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Absence of unstable zero-field intersubband spin excitations of dilute electron bilayers
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Low-energy spin-density intersubband excitations of electron bilayers in GaAs double quantum wells have
been investigated by inelastic light scattering in the search for unstable modes. Excitonic vertex corrections due
to exchange Coulomb interactions were thus determined down to very low electron densities. The experiments
are interpreted within the time-dependent local-density approximation~TDLDA ! and with a nonlocal theory.
The pronounced softening at zero magnetic field~a vertex-correction driven instability! predicted by the
TDLDA for densitiesn,1011 cm22 was not observed. At these lower densities we achieve better agreement
with experiment using the nonlocal theory.@S0163-1829~97!04215-X#
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Two-dimensional~2D! electron gases formed at GaA
Al xGa12xAs heterojunctions are particularly appropriate f
studies of unusual electron behavior, as impurity scatterin
minimized due to the spatial separation of the mobile el
trons from their donors. Owing to rapid progress in the e
taxial growth of heterojunctions, it is now possible to car
out a diverse group of experiments that probe the fundam
tal electron interactions in low-dimensional systems.1 The
striking physics arising from the Coulomb interaction
manifested in the energies and dispersions of collec
modes constructed from neutral particle-hole pairs in the
electron systems. In the regimes of the integer and fractio
quantum Hall effects excitonic bindings from vertex corre
tions due to the exchange terms of the Coulomb interac
are responsible for characteristic magnetoroton minima
the calculated dispersions of collective excitations.2 Similar
magnetoroton minima are predicted for charge-density in
subband excitations~CDEs! across the tunneling gap of ele
tron bilayers in strong perpendicular magnetic fields.3 The
mode softenings associated with such vertex-correc
driven magnetoroton minima are the source of instabilit
that explain phase transitions in coupled double quan
wells ~DQWs! at Landau level fillingn51.3,4

Very recently, a different class of phase transition h
been predicted to occur in electron bilayers in DQWs in
absence of magnetic fields.5 Here the instability is caused b
a vertex-correction driven softening of the lowestq50 spin-
density intersubband excitation~SDE! of the lowest symmet-
ric and antisymmetric states. This is readily seen in the
pression for the mode energy6

vSDE
2 5DSAS

2 22~nS2nAS!bDSAS, ~1!
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wherenS andnAS are the populations of the symmetric an
antisymmetric subbands, respectively, andDSAS is the
symmetric-antisymmetric tunneling gap shown in the inse
Fig. 1. The factor (nS2nAS) takes into account the reductio
in available phase space when two subbands are occu
The second term on the right-hand side of Eq.~1! represents
the excitonic binding and the factorb parametrizes the
strength of the vertex corrections. When this intrawell ex
tonic term is larger than the interwell couplings represen
by DSAS the tunneling gap collapses for the intersubba
SDE. The possible existence of such unstable spin-den
excitations suggests the emergence of broken-symm
phases of antiferromagnetically correlated 2D layers. T
time-dependent local-density approximation~TDLDA ! re-
sults of Ref. 5 predict phase transitions for electron densi
below 1011 cm22.

In this paper we present the results of a comprehen
search for the softq50 intersubband SDEs that could lead
a broken-symmetry phase in DQWs at zero magnetic fie
Resonant inelastic light-scattering measurements of the S
modes have been carried out on a large set of GaAs DQ
of various well shapes and with electron densities down
1010 cm22. The sample parameters were chosen7 to overlap
those for which TDLDA calculations indicate the existen
of an unstable SDE that triggers transitions to broke
symmetry phases.

These experiments, however, reveal only a weak dep
dence of low-energy SDE modes on electron density,
striking disagreement with the predictions of TDLD
theory. The results are intriguing because pronounced s
enings of low-energyq50 SDEs, in general agreement wit
Eq. ~1!, are seen in spectra from DQWs in perpendicu
magnetic fields at even values ofn.8 The discrepancies be
9282 © 1997 The American Physical Society
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55 9283BRIEF REPORTS
tween experiment and theory are attributed here to shortc
ings of the TDLDA calculation at low densities, when loca
density approximations become unreliable because v
dilute electron gases can no longer be considered hom
neous even on a local scale. This conclusion is supporte
a calculation that treats the exchange Coulomb interaction
means of a variational solution of the Bethe-Salpeter eq
tion in the ladder approximation.9 Such a nonlocal approac
yields predictions for the energies of intersubband collec
modes in the DQW that are in good agreement with exp
ment.

The modulation-doped DQWs were grown by molecul
beam epitaxy. They consist of two nominally identical Ga
quantum wells of widthdw5180 Å separated by either 40-Å
Al 0.2Ga0.8As barriers or 80-Å Al0.1Ga0.9As barriers~inset to
Fig. 1!. Si d-doped layers grown both above and below t
DQW create two equivalent 2D electron gases with co
bined total carrier concentrations in the range 0.1531011

cm22,n,1.731011 cm22 ~determined from both transport7

and optical measurements10! and low-temperature mobilitie
~0.2–1.5!3106 cm2/V s. Resonant inelastic light-scatterin
spectra were obtained in a conventional backscattering
ometry at 1.7 K using a dye laser tuned to the optical tr
sitions of the GaAs quantum wells.

Figure 1 shows the lowest-energy intersubband spe
obtained from a sample with an Al0.1Ga0.9As barrier. Forq
.0, the energy of the single-particle excitations~SPEs!
equals that ofDSAS. The highest energy peak arises from t
CDEs. As the depolarization shift due to the direct terms
the Coulomb interactions is usually greater than the excito
shift, the CDEs appear higher in energy than both the SP
and SDEs.6 The collective SDEs and CDEs display we
defined polarization selection rules. SDEs are active in de
larized spectra, where incident and scattered light polar
tions are perpendicular and CDEs occur in polarized spe
measured with parallel polarizations. The sharpness of
collective excitation peaks is indicative of the high quality
the bilayers.

We have measured the energy of the CDE, SDE, and
modes in both series of samples as a function of carrier c

FIG. 1. Inelastic light-scattering spectra of the intersubband
citations of the double quantum well. The peaks of the spin-den
excitations~SDE!, charge-density excitations~CDE!, and single-
particle excitations~SPE! are shown. The spectra have been off
for clarity. Inset: schematic of the symmetric and antisymme
states of the DQW structures.
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centration and obtained similar results from both series
this paper we will concentrate on the results for the samp
with Al 0.1Ga0.9As barriers, which we have plotted in Fig
2~a!. To interpret these experiments we have calculated
collective intersubband excitation energies using two diff
ent approaches: The first is the TDLDA~Refs. 5 and 11! and
the second is a variational solution of the Bethe-Salpe
equation in the ladder approximation.9 While the TDLDA
treats the exchange-correlation interaction in a local fash
assuming a point-contact Coulomb interaction, the lat
nonlocal, theory takes the exchange interaction into acco
exactly.

In the TDLDA, the vertex correctionb is given by

bLDA52E
2`

`

dz w1~z!w0~z!
]Vxc

]n
~z!w1~z!w0~z!, ~2!

where w i(z) are the LDA-calculated self-consistent wav
functions andVxc is the exchange-correlation potential.12 In
the nonlocal theory, one obtains

bNL5
2

~nS2nAS!2
E d2k1d

2k2
~4p!4

u~kF,02k1!u~k12kF,1!

3V1100
s ~k12k2!u~kF,02k2!u~k22kF,1!, ~3!

where V1100
s is an intersubband matrix element of th

screened Coulomb interaction, calculated within the sta
random-phase approximation. Equation~3! is valid with ei-
ther one or two subbands occupied; in the former case,

-
ty

t
c

FIG. 2. Intersubband charge-density excitation energyvCDE

~dotted line!, spin-density excitation energyvSDE ~dashed and dot-
dashed lines!, and single-particle excitation energyDSAS ~solid line!
as a function of the two-dimensional electron density for t
GaAs/Al0.1Ga0.9As double-quantum-well structures.~a! Measured
values~the lines are just guides to the eye! and~b! values calculated
self-consistently within a time-dependent local-density approxim
tion ~TDLDA ! and using a nonlocal approach~dot-dashed line!.
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9284 55BRIEF REPORTS
must set the Fermi wave vector of the second subb
kF,150. The CDE energy is given by

vCDE
2 5vSDE

2 22~nS2nAS!aDSAS, ~4!

wherea is the depolarization shift, given by

a52
4pe2

e E
2`

`

dz w1~z!w0~z!

3E
2`

z

dz8E
2`

z8
dz9w1~z9!w0~z9!. ~5!

Here e.e(0) is the low-frequency dielectric constant. Fi
ure 2~b! shows the results of both theoretical approaches

A striking feature of the theoretical evaluations, display
in Fig. 2~b!, is the vanishing SDE mode energy predicted
the TDLDA calulation for electron densities belo
0.531011 cm22. Such behavior, caused by an enhanc
vertex-correction induced excitonic shift, signals an insta
ity in the Fermi liquid that triggers a phase transition to
many-body excitonic liquid ground state.5 This prediction of
the LDA is absent in the experimental results of Fig. 2~a!.
The results of the nonlocal calculation in Fig. 2~b!, on the
other hand, are in good agreement with the measured S
mode energies@Fig. 2~a!#.

Other features predicted by the LDA calculation are o
served experimentally. Figure 2 shows good agreement
tween the experimental and the LDA values of SPE a
CDE energies. The experimental SPE energies show the
ward trend with decreasing electron density expected fr
the renormalizedDSAS calculated self-consistently within
LDA.13 In addition, the calculation predicts that atn,1010

cm22 the excitonic vertex correction should become larg
than the depolarization shift resulting in the energy of
CDEs falling below that of the SPEs.11,14 Indeed, in the ex-
perimental data a similar decrease in the CDE energy is
served asn approaches 1010 cm22. As will be seen below,
this is due to a decrease in the depolarization shift rather
an increase in the excitonic shift, which is again in quali
tive agreement with LDA theory.11

To obtain further insight into the many-body interactio
we rewrite Eqs.~1! and ~4! to determine the direct and ex
change terms of the Coulomb interaction

~nS2nAS!a5
vCDE
2 2vSDE

2

2DSAS
, ~6!

~nS2nAS!b5
DSAS2vSDE

2

2DSAS
. ~7!

The depolarization shift (nS2nAS)a and the excitonic shift
(nS2nAS)b are derived from the measured mode energ
shown in Fig. 2~a!. These results are plotted along with th
theoretical evaluations in Fig. 3. In Fig. 3~b! we find that the
LDA predicts that (nS2nAS)a increases slightly with de
creasingn and then that it drops sharply for electron den
ties below 0.231011 cm22. The maximum corresponds t
the density at which the second subband just becomes o
pied. We do indeed observe this behavior experimentally
d
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is shown in Fig. 3~a!. Thus the LDA seems to work wel
when describing the depolarization shift down to very lo
electron densities.

A different situation prevails in the case of the vert
correction (nS2nAS)b because here we find significan
quantitative differences between experiment and LD
theory. In fact, as seen in Fig. 3, for electron densities be
0.531011 cm22 the experimental values of (nS2nAS)b are
2-5 times smaller than the predictions of the TDLDA calc
lation. The most significant discrepancies occur at densi
below 0.231011 cm22, close to the onset of occupation o
the antisymmetric state. Thus the TDLDA calculation is n
successful at describing the observed behavior of both
vertex corrections and the SDE mode energies at very
density. On the other hand, the results of Fig. 3 show that
nonlocal calculation gives remarkably good agreement w
our experimental findings.

The kind of disagreement between TDLDA and expe
ment that we see here has probably not been seen be
because previous studies9 considered single quantum wells
which have, in general, less inhomogeneous electron de
ties than DQWs. In a DQW structure the electronic dens
has rapid variations, due to the presence of the extra mid
barrier, which may render the local-density approximati
inapplicable since it requires small density gradients. T
nonlocal solution of the Bethe-Salpeter equation is exac
this sense and takes into account the exact Coulomb
change interaction of the inhomogenous system. Also
single wells, the subband separations are much larger tha
this study and therefore the small difference betwe

FIG. 3. Density dependence of (nS2nAS)a ~dashed line! and
(nS2nAS)b ~solid and dot-dashed lines! for the GaAs/
Al 0.1Ga0.9As double-quantum-well structures,~a! obtained from
measured spectra~the lines are just guides to the eye! and ~b! cal-
culated self-consistently within a TDLDA and using a nonloc
theory ~dot-dashed line!.
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55 9285BRIEF REPORTS
TDLDA and nonlocal treatments was relative
unimportant.9 In addition, the TDLDA calculation relies on
an estimate of the exchange interaction based on nume
evaluations of the ground-state energy of a three-dimensi
electron gas. Probably, the exchange energy calculated
uniform three-dimensional electron gas overestimates the
change interaction of a two-component electron system s
the additional quantum number~subband number! reduces
the influence of the Pauli exclusion principle. Therefore,
vertex correction is overestimated in the TDLDA and t
Bethe-Salpeter equation gives a more accurate result.

Before concluding, we comment on the marked softeni
of the q50 intersubband SDEs observed in dilute electr
bilayers of DQWs at even integer values ofn.8 The striking
enhancement of the vertex corrections in magnetic field s
gests possible mechanisms for the emergence of bro
symmetry phases driven by unstableq50 spin-density
modes.8,15 The absence of zero-field enhancements of
vertex correction (nS2nAS)b, determined above, indicate
that the softenings of the spin-density mode in perpendic
field are due to changes in the effective density of electr
that contribute to the intersubband collective excitations.
zero field and at small values ofDSAS, the effective electron
density, given by (nS2nAS), is limited by the occupation o
le
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the antisymmetric state. However, this effective density c
be changed by the magnetic field, and for filling fact
n52 and lower all the electrons may contribute.

Thus, in conclusion, our detailed light-scattering study
low-energy spin-density excitations of modulation-dop
GaAs/AlxGa12xAsx DQWs shows the absence of soft mod
that could trigger a phase transition in the electron system
zero magnetic field. In these experiments we determined
single-particle tunneling gapsDSAS, and the corrections to
intersubband collective energies due to Coulomb inter
tions. The measurements are compared to those calcu
using the TDLDA and a nonlocal~Bethe-Salpeter! theory.
We find that in dilute electron double layers the nonloc
theory offers a good description of the measured excito
shifts due to exchange interactions, while the local-den
approach overestimates these vertex corrections.
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