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Voltage-controlled
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This study explores the influence of inter-dot tunneling effects within a quantum dot molecule on the
Fresnel diffraction phenomenon. Our findings indicate that the Fresnel diffraction of the output probe
Gaussian field can be manipulated by adjusting the inter-dot tunneling parameter’s strength and the
characteristics of the coupling field. The inter-dot tunneling effect establishes a closed-loop system,
setting conditions for the interference of the applied fields. We specifically examine a Laguerre—
Gaussian (LG) coupling field, investigating how its properties-such as strength, value, and sign of the
orbital angular momentum (OAM)-impact the Fresnel diffraction of the output probe field. Increasing
the inter-dot tunneling parameter and the coupling LG field’s strength allows for control over the
spatial distribution of the Fresnel diffraction pattern. Notably, the inter-dot tunneling parameter can
disturb the symmetry of the diffraction patterns. Additionally, considering a negative OAM for the
coupling LG field transforms the diffraction pattern into its inverse shape. This suggests that, in the
presence of the inter-dot tunneling effect, the Fresnel diffraction pattern is contingent on the direction
of rotation of the helical phase front of the coupling LG field. Our results offer insights into quantum
control of Fresnel diffraction patterns and the identification of OAM in LG beams, presenting potential
applications in quantum technologies.

Light diffraction is one of the most interesting phenomena in optics and has attracted major attention since the
beginning of optical sciences and has found many applications in optics and other fields of physics such as crys-
tallography. It easily reveals the wave characteristic of the light, especially with the well-known Arago-Poisson-
Fresnel spot experiment. The use of diffraction gratings in spectrometry is one of the well-known applications
of diffraction. The near field diffraction of the periodic structures or optical gratings that accompany the Talbot
effect! or self-imaging phenomenon itself is interesting and has wide applications in lithography?** and genera-
tion of array of vortex beams with multiplication of the incident vortex beam® which can be used for multiple
particle rotation in a multi-particle system®. In this context, the concept of an electromagnetically induced
grating, stemming from electromagnetically induced transparency, was pioneered in 19987 and subsequently
demonstrated in cold sodium atoms in 1999%. These studies elucidated how leveraging the absorption and dis-
persion characteristics of electromagnetically induced transparency enables the creation of an atomic grating
capable of efficiently diffracting light into the first-order direction.

On the other hand, the diffraction of light beams from structured apertures including gratings having different
transmission and reflection profiles, shows many interesting physical effects. Most of the solutions of the wave
equation can be generated by imposing the desired boundary conditions through the diffraction of a plane wave
or a Gaussian wave. For example, by imposing a cubic phase variation on an incident plane wave, an Airy beam
can be simply generated®!l. As another new and interesting example, in the diffraction of a plane wave from a
radial grating having a sinusoidal or binary profile, a new family of non-diffracting, accelerating, and self-healing
beams can be generated'*™'%. In recent decades, a newly applied branch in optics known as diffractive optics has
played a very effective role in laser beam shaping!>!° and reveals many applications in optical manipulation and
optical tweezers. Laser beam shaping with the aid of diffraction provides multi-traps and the orbital rotation
of the particles can be simply executed by manually rotating the diffraction element such as a sinusoidal radial
grating in its plane around the optical axis'’. The diffraction of vortex beams from different structured apertures
and gratings is also one of the simple ways for characterizing the incident beams'®-?. The diffraction of a plane
wave from a QDM system is also used for the dynamic generation of a periodic intensity pattern with a desired
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opening number in the near field diffraction region!. Here, we are going to investigate the Fresnel diffraction
pattern of a weak laser beam passed through a medium including a kind of artificial atoms and introduce a
method for dynamic reshaping of the output laser profile.

Quantum coherence and interference play pivotal roles in manipulating the nonlinear optical characteristics of
atomic systems®. Over the past two decades, a novel class of artificial atoms, known as quantum dots (QDs), has
been engineered using semiconductor nanoparticles, offering distinct advantages over natural atoms. Quantum
dots demonstrate versatile applications in the domains of quantum optics and quantum information science.
Their notable attributes, including substantial nonlinear optical susceptibility, significant electric-dipole moments
during intersubband transitions, and exceptional flexibility in device design, underscore their widespread use
in these scientific disciplines?®?’. Furthermore, the interconnection of two or more QDs through inter-dot
electron tunneling can give rise to the formation of an artificial molecule termed a QDM?***. The thickness of
the potential barrier between adjacent QDs typically falls within the order of a few nanometers. Facilitating the
electron tunneling between QDs is achievable by applying a static electric field along the molecular axis®. In
the context of simulating an atomic vapor cell, a three-dimensional array of QDMs can be generated through a
combination of vertical and lateral growth methods for QDMs*'. The interaction of a homogeneous ensemble of
QDMs with applied laser fields results in various optical phenomena, including four-wave mixing generation®,
entanglement, and quantum-information transfer®?, optical bistability*, transmission and reflection of pulses®,
as well as control over the Goos-Hianchen shift*.

In this manuscript, we investigate the Fresnel diffraction phenomenon exhibited by the probe Gaussian field
transmitted through a coherently prepared QDMs. Initially, the solution of the Maxwell and Bloch equations
enables us to elucidate the behavior of the output probe field under diverse conditions of the tunneling parameter
and the coupling strength of the Laguerre-Gaussian (LG) field. It becomes evident that distinct patterns emerge
in the Fresnel diffractions of the output probe field based on these parameters. Considering the coupling field
as an LG field introduces a dependency of the Fresnel diffraction patterns of the probe field on the helical phase
front of the coupling LG field. Notably, we demonstrate that the presence of the inter-dot tunneling effect, along
with the strength, value, and sign of the orbital angular momentum of the coupling LG field, gives rise to various
spatial distributions in the Fresnel diffraction patterns of the probe field. These findings highlight the potential
for utilizing the OAM of the coupling LG field as a quantum control parameter for manipulating the Fresnel
diffraction patterns, offering a straightforward quantum control approach.

Model and equations

We propose a QDM system composed of interconnected pairs of QDs. The application of an external static elec-
tric field induces an inter-dot tunneling effect, leading to the establishment of QDMs. For the realization of such a
QDM, an asymmetric double-layer InAs/GaAs structure can serve as a practical sample, utilizing self-assembled
dot growth technology as a fabrication method®. In Fig. 1a, we observe that the conduction bands of the left and
right QDs exhibit an energy difference that hinders the formation of a robust coupling between their respective
conduction bands. However, the introduction of an external static electric field along the molecular (coupling)
axis can potentially enable inter-dot tunneling for the electrons within the conduction bands by eliminating the
energy difference between them (see Fig. 1b). Figure 1c illustrates a schematic representation of the three-level
V-type QDM system following the application of an external electric voltage and in the presence of two applied
fields. It is assumed that the |0) — |1) transition is stimulated by a weak probe Gaussian field with a frequency
wp. The Rabi frequency of this field is expressed as:

= Qpoe ™I, ()

Here, 10, Ep, hi, wg, and Q0 indicate the induced dipole moment of |0) — |1) transition, electric probe field
amplitude, PlancK’s constant, waist and constant Rabi frequency of the probe Gaussian field, respectively. It is
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Figure 1. Band diagram of a QDM interacting with probe and coupling fields (a) before and (b) after applying
the gate voltage. (c) Schematic diagram of the energy levels QDM system.
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also considered that the |0) — |2) transition is exited by a strong coupling LG field with the frequency of w,. The
Rabi frequency of the coupling LG field in cylindrical coordinates can be written as

-

> 1
-E 1 2 )
Qlrg) =22 =0 <[r> o7 s, 2)

h OIS wig

in which w20, Ec, I, WG, S0 stand for the induced dipole moment of |0) — |2) transition, electric coupling field
amplitude, OAM value, waist and constant Rabi frequency of the coupling LG field, respectively.

A general schematic of the introduced QDM system interacting with two applied fields is displayed in Fig. 2.
Here, the QDM:s presented by spheres are under the external electric voltage. The intensity profiles of the dif-
fracted output probe field are shown at different distances from the exit plane of the QDM medium for a specific
set of parameters. It should be noted that the obtained patterns completely depend on the inter-dot tunneling
effect and the characteristics of the coupling field. To study the interaction between light and QDM system, one
can use the interaction Hamiltonian, under the rotating-wave and dipole approximations, which is given by

H = —h[Qpe” G 1){0] + Qee™ 312 (0[] + Tee™2(2)(1] + C.C, (3)

where the difference frequency between the applied field and corresponding transition, constant phase of the
applied field, tunneling strength, and central frequency of |1) — |2) transition are displayed by Ay(A.), ¢p(dc), Te,
and w1y, respectively. The evolution of the QDM system which interacts with the applied fields can be realized
via the von Neumann equation®. Therefore, the Bloch equations for the density matrix elements in the presence
of an enough strong external electric voltage, w1, = 0, are obtained as

Poo = i(Q;plo — Qppo1 — Qce™™? poy + QFe T2 pag) + viopi1 + V200225
p11 = i(Qppo1 — yp10 + Te(p12 — P21)) — V100115

10 = i(—=Qp(p11 — poo) — e p12 — Tepao + App10) — T10p10,

p20 = i(—2c™™® (p22 — poo) — pp21 — Tepro + Acp20) — 20020,

p21 = (= p20 + Te(p22 — p11) + Qce'™ por + (Ac — Ap)p21) — Ta1021,
P22 = —(poo + p11)-

(4)

in which y19(y20), T'j, and A¢ = ¢, — ¢, are the spontaneous decay rate from the upper level |1)(2)) to the lower
one|0), dephasing rate, and relative phase of the applied fields, respectively. Now, we analytically solve Eq. (4) for
I'y0 = y20 = 0and A, = A, = 0in the steady state and obtain the coherence term, pjg, as

iy10T21 19212 Qp + 210 Te Q™ (T2 — |Q¢?)
0= ,

I (5)

in which
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Figure 2. A general schematics of the introduced QDM system interacting with two applied fields and the
intensity profiles of the diffracted output probe field.
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A =2y10T2 4+ 6T21Q1*(2T10 — Y10) + 4101212 (T10T21 + 1921%).

It is worth noting that the first term of p; is the direct response of the QDM medium to the probe field, while, the
second one originates from the scattering of the coupling field into the probe field via inter-dot tunneling effect.
The inter-dot tunneling effect enables the generation of a linear superposition of the electric field amplitudes of
two probe and coupling fields, each making distinct contributions. On the other hand, the susceptibility of the
QDM medium which is proportional to the coherence term, x = 2N|u19 12010/ higg Qp, can be used for obtaining
the output probe field via the Maxwell wave equation. Here, the density of the QDMs number is indicated by N.

The Maxwell wave equation in the slowly varying envelope approximation, as dE,/0Z = ik x Ep, helps us
to study the evolution of the probe field passing through the QDM system along the propagation direction of
z-axis. Here, the wave number of the probe field is denoted by k. It is assumed that the diffraction of the probe
field inside the QDM medium is negligible. Considering the probe field as a Gaussian field [Eq. (1)], The output
probe field at the exit plane of the QDM medium, z = L, is obtained as

Ep(r, 0,2 = L) = Eype™" Yo explal—Im(yp10/ 2p) + iRe(ypro/ )1} 6)

where y is a decay rate scaling and the dimensionless parameter ¢ = N|,LL10|2ka/h80y is a scale of medium
absorption for the probe field. In this case, one can suppose that the strong coupling field experiences no change
as propagating through the QDM medium. The diffraction pattern of the output probe field can be calculated
by the Fresnel diffraction integral

eikpz

2 00
E[’7 (x,9,2) = / / rEp(r, 0,2 = L)ezkp(x—rcosw)z/zzelkp()’—rszmp)z/szrdw, )
0 0

ilpz
in which 4, z, (x, y), and (r, ) describe the wavelength of the probe field, distance of the observation plane
from the output plane along the propagation axis, coordinates of the observation plane, and the output one,
respectively. The unit of measurement for the z-axis in our surveys is meters. Substituting Eq. (6) into Eq. (7),
the magnitude and phase of the diffracted output probe field, E1/> (x, y, 2), can be numerically obtained in different
distances from the exit plane of the QDM medium.

Results and discussions

In this investigation, we explore the influence of the inter-dot tunneling effect and the strength of the coupling LG
field on the propagation of the probe Gaussian field within the QDM medium, utilizing the Eq. (6). The electric
component of the output probe field significantly plays a major role in the determination of the two-dimensional
Fresnel diffraction pattern®.

In this regards, Fig. 3 displays the output probe amplitude (a) and phase (b) profiles for A¢ = 0,77/2 at the
exit plane of the medium (z = L), as functions of x and y, for various values of the tunneling parameter and two
opposing modes of the coupling LG field, i.e., ] = 1 and —1. The horizontal (x) and vertical (y) axes are meas-
ured in millimeters. The parameters associated with the QDM system are specified as follows: I';9 = 20 = 0,
v10 = 0.554y, 19 = 5.54y,'1, = 2y, where y = 1 meV*, and « = 10. The characteristics of the applied fields
are selected as wg = 1.1mm, Qp0 = 0.1y, Eyo = 0.01, wyg = 270 um, and 9 = y, under the two-photon reso-
nance condition (A, = A, = 0). As depicted in the left column of Fig. 3a, the output probe amplitude profile
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Figure 3. Output probe amplitude (a), and phase (b) profiles at the exit plane of the medium, Z = L, as a
function of x and y for different values of the tunneling parameter and two opposite modes of the coupling LG
field, i.e. | = 1and —1. The horizontal, x, and vertical, y, axes are taken in mm. Used parameters related to the
QDM system are considered to be 'y = y20 = 0, Y10 = 0.554y, 19 = 5.54y, 12 = 2y, y = lmeV*, and

a = 10. The applied fields characteristics are chosen to be wg = 1.1mm, Q0 = 0.1y, Eyg = 0.01, wig = 270
pm, and .9 = y, under two-photon resonance condition A, = A, = 0.
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exhibits a Gaussian function shape in the absence of inter-dot tunneling effects. In this scenario, the OAM of
the coupling LG field does not influence the output probe field. However, the presence of inter-dot tunneling
alters the amplitude profile of the output probe field, contingent upon the sign of the topological charge of the
coupling LG beam, particularly evident for A¢ = 0 as illustrated in the middle and right columns of Fig. 3a.
Figure 3b elucidates the relation between the phase profile of the output probe field and the helical wavefront
of the coupling LG field. It is evident that the phase profile is contingent on the sign of the coupling LG field’s
OAM only when the tunneling parameter is non-zero, specifically for A¢ = /2 as demonstrated in the middle
and right columns of Fig. 3b. Consequently, the characteristics of the output probe field can be manipulated by
tunneling parameters through the establishment of a closed-loop QDM system. The phase-dependent behavior of
the amplitude and phase profiles in the presence of inter-dot tunneling can be elucidated by the analytical result
provided by Eq. (5). It is noteworthy that in the calculation of the diffraction patterns of the output probe field,
the dominant role is played by the imaginary part. However, the deflection of the Fresnel diffraction pattern is
determined by the real part of the coherence term. With A¢ = /2, the real part of the coupling Rabi frequency
corresponds to sin(l¢). Consequently, the real part of the coherence term becomes odd with respect to [, and the
position of the Fresnel diffraction pattern depends on the sign of the topological charge. Selecting A¢ = /2 is
anticipated to yield a diffraction pattern contingent on both the magnitude and sign of the topological charge
of the coupling field.

Figure 4 presents the output probe amplitude (a) and phase (b) profiles for A¢ = /2 at the exit plane of the
QDM medium versus x and y for different values of the constant Rabi frequency of coupling LG fieldand T, = y
under the same parameters of Fig. 3. An investigation of Figs. 3 and 4 indicate that the effect of the strength of
the coupling LG field on the output probe field is similar to the tunneling parameter. The output probe field has
still a Gaussian form if the coupling LG field is turned off. However, in the presence of the coupling LG field, the
output probe field amplitude is concentrated at a region and its phase profile exits the planar mode. This result
originates from the establishment of a closed-loop quantum system by applying an external gate voltage as well
as coupling the LG field; so that, in the presence of these external factors, the phase profile of the output probe
field has an explicit dependency on the sign of the OAM of the coupling LG field. In the following, we study the
Fresnel diffraction of the output probe field in free space by numerical solving of Eq. (7).

In Fig. 5, the diffraction patterns of the output probe field are plotted as a function of x and y in the absence
(T. = 0), first row, and in the presence of the inter-dot tunneling effect (T, = 0.5y), second row, and (T, = 2y),
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Figure 4. Output probe amplitude (a) and phase (b) profiles at the exit plane of the medium versus x and y for
different values of the constant Rabi frequency of coupling LG field and T, = y under the same parameters of
Fig. 3.
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Figure 5. Diffraction patterns of the output probe field as a function of x and y in the absence (T, = 0), first
row, and in the presence of the inter-dot tunneling effect (T, = 0.5y), second row, and (T, = 2y), third row,
for positive (I = 1) OAM values of the coupling LG field at different distances from the exit plane of the QDM
medium. The wavelength of the probe field is fixed at A, = 870nm. Other parameters are the same as in Fig. 3.

third row, for positive (I = 1) OAM values of the coupling LG field at different distances from the exit plane of
the QDM medium. The wavelength of the probe field is fixed at A, = 870nm. Other parameters are the same
as in Fig. 3. The first row of Fig. 5 shows the Fresnel diffraction patterns of the output probe Gaussian field. It
should be mentioned that the output probe field profile, in the absence of the inter-dot tunneling effect, remains
as a Gaussian one with some ignorable changes in the value of intensity, during propagating in free space. In
the second row of Fig. 5, the size of the diffraction pattern increases for far away distances. It is figured out that
the resulting diffraction patterns can be used as an accurate method for identification of the wavefront of an
LG field just in the presence of the inter-dot tunneling effect. It can be found that the Gaussian-like diffraction
pattern turns into a bow by turning on the gate voltage, i.e. in the presence of the inter-dot tunneling parameter.
Afterward, enhancement of the tunneling parameter leads to a clear shift in the tunneling-induced diffraction
pattern. It means that the diffraction can be controlled by a tunable parameter of the QDM medium, Te.

Now, we obtain the diffraction patterns of the output probe field as a function of x and y for different values
of the constant Rabi frequency of coupling LG field, as the first LG mode ! = 1, and T, = y at different distances
from the exit plane of the QDM medium, in Fig. 6. Other used parameters are the same as in Fig. 5. In studying
the effect of the coupling field’s characteristics on the Fresnel diffraction of the output probe field, it should be
noted that the presence of the inter-dot tunneling effect is also very important. The results of the first row of
Fig. 6 in the absence of the coupling LG field are similar to those of the zero tunneling parameters in the first
row of Fig. 5. Moreover, the spatial distribution of the Fresnel diffraction patterns can change by increasing the
strength of the coupling LG field. It is notable that the diffraction efficiency, quantified as the ratio of the power
of the output diffracted probe field to the input field, exceeds unity in the diffraction of light through quantum
dot molecules. This phenomenon arises from the scattering of energy from the coupling field into the output
probe field via inter-dot tunneling, elucidated by the second term of Eq. (5).

Now, we are going to explore how the value of the OAM of the coupling LG field can affect the output probe
field and its diffraction patterns in the presence of the inter-dot tunneling effect. The diffraction patterns of the
output probe field are plotted versus x and y for different OAM values of the coupling LG field at different dis-
tances from the exit plane of the QDM medium, in Fig. 7. The value of the tunneling parameter is considered to
be T, = y under the same parameters of Fig. 5. In this situation, a closed-loop QDM system has been established
by applying the external gate voltage, coupling, and probe fields. As exhibited in the first row of Fig. 7, by passing
the output probe field, which resulted from the interference between two Gaussian fields with different waists,
more maximum intensity rings have appeared in its intensity profiles at different distances from the exit plane
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Figure 6. Diffraction patterns of the output probe field as a function of x and y for different values of the
constant Rabi frequency of coupling LG field, as the first LG mode ! = 1, and T, = y at different distances from
the exit plane of the QDM medium. Other used parameters are the same as in Fig. 5.

of the QDM medium. The obtained results for the first mode of the coupling LG field, for positive (I = 1), in the
second row, and negative (I = —1), in the third row, indicate that the diffraction pattern tends to a special direc-
tion and spreads by propagation along z-direction. However, the diffraction patterns are divided into two parts
when the coupling LG field is considered in its second mode, I = 2, see the fourth row of Fig. 7. So, the diffraction
pattern of the output probe field can be manipulated by the magnitude and sign of the OAM of the coupling LG
field whenever an external gate voltage is applied to the QDM medium. Our numerical findings reveal that by
employing a linear superposition of two Laguerre-Gaussian (LG) modes with opposite helical wavefronts for
the coupling field**?, a more intricate Fresnel diffraction pattern devoid of deflection emerges. It is notewor-
thy that the deflections of the two opposite helical LG beams occur in opposing directions. Consequently, the
deflection of the Fresnel diffraction pattern for I = 1is counteracted by the contribution of | = —1. In essence,
through the consideration of a linear superposition of two LG modes with opposite helical wavefronts, the term
cos(lp) emerges in the coupling Rabi frequency. As a result, the real part of the coherence term becomes even
with respect to /, rendering deflection unattainable in the Fresnel diffraction pattern.

The discovered results hold potential for identifying the Orbital Angular Momentum (OAM) of electro-
magnetic fields, a pivotal aspect with applications spanning communication technology advancement and the
elucidation of fundamental physical principles. Furthermore, these findings offer promise in optical switching
applications, wherein the modulation of diffraction pattern intensity through external voltage application to the
sample facilitates control over optical signal transmission.

Conclusion

We have studied the effect of the external electric voltage on the Fresnel diffraction of the output probe field in
a QDM medium. It has been shown that the strength of the inter-dot tunneling, the coupling field intensity and
phase profiles have an important role in the propagation of the probe field out of the QDM medium. The inter-dot
tunneling effect, which is possible in the presence of the external gate voltage, provides an occasion for changing
the diffraction pattern profiles via the coupling LG field. It is intriguing to note that the diffraction pattern of
the output probe field completely depends on the direction of rotation of the helical phase front of the coupling
LG field in the presence of the inter-dot tunneling effect. Our results are physically rooted in the interference of
the applied fields which is due to the inter-dot tunneling. It would be valuable to find some applications of our
reported results in the manipulation of the Fresnel diffraction patterns via simple adjusting of the external voltage.
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Figure 7. Diffraction patterns of the output probe field versus x and y for different OAM values of the coupling
LG field at different distances from the exit plane of the QDM medium. The value of tunneling parameter is
considered to be T, = y under the same parameters of Fig. 5.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.
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