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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 approxim&libi.DA) and with a nonlocal theory.

The pronounced softening at zero magnetic fieddvertex-correction driven instabilixypredicted by the
TDLDA for densitiesn<10* cm~2 was not observed. At these lower densities we achieve better agreement
with experiment using the nonlocal theof$0163-182807)04215-X

Two-dimensional(2D) electron gases formed at GaAs/ whereng andn,g are the populations of the symmetric and
Al,Ga; _As heterojunctions are particularly appropriate for antisymmetric subbands, respectively, ahd,s is the
studies of unusual electron behavior, as impurity scattering isymmetric-antisymmetric tunneling gap shown in the inset to
minimized due to the spatial separation of the mobile elecfig. 1. The factor is— n,g) takes into account the reduction
trons from their donors. Owing to rapid progress in the epiin available phase space when two subbands are occupied.
taxial growth of heterojunctions, it is now possible to carry The second term on the right-hand side of Ekj.represents
out a diverse group of experiments that probe the fundamenne excitonic binding and the factg parametrizes the
tal electron interactions in low-dimensional systemBhe  strength of the vertex corrections. When this intrawell exci-
striking physics arising from the Coulomb interaction is tonic term is larger than the interwell couplings represented
manifested in the energies and dispersions of collectiveby Agas the tunneling gap collapses for the intersubband
modes constructed from neutral particle-hole pairs in the 2I5pg. The possible existence of such unstable spin-density
electron systems. In the regimes of the integer and fractionagycitations suggests the emergence of broken-symmetry
quantum Hall effects excitonic bindings from vertex correc-phases of antiferromagnetically correlated 2D layers. The
tions due to the exchange terms of the Coulomb interactiofme-dependent local-density approximatiiDLDA) re-

are responsible for characteristic magnetoroton minima iy|ts of Ref. 5 predict phase transitions for electron densities
the calculated dispersions of collective excitatibr&imilar below 10 ecm~2.

magnetoroton minima are predicted for charge-density inter- | this paper we present the results of a comprehensive
subband excitation€CDESs across the tunneling gap of elec- search for the sofy=0 intersubband SDEs that could lead to
tron bilayers in strong perpendicular magnetic fiéldie 5 proken-symmetry phase in DQWs at zero magnetic field.
mode softenings associated with such vertex-correctioResonant inelastic light-scattering measurements of the SDE
driven magnetoroton minima are the source of instabilitiesyodes have been carried out on a large set of GaAs DQWs
that explain phase transitions in coupled double quanturgf various well shapes and with electron densities down to
wells (DQWs) at Landau level fillingy=13* » 10'° cm~2. The sample parameters were chdsenoverlap
Very recently, a different class of phase transition hashose for which TDLDA calculations indicate the existence
been predicted to occur in electron bilayers in DQWs in thegf an unstable SDE that triggers transitions to broken-
absence of magnetic field$dere the instability is caused by symmetry phases.
a vertex-correction driven softening of the lowgst 0 spin- These experiments, however, reveal only a weak depen-
density intersubband excitati¢BDE) of the lowest symmet-  gence of low-energy SDE modes on electron density, in
ric and antisymmetric states. This is readily seen in the exstriking disagreement with the predictions of TDLDA
pression for the mode enerfyy theory. The results are intriguing because pronounced soft-
enings of low-energy=0 SDEs, in general agreement with
) ) Eqg. (1), are seen in spectra from DQWs in perpendicular
w5pg= Asas ™ 2(Ns—Nas) BAsas, (1) magnetic fields at even values of® The discrepancies be-
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FIG. 1. Inelastic light-scattering spectra of the intersubband ex- [ :
citations of the double quantum well. The peaks of the spin-density [ A (LDA)
excitations (SDE), charge-density excitation€CDE), and single- 05 _N SAS
particle excitation§SPE are shown. The spectra have been offset [ SDE (nonlo-c-e'll-)--._'-""""_"_"-'-—'-—:
for clarity. Inset: schematic of the symmetric and antisymmetric [ - —S-D-E ;DLDA ]
states of the DQW structures. 0 o ’ R ( T )J
0 0.5 1 1.5

tween experiment and theory are attributed here to shortcom-
ings of the TDLDA calculation at low densities, when local-

dgnsity approximations become unreliable. because very FIG. 2. Intersubband charge-density excitation en .
dilute electron gases can no longer be considered homog%dOtteol ling, spin-density excitation energyspg (dashed andgjbdot-

neous even on a local scale. This conclusion lslsuppor.ted tﬁ'ashed lines and single-particle excitation energy,gs (solid line)
a calculation that treats the exchange Coulomb interaction by 5 function of the two-dimensional electron density for the

means of a variational solution of the Bethe-Salpeter equagaas/al, ,Ga, As double-quantum-well structure&) Measured
tion in the ladder approximatichSuch a nonlocal approach vajuesithe lines are just guides to the @yand (b) values calculated
yields predictions for the energies of intersubband collectiveself-consistently within a time-dependent local-density approxima-
modes in the DQW that are in good agreement with experition (TDLDA) and using a nonlocal approattiot-dashed ling

ment.

The modulation-doped DQWs were grown by molecular-centration and obtained similar results from both series. In
beam epitaxy. They consist of two nominally identical GaAsthis paper we will concentrate on the results for the samples
quantum wells of widttd,, =180 A separated by either 40-A with Al ,,Ga, 6As barriers, which we have plotted in Fig.
Al ; ,Gag gAs barriers or 80-A A} ;Gay /As barriers(insetto  2(a). To interpret these experiments we have calculated the
Fig. 1). Si 6-doped layers grown both above and below thecollective intersubband excitation energies using two differ-
DQW create two equivalent 2D electron gases with com-ent approaches: The first is the TDLORefs. 5 and 1jland
bined total carrier concentrations in the range %18  the second is a variational solution of the Bethe-Salpeter
cm 2<n<1.7x10" cm~2 (determined from both transpbrt equation in the ladder approximatidnithile the TDLDA
and optical measuremeftsand low-temperature mobilities treats the exchange-correlation interaction in a local fashion,
(0.2-1.5%x10° cm?/V s. Resonant inelastic light-scattering assuming a point-contact Coulomb interaction, the latter,
spectra were obtained in a conventional backscattering getonlocal, theory takes the exchange interaction into account
ometry at 1.7 K using a dye laser tuned to the optical tranexactly.
sitions of the GaAs quantum wells. In the TDLDA, the vertex correctiog is given by

Figure 1 shows the lowest-energy intersubband spectra
obtained from a sample with an AlGa, /As barrier. Forg
=0, the energy of the single-particle excitatiofSPE$
equals that oA g55. The highest ener eak arises from the .
C?:)ES. As the gl?polarizat?on shift dugeytrc)) the direct terms Oiwherg ¢i(2) are _the LDA-calculated self_—conS|stent wave
the Coulomb interactions is usually greater than the excitonidunctions andVy. is the excha_nge-correlatlon potentiaiin
shift, the CDEs appear higher in energy than both the spe‘§1€ nonlocal theory, one obtains
and SDES. The collective SDEs and CDEs display well- 2 d2k. d2k
defined polarization selection rules. SDEs are active in depo- g, = 5 ! 7
larized spectra, where incident and scattered light polariza- (Ns=Nas) (4m)
tions are perpendicular and CDEs occur in polarized spectra s
measuredpwilzh parallel polarizations. The sl?harpness l(3)1‘ the " Vizod K~ k2) 0(ke 0~ ko) Oka ke 1), @
collective excitation peaks is indicative of the high quality of where V3o, is an intersubband matrix element of the
the bilayers. screened Coulomb interaction, calculated within the static

We have measured the energy of the CDE, SDE, and SPEandom-phase approximation. Equatit) is valid with ei-
modes in both series of samples as a function of carrier corther one or two subbands occupied; in the former case, one

Electron Density (10"' cm™?)
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must set the Fermi wave vector of the second subband 15
ke 1=0. The CDE energy is given by  (a) ' '
. . -
wepe= wEpe— 2(Ns—Nag) @A sps, (4) 1.0L ..‘"'-.--------.(P.S_P_Af)f__ ]

where« is the depolarization shift, given by
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Here e=¢€(0) is the low-frequency dielectric constant. Fig-
ure Zb) shows the results of both theoretical approaches.
A striking feature of the theoretical evaluations, displayed
in Fig. 2(b), is the vanishing SDE mode energy predicted by
the TDLDA calulation for electron densities below
0.5x 10 cm™2. Such behavior, caused by an enhanced
vertex-correction induced excitonic shift, signals an instabil-

—

o
4]

ity in the Fermi liquid that triggers a phase transition to a L ——— ——— -
many-body excitonic liquid ground statéhis prediction of 0 0.5 1 1.5
the LDA is absent in the experimental results of Figa)2 Electron Density (10'' cm™)

The results of the nonlocal calculation in Figb® on the
other hand, are in good agreement with the measured SDE FIG. 3. Density dependence ofid—n,g)a (dashed ling and
mode energiefFig. 2(a)]. (ng—npg)B (solid and dot-dashed lingsfor the GaAs/
Other features predicted by the LDA calculation are ob-Al g,Gag¢As double-quantum-well structure¢a) obtained from
served experimentally. Figure 2 shows good agreement bereasured spectrighe lines are just guides to the ¢yand (b) cal-
tween the experimental and the LDA values of SPE andulated self-consistently within a TDLDA and using a nonlocal
CDE energies. The experimental SPE energies show the ujeory (dot-dashed line
ward trend with decreasing electron density expected from
the renormalizedAg,g calculated self-consistently within is shown in Fig. 88). Thus the LDA seems to work well
LDA. 2 In addition, the calculation predicts that & 10'°©  when describing the depolarization shift down to very low
cm™ 2 the excitonic vertex correction should become largerelectron densities.
than the depolarization shift resulting in the energy of the A different situation prevails in the case of the vertex
CDEs falling below that of the SPES!4Indeed, in the ex- correction fis—nas)3 because here we find significant
perimental data a similar decrease in the CDE energy is obguantitative differences between experiment and LDA
served as approaches 18 cm 2. As will be seen below, theory. In fact, as seen in Fig. 3, for electron densities below
this is due to a decrease in the depolarization shift rather tha®.5x 10'* cm™2 the experimental values oh{—ng) B are
an increase in the excitonic shift, which is again in qualita-2-5 times smaller than the predictions of the TDLDA calcu-
tive agreement with LDA theor} lation. The most significant discrepancies occur at densities
To obtain further insight into the many-body interactionsbelow 0.2 10'* cm™2, close to the onset of occupation of
we rewrite Eqs(1) and(4) to determine the direct and ex- the antisymmetric state. Thus the TDLDA calculation is not
change terms of the Coulomb interaction successful at describing the observed behavior of both the
vertex corrections and the SDE mode energies at very low
wipe— 03pE density. On the other hand, the results of Fig. 3 show that the
(Ng—Nag)a= T oAee (6) nonlocal calculation gives remarkably good agreement with
SAS our experimental findings.
) The kind of disagreement between TDLDA and experi-
(Ns—Npg) B Asas— w5pe 7) ment that we see here has probably not been seen before
S AS 20gns because previous studfesonsidered single quantum wells,
which have, in general, less inhomogeneous electron densi-
The depolarization shifts—nas) @ and the excitonic shift ties than DQWSs. In a DQW structure the electronic density
(ng—nas)B are derived from the measured mode energiehas rapid variations, due to the presence of the extra middle
shown in Fig. 2a). These results are plotted along with the barrier, which may render the local-density approximation
theoretical evaluations in Fig. 3. In Fig(t8 we find that the inapplicable since it requires small density gradients. The
LDA predicts that is—nas)a increases slightly with de- nonlocal solution of the Bethe-Salpeter equation is exact in
creasingn and then that it drops sharply for electron densi-this sense and takes into account the exact Coulomb ex-
ties below 0.X 10" cm 2. The maximum corresponds to change interaction of the inhomogenous system. Also, in
the density at which the second subband just becomes occaingle wells, the subband separations are much larger than in
pied. We do indeed observe this behavior experimentally, athis study and therefore the small difference between
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TDLDA and nonlocal treatments was relatively the antisymmetric state. However, this effective density can
unimportant In addition, the TDLDA calculation relies on be changed by the magnetic field, and for filling factor
an estimate of the exchange interaction based on numerical=2 and lower all the electrons may contribute.

evaluations of the ground-state energy of a three-dimensional Thus, in conclusion, our detailed light-scattering study of
electron gas. Probably, the exchange energy calculated forjgw-energy spin-density excitations of modulation-doped
uniform three-dimensional electron gas overestimates the exsaAs/ALGa, _,As, DQWSs shows the absence of soft modes
change interaction of a two-component electron system sinc@at could trigger a phase transition in the electron system at
the additional quantum numbésubband numbgrreduces ;g magnetic field. In these experiments we determined the
the influence qf thg Pauli explusmn pr|nC|pIe. Therefore, thesingle-particle tunneling gapsxs, and the corrections to
vertex correction is overestimated in the TDLDA and theintersubband collective energies due to Coulomb interac-

Bethe-Salpeter equation gives a more accurate result. . tions. The measurements are compared to those calculated
Before concluding, we comment on the marked softenmgsusin the TDLDA and a nonlocaBethe-Salpetgrtheor
of the g=0 intersubband SDEs observed in dilute electro 9 P Y.

bilayers of DQWs at even integer valuesiof The striking "We find that in dilute electron double layers the nonlocal

enhancement of the vertex corrections in magnetic field su theory offers a good description of the measured excitonic

gests possible mechanisms for the emergence of broke hifts due to exchange interactions, while the local-density

symmetry phases driven by unstabie=0 spin-density approach overestimates these vertex corrections.

modes>™® The absence of zero-field enhancements of the

vertex correction ifs—nps) B, determined above, indicates ~ We acknowledge many substantial contributions of J. P.
that the softenings of the spin-density mode in perpendiculaEisenstein in the early stages of this work. We thank the
field are due to changes in the effective density of electronauthors of Ref. 15 for discussions and for letting us know of
that contribute to the intersubband collective excitations. Atheir results prior to publication. A.S.P. gratefully acknowl-
zero field and at small values d&fg,g, the effective electron edges financial support from The Leverhulme Trust, United
density, given by fis—n,s), is limited by the occupation of Kingdom.

IProceedings of the 11th International Conference on the Elec-®A. Pinczuket al, Bull. Am. Phys. Soc41, 482(1996); A. Plaut,

tronic Properties of Two Dimensional Systems, 1986rf. Sci.
361/362 and references therdin

2C. Kallin and B. I. Halperin, Phys. Rev. 80, 5655(1984); F. D.
M. Haldane and E. H. Rezayi, Phys. Rev. Lé&#, 237 (1985;
S. Girvin, A. H. MacDonald, and P. M. Platzmabid. 54, 581
(1985.

3H. A. Fertig, Phys. Rev. B0, 1087(1989; A. H. MacDonald, P.
M. Platzman, and G. S. Boebinger, Phys. Rev. L&8. 775
(1990; L. Brey, ibid. 65, 903 (1990.

4X. M. Chen and J. J. Quinn, Phys. Rev4B, 11 054(1992; R.
Cote, L. Brey, and A. H. MacDonaldbid. 46, 10 239(1992;
Song He, S. Das Sarma, and X. C. Xieid. 47, 4394(1993.

5S. Das Sarma and P. |. Tamborenea, Phys. Rev. [8{t1971

ibid. 41, 590 (1996; V. Pellegrini et al,, Phys. Rev. Lett78,
310(1997.

9]. C. Ryan, Phys. Rev. B3, 12 406(199)); D. Gammonet al,
Phys. Rev. Lett68, 1884 (1992; S. L. Chuanget al, Phys.
Rev. B46, 1897(1992.

10A. Pinczuket al, Solid State Commurb0, 735 (1984.

1S Das Sarma and I. K. Marmorkos, Phys. Rev4B 16 343
(1993; I. K. Marmorkos and S. Das Sarméid. 48, 1544
(1993.

12D, M. Ceperley and B. J. Alder, Phys. Rev. Let§, 566 (1980;
J. Perdew and A. Zunger, Phys. Rev.28, 5048 (1981); T.
Ando, A.B. Fowler, and F. Stern, Rev. Mod. Phys4, 437
(1982. In the calculation of the vertex correction of Hg) for

(1994; R. J. Radtke and S. Das Sarma, Solid State Commun.
96, 215(1995; 98, 771(1996.

R. Deccaet al, Phys. Rev. Lett72, 1506(1994).

’G. S. Boebingeet al, Phys. Rev. Lett64, 1793(1990; J. P.
Eisensteinet al, ibid. 68, 1383(1992; J. P. Eisenstein, L. N.
Pfeiffer, and K. W. Westibid. 69, 3804(1992; S. Q. Murphy
et al, ibid. 72, 728 (1994.

spin-density excitationsdV,./dn is replaced bydV,./dm,
wherem is the spin density. The numerical differences between
these two expressions are minor in our problem, and we have
useddV,./dn for both types of excitations.

13A. S. Plautet al, Solid State Electror40, 291 (1996.

143, Ernstet al, Phys. Rev. Lett72, 4029(1994).

15, Zheng, R. J. Radtke, and S. Das Sarfuapublishedl



