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Basic X-ray techniques
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Structural techniques
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Summary
® X-rays absorption - phenomenology
® X-rays absorption - theory
® EXAFS: theoretical background
® EXAFS experiments

® EXAFS: data analysis, examples



X-rays absorption - phenomenology
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The attenuation coefficient
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The attenuation depends on X-ray energy and on sample composition

Q o, O
Q b A\ sample
source monochromator /
detectors

Exponential attenuation P — (I)O exXp [—Iu(w> le‘]

Attenuation coefficient plw) = — In—



Atomic cross sections - different contributions

p = density
N, = Avogardo nr
A = atomic mass

Range of interest
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Excitation and ionization
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X-ray absorption
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X-rays absorption edges
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Atomic gases: edge fine structure i
Ar Experiment
; L. G. Parratt,
-c% Phys. Rev. 56, 295 (1939)
; \/\f\/———
) Energy resolution ~ 0.6 eV
3.2 3.204 "3.208 E (keV)
.~ Edge: Interpretation:
E =32059 eV - Rydberg levels
—~ 0 A - edge to continuum
=
L
L) ..

E-E_(eV)



Atomic gases: smooth absorption coefficient
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Krypton

Kr T = 300 K
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Atomic gases and condensed states
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Energy resolution ~ 2.5 eV

N

Pressure

A. Di Cicco et al.,
Phys. Rev. B 54, 9086 (1996)



Molecular gases: Fine structure
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Gas-phase N,
K-edge

C.T. Chen and F. Sette,
Phys. Rev. A 40 (1989)
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Condensed systems: Fine structure ey

| | Edge Ge |
Lt 1
11 11.5 12

Photon energy (keV)

Unoccupied bound levels
Core level | wp

Unoccupied free levels




XAFS: Nomenclature

XANES

NEXAFS

X-ray Absorption Near Edge Structure
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Extended X-ray Absorption Fine
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S.R. flux at the K edge
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Energy resolution at the K edge
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K edges unsuited for heavy elements
L edges ?




L, and L; edges: Spin-orbit splitting
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L edges XAFS
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Fine Structure: Molecules and Condensed systems
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hv < binding energy

Pre-edge structures
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free levels T Edge structures

Core level

hv > binding energy
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EXAFS: phenomenological mechanism Forna
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Lectures on XAFS

Applications

EXAFS
e introduction

. XAFS in nanostructures & materials science
* basic theory

. F. Boscherini
« experiments
- data analysis SR & Matter in extreme conditions

G. Aquilanti
P. Fornasini
SR & Environmental science

XANES P LGTTGnZI
M. Benfatto SR & Ear;h :Cigr}ges
C. Meneghini . Artiol

SR & Chemistry

Data analysis A. Martorana

C. Meneghini SR & catalysts
M. Merlini C.Lamberti



X-rays absorption - theory
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Absorption coefficient
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total photo-electric atomic
attenuation absorption cross-section
I ; o v
ww) = 1(w) = —In—-=2 = n o, (w)
x D
v
p NP
A

number density depends on mass density

Mass attenuation coefficient (indep. of mass density)

o o), M “\p

at

Elements N Compounds P,Q,.... m
BN, pounds P,Q, (ﬁ) =X(E) ﬂ+y(ﬁ) Mo K
p tot P 0

N, = Avogadro number; m,, = atomic mass; M = molecular mass

http://physics.nist.gov/PhysRefData/XrayMassCoef/tab3.html
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Half-thickness
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Thickness for which the flux is halved

D, O
In2 0.693
- b = g - Xijp = =
: ()
|7| P

Table 2.1: Half-thickness (cm) for selected substances at selected X-ray wavelengths.

hw (keV) Air Mylar Be Al Cu Pb

0.0012  1.39 1.85 2.7 896  11.34 density (g/cm?)

5 14.05 0.018 0.0085 0.001 0.0005 8.3e-5
20 727.33 0.860 1.6641 0.075 0.0023 0.0007
50 2719.8  2.468 24105 0.697 0.0296 0.0076



Cross section and transition rates

Photon flux

Number density
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Semi-classical approximation
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» Quantum treatment of atoms
» Classical treatment of field

W . — | Transition probability
/i per unit time
| Uy)
Initial state:

atom in ground state

—

Transition rate

y

Final state: ‘\ij>

excited atom
+ photoelectron

Energy conservation Ef — EZ + hoo



Radiation-matter interaction . Fomasn
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Initial ground state Interaction Final excited state
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Initial ground state Final excited state

Time-dependent
perturbation theory.
1st order |
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Coordinates representation e
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Transition rates and absorption coefficient o

d 2
wpi = ox (W H ) p(Ey)
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Sum over final states

l Sum over electrons
+ 2
ik T oo
p(hw) o Zf |<‘1’f )Zy eI - pj \If>| p(Ey)
A
T Oscillating e.m. field
Final atomic state
?

Further approximations

N



Final states

EXAFS coherent signal




One-electron approximation

ot (Mw) = per(Aw) + Hinel(hw)

e 1 core electron excited e 1 core electron excited

e N-1 passive electrons relaxed e Other electrons excited

1 L see below |

pa(ho) o 3 |(wh o v )| ()

ik T o
e n-p

|

one-electron position




Electric dipole approximation o

2
per(w) o |(UF Mgl 7wt

Dipole selection rules:

Al =+1 As =0
Aj =0,x1, Am =0, 1



Sudden approximation . Fomasn

No interaction between photoelectron and passive electrons

T y) =[BT [Y) )

1 active electron N-1 passive electrons
C P — C s N\
2
A = 2 _ _
paa(w) oc (s - 7l n) [ p(Ey) | (@@
‘ \ . ~ J
One-electron Sg ~ (0.0 — 0.9
//::_‘:\ ~ final state
‘ e
Structural

info
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The final state oS

L Fine structure “ ‘q)f>
= | il .
3 at the core site
- il
11 11.5 12
Photon energy (keV)
/'
Molecular orbitals theories
Band theories
w,) <
Multiple scattering approach
Single scattering approximation “ Basic EXAFS mechanism
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Atomic de-excitation

-

Ground state

X-ray
absorption

;) » P)

Core-excited state
+ photoelectron

2
paa(w) oc (s - 7l ea) | p(Ey) (2wl

XAFS

.

Th = lifetime of core excited

Th is shorter for higher atomic number Z

Paolo
Fornasini
Univ. Trento

Core
de-excitation

Excitation transferred
to outer levels



Core-hole lifetime and energy width

Th
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De-excitation mechanisms
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Radiative: fluorescence | X

A
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Fluorescence yield
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Fluorescence versus Auger n 1 =+
0.8 |
Fluorescence yield 06 [
X+ A '

0.2}

Both fluorescence and Auger yields :
intensities are proportiona| ‘ Alternative measurements of XAFS
to the absorption coefficient



EXAFS: theoretical background
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Absorption coefficient ey

Time-dep. perturbation theory
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A: isolated atom oS
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Photon — photo-electron
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Incoming photon

lane wave :
P Outgoing photo-electron

spherical wave

/

Photo-electron

Photon energy

x wavenumber
\/Qm(hw E)— 2m _:_271'
72 {’ V2t T T

Core-electron
binding energy




Photo-electron parameters

Wave-number

k (A7)

151
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Wave-length
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Angular emission of photo-electron
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emission /

v Phot
. > polaﬁsg’?ion N(0) x 1"'@30032 0 — 1)

B=2

m Emission from s orbitals

3,

>
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B: non-isolated atom oS

1

J%";};}%
hv = hw

photon energy

plw) o< [(g 7 - 7| 43)]°
1

1

Outgoing + scattered core state

electron
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The EXAFS normalized signal y (k) e

hv (keV)
photon energy

photo-electron wave-number



The absorption coefficient

Final

w(w) oc [ (0% + 80 i - 7| i)
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vy + 8y, )
f f
- =
Perturbation
due to photoelectron scattering
X
Structural
2 info

2

v

¢z> (0 r|T - f'wz}}‘ EXAFS oscill

B -

Oy =7



. Paolo
Two-atomic system: oy, . Fomasim
Absorber LT Scatterer 67~P = ?
5, ® ; - e Scattering theory
i\ in plane-wave approximation

At the absorber
core site

0
v

I .- e Muffin tin potential

Interactions

1, exp(ikR)

f(k,ﬂ:) e
k R R
] ]
A A
A= 3>
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Two-atomic system: absorption coefficient | Fomasin

Central-atom Total Back-scattering
phaseshift propagator amplitude

1 s exp(i2kR)

6Wf x I/J? ﬁ € R f(kv]t)
|
v v
N 2 A S A o A o 2
o | (05 7+ 7 )|+ 2Re { (U1 - 7l ) (000 - i) } +1 (00 |- 7| s)
g - / “ ~ J g g /
Mo(a)) Superposition 1/)!9 < oY, Non-oscillating
A - weak smooth

contribution -

EXAFS added to L,




Normalized EXAFS function
"""""""" X(k) t + t i t $ + i t t + i t t t i +
0.06
X I
2 _Hox_ nx ] 0.03 1
W\- .
1F | 0.03+
'0'06:......... 3
o 4 8 12 16
OJ:::!::::!: k(A)
11 v 11.5 12
E Photon energy Ik (keV) u
S
X(k)=

p— fo = 2Re{<¢f
o X ‘<¢9ﬂ 7 - 77|¢7:>




EXAFS function in coordinate representation femen

—_— X(k) ———t————————f————1
(k) = U=t 0.061
Yo 0.03 ]
|
_ 0031
Quantum states — wavefunctions 1

'0'06"........ w
0 4 8 12 16

oY,
(k) = 2Re [ dF (V3" - 7)) (047 0 - Tabs)
H J ar (y 77"7%) :

v v v
Core orbital = source & detector




EXAFS for a two-atomic system Fomeen

. s €xp(i2kR)

oy xyypie — " 5 flkm)
() = 2R AW i P06V - )
P (9% 7 - Py
polarisation | A0 e ahift

¥ ¥ ¥

~ ~2 1 ,
U'RI P Im [f(k,n) exp(2i, M)

t

spherical wave back & forth path
attenuation




Basic interference effect  rortaon

o 1
Compiex form X(k) — 3 ‘77 . R‘Z kRZ

fk,m) e =|f(k,m)| e

4

Real form X(k) — 3 |’ﬁ : R|2 kR2 |f( )| ¢(k)}

I EXAFS Inter-atomic
ﬁlll \"l'dm/ I \/[UEWWW frequency - distance
I

Im {f 27,51 62fikR}
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Amplitudes and phase-shifts
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Central-atom Back-scattering atom
Phase-shift Amplitude Phase-shift
(rad) (rad)
6 ; ' ; (a.u.) : i : 0 : : :
-5+ —+
_ 6-C
10T +
|V T 32:Ge
15 -
ol N\ 7R
20 T =
25 : : :
0 5 10 15 20

k (A

[Calculated by FEFF 6.01]

sensitivity to
- Z dependence - atomic species




Many-atomic systems Fortann
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Amorphous systems

///

Coordination shells




N atoms at the same distance  Famasin

Final state

‘¢f> = ‘I/er +N5w>
-

Scattering from N neighbours

Absorption coefficient

(w) o< (0% + Nowy 17 - 7| )|
pu(w) oc | {7 77'FW@>|2+2NR€{<¢?\77°77W7;> (0071 7 [1hs) N2 (00 [ - 7] )|

%

b N 4 Y =~
Non-oscillating
Mo(a)) N EXAFS terms weak smooth
T contribution -
| added to U,
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Coordination number T

Number of of atoms in the first coordination shell (nearest-neighbours)

N=12 (e.g. fcc) N=8 (e.g. bcc) N=6 (e.g. NaCl) N=4 (e.g. diamond)

1333

N=1 (e.g. adsorbates)




Polarisation effect o2
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Sum over atoms

' , \

1 A <1 .
x(k) = 2> 310 RPTm q fi(k,m) >0 g ¥
J

\ J
Y

3cos29j

* 2
Effective coordination number N = 32008 9]-
J




Coordination shells o2
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Sum over atoms

! 5 R i 1 ikR.
(k) = 2 > 817+ RPTm < f;(k, m) 20 — kR
J

Isotropic samples: (|7) - }A{\Z> =1/3
(3l RI*) =1

Coordination shells

Sum over shells

*k) = %E Im[ f.(k,m) e Ri?exp(ZikR_y)]

shell S

Nr of atoms in the shell




Single and multiple scattering i
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Scattering paths

SS = Single scattering MS = Multiple scattering




Multiple scattering series

Multiple
Scattering

() ,(0) [1 0]

only 2-legs paths
= coordination shells

B2 _ (k)
Uy



Sum over paths and over correlations o

(k) = po(k) {14+ 3" xalk) + Y xa(k) + D xalk) + ...

& o
I xz .I//’
7\

Contribution from < Xs o <o
all n-order paths

7 ® R
X4 ® & ./],/ \ o i

\ gz g3 g4 )
\ J

\
d,, = n-body correlation function

4

u(k) = po(k) {1+ > u®@ k) + > u®@ k) + > u D (k) +...|



Multiple scattering series Forna
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(k) = po(k) {14+ 3" xalk) + Y xa(k) + D xalk) + ...

Full Multiple Intermediate
Scattering  Multiple Scattering Single Scattering

I

Photo-electron wave-number k




Multiple scattering contributions  ronan

u(k) = po(k) {1+ Y xa(k) + D xs(k) + D xalk) + ... |

Set of coordinates
l Photo-electron path l
L -

Functions of potential

Neglecting
thermal disorder !
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Intrinsic losses

ey ’utOt(hw) — ,Uel(hw) + ,uinel(hw)

o

|||||||||||||

W

/
One-electron
From experiment | theory
M_MO = Xexp(k) < Xth(k)
i I_I
Xexp(k) = Xth(k) X SO
' L~

Reduction factor | Sy = KIPI'N_I “P]]fv _1>

2
~06+0.9
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Photo-electron mean-free-path
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Core-hole lifetime <, > A,

40 H M '.'"',b """""
old /0
RS e ' Photo-electron lifetime
203y, 0 h
10 A% e ]
EA
oL . . v
0 5 10 15 20
.
TOTAL
1 1 1 : 2R
=—+_— » Reduction factor eXp|———<
A A A )L(k)




EXAFS and inelastic effects o0l
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Intrinsic Photo-electron
inelastic effects mean-free-path

v s
_2Rs
x(k = N Im| f (k,m)e* e exp(2ikR,
k R;

shell Ry

-

Atoms frozen
at equilibrium positions !

—_-— -

| L Thermal disorder effects ?
0 5 . 10 15



Vibrational disorder o2
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B
A Period of atomic vibrations Top ~ 10725

./. Photoelectron time of flight Texaps = 10715 s

One photoelectron == Instantaneous distance

EXAFS spectrum mm) Distribution of distances

Fixed atoms Vibrating atoms

—)

Distance - Distribution of distances



Vibrational disorder in crystals

Simulated radial distributions for c-Ge

160

120 °

80 ]

40 °
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Separability of coordination shells ?



Structural disorder o2
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Distorted shells in crystals Sites disorder in crystals
OXQ + ,/L, ‘ + ‘
r
Non-crystalline systems Nano-structures

O\.
.
e.g.: a-Ge L /

Free-volume models

Enlarged
&) » distributions

of distances
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Distributions of distances oS

Real distribution

ol

Effective distribution
P(r,A)

Thermal + structural disorder

— distribution of distances

f\\
4

~
g2 I % e—2rs/A(k)
_ ~o 210, 2ikr,
x(k)= p ENSIm fi(k,m)e f —— e’ dr
shells i 0 rs
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Real and effective distributions
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= ;ﬁ \

Spherical wave

ot ) Mean free path
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= 40 effect p( ,») e A
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EXAFS = short-range probe
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The inversion problem e
SZ @ e—2r_y//1(k) .
x(k)= =2 Y N, Im| f,(k.zt) > [ p,(r) ——— &’ *"dr
shell 0 F
|\ ~ J/

Characteristic function

EXAFS
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Structural models and fitting procedure
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Prametrised

structural model Change Experimental
EXAFS
parameters

Initial guess
parameters

Distribution
of distances

Calculate EXAFS




The simplest model: gaussian approximation  Famasin

- P(r,A) = - 1231 exp (r—<r>)

\ r C, - 52 <(V—<r>)2>

Distribution width
r (EXAFS Debye-Waller factor)

207

c, - <r>eff=<r>rea1-w(l‘%>)

Average distance




Including weak asymmetry  Fomaon

Asymmetric distribution

Third cumulant
Asymmetry parameter

20° (. (r)
¢, = <’” >eff - (r >real B <_r>(1 B 7) Better for first shell
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EXAFS including asymmetry(one shell)
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e

Approx.: Single Scattering
Plane waves

® Theory (interaction potentials + scattering theory)
® Experiment (reference samples)
Inelastic Back-scattering Total
terms amplitude phase-shift
G2 o212 o 4 .
kx(k) = 22— |f(k.7)|N exp[-zk-o- ]sin[2kC, - —k°Cy + (k)
C? 3
| |
Coordination number N l
Debye-Waller o?
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XAFS and other techniques i

Photo-ionization

»

/

XPS - X-ray photo-electron spectroscopy

Info on

e- .
o bound electronic states

XAFS - X-ray absorption fine structure

] Info on
O e e free electronic states
e |ocal structure

XAFS = structural probe - Comparison with diffraction ?



Bragg scattering .vs. EXAFS

Bragg scattering I

Fornasini
Univ. Trento

EXAFS

' (\

\v' v

X-ray or neutron plane waves '< Structural probe_ > photo-electron spherical wave |

® long-range sensitivity
® atomic positions
e atomic thermal factors

¢ short-range sensitivity
® inter-atomic distances
¢ relative displacements
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EXAFS: a structural probe

Univ. Trento

o° =0.01 A

o° =0.005 AZ

|||||||||||||||
|||||||||||||||||||

Frequency Amplitude Damping
| | — | e
Inter-atomic Coordination ‘ Disorder I
distance number
» Selectivity of atomic species
» Insensitivity to long-range order




Main EXAFS applications

Non-crystalline
materials

Active sites
embedded
in @ matrix

Local properties
different from
average properties

Paolo
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mono-atomic

many-atomic

¢ Inorganic heterogeneos catalysts
e Metallo-proteins

¢ Impurities in semiconductors

® [ uminescent atoms

e Crystalline ternary random alloys
e | attice dynamics studies
e Negative thermal expansion



EXAFS experiments




XAFS: experimental layout i

Univ. Trento

{ monochromator ; sample
1 1 1
| storage ring TS ! holder !
! \ : :
1 \ I I
| 1 \ : :
: 1 | . 1 :
, ! ; mirror ! !
: ! i :
I I i
] : ! J !
\ ) y detector y
Source  Beamline Optical apparatus Experim. apparatus
Sample conditioning: Detection: Alternative layouts:
cryostat transmission _ _
oven fluorescence - dispersive EXAFS
reactor electron yield * refl-EXAFS
manipulators | | ... ] ...




XAFS: experimental

A Sources




Spectral Brightness, (Photons s mm?® mrad®(0.1% BW)")

Wigglers and bending magnets

10

10®

10"

10|6

10"

10!2

10|C

10°

10°

10*

10°

0.001

0.01

0.1 1 10
Photon energy, keV

100

1000

Intense and continuum

Paolo
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spectrum - OK for EXAFS

but...

Selected energy

1077,

0.01



Undulators o2

Univ. Trento

Energy of n-th harmonic (one electron)

2hey?n/ )\,
1+ K?2/2+~26%

En(0) =

To obtain a continuous spectrum:

1. Angle-integrated flux

2. Large horizontal e-beam size
(high-beta sections)

3. Modify K by modifying the gap
3a - Vertical shift of magnet arrays
3b - Tapered undulators

Collimated intense beams, useful for:

- small samples (e.g. pressure measurements)
- fast measurements



XAFS: experimental

~ Monochromators and mirrors




X-ray crystal monochromators Forpea

Univ. Trento

Bragg law

2d,,, smb=ni
T‘

Angle < wavelength

o . nl24
2d,,[A]sinf =
ElkeV]
2d
Si(111) 6.2708
Si (220) 3.84
Si (311) 3.28
Si (331) 2.5
Si (511) 2.0

- - Forbidden ‘reflections’
.08 - Harmonics
Ge (111) 6.5328 - Spurious reflections
Ge (220) 4.0004




Crystal reflectivity

\
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Rocking curve
(from dynamical theory of diffraction)

0.8
0.6
0.4

0.27

j Darwin

- ) ” width

Higher order

1' 2 3 4
AO (arc sec)

reflections have narrower rocking curves.



Energy resolution

Darwin width

(Intrinsic resolution) +

Beam divergence

—

= | Total angle A®

Paolo
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AE AL
= = A©® cotgfy
1 si(111) St si(220)
/
i AR < [ Darwin width
rd _—
=== |
10 20 : 20 30

E (keV)

E (keV)



Two-independent-crystals monochromators oo

Univ. Trento

Global rotation:

\ energy selection

2 parallel crystals:

: : horizontal output beam
2nd crystal vertical shift: P

fixed output beam I \-/
2nd crystal detuning:

harmonics reduction

But: © Mechanical complexity
® possible instabilities



Independent crystals detuning

Tuned

-
R

3.5 arcsec

Paolo
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Silicon crystal (for Eg = 10 keV)

(333)

(1171)

Detuned >




X-ray mirrors — harmonics rejection Formesn

Univ. Trento

Negligible reflectivity from metal surfaces # no traditional mirrors

Complex refractive index 1, = 1 — 0 — 25

v
6~ 1079 —10""

Nreal < 1

Total external reflection for 6 < 6.

—~ 0. A\
9(;:\/%2)\\/5 - =
| >

0 (hin) < 6 < 6.(A)

0.~ 1077 rad

T ‘

harmonics rejection




X-ray mirrors — beam focalisation Forpea

Surface bending

&/

Beam collimation
and
focalisation

Univ. Trento

Incident hard X-ray

Horizontal focusing
mirror

Vertical focusing
mirror

Focal point



XAFS: experimental

~ Detection schemes




XAFS: direct transmission measurements

N I
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Sample:

e Powders or thin films

® Thickness ~ 10 um
¢ No holes or inhomogeneities

~

I

Detectors:

jonisation
chambers

O

E~ 100 V/cm

|~ 1070+ 108 A




Direct transmission measurements

Bulk information
(not fom surface)
from:

Thin samples

Non-diluted samples

Homogeneous samples

High accuracy attainable

Thick samples

Diluted samples

Surface
information

Paolo
Fornasini
Univ. Trento



Indirect detection methods

~,

~

Paolo

Univ. Trento

Detection

-
I\ of decay products

e X-ray fluorescence | FLY = FLuorescence Yield

e Electrons

\

AEY = Auger Electron Yield
PEY = Partial Eletron Yield

TEY = Total Electron Yield

¢ Optical luminescence | XEOL-PLY =

X-ray Ecxited Optical Luminescence
Photo Luminescence Yield




XAFS: fluorescence detection (FLY) Forracke

Univ. Trento

IO If
a = absorbing species \
0, o
I ~7 ! 2,
Z

Fluorescence from a thin layer

U o)z dz !-‘mt(w f)i Q

If(:,,)d: =I,(w) exp|-- ‘°‘_( )2 014, (0)—— exp|-—— -
sin®, sin 6, sinf, 21

Absorption | Fluorescence | Absorption

Total fluorescence: Sample of thickness z and 6, = 6; = 45°

B AR




Fluorescence: thin samples

Q2 u,(w)

’ 4” ;utot(w) + Autot(w f

) {1 = exp(A)}

7= [l o]
di 1

o | m) 1-exp(A)=1-1-A=-A

Small fraction of |, absorbed Ij' XX !l ((j))
a




Fluorescence: thick samples

All I, is absorbed

a' concentrated "a" diluted (<1%)

(@) = uy (o) no XAFS u,(w) << u, (o) [, > u, (CU)

i tot

.u‘tot(w) e .u‘tot(wf) NO OK




Fluorescence detection rorn 2
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Horizontal plane, top view Fluorescence signal
|f +
monochrom.
lo Background:

/ | - elastic scattering
sample - inelastic scattering

- unwanted fluorescence

To reduce background :
A) Detection at 90° minimises scattering (less effective for large solid angles)

B) Detection schemes
1. Filter + slits systems
2. Multi-element solid state detectors (energy dispersive)
3. Crystal analysers



XAFS: electron detection (a) oo
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Photo-electrons:
e Energy varies with hv
® Intensityoc ux

= XAFS signal

J - |

Auger electrons:

Electron mean free path:
¢ Fixed energy = atomic selectivity e adsorbates

® Intensity oc px e thin layers

= XAFS signal




Indirect processes and escape depth

Adsorbate >

Buk

Photons
penetration depth
~ 500 A

Paolo
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Primary electrons
mean free path
~5-10A

Secondary electrons
escape depth
~50-100 A



XAFS: electron detection (b)

XAFS Qf adsorbates

AEY - PEY - TEY

AEY = Auger Electron Yield
- narrow energy window
- only direct Auger electrons
- spurious structures from photoelectrons

PEY = Partial Eletron Yield
- large energy window

- Auger (direct + secondary) = XAFS signal
- Photoel. (direct + secondary) = background

TEY = Total Electron Yield
- all electrons collected

Paolo
Fornasini
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- Auger (direct + second.) = XAFS signal
- Photoel. (direct + second.) = background

- XAFS from Auger and photoel.

Bulk XAFS

|
"
=

TEY




Dispersive XAFS (a) ook

Univ. Trento

2d sinf=A

Curved crystal poly-chromator

0, 0
—

==/

S.R. incoming Position-sensitive
white beam detector



Dispersive XAFS (b) ook

Univ. Trento

From synchrotron
radiation source

Position sensitive
detector




Dispersive XAFS (b) ool

Univ. Trento

© No mechanical movements (no dead times)
© Simultaneous acquisition of all data points
© Acquisition time determined by acceptable statistics

OK for time-resolved measurements

® Critical in terms of temporal and spatial beam stability
and sample presentation

® Only trasmission mode

® X-ray beam not perfectly focussed through the sample

® No reference measurements during acquisition

NO accurate quantitative results



EXAFS: data analysis, examples
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Analysis - Available software sy

List of available software:
http://www.esrf.eu/Instrumentation/software/data-analysis/Links/xafs

FEFF project (University of Washington, USA):
http://leonardo.phys.washington.edu/feff/

IFEFFIT (University of Chicago, USA) + Athena, Artemis, Demeter
http://cars9.uchicago.edu/ifeffit/.

GNXAS project (University of Camerino, Italy):
http://gnxas.unicam.it/XASLABwww/pag_gnxas.html



EXAFS data analysis

a Extraction of EXAFS signal




-

Total absorption coefficient

In

[y

/

\ detectors /

sample

7

= In

D,

D

.z

monochromator

(D

source
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+(C" =[,utotx - C] 1.2

CuCl (15 K) T

08|
0.4 -
i edge Cu K
0+ 1
-N | | | | 1
8800 9200 9600
E (eV)
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Edge absorption coefficient Wi
Experimental
signal j
: __; — 1 1
Extrapolation
0+ T of pre-edge
| | behaviour ‘
1L 1 1__; —t —
T T 1 Edge
24— 0+ W—/\»\/\\\‘ abSOrptiOn
11 11.5 12 A
Photon energy (keV) 1 Il coefficient
4L 1l Tttt
2+ \- 21 1

1 15 12 T W

11 1

1 115 12
Photon energy (keV)



Photoelectron wavenumber

por
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Photoelectron
wavenumber

Uy

h-

_J
E, E = hv, photon energy
Edge
energy
? Experimental kg
. convention f/

E. = 1st maximum of 1st derivative
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Atomic absorption coefficient e

k)=—>=—=
(k) U ug ?

EXAFS function

Isolated atom

11 115 @ 12
Photon energy h

@ 00 00
e 0006 00
@ 00 00

@
v
»
)
@
@
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Best-fitting polynomial spline

(k) =5 o

Uy

Polynomial spline - best fit




Fit optimization

Fornasini
Univ. Trento

16_ I I I I T
i Fit A
12
8- N
_ Fourier
4| transf.
0 | |
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Quantitative analysis of EXAFS
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0.5 —————————f
4 ) |
x(k) = 3, A,(k)sin®, (k)
\_ ik Yy, 0 L.
e -05 —— :L: L B T
e S.S. paths (coord. shells) 0 5 10 15
Sum over: < k (A7)
e M.S. paths A

Input for each path:
¢ backscattering amplitude

e phaseshifts
° %ebstic terms Different analysis procedure>




EXAFS data analysis

~ Fourier transform




Data analysis - Fourier Transform k — r

401

-40 -

|||||||
||||||

||||||
lllllll

|||||||||
lllllllllll
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weight window

\ /

v

kma.r v 71
L F(r) = ﬁ k) K" W(k) e dk

Peak's position and shape influenced by:

-t

A\

otal phaseshifts

- disorder
- Fourier transform window

-_—

| <— Imaginary part

o 2 4 6
r(A)
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Fourier Transform and distribution . Fomasin

A EXAFS simulation
(Ge phases and amplit.)

. , , | 0.2 +
1.5 2 25 3 3.5 1
Y 0+
x -
024+
2 6 10 14
| , , , F.T.: k=2.5-16
1.5 2 2.5 3 3.5 K3, square w.
r(A)



bcc structure (26-Fe)

(a.u.)

Modulus of F.T.

o
o

<
~

02|

i Ni Ri(A)
1 8 2.48
2 6 2.86
3 12 4.05
4 24 475
5 8 4.96
6 © 5.73

Paolo
Fornasini
Univ. Trento

® Peak shift

® Superposition of shells




fcc structure (29-Cu) e
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(a.u.)

Modulus of F.T.

i N Ri(A) ./. @ ./.
1 12 2.55 2
2 6 3.6 2 |
3 24 4.42 :
4 12 5.0 o QD “““ ®
5 24 570 | i T 3
6 8 625 | 1/ L7
. ./.
.
120
80|
i ® pPeak shift
® Focussing effect
40
I @ @ O
1 4
o
0




29 - Cop

X (1)

0.9

0.8

0.7

0.6

0.5

04

0.3

0.2

0.1

ner: fcc structure - Multiple Scattering , Formasin

Paolo

Path Analysis

I I ] 1
Total -
Single Scattering w— =
Triangles - - .
Shadowing .......

Other -~

Rehr &Albers, Rev. Mod. Phys. 72, 621(2000)



Paolo

Diamond structure (32-Ge)
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Ni Ri (A)
4 a(«/3)/4 2.45
12 a/\/2 4.00
12 a(+/11)/4 4.69
§) a 5.66
12 a(1/19)/4 6.16
24 a(+/6)/2

O U hWN ==

(o),
o

H
o

N
o

Modulus of F.T. (a.u.)

o
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Crystalline and amorphous Ge - EXAFS signals

Univ. Trento
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Crystalline and amorphous Ge: F.T.

Univ. Trento

a-Ge
5
0 10 K~
L
— 300 K
g
2 4 6
r (A)
W,
- Structural disorder - Only 15t shell
« stronger for outer shells « Thermal disorder

« Structural disorder



EXAFS data analysis

~ First shell analysis




1st-shell Fourier back-transform

- No peak superposition
- No MultipleScattering
- F.T. artefacts

-0.02 4

Paolo
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First-shell
contribution
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1st-shell distribution of distances

Univ. Trento

Gaussian approximation | Asymmetric distribution

Better for
first shell

L—

,_/




Real and effective distributions . Fomaon

nnnnnnnnnn

Real distribution \ 2r IA(k)
e “='s
Ps (’)] 2
—_— ’S

>
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EXAFS for first shell, including asymmetry

e

Approx.: Single Scattering
Plane waves

® Theory (interaction potentials + scattering theory)
® Experiment (reference samples)
Inelastic Back-scattering Total
terms amplitude phase-shift

v

v v

Sg e—ZCI/}. . ) . 4 3
k X(k) = o |j(k,Jt) ‘ N exp[—2k o ]sm 2kC, —;k C; + (k)

1 l | . ; |
Coordination number N l
Debye-Waller (o3
v v
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Non-linear fitting method P

Input > ‘f(k,]t), o(k), A|

from theory

Check theory

against standards

Guess — 5

parameters

v
E, » | Calculated EXAFS

Non-linear fit

l . e k-space

® r-space
E, > Experimental EXAFS P

7

2 9
dge ¢, C, C3  SgN, ©

adjustement

e Correlation

e Accuracy
e abs. values

Parameters to be fitted
e rel. values




EXAFS data analysis

a 15t shell phase and amplitude anal
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Separate evaluation of phase and amplitude

Univ. Trento

From complex Fourier transform and back-transform

Amplitude Total phase (rad)

%k4C4+--.] @(k)=2kcl -%k3C3+... ‘
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“Ratio method” - phases
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If suitable model compound available ... s = sample
m = model
5 m A m 4 A m
®° - Q" =2k(C; - C; )—§k3(C3 -Cy)
(I)S —(Dm § m 4 2 5 m
=G -ar)-5K(C -3
D’ - P” . R
2k AC, = 0
AC,>0
ACI{ AC, {
> >
K k*
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“Ratio method” - amplitudes - 2 cumulant
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If suitable model compound available ... s = sample
m = model
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“Ratio method” - results
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Ratio of coordination numbers Ns

Relative values :

— Thermal expansion
Width difference
Asymmetry difference
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“Ratio method” - OK when ... S

* Only Single Scattering .
- Only one distance [ x(k) = A(k) Sm(p(k)]

- Suitable reference model available

¢ First coordination shell, one distance \
e Same sample-model environment
T or p-dep. Studies
Amorphous .vs. crystalline samples

Depending on
sought accuracy

environment

e 1st shell, different sample-model
e Separated outer shells, weak M.S. >

¢ 1st shell in bcc structure (2 distances)
e Superposed outer shells
e M.S. contributions




EXAFS data analysis

~ QOuter shells analysis
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Analysis - Outer shells back-transform r—k i

1st

2nd

1st

2nd shell

3rd shell

- Peak superposition
- Multiple Scattering
- (F.T. artefacts)

v v

Joint analysis

- No superposition problems
- Including M.S.
- (F.T. artefacts)




Analysis - non-linear fitting of outer shells

r

Input

from theory

=

5

pi pi
¢, C. C3 SN, o

SS & MS path sorting

\ 4 —
Calculated EXAFS

Il

fratn (k) Gpun(K),

Experimental EXAFS

Parameters to be fitted

For every path !

Paolo
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Non-linear fit
e k-space
® r-space

e Reduction of free param.
¢ Relations between param.
e Approximations
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Analysis - Maximum available information
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o

Maximum number

of independent 2 Ak Ar
quantities N, .= +1
from an EXAFS spectrum o A

- Signal quality
 Correlation effects
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Analysis - Accuracy evaluation el

(r)=2.85A Pan
D
N =12 i o

Uncertainty

Random experimental fluctuations |

Repeat
: : measurements !l
Estimate of systematic errors |

Statistical uncertainties of data analysis |




Quantitative uncertainty from experiment

Repeated
measurements

Quality of data

Data analysis

Definition
of phys. quantities

Systematic errors

« Same run, different data files
 Different beamlines, different times

- Different edges (signal contamination ?7)

Ratio method, highly sensitive

« Background subtraction
« FT windows
« Fitting intervals

« Average .vs. crystallographic distance
« Debye temperature

77

Paolo
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Indep. data
Gaussian distr.?

Non-indep.
data
Uniform distr.?

J. Synchr. Rad.
26, 603 (2013)




EXAFS data analysis

a Examples and interpretation of results

(comparison EXAFS-XRD)




Diffraction .vs. EXAFS Formasin

Univ. Trento

Crystals

ki(k) [a.u]

Non-cryst.
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Random solid solutions (a)
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1l vV VvV

B C N

Al Si| P Direct-gap

Ga | Ge | As ternary alloys

In | Sn | Sb ‘
?r?,[l\' — » Ga,,InN

?:':SS —» Ga,,InAs

Lattice parameter (XRD)
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Random solid solutions (b) s

Lattice parameter (from XRD) N-N distance
Vegard's law Virtual crystal approximation

a (A) 6.055 R (A) ® 2.622

5.653 2.448 &

GaAs InAs GaAs InAs
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Random solid solutions (c) P e
EXAFS: selectivity of atomic species

—p—

V In K edge, 4 As NN
?.601 . ‘

-
-

©
I

. | EXAFS results
X-RAY | for Nearest-Neighbours

2.55 |

VIRTUAL
CRYSTAL

NEAR-NEIGHEOR DISTANCE {A)

Ga K edge, 4 As NN

0 0.2 0?4 | 0:6 | 0?8 | 1.0 : :
GaAS  COMPOSITION (x in Ga,  In As) '™ » DIS.tOI"tIOn
= of the virtual crystal

Mikkelsen & Boyce, 1983
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Effects of thermal vibrations in crystals

Univ. Trento

XRD = atomic thermal ellipsoids

EXAFS = relative thermal ellipsoids

Perpendicular
Relative

<Aui>
vibrations:

MSRDs Parallel <Au”2>

2
EXAFS o’ = <Au” >

2
EXAFS (& diffraction) <AML> y




Bond distances in crystals

exars | (r)=(F, -7
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;< bond exp.
o 1.0 CdTe ° ,
= o8 <Aul>
2 ¢ <r> ~ R+
@ o 2R
< 0.5 ° crgi:).
Q_ .
¢ XRD — —
E A0 e | 2 R=|R)-(F)
£ 0.0 -Ayﬁg;:rfwaﬁ!'f?“‘?" .
-QC) \
= 100 200 300
T (K) EXAFS
neglecting 34 cumulant
Difference (A) | T(K) Cu Ge CdTe
5 1.3%X10°3 1.5%X10°3 1x1073
300 4 X103 8 X103 11X10°3




EXAFS Debye-Waller factor Peco

MSD DCF
Mean Square Displacement
Displacements Correlation Function

I

Thermal factors from Bragg diffraction:
Uy =<(R'“a) >=(Un )
b A \2 )2 iy




Debye-Waller factor - Debye model
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sin(wg R
o’ " wcot h— 1- ( 4o ) dw
ZQ)DM BT wq,R
02 Debye temperature
2 22 , 0 _h—w
10° A _ ,Mmsp  XRD Yk
Copper + 2nd shell 6p=315K
o 5 ath shell 6y =313K
% i X 3rd shell EXAFS
i @,j;,x" 1st shell 0,=321K
B 85 = 322 K
1 i *;;g" » o 62 - 283 K
i e 6, =328K
# :o"'.
0 S 2| eincreases with T
0O 100 200 300 400 500 O | . depends on the shell
) T (K) .



Debye-Waller factor - Einstein model
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Non-Bravais crystal

h hw
o’ = coth( E)
2uw, 2kT
o2
(A?) T :
Germanium o 3rd
0.02 Debye
VT ° temperatures
A 2nd
2mMsp  *
E A GD = 354 K
® A OM = 290 K
0.01-— ® A
o A _
.o A o =290 K
- - ™1 L] 62 - 299 K
N - 0, = 460 K
0 200 400

Einstein

frequency force const.

v=w/2r  k=uw’
(THz) (eV/A2)
= 3.95 =2.18

v, =4.21 k;=2.48

V1 = /.55 k1 =8.15
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