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Generation and modulation of non-classical light
in a strongly coupled photon-emitter system
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Non-classical light, especially its single photon and squeezing properties, plays a fundamental role in on-chip
quantum networks. The single photon property has been widely studied in photonic cavities including photonic
crystals (PhCs), micropillar cavities, nanowires, and plasmonic cavities. However, the generation and modulation
of squeezing light in nanophotonic cavities remain to be explored. Here, we theoretically demonstrate a strongly
coupled PhC—plasmonic-emitter system enabling non-classical light generation and modulation. The hybridiza-
tion of a PhC waveguide and an Ag nanoparticle forms a band-edge mode with a narrow linewidth and a strong
confined field, which enables strong light—emitter interaction, further resulting in simultaneous generation of
squeezing and single photon properties for on-chip applications. Non-classical light emission can be modulated
with the detuning between the band-edge mode and the emitter. The emission is efficiently channeled by the PhC
waveguide with a high coupling efficiency, accompanying unidirectional transmission under excitation by a cir-
cularly polarized emitter. The system provides a candidate for tunable and bifunctional on-chip non-classical light
sources at the nanoscale and may offer more possibilities to build versatile quantum networks. ~ © 2022 Chinese
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1. INTRODUCTION

Non-classical light is widely studied for on-chip light sources in
quantum applications such as quantum computing, quantum
metrology, and quantum sensing [1,2]. Non-classical light with
a single photon property [3], photon entanglement [4], or
squeezing property [5—8] can be generated in cavity quantum
electrodynamic systems with an emitter and a microcavity.
When the interaction between the emitter and the cavity mode
is stronger than the cavity loss and emitter decay, the light—mat-
ter interaction reaches the strong coupling regime [9], which
can be utilized to produce non-classical light with single photon
and squeezing properties. The mechanism of single photon
generation is a “photon blockade,” that is, the excitation of
the first photon will decrease the possibility of exciting the sec-
ond photon [10,11]. Additionally, the squeezing property, de-
noting quantum light with reduced quantum noise, can also be
achieved in the strong coupling regime [12].

To date, photonic cavities have achieved ultrahigh quality
factors [11,13—17] or ultrasmall mode volumes [18—20]; thus
the strong coupling regime can be reached [21,22] in various
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structures including photonic crystals (PhCs) [14,23-25],
micropillar cavities [26-28], whisper-gallery-mode microreso-
nators [29-31], and plasmonic cavities [18,19,32-34]. In
the past decade, photonic cavities equipped with quantum dots
have attracted much attention in on-chip applications.
Particularly, single photon sources are widely studied in on-chip
devices with high-quality-factor microcavities, where strong
coupling induces the photon blockade, and the detuning be-
tween atom and field can modulate the single photon property
[35—40]. However, the generation of squeezing light by strong
coupling in photonic cavities has not been fully explored and
needs further progress, especially in on-chip devices. It would
benefit precise measurement for quantum metrology [1] and
light sources for quantum computing [2]. People have used
plasmonic cavities [41] and micropillar cavities [28] to improve
squeezing properties [42] by suppressing shot noise. But in the
above studies, non-classical light emission couples only to free
space. Aiming for a more compact and versatile quantum net-
work, more advances are still needed for the on-chip generation
and modulation of squeezing light.
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In the present work, we propose a hybrid PhC—plasmonic
system for on-chip generation and modulation of non-classical
light. Hybridization between the band edge of a PhC wave-
guide and surface plasmons produces a band-edge mode with
strong light confinement and a narrow linewidth with 3 meV,
which ensures strong coupling. Thus, squeezing light and single
photon emission can be simultaneously produced in the hybrid
system. Especially, the squeezing light property is sensitive to
loss, so the suppressed decay in strong coupling is beneficial to
the generation of squeezing light. The strongly confined field
provided by the AgNP also contributes to enhancement of the
brightness of non-classical light output. Modulation of non-
classical light is conducted by tuning the resonance of the
band-edge mode, which can be realized by such methods as
temperature tuning and current tuning [43]. The second-order
correlation function ¢?(0) falls to a level lower than 10! due
to the photon blockade effect, and the degree of squeezing
reaches 0.29 dB. Photon out-coupling is also convenient in that
70% of total emission can be channeled through the PhC wave-
guide, and furthermore, unidirectional transmission can be
achieved under excitation of a circularly polarized emitter.
The hybrid system provides a method to improve on-chip
generation and modulation of non-classical light especially with
a squeezing property. It offers possibilities to build multifunc-
tional non-classical light sources for on-chip quantum sensing
and metrology and would benefit scalable quantum networks.

2. MODEL SETUP OF THE STRONGLY
COUPLED PHOTONIC-CRYSTAL-PLASMONIC-
EMITTER SYSTEM

Our proposed system contains a PhC waveguide, a silver nano-
particle (AgNP), and a two-level emitter [Fig. 1(a)]. In the PhC
structure, a line defect is introduced by removing an entire row
of air holes in a hexagonal lattice, which supports guided
modes. The AgNP is buried in the PhC lattice region. The field
coupling between the PhC and AgNP produces a band-edge
mode, which can be clearly seen in the absorption spectrum
of the AgNP [44] [Fig. 1(b)]. For the band-edge mode, the
PhC waveguide intensely couples with the AgNP, possessing
a very high local density of states at its band edge. Note that
it is not necessary to set the AgNP in resonance to produce the
band-edge mode. Actually, the resonances of a single AgNTP
without a PhC waveguide lie far away from the band edge
(~695 nm). The band-edge mode demonstrates a remarkable
suppression of the linewidth and possesses a strongly confined
field around the nanoparticle and in the waveguide, which can
be regarded as a single high-quality microcavity hybridized by
the PhC waveguide and the AgNP. We consider only the sys-
tem close to the resonance of the band-edge mode, so other
coupling terms between the AgNP and PhC waveguide can
be neglected. It is worth mentioning that our system treats
mode hybridization differently from other hybrid systems
[45—47]. In their systems, mode hybridizations occur between
a narrow-linewidth cavity mode and a plasmonic mode (or two
narrow-linewidth cavity modes), and they treat the hybridiza-
tion with two coupled modes. The situation is different in our
system where hybridization happens at the band edge of the
PhC. Therefore, the two-level emitter placed near the AgNP
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Fig. 1. (a) Schematic diagram of the strongly coupled photonic-
crystal-plasmonic-emitter system. The inset depicts the electric field
profile of the band-edge mode. (b) Calculated absorption spectrum
of AgNP (orange solid curve), and transmission spectra of the system
with AgNP (blue dashed curve) and without AgNP (green dotted
curve). (c) Coupling strength g, cavity decay rate k, and emitter decay
rate y as functions of the refractive index 7. The inset depicts the output
spectrum from transmitted photon §(8) %Re J{a' (x)a(0))e dr
showing Rabi splitting. & is the detuning between the transmitted pho-
ton and the pump field. (d) Normalized AgNP absorption spectra under
varied refractive indices (» = 3.40-3.50) of PhC materials, which de-
scribes the shift of the band-edge mode.

can strongly interact with the band-edge mode, enabling the
system to reach the strong coupling regime. In such a condi-
tion, the system can produce non-classical light with single
photon and squeezing properties. The suppressed decays «
and y benefit the squeezing property sensitive to noises, and
the strong field confinement around AgNP enhances the
brightness of non-classical light output. The detuning between
the band-edge mode and the emitter can be exploited to modu-
late non-classical light properties. As shown in the inset of
Fig. 1(b), the field profile of the band-edge mode mainly stays
in the line defect region, so it is a convenient channel for pho-
ton out-coupling in non-classical light sources.

The photon—emitter interaction system is generally de-
scribed by the Jaynes—Cummings model under dipole and ro-
tating wave approximations [5]. The system Hamiltonian is
expressed as H =Aa'a+ Ao 0.+ glac, +a'c.) +
E(oy +0.) (h=1) under the interaction picture. Here,
g = ji - E o4 denotes the coupling strength between the emit-
ter dipole i and the band-edge mode £,,,4.- A, = @, - @ and
A, = @, - @ denote emitter—pump and cavity—pump detun-
ing, respectively, where @,, w,, and w are the frequency of
the emitter, the cavity mode, and the pump field [Fig. 2(a)],
respectively. 64 denote the raising and lowering operators of
the two-level emitter, and « and 4" represent the annihilation
and creation operators of the cavity mode, respectively. A pump

de-

field is introduced to excite the atom with £ = i - Ejymp

noting the coupling strength between the pump field £,
and the dipole of the emitter . When decays to the outer envi-
ronment are considered, the dynamics of the system is governed

by the master equation [5]
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Fig. 2. Generation of non-classical light with single photon and
squeezing properties. (a) Energy-level diagram of the system. A,
(A,) is the detuning between the emitter w, (band-edge mode w,)
and pump light w. g, £ represent mode—emitter and pump—emitter
couplings. &, y denote decays from the mode and emitter. (b) Dressed
states of the effective Hamiltonian. Orange (green) arrow denotes that
the first photon is resonant (off resonance) with the cavity—emitter
system, and the subsequent photon is prohibited (permitted) because
it is off (in) resonance with higher dressed states. (c) Calculated sec-
ond-order correlation function g (0) and (d) normal-ordered quad-
rature fluctuation (:AX2 :) from master equation with Quantum
Toolbox in Python (solid curve) and from analytical solution
[Egs. (4) and (5)] of effective Hamiltonian (dashed curve).

. ] /4
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where , y are decay rates from the cavity mode and the emitter,
respectively. The mode—emitter coupling strength ¢ reaches a
high level under a strongly confined field around the AgNP. « is
extracted from the narrow linewidth of the absorption spec-
trum of the band-edge mode, where the absorption is the dom-
inant factor of k, surpassing the small scattering part from the
PhC waveguide [44]. Additionally, y is suppressed because the
photonic bandgap of the PhC waveguide inhibits many radi-
ation modes. Therefore, the interaction between the emitter
and the band-edge mode can reach the strong coupling regime
(¢ > &, 7). In this system, the single photon can be generated
because of the photon blockade effect; simultaneously, the
squeezing properties occur under appropriate emitter—cavity
detunings.

To guarantee strong coupling between the emitter and the
band-edge mode, we set up our system with the following
parameters. The lattice period of the PhC waveguide # is
170 nm, the diameter of air holes is 27 = 98.6 nm, and the
width of the PhC layer is # = 142.8 nm. The refractive index
of the PhC is #» = 3.45. Here, r is chosen as r/a = 0.29 to
match the emitter wavelength (695 nm) and the band edge
of PhC. The width 4 is set at #/a = 0.84 in the range where
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only one transverse mode along y axis exists. The fabrication
error can be tolerated when the variation of the photonic band
diagram is not comparable with the emitter wavelength varia-
tion. An AgNP buried in the PhC lies a row below the line
defect, between two air holes in the lattice region [Fig. 1(a)].
This position can achieve the strongest photon—emitter cou-
pling strength ¢. The precise position of the AgNP has an in-
fluence on the decay of the cavity mode k. From Ref. [44], the
deviation within 50 nm can be tolerated with only 0.8 meV
variation of k. The radius of the AgNP is 7 nm, and the silver
permittivity in the visible region adopts the data from Johnson
and Christy [48] in 1972. A two-level emitter is placed near the
AgNP with a spacing 4 = 2 nm, and its dipole moment is set
as yt = le nm. The relative position between the AgNP and the
emitter should be close enough for very strong field enhance-
ment. The azimuthal position of the emitter also has a slight
modulation of y [44]. Such nanometer accuracy of assembling
and positioning is possible with scanning tunneling microscopy
or DNA origami technology [9,49].

With the above parameters, we use commercial COMSOL
software to simulate coefficients g, k, y in the photon—emitter
interaction (details in Appendix A). The coupling strength ¢
between the emitter and the band-edge mode reaches 4.2 meV
near the AgNP. The mode displays a strongly suppressed line-
width (k = 2.9 meV) compared to the dipole mode of a single
AgNP (~20 meV) [44], and the decay from the emitter y is
lower than 1 meV. Therefore, the condition for strong coupling
g > k,y is satisfied [Fig. 1(c)]. Rabi splitting from strong
mode—emitter coupling can be seen in the output spectrum
from the transmitted photon S(d) x %Re J (a"(r)a(0)) e dz
as shown in the inset of Fig. 1(c). The band-edge mode is lo-
cated at 695 nm when the refractive index 7 is 3.45. When the
refractive index ranges from 3.40 to 3.50, the resonance moves
from 685 nm to 705 nm (in a 50 meV range) [Fig. 1(d)]. Under
such varied wavelengths of the band-edge mode, the single pho-
ton and squeezing properties can be modulated. In our system,
modulation of a non-classical system requires the mode shift of
~0.7 nm (1 meV), which can be obtained with temperature
tuning [50] in III-V semiconductors such as AlGaAs [51]
under 30 K. When the wavelength of the band-edge mode
varies, g, k, y remain stable in modulation range without influ-
ence by changing the refractive index [Fig. 1(c)]. Therefore, we
adapt the average when the band-edge mode shifts with
g=42meV, k =29 meV, and y = 0.2 meV.

3. GENERATION AND MODULATION OF
NON-CLASSICAL LIGHT

With the strongly coupled photon—emitter system above, we
obtain non-classical light with single photon and squeezing
properties. As shown in Figs. 2(c) and 2(d), the second-order
correlation function ¢® (0) can be lower than 0.1, and the de-
gree of squeezing reaches 0.18 dB. To discuss the undetlying
mechanism, we study the steady-state properties of our system.
An effective Hamiltonian is employed to describe the evolution
of the system under dissipations:

Heff = (Ar - Z'K/Z)ﬂ+ﬂ + (Aa - i}’/z)U_FU,
+g(ac, +a'c) + E(6, +0.). (2)
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It is non-Hermitian because of added imaginary dissipation
terms in the frequency of the emitter and the band-edge mode.
The atom—photon states are denoted as |s, 7). s € {e,g} de-
notes excited or ground level of the emitter, and 7 denotes pho-
ton number of the band-edge mode.

The energy of dressed states |m=) of the effective
Hamiltonian is (7>1) (details in Appendix C)

A +A,

2

~ ~ 1 - -
By = (m- DA, + 5B By + g,

3

where A, = A, - iy/2 and A, = A, - ik/2. Equation (3) is
applicable for all quantum excitations [52]. Here, the anhar-
monic spacings between energy levels result in the photon
blockade and bunching effect [10,11]. As shown in Fig. 2(b),
when the first photon is resonant with the first rung of eige-
nenergies |1+) or |1-), the second photon will be detuned
from the second rung |2+) or |2-). Thus the first photon
“blocks” the entry of the second photon. If two-photon exci-
tation is resonant with the second rung, the system tends to
absorb two photons together. This situation corresponds to
photon bunching, shown as a peak in g/?(0).

Figure 2(c) demonstrates the single photon with varying
wavelengths of pump light. Here, we set the band-edge mode
and the emitter in resonance (A, = A, = A), so the pump
light with a detuning A can modulate non-classical light prop-
erties. The solid curves are obtained from numerical calculation
of master equation [Eq. (1)] under the Quantum Toolbox in
Python [53,54]. Figure 2(c) shows that g(z) (0) < 0.1 can be
obtained under appropriate detunings A. Such a property
can be used as high-quality single photon emission [55].
The minima of ¢?(0) are achieved when the pump is resonant
(A ~ £¢) with the first rungs of dressed states A,_, A, , which
demonstrates the photon blockade effect [11]. Moreover, the
minimum does not equal zero because a small fraction of
two-photon excitation is permitted by cavity and emitter decays
(details in Appendix D). ¢ (0) gets peak values when
2A =~ £+/2¢g. In this situation, the pump is resonant with
the second rungs of dressed states in that the system has a
higher probability of capturing two photons simultaneously
[11] as shown with green arrows in Fig. 2(b).

The squeezing property is depicted in Fig. 2(d) with normal-
ordered quadrature fluctuation (:AX3%:) = —(:(Ad'e -
Aae®)?:) /4, where Aa(Ad') represents the fluctuation
operator of the mode field - (2) (4" - (a)). (:AX%:) <0
indicates that photon squeezing exists. 6 is a tunable phase
of a local oscillator, and we choose @ = /2 to obtain the maxi-
mum degree of squeezing. When A = ¢ = £4.2 meV,
the degree of squeezing 10loglo((AXft/z)/(AXz)vacuum) =
0.18 dB for quadrature operators, and the single photon prop-
erty is best with g (0) = 0.081. Here, the squeezing property
is generated along with single photon properties in appropriate
detunings, which makes an on-chip single photon and squeez-
ing light source possible.

The results above can also be achieved in analytical solutions
in low-excitation subspaces with no more than two quanta. It is
reasonable when the pump is very weak compared to the
decay of the band-edge mode (here, £/k = 0.1). As shown

in Figs. 2(c) and 2(d), the analytical results are in accordance
with numerical solutions. The energy eigenstates of the sub-
space are denoted as |s, 7). s € {e, g} denotes excited or ground
level of the emitter, and 7 € {0,1,2} denotes the photon num-
ber of the band-edge mode. A state in the subspace reads
W) = colgd) + cqlg) + cole0) + colg2) + calel) with
probability amplitudes ¢, ,,. The non-classical light properties
can be obtained as

2

g?(0)= , @)

(ad%) _ 2epl? _ ‘&1&1-&-
(ﬂTﬂ)z |fg1 |4 By Ay,

(:AX%:) = %Re[e'zjg(Aaz)] + % (Ad'Aa)
A2

= l52ng€ |:€_2i9 %]
2 Ay Ay AT AT,

|ALAL Y
It can be seen that the expression of (:AX3:) has some
higher-order terms of £. They dominate in photon squeezing
when a large fraction of population resides in |g1) and |e0),
particularly under a photon blockade (details in Appendix C).
Next, we introduce the refractive index tuning to study fur-
ther non-classical modulation in our system. Here, we change
the refractive index of PhC materials near 3.45 so that the
band-edge mode @, will shift with the photonic bandgap
[Fig. 1(d)]. Figure 3 depicts modulation of the single photon
and squeezing properties when A, A, vary in a 20 meV range.
From the effective Hamiltonian [Eq. (2)], the detunings
A, =w,-wand A, = 0, - @ can be independently tuned.
As shown in Fig. 3(a), the better single photon property appears
when A, # A, depicted by dark regions. It also originates from
the photon blockade when the pump is in resonance with the

+ &g’ (5)
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Fig. 3. (a) Calculated second-order correlation function ¢ (0) and
(b) minima of normal-ordered quadrature fluctuation (:AX; f):)min
sus cavity—pump detuning A, and emitter—pump detuning A,,. First
and second rungs of dressed states £y, E,; are marked by purple
curves. (c) Second-order correlation function ¢ (0) and fluctuation
correlation functions 7y, 7,7, with varied A, when A, -A, =
0.95 meV. (d) Squeezing properties for A, - A, = 0.95 meV. The
optimal single photon and squeezing properties appear at
A, = -3.40 meV and A, = -4.35 meV, which correspond to white
dashed lines in (a) and (b).
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first rungs of dressed states at o = (0, + w,)/2+
Re\/(&[ ~A)? /44 &2 (Re[A; 1] = 0). It can be verified
by the eigenenergies marked in Fig. 3(a). Bright regions illus-

trate photon bunching effect with ¢®(0) > 1 corresponding
to two-photon excitation. It can be confirmed with the curve

20=30,/2+, /Zj:Re\/ (A.-A,)?/4+2¢ (RA,.]=0)
shown in Fig. 3(a). In Fig. 3(c), for the balance between single
photon and squeezing properties, A, = -3.40 meV and
A, = -4.35 meV are chosen, where ¢ (0) approaches a
low value 0.098, which reaches a low level [39,56]. In real sys-
tems, such detunings (A, - A, = 0.95 meV) can be achieved
with temperature tuning in III-V semiconductor materials

such as AlGaAs [43,50,51]. Under a photon blockade [shown
by E . in Fig. 2(a)] with larger detunings A, - A, the single

photon property can be better with ¢®(0) ~ 10-2. Moreover,
the single photon and squeezing light output can be further
optimized with a more confined field such as bow-tie resonators
and gap plasmon structures [18,57], where the cavity decay
can be further improved.

In Fig. 3(b), the squeezing property is measured by the min-
imum of normal-ordered quadrature fluctuation (:AX3:) . =
-|{A&?)|/2 + (Aa Ad) /2 when 6 varies. When A, is fixed at
-4.35 meV, Fig. 3(d) displays the squeezing property as a func-
tion of A,, where (:AX7%:) . falls to -0.016 (£/k = 0.2, de-
gree of squeezing 0.29 dB) at A, = -3.40 meV. Note that
strong photon squeezing mainly appears near the photon block-
ade with Re[A;,] = 0. Actually, photon squeezing is directly
related to the single photon property in our system. The
second-order correlation function can be expanded to some
fluctuation correlation functions with orders of expectations
a(a*) = (a) ((a")) of field operators as g (0) = 1 + 4+
1, + 1, [7,8], where

Iy = (Aad"?Ad?) [{a"a)?,
I, = 4Re[(a")(Aa AL?)] /(" a)?,
_ 2|a*(Ad’ Ad) + o (Ad?) + a?{Aa™?)

L (a'a)?
((Adfe e?)2 TAXE:

I, represents the normally ordered variance of fluctuation
intensity, /| represents the normally ordered correlation be-
tween fluctuation amplitude and intensity, and 7, is the nor-
mally ordered variance of the field quadrature operator. Here,
I, corresponds to photon squeezing [7]. We demonstrate the
second-order correlation function with fluctuation correlation
functions in Fig. 3(c) when A, -A, =0.95 meV, which
comes from data on the white dashed line in Figs. 3(a) and
3(b). It can be seen how fluctuation correlations contribute
to g (0). I, is nearly zero over all regions except near the pho-
ton blockade. The two valleys of ¢/®(0) under the photon
blockade are mainly attributed to negative /,. That means
the single photon property stems from photon squeezing in
our system, which is also applicable in similar cavity—emitter
systems [7]. Thus, both single photon and squeezing light
output can be achieved under a photon blockade. Moreover,
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compared to solid-state systems without photonic structures
[42], strong coupling from the band-edge mode could further
enhance photon squeezing. Additionally, at photon bunching,
the absolute values of 7, 7, I, decrease; thus ¢/?(0) is close to
one, and the squeezing property fades (details in Appendix D).
Additionally, qubit—qubit entanglement can be achieved in
our system. When a metallic nanoparticle acts as a mediation of
the coupling between two emitters, the strong localized field
around the nanoparticle can enhance the qubit—qubit entangle-
ment in hybrid plasmonic—waveguide systems [58,59]. This
situation may also be achieved when two emitters are located
beside AgNP in our system under the more confined field.

4. TRANSMISSION OF NON-CLASSICAL LIGHT

The line defect enables fine guiding of transmitted light in our
system, which provides a convenient channel for output of
non-classical light. The fine transmission property has been re-
ported in the weak and intermediate coupling regime when
AgNP is located in the line defect region [44] with weakly con-
fined field and larger decays. The total emission rate ¥, of the
emitter is divided into three main parts ¥, = 7ywg + Vabs+
Viee [44] [Fig. 4(a)]: the output part yywg transmitted to
two ends, the absorption part y,, by the AgNP, and the
scattering part ¥, leaking to free space. To measure the trans-
mission property, the coupling efficiency is defined as
B = rwa /7w which describes the useful out-coupling portion
in the total emission. f is depicted in the upper inset of
Fig. 4(b) as a function of the emitter frequency 4, when the
mode wavelength A, is set as 695 nm. The system demonstrates
high coupling efficiency, mainly around the cavity resonance.
When the emitter is set at 4, = 696 nm, g'¥(0) equals 0.025
and the degree of squeezing reaches 0.18 dB. Simultaneously,
the major portion of the emission is guided through the line
defect with coupling efficiency f = 73.9%. Such coupling ef-
ficiency reaches the same level in a PhC waveguide [60].

(b) 08
= i
> 0.4
5
299 10 3
. >
s L — 08 £
g 0.2 O 0.6 g
= B 2 . o
© 0.0 0.2 =
680 685 690 695 700 ©

Aq(nm)

/‘a‘u“s ‘s‘ %

\\?\-HhP’f' /

Fig. 4. (a) Schematic diagram of every part of the decay rates.
(b) Coupling efficiency f and directionality D excited by a linearly
polarized emitter (upper inset) and a circularly polarized emitter (lower
inset) in our system. Electric field distributions under excitation of
(¢) linearly polarized emitter and (d) circularly polarized emitter.
The guided part yyg and scattering part g, are denoted by blue ar-
rows and red arrows, respectively.
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Unidirectional transmission is needed for practical on-chip
devices. The spin-locked transmission [61], stemming from the
coupling between the transverse spin and a circularly polarized
emitter, provides a method to realize such an effect. We use the
directionality D [= ¥yighe/ (Frighe + 71e)] to measure the unidi-
rectional transmission. As shown in Fig. 4(a), 71ighe> 71er denote
the transmission to the right or left end with pwg =
Viight T Vier- The lower inset of Fig. 4(b) indicates that when
the coupling efficiency peaks (~40%) in the vicinity of the cav-
ity resonance, the directionality remains at a high level (~90%).
As an example, when 1, = 694.7 nm and A, = 695 nm,
29(0) equals 0.057, the degree of squeezing approaches
0.18 dB, and the directionality D reaches 93% under excitation
of a circularly polarized emitter, which indicates the potential of
our system to realize on-chip unidirectional transmission of
non-classical light. The main source of radiation loss is the
leaky part to the lattice region yg.. [illustrated in Figs. 4(c)
and 4(d)]. It can be further suppressed by changing geometries
with truncation of the ends of the line defect [60,62,63].
Unidirectional transmission is also accessible in a weak and
an intermediate coupling regimes in a similar system [44].
Intermediate coupling in hybrid plasmonic systems can induce
gain without population inversion and double Fano line

shapes [64,65].

5. POSSIBILITIES OF EXPERIMENTAL
REALIZATIONS

We give some possibilities of experimental realizations of our
system below. The material of a PhC waveguide can choose
AlGaAs. Its refractive index at 695 nm is close to our settings
51] (n = 3.3)]. For strong coupling, the preferable coupling
strength ¢ should be greater than 1.2 meV (details in
Appendix B), which means the dipole moment reaches
0.3¢ nm or the mode field is more confined. For actual emit-
ters, semiconductor quantum dots [66] may be suitable for our
system. The strong coupling between a semiconductor quan-
tum dot and III-V semiconductors has been widely reported
[29,66]. For the frequency shift of the band-edge mode via
a refractive index, AlGaAs has a large thermo-optic coefficient
of 2.3 x107% K! [51], so the ~1 meV mode shift can be
achieved at a very low temperature under 30 K, which is suit-
able for solid-state quantum dots. The match between lattices
of AlGaAs and GaAs quantum dots is also required in exper-
imental preparations. For more confined fields, some hybrid
plasmonic structures can be exploited, such as bow-tie resona-
tors [57] and gap plasmon structures [18]. The assembling and
positioning of the AgNP and the emitter can be possibly
achieved by scanning tunneling microscopy or DNA origami

technology [9,49].

6. CONCLUSION
We have theoretically proposed a strongly coupled PhC-

plasmonic-emitter system to generate and modulate non-
classical light. A strongly confined band-edge mode, which
occurs at the band edges of PhCs and possesses a very narrow
linewidth, is utilized to realize strong photon—emitter coupling.
In such a condition, we have obtained simultaneous single pho-
ton and squeezing properties. Modulation of our system can be

realized through varying pump frequencies and cavity—emitter
detunings, which is feasible in experiments with temperature
tuning [50]. The generated non-classical light can be well
channeled by a PhC waveguide with high coupling efficiency
and unidirectional propagation. The proposal extends the study
of non-classical light sources in nanophotonic structures and
provides a candidate for a versatile non-classical light source
for on-chip applications.

APPENDIX A: DETAILS OF ELECTROMAGNETIC
SIMULATION

The numerical simulation is conducted in a PhC waveguide
module of 12 rows and 13 columns [Fig. 5(a)] with scattering
boundary conditions by COMSOL software using finite
element analysis. The geometry scale and the boundary condi-
tion ensure that numerical results remain unaffected by the
change of module boundaries. The size of the PhC slab is
2210 nm x 1913 nm, which lies between two 500-nm high
air layers [Fig. 5(b)], and the height of the PhC layer is
142.8 nm. The wave vectors are mainly restricted in the
PhC waveguide on the x-y plane, and the direction of the line
defect is defined along x axis. Moreover, a 6a x 2.5+/3a x
2/ (a = 180 nm, » = 142.8 nm) cuboid X is set for calcula-
tion of the total energy [Fig. 5(c)]. The dipole moment mag-
nitude of the emitter is set at g = 4.4 x 107> A - m (le nm).
From the numerical results, we obtain the light—atom coupling
& emitter decay y, and cavity loss k to describe the strong cou-
pling in the hybrid system. g is calculated as ji - E,,o4./h, where

Eode represents the field amplitude corresponding to a single
photon excitation. y is the decay rate to other leaky modes aside
from the band-edge mode, which is calculated from the relation
v/vo = W/Wy. 7o and W are the decay rate and emitted
power in vacuum, respectively. W is the emitted power to other
leaky modes, which is acquired by integrating the module sur-
face for Poynting vectors. To get rid of the effect of the output

(@) o

o

Agnpg (b,

Fig. 5. (a) Schematic diagram of calculation module of strongly
coupled photonic-crystal—plasmonic-emitter system. The silver nano-
particle and the emitter are shown by a red circle and an arrow, re-
spectively. (b) Cross section of the module. The PhC layer is
between two air layers. (c) Integral region X for calculation of total
energy E of the band-edge mode. Most of the field excited by the emit-
ter is included in the integral region.
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part Yy from the band-edge mode, the two ends of the wave-
guide are ruled out in the integral surface. « is characterized as
the full width at half maximum of the absorption spectrum
of AgNP.

The integral region X contains the AgNP, the emitter, and
the PhC waveguide, as shown in Fig. 5(c). The result of electro-
magnetic energy remains steady when the integral region ex-
tends to more PhC cells, which verifies the correctness of such
an integral region [44]. The normalized field amplitude £,qc
is obtained by F,,,4.(7) = E(7)/\/E/hw. @ is the band-edge
mode frequency, and E represents the energy of the band-edge
mode, which is obtained from

== [[[[0ufo Rec(@N s [EP + ol PV (A1)

APPENDIX B: PROPERTIES OF THE PHOTON-
EMITTER SYSTEM UNDER LOWER DIPOLE
MOMENTS

Under experimental conditions, the more common choice of
the dipole moment of the emitter is lower than the setting
in our system (le nm). Next, we verify that when
u = 0.3 ~ le nm, the strong coupling regime can be satisfied.
Rabi splitting between the band-edge mode and the emitter is
depicted in Fig. 6. It can be seen that splitting appears when p
surpasses 0.3¢ nm.

APPENDIX C: ANALYTICAL RESULTS OF THE
PHOTON-EMITTER SYSTEM

Below are details of analytical results of coefficients ¢, of the
steady-state solution in our system. In the weak excitation con-
dition, ¢,o = 1. The state in our system is limited in two
quanta, while the states of more quanta are neglected. That
is because the populated probability of every energy eigenstate
is s + m orders of pump strength corresponding to the number
of quanta, that is, c,,, &« &7, Thus eigenstates with fewer
quanta dominate [6]. The evolution of the system is given
by Schrodinger equation id,y = Hy:

1.0‘ ’\ — u=0.25enm
e '\ —— u=03enm
E 08 il —-=- p=05enm
sl
0 0.61
]
0.4
=
30.2

O — , —

0 5 10 15 20

Fig. 6. Output spectrum from the transmitted photon S(8) =
%Re f(a"' (7)a(0))¢*dz of the band-edge mode when y = 0.25¢ nm,
0.3¢ nm, 0.5¢ nm, le nm, where Rabi splitting appears when p is
larger than 0.3¢ nm. Here, A = A, = A, is set as 10 meV.
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0 =0,

Cq = _i&ccgl —ige,y - i€, —i&ccgl - 19C,0,

Coy = —igeg) - iA e, - i€,

Cp = —2i&ccg2 - i\/_Z_gfel,

e = ~iN2gey - ifcy — i(A, + A, (c1)

where A, = A, - iy/2 and A, = A, - ix/2. Here the higher-

order term Ec¢,; o & is ignored in the expression of ¢,;.

The steady-state solutions of the system (¢, ,, = 0) are

Eg EA,

C — == 5> Co) — =~ = 5>
STRA -2 T AA -

52 g2
€, = ——=—5—= —— = s
£ ﬁ(AﬂAf _gz)[Af(Aa + Ac) _gz]

A

ey = - £ (C2)

(AﬂA¢‘ _gz)[Af(Aa + A[) _gz].

The eigenenergies of dressed states A, can be calculated
from the non-Hermitian Hamiltonian in the two-quanta
subspace:

A -A,, g 0 0
g A,-A,. 0 0 —0
0 0 28, -A,, V2g -
& 0 V2g A, +A,-A,,

(C3)

and therefore eigenenergies of the effective Hamiltonian can be
obtained so that some expressions can be simplified by
A&, —AA - and Ay dy, — A, +A) g
Note that the eigenenergies can also extend to higher energy
levels. In the effective Hamiltonian [Eq. (3)] in the main
text, the interaction terms between states with the same quanta
are in 2 x 2 submatrices. In other matrix elements, only
(e, m|H.glg, m) have nonzero values, while (g, m|H.g|e, m)
are ignored because there is the lower probability to de-excite
from higher-quanta states to lower-quanta states. So the effec-
tive Hamiltonian has the form

>}

c £
g A
0 0 2A, V2
E 0 ﬁg A, +A,
0 0 A, Jmg
g 0 \/ﬁg Ac’,m—l

(C4)
where Ag,m = mA,, &e,m,l =A,+ (m-1)A,. The eigene-

nergies can be calculated from its diagonal blocks by some lin-
ear algebra calculation:
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&gm + &e m-1 \/(Ag,m - Ae,m—l)2 + 4mg2
- — =+
2 2

2m-1)A, + A A, -A\?
_@m-DA+ A, )2€+ :i:\/( - ) +mg>.  (CS)

The second-order correlation function ¢®(0) can be ex-

panded by orders of field amplitude a = (a) as
(a?a’) = (@ + Ad')*(a + Aa)?)
= ((a* + 2a*Ad" + Aa'?)(@? + 2aAa + Ad?))
= |a|* + 2Re[(a*)*(Ad?)] + 4|al*(Aa’ Ad)
+ 4 Re[a* (Aa' Ad*)] + (Aa? Ad?)
= (d'a)> + (A2 AL) - (AaT Aa)?)
+ 4 Re[a* (Aa" Ad?)]
+ 2|a*(Aa’ Aa) + {2 Re[(a*)?(Ad?)]}, (C6)
and then ¢®(0) can be split as 1 + 7y + I, + I, with
Iy = (Ad"?A?) [ (a' a)?,
I, = 4Re[(a")(Ad"AL?)]/(a'a)?,
2|al?(Ad’ Aa) + a**{Ad?) + a*(Aa'?)

Em:l: =

2= (fa)z
i —19 eiG 2 2
= jap HECE R g E. (e

I represents the normally ordered variance of fluctuation
intensity, and 7, represents the normally ordered correlation
between fluctuation-field strength and intensity. Particularly,
I, is proportional to the fluctuation of the quadrature
operator, which corresponds to photon squeezing. Therefore,
when 7, <0, the output light has a squeezing property.
Substituting Eq. (C2) into Eq. (C7), [y, I;,I, can be
calculated as

|\/_ 2—5

Iy = Tl (C8)
il al°
[1 | |4) (cg)
2 RC[C;IZ(\/Zng - C;l)] + 4|Cg1 |4(|Cg1 |2 + |€e0|2)

[2 ==
|Cgl|4

(C10)

In the expressions above, terms with orders higher than £°
are ignored. When the pump is far detuned from resonance, the
populations are very small, so the analytical expression with or-
ders of €% is enough to describe the non-classical properties.
The only exception appears at a photon blockade. The first
rungs of dressed states have very large populations due to single
photon absorption. So the higher-order terms with only ¢,
should be considered. Thus, ¢ (0) and (:AX2:) can be de-
ducted from the expressions above, which correspond to
Egs. (4) and (5) in the main text:

+leq P (e l® + lecol®)
1 . A?
- _gzngC |:€_219 W}
2 A, A, A A2,
£ + 1AL

+54g — .
A ALt

(C12)

APPENDIX D: FURTHER DETAILS OF
NON-CLASSICAL LIGHT PROPERTIES

We show further details of non-classical light properties. The
state populations are depicted in Fig. 7. At photon antibunch-
ing, the system has peak population in the first rungs of dressed
states, corresponding to a photon blockade. At photon bunch-
ing, the second rungs of dressed states have peak population
revealing two-photon absorption, and two-photon absorption
occurs even under the photon blockade due to the existence of
cavity and emitter decays. This case will weaken single photon
properties. In Fig. 8, the second-order correlation function
29(0) is calculated with varied emitter decay y and cavity de-
cay k. It can be seen that the single photon property is weakened
with increasing decays.

— le? ——lceol®
— leg2|* —Ical?
-20 -10 0 10 20
A, (meV)

(f)

s 10°

49\ 7 10°
5 3107
810°

i::-t 0

— lenl’ —lceol?
— lcgal? —Icarl?

2 101
-20 -10 0 10 20 -20 -10 0 10 20
A, (meV) A, (meV)

Fig. 7. (a), (b) g®(0) and (:AX%:),;, with varied A,, A,. Two sit-
uations (A, - A, = 5,10 meV) are shown by dashed lines, which re-
present photon bunching with squeezing and without squeezing,
respectively. (c), (¢) g (0) and / 012 When A, - A, = 5,10 meV, re-
spectively. (d), (f) State populations when A, - A, = 5,10 meV. The
vertical dashed lines in (c)—(f) correspond to the first and second rungs
of dressed states.
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—— Kk=y=1

~10 0 10 20
Ac (meV)
Fig. 8. ¢®(0) as a function of cavity and emitter decays «, y. The

single photon property is weakened with increasing cavity and emitter
decays.

Next, the relation between photon bunching and squeezing
is clarified. We choose two typical cases in Fig. 7. In Figs. 7(c)
and 7(d), when A, - A, = 5 meV, the photon bunching and
squeezing can be simultaneously obtained. In Figs. 7(e)
and 7(f), when A, - A, = 10 meV, only photon bunching
can be achieved. In both cases, photon bunching comes
with a negative /,, which means the existence of photon
squeezing ({:AX3:) < 0) at photon bunching. However,
(:AX3:) « I,{a’a)? will vanish at larger detunings A, where
there are nearly no cavity photons.

It is worth mentioning that only a conventional blockade
occurs in our system. It can be verified by the fact that every
minimum of ¢?(0) is obtained under single photon excitation,
which is the feature of a conventional blockade and rules out
the possibility of an unconventional blockade. This is because
our system has only an atom driving, where an unconventional

blockade is totally suppressed [7].
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