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Fig. 1. (a) In-line holograms of a nanosized Au sample at the acceleration voltage of 300 kV. Scale bar is 1 nm. It is noteworthy

that there are edge-on twin boundaries present in the imaged gold sample. At the intersection of three twin boundaries, a present

end-on dislocation marked by the red arrow. (b) Surface morphology and (c) atomic structure views of the nanosized Au sample in

three dimensions. The facets with different crystallographic orientations are highlighted with different colors!
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MEORIRRAE b B G 7 ST H R A Sk BT R A SR
FUBT T Z UGN & e, BT CAEAS MR
RGN RN N K ORL A5 3 )z A [
2005 4F, Arslan B KA 1E# R FHE
S i R T Wl /R S Tk S K i N
FEZ 5 nm K/ AL T AL RE R A 5 S g8k
WURL ) 56 3 = 4 RSP RUEAR, HEEAE] 1 nm x
1 nm x 1 nm A =425 (0] 0 HER. 8 7R 0T Ge
R AR BE L PNV 5 T g B A [ AR R
10 2°1E SR MG, FXT R A T By — 4
R, AT DR ) S4B N R
SR T e IR T DAARAS MR S AR S A
B TAATTIRIRE DG 2 A ] DA =4 Y 3R L T 25 1
HRAS SR AR DIAE DG 8 25 28K, el
AR TR 2 T A EC o7 i Z808T o7 L3 B3 4
A ST KR 2. Bt S B Iy Z2 A A ] /N TR
R 1491 30 3o A K OB AR S A7 B ] 5 S s [ 7
] RN e RS T =4 R T SRk in R S
Sas [ AL AR ZR B AR AR G, R AT MR 25 R R A oK
PR FUR 2 T o AR b Ak, THEA 2R Mk
PR ZR A 68% [RTH IR+ ELAECH 8, 5
N7 T SRR AR TR R L ALEL, T RS 32%
HY T IR AT 8 RBCALEL. IS5 0 Bl
i AP T 57 3R THT i~ 55 G R AR Py i A S g 3 P 2
[B] () O R B9 T SO0 FE Rl 1b Ao i 22 45 1647 34
SEEL T E RS Y R T 4 R b SR R
B, =R A5 = 4 s RAE 2R R T
XA A F AR 4 R B0 S 1T F AL Y B A
2011 A2 T R Van Aert 55 U8 255
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BEMIEFREESN BT RMA . iS5k
RIS HUT 2 UK, il AE P O ) R A
J£43 8t HAADF STEM &, 785 RE RGN
KRR =AY B AT 2 U AR —Fh ] fdi
BB T7 1) AN PS4 O 1) 1) RIS OR 58 B =
eI I E, BT B R B B R B e
s A 235 R 118 9 51 SR PR A kAR A v A BIR v R
AT —4ES5 ). Van Aert 55 ) F| R 7E Al &
Y Ag GUOKAREIESE T XA kT ik, It
FEFIRTS Ag QKRR SR RS =iy A,

BEHIREA 2k — U T AR AET
KRRk ) R RO =42 fa 2. A 3 F
48 TEM LTI = BUSA H 1955 A R B2 STEM
KT BRI =, AT SRR T Lo RER
G AIE R (annular dark-field, ADF) STEM
18, B2 7 B R 2% - T )2 A 5 8] 19
T R T L A R TE— /N E IR
i OB I A BUR, B E R
5 i ADF 50 810 5% . S0 Sl e e A it O 7E A
() PRV 71 BT T — 2R 9 AR RMR. Bl R 3R 51
1050 PR 2 4ot Pl LRI T s, P o A 5 L
AF 4 (fractional Fourier transform, FrFT) # &
G G A B R 2 de e PR R AR
LI T A, T A, T LR A2
AL ERA S B AR A, DT AE BURE i 1) = 48 Ji - A
. 2012 4F, BEGREA X G EHELS S R L E
S X B Z T A RERETZE ER (equally
sloped tomography, EST) s @ %, k@
T AET ikt Au Rk 1T =i dEfy, H—
Aezs[m) PR IAE] 2.4 A, HAZ x4 Sk i
AR PO 2013 4F, B AR TR [F & P
0 AET J7iE5T v 2 HE 28 5 Pt 9Kk AT =48
BUR, eI REEMEE R 128 b i) =4 )5+ &
B A B TS R A 1) — HEAZ A5, S T 44
K BURL T = 4 ik e A R Y R 0 P E B R AR
2015 4F, AR S VE# E—DH ] ABT HoRE &
I 3 R B A i I il A 11 3D AR B2 i
FH EST S 4% S5 R A 1Y 62 5K 21 1E ADF
STEM R & A8 Ik T+ 0 B4~ B 1) = 4E 58 B 43 A1
I 38 B8 5 5 AR5 £H R4 3769 11 =
Here by T ALEAE @y, 205 10 BRGBE 20 00) R
10.5, 15 1 5.5 pm, HI7E =245 8] i) AL hrks B 24
19 pm.

T X 2L 4517 P R 2 N AET J5 R 5.4y
TR 2 B K BURLEA T = 4k 78 T 40 B, 2017 A2
FRURA AL B 513 P BESE T 655 6569 4> Fe Fl
16627 > Pt 19 FePt KFAL, IF0fE T 81
RN = HE AR, AR T RUE PR A/
TCF F AR AR SR 55 04 R P BEAH DCHK . 42 )R IRl k&
Y FePt &4 7 TE L VU7 (L1g) A, S8 — 1R
FEAE AT SR KRG R 0 A e . WIS B FePt 24
KGRI —FPIC T BT O ST 5 AH (AL AH). AR
e U B AR T, G R IO 23 R A Ak 2H L AN [
H AL ARFE AR L1y 80E A PO T (L1 AH).
L1y AHEAT HROR A E A 4% 1) S MERE. W AET J7
2, FH A~ 38 A e R AR @ (a gen-
eralized Fourier iterative reconstruction algori-
thm, GENFIRE) X| 68 ik R4 5 F 17 — 4k &
F. BEX = 4R AR, TR BRI SRR T
%, MG Fe 1 Pt Y Ja 058 B 20 A1 KB 2 B — >
Pt J57 1 Fe J5L1 (0 AL b, H AR BRORS B B2 0] 3k 5]
22 pm. % T BrE S B9 = 4 R F B T ADF
STEM KSR, I35 5256 R AR X L AT 56 E.
I = 45548 vh T A A A9 AR A ¥ 280 (short-
range order parameter, SROP) %I FePt [ =4E{b
A PR AT 432 FePt UKL A] 23 U LA
AN [E O AH Y AiokL, JF BT I 52 5 B ) SROP
AR AT LA k. A ART ik, 78 =48R I
AT LIS B 6 — Tn s 1] 4k M 4 K B0R: H i1
REEA P ) JCF 4.

g5 PR, AR T =2EAF R TEM J5ik,
FUFE B — BB BEE AT | CTIBIE I T PR
TR AR AR AN i W2 UBOR, LU i
JE T A AT 4 K AT 55 RN UKL AE — 42 ] v 9 Ji - 4
P FPSERIEC L, AR R E8 DX JE - RUBE Y A A
AR B FNGREE YRS, X BEFTHTAY TEM RAEJ7 2%
TR T h Se it <57 A R RS 3 1) %L
RS Bt ] 428 %) 0 0K AT R BIORE 1Y) — 4R 2540 45 B R
HOCHE.

3 FERAETH KR E/ B L EL
EERAE

PR 32 ) W A i A sl s R T
LI A 2] 64 44 K P 7 sl O 14 D5 ROBE = g 7.
AESEBRI R, S Le K AR sl R AR A T
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(a) Source (b) .
\

/

Lenses

K2 ETHATERRGARZE  (a) BT ARRETE /NG IR B DU i e R 3 6 B i B
S HINEN Y (ADF) R0 3¢, (b) 40 SR FBE AL &, IFTEAS [ B I004% f BT T — 2R3 — 4R IRIR. () Zead Toib A
TR, A B AR e (FrFT) K R BB G 4 Al L J2 . = 2 TR o o ik R ok Y. i = 4T
H4), T LA BRI B A TR AR, DT A B 5 (19 = 2 Ji T 8 (1)

Fig. 2. Schematic layout of atomic electron tomography (AET): (a) An electron beam is focused on a small spot and scanned over a

sample to form a 2D image.The integrated signal at each scanning position is recorded by an annular dark-field (ADF) detector.

b) By rotating the sample around a tilt axis, a series of 2D images is measured at different tilt angles. (¢) After preprocessing and
y

alignment, the tilt series is inverted to Fourier slices by the fractional Fourier transform (FrFT). A 3D reconstruction is computed

by using a Fourier-based iterative algorithm. From the 3D reconstruction, the coordinates of individual atoms are traced and re-

fined to produce the 3D atomic model of the samplel*,

i AU AR R B SR AR AR TR
[F] ) P R L Al SOl SR I Hh 4K AT
ATIORL S AT 22 K R S AR L. AR TR E A
2R G fuy 7 i IUBE S R RAE 44 2K P 7R SOBUREAE T
PR | SO B SRR FREE Hh (Y 2 R L

3.1 T EPGKE K/ AL =45

LT D T A T BRI 4 0K AT A 1) 2 A
KL E) 12787 Ryt th BRI Z2 4E#4BBTH (potential
energy surface, PES) & 1. 1R 2 Hig 1A LKl
R AR AR ZR R 2 94 K AT Hh 7] 43 S AR AR 1Y
BEALE M MBE 2. TR SR Z M Re it
265, AU T AR I & ot 20 E
2L, HLAT AR e AT AL #Ras AR b nge] K A=
ERTEAR . AN, AR S5 A I [R) o3 A A
SEATRE R, IR AT S T s i ) T AR
A, INMTEAS XA RGEAVHFFE. X L85 B 590K
AIFERI R, Lhanfift | 2590 i | T2 5 IR R 2
YR,

BARNGE 2 TR, HETE 8 n] LIS A 75
TEERN) =2 5 RAE, (H2 o BT s A
HEET A S KAk, i LU R I T 4 3 )
TR AT RE AR Z AR [F) o A AR b g —Fh, I HARAT

|

R AT 22 PSR, T2 SE i F
FEAR BN [RIRLEE T AR ) = 4 14 B S L PES
OGS R PR Aa DT A A A S0 1) 325 3 )3
FH B4 B L2 B4R 2 20 38 1 SCTE ST 2018 4F
Palmer PB4 S5 VE& B° R R 26 B E 4 475 54T
HL 0 SIOR X 0 Bl PE R A EE B Augg,
VE A 14 ] 4 S AR PR TR IRLBE T A 454 1A 7 7 1
JRAIEAR.

Kl 3 fT 7R A Ausgy B HAADF STEM 4
SRR 2 Fr 2R PO BT 3(a) AT 3(D)
I3RS BLAE 20 °C R SR 4 B TH O 37 7 S5 R A
TR R TR AL . TR 3(c) A 3(d) 43 50 X g A
500 °C T RAEMY fec FalR 4+ M ALY AT 5% Gl
i GE o B FEAS [A) i BE R AR A Ino - M4 A4 HY
A fee 1 BY Y W15 BCE o A, ] € i ARAR
Augg, B PESSCHESHL, Bl Dh MBI fec F5Y
FIREEE Y (0.040 + 0.020) eV. € 3 H HAADF
STEM 1§52 (it (1 2 e A [R) i B2 A1 Y —4E 4544
HHE. EPE—4E 2019 4F Palmer B 5 20 KX 4 1F
OO ) 3k 2 W I HL 5 SRR BBk I B AR TR
2—>5 nm 1Y Au 94K P 1 it RUBE 2 T s Ak it
PSRRI, TEREGEIREE T, Au 9K R 23
P FRVBLAA S - [T AR 7 Y 4 4 DT 3 T A TR JE
7 5 R AR I B sl 800z, ELTR R 4
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Cuboctahedron

(i) Rotated through (a,0)

500 °C } (@) 500 °C

(0,30)

i

Cuboctahedron

Ino-decahedron

Cuboctahedron

- o W e T Y -
- o - W
. w— e
e e m— wwwww

e

Bl 3 20 °CH 500 CF A Ausg 5 0 55 F 300 15 3 43 15 3% 5 & 0 (HAADF STEM) & (a)—(d) Ausg Ml#% HAADF
STEM KM% il (e)—(h) XF b7 59 AS [R5 il T 57 /N i A4 R Ino + i A 1Y £ R )2 A8 4% 5 (a), (b) #E 20 °C Tt kA L IR ; (c),
(d) 76 500 °C FiCRAYSLER; (1) 5207 /N T PR A Ino T A B L AT 44 20 % HEBE 5% £ 1 7R 75 B9)

Fig. 3. High-angle annular dark-field scanning transmission electron microscopy (HAADF STEM) images of Ausg; clusters at 20 C

and 500 C: (a)—(d) HAADF STEM images of Ausg clusters and (e)—(h) matching multi-slice electron scattering simulations of the

cuboctahedron and Ino-decahedron at different orientations; (a), (b) experimental images recorded at 20 °C; (c), (d) images recor-

ded at 500 °C; (i) rotation angle of the cuboctahedron and Ino-decahedron geometriesl?.

PR TELIE F AR BAE (4 F Fl P RSS20 3000 ) 4 7L
JETL.

2019 FF B @A RBA KX 5 1EH P71 W AET
5T T BAA FePt 40K JURL A i RUBE = 2k 4
BE AR RS )38 i 7= Az A S AT AR, SR PO A
REEFRAE, B2 a]AY 3 AN4ERE S E 4. o 715
F[A]— FePt 44K JUkLI 1 7 42 o A A 10 A 7
FETE A% 1 R v A AN TR) 3B KR [a] 35 B3R 271 1 A
HAADF STEM 1%, ifijd AET Fikitfr & | JR
FHBEE | R4 MR AL SRR 31, i ) — S8k
TEAS[R] AR () 05 By X5 107 A = 4 Jit - A s 0 i -
Fli2&. FePt BUki7e3E k 9, 16 Fl 26 2040 3 4=
Y DAL R I D T B PR IR G R R AR AN i
M AR, X e TER K B A T RFR Y
B AR KRR OFN 16 4380 st 75 B 43 A3,
{HJEM 16 2805 26 43Pt &L T 28 k. Fim Mk
Fif b —H 0 T EAUFE A L1y M, (HRYK
WKL Pt BIAZ BT KA. XA AT LA
B R A A TR TP HORERE, P BB L
19 3 A 3 1R 1 AR 2 7 FU AR ORAZ O Ak 7R A

BRI, B KGN FePt Fokifh A1, L1, Al
L1, AL, MR P ST e T T &
M, KB L1 M. Fe B4 AL Pt & ER
A1, Fe 41 L1, #iF1 Pt & £/ L1, tHEETE
X — K Uk HIE A%, Horh Lo AH ) Lo A % 5
& BRI — 2 2R KA T
Wl BITEAZA 1. TEAZA R AE R P 1) = k53 A7
FIAE K )2 25 U1 G Ay . 2448 k16 Fil 26 434
BF, KA T A% S TR0 1 L 3 5l 7%
T 2438 K9 43 st e Uk 5 1 A7 75 5 2 T %
R, HIBAZ AR I SE A 22 94 K UL N 8. 72
PR et R v AT ) = G D R AR UE S T R
Bt B R FUEAZ, W BUE AR AL, %
JEE] L1, HH FePtgd K BUR e AR A8 AR 4 i g
A, AR SRR ORI — A R FE 2L
PERMEE 2, 4 IR RUBE g DU A RO 25 4y i
AR PRI 2 ) SRR, ORI T 38 5
T B B AR SRy A At A AR R0 1 A K R A
PEIC R 1 LR
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3.2 SRR BH = YELEHRE

AR ) i s oA ) 490 K ] 5 s 7 A AL
ST ) A B TR B AU S B2 56 T
ARAGGH K IR 1) — A #4) BN 2 DL B A = v A
ANTA) N AT B 45 R i AR Fn e I AR k. R 2R
£ TEM F 5% TAE 2 B 9 K WOk AE S8 Ak 380 )5 1
RS R AU AR, RASEAOR BRI — 4%
TN OS], TR Al 2o 2 X 40 K TR Fr 85 4 3 72 N
T A A T = e 254 S50 R AR AR H B PR,
2 A R KT S it IR 428 0 KA AL B 85 4 1 BB )
BLRAE T H. B, 3R S RE 5 27 A0
IR ARAE R BT SRS B 15T D 3 B g oK A4
BRI T = 2R U 5 R AIE

2019 4, Bals PRI Je & 1E# P SCHL T 78
300 C ARG T GORITORE S RO = 2
FTAE. Pt GUKIOR I H 0L Tk B AL b R},
PR TG M5 51 b A2 ) H = 2 S TR A | 2 fih SR L
RS EREE RS20 . A AT Pt 4K TR 1], A
FEHAE 300 °C F Hy F1 Oy BERNAS [A] SR 0 S0 3
PRI = e RUEAS . R, AT LR AS TR JEA U4
ZMF T LR T 3R AL Pt 4Rk i 1 %0 i
M EHTHEAN (refacet). 76 Hy U MEER] {100} AN
{111} 20T 7 32 T AR T B0, 40 5 4 Ay 1 BT
FE O, SR {100} AT {111} 20 i it = s/, v
FEE TR B W BN, AR R S0 AR A 4
TR K. EARAE 2.1 7 Hp R B R A A MR L
HAADF STEM EUZ AT L B HA5 249 K Joohs v
MR FHMIE TR, RIS e A ]
1. EEF N Z — 2T R AU SRR Pt 4
KI5 ZLR E W R IEEE 2950 30 nm BYFE AL

RER 1 ) Bk, Tk 2 B AR RERIAEAE R
Bk T HAADF STEM & i &, HAESARI7AE
B R o B3 55— IR U R AR,
WA AR s B AT T 3 AT R PT RE . iR N 2 T
URIE SR 2% 1) 7 ik, 3l A 4 28 ) 245 1)1 5ot 1]
R AT IS ORI AIAL 1, AR J5 P AR IE A Y 5
AT RN IR T AR A H 1 B M. AR A2
B, ATUAREPEAT TR F A 5 1) LR 4 R
05 S B U s s A = 22 DG B o, 11 2 2 R
REFRUHEATH0TE, W] LAAS S AH R 19 9K BURL Y — 4k
R, & 4(a) BT T BRI kR M 52

YA IBURL Y = 4 JE A AL JE A SEER I TE 300 °C
HI SR 6L, TR 4(b)—(e) Fis &AL 4 K
WORLAEAS ] ) SRS T 1 = 4R AL & 4(b) J2
6B A 1 bar (1 bar = 10° Pa) < JE & A 5% H,
19 Ar S, & 4(c) 2 VI IFE A 1 bar & O,
AT, B 4(d) 2D IFE A 1 bar KRS A
5% H, 1) Ar S, 8 4(e) RRAYHIFEA 1 bar
TR Oy BT, X -5 A0 i s I H i BB g i
it FH A SHL 70 4% e — B . FE S TR SR B4 S B By
B, 2R o 2 B R A AR AR, R 2
R 0.9%. X F W RN FE TR AT A R R
B>, MIE 4(a)—(e) B =4k TR B 1 28 1k
A LABH 5 H ARG S I A R SBR[ R TR 5. 7F
TS TR YRR IBURL I F SR U 37 AR, 7E Hy SR
TR \THA, 7E Oy AU HIE SIS T 3 3K
i X H B As R TR Z 300 °C R T B BRI IR,
RIRIED 4 v i) = 2 2 T AR Y Y A R ph AU A T
IR EEAS L S EE ). FEE X Hy 5L Oy R, ik
T RESIAH N A= AR Ak, B L S T NS E
T SE e BURL R 451 . 7R R T & f AT

H2 O2

H2 02

4 Pt HORBFRLAEARF T =4e 25PN (a) £ T (D), (d) 300 C il AR 5% Hy 19 Ar <; (c), (e) 300 C
A Oy WURLFR AT b A [R] it T80 158 ) D FHAS [ 068 35 7%, W €8 102 {100}, #3 E XF 17 {110}, %8 6% B {111}, R €% 1 v 415 $c g 91
Fig. 4. Three dimensional morphology of structural evolution of Pt nanoparticles under different environmental conditions:
(a) In vacuum; (b), (d) in 5% H, in Ar at 300 °C; (c), (e) in Oy at 300 °C. The atoms are presented in different colors, according to
the type of surface facet: blue = {100}, pink = {110}, purple = {111}, gray = higher index®.
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DR IBURE = 4 2 i1 1) A8 AR PR B AR A
AR R AL TR A A AT AR | AR PR S DML AR
HH L

3.3 WHEIMEH KGR = SR T

TEVR AR IR Hh iRk = 4244 | A K AL 5
FHEAE I —ER AT IR, T AR N
K iR A AL TG B A R PP 4 oK A
T UL 22 DG H . RS 0 AR GOK FURLAE A [R] i A
TRAH IR T 1 — 2 45 ) 2 25 Y A8 X6 T 42 4 oK
A TF S I G Y Ak R e 5 SR T S R
FE Y. 1944 5 Abrams Fl McBainl® %11 17 H
THURRH HL T R B B AR B 1970 4 Swift
Al Brownl®! 7 TEM RSBG4S T SRS F it
YRR, BT 2R, M AL RGN
HF TEM HE AT RRE e, (AR TT L3t
VA AE SR RUBE B YRR e o T AN il I 28 R 435 107,
A KRR B M A i T WAH T R s B R R S
T HE TEM HoWl g€ 40 K UKL 78 A H 1 45 48 A1
1Th.

2009 4 Dahmen B 5 2H 1 Alivisatos B i
2 1920 {fi FH i o7 90 A 325 3 R S e, R AN oK
AUAE AT LA 3 2 9 8 v 1) B B A sl R il e
A, X A R LA, BRIz 1Y
W RT3 A vl DL A & H46 /N JLT- B A B R
A3 AT AR K S AR 4 L NFTTE K
8 NP e 2R R R A KR A . X9 2 W
VROFH PR Fh SR (] A AR B AR RS E B EEH, ik
B0 1 B AN K R AR A K A 28 AR R R S Dy S K
HZIY B, SR 5 2 BRI A, (B 2200 TR 5
BT A EAER. 2012 4F Alivisatos 15820 X S 1E
F 03] 20 F R 57 0 AH FE - S ORI T 4K
R TE AR IO FRATS 250 T S B 1l ¥ 371 245 ) 1)
. [F4E, Lee R84 | Zettl BRI A Alivisatos
PO 64 5 J8 T —Ph 3 T A SR VR A 1 A T
FHHLF AMBAGR 71, LR R P SR A 1]
TEA 220 )2 DR AR . 5 A TEM iR
BEH 28 /0 10 nm JERYFE S A AL AR R B, 1A

SR VRV S B M B A BRI R R, R

JEF PR | Pl R RE T ST St R S i KA
FEHBBRAR, AEF A R T SRR o SR 2R 55
HERIAR . AT ESEI T A A7 SRR IR R R
JEAA Pt A RITURE 9 A= AL, A6 L7 SRR T 47

CIEsIE: Sine 1 SUSinp i Tr S8 M R 2 3
FIE 0 1 H2 O 00 0 DK A A K el R v ) O 2D R
2014 ARSI HFREILH KAV 161 N FHVBORH 375 56T v
TR AOR 5 25 52 BUAE WO PR BT v Pt g K Ok A=
Ky sh & a5 [/ 73 PR . A5 R9T, BR{100} m
G AN SR IS = (TR S5 4a S S RV | 21 L SVA R
KRBT, W {100} A5 R KBS
RBL{100} 1 I FC AR AR RS sl 2 {100 1 AE 1 A2
BELAY =225, X7 1WA T R OR T S 4 il
Bl

IR VBORE L S AR A TP AR AR B 9K UKL
ERME R T HERGEAE BN 2015 4F Alivisatos B
Y100 G T A SRR IR | RS ST
TIOR3 R DU 88 R 8 FH T A= A it ) SR
=Y AR R T A0 SR AR A R L AR A
KBRS FAfFMT (structure identification of nano-
particles by graphene liquid cell electron microsc-
opy, SINGLE) ¥, SE AW AR IS5 i B Pt
UK URLI) = HEZE A I I 700 HER. AR
K AURETE T W Th E eh e AN [ 552 7 1) ) —
ZANEMG R N Sk = 2 A AR B = A2
K. [R50 T LA A e b G R B —
WS K IIURE, JEAE R RUBE E I = 2254
B9 57 7] . 2020 4F Ercius R814H | Elmlund #8141
1 Park {814 07 @ :f SINGLE J5 i858 T /5
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Fig. 5. Capturing four-dimensional atomic motion with atomic electron tomography. (a)—(c) Three-dimensional atomic models (Fe
in red and Pt in blue) of an FePt nanoparticle with an accumulated annealing time of 9, 16 and 26 min, respectively. (d)—(f) The
Pt-rich core of the nanoparticle (shown here) remained the same for the three annealing times. The light and dark grey projections
below the models show the whole nanoparticle and the core, respectively. (g)—(i) The same internal atomic layer of the nanoparticle
along the [010] direction at the three annealing times (Fe in red and Pt in blue), where a fraction of the surface and subsurface
atoms had rearranged to form L1, phase (ellipses). Scale bar is 1 nm. (j)—(1) Distribution of the nucleation sites (dots) in particle
with an accumulated annealing time of 9, 16 and 26 min, respectively, where the lighter colored dots are closer to the front side and

the darker dots are closer to the back side of the nanoparticle. The (100) and (111) facets are in green and magenta,

respectivelyl67.

AR, (HAHE R E TEM H S fe S5k
WA (Heanok) 2= A B, Heank g e, M
A AT fig 5 30 TEM Ji 457 W8I0 44 2K J90k: 76 W AH
AT e STER M F AR BN S T R AN ]
2014 4F, Sutter 55 08 F] W AH HL - 0 fOR WL 52
Ag GKRFUR AT Pt & F/KIE W Z 18]/ Galvanic it
JE N, JEA TEM WS Ag 90K J0k: 5 A8 A 28 i
Ag-Pt YRR S A 2. W R 28+ A4 IR
S0, AF HL - AR T S R AR S AR 2.
2017 4F [ 48 2% B A 41 A Kundu B8 41 & A 1
O I R RS A AL TR KIS AT
AR Hy QKA. Bl BRAm ok | B 2 it IR
KA AR 101 SR IR ARG T oK CeOy 44K
W AE LT SR IR A B B R AT LU K. R,
o C AR T L F T ARONAE T g8 K Uk 25 A A A T
RHSEIA , AL A5 A AR & 7 O S
e F AR IS N IR TR T R G LEXT, A BE
TRE T b 3L e 290 K UREAE YRR TP Ak 2 O -5 435 44 1
AR

4 KBRSk G A B - T
& R AE

ARFET o, DARE PSR UL S K S Ay 514
AR AR RS EE 2 1 RUEE b Wb [l A4 R
S50 A SRETERE, DhRAE IS GRS T W
FREER AR BE AR SRR R RO R I AT
A RE AR M 5C ZRE AT B T B et P T i1
TERETERT RN DI REH T

BE T 38 S W Y W R A R AE T B
g LR HE A0 R G TP A3 (energy-loss mag-
netic chiral dichroism), 3 FKH + 4 [A — & 3%
(electron magnetic circular dichroism, EMCD)[™.
EMCD A [ 544 # 5 H5 XMCD £AR A
L. XMCD b 7 Jiié 18 i i X 58 2 5 45 e 152 s
X & B IRk & R IA X e +ie’ Fle —ie’
Hrle| = |e'| He L&' RS AHER ik X £k
TR AH EAE AR 210 X s (X-ray
absorption spectroscopy, XAS) i 11 W YA I 1) —

066801-11


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 70, No. 6 (2021) 066801

U B R
(a%é}z)i - Zi,f‘l’*ﬁw (f| (e £ie') - Ri)|?
x 6 (E+ EB; — Ey), (1)

FHor s 9 43508 I A i 1 i 4 285 5 A e [
TPRAS, [0)F0| f) RIS RBCFIAR S BREL, E 2R
AEHE, o= e?/ (dnsohc) RAG ML H AL, R 2 Hx
HL IO E R B, e RO T IR fb R & 52
50 E 52 BR G 1 AR 2 T B i A A e 15 g
X SHAE G XAS 1S B R, H2E 7 FR N
XMCD i, [ Wb B ASAERE IR — % . Schatts-
chneider 55 M & BI7E TEM AW B8 S kE i iis% 2
58 B BURATT S 2500, TERT S IR E 1“4 A
“=7 A SR B HL BB B4R R 3 (electron
energy-loss spectroscopy, EELS) [ gl % #4433
XL q +iq' Flq — g, REFE 1 >k B BUR ] AR {7 22
n/2, Hhlql = |¢'| Hq L '™ 1E “4+7 Fl 7 i
BEALRAER EELS 3519 IR 0o U A

820‘ _ 4,}/2 kf , .
(awg)i - Zi,f agq4k_i|<f|(quQ)‘R|z>\
x6(E+E; — Ey), (2)

o (i) | F) A A BRBCRIR A5 R, B R i
B, ao B BUREAR, v =1/V/1— B2 BAHIXHE B IE
T, REEVR TN B, q=kf — ki Bk
PR AR U T S R R R (2) RS A
WE . AT e BRI X S 2 R JE AR A 75 5
1 XAS 3T 31 W Wi 68 1) — Uk A 4 Tl SR K T =X
(1) FIZELL, A3 T LA W ek 1 A A g ) — (e
e 2 TAEGE M h AT R X BRI IR — (i, i
FRIAEH TP KB, i TR R 2 )43
PERAT I LR A (EL TR — 5 2R T3
Ty AT SN A AR 2 5 W H S SR S T
BCEGE S EVERGE, A R TR R e
SR S i B G S B0 S T o R — R
W, 2013 4F, AR 5B i T 4L 1) 76 A T
R R R (SR |-, KR T ISR T A
VR B E AT T R, FRR T A

FREA OG5, RS B e s 1A 4 DR
F AR TR HE . LB S ARG Sy B
ERRLSHE R, WA 6(a) B, B R4S
FI1 NiFe O, 49K SRLTE S . S ASE M T %
AT LLE S TEM R 2E X HL TA7T5S (selected

area electron diffraction, SAED) [&| FIHL - RE &
FRAGorAAAT . LA B ) A SR AR (4
{5 MR LU L TR IR — (03, T T TR G 251
5 B BYETHE S, 2 ) S B I O T A e 462 1Y) Fe

‘i‘). ™ TI]IO]N.F“Q NiFe,O
24

e I

BiFeO;;

100 nm SrTiO3
—

(b) Oct Fe: my,/ms=0.0140.03; My, =3.640.6
Tet Fe: my,/ms = 0.06 £ 0.02; My = —2.940.3

z Oct Ni: my/mg =0.24 £ 0.02; My, = 1.7£0.2
z
(o)
g
R
o
(9}
N
3
g
-
3
Z.
— Oct Ni
700 710 720 730850 860 870 880

Energy/eV

B 6 Aok ROBE PRt B — NiFe, O, 49K fib ki (1) i i 45
Wy U A GBI (a) G v AR R 1 37 ST
HLF B (TEM) B 1% f1 i X f7 4t (SAED) fE 4%, 78
SrTiO; JE % b 5 W AMIE A= K B 854K B BiFeO4 44 K St Al
2R f A1 NiFe,O, 49 2K & i () 518 A 5 KA TEM &,
NiFe, 0, 442K foki Ak 7E [110] 47 il F A9 ¥ 5% SAED #64%; (b)
JVHIA Fe (Oct Fe), /NI Ni (Oct Ni), P4 [fi {4 Fe (Tet
Fe) (1 &5 02 43 B (19 1% 18] — 838 ; Oct Fe F1 Tet Fe 2Z [H] 1y
0.4 eV (W 1b 2= 00 4% 28 51 S W T AN [R] o 0 X Bk i - i) 25 e
my,/mg A UE A BEREFE HE, Mo, per Mrer, pe F1 Mo, ni A&
Oct Fe, Tet Fe fil Oct Ni [ BVBEH, H07 4 up/atom!™!

Fig. 6. Nanoscale co-located measurement of crystallograph-
ic structure, elemental composition and quantitative mag-
netic moments of single NiFe,O, nanograin: (a) Transmis-
sion electron microscopy (TEM) image and selected area
electron diffraction (SAED) patterns of cross-sectional com-
posite films. Low-magnification TEM image for cross-sec-
tion sample of hetero-epitaxial composite thin films formed
by perovskite BiFeOs and spinel NiFe,O4 nanograins on Sr
TiOj substrates. The single-crystalline SAED patterns are
acquired from one NiFe,O, nanograin along the [110] zone
axis. (b) Site-specific magnetic circular dichroism spectra
for Fe atoms at octahedral sites (Oct Fe), Ni atoms at octa-
hedral sites (Oct Ni) and Fe atoms at tetrahedral sites (Tet
Fe). A chemical shift of 0.4 eV between oct Fe peak and Tet
Fe peak reveals the chemical shift for different site symmet-
ries. my,/mg refers to the orbital to spin magnetic moment
ratio. Moe, res Mret, re @and Mo n; are the total magnetic
moments (the sum of spin and orbital magnetic moments)
of Oct Fe, Tet Fe and Oct Ni in the units of up/atom(™.
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Fig. 7. Atomic scale co-located measurement of crystal structure, elemental composition and quantitative magnetic moment of

82,83)

SroFeMoQyg. my,/mg refers to the orbital to spin magnetic moment ratiol®2%.
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Fig. 8. Visualization of the thermomagnetic behavior of a small pseudo-single-domain Fe;0, grain. (a) Bright-field transmission elec-

tron microscopy image of the individual Fe;O, grain (about 150 nm in length across its long-diagonal axis), with associated electron

diffraction pattern inset. (b)—(h) Magnetic induction maps reconstructed from holograms taken at (b) 20 °C (with the red arrow,

labeled FD, showing the direction of the in-plane component of the applied saturating field to induce magnetic remanence, whereas

the blue arrow shows the additional direction the field was applied for the calculation of the mean inner potential); during in situ
heating to (c) 400 °C, (d) 500 °C, and (e) 550 °C; upon subsequent cooling to (f) 500 °C, (g) 400 °C, and (h) 20 °C. The contour

spacing is 0.098 rad for all the magnetic induction maps, and the magnetization direction is shown using arrows, as depicted in the

color wheel. v, center of the vortex®!.
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Fig. 9. Visualized effect of oxidation on the magnetization of an equiaxed Fe;O, particle. Bright-field transmission electron micro-
scopy images acquired (a) before and (b) after in situ heating to 700 “C under 9 mbar of O, for 8 h in an environmental transmis-
sion electron microscope (ETEM), with associated selected area electron diffraction patterns inset. (c), (d) Magnetic induction maps
determined from the magnetic contribution to the phase shift, reconstructed from holograms taken (c) before and (d) after in situ
heating, revealing the vortex nature of the particle. The contour spacing is 0.79 rad for both magnetic induction maps. The magnet-
ization direction is shown using arrows, as depicted in the color wheel. (e) Associated electron energy-loss spectra of the Fe 2p L, 3
edge acquired from the FezO, particle before (blue) and after (red) annealing within the ETEM. Black arrows emphasize three dif-
fering intensities from the mixed-valence compound of Fe;O,, while the red arrows highlight formation of pre- and post-peaks that
indicate oxidation towards ¥-Fe,Oj. (f) Line profiles across their centers of magnetic contribution of nanoparticles before (blue) and

after (red) annealing. Black arrows in (f) illustrate the loss in overall magnetic remanencel®.
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Abstract

Atomic scale characterization and manipulation is one of the physical bottlenecks, which needs to be
broken when realizing atom manufacturing. The aberration-corrected transmission electron microscopy (TEM)
is a powerful tool for structural characterization due to its exceptional spatial resolution. Therefore, it is very
crucial to co-characterize atomic-scale three-dimensional structure and properties of atomic manufacturing
materials by using TEM, which allows us to further understand the physics mechanism of atomic manipulation
of materials. Nano-clusters and nanoparticles are two of the main objects in the studies of atomic manufacturing
materials and devices, and possess rich physical and chemical properties and high manoeuverability. In this
paper, we summarize the recent progress of quantitatively determining three-dimensional structures and
magnetic properties of nanocluster, nanoparticles and nanograins, as well as their dynamic evolutions under the
working conditions. The methodological breakthrough and development of electron microscopy techniques

provide a solid foundation for precisely controlling atomic manufacturing materials.

Keywords: atom manufacturing, transmission electron microscopy and spectroscopy, three-dimensional

quantitative structure characterization, nanoclusters
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