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Preface

Institute for Integrated Radiation and Nuclear Science, Kyoto University is a very useful
neutron generator, providing us neutron-rich unstable nuclei by bombarding nuclei with those
neutrons. The produced unstable nuclei exhibit aspects distinct from those of stable ones.
Nuclear structure studies on a variety of excited states reflecting dynamic nuclear properties are
one of fascinating research subjects of physics. On the other hand, some radioactive nuclei can
be used as useful probes for understanding interesting properties of condensed matters through
studies of hyperfine interactions of static nuclear electromagnetic moments with extranuclear
fields. Concerning these two research fields and related areas, the 5th symposium under the title
of “Nuclear Spectroscopy and Condensed Matter Physics Using Short-Lived Nuclei” was held
at the Institute for two days on December 18 and 19 in 2018. We are pleased that many hot

discussions were made. The talks were given on the followings:

1)  Nuclear spectroscopic experiments

2)  TDPAC (time-differential perturbed angular correlation)
3)  B-NMR (nuclear magnetic resonance)

4)  Mossbauer spectroscopy

5)  Muons

6)  Ultracold neutrons, etc.

We hope that this report will contribute to a progress in the related research fields.

April 2019
Yoshio Kobayashi (The University of Electro-Communications)
Michihiro Shibata (Radioisotope Research Center, Nagoya University)

Yoshitaka Ohkubo (Institute for Integrated Radiation and Nuclear Science,
Kyoto University)
Editors
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Study on the dynamical spin equilibrium and its induced successive magnetic phase

transition for assembled metal complexes
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1. Introduction

' gite coordinated by six S atoms tends to be in the LS state, while the Fe

In general, the Fe
site coordinated by six O atoms is in the HS state. Therefore, the spin state of Fe'''O3S; would be
situated in the spin-crossover region between the LS state of § = 1/2 and the HS state of S = 5/2,

which is schematically shown in Fig. 1.
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Fig. 1. Spin states of the Fe''' sites for Fe''(ox); (ox = oxalato (C,04)), Fe'''(dto); (dto =
dithiooxalato (C,0,S,)), and Fe''(mto); (mto = monothiooxalato (C,0538S)).

In fact, in the case of tris(monothio-B-diketonato) iron(Ill) complexes, the LS (§ = 1/2) and
HS (S = 5/2) states coexist in the whole measuring temperature between 300 K and 80 K, and two
kinds of doublet corresponding to the LS and HS states are clearly distinguished in the *’Fe
Mossbauer spectra, where the area of the LS state increases with decreasing temperature from
300 K to 80 K [1]. In the case of tris(monothiocarbamato)iron(IIl) complexes, on the other hand,
the rapid spin equilibrium occurs in which the HS and LS states exchange in the time scale of
less than 1077 s [2]. In this case, an averaged single doublet between the HS state (S = 5/2) and
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LS (S = 1/2) state is observed. In this way, it is expected that the spin state of Fe'"' coordinated



by three S atoms and three O atoms is situated in the spin-crossover region. However, the rapid
spin equilibrium phenomenon has not yet been observed for assembled metal complex systems.
From this viewpoint, in order to build an assembled metal complex system including Fe'''O;S;
site, we have synthesized (CsHs)sP[M!Fe!''(mto);] (M = Mn, Zn) consisting of Fe"03S; and
M!"Os octahedra and investigated the spin state of the Fe!'"O3S; site [3].

2. Experimental Procedure
2.1 Synthesis
2.1.1. Ky(mto)

K>(mto) was prepared in the following way. Diethyl oxalate and KHS were dissolved in
ethanol, then the solution was refluxed for 24 hours. After being evaporated, yellow colored
precipitate was washed with ether and dissolved in ethanol. To this solution was added ethanol
solution containing potassium hydroxide. After stirring, Ks(mto) was separated by suction
filtration and washed with ether.

2.1.2. (C¢Hs)4sP[M!"Fe!'l(mto);] (M = Zn, Mn)

A methanol solution of Fe"(NO3);-9H,0O was added to a methanol solution of K,(mto) and
(C¢Hs)4PBr. After stirring, was obtained. This [Fe"!(mto);]*" solution was filtered to remove solid
impurities. A methanol solution M'""Cl, (M = Zn or Mn) was added to the filtrate. After being
stirred, (CeHs)sP[M!""Fe'''(mto)s;] was obtained as red-brown colored powder by suction

filtration and dried in vacuo.

2.2.  Physical measurements

Powder X-ray diffraction measurement was performed Rigaku multiflex at room temperature
using a Cu K, (1 = 1.54184 A) radiation in the range of 20 = 3-60° in order to determine the
crystal system and space group.

The static magnetic susceptibility was measured by a Quantum Design, MPMS-5 SQUID
susceptometer between 2 and 300 K under 0.5 T. The magnetic susceptibility data were corrected
for the core diamagnetism estimated from Pascal’s constant and the background of the
polyethylene film. The zero-field cooled magnetization (ZFCM) and field-cooled magnetization
(FCM) were also measured for investigating the ferrimagnetic phase in the temperature range of
2 - 45 K under 3.0 mT. The remnant magnetization (RM) was measured in the same temperature
region under zero field. The alternating-current (ac) magnetic susceptibility was measured
between 2 and 40 K. The ac frequency was varied from 20 to 1000 Hz with amplitude of 0.3 mT.

The ESR measurement was performed between 10 and 300 K by a JEOL X-band (9.2 GHz)
ESR spectrometer equipped with an Air Product LTR-3 cryostat.

For "Fe Méssbauer spectroscopic measurements, >’Co in Rh matrix was used as a Mdssbauer
source. The spectra were calibrated by using the six lines of a body-cantered cubic iron foil (a-
Fe), the center of which was taken as zero isomer shift. An Iwatani Co. cryogenic refrigerator

set, Cryomini and MiniStat was used with a temperature range from 10 to 300 K.



3. Experimental results and discussion

The powder X-ray diffraction pattern of (CsHs)sP[M"Fe!''(mto);] (M = Mn, Zn) resembles
clearly that of (n-C3H7)sN[Fe''Fe''l(dto);] [4], which implies that the crystal structure of
(CeHs)4P[M"Fe'(mto);] (M = Mn, Zn) consists of two-dimensional honeycomb network structure.
The ymT value decreases with lowering temperature. In (n-C4Ho)4sN[Zn"Fe!''(0x)3] with similar
structure of (CsHs)sP[Zn'"Fe!'((mto);], the yT value (= 4.22 cm?® K mol!) is essentially constant
in the whole temperature range of 4.2 - 300 K [5]. However, the x7 value for
(C6Hs)4P[Zn"Fe'''(mto)3] decreases from 3.60 (at 300 K) to 2.66 cm® K mol™! (at 4.2 K) [3]. In
connection with this, it should be noted that the spin-only yT value is 4.375 ¢cm® K mol™! for the
HS state (S = 5/2) of Fe'!, while that is 0.375 ¢m® K mol™! for the LS state (S = 1/2) of Fe'll,
Therefore, the T value of (CsHs)sP[Zn''Fe"(mto)s] is situated in the middle value between the

magnetic moments for the HS and LS states of Fe'll.
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Fig. 2. (a) X-band ESR spectra, and (b) *’Fe Mdossbauer spectra for (CsHs)sP[Zn'"Fe''(mto);] at

various temperatures [3].

Figure 2(a) shows the X-band ESR spectra for (CsHs)4P[Zn''Fe!''(mto);] at 300, 77 and 10 K,

I site are observed

in which the ESR signals corresponding to the HS state and the LS state of Fe
at about 300 mT (g = 2.05) and at about 150 mT (g = 4.25), respectively, in the temperature range
between 300 and 10 K. The ESR signal ratio of the LS state to the HS state increases with
decreasing temperature, which is consistent with the temperature dependence of ym7. Therefore,
these results indicate that the spin state of Fe'''O3;S; in (CeHs)4P[Zn"Fe"'(mto);] is the spin
equilibrium of the HS and LS states, where the HS and LS states are clearly distinguishable in
the time scale (107'° s) of X-band ESR spectroscopy. Figure 2(b) shows the >’Fe Mdossbauer
spectra of (CsHs)sP[Zn'"Fe''(mto);] at 300, 77 and 10 K. The single quadrupole doublet of Fe!!!
is observed despite of the coexistence of the HS and LS states in the ESR measurement between
300 and 10 K. Therefore, the >’Fe Mdssbauer spectra of (C¢Hs)4P[Zn'"Fe!''(mto);] indicates that

the rapid spin equilibrium in which the HS and LS state exchange in the time scale faster than
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the time scale (1077 s) of >’Fe Mdssbauer spectroscopy occurs at the Fe'''O3S; site. The relaxation
process between HS and LS states at the Fe'''O;S; site is considered to be a tunneling process.
The time scale of spin equilibrium of Fe!'! in (C¢Hs)4P[Zn"Fe''!(mto);] is estimated at 1071° < 7 <
1077 s from the analysis of ESR and *’Fe M&ssbauer spectroscopy.

In the case of mto bridged hetero-metal complex system, [Mn'"Fe"'(mto);] consisting of Mn"'Os
and Fe'''O;3S5 octahedra, the spin states of the Mn'! and Fe!!! sites are considered to be HS state
and the spin equilibrium state of HS <> LS, respectively. If the spin state of Fe'' site is LS (S =
1/2) state, there exist four potential exchange interactions (Jp) and one kinetic exchange
interaction (Jx) between the Fe''' and Mn'' sites. The sum of the potential exchange interaction is
consideroed to be stronger than the kinetic exchange interaction, which is responsible for the
ferromagnetic ordering. In connection with the following should be mentioned. The
ferromagnetic ordering of (n-C3;H7)sN[Mn''Fe!"'(dto)s;] with Mn"(S = 5/2) and Fe'''(S = 1/2) has
been reported [6], in which the Curie temperature (7c) and the Weiss temperature (8) were
estimated at 4 K and 10 K, respectively, from the analysis of magnetization and magnetic
susceptibility as a function of temperature. On the other hand, if the spin state of Fe'l site is HS
(S = 5/2) state, there exist five kinetic exchange interactions (Jk) between the Fe!'' and Mn'! sites,
which is considered to be stronger than the potential exchange interactions between the Fe!l and
Mn'"' sites, which is responsible for the ferrimagnetic ordering. Indeed, the ferrimagnetic ordering
of (n-CyH2n+1)sN[Mn""Fe(0x)3] with Mn'! (S = 5/2) and Fe'"' (§ = 5/2) has been reported [7], in
which Tx was estimated at 27-28 K.

Therefore, if the spin state of the Fe'!! site in the [Mn''Fe!"'(mto);] system behaves as the
dynamical spin equilibrium phenomenon, the internal magnetic field at the Mn" site should be
frustrated between the ferromagnetic and antiferromagnetic interactions with a rapid time scale

around 1077 s, which is schematically shown in Fig. 3.

./
| 9 )
(0] /kro
(6] (0]
- - R S | S 0 0 A
Rapid spin equilibrium ~ - @ 4 Frustration between
" - Tt > /\ I _N\—/ 5 the ferro- and antiferro-
o e S S o8 & o O 9 | Q| magnetic interactions
LS(S=1/2) HS(S=5/2) )\rs 0\|)\ ‘
0 S
| & o |

(kinetic exchange)

Fe"'O3S3 Antiferromagnetic (CnH2n+1)4N[Mn”Fe"|(ox)3]
" interaction Inm—
s V¥ fu <ol _— Ty =27-28K
¥ thg “ (3

Y
4 4
Fell{S=1/2) Mnl(S$=5/2)
s A,
N4t (CrHazns1)aN[Mn''Fel(dto)s]
2
° Ferromagnetic ~‘w==p- T=4K
Spin equilibrium interaction

(direct exchange)

111

Fig. 3. Relationship between the rapid spin equilibrium of the Fe'" site and the dynamical
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frustration of internal magnetic field at the Mn!! site in the [Mn""Fe!"'(mto);] system.

Based on this viewpoint, we have synthesized (C¢Hs)4sP[Mn''Fe!''(mto);] and investigated the
magnetic properties [3b]. The molar magnetic susceptibility (ym) as a function of temperature has
a broad maximum, typical character of 2D Heisenberg-type antiferromagnet, around 50 K, and
shows a steep increase below 30 K with a hump around 23 K, where both of the real (y’) and
imaginary () parts in ac magnetic susceptibility exhibit steep peaks indicating a magnetic phase
transition, which is shown in Fig. 4(b). As shown in Fig. 4(a), the field cooled magnetization
shows a rapid increase below 30 K, and almost saturates below 23 K. At 30 K, the remnant
magnetization and the magnetic hysteresis loop disappear. Therefore, it is obvious that
(CeHs)4P[Mn''Fe!''(mto)s] undergoes two successive magnetic phase transitions at 30 K and 23
K. The *"Fe Mdssbauer spectroscopy for (C¢Hs)sP[Mn''Fe!'''(mto)s] implies that the spin state at
the Fe!'! site is still paramagnetic even at 24 K. At 23 K, both of the Mn'' and Fe''! spins are
eventually ordered. It is considered that the successive magnetic phase transitions in
(CeHs)sP[Mn'"Fe''(mto)s] are induced by the rapid spin equilibrium at the Fe'! site.
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Fig. 4 (a) Magnetization, (b) in-phase ac magnetic susceptibility, (c) out-phase ac magnetic

susceptibility of (C¢Hs)sP[Mn''Fe'''(mto);] as a function of temperature. The temperature
dependence of the zero-field-cooled magnetization (ZFCM) and the field-cooled magnetization
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(FCM) were measured in the temperature range of 40 - 2 K under 3.0 mT. The remnant
magnetization (RM) was measured in the same temperature range under zero field. The ac
magnetic susceptibility measurements were performed in the temperature range of 40 - 2 K under

ac magnetic field of 0.3 mT and frequency range of 20 - 1000 Hz.
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Fig. 5. >’"Fe Mdossbauer spectra of (CsHs)sP[Mn!'Fe!''(mto);] between 30 K and 10 K.

4. Conclusion

In general, the Fe!!!

site coordinated by six S atoms is in the low-spin (LS) state, while that
coordinated by six O atoms is in the high-spin (HS) state. Therefore, it is expected that the spin
state of Fe''' coordinated by three S atoms and three O atoms is situated in the spin-crossover
region. From this viewpoint, in order to build an assembled metal complex system including
Fe!'O3S5 site, we have synthesized (C¢Hs)4P[Zn!'"Fe!''(mto)s] consisting of Fe'O3S; and Zn'"Os
octahedra and investigated the spin state of the Fe'''O3S5 site. The electron spin resonance (ESR)
and °’Fe Mossbauer spectra revealed that the rapid spin equilibrium in which the HS state and
the LS state exchange in the time scale of 107! <t < 1077 s occurs at the Fe''"O3S3 site. On the
other hand, in the case of (C¢Hs)4sP[Mn'"Fe'''(mto)s] consisting of Fe!"O3S; and Mn''Og, there
exists a rapid spin equilibrium (t < 1077 s) between the HS and LS states at the Fe''O;S; site,
which induces the frustration of internal magnetic field between the ferromagnetic and
antiferromagnetic interactions on the Mn!'Og site. Owing to the frustration of internal magnetic
field at the Mn'" site caused by the rapid spin equilibrium at the Fe''' site, (CeHs)4P

[Mn'"Fe''(mto);] undergoes the successive magnetic phase transitions at 30 K and 23 K.
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& % Fe(4-methylpyrimidine)2[Ag(CN)al2 (UL N84 1) & Of Fe(4-methylpyrimidine)s [Au(CN)z]o (DL N5
EAEAR L. EOWMEE TN L7z,

2.8

BER 1 L85 2 O KRIERIZLL T OFEIZ LIV AR LT,

SR 119 7 VRIS Fe(NH4)2(SO4)z 6H20(Mohr ). K[Ag(CN)zle &€ /11 1:2 DFIGTINA, =
NaEKIZERL, £Z FH AR A L7223 5 4-methylpyrimidine 23 T L7-, 2-3 H%&4 U=k
Z i L7z,

BEAR 29 2 T UNRIC Fe(NH4)2(S04)2- 6H20(Mohr #), e Az v g, KIAu(CN)ele Lk 1:1:2
DOFENETIA, TNEKIZERL, £ Z HHEAEE L7223 5 4-methylpyrimidine Z i ~ L7z, 2-3
A %A U7z vk 2 6o L7z,

BEIR 1 L EHEIR 2 DELFERSIZIL T O HFIEIC KV G LT,

FEIR 1Y VI — U, VT ARSI U U A B VI 12 OEIGTINA, ZhEKICEMRSE
720 WD N o T2 > 7 Vil % 4-methylpyrimidine #1272 L 0 K& 24 o 7IUROHIZ AN ZE % L,
3 H-1 HF%A U fhdh 28 Lz,
¥, HSEAUE E MRRS A EREHIRE TH D Z L 2R L T\ 5,

SEIR 29 U T NMRICE— M L7 AV VR VT AL Y U A BTV 1112 OFIG T,
IREKICHEIR ST, RO A To¥ v T A% N ST
4-methylpyrimidine Z /1 2 72 L 0 K& 24 7 URO HFIZ AN
EHEx L, 3 H-1HEF%A UMb a s Lz,

ARk U 7o B i & O CHURE B X BSR4 . o aa 2 v
THHALZERNE  SEIR 1:122U Tl 57Fe Mossbauer JIE #1772,
BEAR 2102 oW TIE, $EIRT O Au T Ly WSO = R )L F —
(14.353 keV) & 57Fe Mossbauer I &2 H 35 y RO = R/ ¥ —
(14.4 keV) D= F )L X =MD THTWN DI, Z D y BRI S I
. MECHF Lo TLE D EDREEITORNoT, 708, T/K

WK% W< % T LI kD Z 0B E R T 5 - & s (20], Fig 3 Magnetic susceptibility of
ST Au % & ToBHE T 57Fe Mossbauer it 77 - pliaty  Fe(4methylpyrimidine)lAg(CN)al:
T 58021, COBATLEBER R Ag kL e L |

AT FHO Yy ROBETRE KT LTHD
3.tk L B

3.1. BWeALRMEE

Fig.3, 4 285K 1 L OBEK 2 OBALERE DT — & & RT,
HIEIX 4 K-300 K £ C1Kmint Tf7 o7, $K 113130 — 140
KOMTEKDE AT U L A&7z 1 BED A B 58 % (Tet
=138 K, Tet = 132 K), 441K 2122 TIL 180 - 200 K ORI T Qoo oo 710
2BFERICT KOEAT Y w2 %md 2 BIOA Y i % Fe(4-methylpyrimidine)2[Au(CN)z]2

w
T

Xl / om® K mol™
N

—=*~cooling
——warming

N~
T

w
T

X0 / om® K mol ™

—=*~cooling
—L—warming
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L7, (Tet=202K, Te2t = 187 K, Te2l = 186 K) $ifA 2 0 190 KAZAF(ET 2 PIRMRAE TIE. Bk
FIRTOME KR TOMOFMBEEDEE L > Tz, £, K 21250 T, BRICREENTWD
R TH % Fe (4-methylpyridine)2[Au(CN)2l2[19] & SRR FE % L35 & BnBIEE 2 10 — 15 K &k
7 LTV, Zhb 22008 IV UEEADORITIE, B AT U v AOF BSOS OB S O A
EUBEENIRE AR D o7, ZOERE UL, 85K 1 ITHBME CTH LDITK L, 85K 2 13 8tk
ETHDZLITLVESDOBETFNRAE VB LIRSS 2 ENEZBND,

3.2. i hm i IE
BEIR 1 R OBER 2 0 298 K K N2 A B v iinfs L KIRGER 1 054 150 KL 85K 2 D54 100 K)
TOfEMMEE A e U7e, RIBCTOMSEERO#EZ i+ 2 & 85K 1 1358 O Hofmann B H# 4 7
LZERIEED Peen THY . VU IV UBROSRIZENI L CTOWRWERFEFRRE LT LTz, 2
WXL, SR 2 138 AMERIC X 5 @i 2 B 22 MBEDS Pbem THY |, BV IV U EROERITENL
L TCWRWEE X 2 DO FRDORTT 4 AA—H—%EZ LT\, £z, $5K 112250 TiE 296 K
F V100 K TOME % e s 5 & Z2fBEHZIR U Peen Tl %73, Fe — N(CN)RIO#EA Y 2.148(6) A H»
5 1.945(7) A L4 720 . BAZKIAY 1969.9(4) A3 55 1826(2) A3 ~fifi/N L7-, T AUFRELFHE TO
A LFFT D, . R 2 120V TIE 298 K KON 150 K T % bl 42 & ZEMBEIXF U Pbem
THh 50, Fe— NCN)EOFEEA 2.151(4) A 75 1.949(4) A L
B R0 . HATHR 2059.0(3) A3 7 1911.4(3) A~/ L 7=,
F72. 190 K TIXHEALEDORFEDN P21/m IR T L, 8653 2 Y1
NMEEL Tz, ZOREOEY A M T Fe — N(CN)H DS EH
2.14(3) A L 198 A 0 2D Y | AL RIECTOMRELE s | Y2 Vi
A RRETOBED & OO 2FIEN R AICHFIELTWND Z LN
ToTo, ZIULZ OSEEN 2 BefED A 5B 2R &V D 1
LRPEDOZEEZ T 5, T2, HRIMRE TR T2
X5,

3.3. Mossbauer | E
Fig.5 (285K 1 @ 57Fe Mossbauer JHll7E D AT ML ERT,
HIRE « AIRFRFE $12 140 K 205 130 K O T A B U REBERID IR
FOMRFHBRENT T Ly EBIRA B AREBEKAIDIRE T D
VURR DN NSWNE T Ly FADEAED DV . BYER T 7 F3AE
EL72,295 K KO 78 K TOfEIL D Table 1 D LBV TH D,
Table 1. IS, QS and I' of complex 1

T/K | Spinstate | IS/ mms?! | QS/mms?! | '/ mm s’!
295 | HS 1.078 1.178 0.266 Fig 5. 57Fe Mossbauer spectra of
78 | LS 0.479 0.284 0.285 | Fe(4-methylpyrimidine)2[Ag(CN)zlz
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295 K KON T8 K TH ALY ML DBISHIEE T A —F —13F N Lhm A vk iggkdD o 2 ~< 7 kv
B IOMEA B AREESRAD O\ K 6 Bl O BMHIEE ST A —2 —OfifICH D, A AN T —
AR ML Y REP ORI TR TEAD & L THE L, oo HI3E En T 53,
KB LIEE B E EN TV RNWZ LD 0nD, ZOMRITHALRERE O RE XFFT5bDTH D
D, BAERREICBNTERlI SN 27 U RIFFEFITNE R bD Lo TS, ZOX D kR E
7ol BRK E LT, BMERBE T 1 K min! OFE TRIE - FRZITWEDREOT =2 % L olc—F
T. Méssbauer Il & Tl 1 DOEHI X LEH T CTHIEZ1T O Z L2k v BOET R EETH ﬂi’i’ﬁ
STEEVHIENRHY , ZHICEV e ZRTFT U SZAOEEBNREB LT ENEZ NS, BYLRRAIES
W, JBEELOFEEZEZ D Z X0 e AT UV ANELT 2HRTHEF N H 0 [22-26], 2 b
DEL DIREOECHEZELS 75 L AT VAR oo TS, SEIOHEERTH, 20X 578l
BIZE VDo Y EIREELELIT -T2 Mossbauer JITETIEE AT U U ARIEFIT/NEL ol B X
Lbivd,

4.5 %

AEL SR 1 RUSER 2 2 B L. ZOYMEEZTHI L7, £, WS AORSMEL LT 5 & 8
R LIFHERETH 2 DI L, 85K 2 TR AT LD JEELZ L > T2 LW IEVRRD
iz,

WIZ, WEEARIFILIZ SCO 2~ 723, MFITZDOZEEMPRES BRD Z LRI NT, §5K 11X
1&5@80)(&@ PER 21T 2BMESCO TH Y, RELERIRE SRR > TS, Zhid, #5K1
THEMETHLDICK L, SR 21T BEETHLZLIZED2bDTHL EEXLND, £, B6K
21OV T R EIZHE SNT-85KTH 5 Fe (4-methylpyridine)2[Au(CN)sls & B IEE & i 45 & |
IR 10— 16 K @iflic o7 b LTz,

F7o. 88K 1 @ 57Fe Mossbauer JHlE Tik, WA « FilkFE H12 140 K 75 130 K ORI THEA B Y
WREERIDI F D IUMB ST RDBRE NS T Ly 9 BIRA B RREERIDIR - DWUARS R NS WE T Ly
FADZAER L B H, BAERRE L [RERD SCO BIRMNBM SNz, & AT U ADENRIEF T/ E <
Io e EINE LTE, BMESRRE & 135872 0 B OIREE THIEZ T 72120 Th D LB BN D,

4[], 57Fe Mossbauer JIiEZ T2 Z E N TE o7z 5K 21250 T, Sk X RC L HEAE
VIRBEDFHHE(SOXIESST) &L S TH v [27], 57Co & H 7= Colpyridine)2[Ni(CN)4] D F
Méssbauer fIEIZ & 0 EZRAEEIC KX D IKA L REED D @ A B U RIEOHfi#E(NIESST) [28] 23 8Ll =i
TWA DT, [AkEZ Z & 2% Co(4-methylpyrimidine)2[Au(CN)e TEM SN D &2 HaTd 2 Z L IZEET
bHDEEZBND, F72 Felpyridine)2[Ni(CN)4JIZEB W T SOXIESST BG4 Blll S TR,
[27INIEEST 84 & SOXIESST BIR OB EMEA MG L CW 2V EETHDH EEXDND,
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AV 7 v AF—/N—Z8) %R Hofmann-like 2D $EE(LS8 DKt FEAH

Evolution for Spin Crossover 2D Hofmann-like Coordination Polymers

FHRHE !, ARES MR &

FORRHEL !, RSt 2 —2
Azt 20 HEARE ' SEIE

Takafumi Kitazawa' , Hitomi Shiina', and Masashi Takahashi'?,

' Department of Chemistry, Faculty of Science, Toho University

? Research Center for Materials with Integrated Properties, Toho University

1. IZLdHic

BEAERIE LKA ERBEEO MEEREZIRE, BN, Yo, #5. 7 A N F-IlaES 0 FMS
AP L0 ERT DALY 7 0 24— 3—(SCO)EIIT d° TH D Fe' $ERICONTELIES LT
BY . BALE S TR OW T HEEENL 12 X D WEIES IR SN D 2 &0 B IMICHZE
SNTWD[1,2], BRlC v 7 = R, BERANL 1 & W ERNL 7O 5 OFE 2925 2 LN TX D,
Ko[M(CN),] M = Ni", Pd", Py CI1x > 7 = RIS HERINL 1~ & U CRENT 5 %, P MUBAL HLEZ B
k725, £72 K[M(CN)] M = Ni', Pd", PtYZ A LizA 7 ~ BB E 4y F SCO S5k
Fe(L),M(CN), (L = Ligand; M = Ni", Pd", Pt") Tl > 7 = REDNZUEENL - & 72 0 . N ERSENLAR
2B % Fe'' & MUERUENIAE G Z B D M 28k LD, & o T Fe(L),M(CN), IE 2 IRIT/E IR
BEZER L WA E LA THY . L 28D Z LIk W EEHIENAETH D
[3-25],

BONLE 0 12 R A MERIZE T 57K 7~ 8 SCO $51K1E, —IRIeAR A N DIERA B A 4 &
A N ZE X Z DENL T BEOZIICEEINTAETS A My SN bR TRY . TOBRZE
BN S ORERCELSE D ZER R AG DY CHIBRBEWA R R L8 2 R Z &R R HEIN TS
[1-25], 4 7 /V—7""CTlX, 1996 IR 7~ U BRVAPARSER O R A IR 2 3 T BIFED SCO
FRIZBWNTEZ K2y F252Tn5s 2 RoBEErAT 50+ SCO ILEW
Fe(pyridine),[Ni(CN),]Z " L TH Y . ZOMEMIHEIR THRRIEB 2777 2 &£ 25 SQUID & X A
RT3 IEE O CRER S vz [3a], & OIS HE AR ERNT 0 DBERIRE & Fe'' £ AV A D
BN AEEZE L 2 8 A B (HS) SR A B /(LS O rI A HAIC BRdfT 1T 5 Z L C& e, — 7,
ARA D Real Bz H D 7 N —71%, JVHEIAEK 6 BNLEkAD)A A 2 ZEAL LT % pyridine % 2245
BN+ & 72 D #55 pyrazine (228 % 7o 3 IRJCHIESEIA[Fe(pyrazine)M(CN),InH,O Z A% L, ZEiRAT
TETOAEVEEBIREEZFER LR, ZofRIE, kattzmvd 2 & TR TFNOERBA 4 M
DOWFZNERE O B, ZIUHEL TRWAE VIEBIRE L RERE AT VAL EBT L2
LIRRIRE/R T L &R LTz, ZHLORICHMIE S, ETIXEN, ES0L < ONET V—7
INZOFEDE S F AL 7 B AF— =GR OV TOFRIZEF L TWD[125], T72bb5,
7'a s A 7T % [Fe(pyridine),Ni(CN) I 2 & RS FIRETH D . £ OMERERIZ LY
SCO ZEEYDHfH~D T 4 — KNy 7 PTZ D AREENRRKEVRTH D, bIvbhD 7 V—T7 8%
D% ORFZE T, S PR 7 L— AU — 7 SRR B & SR ® A 72— 0D
A SRR RS, 5 HNIAEA IOV TIRWRFERH 0 B Sh A% ST & MR E &2 E
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Liz, ZOfER, BRTFLTAPBIOT R
RO W EBHEAEAERHOKER/EER n—n
ARGy F TR YRS, BEREATS A E) & i)
B L TWDZ EDR LN TET
W5, Ee, TES A Ny FORAZ MEIZ
BIFH A 7 0 A F— R—ZE )~ a5
(B3 DHFSE B AT 72 > TV D [6-25],

A BN XEE SRR B 23 el ) i O JU1- %
B AN OAEE pyridine SRELL 13 ED &
91T SCO ZHWNIW A G2 5 OBLAD
© . Ethyl Isonicotinate ZFfi. 1 & L, £ 72
i PUBAL R = MZ[PYCN) ] 2 H T 5 2
WIEEN S TR 7~ A 7 a A G
—/N—§&{K Fe(Ethyl Isonicotinate),[Pt(CN),]
IZDOWT, Mg FRBLARB LA AT T "
— O FETHFZE LTz, 72, [PUCN)]EB
L3 ED L DT SCO HIITKEE G2 D Fig. 1 Crystal structure of
IR L7, Fe(Ethyl Isonicotinate)2[Pt(CN)4]

F72. Ni, PABEXOPLITE HIZ 10 f&EoC
FTHOINEHOENNED L ST SCO
\ZHET DB RE LT,
2. FEB

AL, B OEFBBEEZ WA v AR FETIT o 70, BEHEIETIIMEESROBR ATV, &
RYEHE CHAST O AR ETT > 72, Fe(NH,)»(S04), * 6H,0. Ky[M(CN),] (M =, Pt), fEfEiAKE LT
T W% & 1,3-diaminopropane % /K12 7> L, Ethyl Isonicotiante % )it S 72, Ak L 72 KiGdh T 57Fe
A AN T = HEZIT o T2, Bk e
BLOWMAREE bl2, FEEEEZ A LTY

D EEAERTFRFER I VR Lz, 728, o 1000

R Ko TiE, KRR & kS S B2 D1 995 | COOLING 22K g 20K

SEBERTEN D ERb LR, S0 7 [ - d

D2WIHALE Y7 a3 AF — N —§5IR %95 235K/

Fe(Ethyl Isonicotinate)2[Pt(CN)4iZ>Tid, 2o J

ZOE IR EITEE TR0, e =

9501 -

3. RER LB g™
AL L T3 B 7 BAF 7 B & & ok " sp T

T Fe(Ethyl Isonicotinate)2[Pt(CN)4] D . . 100 et

% X MAHEEIRET & 0 JOE L. Figure 11077 s I

T J\IEA 6 B 2 £ Fe(IDZ 002 100 Y L

Ethyl Isonicotinate @ N JF 723 2 D7 L T 9 210K

B, =77 N T AT 4 DD[PA(CN)4]2 100 "

PHERRIZZEME L7e “IReiEE 2= LT\ 5, B 71K 7]

Fe-N OVt A BiffE 3210 T 2.1785 A I g SR , S L W,

BT 1.966 A& TN TIEA L RS X C Y e 000 A BE R RR

OMEA EARTRICARS L SCO BLgvie & Fig.2 Mossbauer spectra of

TND Z LRSI, THAUTEIR TR, Fe(Ethyl Isonicotinate)s[Pt(CN)a]
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77 K TREDILEM D EDO LI HEE L T 5,

Fe(Ethyl Isonicotinate)o[Pt(CN)4iL, i MUENI L= & &2 2RIty FHRTH 203, EHR
B =y NEFT AR TR SCO BLE ST Fe(L)2[M(CN)ole M = Ag(D, Au(D) (% Fe2*
& [IM(CN)g]™ D=y PRV T = REZN L TCEME L Ry — MEETHD . 20— M3
J& U7 fi & 70 2 mUc BV 3@ A 2 Fo15-21], L IZe Y YU RENL - THY, v — MIC
R UCTHEEHAICEALL TEH Y, —EDEWRIEY A XOBUL BT, ¥ — MEEZ R -7 SCO
WERZRBE CTEXD 2R LTS, ZOWERIIBEZSEASNTWDLR 7~ U HBLEHOH T
. BT L OBROENIAL, BHREOBESCE R IICL - TT7 L —A T — I SO E =
L35V e R & R,

Figure 2 @ 57Fe A AN T —2Z~7 L E D @i TIEE A B AREBOHIRAR & e Ry R 4
L oA Ly hER L, RIETIHER B AREED LR/ N S R Uiy 2 2 > 7 Ly M EaxR L,
SCO BRI RSN TV D 292 K Tik#MEART 7 M(IS) = 1.058 mm s, WG T-5324QS) =
0.917 mm s! T HSJIRAEIX 100 %72~ 72, 728, Fe(llD & Eond Ao —r nA NS, —F
77K TiZ1IS=0.458 mms1, QS=0.302 mms! CTHSHEEIZT0% TR LSKETH-T=, -
292 K TO IS & QS fEIX S =2 OWFD Fe(IDOFEFHNIZH Y, TTK TO IS & QS fEIZ S =0 OWFD
Fe(IDDOFFANIZ S D 2. ZDOEERD Fe X 2 M TAE VIBNEE TWDH Z ENbNnD, 72k Pt A
14 keV @ vy # % FELLEILIN G 5 720 y BROWRIN A3 K & < |, Fe(Ethyl Isonicotinate)sPd(CN)4 & b5
EZDRDAANG T —OREITEE LA, BUBHEZ %3 < U TR 4 2T TRIE L CTRET ATRE 72 A
N7 M LVEBT,

Fo, AANRTT—OFT =, SQUID OJIEIZI WV CTRIRRF 214 K 205 212 K (T2 TE
e 1 B A BB Z 0 . FIEFRCIE 236 K 225 238 K ATUTIZ T CTAM R 1 B A v iz
BHNEZD, TOERTIVIAN24K THHZE L —HLTWES,

% 7=, Fe(Ethyl Isonicotinate)2[Pt(CN)4]iZ, Fe(Ethyl Isonicotinate)ePd(CN)4 & A &> 7 1 A A —
N=2REINRKELEDLRVOIE, PtAD & PtADDA AL ERENEEAERI L THDH Z EICEE LT
W5, Thb b ALFHEIIENFE L THLHDT, AV VEBIREENFRLCTHL EHLEZ BN S[22],

F 72, Fe(Ethyl Isonicotinate)2[Pt(CN)4JiZ 2\ T %, a soft X-ray—induced excited spin state
trapping (SOXEISST) effect 73, Fe(py)2[Ni(CN)4] & [FIEEICHE = 2 23] AIREMER & 2 DT, Ehriz it
Wi EEZ TS, 612, AEEICE Y, 4-CN-pyridine #HAW=R[24]D X oz, Eipp A
B a ARG — R RN TE DNORFT D TWVE 720, Mn2HE d5 DEFRLEEZFFOZ L b,
Fe2*®# A MZ Mn2% R—7"92 LBEKFEN VL 2 IZE LT 20 OfE b D T & 72 [25],
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X, ST Y X THD 7 2V FUICHIE SN TV AR, A—R—FF T KT =4 T Th
V(0 +) IR VEIL S, MRREICHHS S D [3],
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ZRIZLTWNDZ EITFENTR Y DO D0, BAEMREA 4 OfbF, s et 3k<b
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WIER) B Win vivoERR (X7 T ) TEER) 1K 0 L7 gk biREE (k. #E
BAREEZR &) ZBIFLTWAS, SENE. Fe* & V& FF v &G ie B KERIK T TOO LR EE
RO THET 5,
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C AANRTT =Y MLORE
A, B TR NT-60RERE 2 R OWIE A AT T —3 Wik T, TI8SK TRIE L7z, AS
7 MVORECH D Ry 77—, BIROEBEED A7 M DE T v MRIALEIC L - T
KIE LTz, A AN T =AY NVOFGHT (7 4 v 7 4 7)) X ifilkRD 7 1 7 F T d % MossWinn
4.0i Pre &> TIT1o 72,

3. fEREBE

X2, K312, THZFh, pH84, TOTHHEL L7=T8K-A AN T —2A~T hLZord, [X2(1).
2(3). EB@NIHOX 7 Ly e LT, K2(2), K3(1), K3Q)E2HDOX T Ly LT, 74 vT
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1,

FHXT IR TR (Area)) &R L 72,

2120, HBoNTAANRTT =T X —x (BMKRS 7 R3IS), PUMRSZAQS),

HRIE(LW).,

1. YR, T IVH T DIFFEKIEIE(PH 8.4)D A AN T —s8F X —%  (78K);

(OHFR RS QRS L  3) B RESIEL
IS/ mmy/s QS/mm/s | LS/mm/s | Area/ % | IRTE
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1.28 (1) 2.92(2) 0.66 (4) 40 (2) A Y UAIFe? (IR 6BLAL)

(3) |0465(2) |0.759(4) |0.467(5) 100 A Y AR (IR 6FLAL)

722, TFeX, T IVE F A DWFEKIEIE(pH 7.0)D A AN T —s37 X —%  (78K);

(OB Q)R ZE<E L 3)—BRZE5E L
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(1) |0.700(6) | 3,30(1) 0.33(2) 26 (1) A U HIFe?t (A 47 25 SBUfL)
1.335(5) | 3.087(8) | 0.54(1) 74 (2) R =) S (7 )

(2) 10.686(7) |3.31(1) 0.36 (2) 23 (1) A UHIFe? (A AT 2B SEAT)
1.326 (5) | 3.058(8) | 0.55(1) 77 (2) A UAIFe? (IR 6RE)

(3) |0467(4) |0.793(7) |0.47(1) 100 A IR (IR 6FLNL)
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Z O THIRZER MBI, | A B MFe? (f AT EHE SEUL) ThH A 9, 1S=0.69mm/s, QS=3.3
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A, 72 & ZIEA AU BFITENI L TV D Z & MEE &5, Hamed 5 [4)13 64 THFZE T, 1FIENF)
L BWIS, QSflZE., A4 v, EBRAEENIF & L TEHASEAL TH DLFRS|DOH O L HERI LT
W5, REFETYH, ZJNAZTF AU NENT & L@ A U RIF LSRN AR L2 2 13 TH
59,
pH8. 4D AL KR,/ HEEIRAE & U CRf L7238k (2B L OE1(1) TiE, Mo &7 Ly b
(IS=0.692mm/s, QS=3.319mm/s) & L CTAXT MENT ST, SMEFREN, T2 T4 0 LFEU-D
WTZFe? IRBER | 1F1FE100% & > TWDH Z EZR LTS, ZOIRFEIFEERRE L., H D W IZpHIEDIK
BUZKF LZE TR, IV EF A ZlNLF & LTk @A B U RIFe 2t (BeE 60NL) (b2
FEIZ, R ZE LTV 2 HARMIETH O E 2o 72,
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Production of iron oxyhydroxide nanoparticles by a wet chemical method
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"Faculty of Science, Tokyo University of Science

>The University of Electro-Communications
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L. [ZLHIT

7% L KER{E#kIZa-FeOOH (Goethite), B-FeOOH (Akaganeite), y-FeOOH (Lepidocrocite), 5-FeOOH
(Feroxyhyte) 23 F1 H AL TN 5, FEIZ, 8-FeOOH (FHARA TITIFE A EHFERET, At REETH -
T2z DHER G D7, I 5T, a-, B-. y-FeOOH (F 38N %2 /R T~ DIZ%f L§-FeOOH DM 7 =
U BetE 2 oRm g e EIERICEBREVWE TH D[], — . BT R ORI A MRI, KT v
T VN = AT K EOISFA~OFEN SRR AL S LT D, T4, 8-FeOOH 7/ Ki 11T
BLTHEWL DD 7 NV —T 035 BtA L TRV | BEBMEEZ /RT 2 &N~ IS O e
PEZoRIE LTV A[2,3].

I, $F R IO R EESG SETEET /R BRI R W FER R ST\ D, filz
X DS-FeOOH (2= v F Ve EDOTREE A SED 2 LI L » TOMBHIEHENARKE <M ET S
ZELHEINTVD[4], L, 8-FeOOH 7/ Kif-13Z D F £ TIIAREZETH DD THREA D
BPCAMIEIC TRABMETH Y | FrICHILHEEE SN T-5-FeOOH IXA MR REETH D, 1E-> T,
HBE8-FeOOH (X Z N FE TIE & A EARRITHKRII LTI 220 o T2 T2 OIS Bl B R0 72 < | Bt
MEDH A MIADNREOHEEICET Diimb ST I heholz, BT, #HE LR OME
IZ L DMEAEEICET 2MA b EECIEH 2@ m I T\, 20k, K]LEENLSNWTHE
£8-FeOOH DR /A ik & e R & DI N EE Th - 72,

ﬁﬁimL.m&#lﬁfﬁotﬁR@@{f/ﬁ%@%@ﬂoki BT E DT FIEZ B
HKLUT[S], BN TRRIIERDO T /L0 b/hE <, L AEHYER e EOREPHIFF S5,
é%KMMmH%Jm%@imw%_owf%_hif_@wﬁmﬁ%f%év7x&4%#%
DEHENRBLTH DL EE2HA LT,

AWFFETIX, A A8-FeOOH J / kit &~ T #58-FeOOH F / ki Gk L, ZimAE 1
ﬁﬁﬁ(ﬂM)Xﬁ@ﬁ(M@)rﬂ&ﬁ%FA7727%t\tAﬁﬁ(EﬁMﬁ)%XA?

FIEC L DPEEIT -T2,
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5 6-FeOOH F / i 11X, Milash & H bk DR Cu/(Fe+Cu)Z 0.10, 0.15, 0.18, 0.20 TfE
U7, (ERUEIIMEREN & BALSRAD)., AT N A BT, Kb NV A RERUK
7T A AN ESET- % BT TH D RT DU KERZ 5B TET Lz, D%,

A I U A 40 3 ATV 1 IR ERE 95 2 & TR 21572 15 DT R A3 D Ay B L 7214
KEx:H ) — TR LR 12157, IR Cu/(Fe+Cu)% 0.10, 0.15, 0.18, 0.20 THEHiL7
P TN EZIEI SCul0, SCul5, SCul8, SCu20 &9 5,

S BT, v A HES-FeOOH (3 LRt & MR RIE T, MW E b~ T L35 2 LI
L ER U=, b~ o b8kt Mn/(Fe+Mn)iX 0.10, 0.30, 0.50, 0.70 & L7=, b7z
T2 TN E R SMnl0, SMn30, SMn50, SMn70 &35,

ARk L7280k 1% TEM (H A+ JEM-2100), XRD (RIGAKU RINT2500 Cu-Ka ##), ICP- AES (SII
Nanotechnology, SPS3520UV), Co/Rh #Jf % FHN 2B % 2 280 7 —3 I L0 o8 LT,

3.1. S5 4 8-FeOOH F / i1

TEM & (Fig. 1) TiX. ZIZ4 10 nm LA F ORI &2 FF O -0 BIZ S iz, SHOEEN/NE
WY TV TIIRIB N A FREL o7z, 61T, EDS (Fig. 22 k- T, i L gkt 7 hicAr
ETDHZEnmhot,

Fig. 3 |2 XRD JIEDOFKE R %59, SCu20 (X, ~ 27 ~~A I (JCPDS Card No. 25-1402) & 4@
(JCPDS Card No. 4-0836) TH{R SN TWD I ENyhotz, BROBEERHE X TV IZo2NT
(SCul8, SCul5, SCul0), §-FeOOH ® &*—Z7 AHEL L 7= (JCPDS Card No. 13-87), ZiLFih ' —7~
DHAEMERIRNZ EN D RPN S 72 Z PR SN S, £7o, EEHEZ RIR IETROTHR,

SCu20

g!)ﬁm-

3
4 24000 |

Fig. 1. TEM images and particle size distributions of samples
SCu20 and SCulO. Fig 2. EDS spectra of samples S20 and S10.
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Fig, 4 Relationship between Cu/(Fe -+ Cu) molar ratio for nanoparticles
Fig, 3. X-ay diffraction pattems of SCu20,. SCul8, measured by ICPand the starting material.
SCul5 and SCulO.

SCu20 1%, ~ 7 ~~A b : &JE# =96(8):4.05(16) & 72~ 7=, —J7, SCul0 OEEIL, §-FeOOH :
& @ =98(17) : 1.76(15) & 72~ 7=, BEENLE/N (BFEH/Fe)Z AL »7-& 2 A, SCu20 T
13.0.053, SCul0 TIE 0.025 &72 o7z, Ziid, HEMEOHA A B TeEds LTitd 5o
JTCIEARNWZ EERLTVND,

Fig. 4 |Z ICP JIEDFERZ T, Cu/(Fe+Cu)DMEIZHFHEME D LV 20%H % 72, ZiiX XRD
TROTEREHFEL Y 20, o T, v 7~ A FdHDHWIS-FeOOH IZHIN R—F I TnWHZ &
DIRE STz

SCu20 D A AN T — A7 kL% Fig. Sa g, £z, 56 7c/NT A —F —[T Table 1 [T/
T, BIRTIE, —2OX 7 Ly MRS, ZOXT Ly MIR I L AFBIEICED b
DEEBEZLND, BT, BEBMEOHIEEZHA LT H72OIKIBE(TK) TA ARG T —AXT K
NOREEITHTZE A, 3RO 2T v "BERIENT-, ZD 3D/ T7 A —%—ZLIHI
D7 =74 b 7RO HDEIFIE K LT2[6], 3T DOFD 2 AT~ =7 4 b OMHE A
A by JVEAERY A MSxhis U, WNESBES /NS 70 3 D HORIE, T/ k-2 1 O 1 K KAl fk
THEZEZBHILDH[6], Fig.5b 12 SCuld DA ANT T — AT MLaERT, BETIE, 7Ly b
R PBl Sz, S5, KR K)THE LA AN T —AX7 MLVTIE, 20087
ATy MBI STz, D O IELARTDS-FeOOH F / Ki{-D/3T A —H — LIFIFRE L Th-o
72[5). ARTOHFFE T, BB 23/ S 7254y (i) (3R 7O REICH KT 5 Z 030> TE Y [5].
A RS BT b (R A 23 /L B 7z,
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(a) SCu20 (b) SCul10
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Fig, 5. Mossbauer spectra at different temperatures of as-prepared samples (a) SCu20 and (b) SCul0.

Table 1 Méssbauer parameters of S20
Component 0 _ AEQ_ H r _ Yields
/mms™! /mms! /kOe /mms™! /%
293K (1) 0.34 (0) 0.72 (0) 0.83 (1)
7K @) 046 (1)  000(1) 536(1) 052(2)  43.0
(ii) 042 (1)  000(1) 512(1) 052(2) 382
(iii) 038(2) -0.11(2) 482(1) 054(6) 188
Table 2 Mossbauer parameters of S10
Component d _ AEQ_ H I _ Yields
/mms?  /mms? /kOe /mms’! /%
293K (i) 039 (0) 0.01(0) 345(0) 1.09(1)  61.0
(ii) 034 (0) 075 (1) 072 (4) 390
7K () 047 (1) 004 (1) 533(1) 062(3) 603
(ii) 045(1) -0.01(2) 498(1) 065(4) 397

Relaxation time T =2.1 ns
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Fig. 6 I[Z/ERE % D SCul0 & 1 4 AMZER
FCRE L= 7 e XRD HIE DR 5%

7Y, 8-FeOOH HIRD ' — 7 1%, 1T L AEE =

LA R S 725 T2, LLRT O T 2 OBFZE T, g {ERLIE

8-FeOOH 7 / Ki 1T Z=EX P CIRET D LK )

XSRETHZ EB™ShoTNB[SL, LinL, =

WAEASED - LICE D, 5-FeOOH F /4 &

FRERAA B = & Iy inote, % i
LIRTOF 2 OBFFETIZ, 8- /Kb gk =

DAY FesO4 DERILIC LA LD TH D

: L«Cl]\ 50 . FIIF IIIO L 1 . L
EERIHLTRAEL, D%D, Feleho, 30 32 34 36 38 40

BT D 2 D8N 3 Mz b3 BRI 6-4 29 / degree

KR LERICE LT B LW B, — ., 4§l

DEENKEL 1D L. 2 ORI E AR
b5 LIZL D CuFe™0, k725, 2 gk Fig 6 The Xy difftaction pattems obiained flom samples

INTELE L7\ 0D C A% LK IR ik s A & immediately afer preparation and afer storage in the laboratory under
v, o EE DDV ES T, air for one month.

Cui<Fe'x\Fe™04 & 720 | 2 fli DR YEIFATIC

BIET B L EZDND, 202 lOPNAMIIILT 5 = & 10 X 0 A EE Shiz 4% kB
BBERESND EBZBND,

32. v 58-FeOOH F / Rt

Fig. 7 {Z SMn10, SMn30, SMn50, SMn70 @
TEM g% R%, T XTOH 7L Tr =Rk
Was L, E£72. EAED 100 nm 2 EZOFHIR
RirNEF-TBETHHo T,

Fig. 8 | SMn10, SMn30, SMn50, SMn70 ®
XRD HEDFERE T, T_XTOH T LT
§-FeOOH O &' — 7 Z il L 7= (JCPDS Card No.
13-87), F£7=, &~ A, ~UHUBIEW
TR S 2o T,

Fig. 9 |2 ICP JIEDFEREZ T, Hoi
Mn & Fe OHITHBEWE DL & FJE L2V ME
T o7z, XRD TlX5-FeOOH D &*— 27 DA
H &Ntz &b, 8-FeOOH (2~ Vs K
— T INTWDLZ Enghote, £, TLE
ALOFIKIL SMn10=5-Feoo:MnosOOH, SMn30  Fig 7 TEM images of SMin10, SMn30, SVnS0 and SMinT0.
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Fig 8. X-ray diffaction pattems of SMn10, SMn30, SMn50 Fig, 9. Relationship between Mn(Fe -+ Mn) molar ratio for manganese
and SMn’70. doped nanoparticles measured by ICP and the starting material.
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Fig, 10. Mdssbauer spectra of manganese doped samples obtained at (a) 293 K and (b) 3 K.
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Table 3 Mdssbauer parameters of manganese doped samples.

o AE, Hi I Yields

Component /mms! /mms! /T /mms! /%

293K SMnl0 (i) 032(10) -021(58) 49.0° 0.83(126) 42.9

(i) 037(1)  0.70(4) 0.70(8)  57.1
SMn30 0.36(0)  0.75(0) 0.74(1)
SMn50 0.38(0)  0.79(1) 0.75(1)
SMn70 0.380)  0.81(1) 0.71(1)
3K SMn10 0.50(0)  0.00(1)  49.0°
SMn30 0.51(1)  0.01(1) 47.1°
SMn50 047(0)  0.00(00) 46.5°
SMn70 0.47(0)  0.03(0) 45.9°

® Relaxation time T= 0.3 ns
> Average hyperfine magnetic field

SMn10, SMn30, SMn50, SMn70 D A AN 7 — A7 kL% Fig. 10 \Ixd, £7-, BHoi-
RT A—H—F Table 3 (2”7, RIETIX, #7 Ly bBRBHISHTZ, ZOX7 Ly MIR1IC
EHEFEHMHEICLDbDOEZEZLND, SHIT, KR BK) TAANT T —AXT MVORIEZETT
S A, WEBS BBl S L, S Bz~
VO R—TRICH L TN OMEITNE L ot S I L L A

Fig. 11 IZNEBIESS D5l & ICP TR e~ T &
BeotbE o7 my NEIRT, WERES; DRSS O
XEMRATIERNZ ERRTERD, L, v R
T AN R—=T LTV b, WEES OMEIE 0 12D
LIEFTHDH, ZORELD, v 138-FeOOH (T %}
LT, AT R—7LTW\W5D Z L AVURR E T,

T2 M E 3fiEE D D B, Fe?t & Fe' Mn?t
EMnEANEDL I ENTE L, 208k~ T

The average of hyperfine magnetic fields / T

NEABIZEILT A iIck v~ HonEdsnr 0 0f1 ofz 0f3 0f4 ofs 0f6 0.7
§-FeOOH NE S5 LE X v, Fig. 11. Relationship between the Mn/(Fe+Mn) molar

ratios of the nanoparticles measured using ICP-AES and
4. fiiim the average hyperfine magnetic fields.

BECIVHEBI O~ Ao RNEEINT-
8-FeOOH 7/ Ki ¥ = ER L7=, $ADLEIT, OB G2 BN EIEDH Z LT, HEE~ 7 ~~ A1 b
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Lt 5 6-FeOOH #1572, G oilcF / FiFIZERIR T 10 nm FRE DY A XThH U | EEMMEZ R L
oo B ONTT JRFIIRA T TOHORETHD Z ENnhoTz, #iEES-FeOOH |E 2 i D#kA
BIICBET D LICKVEREND EBXBND, —H~v U DAL, v~ T DEIFIZE
59, TXTCS-FeOOH L 72 o7, iz /hiidv =RigSECchoTz, ~> oD R—7&IZ
%t U TR OEIZ/ NS < 7o Tz, 2 H 138-FeOOH (2% L C, RATMIC R—7LT\nWAhH Z &
DR STz,

5. 27 ik
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Precise Magnetic Field for Neutron Electric Dipole Moment Search using Ultra-cold Neutrons
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1. IL®IC

FHIZBTOWEAIRKIZIE, CP X FMEOMIL, BIH IE R SRR DRV L B SNA D3, FBRL1-
Wy EL S OFEUERRR (SM) 28NEL 9% CP DAL CId, W A& RS D304 FEX R (A %%
BE 7 A NI L) OBBIME 6 X101 2 TE/e0, REEHRZAHA T, T ORER T — A M
SRS DIk TH M B SOR 7-HESE (n-EDM) (3 A3, AFRD n-EDM [ XIRF[H SRk PR %
W%, B s FrE 25 n-EDM 1, SM 282 28 B ORGEICAE I THY . WE O ARk Ok % fiF
<HEPESTNDHEE 2 HIL TS, n-EDM IOV T, ZHIVECTHES R @G B OS2I ILL Tl i+
(UCN) Z W=D T, 3 X102 ecm O _EfRMEE 52 THD[1], SM B2 28 ELD 2<1% 10Yecm 2
FED n-EDM Z & 5728, HIERE DO 10150 1m ETHRIEBLHIIS VD I BEMER N B D,

n-EDM OH|E TIiL, UCN Z 5w ZBACIAD | KR 7R R s THCHIME 1AL O5% 25T B 4 ks 5 LI
9%, L2235 T, n-EDM OFREERIEIZIT, UCN O R EERRE, FE SN EE 75, Foxid,
HEIEN VY DR TOT 4 o E G E VT A— "= —< L EE 2 —var e feas 7k
\ZRHA G H | UCN % 26 em™ O & E TR EAK T HZEITHIILIZ[2], LT, UCN AL Djf A2 1E
B2 T LB — A TEIIIL (3], SOICEBELER T 28O UCN JREZ B TH 5,

—RRPEMFEATRVES T CAL UARMRL 72 UCN 2B 5L, i EE B O AR LD > TAE L D
RERRFN CIRAREE D T30, MEHE E A2 B LS5, Tz, #E v TOEIHNLY, T E D v X E ORER
BmRAEL T, IE— R D DL DRERy EFE F o TR ZEDNARIZ 2R DR % KT 3, 2B 2D DR
D RZFEANG T D TIRITHAT T D8 FHINL A ZN R (GPE) &I XD =10 EDM ZhRAFE A
L. RrE A2 A LS D[4], 2078, BIED n-EDM OF5E A 25 107 ecm @ EDM HIEICIE, 1 1
T, AR 0.1 nT/m LU T OKGE — RS DS LB T0 %, A 18], KGRI D720 FFIZ 40 u T 12 R5H!
WK A XU O LT DEREER ES AllZ B B AICHIE T2 BEMHE S AT L (7774 7 RS — U R)
LT,

Compensation coils
2. %% Coils for y axis
N ;

2-1. —FERSSE DA RR Coils for z axfs

Fig. 1.1%. UCN #[LiA%H% EDM &HasNIZ, 1u T, LN f
AL 0.1 nT/m LT R — KRGS & (E D720 DR e 2L
X?‘A/ﬁﬁi@fﬁﬂiﬁ%ﬁibfb \éo Spherical coil % 77

40 1 T I2H EABRBIRAS L, SIRTTMifE S AT Ak Ao pdmel sl b
D, 107 (Bl H b A H T, o, AT OREGUER e
I2&D 104 OIHIRE RIAATVD, ZRHIZEY . ik
WX, 10 pT LLFIZRAEHFFTED, ZD IO
TEVHI L7 By NIC, BRI cos 0 A /L C k7Y

SRS, éi&h 1

2-2. HENBRERSGREE S AT A

MR, AR CLE, KRy, SEIAIT &, 9 Fig. 1. Schematic view of the present system
30 j T, %@ﬁ%%\&i ff’ H jl;_%ﬁzéf \:z}’ulj]‘[‘]z? = for the homogeneous magnetic field with the
BREPICIL, RSB, B, <7 0 MaE BEA UON transport line

UCN

Coils for x axis

=
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ISR VR DD, Z DT | DB T IO, BB T CI3R BE AR AR > T\, S
HITIE, MR B & ORFRIEEN N2 BN OBRBEMSIIEH LT, Z0L57%, SAEFD,
S E T AR BRI A H BIRICRIE T A AT A5 E LUK L,

Fig 2131t (x Hl 7 10) ICELE L7 B BIERBERIGHIE S A7 A0 Th D, 4 X4 X4 m® DRES
BT ETHREDS AT LD 12 A — )L ORNEL AT LT, 1.8X1.8X 1.8 m® DREXAHo, EEI
.y e z FINShREBEOS DN AN FITe 723k T AT DERER 5, 1IRIES AT AL, 20 [A]
BEOEFTEAANARDNGRRY | KOIKATRT LT, 0.9 m RHIFETHE (AL LRV RLE) Siv7e~
VLR IREE ZIVEDIAVY 1.6m @ CEXiES-, HE TR TARIA /L TR TR T
HT %, ~V A yaf g, [ RN LT BRI L) — Bk SG 2 £ R L ARl A WX BT
NI L7 ERIC L | M ARl D S A AR T 5, Gradient Coils

0.5X0.5X0.5 m* OHIPHIZED N TR E (X
AR ORENT- M BRI 248 7E L, x fili7 1
AT T2 B DA —% x il 5 A2 0.5 m B
LCRE T %, 20Kt —I%, B RBESIERT
(GMR) ZRIH L7z —T % 01T OKEL
IEREE RO, FEIOBIGMHEAITO XL, ~L A
RV ALV THIT M ORGZRAEL, 26D b g
—DNIEA 0 T ERDIHNHES D, -, 2hb
T A —DHEN 0 u T 5L AR M e
Y, HEEZ1TO &%, Fig2. (RT3 X912,
2EBEDELF—DLDEBEDOREEL, DC T 7% Coils
LT, ~ bRy afive Afdaf U 4a L.

BURBEOBE AT, 5 RIOEERTIL, F1DfF 5D DC Amplifier |

ARBOTANT 17, ZOREEZOFA1T 4 Tho

Teo TAVDEIL, B = bOBGO(E 5 AN Fig. 2. Automatic compensation system for
BB LGN RO TER LT, environmental magnetic field.

DC Amplifier

.EREER

Fig. 3. DRZ7eHILIE, EBREBENOBREERIG D x iy DA% 7, x il ORE~DEENRNE
9. BITITHIER CTELD y il r~13 u T & z il ~26 1 T %, TEICEaICMHifE L7 (UMD 418, 2
BLOME AT TRV, ) o KD BEEERIED x Bl iE, Tl 200 T 2%, -8.7 u T/m FEED
W ARl A R LT, ZAUCXLC, x 0 B B EZ @) 7355 OB AL, RO/hS e IO X
NTp o7 FUDESSIE 1 u T LN ET T2, 1
W ABCIE, -2.2 u T/m FTIALIZ, O M 30
UG AL 20| RIL, ENE oA lRE
ROME /17, O 1/4 LIEE—HL TN,

WA x Tl 7 O . x=0.9 m 2. H9 1 ROFB
A VEFRE L, ANARNT x il 7 A Al %
FAESET, ZORER, BiG AL, ROKE/RE
FHDEINT2Y | BEABLAS -15.7 1 T/m & 215%3E<
FCTHINL 72, ZHUSKRIL T H Bl fE 2802
LONERBIDINT 42 u T/im TTREINT-, -10 . , . . .
ZZTHENHIRITARER O —E L TW\W5, 06 -04 -02 0 02 04 06
FORWEIFIRE T IIE, WEMERESL [ B4 A% Position X (m)

TTHLN, BRFRTIE, AmEOS 12 EFD _ T
LHARET S, Fig. 3. Magnetic field distribution without and

with the compensation system turned on.
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O HEMHE S AT LTI B O 34Y . Bx, By, Bz & TNHDAELOX LSy, 0 Bx/ 0 x,
0By/ 0y, 0Bz/ 0z BaETHIET D, Lol WGIIFRBER, §7006 0 Bx/ 0 x+ 0 Byl 0 y+
0Bzl 0z =0 OFIENRHY, ABLIE2 O ETHIETIILIEY D1 OITHERMIITR ESTLED, DT
D, A BEIDOEBRTIX, 0By/ 0y &0 Bz/ 0z ITEBITHITHL o723 SR ZOABLAESHIEHTHDH,
EBI2UE, 3ODIERFRLSY. 0Bx/ 0y, 0Byl dz, 0Bzl dx ZEDIINTHIETEONIES HORETH

%

B SZICOWTE, 5% D

HWETHD, 2LV OH CFEICIDISER ML Ims FRELSTESH, &

Y —DINERERED 1ms OFLE THHD T, P 60Hz DG RY 7y OHIME IS Al REMED D,

4FLYD

A RIBIR UT- H BIERBERIGMIE S AT 2T, BREMSGE 117 1R BiGAE%E 1/4 STHEMWE TS
ZEITEEI LT, A%, ARIBEO T A & ESE, 107 OMilHRZ BHL, AUEfbEHLE T, 1u
T. AFL 0.1 nT/m OB —KERS 2 ER T 5, table 112, Fix O BHEL ILL O EBRSIA LT, 3
R DU, B UCN JRIZT 800 cm™ DAL ARt UCN % FEL | sk A= OBLHIRE 200s % ORARE
80%% K T AUIE. n-EDM DFEFHRAZE ., RiftatAZld 107 ecm LA FIZTHIENFIREIZ/R D,

Table 1. Comparison between ILL experiment and our plan.

Prol (N <ppol) P tc Field Gradient Stat. Error Syst. Error
Our Goal | 800 ucn/cm’® 80% 200 s 0.1 nT/m 02x10%ecm | 0.7 %10?% ecm
ILL 1 ucn/cm’® 50% 130's 1 nT/m 1.6 x 10% ecm | 0.7 x 102 ecm
References:
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[2] Y. Masuda, K. Hatanaka, S.C. Jeong, et al., Phys. Rev. Lett. 108, 134801 (2012).
[3] K. Matsuta, Y. Masuda, et al., Hyperfine Interact 220, 89 (2013).
[4] Y. Masuda, K. Asahi, K. Hatanaka, et al., Phys. Lett. A376, 1347 (2012) and references therein.
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1. 1ITBIC

ERMELOKRBHEMEIZIE MO NI Z L7208, SR KRR TFOEHBEORBESICE Y, KkHE
JE - DPEHCH 2B 5 EBRINT — X IIRE SN TN D, ZOBIRIZH - T, KFEZHEREHS
FIHL, =X —F L L CTHREBKBEZFHT 28R H 5, —MKIC Al-Mg-Si ALK HE M
PEIZEN TV D2, @R Al-Zn-Mg Gk FEHatEZ R"3, RMFEOKRKEBEMIZ, I 240X
EURRAEZ G L Al &@ O KER 1 O E & LS Eh 2 M U, AKEMat: 2 345 L
N FLEERRTHZ L THD [1-3] Al FOKFEFRFZHEHOWTIE, L < OBGRIIFRERH D |
IRBEATIE A ZE L & )b 2 TER LI AL EICHE S D LIRESN TV DH[4-6], —J7, Al DI
2 AU A URRFIFEBRTCIEL, BIEAMATCTEI 24 1id, RFZELOH 5 WEAMEICHES LD &
WEESNTWA[1.8], Lo T, Bulih 24 v A UEMERNS, Al TOKBIRANEZIED,

2. EB

R a2 AU AE RIS L, RIKEN-RAL < =4 VU fiiig%, 3 X OVC MLF J-PARC TIT- 72, HIE
TREFPHIT 20K 25 300K £ T, REHEEZFE LR 5, 20K Z EITEM ALY hLT —X &I
L L7, 1 OOREERICTIT D0EFBIIEHA . 20-60 million events (ZE > b L7z, Z 2T
95 EERBUEH I, HEE 99.99% Dl Al(base Al), #i AlIZ T T A~TF ¥ —VIEICLVKFEZEZT v —
¥ L72#UEHAI-H plasma), 35 L OVEEMN TIEIZ K W IKFEZ T v — 2 L7723 EHAI-H spark)®D 3 FiJEH T
Hb, ERFNELHHT HFIEICHOWTIL, CHERZE B BIE 72V [9-11],

3. RERLEL

L2 AU A KRR, BEH 27 O AR (FAL: BRIFIEE~100%, A E L =512) O
WRE—A L NI ad U AV VR E—AY MOFHAEEH L TAEL S, KERTDI =24 ks
2T, BFENEICRELS 2D, AV UREMPEZ HI2E, 240 Dh DA MMThHiE
SNHVENRD D, BhE D I 24 E, VWi % motional narrowing 5T, A B U2 2 S
W ERGET D, Fig.l 1%, base Al & Al-Hplasma CEIHI L2 B oI 2 4 U A R AT K
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VTS, BEERE 200K T, 2 SOBHTRRMARICKE 2RER TR, LvL, B 280K T
I%. Al-H plasma TH]HITREFRNPRE WV, I NI 24 U PAKRRRF L bHAFEHLTW
HEEZOND, [FAERZRMIE % Al-H spark THAT- 72,

EBCHEIM L7 A2 ~L % Monte-Carlo ¥ X = L — 3 3  CHiEHT L72[9], Fig.2 1%, #%Ffn0
@®ﬁ§%k®%ﬁ%f%é AL 20~200K T, 3 SO TREMEICR & R T 20, L
ML, 2aAUBEFZELIC T Y T ENDHEIRMT TR, BERERND D, KFARNBEE
(TDS) T/KF I 2 A L?Lx_rf‘i‘% F& - TINLIE A S 72K SRR B 1, Al-H plasma C#YJ 30ppm,
Al-H spark THJ 10ppm Tod 72, Fig2. OfERIL, KFREZKMRL TNDHZ EZ2RELTND,

AWFZEIX. BUFE: (JP18HO1747) OX4EAZ T T\ 5
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Fig. 1 (left) Zero-field spin relaxation spectra observed at 200 K and 280 K for base Al (black
marks) and hydrogen plasma charged Al (blue marks).

Fig. 2 (right) Temperature dependences of dipole widths for base Al, plasma charged Al and spark
charged Al.
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1. Introduction

KB AR — TR RO =L —JREL THIRFS I TERY, DO KITIE, REDKFZ /W
Wik - B FTREE T DK BATBA B O MBI L END, /~TV T A (Pd) 13, HiR, ®IEO/KFETTH Pd
JEo 1 EICRILAY 0.6 D DOKEIR T (H) 2V 2B KEBWRWE THY, F-m o iifbie 1%
HOZENBAFRERUCLFHESN TS [1], Shirai HI%, La-Ni #2X° Ag-Pd SAKEBWHEA L HOBE
FFFEAE I LD TE 2 L, KRB - i YA 7 B W TR 22 LS EIE S AL [2-5]. LaNis
WZBW T A ICHE CE A KFEOEIME T T HIEERL [6]. BUEERIRREIZRB W T it & e
FRBEK B MMZEFLICI 7y 7SN COA RTREME A Fe R L7z, $£72 Fukai 5% Pd <° Ni ([ZEBWTEIR - H7KE
[ 172 E R 2 BREE T C ALK B A RN L RTINS D AT REMEZ R LT [7-9], L L7z
MB, ZBAL—IKFTTAS—D L7 R FTIRIER AR D EHEREHU L E7ZE TR0,

Tahr EEMPELNIEI A T - NG CKEOBWRENAKEL TIEDED, 1 oI=2A4 13
FEIRE R 7 0 —7 LU CEiE | uSR {EIC KWK BB SIS D R T2 E 528 T, Pd FKFE
DRPFTEEEZRE T HIENATREE 0D, B E T REGSG T2k W T, KFEE H Thbbrrh b
O BB~ FH FLAEF SR T O BB/ LR L 2R 0 24 AR AR & 5| S 2§, $EfAT K
LINHI A RO K EDO K FAEE , 307 Pd F/KEOFFTHEE T B RN ESND, &
W35 T CIHMeE B DAL AR KT 2035 DO 7 AL RS2 N EICBITAY 7R (F A7
M Pd HKFEDRFTE FIRIEZ L T= 8705, ARTOWE T, AKFBWEEZ M2 &3
HF AN T N FR O BT BT A2 AR LT [10], Fex 13, Pd (81T DK E W - i HaE R
BWCTELLIE-KFZORRELE, ZORPHEEEZHLNCT52E2 BIEL., KEBEREDH DO T B
\ZB1TD Pd O a4 AL ARFIIEL T A7 FOMIESE J-PARC, BAF-RAL 33X TRIUMF Cf 7
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2. Experiment and results il
2.1 uSR spectra during hydrogen absorption process

Pd ~DI/KFZ WL, BT+ — (EC) a:otéjﬂza%:&of:o
Fig. 1 lTR7 X9l ’a:ﬁﬁﬂfﬁﬂfj RO Pt % 1EHE, Pd £ HRIC K%H’CTaOlH.
L. Pd REIZBITHEIEELR 0.1 A/lem? TH {}m%{/lubﬁo ll;—;! ll;_-tl or Nat solution
Fig. 212 EC MWIZLD Pd H' pSR AXZMLVOEALDREF %=
o MTEIL TRIUMF TfTo7c, PRl (ZF-pSR) IO LAMPE b | ghematic view  of the
EEAsRgYy (HTF-uSR) H D NuTime D 2D A7 ki A— K % [F] IKF electrolytic charging process into Pd.
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ZF-uSR A7 MUTIEE A EREFIERL TRV, : (XL, EC ICX0FRFA AL, [al#E EiHITD
AUCTREFIRL 53 D fraction 3K ELRS>TUD, 5 T IZBITFHIaA L A (AR (HTF-uSR) @ FFT A7k
SR, BC (ZXD m AR BN 77y’ — 7 38 %ﬁﬁiﬁﬁﬁ CRATOTARE BB D& — 2 D3R % 1 Z3H
KL TR BUAIS LT,

L EDZEND, Pd ~DKFEW B FE TOKFZITHOWT, NLREBIZHD o FIOGUEAET I ZHEN
T B HEDTEREIL, KT D HhpE
DEEDZ LRI AV A AR

FBEL, bxo)%ﬁﬂ%a_@mmi Fr ZF“SR@SK@MM SE ::F s @ST@MIS,:
WEICLBERIEL T Abs 2

7]\Z)§:}’V/7 Lﬁ_&ﬁ¢$ﬂf‘g‘50 'é— Dl: before EC : 1:_ :

2B, pSR 8 Pd HOKFEOR 0 s BRI OPOr=g) s

FTIRRE D2 A2 AT HiD A T 02k BC2h X1 SgECZhX 1 E

0. EC ALERAAEHEIITOZLIZLY I e

KBNS D ZEDNVRE 81 A

NIEE XD, WIHTOT A 7K B giaseanns Ui, it

ZA O ERL R RIS g pEeanx2 ’

2 [10], B EDOHE Pd OFEFREL B 2 1

<—FHLTEY [11,12]. 7 FDJF

iE Pd O d & LISIAEICE 5 et x 1

5 s D s-d IBIZEIALDE 25

EzoNn5 [12,13], KFEWE (EC) L

WXV F AR T MTIEICHEEL IR of L

676.5 6770 671.5 6780
Frequency (MHz)

ZEOFIRFE—EEE LD, T A

V7 MTEED B-PdH, (x = 0.59-
0.86) DFER [13] I MEE TR L Fig. 2. ZF-uSR and FFT of HTF-uSR spectra in Pd during the hydrogen

THY. AT BNTE EC 12k absorption process by means of the electrolytic charging.
D BHHDIZ RS TEIZLE A D,

2.2 Local structure during hydrogen desorption process
a2 FAR T MIOWTUIEIR TORIEIZBWTH Pd FOKFEDISLIREE (o F0) 2>, FB22REE (B
) (IZHDDDHETELITHLIEN RSN, TNEHRIEE L TOKEWE% D Pd FEHI DUV T
7e&Z A Fig. 31T X912 EC ALERE R THI 6 7 H B L 724 T FFT AT MURIEE AL 2L
LTV, ZudD, EC I L 72K FIXIZEAL Pd FUTEEY B fHERS> CTODIEDVRIESIL
%)o *ji KRBT AD DRI L T- 3556 135 B FREE THRITCL $9, EC #UEE 400 °C TRESLL 72454, 7K
TUTHHEAL FFT AT MU Pd ERIERIC 72572,
ULOED EC #EHHITIT=EIRT iﬁ&méﬂ%tﬁb K FEDFET DIEDIRBEND, PR KFEDE
PERR SR FTHEIE IZ DUV TR D726012, EC ALBE OFEHT -DOUNT, BESIIR B & Jik /K S8 2 o0 BALR kot
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Fig. 3. Change in the FFT spectra in Pd at 300 K
after hydrogen absorption.
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Fig. 4. Typical ZF-uSR spectra in post-annealed PdH; .
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DAY RJLIE Apg = 0.016 us™' & L7z, Fig. 5ITHIHKFER ox & fitting (2L VRO r (12O
T, BESRE OB T v v M LTkERZ R T, EC BLHIED R 53 EHZ DN TN D0 JIE
LIzt TREMRBDIZOWVTRL TS, WTAOREBBESIRE 100 °C 2l 2 72340V 7> Bk
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ZRL TS, K72 Ax & vOiERIZD
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IE—EfE ~0.22 us' ARLTWVDH I &0
B HHEEFRIC BV T S KE O R TR &
X OIREEZ R > T D &b
%o An DEIZOWTIIHERL L 7=#F2EIc &
YV 0.24 ps™' [14]. PdHo7 (22U T 031 ps™
[15] E WO ERHRE SN TS, v IZD
VNI ZF-pSR O RIETREE (5-200 K) D
B oRE vy b LT, BESEEIC
EOFWRESTIBEEKRFEZRLTE
V. An DFEFREFRRIZI =24 B E—D

1.0_----|--'-|-"-|""|""|""
[ ! 400
08f & ¥ :
S ¥ E
g 0.6F @ X 3022
S L ] S
g ? i 0=
® 04 E
=t X Jo4 &
= L[ r & o 1 =
02 | o x EC8hx3 ]
[ Lo x Ecanx x 106
0'0....|....|....|....Q....|....-
0 50 100 150 200 250 300
o
Tanneal(c)

Fig. 5. Typical result of fraction r of relaxing component in ZF-
puSR spectra and amount Jx of removed H in post-annealed
PdH..
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Fig. 6. Typical result of field distribution width Ay and fluctuation rate v deduced from ZF-uSR spectra in post-
annealed PdH..

BREETIZWD Z 2R L TW5D, v OIRERFEEIZ, SIBRITT L =7 2D exp(—E/kT) (ZHE
VD, IEM = RV —IZB LTI PdHoq07s TR DAL Ea = 53 meV [16] Z# X< HHLTWDH, »
RV, Pd FOREKRIZIKENBELELIIRE, TR0 722 —%2ERLTEY ., DR
EIXBHHERRTH D Z LR RIS LD,

3. Conclusion

Pd ~D7KFEW i - BRI W T, a4 D F A R 7 MRAE UARFIAAY NHIE DK FE D JRFT
REERRIIEF A7 P CHDOZEDN AR I RSz, BT v— LI E . BIR T/ H
WS IVRVVKEDFET DI ERHONNIRY O /A& XM IV SN D £ T B FHEFRIER
DIRFEE RO HET DB RBT AR R NGO, Flo, AWFFET/RUTZ pSR IZLDFIEIT, oK FE
W B4R IS H I H FTHECTHY | BrizZebt B EE L CO R TX 5,
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KRB SO AT IAIC 3T "Cd TIME L7z CAO ICHME T2 T 5 Z L Ic X o TAER L
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KISS / MRTOF D ELIR
Present status of research activities using KISS and MRTOF

BT RV X —NEE e T R R v 2 —
HERFMH, KISS/MRTOF team

H. Miyatake for KISS/MRTOF team

Wako Nuclear Science Center, High Energy Accelerator Research Organization

1. (ZL®IT
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Separation System: KISS) DI [FFIH 217> T\ D, & Z TIThoiT 1°0s DA FEBR OB E, #E
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Fig. 1. Resonances with In-gas-cell and In-gas-jet methods.
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Fig. 2. Predicted fission barrier height® and KISS research
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MRTOF. (a) Setup for

performance test. (b)

(a) Setup for performance test (c) Photo

Measured ToF - Energy

%_TOF correlation of
6500, f.|...|...|. AP RPN HP. N IR BRI RPN B . .
E (b) T-E correlatlon 24Cm(5804 keV) :22 o—particles emitted from
— = < 244 237 241
= . 140 Cm, 23"Np, 21 Am
£ e 120 sources. (¢) Photo.
C 100 .
> Fe - 80 Observed time-
) u
S - : 60 resolution is enough
-+ B'Np(4788 keV #1Am(5485 keV 40
4000 £ e ) ( ) 2 short as 251(7) ps for
3500 1671620 22 24 26 2630 32 84 © further mass
ToF [ns] measurements.
Decay meas. g i
Beam/Beam (b) KISSHLN!RTOF System Mini- MRTOF, )
Ll ) -~ ds SHegasieallion cooler = N

s |

Mass meas
KISS beam

(a) Beam switcher

Fig. 5. KISS-MRTOF system. (a) KISS beam sw1tcher for the mass/decay

measurements. (b) Photo of the system.
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Precise NMR Spectrum of N in H20 Measured with a z pulse
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1. Introduction

ES R ES Sl ifﬁile:@7ka:ﬁ BIAATEFMEE PN (I=1, Tin = 11 ms) DK I (NMR) A7 ML
BEZIT [1], EBITEAE L T=1/2 D N (1= 1/2, Tin = 4.173 ) IZ2OWTHIFIERD K (H,0) BL U=
=5 % (CH;NOz) H D B-NMR AT MUAEIZEREN LTz [2], ZAUSED RIS AR LA A D3
BT DL FRRER SR eV o T AL 5 B b BIE LT 7 AR AR R I T R D AT REE DN LS o 7, 1
= 12 [ZED I EME— A MR VNI, PN RAY 8RR 7)1 2 M2 ERL B
B OXEPH LG 5 ENWIEERLTE [2], £72 "N OIFIKRT DO NMR AT MLV OBIEIL, I = 1/2 D%

TERE N OGA LRRIEF I ZEN R TE D720, PN KRR E IS L= 7 r— 7 Th
HES 2D ALFRFIEIZIE ppm A —H — @**f”ﬂl:%/7%5%;@“5%%5%57‘@ oz X, B-
NMR JEIZEBWTIRIEZ L D@ BSAXZ MV ERIE TEL HEEL T, n 7LV ARIZEDAE VX
Rz F 32 5 ka2 Tz,

2. Nuclear spin flip with a z pulse

Fiis Bo DT 7—ET JAEE wo (= yBo, y 1FWEIALL) Tk 2EE) T O KE— AN p ikt
L. By DF 0% z BlZH -7 & xy HNIZ wo EE LW EIR B O RS Bl ZEIINT 5L, wo ORHRE
R T p L By OJEVEEIE o (=yB1) TREAEEBIL, p O z BT w(f) =u-(0)coswit \ZHEWIREN T
%o B1 % ot = m 7o 3R ¢ TUS, TR BRI t = n/wy 7V A RF Wil (n 73V A) &
FUNT5Z&1280, p & By IZHKL 180° MRS DT LN FIREEL/2 D, BRI ML & 58 tr K T D
D, [EHH D NMRBE 1T 5 01 IZHARTH/IIW BIS o011 > 1 Zic T 5610, nr L A% H
L5415 B-NMR x&%/va)ﬂ‘/ﬂw“fotb%ﬁsﬁ BAE Aw) 1T

wf{l—cos(n /1+(w0—w)2/w§>}

(wo-w)2+w?

flw)=AP

(1

EREIND, ZTT AL BRI PRI, P ITBLAIR ] CORIRO EIIE THD, Fig. 1 12 o) DIGRE
R, AR SR T B 2 B ZHIINL7=455 (depolarization 1) DAXTMUIIRG /R LT, ZDEED
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AR FTr—L Y B LD, m 7 IV AIZID AL DT — apulse

4 5730 RZ (LI 24P 2720 depolarization 15> >0 — depolaizarion]
2 fEDBRPFOND, 15

. 3., [
3. Experimental Dt

FEBRI I R = R B WFSET (NIRS) @ HIMAC >
vrukas g TITo72, N 1314720 70
MeV @ 0 B — 2% VT, ARG 50 + 0.0 peemefS s SSN
Be — N + X ([ZEVARK L7, B — A58 L 1.1 x 10° N T T A A AR
pps CTh-o7o, FEMIZIZES 2 mm @ Be Ve, H 6543 _2((;)1_(2 )/lw 23456
HIDOREFRZ Sy B3 D721 Ik — 271> SB2 [3] Lt
(CRRES 2B OB EA D1, D2 LD Fig. 1. Normalized B-NMR spectral shape by means of
ICEDPNTZLSEOHEID Al BOE R (F sy DJES 1 the z-pulse and the depolarization methods.

mm) ZiEimSt, AR Bp kL —HK OF

\ZEDRL T DIRFNZIT T2, "N OEAE ARG P 24 LSE 570\, B mER L EEh &Moo —7
2L H2.5 £ 2)% DT, AFTE — 2T+ EE 0= 1.5° + 0.75° [T E LTz, ZHUCED, flifE
#190%. BARIESIFREE |AP] = £ 1% DOIRME "N B —27059 5 keps DFRETHELNT- [2], 22T "N 0
B A= #4025 THD, "NE—2% 0.1 mm JED Al BEZEZENLRKEGTITED L%, Al Z0HH 40
em FIICALE T DARGBHI AR ST, AKBEHIERE 1 12T JEZ 0.5 mm DRV 7 me'L R 225k
DEZPITTRIEL | FLEINSE — 20— 8T 5 IO E LI/ L AR RF 2 A /L O E E LT,

UN B — AT EOK) 6 cm FINCEEE L 12 mm X 12 mm O A—Z 20l | AEROBEsJ2 Xtk
BN R R SR A5 1R 35, (RABER RS LT B-NMR I E D712, FEML B I IEnE b m & (2F

W Bo = 1 T NEHINMEILTCND, TIART I T L —EN7e b1 X —T L Aa—"T7 % ko E T
WZERE L, sUBHHITAF L7 "N B E NS B RO T o, A AR I B SIS B
FRIZFERI I FE Az m L, P O TANIKRET 5 B RO A EE a L3558, W(a) =1+ AP cosa £3%
End, E-T, EFEIG a=0 BEO 7 FalC@EN»NI- R HERO B R EIE, AP < 1 OBE n(P) =
N, P)/N(zr, P) = G(1 +24P) L RSN PIZHBIT L& TH D B RIERIFRE AP KT 5, 22T
G 13RO RMZAIEGTRE 2R T, 7 27 ULVAIC L VR iz S8 72 L & 038t r(—P) LD
a2 LB Z L1k G BTHBMEN., r(PVr(-P) — 1= 44P 12X 0 AP N5 bN 5, AlEfERLE
B0 B — ATFFEIEA) 100 ms O/ LA E— AT, JAHIEL N OFEHAZZEL T 6.6 s LLTE—AM
B ME DY AN ZfR IR LT, A 7LD 2RO S5 1AL, B —LAREKER & B REHE%
W27 OVAZEIIN L Te, SUBM B OS5 T =2 — T 272 DIZ3 BB 6 om B /AL E I
Bk NMR 70— 7 %38 E L, B OMEIX 1070 LL T OFEFHN CTHRIZ—EIe DL LT,

0.5

4. Results and discussion [ ; | - | - T
4.1 Adjustment of a z pulse width

7 S ADRMAERET B0, oLy 00 |
FEIE L Lo TND=haAZ U HIZ N Z 4T HiAT, & |
RF /S )VANRZIEZ IR0 B RRIEXITFE AP DZAbZ g: 04+ 3
ELT, Fig. 2 IORT IO, 7L RIEE I THEBI L TU E !
DERFBLIS Tz, IMREB B LT-BEOE AP2{1 - 08 -

exp(—at) cos(wit)} T fitting Z 1T > 72 R wi/2n = s 1
(149 +0.13) kHz ([CXDZDLED RF Wiy Bi= (277 12} , , L
0.25) G ’MFbiTc, ZORERZHEIZ, H0 1 "N @ 0 400 800 1200
NMR HIE T, #RIEE D D7D By 25010 F RF pulse width (us)

T\ IV ADREEIEZ 680 ps (TR EL T, . .

4.2 B-NMR spectrum of ''N in H,0 E ﬁé(’:}f{r% Oa;ymmetry change vs RF pulse width for
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ATERNR LT 17V AD ST, HyO 11D N D B-NMR A~_ZMLZ=RIR, By=1 T THIELZ, 55
Az A MV% | LI adiabatic fast passage (AFP) EIZEDHIELIZARTIL [2] £&EBIT Fig. 3 1R
T AL BRI o722 812l 2 B FIEL TODZER I RS, lH DA IO
WC, ENEND RS O LR B LRy e IO T ) — T A—=2 LT ENE ORI EIE TS
LB B W T a— SV T o T 4 o TR To T, ISEBEUE, 7 SV AEIZOWTE (1) XEH
Vo, AFP{EIZ DWW T,

wo—(w+wrm)

flw) = AP2|1 — —Lo=(@-®wrm)

Jwom@-0m¥ + 0f [wo-(@rom) +oF

2)

Z NV [4], 22T o (ZEIREZETH (FM) O MBIE Ch 5, 1/ LV AIZLD AT ML ORRIEIL, L
7= RF %5 wi/2n = 0.74 kHz ICXVFBLCE TS, fERELT, Ko OF AR S v = (5387.87 +
0.19) kHz. v, = (5390.69 + 0.13) kHz, 4y 1 @ fraction &L T (41.0 + 6.3)% DMES7~, H0JE oD
FEEE 135+ ppm THHA, RF Bi% TP 528 L0 SHICHIEZE <0, ppm A —F — £ THIE ]
RECHHEE DD,

AAP (%)

AAP (%)

L 17 - g
050 zpulse NinH,0 ]
PN RN SN NN NNV AU NN NP AN VAN AN AN U AN U I NN O A

5379 5384 5389 5394 5399
v(kHz)

Fig. 3. B-NMR spectra of '’N in H>O by means of the AFP and the z-pulse methods.
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B I =24 DOuSR

uSR with negative muon

Sl R i N S/ O 353
M. K. Kubo
International Christian University

1. IC®IC

R a4 A AR - #% 175 (muon spin rotation and relaxation, uSR)i%., FEH 1
2F VOB WHAEAERIZB T 223 7 0o EFH LB, R S0 WHERE O
FHETHDL, 7T A 1 OBEBMEALY Y 12 E2FSODEI a4t %27 —7 L L7E=uSR
FT TCREMRELENELSELONTWEI N, v FTADEMEFOAI =24 DuSR
F. FEEAEETHR R o7z, RWRFIMWEFIZH D5 J-PARC I = 4 » Jiii¥ MUSE
DRBEDODAI 24 E—L2ZHWVWHUSRHUET, BHMAE—A L PR HENEIC
O DS AAORPEIT, 2018 F 22> THOTHII LD TRNT D[],

2. A a2FDOuSR TH R b5

USR TIFAE VR L CTAERLEI 2F 2B biAL, I a2aF 0 DNEEL
THHEN2EFOESB FMiE, BWVWMHAERICEIZ2-0ICI a4 0 AE LV H
WiRb, AE2oMHENEFOER) Hm O, FTHRARFEND O K RAKFEMEL
RaFdrEZBEALAALTMELHEST 2, EFTOMEICLI> THWENTI = F
VA HFMORBHEMOERNS, WENBOBEICOWTOREREGDH Z &0
TEX5, JaFdUMNETOBENE — CREBZEANRZTIE, Ia2F A8 E—
EAREDOKAEDHZ T L5 (A UVEEE) , BMEPARY —-Tho7z | FHZEMLT
HZHEICIE, 2 A VOB EEHN K THERLSRDLIDT, I 24 RAE Y
OB ENKR & & IV ERA E BN BLH S 45 [2],

EI=a24 2% 95uSR Tk, EI 24 W% FRHME (JR-RAE) Wb 0T,
% 7a—7L73 5 NMRXPAC L IZE#REHFHLI I ENTED, FRLEI = A
VIEB T DO 19 DEETH OFEMEFOOT, AP E YT % B 8 (hopping) T 5 Z
ELHY, AV UEMBNEZDS, MEPFPTEI 24 Y LBETORMBRETHD I =
F=TLBERTLHE, KFEOBEOWENMEAE L L TIRD VW, puSR TE Oz #) 2 §1
HZEWTEDH,

—FAIaAFiEF, BEFTLD 209 fFE V-1 OB MEFHFOR & L THWETTIED
WHLEZDHZLENTED, BEFLVEVWOT, WMEPTIZAHLTELELEAR 2
Fok, BRFBECHLLbANTI 24 VY RFE2BKT 5, AREO S HICAI 24~
. 224V IsHlEEFCERBL R FTZEOFEZ2EHL, T CTEALTETFERD
LR FEZICBRINEND, T 2aF 2 IsHBEITEFO Is il il X TRE S5 1/200
ThY, Al aFd VIERFECHEFICHEVWGEFTTCOME T e —7 L7 b, BTN
WRE—AL FZ2EHEOHEAICIE. A2 F VAV ITBHERE— A N EMHAEEM
T2, RIEOALCYRIUEDEE, AIaF V AE LV FESHICEMT 5 & &
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TRW, BTEOAE U RErTHALIRETFELAI AV OHEHIX, A Y
PR FERAI 2 F Lo TAE Y 12 TIRLEN, Bk A T
— 7L TEHTLHEEZTLN,
3. A =2FDOuSRAIEDO N EE & & J-PARC MUSE
AI 24 DOuSR OFEFIBIN N E TIHEFICRONL TV K& 2 FEKIZEIIC2
S5bhb, 1203, a4 VEFRERL, A 24V BHEFAEPLEWVELENS
24y 1s HEICEE T L2MIC, ShEE L DOHAEEMRIC L » TR E U REKRO K
R Kb, 16 REIZHALTLE ZERNEXFohD, AT —T %9
MEmmeﬁ@E®2%T¢<®T\HEE@X&ﬁhw%%ékwm\ﬁi:
A DOuSR TIZIEI =24 DOuSR @ 36 (O ERFR A M E LD, T ETO
2 A VERBHR CIEIHEENICHETE2Hb0TIE ok, 2 1208 HEIT, +
DRBMEOAI 24V E—LARHHATEIME N o722 ThH, 24—
AR AR TIE. B E—2 %2 A4 ARENICEE L TIEADO/NA v &2 ERK
L. XA F b Ffm ZMmfiﬁTéﬁﬁ@\:ﬁ/%ﬁﬁo SI. ISIS. TRIUMF
DEIBRIaA Ui T, B r/LX—72 600~800MeV TH Y, A4 4D
éﬁmﬁﬁﬁﬁﬂ4ﬁy®$ﬁME%iDw&@mém [ e AN =TAANES
FEADOAMRWEMEDZIT/NEL 2D, 212k L TJ-PARC X = & i 5 (MUSE)
DEGFF =X LF—1L3GV ThHY  AIaFrNEEICAERT S, J-PARCMUSE O
W B — A% 2008 4 8 H 72 o724, uSR KB O i & | Wk&ﬁﬁkﬁW#%
REINTEE—LFABICLI2AI a2 A E—20MELHEOM EIC Lo AR
24 OuSR BB EMZRKERNICHIE TE o N aEAa Lz,
4. AIaF Vo THEHRICKBER DS PBEEZHRS
it (S| FRFIEFT) 51X, J-PARC
MUSE D& X 24 v B — A%l - T MgH;
HIZAI 24 2 biIAR, v 7 XU L
7B (2*Mg, **Mg)x A I 24 TAE Y
12127 XV L7[l]l, 2OMEOEE. A
RaAdrviEv S Rx v U LACHESND L
Hp L TR, FMAEFEE 10%TAE
52 ® PMg ICHiEInTAI 24 T
RMICAE UfEM L TuSR & 5T % 5
L 72, Figure 1 [ZpuSR A7 R L &R
(4] A =24V ITAREPDL AL VREBL TWDHDO T, Eud FTAE U EME
BT LN TED, 22 TCTHLNHDERMBAY VBERMORMKIT, ¥y 2ABK
BCHEMLTWE, /hodh &P LRIE
LTWLZEThD, FMBEALE
EREFET D MRS S &R
<o TWb, TNHOEBENT, EI 24 DOpSR TEL B LN TW D AR-EBE
BMAEUVEMTHD, v 732V T AMEICKIBGG FOEBMRE—2XA L RO 5,
104 TREDODRKRESIT, GHHCLoTHANR T VXL RBHBICEI>sTAI 2 F R

J

1 2
B (%A 9 Elﬂ‘)

Fig. 1. Negative muon spin relaxation spectra
in MgH,.

58



EUBEMLTNWAZ RN, tRICEIA I XV Y LANMEBOMBOKE I L
b EN LIS —FHLTWD,

5. AIa2FDOuSR DO HIFIED

EI 24 >YOuSR Tid, HICEI a4 romEh cofEilk (1) SiNdEim o
o TELDN, Al ad VTR FEME (EEICIIICaFEErEHL VWD) &
EZTCIVED, MEOARENIEZR2WED, MIRABEIZZRD W) FH 780
D, T NETHIEREFE T o —TRNELE LRI L TAE VT
NV TELEVWIDEFREREBMATHD, L, Al aFEhy 7L T
L0, TORFOEBFRPLIEF, RAFEEMP 1 LET /IS ot X HITR %
Do WICHEMBWIZIE z-l AfimE b 252 TEXHL, (EFEHFEOHEANL T,
RYHEZZ1IRETNNELTHRFTEBRNTELHIEZERL, 2NETITRWVEL
WAELAEM O A RIEDOREELS 2D,

EI 24 OpSR ICHARXTRKBIZCEWHERMAAZALETETH LN, o< HL
WAy Ia—T7BNRHAARICR T, il 747 47 TRWICFIHEND Z &
R I

2% SR

[1]J. Sugiyama et al., Phys. Rev. Lett., 121, 087202 (2018).

[2] FHEF R B [ = A v 2 v mEEEE] 57 H(2016)

[3] S. Nagamiya et al., Phys. Rev. Lett., 35, 308 (1975). K. Nagamine et al., Hyperfine
Interact., 2, 407 (1976). N. Nishida, Hyperfine Interact., 79, 823 (1993), J. Brewer et al.,
Phys. Rev. C 71, 058501 (2005). 72 &

[4] KEK 7L X U U — X https://www.kek.jp/ja/newsroom/attic/20180824press.pdf 7> 5

59



AZUVEHKTOHE L —F—EKBFICLIVERLE
e 22 B HH D BR AL Bk T B

Metastable iron carbide thin films produced by
pulsed laser deposition of iron in the methane atmosphere
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1. FL®IC

RAGER T E N 7= R B MOl VG M 2 o = & 2 B A 72 BE 34 B 0 KRR 22 b
B By THEZE DN BE A AT AL TE72[1-3], RILBKEZMER T 28T 0 TH Y | a-Fe I
REVRALIE 7 2 T4 FRy-FelZIRFZEDRBALLEAT AT F A4 MI, TNEFNIKFE
Z 0.02%, 2% REZL LN TED, SOHICRZOEDPHEIHAEHERFZOMAIT L
S THEMBENEL., BERKRILEETHD B AL XA b+ 0-FesC BNAEKRT D, ZDIEMN
2 b YL E R IRALEE & L T y'-FeC. n-Fe,C. {-Fe,C, y-FesCy, h-Fe;Cs, 0-Fe;Cs. y'-FesC,
v"-FesC. o'-FeisCo WAFTET DM, HIE T O Fe-C RRBEKIZIZTZ N ORALERIZTH DS
72N [4-8], TR FOHERICT D5 ETCINLDODERZRERRILEENEND Z L0 D
LD, LB ENRRELTCLEI DML LOEZAKT 2 O1XH L [9-10], K
WF9E CTlE "L AL —HF —KEEPLD # W TRILEEER A2 A L7-, PLD (ZFEZEHh T
ARLIEOEWEEB 2K - A5 L THKRZIER T LM ER FIETH L0, KIEH AR
R T T8 PLD 2179 @ T XAV FXF —DEIEF & H ANKIEG L TEALE W I
Bond, AT INFETICTEFLUOEREBEAA FTO8 PLD 12X Y FesC, FesCs, i %
MOTENT 7 AFe-CRAERT DI EEZHLNI L, LL, TEF LI HMRI
LFoTTEN T 7 ARFEEELSTWVWHEERNS DO REN BRI/ DB EA AL LN
511, REFFETIX, ZTOTENALT 7 ARFBOERKRZ M T 5 72 IR FE O &% K
HLAKZ & HWTE PLD 21T W IR LSRR 2 E R L 72,

2. FEh

AREEBEBNICA X T AZRBRHBEL2NOEAL, fREELZHME T2 10k -
TAXUEJ % —EIZ L7, Nd:YAG L —#% —(New Wave TENPEST 10, 532 nm, 85
ml/pulse, 10 Hz)% F T4 & "Fe i EHZ 110000 pulse R L. Al FEH (25 mmx25 mm)
LA ESEEZ, ALERETE I I v I8 —F =12 Lo THE L, ZEIEEB00~673 K)
T—EELRDLICHIE L, B 6z RACEER X 7Co/Rh #IR 2 W 72 E A 2 X
N T =5 NE & B R X AT 7E XRD(RIGAKU RINT2500, Cu-Ko ##)12 & 0 & L 7=,
Flo, EROERmBIRZ EEAE M SEMUJEOL JSM7001F)IC & » THBLZE L 7=,
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3. MR & EE

Fig. 1 [ A X V£ )% 40Pa T—EIC L., AWK
RED AR E 2 2B s 72 & & D XRD /N ¥ —
v E T, FEIEE 300 K (Fig. la) T4 L 7=
EEWIE, ERICHWET VI =T 4
(PDF#04-0787) (\Z X A [EIfroMiz i v — K7
BT ORI, TEILT 7 ANAERLE L
Ezbhbd, EWIREZ EH & CTHEE 4R
THE, MAEREICEVEY AN — vy —
7272 . 573 K (Fig. 1c) 8 X O 673 K (Fig. 1d)
TIX g-FesCa (PDF#04-014-4562) & X 5 [A] §1 A3
BB, L L 0-FesC (PDF#035-0772) & it
WA EIZRFIN A LND TS, THOFEE S
ETERY, TN ZFHEMICOIT T 27D A
AN T =B E AT o T,

Fig2 lZ A AR T — A7 FV(ER)&E R,
fl— DOy CHEBEOYA MaRoLae, &4
FOBMIBIZF U THDEWMELTT 4 v T 4
T AT o 72, FEIEE 300 K THA R L 7= PRk
Bl (Fig. 2a) TIXME DLW A7 M LRGSR,
BOBRBEICHOAANH VB XZ 160 kOe THRK &
72D WNEBBE G AT IS B D AT, FEAR IR 3K
WHEAIZE T DICHEARENEE RN EEZ D
5, 423 K (Fig. 2b) ¥ L OV 573 K (Fig. 2¢) T
BT 5D L y-FesC I X D3MoE 7 X7 v b
B [12-13]3 A bivlc, ZTh 2 DD AT b
NOFBRIZ—RELRD X OICHZDIN, KA
FD/NT A= THELL, HIEOEND LN R
o TV D, IREE BRIV G AR MR S
NI T DI, Bl o 53 A0 B3I L CRRE 233k <
ol EEZLN, 2T XRD OFER L L —
LTW5, x-FesCo DFERZRAEMHTIX3IMOE Y
27y POEFIFINEEGZORENT A b
iz 2:2:1DkERD[12], AHFFETHE LN
AR MV DOKEY A FOIF2:2: 1IZEW
EBEFEOD, BORMEENELONTLEEZDL
N5, £ WBMED a-Fe DR BN 55 08,
THIERE SRR O AR ISIC L > THEL
LbOThLEZEZOND, HRETALEEL
x-FesCo lICHLHE L CEHHE T 25 & 380 nm Th - 7=,
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Fig.1 XRD patterns of the films produced by
the PLD of Fe onto Al substrates at (a) 300
K, (b) 423 K, (c¢) 573 K, and (d) 673 K in the

methane atmosphere of 4.0 Pa.
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Fig.2 Room-temperature Mdssbauer spectra
of the films produced by the PLD of Fe onto
Al substrates at (a) 300 K, (b) 423 K, (¢) 573
K, and (d) 673 K in the methane atmosphere
of 4.0 Pa.



Table 1 Mossbauer parameters of the spectra

(a) 300 K o (b)5T3K

shown in Fig.2
. ) AEq H r Yields

Component /mm 5™ /mm 57! kOe /mm 57! %

300 K AERER 90 0.05(1) -0.24(2) 160 100
423 K FesCa(T) 0.22(0) 0.00(1) 221(0) 39.1
FesCa(II) 0.17(1) 0.02(1) 177(1) 0.73(1) 354
FesCa(III) 0.17(1) 0.06(1) 111(0) 24.2

a-Fe 0.00(0) 0.00(0) 330(0) 0.50(1) 1.3
573 K FesCa(T) 0.25(0) 0.02(1) 219(1) 39.2
FesCa(II) 0.16(0) 0.05(0) 182(0) 0.40(0) 37.0
FesC,(IIT) 0.18(1) 0.06(1) 108(4) 2211

o-Fe 0.00(0) 0.00(0) 330(0) 0.40(1) 1.6
673 K FesCa(T) 0.23(4) 0.03(1) 220(2) 30.4
FesCa(1T) 0.16(2) 0.04(1) 183(1)  038(1) 259
FesCa(IIT) 0.16(1) 0.06(2) 110(3) 16.7
FesC 0.20(0) 0.03(0) 207(0) 0.45(1) 26.5

a-Fe 0.00(0) 0.00(0) 330(0) 0.40(1) 0.5

IR E 673 K T4 U 7= #EHE (Fig. 2d) 1T ¢

Fig.3 SEM images of the films produced by the
PLD of Fe onto Al substrates at (a) 300 K, and
(b) 573 K in the methane atmosphere of 4.0 Pa.

FesCoD B TIX 7 4 v T 47 TET,

0-Fe;sCZMATT 4 v T 4 T EATHIZ,AKO0-Fe;sClE 2ot 7 27 v b &b D[13]

D ZNZENDNRT A= —=RNIEFITHENTD,
PEEOEN 1O 7 2T v FELTT 4 v
T 4T LT, v-FesCoDK YA FolT2:2:
LICIEWHRE A & > THEY, 673 K TIL y-FesCa

& 0-FesC BNIRTET DN AL L 7=,

Fig.3 I FEMREE 300 K B LN S573 K & L T4
L7 SEM G E2Rd, Eb 6 b0 N2
BERN AR L T2, 573 K THRM L 72K
(Fig.3b)D 5 3 i iy Fli B 28 A 72 < i B 7 JIEE
DAL 72,

WA, TR AR RO RE D R B &2 03 7
DI, AXUIENE 6.0Pa & L CRKICERZ
iTote, oo XRD /X% — > % Fig.4
(2R T, AR RE O EL AR IR E 300K (Fig. 4a) ¥ &
U 423 K (Fig. 4b) Tl EROT7T VI =0 AZ
EamEPFrE T o — RREIHFO D LILTZD,
573 K (Fig. 4c) # X 1'673 K (Fig. 4d) Tl¥ FesCs
DOEProN L — b —F L7, FesC3 121X, 0-FesCs
(PDF#01-075-1499) & h-Fe;C;
(PDF#04-003-2411) @ 2 FEEENFELET 5 A, [H
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Fig.4 XRD patterns of the films produced by
the PLD of Fe onto Al substrates at (a) 300
K, (b) 423 K, (¢) 573 K, and (d) 673 K in the

methane atmosphere of 6.0 Pa.

PTG = PPUTHL7ZO XRD LI Nb 2T 22 LY, T2 TINb%E
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Fig.5 Room-temperature Mgssbauer spectra Fig.6 Room-temperature Mossbauer spectra of
of the films produced by the PLD of Fe onto the films produced by the PLD of Fe onto Al
Al substrates at (a) 300 K, (b) 423 K, (¢) 573 substrates at 573 K in the methane atmosphere
K, and (d) 673 K in the methane atmosphere of (a) 0.5 Pa, (b) 1.0 Pa, (¢) 2.0 Pa, and (d)
of 6.0 Pa. 13.3 Pa.
Table 2 Mdssbauer parameters of the spectra Table 3 Mdssbauer parameters of the spectra
shown in Fig.5 shown in Fig.6
] AEq H I Yields o . B AEg H r Yields
Component /mm 5™ /mm ™ /kOe  /mms’ % omponen /mm s /mm ™ /kOe /mm s’ %
300 K NELEESR 7 0.08(2) -0.18(4) 160 100 0.5Pa TFesCayT) 0.22(0) 0.04(1) 221(0) 357
423 K FesCa(T) 027(1)  0.03(1)  222(0) 343 FesC:@  0.16(1) 0.05(1) I 051 337
FesCa(IT) 0.18(1)  0.06(1) 177(1)  0.63(1) 395 Fecaam 07 0.05(1) o ol
FesCa(I1T) 0.26(1)  0.02(2) 107(1) 24.9 - : : -
oTe 0000)  0000)  3300) 050(1) 13 aFe 0.00(0) 0.00(0) 330(0)  040(1)  10.5
373K ForCol 030(1)  0332)  23002) 57 10Pa FesCxD) 0.22(0) 0.02(1) 219(1) 38.2
FerCa(II) 0.25(1) 0.05(2) 213(1) 23.7 FesCy(IT) 0.16(0) 0.04(0) 181(0)  0.46(0) 36.1
FerC(IIT) 0.21(0) -0.09(1) 188(2) 0.J36(1) 150 FesCa(IIT) 0.18(1) 0.06(1) 109(4) 21.5
FesCy(IV) 0211y  019(1)  169(1) 29.0 «Fe 0.00(0)  000(0)  330(0)  040(1) 42
0.19(1)  0.35(2) 139(1) 153 20Pa Festu() 0.23(4) 0.03(1) 219(2) 38.8
o-Fe 0.00(0)  0.0000)  330(0) 0.40(1) 1.3
K e 028(1)  031(1)  231(1) ia FesCa(Il)  0.16(2) 0.04(1) 181(1)  041(1) 366
FesC(1) 027(0)  0.02(1) 212(0) 28.0 FesC(II)  0.16(1) 0.06(2) 110(3) 218
FerCs(III) 0.22(1)  -0.10(1)  187(1)  032(1) 14.1 a-Fe 0.00(0) 0.00(0) 330(0)  040(1) 28
Fe,C3(IV) 0.20(0) 0.20(1) 169(1) 8.8 13.3Pa 0.28(1) -0.31(2) 231(1) 11.7
020(1)  031(2) 160(1) 139 FesC3(IT) 026(1)  0.03(1) 212(0) 193
a-Fe 00000)  0.000)  330(0) 040(1) 0.8 FeCo(I)  022(2)  -0.09(0)  188(1)  0.38(1) 107
Fe:Co(TV)  020(1)  0.21(1) 169(1) 19.3
021(2)  030(2) 160(2) 120
doublet 040(2)  L11(1) - 0.70(1)  27.0

L V673 K (Fig. Sd) THAM L= EI D X AT 7 — 27 FLiE, 0-FesCs D 5
D7 AT v MNI3-14]13 A B L7, XRD TiX h-& 0-Fe:C; ZXBITEX oo, A
AN T —AXRYZ MV TIE h-Fe: G X3 DB AT v hebled, ZTOMETHD
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WA ML EFHLONCE RS, 202 &5 KB 0-FerCs IR E T 7=,
o-Fe:CifEmTCTlE S X7 v MINEMGORE WA F2BIREICT:2:1:2:
1 D THET D3], AFRETHELNTZAXRZ MLOX{Y A FOEER S Z i
WEZ RS20, BiFRESRNEGEohzeEx2onbd, £, Ki’aft}im;iéﬁﬁrﬁ
D o-Fe D% b A B LT,
é%Hfﬁfrﬁ%4ﬂhk60MH%KLk%#??%ﬁ%@iﬁ%ﬁOﬁﬁgﬁ

HERIBEZ ST3K T—FEICL, AZDENEEASELLLEEDA AR T — AR
7FW%Uﬁ*‘%5/@rfMWH2OPMHgMC)@&% X, 4.0 Pa D & = L AR
IZ x-FesCo D 34D T AT v R AHELNTN, JENDBIENIE E a-Fe D% A0 L
TWAZ ERLMNDE, ZTHIEIRKIGOHETHLEZEZOND, L—HF—D T L —ALH
@%@E%ﬁ&%&/® YT AEME TS E, AX N 0TPafEED L & Fe: C=5:2
L7y RAEBE LT y-FesCo DA MWAERRT D EMRE LT & X 0.7Pall T TIEekH i E .,
0.7Pall ECIHIRZD BRI L7205, T, JEINIEWE X ITIEISICH 07 RkFEN
R EINTRKIGOBENR KT BN, WA X VJES % EF T 13.3 Pa(Fig.6d)
EL7mEEITIE, 6.0PadD & &AL 0-FerCs WAEK L, THNICHIAZ THIED L WA
Ty MROGBAELNT, TIVUXERATMIEICBIT LT ENLT 7 AIRBHOED /XT R
—H[11]E—HFHLTBY, REVKRBREE > TTELT 7 ARZVAERLIEZLEEZD
5,

4. ffd:%L\

AL CEFEHRTOH L —F—AFITLY RILEKEREEL G L7, XRD & A AT T —
AT M b, AXUETIN 4.0Pa D& XITIFEMRIBE 423 KB LW 573 KITEW
T x-FesCo AR L, 673 K IZHBW T y-FesCo I XN 0-FesC AR L7z, A X VET)H
6.0 Pa O & X |21 423 K TIL g-FesCo B4R L7243, 573 K 8 L W 673 K TIX o-Fe;Cs 23
R LTz, £, AFZVIEIIDERNE ZITIETHENEE &Y RKICOED, A X UE
DM ENE ZICITIREPBRE ROV TEL T 7 ZARENER L, LEDO X ST, A
ZUENEERRBEZHME ST S EIX D, BLERRLEE x-F65C2ijZU\0-Fe7C30)
MR Z  SME ML TCART D Z EITlkS LT,
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ZRFHEIT DT — 7 BEFIT & o THERL L7 Z/LEHEIR

Iron nitride thin films produced by arc deposition of iron in
the nitrogen atmosphere

REARHE || E@EK e

BiR—& ' WHEEMS ' DRES > IHERE
K. Hamazaki!, N. Nishida!, Y. Kobayashi?>? and, Y. Yamada'
Tokyo Univ. of Science
2The University of Electro-Communications
SRIKEN

1. IZL®iC
EALERI TR BIE L TH R THY | FRIZER A EO/NSWEDIZOWN T <MBAFZEAM T T
%o BREABED/NSNEILERIT Fe ORI EIC N FF2MZAL, FEARL2D Fe Ot S 1 A
LU, BERFEEL LT 228 MmoinT0a[1], —F R EHBEOREVE(LEHITEL ETHDHT-D
(BRI L L CIEDND AN L, TDARRELE 4 THhD [2-5], —ITEHET y"-FeN
ERTHESNFETY v'-FeN TR AMEL TORGELN TN, YHFFER CIXZERF IR T CHARIRE A H
LR MBE VAL — W —FREEITHIZLE T, B—HOLDOEVEN YT DI LR EILTZ[6], AWFFETIE, e
Fe3-2N & TFeaN (ZEHL, 7—0 7AW TR KRERB I oTlz, 7T — 07 TR~ 7T 13 g
EWESN T TH7 =7 BN D7D | FUSKMARIRHK T T 77X~ 5282l TEIL
DA R AT HE T D,

2. EBk

BRI Al ARE O, ZRETREL T 57Fe M4 IR & RARFRINARIFAE LL O 8k T ICI B2 L Talb b2 V2,
7 —20 7T X~ (ULVAC ARL-300) D i B B 2 5 4 AD P #(10 — 30 scem) A Hl#HIL 7223 H3E
AU, k7T A~%T — 7 fiE (i 100 V. #0i=LUEH 1 Hz, 10000 /3L R) 2475212k~ TE
p LTz, B2 (105 Pa) ICRFFL7Z Al Fofk BICZR A5 S, )R 800 nm (o Fe #LHE) D ZE{bgkiE
Bz A U7z, 7R RO BRI — E OIRE (297 K—573 KICRFF L=, D= Rat bt
57Co/Rh #li % 2B AR AT 7 — 3 Wik R X MR EST(XRDIC Tt & T -7,

3. AERRLEER
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TR D Al FEHGRE % 293 KIZIRFF L, &5
HADFEE(10 — 30 scem) & 2 b & TR L7 j# K
Bt XRD /"% — % Fig. 1 1R 7, ERIEN 10
scem CTARK L723UEFCIE, D Al & a-Fe OFIT
/W~‘/@(77L75§77a bz, Al & aFe D E— 7 (L& IX

IERUCTHHT=D, 2O EIREICKRT 5 Z &1
T%@ﬂot#\_h%u%®£Mﬁ&\ﬁ$ﬁbf
WReWZ LT THDH, ERTADNESL 15
scem & T 5 & ARABNSIED RN ET B — 27 237 5
WD XD Dm, BIABROWRRE R Z — 3R B
T, ERDIZ aFe EBZ2 6D, SHIZERZTAD
A 20scem & L7z & X Hiie 2Bl — 27 R
N7, Zihix e-FeaN(PDF#04-007-1467) 8 L O -
Fe2N(PDF#00-050-0958) O SCHRE (ZIT VNN F — 2 T
HoT-, EFE = 30 scem [ZRBWTHEELIO XRD /X
B — U PRHITZD,

RAT D NIRTEN L EIEEOKR T EBNRE < Rolzizd

T I I I T
— g-Fe2N
(a) 10 sccm — ¢FeN
— Al

(b) 15 scem
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Fig.1 X-ray diffraction patterns of films produced by
arc deposition of Fe onto an Al substrate at 293 K.
Nitrogen flow rate were (a) 10 sccm, (b) 15 scem, (c)

20 scem, (d) 30 scem.
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Fig.2 Room-temperature Mossbauer spectra of films

Fig.3 Mdossbauer spectra measured at 3 K of the films
produced by arc deposition of Fe onto an Al substrate at
293 K. Nitrogen flow rate were (a) 20 sccm, (b) 30 scem.
The distributions of hyperfine magnetic fields are

indicated on the right side.

produced by arc deposition of Fe onto an Al substrate at
293 K. Nitrogen flow rate were (a) 10 sccm, (b) 15 scem,
(c) 20 scem, (d) 30 sccm. The distributions of hyperfine

magnetic fields are indicated on the right side.
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%, XRD /8% — > Tld e -& {-FeaN OHBINEE L N2 LD A AT T —00 ik TREL O /T
ZiTolc, B THELIZAANRNT T =AY ML Fig.2 I 7, ZFhiE 10 scem & 15 scem
DOREHIHE T KM E 2 < G ATE awFe THY . WHBIGDAA % b o Tolmy B R bz, EHR iR 20
scem THM L7TEABHIIZ aFe Ik 57 27 v F Ot /N S WG TARK 2 50 N e
ARSI DI DAz, W ORE Z[8]225, Z OiEHT e-Fe2sN LB x Hbivd, EHiHE 30
scem CARK L7253 BtO EMIEHMESY 7 Ly hThoTz, e-Fes-eN [ZFEBLOWEE & FF - T2k~
REFHLDO S ONGFIEL, B DR EBICEIR CHEMEZ RT 2 ERNMLNTW5([9], AKIF%ET
BonTe Z OEBEEHISIE CHBEMEZRT 2 005 e-Fe2.22N 52 b5 03, FeaN [Alkk
ICHIR CTHEBMEZ R L, AART T =37 X=X $EME[9,10] %2 b 27O KB4 5 Z LT/
Vo B ORED/NSWET Ly Mk X) ZIRET LI ENTE ol

Z R E 20 scem & 30 scem OFREHI DWW T 3K TAANY 7 — A7 MUVHIE Z1T - 72 (Fig.3) .,
ZHFR P E 20 scem OFREHT, aFelZ X257 X7 v N EWNEHBES A% H > 72 e-Fe2.3N & Ji)E
Nz, (-Fe2aN 242K R THLHEBMESY 7Ly hEELSZ L1013 LN TV D728, BRI
Ham LTIz ZOlBHT € -Fe2sN L& 2 Hivn, EHUiE 30 scem OFREHE, 3 K THBEMER T4
7 Vy MIEER LT, ZHOEIZ 27 v baFe ERImERSD X Th b, FERTIINEBG 2 %
FFOoM, AANRT T — T 2 —2 % e-Fe2.2N OSCHME] & BV — &R LTz, RIFEAY X IEE
RTHBMESY 7Ly FTHY, 3K THRDREZR LI, BEROEEED TEMEDO F T—8HT %
LOERHTZEIETE otz

Table 1 Mssbauer parameters of the spectra shown in Fig. 2. Table 2 Mdssbauer parameters of the spectra shown in Fig. 3.

Flow rate 4 AEq H r Yields Flow rate é AE H r Yields
/scem Component 51 /mms?  /kOe  /mms’ % Jscem Component = s !.mmg—l kOe  /mms' /%
F 001(3) 001(1) 330(4) 0502) 9.9
a-Fe 001(1) 0.01(0) 330(2) 0.50(3)  38.0 wre @ 1) 330¢4) @
10 0 - - 0322 34 20 eFesN()  045(6) 0.14(2) 252 - 90.1
a-Fe/N 0.14(2)  0.01(5)  300* - 58.6 eFeNID) — 045(6)  0.142)  126*
a-Fe 001(2) 001(4) 3352) 0502) 105
20 eFeaN()  0.56(4) 0.38(3)  236* -
a-Fe 0.01(2) 0.01(1) 329(1) 0.50(2) 108 eFeo N 0.56(4)  038(3)  90* - 725
s 76+ X 0.62(8) 0.15(5) 458(6) 0.98(5)  17.0
aFe/N  0.16(5 0.08(3) 204* - 89.2
310*
a-Fe 0.01(1) 0.01(5) 330(1) 0.50(4) 87
2 eFesN()  0.34(7) 0.02(4)  186* 013
sFesN(ID)  0.34(7)  0.02(4)  72% :
a-Fe 0.01(2) 0.01(6) 330(3) 050(1) 9.0
30 sFe,N  042(4) 037(00) - 046(7) 739
X 051(7) 0.78(5) - 0422) 171

FEHGRE 293K THARL L 72 @ EGEHT, BT RKIGE B A TWND Z R nhoTo, £ZTAl Jtix
tIIv /e —H—IZ&->T 573 K IO RERICE B RS T T — 7285 &{THOZ LT, fhifh
PEDOERE R A AR LT, BT3Bl XRD /3% — % Fig.d |(TRT, EH iR 15~30 scem TH
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R L7- 2 TORENC e-Fe2N(PDF#04-007-1467)E -Fe2N(PDF#00-050-0958) (21T a7/ 84— 3
KRBTz, B THIELIZAANRD T — AT MV % Fig5 07T, T _XTOARIMNLTE T LR,
HIEEURH ISR CH M2 R 2e3 b oT, BIROWPETIL e-& FeaN ZXHIT 22 LN TE e
72O AKIR TAARNNY T —EZIT-72 (Fig.6) , ZNHD AT NUVTE R EICE > TE(LL, 15 scem
THARLIZAEHISH OB/ AT v e X T Ly R L CT 4 M T HIENTE =, FNEILDAAINT T —
T A—=4[8,10175. D o-Fe O, e-Fe2 5N (21Dt 7 27 1) | FeaN (¥ 7L wh) L&z HN5, (-
FeaN O UG 1 43 Z4ISCEME[10] L0 H REVWMEZRLIZA, Kz & A TSI ThiHEE 2 LD,
EHEPEE 20 scem & 30 scem TAERMLZFEHIIE, MEDa-Fe DI, SK IZHBWTH FRMESX 7
Ly R TWOD RN DAL, EDAANRT T — 37 A—=4[10]75 -FeaN SR JEEis, ZOfsEH)
B, ERIREL 573 KIZ LIFAZE T, LT &FeaN NELNLHZ LN DT,
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= o701 4 = 988 i
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97+ B 98.0+ -
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Fig.5 Room-temperature Mdssbauer spectra of films
produced by arc deposition of Fe onto an Al substrate
at 573 K. Nitrogen flow rate were (a) 15 sccm, (b) 20
scem, (¢) 30 sccm. The distributions of hyperfine
magnetic fields are indicated on the right side.

Table 3 Mssbauer parameters of the spectra shown in Fig. 5.

Flow rate C ; AEq H r Yields
/scem Omponent ims!  /mms?!  /kOe  /mms’ %
o-Fe 0.01(3) 001(1) 329(5) 0.50(5) 9.1
15 ¢-FeN +
cFersN  043Q2) 0.2403) 0.569)  90.9
20 o-Fe 0.01(1) 00L(5) 330(1) 050(1)  16.1
CFeN  043(7) 0.28(4) 0.64(7)  83.9
30 a-Fe 0012) 0014 330(1) 050(1) 155
CFeN  042(5) 0.29(2) 0.53(6) 845
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Fig.6 Mossbauer spectra measured at 3 K of the
films produced by arc deposition of Fe onto an Al
substrate at 573 K. Nitrogen flow rate were (a) 15
scem, (b) 20 scem, (¢) 30 sccm. The distributions of
hyperfine magnetic fields are indicated on the right

Table 4 Mossbauer parameters of the spectra shown in Fig. 6.

Flow rate Component [ AEq H r Yields
/scem P /mms?  /mms?  /kOe  /mms! 1%
o-Fe 0.01(1) 0.01(1) 335(3) 0.50(3) 74
5 cTe,N(I)  043(4) 030(3) 260(3) 0.60(6)  10.0
057(2) 005(6) 143(7) 0.58(10)  24.1
LFeN  0.56(2)  0.92(5) - 0.89(4) 585
20 a-Fe 0.01(1) 0.02(5) 332(1) 0.50(2) 18.1
CFeN  0.57(6)  0.33(3) 0.933) 819
30 a-Fe 0.01(1) 0.01(4) 332(5) 0.51(4) 15.6
(-FeaN 0.58(3) 0.31(2) 0.70(8) 84.4
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