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We propose that photon blockade can be enabled by a two-photon absorption environment. The valid-
ity of this conclusion is confirmed by studying the blockade in a driven single-mode cavity. The feature
of this environmentally induced photon blockade is that the nonlinear interaction in the system is not
needed, which is entirely different from the conventional and the unconventional blockade mechanisms.
We clearly give the physics behind this blockade mechanism. And the advantages of this environmen-
tally induced photon blockade are discovered by comparing it with the conventional mechanism in a
weakly driven region. In addition, we show that the proposal can be generalized straightforwardly to
realize environmentally induced photon blockade in two coupled single-mode cavities.
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I. INTRODUCTION

The study of generation and application of nonclassical
optical fields is an international advanced research topic
[1–11]. In the past two decades, there has been a great
interest in photon blockade (PB), because it can gener-
ate typical nonclassical light with antibunching photons
[12–20]. This PB effect can be described as: the existence
of a single photon in a nonlinear cavity blocking the cre-
ation of a second photon under certain conditions [21–23].
The significance of this subject is mainly motivated by the
considerable applications of correlated photons to founda-
tions in quantum theory as well as in quantum information
science [24].

PB, also known as conventional PB (CPB), enabled
by a large nonlinearity changing the energy-level struc-
ture of a system, can suppress the production of multiple
photons [25–31]. This is one of the mechanisms for creat-
ing strong antibunching photons. Under this conventional
mechanism, the presence of photon-photon interaction in a
nonlinear cavity modifies the energy ladder of a harmonic
oscillator. And the photon-number probability distribution
is significantly changed if the driving field is tuned to be
resonant with the cavity.
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CPB was experimentally observed using an optical cav-
ity with a trapped atom [32]. Subsequently, a sequence of
experimental results were reported by various experimen-
tal groups using different systems, such as a quantum dot in
a photonic crystal [33] and a circuit QED system [34,35].
Recently, two-PB and multi-PB have been proposed with
the conventional mechanism. Two-PB was studied in var-
ious nonlinear systems [36–38], and was experimentally
observed in an optical cavity strongly coupled to a single
atom [39]. Meanwhile, multi-PB was also studied [40–44].

In the earlier studies, it was believed that PB necessar-
ily requires a large nonlinearity with respect to the decay
rate of the system. However, Liew and Savona found that
strong photon antibunching can also be obtained even with
a nonlinearity much smaller than the decay rate of the
cavity modes [45,46], which is called unconventional PB
(UPB) [47–50]. The physics behind this mechanism is the
destructive interference between two different transition
paths, which means that the system cannot occupy the
two-photon state [51–53]. UPB has been experimentally
observed in a quantum dot cavity QED system [54] and
two coupled superconducting resonators [55].

In this paper, we find that PB can also be displayed
with a two-photon absorption environment. To confirm the
validity of the conclusion, this environmentally induced
PB (EPB) is investigated by considering a driven single-
mode cavity. The numerical results show that strong
photon antibunching can be achieved, and the physical
mechanism is discussed by analyzing the energy-level
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diagram and the two-photon absorption process. To show
the advantage of EPB, the present proposal is compared
with CPB. We find that EPB has a higher brightness
and a larger single-photon probability under the weak
drive approximation. In addition, the existence of EPB is
confirmed even with a single-photon dissipation. Finally,
we show that EPB can also be obtained in two coupled
single-mode cavities.

This paper is organized as follows. In Sec. II, we
introduce the two-photon absorption environment and the
blockade description. In Sec. III, we study EPB in a driven
single-mode cavity. Specifically, the physical mechanism
is analyzed, EPB is compared with CPB via numerical
results, EPB is discussed in terms of undergoing a single-
photon dissipation, and the experimental possibility is also
considered. In Sec. IV, we study EPB in two coupled
single-mode cavities. Conclusion is given in Sec. V.

II. TWO-PHOTON ABSORPTION ENVIRONMENT
AND BLOCKADE DESCRIPTION

The two-photon absorption master equation, described
by the two-photon absorption environment, has been
derived for light traveling through a two-photon absorb-
ing medium [56–59]. Here we give a brief review of the
derivation of this master equation starting from the system
of a single-mode cavity with frequency ω. The system is
described by the Hamiltonian (hereafter setting � = 1)

Ĥs = ωâ†â, (1)

where â is the photon annihilation operator for the sys-
tem. The system is coupled to a thermal reservoir via the
second-order nonlinear process. The Hamiltonian of the
thermal reservoir is

Ĥe =
∑

k

vkô†
k ôk, (2)

where ôk is the photon annihilation operator for the reser-
voir with frequency vk. In addition, the environment can
also be a beam of two-level atoms; in this case, ôk is the
lowering operator for the atoms. The interaction Hamilto-
nian of the system and the environment is

Ĥi =
∑

k

gk(ôkâ†2 + â2ô†
k), (3)

where the second-order nonlinearity mediates the conver-
sion of two photons in the cavity with one photon in the
reservoir.

The master equation can be derived and written as the
Lindblad form by assuming zero temperature of the reser-
voir, which governs the dynamics of the density matrix ρ

[56–59]:

∂ρ̂

∂t
= −i[Ĥs, ρ̂] + κ�(â2)ρ̂, (4)

where we define the super operator �(â)ρ̂ = âρ̂â† −
1
2 â†âρ̂ − 1

2 ρ̂â†â and κ is the two-photon absorption con-
stant. The two-photon absorption master equation indicates
that two photons get away from the cavity simultaneously,
which has many potential applications [60–62].

The statistical properties of photons are described by the
zero-delay-time correlation function g(2)(0) in the steady
state, which is applied to observe PB. Here g(2)(0) is
defined by

g(2)(0) = 〈â†â†ââ〉
〈â†â〉2 . (5)

The second-order correlation function g(2)(0) < 1 corre-
sponds to sub-Poissonian statistics.

The Fock-state basis of the system is denoted by |m〉,
with m denoting the photon number in the cavity. The
photon-number probability Pm denotes the probability that
the system occupies the state |m〉. The value of Pm is
obtained by analyzing the diagonal elements of the steady-
state density matrix. We define the multiphoton probability
as

Pmulti =
∞∑

m=2

Pm. (6)

And the brightness is defined as the average photon num-
ber:

N = 〈â†â〉. (7)

PB can also be confirmed by Pmulti � 1 and enough
brightness.

III. MODEL I: DRIVEN SINGLE-MODE CAVITY

We first investigate PB in a driven single-mode cav-
ity with frequency ωa, which interacts with a two-photon
absorption environment. In the frame rotating at the pump
frequency ωL, the Hamiltonian of this model reads

Ĥs = �â†â + ε(â + â†), (8)

where ε is the coupling strength of the laser and � = ωa −
ωL is the detuning of the cavity with respect to the driving
frequency.
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FIG. 1. (a) Energy spectrum of a single-mode cavity explain-
ing the occurrence of EPB. (b) Energy spectrum of a single
cavity with a Kerr nonlinearity explaining the occurrence of
CPB, where U is the Kerr nonlinear strength. In both (a),(b), ωa
is the cavity resonance frequency, ωL is the driving frequency,
and κ is the damping constant of the cavity.

A. Physical mechanism

We aim at PB induced by the two-photon absorption
environment. To clearly explain this blockade mecha-
nism under the weak driving approximation, we show the
energy-level diagram of the system in Fig. 1(a) by restrict-
ing the system within the zero-, one-, and two-photon
subspaces. There is no nonlinearity in the system, and
thus the energy levels are evenly spaced with energies
Em = mωa. If we adjust the driving frequency ωL to the
cavity resonance frequency ωa, the single-photon proba-
bility increases greatly due to the resonance. Generally,
the two-photon probability will also increase dramatically
with the equally spaced energy levels. However, once there
are two photons in the cavity, they leak out from the cavity
simultaneously due to the two-photon absorption environ-
ment, which means that the two-photon probability tends
to zero. Under the weak driving limit, the second-order
correlation function can be written as

g(2)(0) � 2P2/P2
1. (9)

With the zero detuning condition � = 0, the greatly
increased P1 and decreased P2 give rise to an important
result, g(2)(0) � 0, and strong PB is triggered.

We now consider the similarities and differences of EPB,
CPB, and UPB from the viewpoint of physical mecha-
nisms. According to the requirements of CPB and UPB:
(i) we add a Kerr nonlinear term Uâ†â†ââ in Eq. (8), and

TABLE I. Comparison of EPB, CPB, and UPB in a driven
single-mode cavity.

Nonlinearity Mechanism Blockade condition

EPB Not required Environment � = 0
CPB Large Energy-level shift � = 0
UPB Small Interference None

the Hamiltonian is

ĤCPB(UPB) = �â†â + Uâ†â†ââ + ε(â + â†); (10)

(ii) we replace �(â2) with �(â) in Eq. (4), and the master
equation is

∂ρ̂

∂t
= −i[Ĥs, ρ̂] + κ�(â)ρ̂. (11)

The comparison of EPB with CPB and UPB is shown in
Table I.

(i) The requirements for the nonlinearity in the sys-
tem are different. A large nonlinearity is required for CPB,
and a small nonlinearity is required for UPB, but the
nonlinearity is not required for EPB.

(ii) The mechanisms are different. Under the CPB
mechanism, the energy levels are unevenly spaced with
energies Em = mωa + m(m − 1)U shown in Fig. 1(b). The
two-photon probability tends to zero due to the shift of
energy levels (induced by the large nonlinearity) for CPB.
While for EPB, two photons leak out from the cavity
simultaneously due to the two-photon absorption envi-
ronment, which means that the two-photon probability
tends to zero. For UPB, the mechanism of the blockade
is quantum interference.

(iii) For both EPB and CPB, when the driving fre-
quency ωL is equal to the cavity resonance frequency
ωa, the single-photon probability increases greatly due to
the resonance. So EPB and CPB have the same blockade
condition � = 0. For the UPB mechanism, two interfer-
ence paths are needed, and the photons in these two paths
interfere destructively, which means that the system can-
not occupy the two-photon state. However, for the driven
single-mode cavity, there is only one path for the system
to reach the two-photon state |0〉 ε−→ |1〉 ε−→ |2〉. Thus,
blockade does not exist in this system under the UPB
mechanism.

B. Comparison between EPB and CPB via numerical
results

We numerically study EPB and the results are compared
with those for CPB in Fig. 2, where we plot second-order
correlation function g(2)(0) as a function of the detuning
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FIG. 2. (a) Second-order correlation function g(2)(0) as a func-
tion of detuning �/κ for EPB. (b) g(2)(0) as a function of �/κ

for CPB with U/κ = 10. (c) Single-photon probability P1, aver-
age photon number Na, and multiphoton probability Pmulti as a
function of �/κ for EPB. (d) P1, Na, and Pmulti as a function of
�/κ for CPB with U/κ = 10. In all plots, the driving strength is
ε/κ = 0.02.

�/κ for both EPB and CPB. Clearly, PB appears at �/κ =
0 as predicted, shown in Figs. 2(a) and 2(b), exhibiting
strong photon antibunching g(2)(0) � 1 for both EPB and
CPB.

The average photon number Na and the single-photon
probability P1 are also used to evaluate the blockade effect.
In Figs. 2(c) and 2(d), we plot single-photon probability
P1, average photon number Na, and multiphoton proba-
bility Pmulti as a function of �/κ for both EPB and CPB.
We note that the average photon number agrees well with
the single-photon probability for both EPB and CPB. The
average photon number can be written as

Na =
∞∑

i=0

iPi, (12)

while under the blockade mechanism, multiphoton proba-
bility Pmulti tends to zero, so the average photon number
is determined mainly by the single photon, which makes
Na � P1. The combination of this condition and a large
P1 can also be used as a criterion for the existence of
PB, which can guarantee a large brightness and a small
multiphoton probability.

In Figs. 2(c) and 2(d), we show P1 � 0.5 for EPB,
while P1 � 0.0016 for CPB. The proposal based on the
EPB mechanism has a larger single-photon probability P1
and a larger average photon number Na than the proposal
based on the CPB mechanism. We try to analyze the reason

leading to this conclusion. For the EPB mechanism, only
if two photons are in the cavity will they leave the cavity
simultaneously, which ensures a large single-photon prob-
ability and a small two-photon probability. While for the
CPB mechanism, the photons are allowed to leave the cav-
ity even if there is only one photon [see Fig. 1(b)], which
decreases both the single-photon probability and the two-
photon probability. Thus EPB has a higher brightness and
a larger single-photon probability than CPB in the weak
drive region.

C. EPB with single-photon dissipation

In the previous section, we illustrate that EPB takes
place with a two-photon absorption environment. A ques-
tion is whether EPB still exists when the two-photon
absorption environment comes with a single-photon dissi-
pation. To answer this question, we describe the dynamics
of the system in Eq. (8), which undergoes two-photon
absorption and single-photon dissipation, by the following
master equation:

∂ρ̂

∂t
= −i[Ĥs, ρ̂] + γ �(â)ρ̂ + κ�(â2)ρ̂, (13)

where γ is the single-photon decay rate.
The existence of EPB is confirmed in Fig. 3(a) by

the numerical calculation, where we show g(2)(0) and
Na as a function of �/κ for γ /κ = 0.1. And blockade
appears for �/κ = 0 even with single-photon dissipation.
The existence of single-photon dissipation will reduce the
single-photon probability, but EPB still occurs due to the
two-photon absorption.

Now we examine the effect of the single-photon decay
rate γ on EPB. To this end, we plot g(2)(0) and Na as a
function of γ /κ under the blockade condition �/κ = 0.
The results are shown in Fig. 3(b). We find that g(2)(0)

gradually increases with increasing γ /κ . Meanwhile, the
average photon number Na decreases. The key role of the
two-photon absorption is the suppression of the produc-
tion of two photons in the cavity, which means that the
two-photon probability P2 tends to zero. While the single
photon can also leak out of the cavity due to the existence
of the single-photon dissipation. An increase of γ /κ leads
to a decrease of single-photon probability P1. Reduction of
both P1 and P2 leads to a decrease of Na according to Eq.
(12). At the same time, g(2)(0) increases with increasing
γ /κ according to Eq. (9).

We give a brief discussion on the experimental possi-
bility. Here we design a scheme based on photonic crystal
cavities to realize the system-environment interaction. The
schematic setup is illustrated in Fig. 3(c), where the system
of a driven single-mode cavity couples to an environment
of a multimode cavity via second-order nonlinearity. The
Hamiltonians for the system, the thermal reservoir, and
the system-reservoir interaction shown in Eqs. (1)–(3) are
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FIG. 3. (a) g(2)(0) and Na as a function of �/κ for γ /κ = 0.1
and ε/κ = 0.02. (b) g(2)(0) and Na as a function of γ /κ for
�/κ = 0 and ε/κ = 0.02. (c) Schematic diagram for a driven
single-mode cavity interacting with a multimode cavity via
second-order nonlinearity (χ(2) nonlinearity), where the mul-
timode cavity b is treated as a multimode environment, and
the second-order nonlinearity mediates the conversion of two
photons in cavity a with one photon in cavity b.

obtained with this design. And the master equation in Eq.
(4) can be derived with the methods in Refs. [56–59].

It is worth evaluating the actual experimental param-
eters of environmentally induced photon blockade. The
second-order nonlinearity can be obtained by employing
main-group III-V materials, such as GaAs [63,64], GaN,
and AlN [65], where the nonlinear susceptibility can be of
the order of 10–200 pm/V in optoelectronics. A realistic
estimation of the two-photon absorption constant κ is κ ∼
50 µeV with engineered photonic crystal cavities. Work-
ing in the typical telecommunication band, ωa is given
by ωa ∼ 0.8 eV. Without loss of generality, we assume
that two-photon absorption comes with single-photon dis-
sipation. The required loss rate is 10 µeV corresponding
to cavity a, and the Q factor is Q ∼ 80 000. And the
driving strength is ε ∼ 1 µeV. These values can be rou-
tinely achieved in photonic crystal cavities made of III-V
semiconductor materials [30,31,66].

IV. MODEL II: TWO COUPLED SINGLE-MODE
CAVITIES

We consider two coupled single-mode cavities as the
second example to study EPB, where one of the cavities
is driven by a laser with frequency ωL. The Hamiltonian
reads

Ĥs = �aâ†â + �bb̂†b̂ + J (â†b̂ + b̂†â) + ε(â + â†),
(14)

where â (b̂) is the photon annihilation operator for cavity
a (cavity b), J is the coupling strength of the two cav-
ities, ε is the coupling strength of the laser with cavity
a, and �a = ωa − ωL (�b = ωb − ωL ) is the detuning of
cavity a (cavity b) with respect to the driving frequency
ωL. Here we assume �a = �a = � (ωa = ωb = ω) for
convenience.

We use |mn〉 to denote the Fock-state basis of the sys-
tem, where m denotes the photon number in cavity a and n
denotes the photon number in cavity b. By expanding the
Hamiltonian in a single-photon-excitation subspace, two
energy eigenfrequencies E1,2

1 are created by solving the
expanded Hamiltonian, which are

E1,2
1 = ω ∓ J , (15)

where the subscript denotes single-photon excitation. The
corresponding eigenvectors |�1,2

1 〉 are

|�1,2
1 〉 = 1√

2
(|10〉 ∓ |01〉, (16)

where minus in the expression corresponds to |�1
1 〉, while

plus corresponds to |�2
1 〉. When the drive frequency ωL

is tuned to E1,2
1 , the system occupies the state |�1,2

1 〉. We
deduce the following conditions for PB:

J = ±�. (17)

When one of the conditions is satisfied, PB is triggered
in both cavities under the two-photon absorption environ-
ment.

The two-photon absorption master equation is

∂ρ̂

∂t
= −i[Ĥs, ρ̂] + κa�(â2)ρ̂ + κb�(b̂2)ρ̂, (18)

where κa and κb are the two-photon absorption constants
of the cavities. Without loss of generality, the two-photon
absorption constants are assumed to be equal, i.e., κa =
κb = κ .

The photon-number probability is expressed as Pmn,
which denotes the probability that the system occupies the
state |mn〉. In the weak drive approximation, the single-
photon probability of cavity a (cavity b) is largely deter-
mined by P10 (P01). And the average photon number in
cavity a (cavity b) is represented by Na = 〈â†â〉 (Nb =
〈b̂†b̂〉).

We plot P10 (P01) and Na (Nb) as a function of �/κ ,
as shown in Fig. 4(a)[Fig. 4(b)]. The results show that the
blockades can be obtained at �/κ = ±4 for both cavity
a and cavity b as predicted in Eq. (17). And the average
photon number agrees well with the single-photon proba-
bility, which indicates that the average photon number is
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determined mainly by the single photon, and the existence
of the single photon blocks the creation of the subsequent
photons due to two-photon absorption.

We compare EPB with CPB in the weak drive region
as before. Two Kerr nonlinear terms U(â†â†ââ + b̂†b̂†b̂b̂)

are added in the Hamiltonian (14) and a general master
equation is used with �(â) and �(b̂) in Eq. (18). The single-
photon probabilities and the average photon numbers for
both cavities are plotted in Figs. 4(c) and 4(d) with the CPB
mechanism. We show that P10 = Na = P01 = Nb � 0.25
for EPB, while P10 = Na = P01 = Nb � 0.0001 for CPB.
The EPB mechanism leads to a larger single-photon prob-
ability and a larger average photon number than the CPB
mechanism.

V. CONCLUSION

We study PB caused by the two-photon absorption
environment. By analyzing a single-mode cavity and
two coupled cavities with two-photon absorption environ-
ments, we confirm that strong photon antibunching can
be obtained in these systems. The numerical results are
obtained by numerically solving the master equation in the
steady-state limit, which confirms our theoretical analysis.
We compare the proposal with CPB and find advantages.
Specifically, EPB has a higher brightness and a larger
single-photon probability under the weak drive approxi-
mation. It is worth noting that a state-dependent photon
blockade was studied in Ref. [67], where the two-photon
absorption master equation had been used. However, there

are fundamental differences between Ref. [67] and our pro-
posal, which mainly manifest in the following points. (i)
Besides the two-photon absorption master equation, Ref.
[67] studies blockade under the conventional mechanism,
where a large nonlinearity is required to change the energy-
level structure. While for our work, blockade is induced by
only the two-photon absorption environment, and nonlin-
earity is not required in the system. (ii) In Ref. [67], photon
blockade depends on the initial state; the steady state of
the cavity field can be the single-photon Fock state or a
partially incoherent superposition of several Fock states
with photon numbers, e.g., (0,2), (1,3), (0,1,2), or (0,2,4).
While for our proposal, the blockade is entirely unrelated
to the initial state. The steady state of the cavity field,
with an arbitrary initial state, is the superposition of only
the single-photon state and the vacuum state, i.e., (0,1).
Actually, our proposal might be extended to study multi-
PB by using a multiple-photon absorption master equation
derived in Ref. [57]. Our proposal paves an avenue towards
the study of photon blockades.
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