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Diffraction pattern of a modulated structure
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Introduction to superspace crystallography

e Describe long-range ordered, modulated structure with
few parameters

* Modulation wave vector g = (a, 3,7) Paul B. Klar

FZU Prague
1-dimensional piano structure in two-dimensional superspace:
1 . 1
| | | || L]
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Introduction to superspace crystallography

Changing @ <+  Changing real space periodicity

Paul B. Klar
FZU Prague

Superspace Piano

PBKlar

2018
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Introduction to superspace crystallography

52

a

asq

Modulation function:
us(a) =Acos(2mqa)

q determines periodicity of
modulation function

A determines the amplitude of
the modulation function

Modulation functions for
occupancy and/or displacement
Real space = cut through
direct superspace

Reciprocal space = projection
of reciprocal superspace

[1] Van Smaalen, Sander. Incommensurate crystallography. Vol. 21. Oxford University Press, 2007.
[2] Janssen, Ted, Gervais Chapuis, and Marc De Boissieu. Aperiodic Crystals: From Modulated Phases to Quasicrystals: Structure and Properties.

Oxford University Press, 2018.
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Introduction to superspace crystallography

52
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asq
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Modulation function: i 2 0 2 1
us(a) =Acos(2mqa)

[1] Van Smaalen, Sander. Incommensurate crystallography. Vol. 21. Oxford University Press, 2007.
[2] Janssen, Ted, Gervais Chapuis, and Marc De Boissieu. Aperiodic Crystals: From Modulated Phases to Quasicrystals: Structure and Properties.

Oxford University Press, 2018.
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(1+1)D ordered superspace

s2 \¢as2

—A
a a
q
asq asq
Modulation function: Modulation function:
us(a) =Acos(2mqa) u_(a) =—Acos(2mqa)

— Sharp satellite reflections at h=+g.
— u4(a) and v (a) cannot be distinguished experimentally.
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(1+1)D disordered superspace

e Phase domains in superspace
e Positive correlation along asq

e Warren-Cowley short range

a order parameter ¢f > 0

as1
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(1+1)D disordered superspace

a

as1

Phase domains in superspace
Positive correlation along a1
Warren-Cowley short range
order parameter ¢f > 0

What happens to the sharp
satellite reflections?
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(1+1)D disordered superspace - Occupational disorder

e Au/Ag 1:1 crystal e Create disordered super
I V7 space structure with

*qg=- =0378 e positive correlation
I e Modulation functions: (0f =0.85)

p+(a) = 0.5+ 0.5cos(27wga) * mp, =mp =05
p—(a) =0.5—0.5cos(2mqa)
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(1+1)D disordered superspace - Occupational disorder

e Create disordered super

e Au/Ag 1:1 crystal
space structure with

_ V7
*qg=- =0378 e positive correlation
e Modulation functions: (0f =0.85)
p+(a) = 0.5+ 0.5cos(27wga) * Mmp, =mp =05
p—(a) =0.5—0.5cos(2mqa)
g=4 o5 =085
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(1+1)D disordered superspace - Peak position tuning

1D occupational disorder

e pi(a)=0.5+0.5cos(27wqa)
(27

e p_(a)=0.5—0.5cos

q=

qa)

59

af =085

Intensity
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(1+1)D disordered superspace - Peak width tuning

1D occupational disorder
e pi(a)=0.5+0.5cos(27wqa)
e p_(a)=0.5—0.5cos(2mwqa)

q=
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(2+1)D superspace for occupational modulations
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e 2D basic structure I l oo
°*q= (01762)

e Internal dimension ag perpendlcularI I |
to external, physical space /
spanned by a; and a»

-
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(2+1)D disordered superspace - Occupational disorder
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e 2D basic structure
°*q= (01 ) 62)
e Modulation functions:

p+(a) = 0.5+ 0.5cos(2mqa)
p—(a) =0.5—0.5cos(2wqa)
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(2+1)D disordered superspace - Occupational disorder

I e Au/Ag 1:1 crystal
® Plane space group p1
* One atom per unit-cell at (0,0)
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(2+1)D disordered superspace - Occupational disorder

Au/Ag 1:1 crystal

Plane space group p1

One atom per unit-cell at (0, 0)
7

Modulation functions:

p+(a) = 0.5+ 0.5cos(2mqa)
p—(a) =0.5—0.5cos(2mwqa)
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(2+1)D disordered superspace - Occupational disorder

Au/Ag 1:1 crystal
Plane space group p1
One atom per unit-cell at (0,0)

o= (:7)
Modulation functions:
p+(a) = 0.5+ 0.5cos(2mqa)
p—(a) =0.5—0.5cos(2mwqa)
Create disordered super space
structure with
e positive correlations along agq

and as:
oc(sho) =0.7
S —
i) = 0.5

® mp, =mp_ =05

Tl
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(2+1)D disordered superspace - Occupational disorder

Au/Ag 1:1 crystal 2
Plane space group p1 1
One atom per unit-cell at (0,0) .o
9= <%’ g) -1
Modulation functions: ;
p+(a) = 0.5+ 0.5cos(2mqa) 2,

p—(a) =0.5—0.5cos(2mwqa)
Create disordered super space
structure with

e positive correlations along agq

and as:
oc(sho) =0.7
S —
i) = 0.5

® mp, =mp_ =05

Tl

max

Intensity
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(2+1)D disordered superspace - Diffuse rods

Au/Ag 1:1 crystal

Plane space group p1

One atom per unit-cell at (0,0)
7

Modulation functions:

p+(a) = 0.5+ 0.5cos(2mqa)
p—(a) =0.5—0.5cos(2mwqa)
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(2+1)D disordered superspace - Diffuse rods

e Au/Ag 1:1 crystal
® Plane space group p1
* One atom per unit-cell at (0,0)

“a=(37)
e Modulation functions:
p+(a) = 0.5+ 0.5cos(2mqa)
p—(a) =0.5—0.5cos(2mwqa)
e Create disordered super space
structure with
e positive correlation along as,:
o} o) = 0.0
Oty 1) = 0.95
® mp, =mp_ =05
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(2+1)D disordered superspace - Diffuse rods

Au/Ag 1:1 crystal
Plane space group p1
* One atom per unit-cell at (0,0)

“a=(37)
e Modulation functions:
p+(a) = 0.5+ 0.5cos(2mqa)
p—(a) =0.5—0.5cos(2mwqa)
e Create disordered super space
structure with
e positive correlation along as,:
o} o) = 0.0
Oty 1) = 0.95
® mp, =mp_ =05
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(2+1)D disordered superspace - Reflection condition

I e Basic structure shows symmetry
e Superspace group pg1 (%,B)
Site A: (+0.1,0.0)
Site B: (—0.1,0.5)
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(2+1)D disordered superspace - Reflection condition

Basic structure shows symmetry

Superspace group pg1(3,8)
Site A: (+0.1,0.0)
Site B: (—0.1,0.5)
Bragg-reflection condition:

Ok : k=2n
_ (1 V7

*q= (577)

* O o) = 0.1y =07

Modulation functions:

Site A: pa(as) = 0.5+ 0.5cos(27(+0C1a14 + C2a24))
Site B: pg(ag) = 0.5+ 0.5cos(27(—01a15 + Coa28 + a2g))
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(2+1)D disordered superspace - Reflection condition

e Basic structure shows symmetry

e Superspace group pg1(3, )
Site A: (+0.1,0.0)
Site B: (—0.1,0.5)

Bragg-reflection condition:

Ok : k=2n
_ (1 V7

*q= (@7)

* O o) = 0.1y =07

e Modulation functions:

. . . .
. . .
. . -
. - L ] .
$ ¥ * 3
. -
.
. % g :
0 1 2

Site A: pa(as) = 0.5+ 0.5cos(27(+0C1a14 + C2a24))
Site B: pg(ag) = 0.5+ 0.5cos(27(—01a15 + Coa28 + a2g))

0.1- max

Intensity
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(2+1)D disordered superspace - Reflection condition

e Basic structure shows symmetry

] 4
* Superspace group pg1(3, ) IR IR
Site A: (40.1,0.0) 3 &
Site B: (—0.1,0.5) e
* Bragg-reflection condition: E ¥ % 3
Ok : k=2n i .
_ (1 \ﬁ . . q
*a= (5’7> 0 1 2
— — h
* %) = Hon =07

Modulation functions:

Site A: pa(as) = 0.5+ 0.5cos(27(+0C1a14 + C2a24))
Site B: pg(ag) = 0.5+ 0.5cos(27(—01a15 + Coa28 + a2g))

— Diffuse satellites obey reflection condition as well

0.1- max

Intensity
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(2+1)D disordered superspace - Reflection condition

e Basic structure shows symmetry

e Superspace group pg1(3, )
Site A: (+0.1,0.0)
Site B: (—0.1,0.5)

Bragg-reflection condition:
Ok : k=2n

o= (1129

° a(sw) = oc(sm) =0.7

e Modulation functions:

. - -
. - - .-
- - L] .
. . .
. . .
. - -
$ *
Gold
0 1 2

Site A: pa(as) = 0.5+ 0.5cos(27(+0C1a14 + C2a24))
Site B: pg(ag) = 0.5+ 0.5cos(27(—01a15 + Coa28 + a2g))

0.1- max

Intensity
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(2+1)D disordered superspace - Reflection condition

e Basic structure shows symmetry

1 4
* Superspace group pgi(3, ) t 3 89
Site A: (+0.1,0.0) e e e
Site B: (—0.1,0.5) N i
e Bragg-reflection condition: T 5 23
Ok : k=2n e T
L] . .
*qg= (%71 + g) 0 0 %11 2
— _ h
* %ro) = Hor) =07

Modulation functions:

Site A: pa(as) = 0.5+ 0.5cos(27(+0C1a14 + C2a24))
Site B: pg(ag) = 0.5+ 0.5cos(27(—01a15 + Coa28 + a2g))

— Diffuse satellites obey reflection condition as well

— "Virtual" satellite reflection condition Ok :

k=2n-+1

0.1- max

Intensity

Ella Schmidt | FAU Erlangen | Disorder in Superspace

March 20, 2019



(2+1)D disordered superspace - Reflection condition

Basic structure shows symmetry

Superspace group pm1(0, 3)s0
with internal translation

Site A: (+0.1,0.0)

Site B: (—0.1,0.0)
Satellite-reflection condition?:

hk:  h#0

q= (07 g)
06(170) == a(071) == 07
Modulation functions:

Site A: pa(@a) = 0.5+ 0.5cos(27(02a24))
Site B: pg(ag) = 0.5+ 0.5cos(27(02a05 + ‘5))

@ For occupational modulation functions with only one cosine-term.
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(2+1)D disordered superspace - Reflection condition

e Basic structure shows symmetry

4
e Superspace group pmi(0, 3)s0 b 2 1
with internal translation 3
Site A: (40.1,0.0) A |
Site B: (—0.1,0.0) = b 4
e Satellite-reflection condition?: 1
hk:  h+#0 P %1
\ﬁ 0—2 -1 0 1 2
® q= (0, 7) h

* Q10) = Xo,1) =0.7
e Modulation functions:

Site A: pa(@a) = 0.5+ 0.5cos(27(02a24))
Site B: pg(ag) = 0.5+ 0.5cos(27(02a05 + ‘5))

@ For occupational modulation functions with only one cosine-term.

0.1- max

Intensity
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(2+1)D disordered superspace - Reflection condition

e Basic structure shows symmetry
e Superspace group pmi(0, 3)s0
with internal translation
Site A: (+0.1,0.0)
Site B: (—0.1,0.0)
e Satellite-reflection condition?:
hk : h+#0

0= (3.7)

* Q10) = Xo,1) =0.7
e Modulation functions:

Site A: pa(@a) = 0.5+ 0.5cos(27(02a24))

o
e

L

0
h

==
ol | s | s | s

Site B: pg(ag) = 0.5+ 0.5cos(27(02a05 + ‘5))

— Diffuse satellites obey superspace reflection condition as well

@ For occupational modulation functions with only one cosine-term.

0.1- max

Intensity
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Possible applications

Diffuse rods showing ’extinction
conditions’
® research papers

Stractoral Symmetry analysis of extinction rules in diffuse-

Science scattering experiments
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Possible applications

Diffuse rods showing ’extinction

o
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® research papers
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s Symmetry analysis of extinction rules in diffuse-
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Sharp satellites on top of diffuse

®
ucr
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scattering
research papers

Exploiting superspace to clarify vacancy and AlSi
ordering in mullite
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Possible applications

Diffuse rods showing ’extinction

Sharp satellites on top of diffuse
conditions’

scattering

research papers L) research papers
Symmetry analysis of extinction rules in diffuse- IUCr) Exploiting superspace to clarify vacancy and AUSi
scattering experiments r ordering in mullite
prvSICs|FeLs

Paul Benjamin Klar* Ifigo Eixebarria® and Gotzon Madariaga®

Phase transitions:

Diffuse scattering turns into sharp satellite reflections
norganic Chemistry "

The Mystery of the Auln 1:1 Phase and Its Incommensurate
Structural Variations

Laura C. Tolkers,*® Arkadiy Simonov,” Fei Wang," and Sven Lidin

clysis snd Systhesi, Lunds Universes, Naturvtangen 14, Lund 2261, Sweden
’Ynm\,,m: ChenieyLbusory Usvenkyof o, St P e, O OF1 3. Uned Kb
“Depsctcat o Ch Stte Usivrsty, 901 5. Nationl "

65897, Usitod Ststes

© Suparing Information

ABSTRACT: Tn this
437, DOL 10100751

e A 11 phase (Nt
1 its dering behavior at
et To enble the growl of a X-ray suisbl specimen, a temperi

b b e nsrpraionof s difrnil saming cibrimesy (DSC) sty I i
. qualty single cpstsl were grovm nd meseured st the Crystal besline ot
Symchronon SOLEILFrom the aegte dt, theee vantions of i siucture could b

cnschufin, 1953, 40,
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Summary

I ¢ Disordered superspace models allow to characterize width and position of
diffuse maxima independently

. e Unified model for diffuse maxima at different positions in reciprocal space
e Superspace symmetry allows direct access to extinction rules
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Summary
I ¢ Disordered superspace models allow to characterize width and position of
diffuse maxima independently
. e Unified model for diffuse maxima at different positions in reciprocal space

e Superspace symmetry allows direct access to extinction rules

Outlook
e Application to different disordered systems
e Expansion to (3+ d)D
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Summary

I ¢ Disordered superspace models allow to characterize width and position of
diffuse maxima independently

. e Unified model for diffuse maxima at different positions in reciprocal space
e Superspace symmetry allows direct access to extinction rules

Outlook
e Application to different disordered systems
e Expansion to (3+d)D
e Possible peak shape tuning by introducing size-effect like relaxations?
e Possibility of curved diffuse features?
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