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Introduction to Atomic Electron Tomography
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Electron microscopy with the high resolution in planar images has found wide application in materials science
and structural biology. Tomography has also made a revolutionary impact of non-destructively revealing three-
dimensional (3D) structures, especially in clinical medical imaging. Digital signal processing is applied to a broad
range of electrical engineering to extract the information from noisy signals. Imperfections inside the crystalline
structures have caught material scientists’ eyes due to the capability of significantly changing properties of
materials. A remarkable advance in the field of electron tomography has been made by combining several novel
techniques: scanning transmission electron microscopy with annular dark-field detector to obtain high-resolution
two-dimensional projection images, the center of mass alignment method to solve the misalignment problem, the
equally sloped tomography method to achieve best spatial resolution by alleviating the missing wedge problem, and
the 3D Wiener filtering to enhance the signal-to-noise ratio. With these combinations, a 2.4-angstrom resolution in
the 3D reconstruction is demonstrated. Atomic steps and dislocations at the grain boundary inside a 10nm platinum
particle are observed. In the most recent developments, three-dimensional coordinates and chemical species of
individual atoms are obtained to calculate the strains and magnetic properties of materials. This powerful technique
has raised a great potential for applications to structural and functional materials.

i, O g FREBRIR TAIMLE - [R5
HIYE &N AT DU B3t o347 - S9— (i3 as(S -3k

HEHEY RS F A -2 S (Richard Philips FIJ - 2215 7% (Philip Anderson) JRE 1995 £EAYEH L
Feynman) £ 1959 fERURSHLERE T EIGERRZL 22 R ® - BRREHEERROR © B E B H MR R R

[l

_‘ﬁﬁ

FUEFFN 212831069 85



M - EHEER I E AR - R RAER
e AR ARSI R PR TR E - B
"ER L MEAEMEEETE TR - BADK
Ry — R BRI HRE - AT HA i s B R SR 5
RIALIZKAYEZAE - — B ] DUE BRI - 1E = HEf
BHRGLE - R EHT R E R YR AR A B
APE - (TR S B g S R L TR E AR - 38
NMEE R H R A T S R A B R TS
% AR TT AR e A _E RS B B

1@ AR —(EHAD - B AT A H At BB B
O HEFENER - X L2 — ] {2
B =R T RERI T o AE 20 SRR REE T
R EENAED  HEARFE R
BE T _EEAEE I (unit cell) @ i@ X YEHEEE
2R B RS B B BE o A 78 A A L A v 2 B
(Bragg peaks) * {HRFE IS 5116 R [F] i 1 4
PHEERN » R R —E R =HE A - (B1S
EEAZ - BERFAENEIRE RN ERER
IERYJR T REATRE © BEAR LS P A s 2 BHYRIUE AT DA
(EALBGEERELS  (BERATHEEE R HES
H5 K - BRIERAKH - BAARERE UM
MERERY SRR E B S [T - MEFREAE X Ot
iR A DA 2 Y o

R THFtse e auskiag - fEHEFREE
Fe e TR SR AT BUSE R o BB WY BUR U TENR B
JeFRA-EE - A E TR B AR TSR Z LY
ZHAEH - ] LAERS R %50 B B FH R 2R B R
JRT - BEEETOCEREE - DU HME &R
A EEEL - R EREE T EMEA]
FEMEYY - JEHE R BEMER (scanning tunneling
microscope, STM) ~ {7 i =\EE F5E 8% (scanning
electron microscope, SEM) * i JJEAf#E (atomic
force microscope, AFM) 22 % X 5 1 ZAHI IR
(transmission electron microscope, TEM) B LT
e B o R AT R - R HLGR R B E B IEARHY
e - BB EEENE TEME A ES 0.5 B
MR - BRI 78 N B 7R oK T I IR T A5 1 Y
ETH - FAR# 5 EE T BB (scanning
transmission electron microscope, STEM) fatfi HJ

& 2 2 A R S I E R - PR - B Reh

86 FHEHAN 212 H7 106.9

HEE T BE SR R AR A RE (Y

SN E MRS TR s
{HANR B (EAn] — 75 % 7] LR IE 15 258 K A K
B =HE R 4568 o FIHET i Edir (computed
tomography, CT) & — & ¥ S AN [F] A4 By — 4
R K ES =M - Rrlpe 2 R EES E
fit =AEEFHAYME— 1% - TERR IR BE SR - B8
EHE B X MEERHEER 1961 EaK"Y - B
Jig fi i L AR i 2 P A 5 o S P T A P 0 A
i I HER i th B Ze B R s
o el ARERE ST AR (filtered
back projection, FBP)"® + fRE{E A F {1l (algebraic
reconstruction technique, ART)"*" » DL R [&] i 2
RE @ F T (spontaneous iterative reconstruction
technique, SIRT)""? 577 B EL R (R SEIS IS 5 T e Lh
HIBAZEFIE -

AR - BIEEREEE S H 1968 FHERLIEH T35 L
HEE - BE 2012 F - FIHEHLEETEE
i T A S AT AR = A I T AS PR AR AR AR BB AR
AR MEE 1 20K WA & DA R T4k
1 o ERIEL » DR FFg i B T e s F B A it
By — RPRERC o BT i L R R T T
HIEEE R - FER AR B EAMHE(RR - BA
HE AR 25 B B N A - SRR Y A
HEHIEH B (radiation damage) 2RI TR - A
SR b B EE R R 5 B = M A R T PR Y
EHEFE T (80—300 keV) » 58 i & S R AHE AU
185 - R BE S EH R - SRR
M BEE T HES T =EEEME &S ER
EEREE R MR AT A A R R {E R
'8+ DURGEER ST A o B I R -

£ 2012 ¥ 2017 £ - BBFTHYE TEE R
fir » B EEEENREEIZERE SR 1959 4
BHEMEZIEC - e TiREEERETHE
i ~ BITRYSERRET E B R B b - B
T =HEEHATDER] 2.4 BAIRITRECY 5 B
RN PRTERI T TGRS E R ]88
fi (edge dislocation) EEZEfiEEE( (screw dislocation)
@35 BRAT T SRS ST A AT = HEDR T-HES o B E B
T (point defect) » i DA = A2 [ TR AT B 140



FITZHIESTO « 2017 F4)] » P /R BN 15585
SRR R — T R = HE AR R TR
S DAk E TS R R R ARG MM T AT DU R
PfirERe R B K R AT DA RS B SE SRS Rk
EQUIEPNINZ B

PURASGR (R B B a e et ~ o Ba i =
AEEA - SRR E RISt = (8 5 - FERIS T RE R
I B A [ S BB s B A ) 58 e

— iR EAEFRNRESBE
IRFZREIG(RAZR

BFEE R — R IR 1968 452
FERAERIR TS ARV B AR RS R
{5 F 2752 =B T BRI AR 1R E A R L Y =R
5 o H=HERIMATEE Ry 2 —5 ZK00 o BHRFERLAY
WENAEYES T R WET BRI (cryo-electron
microscopy, Cryo-EM) R 1531 [ T 5 215
SIS EEE TR 1Y
B AL E A R RS EROBRS o HHIREHE L
e R R T FESEEE LA EIE - BT A B AL
PSSR BT B — AR RTRE - 550 - B E
WAVIE ST - BIERME R O ERE A i
i PIEHES R IEZERE - IRESE T TR
B R BN RA AR AL < 38 B SR ARRAE R Bk
ENEERF - FR L T =AER G R E AR
HIBRLECY « EAR - (E— A RHREE 52 AT B Lo
mn B D A AR R R AT AT o R Em A
B SAFRG IR - IHAh - fEFENE
TR R PRI RS - P AR ARG AR L
HECE R AR ARG - W SRR G
RE R R M E TR A o ARHTRTI - S —
feept kR - B EA A YIRS R R R R
B3 - MBRKRZEE E sl il 2B =0 B
HIZERH » BIDR MR S = A TR i oK — g
% o

FEE T HEMBIE 1930 FARNIEEOEE R
BT - (EHMTEALEE AR E TR -
i EE RN Z A B RGBSR G =Y - i
1947 F » BIEFHEHE - HAgBERN=

PEBRTEI R 7= AT DUFI RS 22 e 4 A & R L
G o I 60 FEIE ST RIEFKINFE#RE
TRAMEGET] 0.5 BRAYMAT IR iRSE = S LA
GO o 3B 1 1y 7o FAEATT 15 B v S L B (5 15 R (B U LR
tt (signal-to-noise ratio) fSLAKIEEES » H{FE=
eI 7 FEAE A] DUSE RS HE RN E - S H R i E T
BT (atomic electron tomography, AET)®" & 1k
TEVERR 2 -

SRR EE R R L e R 2 =
FHEAERIZ S (annular dark-field, ADF) {51 259
i o ZKHTATER - 285 0 E TSR Bl BREUE
SV BEIER AR - RAEYRLTEE
Wk~ & |FRITREAIATER - e HYET
L (weak-phase-phase approximation) » FT{5E|H$%
sonsBRE ] RN RET G B - e
BRit 2o s LLI TR AH SR - 6N E 7 H AL
VI AR - R EEDRAR AL LR i ERE
=B BRI AN & A T AR a2
5 o & (BRG] A i 2R U E R R P
5 S (E I B 1SR O Y - I E B T EM
SRR TIEFE0E 1 FFESEES ARE T
RMER R —E/ N 1 32AVE, - S RARNIET
TR/ NG R 33 P A S A i - A il - AR B
SRR RIP RS E R g sk A - PR BRI
SRR ZR A AR AT LR E B B RIS - — i
Pk BRI 40 Z0E (mrad) FF - EEHESE
FEELI R IEF RN ZE R R - PR e Bl
FERL$ ELROSERT IR NG 26 - TG R 2R E
PR B & TR AR - Hom A B R
[ 1.8 KARRIELL* o EEBRUOBE TR E S
BT - TSRS ETFEREIEE T
AT B R B - AR ST I B &R -

= THREEOREREMKEE
£
B R P 28 2T T B T DS i
R B AR T A AL TN
H R A AT LUR PR 2R e i B AR e
SEARARES + (SRR MR T R T

FUEFFN 212831069 87



‘ Source

Lenses

VAN

o

Ny gy

ADF
detector

B LA TFERXTTFRMETEEC - TF e
BREESE AN ERER R DA —RY
NEBE o BRE FTEITYE BT AR P AR
R EIR R B RO E TR
WA S TN E ARG E T ERZ ]
3R ey BESR TR 1.8 R RIE © &
7 5T AR [ 3R PP T HE AT BB R SRR A
e

A5 o HA e = (0 R A A R

B Ty TR PREEHA R R AR S AG A OR
FHEWS A - BiEFHFEieEik m2 B ik
TG RGETR R o R - 38 S A B Rl
ANEERAHRIRY e il o BERNEIE R AR ASHE
R AT - A TRERE IR R RR e i
(B2 A7 SR A B F5 s 075 21 B — i [] fre il
A REIEMEM BT =AE A - @ LS ] e il
#7102 22 XMHRE (cross-correlation) FLEFE o FfA
"EE/INGEE R IEERM ) AR o EE
SRS XAH B R B e A B AR ST A 70 A B Y R %
s LA - AR AR EREES BN 0 W
&5 52 < MR A E =N a /N A B 2 RGeS
FEENERIRRIG MEELE - & A EEAR » &2

88 FHEHAN 212 H7 106.9

NAERAE G B E R VIR e E AR (hat2 ¥
i 3 [F] e gl n iR = b A S R Z=EOR) » 5&
HRBAE=MEREE SR BTN EE
o B iR =HEE AR R A o ERE R
EERRIE TR SE AN A) - RURAE AT R AT
fFF - R PLEER AR (AR TRE
Bl R AT - Fr DUAT LGSR E (] fie e e
BLIFHYRFRRIRGE - B EE AR - Bl
e e is A A e H B e (20 2) - EHEE
RS O B RIFRE B RIRI B B R
BRI RS - IRZAR RS A R RS it st 3 R T [ i
(AR SRS L RIARDL - & TR RRIR e R n] IS 5
1t AR 52 ple T HL12 A B 2R B A0S A R 15 2R
FERAE -

B HRE—REE REG R R —HE
B & - rTLUREE XY SPE RS TR - K AT A e
Y MR- - T BUR R 3] DU
B REE AR HIHEEE (8 3 ) - A =fEE
TEAE B FE R AR B b - (i A A 55— R
RE (R AR B A AL AR B (E TR - &
e B R BAEAR I o A 72/ N T (E
Aoy NRRZE © MEEOHE - R RIR AR TR T
o BRI BE SR E LA T RHRR
7 o R HRAG R R =AAEE AT E - HHEE
HIREIF TR o MEDR B2 P R A (e B
(pseudo-polar Fourier transform)*® o J&fA{# 7 ZEL]
Fr &¥ (Fourier slice theorem) » B Z2fi] -1y %
SRR Y TEMEA - TR HE R =M EE
FR—5R —AEYI R - A0SR AT DUE RSB A
YR AR = ML ZE 22 - BT DUR T 5
22 T S RO R = A () -
PR IR B b SN A il RS AR B e R A P s
(T BER - [A|IE—ARER A2 S (L B2 ] F e
TR SRR B AR - T SO TR - K
VL EEZRMRIERI N EIRE IR - B BT ERY R
TTVEATE o AhIF 5T 2% B i A (07 TERE A g 5 DS A
BTG T 15 i e AL AT L PR P T A
il Sy g 15 (e - 200 3 AP R RS 1
BhHY T ER EUR I RS - AR R EEE D
FERAARE » A0 tan ' (V) ~ tan ' (4) ~ tan '(34) -



T
I I
I I .
| | PN
| I 7N
I | // \\
| | ,/ N
| ’ | // h
: v / S
| //I . // ! g : \\
I 7 , | ~
: p I e ] | N,
[ . ’ : g H S
NS Assume the A [
& . . s | * I .
* v ¢ rotation axis . i
. #
is at the CM - ' i
| 7
—— ~ | / I
NS |
LY Pa— L _
0° ‘ ‘ 0°
4 > . b >
45° 45°
L 2 > 4 >
90° 90°

B2 #PHoREHRTERE - BALT CHALTHMBEANG L B HE LBy
QENIET @ EEEBBE S HECRKL AT HMEE - HRRS SR TH
B0 200,45 00 E i EH AT oA A4 B[ £ T 5 o Atk B b
TTEFAL—FATA R T Moy dhig - A B A S E A F oy dhiR B L Rl 0 Al
S BB R BN RE AP T o AR BB R B T AR 2
PP T R AL A o

Reciprocal Space Real Space
(Pseudopolar Grid) (Cartesian Grid)
L .
) e ", Wl € F 0 ol
'\i \“ueesssdy
'y o a b bo-9-9 e AT Y
NN aorr T 4]
9 "Wb‘ 8 ﬁr" L
FIET boss 25000
— p 4 1
+41 b 144!
";"Ar“::f' Py ':QN;L"
YA A Bt S ;‘\
DY o L e
& B ol % N
Jad d b S WP
¥ . B, Tl Wika N

Bl 3. 4 A © AR AR A R ARAS TS W o B A A EARAS TS o B TR 1 60 BOUE A A A AR 0
Vomt o B AR AR AR+ Tde A AE  E R E A e0 B A EARAE A - BUA B A e A - R
F ARG M A F AR A BRI 0 A T B ACE AR A o T R AR A
EORE

PHEITAI 212 41 106.9 89



Fourier Slices
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