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ABSTRACT

The 1terative wave-function reconstruction (IWFR) method developed by Allen et al. (2004) was reviewed with con-
cern for its applicability. The high resolution transmission electron microscopy (HRTEM) studies of the materials such as
GaAs, YBa,Cu;0; and Al.CuMg reported in the literature were utilized in this review. In this process the basis of
validity, the limiting conditions and the information limit of this method were discussed. It was particularly noted that the
phase contrast image of the exit plane wave evaluated from this method reveals not only C,-corrected atomic resolution

within information limit, but also strong tendency of contrast proportional to the magnitude of the atomic number of

compositional atoms in a crystal.
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HRTEM (High Resolution Transmission Electron Micro-
scopy) H-obel| A #H T TE gulsl WAL g HaH(C) 2
A FEG-TEM (&-2 C,-Corrected FEG-TEM) ¢] 7§%}3} (o
Lentzen, 2006) A$| ‘A}-3A4) (Phase Problem) & 3l 235}=
HHH 0] Alasle|c} o] 24 OEH (Off-Axis Electron Holo-
graphy) B e] =Zbx] 7§ (Reviw: Lehmann & Lichte. 2002)
2 ol olgslA A4 W mHelA AR HEHas A%
g A} o3 Ak (Amplitude & Phase Contrast Images)S-2 2-2] 3

°of ¥ 20083 = AN shed7aA o) oste] JFHAS-

A e & g olsh AP = BT WS QA9 B
= 124 (defocus) Zholl WgF HRTEM ¢4} | o|EH &
A7 o|RXE BAA image processing 218 AA w =
o) HEihes G wEeld. o/ % MAL (Maximum-
likelyhood) -2 EPWFR (Exit-Plane Wave Function Recon-
struction) B} (Coene et al.. 1992, 1996: Chang & Kirkland,
2006)0] @A) Ag3Hele] o453 alek Azelek e
o] Bl-2- Ao ~2074 Al v|2HEel| o3 HRTEM
oA} dHlo|E]E L3} image processing AHA] w3 B-AS)E
84 728 23 vk

Z|Lol] Allen et al. (2004, 2006)-2- ¢] MAL ¥}l 18]
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ul]-2- Zte+sk IWER (Iterative Wave-Function Reconstruction)
uPg & A o Wy ot 37 WA 57 A (2)
e 71D HAE 74 w2 ol st o dlelElr
& 93Py HFE A A|7t= AAte=m 48F 4 9ot
Teit o) whge) ARAl e geH =AW 4e
g 2AEe| HESA ==} A Ao AlsE 1
=2 o) fyolA of wpge) AT wAs Fal of Whye)
EF Aol g ol 24 TS w3 olo) mE A ga|gte
HEx gt} gl 28]1 GaAs 2 YBa,Cu;0,9]
AES 93l o7 el v sl diF o)&Hal A
Beo)d G4 oS A 0|2 ol4 IWFR uPiE chr}
=2 AP 1 4442 HATA W) Boe v
Al-Cu-Mg &2 %2 H27l S-4 27} (AlL,CuMg)®)
AAFzo] g ¥ 1%l HRTEM A3 3AMS (Majmel et
al., 2004)°l] 3l o] by A8 2 PAHE Al=sl] B
I N2 AAE =2 5 UERE "dstast g

N

JERET

1. IWFR dftH

Allen et al. (2004, 2006)¢]] 2}3} A A}7] TWFR Hp €]
PurelE-e ks ofd e} ek

D) #7] o2 ¥]24 (defocus) ZHEol] )8 N7 (3 o] A
A 57/ A=)2] HRTEM JAHE2] [,(X)E A dlo|E]2 ¢
ok X H2A AL 0=1.N)2 743l o4 FRlelA 91
o 5] o] .

0) 1(X)e] FHERS 0N =/1X) expligX))2 ¥
o, 4} (phase)?] Z7] FtE5-& o 7FAgT}(6,(X)=0).

3) 534 ¢ (X)2 3£2)o] W8 (FT: Fourier Transform)
&l o] W3 g4l Contrast Transfer Function (CTF), T(g,
4=(DEF), D(g, Af,)& v}io] g-

Af,) % Damping Envelope3
59 B AFFS

0,0(Q)=[FT{0,(X)}IT(g. Af,)'D(g, AL (1)

2 drd ¢, 78 43 A5 9 ¥z %S C,
Af,=0¢] ZAd] g$HE H-AZL ou)gic) 787 7]
gre- ol 2oz o)At}

T(g, Afy)=expl—ix(g. Af,)] (1a)

-1_!

x(g. Af)=mAANf,g°+0.57°Cg? (1b)

D(g. Af,)=exp[—0.5(nAg’A)"]
exp[—2{B,mg(Af,+A°C,g")}"] (lc)

°1E AellM A= A AR I A, 9} B A 247
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D>
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D
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]
p._-

g e%d ) wae zzAd gk

(2004, 2006)8] =Fo|A= FHa} Al 7]~|__)~. IS _4

AEE Gehish
HHee (elA Qe N AEgdas] AFe A
=3

(pavg(g) N ”§4¢n 0(8) (2)

5) ()4} (18)9} (le)& ¥t -] HIHFTHE
A s §X)8 Ao

B X)=[FT {00 ($)NT(g. Af )D(g. AF,)
7(X)expli 6,X)] (3)

6) )Mol AR A (phase) T4 8.(X)= 2)27
0, X)13 =3ste] 2)elA] S)HAE T53H4 JA}e] 4l
7). 5 A Ak g Aol A9 sl i)

O(X)=FT {9, ()} 4)

2 Ausel (slEdezy) Wrlde) AT F TEMY 5
o) og o34 shFo] wAE A Y mHAN HEGS
(Exit Wave)E o=t}

o] wiy] Algel|A] AlAAQ o2 YA W 2t
H] A &HA] (incoherence), A|&.2] ZE(drift)el] 2|3} v]=A
el B AFHA 9 ole] wpE= HRTEM ¢JAtEol| o)
A oA HRFHEY F-E AT €5l AA
¥ 31 glv} (Allen et al., 2004, 2006).

2. IWFR e} Ergdof oigt I1&

Allen et al. 0004 2006)2] =% oﬂH-E-—- % A9 2)4741011

°l-nr9]r ?;}771] o] HJHS—J A8 = 5&7& 2 Xﬂfz‘}/‘é% %‘Eﬂr
& o7k Ae] gk o8 A alM ETA
0.(X) AHA 1X)=|pX)[78] Felofl WL dled HAL 1
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&) FT{IH X)} 2¢en¢g Hn
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}_{} O) ¢Hu¢(}n+¢0n¢ Hn+2 (bg,nq)g Hn (5)
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H Y g 55 3AHdHANM S o9 Az MBS Hepd (5)
A& CTF¢} DEFZ W7,

O (HE )= 05+00 8" 1, [T(H. Af, )P+

[T(H. Af )DH, Af ) 'Y 80,0, 11 (6)
g+ H#0

HRTEM Al&eo A= Az F47} 10nm ¢35} =5
Fgoz o zAsNA |9,|<|gy|°] AT} =3 DEF
7} d£8] O.A. (Objective Aperture) 9L o=z ZHT
Ly <20 nm™ WM Tl ojnjg zh=r)(Table 1% %),
g 275 3l (6)2)9] uiA g2 A Hy 2>
HA| 3lol} vl&)] HA| & Axz Hoa 7P & 4 9ok
2] (6)5 Neoj| s Hg FHshd 6)2 F+ HA U A
HA 31| CTF *P(phase)%}t‘: o no wpE z}7] th=
#e 7HRlez duidoz Mz AMHCG 8w oL

o
—

[J all

ZAM S 2
1 ]
q)avg(H) __]\7* ; (I)?I(H) Or ¢0 (7)

o)A (7)2) & Zle] WL s1A (8)2 o] AdoyAl).

FT " { @ (H)}=¢50(X) (8)
o] A3}= IWFR v 3} v wd w) A 8 ¢,& Al 9slx
@A 2o} o] A g whad] oAb FEe|A] 1]
A xo) xlolut sl o, 99 FL LA % (2 o
obd) IWFR uhgol] 23t Az} & #Aze o|gozr

A€ot T2 o3 Ao Higt Al EG oS FI o
Foue A¥s B A3 IWFR Wb e] By b Aol

P Al Fx Aoz el & GE Ases o

7 S 2ee ¥y9] §-4.5 IWFRS] slare]EolA A
Pﬂoﬂ k] 1K) 27) A-FpE YT B2} ¢
1,02 AAsed BAT & 3 0y 3o H3F A%
N NH A9} ohIg A Abelo] A2] FHol7} ¢
. ol o] s3bd 4 A goey ofd I
ook 54 D) sk 1K) g A= ()9 A%
Fogo)7) Wge) F Fe) A2 Holol N 7w} Hm
9} FA X9 FHHYFAE= 23 ol e HAe] ZEkz
ok ukeby] o] T @4e) Zzel Ug Felo] W) AR

= dbdos Mz A $AE 7bd Ao ¢l
Ml2 ol2idh Sabd el IWFR UmelEe] 2)9A|oA
H535e) 27) A phase) & doz AHHE S Y B
Fe IAHZ B3 gloh o] IWFR "ol aEsfeiof &
= ohE 298 BAE o dTmelEel TeHE HAY ¢
o) W9l F gu.® AR ook shksh DEFY ol
g-tol Z7} Gl wieh whes AR o oz ghash
ole] e B3 groz Frbsh) dFoleh ody Aol

1.0

0.6

D(g)

0 4 8 12 16

g(nm_]) .

Fig. 1. The graph of the damping envelope function, D(g) with C,;=
Af=0 for a 300 kv TEM. The curves 1. 2, 3 and 4 are for the A,;=2
nm, 3 nm. 4 nm and 8 nm, respectively. The D(g)=0.2 is a set value as
a cut off level giving the limit of g, in IWFR algorithm, and the
values of corresponding points: 1/g,, 1/g., 1/g, and 1/g, are likely to
be information limits in HRTEM images.

Table 1. The information limits in HRTEM images with the cut-off

level of D(g)=0.2 in Fig. 1 (2 M H(1/g, .. nm)]
A,
E (kv)
2 nm 3nm 4 nm 8 nm

120 9.2 (0.11) 7.5(0.13) 6.5 (0.15) 4.6(0.22)
200 10.7 (0.09) 8.7(0.11) 7.6 (0.13) 5.3(0.19)
300 12.1 (0.08) 0.8 (0.10) 8.5 (0.12) 6.0 (0.17)
400 13.2 (0.08) 10.8 (0.09) 9.3(0.11) 6.6 (0.15)
600 15.1 (0.07) 12.3 (0.08) 10.7 (0.09) 7.5 (0.13)
800 16.7 (0.06) 13.6 (0.07) 11.8 (0.08) 8.3(0.12)
1250 19.7 (0.05) 16.1 (0.06) 13.9 (0.07) 9.9 (0.10)

E A D(gp Afpe]l diFH ez 02 A=
IR P T FERNE S ER )
2 el L%EH&D} T3 olel EYEE L/gma FOl
HRTEM oA} F=x°] $-&3F # M 34 (information li-mit)
& 24953 2 4 9ok o] BAE ARHoz HofFE
71 o] Fig. 13} Table 1ol L}t ¢t Fig. 1-2 300 kv TEM
o s F3eA veld 8] A ghel| o DEF 12}e]
0. Table 1e)= od2] 7}&are] TEMo| ©a] Ao whe
Aug $3 kel vl gtk

2 o

1. GaAso|| Cist 0|2 Alsd

IWFR ®fw 8] o] 24 AL 87| $§ ZAHAEZE GaAs
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+34.2 nm

Defocus: +37.4 nm

+31.0nm

Fig. 2. Assembly of simulated images of GaAs viewed along the

[~ 110] direction under the defocus values indicated on the top of

figures for a unit cell. The thickness is 6 nm and C,= 40 um. For
other detail parameters, see text.

(a=0.564 nm DC, Space Group:F43m)& =13)c}. Tillmann et
al. (2004)2] =F-o|A ‘C,-corrected Philips CM200 FEG ST’
TEM A543 o2 GaAs (110)2] Al et &g A
AT R o] Aol g7 207 29 vz
A kel 3k HRTEM A3 934 9 o]e| 23] EPWER #}
e ol gl doin AR W mRGA AR FEPe
A% 9 o] woin) JHEx FHFo] ook o] AmT
< 7HA| 3L IWFR Wi ®] o] 24 A¥$ 37| ¢#) Tillmann
et al. (2004)8] =F-) Jeld 20712] HRTEM Al§ o Als
3 Q3] eHE dAEE 4 AEe ol Ashe) Ayl
53} 719 22 LT (n=1.20)9) o &9 qolelE 9]
o} o] Alge ool PA HolEl= ohast Ak e
b 200kv, [—110]F H}8ke] Al&%7 t=6 nm, C.=—40
um, A;=A(6.4)//2=4.5 nm. B,=B,(0.2)//2=0.14 mrad. “7&]
ARl B2 | A=A 2%k
d(AD)=-322+0.03nme] YA =)ol 3 Zr= = 207} o]t
o 2k FIE 249} ¥ 24 3t AL,=+11.6nmE E3s
o) SIe}. o] 27 g7} C= ofel A= 2T ojHnh

641 0
’ ,-)7 /’pgmax (
16 1
A= g 10
fl”‘ 9 lgrunax ( )

o] Aol g..,=7.8nm™' (Information limit 0.13 nm: Table 1

), A=2.51pm (200 kv)e] Fojzict. of 20712 Eﬂ Iﬁii
HE N=20 22 10,5,3,29] A2 4 o

o Mdeale] IWFR 22| E (1)odlA] (4)9] %—1"%4?30?1 EH

a Phase

Imaginary

Real Intensity

b
= AS
0. 14 nm
4. Ga
(G017
.-.-_-_-_,m.-.-.-.*

©[110]

Fig. 3. a: the phase, the imaginary part. the real part and the intensity
contrasts of the exit plane wave function, ¢(X), evaluated from the
four image data in Fig. 2. b: the projected potential map of GaAs
along [ —~110] direction with a unit cell.

Hsted A w1 #del] Tl SEE = _(p(;? )2 4]
oh a2gm o] 49 zmu}-é:c»l W I(X) (A2
HRTEM Aol i), A5 -zﬂ—rﬁr 222 ln[goo?)m

3] ais}eau} EE ol 47H.4 BR
2 S o)A 247 EAH < Am
X E5E v|wsle] M= Aeo] mpgAsicha
Hkeh o] Ax} N=377]'7<H‘f qu)al 2 7he] zpol= 7
(o}

El7} 223 whH IWFR uhﬂg& 3~57) A= °§’z} g o]
e el ARLE Shelshs Aotk Fig 2 207 &
478 (Af=37.4 nm, 34.2 nm, 31.0 nm. 27.7 nm)2] A]E#H oA
Aol Fig 3¢ of 472] 4 doleizye) e 2
4w =He) sFHE EP4 9(X)2] Af(phase), #4
¥ A3 3 2 ()9 o] sl

Fig. 38] AF -odAF2 Tillmann et al. (2004)2] =] Fig.
2(b)e] Ab-od Ak} A9 7} o)8] 3k H] A7E=-2- IWFR
e BEA o] FAF Fre AL JEa E 4 9
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[010]

0.2 hm
t————s» [0011

Fig. 4. a: the projected potential map of YBa-,Cu,0, along [100]
direction with a unit cell. It is noted that the dimension of figures is a
little enlarged from the unit cell to contain enough the atomic posi-
tions. b: the simulated images for the experimental HRTEM image in
[Jia et al. (2004). Fig. 9]).

+34.2 nm

Fig. 5. Assembly of simulated images of YBa,Cu 05 viewed along
the [100] direction under the defocus values indicated on the top of
figures for a unit cell. The thickness is 3 nm and C = ~40 um. For
other detail parameters, see text.

o 28] E3lE Ga-As®] 0.14nm® {ALQ7E A=
1/2...x=0.13 nm (information limi) B} Fo}= HE §-9
D7} qlok oA71A WAl dgeelol 3 Frlzd A
= Fig. 3] AF- g Aol A Ga(1xpH 3 31)9F As(33)9] o
z}g}i\ ol A] Aol wa oAl 21w o] zlolBE HF A}
o]t} Tillmann et al. (2004)-2 o] ARA-S- 422} Al 4=2]
Bt A1 A o] @ elE(axial coma /threefold astigmatism)$] <3
ghoz Awslgont Ga 32 Asél B dxl= A%
& ATl A Aol Ak 7yl Aelrk g
2 AYYE ueiFict o AU Fig 3o AL
24049 AR 9 Aol SR
5 RFal vk A -JUIf’Jlﬂr- T3 o] A
obe] YBa,Cu;0; ¥ AlL,CuMge| A M= & 4= it

2. YBa,Cu0,2 A=

Jia et al. (2004) +%-9] Fig. 9& 1& ZAEA 9 YBa,
Cu;05 [(a=0.3820 nm, b=0.3885 nm, ¢=1.168 nm: Orthor-
hombic, Pmmm (No. 47) (Williams et al., 1988)]¢] [100] %
1010] 27 Zol] vie} viEH AAAES) A0 FE3] #
si¥ HRTEM 4ES vepla ok of Ay 4= *
&= [100] weke] =he] Aol gt AlEH ol F4
Fig. 4be]] H.o|x it} A E& o) e U&= j}a}umg S
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gt o] A&l W AA 3)H A= A7 ZHI= RaVel =
9 o PW 529 dxge Btk 28 Es 84 X-
3. AlL,CuMge| ZEF= A gl AAd 314wyt HRTEM el e8] -3k S-A49]

Ag7x wdB] Az dAH] AA @S Aol 1
2} o] Az =9o] Algke WEH HRTEM 4 ¥
Ho) o5 Aolch 28=e 92 FAIA: HRTEM %4
Ao s} IWFR uPi & A4 & 7% o2 298 =3
@ 4 9xAE YA wx Aok Thas] Majimel et al

2000 Al ] 17t = Al-Cu-Mg 2] 9 A& E49l S-
AF AR (ALCuMe)®] T2 [4,=0.400 nm, b,=0.923 nm, ¢, =
0.714 nm: Orthorhombic, Cmcm (No. 63)]3= <& o] Perlitz
& Westgren (1943, PW 2®)ol] ofsl] HdA el o3k X-A
54 Aoz 73 uh ok 2eh oh) H2ol 24 Ra-
dmilovic et al. (1999). Kilaas & Radmilovic (2001), Majimel
et al. (2004)%= el MEUxat Aleel oigk [100] zone PW model RaVel model
Zo |g HRTEM A§ EAozXe] PW mdloa ohat |
Cush Me¢l 99137} o Azg wde At s
ot (RaVel 2% (Fig. 7 #=). o] & oo Hg o]&H o
= (Wolverton, 2001) %! Kim & Ringer (2005), Kim (2005)2]

1001}

Phase

- [010
[010] 0.5nm

Fig. 7. The projected potential maps of Al,.CuMg along {100] direc-
tion with a anit cell for the PW and RaVel models. The columns of
Cu and Mg atoms are exchanged between the two models.

Defocus: —90 nm — 130 nm

Imaginary d
b

Real
C

Intensity

Fig. 8. a: the expernimental HRTEM images of a unit cell viewed
along the [100] direction after averaging for lattice symmetry with
the original micrographs taken from Majimel et al. (2004). b and c:
Fig. 6. The four contrast images of the wave function., @(X), evaluat- the corresponding simulated images with the PW model and the
ed from the three image data in Fig. 5. RaVel model respectively.
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Phase Imaginary

Real [ntensity

Fig. 9. a: the four contrast images of the exit wave function. @( (X), evaluated from the two experimental images in Fig. 8a. b: the four contrasts
of the (p(X ) evaluated from the two simulated images of Fig. 8b w1th the PW model. c: for the RaVel model with Fig. 8c.

(20002 = 79 o2 ¥] A g HRTEM °JAE5-2
BRI Jg0% IWFR 3 Bie] 7hssiet 3217} o
e A43 N o) st )

Majimel et al. (2004)2] Al-Cu-Mg &+ 3+ HRTEM
A A}%ﬂ #r|7e C.=1.2mm% 7}4 Philips CM30
STe|c}h 941 o] =% Fig. 9a 4 b (22} Af=-90 nm and
—130 nm)-J FAEZHE o] Al siyEE RES 3
ste] HAY dolB{2 W3stx T8 Ax JAA. F o
HollA F4) HAL [0 1/20] o]% 1A 2[00 1/2)/ (001)9]
o]/ AL WAL ZEE PFES A UAE HolHE
At ol E 32 Fig. 8aoll viel} 3]t} Fig. 8ol b} ¢
= Z+7+ PW ,E’.ta-‘il} RaVel 2 Hlol| tjjsl] ae] A& oJArE =}
Hroe pgshs ABeold JEolet of AEd oA
o Y e ES 3k Pk st 300 kv, A
257 t=8nm, A,;=8nm, B.=0.6 mrade|t}. ¢]&5& BlW 4
EZ o vl24d -90nmelME= PW 2dllo] @]m —130
nme|M e RaVelndlo] Agos v} o 2 Bahss
Ao g Helvh I#e|x B35kl Majimel et al. (2004)
olgl e AEAQ oz MM Mg T F Ravel
edo] AYARe} o ¢ wdehy B Fig 8o B
o] 1 3l A EH o] °FAFE Majimel et al. (2004)¢] Fig. 9
o Yebd 5 i X7} itk 53] RaVel 2]
c2] 73-%-(Af=-900 nm) oF3}A epd Zrxr} 259 o4}

l

1

Defocus: —70 nm —110 nm

Fig. 10. a: the simulated images with the PW model, b: with the
RaVel model under the defocus values indicated on the top of figures.

AN Tha 7eA melth.
Fig. 9aol| = StA] -2 F 7] ulzAe| st HAd o
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Eo] vjeht glu} 283 bet ¢ 7z PW 2d 3 RaVel
wedol ofs) dolnl eHE ol €x Bk ash bW
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ag} co| 3
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Fig. 99|41 A A4 ¢l HRTEM o34+ #HElEo] A=} A
A oA "leut QIAEE e H7|A A AL E e
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HAF | wpekal s HalA]| ¢g W 1E| /I3 e
748 8- S} (astigmatism)7} 3] 2AFS 3R] &
o ebdeh gk AR ®Wleo] HEAoA i FZA Bl
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Fig. 11. a: the four contrast images of the exit plane wave function evaluated from the two experimental images of Fig. 8a and the two simulated
images of Fig. 10a for the PW model. b: the contrasts of the wave function from the two simulated images of Fig. 8b and the two images of Fig.
10a for the PW model. c: the contrasts of the wave function from the two experimental images of Fig. 8a and the two simulated images of Fig.
10b for the RaVel model. d: the contrasts of the wave function from the two simulated images of Fig. 8c and the two images of Fig. 10b for the

RaVel model.
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