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Signatures of Majorana Fermions in Magnetic Atom
Chains on a Superconductor

Jungpil Seo™?’, S. Nadj-Perge?, I. K. Drozdov?, J. L%, H. Chen®, S. Jeon?,
A. H. Macdonalds, B. A. Bernevigz, and A. Yazdani®

'Department of Emerging Materials Science, Daegu Gyeongbuk Institute of Science and Technology,
Daegu 711-873, Korea
2], oseph Henry Laboratories and Department of Physics, Princeton University, Princeton, NJ 08544, USA
3Depar‘[ment of Physics, University of Texas at Austin, Austin, TX 78712, USA
*jseo@dgist.ac.kr

Majorana fermion is an unconventional particle that is its own anti-plarticle. The emergence of this peculiar
particle is predicted at the edge of a topological superconductor, which can be realized when a ferromagnetic
material is placed in proximity to a conventional superconductor. In the experiment, we have built a ferromagnetic
iron (Fe) atomic chain on the surface of a conventional superconductor (Pb). Using scanning tunneling
spectroscopic techniques, we show the onset of p-wave superconductivity, and appearance of zero-energy states
at the edge of the chain. This spatially resolved signature provides strong evidence for the formation of a

topological phase and edge-bound Majorana fermions in the atomic chain.
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Effect of angular dependence of spin-orbit spin transfer
torque on magnetization switching and domain wall
motion of perpendicular magnetic layer

Seo-Won Lee"” and Kyung-Jin Lee'?
1Departmen‘[ of Materials & Engineering, Korea University, Seoul 136-701, Korea
*KU-KIST Graduate School of Converging Science and Technology, Korea University, Seoul 136-701, Korea

Spin-orbit spin transfer torque (SOT) induced perpendicular magnetization switching in ferromagnet/heavy
metal bilayers is of great interest due to its efficiency and ability to separate read and write paths in memory
devices [1]. Recently, a general expression of SOT was proposed based on space and time inversion symmetry

arguments [2], where the damping-like SOT is given as
T:ycj[mx(mxy)+;(2mxm><z+;(4mx(m><z)3]’ (1)

where c¢; is the magnitude of damping-like SOT, m is the unit vector along the magnetization, z is film normal,
y is perpendicular to both z and current direction, and y» and x4 describe additional angular dependences.
Experimental measurements of SOT vectors found that y, and y4 are in general nonnegligible [2, 3]. We note
that the bulk spin Hall effect theory predicts no additional angular dependence [4] whereas Rashba spin-orbit
coupling (RSOC) effect shows strong angular dependence when RSOC is comparable to sd exchange coupling
at interface [5].

In this work, we investigate effect of additional angular dependence on magnetization switching by SOT.
Assuming y» << 1 and y4 = 0, we first derive an analytic threshold of c; for switching as

X (_8—3l—‘+h2(3r—28))752 _

1
T-h*+=y, + (T +4)y, -80
A L "X (T4, ~80)
- k

42208 —h* 4T , ()

where h = Hx/Hk, Hx is the external field applied along the current direction, Hk is the effective perpendicular
anisotropy field, and I" =8-h(8+h"2)"(3/2). Eq. (2) shows that the switching current decreases with increasing y»
when y, > 0. We next perform micromagnetic simulations and find that numerical results are consistent with the
analytic solution (Fig. 1). We also find that a positive x4 reduces the switching current further.

Our results show that the additional angular dependence with a specific sign (i.e., positive ¥, and ya) is
beneficial for low power operation of SOT memory devices. As it would be related to the interfacial RSOC [5],
interface engineering and its relationship to the angular dependence of SOT are necessary to reach full potential

of SOT devices. In the presentation, effect of angular dependence of field-like torque will be also discussed.
References
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Fig. 1. Switching current with external in-plane field Hy. (parameters : a = 0.1, My = 1000 emulem’,
effective Gy = 0.3, diameter of ferromagnet = 30 nm, thickness of ferromagnet = 1 nm,

current pulse = 5 ns, and current rise time = 0.5 ns, Hior = 5000 Oe).

-16 -



O-1-2

uFX 5ol 28t 20|12 0|F §
248", 2435’ MaZ’, ﬁtgﬂ“ ZUS’, 2ME° 2’
'R sl 7ol Wi 2 e
A g st Eel A
2720 o5 dt A AT AT HopoA Fad ol oA Ak AAUE o FL
Ae) A7 gol A7E Ee Ame] ARE FYUste AU Felke ARl ols) AsAE} T
st @afo] whAely] wjRolct Ao old RS olg3t W 9o WF AVHE ol g3
& o83t whge AgH oz Pl HAAT, $4 UhevlE 27]9) AAue
gato] 7 H3ick oyl A7 HE A BING F
Ol T 4 QA Bl molh 2l A7 u|ee) o] FE4

RO R ol

wpglo] AlAE k. o 4714

o] obyl 424 wholZzu|E Z7|e] AW of
2717 2 ool 2ol ofs

2 2Rshe folo] RolglA B o B

-17 -



O-I-3

ZXI0|T8E H= BRI/ TS M|/ L2HE
O|FFXZOAMY AH-2U EF

e, olsi, 01FS, Wy

O - ooy T

Department of Materials Science and Engineering, KAIST, Daejeon 305-701, Korea

o3t
>
oX,
=
_,>i
H‘U 0_L4
- ¥
ol
S H
ollN
% 2
11 r>~l
o°1' Ill'U
HIE Ll
N r2
% 3
ol P‘é
ol
Al L
e
44 R
N, R
N
3
1
Ll i
mE r‘ﬁ‘
T4k
AN -:)
= ﬁ
o % %
H Of
o
(¢}
= o
]
=
I
[>
r’I
to
Y
i
u

oxr 1o lr kT
=B o
2
o A l‘lr
sk
N
ofr
_g
rBL
2
_g
N,
e
x:

~
ol

DA
o
e
"
(U%]
ofx
g
BN
2
>
2
o2
i
kl
0
o

H
koxo

i)

in

ox

~ oﬁ

o

N L

P8 A E ohE BAR uAp Bdo] otk ol ols) wast
Aol o] A7 Ao A42] Sol AEol ok, WA o)t
waE v} gich whebd 2 ATl AL SRS FhXE AR A
AR ol F o b Ag-o9 236 s nasteck

o Fll:—‘
o T

rﬂ -
Nodp 2
rlr x
_ﬁm
_1>4 rui

oz |

lo
bE
it
W
é
rJ

10
2
. s L "'\-\.\_\\ 0 ‘ﬁ.’l—
s N
Eqp — — -10
> R .
-1
S, rhin (om) 20}
2 3
04 02 00 02 04 Ry 02
H(T) H [T)
(a) (©)
Oxide (MgO) 10
FM (CoFeB) “-5 1 ost
<« 00
AFM (IrMn) — 3 ' ,” 05
~_ —_ . =—H0—FPulse +
Under layer (Ta/Ti) a0 mm -_i.:_?lf*' :'_ﬁﬂ:f,ﬂ 410 —C=—Pulse -
AFM/FM schematics T e ! 7 Hikee | °

(d) (e)

Fig. 1. The Ist (a) and 2nd (b, c) harmonic anomalous Hall voltage of the
Ta(5nm)/Ti(5nm)/IrMn(0, 3nm)/CoFeB(1nm)/MgO(2nm) samples for the magnetic (H) fields longitudinal (Hr)
and transverse (Hr) direction to the current, and their current-induced switching (d, e).

Here the H field sweeps only from positive to negative direction with each pulse polarity.
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Various excitation phenomena of a skyrmion in ultrathin
magnetic nanodisk induced by Spin Hall Effect

Takayuki Shiino™, Ki-Suk Lee?, Byong-Guk Park'
1Department of Materials Science and Engineering, KAIST, Daejeon, 305-701, Republic of Korea

*School of Materials Science and Engineering, Ulsan National Institute of Science and Technology,
Ulsan 689-798, Republic of Korea

1. Introduction

Magnetic skyrmions have been considered as promising candidates of the information carriers in future
spintronic devices because of their small size and of ultralow current densities required to drive them. Recent
studies have suggested that skyrmions can be found in a magnetic ultrathin film sandwiched by a nonmagnetic
insulating layer and a heavy metal layer with large spin-orbit interaction. The existence of the skyrmions can be
explained by the interfacial Dzyaloshinskii-Moritya interaction (DMI), which originates from the lack of inversion
symmetry and from large spin-orbit coupling, and gives a chirality to the magnetization configuration of a
ferromagnetic layer [1]. Also, current-induced spin-orbit torques, namely, the spin Hall effect (SHE) and the
Rashba effect, can give a new way to control the magnetic configuration of a ferromagnetic layer which is
adjacent to a nonmagnetic metallic layer with strong spin-orbit interactions. Recently, several micromagnetic
simulation studies have predicted that a magnetic skyrmion can be nucleated and stabilized in a nano-sized
ultrathin magnetic disk in the presence of the interfacial DMI [1-3]. However, it has not been reported so far
the study on the current-induced skyrmion motion in a magnetic circular disk. In this study, we focused on the
simulation of current-induced skyrmion motion in a nano-sized ultrathin magnetic circular disk, which

demonstrates three interesting excitation phenomena depending on the excitation frequency.

2. Simulation scheme

We conducted micromagnetic simulations for a magneticdisk of 0.6 nm in thickness and 80 nm in diameter
using the OOMMEF code [4] with the DMI extension [3]. The material parameters are as follows: the saturation
magnetization M, =1.13 x 10°A/m, the exchange stiffness constant 4= 1.6 x 10™"'J/m, the DMI constant D = 3.0
x 107J/m’, the perpendicular magnetocrystalline anisotropy energy K, =1.28 x 10°)/m’, and the damping constant
0=0.015. The mesh size was set to 1.0x 1.0 x0.6nm’. The governing equation of the simulation is the
Landau-Lifshitz-Gilbert (LLG) equation with the time-varying SHE term,

om om

E = —yor_ri X Heff +am X E + )/077{ X (7'71: X HSHE sin(anaCt) éy) (1)

where 7 = (% x) is the dimensionless unit vector of the local magnetization. The first and second terms
of the right side of the equation (1) are the conventional LLG equation, while the third term indicates the
time-varying SHE term (Hsue is the amplitude and f,. is the excitation frequency) on the assumption that the

alternating current is applied along the in-plane x direction [5]. Here, we assumed only the SHE as a major
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driving force, and neglected other possible effects such as the Rashba effect and spin-transfer torque.

3. Results and discussion

When ac current is applied to the disk, three distinctive excitation phenomena were observed depending on
the driving frequency of the ac current. Figure 1 (a) shows the snapshots of the regular resonant gyrotropicmotion
excited at f,. = 0.26 GHz, and Fig. 1 (b) shows the corresponding trajectory of the steady-state gyrotropic motion.
The gyration frequency f; was same as the excitation frequency of 0.26GHz, and this resonant gyrotropic mode
has been observed in the magnetic vortices [6]. Second, when ac current of f;c=2.8 GHz was applied, we
observed excitation of resonant breathing mode whose frequency was f; = 5.6 GHz as shown in Fig. 1 (c¢). During
the breathing motion, the skyrmion showed small elliptic gyrotropic motion in the proximity of the disk center
as shown in Fig. 1 (d). We have found that the resonant breathing mode excitation can occur through the elliptic
gyrotropic motion of f; =2.8 GHz. Third, the simultaneous excitation of two gyrotropic and breathing modes were
observed in the frequency range of 4.8~6.2 GHz. As shown in Figs 1(e) and 1(f), the breathing mode of f;=
6.32 GHz and the gyration resulted from an anharmonic superposition between circular gyrotropic motion with
f¢=0.32 GHz and an elliptical gyrotripc mode with f,. =6.0 GHz are excited by a single ac current with f;.=
6.0 GHz. Interestingly, we found that these hybridizedgyrotropicand breathing modesare always satisfied the
relation f;=f, + f.c and which reveals that there is a strong coupling among those modes and thus, they are
hybridized mediated by a single harmonic ac current.

Such novel phenomena of hybridization among gyrations and breathing mode can provide a different view

angle to understand the inertial mass of a skyrmion in a confined system.

b
t=25126ns  25222ns 253.19 ns 254.14 ns mz+1 (b) «
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C t=251.11ns 251.20 ns 251.29 ns 251.38 ns (d)
4 2.8 GHz
. cw m
= 9 , H
— i
> 2 y
-4
€ 4 2 0 2 4 6
x (nm)

(€) ¢=27454ns 274.61 ns 274.69 ns 274.76 ns (f) a0

x (nm)
Fig. 1. The snapshot images and the trajectory (a), (b) for the steady-state gyrotropic motion excited at fi. =0.26
GHz, (c), (d) for the breathing motion excited at f,.=2.8 GHz, and (e), (f) for the simultaneous excitation of
breathing mode and trajectioy of the gyrations for f,.=6.0 GHz, respectively. The amplitude of the applied
SHE-based current was Hsge = 0.1(2.69) x 10*A/m with the MHz (GHz) driving frequencies.
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1. Introduction

The domain-wall (DW) motion driven by pure electric current has been recently demonstrated. However, the
main driving force on such DW motion has remained under debate. This is due to the contradictory experimental
results of the DW motion in the direction of the current flow, which is opposite to the prediction of the standard
spin-transfer torque (STT) theory. To understand such opposite DW direction, the spin-orbit torque (SOT) on

chiral DWs has been recently introduced and extensively studied nowadays [1-4].

2. Method & Results
For this study, we fabricated Pt/Co/Pt films, of which the SOT is compensated by adjusting the thicknesses
of the upper and lower Pt layers. Interestingly, the DWs of these films, even without the SOT, were observed

to move in the direction of the current flow.

J —

® ©
) —

Fig. 1. DW motion along the current flow observed in Pt/Co/Pt device with

symmetric Pt thicknesses. Black(white) domain represents up(down) magnetic domain, respectively.

3. Discussion

We show here that even in the absence of the SOT, the DW moves in the direction of the current flow,
manifesting the existence of another origin. The present observation can be explained by introducing the existence
of the negative STT (nSTT). Such nSTT is possibly due to either a negative spin polarization or a negative

nonadiabaticity.

- 23 -



4. Conclusion
These findings are expected to provide the final piece of the controversial puzzle in the current-induced DW
motion and new possibility of designing spintronic devices with the nSTT as an additional degree of freedom

for manipulating DWs.
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Asymmetric induced magnetic moment of top and
bottom Pd layers in Pd/Co/Pd trilayer system
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2Department of Physics, Sookmyung Women’s University, Seoul 140-742, Republic of Korea
*Department of Physics, Soongsil University, Seoul 156-743, Republic of Korea
*Advanced Photon Source, Argonne National Laboratory, Argonne, Illinois 60439, USA

Spin transport properties of a non-ferromagnetic metal (A) / ferromagnet (B) / non-ferromagnetic metal (A)
system have been extensively studied. Interfacial phenomena such as spin-orbit torque and Dzyaloshinskii-Moriya
interaction are known to affect the spin transport properties in such systems. [1, 2] Even with a symmetric A/B/A
structure, it has been argued that the structural difference of the top A/B and bottom B/A interface lead to a
broken space inversion symmetry. In this study, the induced magnetic moment of the Pd layers in a Pd/Co/Pd
trilayer system were investigated. The magnetic proximity effect is known to induce ferromagnetic behavior in
Pd adjacent to a ferromagnetic element. [3] Using x-ray magnetic circular dichroism and x-ray resonant magnetic
scattering, it is found that the induced magnetization of the Pd at the top Pd/Co and bottom Co/Pd interface is
different. The asymmetry of the Pd moment is possibly due to the difference in strain of the top and bottom
Pd. These results suggest that the asymmetry in the interfacial induced magnetic moment need to be considered

in explaining interfacial spin transport phenomena.

Skl
[1] J. C. Thomas et al, PRB 88, 214401 (2013)
[2] M. Jamali et al., PRL 111, 246602 (2013)
[3] J.J. Hauser, Phys. Rev. 187, 580 (1969)
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1. Introduction

Magnetic tunnel junctions (MTJs) with Ta/CoFeB/MgO frames possessing perpendicular magnetic anisotropy
(PMA) are attracting significant interest for realizing the next generation non-volatile memory'” and the spin-orbit
torque switching devices.? Among all the PMA materials, such as rare-carth-transition metal films, [Co/(Pt, Pd)]
and [Fe/(Pt, Pd)] multilayers,4 and their L1y ordered alloy films,’ Ta/CoFeB/MgO frame combines the advantages
over the MTJs with in-plane magnetic anisotropy including giant tunneling magnetoresistance (TMR) ratio via A,
symmetry, fast switching with low current density based on low damping constant,'® and the simple structure
to manufacture. However, the PMA features are easily deteriorated at annealing temperature over 300 °C caused
by Ta diffusion.” In this study, diffusion barrier (DB) was inserted at the Ta/CoFeB interface to prevent Ta

diffusion to maintain the PMA properties.

2. Experimental Details

Ta (5)/DB (d)/CoFeB (1.4)/MgO (2) with Ta capping layers (the numbers in parentheses represent the nominal
thickness of each layer in nanometers, d represents the thickness of DB.) were prepared by utilizing a
DC/RF-magnetron sputtering system on oxidized Si substrates at room temperature and annealed at various
temperature for an hour under 3 T magnetic field in high vacuum. After the samples with different DB thicknesses
were tested within a nominal thickness range from 0 nm to 1 nm with annealing temperature up to 400 °C, the
optimized sample with 0.4 nm thickness was selected for subsequent evaluation in this work. Two series of
samples were prepared for in-depth study of PMA properties as follows: subs./Ta (5)/CoFeB (t)/MgO (2)/Cap (3)
(Series A) and subs./Ta (5)/DB (0.4)/CoFeB (£)/MgO (2)/Cap (3), where the numbers in parentheses represent the
nominal thickness of each layer in nanometers and the thickness of CoFeB layer (¢) varied from 1 nm to 2.4
nm.

Vibrating sample magnetometer (VSM) was used to measure the magnetic hysteresis loops of each sample
and X-ray diffractometer (XRD) was carried out to confirm the structure crystalline of the DB layer. The effect
of the DB was evaluated by the cross-sectional high-resolution scanning transmission electron microscope

(HR-STEM) and energy-dispersive X-ray spectroscopy (EDX).
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3. Results and Discussion

Clear PMA properties of Ta/DB/CoFeB/MgO frames containing various DB thicknesses were maintained even
after annealing temperature over 400 °C, compared with those the frames without the DB insertion layer.
However, as the DB thickness increases, the magnetic dead layer also seems to be increased. The EDX
observation suggests some evidences of highly suppressed Ta diffusion due to DB layer and vigorous B
diffuse-out at the CoFeB/MgO interface after the high temperature annealing.

Ordinary Ta/CoFeB/MgO frames (Series A) revealed PMA with the largest anisotropy field (H)) about 9 kOe
after the 250 °C annealing and dramatically deteriorated with the small H; value as the annealing temperature
increases. On the other hand, with the 0.4 nm thick DB insertion (Series B), the largest H; value of 12 kOe was

observed after 350 °C annealing and PMA behaviors were still observed up to annealing temperature 425 °C.

4. Conclusion

In summary, we present thermally stable behaviors of Ta/CoFeB/MgO frame with 0.4 nm thick DB layer
insertion. The PMA properties were maintained after post thermal annealing of more than 425 °C. It may be due
to highly suppressed Ta diffusion by the DB layer insertion. High temperature annealing may lead to the
enhancement of the H; by providing a vigorous B diffuse-out at the CoFeB/MgO interface. Basic Ta/CoFeB/MgO
frame revealed an effective anisotropic energy (K. of around 4.6 Merg/cc, while a modified Ta/DB/CoFeB/MgO

provided a significantly higher K. value of 9.6 Merg/cc after proper temperature post annealing.
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1. Introduction

Recent studies for perpendicular magnetic tunnel junctions (p-MTJs) has a great attention due to various
advantages, such as current switching efficiency and high thermal stability factor (A=KeffV/ksT, where Keft)V,
kg, and T refer to the magnetic anisotropy energy density, volume of the free layer, Boltzmann constant and T,
respectively).l'3 Most of all, p-MTJs based on CoFeB/MgO frames has exhibited high tunneling magnetoresistance
ratio (TMR ratio)’, while several issues, such as thermal stability for memory retention and tolerance to annealing
process for back-end-of-line (BEOL) processing still remain challenges. In order to get over these issues,
double-interface structure inserted by proper metal layer was employed to maintain high thermal stability.5 In this
study, we investigated the MgO/CoFeB/metal X/CoFeB/MgO double-interface frame showing higher thermal
stability factor than well-known criterion for high performance 1Gb memory device (A=60)’ at a device size
below 20 nm. Clear PMA features was achieved at even higher annealing temperature over than 400 °C. In
addition, the interlayer exchange coupling phenomenon between two CoFeB layers was observed by changing the

inserted metal thickness.

2. Experimental Details

Buffer layer (5)/MgO (1.2)/CoxFesoBao (tcrpr)/metal X (tx)/CoxoFeqoB2o (fcrp2)/MgO (1.2)/Capping layer (5)
stacks were prepared on thermally oxidized Si substrates at room temperature by dual DC & RF magnetron
sputtering, where the numbers in parenthesis refer to nominal layer thickness in nanometers. Two additional single
interface structures were prepared for comparison: Buffer layer (5)/MgO (1.2)/CoxFesBao (tcrsi)/Capping layer
(5) and Buffer layer (5)/CoxFesoBao (tcrs2)/MgO (1.2)/ Capping layer (5). All the stack were post-annealed at 350
°C, 400 °C, and 425 °C for 1 hour under vacuum conditions of pressure below ~1 x 10° Torr under a 3 T
magnetic field normal to sample plane. Vibrating sample magnetometer (VSM) was used to analyze the in-plane

and out-of-plane magnetic hysteresis loops.

3. Results and Discussion
Novel metal layer thickness was varied with the range of 0.25 to 3.0 nm. Increasing an insertion layer
thickness leads to weak ferromagnetic coupling strength between two CoFeB layers have weakened, resulting in

transition to antiferromagnetic coupling region at a metal X thickness over 1.15 nm. Strong ferromagnetic
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coupling was observed at ty =0.55 nm, representing the achievement of highest thermal stability of more than
60 even at higher annealing temperature. This strong ferromagnetic coupling phenomenon permits the two
ferromagnetic layer to act like a single layer in switching process. Thereby, the enhanced thermal stability factor
A could be acquired with expanded volume V of the CoFeB free layer, which has an anisotropic field value Hx
up to about 10 kOe. Magnetic dead layer (MDL; #;) of 1.3 nm was estimated in this work, possibly providing
a small critical switching current density Jc with a lower saturation magnetization value Ms. In addition, the

possibility of annealing process up to 400 °C would satisfy the industrial requirement for BEOL process.

4. Conclusion

In conclusion, thermally stable free layer frames based on double-interface scheme inserted by novel metal
X were developed, where basic MgO/CoFeB/metal X/CoFeB/MgO frame was evaluated at various annealing
temperatures. M-H magnetic hysteresis loops analysis indicated that strong ferromagnetic interlayer coupling
phenomenon was achieved at a thin insertion layer, confirming high thermal stability factor. Moreover, clear PMA

features were kept even at high annealing process over 400 C, that would be suitable for future BEOL process.
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Photo-control of exchange bias in epitaxial
BiFeO3/(La,Sr)MNnO; thin films
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Optimization of oxide magnetic refrigerants
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[1] A. M. Tishin, Int. J. Refrigeration 37, 223 (2014)
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Thickness dependent Magnetic Properties of
Rare-earth free L1¢ FePt/Fe4sCos5 bilayer

Imran Khan', Jicheol Son, Jisang Hong
Department of Physics, Pukyong National University

Using the full potential linearized augmented plane wave (FLAPW) method, we have investigated the
thickness dependent energy product and coercive field of the rare-earth free FeCo/FePt bilayer systems. We have
considered 2, 5 and 10 monolayer (ML) FeCo at 4 ML FePt (L1o). It is observed that both 2 and 5 ML FeCo
displayed close to half metallic features, however in 10 ML system an ordinary metallic feature was obtained.
A high value of perpendicular magnetocrystalline anisotropy energy (Emca) of 45.6 and 23.9 meV/cell was found
for 2 and SML FeCo system. The coercive field displayed a decreasing tendency with increasing FeCo thickness.
Additionally, the estimated energy product was 74.2, 85.1 and 45.5 MGOe for 2, 5 and 10 ML system
respectively. Therefore, our results may imply the FeCo/FePt bilayer can be used for potential rare earth free
permanent magnet.

This research was supported by Basic Science Research Program through the National Research Foundation
of Korea (NRF) funded by the Ministry of Education, Science and Technology (No. 2013R1A1A2006071) and
by the Supercomputing Center/Korea Institute of Science and Technology Information with supercomputing

resources including technical support (KSC-2014-C3-071)
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Magnetic Properties of Zinc-substituted Strontium W-type
hexaferrites of SanxFetz-x]Feszy [0.0 < X< 2.0)

Jae-Hyoung You', SungJoon Choi, Sunwoo Lee, and Sang-Im Yoo'

Department of Materials Science and Engineering, Research Institute of Advanced Materials (RIAM),
Seoul National University, Seoul 151-744, Korea
TSang-Im Yoo, E-mail : siyoo@snu.ac.kr

Since strontium W-type hexaferrite (StW) is stable at the high temperature region of 1350-1440C in air, it
is hard to obtain a pure phase of SrW at room temperature. A full substitution of divalent metal ions such as
Mn, Zn, Co, and Ni for the Fe*" site has been reported useful for obtaining the pure SrW phase at room
temperature. Recently, we have successfully obtained the SrW pure phase at room temperature by annealing and
subsequent furnace-cooling in a reduced oxygen atmosphere. Therefore, in this study, we tried to prepare the
Zn-substituted SrW bulk samples with the compositions of SrZnsFep.oFeis027 (0.0 < x < 2.0) in a reduced oxygen
atmosphere, and identify the effects of Zn®" substitutions on their magnetic properties. We also tried to investigate
the phase stability region of SrZn.Feq».FeisO27. For this purpose, samples were annealed at the temperature region
of 1100-1350C for 2 h in PO, = 10° atm. As a result, the saturation magnetization of the samples increased
with increasing x from 0 to x = 1.5, and the phase stability region decreased with increasing x. Details will be

presented for a discussion
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Magnetoelectric effect of strained 5d TM/Fe/MgO(001)
(TM=Ta and Pt): A first principles study

P. Taivansaikhan"’, D. Odkhuu?, S. H. Rhim', and S. C. Hong""
1Department of Physics and Energy Harvest Storage Research Center, University of Ulsan,
Ulsan 680-749, Republic of Korea
*Department of Physics, Incheon National University, Incheon 406-772, Republic of Korea
*Corresponding author: schong@ulsan.ac.kr

Electric field effect on magnetization and magnetocrystalline anisotropy (MCA) of strained 54 TM/Fe/
MgO(001) [TM=Ta and Pt] has been investigated using first-principles calculations. Up to the 4% compressed
strain with respect to MgO substrate, the Ta/Fe/MgO(001) always exhibits PMCA, while MCA of Pt/Fe/MgO(001)
is switched from in-plane MCA of -2.18 meV/cell (without strain) to PMCA of +0.74 meV/cell (under 4%
compressed strain). Moreover, the magnetoelectric effect is studied under the electric field perpendicular to the
surface. For Pt/Fe/MgO, the PMCA is enhanced to +1.09 meV/cell (E=+1 V/A), while decreased to +0.03
meV/cell (E=-1 V/A) in Fig 1. Further, we will discuss origin of magnetoelectric effect at the interface of 5d
TM/Fe/MgO(001).

Supported by Basic Research Program (2010-0008842) and Research Centers Program (2009-0093818) through

National Research Foundation of Korea.
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Fig. 1. Atom-projected spin-polarized density of states (DOS) for the chosen atoms of the
(a) CrGa-term and (b) CoFe-term of the CoFeCrGa(001) surface system. The spin-down DOS values are

multiplied by a negative number, and the Fermi levels are set to zero.
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The magnetic phase and the electronic structure of
doped Gd-clustering for topological insulator, BixTes

Eun-Ha Shin"", Myung-Hwa Chungz, Miyoung Kim', Hanchul Kim'
1Department of Physics, Sookmyung Women’s University
2Department of Physics, Sogang University

The discovery of three dimensional strong topological insulators (TI) has intrigued many researchers. The
surface metallicity in contrast to the insulating bulk state is known to be topologically protected by spin-orbit
coupling and robust for impurities, disorders and the shape of material as long as the time reversal symmetry
is preserved.

One of TI, Bi;Te; was studied to examine whether topological surface state is hold when the magnetic
transition metals such as Fe, Mn, and Co are doped. In this presentation, we report density functional theory
calculations on the crystal of Bi,«GdTes (x=0.021, 0.042, 0.063, 0.074, 0.083, 0.125) to understand the effect
of substitution of magnetic rare-earth element, Gd (Gdgi) on the surface metallicity and the magnetic property.

A single Gdgi’s in BiyTes crystal (x=0.021) is calculated to carry a spin magnetic moment of 7 ug. Two Gdg;’s
in BiTes crystal (x=0.042) prefer to be located in the first nearest neighbor sites in the Bi sublattice on a single
Bi atomic layer of the same quintuple layer. The magnetic moments of two Gdg;’s remain unchanged (7 ug) and
the antiferromagnetic (AFM) configuration is more stable [AE (=Eapm-Erm) is —2.36meV] due to super-exchange
interaction via the intervening Te atoms.

With the increased concentration of Gd, we found that Gdg;’s favor to be clustered than to be uniformly
dispersed. For instance, Gdgi’s form a linear chain (x=0.083) or a hexagonal ring (x=0.125) in the single Bi
atomic layer. In most of the clustered structures, the AFM ordering is calculated to be more stable than the FM
ordering. Among the considered configurations, the hexagonal ring is most effective in stabilizing the AFM phase
(AE = -14.7 meV).
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Magnetism and magnetocrystalline anisotropies of
ordered L1, MnPt alloy:
A first principles study on bulk and thin films

Qurat ul ain*, S. H. Rhim, and Soon Cheol Hong

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

The antiferromagnetic MnPt is widely used as a pinning layer in GMR and TMR devices [1-2]. In this paper,
magnetism and magnetocrystalline anisotropy (MCA) of ordered binary LIy type MnPt are studied by using
density functional theory (DFT) in generalized gradient approximation (GGA). Four different spin alignments have
been considered FM, A-AFM, C-AFM and G-AFM shown in Figure 1. For MnPt, the most stable phase is the
C-type AFM phase with axial ratio of c/a = 0.894 which is in good agreement with the experimental results [3-4].
In this configuration, our calculations show magnetic moment of 3.745 pug on Mn atom and 0.096 ps on Pt atom
along with in-plane MCA energy of 0.22 meV/atom. High temperature magnetic phase of A-type AFM is
calculated to have 0.455 eV higher energy than the C-type AFM, but it is calculated to be energetically favorable
compared to the FM phase. Lattice parameters, magnetic moments and MCA energies of all the magnetic
configurations are catalogued in Table 1. Another silent feature observed in the DOS curve is an extremely deep
TDOS minimum or pseudogap near the Fermi energy which is very sharp in C-type AFM, as shown in Figure
2. MCAs of Mn-terminated and Pt-terminated thin films are also investigated. And we will discuss strain effect

on the pseudogap in TDOS.

Table 1. Lattice parameters, magnetic moments on Mn and Pt atom, total energies and MCA energies of FM,
A-AFM, C-AFM, and G-AFM configurations in bulk.

a (A) c (A) c/a LMn Lipt Energy (¢V) E"”%Y (meV/atom)
A-AFM 4.12 3.576 0.868 3.805 0.001 0.455 0.1718
C-AFM 4.09 3.658 0.894 3.745 0.096 0.000 0.2226
G-AFM 4.10 3.614 0.880 3.708 0.000 0.633 0.3007
FM 4.14 3.537 0.855 3.830 0.394 0.651 1.240
EXP 4.00* 3.670%* 0.920* 4.0+£0.4*  0.4+04* -—— e

*Ref. [4]
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Fig. 1. Schematic diagram of A-AFM, C-AFM and G-AFM phases of L1, crystal structure.
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Fig. 2. d-orbital projected DOS of the C-AFM state.
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Magnetism and magnetocrystalline anisotropy of
FeRn(001) thin films

Soyoung Jekal, S. H. Rhim, and Soon Cheol Hong’
Department of Physics and EHSRC, University of Ulsan, Ulsan 680-749, Republic of Korea
*Corresponding author: schong@ulsan.ac.kr

In this paper we present magnetism and magnetocrystalline anisotropy of FeRh (001) films. They are found
to depend strongly on film thickness and surface terminations. While magnetic ground state of bulk FeRh is
G-type antiferromagnetism, the Rh-terminated films exhibit ferromagnetism with strong perpendicular MCA whose
energy +2.1 meV/[] is two orders of magnitude greater than 3d magnetic metals, where [] is area of
two-dimensional unit cell. The magnetic ground phases of FeRh bulk and thin films are revealed to be results
of interplay and competition between three mechanisms — the superexchange interaction, the Zener
direct-interaction, and magnetic energy gain. We will also discuss the thickness effects on magnetism and

magnetocrystalline anisotropy of the FeRh(001) thin films.

Fig. 1. Schematic diagrams of magnetic structures of (a) A-, (b) C- and (c¢) G-AFM states of bulk FeRh, and
(d) exchange interaction between Fe atoms in the G-AFM state. Small bolls at the corners of cubic present Fe

atoms and large balls at the center Rh atoms
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Fabrication of High Efficient Permanent Magnet
by Alternative Structure of Hard/Soft Magnetic
Nanoparticle Nanocomposite

Young Soo Kang’
Department of Sogang University, Seoul 121-742, Korea

Soft and hard magnetic nanoparticles were prepared by hydrothermal methods. Soft phase magnetic
nanoparticles such as o-Fe, FesO4, FeCo and Co were synthesized and characterized on the structure and magnetic
property with XRD, TEM and VSM. The homogeneous dispersion of them in the solution could be accomplished
by coating dispersing surfactant on their surface and sonication with ultra-sonicator. On the other hand, hard phase
magnetic nanoparticles such as Nd;FesB, SmCos and SmyFe;7N3 nanoparticles were synthesized by hydrothermal
method and annealing and reduction process. The size, morphology, structure and magnetic property were
characterized with SEM, TEM, XRD and VSM. The dispersing ability in the solution was characterized by
checking SEM and TEM images after coating dispersing surfactants on their surface. The soft phase magnetic
nanoparticles were coated with cationic surfactant and hard phase magnetic nanoparticles were coated with anionic
surfactant and mixed in the organic solvent to get neutral charge by the equi-molar ratio between soft and hard
phase magnetic nanoparticles. The mixed solution of hard and soft phase magnetic nanoparticles was sonicated
for 30 min at room temperature under the argon gas to suppress the oxidation of magnetic nanoparticles. A 30
min sonication resulted in the neutrally charged particle solution by the electrostatic interaction and neutralization
of the surface charges of hard and soft phase magnetic nanoparticles. Then, the solvent was evaporated in a short
period under the reduced pressure to suppress oxidation of the magnetic particles. The solid mixture of the
magnetic particles was transferred into the glove box of nitrogen gas and pressed as a pellet. A mixture pellet
of magnetic particles was reduced at 600 — 900 °C with Ar/H, (v/v%, 95/5) gas flowing for 5 hrs. The prepared
hard/soft nanocomposite magnetic material was characterized with VSM on the magnetic property. Nd>Fe 4B alloy
has been successfully synthesized by the nitrate-citrate auto-combustion followed by reduction and diffusion
process with low energy consumption. H3BOj;, Fe(NO;)3*9H,0, Nd(NO3);*6H,O were used as precursors and citric
acid is used as chelating ligands of metal ions. The ammonia water was used to adjust pH to 7. CaH, is used
as reducing agent for reduction and diffusion process. NdFeOs and Fe,O; were produced during auto-combustion
of gels. The combustion process of gel has been investigated by TGA/DTA curve measurements. The phase
compositions are studied by XRD measurement. The difference of overall morphology and magnetic property are
measured by SEM, TEM and room temperature (300 K) vibrating sample magnetometer (VSM). The comparison
on the magnetic property of the reduced samples between pellet type and random powder type has been studied
with VSM and showed the better magnetic property of pellet type Nd>Fe4B. Making a compact pellet type sample

for reduction is more efficient for solid reduction and phase transition for the higher coercivity.
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Latest MRI R & D Trends
- with high resolution diffusion MRI and CEST

Ha-Kyu Jeong’
Philips Electronics Korea, 260-199 Itaecwon-dong, Yongsan-gu, Seoul 140-200, Republic of Korea

Trends in human MRI research and development have been evolved toward faster imaging, higher SNR and
spatial resolution, novel contrast mechanism and motion robustness. Although there are always tradeoffs between
targeted performance and scan time, smarter use of MRI hardware, software and sophisticated physical and
mathematical theories applied to MR imaging and reconstruction allowed us to acquire MR images with novel
contrast and/or better image quality within faster scan duration.

In this talk, we will discuss the latest MRI research and developmental trends mostly at 3T and some at 7T
MRI. Topics will be focused on new & improved image contrast (SWI, pCASL etc), faster and improved data
acquisition and reconstruction (SENSE, compressed sensing etc), higher SNR and spatial resolution using 7T MRI
and motion-robust data acquisition and processing approaches. Finally, two topics, CEST (chemical exchange
saturation transfer) and high resolution motion-robust diffusion MRI (IRIS - Image Reconstruction using
Image-space Sampling), will be discussed in detail. Basics and past approaches on these topics will also be

discussed.
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Proper Selection Process and Family Tree
of Electric Motors for EV

Jang Seok-Myeong
(F)Azstol Bl AAA Y o] | T it o] AL, ST St i o al

SEMS High-Tech.Engineering Co.Ltd & Chungnam National Univ. Emeritus Professor
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Interior Permanent Magnet Synchronous Motor
for Electric Vehicle

Shigeaki Ishikawa’
EV and HEV Component Engineering Department, Nissan Motor Co., Ltd.

The outline of drive motor and evolution of the motor for the Nissan LEAF Electric Vehicle to be explained
in this presentation.

1) Outline of a traction drive motor

Drive motor for EV/HEV are required small size, light-weight, low cost, high output, high efficiency and low
noise, at the same time.

Interior permanent magnet synchronous motor with rare earth sintered magnet is used for EV/HEV because
of excellence in a point as a small size and high efficiency.

2) Evolution of the motor for the Nissan LEAF Electric Vehicle

On the 2013 model year LEAF, the electric motor, inverter, reducer, and charging system were integrated into
a single unit, thereby achieving a smaller and lighter powertrain capable of being applied to other vehicle models.

The structure and performance of the motor were optimized to issues caused by component integration. The

technical details about integrating the motor and the inverter to be explained.

About the Speaker:

Mar 1978 Graduated from Meiji University, Tokyo, Japan. Bachelor of electrical engineering

Apr 1978 Joined in Nissan Motor Co., Ltd.

Apr 1992 Assistant Manager of Production Facilities Engineering Department

Apr 1996 Manager of Advanced Technology Research and Development Department

Apr 2002 Senior Manager of Powertrain Technology and Prototype Development Department

Apr 2006 Senior Manager of EV Powertrain Engineering Department

Apr 2011 Expert Leader (concurrently Senior Manager)

Sep 2014 The retirement of Nissan Motor Co., Ltd.( By 60-year-old retired provisions)

Oct 2014 Re-employment as a Senior partner to Nissan Motor Co., Ltd. (Technical advisor)

- Work experience -

1978 1995

Technical development about Electric, Electronics and Computer application, in production facilities. e.g. Robot,
Automation equipment, Information system and FA-network.

(1984 1986 takes charge of Nissan technical college establishment and a lecturer.)

1996 2005

Development of traction drive motor is begun.

Built the in-house development and production system,

Developing prototype motor for test cars, and supply the Motor for Fuel cell vehicle lease in 2003.

2006_2015

Realized a competitiveness motor for the LEAF(EV) and the FUGA HYBRID(FR-HEV) which could

mass-production.
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Overview of development of magnetic material
technology for high-efficiency motors in
Future Pioneering Program of Japan

Kimihiro Ozaki’

Green Magnetic Material Research Lab. National Institute of Advanced Industrial Science and Technology
(Chubu Center) Nagoya, 463-8560 JAPAN

Nd-Fe-B permanent magnet has the highest performance in the world. This includes a heavy rare-earth
element, such as Dy or Tb, for high coercivity and for efficiency in high-temperature using. However, these
elements are very ‘rare metal’ in the globe. These have not only low crustal abundance, but alsothe problem of
being mindedonly within a confined geographic area. Then, Nd-Fe-B permanent magnet without heavy rare-earth
element and with the same or more magnetic performance than conventional oneneeds to be developed.
Additionally, development of a new permanent magnet with superior performance is expected.

In Japan, a national project of development of Dy-less Nd-Fe-B permanent magnet was executed from 2007
to 2011.Then, Future Pioneering Program started from 2012. In the program, a project of “development of
magnetic material technology for high-efficiency motors” has been executed. The project has been carried out in
the technology research association of Magnetic materials for High-Efficiency Motors; MagHEM. The technology
research association consists of companies and national research institute. The aim of the project is development
of high-performance magnetic materials and high-efficiency motors. The development subjects of magnetic
materials are high performance Nd-Fe-B magnet without Dy of Tb, new permanent magnets and soft magnetic
materials.

On this day, the overview of the project will be described.

Introduction

Kimihiro Ozaki is a Japanese researcher of materials processing and engineering. He received his PhD. in
micro-discharge phenomena and processing from Osaka University in 1994. In that year, he joined the National
Industrial Research Institute of Nagoya, which is the precursor of the National Institute of Advanced Industrial
Science and Technology; AIST. Hehas researched development of non-equilibrium materials based on powder
metallurgy, such as an amorphous alloy, a nano-crystallized alloy and an easily-decomposable material. Especially,
his research of sintering process has contributed to producing the non-equilibrium materials from hardly-sinterable
powder. In these days, he has taken part in a national project of ‘rare metal’, such as development of tungsten
less cutting tool for hard metal tools. At the present, he is the project leader of development of magnetic material

technology for high-efficiency motors in Future Pioneering Program of Japan.
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[1] Ghetti, C., et al. (2013). “Physical characterization of a new CT iterative reconstruction method operating
in sinogram space”. J Appl Clin Med Phys 14(4): 4347.

[2] Yu, M. H., et al. (2013). “Low tube voltage intermediate tube current liver MDCT: sinogram-affirmed
iterative reconstruction algorithm for detection of hypervascular hepatocellular carcinoma”. AJR Am J
Roentgenol 201(1): 23-32.

[3] Solomon, J., et al. (2014). “Quantum noise properties of CT images with anatomical textured backgrounds
across reconstruction algorithms: FBP and SAFIRE”. Med Phys 41(9):091908
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[1] SH Ahn, “Establish of DRL & Estimation of Patient Exposure Doses for Diagnostic X-ray Examinations
in Korea”, degree of Master of Korea University, Korea, 2011.Authorl Name, Author2 Name, “Exploring
the bounds of Web latency reduction from caching and prefetching”, In Proceeding(s) of the AICIT
Symposium(Conference Title) on Internet Technologies, pp.13-22, 2009.

[2] JS LEE, DC Kweon, BG You, “Radiation Dose Reducing Effect during the AEC System in the Chest
and Abdomen of the MDCT Scanning”, The Korea Contents Society, Vol. 9, no. 3, pp. 225-231, 2009.

[3] KK Kim, “Study on measuring scan parameter of CTDI (Computed Tomography Dose Index)”, degree
of Master of Korea University, Korea, 2011.

[4] CH Lim, JK Cho, MK Lee, “A Study on the Radiation Dose in Computed Tomographic Examinations”,
Korean society of radiology of radiological science, Vol. 30, no. 4, pp. 381-389, 2007.

[5] JH Ahn, “Measurement of Radiation Exposure on Human Body Parts by Multi-Detector Computed
Tomography (MDCT)”, degree of Master of Kyungbook National University, Korea, 2011.
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[1] Chao KS, Wippold FJ, Ozyigit G, et al. Determination and delineation of nodal target volumes for head-
and neck cancer based on patterns of failure in patients receiving definitive and postoperative IMRT. Int

J Radia Oncol Bio Phys 2002;53:1174-1184

[2] Michael Pinkawa, Charbel Attiech, Marc D. Piroth, et al. Dose-escalation using intensity-modulated
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radiotherapy for protate cancer Evaluation of the dose distribution with and without 18F-choline PET-CT
detected simultaneous integrated boost. Radiother and Oncol 2009;93:213-4

[3] Convery DJ, Rosenbloom ME. The generation of intensity-modulated fields for conformal radiotherapy by
dynamic collimation. Med Phys 1992;37:1359-1379

[4] Cheong KH, Suh TS, Cho BC, et al. Analysis of uncertainties due to digitally reconstructed radiographic
(DRR) image quality in 2D- 2D matching between DRRs and kV X-ray images from the On-Board Imager
(OBI). Korean J Med Phys 2006;17:67-76

[5] Michael J. Zelefsky, Marisa Kollmeier, Brett Cox, et al. Improved clinical outcomes with non-IGRT for
the treatment of clinically localized prostate cancer. Int J Radia Oncol Bio Phys 2012;84:125-9

[6] Monica W. K. Kan, M.Phill., Lucullus H. T. Leung, et al. Radiation dose from cone beam computed
tomography for image-guided radiation therapy. Int J Radia Oncol Bio Phys 2008;70:272-9
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Electronic structure and magnetic properties of NdzFe14B:
A first principles study

Imran Khan', Jicheol Son, Jisang Hong
Department of Physics, Pukyong National University

We have studied the electronic structure and magnetic properties of Nd>FesB by using the full potential
linearized augmented plane wave method implemented in Wien2k code. A DFT+U scheme was applied to treat
the localized 4f electrons of Nd. It is observed that the antiferromagnet (AFM) configuration between Fe and
Nd sublattice is more stable than the ferromagnetic (FM) and the difference between AFM and FM was 940 meV.
The total magnetic moment was found to be 36.48 pg/f.u, which is in good agreement with the experimentally
reported value.

This research was supported by Basic Science Research Program through the National Research Foundation
of Korea (NRF) funded by the Ministry of Education, Science and Technology (No. 2013R1A1A2006071) and
by the Supercomputing Center/Korea Institute of Science and Technology Information with supercomputing

resources including technical support (KSC-2014-C3-071)
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Switching current density for spin transfer torque
magnetic random access memory with
Dzaloshinskii-Moriya Interaction

Kyungmi Song"”’, Kyung-Jin Lee'?
'KU-KIST Graduate School of Converging Science and Technology, Korea University, Seoul 136-701, KOREA
2Dept. of Mater. Sci. and Eng., Korea University, Seoul 136-701, KOREA

1. Introduction

The Dzyaloshinskii-Moriya(DM) interaction [1],[2] has been attracted a lot of attention because of its
interesting chiral physics. It is especially strong at the interface between a ferromagnet and a metal with strong
spin-orbit coupling.

Examining the critical current density of magnetization switching in nanofilm magnets with perpendicular
magnetic anisotropy is also important because current consumption of magnetic random access memory(MRAM),
the most promising next generation memory[3], is determined by this critical current density.

In this work, we calculate the critical current density based on numerical work using the Landau-
Lifshitz-Gilbert(LLG) equation. We estimate two cases (with and without DM interaction). Then we investigate
the switching current density of a non-uniform switching in these nanomagnets for various cell diameter and DM
interactions.

We find that the switching current density depends not only on the cell size but also on the DMI when the

switching is governed by the domain wall nucleation.

2. Modeling Scheme

Using the LLG equation, we numerically calculate the switching current density. We use the following
parameters for numerical calculation : the perpendicular magnetic anisotropy density K, is 1x107erg/cm3, the
saturation magnetization is 1000 emu/cm’, and the free-layer thickness t is 1.0nm. We use the exchange stiffness
constant Aex of 1x10'6erg/cm. We also vary the DMI constant D, the cell diameter L and an applied current
density. We also assume that there is no external field and zero temperature. Commonly, STT-MRAM shows
uniform single domain switching for a small cell and domain wall switching for a large cell. We find a clear

formation of a domain wall for large cells during the switching.

3. Result and Discussion

We obtain results that the switching current changes with the cell size and DMI constants. We find that the
single domain switching occurs for the cell diameter smaller than 20nm whereas the domain wall switching occurs
otherwise. An interesting feature is that the critical current is increased with decreasing the cell size.

We also compare the switching current density not only for the cell size but also DMI constant. When the
cell size is small, the current density for switching is increased. Moreover, for non-zero DMI case, the switching

current density increases for large DMI constants. We attribute this phenomenon to the chiral symmetry and
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stability for the cases with non-zero DMI.

We will show more detail all about the switching current at the system with DM interaction.

4. Summary

We investigate the switching current for various cell diameters and DM interaction. We find that the current
density for switching can depend strongly on the cell size when the switching is governed by the domain wall
motion. Moreover the switching current density is also strongly influenced by DM interaction . In the presentation,
we will discuss the effect of domain wall formation and more various DMI constant on the switching current

desity in detail.
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Effect of magnetic anisotropy gradient on
current-induced skyrmion dynamics in a nanowire

Seung-Jae Lee"’, Kyung-Jin Lee'?
'KU-KIST Graduate School of Converging Science and Technology, Korea University, Seoul, Korea
2Department of Materials Science and Engineering, Korea University, Seoul, Korea

1. Introduction

In magnetic systems with an inversion asymmetry and large spin-orbit coupling, the anti-symmetric exchange
interaction called the Dzyaloshinskii-Moriya interaction (DMI) becomses non-negligible[1,2]. It was predicted
theoretically that the DMI is partially responsible for the formation of the magnetic skyrmion[3]. Recently,
nano-sized skyrmions are expected to have potential as information unit for spintronics devices [4,5]. However,
current driven skyrmion motion has threshold current density corresponding to the edge barrier force [6]. In this
work, we investigate threshold current density of skyrmion in a nanowire, By changing perpendicular

magnetocrystalline anisotropy constant in edge(Kucdge)-

2. Simulation Scheme

We investigate threshold current density and velocity of skyrmion using Landau-Lifshitz-Gilbert equation with
an Slonczewski-like spin-orbit spin transfer torque with current density and anisotropy constant in edge(Ky.cdge)
as variables. We assume the anisotropy constant change linearly within 10 cells from the edge of nanowire. We

3, saturation

use following parameters; nanowire width is 80 nm, thickness is 1 nm, cell size is 1x1x1 nm
magnetization is 800 emu/cm’, damping constant is 0.05, exchange stiffness constant is 1.2x10 erg/cm, DM

constant is 2 erg/cm?, spin hall angle is 0.4, perpendicular magnetocrystalline anisotropy K, is 0.8x107 erg/cm’.

3. Result and Discussion

Figure 1 shows threshold current density and maximum velocity of skyrmion can be increased when the Ky cdee
is much smaller than K. This behavior can be understood by the confinement effect originating from the DMI
for a finite magnetic system. In case of Ky is small, the magnetization vectors in edge are aligned with normal

vector of nanowire.
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Fig. 1. Threshold current density versus perpendicular magnetocrystalline anisotropy constant in edge.
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Therefore, we attribute the increasing threshold current density to abrupt change of magnetization that make
strong repulsive force between skyrmion and nanowire edge.
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The Spin dynamic properties on the Pt/CoFeB/Ta structure

Nam-Hui Kim, Jaehun Cho, Seung Ku Kang, Se-June Min, Kwonjin Park and Chun-Yeol You
Department of Physics, Inha University, Incheon, 402-751, Korea

l. Introduction

The CoFeB is possible candidate materials for the spin-transfer torque magnetic random access memory
application due to the large tunneling magneto-resistance (TMR) and perpendicular magnetic anisotropy (PMA).
Moreover, the heavy metal(HM)/ferromagnet layer structure is actively studied because they are key structure of
the spin-orbit torque phenomena.”” Especially, the magnetic properties of HM/CoFeB are interesting due to
interaction at the interface. In this study, we investigated the magnetic properties of Pt/CoFeB/Ta structure using
Brillouin light scattering (BLS).

Il. Experiment

We prepared CoFeB thin film sandwiched by 4-nm Pt and Ta, with various CoFeB thickness (1.0 ~ 2.4 nm)
by DC magnetron sputtering system. The magnetic properties of the samples were studied by Brillouin light
scattering with a Sandercock (3+3) type Fabry-Perot interferometer.”*>” The light source is a single frequency
532 nm a DPSS laser with output power of about 300 mW. Back scattering geometry used to observe the light
scattered by thermal excitations with an in-plane wavenumber ¢;=1.67 x 10’ cm™ with the angle of incident as
45°. Magnetic field of up to 0.98 T were applied parallel to the film plane and perpendicular to the scattering

plane.

lll. Results and Discussion
The dependence of spin waves on the applied field has been used to obtained the surface anisotropy and

saturation magnetization with the spin wave frequencies as follow® :

4k Ak
_ - Tk, B T,
fo= o \/[HCOSG (47 M, A )sin®6][Hcos — (4m M, 7R )(cos®6 — sin?)]

s s
where, ~ is the gyromagnetic ratio (=2.37x 10" T"'s"), 6 is the angle between the magnetization and the
sample plane, k, is the perpendicular uniaxial anisotropy constant, # is the applied magnetic filed, A7 is the
saturation magnetization, respectively. In this equations, the contributions of dipolar field and exchange energy
have been neglected for the ultrathin limit.
To determine the magnetic constant, we plot the anisotropy energy density (A<t prz,) as a function of ¢, 5z

in Figure 1. In this plot, we obtain slope and y-cross section, which corresponds to the volume anisotropy and

the surface anisotropy, respectively. The obtain k, value is 0.37+ 0.04 mJ/m” and M, is 15.48+ 0.83 kOe.
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Coercivity Enhancement in Nd-Fe-B-type
Hot-pressed Magnet by RF3; doping
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1Pukyong National University, Busan, Republic of Korea 608 739
*Korea Institute of Materials Science, Changwon, Republic of Korea 641 831

I. INTRODUCTION

Having been used as an essential part in the traction motor and generator of the HEV, EV and wind turbine,
the Nd-Fe-B-type magnet is exposed to harsh condition of high operating temperature. Ordinary standard
Nd-Fe-B-type magnet cannot function properly at the elevated operating temperature because of its insufficient
magnetic properties. Smart technique for enhancing coercivity with avoiding the problems is the grain boundary
diffusion (GBD) technique. The GBD technique has also been applied to the hot-pressed or die-upset magnet as
a means of enhancing coercivity, and various rare earth fluorides (RF;) have been investigated as a source of
rare earth dopant into the flakes. In this study, the coercivity enhancement in Nd-Fe-B-type hot-pressed magnet

by RF; doping were investigated.

Il. EXPERIMENTALS

Commercial melt-spun flakes (MQU-F : NdissFer36Cos6GaosBss) supplied by the Magnequench (Molycorp)
were mixed with 1.6 wt% RF3; (R = La, Ce, Pr, Nd, Dy) and then hot-pressed at the temperature ranging from
610 °C to 810 °C in a vacuum to prepare fully dense hot-pressed magnet. Magnetic characterization was
performed using SQUID (max. field = 5 T) and VSM. Microstructure observation and element distribution
analysis was performed by SEM equipped with energy dispersive X-ray analysis (EDX). Decomposition of RF3

salt was examined by TGA (thermogravimetric analysis) in Ar gas.

[1l. RESULTS AND DISCUSSION

Fig. 1 shows the effect of RFs;-doping on the coercivity of hot-pressed Ndi3¢Fes36Cos6GagsBss magnet pressed
at different temperatures. Significant coercivity enhancement was achieved in the hot-pressed magnet doped with
RF; (R = Dy, Nd, Pr) with respect to the un-doped magnet, and the most profound coercivity enhancement was
achieved in the DyFs-doped magnet hot-pressed at 735 °C. NdFs- and PrFs;-doping were also beneficial for
enhancing coercivity. For the magnets doped with light rare-earth elements using RF; (R = La, Ce), while the
LaF;-doping appeared to be some beneficial in the magnet hot-pressed below 700 °C the CeFs-doping exhibited
no coercivity enhancement. Coercivity of the magnet hot-pressed at high temperature of 810 °C was radically
reduced regardless of the doping. Fig. 2 shows the BSE and elemental mapping images of some elements in the
RF;-doped magnet hot-pressed at 735 °C. The Fe atoms in the Nd>FesB phase of the flakes are believed almost
certainly not to have migrated actively during the hot-pressing, the estimation of initial width of the added RF3
by the width of dark Fe-free region between the flakes. For the DyF;-doped magnet, as can be seen clearly in
Fig. 2(a), the initial 5 um width of added DyFs (see Fe image) was reduced down to 1.5 um (see BSE and Dy

images) after the hot-pressing. It was found that the Dy diffusion-out region in the initial DyF; region was
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back-filled with the replaced Nd atoms from neighboring flake (see Nd image in Fig. 2(a)). Although the
thickness of the Dy-substituted region near the flake boundary could not be estimated in the BSE and elemental
mapping images in Fig. 2(a) the thickness was believed to be a few pum thick. This thickness was inferred by
the analogy with the observation of PrFs;-doped magnet in Fig. 2(b). Unlike the BSE image of the DyFs-doped
magnet the BSE image of the PrFs;-doped magnet clearly showed the Pr-substituted region (dark bands) around
the added PrF; band. As the diffusion characteristics of dopant Dy into the flake was considered to be similar
to that of the dopant Pr the thickness estimation of the Dy-substituted region near the flake boundary in the
DyF;-doped magnet by the analogy with the case of PrFs;-doped magnet was more or less reasonable. Although
the diffusion of dopant Nd into the flake could not be examined by means of BSE and elemental mapping
because the dopant rare earth in this NdFs-doped magnet was the same element as the rare earth in the flakes,
it was almost certainly believed that significant self-diffusion of the doped Nd into the neighboring flakes has
occurred. Therefore, the significant coercivity enhancement by NdFs;-doping was thought to be not to do with the
change of anisotropy field of the Nd,FeisB matrix grains. In this region the Nd,FesB phase grain boundaries
may have been restructured by the self-diffusion of dopant Nd. PrFs;-doping was also beneficial to enhance
coercivity. As can be seen in the BSE and elemental mapping images of Pr and Nd of the Pr-doped magnet shown
in Fig. 2(b) the Nd atoms existed even in the region initially occupied only by the added PrF;. This indicated
clearly that Pr and Nd atoms have inter-diffused actively, and the substitution of some Nd by the doped Pr in
the region along the flake boundaries may have occurred during the hot-pressing. The Pr-substituted region near
the added PrF; was observed clearly as dark bands (~ 4 pum thick) as can be seen in the BSE image in Fig.
2(b). For the magnets doped with light rare-earth elements using RF; (R = La, Ce), the LaFs-doping slightly
enhanced coercivity in the magnet hot-pressed below 700 °C. As can be seen in Fig. 2(c), it seemed that active
diffusion of the dopant La has not occurred in the LaFs-doped magnet hot-pressed up to 735 °C. The NdFeisB
grain boundaries near the flake surface then would have been restructured slightly, and this may have slightly
enhanced coercivity. The CeFs-doping showed no influence on the coercivity in the magnet hot-pressed up to 700
°C but caused radical coercivity reduction in the magnet hot-pressed above 735 °C. As can be seen in Fig. 2(d),
diffusion of the doped Ce into the neighboring flakes has occurred actively in the magnet hot-pressed at 735 °C.
The Ce substitution may have reduced the anisotropy field of the Nd,Fe4sB-type grains in the region near the
surface of the flakes. The radical coercivity reduction in the LaF;- and CeFs-doped magnets hot-pressed at high
temperature of 810 °C may be attributed to the reduced anisotropy field of the Nd,Fe4sB-type grains by the light

rare earth substitution in the region near the flake surface.

IV. CONCLUSION

In the RF3; (R = La, Ce, Pr, Nd, Dy)-doped magnet hot-pressed at modest temperature (735 °C) the dopant
Ce, Pr, Nd and Dy actively substituted Nd in the region near the flake surface to form thin shell in the flake.
RF; (R = Dy, Nd, Pr)-doping achieved significant coercivity enhancement and it was attributed to the enhanced
anisotropy field of the Nd,Fe4sB-type grains (for Dy-, Pr-doping) and grain boundary restructuring (for Nd-doping)
in the shell. The most profound coercivity enhancement as high as 5 kOe was achieved in the DyFs-doped
magnet. Doping with the light rare-earth elements using RF; (R = La, Ce) led to poor coercivity enhancement
with respect to the RF; (R = Dy, Nd, Pr)-doping.
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LTP-MnBi [1] is well-known to exhibit a larger anisotropy field with increasing temperature, resulting in a
higher coercivity (H.) at elevated temperature, as compared with the Nd,Fe 4B magnet. Hence, it is a potential
candidate for high-temperature applications for use in the electric motors of EVs and renewable power generators.
In order to achieve MnBi bulk magnets with high magnetic performance, synthesis process of anisotropic
precursor powders is a key. For the synthesis, ingots of MnBi with various Mn and Bi contents were prepared
by arc-melting and melt spun at a wheel speed of 55 m/s. And then an annealing process was carried out at
300°C for 40 h to make LTP-MnBi. XRD results indicate that the ingot prepared with 5wt.% excess Mn produces
high fraction of LTP-MnBi (95.1wt.%). Low-energy planetary ball milling was employed with various mill times
to produce highly anisotropic MnBi powders and magnetic separation method was added to increase the amount
of pure LTP-MnBi. The LTP-MnBi bulk magnets were fabricated by utilizing magnetic pressing and hot
compaction[2,3]. The bulk magnets show different magnetic properties with depending on the mill time. As the
milling time increases, ;H. increases while remanence (B;) and maximum energy product ((BH)ma) decrease: (i)
iHe = 5.60 kOe, Br = 6.00 kG, and (BH)max = 7.27 MGOe for 1 h, (ii) iHc = 6.70 kOe, Br = 5.63 kG, and
(BH)max = 6.92 MGOe for 2 h, (iii) ;He = 7.30 kOe, Br = 5.51 kG, and (BH)max = 6.49 MGOe for 2.5 h. Increase
of coercivity can be due to the decrease of grain size reaching toward a critical single domain diameter. The
reduction of remanence leading to the lowered (BH)max arises from the loss of main pure LTP-MnBi(defects and
microstructural changes) during the low-energy milling. However, it is noteworthy that our synthesis process for
1 h milling gives rise to the higher (BH)max = 7.27 MGOe.

[1] T. Chen and W. E. Stutis, IEEE Trans. Magn, 10, 581-586 (1974).

[2] N V Rama Rao, A M Gabay and G C Hadjipanayis, J. Phys. D: Appl. Phys. 46 (2013) 062001
[3] J. Cui, et. al., J. Phys.: Condens. Matter 26 (2014) 064212
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Low-temperature phase (LTP) of MnBi has attracted much attention due to its larger coercivity than that of
Nd-Fe-B at high temperature [1]. Moreover, according to the theory of exchange-coupled core-shell magnet, when
the LTP-MnBi is used as a hard magnetic core and combined with soft magnetic shell, the maximum energy
product (BH)max is estimated to overcome that of Nd-Fe-B. In this regards, there have been many efforts [2] to
obtain the LTP-MnBi thin films for the exchange-coupled magnets. Here, we present the structural and magnetic
properties of LTP-MnBi thin films. The films were synthesized on a glass substrate by using a UHV sputtering
system. In order to form the desired alloy with c-axis texture, the films were annealed in the temperature range
of 350°C ~ 400°C for 1~2 hours. XRD results confirmed that all the films were well grown with the c-axis
orientation. The elemental composition of the main phase was investigated with EDX. From the analysis of
out-of-plane M-H hysteresis loop, we found that the ratio of Bi/Mn strongly has an effect on the magnetic
properties of LTP-MnBi films. The highest value of (BH)max of LTP film was obtained to be ~ 6.6 MGOe at
room temperature when the thicknesses of Bi and Mn were adjusted in 30nm and 20nm, respectively. The
magnetic properties of exchange-coupled MnBi with various soft layers such as FeCo and Fe will be discussed

in detail.
[1] T. Chen and W. E. Stutis, IEEE Trans. Magn, 10, 581-586 (1974).

[2] B. Li, W. Liu, X.G. Zhao, W.J. Gong, X.T. Zhao, H.L. Wang, D. Kim, C.J. Choi and Z.D. Zhang, J.
Magn. Magn. Mater, 372, 12-15 (2014).
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WS, / Al, Ag S Al &7j0fl [HE No-Fe-B A ZXRAI0|
QIXMS% AN T 017

HiZE", ol Mal’, 2S5 F? 0|01, BEfA°
'Yt AlaA Eet, s %A] QBT Qkebe T8k, 136-713
248k 2} R&D AE], S B = H AT A3 AL 363-922
3/\451;}]6L—7 A A28, g o}/\L/\] Bl o) 8, 336-708

il

1. M2

Nd-Fe-B 222 A4 o] Nb, W, Mo%} 2 i3 4 Hd7he 24 9 dA 34 3¢ A= Ao
sto] gg&For HxHo| FAHET [1-3]. £3], MoS,;, WS:2} 22 183 3= (High Melting point
Element-sulfide, HME-S) #7}= 3 E& -S4 A3HE (RE-rich 4}, Nd-Dy-0) 4F F4& 2A|5lo] £ Q3 Dy<)
225 Folil, Ao AEES FAste] JAVIEE Aol & 4= Sl [1]. sHAIRE, 4ol HME-gH- A&/do]
B =, o Ao 3 Y o A5 diimel EARE o] ofgdkS mXIth Ndrich A9 5415 Z5HAl
7= Al, Aget 22 929 HME-SE Ao FAlo] {716 HME-9Ht Al&/d= Ao A8z os
A 7454 o] =tk E3, §E7e Y4 H7He Ndrich AH9] Cuzh Aoz A7 xits o] gl Cu-rich
&) vAlF2E aA e g 74kl Ndrich A A5/d0] 344 2 o otk [4]. L2y, HME-S/s-575hHd
2(AL Ag) FA A7tel QR A 9] nA|latz Bl A7) A B4 9] W3} 7|97t BEkekA] gdth &2 Aol A=,
WS, 2} Al, Ag Al F715E Nd-Fe-B 2244 o] ujA|4tx2ef 2712 54 Wskte] AdiAE AFshit

ot
oX

2. HHYH
Nd29 ¢Dy3 oFepa B1.oMz 4(wt.%,M=Cu,Al,Co,and Nb) ZA2 7} Nd-Fe-B (5 um)E431} WS, 2 pm) 2&-&
217} ZH|SkAH WS,y 222 ik ball B 7]AIS o]-&sto] &2 3AIZ 29 33tk o]%, Nd-Fe-B &%
of WS, 2 20, 0.3, 0.6, 0.9, 1.2, 1.5 wt.%= A7} 3}H L, Al 0.3 wt.%, Ag= 0.2 wt.% = IYGA|AH WS,
I SA H7EekATh 242 1070°CollA] 441t 52 218Yakgint o] -, FA 2= 850°C, 530°C, 500°Col
A 2AZEo. & 7F7E 218Ysgitt. Bl e 9]5ho], un-doped ZFA T, WS, (0~1.5 wt.%) A& 24z A= st
718 B4 BAE BH tracerS o §5FITk 2 AW vl A TR MBHs FAHA Avl7 (IXA-8500F)T} %
A& v (FEI TecnaiF20)S ©]-83Fo] 2k 519 21, EPMA (JXA-8500F Electron Probe Micro Analyzer),
SADP (FEITecnaiF20)2 o] &3fe] Abwist @l ArRxz= 72 ahlc).

_l4

3. Za g o
IR 12 WS, 7kl w2 Al 8 A713 54 WIS Uehdoh WSyAL §A] 47} A4 2] WS, M7
o] H3lo (0 — 0.6 wt.%) T2 R (20.67 — 22.4 kOe) Z71= WS, Tt 73 A4 (20.67 — 22 kOe)
Hep A 2y F7hEol 0.6 wt% Huh W A, T FF A BR 2Rl fgasklh Sl
AL, WS/AgE FAl 71t A 9] 7-9-, un-doped A H T} HApg o] Wa 235 HElon, WS, 7hefo]
Gl sheh, sagelol sl A ol Fck Teld st g gaskic v v
A}, WSyAL Ag A1 H7F A4 2 g7k a F7F2 8] Nd-rich 4+9] f-574d0] S71sto], W-A &4
o] gJAo Aeidor A =k 1 A3} 0.6 wt.%-WSyAl F= Ag FAA7F A4 "t gA A7)=
Z+7}y 6.4, 6.6 um= un-doped (7.6 um) A3} 0.6 wt.%-WS, A4 (6.9 um) Rt} a3} o7 A5k ch Al
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Ag 94 7t WE Ndrich AF9] vl £4] A3l & €94 2E Cu™rich Ao S5 % o] Nd-rich QA4
o AHAol A =t AL, 7 YTt SRE O] e Ndrich 4] Y42 line-profile= 413t A3},
Ag H7t A4 9] 49, Ndeo} Fe 945 Bl&0] 59 : 41 (wt9%) 2 Al AP ETE (95 @ 5 (wt.%)) Nd o] Zhasted
il Fe @afo] vl S7F skt A=, WSyAgo] FA 71 A44e Nd-rich 49 54 S712 sl A4
o] AIpA o2 Ao H AN, F4gT} F/441H2] exchange couplings H M40 2 AthshA] sto] HAEE
o3 fgaste AiE stk BHH, WS@F RE-rich 449] ¥Ego2 <Qlsfl, WSyAl SA| 7 A4 €]
RE-rich 4 &-do] oA =3lch 1oyt H71Fo] 0.6 wtyekth 23f 2 79, W-a-d AE&7do] dAIA
Het Qo Wol FAE] 249 AR Al adks daskolch et WS, B d7he 288 2%
d& ASHAIZITE 0.6 wt.% WS/AL FA M7= Hat dAF 2719 a3pQl &
<]

Aol 2714 E & (76 > 64
um)@} RE-rich 410 B4 ol4] wjio] 8.3%0] e a4wt 0.8 wi%o] Dy A7 &IHE Adch
4.22

WSJAl EE AgS £A| U7 NaFeB £2740) nlil7ael 21714 54 wsks ¥ sk 06
wt.%-WSy/Al A4 9] AL ZAFASE 744 glo] 22.4 kOeZ WSy/Ag, WSy, 71281 un-doped, A4 H} 713
& HAY A4S BT 0.6 wt%-WSyAl FA] 7tol| &gt BHAY 34 th39 nlAlatE 7] 71¢l
stttk AR, dA autHew FAHH W-AEE= Qe A AR Alol, =4, a2 Q] RE-rich 4 %A
Al AA, Nd-rich 2584 2 2494 vlAlT-= iAotk

5. F1F%
[1] W.E. Li, AM. Gabay, M. Marinescu-jasinski, J.F. Liu, C. Ni, G.C. Hadjipanayis, J. Magn. Magn. Mater.
324, 1391-1396 (2012).
[2] P. Zhang, T. Ma, L. Liang, M. Yan, J. Alloy Comp. 593, 137-140 (2014).
[3] P. Zhang, T. Ma, L. Liang, M. Yan, Mater. Chem. Phys. 147, 982-986 (2014).
[4] Tae-Hoon Kim, Seong-Rae Lee, Seok Namkung, Tae-Suk Jang, J. Alloy Comp. 537, 261-268 (2012).

6. Aol 2
B ool 2012W % A& AARE 229 7]4 SAIAA(No.10043780)2] <17tH] z|Qoz Saiw o4
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Fig. 1. Demagnetization curves of dipped magnets in DyH, + Cu and DyH, + Al solution.
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5. Xk 29
[1] K. Hirota, H. Nakumura, T. Minowa and M. Honshima, IEEE Trans. Magn., vol. 42, no. 10, pp.
2909-2911, Oct. 2006.
[2] M. Komuro, Y. Satsu and H. Suzuki, IEEE Trans. Magn., vol. 46, no. 11, pp. 3831-3833, Nov. 2010.
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1. Mg
Nd-Fe-B 4244 9| Dy §3F& Agstuis BAaL 44717 o141, Dy 44 o] core-shell 3
B2 BEAYT FAo] AL LAl Naerich ¢
Tl Dy-X (X= O, E, 72|51 H)8hehs 27t 340] E& M0l [1], Ndrich 4] nA 72 AHelt
Cush 22 Ndrich 49 §8& % 4 9k $7 45 94 A7h 9 22 F Axe7k agaold 2] A4
Q7 Aol 95, DyX (X= O, F, 11 7} 84< FokW 748 Dy-ich shello] B4
57] w2l 2B LwEE 24X AA g Dy-rich shelle] F4& FrEsjof shzel, 22w} FhashH 24
o s} ghastel 4714 S4el oS vIAL [3]. Nd-FeB 2244 Cust & §4 %3t Uas
H7Fel Nd-rich A79] §34 2 AP 27k grasto] H2e] 27 9 17 442 w8 4aAd & gk
wfebd DyCu 33 208 H/SHY 28 S 442 )4 Dy-rich shelld] FAZ 74242 4
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J
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CollA Zz} 2A417F ok Wagslginh 2214 2 2l 530 Toll A 2417k, 3393 2l 500 Col|A| 242 Z+2; 213
3}ttt BH loop tracer= A}7]4 EAS 435193, XRD (Rigaku D/MAX-2500V/PC, X-Ray Diffraction)E
E3A Bt A B35 It 18] EPMA (JXA-8500F Electron Probe Micro Analyzer)E ©]-&35}o]
B A} 3ol mE uHPE dsie) s 0 4o BEE 2ASA.
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3. 20 9 0N
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4. 22

Nd-Fe-B 2740 24242 DyCu B2 H7bste] 282 E0] Wato] W <7] 8 549 wato] of
3of erobugieh. DyCu F7k A4 9] B2 un-doped 4t vl walo] HAH 02 SISIYAR £ L7t
wobdol wheba] Zhadtgich. RAISH Ee 2FLEs} WobdE 7743t AA T un-doped AHAIT 1] W5to]
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5. A2
[1] Kyoung-Hoon Bae, Tae-Hoon Kim, Seong-Rae Lee, Seok Namkung, and Tae-Suk Jang, J. Appl. Phys.
112, 093912 (2012).
[2] Tae-Hoon Kim, Seong-Rae Lee, Min-Woo Lee, Tae-Suk Jang, Jin Woo Kim, Young Do Kim, Hyo-Jun
Kim, Acta Mater. 66, 12-21 (2014).
[3] Song-E Park, Tae-Hoon Kim, Seong-Rae Lee, Seok Namkung, and Tae-Suk Jang, J. Appl. Phys. 111,
07A707 (2012).
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1. 4=

Nd-Fe-B &=ZA}pA o] Cuot 22 Ndrich 9] 485 W& & Sl 84 st 445 Hrista 49 by,
Nd-rich Ao #&= W ALAdo] FgE o] Aol F7igiet [1, 2] T3 500 °C G F2tol Nd-Cu
7] FAA o= QA CuZl Nd-rich Aol e -3-3]
T ¢NdOs o] QFAHSE HAl Nd-rich 4Ho] H|XH o] qF4s o] AAje] o]Fof HAjelo] F7hgtt [1,
2]. AN, AdiA ez Cuol 2 E=7F W Nd-rich A} (5 ~ 15 at.% Cu, Cu'™-rich)2] &AJo| Er}uls}c}.
Cu™-rich YAALS A%A A vz Ao] 4] ¢S Bl ofyel ¢Hg3t h-NdLOs2 FAE 7] wfjio] 2Aje
ol 71054 ettt [2]. Cut oA thE 53 A5t ¥4 (A)E Nd-Fe-B 242 A of H7lstal 4435 o
A2l g 223 Cuzt vk S Ndrich 48] Fx/318H4] 548 FAI7IH, EAT o]0 7R 9
H2g & anE 33t & 4 Sk 2 Aol A= AlCu = Mn/Cu 5A[5 7ol ©3F Nd-Fe-B &~ A}H4]
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Magnetic Properties and Magnetocaloric Effect
in Lay.xCexFer055i25 (x = 0.2, 0.4, 0.6) Alloys
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1Department of Physics, Chungbuk National University, Cheongju 361-763, South Korea
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The magnetocaloric effect (MCE) is an intrinsic property of a magnetic material. This effect is dependent on
temperature (7), and is usually largest near the magnetic phase transition temperatures. Basically, the MCE is related
to a magnetic entropy change (ASwm) in a magnetic material under the application or removal of an external magnetic
field. Magnetic refrigeration based on the MCE is currently a potential technology that can replace the conventional
technology based on gaseous compression and expansion cycles. Unlike the conventional technology, the MCE-based
technology shows up some advantages of environmental pollution reduction, energy saving, and low noise. To
promote this technology, however, it is necessary to fabricate successfully MCE material with a large ASw in low
applied fields and a controllable working temperature range (around magnetic phase transition regions). Additionally,
to get a clear idea about the performance of materials used in magnetic refrigeration devices, it is necessary to
understand how their MCE evolves in desired temperature and magnetic-field ranges.

In this report, we present a detailed studies on the magnetic properties and MCE of La;.«CesFeiosSirs (x=
0.2, 0.4, 0.6) alloys. The samples were prepared from pure (99.9%) La, Ce, Fe and Si metals by an arc-melting
method in a high purity argon atmosphere. And then, the products were sealed in a fused-silica jacket under vacuum
and annealed at 1323 K for a month. According to the powder X-ray diffraction patterns, the crystal structure
of an as-cast sample displayed the elemental Fe-type structure, but after the annealing process, they were transformed
into the NaZnjs-type structure.

Magnetic measurements versus temperature (7 = 100-300 K) and magnetic field (H = 0-10 kOe) were performed
on a vibrating sample magnetometer (VSM). Fig. 1 shows the M(T) curves for samples, one can see that all the
samples exhibiting a ferromagnetic-paramagnetic (FM-PM) phase transition at Curie temperature 7c = 250, 239,
and 230 K for x = 0.2, 0.4, and 0.6, respectively. This FM-PM phase transition can be seen more clearly if H/M
is plotted versus M’ [1]. The nonlinear parts in the low field region at temperatures below and above T¢ are
driven toward two opposite directions, revealing the FM-PM phase separation. A negative slope corresponding
to a first-order phase transition according to Banerjeer's criteria [2] has been observed in H/M versus M curves.
Based on isothermal magnetization data, M(H, T), we have calculated ASu(7) data for samples under an applied
magnetic field change H = 10 kOe as shown in Fig. 2. As a function of temperature, the ASw(7) curves show
a maximum (denote as |[ASwmax|) at around their 7c. With H = 10 kOe, the values of |ASvmax| are found to be
3.0, 2.8, and 1.6 Jxkg'K™" for x = 0.2, 0.4, 0.6 samples, respectively. The nature of magnetic properties and
MCE in the La;xCexFeiosSizs alloys will be discussed thoroughly by mean of the effect of Ce-doping concentration.

References
[1] A. Arrott, “Criterion for ferromagnetism from observations of magnetic isotherms”, Phys. Rev., 108(6)
1394, (1957).
[1] S. K. Banerjee, “On a generalised approach to first and second order magnetic transitions”, Phys. Lett.
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Fig. 1. (a) FMR and spin wave signal

(b) Angular dependence of Hryr and Hgyr in NiFe film. The signal was measured at in-plane angle.
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Fig. 1. (a) Microwave absorption signal and Magnetization at (a) 6,=0 and (b) 6,=90 in CoFe/Mnlr bilayers.
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Fig. 1. (a) Annealing temperature and angle dependence of FMR signals
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Fig 1. x-ray diffraction patterns of Fe-Si-Cr powder annealed at different temperature.
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Magnetic properties of Fe alloy powder coated
with Titanium oxide

SungJoon Choi"”’, SunWoo Lee', Hui Eun Kim', Sang-Kyun Kwon?, and Sang-Im Yoo'

1Department of Materials Science and Engineering, and Research Institute of Advanced Materials,
Seoul National University, Seoul 151-744, Korea
2 Corporate R&D Institute, Samsung Electro-Mechanics, Suwon, 443-743, Korea

In recent years, the soft magnetic composites (SMC) have attracted great interests as the potential applications
in electromagnetic circuits, sensors, electromagnetic actuation devices, low frequency filters, induction field coils,
magnetic seal systems, and magnetic field shielding.Magnetic powder particles are normally coated byinsulating
oxides to minimize the eddy current loss in the core loss.For this purpose, we tried to fabricate a coated powder
composed of a Fe alloy core and shell layer of TiO»viathe sol-gel method usingtitanium butoxide (TBOT) as the
precursor.A uniformcoating of the Fe alloy core withTiO, was successfully achievable by controlling the process
condition, such as reaction time and concentration of precursor. Also, the effect of dicing pressure during the
fabrication of core was studied. Magnetic properties of TiO,-coated Fe alloy powder were sensitive to the

coatingconditions of TiO,. Details will be presented for a discussion.

This work was supported by a Grant from Samsung Electro-Mechanics Co., Ltd.
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The manufacture of soft magnetic alloy
using micro-powder

MinYoung Lee', HanYeol Jo"", BoWha Lee’, Jihyun Sung® and SangYoon Park®
1Department of Phvsics and Oxide Research Center, Hankuk University of Foreign Studies, Yongin, Gyeonggi-do
*Korea Institute of Industrial Technology, Application Division Ultimate Manufacturing Technology Center
3 Advanced Institutes of Convergence Technology, Seoul National University

Magnetic alloy are of great interest because of various applications such as electric devices and medical
devices. The alloys have been mostly fabricated with the powder metallurgy method which is carried out through
a series of common processes including sintering, vacuum melting, and machining. Among them, vacuum melting
is a critical step to obtain high quality alloys not only because it prevents the alloy from contamination due to
oxidization during alloying but also it makes uniformly alloying. However, this method is very expensive and
has limitation in fabricating the patterned and the micro-sized alloys. Herein, we present a rapid method to make
high quality magnetic alloys with sub-millimeter pattern scale using Laser cladding method.

The Laser used in this work is a CW CO2 laser (maximum power: 4kW), and the cladding power is kept
at 400W. Purchased high purity Fe, Ni, Co, and Al metal powders are used for binary and ternary alloys. More
than two types of metal powders with diameter in the range of 50 to 150 um are simultaneously injected at a
speed of 4g/min with Ar gas. Different growth rates and heights are observed depending on the type and
composition of the alloys. By x-ray fluorescence we also observed the difference between the output composition
and the input composition, which is strongly dependent on the size and melting point of the injected metal
powders. When metal powders with particle size of less than 100 um were used, the surface of the alloy has
many cracks and porous cross-section was observed. Based on the above results, we manufactured soft magnetic
alloys such as Fe-Al, Fe-Co (binary alloy), and AlINiFe (ternary alloy) by considering the density and melting
points of different metal powders and optimizing the composition and laser power. The microstructural properties
and composition uniformity of the alloys are characterized by SEM and EDX, and the magnetic property and
crystallization are analyzed by VSM and XRD, respectively. We could also fabricate alloys that can be used
directly in everyday life through simple surface treatment process. Therefore in terms of easy molding, the

technique of laser cladding can be utilized in various related industrial applications.
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Magnetic Properties of TiO,-coated Fe-Cr-Si alloy powder

Sunwoo Lee"’, Sungjoon Choi', Hui Eun Kim', Sungjin Choi, Seungnam Yang?, Sang-Im Yoo""

'Department of Materials Science and Engineering, and Research Institute of Advanced Materials,
Seoul National University, Seoul 151-744, Korea
2Department of SMD, Changsung, Incheon 405-846, Korea
T131—4O7, Seoul National University, Gwanak-gu, Seoul, 151-744, Korea; siyoo@snu.ac.kr

Iron (Fe) metal powder have been used for inductor cores at high frequency since they exhibit soft magnetic
properties of high saturation magnetization and low coercivity. However, a large core loss due to the eddy current
induced by ac field has been one of the most serious problems at high frequency for real applications. To reduce
the inter-particle eddy current loss, we tried to produce a core-shell structure composed of TiO, coated-Fe powder.
The Fe powder in this study are composed of 8~9%Si, 2%Cr, Fe bal. The Fe-TiO, core-shell structure was
synthesized by a sol-gel process using titanium-butoxide (TBOT) as a precursor of TiO,. The coating parameters,
such as the coating time and the concentration of TBOT, were controlled to achieve thin and uniform coating
layer. The core loss could be greatly reduced by producing the Fe-TiO, core-shell structure. Detailed relationship
between processing, microstructure, and magnetic properties of inductor cores using TiO>—coated Fe powder will
be presented for a discussion.

This work was supported by a Grant from World Class 300 (0417-20140105).

Keywords : Fe powder, TiO, coating, insulating coating, eddy current loss
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Temperature dependence of magnetic property
in CoSiB-based thin-film structures

Sol Jung"’, and Haein Yim'
1Department of Physics, Sookmyung Women’s University, Seoul 140-742, Republic of Korea

1. Introduction

Since perpendicular magnetic anisotropy was first observed, it has attached interest in relation to high-density
magnetic recording media and has been studied as a possible candidate mechanism for use in high density spin
transfer torque magnetic random access memory [1,2]. High-density magnetic recording media are types of
next-generation memory technology. However, in order this high-density, next-generation memory devices require
large coercivity (Hc), high magnetic anisotropy (K,) and low saturation magnetization (M). Large H. is
particularly required in order to overcome the demagnetizing fields in high density magnetic recording media
[3-6].

Thin films composed of both ferromagnetic metals and nonmagnetic materials have been studied with a view
to enhancing K,. Furthermore, amorphous materials have been introduced as substitutes for transition metals. As
a result, thin films composed of the above mentioned amorphous materials and non magnetic materials have been
investigated in the search for relatively high K, and low M. In general, amorphous materials have been found
to exhibit low M and modest K, [7-12].

2. Experiment

The chamber’s base pressure was up to 2.0 x 107 Torr, and the working pressure was 2 x 10° Torr. All
films were uniformed in size, 1.4 cm X 1.4 cm, and were deposited by ultra high-vacuum system at room
temperature. In order to study about thermal effect, all samples were annealed by rapid thermal annealing system
between 300C ~ 500°C. The magnetic properties of all thin-films were measured by a vibrating sample

magnetometer.

3. Result and discussion
The H. and M depend on temperature and the shape of hysteresis loop shows bow-tie shape at high
temperature. According to change the values of Hc and M, K, exhibits various values with increasing temperature.

The details will be shown in conference.

4. Conclusion

In this research, we studied the thermal effects on the magnetic properties of the CoSiB/Pd multilayers with
perpendicular magnetic anisotropy and the temperature dependence. In a future study, a more diverse and
systematic study will be performed to confirm this correlation between physical description of the magnetic

properties and the temperatures.
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Characterization of Fe-based soft magnetic amorphous
dlloy system with high saturation magnetization

Sumin Kim"", and Haein-Yim'
1Department of Physics, Sookmyung Women’s University, Seoul 140-742, Republic of Korea

1. Introduction

There has been an increasing interest in Iron-based (Fe-based) ferromagnetic amorphous materials due to their
attractive properties such as low material cost, ultrahigh strength and high corrosion resistance. In addition,
Fe-based soft magnetic amorphous materials have good soft magnetic properties including high saturation
magnetization (M), low coercivity (Hc) and high permeability [1-6]. It is important to choose appropriate
component element and composition of Fe-based alloy system for suitable properties [7]. We added Cobalt,
because Fe-Co system exhibits the high saturation magnetization and the permeability in comparison to Fe-only
and Co-only systems. We also added minor Boron to improve the thermal and structural stability. However, it
could decrease the saturation magnetization. Similar to the Boron, Zirconium can promote the glass-forming
ability. The goal of this study is to obtain optimum composition of the Fe-based alloy system with high saturation

magnetization.

2. Experiment

The ingots of a new collection of Fe-based soft magnetic alloy were prepared by arc-melting. By using a
melt-spinning technique, we fabricated thin ribbons of amorphous alloys. Also we used a x-ray diffraction to
characterize the glassy structure of our ribbons. The thermal characterization was carried out by using a
differential scanning calorimeter. The soft magnetic properties including the saturation magnetization and the

coercivity were measured by using a vibrating sample magnetometer.

3. Result and discussion

The hysteresis loops of these amorphous ribbons were measured by using a vibrating sample magnetometer
in order to study magnetic properties. The hysteresis loops of the as-spun Fe-Co-based ribbons with width of 2
x 10°m. From these data, the values of M, and H. are obtained and we will present in the conference. The
Fe-Co-Ti-Zr-B alloy system has good soft magnetic properties including a low H. (~1 Oe) for good soft magnetic
amorphous alloy. In this system, we acquired the highest M (1.67T) that is the best saturation magnetization in

recent study.

4. Conclusion

In conclusion, in this system, Fe-Co-Ti-Zr-B ribbons have better soft magnetic properties than other soft
magnetic amorphous ribbons in our previous study. The specimens used in this experiment have been prepared
by the melt-spinning technique without annealing treatment. Therefore, ribbons of the Fe-Co-Ti-Zr-B alloy system
is expected to improve their characterization after annealing process. In conclusion, Fe-Co-Ti-Zr-B alloy system

studied here are good candidates for practical and functional applications as the soft magnetic materials.
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Core-shell ZnFe>O4/ZNS composites
for photocatalytic applications

Pilsun Yoo"", D. Amaranatha Reddy', Sang-Eun Bae®, Bo Wha Lee’,
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'Department of Physics and Oxide Research Center, Hankuk University of Foreign Studies,
Yongin 449-791, Repubilc of Korea
2Department of Chemistry and Protein Research Center for Bio-Industry, Hankuk University of Foreign Studies,
Yongin 449-791, Republic of Korea

ZnFe;04/ZnS core-shell nanocomposites were prepared to combine the magnetization effect of ZnFe,O4
nanoparticles (NPs) and the photocatalytic activity of ZnS for retrievable photocatalytic systems. A two-step
synthesis procedure was adopted to prepare the ZnFe,O4/ZnS core-shell nanocomposites. First, magnetic ZnFe,O4
NPs with an average dimension of 60 nm were synthesized by a hydrothermal method. Then, ZnS NPs with an
approximate dimension of 5 nm were successfully attached to the surface of the as-synthesized ZnFe;Os magnetic
NPs through a co-precipitation process. Structural features of ZnFe,Os NPs and the composite material were
investigated with PXRD and TEM measurements. Although bulk ZnFe,O4 is an antiferromagnetic material,
hydrothermally prepared ZnFe,Os NPs exhibited high enough magnetization to make it possible to re-collect the
composites by a magnet after photocatalytic reactions. Photocatalytic decomposition of methyl orange by
ZnFe;04/ZnS core-shell nanocomposites under the irradiation of near-visible light was compared with that of ZnS
NPs under the same conditions. The ZnFe;O04/ZnS core-shell nanocomposites showed much faster reaction rate
in early stage of reaction (within the first 3 h), and comparable effects after 4 h. Therefore, the ZnFe,O4/ZnS

nanocomposites prepared by simple approach can be a promising retrievable photocatalyst.
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Fig. 1 (a) ZnFe;O4 nanoparticle; (b) ZnFe;O4 /ZnS composite;  Fig. 2 photocalalytic behavior of ZnFe,O4 nanoparticle,
(c) ICDD data of ZnFe;O4 ; (d) ICDD data of ZnS ZnS nanoparticle, and ZnFe,O4 /ZnS composite
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Magnetic and electric properties of FeGe,

Byong Sun Chun"’, Chanyong Hwang'
Center for Nanometrology, KRISS

Figure shows the magnetization versus temperature (M-T) curves both an in-plane and an out-of-plane
configuration at temperatures ranging from 30 to 320 K. In here, magnetization is measured under the external
magnetic field of 4 kOe. At above room temperature, FeGe, film does not shows any magnetic moment then
at around 275 K magnetic moment start to arise. FeGe, has different magnetic structure along the c-axis and
a-axis. FeGe, has ferromagnetic alignment of Fe atoms along the tetragonal c-axis while antiferromagnetic spiral
structure along the a-axis and results in formation of two magnetic sublattices. Figure also shows the temperature
dependent resistivity of the FeGe, film under the external magnetic field. At lower temperature region (30-230
K) the resistivity shows a gradual increase with temperature, which shows a positive gradient of 0.125 pQcm/K.
At the temperature from 230 K to 275 K, the resistivity of the FeGe begins to sharply increase with a positive
gradient of 7.4 nQcm/K. However, beyond 275 K it suddenly decreases. The nature of decreasing and increasing
resistivity with temperature indicates nonmetallic and metallic behavior, respectively. Therefore, the resistivity
measurement of the FeGe, reveals a semiconductor-metal transition. The presence of a local maximum in the
resistivity versus temperature (metal-insulator type transition temperature) in ferromagnetic metals and
paramagnetic semiconductors is closed to the Curie temperature (Tc). In this, ferromagnetic-paramagnetic
transition observed around 275 K (T¢). As shown in this figure ferromagnetic-paramagnetic transition have a
significant effect on the resistivity. The development of ferromagnetism results in increment of electrical
conductivity. Under the external magnetic field with lowering the temperature, the degree of ordering increases
and this leads to growth of the ferromagnetic phase but shrinkage of semiconductor phase results in
metal-insulator type transition. In FeGe,, initially, relatively small metallic ferromagnetic domains (Fe) are
embedded in relatively large semiconducting paramagnetic domains (Ge), when the temperature is decrease with
increasing external magnetic field, the ferromagnetic domains are growing, and results the type of conductivity

change from semiconducting to metallic.
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Fig. 1. Magnetic and electric properties of FeGe,
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Current-induced domain-wall motion has been intensively studied over the last decades due to its promising
application toward high-density and low-energy-consumption memory and logic devices. Recently, it has been
found that the efficiency of the domain-wall motion can be largely enhanced by the spin-orbit torque (SOT) [1]
combined with the Dzyaloshinskii-Moria interaction (DMI) [2]. In presence of the DMI caused by a broken
symmetry in heavy-meatal/ferromagnetic interfaces [3], the Neel-type domain-wall structure is stabilized, which
then results in the domain-wall motion driven by the SOT via the spin Hall current from non-ferromagnetic heavy
metals [4]. It is therefore radical to analyze the sign and magnitude of the DMI and SOT to understand their
physical origin as well as to achieve memory and logic devices. In this study, we investigate the DMI and SOT
of various metallic ferromagnetic films, of which the structures are Ta(5 nm)/Pt(2.5 nm)/Co(0.6 nm)/X(1.5 nm)
films with various choice of X by Ti(3d), Cu(3d), Ru(4d), Pd(4d), Ta(5d), W(5d), Au(5d), and Mg. The sign and
magnitude of the DMI are then measured from the asymmetric domain-wall expansion [3] as shown by Fig. 1.
Figure 1 shows the asymmetric domain-wall expansion image (inset) and the domain-wall speed v with respect
to the in-plane magnetic field H,, from which the magnitude of the DMI-induced effective field Hpwmi is
determined by observing the inversion symmetry axis. The figure clearly shows that Hpwm is sensitive to the
composition of X. The SOT is then measured by the w-2w measurement method [5], as exemplified by Fig. 2
for the sample with the choice of X by Ta. The tendency of SOT and DMI will be provided a designing rule

for engineering new spintronics devices.
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Angular dependent exchange bias field and
coercivity in FeMn/Py biayers

Hyeok-Chul Choi', Ki-Yeon Kim*", and Chun-Yeol You'

1Department of Physics, Inha Univiersity, Incheon 402-751, South Korea
*Neutron Science Division, Korea Atomic Research Institute, Daejeon 305-353, South Korea

We have investigated the angular dependence of both longitudinal and transverse loops in the film plane of
the exchange-biased FeMn/Py bilayers by employing vector Magneto-Optic Kerr Effect (MOKE) magnetometer
and numerical calculation based on modified Stoner-Wholfarth model. From the angular dependence, it is found
that the relevant magnetic anisotropies such as uniaxial and unidirectional anisotropy is not parallel to the
deposition field applied during sample growth. In addition, the rotatable anisotropy much larger than ferromagnetic
anisotropy constant is required to elucidate the angular dependence of coercivity in the polycrystalline FeMn/Py

bilayers.
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Study on SOTs in Pt/CoFeB/MgO and Ta/CoFeB/MgO and
their interfacial effects by Ti insertion

Hae Yeon Lee"’, Young-Wan Oh', Byong-Guk Park’
1Department of Materials Science and Engineering and KI for Nanocentury, KAIST, Daejeon 305-701

1. &

Manipulation of the magnetization by electric field or current has been great interest for realization of
spintronic memory and logic devices. Conventionally, spin transfer torques (STTs) were used to control the
magnetization especially for STT-MRAM. However, there were numerous disadvantages; perpendicular current
that flows across the tunnel barrier causes damage to the barrier, and it shows slow operation speed due to the
precessional switching. Recently, new types of torques named spin-orbit torques (SOTs) have been robustly
studied as a promising breakthrough, which enables to reduce writing power and to improve reliability of devices.'

A nmumber of studies on SOTs have been reported based on heavy metal (HM)/ ferromagnet (FM)/ Oxide (OX)
trilayer structure such as Pt/Co/AlO, and Ta (W)/CoFeB/ MgO.* From those early studies, it is known that SOTs
are generated by both of two mechanisms: spin Hall effect, which mostly contributes to damping like torque
(DLT) and Rashba effect, which mostly contributes to field like torque (FLT). However, it is ambiguous to study

each mechanism and its contribution due to the coexistence of interfacial and bulk effects.

In this research, interfacial and bulk effects on SOTs of both Ta/CoFeB/MgO and Pt/ CoFeB/MgO layers were
studied by inserting Ti layers with different thicknesses between HM and FM layers. The behaviors of DLT and
FLT according to the thickness of Ti were conspicuously different in Ta/Ti(t)/CoFeB/MgO samples and Pt/Ti(t)/

CoFeB/MgO samples. Moreover, switching behaviors of each sample were also studied.

2. MW 2}

Two different sets of ferromagnetic layers of Ta(5)/Ti(t)/CoFeB(1)/MgO(1.6) (Ta set) and Pt(5)/Ti(t)/CoFeB(1)/
MgO(1.6) (Pt set) were fabricated on Si/SiO, substrates by magnetron sputtering where the values of t vary from
0to7 (0, 1, 3, 5, 7). Here the numbers in the parenthesis represent the film thickness in nanometers. After
adequate annealing for each sample, it became perpendicularly magnetized; Pt(5)/CoFeB(1)/MgO(1.6) sample was
annealed at 300 C with out-of-plane magnetic field cooling and the rest of the samples was annealed at 150
C without magnetic field.

All samples were patterned to Sum-width hall cross bar structure by photolithography to measure SOTs. Both
DLT and FLT of samples were measured using 2" harmonic lock-in technique with polar angle 86°. To study
switching behavior, the Hall resistance was measured applying longitudinal current pulses, which is parallel to
the direction of magnetic field sweeping.

As a result, Ta set showed negative 2" signals of DLT and FLT in contrast to Pt set, which showed positive
SLT and FLT corresponding to the sign of spin Hall angles of Ta and Pt. The magnitude of both SLT and FLT
decreased when Ti layer was inserted between HM (Ta, Pt) and FM layers but the two sets show different
decaying behaviors. In Ta set, two torwues, SLT and FLT, were gradually decreased maintaining their relative

ratio as Ti thickness increases. In Pt set, both two torques were drastically decayed when Ti is inserted compared
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to Ta set. Moreover, the magnitude of SLT was significantly larger than that of FLT when there is no Ti insertion.
When Ti layer was inserted, the magnitude of FLT exceeded that of SLT. In addition, switching experiment

supported the behavior of decreasing SLT.
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Fig. 1w and 2w signals of Ta set samples were measured at 5 mA. It can be known that the 2w

signals gradually decreases as Ti thickness increases.

3. EE
We have studied interfacial effect on the SOT in the NM/FM/oxide structures by introduction of Ti layer
in-between NM and FM layer. Different behaviors were observed between Ta set and Pt set when Ti is inserted,

which indicates that there would not be a single mechanism that determines the magnitude of SOTs.

4. "2
[1] Hgang-Rae Lee, Kyujoon Lee, Yoshishige Suzuki et al. Scientific Reports 4. 6548 (2014)
[2] Ioan Mihal Miron, Kevin Carello, Pietro Gambardella et al. Nautre 476. 189 (2011)

[3] Lugiao Liu, Chi-Feng Pai, R. A. Buhrman et al. Science 336 (2012)
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Hot deformed Nd-Fe-B magnets with additions of
Nd-Cu-Zn alloy by spark plasma sintering technique

Shu Liu"*", Nam-Hyun Kang?, Ji-Hun Yu', Hae-Woong kwon®, Jung-Goo Lee"’
'Powder & Ceramics Division, Korea Institute of Materials Science, 797 Changwondaero, Changwon 642-831, Korea
2Department of Materials Science and Engineering, Pusan National University,
Busandaehak-ro 63 beon-gil, Geumjeong-gu, Busan 609-735, Korea
3Department Materials Science and Engineering, Pukyong National University, Nam-gu, Busan 608-739, Korea
w‘Corlresponding author. Tel./fax: +82 55 280 3606/3392, E-mail address: jglee36@kims.re.kr

The anisotropic hot-deformed (HDed) RE-Fe-B magnets have attracted much attention for their remarkable
magnetic properties and broadening various applications due to the ultrafine grained microstructure. Hot
deformation usually consists of two steps, hot pressing and die upsetting. During HD process, the initially
isotropic Nd,Fe 4B nanocrystals in melt-spun flakes transformed to closely stacked laterally elongated grains with
the crystallographic c-axis parallel to the pressing direction during the DU process, which gives rise to high
remanence and energy product, together with exceptional corrosion resistance, thermal stability, and fracture
toughness. The spark plasma sintering (SPS) technique has been widely concerned as a new pressure sintering
process to consolidate Nd-Fe-B powders to full density at relatively lower temperatures in a short period of time
which generates plasma uniform heat the materials and inhibits the grain growth. HDed Nd-Fe-B compact with
nanocrystallite texture has been successfully fabricated by SPS and a combination of SPS and HD processes.

In order to further improve the magnetic properties, Dy compounds or low melting point eutectic alloy was
applied to grain boundary diffusion coating process. However, a concerted effort was purpose to develop Dy-free
high coercivity Nd-Fe-B due to the high cost of the heavy rare earth element Dy. Zn with low melting point
(420 °C) has been found increase the wettability and enhance the texture formation and improve the
microstructure, Further lead to the increase of remanence and coercivity. The understanding of microstructural
evolution with the addition during preparation and deformation is an indispensable step toward the realization of
high performance magnets.

In this work, Nd-Cu-Zn alloy was mixed with the initial MQU-F riboons. HDed Nd-Fe-B magnets were
produced by SPS through the optimized method. The effects and microstructure evolution with addition on the

magnetic properties hot pressing and die upsetting were discussed in our work.
Keywords: NdFeB magnets; Hot deformation; Nd-Cu-Zn; microstructure; SPS

This research was supported by a grant from the Fundamental R&D Program for Core Technology of
Materials funded by the Ministry of Knowledge Economy, Republic of Korea.
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Magnetic Nanostructures Fabricated
by Thermal Nanoimprint Lithography

Chi-Hieu Luong’, Jong-Ryul Jeong
Department of Materials Science and Engineering and Graduate School of Energy Science and Technology,
Chungnam National University, Daejeon 305-764, Korea

Recently, nanoimprint lithography (NIL) has received great attention due to their potential applications in
devices for electrical, optical, photonic and biological applications. We have successfully fabricated the various
magnetic nanostructures using thermal NIL. To fabricate the magnetic nanopatterns, a thin layer of PMMA was
coated onto the Si substrate and the PDMS mould was pressed. The sample was heated above the glass transition
temperature to transfer the patterns. After the pattern transfer, residual layer was removed using reactive ion
etching (RIE). Then ferromagnetic materials such as Fe, Ni, Co were coated by thermal evaporation. In this work,
we have investigated the effect of the residual layer on the fabrication of the magnetic nanopatterns and variation

of the magnetic properties by changing the geometric shape of the magnetic nanopatterns.

Keywords: Magnetic nanostructures, Nanoimprint lithography
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Electromagnetic properties of magnetite hollow
nanospheres and porous hanospheres

Rambabu Kuchi, Jong-Ryul Jeong

Department of Materials Science and Engineering, Graduate School of Energy Science and Technology,
Chungnam National University, Daejeon 305-764, Korea

Two kinds of Magnetite nanospheres (hollow and porous) composed of primary nanocrystals have been
successfully prepared via a one-step solvothermal method with gas-bubble template. FeCl;.6H20 was used as
single iron resource, polyvinylpyrrolidone (PVP) as the capping agent and urea, sodium acetate were serving as
template in this process. To understand the formation mechanism of these nanospheres, the reaction parameters
such as the concentration of precursor, gas source are investigated by fixing the reaction temperature and time.
Sodium acetate has been played a dual role to control the size and morphology of the nanocrystals based on
a gas-bubble Ostwald ripening process. We found that sodium acetate was useful in terms of precipitation of
primary nanocrystals furtherly as template. The characterization of the as prepared product was identified with
X-ray diffraction (XRD), transmission electron microscopy (TEM), field emission scanning electron microscopy
(FE-SEM) and vibrating sample magnetometer (VSM). Due to the porosity, low density of these nanocrystals has

been testing for microwave absorbing materials by using the Agilent vector network analyzer.

Keywords: Hollow nanospheres, Porous nanospheres, Ostwald ripening, Solvothermal method, Porosity
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Artificial magnetic nanostructures:
isolated metal/insulator/metal nanodot arrays
with fransmission geometry

Thanh Son Vo', Byong-Guk Park?, Jong-Ryul Jeong'

'Graduate School of Energy Science and Technology, Department of Materials Science and Engineering,
Chungnam National University, Daejeon 305-764, South Korea
2Department of Materials Science and Engineering, KI for the Nanocentury, KAIST, Daejeon 305-701, South Korea

In this study, we have systematically investigated a magnetic resonance absorption and tunability of absorption
wavelength in isolated metal-insulator-metal (MIM) nanodot arrays with transmission geometry. The elemental
electromagnetic resonances and their hybridizations are studied using 3-dimensional finite-difference time-domain
(FDTD) calculation and resonance properties including the resonance peak tunability, magnetic permeability and
quality (Q) factor are characterized with respect to the coupling strength. We have found the existence of electric
and magnetic resonance mode in the MIM (Au/MgF»/Au) structure and the magnetic resonance has larger
wavelength tunability than the electric resonance. The absorption cross section calculation revealed that absorption
is the dominant extinction process at the magnetic resonance only. Magnetic permeability (u) calculations for the
various MIM parameters showed the maximum value of the imaginary part of g is 16.1 with QO factor of 9.2
when the size of nanodot is 200 nm and the inter-dot distance is 300nm. The presented calculations can be used
to tune the response of the magnetic resonance absorption with a variable resonance wavelength and Q factor

by using the simple MIM structures with transmission geometry.

Keywords: metal/insulator/metal structure, magnetic absorption, magnetic permeability, magnetic resonance,

nanodot arrays
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gl Az W Foll RF sputtering W2 A1) oA Wit Alx7) 7Hgskal, el wheh 2/do)

of vtu} zf o] 3t Ao ® AR Qlrh YIG vfaf Al Al Si (100) 7|93 ARESFTE dRt2 o
IG vpat Z2F A] AAAFE7E ALl YA|8k= GdiGas012(GGG) 7182 AHE-sh= Zlo] dvkd b, GGG7|
o= ghol Wi v wizell thA o] Bade] whek A-Et Si 7S o] &3kt 7 AtolA=
o RF magnetron sputtering %410 2 23 © YIG ulete] 278 @ 4713344 S4S
2k A FALEE ZhzF Aot 500 T2 st o =2 & 700 C ~ 900 Cof|A] post-annealingS =3
shoith. Hhek 52 ¥ post-anncaling £E0] THE YIG/S vhute] 724 B4 WS XPSE o4l
siglon, 21714 S4& VSM, MOKEE ol §ete] 2Alstelch

2
e
-

[1] Setsuo Yamamoto*, Hirofumi Kuniki, Hiroki Kurisu, Mitsuru Matsuura, and Pyungwoo Jang. phys. stat.
sol. (a) 201, No. 8, 1810-1814 (2004)
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AD2H

[1] Carcia, P. F., Meinhaldt, A. D., Suna, A., Appl. Phys. Lett. 47, 178-180 (1985).
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4. 42
0.2mm2] 99.999%2] 11&% Fe wireZ 0]-83}0] A7) ZHFAA Fe;0,9] 2AFZE 7FA| 11, 54 emu/ge] X
SR, o 1030mme] HRUE 9 FUT YLLEE AL AR ALIAT

5. 4129

Fe304 magnetic nanoparticles synthesis from tailings by ultrasonic chemical co-precipitation, Materials Letters
65 (2011) 1882-1884
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Synthesis of Co microtrees assembled by dendrites and
their microwave absorption characteristics

Rambabu Kuchi Kyung Min Lee, Surabhi Srivathsava, Jong-Ryul Jeong
Department of Materials Science and Engineering, Graduate School of Energy Science and Technology,
Chungnam National University, Daejeon 305-764, Korea

In this work, we have investigated a mild chemical procedure to synthesize cobalt microtrees assembled by
many dendrites at room temperature using hydrazine hydrate as the reductive agent. The structure and morphology
of the as obtained products were characterized by X-ray diffractometer (XRD), transmission electron microscopy
(TEM), field emission scanning electron microscopy (FE-SEM) and vibrating sample magnetometer (VSM). It was
found that the dosage of hydrazine hydrate played an important role in the morphology control and the glycol
as directing agent of the produced cobalt crystals. These parameters are drastically influenced the morphologies
of the final products. The growth mechanism was briefly discussed on the basis of controlled experiments.
Additionally, magnetization measurement revealed that the cobalt microtrees exhibited ferromagnetic characteristics
at room temperature and we have investigated the microwave absorption characteristics of the magnetic

microstructures.

Keywords: Cobalt microtrees, Morphologies, Magnetization, Dendritic petals
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Anomalous Behavior In Magneto Transport Measurements
in Liquid-gated Pt Thin Films

Kil-joon Min"", Taeyueb Kim*®, Dong-Hun Chae', Sung-jung Joo'
'Korea Research Institute of Standards and Science, Daejeon, Korea
*Center for Spintronics, Korea Institute of Science and Technology, Seoul, Korea
3Depar’tmen’t of Applied Physics, Korea University, Sejong, Korea

We observed a superlinear behavior in the Hall resistance in liquid-gated

Pt thin films. This effect is consistent with a previous experimental result reported by Iwasa group in Japan
[Phys. Rev. Lett. 111, 216803 (2013)].

They interpreted this phenomenon with the anomalous Hall Effect usually emerging in ferromagnetic materials
even though Pt is considered to be a paramagnetic material according to the Stoner criterion. Here, we present

our experimental progress and preliminary results.
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Synthesis of monodisperse cobalt ferrite (CoFe204)
nanoparticles using thermal decomposition method

Yoonji Eom’, HeeYoon Noh, Mohamed Abbas, CheolGi Kim
Department of Emerging Materials Science, DGIST, South Korea

Introduction

Because of their interesting properties like electric, catalytic, and optical properties, magnetic, many researchers
have paid attention for synthesis of magnetic nanoparticles. For the device application, the technology of controllable
nanoparticles is an important issue, especially its size control and self-assembles. Many research groups have studied
these topic and we also focused on how to easily select nanoparticles in uniform size and disperse with organic

solvent. In case of organic solvent, ethanol and hexane being widely used in cleaning and dispersion.

Experimental

Iron(Ill) acetylacetonate (0.5 mmol), cobalt(Il) acetylacetonate (0.25 mmol), benzyl ether (20 ml), oleic acid
(1 ml), and oleylamine (1 ml) were mixed and mechanically stirred. The mixture was heated to 290 C for 90
min. The mixture was cooled down to room temperature and cleaned with organic solvent. After centrifuging with

organic solvent, the brown solution was removed and CoFe,O4 nanoparticles were obtained.

Results and discussion

CoFe204 nanoparticles were characterized by EDS, XRD, TEM and VSM. EDS element analysis of CoFe204
nanoparticle reveal a presence of Co, Fe and O. XRD peaks shows the strongest and clearest intensity. XRD pattern
resulted from Size selection of nanoparticles. It is mean that we could obtain uniformly sized and highly crystallized
nanoparticles selectively from hexane-hexane treatment.

TEM images showed size of nanoparticles and dispersion. images showed various size distribution of nanoparticles
with some aggregation. So average of nanoparticles diameter is each 20.3 nm, 19.58 nm, 19.84 nm. On the other
hand, image of size selected sample shows uniformed size distribution of nanoparticles around 13.5 nm and monodispersion.

VSM showed magnetic properties of CoFe204 nanoparticles. The saturated magnetization of size selected CoFe204
nanoparticle is commonly 37.12 emu/g. but saturated magnetizations of another samples as they have 40.21 emu/g,
39.87 emu/g, 40.01 emu/g are significantly larger than size selected CoFe204 nanoparticle. Because the saturated
magnetizations of nanoparticles decrease when specific effective size of nanoparticles decrease. Therefore size selected

CoFe204 nanoparticle has the smallest saturation magnetization.

Conclusions

Size selection and monodispersion of CoFe204 nanoparticles have been synthesized using facile thermal
decomposition method. Different analysis techniques of TEM, XRD, and MPMS were used to fully characterize
the synthesized ferrite nanoparticles. The simple thermal decomposition approach adopted in our work seems to

be a promising route for synthesis of various magnetic nanoparticles with monodispersion and uniform size distribution.
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CoFeB/MgO2} [Pt/Co], AlO]0f| &S
Ru/Ta TZH500 SISt F2F & B

SME, UMS, o] May
BEE LS RFS EL ]

2L E0] 1Y = MRAM (Magnetic random access memory)S A& s}7] £3t 715F =2 &} 7] ojvkA] & STT
(Spin transfer torque) switchingS 7}X|+= MTJ (Magnetic tunnel junction) +Z25 7]9sl7] ¢35t A7) A =5
3 QITH1]. oS 7| HES &2 SF MTJ 227 2 TMR (Tunneling magnetoresistance) ratioS 2X3}7] ¢
A= thHer s MgO A3 Abelofl 4Fl ¥+ CoFeB 30| A A3t A 2] 174 CoFeB/MgO2] BCC
(001) H22S FAst= Aol Ba2lot) wwol W& A4-50] th5H 4 CoFeB 5 Afolo] Ta 3752
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[1] S. Ikeda et al., SPIN 2, 1240003 (2012)
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CoSiB/Pt/CoSiB #Z=2] Hall Effect 212
MFNEnL AR Fe3) AEA] FRT 552 209, 143-747

A ATEI(Spin Transfer Torque, STT)+= AUE X7jHEz] 9 7AIAR A7 AYEr 91,
STT-MRAM Q] 7]k} 422 z}7] o] '} A (Perpendicular Magnetic Anisotropy, PMA)S 7174 A7 A 5
2 W QIek[1] A AL AT G AY LYY BARCE SR oA o] e LEAR, Az
AA a3l a{AsE LA 0] 7sstal Hoju AkE G I(Spontaneous Hall Effect)E 7FX]1L QUTh[2]

B AL 22 ebgdol Sl v g Bl ConSisBud MEjsh] 72 APt /1= 4
2 [CoSiB/Ptly ThEHputabis T 7291 AIE9)X] §419] [CoSiBPUCOSIB] FE2 Alatste] S4& otu
Stk AlRE DCAREY AuE AARAUT /RATE 5x10° Tor, FHUEE 3107 Torr FAI5HAA
2

T

< o], Z7]% -1500 ~ 1500 Oe 7}#alo] HallZ4 sFich
[CoSiB/PtlnI}+= th2 4| Anti-ferro coupling FAH2 o], =2 Hall voltage(Vu)E 7FA] 1L 1o Hall AlA]|
2 galol olz] Ak Hopel Zgo] B olah Rk,

[1] Takehito Shimatsu, Hiroyuki Uwazumib, Hiroaki Muraokaa and Yoshihisa Nakamuraa, J. Magn. Magn.
Matter. 235, 273 (2001)

[2] M. Nakayama, T. Nagase, M. Yoshikawa, T. Kishi, S. Ikegawa and H. Yoda, J. Appl. Phys. 103, 07A710
(2008)
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Quality control of STT-MTJ based random binary code
generator utilizing bias voltage adjustment

5
") 298 QA TR, 20 FEHE AT
gEely) ¢ AT, 2R § AT
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Iff &1 [CoSiB/Pt]y Multilayer T=H2t0f| =
Hall effect ¢
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M F el el A 8}, A& 32 A4S 98, 143-747
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>
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olgg 5L 7HXaL $O & Hall sensor® W2 AJAol| &89 Zlolzt Er}

[1] J.C.Slonczewski, J.Magn.Magn.Mater., 159, L1(1996)
[2] Takehito Shimatwu, Hiroyuki Uwazumib, Hiroaki Muraokaa and Yoshisa Nakamura, J. Magn. Magn.
Mater.235, 273(2001)
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The Study of Physical Properties of Magnetite Fluids Prepared by Co-precipitation Method, Journal of Korean
Magnetics Society. 2001-10 11:217-221
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Magnetotransport properties of
1-dimensional magnetic nanoparticle array

Ji Sung Lee', Yoo Sang Jeon"', Woo Seung Ham', and Young Keun Kim'

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

A Re] A7 55 EAS olsste A edatE ol g3t AIAGAR AR hsie @
Q7] Wl A WA 2 BAL Wi Gtk AFTAE hegdhe] BAS o] §iste] ok
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[1] S. Kohiki et al, ACS Appl. Mater. Interfaces 5 11584 (2013)
[2] J. Wang et al., APL 90, 213106 (2007)
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CoFe O, B1510] X710|5'H-8 At 2ZE5|2119] A H 2}
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P AAE AT ST AT, g 305-353
wLpsk@pusan.ac.kr

20 ?L £ 7}A CoFe04= o} - 27| o|uAab(erg/em’ in <100>), AF7|EHJEA(RF7)HE A, ),
]
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A &g5a . SFA|FE, CoFe04= A-site@} B-site?] F<:0]-2(Co or Fe)2] Atz EiLo| ol E29] color,
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[1] D. Fritsch and C. Ederer, Appl. Phys. Lett. 99, 081916 (2011).
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Giant interlayer tunneling magnetoresistance
in layered manganite

C.J. Won"", J. J. Yang®*, S. W. Cheong®, N. Hur"

1Department of Physics, Inha University
2Rutgers Center for Emergent Materials, Rutgers University
"Present : Department of Physics, University of Virginia

I. Introduction

Ruddlesden-Popper family (A,A’)n+1TMnO3q,:1 (TM = Transition Metal) is a form of layered perovskites
structure which include the intermediate block layer. [1] When the stacking number n is 2, the
(A,A’)n+1TMnO3n+1 structure become a bilayer structure (A,A’);TM>0; which consists of two perovskite stacks
and one block layer. The layered manganites Laj+2xSroxMn:O; (n = 2) have conducting bilayer manganite
separated insulating (La,Sr),O, layers. [2] In this report we present the interplane and in-plane magnetoresistance

of doped layered manganites single crystal below magnetic ordering temperature.

Il. Experiment Method

Doped LSMO single crystals used in our experience were grown by the Floating Zone method. All samples
were polished to rectangular shape and etched in bromine-ethanol. Resistivity measurements was performed with
Physical Properties Measurement System (PPMS, Quantum design) using a conventional 4 probe method.

Magnetic properties were measured by using Magnetic Properties Measurement System (MPMS, Quantum design).

lll. Results and Discussion

The temperature profiles of resistivity along c-axis under several magnetic fields displays in Fig. 1. In
La;«StuMnOs and LajxSr2Mny07, the rise of transition temperature by magnetic fields leads to a giant
magnetoresistance at transition temperature. The insulating behavior below Tc¢ is almost fully suppressed with
applied magnetic fields near 5000 Oe. Resistivity without magnetic fields p(0) is about ~10000 % larger than
resistivity with magnetic fields p(H, H >0.5 T). The MR at 2 K on LSMO single crystal is displayed in the inset
of Fig. 1, which shows dramatic resistivity drop and saturated value after applied magnetic field of ~7000 Oe.
This MR value below Tc is extremely larger than MR value of non-doped case. It can be possible to understand

since the tunneling magnetoresistance effects arise between magnetic multilayers.

IV. Summery
we have presented the enhanced interlayer tunneling magnetoresistance in doped Laj:»xSr2Mn,O7 single
crystal below Tc. The drastically out-of-plane magnetoresistance observed in magnetic fields perpendicular to the

bilayers indicates that spin-polarized magnetic layers in single crystal show as a stack of ordered spin valve.
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Fig. 1 Resistivity properties with several fixed magnetic fields (H = 0, 2000, 4000, 5500, 7000 Oe) of doped

LSMO single crystal as function of a temperature. The magnetoresistance at 2 K with 9T is shown in the inset.
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Detection Property of Red Blood Cell-Magnetic Beads
Using Micro Coil-Channel and GMR-SV Device

Ji-Soo Park, Nu-Ri Kim, Hyun-Jun Jung, Purevdorj Khajidmaa,
Munkhbat Bolormaa, and Sang-Suk Lee
Dept. of Oriental Biomedical Engineering Sangji University, Wonju, Korea

The micro device, coil, and channel for the biosensor integrated with the GMR-SV device based on the
antiferromagnetic IrMn layer was fabricated by the light lithography process. When RBCs coupled with several
magnetic beads with a diameter of 1 pm passed on the micro channel, the movement of RBC + pBeads is
controlled by the electrical AC input signal. The RBC + pBeads having a micro-magnetic field captured above
the GMR-SV device is changed as the output signals for detection status. From these results, the GMR-SV device
having the width magnitude of a few micron size can be applied as the biosensor for the analysis of a new

magnetic property as the membrane's deformation of RBC coupled to magnetic beads.

Keywords : GMR(giant magnetoresistance)-SV(spin valve) device, micro coil, channel, biosensor, RBC (red

blood cell), magnetic bead
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Table 1. Performance of 3 axis orthogonal fluxgate that executes through the circuit

Sensitivity[ V/Oe] Resolution Linearity
X axis 9.87 Below 0.InT 1.5%
Y axis 10.1 Below 0.1nT 1.4%
Z axis 10.6 Below 0.1nT 3.3%
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1. Introduction

In recent years, a ferrimagnet insulator-Y3FesOi» (YIG) has been attracted much attention due to its prominent
applications to spincaloritronic devices such as a spin voltage generator utilizing the spin Seebeck effect (SSE)
[1, 2]. Subsequently, a variety of fabrication methods for YIG films have been developed; a pulsed laser
deposition [3], an RF/DC sputtering [4], a spin coating [5], and a sol-gel [6] method have been studied. Here,
we utilized the sol-gel method to fabricate homogeneous YIG film. The sol-gel method is available to synthesize
fine and homogeneous ceramics with high production efficiency. In this presentation, we explore the variation of

magnetic properties of YIG film according to the heat treatment procedure.

2. Experiments

We prepared raw materials of the yttrium nitrate (Y(NO3)3.6H,0, 99.99%), iron nitrate (Fe (NO3)3.9HO,
99.99%), citric acid (C¢HsO7.H,0). The solution of the citric acid was dissolved into 100 mL of distilled water
at room temperature for 18 hours with stirring speed of 300-rpm. The solution of the citric acid was maintained
at 1pH. 100 mL of citric acid was added to the yttrium nitrate (Y(NO3)3.6H.O, 99.99%) and the iron nitrate (Fe
(NO3)3.9H,0, 99.99%) in regular sequence. The resulting solution was followed by stirring for 24 hours at 80
C to obtain a homogenous gel. And then the powder YIG was obtained from the grinding the completely dried
solution. The calcination process was carried out at 850 C in air for 2 hours at a heating rate of the 7.7 C/min
to get rid of residual impurities. Sintering has been done at 1400 ‘C for 2 hours. To measure SSE according
to temperature gradient along film thickness direction (longitudinal geometry), the 15-nm-thickness Pt electrodes
have been fabricated on the YIG surface through the photolithography and DC sputtering. For the sake of
enhancement the SSE signal (spin voltage), we adopted parallel Pt electrodes circuit design. X-ray Diffractometer
(XRD) was used for finding crystalline structure. The magnetic properties of the fillet were measured using

SQUID Vibrating Sample Magnetometer at room temperature (25 C) as well as magneto-optical Kerr effect.

3. Results & Discussion

To examine the effect of heat treatment to properties of YIG, we compared the crystalline structure and
magnetic properties before and after sintering process. For both cases, the XRD pattern showed good agreement
with the Joint Committee on Powder Diffraction Standard (JCPDS-ICSD; number 014342) of the pure YIG.
However, magnetic properties vary dramatically according to the sintering process. After the sintering process,

we found huge enhancement of the saturation magnetization of YIG film. From the previous studies [7], it is
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well known that calcination temperature can affect the crystalline structure of YIG film. In this work, however,

we found that the sintering process can play a crucial role for the magnetic properties of YIG film.

4. References
[1] K. Uchida et al., Nat. Mat. 9, 894 (2010).

2] K. Uchida et al., J. Phys.: Condens. Matter 26, 343202 (2014).

3] N. B. Ibrahim, C. Edwards, S. B. Palmer, J. Magn. Magn. Mater. 220, 183 (2000).
4] Y. M. Kang et al., J. Appl. Phys. 97, 10A319 (2005).
5] A. Kirihara et al., Nat. Mat. 11, 686 (2012).
6] F. W. Aldbea et al., J. Sol-Gel Sci Technol. 71, 31 (2014).
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Density functional theory calculations on magnetic
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Youngsan-gu, Seoul 140-742, Korea

Metal-organic systems have attracted much attention for potential applications in future electronic devices.
Among these systems, metal phthalocyanine (MPc) represents one of the most promising classes because of its
thermal and chemical stability. In recent years, there has been a variety of work performed on MPc systems such
as FePc, CoPc, NiPc, and CuPc on graphene/Ni(111) [1-2] as well as on metallic surface [3-5]. However, it is
scarcely known about them on nanostructured metal-semiconductor hybrid substrates. Theoretical analysis is
highly required to understand issues such as the MPc-substrate interaction, which may affect the molecular
adsorption mechanism and the magnetic properties on the metal/semiconductor hybrid surfaces. In this
presentation, we report density functional theory (DFT) calculations on the FePc on Si(111)In-4x1. The results
include a variety of adsorption sites and magnetic moment depending on sites which separate into In-chain,
Si-chian, and boundary area. We found that the magnetic moment on the Si-chain area was the larger than on
the In-chain area. The stable adsorption sites and electronic structure will be discussed.

This work has been supported by the Future-based Technology Development Program(Nano Fields) (No.
20120006200) and the EDISON program (No. 2012M3C1A6035684) through the National Research Foundation
of Korea(NRF) funded by the Korea government(MEST).
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[4] K. W. Hiips et al., J. Phys. Chem. 100, 11207 (1996).
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MgO/(Hf or W)/CoFeB structures

Kyoung-Min Lee"?’, Taufik Bonaedy', Byoung-Chul Min', Junghyun Sok?, and Jun Woo Choi'

'Center of Spintronics, Korea Institute of Science and Technology, Seoul 136-791, Republic of Korea
2Departmen’t of Nano Engineering, University of Seoul, Seoul 130-743, Republic of Korea

Investigations to tune the perpendicular magnetic anisotropy (PMA) of a MgO/CoFeB system have attracted
great interest due to its potential application in various spintronics devices [1-4]. In this study, we have
investigated the PMA of a CoFeB/Hf/MgO structure and a CoFeB/W/MgO structure. The full sample structures
were Ta(20 A)YMgO(16 A)Hf(0.0~2.0 A)/CoFeB(12~30 AyW(10 A) SiOy Si and Ta(20 A)MgO(16
AyW(0.0~2.0 A)/CoFeB(12~30 AyW(10 Ay SiOy Si. The magnetic hysteresis loops were measured with a
vibrating sample magnetometer and the elemental distribution were measured by energy dispersive spectroscopy
(EDS). It was observed that the effective anisotropy increased with the inserted Hf and W thickness. The
coercivity increased with insertion layer thickness in the Hf inserted samples, whereas the coercivity decreased
with insertion layer thickness in the W inserted samples. The saturation magnetization, the magnetic dead layer
and the interfacial anisotropy was calculated from CoFeB thickness dependent magnetic hysteresis loop
measurements. The magnetic dead layer of CoFeB was increased with a W insertion, while the saturation
magnetization and the dead layer of CoFeB was decreased with a Hf insertion. These results suggest that the
mechanism of the increased PMA is different for samples with Hf and W insertion layer. Using EDS

measurements, possible origins of the role of Hf and W will be discussed.

[1] Q. L. Ma, et, al. Appl. Phys. Lett. 101 (2012) pp.122414

[2] Xi Chen, Guang Hua Yu, et al. Appl. Phys. Lett. 105 (2014) pp.092402
[3] M. Yamanouchi, et al. J. Appl. Phys. 109 (2011) pp. 07C7712

[4] T. Liu, J. W. Cai, et al. AIP Adv. 2 (2012) pp. 032151
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Effect of Co doping on the
resistance switching behavior of Zn,.xO:Cox Films
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1Department of Physics and Oxide Research Center,
Hankuk University of Foreign Studies, Yongin, 449-471, Korea
*Laboratory for Microstructures/School of Materials Science and Engineering,
Shanghai University, 149 Yanchang Road, 200072 Shanghai, P.R. China

Resistive random access memory (RRAM) is considered promising for next-generation nonvolatile memory
application. Resistive switching (RS) phenomena have been studied in many materials including organic materials,
binary transition metal oxide, and perovskites“]. Among these materials, zinc oxide (ZnO) has been widely
investigated owing to its simple composition, reversible and steady RS performancem. In our work, the Zn;4O:Cox
films have been prepared on Pt/TiO,/SiO,/Si substrates by the sol-gel method. The influence of Cobalt doping
concentration on the forming behavior was studied. The coexistence of Forming Free (FF) and Forming Necessary
(FN) unipolar RS behaviors had been found in pure ZnO, 1% doped and 3% doped ZnO films. But for 5% Co
doped ZnO film, all the devices need the forming process. It means that the percentage of FF devices decreased
with the increase of Co doping concentration. Additionally, there is an obviously difference between FF devices
and FN devices in the distribution of the set voltage, i.e., with same film composition, the set voltage of FF
devices was more stable as compared to that of the FN devices (Figure 1). This may be due to the pre-existing
filamentary paths in pristine devices that showed FF switching, and the conductive filaments can easily re-connect
along similar paths after rupture!®. These results suggest that FF devices with relative stable set voltage can be

prepared by adjusting the synthesis parameters of Zn;.<O:Cox films, which should promote the realization of

practical RRAM devices.
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Fig. 1 (a) (b) the typical I-V curves of 3% Co doped ZnO film in FF and FN devices; (c) the accumulative
probability of Set Voltage in FF and FN devices, inset was the distribution of the Set voltage.
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Mn;Ga has received renewed attention in recent years because of their multiple structural and magnetic properties
for potential applications in spintronics [1]. The hexagonal (DO0;9) phase, that is a triangular antiferromagnet, is
easily obtained by arc-melting. On the other hand, the tetragonal (DO0,,) phase, that is a ferrimagnet, is obtained
by annealing the hexagonal material at high temperatures [2][3]. The tetragonal epitaxial films exhibited high
perpendicular magnetic anisotropy, low saturation magnetization, and high spin polarization [3], which are satisfied
with the criteria of spin transfer torque magnetic random access memories (STT-MRAMSs). For a practical application
to STT-MRAM devices, it is necessary to improve the interface nature and optimize the deposition condition. In
this study, we succeeded to grow epitaxial films of tetragonal Mn3;Ga directly on MgO(100) without any buffer
layer by using DC/RF magnetron sputtering method. We changed the deposition conditions; such as deposition
temperature (350 - 450°C), RF power (35 - 45 W), and Ar working pressure (2 - 7 mTorr). X-ray diffraction

data revealed that the growth direction is the c-axis 0.2

perpendicular to the film plane. Scanning -electron

microscope images showed that the top surface is smooth

and the maximum thickness is about 290 nm. When the - >
deposition temperature increases, the grain size grows % ool
larger, but the samples grown at 450°C show a secondary E ' )
phase of MnGa. The optimal deposition conditions are = - n,nfﬁ’n/
01 F o —»— out of plane

400°C, 35 W, and 5 mTorr in our sputtering system. For

—o— in plane
the field perpendicular to the film plane, clear hysteresis

loop was observed with the coercive field Hc = 1.4 T -0.2 _é '3 6 3' 6

at room temperature. By extrapolating the hard Magnetic Field(T)

magnetization data for the field parallel to the film plane, Fig. 1. Magnetization of Mn3Ga thin film deposited on

. . . 1
the anisotropic constant was estimated about K; = 1 MgO(100) at room temperature.

10° J/m’. These results are promising to use it as one

of magnetic components in STT-MRAM devices.
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'Department of Physics, Sogang University, Seoul 121-742, South Korea
2Departrnent of Physics, Inha University, Incheon 402-752, South Korea
3Department of Emerging Materials Science, DGIST, Deagu 711-873, South Korea

Exchange bias effect is the unidirectional anisotropy induced by the interface between ferromagnetic (FM) and
antiferromagnetic (AFM) layers below the Neél temperature of antiferromagnetic materials, leading to a shift of
hysteresis loop. The effect of exchange bias has been studied for many years because of its possible application
in spintronics, especially in spin valves for magnetic recording and sensor devices [1]. The essentials of exchange
bias effect are not fully understood yet. It is generally accepted that the uncompensated moments in the AFM
layer play an important role in pinning the spins at the interface and determine the strength of exchange bias
field [3]. We prepared bilayer systems composed of the FM layer NigsFeo» and the AFM layer CoxNiiO (x =
0.3, 0.4, 0.5, and 0.6) by using the DC/RF magnetron sputtering method. Exchange bias field Hgg, the shift field

in hysteresis loop, was observed in all the

‘ /& Kﬁvy\vm&ﬁ%&%w Iy

0=15"

NigsFeo2/CoxNiixO bilayer systems. The changes 10}

of Hgs were explicitly studied for various /\
, f

parameters such as the composition of AFM f ML“V\ N\

material x, the measured temperature T, and the

angle 0 of applied magnetic field. We measured 0.5}

anisotropic  magnetoresistance  (AMR)  and

Normalized R

analyzed the AMR data to extract the Hgg, since f\,:{:\’/_‘gyi ______________________________________________ 1
the peak structure in AMR is not exactly same to [ ‘ "{jy@(:ﬁ}v;ﬁ ._WW'
the coercive field Hc, unlike the magnetization 0.0 X’

data. We propose a new approach to analysis for -400 ' _2'00 ' 0 200 ' 400
AMR in determining Hgg and Hc along the field H(OQe)

angle 0 with respect to the field-cooling direction. ) o o
Fig. 1. AMR data for © = 15" and 75

The results were compared with the variations of .
to estimate Hgg = (Hci+ He)/2

Hegg and Hc¢ simulated by Mauri model and
spin-glass model [3].

[1] J. C. S. Kools, IEEE Trans. Magn. 32, 3165 (1996).
[2] R. Morales and Z. P. Li, Phys. Rev. Lett. 102, 097201 (2009).
[3] Radu, Florin, and Hartmut Zabel. “Exchange bias effect of ferro-/antiferromagnetic heterostructures.”

Magnetic heterostructures. Springer Berlin Heidelberg, 2008. 97-184.
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The Center for Advanced Meta-Materials(CAMM) was launched in 2014 as a center for Global Frontier
Projects supported by the Ministry of Science, ICT and Future Planning. The center is geared towards developing
core technologies in controlling wave energies by incorporating creative artificial structures of sub-wavelength
sizes. Furthermore, the center not only investigates novel meta-materials and devices but also builds new design,
fabrication and application platforms in order to realize these technologies. The center will create new markets
in various industries such as national defense, housing and medical care. In order to accomplish its goals, CAMM
is composed of three major divisions: the fabrication/characterization technologies and application division, the
advanced metamaterials for electromagnetic wave division and the advanced metamaterials for mechanical wave
division. The center will concentrate its efforts in bringing innovations to conventional technologies in sectors
such as machinery, ICT, energy and biomedical technology by adopting the use of advanced metamaterial systems.
In this talk, we will introduce principles of advanced wave control and describe some advanced metamaterials
which can provide new solutions for various social problems in future. Fig. 1 shows the hierarchy and goals of
the CAMM.

SpEPALE IS

- 185 -



ZS-11I-2

-

LI XHFSH S/ 5871 W

gatg
A E 2T AT S A

= [e]
ghabsiet. o|ot e ste] AF Al A o]&o] 7153 TR-MOKE-Microscopy, TR-SEMPA 59| =4 7]<,
ARG o]838te] F5Ho] 7Hs3 XFMR, TR-STXM 59 7|&& Avfstazl ot

- 186 -



%S-111-3

Nano Secondary lon Mass Spectrometry :
A New Approach to the Analysis of Nano Materials

Tae-Eun Hong"’, Mi-Rang Byeon', Eui Duck Jeong'

'Divion of High Technology Materials Research, Korea Basic Science Institute

1. Introduction

Many of the complex materials developed today derive their unique properties from the presence of multiple
phases or from local variations in elemental concentration. Simply performing analysis of the bulk materials is
not sufficient to achieve a true understanding of their physical and chemical natures. In the last few years, there
have seen a tremendous outburst of interest in surface studies [1].

Secondary ion mass spectrometer (SIMS) has met with a great deal of success in materials characterization.
The basis of SIMS is the use of a focused ion beam to erode sample atoms from the selected region. The atoms
undergo a charge exchange with their local environment, resulting in their conversion to positive and negative
secondary ions. The mass spectrometric analysis of these secondary ions results in a method capable of elemental
specificity from hydrogen to uranium with detectabilities in the parts per million (ppm) or parts per billion (ppb)
atomic range. Extreme sensitivity and excellent depth resolution of SIMS make it ideally suitable for examining
dopant profiles in semiconductors [2]. Nano secondary ion mass spectrometer (nano-SIMS, Cameca nano-SIMS
50) equipped with the reactive ion such as a cesium gun and duoplasmatron gun has a spatial resolution of 50
nm which is much smaller than other dynamic SIMS [3]. Therefore, nano-SIMS is used to analyze the spatial
distribution of elements on the surface of various materials. Based on the above fact, the present study has
developed a new method for the depth profiling of phosphorus implanted silicon by using the nano-SIMS in small

area less than 10 pm x 10 pm.

2. Experiment

The samples used for depth profiling were Czochralskigrown (001) silicon (Si) wafers implanted with
phosphorus at an energy of 80keV and a dose of 5x 10"atoms/cm’. The Si wafers were chemically cleaned before
implantation to remove native oxide and organic contaminants. Nano-SIMS analysis was done with sample
mounted in the ring with wood metal. Nano-SIMS has a distinctive feature of normal incident primary ions on
the sample surface. Due to the co-axial configuration of primary and secondary ion paths, the working distance
of the probe forming lens and extraction is short than other conventional SIMS.

It allows the nano-SIMS to have smaller spot size for a given current: lateral resolution down to 50 nm for
Cst primary ions. It also increases secondary ion collection efficiency.

The experiments were carried with a nano-SIMS : the cesium primary ion beam of diameter 100 nm, impact
energy of 16.0 keV, and primary ion beam current of 1 pA with high mass resolution technique. Two electron

multipliers were used for the parallel detection of *°Si and *'P. The mass resolving power was set to be ~5000.

3. Result and Discussion
A depth profiling of the nano-SIMS is compared with that of IMS 6f SIMS. In order to clarify the
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comparison, we selected the analysis conditions of IMS 6f SIMS that used to remove the sidewall effect perfectly
and to get a good detection sensitivity. The depth resolution of the profile taken with IMS6f is similar to that
taken by using the nano-SIMS. Detection sensitivity decreases as the analytical area and the rate of volume
sampling are reduced. However, the depth resolution and detection limit of nano-SIMS are superior and efficient
enough even though small area is used for depth profiling. The improved signal-to-noise ratio and detection
sensitivity of nano-SIMS having high collection efficiency makes it well suited to small area depth profiling

applications.

4. Conclusion

The performance on a small area depth profiling of nano-SIMS has been demonstrated on phosphorus
implanted silicon wafers. Phosphorus implant characterization for total dose generally requires a high mass
resolution which is a key feature of magnetic sector mass spectrometers such as nano-SIMS. Superior depth
resolution and detection limits in comparison with IMS6f SIMS are observed on small areas as small as 10um
on a side. We expect that the established method of depth profiling involving nano-SIMS in this work will provide

novel technique in evaluating the dopant distributions on the small pattern sample.

5. References
[1] J. C. Vickerman, Surface Analysis, John Wiley & Sons, Chichester (1997)
[2] E.Niehuis, T.Grehl, Proceedings of SIMS XII, Elsevier, (2000) 46
[3] S. Seki, H. Tamura, Y. Wada, K. Tsutsui, S. Ootomo, Appl. Surf. Sci., 255 (2008) 1373.
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