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Abstract

In this thesis, I model quantum mechanical systems and investigate their quantum
properties based on mathematical formulations of quantum mechanics. Modeling
of quantum systems such as qubits in quantum information processing is studied.
Transport of correlated electrons through a quantized electronic system such as sin-
gle or double quantum dots embedded in a quantum wire, and double quantum
waveguide is investigated using a non-Markovian quantum master equation formal-
ism. The quantized electronic system is weakly connected to external leads and
strongly coupled to a single photon mode in a cavity. The total system, the cen-
tral electronic system and the leads, is in an external homogeneous magnetic field
perpendicular to the plane of the electron motion in the system. The photons in
the cavity are linearly polarized either parallel (z-polarization) or perpendicular (y-
polarization) to the direction of electron propagation in the central system. The full
electron-electron and electron-photon interactions are taken into account using an
“exact diagonalization” technique in a truncated many-body space.

I observe that a cavity-photon can enhance the electron transport in the single or
double quantum dot system. In the absence of the cavity, a peak (main peak) in
the net charge current is found due to an electron tunneling almost elastically from
the leads to the central system. In the presence of an z-polarized photon field, a
side peak to the main peak is observed. The side peak indicates inelastic electron
tunneling from the leads to the central system in which the electrons absorb photons
in the cavity. The side peak current is very weak in the y-polarized photon field.
This is caused by the anisotropy of the central system. Furthermore, I notice that
the mechanism of electron transport from the leads to the central system in the
main peak is different from what happens for the the side peak and depends on the
photon number initially in the cavity.

In addition, I use cavity-photons to implement a quantum logic gate in a dou-
ble waveguide system which consists of control- and target-waveguide. The two
waveguides are coupled via a coupling element the so called coupling window. The
coupling window (CW) relies on interference of quantum waves causing electron
switching between the waveguides.

In the case of the waveguide system without the photon cavity, oscillation in the net
charge current is found by tuning the length of the CW indicating inter-waveguide
backward and forward scattering. A current peak for a crossover energy display-
ing 'resonant’ energy levels between the waveguides and a current dip for split en-
ergy levels are observed. In the non-interacting waveguide system, electron charge
from input control-waveguide splits ’equally’ between the output of the control-
and target-waveguide at the current peak. The charge splitting feature indicates a



quantum logic gate action called square-root-of-Not-operation (v NOT-operation).
Including electron-electron interaction in the waveguide system, the net charge cur-
rent is suppressed because the Coulomb interaction raises the two-electron states
in the energy spectrum leading to vanishing participation the two-electron states in
the electron transport.

In the presence of an z-polarized photon field, I observe suppression in the net charge
current in both current peak and the current dip. This is due to contribution of the
photon replica states to the electron transport leading to inter-waveguide backward
scattering. We find that I can influence the logic-gate action of the system by
selecting the initial status of the photon field (number of photons and polarization)
and the size of the coupling window.

vi



Utdrattur

I pessari ritgerd er lyst flutningi vixlverkandi rafeinda um tvivitt rafeindakerfi af
takmarkadri steerd. Um er ad reeda staka skammtapunkta eda por peirra sem komid
er fyrir i stuttum skammtavir. Einnig verdur fjallad um kerfi skammtabylgjuleidara.
Rafeindakerfio er veikttengt ytri leidslum, en sterklega tengt einum ljoseindaheetti 1
rafsegulholi. Rafeindakerfid og leidslurnar eru { ytra einsleitu pversteedu segulsvioi.
Ljoseindasvidid er skautad samsida (x-stefna) flutningsstefnunni eda pvert & hana (y-
stefna). Innbyrois vixlverkun rafeindanna og vixlverkun peirra vid ljoéseindasvioio er
reiknud nakveemlega 1 styfou fjoleinda Fock-rami.

Vid sjaum ad holljoseind getur aukid leidni rafeinda um skammtapunktakerfid. An
ljéseindaholsins finnast smughermur milli leidslanna og rafeindakerfisins sem leida
til topps 1 strauminum i gegnum kerfid. Pegar rafeindakerfid er i ljéseindaholi
finnast hlidartoppar vid adaltoppana. Hlidartopparnir eru vegna 6fjadrandi flut-
nings rafeinda um kerfid par sem ljéseindir koma vio sogu. Fyrir y-skautun eru
hlidartoppar mjog veikir. Skautunarmunurinn er vegna pess hve kerfid er fjarri ad
vera einsleitt. Mikill munur er & smasaeju ferlunum sem liggja ad baki adal- og
hlidartoppunum og upphaflegur ljéseindafjoldi breytir miklu par um.

Vid synum einnig ad haegt er ad nyta holljéseindir til pess ad styra rokadgerdum
rafeindanna { kerfi tveggja bylgjuleidara. Peir eru tengdir saman um svo kalladan
tengiglugga milli peirra. Tengiglugginn verkar vegna bylgjuvixla rafeindanna i leidu-
runum.

An ljoseindaholsins finnast sveiflur i rafeindastraumnum { leidurunum sem breyta
mé med lengd tengigluggans. Rafeindir geta skipt um leidara (akrein) og haldid
afram eda snuid til baka. Straumtoppur fra 6drum leidaranum til hins finnst pegar
orkustig peirra lenda i hermu, en straumdeeld pegar orkustigin leyfa ekki samtal
leidaranna. An innbyrdisvixlverkunar rafeindanna er jafnliklegt ad peer skipti um
leidara eda haldi beint afram { straumtoppi. Straumurinn getur pvi hermt eftir
svo kalladri kvadratrot af EKKI-adgerd. Med innbyrdisvixlverkun peirra er liklegra
a0 rafeindirnar haldi beint afram vegna pess ad tveggja rafeindadstondin sem eru
naudsynleg til leidaraskiptanna liggja heerra 1 orkuréfinu.

Fyrir vixlverkandi rafeindakerfio i rafsegulholi med x-skautad ljéseindasvid sést ad
baedi straumtoppurinn og deeldin fletjast it. Pad er vegna pess ad ljéseindasvidid
virdist hvetja rafeindirnar til pess a0 snta vid. Enn fremur komust vid ad pvi ad vid
getum valio rokadgerd kerfisins med pvi ad still fjolda ljoseinda og skautun peirra i
upphafi.

Vil
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1. Introduction

Theoretical development of quantum mechanical systems is an initiation point for
new technological devices. Particularly, modeling of quantum mechanical systems
and investigation quantum transport are essential in the field of quantum informa-
tion processing [1] and opto-electronic systems in the nanoscale range |2, 3|. Differ-
ent geometrical structures can be realized in a two-dimensional electron gas (2DEG)
such as quantum dots [4], double dots [5], rings 6], quantum point contacts [7| and
double quantum wires [8]. Investigation of quantum properties of nanostructures is
also motivated by the scientific interest in transport characteristics such as electri-
cal 9], spin [10], thermal [11] transport, that are conveniently studied because of
the large Fermi wavelength and mean free path in the 2DEG at low temperature.

A quantized electronic system in a nanoscale range can be coupled to electron reser-
voirs to form an open quantum system. In theory of open quantum systems, environ-
ments are assumed to be bosonic or fermonic. In the electronic circuit, a quantized
system is usually connected to fermonic reservoirs which act as electron sources.
Therefore, electrons and information exchange between the subsystems is enabled.
A number of approaches have been employed to investigate exchange of electrons
or electron transport in an open system, such as Wigner-function formalism [12],
Landauer formalism [13, 14|, Green-Keldysh approach [15], Lippmann-Schwinger
equation [8], and master equation approach [16|. To study time-dependent trans-
port in many-electron open systems, the master equation describing time evolution
of the probability of a given physical system is broadly used. The Jarzynski equation
was derived using a master equation formalism to study fluctuation theorems [17],
and dissipative quantum dynamics [18]. Interaction effects can be investigated with
the master equation, the current noise spectrum [19], statistics of electron transfers
through a coupled system [20], and the evolution of the charge in the presence of
Nyquist or Schottky noise [21].

The quantum master equations are commonly classified as Markovian [22-24] or
non-Markovian [25-29]. It has been reported that the Markovian limit neglects co-
herent oscillations in the transient regime, and that the rate at which the steady
state is reached does not agree with the non-Markovian model [30]. The Markov
approximation shows significantly longer time to reach a steady state when the tun-
neling anisotropy is high, thus confirming its applicability only in the long-time limit.
To investigate the transient transport, a non-Markovian density-matrix formalism



1. Introduction

should be explicitly considered [31].

In addition to the electron transport in open systems, the interaction of electrons in
nanoscale system with a photon radiation field has opened a new area of research
with the aim to construct optoelectronic devices. In this case one needs to seek
for optical properties of a quantum system [32]. An interesting study of electronic
system coupled to a photon radiation is photon-assisted transport (PAT), which is
highlighted by many scientific research groups [33, 34|. In the PAT the photon ra-
diation is used to enhance electron transport in a quantum structure. The photon
radiation can also be used for switching electrons between coupled systems such
as double quantum dot and double quantum waveguides. The electron-switching
process has been achieved implementing a quantum logic gate action in quantum
bits [35]. In the following the PAT phenomenon in quantum dots and the im-
plementation of quantum logic gate in qubit systems shall be described using a
non-Markovian master equation formalism.

1.1. Photon-assisted electron transport

A crucial development in experimental and theoretical physics is the capability for
studying dynamical processes in open systems. The electron transport through a
quantized electronic structure connected to the electron reservoirs can be controlled
by a plunger-gate voltage. The plunger-gate voltage can shift the energy levels of
a system with respect to other connected subsystems bringing energy levels into
resonance. The electrons perform elastic transport between the quantized systems.
The elastic electron transport phenomena in the composed electronic system have
received attention in recent years due to their potential application in various fields,
such as for implementation of quantum computing [36], nanoelectromechanical sys-
tems [37|, photo-detectors [38].

An opto-electronic device provides a different platform of electron transport, namely
photon-assisted transport [39]. In the presence of an external photon radiation
electron transport is drawing interest because the electron-photon interaction plays
an essential role to enhance the electron transport characteristics [40-43]. In the
PAT, the energy levels of an electronic system have to match the photon frequency
of a radiation source for the electron motion to be influenced. For that purpose,
an electrostatic potential produced by a plunger-gate is applied to the electronic
system to shift it’s energy levels in and out of resonance. The plunger-gate is widely
used to control charge current [44-46|, thermal current [47], photo-current [48-50]
and spin-dependent current [51| for various quantized systems coupled to photon
radiation [52-56]. A convenient structure for investigating PAT is a quantum dot
(QD) or a double quantum dot (DQD) because of their discrete energy levels and



1.2. Implementation of quantum logic gate in qubit systems

potential for application in information storage in a quantum state [57], quantum-
bits for quantum computing [58, 59|, and quantum information processing in two-
state system [60]. Recent experimental work has studied PAT using the two lowest
energy states contributing to electron tunneling: A ground state resonance, and a
photon-induced excited state resonance. The study shows multiphoton absorption
processes up to the fourth-order participating in the electron tunneling [61].

In the above mentioned examples the photon-assisted transport was induced by a
classical electromagnetic field. It is also interesting to investigate electron transport
through a QD or DQD system influenced by a quantized photon field because in the
quantized field a single photon can be used to obtain a PAT process. In fact there
are potential efforts for implementing fully optoelectronic device by providing single
photon sources. An example of that is a DQD coupled to a photon field in which
the resonant current and resonant tunneling between two QDs assisted by a single
photon are calculated [57, 62|. However, modeling of transient electronic transport
through QD system in a photon cavity is still in its infancy. In this thesis, the
full quantum description of PAT is considered in which both the electronic and the
photon sources are assumed to be quantized. Furthermore, it is shown how a single
photon mode polarized parallel or perpendicular to the direction of the electron
transport through the system influences the electron motion through it.

1.2. Implementation of quantum logic gate in
qubit systems

An electronic waveguide can be used to implement a quantum logic gate in a quan-
tum information processing [63|. A quantum wire can be considered as a waveguide
in which the electron wave is transported in quantized modes without losing phase
coherence. The essential idea is to use parallel quantum waveguides with a coupling-
window placed between them. Tuning the window-coupling allows an electron wave
interference between the waveguides. Therefore, the electrons can switch from one
waveguide to the other through a coupling element [64]. There are some other
suggestions to construct qubit system such as double quantum dots [65], double
waveguides with double coupling windows [66], and superconducting elements [67].
In this thesis, we only focus on double waveguides with a single coupling window to
implement quantum logic gates.

The electron motion characteristics in the double waveguide system determines
possible quantum logic operations; in particular, a square-root-of-NOt-operation
(VNOT-operation) is performed if the electron charge splits equally between the
waveguides [68], a NOT-operation is realized if the electron wavefunction switches
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from the first waveguide to the second waveguide [69], and the charge might switch
from the first waveguide to the second one and then re-enter the first. The presence
of the magnetic field corresponds to the input of the control bit in the controlled
NOT function [70].

It is possible to control the fraction (probability) of the electron wave transferred
from one waveguide to the other. There are several techniques that have been sug-
gested to switch electron charge providing the qubit operation as is presented in the
following. Electron switching by an electrostatic potential, in this technique the cou-
pling window is formed by a saddle potential that washes out fluctuation resonance
peaks, but reduces the efficiency of the gate-operation to below 100% [35]. Another
method for increasing inter-waveguide transport in a Coulomb blockade regime is
to use a single quantum dot that is embedded close to the coupling window [71],
the quantum dot increases the coupling between the waveguides. Magnetic switch-
ing can be seen as a different technique to transfer an electron wave between two
asymmetric waveguides. Ferry considered an external magnetic field that is applied
to a double waveguide where the magnetic field is used as an external ‘force’ to
switch electron motion between the waveguides [72]. Another suggestion is to vary
the length of the coupling window between the waveguides implementing different
quantum logic gates and increasing the efficiency of the device [73]. Acoustic waves
have been considered for electron switching [74].

In this thesis, we model a double quantum waveguide (DQW) system weakly con-
nected to the leads and strongly coupled to a photon cavity. The double waveguides
are coupled through a coupling window to facilitate inter-waveguide transport. The
importance of the electron-electron interaction on the quantum logic gates is pre-
sented. In addition, the role of photon energy, photon number, and photon polar-
ization in the cavity on the electron transport and implementation of the quantum
logic gate is demonstrated. This cavity-photon-switched electron transport can be
seen as a new technique in quantum information processing and quantum computer.

This thesis is organized as follows. The theoretical basis and the Hamiltonian of the
total system are described in Chapter 2. In Chapter 3 the non-Markovian generalized
master equation formalism is provided. We describe some physical observables that
we calculate in Chapter 4. Finally, Chapter 5 shows the main result of this thesis.



2. Theoretical basis

In nanoscale systems, wave-behavior of a particle becomes important because the
dimensions of the system are comparable to the wavelength of the particle. In this
case, the Schrodinger equation is the equation of motion for the wavefunction ¥ of
the particle |75]

- 0
H|U t) =ih— |Vt 2.1
1) = ih |0 1), 1)

with H being the Hamiltonian of the system which can either depend on, or be
independent of time. In this Thesis, the time-independent Schrédinger equation is
used to explore the static properties of a closed system but the time-dependent one
is needed when the closed system is opened by weakly coupling it to the environment
or electron reservoirs.

2.1. Single-electron states

In this section, the Hamiltonian of the system in a single electron state (SES) basis
is presented. The system consists of a finite quantized electronic system connected
to electron reservoirs and coupled to a photon cavity. The Hamiltonian of the
system, closed electronic system, electron reservoirs, and the photon cavity, shall be
described in the following. Later we resort to a many-body description since the
number of electrons can vary.

2.1.1. Closed system

A quantized system is a “closed system” if it does not interact with it’s environment
or couple to external electron reservoirs. For instance, a 2DEG can be seen as a
closed system before applying to it a bias voltage [76]. The physical properties of
2DEG have been investigated theoretically [77] and experimentally [78|. The time-
independent Schrodinger equation for the Hamiltonian of the central system, as
considered in this thesis, reduces to the energy eigenvalue problem

Hgp |0) = Esp W), (2.2)
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where Fgp is the single-electron (SE) energy, Hgg is the time-independent Hamil-
tonian of the system, and |¥) is an eigenstate. The electronic system is a two-
dimensional finite system that is hard-wall confined at © = 41, /2 in the a-direction,
and parabolically confinement in the y-direction, where L, is the length of the sys-
tem. The system is put into an external perpendicular magnetic field B = BZ defin-
ing a magnetic length | = (h/eB)Y? = 25.67[B(T)]""/? nm. The single-electron
Hamiltonian of the system is

1

Hep =
SE =5

1
(p+ SAQX,;)2 + 5m*§23y2 + Vo + eV + hz. (2.3)

Herein, m* is the effective mass of the electron, p indicates the canonical momentum
operator, A = —ByX is the vector potential of the external magnetic field defined
in the Landau gauge with the cyclotron frequency w. = eB/m*. The effective
confinement frequency is thus Q2 = w? + Q2 where Qg is the transverse electron
confinement frequency. In addition, Vg stands for the potential that forms the
geometry of the central system, V), is the plunger-gate voltage, and hz the Zeeman
energy j:% g*ppB indicating the interaction between spin and the external magnetic
field where pp is the Bohr magneton and ¢* is the effective Lande g-factor for
the material. Including the vector potential of the external magnetic field and
performing the square of the first term, the Hamiltonian presented in Eq. (2.3) can
be reformulated as

. 72 h? 1
Hop = =5 Vi | =5 =Vt om Qu?| +ihwey Ve + Vo + Vo + hy. (24)

2m*

Where V, = 0/0x and V,, = 0/0y. The Schrédinger equation can not be solved an-
alytically using the Hamiltonian shown in Eq. (2.4). So, a numerical diagonalization
is employed to calculate the eigenvalues and eigenfunctions using basis functions.
We know that the problem with the first two terms of the Hamiltonian in Eq. (2.4) is
separable. The first term is the Hamiltonian for an infinite square well and the second
term is the Hamiltonian for a harmonic oscillator. In this case, the boundary con-
ditions for the states confined by the walls is ¥(—L,/2,y) = ¥(L,/2,y) = 0 and by
the parabolic confinement it is ¥ (z,y — +00) — 0 where the superscript 0 indicates
the basis eigenfunction for only the first two terms of the Hamiltonian. Then one
can get the eigenfunctions for the hard-wall confinement in the z-direction [79, 80|

o -wi - {VETEEL MO e

L, Ly

and the harmonic oscillator in the y-direction

(Ylthm) = Um(y) = wmﬂ (i) , (2.6)
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with H,, being the Hermite polynomials and a,, = \/h/m*$,,. The eigenfunctions
of the first two terms of the Hamiltonian are thus the product of the two above

eigenfunctions ¥, ,,,(z,y) = ¥, () Ym(y).

The eigenfunction in Eq. (2.5) and Eq. (2.6) are used to form a basis for the eigen-
states for the total Hamiltonian written in Eq. (2.4)

In’,m') = Z C’Z?:;lm |n, m) (2.7)

n,m
m’.m .
where C), 7" are complex valued coefficients.

The Hamiltonian of the system presented in Eq. (2.4) is diagonalized using the basis
Eq. (2.7) to find the single-electron energy spectrum Fgsg and the corresponding
states. The details of the derivation of the matrix elements can be found in appendix

A.

The energy spectrum of the central system as a function of the single-electron
dummy-index quantum number i = (n,m) is plotted in Fig. 2.1 for plunger-gate
voltage Vg = 0.1 meV (red diamonds) and 0.4 mV (green triangles). The central
system is a quantum dot embedded in the quantum wire. The energy values for

1354
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Figure 2.1: (Color online) Figenvalues of the central system (cross dots) versus
the SES quantum number i = (n,m) for plunger-gate voltage V,u = 0.1 meV
(red diamonds) and 0.4 mV (green triangles). The magnetic field B = 0.1 T,

Vpe = 0.4 meV are higher than that for the case of V,, = 0.1 meV because the
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positive plunger gate voltage raises the energy spectrum. A Gaussian potential is
used to form the embedded quantum dot in which the parameters of V potential
Eq. (2.3) and Eq. (A.12) are Vo = —3.3 meV and 3, = 3, = 3.0 x 1073 nm™.

2.1.2. Electron reservoirs

The closed system described in the previous section is assumed to be connected to
two electron reservoirs or leads with which they exchange electrons. The leads are
considered to be two-dimensional semi-infinite quantum wires. They are parabol-
ically confined in the y direction. The leads are exposed to an external magnetic
field in the z-direction. The Hamiltonian of the leads is

1
2m*

. e 1
HéE = (p + EAext)Q + §m*Ql2y2, (28)
where [ refers to the left (L) or right (R) lead, p is the momentum operator of an
electron, and A. = —Byz is the vector potential of the external magnetic field
in the Landau gauge. The second term of the Hamiltonian describes the parabolic
confinement in the y-direction in the leads with transverse confinement frequency
. Eq. (2.8) is thus modified to

h? h?

ﬁéE:_ V3:+ -

1
Vo + =m* QL)% | + ihweyV, 2.9
with Q! = \/Q? + w? being the effective confinement frequency of an electron in

the leads in the y-direction.

The Hamiltonian of the leads is time-independent, therefore, the corresponding
Schrodinger equation is reduced to energy eigenvalue problem

I:[éE |@l> - ElSE |q§l>> (2-10)

herein, |®') is an eigenstate of the [ lead. Again Eq. (2.10) can not be solved
analytically because of the last term of the Hamiltonian shown in Eq. (2.9), so we
use diagonalization technique to calculate the matrix elements of the Hamiltonian.
The eigenfunctions of the first two terms of the Hamiltonian, the hard-wall and the
harmonic oscillator, can be used to form a basis, &, (z,y) = ¢, (z) ¢}(y). The
boundary conditions for a semi-infinite quantum wire are

éﬁ%q < 2 ’y> = énR’L,q <7uy) = O, (211)

L _ &R _
dimq(x, y—0)= @myq(x,y —0)=0, (2.12)

and
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with ¢ being the wave number describing the electron motion in the x-direction and
m a quantum number of the discrete subband energy levels in the y-direction. One
can directly get

2 Le)) if | =L
(x]dy) = ¢l (x) = \/Zsm ale+5)) i ’ (2.13)
\/gsin(q(x—%)) if [ =R,
and
(Y1) = 00 (y) = Yu(y), (2.14)
where ,,(y) is given by Eq. (2.6). The eigenvalues are
el (q) = hQY, (m +0.5+ @) : (2.15)

with a; = /h/m*Q being the effective magnetic length in the leads.

The basis eigenfunctions are employed to form new eigenfunctions for all the terms
of the Hamiltonian presented in Eq. (2.9)

') =3 [ da Covnld ) dh(a) 01u(0)
- Z/dq Cowran(d', @) M, q) (2.16)

where C,, ,,, are complex expansion coefficients.

One can substitute the Hamiltonian presented in Eq. (2.9), and the new eigenfunc-
tions, Eq. (2.16), into the Schrodinger equation, Eq. (2.10), to form an integral
equation in with the matrix elements of the Hamiltonian of the leads

EéE(mlv q,) Cm’,m”(qla q”) = Z / dq <m”7 q//| ]:IéE |ma Q> Cm’,m(q/7 Q) (217)

Herein, (m”, ¢"| ]f[éE |m, q) are the matrix elements of the Hamiltonian and Elg(m’, ¢')
are the eigenvalues of the [ lead. Further derivations of the Eq. (2.17) is presented
in appendix A.2.

The energy spectrum for the leads (ELg) as a function of the ‘wave number’ q =
(m, q) scaled by a;' is shown in Fig. 2.2. The lowest four energy subband are seen
in the spectra.
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Figure 2.2: (Color online) Energy spectrum of the leads (solid red) versus the wave
number q = (q,m). The magnetic field B =0.1 T, h{); = 1.0 meV.

2.1.3. Contact area

The central system and the leads are connected via a region which is the so called
coupling region or transfer region. The transfer region is described by a time-
dependent Hamiltonian

HéE,T<t> - Z / dq Xl<t) |:Trlnq,nm |l+pn,m> <@fn,q| + (Trlnq,nm)* |@lm,q> <Wn,m| ]7 (218)

where \!(t) is a function describing the switching-on

V(E) = 0t — o) {1 - ﬁ} , (2.19)

with v being the switching rate of the coupling, ¢, the initial time of the coupling
between the central system and the leads. We assume the switching function of the
left and the right leads are equal x*(t) = x(t) for t > t,. The coupling between
eigenstates of the central system ¥, ,,, and the leads @ﬁn?q is described by the transfer
or coupling tensor

l _ ! y
Tnimg = /drdr'@mq(r') gnm’mq(r,r’)spnym(r). (2.20)

The function g/, ., is a nonlocal ‘overlap’ facilitating the electron motion between
the single-electron states of the central system |n,m) and the leads |m,q). The
nonlocal overlap function QLm,mq is given by

Gnmma(1:1) = gyexp [0, (v — 2')* = 3,(y — /)’]
x exp (= Bnm — ()] /Ar). (2.21)

10



2.1. Single-electron states

Herein, g is the strength of the coupling, 6! and (5?5 are constants that control the
extent of the overlap in the z- and y-direction, respectively, and Ag is a constant
determining an electron ‘affinity’.

11
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2.2. Fock-space and many-electron calculations

The states of the single-electron systems are represented by |¥) lie in a Hilbert space.
In the presence of more than one electron in the system we need different states. In
this case, the states of the system can be represented in a Fock space in which the
state basis in the occupation number representation is denoted as [81]

) = Inf b, my . mbo) (2.22)

where n* is either 0 in the case of an empty state or 1 for an occupied state in
a fermonic system. The many-electron (ME) system is formulated in terms of the
so-called second quantization representation in which the fundamental creation and
annihilation operators are used to form the Hamiltonian of the system. The prop-
erties of Fermi creation and annihilation operators are shown in the following [82].
The way a creation operator acts is

0 if ni =1

din nk, . o0k ne :{ . K ’

i I m5 k Negs) (—=1)7 |nf', nk, .. .,1,...,n’](,SES) if nj =0,
(2.23)

and for the annihilation operator

- u ooy (D) g a0,k )i nf =1,

dk\nl,n2,...,nk,...,nNSES>_{ 0 SES " n;::(),
(2.24)

with 7, = 3% n. The Fock space in Eq. (2.23) and Eq. (2.24) is truncated by
replacing co by a chosen positive integer Nggs. This indicates that a finite number
of single-electron states is used to construct the Fock space in the calculations.

The creation and the annihilation operator can be used to define the electron number
operator as N, = d,tdk. The number operator acts on a state and gives

didy [nf,nb, ol i ) =l el ) (2.25)

where n’,j is the number of electrons in the state k.

A

An operator (O) can be represented in terms of creation and annihilation operators
in second quantization using it’s first quantized form O

0=> (%0 dd, (2.26)

where |); is an eigenstate of the system.

In the following we shall construct the interacting many-electron Hamiltonian in a
Fock space.

12



2.2. Fock-space and many-electron calculations

2.2.1. Central system with Coulomb interaction

In this section we use the second quantization to represent the Hamiltonian of the
central system. Using Eq. (2.26) the Hamiltonian in Eq. (2.4) can be written as

e

HY =" (0| Hyg |3) dd;, (2.27)

i

where i(i') is a bijection of quantum numbers of n and m (n’ and m’), introduced
in section 2.1, respectively. Performing the matrix elements, we obtain

H = Z Bsp, dld;, (2.28)

where Fjgg is a single-electron energy.
We include the electron-electron Coulomb interaction in the central system. The
electron-electron interaction H,. is a two-electron operator
. 1
He = 5 > (| V(W) ddldyd;, (2.29)
50,5

with the two-electron matrix elements in a double integral form

where ¥(r) is a single-electron wavefunction of the central system, and Z;,(r) is an
integral with respect to r’

Ti(r) = /dr’ i (r')* V(e — ' )&(r")

= [ ) v ) Ve~ ) ) - )
+ / dr' V(r = v') [0 (1) W (x) + 0y (0) 0 (x")]
_ / de’ Wy ()0 () V(r — 1), (2:31)
with the electron-electron Coulomb potential
e 1

V(ic—r')=— (2.32)

26 \/Te —v'P + 2

Herein, k = 2mepe,, &, is the relative dielectric constant of the material, and 7 is
an infinitesimal positive convergence parameter. The constant appearing Eq. (2.32)

13



2. Theoretical basis

can be scaled in the energy and length scale, €?/2x = A, (a,/a}), where a}) is the
effective Bohr radius. The second and third terms of Eq. (2.31) vanish identically
[83-85], resulting in

Zj(r) = /dr’ [ (r') — W (x) ] V(e — 1)) [@(x') — &i(r)]. (2.33)

Adding Eq. (2.28) and Eq. (2.29) gives the ME Hamiltonian of the central system

. R 1
Hyp = H? + H,, = Z Esg; did; + 5 > Vigrig dbdl,d;d;. (2.34)

P
7 7] 71’]

There are several techniques to approximate the Coulomb interaction shown in Eq.
(2.34), such as the Hartree approximation [86-88|, Hartree-Fock [89-92|, and Exact-
diagonalization method [93-95]. In this work, the properties of the Coulomb inter-
acting ME Hamiltonian of the isolated central system are derived with the ezact
diagonalization method [93]. One can calculate the matrix representation of Hyg
in a many-electron basis {|x)} using

R 1
(| Hye |y = Bspa (1| dids |n) +3 > Vigrag (| dbdldidi |y . (2.35)

T
7 7.7 71".7

The Hamiltonian matrix is diagonalized in a truncated Fock-space. Consequently,
the eigenvalues E&E’ , and a unitary transformation V are obtained. Then the uni-
tary transformation is used to construct the interacting many-electron states (MESs)

Nmes

)= Vol (2.36)

Herein, N, is the number of many-electron states which is (N]f,ES) with N, being
the number of electrons, and the parenthesis bracket |v) denotes the interacting
many-electron state basis while |u) is the non-interacting many-electron state basis.
The matrix elements in the second term of Eq. (2.35) can be calculated using Eq.
(2.23) and Eq. (2.24) [81].

The many-electron energy spectrum versus the many electron state p is presented
in Fig. 2.3 for non-interacting (0) (blue triangles), and interacting (I) system (red
diamonds). The central system is assumed to be a quantum dot embedded in a
quantum wire with the parameters of Fig. 2.1. It can be clearly seen that the
electron-electron Coulomb repulsion increases the energy value of two-electron states
for u > 14. The enhancement of the energy influences the electron transport. The
effects of Coulomb interaction on the electron motion in the system will be discussed
in the result section later.

14
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Figure 2.3: (Color online) Many-electron energy spectrum of the central system
(cross dots) versus the many-electron state p for non-interacting (0) (blue tri-
angles) and interacting (I) of the system (red diamonds) is plotted. The central
system is assumed to be a quantum dot embedded in a quantum wire. The plunger-
gate voltage is V,, = 0.4 mV and same parameters as in Fig. 2.1 are used here.

2.2.2. The leads and Coupling Hamiltonian

In this section, we define the Hamiltonian of the leads and the coupling region in
second quantization form. We assume the Fermi creation and annihilation opera-
tors in the leads are ¢/ and ¢, respectively. The Hamiltonian of the leads is thus
introduced as

~ t
=3 % / dg (@, | oy 0L ) el (2.37)

I=LR m

Using the matrix elements (@, | Hy |9, ) calculated in Eq. (2.17) we get the
Hamiltonian of the leads in the form

2 t
=3 % / dq Ely(m,q) & ' (2.38)

I=LR m

The electron-electron Coulomb repulsion is neglected in the leads.

The central system and the leads are connected via a coupling area which allows
electron tunneling between the systems. The electron motion between the central

15
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system and the leads is described by the transfer Hamiltonian presented Eq. (2.18).
Using the quantum number q which refers to the wave number ¢ and the sub-
band quantum number m of the leads, one can express the time dependent transfer
Hamiltonian in the second quantization

Al (t) Z / dq g*Tgﬂd +di(TL)" q]. (2.39)

lLR

The quantum number ¢ represents n and m, the quantum numbers in the central
system. Here, the electrons are allowed to tunnel from the central system to the
leads as stated in the first part of the Hamiltonian in Eq. (2.39), or an electron
tunnels from a lead to the central system as is described by the second part.

To introduce Eq. (2.39) in a MES basis, we use the completeness of MESs
S ) (] = 1 (2.40)
m

to convert Hiy 1(t) from a SES to a MES basis. Then the transfer Hamiltonian in
the MES basis can be written as

T
Hip1lt) =0 [ da (T@d, + &' (T'@)). (2.4
with 7?(q) being the many-electron coupling matrix in the non-interacting electron

basis
= T @) ) (], (2.42)
W

Where ’Tl ,(q) is defined in terms of the single-electron coupling matrix Tflq as

Thl@) =5, 2 Tag 1) dl, (V']

16



2.3. Cavity photons and the many-body Hamiltonian

2.3. Cavity photons and the many-body
Hamiltonian

In this section, we consider the central electronic system coupled to a cavity electro-
magnetic field with a single photon mode. The photons in the cavity are quantized
and polarized in either parallel or perpendicular to the electron motion in the central
system. We assume the cavity photon field is in a large but finite rectangular cavity
with boundaries at —a./2 < =,y < a./2 and —d. < z < d.. Figure 2.4 shows a
schematic representation of the electronic central system (dark blue) coupled to the
photon cavity (light blue) in an external magnetic field B.

B z B
x '

Photon

Figure 2.4: (Color online) Schematic of an electron system (dark blue) coupled to a
photon cavity (light blue) in an external magnetic field B.

The photon cavity couples the electronic system via the vector potential. The vector
potential of the quantized electromagnetic field is [96]

~ cos 2rx 2
Aph = App X <Zx> (a+ aT)< (;r )> cos ( ;TZ) : (2.43)

y cos( o )

<

in the Coulomb gauge where A, is the amplitude of the vector potential, a' (a) are
Bosonic creation and annihilation operator respectively, and €, , are the Cartesian
unit vectors. We assume that the vector potential does not change considerably over
the size of the electronic system. We consider the electron-photon coupling strength
to be gpn = eApp{2ya,, so one can write the vector potential as

Aph = - 52; x & (a+ah), (2.44)

where & = (é,, ;). The Many-Body (MB) Hamiltonian of the central system coupled

17
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to the cavity photon including the vector potential of the photon field is

" 1 e e 2 1
Hyp = Z (W] <2m* [p + EA-ext + EAph] + §m*§23y2 + Vo +eVpg + hZ) ;) dld;

(%]

+ Heo + Hpp. (2.45)

Two terms in the MB Hamiltonian describing the cavity photons are Ay and ﬁph,

where )
Hpy, = hwyp a'a (2.46)

is the free Hamiltonian of a single-photon mode with the energy fiwpy. In the first
part of the Hamiltonian shown in Eq. (2.45)

R 1 e e 2
o =Y (0] 5 [p + S Ao+ A 195 dld; (2.47)
ij

e
We write e := p + —Aq and obtain
c

. 2 .
Hepy = Z (% o %) djdj + Z (% %(We-Aph + Apn.me) |7;) d;rdj
,J i,j
2
e
+ 5 (il Al 1) dld, (2.48)
1,3

We previously obtained the first term of the Hamiltonian in Eq. (2.28). The second
and the third term of the Hamiltonian in Eq. (2.48) represent the paramagnetic
and diamagnetic electron-photon interactions, respectively. Below, we shall further
describe both the paramagnetic and the diamagnetic terms of the Hamiltonian.

Paramagnetic term

The photon cavity partially influences the electron motion through the paramagnetic
term of the Hamiltonian. In the Coulomb gauge V.Ap, = 0, so

7l'e.Aph = Aph.ﬂ'e. (249)

Using Eq. (2.49), the paramagnetic term of the Hamiltonian presented in Eq. (2.48)
is modified to .
Hp =Y (W] —Apn.7e &) dld;. 2.50
P ;< |m* ph-Te |¥;) d}d; ( )
Substituting the photon vector potential shown in Eq. (2.44) into the Eq. (2.50) we
get
JT:IP = (a -+ CLT) Z i X d;rdj (251)

i?j
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2.3. Cavity photons and the many-body Hamiltonian

where g, ; is the dipole coupling between the electron system and the photon cavity
mode defined as

i = ‘““—;ph / dr W} (r) (8.7) W;(r) (2.52)

with gpn being the electron-photon coupling strength.

Diamagnetic term

The diamagnetic interaction is the third term of the Hamiltonian Eq. (2.48)

~ €

2
Hp = 5—Apu iZj(gpi\wﬁdjdj. (2.53)
Using the completeness relation ). (¥;|¥;) = 1 and defining the electron number
operator N = ), d;rdi, one can get
gzh

ﬁ pr—
P h0,

N, % ((aTa + %) + %(cﬂaT + aa)) : (2.54)

Substituting Eq. (2.28), Eq. (2.51), and Eq. (2.54) into Eq. (2.48) modifies the
Hamiltonian describing electron-photon coupling into

I:—,e—ph = Z ESE,i djdz + Z Gij (CL + CLT)d;rdj
i 1,
512,h

.

N, X ((aTa + %) + %(aTaT + aa)) . (2.55)

The MB Hamiltonian presented in Eq. (2.45) for the central electron-photon system
thus becomes

2
gph

h§y,

] 11
Hys = Z Bapi dyd; + Zgi,j(a +al)dld; + Ne X <<GTCL + 5) + §(aTaT + aa))

i3

+ Hee + hwpy, dla. (2.56)

Computational Implementation

We need to construct a MB basis from the many-electron basis of the interacting
electrons {|x)} and the photon number basis {|M)}. A straight forward MB basis
is the tensor product of the many-electron and the photon bases

{lm} = {lp) @ |M)}. (2.57)
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where |p) are the eigenstates of the central electronic system and |M) are the eigen-
states of the single cavity photon mode.

Using the MB basis Eq. (2.57) and the the MB Hamiltonian Eq. (2.56), the matrix
elements of the MB Hamiltonian including the photon field and electron-photon
interaction are

(| Hye |ji) = ZESEZ (| didi |i) + ) (i) gij(a+ al)dld; | i)

2

g2 1 1
+ hg; a (| Ne x ((afra+ 5) + §(cﬁaT + aa)) |i)

+ (| Hee |f1) + hoogr, ('] a'alfi) . (2.58)

The first term of the matrix elements represented in Eq. (2.58) yields

> Esp (' M| dld; | M) = Esgi N 8wy = Egdpedune (2.59)

where Eg is the many-body energy of the Coulomb interacting electrons in the purely
electronic state |p), and Nf is the electron number.

The second term of Eq. (2.58) is the matrix elements of the paramagnetic Hamilto-
nian that describes the electron-photon interaction. This can be evaluated as

(| Hp i) = (| gij(a + a')dd; |12)

= 3 s (Wldld;l) x (V| (a -+ ah) ), (2.60)

with
(1 dldy|p) = (u'| Vidld;V ), (2.61)

(M'|(a + ah)|M) = (\/ NonSar -1+ v/ Non + 6M/M+1> (2.62)

V is the unitary transformation which is obtained from the exact diagonalization of
the ME Hamiltonian.

and
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2.3. Cavity photons and the many-body Hamiltonian

The matrix elements of the diamagnetic term Eq. (2.58) are

2

o 11 ]
() o 1) = 2 1 Vo x ((ala - 3) + S(alal + aa) ) 17

2

= S (N ) x (A ((a*a+§>+§<a*a*+aa>) )

h$d.,
= the,uu ’\/ ph+ X5M/M+ ph ph ><(5]\4/]\42
+ - \/ Npn + 1) h+2)><5M/M+2>
(2.63)

where N, is the photon number.

The last term of Eq. (2.58) indicates the matrix elements of the free photon Hamil-
tonian

hwph<M'|aTa|M>5M/M = phhwph (SM/M(SM/M. (264)
Herein, NN, is the photon number operator and fw,y, is the single photon energy.
Finally, we diagonalize the total MB Hamiltonian obtaining the many-body energies

E; and the corresponding eigenstates |) which are related to |j1) by a unitary
transformation

- ZWW 1) (2.65)

with W the unitary transformation.
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3. Non-Markovian approach to a
generalized quantum master
equation

Electrons in an active area of a nanoscale system connected to electron reservoirs
constitute a many-body open quantum system. There are several formalisms used to
describe electron motion in an open system, such as Markovian and non-Markovian
master equations in which a density matrix is used to describe the state of the system.
In the following, we shall focus on a non-Markovian master equation approach to
model the transport of electrons through an electronic quantum system coupled to
a photon cavity.

3.1. Liouville-von Neumann equation

Electron motion in a closed system satisfies Liouville-von Neumann equation which
describes how a density operator evolves in time where the density operator is defined
as a superposition of pure states [97, 98|

ps = Zpi Wz> <Wz| ) (3-1)

with p; being the weight of the probability of the ¢ state. The density matrix for a
close system evolves unitarily in time

ps(t) = pil | W) (| U = UypsUf, (3.2)

where U; = e~itHs/h i5 the time evolution operator and f]s is Hamiltonian of the sys-

tem. Consequently, the Liouville-von Neumann equation in the Schrodinger picture

is ,
0 )

~

Shs(t) = = [Hs, js ). (33)

Herein, the Hamiltonian of the system f]s is assumed to be time-independent.
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3. Non-Markovian approach to a generalized quantum master equation

3.2. Nakajima-Zwanzig Formalism

We consider the system interacting with its environment, exchanging electrons. So,
we need to modify the density operator mentioned in Eq. (3.3). There are several
methods for defining the density operator and its time evolution for a composite sys-
tem, we introduce the Nakajima-Zwanzig approach [99, 100]. This method provides
a systematic theoretical approach to non-Markovian and Markovian dynamics. The
Liouville-von Neumann equation in this approach is written as

L)), (3.4)

>
—~
~
N—
Il
St~

where £ is the Liouville operator satisfying £(t)p(t) = —i[H (t), ()], and j(t) is the
total density operator of the composite system.

Before the coupling of the central system to the leads, the initial density matrix of
the system is assumed uncorrelated

p(to) = ps(to) @ pu(to), (3.5)
where p; is the density operator of the leads

6—5(HL—M1NL)

pl - Trl{e*ﬁ(Hl*/ilNl)}' (36)

Herein, f = 1/(kgT) where kg is the Boltzmann constant and 7" is the temperature
of the leads, N; is the number of electrons in lead [, and g is the chemical potential
in lead [. In addition, the Liouville operator £ before the coupling is

ﬁ(t) =Ls+ L+ £T<t) (3.7)

where S, [ and T stand for the sample (central system), lead and transfer region,
respectively.

In the Nakajima-Zwanzig approach the density matrix of the leads generates a pro-
jection operator P and a complementary projection operator @ = 1 — P. The
projection operator is

P = Tl"l X ﬁl- (38)

The projection operator acts on the operators of the state space of the total system in
which Pp(t) gives the relevant part of the total density matrix and Qp(t) projects
out the irrelevant part. One can write the total density matrix in terms of the
projection and complementary projection operators in the following form

pt) = Pp(t) + Qp(t). (3.9)
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3.2. Nakajima-Zwanzig Formalism

We substitute Eq. (3.9) into Eq. (3.4) and multiply the first equation by projection
the operator P and the second one by the complementary operator Q to get two
coupled equations of motion for the projection and the complementary operator

0

Lpn

Pp(t) =PLE)Pp(t) + PL(L)Qp(t), (3.10)

HO Qplt) = QL) + QL) Qp(r) (3.11)

We assume the central system is weakly connected to the leads. In addition, the
properties of the projection operator presented in appendix D.1 are used to modify
the Eq. (3.10) and Eq. (3.11) to

WO Palt) = LsPalt) + PL(DQAD), (3.12)
h% Qp(t) = La(tYPA(E) + LoQp(t), (3.13)

where Ly = Ls + L.

Including the weak coupling condition Qp(0) = 0, the solution of Eq. (3.13) for
Qp(t) is [97, 101]

| I LA A

0pr) = / AUt — ) LaPpO) UL (E — 1), (3.14)
to

Herein, the evolution operator is Up(t — 1) = e’%f%(t’t/) with Hy = Hg + H,; where

Hg is the Hamiltonian of the central system and H; is the Hamiltonian of the leads.

Substituting Eq. (3.14) into Eq. (3.12) we obtain the Nakajima-Zwanzig equation

0 1 1 ¢ . .

—Pp(t) = -LsPp(t) + PLr / dt" Up(t — t') L1Pp(t) g(t —t') s, (3.15)
ot h h? to

where we have kept terms in the system lead coupling up to second order in the
integral kernel. Due to the structure of the integro-differential equation specific

terms of all higher order are present in the solution.

Now, we are interested in the relevant part of the density operator p(t). Taking
the trace over the Fock space of the leads of the full density operator, the reduced
density operator (RDO) is obtained

ps(t) = T(Pp(t)). (3.16)

The density operator ps(t) in Eq. (3.16) describes the evolution in the central system
under the influence of the leads. Using Tr; p, = 1, P = p;Tr; and Eq. (3.16) in Eq.
(3.15), the equation of motion for the reduced density operator can be written as

A 1 ~ 1 ! /T / AA I\ T /
ps(t) = ﬁﬁsps(t) + oz 1n {ﬁT/ dt’ Up(t — ') Lopps(t') ULt —t )} . (3.17)
to
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3. Non-Markovian approach to a generalized quantum master equation

Using the definition of a Liouvillian super operator for the transfer Hamiltonian

Lapip(t') = —i [HY(E), (1) (3.18)
we modify the equation of motion Eq. (3.17) for the reduced density operator
. N P
ps(t) = 5 [Hs,Ps(t)]
1 . . . » .
- gt . [ ate-o) [fe).pmse)] de-o)}. @1
0

To end the derivation of the Nakajima-Zwanzig equation, we compactify the nota-
tion [102]

pult) = — 1A, (0] + [ (st (3.20)

to

where KC(t, 1) is the kernel [102] in the integro-differential equation of motion for the
RDO.

INA (4 1
,C(t,t )ps(t) = —ﬁTrl {

A4 (t), Uolt —¥') (), pups(t)] Ut - t')] } .
(3.21)
We rewrite the general master equation from the Nakajima-Zwanzig equation explic-

itly performing the commutation relation in the integration kernel term and taking
the trace with respect to the states of the leads, then

/ LK 1) ps (1) = —%Trl / v
x (LTt — ) HLE)T] (= )T (t = 1) ()O3 — )
— i (0)0olt — )ps()0 (¢~ ) Do(t — )V H()OY (2 — 1)
— Oo(t — ) HAEY U3 (¢ — ) 0u(t — ¢)ps(t)T3 (¢ — )
+ Up(t = ) ps (YU (¢ — ) puUo(t — ) HE(E) UG (8 —

The transfer Hamiltonian shown in Eq. (2.41) is put in Eq. (3.22). For the sake of
consistency, we use the notation H%(t) instead of Hyg r(t), and use Eq. (2.41) in
the form

(0 =x(0) [ da (T'@e, + &' (T@)') (3.23)
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3.2. Nakajima-Zwanzig Formalism

to explicitly write the integral of the kernel as

[ arxa. o) = -52 L) [aa

to

x [{ T'(@)0s(t = ) ((T'(@)) ps(¥)[1 = F( By (a))]

—ps() (T () f (EéE(Q))> x Ul(t — t) e(—i“—t’)EéE(q))}
—{stt =) ((T"@) ps(t) [1 — F(Elg(@)]

—{ (T @) Ts(t =) (ps () T (@) [1 = F(Fg(a))]
T f(Ehg(@)) x T4t — 1)e 10 Px(a) }] . (321)

where f(E§g(q)) is the Fermi function of lead I. Further details are provided in
appendix D.2 on how we obtain Eq. (3.24) from Eq. (3.22). In addition, Us(t — t')
is the evolution operator of the central system

Us(t —t') = e i st — o=q sty opHst!, (3.25)

We now introduce

a)i= e s [t 3 (2) x b (@) ps(t) 1 - F(Elp(@)]

to
— s (T () F(Ehg())e 160 x enfiste(H0-0B@) (g 95)

to rewrite Eq. (3.24) into

/t t dtK(t, t)ps(t') = —X;:L(Qt) / dq x {(T "(@)Q'(q) — QI(Q)TZ(Q)>

+ (@ (@) (T (@) = (@ (@) (TH@)) } (3.27)

Using the commutation relation between T'(q) and Q'(q)
[T (a), 2 (@)] = T'(@)2'(q) - 2(a)T"(q) (3.28)
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3. Non-Markovian approach to a generalized quantum master equation

the integration kernel of Eq. (3.27) becomes

[avxioye) = -5 [dax ([Ta.20@) + [Fa.2@]'). 2

to

In an analogous way, the equation of motion for the reduced density operator by
substituting Eq. (3.29) into Eq. (3.20) becomes

, [ 1 f
pult) =~ [Hs.ps(t)] = 55 30 o) [ da ([Tl<q>,sz’<q>] + [T (@), ()] ) .
I=L,R
(3.30)
The Eq. (3.30) is the non-Markovian quantum master equation of the reduced den-
sity operator. It is here in a form that is directly appropriate for numerical calcula-
tions.
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4. Calculation of Physical
observables

The properties of the system can be determined by mean values of physical operators.
In this section, we construct physical observables, or “measurables”. The expectation

N

or mean value of a physical operator (O) can be written as
(0) = Tr(30), (4.1)

where p is the total density matrix of the system. We are interested in a calculation
of the mean value of the observables of the central system. The reduced density
matrix

ps = Tri(p) (4.2)
can be used to rewrite the expectation value as
(0) = Trs(psO). (4.3)

In the following we shall show how some physical observables of interest will be
calculated for our system.

4.1. Electron and photon number operator

We introduce the electron and the photon number operators and their expectation
values to get insight into the nature of the MB states of the central system.

Electron number operator

The electron number operator counts the number of electrons in the system. The
number operator is defined as N, =) . did;, and it’s expectation value is

(Neh = Tr(psNe) = > 3 (ildi dips| o) (4.4)
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4. Physical observables

Using the completeness relation »_, [')(/'| = 1 we obtain

= 23 s (1.5)

Photon number operator

The photon number operator is Nph = a'a for a state in a single photon mode. The
expectation value of the photon number is given by

- S Gl
i
= (i'|a’alii) psy (4.6)

i

4.2. Charge density

To investigate the electron motion in the central system, we calculate the time-
dependent electron charge density ((r,t), where the charge density operator is

= eZw* (r)did,, (4.7)

and the expectation value of the time-dependent charge density is thus

Qr,t) = Tr |Q(r) }—ezw () Dol s e(t).  (48)

i

4.3. Charge current density

We are also interested in a calculation of the charge current density in the central
system. The mean value of the charge current density operator is defined by

J(r,t) = Tr (ps(t)j(r)> , (4.9)
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4.4. Net charge current

where the charge current density operator is

2
+ A + A | (r)wj(r)> did;. (4.10)

More information regarding to the charge current density is provided in appendix

C.

4.4. Net charge current

Finally, we seek to investigate the characteristics of electron transport from the leads
to the central system and vice versa. We define the left and right partial current
describing the current from the left lead and the right lead into the central system,
respectively, as

) = za) < 3 [ da G 7@ 9] + [T @) Hie). @10

where )\ is a positive sign for the left current and a negative sign for the right current.
The net charge current is thus expressed as

IQ = IL—f-]R. (412)

with Ip, being the left current and Iy the right current.!

! 'We have used Eq. (4.12) to define the net charge current for investigation of PAT phenomena.
But the net charge current is defined as Iq = I, — Ir to implement quantum logic gate in the
waveguide system.
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5. Results and Conclusions

In this section, we summarize our results on the characteristics of the electron trans-
port through a quantized system made of a GaAs material with the effective mass
m* = 0.067m., and with the relative dielectric constant x = 12.4. The system is
placed in a static or vanishing perpendicular external magnetic field. The length
scale associated with the magnetic field and the transverse confinement, the effective
. . 1/2 .

magnetic length is a,, = (B/[m*\/(w? + Q2)]) ", where w, = eB/m* is the cyclotron
frequency, and €) is the transverse confinement frequency. For convenience we give
the following formula for numerical values of the effective magnetic

B 1/2 1 1/4
o = (m@) (1 + <eB/<m*Qo>>2>
33.74

T VI 2o2BOE

(5.1)

The external magnetic field influences the magnetic length such that increasing
magnetic field leads to decreasing effective magnetic length.

In order to provide coherent electron transport in our system, the length of the
central system is assumed to be ~ 150 — 300 nm and the temperature of the leads
is ~ 0.01 — 0.5 K. As we know the phase coherence length L, of GaAs material is
around ~ (30 — 40) x 10* nm at low temperature 7' ~ 0.1 — 2.0 K [13]. Therefore,
the coherence length is much larger than the length of the central system in our
model.

The central system is connected to lead [ with the chemical potential y;. The Fermi
function of lead [ before the coupling to the central system is

' (Blela)) = [exp (Blsla) — ) +1] (52)

where Ely(q) is the SE subband energy of lead [ found in Eq. (2.17). The chemical
potentials of the leads imply an applied potential difference or bias window Ap =

ML — UR = eVbias~

In addition, the parameters of the Gaussian potential that forms the structure of the
central system and the photon cavity parameters are not fixed throughout this work.
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5. Results and Conclusions

These parameters will be stated later for each specific geometrical confinement of
the central system.

5.1. Cavity-photon-assisted electron transport

The electron-photon interaction in the system leads to an interesting phenomenon,
in electron transport, the so called photon-assisted electron transport. In this section
we show how the photons in the cavity can enhance the electron transport in the
electronic system where we consider a single quantum dot or serial double quantum
dots system.

The magnetic field is assumed to be B = 0.1 T, and the transverse confinement
energy of the central system and the leads is h{2y = h{2; = 2.0 meV. The temperature
of the leads before the coupling to the central system is T" = 0.01 K, such that the
MB energy level spacing in the central system is greater than the thermal energy
of the leads, namely AFy\p > kT, the thermal smearing effect is thus sufficiently
suppressed.

In the following we shall demonstrate the main results of the single and double
quantum dot systems coupled to a single photon mode of the cavity.

5.1.1. Single quantum dot system

We consider a central system consisting of a quantum dot (QD) embedded in a
quantum wire. The quantum wire is a two-dimensional finite wire which is scaled
by the effective magnetic length a,,, with the length L, = 300 nm. In addition,
we assume the potential Vi; presented in Eq. (2.3) to be Vi = Vop where the QD
potential Vop shown in Fig. 5.1 is defined as

Vap(z,y) = Vo exp =55 (+° + 7)) (5.3)

Herein, the strength of the potential is V5 = —3.3 meV and 8y = 3.0 x 1072 nm™*,
such that the radius of the QD is Rqp ~ 33.3 nm.

The QD system is connected to the left lead with the chemical potential p; =
1.2 meV, and to the right lead with uz = 1.1 meV. The bias window is thus Ay =
eVhais = 0.1 meV. Figure 5.2(a) shows the energy spectrum of the leads versus wave
number q where the green lines are the chemical potentials of the leads. We notice
that the first subband energy (red) is located in the bias window indicating the
activation of the first subband in the electron transport. Figure 5.2(b) demonstrates
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5.1. Cavity-photon-assisted electron transport
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Figure 5.1: (Color online) The potential shows a QD embedded in a quantum wire
with parameters B =0.1"T, a,, = 23.8 nm, and h{)y = 2.0 meV.

the ME energy spectrum of the QD system as a function of the plunger-gate voltage
in the absence of the electron-photon interaction. The energies of one-electron states
N, =1 (1ES, red dots) and two-electron states N, = 2 (2ES, blue dots) vary linearly
proportional to the applied plunger gate voltage V,,. We find a 1ES in the bias
window at Vj,, = 0.4 mV labeled by a red rectangle.

1 ES
2 ES
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Figure 5.2: (Color online) (a) SE energy spectrum in the leads (red) is plotted
versus wave number q, where the chemical potentials are pu;, = 1.2 meV and
pur = 1.1 meV (green). (b) ME energy spectrum in the central system as a function
of the plunger gate voltage V,e including SE states (1ES, red dots), and two-
electron states (2ES, blue dots). The one-electron state in the bias window is
almost doubly degenerate due to the small Zeeman energy.

The electrons occupying the first subband in the left lead are allowed to tunnel into
the 1ES of the QD system making resonant tunneling from the left to the right lead
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5. Results and Conclusions

manifesting a peak (main-peak) in charge current at V,, = 0.4 mV as is shown in
Fig. 5.3.

0.12
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0.02

0

0 01 02 03 04 05 06 07 0.8
Vpg(mV)

Figure 5.3: (Color online) The net charge current versus the plunger gate voltage
Vg plotted at time t = 220 ps in the absence of a photon cavity. The magnetic
field is B =0.1"T, and the bias window is Ay = 0.1 meV.

Now, we assume the QD system to be placed in a photon cavity with photon en-
ergy hwpy, = 0.3 meV, and one photon Ny, = 1 initially in the cavity. The pho-
tons in the cavity are considered to be either parallel (x-direction) or perpendicu-
lar (y-direction) polarized to the electron transport through the QD system. The
many-body (MB) energy spectrum of the QD system coupled to the photon cavity
including the electron-photon interaction is shown in Fig. 5.4. In the absence of the
photon cavity, only one active state around Vp% = 0.4 mV gets into the bias window.
But in the case of the system in the photon cavity additional active states can be
found around eV, = eV;)Og =+ Awpn. This implies that the single photon mode induces
active propagating states around V,,, = 0.1 and 0.7 mV when the photon energy is
hwpn = 0.3 meV.

The electrons in the additional states manifest different mechanism of transport.
Figure 5.5 shows the net charge current /o versus the plunger-gate voltage V,, at
time ¢ = 220 ps in the presence of the z-polarized (a) and y-polarized (b) photon
field with the energy hwp, = 0.3 meV. We test three values of the electron-photon
coupling strength, g, = 0.1 meV (blue solid), 0.2 meV (green dashed), and 0.3 meV
(red dotted). In addition to the main peak around Vj, = 0.4 mV, a robust left side
peak around eV, = 6‘/;33 — hwpy, is clearly observed, and a right side peak around
eVog = eVpOg + hwpn can be barely recognized in the presence of the z-polarized
photon field as is shown in Fig. 5.5(a). The left side peak exhibits a photon-assisted
transport, i.e. a transition from the one-electron MB state in the bias window,
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5.1. Cavity-photon-assisted electron transport
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Figure 5.4: (Color online) The MB Energy spectrum as a function of the plunger
gate voltage Vi, in the presence of a photon cavity with an x-polarized photon
field, with zero-electron states (N, = 0, green dots), one-electron states (N, = 1,
red dots), and two-electron states (N, = 2, blue dots) are included. B = 0.1 T,
Ap = 0.1 meV, and hwp, = 0.3 meV.
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Figure 5.5: (Color online) The net charge current versus plunger gate voltage Vg
at time t = 220 ps in the presence of x-polarized (a) and y-polarized (b) of the
photon field with different electron-photon coupling strength: gon = 0.1 meV (blue
solid), gon = 0.2 meV (green dashed), and g, = 0.3 meV (red dotted). The photon
energy hwpn, = 0.3 meV. B=0.1"T, and Ap = 0.1 meV.

absorbing a photon with energy Awpn, to the photon activated one-electron MB
states above the bias window. Our results show that the transport of electrons
with energy within the bias window can be enhanced by increasing electron-photon
coupling strength. This indicates that the electrons may absorb a single-photon and,
hence, the charge current manifests a photon-assisted transport.
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5. Results and Conclusions

We have seen that the photon-assisted transport is much weaker in the case of a
y-polarized photon mode in comparison with that of z-polarization as is presented
in Fig. 5.5(b). This is caused by the anisotropy of QD system system. The photon
energy is much smaller than the confinement energy in the perpendicular direction
(the y-direction).

5.1.2. Double quantum dot system

In addition to the single QD system, we investigate a double serial quantum dot
system in order to obtain or enhance inter-dot electron tunneling via the photons in
the cavity. The double dot system is a promising structure for constructing a qubit
in a quantum computer.

We consider the length of the quantum wire L, = 165 nm, and two serial quantum
dots embedded in the wire with radii Rqp ~ 20 nm. The DQD system is put in
an external magnetic field B = 0.1 T. The two dots are modeled by two identical
Gaussian potentials in the quantum wire defined as

VDQD(JC, y) = Z Vi exp [—53 ((33 - xz’)2 + ?/2)}7 (5.4)

with strength Vi, = —2.8 meV, ;7 = 35 nm, 29 = —35 nm, and 312 = 5.0 x
1072 nm~!. The distance between the dots is thus Lpgp = 35 nm ~ 1.47a,,, and
each dot is 25 nm = 1.05a,, away from the nearest lead. Again the Vg presented in
Eq. (2.3) is assumed to be Vg = Vpqp in the calculations of the DQD system.

The DQD system is weakly connected to the leads and strongly coupled to a photon
cavity. The chemical potential of the leads are pu;, = 1.4 meV and ur = 1.3 meV.
Therefore, the bias window Ap = 0.1 meV. In addition, the cavity initially contains
two photons Ny, = 2 with the photon energy fwp, = 0.25 meV.

In the absence of the photon cavity, two one-electron states are found in the bias
window, namely, ground state and the first excited state. Therefore, two correspond-
ing peaks in the net charge current are observed [103]. The electron charge density
is accumulated in the dots for the ground state with a strong inter-dot tunneling
as is shown in Fig. 5.6(a). Consequently, the left and the right currents increase
in the system. But the electron charge density of the first-excited state presented
in Fig. 5.6(b) is strongly localized in the dots without much tunneling between the
dots. The tunneling between the dots is thus sufficiently suppressed as is seen in
the current.

In the presence of the photon cavity, two extra side peaks are found at e‘/;fg}s =
eVaM — hwpn and eV = eV IPM — hwyp,, where GS and GM indicate ground-state
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Figure 5.6: The electron charge density at t = 220 ps in the ground state (a), and
the first-excited state (b), in the absence of a photon cavity. The magnetic field is
B=01T, a, =238 nm, L, =165 nm, and Ap = 0.1 meV.

side-peak and ground-state main-peak, and FES and FEM stand for side-peak of
the first-excited state and the main peak of the first-excited state, respectively [103].
The side peaks indicate photon-assisted electron transport from the leads to the
photon activated states of the DQD system. Figure 5.7 shows the electron charge
density in the first-excited state of the DQD system coupled to the cavity in the
case of an x-polarized of the photon field. Comparing to the electron charge density
presented in Fig. 5.6(b) the inter-dot tunneling is enhanced in the main-peak of the
first-excited state. The enhancement is due to participation of the photon activated
states in the electron transport.
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Figure 5.7: The electron charge density at t = 220 ps in the first-excited state in the
presence of a photon cavity. Other parameters are B = 0.1 T, and a,, = 23.8 nm,
L, =165 nm, Ap=0.1 meV, g, = 0.1 meV, hwp, = 0.25 meV, and Ny, = 2.
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5.2. Quantum Logic gate actions in a qubit system

It is known that waveguides can be used to implement quantum logic gates in a
quantum computer. Many techniques have been used to investigate both classical
and quantum properties of logic gates. In this section, we focus on a different
technique from previous methods to control and implement logic gates in a double
quantum waveguide.

We consider two laterally coupled waveguides connected to two leads as is shown
in Fig. 5.8. The lower waveguide is the so called control-waveguide while the upper
waveguide is the target-waveguide. The double waveguide can be defined as two
parallel finite quantum wires coupled via a window to facilitate coherent electron
inter-wire transport. In our model the DQW has a hard-wall confinement in the
contact area to the external leads at * = £L,/2, with L, = 300 nm the length
of the waveguides in the transport direction, but parabolic confinement in the y-
direction. The waveguide system and the leads have the same transverse confinement
energy (h€dg = A = 1.0 meV). In addition, the total system is exposed to a weak
or a vanishing external static magnetic field in the z-direction. The temperature of
the leads before the coupling to the DQW system is 7' = 0.5 K.

Control

Figure 5.8: Schematic diagram of the double waveguide with a CW of length Lcw
(blue dashed arrow). The lower waveguide is called the ‘Control” while the upper
waveguide is the ‘Target’. An electron from left side enters the control waveguide
(red arrow). Asymmetric contacts are indicated by the light red rectangles marked

L and R.

The potential defining the DQW system is

VDQW(r) - VB(y) + VCW(‘T? y)7 (55)
with Vi (y) the barrier potential between the waveguides
Va(y) = Vo exp(—=55y°). (5.6)

Herein, V, = 18.0 meV is the strength of the barrier potential and 8y = 0.03 nm ™!
a smoothness parameter. The coupling window (CW) potential is

Vew(z,y) = —Vi exp(—322* — ﬁin), (5.7)
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5.2. Quantum Logic gate actions in a qubit system

with V; = 18.0 meV, and 8, = 0.03 nm~!. 3, is a parameter that defines the CW
length. Therefore, the length of the CW can be estimated as Low = 2/0,.

The waveguide system is asymmetrically coupled to the leads by modification of the
nonlocal coupling function demonstrated in Eq. (2.21) to

giLm,mq(rJ IJ) = gé exp [_5lm(x - $/>2 - 5L(y — y, — 04)2}

where o = 4.0a,, is a skewing parameter that shifts the weight of the coupling to
the control-waveguide. The electrons from the left lead are thus injected into the
control waveguide. Below, we shall show the transport properties through the DQW
system without and with the photon cavity.

The DQW without a photon cavity

We now demonstrate the electron transport properties of the DQW in the case
of no coupling between the DQW and a photon cavity. In order to perform elec-
tron switching between the waveguides, we first tune the CW length between the
waveguides. In Fig. 5.9 we plot the net charge current versus the CW length at
t =200 ps and B = 0.0 T in the case without (solid blue), and with (dashed red)
the electron-electron Coulomb interaction. We find oscillations in the net charge
current indicating charge switching between the control- and the target-waveguide.
The oscillations give rise a maxima (peak) and a minima (dip) in the net charge
current at Low ~ 40 nm and 110 nm, respectively. Furthermore, it is clearly
shown that the electron-electron interaction suppresses the net charge current. Both
Zibold et al. and Gong et al reported the same oscillation characteristics in the
absence of the Coulomb interaction. They explained the oscillations by energy-
dependent inter-waveguide transmission in the quantum regime. They pointed out
that the inter-waveguide transmission can be enhanced when the energy levels of
the coupled-waveguide system to achieve a resonance conditions for a specific CW
length [104, 105].

In order to explain the oscillation property in the net charge current, we present
Fig. 5.10 indicating the non-interacting (a) and interacting (b) ME energy spectrum
of the DQW system at B = 0.0 T, where the red dots are one-electron state (1ES)
and the blue dots are two-electron states (2ES). The back lines denote the chemical
potentials of the leads which are u;, = 4.0 meV and pug = 3.0 meV. We observe that
the 2ES are shifted up away from the bias window in the presence of the electron-
electron interaction leading to blocking the 2ES. This causes non-participation of
the 2ES in the electron transport. As a result, the net charge current is suppressed.

In the case of a short CW (Lcw < 40) there is a weak tunneling between the
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Figure 5.9: Net charge current I versus CW length Low at t = 200 nm without
(w/0) (blue solid) and with (w) (red dashed) the Coulomb interaction. The chem-
ical potentials are pup = 4.0 meV and pr = 3.0 meV implying Ap = 1.0 meV.
The magnetic field is B = 0.0 T.

control- and target-waveguide. In this case the coupling between the waveguides
is caused by the electron tunneling and the Coulomb interaction leading to nearly
degenerate states [94]. Increasing the CW length, the ME energy states are no longer
degenerate and the energy spectrum decreases monotonically [104|. Furthermore,
higher excited states enter the active bias window resulting in a level crossover with
lower excited states. A crossover energy observed at Low ~ 40 nm (left green
rectangular) indicates a resonant energy between the waveguides. The contribution
of the higher excited states to the electron transport increases the net charge current
forming a current peak as is shown in Fig. 5.9. At this point, the inter-waveguide
electron transport is enhanced leading to an increase in the net charge current. By
tuning further the CW length to Low ~ 110 nm (right green rectangular), the
splitting of the energy levels increases. In addition, the lowest energy state of the
second subband (the highest state in the green rectangle) enters the bias window
leading to a strong ‘interaction’ between the waveguides. Consequently, the inter-
waveguide back-scattering is enhanced.
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Figure 5.10: The MFE energy spectrum of the DQW system versus the CW length
Low without (a), and with (b) the electron-electron interaction including one-
electron states (1ES, red dots) and two-electron states (2ES, blue dots) at B =
0.0 T. The one-electron states in the left green rectangle are close to be in res-
onance, but the one-electron states in the right green rectangle are not. The
chemical potentials are pr = 4.0 meV and pgr = 3.0 meV (black) implying
Ap = 1.0 meV.

It is interesting to see the charge motion at the crossover energy. Figure 5.11 shows
the charge current density for the resonant energy levels at Low =~ 40 nm for both
non-interacting (a) and interacting (b) DQW system at ¢t = 200 ps and B = 0.0 T.

In Fig. 5.11(a) the charge current density coming from the input of the control-
waveguide splits equally to the control and the target output. This is similar to
the condition of splitting of electron transmission ratio in the DQW at a crossover
energy [104]. The dynamical evolution occurring in the CW region implements a
v NOT-operation quantum logic gate [68].

In Fig. 5.11(b) the charge current density mostly transfers through the control-
waveguide with a weak inter-waveguide forward scattering in the presence of the
Coulomb interaction. The charge does not split in the interacting DQW system

because the 2ESs do not participate in the electron transport.

In the following we connect the DQW system to a photon cavity with a single photon
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Figure 5.11: Charge current density in the DQW at t =
with (b) the electron-electron interaction in the peak of the net charge current at
Lew = 40 nm shown in Fig. 5.9. The magnetic field is B = 0.0 T and the effective
magnetic length is a,, = 33.72 nm.
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5.2. Quantum Logic gate actions in a qubit system
The DQW in a photon cavity

In this section, we connect the DQW system to a photon cavity in which the pho-
tons are polarized in either the x-direction or the y-direction. The electron-photon
coupling strength is fixed at g,, = 0.1 meV, but the photon energy and the pho-
ton number in the cavity are varied to control the electron switching between the
waveguides. Our goal here is to use the photon cavity to facilitate or control the
implementation of a quantum logic gate in the double waveguide system.

We first compare the net charge current in the DQW without and with the photon
cavity in order to understand the effects of the electron-photon interaction. Figure

Io (nA)
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Figure 5.12: The net charge current Ig as a function of the CW length Low without
(w/0) a photon (ph) cavity (blue solid), and with a photon (w ph) cavity in the
case of x-polarization (green dashed) and y-polarization (red dotted) at time t =
200 ps. The photon energy hwp, = 0.3 meV, gon = 0.1 meV, B = 0.001 T,
and the chemical potentials are pyp = 4.0 meV and pr = 3.0 meV, implying
Ap = 1.0 meV.

5.12 shows the net charge current in the DQW without a photon cavity (blue solid)

and with a photon cavity in the case of an z-polarization (green dashed) and a y-
polarization (red dotted) of the photon field with energy hw,, = 0.3 meV and one
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5. Results and Conclusions

photon initially in the cavity N, = 1. We previously explained the characteristics of
net charge current in the DQW without the photon cavity in Fig. 5.9. It is clearly
seen that the net charge current is generally reduced in the presence of a cavity
initially containing one photon. The reduction is due to the participation of photon
replica states in the electron transport as is shown in Fig. 5.13.

Figure 5.13 displays the MB energy spectrum of the DQW coupled to the z-polarized
photon field including zero-electron states (OES) (green dots) and 1ES (red dots)
with the photon energy hwy, = 0.3 meV, and one photon initially in the cavity.
It can be seen that the photon replica states are produced with different photon
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Figure 5.13: Energy spectra of the DQW system versus CW length Lcow with a
photon cavity including zero-electron states (OES, green dots) and one-electron
states (1ES, red dots) at B = 0.001 T. The 1ES states in the left blue rectangle
are close to the crossover region of states, but the 1ES states in the right blue
rectangular are not. The left rectangle contains the most active transport states.
The change in the height of the rectangle from left to right indicates the spreading
of states from the resonance to the off-resonance condition. The photon energy
hwpn = 0.3 meV with x-polarization, gy, = 0.1 meV. The chemical potentials are
pr = 4.0 meV and pg = 3.0 meV (black) implying Ay = 1.0 meV.

content in the presence of the photon cavity. The energy difference between two
photon replicas is close to multiples of the photon energy in case of weak electron-
photon coupling [103]. At Lew =~ 40 nm (left blue rectangle), the one-photon
replicas of the states in the energy crossover region are found to be active in the
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5.2. Quantum Logic gate actions in a qubit system

transport at 4.1-4.3 meV instead of the states themselves in the bias window. Since
the photon energy is hwp, = 0.3 meV the replicas of the states in the energy crossover
region still are in the first subband. Therefore, a total switching of electron charge
from the control- to the target-waveguide does not happen. But, we found a weak
inter-waveguide backward scattering leading to current suppression in the case of
an z-polarized photon as is shown in Fig. 5.12 (green dashed line). In addition,
the two-photon replicas of the ground state and first-excited state enter the energy
crossover region in the bias window. The participation of the two photon state in
the electron transport is weak because the cavity initially contains only one photon.

At Low ~ 110 nm (right blue rectangle), the photon replicas of the ground state
and the first excited state containing three and four photons appear in the split
energy levels. Their contribution to the electron transport is not influential. But
the most active state here is the photon replica of the lowest state of the second
subband containing one photon. This photon replica is a localized state in the CW
region leading to a suppression in the net charge current for both z- (green dashed)
and y-polarized (red dotted) photon field at the dip as is shown in Fig. 5.12.

Figure 5.14 demonstrates the charge current density in the z-polarized (a), and
the y-polarized (b) photon field at Low =~ 40 nm (current peak) presented in Fig.
5.12 where the electron-photon coupling is gpn = 0.1 meV and the photon energy is
hwpn = 0.3 meV. In the case of an z-polarization the charge distribution indicates

(a) (b)
6 6 T
5F 5¢F
4 4
3 3r
P A
H
£ 0r \30,
>n_1, :>\._<|,
2 F 2 F
_3, _3,
4 F 4 b
-5+ -5
-6 5 -6
3 2 1 0 1 2 3 3 2 1 0 1 2 3

Figure 5.14: (Color online) The charge current density of the DQW coupled to a
cavity with an x-polarized (a) and a y-polarized (b) photon field at t = 200 ps in
the current peak at Low ~ 40 nm shown in Fig. 5.14. The photon energy hwpn =
0.3 meV, Npn = 1, and g, = 0.1 meV. Other parameters are L, = 300 nm,
hQy = 1.0 meV, B=0.001 T, and a,, = 33.72 nm.

an inter-waveguide transport. Comparing to the charge current density in the ab-
sence of the photon cavity presented in Fig. 5.11(b), the inter-waveguide backward
scattering is increased as is shown in Fig. 5.14(a). The inter-waveguide backward
scattering may be partially related to the charge polarization in the z-direction in-
duced by the photon field, and the activation of the one-photon replicas of the states

47



5. Results and Conclusions

in energy crossover regime in the transport. Consequently, the net charge current
decreases in the dip.

It is interesting to see the charge current density in the current peak at Low =~ 40 nm
in the presence of y-polarization as is displayed in Fig. 5.14(b), where the electron
transverse confinement energy and the photon energy are h{2y = 1.0 meV, and
hwpn = 0.3 meV, respectively. The charge transfers from the input control-waveguide
to the output control-waveguide without inter-waveguide transport. This is because
the photon energy is much smaller than the electron confinement energy in the
waveguide system in the y-direction.

Tuning the photon number and energy

We mentioned that the photon replica states influence the electron switching between
the waveguides. Now, we tune the photon number and energy in order to control
the electron switching process. We first consider two photons initially in the cavity
and increase the photon energy to hwy,, = 0.6 meV with ¢ = 0.1 meV and -
polarization of the photon field. In this case the electron charge at the CW length
Lew =~ 40 nm switches from the input control-waveguide to the output target-
waveguide as is shown in the Fig. 5.15. The electron switching process is caused by
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Figure 5.15: (Color online) The charge current density at t = 200 ps with an x-
polarized photon field at Low ~ 40 nm. The photon number in the cavity initially
is Npn = 2, hwpn = 0.6 meV, and gon = 0.1 meV. Other parameters are L, =
300 nm, Ay = 1.0 meV, B =0.001 T, and a,, = 33.72 nm.

the participation of two-photon replicas of states at the energy crossover located in
the second subband. In this case the electron may absorb two photons with energy
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5.2. Quantum Logic gate actions in a qubit system

Npn X hwpn = 1.2 meV and subsequently be transferred to the second subband
from the first subband of the waveguide system. As a result, the charge is totally
switched from the control to the target waveguide. In addition to that the one-
photon replicas of the ground state and the first-excited state are seen in the energy
crossover regime in the bias window. But, they contribute weakly to the electron
transport. The charge motion occurring in the DQW system implements a quantum
logic gate operation and a Not-operation is realized.

We mentioned that an inter-waveguide transport at the crossover energy is not
found in the y-polarization because the photon energy is smaller than transverse
confinement energy of electron. In order to obtain inter-waveguide transport, we
need to increase either the photon energy or the photon number initially in the
cavity. Figure 5.16 shows the charge current density at Lcew =~ 40 nm where the
photon energy is increased to fwpn = 0.9 meV but keeping one photon initially in
the cavity. Comparing to the charge current density shown in Fig. 5.14(b) when the
photon energy is fuwpn = 0.3 meV, inter-waveguide transport is increased because the
photon energy is close to the electron confinement energy in the waveguide system
in the y-direction. An electron in the control-waveguide may obtain energy from
the photon to partially occupy a state in the second subband of the two parallel
waveguides and thus being transferred to the target-waveguide.
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Figure 5.16: (Color online) The charge current density at t = 200 ps with y-polarized
photon field in the current peak at Low =~ 40 nm. The photon energy hwpn =
0.9 meV, gon = 0.1 meV and Ny, = 1. Other parameters are L, = 300 nm,
hQy = 1.0 meV, B=0.001 T, and a,, = 33.72 nm.

Let us consider two photons (/Np, = 2) initially in the cavity and the photon en-
ergy is hwpn = 0.6 meV, which is smaller than the electron confinement energy
(h€2o = 1.0 meV). In this case, an electron coming from the left lead may absorb two
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5. Results and Conclusions

photon with the total energy Ny, X hwpn =~ 1.2 meV and then being transferred to
the target-waveguide. Consequently, the charge from the input control-waveguide
totally transfers to the target-waveguide as is shown in Fig. 5.17. The charge motion
occurring here implements a NOT-operation quantum logic gate action.
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Figure 5.17: (Color online) The charge current density in the y-polarized photon
field at Lew ~ 40 nm and t = 200 ps. The photon energy hwy, = 0.6 meV,
Now = 2, and gpn, = 0.1 meV. Other parameters are L, = 300 nm, h{)y = 1.0 meV,
B =00 T, and a,, = 33.72 nm.

As a last relevant consideration, the features of the coherent electron transport in
a DQW coupled to a photon cavity discussed in this thesis offer interesting and
innovative new possibles for implementing quantum logic gate in waveguide system
in nanoscale range.
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5.3. Conclusions

5.3. Conclusions

In this thesis we have investigated physical properties of quantum systems with
various complicated geometrical structures. We considered a two-dimensional finite
electronic system connected to electron reservoirs (leads). The chemical potentials
of the leads define a bias window or potential difference driving electrons through
the total system. The total system is exposed to an external static magnetic field
perpendicular to the electron motion in the system. The electron-electron interaction
in the central finite size system is taken into account while the Coulomb interaction
in the leads is neglected. The electron transport is investigated in the system using a
general master equation. In this approach, we use a non-Markovian master equation
for a reduced density matrix describing the electron motion in the central system
under the influence of the leads.

The central system is coupled to cavity photons of a single mode. The photons in the
cavity are assumed to be polarized either parallel or perpendicular to the electron
motion in the central system. The electron-photon interaction plays an essential role
in the electron transport properties in such a way that the electrons absorb or emit
photons in the cavity leading to enhancement or suppression the electron transport.

In addition, a plunger gate voltage is applied to the central system to move the
quantized energy states up or down with respect the the bias window. Therefore,
one can investigate the physical properties of each quantized energy state of the
central system. Furthermore, the absorption and emission photon processes and
their roles to the electron transport can be controlled or selected by the plunger
gate voltage.

We have focused on two physical phenomena which are the cavity photon-assisted
electron transport through a single quantum dot or double quantum dot system
and implementation of quantum logic gate in waveguides or qubit systems. In the
first part, we have used the cavity-photon to enhance the electron transport in a
quantum dot system. In the case of a quantum dot embedded in a photon cavity,
a peak in the net charge current is found by tuning the plunger-gate voltage. The
current peak is due to a resonance of a one-electron state with the chemical potential
of the leads. We call this current peak the main peak. In the case of a QD system
coupled to an z-polarized photon mode, the main current peak is enhanced by the
electron-photon coupling. The electrons may absorb a single photon manifesting
a photon-assisted secondary peak which also incorporates correlation effects. In
the case of a QD coupled to a y-polarized photon mode, the main current peak is
contributed to by two photon-activated one-electron states and a correlation-induced
two-electron state. In the y-polarization the secondary peak current is suppressed
due to the anisotropy of our system.
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5. Results and Conclusions

In the second part of this thesis, we have studied quantum logic gate action in a
charge qubit. We have presented a model for a window coupled double quantum
waveguide in an external perpendicular magnetic field. The DQW is weakly con-
nected to two leads and strongly coupled to a photon cavity. We investigate coherent
switching in the electron transport between the waveguides for the implementation
of quantum logic gates.

By tuning the length of the CW, we have shown two important physical charac-
teristics of the waveguide system: resonant energy-levels and oscillations in the net
charge current. The resonant energy levels indicate coupling between the DQW and

the oscillations denote the resonance conditions that are governed by the length of
the CW.

In the absence of the electron-electron and electron-photon interactions, the charge
current density splits equally between the waveguides at resonant energies, there-
fore, the net charge current reaches it’s maximum value and the waveguide system
works as a v NOT-operation qubit. The split charge current is facilitated by the
participation of two-electron states to the electron transport. But in the present of
the electron-electron interaction the charge splitting is strongly reduced because the
2ES are lifted out of the group of active states in the transport.

We have identified the implementation of various types of quantum logic gates by
varying the photon number and energy, or the photon polarization in the presence
of the photon cavity in the system. Photon replicas for each MB energy state
are produced in the presence of the photon cavity. The character of the active
photon replicas in the electron transport depends on the photon energy, the pho-
ton number, and the photon polarization. In the presence of an z-polarized single
photon mode with two photons initially in the cavity, the charge from input control-
waveguide switches to the output of the target-waveguide. In this case, an electron
in the control-waveguide may interact with two photons and transfer to the target-
waveguide. Consequently, a Not-operation quantum logic gate is implemented. For
the y-polarized photon field, the electron-switching processes only occurs if the pho-
ton energy is equal to or greater than the electron confinement energy in the DQW
system in the y-direction.

In addition, we have used side QDs in the double waveguide system to enhance the
electron switching process. We see that more energy-levels of the two waveguides
are brought into resonance which can lead to stronger coupling between them. Ef-
fectively, the dots can increase the density of states around the resonant transport
states.

92



A. Matrix elements of the
single-electron Hamiltonian

A.1. Closed system

In section 2, we have shown the Hamiltonian of the central system. In this appendix
we present the derivation of the matrix elements of the Hamiltonian shown in Eq.
(2.3). The matrix elements are

1 e
" " H. _ " " < _Aex 2
<7’L , M ‘ SE|n7m> <n , T 2m*(p+c t)
1
+ ém*Qggf + Vo + eV + hz> In,m) . (A.1)

Reorganizing Eq. (A.1) to simplify the the matrix elements we split it into four
terms

1
(n",m"| Hsg In,m) = (n",m"| ( (p+ ZAext)Q + §m*Q§y2) |n, m)

2m*
+ (0", m"| Vg In,m) + (n”,m"| eVyg n, m) + (0", m"”| hy [n,m) .

(A.2)

In the following, we shall calculate each term of Eq. (A.2) separately.

A.1.1. Matrix elements of p and A . terms

The matrix element of the canonical momentum operator and the vector potential
of the external magnetic field are calculated here. We begin with the p and A
terms of the Hamiltonian which are combined as

1

2m*

1
2

where the magnetic field is assumed to be homogenous and perpendicular to the elec-
tron motion. The vector potential described in Landau gauge is Aoy = (— By, 0,0),

his = 5= (P + = Aw) + 5" Uy (A3)
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A. Matrix elements of the single-electron Hamiltonian

then the Hamiltonian is modified to
h? h2

2m

1
hgs = — st m*Q + thweyV,. (A4)

Using the eigenfunctions of the central system in Eq. (2.5) and Eq. (2.6), the matrix
elements of Eq. (A.4) can be divided into three terms:

First term is the matrix elements of the z-component of the canonical momentum
operator

n-m Qa

"l (=Y Il AN A5
<n ,m ’( 2m* )|n,m> = 5 I ( w) n'' nOm/ ms ( . )

Second term is y-component of canonical momentum operator and harmonic poten-
tial
AV

1
<7l”,m,/| 2my + 2m Q :| |7L, m) = <m + 5) (th)(Sn/@mmu’m, (A6)

And the last term is
. : 0
(n",m"| ihwyV, |n,m) = ihw, (m"|y |m) (n"| . In), (A7)

where

m+1
("] y jm) = (m"| 2= (a+a [m) —aw[\/ Ot m—1 + || =5 Omm1

with a(a') being the lowering(raising) operator of Harmonic oscillator, respectively,
and

. (A8)

0 dnn'' (— 1)ni+2ni1 . .
< //‘ B ’n> :[n”,n = W if n,/+n—3,5, 7, (AQ)
v 0 if n"4+n=24,6,...
Substituting Eq. (A.8) and Eq. (A.9) into Eq. (A.7) we obtain

. (A.10)

. . / /m + 1
<7’L”, m"| chyvx |’I’L, m> = chaw n'''n [ m” m— 1+ Y 9m’ m+1

Then adding Eq. (A.5), Eq. (A.6), and Eq. (A.10) together to get the matrix element
of the first part of the Hamiltonian in the following form

n?n? a2\’ 1
(n",m"| hgs [n,m) = [ 5 (L_x> + (m—|—§>

/m /m+1
—l—zﬁw aw n''.n [ E(smﬁ’m_l + T m//,m+1] . (A.ll)
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A.1. Closed system

A.1.2. Matrix elements of a Gaussian potential

The second part of Eq. (A.2) describes the matrix elements of the potential describ-
ing the geometry of the system. A Gaussian potential has been chosen to describe
parts of the central system

Va(z,y) = =V, e(—ﬁ%(w—wo)z—ﬁﬁ(y—yo)z)’ (A.12)
where Vj is the strength of the potential, 5, and 3, define the range of the potential,
and (x;,v;) is the center of the potential. The matrix elements of the Gaussian
potential are

(n",m"| Va(x,y) |In,m) = =Vo Vo Vot m, (A.13)
herein, the z-component of the matrix elements is governed by
Vi = (1" e~ Fa(z=o)® In),
and the y-component is
Vi = (m"| e~ B9 |

The derivation of both x- and y-component is shown in the following.

xz-component (V)

There are four possibilities of integration in the z-component regarding to the quan-
tum numbers n” and n: (a) n” and n are odd, (b) n” is odd and n is even, (c) n”
is even and n is odd, and (d) n” and n are even. Using Eq. (2.5), the integration
in the case of (a) and (d) is not zero but for the other two cases is zero. We now
calculate the non-vanishing terms, if n” and n are odd integer then

Ly
2 M n'mx 2 2 nmx
vn// n = " _6325($_170)2 — _/ d —ﬁw(z—mo)
n=(n"]e |n) L) s T COS I e cos I )
(A.14)

and in the case of even integer of n” and n the integration is

+Le "
Vi = (n”| e Pr@=20) |y = i/ " dr sin (an:) e Prle=0) gip (n[im:) :

Lx _Lg x T
2
(A.15)
The substitution of u, = Lﬁ gives
+3 )
Vit = 2/ dug cos(n"muy) e Pelalua=ua0)l® cog(nmu,), (A.16)
1
—3
and
+3 )
Vit n = 2/ dug sin(nmug) e~ Prlaluz=u=0)l" in (nu,). (A.17)
1
-3
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A. Matrix elements of the single-electron Hamiltonian
y-component (V)

The matrix elements of the y-component are
Virin = (m"] e 0740 m) — / dy Gy (y)e” " g (y), (A.18)

using the basis wave functions in Eq. (2.6), the integral is then given by
1

o [207" M) /)| 7'(']%

x /dy e[—ﬁiai((y/aw)—(yo/aw)) ~(v/aw)?] Hyr (/) Hn (1 @) (A.19)

Vm”;m -

To simplifying further the matrix elements, one can use u, = y/a,, and By = Sa%v
1 - [By(“y*“y )2+“2}
Vi = [20m"+m) ! W]% du ¢ 0L Hopr (uy ) Him (1 ). (A.20)
In order to be able to perform the integration, we need to modify
By(uy - Uyo)2 + Uz = Byuz - 2Byuyuyo + Byuzo + u?;
. . . Byu? B u
2 2 2 Yy Y Yo
= Byu, — 2B,uyuy, + Byu; +u, — — +
Byy Byyyo By Yo Yy 1+ﬁy 1+ﬁy
2 3 4,2
. u
=— |(1+8,)2u, — ﬁy“ﬁ“’ < Py L (A.21)
(1+8,)2 L+ 5,

Using Eq. (A.21) and assuming z = (1 + By)%uy, then Eq. (A.20) is transformed to
1 e—[gouio/(l-&-ﬁ;y)]

[2(m//+m) m/l!m! ’/T]% (1 =+ By)%
~ ~ 112
% /dZ o [z—ﬁyuyo/(l-i-ﬁy)Q] H,,» % H,, # . (A22)
(1+8,): (1+8y)

An identity of integral Hermite polynomials is

min(m’ ,;m) "
/dze(ZZO)QHm"(OéZ)Hm(O‘Z) =t 3 2H (ﬂ; ) <T’Z>

Vm”;m -
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A.1. Closed system

Comparing Eq. (A.22) to Eq. (A.23), we explicitly obtain a = 1/(1 + 3)2. Then
Eq. (A.22) can be written as

v 1 1By, /(145,)] mi“(i”m) - (m”> (m>
m//.m f— ~ 2 .
; [Q(m//+m) m”'m‘]% (1 + ﬁy)% —~ k k
- (mlm g -1
X LN Hm”+m—2k By—ujjol . (A24)
(1+5,) (1+5,)2

ay, to get the

Finally replacing the values u, = y/aw, Uy, = Yo/, and f,
matrix elements of the y-component

v 1 ¢~ 1(B393)/ (148302 )] mm%»m) - (m,,) (m)
m'’sm — 2 !
[20m4m) mlml]z (1 + B2a2)2 e E )\ k

m" fm

( k)
(1+ B2a2) (1+ B2a2)2

(A.25)

A.1.3. Matrix elements of V,, and h; terms

The third term of Eq. (A.2) describes the matrix elements of the plunger-gate voltage
which is governed by

(n",m"| eVog [n, m) = €Vpg/dﬂ? U () o () X /dy U (Y) Y (y)

== €Vpg 5n”n 5m”m == 6Vpg 5n”,n 5m”,m- (AQG)

And the fourth term of Eq. (A.2) indicates the Zeeman energy which is a constant

value for a fixed magnetic filed added to the matrix elements of the canonical mo-
mentum operator

1
(", m"| hyn,m) = (n",m"| (iég*uBB) |n,m), (A.27)

where up = ;—}(‘) with mg = m./m*. Using m* = 0.067, g*
we get

0.44, and w. = eB/m,

(n", m”] hZ ‘TL, m> = 300737 hwc 5,,1//’“ 5m”,m' (A28)
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A. Matrix elements of the single-electron Hamiltonian

The total matrix elements of the Eq. (A.2) can be expressed as the following

n?m? a2\’ 1
(o | Hos |n,m>=[ () + (m+3)

/ / 1
+ ihwcaw In”,n [ %5m”,m—l + %&n”,m—i—l]

- % Vn”mvm”,m + evpg 5n”,n 5m”,m
£ 00737 Fwe Sur e Ount . (A.29)

(B )87 o

A.2. Matrix elements of the lead Hamiltonian in
the SE basis

In this appendix, the matrix elements shown in Eq. (2.17) are calculated. We use

the Hamiltonian of the lead presented in Eq. (2.9) to get

_h2v2 _h2v2 1 * Ql 2,2 hwuyV

% z+|:2m* y+§m(w>y:|+z cY x)’qu>
(A.30)

Using the basis eigenfunctions in Eq. (2.13) and Eq. (2.14), the matrix elements

of the lead Hamiltonian are divided into three parts. The first part is the matrix
elements of the Hard-well confined potential

| A ) = G

o _hz hin /
<m/ ,q/| (ﬁ%ﬁ) |m;Q> = T(GZQ)Q 5m~,m5(q/ - 9)7 (A-31)

and the second part is the matrix elements for the Harmonic oscillator Hamiltonian
(m",q"| oy Lo v ) I q) = % (1m0t %) S mdla” —q). (A.32)
) 2m* y 9 w ) w 2 m'’ m . .
Putting these two parts together results in

_p? R, 1 .
) (G V2t |Gt m 022 | ) m ) = 2(0) Bl = ) (A33)

where ¢! (q) are the eigenvalues presented in Eq. (2.15).

The third part is a Hamiltonian mixing the motion of the z- and the y-directions,
the matrix elements consists of two terms

14 n| - . Vi a "
(m",q"| ihweyV, |m, q) = ihw, (q I% lq) (m"|y|m), (A.34)
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A.2. Matrix elements of the lead Hamiltonian in the SE basis
where the x-component is

=2 Do () (o4 )
20 [P (o (o4 ) )eos (a (o4 ) s

+

We assume v = (x + —LQ*‘), SO T = (u — —“) and dz = du
0 2iq )
" i
Il - A.
{q |8$ lg) - / du sin(q"u) cos(qu) (A.36)

The identity sin(¢"u) cos(qu) = % [sin(u(¢” + ¢)) + sin(u(¢” — ¢))] [106] modifies
Eq. (A.36) to

Wi =2 [t sintulq + )+ sl — )
q@mq_w_oousmuq q q q
= % du. [exp(—iu(q” + q)) — exp(iu(q” + q))
+exp(—iu(q” — q)) — exp(iu(¢” — q))] (A.37)
We use the formula ((¢q) = —i [} duexp(iqu) = 2 — imd(u) [107] to obtain
/! a ] 1/ /! ! /!
('] 5 10) = 52 160~ =) = <" + )+ Cla = ¢") = (" — 0)]
T 2T
iq { B B }
= _ |~ 7 + !
m ¢ +q qg—q
2i¢"q B
- T q//2 _ q2
= ]q”q' (A38)

And the y-component of Eq. (A.34)

" —"_1
< ‘y‘m = Qq [U m”m 1 + “ m—dm ’m+1] . (A39)

The matrix elements of both the x- and the y-components of Eq. (A.34) give

. ) m+1
(m”, q¢"| ithwyV, m, q) = ihweal, ¢'q [1/ O m—1 \/— ! m+1] . (A.40)

Substituting Eq. (A.33) and Eq. (A.40) into Eq. (A.30) we obtain
(m", ' Hgs m. @) = £1,(a) Smrmd(a" — q)

1
+ihweal, [,/ St 1 + \/%%/,ml] L (A4
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A. Matrix elements of the single-electron Hamiltonian

Putting the matrix elements shown in Eq. (A.41) into Eq. (2.17) we get the following
structure

ElSE<m/a q/) Cm’,m”(qla (]”) = Z / d(] 5in(CI)Cm',m(q/7 Q) 5m”,m5(q// - q)

. / /m+1
+ Zhwcal Z m m— 1+ —(5771” m—i—l]

X / dq Ly gCrv (4’ ), (A.42)

where the integral is

2,L'q// o0 %q
/ dq 1yrgCrrm(q',q) = — /O dqq,,2 7 Com(d'5 9)

,L'q// o %|q| ,
= dqW Cor (', |al)

m —0o0
Z'q// o0 1 1 1
" ] Cmtala) [ -
i
= 51710 Cowan(@14'1) = 14| Covand',1"D)] = 0. (A.43)

As the result, the second term of Eq. (A.42) vanishes
Bl ) G e ) = 3 [ @) Corn (0 0) B~ ) (A

Performing the summation we get
Egg(m',q') Cowur(d':0") = €40r(a") Contur (' ") (A.45)
If we considered Chy m(q'sq") = Om/m0(¢" — ¢") then we obtain
Egg(m',q') = 1, (). (A.46)

The Eq. (A.46) shows that the third term of the Hamiltonian presented in Eq. (2.9)
does not influence the eigenvalues.
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B. Many-Body Hamiltonian

Further derivation of the MB Hamiltonian of the system coupled to a photon cavity
is demonstrated in this appendix.

B.1. Electron-photon coupling function

We first show the constant of the coupling function shown in Eq. (2.52). If we
substitute the vector potential into the paramagnetic Hamiltonian shown in Eq.
(2.50), then the constant of the Hamiltonian becomes

gph
m* X Qe

2 h . 1 _ aw . .
but a; = G+ SO one can write s = The constant is thus given by
9ph . Gph Qg
m* X Qo h

Then the coupling function describing the interaction between the electrons and the
photons presented in Eq. (2.52) can be written as

Aoy " “ Aoy ~
Gij = fgph/dr Ui (r) (é.m) ¥(r) = fgph X (| é.m ;) . (B.1)
We assume & = & + &, and T = 7x + 7Ty, where Tx = p, + eA, = —ih0, — eBy and
fy = py + €A, = —ihd, to get
Ay . .
9ij = Egph x (U] (ex(—ihdy — eBy) + e,(—ihd,)) [¥;) . (B.2)

Further modifying Eq. (B.2)

eBa,,

h

9ij = gpn X |€x(—iay) X (¥i] O [¥;) — ex( ) X (Wil y [;) —iey x (¥] an,0, |¢’j>}

(B.3)
The constant of the second term eBa,,/h needs to be scaled. The effective magnetic
length is a,, = h/(mQya,), and eB/m = w,, then one can write the constant of the
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B. Many-Body Hamiltonian

second term of Eq. (B.3) as eBa,/h = w./Qya,. We further rearrange Eq. (B.3),
and multiplying the first term by 7=

Ay
Gi,j = gph X Zex(L ) <W|L Oy |W> y X <Wi|away Wj)‘ez(g

For sake of consistency, we use Dirac notation for the single-electron eigenstate basis
In, m) to calculate the matrix elements in Eq. (B.4)

9o = gon % | = iea(72) % (0] L0y ) S — i, X 1| 20y [m) S,
e (e st Y o 5
(o) % (| 2 |m) nl. (B.5)

The matrix elements of the first and the last terms are calculated in A.1.1, we do
not repeat it here. And the matrix elements of the second term are

, , m m+1
(' @y m) = (m'| (/5 Im = 1) =/ F5—= Im + 1) )
/ [m+1
= % 5m/,m71 - mT 5m’,m+1' (B6)

Adding the matrix elements of all three terms of Eq. (B.5) together

L Qy Im+1 /
gi,j:gphx[ Zea}(L)X(Smm_ —5mm+1+ mml X(Snn
/m+1 /
m m+1 m m— 1 X 671 n] (B7)

B.2. A2 term

_€$

We show how Eq. (2.54) is obtained from Eq. (2.53). The diamagnetic Hamiltonian
shown in Eq. (2.53) is

2
~ e
Hp = 2_WA%M > (il w;)dld;, (B.8)

Z’Mj

using the completeness relation >, [¥;) (¥;| = 1 and the electron number operator
N, =Y, dld;

2
Hp= - x A% x N.. (B.9)

2m*
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B.2. A2- term

The vector potential defining in Eq. (2.44) is put into Eq. (B.9) to obtain

~ 62 ggh ~
= T T
Hp = om* X 62912”&120 (CL +a )(a +a ) X N, (B.l())

and using m*a2Q, = h
. g’ .
Hp = ﬁ(a +a")(a+a') x N.. (B.11)

We perform the multiplication of creation and annihilation operators
1 t H o 1 t o oty 4 atal
§(a+a Y(a+a') = §(aa+aa +a'a+a'al)
1 1
= §(aaT +a'a) + §(aa + a'al). (B.12)

In addition, the creation and annihilation operators satisfy commutation relation
la,a’] =1 = aa’ —a'a =1 = aa’ =1+ a'a. Then Eq. (B.12) becomes

1 1 1
5(@ +a')(a+a") = 5(1 +a'a+a'a) + §(aa +a'al)
1 1
= 5(2aTa +1)+ E(aa + a'al)
1

1
= (a'a + 5) + §(aTaT + aa). (B.13)

Substituting Eq. (B.13) into Eq. (B.11), the final form of the Diamagnetic term of
the Hamiltonian is

2
g I (i L ;
= — = = : 14
Hp th<(aa—|—2)+2(aa +aa) | x N, (B.14)

The Eq. (B.14) corresponds to the Eq. (2.54).
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C. Charge current density

We calculate the matrix elements of the charge current density demonstrated in Eq.
(4.10). The matrix elements are then used to find expectation value of the charge
current density in Eq. (4.9). The matrix elements of the charge current density in
the SES-basis can be expressed by

(| 3(0) [m) = > ( T () (V0 (0)) — (90 ()0, )

— 2m*1
ij

2

+ - [Aualr) + A ()] (07 <r>> '\ did;lm).(C1)

In order to write the matrix elements of the charge current density in MES-basis,
we need a unitary transformation () shown in Eq. (2.36) to convert the current
density from the SES-basis to the interacting MES-basis

CINESS ( v ) — (v ) )]

— \ 2
ij

2

+ [ A(r) + A )] 7 x ) > Vi (' dlds m) v
(C.2)

In the closed electron-photon interacting system, the MB-space {|f1)} is constructed
from the tensor product of the electron-electron interacting many-electron (ME)
state basis |u) and the eigenstates |[M) of the photon number operator a'a, namely
|ft) = |1) @ |M). Therefore, the matrix elements of the charge current density in the
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C. Charge current density

MB-basis are

(Wil = >0 > ! <2mz[:<r><wj<r>> (V0 (1);(x) | (M| 1)

ij M'M

m*

| (M) (A () + Apn(r)) rM>]w:<r>%<r>>

X Y V(| dld; m) Vi Wi, (C.3)

where W}, is the unitary transformation in the MB-basis demonstrated in Eq. (2.65).

We substitute the magnetic vector potential A (r) and the photon vector potential
shown in Eq. (2.44) into Eq. (C.3) and separate a- and y-component of the charge
current density. Then the z-component is written as

EOIED DI <2m [ (0.5 (0) - .7 ()5 ()| (M)

g M'M

= By(M|M) + e Ay, (M| (0 +a) M) |0 <r>wj<r>)

X Z VJ’m’ <m/’ d;‘rdj |m> V Wuu ) (04)
and the y-component is

(0l =D > W ( N1 () 0,0,()) — (0, ()0 (r)] (M| )

2m*q
ij M'M

+ ey Ay ('] (@ + )| M) Wi*<r>Wj(r)>

X Zv (m'| did; |m) Vi Wy (C.5)

Using the photon creation and annihilation operators properties
a'|n) =vn+1n+1),

and
aln)y =+/nln—1),

where n is the photon number. Then the z-component of the charge current density
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is modified to

(Wis@)lit) = D > W <2m[ 0 (00,05 (r)) = (D, (0)8(x) | nr.a

g M'M

o2
— [ — Byoar ar + ez Apn (VM + 16a0 a1 + \/M(SM’,M—I)] A (r)y'/j(r))

Z m'| did; |m) Vi, Wi, (C.6)

and the y-component becomes

(w0l =32 > W, <2m =2 0)(0,05(x) = (9, (0)8(x) | das

o2
+ %eyAph[V M+ 10p p1 + M5M’,M—1]Wi*(r)%(r)>

X Z VJ’m’ <m/| djdj |m> VmuWﬂu’- (C7)

Further rearranging of both components, one can write

(W17=(0)li) = ) ([ h 7 (0)(D5(x)) — (0.9 (r))5(r)] - B ), (r)

— 2m*
ij

X Z (W 5M'MZ de |m>Vm”WW>>

M'M

e
+ Z ( Z [WJJ,(m—fh)@x(v M + 1620 a041 + VM ar-1)

ij \M'M

Z w m’ /’djdj |m> Vm/LWﬂp’

%*(r)%(r)) (C.8)
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C. Charge current density

and
v o eh . .
(i) = 3 (zm*i |2 (0)(D,5(x)) — (0,9 (1)) 5(v)|
ij
X Z (W:;Z/(SM/vM Z VJ/m/ <m/’djd]‘m>vmuwl‘lul>>
M'M '

2
A

+Z ( [W;/:/(emfh)ey(\/M+15M/7M+1+\/M(SM’7M—1)

ij M'M

X Z VJ/m/ <m,|dj—d] ’m>VmHWﬁﬂl

%*(r)avj(r)). (C.9)

We should mention that the eigenvalue M is the photon number NV, in both com-
ponents of the charge current density.
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D. Quantum Master equation

In this appendix we show the general properties of the projection operator and few
steps of the derivation of non-Markovian master equation in the MB-basis.

D.1. Properties of Projection operator

We write some characteristics of the projection operator P and the complemen-
tary projection operator Q. We begin with the projection operator which has the
following properties

1. P2P=P

2. PLs = LsP
3. LiP =0

4. PLP =0

5. PLP = LsP + L/P + L1P = LsP
6. PLyP =0
and the complementary projection operator properties are
L QLA = (Ls+ L+ Q L7)Q
2. PLO =PLQ+PLQI+PLQ =PLrQ
3. PLiQ=0

4. QLP = QLP + QL/P + QLyP = L1P
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D. Quantum Master equation

In addition, in the case of weak coupling between the central system and the leads
QL1 < Lg or L;.

D.2. Derivation of Eq. (3.24)

Now, we show further steps of the derivation of the general master equation and
demonstrate how the Eq. (3.24) can be obtained from Eq. (3.22). Since the Hamil-
tonian of the central system commutes with the lead Hamiltonian, the evolution
operator can be separable

Uo(t —t') = Us(t — Uy (t — 1) (D.1)

where Ug(t — t') = exp (—%Ifls(t —t")) and Up(t —t') = exp (—%ﬁl(t —t")). Using
the identity of the creation and annihilation operators of the leads

Eq(t) = e(%flﬂ) Cq 6(_%ﬁlt) — e(—%EéE(q)t) (DQ)

Y

and the property
Try (F (1) (1)) = 0. (D3)

allow us to write the integral kernel of Eq. (3.22) including the transfer Hamiltonian
in the MES basis in the following form

td/K AN /__Xl(t) td/l/ dd/
PR E)ps(t) = =5~ | dEX'(t) [ dadg
to to

x | Ta)s(t - ¢
+(TH) Us(t — )T () ps(
— Us(t —t")(TH(d)) ps (") UL
— Us(t — )T (a)s(
— THa)Us(t — t')ps(

—(TH(@))'Us(t — t')ps
+ Us(t —t)ﬁs(t’)(Tl(Q’)) §(t —t T’(q Try (Cq(t

)

- ~—r

- 3

—

-

~

S—

—

¢

g n

~— ’;

[N
A

>

= o
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| ~
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,.qu /:

~ AT
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EEN
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0

—
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We conclude some properties of the trace of the leads

T (20, (1) = OB @)5(q o) (1 - f(El(@)) . (D)
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D.2. Derivation of Eq. (3.24)

Tr, (EL (t)gq(t)ﬁz) = (-0)Bbe@) 51 — o) (f(Es(q))) (D.6)

and using Eq. (D.5) and Eq. (D.6). Then we take the integral [ dq'd(q—q’) in order
to modifying Eq. (D.4) into

/tt dt’lC(t,t/)ﬁs(t/) _ _X;(;) /tt dt,Xl(t/) /dq
x | TH@)Ts(t = ¢)(T' (@) ps(#) 0Lt = ) [1 = f(Elg(a)]
o oFit-BL (@)
= T @) Us(t = ¢)ps(¢) (T (@) Ot = ¥) f(Edg(a))
( i(t—t') B4y (q)
X e

)
- Us(t—t)(Tl(q')) s(tUS(t = )T (a) [1 - f(Egp(a))]

% e( q))

+ Us(t = t)as () (T' (@) TUL(t = )T (a) f(Ee())

x e( (t—t' EéE(q))

+ Us(t = t)ps () T (@)Ut = )T () [1 = f(E&s(@)]
)

(
o li=)BL(a
—Us(t T @)ps()UL(E = ) (THA))T f(Eg(a))
o (i) Bl (@)
( ) TTs(t — ) ps () TH ULt — ') [1 — f(Eg(a))]
( t—t')E§ Cl))
( () Us(t — t)ps(t) T (ULt — V') f(Ebp(q))

(1) B E<q)} (D.7)

t

Rearranging Eq. (D.7), we obtain Eq. (3.24).
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Abstract

We investigate transient transport of electrons through a single quantum dot controlled by a
plunger gate. The dot is embedded in a finite wire with length L, assumed to lie along the
x-direction with a parabolic confinement in the y-direction. The quantum wire, originally with
hard-wall confinement at its ends, +L, /2, is weakly coupled at = O to left and right leads
acting as external electron reservoirs. The central system, the dot and the finite wire, is
strongly coupled to a single cavity photon mode. A non-Markovian density-matrix formalism
is employed to take into account the full electron—photon interaction in the transient regime. In
the absence of a photon cavity, a resonant current peak can be found by tuning the
plunger-gate voltage to lift a many-body state of the system into the source—drain bias
window. In the presence of an x-polarized photon field, additional side peaks can be found due
to photon-assisted transport. By appropriately tuning the plunger-gate voltage, the electrons in
the left lead are allowed to undergo coherent inelastic scattering to a two-photon state above
the bias window if initially one photon was present in the cavity. However, this
photon-assisted feature is suppressed in the case of a y-polarized photon field due to the

anisotropy of our system caused by its geometry.

(Some figures may appear in colour only in the online journal)

1. Introduction

Electronic transport through quantum dot (QD) related
systems has received tremendous attention in recent
years due to its potential application in various fields,
such as the implementation of quantum computing [1],
nanoelectromechanical systems [2], photodetectors [3], and
biological sensors [4]. The QD-embedded structure can be
fabricated in a two-dimensional electron gas, controlled by a
plunger-gate voltage, and connected to the leads by applying
an external source—drain bias voltage.

Electronic transport under the influence of time-varying
external fields is one of the interesting areas. Transport
phenomena in the presence of photons have been intensively
studied in many mesoscopic systems [5—14]. Among the
various quantum confined geometries to characterize the
photon-assisted features are, for example, a quantum ring

0953-8984/13/465302+12$33.00

with an embedded dot for exploring mono-parametric
quantum charge pumping [7], a single QD for investigating
single-electron (SE) tunneling [8], a quantum wire for
studying electron population inversion [9], and a quantum
point contact involving photon-induced intersubband transi-
tions [10, 11]. Recently, the electrical properties of double QD
systems influenced by electromagnetic irradiation have been
studied [12, 13], indicating a spin-filtering effect [12], and
two types of photon-assisted tunneling related to the ground
state and excited state resonances [13]. The classical and
quantum response was investigated experimentally in terms
of the sharpness of the transition rate, which depends on the
thermal broadening of the Fermi level in the electrodes and
the broadening of the confined levels [14].

In the above-mentioned examples the photon-assisted
transport was induced by a classical electromagnetic field. It
is also interesting to investigate electronic transport through

© 2013 IOP Publishing Ltd Printed in the UK & the USA
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a QD system influenced by a quantized photon field. A
single-photon source is an essential building block for the
manipulation of the quantum information coded by a quantum
state [15]. This issue has been considered by calculating
the resonant current carried by negatively charged excitons
through a double QD system confined in a cavity [16],
where resonant tunneling between two QDs is assisted by
a single photon. Recently several experimental groups have
successfully coupled a single quantum dot with one cavity
mode [17-20]. However, modeling of transient electronic
transport through a QD in a photon cavity is still in its infancy.

To study time-dependent transport phenomena in
mesoscopic systems, a number of approaches have been
employed. In closed systems, the Jarzynski equation was
derived by defining the free-energy difference of the system
between the initial and final equilibrium state in terms
of a stochastic Liouville equation [21] or microscopic
reversibility [22]. In open quantum systems where the
system is connected to electron reservoirs, the Jarzynski
equation can be derived using a master equation approach to
investigate fluctuation theorems [23] and dissipative quantum
dynamics [24]. In order to investigate interaction effects
on the transport behavior, several approaches have been
proposed based on the quantum master equation (QME)
applied to a quantum measurement of a two-state system [25],
calculation of current noise spectrum [26], and the counting
statistics of electron transfers through a double QD [27].
The QME describes the evolution of the reduced density
(RD) operator caused by the Hamiltonian of the closed
system in the presence of electron or photon reservoirs. Thus,
the QME usually consists of two parts: one describing the
unitary evolution of the closed system and the other being a
dissipative part describing the influence of the reservoirs [28].

In an open current-carrying system weakly coupled
to leads, master equations within the Markovian and
wide-band approximations have been commonly derived
and used [29-31]. The coupling to electron or photon
reservoirs can be considered to be Markovian and the rotating
wave approximation is often used for the electron—photon
coupling [29]. The QME may reduce to a ‘birth and
death master equation’ for populations [30], or modified
rate equations [31]. The energy dependence of the electron
tunneling rate or the memory effect in the system are usually
neglected.

The non-Markovian density-matrix formalism with
energy-dependent coupling elements should be considered
to study the full counting statistics for electronic transport
through interacting electron systems [32-34]. It was noticed
that the Markovian limit neglects coherent oscillations in the
transient regime, and the rate at which the steady state is
reached does not agree with the non-Markovian model [35].
The Markov approximation shows significantly longer times
to reach a steady state when the tunneling anisotropy is high,
thus confirming its applicability only in the long-time limit. To
investigate the transient transport, a non-Markovian density-
matrix formalism involving energy-dependent coupling
elements should be explicitly considered [36].

The aim of this work is to investigate how the x-
and y-polarized single-photon modes influence the ballistic

transient electronic transport through a QD embedded in a
finite quantum wire in a uniform perpendicular magnetic
field based on the non-Markovian dynamics. We explicitly
build a transfer Hamiltonian that describes the contact
between the central quantum system and semi-infinite leads
with a switching-on coupling in a certain energy range.
By controlling the plunger gate, we shall demonstrate
robust photon-assisted electronic transport features when
the physical parameters of the single-photon mode are
appropriately tuned to cooperate with the electron—photon
coupling and the energy levels of the Coulomb interacting
electron system.

The paper is organized as follows. In section 2, we
model a QD with interacting electrons embedded in a
quantum wire coupled to a single-photon mode in a uniform
magnetic field, in which the full electron—photon coupling
is considered. The transient dynamics is calculated using
a generalized QME based on a non-Markovian formalism.
Section 3 demonstrates the numerical results and transient
transport properties of the plunger-gate controlled electron
system coupled to the single-photon mode with either x-
or y-polarization. Concluding remarks will be presented in
section 4.

2. Model and theory

In this section, we describe how the embedded QD, realized
in a two-dimensional electron gas in gallium arsenide (GaAs),
can be described by the potential Vgp in a finite quantum
wire and its connection to the leads in a uniform perpendicular
magnetic field. The plunger-gate controlled central electronic
system is strongly coupled to a single-photon mode that
can be described by a many-body (MB) system Hamiltonian
Hs, in which the electron—electron interaction and the
electron—photon coupling to the x- and y-polarized photon
fields are explicitly taken into account, as depicted in
figure 1(a). A generalized QME is numerically solved to
investigate the dynamical transient transport of electrons
through the single QD system.

2.1. QD-embedded wire in magnetic field

The electron system under investigation is a two-dimensional
finite quantum wire that is hard-wall confined at x = +L,/2 in
the x-direction, and parabolically confined in the y-direction.
The system is exposed to an external perpendicular magnetic
field B = BZ, defining a magnetic length [ = (h/eB)!/? =
25.67[B(T)]~!/2 nm, and the effective confinement frequency
Q\z,v = a)g + Q(z), being expressed in the cyclotron frequency
w: = eB/m*c as well as in the bare confinement energy
hQo characterizing the transverse electron confinement.
The system is scaled by the effective magnetic length
aw = (fi/m*Q)"/2. Figure 1(b) shows the embedded QD
subsystem scaled by ay,, where the QD potential is considered
of a symmetric Gaussian shape

Vop(x, y) = Voexp[—B5 (¢ 4+ yH)] (1)

with strength Vo = —3.3 meV and By = 3.0 x 1072 nm™!
such that the radius of the QD is Rgp ~ 33.3 nm.
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Figure 1. (a) Schematic of a QD embedded in a quantum wire coupled to a photon cavity, connected to the left lead (red) with chemical
potential pp, and the right lead (brown) with chemical potential ug in an external magnetic field B. (b) Schematic diagram depicting the
potential representing the QD embedded in a quantum wire with parameters B = 0.1 T, ay, = 23.8 nm, and /2y = 2.0 meV.

2.2. Many-body model

In this section, we describe how to build up the time-
dependent Hamiltonian H(f) of an open system that couples
the QD-embedded MB system to the leads. The Coulomb
and photon interacting electrons of the QD system are
described by a MB system Hamiltonian Hs. In the closed
electron—photon interacting system, the MB-space {|V)} is
constructed from the tensor product of the electron—electron
interacting many-electron (ME) state basis |v) and the
eigenstates |N) of the photon number operator a'a, namely
[D) = |v) ® |N) [37]. The Coulomb interacting ME states of
the isolated system are constructed from the SE states [38].
The time-dependent Hamiltonian describing the MB system
coupled to the leads

H(t) =Hs+ Y [H + Hr()]
I=L,R

2)

consists of a disconnected MB system Hamiltonian Hsg,
and the ME Hamiltonian of the leads H; where the
electron—electron interaction is neglected. In addition, L and
R refer to the left and the right lead, respectively. Moreover,
Hry(?) is a time-dependent transfer Hamiltonian that describes
the coupling between the QD system and the leads.

The isolated QD system including the electron—electron
and the photon—electron interactions is governed by the MB
system Hamiltonian

2
n +
Hs = (il {Zm* + Vop +6Vpg} [j)d; dj
7

+ He—e + th + HZ (3)

where |) is a SE state, d'i (dj) are the electron creation
(annihilation) operators in the central system, and Hpy =
hwphaTa is the photon Hamiltonian. In addition, ® = m, +
¢Aph, Where Tt = p + £ Aext is composed of the momentum
operator p of the electronic system and the vector potential
Acxt = (0, —By, 0) represented in the Landau gauge. Hyz is the
Zeeman energy :I:%g*MBB, where pp is the Bohr magneton
and g* the effective Lande g-factor for the material.

In the Coulomb gauge, the photon vector potential can be
represented as

“4)

if the wavelength of the cavity mode is much larger than the
size of the central system. Herein, Apy is the amplitude of
the photon field. The electron—photon coupling strength is
thus defined by gpn = eAphQwaw/c. In addition, €= (e, 0)
indicates the electric field is polarized parallel to the transport
direction in a TEg; mode, and & = (0, ¢,) denotes the electric
field is polarized perpendicular to the transport direction in a
TE 01 mode. Moreover, we introduce the plunger-gate voltage
Vpg to control the alignment of quantized energy levels in the
QD system relative to the electrochemical potentials in the
leads. In the second term of equation (3), fiwpy is the quantized
photon energy, and a' (a) are the operators of photon creation
(annihilation), respectively. The last term H,_. describes the
electron—electron interaction.

Aph = Aph(a + aT)é,

In a second quantized form, the isolated MB system
Hamiltonian Hs can be separated as

Hs = H. + th + He—ph + Hyz. (5)

The first part of Hg is the Coulomb interacting electron
Hamiltonian

He=Y (Ei+eVpg)ddi+ 1> (Voou)d]d ddy, (6)

i ijrs
where E; is the energy of a SE state, V), is the electrostatic
potential of the plunger gate, and
(Veou) = (ij|Vcoullrs)
= / drdr’ P (0 g (1)

x V(r— )y a)yd(r) (7)

are the Coulomb matrix elements in the SE state basis,
with 1//S(r) being the SE state wavefunctions and V(r — r’)
the Coulomb interaction potential [38]. The second part in
equation (5) is the photon Hamiltonian Hp, = ththh, with
Nph = a'a being the photon number operator. The third part



J. Phys.: Condens. Matter 25 (2013) 465302

N R Abdullah et al

in equation (5) is the electron—photon coupling Hamiltonian

Hepn = gph »_didigiila+a'}
ij

2
g ol
+ 2N didy | Mpn + = (ala +aa+ 1) | ®)
"2y, & 2

with the dimensionless electron—photon coupling factor
gij [39]. An exact diagonalization method is used to solve
the Coulomb interacting ME Hamiltonian for the central
system [40]. In order to couple the central system to the leads
connecting to the left (right) reservoir with chemical potential
uL (uR), it is important to consider all MB states in the system
and SE states in the leads within an extended energy interval
[ur — AR, ur + Ar] in order to include all the relevant MB
states involved in the dynamical transient transport.

The second term in equation (2) is the noninteracting ME
Hamiltonian in the lead / given by

H) = f dqei(q)c)cq ©)

where we combine the momentum of a state ¢ and its subband
index ny; in lead [ into a single dummy index q = (ny, ¢);
we thus use [dq = Zny / dg to symbolically express the

summation and integration for simplicity. In addition, c:;l and
cq are, respectively, the electron creation and annihilation
operators of the electron in the lead /.

The system—lead coupling Hamiltonian is expressed as
Hu® = 100 Y, [ da el Tauds + ] Taca] (10
i

where x;(f) = 1 —2{explo;(t—19)]+ 1}_l is a time-dependent
switching function with a switching parameter «;, and

T = [ dedr v gued i@ )
indicates the state-dependent coupling coefficients describing
the electron transfer between a SE state |i) in the central
system and the extended state |q) in the leads, where ¥q;(r)

is the SE wavefunction in the lead / and gq;/(r, ') denotes the
coupling function [36].

2.3. General formalism of the master equation

The time evolution of electrons in the QD-leads system
satisfies the Liouville-von Neumann (LvN) equation [41, 42]

W (1) = [H(5), W] (12)

in the MB-space, where the density operator of the total
system is W(¢), with the initial condition W(t < 1) =
oLPRrpPs. Electrons in the lead / in steady state before coupling
to the central QD system are described by the grand canonical
density operator [43]

e~ BHI—WNY)

~ Trjfe PE-mND} (13)

Pl

where w; denotes the chemical potential of lead [, 8 = 1/kpT;
is the inverse thermal energy, and N, indicates the total
number of electrons in lead [. The LvN (equation (12)) can
be projected on the central system by taking the trace over
the Hilbert space of the leads to obtain the RD operator
p(t) = TrL Trr W(1), where p () = ps [44, 45].

We diagonalize the electron—photon coupled MB system
Hamiltonian Hg within a truncated Fock space built from 22
SE states {|u)} [39, 46], then the system is connected to the
leads at time t = fy thus containing a variable number of
electrons. We include all sectors of the MB Fock space, where
the ME states with zero to four electrons are dynamically
coupled to the photon cavity with zero to 16 photons. The
diagonalization gives us a new interacting MB state basis
{I¥)}, in which [V) = " W,4|a), with W, being a unitary
transformation matrix with size Ny X Nmp. SE states are
labeled with Latin indices and many-particle states have a
Greek index. The spin information is implicit in the index.
The spin degree of freedom is essential to describe correctly
the structure of the few-body Fermi system. This allows us
to obtain the RD operator in the interacting MB state basis
pH) =WipnWw.

Using the notation

t
Qq(1) = U@ / ds x1(5) Mg (s)
fo

X exp [-%(f - S)EI(Q)i| Us(0), 14

where

Mgi(s) = Us)[(TD A1 — file(q))]
— AT fite @)U (s),

with Us(f) = expl[iHs(t — tp)/h] being the time evolution
operator of the closed central system and fi(e(q)) =
{exple(q) — u;] + 1}~! being the Fermi function in lead [
at t = ty, the time evolution of the RD operator can then be
expressed as

PO _ g, o] - hiz 3 a0

dr h I=L,R

X /dQ([ﬁ(q),qu(t)]—i-h.C.)- 15)

The first term governs the time evolution of the disconnected
central interacting MB system. The second term describes the
energy dissipation of interacting electrons through charging
and discharging effects in the central system by the leads. In
the second term, 77(q) is the interacting MB coupling matrix

Ti@ =Y T @IV (i, (16)
w,v

in which both the Coulomb interaction and the electron—

photon coupling have been included. Here ﬁvl(q) =

ZiT,-ql(/lldiTh“)) indicates the coupling of MB states |V) in the

central system caused by the coupling to the SE states in the

leads described by the coupling matrix Tjq.
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2.4. Charge and current

We now focus on the physical observables that we calculate
for the QD system. The mean photon number in each MB state
[V) can be written as

Nph = (0 Npn D), (17)

where Nph is the photon number operator. The average of the
electron number operator can be found by taking the trace
of the MB states {|V)} in the Fock space, namely (Ne()) =
Tr{W(H)Ne}.

The mean value of the interacting ME charge distribution
in the QD system is thus defined by

Qr. 1) =e Yy Y V() Y _(iild] dj|)Buu(t)  (18)
ij TR
where e > 0 stands for the magnitude of the electron charge,
and 0., (t) = (V|p(¥)|ft) is the time-dependent RD matrix in
the MB-space.
In order to analyze the transient transport dynamics, we
define the net charging current

Io@®) =1L(t) + Ir ()

where I (¢) indicates the partial charging current from the left
lead into the system, and Ir (#) represents the partial charging
current from the right lead into the system. Here, the left and
right partial currents ;(¢) can be explicitly expressed in the
following form

19)

I(t) = ——x(0)
10 = =5

x 3 f dq (il 7). Qqi(0] +hclv). (20)
"

3. Results and discussion

In this section, we consider a QD embedded in a finite
quantum wire system, made of a high-mobility GaAs/AlGaAs
heterostructure with an electron effective mass m™ = 0.067m,
and relative dielectric constant &, = 12.4, with length L, =
300 nm and bare transverse electron confinement energy
hQp = 2.0 meV. A uniform perpendicular magnetic field
B = 0.1 T is applied and, hence, the effective magnetic length
is ay = 23.8 nm and the characteristic Coulomb energy is
Ec = &2 /(2erayw) ~ 2.44 meV. The effective Lande g-factor
g* =0.44.

We select By = 3.0 x 1072 nm~! such that the radius
of the embedded QD is Rgp = 1.4aw. The QD system
is transiently coupled to the leads in the x-direction that
is described by the switching parameter o = 0.3 ps~!
and the nonlocal system-lead coupling strength Iy =
1.58 meV nm? [38]. A source—drain bias Vyias is applied,
giving rise to the chemical potential difference Ay = eVpjys =
0.1 meV.

To take into account all the relevant MB states, an
energy window Agp = 5.5 meV is considered to include
all active states in the central system contributing to the
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Figure 2. Energy spectra in the case of no photon cavity with a
magnetic field B = 0.1 T. (a) The SE energy spectrum in the leads
(red) is plotted as a function of wavenumber g, where the chemical
potentials are up, = 1.2 meV and ur = 1.1 meV (green). (b) The
ME energy spectrum in the central system as a function of
plunger-gate voltage V), including SE states (1ES, red dots) and
two-electron states (2ES, blue dots). The SE state in the bias
window is almost doubly degenerate due to the small Zeeman
energy.

transport. The temperature of the system is assumed to be
T = 0.01 K, such that the typical MB energy level spacing
is greater than the thermal energy, namely AEmp > k7,
the thermal smearing effect is thus sufficiently suppressed. In
the following, we shall select the energy /Aiwpp of the photon
mode to be smaller than the characteristic Coulomb energy,
namely Ec > fiwph. In the following, we shall demonstrate
the plunger-gate controlled transient transport properties both
in the case without a photon cavity and in the case including a
photon cavity with either an x- or y-polarized photon field.

The energy of the photons, fiwpy will in both polarization
cases be held at 0.3 meV. For the length of the central system,
L, = 300 nm, the photon energy will be comparable to the
spacing of energy levels connected to motion of the electrons
in the x-direction. We can thus expect the x-polarized photons
to be able to promote resonances with translation in the
x-direction—the transport direction. The confinement energy
in the y-direction, /€29 = 2.0 meV, on the other hand, is large
enough to ensure almost all photon-induced motion in the
y-direction to be out-of-resonance phenomena. This simple
picture is slightly modified by the embedded quantum dot.
The anisotropy of the central system can be expected to show
up in the photon-activated processes investigated, due to the
interplay of the photon energy and the characteristic energy
scales for x- and y-motion.

3.1. Without a photon cavity

First, we consider the QD embedded in a quantum wire
without a photon cavity in a uniform magnetic field B =
0.1 T that is coupled to the leads acting as SE reservoirs
controlled by a source—drain bias. In figure 2(a), we show
the SE energy spectrum in the leads (red) as a function of
wavenumber ¢ scaled by the effective magnetic length a;].
The first subband, n, = 0, contributes to the propagating
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Figure 3. The net charging current /q is plotted as a function of
plunger-gate voltage V), at time ¢ = 220 ps in the case of no photon
cavity. Other parameters are B = 0.1 T and Ax = 0.1 meV.

modes, while higher subbands contribute to the evanescent
modes. In addition, the chemical potential (green) is up, =
1.2 meV in the left lead and ur = 1.1 meV in the right lead,
implying the chemical potential difference A = 0.1 meV.
Figure 2(b) shows the ME energy spectrum of the QD system,
in which the electron—electron interaction is included while
no electron—photon coupling has been introduced. Both the
energies of SE states No = 1 (1ES, red dots) and two-electron
states N = 2 (2ES, blue dots) vary linearly proportional
to the applied plunger-gate voltage Ve, but with different
slopes. The two-electron states are located at relatively
higher energies due to the Coulomb repulsion effect in the
QD-embedded system.

The SE state energy is tunable as a function of
plunger-gate voltage V), following Esg(Vpe) = Esg(0) +
eVpg. We rank the SE and ME states by energy. In the
absence of a plunger-gate voltage, the lowest active SE
states in the central system are [4) and |5), with energies
E4(0) = 0.741 meV and E5(0) = 0.744 meV, respectively.
These two SE states may enter the chemical potential window
[uL, ur] = [1.1, 1.2] meV by tuning the plunger-gate voltage
to be Vpg ~ [0.35,0.45] mV. Consequently, the SE states
occupying the first subband in the left lead are allowed to
tunnel into the central ME system, resonantly tunneling from
the left to the right lead, manifesting a main-peak feature in
charging current I = 0.112 nA at Vpe = 0.4 mV, as shown
in figure 3.

In the following sections, we shall place the QD system in
a photon cavity with a single-photon mode. We shall analyze
the transient transport properties for the cases with linear
polarizations in either the x- or y-direction.

3.2. x-polarized photon mode

Here, we demonstrate how the QD embedded in a quantum
wire can be controlled by the plunger gate and how it
is influenced by the photon field, where the electric field
of the TEp;; mode is polarized in the x-direction. The
initial condition of the system under investigation is an
empty central system (no electron) that is coupled to a
single-photon mode with one photon present, connected to
the leads with a source—drain bias. The MB energy spectrum
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Figure 4. MB energy spectrum versus the plunger-gate voltage V,,,
in the case of an x-polarized photon field, where zero-electron states
(Ne = 0, green dots), single-electron states (N. = 1, red dots), and
two-electron states (N = 2, blue dots) are included. Other
parameters are B = 0.1 T, Ay = 0.1 meV, and Aiwp, = 0.3 meV.
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Figure 5. The net charging current /g versus the plunger-gate
voltage V), in the case of an x-polarized photon field at time

t = 220 ps with different electron—photon coupling strengths:

gph = 0.1 meV (blue solid), gpn = 0.2 meV (green dashed), and
gph = 0.3 meV (red dotted). Other parameters are /iwpy, = 0.3 meV,
Ap =0.1meV,and B=0.1T.

of the electron—photon interacting MB system is illustrated in
figure 4. As shown in the previous section, active states enter
the bias window around Vgg = 0.4 mV in the case with no
photon cavity. It is interesting to note that additional active
states can be included around eV, = evgg £ fiwpp, as is
clearly seen in figure 4, implying that the x-polarized photon
field induced active propagating states can be found around
Vpg = 0.1 and 0.7 mV when the photon energy is fiwpn =
0.3 meV. The additional photon-induced propagating states
play an important role in enhancing the electron tunneling
from the leads to the QD system.

Figure 5 shows the net charging current Io as a
function of the plunger-gate voltage Vpe in the presence
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Figure 6. The MB energy spectrum E,, (dotted green), the mean electron number in the MB state |(t) (blue dashed line), and the mean
photon number Ny, (red line) in the case of an x-polarized field: (a) Vpg = 0.4 meV and (b) Ve = 0.7 meV. Other parameters are

B=0.1T,Apu=0.1meV, gpnh = 0.1 meV, Aiwp, = 0.3 meV.

of the x-polarized photon field at time ¢t = 220 ps. We
fix the photon energy at fiwpn = 0.3 meV and change the
electron—photon coupling strength gpn. A main peak around
Vgg = 0.4 mV is found, a robust left side peak around

eVpg = eVgg — hawph is clearly shown, and a right side peak

around eV, = eVgg + fiwpy can be barely recognized. The left
side peak exhibits photon-assisted transport feature from the
SE MB states |20) and |22) in the bias window by absorbing
a photon energy fiwpy to the SE MB states |2u6) and |2V8)
above the bias window. However, the opposite photon-assisted
transport feature caused by a photon emission (the right side
peak) is significantly suppressed.

The main charge current peaks for V,, = 0.4 mV are
Ig[ = 0.120,0.173, and 0.270 nA corresponding to gpn =
0.1 meV (blue solid), gpn = 0.2 meV (green dashed), and
gph = 0.3 meV (red dotted), as shown in figure 5. Our results
demonstrate that the current carried by the electrons with
energy within the bias window can be strongly enhanced by
increasing the electron—photon coupling strength. At Vs =
0.1 mV, the left side peaks in the charging current are Ié =
0.017, 0.072, and 0.103 nA, corresponding to gph = 0.1, 0.2,
and 0.3 meV. This implies that the electrons may absorb the
energy of a single photon and, hence, the charging current
manifests photon-assisted transport.

To identify the active MB states contributing to the
transient transport, we show the characteristics of the MB
states at Ve = 0.4 and 0.1 meV in figures 6(a) and (b),
corresponding, respectively, to the main peak and the left
side peak in Ig shown in figure 5. More precisely, there
are five MB states contributing to the main peak in I at
Vpg = 0.4 meV. The five active MB states are: |1v7) and
|1u8), with energies E17 = 1.143 meV and Ejg = 1.145 meV
in the bias window (Ne = 1, Noh = 0.04), |21),]23), with
energies Ep; = 1.439 meV and E>3 = 1.441 meV above the
bias window (Ne = 1, Npn = 0.96) shown in figure 6(a), and
|5u3) with energy 2.488 meV (not shown). It is interesting to
notice that E17 + fiwpn = Ez1 and Eyg + fiwpn = Ez3, implying
a photon-assisted transport through the higher MB states.

When an electron enters the QD system it interacts
with the photon in the cavity. Its energy is thus not in

resonance with the electron states in the bias window, but
with the electron states, photon replicas, which are with a
photon energy fiwp, above the states in the bias window.
The photon-activated states above the bias window contain
approximately one more photon than the states in the bias
window and, hence, the main peak in Ig is mainly due to
a single-photon absorption mechanism. In addition to the
main-peak feature at the plunger-gate voltage Vgg, two side
peaks can be recognized at eng = eVgg =+ Awph, induced
by photon-assisted transport, where the system satisfies
eAVé\gs = e|Vgg — Vgg| = fiwph. It has been pointed out
that this plunger-gate controlled photon-assisted transport is
repeatable with a period related to the Coulomb charging
energy [47].

Figure 6(b) shows how the left side peak in the net
charging current I shown previously in figure 5 is contributed
by the MB states. First, the left current I1, = 0.001 nA and the
right current Ix = —0.001 nA contributed by the [20) and |22)
MB states (green squared dot) containing Ne = 1 and Npy =
0.96 within the bias window are almost negligible, implying
the left side peak in Iq is not induced by the resonant tunneling
effect. Second, the |2V4) and |2V5) MB states (pink squared
dot) contain Ne = 1 and Npy = 0.04, with energies Epq =
1.376 meV and Ej5 = 1.379 meV above the bias window.
These two states contribute, respectively, to the charging
current /o4 = 0.0 nA (I 24 = 0.003 nA, Ir 24 = —0.003 nA)
and I»5 = 0.001 nA (/L 25 = 0.007 nA, Ir 25 = —0.006 nA)
and, hence, generate a charging current 16 = 0.001 nA. Third,

the |2v6) and |2V8) MB states (orange squared dot) contain
Ne = 1 and Npp = 1.96, with energies Ez¢ = 1.435 meV and
E»s = 1.438 meV above the bias window. These two states
contribute, respectively, to the charging current /o = 0.01 nA
(IL26 = 0.010 nA, Ir26 = 0.0 nA) and Iy = 0.004 nA
(IL28 = 0.005 nA, Iz 28 = —0.001 nA) and, hence, generate
a photon-assisted tunneling current "™ = 0.014 nA. The main
contribution of the left side peak in the charging current is then
Io ~ 16 + Igh = 0.015 nA, which coincides with the result
shown in figure 5.

The schematic diagram in figure 7 is shown to illustrate
the dynamical photon-assisted transport processes involved in
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Figure 7. Schematic representation of photon-activated resonance energy levels and electron transition by changing the plunger-gate
voltage V), at the main peak (a) and the left side peak (b) in figure 5. The QD system is embedded in a photocavity with a photon energy
hapy and photon content Ny, in each many-body state. The chemical potential difference is At = . — R, and I' R is the coupling

strength between the QD system and the leads.

the formation of the main peak and the left side peak in the
net charging current Ig shown in figure 5. It is illustrated in
figure 7(a) that the transport mechanism forming the main
peak in /g is mainly due to the photon-assisted tunneling to the
MB states above the bias window containing approximately a
single photon. Figure 7(b) represents the two main transport
mechanisms forming the left side peak in /. The electrons
in the left lead may absorb two photons to the MB states
containing approximately two photons above the bias window.
After that, the electrons may either perform resonant tunneling
to the right lead (red solid arrow) or undergo multiple inelastic
scattering by absorbing and emitting a photon energy /iwph in
the QD system (blue dashed arrow). This is the key result of
this paper.

To get better insight into the dynamical electronic
transport, the spatial distribution of the ME charge at t =
220 ps is shown in figure 8. Similar to the QD system in the
absence of the photon cavity, the ME charge distribution at
the main peak in I forms resonant peaks at the edges of the
QD, as shown figure 8(a), that are related to an antisymmetric
state in the QD. The partial occupation contributed by the
photon-activated resonant MB states |2v1) and |2v3) are 0.432¢
and 0.454e, respectively. Comparing to the case with no
photon cavity, the slight enhancement in the ME charge
indicates that the tunneling of electrons into the QD system
becomes faster in the presence of the photon cavity and,
hence, the charging current is enhanced. It is shown in
figure 8(b) that the ME charge in the case of the side
peak in /o manifests an extended SE state, which is formed
outside the QD. The partial occupations contributed by the
photon-activated resonant MB states |221) and |2V5) are 0.018¢
and 0.025e, respectively. By increasing the photon energy
hawpn, the left side peak in I can be enhanced and is shifted to
lower energy (not shown). The slight asymmetry seen in the
charge distribution in figure 8(b) is caused by the x-polarized
electric field of the photons.
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Figure 8. The spatial distribution of the many-electron charge
density of the QD system with an x-polarized photon field at time
220 ps corresponding to the main peak (a) and the left side peak (b)
for the case of gon = 0.1 meV shown in figure 5 (blue solid line).
Other parameters are fiwpy, = 0.3 meV, B =0.1T, a, = 23.8 nm,
L, = 300 nm, and A2y = 2.0 meV.

3.3. y-polarized photon mode

We consider here the TEo; y-polarized photon mode, where
the electric field of the photons is perpendicular to the
transport direction through the QD system. The QD system
is assumed initially to contain no electron N. = 0, but
one photon in the cavity Npp = 1. Since our system is
considered to be anisotropic, elongated in the x-direction,
we shall demonstrate that the photon-assisted transport
effect is much weaker in the case of a y-polarized photon
mode in comparison with that of x-polarization discussed in
section 3.2.

In figure 9, we present the MB energy spectrum as
a function of plunger-gate voltage V,, for a QD system
influenced by a y-polarized field with photon energy fiw,n =
0.3 meV. Besides the propagating state at Vpg = 0.4 mV
within the bias window (green lines), there are two additional
electronic propagating states appearing at Vj,, = 0.1 and
0.7 mV, caused by the presence of the photon field, as marked
by the square dots shown in the figure.

Figure 10 shows the net charging current in the case
of a y-polarized photon field, in which there is initially
one photon Npy, = 1 with energy fiwp, = 0.3 meV fixed
while the electron—photon coupling strength is changed. It
is seen that the main-peak currents at Vg = 0.4 mV are:
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Figure 9. MB energy spectrum versus the plunger-gate voltage V.
in the case of a y-polarized photon field: zero-electron states N. = 0
(green dots), single-electron states N. = 1 (red dots), and
two-electron states N = 2 (blue dots). Other parameters are
B=0.1T,Au=0.1meV, i = 2.0 meV, fiwp, = 0.3 meV, and
8ph = 0.1.

1(1‘24 = 0.115 nA for gy = 0.1 meV (blue solid), 154 =

0.127 nA for gpn = 0.2 meV (green dashed), and Ig =
0.159 nA for gpn = 0.3 meV (red dotted). Moreover, a weak
left side-peak current at V,; = 0.1 mV can be recognized:
I = 1.0 pA for gon = 0.1 meV, I} = 1.7 pA for gpn =
0.2 meV, and Ig = 3.2 pA for gpn = 0.3 meV. We notice
that both the side- and main-peak currents are enhanced when
the electron—photon coupling strength is increased. In order
to get a better understanding of the current enhancement, we
repeat the analysis of the photon-activated MB energy states
contributing to the electronic transport.

In figure 11(a), we show the MB states at Vp, = 0.4 mV
and gph = 0.1. The active MB states are |1V6) and |1V8), with
energies 1.141 and 1.144 meV in the bias window (Npp = 0),
121) and |23), with energies 1.441 and 1.444 meV above the
bias window (Nph = 1), and |5u3) with energy 2.483 meV
(Nph = 1). It should be noticed that E1¢ + fiwpn = E>1 and
E\g + hiwpn = Enz, indicating that these two MB states above
the bias window are photon-activated states. Furthermore, the
higher active MB state with energy approximately the same as
the characteristic Coulomb energy, that is E53 ~ E¢, indicates
a correlation induced active two-electron state.

The net charging current at V,; = 0.4 mV exhibiting
the main current peak in figure 10 at + = 220 ps is mainly
contributed by the MB states |2V1) (IL21 =0.127 nA, Ir 21 =
0.125 nA) and |2u3) (IL23 = —0.032nA, Ir 23 = —0.018 nA).
This indicates that the electrons in the left lead can absorb one
photon to the state |2~1)’ then emit one photon, performing
resonant tunneling to the right lead and contributing to the
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Figure 10. Net charging current versus the plunger-gate voltage
Vpg at time ¢ = 220 ps in the case of a y-polarized photon field. The
electron—photon coupling is varied as: gpn = 0.1 meV (blue solid),
gph = 0.2 meV (green dashed), and gyn = 0.3 meV (red dotted).
Other parameters are fiwpy, = 0.3 meV, Ay = 0.1 meV, and
B=0.1T.

charging current I; = 0.252 nA. Moreover, an opposite
transport mechanism can occur for the electrons in the right
lead through the state 123), thus contributing to the charging
current I3 = —0.05 nA. The scattering processes through
these two states result in a photon-assisted tunneling current
Igh = 0.202 nA. A small current through |5V3) is found due
to the charging effect, namely It = 0.002 nA and Ir =
—0.087 nA, hence contributing to the charging current 16 =
—0.085 nA due to the charging effect. The contribution to the
main peak in the charging current is therefore I ~ Igh +I5 =
0.117 nA. This analysis is consistent with the result shown in
figure 10.

In figure 11(b), we show the MB states at Vo = 0.1 mV
and gph = 0.1. The active MB states are: |20) and |22), with
energies E>gp = 1.141 meV and E;> = 1.144 meV in the bias
window (Nph = 1); |24) and |25), with energies 1.368 and
1.371 meV above the bias window (Np, = 0); and |2u7) and
|2V9), with energies E»7 = 1.441 meV and Ey9 = 1.444 meV
(Nph = 2). We notice that Exg +fiwpy = E»7 and Exp +Awpy =
E>g. This implies that the two MB states |2u7) and |2v9) above
the bias window are photon-activated states.

In figure 10, the net charging current at Vpg = 0.1 mV
manifests a small side-peak current 18 = 1.0 pA atr =220 ps.
This left side-peak structure in /g is mainly contributed by
the MB states [20) (I = 1.1 pA, I = —0.9 pA) and |22)
(IL = 1.2 pA,Ir = —0.9 pA) in the bias window. These
two states contribute to the resonant tunneling current, Ia =
0.5 pA, which is related to the charge accumulation effect.
In addition, the states |27) (Ir7 = 4 x 1073 pA) and |29)
(g = 2 x 1073 pA) contribute to a very weak charging
current Igh =6 x 1073 pA due to photon-assisted tunneling.

The contribution to the side-peak current is therefore Ig ~

I(r2 + Igh = 0.51 pA. The suppression of the side-peak current
in the case of y-polarization is due to the anisotropy of our
system. The dipole momentum in the y-direction is much
smaller than in the x-direction, and so is the electron—photon
interaction strength.
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Figure 11. The many-body energy spectrum E,, (dotted green), the mean electron number in the many-body state |/1) (blue dashed line),
the mean photon number Ny, (red line) of the main peak Ve = 0.4 meV (a), and the left side peak Vg = 0.1 meV (b). The magnetic field is
B=0.1T,Ap=0.1meV, gpn = 0.1 meV, Aiwp, = 0.3 meV. In the case of a y-polarized photon field.
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Figure 12. The spatial distribution of the ME charge density in the

case of a y-polarized photon field at time 220 ps: (a) Vg = 0.4 mV

and (b) V},; = 0.1 mV corresponding, respectively, to the main peak
and the left side peak in figure 10 (blue line, gpp = 0.1 meV). Other
parameters are fiwpn = 0.3 meV, B =0.1T, ay = 23.8 nm,

L, = 300 nm, and /2y = 2.0 meV.

The ME charge distribution in the presence of the
y-polarized photon mode is shown in figure 12. It is seen that
the main-peak current in figure 10 forms an elongated broad
bound state in the central system due to the electron—photon
interaction, as shown in figure 12(a). Moreover, the side-peak
current in figure 10 forms a photon-assisted resonant state at
the edges of the QD embedded in the quantum wire, as is
shown in figure 12(b). We notice that the charge distribution
maxima around x ~ %ay, of the main peak in Ig at Vg =
0.4 mV with gpy, = 0.1 meV are almost the same in the cases
without and with the photon mode. As a consequence, the
main-peak current /M ~ 0.1 nA for these cases. Furthermore,
the charging current maxima are located around x & +3a,, in
the case of x-polarization and around x &~ +2a,, in the case
of y-polarization. The charge distribution maxima in the case
of x-polarization are closer to the edges of the central system,
implying a higher left side-peak current at Ve = 0.1 mV.

4. Concluding remarks

We have performed numerical calculations to investigate the
transient current and charge distribution of electrons through
a QD embedded in a finite wire coupled to a single-photon
mode with x- or y-polarization. A non-Markovian theory is
utilized, where we solve a generalized QME that includes the
electron—electron Coulomb interaction and electron—photon
coupling. Initially, we examined the case without a photon

cavity. In the short-time regime, the charging current exhibits
a significant charge accumulation effect. In the long-time
regime, the charging current is suppressed due to the Coulomb
blocking effect. Furthermore, we have analyzed the photon-
assisted current and the characteristics of photon-activated
MB states with various parameters coupled to a single-photon
mode in the photon cavity. The photon-assisted current peaks
are enhanced by increased electron—photon coupling strength.

In the case of a QD system coupled to an x-polarized
photon mode, the main current peak is enhanced by the
electron—photon coupling. The electrons may absorb a single
photon, manifesting a photon-assisted secondary peak which
also incorporates correlation effects. In the case of a QD
coupled to a y-polarized photon mode, the main current
peak is contributed to by two photon-activated single-electron
states and a correlation induced two-electron state. The
secondary peak current in the case of y-polarization is
suppressed due to the anisotropy of our system.

The cavity photon assisted or enhanced transport here
was attainable by selecting a narrow bias window in order to
facilitate the resonant placement and isolation of a spin-pair
of states with a single-electron component by the plunger gate
in the bias window. The bias window was kept in the lowest
part of the MB energy spectrum and the low photon energy
guarantees in most cases that only states close to this very
discrete part of the spectrum are relevant to the transport. This
is in contrast to our experience with a large bias window,
where the coupling to the cavity photons most often reduces
the charging of the central system [39, 46, 48].

Our proposed plunger-gate controlled transient current
in a single-photon mode influenced QD system should be
observable due to recent rapid progress of measurement
technology [49]. The realization of a single-photon influenced
QD device and the generation of plunger-gate controlled
transient transport may be useful in quantum computation
applications.
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We present results on cavity-photon-assisted electron transport through two lateral quantum dots
embedded in a finite quantum wire. The double quantum dot system is weakly connected to two leads
and strongly coupled to a single quantized photon cavity mode with initially two linearly polarized
photons in the cavity. Including the full electron-photon interaction, the transient current controlled by
a plunger-gate in the central system is studied by using quantum master equation. Without a photon
cavity, two resonant current peaks are observed in the range selected for the plunger gate voltage: The
ground state peak, and the peak corresponding to the first-excited state. The current in the ground state
is higher than in the first-excited state due to their different symmetry. In a photon cavity with the
photon field polarized along or perpendicular to the transport direction, two extra side peaks are found,
namely, photon-replica of the ground state and photon-replica of the first-excited state. The side-peaks
are caused by photon-assisted electron transport, with multiphoton absorption processes for up to three
photons during an electron tunneling process. The inter-dot tunneling in the ground state can be
controlled by the photon cavity in the case of the photon field polarized along the transport direction.
The electron charge is delocalized from the dots by the photon cavity. Furthermore, the current in the
photon-induced side-peaks can be strongly enhanced by increasing the electron-photon coupling
strength for the case of photons polarized along the transport direction.

© 2014 Elsevier B.V. All rights reserved.

An opto-electronic device provides a different platform of
electron transport, namely photon-assisted transport (PAT) [1]. In
the PAT, the energy levels of an electronic system have to match to
photon frequency of a radiation source to control the electron
motion. Therefore, the photon emission and the photon absorption
processes play an essential role to enhance electron transport [2].
For that purpose, an electrostatic potential produced by a plunger-
gate is applied to the electronic system to shift its energy levels in
and out of resonance. The plunger-gate is widely used to control
charge current [3], thermal current [4], photo-current [5] and
spin-dependent current [6] for various quantized systems coupled
to photon radiation.

The PAT controlled by plunger-gate has been investigated to
study electrical [7] and optical [8,9] properties of a double-
quantum dot (DQD) system , in which the PAT can be used as a
spectroscopic tool in two different regimes defined by a zero [10],
and non-zero [11] bias voltage. At zero-bias voltage, the DQD

* Corresponding author.
E-mail addresses: nral@hi.is (N.R. Abdullah), cstang@nuu.edu.tw (C.-S. Tang),
vidar@hi.is (V. Gudmundsson).

http://dx.doi.org/10.1016/j.physe.2014.07.030
1386-9477/© 2014 Elsevier B.V. All rights reserved.

works as a proper electron pumping device in which the photon
absorption process leads to electron tunneling producing a dc
current. In the non-zero bias voltage, both the photon absorption
and the photon emission processes generate a dc current. Recently,
both regimes have been realized experimentally in a DQD system
at low temperature [12,13].

The most important application of a DQD system in the
quantum regime is intended for information storage in a quantum
state [14], quantum-bits for quantum computing [15,16], and
quantum information processing in two-state system [17]. Recent
experimental work has focused on using the two lowest energy
states contributing to tunneling processes in a DQD working as a
two state system: The ground state resonance, and a photon-
induced excited state resonance. They observed multiphoton
absorption processes up to the four-order contributing to the
electron transport [13].

Based on the above-mentioned considerations, we analyze PAT
in serial double quantum dots embedded in a quantum wire. The
DQD system is connected to two leads and coupled to a photon
cavity with linearly polarized photons in the x- and y-directions,
where the transport along the quantum wire is in the x-direction.
As will be seen in our results the essential difference from the
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more traditional modeling of photo assisted transport is the
presence of a photon cavity with few photons and the fact that
we will monitor the resonant transport in the transient regime
approaching a steady state regime for single-electron tunneling
processes.

A quantum master equation (QME) formalism is utilized to
investigate transient transport of electrons controlled by the
plunger-gate in the system without and with a single-photon
mode [3]. Generally, there are two types of QME when character-
ized according to memory effects, energy-dependent coupling,
and the system-leads coupling strength: The Markovian and the
non-Markovian QME. In the case of the Markovian approxima-
tion, the system-leads coupling is assumed weak and indepen-
dent of energy, memory effect are ignored and most commonly a
steady state is sought [18-21]. In the non-Markovian approach,
the system is energetically coupled to the leads including
memory effect in the system [22-24]. Since we are interested
in studying transient transport of electrons in a regime with
possible resonances, the non-Markovian model is used in our
system [25].

In addition, we assume the DQD system to be connected to the
leads through a non-zero or small bias window, where the two
lowest energy states of the QDQ system can be isolated in the bias
window: The ground state and the first-excited state. Our model of
the DQD system can be seen as a qubit. In which the states |0) and
|1y can be represented in terms of the ground state and the first-
excited state. We will show how the single-photon mode affects
the electron transport through both states when located in the
bias window and demonstrate the role of photon activated states
in the transient current. The double serial quantum dot is essential
here: The two lowest single-electron states of the dot molecule
have very different symmetry. The ground state has a symmetric
wavefunction, but the excited state has an antisymmetric one. The
conduction through the ground state is thus higher than through
the excited one. The “inter-dot tunneling” can be influenced by a
photon mode polarized in the transport direction, thus strongly
modifying the conduction through the photon replicas of the
states in a photon cavity. The nontrivial details of this picture will
be analyzed in this paper reminding us that the effects rely on the
geometry of the system and states beyond the ground state and
the first excited one.

The rest of the paper is organized as follows. In Section 1 we
introduce the model to describe the electron transport through a
DQD embedded in a quantum wire connected to two leads and a
photon cavity. Section 2 contains two subsections, the system
without and with the photon cavity. In the absence of the photon
cavity, the transient current through the system controlled by the
plunger-gate is demonstrated in the presence of the electron-
electron interactions in the DQD system. In the photon cavity, the
photon-assisted electron transport in the system is presented for a
system initially with no electron, but with two linearly polarized
photons in the single-photon mode. Finally, conclusions are
provided in Section 3.

1. Model and computational methods

The aim of this study is to model a photon-assisted electron
transport in a DQD system connected to two identical electron
reservoirs (lead) and coupled to a single photon mode in a cavity.
Our first step is to look at the central system, in which electrons
are confined in two dimensions. We assume a finite quantum wire
with hard-wall ends at x= +L,/2 with length L,=165 nm. It is
parabolically confined in the y-direction (perpendicular to the
transport direction) with transverse confinement energy
n€2y =2.0 meV. The embedded quantum dots are modeled by

Fig. 1. Schematic diagram depicts the potential representing the DQD embedded in
a quantum wire with parameters B=0.1T, a, =23.8 nm, and 70, = 2.0 meV.

two identical Gaussian potentials in the quantum wire defined as
2

Voor(x.y)= ¥ Viexp[— B (x—x)* +y)], §))
1=

with quantum-dot strength V;,=—-2.8meV, x;=35nm,
X, =—35nm, and 3, =5.0 x 10~2 nm~"! such that the radius of
each quantum-dot is Rgp ~ 20 nm. A sketch of the DQD system
under investigation is shown in Fig. 1. We should mention that the
distance between the dots is Lpgp = 35 nm ~ 1.47a,,, and each dot
is 25 nm=1.05a, away from the nearest lead, where a,, is the
effective magnetic length.

The DQD system is in a rectangular photon cavity with a single
photon mode. The photons in the single photon mode are linearly
polarized in the x- or y-directions, meaning that the photon
polarization in the cavity is assumed to be parallel or perpendi-
cular to the transport direction with respect to the electric field

Apn =Apn(a+aheé, )

where Ay, is the amplitude of the photon vector potential, af(a) are
the creation (annihilation) operators for a photon, respectively,
and é determines the polarization with

o (ex,0), TEoq
] 0.ey), TEqo1,

where TEgp1; (TEq01) indicates the parallel (perpendicular) polar-
ized photon in the transport direction, respectively.

In the following sections, we shall couple the DQD system to
both the photon cavity and the leads.

1.1. DQD system coupled to cavity

We consider the closed DQD system to be strongly coupled to a
photon cavity. The many-body (MB) Hamiltonian

Hs = Hpop +Hcavity + Hint 3

consists of the Hamiltonian for the closed DQD system with the
electron-electron interaction Hpqp, the free photon cavity Hamil-
tonian Hc,yity, and the Hamiltonian for the electron-photon inter-
action Hip.

The DQD system (and the external leads) is placed in an external
uniform perpendicular magnetic field BZ in the z-direction defining

an effective lateral confinement length a,, = (h/m*\/(w? +£25))"/?,

where the effective electron mass is m*=0.067m, for GaAs
material and o, = eB/m*c is the cyclotron frequency. The Hamilto-
nian for the DQD system in a magnetic field including the electron-
electron interaction can be written as

2

TT,
Hpgp = Z(Wi‘ {—2,72,, +Vbap + evpg} ‘l//j>5udfdj
ij

+HCoul+HZ, (4)
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where |y;) stands for a single-electron (SE) states, Vg is the plunger
gate potential that shifts the energy levels of the DQD system with

respect to the chemical potentials of the leads, dIT (d;) is an operator
that creates (annihilates) an electron in the DQD system, respec-
tively. Moreover, the canonical momentum is 7z, = p+(e/¢)Aex: With
the kinetic momentum operator p, and the vector potential in the
Landau gauge Acx: = (0, — By, 0). The electron-electron interaction in
the central system is given by

1
Heou =5 X Virsd] d] dsdr. o)

ijrs

with the Coulomb matrix elements Vi;s [26]. The characteristic

Coulomb energy is Ec =e?/(2¢eray)~2.44 meV at B=0.1T with
ay =23.8nm and &, =12.4, the dielectric constant of GaAs. The
characteristic Coulomb energy is greater than the thermal energy of
the leads. An exact numerical diagonalization method is used here
for solving the Coulomb interacting many-electron (ME) Hamilto-
nian in a truncated Fock space to obtain the ME energy spectrum of
the DQD system [27]. The Zeeman Hamiltonian shown in the third
part of Eq. (4) describes the interaction between the external
magnetic field and the magnetic moment of an electron

5
Hy = + 5088, ®)

where + stands for z-spin components, iy = ef/2mec is the Bohr
magneton, and the effective Lande g-factor is g* = —0.44 for GaAs.

In order to investigate photon-assisted electron transport in the
DQD system, the electronic system is coupled to a photon cavity.
The Hamiltonian of the free photon cavity is given by

HCavity = ha)thph, (7)

where fiwpy, is the energy of the single mode in the cavity, and
Nph =a'a is the photon number operator. The interaction of the
single quantized electromagnetic mode with the electronic system
is described by the Hamiltonian including both the diamagnetic

and the paramagnetic interaction of photons and electrons
Hine = gon X dig{a+a' |
ij

2
+%2jjd;di {Nph +%(a7‘af +aa+ 1)} 8)
herein, g, =eAp2waw/c is the electron-photon coupling
strength, and g; are dimensionless electron-photon coupling
matrix elements [28].

Finally, the MB system Hamiltonian Hs is diagonalized in a MB
Fock-space {|&)} to obtain the MB energy spectrum of the DQD
system coupled to the photon cavity [29]. The diagonalization
builds a new interacting MB state basis {|)}, in which
D) = Y aWyala) with Wy, being a unitary transformation matrix.
The unitary transformation is used to convert the QME and the
physical observables from non-interacting MB basis to the inter-
acting MB basis.

1.2. DQD system connected to leads

The DQD system is connected to two semi-infinite leads with
the same width. The chemical potential of the lead [ is y,;, with
l e {L,R} being the left L and the right R lead. The Fermi function in
the isolated lead [ before coupling to the central system is
fi(e(q) = {exple(q) — ]+ 1} ', where ¢; is the SE subband energy
of the lead I (q is the momentum dummy index [3].) found from
the non-interacting ME Hamiltonian of lead [

H = / dqe(q)c] cq. 9)

with c;, (cqi) the electron creation(annihilation) operator in lead I,
respectively [30].

In order to instigate electron transport between the subsys-
tems, the DQD system is coupled to the leads with energy
dependent coupling coefficients reflecting the geometry of the
system

Tqi = / dr dr'y g (1Y g gy (1, 1 Yy (). (10)

An electron may be transferred from a state |q) with the wave-
function g (r') in the leads to a SE state |i) with the SE
wavefunction y/iS(r) in the DQD system and vice versa, where the
coupling function is gg(r,r’) [25]. The coupling coefficients are
utilized to construct a time-dependent coupling Hamiltonian in
the second quantization language

Hu(® =S [ daicyTand+d] T *cal an

with a time-dependent switching function y,(t)=1-2{exp[a
(t—to)] +1} ! with @;=0.3 ps~! being a switching parameter.

After the DQD system is coupled to the leads at t=0, we
calculate the time evolution of the electrons and photons using the
density operator and its equation of motion, the Liouville-von
Neumann (Lv-N) equation iaW (t)=[H(t), W(t)] for the whole
system. As this cannot be accomplished we resort to using a
projection formalism taking a trace over the Hilbert space of the
leads introducing the reduced density operator

p(t) =Tr TrrW(t) (12)

with p(tp) =ps [31] and the condition that W(t < to) = p prps 1S
the density operator of the total system before the coupling with
ps being the density operator of the isolated DQD system [32]. The
density operator of the leads before the coupling is
p1= expl— B(H;— iuNp]/Try(exp[ - f(H; — N1}, where fi=1/ksT,
is the inverse thermal energy, and N; is the number operator for
electrons in the lead [ [30],

The time-dependent mean charge in the central system and the
current in the leads are calculated from the reduced density
operator as has been detailed in earlier publications [3,29].

We choose to explore the charging currents at time t=220 ps.
At this time point the transport through the single-electron states
lying low in the energy spectrum has almost reached a steady
state in case of no photon cavity. This will not necessarily be the
case for the photon replicas of the states when the system is
placed in a cavity with strong coupling to the electrons, but we
still observe charging resonances into these states. We are thus
studying resonant transport through the central system in the
transient to the steady state regime. The charge is strictly con-
served in the total system, central system and leads, but not in the
central system in the transient regime. The central system is an
open system, weakly coupled to the leads.

2. Numerical results

In this section, we discuss the transport properties through the
DQD system controlled by plunger-gate voltage in both cases
without a photon cavity and with x- or y-polarized photons in a
cavity.

In order to obtain the PAT, the system has to satisfy the
following conditions: the MB energy level spacing has to be
greater than the thermal energy AEyp > kgT, and the MB energy
level spacing has to be smaller or equal to the photon energy
AEvg < hwpy [33]. Initially the temperature of the central system
is assumed to be T=0 K, and the leads are at T=0.01 K initially.
Other physical parameters of the system are presented in Table 1.
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In addition, we assume the external magnetic field to be
B=0.1 T with the effective lateral confinement length a,,=23.8 nm
and initially no electron is in the DQD system.

2.1. The DQD system without a photon cavity

In this section, the properties of the electron transport through
the DQD system are presented in the absence of the photon cavity
in order to establish a comparison for later results for transport
through the system inside a cavity.

Fig. 2(a) shows the energy spectrum of the leads versus wave
number qa,,. The horizontal black lines are chemical potentials of
the left lead y; and the right lead . The chemical potentials are
considered to be y; = 1.4 meV and p; = 1.3 meV, implying a small
bias voltage Au=0.1 meV. Therefore, the first subband in the
parabolic energy spectrum becomes the most active subband
contributing to the electron transport process in the energy range
[1.3,1.4] meV.

In Fig. 2(b), the ME energy spectrum of the DQD-system as a
function of applied plunger-gate voltage Vs is shown. The
energies of two-electron states N.=2 (2ES, blue dots) are higher
than the SE states N.=1 (1ES, red dots) due to the electron-
electron interaction. In the absence of the photon cavity, two
resonant SE states are situated in the bias window for the range of
plunger gate voltage selected here, namely, the ground state
resonance and first-excited state resonance (blue squared dots).

The almost degenerate two spin states of the single-electron
ground state are [2) and |3) with energies E; =1.343 meV and
E3 = 1.346 meV. These two states get into resonance with the first-
subband of the leads at Vggz 1.2 mV, where the superscript G
refers to the ground state. By tuning the plunger-gate voltage, the
two spin states of the first-excited state |4) and |5) with energies
E;=1358 meV and Es=1.361 meV contribute to the electron

Table 1
Characteristic energy scales of the system.

Quantity Typical parameter

Thermal energy in leads (kzT) ~8.6 x 10~ 4 meV

Characteristic Coulomb energy (Ec) ~ 2.44 meV
Photon energy (fwpy) =0.25 meV
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Fig. 2. Energy spectra in the case of no photon cavity with magnetic field B=0.1T.
(a) SE energy spectrum in the leads (red) is plotted as a function of scaled wave
number qa,,, where the chemical potentials are y; =1.4 meV and up =1.3 meV
(black). (b) ME energy spectrum in the central system as a function of plunger gate
voltage Vg including SE states (1ES, red dots) and two electron states (2ES, blue
dots). The SE state in the bias window is almost doubly degenerate due to the small
Zeeman energy. (For interpretation of the references to color in this figure caption,
the reader is referred to the web version of this paper.)

transport at VIFDE =0.8 mV, where the superscript FE stands for
the first-excited state.

Fig. 3 displays the left current I; (red solid) and the right
current I (dashed blue) through the DQD system. We notice two
resonance peaks in the currents: The ground state peak at
Vi,=12mV and the first-excited state peak at Vj;=0.8mV.
The reason for the two current peaks is resonance of the SE states
in the DQD system with the first subband energy of the leads. An
electron in the first-subband of the left lead may tunnel to the
state |2) or |3) of the DQD system and subsequently tunnel out to
the right lead. Consequently the ground state peak is observed at
Vgg =1.2mV. In addition, the first-excited state peak reflects a
resonance with the states |4) and |5) at plunger-gate potential
Ve =08mV.

Fig. 4 shows the charge density distribution in the DQD system
at time t=220 ps (after the initial transient, close to a steady state)
in the ground state peak (a), and the first-excited state peak (b).

In the case of the ground state peak at Vg'g =1.2mV, the
electron state accumulates in the dots with a strong inter-dot
tunneling. Therefore, the left and right currents increase in the
system. But in the case of first-excited state peak at Vgg =0.8mV,
the electron state is strongly localized in the dots without much
tunneling between the dots. Thus the tunneling between the dots
is sufficiently suppressed and the current drops as shown in Fig. 3.

2.2. x-photon polarization (TEg;; mode)

In this section we analyze the electron transport through the
DQD system in the presence of an x-polarized single-photon mode
with initially two photons in the cavity. The photons in the cavity
can excite electrons in the DQD system and enhance the electric
current, similar to the “classical” PAT case [11]. The condition for
PAT involving Ny, photon(s) is |E; — Ef| = Nph oy, [34], where E;(Ey)
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Fig. 3. The left current I; (red solid) and right current I (blue dashed) are plotted as
a function of plunger gate voltage V, at time t=220 ps in the case of no photon
cavity. Other parameters are B=0.1T and Ax = 0.1 meV. (For interpretation of the
references to color in this figure caption, the reader is referred to the web version of
this paper.)
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Fig. 4. The charge density distribution at t=220 ps in the ground state peak (a) and
first-excited state peak (b) shown in Fig. 3 in the case with no photon cavity. Other
parameters are B=0.1T, a,,=23.8 nm, Ly = 165 nm = 6.93a,,, and Ay =0.1 meV.



258 N.R. Abdullah et al. / Physica E 64 (2014) 254-262

is the highest possible initial (lowest possible final) MB energy
level of the DQD system, respectively [33]. We vary the applied
plunger-gate to match |E; —Ey| to the photon energy, thus the PAT
is an active process in the system.

Fig. 5 shows the MB energy spectrum of the DQD system
including the photons with zero-electron states N.=0 (OES, green
dots) and SE states N.=1 (1ES, red dots).

In addition to the former states at Vgg =12mV and
Vp;=08mV, two extra active MB-states are observed in the
presence of the photon cavity at eVg; = eV —hwy, in the
bias window (pink squared dots), where the photon energy is
hwp, =0.25 meV, and G, (FE,) stands for the photon-replica of the
ground state(first-excited state), respectively. We notice that all
states in the bias window are SE states containing only one-
electron N =1.

Fig. 6 displays the left current I; (a) and the right current I
(b) as a function of the plunger-gate voltage V, in the presence of
the x-polarized photon field at time t=220ps for different
electron-photon coupling strength g, =0.1 meV (blue solid),
0.2 meV (green dashed), and 0.3 meV (red dotted). The positive
value of the left current indicates electrons tunneling from the left
lead to the DQD system, while the negative value of the right
current denotes electrons tunneling from the right lead to the DQD
system and vise versa.

In the absence of the photon cavity, two main-peaks are found
at Vp2M'=08mV and V' =1.2mV as shown in Fig. 3. In the
presence of the photon cavity, two extra side-peaks at
eVt = eV _nawy, are observed in addition to the original
main-peaks at VEQAZFEM. The superscripts GM(FEM) refers to the
ground states(first-excited state) main-peak, respectively, and GS
(FES) stands for photon-induced ground state(first-excited state)
side-peak, respectively.

The side-peaks indicate the PAT, where the system satisfies
elVSIHFEM _VESFES| ~ peoyy, [33]. The two new  side-peaks  at
Vggf: 0.95mV and V{E* =0.55 mV shown in Fig. 6 are caused by
photon-replica of the ground state and photon-replica of the first-
excited state, respectively. We find that the separation of the
photon replica side-peaks from the original main-peaks corre-
sponds to the photon energy.

It should be noted that the current in the photon-induced side-
peaks is strongly enhanced by increasing the electron-photon
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Fig. 5. MB Energy spectrum versus the plunger gate voltage V) in the case of x-
polarized photon field, where OES indicates zero electron states (Ne=0, green
dots), and 1ES stands for single electron states (Ne=1, red dots). Other parameters
are B=0.1T, Au=0.1meV, and hwp, =0.25 meV. (For interpretation of the refer-
ences to color in this figure caption, the reader is referred to the web version of this
paper.)
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Fig. 6. The left current I; (a), and the right current I (b) versus the plunger gate
voltage V, in the case of x-polarized photon field at time t=220 ps with different
electron-photon coupling strength: g,;, =0.1 meV (blue solid), 0.2 meV (green
dashed), and 0.3 meV (red dotted). Other parameters are hw,, =0.25 meV,
Ap=0.1meV, and B=0.1T. (For interpretation of the references to color in this
figure caption, the reader is referred to the web version of this paper.)

coupling strength. Thus the photon-induced side-peaks exhibits a
PAT process with different photon absorption mechanisms from
the main-peaks.

In order to show the dynamics of the PAT process involved in
the formation of the photon-induced side-peaks in the left and
right current shown in Fig. 6, we schematically present the photon
absorption process in Fig. 7.

Fig. 7(a) demonstrates the tunneling processes forming the FES
at V2> =0.55mV. The electron from the left or the right lead
absorbs two photons and is transferred to the MB states containing
two photons Np, =2 (red solid arrows) situated above the bias
window with photon energy z@p;,. The electron tunneling process
in the states containing one photon Ny, =1 (blue dashed arrows)
and three photons N, =3 (green dashed arrows) is very weak.
Fig. 7(b) shows the dynamical mechanism that makes the GS at
V5 =0.95 mV. In addition to the electron tunneling in the state
containing two photons N, =2 (red solid arrows), the tunneling
process in one photon state Np, =1 (blue solid arrows) and three
photons Ny, =3 states (green solid arrows) becomes active. The
tunneling mechanism here is a multiphoton absorption process
with up to three photons with a strong inter-dot tunneling. In
which the electron is scattered between one, two, and three
photon(s) states by absorbing and emitting photon energy
Nph x hwp,. The two photons state here has a shorter lifetime
than the two photons' states in the FES, because whenever an
electron from the left lead tunnels into the two photon states in
the DQD system it subsequently directly tunnels out to the
right lead.
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Fig. 7. Schematic representation of photon-activated resonance energy levels and electron transition by changing the plunger gate voltage V in the photon-induced first-
excited state side-peak at VIF,ZS =0.55mV (a), and the photon-induced ground state side-peak at Vgg =0.95 mV(b) of Fig. 6. The DQD-system is embedded in a photo cavity
with the photon energy 7wy, and photon content Ny, in each many-body state. The chemical potential difference is eV, = Au = p —pg. (For interpretation of the references

to color in this figure caption, the reader is referred to the web version of this paper.)
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Fig. 8. The MB energy spectrum E, (dotted black), the mean electron number in the MB state |iz) (blue dashed line), the mean photon number Ny, (red line) in the case of x-
polarized field with plunger-gate voltage at (a) photon-induced first-excited side-peak VFe® =0.55mV, (b) first-excited main-peak Vig" =0.8 mV, (c) photon-induced
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ground-state side-peak Vgg =0.95mV, and (d) ground-state main-peak VSQ’I =1.2mV of Fig. 6 for the case of g,, =0.1 meV (blue solid line). The chemical potentials are
u=1.4meV and = 1.3 meV (black line), thus Ay =0.1 meV. Other parameters are B=0.1T, and #wp, =0.25 meV. The color of the square is referred to in the text. (For
interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)

To further illustrate the characteristics of the most active MB
states in the tunneling process forming the two main current
peaks and the two side current peaks in Fig. 6, we present Fig. 8
which shows the characteristics of the MB states at plunger-gate
voltage Vi° =0.55mV (a), VM =08 mV (b), Vi =0.95mV (c),
and V3! =1.2mV (d) in the case of g, =0.1 meV.

Fig. 8(a) indicates how the FES is contributed to by the MB
states at VE=> = 0.55 mV. Since there are two photons initially in
the cavity, we shall seek the MB-states that contain one, two, and
three photon(s), to observe multiple inelastic electron scattering in
the states of DQD system at the side-peaks [2]. Here, we focus on
six MB states, two inactive MB states |15) and |16) in the bias
window (blue squared dot) with N, = 1.052 in each state and the
energies E;5 = 1.364 meV and E;g = 1.366 meV. There are four MB
states above the bias window: Two photon-activated states |20)
and |21) (red squared dot) with Nph=2.073 in each state and

energies E;o = 1.616 meV and E;; = 1.618 meV, and two more MB
states |25) and |26) (green squared dot) with Ny, =3.094 in each
state and energies E,s =1.867 meV and E;s=1.870 meV. We
clearly see that the energy difference between the inactive states
and the photon-activated states is appropriately equal to the
(Nphac —Nphin) x hwpy, where Npp,c and Npyj, are the photon
number in the photon-activated states and the inactive states,
respectively. We observe that the electrons can undergo the
following possible tunneling process: An electron from either
lead may absorb two photons from the cavity being trans-
ferred to two photons' states |20) and |21) with absorption
energyEzo—Els = (Nph‘ZO _Nph,IS) X ha)ph ~0.252 meV or Ey; —Eq6
= (Nph21 —Nph 16) x Ay, ~0.252 meV  which is approximately
equal to the energy required to transfer an electron from the leads
to two photons' states as schematically shown in Fig. 7(a). There-
fore, the two photon absorption mechanism dominates here
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without making electron inelastic scattering to the one and three
photon states. The electron tunneling process from the leads to the
DQD system suggests that the electrons are collected in either
individual dot.

Fig. 8(b) shows the MB states of the first-excited state main-peak at
Vi =0.8 mV. There are two inactive states |11) and |12) (blue
squared dot) with energies E1; = 1.362 meV and E;; = 1.364 meV in
ttye bias Wil’lC!OW (Ne=1, Ny, = 0.029) and two photon-activated states
|21), and |22) (red squared dot) with energies E;; = 1.866 meV
and E;; =1.868 meV above the bias window (N.=1, Ny, =2.073).
The photon-activated states that contain two photons are
responsible for the electron transport with energy values Ey; —Eq; =
(Nph.21 —Npn,11) x hwpn = 0.504 meV or Ex —E1z = (Npp 22 — Nph.12) %
hwpy = 0.504 meV.

Fig. 8(c) demonstrates the MB states that participate in the
electron transport in the GS at V53 = 0.95 mV. The electron transport
mechanism here is different from the one for the FES. The contribu-
tions to the GS is by the following significant MB states: Two active
MB states [9) and |10) (blue squared dot) containing Ny, = 0.976
with energies Eg =1.342 meV and E;p = 1.344 meV are located in
the bias window, two photon-activated states [14) and |15) (red
squared dot) have Ny, = 1.95 above the bias window with energies
E14=1.5901 meV and E;s =1.5902 meV, and two more photon-
activated states [19) and |20) (green squared dot) contain Npn =2.93
with energies Eijg = 1.838 meV and E,q = 1.840 meV. Significantly,
these six MB states participate in the electron transport with the
following important photon absorption processes with inter-dot
tunneling as schematically shown previously in Fig. 7(b): (1) Electron
from either lead absorbs one photon tunneling to the one photon
states |9) and |10). (2) An electron from the left lead absorbs two
photons and is transferred to two photons' states |14) and |15) with
absorption energy Ei4 —Eg = (Npp 14 —Npng) x iwpy ~ 0.248 meV or
E15—E19 = (Nph,15 — Nph.10) % hwph ~ 0.247 meV which is approxi-
mately equal to the energy required to transfer electron from
one photon state to two photons' states, then the electron tunnels
to the right lead emitting photons. (3) Absorbing three photons, an
electron from either the left lead or the right lead trans-
fers to three photons states [19) and |20) with energy
Ei9—Eg = (Nph,l9 _Nph‘9) X fl(,l)ph ~ 0.496 meV or Exo—E9= (Nph,ZO
—Npn10) X Awpy ~0.496 meV that is approximately the energy
amount needed to transfer an electron to a three photons' state.
The tunneling processes from the leads to the DQD system and all
activated six-MB states suggest that the electrons perform multiple
scattering absorption and emission processes between the states in
each individual dot with inter-dot tunneling. These possible tunnel-
ing processes indicate to us that the existence of the FES is caused by
multiphoton absorption processes with up to three photons. In
addition, we should mention that the tunneling process from the
left lead to two photon states in the DQD system and the tunnel out
to the right lead decreases the dwell time of electron in the central
system, while the dwell time of electron in the FES was longer due to
charge accumulation in the DQD system.

Fig. 8(d) demonstrates the MB states of the ground state main-
peak at Vgg’[ = 1.2 mV. Four MB states are also important here, two
inactive states |7) and |8) (blue squared dot) with energies
E; =1344 meV and Eg =1.346 meV in the bias window (N.=1,
Npnh =0.029) and two photon-activated states [15) and |16) (red
squared dot) with energies E15 = 1.840 meV and E;g = 1.842 meV
above the bias window (N.=1, Ny, = 1.951). The energy difference
between photon-activated states above the bias window and the
inactive states in the bias window satisfies the same rule of the
FEM, such that Ey5 —E7 = (Nph15 —Npn7) x awp, = 0.496 meV and
Eis—Eg =~ (Nph,lﬁ _Nph,S) X fl(l)ph =~ 0.496 meV.

These results suggest that each photon-activated state above
the bias window has two more photons than the inactive states in
the bias window at both the main peaks. When an electron from

the left lead tunnels to the DQD system it absorbs (or forms a
quasi-particle with) two photons from the cavity and is transferred
to the photon-activated states above the bias window, then it
tunnels to the right lead. Therefore, both main-peaks are caused
by two photons absorption processes in the transport.

Observing all these photon activated processes it is important
to have in mind that the fact that we retained the dia- and the
paramagnetic parts of the electron-photon interaction (Eq. (8))
thus allowing for a broader range of transitions possibilities than
only the paramagnetic term describes.

Fig. 9 indicates the charge density distribution in the
DQD system with x-polarized photon field at plunger-gate

Vpe =055mV (a), VM =08mV (b), V;;=095mV (c), and
V' =1.2mV (d) of Fig. 6 at time t=220 ps and g, =0.1 meV.
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Fig. 9. The charge density distribution of the DQD system with x-polarized photon
field at time 220 ps corresponding to (a) photon-induced first-excited side-peak
VFES =0.55mV, (b) first-excited main-peak VFEM=0.8mV, (c) photon-induced
ground-state  side-peak Vgé =095mV, and (d) ground-state main-peak
Va'=12mV of Fig. 6. for the case of gy, =0.1meV (blue solid line). Other
parameters are hwpy, =025meV, B=01T, a,=23.8nm, L =300nm, and
Qo = 2.0 meV. (For interpretation of the references to color in this figure caption,
the reader is referred to the web version of this paper.)

In the FES at V}:> = 0.55 mV, the electron charge density forms
two peaks which are strongly localized in the dots without inter-
dot tunneling shown in Fig. 9(a), thus the electron dwell time is
increased and the electrons stay longer time in the DQD system.

In the case of ViEM = 0.8 mV, the electrons are accumulated in
the dots with a weak inter-dot tunneling. Comparing to the case
with no photon cavity Fig. 4(a), a slight inter-dot tunneling is
observed indicating charge polarization between the dots. As a
result, the electron charge density is slightly enhanced in the x-
polarized photon field, but more importantly it is also slightly
delocalized resulting in a higher conductance through the serial
dot molecule.

In the GS at Vi; =0.95mV, the electron charge density is
enhanced and exhibits charge accumulation in the dots with a
very strong inter-dot tunneling shown in Fig. 9(c) which decreases
the electron dwell time in the DQD-system. This is the reason why
the current in the GS is relatively higher than the current in FES.

In the case of Vgg’[ =1.2 mV, the electron-photon interactions
do not have a big effect on the charge density distribution, the
charge distribution of the dots is already overlapping.

2.3. y-photon polarization (TE;9; mode)

In this section, we assume the photon-cavity is linearly polar-
ized in the y-direction with photon energy #wp, =0.25 meV and
initially two photons in the single photon mode. The MB energy
spectrum of the DQD-system in the y-polarization is very similar
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to that in the x-polarization photon mode as shown in Fig. 5. Two
extra MB states are observed with the spin states of the ground
state and first-excited state in the bias window, the extra MB
states indicate the photon-replica states in the presence of the
photon cavity.

Fig. 10 shows the left current (a) and the right current (b) at
time t=220 ps for different electron-photon coupling strength
&ph =0.1 meV, (blue solid), 0.2 meV (green dashed), and 0.3 meV
(red dotted). Similar to the x-polarized photon field, two extra

photon-induced side-peaks at V2> =0.55 mV and V53 =0.95 mV

are observed with the main-peaks at V;;*' =0.8 mV Vig' = 1.2 mV.

A very weak current enhancement in the photon-induced side-
peaks is predicted by increasing the electron-photon coupling
strength, while the current enhancement in the photon-induced
side-peaks is very strong in the x-polarized photon field shown in
Fig. 6. The weaker effects for the y-polarization are expected since
the photon energy is farther from resonance for states describing
motion in that direction, i.e. the confinement energy in the
y-direction is much higher.

The characteristics of the MB states in the bias window and
above the bias window in the y-polarized photon field are very
similar to that in the x-direction shown in Fig. 8. The main-peaks
and the photon-induced side-peaks in the y-polarized photon are
contributed to by almost the same absorption processes of the
x-polarized photon.

Fig. 11 demonstrates the charge density distribution in the
DQD system in the case of y-polarized photon field at plunger-gate
voltage V[°=0.55mV FES (a), Vi:"'=08mV FEM (b),
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Fig. 10. The left current (a) and the right current (b) versus the plunger gate voltage
Vg at time (=220 ps) in the case of y-polarized photon field. The electron-photon
coupling is changed to be g, = 0.1 meV (blue solid), 0.2 meV (green dashed), and
0.3 meV (red dotted). Other parameters are hwp, =0.25 meV, Ay =0.1 meV, and
B=0.1T. (For interpretation of the references to color in this figure caption, the
reader is referred to the web version of this paper.)
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Fig. 11. The charge density distribution of the DQD system with y-polarized photon
field at time 220 ps corresponding to (a) photon-induced first-excited side-peak
Vi =0.55mV, (b) first-excited main-peak Vg™ =0.8mV, (c) photon-induced
ground-state side-peak VS; =095mV, and (d) ground-state main-peak
ViM=12mV of Fig. 10 for the case of g,,=0.1meV (blue solid line). Other
parameters are hwp, =0.25meV, B=01T, ay=23.8nm, L,=300nm, and
1y = 2.0 meV. (For interpretation of the references to color in this figure caption,
the reader is referred to the web version of this paper.)

Vi =095mV GS (c), and Vg'=12mV GM (d) shown in
Fig. 10, at time t=220 ps and gp, =0.1 meV.

In the case of V}2> =0.55 mV (FES), the electrons are strongly
localized in the dots with no electron tunneling from the left-dot
to the right-dot.

In FEM at ViEM = 0.8 mV, the electron makes a resonance state
localized in each dot without inter-dot tunneling, while a weak
inter-dot tunneling was observed in the x-polarized photon field
at FEM shown in Fig. 9(b). Therefore, the electron dwell time in
the DQD system in y-polarized photon is longer than that in the
x-polarized photon at FEM.

But at V52 =0.95mV (GS), the inter-dot tunneling is very
strong and electrons prefer to make inelastic multiple scattering
in each dot with inter-dot tunneling.

In GM at V53" = 1.2 mV, the electrons form a state accumulated
in the dots with a strong electron tunneling between the dots
similar to the charge density distribution in the x-polarization
shown in Fig. 9(d). Thus, the current in the GM is higher than that
in the FES.

3. Conclusions

We have demonstrated a plunger-gate controlled photon-
assisted transient electronic transport through a DQD system that
is placed in a photon cavity with initially two linearly polarized
photons. The serial double quantum dot molecule is important
since the two lowest states of it have very different properties
reflecting the fact that the wavefunction of one is symmetric, but
antisymmetric of the other.

We analyzed the electron transport through the system with-
out and with a photon cavity by using a non-Markovian QME
formalism. In the absence of a photon cavity, two current peaks
were found: Ground state peak and a peak due to the first-excited
state, originating from resonance energy levels of the DQD system
with the first-subband energy of the leads. These two states could
be used for a qubit in a quantum computer, in which the ground
state resonance exhibits a strong inter-dot electron tunneling
while the electrons in the first-excited state resonance form a
state localized in each dot.

In the presence of either longitudinally or transversely polar-
ized cavity photon field, two extra side-peaks are found: A peak
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due to the photon-replica of the ground state, and a photon replica
of the first-excited state. The appearance of side-peaks is due to
PAT of electrons in the DQD system. The characteristics of the
photon activated MB states have been used to analyze the nature
of the PAT. The peak due to the photon-replica of ground state is
caused by multiphoton absorption processes with up to three
photons. In the peak caused by the photon replica of the first-
excited state, the electrons in the leads are transferred to two-
photons states in the DQD system accumulation charge in the
individual dots without inter-dot tunneling. Furthermore, the
current in the photon-induced side-peaks is strongly enhanced
by increasing electron-photon coupling strength in the x-polar-
ized of the photon field, while a very slightly enhancement in the
photon-induced side-peak current was observed in the y-polar-
ization photon. This discrepancy between the polarizations is
explained by the anisotropy of the confinement of the central
system.

Change in the photon-electron coupling strength alters the
inter-dot tunneling sensitively, altering the conduction through
the system. To describe this effect properly it is important to
include many higher energy states in the system. Along the similar
line of thought our calculations show that in the present system
photon processes of more than one photon are important.

The fact that we include both the para- and diamagnetic terms
in the electron-photon interaction leads to complex photon-
electron processes that all contribute to the PAT resonance peaks
observed. This has to be viewed in light of the common practice to
use only the paramagnetic part in two-level systems in order to
calculate PAT phenomena. In many systems the geometry matters,
and the both parts of the interaction can be important for strong
enough coupling.
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We study a cavity-photon-switched coherent electron transport in a symmetric double quantum
waveguide. The waveguide system is weakly connected to two electron reservoirs, but strongly
coupled to a single quantized photon cavity mode. A coupling window is placed between the
waveguides to allow electron interference or inter-waveguide transport. The transient electron
transport in the system is investigated using a quantum master equation. We present a cavity-photon
tunable semiconductor quantum waveguide implementation of an inverter quantum gate, in which
the output of the waveguide system may be selected via the selection of an appropriate photon
number or “photon frequency” of the cavity. In addition, the importance of the photon polarization
in the cavity, that is, either parallel or perpendicular to the direction of electron propagation in the
waveguide system is demonstrated. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4904907]

I. INTRODUCTION

In quantum information technology, researchers seek
quantum storage devices to develop a quantum computer, in
which a qubit is used as an elementary unit for encoding
information. In practice, several systems have been sug-
gested to build a qubit. Among many based on semiconduc-
tors promising are, for example, double quantum dots' and
double quantum waveguides (DQW).?

A semiconductor waveguide can be defined as a quan-
tum wire conserving the phase coherence of electrons in the
system at low temperature.” Two parallel quantum wave-
guides separated by an electrostatic potential barrier and
coupled via a coupling region or a window to facilitate an
interference between the waveguides, may be one of the can-
didates to construct a qubit.*®> The characteristics of the
transport of electrons through the double waveguide system
determines possible quantum logic operations.® A Not-
operation is realized if an electron switches from the first
waveguide to the second waveguide,” and a square-root-of-
Not-operation (v/NOT) is formed if the electron wave splits
equally between the waveguides.®

Several proposals have been suggested to control the
electron motion in a waveguide system that provides the
qubit operation such as: Magnetic switching, an external
magnetic field can be used to transfer an electron wave
between two asymmetric waveguides;’ Electrostatic poten-
tial switching, the coupling window (CW) can be defined by
a saddle potential that washes out fluctuation resonance
peaks and increases the speed of electron switching proc-
esses between the waveguides;' A single quantum dot close
to the coupling window has been considered to enhance
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electron inter-waveguide transport in a Coulomb blockade
regime;'" and Electron switching by using acoustic waves.'?

There are still non-trivial aspects that need to be investi-
gated concerning the control of electron switching in a DQW
system for implementing an action of a quantum logic gate.
In this work, we show how a cavity-photon can implement a
quantum logic gate action in a single semiconductor qubit
that is embedded in a photon cavity with a single quantum
mode. A qubit system can be constructed from a coupled
double semiconductor waveguide. Our DQW system consists
of symmetric control- and target-waveguides with a window
is placed between them to facilitate inter-waveguide trans-
port. The DQW is weakly connected to two leads with asym-
metric coupling, where the left lead is coupled only to the
control-waveguide while the right lead is connected to both
the control- and the target-waveguide. The DQW system is
in a photon cavity, in which the photons can be polarized
parallel (x-direction) or perpendicular (y-direction) to the
direction of electron propagation with a fixed electron-
photon coupling strength. A non-Markovian quantum master
equation (QME) is used to explore the electron transport
through the DQW system caused by a bias between the
external leads.'*'*

In the absence of a photon cavity, we observe oscilla-
tions in the charge current by varying the length of the CW.
The oscillations are caused by inter-waveguide transport due
to interference of states between the guides. In the presence
of the photon cavity, the current oscillations are affected by
the photon polarization, the number of photons, and the
photon frequency as these cavity parameters influence the
interference between the states in the waveguide system.
Therefore, the electron motion can be manipulated to imple-
ment a quantum logic gate action by the cavity photon. In
the x-polarized photon field, a v/ NOT-operation and a NOT-
operation quantum logic gates are obtained by tuning the

© 2014 AIP Publishing LLC
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photon number in the cavity. For the y-polarized photon
field, electron-switching process can be accomplished if the
energy of “absorbed photon(s)” is equal or greater than the
confinement energy of electron in that direction in the wave-
guide system. The many-body (MB) cavity-photon-switch-
ing is of importance as yet another mechanism to implement
quantum logic gate operations in a semiconductor qubit.

The paper is organized as follows: In Sec. II, we present
the model describing the window-coupled double waveguide
system based on the QME approach. Section III presents our
numerical results and discussion. Concluding remarks are
addressed in Sec. IV.

Il. MODEL AND THEORETICAL METHOD

We model a two dimensional symmetric double quan-
tum wire in a perpendicular magnetic field. The double
waveguide system is placed in a photon cavity, as schemati-
cally shown in Fig. 1(a). The waveguide system is connected
to two external leads with different chemical potentials g,
where [ refers to the left (L) or the right (R) lead, respec-
tively. The DQW system consists of a control- and a target-
waveguide with the same width providing a symmetric

B B B B
A
(@)] ! ' T
1 ! : I
[ ! | l
1 : T I
I i l l
! |1 Photon ! |
" A . I
| o o Pl !
HL: 3: : I UR
7 Target /' /
: Electron % Loy my/ :
Leftlead| 11 DQW . | Rightlead
| ! i o !
: [ S S LA
| /
! " Photon cavity :
(b)
E (meV) 20
20
10
10
0 0
-6

FIG. 1. (a) Schematic of DQW coupled to a photon cavity, connected to the
left lead with chemical potential y; and the right lead with chemical poten-
tial pp in an external magnetic field B. A coupling window is placed
between the control- and the target-waveguide with a length Lcw (red
arrow). The electrons from the left lead only enter the control waveguide
(blue arrow). (b) The potential defines the double waveguide system with a
coupling window between the control- and target-waveguide. All lengths are
characterized by the effective magnetic length a,,. The physical parameters
are B=0.001T, a,, = 33.72nm, Lcw = 100 nm, and Q) = 1.0 meV.
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double waveguide system. A window is placed between the
waveguides with length Lcw (red arrow) to facilitate inter-
waveguide transport. The DQW and the leads are exposed to
an external magnetic field B in the z-direction. The total
system is designed such that the electrons in the left lead are
only injected into the control-waveguide (blue dashed
arrow).

Figure 1(b) shows the DQW potential whose dimensions
are characterized by the effective magnetic length a,,. The
DQW system has a hard-wall confinement in x-direction at
x = *L,/2, where L, is the length of the waveguide system
and parabolic confinement in the y-direction with,
Ve(y) = %m*Q%yz, where 7iQ)y is the characteristic energy.
The DQW potential is described as

Vbow(r) = Ve exp(—fy*) + Vew exp(— B — By*). (1)

The first term of Eq. (1) represents a potential barrier
between the quantum waveguide with Vg = 18.0meV and
Bo=0.03nm". The second term defines the potential of the
CW with Vew = —18.0meV and f8,=0.03nm ™' implying a
barrier width Wg ~ 66.5nm for the first subband. The CW
length can be estimated as Lcw = 2/, and which influences
the electron transport between the waveguides. The effective
magnetic length, a, = /h/(m*Q,), with Q2 =Q2
+(eB/m*)?, here essentially the natural length scale of the
y-confinement, due to the low magnetic field B, serves as a
natural length scale to refer all other lengths to.

A. DQW coupled to cavity

Now, we demonstrate how the DQW system is coupled
to the photon cavity. The Hamiltonian of the system can be
described by a MB Hamiltonian that describes the DQW and
the photon cavity. The MB Hamiltonian consists of the
electronic DQW including electron-electron interaction, the
photon cavity, and the interaction between the DQW and
the photon cavity. The Hamiltonian of the total system can
be written as'’

2
e
<TE€ +;Aph
Hs :Z<l//n | T

nn
1 T
+5 Z (Veou) i m@y )yl

mm

+ Voow | W )ddy

+ hwphaTa + 8ph Z d;d,,r nn’ {a + aT}

nn'

2
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The first term of Eq. (2) describes the DQW system without
the electron-electron interaction, where [y) is a single-
electron SE state, m”" is the effective mass of an electron, e is
the electron charge, and df, and d,, are the electron creation
and annihilation operators, respectively. In addition,
Te = P + £ Aext, Where p is the momentum operator, Aey is
the vector potential for the static magnetic field which can be
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defined as Aqq = (0, —By,0), and Ay, is the photon vector
potential that can be introduced as

Aph =Ap(a+a')é, 3)

wherein, Ay is the amplitude of the photon field and é is the
unit vector that determines the direction of the photon polar-
ization either parallel (e,) in a TE(;; mode or perpendicular
(ey) in a TEo; mode to the transport direction. In the second
term of Eq. (2), the Coulomb interacting electron
Hamiltonian is shown with the Coulomb matrix elements in
the SE state basis (VCOUl)nn’.m’m'14 The third term of Eq. (2)
denotes the free photon field, where 7wy, is the quantized
photon energy and a'(a) is the operator of photon creation
(annihilation), respectively. In Eq. (2), the para-magnetic
(gph-term) and the dia-magnetic (ggh—term) of the electron-
photon interaction are presented, in which gy, = eAppQ,a,, /c
is the electron-photon coupling, g, are the dimensionless
electron-photon coupling tensor elements,'> and N oh =d'ais
the photon number operator.

In our calculations, we include both the para- and the
dia-magnetic interaction terms which lead to more complex
photon-electron interaction processes than are present in the
resonant two-level Jaynes-Cummings model, where only the
paramagnetic term is taken into account.'® In addition, we
use exact diagonalization (configuration interaction) includ-
ing many levels to treat the electron-electron Coulomb
interaction and the electron-photon interaction'’"° without
resorting to the rotating wave approximation.”*2!

B. Transport formalism

Our model for the calculation of time dependent proper-
ties of transport through an open system requires a coupling
to electron reservoirs. Here, we show how the central system
is connected to the leads via coupling regions. Later in this
section, a time-dependent formalism will be presented to
investigate the electron transport in the system.

The total Hamiltonian of the system describing the
waveguide system, the leads, and the coupling between the
DQW and the leads can be written as’?

H(t) =Hs + Z qu el(q)cf;cfl

/I=L,R

+ YA Zjdq [} T, dy + d(Th,) e, (4)

I=LR 7

where Hg indicates the Hamiltonian of the DQW system
coupled to the photon cavity, as shown in Eq. (2). The sec-
ond term of the Hamiltonian describes the /™ lead with ¢
being the dummy index representing the momentum of the
standing electron waves in the semi-infinite leads and their
subband number,'* ¢/(q) being the single-electron energy
spectrum in the lead /, and ¢, (c}) being the electron crea-
tion (annihilation) operators, respectively. The last term of
the Hamiltonian demonstrates the time-dependent coupling
between the DQW and the leads describing a transfer of an
electron between a single-electron state of the central system
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|n) and a single-electron energy state of the leads |¢) through
a coupling tensor

T"In = Jdrdr’t/lé(r/)*g;n(r, )y (r), %)

with > (r) (t//;(r’)) being a single-electron wave function of
the DQW system (leads). In addition, y'(f) is a time-
dependent function defining the onset of the coupling, and

gl (r, 1) =ghexp [=8L(x — v')* = 3 (y =y — 2)”]
x exp (—Al(g)/A) (6)

is a nonlocal coupling, where g is the coupling strength, 5i,
and (3; are the coupling parameters that control the range of
the coupling in the x- and y-direction, respectively, A; (q9) =
|E, — ¢(q)| and A adjust the energy overlap of lead and
DQW states and wavefunctions in the contact region,"? and
o is a skewing parameter that shifts the weight of the cou-
pling from the left lead to the control-waveguide.

We use a non-Markovian QME formalism to calculate
the electron transport from the left lead to the right lead
through the DQW system.?> The QME approach describing
the time-dependent electron transport can be obtained from
quantum Liouville-von Neumann equation

po) =~ H). p(0), )

where p(?) is the density operator of the total system. The total
density operator before the coupling between the waveguide
system and the leads can be written as p(ty) = ppprps (%),
where p; and py are the density operators of the isolated left
and right leads, respectively.*

Our aim in this work is to seek the dynamics of the
electron and the inter-waveguide switching processes in the
system. To calculate the electron motion in the DQW system
under the influence of the leads, we take the trace over
the Fock space with respect to the lead variables to build a
reduced density operator of the waveguide system
ps(t) = Tr.Trrp(#), which leads to the Nakajima-Zwanzig
equation of time-evolution in an open system®

t
ps(t) =iLsp(0) + | @K Ops?) @
lo
where Lg- = [Hg, |/l is the Liouvillian with respect to the
time-independent Hamiltonian Hg of the DQW system and
KC(z,¢) is the integral kernel representing the dissipative time-
dependent coupling to the leads.'**> For the regime of weak
coupling by sequential tunneling to the leads treated in our
model, we derive the dissipative kernel of Eq. (9) by keeping
terms up to second order in the time dependent coupling.'>°
The reduced density operator allows us to calculate the
left and the right charge currents into or out of the DQW.**
Therefore, the net charge current can be introduced as

Io(t) = IL(t) — Ir(2), 9)

where I (r) denotes the partial current from the left
lead into the control-waveguide and Ix(¢) describes to



233104-4 Abdullah et al.

the partial current into the lead from both
waveguides.?*

To explore the properties of the charge switching
between the waveguides, the expectation value of the charge
current density operator in the central system is calculated.
The charge current density can be defined as

right

J(r, 1) = Tr(ps()J(r)), (10)

where the charge current density operator is

3= 3 (oo [0 T30~ (T W )]

2m*i
o Al AR O ) D)

In light of presently attainable quality factors of photon
cavities and our interest in the transient regime with ¢ <200
ps, we neglect cavity loss or photon coupling to external res-
ervoirs. In the following, we shall investigate numerically
the influence of the cavity photon on the coherent electron
transport through the DQW system in the case of x- or
y-polarization of the photon field.

lll. RESULTS AND DISCUSSION

In this section, we will discuss our numerical results that
demonstrate photon-switched coherent electron transport in a
double quantum waveguide. To provide coherent electron
transport in the system, we consider the double waveguide
system to be made of a GaAs semiconductor with length
L,=300nm. It is known that the phase coherence length L
of a GaAs semiconductor can be ~(30—40) x 10°nm at low
temperature T~ 0.1-2.0 K.?” Thus, the coherence length is
much larger than the length of the waveguide system, which
is an essential requirement to construct a qubit in quantum
information technology.

We have fixed the following physical parameters in the
calculations, the temperature of the leads is 0.5 K, the chemi-
cal potentials of the leads are considered to be 1, =4.0meV
and pgr =3.0meV, the confinement energy of the leads and
the DQW system in the y-direction is 7Q; = 1.0meV and
nQy = 1.0meV, respectively, the skewing parameter is
o =4a,, and the electron-photon coupling strength is
gph = 0.1meV.

A. The system without/with photon cavity

In order to understand the influence of the photons on
the transport, we first explore the electron transport charac-
teristics in the system without and with the photon cavity.
Initially, the photon energy and the electron-photon coupling
strength are assumed to be constant at Ziwp, = 0.3 meV and
gph = 0.1 meV, respectively.

In a previous work,”® we demonstrated the effects of the
electron-electron interaction and an external magnetic field
on the electron switching process between the waveguides.
In this work, we will show how photons in a cavity can be
used to switch the electron motion between the waveguides.
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Figure 2 shows the net charge current versus the CW
length Lcw without (w/o) a photon cavity (ph) (blue solid),
and with (w) a photon cavity in x-polarized (x-p) (green
dashed) and y-polarized (y-p) (red dotted) photon field. The
oscillation in the net charge current depends on the transport
properties of electrons between the control- and the target-
waveguide. The electrons can be subjected to inter-
waveguide forward or backward scattering, consequently, a
current peak at Lew =~ 40 and a current dip at Lew ~ 110 nm
are formed. The net charge current decreases in the presence
of cavity photon for the x- and y-polarized field where the
cavity contains one photon initially.

To explain the current oscillation and the suppression in
the net charge current in the presence of photon cavity, we
refer to the energy spectrum of the DQW system. Figure 3
shows energy spectra for the DQW system as a function of
the CW length Lcw for the case of the no photon cavity (a),
and for the system in the photon cavity (b). When the CW
length Lcw is increased, we observe the following effects in
the energy spectra: the energy of the states with an electron
component decreases monotonically, and generally the
degeneration of energy levels reduces. We observe an energy
level crossover at Lew ~ 40nm, and increased splitting of
levels at ~110nm. The weak tunneling through the central
barrier between the waveguides leads to almost degenerate
symmetric and antisymmetric one-electron states (1ES), but
the opening of the coupling window increases the
“interaction” between these states leading to a reduced
degeneracy.

In Fig. 3(a), the low end of the spectrum with only 1ES
(red dots) is shown for the waveguide system without the
photon cavity. At Lew =~ 40nm (left blue rectangle), higher
excited states enter the active bias window resulting in a level
crossover with lower excited states.””” The energy crossover
reflects a “resonance” energy levels between the waveguides
leading to inter-waveguide transport. The contribution of the
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FIG. 2. The net charge current / versus coupling window length Lcw with-
out (w/o) a photon (ph) cavity (blue solid), and with a photon (w ph) cavity
in the case of x-polarization (green dashed) and y-polarization (red dotted)
at time =200 ps. The photon energy /iwy, = 0.3meV, gpn = 0.1meV,
B=0.001T, and the chemical potentials are y; =4.0meV and
U = 3.0meV, implying Ay = 1.0meV.
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FIG. 3. Energy spectra of the DQW system as a function of CW length Lcw
without (a) and with (b) photon cavity in the system including zero-electron
states (OES, green dots) and one-electron states (1ES, red dots) at
B=0.001T. The 1ES states in the left blue rectangle are close to the cross-
over region of states, but the 1ES states in the right blue rectangle are not.
The left rectangle contains the most active transport states. The change in
the height of the rectangle from left to right indicates the spreading of states
from the resonance to the off-resonant condition. The photon energy hiwp, =
0.3meV with x-polarization, gy, = 0.1 meV. The chemical potentials are
1y, =4.0meV and pp = 3.0meV (black) implying Ay = 1.0meV.

higher excited states to the electron transport increases the
net charge current forming a current peak, as shown in Fig. 2
(blue line). In the current peak, the charge is transferred from
the input to the output of the control-waveguide with a slight
inter-waveguide forward scattering (not shown).?® For the re-
gime of increased level splitting at Lew =~ 110nm (right blue
rectangle), the state of the second subband with lowest energy
is the highest state in the blue rectangle enters the bias win-
dow. Even though the energy splitting indicates an “off-
resonance” between the waveguides, the mixing of a state
from the second subband with the first subband in the elec-
tron transport leads to a stronger coupling between the wave-
guides. Here, the charge from the control-waveguide partially
switches to the target-waveguide due to inter-waveguide
backward and forward scattering and is partially transferred
to the output of the control-waveguide (not shown).”® The
inter-waveguide backward scattering decreases the net charge
current forming a current dip, as shown in Fig. 2 (blue line).
We should note that the two-electron states (2ES) of the
energy spectrum are not active in the presence of the
Coulomb interaction because the electron-electron interaction
raises the 2ES well above the bias window; consequently, the
2ES are effectively blocked.?®

Figure 3(b) presents the MB energy spectrum including
zero-electron states (OES) (green dots) and 1ES (red dots) in
the presence of a cavity including one photon initially with
the photon energy 7iwp, = 0.3meV and x-polarization. The
one-electron states of the energy spectrum decrease monot-
onically with increasing CW length while the OES remain
unchanged. We can clearly see that photon replicas for elec-
tron state appear with different photon content. The energy
difference between two photon replicas is close to multiples
of the photon energy in case of weak electron-photon
coupling.®’ The photon replicas of the energy levels at
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Lew ~ 40nm (left blue rectangle) and 110nm (right blue
rectangle) become active in the presence of a photon cavity.
To a lesser extent, photon replicas of states originally below
the bias region that ends up in the active bias window also
contribute. Therefore, more states participate in the electron
transport. In addition, the shape of the active states (and the
photon replicas) is influenced by the photon field. The pho-
ton field stretches or polarizes the wavefunctions.

The photon replicas have a very important and influential
role in the electron-switching process in the waveguide sys-
tem. At Lew =~ 40 nm, the photon replicas of the ground and
the first-excited states containing two photons enter the energy
crossover region. The replicas containing two photons have a
weaker contribution than the replicas containing one photon
in the electron transport because the cavity initially contains
only one photon. At Lew ~ 110nm (right blue rectangle), a
photon replica of the lowest state of the second subband con-
taining one photon participates in the electron transport. The
photon replica is a localized state in the CW region leading to
a suppression in the net charge current for both x- (green
dashed) and y-polarized (red dotted) photon field at the dip, as
shown in Fig. 2. However, the photon replicas of the ground
state and the first excited state containing three and four pho-
tons are found among the split energy levels. But they do not
influence the electron transport in any significant way.

We should mention that the energy spectrum for the y-
polarized photon field is very similar to the spectrum shown
in Fig. 3(b) with a slightly different photon content in the
MB energy states.

Figure 4 shows charge current density for the current
peak in the x-polarized (a), and the y-polarized (b) photon
field shown in Fig. 2, where the photon energy is fiwp, =
0.3 meV and the electron-photon coupling is gp, = 0.1 meV.

In Fig. 4(a), the charge is partially transported through
the control-waveguide and partially is subject to inter-
waveguide backward scattering, while in the absence of the
photon cavity the charge from the input of control-waveguide
moves to the output of the control- and target-waveguide.
The inter-waveguide backward scattering is partially caused
by the charge polarization in the x-direction induced by the
photon field, and a weak participation of photon replica states
containing two photons in the electron transport. As a result,
the net charge current decreases in the dip. In Fig. 4(b), the
charge remains completely within the control-waveguide
because the photon energy is much smaller than the electron
confinement energy in the waveguide system in the y-direc-
tion. The confinement and the photon energy are 7€)y =
1.0meV and Ziwp, = 0.3 meV, respectively. In this case, the
charge from the control-waveguide does not tunnel into the
target-waveguide. The dynamic evolution of the charge in the
control-waveguide implements a controlled NOT function,
which is so called CNOT-operation quantum logic gate lead-
ing to enhancement in the net charge current.

B. Variation of the frequency and the initial number
of photons

In this section, we demonstrate how the photon fre-
quency influences the electron transport through the DQW
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FIG. 4. The charge current density at =200 ps for x-polarized (a) and the
y-polarized (b) photon field in the current peak at Lcw ~ 40 nm shown in
Fig. 2. The photon energy /iwy, = 0.3meV, Ny = 1, and gpn = 0.1meV.
The length of the DQW system is L,=300nm, 7Qy= 1.0meV,
B=0.001T, and a,, = 33.72nm.

system in the x- and y-polarized photon cavity. In addition,
we show the effects of the number of photons initially in the
cavity on electron switching processes between the wave-
guides. The electron-photon coupling strength is assumed to
be constant at gp, = 0.1 meV.

Figure 5 displays the net charge current for the x-polar-
ized (a) and y-polarized (b) photon field with initially one

a b
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FIG. 5. The net charge current /g versus coupling window length Lcw at
time ¢ =200 ps for the x-polarized (a) and y-polarized (b) photon field with
initially one photon in the cavity for different photon energies hwp, =
0.3meV (blue solid), 0.6meV (dashed green), and 0.9 meV (dotted red).
The electron-photon coupling gy, = 0.1 meV, B=0.001T, and the chemical
potentials are y; = 4.0meV and pz = 3.0meV, implying Ay = 1.0meV.
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photon in the cavity for different photon energies
hwpy, = 0.3meV  (blue solid), 0.6meV (dashed green),
and 0.9meV (dotted red). In Sec. III A, we discussed the
electron transport in the system when the photon energy is
hiwyn = 0.3meV for both x- and y-polarized photon field.
Now, we explore the results when the photon energy is either
Iy = 0.6meV or 0.9 meV.

We begin by analyzing the net charge current in the
x-polarized photon field shown in 5(a). In the case of a
photon energy fiwp, = 0.6meV (dashed green), the net
charge current is strongly reduced for the crossover energy
at Lew ~40nm to a current dip instead of the current
peak seen for 7wy, = 0.3meV, while for the region of
split levels at Lcw ~ 110nm the net charge current in the
dip is enhanced. If we further increase the photon energy
to 0.9 meV (red dotted), a current peak is again seen at Lcw
=~ 40 nm and a slightly shifted current dip at Lcw ~ 120 nm.

To explore the characteristics of the net charge current
in the x-polarized photon field, we provide Fig. 6 which
shows the MB energy spectrum including OES (green dots)
and 1ES (red dots) with the photon energy ficp, = 0.6 meV
(a) and 0.9 meV (b). In Fig. 6(a), the MB energy spectrum is
shown for the photon energy 7wy, = 0.6meV. Each MB
state has photon replica with a different photon content in
the presence of the photon cavity. We notice that the MB
ground state is replicated into the CW with one photon and
energetically enters the region of levels crossover at Lcw
~ 40nm (left blue rectangle). The effect of this localized
photon replicated state here on the electron transport is a
suppression of the net charge current leading to a current
dip. But at Lecw =~ 110nm (right blue rectangle), the photon
replica of the first excited state containing one photon con-
tributes to the electron transport leading to an increasing net
charge current at the dip, as shown in Fig. 5 (green dashed).
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FIG. 6. Energy spectrum of the DQW in a cavity as a function of CW length
Lew and photon energy fiwp, = 0.6meV (a), and photon energy /iy, =
0.9meV (b). The spectra include zero-electron states (OES, green dots) and
one-electron states (1ES, red dots) at B=0.001T. The 1ES in the left blue
rectangle are close to be in crossing, but the 1ES states in the right blue rec-
tangle are not. The left rectangle contains the most active transport states.
The change in the height of the rectangle from left to right indicates the
spreading of states from the resonance to the off-resonant condition. The
chemical potentials are y; =4.0meV and pi = 3.0meV (black) implying
Ap = 1.0meV.
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In Fig. 6(b), the MB energy spectrum is displayed for the
photon energy 7wy, = 0.9meV. The photon replica of nei-
ther the ground state nor the first excited states enters the
active bias window (left blue rectangle). The result is that
the net charge current is almost unaltered. However, at
Lew ~ 120nm (right blue rectangle), the photon replica of
the first excited state is found among the active split energy
levels. This photon replica containing one photon enhances
the net charge current in the dip.

To clarify further the dynamic motion of the charge and
explain the current oscillations, we present Fig. 7 which
shows the charge current density at the current peak shown
in Fig. 5 in the case of the photon energy Awp, = 0.6 meV
(a) and 7iwp, = 0.9 meV (b). In Fig. 7(a), the charge current
density is seen for the current dip at Lcw ~ 40nm when the
photon energy is /i, = 0.6 meV. The charge is localized in
the CW region, which suppresses the net charge current and
leads to a current dip. The localized charge can be identified
as a contribution of the photon replica of the MB ground
state containing one photon.

In Fig. 7(b), the charge current density for the current
peak at Lcw ~ 40nm is presented for photon energy ficopy
= 0.9meV. The charge from the input control-waveguide is
equally split between the output of the control- and the
target-waveguide. The photon replica of neither the ground
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FIG. 7. Charge current density at =200 ps for x-polarized photon field
with photon energy fiwp, = 0.6meV (a) and 0.9meV (b) for the current
peak at Lew =~ 40 nm shown in Fig. 5. The initial photon number in the cav-
ity Npn = 1, and the electron-photon coupling gy, = 0.1 meV. The length of
the DQW system is L,=300nm, 7Qy = 1.0meV, B=0.001T, and
a,, = 33.72nm.
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state nor the first excited state contributes to the electron
transport. But the charge density of the active states occupies
both the control- and target waveguide. Therefore, the net
charge current remains almost unchanged. The splitting of
the charge indicates a v/ NOT-operation quantum logic gate
action.

We have seen that the charge current density for the cur-
rent dip at Lcw ~ 110nm in the case of photon energy
hiwpn = 0.6meV and 0.9meV is delocalized (not shown)
while a localized charge is observed for 7wy, = 0.3meV.
The delocalization of charge is due to participation of a pho-
ton replica of the first excited MB state. Consequently, the
net charge current is enhanced.

We have noticed that the electron-switching process can
be achieved by tuning the photon number initially in the cav-
ity. Let us consider two photons initially in the cavity with
energy Jiwp, =0.6meV  and photon-electron  coupling
strength ¢ = 0.1 meV. Figure 8 shows the charge current
density at the CW length Lcw ~ 40 nm in the presence two
photons in the cavity. Comparing to the charge current den-
sity in the case of one photon in the cavity with photon
energy hwp, = 0.6meV shown in Fig. 7(a), the charge
motion in the DQW system is drastically changed. The elec-
tron charge switches totally from the input control- to the
output target-waveguide. The dynamic evolution occurring
in the DQW system implements a quantum logic gate opera-
tion. In this case, a Not-operation is realized by transferring
the charge from the control- to the target-waveguide. The
electron switching process is due to contribution of a photon
replica of the both MB ground state and first-excited state
containing two photons to the transport.

Let us now look at the influences of photon frequency in
the y-polarized photon field on the electron-switching pro-
cess. The net charge current /g in the presence of y-polarized
photon field and initially one photon in the cavity displayed
in Fig. 5(b) indicates that the influences of photon frequency
on the electron transport is very weak compared to the x-
polarized photon field for the same selected photon energies
hiwp, = 0.3meV (blue solid), 0.6 meV (green dashed), and
0.9meV (red dotted). This is due to the anisotropy of the ge-
ometry of the DQW system. The total charge-switching from
the control- to the target-waveguide can not be achieved for

T

FIG. 8. Charge current density at =200 ps with x-polarized photon field at
Lcw ~ 40nm. The photon energy fhiwp, = 0.6 meV, gpn = 0.1 meV, and ini-
tial photon number Ny, = 2. The length of the DQW system is L, =300 nm,
71Qy = 1.0meV, B=0.001T, and a,, = 33.72nm.
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the same selected photon energy as in the case of a x-polar-
ized photon field. For example, Fig. 9 shows the charge cur-
rent density in the current peak at Lcw ~40nm
demonstrated in Fig. 5(b) (red dotted), where the cavity ini-
tially contains one photon and the photon energy is
liwpn = 0.9 meV. Comparing to the charge current density
shown in Fig. 4(b) when the photon energy is 7Ziwpy
= 0.3meV, inter-waveguide transport is enhanced because
the photon energy here is 7iwy, = 0.9 meV, which is close to
the electron confinement energy in the waveguide system in
the y-direction. An electron in the control-waveguide may
obtain energy from the photon to partially occupy a state in
the second subband of the two parallel waveguides and thus
being transferred to the target-waveguide.

In order to facilitate total electron-switching between the
waveguides in the y-polarization, we need to increase either
the photon energy to be equal to or greater than the confine-
ment energy of the electrons in the waveguide system in the y-
direction or the photon number initially present in the cavity.
We now consider the photon energy to be /iy, = 0.6 meV,
which is smaller than the electron confinement energy (7Qy =
1.0meV) and consider two photons (N, = 2) initially in the
cavity. An electron in the control-waveguide can absorb two
photons with total energy Ny, X fiop, ~ 1.2meV and then
being transferred to the target-waveguide. In this case, the
charge from the input control-waveguide totally switches to
the target-waveguide, as shown in Fig. 10. As a result a NOT-
operation quantum logic gate action is obtained.

Our results for the two different photon polarizations
have revealed that a variety of quantum logic gate actions can
be observed in the waveguide system with the switching
being strongly influenced by the photon energy and the pho-
ton number initially in the cavity. In this connection, we have
to comment on the fidelity’> of the gates. Ideally, one might
want the two states of a quantum bit to be associated with an
electron to be found either in the control or the target wave-
guide, but the situation is more complex due to the geometry
of our system. The central hill separating the waveguides
makes the low lying single-electron states with respect to
energy to come in pairs with nearly degenerate symmetric or
antisymmetric wavefunctions with respect to the two
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FIG. 9. Charge current density at t =200 ps with y-polarized photon field
in the current peak at Lcw =~ 40nm shown in Fig. 5(b) (red dotted). The
photon energy /iy, = 0.9meV, gpy = 0.1meV, and Ny, = 1. The length
of the DQW system is L,=300nm, #Qy = 1.0meV, B=0.001T, and
a,, = 33.72nm.
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FIG. 10. Charge current density at =200 ps with y-polarized photon field
at Lcw ~40nm. The photon energy hwp, =0.6meV, Ny =2, and
gph = 0.1meV. The length of the DQW system is L,=300nm,
71Qy = 1.0meV, B=0.001T, and a,, = 33.72 nm.

waveguides. The injection of electrons into the control wave-
guide®® breaks this symmetry, i.e., the asymmetric coupling
to the left lead breaks it. The coupling window further influ-
ences the wavefunctions. Their degeneracy with respect to
the symmetry or the antisymmetry along the waveguides is
broken by the CW. With all this in mind, we can analyze the
situation for the NOT gate shown in Fig. 8. Here, a group of
seven one-electron states (with state numbers 31-37, and
energy in the range 5.04-5.17 meV) strongly coupled to states
in the bias window (with energy around 3.8 meV), by one or
two-photon processes, are partially occupied. More impor-
tantly, various pairs of them are highly correlated (with off-
diagonal terms in the density matrix) resulting in the current
mimicking a NOT-gate in Fig. 8. Like seen before, the photon
interaction does slow down the charging and at =200 ps,
the system is still not very close to a steady state.'> This
example shows that the complexity of the final state makes
the determination of the fidelity of the gate process rather dif-
ficult. Clearly, our system will have a difficulty in competing
for fidelity with a qubit built from two well isolated states.

IV. CONCLUSIONS AND REMARKS

We have presented the results of a detailed investigation
of how to implement a quantum logic gate action in a semi-
conductor qubit by using a new and different technique, a
cavity-photon-switching. In the cavity-photon-switching
method, a quantized photon cavity can be used to realize a
different quantum logic gate action by varying the photon
number, the photon energy, or the photon polarization.

To build a semiconductor qubit, we have considered two
parallel symmetric quantum waveguides, the control- and
the target-waveguide. A window is placed between them to
facilitate interference and inter-waveguide electron transport.
The waveguide system is connected to two leads with asym-
metric coupling in which the control-waveguide is coupled
to the leads from both ends, while the target-waveguide is
only coupled to the right lead. The DQW system is embed-
ded in a quantized photon cavity with a photon field polar-
ized either parallel or perpendicular to the direction of
electron motion in the system, in which the electron-photon
interactions  are  described by exact numerical
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diagonalization. We use a non-Markovian master equation to
investigate the transient electron motion in the system.

In the absence of a photon cavity, the electron-switching
process depends on the ME states active in the electron trans-
port and their characteristics. By tuning the CW length, the
energy spectrum of the DQW system monotonically
decreases and new states enter and leave the bias window.
Therefore, oscillation in the net charge current occurs, indi-
cating inter-waveguide forward or backward scattering into
the target waveguide.

In the presence of the photon cavity, photon replicas for
each MB energy state appear. The character of the active
photon replicas in the electron transport depend on the pho-
ton energy, the photon number, and the photon polarization
in the cavity. In the case of an x-polarized photon field, pho-
ton replicas contribute to the electron transport processes
leading to the following scenarios: First, at high photon
energy and one photon initially in the cavity a vV NOT-opera-
tion quantum logic gate is found which is due to lifting the
photon replica of the ground state out of the active energy
states in the electron transport. Second, the charge from the
input control-waveguide switches to the output of the target-
waveguide in the presence of two photons in the cavity. In
this case, an electron in the control-waveguide may interact
with two photons and transfer to the target-waveguide.
Therefore, a Not-operation quantum logic gate is imple-
mented. For the y-polarized photon field, the electron-
switching processes only occur if the photon energy is equal
to or greater than the electron confinement energy in the
DQW system in the y-direction.

We have demonstrated that the transport properties of a
system with nontrivial geometry can be strongly influenced
by choosing the type of electron states replicated into the
active transport bias window. This control can both be
excised with the photon energy and the number of photons in
the cavity at the onset of an operation. It should also be
stressed that our study of the time-evolution of the switching
and charging processes shows that it is not necessary to await
the steady state in order to complete an operation.

The optoelectronic device considered here differs from
many purely optically operated devices suggested to imple-
ment quantum gates, in the sense that it need to be an open
system with respect to both electrons and photons in order to
operate. This definitely lowers expected values of fidelity and
purity needed for quantum operations, as we discuss at the
end of Sec. III, but at the same time might open up other pos-
sibilities. For example, the behaviour of our system can be
continuously switched between different logical functions.
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Abstract

®

CrossMark

We investigate coherent electron-switching transport in a double quantum waveguide system

in a perpendicular static or vanishing magnetic field. The finite symmetric double waveguide
is connected to two semi-infinite leads from both ends. The double waveguide can be defined
as two parallel finite quantum wires or waveguides coupled via a window to facilitate coherent
electron inter-wire transport. By tuning the length of the coupling window, we observe
oscillations in the net charge current and a maximum electron conductance for the energy
levels of the two waveguides in resonance. The importance of the mutual Coulomb interaction
between the electrons and the influence of two-electron states is clarified by comparing results

with and without the interaction. Even though the Coulomb interaction can lift two-electron
states out of the group of active transport states the length of the coupling window can be
tuned to locate two very distinct transport modes in the system in the late transient regime
before the onset of a steady state. A static external magnetic field and quantum-dots formed by
side gates (side quantum dots) can be used to enhance the inter-waveguide transport which can
serve to implement a quantum logic device. The fact that the device can be operated in the

transient regime can be used to enhance its speed.

Keywords: quantum transport, electron—electron interaction, quantum wire and dot

(Some figures may appear in colour only in the online journal)

1. Introduction

Various schemes associated with quantum computing have
been proposed for quantum information storage and transfers,
such as superconducting coplanar waveguide resonators and
dual waveguide devices [1,2]. A waveguide can be defined
as a quantum wire in which the electron wave propagates
in quantized modes without losing phase coherence at low
temperature.  Various proposals have been suggested to
implement a semiconductor qubit [3-5]. Among these, one
idea is to use parallel quantum waveguides with a coupling-
window placed between them [6]. Tuning the window-
coupling allows an electron wave interference between the

0953-8984/15/015301+10$33.00

waveguides and can switch the electron motion from one
waveguide to the other [7].

The interference in the coupling-region specifies the
possible types of qubit-operations: The electron wave can
be transferred through either waveguide only (pass gate-
operation). It can travel through both waveguides, split equally,
implementing the so called square-root-of-Not (+/NOT)
operation [8]. It can switch totally from one waveguide
to the other (Not-operation) [9]. Or it might switch from
the first waveguide to the second one and then re-enter the
first waveguide (CNot-operation) [10]. There are several
parameters and phenomena that can modify the efficiency of
the kind of qubit-operation that are mentioned above such as an

© 2015 IOP Publishing Ltd  Printed in the UK
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external magnetic field, the Coulomb interaction, electrostatic
gate voltage, and the geometry of the coupling window
between the waveguides.

Ferry’s group proposed magnetically switching transport
in an asymmetric double quantum waveguide, in which an
external magnetic field is applied to switch electron motion
from one quantum-waveguide to the other [7,10]. Another
suggestion for a switching-qubit is to vary the length of the
coupling window (CW) Lcw. By varying the length of the
CW, a maximum inter-waveguide tunneling can be found that
increases the efficiency of the device [7]. Another approach for
a switching-qubit is to define a saddle potential in the coupling
window instead of a hard-walled well potential. The smoother
potential defines a soft barrier between the two waveguides that
washes out sharp resonance peaks, but decreases the efficiency
of the qubit [11].

In the present work, we consider a double quantum
waveguide (DQW) system with a CW between the waveguides
in a static perpendicular magnetic field. Both ends of the DQW
are connected to semi-infinite leads with an applied source-
drain bias. A coherent electron transport is investigated in the
system by using a non-Markovian master equation [12—15].
Smooth Gaussian potentials are used to define the barrier
between the waveguides and the saddle-like CW potential. In
addition, two dots are embedded in the waveguides close to the
CW to enhance inter-waveguide transport. We will investigate
coherent electron transport in the system by varying the CW
length.

Our results lead to the following conclusions: First, we
predict a maximum conductance at resonant energy-levels
between the two waveguides. At a resonance energy, inter-
waveguide forward scattering is enhanced and the charge
density splits equally between the waveguides when two-
electron states are activated in the transport. In this case,
the DQW essentially works as a +/NOT-operation qubit. The
Coulomb interaction shifts the two-electron states above the
selected bias window and the charge current density does
not split equally between the waveguides at the resonance
condition. The conductance peak is slightly reduced, but
it remains a peak as backward scattering is absent. In
the conductance dip that forms when the energy levels of
the waveguides are not in resonance backward scattering is
sharply increased with or without the Coulomb interaction.
The strength of the Coulomb blocking can be varied by the
geometry or the material of the system. The transient transport
through two capacitively coupled parallel quantum dots has
been investigated by Moldoveanu et al in a lattice model for
a weaker Coulomb interaction than is assumed here [16].
Second, an increased external static magnetic field favors inter-
waveguide backward scattering leading to a decrease in the
efficiency of the qubit. These results make clear the difference
to previous schemes where variable magnetic field was used to
control the switching between asymmetric waveguides [6, 11].
Third, the influence of the side quantum dots (QDs) can be to
induce more energy-levels into resonance, and consequently
increase the coupling between the waveguides and enhance the
inter-waveguide transport mechanism. In the presence of side
QDs, a Not-operation qubit can be realized. The efficiency

Figure 1. Schematic diagram depicting the double waveguide with a
CW of length Lcw (blue dashed arrow). A quantum dot QD¢ (QDr)
is embedded in the control (target) waveguide. An electron from left
side enters the control waveguide (red arrow). Asymmetric contacts
are indicated by the light red rectangles marked L and R.

is slightly decreased in the presence of side QDs because
inter-waveguide backward scattering is also enhanced. At
high magnetic field such that the effective magnetic length is
comparable to the radius of the dots, variation of length of the
CW does not influence the electron transport characteristics
further as the electrons tend to be localized in the side dots.
Thus, the net charge current is extremely suppressed.

The paper is organized as follows: in section 2, we present
the model describing the window-coupled double waveguide
system based on a quantum master equation (QME) approach.
Section 3 presents our numerical results and discussion.
Concluding remarks are addressed in section 4.

2. Model and theory

In this section, we present a method for calculating the transient
ballistic transport in the coupled-window quantum waveguides
without and with side QDs. We consider two laterally coupled
waveguides connected to two semi-infinite wires from both
ends. The lower waveguide (control) and the upper waveguide
(target) are coupled through a CW with length Lcw as is
schematically shown in figure 1. We consider a control-
QD (QD¢) and a target-QD (QDr) embedded, respectively,
in the control- and the target-waveguide near the CW. The
total system is exposed to an external magnetic field in the
z-direction Bz. The system is designed such that the electrons
are injected from the left lead to only the control-waveguide
(red arrow). Our aim here is to study the charging of, and
the output from each of the waveguides by varying the CW
length Lcw (blue dashed arrow). In addition, the effects of the
Coulomb interaction, the external magnetic field, and the side
dots on the conductance will be explored.

The DQW is a two dimensional system with hard-wall
confinement in the contact area to the external leads at x =
+L,/2, with L, the length of the waveguides in the transport
direction, but parabolic confinement in the y-direction. The
single-electron Hamiltonian of the DQW including side QDs
in an external magnetic field is

. (P + eAcx)?
B 2m*

where p indicates the canonical momentum, A.; =
(0, —By,0) is vector potential of the external magnetic

hs + Ve(x, y) + Vpw(r) + Vops(r), (1)
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field, and m™* is the effective mass of an electron. The
confining potential of the DQW is V. (x, y) = V.(x) + V. (),
where V,(x) stands for a hard-wall confining potential and
Ve(y) = im*Q2y? refers to a parabolic confining potential
with characteristic energy 71€2y. The Gaussian potential barrier
between the two waveguides is presented by Vpw(r) and
the side QDs are defined by Vgps(r). We diagonalize the
Hamiltonian of the central system presented in equation (1)
using a basis [15] built with the eigenfunctions of the first two
terms of (1) to find the single-electron energy spectrum E,
where n is the composite quantum number of a single-electron
state. The eigenfunctions of (1) are consequentially used to
construct a many-electron Fock space for the central system,
the DQW, in anticipation of the fact that its electron number
will not be constant as it will be opened up to the leads. Below,
we demonstrate how the DQW is connected to the leads and
how the time evolution of the system is described.

2.1. DQW connected to leads

We connect the DQW to two leads that act as electron reservoirs
via a contact region. The central system and the leads have
the same confinement energy and the same strength of the
perpendicular magnetic field. The total Hamiltonian of system
is then

H(r) = ZE did, + = Z (Veoud, d) dydyy

nn "mm’

+ Y [, @

I=L,R

+ 3 x (t)Z/dq c”Tlndn+d;(T,fq)*cfl].

[=L,R

The first term describes the central system, where E, is the
single-electron energy of state |n) of the central system, and
d,;" (d,) denotes the electron creation (annihilation) operator
respectively.  The second term is the mutual Coulomb
interaction between electrons in the central system. The third
term of the Hamiltonian denotes the semi-infinite /th lead,
where [ refers to the left L or the right R lead with the dummy
index g representing the ‘momentum’ of an electron in the lead
and its subband index [15], €/(q) is the single-electron energy
spectrum in lead /, and the electron creation and annihilation
operator in lead [ are c "and c , respectively.

The last term is the time- dependent coupling Hamiltonian
that connects the central system the DQW to the external
leads via a coupling tensor T! , and x'(r) dictates the time-
dependence of the coupling. The coupling Hamiltonian
describes the transfer of an electron between the single-
electron state of the central system |n) and the single-electron
state of the leads |q)

qn s

T, = / drdr'y! (x')*gh, (&, X'y (). (3)

1//5 (r) and wé (r') are the corresponding single-electron wave
functions of the DQW system and the leads. gfln (r,r)isa

nonlocal coupling kernel
8an (0. 1) = goexp [~ (x —x)? = 8,(y =y —)’]
x exp (=4, (@)/A). “)

where gy is the coupling strength, 8; and 81y are the coupling
range parameters in the x- and y-direction, respectively, A
controls together with Aﬁl (q) = |E, —€'(q)| the energy affinity
between states in the leads and the central system [13], and «
is a skewing parameter that shifts the weight of the coupling
to the lower waveguide for an appropriate value stated below.
Before coupling the central system to the external leads
a many-electron Fock space with sectors for 0-, 1-, 2-, and
3- electron states is constructed for the first term of the total
Hamiltonian (2). This noninteracting many-electron (ME)
basis is then used to diagonalize the Hamiltonian of the central
system, the first two terms in equation (2) obtaining a Coulomb
interacting ME basis. This procedure of exact numerical
diagonalization of a ME Hamiltonian in a truncated basis is
used in order to capture correlation effects that are of crucial
importance in small systems with few electrons [17]. The
diagonalization and the truncation procedure together with the
necessary basis changes is described elsewhere [18, 19].

2.2. QME and Charge current density

In this subsection, we present how the time evolution of the
open system is calculated in order to study time-dependent
transport properties within the QME approach [20]. The
time evolution of our system obeys the quantum Liouville—
von Neumann equation

dW(r)
dt

- _% [H(t), W(D)], )

where W (t) is the density operator of the total system. In order
to focus our attention on the open central system we project the
dynamical evolution of the whole system on the central system
introducing a reduced density operator (RDO), by tracing out
all varibles of the leads, p(t) = TrpTrg W (t), with the initial
condition W (¢ < ty) = pLpr ps, Where pr, and pg are the density
operators of the isolated left and the right leads, respectively.
The density operator of the isolated /th lead can be defined as
o1 = e BUE—IND /Ty fe=BUHI—NDY "where B = 1/(kgT) with
kg the Boltzmann constant, and N, is the number of electrons
in the leads. The projection formalism delivers an equation of
motion for density operator of the central system, the quantum
master equation [21,22]

? — iLsp() + / WK ), (6

where Ls- = [Hs, -]/h is the Liouvillian with respect to the
time-independent Hamiltonian Hg of the central system and
K(¢,t") is an integral kernel describing the dissipative time-
dependent coupling to the leads [15,22]. In our approach
the non-Markovian QME is derived keeping terms for the
system-lead coupling up to second order in the dissipation
term, i.e. the integral kernel. The explicit expressions for
the kernel have been published elsewhere [12,13,18]. The
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QME is appropriate to describe sequential tunneling between
the central system and the leads in the weak coupling limit.
The structure of the QME as an integro-differential equation
with memory effects implies higher order sequential tunneling,
but not cotunneling processes.

In order to explore the switching processes between the
waveguides, we define the net charge current with respect to
the external leads as

Io(t) = I(t) — Ir(2), @)

where Ip (¢) refers to the partial current from the left lead into
the control-waveguide and Ig () indicates the partial current
into the right lead from both waveguides [23]. In equation (7)
the negative sign in front of Iy is since a positive charge current
is defined as the current into the central system, but the currents
I} and Iy are defined positive from left to right.

To monitor the dynamic evolution of the electrons inside
the central system, we calculate the expectation value of the
local charge current density operator

I, 1) = Tr(p(1HI (), (8)

where operator is defined by

A h
Jo =3 ( [ @) = (Ve o]

2
+ :?Aexxr)w,f*(r)wj (r))d; dy. )

In the following, we shall demonstrate the influence of the
length of the CW, external magnetic field, and the side QDs
on the coherent electron transport through the system and
the charge current density in the central system in order to
investigate inter-waveguide forward and backward scattering
processes.

3. Results

In this section, we shall discuss our numerical results of the
ballistic transport properties of the double waveguide system
made of a GaAs semiconductor with the electron effective
mass m* = 0.067m,. The length of the central system
is L, = 300nm which is assumed to be much smaller
than the phase coherent length L. At low temperature
T ~ 0.1-2.0K, the phase coherent length of a semiconductor
based (GaAs/Al;_yGasAs) electron waveguide is ~ (30 —
40) x 10°nm [24]. The coherence in the electron transport
through the double waveguide is an essential requirement
for constructing a qubit. For the system placed in a static
or vanishing external magnetic field, its length scales can
be characterized by the effective magnetic length a,, =

{h/(m*,/ (&2 + Q2))}'/?, where the cyclotron frequency w, =
eB/m*, and the transverse confinement energy 7€y, =
1.0 meV. Numerically the effective magnetic length can be
expressed as

7 12 1 1/4
= <m90> <1+<e3/<m*90)>2)

33.74
= nm. (10)

v 1+2.982[B(T)]?

Figure 2. The potential (in meV) defining the DQW central system
with the CW and the side QDs. The parameters are 12y = 1.0 meV,
B =0.0T,a, = 33.72nm, Lcw = 100 nm, and Rp,, = 25 nm.

For the case of a vanishing magnetic field we assign to it a
finite very small value in order to avoid numerical problems
caused by exact degeneration of states with opposite spin.
We assume the central system is connected to the external
leads acting as electron reservoirs with chemical potential in
the left (right) lead pp, = 4.0 meV (ugr = 3.0 meV), implying
an applied potential difference or bias window A = e Vi =
1.0 meV. Furthermore, the temperature of the leads is fixed at
T = 0.5 K. The potential of the double quantum waveguides
is shown in figure 2 with the side QDs located near the CW
in order to influence the inter-waveguide transport. In the
following, we shall explore the influence of the CW and the side
QDs on the charging of and the transport through the system.

3.1. DQW without side QDs

We start by considering an ideal window-coupled DQW
without side QDs. The injected electrons are assumed to
come from the left lead only into the control-waveguide. This
asymmetry in the injection is accomplished with the choice
of the skewing parameter « = 4.0a,, defined in equation (4)
and only used for the left lead. In addition, we assume the
two quantum waveguides to be of the same width. They are
separated by a Gaussian potential barrier, in which the control-
and target-waveguide interact with each other via a CW. The
DQW system is described by

Voow (r) = Ve (y) + Vew (x, ), (1)

where Vg(y) is the barrier potential between the quantum
waveguides defined as

Va(y) = Vo exp(—B3y%),

with Vy = 18.0meV and By = 0.03nm™!, as well as a CW
potential

12)

Vew(x, y) = —Vo exp(—Bix> — B3y?), (13)
with Vp = 18.0meV, and B, = 0.03nm™~! implying a barrier
width W >~ 66.5 nm for the first subband which can prevent
electron tunneling between the waveguides through the barrier.
By is a parameter that determines the CW length. Thus, the
length of the CW can be defined as Lcw = 2/Bx.
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Figure 3. The net charge current I, versus CW length Lcw without
(w/o) (blue solid) and with (w) (red dashed) electron—electron (e—e)
interaction for magnetic field B = 0.0 T The chemical potentials are
s =4.0meV and pug = 3.0meV implying Ay = 1.0 meV.

We begin to analyze the results by presenting figure 3
showing the net charge current /g as a function of the CW
length Lcw at 1 = 200ps and B = 0.0 T for noninteracting
electrons (solid blue), and for Coulomb interacting electrons
(dashed red). The Coulomb interaction reduces the overall
current slightly. The oscillations in the net charge current are
indicative of a possible charge transport between the control-
waveguide and the target-waveguide. The oscillations give rise
to a peak and a dip in the net charge current at Lcw =~ 40 and
110 nm, respectively. Similar oscillation features have been
found by Zibold et al and Gong et al in the absence of the
Coulomb interaction, and put in relation to energy-dependent
inter-waveguide transmission in the quantum regime. They
pointed out that the inter-waveguide transmission can be
enhanced when the energy levels of the coupled-waveguide
system achieve a resonance conditions for a specific CW
length [25, 26].

To find resonant energy levels of the two waveguides,
we present figure 4 showing the many-electron (ME) energy
spectra for the DQW system as a function of the CW length
at B = 0.0 T including one-electron states (1ES, red dots) and
two-electron states (2ES, blue dots). The ME spectrum without
the mutual Coulomb interaction is displayed in figure 4(a), but
the interacting spectrum in figure 4(b). The only difference
between the energy spectra is that the Coulomb interaction
has raised most of the 2ES well above the bias window in
figure 4(b). The 2ES do not contribute to the electron transport
in the presence of the Coulomb interaction because they are
far from the chosen bias window, leading to a decrease in the
net charge current.

In the case of no coupling window the two waveguides
are only weakly coupled through tunneling and the Coulomb
interaction [16] leading to nearly degenerate states. When
the length of the CW Lcw is increased we thus find: First,

6 6 ———
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Figure 4. ME energy spectrum in the central system as a function of
CW length Lcw without (a), and with (b) the electron—electron
Coulomb interaction including one-electron states (1ES, red dots)
and two-electron states (2ES, blue dots) at B = 0.0 T. The
one-electron states in the left green rectangle are close to be in
resonance, but the one-electron states in the right green rectangle are
not. The chemical potentials are u;, = 4.0meV and ug = 3.0 meV
(black) implying Ax = 1.0 meV.

the energy spectrum decreases monotonically [25]. Second,
the near degeneration of the energy-levels is lifted. As a
result, this leads to a crossover of energy levels (resonance)
between the control- and target-waveguide at Lcw =~ 40 nm
(left green rectangular) which corresponds to the current-peak
in figure 3. The resonance between the waveguides enhances
the inter-waveguide electron transport and increases the net
charge current. The splitting of the energy levels increases
at a higher coupling window length such as Lcw >~ 110nm
(right green rectangular) indicating weaker resonances and
more back-scattering inter-waveguide transport.

To further explain the peak and the dip in the net charge
current, we present the charge current density at B = 0.0T
and + = 200ps in figure 5 for the noninteracting system
(left panels) and the interacting one (right panels) for the
peak and the dip net charge current at Lcw =~ 40nm (a)-
(b) and 110 nm (c)—(d), respectively, shown in figure 3. The
dynamical evolution occurring in the CW exhibits different
types of quantum logic gates actions in our system. In the
absence of the Coulomb interaction the charge current density
shown in figure 5(a) reveals the following electron motion in
the waveguides at Lcw =~ 40 nm: The charge is injected into
the control input, then it exits equally from both control and
target output. In the DQW the charge exhibits partial inter-
waveguide forward scattering which is similar to the condition
of having equal electron transmission ratio in the double
waveguides at aresonance [25]. The DQW here can be defined
as a beam splitter or a +/NOT-operation quantum logic gate
(v/NOT-operation qubit) [8]. Figure 5(c) shows the charge
current density in the current-dip at Lew =~ 110nm. The
charge current density switches from the control- to the target-
waveguide with a small ratio of inter-waveguide backward
scattering. The charge switching property of the system here
can be introduced as a Not-operation quantum logic gate [11].
The net charge current is suppressed here due to the presence of
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Figure 5. Charge current density in the DQW at r = 200 ps without (left panels) with (right panels) electron—electron Coulomb interaction
in the peak and the dip net charge current at Lcw >~ 40 nm (a, b) and 110nm (¢, d), respectively, shown in figure 3 in the case of B = 0.0 T

(blue solid). The effective magnetic length is a,, = 33.72 nm.

an inter-waveguide backward scattering that forms the current-
dip. The cause of the inter-waveguide backward scattering is
the geometry of the system, the symmetric waveguides, while
in an asymmetric system back scattering can be avoided [6].
In the presence of the Coulomb interaction the charge current
density is very similar for the dip near 110nm (comparing
figures 5(c) and (d)), but different for the peak at 40nm,
where very little scattering into the target waveguide is seen
(comparing figures 5(a) and (b)). Without the Coulomb
interaction 2ES contribute up to 1/3 of the charge current,
but the interaction reduces this with Coulomb blocking to a
negligible quantity. The forward inter-waveguide scattering in
figure 5(a) is facilitated by two-electron processes and states.
In the present system the Coulomb interaction blocks these
processes to a large extent.

The effects of a static external magnetic field are presented
in figure 6(a) which shows the net charge current I as a
function of the CW length Lcw at # = 200 ps in the presence
of the Coulomb interaction for different values of the magnetic
field B = 0.0T (blue solid), 0.1 T (green dashed), and 0.2 T
(red dashed). For comparison we display in figure 6(b) the left
and the right currents I and Iz at B = 0.0 T and the same
point in time. The comparison shows that at r = 200 ps the
system is still in the charging phase, but the overall shape of
the currents is similar. The role of the external magnetic field
in our system is different from the role it plays in many models
where researchers have applied a variable magnetic field to
switch between different processes in the waveguides. The
external magnetic field has been used to switch an electron

02
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Figure 6. (a) The net charge current I versus CW length Lcw in
the presence of the Coulomb interaction for different values of the
magnetic field B = 0.0 T (blue solid), 0.1 T (green dashed), and

0.2 T (red dotted) at time # = 200 ps. (b) The current from the left
lead I, (pink dotted), the current into the right lead Ir (blue dashed),
and the net charge current I (blue solid) for B = 0.0 T versus the
CW length. The chemical potentials are up. = 4.0 meV and

ur = 3.0meV implying Ay = 1.0 meV.

current from one quantum-waveguide to the other one in a
window coupled double waveguide [6]. In our model, we
observe switching in the absence of a magnetic field, i.e. for
B = 0.0T. In the presence of stronger magnetic field, the
electron motion is affected by the Lorentz force in which
the electrons tend to a circular motion in both control- and
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target-waveguides increasing the electron dwell-time in the
system. The inter-waveguide backward scattering is enhanced
while a suppression in the inter-waveguide forward scattering
is observed in the presence of strong magnetic field. Therefore,
the net charge current decreases as shown in figure 6(a) in the
case of B = 0.1 T (green dashed) and 0.2 T (red dotted).

To understand the reasons for the suppression of the net
charge current in the presence of a higher magnetic field,
we show in figure 7 the charge current density at magnetic
field B = 0.2T in the peak at Lcw =~ 40nm (a) and
the dip at Lcw =~ 110nm (b), of the net charge current
shown in figure 6(a) (red dotted). An obvious explanation
is: The perpendicular magnetic field reduces the effective
barrier height and increases the splitting of the energy levels
at the crossover energy or resonance energy (not shown).
Therefore the charge current density does not split equally
between the waveguides or localize in only control-waveguide,
but rather an inter-waveguide backward scattering is observed
due to the Lorentz force, consequently the net charge current
is suppressed and we observe formation of edge states in each
of the waveguides. In this case the double-waveguide system
does neither play the role of a +/NOT-operation, nor a Not-
operation qubit in the presence of a higher magnetic field.

3.2. DQW with side QDs

In this section, we consider a side dot embedded in each
waveguide to enhance the inter-waveguide transport as is
shown in figure 2. The dots to the sides of the CW
may be expected to increase the dwell time in the coupling
region and change the resonance condition between the two
waveguides. The window-coupling DQW potential with side
QDs is described by

Voow (r) = VB(y) + Vew (x, y) + Vo (x, ¥), (14)

where Vpo(x, ¥) is the side dot potential that is defined as
Voot (x, ) = =Vp exp(—=yx* — y7 (v —y0))),  (15)

with Vp = 8.0meV, yg = 5.6a,, and y, = y, = 0.04 nm~!
implying the radius of each side-dot Rpy ~ 25 nm.
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Figure 8. The net charge current [, versus the window-coupling
length Lcw in the presence of the Coulomb interaction for different
magnetic field B = 0.0 T (blue solid), 0.1 T (green dashed), 0.2 T
(red dotted), 0.9 T (pink dotted) at time ¢+ = 200 ps. (b) The current
from the left lead /;. (pink dotted), the current into the right lead I
(blue dashed), and the net charge current / (blue solid) for

B = 0.0T versus the CW length. The chemical potentials are

ur = 4.0meV and ugr = 3.0meV implying Ap = 1.0 meV.

Figure 8(a) shows the net charge current as a function of
the CW length at + = 200 ps in the presence of the Coulomb
interaction for different values of the magnetic field B = 0.0 T
(blue solid), 0.1 T (green dashed), and 0.2 T (red dashed). An
oscillation in the net charge current is again established in a
vanishing magnetic field 0.0 T, while at higher magnetic field
values 0.1 and 0.2T some extra fluctuations in the current
are observed. The existence of these fluctuations correlates
with the dynamic motion of the charge in the system in
which electrons participate in an inter-waveguide backward
or forward scattering at different CW length. If the magnetic
field is increased to B = 0.9 T, such that the effective magnetic
length is close to the dot radius a,, = Rpe the net charge
current is suppressed to vanishing values (not shown). In that
case, varying of the CW length does not affect the electron
transport in the system. There are several reasons that lead to
the almost vanishing net charge current at high magnetic field
such as edge effects, inter-waveguide backward scattering and
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Figure 9. The interacting ME energy spectrum of the central
system with side QDs as a function of the CW length Lcw including
one-electron states (1ES, red dots) and two electron states (2ES,
blue dots) at B = 0.0 T. The one-electron states in the left green
rectangular are close to be in resonance, but the one-electron states
in the right green rectangular are not. The chemical potentials are
pL = 4.0meV and ug = 3.0meV (black) implying Ay = 1.0 meV.

localized electrons in the dots as the effective magnetic length
is close to the dot radius. We present figure 8(b) to compare the
left partial current (pink dotted), the right partial current (blue
dashed) to the net charge current (blue solid) at B = 0.0 T. It
can be seen that the partial currents have the same oscillation
features and develop a peak and a current dip at the same CW
lengths.

In order to understand the characteristics of net charge
current, we refer to the energy spectrum and the charge current
density. Figure 9 shows the ME-energy versus the window-
coupling length at B = 0.0T including one-electron states
(1ES, red dots) and two electron states (2ES, blue dots). It
should be noted that more energy levels get into resonance at
Lcw ~ 40nm (left green rectangular) in the presence of the
side-gate dots which indicates a stronger coupling between the
control- and the target-waveguide. Atlarger CW length such as
Lcw =~ 110 nm (right green rectangular), the energy splitting
increases resulting in different electron motion in the system.

The electron motion in the waveguides is completely
changed in the presence of the side QDs. Figure 10 displays the
charge current density at B = 0.0 T and Lcw =~ 40 nm (a) and
current-dip at Lcw =~ 110nm (b) shown in figure 8(a) (blue
solid). In figure 10(a) the charge current density is displayed
for Lcw =~ 40nm. The charge in the control-waveguide
is switched to the target-waveguide, thus a Not-operation is
realized. Comparing to the system without side-gate dots in
figure 5(b), the inter-waveguide transport is enhanced due to
a stronger coupling between the waveguides at the resonant-
energy levels at Lcw =~ 40 nm. Therefore, the side QDs play
an essential role to convert the qubit operation in the system. In
addition, the inter-waveguide backward scattering here reduces
the efficiency of the qubit. As we mention previously, the

existence of inter-waveguide backward scattering might be
due to symmetric waveguides while the backward-scattering
in an asymmetric waveguides can be avoided or reduced [27].
Figure 10(b) shows the charge current density at the current-
dip Lcw =~ 110nm. The incoming charge into the control-
waveguide encounters the control-QD leading to electron back-
scattering in the control-waveguide, thus the net charge current
is suppressed forming a current-dip. We can say that the side-
dots play a scattering role in the waveguides in such way that
the electrons partially get forward- and backward-scattered in
and into both waveguides.

By tuning the external magnetic field to a higher value,
B = 0.27T, the electrons manifest different dynamical motion
in the waveguides. In figure 11 the charge current density
is shown in this stronger magnetic field B = 0.2 T at the CW
length Lew =~ 40 (a) and 110 nm (b). The graphs show circular
motion, edge states, in each waveguide. Figure 11(a) shows
the current charge density at Lcw =~ 40nm, the electrons
in the control-waveguide do not totally switch to the target-
waveguide, because of increased energy level splitting at the
resonance-energy in the presence of higher magnetic field. In
addition, charge is partially localized in the control-QD as the
effective magnetic length approaches the radius of the quantum
dot a, ~ Rpe. In figure 11(b), the electrons are mostly
localized in the control-QD corresponding to the current-dip at
Lcw 2~ 110 nm. This electron localization is expected because
at a larger CW length the splitting of energy levels increases
and leads to suppression of the inter-waveguide scattering.
Therefore, the electrons move along the control-waveguide
and get localized in the control-QD at this higher magnetic
field.

4. Concluding remarks

We have presented a model for a double quantum waveguide in
an external perpendicular magnetic field. The waveguides are
coupled via a window to facilitate inter-waveguide transport.
The DQW is weakly connected to two leads with different
chemical potentials in which a non-Markovian master equation
is utilized to investigate coherent switching in electron
transport between the waveguides for the implementation of
quantum logic gates.

By tuning the length of the CW, we have demonstrated
two important physical characteristics of the waveguide
system: resonant energy-levels and oscillations in the net
charge current. The resonant energy levels indicate a strong
coupling between the DQW and the oscillations reflect that the
resonance conditions are governed by the length of the CW.

In the case of an ideal non-Coulomb-interacting window-
coupled DQW system without a magnetic field, the charge
current density splits equally between the waveguides at
resonant energies, therefore, the net charge current reaches
it’s maximum value and the waveguide system works as a
+NOT-operation qubit. The splitting of charge is due to
the contribution of 2ES to the electron transport. The inter-
waveguide forward scattering leading to the charge splitting
at resonant levels is not seen without including two-electrons
states in the model. It is strongly reduced by the Coulomb
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Figure 11. Charge current density in the DQW at ¢ = 200 ps in the presence of the Coulomb interaction in the peak Lcw ~ 40 nm (a), and
the dip Lcw =~ 110 nm (b) net charge current of figure 8(a) in the case of B = 0.2 T. Other parameters are a,, = 32.78 nm, and Rpy & 25 nm.

interaction that lifts the 2ES out of the group of active states in
the transport. This aspect can though be controlled by the exact
system size and design as the Coulomb blocking is reduced in
a larger system, or by using a higher bias window or different
material. Our model only includes sequential tunneling of
electrons from the leads to the system, but the addition of
higher order tunneling would only increase the importance of
the many-electron structure and the Coulomb interaction on the
operation of the system. The charge splitting process can not be
obtained in the presence of an external magnetic field because
inter-waveguide backward scattering is enhanced leading to
decrease in the efficiency of the logic gate.

Two parallel waveguides or dots can be coupled in many
distinct ways. Moldoveanu ef al [16] attain it capacitively,
while Zibold et al [25] fine tune the system by tunneling
coupling. Both groups stress the strong dependence of
the device on its exact geometry, and the structure and
correlations of many-electron states that are active in the
transport. Our investigation with a different coupling scheme
for the waveguides confirms this sensitive dependence.

In addition, we have embedded a quantum dot in
each waveguide to enhance inter-waveguide transport. In
the presence of side QDs, more energy-levels of the two
waveguides are brought into resonance which can lead to a
stronger coupling between them. Effectively, the dots can
increase the density of states around the resonant transport

states. The electrons from the control-waveguide switch to
the target-waveguide indicating a Not-operation qubit. But
on the other hand, the side-dots can also increase the inter-
waveguide backward scattering and reduce the qubit efficiency.
In a stronger external magnetic field, the electrons get localized
in the dots as the effective magnetic length is comparable
to the radius of the side dot. In this case, the geometry of
the CW does not affect the electron transport anymore. The
external magnetic field here is considered static, but one more
variable to influence the transport is the shape of the side QDs
in the waveguides. We show that the varying of the CW length
between the waveguides can specify the type of the qubit logic
gate to be implemented by the DQW system.

A comparison between the charge current and the left
and right currents in figures 6 and 8 at the time point in time
t = 200 ps shows that the system has not completely reached
a steady state yet, but the sought after function of the DQW is
already present in the late transition regime. This is important.
The exact steady state takes a long time to reach due to a low
rate of charging for 2 and 3 electron states. Valuable time can
be gained by operation of a device in the transition regime.
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