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Preface

The research reactor at Research Reactor Institute, 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 1st 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 17 and 18 in 2014. We are pleased that many hot

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

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

4)  muon, etc

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

March, 2015
Yoshio Kobayashi  (The University of Electro-Communications)
Michihiro Shibata  (Radioisotope Research Center, Nagoya University)
Yoshitaka Ohkubo (Research Reactor Institute, Kyoto University)
Editors
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Study on the Multifunctionality of Mixed-Valence Iron Complexes near
Spin-Crossover Region

RREe a3t /NemE
N. Kojima, Graduate School of Arts and Sciences, The University of Tokyo

1. (XC®HIT

EJERA T DENLAGB A 7 1 23— S—f8IC 5 DIRE I FMEH A TIX, Eff e A e
HEh U7 R B ME R 2 T ATREME 2 Ff o TRV, HERD A B A — S RICIT R S e V0 T
BERWfEESnD, 20X RBENG, BAITFERFRENL - (mto = C,03S, dto = C,0,S,, tto =
C,0S;) #2848 L I B #kR AR ihdE Ak A[Fe"Fe""X;] (A= (n-CyHani1)4N, spiropyran; X = mto, dto, tto)
ZBA%E L. (n-CoHone)aN[Fe"Fe"(dto)s] (n = 3, 4) TiZ. 120 K~140 KIZEB W T A B L L BT OWIERD
B K > THRIT 2 EMBEMIEE 2 RH U[1,2]. (0-CoHane)sN[Fe"Fe' (mto)s](mto = C,05S) Tl.
Fe"'03Ss A b THE = HEIAY = 7o ol & Fe'-Fe " R FfE B O W B S 2 R L72[3], 2 2 T,
A[Fe"Fe"'(dto)s](A = (n-CnHanit)sN, spiropyran) IZ 35 1 % & i & 8 A 85 35 K OV (n-CrHonet)aN
[Fe''Fe"(mto)s](mto = C,03S)IZH51F 2B A &2 -flir & Fe''-Fe 5Ll 5 8) 0 [ FHL G DU Tl
T2,

2. (N-CnHanet)sN [Fe''Fe'(dto)s iz 1) 2 BRI EIHEER

(N-CyHane1)aN[Fe"Fe" (dto) s ]I R FE R FR 2 BT F-(dto) 23 Fe' & Fe'" 2 A2 ALICZR4E L. IR e oD Bk i
BEoTnD, Fe"V A NI 6 OB FICHY HEIEA L LREELS: S=1/2)% & v, Fe'"¥ o
N Z 6 HOEFIR - CTHR Y B Em A E L IRREHS: S=2)% & > T 5, [Fe'"Fe"(dto)s /& iZ 0 F 4
JE(N-CoHoni)sN 21X E A TEREIZHEE L TEY, (n-CoHan)sN™ D—2D 7 L% L8 TFe & dto TIEAL &
NTEAABROREENTWS4], Fig. 112200 K, 77 KB X4 KIZET % (n-CoHan ) 4N[Fe''Fe" (dto)s](n
=3-6) D Fer AN T — 2R MADEALE R LTS D TH S5, FIRICBIT 5 Fex 27 7 — 22
7 MV, 6 EORRER BRI L7-Fe" A FOLSIREE (S = 1/2), 6 HOEEER T-H3EL L7-Fe" 4
A FOHSIKIE (S=2) L LTURBTHI LN TES, EZTAM, n=3, 41ZBVTIL 200 K5 77 KD
TR PARKELSZ(LLTWD, 77 KTHICHBL L= 27 R UL, LSIREE (S=0) oFe'
A FEHSIREE (S=5/2) OFe"Y 1 bELTRBTHZ LN TES, BB, n=3, 4 ORITERTI,
FelZHSIKARE (S=2), Fe"ILSIRAE (S=1/2) % & 573, 200 Kb 77 KO TRe" 2 bR ~E T 232
HITBEI L., KRN TIEFe"IZLSHAE (S=0), Fe"IIHSHKHEE (S=52) 2L HZLnbnd, ZDEH
PRBIRHIE Z AR, @R S IRIBAOF T AR LT —(G=H-TS)BIEFITITNE ZAIZH Y | &
IEAR(T > 120 K)IZ3\W TR Dty 8 5 Tl & A B2 O 703 OFe" Dty il I B AUEIERIRAR(T <
120 K)Z72 %, (n-CoHaner)sN[Fe""Fe'"(dto)s](n = 3, 4) THN - EMBEMHERIL, REkox 7 231
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Fig. 1.°"Fe Mdsshauer spectra for (n-C,Hzn:1)sN[Fe"Fe"'(dto)s] (n = 3 - 6) at 200 K, 77 K and 4 K. A: Fe"(S
=1/2), B: Fe'(S=2), C: Fe"(S = 0), D: Fe"'(S=5/2).[2]
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Fig. 2. Schematic representation of the charge transfer phase transition (CTPT) in
(n-C3H-),N[Fe"Fe"(dto)s].



t:%ﬁ,n:56@1%@#54Ki@%ﬁmﬁﬁﬁmf&é*&ﬁﬁguﬁkexxA77~x&
7 NI DIND, ZDX 91T, (n-CoHon)sN[Fe"Fe"(dto)s i 31T 2 BATBEFHIER IR A A DA
RN L<KAFT D, BeEIZBE LTI, mﬂ—G@?AT®%T;%PTﬁMﬁﬂ%ﬁL FhEND
RIS 1T = 7K, 7K (&13K), 19K, 25 KTH 5 Fig. LIZHI1T 54 KD A7 "ML THLN R X 51T,
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m:mﬁﬁézﬁyﬁﬁ(&“szzFw'kdm?%@@ﬁ%ﬁféomQHmM&WQWMQKk

% BN OIS A Fig. 2 [2RT[1),

. (SP)[Fe"Fe""(dto)s]iz 31T B BHT B BRI O LHIH

THETHBERTEL HIT(n-CoHanw)aN [Fe"Fe"(dto)s] iz 351) 2 BB IR 35 L OMRREMEIS T
KA AL DA RZELLEKGTET D, bl T4 e U ORIy F2EATIZENTE, [
RRAE TIRMALRIE N Z 5 2 LN TE L, KA A DOIRMALRIS 2 A & LT [Fe"Fe" (dto)s]..
DY A X% THIES 2 = 212 & v [Fe'"Fe"(dto)s]., DFREENE, O TldFe'"-Fe" i o> E TR 2 HI 49~ %
T EWNHREL 22D, Fig. 3ITVCISAMEARE « MR A SER(SP)[Fe" Fe" (dto)](SP = spiropyran) 4541 LR
FR1TE OBALORERFEEZ R LI D TH LT, ZOFRTIE, SIS FNETer ~ 90 KTEMBE)
FRERRE N & | Tor LA T CRiiadl S ARIEFED 2 A F L, Te(@iRAH) = 22 K, To(IRiEFH) =5 KT 2 B
PEDBEEMEISE N = 5, & 2 AN, SPHERIEROn-n* ERIZFH Y 9% 350 nmOSEA A B L CTip < &
IRA R OFRBENEE (Te =5 K) OFIENRED LT &, HBIDLE 4 RN 2 SRR ZIEVH
BT 5, Fiz, RIEMAHOWIN > TEIRMHOEIENHENT 2720, miRAHE RO REENER (Te =22 K)
DEACDEER L TV D, ZDZ Lid, SP-MeDJERMAGIZ Y  fidb k& T DIZIED miiAH 2 Z e S E T
RSN D, EFEOMMIL 70 KIZBIT 284 RE THLBA S L, X, KiRHED
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Fig. 3. Temperature dependence of the magnetization for (SP-Me)[Fe'Fe'"'(dto);] before and after the UV
light irradiation (350 nm with half width of 10 nm, 40 mW cm) for 2 h and 4 h at room temperature. FCM:

field cooled magnetization, RM: remnant magnetization, ZFCM: zero-field cooled magnetization.[7]
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Fig. 4. >’Fe Mdssbauer spectra of (SP-Me)[Fe"Fe"'(dto)s] at 6 K before and after UV light irradiation (350
nm with half width of 10 nm, 40 mW cm™) for 3 h at 300 K.[8]
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Fig. 5. *’Fe Mdssbauer spectra of (a) (n-CsHs).N[>'Fe"Fe'(mto)s] and (b) (n-CsHs)sN[Fe" *’Fe"(mto),] at
200 and 77 K. [10]

Fig. 6 1Z. (n-C4Ho),N[Fe"Fe"'(mto)s] DFe" 0383+ MIISIF 2 A b o ol & Fe'-Fe [l i 7t
BOWFRBHEOMIELZ R L2 b DO TH D, Fig. 6 1T X 918, Fe"0sS3¥ A FOLSIKAE & Fe"Os 1 |k



DHSIREE DN ITSRBEEF I AER MBI < . = OFRENE A 2 BB Tl Fe'Oty il IcH 5 Tl E A &
Y DOEFPBEOF Dt B ICE B ITBEIT 5 2 LR TE S, —J7. (n-ChHo)sN[Fe"Fe'(mto)s] 23Ty = 38
KDO7 = UBHERTH S Z L s, Fe"03SsH A FDOHSIRAE & Fe'Og A b OHSIRAE D RN 13 S iR
FEAERAB< o Z ORBRIENE A & Bl TlE, Fe' Ot flililc® 2 T & A B 0BT B BEOF" Dty
WIEIZ B E) L7234, FeOg 4 b CHundBIMEN A 7o O K& e = VX — DK EZT 5, DL HIZ
LT, Fe"'03S;¥ 1 hOLSIREEZ AT & L TFe"03Ss ¥ 1 hCHsiT D\ & B o1 & Fe''-Fe'" B 7-fif
FEEOWFEZNENEZ > TW5H EEZBN D3],

~o [Fe'Fe™(mto);] |
.o
0 s
& ]
s os_o_ 1 o
]"ET" l I"e"
P ] 0. I
0 W’ s
| /,O 0 § |
Fel’8,0; tif tic interacti
antirerromagnetic interaction
Cg
s v,V FellO
+ V¥ s cus
e - 4~ HS
:‘ ‘#//ﬂﬁﬁ$4L¢—
[+

LS a at
N N valence fluctuation induced by
spin equilibrium | ferromagnetic interaction

Fig, 6. Schematic feature of the rapid spin equilibrium in the Fe"'O;S; site and its effect on the iron valence
fluctuation in (n-C4H,),N[Fe"Fe"'(mto)s].[3]
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Fig. 1. SEM images of iron sulfide particles
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Fig. 2. Mdossbauer spectra of iron sulfide particles
measured at 293 K.
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Fig. 4. XRD patterns of iron sulfide particles.

Fe,S;

Table 1. Mdssbauer parameters of the iron sulfide particles.

B0

(x) and Fe;Sg (0) were observed simultaneously.

o AEq H r Area

Sample  Temperature Component mm/s /s T /s int
FeixS 0.71(4) 0.04(3) 28.3(1) 0.74(4) 28%

0OA30 293 K Fe,Ss (A) 0.38(1) 0.73(2) 0.37(2) 49%
Fe,S; (B) 0.44(2) 0.47(4) 0.36(3) 23%

FeixS 0.88(1) -0.24(2)  31.2(1) 0.71(3) 39%

0OA30 6 K Fe,Ss (A) 0.52(1) 0.67(2) 0.90(3) 41%
Fe,S; (B) (DHMF) 0.53(3) 0.01(5) 16.0° 20%

FeixS 0.67(3) 0.04(5) 29.9(2) 0.53(9) 11%

OALS 203 K Fe,Ss (A) 0.35(2) 0.71(2) 0.33(2) 54%
Fe,S; (B) 0.49(3) 0.65(2) 0.42(3) 26%

Fe,Ss (HMF) 0.54(3) 0.16(6) 24.8(2)  0.54(11) 9%
FeixS 0.87(2) -0.14(4)  31.5(1) 0.59(6) 11%
OALS 6 K Fe,Ss (A) 0.49(2) 0.82(1) ) 0.75(3) 32%
Fe,S; (B) (DHMF) 0.49(3) 0.12(5) 16.2 20%
Fe,S; (HMF) 0.58(2) -0.10(4) 24.7(1) 1.03(5) 38%
FeixS (A) 0.71(2) 0.06(1) 28.1(1) 0.43(5) 29%
FeiS (B) 0.67(1) 0.12(2) 26.2(1) 0.52(2) 36%
OA10 293 K Fe.sS (C) 0.67(2) 0.08(1) 30.1(2) 0.31(2) 17%
Fe;S (D) 0.65(1) 1.41(2) 0.23(2) 3%
Fe,Ss; (A) 0.35(1) 0.71(1) 0.37(1) 15%

* Hyperfine magnetic field at the mode of the distribution.
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Fig. 2. Wedge degrader. The
overlap of wedges along the
beam path determine the
thickness.
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Fig. 3. Time dependence of "“N polarization 4P
(solid circle). The rates of >N implanted in the
catcher (blue open circle) and B rays (black open
circle) are also shown.



ﬂ-NMR @&w i 33s B
HIMAC Dt~ spill 1% 3.3 s Tl t—AFEIE 35 ms (CBA . | Beam - LT L T1
B'=be B BREHEHA IV (= 1 spill) @ 2 [EZ1[E, NMR FIZ, of ZH]

AL7=. BI6 . Fig. 4 (SR THER AP HE - AR RSN T, b =0 T Bl — N
# 10ms ORDIC of ZFIHILIZ. NMR O of (Z1F, %9 Chemical | RF —l—+D<——{l
shift Rftl O JR K IZ LD NMR BIEOIENVEZEL T, \ o ° .,
FM(frequency modulation) £20 kHz Z T TZ DD NMR #hF D lgilg\I I\Z/LIR "l/;ime—fsequence 1pr(()1gram for
BUYEATo. ZOR R FM 55 kHy ORRLIS Fig 5 SRL Bu's G S
7o FEBRSAIIE RS B= 1T, 3EHEEE T= 295 K. & &k Rsys  plus 10 ms after the beam end.
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.
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Fig.5. B-NMR spectra of '“N in H,O. The conditions of Fig. 6. B-NMR spectra of “N in H20 (red full circle)
the rung were, B =1 T, T(H,0) = 295 K, B, of if = and Pt (blue open circle). The conditions of the runs
0.3x10* T. FM widths of rf for black and red full circles were, B =1 T, T(H,0, Pt) = 295 K, B, of rf = 0.15 x 10™
were 20 kHz, and £5 kHz, respectively. T. FM widths of rfs for both were 0 kHz, respectively.

B, =03 x 10*T, f ® FM 5%, B8

AN £20 kHz, FRILOLE N +£5 kHz OLEHIZ, Fig5 ([ZIEEL ORLTHD. PIERRZEO T, NMR ¥
IFVOREZIE FM BT ALV, BRI IIEIRREIZk) 72, of O F0ME vy = 3484 kHz DI £25
kHz O CHBERNEEZIT>72. ZO%A FMIE = 0 kHz ThS. Fig. 6 1T 1f IZ FM ZHNT 720 EX Dk
BREZRT. RITRUEZT =4 H,0 1 PN O NMR THY., FHALIL, B HIEDT-0124T7->7- Pt
H1 2N O NMR %353, EBREARE. FAINES: B =1 T, @EHEEE T =295 K. &8 RE B = 0.15 x
10* T, rf ® FM 1§ = 0 kHz. #7428 PN @ H,0 1 NMR,FH LA N @ Pt 10 NMR %7+, H,O
N @ NMR 23820 VERE  SCEENR) = 2.5 kHz, CTEIHIS . of EE B B+ 5L., Swinger WiliniE T5
DIV HyO IR S R4 2% NMR CHBLUAIHSR- 12720, BL—0 NMR ANITMVTHD. 4k
THDHH, Pt AEHIEIRICEAREII AT T2 D THDHMN, T TR T=2F N RORCIAWHE DL D)
DAY T, ANTMVD TN HL JE I 2L EBRIE 2SR D IO BT,

vo ("N in H,0) = (3483.4 + 0.5) kHz SCHENR) = (2 £ 1) kHz
vo ("Nin Pt) = (3484.0 + 0.4) kHz SCIENE) = (1.6 £ 0.4) kHz

Chemical Shifts

[ —R&m PIC @27, H,O H1E Pt 1o PN o NMR % # H k7= (Fig. 6)D T vo(N in H,0)&
Vo(*N in Pt) D JE I FED D — > Dk 1D Chemical Shifts o, AL Biy = Bex(l — 0) TEZSNS, D7
AVEIBHL7Z. ZZC, Pt 10 Chemical Shift i Matsuta 72512 -> T, o = —(580 = 21)ppm [3]&HIESIL
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TWD. ZNESRL T, BIEORRLHET o

n" o y B, =B, (1-0)

("N in H,0) = <410 = 180)ppm &\ )ik K415

5. BEOEDIT. O EE MO AW DO

Chemical Shifts &#iL T, Fig. 7 lC#RLT-. 7 s m NHO
4:{k0> Chemical Shift 0¥ BR L 1072 3AT o

X BIRCTE ST HIECT 5. = v = T

| . " n | . . !

A

1 ' ' 1 ' ' I
1000 800 600 400 200 0 200 400 -600 -800 -1000

3. BLBZ £ o (ppm)

s p("*C,"Nyn ST PN &24RkL. L . . o B
b AL R P-10%)bD% N AL VL R s o NI N e
V—AdEEm NG ZE R HZ | 298N Sk7=. £ with the red bar. The blue one is the result for Pt by
o CERS T O NMR g o e,  Maswaetal B3]

ZER AN E 727K Catcher HFIZHE Z A A B D

HEIT LT, £2. 2O BARIBR(S TAER LT S TOMmRBRD 60%41EE 5521 R: LT NMR
Wiz 72, ZoZ 8L, FTREICART NMR OFfFREEDOE T, WKL, A[EOERWAERELAETEE
WFIEREEE L THFIE R D ZE B ODNT A o7, Bt CERN @ ISOLDE (238 TR H /Y THIHE
BT, EHEmE Mg DR F—— 25 HNTAAARIEF O B-NMR BHICKI L7 [4].
— FARBFEIL, BT R —RRE — 2 E R 5L T, K0 E ORI ARE T O B-NMR %
FBLCELZEAFEIL, HILWG R EEEol-tE o TRL.

KT, K FELOELEOBEN 102 Hz LHIESNTOHDO T, PN ORKALE ., Thi, HHT
B, 57 FITH E- TR, WIRMIZEA DM AERITMAZL 2> THNRWIEAIL , NMR O#iilE
FVRFE CBUN H Sk A 72 AD LV FLIA L, FRATIZIERE CTh o7z, Z LT, AL VS TRRFIIREREAS Ty ~19
ms ERVWIEL, EFODICRREIND. HLUAENRMRBD 40%23KDOIVTNAIEN, HiH A B i
(Swinger ZFIHL QYD HIET, Dirolz. EDIH7KE M TRUIRIRL TWDEWI L O T, ZDH
D, ZILNHDIBRNEEND.

WA Z R FEL7Z N 134 C Diamagnetic 72 B2 BEIC 50, NMR #fE$k kHz THiHESN CT0D. 2, &
DX 7ol Z A BN E, BN EZELTZEL THARHR TIRRWE S AR BB NS 1550
T, AR T HEIESUL CEREL) DRI TWEIL2ERT L0759, Rima i k-
T2 FRD D 40%D PN AZOW T OSRERR A RS EATF SIS, K4y -l 22 - 25 5 ) 0 LU MR AR OO A D
WRHHERbND. KOHF T, Free D "N* A4/ THAHON, PN 23 0" DIRVEZL TWADH, X, fili
MDD N &G Tesy T DA ARBEITIR > TONDDD, ZHVNDDR RN R T-N5. Ziunb o L4 B
Tedlz, FEFNRER], NMR #RiE, 7oL OREE | B REC, BUBHEEE | of OB CHET S TIE
Thb. Tl ZIAFEL ORI OERE OIS JF - THED Th 70,
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Direct Measurement of Lithium Diffusion Coefficients Using Radioactive Tracer of 5Li
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1. FEBHIZ

UF T LA FL2REHIZENTY FULL T NTEROHENFETH D, BEBHIA BN OZ OHE)
FEE) (BEBERS) NEMEM S EOR AR > T\ D, BEXULFITFIEIC L VMBI O U F 7 245
BARBUTEH FIRECTH B 23, MIETETMEN 2L OTH Y, FIEOENIC X IR EOIEH S
ZWNENLO[L1-2], FEHE b L—t ik, REHR ORI E BEEE T S HIETH D, hL—
P— 2 BN A, TOHRE 27 v a =07 L TREBRREZRIET 5 &0 ) O THIE
IZhHREORMAZE ST 5720, VF U AL TS 2R S0HEME L ORMAENR R, Zh
FTITONTIRnoT, £2 T, Fxl3EHMDO Y T U LEEHERNATH 280 CEE : 0.83
) oe—2ZFHAL, L—W—& L THEERENCHT BiA A THHUC L BPLio#) & 2R OB
gt & D okl T ORPEIC L 0 LWFEBRFIE AN L72[3-5), ZAUIERD ~ L —H—{kL
BTe 0 | FEREE CURRRE OFm A b OB TERMARICEH C& . BA A ARERD L O e kit
B FEOERE (~10 %720 1 umBRE OB, 10 ecm/sERE £ COIRHIRED) 1xh LA
Thd, LoL, FlZiX, VFUL2REMOEMEHIZIL LV BWIEBEREO b ORZn L%
Z 5, ZOHEL2-3HTRRERE (U472 0 B FnmiEE OB E), ~ 10 cm?/s FEE OILERED)
RWETALERD S, Z0H, [KELIiE— A0 L 3RBEE T LT/ ETOah i
952 L THERELZSEL, 10 BWIEHRERZNE TR FELESR L, B I 21—
Va v ETo AR, 10% emlls FRE E TRl TIRMEA & TE 5 2 LAV L72[6, 7). AlallE
T A= DY F T MEE A BRI R U B2 2 b L — =Ltk X B PRk
BB E DOBIRIZOWTIE T 5,
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2. BRHE P L—Y—SLilc X B F 2 R —AThD Y F U LIBHEIELE

VZHEED IR v b7 v 7 amd, O X 52, K

(~8@Wcﬁu%%wé*&?

KRB A MR ST R M Z0ATy, S DIZRUBHEREISE L TOMIE( 6 =107 ) ICRE

7eSiffHids CobiF 2t 5, Bitias 2/
RET D2 LT, BB TOokL 1 DO FRFRAZE M H>
5OEEDOUsin 0fFI272 5728, ErtnmiEE D%
SEICx L CH IR Sz = r L X — Kk & e
V| s CHIE AR e = kL — (b AE B A,
U F T LPLHLOER S N3 2 1 R 2 UGE
T 5,
ZDOTATTITESNT, FrREIC XD IEBRE
HIE 2 IAEATIE X > 7 MRt 12 TIT - f:o
T b L— W —BLilX R % O [FALAR Sy B B
8 keVD = 3 L ¥ —THHa L7z, SLiobE— Aé’ﬁf“
BB IZ10° fHETh o, WECHWZHENT
A E AR Y F 7 229 L EAE ﬁ”’ﬂ%fﬁ%@lo
ToH DT E/NT 7 ALi,Si0,-LisVO, (LVSO) i [8]
(X400 nm, FHEH Z41.7nm)TH D, 7L ks
s fbLVSOREHE, 250°CLL_E D FEHEE THEkiA
2 & 0 PR BRI E 21T > TR v . 250°C TIXiflE
TIRIZIEVME TH > 72, fE-> T, ZHLLF ToORE
I EE C UHTHNE VE TR S JIE T & 2 & FRGEE
L7z, LIt — 2%, 16F0RIREHC PSS (beam
on) L.ZDRAEAFFO7- DI/ B — ARG % 1k
b (beam off) . SIERHIZE Coft 2 HIET 5, afipifiE
N5y 72T 72 B E T DOV A 7L B SR R
D L7z,

X212 VSOt 2 130°CIZNE L 72 B (2 IlE L
Teohi DR N X =& md, RN E— L
FRSTBRAAIL0. R0 B IR £ C, B4 56.6F01%
EFTCOZRAF—0AATH D, RO K 91T, K&
HAZohl T D= R F =5 BMRNMANZ 7 R LT
WD ENDND, ZhUE, B &L EERE
T 2™ B B A TR L, ﬁ%}: L Cohi DB
TREEDME R, obl D= R X —H RPN 5728
IR F—=PMETFLTWNWAZEEZR LTS, 20D
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Fig. 2. Measured time-dependent energy
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THRNX—AAORRIELE E'&ILT 572012, K=
Xk TR SN Dok FIREIZE R T 5, X2
TRIRT DR /L F —fHIk(low gate) D A~ kD
ZIER L, TORFMBEZIE AL Z LT 5, mT
VX —FEIR T b F O P = R =S A OA <
MOTRLX—HIIR /NI WO, JEERIC X 5 K
FEIZEB B 505, MERRD T O RERIZ S — K (high gate) L T
R AL A8 5 Z L2 Tb, K2 TR LT
BT/ — b L7, R ofiis g 2 X3z, @A
2 b AR L — i T/ — R (low gate) L 7z
BreR s ©, OEE W o VX —fHi T4 — b (high

[ )

& Lowgate
— Simulation, D= 1.7 X 101! cm?/s
O High gate
——— Simulation, D= 1.7 % 10-11 cm’.fs h
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Time (s)

gate) L7 b D TdH %, HERERG LIS DOLiIDKRFHZAL
(B — LM, R 2R 720, affiBEL, =
RNF —AACRERURAA DB S e o 7o,

Fig. 3. Measured time-dependent yields of
energy-gated o particles for LVSO at 130 C.
See the text for more details.

i COPEUER) b DoffiRE THI L L T 5, X3D
F oI, ART RV — Ik T Do i EE 3 RE ] & 31T
WA IR (H=fr X = TIERY) LTHn50
NIND . BiEY I 2 Lb—3 g otk (Kfo%E
) 12Xk v, 130°CT1.7+0.43x 10 M em?/s, 100°C T9.2
+0.23X 10 cm’/s DOHEHEREL & B H k7=,

X412 E U 72 LVSORRE DL AR S O IR LR 71
o, AEHEE100°C THIE L7277 E/L 7 7 ALVSO
WD U F 7 DLBARE DML, SV 7 2eiEdt
LVSO&EL (TERIEICLVHE) T L=uRxTay
MZEDHMEE L D K205 D/ SV, ZOFEIE, v
7 Gk & IR CHIE Sz A A UARE R 0 2
[O1&IEFE Lo T,

3. £&®
BESHHE b L—3 = Lik F\ 7o U F o S EHOE S
DME TR ZGES 720, KFH (~10 keV) @

Temperature (K)

573523
+

—
o
&
7
/
!
/

—
(=]
b
-
T

.

—#—Thin film present method k?\‘ 3
Bulk, previous method ™~

DifTusion coellicient (cm‘zr’.\')

—
(=1

107

i 15 2 35 3
1000/T (K

Fig. 4. Arrhenius plots of Li diffusion
coefficients in the bulk crystalline LVSO
measured by the previous method (M) and
in the amorphous LVSO thin film by the
present method (@).

SLit— 2 L RRBHI R L CT/MAEED ~10° ) TOokKi FRRHIC L D FEEFHTZICER L, TOTFIERM
HaiT-> T 5, LVSOREHE AWV MAEER OFE R, 10" cm¥sH OILBARE A HIE T& -2 & %
BAV, RERIE X 0 2HTRRERIE FIRMEAZ & ET D 2 LN TE, 7/ A r— 0 TO U F 7 LEHHIE
D ELR DNz, BUE, LIMnO, 72 E DY F U L2UR BB R D L BURE E A Bt L T 5,
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Benchmark Study between Mdssbauer Isomer Shift and Density Functional
Calculation for Fe, Ru and Os Complexes
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1.

GRSEETICHIT D88 LB T OB ORS 2 ERIMICHRT S 2 L3 LAMED L DD
FEVE DTS SR DIRIIC I W CIERICEE TH D, A AT T —0iEIE, A AT T —J
FENBTLRTFZDOLDODOEFIREEZHETE 2B RVERFIETHY , Hx REBLBICO
WTHE SN TEEL B A AN T —R1MEES 7 NO)IE. @BOMLIRE - 2 REEF T T
<, AR & BT ORSAIREE & EAIC R T B (Eq. 1)%

6 = {(3Ze’R%)/(520E,)} (ARIR) (po™*"™" — po*™"*) (1)
Z,e,C,R e ITNENRTH S, BRFERE, HlE, BAKRREOR TR, HEhofERs
L. AR [3F R O FhERAE & LR AE D ZE (AR = RO RIMMY 2369~ F 72, po l 3R T4
B TOBEBTFHEETHY, BHLFEHEICL > THETETH D, p IS0/ A5 X —2 (T, A AN

U7 —ERE L ThHEBATER L BT 2 LR TE, R UBIRICHT 2 S HZ VT 85E pe™re
DI AT 5 (Eq. 2).

9= a (po™™" — b) (2)

Z OFIGBIGE & FBRIED 6 & FEED poloxt LTHWS Z L Ic k> T, IV 23 EFEO 74 %
AT 5 B EEETH D

EEPEABIEDOFT) X, @EERICHT2&HEFHAEE L TROAHAREETIETHY . Hix
d 7 ay ZEEMIcR L CEH SN TE 72, LA LARG, 3,4,5d i a STt amic ity 53
WO L R FIEIIREHL STV, AREOBMIE, A AT T —8 kRS 7 | &
DFT 3HE DR F~— 7 BFF2I2 k- T, Fe, Ru, Os $EKDRE A IRRE & 224 |12 3Ll vl e 20 3 ML F 1k %
BRTL-LThD,

2. FHEFIE

HtEE G LAY O TR DR OBEEB R RARTH Y, I 3d (LEWIHTT
% 5T/ S V23 4d, SAd (LA O BRI ITATR AR LICHB T 5 2 i3 TEan g
RS AR EREIL, Dirac R O/ N BB A HET A LIC Lo THELN, IsETFRE
DT BEFEELRBELINT AR ETFHE TR ISHAVON TS FETH S, Fhix
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. CHESEO—TH DY o kIEHITEL (ZORA) NIV =T ARGV =T e L
T}ﬂb\f:o LRI, segmented all-electron relativistically contracted (SARC) JLJE * 2 47T

FRITHID YT, 22 - FRBFULREEUCIE. =S D H72 5 YLEI% BP86, B3LYP, B2PLYP % v iz, 4=
TODFT #HHEICIE, 7r 7T A ORCAS%:FHmto

NF2 =PRIV T MR, A RN T —RYER S 7 MEDFIT AIEEZR Fe, Ru, Os {b&
WINZHOWTENZI 10 HER L7z, FHRET LV ORMFIL, 6 B0 b OIXENTE, 4EM7OL
DITIENMEARET V2 IS & LTz,

Table 1 Benchmark complexes for Fe, Ru and Os systems

(a) °'Fe system (b) *Ru system (c) **0s system
Fe complexes S 5FEEX:a Ru complexes S 5Ruexic Os complexes S 5056):
/ mms / mms / mms

[F°CO):]° 0 -0.18 [RU"(CsHs)]° 0 —0.75(2)" [0s"(CsHs),]° 0 1.67(16)°
[Fe"(CsHs),° 0 0.52° [RU"CN)s]* 0 -0.22(1) [Os"(bipy)s]** 0 1.47(14)°
[Fe"(CN)]* 0 —0.07° [RU™(NCS)e]*  1/2 -0.49(4)" [Os"(CN)s]* 0 0.89(17)°
[Fe"Cl]* 2 1.00° [Ru"Fe]* 1/2 -0.84(1)° [0s"(NCS)s]* 1/2 1.59(19)°
[Fe"Fe]* 2 144 [Ru"(bipy)s]** 1/2 —0.54(1)° [0sVFs]* 1 1.64(13)°
[Fe"'(CN)e]> 1/2 -0.15° [RuVClg* 0 -0.31(1)° [0s"VClg]* 1 1.0427)°
[Fe"'Cl” 52  0.30° [RuVFs]° 0 0.15(1)° [0s"VBre]* 1 0.83(37)°
[Fe"'Cl)> 52 053 [Ru'0,* 1 0.38(1)" [0sV'CIsN]> 0 -0.47(16)°
[Fe""F]* 52 0.69° [RuM"O,] 1/2 0.82(2)" [0sV'Fe]° 1 -0.78(16)°
[FeV'04,* 1 -0.90° [Ru""0,]° 0 1.06(1)° [0sV"'0,]° 0 -3.64(24)°
®Relative values to metal °Relative values to metal Ru at4.2 'Relative values to *®Ir source for
o-Fe(Rh). "Ref. 2. K. °Ref. 6. °Ref. 7. 36.2 keV transition at 4.2 K. °Ref. 8.

3. iR LB

Table 112 Fe, Ru, Os (A D~ F~— 7 FIREICHWIZET L & FBRIED A AT 7 — Btk 7
M &R LTz, %iﬁ%ﬁﬂ:é’ $ V55T A TOHHAD ETF1 local minimum #ETH Y | KT
RRED 2 & R — A RIC L 0 15 5%7:/@%:7 R =PI IR 72D A S BRI
Ebtozomﬁﬁém%ﬁ_ D —REHEIC K VS L BB LT, BB TOE
%%‘“‘W po %ir% L. BMERS 7 FEBRIEE O vy F&21T->72(Fig. 1), Fe, Ru, 0s &= T D RIZIW

. BEERIC X B ERE R2E1X 0.96 LLETH 0 | FERE & FHEE S OMICROHEBENRSE LR

710 “Fe lZ 7‘57 By FCE, BBERIC RS D EROBE X IZATH L0 L, PRu TIXIED
& Choiz, ZOFRERIL. Eq. 1 HICE2 5N TND ARR EOLE, Fe(14.4 keV)IZ BV CA
THY . PRuBIAKeVIICBNTIETH HFERFEL —~H Lz, £z, *0s(36.2 keV)IZEI1T A D
HZ1E, ARRENAMETH D Z L2 L, ZORRIT, BEARy 7 NEREE Os HHA 4
(219 % kAt self-consistent field FHRIC L > THELRERE LS,
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FGONTMEE ThHWIEEH a % HWTARR
EOHREZIT-7, EHILEQ. 3 2N TITo7,
(ARIR) = a- (5¢0E,)/(3Ze*cR?)
= 0.03163- (E,0)/(ZA™®)  (3)

Z ZTE,Z[keV]. alX[mmsta’ AL TH B, 72 A
[IAANRY T —EOEREHTHY . JRTFEERER O
FEIIE, R R=1.2- AV [fm] Z HV 7=, Table 2
IC=ODRER DT & > TE BN ARR AR
L7z, BTORIZBNT, EEDENZ LD ARR
73, BP86, B3LYP, B2PLYP DJIEIZ 1~ 1.3 1% L
LTWD Z Eenmmole, 2RO DRI L 5 E7%
EWIL, EIENOPLBEEICNTET 2 81 [ DO 2Lk
HAEHOFHMmAE S Z &i2dh D, Bz X, BP86 IHLES
BB ORI E D= RNX I T D% 5%
BEEOIBEEE L CoORLBRTLDITH L,
B3LYP, B2PLYP JLBISIE, ZHH EAEH 2 E i
20, 53 Y D EIE 72T e 72 AR HAFE /I E A 2 CRD
T 5, ZOEWBREEIREIZEZ D ERTEIL, 3t
AREAHRFEER TH 5, Eu, ®'Np O Bk ks 7
N2 R ZRAFIEIT K 0 | s 7o A HARE Sy T D
BN SWIEEHAREE A WMRGHE L, KEWIZ LR
INEHI T AN B D = & AR ST f, ¥90s(36.2
keV)IZF31 % iR EFREL R* {3, BP86, B3LYP, B2PLYP
¢ 0.968,0.972,0.982 TH 5 = &5, B2PLYP IHLEI%L
MEBRME RS BWVHEEZ 525 2 &3 0hhol, 2
DOFERIL, ®'Eu, ®'Np 04 L —E L. ZORA-
B2PLYP/SARC Hiii, d 71 v 7 r#E 21 Tl f
TRy 7 It O A REE b EFERICFIR PR T MR
7R HRTH D Z EIRE ST,

(a) *'Fe system

2.0

=
o

8:2P / mmst
! o
o

2 =
10 R?=0.961
-2.0 - -
13788 13792 13796
pO(:ak: / ao—s

(b) ®Ru system
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=
=)

R2=10.969

85, P / mmst

S o o
o o o»

-1.0 k k k
96145 96150 96155 96160 96165

pocalc / aO—S

(c) *°0s(36.2 keV) system

2 —

80P [ mmst

1
0
1
-2 F R2=0.982
3
4

1313200 1313240

1313280
pocalc/ao—s
Fig. 1 Correlation between e, and po at

ZORA-B2PLYP/SARC level.

Table 2 Comparison of AR/R values between experiment and calculation

Mésshauer E, (ARR) /10"

Nuclide / keV Exp.? BP86 B3LYP B2PLYP
*'Fe 14.4 4.6 -5.17(20)  —4.66(24)  —4.02(28)
*Ru 89.4 28" 4.62(46) 4.18(35) 3.56(24)
8905 36.2 ~1.69(3) ~0.49(3) -0.40(2)

3(A<r®>/<r®>) values. "Ref. 1.
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4. T

FHXF36 DFT 354 T, Fe, Ru, Os $5ROFEARREIZ KT T2 B4 EDOF 21T o 72, A AT
T —RMER Y 7 N BRI )T B R E T OE B E O R OMIEEYRIFEIC X D |
B2PLYP JLEASN B & L0 RVWMEBE A B 2 7o, F7o, BIEEH o & ARR OBIRA LY | FHE
ED ARREZKDT=, T OFEF, *Fe, ®Ru BT ARIR EBREDOHHEZ L < HH Lo 72
DL BRI B LT, & 612, FEBREDIELE LRV 1%905(36.2 keV)D ARR b EHHIC L » TRk 5 =
ENRARETH Y, -1.7-10°~ 0410 OFEHTH LNz, THHORMRIT, d 7 m w7 $EEITE S
HFEEIRIEDOIE LWL A2 ATRBIZ T 5 7210 T2 < FMIR DT 2 — 2 OGN e PRI S
BEHFRETHDLZ 2R L TV 5D,

2% 3K
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B A BEEIZHEA L7z BLSL Fe JFF DfLEEIRRE
Chemical State of Isolated Fe Atoms Implanted into Solid CH, and Ar
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’NIRS

1. iIL®ic
AL E—A s AR T —SIET. BHROAANT T —F o —7 Mn CERE 1.45 %)) %
BARSB~EEEA L, BB TEIL L7 e — 7B &5 2 27 7 — y $Ro JLIEIRIY
AU TA L TEHAT S 2 LT, BEEEBAER L Fe R T-0OE TRIECENEREE 2 E O kiE
REF Ty TR EOBNRIESD WA ESEZORBIET L FIETHD [1, I ETICHE I
MNn WA B b s A AR T 0365 % . KMNnO, [2]5° LiH [3,4]. 7 4 A A [5,6]12 )8
L. 5L Fe JR A DAL FRBERCENI BN IC SV Tl Lz, *'Mn B%, B HEm T8RN E
PHOBREE~D BN ECEHELE LV /NSW P EHEETH LI LD, 1EED Co ZAW-A 4 1A
FERE TR DA BEDL Z LN TET,

AN, @SOS EE A UGN HEMZ2 RIELKETHSD CHy~ U v 7 A CHy & Ar DIRAE~
U w7 ZAZRBEE LTA U E =L « AARTYT =3 HaT2 52D THRET 5,

2. EB

FERIT, B E SR AR E A 4 2 IiEgs HIMAC TYT72 > 72, —IkE—2Ah PFFe K241
500MeV (ZHiE L, ARREEA) °Be (27 mm JE) (CHE7Z2 872, PFe 2% Be HEAYICHEZE L72BRIC, AS
BRI L0 . 2O ZERFGMENERSND, DD M &t i oy Bl E
THBE Ui b Uiz, T 0%, #2708 S OFER 2 @il S, Mn OFEAT R AT -2 bz
D 20~30MeV & L7z, ZHICL Y, *Mn 7o — 7RI EHR 2 HEEE 250 um O BEIR IR <
O3Ai Lize ¥Mn ORI, ) 8.0X10° ppp TH -7,

H A~~~ v 7 ZREHE, BV A 7 A He 7V AF o — 7 i Ic 10 FEi 240 18 KT EME
FL.ZNICEMED CH, W A E 7213 Ar A% 1.5scem T 30 BRI NT T o< 0 LiE A L CfER
L7z, HIEICHWZEHT, CHy & Ar OIRAHZZE 272 1:9, 3:7. 5:5, 10: 0D 4 FffikHé L
7o T RXTCOHA~ M) w7 ADEZE, 2 mm Thoi-,

A AN T =AY " VORPEIL AT AR E 77272 VR s PPAC TY{T7e > 7=, sbEHEEIZ
TAF v 7 rF L—F B (Bicrons B, JEEX 0.5 mm)EZELE L, °'Mn O BEEZICHE D BARIC
Ko7 7T 0y RO ZE B—y KEIRFHINE TITe > 72 [7].
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3. ERLEE

Ar v ) w7 A CHy~ FU w7 A, W&
DIRA~ MU v 7 ZZEALE Fe (<°'Mn)
ALE =D s ARG T =AY ML Fig. 1
[Z7”F, Fig. 1 TIX F2>BIEIC CH, B EE BN
LTV 5, BRERR CH D 72 DI O 1%
W OWINFEER & 1T H e ) IKEE L T, CH,
BEIOCHJAr = N v 7 RATHELNIEARY
NLVORENTIL, URTCHE LT Ar< N U w7
ZH1 D 5Fe («=°'Mn) DA AT T — AT K
NEBEIZ L [5].

Ar~< U w27 X (Fig. 1. @) Tix, A7 |
M7 vy MIS. = - 2.13(4) mm/s) DA
L BMERT T FOfEX Y BhEIRE Fe'
(3d'4s%) THEL TS [5],

CHy; ¥ hU w7 ADRAANT T — AR K
b (Fig. 1(e)) 1. #7' L v b (1.S.= -1.43(2)
mm/s, Q.. =2.00 (4) mm/s) &> 7L vk
(1.S.= - 1.35(4) mm/s) D 2 %4y TN T
2o CHy~ FVU w7 290D Fe O H5EALE L E
FIRAEZ ORCA 71 /"7 1 [8] TDFTHE L
=LA, 2o0 Fe lbFFE CREE AL LT
fERZFT2, 121X 28D CH, 43175 Fe Ji1
A A C-HAE A 4 DHA—Fim Iz & D A
ECHIEAMNBEN L TWHHEEB TH D,
Wi & B C—Fe—CIXEAR LICALE L, Fe
DETIRAEIL Fe* (S=3/2) Thifk L7z, 2o
D Fe b HE & IR EUIE[Fe(CHL) TH 0 |
M IR EMERORRTH 5, Fig. 2 12 DFT
FHETH B TZ[Fe(CH,). D& 29, A A
NG T =AY N IVOFFRT I AT AR
7 kLIRS R OMEIX, DFT 3R ORISR & X
—H LT, TRHOFERNL, ¥ 7 Ly MR
IS AL, U7 by MGG B &
LTENENFRE LT,

CHyJ/Ar <~V > 27 X3 CH,: Ar=5:5 (Fig.1
(d) TIXCH,~ bV v 7 ATR LI 2 il
NEERTHY, Mz TAr~ b w7 20O
JIhECIRAE Fe* (3d74s%) 238 B boil, 3 Flisy TR
WRI 2% 2 EMNTET, CHy: Ar=3:7 (Fig. 1 (c))
TiX, BRIk 2 n] & & Bl S 7z,
[Fe(CHJ) " ® 2 B4y O HRESREE 13I8 L, fibikd
IRHE Fe™ (3d74s%) DRI LT, Z OfE I
1% CHJ/Ar OFEFEEALIZR IS LTV T JE 13

25
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Fig. 1. Mdssbauer emission spectra of *'Fe (—
*’Mn) in Ar and CH, matrices measured at 18K.
The isomer shift is given relative to Fe metal at
room temperature.



o MZT, HARZOXT L k(1S =0.20(22)
mm/s, Q.S.=1.28(37) mm/s) Wb L bt M7pl L b
W FET D2 ENRENTZ, CHREAR X HIZ
75K L7z CHa: Ar=1:9 (Fig. 1 (b)) TlE. [Fe(CH.).]"
D 2 A B S P B Fe' (3dT4SY) Ak Wb
MG, CHy: Ar=3:7 Th HDONTE 4 iy OIRE
A3 L 7=,

CHRIREDRAE~ MY v 7 A TR SN Z T Q«g ‘ SHOR ',._k
Uy Malgyid. BEERS 7 SOfED 0mm/s £ &
7 = L HECRE Fe' (3d%sY) L IRIE L7 " .
[9,10], TEHAIBLIL. —EBAS CHy 47 12 L 0 XD
SN TWAEDTHLLIEIRTXA, Ar~ Y v Fig. 2. Optimized geometries of [Fe(CH,),]"

7 A TCIEhALIRAE (3d74s%) L ALEEIRAE (3d%4sh) 1 using B3LYP/TZVP+TZV/J.
HHER TH DM, CHAZ LD Y T 1 D3, i (CP(PPP) applied for an iron atom.).

LAy DRI JTE LSRR AE Fe* (3d%s) b 5
NiZLEZ TS, ZOFT Ly MESOALFERBIZOWTIL, BERF LWL EZATHD,
MITCELNTZAARNRY T —XT A= 725N DFT 5HROFER O F & o % Table. 1 12777,
CHJAr G~ U v 7 A THER L7z Fe {LFREDAERREI BT DOV T, CHy DREZ(LIT RS St
THE T, B Ar & CH X, & BT fee #iiE % & VR EHITZ 4 a=531 pm, 588 pm & #
HENTWD [11,12], BAE~ FY v 7 ZZBWT S fee & AR H . >Mn 2> 5828 L7z °'Fe 28 fee
S ORI E ., 6 Befr/\ERALEICHIE ST 5, *Fe OF —UTHC CH 25 nfdl (0=n

Table 1. Mésshauer parameters of *’Fe («<—°'Mn) in CH, and Ar matrices. The sign of isomer shift is in
emission source experiment. Calculated Mdssbauer parameters using B3LYP/TZVP+TZV/J. CP(PPP)
applied for an iron atom. The isomer shift is given relative to Fe metal at room temperature.

Species L5 gp (mm's) Q.8 ;p (mm's) T (mm's) Area intensity
CH, 100% at 16K  [Fe(CH,),[(A) -1.43(2) 2.00(4) 0.90 78
[Fe(CH,),](B) -135(4) 0.90 2
CHyAr=55at 19K [Fe(CH,),J(A)  -149(4) 2.13(9) 0.90 74
[Fe(CH).I(B) -1.44(22) 0.90 14
Fe'(3d) -1.98(34) 0.90 14
CHyAr =37 at 17K [Fe(CH,),](A)  -1.53(6) 1.85(17) 0.90 51
[Fe(CH,),](B) -128(32) 0.90 4
Fe'(3d") 2.13(4) 0.90 34
Fe'(3d%4s)) 0.20(22) 1.28(37) 0.90 11
CHyAr=19at 17K Fe'(3d)) 2.12(2) 0.90 74
Fe (3d%s)) -0.09(73) 0.84(12) 0.90 26
Ar 100% at 18K Fe'(3d) 2.13(4) 0.54(12) 100
Species LS. cur (mm's) Q.8 0y (mm's)
Calculation [Fe(CH,).] (A) 1.45 2.39

[Fe(CH.), (B) 1.46 0.21
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=6) AET DR pld, CHyRE x Z VT,

P = 6Cp X X"(1-x)°" <ovo oy 1
EETLENTESD, CHEE x I2BIT5 °Fe 0.9
DE—IEHD CH 3 F#n=0,n=1,n22 TD 0.8 * $
TF1ERES p % Fig. 312”9, x=0 TOfE®D CH, 0.7
M SFe DB —ITHAFET HHERIT SR 72 5 06
100%TH V. ZOEIEIL CHAREE x OHZHE 5 05
VAT B, L 2L ED CH A T 5 04
B 500 HHESRIT CH, I X DBV EH & 03 n=1
L. x=1 CHERpIXLERD, ZDTTFTIT, 0.2 ’
BEXIZBIT D AANRNT T — AT FILDK AL 01
SO, EERET Ty T D EIEFICTEVFEES °

0 01 02 03 04 05 06 07 08 09 1

BT ZENFINoT, TOZEIND,
[Fe(CHy) " 1E 2 D DSIAREMERZ DD T A A
NGT—=AXT MNDET Ly b, YT Ly Fig. 3. CH4concentration dependence of the
b Rlsy e & L THERRT AUIE, CH, R x 124K probability of the existence of CH4 at the

17 L AR Fe(CH,),) 23R T 2 & 9 K
fEREHHT 52 LN TEL,

Concentration of CH, (x)

1nn of an Fe atom. 4 represent the total of
area intensities of [Fe(CHy),]+.

o2,
4. =Nkl

CHiBLWNAr v FU w7 RZEL, £ E—L « AANRNTGT—ZAX7 MZHETHZ LI
I L7, CHy~ b U » 7 ATk, 2 DOSRFMERZ & D8 L MEFFE[Fe(CH,), DBl S 4v7,
Z DALFRED AR FERIZ M B LT Fe RO — 82 50 D CH 2870 5 NS CH, R %
IZE VRIS D Z L2 DN Uiz, £72 CH, 3 72 5% Tl Fe' (3d74s°) 70 5 k1% L 7= Fe* (3d%sY)
DB T,

SCHR
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B-FeOOH O A pi H #%

Characterization and Mechanism of the Preparation of B-FeOOH

mEA !, B

AR I REE
D. Natori' and Y. Kobayashi'>
'Univ. Electro-Comm.

’RIKEN

1. IL»IT

IR 228k DB/ T 5 4 % 2 /KEREERIZ1X. 0-FeOOH (Goethite), B-FeOOH (Akaganéite),
y-FeOOH (Lepidocrocite)® 3 1 (LA, a. B. vHH) PEET D, off & vy FITRFRRRIE IS AE
ERSNOBERSOTHS [1], LLBHHIX, PR AtEErFoP2EofimEiEsfa L Tn
Do BFAIE. SR E ORI TITAER ST, Wk EEb A A o BNEET D8R T T4
REND ZENFHILTN D, BHNICHEET D b RUEEIZHE)A A ZNE L TWDH 2D

A A Na SO &I TV D,

FOBEICET AT, BRSO 2L ORI TOITWD D, SR BRI S %
KEENTND, AFRETIE, REEHKSVTHD BIHENL DNDRRDFMATHEL, Fe £
ANG T =030 XA, BFEMEBSEIC LV Xy T/ X VB —va T 5 LT EOAER
MHZHERET L 2HE LT,

2. EB

1.6 mol/L FeCl,*H,0 /K¥AHRIZ 0.4 mol/L NaOH /KiEHK &/ & O FIRA L. AX —7 —THEL
MBI T T BEIBUG S ET2 [1,2], EO%, SUSHEHR &5 0B L CR 72 3 T oI % 1l iz
L. ZHEREA & LT, 300 CIEA B BRN-% O ERAEEIRIT, #EG0a a1 MR
Witru2GATE LD ThoTe, ZO EEAERZ/INM3T L, 0.1 mol/L MgSO, KIER A FLTan
A REEH L, AT L7 00— (FLBE 1 0.025um) ZHAWCIRAMNER L-BEE L, Zh%
AEIB & L7z, REIBZET 2 A RAEKRD pHIZ 1.6 THHoTz,

DN T LT EBAERIC, T E=T7TBLOHEAT v E=U L% T, pH3.0, 50, 6.0
D3FEEZFH L2, 2B & RIERIC MgSO4 KA 21 T LEENT, FRAMEIR A 1T - 72 % 1A
W2 L. pH3.0 5 0EC GERBE) . pHS5.0 225 0k D (B ) . pH 6.0 5 OREHE (SB)
5T,

B A~E 1220 T, TFe A AT T =03 etk R X MRIET, EERLE 7B A CREE
L7z,
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3. MRLEZ ;
Fig. 112, pH 1.6 &k H4%7= B ORI TO X #REHT
RE—vERT, BHENTRERE, BERICmEINT
BHH (Akaganéite)D[RIHfr/ & —1 b LWn\W— & iz

[3] . Fig.2 |2 B OEARE T HHMEHE 4 ~7, BILE
BRI U RAKE nm OME WK Th 5 Z & 05k

TR (Counts)

*
|

BT, * \\J J r
A. B, C. D. EDOERIZEBITH A AT T — AR WL s *jtj*g
7 MV% Fig. 31237, BlE, #EH [4] (296> T3 % £ J%y}ﬂ WV 7
oY DEBNES T Ly BT C L DR DI T L Fig. 1.XRD powd(eregpgattern of the

v NCHENT L7z, —5. A & E Tlk, BRIEN RO
W KD — 7 BT,

Fig. 4 (21X 77K THIE LIZ A AR T =AY fL &
R EDNTZ A AN T —/XT A —HF % Table 2 IZF &
Wiz, AANRNDT =AY MVOIRERILIT, BKEE
TR SN DR & S ZBURIZ KT 5 O CTA F 2K
FRLEk DRI 21T 5 IIXAHZRREFETH D, A D77
KIZBITDAANYT = A7 MVE, 6 RO3R LI
BANEE X T Ly b0 2 BT LT, R R
T 94% % 15 00 B AL, PIEBRESS O kX S| Hhf|=492T
Elpotz, 1.8.=0.36£0.03mm/s EHHOETEZLDE,
¥ (Goethite) DA ANT T =T A—2 L L W—FN R 5T, BRIENILN > TWD Ok, NI
BOSAITER LTS LB 2 b5, BREOHEN 0 ThRWIZOIZEREN KT EEAL TS Z
& RORIEDARE) —VER NS A OER Th D & & 272,

B DAY MUZOWTIE, BRDZIIRE TIIEE Lo 722, 77K TR &z, 77K
DAY ML, BIRO AT MV Z 3 7 OFEBEMES 7 Ly N CRAT LT 0 & [RIFRIZ 3 DO
BT THRNT LTz, 2405 OB ONERRES O K& I Hhf |=45.0T & 72 o7z, 557 NHES
DREZIEMO/INT A—FOEIX, BHOMERF] 4] L L —HLELZ &L, BIZBHETHD L
JFIE L7,

ClIZOWVWTIE, BIEDOA AR T —AXRT MUFE2RODX T Ly T, 7TTKIZBWTIEZ 7 L
v BRI D 2 G TIMT LT, TTK TR HE RS RWE T Ly MIL AZAARNT T =T
A—HnGy H (BRESEA TC=50~60K) ThHD B2 HND, MR DEMTIENERELS DK
XENLBMATHDL EEZ LN,

DY CRBRIZTIK DA AN T =AY MLEY | BER DS & E RV DR T&, C
&[RRI 2 B CFRMT L 72,77 KIZE T D A7 RV O HFETRE b 80% D N ERIES & Fi DRk 23 13 B
FH. 20%D FREMER T IZ vy HHTH D EFE X T,

EDRAANDG T =7 hUd, EiRCHADH (HREME £95%) 2R Lz, SIEDILND

sample B at RT.

Fig. 2. SEM image of the sample B.
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L. WG D ARIC L Db D EE X, EDOMNT NG 344 TITRREZFFOoMm a2 Lz, BBHER
EHEZEOONEALTHST-DT, af iR ELDIRDTHD EE 2T,

Table 1. Mossbauer parameters of obtained
samples of A, B, C, D, and E at RT.

Temp. /K Area Int./% LS. /mm/s Q.S./mm/s Hhf/T I'/mny/s

Sample A 293 84 0.26(5) 0.25(10) 363  0.54

16 024(4) 0.748) -  0.58(2)
sample B 293 45  027(2) 0.46(10) - 0.37
35 0.28(1) 0.77(11) - 0.34(4)
20 028(2) 1.11(10) -  0.34(3)
sampleC 293 72 021(1) 0.65(1) - 0.37
28 038(3) 0.72(3) - 0.37
sample D 293 61  0.30(2) 0.76(10) -  0.35(7) ;
39 032(3) 044(11) - 0.31(10) RN S
sampleE 203 95 0.26(8) 0.36(10) 344 036(2) e e
5 03002) 048(10) -  0.46(2) Fig. 3. °’Fe Mdssbauer spectra
of the obtained samples of A, B,
C,D and E at RT.
A *
Table 2. Mossbauer parameters of the . ’
obtained samples of A, B, C, and D at 77 K.
Temp. /K AreaInt/% LS/mm/s Q.S./mm/s Hhf/T /mmvs
Sample A 77 94  036(3) 023(5) 492  0.54
6 0.33(2) 0.56(10) -  0.45(3) c ¢

Sample B 77 39 037(2) 0.16(4) 443(2) 037
22 030(4) 0.89(8) 43.3(4) 037
39 034(2) 0.11(4) 46.72) 037
Sample C 77 56 032(2) 0.152) 417 037

44 0.17(2) 0.51(4) - 0.37
Sample D 77 81 034(2) 042(5) 464 040
18 0.25(1) 0.49(2) - 0.45(10) Velocity/mm/s

Fig. 4. >’Fe Mossbauer spectra of the obtained
samples of A, B, C, and D at 77 K.
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4. fEEm

pH Z AL ST B, oy B, v-FeOOH ZiffEd % Z LN T&E 7z, pH 1.6 TIRIZHIAE DK
T EEA TlX afin, 2O EEABRERO 20 A RIROGE B TIEBHNERDTHD LIRET
&7, pH%Z 3.0~50 (CFHBEE LZRUE C & D TId, vy HDBERT L Z L3bhrolz, SHIZ, pH
< L=REIE (pH6.0) Tlt, B a B ERY L 72oT, BROREIE X ANRY T — 22
FVZ IR W THEBEMER Y SIS CTE T2, a R 3 KBLRY TH 5 72 O O pli oy R E 1L R 22 7 -
720 pHS ZH 2 DEREE FICB W T, kWA 40 BDEEL TOTHEIRMIC BANERSND Z
LNz R I T,

VAR TR ARIEIC LY BARZFHRLL . A AT 7T —00kE L X BEP i+ 5 2 &
WTEFDS, BT A EN DI A A O pHIRIFIERKIEE & OB B BN 5 £ T
TS TR, DA A IREAZEBNICIZ D Z & TRMHDAERA 1 =X LEMH LT,

R
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PA(II)-Fe(I) RHR 7~ v BRA 7 0 R A —/—
BEBED A RN T — AT F L

Madossbauer Spectra of Pd(11)-Fe(1l) Hofmann-type Spin Crossover
Coordination Compound

FAARE, WRREE T 72

JeEgEs EAME. B EY

T. Kitazawa?, M. Sekiya®, and M. Takahashi?

'Faculty of Science, Toho University

’Research Centre for Materials with Integrated Properties, Toho University

1. XL

BNLE S F o ARA MERRICET R 7~ BAE 7 b 2d—_"—{bEWiE, 2 Kot
A NOHRERA A AA MNEEX A DB, BROZLIcaESh=7 A My
FIREMBI 0 | FOMKEBZEN 2 G SR O LR A G DI Lo THLk
bOMHETRTZ ENRHENTVWA[1-13], Y7 —7TliE, &7~ L RIBHADSE
DWET, DTFHLW 2 RaErzF T 280 FAE 7 0 24— "—(LEW
[Fe(py):Ni(CN)4]% Lt L7-[3a], Z DLAEMAMRIRICEB W TR 2" 2 &% A A
AN T =53 EER LOSQUIDAE AW TRE L, & HIZ, HFSEEMITIC L - T, X
=% 2 OskA 4> £V ORNIHEEZE (High Spin (HS) IRAE((ty) (ee)%) & Low
Spin (LS) DR A (tog) ] 0 AW O ZEHIC BEIELAT 1T D 2 & 3 T& T2, — 5, A1 »DReal
HIZ oD 7N =71, 8N A A NTENL L TWAH Y OV (py) B ZBEENL - & 7 0 155
v T V(P 2 7= 3 IR e (R [Fe(pz)M(CN)InH,0 % &k L, EiRfITL TOA Y
VERBIRE & B L72[3b], T ORERIE, WIttEEED D Z & TR T INOAR A A
DOHFENERED B, FAUHTFEL TEWA L VIEBIEE L RERe AT U A& HE
I ENAfERZ LR Lz, RTINS ORI S, BEWN, ESo%
K DWFFET N—T N DFEDYTF A 7 v AF— "—$EKIZHOWNTOFEICE T
LTWA[1-13], 3 72bb, a M& A 7 Th HFe(py)Ni(CN)4iE, 2RI AEERBH I A]
RECHO ., ZOMERICEI D A 7 B 24— _R—FFOHIH~D 7 1 — KX 7 )3
T2 D RN KEWRTH D,
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bibhO 7 NV—THZDH%D
WFJE T, FRERIC R 7 L — L

T — 7 g SRR R B >
BRI AT 0 7 2 M e
B S, 13 bR LAIC OV TR
IR A 0 WA BT SR E
SMEZRE L, 208, KT 1
LA RNBEOS A FRED B s
MR AR (KRR Ao r—n A S . o
0 50 100 150 200 250 30

XTI OV BRER ST 2
WIZEL TWDHZ RPN
s TETWG, Ei-. FEFZ - Figure 1 SQUID data of Fe(3-Clpy),Pd(CN),
DFDRAMAICEITLAE 7
0 A ==~ ORI

Temperature (K)

DHFFE & AN T2 > TN 5 [6-14], 100
Flo. BV VURBNFAED K
A 7 8 AF— "—2E8) %
BE2HZDHPOBENG, 3-7 1 9%
vy Y ERAM T ETD
Fe(3-Clpy),Pd(CN)4; A > 7 & X 1%_
— N BERIZ OV T DO FE 72 BT 223
Real#f% 512 £ 0 41D TV B[15]. Sy
Z# ZC. Fe(3-Clpy),Pd(CN)4 Iz T =
AANG T —AX7 MV EHIE LT %
DOTHET 5, 100 g
2. 3Bk .
Fe(3-Clpy),Pd(CN), &K D A& i, 90
U YUVREMTFE LT3 -2 R
B DL % O CEBEE A T o =3

=, EBEIETIE. E— VI
[Fe(NH4)2(S0.). - 6H0] &
K,[PACN),] - 3H,ODiEEMZ XK, 7 Figure 2 Mossbauer spectra for
TUMBLOE/ 2F )T I Fe(3-Clpy),Pd(CN).

TR LRIKEIR Z 15705 3-Cl-py

Z EBOKESHRIZHeft U, By ARk bh &2 15

120 15 BIVIZERRG R OSQUIDHNE &
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TVFig.2 245372, ZAuZ, ref.ls CHARBIEEIZIE—H L T\ ey, E AT U UV ADKE
SWEIp ST, TOEWETAE T 0 24— "—2E8OY o TR 7207 &
EZHND, FeA ANT T = IEREL, @ OFIETITo 7,

3. MRBIOBLE

Fe(3-Clpy),Pd(CN), D> A AT 7 — 27 "ML ZEK 210 T, mAE A FBMEA
B A M LTS Z R0 5, 298 K Tk, 1EIF 100 %73F A B REET,
77 KTIXIZIE 100 % MEAEARIETH D Z L0330 5, 135 KTIE, mA B IREE
EIERABERENREAL TS, ZHHEDAARNRTT — AT MLOFEENEK 1 D
SQUIDDfE R & —E LT 5, 298 KD A AN 7 — A7 k)L Cldmajor/am A B 4
A b (high spin 1) & minor7a = A B YA K (high spin 2238 5, ZALiEA A MEREOER(N)
AF AN A HO>T ) EOERFRTL 2 o 3-ClpyOEFIR 123862 L TWDH D
major’2 %A FTHV A7 m 24— "—Z5 L, 2 {#H®D 3-Cl-pyD {0 iz 2 @
DT L EOH, 0NN A A AZEANL L TWD D3 mIinor2 @ A B A R 7z o> Tn
HEEZOND, TRDBFeNgY A MIAE L 7 0 24— "— |25 L, FeN,O,H %
WIEFeNsOH A MEBE G L TR E 2 b5, Table L ICHIREE TD A AN 7 —oX
T A—H—%RkL7T-, Highspinl RAE 7 1 24— 3— {25 L. high spin 2 235
LTWeWZ oD, Fe(3-Clpy),Pd(CN),D A ' 7 b A — \—2#)%, Tz
A STV S Fe(3-Clpy),Ni(CN)4[15(a),16] L iZ K& < BAg > T 5,

Tablel  Mdssbauer parameters of Fe(3-Clpy),Pd(CN),4

IS QS Wid Area
mm/s mm/s mm/s %
298K high spin 1 1.07 1.08 0.28 93
high spin 2 1.05 2.42 0.28 7
135K high spin 1 1.24 1.31 0.29 56
low spin 0.37 0.00 0.29 36
high spin 2 1.17 3.08 0.29 9
77K low spin 0.49 0.26 0.29 91
high spin 2 0.81 2.42 0.29 9
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& B ORHYHe & A= 140K D EEH

Interactions between Impurities He and A = 140 Elements in Fe Metal

EREFF

RARER., AORKE, & 0L, S8 £, EE—
Y. Ohkubo, A. Taniguchi, Q. Xu, M. Tanigaki, and K. Sato
Research Reactor Institute, Kyoto Univ.

1. [FLEHIT

AIEIOFFAMFZER TN T, JRFIFEFEBRFTOF > 7 A4 VRN HEEE (KUR-ISOL) &K= =3
VX — T AN %%v&‘%&ﬁam%% i@“%e@&k#ém@(M@i%wﬁwamomw
EHe' (4keV) ZHFTHIAATFefialBHIR L, Ce (E=2,083keV, I=4, tj,=34ns) ORIETD
TDPAC (time-differential perturbed-angular-correlation) JHIEZ4T > 7-f5RZWME L7z [1]. D& &
I, BEDEATWRD ST, D%, ERFEROFRN TEI2OT, o THRET 2, 28,
B ORERIZ, [20 3NTHEF LT,

KER A BSOS AR C & D Hel R I3 & bR OFe & B INICIRIE - IR 228, Fed g HizCexe
LaZp EOA HHER T2 A E LT R—7 LT &, AT FIIHeR 1 & #5A LHe DL E E
Mz oBEE2TH5Z 0N, i, FREFHRICEZ ORI 4], HEICLD L, Fe@EH, 4
fEOCeNME IR — %> D, ZOHIZUEDOHeZ LA HpiEEE L 5, Zhick v, CeldHe
DIEH A LD HeNERME L TAT A ED< DT | ga7s
EERLET S, 20X 9 HexNE T 5 Ced MU H (K
F—Y DXL OBFeEBTICER I DN E
IMEFNDL BT, YCsEITHLIAALLERIC F—F
BA2E 2 THex T HIAA T Feftiskkl, Y Cso A% 4T
HIAA T Feftiikkl, B L UHeZ T HIAATZ1412MCs
I HIAATEFefERAB 2 ERIL . 7 =— LR & 473
~1073 KOIREFM TEZEFT T =— 1%, =T

0*12.8d
14085 \3_40.3h

140La

329 keV

2083 keV
3.4ns
487 keV

TDPACHIE #1T > 7=, o 0keV
140Ce

2. EER 1. PR DA = 140E BT = — > DAL

A. EHESRL

Lat,CebFel [HIRAZ S BRVWDTA AL A T T T —varyRnNRInbizFeIZ F—795%
Me—DHETHD A AT T T — 3 0%, KUR-ISOLD EAYH & — L a2 — 2 TEr o 7=,
¥Cs#, 50 mgD*P U4 —4 v MM (3% 10% fem?s) Z WS L Tkt = AR RGIC L v 5
72 Pbl,m7 v UTHE D 2 H7Cs %, He & N,OIRA I AWRIC L 0 i B A A4 (b3E@EIc
O F oAb LTz, ¥Cs' A A BB RESOHT D230 keVITHE L, B E4BER ., %EINERIC LY
X 512100 keV F THIE L=IR CRefEIC T BHiAA T, W Ced L TH 5 Lalx, ' CsophiEIz >3
< MBa—"Laftf T BV CTAERKT 5, UC BRI DA = L40E BT = — > O Z R T,

*

ﬁt&@@?@ rb/u%j([s EEI
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M DFeft 2 Lz, &Feffid. K& £10 mmx10 mmx0.1 mm, #iF99.995% >, H,7%[H%
700°CC2h7 =— VBB LI b D TH D, 12D DFefEIz, £1.4x10%0.2 cm* D Cs" %415
AT, ZD%, 4-keVOHe %, £14 x 10%/em?, 95 x 10M/cm?, 92 x 10"%cm* & E& 25 2 TH iAo
72, FnFh., “CeFe(l). He-doped(1)**°CeFe. He-doped(2)**°CeFe. He-doped(3)*°CeFe & 431 %,
220 DOFefEIZIE, #£90.7 x 107%/0.2 c? D Cs* D A& FT HiA AT« MCeFe (2), 328 DFefEIZI,
%92 x 10"/cm? 4-keV He'Z =1L TH HIAA T .

I I I I I
z N 0.7 x 10%%/0.2 cm?DCs & T HIAATZ
% - AA‘“ | CeHe-doped Fe, He®#THiAZE, 8x10°Pa
£ 4 u | A00keviecs DEZET, AR F—H A AL S T
5 A‘ A [ ] 4-keV He - ° y 140 +ov Y
= I A _ Slc, BE—= A ARy FOELITCS 3 I5 mm,
® A “a He'l3#496 mmTh %, [X21Z. SRIMEFEIZ LY
=k “ s 1 Bohiz, FefliTlcil) HHe & M*CsDTE S Sy
(_‘3 ’m Bt , AT T T —2a rOESIIHe D
1 o 1 cst, 20410 nmTH B,
s < He-doped “/CeFe(3) % LTI, 2% () 1
S -4 _
5 Lo 4 *\“ 1 x10*Pa) 05HfDT =—/L %473, 673. 873,
E E;f ‘ﬁm— 973. 1073 KO NEFE T1F - 7=, ““CeFe(2) »
| | | | 140 - > I =1 -
R = - = = o - C\eHe doped kax]ibfﬁi\ [FkED T V7
Depth (nm) from the surface of Fe foil A C1>OESE R Z VT o L 112,473,

673. 773. 873. 973, 1073 KDJEFFTIT- 7=,
[%]2.°Cs & HeDFeff 1 D /A (SRIMEHL). 1ERL L 7-Fefh BT =t BB D OBSHREORRO 2\
FBFCIE, HeDIEEFOCs D %L L 0 JEFIEIIZ S0 ZLEEMR L, B 1o DFeE L 20D,

3ODDFefEIZ /NNy F R 5,

B. TDPACH|E
M 1127397329-487 keV 71 A — Ry#R D RIRFFHEAN(O, t) & . EEHER ZeNIMELEE & 415 DEFELS inch
DBaF,> v F L — a URIHEGEN B2 OWEREHWTERTHE L, 22T, 0Lt 132
NEN2RD T A — Ry OAE LR CTH D, BIFMEARGLOIFWIC L~ THAZBND
N (180°,t) — N (90°,t)
N (180°,t) + 2N (90°,t)

AyGyy (1) =2 (1)
10 mmx10 mm®DFedE D I A I AT TH U . Bk E S HEs O EEEIX3.0cmiz & o 7=,

FREALIT B 54 BB IC O IMETE L, MCelikt 4 A EIF-013 L B SN TWD [5], it
PEHZ KT 2 BEK 7-Gut)id, H— OB AEEH OGS, 77— 7 IEE o, (= -uB/la) O
HOBEAFTHY BIIEALE COWY) . NQ)OLEDIFRAD X S IZFLdkTX 5 -

Azszz(t) = A22 [1 + ZCOS(CQ_ t) + ZCOS(ZQJL t)]/5 (2)

TDPAC AT R ILDR—=RA T A %, ZOEA . EHEEALBIZE L, X THOTDPACH|EIF*Cs
ORI UARKILL R L THBITo 7, TOREE, Lakt “Banf@¥ttiL. TDPACHIEF, I
T1/2(140|—a)/ [T1/2(14OBa) - T1/2(140|—a)] =0.1512% L\,
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3. 195D DFeEREHI O W T O ERRFEE L Z52 [2] 0.10F;

X312, EBIEIC, “°CeFe(l). He-doped(1)*°CeFe. 005
He-doped(2)*°CeFe. He-doped(3)**°CeFe (7" =—/Lgii) I 0.00

1st Heirradiation

2 2= JB = [ = - N

He-doped(3)°CeFe 4473, 673, 873, 973K THO T =—/L % 0051%
£ T1073 KT =—/L L7=#%, =L CHIE L7ZTDPACZ & 00

Ry R AVETT, WCeRe()DANY MZABNHRE (5 010k
Ry =, BT RO R OB R Fn s S0

2nd He irradiation
and no annealipg

YCeNE L B, H—OBMBHMMEIC LD b0 THD 0001 ard Heirradiati v
. (s r elrradiation 4
(. = 1.927(7) Grad/s) [6]. = DIEE/ % — > DIEIFIL, 0 “’-‘ and no annealing
FROA, = 0130I30% T D, “OTEMD, K30%  OI[Y eemantroraiigi
DWOCe 7’ B — D FHIBIGIRES 2 5% U . 7% 0 $970% D “°Ce 0.007

(X, VBRI KB D & 2 8K A0, 8 RINLE, & 0.10p°
HUVMTRIFUC > T AT E A ERRIZ LD IR T — % 005
RPNE ERE A B AR LD, EExLNRD, £ 0.00
72. TDPACAXY M DR—RF A L FAH5 = —0.0261
TN ED, 2D OBMAMIGIIEFNTH L (ERET
TRAN—ATA L OMBOI/5) o I KO X8 EQ?QZE’CFBTD:AEXET ik
AR AL % 5 6D 5 MCe % "good" *°Ce & 44 11T B, 1R EN He-do/;;ed(;)‘”OC:E: (F?é_dzée?j?;)lgoz;e&]e_;
A — ORI IR AEME L 22 2 & 255, "good" ¥Ce L 10473,673,873, 973 KD 7 =— L &#E T
BT A - 7 Ce R REIC 5 B L 2 B 1073 KT7 =—/L L 7= He-doped(3)**°CeFe

HeDFT HiA A 4 HE<e Lﬂ\< & (URIE : 94 x 10%cm?®, 2[E B : K5 x 10%em?) | fE#)/ <%
— ORI L, 3 A DT HIAR (§92 x 10%cm?) TIREN S Z — 13380 b 72 5, 3[A]
H T HiAREIL, SRIMAFHIZ LA, £ K0.15dpa (displacement per atom) [ZFH4 45 K& 722,
DT, Hek OfEfZIZ L W "good" “CeldBE T2 L EXDHZ LN TE LN, 1EIHDOVEDOHeDFTH
iAZx (0.0003 dpa) TH-431F £ D good” MCe N ETZEIC K o THRENIT 5 L35 212 WV, bivbiux
B RMLEIC S DHel IR FZEAL L W IZ 2 0B E LT W2 & GHRIC L 2 LRiE o b= v
¥ —(30.06 eV, #%H130.68eV, & CHNIX[2lICFEHE) Z2&/ LT, HelZBH) L T"good" **Cem#l
JEFICEIE LAEAT DD EE XD, HeDFT HiAR B 2 1L, "good" “°Ced 5+ D IE %Kk X8
YIbH, b Ll“OCe—He/‘ﬁ’EA{Mﬁﬂ%éw 1B OWRE > - BTFREEE & D761, TNHIX
TDPACA Y RVIZHHE) o X Z — 0 & LTRNDITT TH D03, H— O FRAIBHOIIE S LI O FF
7 X — i% HERRNDT, "Ce—Hel A IRITRE 2 I i AEEE L D LB B D, Al
@@%F‘W%%c:m\‘fiﬁ&faﬁ B FHEE R RO, Hez WET % Ced MU (%8 12 kT2
27 F L, TDPAC ALY hLIZER S BV, 72K & ADHe A CeDHIF+D £ 0 ICHLE L.
b, ZRHDEEIIINARH DD EEZ NS, HeRWCsOFT HIARIZ L Y Fed )@ I i
FZEHNER SN D, REBDOHeIZZEFL & 7 FAX —Z T D0, T=—T5ZLI2LY (T>
673K) . 7 T AZ —InHHe MRS, 514 < OHed, BE S L™ CedHF 11T
bho ZLiihbEZLND (ZOZLIZHOWTIEHKRE 2ROz &) |

Deicher & 1%, 350 keVDO™ In* (#93 x 101/0.2 cm?®) %, 5 T15 keVDOHe" (K1 x 10%/cm?) % 4T
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HIAATE AT L ZHRE A ERL L . Mnd BECHAEEIC X v A+ 5™Cd (E = 245 keV. | = 5/2,
ty, =85ns) DTDPACHIE #=RIETIT 7= [7]. ™MIn" L He' DT LA T x L ¥ —1T, REHF TSy
FNERDEIICELNTVT, DPRONDITHIALTRILF—DMEH THDH, £7-. ™In. He
ELITHIAR R, bhvbhd™Cs (1.4 x 1040.2 cm?) . 3l H DHe (92 x 10*%/cm?) DFTHiA
HEDEISTDLTH D, 51X, H—OZEKNEMME AVEH 28I L7 W ESIRE S oy = wu&
Mrad/s, FEXFR/ST 2 & 3=0.15(5), ZZ T, ag=eQVu/[al(I - 1)A]. 7= (Ve — Vi) Vu TH Y |
FEM, QUEIEEBERMEME— A M, V. Vi wgw&<m¢wm%ﬁt#ﬁ%QM%yyw@
£$E|H*EJZ FTH D, CelTHtIET D ap?DEIL, Sternheimerd SR T- &4 5 & 14 Mrad/s & R
HHZENTEDHN, ZOMEICHEY T 2 EXUEMRME A/ER X, DILILOTDPACA Y LIZIE
oz, bivbho™CenHFE 1 (Ba, *La) LiZE7e0 | MCdOBR T (Hn) 1I21E, Fx
B OHe LA, MCd—He A IRITE — 0 B piE %2 & 5,

Deicher & 1%, TDPACZ X7 FLIZEIT HMCd—Hel S RIC kST DRy DEIE (L TN s)
DT =— VR BERFNEZ AT (7 =— /Tl x 102 PaLA FOEZEHI05 TH D) , Hit, 7=—

JVHTTHRIL12%, 723 KTDT
(@) 14°CeFe(2) (b) 140Ce He- doped F ==L THI5% X Trp - <

DHEINL.923KTH T =—

10 noannealing 10 no anneallng
005 —l‘r\ 005 \M JLTTHRI% E TR 5,
000} 0.00 FNULEOREDT =—

T L, 1073KDO T =—
JLTHRIBO%IZ /N B, Z DR
B CInJF -1 ﬁﬂﬂ%%%

gmoﬁ annealed at 673 (5“4'-101 annezled at 73K 1 Useos, Sk s

N-00s5f N0051® BY . HefTHiAL &I

< < ’ )
000} 000} w W Hed (« M) oA It

0.10f annealed at 773 K 0.10
D05+ i
000 i

annealed at 1073 I? 1

4"“’& annealed at 473 K annealed at 473 K

~C, He-doped(1)*°CeFe
(He K—7"& : 94 x
10%/cm®) Ti, 100501

BRETHLIIZHEPPDLT

annealed at 773 K

0.10}F

005 7 =—)L7a L THRI50%D
o I ] "good" **Ce73**°Ce — Hetl
0 5 10 15 20 25 0 5 10 15 20 25 é\fﬂi%ﬂ‘ﬁﬁkﬁ"éo L/7LC75§O

t(ns) t(ns) T, “Cen BT (La, Ba)

44, =i TD(a) *°CeFe(2), (b) “*’CeHe-doped FelZsit 3 %*°Ce MTDPACAZ k| InfE -2~ & 0 ZhRy
v EDBIATIZ, 7 =—/VRl, 473, 673, 7733 L U073 K (873,973 KD T =— /L & - - o
T) TEAHT =— 4% [CHeZ F 7 v 75 LHE

T Z5N5,

4. 22D L3ODDFefEFAEHI OV T O ERRFER L B2 [3]
Xdal4biz, ZNEh, 220 320 OFefEitkl (“°CeFe(2) & *CeHe-doped Fe) (2% % =i
TORESS mmwmx«&&w%rﬁ ZHRBHZOWT, B FEBEDO ALY N UT T =— LR, 2%
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13473 K, 3FHIL673 K, 4FHIX773 K, i FELIE873, 973 KO T =—/L &% C1073 K CHZEH
T=—NLEbDThHD, ik EBEO2OODART MVIBHEWIFREETHY , £, AEMIZKID
WCeFe(W)IZHTHHD LR L TH D, IREN SF — 13, WK RO W FALiE 2 5D 5
YWCeME U 5, H—DFHBMAIESIC L2 b D TH D, o DEITREDOH TR LTWD, K
3D CeFe(1) DAL, Z DRANIIFIBZ0% TH 7273, X4 CeFe(2) & *°CeHe-doped FeD 3413
#40% & K& < /\/7’“@&2@ PERS R BN D, 7% D 60%D A4y CeFe(1) izt L CRITHET Ciam L72 b
DLFELTHD, LI=n-> T, “CeHe-doped FeDF A . HeD# HiAZ & He-doped(3)'*°CeFe & [l
ETHDHTHPND LT, MCe—HeE A RIS N TV RN Z L1725,

Mdaz, FHAMEA TR T & IREIOARIEIT473 KTHI20%, 673 K THIS0%EA T %, ﬂﬁji
REN S H — DA DORIE, 7 =— VREE B 2% & #910 nsEL T O REffEIL TR & & b1
LT HFNIHA T2 (AF0 LT U 57208 o 773 KOT =—/WRE TIL, ﬂ%@]/\&
— 2 ERTASY. bbb, "good" CelTHL LTS, I, KAbE, FH~RTHL &, D
< & H673 KE TIHEB ORI X4 < H L72vy @ "good" °Celd"good" D E £ TH D, T13KDT =
— VIR CHREh O R IE 1 260%F2 B8 L. 1073 KTi"good" “CelIFE LRV, ZDZ &iT
1°CeHe-doped FeitEHZ BT, 673 KETT3KDOH HIRE (ZDREET,LIEAZ LICT 5, 673K <
To<773K) LLFOT =—/LCiL, "good" “CenFFE T 1IHBE L2 L, Heb R T-Z2fL & B8 L T
"good" P CeD PR FITHEARTH I ENRNZ LEZEKRL TV 5, & 5|2, " CeFe(2)I2%I9 5 TDPAC
AT R JVIZENTATI, 673 KO T =— /Ui T R 5 7= IRBY O JRIE O O BRI 1%, "good" °Ce
DOHFT DB T 5720 Tidle <, EICCsHREIC X 0 Bk L7 F 722 1L ) L, "good” '°Ce
DBFRFITHEA LI THDHZ EE2ERT D, Lizn-> T, “CeHe-doped FeitkH BT, T,
LT D7 =— ViR CT"good" “Cei"good" D E £ TH AL, °Csk v BNZFT HIA EN7-Hens,
FATHe D RS2 Z D% DM CsDWBIHTENAE U-Z2FL E FEA L. He—Z2ALEAIAEZTERK L. Hed
JAF 2L BT A FOT =— VRECIIBEI CX 20 Db Th 5,

Wiz, " CeHe-doped FeitBHZ DWW T D OO DOTDPACO EFRFER & | BI#H T 54K T 5
%{mﬂﬁ%ﬁHeﬁX SIINTIED LRGSR [8]1& Z i3 5, 151X, 8 keVDHe 1 4 % =il CFef ;ﬂ
HiAZ (2 x 108~2 x 10%/cm’D#iPH) | Fedls &2 1~10 K/sO#EiFHD[E & L 7= F-IE % E T1500 KE T
INENL | MBS DHeZ M L7z, FIRMBEY 2 A7 hovid, 450 KIZiW e — 72 (peak | & MR
%) . 700~800 K & 800~1000 KIZ2 D> DIEEWE—2 (L., peak Il & peak IV) . 1100 KIZ 8
WE—7Z (peak 1) | 1250 KL W @WEETOE—7 (peak V) Zo~d, 10%/cm?FEfE DFT HIAR
DAL, peaks I, 1, MOAPERP ST, £, $1500 KE TIZTXTOHel3MEE L 7=, i

FUZBIFRT DB e — 2 1%, peaks I, Il, IVT&H D, 450 KTOpeak liXFefEZR i i T4 5
fiRHlE U 7= HelZJm g S 4V TU 5 23, 7%—/wu9:473 KTODT ==/ DTDPAC ALY b /LT TE
DEOENRN LN FREMITTZEAIC b T v 7 ER TV HHeld"good" *CeDHF FIZHEET 5
ZliFhneBIBbND, ZDF R zt I275>%%T<‘:%L5 X olz, RbEfFIIZ bHeREIE L < A7
FELTWDDOICH L, “CeDBUR TIEHEVHFMEL TWARNT & EFJE L7V, 700~800 KPDpeak
X, He—224L7 7 A% — (He,V. ZZTCnld2<n<6, VIIZa£T) 1 OAEEEL 7-Helllf g &
NTW5 (it 3L X —1322eVTH D [8, 9] ., TplE673~800 KiZ&H % DT, He, Vb fiihife
L 7zHe3 %) L T good" “OCe@ﬁE% KA LD EEZ NS, 800~1000 KDpeak IV, He
— 227 T A X — (HeVy) 2 OIFEEL7-HelZJmE STV a0, Zhucxtisd 5 2{bIZTDPACA
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N7 FUIZRRD B,

4bDTDPACA Y R LIk L TIRD L H 1125 2D : HeDEE DR 22 FL K U U He—Z2£L 7
T AL =, HeDFIHiAZ (K2 x 10%cm?) & M™CsDFTHiAL (£0.7 x 10'%0.2 cm?) DfEE Lt
T == VORNITEREIND, DX ) eHe—ZHL7 T A X —IZx LT, B et ENrRT &2
Az EE [9. 10]. S22 L fifdE = %L X — 1 THe DR = r L ¥ — L D RE WO T, T,k V&
WT = — VIR E CHeD i SR 722 fL & 0 & 5 < i L, BB L C good" “CedBUR T IZHEAT 5,
nimfE23 & AME ([9] TIFAIL.8, [10]TIHHL3) K/ hE< 725 L JFT-Z8fLD 5 A He L 0 g L<o
TR | JRAZEAL0 B E) L CTgood” *%Ce (3" TITHeA fEA LTV 5 D T good" TIE7R2 W AY) DB
e T 5,

HeZ “CstT HIAR DRTICFefEICE AT 254 xS T HTDPACAL Y kLI, & —FBELEHA
FER D, HezxWNELT 5 CeD WA EIZ XN T 5 v 7T /TR Hivie o 7=,

5. fEi

B HEH AR O, HeZ N T 5 CeD W IRFEE RS T 5 2 7T uid, A EIDO2O0E AL
TIHERD LN o 7208, ¥Ce (B LUEBR7Ba, La) 1%, Mcd (B L OEFE TN &3 R
20, BEDOHe (RFEFZE5L) LEEx R E A L DA REERT D &V I R A2,

- BEN
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BRI X =2 F N2 X D ERMESBEIRICKIT 5
BMBEAR & EREOIR S TAFAIE

Depth-resolved Measurements of Current-induced Spin Accumulation in Nonmagnetic
Metal Thin Films Using Ultra Slow Muon

B AR T B R R SR B e v & —

J-PARCEV ¥ —E - AMRET Vg 72

frEgEs BAEY

T. U. Ito*? and W. Higemoto™?

!Advanced Science Research Center, Japan Atomic Energy Agency
*Materials and Life Science Division, J-PARC Center

1 IL®HIZ

T L7 fa=7 AR THAROMER & & HICRBROERME A2 L CHHE TREERIT TX7,
UL, BSGRIN THEAR T > 7o B O FRRICIRR 22 5 L ST YD . S BRDFBOTZDI T
KA LAOEHADNE SN TND, ZDOX D 7P H - T, B DAL HHEEZFERIITFIAT 28 LV VE
THf TAE Y hr=7 2] PNEFEEYEEAIR OO D,

AE Y hur=7 AEEETIFIA B AAEEEOIIL TH D A AN &R EF L5, FHIIEROER &2
TRVNA B UARIIRIA B & MEH T, BEIRA D A B AR & KB S 3D, fiA B LARIE Y = — ARk
DR, EDIXFBOAE ARTH Y, THARA Y br=7 20 a7 Hilil L TEOAERRTFEDZE
DESHNTHED AL TND,  ZAVE TITHEN. SAVIHIA B AR TFEDZ < X, SRBEMEAR & 2 DOREE R A
AV EHIET AT OO VB LT 5, T, B E NI OAMER S/ D Z IR TH S 7
O, FEMEIR & Heh % O 2 TR & OFFIEE W ) SUCRBWGREZ R L TS, ZHusktL, FE
AR 3510 D A B AR — VR AR LT A B i B IR AR SIS BE & LR 28,
AE Y hu =7 ARFEOEFREE 25350 5 _E Tl THE e I Th b EE 2 65 1),

AR TIE, ZOAEUR—EIRE ZIUNET DBR OB FEZ L VIR 72012, J-PARC WH - A:fn
BlF BB BV TR OBRE S 24 v B — AN R T _REBEN OV TERT 5D, BE O L
Tu \éﬂﬁfil 2 A AW FERZOWTIRITT 5 & &I, SR 723 BRI O HERIRILI 2O T
WET 5,

2. Pt EIEREREI ST S N - BT A R i
A AR BAEH O Y Pt EDOIEREMES BB CERAHIINT 5 &, AU AR— AR L > TER |
WX U CEREZRM E A AR I VE LD, ZORA B AR GREORE « FmicBEEL, 00T
FRlzAY OB EA LS (Fig. 1), Eitl }:%\fﬁx

B J B L DA AR h e DRI . @) / (b) z
Js I X @72 B BHEAIR Y ST, %ml:$ﬁﬁ /Qf ) P RIE(F)
4 SOEFZIER Fig. @17k 5 2 X)) ﬂ\ <

A AR L D Z 12785, |
xﬁyf~wﬁ%’;ofiuéxeyﬁﬁ®ﬁ l |
AR A B ALBEERIC L > Citih s s &8 2 / e Sy~
RTINS, ZHUC iék\Xt/ﬁ@ngﬂm /i
VR & D BB D B PN ~a] 0> TA B LAk Fig. 1: A schematic of spin accumulation induced by
the spin Hall effect.
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BRA DF S A — /U CHE ISR LT <, PtOGIE 10 nm FE L 4L WX IZA B EREIT R
IEEEDOFEFN RO NI FEIROAIEIND T L1270 D, A ALRERMIHES T PUEHOR MBI H AL
FHE P 2 RS 2 & B 1}X10° AMA L6 LT P~I0°RUEDIEFI NS 22l & 72 5[2), — /7T
Kawasuso 512 & 5 A & AR -8 2 FAV = EBR Gl [RIFRE OB 6 L Pt e C P~0.06
LNV ERZRAE ARV ST 5[2,3], Kawasuso 5132 DERA B AR & LT Pt 30
|Z331F % Rashba ZhFOFEIRBEMFEBLO FIREM Z36m L T D, LovL, A B il 1Al - 7252
B> S I TRREINER OIS DR, ZDERA B AR Pt iR ERA OB TH D & ) iR
720, MR L NERCRBT D A B UARBOBIRZ A NI T 5 7-0I1E, RETEE T A—F—R 7
— VDRSS fifie % b OWEINEFED LB D,

3 ABEHEUSR I &k A BIGHE A 'L SRR S RAE  GHHE)
TR SORDN ATREZ P AGRIE TR I D D 08,

8000

T A= =RV DSRAE TR TN D/ | aw
IV BRI CHEI AR T & DAL 7000 1l 5085

BIEL UIHELAY, MG 2 e T aom | 2000 o
AEFIVELSR B (BRI 1, 20§ sl

BDIRNTEO—D L 705 2 LIRS T fé . |‘

WA, RIS 24y B AT 5 ||

KEK i FRIh iR L OBFRAL = 3 ool

2 A URRNC BT S, BifE JPARC 2 T

WYL + ARk R T\ N C IR D -h\\

v — A% EY T 7= 0EER D Hiu oL | SN |
T %, J-PARC (ZEITHBRFDH 1 AT — implantation Depth in Pt (]

DTIL 506V 2D 30keV OFIFACHEANED  Fig. 22 Muon depth distribution in Pt calculated with
ENE—A (X —5fiFRE~10eV) ZHt TRIM.SP[4].
DI Z &2 AREL LTS,

Fig. 2 Lzﬁﬂiﬁ‘: 2 AL E— A% Pt a:ﬂﬁ% Forward positron counters l:l | o
SAATBEOVES 534 % TRIMSPA]IC X 0 3 — bjeismions
BURRART, C 2O B Y »
DE—LEAE LT, Fig 2 MOl See e e; ®\;®_l P R
£ 912, 50 eV BYED I 2 AV EATHIAAT T b = T
%Laj 1 nm %%}E@{%éﬁ‘ﬁ’iﬁ%ﬁ»ﬁ;ﬁﬁf% ®Inila?in:)sui)str@:te a7 ’

%, fIHIABT X —% B CF7< & TR

//ﬁ< 75§‘ 3 lj_yd)ﬁj\%ﬁ%%%ﬁ‘n&i%ﬁﬁ) Backward positron counters
= — SN\~
5 10 nm REDR S 27—V ORI Fig. 3: An experimental setup for depth-resolved measurements

M TE 213 TH D, SE V., BEHEPSR of current-induced spin polarization in a Pt thin film by the
LD PRSI SEHAEE A Y ultra-slow puSR method. The right figure shows the depth
ARFRORIEIZE 2 DS 5 FTREM 86 5 & profile of spin polarization expected for the model proposed by
EZ bbb, Kawasuso et al.[2,3].
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Fig. 3 | Pt {#IRICI51T DRV A B SO SIKAEE DT DD v N7 > 7 &7, PGk
BHZER | ZF0N L GREZFEERB L ORI A U EEEHE L BNE S 24 OF HiIARES 2 %
IR HFRE DDA & DS [ > TR 28t ER T 5 2 & T, Fig. 31T T & 9 7 A & 1k
FEDRSEAIEDG HID EHIFFS D, (LA E° U I BINIEIPES 24 Uleu 2o, BRI w6
PN IR SNV, BRE R o AR B A A o6 U CIRE T A A B AR L 7 RAE CREHT
N9 5728, Fig. 3 DFERECE A IS = 128D AV EBREICHFT NG E I 24 A AR LT
TEIZAT D ZENTE D, 24V AL UNIT OWNES A U C Fig. 3 DHENT T —E 7 kg8 235
728, REORIHLICHE 1-h 7 v X —HBLET D 2 LI X NEMSZ A5 (R PNiEdss) & LT
BT 5 Z LN TE D, ZOFBUIFHIAZIBNTUTO 2 EMTE L7280, WEBEHIxT DRENE < | 0.1
G DA —H—£ TOMHNTRETH D, A B ARIEEE IR L 0Bl /- A B AR P~0.06 123 L
TIE 100 G A—H —OWNESHIF C& B728, ERA B ARMROUES JFIAI~DIAD VAT DWW TIIARFEIS
KO EGNEZNHED T TH D,

4 FREBRIE DAL
ARHCIIHEIEUSR TEIC L DAL A B FEOUR AR EREIZ [T 73R BE DO HEIRIU DU T
W15,
4.1, FEFREIIEEREN & *He 7 v —InaiE OB sE
BYRSBHIC S 2 AFTHIAATEG IR NREED D < o 7 OJLBeEE Dt S5 Z & 236
NTND%, PLOYE j:"(lf*/j 90 K 7B uSR DIRFHIZEN CHERMEIII S5 K 91272 5[5], WU, FIHIABLRS
DI HAE K72 DIZIFTEEE 90 K LA FIZWHEIL CTIEZAT O WENRH D, BAITIDREDHIZ42 K T
A AR RE R 4He T a—EHEEATWEL RS 24 B — AT A U MROEEBEZEF = o N— T
TRANTZ AT T 22T = L 3= M D v — Ry 7 B X D302 I LIS LTy
L1z, BZEEME O PITHEICTBIORMAA T2 D, Wi, ADERE I TEREIIERE Qi) bEEIh
TW5,
4.2, BHIIERAA v T L BT 2 — )V OBSE
AFERTIT 10° A2 FREE DS B B A T

I % 285758 5, RIZJES 50 nm., 1 10 mm o Pt S0 [T T
WA D L5 & BTIE05 Albied, “op e H
WBEOR ST % 15 mm & U TP 100fEL HAE 5 O ]
H D& FEETETTERICH LT 25WIZH =L, 0K % 20 —
UIFCOREITREL 725, £, BIERES 243 2 ol ]
fwkbﬂ{ﬁz%z 25 Hz D/ LA E— L& LTEREHTA of .

FH 5720, ARS8 UL R BRAEIIIT 5 N T T T T T

-100 -50 0 50 100 150 200

T L CHBORMELEMET D Z LN TE D EEZ DI
By JaF o VVAEIZS 2 OfES e =X —
G @Cﬁwﬁ?ﬁﬁmjﬁb\ V30 ps BETH 5D % 100-us pulse currents applied to a 10-QQ dummy
D, VAR EE DR 2 3O T 100 ps b & AUTH load. The dashed line shows the timing of uSR data
NTHD, £I9THI LT, FHEEHFHPETE mW acquisition.

FREETMAD I ENTEX D,

Time [ups]

Fig. 4: The time dependence of output voltage under
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Fx T OV ABERAFESE LTI, /T —MOSFET % TR LT 2mEIEEAL v F v 7 ET 2
—NVEBRWELT, REY 2 —/WISNTERR E & HICARIIH L TEINZORWTHWOILDS, EiD
ON/OFF [IAE Y 2—/ I TTL 2V A E AN T 5 Z LIC K Vi E 415, Fig. 4 |IZAE Y 22—/ &N T 10Q
DX I —BAMIZ 100 ps ED SV A B2 VN L 7ZBROBAZA=DOR K A2~ 3, ANEEIIROEINERE X
BV &Lz, b ERY - SEF VR E SARRIII 21288 <. uSR OF —F BV iIABD T 549 30 us
ORNZIFHTZE LT (<33V,3.3A) 2MGHiL5H Z & Es S,

4 BPYIiZ

AR IR VR A TR IR R A A B R NRE LTV DER, SETPATEIT 5 A B U RREIE A
EUEASERICIS S D L EZ DIND, D RAHRRA LD S ORFSEIFEFICEE CTH Y | A% R
W 2 A NG HIERITKEBMEOH D b D E 725 ThAH, JPARC WE - MBI T 5
BGES 24 B — AT A v O—H b FVEE L 2— W —~D B — AMIEERIAD R LD,

ABFDNIZE, BATIZHT=V | SR TIEHEOREEstE »  —OF Mgt kgt WEEs
ﬁt\F%ﬁ%ﬁi\%Ik@}é&ﬁﬁr”%é%ﬁmkoﬁ;%@ﬁ& X HFZ L DA AR
T 15 O S TR S S CEREEZR SR A TE V-, = ZITIES BHLE U T %, ABIFZE 8 taeg
fFge TR X = A B E WE - Afy - BRI RO 7 a7 4 7| OZRE=Z T,
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LidD B-NMRIZ & BLiA F A=EWE PLIDBIHIHEE OBF5E
Dynamical Behavior of Li in Li-ion Conductors Studied by Li B-NMR

iy e::]

IR ARER, =R, M@K, |ECE, EEEAL
RAFER, KREE—, LEFR}, MPgE, BFE—. HPZEE
S. Yamaoka, M. Mihara, K. Matsuta, M. Fukuda, T. Minamisono,

M. Yaguchi, J. Ohno, Y. Kamisho, R. Kanbe, S. Shinozaki and M. Tanaka
Dept. Physics, Osaka University

1. FEBHIZ

WA D EH & L CEBEIRLIA A4 BB SN TR Y . 2ERLIA A EBROREICITEROE
fIREL « Wikd & L CA R 7eLid A A S E R COLIA A4 OB A2 BfiEd 2 2 LN EE L 7 b, AER
TiE. EEOLIA A ABEWELi,LayZr,0,(LLZ) F CTOLIA v DIRD BN E TR L7212, FiFFfh
EZ8LI (I = 2, T,,= 0.83 S)D T, (A B 44 T-FEFIIRF ) % B-NMR(beta-detected nuclear magnetic resonance)
Z FHWTCTHE Uz, LLZITIE W LiA A ARG E 2 R IR OBRERE L L THIRMETH D,
LLZH COLIOIEEARBEIZLIOZEE 7820 U THET 2 L ST 5D, LLZIZW L D0 OEiE % FF
S TEBY | MEENE D A IILIA A ARG S 2 T 5, LLZIZIZIE S5 dh(space group 141/acd’) & 3705
fii(space group 1a3d) 3% 0 | SO T MLiA Ao DIREHEE RV, LLZOE,(E M LT 3L —)i%
WL ONDIERRE SN TWD, AENILIA 4> OFEHOEE N RN L RSN TWDI G FHDOLLZ
Z W,

FEERCIILIOFRINAR Cd 5 R ERZCLIZ AV ZB-NMRIC L V) | EHELLZH TOLID IR O T % 810
T H7OIC, LLZH TOLIOT ZHE Lz, fEFIEAE Y ST O3 F—ZHIZ LD | fmiER(A
B DT RNE A TARRE) A HRIRBEIZ 20D, TUXZ OFEFMNEZ 5 L EORERTH D, T,DiE
R ZRET D Z 2L 0 LLZP COLIOILHGE LB T 2 5@ b D, LLZF TLins ¥4 k
Mz y 745 L. NEGORBOMRENBAEL, A A RMORR L 725,

2. EB

FEREE A Fig.l 12T, B-NMRIE, REER:E W
FEFIEEDEONMRTH D, B-NMROEERTIL, (i
LTEAREZEEDNABHIF T BiAE N & =, 3o ET%
PRICRRTE L2l 7 o # — DR SRR IC 725, Z DL e o
xRS L & b LT &, B B 2L T y
LTW<, BNMRZE WA Z Lz kv, REHHIZITBHIA
ENZLIDEMRA, EAERRBEIZ A7y > TV < BRZ BRI

HIEWTED,

KIRKFENRF 757 TEEFAE—25% W0
T, Li(dp)PLib I & 0 iR L7 PLin Ak s s, B
0.5mm®dOCuN >y ¥ 7IZLi,0% 7%%&5 L= Z—4 v MZ, d
E— A a RS AR S N Lo Sk (20°) 258 IR 4 5
Z LT, LIS, BRI bIAENT, R
BBLI S S 5 Bk % | oD J7 I seh L C b sk
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Fig.1: An overview of the experimental setup.
A 3.5MeV deuteron beam was provided by the
Van de Graaff accelerator at Osaka University.
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WERB L2007 I AF v 7 rFL—FTHHET
% Z T REHP TOLIDRm OB ZE L 2 RIE Lz,

3. fERLER

LLZ G HT BHIA £ 72 8Li D LB 2 B-NMR % JH U T
HE U7 (Fig.2), LLZ T T o8Lio d g7 oo #8135
30kHz T, Z OFEILB-NMR THUAIA 22308 TdH 2 Sith
TOPLIDIHMEAROFEZ5F L TR IR E W, 4L
BROBE D, LLZHF OPLIOBESARITHK 10°V/iem? &
REL b5, £72. LLZP TO LIRS & & b
\ZHERNT DR &2 I E L= (Fig.3), LindTHIAENT-
B Lo T, @i L78Lins iR LT <l S IHE W,
B-NMR T #7230k T & B Size EIZ LT HiA £h

72 & ZITHA LLZH TOPLIDFEFEE 1T 2 & A3
Mol - SLIBLLZHIZIT HIAE N & X DR
FrR O A 2 W L 7= (Fig.4), =iETI% 20~30%
R 2 (REF L T 2720 FTHIAE N2 LIRS 1/4 =
IR COHBR T SN TWAFR D D 3/4125W T,
Fig.4 TH T D IBROIMIN D DD, i L 7= Li
DREHZFT BIA E N2 BRRENARR DS AL TV B D)y, %
T3 DM OIFEOEEODE Livien, JIE L2
FEGE G CIE, BRI T A1 EIRBEEFRN T > Tho
=720, FTHAENT-LIOFEBEEHENMETT5 L9
RNENEIETIIFEEL TWDEO0E L7,
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Fig.2: Resonance lines of Si and LLZ. Red dots

are values of LLZ (FM = +10kHz). Black dots are
values of Si (FM = +1kHz).

1 .0_ T T T
t B, = 5kG
0.8 @300K
t

— 06_
8 } . H
a 0.4 +
<

0.0-

0.0 1I.0 2.0 3;0

Time [s]
Fig.3: The process when the polarization of the
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1. Introduction

Diffusion of boron (B) impurity in silicon (Si) has been studied for many years. According to the number
of experimental and theoretical studies, the diffusion mechanism is now considered that a self interstitial Si
(/) generates an intermediate mobile species from a substitutional B [1]. However, the experimental studies
are mostly limited to the measurement of macroscopic B profiles in Si using chemical composition analysis
like the secondary ion mass spectrometry (SIMS). The nuclear magnetic resonance (NMR), which is a
promising tool to study the microscopic diffusion process, is indispensable to understand the diffusion
mechanism of B in Si. Recently, we have developed a pulse NMR technique for short-lived B-emitting
nucleus “B (I = 1, T}, = 20 ms) to detect spin-spin relaxation time 75 using the spin-echo method [2]. This
allows us to observe the microscopic behavior of extremely dilute impurities in materials such as dopants in
semiconductors. Using this technique, we have measured T, for B implanted into non-doped Si between
230 K and 600 K.

2. Experimental

The experimental method was nearly the same as the one for the previous study [2]. The '*B nuclei were
produced through the ''B(d, p)'’B reaction using a deuteron beam of 1.5 MeV provided by the Van de Graaf
accelerator at Osaka University and a ''B target evaporated on a Ta backing plate. About 10 % spin polarized
"’B nuclei were obtained by selecting the recoil angle between 32° and 48° and were implanted into a single
crystalline sample of non-doped Si. The sample was mounted on a Cu holder of which temperature was
controlled with liquid nitrogen and a heater. In order to prevent Cu diffusion into the Si sample, 2-pum thick
Ti foil was inserted between the sample and the holder. The sample was placed in a static magnetic field By
of 0.4 T applied parallel to the direction of polarization. After implantation of '*B for 25 ms, a radio
frequency (RF) oscillating magnetic field B, was applied perpendicular to By to induce transitions. Two sets
of plastic-scintillation-counter telescopes were placed above and below the sample along the polarization
axis to detect the f-ray asymmetry. The NMR effect was detected through the f-ray asymmetry change after
applying B;. For the spin echo measurement, a set of RF pulses which have a certain duration to rotate
polarization by 90° or 180° were applied sequentially as 90°-180°-90° with an interval of #/2 between the
pulses. The first 90° pulse changes the longitudinal polarization to the transverse polarization. The second
90° pulse was applied to return to the longitudinal polarization just at the time when the spin echo signal
came back. As the result, reduction of the transverse polarization due to the spin-spin relaxation during the
precession time ¢ was extracted using the detection of P-ray asymmetry after the RF pulses. We have
confirmed in the previous study that the contribution of the static field inhomogeneity was removed in the
spin-echo transvers-relaxation spectrum compared with the free-induction-decay spectrum [2].
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3. Results and Discussion

Typical transverse relaxation spectra of '°B
in Si are shown in Fig. 1. The result shows the
Gaussian like relaxation at temperatures below
340 K. At higher temperatures, the relaxation
curve changes to exponential like and the
relaxation becomes slower with increasing
temperature. This seems characteristic feature
to the motional narrowing. In order to extract
the transverse relaxation rates 1/7,, Gaussian
(~exp{—(#/T»)*}) or exponential (~exp(—#/T5))
were fitted to the data and the values of 1/7, are
plotted as a function of the reciprocal
temperature 10°/7 as shown in Fig. 2. Nearly
constant value of 1/7, ~0.5 ms ' below 340 K is
consistent with the one expected from the NMR
linewidth for '*B in Si, originated by the nuclear
dipolar field from host nuclei [3]. This supports
the idea proposed in ref. [3] that implanted '*B
atoms are located in the substitutional site. As
the temperature is increased, 1/7, seems to
follow the Arrhenius formula as ~exp(E./kT)
and the activation energy E, = (0.11 £ 0.01)
eV was deduced. This value is much smaller

than known diffusion barrier of about 3 eV for doped Si.

B in Si [1]. However, the present value of F, is —
quite similar with the SIMS result obtained = ' ' ' ' ' ' ' ]
under the condition that a number of interstitial ot | "B in non-doped Si |
Si atoms are supplied by ion irradiation during

the SIMS analysis [4]. The sample of our _~ IE E
experiment was in similar situation because a 'y of ¢ o
scattered deuteron beam from a target backing I + 1
was irradiated to the sample with an intensity of g il |
about 10" ¢cm %h simultaneously with ’B. Our =  °f 3
result suggests that the enhanced B diffusion 01l b
under irradiation was also observed by the 7, 6 +
measurement. Z.|.|.|.
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1 i ZLoic

FRfbHfigh (ZnO) 1E, #& 1 MHEACIR R L fL 78 EH 4 DR T KRGl A L TN RPE OB -8 (K
L LTOMEZRT, £/, 34 eVONY FE Y v 72 b O L biEAEM~DISHAA IS
TWAMETH L, T OMWEITA, ZnOIT A OEINT & - THFERHESE KU EMED K
L BLT D20 AW OFIEREEZRE T2 Z L1, FEARYMELZHIET S ) 2 TREREET
HbH, BAITIINET, ZnOFTRF—L LTOMEER-TZ ENHIFRFSNTWAE 13 Kotk
DA A (In) ZARHME LTHRIML7ZIn-doped ZnO (1ZO) 123 H L., ™cCd («™n) Z7n
—7 &35 y BEEENAFBIE TZnOH O R INGLE TORFTERREZHXTE o, ZOEITHIZEIC
BWT, RN ZnOH Cor=— 727 R fGiEE A R L Tl U [1]. Z OREEERS K X ekt EM %
eI, N R BEALTZNOF IO L CnA Z & 25 L72[23], LasL., ZHECRRBICH
DINBEBZED L5 EEWETER L THW D NI DWW TIEARHThH o7,

Z ZCARMIE TR, LIS E AN ST kR &2 22RO ARHIR T (Co, Mn, Fe) 23 A B RJL
{b&# (ZnCo,04, ZNMN,04, ZnFe,0,) Z T 5 & O#HE %2 FEIZ[4,5]. AHInD>< % EFLD )R
A& U CIRGRE L C. ZNAENGET D 2 & kA 7-[6], it & 1ZENS, [ZnoicEk s h
TR 2RI T A P 7 AFRHESY (ZnIn,04) TH D] EWVIBDTH D, LvL Z OIS
WIREBREEND D, ZIuE. TILETZnIN04Z DWW TOHR T T X CHGFREICHE ST
HY ., EBRHARCHREOFEFN2NENS ZETHDH[7,8], 2F Y Znin, 0, x B FHRE R
LB BERICARLZERTZDIZAV T TIEERESNR2WVMEEMTH L EZE2 TN D, Fx D
A3 2T 1ZnIn,0 G 0] "B X 7-Di%, F /7 A— b A OB R D~ Y v 7 AH
AR ENTZGE, VT LIXRBR D ZENEZR THETCILARERS L EBEX D TH D,

AL Tl LR O Z RAET D720, B2 AE RV TH HZnIn,0, EFHRI L -8 Z -
TWHLEHIHENE A P LB R 74 (CdIn,0,) Fic™ed («Min) Yo —7%EA LT
FBEAMBEAEZIT 72, AT, SoNT=ZNENOBBHIMEIER T A —Z Z B L,
Znin, 0, D FEERIV AR D Al REME Z 595, £/, BENBEBGEIC L 23 REMAR L KT HZ &1
F o T, RGO 4 E REET D,

2. EB
EWME RO YT A (In,03) L K U4 (CdO) DIRAMERIZVED=X ) — /L%
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Mz, =& ) —/NRBEREFET HETHO D HshF TRA L7z (wet mixingit) , IRV TIRGM R %L
PERIRRTL L, ZhaZeRh 1273 KT 12 BEREIEERS U7, By RXHRIEIHTIEC & - CEVLEE OFELD
RS AT 2 A, BETACAIN0 M ER L TWAD Z RSNz, = OREHI iR
OMNNDOIEEEYEE 2 F L, 1273 KT 2 BRI BVLEL 21T - THInT 1 — 7 230k ic ik < . BaF,
VUFL—F—F T 4 RHEREIC X D BB A BEIIE & IR T > 72, Fig. 112" Cd (i)
7a—7 OBEX R,

ZnOHIZTE K S AT InDREIE R/ N R T~/ L 28d
FLLTHBmLTWADICH LT[2,3]. ETAR T n | EC
I 7=CdIN, 0 E VT DEIRTH DT80, Fi 100%
ZIOME T BT BEGHAR B AR <5 A — 416 keV L/2*

BB L Cilam T 5 2 ST TE AR, o y,: 171 keV

T, B LT BREEICAEET D CdIn,0, & £ AT 5
728, B 025 mol%t 72D X O ICHE D A K
¥y & L CCdIny0,% ZnOIZiRA L. [RAR D [EFH i v,: 245 keV
2 k> CHMEE (Cdin,04—added ZnO) % Ak

L72, (CdIn,O,DEE% 0.25 mol% & L7z D, ground state A2y
INREET05at% & 725 L 9T LT, IZODFER & ed
HEFIZHT B0 Th D, ) TOHBMInT v —7

ZRARICBE L S B 7B 2 B THREICE

U CHEEAMHBERIE 21T > 72,

245keV 22y t,=85.0ns

Fig. 1. Simplified decay scheme of *'Cd(«~""In).
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L w =6wq, 0= 12w, w3 = 18RRI H 5, Q)TN T, eldEXFE =, Q(=0.77(12) b)ix~
0 —7OBEBLRMEME—A L b, (= 52T —TEOBAY Y, WEIT 47 v 7 ERTH D,
5 5 NTZHEAIE BAER N7 A —Z O EHZ DWW THE L= H DO b E® TTable 1 IZFET,

Table 1. Hyperfine interaction parameter values obtained by least-squares fits on the TDPAC spectra
of " Cd(<""In) in various samples.

Sample Temperature  wq (Mrads™)  |V,| (10 V m?)? n 5(%)? (%)
Cdin,0, R.T. 14.04 (1) 4.8 (8) 010(3) 12(2) 89 (1)
Cdin,O,-added ZnO 1000 K 18.44 (4) 6.3 (10) 010(3) 10(6) 54 (4)
(C1) R.T. 17.86 (9) 6.1 (10) 0.10(3) 1.3(10) 40(16)
Cdin,O,-added ZnO 1000 K 14.6 (4) 5.0 (8) 0.65(3) 20(4) 36 (5)
(€2) R.T. 15.0 (6) 5.1 (9) 065(3) 42(11) 53 (21)
zom 1000 K 18.46 (2) 6.3 (10) 010(3) 14(2) 88(1)
R.T. 17.87 (5) 6.1(9) 010(3) 09(8) 87(1)

Znln,O4 (DFT Calc.) — — 5.95 0.091 — —

a) The experimental EFG values were obtained by the relation in Eq. (2).
b) Relative width to the centroid of the electric quadrupole frequency.
c) Fraction of each component.

Cd & INIFFF-F BTN T D B RXBREIHTIAS K 2 M IEMEAT TIECdIn,0, 23 IE A B R L Hvith A B
INDFEHEWTT D ZENEELV, L, Fig. 2 DALY MLOERSDOEIGIHS, D & bR
B2 CARR L72CdINy04 i IE A BRIV TH D alREMES BV, 72872 5, CdIn,O4H THINAMZIFH —
DY A~ (89(D)%) ZEAELTEY, ZHFIEAEXALDOBYA M B LR THD LHEET
LML THD,

CdIn,O,HF D7 v —THALE TOn ODMEIXIZODENE —H LTS, ZOZ X7 v —T7EE
0 &< B, HEET 2R FOZEMOEENSEHIL TS Z L2 R LTn5, —F5, &5
AEVLIXIZODZEN LY H/NSREE R LTS, Z ORISR & ERLoEw /A OFLIE %2 #%
T 5 &L ZnOFIZIERL SN2 InDREERIZCAING 0, & AR D FEZ & 6, K 0 /NS EHE B
NAEEMTH D EEZDZ ENARETH D, LA EDOFEERFERIL, ZnOFITERK S N7z InDREE KA,
CdIn,0, & [A] UIE A B R U2 1 2ZnIn0, TH D & W I G & FJE L7e, Znin,0, DF& 1 EEL
RCAIN,04 KV B/ S W& D HERFHRE OHE b x DI A2 R L T\ D,

3.2. ZnO /S S 417-CdIn, Q4 DL F /I
Fig. 3 {2CdIn, 0, Z & (0.25 mol%) DAL L CZnOHF Iz S w72 ilkEH 7' e —7 &8 A
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Fig. 3. TDPAC spectra of ™ Cd(<"In) in 0.25

mol% CdIn,04-added ZnO measured (a) at 1000 K
and (b) at room temperature.

Fig. 4. Schematic structure of the most stable
CdZnglngOy4 cluster.
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3. ffam

AWFFETIE, ZnOHFICIER SN TzIndF /7 #EdE kIt Cd («Min) e —7 %28 AL, v iEH
AFIREIC X > TRPMESE 2 J8-372, CdIn,04 & DILEEERRIC L - T, Z ORI IE A B3
Ex HOZnIN 0, THDH E VI RIRICE -7, ZOMIROZLBMEZREET D729, Znin,0, &% &
OIINT T AE—EARGE L., B EILERIEC X D EREIEIC X o TR AAER ST XA — & &3k
Wizl Z A, EREERERO—FHE/R LI, ZOZ L1E, ZnOFITIBR S NTZInD T 7 AN
Znin,0, THHZ L ERLTVD, Frx DHBHIRY | ZIVE TZnIn,0,DFEFRIZ X 5 G R 2B
T AREFNLR TEo T, ARFEDNER B RLZnIN,0,01% U TOEBRBERE L 72 5,
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