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Crystal structures of GH20 lacto-N-biosidase from Bifidobacterium bifidum

Abstract

Tasuku ITO, Shinya FUSHINOBU
Department of Biotechnology, The University of Tokyo
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3LEZ25N%, —/, B. longum subsp. infantis 1Z 3 ¥ELL

PF NEWS Vol. 31 No. 4 FEB, 2014

10

LA IfEILT EEARRNICED AR, EHIRNICZEHS
371 aYR—FIZE->THMO 2T 5T 5N
T3 [2]e £7z, B. breve IZMMDBGFNMIE NI LTzA4 1
TRERHPEZ DAL TS EEZBNT V5,

1-3. E7 4 XAE D LNB/GNB |45 2897 HMO XBHEER
12 fiTIRNT 5 B, BREAREANEEREZFIH T 5,
B. bifidum JCM1254 £k D HMO 73 iR %12 DU T Fig. 11
RE[3le T b -N-EA ¥4 —+¥ (LNBase) &, BEE
REANBERE LTSN, I 8-N-ThI74—X
M5 LNB Z i3 %, —74, LNBase & [Al U/ T
& % endo-o-GalNAc-ase |&, WFNREIROME 2 > /87 EITE
BILEENDZLFUNEHT T R -N- ¥4 — R (Gal-Bl,3-
GalNAc; GNB) 2] D 13, GNB & HMO IZIEfFEE LW
N, LNB & HEEMICE S EITW5, LNB & GNB &, C
NHICRRNE N TV AR—=Z =12 X O EAPICH D A E
N, WARNT GNB/LNB ICFFENGR AR S—HIc k-

@ ™
to»N—tetraose

(LNT, Gal-B1,3-GIcNAc-1,3-Gal-1,4-Glc)

LN Basei
(GH20)

Bifidus factor

Mucin O-glycans

@ O-Thr/Ser
@ Gal-p1,3-GalNAc-a-O-Thr/Ser

Endo-o-GalNAc-ase
)

Galacto-N-biose
(GNB, Gal-p1,3-GalNAc)

(LNB, Gal-$1,3-GIcNAC)

Phosphorylase
Gal1-P + GIcNAc/GalNAc

(GH112)

Bifidobacteria G'f1'P EEeH?

I

Figure 1 GNB/LNB pathway of Bifidobacteria.
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&, INB WS 28210 g DITxf L, B-HexNAcase
& B-N- 72 FINF YT I VEREZY O T, AT
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FIE—HEEERARTE 22% TH D, AEMGE, RHCHEER
EBRT Y O A LB NDSH S T EHRTFREI N,
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\

Figure 2

3. LNBase OfEfaiEE

3-1. X RIS ISR
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FD5H, NAMmHS 47 I /EREIHEILER3 T/
552 AT 7 MT, WEFE FICBWTERER
N E LN, T ORISR T, LNB % LNB- F
TV YR A TR LA RE Lah oz, LNB-
F7V) iR HEAITH D, LNBase I LT Ki i
125 1M T® %, LNB Z 10 mM Hit DR TH; & A HIK
7ehS, LNB-F 7V U Vi 0.1 mM LU R Tl SRS H
K7/ 7zo KEK-PF BL-17A IZBWVT, T D DFEHD
X KRBT 7 — 22U LTz, Se-SAD VIS & o THiHZIR
L, LNBase & LNB, LNB F7 V') > D4 O E %
HIC 1.8 A DfRRETIE LTz [5]o

3-2. 2FEE

LNBase 3B T3 HEATH S, LHL, HmDIE
SFRHAIICIZ 2 0 FA-TED, FENT X — (pET-28b)
2R D N &b His X 6 2 7 & Zhuchi < A TESI Q1 7 2
JE) O5B 1172/ BOBTEES Y THHERI N,
ZDIHBTDODT I/ EHBEDTTDC RAAL Y (%)
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\

The crystal structure of LNBase. Dimer in the asymmetric unit (A), monomer (B), active centers of LNB complex (C)

and LNB-thiazoline complex (D).
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CHHEERT 2T L& > T, EROIERFRHAANTOR
A= > Tz (Fig. 2a), TDRAX—HHHE
ERIE7—T 47727 b THZD, BEHPTDR DIy
FUTICEboTHED, SR LICHN I A NS Y
RN TIRFRROFEREIIE S Niah o Tz EHER I Nz,
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3-3. &R
LI, LNB E LNBF T VY VDEBETFERES
w I - &0 R A% (Fig 2¢, d)o LNB DOIEFTTAITED
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Tzo 'E &1F, WUPACIC KB WHIEIC LI >THED, 4
MDRFIZTI WL LD, o 5 DOFEFIE, (FIEFH—
S EICHD, ToN\a—TRoc kxigd, 7z, LNB

A B

FTIV DAY T F A= 3 VIR TELER C
DA ATHY, THFRIGHEE HF9YY ) I
9%, 7z, LNBase DiEPEHOZREKT 57 2 /i,
GH20 TIREENTED, LNB DL TOKBENELDT
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WCERID D > THLHEDEA TE RNV L EEKT %,
T hid, LNBase D, 7 I UL E Nz HMO %53 R Lk
WEWIHEE BT B, AEETEE D Asp320 I& GleNAc
D2-7E 7 I FEDNFEFEKFEEEL T\, Xz,
— %R A O Glu321 X GleNAc @ 1 (1D E 1
EIKRFERBE LTz,

JRIC LNBase & 7] U < GH20 iIZ 0 iE N B fhDfgz &
g U7z (Fig. 3)o EEBOHSRIE, GH20 DH Tid B <
W% & TV % Streptomyces plicatus H ¥ D p-HexNAcase
(SpHex)[6] T %, MEDD TFEMEXMN S, LNBase Tl
2 0, SpHex TIZHBENZNZNT SITORESZ YA XD
RERES R v 8OMEEST B T &9 o7z (Fig 3¢, d)s
LNBase (& SpHex ICHERTHY 7Y A b (-2) IK Y7z 5505 H
JED>TW3, SpHex Tld, TOY TV A b (-2)IcHk3
w7, 3 D07 2/ (Argl62, His188, Aspl91) H%lfi-
Tz (Fig. 3b)o —/4 T, LNBase DY 71 b (-2) TlZ,
INED3DDOT I/, MOT7 I/ BICEELED>T
Wiz (Fig. 3a), & 5HIC, SpHex ICIETET HEWVIL— (&
) MRELTED, TTIEHTI b—ANAB A=A
Mk TV,

4. GH20 DRIGEBICBIFABEDO Y 7+ A—2 3>
Tt

2 OFE, BT TOREREE LT, Mooy
T+ A= a v EIBD, FEEIKDREZDOH TOR
IICBVTIE, A RABDNORA RV T A A= gV
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Figure 3

Comparison with GH20 SpHex. Active sites
of LNBase (A) and SpHex (B), and molecular
surfaces of LNBase (C) and SpHex (D).
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Single Molecule Observations of Protein’s Internal Motions from X-ray Diffraction Movies
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Abstract

1998 4FIC X #1170 13B#% (Diffracted X-ray Tracking: DXT) ZIRRFEH LTz, BEEX T 15 FMIc, v/ 7ah s
/RO EEME 2R L, 10 FNERESZ © O X— MUVALERERE TRHMIITE, BEFET % 1 ofatillike LT,
R CREEE A ER T 2 E TICEEI Y5 T LN TE 2, DXT IIEMREZEIE L TV A OICHER RS
DM, TOREERIALUCH RS EENS, SHETORTTO—7 1 5 FitiRE OB Rz #3455 L 5% 0
JERAZ R LTz

1. X&1 3 FRIFLORRLER Visible light (A=300nm-800nm) We utilize the tracking concept
1976 4F T. Hirschfield [11iC&>T [ Etk EoOd 1% Optical Diffraction limit in the x-ray regions.

A BNB] LS EAVESN B 15 TR F imaging concept =15 | xeray (=1nm-0.01nm)

ofce A& I DTEMELIENS ETICHERL, K ]

EREN TR BT E T OFHUIE OFIFA DA Tracking concept / Tracking  ~A/100

TN TS, T. Hirschfield D X 5 I A[#DEREE D 7 0 ~4100 T
— 720t 1 iR, ORHIEEOm 2 '
HNE LTELKDTRBPRENTE e ZNNTHEGFN
WREFEBIT B BRIC, BT 20 FNIOMIGZ(LEiZ~ 1  Figurel

o T S M R e 5y ) 4 I\ There is the difference between the imaging concept and the tracking
7 uBOmEET, D Al/f:FOD 'ﬁl%g M2 5> Tl ;j one. The single molecule technology is usually applied to the tracking
FRliT s ik, 2L 0EmBGOFRBREZMIET 5K concept. Diffracted X-ray Tracking (DXT) methods are the first
EBETHDB, EHLUE 1 59FHh 5 OFHNESSEHRZ in vivo demonstration of single molecular detection systems to be adapted in the
12 BT ZRIIC SRS 2 . FARIC 1330 SR tracking concept in x-ray wavelength region.
HRET, ORI 1 0FEHIS AT LORBIX, Ay

Nanometer-scale Dynamics Picometer-scale Dynamics

FREO & 5 1 SR TR R B S L 3 B A1 X““Q P Moving Difraction Spots
WEIRE ) Lis%, FHTFHIZOE S ICHUC 1 /LS e )
Vv T TR L TR OIROIIES S TH S, —_— —
Fig. | Tl 1 70 TEHAl & BMEBIOBES D EARNTE S T Structural Change
L Uz, TEHRERIL) 205 Wi B L7z [5) N
TIBPREZ ) 14 LTI A T H - e, B

£8 1 D7t OREARTH D, 41 Super-Resolution
(g ORARFM LIRS TS 2], 1998 I Z DFE
A2 XREEICHEEE L C, /R ziE#ST s 0ws 71 Figure 2

FYREE LU TERL-ONXE 1 5 TR (Diffracted Schematic drawing of the single molecular detection system using
x-rays. DXT monitors the behavior of a single special domain with

X-ray Tracking; DXT) T % [3,4]. T D% Fig. 2127”96 the guidance of diffraction spots from the nanocrystal which is tightly
DXT D7 A T 7B TELEE T nm OME T /&G coupled to the special domain. Additionally most of proteins or enzymes

N0 J RSN — AR > ) — pzh - are composed of multi-domain proteins, such as dimer, trimmer, or
2SI TR TORAER IS DR &L S IR L, 17 higher-order structures. DXT can observe collaboration movements from

A ER B O XHRRIITRE S 2 RIS, BH UL Z N0 E this structural symmetry.

Membrane Protein
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DFOEE 2R EINCBENT 5, BN 1 3 FO—ERCHE
BEEDE T 2 & ZDEBAICERENTWVS T/ R
FNEBOMIEZL LRI LA ZEL L T/ fEED 5 DlEl
RS OMENTI <, XoThEE LT, 675mE y Ak
NIRRT LTHEE NS DT, MEIELRREEZ
X 3 It EEHNRET 5 T L B EETH D, XN
TETIENCR A VT U VICREICEE LTS EE, 7
DR ST AN FEATICHUIMRE) L TV 2 58EE) (tilting) A0
JTANC B ARy S AEES B 77T, X8 HOmN
I (EEA MO L THREZN RN B35l
FEH)] (rotating) ICIRIE T NZ DD y MO EIPT AR bi#
BCHIGT %, B E NI/ fEiE, JEREERIAD & >R
JHE T OMMGEERA 2B L CEFI LT hd L
5 URFDEFIRMOEE, IKIARDORI T2 B U 72 ih%e
ol BfAT 3, LML, IRERMRET, TNZGHT
51O XREHTHSOEE&EOR A (i), 5%
ki DEEERRHEE & L TIERTZ %,

2. DXT ORHEHEMIEF / ERERICHS
XHRetilEfs & UCild, #ovikiciEgRE Nz, /&
DANMAFN 0 TETE TR EEHII L TV 3 721
TER, HINMICZZNEEHLIHREE S o 72
ME LNEV, DXT Z2EBlT 2 R KOMEIIEHT 28
7/ ke OS R R BICH o Tz, 1998 FERiRDE R Y]
&, HRENTHSER 10-40 nm DI04 REFHAL
7EDXT ZEZ TV, TNETOLL DM TEITA
R ORGSO B FEEMBEEGRIE O LT L TATHREN
NTWih 57, DXTOFIHE LTI DRETERE>TY
BENDHBETBELIE, BAEIENICS Y TREIT RSO
T, Iz, eF4 LA 33 I VUPHEE) Of)mEiRy
ZRHEELTWVWBRTH 5, ZORPICHEE R < BIHTH7
BN T 208 N D 5Tz, M, ZLOHIRENTN
a0 PR 2B DGR LA 30 S VLA
JVTEITHESFITE DR E 1 D& - 7,
FEDRAITTIC 2B DMFNEE Nz, 1DIFT
wFVTEBEERANEEDT, FOTOYRARIERICHE

Deposition of Gold Detachment Gold Nanocrystals
Nanocrystal I:>

NaCl,KCI (100) NaCl, KCI (100)

Dispersed Gold Nanocrystals

\’f N

ol e l‘\\’f
Ly g ’
S /‘\

K =
by ad

Figure 3

The preparation scheme of labeled gold nanocrystals. First, vacuum
evaporation was used to deposit a super thin layer of gold on a cleaved
NaCl(100) or KC1(100). The deposited gold formed islands on the
substrate and grew epitaxially. Then, to disperse the deposited gold
nanocrystals in aqueous solutions without aggregation, the substrate was
dissolved by adding the detergent solutions.
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HEZT-DICHIIHO DXT DREBTOBED A LIZ> T
%34, 5 1 DD EERFig 3D&SIcAF UiEm%R
oI EZF v ) VREZFIHL TWA, COFRER
Tav AN Y TIVTREEEICANT NS, AT,
NaCl(100) > KCI(100) b4 DA FLIC B3 % 5%
& 1950 FEED S Hed TEMICHIFENENTE D, ZDZXK
EH DML OIS TEETH 5 T & H IR
INTWz 5]

AL AWz 1 A FRtilEdfc B VT e, #EZ2FO0
TENFEPELFHENTVS (6], HUHNEZF DIFFD
KEIHDNEVEID, Cy3 9 Cys FDOHIHI/NE 5y
FHFHESA TN, X0 EEEOREED RS Nk
&, BIIVBLANoxA 7 ub LN )UDARAER 1 5 TEl
HOGEE, BEEE A~ nm D Quantum Dot (& T K B)
[ﬂ@ﬂﬁ#ﬁfzm&&of%to%@g%#Eﬁéf

JiEROEREEY 1 Xk, 87 Ry b EEEY A XDE
££5-10 nm ¥ A RICHRELTWVS 8], LA L, BHERKE
BFT, COYAATOREET /HEEOIERIIZIIL
TRV, 508 A0/ A XE20nm TH 2, £D
FRRIEBZREREDA A VR OWEHIEN—BFBICEZ S
N3, LR OB GHIE DM BIZE H N & ¥z 5 i
R EICER UsrNida b avm e, ElEnzS

J REEEZ DRRIC 2 R T B ALK E B &R
NEE 570D T, T/ ERORKIRICBNT, KIAK
HTLEICTEUREICE SR NER SRV ETH S, D
£, TEXFUYIVKETESHERIE, RicET /iS5
MHOFEEE R RINE RS RV, ZOTHEEY YT INIC
L 2 R0 B FAOILEN R B S mhi T X
TV, BTEIZ Fig. 3 O X 5 IZ/KIAHE L CIEEIC NaCl(100)
A KCI(100) FiD 587 /HimZHET 2 T &N TE %,
B 2 OZEEFMZREICHREL, KO/NELTED
MEEEDOBWET SR EREN DL L TETWVED
T, MEfE5-10 nm Y14 ZOMEHEREOMETH A5, T
DY A RT75 % &R IZEYHHRKICHA T 5 T LV A]HE
BDT, DXT OWENENEK D KEZ in vivo ZTA\ETHE
JETE BT TH %,

T/ EEROFE SR A XOFMIZIERICEETH 5,
DXT RS I RTZFHMO L, YA XAOREET /
FEROVERZMHC BT, &2/ T2
21795, DXT HiaHliik & LTCiE, £ UiEss EhS AV
T4V TT—=TR K> THN LI TV EDT Y LA
fre, RHD AFM #i, 1E#H D DLS FHiliDETH 5.
INBILE-> T, fmEev 14X, Z LU OKBRHhDS
HUEDVEHIE C X %0 BN A T2 @HiAIC SEM IC K 58
%/ 8GELIEHT EBSD (Electron Backscattering Diffraction) #F
lind s, THiFHikd 3BT 1 7 FEHNE (Diffracted
Electron Tracking;DET) DJFFE L U THIH L T3 [9], Fig.
413, HHEMETFTIEH- LSS /fR0 T i %
— L EBSD/NZ—TH %, Fig. 4A)1EF U ZREHTT
AR 7 [T B AN C & Tz dl, EBSD TIEH
ICHAME RS/ R 2 — DM BN T W5, Fig. 4(B) 37 D
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(B)

Figure 4

Characterizations from Laue pattern and EBSD profile. (A) The
crystallinity of the gold nanocrystal is good only in the surface region.
(B) The crystallinity of the gold nanocrystal is good except for the
surface region.
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Figure 5

A photograph of the instrumental arrangements for DXT at PF-AR
NWI14A. The sectional view of the DXT sample is shown. Although
X-rays have penetrability, there is a limit in the thickness of an aqueous
layer (5-10micro-meter).

T, 79 LA CTIEHAEZREHTHSDGHI T E TV DI,
EBSD Tl Fig. 4(A) & D & RIS ER/ S X — M 5N
TW3, EBSD &4 / A5 ORMIENLD A DR &tk 7z 3T
fliL, DXT &7/ #ESEROBEEFT ML T3 LE
AbNb,

Fig. 5 13 DXT O#ERESE (KEK PF AR NWI14A) T
HB, BT B vy RO D ATP FHEITHES 1 5 FW
HRmIEAEHEENEHI [10] TIX, caged ATP OF|HDKLETH -
Tzo WE 815 D TEYTE & L—Y =ik (YAG L—¥
— i) ZHH LU TERBRTE 2EEIEMIZEL TSR
— LT A Y TRIFNIRARERERTH o 7z

3. FERE XRICE B EHEDRREZBTMNHA

1 3 FIERIC 35U 2 BIEX B 72 ks LIS s a t il L, %
REME 2 o787 57 ¥ OREREFEBI A 79 = X LD F5taf 22 5 1l
2B LICHMEBADNS T LIdRV, ThE, AR
TZDEIDOLT 1 5 FREEIEMITE % T EARIEH
BETH 5, MR 1 D FtllOBRIOMRRE LTI, &
AFM DFEBINSG % [11], BURTEEA I VRO &Nt &
Bonm LUN O @KL 25 5. AFM DY LT 02 %
A% LD TR TH %, LML, Z<DEUIN
D5 T ORGEEREHNIE, <A 7 aRLL T O E3EMEThH
DIAMUTOEHELEZLEL LTWS, ThZFRET
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BldiclE, BUED 1 57RO TRETd % &,
il S OEEREZ RS % Lhviaw, AfHEETClEET R
w RV, XERFEE T DXT IS X 912 F / fE2 iik
FHT %, HEEDEHFOINE DI, TOE#HTEC L
WK BB TNOEEETH %, TR & OBERHENE
EMICEHMETZ 20 Th N, HERLICETRMEIE SN
5T THEN, SDL T AMEFEDTFHEETRENGHRZ M
K TRE T LI TERY,

I DXT T, T OMAERE & A3k o MR 2 & B 7% fif
MicH® 2 2R L, BIELIE&F /fiiE 4
HER o7 =— ) U RER T = —U ¥ J R Z2 S
% T & T Fig. 6(A) DX 51, 10 nm A5 100 nm F TZ D
EREHEWERT 2 P TES, Fiz, MELTWSE
AR Y MMIAEEERLINC X BREHT SRS & & I iR
Wi T&%, Fig. 6(B) &, ZXV\ZHENFINERENI=EF
At mOEHTRED SE L UIRIRY A Xk, H5HEe:
2RI BT DT/ FERD S OB OEEEE DR
BRz27RT . ARERIE 100 SREOBIHT ARy kO 58 H)H
ETHD, TNETNREERD R ZF> T0d, Y1 X
D RZAES L IZIFERRBER OO DR 5N %, T O,
KEWT /IERZREERT 2 L 5T Tldd 200 FOET=
MRV T BT 2R LT V5, 1 0 F LN)VOEERHE %
EZBHE, TOHEIEERDE, 7/ EROEREED
KDY A ZHh S DFRFRIEETIOM K ZRT EEZEN
%o ZORRIE K D/NENY A ZICHBNT & Hiki R 21 b
MEHE NS, (o T, TOERBEGENS, yUIRIcHiz
5F RERT A X T8 ) ROEEEREZ KD B N T
&5, Fig. 6B)ICBNTROB T ENTESN, Fig 6(B)
DHR L)V DF /G A X & FEANTE % FERE D B8
EDOWRI/RENTHED, EEROMEBIZTNIEERELR
WZ EWERIMCRT T ENTE I, 8 BAA, TOREE
A CIERRD XK 57 2 DD RAA U 1 DORERT /4
ENCTEET B EE, YA XX BB ERKEDITHHM L
TLES, LHL, AFMREBSD DT—2ZMN5EZ % L,
[EFE 20-60 nm D& 7/ FEflENEZE->THE ST, 1FIF 1

(B)
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Figure 6

Sized effect of gold nanocrystal on proteins. AFM image of the gold
deposited 2.0 nm thick at substrate temperature 420°C on the cleaved
KCI1 (100) substrate. The size of gold nanocrystals ranged from 20 to 80
nm. The observed angular velocity of the labelled gold nanocrystal has
a relation linear between the normalized intensity (estimated size) of the
diffraction spot.
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CEHED EDB, 8 BAA, T Ry MO SEOXEREHET
ARy bEFHITE 2D THNE, ZORGFNE fHET
H3H, BEEFTELOMREINTVSETF Y M (B
5-20nm) TR ETA LA N LN)VOREE T XEREHT A
Ay MERWETZ T EICHEILTWEY, LhrL, Thic
BRINTEE51IE, 87 Ry e o—7L LTHL
BT ENTE, AIHMEE & XERAEEKD 1 53 75 HA E R
ETFREL 72D, DXT AWK O IFLHMEAEGRE UTHIAE
Na3E21cEshes Ly, ERiEET Ry M2 T,
E{EIHEICBT S 1 o rREHIEE, KO 2mix
BB EHE ML T NBZ T ETHA I,

DXT D% 5 1 DOFBILBHETH S T &2, Thid
BHBRRICB O TRDBASED D > Too XERMHICIE, [
P XA A=V ATy T 747 (XD ZHO
TW5, MHIASRETXMEBE AL, Tz mE
JERThEL, HABOENAITHETT, 2otz nH
FHHDAASTEET %, AWERTIERNU UYL (0.5mm
JE) OEZEMICEE 0.15mm D CsIBEELTHH, Th
I K o TXHRIATHDEICEB IS NS, Csl DEZEHITIET
+ FAV—FHEELTHY, K> TfDEITET
WCEHE NG, HIINEN TV 2 EEEIC K > TEEhH
TN, HAOEOEIRIC YTz > THROWEEELE TS, TD
BUCE 1L > XD AN OB Ok U T mmic
s 57, AJTHO XFMGZ A LTIl s e LT
BT B EMNAREE RS, BN ENS TS, AIH
HAHASTL Y RAZEB L THIEBRZERT S &N
ARHITIRD, TOHRE, X1 O 5 DIZHOTE
KTHs, ANHDHEIARTH S CsLFE~ A 7 afhDsk
KO Sbnsd, HAEOEYEAICIZ—MITIT R
B DZ O P43 (GADOX/GOS, Gd,0,S:Tb) Wi X 15 7,
P IHIVBOBREEEDE SN TS, P46 (YAG,
Y,ALO,:Ce) DRI A 7 a4 — X —THET 5D
T, EERCIGELTWB EER, YTy ay b ER
A 7 afyCEHIT % & DXT &, T DEEAE P46 T44)
HIEL TV, LA L, XFREHFTOESHRENES K5I

Figure 7
Typical observed Laue diffraction pattern from high speed DXT
technique. It can check that the spots has spread.
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DXT (3BUHETH 5, FART O R EGR 2R D 720 bl
TRV, BT AR Y FOHLEEMNRE 5720 TRV,
FNTPBICRLY YTV ay beEt=A4 7o THlE
T5&, BikobKEDHTWEH S, ERE70-80 nm D%
F k5D D OMERET AR Y N EEBBZ T ENTE
BLEHHAZ RS & Fig. 7 (op HHEE) DX 51K
ENTZERFPSED DR EVA MY =2 2> T3 G
TH->TW5 3 WFICRRROEHTF AN R Z %), U5k
HWENWTZDTH B, UL, BRI BHTAIEDOUE
WATE T B o T2, TOX S ITHRHEERDDMEER D
YR BRI LW IS, FOERETE Tt %
DI DXT ELTRHEEE X %,

4. SEDXTICEZ7OXTVY IHRDOBE (Vv A
O->f&LT)

Ty RaZ VREWNR B L EEREEHL, Z0
NNz lzAZREX 2208 Ths, vy Xa=
BEBOY T2y b EKE Y VI EEEEhEbEIC
2 DEREIREEE & D, ATPKFENIC Z ORSEZ 2L
TBCELTHIETSD, TOXATITRIIHSHTHED
S7z. FREED D TEEEHIZ BT 5 DXT ZHWT,
N8y vy Ru= > OfEZE L% DXT T 1 7 FEHIl LTz,
4 7% ATP RS K U caged-ATP 127 FICHBIF %
TRSIRTR TOMER LR UIASR, v ryXa=y -V
& ATP K5 &1, JEWmERREERI%, VT BB A
TIKEEEHEID K 10 B UNE T EHHIHL 7 [10].

Fig. 8 (3 2 mM ATP JBEEZEIF35 X U 2mM caged-ATP 171(£
NI BT 2RS4 T ORE Z Hig U7 fs R Z2 /R LT
W3, 2 mM ATP {£/E R TlX, CW & CCW Difi 5[\ @l

L=~
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Figure 8

ATP-triggered twisting directional analysis of the group II chaperonin
in the y axis. Rotational position trajectories are shown as a function of
time in the presence of 2 mM ATP (A) or 5 mM caged-ATP after a UV
flash (C). The histograms in (B) and (D) show the frequency of the initial
direction, either clockwise (CW) or counterclockwise (CCW), in the
presence of 2 mM ATP or 5 mM caged-ATP, respectively.
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TIKPLRDEAA LT INHST L BINITH A ™y TR
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MRS NIz, K7z, CCW Jjm& CW J5 1 D [al s & Bl
MWEEZELHIALZ, ThEFIATZ72HICE, &5
DUEBLAETNE RS RV, 5D A, CCW i1
AT T THEEL, CWId 2 A7 T THEZLTWSDT,
ZNWEKT CCW D J5 T4 [BIESERE DO D Tld iz
MEEZ TS, TOFFIE DXT HIEEEDS TROTE
R RTH %,

BEREME 2 2R BT D% 1E, HER A A G2
STWVBEENE L, Wt E LT T oA R 8A
Hb, FHE, WEllzeyryXaZ v RE8EETY VT
GRS 2h, &F /B LZBEET %7291 Cys
 Met ZBInTFEAT 5, {E>T, ADT /HiFHIC 8 |
DCysY A MBRIST BT LITED, Lohb EREEL
T&/Mﬁﬁ‘?8@@%H%ﬁ%LUKwWMT®EW

BT BN, KLY A ML TES LM
@&T%T ARD FNEEB Z HHTER RS LR
KEEEOHEL TS, F/ERHDOY A X3HE Fig. 6(B) &
3B S TR T B ROFEN E R D, HE, Zovyno
ZVRIEBWT, ZO[nltgEHE) 7z T EE TR I HE
AN B BN, mAEEAIEDXT T —2K0E 2%
BETH-oT, im, FERTH-> THBEETFEAICTER
ZROBE, T Cys BAMRKZ 8 WM LRbT T &
BAHECZ OEBIIBREETH TH S,

uLw&ﬁ&ﬂﬂ&@ﬁ%%%%szi5§ﬁ%éz

JiEREERIC B BRI TE 2N DS, T 0
XTU/&M%T%%D%%m&%%”kﬁg@ﬁﬁ‘
FRREET 20, HRTETIVHERETIVH DK
AE[EEICR D, BERERILD A 1 = X LEFTIC BV T & EIE
U2V FHRESEEID 1 DTH 5 [12], SERIDY ¥R
0= ATP #E &Y A FAZ VO THAKERIGEMETH
ST, TAaRT VY VEIRE 1 5 T NEREGEEIRE D EIH
HEIE UCEHIIG 2 T &, COZERERT / fEGEEk
THlEL 5B, NEDTOHENNE S G S HAEERTE
BDRICBVC, 0T OLHBIO N O ZRETES X1,
U 7Y REEBIRORGEZ L DRIC E D X 5 IakiiE 2 bhs
BT 20OMNE, ZHT1DOOF /FEREIEHRT 5 & THh
HTE%, £z, TOHFHETNIIRER AL RBOHEE)
ThdTZEEZDL, T /BLN)VO@BEHEEE) &V
2&0%, A7 AN)VOHTFHNEETHEEZ 5NS
DT, XA 7 DXT TLRMAERT /Mm% Z
NETPARETH B LWL TV 5B,
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5. thoEFT70—7 1 FFHRENDERESED 1
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FEHE T, BRI 2 FEWE (DET) OFEMMEE L
T, @anA FhroOBZEEZHI S L Lz 9],
DET D}EARKEERZ Fig. 9 1ICRT, W@$®%ﬂ%ﬁ
T & % SEM H DREIGARIE (Wet Cell) 72 B 71—
VB (JEX 10-20 nm) DOFFEEZE VT, Ay ?kﬁ%
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77 Chi7) BEETH S, SEMERWT, KiEEH
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T2 MBI OFZT B LIS Uiz, £z, HIEIC
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LTHHTES T EMNHTZI D >z, DXT I, FEHIC
BE&F /fmzEnEe U, ZOMESICBT 20782 <
DORENEPE NS, —J/TTDET Tid, BEAREM TR
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Figure 9

Conceptual diagram of Diffracted Electron Tracking (DET). This is the
arrangement of our new dynamic single molecular detection system
using the EBSD pattern from the labeled gold nanoparticles on the
coating polymer film with wet-SEM. DET can observe 3D dynamical
motions of the labeled gold nanoparticles in the vacuum and aqueous
solutions with the milli-second time scale.
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513, FOREHRENE% Fig. 10 DX S ICHEIIT B 2 T
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Neutron Tracking; DNT) (33 1) Tl @ENZWEHHITH %,
/e, EFHEMEZ O TEREG L THFOBIEBRISICE
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NHXER, BEHR ZLTHETFZHWEETFE—L 17
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Figure 10

Relationship between DXT, DET, and DNT. Single molecule detection
systems using quantum-beam (X-ray Electron, and neutron) are
characterized by sized effect of labelled gold nanocrystals. TEM/
STEM can observe single-molecule dynamical observations with a non-
labelling method.
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Figure 1

Charge frustration and crystal structure of 6-(ET),RbZn(SCN),. (a) An
illustration of the analogy between spin frustration and charge frustration.
(b) The structure of the ET layer. (c¢) The temperature dependence of
the resistivity during cooling for different temperature-sweeping rates.
The insets indicate the crystal structures of the high-temperature phase
(lower inset) and the low-temperature phase (upper inset). In the upper
inset, the charge-ordering pattern is also shown. To emphasize the two-
fold structural modulation of the ¢ axis, the upper inset is depicted in
an exaggerated manner. In each panel, the unit cell is indicated by a red
rectangle.
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Figure 2

Resistance fluctuations in the charge-liquid phase. (a) A typical resistance power spectrum density S, normalized by the resistance squared R. S,/
R’ is found to be independent of an applied current as long as the current is low enough, indicating that the detected fluctuations reflect the nature of
the equilibrium state. (b) Power spectra densities for various temperatures with f “xS,/R* representations. The solid curves are fits to the distributed
Lorentzian model (see Supplementary Information in ref. [5]). (c) A comparison of the S;/R’ characterizations using different schemes. The notations f,
and f;, represent the high- and low-frequency cutoffs, respectively, in the distributed Lorentzian model. (d) Temperature profiles of the fitting parameters
[, and f;,. (e) Slowing of the centre frequency and (f) concomitant growth of the dynamic heterogeneity (f). The shaded area in (f) is intended as a guide

for the eyes.
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Figure 3

Spatial correlation of the charge clusters investigated using X-rays.
(a) Oscillation photograph of the a*-c* plane at 225 K. Diffuse rods
characterized by ¢, ~ (£1/3, k, £1/4) are observed near the Bragg
reflections (some are indicated by red ellipsoids in the image). (b) Line
profile of g ~ (11/3, k, 1/4) along the —2a*+c* direction. The slight
asymmetry in the line shape is due to the background asymmetry, which
is temperature independent and irrelevant to the temperature-dependent
diffuse scattering. (c,d) Temperature dependence of the charge-cluster
correlation length & during slow cooling (c) and during heating after
rapid cooling to 120 K (d). The value of & is estimated along the
—2a*+c* direction on the (11/3, k, 1/4) diffuse rod. The broken lines
in (c,d) are drawn as guides for the eyes. The error bars represent the
numerical ambiguity of the fitting.
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Study of Atomic Configuration and Phase Transition of Pt-induced Nanowire
on a Ge(001) Surface
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Abstract

S 5t i B EE 7 R §T (reflection high-energy positron diffraction, RHEPD) %% W T, Ge(001) REICTERK & 7z Ptk
BT/ TAY—REEO R FRIEZHN, BRI NTWZ L OREE T IVOHT, Vanpoucke 5 WEERAIHE K DI L
7z “Nano-Wire =)L [D. E. P. Vanpoucke et al., Phys. Rev. B 77, 241308(R) (2008)] 7%, IELW\Z &&ZE&E LTz, AT,
100 K 3265 THIMNE N2 BB OBIC, F/ 74 v— LTl T3 FEFEEOZLICDWT &l iz,

1. LB (a)
SR, AR TR O I B LT, BT [001]

EENT=F  HEEHS VRIS K 2 7 B DA 72 T Lﬂﬂ d&;{}tﬁb
VB, L DD, Rk EEIC R EANAT

CEBF TN, F ) A — VR ADIS R,

(S EITEREA OIS - B R B S B % ©

LG, BAMICHIZRENT VS, L LA, B {EL
YT SEB S B IS T <, Z OHEESD (iT0]

ETRIEDIRIA EFRIZEC B\ CREARH I BB,

(b) (¢c)

2. Ge(001) REICAIRET NS PtRES /71 v — & [b1
& RERERRR

WiH7E Ge(00) HIC Pt 7 1 R T ERERE SIS L,
& 1.6 nm OF / T A V—HHENRIITEREND [1], T
DF/ITAY—=X, Y770 A 5—)Uichizo> TR
DIV, BRI G—ocYE 2 FE81d 2 nTREMED
Ho, FOYEMANMHGEN TV S, EEONFMEE Y
w ROXEFT “Ge(001)-p(4x2)-Pt" TH 3, FREZED Girlu
5%, EBER R VEEMEE (STM) I X 2l 7a B Figure 1 Schematic illustrations of Ge(001)-p(4x2)-Pt; (a) PD, (b)

fa

N . N = TDC and (¢) NW models. The black and gray spheres
— 117
0o, FITAY=h Pt_‘ﬁ THTHRENT B LHZ, represent Pt and Ge atoms, respectively. The dotted rectangles
Platinum-Dimer (PD) €7 )V [1] (Fig. 1a) ZfME L7z, & represent (4x2) unit cells. The interlayer and interatomic
AN, BEOFE—EMAHEL, EIZZFOEFHMN Ge T distances are labeled by a, b, ¢, c,, and d.
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Figure2 RHEPD rocking curves under (a) one-beam condition,

and (b) many-beam condition. The open circles denote
experimental data. The solid gray, broken gray, and solid
black lines are the calculated curves for the TDC, PD, and
NW models, respectively.
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Figure 3 Comparison of the one-beam RHEPD rocking curves. The
gray and black open circles show the experimental data at
RT and 35 K, respectively. The solid lines are the calculated
curves for the NW model.

Table 1 Interlayer and interatomic distances in the Pt-induced
nanowire, as determined from the RHEPD rocking curve
analysis. The labels a, b, ¢(= V¢,* + ¢,%), and d are denoted
in Fig. 1(c). Uncertainties are written in parentheses. The
theoretical values [3] are also listed.

a b c d

This study (A)

Room temperature 0.04 0.64 33 2.9
(uncertainty) (£0.09) (£0.15) (£0.2) (£0.2)

Low temperature 0.22 0.74 34 2.9
(uncertainty) (£0.10) (=0.17) (+0.2) (£0.2)

Theory (A) [3] <0.03 0.52 3.13 2.72
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Formation of a two-dimensional electron compound at a surface
Iwao Matsuda' and Yuki Fukaya’

"Institute for Solid State Physics, the University of Tokyo

* Advanced Science Research Center, Japan Atomic Energy Agency

Abstract

BRI ZNEHED 2 X TH 57280, RIFMEKICRA O Z R T %720 Th R EREROHAGDbRIC K-
TEEERRREIOTH AL EKE NS, W T EREFZET 2 RlBHEE 5 < SPiEmRoxgtiz->T
Wizo Si(111) fEEERMICTCEDO R 2 SRR 172 S 8% & 21 x 21 FUOREBIGEDNERE NG, TO28E
WERISERFOBBICKSTHNT 1LI~12ML ThHH, £la1zy FVADMEBEFHEFEIC3IHTH S, TDOXIXK
i T8 R T AL & RS D 1:1 BRIE, FEAEICR S HIS NS “Hume-Rothery HII” ZWHIEH, 21 x \21 Kifi
ﬁ*%n_ci E AR LD 2 JOTE LBV ORI 2R Uz, B FEHTIC K 2 REMIERE LOCEFT 2V Im vy

IC K B EFIREERTOMER, RHETD 2 X7V —T)IWREIZN L27 R 7 b LEMEELEH T 2 ZotE HEa b ek
ENTWVB T ehnh otz BEFEEY) (Hume-Rothery BULEY)) DEKET N2> T TNE T 3 RocEZ R
R DHLNT WD, SR 2 ZotEZ255d %2 2 L TZOREZMN T2 e TE,

1. X U&IC : Hume-Rothery Il & REi#RI#E A REERIIEDED 5N, S0 E T AEIC 2 DOMR
FHERICHE > TV Rz HHEE AL AR EFIVOMTHERDH DTV [3.4]
Rz 2YEz2RHEL, TENMECD MR LK 1 D& Jones EF IV EMENZEDT, Jx)VImE T

BT TELS ZOREZEFIREBIEIMMENTONGE L V7 oV —=IcEEL, BRT v )lic kb Y -2
THEHKEN, INXTOERWIE (metallurgy) 1IZXKD BRTOZINF—F v v TIEREHNTHHT5EDT
C D& OMiETIRAE & A EhE ORI IZHIRIEDN D 5 T H5[34 TOTFIVF—F vy TNT o)V IMERGIRE
EDHIENTHD, THiFZRIC THume-Rothery Al ] & TIKENS E TNV F—DEWETHRDTEDTHRIE
ENYERIEDER O RFEZ MDD 1 D& UT Kittel DF LS BT Licind, EEERR L THEZITS LIKE
HEAREZ LI %%E%iéhﬂ\% [1lo TOHOREBHA]  FHETET o)V IMEMICTRF v v THEKRL, B1Tx
ZEOMNFEEL [2], ZOHIC THEZHERT 2l T4 JVF—IZHHE T (Free Electron, FE) TW5 X 0 & JEHH
EIRTFEDOL CHAMMETED 1S U TZ O AMEHTR RT 2T IV RZII TS (Nearly Free Electron,
£%], LWVSEDONH DRI Table | DX SR> TV NFE) MMEWC &1 %, % L T Hume-Rothery AlliZ Z ©
b, COEIBRTHEETFROMBTRE 2YHEIT TE To)VIHDOREZ L TVIVT V= OERNIZINT
FAEE Y (electron compound) | & FFIX 41, Hume-Rothery ATHHT AT ENTE %,
HNIZHES & DIFRFIC THume-Rothery {E5%) (Hume-Rothery —H, I 1 DOETINTEEICHEA AV OBRT >
compound) | &PEHIND [3,4], T DORFERAIDFZ K- T YIVOEFFREZEMLUZED (ERTFYIVETIV) T
350 Z0D 2 RO\EIHTHNS 7 = )VIHEMOET (5

e e o o s Aeonon ) N UL WA BT 5 L0
atoms[ 1], [3.4]c TOEFIEE 2 DDA F U (A3 RT) ORT
Alloys fee bee y hep VIR IWICEEMZAHIENTE, EEFOT)—T)V
Cu-Zn 1.38 148 | 1.58-1.66 | 178187 IREVEN LIHEHE LTRT T ERTE D, TORSD
CuwAl | 141 | 148 | 163177 {4 Y ORET EbBE TG A E KFL, Thh
:;-_g; 125 1:45‘3 159-1.63 | 1.65-1.82 Jones EFVERECRBEBLTHTHS.

Z O &K 5 1C Hume-Rothery AIIDEEFZK > Tl 7 =)
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Figure 1 Two-dimensional (2-D) Brillouin zones of the square lattice
or the hexagonal lattice with a 2-D Fermi surface (the Fermi
circle) of two electrons in the unit cell (2e /cell). The nearly
free electron (NFE) calculation shows that a system of the
2-D square lattice is metallic with electron filling of 2e /cell,
while that of the 2-D hexagonal lattice becomes insulating
by 2¢ /cell and the system show the complete energy gap
(shaded region).

SR (T VI & EESEE (T T V=) )
OERE LTSN TERD, EEOMERICBNT 2
DDETFTNEYORNIZDIFCNE CHIETH - Tz,

ITC, TNETOHERE 3 ITRTH oIzl Z 2 K
JERICT B LIRMDEINICZE D > TL %, Fig. 11d20C
o)V (Fo)VIE) L2 R TIUINVT IV —IED
W, BN FHEZIT2 e DTHB, 7o)V
E LTINS D 2 HDOET (2 eTecel) Maik->TW
BLDZMNTWV 5, 2 TIEA T D%, RIFE TR
THhLEEED TV TEEBBOEELEDN, 2 KT/ HTHKTD
AT 2 e/cell THuSzIAL 2%, 372 Jones EFT IV
T 3 TROGEIZIRT v v TOEK TE FNICLZEIC
%BH, 2 DTN FRTD 2 T EEE TRES RS
Y BRI NREEVWEEL I F 2G5 LR
% %,

FEAERMEIZNEEN 2 TR THD, ThETHES

Table 2

ORMERBRFHEIRESNTERZ[5], Thb 20t
MO S B TMliE T E B8O CEEME 20 J
& TREERE ) KB T—EDEAINH D, HDZEN
MG T2 ETHERESI N TONEFEERER EO&E
JElCHBNT 2 TEAHEAMOEBNEZ ENS, KTz,
Hume-Rothery HJIC X Db % BEDRFICHLREZ[TT 5
NEHAREME H D, 7T THRAIEZERTO 2 ZocE LS
MOBFR L ZF DI DV T 17> T &E 72 [6-17],

2. SiM) RAICBF B 2RTESEE 21X 21 KX\
HEE

RAXEY FRGEZRT U 2RO (111 miES 5
T ER LTS, TORMTIVA)EBEBLERED
TTEE (G WE S DS L 20 x 21 HBPERE NS [6-
21]o Table2 DX I, FADWHRESEATINE T8
FOIFRZEMFIC B O CHERRBEMED MG TN TE % [6-
21l FDA A=D1 H& UT Fig. 2 1 EER b > 3 )VEH
WEBHR 7RG 21 x \21 F BRSSO ESIE G EA NI
2FEFETH %o 1 DI Si(111) ZiliZ BT (1 ML) 57D
Ag TR LU 72 Si(111) V3 x V3 -Ag £ i FICRIRLLFT&
BB TEBNRET S EDT, &9 —HEZTOMmOERE

Figure 2 An example of the scanning tunneling microscope image
of the V21 X V21 surface superstructure, prepared only with
noble metal. The surface is prepared by the condition (2) in
the table 2.

Preparation conditions for V21xV21 surface superstructure on the Si(111) substrate. The surface phase can be prepared

by two types of the evaporation conditions. One is carried out by additional metal deposition on the Si(111)V3 x\3 -Ag surface
below room temperature (LT). The other is made by additional metal deposition on the other ordered surface typically at 450°C
(HT). 1 ML is defined as surface atomic density of Si(111)1x1 (IML=7.8x10"* atoms/cm’).

Initial surface phase adatom formation total coverage a number of
(coverage) (coverage) temprature valence electrons

2-D surface phase LT 1.1~1.2 ML 3/unit cell

(1) V3 xV3-Ag (1.0 ML) Au (0.1~0.2 ML) LT L.1~1.2 3

(2) V3 x V3 -Ag (1.0 ML) Ag (0.1~0.2 ML) LT L.1~1.2 3

(3) V3 x V3 -Ag (1.0 ML) Na (0.1~0.2 ML) LT L1~1.2 3

4) V3 xV3-Ag (1.0 ML) K (0.1~0.2 ML) LT L1~1.2 3

(5)V3 x V3 -Ag (1.0 ML) Cs (0.1~0.2 ML) LT L1~1.2 3

(6) V3 x 3 -Au (1.0 ML) Ag (0.2~0.3 ML) HT 1.1~1.2 3

1-D surface phase

(7) 5%2 Au (0.4~0.5 ML) Ag (~0.7 ML) HT L.1~1.2 3

(8) 3x1 -Ag (0.3 ML) Au (0.8 ML) HT 1.1~1.2 3
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Figure 3 (a)Fermi surface and (b) band diagram at zone boundaries
(ZB) of the V21 x \21 surface superstructure, prepared by the
condition (2) in the table 2. The surface phase is composed of
two domains and the individual Brillouin zones are depicted
as green and red lines in (a). The band dispersion in (b)
corresponds to that along wave vector line a-f in (a). The
measurement was made with photon energy of 21.2 eV.

(b) |

222
total 111 |
reflection | | |

RHEPD intensity (arb. units)

0 1 2 3 4 5 6
Glancing angle (deg)

Figure4 (a) RHEPD pattern of the V21 x V21 surface
superstructure,prepared by the condition (2) in the table 2.
The incident positron energy is 10 keV. The incident azimuth
corresponds to the [112] direction. The glancing angle is set
at 2.7°. (b) Rocking curves of specular spots from the various
V21 x V21 surface superstructures of \21 -(Ag,Cs) [(5) in
table 2], V21-(Au,Ag) [(7)], \21-(Ag,Au) [(1)], \21-Ag [(2)].
The data points are shown as white circles, while solid lines
are results of the structure optimizations. The incident energy
and azimuth are the same as (a).

FRFEAHIC 450°C IRE TN L W SIBMMAEE T80T
H3., WTNOHIETE V21 x 21 ZHEGE I DWER
(total coverage) ¥ 1.1~1.2 ML TIELE 15 [6-10,12,18-21]
BREO 7 )V I OS> MRS GAESRLET
IGETHEERNS T N TE S, Fig3a) 20 1T,
BHIENS 7 oIV N21 x 21 OE—T Y )L7 Y —
YEDBERKEV, 7o)V IEOmEBEITHEAY O DE T
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Figure 5 Atomic structure of the V21 x V21 surface superstructure (a)
that contains alkali metal atoms or (b) that consists of only
noble metal atoms. Representative interatomic distance (d;,
d',) between adatoms (orange circle), up to the fifth nearest
neighbors, are indicated with (red) arrows in (a,b). The
V21 x V21 unit cell is shown by blue lines. The black circles
are metal atoms and the small gray figures are silicon atoms
with their bonding network.

KRB L, TVINVT YV — A IOmRE T 2 D
B (2 e/cel) 1A T B, Fig. 3 D& 51T V21 x 21 £fi
BREETICOWNWT, 2=y bRV 3 DDEEFEFNH S
[6,7,10,12,20,21],

21 x \21 ZHEHDOFE FHHEICDOWTIE, Table2 D55
4 DMBFETFREIPTIC K o TIRE SN TV S [13-16], Figd
RS EHOBGEFREITO Y > 7l ch %, B8
DI THEREN TS 21 x 21 KSR 13 R
BTV BHT7IVAH ) BJE%E ET5 21 x 21 KRS Ol
MEWFKELEES, ChZESBOATHREIN TS
V21 % 21 £ HBAER LIS L TV B DIH L,
TIVAHY) EEEET 21 x \21 KinG L I13REb Tk
ZEKT 2, HERICREFEHTR Y F 2 THRcE S X5
KGR L2179 &, Rl Fig. sOX S G 2 fHE &
%, MEMmELESBN 54 Si(111) V3 x 3 XHD + S5
AR—WERFEARL L, ZTIT\21 x\210D3=y h)b
KR LUT3MEDT F7 kL (adatom) DB E N5, 7V
M) EBEGET N2 x 21 HTIET R7 RLAETH T IVA
VEETHD, Z U THFICRIEL T3 (Fig. 5(). —/7,
EEBOHD 21 x 21 KBS T 3 DOEEET R
7 R LDEFESTWS (Fig 5(b). R V3 x \3 K& D
SEEERIFIML T, 21 x\2102=y bE)LD 3
DOEEFF 0.14 MLICXHINT 2 D TEHFEERIE 1.14 ML
L0, BRI RO ORE R L T 5,

CNETOXRMEFHOEDOHIZIC KD Si111)V3 x V3
AgRMEIZIELHBIREL LTHHEBFNAENY REE
L, 21 x 21 BHHIEZICETHIDAD, EH5IC
V21 x 21 DFINC/NY R DR E Nz DISHIET %
[6,7,12,20,21], Fig. 3(b) & AEDAIEE T DI K BN
Rxw BV T OMRT, BREFNENY Rk — U5
REeFyw T2ECHENFENY RZEMRL, Fig. 1 D2
RITINTIETFOEDICE TG L TNB T & B
21 x \21 REHTOT7 K7 bA@ﬁui%vthWT
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Figure 6 Calculation results for the stabilization energy (E,,) of
the V21xV21 surface superstructure based on the pseudo-
potential model. E,, of the individual structure model, alkali
or noble metal adatom is calculated by varying a number
of electrons in a unit cell or the Fermi vector, k;. The phase
shift, o, is fixed at the optimized value for 3e/cell.

3MEEDT, BXHIE1HOT K7 ML 1 HOETZE
HIREENY RICR—T'L, 7 R7 bLRZENFTN—li1 A
VELTEAELTCWSETEEE S, R, GEFETCX
LRGEMRTA 5 E, 7T N LOREY A b TORE IR
EAA RN D TREINSMIGEL, TOMEZ T
% [13-16]o

3. RE 2 RTEFLEW

PLED X5 si(11) Fl D& @IS TR T 22T
D21 x 21 BEHFHIZ 1L14ML DR 2=y b b
JVPNE 3 EDME T HzA L, “FIME 75 & Rk sh)E
i 11 R D B, TR E T ICERmICENT [ETHE
GV DIEREEW L, FOLEMR Jones TT /L LR
TR IVETIVHSHERT S (6],

Jones ET IV TIFRDLEMNIE FE DI %)L F— & NFE
DIFINVF—DENGRIHEND, 21 x 21 Kk 2
RICNFENY REHL, V—UBERTEN Ay v T %
EKT %, ZDDFIET % & 21 x 21 KEfd1= v
M VNDE D 2 HORFICREZETH D [6], HE
FHNORERE—H LAV [6,7,10,12,20,21], DT,
Jones T VI Y Tld i,

—F, #RTF VY IVETIVEIR, ROLTEIRIVF—
(Band structure energy, Ey,) (LU RO 2 Xyt 7 VU — T IVIRE)
DX (V(ry) THEABNS [6].

Eps = leiqtj V(ry) @

sin (2kgrj — 2 8f)
V(ri]‘ ) ~ = ‘ip[ ]2 (kFri]j)Z

TTTE =0E2mY) &6 3ZNFNT VI T3V
— Ny 7 b TH B, LRlDEFREOERIC KD, 7
IV IPH (k) & UTERMIRREN Y FOfEZIKAL, 14
VIR (r) £ LT R - LD d, d) ZAAT 2D
WY THD5, —f, 77 FLTONMMHT T b B lcD
WTI, FIHRE TS K BB IRERT e LTz
ke &, PR FREHTOREMRT CIRE LT F7 ~ LHEE

2 sin (6]:‘) (2)
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VA EEO—liA A 2Tk T ) —TI)VOFAIHIZE VT
& M PIERMICE T 5 T &N TE [22], 8 =051 Lz 5,
F&E (Co) Rl EOT IV &R (Cs) £ 4 EbDT
VD —FIREI OB T E AT 7 M 8 =0.4310.087 TH
D [23], LD & DEIEZ Y THZ LN N5, —/,
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Structure Analysis of TiO,(110) (1 x 2) Surface by Reflection High Energy Positron Diffraction
(RHEPD)

Kiyotaka ASAKURA', Hiroko ARIGA',Izumi MOCHIZUKT?, Yuki FUKAYA’, Ken WADA?, Toshio HYODO’
'Catalysis Research Center, Hokkaido University, *Slow Positron Facility, Institute for Materials Structure Science,
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Abstract

TiO,(110) XHIC TE 5 (1 x 2) FAEENGEZ ST & B 7 ET7E RHEPD) I K DIRE LTz, TNETRREINT X
WL DMDETIVT T D RHEPD D1y 3 Z iz ittt L7z & T A Ti,0, added row #157213 5% REHPD Oy &> J'ith
BEBEEL | EFEOBRREMR LT,

1. FCs&IT TW5, —7, Bridging oxygen D N H 5 Tilk, @EHFD
REGHX TV TRy Fefib, EIT 270 6B Ti THSDT, 6-fold coordinated Ti & LA TU %,
HHKT %, T LIcHERERZMRS C Lid, Rl F 7z, Bridging 82 KD 1 BRTICH D, 5-fold coordinated
MtEZHS MICT 27210 T <, BRMBRIZEIC BN T Ti & 6-fold coordinated Ti Z#i5 9 % 3 In plane oxygen
&, FEF LNV T OO K SEE O FRICEE TH 5, (MNEBZR) &IN5,
TiOy(110) ZKiAlld, UL T8RRI 2 R D TiO, &, FEENMEEZE S, HEEZEPTINET S
e, mEBACHENESN TR ET TH S, T ETVAVER L TEBMRENS XS0k d, 2D,
DRMIFRBHHE L LT (1 x 2 MGz Rd 2 &EHHS TiO, HiAS MK 1M T 1970 D b KR 2R R 7L
NTWIED, ZOFRFLNIUVHEEIC DN TIEW LS DRDE BENTWVS, 5L, BXREEZHELE TS STM
FIVHRERE N, RED DV TRV, &, HLIIRGE (Scanning Tunneling Microscopy) & R < M HEHET N, ZD
FEHiZHNT, TO TiOL110)(1 x 2) DGR S MR, H T OMEER AT B TiOL(110) BHEOBEHHIE T N
EUIFEL, REHHEZIRE LTz, TNE TD TiOL(110) I TW3 (Fig. 1(c))o

B9 2 KMMFLIC DWW THHZ L Ea—2 L, ApERICD T DFEIM DIRERFIES KB MEIE FIC 5-fold coordinated Ti
Wik %, & Bridging oxygen HH-> T\ %, TiO, ZiEtL T\ &

T 24U, TL0,ICE5M, ZTOMICEI 73 UMHEE
2. TiO,(110) REHE PHEN S HRHZANS, K TIET O3V A

TiO, X YEAMliE [1,2] <& T/ ki Tl Ok [3-5] 7% L7209 %[67, £z, BITRIGO@IEHP & LT, KED
EfE LRI L > THERRBAZR - THBILMDO—DT W45 *° Bridging BE 2 OB T4 U7z RFRIC DWW T E STM
BB, TiO, ITiE, WL DO DFEEMEENI SN TN B, THHNEN TS [89], HBLTAXTRILZHEDD L,
FORFBIXESTEHRICET %I)VF )V Pdy/mnm & 77 F X — (1x2) D82 —H LEED (Low-energy electron diffraction)
Y 14/amd D 2 T H %, FITIIVF IO (110) MHiFE CHLDLNBEEIICED, BED (110) D (1 x 2) )N —
ETHD, HIMLMEMTONTE[6], Fig. 11T)VF > OREHED 5 T DOREE X Bridging BEE DY 1 HI I EICRIA
JVEERRGE & Z 0 (110) HNSEZRT Ti ldEARIC L 7z Missing row 3& [10] £S5 T E DB HICHEII S N iz
6 Blhikg&# & 0, Ti-0, Ti-Ti DIEHHE, ZhFh 2 FE (Fig. 2), LT AN, TOXMZ STM THIIT % &, I
HB, (110) MmiTIE, 2 DODRLH %, 1DiF, FKmh U7z 2 HOBADERIE N, Zhh (1 x2)HiEZE > T
SBENDERLZLTED, 15ICHATVWSEZ ETH D, Wiz [11], KPHEHEESIE, Fig 2 1IR3 Tih0, Wil % 12
Tabb, TOXRMIEGEND D, CTOXRMICHEH KUK, TOMEORMIZ, T MNERBOBRNELD
L, 13NCifA7Z O % Bridging oxygen (7' w JVHgER) & BT 4 BAIY A MICRE L, 2D T 0% 2 5T
K& 2 B, TiAEREHCEHLTWEHETHD, TD KT 2EDTH%, FDF%, post missing row model [12],
RMICERH U7z 5 BILD Ti % 5-fold coordinated Ti & M A Ti,O [13] *® added row & 7 )V [14,15] BB Nz, C
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(a) 19464 (b)

Oxygen

1.983A
itanium

[o01]

[010]

[100]

6.49 A

5-fold coordinated Ti (C)

6-fold coordinated Ti

Figure 1 (a) Unit cell structure of TiO, rutile.(b) Surface structure of TiO,(110). (¢) STM image of TiO,(110) surface, Sample Bias Voltage :+ 1.5V

Tunneling current : 0.2 nA.

1x1 Missing row Ti,0; Ti,0  Added row

il i ! al
._t-‘n: t't:a w:n 'l”"-:l 1‘:: -:n v:.'
A BB B E S B Bl B! B BNl B

Figure 2 Various (1 x 2) reconstructed structure models of TiO,(110)
surface.

DEMNT, T, ETIVHDRAENTEINTWVE N [16,17],
A, SR 513, & ) % B8 HAADF STEM (High angle
annular dark field scanning transmission electron microscopy)
I K% TiOy(110) (1 x 2) DFEFRHLSICKIIL, Ti,0 €T
WY TH B LWV ERE LT (18, TDXK S IC TIO,
(110) (1 x 2) RKEMEFZFEREN T30 EHFE-TEVER
ARG DR E > TOIRWHESRETH %,

HHERE 2 ATV B IUEE R & s T 3oL F —hidds
WRZEHERE & ORI TRID N7z 2012 O EFE#E SV RY
T LCBNT, PETOXRMAROELMEDHR SN,
D <5 &2 KRB, FrEFRiTic L O HFEL T
WEEd % T Licix o Tz,

3. RHEPD (Reflection high-energy positron diffraction)

% B8 ¥ 72 JH W T2 i B 22 40 g A 7% T & % LEPD
(Low-energy positron diffraction) (&, &%\ 7z LEED &
R, S EDORBMHEERHNENT L BXTAF VS
EOFFEMRFEICEK D, MHEEOMEEHNEMEE 1,
AT A AT 2 & EN T3 [1920], —75, RHEED
(Reflection high-energy electron diffraction) D& 1% [ T
ICH X 7= RHEPD (Reflection high-energy positron diffraction)
&, MEESPTICFET 2104 VR EDKFEC KD, A
DUFTiE, GEFDMETICAST, RuFE—Eh 5K
MY B0, FHLREBUXICR S [21-23], TERIEFAL
HH S ENBREETDHNSNTE . KEK-PFICE
W, B 92ERfRR (SPF) DR Z 17 7 7% H]
WTRATEEEERETFE—L 24 ZHNT, TOD
RHEPD 12 & 2 ZMIFAADEHEN TV S, RIETIE,
Ag(111) R _ED ) & v ORGEFNT RIS 7T - 72 [25],
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4. Ti0,(110) (1 x 2) @D RHEPD

%2Bfild SPF ICd % RHEPD 2159 2R EZET ¥ > /8—
TH x> Tz, TiOL(110) LM, Sputtering & 3@ FEHIEAIC
& % annealing %, 30 7R 1200 K T7 =—)L L7z, HIE
W [110] ST 5 22.5° 95 LI 50ifi T — Lz AS &
¥, AGHHESHZ 0~6° OFIFHTEL T T (00) ARy -
DR EZ L2 X, RHEPD 1 v & > 7 il &2 Bfs U 7z,
T T TIRERE S 2 D TiO,(110) HESEIZ DWW TAEF3 [
DWMEZIT, ZNSZ2 P LT, MERIC RHEED
ERWT (1 x2)8Z—2EHER L,

Fig. 3 1CZ DFHRAEIRT [26], HAAIE 28 THDH, T
N TORBA TIIEmMB B DRHCEZ LEZD
Nz, TOMELIFT, K (O) & 1.5° fHric¥—
77 RFDN, Missing row 38K U added row €T IVIZ7RTZ S
MITHEEN LH LTI TH D, Rmifhds LTikS
EHLLBEVEDEEZLND, —/, Tho, ETIVEBX
U Ti,0 EFVIZERALUTICE—7 2 i>T0w5, Lk
Mo, REMEIE D2 HITEVWEDEEZENS,

TD2DODBEET VI LT, THIINVIVIETD

-
o
"

220
- 330
- 440

- Ti203
= Added row

Intensity (arb. units)

Glancing angle 6 (°)

Figure 3 RHEPD rocking curve of 00 spot of the TiO,(110) (1 x 2)
(open circle) and theoretical curves calculated with various
model structures, missing row (purple),added row (green),
Ti,0, (Blue), Ti,O (red). (Only the surface structure is
correctly included.)
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Intensity (arb. units)

Glancing angle 6 (°)

Figure 4 RHEPD rocking curve of 00 spot of the TiO,(110) (1 x 2)
(Open circle) and theoretical curves calculated with various
model structures, Ti,O; (Blue) and Ti,0 (red) (Both surface
and bulk structures are optimized.)

SOEEMAT, JROE, R EE T 0 Rtz
ATz [26], T B & Fig. 4 ITR"T &SI, T,0, EFIVT
&, 28° U FORME— IV ZHETZ LN TR (Bl
50 R=1.7%) 0 EHIC, IV ERE STHRMLLED
AFAICENTE TL0, TFVIE, HEERIEHEHELTY
%, —J7, Tho ETIVTC, D ETFEZHINLTSE,
EHRRENETZENTERN T2 (R=3.1%), LT
MNoT, TLO, TETFNWNE - 82U TH D LSS Nz,
KESD T,0, ETIVERELTH D, 20 FERFERHH
W &7, RHEPD I3 Ti,0, ET VDR YL EIZ>ED
ERUTz, R, EEBEEE—70—8U3, EMNEE
DEEZX B TiO, IdflHAKE L TEEETHD, Z0D
ZETOEBOMELIREINT VS [3,27,28], &I,
TiO, IXERIRB LIS TSNS Au DF /KT DR WEK
THbd. A uDF /RTE (1 x2) RAED Ti,0, FTF > T
KET 5 EWVDHN, Aus D icosahedral #i&E MBI E N T
W5 [29,30], T LizdmEifke OHAEER, FHcH
HREIC DV TIE, XTI TS EIFEWVHT:
WIRIIZ®H D, STEM, STM, XAFS 7 & TR IR iige
BENTWVS [29-35], T4UC RHEPD ¥ LEPD 7% E AV inb
5T LT, HLVERNHRIE NS,

5. Hi%g

AW, 20130002 DFEED L LIS E T T2, Tz,
KEK KZNHES TR RO/ VT2 VWTHE ko7,
T ITWD TR LTz,
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