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Collapse of Spin Excitations in Quantum Hall States of Coupled Electron Double Layers
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Remarkable softenings of long wavelength intersubband spin excitations of dilute electron double
layers are observed at even integer quantum Hall states. These excitations in coupled GaAs double
guantum wells were probed by resonant inelastic light scattering. Their softening is attributed to
enhanced exchange vertex corrections (excitonic binding) in the quantum Hall states. The collapse of
the spin-density mode wit@S, = 0 to an energy close to the Zeeman splitting suggests the existence
of unstable spin-flip intersubband excitations wéth, = 1. [S0031-9007(96)02143-6]

PACS numbers: 73.20.Dx, 73.20.Mf, 78.30.Fs

Studies of dispersive collective excitations in the integeWhile this zero-fieldinstability is not observed in GaAs
and fractional quantum Hall regimes offer unique insightsDQW [10], inelastic light scattering measurements in
into fundamental effects and new phenomena in elecperpendicular magnetic fielchave uncovered marked
tron systems of reduced dimensionality. The presence cfoftenings of the intersubband SDE at evermuantum
magnetoroton minima in the dispersions of charge-densitifall states [11]. A recent Hartree-Fock calculation links
excitations (CDE) is one of many characteristic manifestathese softenings with a quantum phase transition to a state
tions of electron-electron interactions [1,2]. The minimawith antiferromagnetic spin correlations between the two
occur at wave vectorg = 1/1,, wherely = (fic/eB)"/>  layers [12].
is the magnetic length arlis the magnetic field. Thero-  This Letter reports inelastic light scattering experiments
ton minima result from vertex corrections due to exchangén coupled GaAs DQW subjected to perpendicular mag-
Coulomb interactions in the neutral quasiparticle-quasihol@etic fields. The measurements reveal a dramatic soft-
pairs of the excitations. These interactions are excitoniening of the long wavelength intersubband spin excita-
effects that reduce the collective mode energies. tions of the dilute electron double layers in the DQW. The

In electron double layers, the introduction of theanomalies are observed gpin-unpolarizedeven integer
additional degree of freedom associated with layer indexjuantum Hall states, where we find that the collective
creates remarkable new electron correlation effects. Fanode energies can be as low @se-tenthof the B = 0
example, at filling factorr = 1 electron bilayers show values. This drastic drop in the energy of the sharp in-
intriguing and rich phase diagrams determined by theslastic light scattering peak of intersubband SDE reveals
magnitude of the symmetric-antisymmetric gag,s, a collapse of the mode to an energy close to that of the
the distanced between the layers, and the in-planeZeeman splitting of the electron states.
magnetic field [3—5]. In magnetotransport experiments, These anomalous SDE modes are observed in double
these quantum phase transitions appear as the suppressiayers that have relatively small tunneling gaps{s =
of the v = 1 state [4,6]. Several theoretical works havel meV), such that aiB = 0 the electrons populate an-
linked the disappearance of the quantum Hall state téisymmetric as well as symmetric states. Here the ef-
a vertex-correction-driven collapse of the symmetric tofective electron density participating in the intersubband
antisymmetric intersubband CDE energy at wave vectorgxcitations is reduced tm{-nas), the difference in the
g = 1/1y [7]. Although not yet directly observed, the populations of symmetric and antisymmetric states. This
predicted CDE instability highlights the major role of available phase-space factor determines the strength of ver-
excitonic effects on the dispersive collective excitationstex corrections [8]. The softening of the intersubband spin
of the electron gas in the quantum Hall regime. excitations is thus caused by the enhancement in the vertex

Inelastic light scattering experiments have previouslycorrections associated with magnetic field induced changes
shown that vertex corrections also have a major impadn available phase space for the excitations. This is easily
on the intersubband spin-density excitation (SDE) modeseen from the expression
of electron bilayers in double quantum wells (DQW) ve — b
[8]. For such excitations a different class of vertex- ng — nag = n ———4% ()
correction-driven quantum phase transitions has been v
predicted to occur at zero magnetic field [9]. Herewheren = ng + nas is the total electron densityrg and
the signature of the instability is the collapse of thew,s are the filling factors of the symmetric and antisym-
energy of the long wavelengthg (= 0) intersubband metric states = vg + v45). Equation (1) shows that a
SDE mode of the symmetric to antisymmetric transitionsmaximum in available phase space, and therefore in the
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vertex corrections, is attained at= 2, when all the elec- sities were kept below0™* W/cm™2, and spectra were
trons participate in the intersubband excitatiomg € 2  recorded with multichannel detection at a spectral reso-
andv,s = 0). lution of 0.02 meV. The samples were mounted in a
To further highlight the impact of our experiments, *He/*He dilution refrigerator with optical windows. Ac-
we recall that when the two orientations of spin arecessible temperatures were intherafige= T < 1.4 K.
equally populated, spin excitations at even integesire = We focus on results from two modulation doped coupled
triplets. These states are classified by changes in spldQW grown by molecular beam epitaxy. They consist
angular momenta along the magnetic fiélsl, = 0, =1,  of two nominally identical 180-A-thick GaAs quantum
as shown in Fig. 1(a). The SDE mode h#$, = 0 and  wells separated by a 79 A wide AlIGa) oAs undoped bar-
energy wspe. The other two excitations are spin-flip rier, with electron concentrations af= 6.2 X 10'© cm™2
modes with energiesv+~ = wspr — E.8S., evaluated andn = 9.4 X 10'° cm™? and low-temperature mobilities
within the Hartree-Fock framework, whefe = gupBis  close tol0° cnm?/Vs. At B = 0 these double layers have
the bare Zeeman energy [1]. Consequently, observationSsss = 0.7 meV andwspe = 0.45 meV.
of intersubband SDE modes at energies closeEto In spin-unpolarized states at even valuesyadhe SDE
suggest the existence of lower lying intersubband spineollective modes are built from linear combinations of the
flip excitations 6S, = 1) of vanishingly small energy. two transitions withéS, = 0 shown in Fig. 1(a). Light
These results offer spectroscopic evidence that exchangeattering polarization selection rules derived for bulk
vertex corrections drive the pronounced softenings thasemiconductors also apply to 2D layers in semiconductor
may trigger instabilities in 2D electron layers. quantum structures [13,14]. They predict that SDE modes
Inelastic light scattering spectra were obtained from sevare active in the backscattering spectra with orthogonal
eral GaAs DQW samples in a backscattering geometrincident and scattered light polarizations as measured in
with light propagating parallel to the magnetic field, i.e., this experiment. For spin-flip transitions, also shown in
perpendicular to the layers. For these measurements tlwég. 1(a), these selection rules require that one of the
emission of a dye laser was tuned to the fundamental oghotons has to be polarized along the magnetic field.
tical transitions of the GaAs DQW. Incident power den-Spin-flip excitations are thus forbidden in the back-
scattering configuration employed here.
Magnetic Field (T) Figures 1(b) and 1(c) show results obtained in the
' 11;2' . };4. . };6. lower electron density sample. Figure 1(b) reveals that
a) b4 o012 the width of the SDE mode has a significant minimum
— K] : atv = 2. At this filling factor the FWHM= 0.03 meV
{ I y is 5 times smaller than that & = 0 [10]. Similar
behaviors are observed at the other even quantum Hall
states that we investigated. Figure 1(c) shows the field
dependence abspg. We find small changes for fields up
i ! to » = 6, and the absence of the SDE mode near 4.
A -a 4004 These observations are consistent with the magnetic field
I ® T=0.2K1 dependence of the available phase space given by Eq. (1).
v=6 o c) At v =6, (ng — nas) = n/3 is close to theB =0
value, implying that no significant changes are expected
in collective interactions. Aty = 4 the intersubband
l excitations do not exist becauégy — nus) = 0.
_- °. l ] In Fig. 1(c), the pronounced softening®fpg aty = 2
i 'S et | is evidence of the enhancement of vertex corrections when
- T=0.5K] 0.15 the phase space available for the excitations includes all
o T T T T Ty T T the electrons. An even larger softening is observed in
Magnetic Field (T) the higher electron density sample. The results in Fig. 2
compare the SDE spectra measured in the two samples
FIG. 1. (a) Schematic representation of the intersubband spigt » = 2. The spectrum of the higher electron density
excitations at even integer quantum Hall states. The SPingample displays a sharp peakagpy = 0.045 meV. This

density excitation (SDE) witlsS, = 0 results from the linear . . . .
combination of the two transitions denoted by dashed lines€N€rgy isone-tenthof the value obtained & = 0. This

Solid lines correspond to spin-flip excitationss, = +1).  €xtremely low energy is close to th, calculated with

E. is the Zeeman splitting and\sss the symmetric to g = —0.4 [15].

antisymmetric energy gap. (b) Plot of the full width half \We have not been able to observe intersubband spin ex-
maximum (FWHM) of the SDE peak as a function of magnetic cjtations at- = 2 in higher electron density systems where
field for the lower density sample & = 0.2 K. (c) Energy — i tfieldsB = 26 T. M tot ;

position of the ¢ = 0 spin-density excitation (SDE) as a ” — les ai lieldss = 2.6 . Magnetotransport exper-
function of magnetic field for the lower electron density sampleiments have indicated that at such higher fieldsithe 2
atT = 0.5 K. state is spin polarized with identical spin occupation of
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FIG. 3. Energy position of thg = 0, 6S; = 0 spin-density
excitations (SDE) for the higher electron density sample as a
FIG. 2. Resonant inelastic light scattering spectra with orthogfunction of magnetic field and temperature. Solid lines are
onal linearly polarized incident and scattered photons. Thd&uides for the eyes. The dashed line represents the values
peaks correspond to the = 0, 6S. = 0 spin-density excita- Of the Zeeman energyg(= —0.4) in the displayed range of
tions for the lower (open circles) and higher (filled circles) magnetic field.

electron density samples. From the anti-Stokes peaks we de-

duce electron temperatures 6f= 0.6 K and T = 0.2 K, re-

spectively.

-0.1 0.0 0.1 0.2

Energy (meV)

to » = 2. Spectra atT = 0.25 K reveal a marked de-

crease of the SDE peak intensities for fieRls= 1.93 T

(v = 2.05), which prevents the determination of SDE en-
the two lowest symmetric and antisymmetric levels [6].ergies in that range of filling factor. Surprisingly, the SDE
In such states intersubband excitations involve spin flippeak recovers at higher temperatures. Figure 4 displays
which are forbidden in our backscattering configurationthis behavior aB = 1.98 T, the field ofv = 2. The inset
Further, we have also failed to observe the spin-flip into Fig. 4 summarizes this intriguing temperature depen-
tersubband excitations of the spin-polarized states at oddence. Here the points represent the temperatures above
values ofy. These negative results are regarded as confirwhich we recover a well-defined, shawpspg peak in the
mation that the light scattering polarization selection rulespectra.
apply to our experiments, and that the observed spin ex- The anomalous temperature dependence of the light
citations are long wavelength intersubband SDE modes atcattering peaks displayed in Fig. 4 is remarkable and
energywspe. unexpected. The striking disappearance of the SDE peak

Figure 3 displays measurements of the magnetic fieltiear v = 2 is due either to a reduction of its intensity
and temperature dependence ofpg in the higher or to a dramatic increase of its width or both. These
electron density sample. Magnetic fields are in the rangeesults suggest that striking changes take place in the
close tor = 2. The dashed line represents the Zeemarelectron double layers at = 2 andT = 0.5 K. Given
energy forg = —0.4. We find that for temperatures that the anomalies are observed whegpg collapses
T = 0.8 K wspg has a sharp minimum, like the onesto an energy close to the bare Zeeman splittiig
at 1.2 and 1.4 K, at the magnetic field of= 2. At it is natural to assign them to instabilities associated
lower temperatures the minima are shallower. Figure 3vith the emergence obS, = 1 spin-flip intersubband
shows that at temperatures 0.6 and 0.2 }%: reaches  collective modes of vanishingly small energy. However,
its lowest values aB = 1.92 T (v = 2.06) and atB =  the reduction of the intensity of the SDE mode at
1.86 T (v = 2.13), respectively. Within the estimated low temperatures is presently not understood. It is
experimental errors, these minima @fpr come close conceivable that the collapse of the spin excitations leads
to the Zeeman splitting indicated in Fig. 3. to the spontaneous generation of large numbers of spin-
The collapse of the intersubband SDE mode to energieflip excitonic pairs to form a highly correlated phase.

close to Zeeman splitting implies the emergence of spinThe generation of such bound particle-hole pairs does not
flip excitations withéS, = 1 at vanishingly small ener- change the insulating behavior of the quantum Hall state
gies. While the observation of such excitations is beyondnd results in an emergence of a net spin polarization
the reach of the present experiments, there is ample evalong the magnetic field axis. The observed reduction
dence of anomalous behaviors at the filling factors closén the light scattering intensity of the SDE mode is
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06 E periments reach beyond previous studies of instabilities in
coupled electron double layers. Our work also demon-
strates the success of inelastic light scattering methods to
v=2 study Coulomb interactions and to determine the role of
dispersive collective excitations in the intriguing physics
of 2D electron systems in magnetic fields. Here, we have

c\ [ taken advantage of the fact that the relevant excitations
\ 0.0 b occur at long wavelengths. Our light scattering studies

B=198T
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\ . Magnetic Field (T) will be extended to the larger wave vector regime to de-
‘ termine the impact of magnetoroton minima on quantum

A T-07K phase transitions of 2D electron systems in the quantum
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R v/ ‘ Hall regimes.
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FIG. 4. Resonant inelastic light scattering spectra for the
higher electron density sample at= 2 and at two different
temperatures. The peak corresponds toghe 0 spin-density
eXCita.tion. The inset ShQWS the lowest value of the temperature *present address: Scuola Normale Superiore' Piazza dei
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