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After the discovery of helicity-independent all-optical switching (HI-AOS)in amorphous GdFeCo using fem-
tosecond laser pulse, significant efforts are made to understand the underlying mechanism in HI-AOS and also
to utilize this phenomenon for ultra-high density data storage applications. HI-AOS has predominantly been
observed in Gd-based ferrimagnetic alloys such as GdFeCo, GdCo, GdFe, etc. Efforts are required to extend
the range of material which shows HI-AOS. With the help of atomistic spin dynamics calculations combined
with two temperature model, we demonstrate the single-shot helicity-independent all-optical switching in
amorphous Tb,Co,,_, ferrimagnet using femtosecond laser pulses. The value of x is varied from x = 18% to x
= 36%, and a deterministic HI-AOS is observed for the composition range x = 20% to x = 32%. The threshold
input laser energy is found to decrease with an increase in Tb concentration. Understanding the role of the
damping parameter is crucial to understand the different coupling mechanism that governs HI-AOS. Further,
an element specific damping is applied to both sublattices, and the damping constant of the Tb sublattice
is kept at 0.05 while that of the Co sublattice is varied from 0.005 to 0.05. The results show the damping

constant strongly influences the HI-AOS, and the higher damping constant is crucial for the HI-AOS.

1. Introduction

Manipulating the magnetization at picosecond and sub-picosecond
timescale got immense attention after the realization of ultrafast de-
magnetization in Ni using the femtosecond laser pulses [1]. This dis-
covery stimulated an intense area of research known as ultrafast mag-
netization dynamics. Since the first experimental realization of ultrafast
demagnetization in Ni, extensive research has focused on understand-
ing the underlying mechanism behind the ultrafast demagnetization
and also utilizing this property for future data storage applications
[2-6]. In 2007, Stanciu et al. showed the optical switching in amor-
phous GdFeCo thin film using circularly polarised femtosecond laser
pulses [4]. This breakthrough experiment sparked a discussion over
the source of ultrafast all-optical switching, and the observed switching
was attributed to the inverse Faraday effect (IFE) [4,7,8]. Since the
final magnetization state is decided by the helicity of the laser pulse
used, it is named as helicity dependent all-optical switching (HD-AOS).
Further research in AOS revealed that a linearly polarised laser pulse
also could stimulate a deterministic magnetization reversal, which is
known as helicity independent all-optical switching (HI-AOS). In 2012,
Ostler et al. reported the first experimental observation of HI-AOS [9].
Since the ultrafast heating generated by the ultrashort laser pulse act

* Corresponding author.

as a key driving force to the HI-AOS is also referred to as thermally
induced magnetization switching (TIMS).

The HI-AOS has been the subject of many experimental, as well
as theoretical studies [9-18]. The HI-AOS is commonly observed in
Gd based RE-TM alloys and multilayers systems, including GdCo [11],
GdFeCo [9,10], Pt/Co/Gd [12], Co/Pt/Co/GdFeCo [13], while Tb
based systems have shown limited success in HI-AOS. But HD-AOS
is predominantly observed in Tb based systems [19,20]. Single shot
HI-AOS is observed in electrodes of atomically thin multilayers of
Tb/Co [21]; it is also reported in amorphous TbFeCo by employing
a pair of plasmonic antennas, which enhance the optical field [22]. A
Ceballos et al. have reported single shot HI-AOS in amorphous GdTbCo
by varying Tb concentration while Tb,,Co,g has only shown thermal
demagnetization [23]. The role of magnetization compensation temper-
ature (T,,) in HI-AOS has been a subject of debate since the discovery
of HI-AOS in disordered RE-TM ferrimagnetic alloys, and it is believed
that heating the sample through compensation temperature is pivotal
for HI-AOS [4]. Later it was verified that heating the sample through
T, is not essential for HI-AOS [9]. R. Moreno et al. investigated the
role T), and pulse duration in HI-AOS using atomistic spin dynamics
(ASD) modelling in amorphous TbCo [24]. It has been found that the
occurrence of T, is not necessary for HI-AOS to observe, and HI-AOS
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occurs for the laser pulses having pulse widths comparable to the time
scales of exchange energy.

In the present investigation, we aim to predict the possibility of
HI-AOS in amorphous TbCo using atomistic spin dynamics and hence
to find the range of parameters it can show a deterministic optical
switching. Since ferrimagnetic alloys with non-equivalent sublattices
are crucial for HI-AOS, RE-TM alloys are potential candidates for HI-
AOS. High magnetic anisotropy materials are required to maintain the
high signal to noise ratio(SNR) and thermal stability to implement
optical writing in magnetic memories. The amorphous TbCo has been
found interesting because of its high uniaxial anisotropy, making it
suitable for data storage applications. Here we investigate the HI-AOS
in Tb, Co;go_.(x is varied from 18 to 36) for a wide range of fluence
values. Further, it is essential to have knowledge of the role of energy
transfers and coupling mechanisms between different heat baths to
understand and control the HI-AOS. The studies [11,23,25] show that
the spin-electron and spin-lattice couplings have a strong influence
on HI-AOS. In this context, elucidating the role of phenomenological
damping is crucial to understand the role of the electron-spin coupling
mechanism and energy transfers between different heat baths that
govern HI-AOS [26-28]. For this purpose, element-specific damping is
applied to both sublattices, with the damping constant of Tb kept at a
constant value of 0.05, while that of Co is varied from 0.005 to 0.05

2. Atomistic spin dynamics modelling

We use atomistic spin dynamics (ASD) simulations coupled with
two temperature model (2TM) to study the ultrafast laser induced spin
dynamics in amorphous TbCo. To model the amorphous TbCo, first,
we constructed an fcc lattice with specified dimensions. To mimic the
disordered nature of amorphous TbCo, randomly chosen Co sites are re-
placed with Tb atoms. Here the simulated system contains 56 x 56 x 28
fec cells with periodic boundary conditions in x and y directions. The
energetics of each site is characterised by the Heisenberg Hamiltonian,
defined by [29]

H==- 10,88, kS? ¢h)
i>j i
where S; is the unit vector associated with the localised spin moment
at site i, J;; denotes the exchange coupling between sites i and j, and
k, represents the onsite uniaxial anisotropy constant. The stochastic
Landau-Lifshitz—Gilbert(s-LLG) equation is used to predict the temporal
evolution of the spin system.

B i g w4 A4S, xH] @)
dt (1 + 112)”' 1 1 U 1

where y; is the gyromagnetic ratio, and 4; is the phenomenological
damping constant. y; represents the magnetic moment, and H; =
— 9 | ¢, denotes the effective field at each site including the stochastic
thermal field ¢ ;. The phenomenological damping constant 4; couples ¢;
to the electron temperature(T},).

To parametrise the spin Hamiltonian, the following values are used.
The Co and Tb magnetic moments are set as yc, = 1.61up [30] and
urp = 9.34up [31], which corresponds to bulk magnetization values
of Co and Tb. These values will not change significantly when they
are alloyed [30,32]. To produce the macroscopic anisotropy variation
with composition, different anisotropy constants are assigned to both
Co and Tb sublattices. In this study, the onsite anisotropy values used
are k,(Co) = 3.73 x 1072 J/atom k,(Th) = 2.16 x 1072? J/atom
respectively [24]. Initially, a damping constant of 0.05 is applied to
both sublattices, and later damping constant of Co is varied from 0.005
to 0.05 while that of Tb is kept constant at 0.05 to study the role
of element-specific damping. The exchange parameters of Tb and Co
are calculated from bulk Curie Temperatures (T,) values [33,34]. An
antiferromagnetic coupling of —1x10~2! J/link is used as intersublattice
coupling constant, which will give the experimentally observed T,
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Table 1
List of exchange parameters used for TbCo [24].

Value (J/link)

Type of exchange interaction

Tk 59% 1072
Jhtk 8.2x 1072
Jeots -1.0x 107!
Jeo-Tb-Co —4.4 %1072

values [24]. Experimentally observed T, values suggest an effective
decrease in the exchange parameter at Co sites as Tb concentration
increases [35,36]. This is accounted for in the model by considering
an additional antiferromagnetic exchange at Co sites that arises in
the vicinity of Tb. The effective exchange parameter at the Co site is
calculated as follows [24].

X
Jec‘{,{co = Jlg‘;fcg + JCo—Tb—Co 1—x (3)

The decrease in J ecfo { ¢, is found to be proportionate with the con-
centration of Tb x. The exchange parameters for TbCo are listed in
Table 1.

The two temperature model (2TM) combined with ASD simulations
is used to determine laser induced time dynamics of electron and

phonon temperatures. The coupled equations for 2TM are as follows

dT,(1)
e = G lT0) = (0] + PO)
dT,, (1)
1 2 G Ty - T, 0] @

P(t) = Pye™ /%’

where T, and T,, are electron and phonon temperatures, C, = yT,
and C,, represents their respective heat capacities, and G,, stands
for the coupling between electron and phonon heat baths. P() is the
input laser energy absorbed by the electrons, and it is represented by
a Gaussian profile with a laser pulse width z,. The 2TM parameters
used here are the values of amorphous TbFe, taken from Ref. [37].
We assume that these values are constant over the composition range
considered here. The parameters used here are y = 2.20x 10% Jm™> K2,
Cpp =23x10° Jm™ K™!, and G,, = 6.6x10'7 Js~' m™ K~' respectively.
All the simulations are carried out at 300 K using the vampire [29]
atomistic simulation package.

3. Results and discussion

3.1. Single shot helicity-independent all-optical switching in amorphous
Tb,.Coy¢-, alloys

First, we investigate the possibility of HI-AOS in amorphous TbCo
by irradiating a 50 fs laser pulse at a wide range of fluence values.
Fig. 1 shows the element-specific magnetization dynamics and electron-
phonon temperature profile of Tb,5Co,, during the laser heating at a
fluence value of 28 mJ/cm?. When the system is irradiated with a laser
pulse, electrons quickly absorb energy from the laser. In the first 300
fs, the electron thermalisation happens, and electron temperature(7,)
reaches a maximum value of around 1500 K. However, the exact role
of temperature is unknown in HI-AOS; the T, needs to rapidly overcome
the T, to decouple the strong exchange field, which is responsible
for the antiferromagnetic alignment between Tb and Co sublattices.
As a result, both Tb and Co sublattices demagnetize individually at
a different demagnetization rate. Co demagnetizes at a faster rate,
while Tb does at a slower rate [9]. In elemental ferromagnets, the
demagnetization time is proportional to u/AT,, where u, 4, and T, are
the magnetic moment, damping constant and electron temperature,
respectively [26]. Here Co demagnetizes at 1.08 ps whereas Tb de-
magnetizes at 1.28 ps. After reaching the maximum 7, the heat is
transferred from electrons to phonons till reaching the equilibrium
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Fig. 1. Element specific magnetization dynamics and electron-phonon temperature
profile of TbyCo,, during the laser heating by a 50 fs laser pulse at a fluence of
28 mJ/cm’. Red and Black lines represent Co and Tb magnetization, respectively.
The reduced magnetization M_/M is the z component of the magnetization of each
sublattice divided by the magnetization of that sublattice at 0 K. The blue and green
lines represent electron and phonon temperatures, respectively. The inset shows the
enlarged view of the transient ferromagnetic like state (TFLS) where the Tb and Co
moments align parallel temporarily during HI-AOS.
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Fig. 2. Element specific magnetization dynamics of Tb,sCo,, at 4 different fluences;
(a) 20 mJ/cm?, (b) 24 mJ/cm?, (c) 24.1 mJ/cm?, and (d) 40 mJ/cm?. Black and Red
lines represent Co and Tb magnetization, respectively.

temperature, and the electron—phonon equilibration happens around
1.3 ps. During this process, the completely demagnetised Co sublattice
starts to remagnetize towards the equilibrium magnetization, while Tb
continues to demagnetize towards the equilibrium magnetization(at
T,). The conservation of angular momentum results in the reversal of Co
moments and forms a transient ferromagnetic like state (TFLS) in which
Co and Tb moments temporarily align parallel. Further cooling restores
the strong antiferromagnetic coupling, which drives the Tb moments in
the opposite direction. The observed duration of TFLS here is low (300
fs) compared to that in GdFeCo (1 ps) [10].

Fig. 2 shows the element-specific magnetization dynamics of
TbysCoyy at 4 different fluence values; 20 mJ/cm?, 24 mJ/cm?, 24.1
mJ/cm?, and 40 mJ/cm?. Here we observe an optical switching when
the fluence value reaches a threshold of 24.1 mJ/cm?. Similarly, we
have investigated the possibility of HI-AOS in different compositions of
Tb,Co;gg_,, Where x ranges from 18% to 36%. A deterministic HI-AOS

Journal of Magnetism and Magnetic Materials 575 (2023) 170701

34 ‘
32
o
304 @ wn
NA O .“. o
£ < <
o 284 & ) o
- = =
£ ° °
= 264 Z % z
&)
m i
24 o.
4 -.. .
22 4 "'. ..... T
20

18 20 22 24 26 28 30 32 34 36
Composition (Tb%)

Fig. 3. The variation of critical fluence with Tb concentration. The regions coloured
green represent compositions with no HI-AOS.

is observed for the range x = 20% to x = 32%; no HI-AOS is observed
for the compositions Tb;gCogy, Tb34C0g¢, and TbsgCogy. There exist
no compensation temperature(T,,) for Tby,Coge and TbszCog,, and
that of Tb;gCog, is below room temperature. Initially, it is believed
that heating the sample through the T, is necessary for HI-AOS to
take place. Later it was confirmed that heating the sample through T,
is not a necessary condition for HI-AOS [9]. The T,, of Tb,,Cog is
also below room temperature (300 K), but it shows a deterministic
HI-AOS. In the case of Tb,Coge, and TbscCog4, the absence of HI-
AOS cannot be attributed to the non existence of Tj,. Reports on
HI-AOS in RE-TM alloys say samples without T), can also show a
deterministic switching. For each composition showing HI-AOS, we
have calculated critical fluence values to observe the HI-AOS. Fig. 3
shows the variation of critical fluences with composition. At a lower
concentration of Tb, a higher fluence is required to switch the mag-
netization, and we observe a steady decrease in the value of critical
fluence (F,) as the Tb concentration increases. This decrease in F, is
due to the increase in the number of antiferromagnetic interactions
and also due to the reduction of ferromagnetic exchange interaction
at the Co sites as Tb concentration increases. To substantiate the role
of ferromagnetic exchange interaction at the Co sites in HI-AOS, we
reduced the J éﬁ U ¢, Dy 5% and 10%, respectively, without altering the
composition. Thy;Co;4 shows a 2.1% reduction in F, value for a 5%
decrease in Jéi U co and a 10% decrease result in an 8.2% reduction in
F, value. We have repeated this for Tb,,Co,g and T'b3;,Co, also and we
observe a consistent decrease in F, values with a reduction in Jé{) f Co
Further, to verify the role of the total number of antiferromagnetic
interactions in HI-AOS, we vary the Tb concentration in an interval
of 2% by keeping the exchange constants fixed. The Tb composition is
varied from 22% to 24% with an increment of 0.5%, and we observe
a steady decrease in F, values as Tb concentration increases, which
signifies the role of the total number of antiferromagnetic interactions
in HI-AOS in RE-TM alloys.

3.2. Role of element specific damping on HI-AOS in amorphous Tb,.Co1_,

Elucidating the role of phenomenological damping constant in HI-
AOS is crucial to understanding and controlling the phenomena of
HI-AOS. The phenomenological damping constant couples the spin
system to electronic temperature, and it transfers the thermal energy
between these subsystems. To comprehend the impact of the damping
parameter on HI-AOS, we apply an element specific damping to both Co
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Fig. 4. The element specific magnetization dynamics of Tb,sCo,, for the different A., values at a fixed fluence of 40 mJ/cm? and a pulse duration of 50 fs. (a) ic, = 0.005, (b)
Aco = 0.01, (c) A¢, = 0.015, (d) Ac, = 0.02,(e) i, = 0.025, (f) Ac, = 0.03, (&) ¢, = 0.035, (h) Ac, = 0.04, (i) Ac, = 0.045, and (j) ¢, = 0.05. Black and Red lines represent

Co and Tb magnetization, respectively.
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Fig. 5. Switching diagram of Tb,Co,y,_, with x = 18 to x = 32 for different A, values. The red colour indicates the regions with a deterministic HI-AOS, and blue stands for

the region with no HI-AOS.

and Tb sublattices. In the previous section, we assigned equal damping
to both sublattices. Here, we kept the damping constant of Tb at 0.05,
and that of Co varied from 0.005 to 0.05. Fig. 4 shows the element spe-
cific magnetization dynamics of TbygCo,, for the different 1., values at
a fixed fluence of 40 mJ/cm? and a pulse duration of 50 fs. The results
show that no HI-AOS happens below the value of A, = 0.02. For each
case showing HI-AOS, we have estimated the threshold energy for HI-
AOS to take place. Fig. 5 shows the switching diagram for the different
A¢, values at different compositions of Tb,Co,,_,, where x ranges from
18% to 32%. As in the previous case, we do not observe HI-AOS for
Tb,gCog,; for all other compositions, we observe a deterministic switch-
ing. Switching occurs at high 4., values at low Tb concentrations, and
it shifts to the lower side as Tb concentration increases. The results
show that critical fluence (F,) values decrease as A, increases. As
mentioned before, the phenomenological damping constant couples the
spin system to the electron temperature (T,); therefore, an increase in
the damping parameter increases electron-spin coupling. The increased
electron-spin coupling results in a faster transfer of thermal energy
from the electron to the spin system, which enables the stimulation

of magnetization reversal at lower fluences [26,27]. This observation
holds true for all compositions within the aforementioned range.

This study summarises the HI-AOS in amorphous TbCo theoretically
and defines a range of parameters that can show HI-AOS. To date,
there have been no reports on the experimental observation of HI-
AOS in amorphous TbCo. But single shot HI-AOS is observed in Tb/Co
multilayers having Tb/Co thickness ratio within the range of 1.3-
1.5 [21], but the study lacks the time dynamics of the magnetization
reversal. A Ceballos et al. [23] studied HI-AOS in Gd,,_,Tb,Co;g, and
HI-AOS is observed up to x = 18%. Only a thermal demagnetization
is observed in T'b,,Co4. S Alebrand et al. [35] investigated HI-AOS in
amorphous TbCo for three different compositions, and they observed
only a transient magnetization reversal. Here, in our study, we in-
vestigated the HI-AOS in amorphous TbCo over a large composition
and fluence range. Also, we show the role of damping in HI-AOS.
Since the magnetic properties of RE-TM are tunable by controlling their
composition and growth conditions, proper engineering of the material
system can help to observe HI-AOS in Tb based material. Therefore, the
parameter space that we defined here can guide future experiments in
this direction.
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4. Summary

In conclusion, a theoretical model based on atomistic spin dynamics
simulations has been constructed to investigate the laser induced mag-
netization dynamics in amorphous Tb, Co,,_, alloys. With this model,
we performed a series of simulations to investigate the possibility of
HI-AOS in Tb,Co,,_, with x ranging from 18 to 36, and hence to find
the range of the parameter, it can show HI-AOS. The results show that
the HI-AOS is possible in amorphous Tb,Co,,_, alloys for the range
of Tb concentration x = 20 to x = 32 with a 50 fs laser pulse, and
only a thermal demagnetization is observed for the compositions x =
18, x = 34, and x = 36. For each composition, we have calculated
critical laser fluence at which it shows a deterministic magnetization
switching, and it is found that higher laser fluences are required to
switch the magnetization at a lower Tb value, and it decreases as
Tb concentration increases. We attribute this decrease in F, to the
increase in the number of antiferromagnetic interactions and also to the
reduction of ferromagnetic interaction at Co sites as Tb concentration
increases.

Further, to understand the role of the damping parameter on HI-
AOS, element-specific damping is applied to both sublattices, and the
damping parameter of Co is varied from 0.005 to 0.05 while keeping
that of Tb at 0.05. Results show that the damping parameter strongly
influences HI-AOS, and higher damping values are critical for HI-AOS.
At lower A, values, higher laser fluences are required to observe HI-
AOS, and F, values decrease as A, values increases. This decrease in F,
values with A, is valid for all the compositions. The threshold values of
Ac, to observe HI-AOS decreases with the increase in Tb concentration.
We attribute the decrease in F, with the increase in 4., values to the
enhanced electron-spin coupling, which speeds up the energy transfer
from the electron to the spin system.
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