PHYSICAL REVIEW A 110, 033702 (2024)

Magnon blockade in a QED system with a giant spin ensemble and a giant
atom coupled to a waveguide
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We propose a scheme to achieve the magnon blockade (MB) effect in a system consisting of a giant spin
ensemble and a giant atom coupled to a waveguide. We show a physical mechanism for generating the MB
through non-Hermitian anharmonicity. The non-Hermitian magnon blockade (NHMB) is realized in braided,
nested, and separate coupling configurations. The NHMB is shown to be useful for the preparation of a
high-efficiency and high-purity single magnon. Remarkably, the coexistence phenomenon of the conventional
magnon blockade and the unconventional magnon blockade occurs and their conversion can be completed in
the braided and nested coupling configurations. This result realizes the modulation between efficiency and
purity of single-magnon generation. For the separate coupling configuration, the frequency-tunable NHMB is
obtained due to the variation of Lamb shifts. The phase caused by the photon propagating between neighboring
coupling points offers a simple and flexible method to modulate the conversion of MB effects induced by multiple
physical mechanisms. Our results open a pathway to manipulate the generation of the MB on demand, which has
potential applications in producing a single-magnon source and performing magnon-based quantum information

processing.
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I. INTRODUCTION

Magnons, quanta of collective spin excitations in ferro-
magnetic crystals, have attracted extensive attention and have
become suitable candidates for carriers of quantum infor-
mation due to their unique physical advantages including
long lifetime, excellent compatibility, and widespread fre-
quency tunability [1,2]. The magnon mode can couple to
other quantum information carriers including microwave pho-
tons, optical photons, superconducting qubits, and mechanical
phonons [3-9]. These offer a building block for constructing
hybrid quantum systems. Multiple exotic physical phenomena
[10-14] have been investigated in hybrid magnonic system.
In particular, as a pure quantum effect, the magnon blockade
(MB) [15-29], which is analogous to the photon blockade
[30-38] and phonon blockade [39,40], can be useful for
single-magnon preparation and make the quantum control at
the level of a single magnon possible.

Recently, the study of the giant atom (GA), as an emerg-
ing field in the quantum optical paradigm, has been able to
achieve the nonlocal light-matter interaction since the GA
can couple to the waveguide at multiple separate points.
The interference effect between multiple coupling points in
waveguide quantum electrodynamics (QED) systems con-
taining GAs can result in a series of intriguing phenomena,
such as frequency-dependent relaxation rates and Lamb shifts
[41], decoherence-free interaction [42,43], non-Markovian
collective radiance [44], bound states [45—47], advanced pho-
tonic manipulation [48-53], and GA entanglement [54,55].
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It has been demonstrated that the GA can be realized in
superconducting quantum circuits [56-59], cold atoms in op-
tical lattices [60], and a synthetic frequency dimension [61].
Meanwhile, the waveguide magnon system is responsible for
remote quantum magnon control [62-66] since the waveguide
can be used as the transmission channel for the quantum
information carrier. Magnon-photon, magnon-magnon, and
magnon-qubit dissipative couplings [21,67-70] have been
proved based on the waveguide magnon system, which is a
physical architecture for studying the non-Hermitian prop-
erty in the area of magnon spintronics. Benefiting from the
development of the waveguide magnon system, in analogy
to the GA, the giant spin ensemble (GSE) has been con-
structed through coupling the ferromagnetic spin ensemble to
a meandering waveguide at two coupling located points [71]
and nonreciprocal single-photon scattering based on the GSE
waveguide has been reported [72], which provides an ideal
platform for exploring quantum information manipulation.

In this work we combine the GSE and the GA together
in a common waveguide to study the properties of the MB.
Recently, the investigation of the photon blockade entered
the non-Hermitian domain [73-75]. In particular, a physical
mechanism for generating the photon blockade was proposed
where the anharmonicity of energy levels is replaced by an-
harmonic dissipation. The non-Hermitian photon blockade
was presented in the weak-coherent-coupling regime [75].
In the current scheme, we propose a method to produce
non-Hermitian anharmonicity by engineering magnon-qubit
purely dissipative coupling, which induces a strong non-
Hermitian magnon blockade (NHMB). We find that the high
magnon occupancy probability that corresponds to high ef-
ficiency of the MB and the small value of the second-order
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correlation function (SOCF) that contributes to the high pu-
rity of the MB simultaneously occur for the NHMB, which
provides an effective avenue for realizing high-efficiency and
high-purity single-magnon-level quantum manipulation in
non-Hermitian systems. In addition, the conventional magnon
blockade (CMB) caused by the anharmonicity of energy levels
is realized in the braided configuration because of the oc-
currence of a decoherence-free interaction between the GSE
and the GA [42]. More interestingly, the CMB induced by
the inhomogeneous broadening of the anharmonic energy
levels [21] and the unconventional magnon blockade (UMB)
stemming from the destructive interference of different paths
can emerge simultaneously, which occurs in the braided and
nested coupling configurations. The switching between the
CMB and the UMB is completed by regulating the phase,
which indicates that the efficiency and purity of a single
magnon have high tunability since the CMB has a high av-
erage magnon number and UMB has a smaller SOCF value.
For the separate configuration, the frequency-tunable NHMB
can be obtained because of the adjustability of the Lamb
shifts. Compared to previous schemes of MB [15-29], we
realize the NHMB and use it to achieve a high-efficiency
and high-purity single magnon. Our scheme achieves MB
effects induced by four physical mechanisms and their con-
version only requires modulating the phase, which shows that
the GSE-GA-waveguide system provides an ideal platform
for studying different MB effects and performing quantum
magnon control. In particular, for the scheme that only com-
pletes the CMB effect in a magnon-qubit-waveguide system
[21], the NHMB and UMB implemented in our work greatly
improve the purity of the MB. In addition, the coupling con-
figuration offers also a way of regulating the MB. Thus, we
can obtain the desired single-magnon generation based on the
GSE-GA-waveguide system. Our results can be applied to
quantum magnon devices of different demands and on-chip
magnon control.

II. MODEL AND EQUATIONS

As intuitively described in Fig. 1, the GSE consists of a
yttrium iron garnet (YIG) sphere which supports the magnon
mode and can couple to the waveguide twice. The two-level
GA simultaneously couples to the common waveguide with
two coupling points. They form three different coupling con-
figurations: a braided configuration, a nested configuration,
and a separate configuration. Here ¢ = kd is the accumulated
phase of a photon propagating between neighboring coupling
points, where & is the wave vector of the photon and d denotes
the distance between the neighboring coupling points. The
master equation of the system can be given by [42,54,55,71]

p = —ilHo. p]+ (ks + Do) Llmlp + (v, + Ty)Llo1p
+Te(mpo’ = Lo'm. p) +opm’ = Lm's. p}). (1)

where L[o]lp = opo” — 1{o'0, p} is the Lindblad superop-
erator with o = m, o; m (m") is the annihilation (creation)
operator of the magnon mode in the GSE, and o )
denotes the lowering (raising) operator of the GA; «,,
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FIG. 1. Schematic diagram of the GSE-GA-waveguide QED
system: (a) braided coupling configurations, (b) nested coupling
configurations, and (c) separate coupling configuration. Both the
GSE and the GA couple to the common waveguide at two coupling
points and the distance of the neighboring coupling points is d. Here
¢ = kd is the accumulated phase caused by the photon with wave
vector k propagating between neighboring coupling points.

and y, are the intrinsic damping rates of the GSE and
the GA, respectively; Hy = A,m'm + A 070 + gg(m'o +
o'm)+ Hy; Hy =&,(m" +m) is the driving term of the
system; Aj =A;+68;(j=m,q); Aj =w; — w, is the fre-
quency detuning between the GSE or the GA frequency
w; and the driving field &, with the frequency wy; 8; =
B a p1.2 sin(klxje — x;g1) is the Lamb shift of the GSE or
the GA; g,y = % Za,ﬁ=1,2 sin(k|xue — X4p|) represents the
exchange interaction strength between the GSE and the GA;
T =102 4 p=12c08(klxjo —xjg|) is the individual decay
rate of the GSE or the GA; and ', = yy Za,ﬂ:l,Z cos(k|xue —
x4pl) is the collective decay term for the GSE and the GA.
Here the external damping rates for both the GSE and the GA
emitted to the waveguide at each coupling points are yy,, =
Yoq = Yo. When the system is in the steady state, the SOCF
is characterized by g (0) = Tr(m'm mmp)/[Tr(m mp)]>.
Here g»(0) > 1 corresponds to the magnon bunching effect.
When g»(0) < 1, this is the magnon antibunching effect.
Further, g®(0) — 0 indicates that the perfect MB occurs. The
statistical properties of the magnon can be studied by solving
numerically the master equation [76].

We can also obtain the analytical expression of the SOCF
by solving the Schrédinger equation id|W) /0t = Heg| W) in
the weak-driving-field limit. The effective Hamiltonian can be
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written as
- i_ i - i §
Hes = Am—EKm m'm+ Aq—zyq o'o
i
+ (gmq - EFC> (mTG + O'Tm) + Hdv (2)
in which %, = «,, + I'y, and 7, = y, + I';. The wave function
(W) = 3 0= Cogln, 8) + Y iz Cueln, €), Where G, (1=

g, e) denotes the probability amplitudes of the system in the
state |n, ). The equations of the probability amplitudes are

iC o= <Am — %I@n)Cl,g + <gmq - %Fc-)Co,e + &m,
iChg = 2<Am - %/zm)cz,g + ﬁ(gmq - érc>cl,e
+ V2£,C)
iCo. = (Aq - éf’q)CO,e + (gmq - %FL')CLK’
iC, = <Am + A, - %(km + 77q)>cl,e
N ﬁ(m _ %rc)cz,g +£.Cov. 3)

The SOCEF of the steady state can be approximately expressed
as

2Ceal?  Imi — iR 2|nn — N[
Coal* 2R, — i7gl*1x1*

§2(0) ~ 4)

in which ;= 4A,(A,, + Ay) — 7,(7y + Rm) + 485, — T2
Ny = 2A (R + )751) + %?qgﬁm + Aq) + 4gmqrca M=
4gn, — T2+ Rnfy — 4704, Ry = 4gy e — 28,8 —
ZAmT/qv and x = 4(gmq - %Fc)2 + (& + ZZAm)(ZlAm +
2iA, + R + 7).

III. RESULTS AND DISCUSSION

We first study the properties of the MB in the braided
coupling configuration [Fig. 1(a)]. In this scenario, §,, = §;, =
Yo Sin(2¢), gmg = S [3sin + sin(3¢)], T, = Ty = 2p0[1 +
cos(2¢)], and I'. = pp[3 cos ¢ + cos(3¢)]. Figure 2(a) shows
the logarithmic SOCF log,,[g*(0)] varying with the detuning
A and the phase ¢. For simplicity, we have set A,, = A, = A
and «,, = y, = k. Obviously, the statistical properties of the
magnon have a strong dependence on the phase. The bunching
and antibunching effects of the magnon can be periodically
switched by tailoring the phase. From Figs. 2(b) and 2(c) we
can see that for both the SOCF and the mean magnon number,
the analytical results fit well with the numerical simulation,
which verifies the credibility of our results. In order to explore
the physical mechanism of MB generation in the GSE-GA-
waveguide system, we can derive the energy eigenvalues in
the diagram of a dressed state

~/ 1 e 1 l 2 ~
Wnx =0l + SA 5\/4n<gmq - 5&) +A2, (5

© Analytical (b)
— Numerical

A/k
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FIG. 2. Properties of the MB in the braided coupling configu-
ration. (a) Plot of log,,[¢®(0)] varying with A and ¢. (b) Plot of
log,,[¢®(0)] and (c) plot of log,,[{m'm)] versus ¢ when A = 0.
Also shown are plots of log,,[g*(0)] and log,,[(m'm)] versus A
for (d) ¢ =0, (e) ¢ = 0.254x, (f) ¢ = 0.57, and (g) ¢ = 0.7467.
In addition, log,,[g®(0)] is plotted versus ¢ for (h) A = 29« and (i)
A = —29«. The other parameters are «,, = ¥, = &, Yo = 20k, and
£, = 0.01k.

with @), = &n — 5&m, @) = &g — 574 N =) — @),, and
@®; = wj + ;. The real and imaginary parts of w, + denote the
frequencies and dissipations of the energy levels, respectively.
It is worth emphasizing that the dissipation can give rise to the
extended bandwidth of the energy levels. For ¢ = 2¢m (¢ is
an integer), 8§; = 0, g,y =0, I'; = 4y, and I'. = 4yy. Thus,
the magnon-qubit coupling only includes the dissipative part.
According to Eq. (5), in the case of w,, = w; = w and k,, =
Yq =k, we can obtain Re(w; +) = w and Re(w;+) = 2w,
which indicates harmonicity in the energy levels. However,
the dissipations of the energy levels are anharmonic. In partic-
ular, Im(w;,_) = «/2 < Im(wy,_) = [2k 4 (8 — 4v/2)101/2
for y9 > k. Thus, the two-magnon state can be effectively
eliminated from the dynamics so that the absorption of the
second magnon is prevented and the SOCF is markedly sup-
pressed for A = 0, as shown in Fig. 2(d). The corresponding
schematic of non-Hermitian anharmonicity is sketched in
Fig. 3(a). Our scheme actually implements a method for
generating non-Hermitian anharmonicity based on magnon-
qubit purely dissipative coupling rather than weak coherent
coupling [75] and the so-called NHMB derived from the
non-Hermitian anharmonicity mechanism is realized. When
¢ = (2¢ + ), ' = —4y; and the other parameters are the
same as the situation for ¢ = 2¢m. In addition, Im(w; +) K
Im(w,,+) is obtained. So the NHMB can be achieved at A = 0
for¢p =¢m.
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FIG. 3. (a) Schematic of non-Hermitian anharmonicity (anhar-
monic dissipation of the harmonic energy level) where the magnon-
qubit coupling is purely dissipative. (b) Anharmonic energy-level
structure during the decoherence-free interaction between the GSE
and the GA, i.e., the magnon-qubit coupling only involves the coher-
ent part. (c) and (d) Inhomogeneous broadening of the anharmonic
energy levels in which both the coherent and dissipative couplings
exist. (e) Transition paths for different magnon states.

When ¢ is tuned to (% + )T, gug =Fyoand §; =T'; =
I'. = 0. The decoherence-free interaction between the GSE
and the GA is achieved [42]. In other words, purely coherent
magnon-qubit coupling occurs. Two MB points located at
positions A = g, are presented in Fig. 2(f). From Fig. 3(b)
we can see that the transition from the state |0, g) to the
state |1, &) is resonant with the frequency w, of the driving
field. However, the transition |1, &) — |2, &) is far from res-
onance. Thereby, the CMB can be caused by the anharmonic
energy levels.

For the case where the coherent and dissipative couplings
exist simultaneously, i.e., ¢ # ¢ and ¢ # (% + ¢)m, strong
MB effects can also be observed in Fig. 2(a). More clearly,
two MB valleys appear simultaneously in Figs. 2(e) and
2(g) when ¢ — 7 /4 and 37 /4, respectively. As described
in Fig. 3(c), for ¢ — m/4 and the diving field frequency
wg = Re(w; ), we can obtain [Im(w, _)/2| < |Re(w,,—) —
Re(w;,—) — wy4|. Under this condition, the state |2, —) cannot
be populated, which causes the MB to occur at A ~ g,,, —
3 = W2 - 1)yo on the basis of Eq. (5), which can also be
seen in Fig. 2(e) (the right valley of the MB). Therefore, the in-
homogeneous broadening of the anharmonic energy levels in-
duces the CMB [21]. However, in the case of w; = Re(w; 1),

10%10[9(2)(0)]

SRR SRS

-10

0
A/k
FIG. 4. Properties of the MB in the braided coupling configu-
ration. Here log,,[¢?(0)] is plotted versus A for (a) ¢ =0, (b)

¢ = 0.57, and (c) ¢ = 0.2547 for different values of y,. The other
parameters are the same as in Fig. 2.

we can find |Im(w; +)/2| > |Re(w;,+) — Re(w) +) — wql.
The state |2, +) can be excited. The magnon statistics ex-
hibit the bunching effect, i.e., g(z)(O) > 1. When the phase
is tuned to ¢ — 37w /4, the CMB effect can be opened for
wg = Re(w; +) and closed for w; = Re(w; ), as shown in
Fig. 3(d). The valley of the CMB can be located in the region
of Ax —gp, —8;=(1~— V2)y of Fig. 2(g) (the left valley
of the MB). Meanwhile, we can obtain a stronger MB point
that corresponds to the left deep dip of Fig. 2(e) or the right
deep dip of Fig. 2(g). The physical mechanism results from
the destructive interference of two paths, i.e., |1, g) @)

mg—ile/2 V2(gmg—iTe/2)
2. 8) and |1, g) “0 10, ¢) B (1, ¢) T 2
[Fig. 3(e)], which is the UMB. The coexistence phenomenon
of the CMB and UMB emerges and this can be extended

to the condition of ¢ — (4 + ¢/2)m. When ¢ is away from

(}1 + ¢/2)m, the UMB vanishes and only the CMB induced
by the inhomogeneous broadening of the anharmonic energy
levels appears at A ~ g,,, —38; or A ~ —g,, — ;. As can
be seen in Figs. 2(h) and 2(i), for a certain frequency, the
switching between the CMB and the UMB can be fulfilled
by tuning the phase. Thereby, the phase can be viewed as a
switch to periodically convert the efficiency (highly coher-
ent excitation of the magnon) and purity (small value of the
SOCEF) of producing a single magnon since the CMB has a
relatively high magnon number and the UMB has a smaller
SOCF value, which can be verified in Figs. 2(e)-2(g). In
addition, we study the influence of yy on the MB. It can
be observed in Fig. 4 that MB effects can still occur even
for small yp. The purity and optimal frequency point of the
MB can be modulated, whether a NHMB, CMB, or UMB,
via yp. Based on the above analysis, we use the phase to
simultaneously modulate the Lamb shift §;, the individual de-
cay rate I';, the exchange interaction strength (magnon-qubit
coherent coupling strength) g,,4, and the collective decay term
(twice the magnon-qubit dissipative coupling strength) I',
and further achieve the conversion of MB effects induced by
four different mechanisms. Thereby, our scheme opens a path
for implementing and flexibly modulating magnon-qubit cou-
pling [6,9,77]. Herein, MB effects induced by four physical
mechanisms have been achieved by a single physical system
[Figs. 3(a)-3(e)]. Therefore, the GSE-GA-waveguide system
shows unique advantages over previous schemes of the MB
[15-29] in realizing a single magnon and quantum control.
Our proposal demonstrates that extending the magnon-qubit
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FIG. 5. Properties of the NHMB versus the driving fields. (a) Plot
of log;,[¢®(0)] and log,,[(m'm)] versus &, for ¢ =0 and A =0
for the case of a single field &,. (b) Plot of log,,[g®(0)] varying
with the driving fields &, and &, for ¢ = 0 and A = 0. (c) Plot of
log,,[¢®(0)] and (d) plot of log,,[(m'm)] versus A for the case
of two fields for &, = 0.01x and &, = 0.0305« (blue dashed line),
&n = 0.05¢ and &, = 0.1527« (red dotted line), &,, = 0.2« and &, =
0.61« (green solid line), and &,, = 0.4« and &, = 1.22« (black dash-
dotted line). The other parameters are the same as in Fig. 2.

waveguide with single-point coupling [21] to the GSE-GA-
waveguide system not only contributes to the study of MB
effects by more physical mechanisms, but also improves the
purity of single-magnon generation through implementations
of the NHMB and UMB. Our scheme provides an ideal plat-
form for studying the MB with multiple physical mechanisms
and producing a single-magnon source on demand.

From the perspective of producing a high-quality single-
magnon source, we can see that the NHMB has both high
magnon number excitation and a low SOCF [Fig. 2(d)], which
are high-efficiency and high-purity MB effects [34-36]. In
Fig. 5(a) we plot log,,[¢®(0)] and log,,[(m'm)] versus &,,.
By regulating £,,, we can obtain a higher magnon occupancy
probability while keeping the small value of the SOCF. In
particular, g?(0) ~ 0.01 and (m'm) ~ 0.1 when &,, = 0.5«.
To further explore and improve the efficiency and purity of
the NHMB, we added an additional driving field &, to drive
the GA. The driving term can be rewritten as H; = &, (m" +
m) + &,(c" 4+ o) in Egs. (1) and (2). The purity of the NHMB
varying with &, and &, is shown in Fig. 5(b). It can be ob-
served that the optimal purity of the NHMB occurs under the
condition &, ~ 3£,,. In particular, the SOCF g2 (0) ~ 10793
and (m'm) ~ 10~* are obtained from Figs. 5(c) and 5(d),
which confirms that the purity of the NHMB can be im-
proved by seven orders of magnitude compared to Fig. 2(d)
while maintaining the same efficiency by introducing the
driving field of the GA. Compared to previous schemes of
the MB [15-29], the completion of the NHMB in our work
can greatly improve the purity of single-magnon generation.
In particular, we improve the purity of the MB by about
eight orders of magnitude relative to the magnon-qubit system
coupled to a waveguide with single-point coupling [21]. Fur-
thermore, by modulating the driving fields, g (0) ~ 10~ and

(a) 2,

/ — 6 §
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FIG. 6. Properties of the MB in the nested coupling configu-
ration. (a) Plot of log;,[g®(0)] varying with A and ¢. (b) Plot
of log,,[¢*(0)] and (c) plot of log,,[{m'm)] versus A for ¢ =0
(blue solid line), ¢ = 0.187x (red dash-dotted line), and ¢ = 0.4687
(green dotted line). (d) Plot of log,,[g®(0)] varying with A and ¥,
for ¢ = 0.187x. (e) Plot of log,,[g*(0)] versus ¢ for A = 23k. The
other parameters are the same as in Fig. 2.

(mtm) ~ 0.1, and g®(0)~107% and (m'm) ~02 are
achieved. Thus, the GSE-GA system coupled to a waveguide
can be applied to prepare a high-efficiency and high-purity
single-magnon source with high tunability.

For the nested coupling configuration [Fig. 1(b)],
Sn =yosing, ;= yosin(3¢), gmg = yolsin¢ + sin(2¢)],
Ly =2y +cos¢), TI'y =2y[1+cos(3¢)], and I, =
2yplcos ¢ + cos(2¢)]. The NHMB can still be realized at A =
0 when ¢ = 2¢m, as shown in Fig. 6(a). However, for ¢ =
2¢+ Dm, §; = gug =T'j =I'c =0, which means that the
GSE and the GA are decoupled and so the MB vanishes. The
coexistence phenomenon of the CMB and the UMB can be
found from Figs. 6(b) and 6(c), where the higher-purity CMB
is fulfilled compared to the braided coupling configuration. In
addition, the purity and the frequency width of generating the
CMB and UMB can be enhanced simultaneously when y is
increased [Fig. 6(d)]. We can also obtain the MB or the single
magnon of the required frequency based on the adjustment of
0. By regulating the phase, the magnon antibunching can also
be modulated from the CMB to the UMB, as in Fig. 6(e).

In the case of the separate coupling configuration de-
picted in Fig. 1(c), 8, =38, = yosing, gug = G [sing +
2sin(2¢) +sin(3¢)], I'y =Ty = 2y(1 +cos¢), and T’ =
yolcos ¢ + 2 cos(2¢) + cos(3¢)]. From Figs. 7(a) and 7(b)
it can be seen that the NHMB occurs not only in ¢ = 2¢mw
but also in ¢ = (% + ¢)m. This is because only dissipative
coupling exists between the GSE and the GA, i.e., gny =0
and T. = =2y for ¢ = (3 + ¢)w and 8; =y (8; = —)0)
when ¢ = (% +2¢)m [¢p = (% + 2¢)m]. The optimal fre-
quency point of the NHMB deviates from the resonance point
and appears at A = %yy. Thus, the frequency of producing
the NHMB can be adjusted flexibly by yy [Fig. 7(c)], which
extends the frequency tunability of the NHMB compared
to the braided and nested coupling configurations and the
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FIG. 7. Properties of the MB in the separate coupling configu-
ration. (a) Plot of g®(0) varying with A and ¢. (b) and (d) Plot of
g (0) versus A for different values of ¢. (c) Plot of g®(0) varying
with A and yy for ¢ = 0.57 or 1.57. The other parameters are the
same as in Fig. 2.

previous non-Hermitian blockade scheme [75]. In addition,
from Fig, 7(d) we can also see the UMB for the phase
¢ = (ﬁ + ¢/2)x. However, the CMB and the UMB cannot
emerge synchronously in the separate coupling configuration.
This demonstrates that different coupling configurations have
their own advantages in accomplishing the MB, which means
that the coupling configuration can offer another degree of
freedom for the regulation of the MB in our scheme and can
serve as an innovative quantum control tool in the research
field of the MB [15-29]. Therefore, we can obtain the desired
single magnon by changing coupling configurations.

In a real situation, the intrinsic damping rates &,
and y, and external damping rates yp, and yp, can
be modulated and are different, which provides an
efficient way to realize quantum magnon control. For
the case of yom # Yo, We oObtain 8, = yom sin(2¢),
8g = Yog5in(29), gng = 5 [3sin ¢ + sin(3¢)],
Ui = 2yom[l 4 cos(2¢)], T’y = 2ypy[1 +cos(2¢)],  and
L = /YomVoq[3 cos ¢ + cos(3¢)] in the braided coupling
configuration. For the nested coupling configuration, §,, =
Yo SIN . 84 = Yog SIN(3). gug = /FomToglsin ¢ + sin(2)],
Ly = 2yom[1 + cos @], 'y = 2y04[1 + cos(3¢)], and I'c =
2 /YomYoqlcos ¢ + cos(2¢)]. The physical quantities in the
scenario of separate coupling are expressed as §,, = Yo, Sin ¢,
8= Yogsing,  gmg = Y2 [sin ¢ + 25in(2¢) + sin(3¢)],
Iy = 2y0m(1 + cos @), Iy = 2y04(1 + cos ¢), and
Le = /YomYoglcos ¢ + 2cos(2¢) + cos(3¢)]. We  show
in Fig. 8 the influence of different intrinsic and external
damping rates of the GSE and GA on the MB effect and
we have selected experimentally feasible parameters in the
numerical simulations based on a recent experiment on
giant superconducting qubits coupled to the superconducting
microwave coplanar waveguide (CPW) and YIG spheres
coupled to the superconducting microwave CPW [57,65].
To simplify and distinguish the NHMB with an adjustable
frequency of the separate coupling configuration, the NHMB
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FIG. 8. Plot of log,,[¢*(0)] varying with A and y,/k,, for
(a) ¢ = 0 in all three coupling configurations and (b) ¢ = 0.18557
in the nested coupling configuration when yy, = 3.68x = 27w x
3.68 MHz [57]. Plot of log,,[g®(0)] varying with A and yo,/Yom
for (c) ¢ =0 in all three coupling configurations, (d) ¢ = 0.57
in the braided coupling configuration, and (e) ¢ = 0.1855x in the
nested coupling configuration. (f) Plot of g®(0) varying with A
and yy,/Yom for ¢ = 0.57 in the separate coupling configuration. In
(©)—(f) v, = 0.03k =27 x 0.03 MHz [57]. The other parameters are
[65] k,, = k =27 x 1 MHz, yy,, = 8.5k = 2w x 8.5 MHz, and the
same as in Fig. 2.

that can be realized in all three coupling configurations for
¢ = 2¢m, we call this MB a resonance NHMB (RNHMB)
because it only occurs at A = 0. Figures 8(a) and 8(b)
show the RNHMB and coexisting CMB and UMB of
the nested coupling configuration varying with the ratio
Yq/Km of intrinsic damping rates. It can be seen that the
ratio of intrinsic damping rates has a small effect on the
MB produced by each physical mechanism. Therefore,
the purity of the MB of our scheme is robust to intrinsic
damping rates. Furthermore, for the ratio yo,/y0, of external
damping rates, it can hardly change the properties of the
RNHMB, as shown in Fig. 8(c). However, yo,/yom can
regulate flexibly optimal frequency points and the purity of
the CMB of the braided coupling configuration, the coexisting
CMB and UMB of the nested coupling configuration, and the
Lamb-shift-induced frequency-tunable NHMB of the separate
coupling configuration [Figs. 8(d)-8(f)]. In order to more
clearly exhibit the MB properties in the case of yy, # Yo and
Yq 7 Km, five main MBs in different coupling configurations
are shown in Figs. 9(a)-9(e). It can be observed that the
purity of a single magnon is basically consistent with the
situations of yo, = Yom = Yo and y, = k,, = «. In particular,
the purity of the UMB of the nested coupling configuration
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20 0 20 20 0 20

NG — NG

FIG. 9. Plot of log,,[g®(0)] versus A for (a) ¢ =0, (b)
¢ = 0.235m, and (c) ¢ = 0.57 in the braided coupling configuration,
(d) ¢ = 0.18557 in the nested coupling configuration, and (e) ¢ =
0.57 in the separate coupling configuration. The other parameters
are [57,65] k,, = k =27 x 1 MHz, y, = 0.03k = 27 x 0.03 MHz,
Yom = 8.5k = 2w x 8.5 MHz, yy, = 3.68k = 27 x 3.68 MHz, and
the same as in Fig. 2.

in Fig. 9(d) can reach 10~*, which is significantly improved
compared to Fig. 6. These results show that, on the one hand,
the ratios of damping rates can be used as a way of regulating
single-magnon generation and, on the other hand, the system
parameters to generate the MB are relaxed, which is helpful
in the operation and implementation of the experiment.

Here we discuss a possible experimental setup of the GSE-
GA-waveguide system. In the experiment, the GSE has been
demonstrated through coupling the YIG sphere to a mean-
dering microwave waveguide at two locations [71]. The GA
has been construed experimentally where a superconducting
artificial qubit can couple to a meandering superconducting
microwave CPW with multiple interaction points [57-59].
Recently, devoted to the development of chip-embedded hy-
brid magnonic circuits, the strong interaction between a
YIG ferromagnetic material and a superconducting quantum
circuit has been realized [65,78-83]. In particular, it was
demonstrated that the magnon mode of the YIG sphere can
couple to the propagating photon of the superconducting mi-
crowave CPW with a high magnon external damping rate
[65]. These advanced achievements can support the exper-
imental implementation of the GSE-GA-waveguide system
through coupling the YIG sphere and superconducting qubit
to the common meandering superconducting microwave CPW
with multiple coupling points. The external damping rate
Yom/2m = 8.5 MHz of the magnon mode emitted into the
microwave waveguide is realized [65]. The intrinsic damping
rate k,,/2m of the magnon mode in the YIG sphere is usually
1 MHz or even smaller, such as 0.5 and 0.24 MHz [3,4,66,84—
86]. By further suppressing the impurity magnon and other
scattering, a lower intrinsic damping rate of the magnon mode,
km/2m ~ 0.1 MHz, is expected for high-quality YIG spheres

[62,87]. For a superconducting artificial qubit, an external
damping rate yy,/2m with the CPW can reach tens of mega-
hertz [58,59], even about 100 MHz [88-90], and the intrinsic
damping rate y, /27 can be 0.01-1 MHz [57,90-92]. There-
fore, the system parameters of our scheme are feasible based
on the recent experiments. The phase caused by a photon
propagating between neighboring coupling points is written
as ¢ = kd = 2nd /X, in which the wavelength A =27v/w
for waveguide modes at the GSE or GA frequency w = w;
[57,71]. The phase ¢ depends on the distance between the
coupling points, on the one hand, and the GSE or GA reso-
nance frequency, on the other. The frequency of the magnon
mode in the GSE is linearly proportional to the external mag-
netic field H, w,, = oH, where o/27 = 28 GHz/T is the
gyromagnetic ratio [71]. The variation of the superconducting
qubit frequency can be completed by applying a magnetic
field [91,92]. In the experiment, the external magnetic field
can be a simple and flexible way to change the phase ¢ and
further to modulate MB properties.

IV. CONCLUSION

We have demonstrated a feasible scheme for realizing
multiple physical mechanisms producing MBs, including the
NHMB, CMB, and UMB. The MB can be switched pe-
riodically by adjusting the phase in braided, nested, and
separate coupling configurations. The NHMB stemming from
non-Hermitian anharmonicity can emerge in all three con-
figurations and can be applied to produce a high-efficiency
and high-purity single-magnon source. In particular, in the
braided coupling configuration, the decoherence-free interac-
tion between the GSE and the GA can be implemented so
that the CMB emerges. Meanwhile, we find the coexistence
phenomenon of the CMB and the UMB in the braided and
nested coupling configurations and their switching is realized
by modifying the phase. This achieves the highly tunable
efficiency and purity of a single magnon. For the separate
coupling configuration, the NHMB of tunable frequency can
be obtained since non-Hermitian anharmonicity can occur for
different phase values and the Lamb shifts cause the opti-
mal point of the NHMB to shift. Thereby, the MB can be
generated on demand by tuning the phase and the coupling
configurations. Our scheme suggests a potential strategy for
creating and controlling a single magnon based on the GSE-
GA-waveguide system, which may provide new insight into
the combination of the emerging quantum magnon field and
GA physics, with important applications in the construction
of an integrated quantum magnon network.
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