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Investigation of the Goos-Hinchen shift in an optomechanical cavity via quantum control
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We propose a scheme to study the topic of manipulating the Goos-Hénchen (GH) shift of the reflected beam
in an optomechanical cavity (OMC). Our system consists of two mirrors where one is fixed and the other is
movable and a two-level atom is trapped inside the OMC. The fixed mirror is partially reflecting, whereas the
movable mirror is perfectly reflecting. We theoretically investigated the behavior of the GH shift in the reflected
beam when a Gaussian beam is an incident on the OMC. We find that GH shifts can be greatly enhanced in
positive or negative directions via manipulating the quantum parameters such as optomechanical strength g,
and atom-cavity strength g,. under the influence of beam width of a Gaussian beam. Besides, we study the GH
shift in the case of the partially coherent light beam as an incident probe field. Giant negative GH shift is achieved
for an incident partially coherent beam in the presence of g, g.c, @ measure of global coherence and beam width
of a partially coherent beam. The proposed model provides feasibility in practical experiments for studying the

behavior of the GH shift.
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I. INTRODUCTION

A tiny shift appearing when a light beam is totally reflected
from an interface of two different media was first formulated
by pitch [1]. After that, Goos and Hinchen experimentally
observed this tiny lateral shift in the total internal reflection
in 1947 [2]. It is of great interest in the applications of
temperature-dependent optical sensors [3] and plasmon sen-
sors which have high-resolution capability [4]. Consequently,
the researchers pay great attention to investigating the behav-
ior of the GH shift in different dispersive media. The positive
GH shift has been studied in different structures such as total
internal reflection [5], the interfaces between left and right-
handed media [6], and multidimensional periodic structures
[7]. Besides, the negative GH shift has been noticed in ab-
sorbing media [8] and atomic media with a negative index of
refraction [9]. In general, the incident beam is considered as a
Gaussian beam in the studies of GH shift [10], and the beam
width plays a key role in both negative and positive shifts [10].
Further, the coherent effect also plays an important role in
wave phenomena [10-15]. The problem of the GH shift with
partially coherent light has been discussed in [16-20]. This
paradox has been solved by Wang and co-workers first [21]
and then by Ziauddin et al. [22]. In these works [21,22], it
has been revealed that the measure of global coherence has a
strong dependence on the GH shift.
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Besides, the measurement of the GH shift in the optical
regime is a tough job due to its small magnitude. Therefore, it
is constructive to study the magnitude enhancement of the GH
shift for the application point of view. Earlier, the magnitude
enhancement of the GH shift has been studied theoreti-
cally and experimentally using several optical systems—these
include, for example, absorptive medium [23], structural res-
onances [24], photonic crystal [25,26], metamaterials [27,28],
metals [29,30], and a medium having negative refractive in-
dex [9]. Further, a considerable magnitude enhancement of
the GH shift has been realized theoretically by varying the
external parameters such as Kerr nonlinearity, spontaneously
generated coherence, and parity-time symmetry [14,31,32].

On the other hand, cavity optomechanics [33,34] is an
emerging field of research, in which the optical modes interact
with the mechanical modes through radiation pressure and
bring incredible progress in numerous fields of physics. In
recent years, the cavity optomechanical phenomenon leads to
numerous momentous applications, i.e., slow light in optome-
chanically induced transparency (OMIT) [35-41], atomic
localization precision measurements [42,43], quantum infor-
mation [44,45], manipulation of light propagation [46,47],
squeezing of light [48], and strong coupling physics [49].
Cavity optomechanical systems possess various phenomena in
electromagnetically induced transparency (EIT) [50], inverse
EIT [51], Fano resonance [52], refractive index enhancement
[53], and nanoscale optical cavities [38]. In the atomic con-
figuration, multiple EIT can be obtained from the extension
of a single EIT by incorporating numerous atomic systems,
i.e., V-type [54], Y-type [55], N-type [56], and K-type [57]
atomic media. The transmission of the probe field takes place
in multiple EIT windows at different frequencies; this multiple
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EIT window has worthy contributions in optical commu-
nication processes where multichannel is functional and in
the optical processing. In OMC, a double OMIT window
has been explored in a charged optomechanical system [58],
coupled disks structure [59], coupled OMC [60], and double
resonators OMC [61,62].

Further, the hybrid atom-cavity quantum systems have re-
vealed a substantial amount of research in this decade [63,64].
Two well-established fields such as cavity quantum electrody-
namics [65] and quantum optomechanics [66] are expected
to be a fundamental part of future quantum technologies. In
these systems, a lot of phenomena can be generated due to
light-mechanical interaction and atom-light interaction at the
quantum level. Earlier, the hybrid cavity systems have been
investigated theoretically [67,68] and experimentally [69,70].
In these hybrid systems, a mechanical oscillator interacts si-
multaneously with matter (like single or multilevel systems
such as Bose-Einstein condensate) and radiation field that can
be used in many phenomena of pure quantum nature. Very
recently, an OMC has been considered and investigated in the
GH shift for the reflected beam by using a plane wave [71].
It is a fascinating phenomenon to demonstrate the classical
nature of the GH shift depending on the quantum nature of
the cavity parameters.

In the current work, we proceed with the investigation as
studied in Ref. [71] and consider an OMC in which a two-
level atom is trapped inside it. When a single atom is trapped
inside the optomechanical cavity, then it couples to the cavity
field by dipole interaction and the cavity optomechanics com-
bines with the cavity quantum electrodynamics. As a result,
there is a strong coupling between a single trapped atom and
optomechanical oscillator [67,68]. A related and significant
question in the framework of such a hybrid system is what
kind of effect on the GH shift can be achieved when there
are cavity-mechanics and atom-cavity coherent interaction?
In this article, we try to answer this question theoretically
in such a hybrid system and deal with two quantum param-
eters such as optomechanical strength g, and atom-cavity
strength g,.. Further, the GH shift is very tiny, i.e., several
optical wavelengths, so that its measurement becomes a dif-
ficult task. On the other hand, how to estimate the coupling
strength between an interacting cavity field and the atomic
system as well as the coupling between the cavity field and
optomechanical system is the other difficult task in the ex-
periment. To solve the two problems simultaneously, here,
we have proposed the hybrid system which consists of a
two-level atom inside an optomechanical system. We expect
that the GH shift can be amplified in the presence of the
trapping atom, while the coupling strengths of atom cavity
and optomechanical can be highlighted due to the observable
shift. With the study of this hybrid system, we can estimate
the physical coupling strength which is crucial to the atomic
physics and other realm related to light-matter interactions.
Our proposed model provides an accessible way to measure
the coupling strengths by the amplified GH shift which can
be easily observed in practical experiments. We also know
that the quantum parameters affect the behavior of the output
probe field as studied earlier [61,62]. It will be more inter-
esting if we consider a probe beam is a Gaussian or partially
coherent beam instead of a plane wave and study the behavior
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FIG. 1. System of OMC interacting with probe and coupling
fields. A Fabry-Pérot cavity length is L. It consists of a stationary
mirror, moving mirror, and a two-level atom contained inside the
cavity. The thickness of the left mirror and the length of the cavity
are denoted by d; (permittivity €;) and d, (effective permittivity ¢,),
whereas dx is the mean displacement of moving mirror and S, is the
lateral shift in the reflected probe beam. At the same time, the cavity
is impinged by weak probe field wj at an incident angle 6 and strong
pump field w) is denoted by arrows normal to the stationary mirror.

of the GH shift in the reflected beam in the proposed hybrid
system.

II. MODEL

The system is composed of a two-level atom trapped inside
a Fabry-Pérot OMC whose length is L as shown in Fig. 1.
The cavity consists of two mirrors where one is partially
reflected and the other is perfectly reflected. The perfect re-
flected mirror is movable, whereas the other mirror is fixed.
The nonlinear coupling is directly coming from the optome-
chanical effect, and the two-level atomic system can be dealt
with the Jaynes-Cummings (JC) model [72]. We consider a
strong pump field with frequency w; and a weak probe field
with frequency w,, interacting with the OMC. In the scenario,
the Hamiltonian of the system can be represented as [73]

2 2.2
p mw; x . A
H=<%+ 2‘“ )—i—hAccc—FFz?aaZ

— ligmec ex + higae(cTop + caf) +ir& (" = ¢)
+ihEy(cTe ™ — eP'c). (1)

Here, A, = o, — ), Ay = w, — ), and § = wp — w) are the
detunings of cavity field frequency, atomic transition fre-
quency, and the probe field frequency with respect to the
pump field frequency, respectively. w, and w, are the cavity
resonance and atomic transition frequencies, respectively. In
Eq. (1), the first term is the Hamiltonian of a moving mirror
having mass m and frequency wp,, and the position and mo-
mentum operators of the oscillator are represented by x and
p. The second term defines the self-energy of cavity mode,
where ¢ and c are the corresponding creation and annihilation
operators. The third term describes the Hamiltonian of the
two-level atomic system whose resonant frequency is given
by w,. o, represents the Pauli-spin matrices of the two-level
atom. The fourth term represents the interaction of cavity
mode and oscillating mirror, where gy, is the quantum param-
eter and is known as optomechanical strength. The fifth term
is the interaction Hamiltonian between the two-level atom
and cavity mode, where g,. is the other quantum parameter.
T __ oxtioy

ox—Ii0, . .
=5 and 01 = =5 are the creation and destruction
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operators of the two-level atom. The last two terms in Eq. (1)
represent the interactions between cavity mode with a strong
pump and a weak probe field which have Rabi frequencies w,
and w,, respectively. The field amplitude of pump and probe
field are given as |&| = &/2kP/hoy and |E,| = \/2x Py /Ty,
where P and P, are the input power of pump and probe field
with the corresponding frequencies w; and wp. k is the cavity
decay rate. In the following, we examine the time evolution
of the optomechanical system and use the Heisenberg operator
method whose general expression can be written as

@l @
7

According to the system Hamiltonian as given in Eq. (1), we
can obtain the Heisenberg equations of motion using Eq. (2)
as

. higme

2 .
X = —wpX + ymx + c'e,

¢ = —(k +iA)c+ igmecx — igacor + & + gpe—iaz
+ v ZKCiH(t)v
61 = —(a D)0 + igueco, + V20, )

where y, represents the damping rate of an atom and y,,, shows
the decay rate of mechanical mode. We have also presented
the input vacuum noises related to the cavity field ¢, (¢) and
atom aj, (1), respectively. The mean values of cj,(¢) and aj, (¢)
become equal to zero, i.e., {cin(t)) = (ain(¢)) = 0. The non-
vanishing commutation relations are given as (cj, (¢ )ciTn(t’)) =
8 —t) and (ain(t)aiTn(t’)) = §(¢t — t’). Taking the average of
the above three equations, we get

figme

(%) = —wm(x) — Ym(X) + (" e),

(€) = —(k +iAc)(c) + igme{c)(x) — igac(01)

+gl + gpe—iﬁt,
(01) = —(T'a +iAy){01) + igac(c){02)- 4)
For a low excitation limit, we consider (o,) = (0;)ss = —1. In

order to get a steady-state solution of the above equation, we
use an ansatz as

(x) — xs +.x7€_i5t +X+ei8t,

<C) =c+ C_efitst + C+ei5t’
(01) = 015 + o1 + oy €™, )
where i;(x, ¢, o) are known as the steady-state solution. Us-

ing the above ansatz, we obtain the steady-state solution as
follows:

_ ﬁgmc|Cs|2
ST T e
mw;,
&
= g ©
K+ IA = A

From Eqgs. (4) and (5), we can obtain the expression as

o = <:35/31 2/ — B2 BsgncsCt — BB fsm
T A+B+C

)5p, (7

where
A = A¢ — gumeXs,
A = Bigocm + B1PaBsgecm — B1B3Bagacm,
B = —B1B2B3BaBsm — iBsguc8mcCsCh — iB5CsCi8rclimes
C = —iBrBaPBsmgecCsCr + iBaP3BsgmcCsCr
B = =87 — iy + op,
Bo = —i8 + y, — iA,,
By = —is —iA +k,
Bs = —i8+ A +«,
Bs = —ib + ya + iA,. (8)

The input-output relation of the cavity may be written as
[35,74]

Eou(t) + Ee ™ + & = 2k, 9)
where

Eou(t) = ES, + EJ,

out out

Epe ™ + Ej Epe™. (10)

out

After solving Egs. (8)and (9), we obtain the relation as

E+t _ 2Kc_
ou
&

—1, (11)

that can be measured by using the homodyne technique [74].
For convenience, we define

Ef +1= e _ e (12)
&
The quadratures of the field & can be defined as &1 = u, +
iv,. Here, u, and v, are the in-phase and out-of-phase quadra-
tures of the output probe field, respectively. The u, and v,
represent the absorptive and dispersive behavior of the probe
field through the cavity, respectively.

The OMC consists of two nonconducting mirrors in which
the left mirror M| is fixed and partially reflecting and the right
mirror M, is movable and perfectly reflecting. We define d;
and €; as the thickness and permittivity of M;, i € 1, 2. The
permittivity of the dielectric slabs (¢;) remained fixed, while
the permittivity of the intracavity medium (¢€,) is connected to
the &t of the cavity via the relation

e =1+¢&r. 13)

To study the behavior of the GH shift in the reflected beam
in the optomechanical system, we consider two cases: a
Gaussian-shaped probe beam and a partially coherent probe
beam.

A. Incident Gaussian beam

When a Gaussian probe beam is incident upon an
OMC from left, the incident probe Gaussian beam can be
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expressed as

. 1 .
Ei(x,y) = — f E (ky)e" oV d,, (14)
RV B !
we  ~WFky—kyo)?
where E(k,) = \/T%e E is known as the angular spec-

trum of the probe Gaussian beam centered at y = 0 of the
plane of x =0, kyy = ksin6, and w, = w,sech, where 0 is
the incident angle and wy is the half beam width. The mathe-

matical expression for the reflected beam can be expressed as
[10,75]

1 .
B Ylco = o= / F)E (keI (1)

where r(k,) is the reflection coefficient which can be calcu-
lated using a transfer matrix equation [10,75].

For a Gaussian incident beam with a narrow width, the GH
shift S, is defined as [10,75]

¢ _ LY Eix Py
12 |Ere, y)[Pdy

(16)

B. Incident partially coherent beam

In the real circumstances, when the incident beams are
partially coherent, the fields contain fluctuations both in-phase
and amplitude. It means that for a reflected field there is no
definite phase. To understand the partially coherent light, we
consider two-dimensional partially coherent fields. We use
the cross-spectral density function W (yy, x1;y2, x2), which
describes the propagation of the partially coherent field. Here,
(v1,x1) and (yp,x;) show two points in the fields. Using
Mercer’s expansion, we can represent the cross-spectral den-
sity function as [21,76]

W, x50, 0) = Y Bt O, xOWa(n, ¥, (17)

where v, and B, are the eigenfunctions and eigenvalues,
respectively. The partially coherent fields can be explained
more precisely by using a Gaussian shell-model beam [21,76].
The normalized eigenfunctions and eigenvalues of a Gaussian
shell-model beam can be written as [21,76]

1

Yo (y) = (%/n)”“WHnwz_c]e—fyz (18)

and
B, =A*m/(a+ b+ b/a+b+0)]",  (19)

where H, are the Hermite polynomials, whereas a = (4w?)~!,
b= (2wy)~',and ¢ = [a® + 2ab]'/?. The final expression of ¢
can be achieved as ¢ = (¢ + 4)!/2/(4qw?sec? ) by choosing
ws; — wgsecd and w, — wesecH, where g = wy/w, shows
the measure of global coherence. It is emphasized that the
angular spectrum ,(ky) can be derived from Eq. (18) by
taking its Fourier transform. For an inclined incidence, ¥, (k)
can be expressed as ,(k, — k), where k, represents the y
component of k and ky, = k sinf. For nth mode, the reflected
beam can be calculated as [21]

Yry) = e W (ky — ky,)e™dk,,  (20)
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FIG. 2. (a) Re[&r] vs probe field detuning § by considering
8me = V. (b) Density plot of the GH shift vs probe field detuning
8 and g,. by considering 0 = 0.14 rad, g, = ¥, and w, = 5X\. The
other parameters are €y = 1, €, =2.22, d; =0.2 um, d, =5 pum,
y =1MHz, & /2n = 0.5y, P =49 uW, w,, /27 = 10y, A, /21 =
10y, v./2m = 0.002y,T,/27 = 0.000 141y, and k = w,,/10.

where
L) we?((ky — k)
Wk, —ky) = ——— —— - H,| ———).
Vinlky = k) (2cm)l/4 «/Z"n!e ' ( V2c

21

When partially coherent fields are reflected at the interface
between two media, then each mode n experiences a lateral
shift as [21]

. [y )Pdy

- : 22
" [ o)Pdy @

III. RESULTS AND DISCUSSION

A. Interaction of incident Gaussian beam with an OMC

We start with the discussion of the GH shift of Gaussian
beam in the presence of the two-level atom. We show the
spectrum of OMIT (Re[£7]) versus probe field detuning for
different values of g,.; see Fig. 2(a). We find a narrow trans-
parency window appears for a small value of g,. (black dashed
curve). The transparency window becomes broader when the
value of g,. increases; see the red dotted, blue dashed dotted,
and green solid curves in Fig. 2(a). In the presence of g, the
effective loss of the cavity decreases, which leads to enhanced
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FIG. 3. (a) Re[&r] vs probe field detuning § by considering
gac = . (b) Density plot of the GH shift vs probe field detuning
8 and g, by considering 6 = 0.14 rad, g,. = y, and w, = 5X\. The
other parameters are €y = 1, €, =2.22, d; =0.2 um, d, =5 pum,
y =1MHz, & /27 = 0.5y, A =49 uW, w,/2nr = 10y, A,/2n =
10y, v./2m = 0.002y, T, /27 = 0.000 141y, and k = w,,/10.

radiation pressure [77]. Therefore, in the presence of g, to-
gether with gp,c influences the OMIT that can modify strongly
the GH shift. To study the GH shift we consider a Gaussian
probe beam incident on an OMC from left making an angle 6
with x axis. We are interested in studying the manipulation
of the GH shift using quantum parameters such as cavity
optomechanical strength gy, and atom-cavity strength g,. Ini-
tially, we study the dependence of the GH shift upon the probe
field detuning §. We show a contour plot of the GH shift versus
§ with g, by considering the incident angle 6 = 0.14 radian
using Eq. (15) as shown in Fig. 2(b). It is also emphasized
that the OMIT or the transparency window can be achieved in
our model at around § = 62.82y. The plot in Fig. 2(b) shows
that the magnitude of the GH shift varies with increasing the
strength of g,.. The magnitude of the GH shift is large and
positive at § = 62.82y for small values of g,.. It is because
the OMIT in our system is very narrow for small values of
Zac- When the value of g,. increases, the width of the OMIT
window increases and, in that case, we can choose any other
values for § instead of § = 62.82y. Therefore, Fig. 2(b) shows
that we get negative and positive shifts for different values of
gac and é. The magnitude of the GH shift changes by changing
the probe field detuning and g,.. Further, the width of OMIT

63.0F 1 3%
i 287
62.8' ]
i 238
]
5 62.6' ]
189
8 L
X
S 62.4} il
7 91
62.2/ ]
. £
62.0’\ . R R | 1 L L L | —7

04 06 08 10
O(in radian)

FIG. 4. Contour plot of the GH shift vs probe field detuning
6 and 6 by considering gmc = gac = ¥ and w,; = 5A. The other
parameters are € = 1, €, =2.22, dy, =0.2 um, d, =5 pum, y =
1 MHz, & /27 =05y, b =49 uW, w,/27 =10y, A,/27 =
10y, v./27m = 0.002y, T,,/27 = 0.000 141y, and ¥ = w,,/10.

00 02

remains unchanged with increasing the strength of g, under
the presence of g,., as shown in Fig. 3(a). We find there is a
transparency window for a small value of gp. (black dashed
curve) and it remains the same with the increment of g,,.; see
the red dotted, blue dashed dotted, and green solid curves in
Fig. 3(a). In the presence of g,., we show the spectrum of
the GH shift in the reflected beam versus § and gy, while all
the other parameters are unchanged; see Fig. 3(b). We get a
negative and positive GH shifts for different pairs of § and gpc.
This means that the other quantum parameter, i.e., gmyc, also
affects the magnitude of the GH shift. To extend the discussion
further, we study how the GH shift changes with the probe
field detuning and incident angle varies. In Fig. 4, we show a
contour plot of the GH shift versus é and 6. Enhanced positive
GH shift is achieved at incident angle 6 = 0.46 radian and
8 = 62.5y in the presence of quantum parameters gy, and g,c.
At the same incident angle 6 = 0.46 radian, the magnitude of
the GH shift varies with the variation of probe field detuning
8. We also find positive GH shift at some other incident angles
and probe field detuning.

Very recently, the influence of the quantum parameter gmc
on the GH shift has been studied and developed so that it af-
fects the behavior of the GH shift [71]. In the present section,
we consider the optomechanical system having an atom inside
it and using a Gaussian incident probe beam. In the proposed
system, we have two quantum parameters such as optome-
chanical strength g, and atom-cavity strength g,.. We expect
that the two quantum parameters must affect the behavior
of the GH shift. To investigate the influence of the quantum
parameters on the GH shift, next, we study the influence of
the quantum parameter gn. on the GH shift in the absence
of another quantum parameter g,.. We show a contour plot
of the GH shift versus incident angle 6 and gy,,. as depicted in
Fig. 5(a). The plot shows that, at gy = 0 or approaching zero,
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FIG. 5. (a) Contour plot of the GH shift vs incident angle 6 and
gme by considering g, = 0 and wy = 5X; (b) the GH shift vs incident
angle 6. The other parameters are €9 = 1, €; = 2.22,d; = 0.2 um,
dy =5 pum, y =1MHz, &/2r =0.5y, L =49 uW, 0, /27 =
10y, A,/27 = 10y, y./27 = 0.002y, T',,/27 = 0.000 141y, and
K = w,/10.

the magnitude of the GH shift is zero at different incident an-
gles. Positive GH shifts appear at different choices of incident
angles. It is found that the enhanced positive GH shift appears
at & = 0.46 radian. It is also investigated that the GH shift at
0 = 0.46 radian starts from 27 gy = 5.4y or gne = 0.86y.
For further increase in the strength of the gy, the magnitude
of the GH shift increases as shown in Fig. 5(b). The plot shows
that the magnitude of the GH shift increases more slightly
beyond 2w g, = 12y. A saturation occurs when we double
the value of 27 gy, = 24y.

Further, the quantum parameter g,. can also affect the
behavior of the OMIT in the cavity system. Therefore, it is
expected that it can also influence the GH shift as well. In the
absence of g, we show a contour plot of the GH shift versus
incident angle 6 and g,. as shown in Fig. 6. The plot shows
that, in the absence of optomechanical strength gp,., the GH
shift can be flexibly manipulated via atom-cavity strength g,.
It is found that the magnitude of the GH shift is maximum
for small values of g,. at different incident angles. The maxi-
mum GH shift appears at incident angle 6 =~ 0.39 radian with
27 gac & 0.892y or g, ~ 0.14y. Similarly, an enhanced GH
shift is also achieved at an incident angle 6 ~ 0.56 radian with

1.0 196
i 168
0.8
I 140
~ L
-_§ 0.6 112
g
= 84
Z 04
<y
56
0.2
I 28
0.0 EEEE—— - g

1 g 10 15
FIG. 6. Contour plot of the GH shift vs incident angle 6 and g,
by considering g, = 0 and w, = 54; the other parameters are ¢, =
l,e, =2.22,dy =02 um,d, =5 um,y = 1 MHz, &;/2n = 0.5y,
=49 uVW, w,/2r =10y, A,/27m =10y, y,/27 =0.002y,
I'/2m = 0.000 141y, and « = w,,/10.

27 gac ~ 0.74y or g, = 0.11y. In the absence of g, we get
large GH shift for small values of g,. and vice versa. This is
due to the fact that the total group index of the cavity increases
for small values of g,. and vice versa. The magnitude of
the GH shift is dependent on the total group index of the
medium which has been reported earlier [12]. From the above
investigation, we can safely conclude that the magnitude of
the GH shift can be manipulated via atom-cavity strength.

It has been established earlier that the beam width of a
Gaussian beam influences the behavior of the GH shift by
considering the atomic medium in a cavity [10]. It is now
constructive to study the influence of beam width of the Gaus-
sian beam on the GH shift in an OMC. We choose a fixed
incident angle and plot the GH shift versus beam width under
the influence of quantum parameters. First, we consider the
incident angle 6 = 0.46 radian, gn./2w = 1.5y, and goc =0
and show a spectrum of the GH shift as depicted in Fig. 7(a).
We get a positive GH shift, where its magnitude becomes
maximum at around w, = 5A and, for further increase in the
beam width of a Gaussian beam, the magnitude of the positive
GH shift decreases. Further, in the presence of g, and gpc,
we show a spectrum of the GH shift vs beam width where
all the other parameters remain the same as that in Fig. 7(a).
The spectrum of the GH shift in the reflected beam is shown in
Fig. 7(b). Under the influence of both the quantum parameters,
we get negative GH shifts for different choices of beam width
of the Gaussian beam. The maximum negative GH shift is
achieved for beam width w, = 12.5; see Fig. 7(b). Here, the
quantum parameter g,. switches the GH shift from positive to
negative at incident angle & = 0.46 radian.

B. Interaction of incident partially coherent beam with an OMC

Earlier, the GH shift has been investigated for a partially
coherent light using different media [21,22]. In the following
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FIG. 7. (a) GH shift vs beam width of Gaussian beam by consid-
ering 6 = 0.46rad, g,. = 0, and g,,./2r = 1.5y . (b) The GH shift vs
beam width for 6§ = 0.46 rad, g,./27 = 1, and gn./27 = 1.5y; the
other parameters are €g = 1, €, =2.22,d; = 0.2 um, d, =5 pum,
y =1MHz, & /2r = 0.5y, A =49 uW, 0w,,/2n = 10y, A, /27 =
10y, y./27 = 0.002y, T,,/27 = 0.000 141y, and « = w,,/10.

section, we are going to proceed with the study related to the
GH shift by considering that a partially coherent light beam
is incident on an OMC. It is established that the quantum
parameters such as gy, and g, affect the behavior of OMIT in
a cavity optomechanical system. In the following, we expect
the manipulation of the GH shift in the reflected beam via gy,
gme, beam width w;, and a measure of global coherence g.
Under the influence of g,. and g, we plot the GH shift versus
incident angle 6 for a partially coherent beam using Eq. (21) as
shown in Fig. 8. At different incident angles, we get negative
and positive GH shifts in the reflected beam. At incident angle
6 = 0.56 radian, an enhanced negative GH shift is achieved.
The enhanced negative GH shift is achieved which is based
on the quantum parameters g,. and gmc as well as a mea-
sure of global coherence g and beam width w,. To study
more about the manipulation of the GH shift under the influ-
ence of the quantum parameters g, and g,c, next we consider
the fixed incident angle 6 and plot the GH shift versus g, and
Zac, separately. First, we consider the incident angle 6 = 0.56
radian while ignoring the atom-cavity coupling strength, i.e.,
gac = 0, and plot the GH shift versus g, for partial coherent
beam as depicted in Fig. 9(a). Interestingly, enhanced negative
GH shift (S), ~ —800) in the reflected beam is achieved at
coupling strength 27w gy, = 3.75y or gme = 0.59y . Further, to
study the influence of g,. on the GH shift, we consider the
optomechanical strength g, = 0 and plot the GH shift versus

-200- :
N/ ]
-400- :

oy
S
o TT T

00 02 04 06 08 10
O(in radian)

FIG. 8. GH shift vs incident angle 6 by considering g,./27 =
8gme/2m =y, nth mode=2, w, = 30A, and ¢ = 0.013; the other
parameters are g = 1, € =2.22, dy =0.2 um, d, =5 pum, y =
1 MHz, & /2rn =0.5y, B=4.9 uW, w,/2r =10y, A,/2n =
10y, y./2m =0.002y, T,,/27 =0.000 141y, « = w,/10, and
8 =62.82y.

8ac for a partially coherent beam as shown in Fig. 9(b). It is
investigated that the magnitude of the GH shift is approxi-
mately zero for small values of g,. and increases gradually
with increasing the strength of g,.. We get the increase of

00— ——
, @

400" 1
S,/

-800 !

S/A |
200"

40060 5 10 15
2t g,

FIG. 9. (a) GH shift vs g, where g, = 0,60 = 0.56 rad, n = 2,
g = 0.013, and wy; = 30A. (b) The GH shift vs g,., where gn. =
0, 6 =0.56 rad, n =2, ¢ =0.013, and w; = 30A; the other pa-
rameters are €p =1, €, =2.22, dy =02 um, d =5 um, y =
1 MHz, & /2rn =0.5y, B=4.9 uW, w,/27 =10y, A,/2n =
10y, y./27 =0.002y, I',/27 =0.000141y, « = w,/10, and
8§ =62.82y.
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FIG. 10. (a) GH shift vs g, where g,./2m = gn./2m =y, 0 =
0.56 rad, n =2, and w, = 30A. (b) The GH shift vs w,, where
8ac/27 = gue/2m =y, 6 =0.56 rad, n =2, and g = 0.013; the
other parameters are €y = 1, €, =2.22, d; =0.2 um, d, =5 pm,
y =1MHz, & /27 =05y, P =49 uW, w,, /27t = 10y, A, /27 =
10y, y./27 =0.002y, TI',/27 =0.000141y, « = w,/10, and
8§ =62.82y.

the negative GH shift by increasing the value of g,.. This is
due to the fact that negative group index (with small values)
of the total cavity can be achieved for small values of g,
when a partially coherent beam is propagating through the
optomechanical cavity and vice versa.

The negative GH shift becomes maximum around 27 g,. =
12y or g, = 1.9y. For further increase in the strength of gy,
the magnitude of the negative GH shift remains constant. It
has been reported earlier that the mode index n affects the
magnitude of the GH shift [21,22]. In Fig. 9(b), we consider
the mode index n = 2 for partially coherent light and we
achieved small GH shift for small values of g,. and vice versa.
The behavior of the GH shift changes when the mode index
n = 0 is considered; see the inset in Fig. 9(b). The result [inset
in Fig. 9(b)] reflects the same behavior of the GH shift as we
reported for the Gaussian beam where the magnitude of the
GH shift is large for small values of g,. and vice versa.

Previously, it has been reported that the spatial coherence
of the partially coherent beam influence the magnitude of the
GH shift in the reflected beam [21,22]. From these studies,
it is revealed that the magnitude of the positive and negative
GH shift in the reflected beam is large for small values of
q and decreases when the value of g decreases. It is impor-
tant to emphasize that, for higher values of ¢, the incident

-200¢ :

S/ ,
-300¢ :

405003

FIG. 11. GH shift vs «/w,,, where g,./2m = gn./2m =y, 0 =
0.56 rad, n =2, and w; = 30X1. (b) The GH shift vs w,, where
8ac/27 = gue/2m =y, 6 =0.56 rad, n =2, and g = 0.013; the
other parameters are g = 1, €, =2.22,d; = 0.2 um, d, =5 pum,
y =1MHz, & /2n = 0.5y, A =49 uW, w, /2 = 10y, A,/2n =
10y, y./27 = 0.002y, I',,/27 = 0.000 141y, and § = 62.82y.

beam is more coherent, while for small values it becomes
incoherent or partially coherent. To analyze the influence of a
measure of global coherence on the magnitude of the GH shift,
we consider the incident angle 6 = 0.56 radian, the beam
width w; = 304, and plot the GH shift versus g as shown in
Fig. 10(a). The spectrum of the GH shift clearly shows that
the magnitude becomes maximum at around g = 0.013 and
decreases with increasing the value of g. It is also reported
that the beam width of the Gaussian and partially coherent
light plays an important role in the investigation of the GH
shift [10,21,22]. It is developed that when the beam width
increases, the influence of the partially coherent beam on the
GH shift decreases, and vice versa. To study this behavior in
OMC, we consider ¢ = 0.013 and plot the GH shift versus the
beam width of the partially coherent beam; see Fig. 10(b). It is
investigated that the magnitude of the GH shift becomes max-
imum at around w, = 30X and decreases for further increase
in the beam width of the partially coherent beam.

Besides, the cavity decay is very important and it is nec-
essary to study its effect on the GH shift. The cavity decay is
different for different cavities and depends upon the Q factor.
The cavity decay can influence the OMIT and the reflection
coefficient. The expression of the GH shift is directly depen-
dent on the reflection coefficient. Therefore, the GH shift in
the reflected beam must be affected. To study the effect, we
consider the measure of global coherence ¢ = 0.013 and the
beam width w; = 30A of the partially coherent beam and plot
the GH shift versus decay rate « as depicted in Fig. 11. The
plot shows that when the cavity decays, i.e., k /w, = 0, we get
maximum negative GH shift. The magnitude of the GH shift
decreases with increasing the value of k. This means that, for a
very lossy medium, the magnitude of the GH shift will remain
small and vice versa. Throughout our analysis, we consider
the decay rate, i.e., k /w,, = 0.1.

IV. SUMMARY

In summary, we propose a scheme to greatly enhance the
GH shift by using the OMC system. In the first part of this
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work, we studied the GH shift in the reflected beam when
the input probe beam is Gaussian shape. The GH shift can be
enhanced by the proper control of the two quantum parameters
gme and g,c. Besides, the influence of the input beam width
is also discussed. In the second part, we study the GH shift
with the partially coherent beam in the OMC system. Both the

two quantum parameters can affect the GH shift in the mode
of n = 2, and the magnitude of the GH shift is also affected
by the beam width and the measure of global coherence. The
scheme is a good system to study the behavior of GH shift on
one hand, and also provide an alternative way to estimate the
quantum coupling strength by measuring the tiny GH shift.
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