to
measurement of thermally activated resistivity, but it isinterband recombination of electrons in the 2DES [11].
much more difficult to measure the energies of excitaHighlighted peaks have a fixed Stokes shift below the
tions with finite wave vectors. Pinczuk and co-workerslaser photon energy and correspond to resonant inelastic
have measureq = 0 CD and SD excitations using in- light scattering. The laser energies at which scattering
elastic light scattering [8]; phonon absorption measurets resonantly enhanced are fixed relative to the photo-
ments, without wave-vector resolution, have also beefuminescence spectrum of the 2DES [11] (the absolute
used to investigate intra-Landau level excitations [9].resonance energies are different in the two samples)
In this Letter we report measurements of SD and CDconfirming all four peaks as scattering from 2D electronic
excitations atr = 1/3 using resonant inelastic light scat- excitations.
tering. Disorder-induced breakdown of wave-vector con- Very sharply resonant scattering from excitations C
servation at resonance [10] allows measuremert #f0  (ec = 1.07 meV) and M (e = 0.68 meV) is observed
wave-vector-forbidden scattering. We observe four diswhen the laser is tuned so that the outgoing photon
tinct low-energy electronic excitations: their extreme senimatches a resonance energy common to the two modes.
sitivity to temperature, together with the dependence C is observed at different magnetic fields in the two
of their intensities and energies, identifies them as S®amples but in the same narrow range of filling factors
and CD excitations aff = 0 and at finite wave vector. » = 1/3 = 1%; the width of the resonance is at most
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S of laser energies between those at which M and C
are observed, and within a second range within lumi-
nescence from the ground subband (not shown). S is

Laser SW resonant over a broader range of laser energigsneV
energy ‘ spanning the spectrum of photoluminescence from the
(meV) \; /\/ 2DES; in general S is enhanced where SW is weak
1519.74 \ or absent from the Raman spectrum. The intensity of
2 1519.87 s M scattering from S and SW falls above 1 K (by a factor
g 1519.96 of ~5 at 2.5K). Figure 2 shows the magnetic field
= 150007 1 dependence of the energies of both modes. The energy
T 152013 of S is proportional to magnetic field over (at least)
152023 ¢ the range 8-16 T (i.e.]/2 < v < 1/4) and is close
::22: w to the Zeeman splitting expected for electrons confined
1520.51 : ______,.—/\' in the 2DES [19]. SW increases in energy with field
1520.60 — — with approximately the same slope as S, but with a
152068 ——— ; . . . . slight but distinct dip atv = 1/3. On the basis of their

field dependence and resonance profiles both modes
are identified as SD excitations: S corresponds to
wave-vector-allowed scattering fromp = 0 modes [8];
FIG. 1. Resonant light scattering at 50 mK from spin andSW is attributed to disorder-activated scattering from
charge density_excitations of the ZDESla’t: 1/3 The I'Q"- q # 0 modes whose energy is increased by exchange.
off at 150 ueV is due to the spectrograph’s bandpass slits. The narrow linewidth of SW suggests that it is due
to a narrow peak in the spin wave density of states.
~(0.1 meV and narrows away from = 1/3. Scattering Exact [7,20] and Hartree-Fock [21] calculations show a
from C is extremely sensitive to temperature and vanishesirge density of states where the dispersion curve comes
at ~1 K. These characteristics provide strong evidencelose to the continuum of SD (and CD) multiple exci-
that C is a collective excitation of the 2DES. We tations nearg ~ I, '; flattening of the dispersion curve
have observed M over a wider range of filling factorsmay be regarded as due to interaction with continuum
0.31 = v = 0.38. The scattering resonance of peak M SD modes [22]. This part of the dispersion curve has
is so narrow(<0.05 meV) that it cannot be determined an energy close to thq.. asymptote [7]; the difference
whether it has a constant Stokes shift: its assignment dsetweenssw and es, which corresponds to the exchange
inelastic light scattering is based on its sharp resonancenhancement ofsy above the bare Zeeman energy, is
its common resonance energy with C and its correlatioimmuch smaller than the calculated. spin wave energy,
with spin wave scattering (see below) [12]. C and M arehowever. A peak in the spin wave density of states at
identified as CD excitations. Small wave vectpr= 0  such a low energy may be due to interaction between
CD excitations are expected to be extremely sensitiv&éD and CD excitations allowed by the inversion asym-
to changes in filling factor as there is no excitation gapmetry of the GaAsGaAlAs heterojunction [23] leading
where the 2DES is compressible away fren= 1/3: C,
which is seen only in a narrow range of filling factors

00 02 04 06 08 1.0 12 1.4
Stokes shift (meV)

around the incompressible state:at= 1/3, is identified 0.45 "
as wave-vector-allowed scattering [13] frogn~ 0 CD L v=2/5 v=183 o’
modes in agreement with Pinczuk and co-workers [8,14]. 0.40 | | | O *sw .
We expect magnetoroton modes, characteristic of short- P~ . &°
range order in the electron liquid, to be relatively robust g SoN®
to changes in filling factor: M is identified as disorder- = 0.35 - o’ R
activated scattering [10,15] from a magnetoroton peak in = o’ ." S
the density of states. These assignments are consistent @ 030 * e
with theoretical estimates 00.158E. = 1.1 meV for g ,?'f
q =~ 0 CD modes and0.063B8E. = 0.5 meV for the 2 L
magnetoroton mode [4,16] wherE. = ¢?/4mel, and 0.25 - e
B = 0.5 is a correction for the finite thickness of the e
2DES [17]. They are also compatible with thg. 0208 1t v v 11
quasiparticle gap of 0.50 meV deduced from transport 8 9 10 11 12 13 14 15 16
measurements [18]. B (T)
Figure 1 .also shows Raman scattering from IOW'FIG. 2. Energies of spin excitations S and SW vs mag-
energy excitations $es = 0.27 meV) and SW(esw =  netic field. The dashed line corresponds géas = —0.44

0.35 meV). SW is resonantly enhanced within a range[C. Weisbuch and C. Hermann, Phys. Rev.1B 816 (1977)].
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to an avoided crossing neqfir: SW and M might cor- by integrating the Bose-Einstein distribution function
respond to scattering from the lower and upper branchesyver phase space for SD modes [25]. This approach is
respectively. The dip iresw is consistent with a lower- reasonable at low temperatures when the polarization is
ing of the magnetoroton energy due to particularly strondarge (it gives a good approximation to the polarization
short-range order at = 1/3, but the fact that the ex- calculated by Kasner and MacDonald [26]iat= 1 using
change enhancemefisyw — es) changes so little is sur- many-body perturbation theory while the polarization
prising as the magnetoroton energy is predicted to b&s above 70%). The results of this calculation are
strongly dependent on filling factor [4]. However, the displayed in Fig. 3, curve A; it is remarkably successful
resonance profile, magnetic field dependence, and corréx reproducing the sharp depolarization at 1 K. For
lation with scattering from CD excitations, as well as thecomparison we also show curves corresponding to the
temperature dependence described below, provide defifiellowing: B, a non-self-consistent calculation in which
tive evidence that SW corresponds to a spin excitation ofhe dispersion curve always corresponds to that of the
the 2DES. fully polarized system; C, the polarization of a system
Figure 3 shows the temperature dependences@af at  of composite fermions [27] at™ = 1 with an excitation
v = 1/3. As temperature increasesyw falls continu- gap to a spin-reversed composite fermion Landau level
ously to the energy of the long-wavelength spin waye equal to the large-wave-vector spin excitation energy
We interpret this as evidence for a decrease in exchangg«) = |g*|ugB + (v; — v))A. Itis clear that both the
energy due to a rapid loss of spin polarization and theself-consistent reduction in the energy of spin excitations
collapse of thev = 1/3 correlated state at-1 K. The at high temperature and the presence of low-energy, long-
Hartree-Fock exchange contribution to spin wave enerwavelength spin modes significantly hasten the onset of
gies at all wave vectors is proportional to spin polarizationdepolarization.
[24]: the energy shiffesw — es) is therefore a measure  Figure 3 shows that the collapse in the intensity of the
of the spin polarization of the 2DES. This interpretationq = 0 charge density mode C occurs at the same tempera-
does not rely on any assumption about the spin wave didure as the loss of spin polarization. This suggests that,
persion or the wave vector of SW. We have modeledat least at small wave vectors, the branch of CD excita-
our results by comparing the exchange enhancement ¢ibns that at large wave vectors dominate low-temperature
esw to the polarization calculated assuming a spin wavearansport ceases to be well defined when thermal fluc-

dispersion: tuations depolarize the electron spins. The quasiparticle
) gap is usually deduced from transport measurements be-
e(q) = lg"lupB + (v — v)) low the temperature at which spin polarization is abruptly
X A{1 — expg—(a/A) (glo)*T}, lost(~1 K); at higher temperatures the resistivity deviates
from a simple activated behavior.
wherew;, v) are the partial filling factors of the twy = Chakraborty and Pietildinen [28] find that the spin

0 Landau levels and andA are chosen to match (at zero polarization of five electrons on a sphere @at=1/3
temperature) the short- and long-wavelength behaviordecays by 50% at 3 K. To model our experimental
of the spin wave dispersion calculated by Rezayi [7]results it will be important to take into account the finite
corrected for the thickness of the 2DES [4,17]. Thethickness of the electron system. The absence of long-
density of reversed spins is calculated self-consistentlyvavelength modes in a small system will also affect the
comparison.

The resonance behavior of collective excitations also

0.08 2 e 41.0 reveals important details of the dispersion of CD modes.
- L \ IR . F Resonant scattering from CD excitations C and M (Fig. 1)
> 0.06 * N 108 2 has different Stokes shifts but is observed at the same abso-
£ e AN 1.2 lute photon energy. We conclude that scattering for both
< 0.04 k- oA ‘:: B ‘\\C ] 0.6 E processes .is enhanced by a com.mur(goingresone_mce:
' 4 ~~.doa S this is indicated schematically in Fig. 4(a). Figure 1
= ol ¢ : ] T shows that when the laser is tuned such that C or M is ob-
o 002 - o b 402 % served then scattering from SW also occurs; this suggests
i, - ° that in these spectra scattering from SD and CD excitations
0.00- . ° e I' .. ., 100 & is enhanced by a commamcomingresonance. Scattering
0 1 2 3 from C and M is thugloublyresonant [Fig. 4(b)]. Simi-
T (K) lar double resonance effects were reported by Pinczuk

_ o and co-workers in disorder-activated Raman scatter-
FIG. 3. e Exchange enhancement qf # 0 spin excitation ing at » = 1 [10]. The existence of real transitions

SW over a range of temperaturesintensity of light scatterin . . . . )
from q = 0 ch%rge dengity excitation g Li?les show s%in resonant with the incoming photons is confirmed by

polarization of the 2DES calculated using approximationsUsing the intensity of luminescence from the 2DES as
described in the text. a measure of interband absorption (photoluminescence
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