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•  They	
  measure	
  the	
  response	
  of	
  a	
  system	
  as	
  a	
  func)on	
  of	
  energy	
  
•  The	
  energy	
  that	
  is	
  scanned	
  can	
  be	
  that	
  of	
  the	
  incident	
  beam	
  or	
  the	
  

energy	
  of	
  the	
  outgoing	
  par)cles	
  (photons	
  in	
  x-­‐ray	
  fluorescence,	
  
electrons	
  in	
  photoelectron	
  spectroscopy)	
  

•  In	
  all	
  cases,	
  the	
  incident	
  radia)on	
  is	
  synchrotron	
  light,	
  which	
  is	
  
absorbed,	
  resul)ng	
  in	
  an	
  ejec)on	
  of	
  an	
  electron	
  (photoelectric	
  
effect)	
  

Photoelectric	
  absorp/on	
  
An	
  x-­‐ray	
  is	
  absorbed	
  by	
  an	
  atom,	
  
and	
  the	
  excess	
  energy	
  is	
  transferred	
  
to	
  an	
  electron,	
  which	
  is	
  expelled	
  
from	
  the	
  atom,	
  leaving	
  it	
  ionized.	
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The	
  absorp)on	
  coefficient	
  -­‐	
  1	
  

•  Quan)ta)vely,	
  the	
  absorp)on	
  is	
  given	
  by	
  the	
  linear	
  absorp)on	
  
coefficient	
  !



•  !#$  :  a,enua)on	
  of	
  the	
  beam	
  through	
  an	
  infinitesimal	
  thickness	
  #$    :  a,enua)on	
  of	
  the	
  beam	
  through	
  an	
  infinitesimal	
  thickness	
  #$  
at	
  a	
  depth	
  $  from	
  the	
  surface
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The	
  absorp)on	
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The	
  intensity	
  '($)	
  through	
  the	
  sample	
  fulfills	
  the	
  condi)on	
  
−#'='($)!#$	
  
which	
  leads	
  to	
  the	
  differen)al	
  equa)on	
  
​#'/'($) =−!#$	
  
If	
  '($=0)= ​'↓0 ,	
  	
  (​'↓0 :	
  incident	
  beam	
  intensity	
  at	
  $=0)	
  then	
  
	
  
'($)=   ​'↓0 ​.↑−!$ 	
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The	
  absorp)on	
  coefficient	
  -­‐	
  3	
  



'($)=   ​'↓0 ​.↑−!$     ⇒      01​​'↓0 /' =!$	
  
	
  
	
  
	
  
Experimentally,	
  !	
  can	
  be	
  determined	
  as	
  the	
  ra)o	
  of	
  the	
  beam	
  
intensi)es	
  with	
  and	
  without	
  the	
  samples	
  (or	
  beam	
  intensity	
  before	
  and	
  
a]er	
  the	
  sample)	
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Transmission	
  	
  
The	
  absorp)on	
  is	
  measured	
  directly	
  by	
  measuring	
  what	
  is	
  transmi,ed	
  
through	
  the	
  sample	
  
​'='↓0 ​.↑−!(2)3 	
  
!(2)3=α= ​ln ⁠​​'↓0 ∕​'↓1   	
  

    	
   	
   
Fluorescence	
  
The	
  re-­‐filling	
  the	
  deep	
  core	
  hole	
  is	
  detected.	
  Typically	
  the	
  fluorescent	
  X-­‐
ray	
  is	
  measured	
  
5∝​​'↓6 ∕​'↓0  	
  
	
  

     

synchrotron	
  source	
  

monochromator	
   sample	
  

I0	
  

IF	
  
I1	
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Atomic	
  cross	
  sec)on	
  

	
  
!= ​7↓83 ​9↓: =(​​7↓; ​<↓= /= )​9↓: 	
  
	
  
	
  
	
  
​>↓8 [ ​cm↑2 ]	
  
	
  
​>↓8 [@8A1]            1  @8A1= ​10↑−28 ​  m↑2 	
  
	
  
​>↓8 [​​cm↑2 /g ]= ​​<↓= /= ​  >↓8 [​cm↑2 ]= ​!  /​7↓;  	
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Avogadro’s	
  number	
  mass	
  density	
  

Atomic	
  mass	
  
Atomic	
  number	
  	
  

density	
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μ	
  depends	
  strongly	
  on:	
  

•  x-­‐ray	
  energy	
  E	
  

•  atomic	
  number	
  Z	
  	
  

•  density	
  ρ	
  	
  

•  atomic	
  mass	
  A	
  

In	
  addi)on,	
  μ	
  has	
  sharp	
  absorp/on	
  edges	
  corresponding	
  to	
  the	
  	
  
characteris)c	
  core-­‐level	
  energy	
  of	
  the	
  atom	
  which	
  originate	
  

when	
  the	
  photon	
  energy	
  becomes	
  high	
  enough	
  	
  
to	
  extract	
  an	
  electron	
  from	
  a	
  deeper	
  level	
  	
  

!≈​7​C↑4 /=​2↑3   
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The	
  energies	
  of	
  the	
  K	
  
absorp)on	
  edges	
  go	
  
roughly	
  as	
  EK	
  ~	
  Z2	
  

All	
  elements	
  with	
  Z	
  >	
  16	
  
have	
  either	
  a	
  K-­‐,	
  or	
  L-­‐	
  edge	
  
between	
  2	
  and	
  35	
  keV,	
  which	
  
can	
  be	
  accessed	
  at	
  many	
  
synchrotron	
  sources	
  



giuliana.aquilan)@ele,ra.eu	
  
	
  

Intro	
  to	
  XAS	
  –	
  smr2738	
  

De-­‐excita)on	
  process	
  

14	
  

Absorp)on	
   Excited	
  state	
  

Core	
  hole	
  +	
  
photoelectron	
  

Decay	
  to	
  the	
  ground	
  state	
  

X-­‐ray	
  Fluorescence	
  

An	
  x-­‐ray	
  with	
  energy	
  equal	
  to	
  the	
  
difference	
  of	
  the	
  core-­‐levels	
  is	
  emi,ed	
  

X-­‐ray	
  fluorescence	
  and	
  Auger	
  emission	
  occur	
  at	
  discrete	
  energies	
  
characteris)c	
  of	
  the	
  absorbing	
  atom,	
  and	
  can	
  be	
  used	
  to	
  iden)fy	
  the	
  
absorbing	
  atom	
  

Auger	
  Effect	
  

An	
  electron	
  is	
  promoted	
  to	
  the	
  
con)nuum	
  from	
  another	
  core-­‐level	
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From	
  the	
  )me-­‐energy	
  uncertainty	
  rela)on:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  the	
  core	
  hole	
  
life)me	
  is	
  associated	
  to	
  the	
  energy	
  width	
  of	
  the	
  excited	
  state	
  Γh	
  	
  (core	
  
hole	
  broadening)	
  which	
  contributes	
  to	
  the	
  resolu)on	
  of	
  the	
  x-­‐ray	
  
absorp)on	
  experimental	
  spectra	
  

Total	
  de-­‐excita)on	
  probability	
  per	
  unit	
  )me	
  

The	
  deeper	
  the	
  core	
  hole	
  and	
  the	
  larger	
  the	
  atomic	
  number	
  Z	
  

The	
  larger	
  the	
  number	
  of	
  upper	
  levels	
  from	
  which	
  
	
  an	
  electron	
  can	
  drop	
  to	
  fill	
  the	
  hole	
  

The	
  shorter	
  the	
  core	
  hole	
  life)me	
  

τh	
  is	
  un	
  upper	
  limit	
  to	
  the	
  )me	
  allowed	
  to	
  the	
  photoelectron	
  for	
  probing	
  
the	
  	
  local	
  structure	
  surrounding	
  the	
  absorbing	
  atom	
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What?	
  Oscillatory	
  behaviour	
  of	
  the	
  of	
  the	
  x-­‐ray	
  absorp)on	
  as	
  a	
  func)on	
  	
  
	
  of	
  photon	
  energy	
  beyond	
  an	
  absorp)on	
  edge	
  

When?	
  Non	
  isolated	
  atoms	
  
Why?	
  Proximity	
  of	
  neighboring	
  atoms	
  strongly	
  modulates	
  the	
  absorp)on	
  	
  

	
  coefficient	
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1895 	
  Discovery	
  of	
  x-­‐rays	
  (Röngten)	
  (high	
  penetra)on	
  depth)	
  
1912 	
  First	
  x-­‐ray	
  diffrac)on	
  experiments	
  (Laue,	
  Bragg)	
  
1913 	
  Bohr’s	
  atom	
  electron	
  energy	
  levels	
  
1920 	
  First	
  experimental	
  observa)on	
  of	
  fine	
  structure	
  
1931 	
  First	
  a,empt	
  to	
  explain	
  XAFS	
  in	
  condensed	
  ma,er	
  (Krönig)	
  
.	
  
.	
  
1970 	
  Availability	
  of	
  synchrotron	
  radia)on	
  	
  sources	
  for	
  XAFS	
  
1971	
   	
  XAFS	
  becomes	
  a	
  quan)ta)ve	
  tool	
  for	
  structure	
  determina)on	
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XANES	
  

EXAFS	
  

Extended	
  
X-­‐ray	
  
Absorp)on	
  
Fine	
  	
  
Structure	
  

X-­‐ray	
  
Absorp)on	
  
Near	
  	
  
Edge	
  
Structure	
  

up	
  to	
  ~	
  60	
  eV	
  
above	
  the	
  edge	
  	
  

from	
  ~	
  60	
  eV	
  	
  
to	
  1200	
  eV	
  
above	
  the	
  edge	
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XANES	
   EXAFS	
  same	
  physical	
  origin	
  

transi)ons	
  to	
  	
  
unfilled	
  bound	
  states,	
  	
  
nearly	
  bound	
  states,	
  	
  

con/nuum	
  	
  

transi)ons	
  to	
  	
  
the	
  con/nuum	
  

• 	
  Oxida)on	
  state	
  
• 	
  Coordina)on	
  chemistry	
  	
  
	
  	
  (tetrahedral,	
  octahedral)	
  	
  
	
  	
  of	
  the	
  absorbing	
  atom	
  
• 	
  Orbital	
  occupancy	
  

• 	
  Radial	
  distribu)on	
  of	
  atoms	
  	
  
	
  	
  	
  around	
  the	
  photoabsorber	
  
	
  	
  (bond	
  distance,	
  number	
  
	
  	
  	
  and	
  type	
  of	
  neighbours)	
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•  X-­‐ray	
  photon	
  with	
  enough	
  energy	
  ejects	
  
one	
  core	
  (photo)electron	
  (photoelectric	
  
effect)	
  

	
  

	
  
•  The	
  photoelectron	
  can	
  be	
  described	
  by	
  

a	
  wave	
  func)on	
  approximated	
  by	
  a	
  
spherical	
  wave	
  

Kine)c	
  energy	
  
of	
  the	
  p.e.	
  

wavevector	
  of	
  the	
  p.e.	
  

wavelength	
  of	
  the	
  p.e.	
  

E	
  
22 

D∝   ​1∕2 − ​2↓0  
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EXAFS	
  qualita)vely	
  –	
  condensed	
  ma,er	
  

•  The	
  photoelectron	
  can	
  sca,er	
  from	
  a	
  
neighbouring	
  atom	
  giving	
  rise	
  to	
  an	
  
incoming	
  spherical	
  wave	
  coming	
  back	
  to	
  
the	
  absorbing	
  atom	
  

•  The	
  outgoing	
  and	
  ingoing	
  waves	
  may	
  
interfere	
  

E	
  
D∝   ​1∕2 − ​2↓0  
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Origin	
  of	
  the	
  fine	
  structure	
  (oscilla)ons)	
  

•  The	
  interference	
  between	
  the	
  outgoing	
  and	
  the	
  sca,ering	
  part	
  of	
  the	
  
photoelectron	
  at	
  the	
  absorbing	
  atom	
  changes	
  the	
  probability	
  for	
  an	
  absorp)on	
  of	
  
x-­‐rays	
  i.e.	
  alters	
  the	
  absorp)on	
  coefficient	
  μ(E)	
  that	
  is	
  no	
  longer	
  smooth	
  as	
  in	
  
isolated	
  atoms,	
  but	
  oscillates.	
  

•  In	
  the	
  extreme	
  of	
  destruc)ve	
  interference,	
  when	
  the	
  outgoing	
  and	
  the	
  
backsca,ered	
  waves	
  are	
  completely	
  out	
  of	
  phase,	
  they	
  will	
  cancel	
  each	
  other,	
  
which	
  means	
  that	
  no	
  free	
  unoccupied	
  state	
  exists	
  in	
  which	
  the	
  core-­‐electron	
  could	
  
be	
  excited	
  to.	
  

•  Thus	
  absorp)on	
  is	
  unlikely	
  to	
  occur	
  and	
  the	
  EXAFS	
  oscilla)ons	
  will	
  have	
  a	
  
minimum.	
  

•  The	
  phase	
  rela)onship	
  between	
  outgoing	
  and	
  incoming	
  waves	
  depends	
  on	
  
photoelectron	
  wavelength	
  (and	
  so	
  on	
  the	
  energy	
  of	
  x-­‐rays)	
  and	
  interatomic	
  
distance	
  R.	
  

•  The	
  amplitude	
  is	
  determined	
  by	
  the	
  number	
  and	
  type	
  of	
  neighbours	
  since	
  they	
  
determine	
  how	
  strongly	
  the	
  photoelectron	
  will	
  be	
  sca,ered	
  

	
  

24	
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Which	
  informa)on	
  

Frequency	
  of	
  the	
  oscilla)ons	
  	
  
	
  
	
  

Distance	
  from	
  neighbours	
  
	
  
	
  

Amplitude	
  of	
  the	
  oscilla)ons	
  
	
  
	
  

Number	
  and	
  type	
  of	
  neighbours	
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Some	
  spectra	
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Kr	
  gas	
   Rh	
  metal	
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Fermi’s	
  Golden	
  rule	
  

According	
  to	
  the	
  )me	
  dependent	
  perturba)on	
  theory,	
  the	
  Fermi’s	
  	
  
Golden	
  rule	
  gives	
  the	
  transi)on	
  rate	
  (probability	
  of	
  transi)on	
  per	
  unit	
  
)me)	
  per	
  unit	
  volume	
  between	
  an	
  ini)al	
  and	
  a	
  final	
  eigenstate	
  due	
  to	
  a	
  
perturba)on	
  
	
  
​E↓FG = ​2H/ℏ ​|⟨​Ψ↓F |​ℋ↓G13 |​Ψ↓G ⟩|↑2 7(​2↓F )	
  
	
  
!=− ​1/' ​#'/#$ =∑F↑▒​2HN/​O↑2 ​=0↑2   <ℏO​E↓FG 	
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Sum	
  over	
  
all	
  final	
  states	
  

Number	
  of	
  microscopic	
  	
  
absorbing	
  element	
  	
  
per	
  unit	
  volume	
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Absorp)on	
  process	
  

!∝∑F↑▒​|⟨​P↓F |​Q ∙R|​P↓G ⟩|↑2  7( ​2↓F )

	
  
	
  
|i›	
  :	
  ini)al	
  state	
  of	
  energy	
  Ei	
  
•  core	
  electron	
  (e.g.	
  1s	
  electron	
  wave	
  func)on)	
  
•  	
  very	
  localized	
  
•  	
  NOT	
  altered	
  by	
  the	
  presence	
  of	
  the	
  neighboring	
  atoms  
|f›	
  :	
  final	
  state	
  of	
  energy	
  Ef=	
  Ei+ħω	
  
•  	
  core	
  hole	
  +	
  photoelectron	
  
•  	
  mul)body	
  process	
  
•  	
  altered	
  by	
  neighbouring	
  atoms	
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photon	
  
polariza)on	
  

Electron	
  	
  
posi)on	
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Ini)al	
  and	
  final	
  states	
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Where:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  angular	
  momentum	
  of	
  the	
  electron	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  spherical	
  harmonic	
  func)ons	
  

	
  	
  
(solu)on	
  of	
  the	
  angular	
  part	
  of	
  the	
  Schrödinger	
  equa)on)	
  

l0	
  
Wavefunc)on	
  of	
  the	
  ini)al	
  state:	
  

Yl0,m0	
  
l0	
  

For	
  the	
  final	
  state	
  a	
  poten)al	
  must	
  take	
  into	
  account	
  that	
  the	
  electron	
  moves	
  
in	
  the	
  condensed	
  ma,er	
  

Muffin	
  Tin	
  Poten)al	
  
Spherical	
  regions	
  centered	
  on	
  each	
  atom	
  in	
  	
  
which	
  the	
  poten)al	
  has	
  a	
  spherical	
  symmetry.	
  
Wavefunc)ons	
  described	
  by	
  a	
  radial	
  	
  
+	
  angular	
  part	
  
Inters))al	
  region	
  with	
  a	
  constant	
  poten)al.	
  
Wavefunc)ons	
  described	
  by	
  plane	
  waves	
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  to	
  XAS	
  –	
  smr2738	
  

Dipole	
  selec)on	
  rules	
  

The	
  dipolar	
  selec)on	
  rules	
  determine	
  the	
  transi)on	
  from	
  the	
  ini)al	
  to	
  
the	
  final	
  state	
  

30	
  

EDGE INITIAL STATE FINAL STATE 

K, L1 s (ℓ=0) p (ℓ=1) 
L2, L3 p (ℓ=1) s (ℓ=0), d (ℓ=2) 
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Intro	
  to	
  XAS	
  –	
  smr2738	
  

The	
  EXAFS	
  signal	
  S(T)	
  -­‐	
  1	
  

•  The	
  EXAFS	
  signal	
  is	
  generally	
  espressed	
  as	
  a	
  func)on	
  of	
  the	
  
wavevector	
  of	
  the	
  photoelectron	
  T=√⁠[2;( ​2↓ℎW − ​2↓0 )/ ​ℏ↑2 ] 	
  

•  The	
  oscillatory	
  part	
  of	
  the	
  spectrum	
  contains	
  the	
  structural	
  
informa)on	
  

•  We	
  define	
  the	
  EXAFS	
  func)on	
  as	
  S(T)=   ​!− ​!↓0 /Δ​!↓0  	
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​!↓0  μ0(E)	
   Smooth	
  func)on	
  represen)ng	
  the	
  	
  
bare	
  atomic	
  background	
  

Δμ0	
   Edge	
  step	
  at	
  the	
  absorp)on	
  edge	
  	
  
normalized	
  to	
  one	
  absorp)on	
  event	
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The	
  EXAFS	
  signal	
  S(T)	
  -­‐	
  2	
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XAFS	
  originates	
  from	
  an	
  interference	
  effect,	
  	
  
and	
  depends	
  on	
  the	
  wave-­‐nature	
  of	
  the	
  photoelectron.	
  

χ(k)	
  is	
  o]en	
  shown	
  weighted	
  by	
  k2	
  or	
  k3	
  to	
  amplify	
  the	
  oscilla)ons	
  at	
  high-­‐k	
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S(T):	
  sum	
  of	
  damped	
  waves	
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The	
  larger	
  the	
  number	
  	
  
of	
  neighbours,	
  the	
  larger	
  	
  
the	
  signal	
  

The	
  stronger	
  the	
  	
  
sca,ering	
  amplitude,	
  	
  
the	
  larger	
  the	
  signal	
  

Each	
  shell	
  contributes	
  a	
  	
  
sinusoidal	
  signal	
  which	
  	
  
oscillates	
  more	
  rapidly	
  	
  
the	
  larger	
  the	
  distance	
  

	
  χ(k)	
  is	
  the	
  sum	
  of	
  contribu)ons	
  χj(k)	
  from	
  backsca,ered	
  wavelets:	
  

	
  
Each	
  χj(k)	
  can	
  be	
  approximated	
  by	
  a	
  damped	
  sine	
  wave	
  of	
  the	
  type:	
  

Damping	
  of	
  the	
  amplitude	
  	
  
at	
  large	
  k,	
  due	
  to	
  sta)c	
  	
  
and	
  thermal	
  disorder	
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EXAFS	
  formula	
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sca,ering	
  proper)es	
  of	
  the	
  atoms	
  	
  
neighbouring	
  the	
  photoabsorber	
  (depend	
  
on	
  the	
  atomic	
  number)	
  	
  	
  

sca,ering	
  
amplitude	
  
phase-­‐shi]	
  

Distance	
  to	
  the	
  neighbouring	
  atom	
  

Coordina)on	
  number	
  of	
  the	
  neighbouring	
  atom	
  

Disorder	
  in	
  the	
  neighbouring	
  distance	
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Amplitudes	
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AgF	
  (rocksalt	
  structure)	
  

The	
  shape	
  of	
  the	
  envelope	
  of	
  each	
  wave	
  is	
  indica)ve	
  of	
  the	
  nature	
  of	
  
backsca,erer	
  atom	
  

Ag-­‐F	
  
2.46	
  Å	
  

Ag-­‐Ag	
  
3.48	
  Å	
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Frequencies	
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The	
  frequency	
  of	
  the	
  single	
  wave,	
  for	
  the	
  same	
  atomic	
  pair,	
  is	
  indica)ve	
  	
  
of	
  the	
  distance	
  of	
  the	
  backsca,erer	
  atom	
  (the	
  lower	
  the	
  frequency	
  the	
  
closer	
  the	
  neighbour)	
  

Ag-­‐F	
  
2.46	
  Å	
  

AgF	
  (rocksalt	
  structure)	
  

Ag-­‐F	
  
4.26	
  Å	
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  XAS	
  –	
  smr2738	
  

Sca,ering	
  amplitude	
  and	
  phase	
  shi]:	
  F(k)	
  
and	
  δ(k)	
  

The	
  sca,ering	
  amplitude	
  F(k)	
  and	
  phase	
  shi]	
  δ(k)	
  depend	
  on	
  the	
  
atomic	
  number	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
These	
  sca,ering	
  func)ons	
  can	
  be	
  accurately	
  calculated	
  and	
  used	
  in	
  the	
  
EXAFS	
  modeling	
  
Z	
  can	
  usually	
  be	
  determined	
  to	
  within	
  5	
  or	
  so.	
  Fe	
  and	
  O	
  can	
  be	
  
dis)nguished,	
  but	
  Fe	
  and	
  Mn	
  cannot	
  
	
   37	
  

The	
  sca,ering	
  amplitude	
  F(k)	
  peaks	
  at	
  different	
  k	
  
values	
  and	
  extends	
  to	
  higher	
  k	
  for	
  heavier	
  
elements.	
  For	
  very	
  heavy	
  elements,	
  there	
  is	
  
structure	
  in	
  F(k).	
  

The	
  phase	
  shi]	
  δ(k)	
  shows	
  sharp	
  
changes	
  for	
  very	
  heavy	
  elements.	
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Mul)ple	
  sca,ering	
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Mul)ple	
  sca,ering	
  events	
  may	
  occur	
  
The	
  photoelectron	
  sca,er	
  from	
  more	
  than	
  one	
  atom	
  before	
  returning	
  to	
  
the	
  central	
  atom	
  

R1 

SS	
  	
   	
   	
  g2(r)	
  
f	
  =	
  2	
  R1	
  

R1 

MS	
  	
  	
  	
  	
   	
  g2(r)	
  
f	
  =	
  4	
  R1	
  
MS	
  	
  	
  	
  	
   	
  g3(r)	
  
f	
  =	
  R1	
  +	
  R2	
  +	
  R3	
   R1 

R3 

R2 
MS	
  	
  	
  	
  	
   	
  g3(r)	
  
f	
  =	
  2R1	
  +	
  2R3	
  

R1 

R3 

Through	
  mul)ple	
  sca,ering	
  EXAFS	
  can	
  give	
  informa)on	
  	
  
on	
  the	
  n-­‐body	
  distribu)on	
  func)ons	
  gn(r)	
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Qualita)ve	
  picture	
  of	
  local	
  coordina)on	
  in	
  R	
  
space	
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  A	
  Fourier	
  Transform	
  of	
  the	
  EXAFS	
  
signal	
  provides	
  a	
  photoelectron	
  
sca,ering	
  profile	
  as	
  a	
  func)on	
  of	
  
the	
  radial	
  distance	
  from	
  the	
  
absorber.	
  

	
  The	
  frequencies	
  contained	
  in	
  
the	
  EXAFS	
  signal	
  depend	
  on	
  the	
  
distance	
  between	
  the	
  
absorbing	
  atom	
  and	
  the	
  
neighbouring	
  atoms	
  (i.e.	
  the	
  
length	
  of	
  the	
  sca,ering	
  path).	
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Quan)ta)ve	
  structural	
  determina)on	
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Structural	
  determina)ons	
  depend	
  on	
  the	
  feasibility	
  of	
  resolving	
  the	
  
data	
  into	
  individual	
  waves	
  corresponding	
  to	
  the	
  different	
  types	
  of	
  
neighbours	
  (SS)	
  and	
  bonding	
  configura)ons	
  (MS)	
  around	
  the	
  
absorbing	
  atom	
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XAS	
  vs	
  diffrac)on	
  methods	
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Diffrac)on	
  Methods	
  (x-­‐rays,	
  Neutrons)	
  
•  Crystalline	
  materials	
  with	
  long-­‐range	
  ordering	
  -­‐>	
  3D	
  picture	
  of	
  atomic	
  coordinates	
  
•  Materials	
  with	
  only	
  short-­‐range	
  order	
  (amorphous	
  solid,	
  liquid,	
  or	
  solu)on)	
  -­‐>	
  1D	
  

RDF	
  containing	
  interatomic	
  distances	
  due	
  to	
  all	
  atomic	
  pairs	
  in	
  the	
  sample	
  

XAFS	
  
•  1D	
  radial	
  distribu)on	
  func)on	
  (centered	
  at	
  the	
  absorber)	
  	
  

•  Higher	
  sensi)vity	
  to	
  local	
  distor)ons	
  (i.e.	
  within	
  the	
  unit	
  cell)	
  
•  Charge	
  state	
  sensi)vity	
  (XANES)	
  

•  Element	
  selec)vity	
  

•  Structural	
  informa)on	
  on	
  the	
  environment	
  of	
  each	
  type	
  of	
  atom:	
  
•  distance,	
  number,	
  kind,	
  sta)c	
  and	
  thermal	
  disorder	
  
•  3-­‐body	
  correla)ons	
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EXAFS:	
  typical	
  applica)ons	
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•  Local	
  structure	
  in	
  non-­‐crystalline	
  ma,er	
  
•  Local	
  environment	
  of	
  an	
  atomic	
  impurity	
  in	
  a	
  matrix	
  of	
  different	
  

atomic	
  species	
  
•  Study	
  of	
  systems	
  whose	
  local	
  proper)es	
  differ	
  from	
  the	
  average	
  

proper)es	
  
•  Detec)on	
  of	
  very	
  small	
  distor)ons	
  of	
  local	
  structure	
  

	
  	
  	
  	
  	
  Element	
  selec)vity	
  
	
  	
  	
  	
  	
  Local	
  structure	
  sensi)vity	
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  to	
  XAS	
  –	
  smr2738	
  

Outline	
  

•  X-­‐ray	
  absorp)on	
  
•  X-­‐ray	
  absorp)on	
  fine	
  structure	
  
•  XANES	
  
•  Some	
  examples	
  of	
  EXAFS	
  and	
  XANES	
  
studies	
  for	
  cultural	
  heritage	
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XANES	
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XANES	
  is	
  the	
  region	
  of	
  the	
  
absorp)on	
  spectrum	
  within	
  ~	
  60	
  
eV	
  	
  of	
  the	
  absorp)on	
  edge	
  
	
  
X-­‐ray	
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Near	
  	
  
Edge	
  	
  
Structure	
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XANES	
  includes	
  also	
  the	
  	
  
“pre-­‐edge	
  features”	
  if	
  any	
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K-­‐edge	
  XANES	
  

Mn:	
  [Ar]	
  3d5	
  4s2	
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Chemical	
  shi]	
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Mn:	
  [Ar]	
  3d5	
  4s2	
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Edge	
  posi)on:	
  oxida)on	
  state	
  -­‐	
  1	
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The	
  edges	
  of	
  many	
  elements	
  show	
  significant	
  edge	
  shi]s	
  
(binding	
  energy	
  shi]s)	
  with	
  oxida)on	
  state.	
  

Mn	
  oxides	
  



giuliana.aquilan)@ele,ra.eu	
  
	
  

Intro	
  to	
  XAS	
  –	
  smr2738	
  

Edge	
  posi)on:	
  oxida)on	
  state	
  -­‐	
  2	
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The	
  heights	
  and	
  posi)ons	
  of	
  pre-­‐edge	
  peaks	
  can	
  also	
  be	
  reliably	
  used	
  to	
  
determine	
  Fe3+/Fe2+	
  ra)os	
  (and	
  similar	
  ra)os	
  for	
  many	
  ca)ons)	
  
	
  

Fe	
  oxides	
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Edge	
  posi)on:	
  oxida)on	
  state	
  -­‐	
  3	
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Fe	
  compounds	
  

XANES	
  can	
  be	
  used	
  simply	
  as	
  a	
  fingerprint	
  of	
  phases	
  and	
  oxida)on	
  state	
  
	
  
XANES	
  analysis	
  can	
  be	
  as	
  simple	
  as	
  making	
  linear	
  combina)ons	
  of	
  “known”	
  	
  
spectra	
  to	
  get	
  composi)onal	
  frac)on	
  of	
  these	
  components	
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XANES	
  transi)on	
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Dipole	
  selec)on	
  rules	
  apply:	
  

The	
  final	
  state	
  is	
  usually	
  not	
  atomic-­‐like	
  and	
  may	
  have	
  mixing	
  	
  
(hybridiza)on)	
  with	
  other	
  orbitals.	
  	
  
	
  
This	
  is	
  o]en	
  the	
  interes)ng	
  part	
  of	
  the	
  XANES	
  

EDGE INITIAL STATE FINAL STATE 

K, L1 s (ℓ=0) p (ℓ=1) 
L2, L3 p (ℓ=1) s (ℓ=0), d (ℓ=2) 
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Transi)on	
  metals	
  pre-­‐edge	
  peaks	
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Transi/on	
  from	
  1s	
  to	
  4p	
  states	
  

Pure	
  octahedron	
  
•  Centro-­‐symmetry:	
  no	
  p-­‐d	
  mixing	
  allowed	
  
•  Only	
  (weak)	
  quadrupolar	
  transi)ons	
  
•  No,	
  or	
  very	
  low	
  intensity	
  prepeak	
  

Distorted	
  octahedron	
  
•  Centro-­‐symmetry	
  broken:	
  p-­‐d	
  

mixing	
  allowed	
  
•  Dipole	
  transi)on	
  in	
  the	
  edge	
  
•  Moderate	
  intensity	
  prepeak	
  
	
  
	
  Tetrahedron	
  
•  No	
  centro-­‐symmetry	
  :	
  p-­‐d	
  mixing	
  allowed	
  
•  Dipole	
  transi)on	
  in	
  the	
  edge	
  
•  High	
  intensity	
  prepeak	
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Prepeak:	
  local	
  coordina)on	
  environment	
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Ba2TiO4	
  

K2TiSi3O9	
  

Ti4+	
  

Ti	
  K-­‐edge	
  XANES	
  shows	
  drama)c	
  dependence	
  on	
  
the	
  local	
  coordina)on	
  chemistry	
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  smr2738	
  

Pre-­‐peak	
  :	
  oxida)on	
  state	
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The	
  XANES	
  of	
  Cr3+	
  and	
  Cr6+	
  shows	
  a	
  drama)c	
  dependence	
  on	
  	
  
oxida)on	
  state	
  and	
  coordina)on	
  chemistry.	
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Intro	
  to	
  XAS	
  –	
  smr2738	
  

White	
  line	
  intensity	
  of	
  L3-­‐edge	
  of	
  XANES	
  of	
  
4d	
  metals	
  

Transi/on	
  from	
  2p3/2	
  to	
  4d	
  states	
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Linear	
  correla)on	
  between	
  

white	
  line	
  area	
  and	
  number	
  of	
  

4d-­‐holes	
  for	
  Mo	
  to	
  Ag	
  

Increasing	
  	
  d	
  states	
  
occupancy	
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  –	
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White	
  line	
  intensity:	
  oxida)on	
  state	
  

Re	
  L3-­‐edge:	
  transi/on	
  from	
  2p3/2	
  to	
  5d	
  states	
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Re	
  metal	
  (Re0)	
  –	
  5d5	
  
	
  
ReO2	
  (Re4+)	
  –	
  5d1	
  
	
  
NH4ReO4	
  (Re7+)	
  5d0	
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XANES:	
  interpreta)on	
  

The	
  EXAFS	
  equa)on	
  breaks	
  down	
  at	
  low-­‐k,	
  and	
  the	
  mean-­‐free-­‐path	
  
goes	
  up.	
  

This	
  complicates	
  XANES	
  interpreta)on:	
  

A	
  simple	
  equa)on	
  for	
  XANES	
  does	
  not	
  exist	
  

XANES	
  can	
  be	
  described	
  qualita/vely	
  (and	
  nearly	
  quan/ta/vely)	
  in	
  
terms	
  of:	
  
•  Coordina)on	
  chemistry:	
  regular,	
  distorted	
  octahedral,	
  tetrahedral,	
  .	
  .	
  .	
  

•  Molecular	
  orbitals:	
  p-­‐d	
  orbital	
  hybridiza)on,	
  crystal-­‐field	
  theory,	
  .	
  .	
  .	
  

•  Band-­‐structure:	
  the	
  density	
  of	
  available	
  electronic	
  states	
  

•  Mul)ple-­‐sca,ering:	
  mul)ple	
  bounces	
  of	
  the	
  photoelectron	
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Intro	
  to	
  XAS	
  –	
  smr2738	
  

XANES:	
  conclusions	
  

XANES	
  is	
  a	
  much	
  larger	
  signal	
  than	
  EXAFS	
  
•  XANES	
  can	
  be	
  done	
  at	
  lower	
  concentra)ons,	
  and	
  less-­‐than-­‐perfect	
  

sample	
  condi)ons	
  

XANES	
  is	
  easier	
  to	
  crudely	
  interpret	
  than	
  EXAFS	
  
•  For	
  many	
  systems,	
  the	
  XANES	
  analysis	
  based	
  on	
  linear	
  combina)on	
  

of	
  known	
  spectra	
  form	
  “model	
  compounds”	
  is	
  sufficient	
  

XANES	
  is	
  harder	
  to	
  fully	
  interpret	
  than	
  EXAFS	
  

•  The	
  exact	
  physical	
  and	
  chemical	
  interpreta)on	
  of	
  all	
  spectral	
  
features	
  is	
  s)ll	
  difficult	
  to	
  do	
  accurately,	
  precisely,	
  and	
  reliably.	
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  –	
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Outline	
  

•  X-­‐ray	
  absorp)on	
  
•  X-­‐ray	
  absorp)on	
  fine	
  structure	
  
•  XANES	
  
•  Some	
  examples	
  of	
  EXAFS	
  and	
  XANES	
  
studies	
  for	
  cultural	
  heritage	
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  XAS	
  –	
  smr2738	
  

General	
  statement	
  

XAFS	
  spectroscopy	
  is	
  a	
  poten)ally	
  very	
  useful	
  technique	
  to	
  be	
  applied	
  
in	
  Cultural	
  Heritage	
  studies	
  
	
  
•  It	
  is	
  a	
  non-­‐destruc)ve	
  method	
  which	
  can	
  be	
  applied	
  in	
  air	
  
•  It	
  virtually	
  does	
  not	
  require	
  any	
  restric)on	
  on	
  the	
  type	
  and	
  size	
  of	
  

the	
  sample	
  (metal,	
  ceramic,	
  glass,	
  cloth,	
  paper,	
  etc.)	
  
•  It	
  is	
  applicable	
  to	
  most	
  of	
  the	
  elements	
  of	
  interest,	
  even	
  in	
  very	
  low	
  

concentra)on	
  

All	
  these	
  characteris)cs	
  are	
  par)cularly	
  important	
  in	
  archaeological	
  
applica)ons,	
  in	
  which	
  samples	
  are	
  precious	
  cultural	
  heritage	
  made	
  of	
  
very	
  different	
  materials.	
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  to	
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Chromophores	
  and	
  pigments	
  

•  The	
  chroma)c	
  response	
  of	
  a	
  pigment	
  is	
  linked	
  to	
  the	
  symmetry,	
  
valence	
  state	
  and	
  local	
  geometry	
  of	
  the	
  chromophore	
  (usually	
  a	
  3d	
  
metal)	
  

•  The	
  color	
  is	
  also	
  influenced	
  by	
  the	
  oxida)on	
  state	
  of	
  the	
  metal	
  ca)on	
  
•  In	
  general	
  metals	
  were	
  added	
  to	
  produc)on	
  or	
  pain)ng	
  materials	
  

with	
  the	
  aim	
  of	
  giving	
  a	
  par)cular	
  hue	
  to	
  the	
  manufact	
  but	
  they	
  are	
  
present	
  in	
  limited	
  amount,	
  typically	
  below	
  1	
  at%	
  (fluorescence	
  mode	
  
detec)on)	
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Fe	
  and	
  Mn	
  K-­‐edge	
  XANES	
  study	
  of	
  ancient	
  
Roman	
  glasses	
  

•  Study	
  of	
  ancient	
  glasses	
  from	
  Pa�	
  Roman	
  Villa	
  (Messina,	
  Sicily)	
  
•  From	
  the	
  chemical	
  point	
  of	
  view,	
  the	
  samples	
  are	
  'low-­‐magnesia'	
  

glasses,	
  with	
  a	
  composi)on	
  typical	
  of	
  the	
  Roman	
  period	
  
•  Glasses	
  of	
  different	
  colors	
  from	
  light	
  green	
  to	
  pale	
  brown	
  
•  Fe	
  and	
  Mn	
  K-­‐edge	
  XANES	
  

Aim	
  of	
  the	
  work	
  
•  To	
  test	
  the	
  influence	
  of	
  iron	
  oxida)on	
  state	
  on	
  the	
  color	
  of	
  the	
  

studied	
  samples	
  
•  To	
  iden)fy	
  the	
  possible	
  decolorant	
  role	
  of	
  manganese	
  oxide	
  in	
  the	
  

almost	
  uncolored	
  samples	
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S.	
  Quar)eri	
  et	
  al.,	
  Eur.	
  J.	
  Min.	
  (2002)	
  14(4),749-­‐756	
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Fe	
  and	
  Mn	
  K-­‐edge	
  XANES	
  study	
  of	
  ancient	
  
Roman	
  glasses	
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Fragments	
  of	
  perfume	
  bo,les	
  (2nd	
  century	
  AD)	
  

S.	
  Quar)eri	
  et	
  al.,	
  Eur.	
  J.	
  Min.	
  (2002)	
  14(4),749-­‐756	
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S.	
  Quar)eri	
  et	
  al.,	
  Eur.	
  J.	
  Min.	
  (2002)	
  14(4),749-­‐756	
  	
  

Glass	
  A:	
  pale	
  green	
  
Glass	
  B:	
  uncolored	
  
Glass	
  C:	
  pale	
  brown	
  	
  

•  B	
  and	
  C	
  similar	
  to	
  each	
  other:	
  both	
  in	
  the	
  general	
  	
  
Shape	
  and	
  in	
  the	
  energy	
  posi)on	
  of	
  the	
  different	
  features	
  
•  Features	
  (b)	
  and	
  (d)	
  fall	
  at	
  high	
  energy	
  characteris)c	
  of	
  
Fe3+	
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S.	
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  al.,	
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Glass	
  A:	
  pale	
  green	
  
Glass	
  B:	
  uncolored	
  
Glass	
  C:	
  pale	
  brown	
  	
  

•  In	
  sample	
  A	
  the	
  features	
  	
  (b)	
  and	
  (d)	
  are	
  at	
  much	
  lower	
  	
  
energy,	
  nearer	
  to	
  those	
  present	
  in	
  the	
  olivine	
  spectrum	
  	
  
characteris)c	
  of	
  	
  Fe+2	
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Fe	
  and	
  Mn	
  K-­‐edge	
  XANES	
  study	
  of	
  ancient	
  
Roman	
  glasses	
  

•  In	
  glass	
  C	
  and	
  in	
  glass	
  B,	
  Fe	
  is	
  predominantly	
  
in	
  3+	
  oxida)on	
  state	
  

•  In	
  glass	
  A	
  there	
  is	
  a	
  high	
  percentage	
  of	
  Fe2+	
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Glass	
  A:	
  pale	
  green	
  
Glass	
  B:	
  uncolored	
  
Glass	
  C:	
  pale	
  brown	
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  et	
  al.,	
  Eur.	
  J.	
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  K-­‐edge	
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  study	
  of	
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Roman	
  glasses	
  

68	
  

•  Mn	
  is	
  in	
  reduced	
  form	
  
•  Strong	
  similarity	
  between	
  the	
  two	
  Mn2+-­‐silica)c	
  reference	
  

compounds	
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Glass	
  A:	
  pale	
  green	
  
Glass	
  B:	
  uncolored	
  
Glass	
  C:	
  pale	
  brown	
  	
  

S.	
  Quar)eri	
  et	
  al.,	
  Eur.	
  J.	
  Min.	
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  14(4),749-­‐756	
  	
  

Conclusion	
  
•  In	
  sample	
  B	
  and	
  C,	
  Mn4+	
  has	
  oxidised	
  Fe2+	
  to	
  Fe3+	
  and	
  therefore	
  is	
  

present	
  in	
  the	
  reduced	
  form	
  
•  It	
  is	
  confirmed	
  the	
  hypothesis	
  of	
  a	
  redox	
  interac)on	
  between	
  

manganese	
  and	
  iron	
  as	
  a	
  results	
  of	
  a	
  deliberate	
  addi)on	
  of	
  
pyrolusite	
  (mineral	
  containing	
  MnO2)	
  –	
  reported	
  in	
  literature	
  as	
  the	
  
main	
  decolorant	
  in	
  the	
  Roman	
  period	
  –	
  during	
  the	
  mel)ng	
  
procedure	
  of	
  the	
  uncolored	
  glass	
  



XAS studies of Italian and Hispano-Moorish Majolicas 

By the 13th century traders were importing majolica into Italy 
through the Isle of Majorca. Therefore the italian called this new 

type of ceramic Maiolica, regardless of its place of origin. 

Maiolica is Italian tin-glazed pottery dating from the Renaissance  
 

The very earliest examples of maiolica date back to 9th century in 
Mesopotamia. In the 11th century, Islamic ceramicists were creating richly 

detailed lustre decorated pieces 
 

Thin metallic film containing silver, 
copper and other substances, 
like iron oxide and cinnabar, 

applied in a reducing atmosphere 
on a previously glazed ceramic.  

A bit of history  

C.	
  Guglieri	
  Rodriguez	
  	
  et	
  al.,	
  J.	
  Anal.	
  At.	
  Spectrom.,	
  2015,30,	
  738	
  



XAS studies of Italian and Hispano-Moorish Majolicas 

The creation of Maiolica is a complex “Five-Step” process 
 

 -First firing (about 1000 °C ) 
 

 -Glazing (inmersion on a mix of sand, potassium carbonate, 
 salts  and oxides, such as lead and tin oxides, with water)  

 
 -Painting the glazed surface  

 
 -Second firing at 900 °C 

 
If lustre: extra step needed to achieve the reflections and iridescences on 
majolica. A third firing in very complex conditions was the key of the 
process.  

A bit of history  

The local artisans became keepers of refined and 
secret recipes and techniques for decorating ceramic 

objects. 

C.	
  Guglieri	
  Rodriguez	
  	
  et	
  al.,	
  J.	
  Anal.	
  At.	
  Spectrom.,	
  2015,30,	
  738	
  



XAS studies of Italian and Hispano-Moorish Majolicas 

Dish with bird, in Islamic-derived style,  
Arcaic ceramic, Orvieto.1270-1330 

Italian potters began to create their own maiolica, 

firstly by coping the Spanish and Islamic designs, then 

mixing and adding their very own 

A bit of history  

C.	
  Guglieri	
  Rodriguez	
  	
  et	
  al.,	
  J.	
  Anal.	
  At.	
  Spectrom.,	
  2015,30,	
  738	
  



XAS studies of Italian and Hispano-Moorish Majolicas 

During the late 15th and early 16th centuries: peak of 
artistic quality  

Indeed, a new style was developed, called 
istoriato, with lustre decoration, and representing 

the most beautiful Renaissance productions Dish with bird, in Islamic-derived style,  
Arcaic ceramic, Orvieto.1270-1330 

Dish from Deruta, 2nd quarter of the 16th   Istoriato charger, Feenza, 1555  Faenza, istoriato ware by Baldassare  
Manara, 1520  

Italian potters began to create their own maiolica, 
firstly by coping the Spanish and Islamic designs, then 
mixing and adding their very own 

A bit of history  

C.	
  Guglieri	
  Rodriguez	
  	
  et	
  al.,	
  J.	
  Anal.	
  At.	
  Spectrom.,	
  2015,30,	
  738	
  



XAS studies of Italian and Hispano-Moorish Majolicas 

Experiments:             X-Ray absorption Spectroscopy  

http://www-ssrl.slac.stanford.edu/mes/remedi/index.html 

Aim of this work  

XAS measurements were 
performed on XAFS beamline, 
at Elettra Sincrotrone Trieste.  
A Si (111) double-crystal 
monochromator was used. 
The beam size was set at 1x1 
mm2 and the photon flux was 
about 1010 photons/s. All 
spectra were collected at 
Fluorescence mode 

C.	
  Guglieri	
  Rodriguez	
  	
  et	
  al.,	
  J.	
  Anal.	
  At.	
  Spectrom.,	
  2015,30,	
  738	
  

To investigate the chemical state and the local environment of metal 
atoms in the glaze, lustre and blue pigment, to understand the 
technological processes and materials in different production 



XAS studies of Italian and Hispano-Moorish Majolicas 

Studied Maiolicas 

Hispano-Moorish (LIM1) (s.XIII) 

Blue decorated and lustred ceramic 

L19 (s.XV) 
Italian renaissance production 

Blue decorated and lustred majolica 

C.	
  Guglieri	
  Rodriguez	
  	
  et	
  al.,	
  J.	
  Anal.	
  At.	
  Spectrom.,	
  2015,30,	
  738	
  



XAS studies of Italian and Hispano-Moorish Majolicas 

Lustre: Thin metallic film containing silver, copper and 
other substances, like iron oxide and cinnabar, applied in 
a reducing atmosphere on a previously glazed ceramic. 

Analysis of the Lustre 

Cu K-edge 

XANES  
 
L19 à Cu1+  
 

LIM1 à Cu2+ indicating lower 
reduction state 

C.	
  Guglieri	
  Rodriguez	
  	
  et	
  al.,	
  J.	
  Anal.	
  At.	
  Spectrom.,	
  2015,30,	
  738	
  



XAS studies of Italian and Hispano-Moorish Majolicas 

Lustre: Thin metallic film containing silver, copper and 
other substances, like iron oxide and cinnabar, applied in 
a reducing atmosphere on a previously glazed ceramic. 

Cu K-edge 

Sample Shell N r (Å) σ2 (Å2) 

CuO Cu-O 4 1.95  
 

Cu2O Cu-O 2 1.84  
 

LIM1 Cu-O 3.5 ± 0.4 1.92 ± 0.01 0.006 ± 0.002 

L19 Cu-O 3.2 ± 0.1 1.84 ± 0.01 0.005 ± 0.003 

EXAFS  
 
Just the contribution of the first Cu-O shell 
(amorphous) 
 
Cu-O interatomic distance: at L19 are those of Cu2O, 
at LIM1 those of CuO 

C.	
  Guglieri	
  Rodriguez	
  	
  et	
  al.,	
  J.	
  Anal.	
  At.	
  Spectrom.,	
  2015,30,	
  738	
  

Analysis of the Lustre 
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Preserva)on	
  of	
  the	
  XVII-­‐century	
  Warship	
  
VASA	
  -­‐	
  1	
  

78	
  

•  It	
  sunk	
  to	
  a	
  depth	
  of	
  30	
  m	
  in	
  Stokholm	
  
harbour	
  in	
  1628	
  

•  The	
  salty	
  and	
  anaerobic	
  condi)ons	
  of	
  the	
  
harbours	
  water	
  prevented	
  wood-­‐consuming	
  
plants,	
  fauna	
  or	
  bacteria,	
  from	
  a,acking	
  the	
  
ship,	
  thereby	
  preserving	
  the	
  VASA	
  in	
  
excellent	
  condi)ons.	
  	
  

•  It	
  was	
  raised	
  in	
  1961	
  and	
  a]er	
  30	
  years	
  of	
  
preserva)on	
  treatment	
  was	
  put	
  on	
  display	
  in	
  
Stockholm	
  in	
  1990.	
  

•  First	
  problems	
  detected	
  in	
  2000	
  	
  
•  Crusty	
  patches	
  of	
  salt	
  in	
  the	
  surface	
  	
  
•  So]ening	
  of	
  the	
  woods	
  
	
  

•  XRD	
  indicated	
  the	
  presence	
  of	
  sulphates	
  
(SO4

-­‐)	
  and	
  sulphur	
  (S8).	
  It	
  appeared	
  that	
  
these	
  materials	
  were	
  leaching	
  out	
  of	
  solu)on	
  
from	
  the	
  bulk	
  of	
  the	
  wood.	
  	
  	
  

	
  

M.	
  Sandstrom	
  et	
  al.,	
  Nature,	
  415,	
  pp.	
  893–897,	
  2002.	
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Preserva)on	
  of	
  the	
  XVII-­‐century	
  Warship	
  
VASA	
  -­‐	
  2	
  

•  XANES	
  had	
  to	
  be	
  used	
  instead	
  
of	
  XRD	
  because	
  of	
  the	
  poor	
  
crystallinity	
  of	
  the	
  sample	
  and	
  
because	
  of	
  the	
  spurious	
  
signals	
  origina)ng	
  from	
  the	
  
wood.	
  

•  The	
  XANES	
  spectra	
  shows	
  also	
  
intermediate	
  oxida)on	
  state	
  
of	
  sulphur,	
  corresponding	
  to	
  
the	
  overall	
  oxida)on	
  state	
  
reac)on	
  to	
  sulphuric	
  acid.	
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  of	
  Fe	
  valence	
  in	
  iron	
  gall	
  inks	
  

•  Iron	
  gall	
  inks	
  is	
  one	
  of	
  the	
  most	
  important	
  inks	
  in	
  the	
  history	
  of	
  the	
  
western	
  civiliza)on,	
  of	
  a	
  widespread	
  use	
  from	
  the	
  middle	
  ages	
  un)l	
  
the	
  20th	
  century	
  

•  These	
  inks	
  induce	
  degrada)on	
  of	
  paper	
  	
  
•  The	
  two	
  main	
  reasons	
  for	
  iron	
  gall	
  ink	
  corrosion	
  are:	
  

•  Acid	
  hydrolysis	
  
•  Oxida)on	
  (catalyzed	
  by	
  ferrous	
  ions)	
  

•  Determina)on	
  of	
  the	
  concentra)on	
  of	
  Fe2+	
  in	
  inks	
  in	
  historic	
  
documents	
  is	
  therefore	
  relevant	
  in	
  assessing	
  the	
  poten)al	
  risk	
  of	
  
further	
  oxida)on	
  of	
  cellulose	
  and	
  in	
  devising	
  an	
  effec)ve	
  
stabiliza)on	
  treatment	
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I.	
  Arcon	
  et	
  al.,	
  X-­‐ray	
  Spectrometry,	
  36,	
  pp.	
  199–205,	
  2007.	
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•  XANES	
  has	
  been	
  used	
  to	
  determine	
  Fe2+/Fe3+	
  
•  Model	
  compounds	
  of	
  iron	
  gall	
  ink	
  have	
  been	
  

prepared	
  with	
  different	
  amount	
  of	
  Fe2+/Fe3+	
  

•  Standard	
  compounds	
  with	
  well	
  established	
  Fe	
  
valence	
  and	
  local	
  symmetry	
  were	
  also	
  
measured	
  

	
  

I.	
  Arcon	
  et	
  al.,	
  X-­‐ray	
  Spectrometry,	
  36,	
  pp.	
  199–205,	
  2007.	
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I.	
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  et	
  al.,	
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  Spectrometry,	
  36,	
  pp.	
  199–205,	
  2007.	
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Outline	
  

•  X-­‐ray	
  absorp)on	
  
•  X-­‐ray	
  absorp)on	
  fine	
  structure	
  
•  XANES	
  
•  Some	
  examples	
  of	
  EXAFS	
  and	
  XANES	
  
studies	
  for	
  cultural	
  heritage	
  

•  EXAFS	
  data	
  analysis	
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Step	
  for	
  reducing	
  measured	
  data	
  to	
  μ(E)	
  and	
  then	
  to	
  χ(k):	
  

1.	
   	
  convert	
  measured	
  intensi)es	
  to	
  μ(E)	
  
2.	
   	
  subtract	
  a	
  smooth	
  pre-­‐edge	
  func)on,	
  to	
  get	
  rid	
  of	
  any	
  instrumental	
  

background,	
  and	
  absorp)on	
  from	
  other	
  edges.	
  
3.	
   	
  normalize	
  μ(E)	
  to	
  go	
  from	
  0	
  to	
  1,	
  so	
  that	
  it	
  represents	
  1	
  absorp)on	
  

event	
  
4.	
  	
  	
  	
  remove	
  a	
  smooth	
  post-­‐edge	
  background	
  func)on	
  to	
  approximate	
  

μ0(E)	
  to	
  isolate	
  the	
  XAFS	
  χ.	
  

5.  iden)fy	
  the	
  threshold	
  energy	
  E0,	
  and	
  convert	
  from	
  E	
  to	
  k	
  space:	
  	
  

6.	
   	
  weight	
  the	
  XAFS	
  χ(k)	
  and	
  Fourier	
  transform	
  from	
  k	
  to	
  R	
  space.	
  

7.	
   	
  isolate	
  the	
  χ(k)	
  for	
  an	
  individual	
  “shell”	
  by	
  Fourier	
  filtering.	
  

( )
2

02 EEm
k

−
=



giuliana.aquilan)@ele,ra.eu	
  
	
  

Intro	
  to	
  XAS	
  –	
  smr2738	
  

Conver)ng	
  raw	
  data	
  to	
  μ(E)	
  

85	
  

For	
  transmission	
  XAFS:	
  

I	
  	
  =	
  	
  I0	
  exp[-­‐μ(E)	
  t]	
  

μ(E)	
  t	
  	
  =	
  	
  	
  ln	
  [I0/I]	
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Transmission	
  	
  
The	
  absorp)on	
  is	
  measured	
  directly	
  by	
  measuring	
  what	
  is	
  transmi,ed	
  
through	
  the	
  sample	
  
​'='↓0 ​.↑−!(2)3 	
  
!(2)3=α= ​ln ⁠​​'↓0 ∕​'↓1   	
  

    	
   	
   
Fluorescence	
  
The	
  re-­‐filling	
  the	
  deep	
  core	
  hole	
  is	
  detected.	
  Typically	
  the	
  fluorescent	
  X-­‐
ray	
  is	
  measured	
  
5∝​​'↓6 ∕​'↓0  	
  
	
  

     

synchrotron	
  source	
  

monochromator	
   sample	
  

I0	
  

IF	
  
I1	
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Pre-­‐edge	
  subtrac)on	
  
We	
  subtract	
  away	
  the	
  background	
  
that	
  fits	
  the	
  pre	
  edge	
  region.	
  This	
  
gets	
  rid	
  of	
  the	
  absorp)on	
  due	
  to	
  
other	
  edges	
  (say,	
  the	
  Fe	
  LIII	
  edge).	
  
	
  
	
  

Normaliza)on	
  
We	
  es)mate	
  the	
  edge	
  step,	
  μ0(E0)	
  
by	
  extrapola)ng	
  a	
  simple	
  fit	
  to	
  the	
  
above	
  μ(E)	
  to	
  the	
  edge.	
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Deriva)ve	
  and	
  E0	
  
	
  
We	
  can	
  select	
  E0	
  roughly	
  as	
  the	
  
energy	
  with	
  the	
  maximum	
  
deriva)ve.	
  This	
  is	
  somewhat	
  
arbitrary,	
  so	
  we	
  will	
  keep	
  in	
  mind	
  
that	
  we	
  may	
  need	
  to	
  refine	
  this	
  
value	
  later	
  on.	
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Post-­‐edge	
  background	
  
	
  

•  We	
  do	
  not	
  have	
  a	
  measurement	
  
of	
  μ0(E)	
  (the	
  absorp)on	
  
coefficient	
  without	
  neighboring	
  
atoms).	
  
•  We	
  approximate	
  μ0(E)	
  by	
  an	
  
adjustable,	
  smooth	
  func)on:	
  
a	
  spline.	
  
•  A	
  flexible	
  enough	
  spline	
  should	
  not	
  
match	
  the	
  μ(E)	
  and	
  remove	
  all	
  the	
  
EXAFS.	
  We	
  want	
  a	
  spline	
  that	
  will	
  
match	
  the	
  low	
  frequency	
  
components	
  of	
  μ0(E).	
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χ(k)	
  
The	
  raw	
  EXAFS	
  χ(k)	
  usually	
  decays	
  
quickly	
  with	
  k,	
  and	
  difficult	
  to	
  assess	
  
or	
  interpret	
  by	
  itself.	
  
It	
  is	
  customary	
  to	
  weight	
  the	
  higher	
  
k	
  por)on	
  of	
  the	
  spectra	
  by	
  mul)plying	
  
by	
  k2	
  or	
  k3.	
  

k-­‐weighted	
  χ(k):	
  k2χ	
  (k)	
  
χ(k)	
  is	
  composed	
  of	
  sine	
  waves,	
  
so	
  we’ll	
  Fourier	
  Transform	
  from	
  k	
  
to	
  R-­‐space.	
  	
  
To	
  avoid	
  “ringing”,	
  we’ll	
  mul)ply	
  
by	
  a	
  window	
  func/on.	
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χ(R)	
  
The	
  Fourier	
  Transform	
  of	
  k2(k)	
  has	
  
2	
  main	
  peaks,	
  for	
  the	
  first	
  2	
  
coordina)on	
  shells:	
  Fe-­‐O	
  and	
  Fe-­‐	
  Fe.	
  
The	
  Fe-­‐O	
  distance	
  in	
  FeO	
  is	
  2.14Å	
  ,	
  
but	
  the	
  first	
  peak	
  is	
  at	
  1.66Å	
  .	
  	
  
This	
  shi]	
  in	
  the	
  first	
  peak	
  is	
  due	
  to	
  
the	
  phase-­‐shiV,	
  δ(k):	
  sin[2kR	
  +	
  δ(k)]	
  .	
  
	
  	
  
A	
  shi]	
  of	
  -­‐0.5	
  Å	
  is	
  typical.	
  
	
  
χ(R)	
  is	
  complex:	
  
The	
  FT	
  makes	
  c(R)	
  complex.	
  
Usually	
  only	
  the	
  amplitude	
  is	
  shown,	
  	
  
but	
  there	
  are	
  really	
  oscilla)ons	
  in	
  c(R).	
  
Both	
  real	
  and	
  imaginary	
  components	
  
are	
  used	
  in	
  modeling.	
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χ(R)	
  o]en	
  has	
  well	
  separated	
  peaks	
  
for	
  different	
  “shells”.	
  
	
  
This	
  shell	
  can	
  be	
  isolated	
  by	
  a	
  	
  
Filtered	
  Back-­‐Fourier	
  Transform,	
  
using	
  the	
  window	
  shown	
  for	
  the	
  first	
  
shell	
  of	
  FeO.	
  
	
  
	
  
This	
  results	
  in	
  the	
  filtered	
  χ(k)	
  for	
  
the	
  selected	
  shell.	
  Many	
  analysis	
  
programs	
  use	
  such	
  filtering	
  to	
  remove	
  
shells	
  at	
  higher	
  R.	
  
	
  
Beyond	
  the	
  first	
  shell,	
  isola)ng	
  a	
  
shell	
  in	
  this	
  way	
  can	
  be	
  difficult.	
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•  The	
  number	
  of	
  parameters	
  we	
  can	
  reliably	
  measure	
  from	
  our	
  data	
  is	
  
limited:	
  

	
  
	
  
	
  where	
  Δk	
  and	
  ΔR	
  are	
  the	
  k-­‐	
  and	
  R-­‐ranges	
  of	
  the	
  usable	
  data.	
  

•  For	
  the	
  typical	
  ranges	
  like	
  k	
  =	
  [3.0,	
  12.0]	
  Å−1	
  and	
  R	
  =	
  [1.0,	
  3.0]	
  Å,	
  there	
  
are	
  	
  ~	
  11	
  parameters	
  that	
  can	
  be	
  determined	
  from	
  EXAFS.	
  

•  The	
  “Goodness	
  of	
  Fit”	
  sta)s)cs,	
  and	
  confidence	
  in	
  the	
  measured	
  
parameters	
  need	
  to	
  reflect	
  this	
  limited	
  amount	
  of	
  data.	
  

•  It	
  is	
  o]en	
  important	
  to	
  constrain	
  parameters	
  R,	
  N,	
  σ2	
  for	
  different	
  
paths	
  or	
  even	
  different	
  data	
  sets	
  (different	
  edge	
  elements,	
  
temperatures,	
  etc)	
  

•  Chemical	
  Plausibility	
  can	
  also	
  be	
  incorporated,	
  either	
  to	
  weed	
  out	
  
obviously	
  bad	
  results	
  or	
  to	
  use	
  other	
  knowledge	
  of	
  local	
  
coordina)on,	
  such	
  as	
  the	
  Bond	
  Valence	
  Model	
  (rela)ng	
  valence,	
  
distance,	
  and	
  coordina)on	
  number).	
  

•  Use	
  as	
  much	
  other	
  informa)on	
  about	
  the	
  system	
  as	
  possible!	
  

	
  
	
  

π

RkN ΔΔ
≈
2
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FeO	
  has	
  a	
  rock-­‐salt	
  structure.	
  
To	
  model	
  the	
  FeO	
  EXAFS,	
  we	
  calculate	
  the	
  sca,ering	
  amplitude	
  	
  
f(k)	
  and	
  phase-­‐shi]	
  δ(k),	
  based	
  on	
  a	
  guess	
  of	
  the	
  structure,	
  	
  
with	
  Fe-­‐O	
  distance	
  R	
  =	
  2.14	
  Å	
  (a	
  regular	
  octahedral	
  coordina)on).	
  
We	
  will	
  use	
  these	
  func)ons	
  to	
  refine	
  the	
  values	
  R,	
  N,	
  σ2,	
  and	
  E0	
  	
  
so	
  our	
  model	
  EXAFS	
  func)on	
  matches	
  our	
  data.	
  
	
  

Fit	
  results	
  
N	
  =	
  5.8	
  ±	
  1.8	
  
R	
  =	
  2.10	
  ±	
  0.02	
  Å	
  	
  
E0	
  =	
  -­‐3.1	
  ±	
  2.5	
  eV	
  
σ2	
  =	
  0.015	
  ±	
  0.005	
  Å	
  2.	
  

|χ(R)|	
  for	
  FeO	
  (blue),	
  and	
  a	
  1st	
  shell	
  fit	
  (red).	
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1st	
  	
  shell	
  fit	
  in	
  k	
  space	
  
	
  

The	
  1st	
  shell	
  fit	
  to	
  FeO	
  in	
  k	
  space.	
  
There	
  is	
  clearly	
  another	
  component	
  
in	
  the	
  XAFS	
  
	
  

1st	
  shell	
  fit	
  in	
  R	
  space	
  
	
  
|χ(R)|	
  and	
  Re[χ(R)]	
  for	
  FeO	
  (blue),	
  
and	
  a	
  1st	
  	
  shell	
  fit	
  (red).	
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Modeling	
  the	
  second	
  shell	
  of	
  FeO	
  -­‐	
  1	
  

To	
  add	
  the	
  second	
  shell	
  Fe	
  to	
  the	
  model,	
  we	
  use	
  calcula)on	
  for	
  f(k)	
  and	
  δ(k)	
  
based	
  on	
  a	
  guess	
  of	
  the	
  Fe-­‐Fe	
  distance,	
  and	
  refine	
  the	
  values	
  R,N,	
  σ2.	
  
Such	
  a	
  fit	
  gives	
  a	
  result	
  like	
  this:	
  
	
  

|χ(R)|	
  data	
  for	
  FeO	
  (blue),	
  and	
  fit	
  of	
  1st	
  	
  
and	
  2nd	
  shells	
  (red).	
  
	
  
The	
  results	
  are	
  fairly	
  consistent	
  with	
  
the	
  known	
  values	
  for	
  crystalline	
  FeO:	
  
	
  
6	
  O	
  at	
  2.13Å,	
  	
  12	
  Fe	
  at	
  3.02Å	
  	
  .	
  

Fit	
  results	
  (uncertain)es	
  in	
  parentheses):	
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  of	
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Other	
  views	
  of	
  the	
  data	
  and	
  two-­‐shell	
  fit:	
  

The	
  Fe-­‐Fe	
  EXAFS	
  extends	
  to	
  higher-­‐k	
  
than	
  the	
  Fe-­‐O	
  EXAFS.	
  
Even	
  in	
  this	
  simple	
  system,	
  there	
  is	
  some	
  
overlap	
  of	
  shells	
  in	
  R-­‐space.	
  
The	
  agreement	
  in	
  Re[χ(R)]	
  look	
  especially	
  
good	
  –	
  this	
  is	
  how	
  the	
  fits	
  are	
  done.	
  
The	
  modeling	
  can	
  get	
  more	
  
complicated	
  than	
  this	
  


