Tunable magnon blockade in a magnon-qubit system with coherent and parametric driving
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We study the magnon antibunching effect in the magnon-qubit coupling system under the joint action of
coherent and parametric drives. The analysis and numerical results reveal the conventional magnon blockade
(CMB) caused by the anharmonic level splitting induced by strong magnon—qubit coupling and the unconven-
tional magnon blockade (UMB) induced by multipath destructive interference. Notably, in the strong-coupling
regime, substituting the CMB condition into the optimal UMB condition yields a phase-tuned CMB-constrained
UMB condition, which simultaneously realizes strong magnon antibunching and a high single-magnon occupa-
tion probability. This combines the high brightness afforded by CMB with the high purity provided by UMB.
Furthermore, in the weak-coupling regime, coordinated tuning of the phase, detuning, parametric drive, and cou-
pling strength induces destructive interference among distinct excitation pathways, thereby yielding the UMB
effect. Importantly, even in the zero-coupling limit, the additional channel provided by the parametric drive can
sustain this blockade. This flexibility removes the reliance on stringent strong-coupling constraints, offering a
viable route toward tunable strong magnon antibunching.
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I. INTRODUCTION

multistability [19], magnon frequency combs [20, 21], and

Magnons are quantized quasiparticles of spin-wave excita-
tions in magnetic materials, originating from collective exci-
tations of the spin system [1-3]. To date, high-spin-density
ferromagnetic systems have been investigated on a variety of
platforms, including ultracold atomic ensembles [4], nitrogen-
vacancy (NV) centers in diamond [5-7], and molecular nano-
magnets coupled to cavities [§]. Among these, ferrimagnetic
yttrium iron garnet (YIG) holds a prominent position in hy-
brid magnonic systems, owing to its high spin density (ps =
4.22 x 102"m~3), low damping rate (ag ~ 1075 — 107%),
and nonlinear tunability arising from spin-wave excitations
[9]. In the YIG-superconducting qubit system, both direct
exchange coupling [9] and microwave-cavity-mediated indi-
rect coupling [10—15] have been demonstrated theoretically
[10, 11] and experimentally [12—16], rendering this hybrid ar-
chitecture a key platform for quantum information processing.

In mesoscopic hybrid magnonic systems based on YIG
spheres, a rich variety of physical phenomena have been ob-
served. According to the underlying physical mechanisms,
they fall into two categories: macroscopic classical effects
driven by strong nonlinearity, including bistability [17, 18],
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mesoscopic quantum effects reflecting quantum coherence,
such as magnon superradiance [22], ground-state sideband
cooling [23], and the preparation of squeezed magnon states
[24, 25]. Spurred by these advances, significant progress
has been made in quantum manipulations at the microscopic
scale. In quantum state engineering, these achievements en-
compass the preparation of magnon Fock states and their su-
perpositions [26-29], magnon-magnon entanglement within
microwave cavities [30, 31] and cavity arrays [32], magnon-
photon-phonon tripartite entanglement [33, 34], and magnon-
photon Bell states [35, 36]. In coherent dynamics, mi-
crowave sideband cooling [37] and coherent information stor-
age in magnon dark modes [38] have been successfully im-
plemented. In functional applications, these single-excitation-
level manipulations lay an important foundation for quan-
tum transducers [39—41] and highly sensitive quantum sensors
[42-45].

The magnon blockade (MB) effect has attracted consider-
able interest in quantum statistical studies. Analogous to pho-
ton blockade, its underlying mechanism stems from nonlinear
effects [46—57] or quantum interference [58—73]. Specifically,
the antibunching arising from energy-level anharmonicity is
termed conventional magnon blockade (CMB) [74], whereas
that stemming from multipath quantum interference is re-
ferred to as unconventional magnon blockade (UMB) [75-
78]. Compared with the qubit-magnon system without para-
metric driving [79], our scheme introduces a parametric drive
that provides an additional interference channel and a tunable



FIG. 1: Schematic of a hybrid magnon-qubit system. The YIG
sphere interacts with the superconducting transmon qubit through
the coupling strength .J, and a parametric drive Ue™““ is applied
to the YIG sphere, providing an additional two-magnon excitation
pathway. The YIG sphere and the superconducting transmon qubit
are driven by two microwave fields with Rabi frequencies 2,,, and
Qg, respectively, and with a relative phase difference 6.

phase. In contrast to the nonreciprocal MB based on the inter-
ference between coherent and dissipative couplings [80], we
focus on the cooperative effect of coherent driving and para-
metric driving. Different from the waveguide system with a
giant spin ensemble and a giant atom [81], where the magnon
and qubit are coupled indirectly through a common waveg-
uide, our system employs a direct exchange coupling between
the YIG sphere and the transmon qubit via a SQUID loop.

This work constructs a hybrid magnon-qubit system by di-
rectly coupling a YIG sphere with a superconducting trans-
mon qubit and introducing a parametric drive for the magnon
mode, and studies the UMB and CMB effects in this sys-
tem. This system leverages the high sensitivity of the su-
perconducting quantum interference device (SQUID) to ex-
ternal magnetic flux to regulate the transverse coupling be-
tween magnon and qubit. To enhance the MB effect, we
drive both the qubit and the magnon, and introduce adjustable
phases 6 and ¢ into the qubit drive and parametric drive,
respectively. In the strong-coupling regime, we derive the
CMB-constrained optimal UMB condition, which simultane-
ously achieves strong magnon antibunching and high single-
magnon occupation probability. In the weak-coupling regime,
we derive the optimal UMB conditions and find that the block-
ade depends on the coordinated action of the detuning, cou-
pling strength, and both the amplitude and phase of the para-
metric drive.

II. MODEL

In this paper, we consider a hybrid magnon-qubit system
[16], as shown in Fig. 1. In this system, the magnons gener-
ated in the YIG sphere are magnetically coupled to the SQUID
loop of the superconducting transmon qubit through the flux
variation ®(Auwu), which is caused by the magnetic moment
fluctuation Au of the magnons. This interaction leads to a
transverse exchange coupling between the magnon and the
qubit with coupling strength J [12, 82]. Additionally, we ap-
ply a parametric drive Ue™% (amplitude U and phase ¢) to

the YIG sphere to provide an additional two-magnon excita-
tion pathway. On this basis, by driving the magnon and the
qubit, respectively, the MB effect is realized [83-85]. The
total Hamiltonian reads (A = 1)

Hioy = wgb1 65— + wmmntin + J(méy +mlé_)
+ Qm(m]‘efiwt + meiwt)
+ Qq [6_+67i(wt+9) + &_ei(thrO)}

+ U[m2ei(wpt+w) + mTQe*“WW)}, (1)

where the first and second terms on the right side of the equa-
tion describe the free Hamiltonian of the qubit with eigenfre-
quency w, and the magnon with eigenfrequency w,, respec-
tively. The third term represents the magnon-qubit exchange
coupling with strength J. The fourth and fifth terms drive,
respectively, the magnon mode (with intensity §2,,,) and the
qubit (with intensity €2, and phase #). The last term repre-
sents the parametric drive of the magnon mode, with ampli-
tude U and phase . We assume that the magnon drive and
the qubit drive share the same frequency w, while the two-
magnon parametric drive has frequency w, = 2w. By using
the rotation operator R(t) = exp|—iwt(mim + 6,.6_)], we
can eliminate the time dependence of I:It(,t, and the effective
Hamiltonian can be described as

Heg = D646 + Ayt + J (6, +ml6_)
+ Qo (1 +10) + Qu(61e7 +6_¢")
+U (% +ml%e™?), 0

where A, = w, —w and A, = w,, — w represent the detun-
ings of the qubit and the magnon from the microwave drive
frequency, respectively. We take the phase of the magnon
drive as the reference. Then @ is the phase of the qubit drive
relative to the magnon drive, and ¢ is the phase of the para-
metric drive relative to 2w. The physically observable phases
are 6 and . We adopt the non-resonant condition A, # A,
for the strong-coupling CMB and UMB [86-88], and the res-
onant condition A, = A,,, = A for the weak-coupling UMB
[89, 90].

Dissipation is an inherent property of open quantum sys-
tems. It serves as both an inevitable source of attenuation
in experiments and a dynamical element that must be in-
corporated into theoretical models. In the hybrid magnon-
qubit open system that we have studied, dissipation is pri-
marily manifested through the Gilbert damping rate «,, of the
magnon and the relaxation rate x4 of the qubit. The dissipative
dynamics can be described by introducing Lindblad operators
into the quantum master equation [91], allowing further calcu-
lation of the magnon statistics in the steady state. The master
equation reads

6—? = —i[Hes, p] + =5 (2impi! —lip — printrin)
K A oan AA A Aa A
+ ?q(Za,pJJr —046_p— po4o_). 3)

For simplicity, in the following discussion we set K, =
kq = k and fix the relative phase of the qubit drive at § = 0,



unless otherwise specified. The phase ¢ of the parametric
drive is the main tuning parameter for the UMB effect. The
quantum statistical properties of the magnon can be charac-
terized using the equal-time second-order correlation function
[92]

@) Tr(pritmimm)  (mimfnm)
O i e @

where the steady-state density matrix p can be obtained from
the master equation given in Eq. (3). Numerical simulations
are performed using the Quantum Optics Toolbox in MAT-
LAB. The master equation is solved with the magnon mode
truncated at N = 6, with the qubit treated as a two-level sys-
tem. The steady-state solver uses a convergence tolerance of
10~'2. The cases ¢(»(0) < 1 and g®(0) > 1 correspond
to the antibunching and bunching effects of magnons, respec-
tively; that is, the magnon number follows sub-Poissonian or
super-Poissonian statistics. In particular, g(* (0) — 0 indi-
cates that the magnons in the YIG sphere are blockaded, i.e.,
two- and higher-magnon occupation is strongly suppressed.

III. ANALYTICAL OPTIMAL CONDITIONS AND
SECOND-ORDER CORRELATION FUNCTIONS

To determine the optimal conditions for CMB, the undriven
Hamiltonian is expanded in the single-excitation basis states
lg,1) and |e, 0), yielding the matrix

- W J
HO:(J wq>' (5)

Diagonalizing the matrix yields

Wi, + Wy —wy)?

2 jF\/(wm 1

When the driving frequency is tuned to w = E11 2, single-
magnon resonant absorption enhances the population of the
single-magnon state. Hence, the optimal condition for CMB
is

E;? = + J2. (6)

A A, =T (7)

Next, we discuss the UMB case. Under weak driving, the
Hilbert space is truncated to the zero-, one-, and two-magnon
states, and the wave function of the system can be expressed
as

|¢> = Cg70|g70> + Og,l‘ga 1> + Ce,O|e70>
+Ce,1‘e71> +Cg,2|972>' (8)

Here, Cy(c),,, and |Cg(e)7n|2 are the probability amplitude and
probability, respectively, of finding the system in the state
lg(e),n) = |g(e)) ® |n), where the qubit is in the ground
or excited state and the magnon mode contains n excitations.

Under the weak driving condition, we have |Cy o] =~ 1 >
|Ce0],|Cq,1] > |Ce.1],|Cy,2|. Combining Eqgs. (4) and (8),

we obtain the second-order correlation function ¢(?)(0) ~
2|Cy2|?/|Cy1|*. The coefficients C.),,, are obtained by

solving the Schrodmger equation, which then gives g(2) (0).
Substituting H = Hg — i(kgG G- + nmmfm)/2 [Hegr is
given by Eq. (2)] and Eq. (8) into id;|1)) = H|t)), we obtain

[93, 94]

iCyr = (A Z’;m)cql+JCeO+Q Cy,0,

iCeo = (Ag — Z;"’)Ce 0+ JCy1 + Qe Cy 0,

iCeq = (A l;q)0e1+(A QO) Cen +V2JC, 5

+ Qm,ce,() + Qqeii Cg,h
ng72 = \/5(‘]06’1 + QngJ + Ue_i‘PCg,o)

1K,
+2(A, T)ng.
©))
In the steady state, Eq. (9) reduces to
Km,
O:(Am 9 )Cgl+JCeo+Qm,
iKq _i0
0=(Aq— > )Ceo+ JCy1 + Que™,
0=(4 — “;‘J)Cel + (A, ”;m) o1 +V2JCy 5
+ QmC’e,O + Qqeii 09,17
0=V2(JCeq +QnCy1 +Ue ™) + (2A,, — itip)Cy 2.
(10
From Eq. (10), we obtain
AN,Q, — JQ e
Cyp=—+" =19 , 11
g,1 g2 _ Aqu ( )

(A + Bg)OUe™ — [Ay(B + Bg) + J202,
V2ZO(A2, + DBy — J2)
28, + By)e™0JQ,Q, — 720 J202
V2O(A2, + DBy — J2)

09,2 =

)

(12)
where A,, = A, — ik /2, A, = A, — iky/2, and
© = A,A, — J% UMB suppresses the two-magnon
probability through destructive interference, while the single-
magnon occupation probability is unaffected. Since g(* (0) =
2|Cy2|?/|Cya|* in the weak-driving regime, the optimal
UMB condition g(? (0) = 0 is equivalent to C;y 5 = 0. Setting
the numerator of Eq. (12) to zero gives

(A +Ag)OUe™™ — [A(Ay + Ay) + 2|02

+ 28 + Ag)e 0 T0,,0, — e*mﬁQg’ =0. (13)
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FIG. 2: (a) Energy-level diagram for CMB. (b) Multipath interfer-
ence scheme for UMB.

The optimal UMB parameters are as follows

U:|M|7 <p:7arg(M),
2B 4 By Iy + J02e0
(B + D)0
(Ay(A + Ay) + J?)02, (14
(A, +A,)0 )

where arg(M) € (—m, 7).

IV. RESULTS

A. Conventional and unconventional magnon blockade
in the strong coupling regime

The CMB mechanism relies on the coupling-induced an-
harmonic level splitting, which destroys the resonance con-
dition for two-magnon excitation [see Fig. 2(a)]. When the
qubit driving field satisfies w, — w = J2/A,,, this condi-
tion enables a transition from the ground state |g,0) to the
lower dressed state |1, —). However, given that 2w, — 2w #
2(J% — A2)/A,,, the transition from [1,—) to |2,—) is
suppressed—a consequence of energy-level repulsion arising
from the coupling-induced anharmonicity. To quantify the
magnon statistics, we introduce the single-magnon occupa-
tion probability P; and the mean magnon occupation (n,) =
(mm). Under the CMB condition, the first-order resonant
excitation enhances both P; and (n,,). This enhancement is a
typical signature of CMB.

The UMB effect arises from the destructive interference
among distinct excitation pathways. In Fig. 2(b), multi-
ple pathways can lead to the two-magnon state |g,2): (1)
the direct double-excitation path via the magnon paramet-

ric drive |g, 0) WELN lg,2); (2) the cascaded driving path,
in which an external field drives the system through the se-

quential transitions |g, 0) Om, lg, 1) Y2, l9,2); (3)
mixed paths involving both driving and coupling, includ-

. Qo Q V2J Q
mg |g70> — |g71> _q> |€’1> — |gv2>v Iga0> _q>

Q Q
le,0) 25 e, 1) Y25 |g,2), 19, 0) 2% Je,0) 2 |g, 1) 25

le, 1) WEIN |g,2). The probability amplitudes associated
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FIG. 3: (a) Equal-time second-order correlation function g(2) (0) and
(b) Mean magnon occupation (7., ), where (n,,) = (ffm), plotted
on a logarithmic scale as functions of A,, /x and A4 /k. Both results
are solved by Egs. (2) and (3). (c) The analytical parameter curves
for the CMB in Eq. (7) and the UMB in Eq. (13) are represented by
a blue solid line and a red dashed line, respectively. (d) log,, g(2) (0)
versus Ag/k for A, = —20k (1), 30x (1), and 80« (III). The blue
solid, yellow dashed, and green dashed lines denote the numerical
(N) results, while the circles, squares, and triangles correspond to the
analytical (A) results. Other parameters are taken as U = 0.0006k,
Q= 0.01k, 24 = 0.1k, J = 20k, and § = p = 0.

with these pathways interfere destructively, causing the two-
magnon excitation amplitudes to cancel. As a result, the popu-
lation of the |g, 2) state is suppressed, thereby realizing UMB.

To achieve strong magnon antibunching and a high single-
magnon occupation probability in the strong-coupling regime,
we substitute Eq. (7) into Eq. (14), which yields the CMB-
constrained optimal UMB conditions

J2
Aq = Tm,
. \/ AQY + BQ3,Q, + CO2,92 + DD, Q3 + BEQY
FH ’

= arctan|c, d] — arctan|a, b],

(15)
where A = 2(8J* — 3J%k* 4 2k* + 2(8J% 4 5K%)A2 +
8AY + 2A2 (k? + 4A2) + 4A AL (47 + K2 + 4A2)),
B =—64J[J2 A, + (J2 + &% + A2))Ag + 24, A2 + A3,
C = 16J°%12J% + 3k + 2(Ap, + Ay)(2A,, + 3A,)], D =
—64J3A,, — 64J3A,, E = 16J%, F = (4J° + k?)? —
3220 A, +4RPAZ+ 4N (K2 +4A2), H = k2 + (A +
A2 a = JP02, — K202,/2 + ApAQ2, + A202, —
20N Qg — 2T A Q0 Qg + J2Q2, b = —kALQ2, /2 —
360 02, /242T6Q Qg ¢ = —J? Ay —3K2A, J4— T2 A —
320, JA+A2 A+ A, A2 and d = J2k+k3 /4— kA2 J2—
260 A — nAg/Q.

In Fig. 3(a), we present the variation of the second-order
correlation function ¢(®(0) with A,,/x and A,/k under
strong coupling conditions. The blue solid line and the red
dashed line in Fig. 3(c) correspond to the optimal condition



curves for CMB and UMB given by Egs. (7) and (13), respec-
tively. The analytical and numerical results are consistent with
each other in Fig. 3(a) over the stated parameter range, with
small deviations expected from the two-magnon truncation.
These results demonstrate that the UMB mechanism can also
achieve MB under the strong-coupling conditions considered
here. The resonance behavior of the mean magnon occupation
(n,) shown in Fig. 3(b) reflects a typical signature of energy
level shifts under strong coupling, supporting the presence of
CMB in the system. Figure 3(d) shows the variation of the
second-order correlation function ¢(?)(0) with the qubit de-
tuning A, /k, where the blue solid, yellow dashed, and green
dashed lines denote the numerical (N) results, while the cir-
cles, squares, and triangles correspond to the analytical (A)
results. The numerical and analytical results are consistent
with each other over the plotted range. This indicates that
under weak driving and strong coupling conditions, the mini-
mum of g(?)(0) is related to A, and A,,.

Figures 4(a) and 4(b) show ¢(?)(0) as functions of U/x
and A,,/k, and of ¢/7 and A,,/k, respectively. The white
dashed lines are the CMB-constrained optimal UMB condi-
tions given by Eq. (15). The minima follow these lines, indi-
cating that the optimal combinations of the parametric drive
amplitude and phase suppress two-magnon excitation through
destructive interference. Figure 4(c) compares magnon anti-
bunching and occupation probabilities for CMB and CMB-
constrained UMB under the CMB condition A A, = J2
given by Eq. (7), with U = 2.382 x 10~°k and ¢ = 0.939.
P, is nearly zero, and P, >2 is small. At A,,, = 16.7x, g (0)
reaches 2.79 x 1077, corresponding to the CMB-constrained
optimal UMB condition given by Eq. (15). For A,,, # 16.7k,

2
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FIG. 4: (a) Logarithmic plots of the equal-time second-order corre-
lation function ¢‘®(0) versus U/x and A,,/k. (b) log,, 9 (0)
versus o/m and A, /k.  (c) log,, 9 (0), log,, Po, log,, P,
log, Pn>2, and log, o {nm) as functions of A,/ for U = 2.382 x
10~°k and ¢ = 0.9397. (d) Same as (c), but for Aq = 6k, with U
and ¢ given by Eq. (14). In (a) and (b), U and ¢ are given by Eq. (15).
In (a), the dashed lines indicate the CMB-constrained optimal con-
ditions for UMB. Other parameters are {2, = 0.01x, Q4 = 0.04k,
6 =0,and J = 10%.

only the CMB condition is satisfied, while P; and (n,,) re-
main high. Figure 4(d) compares UMB and CMB-constrained
UMB at A, = 6k. Again, Py is nearly zero and P,> is
small. At A, = 16.7x, g (0) reaches 2.79 x 10~7, and
both Py and (n,,) reach 8.97 x 10~%, corresponding to the
CMB-constrained optimal UMB condition of Eq. (15). For
A,, # 16.7k, only the UMB condition of Eq. (14) is satisfied,
and P; and (n,,) decrease. Figures 4(c) and 4(d) show that
the CMB-constrained optimal UMB condition enables coordi-
nated parameter tuning to achieve strong magnon antibunch-
ing while enhancing the single-magnon occupation probabil-

ity.
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FIG. 5: Logarithmic plots of the second-order correlation func-
tion g<2)(0) (solved by Egs. (2) and (3)) versus A/k and ¢ with
U°P* = |R| in (a), and versus A/k and U/x with ¢°** = — arg(R)
in (b). The white dashed lines in both panels indicate the opti-
mal UMB condition given by Eq. (16). The other parameters are
Qm = 0.01k, Q, = 0.01x, and J = 1/v/2k.

B. Unconventional magnon blockade in the weak cou-
pling regime

We now briefly discuss the UMB effect in the weak-
coupling regime. For simplicity, we take A, = A; = A
and set # = 0. The optimal condition for this case can be
obtained by setting Eq. (12) to zero, which gives

UP' = |R|,  ¢°P' = —arg(R),
| 4JRQ,Q, — S22, - 2802, — I

OA(J2 — A7) ’

(16)

where A = A — ir/2 and arg(R) € (—m,7]. In the weak-
coupling regime, we plot the second-order correlation func-
tion ¢g(*(0) as a function of the parameters A/x, U/x, and
¢, and compare the numerical results with the analytical re-
sults from Eq. (16) (white dashed lines), as shown in Fig. 5.
Figures 5(a) and 5(b) display ¢(®(0) versus ¢ and A/, and
versus U/k and A/k, respectively. Figure 5(a) shows pro-
nounced minima (blue regions) near ¢ = 0 and ¢ = =, with
g (0) < 1, corresponding to strong magnon antibunching.
Moreover, the minimum region spans a wide range of A/«,
indicating that the MB is robust against detuning variations.
Figure 5(b) shows that when the parametric drive U°P* sat-
isfies the optimal condition with the detuning A, MB occurs
for any given A. The required U for strong antibunching is
largest near resonance and decreases away from resonance.
Therefore, in the parametrically driven magnon-qubit system,
a specific relation between the magnon detuning A and the
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FIG. 6: Logarithm plots of the second-order correlation function
g (0) versus A/k under the optimal UPB conditions for (a)
A°P' = £ and (b) AP = 2k. log,, 9™ (0) versus J/x for (c)
A°PY = g and (d) A°P* = 2k. log,, 9@ (0) versus J/x with the
optimal U and ¢ from Eq. (15) for J = 0.4k,0.8k,1.2x in (e)
and J = 0.6k, 1.2k in (f), under the optimal UPB conditions for
A°P' = k and A°P* = 2k, respectively. In (a), (b), (¢), and (f), the
analytical results from Eq. (16) are shown by solid blue, dashed yel-
low, and dashed green lines, and the numerical results from Egs. (2)
and (3) are shown by circles, squares, and triangles. The parameters
are (a) USP' = 2.913 x 1075k, %' = 0.0937, J = 1/v/2k; (b)
UsPt = 2.442 x 1075k, 3" = —0.0187, J = 1/+/2k; (c) U°P*
and °P" same as in (a); (d) U°P* and ©°P* same as in (b); (e) U1 =
4.699%x 107"k, @1 = —0.0357 for J = 0.4k; Uz = 2.578x 10~ %k,
2 = 0.1457 for J = 0.8k; U3 = 2.134 % 1075#@, 3 = 0.4027 for
J =12k () Uy = 2.723 x 1075k, 4 = —0.0297 for J = 0.6k;
Us = 1.413 x 10™°k, 5 = 0.0517 for J = 1.2x. Other parame-
ters are €2, = 0.01x and 2; = 0.01k.

two-magnon parametric drive strength U, i.e., parametric co-
ordination, is required to achieve destructive interference be-
tween the two-magnon excitation pathways and magnon anti-
bunching.

In Figs. 6(a) and 6(b), the equal-time second-order corre-
lation function ¢(?)(0) is plotted as a function of A/k un-
der the optimal UPB conditions, with the optimal parameters
U°Pt and ¢°P' determined by Eq. (16). Here, A°Pt = g
and A°P' = 2k are selected as two working points, which
correspond to Figs. 6(a) and 6(b), respectively. The analyti-
cal predictions yield deeper minima than the numerical sim-
ulations, a discrepancy that originates from the two-magnon-
state truncation of the Hilbert space. For these two working
points, the optimized parameters are UP' = 2.913 x 10~ °k,
Pt = 0.0937 for A%t = g, and Us?" = 2.442 x 10~ %k,
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FIG. 7: Logarithm plots of the second-order correlation function
g (0) versus A/k under the optimal UPB conditions for (a)
AP = k. J = 0; (b) A°P* = 2k, J = 0; (c) A°P' =k, J = 1.5k;
and (d) A°P* = 2k, J = 1.5x. In (a) and (b), the analytical results
from Eq. (16) are shown by solid blue lines, and the numerical re-
sults from Eqgs. (2) and (3) are shown by circles. The parameters
are (a) USP® = 8.944 x 107 %k, @2P* = —0.147m; (b) UsP* =
4.851 x 107°k, @92* = —0.077m; (c) USP' = 2.481 x 10~ °k,
@Y = 0.539m; (d) UsP* = 9.701 x 10~ %k, 32" = 0.1277. Other
parameters are §2,, = 0.01x and 24 = 0.01k.

©5P* = —0.0187 for A°P* = 2x. Under these optimal
conditions, strong magnon antibunching can be achieved in
both cases. To examine the effect of the coupling strength
J on MB, we present Figs. 6(c) and 6(d), which show the
dependence of ¢(®(0) on J/ for detunings A°P* = k and
A°PY = 2k, respectively. In both cases, as J increases, g(z)(O)
exhibits a nonmonotonic trend, first decreasing and then in-
creasing, and reaches a minimum at a specific value. Thus,
the optimal MB relies on the cooperative interplay between
J and the other system parameters. Figures 6(e) and 6(f)
compare the minimal values of ¢(2)(0) at distinct coupling
strengths J/r for A°PY = k and A°P* = 2, respectively. For
A°PY — g the minimum at J = 0.4k is significantly lower
than those at J = 0.8« and 1.2, with U; = 4.699 x 107 %k,
1 = —0.0357 for J = 0.4k, Uy = 2.578 X 10~ 5k,
@y = 0.1457 for J = 0.8k, and Us = 2.134 x 10~ %k,
w3 = 0.4027 for J = 1.2k. For A°®* = 2k, the min-
imum at J = 0.6k is lower than that at J = 1.2k, with
Uy = 2.723 x 107°k, @4 = —0.0297 for J = 0.6x and
Us = 1.413 x 10k, @5 = 0.0517 for J = 1.2k.

To investigate the feasibility of MB in the absence of
magnon-qubit coupling, Figs. 7(a) and 7(b) present the varia-
tion of g(?(0) with A/k at J = 0 for A°P* = x and A°P* =
2k, respectively. Even with zero coupling strength, the sys-
tem still exhibits pronounced antibunching, and the MB does
not show a notable degradation. This effect is attributed to the
destructive quantum interference between the cascade-driven
transition |0) — |1) — |2) and the parametric drive pathway
|0) — |2). The numerical simulations in Figs. 7(c) and 7(d)
affirm the validity of the analytical condition under weak driv-
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ing and for coupling strengths satisfying k < J < 2k. Fix-
ing the coupling strength at J = 1.5k, we plot in Figs. 7(c)
and 7(d) g(®(0) versus A/« under the optimal UPB condi-
tions corresponding to A°P* = x and A°P' = 2, respec-
tively. The optimal parameters are USP* = 2.481 x 1075k,
Pt = 0.5397 for AP = k and Us?" = 9.701 x 10~ %,
5P = 0.1277 for APt = 25, These results indicate that the
framework remains valid in the intermediate coupling regime
and can induce a pronounced MB.

In Figs. 8(a)-8(c) and 8(g)-8(h), the parametric drive is
fixed at U2P' = 2.913 x 10~°k and ¢%P* = 0.0937. Figure
8(d) is calculated with U fixed at this value while ¢ is varied,
and Fig. 8(e) with ¢ fixed at this value while U is varied. Fig-
ure 8(a) shows ¢(?)(0) versus the detuning A. As A deviates
from the optimal value #, g(*)(0) increases but remains below
unity for A/k from 0.35 to 5, where the MB persists, indi-
cating robustness against detuning fluctuations. Figure 8(b)
shows ¢(®)(0) versus J. For J/x from 0 to 1, g (0) stays
below unity and the MB persists, demonstrating a wide toler-
ance to the coupling strength J, and at zero coupling the para-
metric drive alone produces antibunching. Figure 8(c) shows
g®(0) versus the driving-amplitude ratio Q,/<2,,,. The MB
is strongest at {2, /Qm = 1, and blockade occurs for ratios
from 0.1 to 1.2. Figure 8(d) shows g()(0) versus the relative
phase. For relative phases from —0.277 to 0.457, g(®(0) re-
mains below unity and the MB persists, indicating a broad
tolerance to phase fluctuations. Figure 8(e) shows g(%)(0)
versus the parametric drive strength U/r, where g(*)(0) re-

m = 0.01k, and Q, = 0.01k; for km/kg = 1, Un = 2.913 x 1075k and @1 = 0.0937; for km/ke = 0.1, U = 5.168 x 10~ °x and
1837; for km /g = 0.01, Uz = 5.436 x 10~k and @3 = 0.2017; (g) U°P* = 2.913 x 10~ °k, ©°P* = 0.0937, J = 1/v/2k,
.01k, and Q, = 0.01k; (h) U°P* = 2.913 x 1075k, ©°P* = 0.0937, Q= 0.01k, and Q, = 0.01x.

mains below unity for U/x from 0 to 6 x 1075 and the MB
persists. At U/k = 0, interference among different excita-
tion pathways still suppresses two- and higher-magnon occu-
pations. Figure 8(f) shows ¢(*)(0) versus the detuning A/k
for different dissipation ratios k,/kq. For kp/rkg = 1,
Up = 2913 x 107k and 1 = 0.093; for Ky, /kq = 0.1,
Us = 5.168 x 1075k and o = 0.183; for K, /kg = 0.01,
Us = 5.436 x 10~°k and @3 = 0.2017. All three curves
reach their minima at A/k = 1, where the MB is strongest.
For A/k > 1, the case k,,/k, = 1 gives the lowest ¢(*)(0)
and the most pronounced blockade, while &,/ kg = 0.1 and
0.01 give higher g(®(0) and weaker blockade. The effect of
pure dephasing is taken into account by adding a Lindblad
term £,(p) = (2646646 — (64.6-)p — p(64.6_)?)
to the master equation, where +,, is the pure dephasing rate of
the qubit. Figure 8(g) shows g(? (0) versus A/x for different
Yp/ k. As 7, increases, g(?) (0) increases and the MB becomes
weaker, but even for y, /x = 0.1, g(* (0) remains below unity
over the displayed detuning range, so antibunching persists.
This shows that the MB is robust against pure dephasing. Fig-
ure 8(h) shows the single-magnon occupation probability P;
as a function of the detuning A/x for J/k = 1/+/2 and
J/k = 0. The two peaks are at P; ~ 4 X 104 and are
close in height, indicating that the single-magnon occupation
probability is nearly the same in the weak-coupling and zero-
coupling limits. This shows that the magnon-qubit coupling
has little effect on the single-magnon occupation probability.

The proposed scheme is experimentally feasible with cur-



rent superconducting circuit and hybrid magnonics technolo-
gies. Direct exchange coupling between a YIG magnon and a
superconducting transmon qubit has been realized, with cou-
pling strengths up to J/27w ~ 40 MHz [9]. Indirect coupling
via a microwave cavity gives a magnon-qubit exchange inter-
action of J/27 ~ 10-15 MHz [12, 37] and can cover both
the weak- and strong-coupling regimes, e.g., J/k,, = 0.4 and
J/Km = 20 [95]. The coupling strength J can be tuned by ad-
justing the size of the YIG sphere, the magnon-qubit distance,
and the external magnetic flux. The magnon and qubit fre-
quencies are wy,/2m = 1-10 GHz and w, /27 = 1-10 GHz,
controlled by a static magnetic field and an external flux, re-
spectively [9]. The magnon decay rate due to Gilbert damp-
ing is K., /27 = 0.1-3 MHz [9, 96]. The coherent driving
strength is set to /27 = 10-500 kHz, satisfying the weak-
driving condition [97]. A parametrically induced interaction
is employed in magnon-qubit experiments to achieve tunable
coupling and parametric control [12]. The detuning can be
chosen as A /27 = £(1-60) MHz [9].

V. SUMMARY

We study the CMB and UMB effects in the coupled
magnon—qubit system under the joint action of coherent and
parametric driving. The optimal condition for CMB is derived
from the single-magnon resonance condition, while the opti-
mal condition for UMB is obtained by requiring the probabil-
ity amplitude of the two-magnon state to vanish. In the strong-
coupling regime, substituting the CMB condition into the op-
timal UMB condition yields a phase-tuned CMB-constrained

UMB condition. By tuning the phase ¢ of the parametric
drive, one can simultaneously achieve the high single-magnon
occupation probability associated with CMB and the strong
antibunching associated with UMB. This synergy between
high brightness and high purity is important for advancing
quantum computation and quantum communication. In the
weak-coupling regime, the MB is governed by UMB via mul-
tipath destructive interference. Achieving optimal MB relies
on a cooperative interplay among the detuning, parametric
drive, and coupling strength. Overall, the phase-tunable co-
existence in the strong-coupling regime and the parameter-
controlled interference in the weak-coupling regime jointly
establish a flexible platform for generating strong magnon an-
tibunching.
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