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Coupled electron and hole quantum wires
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We have investigated the effect of many-body correlations on properties of coupled electron-hole quantum
wires using a Singwi-Tosi-Land-Sjo¨lander approach. Atr s54 the acoustic collective mode traverses the
single-electron excitation region as a narrow resonance peak and reemerges in the undamped region on the
high-q side of the excitation region. The acoustic collective mode, but not the optic mode, is sensitive to the
separation between the wires. Forr s.2.5 the effective interaction acting between the electrons which is
mediated by the heavier holes becomes attractive when the separation between the wires drops to a critical
value. For 0.8<r s<2.5 we detect a charge-density-wave ground state for small wire separations.
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I. INTRODUCTION

The effect of interactions between electrons in para
quantum wires embedded in a semiconductor substrate
been the subject of a number of recent investigations.1–3 The
strength of correlations within each wire increases as
electron density is decreased and the correlations betw
electrons in different wires also increases if the wires
brought closer together. Correlations can affect the prope
of the collective modes of the coupled system and it m
also lead to charge-density-wave instabilities.1

In this paper we look at the effect of correlations for tw
parallel quantum wires, one wire with electrons and the ot
with holes. This system differs in important ways from tw
coupled wires of electrons, not only because of the attrac
interaction between the electrons and holes, but also bec
the effective masses of the electrons and holes are in ge
different and this makes the system asymmetric. Tunne
of carriers between parallel wires has been observed,4 but we
restrict ourselves here to cases where the tunneling ampli
is negligible. This can be because the wires are sufficie
far apart or because there is a repulsive potential barrier
tween the wires. We will use parameters appropriate
quantum wires embedded in a gallium arsenide substrate
and Das Sarma5 and Gold and Ghazali6 have investigated
quantum wires in gallium arsenide theoretically.

The importance of correlations for coupled quantum wi
is especially interesting when we recall that the ground s
for electrons in an isolated and defect-free wire with a sin
subband is believed to be a Luttinger liquid. For a Lutting
liquid the excitation spectrum is saturated by the collect
modes of the system so there are no single-particle ex
tions. However, the existence of defects7 or the presence of a
second wire both help to restore Fermi-liquid-like behavi
and it is interesting to map out the nature of the low-lyi
excitation spectrum. Of particular interest are the relat
spectral strengths of the collective modes and the sin
particle excitations.
560163-1829/97/56~8!/4671~8!/$10.00
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We determine the properties of the ground state and l
lying excitations in zero magnetic field using the densi
density response function matrix for two coupled wires. W
calculate the matrix using a Singwi-Tosi-Land-Sjo¨lander
~STLS! zero-temperature approach8 for a two-component
system.9 In STLS the static correlations are taken into a
count by replacing the Coulomb interactions with effecti
interactions between the particles. For a single wire Frie
and Bergersen,10 Borges, Degani, and Hipolito,11 and Cam-
pos, Degani, and Hipolito12 have used STLS to calculate pa
correlation functions and the properties of the plasmon c
lective mode. Thakur and Neilson used STLS to investig
the interdependence of the electron correlations and elect
defect scattering.13

The diagonalized response function matrix gives the p
correlation functions both for carriers within the same w
and for carriers in opposite wires. Singularities in the diag
nalized matrix elements determine the dispersion curve
the collective modes and their spectral strengths. If any
gularity is found in the static response function this is e
dence for an instability in the liquid ground state to, f
example, a charge-density-wave ground state.14

II. THEORY

We consider two parallel wires of the same finite diame
a separated by distanced. The effective masses of the ele
trons and holes areme

! and mh
! , respectively. We take the

carrier densityn in each wire equal. The bare Coulomb in
teractions between carriers in the same wire
Vee(q)5Vhh(q)5K0(qa), whereK0(q) is the zeroth-order
modified Bessel function of the second kind. The bare C
lomb interactions between the electrons and holes
Veh(q)5Vhe(q)5K0(qAa21d2).

The density-density response function matrix eleme
within each wirexee(q,v) and xhh(q,v), and the matrix
elements between wiresxeh(q,v)5xhe(q,v) are expressed
in terms of the Lindhard function for noninteracting carrie
4671 © 1997 The American Physical Society
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4672 56J. S. THAKUR AND D. NEILSON
in a one-dimensional wirex i
(0)(q,v) ~Ref. 15! and effective

interactions between the carriersṼi j (q) and Ṽi j (q),9

x i i ~q,v!5
x i

~0!~q,v!

12Ṽi i ~q,v!x i
~0!~q,v!

, i 5e,h,

~1!

xeh~q,v!5
xe~q,v!Ṽeh~q!xh~q,v!

12Ṽeh
2 ~q!xe~q,v!xh~q,v!

,

where

x i~q,v!5
x i

~0!~q,v!

12Ṽii ~q!x i
~0!~q,v!

, i 5e,h. ~2!

The effective interactions in Eqs.~1! and ~2!,

Ṽi j ~q!5Vi j ~q!@12Gi j ~q!#, i , j 5e,h,
~3!

Ṽi i ~q,v!5Ṽii ~q!1Ṽi j ~q!x j~q,v!Ṽj i ~q!, i 5e,h; j Þ i ,

take into account the correlations between the carr
through local field factorsGi j (q). We calculate theGi j (q)
using the self-consistent method developed by Singwiet al.8

In the STLS the local fieldGi j (q) is defined by the closure
ansatz

Gi j ~q!52
1

nE dk

~2p!

~qk!

q2

Vi j ~k!

Vi j ~q!
@Si j ~ uq2ku!2d i j #,

~4!

where theSi j (q) are the structure factors. The fluctuatio
dissipation theorem relatesSi j (q) to x i j (q,v),

Si j ~q!5
1

nE0

`

dv x i j ~q,iv!. ~5!

Equations~1!–~5! are solved self-consistently. When d
agonalized the response function matrix has elements

x6~q,v!5
1

2
@xee~q,v!1xhh~q,v!

6A@xee~q,v!2xhh~q,v!#214xeh
2 ~q,v!#.

~6!

III. RESULTS

A. Static properties

We use values for the dielectrice513 and effective
masses ratiomh

!/me
!57, appropriate for wires embedded in

gallium arsenide substrate. The wire diameter is fixed
a/a0

!54/p where the effective Bohr radius for electrons
a0

!5\2e/me
!e259.8 nm. For holes the effective Bohr radiu

is 1.4 nm, which makesr s
h in the hole wire seven times large

than r s
e in the electron wire for equal carrier densities.

In Fig. 1 we plot the pair correlation functionsgi j (r ) as a
rs

t
FIG. 1. ~a! Pair correlation functiongee(r ) for electron wire.

The electron density parameter isr s
e52. Labels denote wire sepa

rationdkF . Solid lines: present calculation. Dash-dotted lines: R
for same range ofd. Dashed lines: STLS calculation for single wir
~b! ghh(r ) for the same parameters as in~a!. Curves for the different
d are not distinguishable on this scale.~c! geh(r ) for the same
parameters and labels as~a!.
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56 4673COUPLED ELECTRON AND HOLE QUANTUM WIRES
function of the separation between the wires. The value
the density parameter for the electrons isr s

e52 ~and hence
r s

h514 for the holes!. Also shown are the correspondin
RPA results. In the RPA the local fields are zero and th
are no correlations.

Figure 1~a! shows the pair correlation functions in th
electron wire.gee(r ) decreases withr as two electrons ap
proach each other. This is the well-known exchan
correlation hole caused by the repulsion between electr
As the wires are brought closer together the correlations
tween electrons and holes build up the density of holes
posite to any point where there are two electrons near e
other. This buildup of holes partially cancels the repuls
between the electrons and partially fills in the exchan
correlation hole. The effect is strongest when the two el
trons are very close together. Comparing this with
gee(r ) for a single isolated electron wire demonstrates
importance of electron-hole interactions ongee(r ). In the
random-phase approximation~RPA! there is no strong
buildup of hole density opposite an electron andgee(r ) is not
affected by the proximity of the hole wire.

Figure 1~b! shows the pair correlation function in the ho
wire. The structure ofghh(r ) is determined primarily by the
direct correlations between the holes becauser s

h is so large.
ghh(r ) is similar to theghh(r ) for an isolated hole wire at the
samer s

h , so ghh(r ) is not greatly affected by the adjace
electron wire. The RPAghh(r ) is also insensitive to the pres
ence of the electron wire. In the RPAghh(r ) for small r is
unphysical because it is negative. A breakdown of the R
usually indicates the existence of strong correlations.

The correlation function between the wiresgeh(r ) is
shown in Fig. 1~c!. As the wires are brought closer togeth
geh(r ) for small r increases rapidly. This indicates a stro
buildup of hole density opposite each electron and v
versa. The oscillations ingeh(r ) at larger r become more
pronounced as the wire separationd is decreased. In the RPA
geh(r ) does not show these strong effects, indicating t
without correlations the two wires are relatively weak
coupled.

Figure 2 shows the dependence of the correlation fu
tions on the carrier densities for fixed wire separation. As
density is decreased the correlations become stronger an
differences between thegi j (r ) in the present calculation an
the RPAgi j (r ) become larger. Becauser s

h@r s
e the correla-

tions in the hole wire are stronger than those in the elec
wire. For the lowest density shown,r s

e54, thegeh(r ) devel-
ops a large peak at smallr . This peak may reflect a tendenc
toward the formation of excitons.16 There is a concurrent dip
in geh(r ) centered aboutrkF.1, wherekF is the Fermi mo-
mentum. Atr s

e54 not only the RPAghh(r ) but also the RPA
gee(r ) goes badly negative at smallr .

The local field factors are plotted in Fig. 3 as a function
wire separationd for carrier densityr s

e52. The local field
for the electron wireGee(q) is sensitive tod for q/kF.2
while the local field for the hole wireGhh(q) is almost in-
dependent ofd. For q/kF*3 Geh(q) is negative. This re-
flects the buildup of hole density opposite an electron.
q/kF,3 Geh(q) is positive and this causes the correlati
f
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function geh(r ) to drop below unity at intermediater @see
Fig. 1~c!#.

Gi j (q) goes to zero at smallq with a very steep gradient
vanishing only as lnq @see Eq.~4!#. The reason is associate

FIG. 2. ~a! Pair correlation function for electron wiregee(r ) for
wire separationd/a0

!53.1. Labels denote electron density para
eterr s

e . Solid lines: present calculation. Dash-dotted lines: RPA.~b!
ghh(r ) for the same parameters and labels as in~a!. ~c! geh(r ) for
the same parameters and labels as in~a!.
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4674 56J. S. THAKUR AND D. NEILSON
with the weakly singular nature in one dimension of the Co
lomb potential at smallq. This behavior is in contrast with
two and three dimensions whereG(q) vanishes asq and
q2, respectively.

FIG. 3. ~a! Local field for electron wireGee(q). Electron density
is r s

e52. Labels denote wire separationdkF . ~b! Ghh(q) for the
same parameters and labels as in~a!. ~c! Geh(q) for the same pa-
rameters and labels as in~a!.
-

B. Plasmons

The collective modes in single quantum wires have be
studied experimentally using spectroscopic methods by G
et al. and Hansenet al.17,18 The carrier densities in the
samples studied were relatively high so that correlatio
would not be expected to be important.

For electron-hole coupled wires the two collective mod
are theacousticmode, where the density oscillations in th
two wires are in-phase, and theoptic mode in which the
oscillations have opposite phases. The in-phase mode is
more energetic. The collective mode properties are de
mined by the denominator of the diagonalized matrix e
mentsx6(q,v) @Eq. ~6!#,

D~q,v!5@12Ṽee~q!xe
~0!~q,v!#@12Ṽhh~q!xh

~0!~q,v!#

2Ṽeh
2 ~q!xe

~0!~q,v!xh
~0!~q,v!. ~7!

The zeros of the real part ofD(q,v) give the dispersion of
the modes. Their damping is related to the imaginary par
D(q,v) by19

Dv~q!5
Im D~q,v!

~]/]v!Re D~q,v!
. ~8!

In the small-q limit the solutions are

v0
25

32q2r s
elnqa

p2 H 12Gee~q!1dm@12Ghh~q!#

6F $12Gee~q!2dm@12Gee~q!#%2

1S 2 lnqAa21d2

ln qa D 2

dm@12Geh~q!#2G1/2J , ~9!

wheredm5me
!/mh

! and the6 sign corresponds to the opti
and acoustic branch, respectively. Equation~9! reduces to

vopt5
8qAr s

elnqa

p
$12Gee~q!1dmD~d!%1/2,

vacou5dm

8qAr s
elnqa

p
$12Ghh~q!2D~d!%1/2, ~10!

D~d!5F lnqAa21d2

lnqa G2
@12Geh~q!#2

12Gee~q!2dm@12Ghh~q!#
.

The optic mode depends strongly on the correlatio
within the electron wire but not the hole wire and is inse
sitive to the wire separationd. The small-q gradient of the
optic mode dispersion curve diverges and always exceeds
initial gradient of the upper boundary of the single-electr
excitation region which is 2kF . Thus the optic mode alway
lies above the single-electron excitation region in energy

The acoustic mode depends on the correlations in the
wire but not the electron wire, and it is sensitive tod. The
small-q gradient of the acoustic mode is finite and the iss
of whether its gradient exceeds 2kF or not is determined by
d. For larged the acoustic mode at smallq lies above the
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56 4675COUPLED ELECTRON AND HOLE QUANTUM WIRES
upper boundary of the single electron excitation region.
smalld the mode has crossed over and lies in the undam
region below the lower boundary of the single electron ex
tation region. In the RPA the wire spacingd for the cross-
over point where the acoustic plasmon gradient equals
gradient of the upper boundary of the single electron exc
tion region is given by the analytic expression

d5aFexpS p2

16r s
e

12dm
2

dm
D 21G1/2

. ~11!

This decreases with increasingr s
e .

In Fig. 4~a! the dispersion of the two collective modes a
shown for carrier densityr s

e52 and wire separation
d50.6kF

21 . The initial gradient of the optic mode is we
separated from the single-electron excitation region. The
tic mode in the RPA does not merge with the single-elect
excitation region, but approaches it asymptotically in t
large-q limit. Correlations reduce the gradient of the curve
that it does intersect with the single-electron excitation
gion. For largerq the optic mode approaches the collecti
mode of a single wire of electrons atr s

e52. The optic mode
is not very sensitive to the wire separationd. For d*4kF

21

the optic mode is indistinguishable from the single-w
mode.

The energy of the acoustic mode is also suppressed
correlations. The acoustic mode in Fig. 4~a! starts in the un-
damped finite-q region below the lower boundary of th
single-electron excitations and merges with this boundar
q/kF.1.3. In the single-electron excitation region the aco
tic plasmon widthDv is much smaller than its frequency s
the mode is a narrow resonance. This point is discussed
low. For q/kF52.5 the acoustic mode resonance merg
with the curve for a single isolated wire ofr s

h514 holes.
This occurs while it is still inside the single-electron excit
tion region. As was the case with the optic mode,
d*4kF

21 the acoustic mode is indistinguishable from t
single wire mode for allq.0. The acoustic mode remain
well separated from the RPA acoustic mode at smallq. This
is because in the limit asq approaches zeroG(q) goes to
zero with a steep gradient. Thus in one dimension the eff
of correlations on the plasmon dispersion remain signific
even at small but finiteq.

We compared the spectral strengths of the collec
modes and the single-particle excitations. In the RPA
small q the collective modes saturate the spectral stren
However, we find that correlations reduce the spec
strength of the plasmons and that the contribution to
spectral strength from single-particle excitations takes up
difference. This is similar to the effect we found in a sing
wire.13

Figure 4~b! shows the dispersion of the acoustic mode
r s

e54 for a range of wire separationsd. For d>kF
21 the

initial gradient of the acoustic mode curve is greater th
2kF and it lies above the single-electron excitation regio
For d,kF

21 it starts in the undamped finite-q region below
the single-electron excitations. At all wire separations,
1&q/kF&2 the modes are almost dispersionless, parti
larly for larger d. For q/kF.2.6 the acoustic mode reso
nance reemerges into the undamped region on the higq
side of the single-electron excitation region. Arou
q/kF54 it becomes degenerate with the boundary of
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FIG. 4. ~a! Optic and acoustic collective mode dispersion curv
~thin lines! for r s

e52 and wire separationd50.6kF
21 . Solid lines:

present calculation. Upper dashed line: single-electron wire. Lo
dashed line: single-hole wire. Dash-dotted lines: RPA.~The thick
solid lines denote the boundaries of the single-electron excita
region; the thick dashed lines are the boundaries for the hole e
tations.! ~b! Acoustic mode forr s

e54. Labels denote wire separa
tion dkF . Upper panel: dispersion curves. Lower panel: Resona
widths Dv/v inside the single-electron excitation region.
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4676 56J. S. THAKUR AND D. NEILSON
single-hole excitation region, and forq/kF.4 the damping
is very strong and the mode ceases to exist.

Figure 4~b! also shows the relative widthsDv/v of the
acoustic modes. In the regions outside the single-elec
excitations the modes are undamped. Inside the sin
electron excitation region the width of the acoustic mo
resonance is narrow, that is,Dv/v!1. This is because the
acoustic mode at finiteq primarily involves density oscilla-
tions in the hole wire.20

C. Two-body effective interaction

In this section we investigate the possibility that, beca
the electrons and holes have different effective masses
retarded screening by the holes of the electron-electron in
action can lead to an attractive effective interaction betw
the electrons21 analogous to the Fro¨lich interaction in metals.

We want to construct an effective interaction between t
electrons within a medium that includes the holes in the
jacent wire. For a two-component medium of electrons a
holes the effective interaction between a test electron em
ded in the medium and another electron is given by

Vdiel~q,v!5
Vee~q!

e~q,v!

5Vee~q!1 (
i , j 5e,h

Vei~q!x i j ~q,v!Vje~q!.

~12!

However Eq.~12! does not take into account exchan
or correlation effects between the test electron and the
dium. To do this we define the dynamic effective interacti
as22

Veff~q,v!5Vee~q!1 (
i , j 5e,h

Ṽei~q!x i j ~q,v!Ṽje~q!

5Uee~q,v!1Uehe~q,v!, ~13!

where

Uee~q,v!5Vee~q!1Ṽee
2 ~q!

xe
~0!~q,v!

12Ṽee~q!xe
~0!~q,v!

,

~14!

Uehe~q,v!5F Ṽeh~q!

12Ṽee~q!xe
~0!~q,v!

G 2

xhh~q,v!.

In the RPA theṼi j (q) are replaced by the bare Coulom
interactionsVi j (q) so thatVeff(q,v)[Vdiel(q,v).

On the other hand, when correlations are strongVeff(q,v)
and Vdiel(q,v) are quite different, as is shown in Fig. 5~a!.
The effective interactions are insensitive tov for smallv so
we have setv50. Vdiel(q,v) is strongly attractive for
q/kF&3 while Veff(q,v) is repulsive at smallq. In Fig. 5~a!
Veff(q,v) goes negative whenq/kF*3. The RPA interaction
between electrons is repulsive for allq. For q/kF&3 it is
smaller thanVeff(q,v).

Figure 5~b! shows the dependence ofVeff(q,v) on the
separation between the wiresd. Because of the buildup in th
electron-hole correlations when the two wires approach e
n
e-
e

e
he
r-
n

o
-
d
d-

e-

ch

other, the magnitude of the electron-electron interaction m
diated by the holes,Uehe(q,v), increases rapidly with de
creasing d. There is a particularly strong buildup o
Uehe(q,v) aroundq/kF.3. This makesVeff(q,v) strongly
dependent ond and for sufficiently smalld we see that
Veff(q,v) is attractive forq/kF*3.5. The structure of Eq
~13! is similar to the effective electron-phonon interaction
a conventional BCS superconductor, and the attractive ef
tive interaction raises the interesting possibility of superc
ducting pairing. This is discussed elsewhere.23

In contrast toVeff(q,v), the Vdiel(q,v) is attractive for
q/kF&3 for all values ofd. This is due to the fact tha
without the correlations between the test electron and
medium, the attractive interaction between the test elec
and the medium dominates over the direct interaction of
test electron with the other electron.

FIG. 5. ~a! Comparison of the effective electron-electron inte
action mediated by the holesVeff(q,v50) ~solid line! obtained
from Eq. ~13!, andVdiel(q,v50) ~dashed line! obtained from Eq.
~12!. Also shown is the electron-electron interaction within the RP
~dash-dotted line!. Electron density parameter isr s

e52.5. Wire
separation isdkF50.4. ~b! Dependence of the effective electron
electron interaction mediated by the holesVeff(q,v50) ~solid
lines! on the wire separationdkF as labeled. Dash-dotted line is th
RPA result.
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56 4677COUPLED ELECTRON AND HOLE QUANTUM WIRES
IV. CHARGE-DENSITY WAVES

The possibility of a charge-density-wave instability in
single quantum wire was investigated by Das Sarma
Lai,24 who found a strong peak inx(q) at q52kF for tem-
peratureskT,0.1EF and collisional broadeningg,0.1EF ,
whereEF is the Fermi energy. The charge-density-wave
stability for two coupled electron wires was investigated
Gold1 using the Hubbard approximation for the local fiel
Gold identified a charge-density-wave instability in the lon
wavelength limit. The charge-density-wave instability in
double quantum wire was recently calculated by Wang
Ruden25 using a STLS local field for correlations within eac
wire but neglecting the correlations between the wires. W
out the electron-hole correlations the wire spacing at wh
the instability occurs will be overestimated. Basing their
gument on a total energy calculation in Ref. 3 Wang a
Ruden found when the wire separation is small that there
charge-density-wave instability at low carrier densities.

In our approach we include the STLS local fields not on
within each wire but also between the wires. We search fo

FIG. 6. ~a! Static response functionx1(q) at r s
e52 for wire

separationsdkF as labeled. AsdkF approaches 0.583x1(q) di-
verges atq/kF52. ~b! x1(q) at r s

e53 andr s
e54 as labeled. The

wire separation isd/a0
!52.8. There is no divergence. Note the pe

aroundq/kF53.
d

-

-

d

-
h
-
d
a

a

divergence inx1(q)5x1(q,v50) @see Eq.~6!#. Figure
6~a! shows the static response functionx1(q) at r s

e52 for a
range of wire separationsd. When d approaches 0.583kF

21

there is a divergence inx1(q) at q/kF52. The divergence
indicates that the electron and hole liquids are unstable
infinitesimal periodic perturbations of the density with wa
numberq/kF52, that is to a charge-density-wave groun
state. For 0.8,r s

e,2.5 the divergence inx1(q) remains at
q/kF52.

For q/kF52 the free-particle static susceptibilit
x (0)(q) diverges26 so thatx6(q) is independent ofx (0)(q).
In this case the condition forx1(q) to diverge at 2kF re-
duces to

FVee~q!

Veh~q!G
2

5
@12Geh~q!#2

@12Gee~q!#@12Ghh~q!#
, q52kF . ~15!

For r s
e.2.5 the peak inx1(q) does not diverge even whe

d is small. Figure 6~b! shows that asr s
e increases there is a

peak that moves away fromq/kF52 and towardsq/kF54.
This effect may be a precursor to the formation of a Wign
crystal.27

In the RPA the right-hand side of Eq.~15! is unity and
there will always be an instability whend50. Thus in the
RPA the coupled electron-hole wire always has a 2kF
charge-density-wave instability when the two wires are ov
lapping.

The transition to the charge-density-wave ground stat
controlled by the competition between the correlatio
within each wire and the correlations between the wires. F
ure 7 shows the boundary between the liquid and cha
density-wave ground states as a function of wire separa
d and carrier densityr s

e . Whend is large the attractive cor
relations between the wires are too weak for a char
density-wave state to be stable. Forr s

e&0.8 the degeneracy
energy is too large for the transition to occur at anyd. As
r s

e increases above 0.8 it becomes easier to form the cha
density wave and the transition occurs at larger values
d. However, repulsive correlations within the wires increa
with r s

e . For r s
e.1.7 these correlations make it more difficu

FIG. 7. Phase boundary for charge-density-wave ground s
for wire separationdkF and carrier densityr s

e .
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to form charge-density waves, which require the carriers
group. Thus forr s

e.1.7 the transition occurs at decreasi
d. When this effect becomes dominant byr s

e>2.5 there is no
stable charge-density-wave ground state at anyd.

V. CONCLUSIONS

Coupled electron-hole wires differ in several importa
respects from coupled electron-electron wires. The differ
effective masses make the system asymmetric. The attra
interaction between the electrons and holes leads to m
stronger correlations between the wires and these cor
tions can in turn affect the correlations between carriers
the same wire. Both the static and dynamic properties of
wire with the smallerr s are strongly affected by the presen
of a second wire, while the largerr s wire’s properties are no
sensitive to the second wire.

We find forr s
e>2 that correlations are very important an

that RPA breaks down at smallr . The correlations depres
the energy of the collective modes of the system. The co
lations are found to reduce the spectral strength of the
lective modes. The single-particle excitations take up the
o-

i-

is
o

t
nt
ive
ch
la-
n
e

e-
l-
f-

ference by significantly contributing to the total spect
strength.

The asymmetry of the system allows the acoustic plasm
to survive as a sharp resonance peak after it enters the si
electron excitation region. The acoustic plasmon can app
on the undamped high-q side of the single-electron excita
tion region.

The retarded effective electron-electron interaction c
become attractive for intermediate momentum transfers. T
effect is possible because of the strong buildup of corre
tions between the electrons and the heavier holes. It ra
the possibility of bound pairs of electrons forming in th
electron wire. We also found there is an instability toward
charge density-wave ground state of wave numberq/kF52
for the range of densities 0.8&r s

e&2.5 when the wires reach
a critical separation.
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