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Driven dissipative quantum dynamics in a cavity magnon-polariton system

Guogan Zhao,' Yong Wang ®,!*" and X.-F. Qian?
1School of Physics, Nankai University, Tianjin 300071, China
2 Center for Quantum Science and Engineering, and Department of Physics, Stevens Institute of Technology, Hoboken, New Jersey 07030, USA

®  (Received 20 July 2021; revised 11 October 2021; accepted 15 October 2021; published 22 October 2021)

The dynamics of arbitrary-order quantum correlations in a cavity magnon-polariton system are investigated
based on the quantum master equation in the coherent state representation. The phenomena of Rabi-like oscilla-

tion and level repulsion of the average cavity-photon number agree remarkably well with existing experimental
observations. The competing nature of coherent and incoherent components in these two cases is further revealed
by the second-order quantum coherence of the cavity photons and magnons, which can be systematically tuned
by the driving microwave and thermal bath. Our results demonstrate the rich higher-order quantum dynamics

induced by magnetic light-matter interaction and serve as an indispensable step toward exploring nonclassical
states for cavity photons and magnons in quantum cavity magnonics.
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I. INTRODUCTION

The successful realization of strong coupling between pho-
tons and magnons in microwave cavities [1-8] has brought
another member into the family of cavity quantum electro-
dynamics (QED) systems [9]. Experimental measurements
of this hybrid quantum system have revealed the formation
of magnon-polariton quasiparticles, which can be tuned us-
ing bias magnetic fields [4-8,10], the cavity configuration
[11-13], a DC voltage [14], the experimental temperature
[15,16], Floquet engineering [17], and so on. Extended
studies have also found that the intrinsic nonlinearity of
magnon-magnon interactions can lead to bistable behav-
iors of cavity magnon-polaritons [18,19] and that dissipative
magnon-photon coupling will result in level attraction [20-22]
and non-Hermitian physics [23,24]. Moreover, the cavity
magnon-polariton has been utilized to develop gradient mem-
ory [25] and logic devices [26], to manipulate spin currents
[27] and magnons [28,29], and to generate quantum entan-
glement [30-34] or Schrodinger’s cat states [35,36]. Coherent
control of the dynamics of cavity magnon-polaritons has also
been experimentally demonstrated [37,38], paving the way to
the realization of universal information processing.

Current experimental observations of dynamical features
in cavity magnon-polariton systems have mostly focused on
probing the power spectrum of the reflected or transmitted
microwave field [4-20,23,25,26,37,38], which depends on the
average number of microwave photons in the cavity. However,
as pointed out initially by Glauber [39-41] after the seminal
Hanbury Brown-Twiss experiment [42], infinite sets of field
correlation functions are necessary in order to fully character-
ize the quantum statistical properties of electromagnetic fields
[39—41]. Therefore, in addition to the average photon number,
which is directly related to the first-order field correlation,
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higher-order field correlations are also crucial components in
quantum optics [43—45]. For example, the bunching and anti-
bunching phenomena of photons, which have been observed
in classical and nonclassical optical fields, respectively, are
relevant to the second-order field correlation [43—45]. Further-
more, higher-order correlations have also played an essential
role in many other quantum systems, such as circuit QED
systems [46-53], cavity exciton-polariton systems [54-56],
cavity optomechanics [57,58], ultracold atoms [59-68], and
metal-magnet hybrid structures [69]. Although the second-
order quantum coherence has been utilized to characterize
the magnon blockade effect in magnon-qubit systems recently
[28,29], a systematic investigation of higher-order quantum
correlations in the widely observed dynamical processes in
cavity magnon-polariton systems is still missing, which seri-
ously hinders the further developments of cavity magnonics
beyond the semiclassical level [9].

In this work, the driven dissipative dynamics in a cavity
magnon-polariton system has been thoroughly studied based
on the quantum master equation in the coherent state represen-
tation. In Sec. II, a Fokker-Planck equation of quasiprobability
distribution function and a group of hierarchical equations of
arbitrary-order correlation functions have been established for
the coupled cavity photons and magnons. Then the theoretical
approach has been applied to investigate the average num-
ber of cavity photons and magnons in Sec. III A and their
second-order quantum coherence in Sec. III B for two typical
experimental scenarios. Possible experimental techniques to
measure higher-order correlation functions of cavity photons
are briefly discussed in Sec. III C. Finally, the results are
concluded in Sec. IV.

II. THEORETICAL MODEL AND QUANTUM
DYNAMICAL EQUATIONS

The cavity magnon-polariton system under consideration
is schematically illustrated in Fig. 1(a). A highly polished
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FIG. 1. (a) A schematic diagram of the cavity magnon-polariton
system. A magnet denoted by m is coupled to the cavity microwave
field ¢. A bias magnetic field B is applied to tune the magnon
frequency w,, = yB with the gyromagnetic ratio y. k. and «,, are
the damping rates for the cavity photons and magnons, respectively.
An external microwave field with the strength €2 and the frequency
wp can be applied to continuously drive the cavity. (b) The average
cavity-photon number (c'c) as a function of the bias magnetic field
B and the driving frequency wy in the continuous drive scenario, with
the driving strength /27 = 2 x 10" Hz. (c) The time evolution of
the average cavity-photon number (c’c) for different bias magnetic
fields B after injecting 10® coherent microwave photons in an initial
pulse. (d) The Rabi-like oscillation of the average number of cavity
photons (blue solid line) and magnons (red dashed line) with a
zero-detuned bias magnetic field B = 281.25 mT, i.e., w,, = @,. The
other simulation parameters in panels (b), (c), and (d) are set to the
following [6]: w./27 = 7.875 GHz, «./27 = 1.35 MHz, «,, /27w =
1.06 MHz, g/27 = 10.8 MHz, and T = 300 K.

yttrium iron garnet sphere with a diameter of 0.36 mm, placed
inside a microwave cavity with a geometric size of 43.0 x
21.0 x 9.6 mm?, is coherently coupled to the electromagnetic
mode in the cavity via the magnetic dipole interaction [6].
We assume that only the Kittel mode of the magnet is ex-
cited by the magnetic component of the microwave field. The
cavity can be excited by an external microwave source, either
a discrete pulse [6,38,70] or a continuous wave [4-8]. The
Hamiltonian of this system is [6,30]

H = hw.c'¢ + ho,m'm + hg(ch +m'e)
+ Qe T — el ), 1))

Here, 7 is the reduced Planck constant; ¢f(c) and m'(m) are
the creation (annihilation) operators of the cavity photons and
magnons with eigenfrequencies w, and w,,, respectively; g is
the coupling rate between the cavity photons and magnons,
where the rotating-wave approximation has been employed;
and 2 and wy are the strength and frequency of the continu-
ous driving microwave. The last term in Eq. (1) will not be
included for the pulse excitation scenario.

In order to incorporate the dissipation effect microscop-
ically, we assume that the cavity photons and magnons are

independently coupled to a corresponding thermal bath [71].
The dynamics of this system will then be governed by the
quantum master equation for the reduced density matrix p
(Appendix A):

dp 1

i ih[H’ pl+ L{p}. @)
Here, L{p} is the Lindblad operator, where L{p}=
Y e mlio(1 + 1) (2opo’ — {070, p}) + Kko1,(20" po —

{00", p})]; 7.(71,,) is the average number of thermal cavity
photons (magnons) with frequency w, (w,,) for the thermal
bath with temperature 7'; and «. and «,, are the damping rates
for the cavity photons and magnons. Once Eq. (2) is solved,
the correlation functions (c'Pcim™m®) to arbitrary order
(p, q, 1, 5) of the operators ¢, ¢, m', and m can be obtained
for the cavity magnon-polariton system. Here, (O), taking the
form Tr[pQ], is the quantum statistical average of a generic
operator O over the density matrix p.

In terms of the coherent states |«) and |B) for the cav-
ity photons and magnons, respectively, the density matrix p
can be expressed as p = fdzozdzﬂp(a, Bla, B){«x, B|. The
quasiprobability distribution function P(«, §) will then sat-
isfy the Fokker-Planck equation (Appendix B)

oP .0 . , d d
o = lwc@((ﬂ)) + zwmﬁ(ﬁp) + zg<ﬂ£ +aﬁ>
— SZe*"“"’tiP + K(‘i(oﬂ?) + Kmi(ﬂ?)
o do ap
82 2
+ Kcne 300 *P +Kmanp + H.c. (3)

Then the expectation value O can be further expressed as

(0) = / d*ad*BP(a, B, t){a, BlOa, B). )

In addition to solving the Fokker-Planck equation (3) di-
rectly, the quasiprobability distribution function P(«, 8, 1)
can also be obtained by simulating the stochastic differential
equations for o and 8 [44]:

da = (—iwea — igf + Qe ™ — koa)dt
+ VK (AW 4 idWs), (5)

dp = (—iwnp — ige — kuP)dt
+ VKt (dW3 + idWy), 6)

Here, dW; (i =1, 2, 3, and 4) are independent Wiener pro-
cesses, whose increasements satisfy the Gaussian distribution
with expectation value O and variance dt. The statistical
assembles of quantum trajectories of o and S generated
by Egs. (5) and (6) will give the quasiprobability distribu-
tion function P(«, B, t). This so-called “quantum trajectory
method” can be more efficient from the computational aspect,
although these two methods are mathematically equivalent
[44].

Based on the Fokker-Planck equation (3), it is also possible
to get the dynamical equations for the correlation functions of
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cavity-photon and magnon operators. For example, the time
derivative of (c) can be expressed as %(c) = fdzocdzﬁ %a,
according to Eq. (4). By substituting the expression of %
given by Eq. (3) and performing the integrations over o and
B, one will get

%(d = —iw.{c) — iglm) — k() + Qe™ " (N
|

ot

Similarly, the equation for (m) will be

0

a1

In fact, Eqgs. (7) and (8) describe the dynamics of the coherent
components in cavity photons and magnons, respectively.

The equations for arbitrary-order correlation functions

(c"Pcim"m*) can also be derived in the same way. Using the
fact &2 = [ d2ad?B2(a, B, 1)et, BlOle, B), we get

(m) = —iwy(m) — ig(c) — ku(m). ®)

d
—(cPctm"m*y = [i(p — Qwe — ke(p+ @) + i(r — ) — ku(r + )1 Pctm™ m*)

+ ig(p(c%p_'c”mT"HmS) — q(cT”c"_lmT’m‘H) + r(cfp+lcqm+r_lms) — s(chc”’L'mT’ms_l))

+ eriwot <C+pflcqurms> + qufiwot <Cﬁpcq71mTrms>

+2pgkciic (P et imT T m®y 4+ 2rsicpTig (¢ Petm T mt Y. )

Notice that p, ¢, r, and s are non-negative integers, and
the terms with negative exponents on the right-hand side of
Eq. (9) should vanish. Therefore, the higher-order correlation
functions will be dependent on the lower-order correlation
functions hierarchically.

The Fokker-Planck equation (3), stochastic differential
equations (5) and (6), and the hierarchical equations (9) are
the central results to describe the driven dissipative quantum
dynamics in cavity magnon-polariton systems. In the follow-
ing, this theoretical approach is exploited to investigate the
average number and the second-order quantum coherence for
cavity photons and magnons in two experimental scenarios.

III. RESULTS AND DISCUSSIONS

A. Average number of cavity photons and magnons

Existing experiments on the cavity magnon-polariton sys-
tem have focused on the power spectrum of the microwave
field, which is proportional to the average number of mi-
crowave photons (cfc) in the cavity. By setting suitable
integers (p, ¢, r, s) for Eq. (9), a group of coupled equations
for (cT¢), (m™m), (em™), (cTm), (cT), (c), (mT), and (m) can be
obtained as

a T . + . T —iwot /.t iwot
E(c c) = —ig{c'm) +ig(cm") + Qe """ (c") + Qe (c)

—2k.(cTe) + 2k.Te, (10)
%(m*m) = ig(c'm) — ig(cm") — 2k (mm) + 26T,
(11)
%(ch) = iwc(cTm) — iwn(cTm) —ig(cte) + ig(m™m)
+ Qe (m) — ke(cTm) — ko (cTm), (12)
] . . 4 .
g(cmT) = —iw.(em") + iwy,(cm’) + iglcte) — ig(m'm)
+ Qe " (m"y — k. (em®) — Kk (cm'). (13)

(

One can see that the average number of thermal cavity photons
and magnons is involved here.

If the cavity is continuously driven by the external mi-
crowave field, the dynamics of the system will become
stationary after a long time. In this experimental scenario, the
solution of Eqgs. (7) and (8) can be written as {c)(¢) = age "’
and (m)(t) = Boe ™', with the amplitudes

0 = — iIQ(wy — Wy + iky,) ’ (14)
(w4 — wo)(w- — o)
iQg
Po = — 15)

(w4 — wo)(w— — wg)’

Here, w. are the eigenfrequencies of the two branches of cav-
ity magnon-polariton modes, where @y = “F® — jltin 4

(252 — j%5f)2 4 @2, Furthermore, the average number

of cavity photons and magnons will become constant in this
case. Specially, the solutions of Egs. (10) and (11) will give

(c'e) = laol* + (1 = Y )ic + Vinlim, (16)

(m'm) = |Bol* + (1 — ye)itm + yeiie, (17)

where y,, and y, are

B ke + ki)
V= e + Ko )P+ Kekim (ke + Km)? + Kekim(@ — 00 )2

B gz(Kc + Km)z + Kekm(Ke + Km)2 + Kekm(wp — wc)z ’

One can find that both the drive source and thermal bath
affect the average number of cavity photons and magnons.
Figure 1(b) further shows (c'c) as a function of the bias mag-
netic field B and the driving frequency wy. The anticrossing
of two branches of the cavity photons clearly indicates the
formation of two magnon-polariton modes, which has been
widely observed in previous experiments [9].

Besides the level repulsion observed in the continuous
drive scenario, Rabi-like oscillation behavior is also observed
in the microwave power spectrum in the pulse excitation
scenario [6,38,70]. Figure 1(c) shows the transient dynamics

Ve
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of (c'c) in the cavity after a short pulsive excitation, which
have been obtained by solving the Fokker-Planck equation
(3) based on the quantum trajectory method. The system
parameters are the same as in Fig. 1(b) without the driving
term, and the initial excitation is taken into account by in-
jecting 10% coherent microwave photons. For a rectangular
pulse with frequency wg/2mw = 7.875 GHz and a duration of
1 ns, the corresponding microwave power is estimated to be
—32.8 dBm.

The Rabi-like oscillation of {c'c) in Fig. 1(c) can be simply
understood from Eqs. (7) and (8) by setting 2 = 0. With the
initial conditions {c)(0) = {(c)o and (m)(0) = 0, the solution
of (c)(¢) and (m)(¢) will be the linear combination of the two
cavity magnon-polariton modes, namely,

(c)(t) O\ —iwt
<<m>(r>> =2 V"(ﬁl)e : (18)
i=t,—

OrN __ b _
Here, ( ﬁi) Y e (s — w, +ic,) A€ the two normal

ized modes of cavity magnon-polaritons, and the coefficients
y+ are determined to be yi = aj;ﬁ;ﬂ In the strong-
coupling case k., k,; < g, the contribution of (c)(¢r) and
(m)(t) to the average number of cavity photons and magnons

will approximately be
1) )I? =|(c)ol*[A + B+ 2C cos(Awt )]e >, (19)
[(m)(®)]* =|(c)ol*C[2 — 2 cos(Awt)le . (20)

Here, Aw = \/(w. — wy) + 4g% is the frequency difference

between the two cavity magnon-polariton modes, and k =
Atk js the avarage damping rate of the whole system. The

; — loes B
coefficients A, B3, and C are expressed as A = BT
— o By I _ \Ot+0t ? _ [B+B-]
= epapm M0 = o = g

Equations (19) and (20) suggest that the Rabi-like oscilla-
tion of cavity photon numbers is caused by the interference
effect between the two dissipative magnon-polariton modes.
The oscillation frequency depends on the frequency differ-
ence between these two modes, which is at a minimum for
the zero-detuned bias magnetic field B = 281.25 mT. Due to
the dissipation effect, the injected microwave photons will
gradually decay and the whole system will reach thermal
equilibrium. The oscillatory decay of (c'c) and (m'm) at zero
detuning is further plotted in Fig. 1(d), which shows the in-
terconversion between the average number of cavity photons
and magnons. The sharp dips suggest that nearly all the cavity
photons will be converted into magnons. It is noted that the
proportion of cavity photons participating in the oscillation
reaches a maximum when w,, = w,., and it will reduce with a
strongly detuned bias magnetic field. This is characterized by
the ratio Az_fs’ which will be 100% at the zero-detuned bias
magnetic field and will become smaller at larger-detuned bias
magnetic fields.

B. Second-order quantum coherence

The cavity photons (magnons) will be either “coher-
ent” or “incoherent” depending on whether their phases are
locked to give nonzero (c) ({m)) or not [9]. Although the

formation of cavity magnon-polaritons has been confirmed
by observing level repulsion and Rabi-like oscillation in the
microwave power spectrum, no information about the co-
herent and incoherent components of the cavity photons or
magnons in these dynamical processes can be extracted by
merely measuring the first-order correlation function. Hence,
we further investigate the second-order quantum coherence
of the cavity photons and magnons, which are characterized
by the functions gphO(O) (c'ciee)/(cTe)* and g3).(0) =
(m™m™mm) /(m"m)*. The g® function has been extensively
used to characterize the intensity correlation for a quantum
optical field [43—45]. In particular, a single-mode thermal field
will have g (0) = 2 and an optical field in the coherent state
will have g®(0) = 1, even though the two fields may have
the same average number of photons. Furthermore, g (0)
can be less than 1 for nonclassical light [43—45]. Measuring
the second-order quantum coherence could certainly provide
indispensable knowledge about the quantum dynamics in the
cavity magnon-polariton system.

Figures 2(a) and 2(b) show the transient dynamics of
gpho (0) and g(n?k)ig (0) after a pulse excitation as a function of the
bias magnetic field B, which are calculated from the quantum
trajectory method with the same parameters as in Fig. 1(c).
Unlike the oscillations of (c'¢) and (mm), which reflect the
exchange of energy between cavity photons and magnons, the
oscillations of g(z) (0) and gg;g (0) indicate the periodic mod-
ulation of these two bosonic fields between the coherent state
and the thermal state. After the cavity photons are coherently
excited by the initial pulse, the coherent component between
the cavity photons and magnons will be interconverted due to
their strong coupling, as suggested by Eqgs. (19) and (20). The
oscillation in Figs. 2(a) and 2(b) is not obviously seen in the
beginning, where the coherent component is dominant over
the incoherent component, until it is reduced by the dissipa-
tion effect of the thermal bath. Figure 2(a) further shows that
the coherent component of the cavity photons will be dom-
inant for a longer time under a more-detuned bias magnetic
field, since only a small proportion of it will be involved in
the interconversion with the magnons. Therefore, significant
oscillation of second-order quantum coherence will become
obvious only if the coherent component is comparable to the
thermal counterpart in the two bosonic fields.

The competition between coherent and incoherent compo-
nents in the transient dynamics of the cavity magnon-polariton
system is further investigated for the zero-detuned bias mag-
netic field B = 281.25 mT. With fixed bath temperature 7 =
300 K, Figs. 2(c) and 2(d) show the periodic modulations of
the cavity photons and magnons between the coherent state
and thermal state after 108, 10°, or 10* cavity photons are
coherently injected. The corresponding microwave power will
be —32.8, —52.8, and —72.8 dBm for a rectangular pulse
with a frequency of wy/27 = 7.875 GHz and a duration of
1 ns. Initially, the magnons are still in the thermal state with
8 (0) = 2, which causes a peak at 1 = 0 in Fig. 2(d). The
more microwave photons are injected, the longer the time
during which the coherent component can suppress the in-
coherent component, as indicated by the larger number of
cycles with purely coherent states of the cavity photons and
magnons. On the other hand, the incoherent component of
the two bosonic fields can be tuned by the thermal bath.
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FIG. 2. The transient dynamics of the second-order quantum co-
herence after an initial pulse excitation. (a) gﬁl)o(O) and (b) gi2),(0) as
functions of the bias magnetic field B, with 10® injected microwave
photons and a bath temperature of 7 = 300 K. The time evolution
of (¢) gﬁ)o(O) and (d) gﬁgg (0) for different numbers of injected mi-
crowave photons, with a zero-detuned bias magnetic field of B =
281.25 mT and a bath temperature of 7 = 300 K. The time evolution
of (e) gfh)o (0) and (f) gﬁﬁgg (0) for different bath temperatures, with the
zero-detuned bias magnetic field B = 281.25 mT and 10* microwave
photons injected. The other simulation parameters are the same as

those in Figs. 1(c) and 1(d).

With 10* injected photons, more cycles with purely coherent
photon and magnon states can be recovered by decreasing
the bath temperature from 300 K to 1 K [see Figs. 2(e) and
(f)]. Furthermore, the maxima of gﬁl)o(O) and %) (0) have
the same time offset as (c'c) and (m'm) in Fig. 1(d), since
only the coherent components of these two bosonic fields will
participate in the interconversion process. Our results thus
demonstrate the dynamical control of second-order quantum
coherence in the cavity magnon-polariton system by engineer-
ing the microwave pulse or the thermal bath.

The second-order quantum coherence in the continuous
drive scenario can also be tuned by the drive source and
the thermal bath, as shown in Fig. 3 by numerically solving
Eq. (9) at the zero-detuned bias magnetic field. Generally,
the two bosonic fields will transition from a thermal state
to a coherent state when the driving strength is continuously
increased and the coherent component becomes dominant [see
Figs. 3(a) and 3(b)]. Moreover, the critical driving strength
for the transition is lowest if the driving frequency is in

i\
i\ wo/2n(GHz) w,/27(GHz)\

7.885 7.880! ":7.880 8.050 |
7.8 > 7.870

S g 4} 7008 7880\ g5 8050

\.7.875
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10° 100 10'" 10"
Q/2r (Hz)

107 1‘08 1Iog
Q/2r (Hz)

0 100 200 300 0 100 200 300
Temperature (K) Temperature (K)

FIG. 3. The second-order quantum coherence in the continuous
drive scenario. (a) gﬁ)n(O) and (b) gﬁgg(O) as functions of the driving
strength for different driving frequencies, with a zero-detuned bias
magnetic field of B =281.25 mT and a bath temperature of T =
300 K. (c)gfh)n(O) and (d) gﬁgg (0) as functions of the bath temperature
for different driving frequencies, with a zero-detuned bias magnetic
field of B = 281.25 mT and a driving strength of Q/27 = 10 Hz.

The other simulation parameters are the same as those in Fig. 1(b).

resonance with either of the cavity magnon-polariton modes
(7.865 or 7.885 GHz here). For a given driving strength of
Q/2m = 10% Hz, Figs. 3(c) and 3(d) show the transition from
the coherent state to the thermal state if the bath temperature is
increased and the incoherent component becomes dominant.
Once again, the second-order quantum coherence is most ro-
bust against the thermal fluctuations when either of the cavity
magnon-polariton modes is resonantly excited. Furthermore,
the behaviors of the cavity photons and magnons are asym-
metric if the driving frequency wy /27 = w./27 = w, /2w =
7.875 GHz [see the dotted lines in Figs. 3(a)-3(d)].

The results in Fig. 3 can be explained by the analytical

expressions of the second-order quantum coherence, where

Q@) _ (o’ +20) 27 @) — pol+2n7 -2
8pho = (o mr. AN Sy = "5y - Here, ag and

Bo are given by Egs. (14) and (15), and one has n. = n,, =
n at the zero-detuned bias magnetic field. Therefore, when
log|> > 7 and |By|*> > 7 for large drive strength or low bath
temperature, the second-order quantum coherence functions
ggh)o(O) and gﬁﬁgg(O) will be nearly 1; in contrast, they will be
nearly 2 if |og|> < 7 and |Bo|*> <« 7. While for given driving
strength and bath temperature, |og| and |By| will be largest
when wy = w; or wy = w_. Besides, when wy = w,,, the ratio
laol/1Bol = kim/g, which explains the asymmetric behavior
between gﬁl)o (0) and g5),(0).

We have also studied the dependence of second-order
quantum coherence on the bias magnetic field and the driving
frequency with given driving strength or bath temperature,
as shown in Figs. 4 and 5, respectively. When the driving
strength is weak, the incoherent components of cavity photons
and magnons will be dominant, and these two bosonic fields
are nearly in the thermal state in the entire parameter space,
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continuous drive scenario, with five different driving strengths: (a) /27 = 107 Hz, (b) /27 = 10® Hz, (c) /27 = 10° Hz, (d) /27 =
10" Hz, and (e) /27 = 2 x 10'> Hz. Here, the bath temperature is fixed as T = 300 K. The other simulation parameters are the same as

those in Fig. 1(b).

where g(z) (0) ~ 2 and ¢),(0) ~ 2 [see Fig. 4(a)]. With larger
driving strength, the coherent components of cavity photons
and magnons will be enhanced, especially when the driv-
ing frequency is resonant with the cavity magnon-polariton
modes. One can see that the level repulsion will also appear
in the second-order quantum coherence [see Fig. 4(b)]. When
the driving strength is further increased, the coherent compo-
nents will be dominant in more parameter space, as shown in
Fig. 4(c). Finally, the level repulsion will vanish again when
the drive strength is very strong, since the cavity photons
and magnons will be nearly in the coherent state in most
of the parameter space, where g(z) (0)~ 1 and ggz)ig(O) ~ 1
[see Figs. 4(d) and 4(f)]. On the other hand, the feature of
level repulsion will also be drastically modified when the
bath temperature is continuously decreased (see Fig. 5). As
the incoherent components of cavity photons and magnons
are suppressed at lower bath temperatures, these two bosonic
fields will get closer to the coherent state. Therefore, the
evolutions of level repulsion in the second-order quantum

coherence have directly reflect the competition between the
coherent and incoherent components in these two bosonic
fields.

C. Experimental proposal

Second-order quantum coherence is usually measured in
the spirit of the Hanbury Brown-Twiss experimental setup
[42]. For an optical field, this can be performed with
single-photon detectors. However, the detection of a single
microwave photon is challenging, since the energy of a mi-
crowave photon is about 4 or 5 orders of magnitude lower than
that of an optical photon. Instead, experimental techniques
with linear detectors [72] have been developed to measure
the second-order coherence function of a microwave field
in circuit QED systems [47-53], as schematically shown in
Fig. 6. Here, a 90° hybrid coupler is used as a beam splitter
to separate the microwave field b emitted from the cavity
into two modes ¢ and d, which will be amplified afterwards.
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Here, the driving strength is fixed as /27 = 10® Hz. The other simulation parameters are the same as those in Fig. 1(b).
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a 1111%( — S0
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FIG. 6. A schematic diagram of the experimental setup to mea-
sure the second-order quantum coherence of the microwave field.
Here, the microwave field b emitted from the cavity is split into ¢
and d by a 90° hybrid coupler. The two output modes ¢ and d are
amplified first, and then IQ mixers are used to perform the quadrature
measurement on ¢ and d. This gives the complex envelopes S.(¢) and
S4(t), which can be used to extract the correlation functions of the
microwave field [72].

Then in-phase and quadrature (IQ) mixers will be used to
perform the quadrature measurement on ¢ and d modes, which
gives the complex envelopes S.(t) and S, (7). The correlation
functions can be calculated from the measured S.(¢) and S, (¢)
[72]. In the past, this technique has been successfully applied
to obtain the second-order correlation functions of the mi-
crowave field in circuit QED systems [47-53]. We anticipate
that the same experimental techniques can be exploited to
investigate higher-order quantum correlation effects in cavity
magnon-polariton systems.

IV. CONCLUSION

In conclusion, the driven-dissipative dynamics in a cavity
magnon-polariton system has been theoretically studied in a
full quantum level. The Fokker-Planck equation, stochastic
differential equations, and a group of hierarchical equations
have been established to give the arbitrary-order correlation
functions of cavity photons and magnons. The theoretical
approach has successfully reproduced the remarkable phe-
nomena of level repulsion and Rabi-like oscillation observed
in the microwave power spectrum. Furthermore, the second-
order coherence functions of cavity photons and magnons
have been thoroughly investigated for two typical experimen-
tal scenarios. The results reveal the competition between the
coherent and incoherent components in these two bosonic
fields, which can be systematically tuned by engineering the
external drive source and the thermal bath. Therefore, measur-
ing second-order quantum coherence with currently available
experimental techniques could provide another window to
observe the rich dynamics in this hybrid quantum system. It
would also be interesting to search for nonclassical states for
cavity photons and magnons by extending the current work to
the dissipative coupling, ultrastrong coupling, or nonlinearly
interacting cases, which are of fundamental and practical im-
portance for quantum cavity magnonics.
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APPENDIX A: QUANTUM MASTER EQUATION

In this section, we derive the quantum master equation for
the reduced density matrix of the cavity magnon-polariton
system. The dissipation of the cavity photons and magnons
arises when they are coupled to the thermal bath. We write the
Hamiltonan for the whole system as

H=H+Hg+V, (A1)

where
H = hwec'c + hwu,m'm + hige'm + higm'c
+ihQ(cTe @ — celhy,

Hy =Y hwajai+ Y hobb;,
i J
V = ZgL.,i(c'I'a,- + ajc) + Z gm,j(m'rbj + b;m).

i J
Here, H describes the cavity magnon-polariton system under
consideration; Hp describes the thermal bath for cavity pho-
tons and magnons, respectively, which consists of an infinite
set of harmonic oscillators with frequencies {w,;} and {wy,;};
and V describes the coupling interaction between the system
and the thermal bath. The total density matrix p7 for the whole
system will satisfy the Liouville-von Neumann equation

dpr(t) _ 1
T = ). pr (1)

1
= —[H({®), pr(0)]
ih

1\ !
+ (E) / [H(), [H(7), pr(z)ldT. (A2)
0
In the interaction picture, Eq. (A2) will become

dpi(t) 1

dt i

1\ [ :

+ (E) /0 V@), [V(2), pr(r)]dT. (A3)

Here, we have denoted ,oiT“t(t) =Ut(t, 0)pr (1)U, 0) and

V(t) =UT(t,0)V(t)U(t, 0) using the unitary evolution oper-

ator U(t, 0) = Us(t, 0)Up(t, 0), where Us(t, 0) = e Jo H®)dz
and Ug(t, 0) = e Jo Hs()dT

The reduced density matrix p™ for the cavity magnon-

polariton system can be obtained by tracing over the degree of

freedom of the thermal bath, namely, p™" = Trp[pi™]. There-

fore, the quantum master equation for p'™ can be obtained
from Eq. (A3) as

V@), pi(0)]

dpint 1 )
— _T t nt 0
7 T 5[ V(). pr(0)]
1\’ ! ‘

+ <E> TrB/ V@), [V(0), pi(r)]dT. (A4)

0
With the Born approximation pr(t) = p(t) ® pp(0),
the first term in the right-hand side of Eq. (A4)
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will be
Trp[V(0), pi'(0)] = Trg(U{UZV (1)pr (0)UsUs — USUJ pr (0)V (1)UsUs)

=Y 8e.iU{c' pUsTrpla;pg) + UgepUsTrglal ppl — U pcUsTral ppai] — U pcUs Trpl ppa] 1)
+ Y gmj(Uim' pUsTrglb; pp] + UdmpUsTry[b’ pg] — U pm UsTrslpsb;] — U pmUsTrgl ppb']).
j
(AS5)

This term will vanish because one has Trg[a; 0] = TrB[aj' ppl = Trplb;pp] = TrB[bj. pg] = 0 for the thermal bath.

For the parameter range we study here, the coupling term and drive term in H will be much smaller than the terms of cavity
photons and magnons. Therefore, the time-evolution operator can be further approximated as Us(z, 0) ~ il gmiogm'mt Thep
the second term in the right-hand side of Eq. (A4) will describe the damping of the cavity photons and magnons due to the
thermal bath individually, which will give [43]

dpint

T —kig(ccTp™ — 2¢Tp™e + p™ecTy — ko (i + D(cTep™ = 2ep™cet + pMiete)

f . int

— kTl (mm p™ = 2m" o™ m + p™mm") — kT + D mp™ — 2mp™m" + p™mm). (A6)

Here, k. (k,,) is the damping rate for cavity photons (magnons), and 7.(7,,) is the average number of the quanta at the frequency
w.(wy,) in the thermal bath [43]. Transforming the result above back to the Schrodinger picture, we get the Lindblad form of the
quantum master equation (2) in the main text.

APPENDIX B: FOKKER-PLANCK EQUATION

In this section, we describe how to get the Fokker-Planck equation from the quantum master equation. In the coherent
state representation for cavity photons and magnons |o, 8), the reduced density matrix p can be expressed in terms of the
quasiprobability distribution function P(«, B) as [43]

o= / dPad®fP (. Bla. B)a. B (B1)

Substituting the expression (B1) into the left and right sides of Eq. (2), we have
9
fd2ad2ﬂ—P|a,ﬂ)(a,ﬂl
ot
= /dzadzﬂp{—iwc(cj'da, B)a, Bl — |, B){a, Blcc) — iwpu(mimla, B)(a, B] — |o, B)(a, Blm"m)

—g(c"mla, B)(a, B — |a, B) (e, Blc'm) — g(m"cla, B)(at, Bl — |, B) (e, Blm'c)

+Q(cTe T |, B) (. Bl — ce™ |at, B) e, Bl — lot, B) (e, BlcTe ™™ + |a, B) (e, Blce™)

— k(1 +7)(c ela, B, Bl — 2cla, B) e, Blc" + |or, B) (e, BlcTc)

— icnic(loe, B) e, Blec’ — 2¢t|a, B) (e, Blc + cc'la, B) (e, BI)

— k(1 + 7)) (m mlet, B) (e, B — 2mlat, B) (e, Blm" + |ov, B)(cx, Blm'm)

— ki (|, B) (e, Blmm' — 2m'|a, B) (e, Blm + mm|a, B) (e, B])}. (B2)

Using the following rules for the operators c, ¢t m, and m* acting on the coherent state |«, 8)[43],

cla, B)a, Bl = ala, B, Bl, la, B, Blc" = la, B)(a, Bla*,
mla, B)(a, B = Bla, B)(e, B, le, B) (e, Blm" = lax, B)(er, BIB*,

] a
o, B, Bl = (5 +a*)|a,ﬂ)(a,ﬂ|, |, ), Blc = (80* +“>|a,ﬂ><a,ﬁ|,
m'la, B)(a, Bl = (% +ﬂ*>|a,ﬁ>(a,ﬂ|, |, B) (e, Blm = (82* +ﬁ>|0€,ﬁ><a,ﬂ|,

we get the Fokker-Planck equation (3) for P in the main text.
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