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Disorder on internet

®
FEating disorder
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our everyda;

“If a cluttered desk is a sign of a
cluttered mind, of what, then, is

an empty desk a sign?”

— Albert Einstein
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Physical meaning of disorder: AS > 0
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Disorder happens “spontaneously” @ 'll
} v
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Disorder is measured
b Messier,
less-organized things
have higher entropy.

Time
arrow

If you tossed bricks off a truck, which kind of pile of bricks
would you more likely produce?

Disorder is
more probable
than order.
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Order versus disorder
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What do you prefer?

Disorder is
funnier than
order

G. Cuello (cuel




Disorde
00000e00

Pair correlations in a disordered system
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The PDF and states of matter
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Disorder Polarised
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Total Scattering Techniques
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Structure by diffraction
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Spatial distribution of atoms or
molecules in the system

Crystalline solids
Equilibrium positions
Well defined Bragg peaks

Disordered systems
{ Distribution of equilibrium positions ) =

No Bragg peaks




To tt
00000

Diffuse scattering
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Information about local order 'll
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Total scattering
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A typical scattering experiment
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From the experimental intensity 'll
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to the microscopic properties
. Microscopic
Experiment L .
properties
P\a&\arwave Detector
%Xi:
—_— L r e 26 a
k Sample k
Planarwave V(r) Spherical wave
e fkx (b/r)e ™
Intensity ° Scattering Cross Section ° Dynamical SF
1(26,0) d?c/dQde s(Q.0)
d’o \
I1(20,w) = C dg (20, w) e(k")
dodw 2 Y
‘ d*o kK o =

e Interaction System
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Dynamical Structure Factor
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It contains microscopic structural and @ 'll
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dynamical information FOR SOCIETY

Dynamical Structure Factor  S(Q,®)

Microscopic
Configuration

1 +o0 1 N . .
S(Q,w) = 2—'_/ dt et ¥ Z <e‘1Q'”(°)e"Q'”<”>

{ra(t), ra(t), ..., r(t)}

i,j
N
5(7) = 1 i / 374 (F t) N Z‘S (F'— F-(t)) Microscopic
(2m)* J pr,t) = ¢ particle density
all @ i=1
Probability density of having a given atom
L= 1 . (Gt puy somewhere,
) (Q, w‘) = W // drdt e G(rt) e.g. at (0, 0), and any atom at (r, t)
7

: ; - | e I
van Hove's correlation function Grt) = 7/(1" (ot 0)otr+ 1))
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Coherent and incoherent scattering
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kl 2 3 2 2 S
S (20,0) = N {87 S(G,) + ({1~ [ 81 )

d2

d2 kl Ocoh = GCinc —
o=l sao ()
coherent incoherent

Ocon = 47 |{b squared mean \
e >| \ Diffusive
Motions
Tine = 47 (<|b| )= 1) ) variance Collective dynamics Internal
Structural information Dynamics

=N
Scattering cross section / \

O = Ogoh + Oinc Diffraction Total Scattering
(Elastic scattering) (No energy discrimination)
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@ Static structure factor - LRO
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Static structure factor

< sl
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+o00
S(G) = / S (G B / dF €97 G(7,0)
Lo Static approxi.mo&‘v.ou

(@-1# S(Q)—l—p/ a7
1

g{r)-l
e poir |l —1]=

Definition

F(Q) = () -1
G(7) = 4mpr[g(7) — 1

G. Cuello (cuello@ill.fr) ILL, Grenoble
NPD: LRO-SRO SFEL, November 7%, 2022 18 / 58



StrFactorLRO
00e0000000

Reciprocal and real spaces
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* The position of the reflections tells you where the atoms are (lattice of the crystal).
e The intensity of the reflections tells you the base of the crystal.

SO O
! - .l .
Y Eh £
Simple cubic Body-centred cubic (bcc) Face-centred cubic (fcc) Diamond
(cubic-close-packing)
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Powder diffraction
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Micro samples and large grains

Single crystal
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ystal and Powder Diffraction

Area Detector(s)

Beamtrap
- G-

820 _Diffaction beam

Detector

Powder
diffraction

Single crystal
diffraction
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rer geometry
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1 2 3 4

sample Log(counts/pixel)

(mm)

o

I
S

film width
s

Corundum Powder Difcaction

ntonsity

n 5w % e 6w
Two Theta
(@) ®)
Figure 2. The diffraction pattern of corundum powder: (a) the conventional diffraction pattern;
(b) the two-dimensional diffraction pattern.
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Rietveld refinement
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Thermodiffraction

. . . . F/73
In situ experiments with changing parameters
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D20: High Flux Diffractometer

136.8

Data collection rate:
3/5 minutes per pattern

N
@
£

w
3
©
o

Sample Temperature

Iy
®
2

56.045 77.045 119.045 140.045

98.045
2*Theta

Ge-monochromator
Take-off angle: 120 deg.

ILL, Grenoble
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Neutrons and magnetism
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Neutron has a magnetic moment 'll
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333
(1Dnage B1msgn (330 (5") n
| 9 na § e

[ 1
(1nuct 200 By

Intensity (neutrons per minute)

100 293°K
80+
SO Residual
40+ short-range
magnetic
20k ordering
i L h The Nobel Prizein
5 10 158 20° 25°

Bragg angle, A (°) Physics 1994

In 1949 Shull showed the magnetic structure of the MnO crystal, which led
to the discovery of antiferromagnetism (where the magnetic moments of
some atoms point up and some point down).

ILL, Grenoble
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Weighting Factors

- y /
Short parenthesis on form factors 'll
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d?o o s »
(m) k 271'h2f] / <e Q J/(0)’3Q J(t)>e tdt
fQ)
f@=»%
0 Q 47'('./)\
neutrons
—_—

47T 20
Bragg law @ = — sin ( 5 )

G. Cuello (cuello@ill.fr) ILL, Grenoble

SFEL, November
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ximation
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In the case of disordered systems ! V[
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QFQ) = /Ox G(r) sin(Qr) dr 3

Gr) = % /0 "0 FQ) sin(@r) dQ 7

L
o s 10 15 20 25

3 A
2 S — 1 = 47Tp 30, _ S J .
S S(Q)—-1= 0 '/0 r[g(r) — 1] sin(Qr) dr
=
L N N —— 1 o .
g(r)—1= 2772/”“/0 Q [S(Q) —1] sin(Qr) dQ
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Pair distribution function

Coordination shells '.ll
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SQ)—1= % /UX r [g(r) — 1] sin(Qr) dr
%, N
o) —1= ﬁ/ Q I5(@)~ 1] sin@r) 4@ |
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First sharp diffraction peak
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FSDP First Sharp Diffraction Peak

Liquid Ar @ 85K

J.L. Yarnell et al. (1973) PRA 7, 2130

S(0) =1
1 /\ \ / Fourier Transformation

3 2 4 6 8 10 r [38A
1 2
ox |
= N
S (0) =pXT ksT ! V4
Limiting values — Normalisation °
o 5 10 15 20 25

A




Static structure factor: Ideal case
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Approximations FOR SOCETY
)

® Monochromatic N =2\

® Elastic scattering
® Single scattering (CW) Q= 4; sin @

® No attenuation O

® No background (TOF) Q= 2%’: sin ¢ -

® Monoatomic

N

I\ (Q) = C Po(N) — i

()‘) (Ucoh S(Q) + Uinc)

Iog \(Q)/Ocon 4T Oinc

S@ =73 do(A\) eA) N 0con

G. Cuello (cuello@ill.fr) ILL, Grenoble

NPD: LRO-S SFEL, November 7° 31 / 58
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Real space correlation functions
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Pair distribution Pair correlation function G(r) or
function density function D(r)
atr ‘ G(r)=D(r) = 4m r p [g(r) - 1]
r)= ry=4anrpilg\r)—
5 Lv 1t coordination
N shell
Y AEa
! = \/ %
(=}
Coordination number Slope=— 47p
£ -
Remember!
Radial - gl -1oc FT{S(Q)-1}/p

distribution RDF(r) = 4m r2 p g(r)
function RDF(r)

L{> T(r) =RDF(r)/r=4nrpg(r)=4nrp+G(r)
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Multiatomic systems: Isotopic substitution
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A system of linear equations 'll
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System of n B2 [S(Q)—1] = CaCsbabs [Sup(Q) — 1]
chemical species —— O
n (n+1)/2 F(Q) n
independent 9
partial SaB(Q) b* = Z Z CaC,sbabs
Change b, by a=1 =1
e |sotopic substitution
e X-ray experiments Fexp(Q) =A Fp(Q) NDIS: |A| <0.1

e Anomalous diffraction

Two different species: x, y

Binary system:

Fixed composition: constant ¢, , ¢,

Isotopes with good contrast
b, scattering length of isotope i of species a

. Fs1(Q) cxbx1 by 2exeybxibyr Fxx(Q)
b | Fea(Q) | = ckbko cibYy 2excybxabys Fry(Q)
Fs3(Q) cxbxs c¥bys  2excybxsbys Fxy(Q)




Chart of nuclides
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y /
Isotopes vary the cross sections for the same Z @ 'll

Z=0-28 Part 1 of 2
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1 if uf

L

46
4

u | /

=%
£

30 Bi(Pb)  sr Ca Cu O

Electrons ‘ . . . o
X-rays ‘
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Periodic table

y /
Good candidates for isotopic substitution @ ggg
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X-rays

Fe Co Nj

JJ

H C O
5 3

Neutrons

60°
Atomic number
1 6 8 22 26 28 82 Elements with isotopes with > 20 % scattering length contrast

(orange), 5 - 20 % contrast (blue), mono-isotopic, lack of scattering
- o e o X-rays

length contrast or prohibitively expensive isotopes (grey), elements

& c o Ti Fe Ni Pb with high absorption coefficients where non-absorbing isotopes are
E Hydrogen Carbon Oxygen Titanium Iron  Nickel  Lead available (green), elements with isotopes to overcome incoherent
i 5 Y ® A ® . [} scattering effects (yellow) and radioactive elements (red).
5 (inc) Neutrons . Neutron Scattering Lengths and
3 60 5ie 58. ¢
€ 1 / Cross Sections
3 . 70 6@ 60 o g
8 2@ 8@ 57. 61 @ ) st ot
= 49 62 z 4
@ ) Experimental Methods in the Phy
=z 2013 Bieie I, All rightsreseved

50@
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Example: A binary system

Fast ion conductor glasses ,g%!

FOR SOCIETY
Silver chalcogenides Network formers
Ag,X AsX or As,X3
X=S, Te or Se Samples: 197Ag,aSe, 109Ag,76Se, "tAg,76Se

14

| Isotope | b (fm) | AW | o, (b) |

107F 6 +1.0

"Ag 5922 246 499 .
YAg 764 146 744 e

NFz6 + 0.5

PAg 419 354 255 -
"Se 797 455 831

F(Q) /bams/sr
°
2

Se 122 33.1 18.7 o2
107Fy

02

WE.(Q)| [02594 00706 0.2706] [F,,.,(Q)
9 g Q) |=]0.0780 0.1654 02272| | F,.(O)
% F;(Q) | [0.1559 0.1654 03211 | Foy(Q) i S e S R VN R S A

04
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Partial structure factors

Inverse matrix '.ll
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Fo (@] [1217 1731 -2250] [F,(Q)

nat

Fo Q) |=| 811 3222 -2963| |} F,(Q)
Fos.(0)| [-10.09 -2500 2930 = E(Q) B

76 © 83

nAgSe = 93
nsese = 130
nAgAg = 53

s
, Ssese(Q) +3
A g i
2 NI Ty Z’
4 Spang(Q) )
) N Gsese(n) +3
-
°
Sagse(Q) - 3
Gagag(N
4
4
o 0 5 10 15 2
R T )

o 2w e i
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/0 conduction regimes
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The short range order reveals
two conduction regimes

3L AgSe

AgAg

2+ SeSe

[AG)

lonic
-—
o . L 1 L
0 4 8 12 16
r (&)

G. Cuello (cuel
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First difference method

-/
A way to reduce the number of unknowns 'll
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n n

v F(Q) = Z Z cacpbabs Fop(Q) Substitution ————=> yiy;, v,
a=1p=1

ImFor&avd:! We change scattering lengths but not composition

¥ Fu(Q) = Cf%/b?yl Fyy (@) + ¢y Z Caba Foy(Q) + Z cacgbabp Fop(Q)
aFty o, B#EY

b F3(Q) = c?yb?yz Fyy(Q) + ¢yby2 Z Caba Foy(Q) + Z cacgbabp Fop(Q)
Correlation g i e
function of

abom v with 32 AF,(Q) = Ci(b?yl B b?rz) Fyy (@)1 ey (b1 — by2) Z Caba| For (Q)
all other

az#y
compohevd:s

b’ AF,(Q)

S coby F,
2 (p2 5~ = F(Q) —= A%
C’y(bfyl y bfy2)

Cy (by1 + by2)

G. Cuello (cuello@ill.fr) ILL, Grenoble
NPD: LRO-SRO

SFEL, November 7', 2022 41 / 58
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Example: A ternary system

y /
Lithium Ammonia mixtures 'll
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Liin ND,
Metal-nonmetal transition at 7 MPM
Class A metals

Conductivity 15000 Q1 cm™! mol? 25 - g2

e B P

3 species = 6 different experiments!

F(k) (barn)

3

First difference method F k) +1b

Samples:
6L in "tND,
7L in "tND,
6L in 15ND;
15 L
ND, 0 5 10 15

k (A" J.C. Wasse et al.
PRB 61, 11993 (2000)
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Real space correlations

Ammonia molecules are easily identified '!UT oy
FOR SOCIETY

06 T T T
(c)
(a) J
04 |- g
Ayk) +0.2b AG\(r)
N
E
S o2
i
A, (k) —~
i, u®) e
o \ {v"\/’-\«wv\‘
v = 1 1
] 4 8
-0z ; - ‘; - P r(4)
k(&™) ¢

J.C. Wasse et al. 005 £l | 1 1 {

PRB 61, 11993 (2000) 20 2 4 6 8 .£0
r(A) &‘éﬂs 4%_-;
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Second difference method
At least one partial correlation is determined gg!
FOR SOCIETY

New substitution &: 5,5,

b AF5(Q) = C:(bil bzz) Foy (@) + eycs(by1 — by2) b1 Fra (@) Jt cy(by1 — by2) Z Caba Fory(Q)

a#y,8
n

b’ AF,52(Q) = A(621 — b25) Fyy(Q) + ¢yCs(byn — by2) bz Bra (@} €4(b1 = by2) D caba Far(Q)

a#y,0

b2 A?F,5(Q) = cycs(by1 — bya) (bs1 — bs2)[Fys(Q)

b A?F,5(Q)
cyCs(by1 — by2) (bs1 — bs2)

Fy5(Q) =

Partial structure factor
or pairs y and §

G. Cuello (cuello@ill.fr) ILL, Grenoble
NPD: LRO-SRO SFEL, November 7'117 2022 44 / 58
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Example: A complex system

Cu(II) aqua ion

Model Octahedral complex [Cu(H,0)]%*

FOR SOCIETY
A. Pasquarello et al.
Science 291, 856 (2001)
Sixfold coordination System:
Cu(ClO,),+HCIO, in H,0

X-ray diffraction o . —> 10 expts!

EXAFS A priori assumptions

XANES about structure Samples:

NDIS Overlap axial Cu-O

85Cu(Cl0O,),+HCIO, in H,0
and Cu-H

63Cu(Cl0,),+HCIO, in H,0

5Cu(Cl0,),+DCIO, in D,0
Second difference method 63Cu(Cl0,),+DCIO, in D,0

AF= c? (bes®bes3?) Feucu + 2 €y (bes—bys)

P x{eqi bei Feua + €0 bo Fevo + € brs Feun)

gCuH(r)

A%F =2 cq, ¢y (bes—bgs) (bp— by) Feun

ILL, Grenoble
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Local environment of Cu(II)
Il /4
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Cu-O correlation
A. Pasquarello et al.
Science 291, 856 (2001)

1%
10
Sk —
B ya AF = Fo o+ 0.044 F o, +0.102 Fe g
o 0 1 1 1
2 4 2 3 4
fi rd) A square pyramid trigonal bipyramid square pyramid
obs Y M
4 6 - . a8
First-principles Molecular 0 ? <« 5 Pe o
Dynamics Simulation
1T=0% T=100% t=0%

T T

]
g

T=(0 - 9)/60 x 100%

T (%)

Cu(ll) aqua ion is
five-fold coordinated

ILL, Grenoble
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@ Instruments
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Experiments

Instruments
[e] lele]e}

Reactor — 2-axis

Accelerator — TOF

7/ §
Two techniques for Neutron Total Scattering / /

NEUTRONS
FOR SOCIETY
— Scattering angle

Elastic scattering > Q
— Time-of-flight

hot source
o~ 7C2

otating beam shutter (LLB)

monochromator
(3 collimators inside)
/ Ge 111;Cut11;6Ge 31

collmator
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Time-of-Flight instruments

Instruments @ ISIS (UK

7/ §
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&

Low angle detector bank

NIMROD

Barks 6&7
17"

142'-

BarkSX.
-106" 105"-114"

g##ﬁ

Barks
79"

7%

Bakd

50°

21 24°-45°

i
i
i

-12° 13

5

S

S,
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Instruments @ ILL (France)
y /
2-axis instruments 'll
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Annular Vanadium
Sample Cell

Helmholtz Cols
(Guide Field)

Rhodium 12 Filter

MAM Detector

oo
Monochromator

1=0410085A

“Magic box”

G. Cuello (cuel



D4: A dedicated diffractometer at ILL

Array of 9
Microstrip
Detectors

Shiiding—__

Monochromator. N

Primary

shmwy

 Neutron )
Beam /
\ Secondary
 shioding Shutter

Plane

G. Cuello (

Face  d-spacing ) (A) Flux Filter
(A) (10" ncm”s™)
Silll 1.807 0.7 5.0 Ir
Cu220 1.278 0.5 4.5 Rh
Cu33l 0.829 035 0.3 Non

Instruments
[e]e]ee] }

7/
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@ Polarised neutrons
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The incoherence problem

Water as @ '.ll

NEUTRONS
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5000 Ty 000 T 5000 T 5000 T S

4500 - — 4500 — 4500~ — 4500 — 4500 Neutron diffraction of hydrogenous materials: Measuring
r 64% H,0 incoherent and coherent intensities separately
4000~ -] 4000~ - 4000~ -] 4000~ “ - 4000 LaszI6 Temleitner, Anne Stunault, Gabriel J. Cuello, and LaszI6 Pusztai
Phys. Rev. B 92, 014201 - Published 1 July 2015
3500 — - 3500 3500 3500
—

., 3000~ ~ 3000 3000 3000 _Appendix
& 500 = 2500, 2500 2500 :
2 »0r S Neutron Scattering Lengths and
= 2000 - 2000 2000 2000 Cross Sections

emen e
1500 p o = 1500 1500 1500

Javier Davidowski, José Rolando Granada, avier Raberto Santisteban,
Florencia Cantargg and Luic Alberto Rodriguez Palomino.

s, G i B Bainie, Bt s s

1000 — 1000 1000

Experimental Methods in the Physical S
© 2013 Elsevier Inc. All rights reserved.

jences, Vol. 44.

500 500

500

0 obililild o pLibilulu) - pLililyly] Ty
05101520 0 5101520 0 5101520 0 5101520

! ! ! ! 05101520 Elements and Their Isotopes
QAT QA7) QA7) QAT QA"
tlement £ A 1) Ca b b b~ b; ¢ 7 s Ga
n 0 1 1/2(+) —37.8(8) 0 -37.8 0 44.89 0 44.89 0
(8) (4) (4)
H 1 —3.7390 1.7568 80.26(6) 82.02 0.3326
an 10 6) 7)
H 1 1/2(4)  99.9885 —3.7423 10.817  —47.420  25.217(6) 1.7589 79.91(4) 81.67 0.3326
(12) ) (14) an (4) 7)
H 2 1(+) 0.0115 6.674(6) 9.53 0.975 4.03(3) 5.597 2.04(3) 7.64(3) 0.000519
3 (60) 10 7)
*H 3 1/2(4) 1232y 4792027) 418 6.56(37)  —1.04(17) 9(3)  0.14(4) 3.03(5))  <6E-06
iE) —

G. Cuello (cuello@ill.f; ILL, Grenoble

NPD: LRO-SRO SFEL, November 7



Polarisation analysis
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Principe of functioning ,g%!

FOR SOCIETY

S
& &
& & N S
© i,é B & Q,é
Unpolarised <° <<-\\QQ &

neutron beam

Vi~ TTTT'CODM ME il
N7 11t 1 I M 1t
i g
t

SF

3 <
Lpinne(Q) = 5 I (Q)

Icoh(Q) + Iisotope inc(Q) = INSF (Q) - % ISF(Q)

G. Cuello (cuello@ill.fr) ILL, Grenoble

SFEL, November 7 54 / 58
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periment on light water

NEUTRONS
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y /
Separation of coherent and incoherent signals @ 'll

Annular Vanadium
Sample Cell

D3 Sits
(| LL) Monitor PN )

/2 Filter 4

Nutator|
(fippes)
ic Helmholtz Coils 3)
M‘)Po\armng (Guide Field ki Fiat Single *He Detector
nochromator
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Numerical simulations FOR SaCETY
RMC: Reverse Monte Carlo
EPSR: Empirical Potential Structure Refinement

nd the experiments

MD: Molecular Dynamics
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