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We study the single-photon blockade (1PB), two-photon blockade (2PB), and photon-induced tunneling (PIT) effects
in a cavity—atom optomechanical system in which a two-level atom is coupled to a single-model cavity field via a two-
photon interaction. By analyzing the eigenenergy spectrum of the system, we obtain a perfect 1PB with a high occupancy
probability of single-photon excitation, which means that a high-quality and efficient single-photon source can be generated.
However, PIT often occurs in many cases when we consider 2PB in analogy to 1PB. In addition, we find that a 2PB
region will present in the optomechanical system, which can be proved by calculating the correlation function of the model

analytically.

Keywords: photon blockade, photon-induced tunneling, cavity—atom optomechanical system

PACS: 03.67.Hk, 14.70.Bh, 42.50.—p, 42.50.Pq

1. Introduction

Single-photon sources and single-photon detectors have
great potential applications in the quantum information field,
such as precision measurement, quantum cryptography, and
quantum key distribution.!!?! In recent years, it has been pro-
posed that photon blockade (PB) effects, which describe a phe-
nomenon that a single photon could block the transmission
of other photons in some systems, can be exploited to pre-
pare single-photon sources.!>™ There are two general ideas
regarding PB effects: (i) conventional PB (CPB), which orig-
inates in the anharmonicity of the energy spectrum,! and (ii)
unconventional PB (UPB), which results from the destructive
quantum interference between the different possible transition
paths.[”l On the one hand, the CPB effect, which requires
some kind of large nonlinearity, has been researched in various
quantum systems, such as Kerr-type nonlinear cavities!® and
optomechanical systems.!*!%! The UPB effect, on the other
hand, usually requires a large coupling strength between the
two components that structure the different transition paths.
Based on this theory, the UPB effect has also been observed
in a coupled quantum-dot-cavity system,!'!! double-cavity
optomechanical systems,!'?! and other systems.!!3-16 Previ-
ous studies have been focused mainly on the single-photon
blockade (1PB). Recently, the two-photon blockade (2PB) has

been experimentally'!”! and theoretically!'81°]

investigated in
various configurations, which could be used for two-photon
sources. Furthermore, the photon-bunching effect, namely,
photon-induced tunneling (PIT), which means the probabil-
ity of admitting subsequent photons is increased when there
is one photon inside the cavity,!°! has also been explored in
many systems. 20-231

Great success has been achieved in cavity optomechan-

ics in the quantum information field over the past decades.
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Cavity optomechanics is widely used in optomechanical os-
cillators, displacement sensing, Newtonian gravity detection,
and other fields of quantum physics.>* In addition, research
attention has been given to the reaction effect of mechanical
motion on the optical field, such as laser noise cooling, >
optomechanical entanglement,*®! optomechanically induced
transparency, (27281 and PB.[9:10:29.301 Herein, we focus on
studying the PB effect in a cavity—atom optomechanical sys-
tem. By analyzing the resonance condition, we analytically
optimize the parameter condition of the respective 1PB case.
In addition, PIT usually appears more easily than a 2PB. Fur-
thermore, by calculating the correlation functions, we find that
a 2PB region would occur in the optomechanical system.

The rest of this paper is organized as follows. In Sec-
tion 2, we discuss the physical model and investigate the
Hamiltonian of the system. In Section 3, we analyze the
eigenstates to obtain 1PB and optimize the parameters to ob-
tain 2PB. The result can be confirmed by analytically solving
the Schrodinger equation or numerically simulating the mas-
ter equation. The atom-driving case is also discussed briefly.
Conclusions are given in Section 4.

2. System and Hamiltonian

We consider a cavity—atom optomechanical system com-
posed of a single-mode cavity field coupled to a two-level

n,[31:32] 49 depicted

atom via a two-photon physical interactio
in Fig. 1(a). The cavity is pumped by a classical laser with
frequency @y and amplitude €. The interaction between an
optical cavity and mechanical film in a cavity optomechanical
coupling system is realized by photon radiation pressure. 33341

The Hamiltonian of the model is (i = 1)1343%!

H = w,aa+ ot o+g(a?c+a*c™) +w,b"h

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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—Aata (bt +b) +e (a+ e iour +aei“’d’) e

where a (a™) denotes the annihilation (creation) operator for
the cavity with resonance frequency @,. The lowering (up)
operator of the two-level atom is denoted ¢ (6™); the transi-
tion frequency of the atom @y; g is the coupling strength be-
tween the cavity field and two-level atom via the two-photon
interaction; b (b™1) represents the annihilation (creation) op-
erators for the optical (mechanical) mode with frequency @,,;
A is the single-photon opto-mechanical coupling strength due

to the radiation pressure,[40] which describes one optical cav-
ay 1

L maoy, ’
with L being the cavity length and m representing effective

ity coupled to the mechanical resonator*!=431 (4 =

mass of the movable mirror!3+3°1). In the rotating frame de-
fined by U; = e~10a(a"ato)t the Hamiltonian in Eq. (1) can

be written as

H = Aata+Acto+g(a?o+a*ct)

+oub"b—2Aata (b +b)+e(a" +a). ()

The driving de-tunings A, = @, — ®g and Ay = Wy — 204
are usually controlled by the observed PB effect. To deal with
the fourth and fifth terms, in the rotating frame defined by

(b)
Energy

3N

A 4ta

U, =¢eom (b"=b) for Eq. (2), the transformed Hamiltonian

18
Hy = Aa"a+ Aot o+ g (a0 +a’0™) + wub"b

AL +
——(a a) —|—£(a +a). 3)
O
The Hamiltonian without a driving field in Eq. (3) can be
written as

Hy=Auata+Ac o+g (a+26—|—a26+) - —

The part of the mechanical resonator can be ignored under the
weak optomechanical coupling condition (A < @,,) when we
only care about the optical properties of the system.
Therefore, the separable state could be described as |0, g),
I1,8), 12,8), 13,8), [0,e),
subspace.[***] The eigenstates, as described in Fig. 1(b), can

1,e) in the n-excitation (n < 3)

be calculated by the Hamiltonian in Eq. (4) and the eigenequa-
tion can be obtained as Hy |&) = &y |&), |€) = |0,g), € = 0;
Holer) =& [e1). [&1) =[1,8). & = Aa— 2= Holen) = & |€n)
(m = 24,3+) there. The eigenstates can help to obtain the
best parameters of CPB because of the underlying principles.

€3+ (c) g
£3- 3-/)\ I1,e)
£ Z2+ 5 ,gg € | )
2- 0,e
12,9) 7
13
% -1
. I1,9)
| i
0 ——l0g)

Eigenstates

Fig. 1. (a) Sketch of the cavity—atom optomechanical system (cavity-driven), with x, ¥, and ¥, being the cavity, atomic decay rates, and
damping rate of the mechanical resonator, respectively. (b) Schematic energy-level structure of the system in the subspace with zero, one, two,

and three excitations. (c) Transition pathways in the cavity-driven case.

3. Photon blockade in the cavity—atom optome-
chanical system

3.1. Analytical solution

Considering the influence of the dissipations of the cav-
ity field and the atom, we add the imaginary decay and gain
terms into the original Hamiltonian [Eq. (4)] to obtain the non-

Hermitian Hamiltonian. 4647

I The dynamical evolution of the
photon state is calculated by the non-Hermitian Schrodinger
equation ih%W(t)) = Heg|W(2)), where

Hep = (Afig) ata+ (Aof 1%’) oto

2
+g(at?o+a’c™) - 2;— (a+a)2 +e(at+a). 5

m

In the weak driving limit, we can restrict the total photon
number within the low-excitation subspace up to 3. There-
fore, the wave function |y(z)) can be expressed by the time-
separable state approximately as follows: 48]

(W(1)) = Cogl)]0,8) +Crg(t)[1,8) +Cag(1)2,8)
+Co.(1)]0,€) +C34(1)[3,8) + Cre(1)]1,€). (6)

In fact,

Coﬁg’ > |C1,g’ > {|C0’e|, Czﬁg’} > {’C3’g 7|C1’e|},
and we can assume Cp ¢ ~ 1 due to the weak-driving assump-

tion. Then, the steady-state can be obtained by %C& i=0
(s =0,1,2,3, j=g,e). Therefore, it is easy to obtain solu-
tions of the probability amplitudes as follows:

£
Cog=1, Cig=— e 22
Aa_lf—m
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VaE (8- i)

Crg = Y . 22 .y 5]’
<Aa —ik OT) [(2Aa . 1;<—4w7) (A0—i%) —2g }
2g€?
CO,e: 22 g 2\’
[2g2 - (2Aa - irc—4m) (A0— ig)} (Aa —ik- m)
6e> (Aa —ifA—i) - f;i) (A —il) +2v/64%€3
C3,g - )
M(Aa—ig - j,i) [<2Aa—ix—4%) (40—i) —2g2}
63¢° (40— i}) +2¢¢% (34, — i3k — 94"
Cie= ) 7
M(Aafigf%) KZAafiK74%) (A0—iY) 72g2}
|
with I IR N
+§K(n,ha)L[a }+5y(n,h1 +1)L[o]
) K Y A? 3 A2 1 (N
M =6g —(Aa—12+A0—12—wm) (3Aa—‘2’<—9wm : + 5 ¥ (um) L [0 ] + 5 ¥ (o + 1) L[]
1
The PB effect can be estimated by the equal-time second- + > ()L [b7], )

order correlation function g?(0) and the equal-time third-order
correlation function g3(0). Based on Eq. (7), the steady-state
correlation functions of the cavity can be analytically obtained
by the steady-state solution of the Schrddinger equation:

(aTaTaa)
(ata)®

2|C27g}2+6|c3,g’2

£2(0) =

2
(Ic1e* +2|Cog* +3Cs )

~ 2|C2,g’2

3
(‘Cl»g|2 +2|C2»g|2 +3 ’C3~,g|2>

~ 6|C37g’2

) (®)
|Cl 8 |6

Note that if (/) < 1 (the average photon number), when
g%(0) < 1, it indicates 1PB; when g(0) > 1 and g*(0) < 1,
2PB occurs, which implies two-photon bunching and three-
photon anti-bunching, g?(0) > 1 and g*(0) > 1 indicate typical
PIT.!'”! In the weak-driving case, the photon number is very
small.

3.2. Numerical solution

However, we utilize the quantum master equation with
the initial Hamiltonian H to correctly account for the driven-
dissipative character of the system, which is also a method of

exact solution: 49511

p . |
S ‘[P,H]"‘EK(nzha‘i‘])L[a]

where the Hamiltonian H is expressed in Eq. (2), L[o] =
20p0" — 0T 0op — po*o are Lindblad terms accounting for the
arbitrary system operator o; K, ¥, and ¥, are the cavity, atomic
decay rates, and damping rate of the mechanical resonator, re-
spectively; iy, = [exp (hy /kpTe) — 117", x = {a,1,b} are the
average thermal excitation numbers of the bath at temperatures
T, and T;(x = {a, 1}), and the mechanical thermal excitation
number at the temperature 7}, (x = b), with kg the Boltzmann
constant.

In the system, we are concerned about g?(0) and g*(0) in
the steady state, and must thus solve the master equation for
the steady-state density operator by setting dp/dr = 0. The
exact numerical result is given by

2 (0)=Tr (a+a+aaps) / [Tr (a+aps)] 2,
2(0)=Tr (ata*a"aaapy) / [Tr (a+aps)]3 .

However, there is an obvious deviation between the two

(10)

methods in the higher-order correlation functions. This is be-
cause we neglect the influence of quantum jumps in solving
the effective Hamiltonian. [8]

3.2.1. Single-photon blockade

The PB effect is usually divided into CPB and UPB. The
CPB effect results from the anharmonicity of the eigenenergy
spectrum, as shown in Fig. 1(b). This means that the driv-
ing frequency @y matches the energy separation @, between
the zero-excitation state & and the single-excitation state €.
In addition, the single-photon transition |&) — |€;) becomes
resonant, but the subsequent transitions |€;) — |&4) induced
by the second photon are blockaded. As in Fig. 1(c), there are
two transition pathways from & to €3, and the UPB effect usu-
ally occurs due to the destructive quantum-interference phe-
nomenon between them. It is always expressed as ’CQ’g‘ =0,
which means that there are no two-photon probabilities in the

070304-3
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cavity. In our system, the parameter condition for the perfect
1PB effect (|Cp,4| =0)
can be explained based on the destructive quantum interfer-

can be obtained as Ay =0,y =0, which

ence between the two paths |gy) — |&+).B! If we analogize
1PB in the UPB effect to consider 2PB, the requirement is not
satisfied. The result,
factors, g°(0) < 1 [the other factor is g?(0) > 1], could not be
satisfied.

In studying the 1PB effect in this system, the dips shown

= 0, only ensures that one of the

in Fig. 2 can be obtained by the optimal relations &y — € =0 in
the resonant transitions between the ground and first-excited

states [Fig. 1(b)].5>31 We can obtain the best parameter

Ay = (’})—i for the 1PB effect from previous calculations (Sec-
tion 2). In Fig. 2, we plot the equal-time second-order correla-
tion function g2(0) and the equal-time third-order correlation
function g3(0). It is clear that the dips are in A, = 0 [Fig. 2(a)],
0 [Fig. 2(b)], and 1 [Fig. 2(c)].

approximate calculation conditions (A < @,,), the parameter

Owing to the constraint of

conditions of the dips are basically distributed around zero. In
Fig. 2(a), it can be seen that the correlation function g*(0) ex-
hibits some fluctuations near —2. This is because of the quan-
tum interference between the two transitions |&)) — |&,1). We
calculate the logarithm of the correlation function to observe
the extreme point in Fig. 2(c).

— Analytical (b‘l!‘? state) g2(0)

Analytlcal (barc StatC) g3(0)

— Numerical logio(g2(0))
— Analytical (bare btdte) log10(g2(0))
— Numerical logio(g3(0
Analytical (bare state) logio(g:

(a) 4 — Numerical g2(0) (b) 2.5 = Numerical g2(0)
— Analytical (bare btate) 92(0)
— Numerical g3(0) 2.0t = Numerical g3(Q
3 Analytlcal (bare sta&e) g:2(0)
[\ 1.5
2 [\
N 1.0
1 N’ 0.5
0 0
-8 —4 0 4 8 -8
A/k

Fig. 2. Correlation functions of the cavity. The pink (g
the blue (g?
Ay =K, A =0, @, = 100K, ¥, o
Y=K, Ay = A, Ay = &, & = 100k, @, = 10000k, ¥, = %

— On

3.2.2. Two-photon blockade

We analyzed the 2PB effect as follows. When the two-
photon transitions (|&) — &4 )) become resonant, the param-
eter condition can be obtained by & — &+ = 0 [in the reso-
22 2 1 2 .
@) +3¢°]. Fig-
ure 3(a) clearly shows g?(0) > 1 and g3(0) > 1 at the point of
A, = —1.4042 and A, = 1.4242 (we calculate the logarithm of
the function), which represents PIT, not 2PB. However, the re-

2
nant case, @y =20, Aq = 3A0 = &+ (

2(0)) and red (g>
(0)) and light cyan (g*(0)) curves correspond to the exact analytical result in Eq. (8). (a) € = 0.01k, g = 0.7k, ¥ = &, A, = A,
(b) e =0.0lx, g=0.5x, y=«, A =0, ®, = 100k, ¥, =

A/k

A/k

9(0)) lines are plotted using the numerical solution of Eq. (10), while

Ag=Ag=A. (c) € =001k, g = 2k,

o,
sult of calculating the resonance could obtain the peak of pho-
ton number probability. In Fig. 3(b), the probability of a sin-
gle photon reaching the maximum at the point of A, = 0.0100
corresponds to the dip in Fig. 3(a) (A, = f;—;) The same thing
can be observed in Fig. 3(c) for the probability of two-photon
blockade (A, = —1.4042 and A, = 1.4242). Therefore, it is
not determined that the 2PB effect will occur in two-photon

transitions becoming resonant.

2 >
a —-N 11 2(0 b
@ L e e o~ [ am=oom0 G
1 logio Q'a(o))
= Numerical logio(g3(0)
\— Analytical (bare statg
0 \, log10(92(0)
-1 )
-2
-3
—2 —1 0 1 2 0 1 2 —2 —1 0 1 2
A/k A/k A/k

Fig. 3. Photon transition resonance, %Ao =A,=A =001k, g=2K,7y=K, A =

WO

100°

10x, @, = 10000%, ¥, (a) Correlation function:

the pink (g%(0)) and red (g3(0)) lines are plotted using the numerical solution of Eq. (10), while the blue (g2(0)) and light cyan (g3(0)) curves
correspond to the exact analytical result in Eq. (8). (b) and (c) Probabilities of (b) single-photon and (c) two-photon blockades.

Next, we discuss the 2PB effect in our system in de-
tail. The previous studies on cavity—atom systems generally
achieve the 1PB effect. Even if the 2PB effect is considered,
it mostly ends with the result of the PIT effect (under cav-
ity driving). We also calculate the results in a cavity—atom

system. Figure 4 shows the difference between the cavity—

atom system and the cavity—atom optomechanical system. It
is clear that a region with 2PB [within the red wireframe
area in Figs. 4(b) and 4(e)] appeared by comparing Figs. 4(a)
[Fig. 4(d)] and 4(b) [Fig. 4(e)], which can be explained based
on the optomechanical coupling strength. Mathematically, it

is difficult to calculate the equation g?(0) = g*(0) to make

070304-4
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the intersection of gZ(0) and g3(0) be below 1 in the cavity—
atom system [Figs. 4(a) and 4(d)].
a 2PB region by adding a mechanical system to increase the
To check
the correctness, we introduced the relative deviation of a given

However, we can build
value of the intersection of correlation functions.

photon-number distribution from the corresponding Poisson
distribution that is defined as [P(n) — P (n)] /P (n),5*>>) where

<ll+ll
Pn) = e (0 a) ==
state under the Poisson distribution, and P(n) is the photon-

denotes the probability of an n-photon

number distribution probability. Figures 4(c) and 4(f) show

1.3

1.2 (a)
1.1
1.0
0.9
0.8
— Numerical g2(0
0.7 —_ AE:};?{E:I g(ib(ar>e state) g2(0)
o6p 7 =Numereal 6 PO
/ é cal (bare state) g;
0.5 4 nalyti g2
093071 05 06 07
A/k

20— —

—_ A;)lg}e/ﬁ(czzl £(Ibare state) g2(0) (b)
1.6 — Numerical g3(0)

AIldlytlLdl (bare state) g3(0)
1.2
0.8
0.4
0 L n L L n s n
0.3 0.4 0.5 0.6 0.7

—-0.1

[P—P]/P

—-0.2

—-0.3

—0.4

0 1 2 3 4
Photon number

Fig. 4. Correlation function and relative deviation of the cavity. The pink (g
(0)) and light cyan (g3(0)) curves correspond to the exact analytical result in Eq. (8). (a) The cavity—atom system:

of Eq. (10), while the blue (g?

£ =10.03x, g = 0.3k, Y= k; (b) cavity—atom optomechanical system: A = 5k, @, =

the probability of the two-photon case exceeding the Pois-
son distribution, which can be concluded to be the 2PB case
at the points of A, = 0.57 and A, = 0.7, respectively. The
2PB effect has been observed in Ref. [17], which uses the
parameters % = 2.0 MHz, % =30 MHZ, = = 18.0 MHz,
£ =16.38 MHz, £ 37 = = 0.55 MHz. These ratios between the
parameters and the cavity decay rate k are slightly different
in order of magnitudes from the parameters we give. The me-
chanical system could be controlled by A = % m%om There-

fore, this scheme is feasible in real applications.

2.0

(d)
1.6
1.2 /
/.
0.8 /
2(0)
— Analytlcal (bare state) g2(0)
0.4 — Numerical g3(
. _Analytlcal (bare state) g3(0)
0 0.2 0.4 0.6 0.8 1.0
A/k
4 | — Numerical g2(0) (e)
— Analytical (bare state) g2(0)
= Numerical g3(0
3 _Analytlcal (bare state) g3(0)
2
1
0
0 0.2 0.4 0.6 0.8 1.0

0 1 2 3 1
Photon number

2(0)) and red (g*(0)) lines are plotted using the numerical solution

100K, Y = (c) Ay = Ag = A =0.57; (d) cavity—atom system:

O
106°

£ =0.03k, g = 0.5k, Y = K; (e) cavity—atom optomechanical system: A = 6k, @, = 100K, %, = 22; (f) A, = A = 0.7, Ay = 2A,.

3.3. Discussion

We next consider the case of atom driving, which seems a

good project by which to obtain the 2PB effect.[3!]

However,
we calculate C; ; = 0 in an analytical solution, which repre-
sents that g2(0) and g3(0) are relatively large and that PIT ap-
peared. Owing to the two-photon physical transition process,
the judgment of the 2PB effect can rely on the criterion g*(0),
which is calculated by the master equation. In the cavity—atom

system, 2PB may emerge because of the transition resonance

106

(09 =20y, |0) — |€2+),|€0) — |€4+)). However, our scheme
could build a region of the 2PB effect under cavity driving.
Moreover, cavity optomechanics could also achieve the
2PB effect, but |C;| # 0 in this system, which means that the
perfect 1PB effect could not be obtained. In other words, cav-
ity optomechanics could not use interference to enhance the
PB effect. Our system could use this phenomenon, which is

briefly discussed in Subsection 3.2.1.

070304-5
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4. Conclusions

In summary, we have investigated the 1PB, 2PB, and PIT

effects in a cavity—atom optomechanical system. By analyz-

ing the transition resonance, we find that the 1PB and PIT ac-

tions can be observed easily in the cavity—atom system, while

2PB is difficult to realize. Therefore, adding an optomechan-

ical system could help us build a 2PB region. Moreover, we

briefly discuss the PIT effect that may occur under atom driv-

ing.

Our analysis results are obtained by solving the equa-

tions of motion for these probability amplitudes and are con-

firmed by solving the quantum master equation in the trun-

cated Hilbert space.
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