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Purpose of this lecture =

At the end of this lecture you should be able to:

« Understand the TEM paragraph in papers about IMS and
CS

« Be able to make solid comments about conclusions
claimed from TEM by different sources (collaborators,
papers,...) by knowing some possible pitfalls

« Decide whether it would be useful to do TEM on your own
IMS or CS

« Make basic interpretations of TEM data on your own
materials by yourself

U
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Outline of the lecture bos

The three most frequently used
techniques in case of IMS/CS:

« Electron diffraction
« HAADF-STEM
« HRTEM

4
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ED: the main differences with vy
XRD -

« Shorter wavelength, almost flat sections
through reciprocal space

« A nanometer size particle is enough
« Multiple diffraction

« Can be combined with direct imaging and
compositional analysis

Appearance very much like single crystal XR
patterns

U
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Incommensurately modulated @}

structure example

* [100]*

Related commensurate
structure

Sb>MnO,

Sb; 155Pby 516MNg 62804

Abakumov et al., Chemistry of
Materials, 17, 5, 2005, 1123-1134
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IMS: indexing the subcell i
reflections —

« Related commensurate structure Sb,MnO,

.« P4,/mbc; a=b=8.7 A, c= 6.0 A

« Measure R, calculate d with R.d=C (know instrument
constant)

« Index each reflection according to list of d-values for each
reflection (cf. XRD)

|3+ All distances in A

Universiteit Antwerpen . - .
s International School on Aperiodic Crystals




Iy
Dangers of double diffraction! @&
P4,/mbc
« Reflection conditions: Okl: k=2n; hhl: [=2n; 00l: |=2n;
h00: h=2n
 In contradiction: 001,003,...,100,300,...,010, 030, ... all
caused by double diffraction

& e e R [001]*

International School on Aperiodic Crystals



Subcell vs. IMS bor

* [100]*

Sb; 155Pby 516MNg 62804

Abakumov et al., Chemistry of
Materials, 17, 5, 2005, 1123-1134

g
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- Z=2)
Indexing the IMS b

022 020 |_|_|°22

® o o @ o ot.l}cb o @ o © o
0211 021 0211
I I I 0222 I 0221| 0220

0202 0201 0200 0201 0202

002 —F)—,—‘ 002

® o @ o c»‘l’ o o ® o o
0011 001 0011
| I 020 0022 I 0021 I 0020

0002 0001 0000 0001 0002

U Sb; 155Pb; 516MNg 62504

Universiteit Antwerpen
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Reflection conditions for m ‘&@'}

1121 1120

1102 4

qr3/4c*
For this material: no special conditions for m: if subcell
reflection is seen, also hklm with m=1 and m=2 is seen.

H' Sb; 155Pb1.216MNg 62804

Universiteit Antwerpen
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Reflection conditions bor

[ P4,/mbc |
Okl: k=2n
| hhl: I1=2n |

A
Y

Oklm: k=2n
hhim: |=2n
P4,/mbc(00y)
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Exercise 1-1: IMS: index the non- s
modulated phase oy

« Index the commensurate structure LaSrCuO,, this will
help you with indexing the next, incommensurate one.

Given data:
cell parameters of LaSrCuO,: a=b=3.7 A, c=13 A.

6.50 A 2.61 A

(Simulated ED patterns

International School on Aperiodic Crystals



)
Given data: A7

cell parameters of LaSrCuO,: a=b=3.7 A, c=13 A. —*
© o001
@ 002
O 200 | 1
6.50 A
‘ 6.50 A ll..85 A 2.61 A

(Simulated ED patterns

International School on Aperiodic Crystals



27 )
Given data: AT
cell parameters of LaSrCuO,: a=b=3.7 A, c=13 A.

(Simulated ED patterns

International School on Aperiodic Crystals



)
Given data: A7

cell parameters of LaSrCuO,: a=b=3.7 A, c=13 A. —*
@o10
@ 020
O 110
002
002 1,854 | 2.61 A

(Simulated ED patterns
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27 )
Given data: AT
cell parameters of LaSrCuO,: a=b=3.7 A, c=13 A.

010
@ 020 |

(110

002 1854 ] 2.61 A

(Simulated ED patterns
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27 )
Given data: AT
cell parameters of LaSrCuO,: a=b=3.7 A, c=13 A.

010
@ 020 |

(110

(Simulated ED patterns
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27 )
Given data: AT
cell parameters of LaSrCuO,: a=b=3.7 A, c=13 A.

O 100
@ 200

(o020

(Simulated ED patterns
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27 )
Given data: AT
cell parameters of LaSrCuO,: a=b=3.7 A, c=13 A.

(Simulated ED patterns
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27 )
Given data: AT
cell parameters of LaSrCuO,: a=b=3.7 A, c=13 A.

002

020

(Simulated ED patterns
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27 )
Given data: AT
cell parameters of LaSrCuO,: a=b=3.7 A, c=13 A.

\% 110
220

O 10
002

020

(Simulated ED patterns
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Indexed solution b
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. 2
Zone indices b
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Exercise 1-2: IMS: determine thew
reflection condition hOl

002 110

002

International School on Aperiodic Crystals



Exercise 1-2: IMS: determine i
the reflection condition hOl =

110
002 002

International School on Aperiodic Crystals



Exercise 1-2: IMS: determine @}

the reflection condition hhl

002
002 110

hOl: h+I=2n hhl:

International School on Aperiodic Crystals



Exercise 1-2: IMS: determine @}

the reflection condition hhl

002 110
002 110

hOl: h+I=2n hhl:

International School on Aperiodic Crystals



Exercise 1-2: IMS: determine i
the reflection condition hkO =

110
002 002

International School on Aperiodic Crystals



Exercise 1-2: IMS: determine i
the reflection condition hkO =

110
002 002
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Solved reflection conditions e

110

002

hOl:h+1=2n hhl:l=2n hkO:h+k=2n

Also (from rest of the zones) hkl: h+k+I=2n.

International School on Aperiodic Crystals



)
Determine space group wa

TETRAGONAL, Laue classes 4 /m and 4/mmm (cons.)

Laue class
4/m A g (4 fm 27m 2 fm)
Reflection conditions Point group
Extinction
Ikl RED O QORD [RRD N (D [ Ah0 symbol |+ q 4 m 422 ditim A2m w2 |4 mmim
k+klk k Prbs P i (T25)
Bk |k i1 k Prbe Peby fubre {1733)
kN ! k P — Py fuem (138)
B+ [l (ol E Free PAfnee (130}
Bk k+! I k Prn — Pay fnnm {134)
: hk (k44 11 / k Fung Fdfnnc (126)
R A LR LA k FR— |:4{79] 14 {82} |4/m (87)  |022 9Ty Hem (07} |§452m (121) |
. fu (119)
L S S e i= k 1y- — T4y (B0) Ty 22 (98)
htk+1lh+k e+l |§ |i=4n ‘g\h ——d Fdymd (109} | 7824 (122} .
N B F o A B T I k \f—cf _ Mem (108) | F4e2 (120) |54 fmem (\40)
k40 Rk |t H=4nlt |k — o ' fqed (1107
Rdk40 (R E (e |8 [ledn (b 74 e = My fa (887 1
Eri+0 |k [k+i |t |i=dnik | |[fa—d T4 famd (140}

Jewkesifnvrfero e T e | fi-— - T4 mmm (139)

« International Tables: I---
« Most symmetrical I4/mmm

& 32
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Incommensurate vs. basic
cell

Hadermann et al., Journal of Materials Chemistry, 17, 22, 2007, 2344-2350
U LaSrCuO; ;,

Universite: Antwerpen . . .
G e International School on Aperiodic Crystals
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Exercise 1-3: index the IMS W

Identify and
index the subcell
reflections.

|9 Lasrcuo,.,

Universiteit Antwerpen
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Propose a
modulation vector.

|9 Lasrcuo,.,

Universiteit Antwerpen
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° q =aa*
¢ 0<0.5

|9 Lasrcuo,.,

Universiteit Antwerpen
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° q =aa*
¢ 0<0.5

|9 Lasrcuo,.,

Universiteit Antwerpen
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° q =aa*
¢ 0<0.5

|9 Lasrcuo,.,

Universiteit Antwerpen
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Possible solution e

° q =aa*
¢ 0<0.5

|9 Lasrcuo,.,

Universiteit Antwerpen
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Index the satellite indicated in @/@
green

U- LaSrCuO; .,

Universiteit Antwer, pen
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Index the satellite indicated in @/@
green

U- LaSrCuO; .,

Universiteit Antwer, pen
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Index the next indicated i
satellite

U- LaSrCuO; .,

Universiteit Antwer, pen

42
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Index the next indicated i
satellite

U- LaSrCuO; .,

Universiteit Antwer, pen
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Exercise 1-4: IMS with more ~ingr
complete data —

- \\WVhich of the indicated

: vectors corresponds to
the modulation vector
chosen on the previous
slides?

|9 Lasrcuo,.,

Universiteit Antwerpen
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Exercise 1-4: IMS with more ~ingr
complete data —

« Which of the indicated
vectors corresponds to
the modulation vector
chosen on the previous
slides?

|9 Lasrcuo,., a5
Universiteit Antwerpen International School on Aperiodic Crystals



)
= d

Is the proposed
vector still valid?

« B " B & - s D e .

|9 Lasrcuo,.,

Universiteit Antwerpen
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s
N

Indicate the correct

modulation

vector(s) on the

central white area.

You need

d,=aa*+pb*
d,= -aa*+pb*
a=p<0.25
hkimn
47

International School on Aperiodic Crystals

|9 Lasrcuo,.,

Universiteit Antwerpen



Index the reflection indicated “@/@

in red

02000 SLER ;(3.00 s

L A B @ 20011
o ' N T @0010 . . -
. ® . e W e
--oo%& jf- : ¥ 4 '2001}
: | () 20011

|9 Lasrcuo,.,

Universiteit Antwerpen

48

International School on Aperiodic Crystals



Index the reflection indicated “@/@

in red

110 'faoo--
ORNG,

20011

ot ‘90010
60005,

|9 Lasrcuo,.,

Universiteit Antwerpen
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Index the others patterns i
consistently with this new choice;”

. . 50
LaSrCuO, ., International School on Aperiodic Crystals



Index the reflection indicated
In green

51
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Index the reflection indicated
In green

. - 52
LaSrCuO, ., International School on Aperiodic Crystals



Index the reflection indicated
In green

LaSrCuO, ., - - International School on Aperiodic Crystals



Index the reflection indicated
In green

54
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Index the reflection indicated
In green

-----

[002. %010}

«10d1% 200
... 2001 1® Ooooo1

. . 55
LaSrCuO, ., International School on Aperiodic Crystals



Index the reflection indicated
In green

002 1[010]
1011&) 200

LaSrCuO, ., - - International School on Aperiodic Crystals



Look out for twinning! e

- . [orolfroto] “. - *,

Y0.85r2.,Mn,Ga0lg 4
' ' Gillie et al., Journal of Physics and Chemistry of Solids, 65, 1 (2004) 87-93

Universiteit Antwerpen

International School on Aperiodic Crystals



Exercise 1-5: twinning?

Could it be twinning and
thus sufficient to use

International School on Aperiodic Crystals



Exercise 1-6: derive the
reflection condltlons

Oh+k+l+m+n=2i
@h+k+1=2i
Om+n=2i

59
LaSrCu03_52 International School on Aperiodic Crystals




Exercise 1-6: derive the
reflection condltlons

002

1011@ 200

LaSrCuO, ., . 60

International School on Aperiodic Crystals



ExerC|se 1-6: derlve the

002 hkl:h+k+I1=2n

hhi: I—2n
1°1lé>®200 hhIfiO:

LaSrCuO; .,

International School on Aperiodic Crystals



Exercise 1-6: derive the
reflection condltlons

hkl:h+k+I1=2n
hhil:l1=2n
but

O m=2i hhimO:m=2i
' is sufficient

LaSrCuO, ., . 62

International School on Aperiodic Crystals



Exercise 1-6: derive the
reflection condltlons

LaSrCuO; .,

hkl:h+k+I=2n
hhl:l=2n

e hklmn:h+k+I1=2i
e hhimO:m=2i

(-hhIONn: n=2i)

63
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LaSrCuO, .,

| 00010
& 00001 s

« Online tables Yamamoto (Acta

Cryst.A 1996, A52, 509)
14/mmm(a a0, -aa0)00mg

64
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)
Use of doing ED =

« Deriving approximate cell parameters,
modulation vector and superspace group

« Not useful for: precise parameters, precise
modulation vector

« Excellent if multiphase sample or satellites
very weak in XRD/ND

« Be aware of:
— Twinning
— Multiple diffraction (for forbidden refls., for using
intensities,...)

— The possibility of missing important sections of

U reciprocal space oc

International School on Aperiodic Crystals




Relation composition - @}
modulatlon vector

Most TEM have EDX available for composition
determination

« Determination of direct links between composition and
modulation vector, also in multiphased samples

X =0 X =0.2 X=0.4

- Ba4]:"6 ngx013 x./2
(Abakumov et al., Chem. Mater. 20

66
(13), pp. 4457-4467) International School on Aperiodic Crystals




ED of a comp05|te structure (CS)

a,=a,, b,=b,, c,#c,, q=yc,* =c,*
0030w 3030

0004 3004

3002

hk0O0 average cell

hklO first subsystem
hkOm second subsystem
hkim satellites

o 3000
A, A'B,. x03 first subsystem[(B, A")O;]_,
second subsystem [A]_

Universiteit Antwerpen

International School on Aperiodic Crystals



ED of a composite structure (CS) @

0030m 3030
40004 3004
5q b |0002 - 3002
q
00368 o
e ¢
00349/ 2 “¢
00008—-2—a—03000
Universi tmt/\ntwev§n|‘1-3C00-8Mno-zo

International School on Aperiodic Crystals



Exercise 2: composite @}
structure: index the pattern

[SrF.52(OH)g.15]>.5[MngO,, ]
U. Abakumov et al., Chem.Mater. 19, 5 (2007) 1181-1189

International School on Aperiodic Crystals



Exercise 2: composite I
structure: index the pattern

k/.

L
l :
‘_..._.._._.'..‘.:_'...._,.’......._.._....._.._-_ ______ -

Which reflection is 00117?

International School on Aperiodic Crystals



Exercise 2: composite I
structure: index the pattern

k/.

L
l :
‘_..._.._._.'..‘.:_'...._,.’......._.._....._.._-_ ______ -

Which reflection is 00127?

International School on Aperiodic Crystals



Exercise 2: composite I
structure: index the pattern

k/.

L
l :
‘_..._.._._.'..‘.:_'...._,.’......._.._....._.._-_ ______ -

Which reflection is 00127?

International School on Aperiodic Crystals



Exercise 2: composite @}

structure: index the pattern

> @
0001
’ r_?-—-.-.-_.._.__.!__. ______ —»
l___.__.__...__i,_ _._ ______ _l

Which reflection does the
blue arrow point at?
0022 @

0021 @

00120

[SrFy.82(OH)g.1815.5[MNng0,5]

Universi it A rpen . . .
G e International School on Aperiodic Crystals




Exercise 2: composite @}

structure: index the pattern

> @
0001
’ r_?-—-.-.-_.._.__.!__. ______ —»
l___.__.__...__i,_ _._ ______ _l

Which reflection does the
blue arrow point at?
0022 @

International School on Aperiodic Crystals



cExercise 2: composite
structure: index the pattern - e
solution

000 1001 1010 1002 1020

| | |
. B e -
0000 0012 ; 0001 0010 0002 0020
1 -

International School on Aperiodic Crystals



Streaks Y

« order in the plane,
disorder between
these planes: streak
on ED pattern

« disorder in two
directions: diffuse
intensity plane: streak
or background
intensity depending on
the intersection

o g

Universiteit Antwerpen
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I 2= 2)
Pbl-XBiXFeOZ.5+X/2 (Pb:B|=7:O.5) W




Pb,.,Bi,Fe0, s, »(Pb:Bi=7:3) i

International School on Aperiodic Crystals



Pb,,Bi,Fe0, s/, (Pb:Bi=7:5) 74




Pb,,Bi,Fe0, s, , (Pb:Bi=7:8) i




)
e

=7:0.5)

B

IDbl-xBixFeOZ.5+x/2 (Pb

*r Q.'J
S renn ODQQ.,’U

T

LR
. "m’..‘.
i
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g
HRTEM and HAADFSTEM-images

HAADF-STEM HRTEM

contrast related to Z" — complicated phase transfer

_ direct information about the function
heavy atom positions — no direct interpretation

— brighter with thickness also possible

— correct orientation very — contrast changes with
important! thickness and defocus

— scanned image: positions — correct orientation very
imprecise important!

— one-shot image: position of
the contrast objects reliable



Heavy atoms from HAADF-STEM —

oooooo

- -
e L e T ANy ym

“PbZFeZOSH Abakumov et al., Ang.Chemie-Int.Ed., 45, 40

U' (2006) 6697-6700
Universiteit Antwerpen



High resolution transmission

electron mlcroscopy (HREM)
[010], 883 T Tl e

t F——

H.B'zsrl zl—ao 8Cu06 46-xF 2y Hadermann et aI JSSC, 156, 2 (2001) 455-451
Universiteit Antwerpen 8 7

International School on Aperiodic Crystals




)

= d

Relation structure — image in HRTEM

» » - » » » » -

L

o R
» » » » » . » »

image influenced by contrast
transfer function of the
microsope

! |

no direct correspondence

: 1

visual comparison with
simulations needed

»
»
»
»
»
.

-
.
.
.
.
»
»
»

@0 @c @0 @0 @
N KN NN KN N

. @oc@c @0 @0 @ @
~ 2 4 Q~0r0 o.o.o.o.o

o w” o R @c@c @0 @0 @ ©

o s . Bt c@c@c@c@®o .
R s s @c@c @0 @@
L 2020 % N KN EN KX I
@c@c@c @0 @

|9 simple perovskite 88



Exercise 3: predict what the ED vy
pattern will roughly look like

.........

OOOOO

........

- BTE

“eevnag Y _tider
,,".:i;::ﬂ

‘

-

.
L
'0
o

Hadermann et al., SO|Id State Sciences, 10; 4 (2008) 382-389

U
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predict what the ED
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pattern will roughly look like
What will be the subcell reflections?

Exercise 3
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Ce

t what the ED

1C
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Exercise

pred

pattern will roughly look like

What will be the subcell reflections?
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N
Domains with varying q —

Sry 5C04 gMNg 505
H, Mandal et al., Chem. Mater., 19, 25 (2007) 6158

Universiteit Antwerpen
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Comments to the applicability -

- L'/Q
of conclusions from TEM

« If the satellites cannot be seen on the XRPD-NPD patterns
it is no use to try to refine the structure using the ED cell.

« Precision of parameters determined from ED is not high.
ED is good for determining parameters (cell parameters
and direction and length of q) qualitatively.

« Good for determining symmetry.

« Can give direct space information and compositional
information also.
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Purpose of this lecture =

At the end of this lecture you should be able to:

« Understand the TEM paragraph in papers about IMS and
CS

« Be able to make solid comments about conclusions
claimed from TEM by different sources (collaborators,
papers,...) by knowing some possible pitfalls

« Decide whether it would be useful to do TEM on your own
IMS or CS

« Make basic interpretations of TEM data on your own
materials by yourself
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