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Entanglement and quantum
coherence of two YIG spheres
in a hybrid Laguerre—Gaussian
cavity optomechanics

Abdelkader Hidki'%, Jia-Xin Peng?8, S. K. Singh>“*, M. Khalid*® & M. Asjad”"**

We theoretically investigate continuous variable entanglement and macroscopic quantum coherence
in the hybrid L-G rotational cavity optomechanical system containing two YIG spheres. In this system,
asingle L-G cavity mode and both magnon modes (which are due to the collective excitation of spins
in two Y1G spheres) are coupled through the magnetic dipole interaction whereas the L-G cavity
mode can also exchange orbital angular momentum (OAM) with the rotating mirror (RM). We study in
detail the effects of various physical parameters like cavity and both magnon detunings, environment
temperature, optorotational and magnon coupling strengths on the bipartite entanglement and the
macroscopic quantum coherence as well. We also explore parameter regimes to achieve maximum
values for both of these quantum correlations. We also observed that the parameters regime for
achieving maximum bipartite entanglement is completely different from macroscopic quantum
coherence. So, our present study shall provide a method to control various nonclassical quantum
correlations of macroscopic objects in the hybrid L-G rotational cavity optomechanical system and
have potential applications in quantum sensing, quantum meteorology, and quantum information
science.

Cavity Optomechanics (COM) explores the interaction between the electromagnetic field and the mechanical
motion through the radiation pressure' and in the last decades, a significant progresses achieved in this area
emerging of research?®. It has also made several advances in the modern era of quantum technology such
as ultrahigh-precision measurement’, gravitation-wave detection®, quantum entanglement®~**, macroscopic
quantum coherence'®!”, optomechanically induced transparency/absorption phenomena (OMIT/OMIA) and
normal mode splitting!®-2?, photon blockade?*-?* including weak force sensing?*?’. Furthermore, the bipartite
entanglement between the cavity field and the mechanical oscillator in the Fabry-Perot cavity was reported in
seminal work®® whereas Paternostro et al also proposed a scheme that showed the signatures of multipartite
entanglement generated by radiation pressure in a cavity optomechanical system?®. So, the quantum entangle-
ment in cavity optomechanical systems has major practical implications for quantum information processing
and quantum technologies™. It also provides a robust platform for studying the boundary between classical and
quantum physics, as well as exploring the interface between quantum mechanics and the macroscopic world*'.
At the same time, another important quantum correlation known as quantum coherence!”*>** which arises due
to the well-known superposition principle is also a key concept in quantum information, quantum thermody-
namics and quantum optics®**~*’. Based on a rigorous mathematical framework to quantify it*, the macroscopic
quantum coherence in a simple cavity optomechanical system was first studied in'® and later on also explored in
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hybrid optomechanical systems®, a whispering-gallery-mode optical microresonator*’ as well as the transfer of
quantum coherence between the cavity and mechanical modes in a linear optomechanical system*'.

In all of these above mentioned works, the radiation pressure induces the optomechanical interaction of
the mechanical mode with the cavity field due to the exchange of linear momentum in between these two
modes. However, Bhattacharya and Meystre** first proposed a rotational-cavity optomechanical system in which
a macroscopic rotating mirror is coupled to a Laguerre-Gaussian (L-G) cavity mode only through the exchange
of orbital angular momentum and later on subsequently the ground-state cooling of the rotating mirror due to
the action of the radiation torque in a double L-G cavity with an atomic ensemble studied in Ref.**. All these
works on the rotating mirror lead to further investigation of macroscopic quantum phenomena in rotational
cavity optomechanical systems such as bipartite quantum entanglement*>*-*, macroscopic quantum coherence®,
OMIT phenomena®->? including its applications for the measurement of orbital angular momentum?*+*.

Overall, hybrid quantum systems have the potential to unlock new capabilities in the field of quantum
technology®. These interfaces are generally composed of different quantum systems and simultaneously can
perform several tasks like reliable storage, processing and transmission of information®. Seminal progress in the
direction of COM leads to the design of such hybrid quantum systems that can be used to investigate coherent
dynamics simultaneously both at the microscopic and macroscopic domains for example optomechanical system
with atomic gas®®®, Bose-Einstein condensate® including semiconductor nanostructures®. One of the major
advantages of these spin ensembles is to significantly enhance the bipartite entanglement in COM as found
in®%. At present, macroscopic ferromagnetic materials such as yttrium iron garnet (YIG) crystal attracted
significant attention due to its high-quality magnetic properties®*>. The collective excitation of spins in YIG
spheres known as “magnons” is a promising platform for developing a robust macroscopic quantum interface as
its frequency is effectively controlled by adjusting a bias magnetic field*-%". The spin density in magnons is also
significantly higher than other spin ensembles such as two level atomic ensembles and hence makes it possible
to realise strong coupling with the cavity field®*-°%. In addition to this, the Kittel mode existing inside the YIG
sphere also has unique characteristics such as a low damping rate and a long coherence time®-"!. So far, various
interesting quantum phenomena such as tunable magnomechanically induced transparency and absorption®72,
Four wave mixing’®, Magnon Kerr effect’*”%, bipartite and tripartite entanglement”’-* including nonclassical
quantum correlations®****-! successfully explored in cavity magnomechanical systems. Moreover, Xiong et al
recently proposed a theoretical scheme to realize the nonreciprocal bipartite and tripartite entanglements among
magnons, photons, and phonons in a hybrid cavity-magnon optomechanical system®*.

Based on these studies, in this present work, we have investigated the bipartite entanglement and quantum
coherence in the hybrid L-G rotational cavity optomechanical system coupled with two magnon modes. We
explore in detail the effect of various physical parameters on bipartite entanglement and quantum coherence.
We also analyze the underlying physical mechanisms in detail and elucidate the difference between quantum
entanglement and coherence.

This paper is organized as follows. In Sect. "The model Hamiltonian", we introduce the model Hamiltonian
for the L-G rotational cavity optomechanical system coupled with two magnon modes. Section "Quantum
dynamics” deals with the quantum Langevin equations as well as their steady-state solutions. In this Section, we
also calculate the quadrature fluctuation equations for our system Hamiltonian. In Sect. "Bipartite entanglement
and macroscopic quantum coherence", we provide an analytical mathematical formulation for exploring bipartite
entanglement and macroscopic quantum coherence between different modes. We discuss the effects of various
physical parameters on bipartite entanglement and macroscopic quantum coherence in Sect. "Results and
discussion". We conclude our results in Sect. "Conclusion".

The model Hamiltonian

As depicted in Fig. 1, the L-G rotating cavity optomechanical system is composed of a fixed mirror (FM) and a
rotational mirror (RM) mounted on support as well as which can rotate about the cavity axis. Both the mirrors
have spiral phase elements and the FM is partially transparent however it does not change the topological
charge of any beam which passes through it. However, it removes a fixed topological charge of an incident beam
2l upon reflection. The RM is perfectly reflective and adds a charge of 2/ to a beam reflected from it. When a
Gaussian input beam passes through this FM, the reflected component gets a topological charge —21 whereas
the transmitted one has a charge 0. The transmitted beam with charge 0 gets reflected again from the RM and
charged to 2I. When it returns back subsequent reflection at FM results in a mode with charge 0 whereas the
transmission component comes with a charge 2°**>%. This system also includes two YIG spheres which give two
magnon modes excited by bias magnetic fields Hg, and Hp,. Our system Hamiltonian reads as®*

1
H/h = waa"a + opymimy + op,mimy + 79 (L2 4+ ¢%) + gma(a+a") <m1 + mI)
, , (1)
+gm2a(a + aT) (mz + m;) _g¢aa’ra¢ + i(c/'(a‘reﬂwzt _ aew)zt)

where a and a' (with commutation relation [a, a'] = 1) are the annihilation and creation operators of the L-G

cavity mode with frequency w,. Similarly, m; and m} ([m;, mz] = &j) represents the annihilation and creation
operators of the jth magnon mode with frequency w,,; determined by the gyro-magnetic ratio y and the bias
magnetic fleld H p; related through @y, = y Hp; where (j = 1,2). The other quantum operators L; and ¢ describe
the angular momentum and angular displacement of the RM respectively with corresponding commutation rela-
tion[L;, ¢] = —i and wy is its angular frequency. Here we would like to mention that the RM in this system is
modeled as a harmonic oscillator for the angular deviations ¢ < 27 which has the equilibrium position ¢y = 0.
The coupling rate g, denotes the linear coupling between the L-G cavity mode and the jth magnon mode
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Figure 1. Schematic diagram of an L-G rotational-cavity optomechanical setup containing a single RM and
two YIG spheres inside it. The equilibrium position of RM is given as ¢ whereas the angular displacement is
represented by the angle ¢. At the same time, the interaction between both the magnon modes and the L-G
cavity mode occurs respectively due to the presence of uniform bias magnetic fields Hg, and Hp,. A Gaussian
beam of frequency wj also externally drives the cavity mode.

whereas the term gy, represents the optorotational coupling rate with relation gg, = (cI/L)/h/Iwy. Here, L

is the length of the cavity and I = mR?/2 is the moment of inertia of the RM of mass m and radius R about the
cavity axis. The last term describes the input driving by a Gaussian beam with frequency w; where £ is related to

input laser power Pjas & = /2y,P;/hawy.

Quantum dynamics
To examine the quantum dynamics of this system Hamiltonian, we exploit the well-known quantum Langevin
equations (QLEs), which take into account the Brownian noise acting on the rotating mirror as well as the
vacuum fluctuations entering the L-G cavity.

In the frame rotating at the driving laser frequency w as well as applying the rotating-wave approximation,
the corresponding QLEs can be written as:

¢E :wgbLzs
. D, :
L, =—ws¢p — T¢LZ +g¢aa7a + &M,

a4 =— (Ya+iAg)a— igm mi — igm,ms + igpad + & + mgi”, 2)

) = — (yml + iAml)ml —igma+ Mm'i",

hy = — (ymz + iAmz)mz — igm,a + \/Mm’zn
Here Ay = wy — w, Ay, = 0, — wjand Ay, = wy, — @y denote the detuning of the cavity photon and both
the magnon modes respectively with respect to the external driving field with frequency w;. In addition, Dy

represents the intrinsic damping constant of the RM whereas the y, is the decay rate of the L-G cavity field and
the Yy, is the j* magnon mode decay rate. The terms containing a™ and m" are the noise operators for the cavity

and j magnon modes respectively, whereas £ is the Brownian noise operator which represents the mechanical
noise that couples to the RM from its environment. The mean values of these noise operators are zero, however,
their nonzero correlation functions are given as?”*>%>-%:

(a"a™!(¢)) = @ + Dd(E — 1),

(miroml()) = (i Omi () = @i + D3t~ 1), 3)
. o, D ,
(08" (1)) =22 2y + 1)t — ).

In Egs. (3), the average thermal photon, magnon and phonon numbers at temperature T are given by
_ -1
ne = [eh‘””/kBT — 1] ! (o = a,m1, my) whereas ng = [ehwfﬂ/kﬂ - 1} and w,g denotes the effective rotation
frequency of the RM given as®2.
2 2 24vaPin Aa (va/2)* = (0* = A7)
Weff ~Wg — 2 7 )% 2 NEY 2 27"
®a AL+ (Va/2) [(Va/2)* + (@ = 82)*] [(va/2)* + (@ + Ag)?]

(4)
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Steady state
The steady-state response of the RM, L-G cavity mode and both the magnon modes under the limit of long
time are obtained as:

L,s =0,
b = ¢u|a5|2’
@¢
—igm, a
mys = gWII -
Yy + i8m, (5)
—igm,a
mps = gim.zs,
ymz + lAmz
&
as = )
T Vet A+ (i + A2)
2 2
with the effective cavity detuning A, = A, — gy, ¢s whereas 4, = yml%-niilAm and 4, = ﬁ.

Quantum fluctuations

To study the influence of quantum fluctuations on the evolution of system dynamics, we decompose each operator
present into Eq. (2) into a sum of its steady state value and a small quantum fluctuation operator, i.e. 0 = o5 + 8o
with o = a, my, my, L,, ¢. We can also neglect the nonlinear terms as the mean value of the physical quantity is
much larger than its fluctuation and the linearized QLEs for the fluctuations can therefore straightforwardly is
written in the following compact form:

u(t) = Au(t) + n(1). (6)
Here uT(¢) = [Sd)(t),SLZ(t),8X(t),8Y(t),8x1(t),8y1(t), sz(t),(?yz(t)} is the vector of quadrature fluctua-
tions with 8X = (8a + 8a")/v/2,8Y = (8a — 8a") /iv/2, 8x; = (Sm; + 3m})/ﬁ and 8y; = (m;j — amj)/iﬁ

(j=1L2). "M = [0.6" V27X, V2YaY", \/2Vm X'\ 2Vm s N/ 2V XS\ 2vmayy| is  the
input noises vector with X" = (a™ + a1 /2, Y = (a" — a™™1)/iV/2, = (ml + m]’»”’T)/ﬁ and
y}” = (m]’:” - m]’:"‘T)/iﬂ (j = 1,2). The drift matrix A for this system is given by:

0 wg 0 0 0 0 0 0

—We — VYo G¢a 0, 0 0 0 0
0 0 ~Ya Al 0 &m 0 &my

G, 0 - A -V - g 0 —gm 0

A= $a a a my 2 ,

0 0 0 g —Ym Am 0 0 )
0 0 —gm 0 — A = Ym 0 0
0 0 0 gm 0 0 — Ymy Ay,
0 0 — gm 0 0 0 AR — Ymy

where Gya = v/2gpaas represents the effective optorotational coupling parameter.

Bipartite entanglement and macroscopic quantum coherence

As the system Hamiltonian is of Gaussian nature, its state can be fully described in the stationary regime by the
8 x 8 covariance matrix (CM) of elements given as Vjx(c0) = ([uj (00), uk(oo)] J'_)/2, which is the solution of
the following standard Lyapunov equation:

Av+vAT+D=0, (8)

where D is the diffusion matrix describing the stationary noise correlations. It is defined by
Dy 8(t — t) = ([nj(t), nk(t’)] +)/2 and determined by using the correlation functions of Eq. (3) as
D= diag[O» Yo (Zﬁd) + 1), va(201g + 1), va(2ng + 1), Ymy (Zﬁml +1), Ymy (Zﬁml +1), Ymy (Zﬁmz +1), Ymy (Zﬁmz + DI

Furthermore, as the analytical solutions for the Eq. (8) is very complex, we can employ numerical simulations
to investigate the bipartite entanglement and quantum coherence of this proposed system. This solution can be
presented as:

Vo o Wea  Wem  Wom,
Wga Va Wam, Wam,

V= s
W(Z)iml WaTm1 le Wm1m2 (9)
W¢m2 W;rmz W;Elmz sz

where V; (j = ¢, a,m1, m) is the 2 x 2 matrix representing the local properties of the rotating mirror, L-G cav-
ity mode and magnon modes. Wi, (j, k = ¢, a, m1, my) is the 2 x 2 matrix describing the correlations between
the corresponding modes.

In order to explore the entanglement between different bipartitions, i.e., the L-G cavity mode and phonon
mode, the magnon mode () and phonon mode, the L-G cavity mode and magnon mode () as well as in
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between the magnon mode () and magnon mode (m;), we employ logarithmic negativity (Ey) as a measure
of bipartite entanglement defined as**~":

Eny = max [0,—ln 219_}, (10)

1/2
whered ~ = 271/2 [E — 4/ 8% — 4det Vik ,withE = det V; + det Vi — 2det Wi (j # k = ¢, a, m1, my). Here

Vikisa4 x 4 submatrix of the correlation matrix V that captures the pairwise entanglement between two inter-
esting modes, it can be rewritten as:

Vi W
Vik = WJ{ v |’ (11)

Furthermore, We now provide a mathematical formulation of the quantum coherence between various Gaussian

N
modes. Generally, the quantification of quantum coherence in a given one-mode Gaussian state p(V, d ) can be
determined by considering the covariance matrix and the mean value vector, as follows*:

—
C{p(V, d )] =f@n+1) —f), (12)
where % = +/det V is the symplectic eigenvalue of V and
x+1 x+1 x—1 x—1
f@) =———logy(——) = ——logy(——), (13)
n=(tr(V) +df +dj — 2)/4. (14)

The above result can be easily generalized to the multimode Gaussian state, but for our discussion, we will only
consider the two-mode Gaussian state. Here our main focus is on calculating the quantum coherence of a two-
mode Gaussian state, which can be determined using the following expression®>%:

ok [p (vjk,_j)] =Y flem+1) - z;f(ﬁjk,i)’ (15)
w=jk i=

1/2
where the two symplectic eigenvalues of Vi are ¥j+ = 2712 [Ejk + .,/ Ejzk — 4 det Vi / with
Ejk = det Vj + det Vi + 2 det W.

Therefore, it is possible to compute different types of two-mode quantum entanglement and quantum coher-
ence by employing Eqs. (10) and (15), and these calculations will be presented in the following section.

Results and discussion
In this section, we will discuss the generation of the bipartite entanglement and the quantum coherence between
the different bipartitions present in our system Hamiltonian. We have taken into account the parameters for the
L-G cavity that can be easily achieved in the experiments®>**-4>477376 and are given below,

m =5 ng, R=10 um, I =50, P, =50 mW, the laser wavelength 4; = 810 um, the optical finesse
F = 1.1 x 10%, the quality factor Q = 10°, L = 1 mm, y,/27 = 0.5 MHz, yy, /27 = ¥, /27 = 3.75 MHz,
Ye/2m = 100 Hz, g, /270 = g, /2w = 45MHz, wy /2w = 21MHzandT = 04K.

At first, we analyse various bipartitions, namely, E;’:;zj (C), Emé (Cm™9), E{™ (C9™1) and Ey* ™ (C™1™2) which
respectively denote the bipartite entanglement (quantum coherence) between L-G cavity mode and phonon
mode; magnon mode (1) and phonon mode; L-G cavity mode and magnon mode (1) and finally in between
magnon mode (m;) and magnon mode (11,).

In Fig. 2, we represent the four bipartite entanglements as a function of the normalized detuning A, /wg and
A, /wg. Here, we have taken the detuning of the L-G cavity mode perfectly resonant with the blue sideband
regime of the RM, i.e. A/ = wy , which also corresponds to the anti-Stokes process. This leads to significant

cooling of the RM and so it enhances the entanglement phenomena. In Fig. 2a, the entanglement E;}b almost
get saturated with a fixed value when the detunings of both the magnon modes m; () are resonant only with
the blue sideband regime of the RM, i.e.,, Ay = Ay, = wg. However, if we gradually change both the magnon
detuning towards the red sideband regime of the RM, i.e., A, = A, > —wy, the bipartite entanglement

Eff almost get zero. This is due to the presence of Stokes processes caused by both the magnon modes in this
regime, which ultimately leads to significant heating of the RM. Hence, we do not obtain any entanglement
between the L-G cavity mode and the phonon mode of the RM. Furthermore, it can be seen that in Fig. 2b,c,

the bipartite entanglements Ez;ld’ and Ey™! exhibit a maximum value when the detuning of the magnon mode

mj and the magnon mode m; are respectively resonant with the red and the blue sideband regime of the RM, i.e.,
Apm, = —Am, =~ —wy. This means that both of these bipartitions mainly get their maximum values when the
first magnon leads to Stokes process whereas the second magnon enhances anti-Stokes phenomena inside the
cavity. Moreover, when the detunings of both the magnon modes are always kept in resonance with two different
RM sidebands regimes, i.e., when A, = —A, > £o, the maximum degree of bipartite entanglement Ey;'™
is attained as shown in Fig. 2d , which shows that both anti-Stokes and Stokes processes leading to simultaneous
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Figure 2. Density plot of (a) Ey (b) E;]"”b (c) E™, (d) Ey*'™ versus the normalized detuning A, /wg and
A, /wy. Here we have taken effectlve cavity detuning A/, = wg for all cases.
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and A/, /wg. In all four plots, second magnon detunlng is Amz = wg. As shown in Fig. 2, all the four bipartite
entanglements achieve higher values at this point.

cooling and heating of the RM are required inside the cavity to get maximum entanglement between both the
magnon modes.
In Fig. 3, for A,,;, = wgy we plot all the four bipartite entanglements as a function of the normalized detun-

ing A, /wg and A /wy. We get a very strong bipartite entanglement Eyf ? when the effective cavity detuning is
at A/, >~ 0.3wy and ‘the detuning of the magnon mode (m;) is approx1mately resonant with the blue sideband

of the RM, i.e. A, = wy , which leads to significant cooling of the RM and enhances EK? as shown in Fig. 3a.

Moreover, Fig. 3b shows that the bipartite entanglement Emlq> reaches the maximum value when the detuning
of the L-G cavity mode and the magnon detuning of first magnon () are respectively nearly resonant with the
blue and the red sideband regime of the RM. This corresponds to simultaneous cooling and heating of the RM
inside the cavity. As compared to other bipartions, Ey"" achieves its maximum value with a very low value of
effective cavity detuning as well as magnon detuning as shown in Fig. 3c. This implies that both anti-Stokes and
Stokes processes of the RM should be suppressed inside the cavity. In addition, we can also see from Fig. 3d that
bipartite entanglement Ex' " reaches its maximum value when the detunings due to L-G cavity mode and the
magnon mode () are approximately resonant with the blue and the red sideband regime which corresponds
to the simultaneous cooling and heating of the RM respectively.

In Fig. 4, we have shown the four bipartite entanglements as a function of A,,, /wg and the coupling strength
ratio g, /gm, where we have already taken g, /27 = 4.5 MHz. It can be seen from Fig. 4 that there are different

optimal couplings required to achieve maximum entanglement for each bipartition. In fact, for Ex “@. Emld’ EY"
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Figure 4. Density plot of (a) Ey ¢, (b) E;]"”b (c) EJ™, (d) Ey*™ versus the coupling strength gy, /gm, and
detuning A, /wg. We con31der other parameters as A, = —0.9wg and A/, = w4 in all four plots.

and E'"™, the optimal couplings are approximately g, 2 gm; gmy, = 1.5gms §my = 0.7gm, and g, = 2gm,
respectively. It is important to mention here that there are no universal optimal coupling strength values of g,
and gy, that simultaneously maximize entanglement for all the possible bipartitions. This is due to the asym-
metric transfer of entanglement caused by the interaction of different modes. So, the optimal coupling strengths
depend upon the specific bipartition that we want to investigate and maximize in our system Hamiltonian. It
can be also seen that when the detuning of the first magnon becomes resonant to the blue sideband regime of

the RM, i.e. Ay, = wgy then the bipartition E{'f achieves its maximum value whereas all other three bipartitions
become zero for a broader range of coupling strength ratio g, /gm,. However, when the detuning of the first
magnon is approximately resonant with the red sideband regime of the RM, which means that A,,;;, >~ —wg then
it leads to Stokes process and all the remaining three bipartitions can be controlled significantly with a proper
choice of coupling strength ratio g, /gm,. Therefore, the coupling strength ratio of both magnon modes plays an
important role in controlling all the four bipartite entanglements in our proposed quantum system. Additionally,

we can also note that although the maximum value of bipartite entanglement for directly coupled mode (Ex ) is

the highest still indirectly coupled mode like Eml¢ attains significant value in the current parameter regime. This
result holds significant implications for the development of hybrid quantum systems mostly utilized in quantum
information and quantum communication protocols. This is because optimizing bipartite entanglement for one
subsystem may not necessarily result in optimal entanglement for other subsystems and different subsystems
necessitate distinct coupling strength ratio to attain maximum entanglement.
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Figure 5. Density plot of (a) Ey (b) E;]m‘b (c) EZ™, (d) Ey M2 versus the normalized detuning A, / g and the
temperature T. Other parameter isAl, = Ay, = wginall cases.
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In Fig. 5, we give density plots of Ex’, Ex1¢, E™, and Ey'™ as a function of detuning A, /wg and tem-

perature T. It can be seen that with a gradual change of magnon detuning A, the effect of temperature T on all
four bipartite entanglements can be significantly controlled. When A, > w¢ (anti-Stokes process and leading
to cooling of the RM), Epf ¢ has minimum thermal effects whereas for the other three bipartitions, it is observed

around A,,;, =~ —wy (which leads to Stokes process and subsequently heating of the RM), however with a gradual
increase in environment temperature T due to the decoherence phenomena, all the four bipartitions show deg-
radation of bipartite entanglement in both red as well as blue sideband regimes of the RM.

Furthermore, in Fig. 6, for an effective cavity detuning A/, = wg, we plot all the four types of quantum
coherence, namely C*?, C"™9, C*™ including C"™2 as a function of the normalized magnon detunings A, /wg
and A, /wg. As compared to the bipartite entanglement between different modes given in Fig. 2, the optimal
detunings to achieve maximum quantum coherence between different bipartitions occur when both the magnon
deunings are approximately resonant with the external cavity driving field, i.e., A,,, = A, =~ 0. However, to
enhance the various bipartite entanglements, it is necessary for both magnon modes to be detuned from the
cavity driving field as shown in Fig. 2. The maximum values of quantum coherence achieved by each bipartition

in this case is respectively given as Cﬁﬁx ~ 3505, C:g;,? ~~ 37.5,Caml ~ 42.5, and C]1 1" ~ 44. We would like to
mention here that the difference between the entanglement and the quantum coherence is that these two quanti-
ties measure completely different aspects of a given quantum system. Entanglement is a measure of the quantum

correlation between different bipartitions present in the system. The maximum entanglement occurs when the
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Figure 7. Density plot of (a) C, (b) C™, (c) C™, (d) C™1™2 versus the normalized detuning A, /wg and
Al Jwg. We consider other parameter A,,, = wg in all four plots.
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two considered modes are maximally correlated for a particular set of parameters, e.g. Fig. 2. On the other hand,
quantum coherence refers to the degree of the superposition between the different quantum states, and it can be
related to the degree of coherence between different modes of the system. Each mode inside a given quantum
system has its own quantum coherence, indicating its ability to exist in a superposition of states. This internal
coherence always helps to maintain the system’s overall quantum coherence. The maximum of quantum coher-
ence occurs when the system is in a state that is maximally superposed between different modes, which can be
achieved in a different specific parameters regime, e.g. Fig. 6. Such quantum state also represents the ability of a
given quantum system to exist in maximal superposition across multiple modes at the same time, demonstrating
the complex interplay of quantum states inside the system. In this scenario, the dynamics of the quantum system
have a distinct wave-like behavior, with each mode contributing coherently to the total quantum coherence.

In Fig. 7, we have plotted all the four correlations of macroscopic quantum coherence as a function of the
normalized first magnon detuning A, /wy and the effective cavity detuning A/, /wg while keeping the second
magnon detuning fixed at the blue sideband regime of the RM, which means A,,,, = w. To achieve the maximum
quantum coherence for all four correlations the magnon mode (;) should be approximately resonant with the
external cavity driving field,i.e. A, 2 0, and the effective cavity detuning should be kept at A, = 0.3w4. It can be
also seen that for the effective cavity detuning A/, = wy which leads to the anti-Stokes process and subsequently
cooling of the RM, all the four correlations of macroscopic quantum coherence gradually decrease although the
value of A/, = wg corresponds to RM cooling. Therefore, to achieve a higher degree of quantum coherence in
this hybrid quantum system we should keep a smaller value of effective cavity detuning A/,. This again shows
that the optimal effectice cavity detuning to obtain maximum quantum coherence is completely different from
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those required for the bipartite entanglement. These results also highlight the importance of carefully selecting
experimental parameters to achieve an efficient macroscopic quantum coherence phenomenon.

Further, we examine the effects of coupling ratio strength on quantum coherence as shown in Fig. 8. We plot
all the four correlations for quantum coherence as a function of A, /wg and g, /gm, Where we have already
taken g, /2 = 4.5 MHz. It can be seen that the maximum quantum coherence of all four bipartitons is achieved
for coupling ratios strength g, > 2.5g,,, and effective magnon detuning A,,, ~ 0. As compared to bipartite
entanglement results given in Fig. 4 it is observed that we have just only one specific value for g, /g, to enhance
all the four correlations for quantum coherence. Furthermore, we plot all the four quantum coherence with vary-
ing first magnon detuning A,,,, /wg and temperature T in Fig. 9. We can see that for magnon detuning A,,, ~ 0
whereas keeping A/, = A, = wg, all the four correlations persist despite thermal effects and have a significant
amount of quantum coherence up to temperature 50 K. So, our proposed quantum system has a significant
amount of quantum coherence even at higher temperature as compared to the bipartite entanglement given in
Fig. 5, where due to the decoherence phenomena all the four bipartitions rapidly become zero with a gradual
increase in environment temperature T. This is very important for the practical application of such systems in
modern quantum technology however the optimal parameters for achieving significant quantum coherence are
completely different from the bipartite entanglement.

Conclusion

In conclusion, we have proposed a scheme to achieve maximum bipartite entanglement and quantum coherence
in the hybrid L-G rotational optomechanical system containing two YIG magnetic nanospheres where both
the YIG spheres are coupled to the L-G cavity mode through the magnetic dipole interaction. We theoretically
investigate the variation of various bipartitions present in this quantum system for bipartite entanglement and
macroscopic quantum coherence. We have also discussed in detail the parameters regime to achieve maximum
bipartite entanglement and quantum coherence. We observed that the parameters set for achieving maximum
bipartite entanglement are completely different from macroscopic quantum coherence. This is because one of
them quantifies the correlation between different modes, while the other quantifies the degree of superposition of
different quantum states. In addition, our proposed system has significant quantum coherence between different
bipartitions even at higher temperatures. Our present results are insightful to understand as well as effectively
control the various kinds of nonclassical quantum correlations in macroscopic quantum systems and have
potential applications in quantum information, quantum metrology, and quantum computation.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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