Materials & Design 261 (2026) 115314

aterials

BESEN

Contents lists available at ScienceDirect

Materials & Design

journal homepage: www.elsevier.com/locate/matdes

ELSEVIER

Phase-field modeling of microstructure formation in FePt-C nanogranular
films sputtered on MgO

Yusuke Matsuoka® ®, Machiko Ode “®, Taichi Abe “®, Toshiyuki Koyama“®,
Yukiko K. Takahashi **”

@ National Institute for Materials Science, Sengen, Tsukuba 305-0047, Japan
b Research Institute of Electrical Communication, Tohoku University, Sendai 980-8577, Japan

ARTICLE INFO ABSTRACT

Keywords: This study investigates microstructure formation in FePt-C nanogranular films deposited on MgO substrates
Phase-field method during sputtering using the phase-field method, aiming to identify the key factors promoting the creation of an
Simulation

island-like microstructure, which is essential for the high recording density required in hard disk drives. Sim-
ulations reproduced the growth and coarsening of FePt grains, indicating that elastic-strain energy relaxation
contributes significantly toward the formation of well-isolated FePt islands. The addition of C as a segregant
shifts the position of the atoms supplied by sputtering closer to the top surface of the FePt grains, promoting their
vertical growth. Furthermore, the film microstructure varies with the sputtering rate: lower rates result in coarser
structures, whereas higher rates result in finer structures, albeit at the risk of grain coalescence. The results of this
study suggest that the final microstructure is determined by the interplay of energetic and kinetic factors, spe-
cifically the interfacial and elastic strain energies and the diffusion and sputtering rates. These findings will

L1, FePt film
Magnetic thin films
Heat-assisted magnetic recording

enable the formulation of fabrication strategies for optimal high-performance FePt magnetic recording films.

1. Introduction

Rapid advancements in artificial intelligence (AI) technology have
led to an unprecedented increase in the amount of data handled by
humans, resulting in increased demand for data centers. The significant
power consumption of these data centers is emerging as a critical issue.
Global data-center power consumption is predicted to reach 945 TWh by
2030, which is more than double that of 2024 [1]. Therefore, improving
energy efficiency is a critical issue that should be addressed urgently.
Because most data are stored on hard disk drives (HDDs), improving
their energy efficiency per unit capacity is crucial for reducing the
overall data-center power consumption. Consequently, the development
of next-generation HDDs is being actively pursued at present.

Heat-assisted magnetic recording (HAMR) media using L1¢-ordered
FePt as a magnetic recording medium are emerging as promising solu-
tions to the data center power-consumption issue [2]. The strong mag-
netic anisotropy of L1o-FePt ensures high magnetic stability for small
grains, enabling the magnetic recording layer to show a high grain
density. This improves the magnetic recording density and power
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efficiency per unit capacity of the device. Efforts are currently underway
to manufacture systems with a recording density of 4 TB/in%; such sys-
tems are required to exhibit an FePt grain density of 24T/in? [2].

The magnetic recording layer in HAMR HDDs consists of an FePt-X
film comprising uniformly dispersed FePt grains surrounded by a
segregant (X) [3]. FePt-X film fabrication typically involves deposition
on MgO substrates via sputtering [3,4]. The microstructure of a system
with high recording density shows certain specific characteristics, such
as a small FePt grain diameter (D), high grain height (h) to grain
diameter aspect ratio (h/D), and high grain-size uniformity (s). For
instance, a system with a recording density of 4 TB/in? must exhibit D <
4.3nm, h/D > 1.6, and 6 < 10-15 % as well as the good L1 ordering of
FePt grains and an out-of-plane [001] texture [2,5].

Multiple studies have attempted to meet these requirements by
focusing on optimizing the sputtering process [6-9] or exploring new
substrate [10-15] and segregant [3,4,6,12,16-18] materials. Among
them, a study by Perumal et al. represents a major breakthrough in this
field; it reports that co-sputtering FePt and C on MgO substrates results
in fine and uniform FePt nanogranular films [3]. Subsequent studies
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have investigated various segregant materials. A study by Shiroyama
et al. investigates the use of several metal oxides (MO,) as segregants
and examines the microstructure and magnetic properties of the resul-
tant films [16]. Recently, Xu et al. reported the synthesis of fine, uniform
structure films with a boron nitride (BN) segregant [6].

Different substrate materials have also been actively investigated. A
study by Sepehri-Amin et al. investigating MgAl,04 substrates reports
that the choice of the substrate material significantly influences the final
magnetic properties of FePt-C films [11]. Studies examining other sub-
strates, including MgTiO/MgTiON [12], CrX (X = Ru, Mo, W, Ti) [18],
TiN/RuAl [13], MgON/NiO [15], and SrTiO3/MgAl»04/TiO2 [14],
indicate that the surface energy of the substrate and FePt-substrate
lattice mismatch affect the microstructure of FePt nanogranular films.

Besides the identification of new materials for manufacturing FePt
thin films, research on process optimization is being actively pursued at
present. According to Perumal et al., the amount of C added as a
segregant alters the size of FePt grains and the degree of L1 ordering in
FePt [3]. Suzuki et al. report that low-temperature deposition during the
initial stage of the sputtering process promotes the nucleation of FePt
grains, resulting in films with a fine microstructure [7]. These previous
studies indicate a high degree of freedom (in terms of material selection
and process optimization) in the synthesis of FePt nanogranular thin
films. An accurate understanding of these phenomena is essential for
effectively exploring relevant processes and materials.

Experimental studies provide significant insight into microstructure
formation in nanogranular FePt films. However, experimental methods
are associated with inherent limitations, and relying solely on them
could lead to incorrect results. For example, due to the difficulty of in-
situ observation, it is experimentally challenging to differentiate be-
tween FePt grain coarsening and coalescence. This complicates process
optimization for grain refinement. Furthermore, the physical properties
of the substrate and segregant (such as lattice constants and surface
energy), which are believed to influence microstructure formation
[11,12,14,15], cannot be independently varied experimentally. Conse-
quently, despite several attempts [14,15], the individual contributions
of these factors toward microstructure formation have not been
completely elucidated to date. Another limitation of experimentation is
the difficulty in characterizing stress fields. Although elastic strain is
believed to play a key role in microstructure formation, the relationship
between the stress fields induced within FePt nanogranular films and the
resulting microstructure remains unexplained because the direct
experimental observation of stress fields is challenging. To overcome
these limitations, developing a numerical simulation model capable of
reproducing the temporal evolution of the microstructure and associated
stress fields during the deposition of FePt-X nanogranular films is vital.

The phase-field (PF) method has emerged as a powerful tool for
predicting the complex microstructural evolution of numerous materials
[19-23]. This method can simulate a wide range of phenomena that
occur during microstructure formation, including spinodal decomposi-
tion [23], alloy solidification [20], grain growth in polycrystalline ma-
terials [20], and elastic interactions between precipitates [21,22].
Microstructure formation in thin films has been extensively studied
using the PF method [24-27]. Yeon et al. first simulated the evolution of
a thin-film structure, particularly the adsorption and diffusion of atoms
in a sub-monolayer film, using the PF method [27]. Wang et al. simu-
lated the formation of a three-dimensional (3D) island-like structure on
a substrate during annealing driven by elastic-strain energy relaxation
[25]. Takaki et al. investigated the self-organization of quantum dots
during film deposition [24]. Studies on FePt magnetic recording media
have also been conducted. Koyama et al. modeled microstructure for-
mation in FePt-X films as the phase separation of FePt and the segregant
X [28]. Liu et al. investigated the effect of interfacial energy anisotropy
on the microstructure of FePt-X films [29]. Ren et al. evaluated the effect
of the misfit strain between FePt and the substrate on microstructure
formation [30].

However, previous studies on microstructure formation in FePt-X
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films model the formation of island-like structures as phase separation
occurs through post-deposition annealing. Consequently, these models
do not account for microstructural evolution during sputtering.
Numerous studies indicate that the microstructure of FePt-X films
evolves during sputtering [14]. As sputtering continuously supplies
atoms, a model accounting for this continuous influx is necessary to
accurately reproduce the microstructural development of FePt-X films.
We analyzed FePt-X thin film growth using a phase-field (PF) model that
explicitly incorporates the externally supplied atomic flux characteristic
of the sputter deposition process. This approach represents the first
attempt to physically and realistically reproduce the actual process in
which the FePt-X nanogranular microstructure forms during film
growth, thereby enabling a more accurate prediction of the temporal
evolution of the microstructure. The simulation model, verified by
comparison with experimental results, generated results consistent with
experiments regarding the morphology and size of the microstructure.
Based on the validated model, a series of computational experiments
were used to elucidate the mechanisms governing the formation of FePt
islands. Furthermore, the relationship between stress fields and micro-
structure, the role of C as a segregant, and the influence of the sputtering
rate on microstructural evolution were investigated. The insights gained
from this study provide a clear guideline for material/process design
aimed at achieving optimal microstructures in nano-granular films.

2. Methods
2.1. Experimental method

FePt-C films (4.5 nm thick) were synthesized using an ultrahigh-
vacuum co-sputtering machine with a base pressure of ~107® Pa. In
many studies, FePt-C films are deposited in the temperature range of
400-600 °C to achieve high L1y ordering and grain density
[9,10,12,14,15,17,31]. Following this common practice, all films were
deposited on MgO (001) single crystal substrates at 500 °C. The volume
fraction of C, which was varied from 25 % to 40 %, was controlled by the
deposition rate. A C capping layer (5 nm thick) was deposited at 25 °C.

A Titan G2 80-200 instrument (FEI) with a probe aberration
corrector was used for microstructural analysis. Transmission electron
microscopy (TEM) samples were manufactured by etching with a
mixture of sulfuric and phosphoric acid.

2.2. Calculation model

The PF method [19-22,25] was used to model microstructure for-
mation during the deposition of FePt-C thin films on MgO.

The local volume fraction f,, values of the phase p were used as field
variables. Here, p = 1, 2, 3, and 4 correspond to vacuum, FePt, C, and
MgO respectively. The volume fractions satisfy the condition 23:1 fo =
1. Experimental studies on FePt-C films deposited on MgO substrates
have shown that the solubility of C in FePt and the interdiffusion of
elements between FePt and MgO are negligibly small [12,17]. There-
fore, the mutual solubility among the FePt, C, and MgO phases is ignored
in the calculation. In this model, FePt is assumed to be ordered into the
L1y structure immediately after deposition; therefore, it is treated as an
L1 structure with the c-axis oriented in the film-thickness direction.

The governing equation for f, can be expressed as the Cahn-Hilliard
equation with an additional convection term, as follows:

W o~ 5Gsys of
atv(qz;Mpqv(éfq +Bsyo €h)

Here, M, is the diffusion mobility, G is the total Gibbs energy of
the system, B denotes the sputtering rate. The term s, is the “sputtering
composition,” which represents the volume ratio of materials supplied
to the film surface and corresponds to the final film composition. The
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conditions s; =—1 and Z _,Sp =1 ensure that the vacuum region is
replaced by the deposited materials as sputtering progresses. The first
term on the right-hand side, representing the diffusion of atoms
constituting the film, contributes toward reducing the free energy of the
system. The second term represents the supply of atoms by sputtering.
The treatment of this term extends the formalism used in PF models for
thin-film deposition developed by Takaki et al. [24] to a multi-
component system. This formalism considers the process where atoms
impinging along the z-direction are supplied to the interface between
the vacuum and solid phases. The diffusion mobility M,, can be defined
as follows:

1 1
1 - =
2 2 0
1 1
—~ 1 -0
1 1
—~ = 1 0
2 2
0O o0 0 O

where M is a constant that scales the entire diffusion rate. The diffusion
mobility My, is set to 0 when p = 4 or q = 4 because the MgO substrate is
reported to maintain its initial plane throughout the deposition process
[81.

The total Gibbs energy can be expressed as follows:

Gsys = Gchem + Ggrad + Gstr (3)

where Gehem, Ggrad, and Gy are the chemical, gradient, and elastic strain
energies, respectively. The chemical energy can be expressed as follows:

4 4

4 4 4
Genem =2 Y Lafifi +3°> 0 > > Lfifif? )]

p=1 gq=p+1 p=1 q=p+1 r=q+1

where L,; denotes the height of the barrier potential between the two
phases and L3 is the potential barrier height among the three phases. The
gradient energy can be expressed as follows:

4
grad - §

p=1 q=p

e

Kpq (V) (Vfg) %)

1

hd

where k,q is the gradient energy coefficient.

To reproduce the surface/interface energy yq at a two-phase inter-
face with an equilibrium profile, the values of L,4 and x4 are determined
using the following equations:

3tanh™'(1 — 24)
pq = 4d,, pq ©)
d,

Kpg = L ™
4tanh™'(1 — 2&)

where d,q is interface width and 4 is the interface cutoff [32].

The elastic strain energy can be expressed as follows:

1

Gy = E/Cijkl(gij - 33)(8“ —e)dr @®)

Here, Cy, is the elastic constant, ¢; is the total strain, and 6‘2 is the
eigenstrain. The total strain is calculated by solving the mechanical
equilibrium equation using the iterative perturbation method [33].

As indicated by Wang et al.,, a negative Cj;, causes numerical
instability in micromechanical simulations [25]. This is often a problem
in calculations involving vacuum regions because areas with negative
Cijxy may appear owing to numerical errors. According to Wang et al.,
this problem can be overcome by introducing interpolation functions
that suppress the negative Cyx. Then, the material density p (p; = g(fi +
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f3), po = g(f2) and p; = g(fa)) defined using the interpolation function g,
which ensures that negative Cjj; do not occur, was adopted in this study
[25].

0 iff<o0,
g(f) =4 f if0sf<l, 9
1 ifl<f.

Using the material density, the elastic constant can be expressed as
follows:

Cijia = Z Cgsz’ )

where G, it 1S the elastic constant of phase p. The literature values of the

elastic constants of L1¢-FePt and MgO were used in this study [34-40].
The elastic constant for vacuum was set to zero. Since C is deposited as
an amorphous phase in FePt-C thin films [41,42], it is incoherent with
surrounding crystal phases and with itself. Therefore, the amorphous C
phase is expected to interrupt stress transfer across different atomic
layers by disrupting lattice continuity [43]. To reproduce this physical
role of C within our model, its elastic modulus was set to zero. It should
be noted that this numerical treatment represents the stress relaxation
caused by lattice incoherency and does not assume that the actual elastic
constant of amorphous C is zero. Consequently, C was treated by the
same material density as vacuum (p; = g(f1 + f3)) to avoid a negative
Cijt-
The eigenstrain ¢, can be expressed as follows:

& = Zeo Py (10)
1, 0 0
el = 65)2) =al 0 n, O an
0 0 7
00O
=0 0 0 (12)
00O
7, = Qrept — AMgO (13)
Qavgo
7 = Crept — AMgo (14)
Qamgo

where we introduced the parameter a to control the magnitude of lattice
misfit. apeps, Crept, and amgo are the lattice constants of L1o-FePt (those
with an FePt subscript) and MgO (those with an MgO subscript). During
FePt deposition on MgO, misfit dislocations are introduced at the FePt/
MgO interface, relaxing the strain due to lattice misfit [11,12,14]. To
reproduce this effect, the misfit was effectively reduced using the coef-
ficient a (0<a<1).

2.3. Calculation conditions

A plan view of the initial FePt nucleus microstructure is shown in
Fig. 1 (a). The red, green, and blue regions represent the phases: L1,-
FePt, MgO, and C, respectively. In the initial stage of FePt film sput-
tering, fine FePt grains were uniformly dispersed on the MgO substrate
[7]. Therefore, randomly dispersed FePt nuclei of the minimum size that
are not unstable were used as the initial film. To generate the initial film
microstructure, a two-dimensional phase-separation simulation of the
FePt-70 % C film was conducted using the first term on the right-hand
side of Eq. (1). A 1.0 nm-thick initial film placed on a 21 nm-thick
MgO substrate was used as the initial field for subsequent simulations
(Fig. 1 (b)). Notably, the individual thicknesses of the FePt and C phases
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@) FePt

(b)

vacuum

Initial film
(mean 1 nm)

Fig. 1. Microstructure of the initial film (a), and schematics of the initial field
used in simulations (b).

were adjusted independently to match the initial film composition to the
sputtering composition s, while maintaining a mean film thickness of 1
nm. Table 1 lists the parameters used in this study. The values of the
lattice constant ap, elastic constant C{j-, and surface energy of FePt ygep;-
vac and MgO ymgo.vac Were adopted from the literature [34-39]. In the
literature, the surface energy of C yc.vac is a very small value (0.046
Jm™2) [40], which induces numerical instability during the simulations.
To avoid this issue, a relatively large value, calculated as 1/10 of ypept-
vac, was used in simulations. Values for the diffusion mobility M, misfit
parameter a, and interfacial energy y,q were not found in the literature.
Therefore, these parameters were adjusted to quantitatively reproduce
the experimental microstructures. In addition, periodic and zero Neu-
mann boundary conditions were employed in the in-plane and out-of-
plane directions of the film, respectively, during simulations.

Table 1
Parameters used in simulations.

96 x 96 x 32 -
192 x 192 x 64 —

Simulation area (nm)
Computational cell
dimensions

Mobility, Mo/m®s~1J~!

Sputtering rate, B/nm s~

3.37 x 107%°
1.60 x 1072

Surface energy, 7pvac/Jm > yreptvac = 2.10, ycwac = 0.21, rmgowac = [36,39]
1.16
Interface energy, yp_q/Jm’2 Yrept-c = 2.10, yrept-mgo = 0.58, ycmgo = -
1.16
Potential barrier, L3/Jm 3 1.73 x 10° -
Interface cutoff, 1 0.1 [32]
Interface width, dp,/nm 1.5 -
Lattice constants, ap, c,/nm apepy = 0.3849, cpepr = 0.3700, amgo = [34,35]
0.4212
Elastic constants, C/GPa CESPt = 261, G5 = 299, CI5™ = 169, [37,38]

Misfit coefficient, a

Cis™ =151, C4§™" = 103, Cie™* = 133,
CYiE° = 297.8,CY%$° = 97.0,CYF° = 156.3
0.7
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3. Results

The temporal evolution of the film microstructure during the sput-
tering of FePt-35 %C is shown in Fig. 2. The 3D view, plan view on the
[001] direction, and cross-sectional view of the (010) plane along with
the mean film thickness at each point of time are demonstrated. With
progress in sputtering, the film thickness increases with increasing
supply of atoms onto the film surface. Consequently, the FePt grains
increase in size through both growth and coalescence, ultimately
forming an island-like structure. A TEM micrograph of the experimen-
tally fabricated 4.5 nm-thick FePt-35 %C film is shown in Fig. 3. Both
calculations and experimental results indicate a well-separated island-
like structure of FePt grains in this film. Interestingly, the simulation
results reproduce the experimentally observed rounded squareness of
the FePt grains and their periodic arrangement along the [100] and
[010] direction. According to the literature, elastic anisotropy in-
fluences the in-plane anisotropy of thin-film microstructures [26], while
surface-energy anisotropy affects FePt-C nanogranular films [31]. As the
PF model used in this study assumes isotropic surface and interfacial
energies, the anisotropy observed in the simulations can be attributed to
the elastic anisotropies of MgO and FePt. It is noted that this result does
not deny the contribution of surface energy anisotropy to the morpho-
logical anisotropy in actual microstructures. During the time evolution
of the thin-film microstructure, the FePt grains grow in size owing to
coarsening and coalescence with progress in sputtering (Fig. 2(a—d)).
Simulations and experiment indicate a final average grain diameter of
12.4 nm and 9.2 nm, respectively. While our results successfully
reproduce the characteristic microstructures, there are slight quantita-
tive discrepancies in grain size. These differences can be attributed to
simplifications in the simulation model. For simplicity and to keep
computational costs reasonable, we did not consider factors such as
surface energy anisotropy and surface diffusion, which are thought to
influence microstructure formation. These omitted factors could be
responsible for the observed discrepancy. Moreover, simulations indi-
cate that adjacent FePt grains are connected as they grow, forming
irregular L- or U-shaped grains, consistent with experimental observa-
tions (Fig. 3) and the literature [7-10,15,17,31]. Thus, according to
simulations, the coalescence of multiple FePt grains is the main factor
affecting the formation of irregularly shaped grains that are unfavorable
for magnetic recording.

In addition, simulations show that the height of the FePt grains at the
end of sputtering is greater than that of the C segregant, indicating the
preferential growth of FePt grains in the vertical direction (Fig. 2(d)).
This phenomenon, the cause for which is discussed in Section 4.2, is
expected to contribute toward the formation of island-like structures by
suppressing growth in the lateral direction.

The stress field calculated inside the film of Fig. 2 (d) is represented
as Fig. 4. The stress-field cross section lies on the (010) plane, and the
stress acting along the [100] direction on the (100) plane (611) is shown
in this figure. The tensile and compressive stresses are marked in red and
blue, respectively. Because of the diffused interface treatment in the PF
model [44], the local volume fraction of each phase changes continu-
ously across the interface, resulting in a slight penetration of the
calculated stress values at the interface region. The stress observed in the
C and vacuum regions is a calculation artifact. The in-plane lattice
constant of FePt (agepy = 0.3849 nm) is smaller than that of MgO (amgo
= 0.4212 nm); consequently, tensile stress develops in the FePt grains. A
lattice mismatch between FePt and MgO (7, = —8.7 %; considered as
—6.1 % in calculations after multiplication with the misfit strain coef-
ficient a) leads to large peak stresses (>10 GPa) within the FePt grain.
Compressive stress occurs in MgO in contact with FePt, while tensile
stress arises on the surface of MgO that is not in contact with FePt, likely
because the compression of the MgO lattice in contact with FePt causes
the adjacent MgO lattice to experience tensile strain. Stress analysis
within the FePt grains indicates that the tensile stress decreases with
increasing distance from the MgO substrate, likely because the stress,
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FePt-35%C 1.5 nm (1.6 min) FePt-35%C 2.5 nm (2.6 min) FePt-35%C 3.5 nm (3.7 min) FePt-35%C 4.5 nm (4.7 min)
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Fig. 2. Simulation results of the microstructure evolution of FePt-35 %C films with a thickness of (a) 1.5, (b) 2.5, (c) 3.5, and (d) 4.5 nm. The 3D, in-plane projection,
and cross-sectional views are shown. The red, green, and blue regions represent L1o-FePt, MgO, and C, respectively. C is not shown in the in-plane projection for
clarity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

FePt-35%C 4.5 nm (4.7 min)

| S

Fig. 3. TEM micrography of a 4.5 nm-thick FePt-35 % C film deposited on an
MgO substrate at 500 °C.

L ‘ X VY ke ‘,"

which originates from the lattice mismatch between FePt and MgO,
diminishes with increasing distance from the interface between these
phases. The tensile stress within FePt grains is considered the primary
driving force for L1j ordering and its variant selection [18]. Therefore,
these results indicate a tradeoff: a high aspect ratio (h/D), which is
necessary for a high magnetic recording density, may prevent high de-
grees of Llg-ordering, which is also critical for a high magnetic

LA G o dl -

[001]

[010] [100] oy, direction
T I |
0 10 20

Stress, 0, / GPa

Fig. 4. The (010) cross-sectional view of the calculated stress field (¢11) for a
FePt-35%C film. The contours of FePt and MgO are superimposed. Positive and
negative values represent tensile and compressive stress, respectively.

recording density. Notably, in this study, the horizontally extended
grains exhibit high internal tensile stress, consistent with the predictions
of analytical studies [45] and simulations [25].

The microstructures of 4.5 nm-thick FePt-x%C films with C contents
of x = 40 %, 30 %, and 25 % are compared in Fig. 5. The TEM results of
experimentally fabricated films with the same compositions and thick-
nesses are shown in Fig. 6. In both simulations and experiments, the
sputtering rates were set to the FePt deposition rate used for the FePt-35
%C film (Fig. 2). Consequently, films with a higher C content were
deposited within a shorter time. Both simulations and experiments
indicate a reduction in the FePt grain size with increasing C content. This
aligns with previous reports [3,17] and confirms the ability of the
simulation to accurately reproduce the experimentally observed effect of
the C content in the films. Furthermore, films with a lower C content
exhibit a greater degree of grain coalescence, resulting in an increased
prevalence of grains with an irregular shape and high in-plane aspect
ratios. Collectively, these findings suggest that the PF model developed
in this study effectively simulates the essential features of microstruc-
tural evolution during the sputtering of FePt-C thin films.
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FePt-40%C 4.5
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nm (4.3 min) FePt-30%C 4.5 nm (5.1 min) FePt-25%C 4.5 nm (5.4 min)

7

Fig. 5. Simulated microstructure of (a) FePt-40%C, (b) FePt-30%C, and FePt-25%C films. The 3D, in-plane projection, and cross-sectional views are shown. The red,
green, and blue regions represents L1o-FePt, MgO, and C, respectively. C is not shown in the in-plane projection for clarity. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

FePt-40%C 4.5 nm (4.3 min) FePt-30%C 4.5 nm (5.1 min) FePt-25%C 4.5 nm (5.4 min)

e 9 Wirgi/

i"w ™ T

' -
§ ] 4
il

T

Fig. 6. BF-TEM images of 4.5 nm-thick (a) FePt-40 %C, (b) FePt-30 %C, and (c) FePt-25 %C films deposited on an MgO substrate at 500 °C.

4. Discussion

Microstructure formation in FePt-C nanogranular films is a complex
phenomenon influenced by numerous factors, such as the lattice con-
stant and surface energy of the substrate [11,12,14,15]. Many of these
conditions, which depend on material properties, are difficult to change
independently in experiment. In the previous section, the simulation and

experimental results for four FePt-C films are described, and the pro-
posed simulation model is validated by comparing the simulated and
experimental film microstructures. In this section, the validated model is
used to discuss the influence of several factors, namely, elastic strain,
segregant addition, and sputtering rate, on the formation of island-like
structures in FePt films.
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4.1. Influence of elastic strain energy

Calculations setting the misfit parameter a in Eq. (11) to O, effec-
tively ignoring the elastic strain energy, were used to investigate the
influence of the elastic strain energy resulting from lattice mismatch
between the substrate and FePt. Since the model considers only elastic
and surface/interface energies, microstructure evolution is driven solely
by the surface/interface energy under these conditions. The temporal
evolution of the microstructure of FePt-35 %C obtained from this
simulation (Fig. 7) indicates the formation of a coarse network-like
structure in which adjacent FePt grains are connected; this behavior
differs from that observed when the elastic strain energy is considered
(Fig. 2). These results suggest that elastic strain energy contributes to the
formation of a uniform, fine island-like microstructure, while surface/
interface energy drives coarsening.

Schematics of the stress induced in a FePt-C nanogranular film
deposited on MgO are illustrated in Fig. 8. As shown in Fig. 4, the stress
generated within the FePt grains decreases with increasing distance
from the FePt/MgO interface. This allows FePt to effectively relieve
elastic strain energy by prioritizing vertical growth. This phenomenon is
confirmed by the observation that the grains extending horizontally in
Fig. 4 experience significant tensile stress. Therefore, from an energetic
perspective, vertically elongated structures are more stable because
lower stresses correspond to lower elastic strain energy.

Importantly, the MgO-substrate surface that is not in contact with
FePt experiences tensile stress (Fig. 4). In these regions, the MgO lattice
expands owing to elastic strain, increasing the lattice mismatch with
FePt. As a consequence, the formation of a new FePt/MgO interface in
these regions is associated with a significant increase in elastic energy;
thus, such interface is unlikely to form. This effect is expected to sup-
press the coalescence of adjacent FePt grains, contributing toward the
formation of a fine and uniform island-like microstructure.

In summary, the elastic strain energy simultaneously promotes the

FePt-35%C 1.5 nm

FePt-35%C 2.5 nm
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FePt C

FePt C

Fig. 8. Schematics of stress generation caused by lattice misfit between FePt
and MgO in the island-like film microstructure. Yellow and purple arrows
indicate tensile and compressive stress, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

preferential vertical growth of FePt grains and inhibits their coalescence,
likely contributing toward the formation of an island-like microstruc-
ture, which is crucial for a high magnetic recording density. This
mechanism resembles the Volmer-Weber growth mode of single-phase
films [46]. Although FePt-C films are multiphase, the absence of
elastic influence from amorphous C enables the system to exhibit a
growth mechanism similar to that of single-phase films.

4.2. Influence of C addition

The addition of C as a segregant to refine FePt grain size represents a
significant breakthrough in the development of FePt-based magnetic
recording media [3]. This section discusses details of the effects of C
addition on the microstructure formation. Simulations indicating the

FePt-35%C 3.5 nm FePt-35%C 4.5 nm

Fig. 7. Simulation results of the microstructure evolution of FePt-35 %C films with a thickness of (a) 1.5, (b) 2.5, (¢) 3.5, and (d) 4.5 nm when elastic strain energy is
not considered. The 3D, in-plane projection, and cross-sectional views are shown. The red, green, and blue regions represents L1,-FePt, MgO, and C, respectively. C is
not shown in the in-plane projection for clarity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)



Y. Matsuoka et al.

temporal evolution of the microstructure of a film without the C segre-
gant are shown in Fig. 9. In these simulations, the amount of sputtered
FePt and the deposition rate of FePt were set to be the same as those used
for the FePt-35 %C film (Fig. 2). In the early stages of deposition (Fig. 9
(a—c)), island-like structures are formed, consistent with the simulation
results with C addition shown in Fig. 2. However, the final microstruc-
ture (Fig. 9 (d)) differs from that simulated with C addition (Fig. 2 (d)).
The average FePt grain size in the absence of C is significantly larger
than that with C addition. Moreover, a large portion of FePt grains shows
an elongated and irregular shape without C addition. A comparison of
Fig. 9 (c) and (d) indicates that these grains are formed by the coales-
cence of adjacent grains. These results suggest that the addition of C
suppresses FePt grain coalescence and refines the grain size. Thus, in
addition to the relaxation of the elastic strain energy, the C segregant
plays an important role in suppressing the coalescence of FePt grains and
promoting the formation of well-separated, uniform island-like
structures.

The PF model evolves systems to minimize their total Gibbs energy.
The observed effects of C addition can be attributed to changes in the
surface, interface, and elastic energies induced by C segregation. How-
ever, these energy changes are unlikely to significantly affect micro-
structure formation in our simulations. As listed in Table 1, the
interfacial energies between FePt and C and between MgO and C are set
equal to their respective surface energies (yrept-vac = 7Fept-C> ¥Mg0O-vac = YC-
Mgo) in the simulations, and the surface energy of C (yc.vac = 0.21 Jm™2)
is significantly lower than those of the other phases. Moreover, as out-
lined in the Computational Methods section, C and vacuum are treated
equivalently in elastic-strain energy calculations; i.e., C is considered
energetically equivalent to vacuum in the proposed model. Therefore,
the observed differences in microstructure arising from the presence or
absence of C grain boundaries are unlikely to be attributable to modi-
fications in the surface or elastic strain energy.

A plausible explanation for the effect of C addition is that C alters the

FePt 0.975 nm (1.6 min)

FePt 1.625 nm (2.6 min)
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diffusion paths of Fe and Pt atoms in the system (schematics are shown
in Fig. 10). In the absence of C, FePt atoms deposited via sputtering are

(b) .

Fig. 10. Schematics of diffusion-path changes caused by segregant addition.

FePt 2.275 nm (3.7 min)
it N

©J

FePt 2.925 nm (4.7 min)

(d)|

Fig. 9. Simulation results for the microstructure evolution of a film without segregant addition with a thickness of (a) 0.975, (b) 1.625, (c) 2.275, and (d) 2.925 nm.
The 3D, in-plane projection, and cross-sectional views are shown. The red and green regions represent L1,-FePt and MgO, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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supplied to either the existing FePt grains or the MgO substrate. For the
vertical growth of FePt, the atoms supplied to the MgO substrate must
diffuse over a long distance, as shown in Fig. 10 (a). In contrast, on C
addition, Fe and Pt atoms are supplied to the C surface rather than the
MgO substrate. This shortens the diffusion distance required for vertical
growth, as shown in Fig. 10 (b), promoting vertically oriented growth.

This mechanism is applicable to the system, regardless of the type of
material used as the segregant. However, previous studies indicate that
the choice of the segregant material affects the FePt microstructure
significantly [3,4,6,12,16,17]. For example, according to Shiroyama
et al., using the metal oxide MO, (M=Nb, W, Zr, Al) as a segregant can
lead to the formation of network-like structures, deteriorating the
magnetic properties of the system. Possible reasons for this phenomenon
include changes in the lattice constant of FePt due to segregant-element
dissolution and a significant change in the surface/interface energy
balance. Systematic investigation of these factors, critical for segregant
material selection, will be key in future research.

4.3. Impact of sputtering rate

The governing equation (Eq. (1)) includes diffusion and sputtering
terms. The formation of an island-like microstructure occurs through
competition between the supply of atoms by sputtering and the transport
of these atoms by diffusion. Therefore, the relative rates of diffusion and
sputtering are expected to affect the final film microstructure. To
investigate this effect, microstructures derived from calculations with
different values of the sputtering rate B were compared. The simulation
results obtained by altering B from the baseline value listed in Table 1 (B

FePt-35%C 4.5 nm (7.5 min) FePt-35%C 4.5
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=1.60 x 1072 nm s’l) to 1.00 x 1072 and 3.20 x 1072 nm s~ ! are
shown in Fig. 11 (a) and (c); for comparison, the simulation results
obtained with the baseline value are shown in Fig. 11. In these calcu-
lations, the final film thickness and composition are set to the same
values as those used for the results shown in Fig. 2. A comparison of
Fig. 11 (a) with Fig. 11 (b) indicates that a reduction in the sputtering
rate from 1.60 x 1072 nm s™! to 1.00 x 1072 nm s ! results in a
reduction in grain density from 5100 to 4991 pm 2. This can be
attributed to grain coarsening owing to Ostwald ripening [47], which is
facilitated by the extended deposition time. Conversely, an increased
sputtering rate induces significant grain coalescence, resulting in a
network-like structure (Fig. 11 (c)). This can be attributed to the
insufficient diffusion time available for the formation of energetically
stable island-like structures. During the sputtering of FePt-C films, atoms
are supplied to the upper surfaces of the existing FePt grains and the C
segregant. Driven by Gibbs energy minimization (as described in the
first term in Eq. (1)), the supplied Fe, Pt, and C atoms undergo diffusion.
As previously discussed, island-like structures are energetically favor-
able for relieving elastic strain; thus, an island-like structure forms when
sufficient diffusion time is available. However, with limited diffusion
time, a more energetically unstable fine network-like structure that re-
quires less diffusion time for formation develops. Previous studies report
the formation of similar network-like structures on low-temperature
sputtering [7]; this can be attributed to slow diffusion at low tempera-
tures, which prolongs the time required to form energetically stable
island-like structures, resulting in the observed network morphology.
These findings suggest that an optimal sputtering rate exists for the
production of uniform fine-grained FePt. Sputtering at a high rate that

nm (4.7 min) FePt-35%C 4.5 nm (2.4 min)

Fig. 11. Simulation results for the microstructure evolution of a FePt-35 %C film with a sputtering rate of (a) 1.00 x 1072, (b) 1.60 x 1072, and (c) 3.20 x 1072
nms ™', The 3D, in-plane projection, and cross-sectional views are shown. The red, green, and blue regions represent L1y-FePt, MgO, and C, respectively. C is not
shown in the in-plane projection for clarity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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does not cause significant grain coalescence will be effective for fabri-
cating fine FePt grains. Due to the temperature-dependent diffusion rate,
the optimal rate increases with higher sputtering temperatures. These
results emphasize that both energetic and kinetic factors are important
for the formation of fine island-like structures in FePt films.

5. Conclusion

Microstructure formation in FePt-C nanogranular films on MgO
substrates during sputtering was modeled using the PF method in this
study. Calculations were used to elucidate the factors necessary for
forming well-isolated microstructures that are essential for high
recording densities. The conclusions of this study can be summarized as
follows:

e PF simulations accurately reproduced the experimentally observed
microstructures of FePt-C films with different amounts of C addition.
Calculations indicated that the relaxation of the elastic strain energy
plays a key role in the formation of island-like microstructures.

The addition of C as a segregant modifies the diffusion paths of the
atoms supplied during sputtering, contributing toward the formation
of an island-like structure by promoting the vertical growth of FePt
grains.

Increasing the sputtering rate relative to the diffusion rate results in
microstructural refinement; however, excessively high sputtering
rates can induce significant grain coalescence.

The results of this study provide insights into optimizing the condi-
tions for synthesizing high-performance FePt magnetic recording films.
Based on the findings, the following material selection and process
design guidelines were derived:

e Select a substrate material with the maximum lattice mismatch that
allows epitaxial growth.

e Use a segregant materials that do not exhibit coherence with the
substrate and FePt.

e Perform sputtering at the highest sputtering rate that does not cause
significant grain coalescence.

These guidelines are expected to contribute significantly to future
developments in magnetic recording media by enabling systematic
optimization of materials and processes.
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