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We investigate the effects of the Casimir force on the output properties of a hybrid optomechanical system. In this
system, a nanosphere is fixed on the movable-mirror side of the standard optomechanical system, and the nanosphere
interacts with the movable-mirror via the Casimir force, which depends on the mirror—sphere separation. In the presence
of the probe and control fields, we analyze the transmission coefficient and the group delay of the field-component with
the frequency of the probe field. We also study the transmission intensity of the field-component with the frequency of a
newly generated four-wave mixing (FWM) field. By manipulating the Casimir force, we find that a tunable slow light can
be realized for the field-component with the frequency of the probe field, and the intensity spectrum of the FWM field can

be enhanced and shifted effectively.

Keywords: quantum optics, optomechanics, quantum information and processing
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1. Introduction

Cavity optomechanics!»? has been a rapidly developing
research field since it was proposed. A prototypical cavity op-
tomechanical system (OMS), generally composed of an op-
tical cavity with one movable end mirror, couples the cav-
ity field with a mechanical resonator through radiation pres-
sure, which has witnessed rapid advances in recent years, lead-
ing to a variety of applications, such as optomechanically-
induced transparency (OMIT),**#! quantum memory,>-®! pre-
cision measurement of tiny objects,!”! storage of light,®]
single-photon routers,”) phonon blockade,'” and so on.

In the past decades, in view of the potential impact of
fast light and slow light on modern photonic technology, re-
On the
one hand, various techniques have been developed to real-

searchers have a great interest in their realization.

ize fast light and slow light in atomic vapors and solid-state
materials. For example, studies on slow light have made
use of the technique of electromagnetically induced trans-
parency (EIT) in atomic vapors or Bose—Einstein condensate
(BEC).['-12] Mirhosseini ef al. have observed the dramatic
enhancement in the fast light effect caused by electromagnet-
ically induced absorption in warm rubidium vapor.!!3! On the
other hand, the fast and slow lights have also been observed
in OMS,'#181 which has paved the way toward real applica-
tions, such as telecommunication, interferometry, and signal

19,20

processing.!!*2%1 Moreover, the four-wave mixing (FWM) re-
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sponse, as an exciting nonlinear optical phenomenon, has also

aroused the widespread interest of researchers. [>1-2!

In addition, many researchers have been exploring and

harnessing the exotic quantum effect, for instance, the Casimir

24251 which originates from the existence of vacuum

[26

force, |
zero-point energy.!”®! In 1997, the Casimir force was first
measured precisely by Lamoreaux,!”’! followed by other

[28-30] The measurements of the Casimir force

experiments.
for a very short distance are challenging in current experi-
ments. However, with the great progress in fabricating and
characterizing materials on the nanometer scale in recent
years, it is possible to achieve the required strong Casimir
force by altering optical properties or geometric structures of
the interacting materials.[>'=33] With the decrease of the size
of on-chip devices, the Casimir force becomes increasingly
Based

on the Casimir force, many beautiful theories and experi-

important in micro- and nano-mechanical devices.

ments have been done, such as vacuum friction of motion, 30!
non-touching bound of nano-particles,’*’! nonlinear mechan-
ical oscillations, 38! giant vacuum force near a transmission
line,?®! Casimir effect between two micromachined silicon
components,*?! and so on.

As the research of the OMS shows more and more im-
portant applications in the field of precision measurement, the
effect of the Casimir force on the OMS is a problem to be con-
sidered. In this paper, we investigate the effects of the Casimir

force on the optical response properties in a cavity optome-
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chanical system, where a nanosphere is fixed on one side of
the movable mirror and coupled by the Casimir force, which
depends on the mirror—sphere separation. As a comparison,
our proposal here does not need any charged or magnetic ob-
ject due to the fact that the Casimir force originates from the
vacuum zero-point energy. It should be pointed out that by
combining the OMS with the Casimir force, many interest-
ing physical phenomena have been found. For example, Nie
et al.™ found that a steady-state optomechanical entangle-
ment can be manipulated by the Casimir force. Besides, with
a tunable Casimir force, Liu ef al.[*?! studied OMIT and found
that a highly-controlled optical switch can be obtained. Moti-
vated by these related studies, we notice that the OMS involv-
ing the Casimir force can strongly enhance nonlinearities and
allow us to observe more abundant physical phenomena. In
the presence of the probe and control fields, by manipulating
the Casimir force, we find that a tunable slow light can be re-
alized. Besides, we also find that the FWM intensity spectrum
can be enhanced and shifted effectively.

This paper is organized as follows. In Section 2, we de-
scribe the model and solve the dynamical equations of the sys-
tem. The transmission and the group delay of the probe field,
and the output intensity of the FWM are displayed in Section
3. Finally, we summarize our main results in Section 4.

2. Model and Hamiltonian

As shown in Fig. 1, we consider a hybrid optomechanical
system, where a gold-coated nanosphere is fixed on one side
of the movable mirror. The cavity is driven simultaneously
by a strong control field with frequency wp, and a weak probe
field with frequency @p. Moreover, the nanosphere is coupled
to the movable mirror via the Casimir force, which depends on
the mirror—sphere separation. The Hamiltonian of the system
can be written as

2 3
L P 1 ' m’heR
Htotal = h(l)ca a—+ % —+ Emwr%l.xz — hg(l—J ax — m
+in(eLa’e 1+ gyate I —H.c.), (1)

where the first term is the free Hamiltonian of the single-
mode cavity field with frequency @, and annihilation (cre-
ation) operator a (a'). The second and third terms describe
the free Hamiltonian of the movable mirror, where x and p
represent the position and the momentum operator of the me-
chanical resonator with the eigenfrequency @y and the ef-
fective mass m, respectively. The fourth term describes the
interaction between the cavity field and the movable mirror
with the optomechanical coupling g = @./L, where L is the
cavity length. The fifth term is the Hamiltonian describing
the Casimir interaction between the movable mirror and the

nearby gold-coated nanosphere. For a fixed sphere—mirror

separation d, we use the result of the proximity force approx-
imation F, = 273hcR/720d> (for d/R < 1),1*3 where c¢ is
the speed of light in the vacuum, and R is the radius of the
sphere. The sixth term describes the interaction of the cavity
field with the control field (the probe field), with the amplitude
&L = /2K /oL (& = \/2K 3 /hay); here @1 () is the
power of the control (probe) field, and k is the decay rate of
the cavity field.

<>
€L
d R
o, a <> /
Eout
cavity I
fixed movable

Fig. 1. Schematic diagram of the proposed hybrid optomechanical sys-
tem. The Fabry—Pérot cavity contains a movable mirror, which interacts
with both the cavity field via the radiation pressure and the nearby fixed
gold-coated nanosphere via the Casimir force. In addition, the system
is simultaneously driven by a strong control field with amplitude &, and
a weak probe field with amplitude &p. &y is the amplitude of the output
field, and x describes the deviation of the mirror from its equilibrium
position.

In the frame rotating with the frequency @, of the control
field, the Hamiltonian of the system can be rewritten as

2 3
P 1 - 7w hicR
Htotal = hACaWLa + % + Emw%xz — hga ax — m
+ifi(eLa’ +ga’e ™ —H.c), )

where A, = @, — o, and § = o, — @ are respectively the
detunings of the cavity field frequency and the probe field
frequency with respect to the control field frequency. The
Heisenberg—Langevin equations can be written as

d=—[k+i(Ac—gx)|a+ e +ee ¥, 3)
N . 2V, hg
X+ YmX + wflx+7m(d :x)3 = E(ﬂa, 4)

where V; = —13hcR /720, and %y, is the decay rate of the mov-
able mirror (here the noise terms are not included since we
will only consider the mean value equations in the following
part). Under the mean field approximation (xa) ~ (x)(a), and
with (1/(d —x)3) ~ 1/(d — (x))3, the mean value equations
are given by

{a) =~k +i(A —g (x))] (a) +eL + e, ®
" . 2Vs hg , «
<)C>+')/m <x>+w§1<x>+m(d—<x>)3 :Z<a1><a>a (6)

which is a set of nonlinear equations. In order to obtain the
solutions of these equations, we make the following ansatz:

(@) = as+a e % +a_e @)
(x) = xg +xpe % 4 x_e¥ 8)
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The above equations contain three terms (Og, O, and O_
(O = a,x)), where O is the steady-state solution of the system
operator O in the absence of the probe field. For a weak probe
field, Os > O, hence equations (7) and (8) can be solved by
treating O+ as perturbations. After substituting Eqgs. (7) and
(8) into Egs. (5) and (6), we obtain the following steady-state

solutions:
EL
as = .
s K+1i(Ac — gxs)
1 2 2V
=——(h , 9
Xs mwr%]( g las| (d—xs)3) )
o ing?|ag|*)e
ay = (ﬁ +m+12g |§Z§| ) P , (10)
By o m—ing® [as] (s —a-)
ing?|as)’ €
a_ = ihg”|as|” & (1)

Braiatmting? fas| (af — o)’

where 0 = K FiA. +igxs —id, and By = Q2 — 2 +i8Yn
with Q= /@2 +6Vs/m(d — x,)*, which is the effective me-
chanical frequency.

In order to investigate the properties of the output
filed, we use the input—output relation*¥ e, (1) = &, (t) —
2x (a(r)), and obtain

Eout(t) = (&L —2Kas)e ' + (g, — 2Kka )e '
_ZK'a_efi(zwawp)t
= Soutse_iwu + 80ut+e_iwpt

+ Eour_e 2L (12)
in which we have introduced

Eouts = EL — 2Kds, Eour = & — 2Ka,
Eout— = —2Ka_, (13)

and they respectively correspond to the output fields with fre-
quencies of the control field, of the probe field, and of a newly
generated four wave mixing field.[?!-+]
The transmission coefficient of the field with the fre-
quency @, of the probe field can be written as
& —2Kay 2Ka

fp(@p) = 1 ; (14)

& &

and its group delay can be defined as

c= % (15)
da,
where ¢, = arg[t,(w,)] is the phase of the output filed at the
frequency @,. The group delay 7 > 0 and 7 < 0 correspond to
the slow and fast light propagation, [*¢! respectively.
The output intensity of the FWM field (with frequency

(20 — @p)) can be defined as

2
Eout—

(16)

2 2Ka_
Irwm = =

&

P

In the following sections, we numerically study the trans-
mission (including the transmission coefficient and the group
delay) of the field with the probe field frequency @p, and
the output intensity of the FWM field with the frequency
(2w — @p). The parameters used are analogous to those
of Refs. [3], [21], [41], and [42], in which the cavity pa-
rameters are @, = 27tc/A, A = 1064 nm, L = 25 mm, and
Kk = 27w x 80 kHz. The parameters for the mirror and the
nanosphere are Y, = 27 x 141 Hz, oy = 27 x 947 kHz,
m = 145 ng, and R = 150 nm; the separation d is chosen as
1.5 nm< d < 5 nm, as in Ref. [42]. Besides, we consider the
red-detuned mechanical sideband, i.e., Ac = @, and the sys-
tem operates in the resolved sideband regime, i.e., K < Wp,.
We should point out that, with the above parameters, we can
obtain the ratio xs/d < 1.6 x 102, which is consistent with
that of Ref. [42].

3. Results and discussions

3.1. The transmission of the field-component with the
probe field frequency o,

At first, we analyze the influence of the Casimir force on
the transmission of the probe field. In Fig. 2(a), we plot the
transmission spectra |tp(a)p)]2 of the probe field as a func-
tion of the detuning &/, for different mirror—sphere sepa-
rations d. We also note that as the mirror—sphere separation
d increases (in the range considered), the curves shift to the
right (the larger detuning). From the figures, we observe that
the transparency window displays an asymmetrical structure,
which corresponds to the Fano resonances,*’*81 and is dif-
ferent from the symmetrical structure in the standard optome-
chanical system.

Figure 2(b) shows the change of the transmission
|tp(a)p)|2 as a function of the mirror—sphere separation d at
the resonant point & = @y. It can be seen that the influence
of the Casimir force on the transmission of the probe field is
non-monotonic and non-linear, and there is a minimum for a
certain d. We can adjust the transmission in the range (0— 1)
by controlling d. As the authors of Ref. [42] have given a de-
tailed discussion about the effect of the Casimir force on the
transmission of the probe field, we will not discuss it again
here.

Next, we explore the characteristics of the fast and slow
light, described by the group delay of the transmitted probe
field in our system. As shown in Fig. 3(a), the group delay
T of the transmitted probe field is plotted as a function of the
detuning & /@y, for different mirror—sphere separations d. It
can be seen that the group delay 7 displays positive values,
which corresponds to the slow light effects. Specifically, we
observe that the group delay 7 changes rapidly around the res-
onant point § = @y,. It can also be seen that with the increase

014202-3
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of d, the curves of the group delay shift to the right, and their
peak intensity decreases.

1.0F

0.8¢

0.6

[tp(wp)]?

0.4}

0.2

] —d=2nm ]
/! ——d=2.5 nm
W ---d=3nm ]

OL . A :
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1.0F

(b
0.8t
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0.4t

0.21

OL . .
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Fig. 2. (a) Plot of the transmission spectra ‘tp(a)p)‘2 of the probe field as
a function of the detuning & /@y, for the mirror—sphere separation d = 2 nm,
2.5 nm, and 3 nm. (b) Plot of the transmission spectrum }tp(a)p) }2 as a function
of the mirror—sphere separation d for the case of 6 = @y,. Other parameters
are g, = 1 mW, A = 1064 nm, k¥ = 27 X 80 kHz, L =25 nm, y =27 x 141 Hz,
Oy = 27 X 947 kHz, m = 145 ng, and R = 150 nm.

60

50F (a) |
40}

30¢

T/us
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-=--d=2.5 nm

20¢
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0.7 0.8 0.9 1.0 1.1 1.2
6/wm
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0 . . . . . .
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Fig. 3. (a) Plot of the group delay 7 as a function of the detuning & /@y, for
the mirror—sphere separation d =2 nm, 2.5 nm, and 3 nm, and (b) plot of the
group delay 7 as a function of the mirror—sphere separation d for the case of
0 = . Other parameters are the same as in Fig. 2.

Figure 3(b) shows the change of the group delay 7 as
a function of the mirror—sphere separation d at the resonant
point & = @y,. It can be seen that the group delay 7 displays
positive values, which corresponds to the slow light effects.
It can also be seen that the influence of the Casimir force on
the group delay is non-monotonic and non-linear, and there is
a maximum at about d =~ 1.9 nm, which corresponds to the
slowest light. Therefore, we can adjust the speed of light by

changing the mirror—sphere separation d.

1.000F

0.995F

0.990F

0.985¢

0.980¢

0.975 ) ) ) ) ) ) J
1.5 2.0 25 3.0 35 4.0 4.5 5.0
d/nm

Fig. 4. Plot of of the ratio N = Q,/®y, as a function of the mirror—
sphere separation d. Other parameters are the same as in Fig. 2.

Now we discuss the physical mechanism for these novel
and interesting phenomena. The simultaneous presence of the
control and probe fields can induce a radiation—pressure force
oscillating at the frequency &, which is close to the eigenfre-
quency @, of the movable mirror and causes the mirror to
oscillate coherently. As a result, the Stokes field with the fre-
quency @ — @y, and the anti-Stokes field with the frequency
o, + @Oy will emerge. Because our system is driven on the
red sideband, the anti-Stokes field is resonantly enhanced and
the Stokes field is suppressed. Moreover, the oscillation of the
mirror will change the mirror—sphere separation, and there-
fore change the Casimir force and the effective mechanical
frequency Q. We confirm this behavior by plotting the ra-
tio 1 = Qn/ 0, as a function of the mirror—sphere separation
d, as shown in Fig. 4. It can be seen that with the decrease
of d (increase of the Casimir force), the effective mechani-
cal frequency will decrease, that is, the mechanical resonant
frequency is modified in the presence of the Casimir force.
As a result, the anti-Stokes field will shift from the frequency
o, + @y to the frequency @p + Qn,, which modifies the res-
onance condition and leads to the Fano resonances (Fig. 2(a))
and the shift of the group delay of the transmitted probe field
(Fig. 3(a)).

From the above analysis, we can see that the transmission
of the weak probe field is sensitive to the Casimir force. By
changing the mirror—sphere separation, a tunable slow light ef-
fect can be achieved in our system, which can be used as an

alternative method for controlling the light propagation.
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3.2. The output intensity of the FWM field with the fre-

quency (20p, — @p)

In this section, we study the effects of the Casimir force
on the output intensity of the FWM field with the frequency
(20, — ,). The FWM intensity spectrum Igwy is plotted as
a function of the detuning 6 /@y, in Fig. 5. From Fig. 5(a), we
can see that there are two sharp and symmetrical peaks near
0 ~ +wmy,, and the heights of the peaks increase with the de-
crease of d.

3.0
(a)

2.5F
T 2.0
=)
% 1.5 — d=2nm
§ --d=2.5 nm
Z 10} -~ d=3nm

1.5

3.0
(b)

left peak

2.5

—d=2 nm

2.0

1.5}

Tpwn/1072

1.0

0.95 0.90

3.0

2.5¢F

20k right peak
—d=2nm
--d=2.5 nm
-=-d=3 nm

IFVVI\I/IO_z
"
(%28

0 X ) .
0.90 0.95 1.00 1.05 1.10
8/ wm

Fig. 5. Plots of the FWM intensity spectrum Irwy as a function of the
detuning &/ ®y, for the mirror—sphere separation d =2 nm, 2.5 nm, and
3 nm. Other parameters are the same as in Fig. 2.

In order to observe the influence of the Casimir force on
the FWM intensity more clearly, we enlarge the two peaks,
as shown in Figs. 5(b) and 5(c). It can be seen that with the
increase of d (in the range we considered), not only do the
heights of the peaks decrease, but also the positions (in fre-
quency) of the peaks shift toward outside.

We also plot the FWM intensity Irwnm as a function of
the mirror-sphere separation d at the detuning 6 = —®y, , as
shown in Fig. 6. It can be seen that the FWM intensity Ipwwm

is non-monotonic and non-linear as a function of d. There
is a maximum at about d ~ 1.9 nm. The FWM intensity
tends to a stable value with the increase of d. Similarly, this
can also be understood through the fact that the presence of
the Casimir force modifies the mechanical resonant frequency,
i.e., Wym — L, as discussed in Fig. 4. Therefore, the intensity
spectrum of the FWM field can be enhanced and shifted by the
Casimir force.

3.5
3.0
2.5
2.0
1.5
1.0
0.5

Ipwnm/1072

0
1.5 2.0 25 3.0 35 40 4.5 5.0
d/nm

Fig. 6. Plot of the FWM intensity /rwwm as a function of the mirror—
sphere separation d at the detuning § = — @y,. Other parameters are the
same as in Fig. 2.

As clearly stated in Ref. [42], the Casimir force measure-
ment for a small mirror—sphere separation is challenging in
current experiments (d = 1.5-5 nm has been used in our calcu-
lations). However, by altering optical properties or geometric

structures of the interacting materials, 3173

it is still possible
to significantly enhance the Casimir force even for a constant
separation. For example, for parallel graphene layers, it was
found that the Casimir force F. ~ d > with d < 10 nm, how-
ever, with specific nanostructures, the Casimir force F; can be
enhanced to d7.13%1 That is, we can achieve the same level
of Casimir force by using a larger separation in our proposal,
which can meet the requirements of the experiment. In current
experiments, the Casimir force has been accurately measured
for d ~ 100 nm, which still shows an excellent agreement with
theoretical predictions.*>491 Thus, with efforts on controlling
or enhancing the Casimir force, we expect that our results can
be realized in experiments and have practical applications in
the near future.

4. Conclusion

In conclusion, we have theoretically investigated the ef-
fects of the Casimir force on the output properties of a hy-
brid optomechanical system, including the transmission and
the group delay of the field-component with the frequency @,
of the probe field, and the output intensity of a new gener-
ated four-wave mixing field-component with the frequency of
(20 — ).

tunable slow light transmission can be realized, and the inten-

We find that by manipulating the Casimir force, a

sity of the four-wave mixing field can be enhanced and shifted
effectively.
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