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Generation of long-lived W states via reservoir engineering in dissipatively coupled systems

Guo-Qiang Zhang ©,! Wei Feng,' Wei Xiong®,” Qi-Ping Su®,' and Chui-Ping Yang'-*-"
1School of Physics, Hangzhou Normal University, Hangzhou, Zhejiang 311121, China
2Department of Physics, Wenzhou University, Zhejiang 325035, China
3 Quantum Information Research Center, Shangrao Normal University, Shangrao 334001, China

® (Received 4 July 2022; accepted 22 December 2022; published 6 January 2023)

Very recently, dissipative coupling was discovered, which develops and broadens methods for controlling and
utilizing light-matter interactions. Here, we propose a scheme to generate the tripartite W state in a dissipatively
coupled system, where one qubit and two resonators simultaneously interact with a common reservoir. With
appropriate parameters, we find the W state is a dark state of the system. By driving the qubit, the dissipatively
coupled system will evolve from the ground state to the tripartite W state. Because the initial state is the ground
state of the system and no measurement is required, our scheme is easy to implement in experiments. Moreover,
the W state decouples from the common reservoir and thus has a very long lifetime. This scheme is applicable
to a wide class of dissipatively coupled systems and we specifically illustrate how to prepare the W state in a
hybrid qubit-photon-magnon system by using this scheme.
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I. INTRODUCTION

In the last decades, the coherent coupling between light and
matter (light and light, or matter and matter) has been widely
studied in various physical platforms due to its diverse appli-
cations in quantum communications [1], quantum computing
[2,3], quantum sensing [4], and so on. Not only that, the light-
matter coherent coupling is of fundamental importance. For
example, the coherent coupling has entered the ultrastrong-
coupling regime [5], where the counterrotating terms produce
unexpected physical phenomena, such as the virtual pho-
ton population in the ground state [6] and the Bloch-Siegert
shift [7,8]. Recently, another type of light-matter interaction,
namely, dissipative coupling, was discovered [9—12]. In con-
trast to the level repulsion of the eigenmodes in a coherently
coupled system, a dissipatively coupled system is featured by
the level attraction. As a new coupling mechanism, the dis-
covery of dissipative coupling develops and broadens various
methods for controlling and utilizing light-matter interac-
tions. With the interference between coherent coupling and
dissipative coupling, it becomes feasible to engineer nonrecip-
rocal magnonic devices in the classical and quantum regimes
[13,14]. In addition, dissipative coupling also has important
applications in, e.g., nonreciprocal photon transmission and
amplification [10], topological energy transfer [11], sensitive
detection [15], and lowering the threshold power of nonlinear
effects [16].

Coherent coupling makes it possible to generate en-
tanglement between two or more quantum systems [17].
Entanglement lies at the core of quantum mechanics and plays
a significant role in quantum information processing [18-22]
and quantum communication [23-26]. The typical entangled
states include the Bell state, the Greenberger-Horne-Zeilinger
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(GHZ) state, and the W state [17]. Compared with the GHZ
state, the W state is more robust with respect to particle losses
[27]. Due to their intrinsic interest and practical importance,
many efforts were devoted to generating the Bell state, the
GHZ state, and the W state in coherently coupled systems
(see, e.g., Refs. [28-37]). In previous studies, the entangle-
ment of mixed states was investigated in dissipatively coupled
systems [38—41]. Very recently, some schemes were proposed
to generate the Bell state via dissipative coupling, with the
help of continuous measurement or postselection [42-44].
However, how to prepare the GHZ state and the W state in
a dissipatively coupled system has not been studied yet.

In the present paper, we propose a scheme of generating the
tripartite W state via reservoir engineering in the absence of
any coherent coupling. The physical system considered here
consists of one qubit and two resonators, which are dissipa-
tively coupled through a common reservoir. The dissipative
coupling can be described using a Lindblad superoperator
with a cooperative jump operator, which is in the form of the
linear superposition of the qubit operator and the resonator
operators. By carefully designing the jump operator, we find
that the W state is a dark state of the dissipatively coupled
system. When pumping the qubit with an appropriate drive
pulse, the system will evolve from its ground state to the
tripartite W state (i.e., a dark state of the system). Note that the
above results are also valid if the two resonators are replaced
by two qubits because only both the ground states and the first
excited states of the two resonators are involved in preparing
the W state (cf. Secs. II B and III).

In our scheme, there is no need to perform measurements
and adjust the system parameters. Moreover, the prepared W
state decouples from the common reservoir and therefore has
a very long lifetime [41,45,46], i.e., the generated W state
is steady rather than transient. With the assistance of local
dissipations of subsystems, the pure entangled states, such as
the GHZ state, can be also prepared (see, e.g., Refs. [47,48]).
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Different from these works, the proposed scheme is based
on the nonlocal dissipation (i.e., the cooperative dissipation)
due to the common reservoir, which induces the dissipative
couplings among the qubit and the two resenators. Our work
provides a scheme for generating tripartite W states via reser-
voir engineering in dissipatively coupled systems, which is
applicable to a wide class of systems including waveguide
QED systems [3,42,43], dissipatively coupled spins mediated
by a magnetic environment [44], magnon-based hybrid sys-
tems [12,14], and so on.

Using this scheme, we further study how to generate
the W state in a magnon-based hybrid system. Magnons
are collective spin excitations in ferromagnetic crystals
[49,50]. The magnon-based hybrid systems have recently
become a promising platform for quantum technologies
[51-53]. Recently, there were some investigations on quan-
tum entanglement in magnon-based hybrid systems [54-57].
Specifically, a protocol for producing transient Bell states
and GHZ states in a hybrid qubit-photon-magnon system was
presented in Ref. [58], but how to generate the W state in
a magnon-based hybrid system is still an open question. On
the other hand, the exotic effects induced by dissipative cou-
pling were widely studied in magnon-based hybrid systems
both theoretically [14-16,59,60] and experimentally [13,61—
63]. Motivated by these works, we will apply our results to
generate a hybrid W state in a qubit-photon-magnon system,
where a superconducting transmon qubit, a superconducting
transmission-line resonator, and a yttrium iron garnet (YIG)
sphere are dissipatively coupled through a coplanar waveg-
uide. The presence of the intrinsic dissipations of the qubit,
the resonator, and the magnon mode in the YIG sphere lim-
its the lifetime of the hybrid W state. This underpins the
utility of our scheme for generating tripartite W states in
dissipatively coupled systems. In the versatile magnon-based
quantum information processing platform [51-53], super-
conducting qubits (superconducting resonators) can act as
quantum processor (quantum bus) [64], while magnon modes
can play the role of quantum memory [65,66]. Using the
qubit-photon-magnon W state, quantum processor, quantum
bus, and quantum memory can be connected. In addition,
we can also use the hybrid W state to transfer quantum
states among quantum processor, quantum bus, and quantum
memory [67].

Our paper is structured as follows. In Sec. II, we de-
scribe the dissipatively coupled ternary system and give the
corresponding Lindblad master equation. Using the master
equation, we investigate the dark states and the bright states of
the dissipatively coupled system. In Sec. III, we demonstrate
that the W state is exactly a dark state of the system. We
further show how to generate the W state by pumping the
qubit with an appropriate drive pulse. In Sec. IV, we apply our
results to create the W state in a hybrid qubit-photon-magnon
system. A brief summary is given in Sec. V.

II. MODEL

A. Master equation

As depicted in Fig. 1(a), we consider a general model for
a qubit and two resonators, which simultaneously couple to
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FIG. 1. (a) A schematic showing a qubit and two resonators
(with annihilation operators o, a, and b, respectively) simultaneously
interacting with a common reservoir. To generate the W state, a drive
pulse with Rabi frequency 2, pumps the qubit. (b) Mediated by the
common reservoir in (a), the three subsystems are dissipatively cou-
pled together, which can be described using a Lindblad superoperator
L[o] in the master equation, cf. Egs. (2) to (4). (c) Diagram of a
hybrid qubit-photon-magnon system. A superconducting transmon
qubit, a superconducting transmission-line resonator, and a ferrimag-
netic YIG sphere are dissipatively coupled via an open waveguide,
where the transmon qubit is driven by a microwave pulse with Rabi
frequency 2.

a common reservoir of many bosonic modes. In the absence
of the drive field on the qubit, the Hamiltonian of the ternary
system can be written as (setting /i = 1):

H, = w,0 0 + w,a’a + wpb'b, (D

where w, is the frequency of the qubit, o = |g){e| (¢ =
le){g|) is the lowering (raising) operator of the qubit with
ground state |g) and excited state |e), a and @' (b and b")
are the annihilation and creation operators of resonator a
(resonator b) at frequency w, (wp). When the three subsystems
are nearly resonant, i.e., w, & w, & wp, X wy, by tracing out
over the degrees of freedom of the reservoir, the master equa-
tion for the density operator p of the ternary system can be
derived as (see the Appendix)

p = —ilHs, p] + tL[olp, @)

where T = Y, mA28(wy — wy) is the decay rate of the ternary
system, and A is the effective coupling strength between
the ternary system and the kth mode of the reservoir with
frequency wy. Note that, in the derivations for the above
master equation, the Born-Markovian approximation and the
assumption of the reservoir at zero temperature were used.
The Lindblad superoperator L[o]p describes the dissipative
interactions among the three subsystems mediated by the
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common reservoir [cf. Fig. 1(b)], which is given by
Lolp = 20po’ —o'op — po'o, 3)
with the jump operator
0= 1s0 + 1aa + Mpb, “)

where 1y = (Ao /Ai)e % (o« = 0, a, b), A is the coupling
strength between the subsystem « and the kth mode of the
reservoir and the corresponding phase is ¢, = (wp/v)x, With
the speed v of light and the location x, of the subsystem «.
It should be emphasized that the cooperative dissipative term
tL[o]p in Eq. (2) results from the interaction of the entire
ternary system with a common reservoir. If two subsystems
(e.g., the two resonators) of the ternary system decouple from
the common reservoir (i.e., n, = 1, = 0 but n, # 0), the dis-
sipative term 7 £[0] p will be reduced to (|1, |>t).L[o ], which
presents the local dissipation of the qubit.

For clarity, we can expand the Lindblad superoperator in
Eq. (3) and obtain Llolp =Y, e} Qapa’™ —a'Tap —
pa’"ar). The diagonal term (with o = ') presents the local
dissipation of the subsystem o with the decay rate |,|?7. In
general, 147, = (Akghke /A3)e " @=%) is a complex number
due to the phase ¢, — ¢, . Note that we assumed Ay, and Aj
are real. Therefore, the off-diagonal term (with o # «') de-
notes both the dissipative coupling with strength Re[n.n, ]t
[10,12] and the coherent coupling with strength Im[n,n} ]t
[38,68] between the two subsystems « and «’. In our paper,
we only study the case of ¢, — py = nr (n =0,1,2,...,)
by setting x, — Xy = £nmwv/wy, i.e., there is not any co-
herent coupling among the three subsystems because of
Im[nen; ]t = 0.

B. Dark states of the system

For the dissipatively coupled system, there are some dark
states, which are decoupled from the common reservoir and
have long lifetimes [45,46]. To study the dark states of the
system, we rewrite the master equation (2) in the form [69,70]
p = —i(Hetp — pHJ;) + 2t0po’, where

Her = 0,00 + wea’a + wpb’™b — ito'o )

is an effective non-Hermitian Hamiltonian. Obviously, the
Hamiltonian H.¢ preserves the total number N of excitations
in the system due to [Heg, N1 = 0, with

N =oc"0c +a'a+bb. (6)

Thus, we can analyze the eigenvectors of the dissipa-
tively coupled system in the closed one-excitation sub-
space {|e00), |g10), |g01)} with |e00) = |e)|0),]0)s, |g10) =
18)11)al0), and [g01) = |£)|0)a[1),, Where |1}, ) is the Fock
state of the resonator a (), and n is the corresponding excita-
tion number in the resonator a (b). When the three subsystems
are resonant, i.e., w, = w, = W, = wyp, the non-Hermitian
Hamiltonian Hg in Eq. (5) has three orthonormal eigenvec-
tors in the one-excitation subspace, two degenerate dark states

1.00
0.75 [Dy1)
. """ |D2)
< I .......... |B)
& 050
0.25 +
0.00 n | X ..". ------- oneen 4 ),
0.0 0.5 1.0 1.5 2.0 25

FIG. 2. Time evolution of the fidelity ¥x = Tr(p|X)(X|) for the
initial states |X) = |D;) (black solid curve), |X) = |D,) (red dashed
curve), and |X) = |B) (blue dotted curve), calculated using Eq. (2).
Here the parameters are set as w, /T = w,/T = wp/T = 500 and
r}U:T}a:T}b:L

{ID1), |D,)}, and one bright state |B), which are given by

1
ID1) = — e (14/€00) — 1, |g01)),
Vel +
1
|Dy) = (k1]€00) + k2|g10) + k3]g01)),
VIGP + Tl + ks
1
B) = —— (75 1€00) + 11g10)+ 75 g01)),
Ve 2+ 1nal? + [n]
)
with
116 1*1a NoNally
kl=————, ko=—1y, ks =——7—. (8)
11 + 11612 17012 + |ns]?

Note that in Eq. (7), the Gram-Schmidt orthogonal-
ization was applied. The corresponding eigenvalues
for {|D1), |D2), |B)} are Epy =Epy =wy and Ep=
wo — i(|0s )% + [9al> + |np1?)T, respectively. From these
eigenvectors and eigenvalues, we can know that the two dark
states {|D;), |D,)} are stable because their decay rates are
zero, while the bright state |B) is a superradiant state with
decay rate (|751% + 11al* + |1/*)7.

By numerically solving the master equation in Eq. (2), we
study the stability of the eigenvectors {|D;), |D,), |B)}. As
shown in Fig. 2, if the initial state of the system is the dark
state |[Dy) or | D), the fidelity Fp, = Tr(p|D1)(D1]) or Fp, =
Tr(p|D2)(D>|) is independent of time ¢ (i.e., Fp, = Fp, = 1,
see the black solid and red dashed curves), which indicates
that the two dark states |D;) and |D,) are stable. However,
when the system is in the bright state |B) at ¢ = 0, the state of
the system will decay with time ¢ to the vacuum state |g00),
and the corresponding fidelity ¥5 = Tr(p|B)(B|) decreases
monotonically from 1 to O (see the blue dotted curve).

We would like to point out that the assumption of a one-
excitation subspace in Eq. (7) does not limit the generality of
our work. In Secs. III and IV, the numerical results related to
generating W states are obtained via solving the master equa-
tion of the system in a large-enough Hilbert space (rather than
the subspace {|g00), |e00), |g10), |g01)}), which are almost
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TABLE 1. The form of the dark state |D) given in Eq. (11) for
different values of the parameters (1., 14, 1p).

(Mos Nas Mb) Dark state |D)

@2, -1, -1 WD) = (1e00) + |g10) + |01))/+/3
V2, -1, —1) IW2) = (v/2[e00) + |g10) + |g01))/2
(1,1, 1) W) = (2]e00) — |g10) — [g01))//6
(1,0, =1) [W3) = (1e00) + |g01))/+/2

consistent with the theoretical analyses in the one-excitation
subspace. The reason is that since the drive on the system is
weak and the bright state | B) decays fast, the higher-excitation
subspace is nearly not occupied in preparing W states. There-
fore, the assumption of the one-excitation subspace applied in
our theoretical model is reasonable.

III. GENERATING LONG-LIVED W STATES

In the dissipatively coupled system, any single-excitation
state can be expressed as a linear superposition of the three
orthonormal eigenvectors {|D1), |D,), |B)} given in Eq. (7).
For example, the state |e00) can be expressed as

|e00) = c1|D1) + c2|D2) + c31B), 9

where the coefficients are ¢; = (D;|e00), ¢, = (D;|e00), and
c3 = (B|e00), i.e.,

1,
Cl Ealay——————
VIne > + [ns/?
ky
Cy) = )
VIki 2 + ko) + [ks ]2

No
Cc3 = .
V1612 + 12l + (1,12

If the ternary system is prepared in the state |¢00) at ¢ = 0, the
components of the dark states {|D;), |D,)} are stable, while
the component of the bright mode |B) will decay with time ¢
to the vacuum state |g00). Finally, the system reaches a steady
mixed state of the vacuum state |g00) and the dark state

(10)

D) = (c11D1) + ¢2|D2)). ey

1
Vel + e
With appropriate values of the parameters (1., 14, 1), the
dark state |D) can be an arbitrary W state with single ex-
citation (cf. Table I). For n, =2 and n, = n, = —1, the
corresponding dark state |D) is the prototype W state |W3(1) )=
(e00) + |g10) + |g01))/+/3. In addition, we can also obtain
the Agrawal W state [W,>) = (v/2/e00) + |g10) + |g01))/2
in the case of 7, = +/2 and 1, = 1, = —1. The Agrawal W
state |W3(2)) was first proposed by Agrawal and Pati, which has
important applications in perfect teleportation and superdense
coding [71]. At initial time ¢t = 0, the system is in the ground
state |g00). To produce the single-excitation W state (i.e., the
dark state |D)), we can use a classical coherent drive pulse
with frequency w; and duration 7y to pump the qubit. This
corresponds to adding the drive term @ (ty — )Q (o e~ +
o ey to the system Hamiltonian Hy in Eq. (1), which is then

expressed as

Hfd) = w,0'0 + w,a'a+ wpb'b

+ 0@t — Qo e ! + ae), (12)

where €2, is the Rabi frequency and ®(#y — t) is the Heaviside
function. Now the dynamics of the ternary system is also
governed by the master equation in Eq. (2), but H; is replaced
by H@, where we neglect the effect of the drive field on
the dissipative term t.L[o]p in Eq. (2). This approximation
is reasonable for a weak drive field, which is widely used
in quantum optics [72]. Correspondingly, the effective non-
Hermitian Hamiltonian H¢ in Eq. (5) becomes He(ff) = Her +
Oty — 1)Qq(o e @ 4+ g, Obviously, the presence of
the drive term spoils the preservation of the total number of
excitations of the system due to [He(é) ,N1#0 when t < 19,
where the total number N of excitations in the ternary system
is given in Eq. (6). As a result, the one-excitation subspace of
the system is not closed. Thus, it is difficult to exactly obtain
the eigenvectors of He(g). Fortunately, since the drive field is
very weak (i.e., 24 < 1) in our scheme, we can approxima-
tively assume that the three eigenvectors of H.g in Eq. (7) are
also the eigenvectors of He(g) in the one-excitation subspace.
For ¢t > 1y, the drive pulse ends, and Héf ) — Hs.

With the system Hamiltonian H?) in Eq. (12), we plot the
time evolution of the fidelity ¥ of the prototype W state |W3(1))
in Fig. 3(a) via numerically solving the master equation in
Eq. (2) with H replaced by H(®, where the fidelity ¥ of the
target W state (i.e., the dark state |D)) is defined as

F = Tr(p|D)(D). 13)

Here we assume that the pulse length is infinite, i.e., {y = +00.
When tf < Tty (With Tty = 273), the fidelity # increases
monotonically from ¥ =0 at r =0 to its maximum value
F = Frmax (With Frax = 0.985) at time ¢ = Ttyax. The cor-
responding physical mechanisms are as follows. (i) When the
qubit is pumped by the drive pulse, the qubit is excited and the
state |g00) of the system transfers to |e00). (ii) Due to the dis-
sipative couplings, the state |e00) will evolve into the mixed
state of the dark state |D) (i.e., the prototype W state |W3(1)))
and the ground state |g00). (iii) For the component |g00) in
the mixed state, it will be pumped into the state |e00) again.
(iv) The processes (ii) and (iii) are repeated. Strictly speaking,
now the prototype W state |W3(l)) is not the dark state of the
system because the effective non-Hermitian Hamiltonian in
Eq. (5) does not include the drive term. This results in that
the maximum value ¥, of the fidelity ¥ is smaller than the
ideal value 1 (i.e., Fmax < 1) and that the fidelity ¥ versus
time ¢ exhibits obvious oscillations [cf. Fig. 3(a)]. Using a
weaker drive pulse, we can obtain a higher fidelity #p,x at the
expense of a larger #,,,,x for reaching Fp,ax [cf. Fig. 3(b)]. In the
weak-drive limit Q; — 0, Fax — 1 but i — +00 (e.g.,
when Q;/7 = 0.001, Frax = 0.998, and T, = 2720.7).
For generating a stable W state with fidelity 7 = % ax, the
duration #; of the pulse should be equal to t,,,x (i-€., fo = fmax)-
In Fig. 3(c), we present the time evolution of the fidelity #
of the prototype W state |W3(1)) for different values of Rabi
frequency 2,4, where the corresponding duration #y = f,x of
the drive pulse can be found in Fig. 3(b). As we expected,
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FIG. 3. (a) Time evolution of the fidelity ¥ of the prototype W
state [W,") = (]e00) + |g10) 4 |g01))/+/3, with €,/ = 0.01 and
ty = +00, where the red dot denotes the maximum value F.x =
0.985 of the fidelity ¥ at time Ty, = 273. (b) The maximal
fidelity Fmax of |W3(”) versus the Rabi frequency €2,/t, where
the corresponding time tt,,, (for reaching Fp.x) versus Q,/t is
shown in the inset. (c) Time evolution of the fidelity ¥ of |W3(1))
for drive pulses with different shapes: ©,/t =0.01, t7, =273
(black solid curve); 2,/ = 0.05, tty = 54.1 (red dashed curve);
and /7 = 0.1, 1y = 26.9 (green dotted curve). (d) Time evolu-
tion of the fidelity # for different W states: the Agrawal W state
W,y = (v/2€00) 4 |g10) + |g01))/2 with €4/t = 0.001, Tz =
2211.1 (black solid curve); the common W state |W3(3)) = (2]e00) —
|g10) — |g01))/4/6 with Q,/T = 0.001, 7y = 1934.7 (red dashed
curve); and the Bell state |W3(4)) = (]00) + |g01))/+/2 with Q, /7 =
0.001, t#y/ =2211.1 (green dotted curve). These results in
(a)—(d) are obtained using the master equation in Eq. (2) with the
system Hamiltonian H?) given in Eq. (12) and the initial state
1g00). For the four W states, [W,"), [W,?), [W,”)), and |W,*), the
corresponding values of (1,, 1,4, 1) can be found in Table 1. Other
parameters are w, /T = @,/T = w,/T = w,/T = 500.

the fidelity # becomes time independent after reaching the
maximum value Fp., at time ¢t = ¢y, i.e., the lifetime of the
prototype W state |W3(1)) is infinite. When the drive pulse
becomes weaker, the fidelity of the prepared |W3(1)) is higher,
while the time for preparing stable |W3(1)) is longer. Moreover,
as shown in Fig. 3(d), we can also generate other types of
stable W states by selecting specific values of (15, 74, 75),
such as the Agrawal W state |W(2) («/_ 2|e00) + |g10) +

|g01))/2 (black solid curve), the common W state |W(3))

(2]€00) — gl 0) — |g01))/ )//6 (red dashed curve), and the Bell
state IW ) = (]e00) + |g01) )/\/_ (green dotted curve).

IV. GENERATING W STATES VIA
DISSIPATIVE COUPLINGS IN A HYBRID
QUBIT-PHOTON-MAGNON SYSTEM

Our results provide a way to produce W states in
dissipatively coupled systems. Guided by the recent experi-
ments related to dissipative coupling in magnon-based hybrid

systems [13,61-63], we apply the proposed scheme in a hy-
brid qubit-photon-magnon system. As depicted in Fig. 1(c),
the hybrid system comprises a superconducting transmon
qubit, a superconducting transmission-line resonator, and
a YIG sphere, which are simultaneously coupled to an
open waveguide. Owing to the common reservoir (i.e., the
waveguide), there are dissipative couplings among the three
quantum subsystems. In addition, we use a microwave pulse
to drive the transmon qubit for generating the W states. Now
the total Hamiltonian of the qubit-photon-magnon system can
be cast exactly in the form of Eq. (12) and the dynamics of the
hybrid system is governed by the Lindblad master equation in
Eq. (2), where the microwave photon operator is a and the
magnon operator is b.

When the intrinsic dissipations from all constituents of the
hybrid system are included, the complete master equation can
be written as

p=—i[H®, ,o] + tL[o]p
+ Y vuLledp + vyloepo: — ), (14)
a=0,a,b

with o, = |e)(e| — |g)(gl, where Y, (¥,) is the relaxation rate
(pure dephasing rate) of the qubit, and y, and y, are the
relaxation rates for the resonator and the magnon mode in
the YIG sphere, respectively. By numerically solving the mas-
ter equation in Eq. (14), we plot the maximal fidelity Fpax
and the corresponding #,,x of the prototype W state |W3(1))
versus the Rabi frequency €2,/7 in Figs. 4(a) and 4(b). Dif-
ferent from the ideal case without the intrinsic dissipations
of three subsystems [cf. Figs. 4(a) and 3(b)], there is a spe-
cific Rabi frequency QU™ (with ™/ = 0.0221), where
the optimum fidelity 7, n(f;ﬁl) (with 7, n(f;ﬁl) = 0.936) is reached
and the corresponding time f,,x is denoted as t,(rfg) (with
1P = 0.976 us), cf. Fig. 4(b). The underlying physics of this
difference is that when Q,; < fop t), the intrinsic dissipation
rather than the drive pulse dominates the dynamical behaviors
of the hybrid system, which makes the state of the system
dissipate to the ground state. In the weak-drive limit ; — O,
the maximal fidelity Fax — 0. To produce the long-lived
target state |W, ") with fidelity 7 = FoP)  the parameters of
the drive pulse should be set to be Qy = fopl) and ty = £,
With these optimum parameters Qy = Qg’pl) and 19 = £\,
we show the time evolution of the fidelity # of |W3(1)) for dif-
ferent relaxation times yb_l of the magnon mode in Fig. 4(c).
For yb_' =1 us (5 ps, 20 us), the fidelity # increases mono-
tonically with time  when t < 0.478 ps (0.976 us, 1.572 ps)
and then reaches the maximum value b = 0.882 (0.936,
0.955) at time r = 0.478 us (0.976 us, 1.572 us). Clearly, for
a longer lifetime yb_l of magnons, the corresponding fidelity

9PU is higher, while the time 7y = £,k (for reaching ¥ =

,g‘;ﬂl)) is also longer. Due to the intrinsic dissipations, the
fidelity F decreases monotonically for ¢ > fy, and the lifetime
of the target state |W3(l)) is limited by the lifetimes of the qubit,
the resonator, and the magnon mode. In addition, the other
types of W states with the fidelity ¥ = ﬂﬁi‘i ). such as |W3(2)),

|W3(3)) and |W3(4)), can also be generated via driving the qubit
by appropriate pulses [cf. Fig. 4(d)].

012410-5



ZHANG, FENG, XIONG, SU, AND YANG

PHYSICAL REVIEW A 107, 012410 (2023)

1.0 25 .
0.8 20 ®)
«
2097 @™ mEE N S
k04 2107\ @™ /n 38
0.2} = st
0.0 ‘ ‘ 0
0.001  0.01 0.1 1 0001 001 0.1 1
.Qd/T .Qd/T
1.0 ( - 1.0 O
C Tl ' S==
0.8 X ==l 08}
’ .
’ .
06F [ &0.6— !
® 04 i —vypt=1ps 0.4f ¢ — )
' -1 _ 3)

i ---vp'=5us [ - - W)
021/ Yo' =20ps 021 W)
0.0 4 A A 0.0 ‘ ‘

0 1 2 3 0.0 0.8 1.6 2.4

t (us) t (ps)

FIG. 4. (a) The maximal fidelity Fiq Of the prototype W state
W) = (]e00) + |g10) + |g01))/+/3 versus the Rabi frequency
Q,/t with 7/1;1 =5 us, where the corresponding time 7,,,x (for reach-
ing Fmax) versus 4/t is shown in (b). (c) Time evolution of the
fidelity ¥ of \W;”) for different relaxation times of the magnon
mode: )/b’l =1 us (black solid curve); )/b’l =5 us (red dashed
curve); and yb’l = 20 us (green dotted curve). The shapes of the cor-
responding drive pulses are Q2,;/t = 0.0452, 15 = 0.478 us; Q;/1 =
0.0221, tp = 0.976 us; and Q,/t = 0.0137, t, = 1.572 us, respec-
tively. (d) Time evolution of the fidelity # for different W states in
the case of yh"l =5 ps: the Agrawal W state |W3(2)) = (+/2]€00) +
|g10) + |g01))/2 with @,/t = 0.0221, #, = 0.795 us (black solid
curve); the common W state |W3(3)) = (2/e00) — |g10) — |g01))/«/5
with Q,/t = 0.0281, fy = 0.547 ps (red dashed curve); and the
Bell state [Wy") = (|e00) + [g01))/+/2 with ./t = 0.0221, #, =
0.795 us (green dotted curve). These results in (a)—(d) are obtained
using the master equation in Eq. (14) with the system Hamiltonian
H@ given in Eq. (12) and the initial state |g00). Other parameters are
Yo' =y, =60us, v, =25 us, /27 = 20MHz, and w, /21 =
W, /21 = wp/21w = wy/2w = 5 GHz.

Furthermore, we find that the optimum fidelity Fao can

be also improved by increasing the cooperative decay rate
. As shown in Fig. 5(a), the optimum fidelity Fro2’ of
the prototype W state |W3(1)) versus the cooperative decay
rate 7/2m increases monotonically for different relaxation
times yb_l of the magnon mode. In the case of yb_l =1 ys

(5 us, 20 us), Fr® is improved from 0.84 to 0.922 (0.911
to 0.959, 0.937 to 0.971) if the cooperative decay rate t /27w
increases from 10 MHz to 50 MHz. Experimentally, the en-
gineered jump operator o for generating the target W state
may be not ideal because the dissipative rates of the qubit,
the resonator, and the mangon mode, induced by the waveg-
uide, are not tunable. Thus, it is necessary to investigate
the effects of the deviations of the jump operator o from
the ideal form. In Fig. 5(b), we plot the optimum fidelity

bV of the prototype W state |W,") versus the deviation
8, where 0 =2(1 + 8§)o0 —a — b is for the deviation from
the qubit (black square), 0 =20 — (1 + §)a — b is for the
deviation from the resonator (red circle), and 0 = 20 —a —
(1 + )b is for the deviation from the magnon mode (green
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FIG. 5. (a) The optimum fidelity %" of the prototype W
state |[Wy") = (|e00) + |g10) + |g01))/+/3 versus the cooperative
decay rate t/2x for different relaxation times of the magnon mode,
yb’l =1 us (black square), yb’l =5 us (red circle), and yb’l =20 us
(green triangle). (b) The optimum fidelity 7% of the prototype
W state |W3(1)) versus the deviation § from different subsystems
with 7/27 = 20 MHz and yb’l =5 us. Here, 0 =2(1 +68)0 —a —
b (black square), 0 = 20 — (1 + &)a — b (red circle), and 0 = 20 —
a — (1 + 6)b (green triangle). In (a,b), each data point is calculated
using the master equation in Eq. (14), where Q; = Qf;’pt) and 1y =

t{PY_Other parameters are the same as in Fig. 4.

triangle). Around the ideal value § = 0, the optimum fidelity
Fo) versus 8 changes slowly. This robustness of Fron’
against § indicates that even if the jump operator o deviates
from the ideal form, but our scheme can also work well.

In the experiment, the typical frequencies for the trans-
mon qubit, the resonator and the magnon mode can be made
as 1 — 10GHz [3,53]. In the numerical simulations, we set
W /2T = w, /27 = wp/27 = wy/2mw = 5 GHz, which can be
easily reached because the frequencies of the transmon qubit
and the magnon mode are readily tunable by controlling the
bias magnetic fields. With the state-of-the-art technologies,
the relaxation time ya’l (ya’l) of the transmon qubit (the res-
onator) and the pure dephasing time ! of the transmon qubit
can be made to be on the order of 10—100 us [3]. In cavity
magnonics, the typical relaxation time yh_l of the magnon
mode is on the order of 1 us [73,74], which can possibly go
up to several microseconds [75] and even beyond [76] by im-
proving the YIG sphere quality, e.g., in surface roughness and
densities of impurities and defects. Moreover, the decay rate
[ns |7 /2 = 99.5 MHz of the transmon qubit [77,78] and the
decay rate |n, |2t /2w = 169 MHz of the resonator [79] caused
by the coplanar transmission-line waveguide were reported in
experiments. Very recently, the dissipative coupling between
two magnon modes in two 0.25-mm-diameter YIG spheres
was engineered via a common waveguide, where the decay
rate |n,|?7 /27 of each magnon mode induced by the waveg-
uide is 8.5 MHz [62]. If the diameter of the YIG sphere is
increased to 0.4 mm (0.6 mm), the decay rate of each magnon
mode due to the waveguide will be |n,|?t /27 = 34.8 MHz
(117.5 MHz) because the decay rate of magnons due to the
waveguide is proportional to the volume of the YIG sphere
[74]. Therefore, our scheme is experimentally feasible with
the currently available parameters.

V. DISCUSSIONS AND CONCLUSION

Usually, the common reservoir is artificial and can only
induce the cooperative relaxation in dissipatively coupled
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systems [3,12,14,42—44]. In our scheme (cf. Sec. IV), the
common reservoir is an open waveguide and no cooper-
ative pure dephasing of the system is induced (see the
Appendix). If the qubit and the two resonators are coupled
via a common pure dephasing reservoir, the corresponding
master equation of the system can be written as Eq. (2)
with the jump operator o = n,0 + n,.a + npb replaced by
O = n,0'o + n.a'a + nyb'b. Different from the cooperative
relaxation, the cooperative pure dephasing cannot induce the
energy exchange among the three quantum subsystems. Thus,
the proposed scheme does not work for a common pure de-
phasing reservoir.

In addition, it should be emphasized that the common
reservoir (i.e., the cooperative dissipation) plays a crucial role
in our scheme. Due to the drive pulse on the qubit, the ternary
system evolves from |g00) to |e00). Then the component of
the bright state |B) (i.e., the nontarget W state) in the state
|e00) decays to the vacuum state |g00) via radiating the en-
ergy into the common reservoir, while the component of the
dark state |D) (i.e., the target W state) in the state |e00) is
steady because it decouples from the common reservoir [cf.
Egs. (9) and (11) and related discussions]. Without the com-
mon reservoir, the three eigenvalues of the closed system in
the one-excitation subspace will be real, which means that the
corresponding three eigenvectors are all dark states because
their decay rates are zero. As a result, both components of
target W state and nontarget W states in the state |e00) are
dark states. Thus, the target W state cannot be generated in
the closed system.

In summary, we presented a scheme to generate tripartite
W states in a ternary system consisting of one qubit and two
resonators, which are dissipatively coupled via a common
reservoir. With appropriate values of the system parameters,
the W state can be prepared by pumping the qubit with a drive
pulse. This scheme is easy to implement in experiments since
neither performing measurements nor adjusting the system
parameters is required. In addition, because the generated W
state is a dark state of the system, it is steady and has a very
long lifetime. To show the validity of the scheme, we apply
our scheme in a hybrid qubit-photon-magnon system. Due to
the intrinsic dissipations from all subsystems, the lifetime of
the generated qubit-photon-magnon W state is determined by
the lifetimes of the qubit, the resonator, and the magnon mode.
Besides magnon based hybrid systems, our scheme can be
also applicable to waveguide QED systems [3,42,43], dissi-
patively coupled spins mediated by a magnetic environment
[44], dissipatively coupled qubits through plasmons [38,68],
and so on.
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APPENDIX: DERIVATION OF THE MASTER EQUATION
INEQ. (2)

As shown in Fig. 1(a), the qubit and the two resonators
simultaneously interact with a common reservoir. We assume
that the reservoir consists of many bosonic modes, where
the kth mode is described by the annihilation (and creation)
operator ¢ (and cZ) and frequency wy. The quantum dynamics
of the ternary system and the reservoir is governed by the
following Hamiltonian:

Ho = Ho + Hin,, Ho =H, + Z wcfce,

k
Hy = Z Z M (c,iae”'"’k“ + ckaTei"’k”), (A1)

k a=o,a,b

with the Hamiltonian H; of the ternary system given in Eq. (1).
Hj includes the free energy of the ternary system and the
free energy of the reservoir, and Hj,; denotes the interaction
between the ternary system and the reservoir, where Ay, is the
coupling strength of the subsystem « (o = o, a, b) to the kth
mode of the reservoir, ¢y, = (wi/v)x, is the phase delay of
the kth mode at the location x,, and v is the speed of light.

When the qubit and the two resonators are resonant, i.e.,
w, = W, = Wp = wy, in the interaction picture, the Hamilto-
nian V(t) = ' H,, e~ is given by

Vi) = Z Ak [cZoeii(“’“*’”")’ + ckoTei("’°7""')t]. (A2)
k
Here we defined a collective jump operator
0 =150 + naga + npb, (A3)

with 7g = (Ake/Ar)e” % and introduced an effective cou-
pling strength A; between the ternary system and the kth
reservoir mode. Taking a trace over the reservoir coordinates
under the Born-Markov approximation, the density p(¢) of the
ternary system satisfies [72]

B(t) = =i Tr,[V(t), p(0) ® p;(0)]
~Tr, / dt'[V(), [V, pt) ® p,(0)]], (A4
0

where p,(0) is the density matrix of the reservoir at ¢ = 0. In
our paper, the considered reservoir is at zero temperature and
pr(0) is the multimode extension of the thermal operator. It
can be easily shown that

{ee) = (c]) =0,
(cjew) =0,
(cxcy) = Sue
(cew) = (cfef) =0 (AS)

Here (O) = Tr[Op,(0)] is the expectation value of any reser-
voir operator O. With the relations in Eq. (A5), we insert
the Hamiltonian V(¢) in Eq. (A2) into the equation (A4) of
motion and obtain

t
Bt) = / dr’ Z A2~ [o5(1)0" — o' 0p(1)] + H.c.
0 k

(A6)
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Using the standard identity

t
lim dt' e =" = 18(wy — wy),

(A7)
t—+00 J
the master equation in Eq. (A6) becomes
p(t) = t[20p(1)0" — 0'op(t) — p()o'ol,  (A8)

with the decay rate 7 =), JT)L%S(O)O — wy) of the ternary
system.

Usually, the main contribution to the decay rate t arises
from the modes of the reservoir with frequency w; = wy.
Because the phase ¢y, = (wx/v)x, in the jump operator o
varies little around w; = wy, we can take the approximation
Ora = Do = (wo/V)xy. It should be pointed out that p(r) is
the density matrix of the system in the interaction picture,
which is related to the density matrix p of the system in
the Schrodinger picture via the relation p = e~ p(¢)e'!.
It follows from Eq. (A8) that the density matrix p
satisfies

p = —i[H,, p] + 1(2opo’ — 0'0p — po'o). (A9)

This is just Eq. (2) in the main text.

It should be noted that the master equation in Eq. (A9)
is valid only when the system parameters satisfy the follow-
ing three conditions. (i) The qubit and the two resonators
are nearly resonant, i.e., w, & w, ~ wp ~ wy. This condition
was used in the derivation of Eq. (A2). (ii) The value of
{16177, 114127, |175|*T}max cannot be too large. In Eq. (A1),
the Hamiltonian Hj, is obtained under the rotating-wave
approximation by neglecting the fast-oscillating terms, and
the Born-Markov approximation is used in the derivation of
Eq. (A4) [72]. Both the approximations require that the cou-
pling between the system and the common reservoir cannot
be too strong (related to the values of {|1,|°T, [74|*T, |75/ }).
In Ref. [13], the experimental results show that both the
rotating-wave approximation and the Born-Markov approx-
imation are still valid, even if the decay rate |n|*t/2m of
the magnon mode induced by the common reservoir is up
to 880 MHz, where the frequency of the magnon mode is
wp/27w ~ 5 GHz. (iii) The drive pulse on the qubit should be
weak (i.e., 24 < 7). In our scheme, generating the W state
requires a drive pulse on the qubit (cf. Secs. III and IV).
However, the effect of the drive pulse on the dissipative term
in the master equation (A9) is neglected, which is reasonable
for a weak drive pulse. In quantum optics, this approximation
is widely used [72]. In the numerical simulations of this paper,
the three parameter conditions in (i) to (iii) are safely satisfied
(see the main text).

[1] A. Reiserer and G. Rempe, Cavity-based quantum networks
with single atoms and optical photons, Rev. Mod. Phys. 87,
1379 (2015).

[2] G. Kurizki, P. Bertet, Y. Kubo, K. Mglmer, D. Petrosyan,
P. Rabl, and J. Schmiedmayer, Quantum technologies with
hybrid systems, Proc. Natl. Acad. Sci. USA 112, 3866
(2015).

[3] X. Gu, A. F. Kockum, A. Miranowicz, Y.-X. Liu, and F. Nori,
Microwave photonics with superconducting quantum circuits,
Phys. Rep. 718-719, 1 (2017).

[4] C. L. Degen, F. Reinhard, and P. Cappellaro, Quantum sensing,
Rev. Mod. Phys. 89, 035002 (2017).

[5] P. Forn-Diaz, L. Lamata, E. Rico, J. Kono, and E. Solano,
Ultrastrong coupling regimes of light-matter interaction, Rev.
Mod. Phys. 91, 025005 (2019).

[6] S. De Liberato, D. Gerace, 1. Carusotto, and C. Ciuti, Extra-
cavity quantum vacuum radiation from a single qubit, Phys.
Rev. A 80, 053810 (2009).

[7] P. Forn-Diaz, J. Lisenfeld, D. Marcos, J. J. Garcia-Ripoll, E.
Solano, C. J. P. M. Harmans, and J. E. Mooij, Observation
of the Bloch-Siegert Shift in a Qubit-Oscillator System in the
Ultrastrong Coupling Regime, Phys. Rev. Lett. 105, 237001
(2010).

[8] S. P. Wang, G. Q. Zhang, Y. Wang, Z. Chen, T. Li, J. S. Tsai,
S. Y. Zhu, and J. Q. You, Photon-Dressed Bloch-Siegert Shift
in an Ultrastrongly Coupled Circuit Quantum Electrodynamical
System, Phys. Rev. Appl. 13, 054063 (2020).

[9] P. Peng, W. Cao, C. Shen, W. Qu, J. Wen, L. Jiang, and Y. Xiao,
Anti-parity-time symmetry with flying atoms, Nat. Phys. 12,
1139 (2016).

[10] A. Metelmann and A. A. Clerk, Nonreciprocal Photon Trans-
mission and Amplification via Reservoir Engineering, Phys.
Rev. X 5, 021025 (2015).

[11] H. Xu, D. Mason, L. Jiang, and J. G. E. Harris, Topological
energy transfer in an optomechanical system with exceptional
points, Nature (London) 537, 80 (2016).

[12] Y. P. Wang and C. M. Hu, Dissipative couplings in cavity
magnonics, J. Appl. Phys. 127, 130901 (2020).

[13] Y. P. Wang, J. W. Rao, Y. Yang, P. C. Xu, Y. S. Gui, B. M. Yao,
J. Q. You, and C. M. Hu, Nonreciprocity and Unidirectional
Invisibility in Cavity Magnonics, Phys. Rev. Lett. 123, 127202
(2019).

[14] Y. Wang, W. Xiong, Z. Xu, G. Q. Zhang, and J. Q.
You, Dissipation-induced nonreciprocal magnon blockade in a
magnon-based hybrid system, Sci. China Phys. Mech. Astron.
65,260314 (2022).

[15] J. M. P. Nair, D. Mukhopadhyay, and G. S. Agarwal, Enhanced
Sensing of Weak Anharmonicities through Coherences in Dissi-
patively Coupled Anti-PT Symmetric Systems, Phys. Rev. Lett.
126, 180401 (2021).

[16] J. M. P. Nair, D. Mukhopadhyay, and G. S. Agarwal,
Ultralow threshold bistability and generation of long-lived
mode in a dissipatively coupled nonlinear system:
Application to magnonics, Phys. Rev. B 103, 224401
(2021).

[17] R. Horodecki, P. Horodecki, M. Horodecki, and K.
Horodecki, Quantum entanglement, Rev. Mod. Phys. 81, 865
(2009).

[18] A. K. Ekert, Quantum Cryptography Based on Bell’s Theorem,
Phys. Rev. Lett. 67, 661 (1991).

012410-8


https://doi.org/10.1103/RevModPhys.87.1379
https://doi.org/10.1073/pnas.1419326112
https://doi.org/10.1016/j.physrep.2017.10.002
https://doi.org/10.1103/RevModPhys.89.035002
https://doi.org/10.1103/RevModPhys.91.025005
https://doi.org/10.1103/PhysRevA.80.053810
https://doi.org/10.1103/PhysRevLett.105.237001
https://doi.org/10.1103/PhysRevApplied.13.054063
https://doi.org/10.1038/nphys3842
https://doi.org/10.1103/PhysRevX.5.021025
https://doi.org/10.1038/nature18604
https://doi.org/10.1063/1.5144202
https://doi.org/10.1103/PhysRevLett.123.127202
https://doi.org/10.1007/s11433-021-1880-7
https://doi.org/10.1103/PhysRevLett.126.180401
https://doi.org/10.1103/PhysRevB.103.224401
https://doi.org/10.1103/RevModPhys.81.865
https://doi.org/10.1103/PhysRevLett.67.661

GENERATION OF LONG-LIVED W STATES VIA ...

PHYSICAL REVIEW A 107, 012410 (2023)

[19] L. K. Grover, Quantum Mechanics Helps in Searching
for a Needle in a Haystack, Phys. Rev. Lett. 79, 325
(1997).

[20] D. P. Divincenzo, Quantum computation, Science 270, 255
(1995).

[21] Y. L. Lim, S. D. Barrett, A. Beige, P. Kok, and L. C. Kwek,
Repeat-until-success quantum computing using stationary and
flying qubits, Phys. Rev. A 73, 012304 (2006).

[22] M. Roghani and H. Weimer, Dissipative preparation of en-
tangled many-body states with Rydberg atoms, Quantum Sci.
Technol. 3, 035002 (2018).

[23] C. H. Bennett and S. J. Wiesner, Communication via One-
and Two-Particle Operators on Einstein-Podolsky-Rosen States,
Phys. Rev. Lett. 69, 2881 (1992).

[24] S. L. Braunstein and H. J. Kimble, Teleportation of Continuous
Quantum Variables, Phys. Rev. Lett. 80, 869 (1998).

[25] C. Wang, E. G. Deng, Y. S. Li, X. S. Liu, and G. L. Long,
Quantum secure direct communication with high-dimension
quantum superdense coding, Phys. Rev. A 71, 044305 (2005).

[26] N. Gisin and R. Thew, Quantum communication, Nat.
Photonics 1, 165 (2007).

[27] W. Diir, G. Vidal, and J. I. Cirac, Three qubits can be entangled
in two inequivalent ways, Phys. Rev. A 62, 062314 (2000).

[28] N. Brunner, D. Cavalcanti, S. Pironio, V. Scarani, and S.
Wehner, Bell nonlocality, Rev. Mod. Phys. 86, 419 (2014).

[29] L. Aolita, F. D. Melo, and L. Davidovich, Open-system dynam-
ics of entanglement: A key issues review, Rep. Prog. Phys. 78,
042001 (2015).

[30] A. Zeilinger, M. A. Horne, H. Weinfurter, and M. Zukowski,
Three-Particle Entanglements from Two Entangled Pairs, Phys.
Rev. Lett. 78, 3031 (1997).

[31] P. Neumann, N. Mizuochi, F. Rempp, P. Hemmer, H. Watanabe,
S. Yamasaki, V. Jacques, T. Gaebel, F. Jelezko, and J.
Wrachtrup, Multipartite entanglement among single spins in
diamond, Science 320, 1326 (2008).

[32] C. P. Yang, Q. P. Su, and S. Han, Generation of Greenberger-
Horne-Zeilinger entangled states of photons in multiple cavities
via a superconducting qutrit or an atom through resonant inter-
action, Phys. Rev. A 86, 022329 (2012).

[33] Y. Zhang, T. Liu, J. Zhao, Y. Yu, and C. P. Yang, Generation
of hybrid Greenberger-Horne-Zeilinger entangled states of par-
ticlelike and wavelike optical qubits in circuit QED, Phys. Rev.
A 101, 062334 (2020).

[34] B. Fang, M. Menotti, M. Liscidini, J. E. Sipe, and V. O. Lorenz,
Three-Photon Discrete-Energy-Entangled W State in an Optical
Fiber, Phys. Rev. Lett. 123, 070508 (2019).

[35] V. M. Stojanovié, Bare-Excitation Ground State of a Spinless-
Fermion-Boson Model and W -State Engineering in an Array of
Superconducting Qubits and Resonators, Phys. Rev. Lett. 124,
190504 (2020).

[36] C. P. Yang, Q. P. Su, S. B. Zheng, and S. Han, Generating en-
tanglement between microwave photons and qubits in multiple
cavities coupled by a superconducting qutrit, Phys. Rev. A 87,
022320 (2013).

[37] A. A. Gangat, I. P. McCulloch, and G. J. Milburn, Deterministic
Many-Resonator W Entanglement of Nearly Arbitrary Mi-
crowave States via Attractive Bose-Hubbard Simulation, Phys.
Rev. X 3, 031009 (2013).

[38] A. Gonzalez-Tudela, D. Martin-Cano, E. Moreno, L. Martin-
Moreno, C. Tejedor, and F. J. Garcia-Vidal, Entanglement of

Two Qubits Mediated by One-Dimensional Plasmonic Waveg-
uides, Phys. Rev. Lett. 106, 020501 (2011).

[39] Z. Liao, X. Zeng, S. Y. Zhu, and M. S. Zubairy, Single-photon
transport through an atomic chain coupled to a one-dimensional
nanophotonic waveguide, Phys. Rev. A 92, 023806 (2015).

[40] P. Facchi, M. S. Kim, S. Pascazio, F. V. Pepe, D. Pomarico,
and T. Tufarelli, Bound states and entanglement generation in
waveguide quantum electrodynamics, Phys. Rev. A 94, 043839
(2016).

[41] Z. B. Yang, Y. P. Wang, J. Li, C. M. Hu, and J. Q. You,
Entanglement emerges from dissipation-structured quantum
self-organization, J. Magn. Magn. Mater. 564, 170139 (2022).

[42] X. H. H. Zhang and H. U. Baranger, Heralded Bell State of
Dissipative Qubits Using Classical Light in a Waveguide, Phys.
Rev. Lett. 122, 140502 (2019).

[43] H. Zhan and H. Tan, Long-time Bell states of waveguide-
mediated qubits via continuous measurement, Phys. Rev. A 105,
033715 (2022).

[44] J. Zou, S. Zhang, and Y. Tserkovnyak, Bell-state generation for
spin qubits via dissipative coupling, Phys. Rev. B 106, L.180406
(2022).

[45] C. Dong, V. Fiore, M. C. Kuzyk, and H. Wang, Optomechanical
dark mode, Science 338, 1609 (2012).

[46] M. Zanner, T. Orell, C. M. F. Schneider, R. Albert, S. Oleschko,
M. L. Juan, M. Silveri, and G. Kirchmair, Coherent control of a
multi-qubit dark state in waveguide quantum electrodynamics,
Nat. Phys. 18, 538 (2022).

[47] E. Reiter, D. Reeb, and A. S. Sgrensen, Scalable Dissipative
Preparation of Many-Body Entanglement, Phys. Rev. Lett. 117,
040501 (2016).

[48] W.M. Sun, S.L. Su,Z. Jin, Y. Liang, A. D. Zhu, H. F. Wang, and
S. Zhang, Dissipative preparation of three-atom entanglement
state via quantum feedback control, J. Opt. Soc. Am. B 32, 1873
(2015).

[49] A. G. Gurevich and G. A. Melkov, Magnetization Oscillations
and Waves (CRC Press, Boca Raton, FL, 1996).

[50] W. Xiong, M. Tian, G. Q. Zhang, and J. Q. You, Strong long-
range spin-spin coupling via a Kerr magnon interface, Phys.
Rev. B 105, 245310 (2022).

[51] D. Lachance-Quirion, Y. Tabuchi, A. Gloppe, K. Usami, and
Y. Nakamura, Hybrid quantum systems based on magnonics,
Appl. Phys. Express 12, 070101 (2019).

[52] B. Z. Rameshti, S. V. Kusminskiy, J. A. Haigh, K. Usami,
D. Lachance-Quirion, Y. Nakamura, C. M. Hu, H. X. Tang,
G. E. W. Bauer, and Y. M. Blanter, Cavity magnonics, Phys.
Rep. 979, 1 (2022).

[53] H. Y. Yuan, Y. Cao, A. Kamra, R. A. Duine, and P. Yan,
Quantum magnonics: When magnon spintronics meets quan-
tum information science, Phys. Rep. 965, 1 (2022).

[54] J. Li, S. Y. Zhu, and G. S. Agarwal, Magnon-Photon-Phonon
Entanglement in Cavity Magnomechanics, Phys. Rev. Lett. 121,
203601 (2018).

[55] M. Yu, H. Shen, and J. Li, Magnetostrictively Induced Station-
ary Entanglement between Two Microwave Fields, Phys. Rev.
Lett. 124, 213604 (2020).

[56] H. Y. Yuan, P. Yan, S. Zheng, Q. Y. He, K. Xia, and M. H. Yung,
Steady Bell State Generation via Magnon-Photon Coupling,
Phys. Rev. Lett. 124, 053602 (2020).

[571 E. X. Sun, S. S. Zheng, Y. Xiao, Q. Gong, Q. He, and K.
Xia, Remote Generation of Magnon Schrodinger Cat State via

012410-9


https://doi.org/10.1103/PhysRevLett.79.325
https://doi.org/10.1126/science.270.5234.255
https://doi.org/10.1103/PhysRevA.73.012304
https://doi.org/10.1088/2058-9565/aab3f3
https://doi.org/10.1103/PhysRevLett.69.2881
https://doi.org/10.1103/PhysRevLett.80.869
https://doi.org/10.1103/PhysRevA.71.044305
https://doi.org/10.1038/nphoton.2007.22
https://doi.org/10.1103/PhysRevA.62.062314
https://doi.org/10.1103/RevModPhys.86.419
https://doi.org/10.1088/0034-4885/78/4/042001
https://doi.org/10.1103/PhysRevLett.78.3031
https://doi.org/10.1126/science.1157233
https://doi.org/10.1103/PhysRevA.86.022329
https://doi.org/10.1103/PhysRevA.101.062334
https://doi.org/10.1103/PhysRevLett.123.070508
https://doi.org/10.1103/PhysRevLett.124.190504
https://doi.org/10.1103/PhysRevA.87.022320
https://doi.org/10.1103/PhysRevX.3.031009
https://doi.org/10.1103/PhysRevLett.106.020501
https://doi.org/10.1103/PhysRevA.92.023806
https://doi.org/10.1103/PhysRevA.94.043839
https://doi.org/10.1016/j.jmmm.2022.170139
https://doi.org/10.1103/PhysRevLett.122.140502
https://doi.org/10.1103/PhysRevA.105.033715
https://doi.org/10.1103/PhysRevB.106.L180406
https://doi.org/10.1126/science.1228370
https://doi.org/10.1038/s41567-022-01527-w
https://doi.org/10.1103/PhysRevLett.117.040501
https://doi.org/10.1364/JOSAB.32.001873
https://doi.org/10.1103/PhysRevB.105.245310
https://doi.org/10.7567/1882-0786/ab248d
https://doi.org/10.1016/j.physrep.2022.06.001
https://doi.org/10.1016/j.physrep.2022.03.002
https://doi.org/10.1103/PhysRevLett.121.203601
https://doi.org/10.1103/PhysRevLett.124.213604
https://doi.org/10.1103/PhysRevLett.124.053602

ZHANG, FENG, XIONG, SU, AND YANG

PHYSICAL REVIEW A 107, 012410 (2023)

Magnon-Photon Entanglement, Phys. Rev. Lett. 127, 087203
(2021).

[58] S.F. Qi and J. Jing, Generation of Bell and Greenberger-Horne-
Zeilinger states from a hybrid qubit-photon-magnon system,
Phys. Rev. A 105, 022624 (2022).

[59] V. L. Grigoryan, K. Shen, and K. Xia, Synchronized spin-
photon coupling in a microwave cavity, Phys. Rev. B 98, 024406
(2018).

[60] W. Yu,J. Wang, H. Y. Yuan, and J. Xiao, Prediction of Attractive
Level Crossing via a Dissipative Mode, Phys. Rev. Lett. 123,
227201 (2019).

[61] M. Harder, Y. Yang, B. M. Yao, C. H. Yu, J. W. Rao, Y. S.
Gui, R. L. Stamps, and C.-M. Hu, Level Attraction Due to
Dissipative Magnon-Photon Coupling, Phys. Rev. Lett. 121,
137203 (2018).

[62]1 Y. Li, V. G. Yefremenko, M. Lisovenko, C. Trevillian, T.
Polakovic, T. W. Cecil, P. S. Barry, J. Pearson, R. Divan, V.
Tyberkevych, C. L. Chang, U. Welp, W. K. Kwok, and V.
Novosad, Coherent Coupling of Two Remote Magnonic Res-
onators Mediated by Superconducting Circuits, Phys. Rev. Lett.
128, 047701 (2022).

[63] B. Bhoi, B. Kim, S. H. Jang, J. Kim, J. Yang, Y. J. Cho, and S. K.
Kim, Abnormal anticrossing effect in photon-magnon coupling,
Phys. Rev. B 99, 134426 (2019).

[64] Z. L. Xiang, S. Ashhab, J. Q. You, and F. Nori, Hybrid quantum
circuits: Superconducting circuits interacting with other quan-
tum systems, Rev. Mod. Phys. 85, 623 (2013).

[65] H. Tanji, S. Ghosh, J. Simon, B. Bloom, and V. Vuletic,
Heralded Single-Magnon Quantum Memory for Photon Polar-
ization States, Phys. Rev. Lett. 103, 043601 (2009).

[66] X. Zhang, C. L. Zou, N. Zhu, F. Marquardt, L. Jiang, and
H. X. Tang, Magnon dark modes and gradient memory, Nat.
Commun. 6, 8914 (2015).

[67] L. Bin, Y. Zhang, Q. P. Su, and C. P. Yang, Efficient scheme
for preparing hybrid GHZ entangled states with multiple types
of photonic qubits in circuit QED, Eur. Phys. J. Plus 137, 1046
(2022).

[68] D. Martin-Cano, A. Gonzalez-Tudela, L. Martin-Moreno, F. J.
Garcia-Vidal, C. Tejedor, and E. Moreno, Dissipation-driven
generation of two-qubit entanglement mediated by plasmonic
waveguides, Phys. Rev. B 84, 235306 (2011).

[69] F. Minganti, A. Miranowicz, R. W. Chhajlany, and F. Nori,
Quantum exceptional points of non-Hermitian Hamiltonians

and Liouvillians: The effects of quantum jumps, Phys. Rev. A
100, 062131 (2019).

[70] G. Q. Zhang, Z. Chen, D. Xu, N. Shammah, M. Liao, T. F. Li,
L. Tong, S. Y. Zhu, F. Nori, and J. Q. You, Exceptional point
and cross-relaxation effect in a hybrid quantum system, PRX
Quantum 2, 020307 (2021).

[71] P. Agrawal and A. Pati, Perfect teleportation and superdense
coding with W states, Phys. Rev. A 74, 062320 (2006).

[72] M. O. Scully and M. S. Zubairy, Quantum Optics (Cambridge
University Press, Cambridge, England, 1997).

[73] X. Zhang, C. L. Zou, L. Jiang, and H. X. Tang, Strongly Cou-
pled Magnons and Cavity Microwave Photons, Phys. Rev. Lett.
113, 156401 (2014).

[74] Y. Tabuchi, S. Ishino, T. Ishikawa, R. Yamazaki, K. Usami,
and Y. Nakamura, Hybridizing Ferromagnetic Magnons and
Microwave Photons in the Quantum Limit, Phys. Rev. Lett. 113,
083603 (2014).

[75] E. G. Spencer, R. C. LeCraw, and R. C. Linares, Low-
temperature ferromagnetic relaxation in yttrium iron garnet,
Phys. Rev. 123, 1937 (1961).

[76] W. Jantz and J. Schneider, Fine structure of the subsidiary
absorption in YIG, Phys. Stat. Sol. (a) 31, 595 (1975).

[77] M. Mirhosseini, E. Kim, X. Zhang, A. Sipahigil, P. B.
Dieterle, A. J. Keller, A. Asenjo-Garcia, D. E. Chang, and O.
Painter, Cavity quantum electrodynamics with atom-like mir-
rors, Nature (London) 569, 692 (2019).

[78] 1. C. Hoi, C. M. Wilson, G. Johansson, T. Palomaki, B.
Peropadre, and P. Delsing, Demonstration of a Single-Photon
Router in the Microwave Regime, Phys. Rev. Lett. 107, 073601
(2011).

[79] M. Haeberlein, F. Deppe, A. Kurcz, J. Goetz, A. Baust,
P. Eder, K. Fedorov, M. Fischer, E. P. Menzel, M. J.
Schwarz, F. Wulschner, E. Xie, L. Zhong, E. Solano, A. Marx,
J. J. Garcia-Ripoll, and R. Gross, Spin-boson model with
an engineered reservoir in circuit quantum electrodynamics,
arXiv:1506.09114.

[80] J. R. Johansson, P. D. Nation, and F. Nori, QuTiP: An
opensource Python framework for the dynamics of open
quantum systems, Comput. Phys. Commun. 183, 1760
(2012).

[81] J. R. Johansson, P. D. Nation, and F. Nori, QuTiP 2: A Python
framework for the dynamics of open quantum systems, Comput.
Phys. Commun. 184, 1234 (2013).

012410-10


https://doi.org/10.1103/PhysRevLett.127.087203
https://doi.org/10.1103/PhysRevA.105.022624
https://doi.org/10.1103/PhysRevB.98.024406
https://doi.org/10.1103/PhysRevLett.123.227201
https://doi.org/10.1103/PhysRevLett.121.137203
https://doi.org/10.1103/PhysRevLett.128.047701
https://doi.org/10.1103/PhysRevB.99.134426
https://doi.org/10.1103/RevModPhys.85.623
https://doi.org/10.1103/PhysRevLett.103.043601
https://doi.org/10.1038/ncomms9914
https://doi.org/10.1140/epjp/s13360-022-03251-z
https://doi.org/10.1103/PhysRevB.84.235306
https://doi.org/10.1103/PhysRevA.100.062131
https://doi.org/10.1103/PRXQuantum.2.020307
https://doi.org/10.1103/PhysRevA.74.062320
https://doi.org/10.1103/PhysRevLett.113.156401
https://doi.org/10.1103/PhysRevLett.113.083603
https://doi.org/10.1103/PhysRev.123.1937
https://doi.org/10.1002/pssa.2210310232
https://doi.org/10.1038/s41586-019-1196-1
https://doi.org/10.1103/PhysRevLett.107.073601
http://arxiv.org/abs/arXiv:1506.09114
https://doi.org/10.1016/j.cpc.2012.02.021
https://doi.org/10.1016/j.cpc.2012.11.019

