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Introduction and Motivation ’.ll

. :
—

FOR SOCIETY
* Details of the bonding potential, characteristic frequencies, amplitudes, anharmonic effects, i.e.,
frequency changes as a response to T, p, E, B, ... variation, life time of vibrations, ...
* Potential wells, activation energies, time scales
* Mechanism of displacive dynamics, hopping, continuous, translational, rotational
* Pathways for displacive dynamics, dimensionality, symmetry, isotropy, confinement effects
e Diffusion constants, mean-square displacements

koza@ill.eu INSTITUT LAUE LANGEVIN - Neutrons for Society 2

Oxide lon Dynamics in
Solid Electrolytes :

La,Mo,0,

Joseph R Peet et al., Chem.
Mater. 29 (2017)

Results from ab initio
Molecular Dynamics
simulation
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Low T

Arrhenius’ law :
w = wyexp(-£,/k;T)

Hook’s law :
= (K/m)Y/2

Lo e [

Gedankenexperiment :
Activation energy : E, =200 meV
Trial frequency : v, = 1-100 THz
¢c=0 1700 210 50 Temperature : T=300 K

C-C 1250 150 36 - 0.002-0.2 meV

— 0.1 nsec—1 psec

3700 110
C-H 3000 370 90
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Energy — Time — Wavevector — Length Phase Space '.ll
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Neutron Energy Range
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A [A] 1
E [meV] 80
T [K] 960
v [m/s] 3911

Cold neutrons :

Thermal neutrons :

Hot neutrons :

2 4
20 5
240 60
1956 978

0.1-10 meV
10-100 meV

100-500 meV

10
2 1
24 12
620 437

D, at 25 K

D,O atroom T

Graphite at 2400 K
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Neutron Energy Range

A [A] 1 2 4 6 10
E [meV] 80 20 5 2 1

T [K] 960 240 60 24 12
v [m/s] 3911 1956 978 620 437

* Mass =1.675 107" kg /\ A
* Electrical Charge =0 A\//\ —
* Spin="% \/
* Magnetic Moment =-1.913 3 \—/>
E=8181:-A2=2.07-k*>*=5.23 -2
[E]=meV; [A]=A; [k] =A1; [v] = km/sec
1meV=%THz=8.1cm1=11.6 K=10.4 ki/mol
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Instrument Map of the ILL '.ll

NEUTRONS
FOR SOCIETY

BUILDING ILL 22 Ve N
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== ToF — Time of Flight

TAS — Three Axis Spectro
NSE — Neutron Spin Echo
BS — Back-Scattering
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Basic Spectrometer Concepts

n Source
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hw

Sample
Primary

Spectrometer Secondary

Spectrometer Detector
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Basic Spectrometer Concepts '.ll
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hw

hw:El-Ef

n Source :
Primary

‘ Spectrometer Secondary

Spectrometer Detector

Direct Geometry Spectrometer

0/‘
0/‘

Indirect/Inverted
@ Geometry Spectrometer
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Essential Spectrometer Components '.ll
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primary | secongary [mstuments | [T SRR
VvV \Y

INSb ToF

M-chopper

A V SHARPER, PANTHER, D007 ToF
A/v A IN16b/BATS, IN13+ BS
A A IN8, IN12, IN20, IN22, Thales,  TAS
IN1-Lagrange
/]\ /]\ WASP, IN15 NSE B i
A A/ ZETA@IN22 TAS-NSE
Ferenc Mezei first NSE prototype coils Double focusing monochromator of PANTHER/ TAS

-4 -4 -4 -4 -4
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0 0 0 g 0 0

2 2 2 7 2 2

4 4 4 4 4
-3-2210123 -3-2.10123 -3-210123 -3-2.10123 -3-2210123
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4 4 4 4 4

2 2 2 22 2

0 0 0 0 0

2 2 2 2 2

Bl 4 4 4 4
3210123 3210123 3210123 3210123 3210123
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Resolution Considerations

For the ToF energy resolution :
2 2 2 3 3
h=(2m)° 1 1 . (L) AR h”(2m)” At

FE = — —
2. A2 2"

* Use long wavelength

* Use long flightpath
» Use short chopper pulses

For the monochromator energy resolution :

A = 2dsin(f) — A/\)\ = cot(0)Af + Ad

* Work in backscattering geometry 20 = 180°
 Use high quality crystals
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Time of Flight Spectrometers '.ll
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INSb —Disc Chopper Instrument INSb

SHARP—ER Sample Access Chopper E. [meV]

33 - 280 Hz 2-20

SHARPER-CRG

vonoan_cinon

o — PG(002)
PANTHER
“Monochr, | g, mev]
o I PG(002) 7.5-19
: ”//III/fnf/ﬂ////f///////////ﬂﬂfJ/f i °6(004) 3076
| PG(006) 68 - 171
Cu(220) 52 - 130
Cu(331) 123 — 150
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INS5b — Cold Neutron Disc Chopper Spectrometer ’.ll

To watch the explanatory IN5b video, go to : FOR SOCIETY

https://www.ill.eu/fileadmin/user upload/ILL/3 Users/Instruments/Instruments list/00 -
SPECTROSCOPY/00 - TIME OF FLIGHT/IN5/htmI5/IN5B-principle/IN5-2025.html
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Powders, Polycrystals, Liquids, Amorphous Compounds
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114.6

100.3

1.6

57.3 43.0 28.6 14.3 0.0

Scattering angle [°]

CH, in H,O-clathrate :

Large amounts trapped in perma-
frost soils and deep-sea sediments!
Environmental risk through global
warming!

CO, in H,0O-clathrate :
For CO, sequestration in deep-sea
sediments.

H, in H,O-clathrate :
Co-hosted with e.g. THF as hydrogen
storage medium.

H,O-clathrate as moderator material
for very cold neutrons.

INSTITUT LAUE LANGEVIN
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Powders, Polycrystals, Liquids, Amorphous Compounds
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114.6

100.3

1.6

57.3 43.0 28.6 14.3 0.0

Scattering angle [°]

CH, in H,O-clathrate :

Large amounts trapped in perma-
frost soils and deep-sea sediments!
Environmental risk through global
warming!

CO, in H,0O-clathrate :
For CO, sequestration in deep-sea
sediments.

H, in H,O-clathrate :
Co-hosted with e.g. THF as hydrogen
storage medium.

H,O-clathrate as moderator material
for very cold neutrons.
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Scattering Angle [deg]

818 1022

Intensity [norm.]
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Energy and Momentum Conservation '.ll
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Conservation Laws :
Momentum : h@ — ﬁ(/{ — /;f)

= 2 59 S S
itsmodulus: Q% = ki +ky —2|ki]|k¢| cos (20)

an(ki o kf )
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Kinematics of Neutrons and Thermal Occupation

10

Wavevector Transfer [ﬁ‘l]
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oo

=0 _ —f2 —;2_ —; —
Q7 = ki +ke —2|k;||k¢| cos (20)

2 =2 — 2
hw = Ei—Ef — Qizn(ki —]{Jf )
~Energy gain Energ\b loss
Anti-Sf’EBkes\ Stokes

~40 ~20 0
Energy Transfer [meV]

20

40

Thermolelectric
Clathrate :
BagZn,Ge,e

1_ T T | T T T T | T T T T | T T i i*
= 1.7K 200 K
= 50K ' =300K
= 100K |

S(20,m) [arb. units]
[a»]
(@)
|

¥ 14
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IN1-Lagrange : Vibrational Spectroscopy '.ll

NEUTRONS
Be filters | Diaphram | | Monitor View from top m_
* Ei range (meV) | AEi (meV)

FOR SOCIETY

Beam stop

o Cu(220)  [26-500] 2-3% Ej
Cu(331)  [67-500] 1.5-2% Ei
Si(311)  [16.5-60] 0.8
) Si(111)  [4.5-20] 0.8

Analyser: PG(002) of 1m? surface with E;= 4.5 meV

* H, cycle, energy storage, solid oxide fuel cells, ...

Shielding m| | Monitor . .
* Materials for catalysis
bansip | 1| | E 3 s * H-bonding and its role in geological and biological systems
o . . * Dynamics and bonding: functional abilities of materials
PG cristels View from the side

Structure of complex molecular compounds

* (Gas separation in porous media

* Location in the host matrix of molecular groups active in
selectivity processes

Screen

Detector

koza@ill.eu INSTITUT LAUE LANGEVIN - Neutrons for Society 18



Membranes with Functionalized MOF-808 for CO, / CH, Separation
D. Refaat et al., J. Mater. Chem. A 13 (2025)

Amino Acid Decorated MOFs

Scientific Interest :

* Filtering and cleaning of biogas (CH,) from CO,

e Polymeric membranes production is cheap and
easy to scale up but miss efficiency

* Composite materials (polymer matrix with metalo-
organic frameworks (MOF) functionalized with
amino acids) achieve superior permeability and
selectivity values

e CO, and CH, access similar docking sites but CO,
bonding energies are up to 3 times stronger

koza@ill.eu

Polymers of Intrinsic Microporosity

PIM-1 Matrix
© | (d)
v * High Permeability
0" @ 1 5

)" ’S‘. * High Selectivity
w‘ Vol

® * Enhanced Stability

\

MOF-808@Amino Acid
Crystals
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Neutron Energy Transfer (meV)
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i
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\/‘

i
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i
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A
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Yt :
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1
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Proton Positions and Dynamics in Sc-doped BaTiO; and Ca;CrN;H

A. Perrichon et al., J. Phys. Chem. C 124 (2020)

* Potential electrolyte material for solid state fuel cells

* H conductivity in cubic structure 2 orders of magnitude higher

cubic BTSX

INS intensity

6(0-H) wag mode

one 70 110 150 190
proton site AE [meV]
(4) (a) (b)

S(Q, hw) [arb. units]

S(Q, hw) [arb. units]

hexagonal BTSX

multiple
proton sites

.................

-+ BTS70
—+ BTS50
-+ BTS20
BTS16

100 200

hw [meV]
IN1-Lagrange
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300 400 70 110 150 190

hw [meV]

TOSCA@ISIS

L. Fine et al., Chem. Mater. 37 (2025)

Potential catalytic material for ammonia (NH;) synthesis

PDOS

— INS o2 lloe==" |le==8
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‘MLMD i o \ \O \O :
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@ T 04 07F M -
~ L | T(K)
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2
&
3,
Wl
(0]
() 3f
1]
Sopp
g
&
S 1f
a
a
0

INSTITUT LAUE LANGEVIN - Neutrons for Society

[/ {
NEUTRONS
FOR SOCIETY

20



Double Differential Scattering Cross Section ’.ll

0]

A = r2dS
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NgUggCONS
dQ : segment of solid angle PORSOEETY

A : area at distance r from sample
k. : initial wavevector of a neutron
k; : final wavevector of a scattered neutrons

20, ¢ : polar coordinates characterizing the
direction of scattered neutrons

Incident neutrons are characterized by plane waves,

w(T) = —bel £ . scattered neutrons by spherical waves. Justified as long as
r ki neutron source is far away and neutron wavelength larger
than size of nuclei !
20 b = nuclear scattering length, amplitude of the scattering
y | process.
J b is a complex number, accounting as well for neutron
absorption.
INSTITUT LAUE LANGEVIN - Neutrons for Society 21



Double Differential Scattering Cross Section ’.ll
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I (0] 1
4

Dynamlic Structure Factor -
DSF, gomprises information on
physics of the material

Phase space factor, property
of initial (i) and final (f)
neutron state (wavelength,
wave vector, energy, ...)

E¢> £, f ?J Scattering cross sections, effective areas
s of nuclei seen by the neutron o) — b7
5. Y(r)=—-b= -
E=F 4;%{ Common and (x) = e . kg
LA |
i oen = b {8 2l /%
Individual character > S
\_ |/
Ef < &-i @ Oinc — 47T(<b2> o <b>2> \E\‘/j
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Observables in Neutron Spectroscopy

Observable in
ToF, TAS, BS

Fourier Transforms

Observable in NSE, Basic models,
basic models computer simulations
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Observables in Neutron Spectroscopy '.ll

NEUTRONS

Observable in Dynamic Structure Factor FORSOCIETY
ToF, TAS, BS Y (A 1 S —iwt
S Scon(Q,w) = - 1(Q,t)e It
(@, w) 5T (Q,t)e ¢
Sine(Q,w) = I(Q, t)e tdt
W) (@) = 5 [ L(G,0)e
Intermediate Scattering Function :
) N N
Fourier Transforms = 1 —iG7;(0) iGF; (1)
I(Q._t)_EZZ@ Rl )
i=1 7=1
N
(1) = i <e—1Qn 0) lQr‘z(f}>
i=1
Observable in NSE, Basic models, Van Hove Correlation Function :
basic models computer simulations Seon(Q, w) = — F—wt) 17t
Sine(@,w) = 5= el (A7) gy
4T
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Phonons, Collective Vibrations '.ll
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Rh Ry
Rh Ry
QR Ry

/\

) ) Phonon Dispersion
Optic bra?wch A

(@) ~ oD wan

\/

1
|
Acoustic brapch

/

Phonon Density of States

L, <
-nla 0 Q n/a G(w)-DOS _ T O2 i
S'(l)(Q;w) N n(w, 1) Q o~ W(Q.T) Zé(w +wi)
il

1mc W A{j
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Thermoelectric Power Management '.ll
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Cronin B. Vining, Nature 413 (2001)

+ Electrical power input

a Heat input b

Hot

_— Hot junction
junction

| — — e

Cold
- junction

Cooling Power Supply

Ceramic plate

Heat
ejected

WwWw.greencarreports.com
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Thermoelectric Power Management

Cronin B. Vining, Nature 413 (2001)

+ Electrical power input

Heat input b

1l

Heat
ejected

Current

Hot
Junction

Contact
pads

Electrical power output

[/ {
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Thermoelectric Figure of Merit ZT :

2
7T =27

Ke+K1

S = Seebeck coefficient (dV/dT)

o = electrical conductivity

K, = electronic thermal conductivity
K; = lattice thermal conductivity

1

zT

0.5

01015 101!] 1020 1021

Carrier concentration (cm-3)

Snyder G.J. et al., Nature Materials 7 (2008)
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Lattice Thermal Conductivity and Pelerls — Boltzmann Theory '.ll
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1 1 1
KI—BCVUZ—BCVUT— 3va

1
I

Cy heat capacity, v sound velocity, [l mean free path

Phonon Density of States . _
Phonon Dispersion

ToF on Polycrystals, Powders o
ToF + TAS with Single Crystals

Phonon Lifetime Solid State Diffusion

] i :
TAS-NSE Phonon Linewidth ToF + BS and NSE

with Single Crystals ToF + TAS
with Single Crystals
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Phonons in Skutterudites '.ll
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—o0s- * CaFesSbi; ]
g .l NASA/JPL/DoE :
2 ol M Sb Since 2016 development of
g sl new thermoelectric modules
o based on Skutterudite
e materials with increased
3 0'6 . efficiency (+25%) and
20'4 o . . durability than present
NASA/JPL : | devices.
0.0
S 0.8
;Ei 0.6
g 04k 4 ‘:’ i MFe4Sb12 Ba
8 0.2+ .ﬁﬁwfw :: [4) i Sr
0.0 zﬂrf,//r’: 1 :W - La
_ogL © LaFe4Sb12 4 o Ce
3 s 20F 2
go.s z [ Dt*;‘%;o. sll;v
§0_4 M LS gégg@iﬁ;;;;..
© 0.2 53 g%gggg**imo..%
00 FE/CO 10} “£§§5858§ Eﬁg%’ﬁgéﬁa
— 144 ]
2. veresn, | Sb PENNRIRSARLEEEEEEEND
Eo6L ® esShiz i
S 300 400 500 600 700 800
g 04 1 T(K)
© 02 1 P.F. Qiu et al., J.Appl.Phys. 109 (2011)
0.0

1 1
0 5 10 15 20 25 30 35 40
Energy [meV]
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Phonon Response to Temperature and Pressure Changes ’.ll
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IIII|IIII|IIII|IIII|III FORSOCIETY
- — 600K
I YbFe4Sb12
3 - 200K y .
€ - 100K : T
o - 50K A ) £
%2— 20K % Y o
= - 2K i b Al s
1 - h' ,:'."_I ||p"'."' i 0]
o L ]
ity
OAI"——H""‘T—’IFIII|IIII|IIII|III
0 2.5 5 75 10
Tio [meV]
1.10
Single Isolated Particle in a Quartic Potential : a
T. Dahm & K. Ueda, Phys. Rev. Lett. 99, 187003 (2007) 1050 + b
3 - I = I T o P R ¢ F |
L | 05 -025 0 025 05 Vi |
= Ax [A
U(x) =~ A-Ax? + B-Ax* R A
1R o
B oc B/amu?/w 3 : B =0.013(3)
© 0.95 ¢ vl vl
0% 107 1 10
/T
30
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Lone Pair Expression as Origin of Giant Phonon Anharmonicity
J. Zhang et al., Angew.Chem.Int.Ed. 62 (2023)

InTe
Blins
| f 8 W B
= s -\J%_,_
£ [100 o) s :
) 9 -
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©)
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Y. Bourie et al., Phys.Chem.Chem.Phys. 17 (2015)

et
odos;oo‘:? Q\Od

03‘043, —1t

(a) 4,

eno®
see®
............
e
.O

0
0

L I I L
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(¥
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without lone pair with lone pair
RbInTe, © KInTe, ——Harmonic e InTe

| = 20"-order

| — e"-order

— 4™-order
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Cu,oTe,S;3

Q@ 2
d s1

o Cu2

@ Sb/Te

O Inactive
lone pair
Active

oo L
lone pair
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Cu,,Sb,Te,S,;

31



From Thermoelectrics to Super-lonic Conductors '.ll

NEUTRONS
FOR SOCIETY

2

Ag8GeSeb, X. Shen et al. SMALL2023 19 (2023) E=12.5meV
1Q|=2.88 A

7=300 K
|Q|=2.88 A™

-
o
T

a Cubic(F-43m)

Se2)

-

Intensity (a.u.)

0.8 0.1
- F o Experiment T=355 K
= 10 b= Total fiting §
0 = 8 OF T gackground] | Q1=2.88 A°
= > b - - i 7 )
- E (meV) £ g et c
= C
) 10 @
& 3 el o=
£ > & ,I 0'85
e o o T=400 K
2E? fh 3 06'2 0F |Ql=2.88 A"
B 1 L1%48 1 i d
Q ’ '
5 R Y .
250 ok @ 0 —t 1 L— et Al ialin Moottt S
139 140 141 142 0.0 0 100 200 300 400 10 5 0 5 10
Scattering angle 26 (deg.) T (K) E (meV)
< A — Typical second-order phase transition
g —— Superionic phase transition
Cu,Se, Liu H. et al., Nature Materials 11 (2012) =
Cu,Se, Voneshen D.J. et al., Phys.Rev.Lett. 118 (2017) 3
. ()
Ags.SnSe,, Q.Ren et al., Nature Materials (2023) <
c
g 0 Diffuse scattering

==
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Single Crystal Experiments '.ll

. NEUTRONS
OrientExpress : Neutron Laue Camera FOR SOCIETY
View from the side o
__ @
Collimation Sealed |  |CCD cameras | Scinillator | Sample ICRE ors oo’
fube fube e

(5&1@ .

if.;'

3-11
6= 1T) c4wm [ @._)

— _
" . : : )
‘ o fﬁﬂ n " m:. _
. . Ly
S ey ‘e
& (2-10)
o L L &
(CD detector Sample e
Neutron beam in backscattering | table : —
o (025 o '
oo [ f ro ) L | (1 é 2)
Com2)
M ®

. [653} e (123) :
. N
. : ash

T
‘1 1y -

f133) (122) (233
g

-
~ ) l R l . - -
* 'E W . .
, a
Lo * ) M LY
) [ ’ :
'. . . .
4 : L]
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Single Crystal Experiments '.ll

NEUTRONS

FOR SOCIETY
PANTHER —Thermal Tcl‘)’F' 7\ ToF measurement of successive

sample orientations, such as
Aa = 120° total rotation angle
with 1° increment and 1-5 min.
acquisition time.

. Bank of
Double focusing \ *He PSD
ounrssau | Sapphire filter Background choppers  Diaphragm monochromator | chopper! Monitorl | Diaphragm I collimator tubes

X3

::::::

[0. £ €1in 0.87115 A

. ‘.. \ h‘:‘r ) -
Pl e B

Elastic Intensity

10 8 6 4 2 0 2 4 6 8 10 12 4 3 2 1 0 1
(¢, 0,0)in 0.616 A [8.¢ clin0871IS AY
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Phonons in Thermoelectric Clathrates ’.ll

NEUTRONS
P.F. Lory et al., Nature Comm. 8 (2017) Phonon dispersion and lifetimes in Ba, 3,Ge,; ;AU 35 FOR SOCIETY

’ ) »

Intensity (cts min~')/n(w)

B et B e @ peeew O #ue

W o ST 0 100 200 300 400 500
B s W s @ pemew B men® ® pow 1 1
a b
16r600 G192 Gz BZ Tgi1 s G192 Gs BZ Tegt1 Ga
141
12 -
— 10
3
E 8r
LIJ —
41
o
0
0.0
a
10
C 12
TA g, =020 A" ¢, =025A"
8 o 10 (6, 0.25, 0.25) sl (6,0.31,p.31)
_ x
& B 3 =
() S S
& 5 2
= 2
w 4 % >
s &
=
[<F
2 E
O T T T T T T T
-0.5 -0.25 0 0.25 0.5 -1 -0.5 0 0.5 1
G100 (17A) Qo1 (1/A)
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Three Axis Spectrometers

/[ §

NEUTRONS
IN8 Thermal Neutron TAS FOR SOCIETY
Deteclor Analyser Monochromator Input slit
Monitor 2 SN
Diaphragm
4
0
" || Monitor |
Beam stop Somple table Diaphragm
Exchangeable and variable optic components m

i | INI2CRG ~ 2-42meV  2-42 meV

£ THALES 2-20meV  2-20 meV

@l [

£ : : INS 15-100 meV

ot : IN20 18-42 meV  15-130 meV
I |
! ; IN22 15-35meV  15-35 meV

-n/2 0 /2
Wavevector Q
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Three Axis Experiment

Monochromator Input slit

|/

NEUTRONS
FOR SOCIETY

koza@ill.eu INSTITUT LAUE LANGEVIN

— Neutrons for Society

[ vTAS: Three Axis § - fof
File Settings Options Help
Diuphmgm Scattering Plane Experiment Parameters
-n' Wl tasr |1 8 o
MEUTROMNS,
FOR SCIENCE" KA 1432 | &1 6]
LE 0.291 |mev Ao
-
Il [1136 | A1 Ao
Ly Q|uozz ||o03 |0 rlu
i T Al 0 ] ridou
B |0 1 ] r.lu
Instrument Preview (ILL IN14)
= 0
—
1 X
=2
+2
Status

(0.552, 1.1€4) =xlu

Experiment Angles Sample

ILL IN14 Cubic (Germanium)

DM : 3.355 A Al @ 30,2207 a: .65 A at 1 1,111 &t

DA @ 3.355 A iz 78.458° b: 5658 A b¥ : 1.111 At

IKil : 1.481 A3 : 115.354° o o: E.RSE A of o 1.111 At

IEEI @ 1.432 L4 45.857° ¢ : 90.0° &% 1 90.0°

0:( 1.023,-0.003, 0.0) A5 @ -40.519° Boro@n.o” groro90.0°

A E : 0.291 A6 @ -Bl.639° yo:oa0.0° w* 1o80.0°

Ei :(-0.634,-1.338) ¥ o: 18L.081 A ¥+ @ 0.006 A-°

KE :{ 0.502,-1.342) sMo: 1

g5 1 4 : { l.0, 0.0, 0.0} '| 1
84 : -1 E: (0.0, 1.0, 0.00
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Three Axis Experiment

Intensity [counts]

koza@ill.eu

|/

NEUTRONS
FOR SOCIETY

(1S e T . e

File Settings Options Help

Scattering Plane Experiment Parameters
'-,n' Wl tasr |1 8 o
MNEUTROMS
FOR SCIENCE” Kl [1.432 | &1 6]
LE 0.291 |mev Ao
5
Il [1136 | A1 Ao

h Q023 | |0003 |0 rlu

Energy [meV]

i T Al 0 ] ridou
B |0 1 ] r.lu
Instrument Preview (ILL IN14)
= 0
—
1 X
Status

(0.552, 1.1€4) =xlu

Experiment Angles Sample

ILL IN14 Cubic (Germanium)

DM : 3.355 A Al @ 30,2207 a: .65 A at 1 1,111 &t

DA @ 3.355 A iz 78.458° b: 5658 A b¥ : 1.111 At

IKil : 1.481 A3 : 115.354° o o: E.RSE A of o 1.111 At

IEEI @ 1.432 L4 45.857° ¢ : 90.0° &% 1 90.0°

0:( 1.023,-0.003, 0.0) A5 @ -40.519° Boro@n.o” groro90.0°

A E : 0.291 A6 @ -Bl.639° yo:oa0.0° w* 1o80.0°

Ei :(-0.634,-1.338) ¥ o: 18L.081 A ¥+ @ 0.006 A-°

KE :{ 0.502,-1.342) sMo: 1 . . . . -

3511 4 ([ 1.0, 0.0, 0.09 '| 1
84 : -1 E: (0.0, 1.0, 0.00
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Three Axis Experiment

Intensity [counts]

koza@ill.eu

|/

NEUTRONS

FOR SOCIETY

|£:| vTAS: Three Axis Spectrometer s lglﬂlg
File Settings Options Help
Scattering Plane Experiment Parameters
'-'" ¥ Kl 177 | &1 B8O
NEUTRONS
FORSCIENCE® Ikl [1.432 | &1 6]
. AE 1855 | meV Ao
Il 1136 |A1 & Nl

h Q023 | |0003 |0 rlu

Energy [meV]

Instrument Preview (ILL IN14)

= 0
1 X
Status
(0.775, 0.832) xlu
Experiment Angles Sample
ILL IN14 Cubic (Germanium)
DM : 3.355 A Al @ 33,0547 a: .65 A at 1 1,111 &t
DA @ 3.355 A iz @ B6.108° b: 5658 A b¥ : 1.111 At
KLl @ 1.717 A3 @ 124.269° o o: E.RSE A of o 1.111 At
IEEI @ 1.432 L4 4l.047t ¢ : 90.0° &% 1 90.0°
0:( 1.023,-0.003, 0.0) A5 @ -40.519° Boro@n.o” groro90.0°
& E : 1.855 A6 @ -Bl.639° yo:oa0.0° w* 1o80.0°
Ei :(-0.967,-1.419) ¥ i 181.081 & ¥+ : 0.006 A-?
EE :{ 0.163,-1.423) sMo: 1 . . . . -
g5 1 4 : { l.0, 0.0, 0.0} '| 1
84 : -1 E: (0.0, 1.0, 0.00
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Three Axis Experiment

Intensity [counts]

koza@ill.eu

|/

NEUTRONS

FOR SOCIETY

|£:| vTAS: Three Axis Spectrometer s IEI@IQ
File Settings Options Help
Scattering Plane Experiment Parameters
'-,n' ¥ il [2.021 | &1 8 o
NEUTRONS
FORSCIENCE® IKf| 1432 | &1 6]
LE 4211 |mev Ao
Il 1136 |A1 6 |

h Q023 | |0003 |0 rlu

Energy [meV]

Instrument Preview (ILL IN14)

= 0 L
1 .3
Status
(1.2€0, 0.872) zlu
Experiment Angles Sample
ILL IN14 Cubic (Germanium)
DM : 3.355 A Al @ 27.603° a: .65 A at 1 1,111 &t
DA @ 3.355 A iz : 55,2087 b: 5658 A b¥ : 1.111 At
IKil : 2.021 A3 : 135.546° o o: E.RSE A of o 1.111 At
IEEI @ 1.432 L4 33.174° ¢ : 90.0° @F @ 90.0°
0:( 1.023,-0.003, 0.0) A5 @ -40.519° Boro@n.o” groro90.0°
A FE : 4.211 A6 @ -Bl.639° yo:oa0.0° w* 1o80.0°
Ei :(-1.467,-1.39) ¥ i 181.081 & ¥+ : 0.006 A-?
KE :(-0.331,-1.304) sMo: 1 . . . . -
3511 4 ([ 1.0, 0.0, 0.09 '| 1
84 : -1 E: (0.0, 1.0, 0.00
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Three Axis Experiment

Intensity [counts]

koza@ill.eu

|/

NEUTRONS

FOR SOCIETY

o]

|£:| vTAS: Three Axis Spectrometer s
File Settings Options Help

Scattering Plane Experiment Parameters

Energy [meV]

b oo
NEUTRONS
FOR SCIENCE" KA 1432 | &1 6]
LE 4211 |mev Ao
e
Il [1136 | A1 Ao
Ly Q|uozz ||o03 |0 rlu
d T Al 0 [1} r.lu
B |0 1 ] r.lu
Instrument Preview (ILL IN14)
= 0 L
1 X
Status
(1.2€0, 0.872) zlu
Experiment Angles Sample
ILL IN14 Cubic (Germanium)
DM : 3.355 A Al @ 27.603° a: 5.658 A at 1 1.111 A
DA : 3.355 A A2 : 55.206° b : 5.658 A b : 1.111 A-*
IKil : 2.021 A3 : 135.546° o o: E.RSE A of o 1.111 At
IKEl : 1.432 % k4@ 33.174° @ : 90.0° @F @ 90.0°
0 :( 1.023,-0.003, 0.0) A5 : -40.819° B o: o90.0° p* @ 90,07
AE : 4.211 A6 : -B1.639" v i 90.0° w* ;90,07
Ki :(-1.467,-1.39) ¥ i 181.081 & ¥+ : 0.006 A-?
KE :[-0.331,-1.304) SMo: L h h h h e
3511 4 ([ 1.0, 0.0, 0.09 '| 1
S84 : -1 B: (0.0,1.0, 0.0
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Phonon Dispersion in Thermoelectric Skutterudites

fis [meV) fins [meV]

f 8 10 2 4 f 8 10

x =06 -

1 B, =502(3) mev
E, = T.14(3) meV
al

E=175(2) meV
Ey=0.04(3) meV |

1 B =4.17(8) mev
1 E; =6.74(3) meV §

E =3.06(1) meV

4 E=444(1) meV } x=08
| 1 E—6.682) mev §f

t =5.00(1) mev 1 x=08
1 E=6.69(3) meV %

i | x=035 B =521{1) meV x=10 (q)
Ep = 7.52(4) meV T E =6.68(2) meV A

TP TR T S S TP TR R S S TP TP T S TP TP T S TP TP R R
O = [N L s M O = ML s DO — ML O — ML s 3O — LI e O -

koza@ill.eu

Frequency [THz]

Frequency [THz]

Frequency [THz]

IN8 and DFT-LD Dispersion

Elastic Constants in GPa

[/ {
NEUTRONS
FOR SOCIETY

30 12
o Sl | IN8@ILL |Ishiietal.
g =5 ‘% tal[xx0]  49(1) 49.4
P ta2[xx0]  94(2) 68.2
0.5 4 3 0] 6% x] 2
] O E5x-xn) ) average

0'%.0 Ol.l 0‘.2 0‘.3 0‘.4 0.50 Ia [XXO] 169(2) 175'7

T N

s : 12 ta [xxx] 60(1) 61.9

25 =10

% _ laped]  122(5) 1639
o Ts E

) S la [x00] 186(10) 189.1

Or [4+x 24r 2] -4 B
0.5 o :4?4343]] 1, - 194.5
0gle - o o o 1o Computed from symmetry relations

r P la [x00] =C,, and tal [xx0]=C,,
. Ishii et al., J.Phys.Soc.Jpn. 78 (2009) at 140 K.

25 210
20 < O\ ]

. _ _8 —_—

,_:%‘:—@, = Z . .

Lsf 8/ =3 ©“8ﬁ©*()6 g DFT-LD computed intensity
o1 *2 O Measured intensity
0.5F 1y
0.0 —— ‘ N,

0.0 0.2 0.4 0.6 0.8 1.0

I r
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Van Hove Correlation Function and Quasielastic Scattering ’.ll

1. t=0 :G(r,0) pair distribution - Static structure factor
: G(r,0) self count of particles in the sample

2. t > eoorr - oo:G(re)=p, density of sample
3. r(t)-r(0)=Ar(t) > 1(Q,t) = exp(-Q? <Ar?(t)>/6 )

(ideal gas, harmonic crystals, diffusion in liquids at large times, ... )

koza@ill.eu INSTITUT LAUE LANGEVIN - Neutrons for Society

In the classical limit :

G(r,1) = % D0 —ri(t) +75(0))

NEUTRONS
FOR SOCIETY

Van Hove correlation functions = density-
density correlation functions

Clr) = 300 = rlt) + 7:(0))

Fickian diffusion, random walk :
<Ar?(t)> = D, *t

Ballistic process :
Ar(t) =v*t = <Ar?(t)>~t?
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Van Hove Correlation Function and Quasielastic Scattering ’.ll

NEUTRONS
FOR SOCIETY

Long range self diffusion :

Self correlation function obeys Fick’s law
Spatial and temporal invariance holds and each particle starts at r=0 for t=0

e aY
IS(Q: IL) — €XP ( Q DSZL) H.Jobic & D.N.Theodorou, Microporous and
. _ _ Mesoporous Materials 102 (2007) 21-50
Lorentzian function in Q and w A
| ) S(Q.w)
1 AD.Q

Sinc(Q:w) — } (hDSQz)Q 1 (hw‘)2

with Half Width at Half Maximum (Q)

F(Q) — hDSQE 20a
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Van Hove Correlation Function and Quasielastic Scattering ’.ll

NEUTRONS
Jump diffusion models : Diffusion via successive jumps FOR SOCIETY

Between successive jumps of distance r, atoms stop for a residence time t

Chudley + Elliot : r = constant . h (l sin(Qr)
_ o

O
RS

Hall + Ross : Gaussian distribution of jump lengths

[(Q) = h (1 _ e—fﬁr%/ﬁ)

@000
I%Io
@000
S
|
|

—

/

Singwi + Sjoelander : Exponential distribution of jump lengths

FL QETQ
2 IChudlawlg{%b? ----- F(Q) - ; l + Q;TQ
SingwisSpeime 0
1.5 : :

Q—0
> fp=2.8A
| r%pss =56 A
‘ i .

] 1 2 3 4 L]

koza@ill.eu INSTITUT LAUE LANGEVIN - Neutrons for Society 45



Crossover from Gas-like to Liquid-like Diffusion '.ll

NEUTRONS
H . iar ; i FOR SOCIETY
Supercritical Methane : U. Ranieri et al., Nature Communications 15 (2024)
. 0.20
§ °°T 200K . 8.5 bar 46 bar| [51.5 bar] [67.5 bar 1275 bar| siisl -
2 o4 . . B R - : -
= ., —— Gaussian fit 1.0 A1 —— Gaussian fit 1.0 A1 —— Gaussian fit gl ' 204 — Gaussian fit 1.0 A1 —— Gaussian fit 1.0 A1
é @ |— Lorentzian fit —— Lorentzian fit 15] — Lorentzian fit e —— Lorentzian fit —— Lorentzian fit ’g 0.16 ¢ = 1
8 oo Z =4 o -
£ = & 0144 ‘
300 2 2 &z ¥
S 0.12 § E’l:,
250 + z 0 .10, = i
_U_CJ 3 e this work
£

+ measured NMR data, ref. [62]

N

o

o
I

+ interpolated NMR data, ref. [62]
—— simulated hard spheres, ref. [50]

- - - -1
~—— Gaussian fit 05A ~—— Gaussian fit 05A —— Gaussian fit 0.5A [sor___ Gaussian fit 05A ~—— Gaussian fit 05A 1000

Temperature (K)

’,FE = |_orentzian fit 161 === Lorentzian fit AT e Lorentzian fit = Lorentzian fit 201 = Lorentzian fit 7
= 50 &
5 00 j
100 - 8 40 -
5’4 B0 ‘TV)
. 2 * 60 NE .
50 Solid E - ) liquid-like regime
@ 2 40 2 1004
E o » 5’ . gas-like regime
0 + + + + t - .
0.01 0.1 1 10 100 1000 10000 5 4 3 -2 4 1] 1 2 C—E 4 3 2 4 0 1 25 4 3 -2 4 1] 1 2 n—5 4 3 -2 4 0 1 25 4 3 -2 4 0 1 2 4
Pressure (bar) Energy (meV) Energy (meV) Energy (meV) Energy (meV) Energy (meV) i
2
104 i
Scientific Interest : W ,
. . . . . . 10 100 1000
* Textbook scenario : Above critical point liquid and gas behave the same Pressure (bar)

e Challenged by Benjamin Widom and Yacov Frenkel
* Widom from critical point minima/maxima in thermophysical properties exist
* Frenkel continuous to solid-like diffusion, no transverse to transverse excitations

.
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Van Hove Correlation Function and Quasielastic Scattering '.ll

FOR SOCIETY
What if the diffusing particles are confined in space ?
Correlation functions remain finite for infinite time

An elastic signal will be always present in S(Q,w)

Consider Van Hove’s correlation function as a superposition :
GS(Tv t) — GS(Tv OO) + G;(Tv t) 9 SinC(Qv w) — Slic(Q) + Sllllllgl(Q” W)
Elastic contribution is defined as the Elastic Incoherent Structure Factor EISF

Iel.

FISF = :
]el. + ]mel.
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Van Hove Correlation Function and Quasielastic Scattering ’.ll

NEUTRONS
TA{, (Qa) FOR SOCIETY
F. Volino et al., Mol. Phys. 41 (1980) H. Jobic et al. Micro.& Mesoporous Materials 102 (2007)
1= __Qoa_ _______________________________ 1.0
1.5
i : ' Q=05A"
i E 0.8 I|
a 3 . { |||
B S 0.6 7 |
0sf 2 : L 1
- E 0.4 1 0.5 4 | |I
i z [
" E 0.2 0.0 _4/_II_~_\
- D.u{}- i DIE 1IIZI 1I 5 2.0 > |~I Q=toA"
0 5 10 Qo | Qi ) - /
T 06 I
S I
Sum over spherical Besselfunctions Rotational diffusion of CH, : .. | "I.
: _ 1 L(O). . |
Sine(@,2) = Ao(Q)P()F 5 21 (AN AW LD, B 0) Spectra simulated for ) - A .
With the EISF Dtrans = 6-10-10 mz/s |[|| Q=15A"
. D . =810191/s 4 1
A(0)  (31Qa)\] / "
e Q a 0.2 "II II"H
_ sin(x)  cos(x) j\\
hr)=—75—=~ e
T X E (meV)
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Rotational Degrees of Freedom in Ice VIl — Plastic Ice

M. Rescigno et al., Nature 640 (2025)

a 600

550

500
3
®
2
g 450
Q
£
K}
400
350
Pressure (GPa)
b |
| Detector bank
Sample
in PEC
i
=~ 48A

Incident neutrons

koza@ill.eu

E (meV)

) 518 K, 5.5 GPa ;

553 K, 5.5 GPa

E (meV)

‘g;ui‘" ) l
0 05 1.0 15 2.0 25 3.0 35
Q@A™

QA"

a 553 K 5 GPa b 518 K5 GPa

Q=06A"

Q=1.2 ;\_1

Q=2.1 ;_ !

RRARIRT T

25 -20 -15 <10 -05 00 05 25 -20 -15 -1.0 05 00 05
E [meV] E [meV]

INSTITUT LAUE LANGEVIN - Neutrons

Wi

0 05 1.0 15 2.0 25 3.0 35

Q@A™

c 470.5K 5 GPa

1.0

0.8

0.5

Q=06A"

u.)

Intensity (a.

25 -20 15 -10 05 00 05

E [meV]
for Society

(‘n"e) Aususyy|

|/

NEUTRONS
FOR SOCIETY

1.13 A

0.008 -
0.007 -
0.006 -
0.005 -
0.004 -
0.008 -
0.002 -
0.001 -
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Proton Diffusion in Solid Oxide Fuel Cells

/[ §

NEUTRONS
A. Perrichon et al., Chem. Mater. 35 (2023) _(©A=25A Q=385A" (d) Q-dependency of FWHM  FOR SOCIETY
[ — . Ea\Y =
Localized dynamics Population of Long-range _ :: ijfh[;zms 4 % ilﬁjﬁﬁ
of H(1) and H(2) protons H(3) protons proton diffusion | = = fit: Lp[A5.0] 3 % I A=70A |
! % 3 60
% 2
______ E
1t
e ——— . .
4 3 2 4 0 1 2 0 1 2 3 4 5
hw [meV] QA7]
100 < T— N=2model [Hay]
== N=4 model [H,,]
= Mixture model [H(1)+H(2)]
0.95 ¢ 1
7
> § Iy (localized) - E.(T3) = 35(2) meV 2 an I /j
3 a\'3 Ll
3 20 & TI4(long-range) £ 7l ] i -]
= - = fit: Hall-Ross _ 020 & =400k -7
=== fit: Chudley-Elliott ® T3 & T=450K -
T — . i r; : - ==
. e e S - " F 7=485K
fo, o 085 PR Loy M T L M T MR L
P E,(T;) = 184(9) meV
0 05 10 15 20 20 24 28 32 QA
QAT UTKT x10° TOFTOF@MLZ cold neutron disc chopper spectrometer
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Backscattering Spectrometer IN16b / BATS '.ll

NEUTRONS
FOR SOCIETY

Analyser

IN16b Si(111) Si(311)
A [A] 6.3 3.3
dE [peV] 0.8 2.0
AE [peV] +30 +30
BATS | sia11) | si(311)
dE [peV] 1.5-8

AE [peV] +250 +800
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Backscattering Spectrometer IN16b / BATS

EFWS
IFWS

Markus Appel, PhD Thesis

QENS

log(intensity) / a. u.

Operational Modes :

e Elastic fixed window scan EFWS
* Inelastic gfixed widow scan IFWS

* Energy-resolved QENS

koza@ill.eu

Elastic

.15

Inelastic Intensity

[/ {
NEUTRONS
FOR SOCIETY

‘ —t= 150K
—p= 275K
o —— 400K
| \&N
-0. 15 -0.10 —0 05 0. 00 0. 05
Energy Transfer [meV]
180 E I . I .
astic Intensity
1.2 4 —t+— Ag2S_EFWS_Lt N: 0 —+— Ag2S_IFWS_bg_Lt N: 0
—— ASS06_EFWS_Lt_N: 0 0.4 - —+ ASSO6_IFWS bg Lt N: 0
—— ASS07_EFWS_Lt N: 0 ' —— ASSO07_IFWS_bg_Lt N: 0
1.0 H =t ATS06_EFWS_Lt N: 0 == ATS06_IFWS_bg_Lt N: 0
—— ATSO7_EFWS_Lt N: 0 —+— ATSO7_IFWS_bg_Lt N: 0
—— ATS08_EFWS_Lt N: 0 —— ATSO8_IFWS_bg_Lt N: 0
0.8 0.3 4
2 0.6 2
S S 0.2 4
8 8
024 0.1 -
0.0 -
0.0
T T T T T T T
100 200 300 400 500 100 200

Temperature (K)
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Temperature (K)
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lonic Liquid Dynamics in Nanoporous Carbon

S. Busch et al., Phys. Rev. Mater. 4 (2020)

1.00

0.50

Elastic intensity (a. u.)

0.00

0.04

0.03

+2 peV (a. u.)

0.02

Inelastic intensity at

AFE

0.01
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e bulk IL

® MoC-15+IL
e BC-6-no+IL
e SiC-2+1L

pore size

Increasing

/[ §

NEUTRONS
FOR SOCIETY

+2 peV (a. u.)

1
()
3l Q=148 A~"

Inelastic intensity at AFE

F¥ Y
1 ] |

0 100 200

300 0 100 200 300
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1-N-butylpyridinium bis-[(trifluoromethyl)sulfonyl]imide ([BuPy][Tf2N])
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Localized dynamics Diffusive motion
E*=! (1) /mol) ES™ (kI /mol)
| bulk IL 9.7 12.3-14.8
300 MoC-15+IL 7.1 15.1
BC-6-no+IL 6.9 14.9
SiC-2+IL 6.0 12.0
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Rotational Dynamics of Organic Cations in Perovskites

R. Lavén et al., J. Phys. Chem. Lett. 14 (2023)
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Neutron Spin Echo '.ll

. NEUTRONS
Magnetic field direction - Ferenc Mezei first NSE prototype FOR SOCIETY
Selector pi!2 fhpper pl fhpper pi}2 ﬂjpper Detector 3 "" = - : : 3
] ” | | [ Precession(1) ] | “ [ Precession(2) | | I |ﬂ
Polarizer Analyser
Sample
Beam polarisation iﬂ ﬂ‘ w, = YL' B
-

X = Mt @ ® @ @ = Fourier time : t = m/w

Resolution : At ~ B-A3

A/A (E) | Fouriert | Q/At_

10 (2.9) 15 ps-18 ns .05-1.1

_— 7 (3.4) 6 ps-6ns .07-1.6
analyser

vy 32 (5)  .6ps-.6ns  .15-3.6

n with neutron guide

Polarizer

Inner compensation coils

Precession solenoid \\\‘
Quter compensation coils \\\
N

Field tuning coils ~ <\®\\ o o
~=—" AA (E)|  Fouriert | Q/At_

17.3 (2) <1000 ns .01-.42

Wide Angle SPin echo - WASP
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Lithium lon Extraction from Salt Lake Brines '.ll

NEUTRONS
D. Yang et al., Nature Water 3 (2025) Q=0.6;0.8;1.1;1.3; 1.5 A" FOR SOCIETY
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Lifetime of Phonons in Thermoelectric Skutterudites '.ll
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Spectrometers at the ESS '.ll
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https://ess.eu/instruments/cspec
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Wrap-up

* What is the time and spatial scale of the process to study ?
» Energy range, energy resolution, wavevector range
» Cold, thermal or hot neutrons
» BS/NSE or ToF/TAS or Vibrational Spectrometer

 What is the physical process to study ?
Spectral distribution, collective dynamics, diffusive processes

 What is the state of the sample to measure ?
Single crystal, polycrystalline, powder, liquid, gas

 What are the scattering cross sections of the elements ?
» Coherent, incoherent (spin and/or isotope)

2 ’
d?ﬁdc_rEf - i—f {Ji?rc blﬂc(Q w) + Jmh [’coh(Q w)]

There is much more to it !
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Non-Magnetic Polarization Analysis '.ll

NEUTRONS
FOR SOCIETY
Q=0.6;0.8;1.1;1.3; 1.5 A" A. Arbe et al. Phys. Rev. Res. 2 (2020)
H,O-hydrated D20 295K, S(Q, hv)inc D,0 295K, S(Q, hv/)con
. . . 400 . 400
= 10w, AO-PIM-1 360 360
g: 0.5775% ;:'_'_::_.:_:__ 320 320
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Polarized LET - PLET@ISIS : Cold Neutron Chopper Spectrometer

time (ns) do _ do + do + 1/do C = Coherent
NSE measures polarization! da /™" \da)¢ " \da/" " 3\da/%  ll=Isotope Incoherent
SI = Spin Incoherent

<E> o = E(E) . SF = Spin Flip
dQ 3 \dQ NSF = Non-Spin Flip

See for detailed cross sections: https://www.ncnr.nist.gov/resources/n-lengths/
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