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ARSI S BRI B TOL S AR AR, BdE
R USRI S GO, DA e AR TR Y R UK JE
PR SS. MIXECF Bk, BN A 1L
B F RS N EER, L4 A A S X 2o L
AEit¥(X-Ray Photoelectron Spectroscopy, XPS&Photo-
emission Spectroscopy, PES). 4 #i )t H T AE 1% (An-
gle Resolved Photoemission Spectroscopy, ARPES). H
W€ 73 #E 6 HL 7 BE 1 (Spin Resolved Photoelectron Spec-
troscopy, SRPS). XHFZ&fi74f(X-Ray Diffraction,
XRD). [l X & (X-Ray Absorption Fine
Structure, XAFS; GFE P53 X9 AT i 2546 (X -
Ray Absorption Near Edge Structure, XANES)F1J e X
SRR 2R I UAURS 40 45 K4 15 (Extended X-Ray Absorption Fine
Structure, EXAFS)). [R5 $ XH 26/ 5 (Small
Angle X-Ray Scattering, SAXS). [R5 45 5 X5 26 S 5
(X-Ray Reflectivity, XRR). [F]25 85T XS LR 3 AR (X-
Ray Tomography, XRT). [R5 485 X428 567 #r (X-
Ray Fluorescence, XRF), el Ep R R B O
P 1 N — A3 20 58 = A Se O GUR DA S A i
FR) 28 DUARD G IR R R P A

P S R A P L R SR R A A 1 P S B T
P, H B FHRIEGE, Mg lEdEs. &1
B 4% (Transmission Electron Microscopy, TEM)s&—
T SE HE ) AR BOR. L AE S o o R (R
I /NT 100 nm), SRS EAEHT SR, BT
L BT BRI A D G, T T B R
EE 22 AR ARAS B (I R e 3, T 3RAR I35
QDS TR ESy AR A A € A S e L )
B RS BRIR. MBS AR S A 2 B A )
AN ==l

2% B 7 ik 7118 (Density Functional Theory, DFT)"
FN 2 H TR B 0] R AR g B P T R AT SR R
TR, BT DFTREE — 1 S5 2 oh 5 (hR AL 5
JEC OB . A% MRS 2 A I A O
TR

X 28 MR ) S EG 43 BT BOR DL KBS T STV,
Br 1 AE S H AU BOR R RN, R BT IX
SEHG AR TV I SRIRA B AR, A 1R W S i I v
fap <R

ARSLERIR T ) A S AR R 3 St P B R )
J&, Rl 2 b PR S BUN HAR T BUR HR

PAR 2 B T R SR G RAL T, ik 71X =
PRI ST BAEDERA I _E IR G PE AN ELAME. Jlid 2%
BIVEH, FoR T G a RALTIEAE DI REFRL 5 AR RER
FHRFSE 22 77 0 B,

2 [FASEEBEARNSREGFHERAN
%R

[F PR G I8 B e B R AR T, MK T
AR SR G SR AR Bt B S R T, R
BEOPOEBImeVEA) . EEIES P w0
(nmZ ) 1 E] 2 (ps+E 2 £ 90 55 1 7 P g
(Rt FE, HBIL T AP I [ 20 e R AR . IR BT
ARALFE TIANATH - TN X I 2RI ISORE 4 15 2 . T
TS MANVREWZ 8T R HO Gl 1R S
AR Gk HCE T AR . 99K
o AT R G- R S FR I Do I R 5
el b [R5 46 S5O U (Shanghai Synchrotron Radia-
tion Facility, SSRF) & — 5 tH 5 e it (1) 55 = AR [F) 20 4 4
JeUR, HHETMARE TIREEN.S GeV
(35x10° eV). SEREPEOAR TSI KGR mORE . mrs
B mEE M. SRR S AT TR S
FaE MRS, HAh, ZOelERE B R RIE VAT
M ZR B SR B KR E PR S GE 2 /] 7
Foi 2N 1% 22 R K v I DN S ANE A1 B2 Ry B 8 Y i
FLITR N IR Z A B B 2 1) SEES T 7 (http://ssrf.
sinap.cas.cn/gyssrf/shgyjs/). & fié[F 2 48 5 I8 (High
Energy Photon Source, HEPS), J&H [E IE7E& & H 1)
I B 4 54 1) 6 DO AR [F P A i e, ek Frbr 4 v
T HEE N6 GeV, KATEE<0.06 nmrad. HEfeE. &
SEFES OGS GRE IR DL A (B 4 B[] 43 7%
R I R E S, KA KRR B dt 2 S RHE
P2 RTINS R S S N Sl o B 3 7 S N T
BlsEi . 2R 2 RE N2 4R (http://www.
ihep.cas.cn/dkxzz/HEPS/xmgk/).

R A K R FEARIAE N T — TR
[T, A — I T g /e, =
B8] 3 H 2R MO 5 2 B2 B TEM DA K 1) BR 22 %2 1E 385 Bt
5% (Aberration-Corrected Electron Microscopy, AC-
TEM)BEHE HAR I K BIRTHR Y, BRE R IE B
)25 1] 23 P 2R CL 3K R (B0 107" m) LT (B I 3% 4%
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SO T PRI, ERZER I I HE S
(Scanning Transmission Electron Microscopy, STEM)
CA A IO B BE R o R, LR 558, 0T
TR B S Rk R SR 7 T AN, B
R, BR T BRI B ERZEARL RS S f A AR5 5
HLBE LA, 38 B SR R 0% 5 Fi 8% (Low-Voltage Electron
Microscopy, LVEM). ¥4 Hi 8% (Cryogenic Electron
Microscopy, Cryo-EM). J5{7i& §f HBE (In-situ
TEM). #BHGE S B4 (Ultrafast TEM)ZE, HokiF 5
TR O R AE T B

3 RIFESTXSFEFIE TRV S EEZ K
PRI KBk

MANERA A, [R50 4 S X A HL 1 (R S T
AR 7 {5 4 [ 2 5202 bR PR 0 S SR, AR H X 26 15
A P TE SRR TLAMOAREAE. 5 72 bR 300 ]
CLRI AN RIAAE T R R

VPl D 8,0 = Eg ). ()

Ko, 85Ty VAR, VO, Vol o)
RHETS5EREFEZAMEFER. EF- B FMHEERAN

Hartree 70 i+ A RBEFA. ¢, (r) & ARMETE R EL, E AR
TEREZ. AE D oR BT DAk — 5 40 8t L 1o 25
p() = Y I )

A5 P2 B T4 (A 0 2 8 ek 500 SR A AR AE T
(G EIAAE SR HORAE AR, X NI F I Fh 7o 25 P
A F LT B 2 G AR T 25 % 82 T R 5 4 4. it
A 7 LSRR B 2 — kBB B (R Sk ) T i,
AT AR AT Hb R bR A BE A 25 ]

5] A e XS 1 A o PR O DR ) (s) FT DA
Stk g HLA 5 B p () 6 £ L - A .

£9Gs) = [ p(r)exp(izng - rydr, (3)

b, B BEs=|s|=sind/A, q=2s. BUHEFf ()3
R H R T X B AR R b 52 B AT 5 p(r) 1)
RO, A DU B (2 AR o A S P PR 23 A T I A PR
TAERDRL R AU T O (s)TT LARAE

£9s) = K[ gr)exp(izng - ndr, @)

Hrp, g(n2dn A%, KRRE dEHeer) ] LB
FATTRE 5 WA 5 p () Bk AR oK. LT AU R 3 AN X
25 BUR R 7T LA I Mott 28 30T 7 k-

[O6s)=AZ=f D))/ 57, &)

o, AR R, ZR TR AL XS AT
Y A P LT 5, T PR T AT S (ED) IR ) 2
TRl s, RO E S T B B T IO,
TR 0 R AR BT B 3 Z—f Os)), BT
W B UK, L (a)FR. I ER(S) T LA F,
TE/MB RO R, sEERET0, 1O (s) RS (@it 15>
RS 2B AR KA. [H M, 76/ i FE SO T L 7
AT PO R AT XA EhL T 43 £ 8 A T k),
ST S 2 5 A L L TR R T R 4 Bk
85 R - H T A A AR A O R, BRATT 43 5 LT X
S 2 S TR T 1 R T T B PR T I R, 9
HEAT A0 LB Y, B T AR O T dp(r),
FUAR I X S 22 B R T (0 5 4k yd ©(s), oL T
T 19254k Adf ©s). XLt IR T O BUR BE ¢ (s) 52

X-ray scattering Electron scattering
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FAZ AT EU A L. T SCHR(13]

Figure 1 (Color online) (a) Schematic diagram of the total charge of
the crystal in the material detected by X-ray scattering and the change of
valence electrons detected by electron scattering. (b) The critical
scattering angle corresponding to the sensitivity boundary between X-

ray scattering and electron scattering varies with the atomic numbers.
Adapted from ref. [13].
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Cs) =df ) 1/ s). (6)
FEL T HIUN D 5 OO E () 58 XN
(L) =df D) 1/ o). (7

NI AR EEALG () FAC(s), FRATTE— A 1B A
THIBUREE () P A O o) B O ) R,

() = [0 )/ of P )Idf V(s) /£ (s)
==df Y(s)/ [Z=f V()] ®)
XS 2 RIS DR PO B0 L AT F 1 S R 7 ) UK
FERIEAE R

C() L) = V) [Z-f P (s)]. ©)
WIRC () 1 )| > 1, Tt B FL A PR O U
m T XA T, BAE|C(s) / ()| < TS OLT,
FL - HCS PR B B B A T X R U TR 7. 7R A
(TR, BRATRE T e A B oo B (s ) BT, |
BRI LUAE TR s N 55T 1

G50/ Cso)| = 1. (10)

S AT DI e XS 28 S0 D] -1 B0 H - SR L1 1 %
R AR E1(0)ER T TR MWHEXe
FR)sc. A o (R XS 2 2854 DR A R 1 S5 R BT 7 ) s
AT LAl s S, S 3o S R T (SR A s 2y
THEAAE], Wa LUE T DFTH 5 1 45 1) K7 SR i 52
TE U AR I s 0 X33k, X2 T BIUHT bE Ha - R R B
BURK, TTE/NTs JRDXIB A, R R HACE Xof H A %85 5 (1)
7 A T R

MFARKAE KRG, XRDIE & e A 72 A
B R L, (RUIRAR H s A DR (R0 & E TV 6N,
SRS B PR, AHJ, EDRE MR s s Il 2K 45 21
R T T IR b AU X H I S 52
om0 RS B0 B, AR T X R U 5 T
B2 FAN T Rt T LAE S 45 & EDAIXRDI
75 38) (0 5 9 TR 740 2 A v A 1 r A 4 A 1O
Tk A iff 0 = (KR 8 B H T 45 4 TR (B 4 R X 46
S5K A1) AT LLSGUEDFT U 55045 21 1) W A 25 FE 40 A, IF
b E A IE.

T RERRIE B ES R, TRE S R
TS, i 2 A B 7T 4 (Convergent Beam Elec-

tron Diffraction, CBED)Hi A, 8T RAELEFE M L,
SIS R BT RAE S, i AT AR
LK, BN T T, Zhus NIRRT —F
TG RRBTATHBR, FOVPARODI
(Parallel Recording of Oscillating Diffraction Intensi-
ties)BOAR, RENS RN ISR VF 2 AT R A SR AR 4k, 3& ]
TR ah Ak, @t 4545 LLCBED /N, {FURS 2 38 i (3¢
TSR B A AR R or 8 v, (5 R EER).
PARODIFEA AT LUK B R #E HL 570 A 40 5T
BEAr RS2,

Xf T P BRERAR, 0 B RTIR, (R AP XS 4R
RIS RIS S P P O T S T DK 2 31 AR A R A
RCEGT 2 BEAE B, WX X LA T HIATH AT 2
B4 HT(tbncBED! "5 PARODI" ), st s 13 B4
BB B S, MR ERE. BLok, Br T
Je AT, e E] DUy —Fh RS SRR
POMEEAG, R PR E TR R A TR AR
& 45 XRD, EDAH FHUR LUKDFTHHE, ] LA
ARG R DL S BT S FE AT T A e B, RS 2,
XRD, EDAIHF-HUH LA K DFT SR 35 FLAME T LA
NIV TT T : (1) 52 BEXRDATIN 2 AR A4 L A %
J&, EDALI) 2 i A AR (1 ZR AN f T 1032 4L),
o UR  REE BUR, DFTRI DU A 3 R . #
HANHENE, X AFPEOR T B 45 & AT LA SE 4 i 5E RS 1
W E MRV S5 A T BT 20 A (2) IR 4R s
KPR 7 XRD HA B RS BE, AR 5 45 M K 7 ED
BAIRGIOREE, 8856 0T DG4 Ve B i fe 8 a1
PRI S A Y, — e gk Th B AR T
il 2 KRB L, AN B RS B O XS 2 25 A R 1
M1 TEDBA JE 5 G i) A3 8] 70 # e, w] AT AR 21 20
KB FIRHR B A R . D ) S PR OO 2 45 1)
PR~ 7T DLl R DF T 5545 21 ) s 48 B4 1 R 1 B 4K,
MNTH R 2 A TR B S R B 7, 23 W rEL A 2 PR 20 A, B e 44
e p e R

EREHRZ, BHrChIE, Joie e f s BRI
P, IS AT TR, BT R BRI AR
O R RN PSR (BB 3 T 2 B N e R
BE— AT, R AME R AEERTE R BRIAR (W 2 7
[ 4 BB U AR A AE ) T CAR I 3], ] B Rl g
TERM R LB R AT RE 7D, ARRRIE T HUE R
TEGTR T aBoRBES. BT, WAMRE T &
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TG AR ER I o0 - B0 1 FE - O R (T 7 %,
FERAE T MHEBIXeZE 54 0 R I AEERTE BT B0 R 1
s X e gk B[R] S X AT S A B AT
S E TR AL T B R S BUOR PR, WA
PRI 5 L0 S5 A PR At T IR I M BUE S A Ll

BT EIRRIALE R R, [P AR S XANESHIPES LA
JOF ST B T RE R RIS (BELS), 7] DAXT R ATEH
(45 B(RE B REHF). IR EEX N K R AE X P A E AR T
BN RO AT D E AR S UE R o] DL E AR 7S, A
T RTAA 6 (1) 65 K4 FH FEL 15 R IR 0 A BE R AT 4R B 1X
L3 MR 25 F 45 R L A S 40 51 6 i 7Y
FAEF BT LB e i

(1) FEH\SE KIS B3R IE(XRD, EXAFS, TEMAI
ED%)

XRDAZFFH AT B X SR AT S, X4 kAT
P P B 23 B) 20 AT R S5 K9 73 M 80 7. XRDBERS
R B A R P AR B, T DA HE AR IR B A 4
TEL, D5 N AN A B AR IS . 7 R XU 2R ORS
YT 25 H) (EX AFS) IR FAF B AR 35 2 8 XS 2 W SOk 4
&8y P e R R R FE T 29301000 e VT ] H B3R
Y, AT LB T R R, T AR R T
FEIREE, 45 AR Z 45405 2, a3 A e A7 J 7
FOFRE, Fofi %, 8. BAMTEREL FPiEL
FAZ AT LSS 22 R = 4E45 K. TEMA &2 9 1 B
G AN X ED RS 45 th A KL 3801 S5 7 HEZIE B A0S
W A% . EXAFSHIXTFXRDIILHAE T EXAFSX}
JRB U, AR RRGEMEEEEE. EX-
AFSHIN T A I 35 E T EXAFS R LR &, 1 H
BRI ol 1) 2% 7 B VRO, IR RS, 4
HEXAFS, XRD. [F4ES UG BEN&E, HEG
B — VeI R B TH R 2 130 ) AT B AR e TR 2
P e AR T S K gm0 4, BB R R AA
AR A RATIS LIS 2

(2) FHEHE 75 B R 4E(PES, XANES, EELS
FAR)

PESHI X 26 . LA CIREUR R0t 506 RS
REEE AT s T, IR S e SR S LT RS K
B, PESHI AT HEFE R AR R I e R AR, DL &
TCER TR A =L, TR 5 BRI RAE 7 ik,
XANES 2 Fa W I BRI 2950 e Ve [ LA A O I IS0t 45
ULERE. v DA AN S, SRAE SRR, I fio A7 AT,

AR PIE A 4b . A BOR 6 FRPE SR SRS
EELS% 15 B3 XANES, R & hE &0 HE s
). REE S HERAE. PESH UM s T REAS 1S B
fEXANESHIEELS PA ) PES 45 &ite >k, Fbn b2 —M: i
BRE, AT RAMZ 5 THI 45 H B 58 B A R F 2

.
HEE.

4 ZEFTIEFHENNEZREG

AFTEATE A LR R LR G RALTTIE R T2
THREATEH A AT ED . GORBEIRADRLSE 5 T BT 7T

ES/N
4.1 NHMBHNEEEHMMPRRENTFER
HEENBEMXAYIERR

WIS 45 A R AR ST XAFS, XRD, EDAIES — [ 38

(a) (b)

o

B2 (MehiEE) (a) CaCuyTi,0, (CCTO) St #&;
(b) [FPPARIN X LHIATA L (o) ML 5E B i 7141 (QED)
I3 W45 3 HL T S5 4 R T DA R E e e B X AT A AR 2
PRI X 2 225 1 R T 1K 1 7 CCTO ) HL A 45 B2 3 A ] () ik
T DFT 85— B 58 4 3 50 e 7 24 3 A R
Figure 2 (Color online) (a) Crystal structure of CaCu;Ti,0;, (CCTO);
(b) synchrotron radiation X-ray diffraction pattern; (c) the charge
density distribution map of CCTO, determined by electronic structure
factor (obtained by quantitative electron diffraction (QED) analysis) and
X-ray structure factors (measured by quantitative X-ray diffraction); (d)
the charge density distribution map obtained by the first-principles full
potential calculations [23,24].
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EJvE, BRATSAEEEM DT TR ALY
CaCu;Ti 0, (CCTO) (E2(a))TEGH R E ) JLAAT 254
BTGP, 2 FRATEAT T B ST 0TI,
KA T ZMRIETFBRBAMAN T, B F—A
FNZ 7T % UG R AT, tem, (1) it
TEMAIED LA K 2548 T XRD  (K12(b)) i 5 S A 45 4
AR FHES;, (2) il e BEDS TR B T 451
[R5 1ot e X RDI 15 2 I X 2R 45 M R B
T € CCTORY B far % B2 0 A1 (B12(¢)), FF5 5T DFTIH
B TR B 5 A A B0 R B 0 A (B12(d)) LR
(3) EXAFSHII &A1 2 HHG BB A, i CCTOM
4R 58 (WCa-0, Cu—0, Ti—O%5) ke K FIRC {7 5k,
(4) XANESHI S e T4 155, (5) FFHd ik
e PDF{EE,; (6) NS —MEJFEE T 5H 6 2 CCTOK
g B2 R E e R, s B ¥
HI 7R SR STEXAFS, XANESHIXRD, EDAIH T
B DL DFTHH ) S5 6, WA AT il I8 4 8 A
CaCu3Ti O IEGIK UL 1) AT S5 R AT 454, L
KBRS CaflICuJ FAEGK N E LI, 1
HixFpCa’s Culi -1 1P R HbEZ I T CaCu, TigO,,
BHEBEIN B, X MR T CaCusTiyOp,
1) Jey 3k 5 R AN oK RS B TG 7 FE 5 L B FB UL I Y
FERIEHLHIY, i T 2432 4+ fCaCu, Ti,0,,
A B AR S e R %A AL FRA T IR B [ 4B
R XRD 5% FED S & HANRAE T B LB v HOT
8 ) B PR R T EA AR KT e

42 FEERBREMNYIRZFHEEB)

I & R AR I Z R A, RO B AT
B A YF BT B 2 LaCoO, & o —Fh
R, R AT 50 RE REAAS. 7RI 100 K 2L
N, A RILaCoO, ¥ B BRI, b T IEREA 43S, 1E1R
FEREIE100 KLAJE, RM EILaCoO52% i 1 I I H
B SAMER. W RIR R gk m 500 KA b, A4
FlLaCoO; 42 & Pk £ 7. T A E 2L K f LaCoO,
MR N R B e, I Bl FUE B
85 KPP BREAMEVE R 2 5. SRR, AA1K
HMLaCoO; RHLHAH 2 5 HFHUEH 7. BB,
E RN IS, PALaCoO AR ZE I i I 45 & Ak
W i 5 TP X G i 1 T R DL FH 8 L 1) B P A
B, FLARYR ) SR BRI AT S, A BALaCoO;

I ARF I 4B At L2 BT B,
b1, R o TSR Y, S R A
- H 7 1 HE-LIE 2 IR R T P, 45 B4R FHLaCoOs
15 D05 R SR A B . ST, b
LaCoOs R F I3 4 8 LMD AR 2 R 5
F LA S B 9T 0.

LaCoOs 8L B H Al 1 4 8 A4 R IR 45
P, 5 CoftidHy T4 I FICo-O2 1 tip-dAfi 4 1125
S S R &, FLABS B S5 MR B AU T
1 5 5 T A 5 2 SRS (Hund) S e
34 R, BT, Co™ I THIE S
e, ARl s, 18 A e LRt AT A2
{1 FE S, S 4 B 000 A T 76 B R A
RS R, BRI BT E A A e 25 Al
52 1P R SR 24 RS, 306/ DA A=A
W2, Fb AR KA, RCo-ORKAY: Wi
Co™ AL Te A HUE RIS T2pHLE % B, BRCo-O
I Co-O-Cofit i 5601, [, MATAT LU 45
BN 97 FE 39 45 Co- O K HICo-O-Coftt A,
WA 425 3 8543 B0 S Rp-a U A B, T
SEUHCHD I RREAE, B A5 IR 2
AR DT EREAS AR T Co™ 0 T4
M. Ho, Co IR X (e e0H T4 (IS H i

A5, B HERS=0) IR X 12 M9t 0! T LA
Weds, BEHNS=1), FERRE el T AL (5

HERS, M EENS=2). HECo™ LA SRy HE
B S A EEA LR IS AN AR IS 2.

BATE 25565 P HIE S HEBTEELS 45 A 56 —
P R 58 A THEL, W9 T LaCoO,fEA AR R 1)
RS 1] P, LaCoO,7E80 KT Hohith W 5
H, 5Co B AT MR KT A . RIS R,
EELSXICo™ H e FIAHAS UL, I H R I UKL R
W T LAVE N LaCoO,fE AR FE FiCo™ Al A
D EAkHE. EELSHISZIGI MBS 5H, #RM T
LaCoO7E80 K &A= T MK E e s 2 3 B (M
AFEm BIES)MIAMAR, o T AR AR B e S A AR
ESYaal)

4.3 HBNEET SEBEMRRE FERFAETMR
FLAE19994F,  FRATHL N A 28 iR X i 4k 0 i+ 1%
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(XPS)FIIE H B 71 (UPS) [ 52 B &5 45 o — 1 SR B
SR ST T CsSnBrs B I BE (4 3777 - DY 75 25 74 1) AH AL ]
R JEEGH 4T T CsSnBr7E AN F R R AN IH 5 K AR
() FEL T Ry 45 A 1 R A A 58— M BRI B R A,
CsSnBry A& FL#% 7 F 344, /N BRIER Tk 2 b, 3R
IFIDFTIH S RAH T & Ak s A R T
219 eV, X5 7%2.08 eV, M/ 168 eV, RAZ042 eV. H
TDFT-LDA  (Jay38 % & 3 Auh) v S8 H AR AN 1 i BRAE,
T AE a1 B 75 EE  HE R FGWiH EAB IE, 3R
FA A A58 30 SR B2 BR R BT, (BBRATT I &5 e 2 R 0
T CsSnBry &2 Sk, AR LIRS 2 48D,

FEERAT M B CsSnBry fE I & K 1292 K A& 57 77 45
P M TR, b, M H AL 5 -0 T 454
AHAE. DFTUHE R, M7 7 -0 7 g5/ A AR, o
TREH A S BRS mE BFARAS, B, BB
Bl (7 37 77 465 W 1) A BRI DX R A 5 DY 7 485 40 () A ) B
FelalI KM R, WM0.42 eV (c/a=1.00)FFKF]
0.35eV (c/a=1.04). BAEAT BIMIX M Z AL, ot B s
LA K, e HL TSI AIDFTHH R W, Br 4pAliCs
SpASEE FE R FH %o A Ak Sk 37 5 - DU D5 AH AR R AR A [
TX L B T N7 7 DU 5 M AR IR R R AR AR, R
Se BRI, X FHOE H R RE 2 A R,

44 F-RIFENFEMERAR

PR 2 DhRET R T 88 AR () & 05 1 2 2 T A R
IR, FLim B M7t B e HEEPTT Ho, A
AN [FE R G5 A4 R 1 ) L THT AR 4530 5 % B AR PR e
EEERFEMRCT DR (ZnO) 9, 24ZnOrh
SPRRIEREIR IS, T4 JEC R0 1 T H ] Py e 3% s 2
PEVEREAR B s, AT A ORI B BT g iR 2
—. AR NN TT Zn0¥ Sk 5 57 05 hREEALIHE
B SRR SR AT TR RIBE YL T
WANMEF A, TEL T A ABEMgO) i T 57 i A 2 A
KT MRS SR BT 75 J7 ZnOE I, IR4h &
S b RGE S T B . XSRS FB R S
WS AN S — PR SR B 5, 38R 1 78T ZnO/S 7T MgO
2 B S A DL K FRTH TR BRI, [RIRSF, 4T i
TARAERIAER 1 7S J7 Zn O R AE [R] — 37 5 R i B3k
AT ) & B AR AR, AT A X AN TR 5 R 45 49 1)
Dhae Rl S E R B A SR X, st
K, AT i—SHREZnO/E N =R 5k

e AR B B FH A

BeAk, AR KR 2228 B b [ D 3%
B G RE I 2R S IR SR O TR AME R GEHE 5T
TNIO-ZnOW F S EAT R, (EHA /NI 4514
(124 AR A A A IS AR E AR K ST NIO TS, I
JE AT SR AR T FT AR K AN O 788 5 1 X S 2 IR ARG A
FHETE, AT ST T NIOVE I T 55 FIA 7 25 R It 7
i JEE R P A i AR, X R AT 45 R TR, 7547 ZnO
o i AR K 37 7 NIO R IS 52 B — P e e Wi 3, 55 2
WIMARTE, S PHrE S SR T AT RS
PE RIS R R HES . B T A [F] P A%
PIXSP LT REIE . A H T RENE . XU 2RIk
R TR 2 T3 5 L AR Y F T R E A R Re T AH 4G
E, RNBEFE T 7577 Zn05 52 7 NiO F T HL 245 (3
FrR). IR TAEE— P R T BT F IR S R
AEF AN I T H 5~ (1) 328 5 FL B R AE R (1) A HLAE Ak,
A DR TR R E 4 A i ) i 2

4.5 SRR E IR

B 7 FVBAE D mT g s R ) R L K EAE AR
FHL FHRAMAAM @ & b s i
Ao R 7E FEL B 4 DA S S R 4 O R AT 1R
J R S FH R S R S R R LR R TR AR R L
Co0,, FAIERIEZ Mg or Az, BarEbx
il R A B AILING, sCog 5Al 050, FILINi, 5-
Co,3Mn, 0, B B LiCoO, IEARFF R, W LAFETRE &%
FFREACECA. A RIS E PR R B R T LiCoO, &
FOAHDC IEARAF BRI R, e 2 78 F B ZE AL S R
EXRRETE . MRS AU, T
FAL L TR AR AR I #Ee i PR R — /SRR B R 22 A
T CEA YIS SRR, %7 N
SRR FRPARIRR . o HHE S B T E AR A
Kt e iE 25 45 4 T BOWLiNG gCog 15Alg 5O, Al
LiNi, ;Coy,sMn, ;0,554 Hi it TE AR A4 R ) 0% 5 Ak
ML 7 TR T 547

1L 78 A LI, Nig sCoy, 15Alg 05O, FILi,Ni, 53C0,sMn, 50,
B Rt TR AR B E AR IR SR A T 9 [R] 25 4R S XRD B
AT PAG BT I B AR R AR AR 1B L. Li,Nig sCog15A1) 050,
IEARA KR A /L5 75 T A& (Rhombohedral ) ) & 14 5 14,
Fo A% $c=1.386 nm. TEHRE171°CLAT, FHT75H
&% spinel 5 14 RAHAZ NIWIFF 46, 7RI EE207°C e 471X
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Bl 3 (MR E) (a) NiO-ZnOJ I H4 4% & & e
%; (b) /R T (c)'HNI Ly, 14 i R B3 2 1 BT B2 )
NiO-ZnOFHH AL E; (d), (e) 70 AlJEdE TR PHRT 1 A
SRS FOON L o300 X 2 W i )

Figure 3 (Color online) (a) STEM image of the NiO-ZnO interface;
(b) the corresponding positions at the NiO-ZnO interface where the 2D
EELS spectra of Ni L;, edges in (c) were acquired; (d), (e) the X-ray
absorption spectra of Ni L;, edges obtained based on synchrotron
radiation, with normal and grazing incidence, respectively [45].

MHAELE . Mspinel 2514 1| 5 £ 4514 (Rock-salt) fFIAH
AAE262°CIE AT PR, 335°CHEAT S5, LiNi;;Coys-
Mn, O, FELth TEARAA AL ) [R]85 48 56 XRD BE 1 7 1
— BN [E] I AHARAT . IARE T 7S T4 F spinel 45 74 (1 H
ALE210°CH U, 1E347°CLEA LR, LiNi,;3Co, -
M, 3O, HL It TE A R 0 4122 36 13 W 8 5 T L, Nig -
Coq,15Aly 05O IEFR ALK} AH AL I FE .
TEHAT RSP RS i 2 5, WXFLiNiygCoq s-
Al osO,FTLiNi, 5Co, ,sMn, ;0, FL L IE WAL R} w40 B
7S R AT EAL AT, R BT R, X PR AT REE S R
HoRT LU 2 R R SERBRL, - AL E 90K 2 LANRCK
ORI AT AN ZE 3. F B AT R AR R I T MRS
T4 Flspinel 45 M (A4S, XRDZA H /2 AR RE 1)
GuitE R, MHBS IR REEE. FIEXRDA

LR 3 BT R 45 e 4 HH SE TR T AOUL MR
M EE R ERXRD I 45 R AE® KL, # W W T AE
Li,Ni, 5Co,5Mn, 30, B IE AL M0, 8L [ spinel 45
IR . (EIXFh &5, tetrahedral (147 B (8a) #7Ni,
CofMMn & 1 L #fs. XA &5k BARAEF R L 5LiM,0,
AL, HRRE A SR L5 AR, FELIM,O, K spinel iy 14
/1, tetrahedral K117 B (8a)#LisS F 5 #%. HTM,0,%
[Mspinel S5 R IR T ER,  HE51 1 rock-saltZh #4) (1) & A E i
ML, MM m 1 AR B A e . i
Li,Nig §Cog 5Al 0sO, 1 i FILi,Ni; 5C0; sMny 30,85 i ]
2z 5y, PRI ZLRNIAIMa ) & & A . KA
NIt TRAFGE, A5 HA8 RN TR NGO, (H /& Mn* 7R
FoE, WHERFLEAN B MMnO,. fELiNi,;Coy ;-
Mn, ;0,8 Kb, MndEA 4k FMn* RZS. BrbAfE 78
SR, BIE A IONIFICo B 1 #78 2 fr, #/4Mk
FRILIRAFAEspinel 14, FELT M0, ) b 1.

R T HE— BRI Li N sCog 1 sAly. 05O, FF i Fl
LixNi1/3C01/3Mn1/302*$ f AH A ) AR AN R E PE AN ]
PR, FRAME T R R TR R B B IR A — 1R R
PR m R AR R A A AR, 18
THE T ERAHAR R B AH DG I s B o A
2MO,(JZ IR 45 #))—2MO(rock-salt)+O,,

LiMO, LiM,O, Core-shell
e nanoparticles

B4 (MR E) Li MO8 B 1 Ht IE B RHE A 2
{5& E"] BE 1'2!&2%1’@ . ﬁ\: EP M=NioAgC00,15A10A05§E%‘M=N11/3'
CosMn, 3

Figure 4 (Color online) The crystal structures involved in the
evolution of Li,MO, lithium ion battery cathode material. M=
NipsCoq.15Alg0s or M=Ni;;Co;;3Mn3.
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Horh, MARE S48 NI, CofIMnal# iX L 75 2 11
G RN LARIEN: AH=2E(MO)+E(O,)—2E
(MO,). HAFEMO), E(0,), EMO,)%H7ZEMO, O,
MO, fife. &t KEME—MEETHE, 153
Li Nig sCog 15Aly 050,13 [ Bk AH~—0.8 eV/O,,
Li,Ni, ;Co,sMn, ;0,1 P R N f& AH~+1 €V/0O,. XL
ﬁ“ﬁ%%%%, VAL Eﬁ, Li,Nij Coy 15Al 05O
TEARNT IR N 25 5 #48 Nrock-salt& #4, T Li,Ni, -
Coy;sMn ;0,0 75 EH = IR FE (Re ) A Re e b A
rock-saltZ5#y. ¥eAJiE YL, LiNi,;Co,;3Mn,;0,t
Li,Ni gC0yg 15Al 05O, F AT B m I FAAEE L. Li,Nig g-
Coy 15Aly 05O, U F A Arock-salt4i 14, 217 K™ E K
4. R MAMO,BIMOKIAI A it fE v, k2
FRY0 73 S 0 3] R, R AR B S N, T B I R
TR e H 2 A

4.6 EMInEEMRIRIFAR

ARSI BN =P ABARF B, 754 H AU K
BHH AR, —#HMESEHTMERNSGE R D2
— s, FBIIANREIOGE KL —f, FEER T
Pork 5| ERIVER. X B IRA T DR BN B S
FAE T2 R AR AT Re PR R, DAL se3 t
27 V2 S P ATUSURT BT S50 SN e R 1) TR

B [ RR S G UR D, F A AR S g AR
YRR R, Ho73 8] 43 2 RN [H] 4 2 4045 21
IRRHIFE . 345K R R 1 [R] 25 5 36 9 oK U B R
BFEGPUR D HAIH A DK PHREH G R g
KA HHTATH G SEHR, o N EA R Re &
B, HTEESI 2 N =i R R SAT
VoL S G

5 1 [F] 25 % S XA 20T S vy P T 7 o 1) 2 A ek
KA 7, T LT EEREUS IR R, AR
iR R VSR e O VR P ) 4 v T X R
WOTEE AR BN A A6IE . KA LI
T DA AR TH B (a0 55— 1 R RO 5 7 v AT BR
), B0 TR SR e v IR g, R T A&
PR S5 M (1) TC 5 FE IR £5(CaB,0,, StB,0,) I L
PER R4 PER Y BL R LiBO,BAT 5 U 1 e

CRA RAE 7 1EAE BETR A RL A 1) B B SR B 72
Fhige s NP5k TR T 78 o b K AR B Ak 2 B 5
(I TR DA B XS 28 A AT BEA. R FH 3 S X o 2 7 J 2 1 6

25 B T BOR R3S — VSR B 55, il 4R
R YR RS e, BN T Rt 2 A IR R
e, DR S B DU DFTH S, 765 2R
AT IS B R T, I vRe e B T R L
AR T B R S PR, A Al
BIRIDFTHHL, S0 T e AL 0 F A A3
R or e RALT-Be S AL 2R RE i &, WL 1 Rl
PR RA RIL T R EH I TR BRAR AL RL,  SEBL T8
PO IF 23 T I AR AR, RR TR
AR ET, G B S TR B L Z S5 DA
BEERSL, BRI T ARtk e e, St
Biv AR DR BT A BRI B ES &, IR
T S M AR IR E I AP BT e R R 2 (1
R ST AT R R R B S A,
S8 IS FHAE AT 2P e,

BEE S SRR RIE T JOEAR, SR ERALEL
ARALHE [R5 48 S BORAE G B HR 515 B ARHL (N
REFEAN LR )RR AR s, i, fr
R R AL OB AR S T IR AE R ) B %
YRR PRI, FRBRS HEE™ . A
N vp = TS M

5 ZitS5RE

AILLRIR T (R0 S BORANE S e B R R ) K
J&, B T X WA T SRR A EAE AR
AR 2 77 T (U U 55 i) T AR 3 185 202 R B R )
AN PR CRIA LR R R, R T I EEROR AR 5
PERUELAME. 2 Fm R BR IR Sk £, JFai &
R MIE RN SR & RIALTE, RAEZ 2R
DR ARE N AERLR B D0 %, Al S I 2R 577
EEE Z =i b N bz S VA R T R e
FRERIEERIRE ). BB GUORRHE . BT LR
BRFERIRE, FRPHR S EORAIE ST s 1090 8
ML, XA T BAETM R Bt 2
AU e K 5

R, FATT 30 82 RS 4 ) B 1 022 5 )8, AR Bk
XS PR IXGT AT L7 OB TR, A2 W] ILEARSR, W]
AR ISR BB A 7 OO LG . i), BATHE
B[R D5 N BORAE S LR B 5 5 B AR (WK
B AN T RE) KR i 5.
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Principles and applications of a comprehensive characterization
method combining synchrotron radiation technology, trans-
mission electron microscopy, and density functional theory
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Synchrotron radiation and transmission electron microscopy (TEM) technologies are important characterization methods
of materials and are widely used in the frontier research fields of physics, chemistry, materials, environment, and energy.
Both methods exploit the interaction of photons and electrons with materials, including the scattering and absorption of
photons in the material and the diffraction and energy loss of electrons. Through these techniques, various specific
characterization methods have evolved. In the density functional theory (DFT) which is based on quantum mechanics,
the eigenfunction can be related to the charge density obtained from the synchrotron radiation X-rays diffraction and
electron diffraction in TEMs, and the eigenvalue corresponds to the energy level or band structure obtained from the
photoelectron emission spectra/absorption spectra of synchrotron radiation and the electron energy loss spectra of TEM.
With these corresponding relations, the two techniques and theoretical calculations can verify and/or complement each
other, providing detailed analyses of the structure and electronic information of materials. This article reviews the
progress of synchrotron radiation and transmission electron microscopy technologies and their applications to typical
material characterization. The article emphasizes how the spatial and temporal resolutions of both technologies have
advanced through nanotechnology and quantum mechanics developments. Such cutting-edge technology will promote
the discovery of new functional materials.

synchrotron radiation, transmission electron microscope, density functional theory
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