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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 2nd symposium under the title of
“Nuclear Spectroscopy and Condensed Matter Physics Using Short-Lived Nuclei” was held at
the Institute for two days on November 4 and 5 in 2015. 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) Madssbauer spectroscopy

5) muon, etc

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

February, 2016
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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Hyperfine Interaction of Short-Lived Nucleus 2P in Silicon
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YNAE DT OFTUWRIE B . 2L TP ITEEWE DI D ZEE I -T2b D Th
5. BRIC, ZJRGEDEEMER e R EL N, kL% — ~60 MeV/u,

D 12N(l = 1, T =11 ms) %ﬁ%ﬁ?ﬁﬁﬁﬁ%ﬁﬁ“f%b\ﬂiﬁfﬁi Fragment Separator
FRICAREIL THD, Lih P ~10% Lh bl R KR ARla Al ="

BILICHEHL TS, BIEIO@ER T, XAATR BN o s T P
60%T<AKH T diamagnetic 7REREEICAE RS2l L, BIEkE T A i %\\
BRI AT ST LA LT 2/

WOWFFEEEPEE LT, A | 2N DK PR ORIE . B-NMR
NS L DORE EE ) | WG RO 7= DEEHEL LT Hfk T €
=7 A(NH4CH=, Pt 2N @ B-NMR D55 i %1 7> C. Chemical
shift Z ik ELT-.
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A a1 2N QK FFEFIRF R O E L B-NMR HL0E & A DO FEE [7]  Fig. 1 Fragment separator and B-
EFBRIRE F AHAETT (NIRS) © HIMAC FiA> iy D cdupment at SB2. 1 s of
THHILD PC ' —A (70 MeV/u) &, Fig. 112779 Fragment Separator  before the target to determine the
(SB2) [38] ZFI ML TITo7-. FEA A > fif d A2 #aflif 22 SO s, electionangle.
p(2C,2N)n ZFIH L, B FEERIICIZARY =F L 2 (CHR)n & VT




L. NS 2C HRmbO S PN OAEIL 0 =1°£05°THD. ik
EERYERTIZ ISR swinger TR S IZHHR (0 = -1° £ 0.5° ~, &
TeILD+10~) THZENH KD, MEIRRSN i@@JE’WT@
H, TRNX —Z I Ear Ca L7, FEGEBN RO ATV MR
UN B —2%%5. BN O RC v — A\Txd 2 k0 i B & ix
97.5%~99.5% #E&R LT, AL P = 8% BAGT. ZAUTHE Z A AR
BFELTRLENISHILTNS P (50 um X 3E) 2 VW CHRERRL7-.

ZDZ LI, Separator DFLHDZITHE RS, KIT, PN ZETED
Catcher (KH) IZE D202, =RF —Z 4 (Tﬂﬂb7 TAF v

Plastic & 2F Y

‘ r.nsmnu AL ED) o 0 (2 o))

Wedge degrader /

(P

Flg 2 Wedge degrader. The
overlap of wedges along the

beam path determine the
thickness.

W 2 M) & s sE CGERILZ. D #. Defining collimator & — A%
Motz FEHIIZIE Fig. 2 1IR3 89120 =y P& 150 mglem? DFREIZ
7K 75 mglcm? O ENPVETH-72. ZO Catcher OffiE L, RV TF L2 —h (0.125 mm /) D48 2X
20X 40 mmAZKEE ALIZH D THS. Beam ([ZEHTHHUEIXRDIH0b D THS. Bl H, A4 2C
1% 2X10° pps (fEL. 1 spill & 3.3 s[f], B —AWEf#IE 35 ms) T, Catcher [ZHEZ A E417= 2N | X 10° pps
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DD FEY B = 05 T T 1 T ZAL AR (A H 2CE— A LI PN E— AT HEE 7
) IZHNTCTHD. ZZTENMSD, BHIT N — 12C + B+ BB T L HREL T, V= R/LX—E; = 8
MeV L@k, FTAF w7 4om BB T HRE10305. 1D, Catcher &g g2l DIES A S bx |2+
DI DD.

ST, Fig. 1 T/RL7Z&DIZ, Beam-Line SB2 D AKALIE AR S BLE SV, 22Tl Fig. LIRS0
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Fig. 3 Time dependence of 2N polarization AP (solid circle). The rates of
12N implanted in the catc her (cross) and P rays (open circle) are also shown.
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TW5. BOOSURILNEEES B = 05 TEHWTHIE L, REFSI-, Wil AP OFFZA (LA R
T RERRDN 25 ms /S D AP NMEDILT-.  ZOSAFUKDEERSTL p > 107 Qem, IR T~ 295 K
Th-ol-. ZOKE, BHIKEHN 0 < t < 12 ms O T, BIBERIGEEZ D PN OBV REET, 94
LEWFEEI 2 L BT HE130 2 KIFARDS SIIC R TR LD, fRFIRERICRE - & 2 sy
MALNTZ.  ZORRZR 2 il OFF RN PUEZIAZ BN CII RO -7 28 Th D, (BL, FEROH
ELRFIY; B=1T TITolz L2A, 2 i OFEFNT RO o7, JIERE DM ENEEND.

N il 2 IAFEER (B — 2R ) 12, 2N LR EDBENZRFE AR, BRI TR BTG E
DIRHEZ AR THHZEIZIER L2V, BiEIOHFFEES T, 2N O ZIAZ B E L TRMEE D535
7o Pt W TR R FEHmE AR & HE L CL BSOS TSIV RIG 60%723 K THRiFHSkI-Z&12725
7= M, A EILFED 40%0D1T FIIRETHD.

B-NMR @ gzt Seam N 33 s:.. n
HIMAC Ot — 2 spill 12 3.3s THY, & — AFf[#% 35 ms [JiEA

72 E—Ae BRI A 2L (= 1spill) @ 2 Bl 1[5, NMR F B

iz rf & FIRTL7-. BG| Fig. 4 1IR3 HEf (BIHE — AR RE

2T E— LT 10 ms D) I rf ZF1NL7=. NMRIZ1E, B

o rfzfvie. ZORRE PUIMEAIAATZEED ATV LE  Fig. 4 Time-sequence program for B-
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295 K, A B B1 =3 x 10 T Thh.  rf OHULME vo =1742  plus’10 ms after the beam end.

kHz D55 +20 kHz OFiH CTREBRIELZT>72. ZO%5HE FMIE

=0kHz Thd. Fig.6(2B=1T,T=295K,B;=3x10*T, TO NMRIEERELEZ 7. BT

RUTZT =473 H,0 71 2N O NMR THY | H A 1%, 5 HIE D7=9124T>72 Pt/ 2N @ NMR Z7R~7

BilZB=05T T/£02x10*T.B=1T TiZ 03 x10*T Th-7-.
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Fig. 5 B-NMR spectra of ?N in H,O and Pt. Fig. 6 B-NMR spectra of >N in H,O and Pt.
The conditions of the runs were B=05T, T = The conditions of the runs were B=1T, T =
295 K, and B; of rf was 3 x 10~ T for H,O and 295 K, and B; of rf was 3 x 10~* T for H,O and
0.2 x 10T for Pt. 0.3 x 10~ T for Pt.
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Fig. 7 B-NMR spectra of 2N in NH,CI and Pt
measured at HIMAC. The conditions of the
runs were B=05T, T = 295 K, and B; of rf
was 3 x 10* T for NH4CI. The spectrum for Pt
is the same as that in Fig. 5.

H,O # 2N @ NMR #EIX. B =05T OLx
SCHENE) = 7 kHz, B = 1 T D && SCH-ENE) = 10
kHz THELHIESh7-. dfmEL>EZETHL.

Fig. 8 B-NMR spectra of 2N in NH4Cl and Pt
measured at Osaka Van de Graaff. The
conditions of the runs were B=0.7 T, T = 295
K, and B of rf was 1 x 10~ T for both NH4CI
and Pt.

Table 1. Summary of central frequencies (in kHz)
deduced from B-NMR spectra of 2N.

Swinger Wiz TELNTE HO HICHRERST- Mﬁegals 173:57'?12) B=07T 34?3: 314-{83)
S A Bl SRS Sk - =) B 2 : :
1ﬁ*ﬁ£i? NMR Téﬁ{ﬁ”/\ﬂiffg%ﬁ ??D\ ;ﬁ o Pt 1741.845(25) 2441.018(46)* 3483.72(27)
NMR ATV THB. ﬂ%ﬁkf&)éﬁ\ Pt aiH‘Jrli NH.Cl 1741.693(65) 2441.10(26)*

ERIZEDBEFIA T o7, I TH, RORIAVRED

WK oT-. ATV E T E IR
$8 Table 1 X2 EHNT-.

Chemical Shifts

* Measured at Osaka Van de Graaff.

A —fE TP IC @ iz, Ho0 FiE Pt oD 2N o NMR i L, = DfE R4 Fig. 5 & Fig. 6 [ZRLT-.
M EAE % Table 1 & Table 2 [ZEEFIL7=.  Larmor A %% vo(*2N in H20) & vo(*N in Pt) O &R E 75
ZOOEHF D Chemical Shift o, fEL Bin = Bex(l - 0). TEFRIND. 2B AL B, HD N D
Chemical Shift ®7& % o[ A-B] LEFRL CTHRHFIZH-27-. ZZ T, Pt 1™ Chemical Shift |3 Matsuta 72512
K-> T, FEYMERE BN (2L 0= —(580 + 21)ppm [4] LHIESHL TS,

F72. HIMAC £k VAG Z2{#->C T = 295 K T NH4Cl 2 OY Pt 1D 2N @ B-NMR ZFEE M H L 7-.
(A~ZFV% Fig. 7.8 12201
7))  FEEBZAETI HIMAC T
(% B=0.5T., K VdG TixB

- >
——

Table 2. Summary of shifts for the B-NMR spectra of ?N. The shift is defined
as o[ A-B] = (va — ve)/ve. The values are expressed with the unit of 100ppm.

- S B=05T B=07T B=1T Avr.
=07T, %LTWH&&A%@% S[H,0-P1] 239+ 14) 18+24

NFEIN B =3 X 104 T KO® 1.2+1.8* —(1.3%1.0)
Bi=1X 10*T Ths. Table o[Pt-NHCI] 0.87+040 -(0.3+1.1) 0.73+0.38
1A E oL JE I B 45 gl _olH20-NHCI] ~(0.6+1.1)

EFEBR S 4 IC -, Table * Result in 2014 [2].



2 iz%gﬁ*/,'ﬁ@EF"E‘EJ(EZ?&@%E%%Z@%C NH,CI
fEJR . o [**N;H20 = NH4CI] = —(60 + 110) ppm V)i |
REMGT-. BRI, o [P*N;Pt — NH4CI] = (73 £ 38)ppm
ThD. ZORREMOIEY), BN, MNOs 258 il - - -
(14>) @ Chemical Shifts &It 3572912, Fig. 9 123 ENinBN[4] | “NinPt
AUz, BEOWOD ¢ OREREVDPL, SRR AFV
7o PN SHEEA AL OIOBBEUTIASTIIBLT K Tg0 0 400 200 0 200 400
AUBH O IE M ARG I ENTWD KR F o O i+ LS Tk o (ppm)
(ZEHLTOD N AA RIS (BT OIRVE Fig. 9 Chemical shift of >N in H.O and N nuclei
LTWD), LRBNS. in” various materials. NH,Cl was used as
4xf&D Chemical Shift D ERAL 22722 (f 1% . Bifs  reference. The present result is shown with the

s i red bar. The blue one is the result for BN and Pt
TERTHIELIZT 5. by Matsuta et al. [4].

[ }
I
MNO, [5] T PN in H,0

3. HEhx

ATEIOHAE T, AEEAHE p(C2N)N ST BN ZERKL . Lo AL ARG P ~10%) HdHD 2N %
R e /L — AR E D22 IS E T k=2 &, Fe, S ARG O NMR HEE (Z250H)
DOHT, ZBZFNTENITZAK Catcher FITHEZ AL DL TR LIzZ @A LTz, Fo, 209h
Rtz (B CAERLTZRE AU C ORI O 60%2 1T 52 IR FFHIR T NMR IZEEX 7= 2 H 5L Tho.
AENTHIZAS 2N @ B-NMR OREEHIEAZTTV, £z, Chemical Shift DIEAEEZFGL72D1Z NH4CI
AL Pt A W2 IIE 2 PROK VAG F2BR=E TITUV Y, ZAVWRHE D R 72

Rt A R FF L7 N 1242 C Diamagnetic 72885212359, Chemical Shift |X MNO; HZEE_T/haEw.
72KED BN B NOsDIH il B EE-o TCWVRWNWEF XD THA). Wiz RFi ki o7, VD,
40%D N\ Z DWW T ORI SIND. K5y Tl 22 R R 0 ORI O EE OB 2 B o &
Bohsd., KOHFT, Free D 2N A4 THHON, 2N 3 O DIRVEL THDHD0, XU, D
DN ZETey T DA IRREIT 2> TNDDD, ZINBDRFEN =D, b ieoBE A< -
DI, FEFRER] NMR B8, 708 ORE A | W35 im0 SUBHEEE  f MEOBBTHIE T2 T E TH
2. B Z A FHE % DISRAROBERE DR O T ThETZu .

ATEIOE T, PEIZH DDA > TR (ARIRAR 40%73 0040 TNDHIE) IZOWTHELEH KD
ofc. ZHIUCEHUL T, Fig. 3 (IRLTARMBR DR EHEAFPEO o T | SRFNIRFH 00 Z B k3 03 SR DR dr
W B =05T T, ibi/z. fHL,B=1T CIdERH RN >TeDOTERITITRIEDLRTES. L
L. T 10 OIS EIC LD K OB AL FOMFFERUR [6] X0, Filr D Selberg FEDWIIE [7] 76 D7R
BtdH0, ZORERE R DIRDEEVIZIER LTS, IRHOMFZETIE, AKIZIEK &R U IE DY (48 4 FF
OEWWE LRy ORI E KEBREA DO TEAT, Lb, bo LB EOE VR R OIRE THDHIEN
fRSOTETND. LB EREDRIRE (K) REBHIPH T 7-8 Hlia<z HHTW\h. ZZIZEFEHLTWD
THDHMB, AT ERROBE B I EOB LRI ki -T-.

WOELPEL LT, K 2N D B-NMR DR FE LRIG IR E D 5 T E ThHD.
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1. ZLoic

2 LR R GE IR I IR 2« OWPERBLOIR & 72 D& BT & oy FikitE 2 A7 2 HHECNL 1 & FF
DL EBIT, EINFET D0, ZNERHA LI-IERIENTRe & 725, T O TH 2GRN
ELTL2-ER (4-EY V) =& (bpa)  HWCERBUEKEZAKRT L E. 2O O
ant i-gauche® ML ARKSTF L CHEERBEENHOLNDY, Z LT, AARNTT—AX7 MU,
HEOBENMNIL ST, £T7=2F 0 DEWVICE > T, WBSZMENKRES BRD Z L2 RTY , &6
2. R BIX 2 O R RS 2 R Dbpad (KIC A T2 089 5 Z LI L 0 gk RIZI VT
AV B AL —N—E@ERBEESEDLZ LIRS LY, AR FEEASESESL Z ik
DER D O Y PUBEN T ORBEENENL LI TH DY, o, BEBEAL L L TL3-EA@4-E
Uo7 asRy (bpp). 7 =42 & LTNCX(X =S, Se, BH3) & W -FedfiR 1T L "Wk oTH AL E
MEEE 2D XU 2B LGOI RoSREE L 72 207, Z OB A Ny OWRE X
AR E DN, KA N FOWRBENG| &4 L 7po TEBNEILT D 2 &2 OFROR 72
BThD, £, 7= & LTINCBHs 2 L7285RClE, “RcHEB A EOLSIIA Y v
78 A — =R ENE SN DA, N B U A EEE ST IR T BRI ORI A B REED
HER L, N URBAE T D G E A B REEDO LR L TE E 5,

UED X DICHHAMERBSEAD A Y L 7 0 A4 — =% 2 B S50 E 9 EHE T &

D E Do TN, ZFDOEEBIREORIFENIE S Tld/ew, BBIRE RN g 2 KT 5, 7
= BN A DB 58 IINCS <NCSe <NCBH; DNIHIZ KX < 725, b L, —DOFKF - IZRR 5
T = B AT ENL, IR 2 TS HIE T X S RTEEME
HD, ZILE T, Fe(NCS)2(bpp): Tl A B L IRREZ 7R T DI %S
L. Fe(NCBH3)2(bpp): TIZ A 'L 7 1 A4 — =G & md 2 & o \ /N
ME. NCSENCBHs D7 =4 ZIRAT 5 - Lick v theh N/
DFeNED K H R AC U REZRTONETHRTEX TN, ZD A
AN T — AT FJVEFe(NCS);~ = k L Fe(NCBH3), = =
FOERAEDETHIITE Y, RIFFETIL, bpa (AF—A1)
FEIRIC B W TRIBROMIZEZ 1TV, Fe(NCS)(NCBH3)~ = K235
Y ARANAVIEY | T P

Scheme 1
1,2-Bis(4-pyridyl)ethane (bpa).

2. EB
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BN (PR M F S E2 L& T p-Y 7o o bizs) #EBRAE L, £D
BE. 30 07D L RFIE EHH L TR 2155, BRid 2 /0 e, IEBIEIZ X0 Gk Lz, JE80E
TIL FEIZ/K 10 mL (2 FeSO4 * 7H20 0.5 mmol, KNCS & NaNCBH3 % & &t 1 mmol, ER{bfhiko 7=
(T AaN e U EERP L0z L, PREEIIKE =2 ) — 10 mL FODRAEE A |
FEglz=% /7 —/110mL (T bpal mmol (7" A My FZ2W#ESEL & Edp-vY7 X B bl
25) BENLIZLOEMEH L, BETCRE LT LERESG, faaEod,

3. MREBLE
3—1. FANEEEL TV WEGE

NCS & NCBH; DEIG AR 57212, JtHEHHTD CHNS £ — R THiHDOHEI G 2 0T, E£7z,
D ITTFE B ANV E H I NCS DEIE % 0.05 FoOFH LTHELAHEL, Kbr<A4728E%
KOTz, ZTORER, AREFFICHIAALTZRIE LD 2 < NCS DRAEICADMANH D Z & M350
T2 ZORER. BRKOEENCS 28 NCBHz LV HiRfh & LTADRT NI Enmnd,

NCS & NCBH3#% 1:1 THIAA TILBIEZAT 5 & Bk S b ivic, HfEdh X SEfgtT 217
ST, EOMEEIX L RTHIREE Th o 72, £ OHEIEIL Fe(NCS)2(bpa). <> Fe(NCBHs)(bpa), ® 1 &
JCEHIRAE IS & FHEL L T,

MR X BREPTEEIT -T2, T oAV HEEZ THHLONRY — %R LT, (20-2)0EHT & (1
1-2)DEFFNT =4 D EEZD EZRHEINTT 7 b Lz, £7-. [BH3%Z — 8 Fe(NCS)2(bpa):
Hi3k & Fe(NCBHs)2(bpa), KD Z N E N DEfi % —r OERG LR &I > TRV &b,
RAEW T, BAICR->TnD Z L bR sz,

TRTOT = A ARMIERD A AN T — 27 MVERIE LTc, ZIDD A AN T — AR
NUWEZHOZ T Ly N THRITCE 72, SMUO X7 Ly kOGRS ZMEIL, NCS DR K E W
A 1% Fe(NCS)2(bpa), DAEIZIT < . NCBH3 D HLF#ED K & W I5A 1L Fe(NCBH3)2(bpa), DfEIZIE < . NCS:
NCBH;=1:1 2Nig/ME LD X H &b Lz, WRIDOZ 7 Ly b Oy ZE T /NS <
Fe(NCS)2(bpa)z. Fe(NCBH3)2(bpa)e @ EH HIZHEL TV o7z, WRIO X 7 Ly h OFEX HIFE X
NCS: NCBH;=1:1 Tk & 72 o7z, LEDZ End, WHIOZ 7 L > hid Fe(NCS)(NCBH3)= = v
MZEBZ EPmmeInic, LrLRns, NS FEN /NS < R ENIT0 520,

Fe(NCS).(bpa)2. Fe(NCBH3)2(bpa)2. Fe(NCS)1.2(NCBH3)og(bpa), DS A7 kv zHI7E L7z, 600
nm I d-d ERITIRIE SN D LB DAL KA 2B LT, £ E4 596, 648, 613 nm (THRA A
H Y . Fe(NCS)12(NCBHs)oshbpa, Tlid Fe(NCS):bpa, & Fe(NCBH3)bpa, DHREIDALET, £ b
DEREDE TR -7,

3—2. p-¥7 P (p-DCB) AW L4

NCS & NCBH; DEIG AR 57212, JeHEHHTD CHNS £ — R THiFHDOHEI G 2 H.0lT, 7z,
o TTE LA K 912 NCS DEISZ 0.05 FoF 6 LT A43E L, kb L<A2%45%
Kbz, TOFER, 1.8~2.0 D p-DCB N aE#E S, ARIFHICHSAATZEIS X0 £ %< NCS 23R
WCADMEMDRo D Z LN yirole, ZOHES, AROEE, NCS 28 NCBHs LV $idtE LTAD
TN ERYND,

NCS & NCBH3#% 1:1 CTHIAATILBIEZAT 5 & Hifhda s bivlz, Hifhdh X SRS 217
o7z, TOMHEEIT L RTTHRIEETH Y . p-DCB AEfE I T\,
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MR X BREHTRIE 21T > 72, Fe(NCS)x(NCBH3)@-x)(bpa)2-n(p-DCB) D X 28 1.5 725 2 TIXHFEI D
INE—2 R LTz,

XWLEMH 2D TNNDRAANRNG T —HEZIT-> T, IWERERRETII  MimAr e =
S A BB S e, Afim A B RO UKy 2T, Fe(NCS)2(bpa)2-2(p-DCB) DELZ T 2
o7, Fe(NCBHz); 2= FPMEAE & & 5 LE LTARA B FEOFIGIZHAT, Z2< DA
EURENBIN S 7e, ZAuiE, Fe(NCS)(NCBH3) = FMFIEL, MR ERIBE CRA L U %2 &
LT ThHhdHEZEZ LN,

Fe(NCS)1.6(NCBH3)0.4(bpa)2-2(p-DCB) & Fe(NCS)15(NCBH3)o.1(bpa)2-2(p-DCB) DAl ZHE 54T -
o EHLOH TEMTAY VB AEZ Lz, ZiuX, Fe(NCBHs), == k & Fe(NCS)(NCBH;)
2=y FBFEET DD THHIN, TNODAE VEBIRE LY DFT HE TR, wFzEoH TRk
~H Lo THIEL VI 21— g U TXBRZ RS hoTz,

4. FL

PLE. bpa $ERTIZT =4 LIRMICT 5 Z & T Fe(NCS)(NCBH3) == v F DARRIZHRLY L7,
p-DCB Z# 7 5 & "B TA L VBN X, Z1UE Fe(NCS)(NCBHs)~ = NBFEET H7-9
Thole, ZDOEIITHAMEER bpa SHKICEBWT, 724 UREICTAHZ LY, B85
DOHIENZ R LTz,

ZE R
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RBERTF M =BT v REBMLR EFBREED
et oS &R TS

Valence Fluctuation and Crystal Structures/Molecular Structures
in Mixed-Valence Trinuclear Iron (111, 111, I1) Fluorine-Substituted Benzoate Complexes

RKREKL R Y —Fkr 72 TRK®

BEHE— . DARBET L HAREE?. JIIFRE . @EFER’ 5% BRE’
Y. Sakai, R. Ogiso?, T. Nakamoto?!, T. Kawasaki®, T. Kitazawa®, T. Takayama?, and

M. Takahashi?®

!Daido University, 2Toray Research Center, Toho University

1. LT

1 (Figure. 1) IZ”"d ko122

DD Fe**& 120 Fe? % 1E =1

D (B2 \VIEIE=MAFIZTN)

BE T, 10 FPICs o8k =
N BTN BERGER D

i A A A RIS F Sol ZHRY

JATe (Fes0 (CsF5C00) ¢ (CsHsN) 5+ Sol .
LUF F5 - Sol &MERD), FxidZ

DA AR BE 14 D BRI i 4
# (7Y /T hI7v7) %
% Fe A ANTT =3 MIEIC .
FOMFE L CE (L, 2], A&t Figure 1. Tri-iron cluster molecular structure in

F5 - OILCL, 17 2 SOETH (5 Fe30(CeFsCOO)s(CHsN)s-CH;Ch, obtained by single

crystal X-ray structure analysis at 123 Kin this work.

. N H ¥ PANSy
ReMyER) 2ARL. FE F and H atoms are omitted for clarity.

B W CRFR S 2 8 3 K &

SERBZLERE L], AEIERVIAENRD S L L OMEICEREH DY, SO
ENR AR S % O X O IS 200 E 7 L D,

2. EB

2ODLI, ZHOAKARKS b LISEMF OB, A AT T — XRD JEICHOWTITFH A ORE
H1-3]oLBYTHD, p-FT L, 4—Eal KIS LRAEOFRE, 2277 — XRD #I7E
DBMAIZAT 2R boiTz,
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3. MERLEL

7% (orthorhombic) & SJ7ER% ( : : . . - - ; ; .
Hexagonal) ® F5+CH2C12 D A A/ N7 7 — orthorhombie
Ay MV OIRBE A A R 2 1R, s Fe
7 6% TIIEFE 78K 2> 5 300K DO #iPH T
Fe3+& Fe2+ A3 XA S TRl ST 5,
— . RNIF@MRICBW TR, SiEATE
BA A DJREFAM I S TR S
NHZT ENOND,

F5IRA IR TR AR T, A AN T —
SN T B DNT 72 o T SRR O FEEN & |
XRD I E Thoh o 7o iR g 2 — X (X
2) & L7z, ZORTIIEHEEZES)
L. 22T kiEns,

AT 1 | (FiR) AAASATT—
HECRAET b7 v 7 (Fe* T DIFEPK
RB) 2@ S, RIE T TRl R
v 7 (Fe’" & Fe® I3l S LT ikig) 738l
MINdEA47, 2472 &k (FiR)
THEIE TS, FAl FF 7 (Fe™ &
FeX RS uiikig) & LTl g

Relative intensity/ a.u.

34 2+
b1 TChB, R3ICRSNOMENCS ol . . 2 Fe FFe
W _RTER - B XRD BHE S -5 0 5

Doppler velocity/mm/s
T2, RNTEhR. BITdR. HDH0
IERETE RN ST b DIZ3 S
iz, AANRNGT —5HTHEAT1
&I b D OFEEIIELEIS 72 <
NI RTHo7- (M3 DOKBROE
FH)e 24T 21FATERITRA S ER (N3O _HEROEHIF) LiEMBILFRE TERo72
HON 2D (k wkfHl) Tholo, NHERERTERDZIED 3 FNREEDEWNT, 3 DDA F 3
EHEICIEZAEERE (NHFRR) THHh, bTFNCFRT0nsh BHBR) »Thb, AHMAT
boE, 2471 OFRFliEE ZRT 2 LA, ARSI S LTl L7z B RIcB DN THl bne

ST,

2. B E% (orthorhombic) & /<77 % (hexagonal) ™
F5 « CHoClo D A AR T — A~ K )VOIRERAFE
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LTS, AHBBEE | MEmE . -
: | F3 : F5.S0l
F5 CH:Clz fRES 020
| i || B ar—n | v, Pz EU Y
: X | > H-#£XRD v, o, mF b
#445 557(0) “F5.p-#:‘/L—f:/ |‘
F5 CH:=Cl2 Fhd-E =1 1] to*

(TARTOEGREO A AT T A7 FAOREERFE, BEXRD (KiR) 25, £Ellxhi,)

3. REETHSE =¥ 7 A uiEo 2 BRSO A A7 —4% L XRD #£0 %K, k@0l
Bit, ARG TG THFA 7 LICaEHSH, £k - HAXRD TAH#%E (Hexagonal) TholddBTtha, =
HROENEZFAF2THY, £k - FK XBD TN EE (Orthorhombic) ThobdTha, #1471, 4
72, % SEICELTIRALAEBEE L,

4. BEIER
[1].Y. Sakai et al., Hyp. Int.,205 (2012),1

[2]. S. Onaka et al., Dalton Trans., 43 (2014), 6711
[3]. /WNARET B, 2014 AEKHEHEZERSFELSTHERZE (1B03, 4=, 2014.9)
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Spin Crossover Coordination Compound with Pyrazine Derivatives

RIKRHE !, HARESWEE L & —2

b 2 RHER . BAME L ®R/IE

T. Kitazawa'?, T. Kishida®, M. Sekiya?, and M. Takahashi®?

Faculty of Science, Toho University

?Research Centre for Materials with Integrated Properties, Toho University

1. IXL®HIC

AV B A —R—ZEET DN T, FePSERIZ DN TE < OAFFEN 72 S 4L, BT
B FEERIZ OV T O HIERITA TN TV D[1L,2], ¥ 7 / Fid, BERNL B IO
WEERLA - & R B+ 5 = L ST E %, Ko[PA(CN)G] TR o7 2 B3 BRI 7 CGRIsAD
fif) &EE) LW 4 B HEBSACTH D, A7~ -B Y UURIAE 7 m XA A=
— 40k Fe(pyriding)2M(CN)s ( M = Ni2*, Pd2*, PEYEEATIZ. 7 / TSGR 7-& LT
Z8) U\ (A 6 Bihr Fe?* & U E(AIUENL M 285 LT s, Zhvdx
Fe(pyridine).M(CN)4 i, 2 kot/EREIEZ TR L T 5 [3a], & BT, pyrazine & V7o
Bitr . pyrazine I32RERNL 7 & L COZEFNAGEL 70D 3K T v -7 VA
V7 a A A —N—gEK Fe(pyrazine)M(CN)s % 5- 2 A U HBIRE X EA 35, 203K
JEM 57 1Tl pyrazine [\ EA 6 Bfz Fe? [l 4 2846 L T\ 5 [3b],

BN T2 R A NERICET DR 7~ U RA Y v 7 a 24— _—{LEMIE, 2 kKot
BILOIWILA A N k&EREA A4, AA NaZE X2 AR 7, ZlicaEasni-s
A NFFIRENLRY | ORI T ) 2 GERER DO LR AEDEIC L -
THIEDH 22 R T2 ERRHENTWD[1-14], Y7 —7 Tk, &7~ A
DOWFFEOWE T, T H L 2 RoutiEa AT 280 A 7 a A5 —"—{tGH
[Fe(pyridine).Ni(CN)s] % ".tH L 7-[3a]. Z DL EMMRIRICHB W TSI 2 ~T 2 & %
A ARG T =R L OVSQUID Z FAWCRER L, & 512, HfS i EMTIc £ - T,
W infe 2 2D EA A F o ) OFEMIEEZL (High Spin (HS) RAE((tg)*(eg)?) & Low
Spin (LS) DR AE((tag)®) H D PR AE M BT 5 Z & N T&E 72, — 7, A4 D Real
HFz o0 7 N —71%, JNEK 6 BIALEk(1) A 4 U ZENL LTV 5 pyridine & ZA&BLNL 1
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L7205 % pyrazine |24 2 72 3 IRTLHEIESEIA[Fe(pyrazine)M(CN)4nH.0 Z &Rk L, =i
T TOA Y MBI E 2 EH L72[3b], ZDOfEEIL, Rtz mbd 2L THRFHNO

SRA T H ORISR RmD 5
A, FIUTHEL TRWA B iR
RELRE AT U RAEEE
THTEVARERIEER LT, i
TN ORI S, [H
WL ES DL < DWFGET V—T 73 Z
OO FAY 7 8 AF—N
— ROV T ORFZEICET LT
WH[1-14], Thbb, 7Yu & A
7 To D Fe(pyridine)Ni(CN)4 1,
SIS RBANEETH Y . 2D
HEREICLI Y A7 0 AF—
N—2EBOHIE~D T 1 — Ky
7 PATA D AREMER RE VR TH
%, bhibhoO 7 —7"%4% D%
DWFFET, Hhidb PRI R e 7 L
— LU — 7 USRS B )
HRMANICRA T —HO 7 A Nl
OIS, Hohibamico
VN A il AR P 0D B it A
Hr & BENE 2 IE LT, £ D
BT ETAMBIORT X M
Lo wERIEAEEROKERE ©
—n AL XTI E)N, BKER
BEEBZWICHE L TNDH &
D LN TE TS, T,
1T 4F-[Fe(pyrazine)M(CN)4nGuest &
IZBWTH A My OARA MBI
BIFDHAE 7 0 AF —/"—2%H)

OB T MR BRI S
TV 5[6-14],

F72. 3KILA T~ HRIEAT B Sy
% KB T IPER A S L 7= iR
bHESN TR, EHENSHE LT

Figure 1

Crystal structure of
Fe(2-Methylpyrazine)sPd(CN)4

Figure 2
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WA [15],

ARl BHIEAZ RO T U UREBUL TN ED L D ICA Y T B A — SR
G2 DDOBE D BAEENL 7 & UCHFT 5 ATREME S & 5 N EHIE O TR E O
7o SO HEEAT - & 258h 3 % AIREMEAY & % 2-Methylpyrazine & AW CEBREIT/2>7-, T
AT, BERAM F BB L TWIHHAALE 7 m 24— =2 Rtk
Fe(2-Methylpyrazine),Pd(CN)s % 157D TH#ET %,

2 . FEB

Fe(2-Methylpyrazing),Pd(CN)s I, [EHEE TIX KRR OB EIT > T, ZRKIEHIE,
BAE CITEME R OAREITo T2, PL&RE L TE—AEEMERA L, 284GEN T
(I3 4 BAAR[PA(CN)alZ 5 U7, 72 A & ZRIRHOE TIIRERIR &
L CZ7 = gL 1,3-Diaminopropane, pyrazine SAHE T & L T 2-Methylpyrazine % fiff
U7z, BEfECIREROBEBGIERI E L CT A e VB AR Lz, Ak L7k
RIZHONWT, HIRER T TOOAOELZME L. CHN JiEoHr. IR JlE, BAEE
ST EATWVRHARANIE LW AR LTz, SFe A A NT 7 —23 IR RIEIX, @ O H{ET
1To7,

3. MRBIUELR

Fe(2-Methylpyrazine).Pd(CN)s D il i [X - Figure 1 {2779, 2-Methylpyrazine (%, Fe**
(2% UL BRAGHELNL 7 CldZe < BUBEL - & LTEEN L Tl 0 2 koclg iz & 5 2
ENDND,ZUC L D MEIZIIT D Fe?t & 2-Methylpyrazine D bid 1:2 £ 72 > T 5,
Pd(2)-NQQ)DHEfEMN=IET 3.120 A TH Y, BWHAEEARS D Z L BRI,
Fe(2-Methylpyrazine),Pd(CN)s D A A/t 7 — 27 k)L % Figure 2 ([Z/R”$, @A E
A FPMEAE Y A MZEEBE L TWD Z L3005, 298K TlE, 1FIE 100 %3 E A B
VIREET, TTK TIXIEIE 100% MEAELRETH D Z EB00 D, FEIETIEL 226 K
PR TEAE U NPOLIRAE S ~DRAE BN EE D, FIRTIE 235 K fHETIERA Y
VINDEAE U ASDAE VIR E > TWDH I ENbND, £2, 20 KEEDOE
ATV ANRSD D Z LD, Fe(pyridine)Ni(CN)D A BV EAEIEE L 40K 1285
VW, ZAUE, P EFHWTUW D AL E 2-Methylpyrazine 7355 < Pd?* & FHAAER LikooitE %
FF@mOTWDZENEHE L TWDHE LAY,
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Oxygen Partial Pressure Dependence of Formation Process of Oxygen Vacancies
in Zinc Oxide Doped with Al and In Impurities
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1. IFU®HIT

fRLHEEN(ZnO) T, MR EN L (K2 X M CREMMBVATRERME CTh D, BEICHA REHEDS)
BZRB W TR I TND Zn0 1, EDIAVW Y R¥ v v 7(3.37eV) 0 LB BB LCToFIH b
AR TH DD, L7 hr=J AOGHTOIGHBPFFIN TS, ZnO 1Z R —L7ed 13 ik
(In,Ga,Al) D R LEUEHA R IZ TR SN DR R ZE AL &\ o 7ok T K DAFAEIZ X 0 -8 R 1 A3 )
EFaE0vbitTna7z, Zn0 HOEERZEILAMY N — 0N R THGE, JRTiEE, & OB %EE)
[ZOWTHIBE N 2 T D,

Z ZTH AL, ZnO IZ MCd(« M2 EAL, “hax 7 r—7 & L THW: v #4854 fH B (TDPAC)
EIC XY ZnO DJFERFHEE AL TV D, RIETIEARMY K —0 Wn 28 L+ v —7%
BT L1280, FEROAERMPNE CTORFTEREZ BEERD Z ENARETH D, LTS
23BN, MCd(—Mn) 7 o — 72z EAREORH AIGE RI)ZE A L7 ZnO(LL T Al-doped ZnO &
T BN OWTHEEAMHBRIE T, AR AL & In XTI EROHRE S 100 ppm, 100 ppt & FEH I
HELRFEUETICE N THZERT TORBB IS SIREZ BT 5 b D0, HZEF TORMLMIZ X
STEDOREIIMEEL, INITHIT Zn OEBRY A M2 5HET D 2 E0RENT, 2 2 OfEEBSIT,
T T T AL BT S B S, AR RRERE TR 2BWHE A Zn0 TS 5
EHRZEFIZ L VB S D ATHEMEDS R S 72 [1,2],

—RIC, ERUREM: e & O BRI RIS AEA SVD, £T2F O RMEOFIERREITREIOY)
HHBRBEDOZEIZ > TED D72, Zn0 HOEEFRZE LA O 2 E I BT 5 1 HIE, ZnO DI
FICBWTEEL 2D, 2 TARRE CIIBEZARICHL S D MCd(«—Hn) 7' = —7 & Al Al
DOFFESONICE B L, 572 2R, FRPHRSME T TORULEIZ L §i# L 72 Al-doped ZnO (D H)
AFBIA R b D, ZnO DEFEZEATEHGRFE I DWW TR R RET 5,

2. FEhR
IXUDICEZEFIZHIT D Al-doped ZnO DfigRZE 4L

FRABFEIZ DN T, BV PR R A 2 5~ T2 52

S
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BRIZOWTRT, Al ORFED Zn OJFEHizxt L 100 ppm &
72% £ 912 AI(NO3)z * 9H,0 DX ) — VIEHKk & L ZE T
L, ZOTH ) —IRKRIZ ZNO MR EIMNZT-, =& ) —)
INTERICEFET 2 £ TME - L ThiRAB 21572, o1
T AR & BEAI A L, 22507 1273 K T 3 IRFffIfERL L, 100
ppm Al-doped ZnO DL v b ZEEHBAER LTz, BERHE D~
Ly MZ, Zn OJFEIT% LK 100 ppt @ Win SERETAHE % %
NENOXLy MO FL, MIn 2t S 5720 2E5H
1373 K T 2 RfIBERL L7z, ookl e L, £t
AHAEIZEZEE A LT 1123 K T 6000~90000 FPEMILEE L 7=,
ZERPTOBHIZ LD GOkt e, H2Ed, 1123 K T
6000~90000 FYEMILER L 727245 B VT FBHZ DWW TE N T E
IR C TDPAC HIliE L7, MIEIZIX BaF, > o F L —Z 2k 54
A TR L7z,

3. i A &R

Fig. 1 1245 54172 100 ppm Al-doped ZnO @ TDPAC A~X7 K
v —ERT, Fig. 1(a) TR TOBEIZ X 055725
¥}, Fig. 1(b)~(d)iZE 2 1123 K T 6000~90000 FHEVLEE L 7=
#%1 :ﬁ%%ﬂf:aiw@ TDPAC A7 ML Th D, s IR
JFFNEENTORNZD, A7 MLiZ 7 a—7 (1= 5/2)

& BN & OB EMA BAEH 2 K 5885 — T
HDHEEZ, ExIFRREY AL A E L TR ORI 1E
BRI G Z W THR/NZRIEIZED 7 4 v T 4 VT &AT

277,

Gy ()= Szo+282nexp(——52 5, t)cos(wg t) (1)

n=1

I TolEQXD B T u—TENE TOEL AT
Vv D EBR Y Vo A T 5,

_ eQVy, @)
R TNCTR Y

3 —
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Fig.1 TDPAC spectra of Cd(«In)
embedded in 100 ppm Al-doped ZnO.
The annealing time ta are indicated.

Table 1 |Z TDPAC A7 MV DFEHT OFERG LT /NT A —H &, Fig. 1@IZ>W\WT, 74 v T 4~
T DOFEREGE O NT=K/8T A —Z OEITSATAFZEIZ B\ THE 5 1172 100 ppm Al-doped ZnO @ TDPAC A<
7 RVIZA B DS (BLF Component | &R D25 LREEPHN T8 L7z, Lo L Fig. 1(b)IZ 7
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bivd Kk oIz, HZ2H1 1123 K T 6000 FPEMLER L 7 1% D akktd TDPAC A7 k/LIiZiX, Component! @
flLiZ t = 200 ns J&ILIT & — 2 2R T2 RIREIA Sy S HBL L, 7' e — T B E T O RATEIE A L 7 5
Nize T ORIIENTOREER, FERI ORI Z A HEAL TWRW ZnO H1D Zn ¥ bk Z Mn 73 Bl
TEM U 7ZBICEN S 2 IEEh S (BA T Component 11 EFE9)TH D Z &My -72, F7= Component Il

FEZER TOBIBRF AR < R DICOoN TH Y BHFICHE N, E2H 1123K T 90000 HEVLE X7
100 ppm Al-doped ZnO DFREHZ DWW T 57%D 7 11 —778 ZnO & Zn DEHY A R Z BT 5HF+T5 2
EPRENT,

Table 1 Parameter values obtained by least-squares fits on the TDPAC spectra of '!Cd(<—*'!In) in 100 ppm Al-
doped ZnO.

Annealing time v S Fraction
in v?;:)uum Component (10% \Z;/mz) (%) (%)
) | 8.0(13) 36(2) 89(2)

5000 | 8.6(14) 33(4) 60(3)

I 1.7(3) 0 33(2)

25200 | 8.5(14) 31(5) 52(3)

I 1.7(3) 0 40(2)

90000 | 8.3(14) 24(7) 34(3)

I 1.7(3) 0 57(2)

a) As prepared in air.

Fig. 2 [ZFLZ2 Hh T ORI % 9- 5, Component | Dy b & 7k LTz, BVLEIRE 23 K < 72 D125,
Component | 23 FEEBEEIZ I8 T~ 2811 23 FL 5 40 5, Component | DI 1% Win 23 EL 22 HC O EMLER R
IZ Al & DEEZMEEL T Zn OEHY A F~BET OO0 E > TAEL L2 D TH LH05, Zhd Min &
Al OFRBES SN B2 — R OB ERNCHE > CTlETe Z & Z/RIB LT 5, £ ZC Component | DRk5rkt %
AWT, LIFoRQB)S 1123 K2 1T D iRBESOR DM EE A 6.0(6)x10° st & LS - 72,

£ =f () e™ 3)

2 2T BMLPRR R, f ()X EVLELRFE] t I2351T % Component | D%y b2 KT,

WD I7iEE AV Win & Al OfFEERS OB EERICOWT, ZOEERFMFHARD Z & TRIGOTE
PR F—Z RIEG D 2 LN TE D, £ 2 TAIIETIE, HEZE 873~1148 K TENEHELE L
BRI DT3B D TDPAC A7 hULIZDOWTHENT L, [RIERD 7L CHAIRE O E EH A S -
oo BEZEPIZES T B MREERO S OB EE ER A IR E OWEIZ LT ey L7223 Fig. 3(@) Th 5, F7z,
UTOTVv=0Z20REMNTHR/NRT 4 v T 72TV, BZERITIBIT D EEROS OTEMEL =1
JLX—E % 0.72 (6) eV & HFEd 72,
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4. BE
FATHFIEIC W T, A2 HEAL TV
VY ZnO <2 Al-doped ZnO |2 MCd(«MIn) ' 1 —7 %
N L7 UBHZ D W TR B A MBI E 23T i 7z
[1-4], ZDFER ZnO (IZ25W\ it MCd(«MIn) 7 &
—7 N ZIn YA FPEERTLILICIVE-DE
AL (V2 =1.7(3) X 102 [V/m2]) % 7~ 315 Eh 44 A1 B
AT MR TZ, LA L Al-doped ZnO (2D
W Al OB AZX Y ZnO & 87 5 B AR %
TRTEEAMEBE AT MR ELN, BASHE
Rl Al &7 a— 7 3SR B b 22T
DBERZIT X 2 B OmfE CREREEZ KT 5
ZENGoTn, o T ZnO O Al & In D
I IEF (ZTROBIF ) MBI TN D 2 & D3RI
ENiz, FTAXT MANLELNLESRAR D
ERKRERDHZ DI ENL (AT hLOH
DA 0o 12 6=36 (WD X AilE 2 D), Al-
doped ZnO H D7 v — 7 EZEHL D Al IXARHLANZ )5
iz L > TN Z Enbhol-, ZOARHAI:
JRIFTHEIE IOV TR, WD Al JR 123 EEterH 2
TERL L CRIUTHTH L TV B aTREMER E 2 B b,
Fig. 1(@ICH SN 2 BEVAMHRE AT FuiX, AT
WFFRIZ BT B 7= Al-doped ZnO 1N FH RS
AT MV EBBLL, R CORERGERICE
WT MCd(«—Mn) 7 n—7 & Al [F5RVEAREEE
R L CHEL TS Z &R &, L L Fig.
W)LY, Fr—TL Al BEE LTV DEZEN
SNDLESBRD L, RbVIiZT v —TRHMT
Zn0 O ZnH A F & EHA LTV BBHBIH S 5 Ak
SGMMHBE L2 En MCd(«Wn) 7' r—>7 L Al
DRV EIRIEIFXEZEH, 1123 K TOEMLERIZE
W CAiEEE L, MCd(<n)iX ZnO @ Zn A b~

pith

|
m
QD

—

23

(4)

100_-"|"'|"'|"'|"'
S
W24 7% "8 10
Annealing time (10 s)
Fig. 2 Fractions of Component | as
functions of annealing time. The data
were fitted with Eq. (3).
10-45""I""I'"'I""I""
10°¢
=
10°}
10_7....I....I.... PR I R S R

A R Y
104T (K

Fig. 3 Temperature dependence of the rate
constants, k observed for the samples annealed (2)
in vacuum and (b) in argon gas. An Arrhenius-
type equation, Eq. (4), is used for the fit.



B LIED -2 L 2R L TCWD, £7-FOmmiEIE Fig. 1IR3 &0 BB L CTRE S
D ENgolz, LLEDORERND, ZnO FUIZAMP E L CTEASLZ In & ALTZER T CORLERZ X
STHEERAL, MOESAREZER T LO0, BEFTORBMBIZL > TEORAITMEEL, Inix
BT Zn O@E#Y A M2 5HT 52 LRSI, AU O 5B YA FRFERKITEF TS 2
EETRTHEDOTH D,

BERTOBMEIZ L > TAL D In & Al OfBEO BRI, BRRIEENFEREM TICBT 28 B0
BULEARK CTH D LRI SN D, RSB U IR EE NG R L T CBVUEE S D &, BN
IR ZE AN E LT <K 725, FRICEDBGIT NNV OfRFEIZLE KRR DBEEFEICBWTHETH D &
WONTWD 2D, R TAHRHAIREE Z R L TWAE EEZEZ6ND Al EZD Al EEAE LTS Ini
Bitrd 2 MBRALEICZZILNE L, B ORIEIC X0 RATRICEA A4 BRI D & HERI S B [5,6],
ZLTHA A VFAED 7 —a I LY, Wn 23K 0 LEIFEERTEEZR ZnO D Zn YA b ~B#d
HEEZBND, ZIUTHOWT, BERTOEMLE L FIERIC, BRRENAE L R D NEETA(T T
VU H RV CRBEOEBR A S HITITV, AW In & Al OfFEENBIR SN AR Lim & 2 A, B2
L RO BIR DR ST, Ko TZnO HORHY Al & In OFFBES, A eBRESRETICBT
LHREIOBIIRIZ L > TAE U HBBEIICHE L SND LB HND, B EOBEEND Fig. 3() L W IkE
L7 iG AL = RV X —EOf 0.72 (6) eV IZEZEHF TD ZnO ORIFUZI I HFEFZE LR = RV F—IZ
KL TWB EEZ NS, ZOMIFHEGHHEICL > THEBE &SN Zn0 T O/ L7 OERFEIZOWTD
Fe 22 fLIE R = 1 )L ¥ —Ea = 0.8 eV[7], Ea = 1.0 eV[8] DA & ITUME A 7R L TN D,

e 322 AL OB AR L — AR SRR O BB R OB FR 73 JE I AF T 2 L TSN TR Y, AR EtoE
RAGEMEZ T 5 HETH D LR SN TWD, £ I TAIETIE, BRFRIEIC X DmBEEILIEK T
FNX—OEACERR D728, BEZEF(0.02 Pa) LV b RERMENIEFRMETHD T VI T AKWH (L
PIZIBWT, [AERDFIEIC K VBB RN —% BiEb o7& 25, Fig. 30T RTHER 1S
Silz, FRBEBEZEAFMT RLX—1T1.5808) eV & AL bz, ZORERIE, BEZEPICEEES
JEIRRENT )T I AKIHITIBNT, ZnO OFRFRZELERER MKl S D 2 & 2R L, ZnO DOF2
RO R DS BVLBRIRF DER B ICBE I ND Z L 2R LT D,

4. L9

AR TIFEZERRT LI A AKX CHER DR, RS TV X 72 Al-doped ZnO (Z-D0»
T MCd(« M) 7 = —7 % H\ T TDPAC JIE LAHI Al & In OfBER S 2 BLH L7255 5, ZnO
DR ZEAIEAERRIZ DWW Tilkam L7z, T ORER, B2, 1123 K TR 2 FEEELEE < v7- Al-doped
ZnO @ TDPAC A7 bV DFRHTIZ K U 15 HAVTo pli sy L O BSLERIRF UK AFME D B, 1123 K IZH61T D Al
W Al & In OFRBERS OB E ES % 6.0(6)x100 st & RfEY o 72, S HICFEBED FEEZH W TELNT-H
FEERLOIREERAFED &, BLERITBIT 2 MHEEOS DIEHE b= L ¥ —% 0.72(6) eV & HFEH o 72, Al
& n OFFFEIIERBIOBERZEATERICHEE SNLBLTHDH LB X B, ZOMEITHBRZEAIEHK TR
NX—ThdEHREINTZ, ZOFFITHEBREICLVEH SN Zn0 OBEZEFIZEBIT D EEHEZE
LT XL ¥ —08 eV X 1.0 eV O & FEFICITVMEEZ R L TS Z b bR In7-[9], &
2, [FEEDTIEIC LV EZER LY bR SENRKREWT LI H AL HFIZE T Zn0 DEgFRZELIF
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S

T RN =" PRI 2 A, BERLEIEMR T RV —1X158(8) eV Lo T-, ZORERITIEEED
JEMREWT LA AKIRHNZIBNT, Zn0 OFERZZILIBAGERE S Ifl S d Z & 2R L, ZnO O
R HGRFE DS BVLERRF OFRFE /3 ESRMHICB I NS Z L 2R LT 5, Zn0 DR ZEHLIERK D =
FX—EERIOICARD 5 TV 2L, FRROBRIIAMYE 7o —7 L+ 5 BEAMEEEICL -
THDTHONTBHIERTH L LWV Z D,
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[3] H. Wolf et al. Mater. Sci. Forum 10-12, 863 (1986).
[4] W. Sato et al. Phys. Rev. B 78, 012107 (2008).
[5] G. J. Fang et al. Phys. Status Solidi (a) 193, 139 (2002).
[6] W. Kdrner et al. Phys. Rev. B (a) 81, 085324 (2010).
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Measurements of Nuclear Decay Data of ***Nd Using a Clover Detector

ARBEL, KRR ¥ —% WEREEESHE ', RRFEFF
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R. Chaya!, Y. Kojima?, M. Shibata?, H. Hayashi®, and A. Taniguchi*
!Graduate School of Engineering, Nagoya University

Radioisotope Research Center, Nagoya University

3Institute of Biomedical Science, Tokushima University Graduate School
*Research Reactor Institute, Kyoto University

1. IFL®HIT

B EH 150 Ut O RYET BRI O RREERE T — & - BIREIEIEL. BRI /N S W T2 O TR ITH A~
BTV, ZOHFTYH, B s P B I HETH 2 AoV T, R AEA
MEHET 72 D T2 O BRI N EA TR BT, FRT —2 b, UL, TOEKTIE, &
FRENZT AV ~—05HDZ ERHESNTEY, Zivgk b &1 Nilsson LE O BHEA 72 IR 72 S
AL T %, Shibata &3 ®Nd DRAEEIZfY: 5 NEBEEHLEE T ORE D H 5Pm 1AL & [FIFR EE o -0
R 150.3keV DT A V< —H iR L, K3 XL NEERHLRE ) & KR EE~ DB D 2% HE i
£ M3 EIRE LT-[1], & BT, EFO a0 R#ME & Gallagher-Moszkowski Of%ERRI[2]722 6
By XU T 43 KO Nilsson B A7 % 2R BB 1E 4{n5/27[532]+v3/2 [651]} . Jib e ik HE 1
1{n5/2[532]-v3/2*[651]} CTd D L HEE L7=[1]. Sood 5. Z DREIED A AEZITK LT 2 #eEki 1D
B f-HRL A5 2 3 L CEERAf st 2 £ T 0 | Shibata H 23S L7z 30 ROyl & =L
F—IFima b S ITAEMNKZIRE L7Z[3]. Lo L. EOHAEERIFIT PNd O fREE = 1L % —(Qp)3690
keV (Zxf L C, 544 keV £ TORNEEMNZIRET HIZE EFE>TIHY . Suematsu 235242 L 72 A EEX]
K[4] & K& Bipo> Tz, £72. Suematsu DFEE L7-AREERE 1611.0 keV £ T L ANEhiEL (T
ZRETE TR, @M RAX—ORRHEN & RLPE & LIcG6 ., Borlsibh & Fhit MEGL Oy D 5R
DENGRD DB, ZDOH ORI AZRE Ao TLE D LW RMBERH D, T ORE.
log-ft lflCH &< A = NUT 4 2R THEE L T LE S ATREMEDR H D,

WMHFGE 7 N — 7 TILS IR OB S 21T > T D, IEOHZETIL, @A - KIEHHE
D7 va—_R—kH A2 O T, QpAt 5366 keV @ “La (2 O\ T, bt YENT & 3568 keV % TRIE L
2[5l ARFFETIE, 207 m— " —RHEE VT Nd Oy A RIET S 2 LT, mT R
X —DHEEM DRE I L OWRRRE AR E L. FEMRRERAOERE By E Lic, AMEET
L BHEEM OREBL L3 A T U RREE AW Ty O L BEMRE O FEICOWTHRET D,
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2. FBx
2-1. 7 v —/N— R
AKWFIEEDFTFFL TWD 7 B — _—RKHERORH%IL 4 D07
N = MERBADED 7 —N"—D L HIZEEINTEY,
ZOHFLCEHBEIN DD Z L ThD, 7 v — N—RHEEN ORE i
OIS A Fig.l 1T, AfEmORE JIXEEZ 80 mm, £ 90
mm CThH Y, HEfLOBERIT15mm ThH 5, HiBLONEETE S
04 mm OT NI =T ATELNTWD, ZOEBEILOHFLITH
RERREST HZ & TIBUNDOENEATHUEST S ENTED,
7 —N—RHHERD 4 SOEAEIEN D TN ENMIL L TR
AFRARE B S, T T TS NV, VME S A0 Fig.1. A schematic drawing of
T AR TR ESND, ZOEEH/END YA MT—HXITIE, Ge crystals of the clover
R ORMBIER, =% X — i X ORRIFHN G Fh Ty detector
Do TNHDOFHRAELEIZLT, Y—T 47952 L Tsingles A7 kL& add-back A7
AR ESND, Z 2T, singles A7 ML i, 4 DOKFERITHET D 4 HDO AT S v EVERR
L, ZNox2ELEDLETLIHEDOARY MUWZLTEL DO TH D, add-back A7 ik, 2 2Ll E
DOFEBICFERFAR L7 L EDH L2 DZRLF—% A X MEICRE LHDOET 1 DOEF LR L,
LEDART MU LIZbDTH D,

2-2. A T A L FEBR

AHWFFED G T o D WONd 1T IE KT 747 F2BR T OAFFE R IR G S dLie A v 7 A VAL
(R BEEE [E (KUR-ISOL) % F VN T 25U DRy R R 0> & 70 B L TR 72, 93%IZ 45 L 72 50 mg @
UFs %% —7%7 > e L, B LMW TR T2 RS Lo, 20 & AR L a2l %
~NY UL BHEBEOIRGTAY =y N THREL, BHBHRA A RICE > T AL LD
B, 30KV OFEE TR S & &0y HE L 7=,

WYL N 2~ A 7 —7 — 7T HIAATHIE L, BlLo I EM B E) S8 CThf
BUCPE S yIRZBE LT, JEE ST 10 B H o 7 iV, G 17.5 RERIEHA L 7=, E@fLN T
I, BRI E LTCT T AT v IR T~ A T—T — T kIGA AT, BRI, ES 10 cm ©
HEFMEFZILDDTZODESS ecm DFETHEAYRY =F Lo &V Clik L7z, HIERF O
RiL, "ANT v T EMZDT-DICHES 1EH7-0 2 keps FREIZRE DT,

3. FRMT T AR L O R

AEIOREN S, BB EOyROFRIE, 241 o7 o ARG, WIS HLRE & 2 B OFE
AT o0, FFOIIYfRA T MV & Fig2 IR, ZDAXRZ MUVZIE, BEETH D Pm b
DYFEH B EIN TN D, ¥Nd 25 Oy 2 HIBIT 5 7212 2 FRFEEO FIE TN Lz, 1 DHIX SMS
(Spectrum Multi Scaling)fi#t ZFIH L TR 2Rk 5 HiETH 5D, 10O T—7 A 7 1% 17
FTOIZHEIL, 10D AT MV EAER LT, 10HDO AT MAOZNENNHyROE—27 17
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v hNERDDH LT, Fig3 DL 5 AR A 157, 539.2 38 L TN 1217.8 keV OyRIFHERE D3S5E
A, SCHRAI TS S TOARVYIRTH 0 . Z O FREElBR2> 54 EIE U T %Nd OB Sy
BT D Enbhotz, —J7, B OYERT 1147.8 keV[6]IZ/7 & 9 12 &2 722 5 HREE i
ZRTOTERITE D, HENTHOWHRIZOWTIL, 5T OIZHEIL, 2 5L - T BNd OEIC
FEOVERTH D E D DA HIlr LT,
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Fig.2. Measured y-ray singles spectrum. The y-rays due to the decay of **Pm and **™Pm are
indicated by closed circles and opened circles, respectively.
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2 OHDOFETHEI > THRBESNDFEXBRE DA o T U ZABREFIHT 5 H1ETH D,
70— =BT RN 4 OH DT, D HO 1 2% X M. E 0 O 3 D&y
e LTad o7 U ABMRE M LT, 2 ORHER D53 fFRE TIX Pm & Sm OFeME X #1270
HZEETERVD, YT L XHOE—7 DR R AT —ll% Pm O KX R, R r 5 —1l
ZSMODKXMRERIRTZILITTED, TOLEDAAL VT UARANNT ML E | ZDOEF AR
ML % Figd lZRT, 200 XHEDaf T ARRY MUIZiE, L THLDE—2 L 1F
TET DM, ZH AR MV AWIRHTIZ LD | 5Nd F120> 269.9, 273.9, 284.8, 288.8 35 L1 319.1
keV Oy & HHEICZIRIE T D Z &N TE T2,

8x10°

10° A A A A& A A& a4
1%6pm 1147.8 keV y-ray

= 10%L 6x10°

1%6Nd 1217.8 keV y-ray 5.1(3)s

4x10°

Counts / 1.0s

Counts / channel (Pm, Sm)
[
<
T E
L L \3 2
Counts / channel (difference)

3

g :

1Nd 539.2 keV y-ray 5.3(4)s L / difference 1
(Pm - Sm)
3 ‘ ‘ ‘ ‘ ‘ 10° : ‘ ‘ 0
10 0 > 7 6 8 10 500 550 600 650 700
Time [s] Channel [0.5keV/ch]
Fig.3. Decay curves of the 1147.8, Fig.4. Spectra gated by K.X-rays of Pm
1217.8 and 539.2 keV y-rays. and Sm, respectively. The inset shows
singles spectrum around the K.X-ray
peak.

WA yBRD A T o ABMROMENT & IhEEERL D[R] E (= 1L ¥ —H 2yfi o B 21T 78 o 72,
add-back A7 kI VTR, B HELLIZ RIS T D A — 2 A3 singles A7 ML L0 iS5 D
T, ED2ODANRY MVEWKT 2 Z LT, hEEMOBEMERET 22 LN TED, FNITE
0. LEDRNEREN. 2 [FE LTz, £ O Thie b m WY O = 1)L 35 —[3 18934 keV 72572,
JibEL HERT DA A R E LT, E D HERL D B X - — RER AP ET H 72912, add-back A~~~
MUZENTZ T A — 7 D3 E DOy O = RV X —FNZx I L TV S 032 ffir L7z, Figs |2 1611.0
keV DY L —7 OflZRT, ZOARXT MAHFDOE =713, yyaA o7 CABMRIZH Y | =%

X —DFIH1611.0 keV (TR LTV D Figh  heasiies7  1akp3dass2 1611.0
L0, 539.2keV & 1071.8keV OH A — KB

12T\ HEFR U7z, F£7=. Suematsu MNHEZE % 1000}

L 7= 4] I 162.8 keV L 14482 keV, S o
168.7 keV & 14423 keV @D 2 DD Alr— K ﬁ 500 5392 10718 Y | lggg
AR SNTVBR, Thb e —FK LT © uUJ O'

S I L EHERR LIz, fMOREEMISH LTS O a0 500 1300 1600 2000 2400 2800 %00

7] CARHT 22 L | Ff& BN 82 ROyl & [RlE L7, Channel [0.5keVich]

AR OREN % b & TR L7 AR O B 4 Fig.5. Spectrum gated by the 1611.0 keV sum
peak. Each pair of peaks indicates cascade y-rays

Fig.6 2”77 de-exciting from the 1611.0 keV level.
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Fig.6. Preliminary decay scheme of **Nd

BT, 3HAA T U ABMRND K WEBERHARE A SR D y#R DL EMRE 2 HEE L=, ®Pm
(ZIE. BhECYENT 358.4 keV 75 FEEIRAE D RIIZ, 273.9 keV—49.2 keV—35.7 keV D 3 Bty A /r— K
NHDHZENSEIOMETHHL TV D, ZOND 273.9keV & 35.7keV D 2 KOyHRIZ 7 — b %>
F5HZLT49.2 keV OBEBOAHEZRWOHT LN TE DL, TOLEDAY ML% Figl \ZRT,
ZDART RMUINHRDBND KX e 492 keV DE—27 B b X0 LLFORXT K NE IR

ok RO,
Co , Cp
(a*a) /oK
Cao
€49

€y

ag =

ZIT, ClEE—=27 AT b IR, o THANEELR L TWD, REOFIET, 78Dy
FRUZDOWNT, K NESHRHLRE A RD Tz, Z OHETRD I ME & PR E[7] 2 Feik U, 2 EME 2 HEE
Lz, il L7227 7 % Fig8 12/ d, Z ORI 5, 49.2,60.1, 105.3 35 L (0 112.1 keV % E1, 73.5,
88.6 35 L N 144.2 keV % MUE2 & HEE L7z,
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Fig.7. Spectrum gated on the 35.7 and 273.9 Fig.8. A comparison of experimental
keV y-rays. K-internal conversion coefficients and the
theoretical values[7].

4. Lo

7w — " — g2 AT SN O Ry 2 ]IE LTz, A EIORFFE T, B ThH 5 Pm D Jibid
WAL A QeDITIF 40 ITHHY 3% 1893.4 keV & TE Lz, 3L HDFIEHENIZOWTH A7 — KB
REREL, 2 AKDVRARIE LT, 3HIAA T ALY 7ROV OV T K PNEREEHLR
R, ZEMELZHEE LT,

A#%1%. singles E— N5 LU add-back &— FOBHZIEZRD T, yvBELRET 2, ZDL
. AERE LERERRICH ESNWT, af v F U A LADMIERITO WERSH D, £, v
BREREEIC D & DWW T, Bzt log-ft fEZ JE L TR EEN. O A E Y « R T 4 ZREL., LVRE
LWHAER R Z 2T 5,
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Nuclear Spectroscopy Using KISS
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1. IIUBHIT

KEKDFDEIR PRt o % —(WNSC) i1, BEILFE GO RIKEREE 2 [ F - BL D5 B 6
PN D728, FVEFRERIEHIN=12638 15 O FPEF iR D~ — & faliiz sy itk L OVR B &JlE D
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Mdssbauer Spectra of Iron Carbide Nanoparticles Produced by
Laser Ablation in Liquid
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Fig.1 Transmission electron microscope images of the nanoparticles produced by
laser ablation in methanol (irradiation times were (a) 1 hr, (b) 3 hr, and (c) 4.5 hr)
and in ethanol (irradiation times were (d) 1 hr, (e) 3 hr, and (f) 4.5 hr).
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Fig.2 Mossbauer Spectra of nanopaticles Fig.3 Mdsshauer Spectra of nanopaticles
produced by laser ablation in methanol. produced by laser ablation in ethanol. The
The distributions of hyperfine magnetic distributions of hyperfine magnetic fields
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Fig. 1. (8) X=ay diffaction pattem of 3-FeOOH nanoparticles. (b) TEM image of 6-FeOOH nanoparticles. (€) HR-TEM image of the
SFeOO0H nanoparticle.
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Table 1 Mdsshauer parameters of 3-FeO0H nanoparticles.

Component o AEq, H I Yields
omp /mms! /mms! /kOe /mms! %
203 K 8-FeOOH (A) 036 (5) 0.71 (4) 062 (8) 57

5-FeOOH (B) 0.39 (6) -0.07 (5) 365(9) 099 (7) 43
9K 5-FeOOH (A) 048 (6) 008 (2) 519(1) 056(2) 56
5-FeOOH (B) 047 (8) -0.01 (0) 487 (7) 0.57(3) 44
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Fig. 3. Magnetic hysteresis diagrams of 3-FeOOH nanoparticles and kept at laboratory for 2 months.
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Fig. 5. Massbauer spectra at different temperatures of sample before
filtration.

Table 2 Mdsshaer parameters of sample before filtration.

o AEq, H I Yields

Component /mms?!  /mms’! /kOe /mms’! %

60 K 5-FeOOII (A) 048 (6) 0.08(2) 519(1) 0.56 (2) 14
3-FeOOH (B) 0.47 (8) -0.01 (0) 487 (7) 0.57 (3) 10
Fe,0, (A) 044 (1) 0.14(5) 484(5)  0.59 (0) 12

0.62(6) 0.06(7) 442(6)  0.57 (0) 12
Fe(OH), 127 (0) 2.94 (7) 0.45 (4) 52
9K §FeOOH (A) 048 (6) 0.08(2) 519(1) 0.56(2) 15

5-FeOOH (B) 047 (8) -0.01 (0) 487(7) 0.57 (3) 10
Fe,0, (A) 029 (9) 037(6) 492(0) 0.59 (0) 13

0.55(7) 033 (4) 446 (0)  0.57 (0) 13
Fe(OH), 127 (0) 239 (4) 205 (3) 49
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1. Introduction

In recent years, numerous experimental and theoretical studies have focused on chiral helimagnets in
which antisymmetric Dzyaloshinskii-Moriya interactions induce a long-range modulation of the magnetic
order. This interest derives from the fact that these materials provide an opportunity to observe stable
magnetic topological structures, such as skyrmions in MnSi [1], Fe:xCoxSi [2], and Cu.0SeOs [3], and a
spiral helimagnetic ordering that can be deformed by an external field such as the chiral soliton lattice [4].
This lattice is observed when a magnetic field is applied perpendicular to the helical axis in CrisNbS; [5].
One of the most interesting aspects of the study of chiral helimagnets is the relation between crystallographic
chirality and magnetic structure. For example, the crystal structure of MnSi (space group P2:3) is known to
take only left-handed chirality, and the magnetic structure of MnSi is also left handed. However, there is
little information about the relation between the crystallographic and magnetic structures because making a
crystal with a single helical domain is difficult.

Figure 1 shows the crystal structure of CsCuCls; it has a chiral crystal structure with space groups P6,22
(right handed) and P6s22 (left handed). Magnetization measurement shows an antiferromagnetic response at
the transition temperature Ty = 10.5 K, and unpolarized neutron diffraction studies show a helimagnetic
ordering along the c-axis below Tn. To determine the ratio of the right- and left-handed helimagnetic
domains, in a right-handed CsCuCls crystal, researchers have performed polarized neutron diffraction
experiments [6,7]. However, the results are in complete disagreement. The conventional crystallization
techniques used in these studies have been suggested to not produce single crystals with a single
crystallographic chirality but rather produce racemic crystals that contain both right- and left-handed
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crystallographic domains [8]. Recently, our group has succeeded in controlling crystallographic chirality and
has obtained mm-sized single crystals of CsCuCls [9]. X-ray diffraction measurements show that each crystal
only adopts either a right- or left-handed crystallographic chirality. To clarify the relation between the
crystallographic and magnetic structures from the perspective of the internal fields at muon sites, we
performed muon spin rotation (USR) measurements.

Fig.1: The crystal structure of CsCuCls. (a) Right-handed structure with space group P6:22 and (b)
left-handed structure with space group P6s22. The yellow, blue, and green balls represent Cs, Cu, and ClI,
respectively.

2. Experiments

We obtained single-crystalline samples of right- and left-handed CsCuCl; from an aqueous solution
containing CsCl and CuCl; by slowly evaporating the slightly acidified solution [9]. For the USR experiment,
we focused a beam of approximately 100% spin-polarized muons on a target sample. After stopping nearly
instantaneously at interstitial sites, we observed that each muon precesses under an internal field B with a
frequency of 2xf = yB (yu = 21x135.54 MHz/T). When the muon decays, an energetic positron is emitted
preferentially along the muon spin direction. As a result, we could monitor the time evolution of the muon
spin using accumulated positron time histograms. We performed USR measurements under zero field
(ZF-uSR) at the D1 beamline at the Japan Proton Accelerator Research Complex (J-PARC)/Muon Science
Establishment (MUSE), Tokai, Japan and at the general purpose surface-muon instrument (GPS) at the Paul
Scherrer Institute (PSI), Villigen, Switzerland. Single crystals were first mounted on a thick silver sample
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holder (J-PARC/MUSE) or on a thin
sheet of Mylar film (PSI, where
background free spectra can be obtained)
and were then loaded into the “He gas
flow cryostat. We mainly performed
ZF-uSR measurements at temperatures
between 2 K and 20 K, and performed
additional measurements above Ty under
a transverse field (= 5 mT) to calibrate
the instrumental asymmetry.

3. Results and Discussion

Figure 2 shows the time spectra of the
muon spin polarization AP,(t) observed
in (a) the left-handed and (b) the
right-handed single-crystalline samples
under zero field above and below T.
The ZF-uSR spectra exhibited Gaussian
damping at 20 K, indicating that there
was a contribution from randomly
oriented nuclear moments. We also
observed muon spin precession signals
for both the left- and right-handed
crystals under zero field below Ty, which
indicates the presence of long-range
magnetic ordering. We analyzed the data
below Ty by the function as follows:

0.0 02 04 06 08 10
Time [8]

Fig. 2: ZF-pSR time spectra obtained below and above Ty
for (a) the left-handed and (b) the right-handed
single-crystalline samples.

AP,(t) = Y2, A%¢ exp(—aiztz) cos(2mfit + @) + A"GET (t)exp[—(At)B],

where A9 and A™°™ are the asymmetries (volume fractions) of the oscillating and non-oscillating

components, GXT(t) is the Kubo-Toyabe function [10] initially characterized by Gaussian decay

~exp[-(At)?] and then followed by a recovery of the asymmetries to 1/3, where A is the rms width of the field

distribution arising from the nuclear moments, f;i is the muon spin precession frequency, o; and 4 are the

relaxation rates, and B is the power of the exponent. Temperature dependence of the frequencies are shown

in Fig. 3. It exhibits a sharp reduction with increasing temperature toward the Tn.

Figure 4 shows a diagram of the possible relations between the crystallographic and magnetic chiralities.

For example, Figs. 4(a) and 4(b) represent the cases in which the crystallographic and magnetic structures
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have the same chirality. In this case, the internal magnetic field at the muon site should be the same for each
crystallographic isomer. On the other hand, Figs. 4(a) and 4(c) represent the case in which only the
crystallographic structure takes chirality, suggesting that the internal magnetic fields at the muon site should
be different.

As shown in Fig. 3, uSR measurements in the left-handed crystals indicate that no effective difference
exists between the local magnetic structures of the left- and right-handed crystals, suggesting that they are a
pair of complete optical isomers in terms of their crystallographic and magnetic structures.
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Fig.3: Temperature dependence of the precession frequency in the left- and right-handed samples.
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Fig.4: Contour map of the internal magnetic field distribution of the relation between crystallographic and
magnetic chiralities. The red balls and black arrows show the magnetic ions and moments, respectively.
White circles show the muon sites. (a) and (b) indicate that both the crystallographic and magnetic structures
take chiralities. (a) and (c) indicate that only the crystallographic structure takes chirality.

48



4. Conclusions

We performed uSR measurements in single-crystalline CsCuCls samples of each chirality to determine
their local magnetic properties. We observed muon spin precession signals under zero field below Ty in both
samples, indicating the presence of long-range magnetic ordering. We obtained identical uSR results in each
crystal, indicating that they are a pair of complete optical isomers with respect to their crystallographic and
magnetic structures.
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1. Introduction

Hydrogen storage materials which can reversibly charge or discharge hydrogen have been attracting
researchers because of their potential applicability in the hydrogen energy technology. One of the problems
in the hydrogen storage materials is the degradation of the hydrogen absorption capacity by the cycling of
hydrogen absorption-desorption processes. So far we have been studying the mechanisms of vacancy
formation in hydrogen storage alloys by means of the positron annihilation lifetime spectroscopy and found
significant increasing of the positron lifetime after hydrogenation in Pd-Ag and La-Ni alloys [1-3],
suggesting that huge amount of vacancies or vacancy clusters are formed through the hydrogenation. The
relation between the vacancy formation and the hydrogen-capacity degradation for LaNis after hydrogen
absorption-desorption cycles was also examined and the result shows significant capacity degradation after
hundreds of cycles together with increasing vacancies [3]. From this result, we consider excess vacancies
induced by hydrogenation possibly cause the trapping of hydrogen at the vacancy sites and results in
decreased amount of hydrogen that can be reversibly controlled.

The positive muon with a spin of one half and a mass of about 1/9 of the proton is a unique probe as a
light isotope of hydrogen, that can extract a local internal magnetic field in materials with extremely high
sensitivity. We expect precise Knight shift measurements of muons injected into hydrogen storage alloys are
quite useful to explore the local environment of hydrogen atoms, because the Knight shift can sense the local
electronic structure in metals and is often specific to a particular atomic configuration surrounding the probe
atom. As the first step toward the study of hydrogen behavior in the presence of hydrogen-induced vacancies
in hydrogen storage alloys, we have performed muon spin rotation (LSR) experiments to measure the Knight
shift in Pd into which vacancies were induced through hydrogen absorption-desorption processes.

2. Experimental
2.1 Pd sample preparation

To examine the effect of hydrogen-induced vacancies in Pd by USR, three kinds of Pd samples were
prepared by applying some treatments based on the previous work on the positron lifetime spectroscopy in
Pd [1], which are summarized in Table 1. The first one is a bulk Pd sample obtained by pretreatment, that
was the one before hydrogen absorption and named “Untreated”. The second one named “EC & evacuated”
was obtained with treatments of

electrolytic-charging (EC) and  Table 1. Summary of Pd sample treatments prepared for the present
evacuation to induce vacancies through  muon Knight shift and positron lifetime measurements.

the hydrogen absorption-desorption Contents of treatment

processes. The third one named “Post-  Sample name pretreatment ~ EC & evacuation post-annealing
annealed” was prepared by annealing at 723 K
the “EC & evacuated” sample at 723 K Untreated O X X
where the positron lifetime  EC & evacuated O O X
measurement suggested vacancies are  Post-annealed O O O

recovered whereas dislocations still
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remain [1]. The samples were obtained from a

commercial 99.95% pure Pd plate (Nilaco co.) with ”i: t ' ' '

a thickness of 1 mm and was cut into 5 X 5 mm for E . a

the PSR experiment by means of the electric g 1o T =
discharge machining. To check the presence of . : :
vacancies after each treatment, another two sets of 1301 . |

samples with the size of 10 X 10 mm were also | .
prepared for the positron-annihilation lifetime
measurements in which a %Na source was
sandwiched with a pair of sample plates. Initially,
all the sample plates were pretreated to remove
defects by buffing and annealing at 1173 K for 12 h
and then cooled down in 24 h. The mean positron
lifetime zn of the “Untreated” sample was 111 ps Pd bulk 106

which is nearly the same as the one in bulk Pd [1] D OO
as shown in Fig. 1, demonstrating almost defect- 100 ' e e Postannealed
free Pd was prepared by the pretreatment. The acuated  at 723 K
hydrogen absorption into Pd was done by

electrolytic-charging in which a voltage of 2.4 V' rjg 1 Mean positron-annihilation lifetimes in Pd before

was applied between Pt and Pd electrodes and after sample treatments. Hydrogen was absorbed by
immersed in 6M-KOH solution for 24 h. We expect  electrolytic charging (EC) and then desorbed by

the sample became palladium hydride PdHy with  evacuation to introduce vacancies. Post-annealing was
almost saturated hydrogen content (x = ~0.6) by performed to induce the recovery of vacancies. The solid
this treatment. The charged Pd was evacuated for ~symbols are for the samples with the same treatment as
24 h to remove hydrogen and then the “EC & those for the present uSR experiment. The result from the
evacuated” sample was obtained. The post- previous study [1] is also shown with the open circles.

annealing was done by annealing at 723 K for 2 h and then cooled down in 5 h. After the treatment, zm was
drastically changed as shown in Fig. 1. The “EC & evacuated” sample gave zm of ~180 ps which is
consistent with the previous result [1] and confirmed that a number of vacancies were induced by the
hydrogen absorption-desorption processes. The post-annealing reduced =, by about 10 ps which is smaller
than in the case of the previous study showing the reduction of about 40 ps [1]. This is probably because time
to reach 723 K from room temperature was about 100 min which is rather short compared with that in the
previous study and therefore the vacancy recovery might be incomplete.

160

1400 o

Mean Lifetime 7, (ps)

2.2 Muon Knight shift measurement

The muon Knight shifts in three Pd samples with the above treatments were measured at 10-300 K by
means of the USR technique using the HiTime spectrometer at TRIUMF [4]. In order to measure the high
transverse field muon spin rotation (HTF-uSR), a transversely spin-polarized positive muon beam which
passed through a muon counter was injected into the sample where an external magnetic field Bex of 2, 4, or
7 T was applied along the beam axis. Positrons emitted preferentially to the muon spin direction at the
moment of decay were detected by four sets of positron counters to observe the precession of muon spins in
a plane perpendicular to Bex. The HTF-uSR time spectrum was constructed by using the time difference
between muon and positron signals. Muons which passed outside of the Pd sample were stopped within a
CaCOs; sample plate with the size of 8 X 8 mm which was used as a frequency reference. A thin plastic
scintillator plate was attached between the Pd and CaCO3 samples as a veto counter to identify which sample
was the one in which muons stopped, so that the HTF-uSR spectra for each sample were obtained
simultaneously.

3. Results and discussion

Typical fast Fourier transform (FFT) of HTF-USR time spectra in Pd are shown in Fig. 1, which shows
striking change after the treatment of hydrogen absorption-desorption processes. Whereas only single peak
has been observed for the “Untreated” sample, another peak has emerged at higher frequency side after the
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Fig. 2 Typical fast Fourier transform (FFT) spectra of HTF-USR Y P Y TURET P
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electrolytically charged (EC) with hydrogen and then evacuated,

and c) post-annealed at 723 K were examined. Relatively broader Fig. 3 Temperature dependence of the muon
line width for the ntreated Pd sample is due to a shorter time Knight shifts K,, in Pd.

window than for others.
treatment. This new peak, however, decreases its fraction by post-annealing. In order to deduce muon Knight
shifts, the following function consisting of two frequency components was fitted to the HTF-uSR time
spectra in Pd,

A(t) = A1 exp(—Aat) cos(wit + @) + Az exp(—Aat) cos(wst + @), @

where A; (i = 1, 2) is the partial asymmetry for each component, 4; is the muon spin relaxation rate, and wi/2z
is the muon spin rotation frequency which is proportional to the internal magnetic field at each muon site.
The muon Knight shift K, was deduced from the frequency shift relative to the reference, (v — wo)/wo, as

Ku = (@ — wo)lwo + 47(D — 1/3)ypq. 2

The second term denotes correction for the demagnetization and Lorentz fields, where D is the
demagnetization coefficient and yeq is the bulk susceptibility of Pd [5]. According to the present
configuration of the Pd sample, D was estimated to be 0.75 + 0.06.

The values of K, plotted as a function of temperature are shown in Fig. 3. For the “Untreated” sample,
single-component fit (A, = 0) well reproduced the data differently from the case of the other samples. All
three samples gives roughly equal K, for the lower frequency component, which is also in agreement with
the previous result for pure Pd [6] as the K,—yrq plot is shown in Fig. 4. The evaluation of the experimental
Knight shifts is in progress by comparing with the ab initio Korringa-Kohn-Rostoker (KKR) band structure
calculation [7]. Assuming a hydrogen impurity atom is located at the octahedral interstitial site in face-
centered-cubic Pd, the calculation gives the Knight shift of about —200 ppm at the hydrogen site as a
preliminary value, which seems consistent with the present muon Knight shift for the lower frequency
component. The higher frequency component emerged after the treatment gives positive K, of +(200-
400)ppm. This fact suggests that there is no PdHx phase remained after the hydrogen absorption-desorption
processes, otherwise K, of a few tens ppm should be observed according to the previous study of muon and
proton Knight shifts in PdH at x = 0.6-0.9 [8].
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susceptibility yrq [5] (K.—yrd plot). The dotted line shows a fit to the annealing at 723 K.
previous data for pure Pd by Gygax et al. [6].

The fraction of each component was deduced from the partial asymmetry A;. Since the total asymmetry A;
+ A, was nearly constant independent of the sample treatment and temperature, no other component is
considered to exist than the ones above mentioned. The fraction of muons showing positive K, was about
45% for the “EC & evacuated” sample and was reduced to about 20% by post-annealing as shown in Fig. 5.
This seems to be consistent with the behavior of positron lifetime which suggested the vacancy formation
induced by hydrogen absorption and the partial recovery of vacancies by the post-annealing. The positive K
component observed in the present SR experiment may be strongly related with a local atomic structure at a
muon site associated with the hydrogen-induced vacancies. The KKR calculations taking account of the
formation of hydrogen-vacancy complexes [9] are now in progress to understand the present Ky, results.

In summary, the present muon Knight shift measurements have exhibited the emergence of a new
component after the hydrogen absorption-desorption processes other than the ones previously identified in
bulk and hydrogenated Pd, that may be reflecting some atomic configuration strongly associated with the
hydrogen-induced vacancies.
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Fig. 2. Experimental setup of 8Os nuclear resonant inelastic scattering.
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Fig. 3. 190s nuclear resonant inelastic scattering
spectra of AOs;0s (A = K, Cs) at 300 K. Markers are
experimental data with the experimental error. Solid
and broken curves are fitting results and one-phonon,
two-phonon and three-phonon contributions.
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Fig. 4. Experimental setup of synchrotron radiation Mdsshauer spectroscopy using '0s nuclei.
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the error bar. Red curve depicts fitting result.
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Z X VKBILERDREE L A AN T — AT hL

Maossbauer Spectroscopic Study on Particle Volumes of 3-FeOOH

BB, B2

A ON: Ry - T R

D. Natori! and Y. Kobayashi? 2
1Univ. Electro-Comm.
’RIKEN

1. I ILBIC

PRIZH FETRICER L2 eR T MBS L3 RICEYOEE R C ot el s LCRIA S
TW5, ETIE, SR O mlitE I B 2098 & BAR A AT TS, SRERE L
THART 2 R 2 LB A F 2 KER{EEETH Y . a-FeOOH (Goethite) ., B-FeOOH

(Akaganéite) . y-FeOOH (Lepidocrocite) @ 340 (LLF, a. B, y#H) RELNA TS, Wb
Fe 57 & H0MZ 6 DD O JE 73 ENL L 7= FeOs NIHIARZ AN & LIAfbEW TH D, afil y
FHIE FeOs NIRIADNEUE & 72 Dt aaiE 2 & 0 . —J7. BFAIE b VRO ZE L & ROt da i 1E &
ALTWD, BHIZZD b R AEEDHITHEA A 2N LT Y | ik S A
F U BIET DB T CAR I D[],

L2cL, kDAL TE oI SN TOARWENKE o T\ 5, FrICpHIE. £k
BRI, pH 72 EOSFMERZEOMMEICRE B2 KT T Z L3 MmonTn a0, WEEY
HAYL ARSI O WD IR O ERARIZIZE - TRV, ARFZED B, SOSIERES
pH D FL72 5 S T L7 BHH % SFe A AN 7 —43 6, XfRlEldr, il e 7 BRIl 22,
EPMA Z HWTHIMEDFHIi 21T 72\, AERRERIEN 5 2 2B Z oM THZ LI8h b, AT
L, ROSIREE E BRI AR, 72O NIHERA A EAREICOWTEREZIT RS20 THET
Do

2. EB

AL R — K Fn#) % 7K B8 K7 L C 1.6 mol/L FeCl, KIRiE A& L=, “hz, 25°CT5 H
FERREE LTy MUK & 0 A% VKB bEk &2 157, fRiPth. BRI L2 EEso
HET T —a TR 3T, O HE L REAKIC L DWEREGEY IR AT, AT Ly
74 & — (FLEE 0 0.025 um) AW TERAMNEEZ L7z, 2zl L CRUEHD (pH=1.6) &L
7z. [RIFRIZ. 1.6 mol/L FeCl, /KA % 40°CC 6 HEFiHE L THE-b 02 E@ (pH=1.6).
1.6 mol/L FeCl, /K¥E#&IZ 0.4 mol/L NaOH /KiEik /0 & F L C pH=1.8 & L7k % 25°CT 14 H
MR LI b 02 O L Lz,

3 DDREO~@IZDONT, Fe A AN T —400t B E T BEE (JASCO JEM 2010) . #3
KX HRET (U427 Ultimalll), EPMA (JASCO JXA-8530F) (2 & 0 ¥ttt 247782 > 7=,
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3. MERLEE

R BT L 0 I L B A OIS T Lk |
ZEZLLT-, Fig.1 & Fig. 212, #REQ@L @D TEM 4% %
nE T, #E@TIEZ, 300 nm <30 nm FLE DOERRFE T
HY . FHROBIIBFEICA LN DFFHE TH -7 [1], FEO
DOftdalx, B & FERICERIRAS R OMIZ, ¥ 1 IROFE S
R UT=, $RIRE AT 150 nm X< 10 nm 2 L REIO L v
hEL U E REEE X 200 nm X 80 nm FRETH o 7=, yHH
X ‘v Rt ag R EHMEIR., U ‘vra” 2R
L TWD, #EQD TEM BIZA LD v v =Rk S OTE
WITVROR S E —ET 5, Lo, offib v akFEiT
SRR 72 D L HRE SN TR Y, DO RIRN BT Tk
T ORI & IERECHRm T D 2 & 138 LV [2,3].

B O~@ D X #EHT % Fig. 3 1~d, #EDE@o[A]
PHRIABITH S & = & AR L, AHOTHE, pom | |
FRIHER TP, oSy e —B L, WPhox e =
A7 bboNy 7 7T T RRT000 cps TR, AW Fig.2. TEM image of sample 3.
72 X BRIIE Cu-Koft (A=1.54 A) T. Fe ORI O E

(174 A) Ko b, BB D Fe i

NS X 5% R L CHEE X A Ry IO ;
Do BB DI LIZHOE XS A X w i 7 §§§ 2

ERSTAYI ST O FEBIE EFTH we| D qais B
DEEx, ¥, REO., @lzonTit o | Ao i

Ny 7 7T Rin7 m— R TEITHOM

7000 q-_NN_E‘ - 3
MRS KV OIE, BB OIERENECHRT 2 s | @ 338 S| iGE B G B
> - - " e wflEET R fs 3 T 8 8 .
EEZOLND, REOLQ@OMIRE iy 2 Hlegt A
i

H
g
«—[F101,-101
«[ 200,002

L& WBQ@DEPOLY bR ENT, E
HEL QDKL HTODORI - L0 b/hS e w0
2 bbb, Ziux, Riko TEM #8552 &r 000
JBELRWHERTH 2,

AELD 203K & TTKIZEIT D SFe A A
NG T —AYT FV% Fig. 4 & Fig. 5 IR
J, AT MVRERTIL, Prescher et al. 23
FLl=7 a7 T A “MossA” CIT72 o 7=
[4]. a. B. yIHOD 3 DDA % ke bLeki 20°
WIS SCRBEME TH D23, R —/VIRED Fig.3. XRD patterns of samples of O, @, and @ atRT.

-
-
-

g 151,160
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WD DI A AR T — AT MVOIREEL LY FnFR
DIFBNARETH LD T, B L TTK TAANRT T —ZA~LT |k
IVERIE LTz, Tablel IZ#E I TWH R —/WRE 2/~
[5].

Table 1 Néel temperatures of a., B, and y-FeOOH [5]

Néel temp. /K
a -FeOOH 385 - 395
B -FeOOH 280 -290
v -FeOOH 50 - 60

203K CTHBIHI L7z A AN T —RA_7 hLOfENTTIL, A
DICEDMEESZ L LTz, EDDORFHDAANRNT T — ARy
R VIEAT ClE, BAEICIE b o R V22 HL A b Ofb da ks 1C ok L
TFRe A D3 dH 5 EMELTVDBL, ZNESHBITL
T, 293K THIZFHEIOD A AT T — AT hLiE, TGRSy
HOREINERRD 255 DFEBNEL 7 Ly N TN L, 35K
DD H 2 OOAFIFEIR TIEXBIN TERWEMIR LT,
AEH QD AR FUiE, BRIEDIRWIRIAR & 72 o 72, FEO

ity {mmis)

Fig. 4. 5"Fe Mossbauer spectra of
samples of D, @, and @ at 293 K.

Table 2 Madssbauer parameters at 293 K.
Temp. /K LS. /mm/s Q.S. /mm/s FWHM /mm/s  Hhf /T
0.38(1)  1.07(1) 0.35(2)
@ 293 0.37(1)  0.23(1) 0.30(4)
0.39(3)  1.20(10)  0.90(90)
® 293 0.39(3) 0.41(20)  0.52(60) -
040(3)  -0.05(10)  0.95(35) 8.4(8)
0.37(2)  0.67(5) 0.94(7) -
® 293 036(5) -0.25(9)  1.57(15) 35.6(3)
Table 3 Mdssbauer parameters at 77 K.
Temp. /K LS. /mm/s Q.S. /mm/s FWHM /mm/s  Hhf /T
049(8) -0.89(3)  0.52(35)  45.1(12)
@ 77 050(3) -059(9)  0.31(20) 46.7(4)
0.49(1)  0.00(7) 0.30(8) 47.02)
0.60(5) -1.01(16)  0.44(25)  44.9(5)
@ 77 0.53(5) -0.50(6)  0.51(50) 46.6(6)
052(3) 0.00(35)  050(23)  46.7(2)
3 i 0.60(3)  1.07(6) 0.78(10) -
0.52(2)  -0.25(4) 0.83(7) 49.4(1) i

D 2 A T ER S N7 o Te 2 &0 D 3T
M A AT 05T BEI3WRDNNTTTK DALY ML EBREIZL
T, BBl & LTS R NEBES A 2 R oy & RE
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Fig. 5. 5"Fe Mossbauer spectra of
samples of O, @, and @ at 77 K.



LTt & Lz, Bl O E QDAY MRS R E — 7 BIAMIZBIII S o 7o 2 &1

DKM CTHER LA X VI KBLERIIBH S DV TH D Z L 2R LTV 5, —J5, ik
@IZDWTIE, BRIBDIAWBER DRy & Ry 28I LT, |IR TR HE R LT Z
EMBHEZATNDZENEZBND, HERILE LTS THIT L7cL 24, BXOR
DRESIPHAHTH D Z &SRB S LTz,

7TTK THIE LI A AR T =27 hUiZid, B O~QDO TR TUICHMAHE—7 B3H 5
iz, B LEOIZHWTIE, BHBROBR IR LT 3 By T T& 7z, BBEIZ W T,
203K [Alkk a fHTH D LIFIBTE 12, WEHE DK E S804 LTV D D%, TEM OB R
MORIENRRKTH 200 BETHY . +o VR FTHH7-HTH D, BRDTHET DIE)
12, 1.5.=0.60 mm/s DFREMEE — 27 RN D, ZOMIE, XRD OfER L HOETEZ D LyfIc &
HHDEIRE LT, BENIEN-T=ZT Ly DD, F—/VREN 50~60K THDH7-HIZ
MRERICEL DD EEZBND,

EPMA CiREHF DR 741tk CliFe 23R 7=, IEUERE 2 K
HIALERAN & L. ClET-& Fe AT-OERET/R-T-, +O% Tab_le 4 Atomic number ratios of ClI
K% Table 4 127”9, mAlIX, BFEH® Cl/Fe ki 0.05~0.14 T, against Fe.
ZEFES EPHORERHE MR Cx 72 2D LM LT Cl/Fe

VWA, Al L7 #ED & @0 ClfFe it 009, 022, B % gg
AR TE 2o 72O 0.02 L /e 572, “hbid, & 3 0.00

KOG EFELRWIERE o7,

4. HEim

BHHIZE N DMWHREIT, T 2 HEWERISERKDOENTIE <, HHIRE DEWD LT
LA L, RRICHRT DU EE 52D L ZHOLMNI Lz, 23K BEUTTK O 2 AN
T — AT MUZEWT, 3T DENT CIISERICHK D DIRIBE TIEEL R o720, fE S
72 3T LI B DR b ET D LR STz, BV IAE N AR RSO EHIET 5 2 L iX
ARFHETITEE L VS, MR E ERIROZERRBHOYNEIZ ED L D B E 52 200 % 5% 0
A L2,

2B 3K

[1] EANET, “HAEA A PR S ORI & IRBMIICBIT D RF%E", S BIERSEE
AL (2012).

[2]1 BEC, KEEPTOT =2 A FRFOERKIZET D058, BRERERFEEAL S (2008).
[3] S.Nasu, T. Uemura, and T. Tasaki, Hyp. Int., 139/140 (2002) 175-182.

[4] C.Prescheretal., J. Appl. Cryst., 45 (2012) 329-311.

[5] JRZE=EE, Zairyo-to-Kankyo, 54 (2005) 45-52.
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LiH & LiDIZMn A v ZBEALIEA VE =L« AANRT T — AT ML

In-Beam Mdssbauer Spectra of °'Fe after >’Mn Implantation into LiH and LiD

EEARE T, B RERE? ICU Y BRKHE®’ BLRIL® &RKEIL', KEWN®
EREHE T BIIRERER Y /MRES V2 ILE RS, ARER . ZREM . BR #°2
B R, R, EBREZ S, dbINEE S

Y. Sato !, S. Tanigawal, Y. Kobayashil’z, Y. Yamada®’, M. K. Kubo*, M. Mihara’, T. Nagatomoz,

J. Miyazaki6, W. Sato’, S. Sato®, and A. Kitagawa8

'Univ. Electro-Commun., “RIKEN, 3Tokyo Univ. Sci., ‘ICU, *Osaka Univ.,éTokyo Univ. Agri. Tech.,
"Kanazawa Univ., *°NIRS

1 IZT®HIC

AU —h s AANRT T —=5NEE, TFe OB TH D FHMEE Mn (T, = 1.45 m) % [EARGRE
WCESEEAL, ETICBT 0L L7 0 — 7 H OB IRIESCHE TRRE, #ARiE, 54K
RECHLHORRE ISR+ A MAa A Y 74 TR 2N TELFIETH D [1,2l, “'Mn OB EEL T
HESNDBIE A ANT T —yfR OBy RIRFEHIE A G T 5 2 & T, pHEEKO T 1 — T K ORH
SFRBENFIRE L 72 5 [3], NaCl iS22 b6, KEZ XL X —DIFHME L L THER IR T
WHKFLY F U LLH & AKRFEORNAKTH HEAKF(LY F U LLD 2kl & LIRS fEA B
— b AANGT = AT MVERIE LD THET 5,

2. Sk
FRRIT, WORBRE R A DRI E A A N Mo
Timing spectra
HIMAC CTf77e o7z, —RE—2L ®Fe 21 H7-V ol P

PL#2
PL#3

500 MeV (ZNE L, ZERA%ER) *Be (27 mm &) (7
72 S, ARSI X 0 R ERE Y Mn CEIE
B 1.45 min) Z/ERK L7, BEESHTEEE THHE - IX
WL T, Y 72R)E S OFGER A @iE Sz, w7k
M DR SHI 250 um O FEME T [ S 7 #BHZ, Channel (0.2525 ns/ch)
7T AFAL y FPOFARIZHK) 10 mmx10 mm>3 mm  Fig. 1. Timing spectra between p~ and y-rays
O LiHABEOLD i 23 EMR<HEEGFHEDZY  after f-decay of “'Mn at 578 K.
D% HWTZ, BN/C & — 2 —TiiE 578 K IZfrFF L T
HIE LTz,

A AN T =y OREIL, PATENE R E s e (PPAC) TIT7 o7z, BRHRHIEICIL,
TIAF v FL—4 (Bicron B, EX 05mm) EEEEEE AV, ZnaRE0E Y
IZ3BRE Lz, By FEIIEIX, I A F v 7 v FL—F TR LT E A ¥ — M &

404

Counts
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L. PPAC THHll L7zy#rE A N v 755 & F 5 B—yRIRFEH L2 =, PPAC & Z DEFTZEW
T TAF I F =2 T, Mn OREBERICEIBRIC L DNy 7 T REKET 57
DI, By IFIRFFHEE & OF g CEH U 7o, RIREEHER A X M iE, R -7 2 & L ik (time-to-digital
converter, TDC) & KEK TBRA% X172 KODAQ 7' 1 7' 7 ATCTHETEH & & b IZFesk L7z, Fig. 1 1.
PPAC LV > T L —F—LDHA IV T AT MV TH D, flhE, RO S -REMZ = 0
(3320 ch) & L CyrOBHI SN AR L TW5D (0.2525 ns/ch) , t=0fTD 7o 7 hE—2
1% 'Mn B — A0BEHTEA SN HERE S &2 R LTV 5, PLL @ 3100ch (D% HiA X, -y
I RIREFHE0E TR L2 R CL 2 0H% Oy X M VFe ORI tE > THb 3725 2 &
R T 7,

3. AR & B

LiH O &REfE S A7 F V% Fig. 2 (a)-(6)IZ~ T, Fx D7 /L—7 1%, LiH O &iRfEK To £ X
N T —=AXT7 MLVEREL T, ZOREERELTWD [45], AARNTT—/RT A —% L DFT
SRS, 533 KIZBWTIL, Uﬁ%%%@bﬂo%@”%%ﬂﬁéﬁﬁ@%%K%ﬁ wLE
Zz2 bbb singlet iy (HIFELEE 25% LA R C) Li JR &2 E# L (ZH&F R Fa % £ 9 doublet
ﬁ%(mw\HE%%E@LT%%k%%&b@wﬁ@K;ég@m&n(mw\H%@m%:
B 0 ¥ 1KIfa% £ 5 doublet sy (25%) D4 DDOMAITIRIETE 2, 623 K TiE, “Fe @ Li &
frEIZ T 2 singlet /5> (35%) B L OKMEZFES doublet X7y (5%) . H EHALEIZINE -7z
LB X HILD singlet 5y (50%) KT doublet (10%) L 72-o7-, ZHHDORERID . KFEBRD
STRKICHENTH, BT =— ARMNE IV FRBITIZIEBEESNL TV LB X, BEriEkle
L T2200 singlet TMT 52 & & L7,

EREOERFERS AT PIVICBIT 28K DIEEZ b LI, LiH ORI A~T vz fiffT
Lize P-y[RIFFFHEUE CTHE O NI A7 L% Fig. 2. (a)-(D)~ONI/RT, A7 bV, Bk R
=0 & LT, yBOM SR %4 32 ns R TR 2AE L THIE L 729 D TH D, 32 ns D
AT R V% 2 D0 singlet TREMT U 7o BLIITREE 2 B EEAERE 1 = 0 b ORI AL % Fig. 3 12”7,
7ni%ﬁyﬁﬂbfUH@E%@%ﬁfﬁibk%ﬁﬁ%bW%@%*%Eﬁ&ﬁ%@ﬁ@

— L YENL D P FE A T=140 ns FLiEFE. 14.4 keV Oy A i L TRIERIEICEB T 5, vk
m%@PMCfc\%W%f%é”%%kz%yvxx%wwﬁam%%i%&ﬂbf%em@
WENLICER L, SEEM v= 140 ns B4 B R FE CHEERIE 72 i3 2. Z O E
FEERETHETA LU E—L  AANRY T =27 MABRELN S, Mn 2 HEEZE L7 “"Fe 1
BEEA DKk R/ X —IZ L VRS2 BE LI RICRESAMBEICEDELS EIET D, <k
Uy 7 ATH5LHIZBT2RERFERLLISGDZWVITHFRETTHL~Y N v 7 AFEF L OMAEH
W< BhEEM O EM T T AR ERIEICEET S, TRbbE R E O
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EER M) ODHRTHRED &EFTHIUE. PPAC 235HHIT 2 N ERHAE 5 N, 1T
N3=7\N1te_M (1)

TEOLTZENTES, 22T NIZEALE Mn 7o —7 O ¢ 13p A% ORBIFTH D,
Z OBMRAE Fig. 3 DR T/RT, N3 DSBRK ERDDXTr=140 ns & 720 | 5 —hEL HENL O 5545
LW, Ll EBRMEDOSLS 1230 X 52T Fig. 3 DN O OB H 0 | BLIHITRE O
MARbT=140ns KV ENTHOLDONDLZ & LRolz, ZOREEIT, HMARER & D HIZ
5HDOTIEAeL  BEERIZY N v 7 AR 2 BT BN RN TEET S5 2 L AR L
TW5b, BEBARLE TFe N~ b v/ ARF2BHRTHIHETKZals'] 55L&
N3=%(at+e_“t—1) “At 4 AN,te - (2)
THEDLTILENTED, 22T, MIFEALEZ Mn 7r—7 0%, NIE "Mn OBEZE#IC Li 1
FLIFHIFRTZER L TFe OB TH S, EBFEREZ HHT 2 EE Ko [s')1X, LiJ i FOE#RET
1 a=5.0x10"[s"]. HEFOBE#HTIT a=15x10" [s"12FNENET-, EHETEKa [s"]DOH 1/a
EL R EHICE T DRSS IS T S O T, Li JEFOEHIZK 20 ns, H JEFOEHIZITH 70 ns
ORI A BT 5 LR STz, “Fe 28 Li &2 E#, £7403 HRF2ERT 5 E TICEROZEDN
AT DHDIE, “Fe DB TIRIEL LGB WIEH O 7 —a VHEERAOD EE X T,
LiD Ti&, LiH THRIZA AR T =27 MUV ETRR ) | BEPEIRNANRY ML bieoT-7z
LTI L E HO 2R 2B LB 4502 Wi 2117~ 72, ThEho
fioriE. DET GHAEMNSROToRT A =2 ZHHME & U CTRTIC W2, D i+ % @E# L7 doublet
R 5y DVARR S RO, etk & 5 e C IR 2% % Lo i 2 Hvic, LiD o2k
AR V7 Fig. 2 (b)-(6)IT . B-y[RIRFFIHEE Tt U 72 Bl 43 i 2~ 2 /L % Fig. 2 (b)-(1)~(5). #1
IR & BHEZE % Ol RF[H O BIfR % Fig. 3 (b)& /1~ 77, LiD TiX., BHEZ % 100 ns 3 ORFH R 2 5% 1T
TARY MVEIT U, RIS, HE T [s112 %8 L7 RQ) CRUHITRE o R 2L 2 BBl
%5 ELFEFOERRTIT a=1.7x10"[s"]. D FFOEHTIE o=1.0x10"[s']ERo7-, ZDW¥ 1/a
£ Y. “Fe S Li i & EHT 5 DIZHK 60ns, D ZEHLT 5 DIZHK 100 ns 2R 25 2 & ARME S
Tz, LiD DAY MV OFEFEE X+ TIEZ2 W23, LiH & LiD TEMNAE U-RRIE, HER &
D RADFENVIERICEAIRICE D EEZEZTWNWD, AXT MOBEER ETHZ LN, S%OED
— D2 Th b,
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(a) LiH

(1)32-64 ns

(2)128-160 ns

(3)224-260 ns

normalized counts
g

4(4)324-356 ns

(5)420-488 ns

velocity /mm s'

normalized counts

(b) LiD

T+ 7%(1) 0-100 ns
" |

B 8 & B ¥ & 82

i

g

g

W P

w (g Time Intogral

4 3 2 14 0 1 2 3 4
velocity /mm s-'

Fig. 2. Time-resolved *’Fe Mossbauer spectra obtained with the f—y coincidence method at ((1) — (5)) the

different elapsed times and (6) the time integral measurements after p-decay of >’Mn implanted in (a) LiH

and (b) LiD, respectively, at 578 K. The isomer shift is relative to a-Fe at room temperature.



Normalized area intensity (arb. unit)

3.0 3.0
(a) LiH

25 25

20 20

15 15

10 1.0

05 =49 05

0-0 L L 1 1 o.o 1 1 1 1

0 100 200 300 400 500 0 100 200 300 400 500
Elapsed time after B-decay of 57Mn t/ns Elapsed time after B-decay of 57Mn t/ns

Fig. 3. Normalized resonance area as a function of the elapsed time after f-decay of *’Mn in (a) LiH and
(b) LiD at 578 K. A: substitutional Fe” ions into the H or D sites, ®: substitutional Fe*" ions into the Li

sites. The dashed line is calculated using Eq. (1).

Table 1. Méssbauer parameters of °'Fe after °’Mn implantation into LiH and LiD at 578 K.

this study Species Temp. IS/mms’ [AEq| / mms’”’ ' /mms”
LiH Li sub. with no defect 578 K -0.771(14) - 0.47 (20)

H sub. with no defect 578K -0.162(9) - 0.47 (20)
LiD Li sub. with no defect 578K -0.66(1) - 0.44

Li sub. with a defect 578 K -0.2(2) 1.69 0.44

H sub. with no defect 578K 0.02(1) - 0.44

H sub. with a defect 578 K 0.05(3) 0.65 0.44
calculation [2][3]
LiH Li sub. with no defect RT -0.558 - -

Li sub. with a Li defect RT -0.577 0.463 -

Li sub. with a H defect RT -0.705 2.091 -

H sub. with no defect RT -0.015 - -

H sub. with a Li defect RT -0.105 0.534 -

H sub. with a H defect RT -0.105 0.533 -
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Time-Resolved Mdssbauer Spectra Obtained after °’Mn Implantation in Solid Gas Matrix
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