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Thermal Simulation for Ultrafast Laser in
Multilayered Sample for Heat-Assisted
Magnetic Recording Application

Haidar J. Mohamad® *, Basaad Hadi Hamza

Department of Physics, College of Science, Mustansiriyah University, Baghdad, Iraq

ABSTRACT

Heat-Assisted Magnetic Recording (HAMR) is a promising step in expanding hard disk capacity. This technique
depends on the ultrafast laser to demagnetize the layer and record the data on a hard disk or any storage media. However,
the recipe for the layers is challenging and gives a space to explore. The investigation of the effects of temperature profile
and thermal gradient on the suggested sample FePt (8 nm)/MgO (8 nm)/SiO, (58 nm)/Si (9.32 E-7 m) for HAMR use was
the focus of this study. The simulation of the multilayered gives a view of ultrafast laser behavior (power density 1.7923
E14 W/m? with an 800 nm wavelength) inside the sample stack. The optical consideration is calculated depending on
the incident, reflected, and transmitted light on the surface between layers. Sample layer thickness plays a crucial role
in reducing laser power. The temperature gradient inside the sample helps choose the appropriate laser power, which
is used with the HAMR technique. Results show the influence of temperature on sample thickness and temperature as
laser power. Then, it is obvious which thickness and power laser can be used efficiently.

Keywords: Data storage, HAMR technique, Optical simulation, Spintronic device, Ultrafast laser

Introduction technique.' Demagnetization happens within a short
time during laser power interaction with the sample
surface. Demagnetization time is a vital parameter
investigated in this work.

Researchers used the FePt sample as a magnetic

recording medium because it has high coercivity.

Heat-Assisted Magnetic Recording (HAMR) tech-
nique records a data on a storage medium. This
method employs a laser to reduce magnetization on
a femtosecond timescale to record the data. Laser

power generates heat in the storage sample which
reduces the coercive field in an inverse proportional
relationship. Therefore, the sample layers must have
a high magneto-crystalline anisotropy.

The hysteresis loop has been studied for the FePt
layer and configured for the spin direction of this
alloy. A small coercivity field is useful to reverse
the magnetization direction quickly for this alloy by
laser heat. This gives the benefit of recording stable
data with a weak magnetic field. Laser power in-
fluence time has been investigated with the HAMR

The melting temperature is about 1830 K and has
high magneto-crystalline anisotropy. Therefore, it has
been recommended to sputter SiO, as it has a higher
thermal stability to be fabricated with the FePt pro-
cess. > Different methods were used to fabricate SiO,
like Sol-Gel, * spark plasma sintering,® and the green
method,® and it has been shown that it has high
temperatures and high pressures.” MgO is used as a
thermal interface material for electronic devices to
achieve good heat dissipation.® MgO sample has a
high stable temperature, low heat capacity, thermal
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Fig. 1. Gaussian peak power laser shape used in the simulation.

conductivity of about 60 W/mK, and high melting
point. It is synthesized using the precipitation method
to get nanoparticles.°

HAMR technique details have been summarized
and discussed, for instance, by H. Sepehri-Amin et
al. (2018) which investigated FePt/C, SiO,/MgTiO
(MgO) samples for HAMR use. They measured the mi-
crostructure and magnetic properties and compared
them between all samples. Heat diffusion was not
discussed in their work as was the behavior of the
recording media. '°

A. Meo et al.!'! investigated the FePt grain
magnetization dynamics and temperature with
applied field wusing the Landau-Lifshitz-Bloch
equation. They simulated an atomic spin model
to support their opinion about HAMR dynamics with
the suggested sample. They simulated one sample
(FePt) with 5 x 5 x 10 nm? dimensions to suggest
the mechanism of temperature pulse. Muhaiman A.
et al.'? presented a 3-D simulation of the HAMR
technique using a FeNi/Cu/YIG/GGG multilayered
sample. The spin current is discussed as well as the
effect of changing the magnetic layer thickness as a
function of a femtosecond laser. Spin diffusion and
optical equations are simulated which explain the
behavior of the laser inside the sample. Tom et al. !
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investigated the optical forces in HAMR by changing
the head-disk spacing for Pt and SiO,. They examined
spacings 8 nm, 4 nm, and 2 nm where the simulations
tend to emphasize the importance of the spacing and
the magnitude influence of the force. Yifei Chen and
R. H. Victora'* simulated a pulsed laser instead of a
continuous laser. They show that the synchronization
between laser pulses and magnetic fields tends to
enhance thermal gradients in the sample.

The investigation of the effects of temperature pro-
file and thermal gradient on the suggested sample
(FePt/Mg0O/Si0O,/Si) for HAMR use was the focus of
this study. The ultrafast pulsed laser of 800 nm was
simulated using COMSOL software (v. 6.0), and its
penetration through the sample layers was analyzed.
The incident, reflecting, and transmitted beams were
considered according to the multilayer optical model.

Materials and methods

The simulation of the suggested sample, FePt (8
nm)/MgO (8 nm)/SiO, (58 nm)/Si (9.32 E-7 m), was
performed using COMSOL software (v.6.0). The sim-
ulation consists of two stages. First, a calculation of
the incident, reflected and transmitted light through
multilayers (MATLAB code was used to support sim-
ulation). The light used is an ultrafast pulsed laser
with 800 nm wavelength, 120 um spot laser diame-
ter, FWHM pulse laser width (t) 74 fs, and repetition
rate (f) 100 kHz. Therefore, the peak power with the
Gaussian pulse beam assumed in the simulation is
shown in Fig. 1 using P = power (mW)/(f*t). The
power is fixed at 15 mW in the simulation steps.

Second, temperature gradient simulation using the
heat diffusion equation.'® The electric field is dis-
tributed in the sample layers, therefore an optical
model of transmitted/reflected coefficients at layer
interfaces is used. The time scale of the laser is in fem-
toseconds, therefore a rapid increase in temperature
needs to be explained in three dimensions of the heat
diffusion equation. The temperature behavior inside
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Fig. 2. Reflected/transmitted model used in the simulation, where R, I, T, and S are the reflected, incident, transmitted, and light reflected

from the next surface layer, respectively.
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the sample can be described as'°:

13T 32T 92T 32T X, Yy, 2t
__=_+_+_+g(y—) @D)
Dot 9x2 9y 022 k

where D represents the thermal diffusivity
(D = (k /p) Cp) where k is the thermal conductivity,
p is the density of the material, C, is the heat capacity
per unit mass, and g(x, y, 2,t) is the absorbed power
density within the sample.

The heat source (pulsed laser) in Eq. (1) and the
temperature distribution at each layer are determined
by an electric field. The propagation of the electric
field is modeled with multi-reflected/transmitted at
sample interfaces and is shown in Fig. 2.

The simulation depends on the field amplitude at
each layer. For the first layer, the field amplitude of
incident and reflected light is'”:

Rs = |:E'i:|2 — |:n16059i — lecOSQti|2 ’ (2)

E; N, co0sH; + nacosd
2 2
R — E, _ n;cost; — nycosb; 3)
P71 E | — | nicost; + nycost;

They are related to the transmission coefficients
through:

T,=1—R,and T,=1—R,

Time=2E-9 s

%x10%m

XIO‘erZUJG 1

L.,

BAGHDAD SCIENCE JOURNAL 2025;22(6):1930-1939

For the case of normal incident light on a flat sur-
face, the above equations reduce to the more familiar
equation R = R; = R, then'”:

2
Rz(—"l‘”"‘), @
ni +ny

The reflectivity of a given material will depend on
the frequency of the light source through the disper-
sion relation of its index of refraction.

Once inside the material, absorption causes the
intensity of the light to decay with depth at a rate de-
termined by the material’s absorption coefficient. In
general, is a function of wavelength and temperature,

but for constant, the intensity I decays exponentially
with depth z according to the Beer-Lambert law '”:

I, = Lje ™ (5)

where I, is the intensity just inside the surface after
considering reflection loss. The transmission of light
can be expressed as'®:

2n;cos6;
" njcost; + nicost;

©)

T;

The layer matrix L; also known as phase matrix,
describes the propagation of light through the layer j.
It is expressed in terms of parameters of j" layer N;,
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Fig. 3. Temperature distribution inside the suggested sample with different time delays. In this data, the thermal boundary resistance (TBR)

is included.
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Fig. 3. Continued.
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Fig. 4. Temperature with the suggested sample at selected time delays. TBR is considered.

and 6; as'®:
Z: 0
Li=|"] — —‘ @)
! {0 z; !
where
2]Tidj
Zj = exp TN]‘ cos 6; (8)

The simulation depends on the field amplitude at
each layer. For the first layer, the field amplitude of
incident and reflected light is'®:

rial density, heat capacity, and refractive index with
two parts real and imaginary. These data are used
in the optical absorption and thermal distribution
inside the sample. These properties are listed in
Table 1.

Thermal boundary resistance (TBR) interface con-
ditions are considered in the simulation study because
the temperature profile changed significantly without
considering this value. However, this value describes
the interface between two different layers, and it is
not well understood because it is varied according to
the fabrication process or method.?° Table 2 consists
of the values used in the simulation for the TBR.

E! = Le*X

E! = Rie "X

)

(10)

Table 2. Thermal boundary resistance values
used in the calculations for the suggested sample.

where y = jo./ie = jZf = jko(n+ jk), fi is the
complex refractive index, k¢ is the wavenumber, n,
and k are the real and imaginary parts of the refrac-

Interface TBR (m2K/W)
FePt/ MgO 3.5 x 10
MgO/ SiO2 3.38 x 10
Si04/Si 3.84 x 10926

tive index, and X is the wave unit vector.

Material properties

The material properties are important to achieve
accurate simulation like thermal conductivity, mate-

Temperature configuration in 3-D thermal model

Table 1. Sample layers properties were used in the simulation.

The thermal description inside the suggested
sample, which is caused by a focused ultrafast

Material — Density (Kg/m3) Thermal conductivity (W/(m.K))  Specific Heat capacity (J/Kg.K)  Refractive index
FePt 14900 1319 11.2 N =3.6+i5
MgO 358020 302! 41.71 1.736

Si02 2650 1.122 68.95 1.47+i0.2%3

Si 2329 15024 143 3.56
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Fig. 5. Temperature behavior with time at some points inside the suggested sample (a) MgO is 8 nm, and (b) MgO is 4 nm thickness.

Thermal boundary resistance (TBR) is considered.

laser beam, can be modeled in a 1-D configuration. = boundary conditions, and optical equations described

This configuration is not sufficient to describe the  earlier and calculate the temperature profile for the

thermal distribution, therefore a 3-D model is used  suggested sample simultaneously.

to simulate thermal behavior in this work. The 3-D In COMSOL software, the thermal equation used
to describe the temperature time dependent inside

model allows us to use thermal equations, thermal
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thickness. Thermal boundary resistance (TBR) is considered.
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the sample with 3D configuration can be represented
16.
as'°:

L Qv (kv

m an

pCp
where p is material density (kg/m?), G, is the specific
heat capacity (J/(kg-K)), T is the temperature in
Kelvin, k is thermal conductivity (W/m. K), Q is laser
energy density (W/m?).

Results and discussion

The simulation calculates laser heating inside
the sample depending on material properties.
The temperature distribution is related to a
femtosecond pulsed laser with a power density of
1.7923 E14 W/m? and 800 nm wavelength. Fig. 3
shows the sample’s temperature behavior at different
delay times.

The temperature change as a function of sample
thickness caused by a femtosecond pulsed laser is
shown in Fig. 4 with different time intervals. A high
rise in the temperature in the FePt layer affects the
MgO layer, this generates a thermal gradient in SiO,
layer at a time of 0.05 and 1 ns. The behavior in tem-
perature within the sample changes if we neglect the
thermal boundary resistance (TBR) values, therefore
it is important to include TBR values in calculations.
There was no significant change in Fig. 4 when MgO
thickness was changed. The effect is noticeable at the
interface and cannot be clearly noticed within this
figure.

Fig. 5 shows the temperature at selected points in
the specimen with TBR value. The temperature trans-
fers from FePt to SiO, through the MgO layer around
1 ns. The interface between the MgO and SiO, has
high temperatures in a time scale of 0.05 ns with the
help of the thermal boundary resistance (TBR) value.
The temperature gradient is changed at the interface
of MgO and SiOs.

Fig. 6 shows the temperature gradient as a func-
tion of time at certain points inside the suggested
sample. The influence of thermal boundary resistance
(TBR) value is vital in the presence of a thermal
gradient. The thickness change in MgO plays an
important role in changing the temperature at the
interface between MgO and SiO, as well as at SiO,
thickness.

Conclusion

A multilayer sample is suggested to be a candidate
for HAMR use. A simulation using COMSOL software
helps to understand the temperature behavior of the
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laser pulse. The femtosecond pulsed laser is simu-
lated depending on the reflected, transmitted, and
absorbed laser light. The pulsed laser has a significant
impact on the temperature rise in the FePt layer. This
layer gains the power of the incoming light and trans-
fers it to the next layer MgO. The important time scale
is 0.05 and 1 ns because of the fast process like spin
current or demagnetization scale time range within
this time. The laser power depends on the layer’s
thickness which gives a high temperature gradient
within the sample layers and leads to saving energy.
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