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<Paper>

Growth of Llo-ordered Crystal in FePt Epitaxial Magnetic Thin Films
on (001) Oriented Substrates

Masaaki Futamoto, Tomoki Shimizu, Masahiro Nakamura, and Mitsuru Ohtake
Faculty of Science and Engineering, Chuo University, 1-13-27 Kasuga, Bunkyo-ku, Tokyo 112-8551, Japan

Effects of MgO cap-layer and substrate on Llo-ordered FePt film structure are investigated by high-resolution transmission
electron microscopy (TEM) for FePt thin films prepared on (001) oriented substrates by using a two-step method consisting of low
temperature (200 °C) film formation followed by high temperature (600 °C) annealing. The TEM observation has shown that the crystal
lattice of A1-FePt film (10 nm thickness) on MgO(001) substrate with 2-nm-thick MgO cap-layer is strained in the lateral direction to
substrate surface, and by annealing the film structure varies to L1o-ordered phase consisting of L1o(001) variant with the c-axis aligned
perpendicular. The FePt film in a sample of L1o-FePt(2 nm)/VN(001) is consisting of L10-(001) variant, whereas the FePt film in a
L1o-FePt(2-nm average thickness)/MgO(001) sample includes variants of L10(100),(010) with the c-axis lying in-plane in addition to
L10(001) variant. The lattice mismatch with substrate material is decreased by introduction of misfit dislocation and by lattice bending in
L1o-FePt crystal. The variant structures are interpreted to be influenced by the lattice strain in A1-FePt film during the L1o-crystal
nucleation stage at the high temperature annealing process. Based on the experimental results, a model to explain the phase
transformation from disordered 41 to ordered L1o involving nucleation and growth of L1o-crystal is proposed.

Key words: Ll¢-ordered phase, A1-disordered phase, FePt thin film, variant structure, c-axis, surface roughness

1. Introduction

FePt alloy thin films with Llo-ordered structure
have been investigated for magnetic recording media
and MRAM applications. For such device applications,
the easy magnetization axis, c-axis of Llo-ordered
structure, must be controlled to be perpendicular while
achieving a high ordering degree and a very smooth flat
surface. Various substrate/underlayer materials such
as CrRu?, Pt?, Ta®, MgO ¥, SrTiOs, LaAlOs, KTa0s3?,
AIN ©, etc. have been investigated to align the crystal
orientation. Epitaxial thin film growth on (001) oriented
substrate/underlayer with the lattice constant slightly
larger than that of Llo-FePt crystal has been shown
effective for aligning the c-axis perpendicular where an
in-plane lattice strain in FePt material caused by the
mismatch with substrate is providing a favorable
condition for ZLlo-crystal nucleation with the c-axis
perpendicular to the substrate surface.”® For
promotion of Llo-ordering, process temperatures higher
than 500 °C are required, which generally enhance film
surface undulations through by faceting and by
de-wetting of FePt material on the substrate.91V
Two-step process consisting of low temperature film
deposition followed by high temperature annealing has
been tried for improving the crystallographic quality,
the c-axis orientation, and the magnetic properties of
Llg-ordered FePt thin film.121® The authors have
confirmed that the two-step process is effective for not
only the preparation of c-axis perpendicularly oriented
thin films with good crystallographic quality but also for
the preparation of Llo-ordered films with very flat
surfaces.'41 However, when the film thickness was
decreased to be less than several nanometers, which
would be the thickness range of Llo-ordered FePt film
for future device applications, de-wetting of FePt
material took place on MgO substrate and the film
morphology became  discontinuous consisting of
Llo-ordered crystal islands.”'® The volume fraction of
caxis in-plane oriented ZLlo-crystal increased when
de-wetting took place. In order to suppress de-wetting,
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an employment of underlayer material with the surface
energy larger than that of MgO was considered effective
in reducing the contact angle between an isolated FePt
island-like crystal and the substrate. The authors have
shown that VC and VN materials with lattice constants
similar to that of MgO but with higher surface energies
are useful for underlayers to prepare continuous
Llo-ordered thin films with flat surfaces.!® For
preparation of thin film with flat surface, formation of
cap-layer consisting of material like FeOx!? and SiOz ¥
has been applied on top of magnetic thin film during the
film deposition process. In particular, MgO cap-layer
formation on top of FePt thin film at low temperature
deposition process has been confirmed effective for the
preparation of Llo-ordered thin film with enhanced
degree of ordering.192V) The volume fraction of c-axis
in-plane oriented ZLlo-crystal also decreased and the
perpendicular magnetic property has been improved
remarkably. The cap-layer was interpreted to be
providing lateral strain to the FePt magnetic thin film
from top side thus enhancing formation of Llo (001)
crystal. Although lateral stress in FePt thin film and
surface energy difference between FePt and substrate
materials are interpreted to be giving strong influence
on the formation of (001)-oriented FePt films, detailed
atomic structure variation around material interfaces,
cap-layer/FePt and FePt/substrate, have not yet been
made clear in relation to the phase transformation from
disordered Al-phase to ordered Llo-phase.

In the present study, film growth structures are
investigated by  employing a  high-resolution
transmission electron microscope (TEM) for epitaxial
thin films prepared by employing the two-step method,
both for disordered Al1-FePt(001) and ordered
L1o-FePt(001) films with MgO cap-layers. The detailed
interface structures are also investigated for
Llo-ordered FePt ultra-thin films of 2 nm in average
thickness without cap-layer formed on epitaxial
underlayers of MgO(001) and VN(001). The morphology
and the epitaxial growth structure of A1- and Llo-FePt
crystals are studied in atomic detail for the
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Table 1 Samples for TEM observation and related material parameters.

Sample structure Temperature FePt structure Order degree ® | vol. %, L1,(001)® R.©
MgO(2 nm)/FePt(10 nm)/MgO(001) 200 °C Disordered 41 - - 0.1 nm
MgO(2 nm)/FePt(10 nm)/MgO(001) 200 °C—600°C Ordered L1o 0.8 100 0.1 nm
FePt(2 nm)/MgO(001)(2 nm)/StTiO5(001) | 200 °C—600°C Ordered L1o 0.1 80 42 nm
FePt(2 nm)/VN(001)(2 nm)/SrTiOs(001) 200 °C—600°C Ordered L1o 0.2 100 0.1 nm
Parameters of material used in the present study
Material Crystal structure Melting point Young’s modulus | Surface energy &
Al-FePt Cubic, a = 0.3830 nm 1500 °C 194 — 158 GPa 9 2.1 J/m?
L1o-FePt a=0.3842 nm ,c=0.3702 nm, ¢/a =0.96 | (Ordered phase <1300 °C)
MgO Cubic (NaCl-type), a = 0.4212 nm 2800 °C 345 GPa® 1.5 J/m?
VN Cubic (NaCl-type), a = 0.4136 nm 2050 °C 421 GPa? 2.7 J/m?
SrTiO3 Cubic (Perovskite), @ = 0.3905 nm 2080 °C - -

a, b) L1-ordering degree and volume percent of L1,(001) variant were determined by using XRDs. The details are reported in Refs. 15,16,20.

¢) Surface roughness, R,, was measured by AFM.

d) Y. J. Chiu, C. Y. Shen, S. R. Jian, H. W. Chang, J. Y. Juang, Y. Y. Liao, and C. L. Fan, Nanosci. Nnaotechnol. Lett., 8, 260, 2016.
e) G. V. Samsonov (ed.), in Physical and chemical properties of oxides (Metallurgy, Moscow, 1973).
f) G. V. Samsonov and I. M. Vnytky (ed.), in Handbook of refractory compounds (Metallurgy, Moscow, 1976).

2) The values are cited from Ref. 16.

cross-sectional samples, and the technology for
preparing a very thin Llo-FePt film with the easy
magnetization axis controlled to be perpendicular to the
substrate surface is discussed from a view point of
nucleation and growth of Llo-ordered phase.

2. Experimental Procedure

2.1 Film preparation

Thin films were prepared on (001) single-crystal
base substrates of MgO and SrTiOs3 by using a
radio-frequency (RF) magnetron sputtering system
equipped with a RHEED facility. The base pressures
were lower than 4 x 107 Pa. Substrates were heated
at 600 °C for 1 hour to clean surfaces. FesoPtso (at.%),
MgO, and VN targets of 3-inch-diameter were employed
and the RF powers were set at 43, 200, and 96 W where
the deposition rates of FePt, MgO, and VN were 0.020,
0.015, and 0.020 nm/s, respectively. Two sets of
sample were prepared for structure analysis. One is
with a film thickness of 10 nm formed on MgO(001)
substrate and with MgO cap-layer, and the other is
with a thickness of 2 nm formed on (001) oriented MgO
and VN underlayers with no cap-layers.

In the first case, FePt and MgO materials were
deposited sequentially in 10 and 2 nm respective
thicknesses at 200 °C on MgO(001) substrate, and then
annealed at 600 °C for 1 hour. RHEED observation
confirmed that films formed at 200 °C were grown
epitaxially on the MgO substrate in a crystallographic
relationship of MgO(001)[100]cap-layer 1
A1-FePt(001)[100] //  MgO(001)[100]substrate.  After
annealing at 600 °C, the relationship varied to
MgO0D[100lcaptayer ~ //  Llo-FePt(001)[100] I
MgO(001)[100]substrate. For the second set of samples,
2-nm-thick underlayers of MgO and VN were formed on

Journal of the Magnetics Society of Japan Vol.42, No.5, 2018

SrTiO3(001) substrates at 600 °C and then FePt
material was deposited at 200 °C on the underlayers in
2-nm average thickness. Here, a base substrate of
SrTiOs(001) was employed for simple preparation of
(001) oriented MgO and VN underlayers by
hetero-epitaxy where the lattice mismatches are -7.3
and -5.6 % for the underlayer materials, respectively.
Then the samples were annealed at 600 °C for 1 hour
for Llo-ordering. The crystallographic orientation
relationships of L1o-FePt(001),(100),[1001/
Mgo(ool)[loo]underlayer, VN(OOI)[lOO]underlayer 1
SrTi0s(001)[100]substrate Were determined by RHEED
and XRD.

2.2 Structure observation

Table 1 lists the samples for TEM observation and
the related material parameters. The Llo-ordering
degree and the volume fraction of Llo-crystal variants
were determined by XRD, and the surface roughness,
R,, was measured by AFM as reported in our previous
papers.8151619  The magnetic properties of these
samples are also reported in the references.16:20
Cross-sectional samples were prepared by employing a
focused ion-beam sampling technique. TEM observation
was carried out by using a Hitachi STEM (HD-2700)
equipped with an EDX facility (AMETEK EDAX Octane
T Ultra W) for elemental analysis at an acceleration
voltage of 200 kV.

3. Results and Discussion

3.1 FePt film with disordered A1 structure

Figure 1 shows the cross-sectional TEM image of
MgO/A1-FePt/MgO sample and the diffraction patterns
corresponding to the MgO cap-layer, the Al-FePt film,
and the MgO substrate which are obtained through first

103
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Fig. 3 [Inverse-FFT filtered TEM  image of
MgO/A1-FePt/MgO sample (a). In-plane lattice distances are
measured using a software equipped with the TEM and local

in-plane lattice parameters are estimated (b)-(d).

Fig. 1 Cross-sectional TEM image of MgO/41-FePt/MgO (a) l’l”ll
sample (a), and diffraction patterns corresponding to (b) MgO jasa
cap-layer, (c) Al-FePt film, and (d) MgO substrate. The i Cap_Mgo l
it

e ———

diffraction patterns are obtained through FFT of the respective
bright-field TEM image areas shown in (a).
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Fig. 4 Inverse-FFT images of interfaces, (a) MgO

. . . . -layer/A1-FePt and (b) A1-FePt/MgO substrate.
Fig. 2 Diffraction pattern obtained from the whole sample cap-iayer cPt and (b) ¢ g substrate

area shown in the bright-field TEM image of Fig. 1 (a). The

diffraction spots are indexed based on 41-FePt and B1-MgO MgO/FePt interfaces shown in Fig. 1(a), are clearly
crystal structures. showing the epitaxial growth of these materials on the
base substrate of MgO(001). The thickness of MgO
cap-layer in the TEM image is slightly larger than the

] . . . . nominal thickness of 2 nm, which is attributed to an
bright-field TEM image areas shown in Fig. 1(a). The experimental error during the sputter deposition

diffraction patterns, (b)-(d), indicate that the MgO process. The diffraction pattern from FePt film

cap-layer and the FePt film are (001) oriented single  jhqicates that the structure is Al (fce) with disordered
crystals and they are epitaxially grown on Fhe atomic arrangement. Figure 2 shows the diffraction
MgO.(001).substrate in the crystallographic orleqtatlon pattern obtained by FFT from whole sample area
relationship determined by RHEED. The continuous including MgO cap-layer, A1-FePt film, and MgO
lattice 1images crossing the FePt/MgO and the

Fourier transformation (FFT) of the respective
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020 mgo 020 mzo

002 Mg0

Llo-FePt film

:h'U 01 £10-Fept
™

002 Fept

(d)
002 mgo

020 MgO 020 mgo

002 mgo

Fig. 5 Cross-sectional TEM image of MgO-cap-layer/FePt(10
nm)/MgO(001) sample after annealing at 600 °C, (a), and the
diffraction patterns obtained by FFT of the bright-field TEM
image areas of (b) cap-layer, (c) FePt film, and (d) MgO
substrate, respectively.

substrate. The patterns are indexed based on A1l-FePt
and B1-MgO crystal structures. Broader diffraction
patterns from Al-FePt layer, 020 and 0-20 reflections,
in comparison to those from Bl-MgO are suggesting
that the lattice parameter, arept, measured in in-plane
direction of Al-FePt crystal involves variations
depending on the sample local area. To accurately
measure the lattice variation, the TEM image is filtered
by using an inverse-FFT technique employing {020}
reflections from Al-FePt and B1-MgO crystals. Figure
3(a) shows the inverse-FFT filtered TEM image where
the {020} lattice images of Al-FePt and B1-MgO
crystals are more clearly visualized than in the
bright-field TEM image. The values of (020) lattice
spacing are measured for the regions circled by dotted
squares as shown in Figs. 3(b), (c), and (d), respectively.
The in-plane lattice distance of MgO, amgo0, is same for
the substrate and the cap-layer, which shows the rigid
nature of this material. By assuming the amgo to be
same with the bulk lattice constant (0.4212 nm) as a
reference, it is possible to estimate the variation of arept
along the film growth direction. From local lattice
images, the in-plane lattice parameter, arept. 1is
measured to be 0.380 nm for the central region while
those near the substrate and the cap-layer are
measured to be 0.395 and 0.398 nm, respectively as
indicated in Fig. 3. The lattice flexibility of FePt is
apparently reflecting the mechanical property, Young’s
modulus, of the material. As shown in Table 1, MgO
has a higher Young’s modulus (345 GPa) than that of
FePt (194-158 GPa). For the 10-nm-thick Al1-FePt
epitaxial thin film, arep: is expanded and approaching to
the value of amgo in regions close to the substrate and
also to the cap-layer, whereas the arep; value in the
central part is measured to be nearly similar to the
lattice constant of bulk Al-crystal (¢ = 0.3830 nm). The

INDEX

MgO(001) crystal is giving lateral strain to the A41-FePt
from both the substrate and the cap-layer sides. The
result is in agreement with the study on A1-FePt(001)
epitaxial thin films investigated by XRDs where arep; is
reported to approach to that of amgzo when A1-FePt film
thickness is decreased.”

Figure 4 shows the inverse-FFT images of interfaces,
(a) MgO cap-layer/ Al-FePt and (b) Al-FePt/MgO
substrate. The (020) lattice-line images of A1-FePt are
slightly bending and misfit dislocations are recognized
within the A1-FePt film, whereas the (020) lattice-line
images of MgO are observed to be nearly straight
reflecting the rigid mechanical property of this material.
The lattice strain caused by the mismatch between the
two materials (about 9 %) is mostly adjusted by
deformation of A1-FePt(001) epitaxial thin film
including introduction of misfit dislocations. The results
indicate that an in-planes stress is caused in the
A1-FePt(001) epitaxial thin film, which is expected to
give an influence on the nucleation of Llo-crystal when
the material is heated at higher temperatures. The
nucleation and growth mechanism will be discussed in a
later section.

3.2 Llo-ordered FePt film structure

Figure 5 shows the TEM image of
MgO-cap-layer/FePt(10 nm)/MgO(001) sample after
annealing at 600 °C and the diffraction patterns
obtained by FFT of the bright-field TEM image areas of
cap-layer, FePt film, and MgO substrate, respectively.
Super lattice reflections from Llo-ordered crystal, 001
and 00-1, are clearly observed while those from 010 and
0-10 are missing in Fig. 5(c). This indicates that the
10-nm-thick FePt film consists of ZL10(001) variant
crystal with the c-axis perpendicular to the substrate
surface, which is in agreement with the previous
investigation carried out by XRDs.!® The (020) lattice
line images are continuous from the substrate up to the
cap-layer corresponding to the epitaxial relationship of
MgO(00D)[100)captayer ~ // Llo-FePt(OOD[100]  //
MgO(001)[100]substrate. The result confirms that it is
possible to align the c-axis of Llo-crystal to be
perpendicular to the substrate even for 10-nm-thick
FePt film by applying an MgO cap-layer. It is known
that 10-nm-thick FePt films formed on MgO(001)
substrates without cap-layers include nearly 20 vol.% of
L10-(100), (010) variant crystals with the c-axis lying
in-plane when prepared under similar process
conditions. 720

Figure 6 shows the high-resolution TEM images
around the cap-layer/FePt and the FePt/substrate
interfaces. The lattices are continuous crossing the
interfaces and misfit dislocations are observed only in
the L1lo-FePt(001) crystal. Misfit dislocations are
observed periodically, about every 10 lattice lines of
Mg0(020), in agreement with the previous reports 2229,
and these dislocations are effectively decreasing the
lattice misfit of 9 % to be nearly zero percent. A
presence of crystallographic defect, A-B in Fig. 6(a), is
also decreasing the lattice mismatch between the two
materials, where no misfit dislocations are observed
below the A-B defect. Such defect is considered to be
formed by chance during the cap-layer formation
process at the substrate temperature of 200 °C.
High-resolution TEM image analysis, together with the

Journal of the Magnetics Society of Japan Vol.42, No.5, 2018 105
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sharp diffraction from Llo-ordered phase shown in Fig. FE(K)
5 (c), indicate that the lattice strain in the A1-FePt film
has been relieved during the 600 °C heating stage
where nucleation and growth of Llo-crystal proceeded [
through dynamic movement of Fe and Pt atoms within
the epitaxial A1-FePt(001) film.

3.3 Structure of 2-nm-thick FePt film on (001)
epitaxial underlayers

When an FePt thin film formed at low temperature
(200 °C) is annealed at a higher temperature of 600 °C,
atomic migration takes place within the film. Atomic
migration is necessary in transforming the crystal
structure from disordered Al to an ordered phase of Llo,
but it also changes the film surface morphology. Film
morphology variation tends to be enhanced for a
thinner film, particularly for the thickness less than 10
nm. De-wetting of FePt material from a substrate or an
underlayer leads to formation of a discontinuous film
that consists of isolated crystalline islands. The authors
have shown that it is possible to suppress such
de-wetting by using an underlayer material with the
surface energy higher than that of FePt material, such
as VN and VC. 16.2D

Figure 7 compares the cross-sectional TEM images
observed for 2-nm-thick FePt films formed on MgO(001)
and VN(001) underlayers grown epitaxially on base
substrate of SrTi03(001). These samples were prepared
by using the two-step method under similar process
conditions. The structures of EePt films were confirmed Fig. 9 Inverse-FFT TEM image of FePtMgO/SrTiOs001)
by RHEED a nd XRD to be with Llo-ordered structure. sample (a), and high magnification images of (a-1) region A and
The FePt film formed on MgO underlayer has been of (b-1) region B shown by dotted circles in (a)
shown by XRD analysis to include 20 vol. % of L1-(100), € Y '
(010) variants with the c-axis lying in-plane. The film is

Fig. 8 Distributions of elements of samples, FePt(average
thickness: 2 nm)/MgO(2 nm)/SrTiO3(001) and FePt(2 nm)/VN(2
nm)/SrTiO3(001), visualized by EDX imaging. (a-1), (b-1)
dark-field TEM images and (a-2), (b-2) elemental distributions of
respective sample.
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Fig. 10

Inverse-FFT  high-resolution TEM
FePt/VN/SrTiO3(001) sample.

image of

discontinuous and is consisting of isolated islands with
the local thickness exceeding 10 nm. On the contrary,
the film formed on VN underlayer is continuous and the
surface undulations are less than 0.5 nm. Figure 8

shows the distributions of elements for the two samples,

FePt(average thickness: 2 nm)/MgO(2 nm)/SrTiOs(001)
and FePt(2 nm)/VN(2 nm)/SrTiOs(001), visualized by
the EDX facility equipped with the TEM. The sharp
elemental interfaces observed for these samples
indicate that atomic diffusion crossing the interfaces is
negligible.

Figure 9 shows the inverse-FFT high resolution
TEM image of FePt/MgO/SrTiOs(001) sample, where
1200} reflections from FePt and MgO and {011}
reflections from SrTiO3(001) are employed for the image
filtering. A large Llo-FePt crystal with height of 9.4
nm is formed epitaxially on the 2-nm-thick MgO(001)
underlayer. Although the (020) and (002) lattice images
are continuous within the crystal, the lattice contrast
looks different depending on the local region, for
example between the areas of A and B shown as the
dotted circles in Fig. 9(a). The distance between the two
regions is less than 10 nm. In the A region, bright and
dark lattice contrasts are observed in lateral direction,
while those in the B region are observed in vertical
direction. Considering that the lattice line contrast in
TEM image depends on the atomic number, atomic
stacking of Fe/Pt/Fe/Pt/---- is possibly realized in lateral
direction in the A region which indicate that the c-axis
is aligned in in-plane. The c-axis is presumably along
the perpendicular direction in the region B. The FePt
island is thus interpreted to be including Llo-FePt(001)
and ZLlo-FePt(010) variants. The TEM image also
suggests that nucleation of Llo-crystal has taken place
within the FePt island in different regions of A and B
which are separated by a small distance of less than 10
nm. The result that Z1o-FePt(010) variant with the
caxis lying in in-plane is observed away from the
FePt/MgO interface (A region) is in agreement with the

previous works carried out by using XRD techniques.
7,15)

INDEX

Figure 10 shows the inverse-FFT high resolution
TEM image of FePt/VN/SrTiOs(001) sample which is
filtered in a similar way to that of Fig. 9. The (020)
lattice images of VN and FePt are continuous and these
layers are growing epitaxially on the SrTiO3(001)
substrate. Very small number of misfit dislocation is
observed in FePt layer for the sample, though fairly
large lattice mismatches exist between these materials
(-7.1 % Llo'FePt/VN, 5.9 %: VN/SrTiOs). A misfit
dislocation observed in the VN layer is considered to
have been introduced during the layer growth process
to accommodate the lattice mismatch of 5.9 % with the
base substrate. The (020) lattice line images in FePt
layer are slightly bending along the film growth
direction. Such lattice bending is considered to be due
to a flexibility of very thin FePt layer with thickness of
only 2 nm and the lattice bending is possibly absorbing
the lattice mismatch of -7.1 %. For the material
combination, the lateral strain in
A1-FePt/VN/SrTiO3(001) sample prepared at the low
temperature of 200 °C is interpreted to be not high
enough to enhance Llo-ordering wupon higher
temperature annealing. The ZLlo-ordering degree of
2-nm-thick FePt layer formed on VN underlayer is as
low as 0.2, which may be attributed to a reduced lateral
stress within the Al-FePt epitaxial thin film. To
enhance Llo-ordering, formation of MgO cap-layer is
effective as reported in another paper.2V

3.4 Nucleation and growth of Llo-ordered crystal in
FePt film

In the present study, a two-step process consisting of
low temperature deposition at 200 °C followed by high
temperature annealing at 600 °C is employed for
preparation of Llo-ordered FePt thin films. Form the
structure analyses based on TEM observation for the
FePt thin films of disordered Al and of ZLlo-ordered
phases and also by considering the results reported in
the references 781519 it is possible to discuss the phase
transformation from Al to Llo phase based on
nucleation and growth of ZLlo-ordered crystal in
disordered A1-FePt thin film.

(a) Structure of Al-FePt film with and without
epitaxial cap-layer

When FePt film is formed on a substrate or
underlayer of which lattice constant is slightly larger
than that of A1-PePt, such as MgO(001), a lateral strain
is induced and the lattice parameter of arep: is expanded

Cap-layer

In-plane

strain ;
fe=fasanmn

r||||||||||| T

Crystalline substrate

A

[RNNE [nin nms

ImEE

I

T

(a) Epitaxial cap-layer (b) No epitaxial cap-layer

Fig. 11 Schematic model for epitaxial 41-FePt(001) film (a)
with and (b) without cap-layer. Lateral strain is induced in
A1-FePt epitaxial film by lattice mismatch with cap-layer and/or
substrate.
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Nucleation ofL10-FePt{100) crystal L1o-FePI(100)

Variant boundary

L10-FePt{001)

[ De-wetting ]

T

Disordered
Al-FePtepitaxial film

L10-FePt{001) crystal L10-FePt{001)  APB boundary

(b-2)

la) Al-FePtfilm growth (b) Ordered phase nucleation (c) Resulting structure

(c-2)

Fig. 12 Schematic model to explain the process of nucleation
and growth of L10-crystal in A1-FePt(001) epitaxial film with
different in-plane strain distributions.

schematically as illustrated in Fig. 11 (a). On the
contrary for the FePt film without cap-layer, Fig. 11(b),
the lateral strain decreases with increasing film
thickness, which will induce free nucleation of
Llo-crystal in a region away from the substrate.

(b) Nucleation and growth of Llo-ordered crystal

Figure 12 explains the process of nucleation and
growth of Llo-crystal in A1-FePt(001) film for two cases.
One is the case where de-wetting of FePt material takes
place when heated at a higher temperature for
Llo-ordering. In this case, isolated crystal islands are
formed on the substrate, where the thickness is greatly
increased due to condensation of FePt material. This
case is observed for the 2-nm-thick FePt film formed on
MgO(001) underlayer. The other is the case where the
film morphology is kept during the higher temperature
heating process, which is observed for the 2-nm-thick
FePt film formed on VN(001) underlayer.

When de-wetting of FePt material takes place,
in-plane strain distribution in FePt material will vary
from the distribution in a flat and continuous Al-FePt
film shown schematically in Fig. 11 (b). Although
lateral strain is remaining in a region close to the
substrate which is caused by the lattice mismatch with
substrate, strain will be released in a region away from
the substrate due to formation of rounded surface for
the de-wetted island which is governed dominantly by
the surface tension of FePt material. The increase of
island thickness caused by FePt material condensation
also reduces lateral strain by increasing the distance
from substrate interface. As a result, the possibility of
caxis in-plane oriented ZLlo-crystal nucleation will
increase in regions away from the substrate as
schematically shown in Fig. 12 (b-1). In a case of free
nucleation in non-strained Al-FePt(001) film, the
possibility of L1o-(100), (010) crystal nucleation is 2/3,
or 67 %. After crystal growth, the island will include
variants of Llo-FePt(100), (010) in addition to
L1o-FePt(001) variants, as shown in Fig. 12 (c-1).

In the case where de-wetting does not occur when
heated at a higher temperature, the lateral strain in
A1-FePt(001) film will be maintained. The nucleation of
L10-(001) crystal with ¢/a < 1 is favored as shown in Fig.
12 (b-2), and hence a continuous Llo-ordered film
consisting of L1o-(001) variants can be obtained, as

108

indicated in Fig. 12 (c-2). In this case, anti-phase
boundary, where two L1o-(001) crystals with a
half-lattice-length shifted along the c-axis each other
are meeting, will be formed as the variant boundary.
The variant diameter depends on the nucleation density
of Llo-crystal in A1-FePt(001) matrix, which is one of
the important factors that determine the resulting
Llo-ordered thin film structure. The density varies
depending on various parameters such as processing
condition, substrate material, defect density of
substrate, magnetic material composition, etc. From
the studies of epitaxial magnetic thin films prepared on
single-crystal substrates,”815.17.19 the average distance
of Llo-ordered FePt crystal nucleation is estimated to
be less than 10 nm. A small distance less than 10 nm
between two variants is observed in the present study
(Fig. 9). Therefore, controlling of Llo-crystal nucleation
to be with the c-axis perpendicular to the substrate
surface is particularly important for preparation of
FePt thin films with larger thicknesses.

From the results and discussion of present study,
the following conditions are deduced to be useful in
aligning the c-axis to be perpendicular. (1) Employment
of film thickness less than the average distance of
Llo-ordered crystal nucleation under a condition that
the film is formed on a substrate which gives a lateral
strain through lattice mismatch. (2) Use of a substrate
material on which continuous morphology of FePt film
can be kept during the high temperature processing for
Llo-ordering. The lateral strain in FePt film caused by
the mismatch with substrate will be kept during
Llo-crystal nucleation process. (3) Formation of
epitaxial cap-layer on FePt thin film in addition to a use

of substrate material that gives lateral strain. (4)
Increase of mechanical flexibility (ower Young’s
modulus) and increase of average distance of

Llocrystal nucleation. By employing an Fe(Pt,Pd)
magnetic material , for example, the Young’s modulus
and the nucleation density are expected to decrease.
The melting temperature (1304 °C) and the Young’s
modulus (169 GPa) of FePd material?2¥ are lower than
those of FePt (1500 °C, 237 GPa). It has been already
made clear that Llo-ordered FePd thin films can be
prepared on MgO(001) substrates up to the thickness
around 40 nm with the c-axis aligned perpendicular,
and the volume fraction of c-axis in-plane oriented
Llo-variants can be decreased by increasing the Pd
concentration in Fe(Pt.Pd)-alloy thin films.” Use of
mixed alloy magnetic material will enhance the
possibility of preparation of c-axis perpendicularly
controlled epitaxial Llo-ordered thin films. Adjustment
of magneto-crystalline anisotropy energy (K.) between
the values of L1o-FePt (6.6 x 107 erg/cm3) and Llo-FePd
(1.8 x 107 erg/cm® 25 will be another advantage in
applying the high-A, magnetic thin films for future
device applications.

4. Conclusions

Cross-sectional structures are observed by high-resolution
transmission electron microscopy for FePt thin films epitaxially
grown on (001) oriented substrates prepared by using a two-step
process consisting of film formation at 200 °C followed by
annealing at 600 °C for Llo-ordering. The effects of epitaxial
MgO cap-layer and (001) oriented substrates on the film
structures are investigated and the nucleation and growth of

Journal of the Magnetics Society of Japan Vol.42, No.5, 2018
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L1o-ordered crystal in disordered 41-FePt thin film is discussed.

The A1-FePt crystal lattice of MgO (2 nm)/A1-FePt (10
nm)/MgO(001) sample is expanded in the parallel direction to the
substrate surface in accommodation of lattice mismatch with the
substrate and the cap-layer, and a variation of lattice parameter
(arert) along the film growth direction is recognized. The crystal
lattice of 41-FePt film is strained in lateral direction though misfit
dislocations exist in the 41-FePt film near the interfaces.

The FePt film in a sample of L1o-FePt(2 nm)/VN(001)(2
NM)underlayer Was consisting of one type of L1¢-variant, FePt(001),
whereas the FePt film in a Llo-FePt(2-nm average
thickness)/MgO(001)(2 nm)underayer Sample included variants of
L10(100),(010) with the c-axis lying in-plane in addition to
L10(001) variant with the c-axis perpendicular. The lattice
mismatch with the substrate is reduced by introduction of misfit
dislocation and by lattice bending of FePt crystal. The variant
structures are interpreted to be influenced by the lattice strain of
A1-FePt film during the nucleation stage at the high temperature
annealing process.

Based on the experimental results, a model to explain the
phase transformation from disordered A1 to ordered L1o involving
nucleation and growth of L1¢-crystal in A1-FePt film is proposed.
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Writing Field Sensitivity
in Heat-Assisted Magnetic Recording
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Graduate School of Engineering, Mie Univ., 15677 Kurimamachiya-cho, Tsu 5614-8507, Japan
*Graduate School of Informatics and Engineering, Univ. of Electro-Communications, 1-5-1 Chofugaoka, Chofu 182-8585, Japan

Work on increasing writing field sensitivity can be divided into four problems with some related calculation
parameters when we consider the physical implications of applying our model calculation to heat-assisted magnetic

recording. The four problems are write-error, erasure-after-write, statistics, and damping constant. The dependence
of the bit error rate on writing field is calculated for various calculation parameters. As a result of optimization after

considering the four problems, when the Gilbert damping constant is 0.1, writing is easy since the attempt period is
short. A writing field of about 8 kOe is necessary if we are to realize 4 Tbpsi and a linear velocity of 10 m/s. On the
other hand, when the damping constant is 0.01, writing is difficult since the attempt period is long. We need a
writing field of about 13 kOe to achieve 2 Tbpsi and a linear velocity of 5 m/s under the conditions used in this study.

Key words: heat-assisted magnetic recording, field sensitivity, write-error, erasure-after-write, statistics, damping

constant

1. Introduction

Heat-assisted magnetic recording (HAMR) is a
promising candidate as a next generation magnetic
recording method beyond the trilemma limit?.

We have already proposed a new HAMR model
calculation?~¥. We have also improved our model
calculation considering the temperature dependence of
the attempt frequency. In addition, we have shown in
our model calculation that the signal-to-noise ratio
derived by the conventionally used micromagnetic
calculation can be explained using the temperature
dependences of the grain magnetization reversal
probability and the attempt period, whose inverse is the
attempt frequency?. Furthermore, since the calculation
time of our model is short, we can quickly calculate the
bit error rate (bER) using 105 or 106 bits. bER data are
useful for determining whether or not recording is
possible.

Since HAMR is a writing method in which the
medium is heated to reduce coercivity at the time of
writing, the coercivity of the medium can be reduced by
any amount. However, micromagnetic simulation has
shown that a relatively high writing field is necessary®.

In this study, we discuss the writing field sensitivity
with a view to improving HAMR design employing our
improved model calculation®. A feature of our model
calculation is that the interpretation of the result and
the establishment of an HAMR design policy are easy.
As a result of this study, we can divide the goal of
increasing the writing field sensitivity into four
problems considering the physical implications. The
four problems are write-error?, erasure-after-write?),
statistics, and damping constant?. The statistics
problem is a problem related to the grain number per
bit.

2. Calculation Method

2.1 Calculation conditions

The area S of one bit is 161 or 323 nm? for a
recording density of 4 or 2 Tbpsi, respectively. The
medium was assumed to be granular. The writing field
switching timing and the calculation conditions are
summarized in Fig. 1 for a mxn=4x1 grain
arrangement where m and n are the grain numbers
in one bit for the cross-track and down-track directions,
respectively. H_, and 7, =Dy, /v are the writing
field and the minimum magnetization transition time,
respectively. The H , direction is upward when
O<st<t and downward when t<0 and t=7
When ¢ = 0, the writing grain temperature 7T
becomes T..

min ? min *

The mean grain size D, was determined by

D =.—-A 1)

where A = 1 nm is the non-magnetic spacing. The
track and bit pitches were Dy, =m(D_ +A) and
Dy, =n(D,, +A), respectively, and then §= Dy Dgp.
The standard deviation of the grain size o /D, and
the grain height h were 10 % and 8 nm, respectively,
and so the grain volume V_  for D 6 was
D, xD, xh.

The medium was characterized by (1) the Curie

temperature T, (2) the Gilbert damping constant «,
and (3) the anisotropy constant ratio K, /K, , which
is the intrinsic ratio of the medium anisotropy constant
K, tobulk FePt K 7.
(1) If T, is low, a higher K,/K,, is necessaryd.
Therefore, we chose a T, value of 700 K. The standard
deviation of the Curie temperature o /T, was
assumed to be 0 %.
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(2) The a value of FePt just below 7T, is unknown.
Therefore, we calculated the bit error rate using a =
0.1 and 0.01.

(3) The K,/K,, value must be larger than the value

required for 10 years of archiving.

Tyin = Dy /v o,/D, =10 %
H,\| H, " |H,| h=8nm
t=0whénT =T, V=D, xD, xh
; ! T, =700 K
g B - 01 /T, =0 %
ot .
E|o -0.1. 0.
5[ A a=0.1,001
g & : v=5,10,20m/s
b\
é% .}D3 dT /dx =10, 15,20 K/nm
e 1
° 12

Down - track direction
dT / dx

Fig. 1 Writing field switching timing and calculation
conditions
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Fig. 2 (a) Dependence of anisotropy constant K, on

Curie temperature for various anisotropy constant

~1

ratios K, /K., and experimental results for film
FePt?10 FeNiPt?, FePtRul®, and FePtCul®, and (b)
minimum K /K., value for 10 years of archiving as
a function of mean grain size.
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The dependence of the anisotropy constant K, for
an FePt system on the Curie temperature is shown in
Fig. 2 (a), where the solid lines show the simple diluted
K, values calculated with a mean field analysis for
various K, /K, values.

The experimental results for FeNiPt? and FePtRu!®
films are on the simple dilution line, and those for
FePtCul? films are away from the line. Even good
experimental results, namely those for FeNiPt? and
FePtRul® films, are between K, /K, =0.4to 0.6.

Figure 2 (b) shows the minimum K, /K, value for
10 years of archiving as a function of the mean grain
size. The inserted scales indicate the grain number per
bit mn corresponding to the mean grain size for
recording densities of 4 and 2 Thpsi.

The minimum K /K., value was roughly
estimated using
K, GO0 KV, (300 K)V, > 60 (2

kT

where k and T are the Boltzmann constant and
temperature, respectively. A method for calculating the
numerical value instead of “60” on the right side in Eq.
(2) has been proposed in previous papers!:12),

The calculation parameters were a, K, /K, , the
linear velocity v, the thermal gradient JT /dx for the
down-track direction, the grain column number in one
bit n, and the grain number per bit mn. The thermal
gradient J7T /dy for the cross-track direction was
assumed to be 0 K/nm.

2.2 Bit error rate calculation

The magnetization direction of the grains was
calculated using the magnetization reversal probability
for every attempt time in our model calculation?~9.

The probability P for each attempt where the
magnetization M and the writing field H, change
from antiparallel to parallel is expressed as

P= exp(—K ﬁ_) . 3)
On the other hand,
P, = exp(—K ﬂ+) 4

is the probability for each attempt where M  and H,,
change from parallel to antiparallel. In these equations,

2
_K,@V( H,
Ky H,)== 2|1 Hk(T)) (H,(@)=H,),
K,(T,H,)=0 (H (T)<H,), (5)
and
2
K,V H,
Ko (T H,)= =22 1+Hk(T)), (6)
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where K, , V, k, T, and H, =2K, /M, are the
anisotropy constant, the grain volume, the Boltzmann
constant, temperature, and the anisotropy field,
respectively.

The temperature dependence of M was determined
employing a mean field analysis'®, and that of K, was
assumed to be proportional to Mf 9. The Curie
temperature 7, was adjusted by the Cu simple
dilution of (Fe,sPty;),_,Cu,. M (T, T) is a function
of T, and T. M ([T.,=770K,T =300K) = 1000
emu/cm?® was assumed. K, (T,,K,/K,,,.T) is a
function of T, the anisotropy constant ratio K, /K, ,
and T. K, T.=710K,K,/K,, =1,T =300K) = 70
Merg/cm?3 was assumed. We used M (T, =700K, T)
and K ,(T.=700K, K, /K, T) for the calculations
in this paper.

On the other hand, an attempt time 7, , whose
interval is an attempt period T,,, is determined in the
following®. The inverse of the attempt period is an
attempt frequency f,=1/7,,. Since there was a very
good linear relationship between f, and T, we used

2aa |V K, /K
D=y " a @ @
\jo .

where a =5 (nsK)! and V, =193 nm?. The f, value
becomes zero at T =T, as shown in Eq. (7).

We defined an initial time ¢, at T =T, = 699 K,
which is close to T, =700 K, using

tog = T-Ty (8)
v(dT /dx)

since T,,=1/f, diverges to infinity at 7 =7,. The
next initial time ¢,;,, was calculated using the mean
attempt period T,,, from ¢, to t,, expressed by
1 fini2
Liniz = Linit = T apm = Tpp (1t . (9)
ini2 = Linig * finit
We assumed that the first attempt time 7, is randomly
decided between t,;, and t,,,. And the attempt time
tiy (k=1) is determined with the following recurrence

formula:

Lot =1 = T ppm

1 frsl
=T——J;rmmm.(m)

ke~ Lk

The writing field was assumed to be spatially
uniform, the direction was perpendicular to the
medium plane, and the rise time was zero. Neither the
demagnetizing nor the magnetostatic fields were
considered during writing since they are negligibly
small.

Errors occur in some grains of a bit. We assume that
if the magnetic pole of the grains where the
magnetization the recording direction
> Ml.le.jz. is more than 50 % of the total mean magnetic
pole mn 'MSDi in one bit, the bit is error free. Namely,

turns in
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if
E MijDijz'

=05,

- > 11
mn-M D

the bit is error free. The number of calculation bits is
105. A criterion determining whether or not recording is

possible was assumed to be a bit error rate (bER) of 1073.

Increasing the writing field sensitivity means lowering
the writing field at which the bER value is 103. The
bER in this study is useful only for a comparison.

The calculation procedure is described below. First,
the medium was characterized by 7, = 700 K, «, and
K, /K, - The grain temperature fell with time from
T, according to the linear velocity v and the thermal
gradient JT /dx for the down-track direction. The
attempt times were calculated. The magnetic property
and then P, were calculated by undertaking a mean
field analysis every attempt The
magnetization direction was determined by the Monte
Carlo method for every attempt time. Then the bER

was obtained.

for time.

3. Calculation Results

As a result of this study, we can divide the goal of
increasing the writing field sensitivity into four
problems with some related calculation parameters
considering the physical implications. The four
problems and the main related parameters
summarized below.

(1) Write-error problem
The main related parameters are the anisotropy

are

constant ratio K, /K, and the linear velocity v.
(2) Erasure-after-write problem

The K, /K, value, the thermal gradient J7 /dx
for the down-track direction, and the grain column
number in one bit 7.
(3) Statistics problem

The grain number per bit mn.
(4) Damping constant o problem

3.1 Write-error problem

The main related parameters in the write-error
problem are the anisotropy constant ratio K, /K,
and the linear velocity v.

First, we deal with K, /K,
constant ¢ =0.1. Figure 3 (a) shows the dependence of
bit error rate (bER) on writing field H, for various

for the damping

K, /K., values where the recording density, grain
number mn, and mean grain size D, are 4 Thpsi, 4,
and 5.4 nm, respectively, and there is a 4 x1 grain
arrangement. The decrease and increase in bER as H
increases are caused by a reduction in the write-error
(WE) and an increase in erasure-after-write (EAW)®),
respectively. EAW must be sufficiently low in a low
writing field region to achieve a low bER. Large
dependences of WE and EAW on K, /K, , can be
seen.
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Fig. 3 (a) Dependence of bit error rate on writing field
for various anisotropy constant ratios K, /K.,
Tbpsi), and (b) time dependence of grain magnetization
reversal probability P for various K, /K, , values.

Reducing K, /K, is effective in reducing WE,
namely, in increasing the writing field sensitivity.
Although the coercivity can be reduced by any amount
during writing in HAMR, a higher H is necessary for
a higher K, /K, , namely, for a higher coercivity.
This is explained using the time dependence of the
grain magnetization reversal probability P for
various K /K., valuesat H_, =10 kOe as shown in
Fig. 3 (b). P is rapidly decreased after 0 ns according
to Eqgs. (3) and (5) since the temperature decreases with
time. The filled circles indicate the attempt times 7,
whose interval is the mean attempt period 7,,, . This
paper includes figures showing P with time for
t,=t,, and t,=t,,,. The time t = 0 is the onset of
the writing time, which corresponds to the writing

ini2*

grain temperature becoming the Curie temperature 7.
The attempt frequency f, is low just below T, as
shown in Eq. (7), and then the attempt period
T,p =1/f, is long just after t = 0. The temperature
decreases with time, and 7,, decreases accordingly.
Therefore, T,,, decreases with time. t=t , is the
end of the writing time, which corresponds to the
minimum  magnetization transition time and

T = Dpp /v as shown in Fig. 1.
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Fig. 4 (a) Dependence of bit error rate on writing field
for various linear velocities v (4 Tbpsi), and (b) time
dependence of grain magnetization reversal probability
P for various v values.

WE occurs during writing (0<t¢<7,,)?, and the
attempt number is important when P is high and
0=t<7,,, . The attempt numbers are about 15, 12, 7, 4,
and 3 for K /K., = 0.19, 0.3, 0.4, 0.5, and 0.6,
respectively, when 0.1=P =<1 and O=st<7 , at H,
=10 kOe as shown in Fig. 3 (b). Since the dependence of
the attempt number on K, /K, , is large, reducing
K, /K, is effective in decreasing WE as shown in Fig.
3 (a).

The anisotropy constant ratio is also the main related
parameter for EAW. The large dependence of EAW on
K, /K., as shown in Fig. 3 (a) will be discussed in
3.2.

When we consider WE and EAW in Fig. 3 (a), a
K, /K, value of about 0.35 is the best condition for 4
Tbpsi and a 4 x1 grain arrangement even though the
minimum K, /K, value for 10 years of archiving is
0.19 as shown in Fig. 2 (b).

Next, we discuss the linear velocity v in the
write-error problem for a =0.1 and K /K, = 0.35.
Figure 4 (a) shows the dependence of bER on writing
field H, for various v values. A large WE
dependence and a small EAW dependence on v can be
seen. This is also explained using the time dependence
of the grain magnetization reversal probability P as
shown in Fig. 4 (b). The 7_. values are 1.27, 0.64, and

min
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0.32 ns for v = 5, 10, and 20 m/s, respectively. The
attempt numbers are about 18, 9, and 4 for v =5, 10,
and 20 m/s, respectively, when 0.1<P <1. Since the
dependence of the attempt number on v is large,
reducing v is effective in decreasing WE.

On the other hand, EAW is the grain magnetization
reversal in the opposite direction to the recording
direction caused by changing the H direction at the
end of the writing time 7, . Therefore, EAW occurs
after writing (¢ = ‘L’mm)Z), and the P value at the end of
the writing time 7, is important. The temperatures
at 7, are the same regardless of the v values since
the thermal gradient is constant. Then, the P values
at T, are the same regardless of the v values
designated by the open circles in Fig. 4 (b). Therefore,
the EAW dependence on v is small, and the linear
velocity is not the main related parameter for EAW.

3.2 Erasure-after-write problem

The main related parameters in the erasure-after-
write problem are the K /K, value, the thermal
gradient JT /dx for the down-track direction, and the
grain column number in one bit n.

In this section, we first discuss K, /K, , for a =
0.1. A large erasure-after-write (EAW) dependence on
K,/K,, can be seen in Fig. 3 (a). If the P values at
T,., designated by the open circles in Fig. 3 (b) are
insufficiently low, EAW occurs. The P value abruptly
decreases as K, /K, increases. Therefore, increasing
K, /K, is effective in reducing EAW as shown in Fig.
3 (a).

Next, the thermal gradient J7T /dx in the erasure-
after-write problem is discussed for a = 0.1 and
K, /K., =0.35. Figure 5 (a) shows the dependence of
bit error rate (hER) on the writing field H, for various
dT /dx values. A large EAW dependence and a small
WE dependence on JT /dx can be seen. As mentioned
above, the magnetization reversal probability P at
T .. is important for EAW, and the P values at 7
designated by the open circles in Fig. 5 (b) are reduced
as JT /dx increases. Therefore, increasing JdT /dx is

min

effective in reducing EAW as shown in Fig. 5 (a).

On the other hand, the attempt number is important
for WE when P is high. The attempt numbers are
about 13, 9, and 6 for JT /dx = 10, 15, and 20 K/nm,
respectively, when 0.1<P <1 as shown in Fig. 5 (b).
Since the dependence of the attempt number on J7T /dx
is small, the dependence of WE on J7T /dx is small as
shown in Fig. 5 (a), and the thermal gradient is not the
main related parameter for WE.

Finally, in this section, the grain column number in
the erasure-after-write problem is discussed for o =
0.1 and K, /K, = 0.35. We performed a comparison
regarding the grain column number in one bit n.
Figure 6 (a) shows the dependence of bER on the
writing field H, for n = 2 (4 Tbpsi, 2x2) and n =
1 (4 Tbpsi, 4x1 grain arrangement). The dotted lines
show the bER values for n = 1. It is characteristic that
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the bER values caused by WE are the same and the
bER caused by EAW for n =2 is lower than that for n
=1.
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(b)
Fig. 5 (a) Dependence of bit error rate on writing field
for various thermal gradients JT /dx (4 Thpsi), and (b)
time dependence of grain magnetization reversal
probability P for various JT /dx values.

This is explained using the time dependence of the
grain magnetization reversal probability P for n = 2
as shown in Fig. 6 (b) at H, = 10 kOe and (¢) H, =
15 kOe. The times corresponding to the Curie
temperatures T, and T, are O and 0.64 ns for the
1st and 2nd columns, respectively, and the end of the
writing time T, is 1.27 ns. The attempt numbers are
the same for the 1st and 2nd columns when 0.1=P <1
as shown in Fig. 6 (b). Therefore, the bER values
caused by WE are the same for the 1st and 2nd columns,
and the grain column number in one bit is not the
related parameter for WE.

The writing times, which are the times corresponding
to T,, and T, to T,,, are 1.27 and 0.64 ns for the
1st and 2nd columns as shown in Fig. 6 (c), respectively.
Since the writing time is long in the 1st column, P at
7., is sufficiently low and EAW does not occur even at
H, =15 kOe. However, the writing time is only 0.64
ns in the 2nd column. Therefore, EAW occurs only in
the 2nd column since P at 7, denoted by an open
circle is insufficiently low only for the 2nd column.
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Fig. 6 (a) Dependence of bit error rate on writing field
H, for grain column numbers n =2 and 1 (4 Tbpsi),
(b) time dependence of grain magnetization reversal
probability P for n = 2 at H, = 10 kOe, and (c)
H_, =15kOe.

The increase in the grain column number under a
constant recording density is effective for achieving a
wide writing field margin, namely a wide writing field
region where the bER value is less than 1073,

3.8 Statistics problem

In this section, we discuss the grain number in the
statistics problem for a = 0.1. We performed a
comparison regarding the grain number per bit mn.
Figures 7 (a) and (b) show the dependence of bit error

INDEX

rate (bER) on the writing field H, for mn = 4 (4
Tbpsi, 2x2) and mn = 8 (2 Tbpsi, 4x2 grain
arrangement) where the mean grain sizes D, for mn
= 4 and 8 are the same. The bER value for mn = 8 is
lower than that for mn = 4. Since the calculation
conditions except the grain row number m are the
same, the WE probabilities are the same in Figs. 7 (a)
and (b). Furthermore, since the grain column numbers
in one bit n are the same, the EAW probabilities are
also the same in Figs. 7 (a) and (b). Therefore, the
reason for the bER difference is a statistics problem.
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Fig. 7 Dependence of bit error rate on writing field for

(a) grain numbers mn =4 (4 Tbpsi) and (b) mn =8 (2
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Statistics problem is explained using the following
example. All grains are assumed to be homogeneous.
When the grain error probability p is 0.1, the bER
value for mn =4 is calculated as

4
bER =3 ,C,p"(1-p)*™* =0.05. 12)
k=2

On the other hand, the bER value for mn =81is

8
bER = Y .C,p"(1- p)* =0.005, (13)
k=4

which is much lower than that for mn =4 in Eq. (12).
If one bit contains many grains, the bER becomes low

since the probability is very low for a simultaneous

error for more than half of the grains in one bit.
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Therefore, even if the grain error probability, namely,
the WE or EAW probability, does not change,
increasing the grain number under a constant mean
grain size is effective in reducing the bER for a
statistical reason.
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Fig. 8 (a) Dependence of bit error rate on writing field
H, for grain number mn = 9 (4 Tbpsi), (b) time
dependence of grain magnetization reversal probability
P for mn =9 at H, = 10 kOe, and (c) H, = 15
kOe.

The difference between the calculation conditions in
Figs. 7 (a) and (b) is only the grain row number or the
recording density, and the mean grain sizes are the
same. Next, we discuss the case where the recording
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densities are the same and the mean grain sizes D,
are different. When 4 Tbpsi and mn =4 (2x2 grain
arrangement), a writing field H_ of about 8 kOe is
necessary for bER = 103 and the linear velocity v =10
m/s as shown in Fig. 7 (a) where D, = 5.4 nm and
K, /K., =0.35. Figure 8 (a) shows the dependence of
bER on H, for 4 Tbpsi and mn = 9 (3x3 grain
arrangement) where the D, value is 3.2 nm and
K, /K., is increased to a minimum value of 0.52 for
10 years of archiving. An H value of about 8 kOe is
also necessary for bER = 103 and v = 10 m/s.
Although the mn and n numbers in Fig. 8 (a) are
larger than those in Fig. 7 (a), the writing field
sensitivities for bER = 103 are almost the same.

Figures 8 (b) and (c) corresponding to Figs. 6 (b) and
(c), respectively, show the time dependence of the grain
magnetization reversal probability P.. The first
difference between the calculation conditions in Figs. 8
and 6 is the writing time. The writing times are 1.27,
0.85, and 0.42 ns, respectively, for the 1st, 2nd, and 3rd
columns as shown in Fig. 8. The writing time of the 3rd
column in Fig. 8 is shorter than that of the 2nd column
in Fig. 6. The second difference is the rate at which P
decreases with time according to Eq. (5), in which K,,
V,and H, =2K,/M_, namely K, /K, and D, are
the different parameters.
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= L i
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“§ = Ku./KbUJk =0.52 —
A Lv= 10 m/s B
ol |/ ox
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Fig. 9 Time dependence of grain magnetization
reversal probability P for mn =9 and 4 (4 Thpsi) at
H, =10kOe.

Figure 9 shows the comparison of P for mn = 9
(D,, =3.2nmand K,/K,, =0.52)and 4 (D, =54
nm and K, /K,, = 0.35). The third difference is the
recording time window® 7., where T, is a time for
P =1, namely H, <H, according to Eq. (5). The
recording time window Ty, for mn = 9 is shorter
than that for mn = 4 as shown in Fig. 9 since
K, /K, for mn =9 is higher than that for mn = 4.
The fourth difference is the attempt frequency f,
according to Eq. (7), in which V and K,/K,,.
namely D and K,/K,, are the different
parameters. The attempt period 7,, =1/f, for mn =
9 is somewhat longer than that for mn = 4 as shown
in Fig. 9 since D, K, /K, for mn =9 is somewhat
smaller than that for mn =4.

m
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Although we can expect an increase in the writing
field sensitivity owing to the small reduction rate of P
with time and a statistical effect, the writing field
sensitivities are almost the same in Figs. 7 (a) and 8 (a)
since the recording time window decreases and the
attempt period increases as the grain number mn
increases.

Although the P value of the 2nd column at T
indicated by an open circle in Fig. 6 (b) is sufficiently
low, that of the 3rd column in Fig. 8 (b) is insufficiently
low even at H_, = 10 kOe. Furthermore, although the
P value of the 1st column at 7, in Fig. 6 (c) is less
than 104, that of the 2nd column shown by an open
circle in Fig. 8 (c) is more than 103 at H_, = 15 kOe.
Therefore, although the grain column number n
increases and there is a statistical effect, the bER value

min

caused by EAW is also scarcely changed by increasing
n and mn.

The writing properties the
regardless of the grain number per bit under a constant
recording density. However, there are fluctuations in
and position Ax in a

are almost same

the switching timing At
granular medium?®, and it is assumed that increasing
the grain number 1is advantageous as regards
suppression of the bER degradation caused by the
fluctuations in Af and Ax. This is a subject for future
study.
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Fig. 10 Dependence of bit error rate on writing field
for (a) grain numbers mn =4 (4 Thpsi) and (b) mn =
9 (4 Tbpsi) where damping constant a = 0.01.
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Fig. 11 Dependence of bit error rate on writing field
for (a) grain numbers mn = 8 (2 Thpsi), (b) mn =12
(2 Thpsi), and () mn = 16 (2 Thpsi) where damping
constant o =0.01.

3.4 Damping constant problem

Finally, this section considers the damping constant
problem since the damping constant of FePt just below
the Curie temperature is unknown. In a previous
paper?, we used the signal-to-noise ratio to show that if
the damping constant is small, the write-error (WE) is
dominant and writing is difficult since the attempt
period is long and there is almost no opportunity for
writing. We discuss this problem using the bit error
rate (bER) value for the damping constant a = 0.01
instead of 0.1 where the attempt period is about ten
times longer. Since WE is dominant and writing is
difficult, we used the K, /K, values including the
minimum K, /K, value and a slow linear velocity of
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5 m/s taking account of the discussion in 3.1.

Figure 10 shows the dependence of bER on the
writing field H, for various K, /K, values where
(a) 4 Thpsi and the grain number mn =4 (2x2) and
() 4 Tbpsi and mn = 9 (3x3 grain arrangement).
The minimum K,/K,, values for 10 years of
archiving are 0.19 and 0.52 for mn = 4 and 9,
respectively. As a result, the bER value is more than
103 under the conditions used in this study for 4 Thpsi.
A serious problem in HAMR is that writing becomes
difficult if the damping constant just below the Curie
temperature is small.

Then, we examined the writing property for 2 Tbpsi
instead of 4 Tbpsi as shown in Fig. 11 for (a) the grain
number per bit mn =8 (4 x2 and the mean grain size
D, =5.4nm),(b) mn =12(4x3 and D, =4.2nm),
and (c) mn =16 (4x4 grain arrangement and D, =
3.5 nm) considering the discussion in 3.3. The
minimum K /K, values for 10 years of archiving
are 0.19, 0.31, and 0.45 for mn = 8, 12, and 16,
respectively.

The difference between the calculation conditions in
Fig. 11 (a) and Fig. 10 (a) is simply the grain row
number or the recording density, and the D, values
are the same. A bER value of less than 103 can be
achieved for 2 Tbpsi for a statistical reason. The H
values necessary for bER = 103 are about 15, 14, and 13
kOe for mn = 8 (K, /K, = 0.4), 12 (0.4), and 16
(0.45), respectively. The writing properties are also
almost the same regardless of the grain number under
a constant recording density. A high writing field is
necessary if the damping constant just below the Curie
temperature is small.

4. Conclusions

We can divide the topic of increasing writing field
sensitivity into four problems using the bit error rate
calculated with our model for heat-assisted magnetic
recording, and we discuss the calculation parameters
related to the problems.

(1) Write-error problem

Reducing the anisotropy constant ratio K,/K,
and/or the linear velocity v is effective in reducing
write-error, namely, in increasing the writing field
sensitivity.

(2) Erasure-after-write problem

Erasure-after-write must be sufficiently low in a low
writing field region. Increasing K, /K, , the thermal
gradient for the down-track direction, and/or the grain
column number in one bit is effective in reducing
erasure-after-write.
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(3) Statistics problem

Increasing the grain number per bit under a constant
mean grain size is effective in increasing the writing
field sensitivity for a statistical reason. However,
increasing the grain number under a constant
recording density is ineffective. Nevertheless, there is a
statistical effect since the recording time window
decreases and the attempt period increases.

(4) Damping constant problem

When the Gilbert damping constant o is small,
writing is difficult and a high writing field is necessary
since the attempt period is long.

As a result of optimization considering the four
problems, when a =0.1, a writing field of about 8 kOe
is necessary for 4 Tbpsi and v = 10 m/s. On the other
hand, when a = 0.01, a writing field of about 13 kOe
is necessary for 2 Tbpsi and v = 5 m/s under the
conditions used in this study.
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