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Artificial Ferromagnetic Nanostructures:
An Experimental Platform for Magnonics

Adekunle Adeyeye*

Department of Electrical &Computer Engineering, National University of Singapore

Artificial ferromagnetic nanostructures with periodic lateral contrasts in magnetization are known as
“magnonic crystals” (MCs), conceived as the magnetic analogue of photonic crystals. Recently, there is growing
interest in the fundamental understanding of the spin wave propagation in MCs because of their huge potential
in a wide range of applications such as microwave resonators, filtersand spin wave logic devices. With advances
in controlled nanofabrication techniques, it is now possible to synthesize high-quality periodic bi-component
magnetic nanostructures with precisely controlled dimensions. The band spectrum of MCs consists of allowed
states magnonic bands and forbidden states (magnonic gaps) that can be tuned by magnetic fields or geometrical
parameters. We have shown that MCs represent a perfect system for studying excitations on disordered periodical
lattices because of the possibility of controlled variation in the degree of disorder by varying the applied magnetic
field [1]. We have also demonstrated functionality of magnetic logic based on a reconfigurable MC in the form
of a meander-type ferromagnetic nanowire [2]. A ferromagnetic resonance method employing a microscopic
coplanar waveguide was used to detect the logic state of the structure coded in its magnetic ground state.

This talk will be divided into 3 parts: the first part will focus on strategies we have developed for synthesizing
high-quality 1-D and 2-D MCs using deep ultra-violet lithography technique at 248 nm exposure wavelength. Using
resolution enhancement techniques, we have fabricated arrays of ferromagnetic nanostructures with lateral
dimensions and inter-element spacing below the conventional resolution limit of optical lithography tools. The
second part will focus on results of our recent systematic investigation of both the static and dynamic properties
of MCs using a combination of magneto-optical Kerr effect measurements, magnetic force microscopy, broadband
ferromagnetic resonance spectroscopy, magneto transport measurements and micromagnetic simulations. In the
third part, the concept of binary magnetic nanostructures will be introduced and their potential application in

magnetic logic devices demonstrated.

ESIRSL|
1] J. Ding, M. Kostylev, and A. O. Adeyeye Physical Review Letters 107,047205 (2011).

[1]
[2] J. Ding, M. Kostylev, and A. O. Adeyeye Applied Physics Letters 100, 062401 (2012).
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Intfroduction to Spin Tranport in Magnetic Nanostructures

Hyun-Woo Lee*
Department of Physics, Pohang University of Science and Technology

Intuition from macroscopic world often fails in microscopic world. Recent developments in nanoscale
fabrication technology allow one to probe spin transport properties in microscopic world. This tutorial aims to
provide a pedagogical introduction to the spin transport in nanostructures. Spin transport is important in the
context of giant magnetoresistance and current-driven magnetization dynamics. Starting from rather familiar
spin-polarized transport, the discussion will proceed to less familiar examples such as spin current without charge

current and spin current in insulators, which are gaining recent attentions for their relevance to device applications.
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Berger, J. Appl. Phys. 3, 2156 (1978); ibid 3, 2137 (1979); Phys. Rev. B 54, 9353 (1996).
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Effect of In-plane Magnetic Field on Rashba Spin-orbit
Interaction

Won Young Choi"**, Jae Hyun Kwon?, Joonyeon Chang', Suk Hee Han' and Hyun Cheol Koo'?

1Spin Convergence Research Center, Korea Institute of Science and Technology
2Department of Electrical and Computer Engineering, National University of Singapore
*KU-KIST Graduate School of Converging Science and Technology, Korea University

Since spin FET was proposed by Datta and Das'?, many researches related to spin injection, detection and
modulation has been progressed. For electric device, ferromagnetic material is used for spin injector and detector
due to its spin imbalance. In order to control the spin with electric field, the Rashba spin-orbit interaction (SOI)
is concerned. Rashba SOI causes spin precession depending on its strength, so gate controlled strength of Rashba
SOI induces shift of spin state.

Obtaining strength of Rashba SOI is important because spin state is determined by it. The Rashba SOI is
induced by inversion asymmetry of quantum well structure and the slope of conduction band represents the
strength of Rashba SOI. The strength of Rashba SOI is experimentally obtained from the Shubnikov de Hass
(SdH) oscillation. The SdH oscillation is conductance change of channel for perpendicular magnetic field as a
result of Zeeman spin splitting of Landau level which is quantization of cyclotron motion by applied magnetic
field. The frequency of conductance oscillation is different for spin up and down due to the Rashba SOI.
Consequently, the SdH oscillation shows the beat patterns.

However, as a tool for electrical manipulation of spin, interaction between Rashba SOI and magnetic field
is not clearly investigated. In this study, the interaction is examined by tilted magnetic field. The Rashba SOI
can be converted into effective magnetic field, Rashba field, and then vector sum of external magnetic field and
Rashba field deserves consideration. In order to investigate this issue, we utilized InAs quantum well layer,
sandwiched by InGaAs/InAlAs as cladding layer. Then, the SdH oscillation was observed with tilted magnetic
field in y-z plane. The y-component (longitudinal term) of applied magnetic field will interact with the Rashba
field and the z-component (perpendicular term) will induce the Zeeman effect. As a result, the strength of SOI
was increased (decreased), when applied magnetic field is parallel (anti-parallel) to the Rashba field. We found

a possibility to control the spin precession with magnetic field.
References

[1] S. Datta and B. Das, Appl. Phys. Lett. 56, 665 (1990).
[2] H. C. Koo et al. Science, 325, 1515 (2009).
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SP-1-2

Gate-controlled Spin-orbit Interaction Parameter in a
GaSb Two-dimensional Hole Gas Structure

Youn Ho Park"**, Hyun Cheol Koo"®", Sang-Hoon Shin', Jin Dong Song’, Hyung-jun Kim',
Joonyeon Chang’, Suk Hee Han', and Heon-Jin Choi®
'Spin Device Research Center, Korea Institute of Science and Technology, Seoul 136-791, Korea
2Department of Materials Science and Engineering, Yonsei University, Seoul 120-749, Korea
*KU-KIST Graduate School of Converging Science and Technology, Korea University, Seoul, 136-701, Republic of
Kore

*Corresponding Author’s email : hckoo@kist.re.kr

The Rashba spin-orbit interaction parameter (a) in a quantum well system is a critical factor to implement
spin-based transistor because the spin precession angle is decided by gate-controlled spin-orbit interaction
parameter [1]. Usually n-type channel is selected for the spin transport in the spin transistor. However, in order
to apply for the complementary logic, p-type channel should be also necessary.

In this research, using a two-dimensional hole gas (2DHQG) structure, Shubnikov-de Haas (SdH) oscillation
measurement is performed for extracting the spin-orbit interaction parameter of the p-type channel. We grew a
p-type GaSb channel which is sandwiched by double cladding layers of IngsiGagssAs and IngsAlpagAs. A
Be-doped InP layer is used as a carrier supply layer in the 2DHG structure. In this structure, the Rashba spin-orbit
interaction, which can arise from an asymmetry in the confined potential of the quantum well, induces imbalance
of spin-up and -down holes. For the SdH measurement, 64pum wide Hall bar is defined by photo-lithography with
dry etching process and a 100 nm thick SiO, layer is deposited as a gate insulating layer.

We have calculated the spin-orbit interaction parameter and the effective mass using the Shubnikov-de Haas
(SdH) oscillation measurement in a GaSb two-dimensional hole gas (2DHG) structure as shown in fig 1. The
inset illustrates the device geometry. The spin-orbit interaction parameter of 1.71 x 10"eVm and effective mass
of 0.98mgare obtained at 7' = 1.8 K, respectively. Figure 2 shows the gate dependence of the spin-orbit interaction
parameter and the hole concentration at 1.8 K, which indicates the spin-orbit interaction parameter increases with
the carrier concentration in p-type channel. On the order hand, opposite gate dependence was found in n-type
channel [1, 2]. Therefore, the combined device of p- and n-type channel spin transistor would be a good candidate

for the complimentary logic device.

Sk
[1] H. C. Koo, J. H. Kwon, J. Eom, J. Chang, S. H. Han, and M. Johnson, Science, 325, 1515 (2009).
[2] J. Nitta, T. Akazaki, and H. Takayanagi, Phys. Rev. Lett. 78, 1335 (1997).
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the measurement geometry and the fast Fourier transform of the SdH curve.
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Spin Filtering Device by Rashba-Aharonov-Bohm
Interferometer

Taeyueb Kim"?*, Jinki Hong', Hyuncheol Koo?, Joonyeon Chang?®, Sukhee Han?, Kyungho Shin®

1Department of Applied Physics, Korea University, Chochiwon, Korea
*Spin convergence research center, Korea Institute of Science and Technology, Seoul 136-791, Korea

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 experimentally
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. The Rashba spin-orbit interaction has been focused to
manipulate spin currents. Furthermore, the quantum point contact (QPC) having the Rashba interaction was
recently proposed as a spin-current generator. [2], [3], [4]

In this work, we study an alternative way to manipulate spin polarized current using purely quantum-
mechanical and nonlocal method by adopting wave interference effect. The principal mechanism of the proposed
spin polarizer 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 a spin-dependent phase factor.

Our devices were fabricated on the InAs quantum well structures using electron-beam lithography and wet
etching process. We were connected two QPCs in series. QPCs connected to the series form the ballistic
interference system. An external magnetic field was applied in perpendicular with the ballistic interference system.
We have been observed the AB-oscillation at the low temperature. We believe that these data can be an evidence
for our interference system to work as a spin polarizer. These devices perform as the spin filter. By avoiding the
use of ferromagnetic contact, such interference system may make feasible the development of a variety of

spintronic devices.
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Magnetization Behavior of
Ultra-thin FexCo,x Alloy on Cr (100) Surface

M. B. Hossain'*, C. G. Kim', B.S.Chun?, W. Kim?, C.Y. Hwang®'

1Depar“[ment of Materials Science and Engineering, Chungnam National University, Daejeon, 305-764, Korea.
*Division of Industrial Metrology, Korea Research Institute of Standards and Science, Dagjeon, Republic of Korea.

TCorresponding author: Email address: cyhwang@kriss.re.k (Chanyong Hwang)

Abstract: Magnetization behavior of ultra thin Fe.Coix alloy (where x varies from O to 100) has been
investigated as functions of composition on Cr (100) substrate by using in situ surface magneto optical Kerr effect
(SMOKE). It’s always show in plane uniaxial magnetic anisotropy at room temperature (RT) & Low temperature
(LT). It is observed that composition dependent coercive force maximum at about 30 at % Co and 70 at % Co
atomic ratio and minimum near equiatomic site. The relative magnetic moments as composition variation also
show magnetization collapse near equiatomic site. The magnetization behaviors of Fe-Co alloy on Cr (100) due
to composition varies are supported the order-disordering as well as structural stability bec (ferromagnetic)/ fce
(anti-ferromagnetic) phase stability magnetism.

Keywords: Fe-Co alloy, Coercive force, Magnetic moment, ordering-disordering phase & Spin polarization.

1. Experiments
The experiments were performed on the ultrahigh vacuum (UHV) systems. The Cr (100) crystal surface was
cleaned using 1KV Ar ions sputtering and subsequently annealed at 900K. Magnetization measured using the

surface magneto optical Kerr effect (SMOKE) that was conducted on UHV with He-Ne laser (632nm wavelength).

2. Results

The coercive force curve as composition varies shown in (fig 1). It is observed that the maximum coercive

force near at 30 at % Co and 70 at % Co and gradually decrease near equiatomic site.

14 —=—7ML

FeyCoq._x

Fig. (1); Coercive force of FeCoix / Cr (100) at RT.

In fig (2) we attempt to a quantitative comparison of relative magnetic moment of Fe,Coi.x alloy. It shows maximum

magnetic moment near at 30 at % of Co and 70 at % Co and then gradually decreases near equiatomic composition.
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Fig. (2); Relative magnetic moment of 7ML FecCoi« / Cr (100) at RT.

3. Discussions

The electronic and magnetic behaviors of FeCo alloy has lots of information on Slate-Pauling curve regarding
on bulk metal alloy. It shows a linear increase of the average magnetic moment as a function of the increasing
electron per atom ratio, maximum occurs at a 50:50 alloy composition which is not observed experimentally. In
fact, the Co moment remains approximately constant over the whole composition range and the moment Fe varies
significantly that accounts for the maximum in the Slater-Pauling curve at around 30 at % Co [2]. In this case
we can extend our idea on structural induce magnetic properties of thin FeCo alloy. J.A.Oyedele et. al. [3] shows
ordering-disordering phase transition effectively near equiatomic site. .Ohnuma et. al. [4] confirmed from their
experiment that the two phase region between the b.c.c and f.c.c y(Al) phase exists on the a(AZ)/a/(BZ) ordering
—disordering boundary and very sensitive for thin Fe-Co alloy . In fcc phase exist as ferromagnetic or
antiferromagnetic depend on lattice constant. Fe-Co alloy changed their lattice constant as function of composition
varies [5]. In theory there is another observation that it absorbed high spin (HS) and low spin (LS) due to the

structure change as composition varies at 45% of Co [6].

4. Conclusion

In the summery the Fe.Coi alloy on Cr (100) substrate always shows in plane magnetization. The coercive
force shows maximum near at 30 at % Co and 70 at % Co and gradually decreases near at equiatomic site. These
magnetizations behaviors for composition dependent might occur due to spin polarization, structural change,
ordering-disordering phase as bcce/fcc and surface ground state properties through d- hole filling mechanism of

Fe-Co alloy.
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Magnetic Properties of graphene/BN/Co

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

Magnetic properties of graphene/BN/Co(111) have been explored using density functional theory. In this work,
we have employed both semi empirical and non-local van der Waals functional methods . It is found that the
buckling geometry in BN layer is induced due to Co substrate and this results in enhanced adsorption of graphene
on BN/Co(111). In addition, we have found that the graphene/BN/Co(111) can be applied for potential spintronics

applications.
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Magnetic Properties of Thin Films of
a Magnetocaloric Material FeRh

Soyoung Jekal, Oryong Kwon, and Soon Cheol Hong*

Department of Physics and Energy Harvest Storage Research Center
University of Ulsan, Ulsan 680-749, Republic of Korea

Abstract

A FeRh alloy is a well-known efficient magnetocaloric material and some experimental and theoretical studies
of bulk FeRh have been reported already by several groups. In this study we report first-principles calculations
on magnetic properties of different thickness FeRh thin films in order to investigate the possibility to enhance
further the magnetocaloric efficiency. We used Vienna Ab-initio Simulation Package (VASP) code. We found that
the FeRh thin films have quite different magnetic properties from the bulk when the thickness is thinner than
6-atomic-layers. While bulk FeRh has a G-type antiferromagnetic (AFM) state, thin films which are thinner than
6-atomic-layers have an A-type AFM state or a ferromagnetic(FM) state. We will discuss possibility of magnetic
phase transitions of the FeRh thin films in the view point of a magnetocaloric effect. And we found 4-, 5-,
6-layers films with Fe surface and 7-layers film with Rh surface are FM and they have dozens eV
magnetocrystalline anisotropy (MCA) energy. MCA energy leads to determine energy barrier when magnetic states

are changed by external magnetic field.
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Strong Correlation Effect by the Rare Earth Substitution on
Thermoelectric Material BizxTes ; in GGA+U Approach

Tran Van Quang"? and Miyoung Kim**'

1Dept of Physics, Hanoi Univeristy of Transport and Communications, Vietnam
*Dept of Physics, Ajou University
3Dept of Nano Physics, Sookmyung Women’s University

Tcorresponding author: kimmy@sm.ac.kr

Abstract: Thermoelectic properties of the typical thermoelectric host materials, the tellurides and selenides, are
known to be noticeably changed by their volume change due to the strain [1]. In the bismuth telluride (Bi,Tes)
crystal, a substitution of rare-carth element by replacing one of the Bi atoms may cause the change of the lattice
parameters while remaining the rhombohedral structure of the host material. Using the first-principles approach
by the precise full potential linearized augmented plane wave (FLAPW) method [2], we investigated the Ce
substitution effect on the thermoelectric transport coefficients for the bismuth telluride, employing Boltzmann’s
equation in a constant relaxation-time approach fed with the FLAPW wave-functions within the rigid band
approximation. Depending on the real process of re-arrangement of atoms in the cell to reach the equilibrium
state, CeBiTe; was found to manifest a metal or a narrow bandgap semiconductor. This feature along with the
strong correlation effect originated by the 4f states of Ce affect significantly on the thermoelectric properties. We
showed that the position of the strongly localized f-states in energy scale (Fig. 1, f-states are shaded) was found
to alter critically the transport properties in this material suggesting an opportunity to improve the thermoelectric

efficiency by tuning the external strain which may changing the location of the f-sates.
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Table 1. Structures, total energies, and magnetic moments of each structure.

structure A(total E) magnetic moment (1B)
x xy x z) V) total Mg(C) Mg(S) N(C) N(S)
1.00 x 1.00 x 1.00 0.000 9.00 0.00 0.01 0.61 0.61
1.02 x 1.02 x 0.9612 0.408 9.00 0.00 0.01 0.61 0.62
1.04 x 1.04 x 0.9246 1.281 9.00 0.00 0.01 0.61 0.62
1.06 x 1.06 x 0.8900 2.905 9.00 0.00 0.01 0.62 0.62
1.08 x 1.08 x 0.8573 5.187 8.99 0.00 0.01 0.62 0.62
1.09 x 1.09 x 0.8417 6.808 8.90 0.00 0.02 0.62 0.61
1.10 x 1.10 x 0.8264 8.650 8.92 0.01 0.02 0.63 0.61
Sl

[1] A. Droghetti, N. Boadji, and S. Sanbito, Phys. Rev. B 80, 235310 (2009).

[2] B. Bialek and Jae Il Lee, Solid State Commun. 150, 2138 (2010).

[3] J. P. Perdew, K. Burke, and M. Emzerhof, Phys. Rev. Lett. 77, 3865 (1996).

[4] E. Wimmer, H. Krakauer, M. Weinert, A. J. Freeman, Phys. Rev. B 24, 864 (1981).

- 22 -



KMS 2013 Summer Gonference







SM-I-1

X319l [HE BaxCoi.8Zno2Fe120222 XX £ 23

, 4y

136-702

X

Ol

2i*,
o

2

a4, 2|
28t A

o F{ol

ok
Bl o
il

4
=)

FAEale R RFRAEY] Adetel Fijdsiyt 8450 & FAES SAlol 7H #HiZheo|E &
CH1J A o2, &2 A7|o8/de 7HAIAL 3719 GHz t oA ARg-o] 71s

glo|Eo] tist o7} ksl R|9F Snoek's lawol] 9]5]1 9 BAES 7HIth
ol 77| el A AT A=, AR 2E 2R, 2AFAANT 55 M7= R A
o] XY= gt meka 2 At Coofl BIAA o] ZnE 1/10 &5} 7\}7114 B4 A7),
TR A7 o iRt AddS Zohl7] ff8l 12 Alxta 48 Alxte.= Atol& RE 22224 ] 2H7] 4

E4& dAFstech

=]
HEHE 7 A S S5t Ytype S #2ho] EQI BaxCoisZnooFenOn A RS A
ZHFE A 2 = BaCO;, Cos04, Zn0, Fe,0:2 AFE3190m, ball millS Edlo] 22220} 3} 5 24 A
12} B35kt 1000 °Coll A 3143 5, PVAS 1 wt% E¢351o] 12 A7k} 48 AJ7Fo. 2 Ui=o] 22} E2
shalt). toroids FEJE QF= AEATE B0 1100 °C LZ oA 2A3MATh AR 20| WE 2172 EA 0] ¥3
£ x-A FAXRD), YEEA7], FAF AAE 0 AH(SEM), J523He 24 7|(VSM), 181 3|24 HA
(network analyzer)E E35}o] WAIERE =451k

b

ro
o

o

014

ri

N fon ru{m o

S

Nk

X-A 34 24 Ay}, BaCoisZngoFenOn AlRE 2% R3mo] Z7H+S 7H= thombohedral 7% ¢1S 3191
ATt 7|8 12417k} 4841 7F0] Q1A= 7| = ZF2F 1.39 pm, 0.84 um$)S 1t glal AL Hxpdn]
Ao 2 AAA 9 Adr w3 seldtoct AExEe 2AHV|=E EX}E_ﬂ, ZAABS 2R Ao Zallo]

@ Jo 17 9o B2 BAVE Bl AARN FALS Sk 1 Ak 12 A%
48 A7+ Bajst AR o] Ex}go] 2 GHzol| A 72k 2.40, 2.04 ©& 7FA4slch o] 1247k Balist A7 <]
U717} 48417 B 2R 9] AA2r)we Ao 2] gie] Fabgo] Frleke Aow e
of FARRR 37 QA7) WE 95 /|30 Age] /bsdtd|, B ATE Batel, £4H Y WEet /17
Hrp 422717t o ko] ok AW ofyeh, 1100 °CollA] &4 A] 0.1 o]ate] W2 Fap&Alo] 1 GHz
oJF7IA A E O] RF 2424 38§ 7HsAde Elstgith

4,81 29
[11 Q. Xia, H. Su, G. Shen, T. Pan, T. Zhang, H. Zhang, and X. Tang, J. Appl. Phys. 111, 063921 (2012).
[2] S. Bierlich, J. Topfer, J. Magn. Magn. Mater. 324, 1804 (2012).

- 25 -



SEI 10.0kY X20,000 1um WD 6.0mm SEI 10.0kY X20000 1um WD 59mm

Fig. 1. SEM image of 12 hour milled(left) and 48 hour milled(right) samples
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Fig. 2. Frequency dependence of 1', 1" for the samples of Ba;Co;sZng.Fe20x sintered at 1100 °C.
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Negative Remanent Magnetization of a Single Domain
Particle with Two Uniaxial Anisotropies

Yoon Jae Nam', and S.H.Lim"?

1Department of Nano Semiconductor Engineering, Korea University, Seoul 136-713, Korea
2Department of Materials Science and Engineering, Korea University, Seoul 136-713, Korea

An unusual behavior of negative remanent magnetization (NRM), also known as negative coercivity or
inverted hysteresis loop, has frequently been reported [1-2]. In most of the previous studies, NRM was explained
qualitatively rather than quantitatively which, combined with the observation of the behavior in a complex system,
can be an obstacle to gaining a clear understanding of NRM. Recently, however, the authors have demonstrated
[1,2] the existence of NRM in a simple and homogeneous system consisting of two uniaxial anisotropies by using
detailed energy profiles during the entire field sweep.

Figure 1 schematically illustrates the condition for NRM. Since the value of magnetization (M) in a hysteresis
loop is defined as the magnetization component along magnetic field (H) (namely, M cos (a-8)), NRM only occurs
when a-0 >90°. At a sufficiently large value of H, M points to H, i.e., saturation occurs. As the value of H
decreases, the energy due to the uniaxial anisotropies begins to appear. In this stage, competition between the
counterclockwise torque (z;) and clockwise torque (72) determined M rotation direction. If the M rotates initially
towards counterclockwise direction (71< 7,), NRM can be occurred when the second uniaxial anisotropy (K2)is

not too strong.

Figure 1. Schematic illustration of the proposed model system with two uniaxial anisotropies,
together with a definition of the angles, a, G and ©. The lower panels show two cases of PRM and NRM,
which are mainly determined by the relative strength of the counterclockwise torque (Ti) and the clockwise one

(t2) as the value of H decreases from the saturation field.
e AT |
[1] Y. J. Nam and S. H. Lim, Appl. Phys. Lett. 99 092503 (2011).
[2] Y. J. Nam and S. H. Lim, Appl. Phys. Express 5§ 063002 (2012).

- 28 -



SA-I-1

T X IMM AKX M=

| A, HAEF A

T FAUE 1646, 509Z, (F7)AA 3] o}

T A -A = AP S 188 e AT A
13

‘HAFA tE T 04T 133, i shal F-44 33t

— X O
2 A= AFANE S48 AA A 2 4713 S SAsH] % FA = A AEE B
NI 2714 QbR SIRE 3% At Rlat 35e] melo] BAlo] Yo obyE MRS TEY &
%+ 3-channel power supply, A+ AF7178-2 Z745H7] 913 35 flux-gate magnetometere} 3] Z74 AlA <
analog £ =7%3}7] 93t DAQ module, :=0]|% E4 =4& 9|3t dynamic signal analyzer2 -AJ3}Sich

=
35 AR Y Y *““ﬂL XVWQ HE 116 o]l Mgt coil constantE ©]-§3sto] ALY S, coil
[e)

29 1. A& A7AA A A

2.

e
0

Oz ]H
Aol =4 ZFIWS NI-LabVIEWES o|g3stglen], A=, AH

=

271 =, 35

[e)
=
magnetometers ©|-&3% FH Z7|AF &4 22 o g T AYPE &4 ZZE WL 32 magnetometer
=% | A&
3

[e:

O
o AEH] 35 AR Sl B A/1GE 10 nTolst RAstel 5 by AAel Y= YuUsh
] zvz+

4% 5 QU shgon, g, yuE, A3, BEUAE ANSA B8 35 A4RU x, . 2

)
ﬂ Hx

£50 uT = £70 pTO 2712 A= Qd7bste] S4 o AlA e wAgt 9 A4=5 S4st AHA|
e =4 2 ;e =4 AMA 9] analog %2 dynamic signal analyzer(HP 35670A)E ©]-&3}¢] /SXJEJ_ 34
TE S5k BatakE "daEdol sHA skdlen, 7] = 54 23S DAQ moduleS 1%5}04
574 AIA 9| analog =3 AL 7]%@ T A stler, 4 A 9] scale factors Y5t S AlA 9
Here 2 7|A) Zroz FALELo] Zdo] ARt FH 34 A7 =4 T2 IS 3= magnetometerS:
o|-gsto] F=H &7 A7 £100 MTH*H oftfofl Al RS-422-541% o]-&3to] SA3FAE 18 2= EAol
A e ZHERIUS RolRT o, 19 3¢ MRS 243 ATRE mojRn gtk

- 29 -



Sensorpia 2 Xp7|MA A-EEEK| ez

P : AT o

s
X s Vol sting

5 .o
{ [P R—

e

¥ - Axis Value Setting

dr |

0E+0
s-wm
Ao Volue Setting

z
- h....,.m Mm.u

@ 48 24 22713 (b) A e 24 =2y

Long Term Stability Test

Sensorpia
Seate Factor aTA) Scan interval (Second)  Mesurement Total Time (Mour) = =

e d) 34 7%
a9 2. AF A7AA &5 2209

0>4
_ll)l'
I3
U
[
e

120
P 120 120
80 al h .
> -
= - 80 80 ks -
5 o c - c "
3 4 = 5 4 = o 40 =
< pd 2 - 3 -
) e ° N S m
2 o - 2 = B bt
o - 5 < N
g e 4 ~ 2 -
< Nl £ Ny g =
o 40 g -0 - B 40
3 . 2 =, s u
] ] - 5 - F =
L 4 . =0.98686"x+0.0089 L 5l Zt;og%‘oﬂs*ﬂ x+0.0027 ‘ N g . .
- std : 0.0066 ‘ - -
el linearity: 6.7E-5 [inearity: 6.1E-5 N inearity: 7.7E. -
120 45 T T -120 T T T = -120 T T
-120 -80 -40 40 80 120 120 -80 -40 40 80 120 120 -80 40 4 80
Applied magnetic field (uT) Applied magnetic field (uT) Applied magnetic field (uT)
= = =
(a) x= (b) y= (c) z=

19 3. BatingtonA} Mag-03 magnetometer®] A= =4 A}

a2

[1] F Fiorillo “Measurement and Characterization of Magnetic Materials”, pp. 108(2004)

- 30 -




SA-I-2

=A™ QEXIIF B0l 2AE0t= GMR-SV

X2 IR GBS 21

Magnetoresistance of GMR-SV Depending on the
Direction Induced by Orthogonal In-plane Magnetic Field

StxIS0F, SRR 22, 0|22 o™

1/\OL;<]1:H61—J—J7_ B AFE) S shake) E_J_?sb,]_’ AT A=A LA E

e B 8} S ol ATt A A SAT 435 27}

A ) 2} 7] A - 22 B(GMR-
SV) uhal 4|24 Elaé— 2714 ol i < e
4 ool mE BAFoRL Az} 1) i

AR A5 BAIAL o

600 400 200 r 200 400 600

gajjopaln, o 27| A gH] Zho| > o
Uehge ojnaz g ol o ' T’I o
Zx]o] Minor ZAlo] B S 7+ ITE
Al k. o] 2 Q13| Fig. 147 3]~ = P

. MR=032%

i

@
2
5

deAs 34 EA2 Bk Hol
o ARG Aok %@Avm}.

EEE

00020250
0x Ol

HIJF et &
Lo

44410 2 4 68
Magnetic field (O¢)

.“
L2 b =
T ‘ | ey N8BS
Easy Axis. M AL =03 %0e |

ANE SIE £
MREtol &
LW QI X0 Mg

P
3
2

MR (%)

-1

- 0 10 20
Magnetu: field (Oe)

» GMR-SV 42 A&349
A3
- 2AE FrhEoF vu A
¥< MR &2 712
- {3R7] o] gl weE

l:l]_’u"l_le =0 x}7] x{fg-ﬂ] g}% 7}7] » GMR-SV 25 A=A 4F 77173 old =0 BE EAR
2 ARA AFE e GFoRAL olgso oAl ol 2 £
A =, oA3] AR} 7| o]H A o S MR ol vhekd -z BAE B4R
_ - | BA 717 Zero Aol Shift 0] Minor F4o] vl F L 213 dAx &3dge= A%
g2 v 35A o] ZMul ol - Hysteresis 34 £A% vz 4om 4423 E Ast o]z &4
o ARz SAE BRI oA Fig. 1
EAATOR QAT wol27} EAfeA Heh
I vl QA0 R g
GMR-SV Hpalzzbi <195l o
= = Ta
4 ATOIAL RESlO 32 Ta Ta
= Nife ¢ — = :
YAl 549 AAsHE Aotk e NéFe
AN
. Fig. 21} Z+o] uhat W 4z} £ NiFe bio e
IrMn — = 2| S ———
A9l B4 w3 G A NiFe i 1z 5 o3 Muni we
A717%0] fFEH o557 GMR-SV Cu NiFe CME-SV APIAE 54 A5
NiFe < = [
- Cu 2
HatezbE 7Sk Aolth 7 A Ta » NiFe £ ]
- _ L S 10
TFol A o]FEet AzMuulul & | owlcursy Ta :
< - - [+] ] Double GMR-8V i
A L ¥ AAYIHE B3 WA T 3
EARTAC! ZFo O =3Flo] AalAo NIRRT 3
AVES ptestel ARl 24l Algde YEAPlolY WEEl D dte 2E 24 S
AAAEEE ZHe AP 2 wsapiows wee 04 909 OF2Y OR-ST WY 731 38| %PE";%“:;E;‘:’%
Al AN AFELS TS o Fig, 2

- 31 -




Ta
IrMn
_NiFe
Cu
NiFe
Ta
N Substrate Non-hysteresis
—_ High MR ratio
{ £
s
5
§ &
Easy axis Ta &
\‘} N NT:‘ IrMn 3
rFe Y [
cu NiFe s MR >10%
Easy axis NiFe Cu K |
' NiFe @ J Double
4 20 I"'V'n Ta ’ GMRSV| o~ 5] 0 5 1
i ‘]— Easy axis NiFe IrtMn
i = Cu NiFe |
— il
gfe — H Easy axis NiFe Cu .j
) Ta NiFe
NiFe - e =
Ta Dual GMR-SV Ta =" G 0 ;f"’ ;uld -
Substrate Eeey mis Double GMR-SV agnetic field (Oe)
=0 o= = mao ARz A7 AT A 2
ISR b SARE EnR= PASS PE ML o] g o= EFT2 AEHE 2AW ANATTH R
N . lon—hv fe AHEE A
Az 27)F 97 GMR-SV ®a+ Az Non—hysteresis A8 &4
Fig. 3.
E 0 & =lEix sy
File(E) HUH(H) Option{Q) Tools About File(E) RuntR) Option{Q) Tools About
Node: Glant NamnctoResistance : _ Ratios3 143 20 Node: Giant MametoResistance : _Ratio:2. 0% e
41,9110 46,7550
21,751 BN
a5 | s
41,4321 | 463706
41.272%5 [R] -1 46.2425 [R]
ais w11
wER #5966
40,7936 -1 458581
-+ 406333 -1 457300
- : - - : - . - - w6 - b . . ) ¢ . - - 456019
~1200 -960 -120 -480 -240 0 240 480 720 960 1200 -1200 -960 -720 -480 -240 0 240 480 Red) 960 1200
MG ) Fratue) o [0e] M0 Yo 09 o) Dol [0e]
X Tit6 v: 089 13-02-13 1200 T U Ve T RGN 130R0R
(a) Easy axis MR curve as grown induced by (b) Easy axis MR curve after annealmg at 250 C
magnetic field of 350 Oe. induced by magnetic field of 350 Oe in 180°.
P
(ol il (eqtfui{o) sl Gl File® Run(®) Option(@ Tools About T
Node: Glant Masnetofiesistance _ Patioi0.91% 4765 Wode: Giant MaanetoResistance Ratio:1.81 5
eE | LB .
B 717 I || AN T SN SN S A SR S S S SO e
= [ | CEUES DR SR S A ) SO SUN S S S 42,2157
AN | B a0
o e2@w | & A N 7,045 [R]
B I | e e T 46,8989
B T e 1 S R ———_—————— 457933
e e — | 45,6876
— B R e i B eee 4 5620
I i . I I I i i - 46,4764
O =ip  am) =& E3 0. B A w e D
Min:(06) Max:(0e) Fras(nii) Cucle [0e] Hinie) M) FrasGote) ol [0e]

[-ro [T [oF [T X[ T80 V:[ 453 13-03-13 X [EToeg Ll [ B R 3031
(c) Easy axis MR curve after annealing at 250 C (d) Hard axis MR curve after annealing at 250 C
. . . ; : : o
induced by magnetic field of 350 Oe in 90°. induced by magnetic field of 350 Oe in 90°.

Fig. 32 HjabA|2A| Zlﬂ%*o“ﬂ*i A=A 0 1 “{J% %Eﬁ}ﬂ MEZE olF 52 2% GMR-SV Hhe} A

o] el %ﬂ ® 429 Fob R4 %mr BABAAFL) AR 02 G S

- 32 -



2%t

MR(%) & ARl 4-84 47148 SRAAH0R ZAE A/ AR oRRE 242}

Fig. 4(a)t 2he} S20A] Ao A7140] $=8 GMR-SY o722 MR 3H4lo|c. Fig. 4(b) 13
Axe]A] RAI) A FFS 180°2 FE8 MR 20|tk Fig. 409 (= AgAH el AR A74 Fake
90°% §=El golFl wak
o] LEL WL FRATAY AU

;g- HOP
o2 4% MR FAlolth
o} 2= 20124 % sht7] 7]

#* ZHAre 2
199712 Y AF(2010-0024665) 0] LA T}o| T,

- 33 -



SA-I-3

3-% Flux-gate Magnetometerg AL St
18 2EET BXINE

=M, ol g, ZH20H, HCtsl, &CHE
Frethstal S ek, g A e+ 2485 133

1. M&2

AAAR G elstol A7 o] MEshE A FAH O ZY AH om ol 8313 Stk ST A
LA o) B3oh A Aol 2latol Watals Aol et ARE A7) 9sAE o EH o Maxwell A
AE FojA asiE ok WHolth ey AHIAY] A7l ol g arAlo] Bl RPF O] o] H(hysteresis) A4S 7}
A)aL Q7] Wizl 23} Hu B A S s A2 Ql e R 11 S5 ke Ao E7Fs s, HIFEE AR
FEM simulation®. 2 3F0lst= AXx ZQ3A| U Ao g 39S 3= AX: | ZQ3c}

2. K| HE W 2%

Al = Zﬂ;—‘ﬁﬁoﬂ Lo1A 71% w25 SAs] A ¥ 54 i 2AE sk vy o] E

k gotal v 34 o 2AE F40le WHlol Atk & Ao AS-

HHA ] Z]:rL XV]ZJ' wx7t 4 Ol'X] $-51a1, Magnetometer7} X3P sl= HoF 7| LA o8 &¥shx] %—8]-01
HhH O &

813} Zo] u &3 ‘3]']"P EAE %z}o]% o

P
=
g
“9
s
=
olrl
iy
=
oZ
ol
ol
e
Hn
;‘é
Mo
_%

ee A%o}@l ARSI TS €Ol HE dEE BT oo R ALBac
Lash] o] Aoty Wl Agstach

2|4 60mm,
L§4 :50mm
B 20 :300mm
Mz ss

—4
Ceramic
bearing

J-axs flux-gate
magnetometer

1% 1. CADE AAE A7|H B2

- 34 -



% 1649k o] 7 mEoleli 2749 Alete wlojzo] o] glofA] 4:]9]
olgre WA|a}7] $iat wlojlo] RatElo] gry.
5 &% 2Ao] o 4714 WEE 4] 9Aste] flucgate TFIHEUE S ALESHITH]. ok R

ol
filo
ol
rr

& WA o= A ol

ofy

B o] f X d&2E& AHE noise spectrum =43 Aub7l 9 33 o x5, y-5, z-5 B 20 pT o]stoitt
g AgEe 1y 49 Zon AgErt R 1x10 1 olakgrt
100
E 80 4
1 | After 24 it ADC —— Xeaxis ]
10+ Y-exis &0 4
E Z-axis . i I
e 5w B
£ 14 = ]
3 3 8 204
3
2 o
5 0.1-5 5 0
[ m i i ‘f Il ) @ ]
g ) ‘r *’W‘MW& “ Qﬁ %! | wm i M. ' g 204
T 0014 “ V z |
= 3 c
1 =
1E34 80 - ) W -axis, y=0.33356 x+0.001 5TD: T43E5
E g # f-axis, y=0.995874 x0.002 5TD: T.08EE
i 20 Z-3xiz, y=1.00015 x-0.017 8TD: T.33E-8
1E4 T T T T T T T T T T T T T T T T T T T T T ! T T T T T T T T
0 1 2 3 4 5 6 7 80 60 40 2 0 0 40 80 &
Frequency (Hz) Applied Magnetic Field (uT)
18 3. Magnetometer2] noise 18 4. Magnetometer®] A3 &=
400
— X-axis 22 60 mm,
300 ~ ——Y-axis L& : 50 mm
e Z-axis 2 0] : 300 mm
T 200 = ;sS4
C
o
g 100
[ //
>
o 0 ,--—'—‘—‘”"“‘"'“"""——4_“
o i
[
o -100 -
@
C
2 200
=
300 4
400 T T T T T T T T T T T
0 50 100 150 200 250 300

Distance (mm)

a9 5. AMYRE 24 23

A Y B A GGG G A1 E e Salo] Aol ssu1g) 7
50 mm 27 o] 60 mm Zo|7} 300 mm A 7} 3t Z}7] A A(demagnetized) S A7 o %@
13 53 ZFo M ma, gnetometer% A|HO 2 EE 600 mm 0}1“4101]/\—] ZA359gh 18 594 2 3

izt ey EYAA0lE ntay ErlE A2, $=rA47]ek3] 4] VOL22 NO.2 30 April 2012, pp

- 35 -



SA-I-4

2L S gHlol] otells SR BEAY ALE SEFATHIL SHI TS
2 ool 4] ol QJejsh: e Hel oRolA B g 2] Hol $EE esHE WYHoR 4l

SA} Al Ao &J3t inductive couplingsr ©]-8-5t= ol thsto] A-3HRITh

2. X qi&F R HY 2

2@7] FolA B £ E o JYstr] ste] 1Y 19 mojgtof| A Y-S TR 13] HA
sholch go] AR AYE AUrts w¢toll ©Eol it AEE HAER FEslste] Y& shojof H7]
o of] SAIAY-E A7 do|7} Eojof qith 2 Ao FAIZYS] Ho|7t 5 ecm®E SHYlom B0l
300m/s o off §Ho] XUk AlZko] 160 ps A= EAL ojuff 8 bit Jr=o AHE Q=sty| 95t 50 kHz9)
A% 7} E 23}o] modulation frequency+= 1 MHzZ 3}t 17 2-(a)= HAlo] ® $AIF Yol 119 2-(b)=
29710 29 3 T ARKlolth 1Y 304 919 wS dho] A FAAYY] fEE TS HojFe
Ao 19 304 ol w32 demodulationdt WS HojFal Qi

I8 1 Aol AR moe

I3 2. & ARE AHs}7] Y3t transmitter coil; (a) 2 #, (b)) 2H X

- 36 -



adg 3. gl @A

H

w3

o
SnER

[1] 2012Q%= 3t 2718ty A 2 AR = SFAsHET 3] p. 155

- 37 -



BM-I-1

Measurement of Spatial Pulse Wave Velocity by using
Clip-type Pulsimeter Equipped with Hall Sensor and
Photoplethysmography

Keun-Ho Kim, Yong-Jin Kim, Joo-Hyung Lee, Nam-Kyu Lee, and Sang-Suk Lee*
Department of Oriental Biomedical Engineering, Sangji University, Wonju 220-702, Korea

1. Introduction

The development of medical devices for bio-signal monitoring of pulse frequency, heart rate, the blood
velocity, PWV(pulse wave velocity), SPWV(spatial pulse wave velocity), and blood pressure is a prerequisite for
the U-health-care industry. Through periodic research on the radial artery, the Hall device was developed to sense
magnetic field changes generated by periodic movement. A permanent magnet has been fixed at the radial arterial
side. Based on the same operating principles, researchers advanced the existing technology to develop a
wrist-wearable clip-type pulsimeter. Therefore, the present research aimed to develop a medical device with the
combined capabilities of a photoplethysmography (PPG) and clip-type pulsimeter. Then goal was to measure two
respective pulse waves simultaneously and to determine the properties and the potential applications of SPWV

studies by analyzing the data obtained from the two measurements.
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~
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Figure 1.

2. Acquisition of the Pulse Wave by using the Clip-type Pulsimeter

PPG, which measures the degree of light absorption in a tissue based on the change in peripheral blood flow
rate, is used in the optical method of measuring pulse waves. If we measure the intensity of the light transmitted
to the skin by attaching a luminescent sensor and photo detector to the pulsimeter, the output of the photo detector
will indicate that the signals are moving in accordance with every heartbeat. In contrast, other medical devices
for relaxation pulse detection indicate an increase in the signals detected with a decrease in blood flow rate. A
PPG usually displays a low-frequency band; however, a high-frequency band can occur relative to the origin of
the PPG signal, depending on individual pulse frequency. Therefore, the PPG was designed to detect frequency

bands ranging from 0.05 Hz to 20 Hz. A direct constant-current source is used to activate the red light of the
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LEDsensor. The light sensor of the photo detector displays two outputs(+, —) with opposite current flow directions
by converting the outputs into currents after detecting the incoming light. To convert the currents into voltage,

a current-voltage converter circuit is used, connecting the output to a difference amplifier.

3. Measurement and Analysis of SPWV

When the heart contracts, a pressure wave will occur at the aorta and is delivered to the radial artery. Given
that the distance of 0.8 m from the muscle to the peripheral parts will take the pulse wave approximately 0.23
s to travel to the radial artery, the PWV would be 3.2 m/s.

Using the clip-type pulsimeter, equipped with a Hall device,the differences between the two respective
waveforms obtained from the PPG, which uses SpO, to indicate the pulse waveform, and the radial artery
pulsimeter, which indicates the oxygen saturation level, are simultancously measured (Fig. 2). We were able to
measure SPWV by dividing the time difference of the two waveforms by the distance of the wrist to the fingertip.
The interrelation of the estimated blood pressure can be determined by performing a statistical analysis of the
experimental clinical data. In effect, At indicated an approximately three-fold difference in the two peak values.

The differences of SPWV and PWV between males and females are shown in Table 1. The significance level
was set at p-values less than 0.05. The SPWV of males were significantly faster than that of females. And there
was nearly significant difference between male and female. In order to investigate the cause of the gender
difference, we analyzed the interrelation of SPWV to PWYV, distances, blood pressure and pulse rate. The

relationships are presented in Table 2.

Simutaneous measuring system of
radial artery pulse and PPG pulse

— ' B

PPG(SPO,)
pulse wave

Radial artery
pulse wave

Clip-type
Pulsimeter

Figure 2.

Table 1. Correlation Coefficients between SPWV and the Other Parameters. (n=39)

Parameters SPWV PWV
Distance from sternal angle to wrist 0.455** 0.253
Distance from wrist to fingertip 0.352* 0.203
Systolic blood pressure 0.039 0.374%*
Diastolic blood pressure 0.020 0.368*
Pulse rate -0.025 0.411%*

PWV 0.106 -

* p< 0.05, ** p< 0.01.

There was no significant correlation between SPWV and PWV. It implies that clinical characteristics of SPWV
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are different from that of PWV. In this study PWV was, as it is well known, in significant relation to blood
pressure and pulse rate. On the other hand, SPWV was not in significant relation to blood pressure and pulse
rate, but to arm and hand length. The reason of this result seems like that the blood pressure inside of the arterial
vessel will be closed to 0 mmHg around of peripheral blood vessel. PWV is mainly determined by collagenization
of elastin fiber located in the large artery wall and vascular smooth muscle tone controlled by sympathetic nerve
activity. Therefore an increase in sympathetic nerve activity causes an increase in the pulse rate, blood pressure
and PWV. But in case of vascular walls located between wrist and fingertip, especially in terminus of the blood
vessels such as capillaries, there are only a few elastin fibers and vascular smooth muscles. Generally blood
vessels in men are better developed than in women because men are bigger than women and need more blood
supplied to the terminal tissue in body. Therefore we estimated that the reason the men’s SPWV was faster than

women’s SPWV could be vascularity is better developed in men’s terminal tissue.

5. Conclusions

In this study, we placed a clip-type pulsimeter, affixed with a permanent magnet on the radial artery protrusion
of the wrist to detect the pulse waves (through a Hall device) that were emitted from the magnetic field by
generated the work of the radial artery. In other words, a hardware based voltage detection system was applied
through equipping the Hall device right upper side after placing a permanent magnet in the center of the radial
artery (the “Chawn” area of wrist). We developed a system that used a clip-type pulsimeter and PPG equipment.
The SPWV gained by simultaneous measurement, using both the clip-type pulsimeter and PPG was not in relation
to PWV.

Male SPWV was significantly faster than that of the female. The difference between that of the male and
the female was nearly significant. We believe the reason for the higher SPWV in males is due to the larger
vascularity of male terminal tissue when compared to that of a female. We suggest these results are the basis
for a new bio-signal that can be monitored using a clip-type pulsimeter and PPG and then displayed using a dual
screen apparatus for patient to principal clinical parameter. The findings of the present study indicate that SPWV
measurements can be useful for obtaining continuous blood pressure and pulse measurement data, using an
unpressurized type of PPG for application in a U-health-care bio-monitoring system. However, further analysis

of the pulse wave algorithm is necessary to verify the accuracy of our device.
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R.time .011 .040 - -
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Table. 1. Logistic regression coefficient (B) and p values for

seven major parameters included of R.time and N.time.
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Thermal Stability of Hddr-tfreated Nd-Fe-B-type Material
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*Nano Functional Materials, Korea Institute of Materials Science, Changwon, Kyungnam, South Korea.

1. Introduction

The hydrogenation, disproportionation, desorption and recombination (HDDR) process has been established as
an effective technique for producing highly coercive fine Nd-Fe-B magnetic powder. As the HDDR-treated
material consists of very fine grains with size comparable to single domain size (~300 nm for Nd,Fei4B), it would be
expected that consolidation of the HDDR-treated powder could lead to bulk magnet with fine grain structure, thus
leading to high coercivity. An attempt was made in our laboratory to consolidate the HDDR powder by hot-
pressing. However, coercivity of the hot-pressed compact was radically reduced above 650 °C, and this was attri-
buted to the residual hydrogen[1]. Due to the residual hydrogen, the HDDR-treated powder lost radically its
coercivity when heated up to an elevated temperature. The HDDR-treated powder exhibits a poor thermal stability
unless the residual hydrogen is completely removed before thermal processing. In this article, thermal stability of

the HDDR-treated powder was studied in detail, and it was correlated with the residual hydrogen in the powder.

2. Experimental works

The starting material used in the present study is HDDR-treated powder of Ndi»sFegosBs4Gag3Nboo alloy (iHe
=13.5 kOe). The thermal stability of HDDR-treated powder was studied over a temperature range from 500 °C
to 800 °C in vacuum and Ar atmospheres with heating rate of 25 °C/min. Magnetic characterization of the
materials was undertaken by means of vibrating sample magnetometer (VSM) with a maximum field of 12 kOe.
X-ray diffractometer (XRD) (Cu-Ka radiation) and differential thermal analysis (DTA) were used for studying the
phase change in the HDDR-treated powder during heating. The HDDR powder pre-degassed by heating up to

800 °C under vacuum was re-heated over a temperature range from 600 °C to 800 °C in Ar and vacuum.

3. Results and discussion

The Ndj2sFesos BssGagsNbg, HDDR-treated powder was heated in vacuum and Ar atmosphere over the
temperature ranges from 500 °C to 800°C. The coercivity of the heated specimens was measured, and results
are shown in Fig. 1. It appears that coercivity of the powder was reduced significantly above 600°C, and
interestingly, the coercivity reduction was much more profound for the material heated in Ar atmosphere than
in vacuum. One of the possible reasons for the coercivity reduction would be an excessive grain growth caused
by the heating at elevated temperature. However, this is not the case proved by SEM micrographs. Our earlier
work revealed that the HDDR-treated powder contained significant amount of hydrogen (approx. 1500 ppm)[1].
The residual hydrogen was considered to exist in the form of Nd,FesBHx hydride, and it was disproportionated
into o-Fe, Fe;B and NdH, phases. The magnetically soft o-Fe and Fe,B may be responsible for the radical
coercivity reduction above 600°C in Ar atmosphere. The residual hydrogen may be desorbed more effectively in
the course of heating in vacuum than in Ar gas atmosphere. This may explain the fact that coercivity reduction

is less profound for the sample heated in vacuum. Disproportionation of the Nd,Fe;sBHx hydride in the sample
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heated in Ar was verified by XRD phase analysis. Patterns were almost similar except that Feop and a-Fe phases
existed along with NdH, in the powder heated in Ar formed via disproportionation of the Nd,Fe;sBHy in the HDDR
powder, leading to radical coercivity reduction above 600°C. DTA results also confirmed the disproportionation
of the Nd,FesBHx hydride in the sample heated in Ar at the temperature range of 620°C - 655°C.

The present study suggests that poor thermal stability of the HDDR-treated powder is due largely to the
residual hydrogen. Then, it would be expected that the HDDR-treated powder may show similar coercivity
variation during heating regardless of the atmosphere if the residual hydrogen is degassed previously. In order
to see whether the previously degassed powder show similar coercivity variation during heating regardless of the
atmosphere, the degassed powder (by heating up to 800°C under vacuum) was heated in Ar and vacuum, and
the coercivity variations were shown in Fig. 2. Also included in Fig. 2 are the coercivity values in initial powder
and in degassed state for comparison. It can be seen that coercivity variation of the previously degassed material
in the course of heating is almost identical regardless of the atmosphere Ar or vacuum. Considering the radical
coercivity reduction in the initial powder heated in Ar atmosphere (Fig. 1), the present finding that coercivity
variation of the previously degassed material is almost identical regardless of the atmosphere is somewhat striking.
It can be said, therefore, that the poor thermal stability of the HDDR-treated powder in terms of coercivty can

be attributed almost certainly to the residual hydrogen.
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Fig. 1. Coercivity variation of NdizsFesos Fig. 2. Coercivity variations of the NdizsFesos
Bs.4Gao3Nbyp, HDDR-treated powder heated under Be.4Gag sNby, HDDR-treated powder previously
vacuum or Ar atmosphere. degassed by heating up to 800 °C under vacuum.
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Out-of-plane Magnetization Switching due to In-plane
Current Pulse in Pt/Co/Pt Nanowires with Perpendicular
Magnetic Anisofropy

Sang-Cheol Yoo"**, Soong-Geun Je', Kyung-Ho Shin?, Byoung-Chul Min?, and Sug-Bong Choe'
lDepartment of Physics and Astronomy, Seoul National University, Seoul 151-747
*Center for Spintronics Research, Korea Institute of Science and Technology, Seoul 136-791

We report here the current-induced magnetization switching in metallic ferromagnetic Pt/Co/Pt nanowires,
which exhibits strong perpendicular magnetic anisotropy. In this experiment, an in-plane magnetic field along the
nanowire is applied and then, the current pulses either parallel or antiparallel to the in-plane magnetic field are
injected into the nanowire. Interestingly, the out-of-plane magnetization of the nanowire is switched with respect
to the polarity of the in-plane current pulses, as clearly seen in Fig. 1. The switching direction is found to be
dependent on the relative thicknesses of the upper and lower Pt layers, as shown in Fig.1 for (a) 2.5-nm Pt/0.3-nm
Co/1.5-nm Pt and (b) 2.5-nm Pt/0.3-nm Co/1.5-nm Pt nanowires. These behaviors can be explained by the
current-induced out-of-plane effective field, which has been recently proposed from the experiments on
metal/oxide systems such as Pt/Co/AlOx [1,2] and Ta/CoFeB/MgO [3]. However, it is interesting to see that even
the almost symmetric metal/metal systems also exhibit the same behavior. We will discuss the role of the Rashba

spin-orbit coupling and the spin Hall effect as the possible origins of such effective field.
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Fig. 1. Out-of-plane magnetization switching with respect to the in-plane current pulses with the current density
J for (a) 2.5-nm Pt/0.3-nm Co/1.5-nm Pt and (b) 2.5-nm Pt/0.3-nm Co/1.5-nm Pt nanowires. The out-of-plane

magnetization state is monitored by the magneto-optical Kerr effect (MOKE) signal from the nanowires.
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1. Introduction

STT-MRAM (Spin transfer torque-magnetoresistive random access memory)[1] has considered as an
outstanding candidate for the next generation memory device. Higher anisotropy constant k and low saturation
magnetization Ms are required for the perpendicular magnetic layers to satisfy the high thermal stability and low
current density for current induced magnetic switching. The perpendicular magnetic anisotropy have been reported
in Fe-Pt alloy[2] ordered by L10, Co/Pd multi-layer[3] and CoFeB-MgO[4].

2. Experiments

We report the perpendicular magnetic anisotropy of CoFeB based with MgO using amorphous paramagnetic
FeZr buffer layer. Samples are deposited on SiO, substrate by RF magnetron-sputtering machine at room
temperature. The structures are SiO»/FeZr(2)/CoFeB(tCoFeB:0.5-2)/MgO(1-2.5)/Ta(1) (in nm) and annealing for 1 hour
at 400C in high vacuum chamber without external magnetic field. Ta capping layer protect from the oxidation
of samples. We fabricated the sample with a various thickness of CoFeB and measured the hall resistivity using

the Van der pauw method. The magnetization was measured by VSM (vibrating sample magnetometer).

3. Results

Figure 1 shows Hall effect of perpendicular magnetic anisotropy of CoFeB after annealing and coercivity field
of one is about 800e. During the annealing treatment, Boron diffused out of CoFeB and absorbed in amorphous
FeZr layer. After anealing process, the lattice of CoFe became BCC lattice structure along with crystal structure of
upper MgO. Therefore, the interface anisotropy is formed between CoFeB and MgO layers in rather thin thickness.
The crystallized temperature of FeZr layer is much higher than the annealing temperature for MgO curing and
CoFeB crystalization. FeZr layer buffers crystallization propagation and work as morphology stopping layer.

4. Conclusion

In summary, we observed the perpendicular magnetic anisotropy in CoFe/MgO using the FeZr buffer layer.
We obtain a high anisotropic constant K with a various conditions. Variation of annealing temperature, thickness
of CoFeB and FeZr have been practiced. This method can be an excellent candiate for perpendicular anisotropy

MT]J with low critical current density.
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Fig. 1. Hall effect measurement of CoFeB. The curve shows that

CoFeB layer has the perpendicular magnetic anisotropy
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1. Introduction

The MgO/ CoFeB/ Ta structures is known to have a decent perpendicular magnetic anisotropy (PMA), and
magnetic tunnel junctions (MTJs) based on this structure yield a high tunnel magnetoresistance (TMR) of over
120%[1]. It has been recently reported that the PMA at the MgO/CoFeB interface can be increased by inserting
a Mg interlayer between CoFeB and MgO [2] or by replacing Ta to Hf underlayer [3]. Here we have investigated
the influence of the CoFeB composition and Mg interlayer on the PMA in Hf/ CoFeB/ Mg/ MgO structures.

2. Experiment Method
We fabricated Hf/ CosFesBo/ MgO and Hf/ Co,FesBo/ MgO structures. The samples were deposited using both
DC and RF magnetron sputtering on the oxidized Si(100) substrates, and thereafter annealed at 300 “C. The magnetic

properties were characterized by vibrating sample magnetometer (VSM) and the anomalous hall effect (AHE).

3. Results and Discussion

A PMA is observed in both Hf/ CosFesBy/ MgO and Hf/ Co,FesBo/ MgO structures, when the thickness of
CoFeB is thinner than 1.4 nm. The Hf/ CosFesBy/ MgO structures show a higher PMA than the Hf/ Co,FesBo/
MgO structures, since the Co.FesB, layer has been sizably oxidized during the MgO deposition. We find that
the PMA has been enhanced by inserting a Mg interlayer between the CoFeB and MgO. The largest PMA is
observed when the Mg thickness is 0.4 nm. It is believed that the insertion of Mg layer affect the Co-O and
Fe-O bonding at the interface, which are crucial to obtain a high PMA.

4. Conclusion

We show that the variation of CoFeB composition and the insertion of a Mg interlayer affect the PMA in
Hf/ CoFeB/ MgO structures. These results demonstrate that a slight difference in Co-O and Fe-O bonding at the
interface influences the PMA significantly. The structures studied in this paper can be used for perpendicular

MTlJs and for other spintronics devices based on perpendicular magnetic layers.

Reference
[11 S. Ikeda, K. Miura, H. Yamamoto, K. Mizunuma, H. D. Gan, M. Endo, S. Kanal, J. Haykawa, F.
Matsukura and H. Ohno, Nature Materials 9, 721 (2010).
[2] Q. L. Ma, S. lihama, T. Kubota, X. Zhang, S. Mizukami, Y. Ando and T. Miyazaki, Appl. Phys. Lett.
101, 122414 (2012).
[3] T. Liu, J. W. Cai, and Li Sun, AIP Advances 2, 032151 (2012).

- 59 -



SA-II-1
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The conventionally MR devices such as Giant magnetoresistance (GMR), Tunnel magnetoresistance (TMR)
and spin transfer torque-magnetic tunnel junction (STT-MTJ) for memory can be shown character of a distinct
bistable state for 0 and 1. There exist some crucial problems, when developing field sensor by using the MR
devices, it has to be developed new structure and fabrication process to show the character of linear output [1-3].
However, in case of STT-MT]J, it does not need to change the structure or the process but the operating method
modification can achieve to fulfill a condition of linear output.

In this study, the linear magnetic field sensor by using STT-MTJ is successfully implemented. Unlike MR
sensors and Hall sensor, the figure of merit of STT-MTJ, areal density is higher than that of the conventional
MR devices; more chips can be produced and manufacturing price can be reduced. Also it has a low power
consumption and a high MR ratio about 100 % ; high sensitivity. The more MR ratio is higher, the more
sensitivity is higher. We studied a MgO-based MTJ of the composition PtMn/CoFe/Ru/CoFeB/MgO/CoFeB [4].
The STT-MTJ devices have no linear feature and hysteretic, more likely step function depending on the magnetic
field. So it is not appropriate for the magnetic field sensor. To solve these problems, bipolar pulse voltage is
applied and the characteristic of linear output can be successfully obtained at critical bipolar pulse voltage (= 600
mV), as shown in Fig. 1. A possible origin of the dependence of a bipolar pulse response in STT-MTJ device

will be discussed in detail.
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Fig. 1. Magnetic field dependence of resistance in STT-MTJ device. The coercivity of R-H loop decreases by

increasing bipolar pulse voltage. Inset: The amplitude of bipolar pulse voltage-dependent coercivity.
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1. Introduction

The magnetic caloric effect (MCE) is intrinsic to magnetic solids and is induced via the coupling of the
magnetic sub-lattice with the magnetic field, which alters the magnetic part of the total entropy due to a
corresponding change in the magnetic field. It can be measured and calculated as the adiabatic temperature change
ATy (T,AH) or as the isothermal magnetic entropy change AS)s (7,AH). Traditionally, diluted paramagnetic slats
and rare earth intermetallic compounds that display significant MCE have been considered as attractive materials
for cryogenic applications. Especially, perovskite Lag;CaosMnO3(LCMO) shows room temperature magne-
toresistance and a ferrimagnetic phase transition with a Curie temperature of 260~270K. Therefore, it would be
very interesting to study the magnetocaloric effect for this kind of materials because of the Curie temperature
being near room temperature. The magnetic entropy change can be tuned by suitable sintering process. In this
work, the magnetocaloric effect of Lag7xGaxCaosMnOs; compound was investigated. Materials with proper Curie
temperature and large spontaneous magnetization have many peculiar properties that are attractive for applications

as magnetic refrigerants.

2. Experiments

Polycrystalline Lag7.<GaxCao3MnO; (x=0.0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3) samples were prepared by standard
solid-state reaction in a stream of 5% Hi/Ar gas at sintering temperatures of 1273K for 12h. A stoichiometric
mixture of high purity Lay03(99.99%), Ga>03(99.99%), Ba;C03(99.99%) and MnC0O5(99.999%) powders were
fired in an ALOs crucible at 1573K in an electric furnace. X-ray diffraction patterns were taken with a Phillips
diffractometer using Cu Ko radiation. The temperature dependence of the magnetization was measured with a
commercial vibrating sample magnetometer (VSM) at various temperatures from 80K to 500K in fields up to
10kOe.

3. Results and discussion

Lag7.xGayCap3MnO3 compound measured at 100 Oe from 80 K. The magnetic transition temperature, Tc
defined as the minimum temperature of the dM/dT vs. Tcurve. The sharp decrease in magnetization implies the
occurrence of magnetic ordering. The Curie temperature decreased from 274K to 164K with increasing Ga

concentration.
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We measured the temperature dependence of the magnetic entropy change for Lag7.xGayCao3MnOs compound
with an external field of 10kOe. The magnetic entropy change, a function of temperature and magnetic field,
. . . |ASy, |= 2, S AH
produced by the variation of the magnetic field from 0 to Hmax is calculated by Tt
As the magnetic field increase varying from to 0 to 10 kOe, ASM is about 0.82 J/kg K(x=0.3) - 2.28 J/kg
K(x=0.0). The magnetocaloric effect is taken place around room temperature, especially. The superior features of
this compound make it a competitive candidate for a working material in room temperature magnetic refrigeration

because of proper substitution of Ga. This opens promising applications in magnetic cooling systems, probably.

4. Conclusion

The magneto-caloric effect and magnetization behavior have been analyzed in the perovskite Lag7.x
GayCapsMnOs compound with the sintering temperature at 1273K. Samples were fabricated by conventional
solid-state reaction method. X-ray diffraction measurements revealed that all the samples are single phase in cubic
structure. The TC decreased with increasing Fe content. The magnetic entropy changes, ASM of about 0.82 ~
2.28 J/kg K were obtained in the temperature range of 164 K ~ 274 K. The maximum values of ASM obtained
at x=0.0 compound with Curie temperature of 274 K.
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1. Introduction

Ferromagnetic nanostructures have recently attracted much interest for the wide potential applications in data
storage, magnetic sensors and microwave devices [1]. In long wires with a small diameter, the shape anisotropy
may allow ferromagnetic nanowire devices to be operated without an external magnetic field [2]. However, more
studies are needed to understand the spin dynamics properties in the nanowires with the shape anisotropy energies.
In this study, we experimentally investigate the ferromagnetic resonance of the nanowires. We also calculate the
ferromagnetic resonance using micromagnetic simulations with the same figures in the experimentally studied

nanowires.

2. Experiment and Micromagnetic simulations

We measured the ferromagnetic resonance of the ferromagnetic nanowires. Electrically shorted coplanar
waveguides were fabricated on 30-nm-thick CoiFessBao film with a lateral size of 5 X 250 x pm’ (rectangular),
and array of nanowires of 100 nm X 250 um (longitudinal) and 100 nm X 5 pum (transverse) with a gap of 200
nm between nanowires using liftoff technique. The magnetic properties of nanowires are examined with the vector
network analyzed ferromagnetic resonance measurement. For maicromagnetic simulations, the object oriented

micromagnetic framework (OOMMF) code is used to solve the Landau-Lifshitz-Gilbert (LLG) equation [3].

3. Results
The frequencies of the spinwaves versus the applied magnetic field are plotted in Fig. 1. The frequencies of

each modes are analyzed using Kittel's equation [4]

f= ([ H+ (N, = N)M] [H+ (N, = N.)M])

H is the applied magnetic field, « is the gyromagnetic ratio, V,, N, V, are the demagnetization factors, A/,
is the saturation magnetization. The saturated magnetization was determined by thin film, and the demagnetization
factors was determined by the longitudinal and transverse patterns. Changing thin film to longitudinal (transverse)
patterns, resonance frequencies increase (decrease). It may cause by the shape anisotropy of longitudinal
(transverse) patterns. From the standard fitting procedures, we find taht the saturated magnetization and
demagnetization factors (Nx, Ny, Nz) in longitudinal wire are 1.579 x 10° A/m and (0.008, 0.125, 0.867)

respectively.
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We considered periodic boundary condition (PBC) in the micromagnetic simulations for infinite nanowires.
Figure 1 shows the figure of PBC nanowire with 100-nm-long, 100-nm-wide, and 10-nm-thick CoFeB. Each
nanowire is separated 200 nm in y-axis, the cell size is 5 X 5 x 5 nm’. The material parameters of CoFeB are
used in our simulation are summarized as follows: the saturation magnetization 1.579 x 10° A/m, the exchange
stiffness 1.5 x 10" J/m, the gyromagnetic ratio 2.32 x 10° m/(A's) and we ignore the magneto-crystalline
anisotropy. In this simulation, the Gilbert damping parameter of 0.01 is fixed.

4. Summery
In summary, the ferromagnetic resonance experiments was applied to investigate the magnetic properties of
Coi6FeqsBa thin films and nanowire patterns. We find that the saturated magnetization and demagnetization

factors. And we will compare experimental result with the micromagnetic simulations.
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1. Introduction

Perpendicular magnetic anisotropy (PMA) is the phenomenon of a magnetic thin film which is preferentially
magnetized perpendicular to the film plane. This phenomenon was first observed in thin films of Co/Cr alloys
in 1975 and is currently of interest in relation to high-density magnetic recording. In the search for other various
candidates for recording media, multilayers offer the possibility for anisotropy dominated by the existence of
interface anisotropy. PMA has been studied as a possible candidate for a high-density spin transfer torque
magnetic random access memory [1-5]. Magnetic multilayer which includes metal alloys based on Co/Pt or Co/Pd,
has been investigated because exchange coupled super lattice films of alternating ferromagnetic and non-magnetic
layers can be engineering to show strong PMA [6-8]. Some materials show better interface roughness than
crystalline materials, one of these materials being the amorphous metal alloy CoSiB. The amorphous magnetic
materials like CoSiB are required for high-density magnetic devices and CoSiB alloy is expected to be a potential

candidate material for the free layer in a high-density MRAM.

2. Experiments
The chamber’s base pressure was up to 2.0x 10”7 Torr, and the working pressure was 2 X 10 Torr after
flowing Ar gas (46sccm). All thin films were uniform in size, 1.4cmx 1.4 cm, and were deposited at room

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

3. Result
All of the results in this study, we present by Fig. 1. The [CoSiB 3A/Pd 13A]s multilayer shows

perpendicular magnetic anisotropy better than the others.

4. Discussion
In this letter, we vary present the graphs of all samples; detailed data and the reason for these results will
be presented in our next letter. We will demonstrate the amorphous CoSiB/Pd multilayer system to be beneficial

for applications of magnetic tunnel junctions and interactions between CoSiB and Pd in a next study.

5. Conclusion

We conclude that PMA depends on the CoSiB thickness more than it does on the Pd thickness because the
PMA is influenced by the ferromagnetic material’s thickness. In addition, the squareness depends on the repetition
time of the bilayer (FM/AFM).
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1. Introduction

Nd-Fe-B magnet has bloomed as an important component of modern automotive technology and attracted
much attention in other fields as well. Despite of its outstanding magnetic properties at low temperature zone,
lacking of some aspects such as thermal demagnetization at the operation temperature (>200°C) of HVs and EVs
has still been a great challenge to overcome [1]. The recent studies have been directed mostly on the performance
enhancement to fulfill the current demand of its industrial applications for which higher coercivity is required
to sustain demagnetization at high operating temperature [1-3]. The coercivity of Nd-Fe-B magnets can be
enhanced by the partial substitution of a heavy rare-earth element such as Dy or Tb for Nd in Nd,Fe;4sB main
phase [4]. The coercivity enhances due to the increase of anisotropy field at possible nucleation sites, such as
grain boundaries and interface between the Nd-rich grains and the Nd,FeisB phase [1, 5]. In this work, we studied
the effect in magnetic properties of Dy diffused pre-sintered NdFeB magnet and tried to investigate the

microstructural change due to pre-sintering process.

2. Experiment

Magnet with a nominal composition of Nd»77DysoFees0B10T24, (in wt. %, T= Cu, Al, Co and Nb) prepared
by conventional powder metallurgy process was used in this study. After magnetic field alignment and pressing
the green compacts were first pre-sintered at 600°C and then dipped in DyH, suspension in Ar environment. After
sufficient drying, they were sintered and annealed in vacuum. A set of sample, which was pre-sintered before
sintering without dipping, was also produced for comparison. The magnetic properties of Nd-Fe-B sintered
magnets treated with DyHx and untreated samples were measured with Magnet Physik Permagraph C-300 BH
loop tracer. Similarly, the chemical composition was analyzed using EPMA (SHIMADZU EPMA-1720) and
fracture surface of the magnets were observed using JEOL JSM-6360 in BSE mode.

3. Result and Discussion

Dy atoms were sufficiently diffused into the interior of magnet from its coated surface during sintering and
heat treatment process and reached more than 100 pm below the surface. The increase of Dy concentration is
likely to enhance the anisotropic field which is believed to be an essential part of coercivity enhancement. The

porous structure of the bulk of pre-sintered magnet allowed relatively large content of oxygen to enter into it,
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which was trapped inside the magnet during the sintering process. The diffused Dy atoms mainly segregated at
the grain boundary and triple junction and reacted with oxygen thereafter led to the formation of RE oxide phases.

Those non-magnetic RE-rich oxide phases prohibited coercivity enhancement of pre-sintered Nd-Fe-B magnets.

14
Heat treated Nd-Fe-B magnets 4
12 rerurerarareperarpuu R S i S i A
10 |- -
s b ) Pre-sintered before fully sintering
) | — — —Fully sintered without pre-sintering |
= R Pre-sintered and dipped in DyH_
= | -
moe | before fully sintering
| .
4+ m
Pre-sintered at 600°C .
2k ] : Sintered at 1060°C _
i Heat treated at 850°C and 500°C |
)
0 — T : T : T : T

-25 -20 -15 -10 -5 0
H (kOe)

Fig. 1. Demagnetization curves of heat treated Nd-Fe-B sintered magnets.

4. Conclusion
Pre-sintering and dipping mechanism seemed to be effective to increase diffusivity of Dy atoms. However,

our preliminary result showed that the pre-sintered magnets were more vulnerable to capture the oxygen so that

non-magnetic RE oxide phases could developed.
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Field-induced Domain Wall Motion of Amorphous
[CoSIB/Pt]N Multilayers with Perpendicular Magnetic Anisotropy

M. H. Jung’, Y. H. Choi’, K. J. Lee, Y. Yoshimura®, K.-J. Kim® T.Ono®, T. W. Kim®, C.-Y. You**

1Department of Physics, Sogang University, Seoul 121-742, Korea
*Institute for Chemical Research, Kyoto University, Gokasho, Uji, Kyoto 611-0011, Japan
3Department of Advanced Materials Engineering, Sejong University, Seoul 143-747, Korea
4Department of Physics, Inha University, Incheon 402-751, Korea

Perpendicular magnetic anisotropy (PMA) materials are of great interest because of their potential applications
to realize next-generation high-density non-volatile memory such as spin-transfer-torque magnetic random access
memory (STT-MRAM) with low current density and high thermal stability. Important issue for high-density
storage is a further reduction in the lateral dimension, which attain serious thermal heating for current-induced
magnetization switching. To overcome the thermal stability problem, materials with strong PMA are required.
Strong PMA properties have been investigated in periodically altered ferromagnetic (FM)/nonmagnetic (NM)
crystalline multilayers such as Co/Pd, Co/Pt, Co/Au, and Fe/Au. Apart from studies of crystalline PMA materials,
considerable work has been done on amorphous systems, because they are expected to have lower pinning density
as well as smooth interface. We have previously reported the PMA properties in amorphous multilayers of
[CoSiB/Pt]n, where the magnetization reversal process is dominated by the domain wall (DW) motion rather than
the nucleation. Thus, the amorphous [CoSiB/Pt]y multilayer is believed to be one of leading PMA materials to
achieve smooth DW motion.

In this study, we report the DW dynamics in amorphous [CoSiB/Pt]y multilayers with symmetric structure
Pt(14 A)/CoSiB(6 A)/Pt(14 A) and the repeated number of layers N = 3, 6, and 9. We used the symmetric
structure in order to prevent the inhomogeneous pinning effect introduced by the asymmetric structure, and we
chose the N = 3, 6, and 9 multilayers with high squareness. The effective anisotropy constant is 1.5 x 10° erg/em’
for all the samples and the coercive field Hc linearly increases with N. In the case of high initial field, where
the magnetization is fully saturated by a large magnetic field (H > H.), the wall-motion process is dominant.
In the case of low initial field (H > H.), the dendrite-like process is dominant because unreversed spots act as
nucleation sites during the reversal process. For the high initial field configuration, we investigated the DW speed
in the creep regime. The field dependence of magneto-optical Kerr effect (MOKE) images shows that the creep
exponent p is scaled 1/4 for all the N values, and the measurements of anomalous Hall resistance in patterned

nanowires demonstrate that the DW speed is strongly affected by the pinning strength.
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Domain wall motion due to Spin Hall effect
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Here we report the suppressed and enhanced current-induced domain wall motion due to spin Hall effect
induced effective field in Pt/Co/Pt stripes. The presence of effective field considered which is caused by spin Hall
effect was observed in Pt/Co/AlOx [1,2] and Ta/CoFeB/MgO[3] with perpendicular magnetic anisotropy(PMA).
The effective field can result in perpendicular magnetization switching under an in-plane magnetic field. Recently,
the perpendicular magnetization switching was also observed in Pt/Co/Pt[4] and we studied the influence of the
effective field on the current-induced domain wall motion. For this study, 500 nm-wide nanowires made from
Pt(1.5 nm)/Co(0.3 nm)/Pt(2.5 nm) and Pt(2.5 nm)/Co(0.3 nm)/Pt(1.5 nm) films, which may have opposite
directions of net spin Hall effect, were prepared. The magnetization switching and domain wall motion induced
by in-plane current were studied with applying in-plane magnetic field Hj, parallel to the current direction, to
tilt the magnetization of magnetic domain and domain walls. The nanowires shows purely current-driven domain
wall motion at the current density of few 10" A/m2[5]. By applying Hj, the domain wall speed is found to be
either increased and decreased compared to the H=0 case depending on the polarity of H|. As the current density
and H| increases, the effective field becomes stronger(Fig. 1), and finally it overcomes the driving force by
current, the direction of domain wall motion is reversed surprisingly. Basically the same behavior is observed for
the two films which have different Pt-layer configurations but the magnetization switching sign and the sign of
effective field were opposite to each other. It signals the influence of spin Hall effect induced effective field in

domain wall dynamics and more details of the effective field will be discussed.
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Fig. 1. Effective field induced by spin Hall effect.
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Competition of Shape and Magnetocrystalline Anisotropy
of B2 Type FeCo Structure

Jisang Hong*
Department of Physics, Pukyong National University, Busan Korea 608-737

Using the full potential linearized augmented plane wave (FLAPW) method, we have investigated the effect
of Fe adlayer and Co underlayer on the magnetic properties of Fe/FeCo/Cu(001) and Fe/FeCo/Co/Cu(001)
systems. It is found that the magnetic layers display very close to half metallic state and this is independent on
Fe adlayer thickness or Co underlayer. The pure FeCo/Cu(001) has an in-plane magnetic anisotropy and the Co
underlayer induces a perpendicular magnetic anisotropy. Besides, the spin reorientation transition (SRT) is realized
with increasing Fe adlayer thickness. Both Fe/FeCo/Cu(001) and Fe/FeCo/Co/Cu(001) systems manifest similar
behavior although the strength of anisotropy energy is different. The thickness dependent magnetic anisotropy is

interpreted in terms of shape and magnetocrystalline anisotropy.
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It is a long quest for finding a reliable exchange-correlation potential for the many-body theory for describing
the electronic structures within reasonable computational resources. The local density approximation (LDA) by
Kohn-Sham [1] is a triumph of the density functional theory (DFT) [2] in many-body physics, but it is a certain
class of mean-field approximation, which cannot capture correlation effects correctly. The LDA+U method [3],
which is a combination of two extreme theoretical approaches in solid states physics, has been successfully
described many important physical properties of various classes of correlated materials [4]. The success of the
LSDA+U method is due to the rather ad hoc engineered inclusion of a parameter, the Hubbard U, for controlling
the localization of electrons instead of the Stoner parameter / responsible to control localization in the local spin
density approximation as well as in the generalized gradient approximation. Since the LSDA+U method is based
on the static Hartree-Fock approximation to the Hubbard model, a further progress for considering the dynamical
effects has been made in terms of the dynamical mean field approximation (DMFT) [5].

The LSDA+U method [6] was applied to investigate the origin of the observed paramagnetism [7] or spin
glass behavior [8] of B2-FeAl intermetallic compound at low temperature. The investigation of Ref. [6] claimed
that the correlation correction within the LSDA+U scheme yields a nonmagnetic ground state for U being greater
than 3.7 eV and attributed that the disappearance of the magnetic ground state occurs since Fe-f,, and Fe-eg
manifolds are affected differently by a common U. However, there have been many doubts on the conclusion
of Ref. [6] by considering the effects of thermal disorder [7,9,10] including the effects of antisites [11]. Moreover,
the authors of Ref. [6] made a conceptual mistake in distinguishing nonmagnetism and paramagnetism, although
they are conventionally treated equivalent. It is therefore necessary to investigate again the effects of correlation
on the magnetism of B2-FeAl with more precise calculations.

The crystal structure of the target is simply B2-FeAl whose experimental lattice constant is 5.496 a.u. (see
Ref. [6]) and we vary the lattice constant from 95 % to 115 % of the experimental one for find the equilibrium
lattice constant. The Kohn-Sham equation was solved in terms of the total energy all-electron full-potential
linearized augmented plane wave method [12] implemented in the QMD-FLAPW software package [13]. The
convergence parameters were carefully selected for checking the accuracy of the calculations such that a 21 x 21
x 21 mesh for the integration inside the Brillouin zone, lattice harmonics with the maximum /=10 for both
potential and wave function expansion inside the muffin-tin spheres of radii 2.2 a.u. with 481 radial exponential
meshes. The important parameters for the plane wave cutoff and the star function cutoff were chosen to be
respectively 4.5 (2n/a) and 18.0 (2m/a), where a is the lattice constant.

We used the various correlation effects to the Kohn-Sham potential such as the local density approximation
(LDA) by Hedin-Lundqvist [14], the local spin density approximation (LSDA) by von Barth-Hedin [15], the
generalized gradient approximation by Perdew-Burke-Ernzerhof [16], and the screened exchange LDA (sx-LDA)
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[17] implemented in the FLAPW method by Asahi-Mannstadt-Freeman [18] as well as the LDA+U method [3]
combined with the LDA, LSDA, and GGA implemented in the FLAPW method [13]. The required U and J

parameters were chosen to be the same with those of Ref. [6].

With all the possible cases of the correlation potentials including the variations of U and lattice constants,

we always obtain the ferromagnetic ground states, which is contradict to that of Ref. [6]. We attribute the

discrepance is originate from the implementation error of Ref. [6] and warn that the consequent study based on
the Wien 97 and Wien 2k packages with the LDA+U should be investigated again.
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1. Introduction

Alloy consists of several kinds of atoms which make up superlattice order, and this superlattice order breaks
down as atoms agitate thermally with increasing temperature. This characteristic makes difficult to study alloy
systems, due to its complexity of considering randomness of their configurations. The simplest approximation is
the Bragg-Williams approximation [1] which models alloy system similar to the Ising model, within the
mean-field theory. It calculates the energy of the system from the interchange energy between different atoms
proportional to the order parameter of the system. Another one is the Bethe approximation [2], which utilizes
the partition function involving the short-range interactions between atoms, and also considers the long-range
interactions. In the previous study, the analytic and numerical result of Bethe approximation for quadratic lattice
was given [3].

In the present work, the analytic solutions to the Bethe approximation for body-centered cubic lattice are
worked out and applied to the B2 FeAl intermetallic alloy. The interaction parameters Fe and Al atoms were
obtained from the density functional calculations. Moreover, the results are to be compared with experimental

values, in order to find the relationship between the atomic disorder and the magnetism of the alloy.

2. Calculation models

Fig. 1 shows how the Bethe's second approximation works. We choose, in the atomic lattice, an arbitrary atom
as a central atom, and consider the configurations of its surrounding atoms, called as “shell”s. In the Fig. 1, the
crossed circle is the central atom. The squares surrounding it are the nearest neighbor atoms of the central atom,
which are called as the “first shell”, and the crosses and the circles surrounding the first shell are called as the
“second shell”, and so on. While the first approximation only utilizes the configuration of the central atom and
the first shell, and consider the outer shells as a effective field, the second approximation also uses the

configurations of the second shell, which makes the approximation much more realistic.

o] O O

X

Figure 1. Bethe's approximation in the quadratic lattice [2].
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By this approach, the partition function of the system is obtained, and from the partition function the following

thermodynamic functions can be calculated (see Ref. 3)

1
F=——InZ, U=-—
g

aan) G —F+U
aﬁ N, V’ T

, C

[37),, ©

3. The Relationship between the Atomic Disorder and Magnetism in B2 FeAl

Intermetallic

As many literatures indicate, the Density Functional Theory (DFT) calculation shows that the B2 FeAl
intermetallic compound is ferromagnetic in ground state with Fe atom's magnetic moment = 0.7pg, while it is
paramagnetic at room temperature [4-6]. In this work, we assume that FeAl has ferromagnetic-paramagnetic
transition, and also assume that this magnetic transition is closely related to the atomic order-disorder transition,
simply as one-to-one correspondence. Thus, we obtain the atomic interation energy between Fe and Al in FeAl
from DFT calculations, apply it on Bethe approximation to model the atomic disorder, and observe how the

change of magnetism is related to the atomic disorder of FeAl, comparing with the existing experimental results.
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Figure. 2. The order-disorder transition of BCC (B2) alloy modelled by the Bethe approximation, for the case

when the interaction energy between different atoms is 20 meV.
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It is essential to capture the intrinsic nature of spin-transfer torque (STT) for understanding STT physics and
utilizing it for devices. Recently, it has been reported that spin-transfer effect occurs in spin wave [1], which
enables to study the intrinsic features of STT in a more obvious way. It is because spin wave propagation in
nanowire is less sensitive to local defects and edge roughness than domain wall motion. In the previous studies,
it was demonstrated that STT induces spin wave Doppler shift in frequency-domain [2] and time-domain
measurement [3], which allowed the investigation of the nature of STT.

In this work, we study the effect of STT on mode interference of spin waves. As a result of the mode
interference of spin waves, spin wave intensity locally increases or decreases in a nanowire and these intensity

localized positions do not move with time. The spatial periodicity of the intensity locked positions, L, is

27/ (ky—k,), where ke and k., are the first and second longitudinal wave numbers [4]. For exchange spin
wave where exchange energy is more dominant than magnetostatic energy, they are determined by the following

dispersion relation,

o g
0 s
2

_ _(kxl +kx2)”0 i\/{(kxl +kx2)u0}2 _4{ugkxlkx2 _7/2 (NZMS +Dk§ )}

where @, = 2 f is cyclic excitation frequency, U, = ,quP / eM s 1s the magnitude of adiabatic STT, Hp is

the Bohr magneton, j is the current density, e is the electron charge, M, is the saturation magnetization, 7 is

the gyromagnetic ratio, N. is the demagnetization factor along the thickness, D is the exchange stiffness, and

2 _ g2 2

ko _kxl +kx2. This theoretical prediction for the periodicity of the intensity locked positions is verified by
micromagnetic study. We found that the periodicity of the locked positions with increasing current from
micromagnetic study is in good agreement with that from above equations. Furthermore, this provides a way to

measure the current-induced spin wave Doppler shift in spatial-domain.
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1. Introduction

The [Pt/Co] multilayers with a very thin Pt layer of 0.2 nm are presented that exhibits strong perpendicular
magnetic anisotropy (PMA) even after annealing up to 500°C. The observed post-annealing stability is in
significant contrast to that previously shown for conventional multilayers with a thicker Pt layer than Co, where
good PMA properties are obtained in the as-deposited state but they deteriorate significantly at moderate annealing
temperatures below ~300°C. The reason for the high post-annealing stability is a low level of intermixing during
sputtering due to the very thin Pt layer. In this study, a new attempt was made to minimize the intermixing by
using a very thin Pt layer. This approach is based on the idea that the magnitude of intermixing is proportional
to the duration of sputtering. [Pt/Co] multilayers with a very thin Pt layer of 0.2 nm (~1 monolayer) were
fabricated and their magnetic properties were investigated. A major difference with this scheme is that in
conventional [Pt/Co] multilayers, the thickness of the Pt layer is usually ~1.5 nm, which is thicker than that of
the Co layer [1, 2].

2. Experiment details

The multilayer structure that was the main focus of this study was [Pt (0.2 nm)/Co (fco)]s, Where tc, was
varied from 0.2 to 0.6nm. The entire stack consisted of the following: Si substrate (wet-oxidized)/Ta (5 nm)/Pt
(10 nm)/Ru (30 nm)/[Pt (#p)/Co (fco)]s/Ru (3 nm). The stack was fabricated using an ultra-high-vacuum dc
magnetron sputtering system with a base pressure of 7 x 10™ Torr. All layers were deposited at a constant Ar
pressure of 2 x 10” Torr, and no specific substrate cooling or heating was applied during process. The thickness
of the constituent layers was measured with a surface profiler, and in some cases, it was also measured with
a high-resolution transmission electron microscope. The deposition rate of the Pt and Co, from which the
thicknesses of the layers were calculated, was adjusted to approximately 0.03 nm/s by varying the sputtering
power. The samples were annealed at different temperatures ranging from 300 to 500°C for 1 h at a vacuum
of 1 x 10° Torr. m—H or M—H loops (where m, M, and H denote the magnetic moment, magnetization, and
applied magnetic field, respectively) were measured with a vibrating sample magnetometer. The value of M was

obtained by dividing m by the total volume of the multilayers.

3. Results and discussion

A systematic investigation was conducted that involves varying the Co layer thickness (fc,) in [Pt(0.2
nm)/Co(fco)]s multilayers and the annealing temperature and the results are shown in Fig. 1 where the effective
PMA energy density (Keq) is plotted as a function of ¢, at various annealing temperatures ranging from 300 to

500°C as well as in the as-deposited state. The value of K increases significantly as fc, increases from 0.2 to
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0.28 nm, and then, it becomes almost saturated with further increases in fc,. The window where strong PMA
is evident is quite wide, with large values of K. observed in fc, range of 0.28 to 0.6 nm, although the optimum
occurs at fco, = 0.5nm. The value of K is slightly reduced at the highest Co thickness, #c, = 0.6 nm, which
can be explained by the fact that PMA is attributed to the interface anisotropy. Another important feature is that
K. is not affected substantially by post-annealing unless the temperature exceeds 500°C, where a large decrease
in K is observed for all 7c, values. This post-annealing stability, which is significantly higher than that reported
recently for similar samples [3, 4], indicates that these [Pt/Co] multilayers with a very thin Pt layer are compatible

with the post-processing temperature for integration with complementary metal oxide semiconductor transistor [5].

This work was supported by the National Research Foundation of Korea (NRF) grant funded by the Korea
government (MEST) (2011-0028163).
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Fig. 1. Results for K, as a function of #¢, for the [Pt(0.2 nm)/Co(¢c,)]6 multilayers at various annealing

temperatures as well as in the as- deposited state.
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Fig. 1. Cross section of a transferred Ings3Gao47As channel
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