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X-ray IAbsorption
probe measure the energy
electromagnetic radiation ] )
E from 120 eV (soft) to 120 keV (hard); of an interaction
A from 100 A to 0.1 A
E (keV) = % gamma ray | tIJItravio??.tﬁ infrared % . | radio _
X-ray vmb% microwave
shorter wavelength longer wavelength
h?gher frequency g i lOWeET frequency
higher energy lower energy
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’ Fe K
\(4'9'?;:\/) (7.11ekeV) — Magnetite
e —— Titanite
The oscillating : .
electric field of the - 2K —— Allanite
electromagnetic s [ (18.0 keV) —— Others
. L . £
radiation interacts s
. { =
with the electrons é W
. 10 '
bound in an atom. 3
S
/ \ §
g
=
<
) 1
2
=
Scattered Absorbed
radiation radiation
0.1
3 10 100

Energy (keV)
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s.
|1

A monochromatic x-ray
beam of intensity /, passing
through a sample of
thickness x will get a reduced
intensity / according to:

In(1,/1) = p x

u = linear absorption coefficient

X
—

Scattered x-rays

Incident x-rays Transmitted x-rays

e ;1 ; /‘".
| ’{’ ‘, | ‘_4”):’40:\&"
O/

| o7
b KOS

Fe K )
(7.11 keV) — Magnetite

1000

\ Ti K
4.97 keV)
RN

CakK
C (404 keV)

— Titanite

— Zircon

— Allanite

—— Others

ZrK
(18.0 keV)

R
o
o

Ce K
(40.4 keV)

tenuation Coefficient (cm%g)
o

U decreases with E

I I

Fluorescence x-rays

Iy

Photoelectrons

Laura Simonelli

(X-ray more penetrating)

10

100
Energy (keV)
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edge: K Lj Ly Ly
y S S Continuum
— 2P3
25 72
Py,
. 16
Ya
2
—
S‘/z

Absorption edges occur for
each shell of core electrons
when E = binding energy of
core electron
K:1sy, Ly 25y, Lyt 2py); L3t 2ps),
(nl; notation)

Laura Simonelli

1000
- Magnetite
— Titanite
— Zircon
60 7r K — Allanite
- (404 keV) (18.0 keV) — Othsia
&
£
L
c
= CeK
£ 5 (40.4 keV)
2 2 300
8 1T T T 7 T 1 T T 1T 1 |
= Pt
-% § | Farideh Jalilehv and
=1 auE) 200 — . . LI LN —
£ g University of Calgary AN
5 S /L
[7)] 1 g Ln : }n
s ® 100~ i . 7
= é u‘\'— L
K
0 [T S NN TR N N O N 1
. .0 0l 02 03 04 05 06 07 08 08 10 L1 12 13 14 15
Bohr Atomic Model Wavelength (§)
01 L 1 1 1 1 L
10 100
Energy (keV)

L1

iy )
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’ Fe K
edge: K Lj L;; Ly \(4'91;';:\/) (7.11ekeV) —— Magnetite
Y Continuum —— Titanite
i \ — Zircon
100 f CakK ZrK —— Allanite
5 F (404 keV) (18.0 keV) — O
E
*— 2P3/ g
Zp 2 - CeK
® 2S 2 % 10 k (40.4 keV)
vl s f
Y 2 § .
Sy, Generally the energy of absorption
g . .
Absorption edges occur for 5 edge is unique for each element
each shell of core electrons =

when E = binding energy of
core electron

0.1

¥

element-specific technique

| T 7 77

K: 1s,, Ly: 25,5, Lyt 2py ), L3 2p5),
(nl; notation)

3
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10
Energy (keV)
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100 -

68 keV § e

] .o"

ﬁ o“..

—————————————————————— A '.___————————
> oo’
T E) t...
2 S [— 40 keV
— S e
’p——-— @ o + K-edge
‘; -g) '..
® 10 - . > |3-edge
CcCLASS c
beamline 2 o I N 4 keV

5 o

o

B

!

m© . o

> . °o°°

E .. °o°
2.4 kev 1 Ll ooo

10 20 30 40 50 60 70 80
atomic number (2)
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photo-electron excited to state significantly above

binding energy — becomes "quasi" free-electron Atomic absorption

The photo-electron leaves the excited atom with
12.2

JKE(eV)
(kinetic energy KE = E - binding energy)

higher E, lower E,
@ larger KE, <€ >  smaller KE,
Smaller A larger A

circular wavefunction — wavelength A =

Laura Simonelli 6/10/2014
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When the photoelectron
leaves the absorbing atom,
its wave is backscattered by

the neighboring atoms.

Laura Simonelli 6/10/2014
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Interference is essentially an energy f\/\"'/\/\/

redistribution process: the energy which

is lost at the destructive is regained at
the constructive interference. /\/\/\/\U

Constructive

-

. .’. B \/\/\/\/)-\
Constructive and destruc e A

-,

between the outgoing phofoele“ctron wave
and backscattered wave

6/10/2014
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%% cupwneiaws  Absorber isolated or e
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UAB in the matter

' _ When the absorber is embedded in the
Atomic absorption matter the photoexcitation cross-section

is modulated by the interference
between the outgoing and the back-
scattered photoelectron waves.

, :> ‘ XANES  EXAFS

Absorption

Y

Energy (eV)

—

N

The absorption of an isolated '1‘@

atom show a step like behavior. Pre-edge

Absorption

photo-e- wavelength A

pd
~

Energy (eV)
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XANES (or NEXAFS)

(X-ray Absorption Near Edge Structure): El/
-10eV < E-E, < 50 eV ~Multiple  Single

scattering scattering
region region

XANES & EXAFS

\

Lower energy =% Higher A =% multiple scattering

)SANE§‘ EXAFS R
EXAFS § \/\
(Extended X-ray Absorption Fine Structure): g N
~ 50eV < E-E, < 1000 eV |
> photo-e” wavelength A

Higher energy == Lower A == single scattering < -
Energy (eV)
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XANES (or NEXAFS)
(X-ray Absorption Near Edge Structure):

~ -10eV < E-E; < 50 eV Multiple
Lower energy == Higher A = multiple scattering scattering
region
XANES = X

o

photo-e” wavelength A

Absorption

Energy (eV)
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ELECTRONIC AND
STRUCTURAL PROPERTIES

Energy, width, and
intensity

4

* Oxidation state
* Unoccupied electronic
states
e Spin state
e Local structure

Laura Simonelli

STRUCTURAL PROPERTIES

Angle dependence of
multiple scattering

L6 T

14 gv

1.2 i [ L) .

10 e direct information
qQ, about bond angles.
- IS
208

0.6

04 |

02}

| | | | |

0
5980 5990 6000 6010 6020 6030 6040 605
E(eV)
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ELECTRONIC AND
STRUCTURAL PROPERTIES

Energy, width, and
intensity

4

e Oxidation state
* Unoccupied electronic
states
e Spin state
e Local structure

Laura Simonelli

S’

1.6
1.4

1.2
1.0
0.8
0.6
0.4

0.2

(R

T 2N
O
STRUCTURAL PROPERTIES

Angle dependence of
multiple scattering

cé

)
5980 5990 6000 6010

J

* direct information
about bond angles.

The energy of an absorption edge is
not well defined. It can be taken as the
energy at half-height or as the
maximum in the first derivative with

E(eV)

respect to energy. It shifts as a
function of the oxidation state
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ELECTRONIC AND STRUCTURAL PROPERTIES
STRUCTURAL PROPERTIES

The most intense features
. . are due to electric-dipole
Intensity ] K-edge <-_Main-peak  allowed transitions (i.e. A8
ﬂv ] =+ 1) to unoccupied final
S states. The most intense
: OX|da.t|on state - features of a K-edge are
* Unoccupied electronic ' 1s - 3d due to transitions from 1s
s.tates \ —> p-like final states, while
° Spinstate . the most intense features
* Local structure (AR — 7777 of the L;-edge are due to
2p —> d-like final states.

Energy, width, and

Pre-peak

Absorption

Energy (eV)
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ELECTRONIC AND

STRUCTURAL PROPERTIES
STRUCTURAL PROPERTIES

. Theoretical simulation of
Energy, Wld.th, and i the pre-edge region for
Intensity | K-edge <«-_Main-peak| tetrahedral high-spin 2*Fe
ﬂv 1 (solid line) and 3*Fe
(dashed line) complexes
e Oxidation state

Absorption

i ] Pre-peak s
* Unoccupied electronic ] 1s = 3d £ »FeHs ,
=3 — 3+ 1
states ] 10 Fe HS ,', ‘1‘
o — 1
* Spin state ) .
- ]
» Local structure — . 5 ( \
Lo -7 :
Energy (eV) 708 741 7412 7414 TA16

Energy (keV)
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ELECTRONIC AND STRUCTURAL PROPERTIES
STRUCTURAL PROPERTIES e

Angle dependence of
multiple scattering

J

e direct information
about bond angles.

Energy, width, and
intensity

R e
u APy K e
/~ + Oxidation state
* Unoccupied electronic
states

e Spin state
. Local structure )

XANES often used as simple
“fingerprint” to identify presence
of a particular chemical species.

Laura Simonelli
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XANES:

Polarization analysis

The chosen angle of incidence favors either
excitations into the m* (top) or the o* (bottom) orbitals.

2’5x 10 i
. ——normal
2 I '\ \-..'.
815
z GiY_
2 Lf g ¢
o 1 (3] o
E 2, A\
£
E Sk )
0.5t b= f e -
. 7.705 .M
: _Energy (keV)
97 771 7.72 ?73 774 7.75
Energy (keV)

0.0014

0.0012 L

Intensity (a 103 unlts)
§
o
-

0.001

y 0.0008 -

0.0006

'

7.70835 kaV

I = nomal
“ 0 4Sdeg.
7 > grazing|
7.7062 ke

7704

7706 7.708 7.1

Energy (keV)
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UAB Partial Fluorescence Yield

5 . . .
X 10 | | | | | By collecting an emission
2.5 . —— 0%, . . .
ngh I intensity line and
——46% scanning the incident

. resolution

energy across the edge.

2
XAS [ ——Licoo, C
—-—--Deintercalated Li ,,CoQ,
1.5 | — — — LiCoO, after 10 cycles N\
1.5 ":":“ /
s
z XAS
w ‘@
1 g S 10
Z 15 A=
£ -
= S
0.5 05l E 0.5 |-
pd
Frod F.r0B 708 e T2 A -
Incident energy (KeV) 0.0 : | I”U’ ”“’I s
. | | | . n 1 M
%.T 77 Ti2 773 774 775 7700 7710 7720 7730 7740
Incident energy (KeV) Energy /eV
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scattering
region
‘ . EXAFs R
EXAFS

(Extended X-ray Absorption Fine Structure):
=~ 50eV < E-E, < 1000 eV

Absorption
1
)

photo-e” wavelength A

Higher energy == Lower A == single scattering <

Energy (eV)
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3 |
The structural information are 5|
encoded in the amplitude,
shape, phase, and frequency of —~ | |
the oscillations represented by x. = © N i
2.0 — T T T T T T T r:E
- L | !
1.0
_05f —2r 7
< oo}
05} -3 “ k: \/2me(E_E[])/h2 ]
.1‘0 -
s -4 ! ! ! ! ! ! ! N
8900 8950 9000 9050 9100 9150 9200 9250 2 o 6 8 10 12 14 16 18
Energy (eV) k (;‘1_1)

For a single absorber—scatterer pair the interferences will give rise to sinusoidal
oscillations in u if the energy is given in units proportional to the photoelectron
wavevector, k, and the threshold energy, E,, is the binding energy of the photoelectron.
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Interference gives
an oscillating
function
of wavevector k

Laura Simonelli

"

W

A

W

vvvvv

Fourier Transform
Gives a peaked
function of
distance R
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A good Fourier Transform requires large value of k, |
Interfer ransform
an os hence large range of E peaked
fu ion of
of wav scan X-ray energy up to Ey+1000 eV nce R
photo-electron k up to 16 A

W = vwe
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%% cupwniaws  The Fourier transform:
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Fourier transformation can be used to decompose a k-space signal into
its different constituent frequencies. The Fourier transform (FT) of an EXAFS

spectrum gives a pseudo-radial distribution function.
4.5

| “ | 4.0} ﬂ —> First neighboring atoms |

0 | = 2st Next shells

XK AT

-3 “ | 0.5}
-4t L L L B

2 4 6 8 10 12 14 16 18 0 2

k(AT
6/10/2014

Laura Simonelli




—-‘

ALBA EXAFS:
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First shell parameters can be obtained by fitting directly the filtered back
Fourier transform.

4.5 — - . .
3t ﬂ i 4.0} ﬂ —> First neighboring atoms -
2t 3.5
1l = 3.0f
5 = Next shell
lﬂ 0 w: 25} ext snells
2
r:s.e _l | 5 20 r
. B 1s)
-2t o
1.0}
-3 “ 05}
-4 | | | | | | I i} 00 .
2 4 6 8 10 12 14 16 18 0 2

k(AT
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%5 cupseniciaes  Filtered back Fouri
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Fourier transform.

First neighboring atoms

T T T T T 5 T T T T T

- k space m 45 | Magnitude o
Real part

IXR) (A9

| i i i i i i lU m/\‘/\ ; I | |

0 2 4 6 8 10 12 14 0 ! 2 3 4 5 8
Wavenumber (A_-1) Radial distance (A) Demeter 0.0.12 @ Bruce Ravel 2008-2013

Derneter 0.9.18 @ Bruce Ravel 2006-2013
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B oo coToniuee The x(k) function modeling
o Sggoparaciéonommica e P

NiS; i —220P
x (k) =D — o filk, Rije™ % e sin[2kR; + 5i(K)]

[
Frequency—  Shape—
bondlength scatterer

The amplitude of the oscillations is proportional to 10 <>

. " Ph
the number of scattering atoms N, the frequency of - ccatterer |
the oscillations is inversely proportional to the Amplitude —
coordination

absorber—scatterer distance R, and the shape of £ °1 W v v \) w Aumber
> o
w C

A

the oscillations is determined by the energy | e-2k20
dependence of the photoelectron scattering, which  _10 |
depends on the identity of the scattering atom. o2 k(§_1)8 101
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., G - The x(k) function
' 87\8 Separacié en Quimica

NS W o
x (k) =Z mzf“‘ Rije™ 7 =27 Sin[2kR; + 5;(K)]

N.=3cos?;, ===  number of neighboring atoms at a distance R; at an angle &, with
respect to the x-ray beam polarization.

So? = passive electrons reduction factor (to allow for inelastic loss processes)

filk, R} === backscattering amplitude (energy dependence of the photoelectron scattering)
A === photoelectron mean free path

6, === phase shift (that the photoelectron wave undergoes when passing through the

potential of the absorbing and scattering atoms)
o? —— correlated Debye—Waller factor (root-mean-square deviation in absorber—

scatterer distance)
6/10/2014
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UAB Temperature dependence of t!

N:S?2 R;
x (k) = Z O f(k, R;)e‘zTe‘Qin[ZkR.g + 8;(k)]

2
] kR.i

| h* Ok

2 - 24 A2 2
= == ) = coth —
o‘=0, + 0*(T) o“(T) T

6/10/2014

Laura Simonelli




—-‘

ALBA EXAFS:

%5 cupdereoniques  Otatic and dynamic disord
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UAB Temperature dependenc

- R;
Xk =3 V%0 k., Ry e o in 2k, + 5,01

0’=0,2+ d*(T)

Einstein’s formula:

Nj 0:008€— )
0:006 _ g)esi 268 K ﬁ BE
0.004 ¢ W L'FE(T) = Eﬂth —
0.0020 1 | | | | A ZHkBHE ZT

50 100 150 200 250 300

Temperature (K)
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The contributions of Fe-Se and Fe-Fe appear
mixed in the E_, polarization,
While only the Fe-Se contribute to the
E. main peak in the Fourier transform.

E//c ‘
E//ab ;:’:":\\ﬂ.

E

[FT( (k)
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EXAFS
/ XAN ES * Bond distances

* Coordination number

e Oxidation state
e Static and dynamic disorder

* Unoccupied electronic states

* Spin state K j

* Local structure
e direct information about bond angles.
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UAB Transmission & fluore

Absorption of an ionizing X-ray results in photoelectron ejection, leaving behind a highly
excited core-hole state. This can relax by a variety of mechanisms, with the two most
important being emission of an Auger electron and X-ray fluorescence.

X
Scattered x-rays —

Incident x-rays Transmitted x-rays

—

I, I

Fluorescence x-rays

Ly

Photoelectrons

6/10/2014
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Providing the sample is dilute or thin (total absorbance <<1), the intensity of
the fluorescence X-rays is proportional to the X-ray absorption cross-section.

In order to have good sensitivity, the fluorescence detector needs some kind of
energy resolution to distinguish between the signal and background X-rays.

Transmission: ux=In(l,/1,)

I .
Fluorescence Fluorescence: n(l:/1,)
detector ( total absorbance <<'1 et — 1-ux)
Monochromatic
Beam W
—» |l lon chamber —b/—b [, lon chamber

/!
sample
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FLUORESCENCE MODE:

o (I /1) isonly true in the limit of very thin
or very dilute samples

What is happening for thick or
concentrated samples?

6/10/2014
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N\
N
nNe

The depth into which the incident
beam can penetrate changes as fine
structure of u(E) changes. As the
oscillatory part wiggles up, the
penetration depth diminishes. As it
wiggles down, the depth increases.
This serves to attenuate the
oscillatory structure.

ALsa  XANES & EXAFS: |I§ ‘/,';'.\\\‘,
| £

T arup do Tooniquen Fluorescence method
{1 de Separacié enQuimica s

UAB absorption effect

FLUORESCENCE MODE:
thick or concentrated samples
SELF ABSORPTION EFFECT

X

I; = 106_”(E)ye_“(Ef)Zea(E)ua(E)

E; = energy of the fluorescing photon
g, = fluorescence efficiency per unit solid

angle
Q \ point of absorption W, = absorption due to the given core
sample and fluorescence excitation of the absorbing atom

6/10/2014
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FLUORESCENCE MODE:
thick or concentrated samples
SELF ABSORPTION EFFECT

Xexp
1= - -
1 — %Xexp — Ee

ke (k)

R
|

= [ir + gLy
g = sin¢/sin 0

Laura Simonelli

XANES & EXAFS: -

1.0

0.5

0.0

-0.5

-1.0

®  transmission

corrected fluorescence

uncorrected fluorescence

1 -

10

12

14
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UAB detector dead time V

Sample

incident x-ray

fluorescence +
scattered x-rays

2

Energy dispersive
detector

-nl‘ i

Ko 8800 eV+9300 eV

fiiigpL:
HH
H Iigi‘il!{

fiit
il

T

in
!l_l ;

i

Laura Simonelli

XANES & EXAFS: = % /),’;'.\\\,

Dead time: the electronic energy discrimination
takes a finite amount of time, which limits the
total amount of signal that can be processed.
When the count rates are exceeded, the detector
is effectively unable to count all the fluorescence
for some fraction of the time. The limit of total
intensity incident on these detectors can limit the
quality of the measured XAFS.

Dead time = 10%

Incoming counts

Total counts
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e Gupd Tocriues Fluorescence method:
iy de Separacié enQuimica &
UAB detector dead time

Dead time: the electronic energy discrimination
Sample takes a finite amount of time, which limits the
total amount of signal that can be processed.
—_— When the count rates are exceeded, the detector
scattered x-rays  is effectively unable to count all the fluorescence
for some fraction of the time. The limit of total

E Rd' . intensity incident on these detectors can limit the
nergy aispersive quality of the measured XAFS.

detector Re

(E discrimination can potentially
allow to suppress the scatter peak
and other fluorescence lines,
collecting only the intensity of the
fluorescence lines of interest.)

incident x-ray

Dead time = 10%

Incoming counts

Total counts
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:
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XAS can be applied to any
kind of materials:
Crystals, glass, liquids, etc...
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XAS (XANES/EXAFS)
element sensitive local probe that can be
applied to any kind of material

COMPLEMENTARY INFORMATION ( EXAFS
4 XANES N

* Oxidation state
* Unoccupied electronic states
* Spin state J
* Local structure
( direct information about bond angles)

6/10/2014

e Bond distances
* Coordination number
e Static and dynamic disorder
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