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Combining the technologies of quantum optics and magnonics, we find that the circularly polarized laser
can dynamically realize the quasiequilibrium magnon Bose-Einstein condensates (BEC). The Zeeman coupling
between the laser and spins generates the optical Barnett field, and its direction is controllable by switching the
laser chirality. We show that the optical Barnett field develops the total magnetization in insulating ferrimagnets
with reversing the local magnetization, which leads to the quasiequilibrium magnon BEC. This laser-induced
magnon BEC transition through optical Barnett effect, dubbed the optomagnonic Barnett effect, provides
an access to coherent magnons in the high-frequency regime of the order of terahertz. We also propose a
realistic experimental setup to observe the optomagnonic Barnett effect using current device and measurement
technologies as well as the laser chirping. The optomagnonic Barnett effect is a key ingredient for the application

to ultrafast spin transport.

DOI: 10.1103/PhysRevB.102.094417

I. INTRODUCTION

For a fast and flexible manipulation of magnetic systems,
inventing methods to handle magnetism is a central task in
the field of spintronics. Since the seminal works in 1915 by
Barnett, Einstein, and de Haas [1-3], the transfer of angular
momentum from mechanical rotations to spin angular mo-
mentum and its reciprocal phenomenon, dubbed the Barnett
effect and the Einstein—de Haas effect, respectively, have been
intensively investigated. Recent progresses are the observa-
tions of the Barnett effect in paramagnets [4] and in nuclear
spin systems [5,6]. Another important advance in the manipu-
lation of magnetism is the utilization of laser-matter coupling
[7-10], and the reversal of magnetization is achieved experi-
mentally by means of the optical method [11-15]. Thus, the
interdisciplinary field between optics and spintronics [16-20]
attracts a broad interest of both experimentalists and theorists.

The well-known phenomenon for the laser-induced magne-
tization is the inverse Faraday effect [14,15,21]. The applied
laser introduces the coupling to the optical polarization and
induces an emergent effective magnetic field. The magnitude
of the effective field is proportional to a square of the laser
field. Another approach to develop the uniform magnetization
is to use the Zeeman coupling between the circularly polar-
ized laser and spin systems [12,13,22,23]. The spin-photon
coupling induces an effective magnetic field in the direction
perpendicular to the laser polarization plane, which gives rise
to the magnetization. Since it is analogous to the generation of
magnetization by mechanical rotations through spin-rotation
coupling, i.e., the Barnett effect [1,2,24-31], the emergence of
magnetization through the spin-photon coupling is dubbed as
the optical Barnett effect [12,13]. The effective magnetic field
induced by laser, an analog of the conventional Barnett field,
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is called the optical Barnett field [12,13]. In contrast to the
inverse Faraday effect, the optical Barnett field is independent
of the laser field strength, while it is proportional to the laser
frequency [12,13,22,23].

In this paper, we investigate an application of circularly po-
larized laser to insulating ferrimagnets, following the scheme
to introduce a uniform magnetization by laser in quantum spin
systems [22,23]. We find that the induced optical Barnett field
reverses the local magnetization and develops the uniform
magnetization, which leads to the formation of the quasiequi-
librium magnon Bose-Einstein condensates (BEC). We give
a microscopic description of this magnon BEC transition in
insulating ferrimagnets. We numerically show that the mag-
netization makes a precession with the frequency same as the
laser. Hence, the optical Barnett effect provides an access to
coherent magnons in the high-frequency regime of the order
of terahertz. Since this result arises from the combination
of quantum optics and magnon spintronics (i.e., magnonics),
we refer to this optical Barnett effect especially as the op-
tomagnonic Barnett effect. Thus, the optomagnonic Barnett
effect enables us to control magnons coherently in much faster
timescale than the conventional microwave pumping. We also
propose a realistic experimental setup using ferrimagnetic
insulators and the chirping technique of circularly polarized
laser. Our findings play a role of building blocks for the
application to ultrafast spin transport.

This paper is organized as follows. In Sec. II we quickly
review the mechanism of the optical Barnett effect, and find
the optomagnonic Barnett effect in Sec. III. In Sec. IV, we
discuss the experimental feasibility. Finally, we remark on
several issues in Sec. V and summarize in Sec. VI. Technical
details are described in the Appendices.

©2020 American Physical Society
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TABLE I. Comparison between the mechanical and optical Bar-
nett effects.

Mechanical Barnett Optical Barnett

Induced by Mechanical rotation Circularly polarized laser
Coupling Spin-rotation Spin-photon
Barnett field ocAngular velocity oLaser frequency

II. OPTICAL BARNETT EFFECT

In this section, we quickly review the mechanism that the
Zeeman coupling between circularly polarized laser and spins
induce an effective magnetic field perpendicular to the laser
polarization plane, which develops the uniform magnetization
[22,23]. We explain the analogy between this phenomenon,
the optical Barnett effect, and the Barnett effect caused
by mechanical rotations. Hereafter, we use the terminology
mechanical Barnett effect (field) to mean the conventional
Barnett effect (field) by the mechanical rotation in order to
distinguish it from the optical one. The comparison between
the optical and mechanical Barnett effects is summarized in
Table I.

Let us consider quantum spin systems described by the
Hamiltonian Hy. We take the polarization plane as the xy
plane and the z axis as the direction perpendicular to it. We
assume that H, has the U(1) symmetry about the z axis for
simplicity. Here we focus on the magnetic insulator with a
large electronic gap, and only consider the Zeeman coupling
between the spins and magnetic component of laser. The time-
periodic Hamiltonian is written as [22,23]

H(r) =Ho

— By[S;,, cos(2t) + nS;, > sin(Q2)], (1)

where By > 0 and Q2 > 0 are, respectively, the magnetic
field amplitude and the frequency, i.e., photon energy, of
the laser. The sign n =+ (—) represents the left (right)
circular polarization, and S% : =3, Sm 9 is the sum-
mation over spin operators on all the sp1n sites. Through
the Floquet theory or the unitary transformation H(t) —
eMUSa [H (1) — ihd, ]e S« we derive an effective static
Hamiltonian [22,23] (Appendix A)

Hetr = Ho — nhQASE, + O(By). 2)

Here we consider the case of weak laser field By < €2,
and the BySy, term is negligibly small. From Eq. (2), we
see that the circularly polarized laser introduces the effective
coupling —nhQ2Sy,,, which plays the same role as the me-
chanical Barnett field [24-31] obtained from the spin-rotation
coupling (Table I). This effective coupling is recast into
the Zeeman-type interaction —nhQSg, = —nhy BS;,, with the
gyromagnetic ratio y and we refer to

B:=Q/y 3

as the optical Barnett field [12,13]. This optical Barnett field
develops the total magnetization and plays an essential role in
the optical Barnett effect. The direction of the optical Barnett
field is controllable through the change of the laser chirality,
i.e., circular polarization, n = + [22,23].

o

—

FIG. 1. Schematic picture of the optomagnonic Barnett effect in
the insulating ferrimagnet.

We remark that Eq. (2) holds for a general U(1) symmetric
spin Hamiltonian #,, which indicates that essentially any
kind of magnets, e.g., electron and nuclear spin systems, even
paramagnets, can exhibit the optical Barnett effect. Moreover,
the induced term nhSQ2S%, is independent of material parame-
ters such as g factor, and only depends on the laser parameters.
In that sense, we can say that the optical Barnett effect is
a universal phenomenon. Note that the circular polarization
is the key ingredient of the optical Barnett effect. Since the
linearly polarized laser does not develop magnetization [22],
it neither produces the optical Barnett field.

While we treat the laser as a classical electromagnetic
field in the above, we can explain the same phenomenon
through the spin-photon coupling. Since the photon has
spin +1 depending on the circular polarization of laser n =
+, the Hamiltonian is given as H = Ho — gs-ph ) j(a jS;] +
a;S;") + BQ Zj ajaj, where ST =S¥ +iS”, a' and a are
the bosonic creation and annihilation operators of photons,
and gspn is the spin-photon coupling constant, which is
proport10nal to By. Noting that the total spin angular momen—
tum 7} a;a; + Sg, is conserved, we substitute ) _; a a; =
const. nS ¢ into the Hamiltonian and obtain H = 7—[0 -
NS — &sph 2 ;(a;ST + aij 7). In the case of By < hS2,
this Hamiltonian coincides with Eq. (2). Thus, the spin angu-
lar momentum of photon is transferred to the magnet in the
optical Barnett effect, and we can understand it analogously
with the mechanical Barnett effect (Table I).

III. OPTOMAGNONIC BARNETT EFFECT

In this paper we discuss the formation of the quasiequi-
librium magnon BEC provoked by the optical Barnett effect,
which we call the optomagnonic Barnett effect. As a platform,
we consider the laser application to insulating ferrimagnets
(Fig. 1),

Mo=J > Sai Ss,

(ieA, jeB)
= DAY () =D (S) @
ieA jeB

where  Sam).i(j) = (SA(B) i) S)\(B) i) SA(B) l(])) represents
the spin at the ith [(j)th] site on the sublattice A (B) having
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the spin quantum number Sag), J > 0 is the exchange inter-
action between the nearest-neighbor spins (i € A, j € B), and
Dae) > 0 is the easy-axis single-ion anisotropy for the sub-
lattice A (B) that ensures a magnetic order in the z direction.
In the systems with anisotropy, we can realize the dynami-
cal magnetization curve by modulating the laser frequency
Q slowly enough [23], which is the experimental technique
called chirping [35,36].

We remark that in antiferromagnets (Sa = Sg) with easy-
axis anisotropy, the spin-flop transition happens in the
low-field regime associated with the Néel magnetic order
when the static external field is increased [37]. The spin-flop
transition is of the first order and the change of the state is
drastic. In the case of laser application, the dynamical state
cannot follow this sudden change, and the optical Barnett ef-
fect does not take place. In ferrimagnets (Sa # Sg), however,
the spin-flop transition is absent [38], and that is why we
consider ferrimagnets in this paper.

A. Classical theory
First, we analyze the optical Barnett effect in the classical
case. Since the effective Hamiltonian (2), where H, is Eq. (4),
has the U(1) symmetry, we assume that the spins reside in
the xz plane, S ; = (m}, 0,m5) and Sp ; = (my, 0, m5,). The
classical energy normalized by the number of spins is given as

h<2
DA(83) — 2 (8) — Ty (83 + 83).

&)

where zj is the coordination number. We numerically obtain
the classical spin configuration that minimizes the energy
[Eq. (5)], and show the result in Fig. 2. Here we consider
the cubic lattice with zo = 6. The magnetization curve in-
duced by the optical Barnett field, i.e., m{, = m3 + m;, as
a function of the normalized frequency 2 = 2/(z0J), is
shown in Fig. 2(a). When the frequency € is small, the spin
configuration is unchanged and aligned along the z direction
due to the anisotropy. Above the lower critical frequency Q;,
the total magnetization along the z axis starts to grow. In
this optical Barnett effect, m{, increases continuously and
attains full polarization at the upper critical frequency ;.
Figure 2(b) shows the change of m3 and mj, with increasing
2. This indicates that the spins on the sublattice B are reversed
from —nSg to nSg. The controllability for the direction of
the optical Barnett field by the laser chirality n = + provides
a handle to design optomagnonic functionalities in various
magnets, e.g., electron and nuclear spin systems, even para-
magnets. From Fig. 2(c), we see that both m, and my change
continuously and take nonzero value in €2, < 2 < Q.

Those results of the optical Barnett effect and the magneti-
zation reversal in the insulating ferrimagnet are summarized
in Fig. 2(d). The explicit form of Qo1 (2) 1s given in
Appendix B.

J D
ZZO_SA Sp — A

B. Spin-wave theory

The absence of the first-order transition, i.e., jump of m{,
in the vicinity of Q.1 and ., ensures the validity of the
description in terms of the magnon picture. Hence, we move
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FIG. 2. The classical spin configuration that minimizes the en-
ergy € [Eq. (5)]. (a) miy, (b) mjg,, and (c) my g, are shown as
a function of Q = /$2/(zoJ). The direction of the optical Barnett
field depends on the laser chirality . The parameters are Sy = 4,
Sg =5/2,Dp/] =175 % 1073, and Dg/J =15 % 103 following
the experimental values for Er;FesOq, [32-34] (J/ = 0.2 meV). The
lower and upper critical frequencies are Qo = 1.54 and Q, = 6.49,
respectively. (d) Summary of the optical Barnett effect and the mag-
netization reversal on the sublattice B for both circular polarization
of laser.

to the analysis by the spin-wave theory next, and see that
and ., become the magnon BEC transition points.

We first consider increasing the frequency €2 from below
Q.1, where the ground state has an alternating structure of up
and down spins [Figs. 2(b) and 2(d)]. From the spin-wave the-
ory, elementary excitations are two kinds of magnons [32,39]
designated by the index o = + having the spin angular mo-
mentum 65° = —no 1. The Hamiltonian [Egs. (2) and (4)] can
be recast into the diagonal form due to the U(1) symmetry as

Har = Y (R} + AL + 0hQ)ef a0k, (6)
o==.k

where Al + o 7iQ is the magnon gap in laser and ha)["’,]c is the
energy dlspersmn of the o magnon ann1h1lated (created) by
the bosonic operator ol ,)c with [o5k, @ o, k,] = 04,00 - For
the details of the calculation and the explicit forms of ALY
and a)([f‘,]i, see Appendix C. With increasing €2, the energy band
of o = — magnon goes down, while that of ¢ = + magnon
goes up due to the o /2 term. The former touches the zero

energy at
Qrc1 == AV/n, 7

and the second-order phase transition happens from the pro-
liferation of magnons. This is the quasiequilibrium magnon

094417-3



KOUKI NAKATA AND SHINTARO TAKAYOSHI

PHYSICAL REVIEW B 102, 094417 (2020)

BEC induced by the optical Barnett field, which we call the
optical magnon BEC. Qggc; coincides with ;. This optical
magnon BEC is the macroscopic coherent state with the trans-
verse magnetization associated with the spontaneous U(1)
symmetry breaking,! and thus the total magnetization along
the z axis grows (Fig. 2). Therefore, this optical Barnett effect
can be observed as the phenomenon induced by the optical
magnon BEC transition, and we refer to this behavior in in-
sulating ferrimagnets especially as the optomagnonic Barnett
effect.

Next we consider decreasing the frequency €2 from above
Q. where spins are full polarized in the ground state
[Figs. 2(b) and 2(d)]. Again, there are two kinds of magnons
designated by the index o = & due to Sp # Sg, but in contrast
to the Q2pgc; case, both magnons have the same spin angular
momentum 65° = —n1 since spins on both sublattices are po-
larized in the same direction. We can derive the Hamiltonian
in the diagonal form

Her = Y (i) + APV + 7 Q)BT Bok. ®)
o=+k

where AlA1 4 /iQ is the magnon gap in laser and ha)[[,ﬁ | is the
energy dispersion of the o magnon annihilated (created) by
the bosonic operator ,8((;,)6 with [B, «, /3;, w] = 86,001 . For

the explicit forms of AP1(<0) and w([f ), see Appendix C.
With decreasing €2, the energy band of both 0 = =+ magnon
goes down due to the /€2 term, and the lower band touches the
Zero energy at

Qpper = —AP1/h, 9

In the same way as the Qpgc; case, the second-order
phase transition happens at Qpgc; and magnons form the
quasiequilibrium BEC. Qpgcy coincides with ¢. Thus,
the optomagnonic Barnett effect is induced in the regime
QBEc1 < 2 < QBEC2.

C. Magnetization dynamics

Finally, to investigate the dynamics of the optomagnonic
Barnett effect, we numerically solve the equation of motion
derived from the time-dependent mean field (TDMF) theory
and calculate the time evolution of sublattice magnetization
(Appendix D). The TDMF theory can well capture the mag-
netization dynamics [40]. The parameters are the same in
Fig. 2, Sa =4, S =5/2,20 =6, Dpo/J = 17.5 x 1073, and
Dg/J = 1.5 x 1073, We use the laser with polarization = +
represented as By( cos ¥ (¢), sin ¥ (¢), 0), where the amplitude
is Bg/J = 0.2 and the frequency is chirped as ¥ (t) = Qof +
vt?/2 with the normalized chirping speed 7#*v/J? = 107°
and 72p/J = 9. The normalized instantaneous frequency is
defined as Q(¢) := A(d9(t)/dt)/(z0]) = (50 + hvt)/ (z0J).
We calculate the dynamics in the time region 0 < tJ/h < 10°,

!'The total number of magnons in the system is bounded by a hard-
core interaction between magnons [62—64] arising from the higher-
order term in the spin-wave theory. We neglect it for simplicity in
Egs. (6) and (8). Thereby the magnon BEC is stable in the system
with a finite spin length.

=
[e)]

1.5 Omsc, 1.6
Q(t)

FIG. 3. The magnetization dynamics for the laser chirality n =
+ calculated by the TDMF theory. Time evolution of (a) m;; and
(b) xy components of sublattice magnetization are shown. The result
clearly shows the condensation of magnons and the precession of
magnetization around the z axis.

which corresponds to 1.5 < Q@) < 1.66 in the frequency
regime. Figure 3(a) shows the time evolution of m{ = m5 +
myg. We can see that m{ starts to grow from Sy — Sg = 3/2
when Q(r) exceeds Qppc; = 1.54. In Fig. 3(b), we show the
time evolution for the xy components of sublattice magneti-
zation around Q(z) = 1.6 in the time interval of 0 <7 < 2,
where 7 := tJ/h — 6 x 10* is the normalized time. The result
clearly shows that magnetization on both sublattices precesses
around the z axis with the instantaneous frequency, same as
the laser (), and the xy components of A and B sublattice
magnetization are in the opposite direction. The period of this
spin precession is O(1) ps.

IV. EXPERIMENTAL FEASIBILITY

We make an estimate for an insulating ferrimagnet
Er;FesOy, [32-34], and give the magnetization curve and
the experimental parameter values in Fig. 2 and its caption,
respectively. We find that the magnon BEC transition points
are Qppe; = 1.85 THz and Qppesy = 7.8 THz,? and the optical
Barnett field amounts to B = O(10)T for Q = O(1) THz.
Our proposal is within the experimental reach with current
device and measurement technologies, e.g., nuclear magnetic
resonance [5,6,41] for the optical Barnett field, magneto-
optical Kerr effect [42] for the magnetization reversal in the
optical Barnett effect, Brillouin light scattering [43] for the
optical magnon BEC, and terahertz spectroscopy [44,45] for
the spin dynamics of the order of picoseconds. Since magnons
are induced by laser and not by thermal fluctuation in the
present setup, our findings are realizable at low temperature
[46-49] where phonon degrees of freedom cease to work.

We emphasize the importance of modulating the laser
frequency adiabatically [22,23] by the chirping technique
[35,36]. Otherwise, the deviation from the magnetization
curve happens due to a nonadiabatic transition from the
Landau-Zener tunneling [50,51]. To avoid this effect, a large

Note that the quasiequilibrium magnon BEC reported in Ref. [43]
is experimentally realized by magnon injection through microwave
pumping in the GHz regime.
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magnetic anisotropy and a strong laser field is advantageous
[22]. In addition, the laser chirping suppresses heating effects
drastically.

V. DISCUSSION

First, the laser application without chirping can be
studied by the Floquet theory with inverse frequency ex-
pansion [52-54]. This analysis also supports the generation
of the optical Barnett field in the high-frequency regime
(Appendix E).

Second, we remark that the optical Barnett field through
the chirping is proportional to the laser frequency B o ©
[22,23]. Hence, 2 = O(1) THz amounts to 5 = O(10) T,
which provides a platform to explore the phenomena at high
magnetic field O(10) T or more in the tabletop setup.

Third, optomagnonic cavities for implementing coherent
photon-magnon coupling have been theoretically studied in
Refs. [55-59].

Last, as an application of the optomagnonic Barnett effect,
it will be intriguing to investigate the magnon Josephson effect
in a junction [60,61]. We leave it for a future study.

J

VI. CONCLUSION

We applied the optical Barnett effect to insulating ferri-
magnets and showed that quasiequilibrium magnon BEC can
be realized using the spin-wave theory. This optomagnonic
Barnett effect provides an access to coherent magnons in the
frequency regime of the order of terahertz, which is much
faster timescale than the conventional microwave pumping.
Our findings are expected to become a building block for the
application to ultrafast spin transport.
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APPENDIX A: EFFECTIVE STATIC HAMILTONIAN

In this Appendix starting from the time-periodic Hamiltonian

H(t) = Ho — Bo[Siey cos(Q1) + nSiy, sin(Q1)], (AT)

we derive the effective static Hamiltonian (2) in the main text. We apply the time-dependent unitary transform

U = M5 (A2)
to H(t) as
H(t) > U[H@) — ihid, JU ™" = Hegr. (A3)
Then, we obtain the effective static Hamiltonian as
Her = Ho — nhQ2S;,, — BoSi- (A4)

In the case of weak laser field By < 7i€2, the ByS;,, term is negligibly small. Thus, we reach the effective static Hamiltonian (2)

in the main text.

APPENDIX B: CLASSICAL THEORY

In this Appendix, we derive the lower (upper) critical frequency €2.1(2). The classical spin configuration is determined in the

way that the energy

hQ

J D D
€= Sh Sy = SHS) - SHK) -0y (S ) ®1)

takes minimum. Since Eq. (B1) has the U(1) symmetry, we assume that Sp and Sg are in the xz plane. We parametrize the spins
as Sp = (Sa sinfa, 0, nSa cos ) and S = (—Sp sinbg, 0, nSg cos Oy ). Then, Eq. (B1) can be rewritten as

DAS2

JSAS
€ = MCOS(QA—}-@B)—

DgS2

cos? Oa —

) 119
cos“ Og — T(SA cosOa + Sg cosOg). (B2)

From the conditions for the energy minimum de /364 = 0 and de /30 = 0, we obtain

—20JSp sin(fa + Og) + 2DASA cos Op sin O + A2 sin B4 =0, (B3)

—20JSa sin(6s + 0g) + 2DgSg cos By sin g + A2 sin g =0. (B4)
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1. Around 2 =

We consider the frequency just above 2.1, where sin0a >~ 04, Sinfg >~ w — 6, cosOx =~ 1, cosfg =~ —1, 05 # 0, and 7 —
O # 0. Then, Eqgs. (B3) and (B4) become

—20JSB(—0a + 7 — 0) + 2DASAOA + 112104 = 0 & 20JSp(7w — O)/0a = 20JSB + 2DASA + 121,
—20JSA(—0A + 1 — 0) — 2DpSp(7w — O) + 121 (m — Og) = 0 & 20JSAOA/(m — O) = 20JSA + 2DpSp — h€2;.
Thus,
(%1 + 20JSp + 2DASA) (A1 — 20JSa — 2DpSp) = —25J°SaASs
< {721 — 20/ (Sa — SB)/2 + DaSa — DpSg} + {20/ (Sa + SB)/2 + DaSa + DpSg}]
X [{A1 — 20J(Sa — SB)/2 + DaSa — DpSs} — {20/ (Sa + Sp)/2 + DaSa + DpSp}] = —25J>SASs

< %1 = 20/ (Sa — SB)/2 — DaSA + DpSp £ \/_Z(z)stASB + [20/(Sa + SB)/2 + DaSa + DpSpl*.

From ., > 0, we obtain

11 = 20J(Sa — SB)/2 — DASA + DS + \/_Z(Z)JZSASB + [20J(Sa + SB)/2 + DaSA + DpSg]°. (B5)

2. Around 2 = 2,

We consider the frequency just below $2.,, where sin 95 =~ 04, sin g =~ 0, cosOp =~ 1,cos g =~ 1,60, # 0, and Og # 0. Then,
Egs. (B3) and (B4) become

—20JS8(0a + 08) + 2DASAOA + 1220a = 0 < 20 S80O8 /04 = —20JSB + 2DASA + 1202,
—20JSA(Oa + 05) + 2DpSp0 + hi2:20 = 0 < 20JSA0A /08 = —20JSA + 2DpSp + hQ.
Thus,
(122 — 20JSB + 2DASA) (122 — 200 Sa + 2DpSp) = 73J>SASE
& [{hQe2 — 20/ (Sa + SB)/2 + DaSa + DS} + {20/ (Sa — SB)/2 + DaSa — DgSg}]
X [{Ae2 — 20J (Sa + SB)/2 + DaSa + DpS} — {20/ (Sa — S8)/2 + DaSa — DpSp}] = 23J°SaSs

& Q% = 20J(Sa + Sg)/2 — DaSa — DgSp £ /23J%SaSE + [20J(Sa — SB)/2 + DaSA — DpSs 2.

From Q. > 0, we obtain

1 = 20J(Sa + SB)/2 — DASA — DgSg + 1/25J%SaSs + [20J (Sa — SB)/2 + DaSA — DgSg 1> (B6)

APPENDIX C: SPIN-WAVE THEORY

In this Appendix, we derive the magnon BEC transition point Q2ggci (Bec2) and see that it coincides with the lower (upper)
critical frequency €21 (). We consider the system

Her=J Y Sai*Ss;—Day (53) —Ds Y (S5;) - nhQ(ZSfM + Zslg,j). 1)
( )

icA,jeB icA jeB ieA jeB

The boundary condition is periodic, and the number of sites is N; N/2 sites for the A and B sublattice.

1. Around 2 = QBECI

The ground state is ferrimagnetic Sp = (0, 0, nSa) and Sg = (0, 0, —nSp). We perform the Holstein-Primakoff transforma-
tion

12 12
nS%, = Sa —nai i+ niSh, = «/_25A(1 - ’27i> bai, S5, —niSh, = ./_ZSAb;’i(l - %) :
A

1/2 1/2
.y np, j . nB,j
nSJZ3.,j = _SB + ne,j, Sﬁ,j + TIZSEJ =« ZSBb;;J(l — #) s SE,J' — T}lSﬁJ = 4/253(1 — i) bB,j’
B B
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where b; and b; are creation and annihilation operators for bosons (magnons), and n p),; = bIA,B),jb(AaB), j is the number
operator. We make an expansion and retain up to the second order in terms of b and b':

Tle\l = SA — NA i, S:Z’[ + T]lSi;l = «/2SAbA,i, Si,i — nlssz /2SA N
NSy, =—Se+ns;. S§,;+niSy; =2Ssb . S§,;—niSy ;= v/2Ssbs,;.
Using magnon operators, the Hamiltonian (C1) is rewritten as

Hetr = J/SaSB Z (ba,ibg,j +H.c.) + 20/ S Z na,i + 20/ Sa Z ng,j

(i€A, jeB) icA jeB
+ 2DASA ZnA’i + 2DgSg ZnB'-i + hQ(Z”A,i — ZI’IB,_,'), (C2)
icA jeB icA jeB

where the constant terms are dropped. We consider the cubic lattice and the coordination number is zo = 6. After the Fourier

transform
bax = —2 ) e~krip, = E ek riph nax =b' b
Ak N €A A,i» Ak i€A Ai’ Ak A kYA K>

2 . 2 -
bes = N D ien e*ibg j, Bk = ZteB € lkr'blTs i Bk = blTs,ka,k

(r; is the positional vector), we obtain
Hetr =  J/SaSs D 2[cos(keap) + cos(kyag) + cos(k,ao)1(ba kb x + H.c.)
+(20JSp + 2DaSA + 72) D nak + (20JSa + 2DpSp — A2) Y 4 np i,

where ay is the lattice constant. We perform the Bogoliubov transformation
oy k) _ (cosh@ sinh6\ (bak
oe:k ~ \sinh 6, coshé6 b;k ’

2f (k)
C+G’

with the angle

tanh 26, =

where
fk) = 2J/SaSglcos(kap) + cos(kyag) + cos(k.ap)],
C) = 20JS + 2DASA + RS,
Gy = 20JSa + 2DgSp — FQ.

Then, the Hamiltonian becomes

. -G G +¢C
Her = ) <— f (k) sinh 26; + — > 2+ 2 5 2 cosh 29k>ai’ka+’k
k
-G G +¢C N
+y < — f(k)sinh 26, — - > 2 9 F9 e 29k)a'_yka,k
k
2
-G Ci+C G -G Ci+G
=> [—1 T+ | e+ (—1 5 ) } +kcx+k+2[ L2 —fk?+ (IT> :|01T_,kot_,k,

k

(€3)

where the constant terms are dropped. We can rewrite the Hamiltonian in the form
Hesr = Z (holh + ALY + o hQ)a) (oo k. (C4)

o=+k

where ha)[o‘}c is the energy dispersion and Al*! + ¢ /€2 is the magnon gap in laser represented as

he) = /= f)> + [3J(Sa + Sp) + DaSa + DpSe]> — v/— £ (0)> + [3J (S + S5) + DaSa + DgSs 2.
A! = F[37(Sa — S8) — DaSa + DSl + v/ = f(0)* + [3J(S + S8) + DaSa + DeSs 1%,
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noting that f(k) takes the maximum at k = 0. Therefore, when €2 is increased from the small value, the magnon created by
O‘i,kzo condensates at

hQpect = A = 3J(Sp — Sp) — DaSa + DpSg + v/ —36J2SaSg + [3J(Sa + Sg) + DaSa + DpSs1%, (&)
which agrees with 72 [Eq. (B5)].

2. Around 2 = Qg
The ground state is ferromagnetic Spo = (0, 0, nS4) and Sg = (0, 0, nS). We perform the Holstein-Primakoff transformation

N2 172
NS =Sa—nai Sy +niSh, = \/ZSA(I - ”L) bais  Sii—niSh, = \/ZSAbLJ(l - ”i) ,

28A

12 12
ng, X A i "B,
NSy, =Ss—ns,, Sg;+niSy; \/EO_ZSJ) be.j. Sy~ niSp,; = 2SB”BJ< 2sj) ’

where b} and b; are creation and annihilation operators for bosons (magnons), and n p),; = b'(I'A,B)’ jbaB),j is the number
operator. We make an expansion and retain up to the second order in terms of b and b,

nSi;=Sa—nan S5 +niSy; = 2Sabai  SL; —niSk,; = V25ab} ..
T]S]zlj = SB — nB,j, Sg,j + niSl}?;,j = 4/ ZSBbB,j, Sﬁ’j — T)l.Sig'j = «/ZSBb;j.

Using magnon operators, the Hamiltonian (C1) is rewritten as

Hefr = J/SaSB Z (bTA,,-bB,j +H.c.) — z0/SB Z na,i — 20JSa Z np,j

(ieA, jeB) ieA jeB
+ ZDASA Z I/ZA,,' ~|— ZDBSB Z I’lB,j ~|— hQ ( Z l’lA’i —I— Z I’l&j) N (C6)
icA jeB icA jeB

where the constant terms are dropped. We consider the cubic lattice and the coordination number is zy = 6. After the Fourier
transform

_ 2 —ik-r; . ik- Tif _ gt
bak =% Lica€ ®bais L =/% Liea € by nak = bl ybak,
2 —ikr; oo /2 ik-ri T — pf
bek =5 2iene "“"bBi, by =5 2iene "by;s nBk=bybpk

(r; is the positional vector), we obtain
Hetr = J/SASB Z 2[cos(kag) + cos(kyag) + cos(kzao)](bxka,k + H.c.)
k

+(—20JS8 + 2DASA + HQ) > nak + (—20JSa + 2DpSs + 7)Y np i
k k

where ay is the lattice constant. We perform the transformation
Bk _ [cosOr —sinb)\ (bak
,B,JC ~ \sin 9k COS Gk bB,k ’

2ft)
G-G

with the angle
tan 20, =

where

fk) = 2J+/SaSg[cos(keag) + cos(kyag) + cos(k;ap)],
C, = —20JSg + 2DpSA + RS2,
Cy, = —z0JSA + 2DgSg + hL2.
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Then, the Hamiltonian becomes

C1+C2+C1—C2

Her =Y ( — f ) sin 26 + —— 5

k

cos 29k) ,BLk,BJﬁk

, C+C G -C
+Xk:(f(k)sm29k+ ‘2 2 _ 12 200529;‘),3:,(,3';{

2 2
G +C G -C G +C ¢ -cC
=y [% + | fa0+ (%) }ﬂi,km.k +¥ [% — |rwr+ (‘Tz> :|,3:k,3—,k- )
k k

We can rewrite the Hamiltonian in the form

Her = . (holy + APV + 1Q) B!, Boi. (C8)

o=+t.k

[A]

where 7w, is the energy dispersion and APl + AQ is the magnon gap in laser represented as

ol = /f (k)2 + [3J(Sa — Sp) + DaSa — DpSp]? — [3J(Sa — S) + DaSa — DpSsl,

o} = V/(0)> + [31(Sa — Sp) + DaSa — DuSs]* — v/f (k)2 + [3J(Sa — Sg) + DaSa — DgSs ]2,
APV = —37(Sx + Sg) + DaSa + DpSg + |3J(Sa — Sg) + DaSa — DpSs,
APV = —37(Sn + SB) + DaS + DgSp — V. f(0)> + [3/(Sa — S) + DaSa — DpSp)’,

nqting that f(k) takes the maximum at k = 0. Therefore, when 2 is decreased from the large value, the magnons created by
B 4_, condensate at

hQpcy = —AP! = 3J(Sa 4 Sp) — DaSa — DS + v/36J252S8 + [3J(Sa — Sg) + DaSa — DpSg ]2, (C9)

which agrees with /i, [Eq. (B6)]. Note that Alf! takes the negative value AP! < 0.
We remark that in the case of an insulating ferromagnet, the application of the circularly polarized laser increases the magnon
gap and the optical magnon BEC does not occur.

APPENDIX D: TIME-DEPENDENT MEAN FIELD THEORY

In this Appendix, we discuss the time evolution of sublattice magnetization. To this end, we numerically simulate the
dynamics of the system using the time-dependent mean field theory and recasting the equation of motion into the form

dmp dmg
— =my X HX[F, I = mpg X HI];/[F. (D1)

We treat ma and mp as classical vectors, then Eq. (D1) is nothing but the two-body Landau-Lifshitz-Gilbert equation. Here
we assume the laser-induced phenomena are much faster than magnetization damping, and neglect the Gilbert term. From the
time-dependent Hamiltonian,

Hit)=J Y Sai-Sej—Da), (sg,l.)2 Dy (Sf;’j)z — B[ S5, cos(Q1) + Sy, sin(Q1)]. (D2)

(ieA, jeB) ieA jeB

we can derive the mean fields as

—z0Jmy + Bp cos(Q2t) —z0Jm, + By cos(£2t)
HYF = | —zoJmy + Bosin(Q) |, Hy" = | —zoJm)y + By sin(S2)
—zoJmy + 2D am’y, —z0Jmi + 2Dpmy;

APPENDIX E: OPTICAL BARNETT FIELD WITHOUT CHIRPING

In this Appendix, we discuss the laser application without chirping. In order to study the application of circularly polarized
laser without chirping, the framework of the Floquet theory and the inverse frequency expansion can be utilized. This method is
applicable for the high-frequency region. The total Hamiltonian

B . .
) = Ho— = (VS +e'S,) (E1)

094417-9
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is temporally periodic and can be written in the form of

H(t) = Hye™™, (E2)
meZ
where
Bo o
Hy=Hy, Hiy = —73}0“ Hypy>2 =0.

In the inverse frequency expansion up to the 1/ order, the Floquet effective Hamiltonian in the high-frequency regime is

provided as

U o [Hu, Hon 2
=Hy+ — — 4+ 0(Q" E3
Hur o+ o mEZI . +0(Q7) (E3a)
nBj 2
= — —=8E. +0(Q77). E3b
Ho TR (£27°) (E3b)
Thus, the optical Barnett field
BZ
Bur = —5> E4
TN (E4)

is proportional to 1/ and B3. This analysis indicates that although the induced field is small, the optical Barnett effect still
occurs in the high-frequency region away from the adiabatic regime considered in the main text.
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