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Tunneling effects on the impurity spectral function in coupled asymmetric quantum wires
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The impurity spectral function is studied in coupled double quantum wires at finite temperatures. Simple
anisotropy in the confinement direction of the wires leads to finite nondiagonal elements of the impurity
spectral function matrix. These nondiagonal elements are responsible for tunneling effects and result in a
pronounced extra peak in the impurity spectral function up to temperatures as high as 20 K.
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I. INTRODUCTION

From a theoretical point of view, it is well known that th
Coulomb interaction leads to the Luttinger liquid~LL ! be-
havior of one-dimensional~1D! electron systems. The LL is
mostly characterized by the spin-charge separation in the
ementary excitation spectrum.1 However, experimental re
sults concerning inelastic light scattering due to both char
density ~plasmon! and particle-hole ~single-particle!
excitations in 1D electron systems based on semicondu
quantum wires ~SQW’s! can be interpreted within the
random-phase approximation~RPA! in the framework of the
Fermi liquid ~FL! theory.2 Among other issues, the Ferm
edge singularity3 and the band gap renormalization4,5 in
these systems can also be successfully explained within
RPA. As a matter of fact, the resonant inelastic lig
scattering experiments in SQW’s have been analyzed u
both FL and LL theory.6–8 Recently, a new kind of tunneling
spectroscopy in coupled parallel quantum wires in Ga
based semiconductors was able to check out the Luttin
liquid behavior of the electrons in extremely clean system
very low temperatures.9 The differences between the Lu
tinger and Fermi liquid behaviors turned out to be noticea
in the one-electron spectrum.

So far, no definitive evidence for LL versus FL behavi
has been obtained. The puzzle of clarifying the conditio
under which the 1D electron system embedded in an S
behaves as a LL still remains. There have been theore
suggestions that mechanisms induced by impurity scatter
thermal fluctuations, as well as intersubband scattering
likely suppress the LL behavior.6,10,11Effects of the intersub-
band~or interwire! excitations are believed to disable the L
behavior, provided the system loses its strict on
dimensional character. Moreover, electron intrasubband
intersubband relaxations through slightly impure scatter
channels could restore the FL behavior. On the other ha
localized impurity~or defect! induced effects in 1D metallic
systems in quantum wires have been extensively studi12

within both the FL and LL theories. These impurity effec
turn out to be related to critical phenomena in the stron
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correlated regime and to the x-ray absorption spectru
where a optical created valence hole is regarded as an im
rity.

In this work we are interested in studying the impuri
induced optical properties in semiconductor quantum wi
which can be helpful in understanding the 1D properties
the electron systems. We focus on the spectral function
localized valence hole~or a spinless impurity! in two-
component coupled double quantum wires at finite tempe
tures. The considered interaction is of a localized state wi
continuum described by a coupled double 1D system w
two subbands~or components! filled with electrons. Two par-
allel wires in thex direction, with zero thickness in thez
direction, compose the system. In they direction, the two
wires are of 300 and 200 Å widths, respectively, separated
a 30-Å AlGaAs barrier of 300 meV height. We assume ze
thickness in thez direction since the confinement in th
direction is much stronger than that in they direction. The
energy gap between the first and the second subband
v0 .5.36 meV. We consider the impurity localized at th
center of the barrier. Such a system is also similar to typ
quantum wire heterostructures, where valence holes are
calized between two parallel 1D electron gases.

Our theoretical result indicates that the interwire tunn
ing induced many-body effects in coupled asymmetric qu
tum wire systems lead to a nonmonotonic impurity spec
function. A pronounced extra peak appears in the impu
spectral function up to 20 K.

The paper is organized as follows. In Sec. II we pres
the theory with the working formulas. In Sec. III we provid
our numerical results and discussions. We conclude in S
IV with a summary.

II. THEORY

A. Interwire Coulomb potential

The anisotropy in the direction perpendicular to the wir
leads to very weak tunneling, but it is sensitive enough
produce important effects on both the electron-elect
(e-e)Ve-e and the electron-impurity (e-i )Ve-i Coulomb inter-
©2003 The American Physical Society04-1
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actions. The asymmetry leads to nonzero off-diagonale-e
interaction matrix elements ofVe-e.13 These elements repre
sente-e scattering in which only one of the electrons exp
riences interwire~or intersubband! transition. In the symmet-
ric situation ~two identical wires!, however, these off-
diagonal matrix elements vanish because the wave funct
of the ground and the first excited states are symmetrical
antisymmetrical, respectively, in the confinement directio

On the other hand, thee-i interaction matrix element re
lated to the interwire transitions is defined as

V12
e-i~q!5

2e2

«0
E dyf1~y!K0~quyu!f2~y!, ~1!

where «0 is the static dielectric constant,e the electron
charge,K0(quyu) the zeroth-order modified Bessel functio
of the second order, andf j (y) is the electron wave function
in the wire~or subband! j. The derivation of this potential is
similar to that in Ref. 14, where its quasi-two-dimension
counterpart was calculated. The Bessel functionK0(quyu) re-
sults from the integral in thex direction, which involves the
externale-i Coulomb potential

Vext~x,y!5
e2

«0

1

A~x2xi !
21~y2yi !

2
~2!

and the plane wave describing free electrons in that direct
It obviously depends on the impurity positionxi5yi50,
which has been chosen here as the origin of the coordina
The componentV12

e-i(q) represents interwire~intersubband!
transitions suffered by the electron as it interacts with
localized impurity. This interaction induces anisotropy~or
tunneling! effects on the full impurity spectral function tha
we investigate in this work. We mention that, for two ide
tical wires,V12

e-i(q)50 due to the fact thatf1(y) andf2(y)
are symmetrical and antisymmetrical functions ofy, respec-
tively.

B. Interwire impurity Greens function

We model the system by an Anderson impurity localiz
below the continuum of the two subbands (j 51,2) in the
coupled quantum wires filled with electrons. This approa
has been used before in studying optical holes in doped t
dimensional systems at zero temperature.15–17 We point out
that the Hamiltonian presenting the interaction between
impurity and the two-component 1D electron gas can
transformed into a problem of a localized level with ener
« i and a two-component noninteracting boson~electron-hole
pairs!. Therefore, we are dealing with an independent bo
model which is exactly solvable. The term in the Ham
tonian describing the boson coupling to the impurity is wr
ten as

H85d1dF« i1 (
lq

Vl
e-i~q!~bql1b2ql

1 !G , ~3!

where blq
1 (blq) creates~destroys! a boson in the statel

[( j , j 8) with wave vectorq. Here,Vl
e-i(q) is the electron-
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impurity interaction matrix element. Notice that this co
pling occurs only when the impurity state is occupied a
d1d51.

After a canonical transformation of the typeeSH8e2S

with

S5d1d (
lq

Vl
e-i~q!

vl~q!
~b2ql

1 2bql!, ~4!

the Hamiltonian~3! can be rewritten as

H85d1dS « i2 (
l

DlD , ~5!

whereDl5 (q uVl
e-i(q)u2/vl(q) is the self-energy involving

the frequencyvl(q) of the boson in the statel with wave
vectorq. One may then obtain the impurity Greens functi
from the Hamiltonian~5!. After some algebra, an exact an
closed form of the impurity Greens function is obtained:18

G~ t !52 ie2 i t (« i2SlDl))
l

exp@2Fl~ t !#, ~6!

where

Fl~ t !5 E
0

` dn

n2
Rl~n!$@nB~n!11#~12e2 int!

1nB~n!~12eint!%, ~7!

with nB(n) being the Bose distribution function. Feynman
theorem on the disentangling of field operators is emplo
to determineG(t). The benefit of treating the system withi
the independent boson model comes when our working
mulas are obtained without any approximation.

In Eq. ~6!, SlDl is the self-energy shift in relation to th
impurity energy« i . This shift is time independent and ha
no major effect on the total impurity spectral function oth
than renormalizing the band-to-band threshold transition
ergy vT5« i2SlDl . For the sake of simplicity, we take
vT50 throughout this paper. We focus on the tim
dependent self-energy termFl(t) which requires the boson
density of states18

Rl~n!5
1

p E dq

2p
uVl

s~q,n!u2Im@Pl~q,n!#, ~8!

which determines the shape of the impurity spectral functi
In Eq. ~8!, Vl

s(q,n) is the screenede-i Coulomb potential
and Pl(q,n) is the noninteracting irreducible polarizabilit
function. The screened interactionVl

s is obtained from the
generalized self-consistent equation

Vl
s~q,n!5 (

l8
@«l,l8~q,n!#21Vl8

e-i
~q!, ~9!

with the dielectric matrix

«l,l85dll82Vll8
e2ePl8 ~10!

written within the RPA.
4-2
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We point out that the formula for the density of stat
Rl(n) has been conveniently chosen in order to take i
account elementary excitations~or screening! occurring in
the experiment. The quantityRl(n) also plays the role of a
density of states for the electron-electron interaction p
vided it is determined by collective excitations@entering in
the calculation via the screenede-i potential Vl

s(q,n)],
which remain in the particle-hole excitation continuu
where Im@Pl(q,n)#Þ0. It will then depend on the electro
densityne in the sample, since the polarizabilityPl does.
Therefore, in calculatingRl(n), we are dealing with a boso
density of states, which have been mapped onto elemen
excitations in the real electron system.

The elementary excitation spectra of a Fermi system
bedded in the biwire structure present the well-known opt
v1(q) and acousticv2(q) plasmon modes corresponding
the in-phase and out-of-phase charge density fluctuati
respectively.19 The dispersion relations of these modes
obtained through the equation detu«ll8(q,v)u50.

We devoted special attention in this work to the elem
R12(n), which is interpreted as the rate of creating interw
electron-hole pairs~bosons! with the electron~hole! being in
the wider~narrower! wire. The tunneling between the wire
is responsible forV12

e-i(q) and, as a consequence, forR12(n).
It then leads to the interwire impurity spectral function d
fined as

A12~v!522ImF E dteivtg12~ t !G , ~11!

where

g12~ t !52 i exp@2F12~ t !#

is the finite temperature impurity Greens function involvi
the electronic transitions between the wires. The impu
spectral function in 3D systems at zero temperature dive
as a power law atv→vT . This divergency is due to the
so-called orthogonality catastrophe involving the overlap
tween the initial~without impurity! and final~with impurity!
many-body states.20 Here, the Bose distribution functio
nB(v), governing the particle-hole excitations at finite tem
peratures, plays the important role of being responsible
the behavior ofA12(v) asv→0.

III. NUMERICAL RESULTS

In Fig. 1 we showR12(n) at different temperatures for th
total charge densityne5106 cm21. As discussed above, Eq
~8! indicates that the screenede-i potentialV12

s (q,n) in the
interwire particle-hole continuum, where Im@P12(q,n)#Þ0,
determines the interwire density of statesR12(n). On the
other hand, the weak interwire particle-hole excitations in
present system only result in partial Landau damping on
plasmon modes as we discussed in Ref. 13. Therefore
survived opticalv1(q) and acousticv2(q) plasmon modes
in this region are a dominant contribution toV12

s (q,n) and,
consequently, in determining theR12(n). In order to under-
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stand that, we show in Fig. 2 the intrawire and interw
particle-hole excitation spectra along with the plasmon d
persion relations of the optical and acoustic modes in
system withne5106 cm21 at zero temperature. The corre
sponding R12(n) is given by the solid curve in Fig. 1
Clearly, there are well defined borders of the interw
particle-hole continuum at zero temperature. The well sha

FIG. 1. The rateR12(n) for ne5106 cm21 at different tempera-
tures:T50 K ~solid line!, T55 K ~dotted line!, T510 K ~short-
dashed line!, T520 K ~dashed line!, and T525 K ~dash-dotted
line!. The inset shows the intrawire rateR11(n) for the same tem-
perature values.

FIG. 2. ~Color online! Dispersion relations of the opticalv1(q)
and acousticv2(q) plasmon modes withne5106 cm21 . Shaded
areas indicate the intrawire and interwire particle-hole excitat
continua. The inset shows the wire structure and the wave funct
of the ground and first excited states.
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R12(n) follows the optical and acoustic branches enter
and leaving each continuum region. The acoustic~optical!
mode enters and leaves the lower interwire particle-hole c
tinuum region atv2.3.0 and 3.8 meV (v1.3.7 and 4.3
meV!, respectively. The optical one enters the higher int
wire particle-hole continuum region atv1 .6.3 meV. In
comparison with the plasmon dispersions, our calculation
dicates thatR12(n) is dominated by the acoustic and optic
plasmon branches which remain in the interwire particle-h
continuum. We address the fact that, in calculatingR12(n),
we are dealing with an interwire boson density of stat
which have been mapped onto elementary excitations in
Fermi system.

For the sake of completeness, we show the intrawire
mentR11(n) in the inset of Fig. 1 for the same temperatu
range. The rateR11(n) is dominated by the intrawire
particle-hole excitations. But the partially damped acous
plasmon mode in the intrawire particle-hole excitation co
tinuum has a small contribution toR11(n) in our asymmetric
system. We also show that, quantitatively,R12(n) is larger
thanR11(n) at very low temperatures. Consequently, it dom
nates the full impurity spectral function at low temperatur
With increasing temperature,R12(n)@R11(n)# decreases~in-
creases!and the interwire effects carried byR12(n) are sup-
pressed byR11(n). Moreover, the functionR12(n) behaves
differently compared toR11(n) which is roughly a slowly
varying function. The abrupt increase inR12(n) leads to a
specific structure in the impurity spectral function. We a
found that the elementsR22(n) andR21(n) are of negligible
contribution due to the small probability of creating electro
hole pairs whose electrons are found in the narrower wir

In Fig. 3, the dotted and dashed lines showAj j 8(v) for
( j , j 8)5(1,1) and (j , j 8)5(1,2), respectively, atT52 K.
The full spectrum~solid line! should be observed experime

FIG. 3. The elementsAj j 8(v) at temperatureT52 K. Here,
ne5106 cm21.
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tally via photoemission or photocurrent spectroscopy and
proportional to the impurity density of states involving e
ementary excitations mostly due to the wider quantum w
The interwire tunneling induced effects as discussed ab
reflect on the nondiagonal elementA12(v). We see structures
in the spectral functionA12(v) in which the dip and peak
correspond to the behavior ofR12(n). These structures rep
resent the contribution coming from interwire boson exci
tions, which decrease as the temperature increases.

In Fig. 4~a!, we showA12(n) at temperatureT52 K for
different charge densitiesne . The figure clearly shows the
effects due to interwire particle-hole excitations and th
dependence on the total charge density in the sample. Ane

decreases, the narrower wire becomes less populated an
shoulders in the figures get affected. In Fig. 4~b!, we show
the temperature evolution ofA12(v) for ne5106 cm21. Al-
though the temperature suppresses the interwire boson
tations, the effects due to interwire interaction are observa
in our calculation up toT530 K. Moreover, the Boson dis
tribution function nB(v), governing the interwire self-
energy propagatorF12(t) at finite temperatures, leads to th
divergency inA12(v) for v→0.

FIG. 4. ~a! The interwire elementA12(v) at temperatureT
52 K for different electron densitiesne . ~b! The interwire element
A12(v) for ne5106 cm21 at different temperatures.
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IV. SUMMARY

In summary, we have studied the nondiagonal~interwire!
element of the spectral function matrix of a localized imp
rity in coupled double quantum wires. We show that the tu
neling between the two asymmetric wires induces interw
particle-hole excitation effects leading to a pronounced p
in the impurity spectral function up to 20 K which should b
observable in the photoemission or photocurrent spect
copy. We finally remark that experimental observations
N.

at

v
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these effects could serve as a signature of one-dimensi
FL in the proposed system.
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