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Abstract: Photon blockade provides an effective way to realize the single-photon source, which
attracts intensive attention in the fields of quantum optics and quantum information. Here in this
study, we investigate photon blockade in a non-Hermitian indirectly coupled resonator system,
which consists of a dissipative cavity and a Kerr nonlinear resonator coupled to two nano-scatters.
We find that by tuning the coupling phase 6 between the two resonators, the quantum interference
could be induced on one side near the exceptional points (EPs), resulting in the unconventional
photon blockade effect. Furthermore, it is noticed that the large Kerr nonlinearity is not always
beneficial for unconventional photon blockades. There is an optimal threshold for the intensity of
the Kerr nonlinearity and the phase angle 6 for the appearance of the unconventional photon
blockade effect. We believe the current study has substantial consequences for investigating
the physical characteristics close to EPs and presents a novel method for developing integrated
on-chip single-photon sources.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Photon blockade is to define a nonclassical anti-bunching effect that satisfies the sub-Poissonian
statistics. It plays an important role in the generation and manipulation of single photons,
which may be further used in quantum information science. Imamoglu et al. first proved
that photon blockade effect could be generated in the Kerr nonlinear cavity [1]. Subsequently,
researchers began to focus on the realization of photon blockade in various physical systems
[2-16]. Whispering-gallery-mode (WGM) microcavity is an on-chip device that describes the
dielectric structure where light waves are confined by total internal reflection in the microstructure,
and light is reflected back on the same optical path where they interfere constructively. Recently,
the WGM microcavity has attracted much attention in the field of nanophotonics and quantum
optics. As an integrated on-chip optical element, it has a relatively higher quality factor, and
small mode volume [17-25], which significantly reduces the threshold of nonlinear effects and
been widely used in basic studies of quantum optics [26-28], telecommunications [29-32], and
optical sensing [33-35].

In addition, due to the geometric and coupling properties of the WGM microcavity, it is
easy to construct two or more coupled systems, for example, the photonic molecules (PMs)
[36,37]. During the past decades, the emergence of PMs has opened up a new platform for
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fundamental optics and quantum simulations. Generally, two or more resonators are employed to
construct the PMs through the direct coupling by the evanescent field, in which the supermodes
could be generated by the superposition of the modes in each resonator. For example, in
such directly coupled resonators system, fascinating phenomena could be observed, such
as the electromagnetically induced transparency [38,39], the photon blockade [40], and the
programmable photonic molecules [41]. Alternatively, there is another way to construct the PMs
by using the indirectly coupled optical waveguides [42—45]. The indirect coupling enables the
phase controlling of photons between neighboring resonators. In 2012, Li et al. experimentally
obtained the adjustable Fano resonance in a whispering gallery microcavity using indirect
coupling [46].

In quantum mechanics, the physical system is usually defined as the Hermitian system with real
energy spectra. However, due to the dissipation of the system with the environment, the properties
of the Hermiticity could be broken, and the system turns to be non-Hermitian. Currently, the
studies of non-Hermitian coupled resonators system have attracted intensive attention. For
example, in 2020, Peng et al. investigated that the levels of attraction could be observed in the
non-Hermitian indirectly coupled systems [47]. In non-Hermitian systems, the eigenvalues and
eigenvectors degenerate at EPs, which display sensitive physical features [48—54]. Therefore, the
study of indirectly coupled resonant systems combined with non-Hermitian systems is of great
significance.

As there is large optical sensitivity of the evanescent fields, it is possible to utilize nano-
scatterers on the surface of the WGM resonator to generate the asymmetric coupling between
the clockwise (CW) and the counterclockwise (CCW) modes in the microcavity. Therefore, a
non-Hermitian system could be observed [55-58]. Recently, Lii et al. studied optomechanically
induced transparency in an optomechanical system and realized the conversion between the fast
and slow light [59]. Xu et al. studied the controllable generation of high-order sidebands, and
frequency combs in cavity optomagnonics [60]. Huang et al. investigated the photon blockade at
EPs in a Kerr nonlinear cavity [61]. These studies have uncovered various novel phenomena
distinct from the Hermitian system. After integrating an indirectly linked resonator system, Wang
et al. discovered that the phase angle of the coupling between two adjacent resonators is strongly
connected to the electromagnetically induced transparency [62].

In this study, we investigate the photon blockade in the non-Hermitian indirectly coupled
resonators system. Compared with the previous works, the current scheme could manipulate the
photon generation process and promote the performance of a single photon source which is the
essential device for developing quantum communication and quantum information processing.
Traditionally, the photon blockade effect can be generally divided into the conventional photon
blockade effect [2-8] and the unconventional photon blockade effect [9—15]. The former depends
on the strong nonlinearities in the medium, while the latter depends on the destructive interference
between the pathways of photons in the nonlinear systems. Here we mainly focused on the
unconventional photon blockade effect in the system and studied the performance of the photon
statistical characteristics caused by the phase 6 around the EPs. In addition, we find an optimal
threshold of the nonlinear strength and the phase 6 that may induce the unconventional photon
blockade effect. We believe this work is experimentally feasible as it is compatible with current
micro-scale manufacturing technologies. It also eliminates the requirement for bulky tunable
lasers and may be further applied to the on-chip integrated single-photon sources.

2. Theoretical model

As illustrated in Fig. 1, the indirectly coupled resonator system is a non-Hermitian system that
consists of a Kerr nonlinear resonator with two nanotips on the surface and a dissipative cavity.
The two cavities are coupled indirectly through an optical waveguide. In addition, the phase 6 of
the optical waveguide may be tuned by the propagation of an electromagnetic field, a magnetic
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field after coating [63—67], or by adjusting the relative distance of the two cavities [46,62]. The
Hamiltonian of the composite system can be expressed as follows (& = 1):

H=H, +I:Ib+I:I~+I:I,»n,
YA ¥ At A A AT AT A A
H, = (w / l )(acwacw + accwaccw) + gk( Qe Qewlew + accwaccwaccwaccw)

A AT A
+ Ka1280enlew + Ka21 Qg Gecw

A YB\ 2t % ~p 2 a 2
Hy, = (wb’ - l_)(bzwbcw + chwbccw) + Kb(bz beew + bccw cw)’
h;

A
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i0 P
—iJe (bcwacw + Apewbeew)s

Here, A, (H,) describes the Hamiltonian of the cavity A (B). acw (Gew) and a aCCW (aCCW) are the
creation (annihilation) operators of CW and CCW modes in cavity A, respectively. b/, (ber)
and Z)ZCW (beery) are the creation (annihilation) operators of the CW and CCW modes of cavity
B, respectively. w,; = w, + Re(e] + &), wy = wp + Re(kp), w, (wp) denotes the resonance
frequency of the cavity A (B), €|(2) represents the perturbation induced by the nanotip 1 (2). g
is the Kerr nonlinear interaction coefficient. k;12(.21) = €1 + e e is the scattering rate of
the cavity A, which corresponds to the backscattering from the CW (CCW) mode to the CCW
(CW) mode. g is the relative angle of the nanotips and m is the azimuthal mode number. «;
is the scattering rate of the cavity B. y4 = vy, — 2Im(€] + &), yp = y» — 2Im(kp) are the total
dissipation of cavity A and B, respectively. Yo, = Yai + Yaex> Yb = Ybi + Ybex> Where yq; (vpi) and
Yaex (Ybex) are the intrinsic loss and coupling loss of cavity A (B), respectively. The third term I:II
describes the interaction between cavity A and B, in which J = /yexVpex is the coupling strength
between cavity A and cavity B. Moreover, the last term H;, describes the driving field, and Q is
the amplitude of the monochromatic laser field. In the rotating frame at the laser frequency wy,
the Hamiltonian of the system can be expressed as:

N

(A S l_)(acwacw + ajcwaccw) + gk(&j'w& Qewlcw + ajcwajcwauwaccw)

AF AT A
+ Ka128penlew + Ka21Goyleew ?)

+ (Ab/ - l_)(b cw + BZCWBCCW) + Kb(lszwgccw + 2chgcw)
lJe’g(bcwaLW + aICW Deew) + Q(acw+&cw),

where A, = w, + Re(€; + &) — wy, is the detuning between the driving field and the cavity A.
And Ay = wp, + Re(kp) — wy, denotes the detuning between the driving field and cavity B.
The Heisenberg equations of motion for cavity B can be described as follows:

A , B2 s 0
bew = (=i, — %)bcw — ikpboew — J€C by

A . B\1 , 7
beew = (_lAb’ - y_)bccw — iKkpbeyw

2
. 3)
bl = (iAy + @)b kb,

A . oA 0 A
chw = (lAb’ )bccw+lewa+Jel aIcw
Here we assume that cavity B is dissipative, that is, cavity B can reach steady-state quickly.

Then we have the relations as BCW =0, ISCCW =0, 3ZW =0and 1;ch = 0. Therefore, the creation
operators and the annihilation operators in cavity B can be replaced by the operators in cavity A,
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Fig. 1. Schematic of the indirectly coupled resonators system. Cavity A is driven by the
pumping fields with frequency wy. The dissipation of cavity B is much greater than the
dissipation of cavity A.
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The Hamiltonian of the system can be described by
2 YA At A AT A At At A A At AT A A
Heﬁ = (Aa' - l?)(ac'-wacw + achaccw) + gk(aj-waj'wacwacw + accwazcwaccwaccw) )

AT A AT A A A AT A
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Py . . .
g = (Aji';% is the asymmetric coupling strength between the CW and CCW modes in
y i) K,

cavity A induced by the cavity B.

The state of the system are generally described with |12)¢,|$)ccw, Where |n)¢, and |s)c.,, are the
Fock state of the CW mode and the CCW mode, respectively. Considering the few photon Fock
state (N = n + s = 2), the eigenvalues of the system are expressed as

Ey=0,
ElizAAin, (6)

EY* = 2A5 +2gi + 03",

Here Ay = Ay—iya/2. 01 = \KaziKa12 + Ka2186- 05 = 0,and o5 = _gki\/gi + 4ka21(Ka12 + 8b)-
Then, the eigenvalues of the non-Hermitian systems are illustrated as a function of the angles
6 and B. We choose parameters that are feasible with current experiments: y,; = 2.992MHz,
Yaex = 5.984MHz, yp; = 131.6MHz, yper = 434.3MHz, k;, = (132.7 — 30.61))MHz [62];
€ = (1.5=0.1i)y,, & = (1.4999 — 0.101489i)y,, m = 4 [57], gk = 27y, and Q = 0.3y,. We focus
on the condition of zero-detuning, i.e., Ay = Ay = 0. As shown in Fig. 2, the exceptional points
appear periodically as 8 changes. By tuning § to ;21 = 0, the energy level of the system will
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degenerate. Interestingly, the impact of the phase angle 8 on the interference loop results in a
rapid shift in the energy levels near the EP.
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Fig. 2. Schematic diagram of the difference of the energy levels in the system at (a)-(c) N=1
and (d)-(e) N=2, when @ is at 0, 0.88, and 1.3, respectively. Here EPs appear periodically
with angle .

3. Results and discussion

The following section discusses the statistical properties of the CW mode photons in cavity A.
Furthermore, the statistical properties of the mode are mainly characterized by the equal-time
second-order correlation function, which could be expressed as:

(8l L ewiien)

@
gew(0) = -
(Ufyplicy)?

@)

On the condition of a weak drive (Q < vy, + Yqer) and a small number of photons, the state
can be expressed as:

[ (1)) = Coo(1)|00) + Cio(1)[10) + Co1(1)|01)

8
+ C20(1)[20) + C11(1)|11) + Cpa(2)]02). ®
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Here C,; are the probability amplitudes of the state. By using the Schrodinger equation
i g [ (t)) = Horl (1)), the steady-state probability amplitude can be solved as

Coo =1,
AsQ

Cio= 2
Cor = —Q(Ka12 + gb)’

e
Cop = V22 [ka218k(Kat2 + 8b) + 2A%(Ag + 8k)]’ )

44(4 — Aagr)(Aa + k)

i = Q% (kai2 + 85)(204 + 1)

2{({ — Aagr)
Cor o V292 (ka1 + 85)° (204 + g1

0=

47(As + gi)(& — Aagk)

Here ¢ = kap1(ka12 + 8p) — A/zy

3.1.
From Eq. (9), the single-photon and two-photon probability distributions of the CW and CCW

Probability distribution

modes in cavity A can be obtained as

P = |Ciol* /Py
P§* = |Cxol* /Py, 10)
P = |Co1|*/ Py,
PS5 = |Coo|*/Py.

Here Py = |Cool? + |Ciol? + |Co1]? + |Ca0l? + |C11]? + |Coz)? is the normalization coefficient.
Additionally, |Cy;|*> could be negligible relative to |Cyjo|> and |Co;|>. Figure 3 shows the
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Fig. 3. Probability distributions of CW (blue) and CCW (red) modes for one-photon (solid
line) and two-photon (dashed line) in cavity A, when 6 is at (a) 0, (b) 0.88, and (c) 1.3.
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Fig. 4. Diagram of the second-order correlation function as a function of 8, when 6 is at (a)
0, (b) 0.88, and (c) 1.3. Here the other parameters are 84 = 0.3095, Bgps = Bp = 0.3927,
and B¢ = 0.4925. (d) Diagram of the second-order correlation function as a function of 8
and 6. Transparent white lines represent the positions of EPs.

probability distribution of the photons as a function of the angles 6 and 5. When 6 = 0, CCW
mode is suppressed at EPs, while the photons in the CW mode appear with a high probability.
However, as shown in Fig. 3(b)(c), when 6 = 0.88 or 6 = 1.3, the optimal suppression point of
the CCW mode is shifted due to destructive interference. Moreover, at 8 = 0.88, the suppression
of the CCW mode is particularly obvious by tuning angle 5. Simultaneously, the probability
distribution of two photons in the CW mode is tuned due to the interference loop’s change in the
phase angle 6.

3.2. Second-order correlation function

Considering that |Cy|? and |Cy|? are far less than |C1g|?, Eq. (7) can be approximately described
as
@, alacaey 2P

( Piw)z

@) = 11

8ew(0) @ ) (11)

In Fig. 4, we show the second-order correlation function as a function of the angles 6 and .
AtEPs, i.e., Bp = 0.3927 as illustrated by Huang et al. [61], the energy levels of the system are
degenerate, and the requirements for the two-photon resonance could be fulfilled. Meanwhile,
the single-photon blockade occurs at this time. This phenomenon is exclusive to non-Hermitian
systems and is independent of the angle 8. However, due to destructive interference, it is possible
to detect a very strong nonconventional photon blockade near EPs after introducing a dissipative
cavity with indirect coupling. Simultaneously, by changing the phase angle 6, we can tune
the depth of ggv)(O) at B4 = 0.3095 and B¢ = 0.4925 under the condition of constant Kerr
nonlinearity. As shown in Fig. 4(a),(c), when 8 = B4, ggV)(O) at 8 = 0 is 13.34 times lower than
that at 6 = 1.3; when 8 = B¢, ggv),(O) at @ = 1.3 is 2.7 x 10* times lower than that at = 0. In
order to show the effects of angles  and S on the statistical properties of the photons more
clearly, we numerically simulate the relations and show the results in Fig. 4(d). It can be seen
that the value of the second-order correlation function g?w) (0) at EPs (transparent white line) does
not change with the angle 6. However, especially when the quantum interference condition is
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Fig. 5. Energy level diagram depicting (a) excitation paths for photon blockade at EPs
and (b) interference paths are leading to unconventional photon blockade. The gray area
indicates that the system energy level has a certain width.
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Fig. 6. Diagram of the second order correlation function as a function of 8 and g, when 6
is at (a) 0, (b) 0.88, and (c) 1.3.

satisfied around EPs, the statistical features of CW mode photons in cavity A strongly depends
on the angle #. Furthermore, Fig. 5 exhibits the concept of photon blockade at EPs and the
unconventional photon blockade by presenting the system’s transition routes of different energy
levels. The thickness of the gray area indicates the width of the energy levels in the system. It is
evident that by tuning the nonlinear intensity and the interference loop, the components of the
two transition pathways to the |20) state can be controlled. We present the results in Fig. 6 to
demonstrate the constraining connection between Kerr nonlinearity and the phase angle. After
choosing different nonlinear strengths, we find that the second-order correlation functions gE.%Q(O)
at B4 = 0.3095 or B¢ = 0.4952 do not decrease with the increase of the nonlinearity when 6 = 0
or # = 1.3. Moreover, there is an optimal nonlinear strength g; and angle 6 for both A and C that
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gEZW)(O) will approach zero. As shown in Fig. 5(b), when the nonlinearity g; becomes stronger, the

component of the transition path |00) L, [10) i |20) decreases, and the component of the other

transition path |00) L, [10) RALIN |01) 2, [11) Lo, |20) are constant or increases, which

results in quantum interference weakening. On the contrary, the quantum interference will also
be weakened when the nonlinearity is weak. Unlike 84 and B¢, gE%V)(O) decreases with increasing
nonlinearity at EPs [61].

Finally, the variation of ggv)(O) with nonlinear strength g; and angle 6 is studied when the
system parameters are chosen as 4 = 0.3095, g = 0.3927, and B¢ = 0.4925, respectively. For
the unconventional photon blockade, there is an optimal nonlinear strength and phase angle 6
at 84 and B¢ of the system to minimize gE%J (0). As shown in Fig. 7(a),(c), when g; = 1.49y,,
6 =3.13, g(ﬁv) (0) can reach a minimum value of 1.23 x 1077, which is 530 times lower than 6 = 0;
when g = 2.04y,, 0 = 1.297, ggv)(O) can reach a minimum value of 6 x 1077, which is 6 x 10°
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Fig. 7. Diagram of the second order correlation function as a function of 6 and g, when
the system is at (a) 84, (b) Bp, and (c) Bc.
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times lower than 6 = 0. However, as shown in Fig. 7(b), when the system is at EPs, the value of
the second-order correlation function gi.%v)(O) does not fluctuate with 6. The path interference
created by the dissipative cavity can be observed to help the creation of a high-quality on-chip
single-photon source.

4. Summary

In summary, we have explored the photon blockade in an indirectly coupled non-Hermitian
resonators system. It is discovered that EPs still appeared regularly with the relative nanotip
angle . Nevertheless, owing to the presence of the dissipative cavity, the changes near the EPs
are rapid and asymmetric, causing the energy levels of the system and the photon statistical
characteristics to be highly reliant on the phase angle 6. In this approach, substantial quantum
interference may be formed between the transition paths of the two-photon state, resulting in a
strong anti-bunching effect. However, higher Kerr nonlinear coefficients are not always beneficial
for optimal nonconventional photon blockades. Combined with the current experiment’s feasible
parameters, we provide the best settings for photon blockade. We believe that our results may
provide a novel method for the future implementation of tunable on-chip single-photon sources.
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