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Abstract

Coherent quantum transduction between microwave and optical signals is of great importance for
long-distance quantum communication. Here we propose a novel scheme for the implementation
of nonreciprocal single-photon state conversion between microwave and optical modes based on a
hybrid magnonic system. A yttrium—iron—garnet (YIG) sphere with both the optomechanical and
the optomagnetic properties is exploited to couple with a three-dimensional superconducting
microwave resonator. The magnetostatic mode of the YIG sphere is treated as an intermediate to
interact with the microwave and optical modes simultaneously. By manipulating the amplitudes
and phase differences between the couplings via external driving fields, we show that the
nonreciprocal microwave-light single-photon state conversion can be realized via the quantum
interference effect.

1. Introduction

Hybrid quantum systems have been extensively studied to harness the advantages of distinct physical systems
for implementing various kinds of quantum information protocols [1-3]. The crucial requirement on this
subject is to achieve the strong coupling between different physical subsystems [3—5]. Recently, the
ferromagnetic crystal [6-8], especially the yttrium—iron—garnet (YIG) coupled to superconducting
microwave cavity has received great attention as an alternative approach to realize strong light—-matter
interactions [9—-13].

YIG is a representative ferrite material with excellent dielectric properties and high Curie temperature.
Thanks to its high spin density and low damping rate, the strong and even ultrastrong coupling between
magnons (the quanta of collective spin excitations) and microwave photons have already been observed
[14-22]. Experimentally, significant progress has been made based on this hybrid cavity magnonic system for
many quantum technological applications [23-39]. In addition, the magnetic excitations in the YIG sphere
can lead to the geometric deformation of the surface. Thus, the magnetic modes can also couple to the
mechanical modes through magnetostrictive interactions [40, 41]. In the light of these advances, a series of
theoretical works have been proposed for realizing quantum entanglement [42-50], non-Hermitian effects
[51-55], phonon laser [56, 57], magnon blockade [58—62], nonreciprocity [63—66], etc.

On the other hand, the YIG sphere itself can also be shaped into an optical whispering gallery mode
(WGM) cavity with high quality factor and relatively small mode volume [67-70]. When the
triple-resonance condition is satisfied, the optical WGMs can couple to magnon modes by means of the
Brillouin scattering process [71-74]; that is, the input and output optical modes are resonant with the
frequency difference given by a magnon mode [75]. The triple resonance can be readily achieved by tuning
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the magnon frequency via the external bias magnetic field. This emerging field of cavity optomagnonics has
received considerable attentions [76—89]. Since the magnon modes can couple to both the microwave and
optical photons, it is therefore desirable to exploit the YIG sphere to realize a microwave-to-optical
transducer [90, 91]. Moreover, recent experiments have reported the bidirectional conversion between the
microwave and optical modes via a ferromagnetic mode [92-94].

In this paper, we takes a step forward, i.e. the nonreciprocal microwave-optical single-photon state
conversion is studied in a hybrid quantum magnonic system. The proposed setup is based on a YIG sphere
with both optomechanical and optomagnetic properties coupled to a three-dimensional microwave cavity.
The YIG sphere itself holds the magnon, optical and mechanical modes simultaneously, and these three
modes couple to each other through the magnetostrictive, optomagnonic and optomechanical interactions,
respectively. By turning the external driving fields, the magnitude ratios and phase differences of those
couplings can be controlled. As a result, breaking of time-reversal symmetry can be achieved, leading to the
desired the optical nonreciprocity. We show that the designed optical component enables a
high-performance nonreciprocal single-photon state conversion between the microwave and optical modes
through the quantum interference of two possible paths. The conversion of photons from one frequency to
the other one is enhanced by the constructive quantum interference, while the conversion in the reversal
direction is suppressed due to the destructive quantum interference. Moreover, the optical nonreciprocity
can also be reversed on-demand by changing the phase differences. The interface [95-101] and the
nonreciprocal single-photon conversion [102—107] between microwave and optical modes is of great
importance in noise-tolerant quantum networks. So, our work may stimulate many practical quantum
applications based on the hybrid ferromagnetic system.

2. Model and Hamiltonian

As schematically depicted in figure 1, we investigate a hybrid quantum system of a YIG sphere with both the
optomechanical and optomagnetic properties coupled to a three-dimensional microwave cavity through
magnetic dipole interaction [15, 16]. The YIG sphere is placed at the antinode of microwave magnetic field
in the three-dimensional microwave cavity and locally biased with a static magnetic field H. It is well known
that many magnetostatic modes can be excited in the YIG sphere, when the magnetic component of the
microwave cavity field is perpendicular to the bias magnetic field. Here, we only focus on the simplest
magnetostatic mode, i.e. the Kittel mode [108] that has the uniform spin precessions in the whole volume of
YIG sphere and the highest magnetic coupling strength with the microwave cavity [93]. Additionally, the YIG
itself is shaped into a whispering gallery resonator that supports optical WGMs. The Kittel mode can interact
with the optical transverse electric (TE) mode and transverse magnetic (TM) mode through a three-wave
process, i.e. a Brillouin light scattering process [71, 72]. Owing to the deformation of the geometry structure,
we also consider an intrinsic vibrational mode of the YIG sphere, and the associated phonons are coupled to
the optical photons via the radiation pressure and to the magnons via the magnetostrictive interaction

[40, 41]. Thus, the free Hamiltonian of the whole system reads (7 = 1 hereafter)

Hy =Y wsf'B, (1)
B

where wj is the resonance frequency, and 3 and 3 are the annihilation and creation operators
(6 = a,b,c,m,r represents the TM, TE, microwave cavity, magnon and phonon modes, respectively).
Furthermore, the interactions between different modes can be described by the following Hamiltonian

Hi=gn (abT + aTb) (mT +m) + Ge (cT +c) (mT +m)
+ guemtm (r' + 1) + g, 0T (' + 1) . (2)

In the above equation, g, is the single-photon Brillouin coupling rate, G, represents the coupling strength
between the magnon and microwave photon, g,,, denotes the single-magnon magnomechanical coupling
rate and g, describes the single-photon optomechanical coupling strength between the TE and the phonon
mode. Because the vibration direction of the mechanical mode and the field direction of the TM mode is
orthogonal [80], there is no direct coupling between the mechanical mode and the TM mode. To enhance
and linearize the optomagnonic, magnomechanical as well as the optomechanical interactions, we drive the
TM, TE and magnon modes simultaneously. The Hamiltonian that describes coherent driving is given by

H;= (QuaTe—i(wdut+9a) + beTe—i(wdbt-‘rOb) + QmmTe—i(wdmt-‘er) +H.C.) , 3)

2
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Figure 1. Schematic diagram of the hybrid quantum system. A YIG sphere is placed inside a three-dimensional microwave cavity
near the maximum magnetic field of the cavity mode, and simultaneously biased by a uniform static magnetic field H, enabling a
strong coupling between magnons and microwave photons. The magnon mode is directly driven by a microwave source to
enhance the magnomechanical coupling. In addition, the TE and TM mode of the YIG microsphere cavity is coupled to the
magnon mode through a Brillouin light scattering process.

where Q, = \/26,P,/waa (2 = \/2KPp/wap) denotes the coupling between the TM (TE) mode and the
external laser field with phase 6, (0;), k. (kp) is the external coupling rates, P, (Py) is the driving power, and
wda (wap) represents the oscillating frequency of the driving field to the TM (TE) mode. In addition, the Rabi
frequency €2, = %7\/1?730 describes the coupling of the applied AC magnetic field (with amplitude By,
driving frequency wg,, and phase ,,) to the Kittel mode, where /27 = 28 GHz T~! is the gyromagnetic
ratio, and N = pV,, is the total number of spins, i.e. V,, is the volume and p = 4.22 x 10* m~ is the spin
density of the YIG sphere.

Now, we apply a unitary transformation Uy (f) = e~ with H} = wgeala + wapb!b + wam (mim + cic).
Then, the total Hamiltonian yields

H, = ZA;QTQ + wrrTr+ [gmabTe*i(wda*wdb)t (mTeiwdmf + me*iwdmt)
(e}

+ (gb,bfb +gm,me) 7+ Gec' int (mTei“’d'"t + meii“’d"‘t)
+H.c.} + (Qae*ie“rﬂ + Qe bt + Qe Ommt +H.c.) (4)

with a =a,b,c,m, A} = ws — Waa, A, = Wp — wapy Al = we — Wam and A}, = wy, — W Provided that the
two conditions wgp — Wis — Wam = 0 and wap > Gy, gm are satisfied, we can safely neglect those fast
oscillating terms in equation (4) under the rotating-wave approximation. After that, the total Hamiltonian of

the whole system will reduce to the form

H, = Z Aéoﬂa + w4 [gnabTm + Gec'm + (g,bTb + gy m)r

(03

+Hee]+ (e % at + Qe bt + Qe P m’ + Hoe). (5)

After a standard linearization procedure under the strong driving conditions, we can obtain the linearized
Hamiltonian

Hi, = Z Agjota+wrtr+ [GubabT + Gama'm' + Gemc!
«

+ Gpmb’ + (GbrbT + Gm,m) (rJr + r) + H.c.] (6)

with A, = Aa’yc, Ap=A)+ g (ri + 1) and A,y = A} + g (17 + 1) In equation (6), Gam = gmbs

Gap = gmtMs, G = gmas> Gpr = guebs and G,y = gyym describe the effective field-enhanced coupling
strengths. Here, as, b, ¢, m; and r, are the steady state classical mean values of the a, b, ¢, m and r modes,
respectively. Details of the derivations of the above Hamiltonian are given in appendix.

To go a further step, we perform another unitary transformation U, (1) = e~ "* to equation (6) with
Hy'=>", Ayt +w,rr. If the parameters are chosen to be Ay = A, = A, = w, > {G i, Gine, Gonr, Gir )
A+ Ay > Gy and A, — Ay > Gy, we can use the rotating-wave approximation to neglect those fast
oscillating terms; that is, the TM mode can be safely eliminated. Then, the associated interaction
Hamiltonian can be written as

H = Guemc + Gymb' + G,ymrt + G,bTr + Hec.. (7)

As depicted in figure 2, the effective couplings of this hybrid quantum system is revealed. Notably, both the
magnitude and phase of the couplings can be well controlled by changing the external driving fields [103].

3
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Figure 2. The effective interaction of the hybrid quantum system. The magnon mode as a mediator is used to couple to both the
microwave mode and TE mode. Besides, an auxiliary phonon mode interacts with both the magnon mode and TE mode, and a
coupling loop is formed.

Without loss of generality, we assume that the coupling constants G, and G, are positive real numbers, and
Gur = |G| €9 is a complex number with a nontrivial phase ¢. In such a circumstance, the existence of the
nontrivial phase ¢ is related to an artificial synthetic magnetism penetrating the closed-loop [109-112],
which is formed by the couplings G, G,r and Gy,. As a result, the time-reversal symmetry is broken, and we
can realize a nonreciprocal quantum transduction between the microwave and optical signals.

3. Nonreciprocal single-photon state conversion

In this section, we discuss in detail how to realize the nonreciprocal microwave-light single-photon state
conversion based on the above mentioned hybrid quantum system, which is an important step towards the
long-distance quantum communication. To obtain this goal, we need to investigate the quantum dynamics of
our system by solving the quantum Langevin equations (QLEs). To this end, we define vectors v = [c,m, b, r]T
of annihilation operators and vy, = [cin, #in, bin, 7in] © With respect to noise operators. Here, these sources of
noise obey the following correlation relations

(b Oen(t') ) = nemd(t—1'), (b (min(t))) = a8 (6= 1),
(Bl (0bin(t")) = mand (e = 1), (Fh(Orn(t))) = mad(e =11, (®)

where 1, 4 = 1/(ewe/BT — 1) (o = ¢,m,b) and ny, = 1/(™/T — 1) are the thermal occupations with the
environmental temperature T and the Boltzmann constant kg. To effectively suppress these thermal
excitations, we consider the experimental working temperature T'= 10 mK. In this situation, the thermal
phonon number is about ny, = 1.69 for the mechanical frequency w,/27 = 100 MHz. Additionally, the
optical, microwave, and magnon modes have a relative large resonance frequency, whose thermal
occupations are negligible. Hence, we neglect the thermal excitations of the optical, microwave, and magnon
modes in the following discussions.

According to the Heisenberg equations of motion and together with the corresponding damping and
noise terms, we can derive the QLE of the vector v as

dv

i— = Mv+ivVKvy, (9)
dt
with the coefficient matrix
—ikc/2 Goe 0 0
Goe —iKy /2 G G*
M= . mr 1
0 Gup —1;‘%/2 Gy (10)
0 Gor Gy —ik,/2

and the diagonal matrix v/K =Diag [\//?C, VEms /Kb, \//?,] Here, kyj, and k. are the external coupling rates,
and we have neglected the internal decay rates of the TE and microwave modes in our scheme. There are no
external input signals for the mechanical and magnetic modes. So, x, and x,, can be regarded as their total
damping rates. Since the time evolution only involves the beam-splitter interactions, our system is always
stable for arbitrary parameters. By introducing the Fourier transformation o(t) = [ dwe™“'o(w) /27 for an
operator o, we proceed to convert equation (9) into the frequency domain
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Ww) = i(wl — M) ""VKviy(w), (11)

where I represents the 4 x 4 identity matrix. To achieve the output fields, we further define the output
operators Vour = [Couts Mout, Pout, Tout] . - By substituting equation (11) into the standard input—output theorem
Vout(w) = vin(w) — vKv(w), we can figure out the formula voy = T(w)vin, where

T(w) =I—ivVK(wI—M)"'VK (12)

is a unitary matrix. Here, the matrix element Tjj(w) describes the transmission amplitude from the mode j to
the mode i (i,7 = 1,2,3,4 is referred to ¢, m, b, r, respectively). In the absence of thermal phonon noise, T(w)
characterizes the transmission probability from the input single-photon state to the output one [113]. To
well illustrate the mechanism of nonreciprocal quantum transduction, we start our discussion by neglecting
the thermal phonon noise, whose effect will be discussed in the next section.

First of all, we consider the situation that an input single-photon is in resonance with the cavity
frequency, i.e. w = 0. The nonreciprocal conversion of the single-photon state with a finite bandwidth will be
later analyzed. To realize a perfect one-way quantum transduction from the microwave mode c to the optical
mode b, we must guarantee that the transmission matrix elements satisfy T13(0) = 0 and T5,(0) = 1.
According to equation (12), we can derive out the ratio of the transmission matrix element T13(0) to T5;(0);
that is

T13(0) Gy — 2iGy,y ‘Gmr| e”i? /Hr

B i ’ 13
T51(0)  Gup — 2iGy |G| € /5, (13)

Particularly, if the parameters are chosen to be |G,;| = Gupk,/2Gyr and ¢ = /2, we have T13(0) = 0 and
T51(0) # 0. This is the obvious nonreciprocal conditions, under which the input quantum signal of
microwave mode ¢ can be converted to the output one of the optical mode b, but not vice versa. Physically,
this nonreciprocity originates from the artificial synthetic magnetism. As seen in figures 3(a) and (b), the
phase difference ¢ among couplings G, G,y and Gy, is equivalent to creating a synthetic magnetic flux
threading the closed loop. When ¢ # n is satisfied (# is an integer), the time-reversal symmetry is broken,
leading to the desired optical nonreciprocity. For the specifical magnetic flux of ¢ = 7/2, the three modes
m, b and r play the role of a three-port circulator; that is, it allows for the quantum signal transmission along
the counterclockwise direction due to the quantum interference effect (m — b — r — m) [114, 115]. As
shown in figure 3(a), the input single-photon state of microwave cavity ¢ can be transferred to the output of
optical cavity b along two possible paths, where one path is along ¢ — m — b and the other one is along

¢ — m — r — b. Under the nonreciprocal conditions, the constructive interference occurs between the two
paths, which results in the enhancement of the matrix element T5;(0). On the contrary, as displayed in
figure 3(b), the transmission from the mode b to c is completely suppressed due to the destructive
interference between the two paths (b — m — cand b — r — m — ¢). This is the mechanism for the
realization of nonreciprocal quantum transduction.

Besides, it is also noteworthy here that the optical nonreciprocity can be reversed if the relative phase is
switched to ¢ = —m /2. Then, we can acquire an unidirectional single-photon state conversion from the
optical to microwave fields, i.e. T13(0) # 0 and T31(0) = 0. To simplify our discussion, we only concentrate
on the situation of ¢ = 7/2, i.e. the one-way quantum conversion from the microwave to optical photons.

As discussed above, Tj3(0) = 0 can be achieved in terms of the nonreciprocal conditions
|Goir| = Gupter/2Gyr and ¢ = 7 /2. However, to ensure an ideal nonreciprocal optical component, the
condition T3;(0) = 1 should be met at the same time. Consequently, it also requires |T;;(0) /T3 (0)] < 1
(i =2,4), which can prevent the loss of input photons to other modes. By setting Gy, = /KpF,/2, we can
deduce Ty (0) = 0 from the equation (12), indicating that the transmission from the microwave mode to
mechanical mode is totally inhibited. We now can give the full transmission matrix on resonance (i.e. w =0)

kD=L 2iVRmle _2iyTyT,
Em+Tp+Te K+ +T Km+Tp+T,

0
2iv/Eml e Ty+Tc—km 0 2V EmLp
0

T(()) = Em+Lp+Te Em+Tp+Te Em+Tp+Te (14)
2T, T, 2iv/KmLy e el O
Km+ 0+ Km+p+Tc Km+Tp+Te
0 0 1

with T, = 4G2, /kp and I, = 4G?, /K. It is now clear that the matrix elements T5;(0) and T3, (0) take the
form

2iv/ Kl

B . 2T T
- l“f/m"‘rb‘i‘]-—‘c, 31

T51(0 =
21( ) /ﬁm+rb+1—‘c

(0) (15)
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Figure 3. The nonreciprocal conversion between the microwave and optical photons with the synthetic magnetic flux ¢ = 7/2.
(a) Diagram of the input single-photon state transferred from the microwave mode to the optical mode. (b) Diagram of the input
single-photon state transferred from the optical mode to the microwave mode.
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Figure 4. The transmission matrix element T3 (0) is plotted vs the dimensionless coupling strength G,/ %, under the
nonreciprocal conditions. The relevant parameters are chosen as Gc/Kr = 4, K¢/ ke = 2, Ky /K = 2.5, and k, /27 = 2 MHz.

To highly suppress the state conversion from the microwave mode ¢ to the magnon mode 1, we should
control the parameters for k,, < Iy, such that the condition |T5;(0)/T51(0)| < 1 can be satisfied. If we
further set T'y = T'; (i.e. Gy & Ger/ K/ Ke), the transmission amplitude T31(0) ~ 1 can be achieved.
Therefore, by fulfilling the nonreciprocal conditions |G| = Guptir/2Gpys Gor = /RpFr/2 and ¢ = £7/2, as
well as x,, < I'y, = I, we can implement a high-performance nonreciprocal quantum transduction between
the optical and microwave modes.

To confirm the above discussion, we plot the transmission matrix element T3, (0) = 2v/T, ./
(km + T+ T,) as a function of the coupling constant G,,;, in figure 4. Under the nonreciprocal conditions, it
can be observed that the optimal nonreciprocal single-photon state conversion from the microwave to
optical mode (i.e. T5;(0) = 1 and T13(0) = 0) can be realized when I', = T'; and &,, = 0. Hence, it proves the
validity of our scheme. In a real situation, the dissipation of magnon mode is inevitable to weaken the optical
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Figure 5. The transmission matrix elements (a) |T3; (w)| and (b) |T13(w)]| are plotted as a function of the dimensionless
frequency w/k, and coupling strength G,/ %, under the nonreciprocal conditions. The other parameters are G/ K, = 4,
Ke/Kr = 2, Kp/Kr = 2.5, Km /Ky = 0.5 and k,/2m = 2 MHz.

nonreciprocity. However, for the most relevant value «,,/27 ~ 1 MHz in experiments, the condition
km < I'p, I is well satisfied, which can ensure a high-performance nonreciprocal single-photon state
conversion.

In principle, the different frequencies of the input excitations will influence the nonreciprocal conversion.
In practice, a microwave (optical) cavity has an internal (intrinsic) decay rate x;, = wo/Q, where wy is the
eigenfrequency and Q is the quality factor. It is obvious that the cavity’s intrinsic loss will reduce the
conversion fidelity. For a fixed quality factor Q, the different frequencies of input states will suffer from
different internal decay rates. From this perspective, the conversion fidelity is frequency-dependent. In our
scheme, however, we have considered the microwave (optical) cavity with a high-quality factor, and the
associated internal decay rate, which is much smaller than the external one, has been neglected. So, the
nonreciprocal conversion has not been affected by the frequencies of the input excitations when the input
single-photon is in resonance with the cavity frequency.

Up to now, we have only focused on the nonreciprocal quantum transduction when the input field is in
resonance with the cavity frequency, i.e. w = 0. In practice, the single-photon is typically with a finite
bandwidth. In order to investigate the frequency dependence of the optical nonreciprocity, we derive the
transmission matrix elements Ty3(w) and T3 (w) as

Gmc\/ﬁ K¢ _Gm r_G r Gmr
Ti3(w) = bie( D(:’)}’ br| |), (16)

Gmc\/ K'hKfc(_Gmb’Yr + Gy |Gmr|)
D(w)

T31 (LU) = ) (17)

where we have D(w) = G, (v, + Gzz;r) + e (Ym W Yr + ’YrG;znb + ’YmGir + % |Gmr|2)’ Ve = iw — ke /2,

Y = 1w — K [2, Y5 = iw — Kp/2 and 7, = iw — K, /2. In figure 5, we display the frequency-dependence
matrix elements | T5; (w)| and | T13(w)|. Based on the chosen parameters in the caption of figure 5, we can see
that transmission amplitudes |T51(w)| > 0.99 and |Ty3(w)| < 0.1 can be achieved around the central
frequency, which can enable a high-performance nonreciprocal single-photon state conversion from the
microwave to optical modes.

Without loss of generality, we consider an input single-photon microwave state that is described as a
Gauss wave packet denoted by |¢) . in(w)) = [ dwéin (w)|1(w)),» where ¢in(w) = [2/(md?)]/*e (/D" is the
normalized spectra amplitude with pulse width d, and |1(w)), represents the microwave single-photon state
of frequency component w. Since the microwave and optical modes are coupled to the other modes and the
environment, the input single-photon microwave state cannot be fully transmitted to the output of the
optical mode. As a result, the output optical state is described by
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Figure 6. Fidelity F3; (d) is plotted as a function of the dimensionless pulse width d/ . under the nonreciprocal conditions. The
relevant parameters are chosen as Gue/kr = 4, G/ ir = 4.47, Ke/Kir = 2, Kp/Kr = 2.5 and K, /2™ = 2 MHz.

= [ dull = | Ta()6n (@) 0(w), 0(0)
+ [ @l Ta@on@P 1), (1) i

So, the conversion fidelity of the single-photon state is quantified by

Fs(d) = / dw | Ts1 (W) in (W) (19)

In our scheme, | T5; (w)| can be larger than 0.99 around the central frequency, such that most of the
microwave single-photon component can be transmitted to the output of optical mode. Figure 6 exhibits the
fidelity F5; (d) versus the pulse width d of the single-photon state. For &,,/2m = 0.5 MHz, we can observe
that the transmitted fidelity yields F3;(d) = 0.97 for an input microwave single-photon state with the
bandwidth d/2m = 1 MHz. Since the nonreciprocal conversion of a single-photon wave packet with a
relatively high fidelity can be achieved between the microwave and optical modes, our scheme may find
important applications in long-distance quantum communication and quantum networks.

Finally, it is noted here that our scheme is also applicable to an input signal of weak coherent state. For a
weak coherent state |a), v can be treated as a classical number, so that the output state is still a coherent state.
In addition, we should emphasize that it is not feasible for an input signal of a strong coherent state. This is
because the strong coherent state input can be treated as an additional strong driving for the microwave or
optical modes. Then the assumptions for deriving the linearized Hamiltonian (7), as well as the
non-reciprocal conditions will be modified. Therefore, our scheme is only available to a weak coherent state
input, whose amplitude is much smaller than the steady-state values of microwave or optical modes.

4. Effect of the thermal phonon noise

To investigate the effect of thermal phonon noise to the single-photon state conversion, we introduce the
output spectra S, oy (w) of the cavity mode b, which is defined as Sj_oui(w) = [ >~ 4o <biut(Q)bout<w) > The

—o0 21
correlation functions of noise operators in the frequency domain are given by

(eh(@en(w)) =27 in(w)3w+0), (m,(Drmin(e) ) =0,
(B ()bin(@) ) =0, {,(@)rn(w) ) = 2w nad(w + ), (20)

where S, i, (w) denotes the input spectrum of the microwave mode. Then, the output spectrum of the optical
cavity b can be derived as

Sh_out(W) = Se.in(w) [ T31 (W) + 1 | T (w) | (21)
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Figure 7. The value ny, | T34 (w)|? is plotted as a function of the frequency w/ s, under the nonreciprocal conditions. The relevant
parameters are chosen as ny, = 1.62, Gue/Kr = 4, G/ 6r = 4.47, ke /Ky = 2, Kp/kr = 2.5 and Kk, /27 =2 MHz.

with

i\/ Kok [Gor(YeYm + szc) + G | Gnr| Y]

Tl = D)

(22)

The presence of thermal phonon noise will degrade the quality of single-photon state conversion. For the
experimental working temperature T = 10 mK, ny, is about 1.62 for a mechanical frequency w,/2m = 100
MHz. To quantitatively describe its effect to the quantum transduction, we exhibit the value n, | Ts4(w)|* as a
function of the frequency w under the nonreciprocal conditions (see figure 7). It is observed that the added
thermal excitation is smaller than 0.01 around the central frequency, indicating that the implementation of a
high-quality nonreciprocal single-photon state conversion is feasible.

5. Experimental feasibility

Let us now discuss the experimental feasibility of our proposal. To achieve the high-performance of
nonreciproccal single-photon state conversion, we have employed the coupling parameters [14, 15, 40, 41,
71,72): Gye/27 = 8 MHz, Gy, /27 = 1.58 MHz, G,y/27 = 5.66 MHz, G,p/27 = 8.94 MHz, 1 /27 =5
MHz, k./2m =4 MHz, and k,/27m = 2 MHz. In practical situation, the single excitation coupling rates are
typically weak, where the magnomechanical (g,,,) [40], optomagnonic (g,,) [71] and optomechanical (g;,)
[116, 117] interactions are proportional to 1/D?, 1/v/D? and 1/D, respectively, i.e. D is the diameter of a YIG
sphere. For a magnetic sphere with D ~ 30 pm, the single excitation coupling rates are calculated as g, = 20
Hz, g, = 100 Hz and g, = 50 Hz. Therefore, to obtain the desired couplings, the strong external driving
fields are needed with driving powers P, = 98.8 mW, P, = 34.2 mW, and P,,, = 4.6 mW. Up to now, most
experiments have mainly exploited the submillimeter diameter YIG sphere. And the one with a 30 ym
diameter hasn’t been reported in experiment. Considering the 36 pm diameter Silica microsphere [116]
having already been demonstrated in experiment, the YIG sphere about 30 ;m diameter is expected to be
experimentally realized with the rapid development of magnonic systems. In addition, the smaller size of
YIG sphere (i.e. 1 um diameter or even smaller) has already been studied theoretically for the generation of
magnonic cat states [79, 118] and frequency conversion between microwave and optical photons [90].
Therefore, we believe that our work will be instructive to the future experiments.

On the other hand, the single excitation coupling rates (g, g, &) can be further enhanced by
engineering the optomagnonic cavity structure such as microrings to increase the mode overlap [72, 84, 90,
117, 119]. Especially, single-photon coupling rate g,, can be increased by purifying and doping YIG [120],
and utilizing the epsilon-near-zero medium [88]. With the rapid development in cavity magnomechanics
and optomagnonics, we believe our scheme is expected to be realized in the future experiments.
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6. Summary

In summary, we have put forward an efficient scheme to realize the nonreciprocal single-photon state
conversion between the microwave and optical domains based on a hybrid magnonic system, in which a YIG
sphere with both the optomechanical and optomagnetic properties is coupled to a three-dimensional
microwave cavity. The magnetostatic mode as a mediator is coupled to the microwave and optical modes
simultaneously. By controlling the magnitude ratios and phase differences of the couplings via external
driving fields, we can acquire a relatively high-fidelity nonreciprocal microwave-light single-photon state
conversion via the quantum interference effect. Our work provides an appealing way for implementing
unidirectional quantum transduction between the microwave and optical photons, which is vital for
long-distance quantum networks and distributed quantum information processing.
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Appendix. Derivation of the effective linearized Hamiltonian

In this appendix, we give a detailed derivation of the effective linearized Hamiltonian in equation (6) with
the key approximations. Substituting the Hamiltonian of equation (5) into the Heisenberg equation

dA/dr = i[H,, A] and taking into account the damping terms, we can get the quantum Langevin equations

(QLEs)

da K ‘
@ _ (in J) —ig bmt — iQ e n Al
% (1 .+ 5 )a—ig bm" — Qe ", (A.1)
db A Kb ) . T -0, ,—i0)
i (1Ab + 7) b —ignam — igyb (r + T) — e ", (A2)
dc cns o Re .
de Ke) A.
& <1AC + 5 )c iGpetn, (A.3)
dm A Rm . + .
i (1Am + 7) M — igma'b — iGpyec
— iy (rT + r) — Qe (A.4)
g:—(iw —l—ﬁ)r—igh b'b — igym'm (A.5)
ar r 5 r mr )

where K, k, describe the decay rate (o = a, b, ¢, m). When the driving fields are strong enough, the operators
can be rewritten as the sum of a classical mean value and a small quantum fluctuation operator, i.e.

a = a;+ da and r = r;+ dr. Taking them into equations (A.1)—(A.5), we can first obtain the steady-state
values of o, and r,
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0=— (iAa + %) as — igmbsm; — Qe (A.6)
. Rp . . —ib

0=— (1Ab + 7) by — iGpms — Qe "0, (A.7)
. K¢ .

0=— (IAC + ?) ¢s — 1Gyeis, (A.8)

0= (il + ) 1y = Gy — Gt — e, (A.9)

O:—<iw,+%> rs—ig;,r|bs|2—igm,|ms|2 (A.10)

with Ay = AL Ay = A+ g (15 +715), Ac=Al and A, = A,’n + g (15 +15).
For |a| > 1 and |r,| > 1, we can discard those nonlinear terms and derive the linearized QLEs of the
quantum fluctuation operators

dda . Ka . X

? = — (lAa“F?) 5@—1(Gam5mT+Gab(5b) s (All)
déb . . .

P (zAb + %) 0b—i(Gupdm + Gyoa) — iGy, ((SrJr + (5r) , (A.12)
ddc ) Ke .

E = — (IAC‘F?) 5(:—1Gm56m, (A13)

dém . Km .
= - (zAm n 7) 5m — i (Gly0b + Gamoda')
— iGyedc —iGy,, (811 + 6r) (A.14)
dor . Ky P
E = — (Iwr + ?) or—i (Gbr6b+ GhrébT)

— i (Gudm+ G;,,0m') (A.15)

with the field-enhanced coupling strengths G, = gubs, Gap = gns; Gy = €mas> Gor = gorbs and
Gmr = gmymy . Then, we can figure out the effective linearized Hamiltonian

Hj, = Z Agata+wrir+ [GababT + Ggna'm' + Gemc’ + Gpmbt
«
+ (G;,,bT + Gmrm) (rT + r) + H.c.}7 (A.16)
where we have redefined o« — a and 6r — r. It is just the Hamiltonian in equation (6) of the main text.
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