> FG-13 <

Micromagnetic Modeling of All Optical Switching
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The control of the magnetization at the microscale by pure optical means is fundamentally interesting and promises faster speeds for
data storage devices. Although several experiments have shown that it is possible to locally reverse the magnetization of a
ferromagnetic system by means of laser pulses, a completely theoretical description of these All Optical Switching processes is still
lacking. Here, we develop an advanced micromagnetic solver that is applied to the numerical study of the All Optical Switching. The
solver is based on the Landau-Lifshitz-Bloch equation that governs the dynamics of the magnetization coupled the microscopic three
temperatures model, which describes the temporal evolution of the temperatures of the subsystems as caused by laser heating. The
helicity-dependent magnetization switching is evaluated by a magneto-optical effective field caused by the Inverse Faraday Effect when
a circularly polarized laser is applied to the sample. All the other usual terms of a full micromagnetic model are included (exchange,
anisotropy, DMI...). As a test, the model is used to describe the local magnetization switching of thin film samples with high
perpendicular anisotropy. The results are in good agreement with available experimental observations.

Index Terms—Micromagnetism, All Optical Switching, Landau-Lifshitz-Bloch equation, three temperatures model, Inverse Faraday

Effect.

I. INTRODUCTION

anipulation of magnetism using ultrafast laser pulses
without any external magnetic field, also called All
Optical Switching (AQOS), is fundamentally interesting
and promises for low-power and high-speed spintronic
devices. Since the discovery of the ultrafast demagnetization
of a Nickel film by a femtosecond laser pulse, many
experiments have confirmed the manipulation of
magnetization by ultrafast laser beams. The earlier
experimental works studied ferrimagnetic alloys [1][2][3],
followed by synthetic ferrimagnets [4], and more recently,
also ferromagnetic materials [5] irradiated with a train of laser
pulses resulting in AOS. Several experiments have confirmed
the helicity-dependent control of the magnetization by
circularly polarized laser pulses, obtaining the magnetization
switching of the area under the laser beam [6], the movement
of a domain wall [7], and even the nucleation of an inverted
domain under the path of a moving laser beam[5][8][4].
Although the helicity-dependent all optical switching (HD-
AOS) is well established from an experimental point of view,
the theoretical description of these processes is still far to be
completely understood, and in particular, there exists several
physical phenomena involved which need to be evaluated
within a full micromagnetic formalism. The most evident
effect is the heating of the sample at femtosecond scale as due
to the laser pulses. This effect can be analyzed by the two or
three temperatures models [9], which describes the temporal
evolution of the temperatures of the constituent subsystems
(electrons, phonons and spins). On the other hand, the helicity-
dependent switching of the magnetization may be determined
by other mechanisms related to the coupling between the
circular polarization of the laser pulse and the local
magnetization. These helicity-dependent phenomena include
the Inverse Faraday Effect (IFE) [10][11][12][13][14], the
magnetic circular dichroism (MCD) [15][16][17], or even the
laser-induced spin currents [18][19][20][21]. Nowadays it
remains unclear which is the role of these mechanisms in a

particular AOS experiment. While the physics under the AOS
is still under debate, the most established mechanism for HD-
AOS in ferromagnetic samples is the induction of a transient
demagnetized state caused by the laser heating, followed by
the remagnetization of the sample under the magnetic field
caused by the IFE. The direction of this magneto-optical
effective field is determined by the laser helicity (o) [1],
which favors a given direction for the remagnetized state.

Several approaches to describe the AOS mechanisms have
been presented, including the three temperatures model (3TM)
coupled to simplified Landau-Lifshitz-Bloch equation (LLB)
[22][23][24][25]. However, solving the full micromagnetic
problem is a complicated task, as the samples used for AOS
are large, with sizes of hundreds of um?2. The involved time
scales in these processes also differ over a wide range, going
from the femtosecond scale of the laser pulses, the picosecond
scale for temperature evolution, and nanosecond scale for the
domain dynamics and temperature dissipation to the substrate.
The temperature even exceeds the Curie point of the sample,
and consequently LLB eq. must be numerically solved. This
requires small time stepping, which makes the numerical
problem even much more time consuming. Additionally,
special care must be taken when solving the temperatures
equations when short pulses with high power are applied. Up
to now, there was no full micromagnetic simulator that takes
into account all the physics involved in extended samples and
provided a realistic description of available HD-AOS
experiments.

In this paper we present micromagnetic simulations based
on an advanced micromagnetic model that couples the laser
heating described by the 3TM to temporal evolution of the
magnetization given by the LLB equation. The coupling
between the circularly-polarized laser pulses and the
magnetization is assumed to be caused by the IFE, which
generates a transient helicity-dependent magneto-optical
effective field that is able to reproduce the most relevant
experimental observation of AOS in ferromagnetic thin-film
with high perpendicular magnetic anisotropy (PMA).
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Il. MICROMAGNETIC MODEL

In a typical AOS experiment, a ferromagnetic layer grown
over a substrate is subjected to the action of a laser beam, with
a typical duration from hundreds of fs to several ps. The laser
spot is assumed to have a space Gaussian profile with a full
width at half maximum defined by the radius r,. The temporal
profile of these pulses is assumed to be Gaussian, with
7, being its full width at half maximum duration. Therefore,
the space and temporal profile of the laser power is:

B r? (t = to)?
P = Poexp [_ 1“02/(41112)] P [_ rf/(4ln2)] @

where r = ,/x2 + y? is the distance from the center of the
laser spot and t, is the time at which the laser power reaches
its maximum power (P,) in the center of the laser spot. The
maximum power of the laser is Py = F/(tgyT.), Where F is
the laser fluence, and tg,is the thickness of the ferromagnetic
sample.

The numerical model developed here takes into account the
underlying physics of opto-thermal and opto-magnetic
coupling between the laser beam and the ferromagnetic layer.
The optical energy provided by the light generates hot carriers
in the ferromagnetic layer. The 3TM [23][9] describes the
transient temperature response of the system, including
electrons, phonons and spins. The spin temperature is
introduced in the LLB equation that describes the temporal
dependence of the magnetization at temperatures close to or
even above the Curie temperature (T¢).

In order to describe the opto-magnetic coupling between the
laser and the ferromagnetic layer, here we assume, in
agreement with experimental observations, that the IFE is the
dominant helicity-dependent effect. It is responsible of a
transient out-of-plane magneto-optical effective field (B, o
+1i,) with an orientation that depends on the helicity (o) of
the laser beam as will be described after. The evaluation of the
local magnetization M(F, t) under these circularly-polarized
laser pulses is described by the LLB equation [24] [30]. The
optically-induced magnetization dynamics is described by the
corresponding LLB equation which is given by [30]:

dm(7,t) I N P e H
T = —Yom X Her — ¥ m—lz [m X (m X (Heff + Htlh))]
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where 7i(#,t) = M(%,t)/M? is the normalized magnetization
with M0 the saturation magnetization at T =0, and m =
m(T) = |m|. vi=vo/(1+a?) with y, being the
gyromagnetic ratio and a is the Gilbert damping. a; and a;
are the longitudinal and transverse damping parameters given

by:
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where T, is the Curie temperature. The effective field ﬁeff in
(1) includes all the conventional interactions of the
micromagnetic theoretical framework, and the magneto-

optical field due to the IFE (Hy,):

Heff = Hexen + Hpy + Hdmg + Hypi + Hp + Hyo ()

where ﬁexch is the exchange contribution, ﬁDM is the
interfacial Dzyaloshinskii-Moriya interaction (DMI), ﬁdmg is

the demagnetizing field, and ﬁani is the PMA field. ﬁm
represents the internal exchange field in the LLB eq, which is

given by:
! (1 mz) m, T<T,
—(1-Z\m,
- 2x mé ¢
H, =
l 1<1+3 TCmZ)" T>T, ©
_— 2 \m
X 5(T-T¢) ¢

where y; is the longitudinal susceptibility [30],

am, _ ‘;cOByTE? B'(x)

aHext)H o - T, )
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and m, = m,(T) is the equilibrium value of m = m(T).
B'(x) :% with B(x) being the Brillouin function, kg the
Boltzmann constant, and g the Bohr magneton. Note that at a
given instant of time, the local magnetization is not in general
in thermal equilibrium. The LLB eq. can evaluate this non-
equilibrium physics. Further details of the implementation of
the LLB equation are given in [30].

The magneto-optical field (Byo (7, t) = uoHuo (7, t)) is the
local effective field due to the circular polarization of the laser
beam. This out-of-plane field (ﬁMO) emerges as consequence
of the IFE [11][26][27], and it can be expressed as:

X =

§MO # ) = (65 F Xire fuo (7, 01,

®)

where o* =41 is the laser helicity, where each sign
correspond to one of the two senses of circular polarization of
the laser. F (in [(J/m?)]) is the laser fluence and y;rz (in
[T/(J/m?)]) is the IFE susceptibility. Therefore, the
maximum value of the magneto-optical field (B,,ax = F XirE)
is achieved when the laser power reaches its maximum value
(t = t,) in the center of the laser beam (r = 0). The function
fuo (%, t) describes the space-temporal dependence of the
magneto-optical field as

N2
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where 7, represents the delay of the magneto-optical field
with respect to the laser pulse [23], and in agreement with
several experimental observations, it accounts for some
persistence of the By, (7,t) due to the optical laser signal. The
value of the y;rr depends on the sample characteristics, but
typical values of the fluence predicts magnitudes of B, in the
range from 1 to 100T [28].

The LLB eq. (2) also includes stochastic terms H and H),
to account for stochastic fluctuations due to the thermal noise.
The first one (H}h) is a random thermal field orthogonal to the
local magnetization, whereas the second one (H!,) describes
the longitudinal noise, parallel to the local magnetization.
Their statistical properties are summarized by:

(HF@®)=0
2KpT(a; — ay)
YoMdVad
(H!(©) =0
12\420;2 8,6(t — tY8(F — )
(HF( 0H)#,t)) =0

(Hi (7, OH} (7,) = 8,8t — )8 — )

(10)
(H!(F,OH] (7)) =

In these expressions, the notation (---) indicates the average
over different stochastic realizations of the noise, and the sub-
indexes are the Cartesian components, i,j:x,y,z. V is the
volume of the computational cell (see [30] for more details).

The temperature evolution in the system under the action of
the laser pulses is described by the 3TM in terms of three
subsystems involving the electron (T,), the lattice (T;) and the
spin (T,) temperatures [9]. Note that the relevant temperature
for the magnetic system described by previously introduced
LLB eq. (2) is the spin temperature, T, (7, t) = T (#, t), but this
one depends on the temperature of the electron (T, (7, t)) and
the lattice (T;(#,t)) subsystems, as given by the following
coupled set of differential equations:

aT
Ce a_te = _kevae - gel(Te - Tl) - ges(Te - Ts) + P(r,t)

aT, ,
CIE =—kvT, —g,(T,~T,) - g,,(T, = T,)
aT, ,
CSE = —k,V°T, — ges(Ts - Te) - ng(Ts - Tl)

11)
where C; is the thermal capacity (in [J/(m3K)]) and k; is the
thermal conductivity (in [W/(m-K)]) of each subsystem
(i:e,1,s). g;j are the coupling constants between subsystems
(in [W/K]). P(r,t) is the laser power, which is absorbed by
the sample, as given by eq. (1). Note that above Debye
temperature, C, and C; can be considered as constant

parameters, whereas, C, is linear with the electron’s
Ce(300K .
temperature, C, = y,T, where y, = % The influence of

the substrate can be also taken into account by adding an
additional Newton-like term to the right hand side of the
second one of these equations (—(T — Tyyp)/Tsup), Where Tep
is the substrate temperature, and the tg,, is a characteristic
time which describes the heat transport to the substrate and the

surrounding [31].

I11. RESULTS AND DISCUSSION

The implementation of the LLB equation was checked by
evaluating the temperature dependence of the magnetization,
reproducing the expected behavior. At each temperature, the
distribution of the magnetization values was found in perfect
accordance to the Boltzmann distribution, giving the same
results as presented in [24]. The 3TM also was compared to
the numerical resolution of the equations given in (11),
obtaining the same results for the finite difference
implementation.

For the simulations we adopted the typical thermal and
micromagnetic parameters for a Pt/Co bilayer: M2 =
1.1 MA/m, uniaxial PMA constant K,, = 1.25 MJ/m3, T, =
550K, damping factor a = 0.5, exchange stiffness A,, =
15 pJ/m, DMI constant D = 2.25 m]J/m3, k, = 91W/(m -
K), C,(300K) =28x10°]/(m®*K), C,=3.7x10°]/
(m®K), C; =2.8x%10°]/(m%K), g;; =1.5% 10 W/m?,
Toup = 0.9 ns. Disorder was taken into account in the form of
grains, with a random a variation of the easy-axis direction of
the anisotropy +3° from grain to grain, being 15 nm the
characteristic grain size [32].

Fig. 1 shows some of the laser inputs used to analyze the
HD-AQOS. In Fig. 1(b) the temporal evolution of the
normalized power of the laser beam and the magnitude of the
magneto-optical effective field, are plotted at the center of the
spot (r = 0). As discussed previously, the magneto-optical

effective field EMO(F, t) lasts longer than the laser pulse. Fig
1(c) presents the typical time evolution of the temperatures of
the three subsystems (electrons T,, lattice T; and spins Ty)
before, during and after the application of the laser pulse. The
effect of the substrate is evidenced in Fig, 1(d) by the long
relaxation time of the temperature (zg,). All the relevant
values of these laser and magneto-optical field parameters are
given in the caption of Fig. 1.
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Fig. 1. Schematic view of the system (a) and temporal evolution of the
temperatures of the three subsystems (electrons, lattice and spins) in the center
of the laser beam as obtained from the 3TM. (b) Temporal evolution of the
normalized magneto-optical field (B, /Bmax) @nd the normalized laser power
(P/Ppax Where Ppq, = P,) at the center of the laser beam. The laser pulse is
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7, = 200fs, the delay of the magneto-optical field is 7, =t,, and the
circularly polarized laser pulse has positive (or right-handed) helicity (¢* =
+1). (c) Temporal evolution of the temperature of the three subsystems:
electrons (Ty), lattice (T;) and spins (T;). These temperatures are plotted here
at the center of the laser beam (r = 0). (d) Same as in (b) with indication of
the relaxation of the three temperatures towards the room value for long times
after the laser pulse. The fluence considered here is F = 6 ] /m?2.

We simulated a Co/Pt thin-film with high PMA of
1.5um x1.5um X0.8nm submitted to a train of 25 circularly
polarized laser pulses with t, = 200 fs, F = 0.55]/m? and
1o = 768 nm, that induces a maximum magneto-optical
effective field of 5T with t; = 400 fs. Fig. 2 summarizes the
time evolution of the magnetization (out-of-plane component,
m,(r,t)), which clearly shows the transient inversion of the
magnetization in the region under the influence of the laser
pulses as due to the heating. However, the terminal switching
is only achieved for a proper combination of the initial state of
the magnetization (m,(r,0) = +1) and the polarization of the
laser pulses o* = +1. Indeed, when the helicity (o) induces
a magneto-optical effective field (§M0 o« (o¥)u,) in the
opposite direction than the initial magnetization (2" and 3
rows in Fig. 2), the All Optical Switching is achieved in the
illuminated area. Note that the snapshots in the last column of
Fig. 2 show the terminal stable magnetic state for a long time
after the last laser pulse. On the other hand, when the laser
helicity generates an effective field B, in the same direction
as the initial magnetic state, the optical switching is not
achieved (1% and 4™ rows in Fig. 2). Therefore, the IFE can
explain the results of the AOS for ferromagnetic samples as
combined to the temperature increase due to the laser heating.
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Fig. 2. Snapshots of the temporal evolution out-of-plane magnetization
(my,(r, t)) for right (¢*) and left (¢7) helicities of the laser beam under the
influence of the IFE starting with the magnetization pointing up (m,(r,0) =
+1) and down (m,(r,0) = —1). The fluence and the maximum value of the
opto-magnetic effective field are F = 0.55]/m?, B, = 5T respectively.
The last column shows the terminal magnetic state after 25 ns from the end of
the last laser pulse.

The inversion of the magnetization is only possible when
the sample reaches the Curie temperature under the laser
beam, where the magneto-optical effective field is present
§M0. This is evidenced in Fig. 3(a), where the inversion is
only attained for high enough fluence F. Here, the initial state
is the same, pointing up, m,(r,0) = +1, and laser pulses with

left-handed helicity (¢~) are applied with different values of
the fluence F. Note that for this helicity (¢~ = —1), the
magneto-optical field By, o (6%)i, promotes the switching
to the down state (§MO o« —1i,), as it was already discussed in
Fig. 2. However, the final switching also depends on the laser
fluence. At F = 0.45]/m? the center of the laser beam
reaches 558 K (see Fig. 3(b)), slightly over T, and it is not
able to heat a region that nucleates an inverted domain.
However, at higher fluence, F = 0.55]J/m?, the temperature
increases up to 603 K and the inversion is achieved (see Fig
3(c), where the reduction of the < m, > corresponds to the
inversion of the central region). The notation <m, >
indicates the average of the out-of-plane magnetization over
the whole sample. The switching is also achieved for higher
fluences (F > 0.55 ]/m?), as the temperature exceeds T, in a
region similar to the size spot of the laser beam. Fig. 3(d)
presents the temporal evolution of the averaged m, at the
center of the sample over a circle of 100 nm of radius for F =
0.45]/m?and F = 0.55]/m?. The notation < m,cencer >
indicates that the average of the out-of-plane magnetization is
computed at the center of the sample over a circle of 100 nm
of radius. It is clearly observed that after the demagnetization
of each pulse the sample recovers the initial state (<
My center >~ —1) for low fluence F = 0.45 J/m?. However,
if the fluence increases to F = 0.55]/m?, when the number
of pulses increases, the centrally averaged magnetization first
cancels (< My center >= 0), due to the multi-domain
structure, and then collapses to a single domain with negative
magnetization (< m;center >~ —1). Therefore, our results
indicates that there is a minimum fluence threshold of about
0.50]/m? to achieve the helicity dependent AOS in the
evaluated samples.
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Fig. 3. (a) Snapshots of the out-of-plane magnetization (m,(r,t)) over time
for left (o) helicity of the laser beam under the influence of the IFE starting
with the magnetization pointing up (m,(r,0) =+1). The maximum
magnitude of the §M0 is Bjax = 5 T, and it points along the negative out-of-

plane direction for the left-handed helicity (o=, By~ — #,) The number in
the top-right of every snapshot indicates the average value of m, over the
whole sample (< m, >). (b) and (c) show the details of the temporal
evolution of the average out-of-plane magnetization over the sample volume
(< m, >) and the spin temperature (T = T;) at the center of the laser spot for
two fluences: under (b) and over (c) the threshold fluence that leads to
switching. (d) Temporal evolution of the magnetization averaged over a
circular region of radius r = 100 nm around the center of the sample, <
My center > fOr F = 0.45 J/m? and F = 0.55 J/m?

The snapshots of the magnetization simulated by our model
presented in Fig. 2 can explain the experimental results of Fig.
3 in reference [7]. For high enough fluence there is an increase
of the inverted region as the number of pulses increases, as
shown in Fig. 2 and 3a, and this fact became more evident for
the highest fluence. There is an expansion of the inverted
region for each pulse and the final reversed area increases.
Initially, at the end of each pulse, the temperature of the
sample increases from pulse to pulse, making possible the
inversion of a larger region when the temperature
overcomes T.. That causes the expansion of the inverted
domain with the number of pulses. With a high enough
number of pulses, the heated area stops increasing due to the
cooling though the substrate and no further increase of the
inverted domain is obtained, in good accordance with the
experiments (see, for instance, Fig. 4 in [7]). The temporal
evolution of the averaged m, component in a sample initially
magnetized down is presented in Fig. 4. Starting from a value
close to -0.9, indicating that the sample is initially magnetized
down, with high enough values of the fluence, this value
increases up to ~-0.7. As < m, > represents the average of
m, over the whole sample, the increase from -0.9 to -0.7
means that some part of the sample reach positive local values
of m,, corresponding to the central inverted region.

-05 . . . .
- 2
(a) — F=0.35J/m
F=0.55 J/m?
_0.6,
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AN \ \
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Fig. 4. (a) Time evolution of the averaged out-of-plane magnetization of a
sample initially magnetized down (< m, >= —1) as submitted to a train of 25
pulses with positive helicity (o) for three different fluence values (F). (b)
Temporal evolution of the magnetization averaged over a circular region of
radius r = 100 nm around the center of the sample, < m, copeer > for the
same fluences as in (a).

IV. CONCLUSION

An advanced micromagnetic model, which couples the
magnetization dynamics to the temporal evolution of the
temperature of the sample, and takes into account a helicity-
dependent magneto-optical effective field, has been developed
and used to describe experimental observations of the HD-
AOS processes in ultra-thin ferromagnetic films with high
perpendicular anisotropy. Micromagnetic simulations of the
LLB equation combined with the 3TM and the IFE explains
the observed behavior of recent AOS experiments. The
existence of a fluence threshold and the increase of the
inverted area with the number of pulsed is explained by the
thermal activation caused by the laser heating and the
nucleation of domains in one or the other orientation
depending on the sign of the magneto-optical field created by
the laser helicity. Our model constitutes a significant step
towards a further understanding of the physics involved in
these optically-induced processes. It will be useful to describe
other experimental observations in ferromagnetic systems, and
it can be naturally extended to describe the excitation of the
magnetization by laser pulses in other systems such
ferrimagnetic and antiferromagnetic systems. Moreover, it can
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also be extended to include other physical mechanisms as the
magnetic circular dichroism and/or the optical excitation of
spin currents by laser pulses, which will allow us to evaluate
the real scope of these mechanisms from a realistic point of
view.
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