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The transport properties of a wire-dot system coupled to a quantized single photon with linear polarization in a
3D-cavity is theoretically studied using a quantum master equation. The system is also coupled to a photon
reservoir, environment. We interplay between the electron-photon coupling, g,, and the cavity-reservoir cou-
pling, x, in three cases: x < g,, x = g,, and « > g,. The current peaks due to intraband transitions between the
Rabi-resonant states are formed when the electron-photon coupling is dominant, x < g,. The broadening of the

current peaks depends on the photon polarization and the geometry of the resonant states. It is remarkable that a
current plateau is found when x > g, in which the cavity-reservoir is dominant. In this case, the intraband
transitions are diminished and the current peaks are not seen.

1. Introduction

To understand the quantum nature of light-matter interaction, one
may choose the combination of a nanoelectronic system and a cavity
QED among several techniques [1,2].The most desirable nanoelectronic
system for such studies is the quantum dot (QD) with two-level [3] or
multi-level energy [4]. The two-level QDs strongly coupled to a cavity
lead to the Rabi oscillations that can be controlled by the electric field
in the cavity. This has applications in quantum computing [5], quantum
communication networks [6], and creating single photon sources [7,8]
in which the single photon is used to manage optical quantum simu-
lators [9,10], multi-qubit gates [11], and other physical phenomena in
nanodevices [12-15]. Furthermore, the multi-level QDs coupled to a
cavity can be used for switching [16] and lasing [17] processes.

Two physical parameters are generally considered in studying the
light-matter interaction which are the electron-photon coupling, g,, and
the cavity-reservoir coupling, x. One can compare these two parameters
to see the system in either strong or weak coupling regime [18]. The
system is said to be the strong-coupling regime if the cavity-reservoir
coupling is smaller than the electron-photon coupling, x < g,. In such
systems, a vacuum Rabi splitting is exceeded [19], and the charge qubit
decoherence rate and the vacuum Rabi mode splitting are resolved
[20]. In the weak coupling regime, x > g,, the spontaneous emission
rate is calculated and shown that the QD radiative lifetime is modified
[21].
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The electron transport properties through a QD coupled to a photon
field is another interested area of the light-matter interaction in which
the transported electron can be controlled by the photon field [22,23].
The current peaks due to Rabi splitting of a QD under the influences of
photon are observed and the system can be used to measure photo-
luminescence [24], electroluminescence [25,26]. Furthermore, the
photon-induced transport through Rabi-splitting states [27], and en-
tanglement characteristics of a photon source with an electronic system
[28] are observed.

Based on the information given by the aforementioned studies, we
model a quantum dot embedded in a quantum wire and coupled to a
3D-cavity and the photon reservoir, environment. In addition, the wire-
dot system is connected to two electron reservoirs or leads. The char-
acteristics of electron transport under the quantized photon field is
investigated using a Markovian master equation [29-31]. We model the
QD system in response to the optimism that conductance and electron
transport will be studied soon in the conduction band of a GaAs het-
erostructure [32]. They claim that the two-dimensional electron gas in
a GaAs heterostructure is very appropriate to study intersubband
transitions under the influence of cavity-photon. In addition, experi-
ments with similar system coupled to external leads are underway [33].
In our published works, the properties of electron transport in the
transient and the stead state regimes are reported in which the photon-
assisted transport [34], thermoelectric transport [35-37], and Rabi-
oscillations [38] are found. In the current paper, the transport of
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current through a wire-dot system in steady state is reported in three
different regimes: x < g,, x =g,, and x > g,. It is observed that the
photon replica states formed in the presence of the cavity actively
contribute to the electron transport when x < g,. As a result, the Rabi-
splitting are seem to be strong which in turn the resonant current peaks
are raised. In contrast, when x > g,, the resonant current peaks are not
seen, instead of them a current plateau is noticed.

The rest of the paper is demonstrated as follows. We show the model
system in Sec. 2. Results are discussed for the model in Sec. 3. Finally,
we have our conclusion in Sec. 4.

2. Theoretical formalism

The system under investigation is a QD with diameter d = 66.5 nm
embedded in a quantum wire with length L, = 150 nm. We assume the
quantum wire is two-dimension with hard-wall and parabolic confined
in the x- and y-direction, respectively [39]. The QD system and the
leads are made of GaAs material. The wire-dot system is coupled to a
quantized photon field in a 3D-cavity, and the cavity is also coupled to a
photon reservoir or environment. We let the photons in the cavity to be
polarized in either x- or y-direction.

The Hamiltonian of the wire-dot system with the photon cavity can
be written as [40-42,31]

Hs = HW*QD + Hzee + Hy + Hef}“ (@D)]

Herein, Hy_qp is the Hamiltonian of the wire-dot system which is
given by

HW*QD = Z (El + eI/g)d;di + l

i iji'j (2)
where E; is the energy of a single-electron (SE) state, V; is the gate
voltage that is electrostatic potential moving the energy states of the
wire-dot system with respect to the chemical potential of the electron
reservoirs or the leads, and

Vint = <ij|Ve—e |l,‘],>

= [drdryS )9 )V (r - r']zpf (r')z/)f,(r)

3
are the Coulomb interaction matrix elements in the single-electron state
basis with 15(r) being the SE state wavefunctions, the Coulomb inter-
action potential V (r — r’), and dl-"' (d;) being the electron creation (an-
nihilation) operator of the QD system. An exact diagonalization method
is utilized to solve the Coulomb interacting ME Hamiltonian for the
wire-dot system [43].

The exact-diagonalization technique in the single-electron state
basis is also used to obtain the SE energy state, E;, shown in Eq. (2)
[44]. The second term of Eq. (1) is the Zeeman Hamiltonian,
Hye. = gugBo,/2 where g is tensorial effective Land g-factor and u; re-
fers to the Bohr magneton, B is the weak external magnetic field, and o,
indicates Pauli matrices.

The third term of Eq. (1), H, = hiw,d'd, defines the quantized
photon field where #w, is the photon energy and @' and @ are the
creation and annihilation operators of the photon field in the cavity,
respectively. The last term in Eq. (1), H._,, is the electron-photon
coupling Hamiltonian

He =g, Z di d; gjla + a’l
ij
2
8 a5 o Looiqt
+mz did,-[N},+5(aa +aa+1)] @

where the first term of Eq. (4) is called paramagnetic and the second
term is diamagnetic Hamiltonian that demonstrate the electron-photon
interaction with g; [30] the dimensionless electron-photon coupling

factor, and f\fy the photon number operator. The electron-photon
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coupling strength is defined by 8 = eAa,,Q,/c, where a,, refers to the
effective magnetic length, e is the electron charge, and Q,, displays the
effective confinement frequency of electrons in the QD system which is
obtained via Q, = \/Q2 + w? with Q, the electron confinement fre-
quency due to the lateral parabolic potential, and w, being the cyclotron
frequency due to the external magnetic field.

The dimensionless electron-photon coupling tensor of the electrons
to the 3D-cavity can be defined by

o= [ dr [zpf(r)*{(émzpf )}

+{@mYP Oy (r)],

5)
where 7 is the sum of the momentum operator of an electron and vector
potential of the external magnetic field [45], and € = (e, 0)((0, e))
demonstrates the electric field that is polarized parallel (perpendicular)
to the transport direction.

To see the evolution of the electrons in the system in the steady state
regime, we use a Markovian master equation. The projection formalism
is used based on the density operator [46,47]. Since we are interested in
the state of the central system, QD system after the coupling to the
leads, the reduced density operator of the central system is obtained via

s = T r[B (D] 6)

where g (t) is the density operator of the total system. Here, the trace
over the Fock space of the left lead (L) and the right lead (R) is taken
into account [48-51]. We are dealing with the long-time evolution and
the steady state of the QD system in this study. Therefore, further
transform with equation into a corresponding Markovian equation for
the reduced density operator of the QD-system gives [29]

3ps()=— 3 [Hs, Bs(1)] — A [Bgit] + AR[PGtT)
- %(ﬁR + Df2apsa’ — alapg — psa’o}
- %(ﬁR){ZCﬁﬁsa — ad'fy — psac’}. @)

where Al and AR indicate the “dissipation” processes caused by both
leads [38] which are governed by

1
Nl pgt| = = [ deD'(e)o®)f[7, Q + h.cl.
[ps } -5 J < D@0l Qlpgl] + h. c) ®
Herein, D!(€) is the density of state of the I lead, 6(¢) indicates the
Heaviside unit step function, 7! displays the many-body version of the
coupling tensor of lead I, and Q[pg] is the time integral [52].
The current from the left lead into the QD-system, If, and the cur-

rent from it into the right lead, I, can be defined as

g = Tis(A“R[Bsit] Q). ©)
where Q = —e ), dj'd; is the charge operator of the wire-QD system
with d" (3 ) the electron creation (annihilation) operator of the wire-QD
system, respectively.

Another interested physical parameter is the average total number
of photons in the cavity which can be calculated as

N, = Ts(pga’a), (10

where a'(a) are the photon creation and annihilation operators, re-
spectively.

3. Results

In this section, the main interested results are presented. The che-
mical potential of the left and the right leads are assumed to be
u; = 1.65meV and u, = 1.55meV, respectively. Furthermore, for the
sake of avoiding the strong Lorentz force on the charge of system, we
consider a weak external magnetic, B = 0.1T [42]. The QD system is
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Fig. 1. Energy spectrum or Many-Body (MB) energy spectrum of the QD system
coupled to the photon cavity as a function of the photon energy with x-polar-
ized photon field, where OES (red squares), 1ES (purple circles), 2ES (brown
triangles) stand for zero-electron states, are one-electron states, and two-elec-
tron states, respectively. 0, 1st, 2nd, 3rd, and 4th are the one-electron ground-
state, first-, second-, third-, fourth-excited state, respectively. In addition, 1y0
and 2y0 indicate the one- and two-photon replica of the 0, and the 1y1* is the
one-photon replica state of the . The electron-photon coupling strength
g = 0.1meV, x=10", and ng=1. Other constant parameters are
u, =1.65meV (light blue line) and wu, =1.55meV (dark blue line),
B =0.1T, eV = 0.651 meV, T, g = 0.5K and #Q, = 2.0 meV. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

also coupled to a quantized photon filed confined in a cavity with a
single photon mode and the cavity is coupled to a photon reservoir, the
environment. The mean photon number of the photon reservoir is as-
sumed to be ng = 1 in this study.

3.1. x-Polarized photons

Herein, we let the photon field to be polarized in the x-direction,
i.e., the photon field in the cavity is in the same direction of electron
motion in the wire-dot system. Fig. 1 shows the energy spectrum of the
wire-dot system coupled to a photon field with x-polarization. By
changing the photon energy, anti-crossings in the energy spectrum are
found at the photon energies 1.7 between the one-photon replica of the
ground state, 1y0, and the first-excited state I*!, 2.7 between 1y0 and the
second-excited state, 2", and 3.4 meV between the one-photon replica
of the first-excited state, 11, and sixth-excited state, 6" (not shown).
The photon-exchange between some of these anti-crossings states in-
dicates that the anti-crossings states are the Rabi-resonant states [39].

Fig. 2 demonstrates the current going from the left lead to the QD
system, I{, as a function of the photon energy for the x-polarized of the
photon field. The current going from the wire-dot system to the right
lead, Iy, has the same characteristics of the I because the system is the
steady state regime. We present the current of the system for three
different cases: x < f: (purple squares), x = g, (green triangles), and
x>g, (blue diamonds). In the first case, when the electron-photon
coupling, g,, is greater than the cavity-reservoir coupling, ¥, three
current peaks are found corresponding to the Rabi-resonant states
shown in Fig. 1. The interaction between the electrons and the photon
in cavity is dominant leading to the strong intraband transition between
the corresponding Rabi-resonant states. As a result, a high current is
raised which in turn the current peaks are seen.

Increasing the cavity-reservoir coupling, , in a way that x = g, or
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Fig. 2. Current as a function of the photon energy for x = 107 < g, (purple
squares), k = 0.1 = 8, (green triangles), and x = 0.3 > g, (blue diamonds) in the
x-polarized of the photon field. The vertical lines (red) display the location of
the main resonance states. Other constant parameters are g, = 0.1 meV, ng = 1,
#y = 1.65meV, u, =1.55meV, B=0.1T, eV, =0.651meV, T r =0.5 K, and
hQo = 2.0 meV. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

x > g, the current peaks are diminished and a current plateau is ob-
served. The reason is that the intraband transition between the Rabi-
resonant states are reduced at the high cavity-reservoir coupling,
x2g, To further explain it, we present the average total number of
photons in the cavity (a) and the occupation of the wire-dot system (b)
in Fig. 3.

In the case of x < f: (purple squares), the mean photon number is
decreased at the Rabi-resonant places indicating that the photon is
absorbed by the electrons in the lower states and transfer them to the
higher states, intraband transitions. As a result, the mean photon
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Fig. 3. Mean photon number (a) and occupation (b) versus the photon energy
for x=10"*<g, (purple squares), x=01= g, (green triangles), and
xk=03>g, (blue diamonds) in the x-polarized of the photon field. The vertical
lines (red) display the location of the main resonance states. Other constant
parameters are g, = 0.1meV, My = 1.65meV, u, =1.55meV,
B = 0.1T, eV = 0.651 meV, Tp g = 0.5 K, and #Q, = 2.0 meV. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

ng =1,
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Fig. 4. Energy spectrum or Many-Body (MB) energy spectrum of the QD system
coupled to the photon cavity as a function of the photon energy with y-polar-
ized photon field, where OES (red squares), 1ES (purple circles), 2ES (brown
triangles) stand for zero-electron states, are one-electron states, and two-elec-
tron states, respectively. 0, 1st, 2nd, 3rd, and 4th are the one-electron ground-
state, first-, second-, third-, fourth-excited state, respectively. In addition, 1y0
and 2y0 indicate the one- and two-photon replica of the 0, and the 1y1* is the
one-photon replica state of the I*'. The electron-photon coupling strength
g, =01lmeV, «x= 104, and ng =1. Other constant parameters are
u, =1.65meV (light blue line) and pu, =1.55meV (dark blue line),
B = 0.1T, eV, = 0.651 meV, Tz = 0.5 K and 7Q, = 2.0 meV. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

number in the cavity decreases at the Rabi-resonant condition. On the
other hand the occupation of the system is enhanced at the location of
the Rabi-resonances showing that the corresponding resonant states are
occupied at each Rabi-resonant condition. Increasing the cavity-photon
reservoir, x > g, (green rectangles and blue diamonds), plateau in both
the mean photon number and the occupation is found indicating that
the intraband transition between the Rabi-resonant states are dimin-
ished. As a result a plateau in the current is seen as it was shown in
Fig. 2.

3.2. y-Polarized photons

In this section, we demonstrate the properties current transport of
the QD system coupled to a cavity with y-polarized photon field. Fig. 4
shows the energy spectrum of the wire-dot system as a function of the
photon energy. It is clearly seen that the Rabi-splitting between 1y0 and
1 at the photon energy 1.7 meV is smaller than that of the x-polariza-
tion. In contrast, the Rabi-splitting between 1y0 and 2"¢ at the photon
energy 2.7 meV is larger than that of the x-polarization shown in Fig. 1.
This is due to the fact that some states are more polarizable in the x-
direction and some other states in the y-direction [39]. We should
mention that the photon-exchange between the resonant states is
stronger for the larger Rabi-splitting.

Fig. 5 displays the current going from the left lead to the wire-dot
system, If, as a function of the photon energy. In the case of x < g,
(purple squares), three current peaks are observed at the Rabi-resonant
places shown in Fig. 4, just like it was seen for the x-polarization. The
broadening of the leftmost current peak has been found to decrease
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Fig. 5. Current as a function of the photon energy is plotted for x = 107* < g,
(purple squares), ¥k = 0.1 = 8, (green triangles), and x = 0.3 > g, (blue dia-
monds) in the y-polarized of the photon field. The vertical lines (red) indicates
the location of the main resonance states. Other parameters are g, = 0.1 meV,
ng =1, 4y = 1.65meV, pp = 1.55meV, B = 0.1T, eV; = 0.651meV, T g = 0.5 K,
and 7Qy = 2.0 meV. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

because the Rabi-splitting between 1y0 and I* at photon energy 1.7 meV
is smaller in the y-polarization comparing to the x-polarized of the
photon field. In contrast, the middle current peak is more broader here
comparing to the x-polarization. The reason is that the Rabi-splitting is
large between 1y0 and 2" at the photon energy 2.7 meV in the y-po-
larization [16].

In other two cases, x = g, (green triangles) and x > g, (blue dia-
monds), very slow oscillations in the current and very small current
peaks are found at the Rabi-resonant states with a shift in the peaks. In
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Fig. 6. Mean photon number (a) and occupation (b) as a function of the photon
energy are plotted for x = 107* < g, (purple squares), x = 0.1 = g, (green tri-
angles), and x = 0.3 > g, (blue diamonds) in the y-polarized of the photon field.
The vertical lines (red) demonstrate the location of the main resonance states.
Other parameter are g = 0.1meV, ng =1. w; = 1.65meV, u, =1.55meV,
B = 0.1T, eV = 0.651 meV, Ty g = 0.5K, and 7Q, = 2.0 meV. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 6, we present the mean photon (a) and the occupation (b) of the
system as a function of the photon energy. A suppression in the mean
photon number and enhancement in the occupation confirm the strong
intraband transition between the Rabi-resonant states in the case of
x < g, (purple squares). Furthermore, slow oscillations in the mean
photon number and the occupation in the case of x = g, (green trian-
gles) and x > g, (blue diamonds) indicate the weak intraband transition
between the corresponding Rabi-resonant states.

4. Conclusion

We have studied the characteristics of electron transport through a
wire-dot system coupled to two electron reservoirs or leads using a
Markovian master equation. The wire-dot system is also coupled to a
cavity and the photon reservoir in which the exact diagonalization
technique is used to treat the electron-electron and electron-photon
interactions in the system. We interplay the electron-photon coupling
and the cavity-reservoir coupling to control peaks in the current that
are formed due to the intraband transitions of the Rabi-resonant states.
When the electron-photon coupling is dominant, the strong intraband
transitions are observed and the current peaks remain strong. In con-
trast, if the cavity-reservoir coupling is stronger than the electron-
photon coupling, the intraband transitions become weak and a plateau
in the current is seen. Our study may be beneficial for the filed of
quantum information processes in which the Rabi-resonant effect plays
an important role [53,54].
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