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Electronic transport in a quantum wire under external terahertz electromagnetic irradiation
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We theoretically study the electronic transport of a straight quantum wire partly irradiated under an external
terahertz electromagnetic field at low temperature. Using the free-electron model and the scattering matrix
approach, we demonstrate that although the electrons in a ballistic quantum wire only suffer from lateral
collisions with photons, the reflection of electrons also takes place. Interestingly, when the frequency of the
electromagnetic field is resonant with the separation of lateral energy levels of the wire, there is a sharp step
structure in the electronic transmission probability as a function of the total energy of the electron or the
strength of the field. The physical origin of this phenomena is the electron intersubband transition when a
finite-range transversely polarized electromagnetic field irradiates a quantum wire. The interference pattern
also appears in the electronic transmission probability as a function of the field-irradiated length.

DOI: 10.1103/PhysRevB.68.155309 PACS number~s!: 73.23.2b, 73.21.Hb, 78.67.Lt
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I. INTRODUCTION

In recent years mesoscopic physics has been extens
studied due to its potential application in the future. Now
days the increasingly progressive arts and crafts of nanot
nologies allow researchers to realize some real mesosc
systems in laboratory. One can confine two-dimensio
electron gas in an ultranarrow channel on
GaAs/AlxGa12xAs heterojunction1 by applying a confine-
ment potential and obtain an ideal one-dimensional~1D! in-
teracting electron system or a 2D quantum point con
~short quantum wire!. Recently, a 3D metallic nanowire ha
been constructed when the probe pin is apart from a m
film.2 Depending on the nature of the materials, a quant
wire can be as long as up to 100 nm~long quantum wire! and
this size may still be comparable to the Fermi wavelength
electrons. In the ballistic regime and at low temperatures
quantum coherent effect will dominate the electronic tra
port properties of these low-dimensional systems. The b
feature is that the conductance shows a histogram struc
when the lateral size of the wire varies and each step h
height of 2e2/h or an integer times it.3 The interaction of
electrons in 1D quantum wires induces transport anoma
The perfect realization of a 1D system provides a new t
of quantum liquid ~Tomonaga-Luttinger liquid!, which
shows strongly correlated features as demonstrated by
techniques such as bosonization.4 Furthermore, the electroni
transport properties of quantum wires can be affected
many other factors. The presence of disorders in quan
wires leads to a suppression of the conductance plateau
low integer values,3,5 and the coupling among wire and re
ervoirs ~leads! has also been accounted for.6 Geometrically,
the varying of the wire lateral shape yields a mixture
different modes. If the shape varies slowly enough to sat
the adiabatic approximation, the staircase structure of c
ductance is still preserved, but it is totally determined by
narrowest neck part of the whole wire.7

Recently, an interesting topic about time-dependent qu
tum transport has been widely carried on for quantum w
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systems, such as the presence of a finite-range ti
modulated potential,8 quantum pumping,9 etc. Furthermore,
when a quantum wire is irradiated under a coherent exte
electromagnetic~EM! field,10–18many new features arise be
cause of the inelastic scattering by photons. The typical v
ues of the lateral energy level separation and the Fermi
ergy are of the order of 1–100 meV for quantum wires. T
corresponds to matching frequencies of the order of 1–
THz, which are available in experiments with the develo
ment of ultrafast laser technology.19 When the Fermi level is
below the lowest lateral level in the neck part of wire, ele
trons cannot go though without the assistance of exte
fields. However, under external field irradiation, electro
can absorb the energy of photons and go though this geo
ric barrier.10–13 Therefore, in the regime of the barrier th
electron reflection may be induced by the combination eff
of external field and lateral shape variation.10–16 However,
the pure external EM field effect~extracting the wire neck
effect! on the electron transport of a straight quantum w
has drawn less attention. And this effect may be import
for the understanding of basic physics and for nanoscale
cuit applications in the future. Recently, Ref. 17 studi
quantum transport in a straight quantum wire irradiated b
longitudinal EM field within a finite range. Up to now, to ou
knowledge, the influence of transversely polarized EM fie
on a straight quantum wire has only been studied with
d-profile range of the field.18

In this paper, we study the quantum transport property
a straight long quantum wire~either a 2D semiconducto
quantum wire or a 3D metallic one! irradiated under a finite-
range transversely polarized THz EM field. The transvers
polarized field results in intersubband transitions, wher
the longitudinally polarized field results in intrasubband tra
sitions. When an external field transversely irradiates the
nite range of a straight quantum wire, the displacement s
metry along the wire is violated so that longitudin
momentum is not a conservative quantity and reflection m
arise in general. Moreover, when the range of the field
assumed to be comparable with the phase-breaking leng
©2003 The American Physical Society09-1
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electrons the entire transmission process is coherent and
be described by a time-dependent Schro¨dinger equation, the
two reservoirs at both ends of the quantum wire can be ta
to be free from time-modulation effects so that the distrib
tion of incident electrons is well determined. Thus the qu
tum transport in the presence of a finite-range field can
cast into a Landauer-Bu¨ttiker-type formalism.17 So we will
use the method of time-dependent mode matching and s
tering matrix in this work. We demonstrate that the finit
range EM field effect on a straight quantum wire is similar
that of a barrier which yields an electron reflection fro
lateral collisions of electrons with photons. A new feature
that a sharp step structure of the resonant transmission p
ability appears as the total electron energy or the strengt
the field increases to a threshold value due to the effec
electronic wave vector split induced by the coherent E
field. This new phenomenon has not been predicted pr
ously for such a straight quantum wire system.

In Sec. II we present the formulation for solving the tim
dependent Schro¨dinger equation of the system. In Sec. III w
study the electronic transmission properties of the system
means of the scattering matrix and present some nume
examples. And finally, Sec. IV presents a summary a
conclusion.

II. MODEL AND FORMALISM

The system under investigation is sketched in Fig.
where a 3D model system consists of a straight quan
wire connecting two reservoirs. The longitudinalz axis is
along the wire, and thex and y axes are in the transvers
directions. A THz EM field with the wave vector along thex
axis transversely irradiates a finite range (0<z< l ) of the
wire in an unspecified way. The field is described by t
vector potential

AW ~ t !5
«

v
cosvt•êy , ~1!

wherev and « are the angular frequency and amplitude
the field, respectively, andêy is the unit vector in they di-
rection ~polarized direction!. At low temperature and in the
ballistic regime we adopt the free-electron model. Therefo
the time-dependent Schro¨dinger equation in the field
irradiated part of the wire is

@~ p̂1eAW !21U~x,y!#C~x,y,z,t !5 i
]

]t
C~x,y,z,t !, ~2!

FIG. 1. Sketch configuration of the system as an external e
tromagnetic field irradiates the middle part of a straight quant
wire connecting two reservoirs. The arrows denote the propaga
directions of electrons.
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where the atomic unit is adopted~i.e., \52m* 51), p̂5
2 i¹ is the momentum, and the potentialU(x,y) is in the
form of either a hard-wall potential or a parabolic one whi
confines electrons to the wire and to the reservoirs.

We assume that the electronic wave function in Eq.~2!
has a separation form

C~x,y,z,t !5(
k

eikz(
n

an~ t !fn~x,y!, ~3!

wherek is the longitudinal momentum andan(t) presents the
time-dependent state amplitudes.fn(x,y) are the eigenfunc-
tions of the transverse motion without an EM field, which
dependent on the specified confining potentialU(x,y). For
simplicity we only consider the transition between the tw
lowest transverse~lateral! energy levels with the Fermi leve
between them and ignore other higher levels~i.e., use the
two-level approximation!. Substituting ansatz~3! into Eq.~2!
and neglecting the;A2 term ~this term only gives an extra
phase that is common to all modes! we obtain an equation o
the matrix form

i
]

]t Fa1

a2
G5F e11k2 iM cosvt

2 iM cosvt e21k2 GFa1

a2
G , ~4!

wheree1 and e2 are the eigenvalues of the two transver
modes andM is a coupling parameter of the two modes a
the EM field ~interaction energy!,

M5
2e«

v U E f1*
]

]y
f2dxdyU5 2e«

v U E f2*
]

]y
f1dxdyU

;«/v, ~5!

which is proportional to the field strength and inversely p
portional to frequency. Except for an additionalk2 in the
diagonal elements of the interaction matrix, Eq.~4! is the
same as the equation of a two-level atom interaction wit
single-mode light field. Inspired by the treatment of the tw
level atom interaction with a coherent light field,20 we use a
time-dependent unitary transformation and the rotating-w
approximation to reduce Eq.~4! to being time independent
Thus using the associated inverse transformation we fin
obtain the time-dependent electronic wave function

C~x,y,z,t !5(
k

@Ck,1u1&e2 i (l11k2)t

1Ck,2u2&e2 i (l21k2)t]eikz, ~6!

where l656 1
2 Ad21M2 is the eigenvalues of the time

independent interaction matrix after the unitary transform
tion, d5v2(e22e1) is the detuning of the field frequenc
with the two lateral energy separation, andu6& are the two
vectors defined as

u6&5F e2 i (e11k22d/2)t

A6e2 i (e21k21d/2)tG , A65
1

M
~2d6Ad21M2!.

~7!
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ELECTRONIC TRANSPORT IN A QUANTUM WIRE . . . PHYSICAL REVIEW B 68, 155309 ~2003!
By using the above electronic wave function expressed
Eqs.~6! and ~7!, we can analyze the electronic transmissi
as a function of the electron total energy and EM field p
rameters such as the frequency and amplitude.

III. ELECTRONIC TRANSMISSION

First, we consider electronic transmission through the
interface~boundary! between regions with field and withou
field irradiation. The transmission property for the right i
terface can be obtained symmetrically.21 The electron wave
function in the unirradiated left part of the wire can be si
ply written as

C~z,0!5Fei (k1z2Et)1C1e2 i (k1z1Et)

C2e2 i [k2z1(E1v)t] G , ~8!

where we have assumed that the electron emits from le
right with total energyE, unitary amplitude, and momentum
k15AE2e1. Herek25AE2e21v, andC1 andC2 are the
reflection coefficients of the two modes. Therefore, acco
ing to Eq. ~6!, the electron wave function in the regime
z.0 can be written as

C~z.0!5C1u1&eik1ze2 i (l11k1
2 )t

1C2u2&eik2ze2 i (l21k2
2 )t

5F C1ei (k1z2Et)1C2ei (k2z2Et)

A1C1ei [k1z2(E1v)t]1A2C2ei [k2z2(E1vt)] G ,
~9!

whereC6 are the transmission coefficients of the two mod
and

k65AE2e11
d

2
2l6 ~10!

are the two field-spilt electron wave vectors~momenta!, from
which one can infer that the Rabi oscillation in space~along
the z axis! arises in the field part of the wire between the
two states with wavelength 2p/(k22k1). Now we can
match the wave functions at the boundaryz50 ~i.e., let the
two wave functions and their differentials be continuous! to
determine the four constantsC1 , C2 , C1, and C2 and to
calculate the transmission probability of the single-le
interface case.

In the following numerical examples, for simplicity w
select the first lateral energye1 as the energy unit, 1/e1 as the
time unit, and 1/(2pAe1) as the length unit. The calculate
transmission probability versus detuningd(;v) is shown in
Fig. 2 with the two sets of parameters as described in
caption. The dashed curve forM50.15e1 remains almost
constant even at resonant frequency as the situation wit
an external field. The reason is that in the case of small m
coupling M both spilt modes in the field-irradiated part a
propagating and all contribute to the transmission~see the
next paragraph!. As M increases the resonant peak appea
In the regime ofudu.0.3, the transmission probability fo
15530
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M50.4e1 ~solid curve! remains unchanged, but it decreas
rapidly from near 1 to 0.5 asd is approaches zero~resonant
casev.e22e1). One can see that a resonant structure tu
up but its shape is different from that of the EM field res
nant absorption of an atom.20 We note that ifv→0, the field
is reduced to the static magnetic field situation which h
been discussed previously.22

Since the main physics may appear at the vicinity of
resonant frequency, we only give results for the resonant c
(d50,l656M /2) in the following arguments. In the reso
nant case the transmission matrixt8 and the reflection matrix
r for the left interface are simply expressed as

t85Fk1 /~k11k1! 0

k1 /~k11k2! 0G , ~11!

r 5F ~k1
22k1k2!/@~k11k1!~k11k2!# 0

k1~k22k1!/@~k11k1!~k11k2!# 0
G , ~12!

respectively. Thus the transmission probability for the l
interface can be derived analytically,

T52(
k

UAk1k

k11k
U2

u~k2!

52UAk1k1

k11k1
U2

u~k1
2 !12UAk1k2

k11k2
U2

u~k2
2 !, ~13!

whereu(x) is the step function and the two split wave ve
tors are simply reduced tok65AE2e17M /2 according to
Eq. ~10!. The solid line in Fig. 3 shows the transmissio
probability versus the total energyE in the resonant case
according to Eq.~13! with parameters ofe151, e252, and
M50.4e1. One can clearly see that the transmission is
most blocked by the EM field when the electron energy
neare1. Interestingly, there is a step arising for the transm
sion as the energy increases toE5e11M /2, and this pure
external field effect cannot be obtained for straight quant
wires irradiated under a longitudinally polarized EM field17

and for the neck shape wires10–15 even in the case of trans
versely polarized EM field irradiation. In our case of
straight quantum wire, when electrons penetrate though
interface to the field-irradiated region, the transverse lev
of the electrons in wires are dressed and one electron mo

FIG. 2. Transmission probability vs detuningd5v2(e22e1)
for one boundary with the parameters ofe151, e252e1, and E
51.2e1, in the case ofM50.4e1 ~solid line! and M50.15e1

~dashed line!, respectively.
9-3
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ZHOU et al. PHYSICAL REVIEW B 68, 155309 ~2003!
split into two time-dependent modesu1&e2 i (M /21k1
2 )t and

u2&e2 i (2M /21k2
2 )t with longitudinal momentak1 and k2 ,

respectively. Further, whenE,e11M /2 k1 is imaginary,

the mode u1&e2 i (M /21k1
2 )t corresponds to an evanesce

~nonpropagating! mode which contributes nothing to th
transmission so that the total transmission probability is s
pressed to near 0.5. WhenE.e11M /2 both modes becom
propagating and all contribute to the transmission. Theref
the transmission step occurs at the point ofE5e11M /2.
Moreover, whenE@e11M /2 the field is comparably too
weak to affect the system, so in this case the transmis
probability is close to 1 as that without an external field. T
effect of splitting wave vectors originally comes from th
intersubband transition. The solid curve in Fig. 4 shows
transmission probability versus interaction energyM (;«) in
the resonant case with parameters ofe151, e252, andE
51.2e1. Similarly, there is a step dropping for the transm
sion probability. WhenM is small the transmission probabi
ity decreases gradually starting from 1, and it drops to
rapidly asM reduces to 0.4 and then it decreases linearly
slowly asM increases. This step structure of the transmiss
probability has the same physical origin as that mentio
above.

The transmission probability for the off-resonant gene

FIG. 3. Transmission probability in the resonant case vs t
electron energy~in units of e1) with e151, e252e1, and M
50.4e1. The solid curve for the case of one boundary only and
dashed curve for the case of two boundaries with an irradia
length of l 533, respectively.

FIG. 4. Transmission probability in the resonant case vs in
action energyM with e151, e252e1 and E51.2e1. The solid
curve for the case of one boundary only and the dashed curve
the case of two boundaries with an irradiation length ofl 533,
respectively.
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case can be carried out without difficulty in principle but w
do not give the detailed result here.

Next, we consider the electronic transmission of t
whole wire. In this case the system contains two interfa
between regions with and without field irradiation. To obta
the total transmission through the two interfaces with
length of field irradiation rangel ~see Fig. 1!, we use the
approach recently developed by Torres and Sae´nz.22 This ap-
proach needs to derive the total scattering matrix which
be expressed in the transmission matrix and reflection ma
on each boundary. Because of the similarity of the two int
faces, one does not have to match the wave functions a
right boundary. The total transmission matrix is just the a
tidiagonal submatrix of the total scattering matrix in the sy
metrical system case. Detailed knowledge about this asp
is referred to Ref. 22 and is not presented here. After so
manipulation one can obtain the total transmission matrix

t total5t~12Ur 8Ur 8!21Ut8, U5Feik1 l 0

0 eik2 l G ,
~14!

where t8 (t) is the transmission matrix from left~right! to
right ~left! andr 8 is the reflection matrix from right to left for
the first interface as implicated in Eqs.~11! and ~12!, andU
is the propagation matrix between the two interfaces~field-
irradiated region!. Therefore the total transmission probab
ity reads

T5Tr@ t total
† t total#5P11P2 , ~15!

whereP1 and P2 are the population of electrons occupyin
the lower and upper modes, respectively. The detailed ca
lation gives

P15U 2k1k1

e2 ik1 l~k11k1!22eik1 l~k12k1!2

1
2k1k2

e2 ik2 l~k11k2!22eik2 l~k12k2!2U2

,

P25U 2k1k1

e2 ik1 l~k11k1!22eik1 l~k12k1!2

2
2k1k2

e2 ik2 l~k11k2!22eik2 l~k12k2!2U2

. ~16!

The dashed curves in Figs. 3 and 4 show the calculated
transmission probability as a function ofE and M with l
533 ~other parameters are the same as those of corresp
ing dashed curves! according to Eqs.~15! and ~16!, respec-
tively. One can see that for the same reason the two cu
also have a step structure at pointE5e11M /2 and M
50.4e1, respectively. However, it apparently shows an int
ference pattern. As the length of the field irradiation rangl
is an integer time ofp/k2 , peaks appear. One can find th
the dashed curve is just the solid one superimposed w

l

e
n

r-

or
9-4



th
ld

nc
.
e

ar
pa
a

th
rs
tu
s
0

pe
p
g

ec
la
s

nc
ice
e
ve
u
t

H
v
g
h

er,

of
t is
uits
um

d.
eso-
D

ger

d
n-
ic

m-
me

hod
we
op-
ge
ted
fer
is-
an
ich

on,
ing

si-
a
fi-
as
ce
orth
c-

da-

el

ELECTRONIC TRANSPORT IN A QUANTUM WIRE . . . PHYSICAL REVIEW B 68, 155309 ~2003!
some interference pattern due to the interference of
forward-going wave and backward-going wave in the fie
irradiated part of the wire.

Finally, we consider the electronic transmission as a fu
tion of the field irradiation lengthl in the resonant case
Figure 5 shows the calculated transmission probability v
susl with parameters ofe151, e252e1, andM50.4e1, the
solid curve for E51.25e1 and the dashed curve forE
51.15e1, respectively. The solid curve shows a nonstand
sine oscillation pattern. The reason is that in this set of
rameters the two modes in the field-irradiated region are
propagating, which results in an interference effect for
electronic transmission. The first interference peak appea
l 5p/k1'14.1. The dashed curve corresponds to the si
tion that only thek2 mode is propagating, so that the tran
mission probability decays from 1 to 0.5 in the range of
, l ,8; then, it becomes a standard sine oscillation with
riod of p/k2'5.6. Therefore, the quantum tunneling ha
pens in the range of 0, l ,8 and we can neglect its tunnelin
effect whenl @8 for this particular system.

From the above demonstration, we know that the el
tronic transmission through a finite-range transversely po
ized EM-field-irradiated straight quantum wire has a sen
tive response to both external field strength and freque
This point makes the prospect of using quantum wire dev
as photon detectors10,19,23at the THz frequency range quit
possible. THz frequencies remain one of the most unde
oped frequency ranges in the electromagnetic spectr
Present technology uses either superconductor-insula
superconductor junctions or Schottky diodes for the T
detection.19 Both devices are tunnel devices; thus they ha
large values of specific capacitance due to the sandwich
ometry. This large junction capacitance is harmful to hig

FIG. 5. Transmission probability in the resonant case vs fi
irradiating lengthl with e151, e252e1, andM50.4e1. The solid
curve for E51.25e1 and the dashed curve forE51.15e1, respec-
tively.
m
y

.J

15530
e
-

-

r-

d
-
ll
e
at

a-
-

-
-

-
r-
i-
y.
s

l-
m.
or-
z
e
e-
-

frequency applications. In quantum wire devices, howev
this capacitive shunting will not be a serious problem.

IV. DISCUSSION AND SUMMARY

The analytical calculation in this paper is independent
the characteristics of the materials of the quantum wire. I
a general scheme for any straight quantum wire which s
the free-electron model. For a 2D semiconductor quant
wire formed1 on high-mobility GaAs/Al12xGaxAs, the typi-
cal Fermi energyEF.9 meV and the first lateral levele1
54 meV ~dependent on the gate voltage!. Thus the second
level is 16 meV if a 2D hard confining potential is adopte
The separation between them is 12 meV, so the relevant r
nant external field frequency is about 12 THz. For a 3
metallic nanowire the transverse level separation is lar
and the frequency of the resonant field will be higher~near-
infrared regime!. Moreover, in our calculation we even di
not specify the type of confining potential. The different co
fining potential~either a hard-wall potential or a parabol
potential! results in different transverse eigenfunctionsfn in
Eq. ~3!, whereas it only affects the interaction energy para
eterM and the behavior of the transmission will be the sa
qualitatively.

In summary, using the free-electron model and the met
of time-dependent mode matching and scattering matrix,
have theoretically studied the electronic transmission pr
erty of a straight quantum wire irradiated under a finite-ran
transversely polarized THz EM field. We have demonstra
that the reflection will arise when the electrons only suf
from lateral collisions with photons. The electronic transm
sion probability as a function of field frequency shows
apparent asymmetric absorption peak. In the case in wh
the field frequency is resonant with lateral level separati
the transmission probability always displays an interest
step structure when either the total electron energyE or in-
teraction energyM increases to a threshold value. The phy
cal origin is the electronic intersubband transition when
transversely polarized electromagnetic field irradiates the
nite range of a quantum wire. The transmission probability
a function of irradiation length also shows an interferen
structure. More detailed studies of these systems are w
continuing for a better understanding of THz wave intera
tions with matter.19
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