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Nonreciprocal photon blockade in cavity optomagnonics
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We study nonreciprocal photon blockade in cavity optomagnonics, where a sphere of ferromagnetic crystal
supports two optical whispering-gallery modes and one magnon mode. The interaction in cavity optomagnonics
is subject to the selection rules involving conservation of angular momentum and energy, and the selection rules
introduce a nonreciprocal coupling between linearly polarized photons and magnons. For given incident linearly
polarized photons, the photon blockade occurs when the cavity is driven in one direction, but it disappears if the
cavity is driven in the opposite direction. The results suggest that cavity optomagnonics could be a promising
platform for studying chiral quantum optics and topological photonics.
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I. INTRODUCTION

For nonreciprocal devices, light transmission between any
two points in space is different for opposite propagation di-
rections. This mechanism has a wide range of applications
in information processing and has become fundamental in
photonic systems [1,2]. Nonreciprocity has been pursued for a
long time through Faraday rotation in magneto-optical mate-
rials, and recently, nonmagnetic nonreciprocal optical devices
were proposed using various methods for the purpose of inte-
gration [3-16].

Different from the classical Faraday effect, which is re-
lated to the rotation of the polarization plane of light when
it propagates along the magnetization direction, the emerg-
ing field of cavity optomagnonics is interesting in coupling
light to the dynamical magnetization excitations and not to
the magnetization itself [17-39]. The quanta of the dynam-
ical magnetization excitations, called magnons, inherit the
ability of single spins precessing and hence their chirality
[40]. The chirality of magnons enables nonreciprocal cou-
pling between magnons and microwave photons, which has
been exploited to realize the nonreciprocal transmission of
the microwave photon [41-44]. The chirality of magnons can
also introduce a nonreciprocal interaction between magnons
and whispering-gallery-mode (WGM) optical photons in cav-
ity optomagnonics [45—-47], and nonreciprocal Brillouin light
scattering has been demonstrated in experiments [48,49]. Al-
though the nonreciprocity has been discussed in regard to the
cavity magnonics system, those studies mainly focus on the
classical regime, i.e., the transmission properties of classical
light.
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Nonreciprocal photon blockade is a purely quantum effect
[50] which analyzes the nonreciprocal statistic properties of
the transmitted photons and is expected to play a key role in
chiral quantum technologies and topological photonics. The
blockade effect means that a photon excited in the cavity
will prevent the exciting of the second one. Photon blockade
can be realized in a nonlinear system by blocking the second
photon with large detuning [51-53] or utilizing the destructive
interference in the two-photon excitation state [54-56]. Non-
reciprocal photon blockade was first predicted by using the
Fizeau drag in a spinning optical Kerr resonator [50], where
a splitting of the resonance frequencies of the countercir-
culating modes was introduced. Subsequently, nonreciprocal
photon blockades were also researched in a spinning resonator
coupled to an auxiliary system [57-61], an optomechani-
cal system with directional nonlinear interaction [62], and a
linear-nonlinear optical molecule [63].

In this paper, we study the nonreciprocal photon blockade
in cavity optomagnonics, where a ferromagnetic sphere sup-
ports both optical WGMs and magnetostatic modes. On the
one hand, the interaction in cavity optomagnonics is intrinsi-
cally nonlinear, in which an incident linearly polarized photon
in WGMs is scattered into an orthogonally polarized photon
by eliminating or creating a magnon. On the other hand, the
interaction is subject to selection rules involving the conser-
vation of angular momentum and energy. Because the angular
momenta of the WGM photons have opposite signs for coun-
terclockwise (CCW) and clockwise (CW) circulations, the
selection rules are different for the two circulations, leading
to nonreciprocal optomagnonic coupling. We show that such
nonlinear nonreciprocal optomagnonic coupling can be uti-
lized for the realization of nonreciprocal photon blockade; that
is, strong photon antibunching appears in a nonreciprocal way
for the CCW or CW input.

©2022 American Physical Society
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This paper is organized as follows. The model of op-
tomagnonic interaction and nonreciprocity of the selection
rules are studied in Sec. II. Nonreciprocal photon blockade is
discussed by analyzing the statistic properties of CCW and
CW photons in Sec. III. Finally, Sec. IV gives the conclusions.

II. NONRECIPROCAL OPTOMAGNONIC COUPLING

A. Optomagnonic interaction

Cavity optomagnonics is the study of the interaction of
magnets with light. The starting point of studies is usually

the dielectric tensor & (M) as a function of magnetization M
in the displacement field D =% (M) - E. To the leading order

of € in magnetization M, the components of the permittivity
tensor are [64]

Saﬁ(M) = 80(8r8aﬁ - ifeaﬂyMy)a (1)

where &g (g,) is the vacuum (relative) permittivity, d,4 rep-
resents the Kronecker delta function, and €4, denotes the
Levi-Civita tensor with spatial indices «, 8, and y. The sec-
ond term on the right-hand side of Eq. (1) parameterizes the
Faraday effect, and the constant f is related to the Faraday
rotation coefficient, which can be obtained by experiments.

Here, the second-order term of ¢ in M, called the Cotton-
Mouton effect, has been disregarded since it is not essential
for the configurations discussed in this paper.

For nondispersive media, the permittivity tensor is inde-
pendent of frequency, and the average electromagnetic energy
reads [36]

1
Bei=y [ e Y BBy + B, )

where E (H) expresses the electric (magnetic) field and pqg
indicates the permeability tensor. The permeability can be set
to that of the vacuum at high optical frequencies, and the
magneto-optical coupling is modeled through the dielectric
permittivity tensor. The modification of the electromagnetic
energy is introduced by the magnetization-dependent part of
the permittivity, and the modification is given by

Umo = —;—.sof/drM(r,t) - [E*(r,t) x E(r,0)].  (3)

The optomagnonic system is interesting in coupling light
to the dynamics of the magnetization, not the magnetiza-
tion itself. Thus, we describe the magnetization M(r, ¢) by
an excitation SM(r, ¢) around the saturated magnetization
Mg, i.e., M(r,t) = Mg + §M(r, t). In the case of small de-
viations |[6M| < |Mg|, the magnetization can be quantized
as SM(r, 1) > % >, wy (0, + Wi (r)mf ], where 7, is the
annihilation operator of the magnon mode 1 and w,(r) de-
notes the mode amplitude. The electric field of the light can
also be quantized as E(r,7) — Y [E(r)a + E*(r)a'], with
the mode function E(r) and the annihilation operator a of
the optical mode. The quantization procedure leads to the
optomagnonic interaction Hamiltonian (7 = 1) [36,45]

Avo =Y a,a (G}, ity + Gypil) + He.,  (4)
pan

where energy-nonconserving terms such as a;agm,? have been
discarded in the rotating-wave approximation and the static
Faraday effect introduced by Mg is ignored since it makes
no contribution to the interaction. The couplings G[fqn (G )
parametrizes the anti-Stokes (Stokes) scattering amplitude of
a photon from mode p to ¢ by the annihilation (creation) of a
magnon in mode 7. The coupling constants are
i i Mgy N
G = —ZsofT/.er,,(r) [Ep(r) x Eq(r)], (5a)

— i MS * *
Gy = — 350 5" / drw(F) - [E,(r) x EX(n)]. (5b)

The coupling can be determined when the normaliza-
tions of the optical and magnon modes are specified. The
normalization of optical fields is obtain as f dr|Ep(r)|2 =
hw,/2&0e, with the frequency w, of mode p. We can then de-

fine E,(r) = \/hw,/2epe,V,u,(r), where the mode function
u,(r) is normalized to the effective mode volume f drup(r) -
u;;, (r) =V,8,  [36,37]. The effective mode volume V, de-
scribes the spatial extension of the optical field, which is
useful for dealing with optical surface states. For magnon
modes, the normalization is expressed as [ dr|w, ) =
4g.up/Ms, where g, is the Landé factor and up is the Bohr
magneton [25,45]. It is physically appealing to adopt an effec-
tive magnon mode volume as in optics, [ drv,(r) - v, (r) =
Viu8y.y» and we have w,(r) = /4g g /MV,,v,(r). The ef-
fective mode volume V), is a measure of the spatial extent of
the magnon mode in the sample, which is valid for circularly
polarized magnon modes.
The normalized coupling constant can be expressed as

[ MS 4gMB @ +

+ = —— s .

GP‘I’I - 480f 2 Myvm 2808rv int? (63')
- i Ms |4gup © _

Gpgy = —z80f =~ Vi 6b
ra 480f 2\ MV, 2608,V ™ (6b)

where

Vi = /drv,,(r) - [u,(r) x wy ()], (7a)
Vie = /dl'VZ(l‘) < [up(r) x uy(r)] (7b)

are the overlap integrals of the three mode functions. Here, we
have assumed that the optical mode frequencies and volumes
differ slightly, i.e., w, ~ w, = w and V,  V, = V. Note that
small mode volumes and a large triple-mode overlap are re-
quired for large coupling.

B. Optical WGMs and magnetostatic modes
in a ferromagnetic sphere

The expressions of coupling equations (5) and (6) are
general and allow us to treat many configurations [22,65].
In this paper, we study the optomagnonic coupling in an
yttrium iron garnet (Y1G) sphere, which supports both magne-
tostatic modes and optical WGMSs. YIG is currently the most
often used material in cavity optomagnonics because of its
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high Curie temperature and high optical and magnetic quality
factors [37].

The optical modes in YIG sphere are specified by collective
indices {I/, m, n}, where the indices (n — 1), (I — m), and m
are the numbers of radial, polar, and azimuthal nodes in the
electric field [66], respectively. The optical WGMs are those
modes which satisfy / > 1 and m &~ %I, where the sign of m
corresponds to the light circulation direction; m > 0 (m < 0)
refers to the CCW (CW) WGMs in the cavity.

The degeneracy of WGMs is broken at boundaries in fa-
vor of transverse electric (TE) and transverse magnetic (TM)
modes, corresponding to a polarization in plane and out of
plane with respect to the equator. The frequencies of TE and
TM modes with the same indices are split by geometrical
birefringence Bg with Bg = Rgs+/1 — 1/n2, where n, is the
refractive index of YIG and Rps is the free spectral range [19].
For a millimeter-sized sphere, the results Rgs ~ 40 GHz and
Bg ~ 32 GHz have been experimentally demonstrated [49].

The magnetostatic modes can be characterized by three
indices {l,,, m,,, n,,}. The simplest magnetostatic mode is the
nodeless uniform mode, namely, the Kittel mode, which is
labeled {1,,, 1,4, 0,,}. The Kittel mode has zero orbital angu-
lar momentum, —(m,, — 1) = 0, and spin angular momentum
S, = 1 [37]. Thus, the total angular momentum of the Kittel
mode is 1. A typical frequency of the Kittel mode is in the
gigahertz range, which can be tuned by an external magnetic
field close to Rgs — Bg ~ 8 GHz.

C. Selection rules

For incident linearly polarized photons, the expressions for
Vuj; in Eq. (7) imply that the TE — TE and TM — TM
scattering probabilities vanish, and the scattering with orthog-
onal polarizations TE — TM and TM — TE maximizes the
coupling.

TE-CCW input. Consider TE-CCW incident WGMs p =
{l, m, n, TE} scattered into g = {I’, m’, n’, TM} by a Kittel
mode {1,,, 1,,, 0,,}. The conservation of angular momentum
is expected due to the axial symmetry of the system, and it
can be revealed by the solutions of integrals Vlft Based on
the orthonormality of the spherical harmonics, the integrals
Vmit can be calculated in polar coordinates, and the coupling

strengths are given by [45]

+
qur;,ccw = gisn,n’8m,n1’q:18l,l’:|:l P (8)

where g4 = :I:% /%, with the spin number density

s = M,/g,up. The coupling constants G‘fqmccw capture the
selection rules of the optomagnonic interaction [23], which in-
dicate the incident WGMSs p = {l, m, n, TE} can be scattered
into only ¢ = {l — 1, m — 1, n, TM} in the Stokes scattering
process with amplitude G;qn,ccw org={l+1,m+1,n, TM}
in the anti-Stokes scattering process with amplitude G[fqn’ccw.

The optical transitions for the CCW input are shown in
Fig. 1(b). The amplitudes G, .., of the Stokes scattering
I — I — 1 are maximized when the magnon frequency w,, is
tuned to Rgs — Bg. However, the anti-Stokes transition [ —
I + 1 is highly detuned by Rgs + Bg + w,, ~ 80 GHz, and

hence, G ~ 0.

pgn.ccw

M
(a)
ccw_ «f = <t cw
Input — NSTM v Input
(b) ccw CW
[+1 [+1
ok ok
RSF BG l l
e L e - G
TE ™ TE ™

FIG. 1. (a) Schematic diagram of a cavity optomagnonic system.
(b) Spectrum of the optical modes and schematic diagram of the
selection rules in Egs. (8) and (10). RsF is the free spectral range,
and Bg is the TM-TE splitting by geometrical birefringence. For a
millimeter-sized YIG sphere, the typical magnon frequency w,, can
be tuned close to Rgs — Bg. For TE incident light, only the Stokes
scattering in CCW mode associates with the transition / — / — 1 is
allowed, leading to nonreciprocal optomagnonic interaction.

In the scattering processes, the angular momentum of the
Kittel mode is transferred between optical TE and TM modes,
and the azimuthal mode index m of the WGMs must change
by 1. When the magnon mode is tuned to the Am = —1
transition, the Am = 1 transition will be highly suppressed by
the large detuning induced by the geometrical birefringence.
This leads to an asymmetrical Brillouin light scattering, which
was demonstrated in recent experiments [18,19,48].

Therefore, the interaction Hamiltonian (4) for the TE-
CCW input can be reduced to

HEY = Gagal m' +al a,m), 9)
where the coupling constant G, .., has been rewritten as
G for simplicity. The interaction Hamiltonian indicates that
the annihilation (creation) of a photon in the TE mode is
accompanied by the creation (annihilation) of a magnon and
a photon in the TM mode, and the frequencies of the three
modes satisfy w,, = 0, + Om.

TE-CW input. On the other hand, for the TE-CW incident
WGMs, the sign of the azimuthal number of WMGs is m < 0.

The coupling strength G‘fqmcw can be calculated as

G]j;:qn,cw = gi8n,n/5m,m’:|:181,l/il . (10)

In this case, the incident WGMs p = {I, m, n, TE} can be
scattered into g = {{ + 1, m — 1, n, TM} in the Stokes scat-
tering process with amplitude G, ., orintog = {/ — 1, m +

1, n, TM} in the anti-Stokes scattering process with amplitude
+
Gpgn.ew:
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The Stokes scattering [ — [ + 1 is accompanied by the
creation of a magnon, and the angular momentum is trans-
ferred from WGMs to the Kittel mode, which is consistent
with angular momentum conservation. However, the transi-
tion ] — [ + 1 is detuned by Rgs + Bg — w,, ~ 64 GHz, as
shown in Fig. 1(b). The anti-Stokes scattering  — [ — 1 oc-
curs by annihilating a magnon, and the angular momentum of
the Kittel mode is transferred to the TM mode. But the tran-
sition / — [ — 1 is also nonresonant with a detuning Rgs —
Bg + w,, ~ 16 GHz, which is larger than the typical cavity
linewidth ¥ = 1 GHz. Hence, both the Stokes and anti-Stokes
scattering processes are highly suppressed, G ~ 0, and

. . . . pqﬂ,CW
the optomagnonic interaction is absent for the CW mode,

HYY = 0. (11)

For incident TE-CW photons, the increase (reduction) in
angular momentum of optical WGMs is accompanied by a
reduction (increase) in the energy, which is not favorable
for the transitions, leading to the absence of optomagnonic
coupling.

As discussed above, the selection rules are different for
CCW and CW inputs. This results in the nonreciprocal
optomagnonic coupling, which has been demonstrated in ex-
periments in terms of Brillouin light scattering [48,49]. The
nonreciprocal characteristics of the selection rules can be
understood by the chirality of optical WGMs. The angular
momenta of optical WGMs have opposite signs for different
circulation directions; the angular momentum m > 0 for the
CCW mode, and m < 0 for the CW mode. In the scatter-
ing processes, the angular momentum is transferred between
magnons and WGMs photons. When the light is input in
the opposite circulation direction, the processes of magnon
creation and annihilation, that is, the Stokes and anti-Stokes
scattering processes, must be exchanged because of angular
momentum conservation, leading to the nonreciprocal selec-
tion rules.

So far, the above discussions have focused on the TE inci-
dent photons. The results can be extended to the TM incident
photons, and similar selection rules can be obtained [46,49].
In the following, we discuss only the case of TE incident
WGMs for clarity.

III. NONRECIPROCAL PHOTON BLOCKADE

A. Anharmonic energy level in few-photon subspace

The Hamiltonian Hﬁftw in Eq. (9) presents a nonlinear
optomagnonic coupling which enables a resonant interaction
between states |n., n,,,m,) and |n, —1,n,, +1,m +1)
with amplitudes G,/n,, (n,, + D)(m, + 1), where n, n,,,
and m, denote the photon numbers of the TE mode and the
TM mode and the magnon number of the Kittel mode, respec-
tively. The nonlinear interaction is crucial to realize the photon
blockade [67]. To show this more clearly, we diagonalize the
Hamiltonian I:Iifftw in the few-photon subspace. In the zero-
photon subspace, obviously, the eigenstate of the Hamiltonian
is |0p) = |000), and the eigenvalue is zero. In the one-photon
subspace {|100), |011)}, the Hamiltonian can be expressed as

CCw CW
12,)
2. |200 1111) [022) 2 56 1200)
WrE
+ [2_) 6G
3 wL
%wLA’E) |100)
wpy |1100) 011 : 126
+ 1)
Wik Wy, Wy,
1000) 10g) 1000)

FIG. 2. Energy level of the system in the few-photon subspace.
States are labeled |1, ny,,, m, ), where n, and n,, are the photon
numbers of the TE and TM modes and m, denotes the magnon
number. Left: The optomagnonic coupling between the CCW optical
mode and the Kittel mode splits the degeneracy of the states into the
one- and two-photon subspaces, leading to an anharmonic energy
level of the system. Red arrows denote the single-photon blockade;
green arrows indicate the two-photon transition. Right: The CW op-
tical mode which does not couple to Kittel mode presents a harmonic
energy level.

a matrix with the form

A =(o §): (12)

which can be diagonalized, resulting in the eigenstates |11) =
\%(HOO) £ |011)) and the corresponding eigenvalues £G.

The Hamiltonian has the form

0 V26 0
HY=|1/26 0 2G (13)
0 260

in the two-photon subspace {|200), |111),]022)}, and the
eigenstates are [2p) = \/%(\/5|2()O) —1022)) and |24) =

JLé(|200> + /3(]111) 4+ +/2]022)), with eigenvalues of zero

and £+/6G, respectively.

The energy level of the system in the few-photon subspace
is presented in the left panel of Fig. 2. Due to the nonlinear
optomagnonic coupling in the CCW direction, the degener-
acy of the states is split in the one-photon and two-photon
subspaces, which gives rise to an anharmonic energy level of
the system. The anharmonic energy level can be exploited to
realize photon blockade, analogous to that implemented by
using the Jaynes-Cummings ladder of the atom-cavity system
[52,53].

Consider a weak field with frequency w; used to drive
the TE-CCW mode. When the TE-CCW mode is driven at
detuning A = wrg — w; = *£G, the single-photon resonance
transitions |0g) — |14) take place, and the subsequent tran-
sitions |14) — |2p), |24) are suppressed for large detuning,
leading to the single-photon blockade. For a CCW mode
driven at 2A = ++/6G, the two-photon transitions |0g) —
|21) dominate, which is often referred to two-photon blockade
or photon-induced tunneling.
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In contrast to the CCW mode, there is no coupling between
the optical modes and the Kittel mode in the CW direction.
Thus, the system presents a harmonic energy level, where the
photon blockade never happens, as shown in the right panel of
Fig. 2.

B. Second-order correlation function

The full Hamiltonian includes the free-evolution part, and
the driving term reads

H = Hy + Hip + Har, (14)

where the interaction Hamiltonian Hiy is HSY for the CCW

mode and Hl‘;‘l‘t" for the CW mode. The free-evolution part of
the system is

Hy = wa! ay, + wy,al g, + oni'i, (15)
and the driving term
Hy = Q@™ +af e ), (16)

with the amplitude €2;, of the driving field.

When the dissipations of optical modes and the Kittel mode
are taken into account, the dynamical evolution of the system
is described in terms of the density matrix p by the master
equation

. N K__ K__ .
p=—ilH, pl+ ED(aTE)p + ED(aTM)p
+ %ﬁmD(rh*)p + gmm + D)D), (17)

where D(0)p = 20p06" — 6'0p — po'6, k and y are the decay
rates of optical modes and the Kittel mode, respectively, and
i = 1/[exp (Awy,, /kgT) — 1] denotes the thermal magnon
number at the environmental temperature 7 .

The photon statistical properties of the optical CCW and
CW modes can be characterized by the equal-time second-
order correlation function

(@“a*) _ Tr@"a’py)

@a?  Tratap,)?’

g2(0) = (18)
where p; is the steady-state solution of the density matrix. It is
known that the correlation function g(2>(0) <1 [g(z)(O) > 1]
corresponds to the photon antibunching (bunching) effect, and
the limit g®(0) — 0 indicates the complete photon blockade
in which only one photon can be excited in the optical mode
[51-53].

To study the detailed conditions for photon blockade in
the CCW mode, we calculate the correlation function ap-
proximately in a truncated Fock space. Assuming that the
optomagnonic system is initially cooled to its ground state,
when the TE-CCW mode is driven by a sufficiently weak driv-
ing field, only a few photons can be excited. Hence, the state
of the system can be expanded in the few-photon subspace

[ (1)) = Coool000) + Ci00/100) 4+ Cp111011)
+ Co0]200) + Ci11[111) + Cp2022),  (19)

where the coefficients Cy, _ » . m, denote the probability am-

plitudes of the corresponding states. Then the second-order

correlation function of the TE-CCW mode can be written as
2|Caoo0l®
(IC1001* + IC111 1> + 2[Cag0]*)?

In order to calculate the correlation function, the full
Hamiltonian H for the CCW mode is transformed into the
frame defined by the unitary operator U = e'reme Hany 4oLt
to make the driving term time independent. Thus, we have

g2,(0) =

(20)

+ (A = )] ayy, + oni' i

H® = A&' &

TE TE
+Gagal m' +a anm) + Qg +a’). @21
Consider an effective non-Hermitian Hamiltonian
g 3, Ko r PEIN Y oAt A
Heir = H*™ — i8], + 8y, 8y) — i, (22)

and substitute it into the Schrodinger equation id|vyr)/dt =
H.g|1); the probability amplitudes can be calculated by the
following equations of motion:

iCo0o = ,C100. (23a)
iCi00 = k'Ci00 + GCor1 + 21.Co0 + V22 Ca0.  (23b)
iCo11 = k'Cot1 + GCioo + Q.Cr11, (23¢)
iCa00 = 2'Cago + v2GC111 + V29, Cion, (23d)
iCi11 = 2k'Ciiy 4+ vV2GCoo + 2GCon2 + .Cotr, (23
iCona = 2k'Copp + 2GC11, (231)

where k" = A —ix/2 and we have neglected the magnon
decay rate by assuming y < «. In the weak-driving regime
Q; < k, only a few photons will be excited. In the limit
Qr — 0, we have Cyoo — 1, and the system approaches the
ground state. Hence, the probability amplitudes Cjoo and Cy;;
are proportional to €, while Cyy, Ci11, and Cpy are on
the scale of Q7. By neglecting the higher orders of Q; in
Egs. (23), the amplitudes in the steady state are approximated
as

Cuo = —— 2 (242)
K/2 _ G2
Con = e, (24b)
2 2 2
Copo = % 2 S_zLéz’)c(lzK_,zG_ )3G2)’ (24¢)
2
Cin =202 G?)g(zzL/f2 —3G2)’ (24d)
Coz = G (24e)

(K/z _ Gz)(ZK’Z _ 3G2)'

In the case of weak driving field, the probability of excit-
ing one photon is larger than that of exciting two photons,
[Cio0l? > |Ca00l?, |C111]%. Thus, the second-order correlation
function (20) is reduced to g2 (0) &~ 2|Cano|*/|Ci00|*. Based
on Egs. (24), the approximate solution of the correlation func-
tion of the CCW mode is given by

V2
g (0) = Iw(jg(}), (25)
R(OR(%2G)
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10*
©- CCW, numerical
x-CW, numerical

CCW, analytical
102 L CW, analytical

FIG. 3. Second-order correlation function g (0) of CCW and
CW modes versus A/G. Parameters are chosen as G/k = 10, y /k =
0.01, 2./« = 0.1, and iz, = 0.

where R(w) = [k2/4 + (A — w)?][k?/4 + (A + w)?]. Using
the expressions of the factors R(w), we have the maximal
values of g2) (0) at A = 0, £+/6G/2, where the correlation

function g2 (0) > 1, which indicates photon bunching. The
minimal values of g2 (0) appear at A = +G, £v/2G/2. At

ccw
these positions, the correlation function g2 (0) < 1 denotes
photon antibunching, where the probability of exciting the
single-photon state in the CCW mode is higher than that of
preparing a two-photon state.
Since the coupling between the CW mode and the Kittel
mode is absent, the correlation function of the CW mode can

be obtained by setting G = 0 in Eq. (25), and we have
gan(0) = 1. (26)

Neither photon bunching nor photon antibunching happens for
the CW mode.

Second-order correlation functions g (0) of the CCW and
CW modes as a function of A/G are plotted in Fig. 3. The
analytical results (25) and (26) agree well with the numerical
results based on the master equation (17). The correlation
function g@2) (0) shows several peaks and dips, which orig-
inate from the nonlinear coupling between the CCW mode
and the Kittel mode, while the correlation function for the
CW mode is located at g2)(0) = 1, as expected. The pho-
ton blockade g2) (0) < 1 at detuning A = +G comes from
the single-photon transition |0yp) — |11+). When the energy
level splitting in single-photon subspace is larger than the
cavity linewidth, i.e., G > «, the single-photon transition can
be spectrally resolved, but the subsequent transition |11) —
|20), |2+) is blocked for a large detuning, leading to pho-
ton blockade. The photon blockade occurs at A = :I:ﬁG/ 2
and is due to destructive interference which suppresses the
population in |200), as discussed in the two-mode optome-
chanical system [67]. The photon bunching at A =0 also
comes from the destructive interference at |100), where the
system is driven into a dark state |dark) o< G|000) — €2,|011),
then couples to |200) via |111). At detuning A = :i:\/EG/Z,
the two-photon resonance transition |0g) — |2.) leads to the
photon bunching g2) (0) > 1.

The correlation function g2) (0) of the CCW mode as
a function of G/k is shown in Fig. 4. The correlation
function decreases with the increasing of G/, and the strong-

1.2

1 2 |
G/k
0 L L T
0 5 10 15 20 25 30

G/k

FIG. 4. Second-order correlation function g2 (0) of the CCW
mode as a function of G/k at A = G. Parameters are the same as in

Fig. 3.

coupling condition G > k is necessary to realize photon
blockade. In the weak-coupling regime, the transition |0p) —
|11) cannot be spectrally resolved, which hinders the re-
alization of photon antibunching, as shown in the inset of
Fig. 4.

Figure 5 displays the correlation function g2) (0) of the
CCW mode versus A/G for different values of #y. The
qualities of photon bunching and antibunching are degraded
with the increasing of 7y, but both bunching and antibunch-
ing still survive for small thermal magnon occupations. For
a YIG sphere with magnon frequency w,, = 7.95 GHz, the
average thermal magnon number in a dilution refrigerator at
temperature 10 mK is ny = 0.026 [68]. The small thermal
magnon occupations little affect the photon statistical proper-
ties. Figure 5 also shows several new resonances emerge in the
correlation function which are absent for 72y, = 0. To under-
stand these new features, we assumed that the magnon mode
is initially in a thermal state and the cavity is in a vacuum, and
the system can be described by the density matrix p = (1 —
P) 2 e >0 P"€100m, ) (00m, |, where p = exp(—hw,, /kgT). In
this case, the splitting of the energy level in the one- and two-
photon subspaces is m, dependent, the individual resonances
within each m, subspace start to overlap, and the cumulative
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FIG. 5. Second-order correlation function g, (0) of the CCW
mode as a function of A /G for different values of 71,. Parameters are
the same as in Fig. 3.
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effect of different magnon numbers leads to the new bunching
and antibunching features [67,69].

IV. DISCUSSION AND CONCLUSIONS

By studying the second-order correlation function,
we found that the single-photon-magnon strong coupling
G > k is required to realize the photon blockade. In cur-
rent YIG-based experiments, the measured values of G are
still significantly smaller than the cavity damping rate k.
Great efforts have been made to enhance optomagnonic
coupling; it was shown that the coupling strength can be
enhanced by reducing the mode volume of the optical mode
[22,33,34], selecting magnon modes to maximize the over-
lap of the magnon and photon modes [25], or designing an
optomagnonic crystal [65]. Besides the YIG crystal, new mag-
netic materials could also be investigated for optomagnonics.
Recent studies predicted that in magnetized epsilon-near-
zero media the single-photon-magnon coupling strength can
be enhanced close to the magnon frequency in the giga-
hertz range [70,71]. Although current experiments are still
far away from the required coupling strength, it is to be
expected that the coupling strength can be improved in the
future. Moreover, the unconventional photon blockade which

utilizes the destructive interference in the two-photon exci-
tation state needs only weakly nonlinear coupling [54-56].
The extension of our scheme to the unconventional photon
blockade can relax the requirement of the strong-coupling
condition.

In summary, we have studied nonreciprocal photon block-
ade in a cavity optomagnonics system. Due to the selection
rules of angular momentum and the triple-resonance con-
dition, the system presents a nonreciprocal optomagnonic
coupling, in which magnons couple to only one of the
linearly polarized CCW or CW WGM photons. This en-
ables the realization of nonreciprocal photon blockade in the
single-photon-magnon strong-coupling regime. Our proposal
suggests that a cavity optomagnonics system may be an attrac-
tive platform for studying chiral quantum optics. In addition,
it would be interesting if our study could be extended to
chiral metamaterials [72—76] for applications of nonreciprocal
devices.
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