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We present a dynamic approach to micromagnetics based on the Landau-Lifshitz-Bloch equation
and Langevin dynamics. This type of modeling will be necessary at high temperatures when the
magnetization length is not conserved, especially close to the Curie temperature. We model the
laser-induced magnetization dynamics with various laser pulse fluences and show that the results are
consistent with both experiments and atomistic modeling. Our results show different recovery rates

depending on the final demagnetized state.
[DOL: 10.1063/1.2822807]

Recent advances in ultrafast pulsed laser experiments in
magnetic media have opened new possibilities of controlling
magnetization dynamics in the femto- and picosecond
regime.l_3 An essential part of these experiments is a heat
pulse, produced by the laser, acting on the magnetic material.
The physical processes governing the magnetization dynam-
ics are complicated and involve photon, electron, phonon,
and spin interactions. Laser-induced precession has been ob-
served with low laser pump fluency, and extraordinarily fast
all-optical demagnetization has been demonstrated in the
femtosecond regime using high pump fluency. During these
processes three timescales can be distinguished: an ultrarapid
magnetization decay in the femtosecond regime is followed
by magnetization recovery on the order of picoseconds. Fi-
nally, magnetization precession takes place on the nanosec-
ond timescale as the magnetization moves into equilibrium
with the local field.

Although the underlying processes are complicated,
magnetization dynamics at high temperatures can reasonably
be understood taking into account that during ultrafast laser-
induced processes, the electron temperature rapidly increases
up to and often above the Curie temperature. On this basis,
classical spin models have demonstrated their potential to
reproduce the main features of the pump-probe experiment.
However, due to their atomistic nature, the total simulated
size in these models constitutes several thousands of cubic
nanometers at most. Larger simulation scale is the province
of micromagnetics. In this approach, the discretization unit
of constant magnetization length represents an average mag-
netization over the smaller (atomistic) scale. Although the
temperature fluctuations can be included via the Langevin
approach based on the Landau-Lifshitz-Gilbert (LLG) equa-
tion, micromagnetic simulations are not suitable for high
temperatures. This is due to the fact that micromagnetic
simulations do not include the high-frequency spin waves
and, thus, the Curie temperature is seriously overestimated.’
Moreover, in recent atomistic simulations,6 it has been dem-
onstrated that at high temperatures several important effects
occur, which cannot be taken into account in the LLG ap-
proach. Namely, during the magnetization dynamics, (i) the
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magnetization vector magnitude is not conserved, (ii) longi-
tudinal magnetization relaxation occurs with the longitudinal
relaxation time increase approaching the Curie temperature
(critical slowing down), and (iii) at the same time the trans-
verse relaxation time decreases. It has been shown that all
these effects are in agreement with single macrospin dynam-
ics based on the Landau-Lifshitz-Bloch (LLB) equation. This
equation was derived by Garanin for classical” and quantum8
average spin polarizations. At low temperatures it coincides
with the standard LLG equation but it is valid up to and
beyond the Curie temperature 7. The necessity of the lon-
gitudinal relaxation to model the pump-probe experiment via
the micromagnetic approach has been noted by Vomin et al’
who suggested to use for this purpose the Bloch equation.
The advantage of the LLB equation resides in the fact that it
is a much more consistent approach which has a more rigor-
ous foundation and has been tested against the predictions of
atomistic modeling.6

The purpose of the present letter is to introduce a full
micromagnetic approach based on the LLB equation and
Langevin dynamics and to show its suitability to model high
temperature magnetization dynamics below and above the
Curie temperature. As an example, we model experiments on
ultrafast laser-induced magnetization precession. To distin-
guish the approach from normal (LLG-based) micromagnet-
ics, we refer to this as LLB-micromagnetics, or LLB-
MMAG, for convenience in the following.

Our model uses cubic discretization elements with lat-
eral size A. For each cube, we write the stochastic LLB
equation, describing its average spin polarization m;, in the
following form:'°
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where 7 is the gyromagnetic ratio, ;) and «; are dimension-
less longitudinal and transverse damping parameters given
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and T¢ is the Curie temperature. For 7> T, a, equals «;.
Here, \ is the parameter describing the coupling of the spins
to the heat bath at atomistic level. The effective field H. is
given by
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Here, m, is the zero-field equilibrium spin polarization for a
given temperature, Jo=zJ for an atomistic nearest neighbor
exchange of Heisenberg type with exchange parameter J and
z nearest neighbors, and w is the atomistic magnetic moment.
H, H),, and H, are applied, anisotropy (in this case the easy
axis is parallel to the z direction) and exchange fields, respec-
tively. We suppose the following expressions from mean-
field approximation (MFA),
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where )j and Y, are parallel and perpendicular susceptibili-
ties, M is the saturation magnetization value at T=0, and
A(T) is the micromagnetic exchange. Stochastic fields ¢, and
{ | describe the dispersion of different magnetization trajec-
tories and have the following plropelrties:lO
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where a stands for one of the symbols “|” or “L,” i and j

denote different components x, y, and z or different discreti-
zation elements, and V; is the discretization element volume.
We have also checked that, similar to the LLG case,ll the
stochastic fields introduced via Eq. (1) do not produce cor-
relations between different magnetization sites.

The integration of the LLB equation requires several
temperature dependent parameters. In principle, they can be
considered as an input from experimental values or estimated
from atomistic modeling. In the present paper, we take these
parameters from MFA. Namely, the equilibrium magnetiza-
tion m, is taken from the Curie-Weiss law m,=B[(mJ
+uH)/kgT], where B is the Langevin function and H—0,
and the longitudinal susceptibility as its derivative j
=dm,/ dH. For the anisotropy Parameter, we assume the ap-
proximate relation K(T)~ m., % and for the micromagnetic
exchange parameter A(T) ~m§. Note that with these choices
we assume the anisotropy and the exchange fields to be zero
above T, leaving a more detailed investigation of their prop-
erties for future work. Most of the simulations have been
performed for Ni alloys with uniaxial anisotropy [K(7T=0)
=53 X 10* erg/cm?), M?=480 emu/cm?, T-=630 K
(kgT-=2 T in the MFA), and \=0.1.

To check thermal equilibrium properties in a multi mac-
rospin approach, we present in Fig. 1 the thermal average of
the magnetization value, obtained by integrating the stochas-
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FIG. 1. (Color online) Equilibrium magnetization calculated by means of
LLB-uMAG in a cube with 24 nm sides discretized in cubes with different
cell sizes A. The solid line represents the magnetization in MFA.

tic LLB equations [Eq. (1)] for different cell sizes A. As can
be seen, the LLB-uMAG approach gives reasonably good
agreement with the expected behavior, though in the critical
region cell-size dependent deviations can be seen. These de-
viations are due to the fact that the LLB equation was de-
rived within the MFA, hence, strictly speaking, for an infinite
system. Consequently, cell sizes have to be large enough so
that each single cell behaves like a thermodynamic system.
Therefore, the cell size must be larger than the thermal cor-
relation length &(7). Since ¢ diverges when approaching the
Curie temperature finite-size effects lead to a deviation from
true critical behavior. For A too small, approaching the limit
of atomic spins, the LLB equation can no longer be valid
since in this limit the magnitude of the spin moment would
be preserved. Hence, in this limit, the magnetic order is un-
derestimated by the LLB approach. Further differences may
be attributed to the fact that the micromagnetic exchange
A(T) is not known at higher temperatures and some prelimi-
nary calculations suggest that it may not be described by a
single scaling exponent. Nevertheless, we have found the
agreement satisfactory and within the errors introduced by
the estimations for other parameters.

Next, we use the LLB-uMAG model to study the heat-
induced magnetization dynamics produced by laser pulses
where we assume Gaussian shape of 50 fs duration and dif-
ferent fluences. During the laser-induced demagnetization,
the external temperature is transferred into several sub-
systems. Similar to Ref. 4, we assume a simple channel
where the photon energy is transfered to the electrons and the
magnetization is directly coupled to the electron temperature
T, which we calculate within the two-temperature model,

drT,
Ce dt == GeI(Te - Tl) + P(t)v

dT,

Cr =GalT.=T), (7
where C, and C; are the electron and lattice specific heat
constants, G,; is a coupling constant, and P(7) is the laser
fluency.

First we model a demagnetization process produced by a
laser pulse with high fluency. The results of our simulations
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FIG. 2. (Color online) Modeling of laser-induced magnetization dynamics
in the same system as in Fig. 1 for different laser fluences. The numbers
indicate maximum electron temperatures obtained through the two-
temperature model [Eq. (7)].

are presented in Fig. 2. We note here that laser pulses, pro-
ducing maximum electron temperatures far above the Curie
temperature, are required for demagnetization. This is con-
sistent with atomistic simulations,4 and is because the rate of
energy transfer from the conduction electrons takes place
with a characteristic relaxation time determined by the cou-
pling between the conduction electrons and the spins. If the
relaxation time (~7"') is less than the laser pulse width de-
magnetization will not occur. Essentially the spin tempera-
ture lags the electron temperature. This is an important effect
which is well-described by the LLB-uMAG approach. Our
model reproduces all essential features of the heat-assisted
demagnetization. Namely, we observe a very fast demagne-
tization, occurring at femtosecond scale, followed by a more
slow (picosecond) recovery. The rate of the recovery is dif-
ferent depending on the minimum magnetization value
achieved during the demagnetization. A similar effect has
been observed in atomistic simulations.” The observed slow
recovery rate is due to the loss of correlations at high tem-
perature since the micromagnetic exchange vanishes. Conse-
quently, additional time is necessary to recover the correla-
tions and, therefore, the magnetization.

In our second calculation, we reproduce the optical fer-
romagnetic resonance (FMR) experiments reported in Ref. 1.
Namely, we assume a thin film and a laser pulse which pro-
duces a maximum electron temperature 7,=800 K. For sim-
plicity, the magnetostatic interactions were included assum-
ing an additional easy plane anisotropy HA:4TngmL,(mxex
+m,e,). An external field of 0.3 T was applied perpendicular
to the plane. Initially at 7=300 K, the equilibrium magneti-
zation direction made an angle of 25° with respect to the thin
film plane. During the laser pulse, the magnetization value
rapidly decreases. Consequently, the anisotropy value de-
creases, the system is no longer in equilibrium and a laser-
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FIG. 3. Modeling of a fast demagnetization dynamics (Ref. 1) with low
laser fluency in a thin film (96X 96X 12 nm?) with periodic boundary con-
ditions and in-plane anisotropy of value K(7=0)=2.3 X 10° erg/cm®.

induced precession appears as the magnetization recovers.
The results of our simulations are presented in Fig. 3 and are
similar to the ones reported experimentally in Ref. 1. We
have also found that the precessional frequency decreases
with the maximum electron temperature.

In conclusion, we have introduced a micromagnetic ap-
proach valid for all temperatures, both below and above the
Curie temperature. This approach overcomes the limitations
of the standard micromagnetics which is not capable of mod-
eling high temperature magnetization dynamics. Our calcu-
lations show that the results of this approach are consistent
with both atomistic modeling4 and experimental ﬁndings.1
This opens new possibilities for large-scale simulations at
high temperatures.
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