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Advanced TEM techniques for magnetic materials

Hyun Soon Park’

Department of Materials Science and Engineering, Inha University, Incheon 22212, Korea
“hsparkinha@inha.ac.kr

Observations of the magnetic microstructures on a nanometer scale are very important for understanding
material property and its application to engineering. Among the repertoire of so-called “magnetic imaging”
methods, imaging techniques in transmission electron microscope (TEM) are Lorentz microscopy and electron
holography, which can be implemented in a standard TEM. These techniques have been widely utilized to image
magnetic microstructures and the magnetization process in situ. In the Fresnel (out-of-focus) method of Lorentz
microscopy, domain walls (DWs), vortices and skyrmions (nanoscale spin vortex) are imaged, and these place
a lower limit of tens of nanometers on the requirement for spatial resolution. The Fresnel method has been used
to capture DWs nucleation/motion and the dynamics of vortices and skyrmions, spanning from the millisecond
to the nanosecond regime. Electron holography, using the wave nature of electrons, provides opportunities for
directly detecting and visualizing, in real space, the phase shifts ¢ of electron waves due to electromagnetic fields.
In this tutorial, I introduce the principle of magnetic imaging and applications on various materials using Lorentz

microscopy and/or electron holography [1-3].

Keywords: Magnetic microstructure, Microstructures, TEM, Magnetic imaging
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Topology in Magnetism

Hans-Benjamin Braun’
University College Dublin

Topological spin textures in real space such as skyrmions, merons, vortices and domain walls have attracted
a lot of interest recently. Similar to a knot in a rope, they inherit the stability from the fact that the magnetization
cannot be undone without violating the continuity of the magnetization field. In this lecture, it an overview of
topological defects in magnetism is given and as an example, it is shown how topological constraints affect both
helicity switching in skyrmions and the thermal stability of bits in high anisotropy materials. Finally, it is shown
that geometric ideas such as Berry’s phase play an important role in the quantum dynamics of single spins, of
entire domain walls, and of electrons propagating in the background of topologically nontrivial spin textures. In
half-integer spin systems without parity breaking interactions such as Dzyaloshinski-Moriya exchange, this gives
rise to the spontaneous emergence of chirality and spin currents associated with propagating domain walls which

can be measured via neutron scattering.
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Temperature dependent magnetic properties of
Bi-doped Fe¢N, for potential rare-earth-free permanent
magnet applications

Imran Khan', Sungkyun Park" and Jisang Hong?'
'Department of Physics, Pusan National University, 46241, Korea
*Department of Physics, Pukyong National University, Busan 48513, Korea
E-mails: “psk@pusan.ac.kr and Thongj @pknu.ac.kr

The feasibility of the rare-earth-free Bi-doped Fe;sN, magnet and its electronic and magnetic properties has
been studied using first principle calculations within generalized gradient approximation. Bi doping increases the
interatomic distances, thereby lead to a lattice distortion. Due to nonmagnetic Bi atom, lattice distortion and
volume expansion we found a suppression of around 12% in the saturation magnetization of Bi-doped system
compared to pristine Fe;sN,. However, the hybridization between Fe 3d and Bi 6p orbitals were very helpful for
enhancing the magnetocrystalline anisotropy from 0.73 meV/cell in pristine Fe;sN, to 1.57 meV/cell in Bi-doped
system. In addition, the temperature dependent magnetic properties were also calculated by incorporating the ab
initio results in atomistic simulations. The Monte Carlo (MC) metropolis simulations revealed an enhancement
in the Curie temperature up to 860 K with Bi doping. In addition, the enhancement in uniaxial anisotropy with
Bi doping results in an enhancement of the coercive field at finite temperature. For instance we obtained a
coercive field of 9.63 kOe for Bi-doped system at 300 K which is almost three times enhancement compared
to the pristine Fe;¢N, alloy (3.61 kOe). Furthermore, the maximum energy product of 70.2 MGOe in Bi-doped
alloy at 300 K was even larger than the value in Dy-doped Nd-based magnet (40 MGOe). Overall, we propose

that the Bi-doped system could be a potential rare-earth-free permanent magnet.

Keywords: Permanent magnet, Fe;sN,, substitutional doping, Magnetization, Magnetic anisotropy, Curie

temperature, Coercive Field
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Ferromagnetic L1, structured t-MnAl is one of candidates for rare-earth free permanent magnets. Its magnetic
moment was measured in experiments to be 1.94 pp/fu. and its lattice constants are a=3.91 A and ¢=3.56 A.
However, T-MnAl is just metastable at room temperature. The metastable T-MnAl is stabilized by doping of
elements such as C in MnAl [1]. And it is reported that 1.7% C-substitution is optimal [2].

In this study, we reveal the C-doping effects on magnetism and magnetocrystalline anisotropy (MCA) of the
T-MnAl, adopting the first-principles calculational method of Vienna Ab-initio Simulation Package (VASP). For
the exchange-correlation potential, the generalized gradient approximation(GGA) is employed as parametrized by
Perdew, Burke, and Ernzerhof (PBE). We choose supercell of 2x2x2 for calculating doping effect. The k-mesh
of 11x11x11 is used in the Monkhorst-Pack scheme for the supercell. For the wave function expansion, a
plane-wave basis set with a cutoff energy 450 eV is used. First, equilibrium lattice constants of a=3.89 A and
¢=3.49 A are obtained from total energy calculations. They are a little bit smaller compared to the experimental
values(a=3.91 A, ¢=3.56 A), but consistent with a previous DFT calculation [3]. We got magnetic moment of
2.30 up/fu. and MCA energy of +0.27 meV/f.u. without doping (magnetic moment of 2.29 pg/fu. and MCA
energy +0.27 meV/f.u. [3]). We pound that after substitution 6.25% for the Al site, Magnetization was decreases
1.01 T to 0.90 T, but enhances MCA constant 1.6 MJ/m’ to 1.9 MJ/m’>. We will discuss the origin of the
enhanced MCA by the C-doping and variation of the magnetic moment and the MCA with amount of the
C-doping.
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In magnetism, permanent magnets have been always important topic in both science and industry perspective.
Recently, it has been a key issue to avoid rare earth metals, which are susceptible to change of supply and
demand in market. As an alternative of rare earth (RE), alloys in L1, structure such as FePt, FePd, and CoPt
have attracted with strong perpendicular magnetic anisotropy (PMCA). Among those, since Pd and Pt are rather
expensive, L1o-FeNi without rare earth and precious metals has been explored next generation permanent magnets.
The L1, structured L1y-FeNi contains two iron and nickel per unit cell, where lattice constants are a = 3.556
A, ¢ =3.584 A. In this work, we study L1,-FeNiX (X= B, C, N, O) using density functional calculations. The
magnetic moments of Fe and Ni are 2.58 pg and 0.62 pp, respectively. For the 0% strain case, the saturation
magnetization are 1.6514 T with the MCA of 0.182 meV. When instituting B, C, N, O into L1y-FeNi, C and

O atoms have the smallest decrease rate of saturation magnetization with the maximum anisotopy constant value.
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The Energy Product of Hard- and Soft-mnagnetic
Cylindrical Core/shell
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As importance of permanent magnet in daily-life is increased for energy conversion ranging from electric cars
to wind power generators, research on the development of new high-efficiency and low-cost permanent magnet
is actively being carried out [1]. The exchange-coupled hard and soft magnet has been considered as one of the
prominent candidates for high-efficiency permanent magnet since it can compensate for relatively low
magnetization of hard magnet and very low crystalline anisotropy of soft magnet and thus, it improves the energy
product [2,3]. In order to apply this prospect for high performance permanent magnet, various types of
exchange-coupled magnet are proposed including multi-layer [4], mixture [5], and core/shell structure [6,7]. The
cylindrical core/shell structure are particularly advantageous owing to large interface for exchange coupling and
versatility at controlling composition and demagnetization factor by the dimensions [8]. In this work, we adopted
cylindrical core/shell structure composed of the soft magnetic shell (FeCo) and the hard-magnetic core (SmyCo,7)
as a model system. To obtain hysteresis loop and the energy product, we computed equilibrium magnetization
configuration of local energy minimum under external magnetic field by using a finite differential micromagnetic
solver, Mumax [9]. The hysteresis loops were obtained from applying external magnetic field ranging from -10
T to 10 T along easy axis. Since the energy product corresponds to the energy stored in the stray field produced
by the magnet itself, it should be calculated from Hyq and B at the remanent state (zero external magnetic field).
Thus, we obtained the maximum energy product for each cylindrical core/shell structure directly from the
calculations of the remanent states for various aspect ratio of the cylinder. For finding optimized core/shell
structure, the energy product is expressed as phase diagrams. We expanded the model to iterative array structure
of the cylindrical core/shell, and the results show great prospect for applying to bulk permanent magnet with high

value of energy product.
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The hot-deformation technique is an important method for fabricating nanocrystalline anisotropic Nd-Fe-B bulk
magnets using ultra-fine grains such as melt-spun (~50nm) and HDDR (~300nm) powder to obtain high maximum
energy product (BH)max. Compared to conventional sintered Nd-Fe-B magnets with micrometer-scale grain size,
the hot-deformed Nd-Fe-B magnets bear huge potential to obtain high coercivity and improve its temperature
dependence without using heavy rare-earth (HRE) elements owing to its ultrafine grain size. The mechanism of
texture formation by the interface-controlled solution-precipitation-creep process during hot-deformation has been
extensively studied for melt-spun powder. However, there were only a few studies examining texture formation
during hot-deformation with HDDR powder. Thus, to understand texturing mechanism of HDDR powder during
hot-deformation, we compared hot-deformation behavior between HDDR powder and commercial melt-spun powder
which have the same composition as Ndi3¢Fes; 6Cos6GagsBse during hot-deformation under the same deformation
condition. Deformation behavior shows that dependence of strain-stress behavior on strain rate was significantly
different between melt-spun and HDDR powder, also in magnetic properties, the remanence enhancement trend
of hot-deformed magnet between HDDR and melt-spun powder as increasing strain was different which depends
on strain rate. In microstructure, the grain shape and aspect ratio of hot-deformed magnet between HDDR and
melt-spun powder shows also difference. Based upon these results, the magnetic properties and deformation

behavior of Nd-Fe-B magnets melt-spun and HDDR powders will be discussed.
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Initially, the vanadium oxide phosphate V,OPO,, based on quasi-one-dimensional V-V chains, was suggested
to have a tetragonal crystal structure. Presuming this structure and ferromagnetic state, a magnetic Weyl
semimetallic character was predicted by a first principles study. Recently, however, a structure transition of
tetragonal to monoclinic at T= 605 K has been observed[1,2]. The monoclinic phase shows two different V-O
bond lengths in the face-sharing VO octahedra, resulting in the V>'/V?" charge ordering along the chain.
Additionally, a ferromagnetic order happens at Tc=165 K. Remarkably, the observed net moment is only one third
of our calculated value for the ferrimagnetic order of V*'(3d’, S=2/3) and V*" (3d’, S=1)[1,2]. This is very
unusual, since a tiny spin-orbit coupling is expected in the 3d system.

Using the conventional and correlated band theories, we have investigated the electronic and magnetic
structures of the low temperature monoclinic V,OPO, phase to unveil the origin of the unusual magnetic
characters. The pure structure transition leads to the charge-ordering of V>'~V*', regardless of magnetic ordering.
Applying the on-site Coulomb repulsion, a metal to insulator transition occurs at the effective critical value of
U’x =3.5eV. Our calculations show that the magnetic ground state significantly depends on strength of the on-site
Coulomb replusion. Using the hopping parameters obtained from the Wannier function technique, our calculated
exchange integrals J’s suggest a frustration in the weakly-linked pyrochlore-like V4 tetrahedral structure. In this

presentation, we will address its magnetic properties in detail.
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In recent years, controlling and transporting micron and sub-micron particles/cells have gained significant
interest for myriad biological applications. In comparison with competing strategies based on optical and electrical
fields, magnetic fields offer the most scalable and stable method for single cell analysis and separation. The
inherent advantage of magnetic manipulation is that it avoids several undesirable side effects associated with
optical or electrical field-based manipulation techniques, which are of particular concern for biological materials
and living cells.

In this study, we fabricated permalloy micro-magnetic patterns in the form of magnetophoretic circuit, which
has the ability to introduce and retrieve single cells from precise locations of the chip to perform with the level
of integrated computer circuits and we have observed the particle/cell behavior by varying the distance between
the particle and the magnetic pattern, thickness of the micro-magnetic pattern and size of the micro-magnetic

particle. In addition, we predict the magnetic potential energy of a particle theoretically and experimentally.

Keywords: Micro particles, cells, magnetic fields, manipulation, permalloy thickness
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Magnetic property of bilayer Crls
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Using the first principles calculations, we explored the pressure dependent magnetic properties of Crl; bilayer
Crl; for AB and AA type stacking. We found an anti-ferromagnetic ground state in both pristine bilayer systems
with indirect band gaps of 1.71 and 1.68 eV for AB and AA type system. However, the transition from
anti-ferromagnetic to ferromagnetic state was achieved with the pressure and the band gap was decreased although
the indirect band gap nature remains unchanged. We obtained a substantially enhanced perpendicular magnetic
anisotropy with pressure. In the pristine anti-ferromagnetic bilayer, both Cr and iodine atoms almost equally
contributed to the perpendicular magnetic anisotropy. However, the contribution from the iodine atoms was almost
four times larger than the Cr contribution with increasing the pressure. Particularly, the interface iodine atoms
played a major role for the enhancement of the perpendicular magnetic anisotropy. We found that both AB and

AA type bilayer displayed the same tendency.

Keywords: Chromium (III) iodide, stacking, pressure, magnetic semiconductor, magnetic anisotropy
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Defected-induced room-temperature ferromagnetism have been observed in MgO, a classical metal-oxide. !

On the other hand, Pt is widely studied in spintronics, which is nearly ferromagnetic. With MgO ultra-thin film
deposited on Pt surface, the combination effects of interface and defect may lead to the change of magnetic
properties. A better understanding on the effects can offer more opportunity to control the stability and
characterize the structural properties of MgO/Pt junctions.

Here, ab-initio calculations based on density functional theory have been employed to study the electronic and
structural characteristics of ultra-thin MgO films on Pt(100) and Pt(110) surfaces. Furthermore, the influence on
the magnetic properties of O and Mg defects at the interface are also investigated. The energetics reveals that
oxygen atom on top of Pt is the most favorable. Interestingly, only Mg vacancy brings about the magnetic
moments of 0.5 ug and 0.1 pp, which originates from the spin polarization of the 2p electrons of O atoms and
the 5d electrons of Pt atoms surrounding the vacancies, respectively. The results are discussed in detail by the

electronic structure perspective.

Keywords: magnetism, Mg vacancy, MgO/Pt junction, magnetic moments
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Even though metastable zinc-blende(zb) CrZ (Z = As and Sb) are possible candidates for spintronic
applications thanks to their half-metallicity(HM), thermal instability has limited real applications to devices [1].
To improve their physical properties such as thermal stability and magnetic moment without destroying HM,
alkali-metal-based half-Heusler XCrZ have been suggested [2]. In addition, their lattice constants can be
engineered by controlling the concentration of the alkali-metals.

We investigate magnetism and electronic structure of alkai-metal-based half-Heusler XCrZ system (X = Li,
Na, and K; Z=As and Sb) using first principles calculational method of VASP to search for applicable new HM
materials. Equilibrium lattice constants are calculated to be a;= 6.00 A, 6.42 A, 6.37 A, 6.94 A, 6.74 A, and
7.29 A for LiCrAs, LiCrSb, NaCrAs, NaCrSb, KCrAs, and KCrSb, respectively. Wide band gaps of 2.16 eV, 2.27
eV, 1.67 eV and 1.86 eV in the minority spin states for NaCrAs, NaCrSb, KCrAs, and KCrSb exhibit HM at
the equilibrium lattice constants except the Li-based ones. One more electron donation from the alkali-metals to
Cr enhances magnetic moment of Cr to 4 pg from 3 pp of CrZ, compatible with the modified Slater-Pauling
rule.

We also reveal strain effects on the electronic structures to consider lattice mismatch with III-V
semiconductors for epitaxial growth. The half-metallicity of NaCrZ and KCrZ is quite robust under the severe
strain of -10% to +10%. However, KCrZ, from formation energy calculations, turns out thermally unstable. In
conclusion, we suggest that NaCrZ are most proper half-metals for spintronic applications with robust
half-metallicity as well as low lattice mismatches of +1.71% and +4.03% for NaCrAs and NaCrSb, respectively,

with a popular semiconductor substrate InSb.
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After the discovery of high T. cuprates, the layered square lattice has been extremely of interest and
intensively investigated. Since Ni’*" systems have one more valence electrons than in the curpartes, it has been
expected that these are hosts of a novel superconductor, when appearing an antiferromagnetic spin order. However,
spin-ordered Ni*" systems are very rare.

Very recently, a layered oxychalcogenide Sr,NiO,Ag,Se, was synthesized by high pressure and high
temperature techniques. This system shows two magnetic transitions of antiferromagnetic at Tn=150 K and
spin-glass-like behaviors at T= 50 K. Although no experimental data is available, this system is experimentally
claimed to be semiconducting.

Here, we have investigated its electronic and magnetic properties, as a starting point, by first principles
calculations including correlation effects. In the GGA level, the ) orbital has a band width narrower than that
of the cuprates, leading to smaller hopping parameters. This indicate a weaker AFM tendency estimated by the
superexchange, consistent with the observed lower Neel temperature. Applying the on-site Coulomb repulsion U,
a transition of metal to insulator occurs above the critical value of effective eV. Additionally, as expected,
inclusion of SOC leads to a tiny anisotropy of less than several tenths meV. In this presentation, we will discuss

similarities and contrasts to cuprates in detail.
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In condensed matters, multipole unconventional characters often lead to more exotic phenomena and abundant
application capabilities in various field. Here, we will address the system, which shows both novel topological
and half-metallic characters with no macroscopic magnetic field.

The half-metallic antiferromagnets, also called compensated half-metals (CHMs), have only one conducting
spin channel with the zero net magnetic moment. CHMs are expected to be a good candidate for the spintronics
application, since these show a high ordering temperature and no stray magnetic field due to the antiferromagnetic
nature. In spite of many theoretical suggestions for the last 20 years, only one material realization has been
achieved.

Our first principle calculations suggest that the inverse-Heusler Cr,CoAl is a precisely compensated half-metal
with a high Curie temperature of T, ~ 750K [1]. In addition, we have found that this system is another route
of topological properties which are experimentally measurable. Cr,CoAl, possessing no inversion and time-reversal
symmetries, shows multiple topological characters; 12 pairs of Weyl points, three sets of triple nodal points
(TNPs), and nexus fermion near the Fermi level Er [2]. The nexus fermions, having TNPs interconnected to nodal
lines, remains very new. These topological characters may be common in the inverse-Heusler systems. Although
SOC can break some of these characters, compared with the observed high Curie temperature the strength of SOC
of ~10meV in Cr,CoAl is negligible. Thus, in addition to the zero macroscopic magnetic moment, the nearness
to Er makes this nexus fermion experimentally measurable. Our results suggest that Cr,CoAl is not only feasible

room temperature CHM, but also a promising candidate of novel topological states.
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Heusler compounds have recently attracted interests among researcher because of rich physics and broad
possibility of application, where Mn3Ga is one of them. Here, magnetism of Mn;CoGa (x=0~1) is studied using
of density functional theory. Mn;Ga (x=0) crystallizes in tetragonal DO, structure, which exhibits ferrimagnetic
ordering. Two Mn sites, octahedral and tetrahedral ones denoted as Mn-I and Mn-II, respectively, have different
moments. Co substitution into different Mn sites demonstrates different magnetic trend. When Co concentration
x= 0.5, substitution into Mn-I with enhanced magnetic moment, whereas that into Mn-II with reduce moment.
After crossing from the phase transition point (x = 0.5), substitution into Mn-I drops sharply in comparison with
that into Mn(II) increase again. When x>0.5 cubic phase is stable, which is unstable without Co substitution,
become more energetically favored over tetragonal phase. The underlying difference is discussed in terms of low-

and high spin competition and different symmetry of two Mn sites.

Keywords: Heusler compound, density functional theory, tetragonal D0y, structure, low spin state, high spin

state
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Magnetic structures of fcc Fe/Cu(001) have remained a subject of great interest for several decades. Here,
we revisit the problem of the structural and magnetic properties of ~-Fe. we carry out non-collinear-spin
density-fucntional-theory calculations for free-standing fcc Fe films and epitaxial Fe films on Cu(001) substrat
using the OpenMX code. Various magnetic configurations are taken into account, including FM, stripe AFM
(AFM-A), single-layer AFM (AFM-G), double-layer AFM (AFM-2G), and non-collinear spin spiral (SS) states.
The topmost two surface layers of Fe are always found to be ferromagnetically coupled regardless of the film
thickness, while the magnetic coupling among other Fe layers varies depending on the layer thickness n. The
magnetic ordering of Fe shows five diverse regions: For n < 3 ML, FM state is most stable, while the ground
mangetic structure shifts to AFM-2G state for 4 ML < n < 8 ML. Moving further, 9 and 10 ML shows a mixed
state of AFM-A and AFM-2G, which evolves to AFM-A state for 11 and 12ML. For n = 13 ML, the fcc Fe
turns into a bee lattice. Contrary to the recent claim of the SS ordering originating from the out-of-plane Fermi
surface (FS) nesting [1], no such nesting is found in our calculation. Also our total energy results exclude a

non-collinear ordering in the ultrathin fcc Fe film on Cu (001).
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In this work, we consider curved two-dimensional materials and study how electronic band structures are
altered by curvature. A single-particle Green function which contains the in-formation of single-particle density
of states is a relatively accessible object that is aected by the curvature. Based on the work of [1], we calculate
the Green function in momentum space where rst-order perturbation correction is proportional to the curvature.
A tunneling spectroscopy experiment can be employed to verify the change in the density of states since the

dierential conductance dI=dV is proportional to the density of states at low temperatures.
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Recently, soft magnetic materials have been used in various industrial fields as materials for transformers for
automobiles, electric motors, and inductors. With the development of portable electronic devices, these
components are focused on miniaturization and light weight, which necessitates the development of high
permeability materials. Therefore, in this study, we observed the change of permeability according to the packing
rate of soft magnetic particles. Fe-Si, Permalloy(Fe-Ni), Sendust(Fe-Si-Al) were used as soft magnetic powders
and Fe;O4, which is a fine particles, was used to increase the packing rate. The soft magnetic powder was
dispersed in epoxy and place in a holder and dried at about 60 to 80 degrees to obtain a sample. The structural
properties and morphology of the samples were measured by XRD and SEM, and the saturation magnetization
values were measured by using VSM. The permeability was measured using an impedance analyzer and the initial
permeability was calculated using the Bruggman equation. From this equation, it is possible to deduce ;, which
is the permeability of the fine particles, from the permeability measurement value 1. of the sample having the
packing rate q. Also, we compared the permeability graph measured by using the equation that p, the
permeability of one particle, iS legy by the eddy current. As a result of permeability measurement, the
permeability of the soft magnetic powder was higher at low frequencies and the permeability increased as the
packing rate increased. It is considered that, at a low filling rate, the static magnetic coupling between the fine
particles is weak and the effect of the demagnetizing field is large, but the higher the packing rate, the stronger

the static magnetic coupling between the fine particles.

Keywords: Soft magnetic, Permeability, Fine particles, Bruggman equation, Eddy current
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Time-reversal symmetry (TRS) in a static condensed matter enforces two electrons of opposite spins to be
matched as a Kramers pair, which can only be altered by a substantially strong external magnetic field. In
dynamical situations, however, a circularly polarized electric field can be utilized as a more efficient breaker of
the TRS, which possibly provoke transient or even unceasing magnetism'~. We have particularly focused on the
effect of applied electric fields in resonance with the intrinsic spin oscillation of the system. We performed the
real-time time-dependent density functional theory (rt-TDDFT) calculations. We found that in diamagnetic
materials with substantial spin-orbit couplings (SOCs), a circularly polarized light with energy far below the band
gap effectively breaks the TRS, thereby resulting in the emergence of a considerable amount of magnetic moment
(remanence). We present that a finite remanence can be evidence of a novel phase transition from diamagnet to
a magnetic order, which can further be utilized to introduce a magnetoelectric hysteresis. In this selected example
systems of transitional metal dichalcogenides (TMDC) with various strength of SOC, we varied simulation
conditions (driver’s frequencies, field strengths, and pulse durations) in the pursuit of the maximum remanence
under the resonant frequency. Our results indicate that the resonated behaviors between the external electric driver

and the SOC system can open a new path for ultrafast control of all-optical magnetization.
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The spin Hall effect is a phenomenon that converts charge current into spin current, where spin orbit coupling
is proposed to play one of important roles. In this study, intrinsic spin Hall conductivities (SHC) of 5d transition
metals and bismuth (Bi), which have strong spin orbit coupling, have been investigated using first principles
calculations. We found that the SHCs of the early 5d transition metals show negative values while those of the
late 5d metals show positive values, which follow the sign of the spin orbit polarization at the Fermi level. The
SHC of the early and late 5d transition metals follow the V- and L-shape behavior, where the maximal SHC
values (in the sense of absolute) are -783 (W-cm)”' and 2043 (W-cm)' for W and Pt, respectively. Calculated
spin Berry curvature reveals that SHC was found to be maximized when the Fermi level is located within the
energy gap induced by the spin orbit coupling. On the other hand, the SHC of the low symmetry heavy metal
Bi is obtained to be 340 (W.cm)™’.

. Current study

A Other calculations

Ta W Re Os Ir Pt Au

Fig. 1. Spin Hall conductivities of 5d transition metals.
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In our study, the magnetic field were exerted on sample y and z direction at the same time. Y-direction
magnetic field was 200 Oe, and z-direction magnetic field(H,) was changed from -10 Oe to 10 Oe. The current
switching hysteresis which moved to left or right depends on the z-direction field sign. From this experiment,
the Igin vs H, linear graph was obtained.

The measurement of spin Hall angle is well explained by Liu[l] by spin torque equation. In Liu’s study, the
spin Hall effect torque is considered only x-direction. However, due to the existence of domain wall motion, the

effective spin Hall effect torque must be divided to two component y and z direction. From this theory, the Iis

dh
vs H, linear graph slope was confirmed d—;zcose.

| H, [Oe]

—a— +10
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Fig. 1. Current switching hysteresis are moved depend on z-directional magnetic field.

When the positive magnetic field is exerted on sample, hysteresis moved to right.

If negative magnetic field is applied, hysteresis shifted to left.
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Fig. 2. From the figure 1, the average value(lyinx) of the points which Vg = 0 is slightly

moved dependent on z-directional magnetic field. The linear graph slope is 2.8[%].

Sample info.

The Pt(4)/Co(0.8)/Pt(1) in nm was sputtered in chamber, which base pressure is 5.0 < 10”? torr, on thermally
oxidized Si wafers. After sputtering, sample was annealed at 300°C in high vacuum chamber for 30 minutes.
The perpendicular magnetic anisotropy (PMA) characteristics of the sample are well implemented. Bar-pattern

on the sample was photo-lithographed by 25 640 um?

The sample magnetization saturation value was 1.35M/A4/mand anisotropy field was 4 kOe, which were
measured by VSM
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1. &

A central motivation for antiferromagnetic spintronics is the expectation that antiferromagnetic spin dynamics
are much faster than their ferromagnetic counterpart[1] and that the antiferromagnet has no magnetic stray field,
which properties are beneficial for integrated circuits due to the fact that the stray field is the primary source
of detrimental magnetic perturbations.[2] However, for realization of such magnetic memory devices in the future,
it is necessary to understand the intrinsic mechanism of the dynamics. The fast dynamics of the antiferromagnet
also are observed in the ferrimagnet, which fact is very helpful for understanding antiferromagnetism, owing to
its ease of measurement.[3] Ferrimagnetic GdFeCo[4] material is one of the robust model systems for the study
of the ferrimagnetic resonance (FMR) dynamic modes as a function of Gd atomic content across the
magnetization and angular momentum compensation points. The experimental observations of FMR near both

compensation points are not consistent with the theoretical predictions.[5]

2. Meiurda 2y
Here, as further work, we calculated the temperature dependence of sublattice magnetizations and resonant

magnetization dynamics over a given Gd-concentration range (0-48%) [6]. In this calculation, we used the

VAMPIRE software package, which uses a simple text file format to define and run an atomistic simulation [7].

3. 1%

The magnetization directions of FeCo and Gd are opposite to each other, and therefore they exhibit
antiferromagnetic coupling between the sublattices. The magnetization (Ty) and angularmomentum (Ta)
compensation points exist within a Gd-concentration range of 24-44% and increase linearly with that concentration
[8]. According to the literature,[9-11] greco(~2.2) is slightly larger than ggq(~2), owing to the spin-orbit coupling
of FeCo and the zero orbital angular momentum of the half-filled 4f shell of Gd. Tx is expected to be higher
than Ty in GdFeCo

4.732

We confirmed that the correlation of the resonance frequency of magnetization dynamics is a function of the
sublattice composition and thermal fluctuations and found that the common equations dose not predict FMR
frequency close to Curie temperature due to assumption. Then, we confirmed that atomistic simulations of
magnetic materials are useful for understanding the mechanism of the fast dynamics of the ferrimagnet and their

applications to other systems.
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Magnetic nanoparticles are of increasing interest due to their unique physical properties such as superparamagnetism,
the exchange-bias effect, and particle-size-dependent static and dynamic properties [1-3]. These novel characteristics
make magnetic nanoparticles very attractive for bio-applications including magnetic hyperthermia and MRI contrast
agents. As an example, soft magnetic nanoparticles in single-domain states exhibit collective Larmor precession
of individual spins. In cases where the frequency of time-varying magnetic fields equals the Larmor precession
frequency, individual magnetic moments efficiently absorb energies that are transferred from externally applied
AC magnetic fields, after which those energies dissipate into other forms due to their intrinsic damping of given
magnetic materials. Such energy dissipations of magnetic nanoparticles are of crucial importance in hyperthermia
bio-applications for high specific loss power (SLP). Larmor precession motions of individual spins in magnetic
particles excited by relatively high-frequency (several hundred MHz) AC magnetic fields can give rise to a higher
efficiency of energy dissipation than those by Brownian rotation of nanoparticles and/or by Néel relaxation of
nanoparticles’ magnetizations.

In the present study, we explored robust non-linear magnetization dynamics and their associated high-
efficiency energy-dissipation effect using soft single-domain-state magnetic nanospheres excited by oscillating
magnetic fields of different frequencies and amplitudes under given static magnetic fields. We conducted
micromagnetic simulations to explore the novel magnetization dynamics of soft magnetic particles and additional
analytical derivations of the energy-dissipation rate in the steady-state regime by varying the frequency and
strength of rotating magnetic fields for different Gilbert damping constants and static magnetic field strengths.
The energy-dissipation rate was found to have its maximum value at resonance in cases where the frequency of
the rotating magnetic fields is equal to that of the Larmor precession of uniform magnetizations for a given
Gilbert damping constant. The resonant energy-dissipation rate in the steady state, @, is simply given in terms
of AC field strength, Hac, and DC field strength, Hpc, for a given damping constant, a. For the cases of
Hy» > aHp, the quantity of Qg reaches its maximum value of 6;{;5( =a(yM,H,-*/p). This explicit form
provides the highest SLP value, on the order of 10* - 10° W/g, and enables a reliable controllability of the SLP
by externally applying magnetic fields to single-domain magnetic particles for magnetic hyperthermia
bio-applications.

This work provides further insights into the fundamentals of magnetization dynamics in magnetic particles and
the associated energy dissipation effect, and suggests a highly efficient means of magnetic-hyperthermia-applicable

energy dissipation.
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Magnetic vortices are characterized by a clockwise or counter-clockwise in-plane curling magnetization
(chirality) around a single core being magnetized perpendicularly either upward or downward (polarity). The
potential for device applications, which include information storage and microwave oscillators [1-5], has strongly
motivated studies of the gyration and its resonance of vortex cores. In particular, coupled vortices in network
comprising vortex-state disks have been intensively studied both theoretically and experimentally as robust
mechanisms of signal transfer and logic operations [6].

In the present study, we demonstrate an in-plane magnetic field controlling of the gyration signal propagation
in magnetic-dot-networks by micromagnetic simulation and electrical measurement experiment. We used a Permalloy
(Nig Fej9) model system of vortex-state disks of diameter D=1000nm, thickness t=40nm, and edge-to-edge distance
Dine = 100nm. The shortest distance from the chopped disk’s center to the flat edge is 700nm. The resonance
behavior of the vortex core gyration in the single round and chopped disk are studied. Depending on the vortex
chirality, the in-plane magnetic field can drive the core either towards the disk’s round edge or towards the its
flat edge. When the core is located near to the flat edge, the core’s directional dynamic stiffness for movement
parallel to the edge is reduced. This leads to the gyrotropic frequency being less than when the core is centered
or located near the round edge [7]. We examined the effect of in-plane magnetic field on the magnetic-dot-networks
consisting of dipolar-coupled round and chopped disks. The dynamic behavior of the cores in magnetic-dot-networks
strongly depend on the direction of the in-plane magnetic field. This work provides an understanding of the effects
of in-plane magnetic fields on coupled-vortex arrays as well as an efficient practical means of dynamically manipulating

collective vortex gyrations applicable to information-processing devices.
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Spin wave is the collective excitation occurring in lattice of spins. It was recently demonstrated that the energy
density required to switch or transfer single-digit information in spin-wave-based devices is less than that in
conventional electronic transistors[1]. With aid of nanotechnology[2], quite long feature size of current magnonic
devices fabricated by optical lithography might be downscaled to several nanometers. Thus, spin waves provide
a new pathway for future information processing devices in regard with energy-cost efficiency. Furthermore,
spin-wave modes confined in narrow potential wells of magnetic domain walls have been intensively studied
owing to its fundamental interest as well as possible applications to logic gates[3]. Confinements of spin waves
inside sub-100nm narrow channels such as domain walls[4] promise to further reduce power consumption in
magnonic devices, as well as to enhance relatively low group velocities of spin waves[5].

Here, we report on a micromagnetic simulation study of interactions between spin waves propagating along
narrow domain-wall channels and a magnetic vortex in a thin-film nanostrip cross structure. The specific modes
of spin’ waves propagate well in the narrow potential well of domain walls, then interact with a magnetic vortex
when they go through the vortex soliton. Via this interaction, characteristic eigenmodes of vortex motions
appeared, resulting in elliptical gyration motions of several specific frequencies[6]. The gyration motions can be
interpreted by the sum of clockwise and counter-clockwise circular eigenmodes excited by spin waves of
corresponding resonance frequencies[7]. According to action-reaction effect, the phase and amplitude of spin

waves after their interaction with the vortex are modified differently in the three different arms.
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Magnetic domain wall (DW) motion has been attracting much interest for the fundamental study [1] as well
as technological application [2]. Despite the importance, however, our understanding of the DW motion is far
from complete. In particular, the physical mechanism of thermally activated DW motion is still a debating issue
because the stochastic nature due to the finite temperature effect. Therefore, it is of great importance how to
understand the thermally-induced magnetic field. In this work, we try to characterize the thermally-induced
magnetic field. We first set the mathematical model to analyze stochastic domain wall motion with multiple
pinning site. From this model, we obtain depinning probability of DW by varying the driving external field.
(Fig.1) Finally, we characterize thermally-induced magnetic field based on both Gaussian distribution [3] and
Arrhenius law. We find some discrepancy between Gaussian thermal field model and Arrhenius’ thermal activation
model, which suggests that we need further controlled experiments to understand the mechanism underlying the

thermally activated DW motion.

Key words: Thermal activation, Domain wall, Stochastic motion
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Fig. 1. DW arrival time distribution(A) and obtained depinning probability at certain external field(B).
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1. Introduction

Magnons represent quanta of spin-wave modes of coupled dynamic motions of individual magnetizations
excited in ferro-, ferri-, and anti-ferromagnets. In particular, spin waves of wavelengths lying within the
micrometer-to-millimeter range, the so-called magnetostatic spin waves (MSWs) [1-3], can propagate over long
distances in low-damping magnetic materials, e.g. yttrium iron garnets (YIG). Therefore, magnonics has been
attracting significant interest owing both to its novel underlying physics and potential applications to information
processing technologies. It has been reported that there exist certain critical angles [4] whereby all excited
spin-wave modes look like the ferromagnetic resonance (FMR) mode as found at its single frequency. Earlier
theoretical and experimental studies on the critical angles of spin-wave modes having been focused mostly on
in-plane magnetizations, the critical angles of spin waves excited in out-of-plane magnetizations remain elusive.
In the present study, therefore, we studied multiple-mode spin-wave excitation under more general arbitrary
magnetic-field directions with respect to the wave vector of the spin waves. We then explored the dispersion
characteristics, and found the critical angles of all of the spin waves excited in the YIG film for various

magnetic-field directions at room temperature.

2. Method and Results

The sample used in this study consisted of a YIG film coupled to a specially designed inverted split-ring
photon resonator (ISRR). For microwave excitations in both the ISRR and the YIG film, a microstrip feeding
line was placed on the front side of the sample. To investigate the weak signals of the multiple spin-wave modes
excited in the YIG film, we coupled them to the ISRR’s photon mode using a magnon-photon-coupled hybrid
system. We measured transmission coefficient S,; using a calibrated two-port vector network analyzer. The static
magnetic fields applied are defined as H = H, + Hy + H, with arbitrary orientation denoted as (0, ¢) where 0
and ¢ are the polar and azimuthal angles from the +z and +x direction, respectively. We observed three
representative spin-wave modes of backward volume magnetostatic waves, magnetostatic surface waves, and
forward volume magnetostatic waves as well as their mixed modes along with their transitions across very specific
angles, defined as critical angles where the group velocity of spin waves approaches zero with the appearance
of a single FMR peak.

3. Discussion
Using the dispersion curves, we replotted the group velocities (v; = dw/dk) for the different angles of (6, ¢).

The resultant group velocity curves contrast strongly for the indicated field directions. For the cases of 6 = 90°,
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the v, values are positive above a certain ¢ angle but negative below it. Such a behavior is similar to that for
the case of ¢ = 0: v, is positive for § = 0 and negative for § = 90°. More interestingly, at certain angle sets,
v, is almost 0 in the given k range. On the other hand, for ¢ = 90°, v, is always positive, independent on 0.
We analytically calculated the phase diagram of all of the excited spin waves and their critical angles relative
to some experimental data points. From experimental measurements, we found that there exist certain
characteristic angles, which is to say critical angles (6., ¢.), whereby the group velocity of the excited spin-wave

modes reaches zero, along with a single ferromagnetic resonance peak. Further, we analytically derived the critical
angles as sinf, = (H,;,/ H) {2—(1+u0]l18/]£lff)sin2¢c}71/2 where He is the effective magnetic-field strength, H the
externally applied field strength, and xM;s is the saturation magnetization. This analytical form is in quantitative

agreement with estimations from experimentally observed spin-wave modes.

4. Conclusion

The disappearance of multiple peaks of spin-wave modes at the critical angles implies the reduction of a
magnon’s various channels with which a single photon mode can exchange energy via coupling. Therefore, the
change in the external magnetic-field direction could play a role, as an on/off switch or a pass-band filter, in
the control of the number of information exchange channels in quantum information processing and quantum
computing devices. Also, such signal enhancements in a magnon-photon-coupled system imply that this hybrid
system enables the study of many higher-mode spin-wave measurements. Although further studies are necessary
to clarify the strength of magnon-photon coupling according to the wave number and the magnetic-field direction,
the present work can be extended to patterned YIG films and various resonators of different quality factors for

the study of spin waves and photon-magnon coupling.
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1. Introduction

Understanding and exploiting the interactions of excited modes in hybrid quantum systems are the keys to
achieve the ambitious goal of quantum information processing [1-2]. Therefore, collectively excited modes (i.e.,
magnons) in ferromagnets, being coupled to elementary excitations of electromagnetic waves (photons), have
increasingly been studied in a variety of hybrid structures of two or more different systems [3-5]. The interaction
(coupling) between the magnon and photon modes usually demonstrated by showing the modes’ splitting near
their common resonant frequency within the so-called anti-crossing region or the level repulsion, as described well
by a classical model for coupled oscillators [4] and also by a two-level quantum model [5]. In this work, we
report the experimental demonstration of an abnormal, opposite anti-crossing dispersion (or level attraction) in a
photon-magnon-coupled system that consists of an yttrium iron garnet (YIG) film and an inverted pattern of

split-ring resonator structure (noted as ISRR) in a planar geometry.

2. Method and Results

The dimensions of the ISRR and the YIG film are exactly the same as those reported for previous experiments
[4]. We designed two different ISRRs of equal dimensions but different split-gap positions/orientation i.e.
orthogonal (case-I) and parallel (case-II) with respect to the microstrip line axis. The details on the fabrication
of the ISRRs and the measurement of photon-magnon coupling were reported in Ref. [4]. From the two different
orientations of the ISRR’s split gap in the ISRR-YIG hybrid, we obtained transmission coefficient |S,;| as a
function of microwave frequency of oscillating currents flowing along the microstrip line and the strength H of
a static magnetic field applied along the film plane. For case-I wherein the ISRRs’ split gap is perpendicular to
the microstrip line, the anti-crossing effect appeared at the common resonant frequency, which represents two
higher and lower coupled branches on the w/wisgr-H/Hcen: plane. On the other hand, for case-II wherein the
ISRR’s split gap is parallel to the microstrip line, a completely opposite anti-crossing shape was observed. Here
wisrr and Heene represent the resonant angular frequency of the ISRR and the field center of the anti-crossing

dispersion, respectively.

3. Discussion

To understand the experimentally observed contrasting behaviors of the normal and abnormal anti-crossing
shapes, we made analytical derivations based on fundamental electromagnetic interactions (Faraday’s induction and
Ampere’s circuit laws) between the YIG film and the ISRR, taking into account the orientation of the ISRR’s

split gap. The magnetizations in the YIG are influenced by the effective field, which is the sum of two
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time-dependent rf magnetic fields from the feeding line (/) and from the ISSR split gap (Zusrr), Where ¢ is
the phase difference between them, and J is the ratio between their amplitudes. For the case of ISRRs’ split gap
being perpendicular to the microstrip line, both Ay, and Zsgr are in the equal phase. On the other hand, for the
case of ISRRs’ split gap being parallel to the microstrip line, both the fields are out of (z) phase. We derive
an analytical expression to estimate the strength of coupling of the ISRR mode to the magnon mode for different
types of anti-crossing. By fitting the lower and higher frequency branches of the experimental data to our
analytical expression we obtained the value of net coupling strength A = 90 and 90; MHz the normal and opposite
anti-crossing respectively. The opposite anti-crossing effect can be explained by the compensation of both intrinsic
damping and coupling induced damping in the magnon modes. This compensation is achievable by controlling
the relative strengths and phases of oscillating magnetic fields generated from the ISRR’s split gap and the
microstrip feeding line. The behavior of anti-crossing effect was further investigated by plotting the analytical |S,]
spectra on the w/wisrr-H/Heenr plane for different values of 6 and ¢. Importantly, we provided a phase diagram
of the dispersion type in the photon-magnon coupling region. The shapes of anti-crossing effect, including the
dispersion, linewidth, and net coupling strength of the two coupled modes are found remarkably variable and
controllable with changing the relative strength and phase of the oscillating magnetic fields generated from both

the ISRR’s split gap and the microstrip feeding line.

4. Conclusion

The abnormal opposite anti-crossing effect (or level attraction), which has been so-far considered as
challenging, is experimentally demonstrated at room temperature by using a photon-magnon-coupled system that
consists of a YIG film and an ISRR in a planar geometry. The experimentally observed opposite anti-crossing
and the analytically calculated abnormal anti-crossing of various dispersion types demonstrate the potential and
great flexibility of photon-magnon systems for exploration of the not-yet-revealed phenomena of light-matter

interaction.
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Magnetic skyrmions are among the topologically protected magnetization textures that are promisingly applicable
to information processing devices [1] owing to their nanosize and low-power-consumption motions. Fundamental
dynamic modes of skyrmions for two-dimensional (2D)-geometry elements have been demonstrated theoretically
by M. Mochizuki [2] and experimentally by Y. Onose et al. [3]; these modes include skyrmion-core gyrations
in either the clockwise (CW) or counter-clockwise (CCW) rotation sense, as excited by in-plane ac magnetic fields
or currents, as well as the breathing mode excited by out-of-plane ac magnetic fields or currents. To date, there
have been no reports of skyrmion dynamic modes in curved-geometry structures.

Since the dynamic behaviors of skyrmions in 3D elements are expected to differ from their known dynamic
modes in 2D elements, we investigated, as reported herein, skyrmions’ dynamic modes and motions in short-length
nanotubes. The model nanotubes were assumed to have the magnetocrystalline anisotropy axis and the
Dzyaloshinskii-Moriya Interaction (DMI) vector in the direction normal to their surface. Unlike the case in 2D
flat systems, the skyrmions formed in the nanotubes had rather an elliptical shape and asymmetry between the
longitudinal and transverse directions. This geometrical asymmetry results in an additional curvature-induced
interaction terms. The long axis of elliptical shape is parallel (perpendicular) to the tube’s longitudinal axis for
the positive (negative) DMI constant.

For in-plane applications of resonant ac magnetic fields, there exist either CCW or CW gyration motions. For
the CCW gyration, the skyrmion’s core rotates in a vertical oval orbit. In the case of CW gyration, the core of
the skyrmion rotates in a nearly circular orbit. The breathing mode, as in 2D elements, is also excited by out-of-plane
application of resonant ac magnetic fields. Unlike the case in 2D elements, with increasing strength of in-plane
ac field above its critical strength, the CCW gyration motion becomes a periodic translational motion in the
circumferential direction. The critical field strength is about 400 Oe for a given dimension, and the velocity of
the skyrmion is about 22.9 m/s irrespective of ac magnetic field strength. The rotation sense of this periodic
translational motion is determined by the skyrmion helicity that is governed by the sign of the interfacial DMI
constant. This work provides a new physical insight into skyrmion dynamics in curved-geometry systems and also

might prove applicable to potential skyrmion-based 3D racetrack memories.
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Electric currents generate spin-orbit torque (SOT) and/or spin-transfer torque (STT) into the magnetization,
enabling the switching or the DW motion. In ferromagnetic thin film with perpendicular magnetic anisotropy, the
SOT is observed frequently and thus, various relevant studies have been reported. On the other hand, observation
of STT, as well as its relevant studies are rare [1, 2]. Here we report observation of huge STT in ferromagnetic
Pd/Co/Pd film. For this study, 5.0-nm Ta/2.5-nm Pd/0.3-nm Co/1.5-nm Pd films were fabricated on a Si/100-nm
SiO; substrate by using DC magnetron sputter. The total spin-torque efficiency esr (sum of esor and esry) was
determined by deppining field measurement, proposed by P. P. J. Haazen et al. [3], as a function of longitudinal
magnetic field H,. Then, in order to decouple esor and esrr from esr, the Dzyaloshinskii-Moriya-interaction-induced
field Hpwmi was independently determined by asymmetric DW speed measurement, proposed by Je et al. [4]. Fig.1
shows the plots of decoupled esor and esrr as a function of H, for 7,=0.3 nm, respectively. Interestingly, huge
STT was observed in this film, of which magnitude even dominates SOT. Moreover, its magnitude is much larger
than that of Pt/Co/Pt film for given fc,. We concluded that this huge STT attributes to the narrow DW width

Apw, because esrr is known to be inversely proportional to Apw, which will be discussed in the presentation.
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Fig. 1. Plot of esor (orange symbol) and esrr (purple symbol) with respect to Hy.
Solid lines guide typical antisymmetric and symmetric nature of esor and esrr.

The red vertical line indicate Hpy, which is determined by measurement of asymmetric DW speed measurement.
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Recently, CagsLagsFe209 (Ca-La M-type) hexaferrites have been reported to possess higher crystalline
anisotropy compared with SrFe;;019 (Sr M-type) hexaferrite without reducing its saturation magnetization (1),
resulting in higher coercivity (H.). Previous reports have mainly focused on La*'substitution for the Ca*" site and
transition metals substitution for the Fe’" sites of M-type hexaferrites. However, the effects of iron deficiency and
Co substitution on the magnetic properties of the Ca-La M-type hexaferrites remain unexplored. In this study,
therefore, we tried to investigate the effect of iron deficiency and Co substitution on the magnetic properties of
CagsLagsFein,0m0.6 (9 = 12-y =< 11.25) and CagsLagsFe;.Co.019 ( 0 = z = 2) hexaferrites, respectively,
prepared by solid state reaction. Samples were characterized by powder X-ray diffraction (XRD), vibrating sample
magnetometer (VSM), and scanning electron microscope (SEM). In the case of iron-deficient Ca-La M-type
hexaferrties, as-calcined powder was pressed into pellets and sintered at 1275~1325°C for 4 h in air. Powder XRD
analyses revealed that M-type single phase were obtained with Fe contents of 10.25 and 10 at sintering
temperature of 1300, and Fe contents from 9.5 to 11.25 at sintering temperature of 1325C. The saturation
magnetization (M) of the Ca-La M-type hexaferrite samples was around 70 emu/g. The maximum M, was
obtained for the sample sintered at 1300 C and a Fe content of 10.25 at 76.8 emu/g. However, the coercivity
(H.) decreased with higher Fe content because the grain size was larger than the single domain size. In the case
of Co-substituted Ca-La M-type hexaferrties, powder XRD analyses revealed that M-type single phase was
obtainable from the samples with the Co contents of 0.5 and 1 at sintering temperature of 1195C for 2 h in
air. The M, and H. values of CagsLagsFei5C00sO19 samples sintered at 1195 C was 71.5emu/g and 3850 Oe.
Detailed microstructures and magnetic properties of Ca-La M-type hexagonal ferrites will be presented for a
discussion. This research was supported by Future Materials Discovery Program through the National Research
Foundation of Korea (NRF) funded by the Ministry of Science and ICT (2017M3D1A1013748).
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Nd-Fe-B-based permanent magnets have dominated magnet market for several decades. However, high cost
of rare earth elements motivates to develop new type of permanent magnets, i.e. rare-earth free permanent
magnets and/or rare-earth lean permanent magnets. In this regard, SmFe;N is an interesting material, since it has
less rare-earth elements and higher performing temperature than those of Nd-Fe-B-based permanent magnets. In
this presentation, we show growth temperature dependence on magnetism and structure of meta-stable SmFe,, thin
films buffered on crystalline Ag. The main reason to use thin film is possible stabilization of a meta-stable phase
through lattice mismatch control and non-equilibrium growth process. Thus, thin film approach is necessary not
only to study fundamental properties but also to find a potential route, i.e. strain to enhance properties before
bulk approach. RF magnetron sputtering with two guns is used to growth of a buffered Ag layer, SmFe,, layer,
and Ag capping layer. This growth approach is beneficial to prevent potential oxidation of SmFe;, films. In
addition, it may reduce lattice mismatch. Grown films were characterized by high resolution x-ray diffractometer
and vibrating sample magnetometer to study film orientation and magnetization. We observed crystallization
temperature, orientation evolution, and magnetism evolution as a function of temperature. To crystallize SmFe),,
growth temperature should be higher than 500°C. However, the film grown at 700°C clearly showed reduced
magnetism indicating possible Sm loss during high temperature growth process. Lastly, we will briefly introduce
our approach on nitridation of SmFe;, with nitrogen ion beam implantation. This work is supported by the
National Research Foundation of Korea (NFR) (NRF-2018M2A2B3A01071859).
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Nd-Fe-B permanent magnets have been widely used in various applications. However, Nd, Pr and Dy are less
abundant in the natural rare earth resources and rapidly increasing cost for rare earth elements hinders their
application widely. Considering the cost reduction and the unbalanced use of rare earth metals, there is an urgent
and growing requirement for usage of abundant rare earth metals such as Ce, La, and misch-metal in Nd-Fe-B
magnets. Therefore, we need to develop RE-Fe-B magnets using abundant rare-earth. On the other hand, for the
fabrication of anisotropic nanocrystalline magnets with high maximum energy density, they should be subjected
to hot-deformation (hot pressing and subsequent die upsetting) process. The hot-deformation process is a potential
alternative method to prepare anisotropic Nd-Fe-B magnets without oxidation issue and which causes grain
alignment along the c-axis parallel to the pressing direction and high (BH)max. In this study, we investigated
the magnetic properties and the hot-deformation behavior of the Nd-lean magnets. Initial melt-spun ribbons with
the nominal compositions of (Nd;xMjy)i3.6FebuBs.6GagCos6(x=0, x=0.2/M=Ce, x=0.3/M=Ce, Ce+La,wt.%), named
as ND, CEO0.2, CE0.3, CELAO.3, respectively, were prepared at a wheel speed of 28m/s in an argon atmosphere
by a single-roller melt-spinning machine and pulverized into powders. The powders were then pressed at 700C
in vacuum under 100MPa and deformed at 700°C in argon atmosphere until the height reduction 75% achieved.
The grain size of the initial melt-spun powders was independent on the composition. After hot-deformation
process, the magnetic properties of hot-deformed magnets was decreased due to the intrinsic magnetic properties
of cerium and lanthanum, which is the same tendency as initial melt-spun powder. On the other hand, the grain
morphology was changed from sphere to platelet. However, the aspect ratio strongly depended on the composition,
which decreased with Ce, La content. It is reported that high aspect ratio facilitate grain sliding during
hot-deformation process, which induce high grain alignment. In other words, Ce, La substitution decrease the
ability of hot-deformation of Nd-Fe-B melt-spun powder. The magnetic anisotropy was decreased with Ce and
La content too. Especially, the magnetic anisotropy of CELAO0.3 magnet was much lower than that of CEO(.3

magnet.
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Magnetic materials are required in various industrial fields, especially, they are applied variously in the fields
of communication electronic devices. With the development of information technology, the demand is rising for
sending heavy data such as high-resolution images at high speed. It is necessary to develop a high frequency
electromagnetic wave absorbing material applicable to the next generation communication electronic devices. In
order to effectively suppress electromagnetic interference (EMI) in millimeter waves range (30-300 GHz),
development of a next-generation electromagnetic wave shielding/absorber in the millimeter wave range is
considered to be essential. Since the resonance frequency is proportional to the anisotropy field, the high
coercivity e-Fe,Os; nanopowder(>20 kOe) can absorb electromagnetic wave at high frequencies(~190 GHz). In
addition, the non-magnetic elements substituted e-Fe,O; nanopowder can absorb the electromagnetic wave of wide
range because the coercivity of e-Fe,Os; nanopowder substituted with non-magnetic elements is reduced. In this
study, we investigated the magnetic properties of e¢-Fe,O; nanopowder substituted with non-magnetic elements by

spray drying process as a pilot study of next generation electromagnetic wave shielding/ absorber.
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Near theoretical ultra-high magnetic performance of
rare-earth nanomagnets via synergetic combination of
calcium-reduction and chemoselective dissolution

Rare earth permanent magnets with superior magnetic performance have been generally synthesized through
many chemical methods incorporating calcium thermal reduction. However, a large challenge still exists with
regard to the removal of remaining reductants, byproducts, and trace impurities generated during the purifying
process, which serve as inhibiting intermediates, inducing productivity and purity losses, and a reduction in
magnetic properties. Nevertheless, the importance of a postcalciothermic reduction process has never been
seriously investigated. Here, we introduce a novel approach for the synthesis of a highly pure samarium-cobalt
(Sm-Co) rare earth nanomagnet with near theoretical ultra-high magnetic performance via consecutive
calcium-assisted reduction and chemoselective dissolution. The chemoselective dissolution effect of various
solution mixtures was evaluated by the purity, surface microstructure, and magnetic characteristics of the Sm-Co.
As a result, NH4Cl/methanol solution mixture was only capable of selectively rinsing out impurities without
damaging Sm-Co. Furthermore, treatment with NH4Cl led to substantially improved magnetic properties over
95.5% of the M, for bulk Sm-Co. The mechanisms with regard to the enhanced phase-purity and magnetic
performance were fully elucidated based on analytical results and statistical thermodynamics parameters. We

further demonstrated the potential application of chemoselective dissolution to other intermetallic magnets.

Magnetization (emu/g)

S0k 60k 30K
Applied Field (Oe)
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When it comes to the supply risk of rare-earth for Nd-Fe-B-type magnet, what has emerged from permanent
magnet community is so-called ‘rare-earth balanced magnet’, which advocates exploitation of abundant and cheap
light rare-earths as coping strategy for supply risk of rare-earth metals and helps maintain a balance between
supply and demand of the rare-earth resources. The light rare earths such as La, Ce, Pr and Nd are mostly refined
from rare-earth ores of Bastnasite and Monazite, and the most abundant rare-earth element in those ores is cerium
(Ce), thus Ce metal is available with much more affordable price than Nd and Pr. An extensive research has
been made to exploit Ce as a substituent for Nd and Pr in the (Nd,Pr)-Fe-B-type magnet. Our previous report
revealed that fabrication of Ce-substituted Nd-Fe-B-type die-upset magnet with good magnetic performance was
feasible by hybridisation of two different Nd-Fe-B-type materials with and without Ce-substitution. Texture in the
die-upset hybrid magnet was dependent upon the mixing ratio of the two constituent materials for hybridization.
In the present study, we did go into in great detail about the texture development in Nd-Fe-B-type die-upset
hybrid magnet composed of two Nd-Fe-B-type materials with and without Ce-substitution. Nd-Fe-B-type alloy
flakes (MQU-F) and HDDR-treated (Nd,Ce)-Fe-B-type alloy powders were thoroughly mixed, and the mixture
was first hot-pressed at 670 °C and then die-upset at 735 °C with 75 % thick reduction. Texture in the hybrid
magnet was evaluated by means of x-ray diffraction (XRD, CuK,) and magnetic measurement. Texture in the

die-upset magnet prepared using only HDDR-treated powder was noticeably smaller than that of the magnet from
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Fig. 1. Dependence of texture in the hybrid die-upset magnet on mixing ratio of
constituent materials of HDDR-treated powder and MQU-F flakes.
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only MQU-F flakes. If texture in each constituent part in the hybrid magnet would be same as that in single
alloy die-upset magnet, texture of the hybrid magnet would be given following mixture law: overall texture
(degree of alignment: DoA) of the hybrid magnet would lie on the corresponding value on the straight dotted
line connecting the DoA values for the die-upset magnets from only HDDR-treated powder and only MQU-F
flakes (see Fig.1). Texture of the hybrid magnet, however, was measurably lower with respect to that expected
from the mixture law. This indicates that texture in each constituent region in the hybrid magnet may be less
developed with respect to that formed in the die-upset magnet from only HDDR-treated powder and only from
MQU-F flakes. Texture development in the hybrid magnet is discussed in relation to microstructure of the two
constituent parts of HDDR-treated powder and MQU-F flakes in the hybrid magnet.
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Epitaxial growth of SrFe;,0, thin films and
their magnetism

Sangkyun Ryu"", Kung wan Kang', June Hyuk Lee?, Jaekwang Lee',
Jin-Hyung Cho', Hyoungjeen Jeen'
'Department of Physics, Pusan National University, Busan, 46241, Korea
’KAERI, Daejeon, 34057, Korea.

Hexaferrite-based permanent magnet are widely used due to its low cost. However, there is a need to increase
of magnetism like increase of saturation magnetization in these conventional materials. Currently, industries
heavily rely on doping strategy to enhance their magnetism, i.e. doping of cobalt, alkali metals, and etc. In
contrast to conventional approaches, we rather focused on structure-property relation in hexaferrites, since
magnetic ground state is ferromagnetic. For detailed study on the relation, it is necessitated to grow either single
crystals or epitaxial thin films. In this presentation, we will address our effort to create epitaxial SrFe;,0;9 (SFO)
thin films and show physical properties of the epitaxial thin films. We synthesized SFO ceramic target through
conventional solid-state reaction. For epitaxy, we used pulsed laser deposition with two different substrates,
providing hexagonal lattices: (0001) AlL,O; and (111) SrTiO;. By varying growth temperature and oxygen partial
pressure, we could see the film is crystalized at least 700°C or higher. After determined the optimal growth
condition, we performed magnetometry using vibrating sample magnetometer. From the result, we could obtained
500 emu/cm’ saturation magnetism and 2901 Oe coercivity. Note that saturation magnetization and coercivity of
SFO on (001) ALO; are 608 emu/cm’ and 2932 Oe. This is higher than those from SFO on (111) SrTiO;. We
additionally studied surface morphology wit atomic force microscopy and x-ray rocking curve to see crystallinity.
This work is supported by the National Research Foundation of Korea (NFR) (NRF-2018M2A2B3A01071859).
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Enhancing the coercivity and thermal stability of Nd-Fe-B
sinfered magnets by grain boundary diffusion process

Sumin Kim"", Hyun-Sook Lee', Donghwan Kim?, Jong Wook Roh® and Wooyoung Lee'"
'Department of Materials Science and Engineering, Yonsei University, Seoul 03722, Republic of Korea
*R&D center, Star Group, Daegu 42714, Republic of Korea
3School of Nano & Materials Science and Engineering, Kyungpook National University,
Gyeongsangbuk-do 37224, Republic of Korea

The realization of efficient electric vehicle motors or power generation systems for wind turbines necessitates
the development of high-performance permanent magnets, which is associated with a number of challenges. Since
their discovery in 1984, high-coercivity sintered Nd-Fe-B magnets have found numerous practical and industrial
applications, e.g., as components of actuators, motors, and generators. However, the above applications require
long-term magnet operation in high-temperature environments without any coercivity decrease, which is a
non-trivial criterion. Generally, the coercivity of Nd-Fe-B magnets at room temperature can be enhanced by the
partial replacement of Nd by Dy, Tb, or both; however, the high cost and scarcity of these rare earths preclude
the widespread application of this method and necessitate the development of more economically viable
alternatives. One of such alternatives is the reduction of heavy rare earth elements (e.g., Dy and Tb) usage and
minimization of remanence and energy product loss via the utilization of the grain boundary diffusion process.
For application in a high-temperature environment, we should consider both coercivity and thermal stability of
Nd-Fe-B magnets.

Herein, we enhance the not only coercivity, but also thermal stability by grain boundary diffusion process and

consecutive heat treatments for application in a high-temperature environment such as electric motors.
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Artificially produced rare earth free L1g-FeNi phase
through annealing of the FeNiPC amorphous alloy

Jonghee Han’, Jihye Kim and Haein Choi-Yim
Department of Physics, Sookmyung Women’s University

The rare-carth-free hard magnetic L1o-FeNi phase has excellent magnetic properties such as a high saturation
magnetization (M ~1270 emu/cm3) and a large uniaxial magnetic anisotrophy (K, ~1.3 107 erg/cm3). However,
it is very difficult to artificially produce the L1o-FeNi phase due to the low atomic diffusion coefficients of Fe
and Ni near the order-disorder temperature (~320°C). Therefore, FeNiPC amorphous alloy systems were
investigated. The thermal properties of FeNiPC amorphous alloy systems were measured by using differential
scanning calorimetry (DSC), including crystallization temperature (Ty). It exhibit Ty near the transition
temperature. After measuring thermal properties, the amorphous alloys were annealed at Ty resulting in high
atomic diffusion. The structural and micro structural characterizations of annealed ribbons revealed the formation
of L1o-FeNi phase through observation of the superlattice peak by using X-ray Diffraction (XRD). Transmission
Electron Microscopy (TEM) and Energy Dispersive X-ray Spectroscopy (EDS) were utilized in order to determine
additional supporting evidence of the formation of the L1o-FeNi phase. The magnetic property measured by a
vibrating sample magnetometer (VSM), such as M; and coercivity (H.), also indicated the formation of L10 FeNi

phase.
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Modulating magnetism of polycrystalline PrBaCo0,0s5.7.+«
through oxygen vacancy engineering

Yun-Seok Heo™ and Hyoungjeen Jeen'

Department of Physics, Pusan National University, Busan 46241 Korea

A-site double perovskites have gotten great attentions, since they have been believed as a promising cathode
material for solid oxide fuel cells due to fast oxygen exchange behavior. Moreover, Such oxygen desorption and
absorption characteristics of the double perovskites can often trigger their modulation in magnetic ground states
through complex magnetic interaction as well as electronic ground states. Thus, it would be interesting to see
the relation between oxygen vacancy and magnetism. Among many double perovskites, we chose PrBaCo,Os 7,
(PBCO), since it is known that it has spin state transition in specific composition, superior oxygen exchange
behavior, and tunable magnetism by oxygen contents. In this presentation, we will provided relation among
oxygen vacancy, crystal structure, and magnetism in PBCO. We used solid state reaction to prepare polycrystalline
PBCO. From SQUID data, we could stabilized the oxygen contents of our air-sintered PBCO is at least x = 5.7.
To address the oxygen-content-driven variations in structure and magnetism, we used temperature and time control
annealing apparatus, powder x-ray diffraction and SQUID magnetometry. For tuning oxygen content, we used
thermal treatments under 3% H, forming gas and O, to stabilize different oxygen contents in between x = -0.4
and 0.1 at relatively low temperatures (200°C and 300°C). We also observed composition-driven structural
transition from tetragonal to orthorhombic. This work is supported by the National Research Foundation of Korea
(NFR) (NRF-2018R1D1A1B07045462).

- 60 -



SM02

Enhance of Saturation Magnetic Flux Density
of the Soft magnetic Core, with Maintaining
Low Core loss and High Permeability

Seoyeon Kwon" and Haein Yim

Department of Physics, Sookmyung Women’s University, Seoul 04310, Korea
Fax: +82-(30)-3079-90362 E-mail address: sykwon39@sookmyung.ac.kr

The refinement of FINEMET type alloy with an experiment stretching over various stages was reported. It
was carried out on new composition soft magnetic core, this alloy can be ubiquitously utilized in various
applications such as motors, common mode choke, actuators, and so forth. This experiment was performed with
the aim at increasing saturation magnetization (B;) while keeping low core loss (P.,) and high permeability (u).
The amorphous core FegSi;BoNbs;Cu; has been fabricated by rapid cooling on a single copper wheel. The values
of thermal properties were measured by using differential scanning calorimetry (DSC), including crystallization
temperature (Tx). The microstructure properties were confirmed by X-ray diffraction (XRD) and transmission
electron microscopy (TEM). The magnetic characteristics were measured by AC B-H loop tracer. The Bs and
coercivity (H;) were measured under a maximum applied field (Hy) of 800 A/m, the p was observed in the
frequencies (f) of 10 kHz and 100 kHz, and the P., was measured at constant condition. The core annealed at
560 C showed the improvement in B with value of 1.57 T compare to conventional value of FINEMET core
(Bs = 1.23 T). The combination of high By with excellent magnetic properties at 560 C in this paper, promised

this soft magnetic alloys an outstanding economical application in high frequency region.

- 61 -



SMo3

Al O|2& A FX|&UTHY-type hexaferritel] XI7|X H& 212

x

a4y

e

1 Fol

El
A )

L
[

g N

1. 42

FALE AL AR B2 ferritels THoFEE Qolo] sl 4 A8 T 4 9 RF luolse) Axjw
9tk 1% hexaferrites X717l A, AT, ARARAA 5 WE R AN A8 4
20|t} Y-type hexaferrite+= spin-current X2 of 7] 23}t magnetoelectricME) E1& YEU M Sr 0|29
Hwl ol oR Qi) AUFRIL MFEH 4 oAk Eat Al o] £0] S A sto] Ao 2eti
o ME &35 YePE 4= Qlth 2 Aol A= BaysSrisNix(FeoooAly)120» &2 2] 27|13 JALS A Fst

ne

Bl orfo e x2 N
K orlo rr o
i

D)
e
o

2. Mgy

/\] Q%QE BaCos, SrCos, NI(NO3)2 * 6H,0, FC(NO3)3 * 9H,0, AI(NO3)3 ° 9H20‘§‘ /\}%—’5‘]-01 olymerizable

complex BH-& 0]-85}0] BagsSry sNix(FegooAlp1)1202 28-S AR Sl ARFEAE Fa3t J&F]
of gk=o] AlAkeE & @i 60 T of A 1/\]7} FABEL, 1: 25 (F 25 1 AEELHY HIEE AEEARS H7)6)
o 70 TR F23t 1A f-2]38tch 11 & oddl 22]&& H7iste] 80 TollA 1A17F mHkAlA & F 120

C& 5235}0] gel P2 AAXA|A metal-citrate HFHA| Alo]o] Fg-2 AAIGE F 320 Tof|A sf4skqlch 3f4a

4SO AFsto] 1100 TolA 10A17F 58 &5} Bag 5Sr; sNix(Feo.00Alo01)12022 NS 53149
S53 Alme AR EA4S sk fs XA FE|E ol&stden A7|YshE SR
Méssbauer £-337], Vibrating sample magnetometer(VSM)-2 ©0]-83}o] 21712 EAJS &<15}9ch E3F Network
AnlayzerS ©|-835to] 50 MHzRH 4 GHz7[A| 9] fd&, FA&S 45kt

o

3. WAL Y DY
Y-type hexaferrite BagsSrisNix(FeixAL)120, E4S X-A 34 AHst 23t R3mo 3 7}?<1%
rhombohedral LZE Zt= 7o 2 Folgglom, ARAIEE g = 5.829, ¢ = 43.238 A, V = 127245 Aoz
B w91k AbLof 4 9] Mossbauer A¥H= 18k, 3bv, 6cr, ey, bevi, 3av2] A48 L5 BlgroZ Zu|
AA717-E 18k AAZF 7V 2 Zu|AH A7 7HAH 6 AALe] Hat o]/ d&A| o] 5%]+= 031 mm/s= 22l
3L ZF AR} Fe o] &2 Fe'' Ae|dE 291sgiet. 2o w2 zslaAle 100 Oedloll 4.2914 300 K7t
S0 m AR O Ao A 9] EZo}RE = 20.40 emu/g o] HAEHL 63 Oe o= ER1E| Gk NAﬁXé é
ol ¥ FAEE 50 MHzO|A] 9.4, FARES 2.40]0 Fupprt SRR 7HAsto] 4 GHzo A9
o 152 elsg)

o0
0
m
2
o

4. g0y
[1] Y. Y. Song, J. Zheng, M. Sun, S. Zhao, J. Mater. Sci.-Mater. Electron. 27, 4131 (2016).
[2] A. Nikzad, A. Ghasemi, M. K. Tehrani, G. R. Gordani, J. Supercond. Nov. Magn. 28, 3579 (2015).

- 62 -



BaO'SSrLSNiz(Fe&”Al ). O

0.01712 ~ 22
obs
—cal
——obs - cal
| Bragg-position
P
2
=
=
=
[
<
<
z : :
E —_— A j JJ
Y
< | mer 1n
.
- 4 MrA ¥ A W e }\l'/w» VS
A 1 A [ A [ A 1 A 1 i 1 A
10 20 30 40 50 60 70 80

20 (degree)

Fig. 1. The refined X-ray diffraction patterns of the BagsSrisNix(Feog9Aly01)1202 at room temperature.

BaO.Ssrl .SNiZ (Fe0.99A10.01 ) 1 2022

Absorption(%)

-10 -5 0 5 10
Velocity(mm/s)

Fig. 2. Mossbauer spectrum of the BagsSr;sNia(FepooAlpo1)1202, at room temperature.

- 63 -



SM04

LS 2AZH J18 SLMEC = MIZEE FeSiBCCr AXHs =BHI2

Ol EX 9 X001 S

1. A=
717 H(Fe-Si) 0.2 == AR Fa-2 HE, WA

Al g ARRE AL QU tf3EA] S8 HoF & shuE HETE 9low, R
A FEFE A= A T Al 7HA et SAo R 23} A4S Bk 9 Fojido
HEE A2 2AQ AR A, 1.8 T o]4e] w2 23A8HE UEhdo] HE 9| &9
Qlal ZGA Z&E I Qlek shAE, dRrdor A7 gd SR 0.1 ~ 0,5 mm FA 2] A
AlzE7] wizol 32k AAlol RHAZE e FHbell flen, A& HaE fRt viusbo= ﬂﬁlﬂ AT
Fer vl A a2 7129 A71708a vjastel 274 opdol g7l diie] & FAES 7PXIU%
> A7IAFez qlaf mjf 2 HE(Core loss) 7HAHA], A o] A&5A] ¢7] wjZoll 32+ HA
of 7|4kt & Ax7F 7hssto] RE | 28T A S99 aee FE AE o e Aer ZgiEoh g
U B S @A) fsiAe w8 3780 atE7] gl 2kelojy & aygom AAEE=
T AF 7hest Bl Algte]l etk tixA wgd e -+ Z9] FZ(Copper mold
Suction casting) 22 ‘E/\—L] J(Melt spinning) &2 A 2% v|AA 9 F7|= Fd| 4= mm ¢=FS 2 At
), ZISF T3 1.56 T w|vke® RuEy Qleh o]t £ 9 thiete g, gFe 52 Fol delAE
ZAVS}o] 14—11]_%’8]-% uhAlo] Mel&] glo] & 8§ 3-A(Selective Laser Melting: SLM)¢] © =231 )t} SLM
TR 10-10° K/s9] & WZAEEE vehln 33199 2447 @] 7Hsdl FeA BIFA A4 &
Azl At 34d 4= ek sHAINE SLM 3782 o83 BlEA a5 Axs=tl 2Ll Melt poolo] 2}s}
Fas 0 Ao BAo] ol Ao muHw Yk
e

ol
Ml
.
N
e
(e
o2
N
il

|
o
<
O
o2
et
r>~1
D
N
olo
o

o
2
=2

I

£ o
[m o i) Mo
ofl N2 H ox ME
o 2

o X ooff
N

fu

—_

lo
oN,
o
2
30,
2
Ty
i)
Im yo K

J
ox

rE
a3

[ oot
Bul
HU>

1= =
4 2o 3

olof & AL 7% SLM FAo] BAHS AAshurt speba FARE FAAA WA AL A

o= FHAL 5 Uk OEAN /WS A8k FeSIBCr HIF A A4 §F BTL o] 3tel, AukAl

B OEAN WAS G 42k Ao U] WE] e uHY e 4712 B4, A SHS
=] =]

FOIAE FeSIBCCr ¥4 QA aHEe] 42 A 88 A 8] cheaiye 4 gsial.
SLM 34L& Hilo] A|E %= Dose chamberof|A] B8-S 0]4:3}o] Building stateo]] 3+ 22 =3Z3}l3L HA 0]
UAE A WG ket dolAE ARSI WAL ABE AAsHele. #o14 Ze(Laser power: prE 50
W, 70 W, 90 We] Ao = A0 4% (Scan Speed: v)= 1200 mm/sec, 1600 mm/sec®] ZAC 2 A|HLS A2t
.0, 2y 7i(Normal scan) 3 T2 (Multiple sean) = 714 WA1S 2gsto] 22t 67hA9] AL A5
Ak 5HX]ZJ-£(hatch spacing: h), glo]o]F7|(Layer thickness: t), 23 (overlap)-2 Z1ZF 80 um, 25 um, 30%=
1 ATATE o)A A ee ARk ZAF HH el Continuous WAl o a1, T AI0 A]ofl= Cross-section A

O 7 WAt A ARESHETE AJHA 7)== 10 mm x 10 mm x 5 mmE cubic FAFO 2 A|Z} 51%.01, L (Core

- 64 -



Sean 48 DT AL GEA A% 4 % et ] e A g
sheleh. T2l A 71Fo] FashuAl AUEsL B55Heh XRD B4 chEAzlo] Aiaginct
2457t gotel 2 SIS T, FETEMEA A 484k qelnt v /242 4 £4 gelo] 2
of £ATL SRIsteirh. WA A3 thEANY A9t ukapuct o o AR AL S tehyglo
u, sfol AR e A EAEPMA) 2 bl SHIgh Aah chEdio] Aukagu 24 FUET}
22 A2 sIstith A|SA B4 A GFago] ANAANT £E FALUE} FARE e,
we BARS Urehiglch A (Core loss) B4 4 At oAlthEsio] Aukag ek B ghao] b
oIt TEAMT AHE WE AYT AL Y R BEB MY S FARE Uehflon], 9
(Transverse test) 274 B3t 7|42 B4 HAH9 tEA0] QAN Bk £& 7142 422 delde
sholstginh ol R A§ A 1T FAR QR UE Y el Aom AR

HEAWAE A AANET £ ESAS], EAAIED e U, BAYES thEANA
(o]

AHe S Selshath ol W AT A MR DAY Fhe AT oA o] grasle] Aol o]
o] gola|27] Wiolch. FeSIBCCr ¥4 A AT He(Core loss) 54 #4 A7} ch2zho] AukA
Wk e ghao] mvbAolgle. ol HAUA B& FAOR M ghie] T 5| AE|lA 2 LMLk
71915k Aoz AR FeSBCCr ¥4 AxpAEEel dAeol uh A4 B4 P4 BnE elstyck
SEANY A B AW A7 P He AET Y B FAES eyglon, ot A
4 A a2 SRR YAUL AN UL luw AsioIgel U AL ¥ 4 A

4.282
£ A4 FeSIBCCr 329 SLM %A% F40l4] thEaii S ol gatomn shohs] 24 24

2 B, oS Bl WA e FAAA ALY LS FaA7)T BAE SHL FHA A

2 35ty

5. 02y

[17 H.Y. Jung, S.J. Choi, K.G. Prashanth, M. Stoica, S. Scudino, S. Yi, U. Kuhn, D.H. Kim, K.B. Kim, J.
Eckert, Fabrication of Fe-based bulk metallic glass by selective laser melting: A parameter study, Mater
Design, 86 (2015) 703-708.

[2] G. Herzer, Modern soft magnets: Amorphous and nanocrystalline materials, Acta Mater, 61 (2013)
718-734.

- 65 -



SMo5

HIXHE! L0y B0 2JPHNIOT 718 0| XY
HOHXE | X G- A e CiSate] Xp|HY S il

ZZ7", FHXIE0P, ZES', 0|44’
AT et aL dhge) 55t

A et viek S 5 Eekt

1. 4=

Hpo]| @ ARt E 835l AR 7| A G- B (giant magnetoresiatance spin valve, GMR-SV) t}Zgldlof
A 7 Fa3% QS ks WAl & MnAl 555 el IrMn, FeMn, PtMn, NiMn BHIE=
AHgElo] gt A WA AR ARSHeR Bat Ad 728 U3 glov] Hetiew <
NaCl <) SEAol2} WEEAle] B4& 7P Sz N0 heta} Q1T A4 NiFe st 3 Ajole)
Aol At 2 ol meEATEo] SREC NiO ke 4202 290 K 224 R} A0 77 Kol A
SRR A HolFET AR o)Rol1 FelaY YA ZuAeR A4S YT genw 27
9 AolA] 9% 91219 1914 Watol uke chekak ALolA A7IolgA] AR gk AEe] BayTh ool
714 Bo) Aake skl NiO Huel ot 9177k chA) SR Sleh GMR-SV thubep oA vhet
Z3} wBZzo] Fhuite Ao FARTE slolF AUAIIATE 54O A WAL A7 A

£ ol7] SIsAE AuEe (specular) HAATHS AT ER AL 7149 o] Fasith

oX it 1

gl

£
o

(specular) IS EA|of o YreAgdE AT = Q= vt NiO(10 nm)
MM Z Zgst7] 91kl F77F 10 nm = 100 A}l NiO Z-9 o]5 NiF(3 nm)
FEF s GMRSV ThEutehg 9l 72 oigubo) A W oo
o] EA Fig. 19} Zo] A= wxtH dFA7|olde AEslo] o|F

T2 GMR-SV th3ubele 2 2elgich. GMR-SY c}ububo] uje 2 RESET]
714 B4om 1ARASH ARS AelY weATAl7]  (exchange N?;’S;::;)
coupling field, He), EAFE (coercivity, He), A7) A&y 18|31 XA

- I (magnetic sensitivity, MS) 2] ZF& Areat Nz d A Ako] er 77 K glass
oAl ZH2t 4R o2 S E AT|A Y TAE A sk A5 Fig. 1.

3. MYEN Y £

Fig. 2+= glass/Ta(5 nm)/NiFe(6 nm)/Cu(2 nm)/NiFe(3 nm)/NiO(10 nm)/Ta(2.5 nm)/(180°)/Ta(2.5 nm)/NiFe(6
nm)/Cu(2 nm)/NiFe(3 nm)/Ni0O(10 nm)/Ta(5 nm) t}& BaFo] AF2u} XA AAke] 2= 77 KojlA A2 major
A7) 2 g FAolt). chaupak A7 ofefol] HATE 1] AgEo T ARISE ARe] 2453 NiFe(6 nm) uh}
Atofof] AL A0l NiO Hepa} A5t &, ASA7] ol A9 flsto] J-+-AH4S 180° 3]st
Ak 1 9o 5= Ta(5 nm)/NiFe(6 nm)/Cu(2 nm)/NiFe(3 nm)/Ni0(10 nm)e} & S Lz AMH=
NIO-GMR-SV utato] 4ZE|gieh. Ahol A 245 7] 43 241 Fig. 2ol 2ol Hhef 2o] 180° LA}
of 29148 A% A|oly FHE LT QA ke et} 0|5 72 aliie} AFE NiO-GMR-SV

- 66 -



uafo] g5 A7) Akl 5.6%0] 9] 814 NIO-GMR-SV dfeto] ZH

18.0 Oe, 13.0 Oe ©]it}h HFHo| o]%&= JLz2] AHE NiO-GMR-SV Hbdlo] 3
(Ho)& 717} 12.0 Oe, 5.0 Oe o]t} 77 KojlA| A= 27|43 T A<l
wapEo] 294 H A5 Aoty adE YEh L
ghabo] FAF A7) A g 10.0%0] 2 FAE ek 3HE NiO-GMR-SV
(Ho)2 Z2F 60.0 Oe, 50.0 Oco] T}, HHH o] o] %

¢

Fig. 2(b)of] &
ST Eal o FF T2 B9 AR NiO-GMR-SV
upapo] ek
%3 20] A NIOGMRSY tuo] 2% 7|04 9]

2 (Moo} B2 (H)2 717}
33t BEATY (Ho)oh WA

& Hhef ol 180°

(Hex) 2t A

A @yt oJgt wstAs (H, )9t A (Ho)& 2+ -30.0 Oe, -45.0 Oeo|QlTh
21.20 12.43
21.06 (a) (b) 12.29
2092 ' 12.15
— MR =5.6% MR =10.0%
G 2078 Hey = 12 Oe, 18 Oe Hex = 60 Oe, 30 Oe 12.01
@© 2064 H;= 50e, 13.0e H.= 50 Oe, 45 Oe 11.87
e atRT atRT
© 20.50 : 11.73
ot
D 2038 : 1159
2 \
11.45
m 20.22 / \\
20.08 v 11.31
19.94 : 1.17
19.80

-60 -48 -36 -24 -12 o] 12 24 36 48 60-600 -480 -360 -240 -120 O

Magnetic field (Oe)
Fig. 2 (a). and 2 (b).

120

SmS) Sielel vlm AL, 1A o3 T T F

11.03
240 360 480 600

ig. 33 7E*EP.

NiFe(6 nm)
Cu(2 nm)

NiO(10 nm)

NiFe(6 nm)

NiFe(3 nm)

NiFe(3 nm)

Cu(2 nm)

Cu(2 nm)

NiO(10 nm)

NiFe(3 nm)

NiFe(6 nm)

NiO(10 nm)
NiFe(3 nm)

NiFe(6 nm)

NiFe(6 nm)

NiO(10 nm)

Cu(2 nm) Cu(2 nm) Cu(2 nm)
NiFe(6 nm) NiFe(3 nm) NiFe(3 nm)
NiO(10 nm) NiO(10 nm)
glass glass
Fig. 3.

BN 2

o] AL WEIET| &R A
NRF-2016R1D1A1B03936289)%] Zi}o|th

- 67 -

o2 FFATLHUNRF)S] 7] 2ATAY A9

& o

SE ATNo.



SMo6

QX HIOHHIAL B2 240 BT HE QITHHILUZALR} MIT X2

2@, Ahap, aeya?

L —

ghofl 2!, AAR2

1Sl 218 A7, 925 74 34057, A
2AIPIT, 93 % F+4 34057, A

SFAAM F-E Sl e, 70 SRR, T

Nondestructive Testing for the Wall Thinning of insulated
pipe and Signal Processing

Ye La park"®, JeongWooShin?, KyungMoKim', Derac Son®, Duck-GunPark'?'
'Nuclear Materials Research Division, Korea Atomic Energy Research Institute,
Dukjin-dong, Yuseong 34057, Daejeon
*AIPIT Inc., Dukjin-dong, Yuseong 34057, Daejeon
*Dept.of Photonics and Sensors, Hannam University, 70, Hannam-ro , Daedeok, Daejeon
TCorresponding author : dgpark@kaeri.re kr

1. M&
HAoP [ AL 71E2 71200 ARgole o AAF 7IeolA AE VeR 22 dEfe ZYE ol8st
© HolAde o7 7IeolA 7152 77 7L Qe TS RaeiA e 51 Zl&olth[1.2] 2717
19

o] 7}afd ‘IH Eiﬂoﬂf\i e do] o] A7 G Ao o5t} PRI FrreE oA =A AN e S

SolA Az e phho] Hoh dubA oz P Rol Aol A7 @t Fuker XEshe Akl o8
A A4 %EP J]_Oﬂ 2R Fe AATE 7bske Al A F2uks Q7bshe P FE DA A
5 %Eﬂ ‘7){% ARQlab= v W Ao HEuE oF 4 Qi WHo] HAM{E AF 9EE =Y
Utk Yoz v YR ARIA] o 4= Urh[3.4] AP [ Yol et HE e} AlZ]m=of tisA
ol 7| HOH 7iEFstE AFH|Programmable Pulsed Large Current Generator (PPLCG)E ©|8-35lo] HAQHF

Pulsed Eddy Current(PEC)Z Hj& Ao H 1. Z-2 vjTe 7|EA4 50| A5 A v|=ty] HAF AHH|(38DL
PLUS)= %23} A} Ultrasonic Test (UT)s}o] &A% A1} 74 M|l s R Qch

S 4

kl

%

2. My 2t

1500
300 300 300 300 300

™ 0 9 —

- o ™ Ts)

O

0 < © v o
o ™~ < [V xl ™
% & & & ol
S} S S) S) s ©

Fig. 1. Al&#e] =9 (10 T Step 6.5T)

- 68 -



7 1) B o] 1500mm, AFHE] FA 65mmo] i, AFHE] Gxrt 13mm FolSo] LG
LB 727} 300mm (0.2 Ao, & SHAE s 4 ik stol o
QFA T vkl A|ZHE Au] PPLCG (27 AF: 30A, AthAehI8V)E o §5tol

_>|:
=

i
i)
filo
A

2 245195, 4 AR PPLCGE Hlsly] el 7124 50] Bl
Aole BeS Wi Aguel] se Zzke) 15ommiA L £1 B8 2Asto] vlawa gl

o[z Hu 28 Sl 5
0] : 1500mm III[H-.—W 6.5mm
e e 5

L
o
S

v v
@ &
S S

ol a bl

=) =) =}

S S S

v
=
S

P

=

S

{
f

v
N
S

w

o

S3

Thickness Measured by PEC
I o 7\ m o N0 ® >

f

Thickness Measured by UT (mm)

fud
=}
S

500
150 300 450 600 750 900 1050 1200 1350 150300 450 600 750 900 1050 1200 1350
Position (mm) Position (mm)

Fig. 2. PEC #hu] 2% dlolg gkt UTAHE 243t dlolg g

PEC parameter (zero crossing time) with pipe position (step thickness)

@
=}
S

TO|= Y 3 TR} a7, 5T s v
201 : 1500mm /HIHEM : 6.5mm *
=17 :275mm / £ : 860mm ‘e
2% SH : somm ..

v
3
S

Thickness Measured by PEC

25 3 35 4 45 5 55 6 6.5 7

Thickness Measured by UT (mm) Point(mm)

Fig. 3. x5& 257 T/ ©& y5& PEC dlolg gk Le{32e} SVM coding.

9 28 B PEC 4R 2eA) SommE 9 24 olE wto] A4 A@ue] FAet Aol Axsiy
o)z 245 dolel hE RS W solmit 245 Sa)9] gho] A7) FAe} o] ATt o]

3, UT

e AL B9 B 5 QT 17 32 m, Bedje] o] web AakE Gul(PPLCG)E ol 884 Ak
2 714R 2A4dEY 22 By xEo vt yEo] Fao] met gekAE S EIE 4 k. AEH
o] FAlo] w2 of Wo| AT Auw HAASUL ol La)A Uehd L molrt. xEo 28Tk FAo]x

yEE HAokAR gl TS Wyl BAURR 243 Ho|Hel 2o WA AAE 243 At
W AA o] FAel det Hete] utet £ HlolHE Getat AL S8 B 4 ok AfLE
7o) upebd] At glo] eizke] ©x7h Bolu, thREe] AR Ao Atk AHHY FA gl
whebs] MATLABS: o §3te] ol AZHelS a4 A wxto) R Re $isi4 SVMoR Has)
o] 23 Codingdtold 7o) utebs] E7lo] W chEERE SHls) morch

- 69 -



XFal 74
S XEE

3.

T Rl

S48 BeAR Pojolis AW viTo] BACKAR /1% Aulo 2w} v AL AUz AlA B W
stoll djalA Zgetgth 2 A7E EalA W T 2e)me] mEu, PECO] 7]4E ofu] 4887} B UTY)
7143} 712) 57 dlolg] Zko] Aol Ae) AXEA LT, AA| AlFWT v nE s, Fehre} A
© A WolE Audon Zed Ha x7)e] AP A7bE T oo wpahd HALARE GEal
it} PEC] 7]%0] A7 @AME A& 75T Ao wol At o|AY WAdARE /2] epHRe)
FAHE BT 5 Qe V&R 2T Aok BAAR Y&l o AUsii HBHE Eoh olx PECE]
e 3 v o A7) SIelA s cherst dlolEuo] 0] Shrel A F]4S wetstolA Auret
a7} ok Het.

4. 502
[1] R.A. Smith, G.R. Hugo, Proc. 5™ Joint NASA/FAA/DoD Aging Aircraft Conference (2002)

[2] S. Winnik, Corrosion-under-insulation (CUI) guidelines, European Federation of Corrosion Publications No.
55, Woodhead Publishing Limited (2008)

[3] G. Dobmann, R. Becker, M. Disque, Welding Research Abroad, 16 (1998).
[4] S. K. Burke and L. R. F. Rose, J. Phys. D: Applied Physics 20, 797 (1987).

- 70 -



SS01

Current-induced magnetization change in a
ferromanget/Ge,Sb.les interface

Sung Jong Kim"?', Tae-Eon Park?, Oukjae Lee?, Suyoun Lee® and Hyun Cheol Koo'?

'KU-KIST Graduate School of Converging Science and Technology, Korea University, Korea
*Center for Spintronics, Korea Institute of Science and Technology, Korea
*Center for Electronic Materials, Korea, Institute of Science and Technology, Korea

Spin-orbit coupling is one of the major concerns because it can be utilized for switching the magnetization
of the ferromagnetic cells. The phase-change material is good candidate for generating spin current because it
has a strong spin-orbit coupling. In addition, this material has special electrical and magnetic characteristics as
a function of the crystallinity. For example, depending on annealing temperature, the various phases of amorphous,
cubic (190 ), and hexagonal (400 C) structures are observed in a Ge,Sb,Tes film.

To observe the current-induced magnetization change of the ferromagnet, we utilized anisotropic
magnetoresistance (AMR) which is determined by the vector alignment between the magnetization direction and
the bias current. The device consists of permalloy (30 nm)/Ge,Sb,Tes (100 nm) hybrid structure and the lateral
dimension is 8 um by 3 um. A Ge,;Sb,Tes channel has a strong spin Hall effect and subsequently spin current
is injected to the permalloy layer. As shown in Figure 1, the channel resistance is measured with a rotational
magnetic field of 2 T in the plane which is large enough to saturate the permalloy patterns.

The charge current induces a spin current which changes the magnetic anisotropy and switching process of
the ferromagnetic layer. The orientation of induced spin is transverse direction of the current and this spin current
increases the magnetic anisotropy of the ferromagnet along the transverse direction at the interface. This induced
anisotropy increases the anisotropic magnetoresistance of the ferromagnetic pattern. Furthermore, the magnitude
of spin current is a function of crystallinity so at room temperature the AMR enhancement of amorphous, cubic
and hexagonal channels show 3.56%, 6.02% and 8.97%, respectively.

These results provide an efficient way for manipulating magnetic anisotropy and magnetization switching
process. We also demonstrate the channel crystallinity dependence of spin Hall effect and anisotropic

magnetoresistance in a ferromagnet/Ge,Sb,Tes interface.

Fig. 1. Device structure and AMR measurement geometry.
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The controlled generation, manipulation and detection of spin-polarized currents in semiconductor is an
important issue in spintronic devices [1]. The great variety of spin related techniques have been demonstrated
so far. All of them, however, make use of the classical electromagnetic force or torque acting locally on the
magnetic moment associated with the spin.

Semiconductor nanowires have attracted high interest because they offer the study of fundamental quantum
effect in electron and spin transport of nanostructure. In addition, these semiconductor nanowires has occurred
a surface accumulation due to the Fermi level pinning in the conduction band. The two-dimensional electron gas
(2DEG) have formed at the surface. In the case of InAs nanowire, it is known that the electrons in the
accumulation layer are also subject to the impact of a strong spin orbit coupling. [2], [3] Rashba effect induced
by spin orbit coupling is of relevance for spin electronic devices since it can be employed for gate controlled
spin manipulation. [4], [5]

In this work, we study the control of the geometric phase of an electron spin in InAs nanowire using purely
quantum-mechanical and nonlocal method by adopting wave interference effect. The principal mechanism of the
proposed spin geometric phase contains Aharonov-Bohm (AB) and Aharonov-Casher (AC) phase. AB effect relies
on the electron’s charge under magnetic field while AC effect comes from electron’s magnetic moment with
electric field. The Rashba spin-orbit interaction is responsible for AC effect in our device and provides the
geometric phase factor of a spin.

Here, we show AB and AC oscillation induced by the magnetic field and the gate voltage in InAs nanowire,
providing transport evidence of the surface state in one-dimensional non-magnetic nanowire. Moreover, the
quantum transport can be modulated by tuning the Fermi level using a gate voltage, enabling a deeper

understanding of the rich physics residing in III-V semiconductor nanowire.
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In this work, we investigated the correlation of electrical characteristics with interface chemistry and structures
in Pt/Fe;O4 hybrid structures. Using different growth conditions, the different levels of surface/interface roughness
ranging from 0.4 to 1.2 nm were provided. The chemical variation was introduced between Fe;O4 and Pt layers
by inserting a 2-nm-thick AlL,O;, MgO, and SiO, thin film. The Fe;0, films were prepared by oxide-MBE
technique under different deposition parameters on substrate and substrate temperature, and then followed by
vacuum annealing. We report magnetoresistance (MR) behaviors on 3-nm-thick Pt Hall bars. Based on the results
of resistivity versus temperature measurements of Pt, we clearly observed the impact of the interface on the
change of the magnetoelectric effect of Fe;O4 (Ty = 125 K) [1,2]. The careful analysis of the surface properties
of Fe;0; was also performed using AFM and TEM. As the interface roughness increases, we observed a
significant enhancement of spin-mixing conductance that is extracted from the SMR effect measured at low
temperature (77 K lower than the Verway transition temperature of magnetite), and the MR effect persists even
in the hybrid structure with a thin interlayer.

Our results suggest that bilayer systems consisting of a non-magnetic noble metal deposited on a magnetic
film can be used as a probe to explore the complex magnetic properties of magnetic hybrid structures, paving
the way for a better and consistent understanding of spin Hall magnetoresistance behaviors in magnetic hybrid

structures to develop highly effective spintronic devices.
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Artifact-free optical spin-orbit forque magnetometry
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Current control of magnetization via the spin-orbit torque (SOT) has opened a new horizon for magnetic

memory devices. SOT causes magnetization switching and domain wall motion that enable read/write operations

in spintronic memory devices. For more efficient operation of such spintronic devices and further investigation

of underlying SOT mechanisms, a precise and artifact-free SOT quantification method is required. In this

circumstance, however, planar Hall effect (PHE) and anomalous Nernst effect (ANE) signals complicate SOT

analysis in the electrical harmonic measurement method. Our optical setup utilizes photoelastic modulation (PEM)

and balanced detection (BD) to measure the polar magneto-optic Kerr effect (pMOKE) signal exclusively. We

demonstrate an optical SOT measurement scheme that is free from artifacts such as the optic PHE and optic ANE.

We verified the separation of the pMOKE signal in the Pt/Py bilayer sample with sizable optic PHE. Our method

with single measurement principle reduces the analysis complexity, and thus, it could help expand the scope of

SOT studies.
w3 05:1
< =, iﬁmHj*mHHh_
_,é E 51 ) - i* a |
7_1_ 0 " AR, 1A
0 1 2 3 4 5 35 0 45 90 135
J(x10"A/m’) .0

Fig. 1. Linear proportionality of the SOT-induced signal with respect to current density J at mT.
Red and black lines are linear fits to the data with zero intercept.
Fig. 2. Comparison of the two SOT-induced signals and with respect to polarization angle at mT.

has no dependence whereas has sinusoidal dependence from optic PHE
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MnipFer 4045 (MFO) U= ¢} (NP)E hydrothermal method= A| 23T AlgE= Hok 25nme] #+LstH
T8 RER EAEULE XRD 24 Axl MFO NP= ¢ = 8.410 AQ] cubic-spinel J-x2 2 et MFO
NPO| 23} 23} (My)&= 300 KoflA] 30.7 emu/g, 15 Kojl4] 40.3 emu/g)=, th2 3T Ao H|s] T3] &

Aoz eyt vhd, FEA Aol Aoz sl 15 KolA HA(Ho)> 347 Oexz, 300 KojA4{ 2] He =
116 OeXrt} 3ul] I A EFGTh Energy dispersive X-ray spectroscopy, Raman scattering®} X-ray absorption
spectroscopy &4 A1}, MFO NP= Mn; ;Fe; 8303742] mixed spinel ferrite¥-2 & 4= QJQich Adx oz 13t
magnetic moment (nex, = 1.66 pp/fu. = 40.3 emu/g)= AAXLSE GF (new = 3.29 pp/fu) 2o} 27| YeRgt) o=
MFO NP9] canted spin (Yafet-Kittle = 2lo]] 7| %, ayx = 36.5 °) W/EE= 27| O & dead layer (54 ¢t = 3.5
nm)of| 7|1g Ao 8 Yzt

Key words: Manganese ferrites, energy dispersive X-ray spectroscopy X-ray absorption spectroscopy
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AL A7 = T olF 2AE Fdote] 4 24 A7 SA4L ol8ste A7 FEdled, 2=
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2 4 3, o] ASSoR o]gsto] 4tstordd yiede AFAIZTH3] FARIAE R % (Scanning Electron

Microscope), ¥} 24 u] 7 (Transmission Electron Microscope), 2 AA413]d 824 (X-ray diffraction, XRD)S ©]
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Device miniaturization, making the device smaller without reducing the performance, is one of the objective
of every device manufacturer. Nevertheless, shrinking the size of the device results in adverse impact of the
magnetic component itself, since coils to produce the magnetic field are highly dependent on the diameter of the
coils. When the coils are made smaller, it cannot withstand the large current flow due to the resistance of the
coils, and therefore excess heat might accumulate and set damage to the device. To overcome this problem,
magnetoelectric multiferroic materials are a good candidate. This material shows a coupling behavior of magnetic
properties and electrical properties, therefore, we can simply change the magnetization direction of a material by
applying electrical field into it, and vice versa. The use of coils becomes insignificant.

There are several known magnetoelectric multiferroics, however, most materials work at very low
temperature[1]. Only bismuth ferrite, BiFeO;, that retains the ability of magnetoelectric coupling at room
temperature. But since the magnetic properties of BiFeOs; is too low, several approaches have been done to
increase the magnetic property of BiFeOs, including by making the material in nanosize[3], doping, and making
composite of two different phases[4], [5]. By making composite of BiFeO; with another material with high
magnetization, there will be overall enhancement of ferroelectricity, magnetism, and magnetoelectric coupling[2].

Spinel ferrite is one of the candidate to enhance the magnetization of BiFeO; due to the high magnetization
value of this group. One of the potential candidate for the composite is MnFe,O4. This material shows the highest
magnetization in the group and small coercivity, which are valuable to make magnetoelectric coupling in a
composite.

In this work, we presented the fabrication of MnFe;O, and BiFeO; nanoparticles through chemical synthesis
method of coprecipitation and sol-gel method, respectively, and the fabrication of nanocomposite through
mechanosynthesis process by pressing and sintering at low temperature. Compared to the other published work
on the fabrication of composite MnFe,O4 and BiFeO;[6], our FESEM results shows less pores with qualitatively
better densification of the composite pellet. WHen less pores are form, there is an increase of interfacial interaction,
and therefore we expect an enhanced coupling of magnetoelectric multiferroic properties. Raman spectroscopy also
shows no changes of phases after the sintering by compared the spectra of sintered composite to the individual
MnFe,04 and BiFeOs;. Moreover, the reuslt was achieved by sintering at a very low temperature of 400°C in
both ambient and inert atmosphere, compared to the published work with sintering temperature of 1000°C.
Additionally, the BiFeO; was fabricated as nanoparticles, therefore it shows better magnetic properties compared
to the bulk BiFeO; which is antiferromagnetic in nature. From this result, it is expected to see the enhancement

of magnetic properties of BiFeO; and MnFe,O4 composite, along with higher magnetoelectric coupling.
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In modern industry, various types of sensors are actively studied in the industrial and medical fields. In
particular, in the industrial and medical fields, studies of magnetic sensors based on magnetic materials are being
conducted in a variety of ways. Among these studies, the development of high-resolution sensors is a very
important part of signal analysis. Therefore, in this study, we conducted a study on the low current detection
module using the PHR (Planar Hall Resistance) [1] sensor, which is a type of magnetic sensor. High resolution
low current sensing sensor is manufactured using PHR sensor. The designed PHR sensor is designed to control
external magnetic interference and use high resolution to detect current. In this study, a three-story structural
vessel [2] was constructed using a DC magnetron sputter. The PHR sensor used Ta/NiFe/Cu/IrMn/Ta[3]. The
manufactured PHR sensor was finished in chip form through calibration circuit and a metal oxide semiconductor
(CMOS) process after completion. Manufactured PHR current sensors were designed to measure current at levels

1 to 100 A and measured self-resolution 0.148 mG, 1% precision and 0.46% nonlinear characteristics.

References
[1] N. T. Thanh, B. Parvatheeswara Rao, N. H. Duc, and C-G Kim phys. stat. sol. (a) 204, 12, 4053-4057
(2007)
[2] N. J. Gokemeijer, T. Ambrose, and C. L. Chien’ N. J. Gokemeijer, T. Ambrose, and C. L. Chien, Phys.
Rev. Lett. 79, 4270 (1997).
[3] Christian D. Damsgaard, Susana C. Freitas, Paulo P. Freitas, and Mikkel F. Hansen Journal of Applied
Physics 103, 07A302 (2008)

- 89 -



SA03

Microwave absorption properties of Co-Mn substituted
Sr-La M-type hexaferrite in Ka band (26.5-40 GHz)
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In the recent years, much attention has been paid to microwave absorbers, because of a solution of
electromagnetic pollution and special usage in military and aerospace field in modern society. The hexagonal
ferrites (or hexaferrites) are well known for electromagnetic interference (EMI) suppression. Hexaferrites can be
used in the frequency region of gigahertz (GHz) because they have high magnetic anisotropy values. We
fabricated Co-Mn substituted Sr-La M-type with the chemical formula of SrggsLag5Cog15xMngFe; 85019 (x = 0,
0.075). Structural, morphological, and magnetic properties were investigated by using x-ray diffraction (XRD),
field-emission scanning electron microscopy (FE-SEM), vibrating sample magnetometer (VSM), respectively. The
complex permittivity and permeability measurements result in the Ka band (26.5-40 GHz). The microwave
absorbing properties will be evaluated including reflection loss (RL) and presented for a discussion.

The research fund for this study is from Chang Sung Co.
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The ancient paper cutting art, kirigami, consists of cuts that are made on a single sheet of material, where
planar mechanical deformations could induce shape transformations in both two-dimensional (2D) and
three-dimensional (3D) space [1]. Due to this remarkable property, kirigami patterns could give rise to complex
material properties such as auxetics and mechanical metamaterials in which materials expand when subjected to
tensile loading [2]. However, the mechanical deformations of these structures are usually performed physically
by hand or machine, limiting its application [3]. Therefore, external stimuli such as magnetic fields could be used
to realize the remote actuation of kirigami patterns due to its safe and effective control [4].

In this study, the remote actuation of kirigami patterns in 2D and 3D are explored, by utilizing the magnetic
anisotropy of magnetic nanoparticle (MNP) chains within the magnetic-elastomer composite, a soft material
composed of an elastomer matrix and MNPs, to bring about motion. The shape morphologies are demonstrated
by utilizing simple kirigami patterns consisting of connected square units that are linked together by rotating
hinges [5], forming a sheet of horizontal and vertical cuts. Depending on the cut designs and the MNP chain
orientation in-plane and out-of-plane within each square unit, 2D and 3D actuation can be achieved, respectively,
as illustrated in Figure la and 1b. The kirigami patterns are fabricated by means of a uniform magnetic field
and a 3D printed mold (see Figure 1c), where the MNPs within the composite self-assemble to form chains along

the direction of the applied field. The in-plane and out-of-plane chain orientation are achieved by aligning the
a — b —
C
— d Molds
' ol ' L 0 ¢
2

Electromagnet
In-plane Out-of-plane

Fig. 1. Schematic drawing of the kirigami patterns, the shape deformations, and the fabrication method.
a) 2D and b) 3D actuation of the kirigami patterns, ¢) chain alignment method
of the kirigami patterns using an electromagnet, d) mold orientation to create the in-plane

and out-of-plane chain alignment. Black arrows indicate the uniform magnetic field and its direction.
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mold and hence the MNPs along the xy-plane or the xyz-axis, respectively, as shown in Figure 1d. Once the
elastomer is cured, the chains are permanently fixed within the composite, even after the removal of the field.
The experiment is conducted under a uniform magnetic field of 300 mT that is produced by an electromagnet.
Experimental results show that the embedded chains within the kirigami patterns respond quickly to align its
magnetic moment along the direction of the applied magnetic field, demonstrating the remote actuation in 2D
and 3D. This untethered actuation of kirigami patterns therefore show promising potential applications in areas

such as drug delivery, medical patches, and artificial valves.
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Magneto-transport effect in CoSiB thin films

Y. K. Kim’, H. N. Lee, T. W. Kim'

Department of Nanotechnology & Advanced Materials Engineering, Sejong University, Seoul, Korea

Magnetic multilayer films with perpendicular magnetic anisotropy (PMA) have been widely investigated and
expected to be used for magnetic recording media, magnetic sensor, and magnetic memories. We have studied
PMA magnetic multilayer films with amorphous materials due to their smooth surface and soft magnetic
properties. The CoSiB 1000 A single layer film shows soft magnetic properties with 1.6 Oe coercivity and 407
emu/cm’ saturation (My). The as-deposited CoSiB 1000 A film has amorphous structure even with post-annealing
treatment up to 350 ‘C. The Hall effect in [CoSiB/Pt] multilayer films were measured by using Van der Pauw
method and showed spontaneous Hall angle (pu/p). Even though the observed Hall resistivity in [CoSiB/Pt]
multilayer is smaller than that in amorphous rare earth-transition metal (RE-TM) alloy films, the Hall angle of
8% is much larger than amorphous RE-TM alloy films. The trilayer films of the structure [CoSiB 15 A/Pt (t)
A/CoSiB 15 A7 (tp from 11 A to 39 A) have out-of-plane easy axes and show strong antiferromagnetic exchange
coupling especially for the films of tp, = 22 A and 27 A. Hall voltage curve show two hysteresis loops. This is
a clear evidence of antiferromagnetic coupling. This is a clear evidence of antiferromagnetic coupling. It is

believed that the CoSiB/Pt/CoSiB is a candidate system for use in hall sensor.

This work was supported by sejong Univ.(20180417)
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Magnetics and History

Hi-Jung Kim’

Korea Institute of Science and Technology

Ancient people thought that magnetic phenomena were very strange and amaging. In 5-6C B.C., rocks
containing iron oxide are discovered in the district of Magnesia, Greeks and the words such as “magnetite”,
“magnet”, “magnetism” were derived from the name of Magnesia land.

In 1100 A.D., the Chinese used needles of magnetite to make compasses indicating the north and south poles.
The compass technology were delivered to the Arabia and then transfered to Europe during the Crusades.

The compass promoted the Pelagic voyage and open the Age of Uncharted.

C. Columbus discovered the new land and F. Magellan succeed the voyage of Around the world using the
compass.

In 16C, Gilbert discovered that the earth was a giant magnet and mapped out the earth’s magnetic field.

I will briefly introduce the beginning history of magnetics and the historical revolutions influenced from the

magnetics.
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Spin-Orbit Technologies:
From Magnetic Memory to Terahertz Generation

Hyunsoo Yang’
Department of Electrical and Computer Engineering, National University of Singapore, Singapore
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Spintronic devices utilize an electric current to alter the state of a magnetic material and thus find great
applications in magnetic memory. Over the last decade, spintronic research has focused largely on techniques
based on spin-orbit coupling, such as spin-orbit torques (SOTSs), to alter the magnetic state. The phenomenon of
spin-orbit coupling in magnetic heterostructures was also recently used to generate terahertz emission and thus
bridge the gap between spintronics and optoelectronics research.

I will introduce the basic concepts of SOTs, such as their physical origin, the effect of SOTs on a magnetic
material, and how to quantitatively measure this effect [1,2]. Next, I will discuss the latest trends in SOT research,
such as the exploration of novel material systems like topological insulators and two-dimensional materials to
improve the operation efficiency [2,3]. Following this, some of the technical challenges in SOT-based magnetic
memory will be highlighted [3]. Moving forward, I will introduce the process of terahertz generation in magnetic
heterostructures [4], where the spin-orbit coupling phenomenon plays a dominant role. I will discuss the details
of how this terahertz emission process can be extended to novel material systems such as ferrimagnets [5] and
topological materials [6]. The final section will focus on how the terahertz generation process can be used to
measure SOTs in magnetic heterostructures, thus highlighting the interrelation between terahertz generation and

the SOTs, which are linked by the underlying spin-orbit coupling.
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Electron spin resonance on individual atoms on surfaces

Taeyoung Choi’
Center for Quantum Nanoscience, Institute for Basic Science (IBS), Seoul 03760, Republic of Korea
Department of Physics, Ewha Womans University, Seoul 03760, Republic of Korea

Understanding, controlling, and utilizing nanoscale quantum systems have been one of major research interests
across fields of physics, chemistry, and material science. Recently, we successfully combined microwave technique
to a Scanning Tunneling Microscopy (STM) and demonstrated electron spin resonance (ESR) of individual Fe
atoms on ultrathin insulating MgO. Coherent Quantum control of atoms on surfaces using STM is a highly
interesting and a new Quantum architecture, enabling us to position qubits and control their interaction in
nano-meter and nano-electron-volt resolution.

With this new tool (ESR-STM), we studied magnetic interaction of artificially built nanostructures. We found
that an ESR signal from single Fe atom split into two different frequencies when we position an additional Fe
atom nearby. We measure ESR energy splittings that decay as 1/r° (where 1 is the separation of the two Fe atoms),
indicating that the atoms are coupled through magnetic dipole-dipole interaction. This energy and distance relation
enables us to determine magnetic moments of atoms and molecules on a surface with high precision in energy
(~10MHz = ~40neV). Unique and advantageous aspects of ESR-STM compared to other quantum magnetic
sensors (such as NV centers) are the atom manipulation and imaging capabilities, which allow us to build
atomically precise nanostructures and examine their interactions. For instance, we construct a dice cinque
arrangement of five Fe atoms, and probe their magnetic interaction and energy degeneracy. We demonstrate the

ESR-STM technique can be utilized for quantum magnetic sensors.
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Novel scanning magnetic imaging based on
diamond NV centers

Donghun Lee’
Department of Physics, Korea University, Seoul, Republic of Korea

Probing and imaging magnetism at nanometer scale with high field sensitivity is of great interest in a wide
range of fields, including solid-state physics, materials science and biomedical applications. In this talk, I will
introduce a novel magnetic sensing and imaing method based on nitrogen-vacancy (NV) defect center in diamond.
The diamond NV center has promising potential for nanometer and nanotesla magnetometry due to its

atomic-scale size, long spin coherence times and high magnetic field sensitivity (e.g. < nT/Hz"

). Since these
properties are robust against a wide range of operating temperature, it is also suitable for studying novel magnetic
materials exhibiting temperature-dependent magnetic orders. I will present basic working principle of magnetic
field sensing and introduce scanning magnetometer combined with diamond NV center. I will also show some

examples of sensing and imaging magnetic samples including permalloy and spin-orbit-torque devices.
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Antiferromagnetic Van der Waals materials
TMPS; and its Potentials

Je-Geun Park’

Center for Correlated Electron Systems, Institute for Basic Science (IBS), Seoul 08826, Republic of Korea
Department of Physics & Astronomy, Seoul National University, Seoul 08826, Republic of Korea

Magnetic van der Waals materials has been fast emerging as a new exciting field just over the last few years.
Among one of the few known examples, TMPS3 with TM=transition metal elements have attracted significant
attentions as it can exhibit the three fundamental magnetic model of Ising, XY and Heisenberg Hamiltonian
depending on the TM elements. In this talk, I will demonstrate how we can use this unique magnetic property

of these materials to learn of the old physics.
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Physical properties of 2D magnetic materials
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Department of Mechanical Engineering, Sungkyunkwan University, Suwon, Republic of Korea
SKKU Advanced Institute of Nanotechnology (SAINT), Sungkyunkwan University, Suwon, Republic of Korea

The representative 2D materials, graphene, h-BN, and MoS2, have interesting mechanical, electrical and
optical properties and have exhibited fascinating physical phenomena so far. However, they mostly lack one
important physical property in physics, magnetism. The new 2D materials such as CrSiTe3, CrI3, and FePS3,
which began to be studied recently, possess ferro- or antiferro-magentic properties even in atomic level thickness
and are expected to reveal deep level of physics in 2-dimensional confinement.

In this talk, our recent works on thickness dependence of magnetic and optical properties of ternary 2D
materials, Fe3GeTe2 and CrPS4, which are ferromagnetic and antiferromagnetic 2D materials, will be presented.
Fe3GeTe2 was studied with hall measurement and STM methods. From the hall measurement, it exhibited the
anomalous hall effect due to its intrinsic ferromagnetism. Interestingly, the magnetic properties such as coercivity
changed significantly with decreasing thickness changing from weak ferromagnet to strong ferromagnet. STM
study revealed some magnetic domains on the surface. The domain structures barely changed below Curie
temperature, but disappeared above the critical temperature, which suggests they are magnetic structures. CrPS4,
which is an antiferromagnet, was characterized with Raman and PL spectroscopies. Its bandgap was measured

to be roughly 1.3 eV and its structure showed strong in-plane optical anisotropy.
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Room temperature ferromagnetism in a
magnetic-metal-rich van der Waals metal

Jun Sung Kim’
CALDES, IBS & Department of Physics, POSTECH, Pohang, Republic of Korea

Spintronics, one of the next-generation information technologies, exploits the spin degree of freedom for
information storage and logic operations through three key components of spin controls, i.e. spin transport,
manipulation, and generation. For these spin controls, two-dimensional (2D) van der Waals (vdW) crystals
constitute a promising class of materials, including graphene for long-distance spin transport, and transition metal
dichalcogenides (TMDCs) for effective spin manipulation by the strong spin-orbit coupling.

Despite these recent developments, stabilizing 2D spin-source has remained challenging so far, because of the
lack of the stable metallic vdW ferromagnets at room temperature, which can generate highly spin-polarized
current and be easily incorporated with other vdW crystals. Here we show that several-atom-thick and
magnetic-metal-rich layers, designed by ab-initio calculations, can stack in the vdW structure and host the
long-range itinerant ferromagnetism near the room temperature due to the enhanced exchange pair interaction.
This design scheme is successfully realized in a new iron-based vdW ferromagnet Fe4GeTe2 showing a high Tc
of 280 K, a large conductivity, and a large magnetization, favorable for spin source operation. Our findings
highlight Fe4GeTe2 as a key component in all-vdW-material-based spintronic applications and hold a promise to

further increase Tc in vdW ferromagnets with thick magnetic-metal-rich layers.
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Electrically induced valley orbital magnetization in
2D semiconductor

Jieun Lee’

Department of Physics and Department of Energy Systems Research,
Ajou University, Suwon 16499, Republic of Korea

In 2D honeycomb lattices with broken inversion symmetry, electron’s valley degree of freedom may emerge
in addition to spin. The valley degree of freedom is manifested by the observation of the valley-contrasting orbital
magnetization at K and K’ valleys. The development of experimental methods to control the valley magnetization
by external fields are not only fundamentally interesting, but may also find applications in valley-based electronic
and memory devices. Here, I will introduce methods to control the valley magnetization in monolayer 2D
semiconductors by using an electric field and strain. In the first part of the talk, I will discuss the valley
magnetization generated by the valley Hall effect at the edges of monolayer semiconductors. The scanning Kerr
rotation microscopy is employed to directly image the valley magnetization distribution with sub-micron spatial
resolution. In the second part, I will introduce our recent work on the mechanical control of the valley
magnetization using strain. The observed valley magnetization depends on the direction and magnitude of strain

and is well explained using strain-induced modification of Berry curvature effects.
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Revisit conventional magnets for tips on finding new
permanent magnet material

Hae-Woong Kwon"', Jung Gu Lee?

'Pukyong National University, Busan, Republic of Korea 48513
*Korea Institute of Materials Science, Changwon, Republic of Korea 51508

Since its first discovery in 1980s, Nd-Fe-B-type magnet has been making its big time in the high performance
permanent magnet market. However, there has always been a chronic apprehension of limited supply and volatile
price of raw materials of rare-earth metals, and worse still is that the magnet has poor thermal stability due to
low Curie temperature. This poor thermal stability (in particular, unfavourable temperature coefficient of
coercivity) has been often an impediment to exploiting the magnet for high performance motor. As such, an
extensive effort has been made for finding new alternative rare-earth-free permanent magnet materials, which are
meant to replace the current Nd-Fe-B-type magnet, but there are still many obstacles and difficulties that are in
the way of their success. Indeed, variety of new materials based on abundant transition metals without rare-earth
have been being developed. The researches of finding new rare-earth-free magnet material seemingly have
overpromised us, and results of finding new rare-earth-free materials that outperform the current Nd-Fe-B-type
magnet seemingly do not meet our initial expectations. The most outstanding position of the Nd-Fe-B-type magnet
without comparison is expected to continue over an extended period. We revisit the conventional permanent
magnets (Alnico, ferrite, Sm-Co-type, Nd-Fe-B-type, Sm2Fel7Nx-type) to acquire valuable tips for finding new

high performance permanent magnet materials.
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Progress in ceramic permanent magnets based on
M-type hexaferrites

Sang-Im Yoo', Kang-Hyuk Lee and Sung-Jun Choi
Department of Materials Science and Engineering & Research Institute of Advanced Materials,
Seoul National University, Seoul 151-744, Korea

M-type hexaferrties with the chemical formula of MeFe;;O,9 (Me = Ba, Sr) have been well known as ceramic
permanent magnets. Their magnetic properties, including coercivity (zH.,), remanence (B,) and the maximum
energy product (BH)u., have been improved in the order of BaM, SrM, (La,Sr)(Fe,Co)2xO19, and (La,Ca)
(Fe,Co)12xO19, which is basically due to the enhancement of the uniaxial magnetocrystalline anisotropy without
degrading their saturation magnetization (M,), leading to improved H,, via a cation substitution for both Me*"
and Fe’* sites within the unit cell of the magnetoplumbite structure. On the other hand, to achieve a small-grained
microstructure, possessing high sintered density with the c-axis alignment of each grain, the forming process under
the applied magnetic field is essential, and a small amount of additive must be used. In this talk, first, the progress
in the improvement of intrinsic magnetic properties, including M, and anisotropy field (H,) through the cation
substitution will be explained. Next, I will describe the important factors affecting the extrinsic properties,
including zH,., B,, and (BH),., for the system of (La,Sr)(Fe,Co0)12.xO19. Finally, I will discuss the prospect of
higher-performance ceramic permanent magnets. This research was supported by Future Materials Discovery
Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Science and ICT
(2017M3D1A1013748).
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Development Status of Rare Earth magnets
for Vehicle Motors

Jaeryung Lee’

Hyundai motor, Korea

The use of neodymium magnets is dramatically increasing in the traction motor and various types of high
output motors in electrified vehicle future. Magnets used in traction motor have high coercivity not to be
demagnetized at high temperatures, so heavy rare earth element should be included in magnets.

Since rare earth resources have difficulty in the unbalance between supply and demand for magnets, rare earth
element should be reduced or eliminated. Recently technologies such as grain boundary diffusion method and
grain refinement can reduce or be free the use of dysprosium and terbium. In addition, in order to substitute a
Neodymium element, magnets with La/Ce, HfMnP, ZnMnP, or L10FeNi have been researched in the world.

If the maximum rising temperature of magnets is reduced during a traction motor is operating, the motor can
use at higher energy efficiency, the use of dysprosium and terbium but also can be reduced. The main reason
for the temperature rises of magnets in interior permanent magnet (IPM) motors is the eddy current loss of magnet
due to harmonics such as slot harmonics and carrier harmonics. In particular, rare earth magnets have high
electrical properties so they can easily increase highly the eddy current loss of magnets. The prediction and test
technique of eddy current loss considered electric steel core was researched by the relation between surface

treatments of divided magnets and electric steel core, and electrical properties of magnets, etc.
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Anisotropic Rare-earth Bulk Magnet produced by
Hot-deformation Process

Hee-Ryoung Cha"’, Jae-Gyeong Yoo'?, Ga-Yeong Kim'?, Youn-Kyoung Baek,
Hae-Woong Kwon?, Jung-Goo Lee'
'Powder & Ceramics Division, Korea Institute of Materials Science, 797 Changwondaero, Changwon 642-831, Korea
’Department of Materials Science and Engineering, Pukyong National University,
45 Yongso-ro, Nam-Gu, Busan 48513, Korea
*Department of Materials Science and Engineering, Pukyong National University, 45 Yongso-ro,
Nam-Gu, Busan 608-737, Korea Affiliation A, Korea

High performance Nd-Fe-B based permanent magnets have major applications in traction motors of hybrid
and electric vehicles. Currently, heavy rare earth (HRE) elements such as Dy or Tb have been used in order to
enhance the thermal stability of Nd-Fe-B based magnets. However, due to the scarcity and high cost of HRE
elements, development of HRE-free high coercive Nd-Fe-B based magnet has become one of the critical issues.
Microstructure control such as grain size and grain boundary is necessary to increasing coercivity without HRE
element. With regard to grain size, melt-spinning and hydrogenation-disproportionation-desorption-recombination
(HDDR) process are known as quite suitable method to decrease grain size. The HDDR powder has coarser-grain
(300 nm) compare to melt-spun powder (~40 nm) though much smaller grain size than that of convention sintered
magnet. For nano-crystalline powders, hot-deformation process is promising alternative to produce anisotropic bulk
magnet. The isotropically oriented grains develop into laterally elongated grains with a strong c-axis texture by
hot-deformation process, increasing remanence.

In present study, hot-deformation process was employed to produce anisotropic bulk magnet with melt-spun
and HDDR powders. And post treatment was perfomed for coercivity enhancement. Based on the results, we will

present an overall study of hot deformation process for high performance rare-earth magnet.
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Enhancement of sensitivity of planar Hall effect sensors by
optimization of geometry and layer composition:
limitations and possibilities
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Nanomagnetic sensors are opening a new era in industrial applications, related with information science and
technology, bio-medical applications [1], detection of ultra-low magnetic moments [2], remote current sensing in
power lines [3], magnetic flux leakage detection for timely elimination of defects in oil and gas pipelines [4]
and mechanosensory applications [5]. Hitherto, the key characteristics of planar Hall resistance sensors are
underestimated compared with the ones of GMR/TMR sensors, conventionally used in microelectronic logic
devices. Indeed, a very high amplitude of response to magnetic field [6], achieved in TMR sensors, serves as
a reason of their selection for application in magnetic recording devices, where a “yes-no” logic is needed.
However, the gradual switching between “yes” and “no”, and linearity of the response to applied magnetic field
is a problem for TMR sensors, because the magnetization reversal in TMR junctions is a multi-domain process
with incoherent and stochastic nucleation of reversed magnetization areas.

Magnetic sensors, based on planar Hall effect (planar Hall resistance or PHR sensors), are devoid of this
drawback. Coherent magnetization rotation and single domain magnetization reversal in PHR junctions, based on
exchange biased bilayers, provide excellent conditions for high linearity of response to magnetic field. As well,
the sensitivity and operating field range of PHR sensors are flexible adjustable both by layer composition, and
by sensor’s geometry. Adjustment of interface coupling between ferro- and antiferromagnetic layers of junction
by the insertion of non-magnetic spacer allows the variation of sensitivity within two orders of magnitude.

The geometry and shape of junction have a crucial effect on the sensor’s sensitivity. For the same occupied
area and width of current path, the sensitivity of multi-ring is 2-3 orders of magnitude higher than the one of
cross junction [7]. In addition, the magnitude of PHE response can be enhanced by increase of numbers of rings
in the multi-ring sensor’s architecture. Particularly, the sensitivity can be adjusted from a few pV/Oe in cross
junctions based on NiFe/IrMn bilayers to ~2 mV/Oe in 7-rings sensors, based on NiFe/Cu/IrMn trilayers [8].

One can note, that the ring- and multi-ring type sensors have a Wheatstone bridge architecture. There is a
special feature of planar Hall effect bridges (PHEB sensors), compared with magnetoresistive sensors of any other
type, connected into a bridge. Only in PHE bridges, the temperature drift of resistance is self-compensated. It
means that the drift of PHE signal is of orders of magnitude smaller, than any increment of electrical resistance
due to ambient temperature variations. For multi-ring sensors, the PHE signal drift (0.02 Q/K) was ~107 times
lower [8], than the drift of electrical resistance (1.5 S/K).

In this talk, we will summarize our work on optimization of PHR sensors by variation of layer composition

and sensor’s geometry. Effects of material and thickness of FM, spacer and seed layers on the output voltage,
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sensitivity and operating field range will be considered. Possibilities of sensitivity enhancement by variation of

sensor’s geometry will be discussed.
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Extremely Low Perpendicular Magnetic Anisotropy and
Sustainable Dzyaloshinskii-Moriya Interaction with a
Palladium Underlayer

June-Seo Kim’
Intelligent Devices and System Research Group, DGIST, Daegu, Republic of Korea

Skyrmion is a topologically protected spin texture and the Dzyaloshinskii-Moriya interaction (DMI) is an
essential ingredient [1]. The skyrmion states has attracted a great deal of attention because of its big potential
for future non-volatile memory device, logic gates, even bio-inspired computations. However, the skyrmion state
with an interfacial DMI on an ultrathin trilayer system has not been experimentally demonstrated at room
temperature. One of main reason is that the perpendicular magnetic anisotropy (PMA) is increased with increasing
interfacial DMI [2]. Here, we show a magnetic trilayer, which has an extremely low PMA energy density and
a sustainable DMI energy density with introducing a Palladium (Pd) underlayer. Figure 1(a) and (b) show
Brillouin light scattering spectra with (a) Pd underlayer and (b) Pt underlayer. Since the frequency difference (Af)
is directly proportional to the interfacial DMI energy density, we confirm that the trilayer with a Pd underlayer
has a sustainable DMI energy density like a Pt underlayer system [3-6]. On the other hand, the anisotropy fields
(Hy) are drastically decreased with a Pd underlayer as shown in Fig. 1(c). The anisotropy fields measured by
performing a vibrating sample magnetometer (VSM) as a function of ferromagnet (Co) thickness are
approximately 75% decreased with a Pd underlayer. We now infer through our diverse experimental observations
that a skyrmion state at room temperature on a magnetic trilayer system with a Pd underlayer can be nucleated
because of its low domain wall energy and it can open an original way to fabricate a lot of exotic spintronic

devices for future non-volatile memories and logic applications.
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Fig. 1. Brillouin light scattering spectra (a) Pd underlayer system, and (b) Pt underlayer system
(¢) Anisotropy field (Hy) measurement as a function of ferromagnet (Co)

thickness by using vibrating sample magnetometer (VSM)
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Valley magnetic domain as a pathway
to the valleytronic current processing

Youngjae Kim and Jae Dong Lee’
Department of Emerging Materials Science, DGIST, Daegu 42988, South Korea

An interplay between an applied strain and the Berry curvature reconstruction in the uniaxially strained
monolayer MoS, is explored, which leads to the unbalanced Berry curvatures centered at K and -K points and
eventually the valley magnetization under an external electric field. This finding of the valley magnetoelectric
effect (VME) is shown to explain a recent experimental observation of the valley magnetoelectricity [1] and
develop a novel concept of the valley magnetic domain (VMD), i.e., a real-space homogeneous distribution of
the valley magnetization. Here we discover the anomalous electron dynamics through the VMD activation and
achieve a manipulation of the anomalous transverse current perpendicular to the electric field, directly accessible
to the signal processing, for instance, the current modulation under the VMD (i.e., the VMD wall) moving and
the terahertz (THz) current rectification under the VMD switching. This suggests a concept of VMD to provide
new physical insight to the valleytronic functionality and its manipulation to be a key ingredient of potential

device applications
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Accurate, Hysteresis Free Temperature Sensor for Health
Monitoring Using a Magnetic Sensor and Pristine Polymer

Wooseong Jeong’, Mijin Kim, Jae-Hyun Ha, Wooseong Jeong, Nora Asyikin Binti Zulkifli,
Jung-Il Hong, Cheol Gi Kim and Sungwon Lee
Department of Emerging Materials Science, Dacgu Gyeongbuk Institute of Science & Technology (DGIST)

1. Introduction

To forestall unexpected human health problems, the accurate real-time measurement of body signals is
essential. Recently, for application in wearable health-monitoring, a diverse type of temperature sensor embedded
in a flexible and stretchable polymer substrate has been researched. In particular, electro-conductive temperature
sensors have been reported that consist of a polymer and conductive particle mixture, based on the percolation
threshold effect. However, electro-conductive temperature sensors usually face issues such as thermal hysteresis
and inaccuracy (+3.1 °C) during repeated heating and cooling.[1-2] To resolve those issues, our group proposed

a new concept for an extremely reproducible temperature sensor with high accuracy and no hysteresis.

2. Experiment

A schematic description of our temperature sensor is shown in Figure 1. It consists of a magnetic sensor,
magnet sheet, and sandwiched polymers, which can accommodate volume expansion from external heat while
maintaining its shape by the encapsulation layer. Magnetic sensor detects the variation of magnetic field according
to the polymer expansion. A planar Hall resistance (PHR) sensor was used as the magnetic sensor due to its high
linearity near zero magnetic fields, low thermal drift, high signal-to-noise ratio, and sensitivity.[3] After fabricating
the magnetic sensor, polyethylene glycol (PEG, molecular weight M,, = 1000) was exploited to provide reversible

volume control, since it can accommodate =2.2 % volume expansion near body temperature (around 35-42 °C).

Heating

—
_—

Coolin i
9 Volume expansion

Magnetic sensor Magnetic field <« Distance

Fig. 1. Schematic description of the temperature sensor using the magnetic sensor and

change in structure of polymer with heating.
Parylene C was then deposited by chemical vapor deposition (CVD), to withstand volume expansion and

maintain the shape process. A digital photo image of the temperature sensor is shown in Figure 2a. To analyze

the PHE voltage depending on temperature, the output signals were normalized. The variation of output signal
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was calculated as AVpur=VpHE nitial - VPHE final, Where AVpyg is the variation of PHE voltage, and Vpyg it and
Veuesna are the PHE voltage at 35 °C and the set temperature, respectively. Figure 2b compares the theoretical
and experimental output signals of the temperature sensor at 35-42 °C. The experimental and theoretical output
signals differ only slightly. Nevertheless, the experimental value shows excellent linearity not only in the range
of 35-42 °C but also over a small temperature range with intervals of 0.1 °C, as shown in Figure 2c. This is
remarkable, since our sensor can precisely detect displacement of 92.8 nm between the magnet and magnetic
sensor. Figure 2d shows that the average response time of the sensor was approximately 1.73 s °C'. The
response time was slightly longer at around 38 °C due to the phase transition. Cyclic stability was evaluated from
35 to 42 °C for 1000 cycles while monitoring the output signal. Figure 2e shows the thermal hysteresis loops
of the 1st, 100th, and 1000th cycles under continuous heating and cooling. It is notable that the results show

almost no hysteresis as well as identical sensitivity through the measurement.
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Fig. 2. Normalized electrical performance of new type temperature sensor. a) Photograph of the temperature
sensor on wafer. b) Measurements and theoretical calculations of output voltage. ¢) Output voltage from 36
to 37 °C at intervals of 0.1 °C. d) Response time of the sensor. e) Hysteresis loop, indicating no temperature

deviation. f) Cycle test as the temperature changes from 35 to 42 °C.

3. Conclusion

We report an unprecedented design of temperature sensor using a magnetic sensor, magnet sheet, and
expanding polymer. The temperature sensor demonstrates attractive properties such as repeatability, tunable
temperature ranges, high sensitivity, accuracy, thermal cycling stability, and no thermal hysteresis. Furthermore,
we have established a new design which can accommodate reversible volume expansion and also control magnetic

field strength depending on temperature.
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Magneto-optical properties of Bi-YIG thin films prepared
by metal-organic decomposition

Viet Dongquoc, Jong-Ryul Jeong’
Department of Materials Science and Engineering, Graduate School of Energy Science and Technology,
Chungnam Nationa University, Daejeon 34134, South Korea

In this study, we have investigated magneto-optical properties of Bi-YIG thin films prepared by metal-organic
decomposition(MOD) method. The MOD solution for Bi-YIG thin film was purchased from Kojundu Chemical
Laboratory, and it has the composition of Bi:Y:Fe of 1:2:5. The MOD solution was spin coated on the substrate
and then was dried at 100°C for 30 min. The spin-coated MOD film was annealed for 1 hour in a tube furnace
at oxygen atmosphere at elevated temperature by changing the heating rate. We found that Bi-YIG film annealed
with 30°C per minute heating rate at the phase temperature attained the high crystallinity with good morphology.
From the measuring of magnetic and Faraday rotation for films made under different heating rates revealed that

larger Faraday rotation of -10.5°/um, attained for 30°C per minute annealed film.
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Fig. 1. Faraday rotation spectrum of Bi-YIG thin films
(a) on GGG substrates and (b) on glass substrates by varying heating rate.
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Long-range chiral interlayer exchange coupling in
synthetic antiferromagnets

Dong-Soo Han’

Center for Spintronics, Korea Institute for Science and Technology, Seoul, Republic of Korea

The exchange interaction underlies magnetism and thus is responsible for major phenomena in magnetic
materials. The exchange coupling combined with spin-orbit coupling comes in two flavours: symmetric and
antisymmetric. The symmetric term is the conventional Heisenberg exchange, while the antisymmetric exchange
coupling called Dzyaloshinskii-Moriya interaction [1,2] has recently attracted particular interest owing to its major
role in rendering topologically non-trivial spin textures[3-5], giving rise to many intriguing phenomena in
perpendicularly magnetized multilayers. Beyond the atomic exchange coupling within a single ferromagnetic layer,
a symmetric interlayer exchange coupling [6] also leads to ferro- or antiferromagnetic magnetization alignment
between individual ferromagnetic thin films. The studies on the interlayer exchange coupling, however, have so
far focused only on its symmetric flavour, although from symmetry considerations the interlayer exchange
coupling combined with spin-orbit coupling also can lead to the emergence of its antisymmetric component.
However, this has so far not been experimentally demonstrated. In this talk, I will present the missing flavour
of the antisymmetric interlayer exchange coupling in perpendicularly magnetized synthetic antiferromagnets with

parallel and antiparallel couplings.
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Low magnetic damping of ferrimagnetic GdFeCo alloys

Duck-Ho Kim", Takaya Okuno', Se Kwon Kim?®, Se-Hyeok Oh*,
Tomoe Nishimura', Yuushou Hirata', Yasuhiro Futakawa®, Hiroki Yoshikawa®,
Arata Tsukamoto®, Yaroslav Tserkovnyak?, Yoichi Shiota’, Takahiro Moriyama’',
Kab-Jin Kim®, Kyung-Jin Lee*"® and Teruo Ono’
'Institute for Chemical Research, Kyoto University, Uji, Kyoto 611-0011, Japan
Department of Physics and Astronomy, University of California Los Angeles, California 90095, USA
*Department of Physics and Astronomy, University of Missouri, Columbia, Missouri 65211, USA
“Department of Nano-Semiconductor and Engineering, Korea University, Seoul 02841, Republic of Korea
>College of Science and Technology, Nihon University, Funabashi, Chiba 274-8501, Japan
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"Department of Materials Science & Engineering, Korea University, Seoul 02841, Republic of Korea
$KU-KIST Graduate School of Converging Science and Technology, Korea University, Seoul 02841, Republic of Korea

Magnetic damping, commonly described by the Gilbert damping parameter, represents the magnetization
relaxation phenomenon, describing how quickly magnetization spins reach equilibrium. Understanding the
fundamental origin of the damping as well as searching for low damping materials has been a central theme of
magnetism research. Several theoretical models for magnetic damping have been proposed and compared with
experiments. However, the majority of these studies have focused only on ferromagnetic systems. We investigate
the Gilbert damping parameter a for rare earth (RE)-transition metal (TM) ferrimagnets over a wide temperature
range [1]. Extracted from the field-driven magnetic domain-wall (DW) mobility, @ was as low as 7.2 x 10~ and
was almost constant across the angular momentum compensation temperature 7, starkly contrasting previous
predictions that a should diverge at 7o due to vanishing total angular momentum. Thus, magnetic damping of
RE-TM ferrimagnets is not related to the total angular momentum but is dominated by electron scattering at the
Fermi level where the TM has a dominant damping role. Furthermore, we investigated a measured by spin-torque
(ST)-FMR technique with analysis based on new equation of FMR for ferrimagnets. Therefore, both DW motion
and ST-FMR give the same conclusion that the damping parameter is small and remains almost constant with

temperature.

Reference
[1] D.-H. Kim et al Phys. Rev. Lett. 122, 127203 (2019).

- 136 -



=xS-IV-5

Electric field induced spin waves on the CoFeB
disk-shaped nanomagnet

ESIN 2
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1. Introduction

Voltage control of magnetic properties in metallic ferromagnets is attracting much attention because of its
potential to be a key technology in the production of ultralow energy consumption spintronic devices. Voltage
control of the exchange stiffness constant, 4., was first predicted by a theory! to explain an experimental result,
which shows voltage control of the Curie temperature’. The voltage control of the 4. was also evaluated from
observations about voltage dependent domain size™*. However, those results may include contradictions. Therefore,
here we propose an independent and more precise measurement technique about A using a spinwave mode
observations’, and provides reliable experimental data about the voltage modulation of the A, in the magnetic

tunnel junction with perpendicular magnetization.

2. Experimental methods and results

In this study, a 65-nm-diameter magnetic tunnel junction (MTJ) with 1.5-nm-thick CoFeB free layer which
has perpendicular magnetic anisotropy was prepared by electron-beam lithography to investigate voltage
modulation in A4, and magnetic anisotropy (K;). The thermally excited ferromagnetic resonance (TE-FMR)
measurements were employed to measure the voltage effect on spinwaves in the free layer of the MTJ. Typical
TE-FMR spectra which were taken at 6.0 GHz as a function of the external magnetic field under a dc bias of
+ 0.52 V as shown in Fig. 1. From voltage effects on the resonance frequency, voltage modulation of 4., and
K can be determined. The voltage modulation of 4., is determined as 0.31 £ 0.04 pJ/m with a 1 V application
through a 1.2 nm-thick-MgO layer. This corresponds to d(4.)/dE = 0.26 + 0.04 x10?'J/V for the 1.5 nm CoFeB
film. The voltage modulation of A.. corresponds to 8.1 % change under 1 V/nm electric field. In addition, we

determined voltage controlled magnetic anisotropy as -60 + 24 {J/Vm.

3. Summary

The electric field dependence of the spinwave eigen frequencies showed a different electric field change for
different radius nodal modes. Such properties made it possible to independently evaluate the electric field
dependence of Aex. The analysis provided an electric field modulation in 4., of 0.26 = 0.04 x102' J/V for the
1.5 nm CoFeB film. This corresponded to an 8.1 % change in A, under a 1 V/nm electric field. The effect is

useful for controlling the domain size, 7., and other magnetic properties by the application of an electric field.
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Role of the topological singularity in
magnetic-vortex dynamics

Hee-Sung Han', Mi-Young Im?, Young-Sang Yu®, Min-Seung Jung*,
Sooseok Lee', Jung-Il Hong* and Ki-Suk Lee"
'School of Materials Science and Engineering,

Ulsan National Institute of Science and Technology (UNIST), Ulsan 44919, Korea
*Center for X-ray Optics, Lawrence Berkeley National Laboratory, Berkeley, CA, 94720, USA
3Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, CA, 94720, USA

*Department of Emerging Materials Science, DGIST, Daegu, 42988, Republic of Korea

A Bloch point (BP) is, as far as we know, the only magnetization singularity in a ferromagnet at which the
local magnetization vanishes. Around the BP, magnetizations are formed the unique topological structure having
an integer topological number. In nanomagnetic systems, BPs bear critical roles in many dynamical phenomena
of spin structures. In general, BPs should be mediated to achieve a change in the topological numbers in spin
structures. For example, the switching of magnetic vortex core, which implies the change of the topological
number from +1/2 to -1/2 or vice versa, is accomplished through the injection and propagation of the BPs [1-3].
Besides such a vital role in the switching dynamics, it has atomistic nature since the virtual magnetization-
vanishing point should be located in the middle of the lattice point. To observe such intrinsic natures of BP, it
is indispensable to form a BP in magnetic nanostructures.

In this presentation, we report experimental observation of steady-state BPs in the middle of elongated
magnetic vortex cores in asymmetrically shaped Permalloy nanodisks [4] by using the magnetic transmission soft
X-ray microscopy (MTXM) at the Advanced Light Source [5]. From time-resolved nanoscale magnetic X-ray
imaging combined with micromagnetic simulations, detailed dynamic character of BPs, revealing rigid and limited

lateral movements under magnetic field pulses as well as its crucial role in vortex-core dynamics.
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Nanomembranes:
From basic concepts to paradigm shifting technologies

Oliver G. Schmidt’
Leibniz-Institut fiir Festkorper-und Werkstoffforschung Dresden

Nanomembranes are thin, flexible, transferable and can be shaped into unique 3D micro-and nanoarchitectures.
This makes them attractive for various scientific disciplines and application scenarios ranging from flexible
magnetoelectronics and strainable quantum photonic devices to unique 3D microsystems for functional deployment
both on and off the chip.

If assembled into microtubes, rolled-up nanomembranes represent cylindrical microobjects with intriguing
optical, plasmonic, electronic and magnetic properties. These lead to exciting application potential in 3D
electronics and photonics, sensorics and energy storage units. As off-chip components rolled-up microtubes
address novel biophysical and biomedical applications such as biomimetic microelectronics and powerful
self-propelling microautonomous systems. Based on these concepts, cellular cyborg machinery is put forth as a

new scheme for targeted drug delivery and reproduction technologies.
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PMA, SOT, and DMI in
Non-Centrosymmetric Artificial Superlattices

Teruo Ono™?

'Institute for Chemical Research, Kyoto University, Uji, Kyoto 611-0011, Japan
*Center for Spintronics Research Network, Graduate School of Engineering Science,
Osaka University, Osaka 560-8531, Japan

Perpendicular magnetic anisotropy (PMA), spin-orbit torque (SOT), and Dzyaloshinskii-Moriya interaction
(DMI) are essential ingredients in spintronics. All these effects are known to be a consequence of the inversion
symmetry breaking, and main platforms for the investigation of them have been the interfaces of bilayers where
the inversion symmetry are locally broken. In this talk, I will introduce a new platform, non-centrosymmetric
artificial superlattices, in which the inversion symmetry is broken throughout whole structure, resulting in bulk
PMA, SOT and DML
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Interface-generated spin current and spin-orbit forques

Seung-heon Chris Baek'?, Young-Wan Oh', Kyung-Jin Lee** and Byong-Guk Park"
'Department of Materials Science and Engineering, KAIST, Daejeon, Korea
?School of Electrical Engineering, KAIST, Daejeon, Korea
’Department of Materials Science and Engineering, Korea University, Seoul, Korea

*KU-KIST Graduate School of Conversing Science and Technology, Korea University, Seoul, Korea

Spin-orbit torque (SOT) arising from spin-orbit coupling has gained much attention because it promises
efficient magnetization switching in spintronic devices. It is important for device applications that the SOT
switches perpendicular magnetizations without an external magnetic field. In this talk, we demonstrate field-free
SOT switching of perpendicular magnetization in ferromagnetic trilayers, in which spin currents generated at the
bottom ferromagnet interface transit the spacer layer and exert a torque on the top ferromagnet [1]. In such
structures, spin currents have an out-of-plane (z) component of the spin polarization, enabling all-electrical SOT
switching of perpendicular magnetization. Our findings of interface-generated spin current broaden the scope of

material engineering for energy-efficient SOT-based spintronic devices.

Reference
[1] S.-h. C. Baek, et al., Nat. Mater. 17, 509 (2018).
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Bulk-like spin-orbit torques in ferrimagnets

Hyunsoo Yang’
Department of Electrical and Computer Engineering, National University of Singapore, Singapore
e-mail: eleyang@nus.edu.sg

Spin-orbit torques (SOTs) have been recently studied for its potential applications in memory and logic
devices, mostly with ferromagnetic thin films. As the cell size shrinks, these ferromagnetic thin films are thermally
unstable due to their sub nano-meter thicknesses. We study SOT-induced magnetization switching and effective
fields in rare earth-transition metal (RE-TM) ferrimagnet alloy films and multilayers. We show that devices from
the structure of heavy metal/ferrimagnet present a huge switching efficiency and maximum spin-orbit effective
fields. It is observed that the switching efficiency and SOT effective fields increase by one order of magnitude
as the ferrimagnet approaches compensation. This anomalous increase of the switching efficiency and SOT
effective fields is attributed to the negative exchange interaction field due to the antiferromagnetic ordering
between the Co and Gd sub-lattices [1]. The negative exchange interaction makes the ferrimagnet thermally stable
near compensation by increasing its anisotropy and also provides the exchange coupling torque that assists in
switching, effectively increasing the overall switching efficiency of ferrimagnetic SOT devices. We report a long
spin coherence length and associated bulk-like torque characteristics in an antiferromagnetically coupled Co/Tb
ferrimagnetic multilayer [2]. A strong THz output is also observed from a compensated ferrimagnet /heavy metal
bilayer, CoGd/Pt with nearly zero magnetization [3]. It is found that the net spin polarization of the laser induced
spin current, rather than the net magnetization, accounts for the THz emission. Our results trigger a ferrimagnet

as a core building block in spintronics.

References
[1] R. Mishra et al.,, Phys. Rev. Lett. 118, 167201 (2017)
[2] J. Yu et al., Nature Mater. 18, 29 (2019)
[3] M. Chen et al., Adv. Opt. Mat. 6, 1800430 (2018)
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Karin Everschor-Sitte? and Kyung-Jin Lee®’

'Center for Spintronics, Korea Institute of Science and Technology, Korea
“Institute of Physics, Johannes Gutenberg University Mainz, Germany

*Department of Materials Science and Engineering, Korea University, Korea
*Spin Convergence Research Team, Korea Research Institute of Standards and Science, Korea

Computer, Electrical and Mathematical Science and Engineering Division,

King Abdullah University of Science and Technology, Saudi Arabia
SDepartment of Physics, Pohang University of Science and Technology, Korea

"KU-KIST Graduate School of Converging Science and Technology, Korea University, Korea

Recent interest of spintronics researches has converged to magnetic systems with inversion symmetry breaking.
New physical phenomena in these systems, including spin-orbit torque, Dzyaloshinskii-Moriya interaction,
magnetic skyrmions, and chiral domain walls, are intensively studied in the past decade and it turns out that they
have significant potential for high efficient spintronic devices. The rich physics in chiral magnets originate from
the combination of time reversal asymmetry (i.e., magnetism) and spatial inversion asymmetry (i.e. interfaces in
thin films).

In this talk, we demonstrate that introduction of another inversion asymmetry makes magnetization dynamics
further interesting. We mainly consider two systems, magnetic skyrmion in the presence of both interfacial and
bulk inversion symmetry [1] and in-plane magnetic domain wall in the presence of the interfacial

Dzyaloshinskii-Moriya interaction [2], and report their counterintuitive behaviors under driving forces.

References
[1] K.-W. Kim, K.-W. Moon, N. Kerber, J. Nothhelfer, and K. Everschor-Sitte, Phys. Rev. B 97, 224427
(2018).
[2] K.-W. Kim, S.-W. Lee, J.-H., Moon, G. Go, A. Manchon, H.-W. Lee, K. Everschor-Sitte, and K.-J. Lee,
Phys. Rev. Lett. in press (arXiv:1803.10776).
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Orbital Anisotropic Magnetoresistance

Hye-Won Ko'", Hyeon-Jong Park', Gyungchoon Go?, Jung Hyun Oh?,
Kyoung-Whan Kim?, Hyun Cheol Koo® and Kyung-Jin Lee'
'KU-KIST Graduate School of Converging Science and Technology, Korea University, Seoul 02841, Korea
*Department of Materials Science and Engineering, Korea University, Seoul 02841, Korea
3Center for Spintronics, Korea Institute of Science and Technology, Seoul 02972, Korea

Based on first-principles calculation, we demonstrate that longitudinal orbital currents in ferromagnets (FMs)
depend on the magnetization direction, which contribute to the anisotropic magnetoresistance (AMR). We call this
orbital contribution to the AMR as the orbital anisotropic magnetoresistance (OAMR). The OAMR occurs due
to effective correlation between the orbital and magnetization via a concerted action of the spin-orbit coupling
and exchange coupling. Unlike the orbital Hall effect [1,2] for which the orbital hybridization is essential, the
OAMR arises from the anisotropic orbital splitting, which is generally present in all materials, but does not need

the orbital hybridization.
References

[1] H. Kontani, T. Tanaka, D. S. Hirashima, K. Yamada, and J. Inoue, Phys. Rev. Lett. 102, 016601 (2009).
[2] D. Go, D. Jo, C. Kim, and H. -W. Lee, Phys. Rev. Lett. 121, 086602 (2018).
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Microstructures and Magnetic Properties of
Fe-rich Compounds with ThMn;, Structure

Jihoon Park’, Hui-Dong Qian, Jung-Tae Lim, Jong-Woo Kim and Chul-Jin Choi'

Powder & Ceramic Division, Korea Institute of Materials Science, Changwon, Gyeongnam, 51508, South Korea

Iron-rich rare-earth (RE) alloys with tetragonal ThMn,, structure have been extensively studied as a potential
high performance permanent magnetic material due to its high saturation magnetization of 1.78 T, anisotropy field
of 12 T and Curie temperature of 859 K [1]. However, its low intrinsic coercivity prohibits its use as a permanent
magnetic material. Therefore, in this work, we have synthesized light RE elements and/or Vanadium doped
Sm-Fe-Ti alloys, and modified grain boundaries with Sm-based diffusion materials to investigate microstructure
and magnetic properties.

(Smy.xyRe Zry)(Feo3Co92)11Ti,V, ribbons were prepared by arc-melting raw material pieces and melt-spinning.
The melt-spun ribbons were ground and pressed to produce green bodies, and the green bodies were heat-treated
at various temperatures ranging from 800 to 1000 °C, followed by water quenching. The synthesized ThMn,
structured (Smy.x.yRexZry)(FeosCoo2)iiTii.,V, were mixed with a grain boundary diffusion material and heat-treated
to produce grain boundary modified (Smj..,Re Zry)(FeosCog2)iiTii,V, bulk.

The hysteresis loops of La and Ce doped samples exhibit enhanced intrinsic coercivity with minor degradation
of saturation magnetization. The degrees of the grain boundary diffusion varied based on the diffused materials
and heat-treatment conditions. The obtained grain boundary modified (Sm.«yRe Zry)(Feo3Co0o2)11Tii.V, bulks have
increased intrinsic coercivity and reduced saturation magnetization. The details of the microstructure and magnetic

properties of the synthesized (Smj.«.yReZry)(FeosCoo2)11Tii-,V, bulk will be discussed.

Reference
[1] Y. Hirayama, Y. K. Takahashi, S. Hirosawa, and K. Hono, Scripta Materialia, vol. 138, p.62 (2017).
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Magnetic Properties of Rare-earth (NdFeB) and
Rare-earth-free (Mn-based) Permanent Magnets
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The realization of efficient electric vehicle motors or power generation systems for wind turbines necessitates
the development of high-performance permanent magnets, which is associated with a number of challenges. Since
their discovery in 1984, high-coercivity sintered Nd-Fe-B magnets have found numerous practical and industrial
applications, e.g., as components of actuators, motors, and generators. And Mn-based, rare-earth free magnetic
materials such as MnBi and MnAl are considered to be promising candidates to bridge the gap between
Alnico/ferrite-based magnets and rare-earth based magnets, including Sm-Co and Nd-Fe-B, owing to their
magnetic properties.

The low-temperature-phase (LTP) of MnBi has attracted much attention as a desirable material for a
rare-earth-free permanent magnet that can be used in high-temperature (~200 C) applications because of its
higher coercivity than Nd-Fe-B magnets at the high temperatures. In this regards, there have been many efforts
to obtain the LTP-MnBi bulks and thin films. We report on the magnetic properties of large, compacted, sintered
LTP MnBi bulks with dimensions of 20.3x15.3x10.3 mm’ and multi-layered LTP-MnBi thin films.

The ferromagnetic T-phase in MnAl with an ordered body-centered tetragonal L1, structure has attracted much
attention because of its high magnetic moment, high magnetic crystalline anisotropy constant, and low density.
In particular, it has the advantages of abundant and inexpensive elements, high mechanical strength, and good
machinability. We studied on phase stability using formation energy of Mn-Al-C system to find the optimal
content of carbon required to stabilize the T-MnAl phases in Mn-Al-C powders, leading to enhanced magnetic
properties (especially, remanence magnetization and saturation magnetization).

Generally, the coercivity of Nd-Fe-B magnets at room temperature can be enhanced by the partial replacement
of Nd by Dy, Tb, or both; however, the high cost and scarcity of these rare earths preclude the widespread
application of this method and necessitate the development of more economically viable alternatives. One of such
alternatives is the reduction of heavy rare earth elements (e.g., Dy and Tb) usage and minimization of remanence
and energy product loss via the utilization of the grain boundary diffusion process. Herein, we enhance the not
only coercivity, but also thermal stability by grain boundary diffusion process and consecutive heat treatments for

application in a high-temperature environment such as electric motors.
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Selective Laser Melting Processing of
Soft Magnetic Bulk Metallic Glass
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797 changwondae-ro, Seongsan-gu, changwon 51508, Korea
33D Printing Materials Center, Korea Institute of Materials Science,
797 changwondae-ro, Seongsan-gu, changwon 51508, Korea

Soft-magnetic bulk metallic glasses (BMG) have been pursued because they exhibit extremely low core loss
due to high resistivity originated from disordered atomic arrangement while possessing much higher permeability
when compared with conventional electrical steel, and it also can realize 3-dimensial components with optimized
magnetic path realizing small, light-weight, and highly efficient devices. However, the actual applications of
BMGs have been restricted because glass forming ability is limited and fully amorphous phased BMG could be
fabricated only in thickness of several millimeters. As an alternative, successive processing of selective laser
melting (SLM) of thin metal powder layers can be a promising solution. SLM process is a kind of rapid
melting/quenching process with quenching rate in the degree of 10°~10°, which is sufficient for BMG alloys with
moderate saturation magnetization (<1.4 T), and might be applicable to high Fe-content amorphous alloys with
expected saturation magnetization above 1.6 T. SLM process also can realize 3-dimensional near-shaping of SMC
components with optimized magnetic path ways eventually realizing small, light-weight, and highly efficient
devices. However, up to date, there are little reports on magnetic and mechanical properties of SLM-processed
soft magnetic BMGs, and considerable researches should be done for next step. Here we present a study on
microstructure and magnetic properties of partially-crystallized soft magnetic alloys prepared by selective laser

melting process adopting double-scan strategy.
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Analysis technigues based on
magneto-optical Kerr effect

Dong-Hyun Kim’
Department of Physics, Chungbuk National University, Cheongju 28644, Korea

Various analysis technique based on magneto-optical Kerr effect (MOKE) to investigate magnetic materials
will be reviewed. MOKE is a surface-sensitive technique, providing a relatively cheap and fast access to
exploration of magnetic state of film samples, which allows us to measure numerous valuable magnetic properties
such as major/minor magnetic hysteresis curve, relaxation curve, and magnetic domain. Very recently, it has been
also known that MOKE can be utilized to investigate ultrafast dynamic properties of magnetic systems on
femto/picosecond timescales when combined with a stroboscopic pump-probe measurement technique. In this talk,
basic of MOKE measurement/analysis, together with basic understanding of hysteresis, relaxation curve, and
magnetic domain formation will be reviewed. Time-resolved MOKE technique will be also reviewed, together
with basic understanding of magnetization precession and ultrafast magnetic cooling effect on an ultrafast

timescale.
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High Performance Magnetic Materials based on

Metastable Iron / Iron Oxides
Youn-Kyoung Baek’, Kyung Min Kim and Jung-Goo Lee

Powder & Ceramic Division, Korea Institute of Materials Science (KIMS), Korea

Research on rare-earth free magnetic materials with both high magnetization and coercive field is important
for a wide range of applications including clean energy and information processing. Thus, Fe based magnetic
material has been suggested as a one of promising candidate due to their advantages such as abundant amount
of Fe on the earth and their large saturation magnetization. However, to meet the requirement for a future
rare-earth free permanent magnet, it is essential to enhance coercive field. In this study, we have developed Fe
or Fe oxide based magnetic particles based on metastable phases to enhance coercive filed via conventional
synthetic methods. The strategy in this work would pave the way for the industrial production of rare-earth free

high performance magnetic materials based on metastable phases.

This study was supported by the Fundamental Research Program of the Korean Institute of Materials Science
(Grant PNK6040)
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Electrochemically activated cobalt nickel sulfide
for an efficient oxygen evolution reaction:
partial amorphization and phase control

Sungwook Mhin"", Hyuksu Han?

'Heat Treatment R&D group, Korea Institute of Industrial Technology
*Department of Materials Science and Engineering, Hongik University

It has recently been demonstrated that the OER activity of transition metal sulfides (TMSs) could be enhanced
by the introduction of a thin amorphous layer on a pristine surface. We report here a novel strategy to enhance
the OER by developing cobalt nickel sulfide (CoxNi;«S,, CNS) with a high density of crystalline and amorphous
phase boundaries. Electrochemical activation (ECA) can partially amorphize hollow CNS nanoparticles derived
from surface-selective sulfidation. The ECA-treated CNS (ECA-CNS) electrocatalyst, which is comprised of CNS
nanodots separated by thin amorphous layers, shows high densities of crystalline and amorphous phase boundaries.
This catalyst shows superior OER catalytic performance with a current density of 10 mA cm™ at a small
overpotential of 290 mV, a low Tafel slope of 46 mV dec”, a high mass activity of 217 A g, a high turnover

frequency of 0.21 s at an overpotential of 340 mV, and excellent stability in alkaline media.

nanodots |

- Crystaline- Amorphous
Phase Boundary

oy
'

1.nm|

Fig. (a) N, adsorption-desorption isotherm of CNS-rGO and (b) TEM image of CNS-rGO with a typical hollow
structure. (¢c) HR-TEM image of CNS-rGO and (d) the corresponding FFT pattern. (e) XPS spectra of CNS-rGO
before and after the electrochemical activation process. (f) TEM image of ECA-CNS with the (g) corresponding
elemental mapping images for Co, Ni, S, O, S, and N. (h) HR-TEM image of ECA-CNS (i) showing CNS nanodots

separated by amorphous phases with (j) a magnified view of the crystalline/amorphous phase boundary.
Reference

[1] S. Mhin et al., Electrochemically activated cobalt nickel sulfide for an efficient oxygen evolution reaction:
partial amorphization and phase control, J. Mater. Chem. A, 7(8), 3592 (2019)

- 163 -



=ZS-VI-2

Study of exchange interaction strength of Y;RsFes02
(R=La, Na, and Gd) using Mossbauer spectroscopy
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Keywords: Rare-carth doped YIG, Super-exchange interaction, Intra-lattice exchange interaction

The magnetic hyperfine field of single phased garnet Y; R FesO12 (R=La, Nd, and Gd) was studied using
Mbssbauer spectroscopy. The Gd*“and Nd**are magnetic heavy rare-earth ion, and light rare-earth ion, respectively.
While La®" is non-magnetic ion. The Curie temperature was slightly increased substituting rare earth ions such
as Gd, Nd, and La with a relatively larger ionic radius than those of Y (yttrium). The magnetic hyperfine fields
(Hie) are slightly decreased, as rare earth ions are substituted into YIG. The ionic radius of doped ion in 24(c)
site has more immediate and vital influence on the magnetization. This implies that the bond angle of Feign) -
O - Feuq is changed, as the 24(c) site is substituted to rare-earth ions with large ionic radius. However, heavy
rare-earth ion of Gd*'doped YIG shows the lowest values of Hyr at low temperature. The intra-lattice exchange

link was focused to clarity magnetic properties of R-YIG (R=La, Nd, and Gd).

Y,Fe,ALO,,

1 !

\'!Fc!o.:

VELOCITY(mm's)

Fig. 1. Mdssbauer spectra of R-YIG measured at 293K
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Analysis and Control of Heat Generation of MNPs by
Changes in Magnetization for Magnetic Hyperthermia

Sung Hoon Kim’
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460 Iksandae-ro, Tksan, Jeonbuk, 54538, Republic of Korea

This paper presents a new approach for regulating the temperature rise and the specific absorption rate (SAR)
produced by superparamagnetic nanoparticles when exposed to an alternating magnetic field, by controlling the
magnetization state of the nanoparticles. Throughout this study, it is demonstrated that it is possible to relate the
magnetization state of a sample of magnetic nanoparticles rather than just by the magnitude of an applied bias
magnetic field. Magnetic heating was produced by applying an alternating magnetic field with a solenoid coil,
while magnetization of the nanoparticles was controlled with a static magnetic field generated by a pair of
neodymium magnets. Changing the separation distance between the magnets allowed the magnetization state of
the nanoparticles to be varied. In the first set of experiments, heating was performed under different amplitudes
of alternating magnetic field and magnetization values. The experimental results showed that while the maximum
increases in temperature and SAR values are achieved when the magnetization of the nanoparticles is zero, both
values decrease as the magnetization increases, tending to zero when the nanoparticles approach their magnetic
saturation state. In a second set of experiments, by curve fitting of the experimental data, the required
magnetization values to achieve two different specific temperatures and SAR values were calculated. The
measured temperature and SAR values were quite similar to the parameters calculated through the curve-fitted
data. Overall, the experimental results showed that by controlling the magnetization state of a sample of

nanoparticles it is possible to change their heating properties.
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Frequency Dependence of Initial Heat Generation in
Magnetite Nanoparticles
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The frequency dependence of heat generation in granular magnetite nanoparticles was studied using vibrating
sample magnetometry and the nanoTherics Magnetherm™ hyperthermia testing system. First, the particle size and
its distribution were obtained by fitting the M-H curve to the classical Langevin function weight-averaged with
a modified log-normal size distribution function. Next, the ac power dissipation model for the monodispersed
nanoparticle was extended to the polydispersed case, and the volumetric heating rate was predicted as a function
of the frequency of the applied field, under the assumption of the Néel relaxation mechanism. Finally, temperature
increase with the application of an ac magnetic field was measured experimentally under the frequencies of 50,
112, and 523 kHz, with its amplitude fixed to 250 Oe. It was found that the initial heating rates are in good

agreement with the results predicted by the polydispersed power dissipation model.
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Static and dynamical skyrmions and emergent
electromagnetism of moving monopoles in hanowires

Hans-Benjamin Braun’
University College Dublin

Topological defects such as domain walls and skyrmions have gained prominence as they owe their stability
to their robustness against continuous deformations of the magnetization field. We first show how dipolar
interactions affect the magnetization profile of skyrmions in systems with Dzyaloshinski-Moriya interactions
(DMI). While it is generally believed that such parity breaking interactions are necessary for the stabilization of
skyrmions, we show that skyrmions surprisingly may also be stabilized entirely dynamically without DMI or
dipolar interaction via a purely precessional dynamical mechanism. Being generated in nanocontacts, such
dynamical skyrmions may serve as tuneable generators of microwave radiation. As a second example of a
topologically nontrival dynamical object in DMI free materials, we discuss the rapid motion of hedgehogs in
nanowires. The creation of such hedgehogs is intimately related to the irreversibility of magnetization reversal
in generic nanoparticles. Their rapid motion gives rise to a substantial emergent electric field, thus characterizing

these hedgehogs as bona-fide monopoles.
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A Study on the Advanced Motor Design for
Rare Earth Material reduction
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Emergence of robust 2D skyrmions in SIRuO; ultrathin film

Bongju Kim"?, Byungmin Sohn'?, Hai Huang®, Sang-Jun Lee®, Se Young Park'?,
Taeyang Choi*, Hua Zhou®, Seo Hyoung Chang*’, Jung Hoon Han®,
Jun-Sik Lee"” and Changyoung Kim"#'

'Department of Physics and Astronomy, Seoul National University, Seoul 08826, Korea
*Center for Correlated Electron Systems, Institute for Basic Science, Seoul 08826, Korea
3Stanford Synchrotron Radiation Lightsource, SLAC national accelerator Laboratory,
Menlo Park, California 94025, USA
*Department of Physics, Chung-Ang University, Seoul 06974, Korea
*Advanced Photon Source, Argonne National Laboratory, Argonne, IL 60439, USA
Department of Physics, Sungkyunkwan University, Suwon 16419, Korea

We report new findings of magnetic skyrmion formation in a few unit cell of SrRuOs; on top of SrTiO;
substrate without any capping layer. Measurement of the topological Hall effect (THE) reveals a robust stability
of skyrmions in this system. THE survives as the field is tilted by as much as 85° at with the in-plane magnetic
field reaching up to 6.5 T at 10 K. Atomically precise structural determination by the Coherent Bragg Rod
Analysis (COBRA) method shows the nontrivial atomic rumpling of the Ru-O lattice plane to be the source of
inversion symmetry breaking. First-principles calculations based on the structure obtained from COBRA find
significant magnetic anisotropy and precise value of DMI in the SrRuOs film to be the main source of skyrmion
and its robustness. Furthermore, we observed experimental evidence of magnetic skyrmion. These features promise
a few-layer SrRuO; to be an important as a new platform for skyrmionics, without the necessity of introducing

the capping layer to boost the spin-orbit coupling strength artificially.
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Orbital Spintronics: Non-trivial charge-to-spin conversion
in ferromagnetic metal/Cu/oxide frilayers

Junyeon Kim", Dongwook Go?, Hanshen Tsai'*, Kouta Kondou',
Hyun-Woo Lee?, YoshiChika Otani'?
!Center for Emergent Matter Science, RIKEN, Japan
Department of Physics, Pohang University of Science and Technology, Korea
*Institute for Solid State Physics, University of Tokyo, Japan

The spin/charge interconversion is regarded as an essential mechanism for the development of innovative
Spintronic devices [1,2]. Despite the usefulness of the spin/charge interconversion mechanism, the restricted
material selection to heavy elements such as Pt, W, or Bi is a potential obstacle for further applications.

In this study, we find a non-trivial spin torque in a CoFe/Cu/Al,O; trilayer without any heavy element. The
observation of the charge-to-spin conversion is mainly carried out by the spin torque ferromagnetic resonance
technique. Interestingly, the spin torque efficiency (©) in this trilayer is 0.13, which is comparable to that for
Ta [2]. Additionally, annealing process gives a tremendous enhancement of ©, and it closes to 0.3 which is similar
to that for S-W [3]. In order to understand this anomalous behavior, we propose a novel mechanism induced by
the orbital moment generation and transport. In our system, the Cu/Al,Os interface is likely an orbital moment
generator by the orbital Rashba and Edelstein effect [4]. Here we note that a chiral orbital texture by the orbital
Rashba effect can be achieved without a role by the spin-orbit coupling. The generated orbital moments are
injected into the ferromagnetic layer, and induce a change of the magnetization orientation via the L-S coupling

[5]. Further discussions will be given during the annual meeting.

References
[1] I. M. Miron et al., Nature 476, 189 (2011).
2] L. Liu et al., Science 336, 555 (2012).
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[3] P. Pai et al,, Appl. Phys. Lett. 101, 122404 (2012).
[4] S. R. Park et al., Phys. Rev. Lett. 107, 156803 (2011).
[5] D. Go et al., arXiv:1903.01085
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Linear-response-based DFT+U study on Co-based full
Heusler alloy for half-metallic electronic structure

Kenji Nawa", Yoshio Miura'??
'Research Center for Magnetic and Spintronic Materials, National Institute for Materials Science (NIMS), Japan
*Center for Materials research by Information Integration, National Institute for Materials Science (NIMS), Japan
3Center for Spintronics Research Network (CSRN), Graduate School of Engineering Science, Osaka University, Japan

The half-metal ferromagnets (HMFs), which are metallic for one spin channel and insulating (semiconducting)
for the other spin channel, have attracted much attention because of their potential to produce highly
spin-polarized current. Utilizing the HMFs into magnetic tunnel junctions (MTJs) is advantageous for large
tunneling magnetoresistance ratio (TMR) and high spin-current-injection efficiency. A large amount of density
functional theory (DFT) calculations predicts that Co-based full Heusler alloys Co,YZ, where Y is transition metal
and Z is sp element, are suitable for ferromagnetic electrodes of MTJs due to their nearly half-metal electronic
structures and high Curie temperatures. [1] So far, much efforts have been devoted by many experiments for the
MTlJs with Co,YZ. At the present stage, the highest TMR of 2610 % were observed at 4.2K for MTJ with
Coy(Fe,Mn)Si electrode, however it decreases to only 429 % at room temperature. [2] The large reduction of the
TMR against the temperature increasing is a fundamental problem for Heusler-based MTJ devices. One of the
possible reasons is the decrease of the spin polarization in bulk Co,YZ around the Fermi energy at finite
temperature. To suppress the spin polarization reduction with increasing temperature, the HMFs having a wide
half-metallic gap and the Fermi energy located at the center of the gap are strongly desired.

In this work, we discuss the origin of the half-metal gap and explore the potential for the HMFs in Co,YZ
alloys on the basis of the DFT+U calculations, in which the Hubbard-type effective on-site Coulomb interactions
(Ues) are determined by linear response (LR) approach for better treatment of 3d electron correlations. [3-5] The
Co,MnSi was firstly focused within standard DFT framework. From the calculated electronic band structures, we
considered the underlying hybridizations, and found the #,, orbital hybridization between Co and Mn atoms, which
is important for the half-metal gap around the Fermi energy. Based on our energy diagram of atomic-orbital
hybridizations, the gap is originated from the Co e, orbital of conduction state and Co-Mn hybridizing #, orbitals
of valence state at the Fermi energy. Moreover, it is indicated that this band gap is controllable by a select of
Y and/or mixing several elements into Y site.

Secondly, the LR calculations were carried out and the Ugys were calculated as reasonable value for Mn
(3.53eV) but unexpectedly large for Co (6.57¢V), respectively. The band calculation results were compared with
experiments. In DFT+Uw, calculation, in which the calculated U is applied to only Mn site, obtained total
magnetic moment (Mspin=5.01 1) and atom-resolved contributions to mgyi, (0.72 i for Mn and 3.63 g for Co)
are in good agreement with experiments, while the standard DFT result is not consistent with experiment in
atom-resolved mgin. We also confirmed the calculated electronic structure correspond to the HAXPES result. On
the other hand, DFT+Uc, and DFT+Uwmnc, calculations disagree with experiments; for example, total mgy,s are
obtained as 6.95 and 8.08 pp by respective methods where are overestimated compared to experiment (4.97~5.07
). These results imply that the correlation effect of Mn plays a key role for ground-state analysis while the

standard DFT and DFT+U method introducing the Ug to Co atom fails to describe electronic and magnetic
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properties. As a result, the DFT+Uyp, method concluded that the Co,MnSi is not the HMF, but extremely high
value of spin polarization (P=90 %) is obtained. The results on the half-metallicity, spin polarization, and the
size of half-metal gap for the other systems including ternary Co,YSi and quaternary Co(Y,Mn)Si will be
discussed.

This work was supported by JSPS KAKENHI Grant Numbers JP16H06332 and JP17H06152.
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(2018).

[5] K. Nawa, and Y. Miura (submitted).

- 182 -



ZS-VII-4

Dynamics of noncollinear antiferromagnetic domain
wall driven by spin current injection

Yuta Yamane'’, Olena Gomonay? and Jairo Sinova?

'RIKEN Center for Emergent Matter Science (CEMS), Saitama 351-0198, Japan
*University of Mainz, D-55099 Mainz, Germany

Since the prediction of staggered magnetic order and its experimental observation through 1930s-50s,
antiferromagnetic (AFM) materials have occupied a central place in the study of magnetism. The absence of
macroscopic magnetization in AFMs, however, indicates that they cannot be effectively manipulated and observed
by external magnetic field, which has hindered active applications of AFMs in today's technology. Research in
the emergent field of antiferromagnetic spintronics[1] has revealed that electric and spin currents can access AFM
dynamics via spin-transfer torques and Neel spin-orbit torques. The studies on current-driven dynamics of AFM
textures have opened an avenue toward AFM-based technologies.

Recently, AFMs with noncollinear magnetic configurations are generating increasing attention as they exhibit
large magneto-transport[2] and thermomagnetic[3] effects. The studies on current-driven dynamics of AFMs,
however, have thus far mostly focused on collinear structures. Understanding the effects of electric and spin
currents in noncollinear AFMs is being a crucial issue in the community.

In this talk, we discuss the dynamics of noncollinear AFMs induced by spin current (SC) injection[4], which
may be realized by exploiting spin Hall effect in an adjacent nonmagnetic-metal (NM) layer. We derive
sine-Gordon type equations of motion for the AFMs, including effective forces due to SC injection, external
magnetic field and internal dissipation. Our model is applicable to technologically important triangular AFMs such
as Mn3Ir and Mn3Sn, enabling an analytical approach to domain wall (DW) dynamics in those materials. We

obtain an expression for DW velocity driven by SC, which is compared to numerical simulations.
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Magnetic spin Hall effects in a non-colinear
anfiferromagnet

Motoi Kimata’
Institute for Materials Research, Tohoku University, Japan

Spin Hall effects (SHE) are known as interconversion mechanism between spin and charge currents. So far,
a lot of studies to reveal their physical mechanisms and/or to achieve high-efficient conversion ratio have been
intensively performed. However, previous studies are mainly limited in non-magnetic materials, and thus, the
magnetic contribution for the SHE is not fully understood. Here, we report the SHE (direct and inverse SHE)
in non-collinear antiferromaget Mn3Sn, where the gigantic anomalous Hall effect is recently observed at room
temperature. We observed anomalous sign change of spin accumulation signal (i.e., spin Hall angle) when the
triangle magnetic structure is switched by external magnetic field [1]. The observation of this new effect (which
we call the magnetic SHE) shows that some magnetic materials have richer spin Hall properties than that in
non-magnetic materials. Also, our recent observation will contribute to deeper understanding of charge-spin

coupling in magnetic systems.

Reference
[1] M. Kimata et al., Nature 565, (2019) 627-630.
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First-Principles Materials Design of Magnetic Anisotropy

D. Odkhuu'#, D. Tuvshin', T. Ochirkhuyag', Chang Geun Park’,
T. Tsevelmaa®, S. H. Rhim® and S. C. Hong®

'Department of Physics, Incheon National University, Incheon 22012, South Korea
“Institute of Physics and Technology, Mongolian Academy of Sciences, Ulaanbaatar, Mongolia
Department of Physics, University of Ulsan, Ulsan 44610, South Korea

The magnetic anisotropy and its controllable features have been of significant interests among solid-state
physicists and material scientists in the fields of permanent magnet and spintronics. In permanent magnets, for
a several decades there have been intense research efforts to replace the f-electron or heavy metal compounds
with 3d-only materials; however no competitive materials have been identified thus far in terms of the magnetic
anisotropy. In this talk, we will discuss on our recent highlights and promising approaches to dramatically enhance
the magnetic anisotropy without the inclusions of 4f and 4d-to-5d elements in B2-ordered FeCo and L10-ordered
FeNi alloys in combination with their high saturation magnetization and Curie temperature. On the other hand,
for spintronics research field we will discuss on how the magnetic anisotropy of Co atoms on two-dimensional
graphene and 4-BN layers can be tailored and reoriented from in-plane to perpendicular magnetization by means

of degree of the interlayer hybrid bonds at the interface.

This research was supported by Future Materials Discovery Program through the National Research
Foundation of Korea (NRF) funded by the Ministry of Science and ICT (2016M3D1A1027831).
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Size Reduction Design of Electric Machine for
Rare-earth free applying BSMM

Hyeon-Jin Park"’, Kyung-Tae Jung', Myung-Seop Lim?, Yun-Yong Choi® and Jung-Pyo Hong'
'Hanyang University, Wangsimni-ro Seongdong-gu Seoul, Korea, 04763
*Yeungnam University, Department of Mechanical Engineering,
Dachak-ro, Gyeongsan-si, Gyeongsangbuk-do, Korea, 38541
*Drivetech company, Jomaru-ro, Bucheon-si, Gyeonggi-Do, Korea 14558

Rare earth permanent magnets are widely applied to electric machines for reduced size and high power density
due to high residual magnetic flux density and coercive force. However, the production sites of rare earth minerals
are mainly limited to specific regions. Therefore, supply is unstable due to large price fluctuations. So, many
researchers are studying about electric machines with rare earth free.

In particular, motor design researches using ferrite permanent magnets has been actively studied. One of the
many studies applying ferrite magnet is multi-layer rotor. This type of motor compensates for the lack of magnetic
torque with reluctance torque due to the multi-layer geometry of the rotor. But, this type requires structures of
ribs and bridges to ensure strength of the mechanical rotation, these structures create a leakage path in terms of
the magnetic circuit, resulting in a lack of torque at the same volume of rare-earth PM motor.

However recent researches on iron core materials have introduced new materials that can overcome these
leakage path problems. The new iron core has a non-magnetic property through heat treatment in a specific part,
and the mechanical stiffness is strengthened. This is expected to improve the disadvantages of multi-layer rotor.

In this paper, the BSMM(Bi-State Magnetic Material) was applied to the multi-layer rotor to reduce the
volume of the motor. Through this, I will study the application of new materials compared with reference model

of rare earth permanent magnet motor.

Nonmagnetic phase

Saturation flux density [T] : 0.25 ?

Relative permeability : 1 ?

Magnetic phase
Saturation flux density [T] : 1.56
Relative permeability : 1100 ?

Fig. 1. Multi-layer PMSM and Leakage Flux Fig. 2. Characteristic of Bi-state Magnetic Material
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Asymmetric Rotor Shape Design for Interior Permanent
Magnet Synchronous Motor using Advanced Inverse
Cosine Function

Young-Hoon Jung', Myung-Seop Lim?
'Department of Automotive Engineering, Hanyang University, Korea
*School of Mechanical Engineering, Yeungnam University, Korea

An asymmetric rotor design method to reduce the torque ripple as well as harmonics of the induced voltage
of an interior permanent magnet synchronous motor (IPMSM) is proposed in this paper. In previous researches,
the inverse cosine function (ICF) has been proposed and used for the torque ripple reduction by making a
sinusoidal flux density in the air gap under a no-load condition. However, in this paper, the advanced inverse
cosine function (AICF) is proposed to design the shape of the core material considering the armature reaction
under a load condition. By using the AICF, an asymmetric rotor shape is determined to make a sinusoidal air
gap flux density waveform under a certain load condition. In addition to the reduction of the torque ripple, a
lower total harmonic distortion (THD) of the induced voltage waveform and a lower iron loss in the core is
achieved by applying the AICF, compared to the results of the other conventional design methods. The torque
ripple is one of the most important parameters of the electric motor since it affects the performance as well as
durability of the mechanical system. In addition, the lower peak value due to the lower THD of the induced
voltage are important because they affect the control performance of the motor. The lower iron loss can also lead
to a higher efficiency, particularly, in the high-speed operation. To verify the validity of the proposed design
method using AICF, the characteristics of 8-pole 12-slot concentrated flux type IPMSM that have various rotor

shapes are analyzed using finite element analysis (FEA) as well as experiments.
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Fig. 1. Effect of the rotor shape design using Advanced Inverse Cosine Function
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Study on Slotless Axial Flux Synchronous Motor Using
Ceramic Coating Coil

Kyung-Tae Jung"’, Hyeon-Jun Park', Yun-Yong Choi?, Myung-Seop Lim*® and Jung-Pyo Hong'
'Hanyang University, Wangsimni-ro Seongdong-gu Seoul, Korea, 04763
Drivetech company, Jomaru-ro, Bucheon-si, Gyeonggi-Do, Korea 14558
*Yeungnam University, Department of Mechanical Engineering,
Dachak-ro, Gyeongsan-si, Gyeongsangbuk-do, Korea, 38541

Slotless synchronous motors have no cogging torque and speed ripple, and mechanical constrains are not tight.
Further, the stator core is removed to reduce the weight of the motor. The air gap is larger than that of an electric
motor using an iron core, and the air gap flux density is small. Therefore, it is necessary to increase the current
for generating the torque. For this purpose, it is important to design the magnetic circuit so that the temperature
of the coil does not exceed the allowable value. Until recently, designing the coil temperature so that is does
not exceed the allowable temperature depends on experience. Also, in order to confirm that the designed motor
is at a stable level, it is actually manufactured and tested. As a result of the experiment, if the coil temperature
exceeds the allowable temperature, the design has fail. Based on this, redesign is necessary.

If and electric motor breaks down due to a coil in an industrial field, it can cause financial damage and
personal injury. Normally, the allowable temperature of the enamel coating coil is about 200°C. If the coating
material is replaced with a ceramic, the allowable temperature of coil can be extended to about 400 to 500 °C.

Increasing the allowable temperature of the coil makes it possible to use the motor more safely. In addition,
input current and current density can be increased, which can be expected to increase the output of motor, reduce
the size, and reduce weight.

In this paper, the design methods of synchronous motor using ceramic coating coil was studied first. And the

prototype motor was fabricated and tested.
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*Department of Automotive Engineering, Hanyang University, Korea
3R&D Center, DriveTech, Korea

EPS (Electric Power Steering) system demands are continuously increasing because it has the superior fuel
efficiency compared to other electric actuator systems. Reflecting this trend, the quality of EPS system is
becoming stricter.

In particular, to improve the steering feel and the stability of the vehicle at high speed, it is required to reduce
the cogging torque and the torque ripple characteristics of the motor, which is one of the main parts of the EPS
system, and many researchers have studied the design methods therefore.

In this paper, CET (Curtate Eptirochoid) and PET (Prolate Epitrochoid) among cycloid curves applicable to
the magnet shape were selected and the magnet shape design method of SPMSM (Surface Permanent Magnet
Synchronous Machine) was proposed.

In order to compare and evaluate the cycloid curve with the magnet shape having the conventional curve,
the length of air gap on the axis, which is the electrical axis of the magnet, was proposed and applied to it in
the same way as conventional curves as shown in Figure 1.

The design results were verified by using FEA (Finite Element Analysis) results as shown in Figure 2. The
performances of the prototype with the cycloid curve were improved over the prototype with the eccentric curve
through the FEA results of cogging torque, average torque and torque ripple. The proposed magnet shape design
will be useful for the tolerance insensitive design considering the improvement of the motor productivity in the

future.

Average Torque [Nm]

7.0
h
Cycloid
—e— Eccentric
—&— Reference
—— Cycloid PET — Cycloid CET — Eccentric
00
Magnet Shape at ¢ =3 ﬂfmsmo
20 .
Torque Ripple [%] Cogging Torque [mNm]
Fig. 1. Magnet Shape for Cycloid Fig. 2. FEA Results

and Eccentric Curve
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Design of IE4 Class Line Start Permanent Magnet motor

Jeong-Jong Lee’, Ki-Doek Lee and Se-Hyun Rhyu

Intelligent Mechatronics Research Center, Korea Electronics Technology Institute, Korea
leejj@keti.re.kr

This paper deals with the development of 3-phase line-start permanent magnet motor for IE4 class. LSPM
motors use permanent magnets, so high-efficiency operation is possible. In order to design a high efficiency
motor, loss analysis method and characteristic analysis method were performed. LSPM motor has similar
characteristics such as the synchronous machine in the continuous mode. The LSPM motor has a very large
current input at startup. At this time, the probability of occurrence of permanent magnet demagnetizing is very
high. Therefore, this paper describes the setting of permanent magnet thickness and the method of motor design

to prevent demagnetization of permanent magnet.
Index Terms— Line start permanent magnet, characteristic analysis, demagnetizing, magnetic equivalent circuit

Recently, high efficiency motors have been actively developed to save electric energy. IE4 class is the
international motor efficiency classes (IE1- IE4), defined in the Standard IEC60034-30. Line start permanent
magnet(LSPM) motor has a great advantage as a kind of these in the electric motor [1-2]. LSPM motor is does
not need an inverter because of the starting torque achieved by secondary bar conductor bars in the rotor.
Although there has been a lot of research from twenty years before, there are still difficulties in commercialization
have a few problems such as a high starting current and demagnetizing of the permanent magnet.

A few papers were published about LSPM motor in the past. The papers suggest the design, analysis and
motor parameter extraction of LSPM. A magnetic equivalent circuit model(MEC) of a slotted solid rotor line-start
permanent magnet motor is developed[3]. Main characteristics of the device with an emphasis on the
demagnetization withstand capability of PMs, are analyzed. Recent, LSPM motor parameter calculation and
voltage equation is studied.

The LSPM motor is made like a hybrid between a squirrel-cage induction motor, a synchronous reluctance
motor with the permanent magnet synchronous motor as figure 1. This model is based on the induction motor.
The rated power is 2.2 kW. Number of slot is 36, pole number is 4. The conductor number is 44. Stack length
is 80mm.

Fig. 1 shows the unloaded flux density as a part of the analysis results. At the load condition, the flux density
increases to 1.8T. Fig. 5 shows the analyzed efficiency and current. Efficiency exceeds 92%, which is more than
91% of 1E4 class. This motor was confirmed through experiments.

In this paper, we summarized about how to analysis of LSPM motor. Even though LSPM motor have the
start-up problem, there is a number of advantages in efficiency. Other interesting result and detailed descriptions

on experiments and analysis will be included in the full paper.
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Development of Gamma Camera with a Diverging
Collimator Using DMLS 3D Print
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Gamma imaging is now a rapidly expanding areas of study because of the increase in the radiation
applications for medical, environmental monitoring, and research fields. Recently a small and portable gamma
camera has been studied for use in gamma imaging systems. The quality of the gamma images depends on the
performance of the collimator. A shortcoming of the pinhole collimator is that it loses efficiency rapidly with
distance. The diverging collimator is easier to make of DMLS 3D print than existing diverging collimators, and
takes advantage of high sensitivity and large FOV. The purpose of this study was to use Monte Carlo simulation
to characterize and optimize a design parameters of a diverging collimator. Based on this, the purpose to make
an optimized collimator using the 3D printing of Direct Metal Laser-Sintering (DLMS) method. Simulation using
the Geant4 Application for Tomographic Emission (GATE) was performed to model the diverging gamma camera
system. The gamma camera consists of a diverging shaped tungsten collimator, and a GAGG scintillation crystal
with thickness 6.0 mm and area of 25.8 x 25.8 mm. The intrinsic spatial resolution and sensitivity was simulated
by changing the collimator height. The point source of *™Tc was located 10 mm and 20 mm above the center
of the collimator and the projection data was estimated for diverging height values from 5 mm ~ 30 mm. The
optimal ranges of height and 0.7 mm diameter were determined by evaluation the intrinsic resolution and
sensitivity tradeoff curves. The simulation results allowed us to determine the optimal values of diverging diameter
and height to be 0.7 mm and 15 mm, respectively, to get intrinsic resolution below 3.0 mm FWHM. Based on
optimization design variable values, collimators were designed and built using DMLS, one of the 3D printing
techniques. This study produced and developed collimators using DMLS 3D printing techniques. Collimator can
be manufactured by optimizing for purpose while maintaining high precision, it is expected to be applied for

various fields of medical and industry.

Keywords: DMLS 3D Printing technique, GATE, Collimator Optimization
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MR-compatible DOI-PET detector providing multiple
spatial resolution

Sungsoo Hong’, Jingyu Yang, Jihoon Kang

Department of Biomedical Engineering, Chonnam National University

1. Introduction and Purpose

There have been great interests in the development of MR-compatible positron emission tomography (PET)
to enable improved fusion imaging of function and anatomy of small animals and humans. Although numerous
research prototypes have been developed and various scanners were commercialized, there has been considerable
interests in the development of the advanced detector design to allow the multipurpose PET image acquisition
and spatial resolution improvement. In this study, MR-compatible depth-encoding PET (DOI-PET) detector
providing multiple spatial resolution and improving resolution uniformity, was proposed and examined for both

clinical and research applications with one camera.

High spatial resolution
for pre-clinical application

Top-layer with Flood Image

fine pixel pitch
of 2 mm \
Monolithic Top Layer
Glass Plate Interaction
(0 ~ 6 mm)

7/

Bottom-layer with
coarse pixel pitch \
of 3 mm ]%I
Bottom Layer

GAPD Interaction
;;;arifgl Vﬂﬂ Moderate spatial resolution
pixel p for clinical application

Fig. 1. Principle of the proposed detector to extract 3D information from 2D flood histogram.

2. Materials and Methods

Two layers of pixelated LYSO crystal arrays with different pixel pitch were stacked in the depth direction.
Top-layer was a 6 x 6 array of 2 x 2 x 10 mm3 crystals, arranged with a fine pitch of 2.2 mm. Bottom-layer
was a 4 x 4 array of 3 x 3 x 10 mm3 crystals, arranged with a coarse pitch of 3.3 mm. The glass plate with
the thickness of 4 mm was inserted between the crystal layers and they could generate a unique light response
for each discrete scintillator position. Relatively more light was shared when top-layer interacted with the gamma
ray, while less light sharing was allowed when bottom-layer interacted with the gamma ray. These light spreading
methods allow the extraction of 3D information from a 2D flood histogram. Sixteen output signals from 4x4
GAPD array were multiplexed by the resistive charge division networks, and they were transmitted to remotely

located amplifier units using flexible flat cables. The four amplified signals were digitized and were recorded by
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the DAQ system. These PET electronics were positioned outside of the 5-Gauss line in the MR to minimize the
mutual interference between PET and MRI. In this study, no electromagnetic shielding was introduced to protect
the PET components from the MR gradient and RF field.

2x2x10 mm?

Glass plate

Top layer was a 6x6 array of LYSO crystals, 3, 4, 5 and 6 mm thickness

arranged with a fine pitch of 2.22 mm.

@ 3x3x10 mm3

Bottom layer was a 4x4 array of LYSO crystals,
arranged with a coarse pitch of 3.36 mm,

GAPD Array, Array]-30035-16P-PCB
Fig. 2. Images of the prototype detector consists of top-layer with a 6 x 6 LYSO array,
the glass plates, bottom-layer with a 4 x 4 LYSO array, and a 4 x 4 GAPD array

3. Results

2D flood histograms without the overlapping of each crystal position were acquired for detectors by inserting
the glass plates. Average peak-to-valley ratios of the selected line profiles in DOI-PET detector were 4.5 and 5.4
for top- and bottom-layer, respectively. The mean energy resolution of top-layer providing high spatial resolution
and bottom-layer providing moderate spatial resolution were 14.4 + 1.0% and 13.4 = 1.4%, respectively. Also,
our previous study verified that there was no considerable degradation in PET detector performance and MR

phantom image, caused by mutual interference between PET and MRI.

Simulation Measurement

O

Top

O

Bottom

Flood
Histogram

Line }

Soe | L

Fig. 3. Flood histograms and line profiles for DOI-PET detector acquired

from simulation study and experiment measurement
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Fig. 4. Energy spectra for top-(left) and bottom-layer(right) for DOI-PET detector

4. Discussions

MR-compatible DOI-PET detector with multiple spatial resolution to provide high versatility for both clinical
and research applications was proposed and also examined. 2D flood histograms without the overlapping of each
crystal position can be generated for proposed detectors. Therefore, it was feasible to provide multiple spatial
resolutions and 2-layer depth positions for the proposed DOI-PET detector using fine- and coarse-pitch crystals
and inserting a glass plate between crystal layers.

The other considerable issues are whether potential mutual interference between two modalities can be
minimized and whether the individual components can be operated without degrading performance. The charge
signal transmission approach, which relays the charge signal from the photosensor to the remotely located
preamplifiers for PET signal transmission, was employed in this study. This detector concept could allow the
placement of amplifier units at a safe distance for integrated PET-MR scanner, can decrease the space
requirements to insert a PET scanner into the restricted MR bore, minimize the mutual interference between PET

and MRI, and eliminate the need for placing RF shielding materials close to field of view of the MR scanner.

5. Conclusions
These results demonstrated that the proposed detector design could provide several potential merits and allow

the development of hybrid PET-MRI system for both clinical and research applications.
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Gd enhancement is used for minimally invasive cancer metastasis and early evaluation on T1 - weighted
images. However, in the case of cancer metastasis, the anatomical enhancement is microscopic and the amount
of contrast agent is increased in order to enhance the contrast effect, and the 3D sequence is used to increase
the detection ability for pathological metastasis and make a more accurate diagnosis.

In 3D T1 SPACE after using Gd contrast agent, image distortions due to difference of average and partial
fourier. And Contrast agent phantom was constructed to measure signal intensity change and PSNR by contrast
agent concentration.

The data were analyzed by preparing 8 phantoms with a contrast concentration of 3 mL, ranging from 0.1
mmol / mL to 10 mmol / mL, by diluting ProHance and saline in a 1.2 cm diameter cylindrical syringe. Statistical
analysis was performed using correlation analysis (Pearson correlation coefficient, SPSS version 22.0 (IBM Co.,
Armonk, NY, USA).

Experimental results showed that the maximum signal intensity was 0.5mmol in Average 2 and Partial Fourier
8/8 at the time of 3D T1 SPACE test and The image distortion index roundness (%) was decreased to 80% or
less after 2mmol. The PSNR was 40.39%, 38.75%, and Signal Intensity was 126.95 and 128.73, respectively, and
the roundness (%) was 81.36% and 82.82%, respectively, in the comparison of Average 1.5, Partial Fourier 8/8
and Average 2, Partial Fourier 6/8 showing the same relative SNR (0.870023). Homogeneity index homogeneity
was measured as 0.090 and 0.095, respectively.

For small lesions in 3D T1 SPACE after contrast enhancement, reducing the partial fourier rather than

reducing the average may be useful for obtaining diagnostic information.
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1. Introduction

This study aims to provide hemodynamic 3D images as clinical evidence using electro-magnetic wave
(especially: Near Infrared Radiation) in monitoring diabetic foot which could be of use in improving patient’s
quality of life for it is portable non-invasive, non-ionizing and not requiring manual calibration, additional medical
supplies and specifically trained personnel. Introduction:

Diabetes Mellitus (DM) or Diabetes is said to be the abnormal increase in the glucose concentration in the
body. From 415 million people in the year 2015, an increase to 642 million people is expected in the year 2040.
Among these individuals suffering from this condition, 25% have a lifetime risks of developing foot diabetes and
from this percentage 84% among them have the possibility to undergo amputation of lower extremity. This is
considered as the major reasons for non-traumatic amputations. The progressive characteristics of the disease
demands for early diagnosis and continuous monitoring. It is undeniably true that radiology and nuclear medicine
play an important role in diagnosing and monitoring. However, NIR is a form of non-ionizing radiation that can
also be considered. The near infrared light ranging from 650-1000 nm is being used to image the soft-tissues
in the body using the technique known as Near Infrared Spectroscopy (NIRS). It is described as portable
non-invasive, non-ionizing and not requiring manual calibration, additional medical supplies and specifically
trained personnel. NIR specifically works by exploring the oxygenated and deoxygenated hemoglobin
concentration in the body which paved way for the measurement of hemoglobin concentration that is used to
identify wound healing potential. This also allows the determination of the compression and expansion of blood
vessels. NIR Diffuse Optical Tomography (DOT) allowed imaging of biological tissues in the diffusive regime

and made the reconstruction of 3D oxygenated dynamic imaging possible to provide biomedical evidence.

2. Materials and Methods

The Toast C++ and MATLAB 2018b software applications were used to reconstruct 3D mesh files of the skin
and bones of the foot. Subsequently, Diffuse Optical Tomography (DOT) method was applied on the generated
mesh files having the forward and inverse problem for image reconstruction. In forward problem, diffusion
equation was applied to predict the emission of NIR light based on the light source and interacting material
parameters. Meanwhile, the inverse problem applied the forward problem to reconstruct the optical property

distribution of interacting material from a measured data set.
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o

Fig. 1. The process of creating a mesh file starting from (a) foot model, (b.1) skin segmentation,
(b.2) bone segmentation process to creation of (c.1) skin polygon mesh model and

(c.2) bone polygon mesh model and to final mesh model (d.1, d.2)

3. Resulis

The hemoglobin concentration measured allowed the 3D reconstruction of oxygenated dynamic imaging, in particular,
the absorption recon. The figure illustrates the differences in absorption reconstruction using the NIR and among
the four reconstructions, absorption recon 11 have the highest color map values obtained ranging from 00105 to
0.0105 since interaction happened in superficial area. Absorption recon 1 have the lowest color map value ranging
from 0.100000015 to 0.100000005 for the NIR light interaction happened within the deep seated areas.
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Fig. 2. The Cubic simulation model results.
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4. Conclusion

In conclusion, 3D oxygenated dynamic images were reconstructed based on the hemoglobin concentration of
the foot particularly the absorption reconstruction using non-ionizing electro-magnetic wave (NIR band).
Moreover, the measured hemoglobin concentration could be of use in determining the wound healing potential
of diabetic foot based on the ratio of oxygenated and deoxygenated hemoglobin in the blood. Contact and Remote

based Near Infrared Spectroscopy could be of use in monitoring diabetic foot.
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Electron Spin Resonance(ESR) is one of the physical detection methods using spectroscopic technique to
detect unpaired electrons in materials. In the field of radiation dosimetry for irradiated materials, ESR dosimetry
have demonstrated as a versatile and key tool for dose assessment. Especially, alanine/ESR system is the most
well known substances as free radical dosimeter. Also, alanine/ESR system is recommended by the International
Atomic Energy Agency(IAEA) as a standard for high dose measurements. The alanine dosimeter can be used with
an absorbed dose range of 1 to 200 kGy for photon, electron, and neutron. Also, Alanine/ESR dosimetry systems
are used in reference or transfer-standard or routine dosimetry systems in radiation applications such as, food
irradiation, medical therapy, and radiation damage studies in materials. In Korea, various dosimetry studies have
been carried out using the Alanine/ESR system and reference irradiation system. Especially, in the KREDOS EPR
working group, active research is being conducted on the Alanine/ESR dose assessment system through
intercomparison using alanine samples. In this study, to evaluate the response of the alanine/ESR system to the
photon and electron beams, we used a clinical linear accelerator(CLINAC) installed in a domestic hospital.
Irradiation doses were set to 1 to 10 Gy for the energies of 6, 12 and 20 MeV electron beams and 4, 6, 10
and 15 MV photon beams. And, the experiment was performed after setting the dose rate range from 100 to
600 MU/min using 6 MV photon and 12 MeV electron beams in order to evaluate the dependence on the dose
rate. In the case of alanine samples, we used two types of alanine sample manufactured by Bruker and
Magnettech, respectively. The final goal of this research is to apply the alanine/ESR system to therapeutic

radiation.
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Digital MRI - Compressed SENSE

Without Compressed SENSE

TIW SE T2W TSE DWI (b1000) T2W FLAIR
2.35 min 2.04 min 0.45 min 212 min

Speed done right.
Every time.
Compressed SENSE

innovation+you

T2W FFE
115 min

3D MRA
711 min





