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magnetic circular dichroism microscopy
Observation of magnetization reversal process for (Sm,Ce)s(Co, Fe, Cu, Zr)i7

magnets by soft X-ray magnetic circular dichroism microscopy
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ABSTRACT

We investigated magnetization reversal of (Sm, Ce),(Co, Fe, Cu, Zr),; magnets as per x-ray magnetic circular dichroism microscopy.
Magnetization reversal initially occurs at the ferromagnetic grain boundaries or in the vicinity of nonmagnetic Sm oxides. As the demagneti-
zation field increases after magnetization reversal, the reversal region extends into the grain from these areas by the magnetic domain wall
motion. Energy-dispersive x-ray analysis using an electron probe micro-analyzer shows that, at the grain boundaries, the Fe concentration is
higher and the Cu concentration is lower compared to that inside of the grains; and concentrations of Sm, Co, Fe, and Cu vary in the vicinity
of Sm oxides. By measuring the Co L3 absorption intensity, we verified that local coercivities in these areas are very low compared to those
inside of the grain. These results imply that the magnetization reversal that occurs in these areas is induced by the variation in the composi-
tion. The results obtained in our research will be useful for improving the magnetic properties of Sm-Co magnets.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0005635

Sm-Co magnets including RCos and R,Co;; type magnets,
where R is a rare earth element, are still very important in various
applications. These include automotive sensors such as anti-lock
braking, high-temperature motors such as in trains and aircraft,
and quadrupole field magnets used in high-energy accelerators.
Sm-Co magnets were developed in the late 1960s and 1970s'~~ and
reached more than 240kJ/m’ of maximum energy product
[(BH) may] in Sm,Coy7 type magnets.” These magnets show excel-
lent magnetic performance of magnetic properties with high rema-
nence and coercivity, where the remanence (or the residual
magnetization) and coercivity are denoted by B, and H,j, respec-
tively. They also have high Curie temperatures and exhibit excellent
heat resistance over 150 °C.

The magnetic properties of Sm,Co;; magnets continue to
improve. Recently, researchers reported that the magnetic properties
of a Sm,Co,-type magnet, Sm(Coy s72Feq 35Cu0,06Z10,018)7.5> achieved

a very high (BH);.x (more than 280 KJ/m?) by improving solution
heat treatment, aging heat treatment, and optimizing the Fe content.”*

In Sm,Co,;;-type magnets, the cellular structure (in which there
is a Sm,Co,;; phase and a plate-like SmCos phase enriched in Cu)
forms as a result of aging heat treatment, and the magnetic domain
walls are constrained by the difference in the magnetic wall energy
between the aforementioned two phases.”'” The coercivity mechanism
of these magnets has mainly been studied by investigations of the cel-
lular structure using transmission electron microscopy. Additionally,
the squareness of the demagnetization curve defined by H;/H,j, where
H is the magnetic field at which magnetization is 90% of Br, is less
than that of Nd-Fe-B sintered magnets.

Recently, Kerr effect microscopy indicated that the origin of the
grain boundaries of Sm,Co,; magnets that have high squareness in the
demagnetization curve pertains to the initial stage of magnetization
reversal.'' """ Knowledge of where the initial magnetization reversal

Appl. Phys. Lett. 117, 022409 (2020); doi: 10.1063/5.0005635
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occurs and how the magnetization reversal domains develop is impor-
tant to further improve magnetic properties, especially the squareness
of the demagnetization curve. Toward this goal, we investigated the
magnetization reversal of (Sm, Ce),(Co, Fe, Cu, Zr),; magnets using
soft x-ray magnetic circular dichroism (XMCD) microscopy, which
gives higher spatial resolution and a larger magnetic effect compared
to Kerr microscopy.

A highly oriented Sm,Co,;-type magnet with the composition of
Smy 67Ceg 33(Cog 73Feq2Cug 0sZro02)7, was provided by Shin-Etsu
Chemical Co., Ltd. The samples used for magnetic property measure-
ments were of dimensions 7mm X 7mm X 7mm. The magnetic
properties were measured using a pulsed field magnetometer (TPM-
2-08525VT-C, Toei Industry Co., Ltd, Tokyo Japan). A maximum
magnetic field of 8 T was applied for magnetic saturation. The hystere-
sis curve measured using the pulsed field magnetometer was subjected
to a demagnetization correction.

XMCD microscopy was performed at the soft X-ray beamline,
BL25SU, of SPring-8."" For these experiments, magnets were cut from
a block magnet into a pillar shape with dimensions of 0.6 mm
x 0.6mm x L mm, where the easy magnetization direction is along
the L-axis. This magnet was fractured perpendicular to the L-axis
under high vacuum (~4.89 x 10 °Pa) to prevent oxidation of the
cracked surface in the sub-chamber and was then transferred into the
main chamber (~4.6 x 107 Pa). The XMCD measurements were
conducted at room temperature with an external magnetic field (H) as
follows: —5.0 T < H < +5.0 T. The measurements were performed on
a surface perpendicular to the easy magnetization direction. The inci-
dent x-rays and external magnetic field were parallel to the easy mag-
netization direction. The measurement area was 55.95 um x 60.00 ym,
and the scanning step was 150 nm.

X-ray absorption intensity was measured using the total electron
yield at the Co L; pre-edge (774.0eV), Co L; edge (778.5eV), Sm Ms
pre-edge (1066.0eV), and Sm M5 edge (1078.6eV). In these energy
regions, the x-ray beam was focused to approximately 100 nm
x 100 nm, and the focal depth was approximately =5 um. The prob-
ing depth was 1.5nm. The XMCD ratio was determined by the ratio
of the difference to the sum (referring to the absorption intensities
attributable to positive and negative photon helicity). The XMCD ratio
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FIG. 1. Hysteresis curve of Smo_57C€0_33(COQ73F6020U0_052I’0_02)7_2.
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FIG. 2. Co Ly XMCD maps obtained under external magnetic fields of (a) 5.0 T, (b)
—04T,(c) —05T, (d) —1.1 T, and (e) —5.0 T. The black scale shown in (a) was
applied to images (b)-(e). The magnetic domain structure denoted by the boxed
region in (c) is magnified and shown in Fig. 3.

and its map were used to observe local magnetic properties and mag-
netization reversal, respectively. David Billington ef al. describe the
XMCD microscopy measurement method in more detail.””

Composition mapping and line scan measurements of Sm, Co,
Fe, Cu, and oxygen were obtained from the intensities of the character-
istic x-rays of Sm L,, Co L, Fe K,, Cu L, and oxygen K in the energy-
dispersive x-ray (EDX) spectrum using a field-emission scanning elec-
tron microscope (FE-SEM SU8000, Hitachi High-Technologies
Corporation, Tokyo) equipped with an EDX spectrometer (XFlash
FlatQUAD 5060F, Bruker Corporation) at an accelerating voltage of
10keV.

Figure 1 shows the hysteresis curve of Smgg;Cess
(Coy.73Feq ,Cug 05210 02)7.2- The magnetic properties of this magnet are
as follows: B,=1.036T, H;=147T, H,=1.06T, and alignment

H=-0.5T
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Magnetization reverse from
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FIG. 3. Magnetic domain structure at a magnetic field of H= —0.5 T. The positions
where magnetization reversal is initiated from a grain boundary (left circle) and
from a nonmagnetic inclusion (right circle) are indicated.
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XMCD ratio (arb. units)

FIG. 4. Magnetization reversal area shown in the circled region generated at nei-
ther grain boundaries nor nonmagnetic inclusions in Co L3 maps: (a) —0.40 T, (b)
—0.50 T, and (c) —0.60 T.

(B,/];) = 0.96, where J; is the saturation magnetization measured at a
magnetic field of 8 T.

Figures 2(a)-2(e) show Co L; edge XMCD maps obtained under
external magnetic fields of +50T, —04T, —0.5T, —1.1T, and
—5.0'T, respectively, where red (blue) indicates that an optical axis
component of the Co magnetic moment is parallel (antiparallel) to the
axis and white indicates that there is no magnetic moment. Figure
2(a), +5.0 T, shows that the magnetization of every grain (red area) is
saturated. White regions correspond to nonmagnetic inclusions or
voids. In Fig. 2(b), —0.4T, the magnetization reversal region (blue)
was initiated from the grain boundaries, previously reported using the
Kerr effect,' and also from the vicinity of the nonmagnetic phases or
inclusions. In Fig. 2(c), —0.5T, the magnetization reversal regions
extend to inside the grains from the grain boundaries or nonmagnetic
inclusions. When the demagnetization field reached —1.1T [Fig.
2(d)], the total area of the red region approached that of the blue
region and magnetization declined to zero.
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FIG. 5. (@) XMCD map at H=—0.5 T, (b) corresponding SEM image, and corre-
sponding EDX maps for (c) Sm and (d) oxygen. The encircled region, where the
magnetization reversal occurred and extended into grain, is the Sm oxide.

From the demagnetization curve shown in Fig. 1 and the XMCD
maps of Fig. 2, we can see that magnetization reversal occurs only at
grain boundaries until near the inflection point of the demagnetization
curve or Hy. After the magnetization reversal region extended into the

grains, magnetization decreased quickly, eventually reaching
coercivity.
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FIG. 6. Co L3 XMCD map, (a), at H=—0.5 T and the results of composition analyses along the lines indicated in (b) and (c). (b) EDX line scan measured across a grain
boundary for Cu, Fe, Co, and Sm. (c) EDX line scan measured across a boundary between a grain and a Sm oxide for Co, Fe, Cu, and Sm.
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Figure 3 shows an enlarged XMCD map at a magnetic field of
—0.5T. Here, the magnetization reversal region extended into the
grains from the grain boundaries and the boundaries of nonmagnetic
phases or inclusions. Every magnetization reversal area appearing
inside grains comes into contact with the grain boundary and non-
magnetic inclusions as the demagnetization increased. In contrast,

scitation.org/journal/apl

Fig. 4 shows some magnetization reversal regions [encircled in Figs.
4(b) and 4(c)] that emerged without coming into contact with the
grain boundaries and nonmagnetic inclusions, also noted in previous
research.'>"” Our initial hypothesis is that magnetization reversal
might have originated from nucleation or coherent rotation. However,

these reversal regions might have originated from grain boundaries or
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FIG. 7. Local magnetic properties obtained from the Co L3 XMCD ratio.
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nonmagnetic phases underneath the surface and reached the specimen
surface via magnetic domain wall motion induced by increasing the
applied demagnetization field.

Figure 5(a) shows a Co L3 XMCD map of H= —0.5T, Fig. 5(b)
shows a corresponding SEM image, Fig. 5(c) shows EDX results for
Sm, and Fig. 5(d) shows EDX results for oxygen. The EDX maps indi-
cate that the nonmagnetic inclusions inside the grains were Sm oxide.

It would be expected that the composition at the grain bound-
aries and in the vicinity of the Sm oxide phase inside the grains devi-
ates from that of the grains. To verify this expectation, we obtained
SEM images of particular regions within Fig. 6(a), where the first
includes two grains and their grain boundary [Fig. 6(b)] and the corre-
sponding EDX line scan for Sm, Co, Fe, and Cu [Fig. 6(b)], and the
second shows inside the grain in the vicinity of Sm-oxide [Fig. 6(c)]
and the corresponding EDX line scan for Sm, Co, Fe, and Cu. The Fe
concentration at the grain boundary was higher than that inside the
grain. In contrast, it was found that the Cu concentration at the grain
boundary was lower than that inside the grain from the line scan in
Fig. 6(b). In the vicinity of Sm oxide, the Co, Fe, and Cu concentration
decreased sharply. We hypothesize that these composition variations
are responsible for the coercivity drop in these areas.

Figure 7 shows the local magnetic properties evaluated from the
Co L; edge XMCD signal intensity. The magnetic properties of the
grain boundary and the triplet point deteriorated in their coercivities
compared to those inside of the grain. The triplet point, which is the
junction of the grain boundaries, is expected to have a composition
similar to the grain boundaries. It is easy to conjecture that the reverse
magnetization area initiated from the grain boundary or from the trip-
let points.

In conclusion, we investigated magnetization reversal of
Smy ¢7Ceg 33(Cog 73Fe9 2Cug 05Zrg02)7, via XMCD microscopy. The
magnetization reversal initially occurs at the grain boundaries or in the
vicinity of the Sm oxide inside the grains. When the magnetic field is
within the range of —0.4 to —0.5T, the magnetization reversal
domains extend into the grains, where the starting point of magnetiza-
tion reversal into the grain is shown in Fig. 7. Upon extension into the
grains, the reversal domains propagate further into the grains as the
reverse magnetic field increases. The Co concentration in the grain
boundaries is nearly identical to that inside the grains, whereas the Fe
concentration is higher and the Cu concentration is lower at the grain
boundaries. We verified that Sm, Co, Fe, and Cu concentrations also
differ in the vicinity of Sm oxide phases, indicating that these composi-
tional variations are responsible for the deterioration of coercivity in
these regions (where initial magnetization reversal occurs). The local
magnetic properties measured by the Co L; edge XMCD ratio show
that, in these regions, magnetic properties deteriorated in coercivity
compared to those inside of the grains.

See the supplementary material for the Sm Ms XMCD map of
the specimen demagnetized at —1.28 T (near the bulk coercivity) after
full magnetization at 5T and measured at zero magnetic field and for
the propagation of magnetization reversal with the changing external
magnetic field.
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Observation of magnetization reversal process
for (Sm,Ce),(Co, Fe, Cu, Zr);7 magnets
by soft X-ray magnetic circular dichroism microscopy

SmyCo17 magnets, which have a higher saturation the rectangularity (Hkx/Hcy) of the demagnetization
magnetization than SmCos, have been developed in curve, where H is defined as the magnetic field
Japan [1]. In the beginning of 1970s, the magnetic corresponding to 90% of remanence and H,, is the
properties of Sm—Co magnets were markedly coercivity, is lower than that of Nd—Fe—B sintered
improved to more than 240 kJ/m® in Smy(Co, Fe, magnets.
Cu, Zr)17 magnets [2]. These magnets were used in We investigated the magnetization reversal process
small motors such as spindle motors for cassette tape for highly aligned Smo ,Ceq.33(C0o.73F€0.2CU0.05Zr0.02)7.2
players called “WALKMAN®”, acoustic applications by soft X-ray magnetic circular dichroism (XMCD)
such as small speakers, microphones or pick-up microscopy at SPring-8 BL25SU [3]. Figure 1(a) shows
sensors, and motors used in wristwatches. Sm—Co bulk demagnetization curves and Figs. 1(b—e) show
magnets contributed to the realization of unprecedent the XMCD images obtained using the Co L3 absorption
small size and light weight of electric appliances. At the edge in various magnetic fields indicated by circles
beginning of 1980, Nd-Fe—-B magnets were invented, in Fig. 1(a). In Figs. 1(b—e), the red (blue) region is
replacing the Sm—Co magnets, and have been used where the magnetization is parallel (antiparallel) to the
in various applications of not only small devices but positive direction of the external magnetic field (H).
also high-power devices such as the traction motors of White regions correspond to the neutral area in terms
hybrid and electric vehicles or the compressor motors of magnetization or to nonmagnetic inclusions, which
of air conditioners. However, as these markets grow, were identified as Sm oxide by energy dispersive X-ray
significant resource problems arise. A small portion spectroscopy (EDX). The magnetization saturated
of Nd in Nd—Fe—B was replaced with heavy rare- at +5.0 T. It was found that the initial magnetization
earth elements of dysprosium (Dy) and terbium (Tb) reversal occurred at the grain boundary and in the
to achieve the high coercivity necessary to enable the vicinity of Sm oxide, as shown in Fig. 1(c). At-0.5T,
use of these magnets in high-temperature and high- the reversal region extended into the grains(Fig. 1(d)),
demagnetization-field applications. Among rare-earth and reached the zero of magnetization i.e., coercivity
elements, Dy and Tb belong to precious metals; they (Fig. 1(e)).
are mainly produced in China and their resources are Figure 2(a) is an enlargement of the area
limited. Even though the Sm resources are almost surrounded by the square in Fig. 1(d), where reversal
1/10 of the Nd resources, Sm—Co magnets do not extended into the grains at the grain boundary (Fig.
require Dy or Tb and have good magnetic properties 1(d)) and in the vicinity of Sm oxide (Fig. 1(e)). The
at high temperature above 200°C. local demagnetization curves for each position marked

It is well known that the coercivity of
Smy(Co, Fe, Cu, Zr)¢7 is determined by _ ‘ ‘ ‘ ‘
the magnetic domain wall motion. In the = 10p(a) N S
grain of this magnet, cellular structures § / /
of Sm(CoCu)s and Smy(Co, Fe)i7 phases § 0.0
exist, where almost 100 nm of Smy(Co, é J
Fe)i7 phases is surrounded by Sm(CoCu)s § 1.0 =—
thin platelet phases, and these two 4 2o 2 4
phases are separated from each other. External Magnetic Field (T)
Magnetic domain walls are pinned at the 04 o (¢) H=—11T (d) H=—05T (¢) H=-04T (b) H=+50T
phase boundary of the two phases or 02 E oy A% A%
are in the Sm(CoCu)s phase. When the 8 = 4 = ),
demagnetization field applied is greater 0 E
than the pinning field, the magnetic domain -02 . §
wall jumps through this cellular structure 04 ©
and the coercivity can be determined.
However, it was unclear where the initial Fig. 1. Bulk demagnetization curve of anisotropic (Sm,
reverse magnetic domain formed in ot e G o msenets () and XCP, ey
the demagnetization process and why fields of H=+5.0 T (b), 0.4 T (¢),-0.5 T (d) and —1.1 T (e). 3]
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0.2 (b) TGrain Boundary (C) Tﬂii_lio‘i‘nt
ol AL
-0.2 . T ] Fig. 2. Enlarged XMCD image (a) of
magnetization the area surrounded by the square in
() Megrezaton reerse at gan bourday || () Megnetizaton feversl fiom Sim-oxice Fig. 1(d), where initial magnetization
0.2 occurred at grain boundary (b) and in
00 the vicinity of Sm oxide, followed by
N : ! .J J J magnetization reversal areas extending
- = -0.2 Ao into grains from the grain boundary at
10 pin (d) and the vicinity of Sm oxide at E in
— Inside of grain Measuring area average Fig. 2(a). (b)—(f) Local demagnetization
%00l (D (2) curves at (b) to (f) marked in (a).
ColL XMCDk t‘l 00 f f / (g) Average of local demagnetization
0 atio © b ~ C entire A A ea.
(3arb. wnis) S By 1 J Fd j/ curves of entire measurement area. [3]
-2 -1 0 1 2-=2 -1 0 1 2
External Magnetic Field (T)
by yellow circles in Fig. 2(a) are shown in Figs. 2(b—f); was applied. Figure 3 shows the results of line
these were evaluated from the Co Ls-edge XMCD scanning for Co, Fe, and Cu in the peripheral region
signal intensity. The average local demagnetization of the grain boundary, and for Sm, Co, Fe and Cu in
curve of the entire measurement area is shown the vicinity of Sm oxide. At the grain boundary, it was
in Fig. 2(g). It was found that the coercivity and confirmed that the amount of Fe increases and that of Cu
rectangularity in local magnetic properties are different decreases, and in the vicinity of Sm oxide, the amounts
between those inside the grain (Fig. 2(f)), at the grain of Cu, Fe, and Co decrease and that of Sm increases.
boundary (Fig. 2(b)), at a triplet point (Fig. 2(c)), at Using the cutting-edge visualization technology
the starting point where a reversal domain extends of XMCD microscopy, the factors causing the
into a grain (Fig. 2(d)), and in the vicinity of Sm oxide deterioration of coercivity for Sm>Co17 magnets were
(Fig. 2(e)). It was verified that Hey (0.5 T) in Fig. 2(d) clarified and directly detected by the observation of
agrees well with H where their magnetization starts the magnetization reversal process. The coercivities of
to decrease in Fig. 2(g). To verify the composition these magnets could be increased by the improvement
differences between grains and the grain boundary of the process of removing Sm oxide and by the
and the vicinity of the Sm oxide, EDX line scanning improvement of the composition of the grain boundary.
(b) -
ERY o
Soo o Fe
5’0'4 Cu
g 0.2 =
= 00
- 0 1 2 3 4
Distance (um) Fig.3. (a) Co L3 XMCD image under
= external magnetic field of 0.5 T.
£ 10 Secondary electron microscopy
s. 038 images and results of line scanning
< 06 at grain boundary (b) and in the
-04-02 0 02 04 Line Scan s v ‘: 04 vicinity of Sm oxide (c). [3]
Co Ly XMCD Ratio '_‘% 3 02
(arb. units) gy § 0'0
' =700 05 10 15 20
Distance (pm)
Y. Matsuura®*, R. Tamura®, K. Ishigami® and T. Nakamura®? References
. . . . [1] H. Senno, Y. Tawara: IEEE Trans. Magn. 10 (1974) 313.
. Research Institute for Applied Sciences [2] T. Ojima et al.: 1EEE Trans. Magn. 13 (1977) 1317.
Dept. of Materials Science and Technology, [3] Y. Matsuura, R. Maruyama, R. Kato, R. Tamura, K.
. Tokyo University of Science . Ishigami, K. Sumitani, K. Kajiwara and T. Nakamura:
Japan Synchrotron Radiation Research Institute (JASRI) Appl. Phys. Lett. 117 (2020) 022409
4 International Center for Synchrotron Rad. Innovation Smart, ppL. LRYS. ’ )
Tohoku University
*Email: yutaka.matsuura@rias.or.jp
@)

_29_






Il

W9t B
Uz K DR






REFBMEEBADATA TOHR

EFERIEE Rk
HEEMARFER

RRECA  ARMEIENSAFEDT SRR

1. BW

—IZ, ENFTERAR DO THDLIN, HDHWVEENTZT BRI ETHLH0, EWVHHEMRT
TSI N TV DMERH LA, TRDIEEWVRIIE, ENETRE2BDOTH L0, HDHWV
EENTETRERRZETHDHD, LWV XIICRIATEZHLGENL, TDO LD AT, <
ONDOEMRGIZIRY FIFTHrL, 20 Tbo) R 128 ONFEZRFICIEL L —KOTHR
B L COL D AD LI RBEAT 4 7T OEbEX S Z E#MEOHET 5,

ZOXIRBIDTIDIC ZRaFHEs] ik L T, £ OMES 2l E B LR h B %
HDOHZ b LTz,

7ol 21X, BASNED X 5 A8 DI, AR ARBIGIE, HiE, Bk, R ED
KEZELRIBIRNEL, ANDEIL, TN 2ERELEDL, —HTEOL I RBSENR LT
LI REEEZEZ L TEDL L TR, KEZRET 5701015, BRBESRA ELBEFL T, EL
KR, IELLKMHEEI LV ZEREETHD, TOHITIE, L0 &ML BLG0
BIE#RZIEL B2 2 FENEET, ZOBBARZOLODOTRE LTS, ZHIT£EL
DBE. ATEDONNERHRBREOMEET-HDOTRICE DD THY . LT L HERICERES
FANDNDEIZ 2> TV WEELE AT b5,

ZOXEIRGEIC HREEOT R AT b O —DDRAT v T e METECEEL H DWW,
MAG7REDAT 4 T TRLIATLZ LITE-> T, TTROIELWEBLEET 2&E L 7285 &0
IDMW, ZOMEDOREXBRFETHY, DX Rk AEE K L-o, TR E ER, TRO
AR LN D, BEFRORAEZITRV., RN RIERIDEFEZERI/EY HTZ &I
EoT, HHEREBEAT 4 T OET NVE, TNTNOBGO KIS CTRERIELZ & LT
Do

2. AR

FFLO &5 72 AR T, 2013 D O A D TE 7o, 4 F TOMEOEIILL T D
D Thd,

1) 2013 FHETIL, WEMAEAET DG OMEE . HREMLZD AT 4+ 7 OWRE ., EREIRZ
HAT 4T DFEERET- LTRSS MM L. S FIEOBLED b & el ) 7=,

2) 2014 FFFEIZB T, MY b 7 7 OFE KRR35 Tl OFERFFERR O 43T % BIfR DA
FHOEmIC L > TTo 7, TOREEZIY AT, FEiE N7 7 OROERMERAEF COMERSL
DOFEPEATV, RO DT= OO THIETHZ L L Lz, MMESTOEmOMER., boLt bHE
meftEmlE. 1 ANOE O DRMESFLIZDOITENE & 5 2 &, REZRBT H7-0ICLEwE x

_31_



THDHN, TOTDHITIE, HEROHAEA, HIEEOCHE O ZBLE LT, Mg b7 7 OKHE
DIV, 2272 THERID LN ZE2RMTHZ ENKRUITH D,

ZOEDIT, D LEID S ENWEEUTYH, FHEMEROAENILLLHAT 5 Z ENKLETH
5LV I RRENTE T,

3) 2015 FRETIX, LLED X 5 REGR ORI O, 1 DT RmFICHERELZ HR L, &9 —D
(X, FH OFEN S MEROFEAE F TORL 2 8H &R CHET 2 & & L,
4) 2016 FEIZRNTE, ZOXEIRA M=V —% b &I L CTEBEE & B8 OEHEIC L D18

Fipo ! HIERAS « « - BEIC X D2FHOBE Y D LIERKOMBERET] LWV ) XA hLT
HHhR % AT L7z,
5) 2017 IRV TIE, ENZAFFEBA R IE NIRRT JEBA % (JAMSTEC) o7 — % OFIHIC
BLCREROSHIT O St 2B BHOHEME CTiEm L., RMAZDEE LB D CTiEm DOk R%
JAMSTEC IZ#25 L, £7-8KEIED TR IS s Bl 2 a1 772,
6) 2018 LTI, FHIEEHIED TRF) 2018 45 AR K16 HZIZHB W\ T, FRROHE THIC
BTy 7T —2OEHAMEICOWTELL@ LU, Bl A = A7+ =T LDV RT T A
IZBWTHE MmO DB L THIE LT ORRIE & R LTl oflER] OBz
TR B 12D B L A AR LT-, & BICHARDOMEREZ VR IZ X > CIERAICBIZR T
XX 2ICT D200 FEHED RETOMET — 2 NOHES 5knZ & OMFESARK % VER L,
T = A= a MET— L E DR E DT,
7) 2019 FFETIEZ DM ROFAMFLE L LT, WE 6 FRIOH MR L L LOLFEHEL LT, £
DIz, BRE RV IR DOMIEREEZERDLBICE LD EE 2 T2, FERICES T
DY ETHT2M, FEERICEAE LEROFE T TE 2h o T2,

WL OO EFHE O E 2 DL IR R THEICEZHZ L &5,
— 1. 21 AR EOMEBHFROEM AR < 7= A —2 3 »OffilfE

TTIEE L TWAEEZ S LICT = A — a U AERT Al A D=, T=A—2 a0
R EMZ D S ITFRRICB W CEm T 2 TET, BOESICL Y SRFEEkE L CEhid
HZ IR TWND,

— 2. Uyr—Fx VI TUT 12L& D BRI EH TS OBE(L

MBI AT D 4 WG 2 R A DR EER T 5720, [KBITOT — X0 HIEEX 5k m
T L OHESAAMENER LT, £OT =X ZWGLT 570D Y 7 FORFE ETH D0, HKAD
BEMKRFEX Y 77 4 —T VA VFERTENEZHY L, Mk L TED 5,

— 3. HEFETOFFRHR

B [Ho ! HiERA - - - BEICEDFIHEOHEE Y 2 HIrARKOMRE K ET) (2016 FE
HhR) %, PEEEPSSEOMIGKOBRICE Y PEFEICHR LHRT 5 2 &ENRE L,
BUE, T CICHE L IRIFIEEAKR T L, PEHOEEMITICETORELZ T BB Lo T 5,
2020 FFN DO Z BIF L T\ %,

— 4. FRiECoIEE)

FRlA SRR 7 v — Vil o 2 — OFgERRE & LT THER TS0 2 RFESE 57
DT, W2 %2 2019 4EEICERH L, At v # — O —mEE0R . iR O R BAESE
iR EMA, I N—T %2R LT, ZHUT XY §REIZ > THIEE R AU
DI & NE A It T D RHIR T & 7,

NS

_32_



B OB %2 BRI R 33A7 & LT, FRRPHTE L 0 18 & §R RS2 R TOMERR O~
A LA OETHERT 2 2 &2l L, BIELOERHATOI TV D, Friltn K& <H
D EFTNTEDITZ, ZORIBRAT 4T ORE, UFROMRE LTEEL TE 2 LIX
L —ODERMEHRERTHD LEZBND,

8) 2020 4EJE

—EDMRIZ L > THOLNToEE b L I2, EBRICHIR O RICHEBISE ORI Z LR L, &
BRI EELEELEMSTH L IMEAEZFERE LIV EEBEZTND, ZOFD 1 DORZE LT,
BASKSEHEIR Cdo 2 FRIAIRICIN T, IR TAMIES AR L, 2 20O FRiA RO T OWRPLE IR
W 2RBEBB LIV EE X, TOWHNTET L, WFEiEE &2 BE LT,

BARBZ IR 0 AT MR 7 e — LI v 2 — I HUE PAF SRS 2 & . R OES
IR T DM, Ml — O ABE L T, By 7T =X O 2TV oo MA It 2
A & LT, HUETENFIE 7 NV — 7 OIE#) Zffkfe L T\ 5,

3. MRONEK

(K. Z. Nanjo, Were changes in stress state responsible for the 2019 Ridgecrest, California,
earthquakes?, Nature Communications, 11, 3082, DOI: 10.1038/s41467-020-16867-5 (2020)
(2).K. Z. Nanjo, Capability of Tokai strainmeter network to detect and locate a slow slip:
First results, Pure and Applied Geophysics, 177, 2701-2718, DOI: 10.1007/s00024-019-
02367-1 (2020)

@7 =A== 12038 KKHbJETHFTHDOIGHE]

[EhEi >V > 7 ] httpsi/youtu.be/PIMTNmto2MA

WEEER A 3444 H9H

_33_



IRLF—IRTAVMIBITS
w7 L T) XL

EFEBFER KHERAD FHBF 2
LR R F BB A TR %
2 B INRZERFRE THHE BB

XRESEA RS A~

1. B

KB AT LOBRE BN L CEIRKE DL EIER 2 T 5 720 O3 B
RSB EMEE OHIE, BEHFERICH T DHBEEOHIEICE L TT v 3 ) XA ZB URGEEY
HIEEZHHELTWA,

2. R

LEME L LR KR EREOREEICEER, BBEEREI T HIHEE %201
WhARHIES B AR EATIC T D HE T EE2BE L T D, ZH OFIEREIC S L Tlifgie R
ST NI RALEREZEL, ¥ alb—y g b NEEEREEIC X D2ERICK > THME
e LT,

3. BEROAFK

(DB £ SEHE B, R R, RS 2. KE PRA S “HIHEE S ~O%S % EE
T2 HEMOFRBURGICIEE S AT LIZIT D 4O I 0O EREREE” R i SRS
C. Vol. 140, No. 8, 990(2020)

(2 W #F . AIEF FEG. BRSE MR, RIS EES 7R 2RI Lo B R D 4y O
REFx &) 7BRICET 5545 FHIl B BIHIE P25, Vol 57, No. 3, 145(2021)
P £, Sl B, KIE R IR 2. K PR, “ERERMIS T R 2R A L
AR BT O BALERICBE T 5548” & 7 [\ flfEmM -~ oR Yy A 1H1-3 (2020)
(DriE F. FH F; “BENFREREOSEHIEICE T ST ¥ ¥ U vV BRICET 555
W7 18 HIEERF < Ly AR Y A 1H1-3(2020)

(G)RH KA, BTAHE: £, FH O, AR R, K K SRR R 2R L2k
IR OTE LA M L— 3 VERBEICET 200507 5 64 [8] o AT A RS 50R
FiliEe . GS14-4(2020)

OFfiA 15, FIAEE £, SEH MF; “RE - FERIM A AT DM L 0 MR S L2 RARSEE
Aoy HRLEMAICEI T 535487 & 63 [0l HEhHIfhEA S, 1H2-5(2020)

WEEER A 3440 TH

_34_



KBRS HABERICKSBHRKDEEL

FREBEER SR R
RERREFR B TEERF R 8

RFELA RS A A~

1. BW

KRB HCEIR & 72 206 BRE, SO BRI E
FRIE Z BAILTW D, it S T DR B EHER T K0 20 R & 22 18R S & 5 (ke
DR SN TS, TOHIETIEEHESLT 572D E R BT EREE S AT LAOMRHTIC
HAWBEY 2 — b LIEET VEET D,

TR M FEE S LT S b T4

S
R

2. AR

IEEE 9 R A x5 & Uiz, ZSUERAICHafe S ALTC IR 20015 TR OMERL A X 1 127
T KU L72 IEEE 9 RERRMICI T 2 RWAMD 3 BOFMIFEERD > B, 5 2, 5 3JE
HEACbus7, NI 77 X AFHEBEIEET N E LTI, B OREHRITIERKERE Li-, &
TELBROA =K 2 XA & U, o B[RS CFR U, EIREERR T PSR & L,
o BSEmERES & LT 9, 7272 ULgej, Racijtds &4 ERER L] BlOA 27 2 o 2 LPFITH
%o Ve FEFERFFR 1 OFEIETH 2, EIREEMRDOHERECy \IFEFEE 2T PR BEEE
A TUND,

ST OREA MY, VSC1 #EIREERIE, VSC2,VSC3 #FME L Lizv A ¥ —
AL—THHE L, TDOXAF 7 2FIRKTEZ D,

duy Gy 1 duy Gk 1
T, (Vackrer = Vack) = e —wh), = (Packrer = Pack) = 7 (e — ")

7272 L, wy VIS & FIRABIC R DA, Gy, Tyl I A > L REEEL Vackrers Vackld
BRI & 2 DD, Packres> Pack |l TRIERHMA B UG SN D HREN LIEFETH D,

F LR LZEREMFRHONT A—F 2 AW TEELICH T 20 & 2L, 22 T26
DRI BB O FIEMRENT 1, RO ILAER 1T 300MVA, 230kV, 60Hz, [ELjiE-RHED HNE
AT 300MW, 200kV & L7z, FHERREE THT 4 BA4G L. t=0.1sec TAZURAMDOBEEL L LT
AHE L 0.2Hz 27 v 7B S 72, K2 IR & LT, BEROERHEERAL KO, E
T EE & BB OISE Ao, BEM 2 OEESEE X 1.18Hz, 1.72Hz OIRE Y & £ b
FEME 3 DOERHEE . 1vdel, pdel, pded iE 1.16Hz, 1.72Hz OEER S H > T\ D Z L0345y
N5, [EAERNT TR O D IRENER S CH 5 1.17THz 133 EMK 2. 1.722Hz 13 EH 3 OIRE)
JEAWEIC A 2 —8T D, TROLRMAMMIL, ZHARM THN L EHOIRB)E— FE2/RL, =
BERANZ BB L D Z RN 05b, ok, FEVa— b LEETAEHNTS
i RIS R & KM SRR CE L DBIG 2B CX 5 L AR LTz, SRILIZDET VE
AR D2 TEATIE O BFHI i 72,

_35_



jdcl Jdl:J

Pac2 ide idec2 ji T c““ c"‘"T I idee3 tee3 Pc
| 57 Tww T 5@ % TowwT [=7 |

| —] Pde? Yde3 — |
AT yscp 4 ige23 ¥ vscs  Actuss
(Slave) 1. o = 1 (Slave)
2 dc12 ; .-..: z dicl3
1 2 & 1
E"-'-'d.ﬂ: - o Efdcn

j—| ide12 —_— ige13 I—?

HdrlI_( |_E Coaer

g]: VSC1
= —~ | (Master)
AChusd

B 1 Mg L d 2 i1 E R

Raiz  0.01320 Ra.s 0.02640 Hg.;  0.01080
Taciz  0.05655 Lgaoa  0.0131  La.e  D.08482

Cac12 2.547 Cac1a 5.004 Clacan 3.820

G —10 Ga 10 Ga 10

Ei-:‘ﬂ(rc-f.\ 0.25 Pdc'.‘.'t(rnf!: 0.08333
"”cicllrt:f] 1 Clﬁd('i 6.283 = {1-23}
Ty (0.02s) x (120ms~ 1) ke {1,2.3}

K1 Bl FEREERBO T A—H

(=]
—

w, of the second
generator / Hz
o

|
=]
—
o
[~ ]
= b
(=:]
=]

o=
[

W, of the third
generator / Hz
=)

|
o
)

4 6 8

0 2
Time /sec Time /sec
(a) F& FE& 0D R 1y R B (YEREN RIS
2 LT 2 EIIRMDINE
3. RO

(1)Naoki Kawamoto, Yoshihiko Susuki, Atsushi Ishigame, Tsuyoshi Funaki, Salvatore
D'Arco, "Modular Modeling for Large-Signal Simulations of a Multi-Machine AC Grid with
MTDC Interconnection," X FEE /T R/ —HFA RS, 220, 9 H 9~11 H(2020)

WAEEERE 343 H 19H

_36_



SFISEETHEIR « &1T
FAT © A ENE NS AEEFZE T
T606-8202 HTHT /e HL X H H RHERT 49
TEL 075-701-3164 FAX 075-701-1217
IR - S ks tbdbsk 7Y o M

( JE i 12 5 A R






Research Institute for Applied Sciences



