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We propose a scheme for realizing high-fidelity topological state transfer via the topological edge states in a one-
dimensional cavity—magnon system. It is found that the cavity—-magnon system can be mapped analytically into the gener-
alized Su—Schrieffer—Heeger model with tunable cavity—magnon coupling. It is shown that the edge state can be served as
a quantum channel to realize the photonic and magnonic state transfers by adjusting the coupling strength between adjacent
cavity modes. Further, our scheme can realize the quantum state transfer between photonic state and magnonic state by
changing the cavity—magnon coupling strength. With the numerical simulation, we quantitatively show that the photonic,
magnonic and magnon-to-photon state transfers can be achieved with high fidelity in the cavity—-magnon system. Spectac-
ularly, three different types of quantum state transfer schemes can be even transformed into each other in a controllable
fashion. The Su—Schrieffer—Heeger model based on the cavity—magnon system provides us a tunable platform to engineer
the transport of photon and magnon, which may have potential applications in topological quantum processing.

Keywords: topological state transfer, cavity—magnon system, high fidelity

PACS: 03.65.Vf, 03.67.—a, 05.60.Gg

1. Introduction

Quantum state transfer (QST) is of major interest in
physics with potential applications in quantum information

1-26

processing.[!=2 Several schemes have been proposed to dis-

cuss QST theoretically and experimentally, such as cav-

5 [20-22 5,6,17,23,24]
b

ity electromechanical system 1 spin chains,!

25261 and trapped ions systems.!”) Among these

quantum dots,[
studies, it can be found that the major requirement of QST
protocols is robust. To this regard, the topological QST has
attracted much attention because the topology can provide in-
variance against sizable imperfections in quantum information
processing.[?’-3%] The Su-Schrieffer—Heeger (SSH) model is
a promising platform to analyze the topological QST due to
its structural simplicity and abundant physical insight.[37-40]
Concretely, the robust QST assisted by Landau—Zener tunnel-
ing has been reported.!*!! In addition, Dlaska et al.'**! have
displayed the robust QST via topologically protected edge
pumping in a two-dimensional topological spin system. Sub-
sequently, in superconducting qubit chain!*}! and supercon-
ducting flux qubit chain,*¥ robust QSTs via topological edge
states have been realized. Especially, Qi et al.*! studied
the one-dimensional modulated SSH chain composed of small
optomechanical lattice to implement photonic and phononic
topological state transfer.

On the other hand, cavity optomagnonic systems have
been extensively investigated recently, which provide a new
platform for studying quantum effect.[*61 Magnon, the
collective spin excitation for ferromagnetic material, can
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realize the strong (even ultrastrong) couplings with cav-

ity photons.[46-31]

Further, the yttrium iron garnet (YIG)
sphere is often used as the ferromagnetic material for the
experiment, and this has been characterized by high col-
lective spin excitation density and low dissipation.37-81 In
addition, the strong coupling between cavity photons and
magnons has been observed at low, room and high temper-
atures experimentally.’%%°] Moreover, compared to cavity-
optomechanical systems, the cavity optomagnonic system
possesses a long coherence time and intrinsically good
tunability.[*®! Based on the merits of the cavity optomagnonic
system, it is also expected to implement the potential
application in quantum information networks,>>! quantum
sensing, (%1921 and magnon dark modes in magnon-gradient
memories. 63!

In this study, in terms of these excellent properties of
cavity—magnon systems, a new protocol for implementing
high-fidelity QST is proposed. By putting YIG spheres into
the cavity, a one-dimensional cavity—magnon system is con-
structed. We analytically find that the system is equivalent to
the generalized SSH model. Then, through adiabatical ramp-
ing of the cavity—magnon couplings, we find that the topo-
logical edge state can be obtained and used as topologically
protected quantum channels to realize the photonic, magnonic
and magnon-to-photon state transfers. Our results numeri-
cally demonstrate that the process of QST is accomplished
with high fidelity via the gap state because of the topologi-
cal protection. More spectacularly, we unveil that different

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

080301-1


https://doi.org/10.1088/1674-1056/acc3f6
mailto:tanlei@lzu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 32, 080301 (2023)

kinds of transition channels can be switched to each other.
Our results provide a scheme for implementing the QST in a
cavity—magnon system, which will offer potential applications
for quantum information processing.

The paper is organized as follows. In Section 2 we present
the theoretical model of the cavity—magnon system, which can
be mapped into a tight-binding SSH model. Section 3 is de-
voted to researching the photonic state transfer in the cavity—
magnon system. In Section 4 we explore the magnonic state
transfer and magnon-to-photon state transfer. Finally, the con-
clusions are presented in Section 5.

2. The cavity-magnon system

We consider a one-dimensional cavity—-magnon system
composed of N + 1 cavity modes!**% and N YIG spheres
(red spheres), as depicted in Fig. 1.

Fig. 1. The diagrammatic sketch of a one-dimension cavity—magnon
system consisting of N + 1 cavity modes and N YIG spheres. Here
ai, az,. .., ayy represent cavity modes which are pumped by the laser
fields shown with purple arrows. YIG spheres (red spheres) are placed
at the cavity and in a uniform bias magnetic field H.

Each cavity field is driven by a laser field with strength
Q, (n=1,2,...,N+1). Specifically, the system reads
N+1 A A
Hy = Y (@anaan+ Quaje ™" + Qra,e' ™)

n=1

N N
+ Z -Qm,nml-mn + Z (gn (aj’-l +ay) (my +m,,)
n=1 n=1
—&—g;(a:;“ +ap+1)(my —I—mZ) +J(a:l+1an +a2an+l)}7
9]

where az (a,) and mz (m,,) are the photonic and magnonic cre-
ation (annihilation) operators. The first term is the free en-
ergy of the cavity fields with frequencies £, ,, and driving laser
with frequency €24. The second term is the free energy of the
magnons with frequencies £2,, ,. The last term represents the
coupling between the adjacent cavity modes and the magnons
through magnetic dipole coupling the cavity modes, in which
the coupling strengths are g,, g/, and J, respectively. Then, by
using a rotating transformation with the external driving fre-
quency €4 and utilizing the rotation-wave approximation, 7!
the total Hamiltonian H; becomes

N+1 N
H, = Z (Aa’naj,a,, + .Qnal +Qra,)+ Z Am,,,m,tm,,
n=1 n=1

+ [g,,(a,tmn "‘anqu) +g:1 (aj;+1mn +an+1m:§)

M=

1
+ (alerla" + ajzarH—l )]7 ()

3
Il

where Ay, = Q4 — Q4 (Anp = Ly — L4) is the detun-
ing between the cavity mode (magnon modes) and the exter-
nal lasers. Subsequently, we utilize the standard lineariza-
tion process, i.e., the operators a, and m, are replaced by
a, = (ay) + 6a, = 0, + ba, and m,, = (m,) + 6m, = B, + Om,,

45,68

respectively.*>%8 Through taking out 8 for all fluctuation

operators da, and dm,,, the Hamiltonian is given by

N+ . N
H; = Z Aa.na;;an + Z Am,nm;gmn

n=1 n=1
N N + N
+ Z gn[(a,Lmn +anmy,) Jrg;(aZHmn +an+1ml)

n=1

+‘I(ai+|an +alan+1)]- (3)

We further implement another rotating transformation with re-
spect to Aa_ynaj;an and Am,nmj;mn, ie.,

N+1

N
U = exp [—i( Y Acudian+ Y Amﬂmlmn)] @
n=1

n=1

Then, the Hamiltonian becomes

N
Ha = Y [gn(amaeGonnn) 4 gl Gan—dmaly
n=1
+ g,ll (a:+1mnei(Aa_n —Apa)t 4 Ap 1 mle—i(ﬂa,n—Am,n)f)
+J(a;+1an—|—a};an+1)]. 5)

When the parameters satisfy A, = Ay, the Hamiltonian ul-
timately becomes

N
Hs = Z [gn(aj;mn +anmj;) +g,’1(a"1+1mn JranJrlm-rD

n=1

+J(ajl+]a’1 +a;§an+1)}. (6)

Remarkably, if J = 0, the Hamiltonian Hs only possesses
the interactions between the adjacent cavity mode and the
magnonic mode. It means that the one-dimensional cavity—
magnon system can be transformed into a generalized SSH
model physically. Next, in the numerical calculation, we use
parameters from the recent experimental and theoretical stud-
ies on a hybrid system.!7%1 These values are Q,,/27 =
10 GHz, Q,,,/27 = 10 GHz and Q4/27 = 10 GHz.

3. Photonic state transfer in the cavity-magnon
system

We first consider the standard SSH model, i.e., J = 0.
Hamiltonian (6) becomes

N
He = Z[gn(a;mn+anmjz)+g:z(a;+lmn +an+1mjz)]' @)

n=1
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Here, we have taken g, = g and g/, = g/, and used g =
go(1 —cos @) and g’ = g(,(1 4 cos @), in which 6 is the mod-
ulated parameter in the range of 6 € [0,27]. The edge states
are exponentially localized at the boundaries. Specifically, in
a single excitation subspace, the wave function has the form
¥)(0) = X, A" (e} + Bm})|G). 1 in which |G) = [0)a, ©
10), - @10)ay,, =10,0,0,...,0) and A denotes the localiza-
tion indexes. Then, the eigenvalue equation can be acquired as
follows:

gl"ﬁdi‘(ﬁ +g’7L"“am,Tl|G> +g},”amZ|G> _|_g/ln71ﬁamG>

Therefore, the zero-energy edge state wavefunction can be de-
rived as

¥ =Y () dlo) ©)

n

Equation (9) analytically demonstrates that the edge state

occupies near the left boundary when 6 € (0,7) and 6 €

(37”,27r), while 6 € (%,37”), it is localized near the right
boundary. Note that both the left and right sites belong
to the cavity fields, which means that the photon is trans-
ferred. To further visualize the above analytical expression,
we plot the distribution of the zero-energy mode, as shown in
Fig. 2(b). One can find that the distribution of the zero-energy
mode is well consistent with the analytical calculation. Con-
cretely, the cavity—magnon coupling strength becomes g = 0
(¢ = 0) when 6 = 0 (6 = ), which induces that the left-
most (rightmost) cavity mode is decoupled from the rest of
the cavity—magnon system. Therefore, the edge states be-
come |Yo) = |1)g, @ |0), -+ @ [0)qy,, = [1,0,0,...,0) and
W) = 10)a, @ [0)m, - @[ 1)ay,, = 10,0,0,...,1). Then, the
above result provides some important information that we can
achieve a photonic topological state transfer between the first
and the last cavity fields assisted by the zero-energy mode via
varying the periodic parameter 0 from O to 7.

Here, let us assume that the periodic parameter 0 is varied
in time, namely, 6 (1) = Qt, with Q being the varying rate. 43!
If the initial state is prepared in the photonic left edge state
lwo) =11,0,0,...,0), the photonic right edge state can be ob-
tained through the evolution of the time-dependent Hamilto-
nian 1%|‘P,> = H(6;)|¥). Further, the fidelity of this evolu-
tion process F' = |(yz|¥s)| can be numerically calculated as
shown in Fig. 2(c). Affirmatively, the fidelity is maintained
as the value of unity over a large range. For example, we
can choose 2 = 0.03 to ensure the photonic state transfer
from |yp) to |w;) with high fidelity. The coupling strength
of cavity—magnon can reach g/27 = g'/n = 2 GHz.’*! This
strong coupling strength corresponds to the time of QST be-
ing r = w/Q = 8.3 ns, which means that the time is particularly
short compared with the decay time of the magnon. [46]

(a)2

—
=2
o

=

=
wt

0.5

Lattice site
—
=3

5

0/m

log1042

Fig. 2. (a) Energy spectra of the cavity—-magnon system with go /27 =
8p/2m =1MHz and J = 0. A zero-energy state always exists. (b) The
corresponding state distribution of the zero-energy state. (c) The fidelity
of the state transfer between |yy) to |yy) versus the varying rate of Q.
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Fig. 3. (a) The energy spectra of the cavity—magnon system with
80/27 = g(/2m =1 MHz and J /27 = 0.125 MHz. A gap state always
exists. (b) The corresponding state distribution. (c) The fidelity with
J/2m = 0.125 MHz (red line), 0.2 MHz (blue line), 0.3 MHz (green
line), 0.4 MHz (pink line) and 0.5 MHz (black line). (d) The energy
spectrum with J /2 = 0.5 MHz. Here, the lattice size is L = 21.

Further, we consider the case of J # 0. In Figs. 3(a) and
3(b), the energy spectrum and the corresponding gap state dis-
tribution can be displayed with J/27 = 0.125 MHz. Clearly,
this gap state is not the zero mode, and the energy gap is
still nonzero. In other words, this state can also be viewed
as a channel to realize QST. Correspondingly, as shown in
Fig. 3(b), the photon prepared initially in the first cavity mode
can be transferred into the last cavity mode finally. In Fig. 3(c),
we exhibit the fidelity of this evolution process once again, in
which the red line stands for J/27 = 0.125 MHz. Obviously,
the fidelity F' > 99% when —4 <log,( < —2.5, i.e., the pho-
ton state can be transferred almost perfectly. In addition, we
also calculate the fidelity for some values of J. It can be shown
that the situation becomes different when J continues to in-
crease but less than g. Concretely, with J /27 = 0.5 MHz (the
black line), the fidelity is close to zero. Physically, it can be ex-
plained that the large J completely destroys the original state
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transfer channel, as shown in Fig. 3(d), with the gap states
coming into the bulk.

So far, we have found that the photonic state can be trans-
ferred across the chain with high fidelity. Next, we explore
what new QST scheme will occur in our cavity—magnon sys-
tem.

4. Magnonic state transfer and magnon-to-
photon state transfer

In this section, we discuss other state transfer protocols in
the cavity—-magnon system by changing the coupling strength
between adjacent cavity modes J and the intracell hopping

strength go.
(a) 08
0.6
g 04
0.2
2 3 4 5 6 7 8
L (unit cell)
(®), ()
5
5 0.6
R o

Lattice site

0 0.5 1 1.5 2

0/m .
(d) ! (e
0.8
0.8 2
n 0.6
&, 0.6 8
B 0.4
0.4 5
: - 0.2
0.2
-4 3 -z -1 1 0.5 0
logi082 02t/m

Fig. 4. (a) Energy gap (the gap state and the low band) AE versus
the length of the chain. (b) The energy spectra of the cavity—magnon
system. A gap state always exists. (c) The corresponding state distri-
bution of the gap state. (d) The fidelity between |yp) = |0,1,0,0,0)
and |yz) =10,0,0,1,0). (e) The state transfer process corresponding
to Q =3 x 107*. Other parameters are go/27 = gj /27 = | MHz and
J/27 = 8 MHz.

Magnonic state transfer As we all know, the closure of
the energy gap marks that the gap state does not exist. In
Fig. 4(a), we plot the energy gap AE versus the length of the
chain with g9 /27 = g(,/2w = 1 MHz and J /2 = 8 MHz. One
can find that the energy gap tends to be narrow with the in-
creasing number of unit cells. Therefore, in order to better
elucidate the state transition process, the length of the follow-
ing cavity—magnon system can be taken as L = 5.

To explore the QST, as shown in Fig. 4(b), the energy
spectrum is obtained. It can be shown that the shape of the
gap state is wavy-like, which implies that a new channel re-
alizing another type of state transfer may be apparent. In
order to demonstrate this assertion, we plot the state distri-
bution in Fig. 4(c). Obviously, corresponding to 6 = 0, the

gap state is localized near the first YIG sphere, while it is lo-
cated near the second YIG sphere when 0 = 7. These results
show that the gap state becomes a new state transfer chan-
nel between the magnonic states of |yp) = |0,1,0,0,0) and
|wz) =10,0,0,1,0). The numerical results mentioned above
can be understood physically as follows. The larger adja-
cent cavity coupling strength J makes the original three cav-
ity modes regarded as a cavity field.[*>] Therefore, this sys-
tem can realize state transfer between magnons. To further
confirm this behavior, we numerically simulate the fidelity
We find that,
when the ramping speed log; £2 < —2.3, the state transfer be-
tween |yp) = |0,1,0,0,0) and |yz) = |0,0,0,1,0) can be re-
alized with high fidelity. We also depict the state transfer pro-

of the magnonic state transfer in Fig. 4(d).

cess through the evolution of the time-dependent Schrodinger
equation when = 3 x 10~* in Fig. 4(e). Obviously, the state
transfer between |yp) = (0,1,0,0,0) and |yz) =10,0,0,1,0)

can indeed be implemented.
0.9
0.6
0.3
0 0.5 1 0

(a)10

(b)

5

20|

R o
3

—20

O < >>
Lattice site

—40

1

0.5 1 15 2 }
0/m 0/m .
(0)! (d)
0.8 E 5 0.8
® 0.6
I, 0.6 8
'E 0.4
0.4 <
= 0.2
0.2
1 =3 ) -1 1 0.5 10
logi0£2 t/w

Fig. 5. (a) Energy spectra of the cavity—-magnon system with go /27 =
16 MHz, g(,/2n = 1 MHz and J/2n = 8 MHz. (b) The correspond-
ing state distribution of the gap state. (c) The fidelity between |yp) =
10,1,0,0,0) and |yz) = [0,0,0,0,1). (d) The state transfer process cor-
responding to 2 = 0.001.

Magnon-to-photon state transfer We have demon-
strated that the magnonic state transfer is applicable when
80/2m = g;/2w = 1 MHz and J/2m = 8 MHz. Then, what
will happen if we change the value of go? We can now take
80/2m = 16 MHz. The energy spectrum and the correspond-
ing gap state distribution are plotted in Figs. 5(a) and 5(b).
One can find that the gap state is occupied near the second site
when 6 = 0, whereas it is localized near the last site when 6 =
7. In other words, it can realize the transfer from a magnonic
state |yp) = |0,1,0,0,0) to a photon state |yy) = |0,0,0,0,1)
by dint of this channel. Similarly, the fidelity of the state trans-
fer versus the ramping speed €2 can be shown in Fig. 5(c).
It can be found that when —4 < log;y 2 < —3, the fidelity
F >90%. A small €2 is required to meet the adiabatic evo-
Iution condition since the energy gap is narrow at this point.
Moreover, to make the results more intuitive, in Fig. 5(d), the
numerical result reveals exactly that the state transfer between
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the magnonic state |yp) = |0,1,0,0,0) and the photon state
|wz) =10,0,0,0,1) with Q = 0.001.

From Sections 3 and 4, we can realize that the pho-
tonic, magnonic and magnon-to-photon state transfers can be
fulfilled by the gap state. In detail, the photonic state and
magnonic state transfer processes can only be adjusted by the
coupling strength between adjacent cavity modes J appropri-
ately. Analogously, the magnonic and magnon-to-photon state
transfer processes can be regulated by the intracell hopping go.
Therefore, the three different types of quantum state transfer
schemes can be switched to each other by designing parame-
ters suitably for the considered cavity—magnon system.

5. Conclusions

In summary, we have proposed an innovative scheme to
realize high-fidelity quantum state transfer based on the topo-
logically protected edge state in a cavity—magnon system. We
analytically find that the cavity—-magnon system can be trans-
formed into the generalized SSH model. It can be found that
the edge state can be employed as a quantum channel to real-
ize the photonic, magnonic and magnon-to-photon state trans-
fer with high fidelity. In addition, one can find that the pho-
tonic, magnonic and magnon-to-photon state transfer can be
controlled by changing the value of the parameter appropri-
ately. The results obtained here provide a scheme for realizing
the QST in a cavity magnonic system, which will provide valu-
able insight into topological quantum information processing.

Experimentally, it is a mature technology that a coupling
magnon-photon system can be engineered.>%7!=73] Moreover,
the multimode coupling in cavity quantum electrodynamics
has also been realized.[°>74 In addition, based on Ref. [75],
the behavior of a large number of YIG spheres coupled to cav-
ity mode is tested. Specifically, this setup, consisting of ten
2.1-mm-diameter YIG spheres coupled to a copper microwave
cavity, is used for studying the behavior of the hybrid system
at temperatures of mK. Therefore, the theoretical model we
proposed here may be experimentally realized with the devel-
opment of experimental technology.
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