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Few-photon optomechanical effects not only are important physical evidence for understanding the radiation-
pressure interaction between photons and mechanical oscillation, but also have wide potential applications in
modern quantum technology. Here we study the few-photon optomechanical effects including photon blockade
and generation of the Schrodinger cat states under the assistance of a cross-Kerr interaction, which is an inherent
interaction accompanied by the optomechanical coupling in a generalized optomechanical system. By exactly
diagonalizing the generalized optomechanical Hamiltonian and calculating its unitary evolution operator, we find
the physical mechanism of the enhancement of photon blockade and single-photon mechanical displacement.
The quantum properties in this generalized optomechanical system are studied by investigating the second-order
correlation function of the cavity field and calculating the Wigner function and the probability distribution of
the rotated quadrature operator for the mechanical mode. We also study the influence of the dissipations on the

few-photon optomechanical effects.
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I. INTRODUCTION

The radiation-pressure interaction between the optical and
mechanical degrees of freedom is at the center of the field of
cavity optomechanics [ 1-3]. This interaction takes the form as
a trilinear two-mode coupling, which describes that the cavity
photons exert a photon-number-dependent force on a mechan-
ical oscillator [4]. According to the magnitude of the op-
tomechanical coupling, people usually consider two kinds of
regime of the optomechanical coupling: (1) the many-photon
involved coupling case and (2) the few-photon involved
coupling case. Generally, the physical phenomena involving
many photons are easily observed because the coupling be-
tween the photons and phonons is effectively enhanced by a
factor of the square root of the cavity photon number under
the linearization frame. In the many-photon coupling case,
many advances have been made in relating topics such as
normal-mode splitting [5-8], quantum cooling of mechani-
cal resonators [9-16], optomechanical entanglement [17-20],
entanglement between mechanical resonators [21-23], op-
tomechanically induced transparency [24-26], and quan-
tum squeezing in light [27-30] and mechanical motion
[31-33].

In contrast, to observe the evidence of the optomechan-
ical coupling at the few-photon level, the single-photon
optomechanical-coupling strength is required to be suffi-
ciently large so that the physical phenomenon induced by
a single photon can be resolved from the noise in this sys-
tem [34-39]. The observation of the photon blockade ef-
fect [34,40-47] is an important task in cavity optomechanics
working in the single-photon strong-coupling regime, where
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the single-photon optomechanical-coupling strength is larger
than the cavity-field decay rate. Another interesting task in
the few-photon optomechanics is the generation of the me-
chanical Schrodinger cat states [48—-56], which is based on
the conditional displacement mechanism of the optomechan-
ical coupling. To create quantum superposition of distinct
coherent states, the single-photon optomechanical-coupling
strength should be larger than the resonance frequency of the
mechanical mode [48]. Recently, some proposals have been
proposed to enhance the mechanical displacement induced by
single photons [56,57]. In addition, the mechanical displace-
ment effect induced by many photons has been used to create
distinct mechanical superposition [58,59].

The above mentioned two tasks require a sufficiently large
optomechanical coupling. However, the single-photon strong-
coupling regime has not been realized in current experiments.
Nevertheless, many proposals have been proposed to enhance
the optomechanical coupling [60-66] such that the systems
reach the single-photon strong-coupling regime. For example,
in Ref. [62] the authors proposed to enhance the single-photon
optomechanical coupling by utilizing the nonlinearity of the
Josephson junctions. With this method, the single-photon
optomechanical coupling can be enhanced several orders of
magnitude. Meanwhile, this circuit also creates a cross-Kerr
interaction [62,67-69] between the optical mode and the me-
chanical mode, and the magnitude of the cross-Kerr interac-
tion might be a fraction of the single-photon optomechanical
coupling strength. Based on the fact that the original motiva-
tion of the proposal based on the superconducting circuit is
to enhance the single-photon optomechanical coupling and
to further realize the few-photon optomechanical tasks, it
is therefore natural to ask the question: What is the effect
of the additional cross-Kerr interaction on the few-photon
optomechanical tasks such as the photon blockade and the
generation of the Schrodinger cat states?

©2019 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.99.043837&domain=pdf&date_stamp=2019-04-25
https://doi.org/10.1103/PhysRevA.99.043837

Z0U, FAN, HUANG, AND LIAO

PHYSICAL REVIEW A 99, 043837 (2019)

In this paper, we study the photon blockade effect and
the generation of quantum superposition of coherent states
in a superconducting quantum circuit proposed in Ref. [62].
In particular, we will focus on the effect of the cross-Kerr
interaction on the photon blockade and the mechanical cat
state generation. We will analyze the effective photon non-
linear interaction induced by the optomechanical coupling
and the cross-Kerr interaction by calculating the equal-time
second-order correlation function of the cavity photons. In
this case, the cross frequency modulation will change the
effective photon nonlinearity and the photon blockade. We
will also analyze the effect of the cross-Kerr interaction on
the magnitude of the single-photon mechanical displacement.
The cross frequency modulation will change effectively the
driving detuning of the single photon and hence change the
magnitude of the mechanical displacement.

The rest of this paper is organized as follows. In Sec. II we
introduce the physical model and present the Hamiltonian. In
Sec. III we study the effect of the cross-Kerr interaction on
the photon blockade effect in the optomechanical cavity. In
Sec. IV we study the generation of Schrodinger cat states in
the mechanical mode and investigate the Wigner function and
the probability distribution of the rotated quadrature operator
to analyze the quantum interference and coherence effects in
the generated cat states. We also study the influence of the
optical and mechanical dissipations on the cat state genera-
tion. Finally, we present some discussions on the experimental
implementation of this model and conclude this work in
Sec. V. A detailed derivation of the unitary evolution operator
associated with the generalized optomechanical Hamiltonian
is presented in the Appendix.

II. MODEL AND HAMILTONIAN

We consider a generalized optomechanical model, which
is composed of a single-mode optical field and a mechanical
mode [see Fig. 1(a)]. Here the optical mode is coupled to the
mechanical mode via both the optomechanical interaction and
the cross-Kerr interaction. The Hamiltonian of the generalized
optomechanical model reads (& = 1)

Hoom = w,d'a+ wyb'b — goa'a(b’ + b) — gexa'ab’b, (1)
where a (a") and b (b") are, respectively, the annihilation
(creation) operators of the cavity mode and the mechanical
mode, with the corresponding resonance frequencies w, and
wy- The gy term denotes the optomechanical coupling be-
tween the cavity field and the mechanical mode [4], with
go being the single-photon optomechanical-coupling strength.
The g.x term describes the cross-Kerr interaction between
the cavity field and the mechanical mode [62], with the
coupling strength g.x. Note that this model has been realized
in an electromechanical system which is proposed to enhance
the single-photon optomechanical coupling by utilizing the
nonlinearity of the Josephson junctions in Ref. [62]. The
cross-Kerr interaction is a by-product coupling in the hybrid
system consisting of a superconducting qubit coupled to both
a superconducting resonator and a mechanical resonator.

The photon number operator &' in the generalized op-
tomechanical Hamiltonian ﬁgom is a conserved quantity due to
[afa, Hgom] = 0. For a given photon number m, the Hamilto-
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FIG. 1. (a) Schematic diagram of the generalized optomechani-
cal model, which is composed of a single cavity-field mode and a
single mechanical mode. The two modes are coupled to each other
through both optomechanical and cross-Kerr interactions. (b) Dia-
gram of the eigenenergy spectrum of the Hamiltonian ﬁgom in the
subspace associated with zero, one, and two photons.

nian ﬂgom is reduced to a Hamiltonian describing a displaced
harmonic oscillator of mode b. In particular, the displacement
force acting on the mechanical resonator is proportional to
mgo, and the resonance frequency of mode b is normalized to
be wy — mgck, with a photon-number-dependent frequency
shift.

To calculate the eigensystem of ﬁgom, we introduce a con-
ditional displacement operator D(é )= exp[§ (BT — 13)], where
the displacement amplitude £ is a nonlinear function of the
photon number operator a'a,

ATA o0

o goa'a (]
= = m), (m|, 2
§ I E & m), (m| (2

m=0
with the m-photon-induced mechanical displacement

lm] _ mgo
WM — MEcK

3)

where we introduce the number states |m), (m =0,1,2,...)
of the cavity mode. The Hamiltonian H,,m can be diagonal-
ized as

ﬁg = DAT(é )Hgomb(é)
= wed'a + (wy — gexad @)b'h — 3, 4)

8" m) g o (ml, )
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with the m-photon energy shift

gm’

g = =0
Wy — MEcK

(6)

The eigensystem of the Hamiltonian Hyom can be expressed as

I:Igom|m>a|n>b = Ey nlm)qln)yp, @)

where |n), (n =0, 1, 2, ...) are number states of the mechan-
ical mode. The corresponding eigenvalues are

Enp = mwe + (oy — mgacin — 8. 8)

The eigensystem of the Hamiltonian ﬁgom can be obtained
as

Hgom|m)alfi(m))p = Eynlm)ali(m))s, €))

where we introduce the m-photon displaced number states of
the mechanical mode as

|ii(m))p = exp[£™ (b — b)]|n)s. (10)

The eigenstates of the Hamiltonian ﬁgom are direct prod-
uct states of the photon number state |m), for mode a
and the photon-number-dependent displaced number state
|7i(m)); for mode b. For a given photon state |m),, the m-
photon displaced number states for mode b form a complete
set of basis in the Hilbert space of the mechanical mode:
Z;’;Q |7i(m)) pp (7i(m)| = I, where I, is the identity operator
for mode b. For studying few-photon optomechanical effects,
we show the eigenenergy levels of ﬁgom in the subspace asso-
ciated with zero, one, and two photons in Fig. 1(b). Physically,
the induced optical nonlinearity depicted by 8! [cf. §!!! and
811 in Fig. 1(b)] is the origin of the photon blockade effect in
this generalized optomechanical model. In the absence of the
cross-Kerr interaction, i.e., gcxk = 0, this optical nonlinearity
becomes the Kerr nonlinearity in a standard optomechanical
model [34,38]. In addition, the photon-number-dependent
displacement £/ in this model is not a linear function of
the photon number m. This nonlinear conditional photon
displacement can be used to create quantum superposition
states of the mechanical mode. When g.x = 0, the photon-
number-dependent displacement £ is reduced to mgg/wa,
which is the m-photon-induced mechanical displacement in
the case of a typical optomechanical model [48].

III. PHOTON BLOCKADE EFFECT

In this section, we study the photon blockade effect in the
generalized optomechanical system by seeking the approxi-
mate analytical results and the exact numerical results.

A. Analytical results

To show the photon blockade effect, we introduce a
monochromatic driving field to the cavity. The driving Hamil-
tonian is given by

A, = Q@™ + aei®), (11

where © and w,; are the driving strength and driving fre-
quency, respectively. Then the total Hamiltonian of the system

becomes
ﬁsys = I:jgom +ﬁd (12)

For our convenience, we work in a frame rotating at the
driving frequency w,, then the Hamiltonian of the total system
becomes

A =H) + Q@ + o), (13)
with
A = Aca'a+ oyb'b— goa'a(b” + b) — gexa'ab’h,
(14)

where A, = o, — wy is the detuning of the cavity frequency
with respect to the driving frequency. The eigensystem of

A can be written as

HD [m)o|ii(m))y = & nlm)alii(m))s, (15)

gom

where the eigenvalue is defined by
Emn = Em,n — mwyg
= mA. + (wy — mgan — 5", (16)

where 8™ is given by Eq. (6).

To analyze the photon blockade effect in the cavity, we
analytically calculate the equal-time second-order correlation
function of the cavity photons. To include the influence of the
photon dissipation on the photon blockade, we phenomeno-
logically add a non-Hermitian term to Hamiltonian (13) as

A = AY) - iga*a, (17)
where « is the decay rate of the cavity field. The non-Hermite
Hamiltonian (17) is based on the “quantum jump” approach
developed in quantum optics [70]. It is used to calculate the
analytical results of the photon statistics by including the
dissipation of the cavity field at temperature 7 = 0. This treat-
ment is based on the condition that there are no detected cavity
photons leaked from the cavity (namely the no-count case).
An advantage of this analytical method is that we can capture
some main physics of the photon blockade in this system with
the wave-function method. In addition, from the analytical
results we can know the optimal driving frequency and the
concise forms of the correlation functions in Eq. (29). The ex-
act numerical results of the photon statistics will be calculated
by numerically solving the quantum master equation in the
next subsection. In the following analytical calculations, we
consider only the dissipation of the cavity mode because the
optical dissipation dominates the dissipations of the system.
However, the mechanical dissipation will be included in our
numerical calculations.

In the weak-driving regime (2 < «), the cavity is excited
weakly and the average photon number in the cavity is small,
then we can restrict the cavity field within the few-photon
subspace spanned by these basis states {|0)4, |1)4, |2)4}. In
this subspace, a general state of the system can be written as

90)) = > Con®I0)aln)y + 3 Cra1)alit(1))s

n=0 n=0
+ Y Con(®12)al(2)), (18)
n=0
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where Cy ,(t), Ci,(t), and C, ,,(¢) are the probability ampli-
tudes corresponding to the basis states |0),]n)p, |1)q|7(1))p,
and |2),|7(2)), respectively. Based on the Schrodinger equa-
tion i|@(t)) = Hegtl (1)), the equations of motion for these
probability amplitudes can be obtained as

o
Con = —ig0.nCon — i) »(nll(1)),Cr, (19a)
=0
o0
Cin = —(igrn +K/2)C1n —iQ ) p(ADIDCoy
=0
o0
—ivV2Q) " L ADII2))Co, (19b)
=0

Con = —(ig2n + K)Cop — V22D H(EI(1)),C1 1.
=0

(19¢)

In this system, the optical driving will induce the
transitions among the states corresponding to neighboring
photon numbers [i.e., the states in neighboring potential
wells in Fig. 1(b)]. The magnitudes of these transitions
are determined by the driving amplitude 2 and these
Franck-Condon factors, which are the inner products between
these displaced number states in neighboring potential
wells. This is because the optical driving induces photon
hopping one by one. The values of these Franck-Condon
factors can be calculated by the relation HAm)| (M), =
pinl exp [(E™) — £ (BT — B)I|1), (m,m' = 0,1,2).  Here
the matrix elements of the displacement operator in the
Fock-state space can be calculated using the following
relation [71]:

m o= ()L (x ), > n,
p{n|Dp(0)|l)p =
\F TP, a1
(20)

where Dp(x) = exp(xl;T — x*IS) is a displacement operator and
L! (x) are the associated Laguerre polynomials.

In the weak-driving case, Eq. (19) can be solved approxi-
mately by using a perturbation method, namely, discarding the
higher-order terms in the equations of motion for the lower-
order variables. We consider the case where initially the cavity
is empty, namely, C; ,(0) = 0 and C; ,(0) = 0, then the long-
time solution of Eq. (19) can be approximately obtained as

Co.n(00) = Cp n(0)e0nt, (21a)
p(A(1)]1)Co 1(0)e 0!
Cla(00) = Z Ein— 0y —ik/2 (218)
_ 5 e HART))p p(T(1)|m)s
CZ,H(OO) - \/EQ I;O (82,n —&o,m — lK)
Con@e™ @21c)
(61,1 — €o,m — ik /2)

Since we have made the perturbation approximation in
the solutions of these probability amplitudes, the state of the
system needs to be renormalized as

(@) =N D _[Con®)|0)aln)s + Cr () 1)ali(1))

n=0
+Con(0)12)417(2)) 5], (22)

where we introduce the normalization constant

00 —1/2
= [ > D |cs,n(r>|2} : (23)

5s=0,1,2 n=0

In the following calculations, we omit this normalization
constant because of A" ~ 1 in the weak-driving case.

The equal-time second-order correlation function in the
weak-driving case can be written as

(@'ataa) 2P, 2P
(

§2(0) = ~ 24)

ata)’ (P +2P) P

where the photon probabilities are given by

oo
Pucoi2= Y [Cunl®. (25)

It can be seen from Eq. (24) that if the two-photon proba-
bility P, is largely suppressed, then the correlation becomes
g?(0) « 1, which is a signature of the photon blockade
effect.

We note that the normal-order correlation function g®(0)
is widely used to describe the photon correlation in optical
field because the photon detector devices are accessible for
experiments in the optical domain. In the microwave domain,
however, no high-efficient single-photon detectors exist yet.
Nevertheless, it has been reported that the measurement of
the photon correlation functions of the microwave frequency
radiation source at the few-photon level can be realized by us-
ing linear detectors instead of single-photon counters [72,73].
In these experiments, the normalized second-order correlation
of the field can be extracted from a measurement of the
quadrature amplitudes.

We consider the case where the initial state of the me-
chanical resonator is |0), i.e., Cp,(0) = & ,, then the single-
and two-photon probabilities in the long-time limit can be
obtained as

> Q ,(A(D)]0 2
P — Z p{7(1)]0) . (26a)
A+ n(oy — gex) — S —ik /2

5 V292 L (GEQ)I)),
— 24, + n(wy — 2ge) — 871 — ik]

~ 2
b(L(1)]10)s

x
[Ac + H(wy — gek) — M — ik /2]

(26b)

By substituting Eq. (26) into Eq. (24), we can obtain the
analytical result of the equal-time second-order correlation
function g®(0). Note that this result is valid even in the pa-
rameter space go >> wy, under which the high-order phonon
sidebands are still important. A concise result can be obtained
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in the Lamb-Dicke-like regime in which the first-order side-
band is considered. When £ « 1 (s = 1, 2), we expand the
matrix elements of the displacement operator to the first order
of €11, then the Franck-Condon factors can be approximated
as

B (M) )y ~ 8,0 — E™ — E"DVT+ 18,141
+E — g NV18,. 27)
Accordingly, the approximate expressions of the photon prob-
abilities can be obtained as
QZ
T (A — 82+ k2/4
204

[(2A — 81 + k2][(A — W) + k2/4]

In this case, the second-order correlation function takes the
form

Py

P~

(28)

2P, A(A, — 8 4 k2
(2) ~ — ¢

Based on these analytical results, we can obtain the optimal
driving frequencies corresponding to the single- and two-
photon resonance processes.
In the single-photon resonance (spr) case, A. = 81, the
correlation function becomes
2

(28111 — 5212 4 42

Owing to 281 = 6§21, we have g(si)r(O) < 1, which corre-
sponds to sub-Poisson distribution of photons. In particular,
when 82! — 26111 > ., the two-photon probability is largely
suppressed, and then the photon blockade effect takes place in
this generalized optomechanical system.

In the two-photon resonance (tpr) case, A. = 8(//2, the
correlation function is reduced to

(8121 — 28112 4 2
K2 ’

(30)

g0) ~

£o(0) ~

€29

Here the second-order correlation function could be much
larger than 1, and then we can observe photon-assisted tun-
neling in this system [39].

B. Numerical results

To include the dissipations of the cavity field and the
mechanical resonator, in this section we study the photon
blockade effect in the open-system case by using the method
of a quantum master equation. Under the Born-Markov ap-
proximation and the rotating-wave approximation, the quan-
tum master equation in the rotating frame is written as

df,—f) — —i[A%, 5] + € DI + v (ing + 1)

x D[bIp(t) + yuinDIb 1p(t), (32)

where we assume that the cavity field is connected with a
vacuum bath, while the mechanical resonator is a heat bath
at temperature 7. ¥ and y), are, respectively, the decay rates
of the cavity field and the mechanical oscillator. The 71y, =
(eMem/®sT) _ 1)~1 is the average thermal phonon number

associated with the mechanical dissipation, with kp being
the Boltzmann constant. The Lindblad superoperators used in
Eq. (32) are defined by

D[o1p(1) = 3[20p(1)0" — 8'0p(t) — p(1)d'd]  (33)

with 0 = a, l;, and b'. The three Lindblad superoperators
Dl[alp(t), Db1p(t), and D[b"1p(r) in Eq. (32) describe the
cavity-field dissipation, the mechanical damping, and the
mechanical thermal excitation, respectively.

By numerically solving Eq. (32), we can get
the steady-state density operator pgs of the system,
and then the photon-number probabilities P,—g 12 =
Tr[Z:iO |m)q|n)p m|p(n|Pss] can be calculated numerically.
The second-order correlation function g®(0) can also
be obtained by g (0) = Tr(a'a aaps)/[Tr(a aps)]>. In
our realistic numerical simulations, we need to truncate
the dimensions of the Hilbert spaces of the cavity field
and the mechanical resonator. In the weak-driving case, we
choose the truncation dimension of the cavity field as n, = 3.
In addition, the appropriate truncation dimension of the
Hilbert space of the mechanical resonator needs to be chosen
such that the numerical results of the photon statistics are
numerically stable. Here we choose the truncation dimension
of the mechanical resonant as n; = 30.

To seek an optimal driving detuning of the photon block-
ade, we investigate the dependence of the cavity photon-
number distributions on the driving detuning. In Fig. 2(a) we
plot both the analytical results (the colored solid curves) and
the numerical results (the circles) of the photon-number prob-
abilities P,—o.1 2 as a function of the driving detuning A./wy,.
Here we can see the relations Py ~ 1 and Py > P; > P, in
the weak-driving case. In addition, Fig. 2(a) shows that there
are some peaks in the single-photon probability (the red solid
curve) and the two-photon probability (the green solid curve).
By analyzing the single- and two-photon resonance condi-
tions, we find that the locations of these peaks in the curves
of P, and P, are determined by the single- and two-photon
resonant transitions |0),|0), — |1),|7i(1)), and |0),|0), —
12)4171(2))p, respectively. To be clearer, we mark these peaks in
the single- and two-photon probabilities P; and P, as d,, and
Pn, respectively. The subscripts in d, and p, correspond to
the quantum numbers in the states |1),|7(1)), and |2),]7(2))5
involved in these transitions. It follows from the relation
g2 (0) ~ 2P, /P12 that the peak values of P, and P; are related
to the peaks and dips in g (0), respectively. That is why we
mark the peaks in P; as d,. In Table I we present the cor-
respondence among these transitions [0),]0), — |1)4|7i(1))p
and |0),]0), — |2)4]7(2))p, the locations (i.e., the values of
A./wy) of these peaks and dips in g?(0), and the marks of
these peaks and dips.

The dependence of the photon blockade effect on the
driving detuning can be analyzed by plotting the correlation
function g?(0) as a function of A./wy. In Fig. 2(b) the red
solid curve is plotted based on the analytical results given
in Eq. (24), while the blue dashed curve is plotted using the
numerical solution of quantum master equation (32). We can
see that the analytical results can almost match well with
the numerical results. However, there is also a slight discrep-
ancy between the analytical and the numerical solutions. The
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FIG. 2. (a) The photon-number probabilities P,,—o ;> as a func-
tion of the driving detuning A./wy. The colored solid curves
and the circles are plotted based on the analytical and numerical
results, respectively. (b) The equal-time second-order correlation
function g?(0) as a function of the driving detuning A./wy.
The red solid curve and the blue dashed curve correspond to the
analytical and numerical results, respectively. The black dashed
lines correspond to the position of A, = §!!l. Other parameters
are given by go/wy = 0.7, gx/go = 0.25, k/wy = 0.1, yy /oy =
0.001, Q/x = 0.01, and 71y, = 0.

discrepancy is caused for the following three reasons: (1) In
the derivation of the analytical results, we have made the
perturbation approximation. In the numerical calculation, the
quantum master equation is solved exactly with the numerical
method. (2) In the analytical calculation, we did not consider
the dissipation of the mechanical mode, which is included
in the numerical simulations. (3) In the analytical solution,
the initial state of the mechanical mode is assumed to be the
ground state |0),. However, the numerical calculations are
based on the steady state of the system. By comparing the

0 0.05 0.1 0.15 0.2 0.25
8cK /W

FIG. 3. (a) Plot of g®(0) as a function of g.x /wys under go/wy =
0.5, 0.7 and the single-photon resonance A, = §!!!. The red dashed
and blue dot-dashed curves correspond, respectively, to the cases
of go/wy = 0.5 and go/wy = 0.7. The two cases also correspond
to the two transverse (dash-dotted and dashed) lines marked in
panel (b). (b) Plot of g (0) as a function of g.x/wy and gy/wy at
A, = 8. The gray short dashed (oblique) curves refer to Eq. (34).
Other parameters are k/wy = 0.1, yy/wy = 0.001, Q/k = 0.01,
and 75y = 0.

correlation function g (0) with the photon number probabil-
ities P,—0,1,2, we see that the locations of these dips and peaks
of g»(0) correspond to single- and two-photon resonant tran-
sitions, respectively. Figure 2(b) also shows that the photon
blockade effect [g®(0) < 1, corresponding to the dips in the
correlation function] can be observed at the single-photon
resonance. In Figs. 2(a) and 2(b) the black dashed line is used
to mark the single-photon resonance point A. = 8!, which
corresponds to the resonant transition [0),]0), — [1)4]0(1)),.

We proceed to study the influence of the cross-Kerr in-
teraction on the photon blockade. In Fig. 3(a) we plot the

TABLE I. The correspondence among the single- and two-photon transitions |0),|0), — |1),]7i(1)), and |0),]0), — [2),|7(2))s, the values
of the optimal driving detuning A./wy related to these resonant transitions, and the marks of these peaks and dips in the second-order

correlation function g®(0) [cf. Fig. 2(b)].

Single-photon resonant transitions Aoy 0.594

[0)4]0), — [1)417i(1)), Transition final states  |1),]0(1)),
Marks d()

Two-photon resonant transitions Aoy 1.508

10)al0)p — 12)al72(2))s
Marks Do

Transition final states  [2),|0(2)),

—0.231 —1.056 —1.881 —2.706 —3.531
D TD)  1al2(D)  [1al3(D)s  [1ald(1))s  [1)al5(1))s
d, d ds dy ds
1.183 0.858 0.533 —-0.117 —1.092
12011205 12)a22)5  12)a32)  12)a52))s  12)al8(2))s
Pi P2 pP3 Ps Ps
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equal-time second-order correlation function g (0) at the
steady state as a function of the cross-Kerr parameter g.x /wu,
under given values of go/wys and single-photon resonant driv-
ing A, = 6!, Here we can see that the correlation function
exhibits an oscillating pattern with several resonance peaks
located at specific values of g.x/wy. Moreover, we can see
that the value of g®(0) of the generalized optomechanical
system in the presence of the cross-Kerr effect is greater (less)
than those of the typical optomechanicl system without the
cross-Kerr effect when go/wy = 0.5(0.7). It indicates that
the cross-Kerr interaction could either enhance or suppress
the photon blockade effect. A more comprehensive analysis of
these phenomena is shown in Fig. 3(b), in which we plot the
correlation function as a function of go/wy, and g¢k /@y, under
the single-photon resonant transition |0),[0), — [1)410(1))p.
We can see that the value of g (0) is approximately equal
to 1 when go/wy < 0.1, which indicates that the photon
blockade effect cannot be observed. For a given value of
go/wy, the correlation function g®(0) experiences some
oscillations with the increasing of the ratio gcx/wys. In this
optomechanical system, there are many phonon sidebands,
and these phonon sideband channels could induce single-
and two-photon resonant transitions simultaneously. There-
fore, the locations of these resonant peaks correspond to
the two-photon resonant transitions involving these phonon
sidebands (|1)4]0(1)), = |2),]7(2))5), and the resonant peaks
are related to the corresponding phonon sideband indexes n.
When the parameter go/wy changes, these joined resonant
peaks form resonant curves in the two-dimensional plot, as
marked by the gray short dashed (oblique) curves in Fig. 3(b).
The locations of these resonant peaks are determined by
the single- and two-photon resonant transitions, which de-
pend on the optomechanical coupling strength go/wy and
the cross-Kerr parameter g.x/wy. By analyzing the single-
and two-photon resonant transitions, the parameter equation
determining the locations of these resonant curves can be
obtained as

5 5 12
g_o:Hl_ ch) (l_gc_Kﬂ e
wy 2 wp wpm

(34)

In particular, when the cross-Kerr interaction is absence, i.e.,
gex/wy =0, Eq. (34) is reduced to go/wy = +/n/2, which
comes back to the result obtained for the typical optome-
chanical model [38]. Note that the locations of these peaks in
Fig. 3(a) correspond to these black spots crossed by the lines
at go/wy = 0.5, 0.7 and these resonant curves in Fig. 3(b).
To further illustrate the effect of the cross-Kerr interaction
on the photon blockade at different values of gy/wys, we plot
the steady-state correlation function 2?(0) as a function of the
driving detuning A./wy at go/wy = 0.5 and 0.7, as shown
in Figs. 4(a) and 4(b), respectively. Here the red dot-dashed
and blue solid curves correspond to the two cases of g.k/go =
0 and g.x/go = 0.25, respectively. It can be confirmed that
the optimal driving frequencies at these dips correspond to
the single-photon resonant transitions |0),]0), — |1)4|7(1)).
By comparing the dips in the two cases, we find that the
optimal driving detuning of the photon blockade is changed

102 (a) } 0'5 T T T
go/wpr =0.
gCK/g
10!
S
a
50 100
Gl gweg=025 i \i ]
10 ck’8o | \I
-4 -3 -2 -1 0 1 2
5 AC/wM
10 , ; ; ; ,
®) go/wp=0.7 .

g?0)

8ck/80=0.25
-4 -3 -2 -1 0 1 2
AC/LUM

FIG. 4. Plot of g®(0) as a function of the driving detuning
A./wy when (a) go/wy = 0.5 and (b) go/wy = 0.7. The red dot-
dashed and blue solid curves correspond to the cases of gck/go =
0 and gck/go = 0.25, respectively. Other parameters are given by
k/wy = 0.1, yy/wy = 0.001, Q/x = 0.01, and 71y, = 0.

due to the presence of the cross-Kerr interaction. The shift
of the optimal driving frequency can be deduced from the
eigenenergy spectrum (8) of the system. The influence of the
cross-Kerr interaction in the cases of go/wy = 0.5 and 0.7 is
consistent with the results in Fig. 3.

As shown in the typical optomechanical model, the
resolved-sideband condition (k < wy,) should be satisfied to
observe the photon blockade effect. Hence the decay rate of
the cavity mode will significantly affect the photon blockade.
In Fig. 5 we show the dependence of g*(0) on the optome-
chanical coupling strength go/wy under the single-photon
resonant driving condition A, = 8!, In Fig. 5(a) the steady-
state correlation function g»(0) is plotted as a function of
go/wy at different values of k /wy when A. = 8", We can
see that the correlation function exhibits an oscillating pattern
with increasing go/wy owing to the modulation of the phonon
sidebands. The locations of these resonant peaks correspond
to the two-photon resonant transitions, which is consistent
with the theoretical results given by Eq. (34). In addition,
the photon blockade effect for the case of k/wy = 0.1 is
better than that for «/wy = 0.2. To see a wider parameter
space corresponding to the photon blockade, in Fig. 5(b),
the steady-state correlation function g?(0) is plotted as a
function of go/wy and k/wy at A, = 8!, Here we see that
the photon blockade effect (¢ (0) <« 1) can be observed in
the deep-resolved-sideband regime « /wy < 0.1.
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K/wpr=0.2

Klwy =

0 0.2 0.4 0.6 0.8
go/wM

FIG. 5. (a) Plot of g (0) as a function of gy/w,, at different
values of k/wy when A. = 811, (b) Plot of g?(0) as a function
of go/wy and k/wy at A, = 8!, The red dashed and blue dot-
dashed curves correspond to the cases of k /wy = 0.2 and « /wy =
0.1, respectively. Other parameters are yy/wy = 0.001, gx/go =
0.25, 2/k = 0.01, and 71y, = 0.

IV. GENERATION OF THE SCHRODINGER CAT STATES

Another interesting topic in few-photon optomechanics is
the generation of the Schrodinger cat states in the mechanical
resonator based on the conditional dynamics of the optome-
chanical coupling [48]. In this section, we will study the
enhancement of the mechanical displacement induced by a
single photon and the generation of macroscopic mechanical
cat states. We will also study the Wigner function [74] and the
probability distribution of the rotated quadrature operator [75]
in the generated cat states based on the analytical and numer-
ical results.

A. Analytical solution

For the Hamiltonian ﬂgom, its unitary evolution operator
can be written as (see the Appendix)
U(t) — e—imcmfaem(t)a*aa*ae—ia(t)a*aa*aafa
« e“a[i(r)éf—i*(z)iy] ei(cha*a—wM)rETi;’ (35)

where we introduce the variables

g{omt — sin[(wy — geka' a1}

() = , 36
o (onr — k@) G0
t
o) = —Ex8 (36b)
(o — gx@'@)
i) = —80 1 - edla—emny (36

oy — gekd'a

To generate the mechanical cat states, we consider an ini-
tial state [ (0)) = (]0), + |1)a)|0)b/\/§ of the system, where
|m),(m = 0, 1) denotes the Fock state of the cavity field and
|0) is the ground state of the mechanical resonator, which can
be prepared via the ground state cooling [12,13]. In this state
generation scheme, the physical mechanism of the cat state
generation is the conditional displacement, which is governed
by the optomechanical interaction. When there is no photon,
the mechanical resonator is a harmonic oscillator. When there
is a single photon in the cavity, the mechanical resonator
will be displaced by the radiation-pressure force. Then a
superposition of photonic state will induce the superposition
of the mechanical displacement. By utilizing the unitary evo-
lution operator U (t), the state of the system at time ¢ can be
obtained as

lv @) = U@y (0)

1 .
= ﬁnomon + OB, (37)

where the phase factor 9 (¢) and the mechanical displacement
B(t) are defined by

8

P0) =~ + ——{(o — gt
(om — gex)
— sin[(wy — gex)t]}, (382)
Bt) = L[] _ ei(ch_wM)t]. (38b)
Wy — 8cK

By expanding the cavity-mode state with basis states
|£)a = (10)q % [1)4)/~/2. Eq. (37) becomes

[P (@) = 1[ I-4)al @ (1)) + ;|—> |q)()(t))b:|
2| Ny N_@) ' ’
(39)
where we introduce the mechanical cat states
|DE (@) = Ne()[10), £ €™ V18(1))s], (40)

which are quantum superposition of the ground state |0), and
the coherent state | 8(¢)),. The normalization constants N (z)
are given by

Na@) = (2{1 + cos[9(1)]e” af He (41)

When we choose proper detection timet = (2n + 1) /(gcx —
wyr), a maximal value of |B(¢)| is obtained. To minimal the in-
fluence of environment noise, we choose t; = 7 /(gcxk — wur)
as the detection time in the following discussion. Equation
(38b) shows that the maximal displacement amplitude is
1B(s)| = 280/ (8ek — @um)-

When the cavity field is detected in states |+),, the me-
chanical resonator will collapse into the mechanical cat states
|®F)(¢)), accordingly. The corresponding detection probabil-
ities are

{ _ 1B

1+ cos[d(t)]e 2 (42)

=

1
P t = = —\
=0 AT
It can be seen from Eq. (42) that, for a sufficiently large dis-
placement | ()| such that exp[—|B(2)|?/2] & 0, the detection
probabilities become P, () ~ 1/2.
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FIG. 6. (a) Plot of |B(t,)| as a function of g./wy. (b) The
probabilities P.(¢) as a function of time ¢. The inset in (b) is a
zoomed-in plot of PL(¢) as a function of time 7. Other parameters
used in panel (b) are w./wy = 100, go/wy = 1.2, and gk /g0 =
0.25.

In order to investigate how the maximal displacement
amplitude |B(t;)| depends on the cross-Kerr interaction gck,
in Fig. 6(a) we plot |B(z,)| as a function of g.x/wy. We can
see that |(t,)| increases monotonically with the increase of
the cross-Kerr interaction strength. Under the assistance of
the cross-Kerr interaction, the cat states which are formed by
quantum superposition of the vacuum state and coherent states
can be obtained. To approximately distinguish the coherent
state from the vacuum state, a coherent displacement |8| > 3
is usually expected. Figure 6(a) shows that the superposition
of distinct coherent states can be created under the cross-Kerr
interaction. In Fig. 6(b) we display the time dependence of the
probabilities P, (¢). Here we can see that the two probabilities
P+(¢) and P_(¢) have similar envelops. In the intermediate
duration around the detection time t; = 7 /(g.xk — wu), the
oscillation amplitude is negligible [see the inset in Fig. 6(b)].
At the detection time #; &~ 4.19, the probabilities P, (z;) ~
P_(t,) ~ 1/2, which is consistent with the analysis based on
the condition exp[—|B8(t)|>/2] & 0.

B. The Wigner function and the probability distribution
of the rotated quadrature operator

The quantum interference and coherence effects in the
generated mechanical cat states can be revealed by calculating
either the Wigner function or the probability distribution of
the rotated quadrature operator. For the mechanical mode in

the density matrix pp, the Wigner function is defined by [74]
2 N aen
W) = ;Tr[mDm)e”’”bD*(n)], (43)

where D(n) = exp(nl;T — 17*13) is a displacement operator.
Corresponding to the states |®®)(¢)), in Eq. (40), the Wigner
functions can be obtained by substituting the density matrices
P = [0 (1)) (@) (1)) into Eq. (43) as

W () = NE (672N 4 =280 P

+ 2Re[e—i19(t)e— 3 Iﬂ(l)|2+2ﬁ*(f)71—2\77\2]). (44)

For the rotated quadrature operator

X)) = L(Be—” +be) (45)
\/5 ’
its eigenstate is denoted by |X(6)): X(O)X (), =

X (6)|X(8)), [75]. For the states |®®)(¢)),, we can obtain
the probability distributions of the rotated quadrature operator
X () as

PHEX )] = 1,(X (0)|2H (1)) ]?
= NZH(X(6)|0), PO (X (0)B1))s]*
(46)

Here the inner product of the vacuum state |0), and the co-
herent state |8(#)), with the eigenatate |X (6)); of the rotated
quadrature operator can be calculated with the relations

b(X(9)|O>b = %1(/92)]6—)(2(0)/2, (47a)
- (B H,[X 0)]
1BOP/2
HXO)B@))s ZO T
x ¢ X020, (47b)

where H,(x) are the Hermite polynomials.

To explore the quantum coherence and interference effects
in the generated mechanical cat states. In Figs. 7(a) and 7(b),
we plot the Wigner functions W *)(n) for the mechanical cat
states |®F) (1)), with 1, = 7 /(wy — gex) being the detection
time. Here we can see that the positions of the two main peaks
in the Wigner functions are located at the origin and the point
corresponding to B(#;) in the phase space, which represent
the two coherent states |0), and |B(;)),. Moreover, we see
a clear interference pattern (in the region between the two
peaks) in the Wigner functions. More importantly, the two
main peaks in the Wigner functions of the states |®®)(z,)),,
can be distinguished in the phase space, which means that the
two superposition components |0), and |8(z,)), are distinct
from each other in the sense of |40]|B8(t))s| =~ 0. We point
out that the distinguishability between the two superposition
states is enhanced under the assistance of the cross-Kerr
interaction. This point can be seen from the expression of
the coherence amplitude |B(z;)| = 2g0/|wm — gcx|, which in-
creases with the increase of gk in the range gk < wy. In
addition, in Figs. 7(c) and 7(d) we show the Wigner functions
of the two states in the absence of the cross-Kerr interac-
tion. By comparing the Wigner functions in the two cases
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FIG. 7. The Wigner functions W (5)) for the mechanical oscil-
lator states [®(1,)),: (), (b) gex/go = 0.25 and (¢), (d) gex /g0 =
0. (e), (f) The probability distributions P®[X (6,)] for the states
| &) (1,)), as a function of X (6,) at different value of g.x/go. The
red solid curves correspond to the typical optomechanical system
without the cross-Kerr effect (gcx/go = 0) and The blue dashed
curves correspond to the generalized optomechanical system in the
presence of the cross-Kerr effect (gcx/go = 0.25). Other parameters
are w./wy = 1000 and go/wy = 1.2.

gck/go = 0.25 and 0, we can see that the distance between
the two peaks is enhanced and that the interference fringes
become clearer in the presence of the cross-Kerr interaction.
This implies that the cross-Kerr interaction is helpful to the
generation of a macroscopic mechanical cat state. This en-
hancement can also be seen from the probability distributions
P®)[X (6))] for the states |®F)(z,)),, as shown in Figs. 7(e)
and 7(f). Here the angle of rotation 6y = arg[B(t,)] — 7w /2 is
chosen such that the quadrature direction is perpendicular to
the link line between the two main peaks. This is because the
interference is maximum in this direction due to the prob-
ability distributions overlap exactly when the two coherent
states are projected onto this quadrature. It can be seen that
a stronger oscillation exists in the probability distributions
corresponding to the generated cat states in the presence of
the cross-Kerr interaction.

C. Effect of the dissipations on the cat state generation

In this section, we study how the dissipation of the system
affects the generation of the cat states. Concretely, we calcu-
late the Wigner function and the probability distribution of
X (0) for the cat states in the presence of dissipation. In this
case, the evolution of the system is governed by the quantum

master equation (32) under the replacement of ﬁg(yﬂ) — Hgom.
To solve this master equation (32), we expand the state of the
system in the Fock space and write the density matrix as

POY=" " pmjnkOlmali)s alnlp(kl.  (48)

m, j,n,k=0

For the initial state [¢(0)) = (]0), + |l)a)|0)b/ﬁ,
the nonzero density matrix elements are pg0.0,0(0) =
£0,0,1,0(0) = 01,0,0,0(0) = p1,0,1,0(0) = 1/2. By numerically
solving the master equation (32) under the initial condition,
the time evolution of the density matrix p(¢) can be obtained.
In the numerical simulations, we need to truncate the Hilbert
space of the mechanical resonantor such that the equations of
motion of the density matrix element satisfying Eq. (32) are
closed. The truncation dimension n,; should be chosen such
that 2P, (¢) is normalized. In our simulations, we choose the
truncation dimension as n; = 20 in the closed-system case.
In the open-system case, the truncation dimension should be
increased due to the mechanical resonant will be excited by
the heat bath.

Accordingly, the density matrices of the mechanical res-
onator corresponding to the detected cavity states |+), can be
obtained as

o(EIP@)IE)a
Trlo(E[P()[£) ]

]

D O ik,

J.k=0

P =

(49)

T 2P.(1)

where we introduce the variables
®5~i)(f) = D0,j,0k(t) + P1,j,1.x@) £ [Po,j,1,(t) + p1,j,04 )]
(50)

and the measurement probabilities

1 [0¢]
Pi(t) = 52@;%,(:). (51)

j=0

The fidelities between the generate states ﬁlgi) (t) and the
target states | &™) (1)), can also be calculated as

Fe(t) = p(@F 050 DF (1)),

_ M e —io) - 292 BTV
=355 MZ:O Ok (0{80,;‘ te e i }

i (0) ,— 9L [B@)I* } (52)

Vi!

Below we will analyze the dependence of these fidelities and
probabilities on the dissipation parameters: the cavity field
decay rate «, the mechanical decay rate y,,, and the average
thermal occupation number 7.

In Fig. 8 we display the time dependence of the prob-
abilities P.(¢) at different values of the cavity-field decay
rate « /wy, the mechanical dissipation rate yy,/wy, and the
average thermal phonon number 7). Figure 8 shows that the
probabilities Py (t) oscillate rapidly, which is mainly caused
by the free evolution of the cavity field, as shown by the phase

X {5](,0 +
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FIG. 8. The probabilities P.(¢) as a function of time ¢ in vari-
ous cases. (a), (b) yy/wy = 0.01, iy = 0, and k /wy, = 0.01, 0.05,
and 0.1; (¢), (d) «/wy = 0.1, fiyy =0, and yy /wy = 0.01, 0.05,
and 0.1; (e), (f) x/wy =0.1, yy/wpy =0.01, and 7y =1, 3,
and 5. Other parameters are w./wy = 100, go/wy = 1.2, and
gek/8o = 0.25. The insets are the probabilities Py (t,) at time t;, =
7 /(wy — ge) VS the dissipation parameters x /wy, Yy /wu, and fiy.

factor ¥ (¢) in Eq. (38). With the evolution of the system, the
amplitude of the oscillation envelop decreases gradually. In
the intermediate duration of wyt &~ 3 — 7 (around the cavity
detection time f,), the oscillation amplitude almost disappears
and the probabilities P, () ~ P_(t) ~ 1/2. The amplitude of
the oscillation envelop will revive around t = 27 /(wy — gck)
[with the same period as B(¢)]. Comparing to the closed-
system case, we see that the amplitude of the oscillation
envelop for the probabilities at the revival duration decreases
in the presence of dissipations. The insets in Fig. 8 show
the probabilities P (¢,) at t; = 7 /(wy — gex) as a function of
k/wpm, Ym/om, and iy The results indicate that the prob-
abilities Py () are almost independent of these dissipation
parameters.

In Fig. 9 we plot the fidelities F(¢) as a function of time ¢
at various values of « /wy, Yu/wum, and i1y, Here we can see
that the fidelities exhibit some oscillations at the initial period.
With the evolution of the system, the oscillation disappears
gradually, and then the oscillation will revive around the time
27 /(wy — gek)- In the intermediate duration of wyt & 3-7,
the fidelities F () and F_(¢) have approximately equal val-
ues. The fidelities F(¢) have smaller values for larger values
of the decay rates « /wy, ¥u/wu, and the thermal occupation
number 7iy,. This phenomenon can also be seen from the insets
of Fig. 9. Moreover, the plots show that the time dependence
of F (¢) is similar to that of F_(¢), and that the dependence of
F4(t;) on the parameters x (y),) and 71y is almost the same.

The influence of the dissipations on the Wigner functions
of the generated state can also be evaluated based on the
reduced density matrices ,?)lgi)(t) of the mechanical oscillator.

FIG. 9. The fidelities Fi.(t) vs time ¢ in various cases.
(@), (b) ym/wy =0.01, i1y =0, and «/wy = 0.01, 0.05, and 0.1;
(©), (d) k/wy =0.1, fiyy =0, and yp/wy = 0.01, 0.05, and 0.1;
(e), ) k/wy = 0.1, yy/wy = 0.01, and 71y, = 1, 3, and 5. Other
parameters are w./wy = 100, go/wy = 1.2, and g/go = 0.25.
The insets are the fidelities FL(#,) at time #, = 7 /(wy — gek) VS
K/(I)M, )/M/C()M, and flM.

In the open-system case, the Wigner functions of the density
matrices ,?)l(,i)(t) can be obtained as

1 o0
(+) _ _1Ve®
4 (n)_”PN%Ek_:O( D'e%)®)

< s (1D (D)1 )s b KIDID)s,  (53)
where the matrix elements of the displacement operator in the
Fock space can be calculated with Eq. (20).

To illustrate how the decay rates and the thermal exci-
tation number of the system affect the Wigner function of
the generated mechanical cat states. In Fig. 10 the Wigner
function W) (1) for the density matrix ,i)f)(ts) is plotted
where the decay rates of the system and the thermal exci-
tation number take various values. Here we show only the
Wigner function W ) () for concision because W () has a
similar parameter dependence. We see that, with the increase
of the decays rates and the thermal excitation number, the
interference patten (in the region between the two peaks) in
the Wigner functions attenuates gradually. This means that the
decay rates x (yy) and the thermal excitation number 7y, of
the system fade the macroscopic quantum coherence in the
cat states. In addition, with the increase of k (yu) and 7y,
the peak describing the coherent state |3(¢)), in the Wigner
function reduces gradually.

We also study the effect of the dissipation on the proba-
bility distributions of the rotated quadrature operator X (9).
In this case, the probability distributions of X(#) can be
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FIG. 10. The Wigner function W™ (n) for the density ma-
trix ,6,(;')(;;) in various cases. (a)-(c) yu/wy = 0.01, iy =0,
and «/wy =0.01, 0.1, and 0.5; (d)—(f) «/wy =0.1, iy =0,
and yy /oy = 0.01, 0.05, and 0.1; (g2)-(1) «/wy = 0.1, yy /oy =
0.01, and 7y =1, 3, and 5. Other parameters are w./wy =
1000, go/wy = 1.2, and gk /go = 0.25.

obtained as

7X2(9) 00 @(i)(t)
PEX O] = 5 3

2PL(t) f= T2tk k!

x Hi[X(0)IH [X (0)]e* =D, (54)

In Fig. 11 we plot the probability distributions P [X (6y)]
for the density matrices ,b;i)(tx) as a function of X (6y) where
the decay rates of the system and the thermal excitation
number take various values. It can be seen that, with the
increase of the decay rates and the thermal excitation num-
ber, the oscillation amplitude of the probability distributions
decreases gradually, which means that the decay rates and the
thermal excitation number of the system hurt the macroscopic
quantum coherence.

V. DISCUSSION AND CONCLUSION

We now present some discussions on the experimental
parameters for implementation of this model. In principle,
the studies in this work are general, and it can be imple-
mented with various optomechanical systems which can be
described by this generalized optomechanical model. Below
we focus our experimental analyses on a superconducting cir-
cuit because this generalized optomechanical model has been
proposed to enhance the single-photon optomechanical cou-
pling in this setup [62]. In particular, this coupling enhance-
ment scheme has recently been realized in a superconducting
circuit [63]. Nevertheless, we should point out that some
used parameters are accessible with current experiments, but
there still exists some challenge for current experimental

—_
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0
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FIG. 11. The probability distributions P®)[X (6)] for the den-
sity matrices ﬁ;i)(ts) as a function of X(6,) in various cases:
(), (b) ym/wy = 0.01, iy =0, and «/wy = 0.01, 0.1, and 0.5;
(¢), (d) k/wy = 0.1, iy =0, and yp/wy = 0.01, 0.05, and 0.1;
), () k/wy = 0.1, yy/wy = 0.01, and 71y, = 1, 3, and 5. Other
parameters are w,/wy = 1000, go/wy = 1.2, and g.x/go = 0.25.

technology. For observation of the photon blockade effect,
the system is expected to work in the single-photon strong-
coupling regime gy > «. For generation of the cat states, the
state generation time f; = 7w /(wy — gex) 1S required to be
shorter than the lifetime 1/« of the cavity photon, which
leads to the resolved-sideband condition wy > «. In our
simulations, we used the following parameters: go/wy ~
0.5-1.2, gcx/go =~ 0.25, k/wy ~ 0.01-0.5, and yy /oy =
0.001-0.1. These parameters have been evaluated to be ac-
cessible with the near-future technology [62,63]. For exam-
ple, when the mechanical resonance frequency is taken as
wy ~ 2 x 10 MHz, the optomechanical coupling strength
is go ~ 2m x 5-12 MHz. Note that a coupling strength of
the order of gop ~ 27w x 100 MHz has been evaluated to be
in principle possible with an optimized device [63]. The
cross-Kerr interaction strength g.x/go &~ 0.25 has also been
estimated in this system [62]. In addition, the cavity decay
rate (on the order of ~1 MHz) and the mechanical decay
rate (~100 kHz) are accessible with the current experimental
conditions [3].

In conclusion, we have studied the few-photon optome-
chanical effects in a generalized optomechanical system in
which there exist both the optomechanical coupling and
the cross-Kerr interaction between the optical and phononic
modes. In particular, we focused on the photon blockade effect
and the generation of the mechanical cat states in both the
close- and open-system cases. We found that the cross-Kerr
interaction can strengthen or attenuate the photon blockade of
the cavity by calculating the equal-time second-order corre-
lation function. We also found that the cross-Kerr interaction
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can enhance the quantum interference and coherence effect
in the generated mechanical cat states by calculating the
Wigner function and the probability distribution of the rotated
quadrature operator.
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APPENDIX: DERIVATION OF THE UNITARY EVOLUTION
OPERATOR U (¢)

In this Appendix, we present a detailed derivation of the
unitary evolution operator U) given in Eq. (35). For the
Hamiltonian I-?gom, its unitary evolution operator U (¢) can be
expressed as

~ IS I IPC PO X L N  SREPPE ey
U(Z) —¢ iwcta'a—iwpytb"b+igota’ a(b’+b)+igkta’ab b' (Al)

To decompose this unitary operator, we introduce a unitary
transformation defined by Dé) = exp 3 (b" — b)], where £
is defined in Eq. (2). Using the Baker-Cambell-Hausdorf
expansion [76], the transformed operator can be obtained as

omsh cataata K aiantants
DT(%')U(I)D(%) — e—lwtta a l(chaTa wy)th’ b oy g‘,Kafa (wpr— gq(afa)z] @ ad ae(wM—gCKafa)za aa aaa (A2)
Then we can obtain the following expression for the unitary evolution operator:
. 25 PEIN igeK Bt N antant s
A A A iwtata ilewata— pip il O’A 1t Taaa C| 0 a‘aa'aa’aA ~
0(1) = D(E )it gilsexda—onib'b il 73 ~ e 141908 T i D'(é)
a2 oMsh cata 8K niantants
= et Lo T oy —soxatan 1 ad! a@tﬂwwé*é)za aaaaa
80 A atht—b) i i pen ataht—b
w o sexaal A0 Jigacata—anib'h ;= o ara @ A0T0) (A3)
Based on the relation
PN PN St arRt (gl a—w i ata—o,
ek a—onibh = o T fa (! b)e—i(gcxaz*a—wmtb'b _ e*m“ a[b' e Eera aom)l —peilseka a=en )] (Ad)
- 9
we obtain
ekl amannb1h ;g 1A By = atall s oo b k) gty b
8cK M e om—sckila — e oM—8gKd'a '8k M . (A5)
By inserting Eq. (A5) into Eq. (A3) and using the relation
20 - tabt—by —— %0 ——a a[éi‘e[(gd(&%&fwM)l7[3671(ch&]\2171er)1‘]
€ PM—8cKa u e ©M—8cka'a
% i atayiataata 0 ata i(sekala—op) i —i(geka’a—opn
B — sin[(wy—geka'ayla’aa’a ——=1——a'a[(1—e"¥K OMI)pT —(1—e~ 8K MIb]
= ¢ (om—gcka'ay € PM~8cKa'a . (A6)
we obtain the unitary operator as
~ Caka f0 —si _oatarnataata ’é’ch% ataataata
U(I) _ e—lwcw aez T [wyt —sin(wyt—gcka'at)la' aa ae(wM —Te ~a'aa’aa’a
g P igekal a—op A —i(geg & a—wp N N Apa
x ema‘a[ﬂw‘ﬁck MN)bt—(1—eH(EeK M)t)b]ei(gckd‘&—w/w)tb‘b (A7)
b
which can be further expressed as
A T O TS D P T P Py N N N T I . PRI
U(l) —e iw.ta aem(t)a aa'a, id(t)a'aa"aa a,h a[r(t)b"—A (t)b]el(cha a—awy )b bf’ (AS)

where the variables ji(z), D(¢), and i(t) have been given by Egs. (36).
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