Outline QuasiElastic Neutron Scattering
from an user point of view

Part Il : what are the observables?

constraints on measurements, limitations

Models and theories

Sample environment : next challenges



probability that a neutron (E,, k)
What do we measure ? s scattered (E,+ho, k)

d°c 1 nb of neutronsscattered persecond in dQ2 and dE

dQdE @, dQ dE
Incident Neutron flux = In barns per steradian and unit of energy
nbof netitrons ner second and stirface 1init
E
S K Momentum Transfert
d S G=K—k
Energy Transfert
e heo=E —E,
Convention

hw > 0 If the neutron gives energy to the system



amplitude of the wave
a%=Probability to have a neutron
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A part of the neutron flux is transmitted ( the largest)
A part of the neutron flux is absorbed
A part of the neutron flux is scattered ( the smallest)

e

If we have a multi atomic system :

"l many nuclear species with different scattering lengths,
Randomly distributed scattered waves

that could destroy the interference or enhance them if they are in phase.

* Depends on the relative orientation

of the spin of the neutron and the spin of the nucleus, b+ and b-
If the spins are unpolarised — this randomness detroys again part
of the interference



Spin of Neutron+ Nucleus

| 1+ 75 -4
I= nuclear spin
I
Nb of states, fraction of each .= leill =11
diffusion lengths b+ b_




Coherent and
Incoherent scattering

b="fb +fb
b? = f b’+ f b’
O oo = 47[(5)2

Cine = 47rlb_2 — (5)2]

GS — O-coh + O-inc

H D
I 1/2 1

|+ 1 3/2

-2 0 1/2
b, (10-*?cm) 1.085 0.953
b_(10-12cm) -4.750 0.098

f, 3/4 2/3

f 1/4 1/3
b=b (10%2cm) | -0.374 | 0.668
b2 (barn) 6.523 0.609
o, (Darn) 1.758 5.607
o, (barn) 79.81 2.04
o, (barn) 81.67 7.65




Scattered intensity can be split in 2 terms

d°’c | ([ d°c N d°c
dQdw dQdw dQdw |
coh Inc

d’c 1 k o, iOR; (0) |QR O\ gt e

= et dt ¥

(dech - 2mh K, A Z£<e > 7

dzo' _ 1 k (of +j20< |QR (0) |QRj(t)> e-iwt dt

dQdw ). 27 K, 47[ :

» Moyenne thermique {---)

» Moyenne sur le désordre ==



where

2 2
9]k mugm (J7] <K ave 0
coh inc ko 47

dQdw ) = Kk, 4x dQdw
Roughly speaking
get the collective part dynamics from the coherent diffusion

and
the self part dynamics from the incoherent diffusion.

however

Experiments are specific coh/incoh ratio
The sample has also a specific coh/incoh ratio




Scattering functions

For a given number density of atoms at r A(1:t) = ;5G'ﬁj(t))

pair correlation function

Probability o find a particulg gt t)
N scatterers Knowing that there was one atO, 0)

G(it) - 1% _R,O(;' ,0) P(;' -I-;, t)y) dr
_ 1% %Ké[f'— f{j(O)] 5[}? g -ﬁj.(t)} i

autocorrelation function (self)

G.(L,1) = % > (6t'- R, O]ofr+1-R (0} ar
J dim : 1/volume



F(Q,t) no dimension.

Intermédiate scattering function F(Q,t) - coherent
F(Q.t)= [ G(F,t)e" dF j#

_Z< [iQ.R;(0) |Q|?ej.(t)>

Intermédiate scattering function F(Q,t) - incoherent (self)
|:Souinc(Q’ t) = jGS(F1 t) eIQ.r d?

_1 5 o O (0) JIOR,
N
j

F(Q,1)=1(Q,1)=5(Q,t)



Dynamic structure factor S(Q,n) dimension : energy!

S(0, w) = Z—ih j FO. t)e™™ dt

2 — jz> -iQ.R;(0) IQR(t)< ot dit
70

incoherent Dynamic structure factor S, . (Q,®)

(0, @) = % Q0

2 hN IZ> -iQ.R;(0) IQR(t)< ol dt
70

[$(Q .@)da=5(Q)

jsinc(Qi w)dw — 1



i summary
Dynamical structure factor

S(q,w)
d’c b°k \ Pair correlation

= S(q, w) function
dQdw h oK, time dependent
(Van Hove)

G(r)= j F(q.t) S'”qr

Intermediate Scattering function /
o0

F(a.)= [S(a.@)cosmtde

0>dq



ToF : standard corrections

eDetector efficiency

evanadium (or quartz) normalisation, resolution ;
or sample at very low T

eBackground, emplty cell, crystat, furnace

e Absorption for a given sample geometry

e Multiple scattering

¢20 — Q, interpolation

3F :
(only TOF, not for BS or NSE) < | /,,,f;:g

2m,,

1/2
Q(hw) = ( = [ZEZ — hw — 2(?0.5*(29)\/&2 - hwE3]>




Atome/molécule |6 i % Gcoh %
H 80.27 1.76
D 2.05 5.59
C 0.00 5.55
CsHsCD3 40750 86.3 64.42 13.7
CsD5CD3 16.65 16.6 8356 83.4
CeHsC 401.35 90.0 47.65 10.0
CsDsC 1045 135 66.79 86.5

Combining ToF and NSE spectra, ToF-BS spectra ?

Different measurement

TOF,Bs S¥P(Q,o) = Ocoh Scoh(Qz(D) * Gincoh Sincoh(Q,(D)

Polarisation NSE
Imhspairfg~ 'E} - %Iimsselt"r:Q~ J:}

1
erh - Elr'ma:

gﬂﬂEf@U =

TOF pol, NSE STT(Q:(’D) = Oc¢oh Scoh(Qz(D) +1/3 Oincoh Sincoh(QzCO)
STi(sz) =2/3 Oincoh Sincoh(Qz(D)



EXPLORING VARIOUS TYPES OF MOTIONS
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An exemple on metallic liquids

= Ballistic Diffusion
-=== Brownian Diffusion
- ===+ Jump Diffusion
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Momentum Transfer Q

diffusion processes (self) in quasi-elastic spectra :
broadening or inverse relaxation times versus momentum transfer



diffusion : translational dynamics
jumps or continous

oc(r,t)
Fick’s Law 1855 ot

= DV?c(r,t) D = diffusion coefficeint

macroscopic quantity

microscopic

of neutrons
With Gs(r,0)=dr and Gs(r, t=00)=0

N = total nbof atoms

Gg(r,t)=c(r,t)/N

2

Gg(r,t) = (472[1-'[)3/2 exp(_[r)tj

F(Q,t) = exp(— DQZt)
Sinc (Q, w) — i DQ

T (DQZ)2 + o°

At lage Q — jump diffusion



Small Q:

Case of liquid water

« Macroscopic » = Fick’s Law
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Jump Diffusion at large Q (M.Bée book)

T, residence time in a given site

1 () . DY
Sinc(Q’ a)) - T (f (Q))2 N 0)2 Wlth f (Q) DQZTO +1

Elastic Incoherent Structure Factor
Rotational Diffusion

Uni dimensional Diffusion
molecules in channels, membranes
© DQ?cos® @siné

S1p(Q @) = %”v([ (DQ2 cos’ 9)2 + o

déo

For d~o, single file diffusion



Incoherent Quasi-Elastic Neutron Scattering:
Probe polymer self-correlation via H atoms
Local scale (0.3 a3 A1)/ Short times ( tens of ps )

(1) Analysis of the elastic intensity: S(Q,»=0)

Mean-Square displacement

S(Q,m=0)=exp(-Q?<u?>).6(m)

(2) Analysis In energy: S(Q,cp)

I

Intensity (Arb. Units)

&)

EISF: Ay(Q) = Geometry

Conformational Change
Spatial Localization of a diffusive process

S(Q.@)=A,(Q).8(0)+[1-A¢(Q)].L(Q.®)

(o]

o1

I
T

- <Us>.

Bulk PEO
T=373K

20 = 16.5°

Q=036A"
=80 peV




Diffusion in restricted geometry
The Elastic Incoherent Structure Factor

Incoherent scatterer : Scattered intensity related to autocorrelation function of the particle
Gs(rlt)

G,(r,t) probability to find the particle at r at time t provided
it was at r=0 at time t=0.

G /(rt) € FToverr->1(Q,t) €FTovert=> S _(Q,w)

The Q dependence of the long-time tail (plateau) of the intermediate scattering
function, 1(Q,t=c0), is the form factor of the confining volume: the EISF.
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.(Q,t) € FTovert—> S, (Q,w)

1.57¢

The Q dependence of the fraction of elastic
scattering is the form factor of the confining
volume: the EISF.
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Spectroscopic Techniques
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Dynamical processes observed in a given spectral window
case of molecular liquids and polymers
at normal pressure
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Schematic of a diffraction experiment

Exploring the Q range
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Q-dependence of the relaxation time t( T, Q) #
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Combining ToF and NSE experiments to cover
a larger dynamical range

Fitting the generalized Langevin equations ( on the basis on the Mode
Coupling Theory)

¢(t)+FQ.¢(t)+Q~2¢(t)+Q. j mi (V; ¢(t—t'))¢ (t)dt=0
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Elastic scan or fixed window method; following th elastic
S(Q,») and <u?> mean square displacement

condistions

S (¢.Aw.T)/ S, (q.Aw,T =0) = exp[-2W (q,Aw,T)] = exp[- < u (T) > " /3]

S(Q,)

|

><A(D

(1,2
\l/l /eﬁ

gd(w)= VDOS

»
»

diffusion Elastique

S(Qo)

I\

A®
 ——

— /\ j //\ > SulQw)=D

wk,T | L g(@)dowT
0 0

msd =measure of the atoms motions
fastest than the resolution fonction

A®

Elastic intensity at ®=0 sensitive to any
contribuion arrising at high energy

Provides a good qualitative information

Energie

WF[A(QW(CO) +(1- A 2L(©, w)J



hidden connection between
the flow process on a time scale of seconds and
the processes seen in a pico-nano time scale experiment,

more than ten decades faster
S, (q.A0.T)/S,,(q,Aw,T =0) mexp[-2W (q.Aw,T)] = exp[- < u”(T) > q” /3]
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Local vibrations and phonons

VDOS vibrationnal density of states

Qmax dQJ Qmax dQU
dQ) ~ d
‘/(;?miﬂ (d(hw)dﬂ)coh Q Q (min (d(hw)dﬂ)mc Q Q

Incoherent approximation



VDOS analysis at low energies

Looking at the structural disorder and inhomogeneities
in amorphous systems
Deviation from the elastic medium theory ( Debye)

0.1

0.01 -
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Glass 2
crystal

Léonforte et al PRE 2004, 2005

0.0001
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Heat capacity at low Ta basses T

ep(T) = ey(T) = Ny R [ dwg(w) 272 2508 = hwfkeT

Cp of aaa-TNB, normalized to 45meV, integrated up to 21meV
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Another important concept
Susceptibility
S(Q,w) = —{1 +n(w) Iy [w]
Get rid of T effects
For an harmonic oscillator

V'] = 53w — wo) — 8(w + wo)

2Wp



Dynamical Susceptibility : bulk PEO
X(Q10)) - S(Q,O)) / nBose(O)’T)

A Lorentzian CENTERED at @ = 0 and HWHM=T in S(Q,®)
appears as a band centered at I" in x(Q,®) representation
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the four-point correlation function characterizes nontrivial
cooperative dynamics in glassy systems within several models of

glasses.
Its magnitude a correlation volume

log x4

Biroli Bouchaud EPL 2004
‘ Toninelli et al PRE2005

Number of dynamically
correlated molecules

Ncorr,/-l (T) — III?X {X4 (t? T)}

Early beta regime
Late beta regime
Alpha regime

Ballistic

logt

A QUEST FOR A GROWING LENGTH SCALE IN SUPERCOOLED LIQUIDS



Y 4(LT) = kg/Cp(Tg) *T2*(dd,(1)/dT)?

MCT makes prediction

-on the average dynamics, and On spatial correlation embodied
in multiple point correlation function

t ps

le+4 — N = Max T
m-Toluidine ' u=15=2b corr ,4 {X4( 2(1)}
le+3 - H: u .J Ncorr4 1/(TC-T)
=4
AN 260.5K
X \ 250.5K
le+l L2 7T \ 240.5K
— 2 \ \ 235.5K
= 1e+0 \ | ———- 2305K
+ \ |\ e
=, \ S 228.015K
< 161 \ \ 228.995K
>< (| \ ballistic t" regime
\ von Schweidler regime
le-2 -~ \
| - .
roa k \\ m-toluidine, MCT analysis
e-3 .
\ \ experiments down to 230K,
| |
\ \ _
le-5 . . . . ' . = : Extrapolation to Tc
le-2 le-1 le+0 le+l le+2 le+3 le+4 le+5 le+6



Berthier, Biroli, Bouchaud,... Science 2005, JCP 2006

By using a Fluctuation-dissipation relation + Cauchy-Schwartz
Inequality, they relate the y, (t) to an easy accessible response
function

NcorrA (T) ,Z

a0 (¢, T

)is the response of the dynamics
oT

to temperature changes

where XT(t, T) -

Accessible in experiments |
Example : derivative of the intermediate scattering function, or
dielectric susceptibility




Changing the sample conditions
Introducing multiple control parameters

Combining probes and observables

furnace 1100°C for 5C2
(under air, inert gas or vacuum)




SAMPLE ENVIRONNEMENT

Device for dielectric measurements

Measuring slow relaxations processes by dielectric spectroscopy
Simultaneously with the structural changes



Huge questions for a huge
variety of materials

Srpohée
Laboratoire Léon Brillouir

from atomic scale to very large samples (few cm, m)
by increasing the levels of organizations
by increasing the properties of interest or mixing them

each step produces novelty and advances -
(sometimes unexpected) but each rec.ghi
a new way of thinking and analyzing ess
new concepts must be introduced

EUROPEAN
SPALLATION
SOURCE

The continued overlapping of ISISI@f'
Length scales and Time scales, .~

@ - ‘
Multiplicity of Observables % ¢ lre
® Reactor for neutron scattering

More Is Different 774
NEUTBONS
P. W. Anderson el 8 TVIL
@ Spallationsource I

Science, New Series, Vol. 177, No. 4047 (Aug. 4, 1972), 393-396.




