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We consider interaction of a pair of counterpropagating spatially inhomogeneous weak vortex beams with a
quantum emitter that has a double-V level scheme and closely situated upper levels. We show that in such a
situation a quantized torque is exerted on the emitter, which is directly proportional to the topological charge of
the vortices and is strongly influenced and even enhanced by the quantum interference of spontaneous emission
from the doublet. Depending on the particular initial states of the emitter, absorption, optical transparency,

or lasing without inversion can be realized. The interference in spontaneous emission can be modified when
the double-V emitter is situated above the surface of a thick slab of Bi,Te; and the vortex beams propagate
parallel to the surface. The light-induced torque rotates the emitters generating a persistent toroidal current
flow above the bismuth-chalcogenide surface, whose intensity is remotely controlled by the distance from the

surface.

1. Introduction

The interaction of laser pulses with quantum matter has revealed
various interesting phenomena, such as electromagnetically induced
transparency (EIT) [1-3], coherent population trapping (CPT) [4-6],
stimulated Raman adiabatic passage (STIRAP) [7,8], lasing without
inversion (LWI) [9,10], and others. These coherent optical phenomena
have various applications such as slow light [11,12], enhanced non-
linear optics [13,14], storage of quantum information [15] and optical
switching [16].

Light beams with spiral phase dislocations can carry an orbital
angular momentum (OAM) arising from its phase cross-section [17,18].
A spiral phase ¢//? linearly proportional to the azimuthal angle ¢ is
associated with a null field at the center. The OAM carried by the
light beam is discretized with the integer number /. This number,
known as the topological charge or order of the beam, characterizes the
number of times the beam makes the azimuthal 2z phase shifts [17].
The phase singularity at the core of the beam evolves its ring-shaped
intensity profile. Such optical vortices with phase singularities have
been generated [19], and are routinely created so as to carry specific
values of OAM [20].

* Corresponding author.

Interaction of optical vortices with matter leads to a number of
interesting effects [21-28]. Among them, there has been a great deal of
interest on the mechanical effects of OAM on particles and atoms [29].
Light beams with OAM have been employed to rotate particles held
in optical tweezers [30,31]. Transfer of the OAM to matter has been
shown to generate a torque associated with the transfer of wave en-
ergy [32-35]. Coherent transfer of the OAM of a photon to a Bose-
Einstein condensate (BEC) of sodium atoms using a two-photon stim-
ulated Raman process with Laguerre-Gaussian (LG) beams has been
demonstrated by Andersen et al. [34]. Counter-propagating LG and
Gaussian laser beams, with the same linear polarization, have been
applied to the BEC, allowing to trap the atoms axially. The OAM of
LG beam imparts then a torque on the center of mass of each trapped
atom and rotates the medium about the beam axis, generating an
atomic vortex state. In another work, Lembessis and Babiker proposed a
different scenario to induce torque on an atomic three-level A BEC gas
interacting with two counter-propagating spatially-dependent beams,
generating a current flow [36]. This torque has a rotating effect on
the whole BEC as the many-body wave function of the BEC can be
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well approximated by the product of identical single-particle wave
functions [34].

There are many motivations to explore the characteristics of the
induced torque imposed by the light interacting with different matter-
light coupling schemes, most of which are related to the applica-
tions. The induced torque imparted on quantum emitters (QEs) [atoms,
molecules, and quantum dots] is very important in particular exper-
iments in order to characterize the dynamics of the ensemble, and
possesses potential applications in the realization of superconducting
atomic devices, generating superflow and superposition of macroscopic
states in atomic vapors [37], and in quantum repeaters where the flying
qubits are photons carrying an OAM [38].

Here we explore a novel scheme to control and even enhance the
light induced torque on quantum emitters: that of quantum interference
(QD of spontaneous emission channels. Although the three-level V-
type scheme is the most often considered in literature to exhibit QI
in spontaneous emission [39-48], this study considers a rather more
complicated QE in the form of a double-V light-matter coupling with
four energy levels consisting of two linked V-type subsystems. In the V-
type QE, the QI of the spontaneous emission channels takes place only if
two closely lying upper levels decay to the common lower level [40,41].
This requires the corresponding electric dipoles for the spontaneous
emission process to be nonorthogonal, and as a result the interference
can be maximized for almost parallel (anti-parallel) orientations of
the corresponding dipoles. However, a perfect quantum interference
(i.e., p = 1 where p is the degree of QI) cannot happen if each leg of
the V-model system interacts with an individual coupling field [41],
as in this case both Rabi frequencies of laser fields coupling each
transition are connected to the alignment of the two matrix elements
such that Rabi-frequencies reduce to zero if the QI is perfect. The
situation is different in the four-level double-V light-matter coupling
scheme with two upper states and two lower states, allowing the perfect
interference p = 1 with individual coupling. In such a system, the two
excited states are coupled to a third lower level with two laser beams,
while they decay to a fourth lower level allowing the corresponding
spontaneous-emission channels to interfere.

We start first with the effects of QI from spontaneous emission
on the control of light-induced torque and generation of current flow
in such a double-V QE. We derive the basic expressions describing
the quantized torque imposed by spatially inhomogeneous laser beams
on the center of mass of the individual double-V-model emitters. The
torque imparted on the center of mass of each trapped QE can rotate
an ensemble of such QEs about the beam axis, creating a toroidal
trap. Compared to the earlier schemes [36,49], the induced torque
here is strongly dependent on the initial internal state of the QEs, and
can be well controlled and even enhanced by the degree of QI from
spontaneous emission channels, providing a new degree of freedom on
manipulating the torque and the resulting ring-shaped current flow.

Since the usual situation in QEs provides orthogonal dipole matrix
elements, therefore the QI in spontaneous emission cannot take place.
It has been demonstrated by Agarwal that the QI can be simulated by
placing the QE in close proximity to a photonic structure that creates
anisotropic Purcell effect and suppresses strongly (ideally completely)
the decay rate for one the two possible dipole orientations, while
retaining the decay rate for the second orientation [50]. The idea has
been utilized in a variety of photonic structures, examples include
negative periodic dielectric structures [45], refractive index metama-
terials and their structures [42,46,51], hyperbolic metamaterials [47],
semiconductor microcavities [48], metallic and metal-dielectric nanos-
tructures [52,53], and two-dimensional materials [54-56].

Using this fact, in the second step of this study we investigate the
light-induced torque in the double-V QE when it is placed close to a
new class of materials for creating QI, i.e., a bismuth chalcogenide (a
Bi,Te; specimen in the form of a simple geometrical object such as
a planar slab). The bismuth chalcogenides has been recently lined up
with the category of artificial plasmonic materials. Such polar materials
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Fig. 1. Energy level diagram of the double-V type quantum emitter composed of two
lower states [0) and |1) and two close-lying excited levels |2) and |3). The levels are
coupled by a pair of weak spatially inhomogeneous probe beams A, and A,.

(Bi,Se; and Bi,Te;) [57-61] support strong phonon resonances in the
THz regime, which induce giant values in their dielectric function and
hence sustain strong field concentration at their surfaces. The high-field
values at the bismuth-chalcogenide surfaces lead to strong interaction
between QEs and light [62]. We numerically study the consequences of
spontaneous emission interference induced by the presence of bismuth-
chalcogenide microstructures on the imposed torque for the double-V
QEs. We show that the detection of this QI induced by the Bi,Te;
surface allows for a remote distance control of the light-induced torque
and the resulting current flow.

We note that Au/ Ag surfaces can also lead to the much desired
enhancement of quantum interference due to surface-plasmon excita-
tion [52], but this will happen in a very different frequency range
than the THz regime which is used here (the enhancement happens
in the visible regime of the spectrum) and also for significantly smaller
distances (for few tens of nanometers from the surface of the metallic
surface) and not for few micrometers from the surface that we present
here. In addition, a comparison between the two schemes reveals that
the enhancement of QI from a Bi,Te; surface is more pronounced and
for a much wider range of frequencies and distances of the QE from the
surface [60,61] than from an Au or Ag surface.

2. Theory and method
2.1. The double-V-model light-matter interaction scheme

We begin with a simple model of a QE in double-V configuration
which has two lower states |0) and |1) and a set of states |2) and
[3) that can serve as two closely lying upper states. Generally, such
a scheme can be realized in atoms, molecules, or quantum dots. The
level diagram for such a model is shown in Fig. 1. The excited levels
|2) and |3) decay to the lower states |1) and |0) with decay rates
721:731(ra1 = 731 = v) and yé]’yé] (ry, = ygl = "), respectively. Two
incoherent pumping fields 4, and 4, (4, = 4, = 1) pump populations
from the lower state |1) to excited states |2) and |3), playing the role
of a one-way pump process. A pair of weak spatially inhomogeneous
counter-propagating probe fields A; and A, couple the lower states to
the set of upper states.

The Hamiltonian describing the matter-light interaction can be
written in the interaction representation as

- D3 54 O
H_h(—a— : )|2><2|+h( 5+ )|3><3|
— (hA[10)(2] + 1A,]0)(3] + Hec.) , @

where § = w — @ is the detuning from resonance with the average
transition energies of upper states |2) and |3) from state |0) with @ =
(0, +w3)/2—wy. Note that w3, = (w3—w,)/2 is the level splitting between
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the excited sublevels and w shows the angular frequency (we assume
that both fields have equal frequencies ). In addition, Zw; (i = 0 — 3)
denotes the energy of state |i).

A double-V-model QE setup, such as the one proposed in our work,
can be implemented experimentally in various atomic systems. For
example, it can be realized using two J = 0 states for the lower states,
|0) and |1), and M = +1 sublevels of a J = 1 state for excited states
[2) and |3). The energy difference hw;, between these excited states
can be changed by applying a static magnetic field. In addition, the
QE may be realized in hyperfine sublevels of the D lines in alkali-
metal atoms, such as 8Rb and 87Rb [63-65]. Alternatively, the QE
can also be implemented in dual CdSe/ZnS/CdSe quantum dots, where
two quantum dots are coupled through a shared ZnS layer, enabling
the formation of an effective double-V model [63]. These examples
demonstrate the versatility of the double-V model and the potential for
its experimental realization in various physical systems

2.2. Light-induced torque for the system

Let us assume that the two incident beams A; and A, are interacting
with two legs of the lower V subsystem of the four-level double-V model
QE illustrated in Fig. 1. Beams A; and A, are position-dependent func-
tions representing the interaction in the electric dipole approximation
expressed by A; = 2,e/%1® and A, = Q,e/%® where 6, (R) = —I¢+kz,
0,(R) = —I¢ — kz are the phase functions associated with the light
beams, and £, and 2, are functions representing the Rabi frequencies,
which for the doughnut Laguerre-Gaussian (LG) beams with the same

spatial dependence take the form 2, = || (i)“l e/ and Q, =
12, (i)“' s

Here, r describes a cylindrical radius, / is an integer describing
the topological (OAM) number, ¢ denotes the azimuthal angle, w is
a beam waist, and || and |£2,]| represent the strength of the position
dependent beams. Note that we are interested in effects arising near
the beam waist situated in the plane z = 0.

Assuming that the many-body wave function of the trapped emitters
can be well approximated by the product of identical single-QE wave
functions, each QE receives an identical force due to the light. The
single body wave function can be separated into the product of internal
and center-of-mass wave functions. The scattering force acting on the
center-of-mass coordinate R would then involve only the density matrix
elements of the internal states:

F =21 [V0,(R)2,(py0 + ) + VORI, (p30 + po3)] - &))

where the coherences p,, and p;, are density matrix elements for the
probe transitions.
Using (2) and the spatial shape of the beams, one gets, for the force

21| 201 ~

F=onky (2)7 sy 2n (L) e, @)
w r w

where

v =2(p3 + po3) — 212 + o) = 2 [QaRe(p30) — 21Re(py)] » G

T ==Q,(py + po2) — (P30 + pp3) = 2[R Re(pyy) + 2Re(psp)] . (5)

Note that in Eq. (3) carets denote unit vectors in cylindrical coor-
dinates. To calculate the torque on the center of mass of the atoms
about the beam axis, we need a component of the cross product of
the position vector and force vector that is parallel to the beam axis.
Since the position vector has components in the radial and vertical
directions, and the force vector has components in the azimuthal and
vertical directions, we only need to consider the cross product of the
unit vectors in the radial and azimuthal directions, which gives a vector
in the vertical direction. This is the only component that contributes to
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the torque about the beam axis. The induced torque acting on the center
of mass of the QEs about the beam axis then reads

201
T=er=2hl<i) 2w ©6)

indicating a quantized induced torque rotating the QEs that increases
for larger topological numbers. The torque has clearly the form of a
doughnut with a maximum intensity region, establishing an optical
dipole potential trap attracting the QEs. The torque is maximum in
the toroidal region, and its magnitude changes with the controlling
parameters of the system through the density matrix elements p,,
and p;, entering the function 7z, Eq. (5). This allows to control and
even enhance the torque experienced by the QEs, thus generating an
intensity-controllable ring-shaped flow. In what follows we evaluate the
torque function z by obtaining the analytical solutions to the density
matrix elements p,, and p3,, and show how the system parameters can
affect the variation of the induced torque.

2.3. Analytical solutions for the density matrix equations in the steady state

To elucidate the dynamics of the populations and coherences, we
can proceed using the Liouville equation of motion for the density ma-
trix, using Eq. (1), and then use the Weisskopf-Wigner theory of spon-
taneous emission [66] to obtain the following equations [40,41,67]:

. o Moy . )

Py = (i6 + - - ' = Doy + iRy (pog = p22) = i25003 — k39, (7)
, R (05 , ) )

p3o = (i6 — > - Y =¥ = VDp3o +i(poo — p33) — 12, p33 — Kpag» ®
b3 = (iw3 =27 =21") po3 + 921 po3 — 2,29 — k(P22 + P33), )]
Pao = =2(r + 7" )pay + Apop + i1 (P — p20) — K (P23 + p32), (10)
P33 = =2(r +7")p33 + Apgo + i25(po3 — p30) — K (P23 + p32), an
Boo = 21" (b2 + p33) = 2Apo0 = 21 (2 = p20) =~ 1€25(Po3 — P30)- (12)

constrained by p;; + py; + p33 = 1 and p;; = pj,.

The term « in the above equations is defined by x = p4/r,1731, which
for y,; = y3; = y reduces to ¥ = py. This term is the result of QI of
spontaneous emission from the two close-lying upper levels |2) and |3).
The parameter p describes the degree of QI and denotes the alignment
of the two matrix elements. It is defined by p = iy .l /1Ho | |H3] =
cos 0, where 7i,; and Jis, are the transition dipole moments. Such a QI
plays a crucial role in creating the coherence [40,41]. Obviously, the QI
term x depends strongly on the orientations of the dipole polarizations.
If they are close to parallel, then k — y (p — 1) and the interference
effect is close to maximal; while if they are perpendicular, then x = 0
and the QI disappears.

Under the steady-state condition, from Egs. (7)-(12), the solutions
for the off-diagonal density matrix p,, and p;, read Egs. (13) and (14)

oy .
Kentp) The numerators in
iw3=2(y+7")

Egs. (13) and (14) consist of two parts. The first two terms in each
numerator stem from the direct transitions 1) — |2), |1) — |3) and
depend on the population inversions (p;; — pgy) (i = 2,3). The next two
terms are due to the emergence of the QI which is proportional to the
coherence terms p3, and p,3.

We are also interested in this paper on the absorption properties
of the system. The absorption/gain in the medium corresponds to the
imaginary part of the electric susceptibility

are given in Box I, where py; = p}, =

ANEP (P | P30
) = —+—=, 15
() won \2, T 9, (15)
where we have assumed [#,,| = |H3,| = |}|. Here, ¢, is the vacuum

permittivity and N is the density of the QEs. In the limit of weak
light-matter interaction, one can find, to the zero-order of 2, and Q,:

220 + 7)) [40 + 7' + 03|
—16K2(r + 72 + 4[4 + 72+ 0k, | [ + 72 + A + 7))
(16)

P2 =P33 =
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i2K(p33 = poo) +12,(i6 = 52 —y =" = Dpy = poo) +121Kp3 + (06 = 52 =y =7 = Dpys a3
P20 = i i ’
(6+ =2~y —y = W6~ 22—y —y' = 1) — k2
iQ1K(pyy = poo) + 126 + 52—y — 7' = Dlps3 — poo) +i2kp3 +i2 (G + 52—y —7' — Doy 14
P30 = >

2 2

(6422 —y (65— 22—y —yf = ) — k2

Box I.

—16K2(r + 7/ +4(r +v)* [40 + 1) + 03,

Poo = , a7)
O 162G+ R 4[4+ R+ o] [0+ + A+ )]
—4ik(y + 7wy + 27 +2¢)
P23 = B : s
—16K2(y + 72 + 4[4 + 72 + 0, | [ + 7' + Ay + 7))
P11 =1 =poo = P22 = P33 ()
3. Results

Egs. (6) and (15) together with Egs. (13), (14) and (16)—(19) show
that the variation of torque and electric susceptibility with changing
probe detuning 6 depends on the system parameters, i.e., the rate of
incoherent pump r, the doublet splitting ws,, the QI parameter «, the
strengths of laser fields ||, |£2,|, and the free-space spontaneous de-
cay rate y’. With or without the free-space spontaneous decay rate, both
torque and electric susceptibility are seen to be surprisingly dependent
on the particular initial states of the QE. Next, we will consider the
following situations: (1) QE initially in an antisymmetric state; (2)
QE initially in a symmetric state. We also investigate the effect of a
bismuth-chalcogenide photonic microstructure on the induced torque
on QEs.

3.1. Case 1: QE initially in an antisymmetric state

Let us first assume a situation where the upper levels |2) and |3)
are degenerate (w3, = 0), the incoherent pump A is present in the
system (4 # 0) and free-space spontaneous decay rate is zero (y' = 0).
We also consider the case of perfect interference xk = y (p = 1). In
such a situation one gets easily from Egs. (16)-(18) the density matrix
elements

1

1
Poo =0, P = P33 =5 P23 =5 (20)

indicating that the QE is initially in an antisymmetric state | D) = L—ZW

Substituting Eq. (20) into Egs. (13) and (14) yields V2
i (2 -,
A 21
0= 5= @D
i (€2, -9
- - 22
P0= 360 22)

Clearly, when @, = £,, then p,; = p3y = 0. This is the case of
optical transparency for all frequencies of the probe fields Im(y) = 0.
lustrating this feature is the dashed line in Fig. 2(a) for |2;| = |2,| =
0.1y. Such a transparency is due to the population trapping, and is
attributed to the population inversion without lasing [39]. The torque
is subsequently zero for all frequency detunings, as can be seen from
the dashed line in Fig. 3(b). Note that the torque function given in
Eq. (5) depends on the position dependent Rabi-frequencies €2, and
£, (LG beams). However, as we consider that the QEs are trapped in
the ring of a LG beam, then the Rabi frequencies are almost constant
there, meaning that the plots for |2, | and |£2,| are valid to a very good
approximation.

The torque can be made non-zero when @, # £, for the all
frequencies of probe detuning except § = 0, as can be seen from
solid line in Fig. 2(b). One can find that the torque has a dispersive
behavior with a negative slope, vanishing at § = 0. Eq. (5) attributes

the induced torque to the real part of optical coherences p,, and ps;.
However, Egs. (21) and (22) demonstrate that these coherences are
purely imaginary for the resonance of the probe fields (p,,(6 = 0) =
—p3p(6=0) = é@), suppressing the induced torque at § = 0. Such
a torque experiences an absorption for 2, # Q, (see the solid line in
Fig. 2(a)) given by

o (91—92>Z)
2N [ 7 e, ”

eoh | 242 +2682

A(

Im[x(8)] = 23)

We repeat the same calculations as above, but for the case of no QI,
i.e., k =0 (p =0). In this case, Egs. (16)-(18) reduce to

3 16}’4 B Y4
Poo = 164 + 16ry3  y* + Ay3’ (24)
I S S —0
R A T I Ty ME R P P
which for 1 =y simplifies more to
1 1
Poo = 3> P =P33 = 7o P23 =0. (25)

Obviously, the system no longer remains in antisymmetric state |D) =
213 \when the QI is not taken into account (i.e., p = k = 0).

Calling on Eq. (25), Egs. (13) and (14) can be rewritten as

—i £
, 26
P20 = i -2y (20)
—i £
e , 27
P0=Fi5-2 @7

Ilustrated in Fig. 3(b), the nonresonant torque is always nonzero either
for 2, = 2, (dashed line) or 2, # 2, (solid line), accompanied by the
probe absorption

NIEP (v
Im[x(6)] = “eh (m) . (28)
The magnitude of torque is rather small in this case, similar to Fig. 2(b),
with the only difference being the fact that the slope of the torque
function is now converted to positive (see Fig. 3(b)).

Note that if y/ # 0 (with the free-space spontaneous decay rate),
Egs. (16)-(18) change to

BAy +7)

= = ) 29
P20 6+ 12 [(r + 1) — K2 + 164G + 7' @9
16( +y")? [(r +v")? - k2
Poo = [ ] ’ (30
16(y + )2 [(r +1")? — 2] + 164y +7')?
-84 N2
pys = k(@ +7") 1)

1607 + 72 [(r + 72 = k2] + 16y + /)3

indicating that the presence of the free-space spontaneous decay rate
y'" destroys the dark state |D) = %, even if the QI is present.

3.2. Case 2: QE initially in a symmetric state

Next we consider a situation that w;, # 0 (nondegenerate upper
levels) but 4 = 0 (the incoherent pump r is absent in the system). In
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%1073 (b)
- = 1Q,[=19,1=0.1y
—192,[=0.27, |2,]=0.1y

-6 :
-5 0 5

Fig. 2. (a) The absorption (gain) spectrum Im(y) (in units of 2 "" ) and (b) the induced torque function z (in units of s~') as a function of detuning § (in units of y). (b) Here,
Y =0, w3, =0, A=y, p=1 (or k =y), and for different strengths |.Q | = |£2,| = 0.1y (dashed line) and |2,| = 0.2y, |£2,| = 0.1y (solid line).

(a)

0.25

0.2

~0.15

Im(x

0.1

0.05

%1073 (b)
6 :

- = 19,]=12,]=0.17
—[2,]=0.27, ©2,|=0.1%

-5 0 5
Ol

Fig. 3. (a) The absorption (gain) spectrum Im(y) (in units of w "" ) and (b) the induced torque function 7 (in units of s') as a function of detuning § (in units of y). (b) Here,
Y =0, w3, =0, A=y, p=0 (or k =0), and for different strengths |2,] = |2,| = 0.1y (dashed line) and |2,| = 0.2y, |£2,| = 0.1y (solid line).

this case, Egs. (16)-(18) reduce to

Poo =1, Py =p33 =0, P23 =0, (32)

representing a situation where the QE is in the ground state |0) (or in
the symmetric state |B) = @). Note that Eq. (32) is valid for any
values of p (perfect p = 1 or imperfect p # 1 quantum interference).
Using Eq. (32) as the particular initial state of the QE, Egs. (13) and
(14) change to

Qyx + 2,316 - “"*2 -7)
pr = (33)

(6+ B2 y)is - “’ﬁ -y -«
. le + Q,(i6 + "”*2 -7

P30 =~ iw iw : (34)
6+ =2 -5 — 52 —y)—«?

The probe absorpt10n in this case becomes

2N |7l < as+48%y )
Im[y(6)] = —_— ), 35
[x(8)] et 12+ a (35)
N N ] ﬁ o]
where a = —k* +y* -6 7 and s = 2y — k PN . For the perfect

QI situation x = y (p = 1), and for 2, = 2, and § = 0, one gets
s = 0, yielding Im[x(0)] = 0 (optical transparency). For 2, # £, (in
our case 2, = 2£,), s < 0, resulting in Im[¥(0)] < 0 (optical gain).
In the absence of quantum interference, p = x = 0, the same initial
condition as Eq. (32) holds. Setting x = 0 in Egs. (33) and (34), one

has

) 2 (36)
P =l

i+ =2 —y)

Qo

P31 = =i (37)

(i6-==-7)
leading to

2
INEP | 27 0P - 8+ 22 + 48y

Im[x(8)] = - (38)
eoh ?
0 4},252 + (72 — 82+ 22 )2

Numerical simulations for the absorption/gain spectrum of case 2 for
p =1 (p=0) are illustrated in Fig. 4(a) (Fig. 5(a)) for 2, = Q, and 2, #
£Q,. Clearly, if QI is taken into account and for |2,| = |£2,| = 0.1y, the
transparency window appears around the line center (the dashed line
in Fig. 4(a)). On the other hand, the medium starts to experience gain
on resonance (the solid line in Fig. 4 (a)) if 2, # £,. This is an example
of lasing without population inversion (see also Eq. (32)) which is
achieved in the presence of QI. The medium becomes absorptive again
if the interference is neglected (p = 0), as seen in Fig. 5 (a) and Eq. (38).
We present in Figs. 4(b) and 5(b) how the induced torque behaves in
the particular case 2. In the presence of QI and for |Q2,| = |2,]| = 0.1y
(the dashed line in Fig. 4(b), with the inset with a zoomed-in feature),
the profile shows a dispersive behavior with a negative slope around
the zero detuning and a magnitude comparable with those observed in



H.R. Hamedi et al.

=
E o5} 1
-1r = = [Q|=12,|=0.1y ]
sl —— 19,2025, |92,}=0.17 |
-2
-5 0 5

ol~y

Optics and Laser Technology 165 (2023) 109550

b
0.15 (‘)
0.01
- = 1Q,712,/=0.17
01r 0 1
—1[9,1=0.27,[2,/=0.1y
-0.01
~0.05r 2 0 2 1

-0.05 :
-5 0
Ol
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Fig. 5. (a) The absorption (gain) spectrum Im(y) (in units of %) and (b) the induced torque function 7z (in units of s~') as a function of detuning § (in units of y). (b) Here,
o

7y =0, w3 =y, =0, p=0 (or « =0), and for different strengths |2, | = |£2,| = 0.1y (dashed line) and |£2,| = 0.2y, |2,| = 0.1y (solid line).

case 1 (Figs. 2(b) and 3(b)), which vanishes at 6 = 0. The torque can
be made non-zero even on resonance § = 0 for |2,| = 0.2y, [£2,]| = 0.1y
(solid line in Fig. 4(b)). In this case, the torque shows a resonant-like
behavior and reaches a maximum which is larger compared to previous
cases. The magnitude torque can be further enhanced for other values
of [£2,| and |£2,], e.g., |£2;| = 0.3y, |2,| = 0.1y (not shown in the paper).
If the dipole moments are perpendicular (no QI i.e., k = 0) (Fig. 5(b)),
the profiles of the induced torque are very similar to Fig. 3. Therefore,
the presence of QI, along with proper preparation of the initial state of
the QE allows the emergence of a resonant non-zero enhanced torque.

Considering Eq. (32) as the initial state of the QE, one can investi-
gate the effect of ¥’ on the variation of induced torque. The numerical
results for the case of nonzero free-space spontaneous decay rate are
rather similar qualitatively for both the absorption and torque as for
the case of zero free-space decay y’ = 0 (not shown here). However, no
transparency is achieved for nonzero decay rate y’ when |Q,| = |Q,]|.
Moreover, the minimum of the gain dip is less when |, | # |£2,]|. In the
presence of y’, Eq. (35) takes a more complex form as

NG (d s + 482y
I 8] = R 39
m[y(3)] eoh 1252+ a” 39
2 QZ QZ
with @ = —«? 4+ (y +¢)> - 6> + —wjz and s’ = 2(y +¢') - K—Q‘Jr_ozz.
1
Obviously, when |2,| = |Q,| and for the perfect QI case x = 7y,

-2
Im[y(6 = 0)] > 0 (Im[¥(§ = 0)]/ % = 2y') demonstrating a small
€0

absorption on resonance. On the other hand, when |2,| # |£,|, one
gets s < s’ <0, leading to a less deep amplification.

3.3. Effect of bismuth-chalcogenide microstructures

The QI effect is generated when two closely lying upper levels of the
double-V-model QE (|2) and |3)) decay to the common level |1) so that
the corresponding spontaneous-emission channels can interfere. We
have investigated the influence of this interference on the light-induced
torque in the previous subsections. The essence of such interference
effect requires a very meticulous condition to be valid, viz., the dipole
matrix moments for two close-lying states |2) and |3) spontaneously
decaying to the common state |1) should be nonorthogonal, otherwise,
the quantum interference does not exist. This can be a problem for
usual quantum systems (atoms, molecules, and quantum dots) as they
mostly allow the orthogonal dipole matrix elements, preventing the
QI from occurring. Nevertheless, an anisotropic quantum vacuum has
been predicted to induce QI during the spontaneous emission process
when placing the QEs in the neighborhood of a photonic structure, as
predicted by Agarwal [50].

Taking advantage of this idea, in what follows we examine how
light induces a torque on the double-V QEs when they are placed in
the vicinity of a bismuth-chalcogenide Bi,Te; microstructure. Fig. 6
demonstrates the setup where the double-V QE is located at distance
d above the planar surface of the topological insulator Bi,Te;. We
assume that the dipole moment of the QE interacting with the photonic
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Bi,Te,

Fig. 6. QE in a photonic environment. The double-V QE lies at a distance d above the
surface of a thick slab of Bi,Te; and is subject to two counterpropagating LG beams
propagating along the ¢-direction, i.e., i.e. parallel to the surface of Bi,Te; slab. The
red arrows denote the two different oscillation orientations of the QE dipole moment.
Air is taken to be the surrounding medium.

reservoir of modes of Bi,Te; is oriented either horizontally or vertically,
i.e. parallel or normal to the topological insulator Bi,Te; surface.

Due to the presence of the photonic structure (bismuth-chalcogenide
Bi, Te;), according to [61,68-70] and based on Appendix, the param-
eters y and « in previous section change to

K =%(rl - I, (41)

where the values of the parameters I, (normal) and I (parallel)
depend on the distance d between the QE and the planar surface of the
Bi, Te; slab [61]. It should be pointed out that, as depicted in Fig. 6, the
motion of QE is restricted on a plane parallel to the material surface.
This means that the values of I, and I} will be the same for every
QE position on the plane since the QEs remain constantly on the same
plane. Another important point taken out of this geometry is the fact
that one does not need to worry about the scattering of the LG beams
from the material surface as the beams are assumed to propagate along
the ¢-direction, i.e. parallel to the surface of Bi,Te, insulator.

The term « in Eq. (41) represents the coupling coefficient between
states |2) and |3) (due to the spontaneous emission in a modified
anisotropic vacuum [50]). The corresponding degree of quantum in-
terference is defined then as p = (I, — I))/(I', + I})). Clearly, the QI
plays a role when the QE is placed next to the Bi, Te; surface. The value
|p| =1 corresponds to the maximum degree of quantum interference in
the spontaneous emission [71]. This usually occurs when the emitter
is placed in a proximity to the structure that can completely quench
I';. On the other hand, when the emitter lies in the free-space vacuum,
one has I = I} = I, giving y = Iy, x = 0 and thus p =0, so the QI is
completely absent in the double-V-type QE. We have defined here I, as
the decay rate in the vacuum to make it distinguishable from the decay
rate y in Eq. (40), influenced by the interaction with insulator surface.

The results of I', (normal) and I (parallel) as well as the degree
of QI p as a function of the distance from the topological insulator
Bi, Te; are presented in Fig. 7(a,b) for two frequencies 2 THz and 4 THz,
respectively.
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We observe in Fig. 7(a) (Fig. 7(b)) that as the distance between the
QE and the Bi,Te; increases, the value of I'j exhibits an initial strong
decrease up to a distance approximately d ~ 6 pm (d ~ 3 pm) for
2 THz (4 THz) while becoming significantly smaller than the free-space
decay rate. As the distance increases further, its value raises weakly
getting slightly larger than the free-space decay rate. In addition, the I'";
value decreases for both frequencies with the increase of the distance
between the QE and the bismuth-chalcogenide microstructure. Since I';
is much larger than I in the region of d ~ 6 pm (d ~ 3 pm) for 2 THz
(4 THz), the corresponding QI factor p becomes maximum there (about
0.88-0.89 for 2 THz and slightly less for 4 THz).

To model the torque behaviors of the double-V QE next to the
topological insulator we consider the case that w3, # 0 and r = 0
(similar to case (2) in the previous section). Note that the case (1)
discussed in the previous section only exists when we get exactly
maximum interference p = 1 (k = y), which cannot happen next to
the Bi,Tes;. Figs. 8 and 9 show the variation of induced torque func-
tion r with changing the distance of QE to the bismuth-chalcogenide
microstructure for different frequencies in the THz regime, i.e., 2 THz
and 4THz, respectively. Illustrated in Fig. 8(a) (Fig. 9(a)), the QE
experiences a very weak torque for the surface-emitter separations up
to d =2.10 pm (d = 0.66 pm) for the frequency 2 THz (4 THz). When the
distance d between the QE and Bi,Te; surface increases gradually, the
magnitude of induced torque increases and reaches a maximum value
for d = 6.10 pm (d = 3 pm) for which the degree of QI was the largest.
The torque function z start to reduce for larger distances, as can be
seen in Fig. 8 (b) (Fig. 9(b)). We observe that the maximum torque
achieved for the frequency 2 THz is larger in comparison with the one
for the case of 4 THz. This is because the degree of QI for the frequency
2THz is larger than the one for 4 THz (Fig. 7). Clearly, the maximum
torque is now less than the one observed in solid line of Fig. 4(b) where
the torque function = was plotted for the same set of parameters but
for the perfect QI situation p = 1 (the case that the QI was due to
the nonorthogonality of dipole matrix elements for the two transitions).
However, as the QI term x depends now on the separation between the
quantum emitter and the Bi,Te; surface, it paves the way towards the
remote distance control of the induced torque and the resulting current
flow, the feature which was missing when the existence of QI was due
to the nonorthogonality of dipole matrix elements.

Finally in Fig. 10 we present the variation of torque function against
the doublet splitting w3, for a separation distance d = 3 pm and for the
frequency 4 THz. We find that r exhibits significant increase up to the
splitting value w3, ~ 1.5, and then starts to decrease, meaning that
the magnitude of torque can be further enhanced via manipulating the
doublet splitting ws,.

4. Concluding remarks

In summary, we have investigated the effects of quantum interfer-
ence in spontaneous emission on the light-induced torque in a four-level
double-V type light-matter interaction scheme. When the double-V
quantum emitters interact with a pair of spatially inhomogeneous
weak laser fields, a quantized torque can be induced on the center
of mass of each trapped QE. Such a torque is directly proportional
to the topological charge of the inhomogeneous probe beams, rotates
the whole ensemble about the beam axis, and creates a ring-shaped
current flow. We analytically and numerically demonstrated how the
quantum interference between the two excitation pathways in the
upper V subsystem of the double-V QE with a closely spaced doublet
can impose a controllable torque on the whole system. The magnitude
of such an induced torque can be controlled by the initial internal
state preparation of the QEs, and can be enhanced by the strength
of the inhomogeneous beams. The system can experience absorption,
transparency or lasing, depending on how the QE is initially populated.



H.R. Hamedi et al.

()

10° parallel L0
normal a
103 0.8
o
<102
|< 10 0.6‘46
|- ]
g
10! 0.4 &n
[
a
10° 0.2
10—1 1 1 1 1 1 1 1 O'O
0 5 10 15 20 25 30 35
Distance (um)

Optics and Laser Technology 165 (2023) 109550

(b)

10* 1.0
— parallel
normal —QI

10° 10.8
—
' o
|_° 10 10 693
~ Q
[ e
10k 40.4 on
J\ 8

10° \/’f \ 0.2

10t L L L 0.0

0 5 10 15

Distance (um)

Fig. 7. The spontaneous decay rate for a dipole which is normally (1, red curve) and parallelly (||, blue curve) oriented with respect to a plane of Bi,Te; as well as the degree
of QI, p (green curve), as a function of the distance from the planar surface of Bi,Te;, for two frequencies 2THz (a) and 4 THz (b). Note that I, is the decay rate in the vacuum.
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line) and d =7 pm (solid line). Note that I is the decay rate in the vacuum.

We have also presented a remote distance control over the torque
function when the double-V model QE is placed next to a planar surface
of the topological insulator Bi,Tes.

Such a double-V-model QE setup can be implemented experimen-
tally in different atomic schemes having, for example, two J = 0 states

for the lower states, |0) and |1), and M = +1 sublevels of a J = 1
state for excited states |2) and |3). The energy difference hws;, can be
changed by a static magnetic field. In addition, the QE may be realized
in hyperfine sublevels of D lines in alkali-metal atoms like 8°Rb and
87Rb [63-65]. or in dual CdSe/ZnS,/CdSe quantum dots [63].
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Fig. 10. The variation of induced torque function z (in units of s~') as a function of
splitting w;, at the frequency 4 THz. Here, y' =0, 6 =0, A =0, |2,| = 0.21,, |2,| = 0.1}
and z =3 pm. Note that I} is the decay rate in the vacuum.

Our study makes several significant contributions to the field of
optical manipulation of quantum emitters. Firstly, we demonstrated
the use of quantum interference from spontaneous emission to ma-
nipulate and enhance light-induced torque, a technique not previously
reported in literature. We derive analytical solutions for the steady-
state density matrix equations for different initial states of the quantum
system, demonstrating the significant impact of the initial state on
torque variation and the possibility of generating absorption or lasing
depending on the preparation of the system. Secondly, we presented
a scenario in which the torque can be generated next to a photonic
structure, allowing for remote distance control of this physical effect.
These findings have important implications for the development of
novel optical manipulation techniques and potential applications in
quantum information processing and sensing.
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Appendix

In this Appendix we provide the derivation of parameters y and
x which as a result of the presence of the photonic structure have
changed to Egs. (40) and (41) [42,46,48,51,52,61]. Assuming that the
orientation of the double-V QE dipoles are defined in terms of a nearby
material surface, the spontaneous-emission rates are provided by
252

HoH™ & _ ~ 1
y = 02h Im [GJ_(r,r;w) + G”(r,r;w)] = E(FJ_ + 1), (42)
2 =2
Hop™ @ _ _ 1
k== Im [G,(r.r:) - Gy(r.1:@)] = S (I~ T)). (43)

Here G, (r,r;®) and G)(r,r;®) are the components of the electromag-
netic Green’s tensor of the surrounding environment, the symbol L and
|| refers to a dipole oriented, respectively, normal (along the z axis)
and parallel (along the x axis) to the surface of material, y, is the
permeability of vacuum and @ = (w3 + w,)/2 — w,. The spontaneous
emission rates, for an emitter oriented normal and parallel to the
surface, are I'; | = pou’@? Im [G | (r,x;®)] /.

The electromagnetic Green’s tensor providing the corresponding
spontaneous emission rates I'; and I is given by [52,72,73]

_ i 1
G,-P;/P(l',l';w) = g,.f,P(r,r;co) ) ﬂ d2k|| m"k”;i(r)
x exp(—iK* - r)é, (K*), (44)

with v (1) = RPP exp(~iK~ - 1)&;(K") and K* = {k + [¢> — kﬁ]l/z}
where k|, is the component of the wave vector, which is parallel to the
material surface. P, P’ = E, H refer to the two independent polarization
modes associated with the planar material surface. When ¢? = w?/c? <
(k”)z, the wave-vector K* defines an evanescent wave.

The term g[’i’,‘D (r,r; ) in Eq. (44) is the free-space Green’s tensor and
&,(K*) is the polar unit vector normal to K*. Here also RP? " denotes the
reflection matrix, which provides the reflected beam generated by the
incidence of plane wave from above to the material slab [74]. Also, in
Eq. (44) the terms corresponding to s-polarized waves (those containing
components with the unit vector & (K*) normal to K*) make a trivial
contribution to the total decay rates and thus have been neglected.

We assume then the slab of Bi, Te; is thick enough so that we do not
take into account finite-size effects. The dielectric function is modeled
by [58,59,61]

(1)2 .
) = Y ————, (45)

2 _ .2
j=ap.f Ppj T @0 TH@

and it includes contributions from « and f transverse phonons, and
free-charge carriers (f) arising from the bulk defects. The frequency
parameters for the three terms appearing in Eq. (45) are taken from
a fit to experimental data [75] on bulk Bi,Te; and can be found in
Table 1 of [59]. The subscripts appearing in the sum of Eq. (45) stem
from contributions of « and # phonons, as well as from bulk free-charge
carriers [75].
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