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Preparing magnonic non-Gaussian states by adding a single magnon onto Gaussian states
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Quantum magnonics based on yttrium iron garnet (YIG) spheres provides a new arena for observing macro-
scopic quantum states. Here, we propose to prepare two kinds of non-Gaussian magnonic states by adding a
single magnon to two Gaussian states, namely, coherent and thermal states. We adopt an optomagnonic system
of a YIG sphere and use fast optical pulses to weakly activate the magnon-induced Stokes scattering. Conditioned
on the detection of a polarized single photon, a single magnon can be added to an initial Gaussian state. We use
a microwave cavity to prepare an initial magnon coherent state and finally read out the generated single-magnon
added coherent or thermal state. Both the non-Gaussian states of a magnon mode in a large YIG sphere are
macroscopic quantum states, which exhibit many nonclassical properties, such as sub-Poissonian statistics,
quadrature squeezing, and a negative Wigner function. Further, both states show a smooth transition from a
quantum state to a classical state with the change of the coherent or thermal magnon excitations and thus can be
used for the fundamental study of the quantum-to-classical transition.

DOI: 10.1103/jr6g-dcnp

I. INTRODUCTION

Non-Gaussian states (NGSs) are a type of state that cannot
be expressed as any convex mixture of Gaussian states [1].
They manifest many novel and unique features that break
the laws of classical physics [2] and can thus be exploited
to explore many fundamental issues of quantum mechanics,
such as the quantum-to-classical transition. Representative
NGSs are Fock states, Schrödinger cat states, excitation-added
coherent states [3,4], excitation-subtracted squeezed states
[5,6], and NOON states [7], among others. These nonclassical
states find a wide range of applications in quantum sensing
[8], quantum metrology [9], quantum information processing
[10,11], etc. The experimental realization of NGSs started
from microscopic systems, such as photons [12–14], atoms
[15,16], trapped ions [17,18], hybrid atom-light systems [19],
and atomic ensembles [20]. Nonetheless, the preparation of
NGSs in macroscopic systems, such as a massive mechanical
oscillator, has proven to be more challenging. The radiation
pressure has been exploited in optomechanics [21] to prepare
various NGSs of mechanical motion, e.g., by transferring
NGSs from optics to mechanical motion [22]. They can also
be generated conditionally based on the detection of scattered
photons, including single-phonon states [23,24], catlike states
[25,26], phonon-added coherent [27] and thermal [28,29]
states, etc. In addition, recent experiments indicated that, by
directly coupling to a superconducting qubit, NGSs of a mas-
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sive mechanical resonator can be achieved, including Fock
[30] and cat [31] states.

In recent years, hybrid systems based on magnons (the
quanta of spin waves) in yttrium iron garnet (YIG) spheres
have attracted great attention [32–35]. The magnonic system
shows two distinct advantages: Its resonance frequency can be
tuned in a wide range by varying the external bias field, and
it can coherently couple with various quantum systems, in-
cluding microwave photons [36–38], optical photons [39–44],
phonons [45–49], and superconducting qubits [50–53]. In
terms of quantum magnonics, the generation of magnonic
NGSs is one of the central topics. To date, a number of
proposals have been offered for preparing magnonic NGSs,
including Fock states [53,54], squeezed even Fock states [55],
Schrödinger cat states [56–60], path-entangled states [61], and
NOON states [62]. Since the YIG sphere contains a large
number of spins, the above magnonic NGSs are macroscopic
quantum states.

Here, we provide a complete scheme to prepare two kinds
of magnonic NGSs, namely, magnon-added coherent states
(MACSs) and magnon-added thermal states (MATSs), using
an optomagnonic system, i.e., a YIG sphere, placed inside
a microwave cavity. We first prepare the magnon mode in
a coherent or thermal state and then very weakly activate
the optomagnonic Stokes scattering, i.e., the magnon-induced
Brillouin light scattering (BLS), which yields pairs of single
photons and magnons. A single magnon is therefore added
to the initial coherent or thermal state, conditioned on the
detection of a single photon. Finally, we use the microwave
cavity to read out the magnonic NGS, which is mapped
to the output field of the cavity. We show that the above
magnonic NGSs exhibit diverse nonclassical properties, in-
cluding sub-Poissonian statistics, quadrature squeezing, and
a negative Wigner function. We further analyze the impact of
various parameters, such as the coherent amplitude, thermal
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FIG. 1. (a) Schematic of the system. A YIG sphere, representing
an optomagnonic system, is placed inside a microwave cavity. A
WGM of the YIG sphere is driven by an optical pulse with a certain
polarization via a nanofiber, and the Stokes photons scattered by
magnons, after passing through a polarizer, are detected by a single-
photon detector. The microwave cavity is used to prepare an initial
magnon coherent state and finally read out the generated magnonic
NGSs. (b) The optomagnonic system of a YIG sphere supporting
a magnon mode and two WGMs with different polarizations, i.e.,
the TM- and TE-polarized modes. The optomagnonic interaction
manifests as the magnon-induced Brillouin light scattering.

occupation, and state reading efficiency, on those nonclassical
behaviors.

This paper is organized as follows. In Sec. II, we introduce
the system used to prepare two kinds of magnonic NGSs in
our protocol. In Sec. III, we explicitly show how a single
MACS (MATS) can be generated by adding a single magnon
to the magnon coherent (thermal) state and discuss their non-
classical and non-Gaussian properties. In Sec. IV, we show
how these magnonic NGSs can be read out by using a mi-
crowave cavity and measuring the output field of the cavity.
Finally, we summarize the work in Sec. V.

II. THE SYSTEM

The protocol involves an optomagnonic system, i.e., a YIG
sphere, and a microwave cavity, as depicted in Fig. 1(a). The
YIG sphere supports both a magnetostatic mode [63], e.g.,
the Kittel mode, and two optical whispering gallery modes
(WGMs) with different polarizations [Fig. 1(b)]. Due to the
magnon-induced BLS, the photons in a WGM are scattered
by lower-frequency magnons (typically in gigahertz), yielding
two optical sidebands whose frequencies with respect to the
WGM equal the magnon frequency. The scattering probability
is maximized when the triple-resonance condition is ful-
filled [40–44], i.e., when the scattered photons enter another
WGM of the YIG sphere. Due to the selection rule [64–67]
imposed by the conservation of the angular momenta of
WGM photons and magnons, the BLS exhibits a pronounced
asymmetry in the Stokes and anti-Stokes scattering strength.

Such asymmetry has been exploited in a number of quan-
tum protocols [54,56,61,68–70]. In addition, the selection rule
causes different optical polarizations of the two WGMs, e.g.,
the transverse-magnetic- (TM) and transverse-electric- (TE)
polarized WGMs in Fig. 1(b). The YIG sphere is placed inside
a three-dimensional microwave cavity, and the magnon mode
further couples to a microwave cavity mode via the magnetic
dipole interaction. The microwave cavity is used to displace
the magnon mode to an initial coherent state and read out the
target states that we aim to prepare.

The Hamiltonian of the whole system can be written as

H = H0 + H1 + H2, (1)

where H0 = h̄ωmm†m is the free Hamiltonian of the magnon
mode, m (m†) is the annihilation (creation) operator, and ωm is
its resonance frequency, which is tunable by changing the bias
magnetic field B0 [Fig. 1(b)]. The Hamiltonian H1 accounts
for the free Hamiltonian of two WGMs, the optomagnonic
interaction and the optical drive, i.e. [69],

H1/h̄ = ω1a†
1a1 + ω2a†

2a2 + iE j (a
†
j e

−iωp j t − H.c.)

+ gom(a†
1a2m† + a1a†

2m), (2)

where a j (a†
j ), j = 1, 2, are the annihilation (creation) oper-

ators of the WGMs and ω j are their resonance frequencies,
which satisfy the relation ω j � ωm and the triple-resonance
condition |ω2 − ω1| = ωm. The optomagnonic interaction is
a three-wave process, and the single-photon optomagnonic
coupling rate gom is typically weak [40–44]. However, the
effective optomagnonic coupling strength can be significantly
improved by strongly driving either the TM- or TE-polarized
WGM, and Ej = √

2Pjκ j/h̄ωp j corresponds to the coupling
strength between the jth WGM (with decay rate κ j) and the
drive field with frequency ωp j and power Pj . Here, without
loss of generality, we assume the a1 (a2) mode is the TE
(TM) mode of a certain WGM orbit. We also assume that
the magnon-induced BLS occurs only between TM and TE
modes with the same WGM index; i.e., the orbital angular
momentum of the WGM photons is conserved [40,66]. In this
case, the frequency of the TM mode is higher than that of the
TE mode, ωTM > ωTE, due to the geometrical birefringence
[41,43].

The Hamiltonian H2 describes the free Hamiltonian of
the microwave cavity, the cavity-magnon interaction, and the
microwave drive, given by [37,38]

H2/h̄ = ωcc†c + gmc(cm† + c†m) + iEd (c†e−iωd t − H.c.),

(3)

where c (c†) is the annihilation (creation) operator of the
microwave cavity mode, ωc is the cavity resonance frequency,
and gmc is the cavity-magnon coupling strength. Here, Ed =√

2Pdκc/h̄ωd denotes the coupling strength between the cavity
mode (with decay rate κc) and the microwave drive field with
frequency ωd and power Pd .

III. PREPARATION OF NON-GAUSSIAN STATES

The addition (subtraction) of a single excitation to
(from) Gaussian states, such as coherent and thermal states
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FIG. 2. (a) The magnon-induced Stokes scattering used in the
single-magnon addition process, where a TM-polarized photon con-
verts into a TE-polarized photon by creating a magnon. (b) Time
sequence of the optical and microwave pulses used in the protocol,
which consists of three steps. A weak microwave drive (purple line)
is used to prepare an initial magnon coherent state. Once the magnon
mode is in the desired state, the microwave drive is switched off.
After a short period κ−1

c � τs � κ−1
m , during which all microwave

cavity photons decay while the magnon state remains almost un-
changed, an optical write pulse (red line) with duration τw is sent
to activate the optomagnonic Stokes scattering. After a single photon
is detected in a short interval τd , indicating that the magnon mode is
prepared in the desired NGS, a microwave read pulse (orange line)
with duration τr is sent to the microwave cavity to map the magnon
state to the cavity output field, on which subsequent measurements
are performed to extract the state. To minimize the influence of
dissipation on the magnon state, the total time is assumed to satisfy
τtotal = τs + τw + τd + τr � κ−1

m .

[3,4,12,14] (squeezed states [5,6]), provides an efficient way
to prepare NGSs. Here, we apply the idea to the magnonic
system and propose to prepare two NGSs by adding a single
magnon, in a heralded way, to magnon coherent and thermal
states, which are the two most common classical states and
can be readily prepared in the laboratory. This is realized
by activating an effective optomagnonic two-mode squeezing
(TMS) interaction combined with single-photon detection.

The optomagnonic Hamiltonian HOM = H0 + H1 accounts
for the magnon-induced BLS process, which, in the frame
rotating at the drive frequency ωp j , is given by

HOM/h̄ = �1a†
1a1 + �2a†

2a2 + ωmm†m

+ gom(a†
1a2m† + a1a†

2m) + iE j (a
†
j − a j ), (4)

where � j = ω j − ωp j ( j = 1, 2) is the WGM-drive detuning.
To have an optomagnonic TMS interaction, we consider the
case where the WGM a2 is resonantly pumped, i.e., �2 = 0
and �1 = −ωm [Fig. 2(a)], realized by coupling the driving
field (with a certain polarization) to the TM-polarized WGM.
In this case, the strongly driven WGM a2 can be treated clas-
sically as the number α2 ≡ 〈a2〉 = E2/κ2 (here, κ2 denotes the
linewidth of the WGM). This leads to the following linearized
Hamiltonian in the interaction picture [69]:

HTMS/h̄ = G1(a†
1m† + a1m), (5)

where G1 = gomα2 is the effective optomagnonic coupling
strength and accounts for the TMS interaction between the
TE WGM a1 and the magnon mode. This corresponds to the
optomagnonic Stokes scattering, where a TM-polarized pho-
ton converts into a TE-polarized photon by creating a magnon
excitation, as depicted in Fig. 2(a).

When the optomagnonic TMS interaction [Eq. (5)] is suf-
ficiently weak, the scattering giving rise to pairs of single

magnons and photons is dominant; i.e., the probability of
creating a two-magnon/photon state |2〉 and higher excitation
states is negligibly small [23,27,61,71]. This predicts a single
magnon addition to the magnonic initial state conditioned on
the detection of a single (TE-polarized) photon. For simplic-
ity, we consider the drive field to be a flattop pulse with power
P2 and duration τw [24,72]. Assuming that the system is in the
initial pure state |ϕ(0)〉 = |0〉1|ψ〉m, the state of the system
after the pulse can be approximated as (un-normalized)

|ϕ(τw )〉 = e−iG1(a1m+a†
1m† )τw |ϕ(0)〉

≈ |0〉1|ψ〉m − iG1τw|1〉1(m†|ψ〉m) (6)

when G1τw � 1, which indicates that the single-magnon-
added state m†|ψ〉m can be generated on the condition that
a single TE-polarized photon is detected. Note that we will
derive in Sec. III B the exact solution when the magnonic
initial state is not a pure state but a generic mixed state, e.g., a
thermal state.

Our protocol consists of three steps, as depicted in
Fig. 2(b): (1) The first is state initialization. To prepare a
magnon coherent state, a weak microwave coherent field is
used to drive the microwave cavity, and the magnon mode is
thereby displaced to a coherent state due to the cavity-magnon
beam splitter interaction [Eq. (3)] [73]. The microwave cavity
is placed at a low bath temperature to ensure that the thermal
excitation of both the microwave field and the magnon mode
is negligibly small and their noise is essentially vacuum noise.
To prepare a magnon thermal state, we simply increase the
bath temperature to have a nonzero thermal occupation. (2)
The second step is adding a single magnon. As explained
above, a single magnon can be added to the magnon coherent
or thermal state by very weakly activating the optomagnonic
Stokes scattering combined with the single-photon detection.
(3) The last step is readout of magnonic NGSs. A single
MACS (MATS) can be read out by sending a weak probe
field to the microwave cavity and measuring the cavity output
field. This again uses the cavity-magnon state-swap interac-
tion [Eq. (3)].

A. Magnon-added coherent states

In this section, we explicitly show how to generate a sin-
gle MACS. We first prepare a magnon coherent state. By
placing the system in a dilution refrigerator maintained at a
temperature of, e.g., tens of millikelvin, the magnon mode,
with its resonance frequency typically in gigahertz [37,38],
is essentially in the vacuum state with thermal occupation
n̄0 ≈ 0. A magnon coherent state can then be achieved by
driving the microwave cavity with a coherent microwave field,
and the cavity-magnon beam splitter interaction displaces the
magnon mode from the vacuum state to a coherent state.

The Hamiltonian of the cavity-magnon system is HCM =
H0 + H2, which in the frame rotating at the drive frequency
ωd reads

HCM/h̄ = �cc†c+�mm†m + gmc(cm† + c†m) + iEd (c† − c),
(7)

with �c(m) = ωc(m) − ωd . This gives rise to the follow-
ing Langevin equations for the averages of the cavity and
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magnon modes:

〈ċ〉 = −(i�c + κc)〈c〉 − igmc〈m〉 + Ed ,

〈ṁ〉 = −(i�m + κm)〈m〉 − igmc〈c〉, (8)

with κm being the dissipation rate of the magnon mode. For
a fixed drive power and in the long-time limit, the system
reaches a steady state, and the corresponding solutions of the
averages are

〈m〉 = −igmcEd

g2
mc − (�c − iκc)(�m − iκm)

,

〈c〉 = (i�m + κm)Ed

g2
mc − (�c − iκc)(�m − iκm)

. (9)

In the resonant case �c = �m = 0 and under experimentally
feasible parameters [37,38,74], ωc/2π = 10 GHz, κc/2π =
40 MHz, κm/2π = 0.5 MHz, and gmc/2π = 2 MHz, we find
that a magnon coherent state |β〉m with an amplitude 0.5 <

|β| ≡ |〈m〉| < 4 corresponds to a microwave drive power Pd

ranging from 0.02 to 1.2 fW. Here, we consider a relatively
large cavity decay rate to increase the drive power and to
adiabatically eliminate the microwave cavity in the readout
process in Sec. IV. The drive power can also be increased by
taking a nonzero detuning �c(m). Note that 〈m〉 is generally
complex but can be set to be real by adjusting the phase of the
drive field.

Once the magnon mode is prepared in a desired coherent
state, we switch off the microwave drive, and after a short
time κ−1

c � τs � κ−1
m , during which all microwave cavity

photons dissipate while the magnon state remains almost un-
changed, we then send an optical write pulse [with duration
τw; Fig. 2(b)] to drive the TM-polarized WGM to activate the
optomagnonic Stokes scattering. Assuming that τw � κ−1

m ,
the dissipation of the magnon mode during the write pulse
can be neglected [24,27]. This leads to the following quantum
Langevin equations (QLEs) during the pulse:

ȧ1 = −κ1a1 − iG1m† +
√

2κ1ain
1 ,

ṁ = −iG1a†
1, (10)

where κ1 (ain
1 ) is the decay rate (input field) of the WGM. We

consider a weak coupling G1 � κ1, which allows for the adia-
batic elimination of the WGM, yielding a1 	 κ−1

1 (−iG1m† +√
2κ1ain

1 ). By further using the input-output relation aout
1 =√

2κ1a1 − ain
1 , we get

aout
1 = −i

√
2G1m† + ain

1 ,

ṁ = G1m − i
√

2G1ain†
1 , (11)

with G1 ≡ G2
1/κ1. We further define a set of normalized tem-

poral modes [72] for the WGM driven by a pulse with duration
τw:

Ain
1 (τw ) =

√
2G1

1 − e−2G1τw

∫ τw

0
e−G1sain

1 (s)ds,

Aout
1 (τw ) =

√
2G1

e2G1τw − 1

∫ τw

0
eG1saout

1 (s)ds, (12)

which satisfy the canonical commutation relation [Ak
1, Ak†

1 ] =
1 (k = in, out). By integrating Eq. (11), we obtain

Aout
1 (τw ) = −i

√
e2G1τw − 1m†(0) + eG1τw Ain

1 (τw ),

m(τw ) = eG1τw m(0) − i
√

e2G1τw − 1Ain†
1 (τw ). (13)

Equation (13) allows us to extract a propagator U (τw )
satisfying Aout

1 (τw ) = U †(τw )Ain
1 (τw )U (τw ) and m(τw ) =

U †(τw )m(0)U (τw ), given by [24]

U (τw ) = e−i
√

1−M2(τw )Ain†
1 m†

M(τw )1+Ain†
1 Ain

1 +m†m

× ei
√

1−M2(τw )Ain
1 m, (14)

where M(τw ) = e−G1τw (0 < M < 1). For an initial state of the
optomagnonic system |0〉1|β〉m, the system, at the end of the
write pulse, is prepared in the state (un-normalized)

|ϕ(τw )〉 =
∞∑

n=0

in(1 − M2)
n
2

n!

(
Ain†

1 m†
)n|0〉1|Mβ〉m

≈ |0〉1|Mβ〉m − i
√

1 − M2|1〉1(m†|Mβ〉m). (15)

We have omitted higher-order terms (n � 2), which is a
good approximation when 1 − M2 � 1, i.e., G1τw � 1.
Equation (15) indicates that the single MACS m†|Mβ〉m is
generated when a single TE-polarized photon is detected and
the heralding probability is approximately 1 − M2. Note that
the amplitude of the magnon coherent state is slightly reduced
since |β| → M|β| = |β|e−G1τw .

The above single MACS is a NGS, which exhibits
many nonclassical properties, including the sub-Poissonian
character of the magnon-number distribution, quadrature
squeezing, and a negative Wigner function. We first study
the magnon-number distribution of the state by calculat-
ing the Mandel Q parameter, which is defined as QM =
(〈m†2m2〉 − 〈m†m〉2)/〈m†m〉 [75]. A negative QM < 0 rep-
resents the sub-Poissonian character of the state and is a
signature of nonclassicality [3,4] since classical states, such
as coherent and thermal states, correspond to Poissonian
(QM = 0) or super-Poissonian (QM > 0) statistics. After some
calculation, we obtain QM of the single MACS, i.e.,

QM = − 1 + 2M2|β|2 + 2M4|β|4
1 + M2|β|2(2 + M2|β|2)2

. (16)

In Fig. 3(a), we show the Q parameter versus the amplitude |β|
of the initial magnon coherent state. Clearly, a negative QM is
present, and a small amplitude |β| is preferred for seeing a
strong sub-Poissonian feature. Note that |β| = 0 corresponds
to the single-magnon state |1〉m, whose Q parameter QM =
−1, and for a large amplitude |β| → ∞, QM → 0, implying
that the state tends to be a coherent state. Therefore, the
single MACS m†|Mβ〉m is in an intermediate state between the
single-magnon state (a fully quantum state) and the coherent
state (a classical state), which can be exploited to study the
quantum-to-classical transition [12].

Another nonclassical feature of the single MACS is the
quadrature squeezing [3], which coherent and Fock states do
not possess. To uncover this, we define a general quadrature
of the magnon mode xθ = 1

2 (meiθ + m†e−iθ ). It is squeezed
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FIG. 3. (a) Mandel Q parameter versus the amplitude |β| of the
initial coherent state. (b) Variance 4(�xθ )2 as a function of |β| for
θ = 0 (solid line) and θ = π/2 (dashed line). The horizontal dashed
line denotes QM = 0 in (a) and 4(�xθ )2 = 1 in (b) for the coherent
state. We use the promising parameters τw = 16 ns � κ−1

m , G1/2π =
1 MHz, and κ1/2π = 10 MHz, which yield G1τw ≈ 0.01.

if its variance (�xθ )
2 = 〈x2

θ 〉 − 〈xθ 〉2 is smaller than that of
the vacuum state. The expression of the variance (�xθ )2 is
given by

(�xθ )2 = 1 − M2|β|2 cos 2θ

2(1 + M2|β|2)2
+ 1

4
. (17)

In Fig. 3(b), we plot 4(�xθ )2 versus the amplitude of the
coherent state |β| and consider two cases: θ = 0 and π

2 , corre-
sponding to the optimal θ for squeezing and antisqueezing,
respectively. In our definition, 4(�xθ )2 = 1 corresponds to
the vacuum fluctuation. The initial coherent state has equal
vacuum fluctuations in different quadratures independently of
the amplitude, while the single MACS exhibits squeezing in
one quadrature (θ = 0) but antisqueezing in the orthogonal
quadrature (θ = π

2 ) when |β| > 1.
We further calculate the Wigner function [76] of the single

MACS m†|Mβ〉m, which reads

W (α) = 2

π (1 + M2|β|2)
e−2[|α|2+M2|β|2−M|β|(α+α∗ )]

× [4|α|2 − 2M|β|(α + α∗) + M2|β|2 − 1], (18)

where α is a complex variable. It is known that the negativity
of the Wigner function is an indicator of both nonclassicality

FIG. 4. Wigner function of the single MACS for different values
of |β|: (a) |β| = 0, (b) |β| = 0.5, (c) |β| = 1.5, and (d) |β| = 4. The
other parameters are the same as in Fig. 3.

and non-Gaussianity. For instance, a coherent state manifests
as a Gaussian packet without any negativity in the phase
space, whereas a Fock state displays negative values. In Fig. 4,
we show the Wigner function for the single MACS with differ-
ent values of |β|. In the limit of |β| = 0, the state becomes the
single-magnon state, which exhibits negative values around
the origin of the phase space [Fig. 4(a)]. With increasing |β|,
the negativity is gradually lost [Figs. 4(b) and 4(c)], and the
Wigner function eventually tends to be that of a coherent state
[Fig. 4(d)]. This process corresponds to a smooth transition
from a quantum state to a classical state, as demonstrated in
photonic systems [12,13]. This is more clearly seen in the slice
of the Wigner function, as shown in Fig. 5. The inset shows
a continuous decrease of the Wigner negativity (defined as
the volume δ of negative Wigner distributions in phase space
[77]) as a function of |β|. Clearly, the state gradually loses its
nonclassicality and non-Gaussianity as |β| increases.

B. Magnon-added thermal states

As the most common classical state, the thermal state can
become a non-Gaussian and nonclassical state with the addi-
tion of a single excitation [4]. For a magnon mode of a YIG
sphere, this turns to be a single MATS, which is a macroscopic
quantum state and shows counterintuitive features; e.g., the
mean thermal excitation number is doubled by adding a sin-
gle excitation, as demonstrated in phononic systems [28,29].
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FIG. 5. Wigner function [the Im(α) = 0 plane] of the single
MACS for different values of |β|. Inset: Wigner negativity δ as a
function of |β|. The other parameters are the same as those in Fig. 3.

Moreover, it exhibits nonclassical characteristics that differ
from those of the single MACS and thus opens up new av-
enues for preparing nonclassical states with the minimum
requirement for the initial state.

An initial thermal state of the magnon mode can be
achieved by simply operating the system at a bath temper-
ature giving a nonzero thermal occupation n̄0 > 0. For a
magnon frequency of, e.g., ωm/2π = 10 GHz, the tempera-
ture 0.2 K < T < 1 K corresponds to a magnon thermal state
with 0.417 < n̄0 < 2.084. The thermal state is expressed as

ρth = (1 − p)
∑
n=0

pn|n〉〈n|, p ≡ n̄0

1 + n̄0
. (19)

Like in Sec. III A, we send an optical write pulse to the
TM-polarized WGM to implement the operation of the single-
magnon addition. Assuming that the optomagnonic system
is in the initial state |0〉1〈0|1 ⊗ ρth and using the propagator
U (τw ) defined in Eq. (14), at the end of the pulse, the system is
prepared in the following mixed state (un-normalized):

ρ(τw ) ≈ |0〉1〈0|1 ⊗ [ρ ′
th]m+(1 − M2)|1〉1〈1|1 ⊗ [m†ρ ′

thm]m,

(20)

where the thermal state

ρ ′
th = (1 − p′)

∑
n=0

(p′)n|n〉〈n|, p′ = pM2 ≡ n̄

1 + n̄
, (21)

with a reduced thermal occupation due to the write pulse

n̄ = n̄0M2

1 + (1 − M2)n̄0
< n̄0. (22)

Equation (20) indicates that the magnon mode is prepared in a
single MATS, i.e., m†ρ ′

thm = (1 − p′)
∑

n=0(p′)n(n + 1)|n +
1〉〈n + 1| (un-normalized), if a single TE-polarized photon
is detected. When no photon is created, the magnon mode
remains in the thermal state ρ ′

th, but with a reduced thermal
occupation n̄0 → n̄.

Although it has no squeezing, the single MATS can exhibit
the sub-Poissonian feature in the magnon-number distribution
indicated by a negative Q parameter [4]. In Fig. 6(a), we
plot the magnon-number distributions of the thermal state and

FIG. 6. (a) Magnon-number distribution of the single MATS and
thermal state (inset). We take the initial thermal occupation n̄0 = 0.8
and G1τw = 0.01 as in Fig. 3. (b) Mandel parameter QM versus n̄0

for different values of G1τw . We take τw = 16 ns, G1 is altered by
changing the power of the write pulse, and 0.01 < G1τw < 0.05 cor-
responds to the effective optomagnonic coupling 1 MHz < G1/2π <

2.23 MHz. The other parameters are the same as in Fig. 3.

single MATS. This plot shows that if we add a single magnon,
the number distribution of the state changes significantly. This
manifests as a vacancy in the vacuum state, which has the
highest probability in the initial thermal state but makes no
contribution to the mean excitation number, while the remain-
ing number states are renormalized [14]. The renormalized
number distribution causes a counterintuitive effect; i.e., the
thermal occupation is approximately doubled by adding a
single excitation, n̄ → 2n̄ + 1 [28,29]. We obtain the Mandel
Q parameter of the single MATS, given by

QM = 2M2n̄0(n̄0 + 1)

[(1 + M2)n̄0 + 1][(1 − M2)n̄0 + 1]
− 1. (23)

In Fig. 6(b), we show QM versus the mean thermal magnon
number n̄0 for different values of G1τw. Clearly, a small n̄0

yields a negative QM < 0, signifying the sub-Poissonian char-
acter of the state. In fact, the condition for the sub-Poissonian
statistics in our case is [4]

n̄ = n̄0M2

1 + (1 − M2)n̄0
<

(
N

N + 1

) 1
2

, (24)

where N represents the number of magnons added to the ther-
mal state and N = 1 in our scheme. As n̄0 increases, the state
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FIG. 7. Wigner function [the Im(α) = 0 plane] of the single
MATS for various initial thermal occupations n̄0. The inset shows
the Wigner negativity δ versus n̄0. The other parameters are the same
as in Fig. 3.

exhibits a transition from sub-Poissonian (QM < 0) to super-
Poissonian (QM > 0) statistics, which can be interpreted as a
quantum-to-classical transition, similar to the single MACS,
by varying |β| as discussed in Sec. III A.

We also calculate the Wigner function of the single MATS,
which reads

W (α) = 2(1 − n̄0 + M2n̄0)2

π (1 + n̄0 + M2n̄0)3 e
−2|α|2 1+n̄0−M2 n̄0

1+n̄0+M2 n̄0

× [(4|α|2 − 1)(n̄0 + 1) − M2n̄0]. (25)

In Fig. 7, we show the slice of the Wigner function of the
single MATS for various initial thermal occupations n̄0. In
the limit of n̄0 = 0, the single MATS becomes the very non-
classical single-magnon state |1〉m, which shows a negative
Wigner distribution around the origin of the phase space.
With increasing n̄0 (via rising bath temperature), the Wigner
function gradually loses its negativity, as shown in the inset. It
is worth noting that the single MATS exhibits non-Gaussianity
even for a large n̄0 [28,29]. This is counterintuitive since for
a large thermal occupation n̄0, the Wigner function would be
expected to closely resemble a Gaussian shape of a thermal
state.

IV. READOUT OF NON-GAUSSIAN STATES

In the preceding section, we showed that the magnon mode
of the YIG sphere can be prepared in a single MACS or
MATS. To verify these non-Gaussian and nonclassical states,
we utilize the microwave cavity and the magnon-cavity state-
swap interaction, which allows us to map the magnon state
to the cavity output field from which the quantum state is
measured.

Specifically, we send a microwave probe field, simplified as
a flattop pulse with duration τr , to the cavity [see Fig. 2(b)],
and the Hamiltonian of the cavity-magnon system is H0 + H2.
The beam splitter interaction h̄gmc(cm† + c†m) can coher-
ently map the magnon state to the cavity output field [27],
as will be shown later. Again, we consider a short read pulse
with duration τr � κ−1

m to neglect the magnon dissipation
during the pulse. For the resonant case �c = �m = 0, the

corresponding QLEs, in the frame rotating at the probe fre-
quency, read

ċ = −κcc − igmcm +
√

2κccin,

ṁ = −igmcc, (26)

with cin being the input noise of the microwave cavity.
Under the condition of weak coupling gmc � κc, we can
adiabatically eliminate the microwave cavity and obtain
c 	 κ−1

c (−igmcm + √
2κccin ). By further using the input-

output relation cout = √
2κcc − cin, introducing the temporal

modes

Cin(τr ) = i

√
2Gc

e2Gcτr−1

∫ τr

0
eGcscin(s)ds,

Cout (τr ) = i

√
2Gc

1 − e−2Gcτr

∫ τr

0
e−Gcscout (s)ds, (27)

with Gc ≡ g2
mc/κc, and following the same procedures as in

Sec. III A, we achieve [69]

Cout (τr ) =
√

η(τr )m(0) +
√

1 − η(τr )Cin(τr ), (28)

where η(τr ) = 1 − e−2Gcτr denotes the state-swap efficiency
of the read pulse. Clearly, Cout (τr ) = m(0) when η → 1,
which implies that the magnon state is perfectly mapped to the
cavity output field. Therefore, the generated magnonic NGS
can be verified by measuring the cavity output field of the read
pulse.

First, we consider the case of the single MACS m†|Mβ〉m.
To see its sub-Poissonian character, we perform the photon-
number detection of the microwave output field to calculate
its Mandel Q parameter. Assuming an initial vacuum state of
the microwave cavity, we obtain

QM = −η(1 + 2M2|β|2 + 2M4|β|4)

1 + M2|β|2(2 + M2|β|2)2
. (29)

In Fig. 8(a), we show QM versus the amplitude |β| of the
coherent state for various state-swap efficiencies η. Obviously,
the sub-Poissonian character (QM < 0) of the magnon state is
mapped to the cavity output field when η is not too small,
implying that the Q parameter is robust against the noise that
enters the readout process.

The squeezing of the single MACS can be verified by
measuring the quadrature of the cavity output field, xθ =
1
2 (Couteiθ + Cout†e−iθ ), and its variance is given by

(�xθ )2 = η(1 − M2|β|2 cos 2θ )

2(1 + M2|β|2)2
+ 1

4
, (30)

which is shown in Fig. 8(b) for various η. Figure 8(b) indicates
that a high state-swap efficiency η is required to efficiently
transfer the relatively small squeezing from the magnon mode
to the microwave field.

We further calculate the Wigner function of the cavity
output field, i.e.,

W (α) = {4η|α|2−(2η−1)[4
√

ηM|β|Re(α)−M2|β|2(2η−1) +1]}

× 2

π (1 + M2|β|2)
e−2[|α|2−2

√
ηM|β|Re(α)+ηM2 |β|2], (31)

which can be reconstructed by implementing a microwave
homodyne tomography [78]. Figure 8(c) shows the slice of the
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FIG. 8. (a) Mandel Q parameter and (b) 4(�xθ )2 at θ = 0 versus
|β| for various state-swap efficiencies η. The horizontal dashed line
denotes QM = 0 or 4(�xθ )2 = 1 for the coherent state. (c) Wigner
function [the Im(α) = 0 plane] of the microwave output field for
various η. We take |β| = 1. The inset shows the Wigner negativity
δ versus the efficiency η. We use a relatively longer pulse, τr =
70 ns, to relax the constraint on the weak coupling gmc � κc = 2π ×
40 MHz and also have a high efficiency η. Under these parameters,
0.1 < η < 0.9 corresponds to gmc/2π ranging from 2.2 to 10.2 MHz.
The other parameters are the same as in Fig. 3.

Wigner function of the output field for |β| = 1 and various η.
Figure 8(c) tells that a higher state-swap efficiency η > 0.5

is required [13,14] to have a negative Wigner function of
the output field, which is more clearly seen in the inset of
Fig. 8(c).

Next, we consider the case of the single MATS m†ρ ′
thm.

The corresponding Mandel Q parameter of the microwave

FIG. 9. (a) Mandel Q parameter versus the initial thermal occu-
pation n̄0 for various state-swap efficiencies η. The horizontal dashed
line denotes QM = 0 for the coherent state. (b) Wigner function [the
Im(α) = 0 plane] of the cavity output field for various η. The inset
shows the Wigner negativity δ versus η. We take n̄0 = 0.8 in (b). The
other parameters are the same as those in Fig. 8.

output field is obtained as

QM = 2ηM2n̄0(n̄0 + 1)

[(1 + M2)n̄0 + 1][(1 − M2)n̄0 + 1]
− η. (32)

In Fig. 9(a), we plot QM versus the initial thermal occupation
n̄0 for various state-swap efficiencies η. Similar to the case of
the single MACS [Fig. 8(a)], a higher state-swap efficiency is
preferred to see a clear sub-Poissonian character for a small
n̄0. It is worth noting that the state-swap efficiency does not
change the critical point, as indicated by Eq. (32), at which
the statistics transits from sub- to super-Poissonian [4].

Finally, we derive the Wigner function of the cavity output
field of the read pulse, which reads

W (α) = 2(1 + n̄0 − M2n̄0)2

π [1 + n̄0 + (2η − 1)M2n̄0]3
e
−2|α|2 1+n̄0−M2 n̄0

1+n̄0+(2η−1)M2 n̄0

× [(n̄0 + 1)(4η|α|2 − 2η + 1) − (2η − 1)2M2n̄0].

(33)

We plot the Wigner function for a series of η in Fig. 9(b).
Similar to the single MACS [Fig. 8(c)], no negativity of
the Wigner function can be found for the state-swap effi-
ciency η < 0.5, and the Wigner function behaves as a vacuum
Gaussian packet when η → 0.
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V. CONCLUSIONS

In summary, we showed how two kinds of magnonic
NGSs, i.e., single MACS and MATS, can be prepared in
a YIG sphere and subsequently read out with the aid of
a microwave cavity. This is achieved by weakly activat-
ing the optomagnonic Stokes scattering combined with the
single-photon detection. Our protocol, by adding a single
magnon to Gaussian states, provides an alternative approach
for preparing a series of magnonic NGSs. These NGSs exhibit
many nonclassical properties, such as sub-Poissonian statis-
tics, quadrature squeezing, and a negative Wigner function,
and may find potential applications in fundamental studies of
the quantum-to-classical transition and macroscopic quantum
states, as well as in quantum information processing based on
magnonics. We note that our scheme can also be applied to
prepare other non-Gaussian states, e.g., the magnonic catlike

state, which can be achieved by weakly activating the opto-
magnonic anti-Stokes scattering to subtract a single magnon
from an initial magnonic squeezed state [25,26].
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