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Magnetic field controlled InSb avalanche diodes
for reconfigurable logic

JoonyeonChang"’, SungjungJoo'?, TaeyuebKim'?, JinkiHong? JinDongSong®, Hyun-WooLee*,
KungwonRhiez, SukHeeHan", Kyung-HoShin1, MarkJohnson®
1Spin Convergence Research Center, KIST, Seoul 130-650, Korea
2Department of Display and Semiconductor Physics, Korea University, Sejong 339-700, Korea
*Nano Photonics Research Center, KIST, Seoul 130-650, Korea
4Depalrtment of Physics, Pohang University of Science and Technology, 790-784, Korea
*Naval Research Laboratory, Washington DC 20375, USA

Logic devices based on magnetism show promise for increasing computational efficiency while decreasing
consumed power. They offer zero quiescent power and yet combine novel functions such as programmable logic
operation and nonvolatile built-in memory. It would be ideal if we could combine the low power attribute of
spintronics with the fanout capability of semiconductor logic. However, practical efforts to adapt a magnetic
device to logic suffer from a low signal-to-noise ratio and other performance attributes that are not adequate for
logic gates. Here we have approached the development of a magnetic logic device in a way uniquely different
from devices based on magnetoresistive effects that result from spin dependent transport of carriers. [1]

We have developed a magnetic-field-controlled diode as a semiconductor magneto-electronic device. We then
made circuits of a few diodes to demonstrate dynamically reconfigurable Boolean logic, an approach to
reprogrammable logic that offers new capabilities. The key innovation in our modified diode is the use of an
InSb p-n bilayer for the channel. The bilayer has a 0.2-pm-thick n-type InSb top layer and a 6-pm-thick p-type
InSb bottom layer.

In the avalanche diode, the electric field from the bias voltage accelerates electrons during ballistic trajectories.
Each scattering event emits phonons that diminish the kinetic energy, but after a few trajectories the electron has
sufficient energy to scatter with impact ionization, thereby creating new carriers. Our device shows a strong diode
characteristic that is highly sensitive to both sign and magnitude of external magnetic field, offering reversible
change between two different characteristic states by applying magnetic field. This feature results from magnetic
control of carrier generation and recombination in an InSb p-n bilayer channel. Simple circuits combining such
elementary devices are fabricated and tested. Boolean logic functions including AND, OR, NAND and NOR are
performed. They are programmed dynamically by external electric or magnetic signals, demonstrating magnetic
field controlled semiconductor reconfigurable logic at room temperature. This novel magnetic technology permits
a new kind of spintronic device characterized as a current switch rather than a voltage switch and provides a

simple and compact platform for non-volatile reconfigurable logic devices.

SNk

(1]

w (&

. Joo et al., Nature, 494 (2013) 72
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What is electron?

In Gee Kim'

Graduate Institute of Ferrous Technology, Pohang University of Science and Technology,
Pohang 790-784, Republic of Korea
*igkim@postech.ac.kr

Electron is believed to be a point-like elementary particle, which carries the negative electric charge e (=
-1.602x10™"° C), the rest mass m (:9.109X10'28 g), and the intrinsic angular momentum, spin %#. In this lecture,
we are going to review those fundamental quantities of electron in terms of quantum field theory in the context
of the Standard Model. A brief historical review and a concise explanation of the principles of relativistic quantum
dynamics will be given before we discuss those fundamental properties. We will see the Lorentz invariance of
the anticommuting fields leads the existence of spins and the subsequent quests for obtaining the classic quantum
electrodynamic theory by Feyman, Schwinger, Tomonaga, and Dyson, leaving behind the origin of the charge and
the mass of electron through the renormalization technique. The observed value of the electron charge were later
understood as the consequence of a kind of phase transitions in terms of the Callan-Symanzik renormalization
group equation, which is derived by making use of the Kadanoff-Wilson-Kogut scaling theory, inspired from the
scaling hypothesis to the renormalization in quantum electrodynamics by Gell-Mann and Low. This
renormalization group idea brought us the Standard Model, an ad hoc theory of the fundamental matter particles
(quarks and leptons) and their interaction particles (photons, gluons, and weak bosons) by incorporating the
Yang-Mills non-Abelian gauge theory. The existence of the observed masses of those elementary particles is now
understood as the Goldstone-Anderson type Higgs symmetry breaking mechanism. We will see such spontaneous
symmetry breaking idea to let us understand the unification concept from the Weinberg-Salam-Glashow
electroweak theory to the Grand Unification Theory. We will conclude this lecture by a short comment of the

many-body aspects of the electron theory.
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Fig. 1. Methods for measuring the velocity of a projectile; (a) The projectile measures its own velocity using

the permanent magnets. (b) One pair of receive coils measures the velocity of the projectile, and the transmitter

coil feeds the projectile on the information for the velocity as the projectile goes past the receive coils.
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Fig. 2. Designed model for simulating the projectile's velocity; (a) Schematic diagram.

(b) Maxwell model with the probe status at the projectile's velocity = 250 m/s.
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Fig. 3. Simulated voltage profiles induced at sensing coil as the projectile passes through magnetic field
at various velocities; (a) The materials of two parts of projectile are all aluminum. (b) One part
of projectile is aluminum and the other is steel.
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Giant Perpendicular Magnetic Anisotropy of a Fe(001)
Surface: A Density Functional Study

D. Odkhuu', S. H. Rhim"?, Won Seok Yun', and S. C. Hong"

1Depam‘mem‘ of Physics and Energy Harvest Storage Research Center, University of Ulsan, Ulsan 680 - 749, Korea
2Department of Physics and Astronomy, Northwestern University, Evanston, IL 60208-3112, USA

ABSTRACT
We predict agigantic perpendicular magnetocrystalline anisotropy (MCA) in Fe (001) capped by 5d transition

metal (TM) overlayers by using first principles calculations. Analysis of atom-by-atom contribution to MCA
reveals that gigantic MCA as large as 11 meV/TM originates not from Fe atoms but from the 5d TMs through
the strong spin-orbit coupling. More specifically, it is the hybridization between TM and Fe d orbitals that also
induces non-negligible magnetic moments in TM. Furthermore, spin-channel decompositions of MCA matrix with
and without the presence of Fe substrate identify the electronic origin of the perpendicular MCA that the

down-down channel contribution plays the most crucial role for the sign changes of MCA of TM overlayers upon
the hybridization with Fe-3d.

{a) 4 T
dz d,
2l
30—
z -
."—_‘ -2 = -
L% L Sk )
= o xxiu)
-5 1 1
1 0.5 0D 05 1 1 05 0 05 1 1 0.5 D 05 1
DIOS [ States/e W atom spin) DOS (States'cViatom/spin) [0S {States/eViatom spin)

FIG. 1.The dzz(the left side)- and dyuy.(the right side)-projected minority spin DOS of (a) Os, (b) Ir, and (c)
Ptatom of the free-standing TM ML’s (thin dashed lines) and of TM/Fe(001) (thick solid lines).
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Magnetic anisotropy of Fe thin films
on vicinal Si(111) substrate

Jeong Hong Jo", Hee Kyung Kang', Hyung-jun Kim?, Joonyeon Chang? and Sang Ho Lim'

1Depalrtment of Materials Science and Engineering, Korea University, Seoul 136-713, Korea

2Spin Convergence Research Center, Korea Institute of Science and Technology, Seoul 136-791, Korea

The magnetic anisotropy of magnetic system is one of the key parameters in spin-electronic devices because

the magnetic anisotropy strongly affects magnetic properties such as coercivity and remanence. Recently,

epitaxially grown two-dimensional (2D) single-crystalline magnetic layers on semiconductor substrates have been

widely introduced due to its efficient spin injection property

[1]. It is necessary to investigate the

magnetocrystalline anisotropy (MCA) because MCA plays a primary role in determining magnetic properties of

the single-crystalline materials. Especially, (111) oriented 2D magnetic layer is very sensitive to substrate

misorientation owing to enhanced interplay between MCA and magnetostatic field [2]. In this study, the magnetic

properties of 3 nm and 7 nm thick Fe layers on Si (111+0.5°) along [110] direction are measured by

vibrating-sample magnetometer and analyzed using a
total energy equation. Although it is not easy to describe
the total energy of magnetic system, reflection
high-energy electron diffraction patterns and X-ray
diffraction patterns show that the Fe layer is nearly
single-crystalline structure and the total energy equation
can be expressed in a simple form. Figure 1 shows the
remanence ratios of in-plane hysteresis loops of 3 nm
and 7 nm Fe layer. In Fig. 1, 3-nm-thick Fe layer shows
two-fold anisotropy owing to not MCA but induced
uniaxial anisotropy resulted from the interface between
the Fe layer and Si substrate. On the contrary, 7-nm-thick
Fe layer shows asymmetric four-fold anisotropy due to
the effects of vicinal substrate on MCA, and the effects
of vicinal substrate are estimated by calculated hysteresis

loops using the total energy equation.

Reference
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=
S- 00180
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Figure 1.

—O— 3-nm-thick Fe
90 —A—7-nm-thick Fe

Polar plot of remanence ratios (M,/M)
measured from 3-nm-thick Fe hysteresis
loops (circles) and 7-nm-thick Fe hysteresis

loops (triangles).

[1] P. Kotissek, M. Bailleul, M. Sperl, A. Spitzer, D. Schuh, W. Wegscheider, C. H. Back, and G. Bayreuther,

Nat. Phys. 3, 872 (2007).

[2] Y. J. Nam and S. H. Lim, Thin Solid Films 519, 8256 (2011).
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Perpendicular Magnetic Anisotropy and Low Saturation
Magnetization in [Pt/(Co,Cu)]sMultilayers

Dong Su Son", Tae Young Lee?, Sang Ho Lim"?" , and Seong-Rae Lee'
1Depam‘mem‘ of Materials Science and Engineering, Korea, University, Seoul 136-713, Korea
2Department of Nano Semiconductor Engineering, Korea University, Seoul 136-713, Korea

Due to their potential application to magnetic random access memory (MRAM), magnetic thin films with
perpendicular magnetic anisotropy (PMA) have recently attracted a lot of research interests. With its role of
determining the lowest cell size in MRAM, the strength of PMA is probably one of the most important magnetic
parameters in these magnetic thin films. Considering that magnetostatic interactions are expected to be very strong
in very high density MRAM, saturation magnetization (M) can be another important magnetic parameter,
particularly for the pinned structure. This study deals with [Pt/(Co,Cu)]s multilayers with a low M, value. The
stacks with the structure of Ta/Pt/Ru/[Pt (0.2 nm)/ CoipoCux(fcocu)]¢/Ru were fabricated on a Si/SiO, substrate
using a UHV sputtering system. The following values were used for the Cu content in the (Co,Cu) layer (x) and
the (Co,Cu) thickness (fcocu): x=0, 20, 40, 50 at.%; fcoci=0.4, 0.5, 0.6 nm. The as-deposited samples were
annealed at two different temperatures of 300 and 500C. All the multilayers fabricated in this study exhibit PMA
both in the as-deposited state and after annealing. The results for M; and the effective anisotropy energy density
(Ker)are shown in Figs. 1(a) and (b), respectively, only for the multilayers with the largest fcocy (0.6 nm). Two
key features are (1) the observation of very small values of My(~300 emu/cc) at large x values of 40 and 50
at.% and (2) the increase of K. after annealing at these compositions. Cross-sectional microstructures by high
resolution transmission electron microscopy show that a layered structure formed in the as-deposited state
transforms into a bulk structure after annealing at 500C, indicating that the origin of PMA of the annealed

samples results from a bulk magnetocrystalline anisotropy, not from the interface effect.

- @ ®

| - _as,dep\ &_ \ ~

" —300°C : ~

—— 500°C leoc,=0.6 Nm
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Figure 1. Results for M; and K.y as a function of Cu content for the sample with tcoc,= 0.6 nm.
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Ideal structure for tunneling magnetoresistance and spin
injection into semiconductros: Ni(111)/BN/Co(111)

Hashmi Arqum*, Jicheol Son and Jisang Hong
Department of Physics, Pukyong National University, Busan 608-737, Korea

Abstract

Using the Vienna ab initio simulation package (VASP) incorporating van der Waals interaction, we have
explored structural, adsorption, and magnetic properties of Ni(111)/BN/Co(111) systems. We have found that both
Ni(111) and Co(111) layers shows half metallic state, while the spacer BN layer becomes weak metal for one
monolayer (ML) thickness and an insulating barrier for two ML thickness. The half metallic states in both Ni(111)
and Co(111) layers are robust because it is unchanged independently on the magnetic coupling of Ni(111) and
Co(111). This finding suggests that the Ni(111)/BN/Co(111) systems can be utilized for perfect tunneling
magnetoresistance system. Moreover, it can be applied for potential spin injecting into semiconductor in
FM/semiconductor system due to the fact that the half metallic state in FM layers at the interface will be

unchanged.
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Single Magnetic Bead Detection in a Microfluidic Chip
Using Planar Hall Effect Sensor

Venu Reddyz*, Hyuntae Kim1, Kun Woo Kim1, llgyo Jeong1, Xing Hao Hu' and CheolGi Kim'

1Department of Materials Science and Engineering, Chungnam National University, Daejeon 305-764, South Korea
*Organic Research Labs, Department of Organic Chemistry, Andhra University, Visakhapatnam-530 003, India
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ume} 20 pm Apojofl A Hoj Xt wheba], A= RE A7H|=9] o7} 15 m o4 o]ojokgtt), ThlH| = o
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INTRODUCTION

HDDR-treated Nd-Fe-B-type material has unique microstructural feature with very fine grain structure
(typically around 0.3 um). Due to this fine grain structure, the Nd-Fe-B-type HDDR material exhibits high
coercivity, and much interest has been attracted to utilize this HDDR material powder for high performance resin
bonded micro-magnetsfor micro-motor application. For the bonded micro-magnet application, fine particles with
high permanent magnetic performance are required essentially. Most common approach for the preparation of the
fine particles was mechanical milling of high performance Nd-Fe-B-type sintered magnet. However, the milled
particles from the sintered magnet lose radically the coercivity. This may be partly due to the coarse grain size
in the sintered magnet (typically 5 — 10 um). It is expected that the coercivity variation of the milled particles
from the HDDR material may be different from that of the milled particles from the sintered magnet because
of its distinctively fine grain structure (typically 0.3 um). In this article, coercivity variation of the fine
Nd-Fe-B-type particles prepared by mechanical milling of the HDDR-treated Nd-Fe-B-type material was
investigated. The origin of radical coercivity reduction in Nd-Fe-B-type fine particles prepared by ball milling of

the HDDR material and its recovery by chemical etching was discussed.

EXPERIMETAL DETAILS

HDDR-treated Ndi2s5FegosBs4GaosNbgomaterial with coercivity of 13.5 kOe was used as a starting material.
NdioPr2sFegosBsGaiCug sintered magnet with coercivity of 12.3 kOe was also used for comparison. The
HDDR-treated material and sintered magnet were ball milled (in cyclohexane) to prepare fine particles, and the
particle size was controlled by adjusting ball milling time. Some of the milled particles were chemically etched
for 10 min using 1% Nital solution to recover the coercivity degraded by the mechanical milling. Hydrogen and
oxygen content in the particles was determined by Hydrogen Determinator (LECO, RH-600) and oxygen analyser
(Leco TC400). Lattice parameter variation and micro-strain (Williamson-Hall equation) in the Nd,FesB-type
matrix phase grain in the particle caused possibly by mechanical milling was examined by X-ray diffraction
(XRD) (Cu-Ka radiation). Instrumental broadening was subtracted by using pure Si in the measurement of the
micro-strain.Magnetic characterization of the particles was performed by VSM. Prior to the VSM measurement,
the particles were aligned in magnetic field (1 T) and fixed with wax, and then magnetized by applying a pulsing
field (4.5 T).

RESULTS AND DISCUSSION
Coercivity of the HDDR-treated Nd-Fe-B-type fine particles was radically reduced by mechanical milling. This

coercivity variation was correlated to the variations of residual hydrogen content (hydrogen determinator),
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micro-strain (XRD; Williamson-Hall method),and surface oxidation (oxygen analyser) in the fine particle. It was
revealed that major contributory factor for the radical coercivity reduction in the milled fine particle was surface
oxidation. The reduced coercivityin the milled fine particles was recovered remarkably by chemical etching of
the oxidized surface. Unlike the fine particles prepared from sintered Nd-Fe-B-type magnet, which lose coercivity
almost completely (from around 13 kOe to 0.5 kOe), the fine particles (< 80 um) prepared from HDDR-treated
Nd-Fe-B-type material exhibited high coercivity over 12 kOe. In this article, origin of radical coercivity reduction

in the fine HDDR-treated Nd-Fe-B-type particles and its recovery are tobe discussed.
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Fig.1. Variation of magnetic properties of the HDDR-treated Ndl1,sFesosBs4GaosNbooparticles caused by
mechanical milling. BM4 and BM8 denote ball milling for 4 hr or 8 hr, respectively.
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INTRODUCTION

The key feature of Nd-Fe-B-type HDDR (hydrogenation, disproportionation, desorption and recombination)
-treated powder is the unique microstructure consisting of ultra fine Nd>Fi4B grains, of which size is close to
a single domain size (~300 nm for Nd,Fi4B). This fine grain structure can be exploited for achieving high
performance, in particular high coercivity in permanent magnet. The HDDR-treated material is generally in powder
form, and it would be desirable if the material can be consolidated into a high density bulk magnet keeping the
fine grain structure. Our previous work revealed that the material lost the coercivity radically above 650 °C when
the Nd-Fe-B-type HDDR-treated powder was compacted by hot pressing. It is important in technological point
of view, therefore, to fully understand the cause of radical coercivity reduction on consolidation of the
HDDR-treated powder. In the present study, the coercivity variation in the hot-pressed compact was studied
emphasizing the function of residual hydrogen and consolidation of HDDR-treated powder was performed avoiding

the detrimental effect of residual hydrogen in it.

EXPERIMENTAL DETAILS

HDDR-treated Nd1,sFego6Bs4Gag3Nbo, powder (iHe =13.5 kOe, 100-150 um) was used as a starting material
for the present study. The powder was compacted by hot-pressing (1 Ton/cmz) in vacuum (1.2 x 10” mbar at
RT) at a temperature range from 500 to 800 °C with heating rate 70 °C/min. The hot-pressing was performed
using WC die with different configuration. A closed-type or open die were used, and main difference in the two
different configuration is that in the open die a gas from the powder sample can be evacuated more easily.
Magnetic characterization of the hot-pressed compacts was undertaken by means of vibrating sample
magnetometer (VSM) with a maximum field of 12 kOe. Prior to the VSM measurement, the samples were wax
bonded and then magnetized in 4.5 T pulsing field. Microstructure of the compacts prepared at different dies and
temperatures was observed by SEM. Differential thermal analysis (DTA) was carried out to investigate the phase
change in the material during heating under different atmospheres with heating rate 7 °C/min. X-ray diffraction
(XRD) (Cu-K, radiation) was used for studying the crystallographic lattice parameter change in the Nd,FesB

grains in the compact caused by the desorption of residual hydrogen.

RESULTS AND DISCUSSION

The Ndl1:s5FessBs4GaosNbo, HDDR-treated powder was compacted by hot-pressing under vacuum in the
closed and open-type die at a temperature range from 500 to 800 °C with heating rate 70 °C/min. The results

showed that the coercivity was reduced radically above 600 °C in the hot-pressed compacts prepared in
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closed-type die. No appreciable grain growth was noticed in the hot-pressed compacts observed by SEM. It can
be assumed that grain coarsening is not the cause for radical coercivity loss of the compacts. Disproportionation
of the Nd>FesBHy hydride in the HDDR-treated powder was also verified by DTA during heating in Ar and in
vacuum. A noticeable exothermic event occurred at the temperature range of 620 °C - 655 °C in the course of
heating in Ar atmosphere while no thermal event was found in the course of heating in vacuum,. This exothermic
event is believed to be corresponding to the disproportionation of the Nd»Fe4sBHy hydride in the HDDR-treated
powder. In spite of identical temperature and heating rate, the coercivity reduction in the compacts hot-pressed
in an open die was gradual and inconsiderable. These diverse results with identical temperature and heating rate
were attributed only to the different evacuation system of hot-pressing die. This fact can be explained that residual
hydrogen may be confined in a closed-type die in the course of heating for hot-pressing, hence resulting
disproportionation in the HDDR-treated powder caused radical coercivity loss above 600 °C in the compacts. In
an open die, residual hydrogen may be desorbed effectively avoiding the detrimental effect of hydrogen-related
disproportionation, hence retaining the coercivity significantly in the hot-pressed compacts. In this study, coercivity
in the hot-pressed compacts would be discussed in details emphasizing the function of residual hydrogen in
HDDR-treated powder.
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Fig.1. Coercivity variations for the hot-pressed compact of Ndi»sFesosBe4GagsNbo, HDDR-treated powder

prepared in closed and open-type die as a function of hot- pressing temperature.
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Shape Optimization of a Powder Aligning System for a
Four Pole Anisotropic Bonded Nd-Fe-B Ring Magnet

Hyo-Jun Kim"", Sun-Tae Kim', Sang-Hyup Lee’, Sang-Myun Kim', and Tae-Suk Jang®
'R&D Center, Jahwa Electronics Co. Ltd.
2Depar‘[men'[ of Hybrid Engineering, Sunmoon University

1. Introduction

It is well known that the degree of alignment of anisotropic magnetic powders is a major determinant of
magnetic properties in anisotropic PMs. However, in applications to ring-type PMs of small size, for example
radial anisotropic or multi-polar anisotropic PMs, all the anisotropic magnetic powder are not expected to be
oriented exactly along the applied field direction unless sufficient aligning field is applied.

In this paper, the magnetic properties under various aligning fields are experimentally measured and a
powder-aligning-fixture for a 4-Pole anisotropic bonded Nd-Fe-B ring-type PM is optimally designed. Finally, an
anisotropic bonded Nd-Fe-B PM is realized by using the optimally designed powder-aligning-fixture.

2. Experimental

A ring type 4-pole polar anisotropic PM for a commercial seat-moving-motor is selected as a design target.
Fig. 1 shows the basic design of powder-aligning-fixture for a thin cylindrical magnet as shown in Table 1. The
design parameters, thickness of the outer insert (T) and angle between poles (B) which are difficult to optimize
with the equivalent magnetic circuit method, were optimized by using a commercial finite element analysis
software (Maxwell 2-D, Ansoft Corporation). In the optimization, the insert thickness T and angle P are allowed
to change from 1.0 to 2.0 mm, and from 0 to 36 degree, respectively, to check the influence on the flux

distribution and field intensity.

3. Results

Fig. 2 (a) compares the variations of the normal and tangential components of the magnetic flux density, Bnor
and Bran, respectively, according to the thickness of the outer insert T. It is shown that the normal component
Bnor reaches to 1.52 T, 1.64 T and 1.77 T when T has its value of 2.0 mm, 1.5 mm and 1.0 mm, respectively.
However, the tangential component Bran does not have considerable change. as shown in the Fig. 2 (b), the
normal component of the magnetic flux density, Bnor, reaches to 1.52 T, 1.85 T and 2.1 T for the pole angles

of 0°, 18° and 36°, respectively.

4. Conclusion

2-D finite element analysis was carried out to investigate the influence of the various design parameters on
the performance of the powder-aligning-fixture for a 4-pole anisotropic Nd-Fe-B bonded PM. In order to achieve
the required magnitude and direction of the aligning field inside the mold cavity, the proposed design method

by adjusting the taper poles was very favorable.
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Table I Dimensions of Ring-type PM and Mold Tool

Description Dimension(mm)
Inner radius of cavity(r/) 16
Outer radius of cavity(r2) 17
Axle length of mold toll 100

N

Non-magnetic part

Insert thickness, T

@ Aligning current N
e 1
ol ron
Compound Insert

Fig. 1. Schematic drawing of powder-aligning-fixture.
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Fig. 2. Distribution of Bnor and Bran at the air-gap at different (a) insert thickness and (b) pole angle.
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The mullite-type orthorhombic BiFesO9 is a well known multiferroic material, which is ferroelectric and
antiferromagnetic with Ty = 260K.[1] Magnetite Fe;O4 was known as one of the important ferromagnetic oxides
for spintronic devices due to its high spin-polarization at room temperature, high Curie temperature (T¢c = 860
K) and high room temperature magnetoresistance (MR).[2,3] The combination of ferroelectric phase and
ferromagnetic phase in nanostructure composite enables us to control electrical polarization by magnetic field and
vice versa. Recently, there are some interesting reports in nanocomposite systems. For example, E. Weal et al
reported the large saturation magnetization (Ms), 900 emu/cm’, in BiFeOs—Fe;0, nanocomposite.[4] L. Yan et al
reported that, BiFeOs—CoFeO4 nanocomposite possessed the saturation polarization of 60 OV/em® and
magnetization of 410 emu/cm3.[5] S. N. Babu et al reported that BiFe(sCrosO3—NiFe,O; composite has a larger
magnetization and dielectric constant than those of both parent compounds.[6] Here we report on the structural
and magnetic properties of BixFe4Oo-Fe;04 nanocomposite thin films grown on LaAlOs substrate by MBE. X-ray
diffraction and FE-SEM image revealed the epitaxial nanocomposites consisting of two single crystal phases;
orthorhombic BiFe;O9 and fcc Fe;Os. The temperature dependent resistivity showed the Verwey transition
temperature (Tv, a first order metal-insulator transition of FesO4) of 100 K. The 1.4% MR in 7.5 kOe was
observed at 150 K. The saturation magnetization at room temperature is 140emu/cm’. The temperature dependent

magnetization in 0.5T showed the Néel temperature (Tn) of BirFesOg is about 260K.
tCorresponding author: slcho@ulsan.ac.kr

Z. M. Tian, et alJ. Appl. Phys. 106 103912 (2009).

S. Tiwari, et al. J. Phys. D: Appl. Phys. 40, 4943 (2007).
A. V. Ramos, et al. J. Appl. Phys. 100, 103902 (2006).
E. Weal, et al. Appl. Phys. Lett. 97, 153121 (2010).

L. Yan, et al. Appl. Phys. Lett. 94, 192902 (2009).

S. N. Babu, er al. J. Appl. Phys. 107, 09D919 (2010).

SANES AN S

- 48 -



MO02

12
ﬁ
My
IH
<
I=
[
o\l
>
X
M
o
re
ol

BaTio.o3F€0.0703-s

= w i Afo] ZEAT S B Uehh o 2 80] muld-bit memory9h 28 A 44}
S P54 wEe] 2 TS W itk 2471 BAR 2 7 BaTiowo] A Fe o 28 A2l
2 BaTiFo,Oro7h Aol 4 25847 Z71402] SAS BAlo] Uehurks Aldlo] Be A5 5o
SAER[12.3] AR o] BHolN WAL 714 S4e] Welrh AT Fe oleo@ A A A3
) f=8 Ag ol wstel o5 A91o] A o] e kevto] W glor], Nsiee] me
22 BAe] Wstel dsHE e A7t ol2ol A7 ekl
oA A ZATte| w2 thAA BaTiiwFe 05501 A Fe x| &aFo] 20% ©]3}21 A] & of|A] tetra BaTiO; phase2}
hexa BaTiO; phase”} FA]o £2A31H 20 %0]A4HQl A]E o A] pure hexa BaTiO; phase?t2 7}X|+= Zlo] &9l
e Fe o] X|gho] o] Fril A 5742 A&l 7% <1 BaTipesFeonO0ss0ll A w4 8HA ¥3HE =
Aol &2l EHUATR[1] EZF hexa BaTiO; phaseS 7HAl= th2 43 ©274 BaTiWFeOss7} Abas 2917|192k X
2907101 A Y dA ol o] A F2HO] Aadg o o] 2 il FApr] 54 EF W3}tttk AR o]
Ha g ek Qloh2,3]

olof] $-gl= IAFET-SH R Y th A4 BaTipesFeo00s5 Al REOA Hol= Ao G443 HalE
M-T 54 574 A% 245 5o elstalon, E3F vkt £9171(0,, Ar)ollA e 3 AmE9] #4714
£/ WIS 420412 M-H hysteresis loop &} M-T 3t4 74 A3 245 Faf 2472 W At 23
G th27 BaTiossFeonrOs0l A fr=® A7 54 wstete] AddA el sl o+ skt

i

&)

Sk
[1] Qui. S.Y et al. Trans. Nonferrous Met. Soc China 20, 1911-1915 (2010).
[2] Ray.S et al. Physical ReviewB 83, 144407 (2011).
[3] Lin. F et al. Physica B 403, 2525 (2008).

- 49 -



SMoO1

S|ET 3= Dy2 X|&THY-type hexaferrite2] X7 |X £ 14

1.2

Y-type hexaferrite’s AF5HEo]7] wj o] Shataom b doln] S FAEW FAlo) tEhts 4
iAol 7)o] QrEIL £ Suket A7 WL QTHI]. spinel ferrite T A A 02 o x7]o AL
AL 9lo] GHzA oo 943 FAEAS 74t oo The dolRgurt 2 A7l gL 71X Co
7)4ke] Y-type hexaferrite® A81rt. Mol 4 Aol at At AN E FEF A7} A FolA)
g SR 34 Ao g AT ulujsith 2@7)o] B Aol B BAS FAAI7)7] $15te]
SIES F49] DyE u|¥F X33F Ba,CosFenDyO2 (x = 0.01, 0.05, 0.1) A|2E AHIAAHOZ A 239

21714

SalE B9 AW PAUS F5tol Yype $ setolEQl BaCoFer DyOn ARES EA45tC
AN o

2 BaCOs, C0304, Dy:0;, Fe:052 AFE-3190. 1, ball millS E35to] 2749} &3 5 24 A7t
ATk 1000 °CoA] 3kagh F, PVAE 1 wt% &3sto] toroids FERRE S AP T Foll 1100 "Cofl A
Atk Az 2] wE 2714 549 MIE x-A 3™ (XRD), AFAER $47I(VSM), 12|al 32
417 (network analyzer)E 55to] HAERE S5

of

el

3. A g A%

X-A 314 21}, Ba,CosFenxDyxO2n (x = 0.01, 0.05, 0.1) A|RE52 R3m 37++2] rhombohedral 222 &+9]
SFQATE Dy7F 0.01, 0.1 22HE Al 2= 574522 ¥ (c/an)7} 74222 FASHA Ukon 0.05 A E Alzs
74182 ZASHAL: cHo2 AR A7t gl oJsto] 2uefsa-go] st 285t VSM £4
A7}, Dy 0.01, 0.1135 x| 20| EakalzhMe) T BaHE(Ho)o] Z+2F 333 2 31.8 emw/g T} 202.2 2 194.5
Oe= H|=3t 2713 AF& Kol REHo| Dy 0.057F X|$Hel A&+ Ms®F He7b 242F 36.5 emu/g I 466.2
Oc AR OR £o 47|18 AL /1S stk Futio] digt 1718 4718 4L 1795t
Il EA7I= SA% A9, AR 52 MsE 2= Dy 0.05 XA 7 Aol WA vYes A&
213} ¢iek o] Ohta Telo] 93t yoc My’ /(Ki+ho) 2|02 Ho] 7Hs3td| o] mj K2 27]o]dH4], A &}
7IHE 283l o= W S8 YERHT [2]. Ms Alre] S7Fel oF 1.2H]0] ZLx|= Whdof Heol S7hol
oF 2.3 & o2 OJ3t K9] F7L Ao R A7)0 FAEo] WA et Zler wEnh 1100 “CoflA]
2437 2= BaCoFensDyOn Al=20] 49, 1 GHz o147HA] tand, < 0.19] W2 BAREAS FA|sH3lom,

oleidt ATTRE chHt 242HO] $EFSHE HATT

- 50 -



40

P4

30F | ay

20F 7 2 ?
o 5 o
= g g

10k |

600 -400 -200 O 200 400 600

—2—x=0.01
5 — o~ x=0.05
I e & o x=0.1

1 . 1 R 1

-15000 -10000 -5000 0 5000 10000 15000

H (Oe)

Figure 1. The hysteresis loop for Ba,CosFei»xDycO2 (x=0.01, 0.05, 0.1) samples

5 05
x=0.01
x=0.05 1
x=0.1
4L /04
- '
3.
2
3 0.3
ey o
e =)
= =
CS ~—
S 2
£ _
L
Ae 0.1
0 . . A S S . . 0.0
100M 16 2G 4G

Frequency (Hz)

Figure 2. Frequency dependence of permeability (11') and magnetic loss (tan6,)
for Ba,CoFe2xDy02 (x=0.01, 0.05, 0.1) samples

AD2Y
[1] R. C. Pullar, Progress in Materials Science 57, 1191 (2012).
[2] V. Tsakaloudi, D. Holz, V. Zaspalis, J. Mater. Sci. 48, 3825 (2013).

- 51 -



SMo2

Synthesis and Magnetic Properties of Strontium W-type
Hexagonal Ferrite

Jae-Hyoung You', Hyo-Jin Kim, and Sang-Im Yoo
Department of Materials Science and Engineering, Research Institute of Advanced Materials (RIAM),
Seoul National University, Seoul 151-744, Korea

T Sang-Im Yoo, e-mail : siyoo@snu.ac.kr

Since strontium W-type hexagonal ferrite (StW) is stable at the temperature region of 1350-1420°C in air, it
is hard to synthesize the pure phase of SrW. Many researches on the phase stability and properties of substituted
SrW were reported, however not on the pure SrW. In this paper we report a successful synthesis of StW with
the composition of SrFe;s0»7 by the standard solid state reaction in a reduced oxygen atmosphere. When samples
were sintered at the temperature region of 1365-1400°C for 2 h in air, those were composed of the SrW, strontium
M-type hexagonal ferrite SrFe2O19 (StM) and Fe,O3, which are attributed to a partial decomposition of SrW into
StM and Fe,O; during furace-cooling. Instead, when samples were sintered at 1275 and 1300°C for 2 h in pure
Noatmosphere (~ 0.5 ppm O»), those consisted of StW with a small amount of Fe;O4 suggesting that a SrFe;54O7
—type solid solution might be formed. In the oxygen partial pressure of 1000ppm O, the pure StW phase could
be successfully synthesized at the temperature region of 1300-1350°C for 2h. Detailed microstructures and

magnetic properties of the pure SrW sample will be presented for a discussion.
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Fabrication of iron phosphate-coated Fe alloy powder
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Soft magnetic composites (SMC) are used for various AC and DC electromagnetic applications such as
electromagnetic circuits, sensors, electromagnetic actuation devices, low frequency filters, induction field coils,
magnetic seal systems and magnetic field shielding. Soft magnetic powder particles are normally coated by
insulting oxides before sintering to minimize the eddy current loss consisting of the core loss. For this purpose,
we tried to fabricate coated ferromagnetic metal powder composed of a core particle of Fe alloy and a shell layer
of iron phosphate. The iron phosphate coating was performed by a phosphating method with two types of
solvents, acetone and water. We controlled the condition of the iron phosphate coating, such as temperature and
phosphate concentration, in order to uniform and thin (<100nm) coating layer. Details will be presented for a

discussion.
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Effect of Impregnation on Permalloy Powder Core
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Seoul National University, Seoul 151-744, Korea
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' Sang Im Yoo, e-mail : siyoo@snu.ac.kr

Permalloys(Fe-Nialloys)areofgreatcommercialinterestduetotheirhighpermeabilityandhighsaturationmagnetization.
The magnetic properties of permalloy powder core are primarily determined by shape, particle size, and density.
The magnetic flux density is strongly related to the sample’s purity and density. Permalloy powder core is
normally coated by an impregnation solution after annealing to strengthen it mechanically. However, the magnetic
properties of permalloy powder core are degraded after impregnation processing. To envisage the origin for it,

we carefully investigated the relationship between crystal structure, microstructure, and magnetic property. Details
will be presented for a discussion.
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1. Introduction

Materials with PMA have large anisotropy energies more than that with in-plane anisotropy (IMA). For the
patterned device, in addition, the magnetization of materials with PMA does not suffer from thermal instability
due to magnetization curling observed at the edge of in-plane case [1]. Moreover, the reverse of magnetization
of a PMA free layer is easier than that of an IMA free layer. Based on these general theories, devices with PMA
have lower switching currents than devices with IMA for the same magnetic field [2-4]. Multilayers based on
crystalline materials, for example, Co, Fe, and CoFe show PMA for a certain range of thickness of layer and
number of periods with noble metals like Pt, Pd, and Au [5-9]. Also, multilayers based on amorphous materials
like CoSiB, and CoFeSiB show PMA. Both crystalline multilayers and amorphous multilayers show PMA, but
amorphous multilayers have two strong advantages. There are no grain boundary and the less roughness of the
amorphous than that of crystalline [10, 11].

Therefore, we studied the perpendicular magnetic anisotropic properties of amorphous ferromagnetic CoSiB/Pd
multilayers as functions of the thicknesses of CoSiB and Pd layers. In order to investigate of the role of these

amorphous multilayers, the magnetic properties were studied by a VSM and a XRD.

2. Experiments
The chamber’s base pressure was up to 2.0 X 107 Torr, and the working pressure was 2 X 10 Torr after
flowing Ar gas (46 sccm). All thin films were uniform in size, 1.4 cm x 1.4 cm, and were deposited at room

temperature. The magnetic properties of the thin films were measured by a vibrating sample magnetometer.

3. Result

We found that the coercivity and the magnetization are strongly dependent on ferromagnetic material’s
thickness. In addition, the amorphous ferromagnetic CoSiB/Pd multilayer has larger squareness, lower coercivity,

and lower magnetization than those of crystalline multilayer.

4. Discussion
Based on these results, the amorphous CoSiB multilayer system was proved to be beneficial for perpendicular
magnetic tunnel junction (pMTJ) applications. Therefore, in the further study, we will propose an annealing effect

of CoSiB system and insert this system as a free layer of MTJ.
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5. Conclusion

We found that the coercivity and the magnetization are strongly dependent on ferromagnetic material’s
thickness. In addition, the amorphous CoSiB multilayer has larger squareness, lower coercivity, and lower
magnetization than those of crystalline multilayer. This means that the amorphous is more beneficial than other
crystalline which are known. In conclusion, the amorphous ferromagnetic CoSiB multilayer is more useful than

other crystalline multilayer for pMTJ application.
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Fig. 2. Magnetic hysteresis loops of Nige.xCoxZngsFe>O4
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Fig. 1. Hysteresis loops for Ba3;Co;sZng4Cug Fe:4O4; samples.
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Fig. 2. Frequency dependence of permeability i,

magnetic loss tan 8, for Ba;CosZno4Cup FexsOs samples sintered at 1150 °C.
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Fig. 1. Refined XRD pattern for Bas;«SryCoxFe»4O41 (x = 0, 1.5) samples.
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[1] L. Zhang et al., IEEE Trans. Magn. 47, 2149 (2011).
[2] H. C. Hansen and M. Burke, Microwave Opt. Technol. Lett. 26, 75 (2000).

- 68 -



SM1¢2

A

SX|X|7|0|840| THEI= SRS et bl X

1z

1. M2

~

Spin-transfer torque magnetic random access memory (STT-MRAM)2 XAt w&d] Axpz2 73 &4
B39l solid state A7) AZwfAloloh A7 B S MRAMo|] =5 3o weps] I Fa/do] HA
RzkE T gich A7 YA AR v *1%011 z—iﬂom A AR YARRUE = 7179
8% o] ZrF Aok oy AAHEHYE L ol 70 olio] EHojof tHAS ZHThal oAAX A
] = I Zo] UYESLE xr|EHEAHTGE agAHoz ALS £ 9t gy S AT}
158 FAo] Frs A7l AL olBA Brbsslth webd AR AT QANRUES 4

Aste] £ 27 WEo| HAst A7l o] Wasich oF T SIste] 7|Ee] CoFeB A8HES
=
of

=T ™=

SHe AV AAT FReNA A/ AHTY A6 ABhEo] FeNiSIBSF CoFeSiBE Aot 41&
zsphal e W ARG ATk AVEENT A R PR Y S
25}l vibrating sample magnetometerd, X-ray photoelectron spectroscope?} Auger electron spectroscopeS

Abg-3hedet

2. ugy

FeNiSiB&} CoFeSiBo] AFQlE HtaAgdubat AJHE HF d4 At AZE A A folx 9o
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1. Introduction

The clinical data of 120 subjects were compared by a normal statistical method. The ratio of systolic peak

amplitude to time in the pulse waveform is determined as a major efficacy parameter to discern the vacuous pulse

and replete pulse with an estimation equation. This is deducted by a statistical logistic regression method.

2. Equipment

Permanent magnet, Hall sensor, measurement part, LED, display, USB
port and switch part of pulsimeter was as shown in Fig. 1(a). Magnetic
material of the contact on the clip-type pulsimeter can be modified easily
through vibration of the pulse and small cylindrical permanent magnet.
There is s flexible silicon housing, which is suitable for skin contact. The
flexibility of the housing was needed so as not to press the skin typically.

A actual figure of measuring the pulse wave signal through a clip-type
pulsimeter worn on a human wrist, and a real feature of clinical trial for

the acquisition of pulse signals by using one clip-type are shown in Fig.

1(b) and (c), respectively.

3. Method

The overall flow of the final selection processing for the
screening subject with one informed consent form and for the
selection criteria with five doctor’s diagnosis by using syndrome
questionnaire in order to measure three pulse waves such as
deficiency syndrome group, excess syndrome group and
non-classified syndrome group is shown in Fig. 2(a).

After giving a 5 minute break to the selected subjects for
deficiency syndrome group, excess syndrome group and
non-classified syndrome group as Fig. 2(b), the subjects were
measured by the pulsimeter simultaneously during 3 minutes after

a minute of rest.
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4. Parameters of pulse wave

Definition of each of nine parameters of pulse wave shown in the Fig. 3, is as Table 1.

In addition, the 1™ and the 2" measurements are distinguished waveforms measured before and after the one
minute break. This is the method to obtain the waveform of the subject in Fig.3.

On the other hand, We have selected sex, age, body mass index (BMI [kg/mz]), diastolic blood pressure (DBP)

and systolic blood pressure (SBP), body temperature, etc as a secondary variable.

=
g Tahle 1
1)
B Parameters of pulse .
=
- S amp ¥ wave (1*,2%) Definitions
") B B
B R.amp Systolic peak amplitude
= N.amp . .
= Reflective peak amplitude
E < n::' ¥---3 Notch peak amplitude
- Systolic peak time
S |- Rotime i . . . .
A |- Ntme = Systolic peak amplitude’ Svstolic peak time

- P.time -

Reflective peak time

b S~~~
T — T e — — —

Ui

Notch amplitude time

Period time

Time (ms)

Fig. 3

5. Result

1og(1’%p) =—0.662+0.014* Sex — 0.001* Age +0.127% BMI

+0.038* SBP—0.000* DBP+0.120* S.amp/ Stime

In general regression equation, a regression coefficient By is elicited constant term value at logistic regression
analysis and the regression coefficient value; B, B,, Bs, B4, Bs has the slope of 5 correction variables(X; = sex,
X, = age, X3 = BMI, X4 = SBP, X5 = DBP). B¢ has the slope of pulse wave variable (S.amp/S.time).

Through implementing logistic regression analysis the binary clinical data from the deficiency syndrome group
and excess syndrome group. The distinct regression equation of vacuous pulse and replete pulse is used for

assessing the pulse wave variable of sex, age, BMI, SBP, DBP, and S.amp/S.time offered.

6. Conclusion
Based on the results of statistical analysis for the clinical pulse data ; the pulse wave parameters of age, sex,
BMI. SBP, DBP, and the S.amp/S.time are presented in the logistic regression equation of this study. It could

be determine the vacuous pulse and the replete pulse.

Keywords : magnetic sensing Hall device, clip-type pulsimeter, vacuous pulse, replete pulse, clinical

trial, efficacy evaluation, logistic regression analysis
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[1] M.H. Phan, H.X. Peng, Prog. Mater. Sci. 53, 323, 2008.
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[1] International Electrotechnical Commission, IEC-62311, (2007).
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Novel process of rare-earth free magnet and thermochemical
route for the fabrication of permanent magnet

Chul-Jin Choi’

Korea Institute of Materials Science / Director of Powder & Ceramics Division

Abstract

Rare earth (RE) - transition metal based high energy density magnets are of immense significance in various
engineering applications. Nd;Fe;sB magnets possess the highest energy product and are widely used in whole
industries. Simultaneously, composite alloys that are cheap, cost effective and strong commercially available have
drawn great attention, because rare-carth metals are costly, less abundant and strategic shortage.

We designed rare-earth free alloys and fabrication process and developed novel route to prepare Nd.Fe;sB
powders by wet process employing spray drying and reduction-diffusion (R-D) without the use of high purity
metals as raw material.

MnAl-base permanent magnetic powders are potentially important material for rare-carth free magnets. We
have prepared the nano-sized MnAl powders by plasma arc discharge and micron-sized MnAl powders by gas
atomization. They showed good magnetic property, compared with that from conventional processes.

Nd>Fe4sB powders with high coercivity of more than 10 kOe were successfully synthesized by adjusting R-D
step, followed by precise washing system. It is considered that this process can be applied for the recycling of

RE-elements extracted from ewaste including motors.

Biography
Febrary, 1984 : B.S. in Department of Materials Engineering, Seoul National University
Febrary, 1997 : Ph.D. in Department of Materials Engineering, Korea Advanced Institute of Science and
Technology (KAIST)
March, 1986 ~ present : Director of Powder & Ceramics Division in Korea Institute of Materials Science
2004 : Visiting Scientist, Rutgers University, USA

2005 ~ 2006 : Concurrent Professor in Changwon National University

2010 ~ 2012 : Member of Review Board in Nano-convergence Organization, Korea Research Foundation
2005 ~ present : Adviser in National Nanotechnology Planning

2006 ~ present : Member of Steering Committee in Korea Nanotechnology Research Society

2009 ~ present : Member of Board of Directors in The Korean Institute of Metals and Materials
2009 ~ present : Concurrent Professor in University of Science and Technology

2013 ~ present : Member of Board of Directors in The Korean Magnetics Society

2013 ~ present : Adviser in Nano-Convergence Industry in Miryang City

Awards

October, 2012 : Seojung Award from The Korean Institute of Metals and Materials
March, 2010 : award from Korea Research Council for Industrial Science and Technology for the 'brilliant

contribution to science, technology and industry in Korea'
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POSCOQO’s Research and Development works on rare earth
reduced NdFeB magnets production process

Junhan Yuh’
New Growth Technology Strategy Department, Corporate Technology Division, POSCO

Abstract

Since discovery, NdFeB permanent magnet has replaced application of the conventional magnets rapidly
because of its superior physical and mechanical properties.

With increasing consumption of power combined with energy resource depletion, energy efficiency is
becoming more and more inportant. According to recent reports, almost almost half of the electric power is
consumed by motor, and NdFeB magnets which are the core component of the motor play a key role on
improving energy efficiency of the devices.

In parallel with finding alternatives energy resources, research works improving energy efficiecy have been
conducted world wide.

Althogh NdFeB magnets usage have been expanded to various applications, key materials such as Nd and
Dy, resouces lean heavily on specific area, China. Magnetic industry revently experienced skyrocketing price
fluctuatioin of rare earth at around 2008. Chineses government’s regulations worsened the situation and arose a
necessity to develop methods to minimize rare earth use.

In this presentation, POSCO’s recent research works on rare earth reduction is presented including novel
powder alloying method using nitrate precursors. Also, future R&D plans for rare earth free magnets is briefly

introduced as well.

Junhan Yuh
2012.5~present : Senior Manager, New Growth Technology Strategy Department, Corporate Technology
Division, POSCO, Seoul, Korea
2007.1~2012.5 : Senior Process Engineer, Etch and Cleans Business Unit, Applied Materials, Inc. Snata Clara,
California, United States
2002.8~2006.12 : Ph.D Department of Materials Science and Engineering, University of Florida, Gainesville,
Florida, United States
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Inter-lamellar nano-structure and magnetic properties of
soft magnetic metals for high frequency applications

Hakkwan Kim", Sangkyun Kwon', Sungjae Lee’, Kang Ryong Choi’,
Jungwook Seo, and Sung Yong An'
1Corporate R&D Institute, Samsung Electro-Mechanics Co., Ltd., Suwon-si, Gyeonggi-Do 443-743, South Korea

Soft magnetic composites have aroused much scientific interest because these materials exhibit good overall
performance with high combined magnetic induction and permeability, low core loss and high working
frequency, which are in latent demand for the application of power inductors, motors and generators. In this
study, we fabricated new optimum soft magnetic composites having inter-lamellar structure manufactured by
consecutive plasma carburization and heat treatment. We described the manufacturing process to make this soft
magnetic composite, characterize the microstructure in detail, and explain the mechanism how the
microstructure changes have an influence on the magnetic properties.

Our developed Fe/SiO, composite with lamellar structure shows the highest maximum Q factor at 14MHz and
Q value is 170. Dense and fine inter-lamellar Fe;C cementite walls which are observed prevent the eddy current
from flowing and merging in the powder matrix and then separate total eddy currents as the frequency increases.
We can also anticipate this microstructure and related manufacturing composite method can be easily applied to

the mass production process of conventional power inductor, common mode filter, and high speed motor.

EDUCATION
8/2004 — 3/2008 Purdue University, West Lafayette, Indiana
Ph. D. in Materials Engineering
Thesis: Microstructural Characterization in Nanocrystalline Ceramic Thin Films
3/1997 — 2/1999 Hanyang University, Seoul, Republic of Korea
M.S. in Materials Science and Engineering
Thesis: A Study on the Phase Transformation and Oxidation Behavior of Plasma-sprayed Thermal Barrier Coating
3/1992 — 2/1997 Hanyang University, Seoul, Republic of Korea

B.S. in Materials Science and Engineering

CAREER EXPERIENCE

3/2011 - present Samsung Electro-Mechanics Co., LTD, Suwon, Republic of Korea
Principal Researcher in Central R&D Institute

5/2008 — 2/2011 Samsung Electro-Mechanics Co., LTD, Suwon, Republic of Korea
Senior Researcher in Central R&D Institute

8/2004 — 3/2008 Purdue University, West Lafayette, Indiana
Research Assistant, School of Materials Engineering

1/2006 — 12/2006 Purdue University, West Lafayette, Indiana
Teaching Assistant, MSES581 Scanning Electron Microscopy Skills

1/2005 — 5/2005 Purdue University, West Lafayette, Indiana
Teaching Assistant, MSE367 Materials Processing Laboratory
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R&D Trends of Rare Earth Permanents Magnets

Aru Yan'

Key Lab of Magnetic Materials and Devices
Ningbo Institute of Materials Technology and Engineering, Chinese Academy of Sciences, China

In the past three years, the drastic fluctuation of rare earth (RE) price gave a heavy punch at RE permanent
magnet (PM) industry. The soaring RE price has forced manufacturers to try to get rid of the heavy dependence
of RE. As a result, global R&D on REPM has focused on the following subjects: low-cost RE-lean/free PM,
recycling of REPM, nanocrystalline composite magnet, grain boundary diffusion, hot deformation technique,
HDDR technique, high added-value product, PM films and nanoparticles, PM with high coercivity and low
temperature coefficient, etc.. Besides, I would also introduce the work of our group in the past three years. This

work includes the fundamental investigations, application research and enlarged production in pilot line.

Cv:

Aug. 2005 - present, Professor, group leader, Ningbo Institute of Materials Technology and Engineering,
Chinese Academy of Sciences

Work topics:

(1) High performance sintered rare-earth magnets and their applications, including NdFeB and SmCo magnets;

(2) High performance hot-pressed permanent magnets;

(3) High performance melt-spun hard magnetic materials;

(4) Application of permanent magnets in advanced devices.

Oct. 2000 — July 2005, Guest Scientist, [FW Dresden, DepartmentofMagnetismandSuperconductivity, Germany.
Work topics:

(1) Melt-spun 2:17 Sm-Co magnets with high coercivity;

(2) Exchange coupling and spring-magnet behavior in nanocomposite Sm-Co magnets;

(3) Magnetocaloric effect and giant magnetoresistance in magnetic materials.

Host: Dr. O. Gutfleisch

Sep. 1998 — Sep. 2000, Postdoctoral Researcher, State Key Lab. for Magnetism, Institute of Physics, Chinese
Academy of Sciences,

Work topics:

(1) Anisotropic SmCo-based permanent magnets prepared by melt spinning and their microstructure, magnetic structure
and magnetic properties;

(2) Microstructure, and magnetic properties of nanocomposite permanent magnets.

Aavisor: Prof. Bao-Gen Shen

Sep. 1993 — Aug. 1998, M.S. and Ph.D. student in Materials Science, Department of Materials Science,
XianJiaotongUniversity,receivedmyMasterandPh.Ddegrees.

Work topics:

The effects of intergranular alloying on microstructure, coercivity and its mechanism of sintered Nd-Fe-B magnets.

Advisor: Prof. Xiaotian Wang and Xiaoping Song

Sep. 1989 — Aug. 1993, B. S. student in Materials Science, Department of Materials Engineering, Xian
University of Technology.
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Invited S-II-5

Research and production of NdFeB magnets associated
with Zhejiang University

Mi Yan'

Department of Materials Science and Engineering, Zhejiang University, China

Abstract: In the talk, the present research and production status of NdFeB magnets in China is outlined. The
main research on NdFeB magnets at Zhejiang University is presented. The microstructural restructuring of grain
boundaries of sintered NdFeB is focused. Through microstructural restructuring, the corrosion resistance of
sintered NdFeB can be effectively improved, and NdFeB magnets with high coercivity and low heavy RE contents

can be fabricated.

Personal CVe :

Professor Mi Yan got bachelor degree at Southeast University, China in 1984, got master degree at Harbin
Institute of Technology, China in 1987, and got Ph.D. in May 1991 at Southeast University, China. From Oct.
1991 to Dec. 1994, he worked in the Department of Materials Science and Engineering, Zhejiang University as
a Research Fellow. After that he worked at Zhejiang University as a faculty member, and obtained full
professorship in 1998. During 1997 to 1999 he worked at Oxford University and Brunel University, UK as a
research fellow. He is now the director of Zhejiang Provincial Key Lab of Novel Materials for Information
Technology, head of the Key Innovative Team for Magnetic Materials of Zhejiang Province, and vice chairman
of Magnetic Society of Zhejiang Province, China. His research areas include: (1) preparation and characterization
of RE permanent magnets, amorphous/nanocrystalline soft magnets and magnetostrictive materials, (2) surface
treatment of metallic/magnetic materials. He has published over 200 papers in international journal, obtained over

50 patents in China and America. His group possesses extensive links and collaboration with industries.
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Invited S-II-6

Progress in the development of Dy-free high coercivity
Nd-Fe-B permanent magnets

K. Hono'

Elements Strategy Initiative Center for Magnetic Materials (ESICMM),
National Institute for Materials Science (NIMS), Tsukuba, Japan

Due to the recent concern of the scarce supply of heavy rare earth (HRE) elements, finding a way to increase
the coercivity of Nd-Fe-B magnets without using Dy has become the center of PM research in Japan. In this
talk, we will give an overview on our recent progress towards the development of high coercivity Dy-free
Nd-Fe-B permanent magnets. Based on the microstructure-coercivity relationships investigated by multi-scale
characterization with SEM, TEM and atom probe tomography (APT), we discuss the way to achieve a coercivity
higher than 2.5 T in Nd-Fe-B based PMs without HRE. Toward the end, I will introduce the activities on PM
research in the Elements Strategy Initiative Center for Magnetic Materials (ESICMM) that has been newly
launched at NIMS last year and discuss what kind of fundametal researches are required for next generation

permanent magnets.

About the Speaker

Kazuhiro Hono received his BS (1982) and MS (1984) degrees in Materials Science at Tohoku University
and a Ph.D. degree in Metals Science and Engineering at the Pennsylvania State University in 1988. After
working as a post doc at Carnegie Mellon University for a year, he became a research associate at the Institute
for Materials Research, Tohoku University in 1990. He moved to the National Research Institute for Metals
(currently National Institute for Materials Science, NIMS) as a senior researcher in 1995, and is now a NIMS
Fellow and the Director of the Magnetic Materials Unit. He is also a professor in Materials Science and
Engineering at the Graduate School of Pure and Applied Sciences at the University of Tsukuba. His major
research interst is microstructure-property relationships of metallic materials, in particular magnetic materials. He
received TMS Fellows Award, the Japan Institute of Metals Distinguished Achievement Award in 2011, and the
Magnetic Society of Japan's Achievement Award in 2013. He has been editor of Acta Materialia and pricipal

editor of Scripta Materialia for over 10 years.
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and its applications to Motors

Yoshinobu Honkura’
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Abstract

The NdFeB magnet can be classified into the sintered magnet and bonded magnet. The former has superior
magnet characteristics but the degree of freedom in shape is highly restricted, whereas the latter has a high degree
of freedom, but its magnet characteristics are inferior to the former. When a NdFeB magnet is used at the elevated
temperature, part of Nd must be replaced with a high priced Dy to increase its coercive force.

For these reasons, a Dy free and high performance NdFeB bonded magnet is desired strongly.

The author successfully developed a Dy free NdFeB anisotropic bonded magnet based on discovery of new
phenomena called as d-HDDR reaction and its mass production process such as a thermally balanced hydrogen
reaction furnace, micro capsuled powder, compression molding / injection molding under magnetic field, magnetic
die and so on. Applied to DC brush seat motor for automotive use, the motor has become 50% small in size
and weight. The commercialization of a half sized motor for automotive use has been realized up to the market
share of 30%.

At present, its commercialization is extending to various types of motors such as power tool, ABS motor,
wiper motor, window motor, electric bike power motor, and compressor motor. It is expected that the applications
will be increasingly enlarged to EV motor, wind generator, EPS motor, washing machine, and glass cutting
machine. This innovative technology has realized Dy free high performance magnet and mudt make big
contribution to not only rare element strategies but also energy conservation.

Biography
May, 1974 graduated from Department of physics, school of science, Nagoya University
April, 1974 Joined Aichi Steel corporation
December, 1991 obtained a doctor’s degree in Engineering from Nagoya University
January, 1998 General Manager of Aichi Steel
June, 2002 Director of Aichi Steel
June, 2006 Managing Director of Aichi Steel
June, 2010 Senoir managing Director of Aichi Steel
June, 2012 Adviser of Aichi Steel
Awards

2005 Magnetics Society of Japan Achievement Award for development of high performance bonded magnet for
use in automotive small motors

2012 Awarded the Minister of Education Prize at the 11th Conference for the Promotion of Collaboration Among
Business, Academia, and Government Awards
Tfor Development of Magnet Compass and Motion Sensor using Magnetic Impedance Sensor,

2012 Awarded the 12th Yamazaki Teiichi Prize
(Foundation for Promotion of Material Science and Technology of Japan)
Mfor Research and Development of Dy-free NdFeB Anisotropic Bonded Magnets and their Motor Applications
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One-dimensional magnonic crystals
of dipolar coupled vortex lattice
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' Corresponding author: sangkoog@snu.ac.kr

1. Introduction

Recently, technological interest in the practical applicability of MCs to future information processing devices
[1] is rapidly growing. In patterned MCs, magnonic band structures including band widths and gaps can, in
principle, be controlled and varied through their constituent materials and the isolated elements’ dimensions and
separation distance [2]. However, despite recent elucidations of the allowed magnonic modes in a rich variety
of MCs, relatively low-frequency, collective vortex-gyration modes in vortex-state arrays remain elusive,
notwithstanding theoretical prediction [3] of dipolar-coupled vortices in 2D magnetic disk arrays and the
experimental demonstrations of vortex-gyration transfer between two coupled disks [4] and among more than two
disks [5].

2. Experimental and Numerical Calculation Method

In the experiment, we used a chain of five Py disks fabricated onto a 100-nm-thick silicon-nitride membrane
using electron-beam lithography and lift-off techniques. Each disk had a thickness of 60 nm and a diameter of
2 um. The center-to-center distance between neighboring disks was 2.25 pm. An 800-nm-wide Cu stripline of
120 nm thickness (with a gold cap of 5 nm thickness) was deposited onto the first disk for the purpose of
excitation of vortex gyration. We directly observed the trajectories of the core motions of all of the individual
disks by STXM measurement of the out-of-plane core magnetizations at the MAXYMUS beamline (BESSY II;
Helmbholtz-Zentrum Berlin, Germany). The experimental results, obtained from the STXM measurement, were
compared with micromagnetic simulations obtained using the OOMMEF code (version 1.2a4) and numerical
calculation of coupled Thiele equation. In the micromagnetic simulations and numerical calculation, dimensions
identical to those of the sample applied in the experiment were used. We applied the following material
parameters for Py: saturation magnetization Ms = 780x10°A/m, exchange stiffness constant Ae=1.3x10"J/m, and

Gilbert damping constant a=0.01.

3. Results and Conclusion

The results reveal that characteristic dispersions can be expressed simply in terms of the intrinsic angular
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eigenfrequency of isolated disks and their specific polarization (p) and chirality (C) ordering. The dynamic dipolar
interaction determined by the specific p and C orderings governs the magnonic band structure of a given one
dimensional array. Accordingly, and promisingly, the propagation property of collective vortex gyration and its
dispersion can be manipulated by vortex-state ordering, the dimensions of each disk, and the nearest-neighbouring
disks’s interdistance [7]. Such dispersion of those modes is controllable by changing the eigenfrequency of vortex
gyration, and dipolar coupling strength between neighboring disks as well as polarization and chirality ordering.
This substantial work can provide a new class of magnetic metastructures based on collective modes of vortex
gyrations in 1D or 2D magnonic crystals composed of periodic magnetic dot arrays with vortex-state ordering,
promising for their potential implementation into information processing devices.

This research was supported by the Basic Science Research Program through the National Research
Foundation of Korea funded by the Ministry of Science, ICT & Future Planning (grant no. 2013003460). We
acknowledge the support of Michael Bechtel, Eberhard Goring, and BESSY II, Helmholtz-Zentrum Berlin.
Financial support from the Deutsche Forschungsgemeinschaft via the Sonderforschungsbereich 668 and the
Graduiertenkolleg 1286 is gratefully acknowledged. This work has been also supported by the excellence cluster
‘The Hamburg Centre for Ultrafast Imaging - Structure, Dynamics, and Control of Matter at the Atomic Scale’
of the Deutsche Forschungsgemeinschaft. P. F. acknowledges support from the Director, Office of Science, Office
of Basic Energy Sciences, Materials Sciences and Engineering Division, U.S. Department of Energy (contract no.
DE-AC02-05-CH11231).
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We demonstrate here that the current-driven domain wall (DW) in two dimensions forms a “facet” roughness,
distinctive to the conventional self-affine roughness induced by a magnetic field [1]. Despite the different
universality classes of these roughnesses, both the current- and field-driven DW speed follow the same creep law
only with opposite angular dependences. Such angular dependences result in a stable facet angle, from which a
single DW image can unambiguously quantify the spin-transfer torque efficiency, an essential parameter in

DW-mediated nanodevices.

Reference
[1] K.-W. Moon, D.-H. Kim, S.-C. Yoo, C.-G. Cho, S. Hwang, B. Kahng, B.-C. Min, K.-H. Shin, and S.-B.
Choe, Phys. Rev. Lett. 110, 107203 (2013).
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Fig. 1 (up) Current induced magnetic domain wall motion in the perpendicular magnetic anisotropy film. The
domain wall forms the facet roughness and the speed of the wall converge to zero. (down) Field driven

wall motion. The wall propagates with almost constant speed.
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1. Introduction

The T2 map technique, which verifies changes in the cartilage component due to the pressuring and relaxation
of cartilage via T2 mapping, could prove useful for the early diagnosis of cartilage disease [1,2]. For this reason,
in this study we measured changes in the T2 values of cartilage among healthy people without ankle and knee
arthritis and patients with ankle and knee arthritis in order to evaluate the shape of ankle and knee joint cartilage

and damage to the ankle and knee joint cartilage, and also to evaluate the utility of the T2 map images.

2. Materials and Method

At the same time, the study intended to assess the utility of the T2 map image. The multi-echo technique
was used for 20 healthy individuals who had experienced no clinically diagnosable ankle and knee arthritis in
the past or in the present, and 20 patients who were found to have ankle and knee arthritis in order to obtain
T2 SE images of knee joint cartilage. Based on the images obtained, we measured changes in signal intensity
(SD) for each area of the ankle joint cartilage. Additionally, we divided the talotibial joint into medial position,
middle position, and lateral position in order to calculate the mean values of T2 in 18 spots including the anterior
part, middle part, and posterior part of the cartilage of the neck bone and ankle bone. Beside, we calculate the
mean values of T2 in 6 spots including the femoral part, tibial part, medial femur part, medial tibia part, lateral
femur part, and lateral tibia part of the cartilage of the Knee bone. Mean T2 values were measured in the healthy

group and the ankle arthritis patient group.

3. Result

According to the measurement results, the mean T2 value of the ankle arthritis patient group was higher than
that of the healthy group in the anterior part, middle part, and posterior part of the neck bone and ankle bone
in the medial position of the talotibial joint. In the middle position of the talotibial joint, the mean T2 value of
the ankle arthritis patient group was higher than that of the healthy people group in the anterior part, the middle
part, and the posterior part of the neck bone and ankle bone. Also in the lateral position of the talotibial joint,
the mean T2 value of the ankle arthritis patient group was also found to be higher than that of the healthy group
in the anterior part, middle part, and posterior part of the neck bone and ankle bone. The mean T2 value of
the knee arthritis patient group was higher than that of the healthy group in the femoral part, tibial part, medial

femur part, medial tibia part, lateral femur part, and lateral tibia part of the cartilage of the knee joint.
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4. Discussion

the MR imaging techniques mentioned thus far have limitations in terms of resolution, because of a restriction
on the spatial resolution required to describe the thickness and volume of the cartilage, as well as insufficient
information regarding the physiological mechanisms inherent to the cartilage [3]. Some recent techniques such
as delayed gadolinium-enhanced MRI of cartilage (deGRMRIC), sodium MR imaging, T2 mapping,
diffusion-weighted MR imaging, and magnetization transfer are in use in order to assess biochemical changes
before structural changes are made in case of early damage to the cartilage [4]. The T2 map technique among
such recent techniques for the assessment of cartilage employs the features of cartilage components. The technique
involves the analysis of collagen, which is an extracellular matrix, and the transformation of its structure. In
general, normal articular cartilage consists of cartilage cells and the extracellular matrix. The extracellular matrix
is made of water (75%), electrolyte (sodium), collagen II fibril (20%), and proteoglycan (5%). The proteoglycan
is composed of glycosaminoglycan (GAG), which is attached to the protein core, and is negatively charged. Water
exists in the matrix, which consists of the collagen-proteoglycan solid matrix. Since articular cartilage contains
a lot of water, it is possible to conduct clinical studies using magnetic resonance. The thickness of the articular
cartilage in an ordinary adult is around 1.2 ~ 7 mm, whereas the thickness of the knee cartilage is the greatest

among various cartilages in the human body [5].

5. Conclusion
Along with the morphological MR imaging technique previously used, the T2 map technique seems to help
patients with cartilage problems, in particular, those with the arthritis of the knee for early diagnosis by

quantitatively analyzing the structural and functional changes of the cartilage.
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1. Introduction

Vortex-state nano magnets, owing to the binary representation of their out-of-plane vortex-core magnetizations
in soft magnetic dots as well as their high thermal stability, have been considered potential candidates for
information storage media [1]. Although ultrafast, low-power-driven core switching by azimuthal spin-wave modes
has been experimentally demonstrated [2], quantitative interpretations and deeper understanding remain elusive,
particularly when compared with the case of well-known gyration-mode-assisted vortex-core reversals. Here, on
the basis of micromagnetic numerical simulation results, we tackle the underlying dynamics of azimuthal

spin-wave-mode-assisted core reversal.

2. Simulation Method

We conducted micromagnetic simulations on a Permalloy disk of 300 nm diameter and 20 nm thickness [3].
To selectively excite the right-handed or left-handed rotational mode of the azimuthal mode, we used, respectively,
clockwise or counter-clockwise circular-rotating fields of the relevant eigenfrequency [4]. The field amplitudes Ho
used were within the Hy = 120 - 155 Oe and 60 - 180 Oe ranges for the right- and left-handed rotational

modes, respectively.

3. Results and Conclusion

The simulation results showed that the excited azimuthal modes cause vortex-core gyrations whose frequencies
are close to the eigenfrequencies of the azimuthal modes, which are an order of magnitude greater than that of
the gyration mode [5]. Due to such high-frequency core gyrations, the switching times are within the 0.5 - 1.5
ns range, which corresponding to an order of magnitude faster than gyration-mode-driven core reversals. The
core-reversal mechanism is the same as that of the vortex-antivortex/vortex-pair-mediated reversal, while
maintaining the m.q, = -1 criterion [6]. For a given disk, the vma are ~380 and ~820 m/s for the m = -1 and
+1 modes, respectively, though vei is known to be ~330 m/s in gyration-mode-assisted core-switching [7]. This
difference originates from the difference in /,min between the gyration-mode- and azimuthal-mode-driven reversal
mechanisms for the general criterion of m. 4, = -1. In our calculations, hz,min was estimated to be ~6 kOe and
~10 kOe for the m = -1 and +1 mode excitations, respectively. We found close correlations between the maximum
core velocities (Vimax) and minimum gyrofields (%.min), as well as the critical mz dip required for core reversals.

This work provides for further understanding of the azimuthal-mode-assisted core-reversal mechanism and offers
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a means of practical implementation of vortex-core reversals in information storage devices.
This research was supported by the Basic Science Research Program through the National Research
Foundation of Korea funded by the Ministry of Science, ICT & Future Planning (grant no. 2013003460).
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The Hydrogenation disproportionation desorption recombination(HDDR) process is a generally known
technique for the production of Nd-Fe-B permanent magnets with anisotropic magnetic properties that forms
superfine grains with the grain size below the single domain size around 300 nm. However, the coercivity of
HDDR powders is reported quite lower than theoretically expected value. Since the magnetic properties of
Nd-Fe-B sintered magnets are highly influenced by the modification of the Nd-rich grain boundary phase, the
diffusion coating method with low melting point metal or eutectic alloy was investigated to form thin and
continuous Nd-rich grain boundary phase, resulting in the suppression of the reverse domain nucleation and
enhancement of the magnetic properties with HDDR powders. However, the coercivity enhancement was at the
expense of the decline of magnetization value.Schrey [1] found doping Bi for Nd-Fe-B magnet can modify the
microstructure and improve the thermal stability, which is quite important for further application of Nd-Fe-B
magnet. Moreover, doping low melting point metal such as Cu and Gainto NdFeB magnet may improve the
wettability along the grain boundary and further increase the Nd content in the grain boundaries. They are all
belong to the diamagnetic metal and the melting point of Bi is as low as 272 °C, which is very helpful for
diffusion coating process.

In this work, the effect of the diffusion coating process with Bi on the HDDR powders was discussed. The
Nd-Fe-B magnet was prepared by mixing a certain amount of Bi powders with HDDR powders followed by
differentdiffusion-coating treatment process. The effect of the Bi content and temperature on the structure and

magnetic properties of the samples has been investigated.

[1] P.Schrey and M.Velicescu. Influence of Bi-additions on the magnetic and microstructure properties of
(Nd,Dy)-Fe-Al-B magnets.Int.J.Mod.Phys.B 1993.07:725-728

This research was supported by a grant from the Fundamental R&D Program for Core Technology of
Materials funded by the Ministry of Knowledge Economy, Republic of Korea.
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Electric field control of magnetism has been extensively studied in the past few years, not only for the
interesting physics, but also due to its potential application in energy efficient devices. By applying an electric
field, fundamental magnetic properties of wultrathin magnetic films, such as Curie temperature,
paramagnetic-ferromagnetic phase transition, and magnetic domains, can be modified. " > In a magnetic tunnel
junction structure, the electric field effect can be observed as a voltage dependent modification of the switching
field or magnetization direction. 3

In this study, we have investigated the electric field controlled magnetic properties of Co4Fed4B2/
MgO/Co4Fed4B2 perpendicular magnetic tunnel junctions by measuring the voltage dependent tunneling
magnetoresistence (TMR). The saturation field of the CoFeB layer was seen to be modified with different applied
voltages indicating that there is an electric field dependent interfacial magnetic anisotropy modification at the
CoFeB/MgO interface. It was found that positive bias voltage (electron charging at CoFeB/MgO interface)
increases the interfacial perpendicular magnetic anisotropy. To confirm the surface sensitivity of the electric field
effect, an ultrathin (0.5~1ML) Hf layer was inserted in between the CoFeB and MgO layers. When the voltage
dependent TMR of the Co4Fed4B2/MgO/Hf/Co4FedB2 was measured, the electric field dependent interfacial
magnetic anisotropy modification was greatly enhanced at the CoFeB/Hf/MgO interface compared to the
CoFeB/MgO interface. The larger electric field effect with the insertion of a Hf layer might be due to the fact
that Hf is a large spin-orbit coupling material. Moreover, as calculated from TMR result, CoFeB/Hf/MgO/CoFeB
structure has larger magnetic anisotropy change per voltage compare to CoFeB/MgO/CoFeB structure. These
results assure that using spin-orbit coupling material has promising development of voltage controlled of magnetic

switching in magnetic tunnel junction.
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FeGe thin film is one of magnetic materials that skyrmion state was observed. [1, 2] Skyrmions are small
magnetic vortices those are first discovered in manganese silicide thin film. Skyrmions could form the basis of
future hard-disk technologies because they might be made much smaller and thus be used to create storage
devices with much higher density than the disks use magnetic domains.[3] In this report, we study about transport
properties of FeGe film grown on GaAs (100) substrate by using molecular beam epitaxy (MBE). A hexagonal
structure of FeGe thin film was determined by XRD pattern. Surface morphology of FeGe was observed by
FE-SEM measurement. Temperature dependent resistivity measurement showed a metallic behavior of FeGe film.
The anomalous Hall effect (AHE) originating from asymmetric scattering in the presence of magnetization was

observed.

[1]. X. Z. Yu, N. Kanazawa, Y. Onose, K. Kimoto, W. Z. Zhang, S. Ishiwata, Y. Matsui, and Y. Tokura,
Nature Mater. 10, 106 (2011).

[2]. S. X. Huang and C. L. Chien, Phys. Rev. Lett. 108, 267201 (2012).

[3]. N. Romming, C. Hanneken, M. Menzel, J. E. Bickel, B. Wolter, K. V. Bergmann, A. Kubetzka, R.
Wiesendanger, Science 341, 636-639 (2013).
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Abstract

In order to pinpoint the different factors responsible for magnetization reversal, we performed simulation using
OOMMF micromagnetic package for rectangular shaped permalloy element having length of 1pum, width 50-100
nm and thickness 15-80 nm with length to width ratio L/W>4. Interestingly an increase in coercivity with
thickness is found for every width below a critical thickness. With increasing width and thickness, the distinct
behavior of coercivity, hysteresis loops and reversal mechanism are presented. Vortex end domains are observed
during the magnetization reversal beyond particular thickness, where the three dimension reversal mechanism is

expected to begin, causing a sudden increase in coercivity.
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1. Introduction

Coupled vortex dynamics as well as single vortex dynamics have been intensively studied owing to
fundamental interest of magnetic coupling and the possibility of implementing vortices in information-storage [1],
magnonic crystals (MC) [2], processing devices[3], and spin torque oscillators (STOs) [4]. In this later case
spin-valve structure or magnetic tunnelling junctions MTJs is usually used, Synchronization between different
STOs by means of coupling between vortex oscillators would be one of the most efficient ways to increase

emitted power; which implies a deep understanding of the dynamic coupling between vortices.

2. Simulations

To study the coupling effect between vortices in vertical scheme a layered magnetic nanopillars consisting of
ferromagnetic (F) and nonmagnetic (N) layers is modeled using OOMMF [5], we conduct the micromagnetic
simulations for a circular Py dot having the thickness of 20 nm and the diameter of 180nm. The physical
parameters of the individual cells of xy directions 2.5%2.5 nm’, and different cell size is used for z direction
2.5-20 nm used; were: the exchange stiffness constant A = 1.3 x 10" (J/m), the saturation magnetization M, =
830x10° A/m, and the Gilbert damping constant of & = 0.01.

To excite spin Eigen-modes, a Gaussian pulse field is applied to the vortex-state tri-layer dots along the
x-direction. In order to get the eigenmodes frequencies a Fourier transform of the time evolution of magnetization

is applied and simulated Fourier power spectra is obtained where peaks present the eigenmodes frequencies.

3. Result and Conclusion

We explored the coupling effects on vertically coupled vortex-pair where we demonstrate by the
micromagnetic simulations that the spinwaves frequency dependence on coupling is substantially different from
the lateral coupled vortices case. We find that, the dipolar coupling between the vortex-pair mainly ruled by the
relative chirality configuration, leading to a reduction of the out-of-phase coupled azimuthal modes frequencies
and increase the in-phase coupled azimuthal mode frequencies, for the parallel and antiparallel chirality
configurations respectively.

As to the parallel chirality case the coupling between chiralities induce additional splitting of the azimuthal
modes as well as the coupled gyrotropic mode, that depend on the coupling strength between the ferromagnetic

layers. Coupling additionally transforms modes profile for the out-of-phase mode and decrease their frequencies
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meanwhile increases the frequencies of the in-phase modes. An interesting result of our study is that the lowest
coupled azimuthal mode splitting that differs from the gyrotropic dependence with the spacer thickness (coupling)
and from the lateral coupling case.

This research was supported by the Basic Science Research Program through the National Research
Foundation of Korea funded by the Ministry of Science, ICT & Future Planning (grant no. 2013003460).
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Fig. 2. Cross-sectional TEM images of the dagger defects.

(a) Pyramid shape. (b) High-resolution TEM image. (c) Selected area diffraction pattern
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In order to investigate the electric field effect on the injection efficiency, the lateral spin valve device on
semiconductor channel was fabricated. The channel consists of an inverted heterostructure with an Ings3Gag47As
active layer. The channel is patterned by the ion-milling and the resulting width is 8um. The carrier concentration
and the electron mobility of the 2DEG channel at 7= 20 K (150 K) are ns = 1.52 x 10" (1.56 x 10"%) cm™
and z2 = 29 000 (18 000) cm’V''s™, respectively.

Using non-local (Geometry A) and local (Geometry B) spin valve geometries, the spin injection efficiencies
with and without an electric field are extracted. The magnitudes of the measured signals from two geometries
are determined by the spin injection efficiency of injection and detection sides. In Geometry A, the bias current
crosses the injection interface between ferromagnetic electrode and semiconductor but the charge current or the
electric field does not exist at the detection interface. In Geometry B, however, the identical current crosses both
injection and detection interfaces so the same electric field is induced at the junctions. At 7 = 20 K, the spin
injection efficiency is increased from 3.2% to 7.0% with a current of 1 mA which produces electric field at the
junction. As shown in fig. 1(b), temperature dependence of measurements shows that the spin injection efficiency
does not weaken with an electric field. The reason is that the electric field effect compensates the thermal

smearing of injection efficiency at higher temperature.
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Figure 1. Electric field effect on spin injection efficiency. (a) Non-local (Geometry A) and local (Geometry

B) measurement geometries. (b) Temperature dependence of injection efficiencies with and without electric field.
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Recently there has been great interest in the development of magnetic vortex nano-oscillator based on
spin-torque induced magnetic vortex gyrations [1-3]. In the magnetic vortex nano-oscillator, a large perpendicular
magnetic field is typically required for operation of the nano-oscillator, since a sustained magnetic vortex gyration
motion occurs only when the vortex core magnetization and the polarizer magnetization directions are parallel.
Therefore a perpendicular magnetic anisotropy (PMA) polarizer is needed for the vortex oscillation to occur with
a small or zero external magnetic field.

In this work, we fabricated magnetic tunnel junctions with "perpendicular polarizer/MgO/vortex' configuration
for its potential application in magnetic vortex nano-oscillators. Magnetic tunnel junction (MTJ) structures of
CoFeB(1.2nm)/MgO/Py(25-35nm) were used, where the 1.2 nm thick CoFeB layer and 25 (or 35nm) Py layer
would act as the polarizer layer and magnetic vortex layer, respectively. Magnetic hysteresis loop measurements
of the 25 and 35nm thick Py layers confirmed that the Py layers have a magnetic vortex structure. The as-grown
amorphous CoFeB layer has in-plane magnetic anisotropy, while the 300°C annealed CoFeB layer shows
perpendicular magnetic anisotropy. The tunneling magneto-resistance ratios (TMR) of the MTIJ samples were
measured with the external magnetic field applied in-plane and out-of-plane. The TMR ratio was ~ 4 %. There
is clear difference in the TMR curves of as-grown (in-plane CoFeB) and annealed (perpendicular CoFeB) samples.

We also report preliminary results on the magnetic vortex oscillation behavior with a perpendicular polarizer.
[1] A. Dussaux's, et al. Nature Comm. 1 (2010) pp. 8

[2] Yan Liy, et al. J Appl. Phys. 112 (2012) pp. 093905
[3] F. Abreu Araujo, et al. Appl. Phys. Lett. 102 (2013) pp.222402
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The magnetic field dependence of resistance is very interesting topic in electronics because of its diversity
of origin. As one of these, the Shubnikov-de Haas (SdH) oscillation is well known phenomenon and it has the
same mechanism as quantum Hall effect which is formation of the Landau level and the Zeeman spin splitting.
Since spin-orbit coupling (SOC) can be estimated by observing beat patterns of SdH oscillation in 2-dimensional
electron gas (2DEQG), the oscillationis one of the most important phenomena in spin transport system.

The SdH oscillation also gives the g-factor which characterizes the magnetic moment of carrier. In previous
research, J. Nitta ef al. obtained the g-factor of quantum well layer from fixed angle dependence ofSdH oscillation
[1]. In our research, on the other hand, g-factor of InAs2DEGwas estimated fromfixed transverse magnetic field
dependence of Rashba SOC parameter. To observe Rashba SOC parameter, perpendicular magnetic field is
necessary to induce conductance fluctuation and beat nodes. Then applied transverse field interacts with Rashba
SOC and derives shift of beat nodes.

The Rashba SOC parameter obtained without transverse field was 6.41x10™"> e/ - m and can be converted
into effective magnetic field with the equation, Be=(2akr)/ (gus). When transverse field is applied, this equationis
rewritten by sum of transverse and effective magnetic field and Rashba SOC parameter varies with g-factor.

Comparing experimentally obtained SOC parameter and equation, we extracted the g-factor of ~13.

[1] J. Nitta, Y. Lin T. Akazaki, and T. Koga, Applied Physics Letters, 83, 4565 (2003).
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1. Introduction

Ta/CoFeB/MgO structures are known to have a decent perpendicular magnetic anisotropy (PMA), and
magnetic tunnel junctions (MTJs) based on these structures yield a high tunnel magnetoresistance (TMR) of over
120% [1]. It has been recently reported that the PMA can be enhanced by replacing Ta by Hf in the above
structure [2]. It is expected that the PMA can be further improved by inserting an Mg layer between CoFeB and
MgO layers [3]. Here we studied the perpendicular magnetic anisotropy PMA of X (X=Ta, Hf, and Yb)/
CosFesBo/ Mg/ MgO/ Ta structures.

2. Experiment Method
We deposited the samples on the oxidized Si(100) substrates using DC and RF magnetron sputtering, and
annealed the samples after deposition. The magnetic properties of the samples were characterized by vibrating

sample magnetometer (VSM).

3. Results and Discussion

The PMA in X (X=Ta, Hf, and Yb)/ CosFesB»/ Mg/ MgO is significantly affected by the annealing
temperature, and the annealing temperatures showing the maximum PMA are dependent on the nonmagnetic layer,
Ta, Hf, and Yb. Especially, the Yb/ CosFesBo/ Mg/ MgO structure shows PMA with a relatively lower annealing

temperature.

4. Conclusion

In summary, we show that the PMA in X (X=Ta, Hf, and Yb)/ CosFesB,/ Mg/ MgO depends not only on
the thickness of CoFeB but also on the nonmagnetic buffer layer. The structures studied in this paper can be
used for perpendicular magnetic tunnel junctions having a free-layer of X (X= Ta, Hf, and Yb)/CoFeB/Mg/MgO

and other spintronics devices.

5. Reference
[1] S. Ikeda, K. Miura, et al,, Nature Materials 9, 721 (2010).
[2] T. Liu, J. W. Cai, and Li Sun, AIP Advances 2, 032151 (2012).
[3] Q. L. Ma, S. lihama, et al,, Appl. Phys. Lett. 101, 122414 (2012).
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The effective spin injection from ferromagnetic metals (FM) into semiconductors (SC) is essential for the
semiconductor spintronics. The intrinsic conductance mismatch between FM and SC is known to prevent efficient
spin injection and can be overcome by using a tunnel barrier at the interface.

In this study, we report enhanced electrical spin injection and detection in a Fe/MgO/GaAs junction and
CoFeB/MgO/GaAs up to room temperature. The epitaxial MgO/GaAs layers were in-situ grown by a molecular
beam epitaxy (MBE). Modulation doping in the vicinity of the interface promotes tunneling transport by reducing
the depletion layer of Schottky barrier, and the I-V characteristics of the junction of samples show typical
combination of tunneling and slight Schottky barrier, Fig. 1 (a), (b). Large spin accumulation represented by the
voltage difference (AV = 6.3 mV at 10 K when I = -0.9 mA) between the baseline and the dip of Hanle curve
is observed from Fe/MgO/GaAs junction at various temperature range and sustained up to 400 K when an
out-of-plane magnetic field is applied, Fig. 1 ©.

The finite roughness of the FM/oxide interface induces the local magnetostatic fields, and this local fields
greatly change the spin accumulation and precession in SCs. [1] The inverted Hanle caused by the local fields
also observed when an in-plane magnetic field is applied, Fig. 2. The Lorentzian fitting of the Hanle curve from
Fe/MgO/GaAs gives 234 ps spin lifetime of n-doped GaAs, and this is a lower bound since the local field

suppresses spin lifetime at the interface.
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Fig. 1 The graph of the current density vs. bias voltage of (a) Fe/MgO/GaAs and (b) CoFeB/MgO/GaAs junctions.
Hanle curves from the junctions of (c) Fe/MgO/GaAs and (d) CoFeB/MgO/GaAs with respect to

temperatures when I = -0.9 mA and -1 mA, respectively.
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Fig. 2 (a) normal Hanle and inverted Hanle graph of Fe/MgO/GaAS sample when I = -1 mA at 10 K. (b) The
plot of the bias current dependence of normal and inverted Hanle of Fe/MgO/GaAs at 10 K. The graphs
of temperature dependence of normal and inverted Hanle of (a) Fe/MgO/GaAs and (b) CoFeB/MgO/GaAs

samples when I = -1 mA.

[1] S. P. Dash et al, Phys. Rev. B 84, 054410 (2011).
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Recently, several experiments have shown that it is also possible to switch the magnetization in
current-in-plane(CIP) geometry [1 - 3]. Liu et al. [2,3] demonstrated that an in-plane current flowing in a heavy
metal layer attached to a free layer can selectively switch the free-layer magnetization and reported that these
results can be quantitatively explained by spin torque from the spin Hall effect. In ferromagnet/non-magnet
bi-layer systems, an in-plane charge current passing through the non-magnet is converted into a perpendicular spin

current due to the spin Hall effect [4].

The analytic expression for the threshold switching current of conventional spin torque case is well
established. Such expression is of critical importance for both fundamental physics and applications. However,
the threshold switching current for the switching of a perpendicular magnetic layer induced by the spin Hall effect

is missing. In this work, we derive an explicit analytic expression of threshold switching current density[5] as

i 6
perp h QSH

2 2

SH 2e Mty [HK.eff ij
’ (1)

where Oy is an effective spin Hall angle of the system, Mgisthesaturationmagnetization, #r is the thickness

of ferromagnetic layer, Hkr is the effective perpendicular anisotropy field, and an external in-plane field Hy.

We verify its applicability by testing various cases based on macro-spin simulations [5]. This expression for
the threshold switching current will be useful since it can be used to estimate essential physical quantities such
as spin Hall angle and to design practical devices utilizing the spin Hall effect. In the presentation, we will discuss
in detail about this spin Hall based switching scheme in comparison to the scheme based on the conventional

spin transfer torque.

[1] I. M. Miron et al., Nature (London) 476, 189 (2011).
[2] L. Liu et al, Science 336, 555 (2012).

[3] L. Liu et al, Phys. Rev. Lett. 109, 096602 (2012).

[4] J. E. Hirsch, Phys. Rev. Lett. 83, 1834 (1999).

[5] K.-S. Lee et al, Appl. Phys. Lett. 102, 112410 (2013).
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1. Introduction

Recently, it has drawn a great attention that magnetization in a heterostructure of heavy metal-
ferromagnet-insulator can be controlled by in-plane current because of its potential application in magnetic random
access memories or domain wall devices [1, 2]. The mechanism involves the coupling of electron’s spin and its
orbital motion, resulting in non-equilibrium spin accumulation which ultimately gives rise to a torque on the
magnetization, so-called spin-orbit torques (SOTs). This effect can be explained by spin Hall effect of heavy
element and/or Rashba effect of asymmetric structure. However, there is still no consensus of the origin or
dominant effect of the SOTs. So in order to elucidate the origin of the SOTs, we measured the SOTs in
Pt/Co/AlOx hetorostructures with different Pt thickness.

2. Experiment

The samples of Pt(t)/Co(1.4nm)/AlO«(2nm) were deposited by magnetron sputtering on a thermally oxidized
Si substrate, where Pt thicknesses are 2, 3, 5, and 7nm. All samples were annealed at 300°C for 30min in a
vacuum chamber after the film deposition. Photo-lithography and ion etching were used to make Hall bar
structure. We injected the AC current while sweeping the in-plane longitudinal and transverse magnetic field to
current direction. The first (Ciy) and second (C,w) harmonics Hall voltage were measured simultaneously with
two lock in amplifiers. We can obtain longitudinal effective field (spin transfer-like torque) and transverse

effective filed (field-like torque) by using the way described in Ref. [2].

Hall Voltage
z Measurement

<

><;
¢

Q

Q

Q

Q
ll}—|

Hr (11) H (/1)
I
= Hesm (=FLT\ > Hegy (=SLT)
AC current
Injection

Figure 1. Schematics of the SOTs measurement
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3. Results and discussion

Figure 2 shows the first and second harmonic Hall voltage for Pt 3nm samples under different field direction.
The first harmonic signal (Ciy) is almost same, but the second harmonic signal (C,y) depends on the applied
field. From measured signal, we calculated the SOTs(Effective field). The FLT(SLT) has even(odd) symmetry with
respect to the inversion of the magnetization as shown in Figure 3. Moreover, FLT decreases as Pt thicknesses
increases, whereas SLT increases. This results can be explained by the origin of SOTs, spin Hall effect and
Rashba effect. The SLT, which mainly originates from spin Hall effect, is bulk effect so, it increases with

increasing Pt thickness. However, FLT related to Rashba effect decreases due to the relatively reduced interface

effect.
a b
101 Pt 3nm - 20 Pt 3nm
5L ( . 10r
< =
e 0 ¢ 2 0
= &
S U oof
Ls —eo—H LI —o— H L1
0+ | 7-‘—H//I 20t —v—H//I
-2 -1 0 1 2 ‘ i
M) 2 K 0 1 2
H(T)

Figure 2. (a)First and (b)second harmonic Hall voltage. Open and solid symbols correspond to transverse and

longitudinal field direction to current flow.
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Figure 3. Pt thickness dependence of (a)transverse(FLT) and (b)longitudinal(SLT) effective field. Open and solid

symbols correspond to magnetization pointing along -Z and +Z, respectively.
4. Reference

[1] Kevin, Garello et al., Nature nanotechnology 8, 587 (2013)
[2] J. Y. Kim et al., Nature Materials. 12, 240 (2013)
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[Fig 1] (a) Voltage comparison of three different sturctures. (b) Lorentz Term and Dispersive Term of CoFeB/Ta
(top panel) and CoFeB/Pt (bottom panel). (¢) Added and subtracted voltage vs. spin pumping signal in
a Ta system. (d) Added and subtracted voltage vs. spin pumping signal in a Pt System.

4. A9l
[1] S. Isogami et al., Appl. Phys. Express 6, 063004 (2013).
[2] A. Azevedo et al., Phys. Rev. B 83, 144402 (2011).

[3] J. C. Rojas-Sanchez ef al., Phys. Rev. B 88, 064403 (2013).

- 132 -



ST16

Large Asymmetric Behavior of the Spin Pumping in High
Resistive Materials

1 1 1 2 2
Asz™ olzs Wy AN’ uay
1Department of Materials Science and Engineering, KAIST, Daejeon, 305-701, Korea
“Division of Materials Science, Korea Basic Science Institute, Daejeon 305-333, Korea

& (Ferromagnetic Resonance, FMR)-2 Z}AH A 9] MApRF=2t o5 w7 x}7|4e] 2-s4=7}

A % ol WA= S EWetth 3ok A Sole vhls=(ad k) o] AR v ol

A U= Aol o] utl=o] BRSO 2 F=U(EE) HA "ot olgd A AR o2 e A1
H

@4l ALE zHe Pto|y Tadl 22 H=E A}23}o] Inverse Spin Hall Effect(ISHE)o]| ¢J8] ¢t o 2 =A o)
==t

ol2gt 54+ dt= 2= Spin Pumping A g ol2t gtk o]23F Spin Pumpingo] oJsf F& o = AR
S 2+ Spin Mixing Conductance, Damping Constant, Spin Hall Angle 52] AR’} it} o)A

pumping@t 223t A2 @A) ISHEY]| &3t AU A E A E|al o]+= Resonance Field $4A0 2 2=
woFol A1) g2 VelUA Hek 18y 22 Ferromagnetic Metal Systemol| 4] Bt & el A&7} &gt
= Ao] & FH ) o] Anomalous Hall Effect (AHE) [1] &2 Anisotropic Magnetoresistance (AMR) [2,3]9]]
ofgff whgTtta AgEI oy UG @2 ofF mE= Ao|th. =3|, Ferromagnetic Metal
(FM)/Nonmagnetic Metal (NM) Bilayer System of| A= ISHE AlZ.o], o]2j&t vt 2l A&7} go] TA 1A
H= @Aol T HHEA dsh= AREE A=l ofEes Al e ARelth ol ZAIRE siEst]
el P-2li= CoFeB/NM Systemof| A A7 3 A 545 2ABEAH 24 &A1& vHtojA a2 AE
£ TR e RN, Ta 22 52 A¥E 7H= 229 Bilayer oA Bt A ALo] 7|97t A

e A2 A3, Pt < A 7= 229 Bilayer o= B2 4159] 7]of7F FAS #
Ne AR A2 2T = ATk B3 Akm E42 FollA iR A 71ode Bt A Ql 7]oE skl
HER =53 Spin Pumpingof] 23t 4155 A= WS Holal Ft2 A W3t et AoES wagl
of Wmgro N APAT} ol 2T & DG AT 4 YUrh

3T
7rO 1}
o R
A~
T

1__

o
=) o?i

o
o] Aol 281 AJH-2 200 nme] FH o7 ASLE SiOE 7 Si 7| AFESFAAL 1 919 AR+ UHV
Sputtering System= ©]-&3|A S T AFoA Ql FERE CosFessBag(10nm)/NM(10nm),
NM(10)/CoFeB(10)/Ta(1), CoFeB(10)/Ta(1)©] 22 A3t} Ta(1)= CoFeB2] AL5H2 ulr] 93| éﬂﬂoma
3L NM 22 A3txlol7F 24 U Ta} PtE AFRSIIth LR E 7S] 938 A4& Photolithograpy, 1 % Ion
il 421 o2 2AE TESI Senpied UE F HTY 31 4ol 3Tkl A3
EZVVJ% A7FRFO 2N A O] FEE Aol ‘”01‘% HhARE I HE ST o =N 2t
[e]

i ret=

- 133 -



T Atk Ta2 Aol 2 &80l T2 Holqle Bilayer?] A-polle Wt 23l A59] 7|7} vl F&
SIS 4= AL ofof sl ApFY ATl Bl wmeFo] IAlo] EaH A Hol ATt 4o e S
WA 4= ARl o5 FEsH] ff8l @<es] 9, ofef o] AFEAE HHre] oA 1idstA olF AEE
TR I YL, FAHE olF FxolA U A5 E 717t tshalS Wi Bt Al moFe] AlsE, e
Wj=%1E o Spin Pumping A1E5 ¥& 4= QUSUTh ojet AEet Am AL FA ¥ =47 Spin
Pumping &= oA HIALE ko] offfo]l HRESHAH. o] &% Spin Pumping 4l&+= Lorentz /&
Dispersive “g-& LHro] & 5 Reference®to] vl E Fall FaiFich o] 2 lsf Data7} A= & AAFHE gel
4 QAL F7RR F2O] Aol & Al AA™ Tagt Pto] 9ol A ZH2t Spin Hall Angleo] 22} £-57}
HF S gl 4= AATHA] o= 3 59 iAol g RHer FHL 5 Ak

(a) (b)
20+
10+
0 0 —
- _— s ——CFB(10)Ta(10)
——CFB/Ta L Term
i 3 -104 CFB/Ta D Term
5 -20 5 '
a [——CFB(10)Ta(l) _5- 01
"5 [———CFB(10)/Ta(10) =3 _1 0 1
O 40 CEBOFRIID) o —— GFB(10)/PI(10)
-20 —— CFB/Pt L Term
CFB/Pt D Term
-60 ‘ ‘ -30 '
-500 0 500 -500 0 500
H-H (Oe)
res H - HTES (Oe)
C d
( ) Ta added/ 2 ( ) ———Ptadded/ 2
40 Ta subtracted/ 2 40 —— Pt subtracted / 2
- - - -Spin p.umping in Ta structure -« = Spin pumping in Pt structure
20+ S 204
s 2
*g’_ 0 E._ 0 —
3 3
O ol -20 | Y
-40 : ‘ -40 : ‘
-500 0 500 -500 0 500
H-H__ (Oe) H-H_ (Ce)

[Fig 1] (a) Voltage comparison of three different sturctures. (b) Lorentz Term and Dispersive Term of CoFeB/Ta
(top panel) and CoFeB/Pt. (bottom panel) (¢) Added and subtracted voltage vs. spin pumping signal in
a Ta system. (d) Added and subtracted voltage vs. spin pumping signal in a Pt System.
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The density functional theory (DFT) and generalized gradient approximation with Coulomb and exchange
interaction effects (GGA+U) were used to calculate the electronic structure of hexagonal strontium ferrite
(SrFe2019). Since the calculated magnetic moments and energies are stable for Uy = 7 eV, the exchange integrals
were used to calculate the temperature dependence of magnetic moments M(T) for the five sublattices (2a, 2b,
12k, 411, and 4f;) based on the Brillouin functions. The M(T) of the five sublattices are inter-related to the nearest
neighbors, where the spins are mostly anti-ferromagnetically coupled. The sublattice M(7) were used to obtain
total M(T), which is in good agreement with the experimental M(T). The temperature dependence of maximum
energy product ((BH)max(T)) was then calculated using the calculated M(T). The calculated (BH)max value of 5.9
MGOe at 300 K is higher than the experimental value of 4.8 MGOe at room temperature.

- 135 -



MTO02

Magnetic vortex dynamics with interfacial
Dzyaloshinskii-Moriya interation

= 1" 1,2
=det, 013zl
1Department of Materials Science and Engineering, Korea University, Seoul, Korea
*KU-KIST Graduate School of Converging Science and Technology, Korea University, Seoul, Korea

Dzyaloshinskii-Moriya interaction (DMI) is the asymmetric exchange interaction caused by combined effects
of inversion symmetry breaking and spin-orbit coupling [1,2]. The effective magnetic field induced by the
interfacial DMI is

2D~ om -~  om

= —Z|yX ——zxX—
Hpy M, Y oz T ay |’
where D is the DM energy density, M; is the saturation magnetization, and z is the direction of inversion

asymmetry.

Vortex dynamics was investigated by solving Landau-Lifshitz-Gilbert equation with an effective DM field. We
assumed a Permalloy disk with the diameter of 270 nm and the thickness of 20 nm, discretized by the unit cells
of 2x2x20 nm’. Standard material parameters of Permalloy were used. An external a.c. magnetic field was applied

to excite a vortex.

Figure 1 shows the equilibrium magnetization state with or without DMI. When assuming DMI, the

equilibrium magnetization texture near a vortex core is distorted as shown in Fig.1(b) and ©.
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Figure 2 shows the x-position of a vortex core under external a.c. magnetic field when chirality is fixed to
clockwise direction. With or without DM interaction (Fig. 2(a)), a core shows gyrotropic motion when excited.
However, as shown in Fig. 2(b)-(c), initial responses of a vortex are very different depending on the sign of DM.
Interfacial DM interaction favors one type of chirality, thus vortex which has unfavored chirality changes its
chirality in the beginning of excitation (Fig. 2(c)). Further study such as resonance frequency and core reversal

will be discussed in detail.
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1. Introduction

Dynamics of a magnetic domain wall in perpendicularly magnetized nanowires is of considerable interest due
to its rich physics and potential for applications [1]. Perpendicular magnetic layers usually have lots of point
defects where the magnetic properties would be different from their original values. Such point defects generate
pinning potentials for a domain wall. It can result in relatively high depinning field that is important to understand
domain wall creep phenomena and steady domain wall motion [2, 3].

In this work, we investigate the effect of a point defect on pinning potential for a perpendicular magnetic
domain wall based on Nudged Elastic Band (NEB) method [4, 5]. It allows us to estimate the strength of the

pinning potential and its dependence on various magnetic and geometrical properties.

2. Modeling Scheme

In Ref. [4], the authors reported a way to calculate minimum energy paths, called NEB method. This method
allows to calculate the energy barrier between two local energy minima. We use Walker’s ansatz [6] with varying
the domain wall center position as the initial path. The final and equilibrium energy minimum path is obtained
by minimizing the gradient of the energy.

We use the following parameters for numerical simulation: the perpendicular magnetic anisotropy density Ku
is 107 erg/em’, the exchange stiffness constant is 10 erg/cm, the saturation magnetization is 1200 emu/cm’, and
the wire thickness is 1.2 nm. We place a point defect with the size of 1 nm in diameter at the center of nanowire.
We vary the magnetic anisotropy at the point defect (Keereer) from 0 to 0.75 Ku and vary the width of the

nanowire.

3. Result and Discussion

Figure 1(a) shows the energy (normalized by the thermal energy at room temperature) as a function of the
average z component of magnetization (<M,>). An energy minimum is obtained at <M,> = 0, corresponding to
that the domain wall is on the point defect. Two energy maxima are obtained on both sides of the local energy
minimum. The difference between the energy maximum and minimum gives the pinning potential due to the point
defect. Figure 1(b) shows effect of Kgereer On the energy profile. The pinning potential as a function of Kgefeet 1S
summarized in Fig. 1(c). When Kqeteer 1S zero (thus, the difference of the magnetic anisotropy from other region
is Ku), the largest pinning potential is obtained. It is about 0.1 kgT, corresponding to 4.4 ferg that is quite small.
We attribute this small pinning potential to a small effective magnetic anisotropy (= Ku-2pMs ~ 9.5x10° erg/cms),
resulting in the domain wall width of 10 nm, which is much larger than the size of a point defect. However,

we expect that the pinning potential would increase as Ku increases because the domain width decreases.
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Fig. 1. (a) Pinning potential due to a point defect with Kgeeer = O.
(b) Pinning potential profile as a function of Kgerer. (¢) Pinning potential versus Kaefect.

4. Summary

We investigate effect of a point defect on the pinning potential for a perpendicular magnetic domain wall
based on the NEB method. We find that this method can give a reasonable value for the pinning potential and
allows us to study the effect of various geometrical and magnetic properties on the pinning potential. In the

presentation, we will discuss the effect of Ku and wire width on the pinning potential in detail.
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We propose a method to control the motions of magnetic domain walls using the interference phenomenon
of the spin wave [1]. Through micromagnetic simulations, it is found that when the distances between two
neighboring walls are integer multiples of half wavelengths of the spin wave, the transmission coefficients of the
spin wave are local maxima. This interference effect provides a new method for controlling the spin-wave induced
domain-wall motion, not only the speed of the domain wall motion but also its moving direction. In addition,
tuning the distance of walls, we can find the direct relationship between the domain-wall velocity and the

transmission coefficient, a crucial parameter of the spin-wave-induced domain-wall motions.

Reference
[1] K.-W. Moon, B. S. Chun, W. Kim, and C. Hwang, J. Appl. Phys. 114, 123908 (2013).
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FIG. 1 A schematic diagram of the double domain walls state for simulations (left). Domain wall velocities as

a function of the domain walls distances (right). The velocity exhibits an oscillating behavior.
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Perpendicular magnetic anisotropy base magnetic tunnel junctions(p-MTJ) have attracted a lot of research
interests. Because they have several advantages to realize high density magnetic random access memory(MRAM)
over in-plane MTJ. Many perpendicular magnetic anisotropy(PMA) systems have researched, for examples,
[Co/Pt], multilayers, [Co/Pd], multilayers, L/, compounds(CoPt, FePt). Particularly, [Co/NM]n multilayers
structure is a promising candidate because of a controllable saturation magnetization(Ms) and a high anisotropy
energy density. In order to make a commercial MRAM, however, a low switching current is needed for a low
power consumption, in this reason, low M should be satisfied. In this respect, CoNi which has a low M is
considered in this study.

The structure of Ta / Pt / Ru / [CosNis(fconi)/Pt(tp)]s / Ru was fabricated on a Si/SiO, substrate using a DC
magnetron sputtering system. The base pressure was 7x10™ Torr while working pressure was fixed at 2x10” Torr.
Post annealing was conducted in various temperature 300°C ~500°C and magnetic properties were measured by
a vibrating sample magnetometer.

It is well-known that PMA comes from the surface between top Co layer and bottom Pt layer, and recently
many multilayers structures have a thinner Pt layer than a Co layer.[1] As shown in figure 1, however, only
samples containing a thick Pt layer show PMA, though a thin Pt layer is favorable for a strong PMA. In figure
2, thick Pt and Co layer show PMA after annealing over 400°C, however PMA of [0.5 nm/ 0.5 nm]s structure
disappeared after post annealing at 500°C In terms of M, post annealing at 500°C reduced the values of M,

especially for thin Co layer samples.
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Figure 1. Hysteresis loop of out of plane for Figure 2. Hysteresis loop of out of plane for
[Pt/CoNile structure before post annealing [Pt/CoNile structure after post annealing
References

[1] T. Y. Lee ef al., J. Appl. Phys. 113, 216102 (2013)

- 142 -



NMO2

Control of the shape and size of soft magnetic
nanoparticles with three-dimensional vortex structure

Prasanta Dhak'*, Jae-Hyeok Lee', Ha-Youn Lee’, Min-Kwan Kim', Kyung-Suk Jin?,
Ki-Tae Nam?, and Sang-Koog Kim""
"National Creative Research Initiative Center for Spin Dynamics and Spin-Wave Devices, and Research Institute of
Advanced Materials, Department of Materials Science and Engineering, Seoul National University,
Seoul 151-744, Republic of Korea
: Department of Materials Science and Engineering, Seoul National University, Seoul 151-744, Republic of Korea

t Corresponding author: sangkoog@snu.ac.kr

1. Introduction

Magnetic nanoparticles currently are of interest for their bio applications, which include magnetic resonance
imaging, targeted drug delivery, cell separation, immunoassay, and hyperthermic treatment of malignant cells [1-4].
Magnetic nanoparticles’ unique properties can be achieved by means of the control of their shape, size and
distribution. However, such nanoparticles’ intrinsically low saturation magnetization values, which require
relatively high magnetic fields, makes their use in clinical settings highly problematic. A new type of magnetic
material, therefore, is required. Soft magnetic nanoparticles of high saturation magnetization but negligible

interaction represent one possible alternative in this regard.

2. Experimental method

In the present study, we have synthesized spherical shaped, homogeneous NigFey nanoparticles with
controlledsizeusingpolyolprocess. The Ni - Fe NPs were synthesized by reduction from Fe and Ni precursors
dissolved in propylene glycol (PG) at an optimized pH and temperature. In this method, PG was used as polyol
solvent. Even though it is known that the solvents itself have little reduction ability but it change into propanol
during heating and at designed temperature, metal salts can be reduced in the redox reaction by the modified

solvent.

2CH3CHOH—CH20H+M(OH)2—>CH3COCOCH3+2H20+M0 ......................................................... (1)

In the reaction process, disproportion of iron hydroxide required since polyols are too weak to reduce Fe ions
whereas Ni reduction occurred easily because of thermodynamic preference. However, disproportionation of
ferrous hydroxide happens in reaction according to equation 2 and Fe particles produced even though iron is too
electropositive to be reduced by polyols.

4Fe(OH)2_) Fe + F6304+4H2O .......................................................................................... (2)

The synthesized magnetic nanoparticles were then characterized by XRD, TEM and FESEM to study the
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phase purity, shape, size and structural assemblies. As permalloy nanoparticles are highly magnetic and tend to
be agglomerated easily, it is therefore, dispersed in water, followed by sonication for long time before sample
preparation for TEM and FESEM measurement. Partially dispersed solution was then loaded by drop-casting on
TEM grid and Si wafer, kept on a rare earth magnet and dried at room temperature. Next, the micromagnetic
simulation was carried out using FEMME (version 5.0.8) to study the intermediate assemblies of the magnetic

nanoparticles in terms of the magnetic interaction energy.

3. Result and Conclusion

In this presentation we report the successful synthesis of monodisperse 100 - 300 nm diameter permalloy
(Py) nanoparticles of a unique spin configuration (i.e. vortex state). In the present study, the distributions of
synthesized Py nanoparticles on a silicon (Si) wafer were investigated. Some specific trends were found on
combination of permalloy particles depending on the number of assembled particles. Our statistical analysis
revealed a clear order of priority among a rich variety of geometrical configurations of the primary vortex-state
particles. These results will provide valuable insights into the interplay between nanoparticles’ distributions and

magnetic interaction in the unique three-dimensional vortex state.
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1. Introduction

Magnetic nanostructures such as patterned thin films and nanoparticles of different shapes are promising as
bio applications and information-storage and -processing technologies [1-5]. Self-assembly of isolated or
aggregated magnetic nanoparticles, one of the bottom-up approaches to making novel metastructures, requires
controllability. Notwithstanding the recent insights into such self-assembly mechanisms, the formation of
spherical-shape nanoparticles of a very specific spin configuration known as a three-dimensional (3D) vortex
remains elusive. In the present study, we clarified the magnetic interaction of the permalloy (Py) nanoparticles
of 3D vortices in the forms of isolated-single and aggregated-double, -triple, and -quadruple spheres of different

geometrical configurations.

2. Experimental method

In our approach, Spherical permalloy 100nm nanoparticles have been prepared by the process known as polyol
method. We performed TEM, SEM observation. We then carried out micromagnetic simulation to focus on the
interaction between magnetic nanoparticles of the ensemble of intermediate assemblies in terms of the magnetic
interaction energy. We used micromagnetic code FEMME (version 5.0.8) [11] to determine the equilibrium
magnetic configuration and energy of assemblies. The Landau-Lifshitz-Gilbert equation was solved to calculate
the magnetizations of individual nodes (mesh size S5nm) at zero temperature. The 3D nanoparticle sizes
introduced for the simulations are deduced from the SEM images with the assumption that the permalloy

nanoparticles are perfectly spherical spheres with diameter of 100nm.

3. Result and Conclusion

Using TEM and SEM, we found self-assembled building-block structures, secondary particles, consisting of
between one and four primary nanoparticles in geometrically different configurations. With the help of
micromagnetic simulations, we revealed spin configurations both in each secondary particle and in the respective
interacting primary particles. We determined the stability or instability of the geometrical configurations of those
Py nanoparticle assemblies in terms of the exchange and dipolar interacting energies. Our results indicate that

there is a controllable means of assembling complex geometrical configurations of the nanoparticles of unique
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3D-vortex spin configuration.
This research was supported by the Basic Science Research Program through the National Research

Foundation of Korea funded by the Ministry of Science, ICT & Future Planning (grant no. 2013003460).

4. Reference
[1] N. Jones et al., Nature 472, 22-23 (2011).
2] S. Bedanta et al., Phys. Rev. Lett. 98, 176601 (2007).
3] K. Butter et al., Nature Mater. 2, 88-91(2003).
4] M. Varon et al.,Langmuir.26,109-1116(2010).
51 Y. Yang et al.,J.Nanosci.Nanotechnol.12(3),2081-2088(2011).

— = o/

- 146 -



NMoO4

1. M&
891 FURE 2 LA AT PaE A vol1) Gl T 4 sl 1
U olefat At Alo] FAE AEC] 485 olele 2 WSl dtk &4 U o=

2o 27 TjejZo] Fo
o) BAL Q1F PrEe BT TelTel B 9 B4R 292 9% @ TR0 21 B4 /A
Wb folE U £AS A ]7] glatel A4 e QRS o8t e Eghe Aae] et A7) K
)5 QleH1]. o) FAE S4o] 945 LeRaue ARE Ausls] glsto] skin deptholale] 27 ke
spob A2l Qe ] LAl Faol g A4t A BAE ghol 2, a4 Ak Leju
2o bk Aris g Axo) ol ofhTh wEhd Fabolud A4t e
spop Azl GA1E A EAS 2= A tieREe] o] Wasith B Aot drrayes yA
B2 Aslgon], o5 ARoIA FAHETY A5 o] AE(AHy) Wsk 54 24

st

2. MUY

YA = g4 2o 27 o] 400 nmQl porous arrayS Zh=
polycarbonate membraneS €2 &, A7| =& WHoZ YA Y
RHE At oy EREE Ml 2Aste] U ek
ol YA FAS 245tk AlZHE A|H-S FE-SEMZ ARg-5}od
T W AGES BAselen, VSME o] &5te] At A4S 57
stk ESE A 3 AIS(FMR signal)= FMR =74 %
Bruker Xepr& AH§-3k0] 9.84 GHz (X-band)9] Fuprofl x| 275}
Aot 24" A 3 AR RE ARAATE A7 (Hes) 2
AZ(AHpp) S E=Z3F9TH [2].

3. NHEY Y DY

Fig. 12 A7|=gr o= A3 Y2 YleFH O FE-SEM AR
S Holth Yl EHoA YA F7 dw = 10, 20, 30, 50, 100,
160, 185 nm oJt}. 7| A dni = 185 nmQl Aj7= YHo] EH of
< = e moFoln], Uz thie otojolo] Feiole S5tk of
= M=ol Histe] FMR A& 54350 AHpE =83 2H, Y
o] Ero] THE AHpo] BA-L Fig2o]4 2l At 2t Yae)
FAI7} 40 nmo|stol| A= AHpp7} ©F 700 Oe®] ghs Ho|H, 40 nm
OAFoll Al oF 1400 Oe®] Zhe Belth A4 FHolA FHo
=7} Z7letE yE AmSo] HAA e} Costateo] B-state® Fig. 1. FE-SEM images of 400 nm Ni
SPETH3]. olg|at A AFE| O] WBle AHpo] WS wredait) o nantoubes with various Ni thickness

- 147 -



A ol B 5
wolth AW AEjo] WMBH= AHp
A4 Ao) &0 FAE BAL
shth Uz Lhe ROl 49 LAY
o A3 40 nmolste] YA thefy
B Azol S8o] FHsEhe melth

10 o .|
rE
i
o
of
o
i)

U?i
N b
o
&+
o r
r o)
r
i)
=
o
ivd
ox
s
_}L
i
o
29
1o
1
b
Mo
m
2
N
2
o
o
o

1500 1=
C-state o — - —— - — —0 H
7 / C-state(1)
/ by
- 1000 - \y / (g, O, )
o |/ ~
2 0-0,. \
E 500 P
B-state B-state
tNi B lex (2-6)

0 20 40 60 80 100 120 140 160 180
Thickness of Ni (nm)

Fig. 2. Ni thickness dependence of AHpp in Ni nanotube.

4. ZA1e| 2

B e 011HE FREST 49 Ao dadaee] 2gg wol saE 7] 2A7No,
2011-0004649).

5. 402
[1] R. X. Wu, J. Appl. Phys, 97, 076105 (2005)
[2] S. Misugami, et. al, Jpn. J. Appl. Phys., 40, 580 (2001)
[3] Ai-Ping Chen, et.al, J. Appl. Phys. 109, 073923 (2011)

- 148 -



NMO05

Ferromagnetism and photoluminescence of wurtzite
ZnS:Ni nanospheres

Chunli Liu*, D. A. Reddy, D. H. Kim, B. W. Lee
1Department of Physics, Hankuk University of Foreign Studies, Yongin, 449-791

1. &

ZnS has been identified as an excellent host semiconductor for supporting room temperature ferromagnetism
when doped with a variety of 3d transition metal ions. The ferromagnetism observed at or above room
temperature makes ZnS-based diluted magnetic semiconductors (DMS) promising candidates for spintronic device
applications. As compared to cubic ZnS, wurtzite ZnS and related materials could have enhanced optical
properties. However, due to the difficulty in stabilizing the wurtzite phase at room temperature, there has been
only few reports on wurtzite ZnS DMS nanomaterials. In this work, we report the synthesis of wurtzite Ni doped
ZnS nanospheres via a versatile hydrothermal method. The structural, morphological, and magnetic properties will

be discussed.

2. HHTH

In this study Zn;«Ni,S (x=0.00-0.05) nanospheres were synthesized using Zn(NOs),6H,O, (NH,),CS, and
Ni(NOs),6H,O as the precursors. All precursor materials were dissolved in a mixed solution of ethylenediamine
and DI water and stirred for 2 h. Then the solution was transferred into a Teflon lined autoclave, which was
sealed and maintained at 180 °C for 12 h before being cooled to room temperature naturally. The resulting
precipitate was washed several times with DI water before dried in air at 100 °C for 4 h, and the final product

was ZnS powder with a white-yellow color.

3. NyEY

The XRD patterns of the as-prepared Zn;NiS(x=0.00 ~ 0.05) revealed that the diffraction peaks of all the
samples can be perfectly indexed to wurtzite ZnS (ICDD 36-1450). No characteristic diffraction peaks arising
from the possible impurity phases such as Zn[EN]S, ZnO and dopant related secondary phases like NiS and NiO
etc., were observed, indicating that pure phased wurtzite ZnS:Ni powders were prepared hydrothermally at low
temperature (180 °C). The stability of the wurtzite phase ZnS can be attributed to the surface and bonding
modulation effect of ethylenediamine.

The surface morphology and elemental analysis of the obtained products were assessed by SEM and EDS.
The SEM image in Fig. 1 clearly shows that the samples are comprise of relatively uniform nanospheres and
their coarse surfaces are actually formed by many smaller particles around 5 nm. The EDS analysis showed the
Zn, S and Ni signal peaks and the approximate atomic ratio was found to be consistent with the designed
stoichiometry. Figure 2 presents the room temperature magnetization (M) vs. magnetic field (H) curves of the
Zn;Ni,S nanospheres. Although the undoped ZnS was diamagnetic, all Ni doped ZnS showed well-defined
ferromagnetic features at room temperature, which could result from the unpaired spins provided by Ni ions. In

additional to room temperature ferromagnetism, doping with Ni ions also affected the optical properties of the

- 149 -



host ZnS. With 2 at.% Ni doping, the intensity of photoluminescence (PL) was increased near 50%. On the other

hand, doping concentration over 3 at.% quenched the PL intensity.
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4. B8

In summary, wurtzite ZnS:Ni nanospheres were successfully prepared through a facile low temperature
hydrothermal approach with the assistance of ethylenediamine. The FE-SEM results revealed that the prepared
nanospheres are homogeneous, and each nanosphere was composed of nanoparticles around 5 nm. The XRD
spectra demonstrated successfully substitution of Ni cations to the Zn site in the ZnS wurtzite structure. Enhanced

blue-green emission and room temperature ferromagnetism were observed in the Ni doped samples.
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Observation of helimagnetism in FeGe Nanowires

Dong-Jea Seo"?’, Tae-Eon Park’, Byoung-Chul Min', Heon-Jin Choi?, Joonyeon Chang""
'Spin Convergence Research Center, Korea Institute of Science and Technology (KIST), Seoul 136-791, Korea
2Depamnent of Materials Science and Engineering, Yonsei University, Seoul 120-749, Korea

" presto@kist.re kr

We report on the magneto-transport of single crystalline iron monogermanide (FeGe) nanowires (NWs) in
order to explore the existence of hellimagnetism in  nano-scale materials. Transition metal silicides and
germanides are reported to have chiral cubic helimagnetism resulted from broken inversion symmetry and the
Dzyaloshinskii-Moriya (DM) interaction. In particular, FeGe is a fascinating material because it is known to have
a helical spin order with a relatively long period (700 A) and high Neel temperature (~280 K).[1] Meanwhile,
nanowires featured by one-dimensional confinement effect as well as anisotropic structure help to realize
helimagnetism in FeGe as a new approach.

Single crystalline FeGe NWs were grown on a sapphire (0001) substrate without any catalyst by the CVD
process. The diameter of FeGe NWs decreases from 200nm to 40 nm with H, carrier gas ratio, Accordingly, we
are able to control composition and structure of the nanowire. As decreasing diameter of FeGe NW, the crystal
structure of the nanowire changed from hexagonal to monoclinic structure. The structural characterization reveals
that as-grown FeGe NWs of which diameter is 70 nm is monoclinic phase.

Signature of the helimagnetism in the FeGe NWs can be detected by measuring the field dependent
longitudinal magnetoresistance (MR). The magnetic transition from the helimagnetic to the conical helimagnetic
state occurs at much higher fields (H.) than that of the bulk FeGe.[2] A significant magnetoresistance of the NWs
is still observed at near room temperature indicating the helimagnetism in FeGe NWs is sustained until the
temperature. It may be due to the one dimensional confinement effect that plays a major role to stabilize the

helimagnetic state in the FeGe NWs.

Fig 1. (a) SEM and (b) TEM images of FeGe nanowires synthesized in the study
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Fig 2. The temperature dependence of magnetoresistance of FeGe nanowires showing the magnetic transitions

(Hc) from the helimagnetic to the conical helimagnetic state.

Reference
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1610 (2010)
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N. Kanazawa, Y. Onose, K. Kimoto, W. Z. Zhang, S. Ishiwata,Y. Matsui & Y. Tokura, Nature Materials
10, 106 - 109 (2011)
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Temperature dependent exchange bias
in Co thin films on GaAs(100)

Yooleemi Shin", Seungmok Jeon', Duong Anh Tuan'?, Jeongyong Choi', and Sunglae Cho"'
1Department of Physics, University of Ulsan, Ulsan, 680-749, South Korea
*Department of General Sciences, Quang Ninh University of Industry, Quang Ninh, Viet Nam

Co is one of ferromagnetic materials which has been used in real applications such as magnetic data storage,
spin valve, and microelectronic devices because Co plays an important role due to high spin polarization of
carriers at Fermi level. In this work, we report the magnetic properties of Co thin films grown on GaAs(100)
substrates grown at 100, 200, 300, and 400 oC using molecular beam epitaxy (MBE). The surface of samples
observed in AFM studies showed that the roughness increased from 11.7 to 26.7 nm when the growth temperature
increased from 100 to 400 oC. Temperature dependent resistivity showed metallic behavior. The magnetoresistance
measured under the out of plane magnetic field showed that a high positive transverse MR effect was observed
in Co thin film grown at 100 oC and reduced with the increase in growth temperature. We will discuss in detail

about growth temperature dependent magnetic properties in epitaxial Co thin films.
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Fig 1. MR curves of Co thin films on GaAs(100) substrate grown at 200 oC.
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Reversible electronic and magnetic structuresin epitaxial
strontium cobaltite thin films

Woo Seok Choi'?

1Department of Physics, Sungkyunkwan University, Suwon, Gyeonggi-do 440-746, Korea
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The redox reaction in solids and the resultant changes in the physical properties are essential ingredient in
applications such as solid oxide fuel cells, gas sensors, and many other devices that exploits ionic (or oxygen)
transport property as their key function. Transition metal oxide strontium cobaltite (SrCoOy, SCO)is one of the
promising materials for such applications, as it has a richphase diagram depending on the oxygen content (x).
The valence state of the multivalent Co changeswith the modification of x, and mainly governs the material’s
electronic, magnetic and opticalproperties.

Thelattice structures, optical, and electromagnetic properties of SCO epitaxial thin filmshave been investigated.
Real-time optical spectroscopy, x-ray diffraction, x-ray absorption spectroscopy, magnetic measurements, transport
measurements, and first principles calculation have been performed. In particular, brownmillerite SrCoO> s
(BM-SCO) and perovskite SrCoO3;(PV-SCO) thin films have been studied, where they have distinct crystal
structures and valence states. BM-SCO has a one-dimensional oxygen vacancy ordered structure with a common
Co’" valence state. On the other hand, PV-SCO has a typical perovskite structure. Both experimental and
theoretical results coherently indicated that these two films have drastically different electronic and magnetic
ground states as well. Despite such large discrepancy in the physical properties, however, we found thata
topotactic transformation between two structurally distinct phases could be readily achieved in high quality
epitaxial thin films. The temperature dependent, ambient controlled real-time ellipsometry conspicuously showed
that these two topotactic phases could be reversibly obtained at relatively low temperatures. Our study suggests
that the electronic structure of SCO can be switched reversibly through oxygen insertion and extraction,
simultaneously with the crystal structure and Co valence state. Thus, it provides a valuable insight in studying
the link between the fundamental physical properties and its technological applications oftransition metal oxide

epitaxial thin films.
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Coherent THz control of magnetization in orthoferrites

Tae-heon Kim', Sun Young Hamh', Jeong Woo Han', C. Kangz, Chul-Sik Kee?,
Seonghoon Jung?®, Jaehun Park®, Y. Tokunaga®, Y. Tokura*®, and Jong Seok Lee"

1Department of Physics and Photon Science, Gwangju Institute of Science and Technology (GIST),
Gwangju 500-712, Republic of Korea
*Advanced Photonics Research Institute (APRI), Gwangju 500-712, Republic of Korea
*Pohang Accelerator Laboratory, POSTECH, Pohang 790-784, Republic of Korea
*RIKEN Center for Emergent Matter Science (CEMS), Wako 351-0198, Japan
5Depar*[ment of Applied Physics, University of Tokyo, Tokyo 113-8656, Japan

We investigate a detailed process of the precessional switching of the magnetic moment in the canted
antiferromagnetic YFeO3 which is excited by linearly polarized terahertz pulse. By tuning the spectral component
of the input THz pulse, we have experimentally clarified the resonance effect in the THz control of the spin states.
We could confirm this result from the simulation based on the Landau-Lifshitz-Gilbert equation with two
sub-lattice model for the canted antiferromagnet. Based on these results, we discuss a possibility of the complete
switching of magnetization to the opposite direction with a tailored THz pulse in its spectral component, pulse

duration, and peak intensity.
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Electric and magnetic properties of perovskite oxides containing multivalent ion change a lot with the oxygen
content. SrTiO3 is good insulator for stoichiometric compound while it becomes quite leaky with small amount
of oxygen deficiency. Another good example is SrRuO3. The oxygen nonstiochiometry in this compound
generated either by growth condition control or post hydrogen plasma treatment drives metal-insulator transition.
These two compounds does not changes its crystal structure drastically with oxygen content. SrCoOx (2.5<x<3.0)
is very rare example where crystal structure in addition to other physical properties changes significantly with
oxygen content. SrCo02.5 has brownmillerite structure with interesting ordering of oxygen vacancy while SrCoO3
is metallic perovskite. We successfully grew epitaxial thin film of both compounds. We will discuss its meta-stable

physical properties and also the possibililty as a new device.
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Concurrency control of the magnetic and ferroelectric
transition in tetragonal-like BiFeO3

Byung-Kweon Jang“, Chan-Ho Yang1’2
1Department of Physics, KAIST, Daejeon 305-701, Republic of Korea
*KAIST Institute for the NanoCentury, Daejeon 305-701, Republic of Korea

The highly-elongated phase of BiFeOs has attracted particular attention because of the concomitant multiferroic
transition near room temperature [1]. The antiferromagnetic transition temperature of the highly-elongated phase
is largely suppressed to ~370 K and moreover the ferroelectric order undergoes a first order transition to another
ferroelectric state simultaneously at the magnetic transition temperature indicating strong spin-lattice coupling. To
nail the concomitance down, we have examined chemical substitution effects on the multiferroic transition. Here
we will introduce our tentative phase diagram investigated by x-ray reciprocal space maps, capacitance
measurements, scanning soft x-ray absorption spectroscopy, and Landau phenomenological theory. These findings

will provide new insight into magnetoelectric coupling [2].

[1] K. T. Ko et al., Nature Communications 2, 567 (2011)

[2] B.-K. Jang et al., Electric-field-induced spin disorder to order transition (in preparation)
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