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<Review>

Magneto-optical Imaging Using Bismuth-substituted Iron Garnet Films
Prepared by Metal-Organic Decomposition

Takayuki Ishibashi
Nagaoka University of Technology, 1603-1 Kamitomioka, Nagaoka, Niigata 940-2188, Japan

Magneto-optical (MO) imaging using an MO material is one of the most important imaging techniques for
measuring magnetic field distributions. The technique is attracting attention because of its ability to visualize
magnetic fields and current distributions at a wide range of temperatures from cryogenic to room temperature or
higher, a wide range of length scales from micrometers to several tens of centimeters, and a wide range of frequencies
from DC to GHz. Nevertheless, further development of films with good MO properties is required in order to extend
the range of applications of MO imaging. In this paper, developments related to bismuth-substituted iron garnet films,
Rs-BiFes Ga,012 (R=Y, Nd; 1 < x< 3), prepared by metal-organic decomposition for MO imaging plates are reviewed.
In addition, an MO imaging plate with an electroluminescent backlight, which enables wide-area MO imaging, and
the MO color imaging technique, which indicates the strength of a magnetic field using colors, are reviewed.

Key words: magneto-optical imaging, Faraday effect, Bi-substituted iron garnet, metal-organic decomposition

1. Introduction

Magneto-optical (MO) imaging has played an
important role in both basic research on magnetic
materials and applications such as magnetic recording
technologies. The polarizing microscope developed in the
1950s has been used to visualize magnetic domains in
magnetic materials via MO effects?. Magnetic domains
become visible under a polarizing microscope because the
polarization plane of the light from a sample is rotated as
a result of the MO Kerr effect? in reflection or the
Faraday effect® in transmission.

MO imaging techniques that utilize an MO material
measure the magnetic field distribution in a magnetic
material, whereas the aforementioned MO microscopy
technique measures the magnetization. We refer to the
plate with MO materials that enable visualization of
magnetic fields as an MO imaging plate. The magnetic
field distribution at a location on the MO imaging plate
is visualized in real-time using the Faraday effect of the
MO materials, as shown in Fig. 1. The MO imaging plates
consist of an MO material (typically a bismuth (Bi)-
substituted iron garnet film prepared on a transparent
substrate as described below), a mirror layer, and a
protection layer. The spatial resolution in MO imaging
can be as high as the optical diffraction limit, although it
is adversely affected by the dispersive characteristics of
the magnetic field. However, MO imaging would enable
the measurement samples with a large area (larger than
several tens of square centimeters) if large MO imaging
plates become available. Given these features, MO
imaging is promising as a nondestructive measurement
technique for characterizing electronic devices, detecting
impurities and defects in metals. Moreover, it is
considered a promising technique for characterizing
magnetic fields with frequencies as high as the
microwave range®-d,

2. MO imaging using Bi-substituted iron garnet

Alers introduced the MO imaging technique using
paramagnetic cerium phosphate glass in 1959 to study
the intermediate state in superconductors. The glass was
later replaced by Eu-chalcogenides such as EuSe or EuS,
which were used in a narrow temperature range in which
both a large Faraday rotation angle and paramagnetism
were utilized®?. MO imaging techniques using Bi-
substituted iron garnets were first reported in 19899,
This approach enables the measurement of magnetic
fields in a wide temperature range (from extremely low
temperatures to a high temperature of ~100°C) using MO
imaging®19, In the early stages of the development of
MO imaging, the magnetic domain size in garnet films
with perpendicular magnetic anisotropy limited the
spatial resolution to the lengths of the magnetic domains.
The use of Bi-substituted iron garnet, which exhibits in-
plane magnetization, has led to a substantial
improvement of the spatial resolution!'?). Consequently,
the real-time observation of single vortices in
superconductors has been realized!2-14),

The magnetic garnets have a garnet structure with
cubic space group /a3d. Their structure includes three
tetrahedral and two octahedral sites for Fe3* ions and
three dodecahedral sites for A?* rare-earth ions in one
unit cell described by the chemical formula R3Fes0:s.
Each of the Fe3* ions in the two sites has a magnetic
moment of 5 us with directions opposite to each other,
resulting in a ferrimagnet with a relatively weak
spontaneous magnetization. Most magnetic garnets have
similar Curie temperatures of approximately 550 K,
although some rare-earth elements have a magnetic
moment induced by the moment of Fe3*, aligned parallel
or antiparallel to it depending on the rare-earth element.
For MO imaging, yttrium or lutetium iron garnets have
been used because Y3t and Lu3* do not have magnetic
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Fig. 1 (a) A schematic of MO imaging using an MO
imaging plate and (b) the magnetic-field dependence
of the Faraday rotation of the MO imaging plate.

moments and, consequently, there is no magnetic
compensation temperature and less temperature
dependence of the magnetizations.

One of the most important properties of  Bi-
substituted iron garnets is their excellent MO properties,
which can be improved by substituting Bi3* for /£3*. The
Faraday rotation for Ys-.BiFes;012 (Bi'YIG) increases
from 4°/pm for x= 1 to 30%um for x = 3 (BisFe5012)15-17.
Because of their excellent MO properties, Bi-
substituted iron garnets have been used in various MO
applications, including optical isolators!®, spatial light
modulators!?29 and MO imaging plates. Moreover, they
are promising materials for studying fast magnetization
reversals using a femtosecond laser?), spin-wave
phenomena??-24, the spin Seebeck effect?5-27, and
terahertz emission2®.

In addition to the large Faraday rotation, the magnetic
anisotropy of an MO material must be controlled for MO
imaging. In-plane magnetic anisotropy with a linear
magnetic-field dependence of Faraday rotation is
suitable for MO imaging. From the viewpoint of
magnetocrystalline anisotropy, (001)- or (011)-orientated
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epitaxial films prepared on GdsGasOi2 (GGG) single
crystals with a lattice constant of 1.2383 nm have been
used as substrates. The saturation magnetic field was
controlled by substituting nonmagnetic elements such as
Ga and Al for Fe, resulting in a decrease in the
demagnetization field. In addition, magnetostrictive
effects, which are affected by the lattice matching and
whose values differ with the kind of rare-earth element,
must also be considered for controlling the magnetic
anisotropy.

To obtain Bi-substituted iron garnet films with a large
proportion of Bi (1.5 < x < 3), researchers have used a
wide variety of film growth techniques capable of growing
films wunder nonequilibrium conditions, including
sputtering, pulsed laser deposition29-3D ion-beam
sputtering??, and the sol-gel method1?:3?, The resultant
films, however, often included secondary phases or
exhibited cracks. However, highly Bi-substituted iron
garnet films suitable for optical applications have been
successfully grown by metal-organic decomposition
(MOD)33:39 as described in section 3.

3. Preparation of Bi-substituted iron garnet films
by MOD

3.1 MOD method
MOD is a film-growth method for oxides and offers
several advantages:
The process is simple and does not require a vacuum
system.
Chemical composition can be precisely controlled.
MOD solutions are uniform at the molecular level
and stable for several years.
It enables the easy preparation of large-scale films.
Figure 2 shows a typical MOD procedure consisting of
spin-coating of a MOD solution (3000 rpm, 60 s), drying
(100°C, 10-30 min), pre-annealing to decompose the
organic materials (~400°C, 10—30 min), and annealing to
induce crystallization (700°C, 3 h). All of these thermal
treatments are performed in air. We used MOD solutions
prepared by Kojundo Chemical Co., Ltd. in our study.
The starting materials for the MOD solutions consist of

Y MOD process —

Spin coating of
MOD solution

Drying ~100°C
(Evaporating solvents)

1eaday

Preannealing ~400°C
(Decomposition of
metal-organic materials)

4

Annealing ~700°C
(Crystalization)

X o

Fig. 2 A typical procedure in the MOD process.
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solutions of metal octylates, including those of Bi, Y, Fe,
Nd, and Ga. They are mixed to obtain the desired
chemical proportion. The total concentration of octylates
in the MOD liquids is usually fixed at 3—4%. The typical
thickness of a single coated film is 30—40 nm.

3.2 Bi'YIG films

Figure 3 shows XRD patterns for Yo5Bi2s5Fes012
(Bi2.5:YIG) and BisFes012 (BIG) films prepared on GGG
(001). Only the 004 and 008 peaks are observed to the left
of the peaks for the GGG substrate for both the YBIG and
the BIG film, indicating that the Bi2.5:YIG and BIG films
were both grown along the [100] direction. However, the
films exhibited a granular structure consisting of grains
smaller than 100 nm. Fortunately, because their
magnetic domains are as small as their grains, these
materials are suitable as materials for MO imaging in
which the spatial resolution is limited by the magnetic
domain structure. In fact, large zigzag domain structures,
which have been observed in garnet films grown by the
liquid-phase epitaxy, have not been observed in MOD-
grown garnet films.

Figure 4 shows the magnetic-field dependence of the
Faraday rotation for Bi:YIG films with 1.5 < x < 3 on
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Fig. 3 XRD patterns for (a) B2.5:YIG and (b) BIG films
prepared on GGG(100) substrates.
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GGG(001) substrates, measured at a photon energy of 3
eV. A linear magnetic-field dependence of the Faraday
rotation is observed below the saturation field of
approximately 2 kOe for all of the samples represented
in the figure.

Moreover, off-diagonal components of permittivity
tensors were obtained3® for the first time, as shown in
Fig. 5. The permittivity tensor € was defined as

&g —li'g 0
é:[i-sz & 0].

0 0 &

o

These results indicate that Bi:YIG films prepared by
the MOD method exhibited excellent MO properties and
sufficient optical quality for optical analysis using
ellipsometry.

3.3 Bi:NIG on GGG

As previously mentioned, Y3* or Lu3*, which have
relatively small ionic radii, have been used in Bi-
substituted iron garnets to minimize lattice mismatch
between the garnet films and the GGG substrates.
However, other rare-earth elements could be used if
lattice matching is not required. In one study, Nd3* was
chosen because its ionic radius is similar to that of Bi3*
and its magnetic moment is parallel to the net magnetic
moment of Fe3* in garnets, and NdosBi2sFes—,GaO12
(Bi2.5Ga:NIG) films were successfully prepared by
MOD39:3D, Figure 6 shows magnetization curves of
Bi2.5Ga:NIG films prepared on GGG(001) substrates,

04 — T T
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Fig. 5 (a) Real and (b) imaginary parts of off-
diagonal elements of the permittivity tensor for Ys-
«BixFes012 (x = 1.5, 2, 2.5, 3.0) prepared on
GGG(001) substrates 39,
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Fig. 7 Uniaxial magnetic anisotropy KA. and

magnetocrystalline anisotropy A1 in Y3-xBixFes012 and
NdsxBixFe5012 films.

showing that the magnetic anisotropy was controlled by
substituting Ga3+ for Fe3*. The effect of Nd3* on the
magnetic anisotropy was carefully analyzed using
ferromagnetic resonance (FMR) measurements3?. Figure
7 shows the uniaxial magnetic anisotropy KA. and
magnetocrystalline anisotropy A1 in Bi:YIG and Bi:NIG.
The values of K1 were found not to vary with the Bi
content for either the Bi:YIG or the Bi:NIG films, and the
value of Ku in Bi'YIG also did not varied with the Y
content. By contrast, the value of Kuin Bi:NIG decreased

Journal of the Magnetics Society of Japan Vol.44, No.5, 2020

with decreasing Nd content, suggesting a large
contribution of Nd3+ to the K. Aplesnin et al.3® reported
on the temperature dependence of the magnetostriction
in Bi2.5:NIG films. They found a large temperature
dependence of the magnetostriction effect in Bi2.5:NIG,
indicating that the magnetic anisotropy could be varied
with temperature.

3.4 Bi,Ga:NIG on glass substrate

Increasing the measurement area in MO imaging
necessitated the development of highly Bi-substituted
iron garnet films on glass substrates. However, the
crystallization of highly Bi-substituted iron garnets with
Bi contents in the range 2 < x< 3, which are metastable
materials, was found to be difficult on glass substrates.
Okuda successfully grew a polycrystalline BIG film on a
polycrystalline GGG layer prepared on a fused-quartz
substrate at annealing temperatures ranging from 700 to
800°C. However, some secondary phases existed and the
annealing temperature was too high for general glass
substrates. Meanwhile, our group successfully prepared
polycrystalline BIG films on Bil:YIG buffer layers3? and
Bi2.5Ga:NIG on Bil:NIG buffer layers404V. These films
were prepared at annealing temperatures of 600—
700°C42), which were sufficiently low to enable the use of
glass substrates. A photograph of a Bi2.5:NIG film
prepared on a glass substrate (Eagle XG, Corning) with

Ndy 5Bip sFes04, film with@ 6 inch size glass sub.
{;

RSN
Fig. 8 Photo of a 6 inch Bi2.5NIG film.

N

Faraday rotation (deg.)

-3 -2 2 3

-1 0 1
Magnetic field (kOe)

Fig. 9 Faraday  hysteresis loops for
Ndo.sBizsFes-yGayO1z films with y=0, 0.5 and 1 and a
thickness of 450 nm prepared on glass substrates.
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substrates.

a diameter of 6 inches is shown in Fig. 8.

The Bi2.5Ga:NIG films exhibited Faraday rotation
angles comparable to those for films on single-crystalline
GGG substrates, and the magnetic anisotropy was
controlled by substituting Ga3* for Fe3*, as shown in Fig.
0943),

Magnetic anisotropy and high-frequency properties
have been studied by FMR measurements4. The
resonant magnetic field Hyes measured for X-band (9.09
GHz) microwaves is plotted as a function of the polar
angle B in Fig. 10 with the coordinate system used in the
FMR experiment. Open circles represent the
experimental data, and solid lines indicate fitted data
using the equation4?

(%)2 = [Hres cos(B—0) +2 (% - ZHMS) cos 29]

s

X |Hyes cos(B — 0) + 2 K _ 2nM ) cos? 0|, (2)
[ (5

where o is the angular frequency of the microwaves, 8
is the angle between M and the [001] direction, and M is
the saturation magnetization. K. and the gyromagnetic

ratio y were estimated by fitting the g dependence of
H:es. The Ku values obtained in this analysis were
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Fig. 12 Frequency dependence of MO signals for
NdosBizsFes-yGayO12  thin  films on glass
substrates with y = 0, 0.25, 0.5, 0.75 and 1 and
Bil:YIG on GGG (111) substrate.

approximately the same as those measured via torque
measurements4). The g -factor values were obtained
using the equation, g = yh/2nug, where ug is the Bohr
magneton and h is Planck’s constant, and are plotted as
a function of the Ga content in Fig. 11. The g-factor
slightly increased with increasing Ga content. This
behavior can be explained by the existence of the orbital
angular momentum p,, in Nd3* in addition to the spin
moment Ugyiy, as given'® by

g=2 (1 + @) . 3)
:uspin
Similar behavior of the g -factor around the
compensation  point has been  reported for

EusFes-sGasO1z, although the sign of the pug,, was
opposite to that in this case because the direction of the
magnetic moment in KEu3* was opposite to that in Nd3*.
From the viewpoint of the magnetic moment of each ion,
the effective gyromagnetic ratio y.g is expressed4?” by

v _ MNd + (Mpe(tet.) - MFe(OCt.))
e Myq n Mge(tet.) — Mge(oct.) ’
[¥nal [Vrel

C))

where Myq is the magnetic moment of Nd3*, Mg, (tet.)
and Mg.(oct.) are the magnetic moments of Fe3* in
tetrahedral and octahedral sites, respectively, and yyq
and yp. are the gyromagnetic ratios of the rare-earth
sublattice and net Fe3+-ion sublattice, respectively. The
decrease of the g-factor with increasing Ga content is
explained by the decrease of the net magnetic moment
Mg (tet.) — Mgo(oct.) with increasing Ga substitution.
These results are consistent with the magnetic moment
of the Nd3* ions being parallel to the net magnetic
moment of the Fe3* ions, and indicate that the Nd3+ ions
play an important role in determining magnetic
properties such as the y ¢ even though the Nd content
was as low as 0.5. Because of the larger y., the
magnetization in Bi,Ga:NIG could respond at higher
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frequencies.

MO signals measured at high frequencies using
Bi2.5Ga:NIG films on glass substrates are shown in Fig.
12. The AC magnetic field induced by the AC current
with frequencies as high as 6 GHz was measured at the
edge of a microstrip line by the stroboscopic method using
short laser pulses without a bias magnetic field4®49,
Figure 12 shows signal voltages corresponding to MO
responses measured using Bi2.5Ga:NIG films with a Ga
content 0 < y<1 on glass substrates. For comparison, the
result for a Bil:YIG thin film on a GGG(111) substrate
prepared by MOD is also shown. It should be noted that
these samples were measured with the same condition.
MO signals were detected at frequencies as high as 6 GHz
for all of the Bi2.5Ga:NIG thin films, and they had broad
resonance peaks between 1.5 and 2 GHz. By contrast, the
MO signal measured using a Bi:LIG film grown by the
LPE method showed a sharp resonance peak49.

4. MO imaging using Bi-substituted iron garnet films
prepared by MOD

4.1 MO imaging using Bi:YIG on GGG(001)

Figure 13 shows MO images of magnetic recording
marks in videotapes measured using a Bi2.5:YIG film
with a thickness of 200 nm3%. The wavelengths of the
measured recording marks in Fig. 13(a) and 13(b) were 4
and 1.16 um, respectively. Zigzag-shaped magnetic

domains recorded in the videotapes were clearly observed.

This result indicates that the spatial resolution in MO
imaging using the Bi2.5:YIG film is better than 0.6 um,
which is sufficient for measurements using an optical
microscope. One of the advantages of highly Bi-
substituted iron garnet is its high submicron-scale
spatial resolution, which is achieved by a submicron-
thick film with a large Faraday rotation angle.

4.2 MO imaging plate combined with backlight

An optical setup with extraordinarily large lenses and
a half-mirror will be required to achieve sufficiently
uniform polarization over a large area. To solve this
problem, Nagakubo et al. have proposed combining an
MO imaging plate with a thin electroluminescent (EL)
backlight and a linear polarizing film, as shown in Fig.

Fig. 13 MO images of video tapes magnetically
recorded with wavelengths of (a) 4 um and (b) 1.16 um,
measured using a B2.5:YIG film on GGG(001) 39.

INDEX

14. A camera and an analyzer were used to acquire the
MO signals®®. In addition, a quarter-wave plate was
placed in front of the analyzer for quantitative
measurement. Figure 15 shows the magnetic field
distribution for a smart phone. The magnetic field
distribution from permanent magnets used in the camera,
speakers, and the taptic device were clearly observed.

The magnetic field distributions were quantitatively
obtained by measuring the MO effect, rotation angle 6, or
ellipticity n using equations5%-50

2 — (rcp + Iicp)

2(Ipcp + I1cp)
rep — ILcp

= 2(Igcp + Icp)

®)
(6)

where Ip, Igcp, and I cp are the light intensities for
linear and right- and left-circular polarization,
respectively, measured at each pixel of the imaging
sensor in the imaging device. Quantitative values of the
magnetic field were obtained from the magnetic-field
dependences of 6 or n. An MO image of a stack of Nd
magnets and the corresponding line profile are shown in
Fig. 16. The validity of the measured values has been
discussed4?.

‘ EL Sheet

Polarizer

$150 mm size
Garnet film

A/4 plate ~

Analyzer —

CCD camera

Fig. 14 An MO imaging setup with an MO imaging
plate with a backlight.

Fig. 15 (a) A Photograph of a smartphone and (b) its
MO image.
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4.3 MO color imaging

Spectral shapes of the Kerr rotation of the MO imaging
plates measured in reflection geometry are influenced by
light interference. Consequently, they differ from their
original spectral structures, resulting in MO images that
could become colorful. For example, the Kerr rotation
spectrum of an MO imaging plate using Bi2:NIG with a
thickness of 450 nm is shown in Fig. 17. Peaks are
observed at wavelengths of 530 and 595 nm,
corresponding to green and yellow, respectively. By
varying the chemical composition and/or the thickness of
the garnet film, or the light source, researchers could
vary the color depending on the magnetic field as
previously reported4?. Figure 18 shows three results
obtained experimentally using various light sources (i.e.,
a white LED, green and yellow LEDs, and blue and
yellow LEDs) plotted in the chromaticity diagram
(CIE1931), in which each curve indicates that color
varies with the magnetic field strength. The magnetic
field was quantitatively evaluated with colors expressed
as RGB values. More details of the MO color imaging
technique will be found in Ref. 42.

Figure 19 shows a demonstration of quantitative MO
color imaging using a white LED and a commercial
ferrite magnet. The color scale indicates the strength of
the magnetic field. In the MO image, south (S) and north
(N) magnetic poles are indicated by yellow and blue,
respectively; the zero point is indicated by violet.

We expect the resolution of the displayed magnetic field
to be improved through the use of a color instead of a
monochrome display. Specifically, the resolution of the
magnetic field in color can potentially be the cube of that
in monochrome. For example, in the case of an 8-bit
camera, magnetic field values could be expressed with

INDEX

Kerr rotation angle (deg.)

-10 . . . . .
400 450 500 550 600 650 700
Wavelength (nm)

Fig. 17 Kerr spectrum of the Bi2:NIG film on a glass
substrate.

—— White LED

Green & Yellow LEDs

Biue & Yellow LEDs

0.

0 Lo
00 01 02 03 04 05 06 07
X CIE1931

Fig. 18 Color table showing the location of data
experimentally obtained using white LEDs, green
and yellow LEDs, and blue and yellow LEDs as light
sources.

-1 0 +1kOe

Fig. 19 (a) Digital photograph of a spherical magnet
and (b) the corresponding MO color image

28%3 = 16,777,216 colors, compared with 28 = 256 in
monochrome.

5. Summary

An MO imaging technique using an MO imaging plate
has been developed as a powerful method that visualizes
the magnetic field distribution at a wide range of
temperatures from cryogenic to greater than 100°C, at
length scales from micrometers to several tens of
centimeters, and at frequencies from DC to GHz. The
spatial and time resolutions have been improved through
the use of Bi-substituted iron garnet films as MO imaging
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plates. In this paper, Bi-substituted iron garnet films
fabricated by the MOD method were reviewed, where
highly Bi-substituted iron garnet films on glass
substrates as well as on GGG substrates were discussed.
In addition, an MO imaging plate with an EL backlight
for wide-area MO imaging and for MO color imaging with
high magnetic resolution were reviewed. Further
advances in MO materials and measurement techniques
are expected to broaden the application range of MO
imaging.
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MnGa Film with (001) Texture Fabricated on Thermally Oxidized
Si Substrate Using CoGa Buffer Layer
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(001)-oriented MnGa films were grown on thermally oxidized Si substrates using CoGa buffer layers by the
magnetron sputtering method. The deposition and annealing temperatures of the CoGa buffer layer were optimized to
improve (001)-orientation of the MnGa layer. As a result, a saturation magnetization of 290 emu/cc was obtained
when CoGa was sputter-deposited at 400 °C and post-annealed at 700 °C. This saturation magnetization was almost
equal to that of MnGa grown on an MgO(001) substrate. The (001)-oriented MnGa film grown on the Si substrate had
surface roughness compared to that grown on MgO(001) due to the high temperature annealing of the CoGa layer.
Improvement of surface flatness is necessary for applications to magnetic memory and storage such as magnetic

tunnel junctions and bit patterned media.

Key words: MnGa, CoGa, magnetic recording, recording media, bit patterned media,

1. Introduction

The areal density of hard disk drive (HDD) is
increasing every year, and further increase is desired.
Energy-assisted magnetic recordings, such as heat- or
microwave-assisted recordings, are under development
to boost the areal density of HDD. These technologies
will be followed by heated dot magnetic recording
(HDMR), which combines heat- (or energy) assisted
magnetic recording and bit patterned media (BPM) to
extend the density more than 10 Tb/in2 V. In BPM, bit
boundaries are defined by a nano-fabrication technique,
and low transition noise is obtained without sacrificing
thermal stability compared to a conventional granular
media?. In general, ion milling followed by trench filling
with nonmagnetic materials between bits is used to
define the bit boundary in BPM. However, there are
several problems with this fabrication method of BPM,
including rough surface of the media, large distribution
of the switching field, and high fabrication cost. An
alternative way to fabricate BPM is an ion irradiation
technique, in which accelerated ions are irradiated to
modify the magnetic properties locally without etching
the media physically® 4. Ton irradiation is a simple and
cost-effective fabrication method, and no flattening
process, such as trench filling, is required after the bit
boundary has been defined.

In the early stages of the study of the ion irradiation
method, Co/Pt?6 and Co/Pd”® multilayer films with

perpendicular magnetic anisotropies were used as media.

The ion irradiation caused interdiffusion at the Co/Pt or
Co/Pd interface, perpendicular
anisotropy and makes them in-plane magnetized films

which lowers the

due to the demagnetizing energy. Thus, when these
multilayers are used as ion irradiation BPM,
perpendicularly magnetized bits are separated by the
in-plane magnetized region, which causes exchange
coupling between the bits, and limits the ultimate

density of BPM. In order to avoid the exchange coupling,
we focused on perpendicularly magnetized Cr- and
Mn-based ordered alloy films, because their magnetism
was varied from ferromagnetic to paramagnetic by ion
irradiation through the change in their crystal structure
from the ordered to the disordered phase?12. In our
previous work, we demonstrated dot-patterned MnGa
films with a flat surface and low bit edge damage by 30
keV Kr* ion irradiation!?1®. However, these results
were obtained using MnGa grown on MgO(001) single
crystal substrates, which are costly for practical
application. Thus, we have studied the growth of
(001)-textured L1o-MnGa films on thermally oxidized Si
substrates!®.

For the mass production of ion beam patterned BPM,
resist masks are expected to be imprinted on the
magnetic layer, and then accelerated ions are uniformly
irradiated through these masks!®. Thin (low-height)
resist masks are generally required to reduce the pitch
size of the patterning. However, when a thin resist mask
is used, the energy of incident ions must be lowered to
stop the incident ions by the resist masks / to protect the
MnGa bit by the irradiation. On the other hand, the
low-energy of ion irradiation requires a reduction in the
thickness of MnGa films, because the penetration depth
of incident ions depends on the ion energy.

The thickness of MnGa should be less than the
penetration depth to kill the ferromagnetism of the
“space” regions. Therefore, thin and uniform MnGa with
large perpendicular anisotropy should be prepared on
low-cost substrates for practical application. However,
reducing the MnGa thickness is known to degrade the
magnetic properties, such as squareness and increased
coercivityl®. Recently, Suzuki et al reported that a
CoGa buffer layer was effective for obtaining ultrathin
MnGa films with a magnetic squareness close to unity!?.
In this study, we report the fabrication of ultrathin
MnGa films on thermally oxidized Si substrates using
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the CoGa buffer layer, and discuss the optimized growth
conditions.

2. Experimental methods

The sample stack was Cr (2 nm) / MnGa (5 nm) / CoGa
(0 or 30 nm) / Cr (20 nm) / MgO (20 nm) / CrB (5 nm) /
NiTa (25 nm) / SiOz / Si substrate. An Ar* ion beam was
used to clean the surface of the substrate. Most layers
were deposited by RF magnetron sputtering, and only
the MgO layer was deposited by e-beam evaporation.
NiTa and CrB were inserted to obtain the (001)-oriented
MgO buffer layerl'”. The sample was transferred
between sputtering and e-beam evaporation chambers
without breaking the vacuum to avoid contamination
during the deposition of the Cr/MgO/CrB/NiTa buffer
layer. The buffer layer was deposited at room
temperature, and the sample was then annealed at 800
°C for 60 min. The CoGa layer was deposited at TsCoGa =
200-500 °C, and then annealed at TaC°Ga = 500-800 °C
for 30 min. The MnGa layer was deposited at 200 °C, and
then annealed at 400 °C for 60 min. The Cr layer was
sputter-deposited as a protective layer at a temperature
lower than 150 °C. An epitaxial MnGa film on the
MgO(001) single crystal substrate was also prepared as

400

L (@)

M [emul/cc]
o

L,

H (kOe)

CoGa 001
MgO sub.
Cr 002 and
CoGa 002

"Ml.\v/InGa 002

X-ray intensity (cps)

20 30 40 50 60 70 80
26 (deg.)

d) MEM (FS 10 H;

(c) AFM (FS 20 nm)
R==0.20 nm

Fig. 1 (a) M-H curves, (b) XRD profile, (c) AFM,
and (d) MFM images of ultrathin MnGa film on MgO
substrate using CoGa buffer layer. Full scales (FS) of
the images are (b) 20 nm and (c) 10 Hz.
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a reference. The MgO substrate was heated at 600 °C for
10 min before deposition. The structure was Cr (2 nm) /
MnGa (5 nm) / CoGa (30 nm) / Cr (20 nm) / MgO(001)
substrate. The growth temperatures were 400 °C, 400 °C,
and 300 °C for the Cr, CoGa, and MnGa layers,
respectively. The post-annealing was performed at 600
°C for 60 min, 400 °C for 30 min, and 400 °C for 60 min
after the deposition of the Cr, CoGa, and MnGa layers,
respectively. Finally, the protective Cr layer was
deposited on the sample.

Magnetization curves were measured by an
alternating gradient field magnetometer. Crystal
structures were analyzed by X-ray diffraction (XRD)
using Cu Ka radiation. Surface morphologies and
magnetic domain structures were characterized by
atomic force microscopy (AFM) and magnetic force
microscopy (MFM) with a frequency mode, respectively.

3. Results and discussions

3.1 Ultrathin MnGa film grown
substrate using CoGa buffer layer
Figure 1(a) shows the out-of-plane and in-plane M-H
curves of the ultrathin MnGa film grown on the MgO
substrate using a CoGa buffer layer. The out-of-plane
curve showed a hysteresis with a squareness of unity; in
contrast, the in-plane curve was almost linear with little
hysteresis, showing a strong perpendicular anisotropy.
The saturation magnetization Ms was ~ 300 emulcce,
which was smaller than thick MnGa films!2. Figure 1(b)
shows the XRD profile of the ultrathin MnGa film. CoGa
001, MnGa 002, Cr 002 and CoGa 002 peaks were
observed, implying all the layers were epitaxially grown
with (001)-orientation. The MnGa film had the
Llo-ordered phase from the fact that the ferromagnetism
was observed as shown in Fig. 1 (a), however, MnGa 001
peak was not visible due to the thin MnGa layer. The
peak position of MnGa 002 shifted to high angle side
compared to the peak position of the bulk MnGa,
implying lattice constant shrinks in the film normal and
expands in the film. In addition, the peak shift for the
ultrathin MnGa was larger than that for the thick MnGa

on MgO

200 6

100

Mg (emu/cc)

0
200

300
TSCoGa C)

400

Fig. 2 Saturation magnetization Ms and average
roughness Ra of ultrathin MnGa films on Si
substrates using CoGa buffer layers as a function of
growth temperature TsCoG2 of CoGa layer.
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Fig. 3 (a) XRD patterns of ultrathin MnGa films
on Si substrates using CoGa buffer layers. The
growth temperature of CoGa TsC°Ga was varied from
200-500 °C. (b) Lattice constant ¢ of CoGa as a
function of T:¢Ga, The dashed line shows the value of
bulk CoGa.

with Ms = 450 emu/cc!? (not shown here). Accordingly,
possible reasons for the small Ms of the thin MnGa films
are low degree of Llo ordering and lattice distortion.
Figures 1(c) and (d) show AFM and MFM images of the
ultrathin MnGa film, respectively, grown on the MgO

substrate using the CoGa buffer layer. Average

roughness Ra estimated from the AFM image was 0.2 nm.

In the MFM image, bright and dark regions were
observed, which reflects the maze-like domain structure
commonly seen in perpendicularly magnetized film.
These results show that an ultrathin MnGa film with
perpendicular anisotropy and flat surface was grown on
the MgO substrate similarly to the results in our
previous study!?.

3.2 Ultrathin MnGa (001)-oriented
polycrystalline films grown on Si substrates
using CoGa buffer layer

Details regarding the growth and annealing
conditions of the seed layers underneath the CoGa layer
are provided in our previous study!®. In this paper,
growth conditions for the CoGa layer were investigated
to obtain high-quality ultrathin MnGa films. Figure 2
shows T CoGa dependence of the Ms and Ra of ultrathin

Journal of the Magnetics Society of Japan Vol.44, No.5, 2020

300 1 55
»

8 200 / 50 __

: L E

L T
_ x

< 100 15

0

500

600
TaCoGa (C)

700

Fig. 4 Saturation magnetization Ms and average
roughness R of ultrathin MnGa films on Si substrates
using CoGa buffer layers as a function of annealing
temperature TxC°G2 for the CoGa layer.
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Fig. 5 XRD patterns of ultrathin MnGa films on Si
substrates using CoGa buffer layers. The annealing
temperature of CoGa TiC0G2 was varied from 500-800
°C. The dashed line shows the peak positions of the
bulk MnGa.

20 30 40

MnGa films on Si substrates, where the CoGa buffer
layer was post-annealed at TyCGa = 500 ‘C. Ms was
estimated from the hysteresis loop along the film normal
direction, because the MnGa films were hard to saturate
along the in-plane direction. When 7:CoGa = 300 °C and
400 °C, the MnGa films showed perpendicular
anisotropy. As shown in Fig. 2, large M; and small Ra
were obtained at 7:¢°Ga = 400 °C. The Ms shown in Fig. 2
is considered to be sensitive to chemical ordering, lattice
distortion, and (001)-orientation of the MnGa film.
However, X-ray diffraction does not give us a clear
answer for the variation of M, because MnGa 001 and
002 peaks were not visible, as shown in Fig. 3(a), due to
the thin MnGa layer. Figure 3(a) shows the XRD
patterns of ultrathin MnGa films on Si substrates using
CoGa buffer layers, where the CoGa layer was deposited
at TiCoGa = 200-500 °C and post-annealed at T:CoGa = 500
°C. CoGa 001 and 002, Cr 002, and MgO 002 and 004
peaks were observed for all the samples. This means
that the CoGa, Cr, and MgO layers were all grown with
(001)-orientation. 3(b) the  TiCoGa

Figure shows
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Fig. 6 (a), (c) M-H curves and (b), () AFM images
with a full-scale (FS) 20 nm of ultrathin MnGa films
on a Si substrate. The films were grown on (a), (c) a
CoGa and (b), (d Cr layer. The CoGa layer was
sputter-deposited at TsCeGa = 400 °C and annealed at
TiCoGa =700 °C.

dependence of the lattice constant ¢ of the CoGa layer,
which was calculated from the peak position of CoGa 001,
since CoGa 002 and Cr 002 peaks were overlapped. The
lattice constant of the CoGa layer became close to that of
a bulk CoGa'? (a = 0.2877 nm) with increasing TsC°Ga up
to 400 °C, as shown in Fig. 3(b). This result may be one
of the reasons for the increase of Ms with increasing
TsCoGa up to 400 °C. Further increase of TsCoGa caused
significant increase in the roughness of the CoGa surface,
as shown in Fig. 2, which might inhibit growth of the
(001)-oriented L1o-MnGa layer.

Hereafter, TiCoGa was fixed to be 400 °C, and the
post-annealing temperature of the CoGa layer TaCoGa
was varied from 500-800 °C. Figure 4 shows T,CoGa
dependence of Ms and Ra of ultrathin MnGa films on Si
substrates. Ms reached maximum value at TaC°Ga = 700
°C, while R. increased with increasing T7TyG2, The
increase in Ra is considered to be due to the increase of
the surface roughness of the CoGa layer with increasing
TiCoGa  Dbecause CoGa films without MnGa layers
annealed at 700 °C exhibited large R. (not shown here).
Figure 5 shows XRD patterns of ultrathin MnGa films
on Si substrates using CoGa buffer layers. The CoGa
layer was deposited at 7i¢Ga = 400 °C, and the
post-annealing temperature 7.C°Ga was varied from
500—800 °C. Similar to Fig. 3(a), the samples prepared at
up to TaCGa = 700 °C show (001)-oriented growth of the
CoGa, Cr, and MgO layers. At TxC0Ga = 800 °C, CoGa 001
and 002 and Cr 002 peaks disappeared, which may have
been due to the alloying of CoGa and Cr. The variation
in the crystal structure of the CoGa layer may have
resulted in increased CoGa surface roughness. For the
samples prepared at Ty¢°G2 = 600 °C and 700 °C, the
MnGa 002 peak was visible around 26 = 53°, which is
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higher than the angle estimated in a bulk MnGa (dashed
line). This suggests that the MnGa lattice was
compressed along the [001] direction and expanded in
plane to decrease the lattice mismatch between MnGa
and CoGa. The appearance of the MnGa 002 peak is
considered to reflect the formation of (001)-oriented
L1o-MnGa, and to be related to the increase of M;, as
seen in Fig. 4.

As discussed above, the Ms of the MnGa layer
estimated from the hysteresis loop along the film normal
direction was increased with increasing 7:¢°Ga up to a
certain temperature, and then abruptly disappeared. In
the present film stack, the rather high annealing
temperature of 7TyCGa = 700 °C was effective in
promoting the crystal growth of the MnGa layer. This
post-annealing temperature was much higher than
those for the CoGa buffer layer on the MgO single
crystal substrate (see Fig. 1). Such a high annealing
temperature was also necessary in the MnGa film grown
on the Si substrate with Cr buffer layer!?.

Figure 6 shows (a) out-of-plane and in-plane M-H
curves, and (b) an AFM image of the ultrathin MnGa
film grown on the Si substrate using the CoGa buffer
layer with TiCoGa = 400 °C and TxC°Ga = 700 °C (optimum
condition in the present study). As a reference, M-H
curves and an AFM image of the MnGa film grown on a
Cr layer are shown in Figs. 6 (c) and (d), respectively. Ms
of the MnGa films on the CoGa and Cr layers were 290
and 280 emu/cc, respectively, which were almost the
same as that on the MgO substrate shown in Fig. 1(a).
The squareness of the out-of-plane M-H curve increased
and the coercivity decreased by inserting the CoGa layer
on the Cr layer, which suggests the (001) orientation and
continuity of the MnGa layer were improved compared
to our previous study. However, Ra of the film with the
CoGa layer was 3.9 nm, greater than that of the MnGa
film grown on the Cr layer. This may have been due to
the rough surface of the CoGa buffer layer, and
improvement of the surface roughness is necessary for
the application to HDD. Further study of the
composition and annealing conditions of the CoGa layer,
such as rapid thermal annealing, should be investigated.

4. Conclusion

Ultrathin MnGa films on thermally oxidized Si
substrates were fabricated by inserting a CoGa buffer
layer, and the growth conditions of the CoGa buffer layer
were investigated to obtain MnGa film with a large
saturation magnetization. In the MnGa film on the Si
substrate, saturation magnetization of 290 emu/cc was
obtained when the CoGa buffer layer was
sputter-deposited at 400 °C and post-annealed at 700 °C.
The saturation magnetization of the MnGa film on the Si
substrate was almost the same with that on the MgO
substrate. The hysteresis loop of the MnGa film
exhibited almost unity squareness and low coercivity by
the insertion of the CoGa buffer layer, suggesting the
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improvement of (001) orientation and continuity of the
MnGa layer. However, the post-annealing of the CoGa
layer at high temperature resulted in increased surface
roughness. Improvement of the surface roughness is
necessary for practical application to BPM.
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Media Design
for Three-Dimensional Heat-Assisted Magnetic Recording
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We design media for three-dimensional heat-assisted magnetic recording at 2 Tbpsi (total density of 4 Tbpsi),
taking account of heat transfer simulation, field calculation, and information stability in high Curie temperature
(HC) and low Curie temperature (LC) layers. The medium surface temperature while writing in the HC layer, the
thermal gradients while writing in the HC and LC layers, and the grain temperature difference between the HC and
LC layers while writing in the LC layer are discussed by using a heat transfer simulation. The magnetic field
strength as a function of distance from the layer surface for a single layer is discussed by employing a field
calculation. The Curie temperatures of T;. and Ty, and the grain heights of h;. and hy. in the LC and HC
layers, respectively, are also discussed in terms of information stability during 10 years of archiving and writing in
the LC layer. As a result, a media structure is decided whereby the upper, namely, the surface layer is an LC layer
with 7;. =625 Kand h;. =4.5 nm, and the lower layer is an HC layer with 7}, =750 Kand h,. =6.0 nm with

an anisotropy constant ratio of 0.8.

Key words: 3D HAMR, heat transfer simulation, field calculation, information stability

1. Introduction

Heat-assisted magnetic recording (HAMR) is a
promising candidate as a next generation magnetic
recording method capable of operating beyond the
trilemma limit?. HAMR is a recording technique where
the medium is heated to reduce coercivity during the
writing period.

Three-dimensional magnetic recording is useful for
increasing the recording capacity. Three-dimensional
HAMR (3D HAMR) has been proposed? where the
medium consists of a high Curie temperature 7.
(HC) layer and a low Curie temperature T;. (LC)
layer with no exchange coupling between the HC and
LC layers. With 3D HAMR, once data have been
written in the HC layer, other data can be written in
the L.C layer by employing lower temperature heating.

We have previously discussed the stability of the
information in the HC layer while writing is under way
in the LC layer, and the information stability in the HC
and LC layers for 10 years of archiving®. This result
obtained under the assumptions that the
temperatures in the HC and LC layers are the same,
and that the thermal gradient for the cross-track
direction is constant. However, the two layers have
different temperatures and thermal gradients.

Furthermore, the magnetic field strength from the

was

HC and LC layers is also important as regards readout.
In this paper, we design the 3D HAMR media at 2
Thbpsi (total density of 4 Tbpsi), while taking account of
a heat transfer simulation, a field calculation, and the
information stability in the HC and LC layers.
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2. Calculation Method

2.1 Heat transfer simulation

We assumed the medium to be granular. The
temperature profile for 3D HAMR depends on the
materials between the grains and between the HC and
LC layers. Suitable intergrain and interlayer materials
are currently unknown. However, it is important to
obtain the characteristics of the temperature profile in
3D HAMR. Therefore, we analytically estimated the
temperature profile for the cross-track direction y
using data published in previous papers 4) and 5)
employing Eq. (1)

TZ(y)_Tamb - Pw2
’Tl(y)_Tamb P

wl

, (1

where T;(y) is the temperature for a heating power
P,.. The ambient temperature 7, , is the maximum
working temperature of the hard drive, and is assumed
to be 330 K. The temperature increase above the
ambient temperature 7,(y)-T,
P,.
Figure 1 shows a schematic illustration of the
structure of a medium that consists of four layers,
namely a recording layer (RL) (FePt base, HC 4 nm +
LC 4 nm = 8 nm), interlayer 1 (IL1) (MgO base, 5 nm),
interlayer 2 (IL2) (Cr base, 10 nm), and a heat-sink
layer (Cu base, 30 nm). IL1 is a layer for caxis

is proportional to

mb

INDEX

orientation control of RL, and IL2 is a seed layer for IL1.

There is no intergrain material and no interlayer
material between the HC and LC layers. The x, y,
and z axes are the down-track, the cross-track, and
the film normal direction, respectively, where y =0 at
the track center and z = 0 at the RL surface. We
focused on the medium surface temperature T, while
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writing in the HC layer, the thermal gradients J7T /dy
for the cross-track direction while writing in the HC
and LC layers, and the grain temperature difference
ATy, at the track edges between the HC and LC layers
while writing in the L.C layer.

The thermal constants are summarized in Table 1.
Two thermal conductivities of 50 and 4 W/(mK) were
used for IL1.

z
% T, 7 aT / dy
0 HC:/4 nm LC: 4 nm
i — or AT,
Recording layer 8 nm {LC: 2 1m HC: 4 nm }> HL
Interlayer 1

5 nm

Interlayer 2 10 nm MgO base (50, 4 W / (mK))
Heat -sink layer 30 nm Cr base
Cu base

Glass substrate

Fig. 1 Film structure for heat transfer simulation.

Table 1 Thermal constants for heat transfer
simulation.
Specific heat Thermal conductivity
200 J/ (kgK)
Recording layer 37/(em’K) 100 W / (mK)
5007/ (kgK)
Interlayer 1 21 /(em’K) 50, 4 W / (mK)
360 J / (kgK)
Interlayer 2 257/ (cm3K) 100 W / (mK)
440 J / (kgK)
Heat-sink layer 47/(cm’K) 400 W / (mK)
1000 J / (kgK)
Glass substrate 21/(em’K) 1 W /(mK)

2.2 Field calculation

The magnetic field strength from the upper and lower
layers, as shown in Fig. 2, was calculated using an
analytical equation. One bit has 3 grains for the
down-track direction and 3 grains for the cross-track
direction, namely, there are 9 grains/bit. The bit aspect
ratio is one. The grain size D, and the intergrain
spacing Ag are 5.0 nm and 1 nm, respectively, with no
grain size distribution. The flying height hﬂy is the
distance between the magnetic head reader and the
upper layer surface. The grain heights and the
magnetizations for the upper and lower layers are hy,
h,, My ,and M, respectively.

The interlayer spacing A; for suppressing the
exchange coupling between the upper and lower layers
strongly depends on the interlayer material. And A
should be thinner due to the higher field strength at the
reader from the lower layer. On the assumption that we
had selected an appropriate material, we chose a A
value of 1 nm.
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Fig. 2 Grain arrangement for field calculation. (a) Top
and (b) side views.

2.3 Information stability

The bit error rate (bER) for estimating information
stability was calculated using the grain
probability®, taking account of the shape anisotropy
M H,;/2 using a self-demagnetizing field H, as
shown in Fig. 3. The temperature dependence of the
magnetic properties was determined by performing a

error

mean field analysis®.

The conditions used when calculating the information
stability in the HC and LC layers are summarized in
Table 2.

We assumed that the grain size distribution was
log-normal with a mean grain size D_ of 5.0 nm and a
standard deviation o /D, of 15 %.

The temperature in the center of the track while
writing is higher than that at the track boundary by
@T /dy)-(D;/2) where D, is the track width.
Therefore, the temperature of the writing head and the
surface lubricant while writing in the HC layer
decreases as D;, namely the bit aspect ratio D, /Dy,
decreases?. And the peak temperature while writing in
the LC layer also decreases as D, /D, decreases as
shown in Fig. 4. Furthermore, increasing the grain
column number per bit, namely, decreasing D, /Dy, is
effective in reducing the bER caused by the Curie
temperature 7, variation®. Therefore, we chose a
D /Dy value of 1.

We have introduced an HAMR design parameter,
namely, the anisotropy
K, /K, ¥, in place of the medium anisotropy constant

medium constant ratio

K, since the K, value is a function of the medium T..

u c
K, /K., is the intrinsic ratio of the medium K, to

bulk FePt K, regardless of 7, where FePt is a

C

candidate HAMR medium material thanks to its high
K, and relatively low T, . Although a low T, is

u C

advantageous for writing in HAMR, a higher K, /K,

is needed for a low 7, medium for 10 years of

archiving?, and a medium with a high K, /K, ,, eg

INDEX

0.6 - 1.0, is difficult to manufacture regardless of T9.

And then, a high K, /K, , must be achieved in 3D
HAMR to realize information stability in the HC layer
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while writing in the LC layer, and to realize
information stability in the LLC layer during 10 years of
archiving®. The K, /K,, value was revised to 0.8
from 0.85 or 0.86 in a previous paper? since the value of
0.85 appears to be too high for manufacturing a
medium.

We also assumed that the
normal with a mean Curie temperature 7T,
standard deviation oy /T, of 2 %. No
distribution of K, was assumed. However, there was a
fluctuationin K, caused by o,.

The temperature profile for the cross-track direction
while writing in the LC layer? was also revised, and
that used in this paper is shown in Fig. 4. The LC
writing temperature of the grains at the track edges
was assumed to be 7). +20, taking account of the
standard deviation Op . of T;.. The LC writing
temperature of the grain in the center of the track was
assumed to be

T, distribution was
and a
intrinsic

Jar
Toc+20c+ g (D, +Ay), 2

taking account of JT" /dy =10 K/nm.

P

r

h MST 1—-Hd =8M ; arctan

D2
L hV2D% + h?

Fig. 3 Self-demagnetizing field H,; for grains with
magnetization M, and volume DxDxh where D
and h are grain size and height, respectively.

Table 2 Calculation conditions.

Recording density (Tbpsi) 2
Total density (Tbpsi) 4
Gilbert damping constant o 0.1
Grain number m x n (grains / bit) 3x3
Intergrain spacing A 5 (nm) 1
Mean grain size D, (nm) 50
Standard deviation oy, /D (%) of D 15
Bit pitch D (nm) 18.0
Track width D (nm) 18.0
Bit aspect ratio D / Dy 1
Anisotropy constant ratio K, / K 0.8
Standard deviation O /Ty, (%) of Ty, 2
Thermal gradient 07 /dy (K /nm) 10
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(D +Ag)

Temperature

Cross- track direction

Fig. 4 Temperature profile for information stability in
HC layer while writing in L.C layer.

3. Calculation Results

3.1 Heat transfer simulation

The writing temperature of the grains at the track
edges was assumed to be T, +20, for the HC and
LC layers where T, and o5 are the mean Curie
temperature and the standard deviation of T, ,
respectively, taking account of the Curie temperature
variation.

Figure 5 shows the temperature profiles for the
cross-track direction where we used an interlayer 1
(IL1) thermal conductivity of 50 W/(mK) and an HC
(upper, namely, surface, T}, =750 K) / LC (lower, T,
= 550 K) layer structure. The solid lines indicate the
temperatures at the layer boundaries, and the dotted
lines indicate those at the layer centers.

HC writing IL1: 50 W / (mK)
1000 .JIII||l|I|||II|IIII||III|II|||IIII|III\_
000 E.THe = 750K E
g E HC layer 3
N 800 —_Tsm.f =908K T
® E LClayer A
2 E 7
s 700 \ —
g F =
£ 600 :— Tyc +200yc =780K 3
) E// h\\4 ]

500 oo =4 nm-
Binys By = 4 T
400 —llllllllllllllllillIlllllllllllllllll—
-40 -30 -20 -10 0 10 20 30 40

Cross-track direction (nm)
(@) 9T, /dy =252 Knm

LC writing IL1: 50 W / (mK)

1000 JII||I[|||||||||||||||||||||||||||||||\_
Tic =550 =
900 € =
4 E 3
> 800 =
E E TLC +20TLC_572K 3
§700 ?ATHL: HC layer 3
£ 600 LClayer_:
& E 7 N\ =
500 4 DI:I O /yge =4 nm3

= - D;I 0 A =41nm 3

400 ||l|||||||||l|| 11 |||||||||||‘Wﬁ"=
-40 -30 -20 -10 0 10 20 30 40

Cross-track direction (nm)
(b) T, /dy =9.5 Knm
Fig. 5 Temperature profile for the cross-track direction
for an IL1 thermal conductivity of 50 W/(mK) and an
HC (upper) / LC (lower) layer structure while writing in
the (a) HC and (b) LC layers.
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(a) When writing in the HC layer (HC writing), the
temperature at y=+* 6 nm and z=- 2 nm is
Tyc + 205 = 780 K at which JTy/dy is 25.2 K/nm.
The T, valueis 908 K.

(b) When writing in the LC layer (LC writing), the
temperature at y=+* 6 nm and z=- 6 nm is
Tic+20,c = 572 K at which d7T} /dy is 9.5 K/nm.
The AT,; valueis 40 K.

On the other hand, Fig. 6 shows the temperature
profiles for the cross-track direction where the LC
(upper) / HC (lower) layer structure is used.

(a) When HC writing, the temperature at y =+6 nm
and z=-6 nm is Ty +20 = 780 K at which
Ty /dy is 17.6 Kmm. The T ; valueis 1004 K.

(b) When LC writing, the temperature at y =6 nm
and z=-2 nm is T\o+20. = 572 K at which
dT; /dy is 13.5 Kmm. The ATy valueis -35 K.

The T, value of 1004 K for LC / HC in Fig. 6 (a) is
higher than that of 908 K for HC / LC in Fig. 5 (a) since
HC is the lower layer.

The JT /dy value of 25.2 Kmm for the HC / LC
structure and the upper HC writing in Fig. 5 (a) is
higher than that of 13.5 K/nm for LC / HC and the
upper LC writing in Fig. 6 (b) due to their Curie
temperatures.

HC writing  IL1: 50 W / (mK)
1000 Jl”l”"“'”l”l;Hl”ll”IEIHIHIL
oo [Lue=730K /4 HElaver 3
9 F Towr =1004 K HC layer 3
> 800 —
E 2 E
= 700 - =
g £ EON 3
g 600 4Thc 20 =780K 3
e / g
500 = 000 A e=4nmg
E = LT_‘ H| hHC =4 nm J
400 1|||||||||||||||i||||i|||||||||||||l||—

-40 -30 -20 -10 0 10 20 30 40
Cross-track direction (nm)
(@) dT,/dy =17.6 Kinm

LC writing IL1: 50 W / (mK)

]000 _|||||||||||||||l||||||l||||||||||||||||_
F T c=550K 3
900 ¢ =
M = =
- 800 —
3 t Tict200c=572K 3
5 700 =
%600 E—ATHL=_3 K LC layer 3
o E 2> \_HC layer 3
500 Zalm $ZLC=jnm—:

b |||||||||[:|||L_r]||:|||||H|C||=|‘ﬁ'PI|1n-1LE

400

-40 -30 -20 -10 0 10 20 30 40
Cross-track direction (nm)
(b) dT, /dy =13.5 Knm
Fig. 6 Temperature profile for the cross-track direction
for an IL1 thermal conductivity of 50 W/(mK) and an
LC / HC layer structure while writing in the (a) HC and
() LC layers.
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Employing Eq. (1), we find that the thermal gradient
dTy; /dy for the HC layer at the track edges is
intrinsically larger than J71} /dy for the LC layer as
shown in Eq. (3),

TaO)-T,0 _ Ty6nm)-T, _ The + 204 - T,

amb
T () -Tyy T 6nm)-T, Tic+204c-T,y ’
The + 2000 - T,
TH (y) _Tamb = M(TL (y) _Tamb)’

Ty o +200c =Ty

a

Iy (¥) _ Tuc +2015c =T, 9T (Y) 3)
dy T c+20pc=Ty Oy

And then, the JT}/dy of 25.2 Kmm for HC / LC
structure and the upper HC writing in Fig. 5 (a) is
higher than that of 17.6 K/nm for LC / HC and the
lower HC writing in Fig. 6 (a) due to a heat flow in the
in-plane direction at the depths of the layer.

Therefore, the thermal gradient has the following
characteristics:

(1) The thermal gradient for the HC layer is
intrinsically larger than that for the LC layer due to
their respective Curie temperatures.

(2) The thermal gradient for the upper layer is
intrinsically larger than that for the lower layer due to
a heat flow.

These two characteristics are very important in 3D
HAMR.

The JTy/dy of 25.2 Kmm for the HC / LC structure
and HC writing in Fig. 5 (a) is relatively large due to
the combination of the HC layer and the upper layer.
And the JT} /dy of 9.5 K/nm for the HC / LC structure
and LC writing in Fig. 5 (b) is relatively small due to
the combination of the LC layer and the lower layer.

On the other hand, for the LC / HC structure, the
difference between the J7 /dy values of 17.6 K/nm for
HC writing and 13.5 K/nm for LC writing in Fig. 6 is
small due to the opposite combinations.

If dT/dy is small, the information in tracks
adjacent to the writing track becomes unstable.
Furthermore, JdT /dy and JT /dx are almost the same
for the cross-track and down-track directions,
respectively?. If JT /dx is too large, the writing
temperature decreases before writing, and write-error
increases. If dT /dx is too small, it is difficult to reduce
the writing temperature, and the magnetization is
reversed by the reversed writing field when writing the
next bit. Then, erasure-after-write increases. Therefore,
the small difference in the JT /dx values for HC and
LC writing is preferable in terms of the writing
property®.

When the AT, value is negative, the temperature
in the HC layer while writing in the LC layer is lower
than that in the LC layer, and this is advantageous in
relation to the information stability in the HC layer.
And the AT, value of -35 K for the LC / HC
structure in Fig. 6 (b) is negative since HC is the lower
layer.
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The results obtained for the IL1 thermal conductivity
of 50 W/(mK) are summarized in Table 3. Although the
T, value is high, an LC (upper) / HC (lower) layer

structure is preferable as regards J7 /dy and ATy, .

Table 3 Results of heat transfer simulation (thermal
conductivity of interlayer 1 (IL1): 50 W/(mK)).

IL1: 50 W /(mK) HC writing | LC writing
HC layer /LC layer
T, K) 750 550
T (K) 908
dT /dy (K/nm) 252 9.5
ATy (K) 40
LC layer /HC layer
T.n, K) 750 550
Ty (K) 1004
dT /dy (K /nm) 17.6 13.5
ATy (K) =35
HC writing IL1: 4 W/ (mK)
1000 JIII|I|II|III||IIII||III|IIII|IIII|III\_
E Tye =750K 3
G 900 £ LC layer
< = = HC1 3
> 300 __Tsurf 901 K ayer__
2 s ]
s 700 & : AN =
2 E 3
£ 600 i—/THC "TZOTHC =780 K\ —;
= . z z 3
500 F OO0 e =4ni~s
c | q] 0 hge =4 nm 3
400 —llIIIIIlllllllllillIlillllllllllllllll—
-40 -30 -20 -10 0 10 20 30 40
Cross-track direction (nm)
(@) dTy/dy =13.0 Kinm
LC writing IL1: 4 W/ (mK)
1000 JIII|IIII|IIII|IIII|IIII|IIII|IIII|III\_
F T c=550K =
900 ¢ =
M = 3
> 800 F —
‘5 - TLC + 20TLC =572 K 3
s 700 —
o C = — 3
g‘ 600 :_ATHL 16 LC layer A
S = ,VHC layer 3
500 F noo ZLc=jnm—_
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Fig. 7 Temperature profile for the cross-track direction
for an IL1 thermal conductivity of 4 W/(mK) and an LC
/ HC layer structure while writing in the (a) HC and (b)
LC layers.

The results for the IL1 thermal conductivity of 4

W/(mK) are shown in Fig. 7 and summarized in Table 4.

The temperature difference between the HC and LC
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layers for 4 W/(mK) in Fig. 7 is lower than that for 50
W/(mK) in Fig. 6 since the heat flow perpendicular to
the film plane was reduced by the adiabatic effect of
IL1. Therefore, the T, . values for 4 W/(mK) in Table 4
are lower than the corresponding values for 50 W/(mK)
in Table 3. Although the T, , values can be reduced,
the oT /dy values become small.

It should be noted that the temperature of the LC
layer (z=-2 nm) in the center of adjacent tracks
(y =+18 nm) while writing in the HC layer is 635 K as
shown in Fig. 7 (a), and HC writing will erase data in
the adjacent tracks. Therefore, it is necessary to devise
a writing method, e.g.
magnetic recording.

combination with shingled

In short, an LC (upper, namely, surface) / HC (lower)
layer structure is preferable as regards J7 /dy and
ATy, . An adiabatic medium structure with a low
thermal conductivity of IL1 is also preferable as
regards T

surf *

Table 4 Results of heat transfer simulation (thermal
conductivity of interlayer 1 (IL1): 4 W/(mK)).

IL1: 4 W /(mK) HC writing | LC writing
HC layer/LC layer
T., K) 750 550
Ty (K) 864
aT /9y (K/nm) 17.5 70
ATy, (K) 17
LC layer /HC layer
T., K) 750 550
T, (K) 901
aT /9y (K/nm) 13.0 94
ATy (K) -16

3.2 Field calculation

Figure 8 shows the peak z component H, ., of the
magnetic field as a function of the distance from the
layer surface for a single layer where M, is 1000

emu/cm3. For the upper layer,

Distance = h,,, (4)
and for the lower layer,

Distance = hy, +h, +A, . (5)

The dotted lines indicate fitting by an exponential
function.

The H,,, value from the medium decreases
exponentially with a distance of more than 3 nm.
Therefore, a low A, (thin upper layer) is preferable in
terms of ensuring a high H, o from the lower layer.
On the other hand, increasing the grain height (layer
thickness) is an effective way of increasing H, .. as

shown in Fig. 9.
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The temperature dependence of M, was roughly
estimated under the assumption of
M. T,=TI0K, T =300 K) = 1000 emu/cm?® as shown
in Fig. 10. M (T., T) increases as T, increases. The
HC layer is preferable as the lower layer since it has a
larger M.

In short, a thin LC (upper) / HC (lower) layer

structure is preferable as regards H ., -

4000 A T | T | T | T | L

M =1000 emu/cm® ]

3000

2000

H zpeak (OG)

1000
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Illlllllllvﬂ}llﬂyf
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Fig. 8 Peak field strength H,, ., as a function of
distance from the layer surface for a single layer with
grain height h.

C M_=1000 emu/cm’ ]

5 1500 o Distance =4 nm A
= r ]
3 1000 — 8 nm
= b
500 = 12 nm —

. / .

oC | | | | | ]

2 3 4 5 6 7 8

Grain height (nm)
Fig. 9 Peak field strength H, ., as a function of
grain height h for various distances.
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Fig. 10 Temperature dependence of magnetization
M for various Curie temperatures T..
3.3 Information
archiving

stability for 10 years of
Next, we discuss a way of reducing the LC grain
height (layer thickness) #, .
The h;. value is limited by the information stability
needed for 10 years of archiving. Figure 11 shows the

Journal of the Magnetics Society of Japan Vol.44, No.5, 2020

bit error rate (bER) as a function of the grain height &
under the conditions of a T, of 550 K, no writing field
H,, a storage temperature T ,, of 350 K, and a
storage time ¢, of 10 years. It can be seen that the
grain height of 6.5 nm is necessary for bER = 1E-3.
The required T, value for 10 years of archiving was
obtained as a function of & with a bER of 1E-3 as
shown in Fig. 12.

In short, the h;. value can be reduced by increasing
T, since K, increases as T,
constant K, /K, ®.

increases under a

1E+0

E B I
2 T, =550K 3
o 1E-1& H,=0 ]
2 2 T, =350K 3
= - ty, =10 years
g 1E-2 - sto y —
) E 3
B3k 4
1E-4 i L l |\ ! ]
5 6 7 8

Grain height (nm)
Fig. 11 Bit error rate necessary for 10 years of

archiving as a function of grain height (layer thickness)

h.

o 800
I

< H, =0
E Ty =350K
£ 700 ty =10 years—
= bER = 1E-3
g . i
2
5 600 — -
@]
=] - _
3
2 500 | | | | |

2 3 4 5 6 71 8

Grain height (nm)
Fig. 12 Mean Curie temperature 7, necessary for 10

years of archiving as a function of grain height (layer
thickness) h.

3.4 Information stability in HC layer while
writing in LC layer

The T, value is limited by the information stability
in the HC layer while writing in the LC layer. The Ty
value required for the information stability was
obtained as a function of T;. for various HC grain
heights (layer thicknesses) hy. for a writing field H,,
of =10 kOe, a time ¢ of 1 nm, and a bER of 1E-4 as
shown in Fig. 13. The dotted line indicates the limit for
10 years of archiving, taking account of the result in
Fig. 12.

In short, the 7|, value can be raised by increasing
Ty and/or hy.. However, increasing hy. to more
than 6 nm does not seem to be effective for increasing
T, asshown in Fig. 14.
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information stability in the HC layer as a function of
the LC Curie temperature 7). for various HC grain
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Fig. 14 T, required for information stability in the
HC layer as a function of hy at Tye =750 K.

3.5 Layer design

Finally, we decided the layer structure for the 3D
HAMR media as shown in Fig. 15 using the above
results.

We assumed the upper layer to be the LC layer, and
the lower layer to be the HC layer with T, = 750 K
and hye = 6.0 nm, taking account of the results in 3.1,
3.2, and 3.4. Then the LC layer has T;. =625 K and
h; . = 4.5 nm as a result, taking account of ATy in
3.1 and h in 3.3, respectively.

Figure 16 shows the z component H, of the
magnetic field from the LC and HC layers for the
down-track direction. The H,, . values are 1098 and
570 Oe from the LC and HC layers, respectively, where
hg, is 4.0 nm.

M (T =625K, T =330 K) =778 emu /cm®

hgy =4.0 nm
L tayer (MMM o5 m
A;=10nm

HClayermthC=6.0nm
Ag=10nm « bk

D, =50nm
M e (Tye =750 K, T =330 K) = 958 emu /cm®

Fig. 15 Layer structure for 3D HAMR.
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Fig. 16 Field strength H, from LC and HC layers for
the down-track direction.

4. Conclusions

We designed 3D HAMR media at 2 Tbpsi (total
density of 4 Thpsi), taking account of a heat transfer
simulation, field calculation, and information stability
in high Curie temperature (HC) and low Curie
temperature (LC) layers.

(1) An LC (upper, namely, surface) / HC (lower) layer
structure is preferable as regards the thermal gradients
while writing in the HC and LC layers and information
stability in the HC layer while writing in the LC layer.
An adiabatic medium structure is also preferable as
regards the surface temperature.

(2) A thin upper layer and a lower HC layer are
preferable in terms of ensuring a high magnetic field
from the lower layer.

(3) The LC grain height (layer thickness) h,. can be
reduced by increasing the LC Curie temperature 7.
(4) The T,. value can be raised by increasing the HC
Curie temperature T, and/or the HC grain height
(layer thickness) /.

We decided the layer structure for the 3D HAMR
media using the above results. The upper layer is an
LC layer with T, =625 Kand h;. =4.5 nm, and the
lower layer is an HC layer with T, = 750 K and A
= 6.0 nm with an anisotropy constant ratio of 0.8.
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