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Inelastic X-Ray Scattering
1. Introduction and IXS from Collective Ion Excitations

Michael Krisch
European Synchrotron Radiation Facility
. BP 220
F-38043 Grenoble Cedex
a France

A) General mtroduction
B) IXS from collective 1on excitations
1) Theoretical background
2) X-rays versus neutrons
3) Experimental principles
4) Examples
- Water and Ice
- Glasses (glycerol, v-S107, Orthoterphenyl)
- liquid lithium
- crystalline myoglobin

- crystalline S102
- crystalline CdTe at 7.5 GPa

- Neon at 0.3 GPa

C) Summary



Inelastic X-ray Scattering

The two lectures on inelastic x-ray scattering should allow the audience to get a feeling of
what can be done with this technique. The necessary theoretical background is layed out only to the
extent that is nessary for the general understanding of the phenomena, while many examples are
given in order to show to which type of problems inelastic x-ray scattering can be applied. The
purpose of this short note is a further illustration of the transparency copies and provision of a
literature list (for sure incompleté)..Due to the limited time available the two lectures can not give a
complete overview covering every aspect. Consequently the selection reflects my personal
prefercnce, and to a certain extent my own research interest. I apologize for the inconsistencies in
the.nomenclaturc, i.e. the use of q and Q for the momentum transfer in the scattering process.

The first lecture provides a general introduction to the technique, and then focuses on
inelastic x-ray scattering (IXS) from collective ion excitations. This branch of IXS, only
developped in the last 10 years, has made tremendous advances, thanks to the availability of 3.
generation synchrotron sources and important improvements in instrumentation. It has become an
established technique, complementary and sometimes superior to inelastic neutron scattering (INS).
The experimental observable is the dynamical structure factor S(Q,m), which describes the atomic
density fluctuations spectrum. The best known example are phonons in single crystals, and the
experimental determination of phonon dispersioh curves has been an important research field of
inelastic neutron scattering. With respect to INS, IXS has the following advantages: (i) at a given
momentum transfer Q essentially unlimited energy transfer (all the phonon branches can be
measured with the same instrument) with constant instrumental resolution; (ii) study of crystals
which are only available in small sizes; (iii) Study of systems under extreme thermodynamic
conditions (high/low temperature; high pressure). In particular aspect (i) makes IXS very powerful
for the study of the high frequency dynamics of liquids, glasses and gases in a region of the Q-w
space, not accessible by INS, as will be illustrated by the examples given in the lecture. One
important omission in the first lecture concerns x-ray inelastic scattering, utilizing the Mdssbauer

effect, which as well has made important progress in the past few years.

The second lecture deals with inelastic scattering from electronic excitations. Here I will
concentrate only on the aspects closely related to core spectroscopies, in particular to x-ray
absorption spectroscopy (XAS). Consequently, non-resonant valence electron excitations and
Compton scattering will not be discussed. The first part of the lecture deals with resonant IXS
(RIXS) (often called as well resonant Raman scattering (RRS)), where the incident energy is tuned
to an absorption edge of the element under study, and the core-hole, created in the absorption
process, is filled by an electron from a shallower core level or the filled part of the valence band

under emission of an x-ray. For excitation energies above the absorption edge the process is the



well known x-ray fluoresence. It will be shown that RIXS allows to identify absorption channels
which can not be separated by XAS, how intratomic electronic correlations can be studied and
utilized, and how the resonant enhancement can be used to reveal weak spectral features. In
particular, the complementarity of RIXS with respect to XAS and x-ray magnetic circular
dichroism (XMCD) in the study of magnetic materials will be discussed. The second part of the
lecture deals with non-resonant IXS from core electron excitations, as well called inelastic Raman
scattering (IRS). In this case, the relation to XAS is even closer than in the case of RIXS. As a
matter of fact, under certain condifions IRS and XAS yield the same result. IRS allows to perform
soft x-ray absorption studies in the hard x-ray regime. This has advantages in the study of systems
which are not compatible with an ultra-high vacuum environment, necessary in the soft x-ray
reg'ime. Moreover, by varying the momentum transfer Q, the electric dipole selection rule, defining
the final state symmetry which can be reached in an absorption process, is relaxed and, for
example, electric monopolar transitions become possible.
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Scattering Process

Ground State |I) —s  Interaction between —-< Final State |F)
photon field and electrons

- Energy Transfer: how = hwy - hoy

+» Momentum Transfer: q = El - Rz

for w<<wi: g =2k;sin{®/2)

» Cross section for events leading to photons with momentum k», (to be
observed within a solid angle AQ), and energy %A, (with resolution
_Anw)).




Interaction Hamiltonian
Hint = ( L Aq:] +A j p J) (non relativistic)

j- Vector potential of the electromagnetic field

pj: Momentum operator of the electron

Lowest order perturbation theory (Fermi's Golden Rule)

Double differeﬁtial Cross section

Lo 32 3| (rfs,e B e
LS (P Z; Bie 0 N)(NJe = e ™)
’ m, %: JEIJ~ En +7m, + O.Si;“NJ

6(13F “E,- hw)
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Inelastic X-ray Scattering
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Collective ion excitations: gd = 1 (d: interionic distance); #: phonon

energy

Valence electron excitations:qre = 1 (rc: interparticle distance); z®: free-

electron plasma frequency

Inner shell excitations: ga < 1 (a: inner electron shell radius); #cw:

electron binding energy

Compton scattering: gqre >> 1; 7w >> binding energy

Resonant Raman Scattering: A1 ~ Eabs, 7®2 ~ Efl




Application versus experimental needs

Inelastic x-ray scattering is a weak process:
=> extract as many photons of the desired energy as

possible out of the source. ' (Monochromator)
=> energy analysis + collect some solid angle Q.

(Analyser)
Tunability of the momentum transfer.

Selection of the polarization.

1) Collective ion excitations (phonons):

hwy: 10 - 20 keV
A~RW: 1-10 meV

2) Valence electron excitations:

Ay : 10 keV
Ahw:  03-3eV

3) _ Non-resonant Raman scattering

h(DlI 10 keV
Aho: 1eV->(0.1eV) K-hole lifetime of light elements

4)  Resonant Raman scattering:

Ay : 0.5-15 keV tunable to K-,L. and M-edges of interest
Ahw: 0.1-1eV = lifetime of final state core-hole

{1
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Inelastic X-ray Scattering from collective ion excitations
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Adiabatic Approximation: Factorization of electronic and ionic
wavefunction.

Electrons are left in their ground state, 1o

Observation of collective ion excitations, IIN) -> [FN)

dZG 2 o J
o _ a0 (qq)
dﬁ)de M

Thomson term: Coupling of the charge to the electromagnetic field.

Dynamical structure factor S(Q,w): Properties of the scattering sample,
independently of the perturbing electromagnetic field.



‘When a crystal is iradiated with X-rays, the processes of
photoelectric absorption and fluorescence are no doubt

accompanied by absorption and emission of phonons. The
energy changes involved are however so large compared with
phonon energies that information about phonon spectrum of
the crystal cannot be obtained in this way. The same is true
for Compton scattering.”™ *W.Cochran, 1966.

1 W.Cochran, in “Phonons” ed. by R.W.H. Stevenson, Oliver and
Boyd, London (1966).
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Physical meaning of S(('j,(o)

S(Q,w) 1s the space and time Fourier transform of the pair correlation
function G(T't).

S(Q, co) - ﬁg G(f,t) exp(i(() F- mt))df-dt

G(F.t)= ;Zf@(fz Rr(O))S(i"‘+ F- Rl(t))>df-

Y
C

2, (0)
2.

G(f,t) is the probability to find two different particles at positions
Ry(t: 0) and Ry(v), separated by the distance T and the time intervall t.

» Relation between momentum transfer Q and A., a distance de-
scribing the spatial inhomogeneity of the scattering system.

« Relation between scattering events at different times: Relation

between energy transfer hAw and the characteristic resonance
frequencies of the system.

Determination of the atomic density fluctuations spectrum S(Q, )



The static structure factor S((j)

s(Q): S(Q,m)d(hm)=——— G(f,o)exp(iéf)df

t=0 => Snapshot of the pair correlation function.

A) Crystal
Giro)
i S{Q) |
b—a—~] r G 26 36 <G
—~ 2z~
B) Liquid/Glass
Liguid/ Glass
Gliro) :
] | S(Q)}
N e N

<£|> r

There 1s no distinction between a liquid and a glass!



The dynamic structure factor S(Q,m)

A) Crystal

- ideal crystal: harmonic motion of atoms about their equilibrium
position. | .
=> Harmonic oscillations of G(T.t).

-real crystal: anharmonic effects.
=> damped oscillations of G(T't).

S(Q,m):

» Elastic intensity only at the Bragg peaks.
« phonons, eventually with a certain width I due to the damping.

1 SIQuW)
jGlrt _—8ragg

Fhcnons

{&
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B) Liquids

- Loss of correlation after particle collisions.

=> Exponential decay of G(®,t), where T denotes a typical memory or
collision time.

- For large T (¥ >> interatomic distances, Q=27/t) and t << 1

(t = 21/w) correlation prevails.
=> Damped oscillations of G(F,t).

S((j,(x)):

* Elastic intensity due to exponential decay of G(% 1),
* phonon-like excitations (compressional modes, sound propagation)

LG }siQu)

Quasi-
elastic
Large r
Longitud.

-r2
g rt Fhonon

O N
£



C) Glasses
- static disorder yields an average G(&',t).

- strongly damped oscillations around quasi-equilibrium sites.
=> Damped oscillations of G(T,t).

S(Q,w):

» Elastic intensity with quasi zero ®w-width.
» phonon-like excitations

Glass 1 SiQul
Girt}

tlastic

- ‘L'/‘ —————— Phcnons

O
E

There is a distinction between a liquid and a glass!



Probes for Phonons

3
107 X -rays
NN '
4k = electrons
| | G
2 107 §§ g = \\\ P
ut
O \éi < Z %eu’(rons /
o REN |5 / /
NN
10-%L Y -rays
Méllbaquer

Vs )

b &

107 10 10-2 0' 1 10" 102
QA1)

Advantages using X-rays

o Complementary to the neutrons in an important
region of G- v space.

o Dynamics of disordered system as liquids,
amorphous materials and biological systems can be
measured.



Scattering from Particle Density Fluctuations:
Neutrons versus X-rays

Neutrons: A=1A => E;j=82meV AE = some meV E1=E»

q= \/klz +k% -2k1ko cos 6

=> AEmax for a given g-transfer

X-rays: A=1A => E1=12.398%keV AE =some meV Ei=E2

q =2k; sin(85/2)
=> g-transfer controlled only by scattering angle ©.

Energy-Momentum Transfer Region for a Neutron

of Energy E; and Momentum ki

w 03 F
Y . ’
W C :
A -0.5 .* !
Il.. -
1 ]
I ]
15 b :
-0.5 2.5
/3 |
Where do have X-rays an advantage with respect to neutrons?
. : : ow
Disordered systems with a high speed of sound: vy = e
q

Incoherent Scattering
Small samples, extreme thermodynamic conditions



X-rays versus Neutrons

* X-rays, For small Q: fQ ~Z, and:

digﬂ =12 %(61 ‘62)22 S(Qco)

with ro: classical electron radius, ~ 2.8-10-15 m.

2.2

r
Countrate ~ O
O,

- X-ray cross section oy dominated by photoelectric absorption:
~ A3.74 |

- f(Q) decreases exponentially at large Q

- small beams (100um x 300 pm)

- AE/E = 10-7 - 10-8

* Neutrons:
2
0 _y2k S(Qo)
d(l)de kl

with b: neutron scattering length, ~ 10-15 m.

- absorption cross section weak, => multiple scattering
- iIncoherent scattering contribution
- large beams

- AE/E = 10-1 - 102
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Inelastic x-ray scattering from collective ion excitations

AE/E = 10-7 to 10-8 and match the source divergence?
» High order reflections from perfect crystals (silicon).
» Bragg angles very close to 90 degrees.

* Intrinsic Energy Resolution:

AE d

E o T Aext

« Extinction Depth Aex (00=0):

v

4red(f0 + f)Fhkl C e PWF

Aext =

» Angular Acceptance (Darwin width) op (ot =0):

»  AE
= = tanGB ‘
2T AeygrcosOg E

Op

V: unit cell volume, re: classical electron radius, fo: atomic form factor, f':

real part of the dispersion correction, C: polarisation factor, Fhk]: structure
factor, DWF: Debye-Waller factor



Ultimately, the energy resolution becomes absorption limited !!!

Intrinsic Energy Resolution
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Best energy resolution so far obtained with perfect crystal optics

Si (17,17.17) E = 33.61 keV
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Inelastic Scattering by phonon excitations:

AE/E = 10-7 - 10-8 and some solid angle?

High order reﬂection_é and Bragg angle larger than 89.92 degrees
Rowland circle geometry

~ Glue = 7500 0.6x0.6x3 mm3 silicon cubes on a spherical substrate,
with = 10 arcsecs tolerance in the relative alignment among cubes.

T T ] T T ! 1 ' T
100 4 i
T Si(I11111)
— i
%) _
E‘ 80 - II fwhm 1.5+ 0.2 meV
=
> |
2 604 Tl g
2:‘ | i d
2
8 40" }: n
=R & ~
" jf Xi._ :
0 T T T ¥ T T T — T =
-15 -10 -5 0 5 10 15

Energy (meV )



Experimental Principle for X-ray scattering with
meV Energy Resolution

Si(h,h,h)
Plane Crystal

Mono

Scattering

Sample

Q = 2k sin(6,/2)

Sith,h.h)
8,=89.98

Spherical Cryszial
Analyser

i Detector

2 A gaT

Energy Transfer Change:

Changing the energy transfer by varying the temperature of the Mono .
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High Frequency Collective Dynamics in Water

Motivation

General: Are there propagating collective excitations in disordered
systems, when Q~ 21/d?

.» Controversial neutron experiments
* Molecular Dynamics (MD) studies
- 2 different speeds of sound?
- Existence of fast sound in water?

- Nature of excitations: hydrogen bonds vs. whole molecule

- Water versus Ice
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Intensity (arbitrary units)
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Conclusions

e Confirm the existence of fast sound in water.

« Absence of large isotope shift.

=> collective motion of whole molecule

. eq}ivalence of the speed of sound in solid and liquid water.

=> Fast sound corresponds to the infinite frequency sound velocity,
1.e. the solid-like dynamics well above any relaxation process.

* Transition from fast sound towards normal sound between Q = 1
and 4nm-1.

=> Relaxation process with a typical relaxation time T ~ 0.6 ps.



High frequency collective dynamics in glasses
Questions to address:

* Origin of the anomaly in the temperature dependence of the
specific heat

e (1) = 3ni ( g} -2 exp|@ksT) dw
v( ) B D( )(kBT)(exp(m/kBT)-l)z

« Incoherent light-and neutron measurements indicate that the
anomaly is due to an excess in the vibrational density of states (Boson
peak).
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» Nature of these excitations

« Dynamics of the liquid-to-glass transition, definition of the glass
transition temperature Tg.
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Introduction

Cooling down quickly a liquid the crystallization can be
avoiled and the system becomes a glass (glass-former).
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The dynamics of | glass-forming systems is not well
established , especially at the microscopic scale, because
of the lack of experimental investigations.

The Mode Coupling Theory (MCT) describes from a
microscopic point of view the liquid to glass transition.
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IXS Spectra
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Intensity ( counts/ 180s)

IXS Spectra

Si(111111) AE=1.5meV AQ=0.3 nm"
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Intensity  (arb. un.)

IXS Spectra

Si(999) AE=32meV AQ=0.3nm"

V-SiO,

T=1050 K (glass)
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Intensity ( counts /200 s)
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Conclusions

« Existence of collective propagating dynamics spanning the energy
region of the Boson peak.

=> Boson peak must have contributions from these excitations.

» Break in the sound velocity at a temperature T > T¢.

=> Microscopical]y, clusters of particles already "freeze" their motion
at higher temperatures. Size of clusters approximately 271t/Q.
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Summary

« IXS from collective ion excitations is a powerful complementary technique
to the well established inelastic neutron spectroscopies.

- Study of liquids, glasses and gases in Q- space, not accessible with
neutrons.

- Study of matter in extreme thermodynamical conditions.
(high pressure, high/low temperature)

- Study of crystals which are only available in small sizes.

- Study of biological samples (no need for deuteration).






