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We have investigated coupled layers of electron and hole liquids in semiconductor heterostructures in zero
magnetic field for densities;< 20 using the Singwi-Tosi-Land-3ander self-consistent formalism generalized
for layers of unequal density. We calculate susceptibilities, local fields, pair correlation functions, and the
dispersion of the collective modes for a range of layer spacings. We include cases where the densities in the
two layers are not equal. We find generally that static correlations acting between layers do not have a large
effect on the correlations within the layers. For coupled electron-hole layers we find that as the spacing
between the layers decreases there is a divergence in the static susceptibility of the liquid that signals an
instability towards a charge-density-wave ground state. When the layer spacing approaches the effective Bohr
radius the electron-hole correlation function starts to diverge at small interparticle separations. This effect is a
precursor to the onset of excitonic bound states but this is preempted by the charge-density-wave instability.
The acoustic plasmon exhibits a crossover in behavior from a coupled mode to a mode that is confined to a
single layer. Correlations sometimes push the acoustic plasmon dispersion curve completely into the single-
particle excitation spectrum. For layers with different densities the Landau damping within the single-particle
excitation region is sometimes so weak that the acoustic plasmon can exist inside the region as a sharp
resonance. We find for the electron-hole case that proximity to the charge-density-wave instability has an
unusual effect on the dispersion of the optical plasmon mode.

[. INTRODUCTION same and we find when the layers are of unequal density that
Landau damping of the collective modes inside the single-
There has been considerable recent interest in systenparticle excitation region can be remarkably small.
consisting of two parallel layers of electron or hole liquids There have been many theoretical studies of the two-layer
trapped on adjacent quantum wells in a semiconductor hesystem where correlations have been neglected. The collec-
erostructure. The densities of the charge carriers in the twtive modes were determined within the random phase ap-
layers can be separately adjusted by using suitable gates pnoximation (RPA) by Das Sarma and MadhuKarand by
the top and bottom surfaces of the sampléhe presence of Santoro and Giuliarfi.Jain and Das Sarmaarried out an
mobile charge in a second layer makes the behavior of thexhaustive RPA calculation for the collective mode disper-
system distinctively different from the behavior of a single sion including the effects of finite layer width and intersub-
isolated layer, the charges in one layer acting as a polarizableand transitions.
background for charges in the other layer. The correlations The collective modes for nonidentical layers were studied
between charges within the same layer, the intralayer corrésy Eguiluz et al® They found for a double inversion layer
lations, and correlations between charges in opposite layersiith electrons and holes of different effective mass that the
the interlayer correlations, are quite different in nature. dispersion curve of the heavier speci@ise holeg was sig-
In this paper we investigate static and dynamic propertiesificantly depressed while the curve for the lighter species
of two-layer systems when there is no tunneling between thé&he electronswas practically the same as the curve for a
layers and no magnetic field. We self-consistently include theingle layer. Das Sarma and Madhuksnbsequently identi-
effect of correlations both within each layer and between thdied these two modes with the optical and acoustic plasmons.
layers using the STLS approach developed by Singwi, TosiTzoar and Zhanfound if the effective masses of the carri-
Land, and Sjmndef generalized for a two-component ers in the two layers were very different that the Landau
systen® In the STLS approach the effect of correlations isdamping of the acoustic plasmon within the single-particle
represented by local fields that modify the effective interac-excitation region can be very weak. There have been other
tion between the charges. The local fields are determinestudies of the Landau damping of the acoustic plasmon in
self-consistently. Unlike previous work we do not restrict related systems. Takalfastudied this in multisubband sys-
ourselves to the case where the densities in each layer are ttems, and Fasoket al!'!? found experimentally that in
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multiple-layer systems the Landau damping of collective 400
modes by single-particle excitations can be weak. Finally,
Platzman and Woltf and Abstreiter, Cardona, and Pincztik
have discussed this for three-dimensional systems and have
pointed out that Laudau damping effects can be small in the
excitation region between the two thresholds. v XA @
The effect of correlations in these systems has also been ‘"
studied. Svierkowski, Szymaski, and Gortef® have directly
demonstrated the dramatic importance of correlations for
electron-hole layers. Using STLS they showed that order of
magnitude discrepancies in these systems between experi-
mental transport measurements and the theoretical predic-
tions of RPA could be quantitatively accounted for only by 400
including correlations.
As an extreme case of strong interlayer correlations Lo-
zovik and Yudsotf and ShevchenKd considered dielectric
pairing of the spatially separated electrons and holes. Theyvk %.(Q)
proposed when the effective pairing interaction was suffi-
ciently strong that the system could make a transition to the
superfluid state of an exciton gas. When the spacing between
the layers exceeded the effective Bohr radigjghe correla-
tions were much weaker and the probability of exciton for-
mation was found to decrease exponentially with layer spac-
ing.
Tselis and Quintf treated correlations for two electron
layers using a self-consistent-field approach that includes
resonant screening and vertex corrections while Kalman and g|G. 1. Static susceptibility . (q) for the in-phase normal mode
Goldert® used a quasilocalized charge approximationfor electron-hole layers. Dashed lines are for layer spacings of
Swierkowski, Neilson, and Szymaki®® took into account d=2d; and solid lines ford=1.05; whered; is the spacing at
correlations within each layer using a static local field thatwhich y, (q) diverges. Thal=2d; curves have been multiplied by
was deduced from numerical simulation data for a singlea factor of 10.
layer! but they neglected correlations between the layers.
They demonstrated that the correlations could generatproperties of the two-layer system. They determined the cor-
ground states that are spatially inhomogeneous in the elecelation energy, the intralayer and interlayer pair distribution
tron density parallel to the layers. Using the same approacfunctions and the electron momentum distribution. All these
dynamic properties of this system at low densities were in<alculations considered only layers of equal density.
vestigated by Neilsoret al??> Szymarski and co-workers In Ref. 23 the correlations between layers and within the
subsequently calculated the interlayer correlations usingpyers were determined using different approximations. Here
STLS while keeping the correlations within the layers fixedwe use the STLS approach to calculate both sets of correla-
at the values determined in Ref. 21 for a single layer. Theyions self-consistently with the same level of approximation.
found that inclusion of interlayer correlations tended to sup-This approach cannot be used at extremely low densities
press the instability towards inhomogeneous ground stateshere correlations within the layers are too strong. The
for two layers of electrons but it had little effect on the in- present work thus complements the approach in Ref. 23,
stability for electron-hole layers. which can be applied all the way down to Wigner crystalli-
Gold®* used the STLS approach in a related system conzation densities but only when the layers are sufficiently far
sisting of a superlattice of parallel electron layers to showapart for the correlations between the layers not to have
quite generally that many-body correlations generate an ingrown too strong.
homogeneous ground-state instability corresponding to a In this paper we report on new results for static and dy-
charge density wave. For the two-layer system Gold useaamic properties of two-layer systems. In Sec. Il we outline
STLS but he approximated the local field correction withinthe STLS formalism that we have generalized for layers of
the layers by the small wave number STLS local field for aunequal density. Section Ill discusses the charge density in-
single layer and he neglected the local fields correspondingtability and the new soft-mode in the low-lying collective
to correlations between the layers altogether. ZRaogrried  excited-state spectrum. Section IV presents the static local
out a full STLS calculation to determine both the intralayerfields and pair correlation functions and discusses their de-
and interlayer local fields self-consistently and from this hependence on the distance between the layers. Section V de-
determined the static structure factors. We have repeated théeribes properties of the collective modes in the system both
calculation and obtain significantly different results for bothwhen the layers are of equal density and also when the den-
the local fields and the structure factors. Zhang also analytisities are different. The collective mode properties are not
cally determined a critical spacing below which the low- restricted to the region of small wave numbers and the effect
lying acoustic plasmon will be strongly Landau damped.of the Landau damping of the plasmons is reexamined. Sec-
Zheng and MacDonaffl used the STLS to calculate static tion VI contains concluding remarks.
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Il. THEORY two quantum wells separated by a distagceéMe consider
only zero temperature and zero magnetic field.

The system we consider consists of two parallel layers, The total funci tri fthe t
one containing electrons and the other either electrons or '€ 0@l rESponse function ma %, (9,) of the two-

holes. Motion in thez direction is confined to the layers by 12Y€r systerff when diagonalized has elements,

2
Xi(q!w): _ _ — — ) (1)
X1 H(0,0)+ X2 1(6,0) £ 712v{x1 H(60) — x2 H(G0) P+ H[1- G ) V1))
|
where vV, (Q)= n//,vqexp(—q|/—/’|d), with becomes difficult to obtain convergent solutions and to de-

Vq=(2we2)/|q|, is the Coulomb interaction between carrierstermine thed; for the actual instability we extrapolate the
in layers/ and/’ and theG,,.(q) are the corresponding values of 1x.(q) to zero for a set of decreasing interlayer
static local fields that modify these bare interactions.spacings. The density parameﬁg#(\/%ag)’l, wheren is
n,,=1 for electron-electron layers and—a)V‘/" for the mean density in one layer. Fog=6.5 the y,(q) di-
electron-hole layersy,(qg,w) is the response function of a verges at a spacing ofli=1.9a5. In gallium arsenide

single isolated layer”, which we take to be ag=9.8 nm so this isd=18.6 nm. y,(q) diverges for a
© |ql/ke value of 1.3, wheré is the Fermi momentum within
Qo) X, (g,0) @) a layer. Forrg=15 the divergence occurs for a spacing of

di=7.2a} at|q//ke=2.

The fact that the divergence occurs at nonzero values of
|g is indicative of a second-order phase transition to a
ground state that is inhomogeneous in the density with peri-
odic wave number ofg|. We cannot draw any definite con-
Tlusion since a first-order transition at a layer spacing
d>d; could preempt this and is not detectable by the formal-
ism. If the transition is in fact second order then the inhomo-

T 1V, Q-G (X (qw)

where x9(q,0) is the Lindhard function of the two-
dimensional electron or hole systéf.

Within the STLS approach for the two-component
systeni the local fields are related to the static structure fac
torsS,,+(q) through the expressiéh

G, /(q)=— 1 f d*k (g-k) V() geneous ground state is probably a charge density wave.
-’ ynn,, 2m? q°> V,.(q We recall in a previous calculation we obtained a similar
instability in this systen?® The correlations were determined
X[S,(la—k)—=8,,1, (3 there differently, the interlayer correlations being calculated

wheren, is the mean density in layef. The static structure USINg STLS while correlations within each layer were de-
factors are related to the response functions by the exa&“cgg from numerical simulation data for the single layer
fluctuation-dissipation theorem. Equatioii$ and(3) form a . o .

closed set of equations that can be solved self-consistently 1h€ instability is accompanied by the development of a
for the local fieldsG,,/(q).

The pair correlation functiong, . (r) that give the prob-
ability that two charges in layers and/”’ are separated by
a distancelr| parallel to the layers can be obtained in the
usual way from the Fourier transform  of

[S,,()—6,,.1.%

200

Ill. CHARGE-DENSITY-WAVE INSTABILITY

To detect a charge-density-wave instability in the ground
state we look for a divergence . (q), the static response
of the normal modes to an external stimulus of wave number
|gl. A divergence is caused by the denominator in Eqg.
vanishing for zeraw. This may occur depending on the mag-
nitudes of the local field&,,/(q).

For electron-hole layers we find that the liquid ground :
state does become unstable as the spacing between the layers o 1
is reduced. In Fig. 1 the dashed lines shpw(q) for a layer
spacing well away from the instabilityy, (q) is not large
and for clarity these lines have been multiplied by a factor of F|G. 2. Dynamic structure factor Im (q,0) for fixed
10. The solid lines arg () for a spacing close to the value |qg|/k-=1.3 for electron-hole layers at=6.5. The curves are for
d; at which the instability occurs. Very near the instability it different layer spacings in units af . 7w is the Fermi energy.
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soft mode at finitdqg|. This is seen in Fig. 2, which shows ing from the proximity of the mobile charges in the two
Imy.(q,0) at r¢=6.5 for fixed|q|/ke=1.3. As the layer layers. An increase in screening reduces the strength of the
spacing is decreased a sharp peak develops at snsalithat ~ correlations in the system and thus favors the homogeneous
it costs very little energy to excite an inhomogeneous statéquid state. If we compare the electron-hole and electron-
with wave numbers|q/ke=1.3. Decreasing the spacing €lectron layer systems a key difference is that the additional
makes the peak grow higher and move towards zerso ~ Potential energy gain favoring the inhomogeneous state is
that spontaneous fluctuations into the inhomogeneous exauch greater for electron-hole layers with their attractive
cited state can remain for increasingly long periods of timdnteractions than it is for the repulsive interactions between a
and the liquid starts to become unstable. As the layer spacirgir of electron layers.
approaches; the position of the peak in Ign, (g, ) goes to
w=0. This is characteristic behavior of a soft mode. Experi- IV. STATIC PROPERTIES
mental observation of the soft mode in the form of a new
peak appearing in the imaginary part of the liquid dielectric
response function at smab and finite q would indirectly In Fig. 3@ we show the local fields for two electron
confirm the appearance of an inhomogeneous ground statdayers each at densitys=4 and also the local field5(q)

For two coupled layers of electrons we find no divergenceobtained from an STLS calculation for a single=4 layer.
in x+(g). This important difference between electron-holelt is interesting to note as the layers are brought closer to-
layer and electron-electron layer systems may be understo@ether that the interlayer local fiel@;,(q) is strongly af-
as follows. Formation of an inhomogeneous ground state ddeected but the intralayer fiel®;,(q) is much less sensitive.
pends on the result of a competition between the potentidh fact for d>20 nm the form ofG,4(q) is not significantly
energy gain from matching inhomogeneous density distribudifferent from the single laye&(q) so correlations within a
tions in the two layer® and the increased amount of screen-layer are not affected by the proximity of a second layer. In

A. Local fields

1
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/,/’/‘ FIG. 3. (a) Local fieldsG,,(q) andG;,(q) for
’/,// two electron layers each of density=4. Layer
0 2 4 spacings ared=20 nm (thick solid lines,
() q/ke d=30 nm (thin solid lineg, and d=50 nm
‘ (dashed linegs Circles show the local fiel&(q)
1 Locoeey . popee=EEEI for a singlers=4 layer. (b) Local fieldsG;4(q)
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. o7 S ings are 2|, (dashed lings and 1.0%l; (solid
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contrast the interlayer local fiel&,,(q) is sensitive to the The intralayer correlation functiog,;(r) approximates the
spacing between layers even =50 nm. This steady in- single-layer correlation functiorg(r) for layer spacings
crease inG5(q) for q/kg=1 reflects the buildup in the in- d=2d; but when we decrease the spacing to approach the
terlayer correlations. instability d=d; the g;,(r) develops a new peak around
Zhand® has previously calculated the local fields and|r|ke=1 and oscillates for larger These effects are indica-
static structure factors for two electron layers using the STLSions of the proximity of an inhomogeneous ground state.
formalism. The structure factors we obtain are smooth and In contrast to this, over the same range of spacings the
do not show any of the -cusplike behavior nearcorrelation functiong,,(r) shows a steady buildup in the
|dl/(2kg)=0.6 discussed in Ref. 25. If we compare our re-electron-hole correlations. Even fde=2d; there is a signifi-
sults for the local fields with those in Fig(l of Ref. 25 for  cant buildup of correlations ig,,(r) at smallr. This buildup
densityrszz\/i (there is ay2 difference in our definitions is probably a precursor to the formation of exciton bound
of r) then we find for allg that ourG,(q) is approximately ~ state&® between electrons and holes from the different layers
twice that of theG,(q) in Ref. 25. Also the linear gradient and is not directly related to the charge-density-wave insta-
of our G,5(g) at smallg is much smaller than the linear bility.
gradient of theG,,(q) in Ref. 25. Due to some misprints in In our calculation the onset of the instability in the liquid
Ref. 25 it is not possible to identify the precise source of theoccurs before exciton states could form but we can estimate
error there. the layer spacing at which they would have formed by ex-
Figure 3b) shows the local field§;,(q) andG,,(q) for  trapolating 1d,,(r)|,—o as a function ofl to locate where it
electron-hole layers. In one case the layer spacing is welvould go to zero. Figure 5 gives a valub=1.2a; for
away from the instabilityd>d; and in the other it is close to rs=6.5 while atrs=15 the value isd~2ag. This would
d;. The STLS local field5(q) for a single layer at the same indicate that excitonic formation becomes easier at lower
density is again shown. Note that for smalthe local fields densities where the screening of the electron-hole interac-
always exhibit linear behavior. The interlayer local field tions is weaker. Our results suggest that excitons can form
G15(q) is negative because of the attractive electron-hole inwhen the electron and holes are kept at distances greater than
teraction. Its magnitude becomes steadily larger for decreasthe Bohr radius. This is consistent with Lozovik and
ing spacing. This indicates a continuous increase in th&udson's® result that excitons can exist for layer spacings
strength of the attractive correlations between the electrongreater tharaj but with significantly smaller binding ener-
and holes. As in the electron-electron c#3g(q) approxi-  gies than free excitons.
mates the single laygB(q) at larger layer spacings but as
d approachesl; the G44(q) becomes less tha@(q). This
indicates that near the instability correlations within the

planes become weaker. , There are two plasmon collective modes in these
In comparing the local fields for electron-hole a_nd systeme. At small q the higher-energy mode, the optical
electron-electron layers we see apart from the Obv'ou%ranch, approaches zero ﬁ&w\/ﬁ, which is the same
behavior as a plasmon in a single layer. For the lower-lying
¥ode the energy vanishes linearly witjh an acousticlike
behavior caused by screening of the long-range part of the
Scoulomb potential by charges in the opposite layer.

V. PLASMONS

dependence we have noted betwéen(q) and Gi»(q) in
the electron-hole system compared with two electron layer
This is particularly evident near the instability.

B. Pair correlation functions A. Critical spacing

In Fig. 4(@) we compare the pair correlation functions for C_orrelatlons usually.have little effect on the smallis-
two electron layers of density,= 4 for different layer spac- persion of a plasmon since correlations are weak when elec;-
ings and we also show the STLS pair correlation functiontrons are far a.p.art. However,_ for these systems the acoustic
g(r) for a singler =4 layer. Ford=50 nmg,(r) is every branch is sensitive to correlations even for very smallhe
S_ . - 12 = . . . _
where close to unity so the interlayer correlations are wea (Eorrelatlons can sometimes reduce the gradient of the acous
For d=30 nm there is a dip iny,(r) around the origin ic plasmon d'lspersm'n curve so much'tha.\t the curve merges
indicating the interlayer correlations are becoming importan'[.Completely with th‘? smgle-pqr_tlcle excitation spectrum.
We can determine the critical layer spacidg, below

By d=20 nm the value ofg;5(r) at r=0 has dropped to . . ) o . i
0.6. Since there is no exchange between layers this corr(\e/\—lh'Ch the acoustic plasmon lies totally within the single

sponds to strong interlayer correlations. However thiéjartiCIe excita_tion region, by a_pplying th_e power expansion
buildup has little effect on the correlations acting within amethod useq in Ref. 6. The crl'_ucal spacing occurs when the
layer and even fod=20 nmg,(r) remains close ta(r). small g gradient of the acoustic plasmon curve equals the

To the extent that there is some interdependence the trend gsradien§ of the singlg-_particle Qxcitgtiop region. The general

that as the correlations between layers become stronger gfgpression for the critical spacing is given by

correlations within a layer get slightly weaker. This compen-

satory effect results from the increased screening of electron G!.+GL—2G! ap [1—(vg. lvg )2

interactions in a layer by electrons from the second 1&yer.  d.= i M — 2 ,
In Fig. 4b) the dependence of the pair correlation func- 2 4 [1- \/1_(UF1/UF2)2]

tions on the spacing between electron-hole layers is shown. (4)




7928 LERWEN LIU, L. SWIERKOWSKI, D. NEILSON, AND J. SZYMANSKI 53

r 4
90 s /

9,,(1

FIG. 4. (a) Pair correlation functiong,4(r)
and gq,(r) for two electron layers of density
. r<=4. Layer spacing isl=20 nm (thick solid
rk lines), d=30 nm(thin solid lineg, andd=50 nm
(dashed lines Circles showg(r) for a single
rs=4 layer.(b) In-plane and interplane pair cor-
relation functionsy4(r) andg,(r) for electron-
hole layers. Layer spacings ard;2dashed lines
and 1.08l; (solid lines. Circles are the pair cor-
relation functiong(r) for a single layer at the
same density.

g,,(n

(b)

where we have taken layer 1 to have the smaller Fermi veGold** also discusses the suppression of the plasmon mode
locity, VE,SUE,, andagl is the effective Bohr radius of layer by correlations but he uses an approximation where the plas-
1. The G'//, are the smally limiting gradients of the local mons are undamped for all momentum_and energy fcransfers.
i SO Their energy approaches zero at the point of instability to the
f'eldS'G//ff“mqﬂo[dG//’(Q)/fﬂqH- . charge-density-wave ground state. Before this could happen,
_ For identical layers Eq4) within the RPA givesd.=0,  however, the plasmons would have already merged with the
implying for all spacings that the RPA acoustic plasmon ex-single-particle excitation spectrum and been damped out.
ists outside the single-particle excitation region for small

0.5 For identical layers with correlations the critical spacing
isd.=[G1,— G1,]. From Fig. 3 we see th& 1, is negligibly
small compared withG;,, and sinceG;,>0 local field ef- Figure 6 shows the plasmon dispersion curves for two
fects must lead tal.>0. rs=4 electron layers separated 8y 20 nm. For wide spac-

Reference 25 also gives an expression for the criticaings between the layers the dispersion curves of both plas-
spacing between the layers in the case of identical layers bubons at large values af approach the curve for the single
the expression is incorrect because the small-frequendayer plasmon. This is because @éncreases the Coulomb
Lindhard function is calculated using a limiting wave- coupling between layers gets weaker. There is the same trend
number-to-frequency ratio ¢f|/w=0, which is not the cor- at smaller spacings but there the plasmons enter the single-
rect one for a dispersion curve vanishing linearly wigh®  particle excitation region before it can occur.

B. Electron-electron layers
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1/9,,(0 o
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3
d/at,

FIG. 5. Points show #,4(r)|,—o as a function of the spacing
between an electron and hole layer. The densityis6.5. The line 010 |
is an extrapolation indicating that gik(r)|,—o would vanish at
d=1.2a5.

Ao/ 0,

For two electron layers at;=4 the critical spacing at 0oy T

which the acoustic plasmon is totally absorbed into the ¢
single-particle excitation region id.~16 nm. In Fig. 6 the H
acoustic plasmon is already nearly absorbed into the single- ! T T T ——
particle excitation region and exists only for very snll 0 05 !
Figure 1a) shows the dispersion of plasmons for different
layer spacings for two layers of unequal electron density, o _ . .
r.=4 and 2. Also shown are the curves of plasmons in single FIG. 7 (a) Thick lines are the dispersion curves for the acoustic
lavers atr.—4 or 2. For wider spacinas the dispersion curveand optical plasmon branches for two electron layers of unequal
y s p g p

. density,rs=4 and 2. Layer spacings ark=20 nm (solid lineg,
of the acoustic plasmon at largetends towards that for the ;_ . nm (short-dashed lingsandd= 100 nm(long-dashed lings

singlers=4 layer Wh'l,e the curve for the opt|<_:al pla§mon Upper thin line is the dispersion curve for a single layer at 2
approaches thes=2 single-layer plasmon. This again re- anqg jower thin line the curve for a single layer mt=4. Darker
flects the presence of the exqi@|d) factor in the expression shaded area indicates the single-particle excitation region for an
Vi5(q) for the coupling between the layers. Alsis made =4 layer and lighter shaded area the excitation region for an
larger the crossover from coupled collective modes intar =2 layer. Constantg,=3.6x 10° cm™! and% wy=0.61 meV are
single-layer mode behavior occurs at decreasing values @fie Fermi momentum and energy in the=4 layer. (b) Relative
qg. widths of the acoustic plasmon for the same spacings &.iThe
sharp increase in width occurs at the=4 single-particle excitation
threshold.

We find when the two layers are not identical that the
plasmon can continue to exist as a sharp resonance peak after
it first enters the single-particle excitation region. Initially
this region is associated with single-particle excitations from
the layer of higher density. Landau damping does occur in
this region but it is very small when the amplitude of the
plasmon oscillations is concentrated principally in the layer
of lower density. This phenomenon is illustrated in Figh)7
which plots the width of the acoustic plasmon on the same
horizontal axis as Fig. (@. When the plasmon reaches the
first thresholdqC2 its width is determined by the imaginary
part of y_(q,o) and in Fig. Tb) we take the plasmon width
to be the full width at half maximum of the peak in

FIG. 6. Dispersion curves for the acoustic and optical plasmodmm)(*(q'“’)',F'gl.Jre b) ;hows th"’?t a Shar.p a}cousth plas-
branches for twa .= 4 electron layergsolid lines. Layer spacing MOnN peak exists in the single-particle excitation region be-
is d=20 nm. Dashed lines are the RPA curves. Shaded area shof¥een the two thresholdg, <[q| <q.,. Only when the plas-
the single-particle excitation region for ag=4 layer. mon reaches the threshold for the lower density Iaqglr

q/k
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80 + 1
q/q,=0.35 q/g,=1.21
El
g
a0t 1
g
0 » = | | /"’JL
80 +
q/9,=0.55 q/q,=1.25
El
=
40 + 1
E
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FIG. 8. Dynamic structure factor Ign (g, w) for two electron layers of unequal density=4 and 2. The layer spacingds=50 nm. The
values ofg shown all lie within ther ;=2 single-particle excitation region. Constagtsand? wg are the same as in Fig. 7. The mark on the
w axis indicates the single-particle threshold for the=4 layer. For 0.3&|q|/qo=1.22 the acoustic plasmon is a sharp resonance lying
inside ther =2 single-particle excitation region.

does the Landau damping become very strong and the plaseveals an unusual effect of correlations on the optical plas-
mon disappears as a separate excitation. mon dispersion curve. Since correlations cause the system to
This sharp resonance peak indicates that when the acouelax they usually reduce the plasmon energy relative to the
tic plasmon first enters the;=2 single-particle excitation RPA plasmon energy. However Fig. 9 shows a case where
region the coupling to the single-particle decay channel ighe correlations have the opposite effect, where the optical
weak. As it penetrates deeper more decay channel states be-
come available and the plasmon width might be expected to
broaden. However, this is counteracted by the weakening of
the coupling between layers gsncreases. When this weak-
ening is the dominant effect the plasmon width decreases
with increasingq and this is seen in Fig.(B). The plasmon
finally reaches theqCl threshold at which point Landau

damping in ther =4 layer strongly damps the plasmon and
it rapidly disappears as a distinguishable excitation. For
larger layer spacings the coupling between the layers is
weaker and the plasmon width is narrower. et 100 nm
the coupling is so weak that by the time the acoustic plasmon
reaches the ;=2 threshold it already resembles thg=4
plasmon so closely that its relative width never exceeds 1%
for [al<q,

Figure 8 shows for several fixed| >, that the dynamic

structure factofS_(qg,w)~Imy_(qg,w) is dominated by the
narrow plasmon resonance right through to floe= dc, ®/ 0

threshold(marked on thew axis). The contribution to the
spectral density from single-particle excitations is found to
be negligible so that the plasmon saturates the spectral den-
sity. Such a sharp peak should be readily identifiable in Ra-
man scattering measurements.

®/ o

C. Electron-hole layers q/ke

In Fig. 9 we show the plasmon dispersion curves for FiG. 9. Solid lines show the dispersion curves for the plasmon
electron-hole layers for a layer separatibn 1.05d; close to  excitations for electron-hole layers separated by d;.03ashed
the instability point. For ;= 6.5 this is smaller than the criti- lines are the RPA curves. Shaded area is the single-particle excita-
cal spacingd. and there is no acoustic plasmon. Figure 9tion region for a single layer at the same density.
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plasmon energy is increased. This effect only occurs whehandau damping when the acoustic mode first enters the
attractive correlations acting between the planes dominateingle-particle excitation region. The acoustic plasmon reso-
This positive energy shift can most easily be understood byance peak can be sharp until it encounters the threshold for
looking at Eq.(1) in the equal density case. There the corre-single-particle excitations in the layer of lower density.
lations add a quantity—G;4(q) — G1(aq)exp(—|q/d)}V in We have obtained a general expression for the minimum
the denominator of¢_(q). When correlations from the at- layer spacing below which the acoustic plasmon will not
tractive electron-hole interactions are sufficiently strong forexist outside the single-particle excitation region and we
the magnitude ofG,,(g)exp(—|g/d) to be larger than have noted that at large wave numbers there is a crossover in
G,4(q) then the combined net effect is to shift the plasmonbehavior of the acoustic and optical plasmons from modes
energy higher. The effect occurs only near the instability andnvolving coupled oscillations in both layers to independent
is more pronounced at higher densities where the spacingodes with each confined to a single layer. The wave num-
d; is smaller. Thus for,=15d; is too large for the effect to ber where this occurs depends on the layer spacing.
occur. The strong correlations between an electron layer and a
hole layer are responsible for a number of new effects. They
VI. CONCLUSIONS can sometimes increase the energy of the optical plasmon.
They can induce an instability in the liquid ground state to an
There is a notable lack of a cross dependence for th;hhomogeneous charge-density-wave ground state. They can
correlations acting between and within layers. An exceptiomave a marked effect on the low-lying excited-state spectrum
is near the instability for the electron-hole layer system. ASn the form of a new soft collective mode at finige And of
expected the correlations between layers build up steadily aspurse they can cause bound exciton pairs of electrons and
the layers approach each other, but at the same time excegles to form'® We see evidence of a precursor of the exci-

near the instability the correlatiqns within eac_:h layer remainon instability but it is preempted by the charge density wave
remarkably unaffected and continue to look like the correlainstapbility.

tions within a single layer.

Our new results for layers of unequal density are interest-
ing because experimentally it is difficult to precisely match ACKNOWLEDGMENTS
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