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Summary

1. Title

Analysis of Interfacial Structures in Ceramic Materials with High-Resolution

TEM Lattice Images

2. Objectives and Importance of the Research

The needs for the ATEM 1in characterization of new materials have been
rapidly 1increased. It 1s absolutely necegsary for the characterization of new
electronic materials and high temperature superconductivity materials to have the
observations of the 1images and to obtain the chemical analysis at the
atomic—-8ized area. The present research is to establish the cross-sectional
specimens preparation method , the technique of image observations and the
analysis of 1mages with the computer simulations with ATEM HS000-NAR which was
made by Hitach with point resolution 0.18nm.
3. Contents and Scope of the Research

1) aim of the research

Establish the microstructure analysis technique with HRTEM whose
resolution is 0.18 nm from bottom level to middle one.

2) Characteristics of the research objective
To improve the analysis technique of ATEM

3) Contents and Scopes of the research

aim contents and scope )
1st year o preparation of ceramic o Ultra-sonic cutter, Dimpler
(1094) cross—-section specimens and Ion milling operation

o Operation of HRTEM and o Training at NIRIM in Japan
Observation of Images

2nd year O Analysis of HRTEM 0 Establish the analysis
(19905) Images using Computer technique 0f Images with
Simulations computer simulations trained
O Defect Analysis at NIRIM

0 Characterization of Defects

in II-VI compounds




4.

Results and Suggestions for Applications.
1) Results
(1) Established the technique of cross-sectional ceramic specimens
(2) Established methods of the routine operations, HRTEM, Nano-Diffraction,
EDS and CBED.
(3) Accomplished the training at NIRIM in Japan and attached the results in
appendiX.
(4) Observed the defects at the interfaces of ZnSe/GaAs, ZnSSe/GaAs and
ZnMgSSe/GaAs
2) Applications
o. To the analysis of crystal structures of interfaces 1n ceramic thin films

o. To analysis of crystal structures and defects of the new materials with

X-ray apparatus
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FIGUREZ.1 The focusing action of an ideal thin lens, with ray paths drawn from the object,
through the lens and aperture, to the image plane.
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O ND OO0 -1 O\ th B Lo B
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2.
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A0°
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Wave Number =
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FiGURE 2.3 The basis for the phasc-object approximation for a thin object.

Ficure 2.4 Ray diagram suggesting the formation of a Fraunhofer diffraction pattern on the
back focal planc of a lens and the subscquent formation of an image.
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.
= T
S(x,y)& FTotq &l 2-12 Of =5t HHECE FOHE XA+ C, &

2

[LHZI0| Sl wEer I7t=& (3o 7tz =S 8ot}
2 7FA] defocus ZiOf (2 S(x,y)E 18 2-8a-cOff L}E}
LW EYot S50 Af7F U= O, 0|l= Z|A underfocusE LIEHHE ZILe
£ 8 2-8b UlA MB S(x,y)= 7t& HIE&et SEE A=Ct. O] defocus
OlAl S(x,y)= e Ji8] Y7t2& =8| u|3 & JIM A8 E AXS0/LE "2




S o(x,y) B 2H= C}= HEE LEH O|0K|0l= &2 O|F & spot® LIEpH
Ch. ojojx| FAJo = mI2to|Eel FE mEsiE I ES wHe

S(x,y)=Cl A 2-132] T(NHEEE 13st= Ziolck. U = yu® + v’ 22
H7tX] defocus Zt Af Off TH5F x(U) 2 sin x(U) §2 12l 2-8 0Off L}E}
de= O, ol 22 MXHE0E( Co = 1mm; A = 2.5x 10 °A ) Of 2¢t
z40|Ct BfpOlf 2[d WEe| mfel FFE2 o ox,y) 2 FE|of HEAS! o ¢

A THEOIA &rer HhAMe]l & &0] O[O
si=Ct. [HetAl &2 2E8l UOA] sin x(U)

(u,v) OIE}. sin x(U) 22| &2 §]
Al H= = 7(05t= JIE 43
b0 ol 772 AE 2E mEe WS 522 olojX[oe] 7]t HA EICH.
MNE U wsEs dVZisS ZHY 22 AAS| Haetstes F&E0 algeth. 1

E =W, F7| 100 A(U =0.01) € U=
=AM F&F x| Hxe A2 ZESLEE A =0 O|OjA] &of 2t

HOJ ECt 2[A mi&e| v £&8 (e & ZHolA= sin w(U)= &5

rMEsiCE M2tA] =A|e| OjA|et XFA|&H high spatial frequency &) 0
Cieh ololX[e] LEtEE2 3N 25l gEtNez Ao E7ts3tH #ILh
HE =2 OleAN= 3[d HES| of F=2= Mol O ArSEICE ALt
s5t, 1zd2 o[o|X[of OMISt MRS s FX|CF A|R0| 28t YEHE |&

| =517 Wh=0|Ct. ol &2l o[olX] g =ZIoAM= sin x(U)gL0| &
g4 Ol Ch3t 28] 1 7t710| S7tstil U g0l 7tset et 2 ZLolA 7

1 of 7vdA st= ZO0ICt. O3H, gd WEe| 37| of & 2 Jis
FE0| 42 z0f =7 HE2 422 oloiX|of 7|5 =0 O[ojX|&=
o(x,y)of 7taF =gt 20| lCh O] o|d¥ &0l 2t& 7t7t2 W0l 2F
underfocus /X2 MES 2 SCherzer(1949)7} LIEIW &= O, Ol 8] 2-8
Of LIEFRICE O7[AM Af Zi2 x(U)2] 2[CH giO| -2/3 n7t E=5 UEHSIRULE
d{™, sin (U= x(U) 2i0| -1/3 n Of[A -2/3 = OffAf - 1 oOff JPAL &2
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(c)

FiGuri: 2.8 The forms of the rcal and imaginary parts of the objective-lens transfer function,
cos y(u) and sin x{(u), and the corresponding real-space spread (unctions c(r) and s(r)
(right-hand side) for C,=1mm and £, =200kV. (a) For a defocus value of 170 A. (b) For a
defocus value of S80 A (Scherzer defocus). (¢) For a defocus value of 1575 A.
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Helel U gfoliA -1 off Jp&Ch.

Scherzer optimum defocus| & x(U)= -2/3 n I, Z=
dx o e
_ _ J4 _

O] =ZHO|A] sin x(U) ZME U =151 C, Y 1% o =& mrx] s 1

APSEX| @=Lt Z 22| Uo| tHsiAlz Oo[o[X[of cier 7(0e] F=7t v

=48 S22 EF2 S8 oHX= €0 Of U gtofl CHet 3|& e
= MNetAIZICH ChE Y822 ol U gtE ololX|o 2lojR= 7IHE ste= O

= [
st =, Esjs 2stoz Tisich o JHHOIA Eas 2t o

A = 0.66 CM* A% (2 - 15)

bt BT Of HEHHOA &2 et g2 Jtge] IrsEo & UCh sin X
(U) 240| 1 OffA A ®HOLIA dsA 2[& defocus?t O Z4X[H, O ZI2
{ AtO}EICE US| 2T 0 CHAOf sinx(U)= -0.5 L} 0.87 2 &<LH,
O] Zt2 O 7{TICt. AMXSZE zero crossing0| RUE oOist Moz
Ct. QfLISHEH, AdEH2= 517171 '7] H=E0|LCt.

Ol 2|& defocusOA= HOA Sz =O0[, O|O|X|E 6t
a8 2-8b0A MB 711, =&l u|=30|Ch 0] ml3 F2[0] 2}

o| ripple0| UC A OfE ST, 3t Mol A Al2 Feiof 22 o5

45
Mr

Ho DOjo Do

fringeE 2= 052 spot/}t EICF . X He| EIE fringes= OlF =275}
Ol &0 =& =H| BAONAME 0| fringeEE =ZAIZ|E Uz}

Fresnel fringe}t TICE sinx(U) = 0 2 P& zero U Z}0| CHSIH 2= x S}
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yOll THet S(x,y)el A& gtol 0 Of =[0{of &= 2(0[gtCt. 2= 2 ®&ES

e 25 22 52 &2 g} ¢otof st
2 A} |12 BXI&Ql fringeEX= artifactsE [FEel}
Krakow(1976) | HE A2 F2A1e] O|ojXj0j= A=dte EMSHA|

01
E Qe ®AE =0 HE XNFHSIRUCE M2tA & flef EA oMz A0

2 —1

of YytE H=S| AJ|- Bragg SIHO| B|F WEHE o FCh 19t 2L
ANojMs =Eat U Ztol thst sin x(U) ztol ZRsiCh o[0|Xls Bztol
= sin 1(U)] FEF0| S WX Y=rCh OB SV, FHO| K W Y

513 W U=05 A" OfAl ZEXIB, Ol ZXIH 202 a =20 A of sHY

]

o= O, O% 2-8¢2| defocus?}t ) 2-8b8| Z|A defocusELI 3 =2 I O]
= C}
2. 3. 4 BFX FE (partial coherence) &2}

e A HAISS Jt™sStolA 2] O|DIX] Y§M2 8 JHel ut &
U(r, t) &22 LEId + UCH S A{HS| 41 Fs{soAe] o] 72IdS o
N2 £ 7180 & = UCH ALFsEH, YA Bl ™AL X][-hefA] &AL
of utalE AAHE & UV WFZoict =S AMSE XY &A= OfF A2

NZe Elo] YArE BB 0t JbEE 4 U7 mRolck 3L, 329

S BtAols olO|XI2 AtMIBOl BAE $AE FtCh HLESIP, O[ArS
ol Mol S MNZ OIFYXIX 4 Ast 2latol CiEt BAXQ MYH
02f 2-901A X2 $HEICH HetMd, & 22N Mo ot 2=
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1. & He| BlAls wdE NES= 220 st 22 E[= A
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2-9). AL, BEE mAe| AxEe= 10°° 0|22 0| 83 FA|ECE ERE
OIXl= Oisal =2 £HHelel #siel O, O|l= defocusOlA] BluE & H3
g Ao7ICHA] 2-9)

Alx=e] REHe[= = 3] MF 12| S0 2|5t ¥= e

[

H7|A C. &= M £=X A% (Chromatic aberration coefficient) O|Zl «
HE2al= ofH&Xe| oA 2I0|C}. Defocus gt Af ®i8l= C. / a O|C}. =5

=0 2 - 3 A2 NMAI #O|FOA{S defocus Zte| E4H2 100 OfA 300 AQl
0|, O|= Scherzer optimum defocus Z}O| -500 OfjA{ -1,000A 2} H|Z15IH 2
2tet 40|  ®ILCY.

oF Mds=EHe FR0=.
defocus Af Ziof| Cigl T&Er &
o] sin x(U) FHU0AM HF F

2t 2|2 @atetct. 2L, ub2d FRoAM= s ESste FEOIZEE,
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(b)

FIGURE 2.9 The effect of the envelope functions on the transfer function sin y(u) for a weak
phasc object resulting from beam-convergence and chromatic-aberration effects. (a) The

function sin ¥ for defocus —1005 A for 100keV and C,=2.2mm. (b) With the effect of an
envelope function. (After O’Keefe and Buseck, 1979.)
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O St e 2t =82l 4 AIO|0AM EA3IEE SUAQl NNYET&
da AlZICHOE 2-10). 8A 2= 23 8ME &40l envelope &
5t LIEIU= O, &2 40lAi= 1 O|LE 2 28l U oAM= 2435 248t
CH (38 2-9)

A AR S & AHOoAE AlR0] RAISIE Il O|&HAel 2t et
condenser TIZ= AO|Al= HHO) #lCh == 2O AI718 H[B5H7] ISHA
condenser =0 Z2|5l0{ A|=0]| focusk|H Alz 20 =EHsl= & F3u}
b BICH M2tA] A|REE TASIE bole HE22 +=FH 20| condenser Of i &
=7(01 2|5k 0 oA =[Chai7tX| HelCl = O[=2, 0|3et AFRI} field
emission 5= AlSeH OtF &= AF (2 40 A)J} Ol B2 X 48

5t 340|Z0| EXSICt. HEO| AL, hot HABO|LL LaB; 22T} AR

H
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[N
12
ro
e
|>
10

| 37|l © HELCH WEFEL| 8%, condenser X7}
AlREE S FEE 2288 A[R2] A o=l A4 €0t 71
StCh. 12{™, O|0|X] A|7|= condenser O HA QHOf| 2tz2te| Fo| Sgixeol &
838 ££2 FOX[= Oolo[X{2] gt &#OorIch  <f flf=HoAM AL & &
s f0|d2| S0A H| tiltingdte Rile 3 E HEs E22 0|SA|HA
d #O0| O Ol sin x(U) 2 S HASHA] 2 BCHA 2-13). 1 84
sin x(U)& EL= =3|0l= S22 &Lt UctA] wete] F8E a2e
sin Xx(U) 2+& U =0 M2t S22 67X Hef ¢ = 5|2l
LIEHE = QUCH OB 2-11). sin x(U) 7} 2| &alst= 850 U
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— 4 i i n‘. '
700
N
4 \\-
580
Fioure 210 The cffect of a focal-length vanation duc to high-voltage or lens-current

fluctuations on the WPOA transfcr function. The sin y(u) curves are drawn for defocus values
of —580 and —700 A, and the average value is indicated by the dashed curve.

— N i‘!
0.1
— b —t — ‘ i

A TS

FIGUREZ.]I1 The cifcct of incident-becam convergence on the WPOA transfer {unction. Two

curves, sin y(u«), arc drawn with a lateral displacement of u,=0.03 A}, and the average valuc
1s indicated by the dashed curve.
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otel =8 Zfe] gits UEINY| 2IStK ZHctet envelope 2I4-8 AlESE

H|Z1E BHStH =ZRSiCh 0] 0= Ol0[X| M7IE AHitste wEeh HEH2
Uo{LtE= YAIS| BE dISFOlA] IR [ME AlAtEl O|OjX| M[7|8 sl ZI0|

Ct. & sEe| =2[= ztttet o[o[X[ gy Oo|Ee] % COE 71388 S

=, YUAF HO| MEs| s 2= s= Wt g =
Jt™O[CH WMetA, AL & g2 3(E HEHe S 3 8 LXES ot
2 0| W= MY gheee| 2 X[etCH WPOAS| sin x(U)1. THef, ¢10|F
o a2 HfFEEICIH, O] 7182 O Ol HE =X &=cCt. =23, 8=g| 0]
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3. 1. Cross-Section Sample A|Z&7H]

Cross Section’|Bi& O[&Sl TEM A[#H HE2 L2 Il 22 0A
of #EHI ABH= Ayct=dl =2 O[ZEICh 2Zo= DA[EH FHIAZIS
2 &318tid, 2)A|ES] e AN, 3)H sqe SHEHA7A 3=
2 &ot7| 9ol CHFeh A|BAHEV IS #SsIAUCE H7|0A= Bl A Wafer
210l 71X dtatg el A[EE Cross SectionZF PtEE= QUtX{Ql  Hity

= LJHSIIIAL ghCh AlE M& SEEs #eld 9 VX HAZ U5 d3 35

AE 2rCt

Step 1.: Hot Plate®|0f Slide Glass& =31 1190 =AE HIEC}

2, H9f0o| S ZEl Silicon Waferl| SITO| V2RI EQICH CHA| HAS

AIESIH O] Slide GlassE= Ultrasonic Disc Cutter8| table®| 0| Z¢QIC}.
Disc CutterZ| 4X5mm Cutting tool= AlESI0{ mounting®l A|HE XIELCH
12| 3-12] step 1 £t%). Disc Cutter table® Hot plate?|0f &2{=0} A
8 =0IClS 2I0A] SO 4X5mm WaferE MO{Lf 2 WaferO 22 &A=
OtM[E=2 2 7§30 SOtHCE

Step 2.: CIs0f HZEIZAX|IBE Cross Section=ZE A|HE &S|
A= Wafer= 2.3mm ¢ ! Cutting tool= AISSIH $£ASF X2 V| F 0
Cutting tool®| SIZ7IX| ZIostH FAAIEC| FH= 3mA =7} S/ofof o
Ct. [I2tA] Wafer SHLEZ| SIS OEf 0.5mm=E 2SI 6702 &2 37(9]
dummy Wafer?} ZlIR3}C}. Dummy Wafer2E F=2 Silicon Wafer®& AlEZsis=(
2ol MZARAN AIEHS| FHE

0|2 & Z&I&d=2| StLt+= DimplingA| FIE[=
2 =X7t=5ICl= 2d0|C}. O|= Ion MillingA| XA thining

-
3~5mTF2
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time=m = &Ll
Al# Wafer3! Dummy WaferOf EpoxyE Si/| HIE2 A2 B HIEE Jawll| &
OlE=CH(a83-12] step 2). O[Wf A[H Wafer= 3,4H1M{0l 2| X|St==5IH
SOt S0] MZ OITEN 5 st 0f et}

Step 3.: Specimen ViseOf| HIEZE JawE 7|53 Spring Clamp= A|
HOOE ZECHOE 3-18] step 3 &X). Ol A[EAOIS] 5= 2L=

ST AlELOI] HiE= dEs RAAAFTE FEHES ettt A|EALOIS]

Epoxy /7t 2tX&| 2 S V}X| Specimen ViseE Hot plate? 0| < 0EXNT =3
==Cl 25| JA0| ZL}3H Specimen ViseE AM20(A] A|SICI2 A|EHCO]
£ UL}

Step 4.: Slotted Specimen MountES Hot Platelf Sd=1 L=
HIELE A|AGHOE %90 20|41, Centering RingOl 7|2Ct O|ld=
Ultrasonic Disc Cutter| 2.3mm ¢ Cutting Tool= AlSSIH AlEHES XIE&=0

3,4H A|ESA0| 7t=8t € Cutting Tooll =0 T E JIG{OF 3IH, A
A D2 0|7 by 0|22 XEM +HHKXS0| E&2A| UxE 2|5}
G{OF etCi(a2! 3-12| step 4 & X).

Step 5.: O|A| 2.3mm¢ 7} B AlHE UZS2=E V(X0 Hi, W3E
2.3mm ¢, 2|Z33.0mm¢ @ Metal tube(ES Copper tube)lL{Ol EpoxyE Z211F
HHELCHS AIEE 7[9/gECh Ol EBIEE molddl ZO{'gl Epoxylt 2t¥ 3]
= SIVIX| Hot Plate?|0f 22{Z=CHIE 3-12| step 5 &X).

Step 6.: A|EHO|] E0{Q= Metal tubeE Diamond SawsS A5G &
300~400m™E FH 2 AIELCE &2 A[FHEIHS Sand Paper?#0ff &4 &3
SlicingO|A] M7l B&ls HNHsta Y82 & H2 OIS s0jdLez s
HASIY E2 AEE JISHCHOE 3-12] step 6 & X).

Step 7.: 7%l A|BEE Disc Grinder2| Specimen MountO| =2AE

=2 Chs Disc GrinderOf 7|9€i F=2{2 Sand Paper#/0ff &1 thining®t
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RECTANGULAR
CUTTING TOOL
601-0701 4x5mm

et I
yssou
DISC SPECIMEN :
x-y TABLE SLICE SLURRY
601-0109 - RING

STEP 1. CUT RECTANGULAR WAFERS FROM
SPECIMEN SLICE USING ULTRASONIC DISC CUTTER

CURE ON
MODEL 623 4000 HOT
PLATE FOR 10 MINUTES

SPECIMEN
STACK

TEFLON JAW
601-0702

SPRING CLAMP

SPECIMEN VISE
601 0710

STEP 3, CURE GLUED STACK UNDER PRESSURE
TO OBTAIN STRONG BOND
WITH MINIMUM GLUE THICKNESS

TEFLON MOLD

601 0714 SPECIMEN

CYLINDER

METAL TUBE COAT TUBE
601 0711 WITH
G1 EPOXY

STEP 5. REMOVE SPECIMEN CYLINDER
FROM CUTTER AND GLUE INSIDE
METAL TUBE. CURE ON HOT PLATE.

1% 3-1. Cross-Section

TEFLON JAW
L  501-0702

COQAT WAFERS
WITH
G1 EPOXY

DUMMY
WAFERS

DUMMY
WAFERS

STEP 2. COAT WAFERS WITH A THIN LAYER
OF EPOXY AND LOAD STACK INTO MOLD

2.3mm &
CUTTING TOOL
SLOTTED 601-0303-3
SPECIMEN
MOUNT
601 0708 .
<SS
t.\\“"-
S T | SPECiuen
| |
RING e

STEP 4. CUT CYLINDER FRCM SPECIMEN
STACK USING ULTRASONIC DISC CUTTER

METAL RING

MAIN
INTERFACE

STEP 6. REMOVE GLUED ASSEMBLY
FROM MOLD, CUT REINFORCED
SPECIMEN DISCS READY FOR DIMPLING

AL A 2
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Ct. =& T thiningO| E|HES™H IHO| Scratch?7t G A VX[ Polishing
StC}. ®r2 ™ Polishing0] 243 Specimen MountZ Hot Plate®|0f 22 %=0}
2HAg s5008 AlEE HUN AN =2 228 MW=XE0| NS CHA
Specimen MountOlf Polishing® HZ 2! OS2 SHES A|HEFHAIE <f 100/mO]
S M7IX] M3 set dHH 22 thining$HC}.

Step 8.: A|H0 =2 =HAE VR0| HHOILYZ MicrometerS& 0|
5l AlEie] =ME NS &3St CI2 Pyrex Class® F Mount= Q0] =4

E AISSIH AlES 200} ol L3 8] FH= 2fE+8 £20, AlE =

st #<StH| 20|= 20| =RSIC. Mounting®! A|¥ = Dimple Grinder Table
Off 7|51 Dimpling= A|&StC}. Dimple Grinder2| Dial GaugeE &5 Al

= el
Turntable®| OFHZ FROIA 2ol TASI0f BS=X| Holgih BIAE
st 90| =315l0f St oMo AIHAC SHE °HOmATO|H, O

DimplingE® HHS6ID AJEZ 2FE 720 Holdl CH2 Diamond PasteE
= |

N
~
9
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B
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H
£
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H
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N
B
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i
0 o
HU
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-
=
e
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ot
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Oi
i
|
F

A& S| Coarse Polishing= &lid, & 40| MESI) =ct2™ Polishing
Wheel&S AHAZE L1&I6H CIE YUF0(L} HEHS AI=25I0| Fine PolishingS
otCt Olm L2t0o| S AEIH O AlE 5= gl 5m3 = O0|Ct

Step9) Specimen MountE HUHH SZ2&= =2 V20| AAHer CIE OINE =
Holl B72t=d, =LV =01 A[E0| E2=[EH AlEs MUK 7ixst FEO[IL

OtMI==22 MM A7l CHE Ion MillingO &0 2Lt
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3. 2. HRTEMS| Z=t&F
s od0(Z O|0|X|E & &HASHY| RsiA= HAIsO0|Zel 9l uj
H( beam alignment) ZT=&{0| EHEXNQl RTAISOICE O|HWAME= S0 =8¢

=l H-9000 NARO{ CHetr sfE #ig 3 2y W= ZFers| A0S X gt

3.2. 1. H-9000NARS| #+=x &l ?|&
HOO00-NARS| HEMOUA B HiEO Hol= 0Kl F F8 F
o 2| MAIE2=2 FH WeTEA 1 7Is2 AYHsIaX 8Lt

1) Alignment Coil: Zi& o 20 @R[t QY FAEC| HIEE UXIA

-
=

AL

10

2 XESl= WL ZF Gun tilt 2} Gun horizontal knobl =2 T AL}

2) 1st condenser lens : AA} B9 spot Z7[&E 1HOA] BHDIX] & ol
Ct, 2= 3 ¥ B= ArSeiL. 4 HSE spot sizes ChE.d &0
Zoom mode: # 1 ¥ 2 # 3 # 4 # 5
spot size: 200A 500A 1,000A 2,000A 3,000 A

Nano mode : #1 # 2 ¥ 3 # 4 # 5
spot size: 8A 20 A 30A 50A 100 A
3) Second condenser lens : XYHSI1A St= HA= XTASHFLCL.

Brightness Control knobl® ZTHsetct HWANE (C, aperture 2 ZTABIHCIH

1 A= Cthsd €

C, aperture: # 1 # 2 # 3 # 4

size( um) : 100 50 30 40
4) Third condenser lens: B o= 7|ls2 ot AdEH EFHO

2[5t Ars=& eI
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5) i 8= : JIE S8 7Is2 HYstid U220 beam tilt= EF OFY
Of $lX|el Brightness knob2Z ZXZ&3&}31 beam horizontal £ Brightness
Centering x,y knob2=ZF FT Aol H=8I=X aperture =A7|&= CIS3 &Lt

Ob3j. Aperture: # 1 # 2 # 3 # 4
size( ¢m) : 150 70 30 10

6) IL( Intermidiate Lens), PL(Projected Lens): 3|& W& I} o|O|X[(e] &
CHOll AP EICE AN[StA|OF 3| A ISl (Selected Area Diff. Pattern)sS & 7| 9
5tC{= SAD apertureE& ASSIH 11 =ZV|= Chg2 2ot

SAD aperture: # 1 # 2 # 3 # 4
size( um) : 500 100 50 20

3. 2. 2. Routine Operation & TA]
TEM= 7iCls 30 & 3% 7|Ciy Y
oto] &2l sig@s SFA|ZICH Hha2 EF 3

1) Gun tilt knob= ARSI HI2 XZE
o
—

>|EI
Dk
(1
i
-
0
=
(&
-
)
o
-y
Q
-
=
(D
-
ct

2) Filament Saturation : filament Knob= HlA|H| HIGIC FE A{A{S| =
LictME O[O|X[7F M7|=5 otct M7 ojo|X|7} EH=E 22| CHE
O] £/ 2 gun tilt x,y knob 2 ZTA3sI11 SY0A HAHE HE gun

horizontal knobf 2 =AU I =L}

3) C, aperture Centering : Brightness knob& 8t H&fo = E{A]

condenser apertureE =USCE KT OICI. HE # 2 apertureE Al
erC},
4) Spot Size (# 1 - # 5) Alignment : Function key 1 € =& spot size
alignment modeZ2 F & et £ 1 12|31 Data set buttonE =& # 1 HY

o MPSICH HE +ZHA|Z/$ Brightness Centering knobl 2 HIS
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A3z =etogz JIN=CE Od0sE # 5 YiS =2 Gun horizontal knob

SE A42 SYL2F JIM2LCE 0| =0| BI=E WrtX| O|& HiEst

Note: &I gpotl| 45 B2l focal planeQO| columnl| A0 QUleooz
Ot2h ol ¢l X|et Brightness Centering knobl =& ER&SId 3 spotl] &
$0ll= focal planeO| Otcfoff UY=2=2=E {0 £ X|SF gun horizontal
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Modulated Structure in  Pyrochlore-Type Compounds, In, (T, ; Zn,, )Oq;
and In, (T1, ; Mg, ;)04
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National Institute for Research in Inorganic Matenals, 1-1 Namiki Tsukuba,

Ibaraki, 305 Japan

* On leave from Korea research Institute of Standards and Science, New

Materials Evaluation Center, Taeduk Science Town, Taejon, 305-606, Korea

Abstract

The modulated structures have been observed in the pyrochiore type compounds,
In(Ti, ,Zn,,)O, 7 and In,(Ti, ,Mg, ;)O ; which were made by isothermally heat-treated at 1623 K for
18 days in Pt tube. The modulated superlattices are incommensurate and are 2.69 1n
In,(Tt, ,Zn,, )0, ; and 2.73 in In(Ti, -Mg,;)O,; times of sublattices along the [220] direction in the
electron diffraction pattern analysis. The high resolution TEM images have shown that the
superlattices consist of combination of 2 and 3 times of sublattice, resulting in the average of 2.7 in
both compounds in accordance with the electron diffraction pattern analysis. The crystal structures
of both compounds are found to be quite similar to those of pyroChlore, however the evidence that
the cubic axes are slightly deviated from 90°, to be 86" was also found. The modulated structure
has gradually changed to unmodulated structure due to the electron urradiation damage durning the

observation.
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Introduction

Recently there has been lots of activities and progress in research on
modulated structures in metals and ceramic materials since they poesses the unusal
properties, 1.€., superplasticity or high elastic moduluS(l). The modulated
structures have arisen in extremely diverse ways. Modulated structures have
periodic distortions of the atomic position and/or the occupation probabilities of
atoms from some fundamental or basic structure. These distortions are called the
displacive modulation. These structures show a variety of satellite reflections. The
high resolution electron microscopy 1s very powerful tool to understand the
modulated structure, particularly to determine the origin of incommensurate
diffractions unambigueously.

The phase studies on equilibrium ternary In,O, - TiO, - ZnO and In,0, -
T10, - MgO systems at 1623 K have been carried out by Nakamura et al.(2,3).
They tound that the compound In,T1,0, which shall have the pyrochore
structure( Cubic,Fd3m) could not be formed at composition of (0.33 In,0, ,
0.67T10, ) with unknown reasons(3). However, by the addition of small amount
of MgO or ZnQO, the compounds which have the formulae, In, (Ti, ; Zn,; )Oq,
and In, (T1 , Mg,,)0O,, were formed at composition of 0.33 In,0,,
0.57Ti0O, , 0.1 ZnO or 0.1 MgO respectively not far from the composition
mentioned above. From the X-ray powder diffraction patterns, these compounds
have the crystal structure which are quite similar to that of pyrochlore. However,
the structure has been slightly distorted with some unidentfied peaks whose

Intensities are relatively very low. Full analyses of X-ray data are not completed

yet.
In the present investigation, further surveies of structure of these compounds
were carried out by employing the high resolution electron microscopy.

Experimental

The compounds were prepared by combining in the mole ratio of 10 In,O,,
17 ThO,, 3 Zn0O for In, (Ti, ;Zny, )04, and 10In,0,,17Ti0,,3 MgO for In,
(T1, , Mg, ; )O, ,1sothermally heat-treated at 1623 K for 18 days in Pt tube. The

employed experimental equipments and methods are were described in

— 66 —



elsewhere(2). Prior to mixing the starting compounds, Ti1O, was heated at 1373 K
in air for one day and MgO at 1273K in air for one day. Since the X-ray powder
diffraction pattern is quite similar to that of Lu,T1,0, which has a typical
pyrochlore structure , Lu,T1,0, powder was used as a reference material for
pyrochlore. The compound was synthesized by mixing Lu,0O; and TiO, In
the mole ratio of 1 and 2, i1sothermally heat-treated in Pt crucible in air at 1623K
for 3 days followed by rapid cooling to room temperature. Then the crystals were
crushed in agate mortar and reheated in air for 3 days. It was identified as
Lu,T1,0; with cubic system(Fd3m ; JCPDS card No. 23-0375). TEM specimens
were prepared by crushing the singleﬂ crystal in an agate mortar and being
dispersed in CCl, solution, then being scooped up on a holey carbon microgrid.
These specimens were examined with a top-entry high resolution electron

microscope (JEM 2000EX) operated at 200 kV. The images were taken at an

optimun undertocus about 30 nm.

Experimental Results

a) Electron Diffraction Pattern Studies

Fig. 1 shows the electron diffraction pattern with [001] zone axis. In Fig. 1 a)
no superlattice reflections are found. However, superlattice reflections are
appeared 1n  In, (T1, ; Mg, )O,, as indicated by an arrow. The diffraction
pattern of sublattice in In, (T1, , Mg, ; )0, , 1s quite similar to that of
pyrochlore. Thus, even though the crystal systems of In, (Ti, , Zn,, )O,, and In,
(T1, ; Mg, 5 )O4, are not known yet, it is much better to index the electron
diffraction patterns of these compounds in terms of pseudo-cubic coordinates for
the convience of understanding from the similarities of diffraction patterns of
sublattice ot these compounds to that of pyrochlore( see figs.2 and 3 below). Then
the modulation spots have appeared along [110] direction. The cubic axes are
slightly distorted to be 86" . The derived lattice parameter is somewhat expanded
to be 10.34 A. Figures 2 and 3 are the electron diffraction patterns with [O11]
and [112] zone axis, respectively. In the similar fashion as Fig.1l, no superlattice
reflection are found in Lu,T1,0, as shown in Fig.2a) and Fi1g.3a). However the

superlattice reflections are shown in In, (Ti, ; Zng, )O4, and In, (Ti, , Mgy ; )Oq 4
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along the [110] direction. The modulation patterns 1n both In, (T1, , Zn,; )O ,
and In, (Ti,, Mg,,)O,,  are identical as shown in Fig.2 b) and ¢) , and in
Fig.3 b) and c¢). This is expected from the similarity of chemical properties of
magnesium and zinc. The fractional positions ot superlattice spot from the
sublattice of [220] were derived from diffraction pattern and then calculate the

periodicities of modulated structure as shown 1n table 1.

Table 1. Pennodicities for the modulated structure of In, (T1, ; Zn, 5 YOy,
and In, (T1, ; Mg, ; )O,, 1n the direction of [220].

In, (Ti,, Zn,,)Oq- 2.73 (0.967 nm)

In, (Ti, , Mg, )0, , 2.69 (0.953 nm )

b) High Resolution Images
The results of modulations derived in diffraction patterns could be veritied

by the high resolution electron microscpy. Fig. 4 shows the high resolution TEM
image taken under electron diffraction in Fig.3a). The image does not show any
modualtion structure as expected from electron diffraction pattern. Fi1g. 5 shows
the HRTEM image of In, (Ti,;Zn,; )04, taken under the electron pattern in
Fig. 3 ¢). The modulated structure has shown along the horizontal direction. The
superlattice structure consists of the combination of 2 or 3 times of sublattice of
[220] , averaging to be 2.7 , well matched with that derived from electron
ditfraction pattern. Fig. 6 show the HRTEM image of In, (T1 , Mgo_3 YO, with

zone axis of Fig.2c). The modulated structure has appeared in the {110}
direction. The superlattice consists of the combination of 2 or 3 times of sublattice
Jresulting 1in average of 2.69 in accordance of that derived from electron

ditfraction pattern.

c) Phase change due to irradiation
Another point to be mentioned is the structural change during the image
observation due to the electron irradiation. Fig. 7 shows the electron diffraction

patterns taken from the [111] zone axis in Lu,Ti,0, (Fig.7a)), and In, (T1 ,
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Zn,, )0, (Fig. 7b) and c)). There exists no superlattice reflections in Lu,Ti,O,
compound as expected. The modulated structure has appeared in In, (Ti, , Zn,, )
O, , before irradiation damage in the same way along the [220] direction
(Fig.7b)). However, as the damages progresses the modulated structure
disappeared gradually and finally become to unmodulated structure shown in Fig.
7¢), which 1s quite similar to that of pyrochlore. But the cubic axis is slightly
distorted to be 86" as shown in fig . 8. It seems that the change involves only the
destruction of modulation in In, (T, ; Zn,, )O4, and In, (T1, ; Mg, , )Oq, .

The process of irradiation damage has occurred in a variety of ways. The
kinetics depends too much on the intensity of electron irradiation beam and the
surface condition of the specimen and the zone axis of crystal. If the kink density

at the surface was very high, the damage occurred so rapidly that it was too hard
to be observed. With optimum low intensity of electron beam and good surface

condition, the observation can be possible, but should be finished within 30 min.
The final stage of damage is the fragmentation of crystal into many crystals. Holes
are formed among the small crystals. Intensive sputering has occured in this stage
and the crystals near the hole loses their crystallinity. Fig.9 shows the HRTEM
image which shows the progress of irradiation damage in In, (Ti, , Zn; 4 )Oq 5
taken [011] zone axis. The modulated structure has appeared in the same fashion
mentioned above, meanwhile the damaged area shows the unmodulated structure.
The intertace moves downward as the damage progress. The process 1s

irreversible, never returned to the modulated structure after the extinction of

electron beam.

Dicussion
The pyrochlore structure has 88 atoms in the unit cell, having 16 In atoms,

16 T1 atoms and 56 oxygen atoms, where In is trivalent cation and T1 1s |
tetravalent cation(4,5). The compounds In, (Ti, ;, Zn,; )O,, and In, (T1, ; Mg, ; )
O,, have forrﬁed by the addition of 2.3 atoms of Zn and Mg, which are
divalent cations by replacing the Ti atoms. Thus, in order to keep charge
neutrality, 2.4 oxygen atoms should be removed from the unit cell, resulting in
the deficiencies of oxygen atoms in the unit cell of the compound. Thus the

ordering of oxygen vacancy might be more easier to occur in the structure of
— 69 —



compounds. The expenmental results indicate that this might be occur along [220]
direction. Detailed analysis are too difficult to be completed due to the
complexities of the structure, however, some premiliary studies as mention
below supports the this kind of view points. The electron diffraction patterns in
pyrochlore are well matched with those simulated by computer. Then the equal
isotropic distributions of Zn or Mg atoms in the place of T1 atoms and removal
of oxygen atoms do not produce the superlattice spots. However, the intersion of
Zn and Mg atoms and the removal of oxygen atoms along[110] direction
intentionally produces some superlattice spots in the diffraction pattern.
Moreover, full understang can be obtained until detailed analysis should be done.
[t 1s natural to be expected that the structure of compounds of In, (Ti, , Zn,, )
O,, and In, (T1,,Mg,;)0O,, become unstable when electron beam penetrates
the specimen because the beam provides excess negative charges to the specimen.
The incident excess charge makes the atomic rearrangements in the unit cell in the
way where the structure has no modulation. It i1s not clear how the modulation
structure has been relaxed until full structural analysis has beeen completed.
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Cubic Pseudo-cubic
Figure 1. Electron diffraction patterns of a) Lu, T, O, and b) In,(T1, ;Mg, ,)O,,

The incident beam is parallel to [001] direction. Superlattice diffraction spots are

observed in b).
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Cubic Pseudo-cubic

Figure 2. Electron diffraction patterns of a) Lu, Ti, O, b) In,(Ti, .Zn, ,)O, -
and c) In,(Ti, ,Mg, ,)O, , . The incident beam is parallel to [011] direction.

Superlattice diffraction spots are seen in b) and c¢).



In, (T, Mg, )0y,

Cubic Pseudo-cubic
Figure 3. Electron diffraction patterns of a) Lu, Ti, O, b) In,(Ti, ;Mg, ,)O,,

and ¢) In,(Ti, ;Zn, ;)O , . The incident beam is parallel to [112] direction.

Superlattice diffraction spots have appeared in b) and ¢) in the same fashion
along the [220] direction.
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Figure 5. High Resolution TEM image of In,(Ti, ,Zn, ;)Oy , , projected along the
[112] direction. The corresponding diffraction pattern is shown in Fig. 3 c).

Superlattice structures are observed along the [220] direction with the
combination of 2 or 3 times of sublattice.
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Figure 6. High Resolution TEM image ofInz(Tihl..,,I\/#Igm)Of_,-,_7 : i)rojected alon‘

the [O11] direction. The corresponding diffraction pattern is shown in Fig. 2 c).

Superlattice structures are observed along the [220] direction with the

combination of 2 or 3 times of sublattice.



In, (1, , Zn, )0, In, (T1,; Zny5)Oq;

Cubic Pseudo-cubic

Figure 7. Electron diffraction patterns of a) Lu, T1, O, b) In,(T1, ,Zn, )0 ;
before irradiation damage and ¢) In,(Ti, ,Zn, ,)O, , after irradiation damage. The
incident beam is parallel to [111] direction. The electron irradiation relaxes the

structure to be unmodulated.
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Figure 8. Electron diffraction patterns of In,(T1, ,Mg,;)O,, whose structure
have damaged by the electron irradiation. The incident beam is parallel to [001]

direction. No superlattice diffraction spots are observed.
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Figure 9. High Resolution TEM image of In,(Ti, ,Zn, ;)O; , , projected along

the [O11] direction, showing the interface between the undamaged modulated
structure and damaged unmodulated structure. The interface gradually moves

downward as the irradiation damage progresses during the observation.
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Abstract

High resolution transmission electron microscopic obsevations on the
pseudo-brookite MgTi,0, and the similar type of (Ing ;5 Zn, o9 )T1,0O4 ¢, using
top-entry TEM working at 200 kV. The modulated structures were found in
('1110_3,5 Zn, ,, )T1,0; ¢, , however, no modulated structure in MgTi,0, . The
compound was prepared by combining in the mole ratio of 1 In,0O;, 11 TiO, , 6
ZnQ0, then 1sothermally heat-treated at 1653K for 7 days in Pt tube. The electron
diffraction patterns of sublattice in this compound are quite similar to those of
pseudo-brookite MgT1,0,. Four types of modulations have been found. It might
be expected that the superlattice spots are caused by the addition of not only
oxygen atoms but also the In atoms 1n the unit cell. The addition of oxygen atoms
might promote the ordering of the oxygen vacancy in specific direction. The
periodicities for the modulated atructure are found as 3.63 nm, 0.79 nm and 0.64
nm along [520] direction, and 0.81 nm along [420] direction. The phase transition
from modulated structure to the unmodulated one was observed 1n situ due to the
electron beam irradiation. Further damage by electron beam made the crystal to
be fragmented into many small crystals with the formation of voids at the kinks in
ledged structure of surface. The voids become larger and the crystallinities of
fragmented crystals were lost in the final stage. In contrast, the pseudo-brookite
was found to be very stable to electron beam. The anisotropic arrangements of In
and oxygen atoms in (In, 5, Zn, 4, ) T1,04 (, might cause the compound to be

unstable under electron beam.

Key words : pseudo-brookite, MgTi, O, , (In, ;¢ Zn, oo ) T1,05 4, , modulated

structure, phase transition, electron beam irradiation.
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1. Introduction

The phase studies on ternary In,0, - TiO, - ZnO and In,0; - T10, - ZnO and
In,O, - T10O, - MgO systems at 1623 K have been carried out by Nakamura et
al.(1,2). They found that the compound MgTi,O, has formed with the
pseudo-brookite structure( Orthorhombic, Bbmm), but, the compound ZnTi,0.
could not be formed at composition of (0.33 ZnO ,0.67Ti0O, ) with unknown
reasons(2). However, by the addition of small amount of In,0;, the compound
which have the tormular, (In, ,, Zn, o, O, has formed at composition of 0.06
In,O, , 0.61Ti0, , 0.33 ZnO in mole percent. From the X-ray powder diffraction
patterns, this compound has the crystal structure which are quite similar to that ot
pseudo-brookite. However, the structure has revealed some unidentfied peaks
whose intensities are relatively very low.

In the present investigation, the high resolution electron microscopic

observations were carried out in order to clarify the structure of this compound.

2. Experimental _

The compounds were prepared by combining in the mole ratio ot 1
In,O,, 11 TiO,, 6 ZnO ,isothermally heat-treated at 1653 K for 7 days in Pt
tube. The employed experimental equipments and methods are were described in
elsewhere(2). Prior to mixing the starting compounds, T10, was heated at 1373 K
in air for one day and MgO at 1273K in air for one day. Since the X-ray powder
diffraction pattern is quite similar to that of MgTi,0, which has a typical
pseudo-brookite structure ,MgTi,0, powder was used as a reference material for
pseudo-brookite structure. The compound was synthesized by mixing MgO and
Ti0, in the mole ratio of 1 and 2, isothermally heat-treated in Pt crucible in
air at 1623K for 10 days followed by rapid cooling to room temperature. Then
the crystals were crushed in agate mortar and reheated in air for 3 days. [t was
identified as MgT1,0, with orthorhombic system(Bbmm ; a=9.7274 , b=
10.0040, ¢ = 3.7428 A ,JCPDS card No. 35-792.35-796). TEM specimens were
prepared by crushing the single crystal in an agate mortar and being dispersed 1n
CCl, solution, then being scooped up on a holey carbon microgrid. These

specimens were examined with a top-entry high resolution electron microscope
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(JEM 2000EX) operated at 200 kV. The images were taken at an optimun

underfocus about 30 nm.

Experimental Results
a) Electron Diffraction Pattern Studies

Fig. 1 shows the electron diffraction pattern with [101] zone axis. In Fig. 1 a)
no superlattice reflections are found in pseudo-brookite MgTi,0.. However,
superlattice reflections are appeared in (In, ;c Zn, oo )T1,0, .,  as indicated by
two pairs of arrows. The [010] spots are appearing due to the double diffractions.
The diffraction pattern of sublattice in (In,,, Zn, 4 )T1,0O(, 1S the same to that
of pseudo-brookite MgTi,0, except the absence of [010] diffractions. The
modulation spots have appeared along [101] direction. The derived lattice
parameters from electron diffraction patterns are as follows; a = 10.032 A, b =
10.1332 A, ¢=3.9496 A. Three types of modulation spots were found in
diffraction pattern,Fig.1 b). Type 1 is shown by a pair of arrows marked as 1,
which are located at the site between the transmitted beam and [101] diffraction
spot. Two spots are shown with the equal and somewhat strong intensities. The
type 2 consists of two spots at a site near transmitted beam along the [101]
direction. The intensities of these two spots are very weak. The type 3 (as
indicated by 3) has two spots of which one spot is very strong but the other 1s
very weak. They are arranged along the vertical direction as weak/ weak/ strong/
strong/,... .

Figures 2 shows the electron diffraction patterns with [001] zone axis. No
superlattice spots are found in MgTi,O, (Fig.2a)). In Fig.2 b), type 1 and type 2
of superlattice reflection have appeared along the [220] direction. The lattice
spacing of (520) plane is very close to that of (101) plane,i.e. 3.53A and 3.635 A,
respectively. There might be similarity in the arrangements of atoms in both
direction. Fig.3 shows the [121] electron diffraction pattern, showing another type
of modulation. The superlattice spots have appeared along the [420] direction with
one isolated spot. The calculated periodicities of the modulated structure from the

electron diffraction patterns mentioned above are summarized in table 1.



Table 1. Periodicities for the modulated structure of (Ing ;¢ Zn, 4, )T1,0 .,

[ 1 01 ] direction 10.28 (3.63 nm) type 2
2.25 (0.79 nm) type 1
1.8 (0.64 nm) type l

[2 2 0] direction 10.28 (3.74 nm) type 2
2.25(0.82 nm) type I
1.8 (0.65nm) type |

[ 4 2 0 ] direction 3.876(0.81 nm )

b) High Resolution Images
F1g. 4 shows the high resolution TEM image of MgTi,0, taken under

electron diffraction pattern in Fig.la). The image does not show any modualtion
structure as expected from electron diffraction pattern. Fig. 5 shows the HRTEM
image of (In,,, Zn, o, )T1,05,, taken under the electron pattern in Fig. 1 b). It
shows very complex modulated structure through the combination of three types
of superlattice reflections. In the thin parts, no modulated structure has observed.
1t shows the simple pseudo-rectangular pattern due to sublattice reflections. Fig. 6
show the HRTEM image of (Ing ;¢ Zn, o9 )T1,0; (, with [121] zone axis of
Fig.3. The modulated structure has appeared in the [420] direction. The
superlattice consists of the combination of 4 or 3 times of sublattice ,resulting in

average of about 3.8 in accordance of that derived from electron diffraction
pattern.

¢) Phase change due to irradiation
The specimen becomes unstable under the irradiation of electron beam

during the observation, resulting in some changes in diffraction patterns and in
images. Fig. 7 shows the electron diffraction patterns taken from the [001] zone
ax1s 1n (Ing 5 Zn, oo ) T1,05 ., with the same zone axis of Fig.1b). Type 2
superlattice spots are disappeared and type 1 spots are separated further to have
equal spacing between the transmitted beam and [220] spot. Fig. 8 shows HRTEM
image of (Ing,, Zn, ,, )Ti,0,(, showing the progress of irradiation damage of

microstructure during the observation. The image was taken under the diffraction
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pattern as shown in Fig. 1a).The stepped structures at the surface of specimen are
clearly seen. The electron beam sputtering has occurred and voids have formed at
the kinks in the steps and have grown to be big pores. As the damage
progresses,the crsyal 1s frgmented into small crystals ,which are slightly rotated
and distorted and finally their crstallinity were lost. The kinetics depends too
much on the intensity of electron irradiation beam and the surface condition of
the specimen and also the zone axis of crystal which is parallel to the incident
beam. If the kink density at the surface was very high, the damage occurred so
rapidly that 1t was too hard to be observed. With optimum low intensity of
electron beam and good surtace condition, the observation can be possible, but
should be finished within 30 min.

Another phenomenon which was found in the observation is phase change
under the electron beam. Fig.9 shows the HRTEM image which shows the
progress of new phase formation. The zone axis [121] as shown in Fig.3. Newly

formed unmodulated structure gradually grows into the modulated region. The

interface moves downward as the damage progress.

Dicussions

The pseudo-brookite structure, MgTi1,0, , has 32 atoms in the unit
cell, having 4 Mg atoms, 8 Ti atoms and 20 oxygen atoms, where Mg is divalent
cation and T1 1s tetravalent cation(4,5). The compound, (In, ;, Zn, ;4 )T1,0, (,
has formed by the addition of 1.44 atoms of In , which is trivalent cation. 4.36 Zn
atoms are remained.Thus, in order to keep chérge neutrality, 2.56 oxygen atoms
should be added in the unit cell, resulting in the suuplus of oxygen atoms in the
unit cell of the compound. The ordering of oxygen vacancy might be occurred
by filling up the vacant site in pseudo-brookite by excess oxygen atoms. However,
1t should be awaited until full detailed analysis are completed. The modulation
spots have come from not only by oxygen but also by metal atoms since some
reflections are very strong. The In atoms are to be located in unit cell in
somewhat anisotropic ways.

It 1s natural to be expected that the structure of compounds of (In, ;4 Zn, 4 )
T1,0, ., become unstable when electron beam penetrates the specimen because

the beam provides excess negative charges to the specimen. The incident excess
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charge makes the atomic rearrangements in the unit cell in the way where the
structure has no modulation. It is not clear how the modulation structure has been

relaxed until full structural analysis has beeen completed, which is in progress.
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Figure 1. Electron diffraction patterns of a) MgTi,O, and b)(In, ;. Zn, ,, )
11,0, ., . The incident beam is parallel to [10’1_} direction. Three types
otsuperlattice diffraction spots are observed in b).
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11,04 ¢, . The incident beam is parallel to [001] direction. Two types of

superlattice diffraction spots are seen in b) .
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damage. The incident beam is parallel to [001] direction. The electron ditfraction

before irradiation damage was shown in F1g.2b).



. ". ‘h

+ 1 - am
it " '.*ll‘
& - = » "
‘¥ #.'i'n’i"";

M image o

-

]
- L - -y
*""l -, - - -il . .

.- e "r.—-‘ " L

Figure 8. High Resolution TE

damaged structure by the electron beam irradiation. The incident beam is parallel

bl T
* -

f (In, 5 Zn, o )Ti,0; ., ,showing the

L0 [l()'l] direction. The voids have formed at kinks in ledges on surfaces.




i ;rgf'f“ti '-.._ ‘*,;.;_ h.‘.‘bb;;, "'ﬂ“"._ o
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along the (121] direction, showing the phase transition between the undamaged
modulated structure and damaged unmodulated structure. The interface gradually

moves downward as the irradiation damage progresses during the observation.
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