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Enhancement of photon blockade via topological edge states

Jun Li®,">" C.-M. Hu®,>" and Yaping Yang'-*

'MOE Key Laboratory of Advanced Micro-Structured Materials, School of Physics Science and Engineering,
Tongji University, Shanghai 200092, China
2Department of Physics and Astronomy, University of Manitoba, Winnipeg R3T 2N2, Canada

™ (Received 27 November 2023; revised 30 January 2024; accepted 15 March 2024; published 27 March 2024)

Quantum technologies, holding the promise of exponentially superior performance in comparison to
their classical counterparts for certain tasks, have consistently encountered challenges, including instabil-
ity in quantum light sources, quantum decoherence, and vulnerability to losses that topological photonics
happens to adeptly address. Here, we theoretically put forth a quantum Su-Schrieffer-Heeger-type chain
designed to greatly enhance single-photon blockade (single PB) effect with topological protection. By
designing the deliberate coupling strengths, the quantum level lattices take the form of a one-dimensional
array with a topological edge state in single-excitation space and a two-dimensional square breathing
lattice with topological corner states in two-excitation space, resulting in enhanced single-photon exci-
tation and the suppression of two-photon transitions. Therefore, the second-order correlation function is
diminished by up to 2 orders of magnitude at the cavity resonance frequency, accompanied by stronger
brightness. Furthermore, the PB effect is robust to local perturbations in cavity-qubit coupling and qubit

frequency, benefitting from topological protection.

DOI: 10.1103/PhysRevApplied.21.034058

I. INTRODUCTION

Since 2005, topological photonics [1,2], inspired by
topological band theory initially discovered in solid-state
electron systems, was first proposed in photonic crystals
[3,4] and so far has been extensively investigated across
various platforms, including waveguides [5], cavities [6,
7], metamaterials [8], optomechanics [9], ultracold atoms
[10], rf circuits [11,12], and Fock-state lattices [13,14].
Further, optical systems also offer unprecedented opportu-
nities to promote the exploration of alternative topological
physics and actualize exceptional topological phenomena
owing to their remarkable flexibility, diversity, and unique
effects, e.g., non-Hermitian topology [15], Floquet topo-
logical insulators [5,16], topological photonics in synthetic
dimensions [17], and nonlinear topological photonics [18].

In the context of bulk-edge correspondence, topological
edge states (TESs) in open boundary conditions are natu-
rally robust against local defects and disorders, attributable
to the globally defined topological invariants. This charac-
teristic enables a diverse array of devices and applications
for addressing pervasive environmental effects by employ-
ing topological photonics, such as wireless power trans-
fer [19,20], optical beam splitter [21], sensor [22], and

*Corresponding authors: jli_phys@tongji.edu.cn
Thu@physics.umanitoba.ca

yang_yaping@tongji.edu.cn

2331-7019/24/21(3)/034058(8)

034058-1

nonreciprocity [16] in one dimension based on the Su-
Schrieffer-Heeger (SSH) model [23] and topological laser
[24,25], slow light [26,27], channel-drop filter [28], and
four-wave mixing [29] in two dimensions. In particular,
quantum light, acting as carriers of quantum informa-
tion and quantum computing, still encounter challenges
related to energy dissipation and decoherence stemming
from external environment and system disorder. The emer-
gence of topological photonic states represents a capti-
vating research avenue to tackle this challenge [30,31].
In recent years, some pioneering experiments have show-
cased the robust generation and routing of quantum states
in topological photonic integrated platforms [32—35].
Photon blockade (PB) effect serves as a significant
technique for generating quantum light sources by effec-
tively suppressing certain photon-number excitations in
nonlinear systems. There are two physical mechanisms on
which PB relies, i.e., the conventional photon blockade
(CPB) [36,37] and the unconventional photon blockade
(UPB) [38—40]. Specifically, the CPB is achieved through
eigenenergy-level anharmonicity (ELA) originating from
strong nonlinearity. The latter is induced by quantum
destructive interference (QDI) between two or more indi-
vidual quantum transition pathways. Generally, in compar-
ison to CPB, the UPB exhibits a higher degree of anti-
bunching, but the brightness is relatively poor. Recently,
photon antibunching and corresponding mean photon
number are both substantially improved by combining
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the conventional ELA-induced and QDI-induced single-
photon blockade (single PB) in a two-qubit driven cav-
ity quantum electrodynamics (QED) system with dipole-
dipole interaction [41]. Interestingly, the UPB is proposed
to be enhanced in a chain of coupled resonators with
exponentially suppressed nonlinearity requirement [42].
In this work, we propose a one-dimensional (1D) topo-
logical multiqubit-one-cavity chain, exhibiting notable
advantages across various aspects compared to the Jaynes-
Cummings (JC) model (a single-qubit-cavity system)
under identical conditions [36]. They are (i) a reduction
in the second-order correlation function by up to 2 orders
of magnitude, signifying a higher probability of detect-
ing a single photon; (ii) a larger mean photon number,
advantageous for long-distance transmission and detec-
tion; (iii) operation at the cavity frequency independent of
the cavity-qubit coupling strength; (iv) robustness against
local perturbations in cavity-qubit coupling and qubit fre-
quency, meeting the urgent requirements of quantum tech-
nology. Specifically, the quantum topological array com-
prises a linear optical cavity and a trivial dimer qubit
lattice, established through the weaker coupling between
the cavity and the boundary qubit. The quantum level lat-
tice (QLL) in single-excitation space forms as an SSH
chain with odd sites and possesses a zero-energy TES
localized at the end of the single-photon excited state,
thereby enabling a stronger intensity of single-photon
excitation. Meanwhile, in two-excitation space, the zero-
energy dressed state is localized at the corner of two-qubit
excited states with the absence of a two-photon excited-
state distribution. Furthermore, the dressed states near zero
energy in the second manifold are the bulk states that hold
quite weak distribution of the two-photon excited state. So
that the single PB effect is significantly enhanced by the
distinct TES distributions in the two manifolds. Moreover,
the single PB effect in the quantum topological lattices also
demonstrates robustness against the local disturbances in
the cavity-qubit coupling strength and the qubit frequency.

II. MODEL AND QUANTUM LEVEL LATTICES

As shown in Fig. 1(a), we consider a 1D quantum topo-
logical array composed of a single-mode bosonic cavity
and N, (N, = 2N, N is the number of unit cells) identi-
cal two-level systems (e.g., two-level qubits) arranged in
a dimer chain (or SSH lattice) by coupling to their nearest
neighbors with alternative hopping amplitudes J; and J;.
The optical cavity is coupled to one of the outermost qubit
with the strength g and coherently driven by a monochro-
matic pump field with the Rabi frequency 1 and angular
frequency wy,. Here, all the coupling strengths are much
smaller than the transition frequency of qubits w, and the
resonant frequency of cavity w.. In rotating-wave approx-
imation, the Hamiltonian of the driven multiqubit-cavity

system is H = H, + H. + H; + H,, where (setting h = 1)

Na Ny /2
H,=A, Zaiai +Ji Z (oiai+1 + H.C.)
i=1 i=1
Na/2—1
+.J, Z (U_’:’lafrz +H.c.), (1
i=1

H. = AcaTa, H=g¢g (aTal + H.C.) s
Hy=n(a" +a),

where A, = w, — wy is the qubit detuning with respect
to the driving frequency and A, = w. — w, is the cavity-
driving detuning. Here, we focus on the simplest scenario
where the frequency of the cavity and the qubits are iden-
tical (w, = . = wy), ie., A, =A.=A. ol =le)(gl;
(o' = |g){el;) is the raising (lowering) operator of the ith
two-level system and a' (a) is the creation (annihilation)
operation of the intracavity optical field.

In single-excitation space, the QLL of the system takes
the form of a 1D lattice with an odd number of quantum
state sites (N, + 1) and is described by the Hamiltonian

0 g 0 0
g 0 J 0

H=|0 54 0 J . )
0 0 J 0

(Ng+1)x(Ng+1)

which are identical to its classical lattice counterpart [see
an example for N, = 4 shown in Fig. 1(b)]. The lattice
is expanded to two dimensions and comprises N,(N, +
1)/2 + 1 sites in two-excitation space for N, > 4. The
quantum states form a square lattice with triangle bound-
aries, constituting a two-order topological structure as
illustrated in Fig. 1(c). In particular, due to the inherent
nature of the annihilation operator a |n) = /n|n — 1), the
coupling strength between the two-photon state | gNa,Z)

and its nearest-neighbor state |g"~'e, 1) is +/2g. Addition-
ally, the QLL in three-excitation space is represented as a
three-dimensional cubic lattice with a triangular pyramid
as the outline.

In this study, we consider the condition where g < J,
and J, < Jj to ensure that the QLL in single-excited space
forms as a breathing SSH chain and the single-photon state
‘ gV, 1) is the sole weaker coupling termination in single-
excitation lattice. Therefore, it can be inferred that there
is an exactly zero-energy state exponentially localized to
the end with one-photon state. Furthermore, we add the
constraint J; < \/Eg in order to prevent the two-photon
state | gNe, 2) from being a relatively weaker coupling cor-
ner in two-excitation lattice for N, > 4. Instead, as shown
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FIG. 1. (a) Schematic of considered multiqubit-cavity topo-
logical chain characterized by an optical cavity (resonant fre-
quency w.) coupled to the first site of a dimer two-level lattice
with the strength g. The dimer lattice, whose unit cells are
marked by a green box, consists of N, identical two-level qubits
with the transition frequency w, between ground state |g) and
excited state |e). The intracell and intercell hopping amplitudes
of the lattice are J; and J,, respectively. The cavity (qubit) decay
rate is k¥ (). QLL in (b) single-excitation space and (c) two-
excitation space for N, = 4. The states labeling the lattice sites
are the corresponding positional distributions of the qubit states
with the power of the exponent representing the number of repeti-
tions of adjacent qubit states. For clarity, we use circles, squares,
and a hexagon in (b),(c) to denote the cavity photon states
10), |1), and |2), respectively. The widths of the lines connect-
ing neighboring states represent the coupling strengths between
them.

in Fig. 1(c), the two-qubit excited state |g"~2¢?, 0) always
serves as a weakly coupled corner. Thus, the topological
zero-energy state in two-excitation space is predominantly
distributed at the two-qubit excited state |g"«~2¢?, 0) rather
, ) By combining the afore-
mentioned two conditions, it is expected that the single PB
effect will occur at the resonance frequency of the cavity.

Based on the Born-Markov approximation, the dynamic
density matrix p of the entire system with dissipation is
governed by the master equation

Na
=il o)+ SLla + 2 YLl ()
i=1

where L,[a] = 2apa’ — a'ap — pa'a indicates the cav-
ity leakage at rate k and L,[0'] =20’ pol —ololp —
po' ol denotes the spontaneous decay of the excited state
of the ith qubit at rate y. Here, we consider the topo-
logical lattices function as conventional photon blockade,
achieved through ELA in the strong-coupling regime,
where the losses of the system are much smaller than the
coupling strength.

ITII. ENHANCEMENT OF PHOTON BLOCKADE

In the absence of the driven field and system dissipation,
we can numerically obtain the eigenvalues £”}; and their
corresponding eigenstates @’ ., where the superscript n €
[0,1,2,...]indicates the order of the manifold and the sub-
script i denotes ith symmetric eigenstates with reference
to zero energy in each space. By setting the normalized
hopping amplitudes ./, /g = +/2 and J,/g = 0.2, we plot
the corresponding eigenvalue structures of our topolog-
ical array for the simpler cases of N, =2 in Fig. 2(b)
and N, =4 in Fig. 2(c), respectively. As expected, in
the first manifold, there always exists an exact zero-
energy dressed state CID(I) = |gNa, 1) + G \egNa—1,0> +

-4 Cn,+1 |gNa—'e, O) that is exponentially localized at
the single-photon state | gNe, 1) [as exemplified in Fig. 2(d)
for N, = 4], with the normalized amplitudes C; > 0.8
and Cp,, =0 (x € [1,...,N]) as N, varies. In the second
manifold, the zero-energy dressed level is absent for the
simplest case of N, = 2 as shown in Fig. 2(b). For N, > 4,
there are Na/2 — 1 zero-energy states primarily distributed
among the two-qubit excited states, without any distribu-
tion at the two-photon excited state [as shown in Fig. 2(f)
for N, = 4]. Moreover, for comparison, we include the
dressed-state diagram of coupled single-qubit-cavity sys-
tem (JC model) in Fig. 2(a), where there is no zero-energy
state in any manifold.

The single PB effect behaviors are quantified by
the equal-time second-order correlation function g® (0),
which can be calculated by

Tr (aTza2 ,0)
[Tr (aT(Jt)]2 ’
where the density matrix p is obtained by numerically

solving Eq. (2) based on the QuTiP [43] and the Quan-
tumOptics.jl toolbox [44].

“)
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FIG. 2. The dressed-state structures and the main transition pathways of the considered qubit-cavity coupled system with the number
of qubits (a) N, = 1 (JC model), (b) N, = 2, and (c) N, = 4. The levels labeled by red in (b),(c) are the topological edge modes in
single-excitation space while the green level in (c) is the topological corner state in two-excitation space. The single blue arrows
in (a)~(c) denote the excitation pathways of photon blockade (PB) where the dashed arrows indicate the ELA. The wave-function
distributions of (d) the topological zero-energy states |®; in single-excitation space, (f) the zero-energy corner-localized state d%,
and (e),(g) the bulk states ®2, in two-excitation space for N, = 4. The layout of sites in (d),(e)—(g) is accordance with that shown in

Figs. 1(b) and 1(c), respectively. Here, we take the parameter relations J, = +/2g and J, = 0.2g.

With the same normalized system parameters g/y = log;,[¢®(0)] as a function of the detuning A/y and
10 and «/y = 0.5, Figs. 3(a){(c) show the logarith-  driven strength 5/y for different numbers of qubits N, = 1,
mic plots of equal-time second-order correlation function 2 and 4, respectively. The corresponding mean photon
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FIG. 3. (a)<(c) The equal-time second-order correlation function log,,[g® (0)] and (d)~(f) the corresponding mean photon number
<aTa> mapping on the plane of normalized detuning A /g and driven strength 1/y for (a),(d) N, = 1, (b),(e) N, = 2, and (¢),(f) N, = 4,
respectively. The white curves in (a)(c) denote the contours of g®(0) = 1 for Poissonian statistics. (g) The optimal second-order
correlation function and (h) the corresponding mean photon number versus the normalized pump field Rabi frequency n/y for different
N,. The optimal conditions are A /g = £1 for N, = 1 and A = 0 for N, > 2. Here, the system parameters are given by g = 10y and
k& = 0.5y. The other parameters are the same as those used in Fig. 2.
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number (a*a) is displayed in Figs. 3(d)-3(f). In the single-
qubit case, single PB occurs around the detuning A = +¢
due to the single-photon resonance with nonresonant two-
photon excitations as depicted in Fig. 2(a) [36,37]. For
our multiqubit-cavity topological chain, as clearly shown
in Figs. 3(b) and 3(c), there are three regimes of sin-
gle PB (¢?(0) < 1) with the detuning A =0 and A ~
+1.8g on the plane, which correspond to the single-photon
excitation process from the ground state |gN”,O) to the
TES ®; and the bulk states ®L, , of QLL in single-
excitation space, respectively. Particularly, the resonance-
driven scenario shows a significantly smaller second-order
correlation function, indicating strong single-photon anti-
bunching. Meanwhile, higher mean photon-number peak
concomitantly appears due to the stronger single-photon
excitation probability. Moreover, the frequency range for
achieving single PB around A = 0 slightly expands as the
number of qubits N, increases.

For the sake of comparison, we present the optimal
second-order correlation function log;,[g® (0)] in the fre-
quency domain against the normalized pump strength n/y
for different numbers of qubits in Fig. 3(g), along with
the corresponding mean photon number <aTa) in Fig. 3(h).
Obviously, in comparison to the JC model (N, = 1), the
multiqubit-cavity lattices (N, = 2) exhibit up to 2 orders
of magnitude smaller g® (0), accompanied by larger mean
photon number. For the two-qubit case, the enhancement
of single PB arises from the greater two-photon excita-
tion anharmonicity and the lower two-photon intensity of
dressed states in the second manifold in contrast to the
JC model. With an increasing number of qubits (N, > 4),
as depicted in Fig. 2(c), the number of dressed levels in
the second manifold increases quadratically, resulting in
smaller anharmonicity and the emergence of zero-energy
dressed states QD%. However, in the resonance-driven case,
there is only a slight variation in the second-order corre-
lation function and the mean photon number. On the one
hand, the resonant transition ®) — &3 is strictly forbid-
den due to the lack of overlap between the wave-function
distributions of the zero-energy states in the two manifolds
on the same qubit states, as shown in Figs. 2(d) and 2(f).
On the other hand, the dressed states with near-zero energy
in the second manifold correspond to bulk states charac-
terized by a weak intensity of two-photon state | gN“,2)
[see Figs. 2(e) and 2(g)]. Further, the intensity decreases
as the number of qubits N, increases, leading to the expan-
sion of single PB region around A = 0. In addition, the
reduction of system losses, especially in the optical cav-
ity, will result in a decrease in the second-order correlation
function and an increase in the mean photon number
due to reduced overlap between the anharmonic energy
levels.

The enhancement of single PB can be further con-
firmed by comparing the photon-number distribution of
the cavity field P(n) with the Poisson distribution P (n) =

0.5 0.5
(a) (b)
0.0 ——o 0.0}
0.5 my/y =01 =05 my/y =01
n/y =05 n/y =05
o Wny/y=10 Wy/y=10
~-1.0 -1.0
& 0 1 2 3 4 5 0 1 2 3 4 5
QL 0.5 0.5
= |(e) (d)
0.0 —em—= 0.0 F—=m—=
=05 myy =0 =05 mn/y = 0a
n/y=05 n/y=05
Wn/y=10 Wn/y=10
-1.0 -1.0
0 1 2 3 4 5 0 1 2 3 4 5

Photon number

FIG. 4. The deviations of the photon distribution to the stan-
dard Poisson distribution with the same mean photon number for
(@N,=1,(b) N, =2,(c) N, =4, and (d) N, = 6, respectively.
The cavity-driving detuning is A = £g for N, =1and A =0
for N, > 2. The other system parameters are the same as those
used in Fig. 3.

(aTa>n ef(afa) /n!. In Fig. 4, we show the relative deviations
of photon-number distribution with respect to the Pois-
son distribution with the same mean photon number,
i.e., [P(n) — P(n)] /P(n). In comparison to the JC model
(N, = 1) with the identical conditions, it is evident that
P(1) in the multiqubit-cavity system (N, > 2) is more
strongly enhanced while P(n > 1) are significantly sup-
pressed, indicating the higher probability for detecting a
single photon. Moreover, the probability distribution P(1)
is also greatly enhanced as the driven strength increases.

IV. ROBUSTNESS OF PHOTON BLOCKADE

The PB effect of our quantum topological array effec-
tively incorporates and demonstrates the inherent topo-
logical protection property of the SSH chain that are
insensitive to local perturbations. Here, we examine the
robustness of the single PB phenomenon in the presence
of perturbations by considering specific examples of dis-
turbances in the cavity-qubit coupling strength §, and the
transition frequency of the first qubit §,,;. In Fig. 5, by con-
sidering the cavity-qubit coupling strength g’ = g + 8,
we present the evolution of the second-order correlation
function log,,[g'®(0)] and the corresponding cavity mean
photon number (aTa) versus the fluctuation strength of
cavity-qubit coupling §, with n/y = 0.5 for different N,,.
Predictably, in the JC model, the optimal operating fre-
quency for achieving single PB experiences a linear shift in
response to the fluctuation strength of the cavity-qubit cou-
pling due to the linear coupling-dependent dressed levels

034058-5



LI, HU, and YANG

PHYS. REV. APPLIED 21, 034058 (2024)

5

B 000,
200 0 1 2 2010 0 1 2
Alg Alg

FIG. 5.

0
logio[9' (0)] (g)
3 —_—
S -1 N, =1
a N, =2
0 s N, =4
4 ED -2 N, =6
-2 -3 -3
2 -2 0 2
2 0.3 =
(afa) (h)
03 Moo e
0.2 No=2 b
- --N,=14
0 -w—c N,=6
0.1
-2 0.0
-2 -1 -2 0 2
A/y dg/7

The influences of fluctuation strength of cavity-qubit coupling 8,. (a)~(c) Steady-state second-order correlation function

log;o[g® (0)] and (d)«(f) cavity mean photon number (a'a) plotted as a function of the normalized detuning A /g and fluctuation
strength 8, /y with the driven strength /y = 0.5 for (a),(d) N, = 1, (b),(e) N, = 2, and (c¢),(f) N, = 4, respectively. (g) The second-
order correlations and (h) the corresponding mean photon number in relation to the normalized fluctuation strength 8, /y with the
detuning A = £g for N, = 1 and A = 0 for N, > 2. All other parameters remain the same as those utilized in Fig. 3.

in the first manifold. In contrast, in the case of multiqubit-
cavity arrays (N, > 2), the optimal operating frequency,
which yields the smallest second-order correlation func-
tion g@(0) and the largest mean photon number (a'a),
consistently remains at the resonance frequency of the cav-
ity regardless of variations in the cavity-qubit coupling
strength. For the resonance-driven condition, g (0) and
the mean photon number (a*a) decrease (increase) with
increasing (decreasing) cavity-qubit coupling strength,

log10[9®(0)]

0.1

Alg

FIG. 6.

owing to the heightened (depressed) two-photon excitation
anharmonicity and single-photon excitation probability,
respectively. As clearly shown in Figs. 5(g) and 5(h), com-
pared with the single-qubit cavity system, the second-order
correlation function and mean photon number of the quan-
tum topological arrays are more robust to the cavity-qubit
coupling fluctuation at a fixed operating frequency.

For the diagonal perturbation, we show the develop-
ments of correlation function and corresponding cavity

(9)

R
D N =

_(h)

zzzz
[
D = N

0 2
dun /v

Alg

The effects of the first qubit’s transition frequency shift 8. Plots of (a)~(c) log;,[g® (0)] and (d)—~(f) (a*a) as a function

of the normalized detuning A /g and frequency shift 8,,/y with n/y = 0.5 for (a),(d) N, = 1, (b),(e) N, = 2, and (¢),(f) N, =4,
respectively. Profiles of (g) the second-order correlation function and (h) the corresponding mean photon number at the cavity-driving
detuning A = g for N, = 1 and A = 0 for N, > 2. The other system parameters are the same as those employed in Fig. 3.
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mean photon number with the normalized frequency shift
of the qubit coupled to cavity J,/y as shown in Fig. 6.
For single-qubit condition, the optimal pump frequency to
achieve PB with a brighter mean photon number is directly
related to the qubit frequency, which is not conducive to
manipulation in practical applications. Contrastingly, the
multiqubit-cavity chain maintains an almost constant mean
photon number at the cavity resonance frequency, given
that the frequency and distribution of TES in the single-
excitation space are hardly affected by the transition fre-
quency of the qubit. Simultaneously, in the two-excitation
space, the distribution density of the zero-energy state on
the two-photon excited state is no longer entirely zero with
a nonzero qubit frequency shift. This leads to a gradual
increase in the second-order correlation function with the
increasing qubit frequency shift for the resonance-driven
condition. 6

V. DISCUSSION AND CONCLUSION

The proposed scheme holds the potential for imple-
mentation in various quantum systems, such as coupled
atom-array-cavity QED [45,46], quantum dot array [47],
and particularly in integrated superconducting quantum
circuits [14,48-51]. Previous works have implemented a
one-dimensional circuit QED lattice of 72 qubit-coupled
microwave cavities with coherent driving [48] and demon-
strated a coupled 24-qubit array [50]. Circuit QED also
serves as a controllable platform with tunable strong cou-
pling strengths achieved by manipulating the magnetic flux
of the inductive coupler [14]. The quantum lattice with
breathing coupling, requiring only a few coupled qubits
(at least two), can be implemented more easily using the
existing mature circuit QED lattice.

In summary, we have investigated an enhanced con-
ventional photon blockade effect utilizing a 1D cascading
coupled multiqubit-one-cavity array based on the SSH
model. One-sided localized topological edge states of the
QLL in single-excitation space empower the system to
exhibit a stronger intensity of single-photon excitation at
the resonance frequency while two-photon excitation is
effectively suppressed due to the forbidden resonance exci-
tation and diffusely distributed bulk states in two-excitation
space. The quantum topological chain exhibits a robust
single PB effect, achieving up to a 2 orders of magnitude
improvement in the second-order correlation function yet
enhancing the mean photon number simultaneously. Our
work contributes a theoretical framework for the prepa-
ration of high-quality and high-brightness single-photon
source with strong robustness.
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