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2009 Ak, @ATEASFFRARLEER @G “DRHRE BAF
A, BRETRHMERTRLFIRE B A LAFIE. Ak, £k
FIRNF ] EERAFLEN, %—8H8, RGIAR, FHREE, HLTF
hE K RHEA, ERLBAT. HEMRT. EEA P LR, HAFT E
HHER, EREGAREFFETRAR, BRIFTHRK.

—%F 3k, NSRL /A JoHUBt #2iT 35000 B, 3545k BB N 4 78 A4
B P 634 Ak, FIRAGRRKR LT 331 MRAR, iF “9737. ReFk
Th. TRAA®mERA F.

AT R —F RIS, FREAENTREAFENZKERP (=
PRI M e 2 & FAR A KIe T Pl A= AR #d%, Rz elAk
£25%), w5 EFRSRKFARBARGSE (bl BRI, 205
— B B RR F 54 R G R, BR R I F ), A KAFE R T RNH A
F” A FERIAT R, TERFTEAN, KR SFHARAHEGITHAR
Fodi ik, AATIRIT S BMARMEREE, ERFRAK, FHES
TR AR, KREARARNFR P EAE, R EERFA (o
VUV 32 0F & 5 -4 F o0F R MEIEA . LLMOARA-VUV L& & i 82
B BAREE (4o IS BAZEF/AIINE R | RADR AL/ B RMEER R A
WFEE ). ARG FTE (Lo BEERERKEHFZ09442 CT. @0
ZgEmif. AR T- LB TEERME) F, RIFFT G et ATF 30K
T, LR SRS R AT G ik K. EATER AR (R, A
MITEA. A EBTRMEREA AN, FBTHREW ). RS es4t (&
Bl R Rd . YAk SiC B4R A . A HE Atk L A AR
MIRBCHEMAL . S o T A £eRF (£ aT. FHERIE,
Jo A% )y AT R ) )5 (FAF A8 fettFH e s 15 . hR
FBRAERN AT ) FHEABRPHFT — SRyt k, Bir7TETL
CHRAME TR KA AT P, BRI, AR T B RET>2.0
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EAL T AT G KPR R B, SRR BEhE R ESHERE .
F 2B AEAERIE. EABRRALARENGE. u&ﬂ\tﬁ&ﬁmé&%
&, KW@EBFERRALSE, BN TH TZEBATHOALRT.
¥ e A Ie RS E T B R LR X R E ¢ RIF KX,

EEBART. FRFAPHRXSRHRAELFET, BREERELHRAN
A, st—HRA TRF A, BT T AT LI XSHEABG B,
B, RSBHEBAT. FRR PRSI, BifAZREZE
Fo B BAT RS G AIRZ T THEAR . ERMNEF S8, HERR B
MR EATE R R —R S FAZIARLT S, RLARARRSEE
FURAFARF CHREEZ ST,
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2009 FEREEEIREITEMN

—. FLEBETHIEARER

A RESEIR 2009 LIS ATAESS AR L aE 600 2R/, 4 (09 FEJ6H 5 H 8:
00~12 H 29 H 17: 00) B4THE S 6000 /N, A6 EE R 6000 /N, SEFR
FERD T RIA S 866.10 L H/NEf . IBATIRBRLE 250mA A4, NIRAZEBITIE .

2009 Fiz1THIRE
ComE HEOMD R0
AT 7098.07
(LT 6341.77 89.34
G|tk 466.96 6.58
bR A 1 179.34 2.53
WRYE 110 1.55
RT3 Lok 866.1Ah

=, PlAssuE

(1) BNESCIRFIENSE N IZIT B OUEASGE Y, O ThRIE RS O 4 B 2R
2O, WESST 2010 FE e,

(2) ARSIk F Ut 4 4G, 1 20 FELUAE, U1K S MR A3 31 17 DKl 82 M i v
=. LBEHR

1 R SR AN RS e PRI o A s 15 28 9 A % K S 6 B AR A O Db 2B LK) ]
Ao B e KB E . 2 R B E e R A s AT R 2 —. LG
HESCUE -G, B TEUCE OB ARG HIFRIR . 75 2009 4E 4 H, £ R GRS+
PAFFERBERE, B IRAEE WIS T s il R ). 75 200MeV [FVEAREE T,
) 7 B ot RS A TR AR E . (B 1D, AT A AR AR E N
F300mA LA b, dgem A B GRIA 358mA.
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2009 FEIRFSEH LREFABIFRILCS

2009 4 1-12 H A 51 FTERE . 27 ARHIFBEAT 155 NS4 ,634 NIRAEFR S0 = 5¢
JCHR A 331 T, G AL I 35008.5 /N

155 MERE A 76 ANURBAK B EREEBE, 79 ADUREH K B T E R B Y
e R T4 o

K E BTSRRI 40 4> L 35 Ak B EEF#BERIBTSU, 5 R
AR A T EREE BN ok B EAMIEFUIT R 2 A4S, ik B 2N
FAZ W) # L INFN H1 Siberian Branch of Russian Academy and Sciences.

81 AMUREEALIK 1 N K55 4 ANTRBZL K B [E S8R, 73 9)) 52 Institute for Astronomy,
University of Hawai’,Nancy University Bielefeld University,INFN & University of
Firenze ); 1 MMk A BRI K.

FLEUGE A J3 ke 1 H T RN . HATL IS R ERE A L R 3R,

WH IRk B 973, 863 HEK BB ARG R KB E I H, Ex+—
FRM I« T, PR ARG TR A B K Em I H DL K AR EE I
T BT A A B K B B FERE SR I H s A Rk AT AR,

J 553 5 FAR R R T K

P AR £ 20
L e e wEw

=] 33601.5 95.98% 323 625
ok 1407 4.02% 8 9
e 23897.5 68.26% 200 364
Bt 11111 31.74% 131 270
B 19536 55.80% 136 244
B4 15472.5 44.20% 195 390

TR EN 14562 41.60% 80 123

S = Ah 20446.5 58.40% 251 511



JEEVad” STy il

s pmm FATUR R % OB WM pep
1% 1% 0% 0% 5% 9 4% 3%

I
2%

Eimskymm SRR

i 3% ‘\\\
ML frih
0%

T
2%

RIS
0%

FEE
41%

Mt A4k

IR ) EdRlE \ R~ A 2y #
o 5% 1% 1% 18%




g St SRR ik

FARAN T i B e ol 3, PR D o 1 v B YA R i 1 R Ak
BTACTE EAS AR RO 18 50, La P Ei e o i e G R S80I 8
FA AN HAT R I e SERUB 08 (i s v Bl DR 30 . 8o S5 Al eIt o
MR B T HE R T A BURE 2> 1 0 BEATRE B T R R LA SR S
B, JF HARBE AT AX 20 /) 3 e 4R, AR — R il o2 Jeik s Bl o 3 W A KAk
LB B AR R A AR T (<107 Torr), AU 75 B4 AT AR5 R PEIRE R 5 I
P AR R

WO/ B B (LDI-MS) & — st o i, &l TRy 7 5
B SR Ao AR B IO AR/ L 2 5% H Tanaka 5575 1988 44t i Ok &
SN AR R 531 B DR AE 770, AT FH 658 A I i i 2 1 22 KR A B RE & 40 7 1)
PR R R B, TR Ao (i 337 nm AT 355nm) A8k fft W F v 25 0% . 8 i T
A R DR RO, BIGZ T VEAE 0 A ke i o 1 I 2 7 A — 5 IR B 1
SR ART 3 S LA i A b AR B O N A AR e . PP O
2 (Two-step laser ionization) [ HIUIREFHIMAE W T 3XAN )8, —WAEWBEOC T4
SIS, A AREOCH T RS I AE R T R 1. T RO AR I TR AN
) b B TR, BRI AT DUTE ek 3 B 5 0 IR K LA 2 AN AR AT e Bk
AR T 3T R0 AR S R LLAMBO G R B0 5 AN LB il (TIR-LD/VUV-PIMS)
A, IR TV RRAR Tt H T AR R PR AN E 4> T Tt 9, i AMETT
REAR -4 FH VR S 01 2 A 1T AN 24 i 2 R () TLA B

=
- / lon Traectory
lon Beam
MCP
_— Datect
I VUV Light =
s — RTOF M$
- g
S N
-~ .
Sampe
target (.:__ R Laser
' -

To Turbo Fump

B 1 ANBOERTR/ R RS B R E

S, I Nd:YAG 0% #% (Continuum 24 7)) HUIFESIE 1064nm 1F y filt i
JCUR, AERLLAN 20T LB R IR0 DI R L 6~9 mI/kih s MEZ A% HE B
BAMCE MR A UG AE A H s Ui, HAe SRt TuH 7.8~24.0 eV I S
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A RATIN IR A R M s 53 AR IROE AU ik ah 51 37 SE I (150 ps) £
T R P b S I A A A ], SRR B RN 1o S PR b ELRRTIRE AN AN LR
T7, AR BEAT AL B HAR ARSI AG RS A S AT AR IE AN O AR, R
R L ZEAMNOE t SR ARIE B R AR LR I <Imm (VG A

B2 Fronhy 9.5 eV BN 6 Pl S IOE HUB T0, 49 2R HTE W] BN 2
BT X TREW T, R IRERO T LU B AR A, A TR
EU TR TR (BD SSHARE %, X TR AR R AR (n/z
=208), ITFAMAN N RHA R 7 R BRI (PIE) 3 HILHIERE (K 2 sPafi A/
B, 5 AR BRI EAX 7y

miz = 208 =
[
y 7]
200 i s % g
N s
IJ S
o -
= L
@ 150 . J
L -
b= A Pt
< WA 82 84 85 88 00 92 94
= I
.g 100 4 ] Photon energy/eV
5 \ L X _— .
k2 !,_ s [ \, Y
&L ~N P
" 240 28
0 i Il . 1
o . T o P o T T
150 175 200 225 250 275

m/z

B2 6 MERRAL &YKL R B

K 3 SR MR Z B T B PRGBS s Ae, SRS VRN R 2L
M. ME LA LLE B RHAR 7 LA% TN MacLafferty HEHEZE 2k CHNH B0 .
N B IR HILRE R (AR) 55200 45 A IF AT 4

108 SesEr N

7| Tl
Lo RERUETE AN - - TP
10.4 Jenpn N
10.2 4 &, [N
10.0 T Fe [N
o kil < 4. 4 CH,NH IIl ~\ 9,89
T 98 215 4 jers / PC 124-2" + CH,NH
= 96 <, /1s II-&_‘.PC UY frs ji-&x\_ |
4 »- + / \ / \ |
% 9.4 - - }(:_:"‘ .-"f \Y A 837/
c g9 o15 920/ \2.28// PC 124-1*
2 - 3.10 A 3,11/ +
= ] = el INTI3 208 _=sew . CHNH
g 9.0 4 CHNH,"| | frsi-2 2 _Hr\H;'L
4 1 + f ey 8.
% 884 eci3o2 / [« s =
o 86 | o %% ¢
€ \ . | 79T
8.4 \ | L
82 \ [ o « |
J | .l"“\.’ #‘.L |
\ |
8.0 ] '.I | .._}.r‘l L |
784 4. | | [
A pdd . | | 7.66 7.65/
»< Sdye \rez] T88  7ss)
7.6 FL 4 "R TSUAINTIM
7.4

B3 £ BEEYTE TS ERE



& 4 Sl P AN o £ 9.8 eV NI G I, TR R OR
Jras AL S Hh AR S (R S U D o BT A(A) A BRI I R )
e, Jf g 8] (0 iR 25 570 2 AN AL (Dalton),  FF &Rk EAL VI 70 74

.
e
il i
{1}
e i
E s 00 28
g Ny 1
- L
8 et ] B e
g clk DL
=
[7]
o
i
i
gl
iy
e lh. : f - o . 0 -
100 150 200 250 300 350 400 450 100 150 200 250 300 350 400 450 500

mass (Da) mass (Da)

B4 s Kot LA

Zi b, BETLLANBO BN L R A 1 B TN AR R PR AN
AR 7 BT BATIR K IR o by ARG A HL 10 D' I ) R 2 )8 23 T 11
Ubn] AT R DA AT B ) 2 A SIS B P JEARAT AL O, IF BA S AR R 2k LU s
RIE 88 706 . SIS R ik nl LU A L0 7 (R S5 H e TR0 AT DS & kA2 )
By ZaMRSPII TS sk & .



PRBEUEE SRR EELR

B AT A Ry 28 = AR Al B A A RL, DR A 3 i ) BEAL A= PR R, A el
[ N0 NN 1 e S R SN R R < 2 EINE =X/ /= B VA S B AR S €1
LA o R TR SE IS A I SR S0 S T2 AR R SR 0 e A S = R X G R A
AL, AR SIC A RIEHEL SiC-/KE A R R T SAER IS T RS
R BSEM, 7EJR T AT BT T AL RE K 52 1 5 T = 825 7 Rk 43 7 I R,
AR BoREIAR . AW TR YT R A B L. M9 e a3
75 bR gl K BHE AU T _E[Nano Letters 9, 4053(2009); 10, 1466 (2010)].

(1) 40K SiC MEL 5/KE & HRFHLEMR

KRS K G AR R A AR R 2 KR TR — AN B, JCHE ST
ARG BB KEE, SiC-/KE MR L ZAR TN B AR . 550K 2EE 5T
SR FH A 8 1 5K () AP S S 6 s A X g IR — (S ety , a5 3C-SiC 4K
Fi-/K GG R R I O-K WA Si-L aAWlienls, #7R 7T/K T HA LR Si#ukZm
KITRAEAMEAEN  Z TR AN BV 5 TR YR T 2R H B HIR,
WEFEIE SR R AT Br g oK B BUE I T L [Nano Letters 9,4053(2009)].

SRy Ofs S 0fs ey

a-5i0,
SSQ‘f:f
I t 3C-SIC-H,0
531.5 eV x5

528 536 544 552 560
Energy (eV)

§IC

Intensity (a.u.)
w
<]

S04

Intensity (a.u.)

Intensity (a.u.)

{d}“?p,r:gr...:;\_mzn
AN B % 2 % 102 108 58 B 50

Binding Energy (eV) 02 e T T

B 1. SiC-KE&EAMEHK TEM B, FRFEMrEE. XPS i1 XANES #%
(2) 9K SiC RyeHHRIF5T
T I AR AE AR R B S N = 7, |kl T B s e 8UR0 e %
BRWELOWED . mARIGEE S PERERR e AL L R ehh Rl . A B 5K [R] 20 5 5 56
FIR X GERHEIA ek, R REGUK AR I S N = I RSB A T AT,
W& T BAl R R S ) O-K I AN Si-Ls, » W IR, Hi2e T A9 K 8 11T Si-O-Si



Hiif 4z O JE 1 #E-OR FE BRI 1R, N feJsi 1 RO Bk T AP RER A 7L Si
WS, R T A n E LR D BRG] BT R S T B Ak
FEMPR S GBS R AR R R AR R L. Harzs R kR TH
Brgh K REE AU ) [Nano Letters 10, 1466 (2010)].

_ 0 (3]0 Kedge 1) 3L, ege
2 o0l (a) ; 1
5 [ /7 R
£ 150 AL L REL| I 5| 1062eV
s % 500 700 i d
- - C.80-alvearn
% 10 A (nm) > 2 Jzuulugl,.,rjlw/
< 330 8l “mie/ N\ “psemo| £ N
E] (220 0 ) ? '/ Q / N ‘SC-SiC-HO
£ 5t £ (500 N\ - b LAy :
_| - A / \\_ - = / | : £15
o = I /4 R
a N , 7 L " ot 6 3C-5C-glyearin /N
400 500 800 700 8O0 -—gy ) ! < s
.UA'
(b) Emission wavelength (nm) S ST R . . - : :
55 530 535 540 545 550 555 GAD (1 1 T I 1 I A

Bl 2. BRALEEGVK EEERCEUROGE . 0-K 340 Si-Ls, A



PRI 5 K K TR g

VIR BALS AR rh et A w] L PR BERL AL T 4 i 2 TR ABLF R AR AN K, (HEAT]
WAL P I E MR — S S A (autoignition) H UK. HE
TR RAE AT SN K e KGR KIRIIERT R, R e el 5 5 R IF & ik
KT EATIRGE, R AR AL IR . R WIRHLIK 32 2 k5 sz —,
2 A A T S AT R e A O AR kA B o DL e S A B WA A AR L EE A A
AT AR Bh B AT 147 R A R Y B RIS, 361 PIRML ot A A it A 12 4 58 S 43
SR SR AEART BRI, BREAL SRR A IE 25 LV K JE (cool flame)
(550 K e iR BLAIRL I Bk s, ERAEE T K, PRl b A DG, TR BB
“P AR (650 K ZiAT H LA S N PR BIRLISE BT Hii B B X0 S5 77 Wk
SRR S Y 2 T ABEAEL 15 A 2 T 5 19 0L, S I TUR A 45 e A4 1) o £ S
KBz

Bl 12 Sm b R I SE g0 e B T o B 200 2 BRI 0 S e £ S v g (JSRD,
WAEJy 56 mm, PABIZ) 90 em®, ERAPIAIG - FARAIWES A o 92050 AR AR RAE i,
RIGE— B ISR AN HATEE N N2 N I ORIETR G R E N SN 25 I 5
SN 2% WL AR TR, R S RISV A A T TN, N A 03 75 4k 8 — e
W, ISR —M S5 —AMEM N 60 5, miELY 50 mm A SLmiEAHIE, EHAEITA
0.075 mm [F/NLAE R IBOREAL. A SEmEMs 808 T — AN AT, Ru A — A EARA
1.25 mm [F)/hfLo SEE R AN S N 28 R R IR T HRAS, 728 1 atm, sATJE 1)
HUB S R 12000 107 Pao [RNAZE AT SEmEHE R A) IS T BB 75 20 73, e R S
(1) s N R (BI04 H o [FDD RS B A SRR A ) fa T L S N 5 0 T R RS X
FEAEE T, EATHRRR RO AT I RIS TR

Reactor Nozzle Skimmer

VUV Light

@N\ 7

Molecular Beam

Bl 1 FIB4ES JSR LREBEREE

K 2a & T Be i BE IRy BBt uE AR A i 2k 18 20 SR EEh 48, 56, 62, 72,
90 FI1 104 FIWFN I BE IR 43 BB AR I i 2 o I 2a ol DAE H, <l g 25X
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TG T 630 Ko X RZHUNY), HAF 5 o bt il B AR I Hh 28 5 e £ 72
(KT ()45 50 L S AR AR 1 26 (P 2b)AHAEL,  #F 620 K & 680 K 2 [a] i HL— >
B o XTI 48, 62, 90 A1 104 Hydpat, W] LUBLEE 2 HAF 5 ol f BaIR 2 A2 A0 1)
& 7E 590 K Pz A —/N I W2, MK T 590 K I, IX ey fif5 5 o
SRR, XU WX e b oAE A R o A AR = ) SOV P, TR T 590 KRR
BUBE 75 8

H T IREA S RN AR =Py Ak . AR =MocE, Bikn)
DLW e A 48 R ki S8 4L H 5E(CH;00H) . X T 4h 624 90 A1 104 114
Bl B FIHLEAA RS iR gt , RGBS 78 LT . DRI FRA 14 52
56 rhORE 25 TS A T O R RS, T AT ASRAS AR Al 1) S 56 LR LA
{FIK 6 J5 5 5ORE WY FRI) A ) F B BB R N, PRI FRAT ISR A CBS-QB3 J5 ik i 5 1 AH Y.
YRR RE . JE I bR S R B S T S B RS T DA e, R 624 90
104 [0y 3 o i 84k 2%5¢ (CLHsCOOH) . il 484k T H¢ (C4HoCOOH) Fl C4 ¥iFtit
A (C4Hg03),

BAVERRE T — AT BRI AL SOV AL, K 2¢ 43 H 70 IR o) 4 45
R, AL B S YRR BE R 73 BOth 46 5 e 3 i 2 i e #h0 — 30y, g 17X L)
FRAELE BES o

3
50x10
S 40 (@)
.8 30 ® ....
23] 1 Y J
£ 20- b
[}
=
>

560 600 640 680 720
Temperature (K)
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B 2 IETHERI(a) SR (RO (L) EER 7 SRR E B IIE DL (b)RESH 48R fSL
DD s6(ARSFLAHR, BF5KBU 7.5 62(ZAZOLE). 72(BAZOFH). 9005
LEA 1044 AEZLE)KEREFFESUERERM): (oTEA TSR, BERSHH
5) THi(ER%k, ERDEGRLL 5). TENHLH(EL). CH0 F=YI(RE). TENT HE
2R)R1 C4 BREE T E A (A £R) IR BE IR 43 B i 2R (BRA7 ppm) o

gi b, BATR FZD A B R A LB Il R 5 TSR &5, A 70 1 RIHE g
AR N7 7RIS A8 T B S AL R R ) T 2 Blod S P (e ik i 4
WAL A, A AL T e AR Lk L SEAL T e C4 Bk AR
EIRAES EIGUE TS A S PRI AL LB R 2 I 20 A eF 1) B 2 e ——id 41
WHINAAAE . R AR A A i B O BORAE TSR AR D B T2 #a 7 i S8 A )
FAAE S IR BRI B A S R SC B, K5 AR L HEZ B A0 5 DA AU AL LB R
G, A SEHTUSER AL RN PEAN . RS B 1R .



X 5t 2% B RIS R E R E L AR R it Y = 4E SR M R

AT, A REVE R H 2l il s AR BEIX 2L A A7 BE U BT 3 B PR B 5 e A\ 2K
TACBTIREN . [ AL R it — PioB B AR, A P il N AR A AE
KRR SEAG R T AL 2 e R FRBE AT U A L RE . T mi R Tevg 4. A
ASGRIAUR Z FREE TR Z 8 NS, gD TR S EOGE. Hig, BUERLES
FZ N R UL . TARR B R, At B AR . ol T A g AR A
FAZRMTAi#, BT OB KPR RERTE IR 4 A K DG R AR AT e BT TR 2, IX AR
TR b (O PEREAT AR T AT i 0 B, il SEM,  HRgdR
B i) — e gty . e =i R, BT DURAE R IR SC 7 i A o (1) = 4
Hi o FETOH RO RAR M8 X SR EOR,  d T A BRI B IR A =
(K25 18] A X AN i HISH AU A, ARIE & Y3068 [ AR S A e v il P b
A T

[ oK (R DR S5 = 7 T s S [0 F I X = 4E R S e s, CIFE T
VF 2 A K ey 25 0] 43 9 = e A5 7 TS TAE . B 1 SEi S Eon =l [P HE S
wiggler Hik, 2t BEA, THIEHIRATTFEMME X $806, #EAZ] condenser, RJ5
PRI b, HETERBOCSUR KB - Cobjective FZP),  #¢)a UfRAE CCD F.
It Phase Ring, A2 e e AL RS, B HIARRIEE, 50 BcRs FE AR e f% .
SRR N HER B E] 50 FPK.

Wigal Monochromator Cond
iggler ondenser bkl CCD Camera
12500 mm q 1092 mm

B 1 B X LR GERE NN EE

o TR RS R s vl I, FRATHE R A 203 — o R BCA A TR S, 400
1930 — s, B RBOLRE, v RUE A T AR A A M R . 7R
SEuh, RATIWESTRRE S 2 nickel-yttria-stabilized zirconia (Ni-YSZ). Al 14 AE & ik £
Ni JCE RS RIS, 43 A3 BP9 21 E04H o Ni TG 3 (WA B2 AR 1w R e A 6 )
WZE5e, 1M YSZ M7 R4S FERI fe 2 IR O L3 A A t3E . R IX LR PE, 04T
BUREHE Niv YSZ R HE ok o
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— G I HRE O B AERE A AL b, R RSCR FE BUg AR, IR-90° 3 90° SR T 181
RS, AR AR 181 IRIEEEM K, 31— RIESMEZU) A, Wik -
R HAE A B TT D, XL A B 2 D) B A IS A 3D IE R (] 2A). 5
BRI IS Ni (04, T YSZ, S0 RS Bilo 1K =300 AR RS Sl 2+ 23.2%.
35.8%FH 41%, Ni:YSZ=39:61. MM AEHl# AR, Ni M YSZ ¥y KRR G L2 40.6:59.4,
AT SEIAF ) Ni A YSZ AR & I 45 28 1) JLF- A2 — 200 . IX sl B FRAT T
B2 vl 5 0, BBk R TSR .

RN = EBRE R TS Niy YSZ MBI R T L5, Ni. YSZ f%s
BRI AR A 2 2.4 em™, 5.6 cm™, and 3.8 cm™.

745
e 5.3 um

5.3 um

B2 FHRME M =4ERE (A M=MRAHEKER ST (B)

A (TPB) BRI — AN EESH . Bt Niv YSZ NI B = AR A 5t
T, A2 FAGAE SO RAE A,  FEAR R Ik BE RN e A TR 2L DG . RS0 1R 28 1) A R
FEXTWE G R Be A A LR . 456 48R, BATTRI R 3] = A A
AL E I E R R IR W& 2B, 2005 70 wlie = AR FH T S /) 70 Ao v LUE HE 20 A
RAXIFR, BAH2EENE . o5, A2 = AR S i K BERMAFR Y LA 2 -
4.44x10°m/em’ s IXAMERIELAR A T/ N LA B I AE— NS b, F— UL R AT
TSI

Fah, A e g, i, Wi E Rk, O Rt Rk B
LT AR HAE R

gr b, FRATIAI G N0 A S B X S 28 308 T8 15 20 o) T A A8 A SO v ek 1) PR AT
AT T GRG0 o 1430 T BRI — RIVEE SR, @7 b IR Gl s /R P RE IR D¢
AP T AT DS . R T AT UG, AT TR A g KA R
SERIR USRS
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X Bt fiTE S ER ST KR g

2000 4F: X AT 55 HUM SR N T SRS IR SLGIRATH (RO 2%, )
JCH AT % S AR UR T I X SR AT R 10 5B 30 T BT IOT £2.

(1) FRFEE X STEATH . TR E

i X AT WO R B T AT S R B, MR R SRR
JEAL X ST ZATH . s s . S ] AR B RIS R SRR T (AL, CO) i
1T, B R E] 20 AN KA. Bl 2 ] 2] 1000°C. B4 T S 1500°C.
SEEG Ryl v R SR E W 1 PR .

N
; I)?AssmzI::cjecl,ltt=,(:tc:r)
3. XRD detector
4. Sample holder
(@ (b)
e 1(a) X SR AT 5 O e [ 1(b) JAAL XAFS SEH5e B K W R4

e 7 T SR AT S e e B L
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Experimental determination of the band offset of PbTe/PbSrTe by

synchrotron radiation photoelectron spectroscope
Cai Chun-Feng!"!,Wu Hui-Zhen"!Hu Lian ", Zhang Binpo!"),Zhang Hua'*,Xu Yang”,  Zhu Junfa"”!

"“Department of Physics, Zhejiang University, Hangzhou, Zhejiang 310027,China

2 National Synchrotron Radiation Laboratory, University of Science and Technology of China, Hefei, Anhui, 230029, China

Abstract

PbSrTe single crystalline films were grown by molecular beam epitaxy (MBE) with different Sr
composition. Mid-infrared transmission spectra were used for the measurement of optical band gap and
other optical parameters. Photoelectron spectra were used for the measurement of the electron characters
near the valence band edge of PbSrTe. When the composition of Sr is small, the energy difference
between the Pb5ds;, core level (CL) and the valence band maximum (VBM) did not increase when the
composition of Sr increased. On the contrary, the energy difference between the Pb5ds, CL and
conduction band minimum (CBM) increased significantly when the composition of Sr increased. This
means that Sr atoms had greater influence on the conduction band than that on the valence band, which
can be explained by the fact that Sr is a more active metal than Pb. According to the position of the VBMs
with different Sr composition, we can give the value of the valence band offset (VBO) and conduction
band offset (CBO) in the PbTe/PbSrTe heterostructure.
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Study on vanadium dioxide films used for smart window
1 . 1 . 1 oo 2
Dong yanfeng ,Yang Xiuchun , Wang Yinbo ,Pan Haibin
(1 School of Materials Science and Engineering, Tongji University,Shanghai 200092,China;
2 NSRL,Univ.of Sci.& Tech.of China,Hefei 230029,China)

Abstract:  Sol-Gel and hydrolysis method are emloyed to synthesis precursor films on glass
substrate, vanadium dioxide films are obtained by heating the precursor for different hours in
different atmosphere.which is investigated by XRD. TG-DTA. XPS , the result shows that the
component of vanadium films are greatly influenced by temperature and atmosphere To
Sol-Gel ,the optimum parameter is 500°C for 2h in hydrogen, and to hydrolysis method,that is 500°C

for 1h in argon.The valence state of films are unchanges with more time 2h and 3h.

Key words: Sol-Gel, hydrolysis method, VO,, film, heat treatment

2 Supported by Major Projects of Basic Research of Shanghai
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Spectroscopic studies of molecular ions and their dissociation
dynamics with the Threshold Photoelectron-Photoion oincidence*
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Abstract

In a recently built threshold photoelectron-photoion coincidence spectrometer, the photoelectrons and
photoions were velocity-focused simultaneously to effectively improve the collection efficiencies and the
energy resolutions. With this spectrometer we measured the threshold photoelectron spectra (TPES) and
the mass-selected threshold photoelectron-photoion coincidence mass spectra (TPEPICO-MS) of NO
molecules, as well as Xe/Ar/Ne rare gas mixtures. The ionization potential energy of NO was accurately
determined, and the vibrationally resolved TPES spectra of the X'S", ¢’IT and B'IT states of NO* were
obtained. Subsequently, the dissociation dynamics of the ¢’IT state of NO* were studied by measuring the
TPEPICO-MS and fitting the time-of-flight profile of the N* fragment. The overall kinetic energy released
from dissociation was determined to be 0.717 eV.
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Anion Mass Spectrometry Study of Ion-Pair Photodissociation of

polyatomic molecules Using Synchrotron Radiation

XU Yun-Feng' , CHEN Liu-Li' , FENG Qiang ', WANG Yong-Feng ', TIAN Shan-Xi'* , SUN
Jin-Da’ , ZHAO Yu-Jie’ , LIUFu-Yi’, SHAN Xiao-Bin’, SHEN Liu-Si’
(1 Hefei National Laboratory for Physical Sciences at the Microscale and Department of Chemical Physics, University of
Science and Technology of China, Hefei 230026
2 National Synchrotron Radiation Laboratory and School of Nuclear Science and Technology, University of Science and
Technology of China, Hefei 230029 )

Abstract: We manage to get high signal to noise ration anion mass spectrum through improving
sample input system and mass spectrometry .We get the ion-pair anion efficiency spectrum of carbon
dioxide, benzyl chloride and chloroform. We are the first one who get the ion-pair anion efficiency
spectrum using synchrotron in China. And we are the first one who get the ion-pair anion efficiency
spectrum of macromolecular using synchrotron in the world.
Key words: vacuum ultraviolet, synchrotron radiation, ion-pair anion efficiency spectrum, carbon
dioxide, benzyl chloride, Chloroform
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A threshold photoelectron-photoion coincidence imaging
spectrometer for molecular dynamics using synchrotron radiation
Xiaofeng Tang, Xiaoguo Zhou', Mingli Niu, Shilin Liu
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Abstract A novel threshold photoelectron-photoion coincidence (TPEPICO) imaging spectrometer at
the U14-A beamline of the Hefei National Synchrotron Radiation Laboratory is presented. A set of open
electron and ion lenses are utilized to velocity map imaging of photoelectrons and photoions
simultaneously, in which a repelling electric field is applied to acquire velocity imaging of photoelectrons
instead of traditional accelerating electric field in order to expand the spatial distribution of photoelectrons
and further suppress contribution of energetic electrons in the threshold photoelectron spectroscopy (TPES)
and the mass-selected TPEPICO spectroscopy. The typical electron energy resolution is measured to be
9 meV as shown on the full-width at half-maximum (FWHM) of P, peak in TPES of argon, which is
close to the resolution of light source. The measured mass resolving power of M/AM for the present
apparatus is above 900. Subsequently as a benchmark, oxygen molecule is pohtoexcited by
monochromatic synchrotron radiation at 20.298 eV and undergoes a dissociative photoionization (DPI)
process to produce an oxygen atomic ion and a neutral oxygen atom, and the spatial and angular
distributions of oxygen atomic ion are measured simultaneously by 3D time-sliced imaging based on
mass-selected TPEPICO experiment. The kinetic energy resolution of the present ion velocity imaging is

better than 3% of AE/E.

Key words Coincidence imaging, threshold photoelectron spectroscopy, dissociative photoionization,

synchrotron radiation
I. INTRODUCTION

Photoelectron-Photoion coincidence (PEPICO) is a powerful approach to prepare and analyze the
energy-selected ions, and has been applied for a long history."™ The principle of PEPICO is that when a
molecule is photoionized, the internal energy of ion is coincident with the kinetic energy of corresponding
photoelectron by conservation of energy and momentum. Based on differences of light sources and
kinetic energy of the detected electrons, there are two typical types of PEPICO spectroscopy developed in
laboratories: (a) a fixed energy light source is employed, ,and the ions are measured in coincidence with
energy-selected electrons by a dispersive energy analyzer'; (b) a variable energy light source is engaged,

and only initially zero energy electrons, so-called threshold photoelectrons (TPEs), are detected in
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coincidence with the ions, which is often defined as threshold PEPICO or TPEPICO.*® As TPEPICO
technique has the virtues of much higher collection efficiency for TPEs and higher electron energy

resolution, it is believed to be a more applicable tool to study photoionization of molecules.

Among all previous TPEPICO experiments using SR, a linear or reflective TOF mass spectrometer is
usually chosen to collect ions. When a DPI process exists, the KER distribution (KERD) can be acquired
from the spread in the TOF distribution.* The KERD doesn't have sufficiently high resolution and more
importantly none angular distribution information can be obtained by this mode. To get a better
understanding of photoionization and/or DPI process, we have applied the VMI to photoelectrons and
photoions simultaneously in present TPEPICO imaging spectrometer. Briefly, a moderate extraction
electric field of TOF is used to facilitate the high transmission of both the electrons and ions. A repelling
electric field is utilized to produce magnifying lens'® for all electrons to select TPEs and fully disperse
kinetic ones, thus contamination of energetic electrons is further suppressed. Furthermore, a delicate
VMI design is also performed to measure the spatial and angular distribution of fragment ions
simultaneously. Therefore, this novel TPEPICO imaging spectrometer using SR light source is very
powerful to study DPI dynamics of molecules. In addition, a lot of experimental studies including the
TPES of molecules, VMI of ions, the TPEPICO spectroscopy of molecules and the TPEPICO imaging of

fragment ions, can be carried out respectively.
II. EXPERIMENTAL DESIGN

A. Apparatus and molecular beam

In Fig.1 we show a schematic diagram of the present experimental apparatus. The apparatus
consists of two chambers, a source chamber and a detection chamber with the TPEPICO imaging
spectrometer, both of which were separated by a 0.5 mm-diameter Beam Dynamics skimmer. All
electrodes and TOF tubes in the TPEPICO imaging spectrometer are magnetic shielded by a Imm thick

p-metal tube, to reduce further the effect from the stray magnetic fields around.
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FIG. 1. Schematic diagram of threshold photoelectron photoion coincidence imaging spectrometer.
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B. Velocity map imaging for electrons and ions

A geometric diagram of the velocity focusing optics is shown in Fig.2, where the results of electron

and ion trajectory have been simulated with the Simion 3D ver.7.0 program (Scientific Instrument

Services, Inc.).
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FIG. 2. (a) Geometric diagram of the ion optics and dual TOF tubes in present TPEPICO imaging
spectrometer; (b) trajectories of the threshold (in blue) and 50 meV (in red) energetic electrons; (c)

trajectories of ions with zero (in black), 0.3 eV (in blue) and 0.8 eV (in red) kinetic energy, respectively.

Comparing with previous experimental apparatus, four features have been applied to the present
TPEPICO imaging spectromete. Firstly, an additional lens constituting a repelling electric field is
applied to magnify the imaging of electrons.'™' As shown in Fig.2(b), all TPEs produced in the
photoionization region are collected into the 1 mm diameter aperture at the end of drift tube through a

sequence of accelerating then decelerating processes, while the energetic electrons expand much more.

Secondly, VMI technique has been implemented on both electron and ion sides. VMI of electrons can
improve the collection efficiency and energy resolution of TPES. In contrast to the conventional TOF
method, VMI of ions has the capability of probing the full three-dimensional velocity distribution of ions

in one imaging.

Thirdly, all electrodes are totally open without any grids. In order to discard grids in our spectrometer,
a precise simulation has been performed with all open electrodes to obtain VMI for both electrons and ions

simultaneously. The simulated kinetic energy resolution of photoions is about 2% of AE/E.

Fourthly, a set of stainless rings connected with the corresponding plates are used to block the
surrounding field."? In order to avoid this distortion in ion imaging, a set of stainless rings connected with
the corresponding plates are used to shield the outer electrical potential, as shown in Fig.2(a).

Additionally, these rings also have the function of improving the quality of the electric fields between the

plates.12
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IIT EXPERIMENTAL RESULTS AND DISCUSSION

A. Threshold photoelectron spectra of xenon and argon

The TPES of Xe in 12.05-13.52 eV photon energy range is presented in Fig.3(a), and Fig.3(b) shows
the TPES of Ar in 15.72-16.00 eV range. The photoionization efficiency (PIE) curves of Xe and Ar
recorded are shown as well in Fig.3, respectively. It is worthy to emphasize that these spectra are
presented here directly without any subtraction. As shown in Fig.3(a), there is few electron counts
(almost equal to zero) between the *Ps, and *P, peaks in the TPES, which indicates that almost all kinetic

electrons are dispersed and blocked by the 1 mm diameter aperture in front of the electron detector.

1600 -| .
——TPES I g 400 4 2 m Nz [13 [l ng
(@)xXe —_ AT P (b) Ar
Bi0f ! ——TPES
1200 soo.) < PIE
w
@® @
o ]
- =
= 800 4 = 200 ‘
g . 8 TmeV [
o P
an 2P
400 - =y 12 100 4
0 o _MJ
T T T T T T T T T T T T
12.2 124 12.6 12.8 13.0 132 13.4 1575 15.80 15.85 15.90 15.95 16.00
Photon Energy (eV) Photon Energy (eV)

FIG. 3. Threshold photoelectron spectra (TPES in blue) and photoionization efficiency (PIE in black)
curves of xenon and argon. (a) TPES and PIE curve of Xe in 12.05-13.52 eV range; (b) TPES and PIE
curve of Ar in 15.72-16.00 eV range.

B. Mass spectrum of xenon in TPEPICO experiment

When fixing the photon energy at the IE of Xe, 12.130 eV, we recorded the TPEPICO mass spectrum
of the Xe" isotopes and showed it in Fig.4, where the photoions are measured in coincidence with the

TPEs. Thus the mass resolving power of M/AM is estimated to be more than 900, which is high enough

to match our aims. Xe' M/Z=120 TPEPICO-MS
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FIG. 4. TOF spectrum of xenon isotopes measured in coincidence with threshold electrons at the IE of

12.130 eV.

C. Imaging of argon ions in TPEPICO experiment
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When fixing the VUV photon energy at 15.760 eV corresponding to the ground ?P,), state of Ar’, the
imaging of Ar’ recorded in TPEPICO experiment can directly reflect the focusing resolution of the ion
optics because all photoelectrons are of zero kinetic energy. The imaging of Ar' is presented in Fig.5,

where the intensity distribution along with X-axis and Y-axis are shown also.
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FIG. 5. Velocity map imaging of argon at 15.760 eV measured in the TPEPICO mode. (a) Imaging

intensity distribution along the X-axis direction; (b) Imaging intensity distribution along the Y-axis direction.
D. TPEPICO imaging investigation on dissociative photoionization of O,

The measured TPES of O, molecule is presented in Fig.6, where two vibronic progresses are

identified and correspond respectively to vibrational excitations of the b42; and B 22;, states of O,

ion. 500
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FIG. 6. TPES of O, molecule in 18.0-21.2 eV energy range.

The VUV photon energy is fixed at 20.298 eV, which is corresponding to resonance wavelength of
the B 22; (v = 0) state of O, ion, and the TPEPICO imaging of O" with KER of 0.783¢V is recorded

1315 At the moderate extraction electric field of 15 V~cm'1, the TOF

subsequently and exhibited in Fig.7.
of O" fragment ion packet with the 0.783 eV kinetic energy spreads about 800 ns. Slicing-imaging
technique'' is applied to acquire the 3D velocity distribution of ions directly. Because of no inverse Abel
transformation needed, the higher kinetic energy resolution and the better signal-to-noise ratio is expected.
In Fig.7 a typical slicing O" imaging is recorded with a mass gate of 60 ns, where the imaging has been

exposed and accumulated for almost 4 hours in experiments.
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FIG. 7. Velocity slicing image of the O" measured in TPEPICO mode at photon energy of 20.298 eV, where
a 60 ns mass gate is used. The center bright spot corresponds to the false coincidence image of O, parent
ion, and the outer ring reflects the velocity spatial and angular distributions of O" from the dissociation

0, (B’Z,) > 0'('sy) + OCP).

The bright spot in Fig.7 is attributed to the false coincidence events corresponding to the background
in TPEPICO mass spectrum.  This spot looks similar to the TPEPICO imaging of Ar” in Fig.5, including
different distributions along the X-axis and Y-axis directions. Although the outer ring seems weaker, it
covers a large area than the spot, and the overall intensity of the ring is about 65 times of the spot when

integrate the imaging.
IV CONCLUSIONS

We present a novel threshold photoelectron-photoion coincidence (TPEPICO) imaging spectrometer
at the U14-A beamline of the Hefei National Synchrotron Radiation Laboratory. In this spectrometer,
VMI has been designed for both electrons and ions, and a repelling electric field is used for expanding

electron imaging instead of traditional accelerating optics.

As indicated by experiments with Ar, Xe and O, molecules, the present apparatus has been confirmed
to work steadily and properly. This apparatus has three specific functions for future studies on the

photoionization/dissociative photoionization of gas molecules and clusters:

(a) TPES of molecules can be measured conveniently. Since the energetic photoelectrons are
dispersed by the repelling electric field and blocked by the aperture before detector, almost only TPEs are
detected. The typical energy resolution of TPES is measured to be 9 meV, which is mainly restricted by
the VUV light source. Through the TPES investigations, the IEs of molecules can be directly determined,
and more information like molecular structures and vibrational frequencies of cations can be acquired

subsequently, which seems much more convenient and effective than that of using pulsed lasers.

(b) TPEPICO spectroscopy of molecules can be recorded as well when the apparatus works in
coincidence mode. The TPEs are used as the start signals for measuring the TOFs of ions, and the mass

spectra are measured consequently. The measured mass resolving power for the TPEPICO mass
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spectrometer is above 900 of M/AM as indicated by the experiments of Xe isotopes. The mass-selected
TPEPICO spectra are farther acquired, and hence TPEPICO spectrum of every component can be clearly
picked up if the precursors are mixture gases. This function will also be very useful for investigation of

clusters because they are usually generated with a lot of mass species in MB.

(c) DPI dynamics of molecules can be investigated with the present TPEPICO imaging spectrometer.
When the apparatus works in coincidence mode and the VUV light is fixed at an appointed resonance
wavelength of molecule ion, its TPEPICO mass spectrum can be measured, and then VMI of the
mass-selected fragment ion can be recorded consequently. The velocity distributions of fragment ion in
DPI processes will be derived accurately from the imaging. In this mode, dissociation dynamics of the
selected state of molecule ion can be studied in detail, and the bonding energy of ion will be acquired.
The benchmark experiment of oxygen molecule at 20.298 eV indicates the kinetic energy resolution of the

present TPEPICO imaging spectrometer is better than 3% of AE/E.
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BTN, R EBE AR b TR A TR DA R, T B Az B T ()
R BT m/z47). 5186, 1850 E vl T 5445 25746 CF SRR =284k, 5
BRI 93 A1 139 BRIGZZ AN, — A B HA B RS 1 o P d KA AR
AR AT RER A T AREN B— Btk BT & R R K PO 5 5 . Uk m/z 77
AIREK H T OREM 2Rk b, b — IR O B T, AR T
G T RERE TS MAE 118 nm HOUFHE T, ZIUEE (m/z 77) 1EPTIRAFI 0
45 5 LB, 1A ) m/z 47 BI(E5 2R S5 . 7E 266 nm 206 T HLE & T,
DM B AL . (WK 2)

2. LWEESrT1) PIE 1%

B3 45t T L5356 9.0 — 12.0 eV AE i il 1 R0 4R S OGN R 7 AR I B 1
Ko AR 2 . SCIR A5 A RE 0 1B T I L3408 10.50+0.05 eV, X FRHAR T,
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B0 Sl oy 1 ra B RE (IP), X E A A VA5 190 (BT 10.47 eV) 52— S[11],
WU W % PR TR IR B 1 LA A

1 o 47 c 7 e 77
Lo % o
2 o
z 08 :
g o = B
= S : )
= 10.50 eV ° S 10658V : 4 1010ev &
o o g of
0.0 3 of
30'0&&9 1 f i 1 I.—:‘;:.-.‘-'-.;.\.
Mﬁﬁ & P
. - . . g e e
9 10 1 12 13 14 S oMo moowe o i @i
Photon Energy / eV Photon Energy / eV
K 3. Ll TET FRs 460 K 4. ZRFERERRAR B T
¥ PIE #4. (it 47 F177) 1) PIE 154

3. LM FARFUFAR B— BB BT R4 v PIE 1%

ITFAH, ERFMEG B AT CRPRHES 2 e i), SRR s
YL B R T ). BT, 7R 118 nm BLAX S AN AT 43 T o o 2l S e A
OB HERET, BT R ERBIRAS, T A BRI T Besk AT B
— KT BT () P . IS B S HH Lipson [12)53 KB IFEATRb A5, i@t DFT +f
LGSR, R B— DR s W78 S W BT 5 B 1) RS AR T 0 L 95 P 8
i, ZFMEL 048 eV, HIFFRWEN], LBE _RAKZA A EEEE 8.6 eV Ai4i[4].
IR, A R SR L R NV R . 1% Nk ] R FE SO LU A2 A e AR

AT AT LA PR S N I TE A SR R, FRATTIN R T L SRR S S 0 T
YNt PIE 3. & 4 ME5 SRR, R BT m/iz 77 HBLALH 10.10 eV, 15 P64
m/z 47 IR S, 2908 10.65 eV, X5 FRSRE R SR . 76 118 nm B
BANEN T BT, PG FRERIUNZ) 10.5 eV, i TR 81 m/z 77 L34
T B miz 46 B, DRI AT BRI IK B O — S Al p— ik
BRSEWT LI 74, BIRE R 857 m/z 77 IS . TIAE 266 nm 206 TR, i
TR T R R AR I BRI S — WO A, DRI R A 7 AR A ' P B IR 2 S S8 2
0, IEFEBEAT I AP B V5 T R B To0) s g R ik — 2 4 it

2
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TEGr T RPIE R Ol A %, 725 DR 6AE S5 1 r B MIAR , IR
U 2QRAT I TR B AT R . EE P RERE 16 eV RIS R, AR B EE 1 5|
A= (il m/z 47,93, 139 %5), s 2 i T HR N rTRER AR B Bk — Tk
SEWTRL ) (U0 m/z 77D TN A5y 1 PIE %, RAFI SWESr T ETRE (IP)
270 10.50£0.05 eV, 5HICERIRIE 2. WEFFHH R ST m/z 47 #1177 1) PIE i &
N, Wi ALY 10.65 eV TR F AR, 2904 10.10 eVo AR SO0 I P A fiff 29 180 1 4t
THEE R AT, B DB S A B T 0 X A i S 1) 7
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B RS E (Bacillus mucilaginosus) Rk ie 4 A it 4
KIS
ﬁjlﬁ%’& 1,2 \$;‘E:_ 1 =

L [ RRE e ER P22 0T PR SRR 22 (R X R S0 %, 52 5P 550002

2. FEEEEBFR AR JE5T 100049

WE: KX FEAR T IRFEF WATE (Bacillus mucilaginosus) N AL ¢ 806 R A B HOUE A 41k,
I R 33 4 o A A0 S T o XA R AR BOR 3R A A AU AR L 10, 300 90d B R
TRES . BEREW, EMFE—WEEEN, T DB EHE M, HBRCRE R IR,
RE AR . R & 2 E B X R RGEA R EAN. 28 ETT W RN R 6
AL,

KEIA: BREFRATE weCa A SEM &R Ha#H X B

T ASON FE 5 B RBHEFE R B UREAATI H (0 H HEHE 5 40721002) %5 B R

BAEE T BN, L 198248 WL WFFUE, 2N Wi B A T TR IS - FRLE : 139851737865

Email:yaominjiera@126.com

*WIHEH:  Email:bin2368@vip.163.com

AR A AE FTIRER CAT IR 2 AR08, T AR E i A AR 5 B0 R R GO
TERZA - W) ARG K AARIR B TR TR LA RO AV FOHLEE 1K) 23 A 55 7 1T (Barker et al.,1998;
Bennettet al.,2001; Benzerara et al.,2005; Lian Bin et al.,2008; Daghinoet al.,2009). H FiXJ 18/ E4)-04)
A EAEHIBIREST, 2 R AR R FZ S F B BRI S & T O B AR A, WA E A H
Je BRI PR JEA T 28 1) = Y- G5 A8 RO 5 v R LR o M) P ey 2 10 70 X5 e AR 3 AN T o 4
R (Bacillus mucilaginosus) AF 15 MR SCARFEREAT 708, AZI0T 50N —4E~ 119 e 3] =
deerin), HEM. A RSO TE A AL .

1 #EFNE
1.1 EH5ET Y

JE T2 AT R e o FERE 27 B kAL E I T T A AR R 5 BRI T Al 2 Bl Ak K
WA 28-30°C, pHAH N 7.0-7.5. FCFAINT B E FR AR AR, Be M 2 F0pEE, ™ 99IR,
BEMS KRS 2 B (G52, 1998; Lian Bin et al.2008) o SBLUAT i i b [EAF: B HUBRAG 241 5T
e b o UL B, 28 b BERFAE B M BRAE SEBE U IR = A, T A AR Oy EEE MgO
37.25%, Si0,41.33%.

1.2 HE-T YRR &
T 250mL =IO 100mL JoEGR AR TR, AT 8 0. 5g, 121°C K 20min; HEFP

T LA I 5L, T+ 28-30°C . 150rpm 454 R 43 BIFR S HE 37 104 30 Al 90d, HUREARI,
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I3 9% ARAE Y BE LA A P AN TR I 8] (0 40 1 -0 ) A5 AR 3EAT SEML A i 2 8] 70 - X-4
LB BRI S

SEM 3 FEALFE . RRIAFERR B VR AP FCOPAE T SEM AR G L, BRI TG, BiAFER AL
FEALFRWERR 20min, _LAEMNEHE 15KeV,

2B ) XS 2R G R AR A AR B . AR F RS 2 5, BUD VRO A R UL RERE |, B
SR I 700 e AR B SR R B MER A B, PR RE T3 T v 5 ) 20 3 XS 2 il A5 ol 2k FRL g
AT =Y RA% S5 .

2 ER59H
2.1 REEMISENGE R E 47

K1 ATRUE Y, ARAE T 0k S e i kiR, LB AANRLL S i, A A0 (K 1a) s 40
VE R BRE S IR, R 40 R SR AN SR SR AR —il2 (B 1by 1o), W WIibgkalig. KT R
ST FOURT AT 1A B FC I A 2 A o) e 43 AT PRI R 45 SR B4 o

Bl L A[FEIVEF B TR B SEM T3S
F: a-JZHRr; bR R 10dMIRRRE; o4 B 1k I 30d R

AR R AL, JERCIR R, 10d R 30d T SEM FEAAILL, 3R R Bongl
WAE M 30d IR FERORE G SR BL R WL 2, W RIREA S I RE K. IR I TR E G, B, B 5%
2 NN P/RIK7 )N o a7 AP W& L (B RV K7 )P B e S b= - A P (02 N N STF % SO 2w i
R A B 2

2.2 RHENBZESHC-HERRERS T

B 2 MANTRIA BE 23l s T e 80 RN AR, AT 30d A 90d RE ) 2 ) = 4k FAY 1 1R
Ik (C=ZERMG IR A el .
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AAEH R ECHY R (B 2a), BRNARRBRAR (K 2a1), BORLLLAEL M SNR0RLL
G, M A AT DUE HRBEEAE — 2 (B 222); A LAARG A0 B M 1A A S A pe
Fo GHBEVEFA Y 30d AREE (B 2b), KBRS R 24K, A AR A iRk s 1 HL
VT LA HARE S BTRR,  TAMEAAR R (0 S ISR I — 2 FLUBURL A L. 4l i 15 FT ) 90d
HAFE (B 20), ERARIR, BORCRYIBEAANLLAE, AT A 2R S5, B2 B AR Y e 2
() FF) A S T SR, i LR St 52 AR

B 2a SR AF IRIURL A ORI I 2 IS 5 K] 2b I 2c WFERSEAE RIS L, BT T IR
JOT A FUR BT B3 WA AR = R Mg SO AR 2 SRR o X — LB I e R (& D
OS] TR, (A =4EEHGRILI S B, VST, K 2a WFERBURDIR 2018 26 BRI 2R
FERIE 2¢ FERIB AR, OB T S SUh M Bl T 28 A 1 (87 FE 5 X R oI 2 o 3t 4 ]
BANARBIFT BUIT SRRAS K1, 7850 AR T 823 (a4 9% XS 42 AR IR AL 35

WELUAT 5 ARG R, AR A\ R 5 [S10,] DU T F R 7N 5 W 4% 101 5 45 e pl 6 4
T T AUFF VR AEAE FH I SCAM I, SR T I SUH I SR A R, A e R
W4 AR T IR AU 2 B ST0,) 2 M3 — IR e il o i, B T I 26 om it JZR G b s BB
PRI AE G, ) (1 SR b BRI 08, AR 1 B Lo A R VR TR 2 1 0 P A e 43
fifd, AT 2¢ B EIR AR .

HI T MgO AL a PEol, Sy TR, /KALREI R, i A= 4 BG5BT S e ¥ 78 A o 2 o N i 2 gl A
WRAE F R 20f S A b b IR S B2 R S s Tk s 573 A0 T 7 A K e v 75 8 7R o, Mg™
L T2 AT B AN T D R 2 o SO AL A RRE , AKIEPE Si0 ST kR . BT
CAUEAEAR B/ e s R R v, BRSO IE K, A0 AR KT R 2 9 1
W=, KI[SIO)Z W2 Al TSI (R ik o0, S0 B At B AR KRR, 820 /K I S10. T et
M2, [SiO4))2% o fi A S5 R D IR

3 &g

S 25 LTS T AN BV PR SO 1 2K B 2 B AR U P M B S0 R 0 58
LR, IR A, B S A PR SR, RLIRE AR, B
DREACIR . I 72 1 43 XS G R 76 4 FE T 7 I 3R S P 1 0H 6 08 5 R R AR D

B PRI U AR R RIBHT IR PRIXERFSEH KRR ES T SHEXG LA B K
WikiRMiRE, BifHAFHBEITHESLEESS OB,
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The Morphological Changes of Serpentine Weathered by Bac///us
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Abstract: The paper studies the micro-morphological changes about the samples of serpentine
weathered by Bacillus mucilaginosus. The original and weathered samples for 10, 30, 90d have been
analysed by the scanning electron microscopy and high spatial resolution X-ray imaging. The results
show that the technology of high spatial resolution X-ray imaging displays the manner and the
specific process of the samples more intuitive and comprehensive than SEM.
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PDP Fi (Y, Gd) BO,: Tb " R B 3 ¥ B F I e 215 1E I 35+
ok ETA T x| RE R
RER A EY?
Vbt (a4 Bt m b GG R B A BR A 7 100088
o[BS K AR S S 230029

FE: ACER EIBEMEAR T ARERE L. Dy 8 T4 LK P #5246 (Y,Gd)BOs:Tb>
KA TE T eATELRI AR E R LT B b 147nm B TR ST RE, &A%
2T (YGHBO;TO 'K B Tty Eff 3. HAERRY: Gd'-BOs % T & FHfk
Eff#th Y BO B T BT WHEG SR EAR, HEE G B TN\ a R &R0
BT, LR ETY BFNRE, AATREXARGLARE; Dy ' BTHHL6e
BEHmEELEESL TV BT, ATMEE TV BFTHEAHNEE; P WS Lasi
(Y,Gd)BO3:Tb* 7 120~200nm Ja] ty & 5 T K38 5 WA B3 A, A A F4R & 70 A th K L 98 %

X##iF: PDP, (Y,GA)BOyTb, #hEfL#, K 45E

138

£ PDP HIZL, Zi. Wi =FECuOtk, SHmxbt PDP KGR ook K, Href b #1852
FET 40%, AT LAUEZRR (1 5e BERICR PoE T o S BRI R [1]. (H H T PDP 20050 h ik A7
EAWZ M, 4 Mn® B IS IR #6986 B PDP ﬁ%JT’FiFMEﬁH SRR A R AL R AR 1Y
AT, AT R SR T B S AR £k 5k /1 PDP AR T, HLRERR ST
Jeils vE LB, PERERUE,  HLAVMEIN ATDR R, (H B 1 RN e AR IS T LU D (2] AT %E
WFFCT To™ 8 FROE I(Y,GA)BOs: T, %4 1 A RIFEFIC L T (#(Y,Gd)BO5:Tb™ i £ 1 ) () fiE
Rk, LUK Dy B P 5255 (Y.Gd)BOs: T rh 2 71 i) i H A4 34 .

2 W

AR S AR A A B T AR RICE . AR T 8 T IE (Y,Gd)BOs: T 5 ek,  FExt
HATT Dy BRI P B2k, BRI $ AR LR AR 75 Y Y,05(4N),
Gd,03(4N), Tbs0,(4N), H3B03(99.95%), Dy,03(4N)FI(NH,),HPO, (1144 4L), ﬁf%f‘“ﬁﬂ%d:qﬂ%ﬁ\ﬁﬁ

BE NN B, BTy, L SC/min AR S 1100°CHELE, 1HiR 3h, By S
VLG CH P RS AI E , BRT A5 A (R o R A FRDUCRO T AR S D1 1 ) e EPIWEU(%
] 5% [ D S 00 = B A AN R IR i I 73

3 BER511E
3.1 (Y,Gd)BOx: Th " ERFERE Lt FRIREBEETR
1A Y GA L R YouxGdosBOSTO, FERITE 542nm Wik R IR k. Iy L)

I H  EE SRR I RIG63 THRNE KT I (HEHEYS: 2008AA03A324), 973 Ti H % B
(2006CB601104)
" Email: wdzhuang@126.com; Tel: 010-89583430-15; Fax: 010-89583430-20
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FH, ERBCRGE R Z AR, KB LS =2 120nm~200nm {13 T A IR 5
200~260nm FIECR 2 T 851 f-d BRAT ; 275nm [ BB AI AR AR 2R 0 2 GAP 1 119 4 8851,
BRI (e J=11/2, 972, 7/2) [3]. #E— DWW LA H, £ 120~200nm [R3EFTHCR T, &
Gd™ B TR MBI, SRR BRI, X TR th T Gd™ B 71 Y B R AR R, M
5 RS A B AR R S AN TR, DRI TR ) i B R 5 A AN TR ) IXAB B Gd™*-BO™ 1 TO "B A fig Bt
L Y3 -BOS B To B A% B A R[4 7E 200~220nm 22 6], 5 WA R R 32 56 189 I s 9l
LR RE B AN B R I s s, T LA R 4598 i G BT RN N B R o R R A 5
J¥, NAENEE TO B FIIERT, AR TS RO

129 | ——v, Ty BO;
— Y;,7Gdy ,Tby ;BO;
¥(,4Gdg 5Tbg 1BO;
=
3 08-
z
2
2
R
0.4+
0.0 7 T T T T T T T
120 160 200 240 280

‘Wavelength/nm
B 1 AR Y*:Ga> B LI Y, Gdyo BOsThy, BRI (A ,,=542nm)

2 EARRF Y G WL LI Y GdoonBOs Ty £ AHTE 147nm WK N KIK SH6i . Ml LLE
% GATBUR Y, LU (Y.GA)BOs: T IR i . B Gd* B TR B (e m,  Axt s
FE SIS S B AG. 7E Y RGP h 0.4:0.5 I, MRS A B, RS E GBS RNy, A
W BT B b

—Y:Gd=0.7:0.2
—Y:Gd=0.5:0.4
—Y:Gd=0.4:0.5
— Y:Gd=0.3:0.6
—Y:Gd=0.2:0.7

Intensity(a.u.)
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Wavelength/nm

B 2 AR Y G B Y, Gdyo BO-Th,, (&5 (A, =1470m)
3.2 (Y,Gd)BOs:Tb*'7E Dy’ "B Fis R s B 512 R
TS To Dy & Pl ff e A3, A5 T AR Dy’ 8 7k (0.4mol%) FIAH Tb**
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B FIKIE (0, 3mol%, 6mol%Fl 10mol%) [)(Y,Gd)BO5:Tb,Dy, H:AE 147 nm ¥k N KA SHGRE I
B 3 7R S2I L B, (55 Dy B 7R AR, To? 2 3R M 0 2 10mol%. |81 H 576nm A1 542nm
Kb ) 5653 5009 T Dy 9 *Fop— Hso BRIT A To™ B8 110 °Dy—Fs BRAT, J5 4 1 TR A7 506 b
BT BB AE P R H RE R Strak 4354, T 485nm ML U4 2 Dy 5 1+ f#) 484nm. 478nm HI Tb**
BT 487nm fR) &SI IE IV A5 5[5 ]. B P aT DA S B Tb 88 1 BEJRIRE RO, Dy
BT 10 576nm S SR KSR W] /N, Dy’ BT K 484nm AT 478nm Sz SR U (K158 AR IR TR, 1T
TO™ B 7 (K 542nm [ 506 (15 LSBT 58, A 620nm Kb IR T TO™ 8 T R AR . LA
EUiH], Dy B TR LUK AR AL RS TO B T, M5 TOT B T IRREIE S

y=0.10

3

)< y=0.06

3

=

2

=
y=0.03
y=0

T T T T T T T T T T T T
400 450 500 550 600 650
Wavelength/nm

B 3 Y.498.yGdy.sBO3:Thy, Dy g04 FIRH Hi (hex=147 nm)
3.3 (Y,Gd)BO;:Th*' 7 P I8 G I REE BT R

K 4 44 T(Y,Gd)BOs T 78 P BAYJE A et . WA, P B4R, IOtk K
TR . BEZE P RGN, 120~200nm [ 5E RBICH SR (RN, JF ELHILT 160nm
JEAT K] POST [RIUEAR ; 200~240nm [ Tb® 85 T BRAT A FE A BEAR, (EREAE 220nm Ze47 HHEL T PO
[IVEAE 6] BEIRZDINT, P OB 2RI S0 2 I RS REAL B T LUK TO™ 87, A H T30/ ROt
B B PRI 1 o

1.2

0.8+

T/a.u.

0.4+
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120 ' 1(I30 ' 260 ' 2210 ' ZéO
Wavelength/nm
E 4 Y0.4Gd0.5Tb0.1(BO3)1.2_X(P04)X B@Eé%ﬁl‘%&ﬁﬁ'ﬁ% (%m“w&% 542nm)
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ARSI i v U T A T T T I (Y,GA)BOs: T 98 6 LL Sz Dy B FiB 24 M P 2L
(Y,Gd)BOs:Tb* ik, AL RN T

(D PR Y G LR I(Y,Gd)BOs: To* 5868, #iH] Gd**-BOs™ % Tb* & 11
B Y-BOS B TO AL ARG G GRS T IR AE B L TR M s,
BN TO B T IERIE, AR TR E RO . I HAE Y :Gd'=0.4:0.5 i, (Y,Gd)BOs:Tb” %¢ 4}
(R G R o v

(2) Dy BTS2 BEe s [ CIKRE AL IS TV B 7, 950 TO™ 88 7 IR IE RO

(3) P I3 4% BENEAE (Y, Gd)BOS: T S A JE T (KW W 33, A5 T3 m ety (K R i

S5 3k
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2 University of Science and Technology of China, National Synchrotron Radiation Laboratoty, 230029

PDP green phosphor (Y,Gd)BOs:Tb>* was prepared by high temperature solid-state reaction method. The
host composition, Dy** ions doping and P doping were researched. The excitation and emission spectra
were used to characterize the samples. The energy transfer between ions of (Y,Gd)BO;:Tb*" were mainly
researched. The results showed that the energy transfer from Gd**-BO;* to Tb*" ion is more efficient than
Y**- BO;" to Tb*" ion. And the addition of appropriate Gd*" ions do not only increase the absorption of
matrix, but also improve the transition of Tb>" ions. Therefore, it can raise the luminescent intensity of
(Y,Gd)BO5:Tb*". Dy’ ion can transfer its own energy to Tb®" ion and enhance the Tb*" ion emission
intensity. P doping can increase significantly the absorption intensity at 120~200nm and enhance the
intensity of (Y,Gd)BOs:Tb>".

Key words: PDP, (Y,Gd)BO3:Tb3+, energy transfer, emission intensity
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F PW-1700X SR 47 S AR DIRE S 1 g5 40, 76 A RS R 2% [R) 20 B 5 [ K S0 =
3BT S (R BOR 6TE FR S s
2 R 5
2.1 SRy o3 AT

B 1k i B A SO 1350°C 4 48 Br 0 YVOL FE S XRD K. MWEITE H,
BRI — YVOL M, @Iy hseigity, 4R Y JCPDS FrifE R (72-0861)
I WL EC B TS IAAR AL YVO, IG5 H, 1283k N & B Y 1AL E, TB R
KICH Lo

I(a,u)

7] T T T T T T T T
20 30 40 50 60 70

2 theta
B 1 R A SR A K YVO,: xEr™ i) XRD [
Fig.1 XRD pattern of YVOy: x Er’ synthesized by the conventional solid state reaction
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Fig.2  Excitation spectrum of YVQjq: x Er'’ (a :120nm-350nm ;b: 200nm-550nm)
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Fig.3 Emission spectrum of YVO4:xEr'" under VUV and VU excitation
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KL AE YVOXES K o, Er AR S KE Y A7 B BB Pt Bl B
BN, ROt BCRIZEE N, RO IRE R, (B Er S R KR, Sk
FERER, T EURICHRIE PG,

1. YVOEXEr®" (x=0.001,0.003,0.005,0.007,0.01,0.03,0.05,0.07,0.09,0.1 JBE /R H )i EL 240 S NSRS GHEAT AR S i B R IE RS

Tablel.VUV excitation spectra peak position, emission spectra peak position and intensities of
YVO,:xEr* (x=0.001,0.003,0.005,0.007,0.01,0.03,0.05,0.07,0.09,0.1mol.)

BRI AL |
(Aex1=155nm) %Zij[ﬁ (Aex3=325nm) BIDE
X e | omE | e | me |
Aex1/nm Aex3/nm
Aem/NM T/a.u. Aem/IM I/a.u

0.001 552 2844 155 554 18007 | 333
0.003 552 3765 158 554 22616 | 333
0.005 552 3014 156 554 25690 | 312
0.007 552 1985 155 554 21213 | 320
0.01 552 807 154 554 27594 | 323
0.03 552 1799 155 554 27221 | 324
0.05 552 1079 158 554 24378 | 319
0.07 552 529 155 554 39294 | 320
0.09 552 221 157 554 18910 | 325

3.4

1. & — YVOL MM, Gk JE D5 s s g5k, H45 8 5 JCPDS hrifEk
(72-0861) HHFF. B B FIIRIANKEAS YVOL NG, TR SRS Y 67 &,
TE KGR

2. YVOXES T B A AN R 61, 7F 100nm-350nm 75 B A 2 ANk, 35—
WEEEOSEE, WEAE AT T 155nm FHE, MNJESK A VOB Ty, 1 200nm~350nm
(R 5EAT R K AT VO AG NS TA(TH)EAES B('T), 'AICE), 'Bi('E)HImiL.

3. AR EK 155nm. 242nm A 325nm [FOGECREER, RS GEYY PE AR AN A
7F 523nm F1 552nm PT84, 4 BN T B2 BT *Hie—isn, ' Ssn—isp BT
4S50 15 IR B B 38 T 2Hy1p— 150

4. B Er & & X 1 0.001 BEI03] 0.003, YVO,: xEr’ A i 'k i 1 34 9 184 0 2]
KA, ZJEBEE X kel hn A 5 i a8 BB R %, SIUH SR KIS .
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A study of Synthesis and VUV

spectral characteristics of YVO,: x Er’* Phosphor

SHEN Lei-jun', ZHAO Zeng-qi', LIBo',
ZHOU Yong-bo', ZHANG Guo-bin®, GAO Le-l¢'
( 1.National Engineering Research Center of Rare Earth Metallurgy and Performance Materials,
Baotou 014010,China; 2.National Synchrotron Radiation Laboratory ,University of Science and Technology of
China, Hefei 230029,China)

Abstract: The samples of YVO4: x Er’" (x=0.001,0.003,0.005,0.007,0.01,0.03,0.05,0.07,0.09,0.1) were
synthesized by the conventional solid state reaction. XRD measurements confirmed that the prepared
YVO4:xEr’ belonged to the Quartet zircon structure. The luminescent properties were studied by the
excitation and emission spectra. It has been found that, the excitation spectra of YVO4Er'™ are
composed of series broad bands from 120 nm and 350 nm, the peak at 155nm was assigned to the VO,
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absorption. The emission spectra of samples are composed of two narrow peaks, at 523nm and 552 nm
corresponding to 2H11 /2—>411 spand 4S3/2—>411 5, transition of Er’ +respectively. Both excited by UV or VUV,
the samples emission intensity according to 4S3/2—>4115/2 transition was stronger than the 2H11/2—>4115/2 .the
emission peak value and intensity has changed with the different excited length, it related to the excitation
mechanism and energy transmission channels under different conditions. With the concentration of Er*”
increased from 0.001 to 0.003, the emission intensity gradually increased to the maximum. As the
concentration continue to increase , the emission intensity began to decline, showing clearly concentration

quenching phenomenon.

Key words: YVO,: x Er’ * VUV ;luminescence

BB IUH - FE SR R I L BT H - (2007 25 14 5, AR SCER 7 556 78 HH AR FE 5K
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* JHIRIBER AN (B-mail: wangshenleijun@]126.com) ,Hi1E: 0472-5179397
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Micro-morphology and Structure of Regenerated Cellulose Fibers from
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Different Spinning Technology*

Guansen Jiang, Weifeng Huang, Xiao Wang, Li Zhang, Yumei Zhang"", Huaping Wang
State Key Laboratory of Modification for Fiber Materials, Donghua University, Shanghai 201620, China

Abstract: The micro- and crystalline structure of the regenerated cellulose fibers from different
solvent and spinning technology were investigated by synchrotron WAXD/SAXS. From WAXD, it is
shown that the crystal orientation, crystallite size and crystallinity of both Lyocell and ILs-cell fibers
were higher than that of Viscose and Newdal fibers. The microvoids size was analyzed according to
SAXS of fibers. The spinning technology had little effect on the radius of the microvoids in the
cross-section of regenerated cellulose fibers. The microvoids length (L) and misorientation (Bg) were
higher for Viscose and Newdal fibers than that for Lyocell and ILs-cell fibers, which meant the
average void volumes of Viscose and Newsal fibers were larger. The microstructure analysis has good
agreement with the mechanical properties of the regenerated fibers from different technology.

Key words: Cellulose fibers; Structure; synchrotron radiation; spinning technology

: Supported by a grant from National Natural Science Foundation of China (50873025)
1) E-mail: zhangym@dhu.edu.cn
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Oscillatory Shear Induced y-Phase Growth of Metallocene -Made Isotactic

Polypropylene
WANG YAN PANIJI-LIN ZHONG GAN-jI CHEN YAN-HUI

LI ZHONG-MING

(College of Polymer Science and Engineering, Sichuan University, State Key Laboratory of Polymer Materials Engineering,
Chengdu 610065 China)

Abstract: The influence of temperature and oscillatory shear on the formation of y-phase in
metallocene-made isotactic polypropylene (m-iPP) has been investigated by two dimension X-ray
diffraction (2D-WAXD) and differential scanning calorimetery (DSC). From skin to core, the amount
of the y-phase raises continuously in samples fabricated by conventional injection molding (CIM),
which is mainly due to the thermodynamic factor. Interestingly, when sample was fabricated by
oscillatory packing injection molding (OPIM), the amount of the y-phase raises as a wave-like pattern
from skin to core as a result of the competition between the thermodynamically controlled and
oscillatory shear induced crystallization. The result of 2D-WAXS and DSC show the same changing

tendency from skin to core.
Key words: metallocene-made isotactic polypropylene; oscillatory packing injection molding; shear;
v-phase
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Table 1. Measured peak-reflectivity and central wavelength

FEARALE  RATR gk

X=10mm 0.64 13.32nm
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X=50mm 0.63 15.23nm
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x=90mm 0.55 16.21nm
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Abstract: Protein splicing is a unique
post-translational process in which an
intein excises itself from a precursor with
the concomitant ligation of flanking
sequences. The binding of zinc to the
intein inhibits protein splicing reversibly
and EDTA relieves the inhibition. Copper
was found to inhibit protein trans splicing;
however, the recovery of intein splicing
required both EDTA and TCEP,
suggesting a  different inhibition
mechanism of copper from zinc. In this
work, we have investigated the binding
properties and inhibition effects of
copper ions on the RecA intein from
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Mycobacterium tuberculosis. Both Cu®
and Cu®* exhibited high binding affinity
to inteins, while different binding sites
were identified. Cu®* coordinates to Cysl,
the key residue involved in the
mechanism of protein splicing, however,
Cu" does not coordinate to cysteine. An in
vitro inhibition assay indicated that the
mono-valent Cu®  demonstrates a
reversible inhibition to protein splicing,
and the inhibitory efficiency is
comparable to Zn®". Redox reaction
between Cu”* and cysteine in inteins were
observed and the rate constants were
determined. These results suggested a

dual role for Cu®*" in the inhibition of
intein splicing: a strong coordination of
Cu** to key residues (including Cys1) in
the intein, and subsequently the oxidation
of Cysl, the residue required for the
N—S acyl shift step in protein splicing. A
kinetic study suggested that the
coordination could be the major cause of
inhibition effect of Cu”* initially, whereas
the redox reaction could play an
additional role in inhibition at a later
stage.
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Introduction

Inteins are self-catalytic proteins that insert into the two flanking
protein fragments, called exteins. During the protein splicing, intein
is excised from the precursor protein while the two exteins are
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seamlessly ligated to form a mature proteint!). Inteins are found in
all three domains of life: Eukaryotes, Bacteria, and Archaea, and
over 400 inteins have been identified to date ). Composed of 134 to
608 amino acids, most inteins possess two functional domains, the
homing endonuclease domain and the splicing domain. These two
domains are functionally independent, and evidences from
minimized inteins indicate that the splicing function is not prevented
by the removal of homing endonuclease domain ©*!. Thus, such
minimized inteins, composed of solely splicing domain, are often
employed for studying the mechanism of protein splicing.

Inteins have been widely applied in biotechnology as a novel
tool for protein engineering, protein purification*, segmental
isotope-labeling®, and detection of protein interaction!®. It has been
observed that zinc ions are capable to inhibit protein splicing both in
vitro and in vivo, while several other divalent metal ions show less
inhibitory efficiency!’). The inhibition by these metal ions is
reversible and EDTA can reverse the inhibition. Crystal structures
show that zinc interacts with residues in the catalytic core, although
the zinc binding residues vary among inteins *. To explore the
mechanism of metal-intein interaction and their correlation with
inhibition of protein splicing, we carried out the studies on the
interactions between metal ions and three minimized recA inteins .
Results indicated that the binding of metal ions to the key residues



in inteins with nano- to micro- mole affinity. The restriction of key
residues by metal coordination is the major cause of inhibition.
Investigations demonstrated that the metal complexes that inhibit
Mtu RecA intein are capable of inhibiting Mru cell growth in vitro,
showing the potential for anti TB drugs. (Unpublished results)

Copper ions were found to inhibit intein frans splicing recently.
Distinct from the zinc and several other divalent metal ions, Cu*’
exhibited a reversible double-lock inhibition ', EDTA alone was
not able to restore the splicing activity inhibited by copper ions. It
was suggested that the oxidation property of Cu>* may play a role on
the inhibitory effects. Consequently, splicing activity was only
recovered by the reductant TCEP in addition to EDTA. Although
the cysteine was proposed to be the target residue in the reaction, the
binding properties of copper to intein have not yet been identified.
Thus, it is of great interest to explore the different interaction of
intein to Zn and Cu, and elucidate the role of oxidation in the
mechanism of inhibition of protein splicing.

The RecA intein from Mycobacterium tuberculosis consists of
440 residues. The removal of central endonuclease domain
generates a minimized intein with 168 amino acid residues (Al). A
V67L mutation could enhance the activity of minimized intein and
result in a splicing mutant (AI-SM). A further minimized intein,
AAT-SM, was created by replacing the 36 residues in the
disordered region with a seven-amino-acid B-turn sequence from
hedgehog proteins. Additionally, the D422G mutation could
promote C-terminal cleavage activity, which resulted in the cleavage
mutant (AAl;,-CM). Studies showed that the splicing activity of
RecA intein could be repressed by zinc ions. Our recent studies
indicated that the higher affinity of zinc binding to AI-SM relative to
the other mutants is consistent with the unique existence of zinc in
the crystal structure of this mutant ).

Interactions of Cu®" and Cu™ to three minimized inteins, AI-SM,
AAL-SM and AAI,-CM have been studied in this work. The
bindings of copper ions to protein were characterized using
fluorescence, UV-vis and atomic absorption spectrometer (AAS).
The binding constants were measured and the coordination sites
were analyzed by NMR and EXAFS. The oxidation of intein by
Cu*" has been studied and rate constants have been measured. The
inhibition of Cu’, which is the product of redox reaction, to inteins
has been measured in vitro. These results provide insight into the
mechanism of copper inhibition of protein splicing.

Results

Oxidation of Intein by Cu®*: Since the role of ‘double lock’ of
Cu*" inhibition has been proposed in the frans splicing of
cyanobacterial split inteins ['”, and the reductant TCEP was required
for reversing the inhibition, we postulated that the redox reaction
very likely occurred in the reaction between intein and Cu®’. The
divalent Cu®* ion is a moderate oxidant and the oxidation of cysteine
residue by Cu®" has been observed in many peptides and proteins '),
The block of thiol group of cysteine at the splicing junction could
prevent the intein splicing ' since the thiol group plays a crucial
role in the N-S acyl shift (the first step of protein splicing based on
the four-step splicing mechanism). To understand the mechanism of
Cu*" ion inhibition the protein splicing, we carried out the
quantitative analysis of the oxidation of AI-SM, AAI,-SM and
AAL,-CM  cysteine thiol by Cu®'. 5,5'-Dithiobis(2-nitrobenzoic
Acid) (DTNB) has been used to analyze the content of thiol in intein,
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and 2,2'-bicinchoninic acid (BCA) has used to detect the production
of Cu'. DTNB is typically employed in the quantitative
measurement of thiol group in proteins as the binding of DTNB to
cysteine generates TNB which has a characteristic peak at 412 nm
(3] The presence of BCA could react with Cu" produced in the
reaction, and shows a characteristic absorption at 562 nm.

Figure 1A shows the UV spectra of AI-SM in the presence of 4
mM BCA and various concentration of Cu®". The peak appears at
562 nm, which is of the characteristic absorption Cu(I)-BCA
complex, indicates the formation of monovalent Cu’. The peak
increases with the concentration of Cu®* in the reaction and reaches
the maximum at [Cu®*)/[protein] = 5:1 (Figure 1B). The production
of Cu" reveals the redox reaction occurring during the reaction, in
which Cu?* was reduced by inteins. The redox reaction was
confirmed by the oxidation of thiol measured by DTNB. Figure 1C
shows that in the presence of Cu®’, the content of thiol group
detected in inteins decreased correspondingly. This result is
consistent with the detection of Cu' in the reaction, and confirms
that the redox reaction occurred between Cu®* and thiol group in
inteins.

The kinetic process of the redox reactions has been measured by
following the intensity of 562 nm peak on UV spectra (Cu'-BCA
complex). Figure 2 shows the plot of the formation of Cu" as the
function of reaction time for three minimized inteins. The data can
be fit with pseudo-first order kinetic curve, which gave the apparent
rate constants of 1.3 = 0.1x10™ s'l, 8.0 = 0.3x107 s and 6.0 +
0.2x107 s for AI-SM, AAIL;,-SM and AAL,-CM, respectively. This
result indicates that the oxidation rate of intein by divalent Cu* is
moderate.

The coordination of Cu®" to inteins: Although redox reaction
typically occurs in the reaction between Cu?* and thiol group, many
examples show Cu®" coordination to cysteine SH in proteins without
oxidation ", To verify the coordination between Cu®* and RecA
intein, we investigated Cu®' binding to three minimized inteins
AI-SM, AAl-SM and AAL,,-CM by fluorescence measurements.
Cu?®* binding to proteins usually causes fluorescence quench, by
which the binding constants can be determined !'*). As Cu” does not
affect the fluorescence property of inteins studied in this work (data
not shown), the fluorescence quenching induced by adding Cu®" can
only result from divalent copper, although the small amount of
monovalent copper ion can be present in the system. Figure 3A
shows the fluorescence spectra of AI-SM in the presence of various
amount of Cu®*, which demonstrates a typical fluorescence quench
of protein by metal ions. This result indicates the coordination of
divalent copper to the intein. Figure 3B shows the quench efficiency
as the function of Cu®" concentration in the presence of 0.5 mM
glycine. By fitting the curve of fluorescence quench, apparent
binding constants (Kypp)) were obtained U3l Three inteins exhibit
similar fluorescence quench pattern by the addition of Cu**, which
gives apparent binding constants of 5.88 x 10° M, 5.26 x 10° M™!
and 3.57 x 10° M' for AI-SM, AAL-SM and AAL,-CM,
respectively. Glycine was used as weak competitive chelator in
order to prevent the formation of insoluble copper hydroxyl species,
which can also abolish the contribution of weak interaction from
nonspecific binding sites. Considering the coordination of Cu*" to
glycine (K; = 4.0 x 10° M, K, =1.7 x 10* M and f, = 6.8 x 10°
M) ' and the competition of protein and glycine in the binding to
Cu”, the real binding constant of Cu®' to three inteins were
calculated as 1.00 x 10" M™, 0.91 x 10" M and 0.63 x 10" M,



corresponding to the dissociation constant (K4) of 0.10 nM, 0.11 nM
and 0.16 nM for AI-SM, AAIL,,-SM and AAIL,-CM, respectively. The
measurements of binding Cu(Il)-intein constants have been carried
out in various concentration of glycine. Figure 3C shows that the
consistent binding constants (K;) were obtained although the
apparent binding constants (Kgpp)) vary with glycine concentration.
Similar results were observed in the Cu®* reaction with three intein
mutants. (Figure S1)

To confirm the binding affinity of Cu®" to intein, competitive
metal capture analysis (CMCA) has been carried out ['l. This
method allows the direct comparison of metal binding affinity of
proteins to other metal ligands with known binding constants. Three
competitive Cu(II) chelators have been used in this assay, including
histidine (logK = 8.4), N-(2- hydroxyethyl)-iminodiacetic acid
(logk = 10.6) and EDTA (logk = 15.9) ' The binding
competition between intein and chelators was assessed using a
fluorescence assay. Results demonstrated that the
fluorescence-quench by Cu®' was not interrupted by 50
molar-equivalent of histidine to protein, while molar-equivalent of

EDTA could nearly completely prevent the binding of Cu?" to intein.

50 molar-equivalent of N-(2-hydroxyethyl)- iminodiacetic acid to
protein deprive ~ 4/5 Cu®" from intein, indicating the affinity of
protein in the similar range of this ligand. This result is consistent
with the measurement from fluorescence spectra.

UV-vis absorption spectra have also been carried out to study
the coordination of Cu®*to inteins. A strong absorption peak at 356
nm with & 4.6x10° ML, resulting from S—Cu?* charge transfer
(CT), appeared while Cu®" titration to intein AI-SM (Figure 4A).
The wavelength and molar absorption coefficient of this peak are of
the typical S—Cu*" CT peak!"). To confirm this assignment,
reactions have been carried out on the proteins with chemical
modifications on cysteine and histidine, the two most favorable
coordination residues of copper in proteins. Diethyl pyrocarbonate
(DEPC) was used for histidine modification and iodoacetamide was
used for cysteine modification !'¥l. Figure 4B shows that the
characteristic peak (at 356 nm) remained in the reaction with
histidine modified inteins, but disappeared in the reaction with
cysteine modified intein. This result reveals that the absorption at
356 nm is from cysteine coordination. As redox reaction has been
observed in this system (although slowly), the reaction of
monovalent Cu' with inteins has also been measured by UV spectra.
The absence of this characteristic peak in the Cu’ reaction confirms
the S—Cu?" charge transfer of this peak. Indeed, the Cu' was
generated slowly, while the CT peak was observed immediately
after adding Cu®" to intein.

Similar results were observed in the reactions of Cu?" to three
minimized inteins, AI-SM, AAl,-SM and AAI,,-CM. The absorption
reached a maximum during the titration at [Cu®"]/[Intein] about 1:1,
indicating the stoichiometry of binding (the inset in Figure 4A).
Data suggested the 1:1 binding of Cu®' to inteins, which was
confirmed by atomic absorption spectrometer (AAS) analysis on the
base of equilibrium dialysis confirmed this result. (Table 1)

Copper coordination environment in inteins: X-ray
absorption fine spectroscopy (XAFS) has been employed to acquire
structural information about the copper coordination environment in
inteins. To avoid redox reaction between Cu®" and intein, the protein
was frozen and lyophilized shortly after adding copper ion into
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intein solution and the XAFS measurements were carried on protein
powders.

The K-edge X-ray absorption near edge structure (XANES)
spectra of Cu(I) and Cu(Il) intein complexes were compares in
Figure 5A. The Cu'-intein complex exhibits a rising edge at 8984
eV, which is the characteristic feature of copper(I) complexes, while
Cu**-intein complex shows the pre-edge at 8980 eV and the first
intense transition occurs at 8986 eV, typical for copper(Il)
complexes absorption!'”. This observation confirms the divalent
state of copper ion in the Cu’-intein complex under the
experimental condition. The XANES signal from Cu*'-intein
complex agrees with the four-coordination structure of Cu(Il)
complexes (Figure 5A) [ The Fourier transform of the EXAFS
oscillation function k’y(k) are shown in Figure 5B. The data were
best fit with a four-coordinate site, containing a 2S/N/O
coordination environment. (Table 2) The theoretical simulation was
obtained from inverse Fourier transforms based on the model of first
and second nearest coordination shells and the data was
superimposed with the best fits in Figure 5B (dashed line). The
parameters obtained from these fits are listed in Table 2. The fitting
of the spectrum revealed that the Cu** ion was bound to four atoms,
including one N at 1.96 A, two S at 2.29 A and one O at 2.82 A.
This result was consistent with the previous UV-vis results, of
which the Cu®'-S interaction showed the characteristic absorption at
356 nm.

The Cu®* binding sites in intein were further analyzed by
two-dimensional (2D) 'H "N HSQC NMR spectra. Due to the
paramagnetic effect, the Cu®" binding significantly enhances the
relaxation rates and thus broadens signals on NMR spectra. Since
the relaxation rate enhancement is proportional to d® (d is the
distance between metal and measured signals), the signals close to
copper ion have more broadening (consequently less intensity) than
other signals. The Cu®" titration to inteins has been measured by 'H
SN HSQC. (Figure S2) Results show that the signals near His73
residues and the two termini are significantly decreased by the
addition of Cu®*. This observation suggests that the Cysl thiol,
His73 imidazole, and C-terminal carboxylate are very likely the
coordination sites of Cu® in inteins. Although the signals near
residue 121 have the similar broadening, it is unlikely a binding site
because the D121G mutation does not prevent such feature. This can
be explained by the analysis of protein structure, in which the
residue Glyl21 is very close to the proposed Cu®' binding sites
(His73, Cysl and Asnl39) in inteins. Residues around Asn51 are
also close to the binding site based on the crystal structure.
Consequently, these residues nearby are significantly affected by the
paramagnetic Cu?" on NMR spectra.

Inhibition of protein splicing by Cu*: As Cu" is produced in
the reaction between Cu’’ and inteins, it is interesting to know
whether monovalent copper ion can bind to intein and whether it can
contribute to the inhibition of intein splicing. The inhibition assay of
Cu' to intein splicing has been performed on a fusion protein of
green fluorescence protein (GFP) with intein insertion adjacent to
the residue 129 of GFPP%. The GFP protein was interrupted by
intein insertion, and the intact GFP can form after the spontaneous
protein splicing. By measuring the fluorescence recovery in the
presence of inhibitors, the inhibition efficiency can be quantitatively
determined. This method has been employed in the measurement of
Zn*" inhibition of intein splicing®”. In this work, the inhibition of
Cu' on RecA intein splicing has been measured and compared with



other divalent metal ions. Figure 6 shows that the inhibition
efficiency of five metal ions is in the order of Zn** > Cu’ > Co*" >
Ni?* > Mn?*. This result indicates that monovalent Cu’ possesses
strong inhibition activities to the cis splicing of RecA intein. Similar
to the Zn>" inhibition, the Cu™ inhibition is reversible and EDTA can
restore the protein splicing (data not shown). This result reveals that
the coordination of Cu’ plays an important role in the inhibition.
The inhibition property of divalent Cu®" could not be performed on
this assay because the presence of TCEP (required for trigging the
protein splicing®”) reduced Cu®* to Cu'. However, the strong
inhibition activities of Cu*" can be deduced based on its binding
properties (see discussion below).

Binding of Cu"to inteins: The binding stoichiometry of Cu®
to inteins was determined by atomic absorption spectroscopy
(AAS) with equilibrium dialysis method. The 1:1 binding was
observed for all three minimized inteins (Table S1). No effect
was observed on the fluorescence and UV spectra upon Cu'
binding to inteins, due to the d'® electronic configuration of Cu"
(data not shown). Thus the binding constants of Cu” could not be
measured by these two methods. On the other hand, this result
confirms that the protein spectra influenced by adding Cu®" were
solely due to divalent copper ions. The method of CMCA was
used to estimate the affinity range of Cu' binding inteins. Three
Cu’ chelators were used in this assay, including pyridine,
ethylenediamine and thiourea (logK = 5.44, 10.8 and 15.4,
respectively) '), The competition between intein and chelator
was assessed using AAS analysis with equilibrium dialysis.
Results demonstrated that the binding of Cu" to protein was not
interrupted by 20 molar-equivalent of pyridine to protein, while
20 molar-equivalent of thiourea could nearly completely prevent
the binding of Cu’ to intein. 20 molar-equivalent of
ethylenediamine to protein deprived ~1/2 Cu*" from intein (table
3), indicating the affinity of protein in the similar range of
ethylenediamine (~ 10" M.

The coordination environment of Cu'-intein complex has been
characterized by X-ray absorption. XANES spectrum in Figure 5A
shows a typical cuprous edge at 8984 eV, and the feature of
spectrum agrees with the four-coordination Cu(I) complexes !,
The Fourier transform of the EXAFS oscillation function k3x(k) are
shown in Figure 5C and the data were best fit with four-coordination
with a 3N/O coordination. The inverse Fourier transform of the first
and second nearest shells of Cu(I)-intein is well reproduced by a
four-coordination with three N atoms at 2.01 A and one O ligand at
249 A.

To confirm the uncoordinated cysteine in the cuprous complexes,
CMCA analysis was carried out on the protein with chemical
modification on cysteine by iodoacetamide. AAS measurement
indicated that the cysteine modification has neglectable effect on the
Cu" binding to inteins, and the proteins still have similar strong
binding affinity to Cu’. (Table 3) This result confirms that cysteine
is not the binding site of Cu” in inteins.

2D 'H "N HSQC NMR spectroscopy was carried out for
analyzing the Cu' binding sites in inteins. While the paramagnetic
Cu?* broadening and decreasing signals on NMR spectra, the
diamagnetic Cu" generally perturbs the chemical shift of residues
upon metal binding. However, the identification of binding sites was
not achieved as a large number of signals were affected on the Cu"
titration, probably because the dimerization of inteins induced by
Cu(I) coordination (see discussion below and table S2) perturbed
protein interface and caused the signal shift of residues in the region.

Discussion

The inhibition of zinc ion on intein splicing has been observed both
in vivo and in vitro "**]. Results demonstrated that both frans and
cis splicing of RecA intein were inhibited by 2 mM ZnCl,.
Quantitative analysis showed the inhibition efficiency decreases in
the order Zn?" > Cd*" > Co®* ~ Ni*" > Mg?". The inhibition of these
divalent metal ions was reversible and EDTA can restore intein
splicing. However, a recent study showed that the recovery of
copper inhibition requires both EDTA and TCEP ! This
observation suggests different inhibition mechanism of copper from
zinc and other divalent metal ions.

The correlation of inhibition efficiency and binding constants of
metal ions to inteins has been observed in our previous work .
Thermodynamics study suggested that the metal coordination
caused the mobility restriction of key residues involved in the intein
splicing, such as F-block histidine and C-terminal residues. Divalent
copper, on the other hand, possesses intermediate oxidation property
(E12 = 0.159 V), often involved in the redox reaction with proteins
containing cysteine residues !''*2¥. Cysl, the residue at the splicing
junction, is the key residue in N-S acyl shift, the first step of the
four-step intein splicing mechanism ['"Z. Therefore, Cu®* oxidation
of C1 will inhibit N-S acyl shift in addition to restricting the motions
of conserved residues by coordination. Indeed, we have detected
redox reaction between Cu?" and inteins based on the formation of
Cu" and decrease of thiol group content of inteins. However, in the
case of cis splicing of RecA intein, the redox occurred with a
moderate reaction rate (k ~ 10* s™' at 25 °C). Therefore, the Cu®*
oxidation plays the role in the intein inhibition only at the late stage
of reactions. The UV and fluorescence measurements indicated that
the coordination of Cu?" to inteins took place quickly, which should
play the major role of intein inhibition at the initial stage. Thus, the
Cu*" oxidation, which occurred slowly after coordination, could
play a secondary role of the inhibition.

Several crystal structures revealed that zinc bound to key
residues of inteins, although the binding residues vary among inteins
B The Zn*" coordination in RecA intein does not affect the protein
structure, including the residues around the binding site. Although
zinc binds to the key residues in RecA intein, Cysl does not
coordinate to zinc in the primary binding site in the crystal structure.
The cysteine coordination to zinc has been observed in the crystal
structure of two other inteins from PI-Scel VMA and DnaE, in
which the thiol from C-extein C+1 is involved in the coordination
8], The different coordination modes and structural variations
around the zinc binding sites probably resulted from the substantial
sequence difference among the inteins studied **. In this work, we
observed Cu”?* coordination to Cysl residue, resulting strong
S—Cu** CT absorption and protein fluorescence quenching.
Chemical modification on cysteine residue confirmed the Cu®
coordination to Cysl, which is the only cysteine residue in inteins
studied in this work. NMR and EXAFS studies suggested that the
His73 and C-terminal carboxylate also involved in the Cu(Il)
coordination.

The AAS measurements revealed 1:1 binding of Cu" to inteins,
which explains the inhibition of monovalent copper ion. The
inhibition assay based on GFP-Intein fusion protein indicated that 1
mM Cu’ could inhibit ~ 83% intein splicing. This inhibition
efficiency is slightly less than Zn®*, but stronger than Ni** and other
divalent metal ions measured in this work. The inhibition efficiency
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of five metal ions follows the order of Zn** > Cu" > Co*" > Ni*'>
Mn?*. CMCA analysis indicated that the binding affinity of Cu” to
intein is rather high (K ~ 10'"' M™). The strong inhibition efficiency
of Cu’ raised the question of binding sites in inteins. EXAFS
measurements suggested a 3N/O coordination of Cu’, which is
identical to environment of Zn>* coordination in RecA intein
(Glu424, His429, His439 and Asn440), according to the crystal
structure and NMR study in solution ®". Because of the
isoelectronicity of Cu’ and Zn*", these two ions often share a similar
coordination structure of tetrahedron °). Thus, the coordination
pocket in intein for Zn>" is likely suitable for Cu' as well. As the
Zn*" coordinates to four residues from two different intein
molecules and zinc coordination induces the protein dimerization of
RecA inteins, DLS measurement has been carried out to verify the
Cu" coordination in inteins. Results showed that with Cu" binding,
the intein formed dimer relative to apo proteins, which agrees with
the similar coordination of Cu’ to Zn*" in inteins. (Table S2)

In addition to the divalent metal ions studied in the literature [7],
the inhibition efficiency of Mn®>" has also been measured in this
work. Mn?" demonstrated the lowest inhibition efficiency among
metal ions studied. It has been proposed that the inhibition
efficiency of metal ions correlates to the binding constant, and the
lowest binding constant of Mn®* has been detected to RecA inteins
®l. Therefore, the low inhibition efficiency of Mn*" observed in this
work provided an additional evidence for our previous hypothesis.

Zinc has the highest inhibition efficiency among those divalent
metal ions measured in the reference. The efficient inhibitory effect
has been associated to its high binding affinity of coordination to
key residues in intein. The binding constant of Cu®* to inteins has
been measured by fluorescence and CMCA method in this work.
Although zinc binding constants vary over one order of magnitude
among three intein mutants (from 0.29 nM ~ 6.8 nM), the Cu®"
binding constants are similar in these proteins (from 0.098 nM ~
0.16 nM). This result indicates the higher binding affinity of Cu®"
than that of Zn**. As Cu®" also coordinates to key residues of intein,
including thiol group of Cysl, the high inhibition efficiency can be
expected.

The coordination of Cys1 thiol to Cu®" has been supported by all
measurements carried out in this work. The EXAFS spectrum and
NMR measurement suggested the binding site at Cysl, His73 and
Asnl139. As Cysl is the only cysteine residue in the inteins and 1:1
ratio of Cu®*" binding to inteins has been observed, 2S/N/O
coordination suggests that the coordination sulfur and two Cu®*
atoms are bridged between two protein molecules. DSL
measurement confirmed the dimerization of intein upon Cu(Il)
coordination. These coordination residues are very close in space
and form a catalysis core according to the crystal structures ).
While the two termini (Cysl and Asn139) are directly involved in
the protein splicing process, the B-block histidine (His73) is highly
conserved in all inteins. A recent study revealed that His73 plays an
important role of acid-base catalysis during intein splicing by a pK,
shift mechanism . The pK, of histidine imidazole decreases over
four units from precursor (pK, = 7.3) to spliced intein (pK, < 3.5).
Therefore, the coordination of Cu®" to these three residues must
interrupt the intein function substantially.

It is well known that cuprous complexes are more favorable for
sulfur coordination than cupric compounds according to HSAB
principle. Thus it is surprising that Cu(I) does not coordinate to
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cysteine in intein complexes while Cu(Il) does. To verify the
cysteine coordination in the cuprous complexes, CMCA analysis
was carried out on the protein with chemical modification by
iodoacetamide, which shows that the cysteine modification has only
negligible influence on Cu'-intein binding affinity. This confirms
that Cysl is not involved in the Cu(I) coordination. According to the
binding site analysis, Cu(I) likely take over the zinc position in the
crystal structure of AI-SM. It has been observed that the zinc
coordination has large variation among inteins. Zinc binding to
cysteine has detected in several inteins, but not in the RecA intein®®®
8] Since intein is not a metalloprotein, there is no specific metal
binding site in this protein. Thus, the local structure variation in
protein may affect the binding affinity significantly. It has been
demonstrated by the crystal structure that two zinc atoms bind to
two protein molecules in an asymmetric geometry in recA intein,
and the four residues provide a proper tetrahedral coordination sites
for zinc binding. This binding site is probably occupied by Cu(l)
since mono-valent copper prefers such tetrahedral coordination
structure as well. In contrast, four-coordinated Cu(Il) complexes
prefer square-plane coordination structure and do not fit the zinc
binding site. The coordination preferences result in different binding
sites of two copper ions. The detailed conformation will come from
crystal structure of protein-metal complexes, which is being carried
out in our laboratory.

Two roles of Cu®" have been observed in the intein interaction.
As a labile metal ion, Cu®" coordinates to intein very quickly. The
strong binding to key residues could be the major reason of
inhibition. After copper coordination, the spontaneous redox
reaction between Cu’* and cysteine thiol occurs slowly, which could
be the second reason of inhibition since thiol is required in the intein
splicing. This result explains the dual role of Cu*" in the inhibition
of intein splicing.
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Figure 1. (A) UV-vis absorption spectra of AI-SM in the presence of 4 mM BCA and
various amount of Cu**. Each measurement was performed 24 hours after adding Cu**
ions. (B) The oxidation percentage of thiol group as function of the ratio of Cu®* to
protein in the reaction of three inteins. The oxidation amount of thiol was based on the
formation of Cu” measured on the absorption at 562 nm. (C) The content of thiol in the
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annotated in the figure. Figure Caption.
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Figure 2. Kinetic process of the redox reaction between 250 pM Cu®* and 50 uM inteins
at 25 °C in the presence of 4 mM BCA in 20mM Tris-HCI pH 7.4. The quantification of
oxidation was determined by the amount of Cu”™-BCA measured on UV at 562 nm.
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Figure 3. Fluorescence of RecA inteins quenched by Cu®" ions in the presence of 0.5
mM glycine. (A) The fluorescence spectra of 1 pM AAly,-SM titrated by 0-20 uM Cu?’
in presence of 0.5 mM glycine and 20 mM Tris-HCl buffer, pH 7.4. (B) Variation of the
extent of fluorescence quenching of inteins. [(Fy—F)/Fy, where F, and F are the
fluorescence intensities at 340 nm in the absence and in the presence of Cu®,
respectively. Data were fitted using the one site binding (hyperbola) equation Y = B *
X/(Kgapp) + X) (Where B,y is the maximum extent of quenching and Ky is the
apparent dissociation constant). (C) The apparent and real dissociation constants of
AAI-SM measured in various concentration of glycine. The real dissociation constants
were calculated by Ky = Kagpp<(Kai/[Gly]) x(Kao/[Gly]) 1.
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was reported in the reference.’*”!



Table 1. The binding constants and stoichiometry of Cu®" to inteins.

Dissociation Constants Stoichiometry
Inteins
Kagapp) (WM) K4 (nM) UV-vis AAS [
AI-SM 0.17 +£0.03 0.10 +£0.02 1.03 1.05
AAL,-SM 0.19 £ 0.02 0.11 +0.01 1.25 1.21
AALy-CM 0.28 +0.05 0.16 +0.03 1.38 0.96

[a] Kyapp) Was obtained from the fluorescence quench data ( Fig. 3B). [b] The
stoichiometry was obtained from UV-vis data (Fig. 4A). [c] AAS measurements were
performed on the equilibrium dialysis samples by subtract copper concentration in

solution from protein in dialysis tubing.

Table 2. Fitting results of the EXAFS spectra on copper-intein complex using the
NSRLXAFS3.0 software package.

Coordination . Bond length Debye—Waller
Ligand

number R factor

N A) 7 (AY
28 2.29(3) 0.0042(5)
Cu(Il)-Intein 4 IN 1.96(2) 0.0012(3)
10 2.82(6) 0.0092(8)
3N 2.01(2) 0.0029(6)
Cu(D)-Intein 4 10 2.49(1) 0.012(2)

Table 3. Competitive metal capture analysis of Cu” binding to intein.

Competitive chelators [ retention Cu% [’

Aly,-CM Aly-CM-m™*
Pyridine 99.4 99.1
Ethylenediamine 56.6 61.7
Thiourea 1.3 33

[a] The concentration of competitive chelators is 20 molar-equivalent to inteins. [b] The

percentage of Cu retention in protein was calculated based on CMCA experiment.

Conclusion

This work has studied the interactions between inteins and copper in
detail. Both Cu" and Cu®* can bind to inteins strongly (nanomolar
binding affinity), although the binding sites vary between two
copper ions. The copper binding sites have been analyzed by
EXAFS and 2D NMR spectra. While Cu?*" binds to two terminal
residues and the B-block histidine, Cu" very likely takes over the
zinc binding site in the intein. The different binding selectivity is
probably due to the coordination geometry of the two ions. Both
cuprous and cupric ions coordinate to the key residues of the intein,
resulting in the inhibition of protein splicing. An in vitro assay
showed that Cu’, which possesses similar binding affinity and sites
to zinc, has a comparable inhibition efficiency to zinc. Although the
mutation in three minimized intein mutants caused different
splicing/cleavage activities, they have similar binding properties in
the copper interactions, suggesting that this metal ion binding is a
fundamental property of inteins.

Experimental Section
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Expression and Purification of inteins- Three minimized inteins, fused with
chitin binding domain (CBD) at N-terminus, were overexpressed in
Escherichia coli host strain JM101 as described previously™. The
expression plasmids were generous gifts from Marlene Belford. The
expressed proteins were purified using affinity chromatography with chitin
beads (New England Biolabs). The CBD tag was cleaved by dithiothreitol
(DTT) and then the inteins were released. The purity of inteins was checked
by SDS-PAGE, and HSQC NMR spectra show a single set of peaks
consistent with published data. EDTA (2 mM) was present during the
purification process in order to obtain metal free inteins. The final proteins
were ultrafiltered extensively against 20 mM Tris-HCI buffer (pH7.4) to
remove the EDTA and DTT. All preparation was performed under N, in
order to protect thiol in cysteine. Protein concentration was determined by
UV absorption using a calculated molar extinction coefficient of 19480
M'.cm™ at 280 nm.

Fluorescence measurements: The fluorescence measurements were carried
out on a Shimadzu RF-5301PC spectrofluorometer using a path length of 10
mm and excitation at 295 nm by scanning the emission spectra between 305
and 450 nm. The bandwidth for both excitation and emission spectra was 5
nm. For copper interaction, fluorescence measured by adding appropriate
amount of CuCl, to 1 uM inteins in the presence of 20 mM Tris-HCI buffer
pH 7.4 and varying concentration of glycine (from 100 uM to 1 mM). The
weak competitive chelator (glycine) was used for abolishing the contribution
of weak interaction from nonspecific binding sites, and preventing the
formation of insoluble copper hydroxyl species. 2 mM TCEP was added in
the measurement of Cu’ interaction. All experiments were performed at
25°C.

UV-vis Absorption measurements- UV-vis absorption spectra of the Copper
ions bound inteins in 20 mM Tris/HCI (pH 7.4) were recorded from 200 to
1000 nm at a Hitachi U-2801 spectrophotometer. The kinetic measurements
were carried out on Agilent 8453 spectrophotometer equipped with Peltier
Temperature Controller at 25°C. All experiments were repeated three times.

NMR Measurement- NMR spectra were collected at 25 °C on a Bruker 600
MHz spectrometer equipped with a cryogenic probe. NMR samples were
prepared in phosphate buffer at pH 7.0 containing 10% D,0. 500 pL of 0.3
mM uniformly '"N-labeled inteins were used. Copper titrations were
performed on two-dimensional 'H "N HSQC spectra. Data were obtained
with a spectral width of 10800 Hz in the 'H dimension and 2400 Hz in the
>N dimension and 32 scans of 2048 real time points for each of 128 t,
increments were recorded. The "*N dimension was zero-filled to 256 points.
The data were processed with NMR pipe and analyzed with Sparky.
Complete peak assignments have been reported previously 7.

X-ray Absorption Fine Structure Spectroscopy: The Cu K-edge XAFS
spectra were measured at the beamline U7C of National Synchrotron
Radiation Laboratory (NSRL) of China. The electron beam energy is 0.8
GeV and the maximum stored current was 250 mA. The incident X-ray beam
is generated by a non-dispersive silicon double-crystal monochromator with
111 symmetric reflections. The X-ray harmonics were minimized by
detuning the two flat Si(111) crystal monochromators to about 70% of the
maximum incident light intensity. The XAFS spectra were measured at room
temperature in fluorescence mode using a 7-element pixel high purity Ge
solid-state detector with 45" incidence angle. Protein were lyophilized shortly
after adding copper ions to intein solution and measured in powder samples.
The data analysis was processed using the NSRLXAFS3.0 software package
28 with the standard data analysis procedures ®. The theoretical
backscattering amplitude and phase shift functions were calculated by the
FEFF7 code .

Copper binding assay: The copper bound to protein was determined by
equilibrium dialysis and the amount of copper was measured by AAS
(Aanalyst 800, Perkin Elmer, USA). The protein samples were dialyzed
against the sample buffer containing 50 puM copper ions with 3 KDa
molecular weight cut off (MWCO) dialysis tubing. Solution outside of
dialysis bag was measured as the reference. The stoichiometry was obtained
from the concentration of copper and protein.

Inhibition assay: An in vitro inhibition assay has been performed on the
GFP-intein fusion protein®”’. The protein expression plasmids were generous
gifts from Henry Paulus. The expressed fusion protein has a RecA intein
insertion adjacent to the residue 129 of GFP protein. The protein was
overexpressed in Escherichia coli host strain BL21, and the renaturation and
purification were performed as described previously %, The renatured
fusion protein was incubated with 1 mM concentration of various metal ions



at 25 °C for 18 hours. Protein splicing was monitored by fluorescence
measurements.

Competitive metal capture analysis: The CMCA was performed as
described previously "\ For Cu®* binding measurement, fluorescence
spectra were recorded before and after adding competitive chelators into
Cu**-intein solution. The binding competition results were obtained from the
recovery of fluorescence quenched by Cu®'. For the Cu' binding
measurement, the 1:1 Cu-intein solution was mixed with the required
molar-equivalent of competitive chelators for 12 hours at 4 °C before
dialysis (3 kDa MWCO). The copper bound to protein was analyzed by AAS
after dialysis.
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O K-edge X-ray absorption observation of
one dimensional Fe;O4 nanostructures
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Abstract Magnetite nanochains coated carbon and magnetite nanorings coated PVP were
synthesized by a solvothermal route. By XRD, FT-IR and XAS of Fe L-edge, we confirmed the
phase of both of them were magnetite. A detailed study toward XANES of O K-edge was
performed and unique prepeak splitting features, which are different from all other iron oxides
XANES reported have been found. By comparing these with bulk sample of magnetite tested and
magnetite nanocrystals reported, we draw the conclusion that a transition from octahedral sites to

tetrahedral sites of Fe3+ exists, which should attribute to the formation of 1D nanostructures.
Key words: XANES; O K-edge; magnetite; nanomaterials; one-dimensional (1D) structure
1. Introduction

Low dimensional magnetic nanostructures, such as nanochains and nanorings, are intriguing due to their
potential application in magnetic recording media, micromechanical sensors, bio-medical, and photonic
crystal - Although the synthesis approaches and applications of them have been widely studied, it is still
not clear that whether the formation of chains or rings will have influence on the electronic structure of
transition metal, such as Fe in magnetite, which is essential for designing device and understanding

physical principle of low-dimensional system.

X-ray absorption near edge structure (XANES) is a state of the art technique to achieve this target. In this
study, we will focus on studying iron in novel magnetic nanochains and nanorings. Owing to the selection
rule’, for O K-edge, only O p orbital can be reached, which hybridize with iron 3d and 4sp states.
Therefore, the information of fine structure of O near edge will reflect the unoccupied 3d states of iron in
magnetite. The O K-edge XANES spectroscopy of bulk magnetite has been studied since the work of
Colliex et al® at a low resolution. De Groot et al established the a serials of O K-edge XANES
spectroscopy of transition-metal oxides including magnetite with a resolution better than 0.5¢V°. Then, in
a increased energy range (from 20eV to 50eV ) above threshold were recorded by Pollak et al’, and a

following MS calculation were carried out by Wu et al®.
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As to nanoscale metal oxide, O K-edge XANES spectroscopy of a-FezO39, v- Fe2031°, and
Caz(AlXFel_x)205ll nanocrystals have been reported, and blurring effect has been found in some of these
systems. Recently, Signorini et al reported XANES study of iron/iron oxide core-shell nanoparticles'? and
Wang and co-workers studied oxide shell on the surface of iron nanoparticles by a high spatial resolution
EELS". To the best of our knowledge, no study about the influence of one-dimensional structure to
electron transfer has been reported. It is of great interests because nanochains or nanorings are good
samples to study quantum effect in transport phenomenon. In this paper, O K-edge XANES spectroscopy
of magnetite nano-particle chains and nanorings are reported, the differences between these results and
bulk sample or monodispersed magnetite nanocrystals are compared and the reasons underlying are

analyzed.
2. Experiment

Magnetite nanochains (S1) and nanorings (S2) are synthesized by our reported methods'*'>. The
morphologies of powder sample of nanochains and nanorings were characterized by field emission
scanning electron microscopy (FE-SEM) performed on a JEOL JSM-6700M scanning electron

microscope.

The phase of our samples were characterized by X-ray diffraction, collected on a Japan Rigaku
D/MAX-yA X-ray diffractometer equipped with Cu Ka radiation (A= 1.54178 A) over the 20 range of
10-70 °C; X-ray absorption spectroscopy (XAS) of Fe L-edge, collected performed at beamline U19 of
National Synchrotron Radiation Laboratory (NSRL, China) in the total electron yield detection mode at
300K. The estimated photon-energy resolution at the Fe L3 edge was better than 0.2 eV, and the magnetic
field applied was 0.1T; and FT-IR, obtained using a Magna-IR 750 spectrometer in the range of 400-4000

1. . -1
cm’ with a resolution of 4 cm™.

O K-edge XANES spectroscopy was collected at beamline U19 of National Synchrotron Radiation
Laboratory (NSRL, China) in the total electron yield detection mode at 300K. The ultrahigh vacuum
chamber background pressure was at 5x10~ Pa. The photon energies ranged from 525 eV to 560 ¢V and

the experimental resolution was estimated to be 0.2 eV.
3. Results

The SEM images of nanochains and nanorings, presented as Figure 1, confirm that the chain and ring
structure remained when the samples were dried in vacuum. In addition, the large scale of nanochains and

nanorings make it possible to detect the whole properties of these novel structures.

To confirm the phase of magnetite is critical to the further discussion of the structures’ influence toward
electron structure. However, since it is quite hard to distinguish magnetite and maghemite owing to their
similar structure, we performed a series of characterization including XRD, FT-IR, and X-ray absorption
of Fe L,3 edge. The XRD patterns of S1 and $2'*15 correspond to iron oxides (JCPDS file 19-0629,
magnetite, or JCPDS file 39-1346, maghemite). The FT-IR spectra of as-prepared samples are available in
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literature 14,15. Nasrazadani et al'® have revealed that magnetite usually have two strong bands at around
570 cm™and 390 cm™, different from the absorbing peaks of maghemite at 630 cm-1and 430 cm’’, which
also indicate that both S1 and S2 can be indexed to magnetite. To further confirm our conclusion, XAS of
Fe L, ; edge was used, shown in Figure 2. Firstly, the splitting of the L; peak (705-710 eV) is an important
characteristic to distinguish magnetite and maghemite. We observe that the splitting of A, B peak of Sl
and S2 are about 1.21eV, which is corresponding to film sample reported (1.2 eV for Fe;04, 1.4 €V for
y-FezO3)l7’18. The weak intensity of peak A could attribute to weak magnetic field applied (0.10 T) which
is far from enough to reach the Ms of our samples. Combining all these evidence above, it is safe to

conclude that the phases of both S1 and S2 are magnetite.

The XANES of S1, S2, and bulk magnetite from commercial powder can be seen in Figure 3. Obviously,
S1 and S2 displayed significant difference from the bulk sample (in good agreement with reported
results™) and also other iron oxides shown in literatures®®. In the work of Wang et al’, the EELS O
K-edge of magnetite nanocrystals significantly different from our results, which could support that
blurring effect caused by nanocrystals’ quantum confinement effect at least is not the main reason of the
novel electron structure we observed. Therefore, we propose that this result can be attributed to unique 1D

structure.
4. Discussion

We will discuss the features of O K-edge XANES in detail in this part. It is well known that the XANES
can be divided into three regions. The first region (labeled A; and A;) , or the “prepeak”, reflects density
of unoccupied 3d states of iron, which provides the most important information for our study. According
to Wu et al®, a strong feature in the second region (labeled B) from 535eV to 545¢V is the result of
“scattering resonance” in the cage of first oxygen shell, hence has nothing to do with iron. In our study, we
only covered a half of the third region (labeled C), from 545 eV to 560 eV. MS calculation by Wu et al®
has proved that B and C features mainly due to oxygen cage, so we will not discuss these features. Some

important parameters are listed in Tablel.

Prepeak reflects the electron transition from O 1s state to the state hybridized by O 2p state and Fe 3d
states. Usually, this peak will split into two components which can be interpreted by “ligand-field

splitting” proposed by de Groot et al’.

Firstly, the intensity of prepeak (including A; and A;) could reveal the degree of occupancy of the Fe 3d
orbital, bond length of Fe-O and therefore the covalency of Fe-O bond. Wang et al found that for Fe/iron
oxide core/shell nanoparticles and fully oxidized particles with sizes of about several nanometers, the
prepeak of the XANES is obviously weak than standard magnetite'>. However, as is shown in Table 1, we
observed no significant difference when considering the intensity of prepeak. Since the detect depth of
XANES is about 10~20nm, we could conclude that in the surface layer, the ratio of Fe*/Fe’" is almost the
same as standard magnetite, which also further confirm the phase of our samples. This result will directly

lead to normal bond length and covalency of Fe-O bond and also excludes the nonstoichiometry effect.
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Secondly, the most significant difference of nanochains and nanorings is the relative intensity of peak A;
and A,. Normally, the splitting of prepeak of magnetite is not obvious. A, is only a shoulder at 0.7eV
(reported by Wu et al®) or 1.0eV (by our observation). This result could attribute to the complicated
structure of magnetite. As is known, magnetite has the inverse spinel structure with half of its Fe’* in
tetrahedral sites and another half Fe** and all Fe*" in octahedral sites. The eg-tag-like splitting can be
divided into three situations as shown in Figure 4. It is obviously that for Fe*" in tetrahedral sites, there are
3t,, orbits and 2e, orbits, so a ratio of 2:3 is expected for peak A; and A,. Similarly, there are also 3ty
orbits and 2e, orbits for Fe’" in octahedral sites (noting that tyg orbits have lower energy this time) and 2t,,
orbits and 2e, orbits for Fe’" in octahedral sites, which may lead to a ratio of 3:2 and 1:1 for peak A; and
A, respectively. As pointed out by Wu et al®, 0 2p-e, hybridization is stronger than the O 2p-t,, one, which
result in a decrease intensity ratio of A;/A,. However, this is not the main reason for our significant small
Ay/A; because similar hybridization in standard magnetite still does not lead to the intensity ratio of A;/A,
large than 1. Combining all the analysis above, we suppose that a transition from octahedral sites to
tetrahedral sites of Fe’" exists in 1D nanostructures. Interestingly, we found that Md&ssbauer study on
magnetite nanochains reported by Zhang et al'® revealed that the of Fe*"/Fe’” in octahedral sites changes.
They attributed this to valence change of Fe ions in octahedral sites caused by the magnetic field and a
following deviation of the ratio of Fe*'/Fe*” from stoichiometry. However, the our XANES give evidence
that in our system, the change of Fe*'/Fe*" ratio in octahedral sites may result from the geometric
environment change of Fe*', rather than the valence change of Fe ions as excluded by the unchanged

intensity of prepeak.
5. Conclusion

In summary, the morphology, phase, surface electron structure of magnetite nanochains and nanorings
have been studied by FT-SEM, XRD, FT-IR, XAS and XANES. An unique prepeak splitting found in
XANES shows that, in addition possible valence change of Fe ions in magnetite nanochains, a transition
from octahedral sites to tetrahedral sites of Fe’" also exists in 1D nanostructures. This fining will be

helpful to understand the special transportation properties of 1D system in the range of nanoscale.

Tables

Sample AEA| (eV) AEA, (eV) AE. (eV) A;-A,(eV)  A/B Al/A,
Bulk sample  -10.6 -9.6 6.4 1.0 0.312 >1
Nanochains  -10.8 -8.8 6.4 2.0 0.327 0.627
Nanorings -10.8 -9.0 6.6 1.8 0.301 0.711

Table 1 Important parameters in XANES

Figures captions
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(a),SEM imagines of mgnetite nanochains (S1) and (b),nanorings (S2).
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Figure 2
(a), XRD pattens of S1 and S2 and (b) FT-IR of S1 and S2.
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Figure 3
XAS of L-edge of Fe. Inset is magified spectrum around L: splitting wavelength
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Figure 4

XANES of 0 K-edge of S1, S2, and bulk sample.
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1. HH RSP R N R E R E A=, Fi 200433
2. HHERZEFRPESW .G, B 200433
3. FHEBEEE AR EE K F S SLR =, A8 230029

WE. FTAESE TRUEHBI 1 R ANE (MBE) J592:4£150 C°IAISi (100) 41 _EJHZn. ZnOfE2E
Mz, K (Zno Mno o) ORGSR (FEfha), HAES/SUR R, X (Zno sMno.») O3 fEEHEAT [ £37.400 C”
B KA/, F3FE K (Zno Mno o) O REEIE CFE D)o AR XSFHEEATS (XRD) B, MnfB %
{EZnOS RS I FL M 51 S ABE (AFM) U II3E 2k A B s e A i (R R TRITE S, IR K
FE P4 R RTS8, Z05400K, SR HIMn K 2] SEXS 26 SORE 41 454 (EXAFS)
X} (Zno Mno. o) OFF S IEAT T JR A ST, SR F—Fh 22 Ak 5 [RIEXAFS bR 226 M 8 N (1) 7 12K 40
Ao 4 o XM R AL I A3 A I RE I o] DU S g | Nk 2 (R 3A S8, i
BEREINAAE . RIAEIR KARBERT S HE i PMnB 28 i 7 A A FE PR, B AEHE
Mo Os A FB 38 22, 0 1 0 2 3 SR KT I T JE R TR AR A B Sl B KRR i S s Bk, 1
B K JEAE S AT R B SR k55 o IR PR A A o TS e 38 22 (1 A A A ) TR T
KEEE: > TORAME; (Znodnoo) O s, 3Bk, REVE;

TV A b o3 43 SR B Bt A 1 R A 1 1o 08 W A e 80 - T AR T
SRR SR, AZZRH AR B A BT, AN R R R A . ZnO
SRR G-V SAMRL JBA TR G0, S8 a=b=3.254; c=521A, 7E% T
HARA 29 03,376V, HoW BB R, JE4EK, Diet1Z5 A BRE TN, p%l (Zn, Mn) O
AR AT S IR B RIS RRRF TN AT T2 2408, M35 2R Zn0MAk 2k i il b S AAT0 T8 A F
FHIFEL . — o TR IS 25 TR W], 76 (Zn,, M) OFP BE VRS2 B 4k B P R0 3 SR Bk Gt
SEPIRENE . SOPCREE . 6T IX Sepi R I = AU, 5 AN Y5 A 43, {E S DA 7] () —
PR (Zn, M) ORG24 J7 A A KA A RS MAAR G, LA BBURR o T o 46 45 P S B 24
ARBAERE S R b o BEAE A [ 46 S PR SRR BRI RE S 4 H T VR E T AR ) RO 2R
i B KA FEFT 5 (Zno, Mno o) OREIERE S EERE BT, TR 22 e vk, (R
T8 T BRI 23 B R R KRR G ) AR R SN, U T 4B ZMn 5 T 10 R G b, 3Xx) T
TR RE SR IO REYE B B . A ORI M K 300 ZEXE RS 4500 (EXAFS) , iR ik
FEHT IS (Zno.sMno. o) OFF BT FEORE (1 HEAT T SRS IR IT, R AR x (k) BBk B IRl i) 77 1,
RO BERE S b AT BEARAE 2 A5 7 R PR B I (R 0, T AR 5 R 2 P ) S

I,

5y FRAME (MBE) 4%, K AAE BS54 BIMBE T VA4S 1 (100) 41 L& b . REE
A K A E LA 2 96-8 X 10 “Pay SR A iR iz 1200 C' IO EUGHIIH IR, SE7E150 C'Si (100)
MR FAEKZn, Zn0ZEm 2, ARG, EEHNE 41 Zn. MnslRUsh s B b, #1473 31 (Zno Mno.») OFF fik
BECREha) o 7341, XoF (Zno sMno ) OFE AT — & 4R R, JRAZ400 CIE K 1/, 45 3138 K (Zno Mo 2) O
MU (FE b)Y o FF il (XS 26T 5 (XRD) 4544 73 A1 3 76D /MAX-YBZR XS Ze A S A3 bl &, SR FH i
KA1, 54AMICUBE A, £k o FFEAESZRIIRERT, Coe it BHEAT TR E . SRS S PAT-SPM-MDTHI 145
PREF WAEE UL K AL FEHT IS (Zno sMno. o) OF RERENR IR T TS0 R ity DRI R 25 M ol 2 7

QuantumDesign PPMSZRZ CHIHRYEFI & RS LIHT, EHEEFFEDHES S8 =07C 4k -,
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2 SEIO A5 AR

Bl e dhay bEIXSZATES (XRD) 4

XK.

KL (AN, XER B

Normalized Intensity

SER TR LLAS, FESESATER S50, MndB 244 ZnO Sh 4% 1
A, 76E KA RS FE S KIXRDEE T, 2347 T-45° &0 IIAT 5 16 S5 AR 538 K 5 RE i Mna0, 41 7% Fa 4 %2
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o
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‘_ 1—
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As-g rown

T

103

Annealed
‘."'*"-“

w
o

20 (degree)

B 138k 1 /MBI (Zne sMno o) O FEAEAE FH Y XRD 3%
B2 A& 3B KALPEHT )5 (Zno. sMno. o) OFG i B RE fhay bR IS, BT, BAJGHEMERAE D85

WA, FP- 28 S )OS 240 5. 3nmifl/ ) 23R K5 (15, Onm.,

B2, iBKHET () 7 (b) FEdhfIREES R

K] 3 e 38 K AT T S (Zno, sMno. ) OF 4 T B RE ha~ bIR) ZE XS 28 W SCkS 41 45 84 (EXAFS) &%, EXAFS
FRER ™, Mol 1 A T Zn0#s th Zn R IR EARAL B . U4Mn S &

SRR LM
Fm CHARB AL 20%8 E =), AR T THIC 7 7 45 R FMnO ] 7% .
K FEMn=0s 41 7%
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__ Mn K- edge |
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Photon Energy (eV)

Bl 3 B KHTEAFRIE— LR R S (B)

4238 KA FE T S (Zno. sMno. o) OF 8 JERE fhas bIFEHE (LOK) RAZF 1k w45 5, by 1] 0l 2]
TER K AT, (Zno Mno.o) OFRRETEIEAE fha BT BRI BN, TZEAR K AL FE S (Zno. Mno.») OFF
FETERE S b IR R R W AR5 o

FRHREXAFSIP &5 IR, 0 g5 i 5 AT, 7R T8 28Mn 5175 (Zn, Mn) OFR R (1) 5L
SORAS,  AKMnkb T AL E ) (Zn, Mn) OFF: i QZL.L%)(LEEZE, (Zn. Mno..) O R T FEREAE:
b*ﬁﬁTﬁ%%Mﬁl%,I%,LkFﬁﬁﬁmﬁ%Eﬁ%ﬁm¢ﬁ&m&@ ISP
AL X R i TR KR EMn A o0 B AR = A2, NI FRA TR 2Rk
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T=10K !#;l/
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-6 L 1 1 1 1
-4000 -2000 O 2000 4000
H (Oe)

M (10-%e.m.u)

B 4 B KETEAE R ALY, i 2k
3 4

TREXFIEAY 400 C 3B KALFERT G (Zno Mno.») O Bl BERE S ME RE A ELER,  JH EXAFS 45 458 T B 4%
Mn JRFAE (Zn, Mn) O Wi BSOS . B REVES S5 MIIGSPATITST, RLE Mn & B RAR IR
A, Mn b Zn BRI B TTAE Mn SRR e, LR SR KA RS R S TR
SE 38 Mn (A Mna0s 1% TR KOG ERREYEDRSS, 1% 5 FE il P Min,O5 P15 5%

D EAEAN RN (Zn, Mn) O £ i Ao 8 2116 25 P 2 1 Mn AT AN ) S s 45 4 i 380

27 Wk

[1] T. Dietl, H. Ohno, F. Matsukura, J. Cibert, and D. Ferrand, Science 287, 1019
(2000).
215 BRI L8 30: (Mn 4524 ZnO HMEFHEIE K R 8045 7 SRR e TR0 )
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P #l 5 N BIIAEN Cu 82 ZnO B ¥ SRR
BA AR KR RWE B TEHE
W LRSI R R A R E K s % i 310027

WE. XJF Rk oL A (Pulsed Laser Deposition) 7AW £ A &4 K £, 25 Cu
$a8. Cu-Na fn Cu=Ga HIHZ 0y In0 IR, JrxtHEM. K. B, #EER#THR. X
STAATAT (XRD) i X B &R BGHIE R AT BB A f IR In0 49 ST HEEE M. Cu
B4 Cu—Ga 25448 Zn0 HIE N n A, Ca W ANFR TR TRERA TRNKER, T
Cu-Na 352 In0 BEE R R FmM e g p A, BARTRATRERA TRS, Eaik
AR WU BRA; T Cu—Na 33570 Zn0 HHE 2 IH 55 p BIRBAFEREMEH K, AT AR
BT Cuipde In0 BIEAE n AR EAA TEEKHMMENGFE. X FEEEINIE (XPS) £
R#t—FIELABLA RPN A EEEDHNREAE.

S 00, Cu, FHEE SR
1A

Zn0 FEFhE A SASEIRAE Zn0 BN Fe, Co, Ni SibJEHICE, M SRR W E
PERIARE, BATHL S, #EAR, BRI RS, FEARKRINAE T, 15 B AR EAT 2 1 NI 5

2 RWHZE

S P RO TTRRE, A ICuIB 2% Zn0, Cu - Ga FE4B2%Zn0 1 Cu - Na FE4B2417Zn0
P EEHAE, RIS AT A JE OB . L ZnCuOSE A4 4G i 4tiZn0 (99, 99%) A K i 4tiCu0
(99.99%) By ARECRHEZ LLEE/R 40 HE 95: 5384, Zn(Cu, Ga) OB K5 Zn0. CuOMIGa:0; 12 LLEE IR T 4
b 94: 5: 0.5 8%, 7Zn(Cu, Na) OEJ2K57n0. CuOFINa.COs % ABE/R (140t 94: 5: 0.5 R4, KRG
SR IMNERBEE, T INNIE & (RS o B SR SN 3R 12h, FREFTIRARE, 50°C FILE 24
NI, R ARTE R U B 6emffRYE, PRSP be 4, SEFHEE] 800°C LRI M
NG, FETHELE 1000°CHREFI/NT, B ETHE A 1300 CLARE P /N, SRIGLEZTHAHl. ARSE
B Ve 4 K Tt [E] Lambda  PhysikZy @) 2 IICOMPex 102 FUKrFAESN TGRS, WOGIK % 5Hz, %
JGIIE 280m], WOLKNH A 248nm, PUBLLRE PR EIE B A 4. Sem, AKCINTE] 30mins. PURAR
ST LA R A 2X 107 Pa, ARSI T E] 500°C, A0, HN.0, ALK A
H0.2Pa, "

X HBede D1 systemBUxHI£efATHY (CuKa , A =0.154056nm) XL 145 MR e AT =, 6
F(#)7&BI0-RAD HL 5500PCHYEE /KMIRAK, WA R FHYES (Van de Pauw) V%, B FE M KER
TIRPE . TR NBZE K S A, HVarian Cary—300% 8248 AT W40 0% B H I OB 22
Y7 JIE FR) F0 27 1 e A R 3 B 1 W AR A 43 BT SQUID 24 Quantum Design 2 W) 8 3 & AL

AT BE CRPAR LA AR L 7 BRI
" E-mail: jjjh1987@163.com
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(SQUID) MPMS—XL, I KsEEIARI10-8emu, FrhNfEA )5 1 FATAE 210 .

3 ZHREHL

Zn(Cu,Na)o
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s
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c

E JL Zn(Cu,Ga)o
ZnCu0

20 30 40 50 60 70 80

20 (deg.)

B 1 CuiZ. Cu—Na fll Cu—Ga LB 2K Zn0 K XRD

MEL T HRTELE S, BARLEAFZB AR T KK Cu 8%, Cu-Na M Cu-Ga L4572 Zn0 FHJE
LA AT (002) (REULELR , RUIFE R 2 B — MBS EIF I ET R Zn0 H, 75 x R IIERINTE
A AT A LI Sk PR 265 AR KU, (002) Wiy 58 AT 0. 3° Zed, JF HIE ISR LUK, R Wl
(1 A A R LA

w(em?VI'Shy | p(Qem) | N(ecm?) | Type

ZnCuO 5.80 1.17x107 | 5x10" n
Zn(Cu,Ga)O 3.07 2.80x10° | 5x10" n
Zn(Cu,Na)O 0.8 1.4x10° | 3.14x10"” | p

£1 CupZk. Cu-NaFlCu—GatiBZLHIZnOTHE RE i) v 1 B

14t Cu B2, Cu—Na JLBHI Cu-Ga JL45 Zn0 WK 22 PERENNIASE R . Cu B2, CuGa
B Zn0 FEHERBLHAR SR n B i PERE, XN Zn0 AEAE KA R 774 T KR Zn (8] B
FIO 2L, IXEEAEGR G T BB LI 0 BUPERE, 1 HAE Cu-Ga 3545 Zn0 WSt T4 NI Ga”
Prffe o, ATRURME R, NI SE KRR @ T LR BE . Cu-Na F448 Zn0 WIS H T LA
500 p B, KW Na A Zn0 S, JHER T2 B/, Hi1T Na MBARED, S EKE
SRR, PRI P ) n ZY SRR BB AME — B, DR LS p Y
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Bl 4 CuBZ%. Cu-Na Fll Cu-Ga JLIBI4H Zn0 T HE ARG E] 25
M EI4H AT LUE B Cuts 24 I Cu-Gatt 45 Zn O B W (1 G A1 28, Cuds 24 ZnO I En TUIALE N4
R THRERY, 1 Cu-GattiB 2 ZnO Won MREYE o X AT g2 T #En BUIAEE R, Culs 1 HE n) T4
+2, Cu™ DR — AN E T, P AR A EM . B0, MR R, fEE KR IA S
Prif b, XL S e T 1 1R e AR AT A B S . AR T NadL B I, W ) TPAY, Cul+
Sy TAE+L, pBUIREEAME T2 S e S R B, DRIt A8 0 17 o

4 £Eig

SEH PLD J7 V104 T AR i Cu 524, Cu-Na 245 F1 Cu-Ga 3£35 ZnO #E 1 ZnO i,
XRD 45 536 W {5 AT B (1) ZnO YRR G5 0 FLIS A Hifth Ze Al . di2 g K] Co-Ga $L45 241 i
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R T ZnO LR HZEPERE, T RATE SR s B TR AP BT W AR e R A A, A
B Na (5K HEVER 7 EAAREIE N . BLETHERY] N RAESAE = AR, E3EGR 7K
JEA G RSER IR, WENVE R A NARAE T Cu B 1 A AR v 460 7 BB 1) 25

SEHR:
1. LQ Zhang, ZZ Ye,J G Lu, B Lu, Y Z Zhang, L P Zhu, J Zhang, D Yang,K W Wu, J Huang and Z Xie J. Phys. D: Appl.
Phys. 43 (2010) 015001

2. Coey J M D, Venkatesan M and C. B. Fitzgerald 2005 Nat. Mater. 4 173
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Cr [FT7E Ge/Si B B B G MR 5
AEH REX BIH

GBI 2= BB 515 B TR 505 050016)

WE: AARERA T RS & T R Cr #5242 th Ge Fo Si FMaE - 3R L. £ XRD Fn XAFS
BARMFER S Cr TERORBREMHATRAELI: Cr BT & Ce BRI AR, WA
Si B Cr T B T H 481 M, A H AL tst — SR T,

KR BEMEM AR ER

E-mail: houdl@mail. hebtu. edu. cn

1.1 5=

M RERLE - S ARDRL TR R T s B AT B E A R, 51T
NATII T2 I, AT A 1 H 725 T A R 1 e e st A 2T — ok A bR}
REMS AT 22 NI A SSBEAE T2 77 B S s a I LA BBk, (E B A B e
(K377 LWL R AN 2 o TRt 2 3 ARG IR 1) S IR 2 T I I R U= A B
WAME AR . IR I T AERHA R I 2 A T RARLE R M B, — X
A HAE MRS D, ZAREMIARIE SRR B2 Ge, Si L FAFEL
(FIRENEARC IR )L, el 506X R DMS AR R ARG A A A T 78 70 (AR X6
W MATA 4 45 R0 (X AF S ) A2 4 i Jit 1 Jri 3 E L A B AL 5 (1 a5 ) T-Be, e IR
¥ B R 0 S R SN 2 W) LA S5 R AT 5 AR i I R BUSE, W LR E S 2 Je R AR
AT PP T 25 il T 450 1 EXAFS S 8 4 I 1 1A 5 W s 1 R AU
AT FATRR BN CERGRERENE - S A B ST 8, BRG] EXAFS Al XRD 0K,
A J 7 B LA BN R A RE AT P PR EAH AN 8 EOGBIIE,  n] LT R o i 6
FeARZR AR o AT IO N AE,  NITTE 25 T i e -F 2 AR RL K RETE RS I LA o

1.2 525

) S AR s D S 704 IAE n Y Si A i3l 4% T &R 81 CrGeyx AT Cr,Siy 5L
FE o CroGe sy P AR K B4 600°C, CrSiyy B AR A T K, RGHEE
AT N AT S IR KALFE 30 min, ABKIREE R 600°C . RS E AR E ST 8.3x107
Pa, JRETHT, mral Ar SAE N TAESAMER, TESEHR 2.5 Pa.
1.3 #5150

M CryGeyx BLEZ Cr Sy HEFE ] XRD & 45 (& 1)n] UG LT RSB R0 &
PRI EERE, AF XRD HARERING Va3 KB Cr 8Ly, )8 Cr-Ge(SHL &)
DLN 4@ Cr BIFREsy MM, RW Cr JUT-HEN T BHAM SR 450 . M A5
UEE (R i FEE RN -0 55 K, CrySip RAEE M &5 AN, IR &
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TR0 T ARERRE S R Cr JR T I RS R, AE B R RS R SRR U7C
W ARG Cr U I KU X SRR 4l 45891 (XAFS) o R 2GR AE
20 TR XAFS $dE, AR5 FIH USTSXAFS 3.0 HA T abBEERY . & 2 K
Cro.11Geo g9 Al Cro20Geggo i H Cr 1) K iU IS (XANES). K 2 [AFEH4E T Cr
FRAEI) XANES 3%, FHRMoe . B T AR EIFE S b Cr R IAR T EMS. 5
SCHRPIFR S K B Cr K i XANES 5 H0ES, £32IFE 8 T 1 Cr th AR T4 4. 3T
e A (B 2R T Cr WS 7401 DY T R (O S A 3R 88 2 R 7, X IEF Y Cr db T a7y
ZERIIN Ge BHAM R IREAVIA, Bl Cr #5248 Ge BEAN Ge (K% . 1T A 1
HILEK T Cr B+ 27 454 Ge A& 207, Cr 1 3d $iES Ge 19 2p PLIEK
GG

3(a) WEEM Cro11Geogo Fil Croz0Geogo ' Cr K IAIH & X U 2R W IKOKS 41 45 44 1
(EXAFS)7E 3-12 A i Fl Py b4 7 {8 HLIH- AR 40 J B 7 21 F0 422 1) 435 1) B B L (RSF), - Ji T A
H Py (IR B . RSF B EE— NN T AR Cr-Ge BCAL7E /2. 7E RSF
AT LW S (R A BB AN RS AN, N TR AL AR, X e T ARSI
FEa IS, T B AR R IS R, X Cr B AR 5E )2 (Cr-Ge BiAZ5%
2 TR B3 (b)) AR ELR BL A 2R ASE I th 2RI b, T W= F
B BTSRRI B G  SH LU R Ge SIS HPINE 1 s, B Cr
3 PR T 45 Ge @A) Ge A%, WA AR Cr-Ge MIBCAZ AN %00 4. JREFEIX
P EESL R Cr I EEANIA], (B 254 Cr-Ge IIBCA7 20 CBE i Cro 11Geo.go A1 Cro20Geo 50
W RIRC AL Z53 0 R 3.89+0.03, 3.93+0.08 )53 T~ ik Ge I Bl 4l Ge-Ge HIHCLALEL(4.0),
Ak

SET Cr Ji R Ge JR T HEAN Ge HIAHE, 5 XRD 4550 2. W& 1 IE 45 R mT L
RIL, ¥ L 4R 1) Cr-Ge # (it Cro.11Geo.go A Cro20Geo.so B 5370 4 2.52
A 1253 A) Lol Ge TEIEAR Ge-Ge $1C(2.45 A)ZEK, KT Cr )R 142k
Ge K, Cr LB sCEEN Ge @RI S5 Cr-Ge BEK AR KL, ZEMIRE T 28—
KAz 5 2 B ANE Cr 8 N 3G & A B A2 4k, RBIRER 5> Cr JiF4bT-[A
— R B

Kl 4 8 CrySiix (x=0.08, 0.15, 0.18) HJEAFE N LA Cr AxFErh Cr K 4 X Hf&iiil
W (XANES). CrySiy WEEFE i 5 Cr FRFE XANES i85 B A7 B WA RIRFE, §7
FAEWA (5989 eV) i 0-90 eV MRS &Gl N A — AN 2 i, I HAERSol
AR T AN R IR By R RR T R A A, OOl R
AR AN . XFEE Cr Sy MIRFES S Cr FRAER) XANES 1%, RELERE S P AATAE
Cr B1#%. 3R E i BLA T X0 7 M 1s-3d B8 9 ERAT 5 1R P, Cr —fLL 0, +2,
+3, +4, +6 MIERAAAE, FHHATAFNSE, Tk ey A m, BEEO
AR, TSR, B S SO TR A A Cr BT XANES )L
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RO, BAVFTHIE) CrSipx HIEFES R Cr B P NAZAT+2 F+3 22 . XFFES
Cro.15Sioss WENRHEIT T X HHEGH FAERE (XPS) MR [FRERIL Cr 7ERES T FE 2L
+2 AAELE, SH/AORMN O B, MLl XRD R XANES (145 8041, Cr #fise
HEN Si (RS S50, HEWTEE CrSipx AR Cr P BB FE R, — M Cr
JEF A St A AR, PR Cr T 5 ai Si dt (1 1R B

H T RSB 2R IR T Cr MR BE S &, A NSRLXAFS 3.0 FAF 015 2111
EXAFS Hi b A7 ab#8, Ze5d k Il 3 A3 Ky ~k Elg (&5 hED, SRExtdt
HEAT A H AR 3R 15 4 1] 5 o 1A% n) 45 44 R £ (Radial Structure Function)&l. ] 5
Wgs T BT EAR R Cr 4 Si dl A AL IN A2 ) S5 PR AL . 7 CrySix
FE IS RSF A L T AN 2006 AL B, A IBARER Cr JR T84l Si 1) Cr-Si it
fi5e)Z, B IEARFE Cr Ji 5 KIE4R Cr () Cr-Cr Fif 72 )2, Heg AR i i e Ay 72
Zo Wi Cr ¥ Si A AR S S LU R, IR ERAEET (x=0.08) K4 Cr
JR b TR BEAE Cr BARREEE N, B IgEEHTIE, 220 Cr i1 SRR
Haria g W R, 48 Cr JR A Ge T I A AE, AE Cr:Si Ak
Cr JE7 55 i) T 48 RIBRAT, X5 R 58— SR B A B e 4 5t

T LA M R BRAEFRATT T 1) 25 PR A i R 35 % L3 10N T BRI b 25 4, FF %
A TG —AHE A, DR HERR T RE S I RE YRS T35 AR SR IR, Sk A AE AR AIE,
HREPE A T A T — 255
1.4 %58

4547 XRD M1 XAFS $iARWIST T BRI Cr FEA R BHA R4, AL Cr
JR A Ge BEARHHZ AR I A AFAE, e Si BEAH Cr Jot 7 S8 5 o P TRl BAL,
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Effect of annealing conditions on optical properties of Sn quantum dots

Zhao Xilei, Wang Kefan

(Institute of Microsystem Physics & Key Laboratory of Photovoltaic Materials, Henan University, Kaifeng 475004)

Abstract Sn quantum dots (QDs) were directly deposited on Si(001) substrate by solid phase
epitaxy for the first time. The dependences of the infrared absorption property of Sn QDs on
annealing conditions were investigated by fourier transform infrared spectroscopy (FTIR).
Due to the large size of Sn QDs, its characteristic absorption peak was not observed from the
synchrotron FTIR spectroscopy.

Key words ~ Sn quantum dot, Synchrotron FTIR
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The Study of Sorption Mechanism of Nickel(II) on Beishan Soil

Qiao-hui FAN'", Wang-suo WU', Xiang-ke WANG”

(1 Radiochemistry Laboratory, Lanzhou University, Lanzhou 73000, Gansu, P.R. China; ? Institute of
Plasma Physics, Chinese Academy of Sciences, Box 1126, 230031, Hefei, China.)

Abstract: The EXAFS analysis showed that the sorption of Ni" of BS mainly dominated by
ion-exchange or outer-sphere complex; however the precipitation and Ni-Al LDH were playing
important role at pH above 7.0. At pH 7.6, CN (Ni-O) was decreasing from 6.5 to 5.34 with
increasing of contact time from 2 to 15 days, whereas R (Ni-O) was increasing obviously from
2.027A to 2.041A. R (Ni-Ni) ~3.08 A (CN ~6); meanwhile the CN (Ni-Al) increased from 1.51 (2
days) to 2.95 (15 days), indicating that a typical Ni-Al LDH formed as the increasing of contact

time.
Key words: Ni, sorption, soil, EXAFS, LDH

Increasingly, in-situ spectroscopic techniques such as time-resolved laser fluorescence spectroscopy
(TRLFS) and X-ray photonelectron spectroscopy (XPS) and extended X-ray absorption fine structure
(EXAFS) are being used to differentiate between sorption mechanisms '~. EXAFS have shown the
formation of precipitates Ni' sorption to mineral and oxide surfaces over rapid time scales, at pH levels
undersaturated with respect to pure metal hydroxide solubility, and at metal surface coverages below a
theoretical monolayer coverage *. In the present study, macroscopic Ni' sorption mechanism on Beshan
soil (BS), a kind of calcareous soil, is investigates in detail by using EXAFS techniques. The objective of

the present work is to elucidate the effects of pH, and contact time on Ni" sorption to BS surface.

1. EXPERIMENTAL METHOD
1.1 Soil and Chemicals

All chemicals used in the experiments were purchased as analytical purity without any further
purification. A surface Beishan soil (BS, Anthrosol, 0-20cm) was sampled from Yumen County, Gansu

province, China.
1.2 EXAFS Samples Preparation, Data Collection and Characterization

The standard sample of Ni“acl was obtained from dissolving higher purity nickel power using nitric
acid. The coprecipitate a-Ni(OH),(s) was prepared according to reference >, Addition and normalization
of X-ray absorption spectra, extraction of EXAFS oscillations and data analysis were performed with the
NSRL-XAFS software °. The amplitude reduction fact, (So)z, was fixed at 0.85. A good fit was determined

on the basis of the minimum residual error (R;). The Debye-Waller factor (6%) and E,, were allowed to vary

" Corresponding author. E-mail: wuws@lzu.edu.cn (Wu W.S.); fangiaohui@gmail.com (Fan Q.H.).
TEL: +86-931-8931278; Fax: +86-931-8913594
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during this 0ptimizati0n7. The theoretical scattering phases and amplitudes used in data analysis were

calculated with the scattering code FEFF 7 using the crystal structures of Ni(OH)zg, NiO9 and NiA120410.

2. RESULTS AND DISCUSSION

2.1 EXAFS Spectroscopy of Reference Samples.

The fourier transformed radial structure function (RSF) and &’-weighted EXAFS oscillation of reference
Ni", Ni(OH),(s) and NiO are shown in Figure 1. The RSF and k’-weight EXAFS oscillation spectra for the
Ni" ion in aqueous nickel nitrate, uncorrected for phase shift (~ +0.4 A), are obviously different with that
of Ni(OH),(s) and NiO. The magnitude of the first peak in the R range of 1.07 - 2.04 A are decreasing by
the following order: Ni'" > Ni(OH),(s) > NiO; whereas the intensity change of second peak in the R range
of 2.04 - 3.28 A are completely contradicting with that of the first shell. The Ni-O backscatter peak of NiO
at R =1.60 A is a little larger than that of Ni" and Ni(OH),(s) (R = 1.49 A). In addition, the second shell of
NiO and Ni(OH)(s) are obviously stronger than that of Ni", which mainly is attribute to the strong Ni
atom backscatter in the Ni(OH),(s) and NiO crystal. The position of Ni-Ni shell are about 2.5 A for NiO
and 2.7 A for Ni(OH),(s), respectively. The coordination number (CN), interatomic distance (R), residual
factors (Ry), and EXAFS Deby-Waller factors (¢°) are listed in Table 1. The spectrum for NiHaq could be
correctly modeled (R, = 0.046) by assuming a number of oxygen CN = 6.48 at R(Ni-O) = 2.042 A (o=
0.00344 A%). Good structure models are also obtained for Ni(OH),(s) and NiO, the values of R (Ni-O) are
2.038 A (CN =5.28, ¢°=0.00651 A?) for Ni(OH)x(s) and 2.068 A (CN = 6.21; ° = 0.00589 A?) for NiO,
respectively. The results for Ni-Ni shell also have been simulated well and the results demonstrate that the

. . . . . . . . 11-13
local coordination environment is consistent with their known crystalline structures .

Table 1 Best-Fit Structural Parameters Derived from EXAFS Analysis of Samples adsorbed Ni" and reference

samples.

1 Reference samples

Composition shell CN R (4) o (4 AE, Ry
Ni'y, Ni-O b 648(38)  2.042(51)  0.00344(4) -0.0200.8)  0.046
Ni-Ni ¢ 5.5(1.4) 3.142(74) 0.0144(9) 18.44(2.3) 0.019
«-Ni(OH),  Ni-O 528(38)  2.038(6)  0.00651(3) 5.28(38)  0.056
Ni-Ni 5.80(56)  3.104(5)  0.0069(1)  0.72(87)  0.023
NiO Ni-O 621(35)  2.068(14)  0.005893) 0.11(67)  0.043
Ni-Ni 1326(34)  2.932(6)  0.00615(1) -1.0935)  0.025

2 Effects of contact time on the sorption of Ni" on BS soil

5d,pH7.672  Ni-O 533(19)  2.0303)  0.00139(1) -0.84(46)  0.026
Ni-Ni 6.46(34)  3.076(4)  0.00862(1) 5.03(51)  0.037
Ni-Al 1.6423)  3.0492)  0.00106(32) 14.87(1.38)

15d, pH7.555 Ni-O 534(67)  2.041(1)  0.00274(15) -0.22(54)  0.032
Ni-Ni 578(23)  3.071(2)  0.00008(1) 8.19(39)  0.021
Ni-AUSi  2.95(16)  3.058(4)  0.00010 (4) 17.76(49)

5d,pH6.326  Ni-O 6.26(19)  2.046(3)  0.00444(5) 0.61(39)  0.026
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Ni-Ni 5.06(29)  3.011(4)  0.00578(43) -4.35(51)  0.058
Ni-Al  2.89(28)  3.005(7)  0.00032(36) -8.38(96)

15d, pH6.231  Ni-O 572(37)  2.038(3)  0.00280(4) 0.15(33)  0.016
Ni-Ni 6.71(25)  3.067(8)  0.00525(1) 0.69(31)  0.025
Ni-Al  3.13(56)  3.081(12)  0.00688(9) -15.25(1.7)

3 Effects of pH on the adsorption of Ni" on BS soil (with 48h)

pH 6276  Ni-O 6.5831)  2.047(3)  0.00576(2) -1.91(56)  0.038
Ni-Ni 595(17)  3.059(2)  0.00536(1) 0.12(30)  0.021
Ni-Al 1.7923)  3.047(9)  0.00138(19) -6.55(1.3)

pH7.812  Ni-O 6.51(12)  2.027(3)  0.00518(2) -2.92(53)  0.011
Ni-Ni 6.01(64)  3.086(2)  0.00868(1) 4.71(83)  0.014
Ni-Al 1.51(8) 3.063(4)  0.00004(1) 15.96(41)

pH9.692  Ni-O 6.6332)  2.037(4)  0.00492(1) -1.56(60)  0.036
Ni-Ni 62521)  3.076(5)  0.00919(1) 3.9521)  0.013
Ni-Al 1.55(8) 3.0702)  0.00043(1)  14.83(1.1)

R: Interatomic distance, CN: Number of neighbor oxygens, o”: Debye-Waller factor, 4E,: Energy shift, Ry
The residual factor R, = Zk(ijexp'k3xcalc)/2k(ijexp) measures the quality of the model Fourier-filtered
contribution (x..) with respect to the experimental contribution (Xeyp).

400 b @) ” 1 ()

Ni(OH)

0 1 2 3 4 5 6 2 4 6 8 10 12 14
R(A) k(A™

Figure 1 Corresponding Fourier transforms (a) and k*-weighed Ni K-edge EXAFS
for Ni" in solution(Ni",), Ni(OH),(s) and NiO.

2.2 Effect of Contact Time on Ni K-edge EXAFS Spectrum

Figure 2a shows that the RSFs (uncorrected for phase shift) reveals some significantly different between
BS sorbed Ni'' samples with the increasing of contact time at different pH values. The amplitude and
position of RSFs in the R range of 0.50-1.0 A is observably strengthen and shifts to higher values from 2
days to 5 days, and then the peak disappear at 15 days. The position of the first peak (R = 1.56 A) and
second peak (R = 2.67 A) are hardly dependent on the increasing contact time and pH values, however the
second peak of sample for 5 days and pH 6.2 is about 2.56 A which is consistent with that of reference

sample of Ni“aq. The first coordination shell is fitted with Ni-O backscattering pairs. The second
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coordination shell is simulated solely using Ni-Ni/Al pairs, because the discrimination of Ni-Ni and Ni-Al
backscattering pairs in Ni-Al LDH is problematic. At pH 7.6, CN decreases from 6.5 to 5.34 with
increasing of contact time from 2 to 15days, whereas the distance of Ni-O (R) increases obviously from
2.027A to 2.041A. The values of R (Ni-Ni shells) are approximate ~3.08 A (CN ~6) which indicates that
the environment of Ni" sorbed on BS is similar with the reference sample Ni(OH)x(s). The CN (Ni-Al)
increases from 1.51 (2 days) to 2.95 (15 days), indicating that a typical Ni-Al LDH forms as the increasing
of contact time "*'* '*. For BS samples sorbed Ni' at pH 6.3, the CN (Ni-O) reduces from 6.58 (2days, R =
2.047A, ° = 0.00576) to 5.72 (15 days, R = 2.038 A, ¢° = 0.00280). As the contact time increasing, Ni is
partly substituted by Al in Ni-Al LDH, resulting in a significant destructive interference between Ni and
Al backscattering contributions and causing an amplitude cancellation of the Ni and Al shells . It
indicates that the Ni" sorption to BS is dominated by precipitation and Ni-Al LDH at pH ~7.6, whereas the
sorption mechanism of Ni sorption at pH ~6.3 could be divided three steps: (1) the fast accumulation of
Ni" to BS surface by exchange and outer-sphere complexation; (2) Ni' diffusion from BS surface to the
inter-layer because of the shorter bond distance and lower coordination numbers of Ni-Ni shells (R =
3.011 A, CN = 5.06) and Ni-Al shells (R = 3.005 A, CN = 2.89); (3) then the continuous sorption of Ni"
on BS surface by precipitation and Ni-Al LDH.
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Figure 2 Corresponding Fourier transforms (a) and k*-weighed Ni K-edge EXAFS

for Ni"" sorption to BS at different contact time.
2.3 Effect of pH on Ni K-edge EXAFS Spectrum

Figure 3 shows the RSFs EXAFS oscillation of BS samples sorbed Ni" at different pH values. Both the
RSFs and the y functions differ from nickel nitrate (Ni"aq), indicating that the sorption of Ni" to BS
markedly affects the local structure of Ni atom. The RSFs (Figure 3a) for Ni" sorbed Ni" clear evidence
for changes in the local coordination environment from pH ~6.3 to ~9.7. The position of Ni-O shells at pH
6.28 is 1.56 A, which is slightly larger than that of samples at pH 7.82 and 9.70 (R = 1.52 A). The position
of the Ni-Ni/Al shells decreases from 2.7 A to 2.65 A as increasing pH from 6.28 to 9.70 for reaction time

2 days. In addition, the little peaks of pre-edge also changes regular as the pH increasing (see the solid line
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A in Figure 3a). All the BS samples sorbed Ni" show a small feature at ~5.0 A on the left side of the
oscillation at ~6.0 A, which is well reproduced in both Ni(OH),(s) and neo-formed Ni-Al LDH spectra
(Figure 3b). The beat patterns of the BS samples sorbed Ni'" at ~8.0 and 10.0 A™ show a significantly
various (see dash line B and C). The presence of ~6 O atoms at R2.027-2.047 A for the Ni-O shells, ~6 Ni
atoms for Ni-Ni shells and ~3 Al atoms at R3.04-3.08 A. Inclusion of an additional Ni-Al, Ni-Ni, or Ni-O
single scattering path do not result in improved fits of the second-shell region of the RSFs or fits of the
residual RSFs spectra obtained from two-shell fits. The results are well consistent with Ni'' sorption and

bonding at aqueous-boehmite (y-AIOOH) interface studied by Strathmann et al. '°.

60

ss0 b A @ |®) B C
500
40 |
400 - 20 | pH9.70, t=2d
350 _;<< |
R0 [ 3
é pH 9.70, t=2d | 0
=

| pH 7.82, t=2d

L pH 6.28, t=2d
1 1 1 1 1 -60 1 1 1 1 1
4 5 6 2 4 6 8 10 12

3
R(A) k(A™)

Figure 3 Corresponding Fourier transforms (a) and k’-weighed Ni K-edge EXAFS
for Ni" sorption to BS at different pH values.

3. Conclusion:

At pH 7.6, CN (Ni-O) decreased from 6.5 to 5.34 with increasing of contact time from 2 to 15 days,
whereas R (Ni-O) increased obviously from 2.027A to 2.041A. R (Ni-Ni) ~3.08 A (CN ~6) suggested that
the environment of Ni' sorbed on BS was similar with the reference sample Ni(OH),(s); meanwhile the
CN (Ni-Al) was increasing from 1.51 (2 days) to 2.95 (15 days), indicating that a typical Ni-Al LDH

formed as the increasing of contact time.
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Figure 1. (A) XANES of Eu-bentonite samples equilibrated at various pH and the Eu reference samples,
(B) Fourier transformed spectra of reference samples and sorption samples,
(C) First-shell fit of the XAFS function of reference and sorption samples. Experimental first-shell filtered data in

the 1.2-2.5 A range (solid data) and best fit (dotted line) modeled as Eu-O contribution
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Abstract: The adsorption to goethite of extracellular polymeric substances (EPS)
isolated from the early stationary growth-phase culuture of Pseudomonas putida was
investigated using batch studies coupled with X-ray absorption fine structure
spectroscopy (XAFS). The adsorption isotherms of EPS on goethite conformed to
the Langmuir equation and the amount of EPS-C, -N and -P adsorbed followed the
order: EPS-C > EPS-N > EPS-P. However, the distribution coefficient (K4) and
adsorption energy constant (K) showed that EPS-P was adsorbed strongly and
preferentially than EPS-N and EPS-C. XAFS results demonstrated that a part of
P-O-Fe bond formatted as for phosphodiester groups of EPS sorbed on goethite
surface and EPS can reduce Fe(Ill) to Fe(Il) and the extend of this reduction

increases with decreases pH.

Key Words: EPS, Goethite, Adsorption

1. Introduction

The extracellular polymeric substances (EPS) produced from bacteria are bound
to the cell surface (‘‘capsular’’), released into solution (‘‘free’”) or associated with the
hydrated matrix of biofilms. The EPS can influence the migration and adhesion of
bacterial cells in soil environments by altering the surface chemistry of underlying
substrate (Schneider et al., 1994).

EPS are a heterogeneous mixture composed dominantly of polysaccharides and
proteins, with nucleic acids and lipids as minor constituents (Omoike and Chorover,
2004). These C-, N- and P-containing moieties may interact covalently or via
Coulombic or van der Waals association with hydroxylated mineral surfaces and
affect surficial conditioning of substrata. For example, the ligand exchange of
Bacillus subtilis EPS phosphate groups at goethite surface hydroxyls was observed in
situ by attenuated total reflectance fourier transform infrared (ATR-FTIR)
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spectroscopy (Omoike et al., 2004). Increasing solution ionic strength (1-100 mM
NaCl) or pH (3.0-9.0) resulted in a decrease in the mass of EPS adsorbed by goethite
(Omike and Chorover, 2006). However, the sorptive fractionation patterns of EPS on
minerals remain poorly understood. In the present work, we investigated the
adsorption of EPS isolated from P. putida on goethite using both macroscopic and

spectroscopic techniques.

2. Methods
2.1 Bacterial EPS isolation and purification

P. putida was cultivated aerobically in Luria broth at 30 °C to early stationary
(24 h) growth phase. The cells were removed from the culture solution by
centrifugation and the supernatant solution was then centrifuged at higher force to
remove residual cells. EPS was precipitated from the supernatant solution by adding
cold reagent-grade ethanol to the supernatant solution at a volumetric ratio of 3:1, and
the mixture was then stored at 20 °C for 18 h (Omike and Chorover, 2006). The
precipitate was separated from the ethanol suspension by centrifugation. The pellet
obtained after centrifugation was dialyzed against Milli-Q water using cellulose
membranes (1000 MWCO from Spectrum) to remove low molecular weight
impurities including ethanol. After dialysis for 72 h against two changes of Milli-Q

water per day, the EPS solution was freeze-dried.
2.2 Mineral

Goethite was synthesized by neutralization of a 0.15 M Fe(NOs); solution in a
high-density polyethylene bottle according to the method of Atkinson et al. (1967).

2.3 Adsorption of EPS

One hundred milligram of mineral was mixed with 20 ml of EPS solution (pH
5.0) containing 4-20 mg of EPS. The mixture was gently shaken at 25 °C for 2 h and
centrifuged at 20,000 g for 20 min. The total organic C and N concentrations of EPS
in the supernatant were determined using 3100PC TOC/TN analyzer. The P content
of EPS was determined by potassium persulfate digestion-spectrophotometric
method (GB 11894-89). The amount of EPS-C, -N and -P adsorbed was calculated
by the difference between the amount of EPS added and that remaining in the

supernatant.
2.4 X-ray absorption spectroscopic data collection and analysis

Iron K-edge X-ray absorption spectra at 7111.3 eV were recorded on beamline
U7c at the National Synchrotron Radiation Laboratory (NSRL, China). The electron
beam energy was 0.8 GeV and the mean stored current was 100 mA. The energy of
X-ray was detuned by using a fixed-exit double-crystal Si (111) monochromator.

Ionization chambers with N, atmosphere were used to collect the Fe K-edge spectra at
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room temperature. All sorption samples and solid standard compounds (FePO4.4H,0,
Fe-C,04.2H,0) were measured by transmittance. EXAFS data analysis was
performed with the NSRL-XAFS software (Zhong et al., 2001). The EXAFS
oscillations were isolated from the raw, averaged data by removal of the pre-edge
background, approximated by a first-order polynomial. The extracted EXAFS spectra,
obtained via spline fitting techniques and normalized using a Victoreen function, were
Fourier transformed (FT) using the k range 1.0-12.0 A"'. The theoretical scattering
phases and amplitudes used in data analysis were calculated with the scattering code
FEFF 7 (Zabinsky et al., 1995) using the crystal structures of FEOOH (Szytuta et al.,
1968).

3. Results
3.1. Equilibrium adsorption of EPS on goethite

The adsorption isotherms of EPS-C, -N and -P on goethite are shown in Fig. 1.
EPS adsorbed by goethite fitted Langmuir equation X=X,,KC/(I+KC), where X is
the amount of EPS adsorbed per unit mass of goethite (mg g), X,, is the maximum
amount of EPS adsorbed (mg g), K is a constant related to the adsorption energy (L
mg ") and C stands for the concentration of EPS in the equilibrium solution (mg L™).
The adsorption of EPS by goethite increased steadily as the increment of EPS
concentration in solution. As presented in Table 1, the maximum amount of EPS-C,
-N and -P adsorption on goethite were 27.57, 10.27 and 6.32 mg g, respectively.
The greater the K value, the higher the affinity between goethite and EPS molecules.
The K values for EPS elements adsorpton on goethite were in the order of EPS-P
(0.1789) > EPS-N (0.0976) > EPS-C (0.0155), which indicates that the affinity of
P-containing moieties on goethite is higher than EPS-C and -N.

Distribution coefficient (K4 values), where K4 = Xm/C, are plotted as a function
of EPS concentration in Fig.2. The data show a strong preference for adsorption of
EPS-P relative to —N and —C, consistent with the much higher Langmuir K values for
EPS-P in Table 1. Although K4 for EPS-N and EPS-C are closer in value, preferential
adsorption of N-containing moiethies is apparent, particularly at higher EPS

concentration.
3.2. XAFS data analysis

XANES has been used extensively and successfully to determine the ion
oxidation state and the chemical coordination environment in several different
systems. Fe K-edge XANES spectra of all reference compounds and EPS-FeOOH
sorption samples at pH 3 are shown in Fig.3. The edge for Fe(Il) and Fe(Ill) was
represented here by solid standard compounds Fe-C,042H,O and FePO44H,0,
FeOOH respectively. The edge for Fe(II) occurred at a lower energy than the edges
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for Fe(Ill). The spectra and Fe K-edge positions for sorption sample is in the middle
of Fe(Il) and Fe(III), indicating that Fe(IIl) in goethite was partially reduced to Fe(II)
after contact with EPS. It has been demonstrated that many components of biomass
such as proteins containing cysteine and other disulfide functional groups are able to

reduce metal ions through bioreduction (Gardea-Torresdey et al., 2002).

The backgound-subtracted and normalized &*-weighted fourier transforms (FTs)
of goethite and its compexes with EPS at pH 3-9 are presented in Fig. 4. The iron
EXAFS spectra of EPS-goethite complex at pH 3-9 are similar with that of goethite,
which suggested that the iron of sorption samples was coordinated by approximately 6
O atoms in the first shell. This was further supported by the quantitative analysis of
EXAFS data (Gustafsson et al., 2007, Karlsson et al., 2008, Van Schaik et al., 2008).
Their studies showed that the functional groups of (organic soils, humic acid, fulvic
acid) can form inner-sphere complexes on Fe-oxy(hydr)-oxides and Fe(IIl) was
coordinated by approximately 6 O/N atoms in the first coordination sphere (it is not
possible with the EXAFS technique to distinguish between O and N). The
k*-weighted EXAFS spectra for Fe in the sorption samples and goethite are showed in
Fig.5 and the coordination number (N), inter atomic distance (R), and EXAFS
Debye-Waller factor (6°) obtained from the fits are listed in table 2. The Fe-O
distance of goethie-EPS complex decreased from 2.01 to 1.96 A with the increase of
pH from 3 to 9. Gustafsson et al., (2007) observed that the Fe-O bond distance of
synthetic goethite was 1.98(2), while the bond distance for Fe(Il) is substantially
longer, 2.10 A (D’Angelo and Benfatto, 2004). Therefore, the Fe-O distance of
goethie-EPS complex further suggested that the EPS can reduce Fe(IIl) to Fe(Il) and

the extend of this reduction increases with decreases pH.

The k’-weighted y spectra of sorption sample is similar to the FePO44H,0 and
distinct from the FeC,042H,0 (Fig.6), which suggested that a part of P-O-Fe bond
formatted as for phosphodiester groups of EPS sorbed on goethite surface. The wide
peak and a distinct shoulder on the second coordination shell in the EPS sorbed on
goethite EXAFS spectra indicated that not only one atom contributed the second
coordination shells (Fig.4). This was further supported by the fitted Fe-Fe bond
distance of synthetic goethite ranges from 3.00 to 3.44 A (Gustafsson et al., 2007) and
Fe-P for adhesion of bacterial exopolymers to 0-FeOOH from 3.22 to 3.39 A (Omoike
et al., 2004), which are also contributed the second coordination shells for sorption
samples. However, it is difficult to separate contributions from different
backscattering atoms in higher coordination shells present at similar bonding
distances from the central iron atom (Karlsson et al., 2008). Furthermore, the
concentrations of EPS-a-FeOOH inner-sphere complexation (<10%) were below the
detection limits of the EXAFS technique. Therefore, it is difficult to discern a Fe-P
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contribution to the XAFS spectra in the second coordination shells. A possible
method to gain more insight into the high shells of the phosphate-iron complexes may

be collecting the phosphorus K-edge X-ray absorption spectra in our next studies.

4. Discussion

EPS have been shown to contribute to biomineralization of iron oxyhydroxide
(FeOOH). Our studies showed that the EPS can reduce Fe(III) to Fe(II) and the extend
of this reduction increases with decreases pH. Recently much research has been
devoted to XAS on characterization of iron(IIl) with fulvic substance or organic soils
(Van Schaik et al., 2008), their studies showed that surface functional groups of
natural humic substances are capable of abiotical reduction of iron(IIl), a process
which was found to be pH-dependent. In addition, model VI and the NICA-Donnan
model was applied to describe iron(Ill) complex with humic and fulvic acid, the
modeling results indicated that carboxylic groups are the dominant functional groups
involved in the binding of iron(IIl) (Weber and Achenbach, 2006). However, our
studies showed that ligand exchange between the phosphodiester group of EPS and Fe
surface hydroxyls have been reported as the main mechanism for P. putida EPS
adsorption on a-FeOOH surface, which is line with the conclusions advocated by
Omike et al., (2004, 2006) in their studies of B. subtilis EPS adsorption on a-FeOOH
surface. Furthermore, the results of XAFS showed that the EPS can reduce Fe(IlI) to
Fe(Il) and the extend of this reduction increases with decreases pH. A decrease in the
absorption in the 1544 cm™ region, which suggests some N-H groups of protein
(amide IT) were involved during the process of EPS adsorption on a-FeOOH surface.
This observation may lead us to speculate that some N-H groups were oxidized and
Fe(Il) reduce to Fe(Il) during the process of ligand exchange between the
phosphodiester group of EPS and Fe surface hydroxyls. Lower et al (2004, 2007) also
observed that outer membrane of Shewanella oneidensis have ability to reduce Fe(III)
to Fe(Il) and outer membrane cytochromes (e.g., MtrC and OmcA) transfer electrons
directly to Fe(Ill) for bacterial recognition of goethite surfaces. Adsorption results
showed that the mass of EPS adsorbed (C, N, or P basis) increased significantly with
decreasing pH. Therefore, the most likely explanation for the pH-dependent reduction
of iron(Ill) is the more EPS adsorbed on goethite surfaces and more amide groups

responsible for this reduction process.

5. Conclusions

EPS-P and -N containing moieties can be adsorbed preferentially by goethite.
EPS adsorption results in the formation of P-O-Fe bonds between phosphoryl groups
and goethite-surface Fe metal centers. Fe(IlI) in goethite can be reduced to Fe(II) by
EPS adsorpton with the decrease of pH. The study suggests that nucleic acids and
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proteins likely play an important role in conditioning film formation and bacterial

adhesion to Fe oxide surfaces.
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Table 1 Langmuir parameters for adsorption of EPS-C, -N and -P on goethite

Element adsorbed by goethite X, (mggh) K (L mg") R
EPS-C 27.57 0.0155 0.91
EPS-N 10.27 0.0976 0.97
EPS-P 6.32 0.1789 0.93

Table 2 Summary of Structure Parameters, Distances, R(A), Debye-Waller Factor
Coefficient, GZ(AZ), and Number of Distances, N, from the Refinements of the Iron K Edge
EXAFS Data.

samples interaction R(A) o’ (A% CN | AEg(ev)
FeOOH Fe-O 1.96 0.0100 6.0° -4.99
EPS-Goethite-pH3 Fe-O 2.01 0.0092 6.4 -0.90
EPS-Goethite-pHS5 Fe-O 1.98 0.0144 6.9 -4.54
EPS-Goethite-pH7 Fe-O 1.97 0.0121 7.1 -4.96
EPS-Goethite-pH9 Fe-O 1.96 0.0100 6.9 -4.68

The amplitude reduction factor (S®) was set to 0.90. For goethite, coordination numbers (CN)

was fixed 6.0.
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Fig.5. k3-weighted EXAFS spectra for Fe in the sorption samples and goethite. (a) pH 9, (b)
pH 7, (c) pH 5, (d) pH 3, (e) goethite. Experimental data (solid lines) and data derived from
fitting parameters (dotted lines).
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Fig.6. k’-weighted EXAFS spectra for Fe in the sorption samples and solid standard
compounds. (a) FePO,4H,0, (b) FeC,0,2H,0 pH 7, (c) goethite, (d) EPS adsorbed
on goethite at pH 3
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1.1 515

PRREE - S R I BT S AR R B AT 3 IR 2, B Park!%5 A HRIE T 4h
A Mn 57 Ge(Ge . My )R B AT KA 1 U <2 (TM) 4B AR I IV IR o 344
(DMSs)5 12 T2 G CAHVF L AR 7 ikHl# 1 T™M $37% Si 8 Ge JE4kmEE- T
PRI, B, WEPEIRSS, oy FHOMEE, A OBOCT B AV BIE - SRR,
i, Fe BN Ge BHAT L T Fe PIi%, AT RIVEHIYE. Fe B FHEN Si BHATY
AR IARIE -

1.2 526

I N 48 28k AU R (MEVVA)(Fe 2 11 ANl Kaufman FEARN 851N ) 64
T Fe 24 Si Bl 544k, JERE MY 4x10™ Pa. 92860 R N 85 FvE N AT LA 25040
il FeSi (b & MMTERL, BTLL, ASCHIRATRA Feo N B3 NHl&RE . AR,
Fe BT 15 LR N 45KV, N BT B0 E RN 53 kV, Fe B T HIEAFIE N 2.0x10",
5.0x10" A1 2.0x10" cm™, AHRY ) N B T A G351 5.3%10'%,6.0x10' F1 2.6x10" em™,
Fe. N B TIIR ML /3514 30-46 pA/em’ Fl 46-63 pA/em’. Wi fig & ) KU (EDS) Won
Fe B F1HENEEZ) 500 nm.
1.3 ik H5ikk
] 1 i ARE & 1 XRD B, AP R AT LU Y Fe B 7 G 2.0x10'° F1 5.0x10'
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SR NI U Si RHA M Ak 251, AR % FeSiv FeN 8 SiN UL .
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KAAT R % S AARAH I B o

N TAFEIET Fe BN Si BHATIE 245G E, A TR FOGBCINR 1 #E 5 1)
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Fe JG% K i1 XANES li4k. XML, HEBR TS AE7E Fe & @ A%, MLk g
KB, AN Fe BFHRATRBRAE; 5345, AT AFE il 1 W S 0 ) e 4
W e B AR, 3K 02 BT AN AR GRS FE S Fe J03R AL GO S R 406 B -1 10l
Ko FEBARAF(2.0310" e E AFESL T, 78 7106 eV AN —ANFIHIILHTIE, BEETEAN
FEE RGN 2%, X5 Ja i 8 R I e 45 52— 301 . g e R Wit X
U2k (3 9 4 B T 2 AL T DU T AR FR I 010, I R AR (0 Fe Ji 167 T32 75 Si BHAR DY R
G 187 A S i K O vA N1 4 3 LI 115 =g o A1 L (WU VALK o e SR/ 9 =1 B 2 82l N P A A
Si(Fe,N)FT: i, S HTUEIE tH T3 A Fe &1 (548 73277 Si dik& S5/ AL, [AIIN AT B
JERCT Fes Si [A1H) s,p-d A4tk o S0 B AT 145 2K FERI 45 e Fe B THEAFIE N 2.0x10'°
em I, Fe BT FRAMY, Y4y AFEHAF] 5.0x10" em? F1 2.0x10" cm™ I}, 4 FeSi
WAL T8 2(b) s & X IR 2k WORS 40 25 4 ) (8 BRI A5 il . 3 A 2.0x10'°
e [ORESL, BR T — S BT AN, S 3 ANERAEAE, X FT 5 ST ALy 46
Fy—8, F£W] Fe B A TR, BEE Feu N B FIEAFEIINIIN, Fe IR 7 R KL
SEJT AR BN, 1X Y XRD MAASE A2 [FR, BTSRRI, ik
AT A NN BTG /4%, 7R 1 Fe Jil - Ji FEIEAEE 1928 4K o 26— NN AN 4l Fe H1% Fen(N
=2-13, 15, 19)4 /) Fe-Fe f, FMHEKART Mal?% A TH5T 1040 Fe BP0 . 55
— NN 522 /& Fe-Si ##, Fe-Si ##K/NT Si-Si 8K, 5— NNALEHIAR . A FE
Iy, LT PYAS NN FEJZ M HAS— NN R B 5R, 7R T Fe i+ & FE 4 A 7 1 45
¥, FATH FEFFS #:47 7 #gtH), KM EXANS A AR, %R NS5
o kg A FUA R N, BEK R RIEFEN T (Debye-Waller) oo A T 13 I 41 1)
PLABH, 5782 BAT ST SR 1K) FeSip (A i) Fe-Si BRI, VEAFIHE N 5.0x10'°
em™ Fl 2.0x10"7 em™ B S RAE UG B ER | Pion, 45 RREEAFR(5.0x10'°
em?F12.0x10"7 em)kE S Fe B 1 LA FeSi, A AWK A1 AHL S, VE A K4 5.0x10" em™
FE ) XRD MHABA KIL FeSio MAEAE, X 0T HE2 i T-7Ed AFE S FeSip AHHUE s
P KR P a0 . HAAERI S, XRD WK L Aet 2K RE AP AH, 1) EXAFS fg
i RIS R B K FE A TP U RE A P A . XAFS W&, A3 fERE AR =S,
Fe B0 T RHAT LA, EmAEEAFEM I T FeSh G, AR
BRRGTE FeSis Al FesNUSML AW, 7EFTA E AR R, #08A 1IF 45 28 W1 0 37 77 454 Fe
mn AAH I 1o

WLEEE N RE b 1 1) S it B (ARM) R ) S s BB (MM, Hevh LA AR e b
R 3()FIb) TR, FESLI Fe B TIEAFIE N 2.0x10"7 em™. MELFE N ) AFM
1%, BATBAT RIATA K PRI B R R T, FF S IR TRLRE SS90 3.60 nm. HEA
BT -VOBERIL- Vi S b e 38 i 4 s B3 7 SR AR R U8, (R IR B B Fe
BFAE Si BHA IR IR . MM EGAT W1 2 (A Ews RO, DRk S50 o o e R AT
Fe JFFALSMRRIE I, HICHERR T Fe kLol FH A #EW5 (1 TR, IEZmEYE ) FeSi At
RS AT TR o
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55 K ] 300 K 9550 I & T FEAFIE 5.0x10' em™ B & 193774 HI(FO) I 3%
AHZFO) AR I, Wik 4 Pros. EF| 300K, FC Fl ZFC %A HESA, Wn T
il Ji BLIELSE 7 T 300 KM, ZFC gk v i v e, R WARE it b BB IR REYE Fe MbRLA7 £,
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TR PE I o DRI, 3 AR S BRGNS KU T Fe 5%, JF AT 1Y) FeSi/FeN b
S, HAARRLNE R U FeSis AU FesNU'O, L XRD. XPS F1 XAFNS #4047, %A
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FitE Co HAFEMIE . LEASCH, ABITRLTE Fe AL M RIBEAL B8 AR /N (1 IR A o
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# 1 Si BHAZEER TIEN Feu NBEFHAT Fe JRTFNEHSH

Sample(implanted dose)  Bond Type R(nm) N o*(nm?)
5.0x10' cm’? Fe-Si 0.229 3 0.00005476

2.0%10"7 cm™ Fe-Si 0.233 4 0.00006084

(@ (b)

M (ug/Fe)

50 100 150 200 250 300
T (K)

&l 4 PPMS-9 JUE 3L ABE T (Fe & 5.0x10° em?, N FI& 5.3x10" em™)ff) FC-ZFC %, Frinigis P17
FHRER
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Structural and maghetic properties of Si semiconductor
co—implanted by Fe— and N-ions
Weixia Gao , Denglu Hou" , Yuchan Hu
Department of Physics and Advanced Thin Films Laboratory, Hebei Normal University, Shijiazhuang 050016,
China.

Abstract:

Fe and N ions are co-implanted into Si (100) wafers at room temperature, using the metal
vapor vacuum arc (MEVVA) technique for Fe ion implantation and Kaufman technique for
N ion implantation. Room temperature ferromagnetism is found in the as-implanted
samples. The saturated magnetization decreases after the post annealing process due to the
formed FeSi complex. The Hall coefficient measurements show that the n type conduction
of the Si wafers is unchanged. The ferromagnetism is due to the p-d hybridization between
the Si atoms and the localized substituted Fe ions randomly embedded in the Si
semiconductor.

Key words: ion-implantation, room-temperature ferromagnetism, annealing process, Hall

measurements
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B LB SE (Ce:Lu.Si0s) ZHKINMREMARY
X5 4% im0 R TSR 5% °

R VAT i O XSS T R g B
D REEREAMEIRE S TREBETEEMELR il 200072
2) HEREREEEKFDES R E S50 230029

BB PSR T EHI& T Ce” B2 LuSi0s 4K ARk 4 . 32 H] 7]
RIS X G ERIROBORS A1 25 MR AE T 4 HFF b Ce JGER 1 Lo i XAFS 3%, FEdh v Ce
(1) Ly 121 XAFS R BHTE S BR A U QKB AR R 283 Hy ASUAUR K AR FR IR R 4 Ce
TCE LA A B X, FSh Mol KA HE AT LUA ks Ce™ B3 IR Il Ce™ B 1,
BFEE R Ce: LSO KR u Yl RS i 1B

FHIA Ce:Lu.SiOs, [NHREMA, X FLITIARIE, PL Gk

1 5%

1990 4F Charles L. Melcher %5 & 3L Ce:LSO . e — i H AT ¥ AE W H AN EL 8T B TG LA
MRAR, AR %S 7.4 gem’, 5 BGO AH ;KOG K 428 nm, LA 6 i H w)GA
30000photons/MeV, 4 BisGesO1(BGO) AT 6 fir; Ik N 0] 4 41ns, (W BGO .7 3
IS TR ) 1/7; REE & T e y S e 1 PRSI BN Ky e 5 A 1 2R 1 R I TR R R A
-+ LSO 4 sk 2100 °C, HECRH$417%(Czochralski technique) & 5L 2L K T 2047
FEARZ RIME . 5 B TIRAR A 5 V5 % i CeLSO 4Ky, b iMn R ] Je ik b e e e 4 T
SRR RE 2 Ce:LSO SEWIINKRFEEE, SRk B i sk e 2 NSRRI 7T 4R

Ce:Lu,SiOs MELR A 2 5t it R, BT 12/a S0, Hobh Lo™ 8 1 R wikh i A
SRR, — U 6 WO I 53—l 7 BEAT, W H I Ce®T AR Lu” WA 1 7 L3N Lu,SiOs
LG . BT Ce™'fE LSO ditsrh nl A S BRI AL . KEESET Ce’': LuySios %t il
FIBFIT R B R P DI T I R 5 AR R Ce™ B 1o 9 P il £k 1 20 A BB 2 o 4
REFASFIGE R Ce™ I Eu g e i A AE AN A5 Ak . AT IRIEIN T Ce B 70T LA 8 Tl B 55
FRACHIA Sk AL B 8 Ce 50 T Lu MRS AL AR AFAE B FEIE I o (H 2 X SER i R i =
SRAT DI SERG AR o S EE L2 Ce & TAFAE+3 Al+d IR AS, 76 LSO JEJih Ce 14524
EEA— AN T 0.5mol%, - U] ok A7 2% S5 AR AN [F) 1l 26 T3k 4% LSO #4 K1) Ce JT
B AL It A2 R AR AR R 1) )

AICWFFT T 2 it Ce:LupSiOs 9K INERA A Ce M1 Lu [ Ly WIS ) X 55 SOk 4
SERLiE, X1 Ce 7E LSO &5t ks (K )Rk g5 M 3E4T T 4007, i XANES #54fi7€ T Ce
BT E M, BT LSO mifk A BUd R ARG T Ce B FALEMIMREm, R T Ce
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LA M ARSI Ce:LSO 5 i i 14z
2 SEEGER Ay

R AL " BB T 25 e Ce 57% LupSiOs B SKAA,  Fr gk A 2 G Mt T-4b 2
JE R B Th AE A 1000°C R HBRE 2h, RAT RIS L Ok B I SRAH 2 i Ce:LSO
KRB AR XA R B 1mol%Ce:LSO %M 7R 2 I U5 (H,) B 1000°C R K 2h 3k
3.

K H H AR 23\ D\max-2200 2 X SFRATHC G HIE 40kV, HLIA 200mA, Cu Ka,
A=1.54056A) X Ce:LSO Z &k AT T WAH M R E R 5 %min, FAFEIEHR 260:
10~80° =il FFit Ce’' #5244 LSO WM AN R R AHEE R HA JASCO A+ )
FP-6500/6600 %Y IG AL CRUT IR ) JEATIE o 3 K3 FFl 2 200~600 nm.

FERR I X S OS2 25 R ol 7 v [ R R 2% B 5K [ A 5 56 %8 (NSRL)X. A 26
WORS 41 25 /I (XAFS) UTC G 2kl 52 st . NSRL fif REFF (IS AT g ik 800MeV, JEFA I
W 160mA, FFEWAC 24A. JEREFTHFDPEES X WEIIEM 6Tesla i FHIIE A
(Wiggler)3| i, AR PR (E/E)N 3107, I RE(LLD) 1 X 5 o e i 50, R TE R
NS AR, USSR G . BrA R Ce 11 Ly I AR SORT 48 2514 15 A1 Lu
(1) Ly 39 Jils X S Eemifiil sy Lo iR Ae, KA & [H Canberra 24 7] 7 TG 4l
FIGEI %, P BUY ) R 10s. PRINES Lytle L2 % 78 Mgl B S M S OE LR SR A4k .
RGN IR ORER 7y £l S R VAW A
3 gk 5itie

X BHEATH S RAIE DR, Zdi8 )75 1000°C JaAb2E 2h () 1mol%Ce:LSO #y
IR EAAE P BRI [ 20 0 M AR B BURAT IR IR, 511 ES PDF bRtk F
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Figure 1 X-ray diffraction patterns of sample (a)1mol% Ce:LSO nanopowder annealed in H,,
(b)1.5mol% Ce:LSO nanopowder,
(c) 1mol% Ce:LSO nanopowder together with the standard PDF card No0.41-0239 as reference.
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Figure 2 Photo-luminescence excitation and emission spectra of Ce:Lu,SiOs powders with Ce
concentration from 0.5mol% to 1.5mol% under different heat treatment:
(a) calcined in air at 1000°C for 2h.; (b) anealed under flowing H, at 1000°C for 2h; (c) Dependences of

photoluminescence intensity of the resultant of Ce:LSO powders on the Ce doping concentration.
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Figure 3 Ce L3 edge X ray absorption near edge structure spectra of Ce:LSO nanopowders and ceramic

bulk counterpart.
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Fig.1 Cu K edge normalized EXAFS spectra of CuCl, solutions
(a) FT(Freeze-Thaw)-untreated 0.05 mol-L™' CuCl, solution; (b) FT-untreated 0.25 mol-L™'; (b") FT-treated
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Fig.2 Fourier transform spectra of CuO powder and CuCl, solutions
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Table 1 Fit results for the first coordination shell (Cu—0) of CuCl, solutions

¢(CuCly)/(mol-L™" Bond N R/nm o’ Sy
0.05 no FT Cu—0  4.2+0.1 0.193+0.000 0.0025 0.75
0.25 no FT Cu—O 4.0+0.2 0.192+0.002 0.0056 0.75
FT Cu—0O  4.3+03 0.194+0.001 0.0081 0.96

1.0 no FT Cu—0O  3.0£0.2 0.194+0.001 0.0025 0.75
FT Cu—0O  3.8+0.2 0.193+0.000 0.0081 0.75

2.0 no FT Cu—O 3.0+0.3 0.198+0.000 0.0059 0.75
FT Cu—0O  3.3+0.2 0.195+0.001 0.0081 0.75
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VAT Cu™ 55— KA 2 [Cu(HL0)6) ™ JLAAT R R 411 )\ i, 2 PUAS 18 O J 7 eh Jd
%, Cu—O BEKAE 0.196 nm 24, BN O Ji -l K B#iEHE, Cu—O K AE 0.230 nm
iAo Pasquarello®iA 2 Jahn-Teller RN A4S Cu® 85— K& KA EE 5, KEB RN
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Effects of Concentration and Freezing Treatment on Local Structure

of Cu*" in CuCl, Aqueous Solutions

WANG Wen-Hua ZHAOLin  YAN Bo TAN Xin

(School of Environmental Science and Engineering, Tianjin University Tianjin 300072, P. R. China)

Abstract The microscopic local environment structure of the Cu*" ion in copper chloride
solutions has been investigated by X-ray absorption fine structure (EXAFS) spectroscopy.
The effects of salt concentration and freezing treatment on the first coordination shell of
Cu’" have been analyzed by examining Cu K edge EXAFS spectra of CuCl, aqueous
solutions before/after freezing treatment at various concentrations. The EXAFS results show
that Cu®" has 3.0-4.3 oxygen nearest neighbors with the Cu-O distance being 0.192-0.198
nm in its first coordination shell, which are related to the Jahn-Teller effect. It has been
noted that there were evident differences in the microscopic local structure of Cu®" for
various concentrations in CuCl, aqueous solutions. With increasing salt concentration, the
coordination number of Cu*" decreases and the Cu-O distance increases in its first
coordination shell. The influence of freezing treatment on microscopic local environment
structure of Cu®" was discovered from fit results of structure parameters. In the first
coordination of Cu**, the coordination number and thermal disorder degree shell increase
after freezing treatment was performed for CuCl, aqueous solutions.
Keywords EXAFS, CuCl, aqueous solutions, structure of hydrated ions, coordination

number, concentration, freezing treatment
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F1 RN IBEERERE S| MEMSEIT

Sample Type of atom Coordination r bond Disorder Fit factor R
length (nm) parameter
o 2

MO Si 4.7 0.237 0.0117 0.01063

M1 Si 3.6 0.233 0. 0036 0. 00484
Mn 4.9 0.291 0.0170

M2 Si 3.9 0.233 0.0043 0.00112
Mn 3.2 0. 289 0. 0087

M3 Si 3.3 0.232 0.0018 0. 00295
Mn 5.3 0.291 0.0166

Si Si 4 0.235
Si 12 0.384
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XAFS study on Mn,Si;_, diluted magnetic semiconductors prepared with

ion implantation

Tiecheng Li*, Guoliang Peng’, Wenyong Zhang®, Jihong Chen®, Qingwang Zhao®, Liping Guo™', Bo
He®, Zhiyun Pan®
(* School of Physics and Technology, Wuhan University, Wuhan 430072; ° National Synchrotron Radiation Laboratory,
University of Science and Technology of China, Hefei 230029)

Abstract : Si,Mn, diluted magnetic semiconductors (DMS) were prepared by 200keV Mn ion
implantation into p-Si(100) wafer at a dose of 1x10'® cm™ and subsequent thermal annealing at 600°C,
700°Cand 800°C in nitrogen atmosphere. The local structure of the samples were studied by
Synchrotron X-ray absorption fine structure (XAFS) technique. The results showed that ion
implantation caused amorphization in the sample. Thermal annealing, especially on 700°C, would
have recovered the damages induced by ion implantation. Higher annealing temperature than 700°C
would enhance the diffusion of the Mn atoms and result in decrease of ordering of Mn atoms in the
sample. Mn atoms in both substitutional sites and tetrahedral interstitial sites coexist in the annealed
samples.

Key words: Diluted magnetic semiconductors; Ion implantation; XAFS

* Supported by Natural Science Foundation of China (Grant No. 10775108) and National Science Fund for Talent Training
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The structure research of Co ions implanted in single crystal ZnO

Gao Xing-xin®, Li Gong-ping® ¥, Li Tian-jing”, Pan Xiao-dong”,
Hu Feng- chun”, He Bo”, Bao Liang-man®
a) School of Nuclear Science and Technology, Lanzhou University, Lanzhou 730000, China
b) National Synchrotron Radiation Laboratory, University of Science of Technology of China,
Hefei 230029, China
¢) Shanghai Institute of Applied Physics,Shanghai 201204, China
Abstract At room temperature, single-crystal ZnO was implanted with Co ions at an energy
of 80 keV using fluence of 1x10'” ions.cm™. The samples were heat treated by conventional
thermal annealing at 700°C for 10min. The structure properties were investigated of all
samples by means of X-ray diffraction(XRD), X-ray photoelectron spectroscopy(XPS) and
Extended X-ray absorption fine structure(EXAFS). XRD analysis indicates that there are Co
or CoO nanoparticles in the samples before and after annealed. The peak of ZnO(002) shifts
to larger angle presumably results from the Co”" ions substituting for a part of Zn>" ions in
the ZnO lattice. Ion implantation without changing the lattice structure of ZnO. The XPS
results indicate that Co element in the ZnO mainly exists in the form of Co*", the reason may
be that Co ions combine with O element in ZnO as oxide or Co ions substitute for Zn>" sites
in the ZnO. EXAFS analyses provide that Co ions mainly exist as CoO in the samples before
and after annealed.

Key words: ZnO; ion implantation; microstructure; EXAFS
PACC: 77.55.hf, 61.72.1j,61.72.-y,61.05.cj

1. Introduction

Diluted magnetic semiconductors (DMS) are materials that simultaneously exhibit
ferromagnetic and semiconducting properties[1,2]. They are usually common semiconductor

materials containing a few atomic percent of transition metal (TM) ions substituted onto the

cation sites. The ferromagnetism in DMS is driven by free charge carriers, and can be
controlled by an electrical field. DMS materials could fundamentally change the functionality
of traditional semiconductor devices, therefore, have been intensively investigated over the
last decades. ZnO is a semiconductor with a wide band gap (3.3 eV), large exciton binding
energy, natural n-type conductivity, abundant in nature and environmentally friendly. These

characteristics make this material attractive for many applications, such as solar cells, optical
coatings, photocatalysts, electrical devices, active medium in UV semiconductor lasers and
in gas sensors. Moreover, it has been predicted that semiconductors such as GaN or ZnO

containing transition metals in solid solution exhibit ferromagnetism with a Curie

tCorresponding Author. Tel.:+86-9318913545; Fax: +86-9318913932
E-mail address:ligp@lzu.edu.cn
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temperature above room temperature[3-5].These DMS are interesting for their potential to
develop spin electronic devices (spintronics) by combining the charge and the spin of the
electrons in order to increase the density of information stored in the material[6,7]. Dietl and
Sato predicted that above room-temperature ferromagnetism could be realized by doping a

few percentages of Co or Mn magnetic ions[3,5].

The reports of magnetic properties in the Co-doped ZnO-based materials are very
controversial, there are nearly half reports indicate that they did not find ferromagnetism at
room temperature, while the other half reports show that ferromagnetism is observed at room
temperature. The methods are mainly making films in their research. In the course of the
study, we found that experimental parameters of the film and experimental environment have
a great impact on the structure of the films. The films usually are prone to cause defects, and
the lattice structure became complicated, therefore the discussion of magnetic sources would
be complicated. In order to explore the mechanism of magnetism, the research of Co ions
implant in single crystal ZnO was investigated in our team. The results show the magnetic

behavior at room temperature.

We have also noted that the magnetic research of Co ions implanted in ZnO samples using
ion implantation method[8,9] by other groups. The ferromagnetic behaviour was observed at
room temperature in their samples. The study of zinc vacancy and oxygen vacancy on the
impact with the magnetism have been done by W.S.Yan[10] groups and H.S.Hsu[11]groups,
separately. But the magnetic sources and mechanisms of different groups have different
interpretations, and there is no uniform understanding. The investigation on structure of
Co-doped ZnO could provide correlation between the structure and magnetism. To further
study the magnetic sources of ZnO-based DMS, combined with previous observations based
on the magnetic properties, the microstructure was studied using XRD, XPS and EXAFS
methods in the Co-doped ZnO samples.

2. Experiment

The thickness of 0. 5 mm and the size of 10 mm X 10 mm mirror polished of high-quality
single crystal ZnO (0001) as the substrates (by the German Ma Teck Corp). At room
temperature, Co ions implanted in ZnO crystal .The ion implantation experiment was
performed at the Institute of Semiconductors, Chinese Academy of Sciences. Co ions
implantation energy is 80keV with injected fluence of 1 x 10"7jons.cm™. The samples were
heat treated by conventional thermal annealing at 700°C for 10 min under the protection of
Ar gas flow. X-ray diffraction measurements (XRD) with detection angles from 20° to 80°
were carried out with a Rigaku D/Max-2400 X-ray diffractometer (Cu Ka, X-ray, A=0.15406
nm,40 kV, 60 mA). The valence of Co ions in CoZnO systems was measured through the
X-ray photoelectron spectroscopy (XPS). The EXAFS experiments were carried out at

XAFS experimental station(U7¢c beamline) of National Synchrotron Radiation Laboratory in
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China. They were measured in the fluorescence-yield model and a 7-element pixel high
purity Ge solid-state detector was used to collect the fluorescence signal. The local structure

of Co ions implanted in single crystal ZnO were investigated.

3. Results and discussion

Co ions with an incident energy of 80 keV were implanted into single-crystal ZnO using
fluence of 1x10""ions.cm™. The TRIM code[12] for such an energy provides a distribution
profile centered at about 37.2 nm from the ZnO surface with a FWHM of 40 nm. The atomic

percents of Co ions were calculated from the range distribution of Co ions in ZnO(Fig.1).

222

19.2 1x10" ions.cm” implanted in ZnO

Atomic percent(%)
® N >
~ «» <]

A
3]
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Target Depth (nm)

Fig.1. The atomic percent with ion injected depth profile (calculated using the TRIM code).

Fig.1 presents the atomic percent with ion injected depth profile. The Fig.1 shows us that
the atomic percent gradually increases with injected depth profile until Rp=37.2 nm, then the
atomic percent gradually decreases with injected depth after Rp=37.2 nm. The atomic

percent is about 20 percent at Rp=37.2 nm.

ZnO(002)
(a)
Pure Zn0O
I ZnO(004)
el A
< I Co implanted in Zn0 |
= o implanted in Zn
g | | i Fluence:1x10" ions.cm™ (b)
Linannealin
= | * g
I < b
________ ) | A N
| Coimplanted in Zn0O |
| Fluence: 110" ions.cm” (C)
i Annealing
| I_ Coi
N J‘ I.I-"‘\-u--u‘-'l-'—\-\._-\n._\_ B N — ,.n-/vﬂ-‘\._ -
20 '.;U 4‘0 5‘0 ﬂ!J ?IO a0
28(degree)

Fig.2 X-ray diffraction patterns of crystal ZnO(a), as-implanted(b) and annealed Co-doped ZnO(c).
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The crystal structure and orientation of all samples were demonstrated by 626 scans of
XRD. Fig.2 presents the X-ray diffraction patterns of crystal ZnO(a), as-implanted(b) and
annealed Co-doped ZnO(c). Fig.2(a) only shows two peaks appear at 26=34.30° and 72.42°,
corresponding to the peaks of ZnO(002)and (004), which indicate that the ZnO crystal is
well c-axis orientated. Fig.(b) and Fig.(c) show the patterns of Co ions with an incident
energy of 80 keV were implanted into single-crystal ZnO using fluence of 1x10"7ions.cm™
before and after annealed, respectively. The peaks of ZnO(002)and (004) are also observed
between Fig.(b) and Fig.(c), which indicate that Co-doped without changing the wurtzite
structure of ZnO. The position of (002)peak is at 20=34.38° and 34.42° respectively in Fig.(b)
and Fig.(c), which indicate that the peak of (002)peak shifts to larger angle before and after
annealed .This presumably is due to the ionic radius of Co (0.58 A)known to be lower than
that of Zn*" (0.60 A)[13]and results from Co”" ions substituting for a part of Zn>" ions in the
ZnO lattice. However, there is a new peak is observed at 26=43.32° corresponding to Co*
(Co* presents the position of peak between Co and CoO)and that means part of Co ions exist
in the form of Co or CoO nanoparticles. The reference[14] reports that the Co(110) was
observed in the XRD spectra of Co ions implanted in ZnO. Recently Zhou et al.[15, 16] are
observed the Co and Ni nano-crystalline particles in the XRD spectra of Co and Ni ions
implanted into the ZnO crystal.
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/I 2P1/2 n<p
2 0x10° - 2P3/o 795.85,”
S 1.5x10"
@
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2 1ox10°
% ’ 770775780785790795 800805
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Fig. 3. XPS spectra of Co 2p core-level of Co-ZnO.

The annealed sample has been characterized with regard to the chemical state of Co
element by XPS. Fig.3 shows the total XPS spectra and Co 2p core-level spectra. For the
transition metal (TM), TM-2p core-level peak shape and location are closely related to
electronic structure[17].We can obviously observe the peaks of Zn element and O element
from the total XPS spectra. In the Co 2p core-level spectra, the peaks of Co 2p are located at
780.17 eV for Co 2ps;, and 795.85 eV for Co 2p,., respectively. So the energy difference
between Co 2ps;, and Co 2p,; is 15.68 eV. This is very close to Co>" in CoO , the reason is
that the energy difference between Co 2ps and Co 2p;j; is 15.5 eV in CoO and 15.05 eV in
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Co metal according to the handbook of X-ray photoelectron spectroscopy[18]. So the
valence of Co ions in the Co-doped ZnO mainly is Co®". The occurrence of Co>” may be

caused by Co ions combine with O element in ZnO or Co ions substitute for Zn sites in the

ZnO crystal.
ol
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Fig.4. Co K-edge XAS spectra of 1x10" ions.cm-2 Co ions implanted in ZnO
and reference samples of Co, C00,C0,0; and ZnO.
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Fig.5. RDFs spectra of 1x10" ions.cm™ Co* implanted in ZnO
before and after annealed and reference samples of Co, C00,C0,0; and ZnO.

In order to further to study the microstructure of Co in ZnO, the X-ray absorption spectra
was be detected at XAFS experimental station of National Synchrotron Radiation Laboratory
in China. Fig.4 presents Co K-edge XAS spectra of 1x10' jons.cm™ Co ions implanted in
Zn0O and reference samples of Co, Co0O,C0,03 and ZnO. The energy range of ZnO from
9450 to 10400 eV. Fig.5 shows RDFs spectra of experimental 1x10' jons.cm™ Co ions
implanted in ZnO before and after annealed and reference samples of Co,Co0O,Co0,03; and
ZnO. First of all, the figures of 1x10'” ions.cm™ Co ions implanted in ZnO before and after
annealed are very close, which means the structures between them are the same, that is, the
structures between before and after annealed are uniform. In general, the RDF spectrum of

1x10'7 ions.cm™ Co ions implanted in ZnO is close to that of CoO, but quite different from
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those of Co, Co,03 and pure ZnO. There are two strong peaks at 0.156 and 0.288 nm in the
reference sample of ZnO, while the peaks at 0.264 and 0.261 nm in the reference sample of
CoO and 1x10"" ions.cm™ Co ions implanted in ZnO, separately. From the position of peak
in the RDF spectra, we can conclude that Co ions may exist as CoO in the Co-doped ZnO.
These results are different with other reports[19,20]

Through above structural analysis, we can conclude that Co ions mainly exist in the form
of CoO and a part of the Co”" ions substituting for Zn*" ions in the ZnO lattice, and they may
be the main source of magnetism in the implanted and annealed samples. The further study

will be needed about whether other sources of magnetism exist.
4. Conclusion

In summary, Single-crystal ZnO was implanted with Co ions at an energy of 80 keV
using fluence of 1x10"" jons.cm™ at room temperature. The samples were heat treated by
conventional thermal annealing at 700°C for 10min. The structure properties were
investigated of all samples by means of XRD, XPS and EXAFS. XRD analysis indicate that
there are Co or CoO nanoparticles in the samples before and after annealed. The peaks of
Zn0(002) and (004) indicate that ion implantation does not change the wurtzite structure of
ZnO.The XPS results show that Co element in the ZnO mainly exists in the form of Co*", the
reason may be that Co ions combine with O element in ZnO as oxide or Co ions substitute
for Zn®" sites in the ZnO. EXAFS analyses provide that Co ions mainly exist as CoO in the
samples before and after annealed. Through above structural analysis, we can conclude that
Co ions mainly exist in the form of CoO and a part of the Co”” ions substituting for Zn*" ions
in the ZnO lattice, and they may be the main source of magnetism in the implanted and
annealed samples. The further study will be needed about whether other sources of

magnetism exist.
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