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Abstract: L1j-FePt thin film has been considered as a promising material for ultrahigh density perpendicular magnetic recording

media. The texture type has a serious impact on the magnetic properties of L1¢-FePt thin films. In this study, the formation and

evolution mechanisms of texture were discussed. The Reuss-Voigt-Hill models were used to determine the anisotropic elastic

modulus of L1y-FePt thin film with fiber texture. Then the strain energy of thin films under various stress conditions were caclucated.

The results revealed the influence of stress condition on the fiber texture evolution. When the L1¢-FePt thin film was subjected to

compressive in-plane strain prior to ordering transformation, the {100} fiber texture will be encouraged. On the contrary, the

ordering transformation under tensile in-plane strain was promoted {001} fiber texture formation.
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In recent years, researchers have noticed that fiber texture
in thin films are critical for the performance control of func-
tional materials. Especially for L10-FePt thin film in perpen-
dicular magnetic recording hard disks, due to the <001 > axis
is the most easily magnetized axis, when L10-FePt thin film
has strong {001} texture, it can exhibit excellent perpendicu-
lar magnetic anisotropy to meet the application require-
ments[1]. As a result, the research on fiber texture of L10-FePt
thin film has attracted extensive attention. Many approaches
have been tried to produce L10-FePt thin films with strong
{001} fiber texture including: alternating deposition of Fe and
Pt, employing a single crystal substrate, adding seed lay-
er[2-5], magnetic field annealing and quick annealing[6,7],
and adjusting film thickness[8-10]. How to enhance the {001}
fiber texture in L10-FePt thin films has been the focus in most
of the existing studies, yet lacking in-depth theoretical studies
on the texture formation mechanism and texture control.

In thin films, the anisotropy of strain energy and surface
energy is primary factor inducing the preferred growth of
grains and the formation of fiber texture[11,12]. The elastic
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strain energy within thin films is intricately interconnected
with their stress-strain and susceptible to modulation by ex-
ternal factors. These influences primarily from the residual
strain present in as-deposited thin films, thermal strain result-
ing from disparities in thermal expansion coefficients between
the film and substrate materials, and strain induced by the
volumetric contraction of thin films due to defect annihilation
and grain growth[13]. In addition to the aforementioned forms
of strain, the strain caused by disorder-to-order phase transi-
tion exists in FePt thin films. FePt thin film is disordered FCC
structure in as-deposited state, which is subjected to ordering
transformation after annealing, thus forming ordered L10
phase with tetragonal structure. During the ordering transfor-
mation, the structure of FePt thin film changes, which gave
rises to the change in lattice constant so as to generate a
transformation strain. The stress state of FePt film will
strongly affect grain growth orientation, and influence the
formation of fiber texture.

Hence, the formation and evolution mechanisms of fiber
texture in L10-FePt thin films were systematically explored
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and discussed in this study. In detail, the anisotropic strain en-
ergy in L10-FePt thin films was calculated, and the influence
of the changes in external stress on their fiber textures was an-
alyzed, expecting to provide an effective reference for prepar-
ing L10-FePt thin films with strong {001} fiber textures.

1 Calculation Procedure

1.1 Anisotropic elastic modulus

Elastic modulus is anisotropic due to different interatomic
binding forces in different crystal orientations!'*). The anisotropic
strain energy in L1,-FePt thin films could be accurately calculated
only by calculating the elastic constant and elastic modulus of
different crystal planes in the films.

Reuss, Voigt and Hill models have been employed to calcu-
late the macro-elastic constant of polycrystals. Reuss model is a
iso-stress model after averaging the elastic flexibility coefficients
of all grains in different orientations. As for Voigt model (an
iso-strain model), the elastic rigidity coefficients of all grains in
different orientations are averaged. The elastic constants calcu-
lated by the above two models are the upper and lower limits of
actual value, between which, however, the real value falls. Hill
model expresses the elastic constant of a material by taking the
arithmetic mean of the results calculated by the above two mod-
elst],

Orientation distribution function (ODF), which describes the
three-dimensional spatial distribution of textures, is mainly ap-
plied to analyze the textures of various polycrystalline materials
at present. The elastic constant of anisotropic materials deviates,
to a great extent, from that of isotropic materials. Given this, ODF
could be used to calculate the elastic constant, denote the rela-
tionship between texture coefficient and elastic_constant, quanti-
tatively analyze the change in the elastic constant with the texture
and further clarify the stress-texture relationship in the FePt thin
film. As shown in Figure 1, the sample coordinate system Pi and
crystal coordinate system Ki of a polycrystalline film were de-
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Since the L1,-FePt thin film has a tetragonal structure with

a lattice constant of a=b#c, the transformation matrix ay
should be multiplied by a coefficient matrix T:

1 0 0
T= [0 1 0 ] 4
0 0 cl/a

1. Reuss model
Based on Reuss model, the average macro-elastic flexibility

1 27
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Where f(g) denotes the normalized ODF, and Q repre-
sents the orientation space of grains. The rigidity coefficient
under Reuss model could be obtained by finding the inverse
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fined to describe the crystal orientations in polycrystals. As for
the crystal coordinate system, a total of 3 mutually perpendicular
crystal orientations were chosen according to the crystal sym-
metry. In general, the crystal coordinate system did not overlap
with the sample coordinate system, and the included angle be-
tween the two was expressed by three Euler angles (¢, ¢, ¢y).
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Figure.1 Schematic diagram of crystal and sample coordinate system

of polyerystal

During calculation, the elastic constant needed to be trans-
formed from the crystal coordinate system to the sample coordi-
nate system via a transformation matrix, as follows:

1
Sijkl:aimajnakoalpsmnop 2
Where C’jq and S’j; represent the elastic rigidity coefficient

Cijklzaimajnakoalpcmnop

1

and elastic flexibility coefficient in the sample coordinate system,
respectively. Cpnop and Sy, stand for the monocrystal elastic ri-
gidity coefficient and monocrystal elastic flexibility coefficient in
the crystal coordinate system, respectively. a; (i, j=1,2,3) is a
transformation matrix from the sample coordinate system to the
crystal coordinate system. This transformation matrix was ex-
pressed by Euler angles to facilitate the integration of Euler space

in statistical calculation.
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coefficient S’y of polycrystal materials should be the proba-
bility weighted average of monocrystal elastic flexibility coef-
ficients (Synop) Of all grains based on their spatial orientation
distribution'"®.. The macro-elastic constant could be solved by
calculating the average value of elastic constants of all grains
in their testing orientations:

1 27w e (271 .
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In case that the material possessed an ideal fiber texture,
the above equation could be simplified as below:
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2. Voigt model

Similar to Reuss model, the average macro-elastic rigidity
coefficient was obtained by solving the probability weighted
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When the material was of an ideal fiber texture, one or two
among the three Euler angles (¢, ¢ and ¢,) were fixed, and
thenthe above equation was simplified into the following

form:
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Then, the transformation matrix a; was substituted into
Equations (7) and (9) to solve the elastic flexibility coefficient
and elastic rigidity coefficient of this material under the cor-
responding coordinate systems in the case of an ideal fiber
texture.

3. Hill model

Based on the results of Reuss and Voigt models, the
arithmetic mean of macro-flexibility coefficient and rigidity
coefficient of this material was solved as Hill approximate

value:
H 1|k =V 11 = 1=k sV 1!
Siji=3 {Sijk1+ [Cijkl }; Ciu=3 {Cijkl+ [Sijkl }; (10)

The expression of Hooke's law is as below:

gr=Cubyr & =Su0y )

Where Cjq is the elastic rigidity coefficient, which mani-

fests the relationship between two second-order tensors,

1
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average of monocrystal elastic rigidity coefficients of all
grains in the crystal coordinate system according to their spa-
tial orientation distribution. If the orientation correlation be-
tween adjacent grains, the grain shape and the intergranular
interaction were ignored, the elastic constant could be ex-
pressed as follows:

2x (7 (27 3
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namely, stress ¢ and strain &, generated inside the material
under stress conditions. Sy stands for the elastic flexibility

coefficient. The two matrices were mutually reversible to an
appropriate extent, i.e: S,-.-,\»;=[C,,-H]_1-
J il
After the subscripts of coefficients were simplified, the

above Hooke's law could be written into 0,=C,é, and

€,=S,0, (q, =1,2, 3, 4, 5, 6). The monocrystal elastic rigidi-

ty coefficient was assumed as C,,, and then C’, corresponding
to any orientation(¢;, ¢ and ¢,) could be obtained through the
transformational relation of tensors. Next, the dou-
ble-subscript matrix component of the rigidity coefficient was
reduced into a four-subscript tensor component and then sub-
stituted into the coordination conversion formula of tensors as
below:
Cl;r:C;jkl:aimajnakoalpcmnop (12)
S;;rzslijklzaimajnakoalpSmnop (13)
The elastic constants of monocrystal L1,-FePt materials
are listed in Table 17 On this basis, the elastic constants of
isotropic L1,-FePt materials under Reuss, Voigt and Hill

models could be solved (Table 2).

Table 1: Elastic constants of monocrystal L10-FePt materials (Cij/Gpa, Sijx10-3/ Gpa)

Cu Cp Cis Cs; (om Ceo

261 169 151 299 103 133

L1o-FePt Si Si2 Si3 S33 Sas Se6
0.007237 -0.00363 -0.00182 0.005183 0.009709 0.007519

Table 2: Elastic constants of isotropic L10-FePt materials (Cij/Gpa)

Model C11 C12

Voigt 249 169




Reuss
Hill

247
248.4

165
167

156
158.5

219
222.5

67
66

66
67




When a fiber structure was generated in the L1,-FePt thin
film, the Miller index (hkl) of crystal face could be determined
to express three Euler angles (¢, ¢, ¢»):

W W24k ]
’

1 .
=arccos =arcsim /
¢ Vh2+K3+12 s [\/ uZtvZi w2 b+

®,= arccos \/ﬁ

If the L1y-FePt thin film had the following ideal fiber
textures, its Miller index was substituted into Formulas (7), (9)
and (10) to acquire the following results (Table 3).

When the thin film material was isotropic, its biaxial
elastic modulus was correlated with Young's modulus and
Poisson's ratio. However, the effect of anisotropy must be
taken into account when fiber textures existed in the thin film,
that is, grains grew along a specific orientation or a specific
crystal face in grains was parallel to the surface of the thin
film. Under the sample coordinate system, the biaxial elastic

modulus M of the thin film could be expressed as below!™):

2c?
M:C11+C12'?1; (14)

Where the C coefficient could be transformed into the follow-
ing expression through Equation (13):
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According to the above formula, the elastic modulus of
L1y,-FePt film with ideal fiber texture can be obtained, as
shown in Table 4. According to  the calculation results,
L1,-FePt thin films presented evidently different elastic prop-
erties under different types of textures, indicating that the
elastic moduli of L1,-FePt thin films is intensely impacted by

the texture.

Table 3: Elastic constants of L10-FePt materials with (hkl) fiber textures (Cij/Gpa)

(hkD> Model Cu Cp, Cis Css (O Ces
Voigt 254.6 175.4 152.8 297 89.1 72.9
(001) Reuss 252 174.8 150.6 305 86.5 69.8
Hill 2533 175.1 151.7 298 87.8 71.5
Voigt 255.8 194.3 136.2 318.5 92.5 69.3
(110) Reuss 254.3 186.3 132.2 314.1 90.4 65.2
Hill 255.5 190.6 134.2 316.3 91.5 67.3
Voigt 263.6 208.3 111.1 374.5 76.8 66.5
(111) Reuss 261.4 203.5 107.4 370.1 74.8 63.8
Hill 262.5 205.9 109.5 3723 75.8 65.3
Voigt 260.6 170.4 160 261 74.2 70.9
(100) Reuss 257.7 167.3 158.6 257.5 72.6 67.4
Hill 259.15 168.6 159.3 2593 73.3 69.2
Voigt 257.1 199.3 126.9 342.9 75.1 67
(011) Reuss 255.4 195.6 123.2 339.7 73.3 63.4
Hill 256.3 197.5 124.6 341.3 74.2 65.2




Table 4: Elastic properties of L1,-FePt materials with (hkl)

fiber texture

Young's biaxial elastic )
Poisson's
Texture modulus modulus )
ratio v
E(GPa) M(GPa)
(001) 241.43 277.48 0.355
(110) 253.87 333.17 0.373
111) 216.83 406.05 0.411
(100) 201.48 234.83 0.357
(011) 210.89 362.23 0.403

1.2 Elastic strain energy of L1,-FePt thin films

L1,-FePt thin film will be impacted by external stress
and transformation stress during growth, and the change in
stress state influences the strain energy in the thin film and
finally leads to the formation of various fiber texture.
Therefore, calculating the strain energy of L1,-FePt films
under different stress states and discussing the relationship
between stress and texture are the key to clarify the mecha-
nism of texture formation.

In this study, the thickness of L1,-FePt thin film is
much smaller than substrate thickness, and the external
stress posing to it was completely reflected by the binding
force of the substrate against the thin film, and thus it was
subjected to an equivalent biaxial stress so as to generate
the in-plane biaxial strain. In this case, the in-plane strain of
L1y-FePt thin film is assumed to be a variation range from
compressive strain to tensile strain. On this basis, the strain
energy of L1y-FePt thin film is discussed.

For polycrystalline films with fiber texture, the orien-
tation of out-plane grains are consistent, but in-plane grains
show randomly distributed orientation. Under the in-plane
equivalent biaxial stress, all in-plane grains generate the
same strain. For the sake of simplicity, all grains in the L1,-
-FePt thin film were regarded as isometric crystals, and the
in-plane strain could be denoted by the circumcircle radius
of the crystal face, so as to calculate the strain generated by
the thin film as shown in Figure 4 (a). In addition, the [001]
crystal orientation was designated as the c axis after order-

ing phase transition, Figure 4 (b) is the crystal coordinate

system of L1,-FePt. In the Figure 4 (c), the grains in all
orientations within the L1,-FePt thin film before ordering
transformation were considered as the circumcircle with a
radius of R and those after ordering transformation as the
circumcircle with a radius of R'. In this way, the strain gen-
erated by external stress and that by ordering transformation
were effectively associated to accurately calculate the strain

energy of the L1,-FePt thin film.
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Figure 4: In-plane strain of the thin film: (a) Unit volume circle; (b)
Crystal coordinate system of L1-FePt; (c) Change in the radius of
unit volume circle before and after ordering transformation of

crystal faces in different orientations

The strain energy of the L1,-FePt thin film under ideal
textures of {001}, {010}, {111}, {101} and {110} were
mainly calculated. It could be observed from Figure 4 (c)
that in the case of ordering transformation, different trans-
formation strains were generated on the crystal faces of dif-
ferent orientations, which could be expressed by the radius
difference of the unit volume circle before and after order-

ing transformation:
R'-R

g = (7o) (16)
The in-plane strain generated by external stress in the
thin film before ordering transformation could be denoted
by the coefficient k. The range of in-plane strain generated
by the external environment to the L1y-FePt thin film was
assumed to be (-3% — +3%), and the thin film experienced

ordering transformation under different external stresses.



The elastic strain energy of L1,-FePt thin films with differ-

ent fiber textures could be denoted as follows:

R'.R(1+k))2

Wi =Mh ( TS a7

2 Results and discussion

According to the anisotropic elastic modulus of
L1y-FePt film, the elastic strain energy of L1,-FePt film
under the combined action of external stress and phase
change stress is obtained. The results are shown in Figure 5.
The differently colored curves represent the strain energies
under different types of textures. The calculation results
showed that the strain energy of L1y-FePt thin films with
different fiber textures is substantially influenced by the

in-plane strain state.

0.6
—=—(100)
—e—(110)
—2—(001)
051 | ——qau)
—o—(011)

o
~

Strain Energy
o
w

o
N

0.1

-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03
Biaxial Strain

Figure 5. Change curves of strain energy in L1(-FePt thin films

under different in-plane strain states

When ordering transformation occurred to the
L1o-FePt thin film, 0-0.5% of in-plane compressive strain
existed, different types of fiber textures varied not obvious-
ly in the elastic strain energy, and the surface energy of the
thin film was the main driving force for forming textures.
As the in-plane compressive strain started rising from 0.5%,
the difference between different fiber textures in strain en-
ergy was initially enlarged, and the {100} plane in the thin
film reached the minimum strain energy while the {001}
plane showed the maximum strain energy. With the further

increase in the in-plane compressive strain, an increasingly

evident difference of strain energy was observed between
{100} and {001} plane. The formation of {100} fiber tex-
tures in the L1,-FePt thin film was facilitated by minimiz-
ing the strain energy if the thin film was subjected to order-
ing transformation under a large in-plane compressive strain.
However, when it was under an in-plane tensile strain state,
the {001} crystal face reached the minimum strain energy,
and the difference of this crystal face from other crystal
faces was more and obvious with the increase in the
in-plane tensile strain, thus promoting the formation of
{001} fiber textures in the L1,-FePt thin film.

Hence, in order to obtain L1,-FePt films with strong
{001} fiber texture, FePt films are placed in the in-plane
tensile stress state before the ordering transformation.
Moreover, the larger the in-plane tensile strain, the more

conducive to the formation of {001} fiber.
3 Conclusion

In this study, the influence of stress on the variant se-
lection for L1,-FePt thin films during ordering transfor-
mation was explored. Subsequently, the anisotropic elastic
moduli of L1y-FePt thin films and their anisotropic elastic
strain energies under different stress states were theoreti-
cally calculated. On this basis, the stress-texture interactive
relationship in L1,-FePt thin films was established. When
L1,-FePt thin film is under in-plane compressive stress state
during ordering transformation, the formation of {100} fi-
ber textures will be promoted. On the contrary, {001} fiber
textures tend to appear when it is under a tensile stress state.
Moreover, a greater in-plane tensile stress borne by the
L1o-FePt thin film during ordering transformation will con-

tribute to stronger {001} fiber textures.
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