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Article Info ABSTRACT

Hard disk drive (HDD) and storage media have the potential to revolutionize future information
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technology. Heat-assisted magnetic recording (HAMR) is a promising method for increasing hard
disk storage density and it is one of the applications of this study. The essential component of
nanoscale spintronic devices is spin current. The simulation of a thermal gradient to generate a

pure spin current using an ultrafast femtosecond (fs) laser in a multilayer thin film is presented.
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The trilayer sample (ferromagnetic/spacer/magnetic insulator) is the candidate to achieve the spin
current. Ultrafast laser with fs pulse width simulated to creates a spin diffusion spark. These
pulses penetrate within the trilayer reaching the magnetic insulator due to the penetration depth

that record the effect. COMSOL Multiphysics software® is used to simulate the thermal behavior
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within the trilayer with three-dimensional (3-D) view. The thickness of the ferromagnetic layer
(Ni81Fe19) has been shown to generate a high-temperature gradient within the magnetic insulator
and therefore a larger spin current.

KEYWORDS: Spintronics; Spin current; Ultrafast laser; HAMR; Ferromagnetic materials;
Spin current generation; COMSOL Multiphysics
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INTRODUCTION

Pure spin currents are made up of a flow of spins
with no net charge present. There are no losses
associated with electrical resistance when such
pure spin currents are created with no associated
charge currents, making it possible to develop a
new generation of low power and environmentally
friendly devices utilizing the spin of the electron,
known as Spintronics [1-3]. Spin currents are
important in spintronics, much as charge currents
are in electronics. The spin current carries an
angular momentum that can be passed to a
ferromagnetic (FM) layer, causing magnetization
oscillations or even entirely flipping it. This
phenomenon is called spin transfer torque (STT)
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[4, 5]. In the last few years, several authors have
reported the generation and measurement of spin
current using the spin Hall effect [SHE] [6-9] as
well as a thermal gradient using the spin Seebeck
effect [SSE] [10-12]. Because of its potential for
increased storage area density, heat-assisted
magnetic recording (HAMR) has been suggested
for the next generation of hard disk drive [13].
Shingled magnetic recording (SMR) [14], bit-
patterned media (BPM) [15] and microwave-
assisted magnetic recording (MAMR) [16] are
other techniques that increase the density of hard
disk storage. In HAMR systems, the laser is
considered as a means to momentarily heat the
medium, which makes it sensitive and more
susceptible to magnetic effects and enables writing
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to much smaller areas and far greater amounts of
data on a disk [17].

Jian-Gang Zhu and Hai Li [18] presented a
micromagnetic modeling study of heat-assisted
magnetic recording methods by using the Landau-
Lifshitz-Bloch equation [19]. Shaomin Xiong et al.
suggested a magnetic recording-based technique
for performing in situ protrusion measurements as
well as assisting in the adjustment of the write
spacing [20]. Another way to produce a spin
current is to use an ultrafast fs laser in a multilayer
thin film, where the ultrafast laser generates a spark
of spin diffusion to obtain the spin current. In a
previous study, H. J. Mohamad et al. [21],
succeeded in generating spin current by ultrafast
laser in a multilayer thin films experimentally, but
they did not consider the effect of ferromagnetic
layer thickness on spin current generation. This can
be exploring in details and study the effect of the
layer thickness.

In the present study, we simulated thermal behavior
induced by ultrafast fs laser within the trilayer
NisiFe1o (Py)/Cu/Y3FesO12 (YIG) using COMSOL
Multiphysics, which is a strong immersive
simulation platform for solving and modeling a
wide range of research and technical problems
[22], where a 3-D model was designed. This
sample chosen to be a suggestion in the recording
media devices. The YIG plays a good candidate to
generate a spin current due its properties.
Therefore, the simulation considered each
parameter carefully in the 3D model for instance
the thermal boundary conditions and the effect
between each layer. The sample size has the same
size of the laser spot size, and the surface effect is
canceled because it is out of this work and does not
affect on the presented results. The results show
good describing to the penetration depth as well as
the temperature gradient.

Theoretical Consideration

Ultrafast lasers produce light pulses that are shorter
than a few tens of picoseconds (ps), and therefore
involve femtosecond (fs) and picosecond (ps)
lasers [23, 24]. Ultrafast lasers provide new
opportunities in a vast scope of micro and
nanotechnology applications and users, including
mechanics, electronics, biology and medicine and
in several others [25, 26]. Pulses of an ultrafast
laser were submerged into the sample layers over a
fs time scale. The fast increase in temperature
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inside the sample can thus be formulated using a 3-
D heat diffusion equation [27]:

19T 0°T 9*T 09°T g(x,y,zt)

Dot 9x2  9y? 922 k
Where g(x,y,z,t) is the absorbed power density
within the sample, is thermal diffusivity D could be
represented by (D = k /p Cp), k, p, Cp are the
thermal conductivity, the material density, and the
heat capacity per unit mass, respectively.
The suggested structure (ferromagnetic/spacer/
magnetic insulator) considered generating the spin
current within the magnetic insulator (Y1G) layer
using an ultrafast laser directed at the sample
structure. The distribution of the electric field in the
active layer(s) is used to calculate the absorbed
power density (heat source) in the heat diffusion
equation and the temperature in each layer of the
stack. The model specifies the transmission/
reflection coefficients at the film interfaces by
considering multiple transmission and reflection
[28]. The high-power absorption induced by
ultrafast laser occurs predominantly within the Py
and Cu layers, due to the high extinction coefficient
of Py and Cu layers. The other layers in the stack
are either comprehensive or negligible value of the
extinction coefficients. Consequently, only a two-
layer absorption model as shown in Figure 1 is used
here, with the outer layers assumed to be semi-
infinite in extent. The Poynting vector links a
complex wave's time-averaged power per unit area
(W/m?) to electric and magnetic fields:

)]
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Therefore, the power absorbed per unit volume in
layer m is:

92{—\7 : <Sm)} = kOCEOan.m|Em|2 ®)
where |[Em[?> = Em. E* and the total electric field in
each layer is given by:

Em = Tmejko(nm+jkm)ZX
+ Rme_jko(nm+j’cm)(z_dm)X
In each layer, the magnitude of the electric field is
thus:

|Ep|? = T |?€"0%in + |Ryy | e KorimC=dm)

+2|T Ry | € Fomidmcos (konyy, (22 @
ot (3]
where @,,, = tan (m{TmRm})

To facilitate correct scaling of the power density in
the medium to the experimental laser power, the
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power density in equation (3) is normalized to the
incident power to compare the difference in the
power curve clearly:

(Sm)
N

where (Si) is the time-averaged power density of
the incident electric field. The normalized power
density can then be written as:

<5m> NMmKm IEmIZ
. y A = —_— 6

where nn and n; are the refractive indices of the
transmitted and incident media, respectively, and
#m1s the refractive index's imaginary part. Em is the
transmitted electric field in layer m, I, is the
incident electric field magnitude that takes the form
I? = t2,E? for the first layer, where 1, =
2n,/(nqy +n,), where ny and n; are the refractive
indices of the incident and transmitted media. For
the air/Al,Oz interface, ni and n represent the
refractive index of air and the AlOs layer,
respectively.
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Figure 1. The transmission/reflection model within
multilayer concept. I, R and T are the incident, reflected
and transmitted field amplitudes respectively, while S is

the amplitude of the field reflected from the next
interface, d is the layer thickness.

MATERIALS AND METHODS
The present work illustrates a 3-D simulation of the
thermal effect within a multilayer thin film as a

result of ultrafast laser optical excitation using
COMSOL Multiphysics version 5.5 software®. A
3-D model was created using a Heat Transfer in
Solids (ht) interface with a time-based study as
shown in Figure 2.

The sample is designed as a multilayer 3-D cube
with width and depth of (3 nm) and height (2 nm)
for the Al2Os, Cu (8 nm), Py (8 nm), YIG (58 nm),
and GdzGas012 (GGG) (0.9325 um), as shown in
Filgure 3.

Figure 2. 3-D model interface in COMSOL

Multiphysics.
] v
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Figure 3. The COMSOL Multiphysics geometry of the
sample in a 3-D model, with a schematic showing the
thickness of each layer.

The thermal and optical parameters used in the
measurements of thermal flow and optical
absorption are displayed in Table 1. The material
parameters are assumed to be temperature
independent and not to change as a result of optical
excitation.

Table 1. The thermal and optical parameters for the materials used in the calculation with an ambient temperature of 300K.

Parameter Unit Al>O3 Py Cu YIG GGG
Density kg/m® 3890 8700 8930 5170 7080
Thermal conductivity W/m/K | 1-4.5[29] 46.4 [30] 150 [31] 6.63 [32] 7.94 [32]
Heat capacity J/kg/K 880 430 385 578 400
Refractive index n (800 nm) 1.759 2.2 +j3.6 [33] | 0.24991 +j5.0337 | 2.19 +j2.48 x 107° [34] 1.95

The laser pulse is essential in this study since it
represents the source of heat falling on the sample.
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The wavelength of the laser used is 800 nm. The
laser spot diameter is 120 pum (Since the diameter
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of the laser spot is significantly larger than the
thickness of the stack, lateral heat diffusion at the
sample's surface can be overlooked). The FWHM
laser pulse width (t) is assumed to be 74 fs, while
the laser repetition rate (f) is 100 kHz. Therefore,
the peak power (P) in mW is as follows:

_ power (mW)

N f Xt @)
= power (mW) x 1.3514
x 108

0 account for the imperfect contact between the
various layers in the stack, thermal-boundary
resistance (TBR) interface conditions were used in
the numerical simulations in COMSOL
Multiphysics.

An assumed value of TBR = 2x10% W/m?/K for the
Al>03/NigiFe1g and Cu /YIG interfaces [35, 36],

P

K

A 505

(a) t=400 s

W 1.47x107

(c)t=2mns

Figure 5 shows a significant rise in the temperature
of the Permalloy layer at the time of 400 fs and then
the entire energy absorption at the Cu/YIG
interface. At a time of 0.05 ns, a thermal gradient
occurs within the sample (YIG) indicating the
generation of a spin current. At 100 fs, a small rise
in temperature is almost negligible.

The temperature change at different depths inside
the sample is shown in Figure 6 (The relationship
takes a logarithmic form to simplify and expand the
shape) as a function of time with the addition of
TBR. At time 400 fs and depth 6 nm, there was a
significant rise in Py temperature. Thermal
conduction from the metallic overlayers allows the
temperature inside the YIG layer to increase on a
time scale of around 1 ns. In the Cu/YG interface,
we observe a marked rise in temperature over a

500
450
400
350

107

while values of 1x10° and 2.04x108 W/m?/K were
gathered for NisiFeis /Cu and YIG/GGG [36],
respectively.

RESULTS AND DISCUSSION

The results are based on the measurements of a
trilayer thin metallic film (Py/Cu/Y1G) heated by
an ultrafast laser. A number of investigations have
been conducted to observe the temperature change
induced by a fs laser within the trilayer sample,
which gives a clear visualization of the spin current
generated within the sample.

The temperature distribution inside the trilayer
sample was observed in Figure 4 (Temperature is
represented by the color legend) as a result of
optical pumping by an ultrafast fs laser at selected
time delays.

(b) t =100 fs

W 5.78x107%?

(d)t=1mns
Figure 4. Temperature distribution within the trilayer sample at selected time delays. TBR is included in the calculations.

time scale of 0.05 ns. The temperature in this
interface (Cu/YI1G) is important in determining the
spin current generated inside the YIG by ultrafast

laser.
e
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Figure 5. Change in temperature as a function of depth
within the trilayer sample at selected time delays. TBR is
included in the calculations.
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Figure 7 shows the temperature gradient at selected
positions within the YIG layer, which is heavily
impacted by the sample's position z relative to the
surface. The presence of a significant thermal
gradient at the Cu/YIG contact emphasizes the
need for using TBR in calculations.

600
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—— 6 nm (Py)
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400 4
350 4

AT (K)

300 4
250 4
200 4
150 o
100
S04

102 10t 100
Time (ns)
Figure 6. Change of temperature as a function of time at
selected depths within the trilayer sample. TBR is

included in the calculations.
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Figure 7. Temperature gradient as a function of time
within the trilayer sample. TBR is included in the
calculations.

Figure 8 illustrates the temperature change in the
YIG layer as a function of Py layer thickness. The
temperature differential in the YIG layer increases
as the thickness of the Py changes. At 8 nm
thickness and 0.05 ns time, the maximum
temperature was observed. This can save energy
and allow for the use of a low-power laser.
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Figure 8. Change of temperature as a function of Py
thickness within the YI1G layer at a time of 0.05 ns. TBR
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Conclusion

This study aims to simulate the thermal gradient to

generate a pure spin current within the magnetic

insulator (YIG) using an ultrafast fs laser in a

multilayer thin film. Simulation results showed:

1. The effect of thickness and time on the
generation of spin current induced by optical
pumping within a trilayer (Py/Cu/YIG).

. A significant rise in the temperature of the

permalloy layer was detected as a result of

excitation by a fs laser pulse, followed by energy

absorption in the copper layer, which leads to a

thermal gradient within the sample (YIG) at

times of 0.05 and 1 ns, indicating the generation
of spin current.

The Cu/YIG interface was discovered to be very

important in spin current generation, indicating

the importance of including TBR values in
calculations.

The thickness of the Py layer has been shown to

be necessary to generate a high-temperature

gradient within the magnetic insulator to
generate a spin current where the maximum
temperature was observed at 8 nm thickness and

0.05 ns time.
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