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Abstract. We investigate the collective excitations in a double-wire system of spatially
separated electrons and holes. Self-consistent local-field factors are used to describe the
exchange–correlation effects at low densities. Plasmon dispersions and the dynamic structure
factor S(q, ω) are studied. Charge-density-wave instabilities in these structures are examined
within the linear response theory at small and finiteq-values.

1. Introduction

The recent advances in fabrication techniques such as molecular beam epitaxy and metal–
organic chemical vapour deposition have made it possible to study the quasi-one-dimensional
(Q1D) electron systems in semiconducting structures. Motivated by the technological
potential of high-speed electronic devices, experimental and theoretical work in this area
continues to be of interest. In this paper we study the collective modes and charge-density-
wave instabilities in a double-quantum-wire electron–hole system at zero temperature.
These structures, like the double-quantum-well systems that have been recently studied,
are important in our understanding of the correlation effects in low dimensions.

The collective excitations in GaAs-based quantum-wire systems have been experimen-
tally studied by spectroscopic methods [1, 2]. Theoretical investigations of plasmons [3–7]
in Q1D structures have shown that they have a rich excitation spectrum, and that many-body
effects are necessary to interpret the experiments. The overall success of the random-phase
approximation (RPA) in describing the excitation spectra of quantum wires is attributed
[4, 8] to the limited phase space of Q1D systems. The validity of using the Fermi-liquid
theory (rather than the Tomonaga–Luttinger picture [9]) to describe the semiconducting
quantum-wire systems has been discussed by Hu and Sarma [10]. These predictions are in
very good agreement with the experimental observation [1, 2] of collective excitations in
GaAs quantum wires. The ground-state correlation effects in single quantum wires were
explored [11], going beyond the RPA. To include corrections due to exchange–correlation
effects associated with the charge fluctuations, the method of Singwiet al (STLS) [12]
offers an improvement over the RPA. Recently, we employed the STLS method to study
the ground-state correlations in double-wire electron and electron–hole systems [13]. In
the latter, electrons and holes are confined in separate wires. The self-consistent calcula-
tion yields the intrawire and interwire local-field corrections which describe the correlation
effects.

Our aim in this paper is firstly to examine the collective modes in double-quantum-
wire systems, consisting of spatially separated electrons and holes. We specialize to
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equal-density structures, where one wire has electrons as charge carriers and the other
one has holes, to study the effects of intrawire and interwire correlations on the plasmon
modes. Double-layer electron–hole systems are being fabricated by means of separate
electrical contacts [14], and it is conceivable that similar techniques will find application
in double-wire structures [15]. Correlation effects are most important when the carrier
densityN in these systems becomes.105 cm−1. Intrawire and interwire correlations are
different in nature because the charge carriers can only move in their respective wires
(without tunnelling), and exchange interactions become important. Interwire correlations
increase with decreasing wire separation. The STLS approximation has been very useful in
increasing our understanding of correlation effects in double-layer two-dimensional electron
gas systems [16]. The RPA has been found to overestimate the static properties. On the other
hand, the STLS approximation is believed to give reliable results if the carrier density is
not too low. In this work we concentrate on the fully self-consistent evaluation of the static
structure factors and local-field corrections in electron–hole double-wire systems. Further
motivation to study these structures is provided by the electronic instabilities associated
with the many-body effects in layered quantum liquids. A charge-density-wave (CDW)
instability in double-wire systems has been predicted [17, 18] to occur as in the case of
double-quantum-well structures [19]. Originating from the many-body interactions, this
instability requires an accurate description of the local-field corrections for its analysis.

The rest of this paper is organized as follows. In the next section, we outline the STLS
method of calculating the local-field factors self-consistently in a double-wire system, and
introduce the quantum-wire model that we use. Section 3 discusses the collective modes in
the system. We investigate the CDW instabilities in section 4, and give our conclusions in
section 5.

2. Theory

We assume that the Q1D electrons in each wire are embedded in a uniform positive
background to maintain the charge neutrality. The linear electron densityn is assumed
to be the same for the two wires. In terms of the Fermi wave vector we haven = 2kF /π .
The electron gas parameter is defined asrs = π/(4kF a∗B), in which a∗B = ε0/(e

2m∗) is the
effective Bohr radius in the semiconducting wire with background dielectric constantε0 and
electron effective massm∗. The density–density response function of a double-wire system
as extended to a multi-component case [16] involvesχ0

ii (q, ω), the zero-temperature 1D free-
electron density–density response function for theith wire, andψij = Vij (q)[1−Gij (q)], the
effective interactions (i andj are the wire indices). We use the particle-number-conserving
expression [20]

χ0(q, ω; γ ) = (ω + iγ )χ0(q, ω + iγ )

ω + iγ [χ0(q, ω + iγ )/χ0(q, 0)]
(1)

to account for the disorder effects through the phenomenological parameterγ , in order to
justify the use of the Fermi-liquid approach for Q1D electron systems. The fluctuation-
dissipation theorem enables us to express the static structure factorsSij (q) in terms of the
response functions. TheGij (q) are the static local-field factors arising from the short-
range Coulomb interactions and the exchange–correlation effects for the density–density
responses. SettingGij = 0 in the full density-response function one recovers the usual
RPA, which neglects correlation. The intralayer and interlayer local-field factorsGij (q)

are obtained within the STLS approach [11, 12]. The details of the theoretical framework
and our self-consistent calculations are presented elsewhere [13]. The model that we use
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for the Q1D electron system is that developed by Gold and Ghazali [6]. It consists of two
cylindrical quantum wires of radiusR each in an infinite potential well and separated by
a distanced (d > 2R). We assume that only the lowest subband in each given quantum
wire is occupied. This will be fulfilled forrs > (R/a∗B)/4, especially in the low-density
regime in which the many-body effects are important [6, 11]. The intrawire and interwire
Coulomb interactions between the particles are given by Gold and Ghazali [6] and Gold
[17], respectively. The main features of this model are that the intrawire potential behaves
as∼|ln(qR)| for long wavelengths and the interwire potential as∼|ln(qd)|, characteristic of
various other proposals [3, 4]. The quantum-wire model used for a Q1D structure determines
some asymptotic properties of the local-field factor, as discussed by Fantoni and Tosi [21].

We solve the set of equations relating the structure factors and local-field corrections
for density–density response in an electron–hole double-wire system self-consistently. The
material parameters for GaAs are used, so the electron and hole masses arem∗ = 0.07me
andm∗h = 0.5me (me is the free-electron mass), respectively, and the dielectric constant is
ε0 = 12.9. The phenomenological disorder parameterγ that enters into the self-consistent
calculation does not influence the convergedSij (q) andGij (q) significantly forγ . 0.1EF .
The particle-number-conserving expression that we employ has the same form as in more
sophisticated approaches [22], where it is replaced by the wave-vector- and frequency-
dependent memory functionγ (q, ω). The phenomenologicalγ may be related to the
measured mobilities in quantum wires by the relaxation-time expression.

3. Collective modes

The collective excitations in a double-wire system when correlation effects are included are
obtained from the zeros of the screening function

ε(q, ω) = [1− V11(q)[1−G11(q)]χ
0
11(q, ω)

] [
1− V22(q)[1−G22(q)]χ

0
22(q, ω)

]
− [

V12(q)[1−G12(q)]
]2
χ0

11(q, ω)χ
0
22(q, ω) = 0 (2)

in which we use the disorder-free response functions. In the case of an equal-density
double-wire electron system, the plasmon dispersions are obtained analytically [4, 23], and
the ensuing modes are called optical and acoustic plasmons—referring to the in- and out-of-
phase oscillations of the charges within the wires. For electron–hole double wires the full
collective modes have to be solved numerically. Theq → 0 limit of the dispersion relations
may be calculated as for the 2D and Q1D two-component electron liquid cases [24]. The
main difference here is that the electron and hole wires are spatially separated. For a given
wire radius, when the density is low enough, both modes are above the single-particle
continuum of electrons (light particles). We obtain the plasmon dispersions as(q → 0)

[ωop
pl (q)]

2 = B/2+ (B2/4− C)1/2 (3)

where

B = 16rs
π2

q2 [F11(1−G11)+ ρF11(1−G22)]

C =
(

16rs
π2

)2

ρq4
[
F 2

11(1−G11)(1−G22)− F 2
12(1−G12)

2
]
.

In the above expressions, we measure the plasmon energy in terms of the Fermi energy
EF = kF /2m∗ of the electrons,ρ = m∗/m∗h, andV11(q) = e2F11/(2ε0), etc. Since the
mass ratio 1/ρ � 1, equation (2) admits another solution (an acoustic plasmon) for energies
above the single-particle continuum of holes, and below the single-particle continuum of
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electrons. This happens when the density of the wires is sufficiently high. We find the
long-wavelength dispersion of acoustic plasmons to be

[ωac
pl (q)]

2 = ω2
+eA

′/B ′ − ω2
−

eA′/B ′ − 1
(4)

where

A′ = 1− F11(1−G11)

(
2rs
π2

)
2

q
ln

∣∣∣∣ω−ω+
∣∣∣∣

B ′ = F11(1−G22)

(
2rs
π2

)
1

ρq
− [F 2

11(1−G11)(1−G22)− F 2
12(1−G12)

2
]

×
(

2rs
π2

)2 2

ρq2
ln

∣∣∣∣ω−ω+
∣∣∣∣.

Figure 1. (a) The collective modes in a double-wire electron–hole system forR = 2a∗B ,
d = 5a∗B , and rs = 1. The solid and dashed lines are the full dispersion curves with and
without the local-field effects, respectively. The chain and dotted curves are the corresponding
long-wavelength approximations. (b) As (a), but forrs = 4.

We illustrate the collective modes in a double-wire electron–hole system in figure 1.
The optical and acoustic plasmon modes of anR = 2a∗B andd = 5a∗B system atrs = 1,
are depicted in figure 1(a). The optical plasmons exist above the upper boundary of the
particle–hole (p–h) continuum of electrons, as expected. The solid and dashed lines indicate
the full numerical solution of Re[ε(q, ω)] = 0, with and without the local-field corrections.
They correspond to the STLS approximation and the RPA, respectively. The chain and
dotted lines are the long-wavelength limits of the full plasmon dispersions with and without
the local-field effects, respectively. In general the presence of exchange–correlation effects,
described by the static local-field correctionsGij (q), tend to move the plasmon dispersions
down from their RPA values. Such behaviour is observed in higher dimensions as well,
and stems from the reduced carrier–carrier interaction strength in highly correlated systems.
We note that theq → 0 approximations start to deviate from the full plasmon dispersions
at aroundq ≈ 0.2kF , and consequently they enter the particle–hole continuum at some
critical wave vectorqc. The acoustic plasmons are in the region above the p–h continuum
of holes and below the p–h continuum of electrons. The effects of local-field corrections
on the acoustic plasmons are similar to those on optical plasmons. However, we observe
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that theq → 0 approximation in this case describes the full plasmon dispersions better for
the range ofq-values of interest. We now study the collective modes in a lower-density
system. Figure 1(b) shows the optical and acoustic plasmon dispersions calculated using
the numerical solution of Re[ε(q, ω)] = 0, and the above long-wavelength expressions for
an electron–hole double-wire system atrs = 4. The full RPA and STLS results are plotted
as the dashed and solid lines, respectively. The long-wavelength expressions with and
without the local-field corrections are denoted by the chain and dotted lines, respectively.
Correlation effects become more important atrs = 4, and we observe a marked difference
between the RPA and STLS approaches. It is also interesting to note that theq → 0
approximations describe the full dispersion curves better in this situation. Within the RPA,
the acoustic plasmons are pushed above the p–h continuum of electrons. Similar behaviour
of the collective modes is also seen in double-layer systems. On the other hand, atrs = 4
the exchange–correlation effects have a great influence on the acoustic plasmons. In the
STLS approximation, the acoustic plasmon dispersion curve (solid line) is just below the
lower boundary of the p–h continuum of electrons for smallq, and it enters the damping
region at aroundq ≈ 0.3kF .

Figure 2. The acoustic plasmon damping rate in a double-
wire electron–hole system atR = 2a∗B , d = 5a∗B , and
rs = 4. The solid and dotted lines denote the STLS and
RPA results, respectively.

To see this effect from another point of view, we plot in figure 2 the damping rate of
acoustic plasmons using

γq =
∣∣∣∣ Im[ε(q, ω)]

∂ Re[ε(q, ω)]/∂ω

∣∣∣∣
ωac

pl (q)

. (5)

The solid and dotted lines in figure 2 denoteγq in the STLS approximation and the RPA,
respectively. The dampingγq describes the rate at which the acoustic plasmons decay into
single-particle–hole pairs.

The collective modes of a double-wire electron–hole system can also be studied via the
dynamic structure factorS(q, ω), defined as

S(q, ω) = − 1

nπ

∑
ij

Im[χij (q, ω)]. (6)

The dynamic structure factor gives a measure of the density fluctuation spectrum and is
observed in inelastic electron spectroscopy or Raman scattering experiments. In figure 3
we showS(q, ω) for an electron–hole double-wire system withR = 2a∗B and d = 5a∗B ,
at q = 0.2kF . We choose the linear carrier density such thatrs = 1. In the RPA the
dynamic structure factor (dotted line) exhibits contributions from the particle–hole continua
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Figure 3. The total dynamic structure factorS(q, ω) for a double-wire electron–hole system,
with R = 2a∗B , d = 5a∗B , q = 0.2kF , andrs = 1. The dotted, dashed, and solid lines represent
the RPA (γ = 0), the RPA (γ = 0.01EF ), and the STLS approximation (γ = 0.01EF ),
respectively.

of electrons and holes, as well as very sharp plasmon peaks. When we introduce a damping
parameter ofγ = 0.01EF , we observe that these peaks are broadened considerably (solid
line). The plasmon contributions dominateS(q, ω). The effect of the local-field factors
Gij (q) is to shift the peak positions to the low-energy side (dashed line). This is visible even
for the rs = 1 case of figure 3. We further remark that as the separation distance between
the wires is increased, the acoustic plasmon peak (located at lower energies) decreases in
magnitude, whereas the optical plasmon peak increases. Similar behaviours of plasmons in
double-layer electron systems were examined by Cordes and Das [25] who also argued for
the prospects of experimentally observing the collective modes.

4. Charge-density-wave instabilities

In order to study the instabilities in double-wire systems, we look for the divergences in the
response function [19]

χ−(q) = 2

1/χ1(q)+ 1/χ2(q)−
[
(1/χ1(q)− 1/χ2(q))2+ 4ψ12(q)

]1/2 (7)

where 1/χi(q) = 1/χ0
ii (q)+ ψii(q) is the response function of a single (isolated) wire and

ψij (q) = Vij (q)[1−Gij (q)] is the effective interaction between the carriers in wiresi and
j , including the local-field corrections. The condition for a CDW instability corresponds to
1/χ−(q → 0) = 0. Taking the small-q limit in equation (7) we obtain

αc/R = exp

{
F11(kF )

8
− 73

120
− (1+ ρ) π

2

32rs

}
− 2> 0. (8)

The approximations leading to the above stability condition are such that for smallq, we
neglect the interwire correlation effects,G12(q) = 0, and replace the intrawire local-field
factorsG11(q) andG22(q) by the Hubbard approximation,GH(q). As q → 0, we use
GH(q) ≈ 1

2F11(kF )/F11(q). Since the interwire local-field factorG12 is appreciable only
for large q, and the Hubbard approximation describes the long-wavelength limit of the
intrawire local fields quite well, the stability condition given in equation (8) provides a
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Figure 4. The critical distanceαc = d − 2R below which the Q1D Fermi liquid becomes
unstable, as a function ofrs . The solid and dotted lines refer to electron–hole and electron
double wires, respectively. The curves from left to right indicateR = 0.1a∗B , 0.5a∗B , 0.75a∗B ,
anda∗B , respectively.

reasonable estimate. Note also that thers-dependence ofGH(q) is embodied inF11(kF ).
For a given density (orrs) and wire radiusR, we conclude that the Fermi liquid is stable for
αc > 0. The critical distanceαc as a function of the density parameterrs in an electron–hole
double-wire system is shown in figure 4, for various wire radii. For comparison we also
show the corresponding case for an electron system (dotted lines) studied by Gold [17]. The
electron–hole system is a stable Fermi liquid in the regionαc(R, rs) > 0 indicated by FL
in figure 4. It is observed that the instability in an electron–hole system occurs at smaller
rs-values (higher densities) than that in an electron system for the same interwire separation
distance and wire radius. This is more notable for smallR, and as the wire radius increases
the critical distancesαc become essentially the same for electron–hole and electron systems.
To see how well the phase diagram given in figure 4 describes the instabilities, we now
calculateχ−(q).

In figure 5 we displayχ−(q) as a function ofq (asq → 0) for R = a∗B/2 andrs = 5.
As the interwire distanceα approaches the critical value a strong peak inχ−(q) develops
aroundq ≈ 0.03kF , validating our previous analysis. We have found that the peak splits into
two at a spacing ofα/R ≈ 0.55, whereas similar calculations [18] for double-wire electron
systems reported no such splitting. We note that in figure 5 the static susceptibilityχ−(q)
is calculated with the local-field correctionsGij (q) from a self-consistent STLS scheme,
but their effects are rather small. Similar instabilities in electron double-wire systems were
detected by Wang and Ruden [18].

Owing to the perfect nesting of the Fermi surface in 1D, an intrinsic instability occurs
at q = 2kF , reflected by a singularity in the noninteracting susceptibilityχ0(q). Although
thermal fluctuations and collisional broadening effects (characterized phenomenologically
by the parameterγ ) remove this singularity [26], a peak structure at 2kF persists. We now
explore the effects of strong interwire and intrawire interactions onχ−(q) at finite q. In
this case, the local-field effects are expected to be important especially at largers . Figure 6
showsχ−(q) as a function ofq within the STLS approximation. Atrs = 4, exchange–
correlation effects become important and a peak structure is observed aroundq ≈ 0.3kF ,
for various separation distances. Wang and Ruden [18] found divergent behaviour inχ(q)

at 2kF when the wire densities become sufficiently low and the separation distance becomes
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Figure 5. The small-q behaviour of the static response
functionχ−(q), for a double-wire electron–hole system
at R = a∗B/2, andrs = 5.

Figure 6. The large-q behaviour of the static response
functionχ−(q), for a double-wire electron–hole system
atR = 2a∗B andrs = 4 within the STLS approximation.

sufficiently small. We observe similar behaviour in electron–hole double wires, except that
the 2kF -divergence is substantially reduced because of the phenomenological parameterγ

(taken typically to beγ ≈ 0.01EF ). For double-layer electron–hole systems, Szymański
et al [16] have found divergences in the static response at largers and at a critical spacing
between the layers. These divergences were attributed to the onset of charge-density-wave
instabilities. For double-wire electron systems, Wang and Ruden [18] argued that theq → 0
instabilities could not be reached since they occur at smaller wire separations than those at
q = 2kF . In our calculations,χ−(q) for double-wire electron–hole systems seems to exhibit
a large peak beyondq = 2kF at wire separations comparable to those of theq → 0 case.
Such finite-q instabilities may be a precursor to a fluid–solid phase transition, i.e. Wigner
crystallization, as suggested by Shulz [27], which may be detected experimentally.

5. Concluding remarks

In this work we have mainly considered equal-density double-wire systems. Our method can
easily be generalized to unequal-density situations. It is expected that the collective modes
of an unequal-density system will have qualitatively different properties from the modes
in identical wires. Liuet al [16] have studied the behaviour of plasmons in double-layer
systems with unequal densities. The semiconducting quantum wires realized so far and
used in the experiments are typically characterized by densities ofrs ∼ 1. It is conceivable
that low-density structures will be manufactured in the future, in view of the advances in
growth technology. The many-body effects discussed here would then be more readily
applicable to the experimental realizations. The collective modes (plasmons) described in
this work can in principle be detected by light scattering experiments similar to the ones
performed before [1, 2]. There is also a possibility of observing the effects of optical and
acoustic plasmons in transport measurements, namely in the so-called Coulomb drag effect
as demonstrated by Hillet al [28] for 2D systems. Although the actual realization of spatially
separated electron–hole wires appears to be quite difficult, we believe that the advances in
the growth technology will surmount these difficulties. A host of interesting effects predicted
theoretically [29] for these systems show the timeliness of concentrated efforts in this
direction. CDW-type instabilities discussed in the context of double-quantum-well structures
[19, 23] and also in double quantum wires [17, 18] could be explored. In summary, we
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have studied the ground-state correlations in Q1D electron–hole systems in double-quantum-
wire structures interacting via the Coulomb potential within a self-consistent scheme. The
local-field corrections describing exchange–correlation effects provide an improvement over
the RPA results. We found that the double-wire Q1D electron system, such as occurs in
semiconducting quantum wires, shows qualitatively similar behaviour to that found in 2D
and 3D cases. The collective modes in double-wire systems, particularly in electron–hole
wires, exhibit a rich structure which could be probed in Raman-scattering-type experiments.
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