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Optomagnonic continuous-variable quantum teleportation enhanced by non-Gaussian distillation
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The capability of magnons to coherently couple with various quantum systems makes them an ideal candidate
to build hybrid quantum systems. The optomagnonic coupling is essential for constructing a hybrid magnonic
quantum network, as the transmission of quantum information among remote quantum nodes must be accom-
plished using light rather than microwave field. Here, we provide an optomagnonic continuous-variable quantum
teleportation protocol, which enables the transfer of an input optical state to a remote magnon mode. To overcome
the currently relatively weak coupling in the experiment, we introduce non-Gaussian distillation operations to
enhance the optomagnonic entanglement and thus the fidelity of the teleportation. An auxiliary microwave cavity
is adopted to realize the non-Gaussian and displacement operations on magnons. We show that a series of optical
states, such as coherent, single-photon, squeezed, and cat states, can be teleported to the magnon mode. The
work provides guidance for the experimental realization of magnonic quantum repeaters and quantum networks
and a route to prepare diverse magnonic quantum states exploiting the photon-to-magnon quantum teleportation.

DOLI: 10.1103/7215-zhbv

I. INTRODUCTION

Quantum teleportation describes the transfer of an un-
known input state onto a remote quantum system without
the physical transfer of the carrier of quantum information
[1]. It is an essential component for realizing many quantum
protocols, such as quantum repeaters [2,3] and distributed
quantum computing [4,5]. It was originally designed for and
subsequently demonstrated in discrete-variable (DV) systems
[6-9]. Moreover, theories [10,11] indicated that it can also
been applied to continuous-variable (CV) systems with an
infinite-dimension Hilbert space [12]. Relevant experiments
were successfully demonstrated in, e.g., photonic [13-16]
and microwave [17,18] systems and atomic ensembles [8,19].
Since entanglement is an essential element for quantum tele-
portation, a great deal of effort [20-25] was made to improve
the performance of the teleportation utilizing non-Gaussian
operations to distill the entanglement [26,27].

In recent years, hybrid quantum systems based on magnons
(the quanta of spin waves) in magnetic materials, e.g., yttrium
iron garnet (Y1G), have received great attention and achieved
rapid development in both theory and experiment [28-31].
The magnonic system shows two particularly compelling
advantages: It exhibits great tunability, e.g., its resonance fre-
quency can be continuously tuned within a wide range, and
it demonstrates remarkable capability to coherently couple
with diverse quantum systems, including microwave photons
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[32-34], optical photons [35-39], phonons [40-45], and su-
perconducting qubits [46—49]. In particular, the coupling
between magnons with optical photons, e.g., of the whispering
gallery modes (WGMs) of a YIG sphere, forms the system
of optomagnonics [36-39]. The optomagnonic coupling is
vital for realizing quantum networks based on magnons [50],
since the transmission of quantum information among quan-
tum nodes must be accomplished using optical photons rather
than microwave photons (the latter suffers a huge transmission
loss). In the field of optomagnonics, a number of proposals
have been offered to prepare magnonic non-Gaussian states
[51-55], construct magnonic quantum networks [50,56], test
Bell inequalities [57], and realize the DV quantum tele-
portation and entanglement swapping [58], to name a few.
However, to date no protocol has been provided for realizing
optomagnonic CV quantum teleportation. In comparison with
the DV protocol [58], which is, by its nature, probabilistic,
the CV teleportation is deterministic. Moreover, the CV tele-
portation can transfer more information benefitting from the
capability of the CV system to encode more information in
infinite-dimensional Hilbert spaces.

Here, we present the first CV quantum teleportation pro-
tocol in optomagnonics and show how the protocol can be
enhanced by non-Gaussian distillation operations. We adopt
an optomagnonic system of a YIG sphere that is placed inside
a microwave (MW) cavity. We first activate the optomagnonic
Stokes scattering, namely, the magnon-induced Brillouin light
scattering (BLS), to generate Gaussian entanglement between
magnons and Stokes photons. We then apply non-Gaussian
operations, i.e., subtracting a single photon and magnon, to
distill and enhance the optomagnonic entanglement. With the
distilled non-Gaussian entanglement shared between Alice
and Bob, Alice mixes an initial input (optical) state with
the Stokes field at a 50:50 beam splitter, then performs the
homodyne detection (HD), and tells the measurement results
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FIG. 1. (a) Schematic diagram of optomagnonic CV quantum teleportation. A YIG sphere, supporting a magnon mode and two WGMs
with different polarizations (i.e., the TM- and TE-polarized modes), is placed inside an MW cavity. A strong optical pulse with duration 7,
is used to pump the TM-polarized WGM to activate the optomagnonic Stokes scattering, yielding entanglement between the magnon mode
and TE-polarized Stokes field, which reaches a low-reflectivity beam splitter (BSy) after passing through a polarizer (P). A single photon is
subtracted from the Stokes field when the SPD clicks at the reflection port of BS,. The single-photon-subtracted Stokes field is then mixed
with an input optical state p;, at a 50:50 beam splitter (BS;). On the other side, a single magnon is also subtracted from the magnon mode
by sending a weak pulse with duration 7, into the MW cavity and conditioned on the detection of a single MW photon in the output port.
Alice subsequently performs the HD on the two output fields of BS; to measure a pair of quadratures X; and Y», and she then tells the results
to Bob via classical communication. Based on the results (X;, Y¥>), Bob implements a displacement operation onto the magnon mode by
sending another pulse with duration 7, into the MW cavity, which completes the teleportation. The final magnon state can be read out by
sending one last MW pulse with duration t,. (b) Time sequence of the optical and MW pulses used in the protocol. The related description
is provided in panel (a). To minimize the influence of dissipation on the magnon state, the total time of all the pulses is assumed to satisfy
Total = Te + T+ Ta + T, K K, L (c) Magnon-induced Stokes scattering used for creating the optomagnonic entanglement, i.e., a TMSV state.

(i.e., two optical quadratures) to Bob via classical communi-
cation. Depending on the results, Bob makes a displacement
operation onto the magnon mode, preparing the magnon mode
in the desired state corresponding to the initial state teleported
from Alice to Bob. We discuss a series of different input states,
such as coherent, single-photon, squeezed, and cat states, and
show that in all the cases the non-Gaussian operations can
greatly enhance the optomagnonic entanglement and thereby
improve the fidelity of the teleportation.

The paper is organized as follows. In Sec. II, we intro-
duce the system and outline the key steps for realizing the
optomagnonic CV teleportation. In Sec. III, we explicitly
show how the optomagnonic Gaussin entanglement can be
created and distilled with non-Gaussian operations. In Sec. IV,
we complete the teleportation by performing the HD and
displacement operation, and present the results of the telepor-
tation fidelity for different input states. Finally, we discuss and
summarize the work in Sec. V.

II. THE SYSTEM AND PROTOCOL

The proposed photon-to-magnon quantum teleportation
employs a typical optomagnonic system, i.e., a YIG sphere,
placed inside an MW cavity, as depicted in Fig. 1(a). The YIG
sphere supports a magnetostatic mode [59], e.g., the Kittel
mode, and two optical WGMs with different polarizations. In
this system, the optomagnonic interaction, i.e., the magnon-

induced BLS, promises that photons in a WGM are scattered
by lower-frequency magnons (typically in gigahertz), yielding
two optical sidebands whose frequencies deviate from the res-
onance of the WGM by the magnon frequency. The scattering
probability is maximized when the triple-resonance condition
is satisfied [36-38]; i.e., the scattered photons enter another
WGM of the YIG sphere. The BLS exhibits a pronounced
asymmetry in the Stokes and anti-Stokes scatterings, resulting
from the selection rule imposed by the conservation of the
angular momenta of the WGM photons and magnons [60—63].
In addition, the selection rule causes different polarizations
of the two WGMs, e.g., the transverse-magnetic (TM)- and
transverse-electric (TE)-polarized WGMs denoted by differ-
ent colors in Fig. 1(a). The YIG sphere placed inside an MW
cavity allows magnons to couple with MW cavity photons via
the magnetic dipole interaction.
The Hamiltonian of the whole system is given by

H =Hy+ H, + H,, (D

where Hy/li = w,,m'm is the free Hamiltonian of the magnon
mode, with m (m") being the annihilation (creation) operator
and w,, being the resonance frequency of the magnon mode,
which is tunable by varying the bias magnetic field By. The
Hamiltonian H; is the sum of the free Hamiltonian of the
two WGMs: the optomagnonic interaction Hamiltonian and
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the driving Hamiltonian, i.e. [50],
Hi/h =widlar + wmajar + iE; (a;ef"""’ft —Hc))
+ go(ajaym’ + aaym), )

where a; (a;) is the annihilation (creation) operator of the jth
WGM, j =1, 2, and w; are their resonance frequencies, satis-
fying the triple-resonance condition |w; — @|| = w,,. Current
optomagnonic experiments suffer from a weak bare coupling
8o [36-39], and an intense drive is usually adopted to greatly
enhance the effective optomagnonic coupling strength G, with
the corresponding coupling strength E; = |/2P;i;/hw),, be-
tween the jth WGM (with decay rate «;) and the drive field
with frequency w,, and power P;. However, we note that the
bare coupling gy can be significantly improved by reducing
the mode volume and increasing the mode overlap; e.g., go can
reach the kHz level for a micron-sized YIG disk or ring micro-
cavity [64]. This will greatly reduce the power needed to get
the MHz-level effective coupling G used later in Secs. III and
IV. In what follows, we assume that mode a; (a,) represents
the TE (TM)-polarized mode of a certain WGM orbit and, for
simplicity, that the magnon-induced BLS occurs only between
the TM and TE modes with the same WGM index; i.e., the
orbital angular momentum of the WGM photons is conserved
[36,62]. In this case, the frequency of the TM mode is higher
than that of the TE mode, wry > wrg, due to the geometrical
birefringence [36].

The Hamiltonian H, describes the free Hamiltonian of the
MW cavity, the cavity-magnon interaction Hamiltonian, and
the MW driving Hamiltonian, given by

Hy/li = wec' ¢ + go(em’™ + ¢'m) + iEg(cTe ™" — H.c.),
(3)

where ¢ (¢') denotes the annihilation (creation) operator of
the MW cavity mode, with the resonance frequency w,,
and g, is the cavity-magnon coupling strength. Here, E; =
2Pk /hwg is the coupling strength between the cavity
mode (with decay rate «.) and the MW drive field with fre-
quency wy and power Py.

Following the Braunstein-Kimble protocol for CV quan-
tum teleportation [11], our distillation-enhanced opto-
magnonic CV teleportation contains four steps [cf. Fig. 1(b)]:
(1) creating the photon-magnon entanglement; (2) distilling
the entanglement with non-Gaussian operations, explicitly the
single-magnon (photon) subtraction; (3) performing the HD
and magnon displacement operation; and (4) reading out the
magnon state. In the following sections, we show in detail how
the above steps are realized.

III. CREATING AND DISTILLING OPTOMAGNONIC
ENTANGLEMENT

The optomagnonic entanglement is an essential element
for realizing the teleportation. Current optomagnonic exper-
iments suffer from a relatively weak optomagnonic coupling
[36-39], which constrains the degree of the entanglement and
thus the fidelity of the teleportation. To resolve this issue,
we introduce an entanglement distillation procedure in our

protocol, specifically non-Gaussian operations to enhance the
entanglement.

To generate the optomagnonic entanglement, we send a
strong optical pulse with duration 7, to drive the TM-polarized
WGM. The subsequent optomagnonic interaction is governed
by the Hamiltonian Hom = Hp + Hj, which, in the frame ro-
tating at the pump frequency w,_, is given by

Hom/h = Ala;fal + Aza;ag + wmme
+ go(ajaym’ + ayalm) +iEj(@} — a;),  (4)

where A; =w; —w, (j=1,2). We consider that the
WGM a; is resonantly driven, i.e., A, =0 and A| = —w,,
[Fig. 1(c)], and further treat classically the strong drive field
as a number [50], i.e., assuming oy = (a;) = E» /Ky, with
k> being the decay rate of the WGM a,. This leads to the
following linearized Hamiltonian in the interaction picture:

Hrws/h = Gi(ajm' + aym), )

with G| = goa, being the pump-enhanced optomagnonic cou-
pling strength. Equation (5) describes a two-mode squeezing
interaction between the TE-polarized WGM and the magnon
mode, corresponding to the optomagnonic Stokes scattering
[Fig. 1(c)], where a TM-polarized pump photon converts into
a TE-polarized Stokes photon by emitting a magnon. Assum-
ing that 7, < «,,!, the magnon dissipation during the pump
pulse is negligible [50,65]. This yields the following quantum
Langevin equations (QLEs) during the pulse:

d] = —Ki141 — l'C;]I’l’l]L + 4/ 2K1a‘1n,
= —iGal,

(6

where x| (ail“) is the decay rate (input field) of the WGM a;.
We consider a weak coupling G| < «;, which is the case in
the experiment due to a large decay rate of the WGM of a
YIG sphere [36—-39]. This allows for the adiabatic el_imination
of the WGM, yielding a; =~ ;' (—iGim" + y/2ic1al). Using
the input-output relation a{"* = /2x1a; — al', we obtain
" = —i/2G\m" +a}",
m=Gim—iy/2Ga}",

with G| = G% /k1. We further define a set of normalized tem-
poral modes under the driving pulse with duration 7, [66]

in - Zgl e —Gis in
Al (Te) =1 m/o‘ e 7! a (S)dS,
[ 2Gi e
out o G5 out
AT (T,) =i 261t _ | _/0 e7"ay" (s)ds,

which satisfy the canonical commutation relation [A%, A]]‘T] =
1 (k = in, out). By integrating Eq. (7), we achieve

AM(z,) = Ve297 — Im" (0) + 9 ™A (z,),
m(t.) = 9 m(0) + v €297 — 1A (z,).

Equation (9) allows us to extract a propagator U (t.)
satisfying A‘l""(re)=U'I'(re)A11“(re)U(re) and m(t,) =

(N

®)

C))
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U (t,)mO)U (z,), given by [65]

inf _ inf 4in i in
U('L'e) — etanhrAl m coshr (14+AV A +m m)etanhrAlm’ (10)

where the squeezing parameter r is defined via cosh r = 9%
and tanhr = +/1 — e~261% implying that the squeezing r
grows with the product Gt, of the pulse strength and dura-
tion.

In our protocol, the MW cavity and the YIG sphere are
assumed to be in a dilution refrigerator maintained at a low
temperature, e.g., tens of millikelvin. For the magnon mode
with a typical frequency in gigahertz [33,34], it is essentially
in the vacuum state. Therefore, for the initial state |0),,]|0)1,
the system, at the end of the optical pulse, is prepared in the
state

19 (Te))m1 = U(7e)|0)m|0)1

o0
= mzaanh Y n, mmt, 11
n=0

which is a two-mode squeezed vacuum (TMSV) state of
the magnon mode and the output (Stokes) field of the TE-
polarized WGM. The relatively weak coupling strength G
in the experiment yields a small squeezing r, resulting in an
unsatisfactory fidelity of the quantum teleportation [26,27].
Therefore, in what follows, we shall distill the entanglement
by subtracting a single magnon and photon from the above
TMSYV state [20-25]. Without loss of generality and to calcu-
late in an orderly manner, we first subtract a single magnon
and then a single photon.

Since the magnon state is a solid state and one cannot
directly realize the subtraction, we utilize the MW cavity
and its linear excitation-exchange (beam-splitter) interaction
with the magnon mode, as seen in Eq. (3). Specifically, a
weak and short MW pulse with duration 7, is sent into the
cavity, and the Hamiltonian of the cavity-magnon system is
Hey = Hy + Hy. Again, we assume 7, < &, ! to neglect the
magnon dissipation during the subtraction pulse. In the case
of the cavity, the magnon mode, and the pulse being resonant,
the corresponding QLEs, in the frame rotating at the pulse
frequency, read

¢ = —Kk.C —igam + /2., (12)

m= —ig.c,

where ¢ denotes the input field of the MW cavity. We
consider a relatively large cavity decay rate, such that the
weak-coupling condition g. < k. is also fulfilled, which
allows us to adiabatically eliminate the MW cavity and
obtain ¢ =~k !(—igom + «/2k.c™). By further using the
input-output relation c® = /2k.c — ¢, defining the tempo-
ral modes

4 2G, 2 .
C'(z,) = G / 95 (5)ds,
0

625 ' Ts—1

[ 26G. £
Cout ) = C / —G.s out d ,
(ty) T— o6+ ; e 7™ (s)ds

13)

with G, = g2/«., and following the same procedures intro-
duced previously, we accordingly extract the propagator

L('(s) — e*itan(ﬂ Ci"tm cos 97(Ci“+C‘“7Wﬂ\m)eitan0C‘i“nfr ; (14)
which corresponds to the interaction at the presence of the
MW pulse. Here, we have defined cos# = ¢ 9% and tan =
v/€29:% — 1. For the initial state |0).|¢(Te))m.1, i.€., the MW
cavity is in vacuum and the magnon and output Stokes field
are in the state (11), the whole system, at the end of the pulse,
is prepared in the state (unnormalized)

o . oYy .
W Eemi =Y %(C‘“Tm>"|0>c|<o’(re>>m.1
n=0 :
~ |0)c|§0/(re)>m,l - itane |1>c(m|(p/(7:e)>m,l)v

5)

where

o0
19/ ())m1 = +/1 — (tanh r cos 6)? Z(tanh rcos0)'|n, R 1
n=0

(16)

signifies the change of the optomagnonic initial state
|@(Te))m,1 due to the MW pulse. In getting the last line of
Eq. (15), we have omitted higher-order terms with n > 2,
which is a good approximation when tan? 0«1, i.e., G 1, 1.
Equation (15) indicates that the subtraction of a single
magnon m|¢’(t,)),.1 can be achieved conditioned that a sin-
gle MW photon in the cavity output field is detected, and
the successful probability is approximately tan?6. Recent
microwave quantum experiments have already achieved a rel-
atively high single-photon detection efficiency, e.g., 71% in
Ref. [67] and 84% in Ref. [68]. It is worth noting that, as
revealed by Eq. (16), the squeezing parameter of the TMSV
state is slightly reduced, because tanhr — tanhrcosf =
e 9% tanhr.

Soon after a single magnon being subtracted, we subtract
a single photon from the Stokes output field. This can be
realized by placing a low-reflectivity BSy before the Stokes
field entering the homodyne measurement stage [Fig. 1(a)].
The other input of BSy is vacuum, such that if a single photon
is detected at the reflection port, the subtraction of a single
photon from the Stokes field is completed. This corresponds
to the joint state of the magnon mode and the Stokes output
field being a non-Gaussian entangled state

AT m @' (T))m 1 a7

where AQ™ denotes the annihilation operator of the output
temporal mode. Note that since the optomagnonic scattering
probability is relatively low, the output field contains TE-
polarized Stokes photons as well as unscattered TM-polarized
pump photons. A polarizer is placed before BSy, such that
only Stokes photons enter the subsequent measurements.

To characterize the entanglement of the non-Gaussian
state (17), we adopt the logarithmic negativity Ey = In[1 4
2N (p)] [69], where N (p) is the absolute value of the sum of
the negative eigenvalues of the state p after the partial trans-
pose. For the TMSV state |¢(t.))m.1, Ey increases with the
squeezing parameter r via Ey = 2r. Following Refs. [21,22],
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FIG. 2. (a) Entanglement Ey of non-Gaussian entangled state
(17) (dashed line) and TMSV state (11) (solid line) vs ef-
fective optomagnonic coupling strength G,. (b) Magnon-photon
joint number distribution of non-Gaussian state (17) and TMSV
state (11) (inset). We use experimentally feasible parameters:
Kkm/2m = 0.5 MHz [45], 7., =50 ns, /27 = 100 MHz, g./27 =
4 MHz, k./2n = 40 MHz, and 7, = 4 ns, which yield G.t; =~ 0.01.

we calculate the logarithmic negativity of the non-Gaussian
entangled state (17), i.e.,

(1 4 tanh r cos 9)>
n )
(1 + tanh? r cos?0)(1 — tanh rcos )

Ey = (18)

In Fig. 2(a), we compare the entanglement Ey of both the
Gaussian state (11) and non-Gaussian state (17) versus the
optomagnonic coupling Gi. A larger G, gives a larger squeez-
ing parameter r and thus a greater entanglement Ey. Clearly,
the non-Gaussian entanglement is higher than the Gaussian
entanglement in the full range of G, which manifests that
the non-Gaussian photon/magnon subtraction operation can
distill the Gaussian entanglement. In Fig. 2(b), we show
the magnon-photon joint number distribution of the entan-
gled states |@(T.))m1 and AS"m |¢'(T,))m1. It shows that
the non-Gaussian subtraction operation significantly changes
the magnon/photon number distribution, leading the non-
Gaussian entanglement to have more contribution from the
correlations of higher-order number states [21], which essen-
tially causes the distillation of the entanglement.

IV. OPTOMAGNONIC QUANTUM TELEPORTATION

After preparing a non-Gaussian entangled state shared
between Alice and Bob, we explicitly show below how to
complete the teleportation of a (quantum) state from an input
optical pulse to the magnon mode by means of the HD and
classical communication.

An optical pulse carrying an initial state p;, is mixed with
the TE-polarized Stokes field at a 50:50 BS; [Fig. 1(a)].
Alice then performs the HD on the two output fields of BS;
to measure two quadratures X; and Y, (here, the subscript
distinguishes two output ports of BS;), and tells the mea-
surement results (X1, ¥>) to Bob via classical communication.
Note that the optical pulse and the local oscillator for the
HD must be mode matched to the subtracted TE-polarized
Stokes field; i.e., they possess identical carrier frequency,
optical polarization, and exponential envelope [66,70]. After
receiving the results (Xj, ¥»), Bob performs a displacement
operation D(op) with ap = ﬁ(Xl — 1Y) [11,20] onto the
magnon mode, which is realized by sending a coherent pulse
with duration t; to the MW cavity.

Again, we assume 7, < k,, ' to neglect the magnon dissi-
pation during this displacement pulse. For the resonant case,
the corresponding Langevin equations for the averages of the
MW cavity and magnon mode are given by [55]

<C'.) = —ke(C) — ige(m) + Eqe”, (19)
() = —igc(c),

where E; = 4/2«.(c™) denotes the coupling strength between
the cavity and the pulse. Here, we also introduce the phase
¢ of the pulse, which can be adjusted to exactly realize the
desired displacement, as shown later. Since the weak coupling
g K k. was assumed in the magnon subtraction operation, af-
ter the elimination of the MW cavity, we obtain the differential
equation for the magnon average under the displacement pulse

: gcEqe?
() = —Gelm) — == (20)
Solving the above equation, we get
Eye
m(z)) = 9% m(O) + (€5 — 1) =, D)

c

where (m(0)) denotes the average of the magnon mode before
sending the displacement pulse. Equation (21) indicates that
the desired displacement operation is realized when

Eqe'*
D= @)

c

ap = V2(X) — ity) = i(e 9™ —

which can be achieved by adjusting the strength and phase of
the pulse. Note that Eq. (21) also implies that the average of
the magnon mode is slightly reduced due to the displacement
pulse [70], as seen from (m(0)) — (m(0))e 9%,

Once Bob completed his displacement operation, the
magnon mode is prepared in a state oy that is teleported from
the initial optical state pj,. In the formalism of the character-
istic function, the teleported magnon state can be expressed as
a product of the initial optical state and the shared entangled
state [71]

Xeel (@) = Xin(@) xm,1(”, y), (23)
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FIG. 3. Fidelity F vs the effective optomagnonic coupling
strength G; with the shared entangled state being the TMSV state
(solid line) or the distilled non-Gaussian state (dashed line) for an
initial state being (a) a coherent state |B), (b) a single-photon state
[1), and (c) a squeezed vacuum state |£). (d) Fidelity F vs the
squeezing & for an initial squeezed state. We take £ = 1 in panel (c),
G,/2m = 10 MHz in panel (d), and t; = 10 ns. The other parame-
ters are the same as in Fig. 2.

where « is a complex variable and y is defined as y = e9%.
Specifically, the characteristic function of the shared non-
Gaussian entangled state is in the form

Xm1(a", ya)

N+ y? 4302 =60y + 302y — 205 y)|af?
B (1=

M =y PA =Ny Plelt
(1 + )»’2)(1 _ )»/2)2

24
1-27 9

((1 — My = J/)Iot|2>
X exXp )
where A" = tanhrcos 6. To verify the success of our opto-

magnonic quantum teleportation, we define the fidelity F' as
the overlap between the initial optical state pj, and the tele-

ported magnon state p, which is [72]

F = [ Eas@na-a. 5)
The fideity F greater than 0.5 signifies a successful CV quan-
tum teleportation [13].

Below, we present the results of the teleportation fidelity
for a series of optical input states, including coherent, single-
photon, squeezed, and cat states. For the coherent state |8),
after some calculation, we obtain the fidelity for the shared
entangled state being a TMSV state, given by

P 2 -2\
S 342 —dhy —22(1—y?)’

where we define A = tanh r. In contrast, for the shared non-
Gaussian entangled state, we achieve

(=22 +y P = XL+ 1)1 +7D) + 22+ 7))
(+ 2D +y = M+ D) =221 = )P

(26)

27

In the limit of y — 1, i.e., negligible decay of the first term in
Eq. (21), it becomes

AP =20 42)
B 4(1 + 12)

which reproduces the result of the CV quantum teleportation
in photonic systems [22,25]. In Fig. 3(a), we show the fidelity
F versus the optomagnonic coupling strength G, for an initial
coherent state and the entangled state being the TMSV state or
the distilled non-Gaussian state. It shows that the teleportation
fidelity increases rapidly with the coupling Gy, and in the full
range of G, the fidelity with the distilled entangled state is
always higher than that with the Gaussian entanglement. This
clearly confirms that the performance of the CV teleportation
is greatly improved by entanglement distillation. Note that
the fidelity is in the full range greater than 0.5, meaning that
quantum teleportation of a coherent state is achieved.

For an initial single-photon state |1) or squeezed vacuum
state |£), the analytical expressions of the fidelity are too
lengthy to be reported here but are provided in the Appendix.
In Fig. 3(b), we plot the fidelity for the two cases of the shared
entangled state. Again, it shows that the entanglement distil-
lation greatly improves the fidelity of the teleportation and
reduces the threshold of the optomagnonic coupling strength

F , (28)

3 3 3
() (b) (©)
2 2 2 0.6
1 1 1 l0.4
% 0 - 0 0 0.2
1 1 4 0
-0.2
-2 -2 -2 B
-3 -3 -3L
-3-2-10 1 2 3 _3 2 -10 1 2 3 -3-2-120 1 2 3
Re[c] Re[a] Re[a]

FIG. 4. Wigner function of (a) the initial cat state, and of the teleported magnon state by sharing (b) the TMSV state or (c) the distilled
non-Gaussian state. We take og = 1.5, ¢ = 0, and G, /27 = 10 MHz. The other parameters are the same as in Fig. 3.
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()

(b)

FIG. 5. Fidelity F exploiting the TMSV state (solid line) or
non-Gaussian entangled state (dashed line) vs (a) the optomagnonic
coupling strength G; and (b) the amplitude « (the phase ¢ in the
inset) for an initial cat state. The other parameters are the same as in
Fig. 4.

required for achieving a quantum teleportation (F > 0.5). A
similar finding is observed in Fig. 3(c) for an initial squeezed
state |£). For simplicity, we consider £ to be real and take
& =1 in Fig. 3(c). In Fig. 3(d), we show the fidelity versus
the squeezing &. It tells that the fidelity decreases with &,
suggesting that a smaller squeezing should be used in order
to get a higher fidelity [24,25].

Finally, we consider an initial cat state |og) + €'?| — o)
(unnormalized). For simplicity, we assume the amplitude o
to be real and introduce the relative phase between the two
superposed coherent states. In Fig. 4, we plot the Wigner
function of the initial optical state and the teleported magnon
state with the shared TMSV state or distilled non-Gaussian
state. Although both the magnon cat states in Figs. 4(b) and
4(c) show unambiguous negativity and interference fringes,
the teleported state with entanglement distillation is of higher
fidelity to the initial state. Since the analytical expression
is too cumbersome, we only numerically plot the fidelity in
Fig. 5(a). Compared to other initial states shown above, the
cat state requires a larger optomagnonic coupling to achieve a
quantum teleportation, making the distillation operation more
necessary. In Fig. 5(b), we also show the fidelity versus the
amplitude o (the phase ¢ in the inset). Clearly, the fidelity
reduces with the amplitude «g. In contrast with a rapid drop
below the threshold F = 0.5 in the case with the TMSYV state,
the fidelity achieved with the distilled non-Gaussian state
shows a smoother decline. In both cases, the relative phase
¢ of the cat state shows only minor influence on the fidelity,
as seen from the inset of Fig. 5(b).

V. DISCUSSION AND CONCLUSION

A complete teleportation should also include the state read-
out of the teleported magnon state. This can be realized by the
aid of the MW cavity, as suggested in other quantum protocols
[50,55]. To avoid repetitive calculations, we briefly discuss
as follows. The magnon state can be read out by sending a
weak MW pulse with duration 7, into the MW cavity and the
linear cavity-magnon beam-splitter (state-swap) interaction
maps the magnon state to the cavity output field, from which
the state can be reconstructed by performing a microwave
tomography.

In the above demonstration, we have used the magnon
dissipation rate k, /2w = 0.5 MHz [45] for a YIG sphere.
This dissipation rate, though small in typical cavity magnonic
experiments, still corresponds to a short magnonic coherence
time that restricts the maximum communication distance of
our protocol. Nonetheless, we remark that this is a more
technical issue and can be significantly improved by increas-
ing the purity of the YIG. For example, a recent experiment
has reported an ultralong magnon lifetime ~18 us using an
ultrapure single-crystal YIG sphere [73].

In conclusion, we have presented an optomagnonic CV
quantum teleportation protocol based on a YIG sphere that
is placed inside an MW cavity. By using appropriately chosen
optical and microwave pulses, we have shown that a series
of key operations, including the generation and distillation of
the optomagnonic entanglement, the magnon displacement,
and the readout of the magnon state, can be accomplished.
Our work extends the CV quantum teleportation to the op-
tomagnonic system and lays the foundation for realizing
quantum repeaters and quantum networks based on magnons.
The work also offers a route to prepare diverse magnonic
quantum states by transferring quantum states from optics to
magnonics.
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APPENDIX

Here, we provide the analytical expression of the fidelity
of the teleportation for the input optical state being a single-
photon state |1) or a squeezed vacuum state |£). For the
single-photon state, the fidelity with the shared optomagnonic
entanglement being a TMSYV state is given by

_ 2(1 — )\2)(610 + a1 A+ 612)\2 + a3k3 + Cl4)\4)
B (B+y?—4ry — A2 +22y?)

F . (AD
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where the coefficients are

ap=5+2y"+y*

a; = —8y — 8y°,

a, = —6 4 20y2 4+ 2y%, (A2)
a3 = -8y —8y°,

as =5+2y%+ 4

For the shared entanglement being a non-Gaussian entangled
state, the fidelity is

_ (bo+ b1} + bad” + b33 + byA"* + bsh” + bgr%)
S HA)A AP +y =N (A +y) =2 (1))
(A3)

where the coefficients are

bo =142y +2y2 42y + %,

by =1-3y —6y>—6y° — Ty* =3y,

by = —8y + 19y% 4 2493 + 10y* + 8y° + 3y°,

by =3 —27y —21y? — 35y = 27y* —9y° —3y% — 7,
by = 12420y 4+ 55y% + 30y° +22y* 4+ 10y° + 3¢°,

bs = —7 — 27y — 18y% —30y> — 11y* — 3y°,

be =1 +4y + 14y% +4y° + y*. (A4)

For the input squeezed vacuum state, the fidelity with a
shared TMSYV state is in the form

1

F = (1 +2ccosh2& +¢j) 2, (AS)
where ¢y is given by
L+t =y +22(1+ )
- 2 — 22

For the case where Alice and Bob share a distilled non-
Gaussian state, the fidelity is obtained as

_ (do+diN + oA + d3)? + dy)t + ds) + de)®)
2(1 4 22)(1 = A2)~3(dsdy)? ’

. (A6)

€o

F

(A7)
with the coefficients

dy =2+ 8y* +2y* + 8(y + y*) cosh 2& + 4y? cosh 4¢,

dy =— 12y —18y% — 6y° —6(1 + 4y 4+ 3y*)cosh 2&
—6(y + y*)cosh 4,

dy =2+ 15y% 4+ 22p* + 6y° + 82y 4+ 9y* + 3y°) cosh 2&
+ 2+ 7y +2y*)cosh4¢,

dy =4y — 12y° — 18y — 297 +2(1 — 7y? — 9y*
— ¥®) cosh2& — 2(y + y?) cosh 4&,

ds =—5—6y% + 15y* + 6y° + (1 + 49> + y*) cosh 4¢,

ds =2y —4y3 — 6y° +2(1 + 4y* + 3y*)cosh 2

—4(y + y?)cosh 4¢,
ds =2+ y? 4+ 2y* —4(y + y*)cosh 2& + 3y? cosh 4¢,

d’]:y_A./_)\.,y2+)\.,2y+(l_)\,/2)625,

ds=y — N = Np*+ 1%y + (1 = 1P %, (A8)
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