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This work provided guidelines toward realization of next generation magnetic recording technology
with a great impact in academia and data storage industries. This study will has paved a way to
increase the data storage capacity of hard disks which is important factor for realization of
society 5.0

Microwave assisted magnetic recording (MAMR) is a promising technology to

overcome the stagnated areal density increase of hard disk drives (HDD). However, 1ts most essential
part, “ spin-torque-oscillator (STO)” , has not been realized. We succeeded in development of a
novel STO satisfying the requirement of MAMR. We employed advanced micromagnetic simulations and
designed a novel STO; all-in-plane (AIP)-STO. The designed STO was fabricated experimentally. We
successfully studied the complex magnetization dynamics of AIP-STO by developing a new analysis
method using injection locking to an external microwave field. The second fold of this research is
design and development of media material for next generation recording technology. We developed TEM
image based micromagnetic simulator enabling high throughput evaluation of nanodefects and
micromagnetic parameters of media. Our achievements had a great impact in academia as well as HDD
industries.
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Increase of areal density of the hard disc drives (HDD) has been stagnated in the last few
years (Fig. 1). In order to increase the areal density of HDD beyond 2 Thit/in?, a new recording
technology should be introduced. The current problem is the magnetic field produced by the write
heads (~1.2 T) cannot switch the magnetization direction of the nano-sized ferromagnetic grains of
the media with large magnetocrystalline anisotropy. However, the switching field of the nano-sized
magnetic grains can be reduced by introducing an AC magnetic field (Hx). This idea has opened up

the concept of microwave-assisted magnetic

recording (MAMR) for the next generation HDD.
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The most critical part of MAMR write head is a
“gpin-torque-oscillator (STO)” that can produce
alarge Ha (Fig. 2). The STO device for MAMR
should have a size of 30-40 nm and be able to
generate large Hy With a frequency over 20 GHz
at a smal current density J<1.0x10%? A/m?.
However, such adevice has not been yet realized e
experimentally due to lack of fundamental f e e
understandings on the optimum materials design Year

and structure of the STO. In this project, we will - Figure 1: Worldwide areal density increase of hard
combine a novel micromagnetic simulation, disk drives (HDD) showing a saturated state and
device fabrications/analysis, and advanced goal of this proposal.

structure/interface characterizations to design

material/geometry for the STO devices that generate a large AC magnetic field with frequency above
20 GHz at asmall bias current density. Thisisto increase the areal densities of HDD to 2Tb/in? using
CoCrPt-SiO, media. The second goal of this project is design of media materials for so called energy
assisted magnetic recording, which can include microwave assisted magnetic recording or heat
assisted magnetic recording, to increase the areal densities beyond 2 Th/in?.
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Thefirst goa of thisresearchisto design and : of STO device
develop STO that can oscillate with afrequency above : :
20 GHz in a smal current density with a large
oscillation cone angle. The oscillation behavior of the
STO depends on the material and thickness of the SIL,
FGL, spacer, size and shape of the device. In addition,
interface structure/chemistry and spin accumulations at
the interfaces are important factors. In this project, we
will design novel STO using advanced micromagnetic
simulations and demonstrated these STO devices Figure 2: lllustration of application of STO
experimentally. Using aberration corrected STEM, the devicein MAMR as the next generation of
multilayer structures of STO will be evaluated. recording technology.

The current research trend of the world on
realization of MAMR is focused on employment of STO for CoCrPt-SiO, media. However, in
order to increase the areal density beyond 2 Th/in?, a new media material with alarger K, needs
to be developed to increase the superparamagnetic limit so that grain size can be reduced for a
higher areal density recording. However, fundamental investigations are necessary to design the
media which can be suited for next generation energy assisted magnetic recording. Our second
purpose in this proposal isto design and develop media material for area densities>2Th/in?for
next generation energy assisted magnetic recording; either microwave assisted magnetic
recording or hesat assisted magnetic recording (Fig. 1). The significance of this research proposal
anditsoriginality isitsunique combinatorial fundamental research approach; advanced numerical
studies, experimental development of device, and nanostructure characterizations that will enable
us to demonstrate STO and media materials for the next generation of energy assisted magnetic
recording with area density>2Th/in.

We have used a novel micromagnetic simulation method. 3D spin diffusion model coupled to the
micromagnetic equations are employed enabling simulation of magnetization and spin diffusion
dynamic. Note that unlike the conventional Slonczewski spin-transfer-torque model, solving 3D



spin diffusion model in micromagnetic will enable usto study the effect of spin accumulation at
the interfaces for accurate design of STO. We use this advanced micromagnetic smulation for a
redistic design of STO. In order to further explore the smulation results experimentally, the
designed STOs are devel oped experimentally with different materials used in spin-injection-layer
and field-generating-layer. Epitaxial thin films were grown on a (001) MgO single crystaline
substrate in an ultra-high vacuum magnetron sputtering chamber. The MR ratios were measured
by 4 point probe measurement with an applied magnetic field aong the film normal. Oscillation
performance of STO devices were investigated by measuring the power spectral density (PSD).
A bias DC voltage (U) was applied to the STO device through a bias-tee. The generated signal
was amplified by a low noise amplifier, and captured by a commercia spectrum analyzer. The
microstructure of the films was studied using a Titan G2 80-200 probe aberration corrected
mi croscope.

(1) Design of all-in-plane spin-torque-oscillator
A new type of spin-torque-

OSCiIIator (STO), a”_in_plane STO, iS All-in-plane spin-torqu-oscillatorand spin polarization of spin-injection-layer
introduced as a new candidate for ~ ~  BE N
microwave  asssted  magnetic eocr i
recording (MAMR) that consist of a . s
spin-injection-layer (SIL) and a fidld-
generating-layer (FGL) with an
effective in-plane easy axis due to the
shape anisotropy separated with a
metallic spacer [1,2]. The
magnetization behavior of the al-in-
plane STO is schematicaly shown in
Fig. 3 (a), that is designed in this case
as  SIL(3nm)/Ag(5nm)/FGL (14nm)
with adevice diameter of 30 nm [1].
An external magnetic field of 1 T is
applied to saturate the magnetization
of the SIL and FGL to out-of-plane
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Figure 3: Schematic demonstration of critical current density
required for the magnetization swithing of SIL and oscillation
of FGL. Power spectra calculated from Mx oscillation of FGL
for a 0.85 spin polarization (8) of SIL and sF°- = 0.80. The
. oscillation cone angle of FGL and applied current density is
direction and electrons are pumped shown in each spectrum and an example of snap shots of the
from bott_om _to ftop. When  the oscillation of SIL and FGL is shown. Critical current density
magnetization direction of the layers equired for switching of the magnetization of SIL as a
are pointing upward dueto the applied  fynction of S is shown. The saturation magnetization of SIL
external magnetic field (uoHeq), the  and FGL were kept constant as 1.35 T in these simulations[1].
up-spin electrons moving from bottom

to the top of the device can pass through the spacer/FGL interface while the down-spin el ectrons
get reflected to the SIL. In this simulation, we used alarge spin diffusion length of 100 nm for the
metallic spacer, Ag. Due to the reflection of down spin electrons from the FGL/spacer interface,
a spin-transfer-torque is applied to the magnetization of SIL. When the applied current density is
very small, spin-transfer-torque cannot lead to the oscillation of SIL nor FGL. When the critica
current density is increased, reflected down-spin electrons lead to a spin-transfer-torque on the
magnetic moment of the SIL and transmitted spins apply torque on the magnetization of the FGL,
resulting in the oscillation of magnetization in SIL and FGL with the same out-of-plane
magnetization direction. When the applied current density is increased further, larger reflected
down-spin electrons from the FGL/spacer interface switches the magnetization of the SIL that
resultsin the oscillation of the FGL with alarger cone angle. Compared to the conventional mag-
flip STO, the main merit is the reduction of the total device thickness since there is no need for
use of materials with perpendicular magnetic anisotropy. We designed SIL to reduce the critical
current density, J, required for the magnetization switching of SIL (Fig. 3). Materias with a
smaller saturation magnetization in SIL reduce J.. Smaller spin polarization of SIL leads to a
larger spin accumulation in SIL with an opposite direction to the magnetization, resulting in a
reduction of Je. This enables magnetization switching of SIL in small J. followed by oscillation
of FGL with frequency above 20 GHz with a large out-of -plane oscillation cone angle of 45-50°
(Fig. 3). we aso studied the influence of field-generating-layer (FGL) material on the oscillation
of al-in-plane STO. Materia with large spin polarization in FGL facilitate the magnetization



switching of SIL against externa

a) BSL = 0.80, freL = 0.75 b)

magnetic field by spin transfer-torque
that results in the oscillation of STO

with frequency above 20 GHz and large
oscillation cone angle (Fig. 4). The

underlying physics was found to be

larger spin accumulation in SIL with
opposite direction to the magnetization
direction of SIL that originates from
reflected electrons from FGL/spacer
interface to the SIL. Materia with a
large saturation magnetization (above
1.8T) in FGL is needed to have alarge
ac magnetic field (uoHa> 0.2 T) out of
the STO (Fig. 4).

(2) Development of all-in-plane STO

We have developed the designed
STO experimentally and evaluated its
magnetization dynamics. Using NiFe as
spin polarizer and FeCo as FGL, our
results from experiment and simulation
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Figure 4: (a) Power spectra calculated from Mx oscillation
of FGL for a 0.80 spin polarization (4) of SIL and pFC- =
0.75. The oscillation cone angle of FGL and applied
current density are shown in each spectrum. (b) Critical
density
magnetization of SIL as a function of -, (c) Simulated
ac magnetic field originated from STO with different Ms
of FGL maeria as afunction of oscilation angle of FGL.

required for switching of the

clearly show the dynamics of the OPP mode oscillation for both layers with different frequency f
as fuireand freco, respectively (Fig. 5). The dynamics a so generated the microwave signal with fur

= fnire — freco. Based on the macrospin
model, 8 of the OPP mode oscillation was 50
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estimated, and the results suggested a
large 6 of ~ 70" for the FeCo layer at high
freco ~ 16 GHz. With thisdesign, the STO
device showed characteristics closeto the
requirements from application while %
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maintained athin and simple structure. In

addition, the use of only a soft magnetic
thin layer asthe spin polarizer widensthe
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choice of material for the spin polarizer,
which holds potential to further improve
the performance of STO and reach the
requirements for practical application.

The oscillation frequency of FGL is an
important parameter in MAMR which
greatly affects the The oscillation
freqguency of FGL is an important
parameter in MAMR which greatly
affects the MAMR efficiency. Conventionally, the
oscillation frequency has been estimated by measuring a
high-frequency electrical signal (STO signal) originating
from the resistance change due to the magnetoresi stance
(MR) effect. However, the STO signal from the AIP-
STO exhibits multiple peaks corresponding not only to
the oscillation of FGL, but also to that of SIL and the
difference between these frequencies because
magnetization dynamics are induced in both SIL and
FGL. Although the multiple peaks can be explained by
simulations, an experimental technique capable of
analyzing the complex STO signal is desired [3,4]. In
this work, we study the magnetization dynamics of an
AIP-STO by using injection locking to an external MW
magnetic field (Hy). Figure 6 shows an example of
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Figure 5: (@) f of some of the microwave signals in
PSD from Figs. 2(e) and (f) asafunction of U. (b) f of
the largest magnitude in the spectra of x components
of mire @nd Meeco as Well as U as a function of J. (c)
(fnire —freco) —fwmr from experiment as a function of U
and (d) from simulation as a function of J. U = 80 mV
in experiment correspondsto J = 3.3 x 108 A/lcm?.
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Figure 6: PSD of the STO signd
versus f,, obtaned from an
experimental sample for Py = 12
dBm; lsto =4 mA; Hey =10 kOe.

experimentally measured oscillation behavior of all-in-plane STO. We have successfully realized



an oscillation frequency of over 20 GHz in FGL of all-in-plane STO.
(3) TEM image based micromagnetic simulator for media characterizations

The area density of the heat-assisted magnetic recording (HAMR) technology has a
potential to reach 4 Th/in?. However, the bimodal grain size distribution and structural defects
that are unavoidablein actual FePt-X nanogranular mediamust be minimized for further reduction
of jitter noise [5-7]. This work has demonstrated a new TEM image based micromagnetic
approach for structural optimization of FePt-X heat-assisted magnetic recording media. Its key
concept isto congtruct afinite element model that replicates the nanostructure of granular media
based on high-resolution transmission electron microscopy images (Fig. 7) [7]. The approach
enables the evaluation of micromagnetic parameters and the volume fractions of defects in FePt
grains by the preci se micromagneti c approximation of experimental hysteresisloops. This method
was applied to MgO(6 nm)/FePt-BN(1 nm)/FePt-(C,SO,)(7 nm) granular thin films, for which
the micromagnetic approximation yielded the volume fractions of {111} twins and [200]
misaligned grains, which are in excellent agreement with those determined by synchrotron XRD.
The demonstrated TEM image
based micromagnetic modelling is
an efficient method to evaluate
structural defectsin nanostructured
magnetic materials, enabling high-
throughput optimization of the
FePt-X  media for HAMR.
Moreover, the proposed approach
can be expanded to any other PR 1 win * Magnetic field (T) Apptietion
nanostructured magnetic systems. "

In summary, we have Figure 7: TEM image based micromagnetic simulator, high
employed advanced micromagnetic throughput evaluation of micromagnetic parameters and nano-

simulator and desi gned new type of defectsin the granular media[7].

spin-torque-oscillator (STO), al-in-plane STO, as a new candidate for microwave assisted
magnetic recording (MAMR) for next generation of magnetic recording technology. The new
STO consists of a spin-injection-layer (SIL) and a field-generating-layer (FGL) with an effective
in-plane easy axis due to the shape anisotropy separated with a metallic spacer. The required
materialsfor SIL and FGL along with device geometry was designed aiming at oscillation of STO
at the frequencies above 20 GHz with alarge oscillation cone angle under asmall current density.
We have successfully developed the designed al-in-plane STO experimentally and its complex
oscillation performance was evaluated experimentally. We demonstrated the developed STO
oscillate at the frequencies above 20 GHz required for practical application. Moreover, we have
demonstrated a novel method for high throughput characterization of granular mediafor the next
generation energy assisted magnetic recording technology. As a case study, we have shown the
developed TEM image based micromagnetic simulations can directly link nanostructure of the
FePt-X media to magnetic properties, boosting the optimization of the media toward realization
of HDD with aareal density beyond 2 Thit/in?.
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