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(Zr,Ca)0O, @ Corelli

Broad diffraction signal off the Bragg reflections

Perfect, periodic crystal
Bragg reflections only

Any deviation from perfect periodicity
diffuse scattering
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Any deviation from perfect periodicity
diffuse scattering

Static deviations
Distribution of atoms/molecules

Deviations from average position

[HOO]

(Zr,Ca)O, @ Corelli

23.07.23 3
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d

Lysozyme

Any deviation from perfect periodicity
diffuse scattering

Dynamic deviations
Correlated atoms/molecule motion

Phonons

-------

¢ 2 g &
e + & 6 2 B : P

Meisburger et al. Nature Comm. (2020) 11 1271 23.07.23 4
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Any deviation from perfect periodicity
diffuse scattering

Excitation deviations
MnO

Magnetic disorder

Static distribution
Dynamic distribution

Paddison et al. Phys. Rev. B. (2018) 97 014429 23.07.23 5
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Pixel counting energy discrimination detectors

E( primary) : 16 keV  E( primary) : 16 keV
E( threshold) . 8keV  E(threshold): 10 keV

ﬂiﬂh -
J--&‘J&

Copper
Fluorescence
8.05 keV

mm

m-m
ﬂm
*-r
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Pilatus @ Swiss Light Source, Sample i-AlCuFe

Th. Weber, personal communication 23.07.23 6
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Coates et al. Rev.Sci.Instr (2018) 89 092802

Sampla Srcaﬁerlrg ‘essal

___.__'_._-r L

Effective selection of
Elastic diffuse scattering

Random chopper windows
Asynchronous rotation

Ye, .., Rosenkranz J.Appl.Cryst (2018), 51, 315

23.07.23 7
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Cross correlation for energy discrimination

Effective selection of
Elastic diff i
Benzil Corelli @ SNS; OakRidge astic diffuse scattering
B = BoE . oMtk Random chopper windows
Asynchronous rotation

Allows excellent distinction
between dynamic and static
diffuse scattering

Welberry & Whitfield QuntBeamSci (2018), 2, 2

Elastic + Inelastic Elastic
100K 100K

Ye, .., Rosenkranz J.Appl.Cryst (2018), 51, 315 23.07.23 8
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diffuse electron diffraction

Conventional technique , ,
Pattern taken as oriented zone axis

Dominated by dynamic scattering effects
AIPO-#5

Withers et al. Sol.StateSci (2003) 5, 427 23.07.23 9
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Quantitative diffuse electron diffraction

Zeolite beta , 3 Y,
. Sample is rotated around “random” axis

. ik ey
“eimpma tw

Automated electron diffraction tomography
U. Kolb et al. Ultramicroscopy (2007), 107, 507

R e e e e 0 -
T i
= by 7 *

Rotation electron diffraction
Zhang et al. Z. Krist. (2010), 225, 94.
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Minimizes dynamic diffraction effects

Reconstructed reciprocal layers

10

Krysiak, .., Neder, Kolb, Acta Cryst. A (2018), 74, 93 23.07.23
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Quantitative diffuse electron diffraction
LiNiMn Co O

[110]

Poppe, .., Neder, Hadermann, submitted

3D ED
Sample is rotated around
“random” axis

Minimizes dynamic
diffraction effects

Conventional zone axis
Electron diffraction

23.07.23
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Quantitative 3D-A- PDF
Weber & Simonov Z. Krist (2012), 227, 238

m No correlations

i

e L L
RS 1L L L
ST TT TR

T . 33 . Negative

3 TN correlations
? L

[

REE 3 Positive

; “os correlations
i

llllllll

Fourier transform of

Bragg intensity only
Patterson function
Interatomic vectors in SINGLE
averaged unit cell, periodic

Fourier transform of
total scattering ; Bragg + diffuse
3D-PDF;
Interatomic vectors in actual crystal
as in Powder-PDF (RDF, ...)
Fourier transform of
Diffuse scattering only

Total scattering — Bragg intensities
3D-A- PDF
Difference: PDF - Patterson

23.07.23 12
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Diffuse scattering by macromolecules

Intense halos

Broad isotropic ring around Bragg

Predominantly water

‘i Phonon scattering !
Some SRO :

Structured

(-ompton scattering diffuse scattering

Local dynamic disorder

Lysozyme; 3D reconstruction

Meisburger, Case, Ando Nature Comm. (2020) 11, 1271 23.07.23 17
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Diffuse scattering by macromolecules; Interpretation

B aa
p—'é#o#.!:

L

Wall et al. PNAS (1997) 94, 6180  Meisburger, Case, Ando Wych et al.
Nature Comm. (2020) 11, 1271  Struc.Dyn. (2019) 6, 064704

Wall et al.
CurOpStrBio (2018) 50, 109

23.07.23 18
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Diffuse scattering by macromolecules; Interpretation

Liquid-like motion

Vibrations of independent atoms
with correlations dampened

versus distance decreasing correlation
Insulin Experiment Simulation

Moderate agreement;
Simple two parameter model

Caspar et al. Nature (1988) 332, 659 23,0723 19
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Diffuse scattering by macromolecules; Interpretation

Normal mode analysis

Vibrations w in a periodic super cell

-

w, = ZE Zj aﬁ,jL_TeE’jeXp(ikF})

Different normal modes tend to be
in agreement with (Bragg) data

Often moderate agreement with
diffuse scattering

Wall et al. . Meisburger, Case, Ando Wych et al.
CurOpStrBio (2018) 50, 109 Nature Comm. (2020) 11, 1271  Struc.Dyn. (2019) 6, 064704

23.07.23 20
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Diffuse scattering by macromolecules; Interpretation

Molecular dynamics simulations

, , Calculated Experiment Calculated
Displacement samples over microseconds!

Diffuse scattering calculated from
small super cell;
sampled n times:

D(hki) = (|F,(hkD)[), — |(F,(hkD)),[

Staphylococcal nuclease
Wall IUCrJ (2018) 5, 172 Wych et al.

Struc.Dyn. (2019) 6, 064704

Flexibility within a molecule

Wall et al. . Meisburger, Case, Ando Wych et al.
CurOpStrBio (2018) 50, 109 Nature Comm. (2020) 11, 1271  Struc.Dyn. (2019) 6, 064704

23.07.23 21
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Diffuse scattering by macromolecules; Interpretation

Molecular dynamics simulations
- Calculated Experiment Calculated

32 proteins
in2x2x2
super cell

Staphylococcal nuclease

DR Wych et al.

%j‘ : Struc.Dyn. (2019) 6, 064704
Flexibility within a molecule
Wall et al. Meisburger, Case, Ando Wych et al.
CurOpStrBio (2018) 50, 109 Nature Comm. (2020) 11, 1271  Struc.Dyn. (2019) 6, 064704

23.07.23 22
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Diffuse scattering by macromolecules; Interpretation
Rigid molecules Calculated

INn13x 11 x 11
super cell Effect of local ;& 65 00 & &

Lattice dvnamics !

anisotropy ~9

Fully refined

Equal springs

Measurad

e g 8
6 o & o o B : 9

Meisburger, Case, Ando
Nature Comm. (2020) 11, 1271

23.07.23 23
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Diffuse scattering by molecules; Interpretation

Experiment Lattice simulation Molecular transform

Diffuse streaks Diffraction pattern
between some of individual
Bragg reflections molecule

Meisburger, Case, Ando
Nature Comm. (2020) 11, 1271

23.07.23 24
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Diffuse scattering by molecules; Interpretation

-12 -8 -4 0 4 B8
h Diffuse scattering
Simonov et al. J.Appl.Cryst (2014) 47, 2011 by molecules in

' : : wo orientation
tris-tert-butyl-1,3,5-benzene tricarboxamide two orientations

23.07.23 25
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Diffuse scattering by molecules; Interpretation

Diffraction pattern
of molecular form
factor difference
squared

23.07.23 26

Schmidt, Neder Acta Cryst. A (2017) 73, 231
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Diffuse scattering by molecules; Interpretation

Diffraction pattern
of molecular form
factor difference
squared

I(C[) oC |F o Fmol,d|2

mol ,u

SRO * | Fmou-Fmol_da |* = EXperiment
d * b = a)

Intensity of point scatterer with
negative first neighbor correlation

Schmidt, Neder Acta Cryst. A (2017) 73, 231 2.07.23 27
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Diffuse scattering by molecules; Interpretation

Diffraction pattern
of molecular form
factor difference
squared

I(C[) oC |F o Fmol,d|2

mol ,u

Experiment / | Fmolu-Fmo d|> = SRO
a) [/ b) = ¢)=d)

Division provides more
unambiguous interpretation

(% A —4 N 4 R -2 B -d [ 4 A

Intensity after Intensity of point scatterer with
division by b) negative first neighbor correlation

Schmidt, Neder Acta Cryst. A (2017) 73, 231 2.07.23 2
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Quantitative 3D-A- PDF
Initial workflow

e Fine slicing in reciprocal space

- ° ; ideally at several axes

E j 3D-reconstruction of reciprocal space

§ v Do Scaling; Detector artifacts; Outlier rejection;

IO Symmetrization;

i 0 | I Bragg reflection removal
Original 3D PDF punch and fill Kobas et al. Phys.Rev.B (2005), 71, 224205
Uncertainties ; punch and fill Simonov et al. J. Appl. Cryst. (2014), 47, 2011
KAREN; Outlier rejections Weng et al. J. Appl. Cryst. (2020), 53, 159
Full workflow Koch et al. Acta. Cryst. A (2021), 77, 611

Weber & Simonov Z. Krist (2012), 227, 238 230723 2
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Quantitative 3D-A- PDF Local order in metal doped Mo V. O,

Temperature
19% Ma 120 K{b]m% Mo 150 K{C}m% Mo 160 K

@ Rutile type structure

Sharp rods parallel <110>"

. 2D-"defects” with ~
i 3 5 1 3 5 1 3 & long range order along <110>

No rod at origin
projected structure is periodic
at 1 = half-integer layers

Doubling of unit cell along c

Mild off-axis curvature ??

Davenport, Krogstadt, ..., Osborn et al. Phys.Rev.Lett. (2021), 127, 125501 23.07.23 30
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Quantitative 3D-A- PDF Local order in metal doped VO,
(b) 3D-APDF 19% Mo 44
_;0 " |PSS Rutile type structure
= _
xy0 2 0 Sharp rods parallel <110>
qpli, 2D-"defects” with ~
O o long range order along <110>
€)1 00
Y at 1 = half-integer layers
L=1.5

Doubling of unit cell along c

Mild off-axis curvature ??

Davenport, Krogstadt, ..., Osborn et al. Phys.Rev.Lett. (2021), 127, 125501 23.07.23 32
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Quantitative 3D-A- PDF Local order in metal doped VO,

© , fNeor 1o%mo Rutile type structure
2 bl ;iziji;y y |
wxz 37 8 8 0 1N, Sequence of short / normal / long distances
| 2efs 0 along [001]
2 ° L] L L
\iexd) 10) Dimerization of Metal-Metal pairs along [001]
(d) 4 _r_ig.,é}:ﬁl;.l.aﬁwﬂr?T 10
3 ST
L0 aloe 4N,
xRz Elo a (N
"® aTl e iMas
0 2
[¢,3¢,0] (L)

19%: Correlations along <110> and [00]] !

Davenport, Krogstadt, ..., Osborn et al. Phys.Rev.Lett. (2021), 127, 125501 23.07.23 34
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Quantitative 3D-A- PDF Local order in metal doped VO,

© , . 3D-APDF_19% hic . 1 Rutile type structure
EL ] (1] (1] E’ L ':‘: | 4,8
1 2.4

R e v D DR 1L B Sequence of short / normal / long distances
=lal e cade s &Bl B along [001]

i i -4.8

Dimerization of Metal-Metal pairs along [001]

o L H 4B
€ @ @ . .

6@ i <4 Doubling of unit cell

s * lﬁ @ (1] G

:: {! IE] {I :: 2.4 ° ° °

"o ' af e’ ilis Alternation of Dimers and shifts
0 2

[¢,3¢,0] (L)

19%: Correlations along <110> and [00]] !

Davenport, Krogstadt, ..., Osborn et al. Phys.Rev.Lett. (2021), 127, 125501 23.07.23 35
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(a)
Ohserved

Q
L

X-ray Scattering

L=1/2 Simulated

200
5
50
oy 3
1 10
L=Tk2
200/
]
50
L3
1 10
1 3 5 1 3 5
Ow Qx

(b) 3D- APDF
2l @ 't @ ¢
" - T Res|,
— ¥
b = - z "
o 1f L] H o F . L 5
= o :
— |8 'y s
et .| R-os " =
of L] L4 - [ »
T 71 l-1s )
1 paliy 7
[ O] [ x 0]

LN

[0,y,0] (I.u)
o
Q5
1 |

Local order in metal doped VO,

Rutile type structure

Diffuse scattering calculated from

atomistic model in

DISCUS program

Off-axis curvature is caused by
Width of [110] streak in 3D- A -PDF

(b) 3D-APDF 19% Mo 4q-
1D T | T

- 0
[%,0,0] (L.u.)

6.0
3.0

0

-3.0
-6.0

Davenport, Krogstadt, ..., Osborn et al. Phys.Rev.Lett. (2021), 127, 125501 23.07.23
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Simulation / refinement Superspace concept
of disordered structural model
= Main Bragg
E g reflections
E omitted
4 2 0 2 4
=1 h
*i’ - [ => _ - -> =)
e ' i(d) = Acos(2x(qa + t))
Bragg reflections: heZ
Satellite reflections: h & mgq h,meZ

23.07.23 53

Schmidt & Neder Phy.Rev. B (2019), 100, 054201
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Simulation / refinement Superspace concept
of disordered structural model

direction and periodicity of
modulation function

modulation function amplitude
initial phase of modulation function

displacement or
substitutional
modulation function

real space is cut through

real superspace

reciprocal space is projection
of reciprocal superspace

Schmidt & Neder Phy.Rev. B (2019), 100, 054201

23.07.23
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Simulation / refinement Superspace concept

of disordered structural model

a .
52 ’ , l/ %K
FO\“\G( Gyo () f—f—i F’J/
A - - .
af -

2 <1 0 1 2

J/
/

Schmidt & Neder Phy.Rev. B (2019), 100, 054201

23.07.23
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Simulation / refinement Superspace concept
of disordered structural model

=p+ Acos(2x(qa))
=p— Acos(2x(qa))

Without long range
order in superspace
satellites turn into
broad maxima

Schmidt & Neder Phy.Rev. B (2019), 100, 054201 23.07.23
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Simulation / refinement Superspace concept
of disordered structural model
18 BB . 1 1
1 . ' : i — (E ’ ?)
uo | ¥ L8al ¥ 2
| Ed = SRO parameter
-1 ! | S _
SRER AR - Ay = 07
-2 ; ! [
2 -1 0 1 2 S —
; 0{(0,1) — 05

Position , shape, width of diffuse maxima
f" . J _ can arbitrarily be designed,
an T8 eg ) based on structural model

Schmidt & Neder Phy.Rev. B (2019), 100, 054201 230723 57
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Simulation / refinement Superspace concept
of disordered structural model

I'~ ’ 2 : . - max
,’I -T‘_‘T“--_“ //// -é _ (1 1 )
o ! e 1p s A —_— ey T
static A Ii i | / ., 2’
N -l‘“h‘_‘_ == 2 () / A - ma A E \/7
1-~~|.h__‘ | / g SRO parameter
= ) s : S
. \ 1 / - 0‘(1,1) = 0.95
" -2 4 -0 S
{} -2 1 2 0‘(1 ) = 0.0
h ’
1 i‘.ﬂ Position , shape, width of diffuse maxima
f‘ S5 TTe can arbitrarily be designed,
an TG g [ based on structural model

Schmidt & Neder Phy.Rev. B (2019), 100, 054201 230723 58
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Simulation / refinement Warren-Cowley
of disorder theory short range order parameter

Weber Z. Krist (2012), 227, 238

Schmidt et al. [UCrJ 2022, 9, 21 23.07.23 59
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Simulation / refinement
of disorder theory

Mean field theory

Minimize energy for system in different states :

States : Spin / Orientation / Type / ...

1 s s
H = EZJ Zk Zl Zm /,{IJ Jy,:l 7 ,ulj 1 if Object j is in state |

Objects States J 117(1 Energy 1f |
Object j is in state 1
Object k is in state m

Schmidt et al. [UCrJ 2022, 9, 21 23.07.23 60
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Simulation / refinement
of disorder theory

Mean field theory

Hg (NH,),ClL,
States : Spin / Orientation / Type / ...

Neutron xray

pmunn il |
} 1/ V ‘:' : ‘:-ﬁ-‘:- Y; 1if Object j is in state ]
NH, [ R [ X,
: J l.',': Energy if
Objects: ! Object j is in state 1
Hg (NH,), Object k is in state m
States.

[100]; [010]; [001]

23.07.23 61

Schmidt et al. IUCrJ 2022, 9, 21
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Simulation / refinement
of disorder theory

Mean field theory
| | Hg (NH,).CL,
i ] - Neutron xray Structure simulated from J
TRy Ve By R AR D ECOCn R
I E 1648 4 e e o b o 3 Tl
“i}_.. | i SHALLLE SOARR
xn. FINEILIEL 2
riREIRUURT
Objects:
Hg (NH,),

Calculated as result of

[Slt(a;(t)(i?.[OIO]; [001] Least-squares refinement of J

Schmidt et al. IUCrJ 2022, 9, 21

23.07.23 62



>\/) u Interpretation |HEAU

Simulation / refinement
force fields / molecular dynamics

dynamic Structure snapshot %{ Phonon scattering
at steps in time %‘;}
D(hkl) = hkl) F (hki)) [ o L
( ) < ( r |< > r 30 é@; ’E:’,’@i‘
g'e:ﬂ =O' "‘v:i
.-’c ’.'GG’G "f.?i
6 o 6 0 08 3 9

local dynamics extended dynamics

23.07.23 63
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