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ABSTRACT

In this paper we explored a possibility of observation for effects of higher-order Laue zone (HOLZ) reflec-
tions on high resolution transmission electron microscope (HRTEM) images for illumination along an off-zone
axis of a crystal. The analysis of the observation could give useful three dimensional crystal structure informa-
tion. For the image simulation the Howie-Whelan equation was used with modification of including HOLZ
reflections. This study clearly indicates that HRTEM images for a very thin crystal tilted by a few degrees from

a zone axis show the effects of HOLZ reflections and contain some information of atomic arrangements along

the zone axis.
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2 9 =9 $Ao o} defocus Zho) w2z o|&
T3 oo g Algeld FA AH Y £
Aol B & 47} gleh

= 9E L, g zone-F9] ojuA|g A o] &
o zxe] A2 10° o)W tiltingZr EZoll T o]
RS A gt o2 HE] A EH S 3
Ha EAHe s £-43 XM A Fx YRS
dE Aol Helm o|8Hozyx 7Psdich o] WY
AEE AL v §olstA o] AYE 53 &
T A3, e el M AR 2AY fE A S
7} defocus 912] W3} Fo] A7} 43} He A
ojct. Wk o] A4 324A AATF=E HRE 47| 9
Fed= #*& 7% HOLZ (Higher Order Laue Zone)
o bt W8l m} olmlxlo] kel shm weba
Ageolbel o] EE LY FARA HolE
e Agsjoder Behae) Wel HOLZ el
a3 wE ¥4 ¥ A= 42 39 2 oy
I wepA AlEH o]AellE ZOLZ (Zero Order Laue
Zone) WA WRHE BE AR wiwd JRg T4
o] AR} o A zone-FoT T 23 A
H7z Aug Qoh. 2eiE T Y= W
= 5ol F7HE I ol wae AFH A=
A3 571 & Flo| A= o3t sl Al
A AF AselA] o] ukel] 28 {43 33114
AARFE BRE 9€ 5 Al dE 7FeAde o
BHoz 7 8 Euxt sk Ao o] =& EA
ojc}. o] ®Aell= FH o] W C-24 FEG-TEM,
F ")) FHLA A4S % 24 umelM &
o] 4] umg 24 7158} =3 Damping Envelope
= 3] 7)€ TEM (): Jia et al., 2004; Tillmann
et al., 2004; Lentzen, 2006) #]) 2} Image processing 2]
EA A A2l 2|3t ‘Exit Wave Reconstruction’ ¥}
(¢)l: Coene et al., 1992; Allen et al., 2004, 2006) ==
A 7hsd Afdx7E AA R 33 Qo) oY F
3t 34 o] nAel: HOLZ ¥} WE8& %33}
£ HRTEM e¢]u]] Al E#H o] ol X3}t FAo] F9]
AAE A sl o] B A 43 2000 AFe] 1= Al
-Cu-Mg &329] 32 M&9xel S-4F A (ALCuMg)
of W3 tilted-HRTEM o[n]z] AlE&e]d ¥4 & ¥
3 o] AFEHe] ZEES duA g4
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1. 98y 3|Fo|E DF

1) Eigen-value equation method

Fa A A el YA AR shggee 3=
Ab) (backward scattering)& FA] & ), v}-2-3 7-e
3 8140 35| ubAl4] (eigenvalue equation) 3 =
HE] deojxv} (Hirsch et al., 1977; Kim & Sheinin,
1982).

AC® =.Y(i)C(i) (1)

o714 CY= 18 FD-#E] (eigen-column vector) 2.
A BE 84 CPe)11, Bloch wave bP=ECexp[2mi
g

KO+g) - 718 Fourier Adolvh. 183 A9l 1
22% gfo g Fojaln.

Age=Qy/Py Ay=U, /P, @)

el A1EolA get hi AAS o Ax AHES
el 31, Bloch wave 98] kP=K+y¥n, Q,=—g*>—
2K - g P,=2n - (K+g), U= me/hd)V,,, V= A
2 HulAke] Fourier Al4olth. K= A9 H4 e
Aol o8] 2AH YAt HAY] F-AEelok o AR
UAF o) 42 9] HEo(Fig. 1 =), duby
o2 ggkol 71 &4F V&= Zagd oA ()¢
3] o)A HRTEM e]u]z] Al E#H o] Hell= WA=
g<10nm™' ¥$le) {3 N7 32 WEo] o]45Hu
I o)Ak FEEkA] ekt o]Ed A% (DA A
gHe] Z7)+= NxNelrj o] A6l sl N7j9
35 g 9$H e 2IEY e ded & i=
1...No] o} 7|4 yhEo] 2] dof & A2 (1)4]
2 HOLZ ¥} YEE 23] 3203 31 9Eo]
W3t & S YPHEQd Aok Aotk £ HAL
o] AAWe] F4(absorption) &= V,— V,+
iv,/e] B4z XFete] dar o] A4 § A 7
el =3 E4pr) Aok 9714 Ve AGER e
2 7% 5 A4 el4ke) Fourier A|4=e]e} (Hir-
schetal, 1977). 72 o5 =3 32 wel =
ZL2 ok Aoz FEAe.
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V ¢0 q)g

Fig. 1. Schematic drawing of a crystal slab with a thickness of
t. K is the incident wave vector, K, and K, (=K +g) are
wave vectors of the transmitted wave of ¢, and the
diffracted wave of ¢, respectively. The z.a. means the
zone axis of ZOLZ of g and thus h+g represent HOLZ
reciprocal lattice vectors. The n is a unit vector in z-dir-
ection normal to the entrance surface. and Az is a slice
thickness.

0=2x"Clexp(2miy"z) 3

o] AellM ¥V Alg YAk mHe) AAEA (9o=1,
I gtoll ¢,=0)2 BE] TR 7] A4 (excitation)
o)z A= b Ee) 44 waro 2] Zolo]
Fg. 132, F47F 953 M @ A 92 3
=9 A4 g P 4Re 1E B

=3l ¢,|>=1-8 G
g
AR 3" 27 33 0.05 o] Fhelet (Kim

& Sheinin, 1988).

2) Howie-Whelan (HW) equation
(321 z= v|E3sled Aeshd o529 N ¥
a2 WA Alo] a7l

d
—u=(2ri)Au &)
dz
ul 34 e} AE 0,8 BY 24 2 NAY

9 M), Ax (DA 2 NxN gole of B34
2 oz +=2o}¥ thA Laue3]d 73l SHZAA
3 Howie-Whelan B3 2]ell &l 53 5lo} (Hirsch et al.,
1977). (Y48} 44 e 27)2A u=(g=1, T ol
=002 AAHA AYE wd 44 e Azl
FAE M e $2oz hrol exdew B
3 <] &o 24 (iteration method) Y} Zo] zd
A 34 W9 AZ e dA Ho

3) izl Laue Al(symmetrical Laue (SL)
approximation)

qkok Fig. 164 n « g=00]3 o7} mradAd == Ao
JAb 9le] Wk Kb ot A9 HPq A9E SL =
Aoz BERiTE 22 ogd 20 HAZ A ¥
o] AA)2] zoneZ 7}7}o] YAMEIe ZOLZ2| 2314 3
Wol &3t gof 314 Hinle] &#m|A Aol 7jejd o vk
5} o3 g A$ ()24 Q,=2K,S,, P,=2K,, K,=
Kcos(ar), S;= g-31 Wlo] Bragg WhAbEZolA] Hle]
3 A=E Jepie 9E (g+S)E A3 Ewald
T 2 ok ol HAAE (DA F2 (52l
)b AEsHA Hirsch et al. (1977)2] o] 2%
ZAY 725 (428 §=0¢] ) n - g+0al 7=L?- z
ulske go] SAlulskoz Aolsly k7] 3 A
s s 99 WAV ZAEeE AREY geA
=338 A9 (Kim & Sheinin, 1985)& A3l A=
mre) AAEIE fRE A 283k A gk

4) The Multislice (MS) method

B4 4T e €% MS whgel (Ah2E Al
= Aak 1975) o|n] A48} o
HRTEM o|nj=] A|&# e]Ael] 22 °]£5]31 et
Goodmann & Moodie (1974)= AR 9] 2-Z=(slice) F
A%k a0 W2 F A, o] MS ol s
He SLzAs] (514 3 HW A5} 2ol3l &
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2.5 - Table 1. The crystal structure of S-phase (Al,CuMg). Space
1 (a) group: Cmem (No. 63), Orthorhombic with 16 atoms/
20F L 0 cell
2 The PW model: The refined RaVel model:
S5k v 2,=0.400nm, b,=0.923nm, | a,=0.403 nm, b,=0.930 nm,
g ¢,=0.714 nm ¢,=0.708 nm
5 -
<10 L ?11(?.: Atom X y z Atom X y z
o5k o e 8@ Al 0 0356 0.056| Al 0 0.362 0.056
4(cy Cu O 0778 025 | Mg 0 0765 025
0 ) . = 4(c) Mg O 0072 025 | Cu 0 0074 025
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Fig. 2. The slice thickness Az versus thickness of S-phase
crystal (Al,CuMg) along [100] direction under the con-
dition of (4) in text. (a) and (b) are due to the Howie-
Whelan equation and the multislice method, respec-
tively. The curves 1, 2, 3, and 4 are corresponding to
TEM accelerating voltages: 1,250 kv, 800 kv, 300 kv
and 200 kv, respectively.

sheick mlwd A2 o wEE HYske] HOLZ bt
W54 %313}l CBED (Convergent Beam Electron
Diffraction) A|Ed o] el o] &slz]= A=7} gl
o} (Ishizuka, 1982, 1998, 2004; Kilaas et al., 1987; Qin
& Urban, 1990; Chen et al., 1997). 22} &35l 24
Bol hg Bsiel g AT YL o1 o}
Atz Bt

5) glof 2t WiyEo oigt B ©H um nF

A (DA 2R el AREE AL Adshke
9 7P A A F= 2F FAeH ot A
FE AAdAM BEAFE 27 st 2/A, 2h
HE] Bl of7] A4 2T dolof oz AgY 2

|=

o
r

d

7]7]' Z715b e 7S AAAIZE] Heid Rwk oz}
FE dzzE EA= AT A e A
X]'4 733 o= 3 HRTEM o|n)z] AlEH o]l A
A3 Wl £ Ne| 1708 J& A+ 2§59 PCE
ol-g3t AAate] 7153}A] x%u & BeAFgeh v (5)
Aol 218k HW W44 22 MS vpg2 31" 2% =}
A7} 3] kB2 ol A 'E‘H}i Aojx]7] el Al
AF Azke] (NA] AlAka vaws] €4 w2y dizs
A vl Zbo] slgsicth olEg Ao gl wbd
Ag gk AEs AAE F= 3 A A9 2)
£ AAs= A7} ST o) B A VIEoR Fof
7 Azell 3} AA B=e) T FA Dol 7t £
0.05 o] & $¥slejof 3} ¥ 3 i} (Goodman
& Moodie, 1974). B8 o] 7]F¢] HazxAYd= &
HoA g B3y 27AAE FAA] g vl
o] &7 &< (absorption)7} gtk 71 sl AH]
HE S f9 & oot A
gzl dubdoz AA FAC vt & 2% F
27 Aze B% 9 FolA ok o] Mo A&
o} Fig. 2= HW ubl# MS Wiy Zhzbel] djs] o
g IAE BAFT glrh o] AlAlelA o] g3t AAL
Al-Cu-Mg &3¢ S-& H& dxel AlL,CuMgel=
(Table 1: PW model #3x). YA} W] ulsk2 [100]-
zoneZol| Hstw T8]x 3IA W9 £ N=521
(25 ZOLZ 313 WB)e] Fixch 7 dAnj3 7}
£Agbe] i8] 87} +£0.05¢] 49 %}% F=72% 7
A F
A FA7 "7]"‘3 —lj *r'”ﬂ Az e 53] 4
€ & 4 9tk 150 nm FA A HW o) o]t A2
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Az=0.43 nm (1,250 kv), 0.23 nm (800 kv), 0.054 nm (300
kv), 0.023 nm (200 kv); MS ¥o] 3¢ Az Z47-e)
73-%- 0.088, 0.060, 0.038, 0.025 nm o] 32 HW H1¢] 2]
A B dA3F) Ao BE 4 S5 150/Az9)
o2 AFE A4 A7tE 29F HejAlw o] A=
Hl2H $AE AAe] ds) MS ubiel] 23 A B}
= HW uhgel] 2)ah= Ao| 3)HAZ AAlel o a8
A4E Yepie Aeloir Fxigw 22y AL
10nm o]3lo M= MS o] ohi v EEHYS B
AT AAA ] AAAZE HA A on] 9l el
St 471 FEsof & A2 o] Az AA A
A7} Felxe 4G Ad) gl e} A AP
= ARlelet 718 Augl A4+ Aze 919 AzpEd
AR AL wh Cu?] [100]-zoneZel sl A= 100kv
7H Astel dial] 200 nmoiA] Az=04nm &= &
4] ¥ vebdth(Cowley, 1975). o] AL
A9] o8 FoA = thxl] FA44 I el o}
uly- Wshgo] A W A Fxel 23 A4
< WaF3 vk 2=z Aol gt HWel
v MS Whol] 2J3t XA AlAle] AAAH o= Byl
g A= pHor R3] G4 F 5 AH o7
A 59 & AL AYAget My Aol Hgt dln
73 elu|A|] Al elAdel dis] (1)Al9] 152 Wy
< A4 vl A& A28 PEOo2 o] 7
Z2doA AAzDE A4 AAR T8y o] A
Az pEHH mlefe] ehjzl ZA HRIAS] Zlo]d

2 H3gel s AR E2H ckeltth wEiAM
o] 2 AA FAS: TRty =T DA A=
AHgez WEETh Kim (2005) =FolA A 972 el
W& LACBED #H®&l AlEH o]l ZAFA 200
nm, 28] Azyx 2nmolA] 4nme] W7} FiF

ol WHlola 33 AgAAe e & JdXIE By
2. o|o|x] = (image plane)oll Xl HRTEM

olo|x|

HOLZ ¥k} WlEo] 38%l HRTEM o]u|Aje] cj3t
AEg4e] ZAEs e Aoz Foizin

1(0)=] 2¢O exp[—ix(q. AHID(q, Af)exp2miH - D)l
H

=| T {2 ¢, +n(Dexp (2mihty) yexp[ —ix(q, Af)]
g h '
D(q, Ahexp(2nig + X)I? (6)

o] AelA] H=g+h, g A+ el A $3%
ZOLZ el &3h= 9 AR} WElEo| 1 hi= o] zone
2o HPg 9 Al Aeje|vt wiepr] HE: h#0d
@ HOLZe| &3l o Az HelEL oulstAl ot
t= AR uH] 2 Wekoz AW F, (E zone-
Zo H) wigew 24 & A FAIH(Fig.
1 32). ou(he 24 % THAA FAAFo|H (DA
o] 343 whg ot (5)21¢) HW el ofs) a3l
. MS 4hdo) siA= HOLZ 34 W& =3 & 7
S olgsE Ao ofA] A e] gHEYHT Amd
o} x(q, ADE ")) 78 31 A defocusFrell 2
3 A7 Z2| A (phase) W3} 7k, D(q, Af) = Damping
Envelope ¥4=0]31 g Akt MEle] ZH7)o|t}. o|&
B N2 AT ok glvk X+ A Hie
Al 912 WEjo) 1 Fig. 1914 ogke] A2 7 ZOLZ
Hz} A9 GAEHA A

3. C,- =X FEG TEM

shte) AR zone-E 0 2RE] 4 = ZAALE Algle]
AR g F2o AEE 97] $15lel= HRTEM o
u| oA PAET ] A o] A3l Holof Fo=
7Psd & Alg FA7E ghelek 3ok Ex o2
ok A &e] 7 Hu|He] sl& Aste] elef A
7F58 HRTEM o]ujx 8 A& = gich 714 At
Z 7% T3 Wel Wisk AA ARl 7 AR W
A=r) g ez Aol on) Qi o|H|AE HAFHT
7] ol¥Eitt. 2El3 B2 #uAY 7H A % Damp-
ing Envelopeel) 23t olu]x] djF= F27} S ojof ¥
oz odd A RgHE F AAIAo=
120kve} C.-%4 FEG TEMe] o4& 7}53ic). ot
el s HRTEM o]n|#] o]Fo] FH4re| A2
contrast® Fx C8} Afe v Aoz Fojxle] o
#A glvh(Jia et al., 2004; Tillmann et al., 2004; Lent-
zen, 2006).
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(b)y  1001)

Atom™: x=0.0
Atom™: x=0.5a
Z1=0.25¢,
72=0.444c,
Z3=0.556c,
Z4=0.75¢,

© | L o0
71 7273 74

Fig. 3. The simulated crystal potential in a unit cell of S-phase
crystal projected along [100] direction (a), [001] direc-
tion (b) and [010] direction (¢) for the PW model. For
the RaVel model, Cu and Mg are exchanged (see Table
1).

16 1

Af=— 8
9 Aghu ®)
o] A% Cx ¥ ¥FIolT Afs 9 B3z F

2] TEMe] 28 HRTEM o]n|x|o] Fo}x: Zke]
d 238 /g agEe o) 27 dAdA
x(Q, A~ 4728 F31 olw) Pz X wA U
ehdt}. g = HRTEMOjA] olu]x|e] AxAo=z 7
A= 3d HEe Y o Ax e oo A
o] &5 Yo sl&ASE 120 kv (A=3.348 x 107> nm)
o el gu=10nm™'2 ¥& 7, C,=-0.0063 mm,
Af=53mm&] & F}.

2 =

HRTEM e]u]z]A}o]] HOLZ ¥kA} ¥} malE v

Z 4 dx AAAE2E 2000 ALY 2}= Al-Cu-
Mg &30 F& A% 29 SA 24 ALCuMgE
#Hc} o] YAte) AAF-zE= A o] Perlitz & West-
gren (1943, PW 2d)o]] o3 kA o] A&k X-A 3
4 Aoz FI o a8y B FHIe) &4
Radmilovic et al. (1999), Kilaas & Radmilovic (2001),
Majimel et al. (2004)%= 5 Wl HEUA Al o
g HRTEM®] A Zs} 712-goz pw 2ddA <
A127} Cust Mge] w3t Az 2d$ At 3
o3} (PW model & RaVel =9, Table 1¢]] 2.¢}).

o] & ole]] widt o] & (Wolverton, 2001) ¥
Kim & Ringer (2005), Kim (2005)] o} A&} o
g Az 34" A" AY A3 RaVel R
PW 293l 9232 2y Fig. 32 PW 2o o
g 3719 zone-Z [100], [001] 2 [010] ¥}3ko 2 z+2}
7" AA Hulike] Al g ojA o|m|x|Eelth 2
¥+ RaVel 292 F mdo] feo]dE & £ 9l&
[100] zoneZof| o3t HRTEM o|n|=] H-Ael 2]s] A
otElgieh. vt o] Aj2g mule oyl Hof T3l 2
293 ojm)x] BAl vl pw 2L 33494 A
W A= delE] $Me o AYE o & vl
glt}. whelA] HRTEM o]u)x] BAeAz 218 =35
Fol7] $ldAE 53HE o= zoneZol| o3t HRTEM
olm|z] BA o] wt=A] @ ezl MENM T B Eo
Fig. 3¢l 3702] ZA] zoneZel] w3l o]w]#] BAe] o]
AR ATt o] FEL2 M2 A zbolold Hu|A ghell
A o] & HHgZ ABsR= tiltingS E7F5 3l o))
ol Figs. 4,5, 6914 RolZFr A o] tlut & & o
W= tiltingdF ¥]-zoneZol] W3t ojm]x]e] B} 9
3 329A AA Fxo 483 HRE IdE S Y9
9, o7 e] WAH oz s 4)¢ A whgom A
= & 7HX7) st

Fig. 4= 120kv TEM¢)| 2§ 7] 2nme] S-A 2
2] [010]-zoneZ3} [100] W}ske 2 4.8° tiltingd A
e &t HRTEM A& o)A o]n|x|Eo|t}. o] Zhm
A & A7 F=E ) 2nm X tan (4.8°)=0.17 nm
<a/2=0.2015nm. Z A" oz HRTEM o|u)x] 3
Zo] 7158 oF ZA T/ 2nm)e [010] 3 uigko
=z s AAES] HAage) FAE Fe A=2 1
#HE Ao
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C

Fig. 4. The first row shows images simulated for the exit waves at the bottom surface of a S-phase crystal with a thickness of 2 nm
at 120 kv, which are given C,=Af=A,=B=0. The second row is corresponding to the HRTEM images simulated with C;=—
0.0063 mm, Af=+5.3nm, A,=2 nm and p=0.3 mrad. a and a’ are for the exact zone axis of [010] corresponding to Fig. 3¢. b
and b’ are for a tilted axis by 4.8° from [010] direction to toward [100]. ¢ and ¢’ are for the same tilted axis as a) but for the
PW model, and d and d’ for the RaVel model. ¢ and ¢’ are the images difference between the PW model (c-c”) and Ravel
model (d-d"). The maximum intensity in e-¢” is scaled up to see clear contrast.

Fig. 5. The same as those in Fig. 4 but for a crystal thickness of 4 nm.

o] AlEH ] 3A AZ A4l £4% HW
A (5)7) ARSI, tilting 3 Aellel] dfsiA e +
244 +$jv¢] HOLZ viAl ®lEo] 25 2= g
o] 735l st Multislice ¥Wgel| 23k FA2 o}
ARE ] A %2 AefelelA] o4 & 47} ol
(DA} &g 63 A el We) 4 No|
ZOLZ2) ubA} Hle) 4nr} 5u) (441 x5)2 =LA 27}
3le] BEL] PCo| A7 58L& 295toz Alge]
Adoz Aesx wokeh 2elx o) HW wye]
&8 dr FFE e} 5 (DeVries, 1994)2 Runge-
Kutta Method 3 5V= Simple Euler methodo) © &-4%
olgith. a8l B9 T Az=25%10nm7} 3o
A} olw (4)2]¢9] §=0.001c]H o] HFE A A

7He 527k 23430t} v ZOLZ WAL W Ew 2%
s} A (N=441; Fig. 48] a-a’, b-b'el] 31%) Az=0.1
nm (b-b'9] 7S 001 nm)=E R T A=
48 ojiginh 99} Fo] ZOLZ ¥kA} WInke w2t
728} HOLZ WA} W& x3she A-olA F329
= Az7} EAEHA 2}el7} b= A& HOLZ whAf §
9] 3)A =9 A7 (extinction distance)7} ZOLZ
HhAL e A AFe] AEA R w37 b
Foloh & AA Zolo W& 2§ 47t A FUis
7) W F-o|t}. Fig. 2% ZOLZ ¥kAl Wl So| =3 © 7
o]22 HOLZ ¥} WEo] 2 H& A4 X457
e

Fig. 4014 R Ws 42 24 2 =] FA4E o
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b/

d

Fig. 6. The same as those in Fig. 4 but for a crystal thickness of 8 nm.

uAel) Pt 5 WA 92 FHea AL C
~0.0063 mm, defocus Af=+5.3nm, =} ¥1&] BAL
B=0.3 mrad, 2FA8] 2% F A=2nmm7} FJR=
#Z A5 HRTEM o|u]|A|&el| siedgic}. ghek
‘Exit Wave Reconstruction’ ¥}y A8o] AIHo=m
olfoiAE % Aol s TEM 22 ojo)xE
29E 3 A elnlAEE At A FPsichy 2
o}

Fig. 3c2] [010] zoneZo 2 FoJsl o|u]x|of|A] o]<]
A3 vk [0101(b,) .2 PW 2dlo] dis) 1z} v
< AEd g&7 Zd

NI

(x=0, z1)— Cu-Mg,
(x=0.5a,, z1) —Mg-Cu,
(x=0, z4) —>Mg-Cu,
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