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Ultrafast magnetization dynamics at very high magnetic fields and elevated temperatures
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The role of external magnetic fields is often neglected in the field of ultrafast magnetization dynamics induced
by femtosecond laser pulses. Here it is shown theoretically that very high magnetic fields can substantially modify
ultrafast magnetization dynamics at elevated temperatures. Magnetic fields speed up the ultrafast magnetization
dynamics. Notably, we predict that the observed two-step demagnetization dynamics in some materials transition
to one-step demagnetization dynamics for high magnetic fields. The description of the dynamics is based
on the Landau-Lifshitz-Bloch equation of motion. Analytical expressions for the longitudinal and transversal
magnetization relaxation time as a function of the magnetic field are provided.
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I. INTRODUCTION

Ultrafast spin dynamics in magnetic materials have been
routinely investigated by femtosecond laser pulses since in
1996 Beaurepaire and co-workers uncovered the possibility
to use them to break the magnetic order in ferromagnetic Ni
thin films [1]. A range of microscopic spin-related mechanisms
have been proposed to explain the observed subpicosecond
magnetic order break down; electron-phonon spin-flip scat-
tering [2], nonequilibrium electron-magnon interaction [3],
super diffusive spin dependent electron transport [4], and
many others, which have been well summarized recently by
Illg et al. [5]. Yet it remains a theoretical and experimental
challenge to disentangle the particular role of each of those
mechanisms in the demagnetization processes. In the quest
of further insights into the underlying physics behind the
demagnetization dynamics, a range of experiments have been
devised to disentangle the importance of the proposed mecha-
nisms, examples include variation of the laser fluence [6], light
polarity [7], ambient temperature [2,8—10], and multilayers
with insulating/conductor substrate to avoid/promote the effect
of superdiffusive spin currents [11,12].

Interestingly, by varying the initial temperature up to
the Curie temperature, there exists a transition from a de-
magnetization/remagnetization dynamics—type I—to a two-
step demagnetization dynamics—type II. This transition has
been observed in Ni [8] and FePt [13]. Direct comparison
of those observations to theoretical models, such as the
Landau-Lifshitz-Bloch equation [6] or the microscopic three-
temperature model [8], has revealed that this transition is
related to the so-called critical slowing down of the spin
dynamics close to the phase transition. Surprisingly, it has
been recently demonstrated that such a critical behavior also
drives the out-of-equilibrium laser induced magnetic phase
transition in nickel within 20 fs [14]. At those time scales the
electron temperature reaches its maximum temperature, and
in principle, its value should increase monotonously with the
power of the laser, however, it shows a clear shift at the point
the magnetic specific heat diverges. This divergence could be
strongly reduced by external magnetic fields.
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However, the role of the external magnetic field is often
neglected and barely used as active stimulus in the field of
ultrafast spin dynamics [15,16]. It is simply used to restore
initial conditions in spectroscopic, pump-probe measurements.
At those timescales, the spin dynamics is defined by the
misalignment between spins against the strong exchange in-
teraction. This creates internal magnetic fields at the atomic
level with characteristic timescales of tens of femtoseconds. In
comparison, the timescales accessible by magnetic fields are
usually of the order of tens of picoseconds. Hence, it is sensible
to assume that magnetic fields barely affect the subpicosecond
spin dynamics. Only recently Haag et al. [17] have succinctly
tackled the problem by investigating the effect of ultrahigh
magnetic fields (up to 1000s of Tesla) using first-principles
computer calculations. In particular, they estimated the value
of the spin mixing at ultrahigh external fields. Within the
framework of electron-phonon mediated spin-flip mechanism,
spin mixing is related to the demagnetization rate. The authors
showed that the spin mixing is nearly independent of the
external magnetic fields, and thus any possible modification of
the ultrafast spin dynamics should come from the modification
of the spin wave spectrum. Along this line and as mentioned
before, recent observations of the ultrafast electron temperature
increase and spin dynamics in Ni [ 14] suggest that at short times
high-energy magnon excitations store part of the energy from
the laser, which is subsequently transferred to lower energy
excitations. This mechanism would depend directly on the
energy gap of the spin wave spectrum, which can be controlled
by the magnetic field. Further theoretical and experimental
investigations on the interplay between temperature and high
magnetic fields effects could help in the understanding of the
ultrafast magnetization dynamics.

An adequate framework that correctly accounts for the
modifications of the spin wave spectrum are the atomistic spin
dynamics based on the Landau-Lifshitz equation [18]. While
atomistic spin dynamics is a useful method for modeling of
experiments, insights about the physics behind computer simu-
lations can only be gained from their macroscopic counterparts,
e.g., the Landau-Lifshitz-Bloch (LLB) equation [19]. This is
the reason why in this work we investigate the effect of very
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high magnetic fields on the magnetization dynamics at the
macroscopic level using the LLB framework [20]. However,
in the standard derivation of the LLB equation of motion the
external magnetic fields are assumed to be small in comparison
to the exchange interaction. Thus, in this work we also present
a correction to the standard LLB equation to account for high
magnetic fields. By using this framework, we show that the
presence of magnetic fields during ultrafast heating speeds up
the magnetization dynamics. For starting temperatures close
to the critical temperature T¢, the presence of high magnetic
fields prevents the critical slowing down associated with the
phase transition. As a direct consequence, we predict that the
transition from type I to type II dynamics can be reversed
by the application of a sufficiently high magnetic field. As
an illustrative example of such a transition, we apply the
developed model to a realistic situation, the magnetization
dynamics of gadolinium after the application of a femtosecond
laser pulse. Gadolinium is both the prototypical Heisenberg
and type II ferromagnet. We show that high magnetic fields
can convert gadolinium into a type I material. Experimental
verification of such predictions would shed light into the role
of the critical behavior of the magnetic system in the ultrafast
dynamics, as well as into the fundamentals of the laser induced
magnetic phase transitions.

II. THE LANDAU-LIFSHITZ-BLOCH APPROACH TO
DESCRIBE MAGNETIZATION DYNAMICS

The LLB equation is a quite recent approach that has been
shown to adequately describe the magnetization dynamics at
elevated temperatures [19,20]. Differently to the low tem-
perature Landau-Lifshitz equation, the LLB equation does
not conserve the length of the magnetization vector, rather it
allows for longitudinal fluctuations of the magnetization in
space and time. The LLB equation has not only been widely
used in the context of ultrafast spin dynamics [6,9,13,21] but
also to describe many other phenomena; spin torque transfer
[22-24], vortex core reversal [25,26], and spin caloritronic
effects [27,28]. Therefore, a number of fields benefit from
further improvements of the LLLB framework.

The description of the ultrafast magnetization dynamics
using the LLB model has been shown so far successful
[20]. Direct comparison to experiments include; fluence and
thickness dependence of the ultrafast spin dynamics of Ni thin
films [6], electron- and phonon-mediated demagnetization in
Gd thin films [9], FePt demagnetization dynamics [13], as well
as all-optical switching behaviors in FePt nanoparticles [29].
Moreover, the LLB model has been shown to be equivalent to
the microscopic three-temperature model proposed by Koop-
mans and co-workers, which has been used to model optically
driven ultrafast magnetization dynamics of Ni and Co [2] and
hot electron induced demagnetization in Co/Pt [30]. Those
works were made in the presence of negligible magnetic fields,
in comparison here we investigate the ultrafast magnetization
dynamics in the presence of high magnetic fields.

A. Dynamical equation

The equation of motion of the thermally averaged spin
polarization of an isolated magnetic moment in the sole

presence magnetic field H reads [19]

dm
“% = yIm x H] - r”<1—

mm [m x [m x H]]

ey

The first term describes the precession around H, the second
term the relaxation of the magnetization length, and the third
term describes the transverses relaxation of the magnetization
towards equilibrium. The relaxation frequencies in Eq. (1) are
defined as
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Here the relaxation frequencies I'j(; ) have two contributions.
First, Ay = 2AkgT /(o/y ) is the rate (A) at which the thermal
energy kg T is distributed into the magnetic system defined by
o/, where y is the gyromagnetic ratio and p is the atomic
magnetic moment. Second, in Egs. (2), information about the
thermodynamic field §y = BuoH is contained implicitly. L(&y)
is the Langevin function which defines the transient effective
field towards which the nonequilibrium magnetization relaxes,
mo = L(&y). At equilibrium, it reduces to my = m, = L(§,).
The derivative is defined, L'(x) = dL/dx. Interestingly, for
demagnetization processes involving spin flip from majority
to minority spin bands, the rate A depends directly from the
spin mixing, and it has been shown to be nearly independent
of the magnetic fields, up to 1000 T [17].

Equation (1) is valid for an isolated spin in the presence
of a magnetic field, however this approach can be easily
extended for ferromagnets within a mean-field approximation
(MFA) framework. One only needs to substitute H — Hyga,
where Hypa is the MFA effective field acting on m. For a
isotropic Heisenberg model with only first nearest neighbors
(z) exchange interaction J (Jy = zJ) and magnetic field,
the Hamiltonian can be expressed as H = —J }_;, S;S; —
woH Zi S;, here S; is the normalized classical spin'vector at
lattice sitei. Thus, &y = BuoHwmea = B(Jom + woH)includes
the effect of the magnetic field in the relaxation rates in Eq. (1)
through the highly nonlinear expression in Egs. (2).

B. Dynamics of the magnetization modulus

For ultrafast demagnetization processes, where the mag-
netic field is directed along the z axis, the dynamics is described
by

dm,
dt

wherem, o = L(§), with§y = B(Jom, + noH),and I'| given
by Egs. (2). Equation (3) can be used to illustrate the effect of
very high fields in the ultrafast magnetization dynamics. To
simplify the problem, we assume that the effect of the laser
pulse is to provide a heat bath to the magnetic system defined
by the electron temperature 7,. Further simplification is to
assume a steplike form for the electron temperature 7, = Tyoom
for time ¢ < 0, here Ty stands for room temperature. The
fast increase on the electron temperature is mimicked by a
step pulse of 1 ps, and a maximum temperature Tp,.x. After
the pulse action is gone the electron temperature goes back
to a final temperature 7, = T, which is higher than the initial

— Ty m, — m. o), 3)
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FIG. 1. Temperature driven transition from type I to type II
dynamics. This transition occurs when the final electron temperature
is larger than the corresponding transient temperature of the magnetic
state.

Troom- This model for the electron temperature captures the
main aspects of the ultrafast magnetization dynamics triggered
by laser pulses. For instance, when the magnetic system starts
close to T¢ it has has been shown that the demagnetization
dynamics slows down [2,8]. Increasing the laser fluence, and
thus the transient electron temperature, has shown a to produce
a similar behavior [6,13]. Interestingly, this slowing down of
the magnetization dynamics causes the transition from type I—
subpicosecond demagnetization/ps remagnetization—to type
[I—two-step demagnetization dynamics; an initial subpicosec-
ond demagnetization followed by picosecond demagnetization
process.

To illustrate this purely thermal effect we use the LLB
equation, in the H — 0 limit, to calculate the magnetization
dynamics after the application of a heat pulse of temperature
T,,, for different final temperatures Ttna. In Fig. 1 we reproduce
the transition from type I to type II dynamics. For final
temperature near the critical temperature (7¢ = 650 K) the
transient temperature of the magnetic state stays below the final
temperature owning to the high spin specific heat close to 7¢.
Consequently, at the moment the remagnetization dynamics
should take over, the temperature of the magnetic system
is still below the electron temperature. Thus, instead of a
remagnetization process (type I dynamics) it continues demag-
netizing (type II dynamics) until both subsystem temperatures
equalized [31]. This transition between type I and type II
dynamics has also been reported in FePt [13] which is one of the
potential candidates for ultradense magnetic recording media
due to its high anisotropy in the L1y phase. Thus, the critical
slowing down could set a speed limit in ultrafast heat-assisted
magnetization reversal [32].

Differently to the effect of increasing ambient temperature,
when one increases the value of the magnetic field, a transition
from type I to type II dynamics is observed. To illustrate this
transition, we calculate the magnetization dynamics after the
application of a heat pulse by solving the LLB equation (3).
We fix the heat pulse temperature 7, = 700 K and the final
temperature Tq,, = 600 K. As depicted in Fig. 2, when the
magnetic fieldis low, H = 1T, the transition from type I to type
II still occurs, similar to Fig. 1. As the strength of the magnetic
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FIG. 2. Field driven transition from type II to type I dynamics.
The final temperature is fixed and the strength of the magnetic field is
varied up to 40 T. The peak demagnetization depends on the magnetic
field strength, and the two-step demagnetization transits (type II) to a
demagnetization/remagnetization process (type II).

field is increased we can observe that the magnetization starts
to recover instead of following a second demagnetization. That
is transit from type II to type I dynamics. At the same time,
we can observe that the maximum demagnetization and the
magnetization recovered at 4 ps depend on the magnetic field
value. This is related to the field dependence of equilibrium
magnetization as we can observe in Fig. 3. The magnetization
relax towards those values, which are magnetic field depen-
dent. Although stronger effects are expected for even larger
magnetic fields, we restrict ourselves to values (40 T) which
are presently accessible.

C. Application of the model to Gd; transition from
type II to type L

To show how robust our predictions are in comparison to
real situations, we model the dynamics of Gd magnetization
within a realistic model for the electron temperature dynamics.
We use Gd since it is the benchmark material for both Heisen-
berg ferromagnet and type Il dynamics. Gd is the ferromagnetic
rare earth with the highest Curie temperature 7¢ = 293 K,
and where magnetic properties are determined mostly by the
seven4 f electrons, strongly localized at the ion core, providing
an atomic moment of p4y =7 pp. Plus, some contribution
from the 5d6s delocalized electrons psq6, = 0.55 wp. So far
experimental observations in Gd have only observed a two-step
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FIG. 3. Field dependence of the equilibrium magnetization as a
function of the magnetic field.
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FIG. 4. (Up) Electron temperature dynamics. (Bottom) Dynamics
of Gd magnetization for four different magnetic fields H. One can
observe a clear transition from two-step—type II—to one demagne-
tization dynamics—type I—dynamics.

demagnetization behavior, that is, type II dynamics. Models
describing these dynamics include atomistic spin dynamics
[10], the microscopic three-temperature model [2], and the
LLB model [9]. All the experiments have been performed in
the presence of a small external magnetic field. Here we shortly
present the effect of high magnetic fields on the dynamics of the
Gd magnetization, from subpicosecond timescale to hundreds
of picoseconds.

We use the so-called two-temperature model to describe the
dynamics of the electron and lattice energy are modeled by the
atomic layer resolved two-temperature model (2TM)

dT,
Ce(Te)W = Gep(T. — Tyn) + V. (k.V.T,) + P(t), (4)

dTon
Phd_ = _Gep(Te - Tph)’ (5)
t
where electron-phonon coupling Gep =2.5x

107 W(EKm*™!, C.T.) =y.T.,, with p, =225x
10T m > K=2,Cpp = 1.51 x 106Tm > K~ ke = ke 0T/ Tphs
where k.o = 11 W(K m)~!. These parameters have been used
in a number of works, and it has been demonstrated to be
sufficient to describe the dynamics of the electron temperature
[33]. The magnetization dynamics is calculated using Eq. (3)
for each atomic layer. In our calculations we consider a thin
film of 100 nm. A similar model was already used by Sultan
et al. [9] to directly compare experimental observations to the
LLB model of the dependence of demagnetization dynamics
with the initial temperature of Gd thin films, in the absence of
high magnetic fields.

Furthermore, here we link the LLB equation to the mi-
croscopic three-temperature model (M3TM) by considering
that the intrinsic damping parameter is temperature dependent,
A = Ao(Tpn/ Te), a connection demonstrated in Ref. [34]. We
show in the upper panel of Fig. 4 the dynamics of the elec-
tron temperature. Initially, the electron temperature increases
steeply up to a peak temperature of 2000 K at only 200 fs,
once the energy input from the laser is gone, the electron
system cools down by releasing energy to the colder phonon
system, as described by Egs. (4) and (5). During this process

the first demagnetization step happens, we note here that a
similar demagnetization is observed when we used a simple
temperature step pulse of 1 ps, see Fig. 1. As we can see in
Fig. 4, for magnetic fields up to 20 T, the first demagnetization
is followed by a second one, that is, a type II dynamics.
However, as we increase the magnetic field H, the relaxation
time of the second demagnetization process reduces, and for
40T it transitions to one-step demagnetization dynamics. Very
high magnetic field experiments are in a very early stage,
however we expect that this theoretical prediction could soon
be tested.

III. THE CLOSED LLB EQUATION IN THE PRESENCE
OF HIGH FIELDS

In contrast to the longitudinal spin dynamics, the transverse
magnetization dynamics, usually seen as a damped precession
around a well defined equilibrium direction, is not usually
considered to be within the realm of ultrafast magnetization
dynamics. The reason behind lies in the relatively low magnetic
energy (and thus frequency) of the physical quantities involved
in the precession dynamics, namely, the anisotropy and the
magnetic field. Those two parameters commonly define the
precession frequencies, which are of the order of sub-GHz.
However, for high anisotropy materials and under high mag-
netic fields, the precession frequencies could reach the THz
regime. This high-speed precession has been recently reported
using the so-called optical FMR technique in FePt, where
frequencies over 400 GHz were found. The optical FMR is
based on the temperature changes of the anisotropy field pro-
duced by a femtosecond laser pulse which in turn temporarily
changes the equilibrium state driving the magnetization to
precess towards it. A correct account of the temperature and
magnetic field dependence of the transverse relaxation time
is therefore important to properly analyze experimental data.
For example, for granular FePt, there are differing values of
the Gilbert damping parameter in the literature, Becker et al.
(using up to 7 T) measured a damping constant of 0.1 using
an optical FMR technique [15], whereas Alvarez et al. found
a value of 0.055 using standard FMR in a broad frequency
range [35].

In order to further investigate the effect of high magnetic
field into the spin dynamics, we present a closed form of the
LLB equation (1), namely with relaxation rates independent
of m, which enable us to derive analytical expression for the
relaxation rates,

dm (m - Hegr)m

E:y[mxH]—aH -y

[m x [m x H]]
m?2 ’

2

m

6)
The effective field H.y is given by

o 1 m? —m? 7
= m’

eff S(H (H, T) m%

here m, = L(&,) (Fig. 3) and x;(H, T) is the temperature and

field dependent longitudinal susceptibility (Fig. 5),

. L'&0)BJo

Jol—L'(&)BJo’

X|(H, T)= (8)
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FIG. 5. Longitudinal susceptibility as a function of temperature
and magnetic field.

oy and o, are dimensionless longitudinal and transverse
damping parameters and are given by
T
] ©

T
YTy  37.(8)

for T < T¢, and the same for with o, = o for T > Tc.
Here A is the damping parameter that describes the coupling to
the heat bath at the atomic level. In the MFA one can link the
values of the magnetic field and the exchange interaction to the
Curie temperature T¢(H) through the relation 3kg7¢c(H) =
Jo + noH. Thus, the effect of the magnetic field on the
longitudinal and transverse damping parameters is to shift the
critical temperature towards higher values due to the magnetic
fields. These parameters could also be calculated through
multiscale frameworks based on hierarchical spin models,
from experimental data, or more refined than MFA theoretical
models [20].

Next, in order to understand the magnetization dynamics
coming out after a laser pulse, we restrain ourselves to the limit
of small deviations from thermal equilibrium. We consider that
the initial magnetization m is close to the equilibrium value m,.
In this way m — m, is considered as a small parameter. This
assumption is necessary when one wants to derive analytical
expressions for the characteristic relaxation times. This implies
that in the following we consider that the temperature of the
thermostat is kept constant during the process. In the linear
regime the longitudinal dynamics described by Eq. (6) reduces
tom —m, ~ exp(—I"|t), where

Yo
[ ==—7—.
X1(H, T)

OlH=2 OtJ_I)u|:1

(10)

Atlow temperatures, I'y ~ Jo + 1o H, therefore the longitudi-
nal relaxation rate is very fast. The presence of a magnetic field
H speeds up the longitudinal relaxation, with I'y(H)/T"(0) =
1 + poH/Jo. The ratio ug/Jo ~ 7.6 x 1076 T~!, thus mag-
netic fields of the order of the exchange fields, namely 10* to
10° T, will be necessary to speed up the magnetization dynam-
ics. As temperature increases, the exchange field effectively
reduces. As we can see in Fig. 6, at intermediate temperatures
T = 0.5T¢ and 0.7T¢, the speed up with H of the relaxation
time 7y = 1/I'} is already appreciable. At elevated tempera-
tures, the longitudinal susceptibility X;(H = 0, T') becomes
rather large for small H (Fig. 5), and thus the longitudinal
relaxation rate I'y(H = 0, T) — 0. This effect is known as
the critical slowing down of the magnetization. In Fig. 1 we
have already shown that this is the reason behind the transition
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FIG. 6. Longitudinal relaxation time of small deviations of the
magnetization modulus from the equilibrium as a function of the
magnetic field H, for four temperatures, see. Eq. (10).

from type I to type II spin dynamics. Under the presence of
high magnetic fields, this critical behavior is suppressed due
to the H induced magnetization my = [(5/3)(uoH /I3,
and therefore the longitudinal relaxation rate at T¢ is finite
and depends on the magnetic field I'y = (6/5)y A(Jo/ Mo)m%{-
This means that the longitudinal spin dynamics is faster as the
strength of the magnetic field increases (Fig. 6). Notably, near
Tc we observe that the relaxation time of the magnetization
can speed up by almost an order of magnitude for magnetic
fields of H = 50 T, values accessible in current experimental
set ups in high magnetic field labs.

Thus, near T¢ the magnetic field suppresses the critical
behavior, and thus the transition from type I to type Il dynamics
can be correspondingly reversed back by the application of a
strong enough magnetic field, as presented in Figs. 2 and 4.
This observation is consistent with the fact that the application
of a magnetic field increases the Curie temperature, which
translates to an effective temperature reduction.

Apart from the longitudinal dynamics, the transverse dy-
namics is also altered by magnetic fields, within the LLB
equation the relaxation of the transverse dynamics is defined
by 'y = yay /X1 (H, T), where the transverse susceptibility,
in absence of anisotropy contribution (isotropic model), is
simple given by X, (H,T) =m(H, T)/H, which translates
intoI"; ~ H.However, due to the presence of a high magnetic
field, the value of m(H, T) could be significantly different
to m(0, T), specially around Tc, my = [(5/3)(wH/Jy)]'/>,
which gives I'} ~ yH(xLHmJOzB. This expression should
be useful to interpret experimental observation at very high
magnetic fields and elevated temperature, rather than the
relaxation rate coming out from the low-temperature Landau-
Lifshitz equation I'} = Ay H.

To summarize, very high magnetic fields speed up the
ultrafast magnetization dynamics. This speed up becomes ap-
parent in the temperature region near the critical temperature.
There, in absence of magnetic fields, the critical slowing down
of the magnetic fluctuations slows significantly the ultrafast
magnetization dynamics. In contrast, in the presence of high
magnetic fields, we predict a transition from relatively slow
to fast magnetization dynamics. This comes out as a result
of the removal of the critical behavior by the presence of
very high magnetic fields. Notably, we have demonstrated
that Gd—prototypical type II—dynamics should present a
transition to type I dynamics for magnetic fields of around 40 T.
Although experiments on ultrafast magnetization dynamics
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under very high magnetic fields are in a very early stage,
one would expect a possible observation of the transition in
the future. This would evidence the thermal nature of the
ultrafast spin dynamics driven by femtosecond laser pulses.
These results have been obtained by using the Landau-Lifshitz-
Bloch equation of motion for the magnetization dynamics.
The LLB equation-based models are recent, however it has
already been utilized in a number of physical problems, such
as ultrafast-spin dynamics, spin caloritronics, and so on, that
could benefit for the theoretical developments presented in the
present work. Importantly, dynamics of antiferromagnetically
coupled spin systems, such as antiferromagnet or ferrimagnets,

are expected to shown a much richer and exotic dynamics than
ferromagnets in the presence of high magnetic fields. The LLB
model for those materials in the limit of low magnetic fields
already exists, therefore future works will address this issue.
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