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What is XAS?

X-ray Absorptlon Spectroscopy (XAS) measures how the X-ray absorption coefficient changes near

X A S XAFS X-ray Absorption Fine-Structure Spectroscopy (= XAS)
XANES X-ray Absorption Near-Edge Spectroscopy

X-ray — we use X-ray Absorptlon _ we learn Speciroscopy — we EXAFS Extended X-ray Absorption Fine-Structure

photons as a probe, from the X-ray need use different Near Edge X-ray Absorption Fine Structure
(just like visible light in photons are absorbed energies of X-ray
optical spectroscopy) in your sample photons to interrogate
the sample

No absorption — X-ray photon
energy is too low

Pre-edge region —
transitions within the atom

(e.g., 1s—=3d)

XANES White line — transition to
just above Fermi levels
(e.g., 1s—4p)
This region often contains
signatures spectral
features

EXAFS — where oscillations occur
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History of XAS

Discovery of X-ray

Early Observations

Development of EXAFS theory

Modern XAS

1895
Rontgen
Discovered X-rays

Maurice de Broglie (1913)
First absorption edge
measured

Fricke (1920)
First fine structure

Kossel (1920)
First theory of XANES

Hanawalt (1931)
EXAFS in gases, temperature
effect

Kronig (1931)
First EXAFS theory

Cauchois (1932)
Curved crystal spectrograph
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National Laboratory

Hayasi (1936, 1949)
Theory of EXAFS

Sawada (1955)
Amorphous/crystalline polymorphs

Shiraiwa (1958)
Improved theory

Kostarev (1939, 1946)
Theory and measured EXAFS in
single crystals

Kozlenkov (1960)
Improved theory

Van Nordstrand (1960)
Instrumentation, fingerprint ID,
used XAS to characterize catalysts

Lytle (14 July 1960)
Boeing (BSRL)

Krogstad (1960)
Personal communication

Lytle (1962)
Particle-in-a-box model

Prins (1964)
Helped Name EXAFS

Parratt (1965)
Personal communication;
Rev. Mod. Phys. (1959).31, 616

Sayers, Stern, Lytle (1968-1971)
Modern theory, Fourier transform
of EXAFS

Sayers, Stern, Lytle (1974) — First
synchrotron XAS (SSRL)




Basic physics of XAS

« XAS is an inner-shell spectroscopy because X-rays interact with core electrons (1s, 2s, 2p).
« An X-ray photon excites a core electron into an unoccupied state or into the continuum.
« X-ray absorption occurs through the photoelectric effect.

photoelectron

A\N\NNNN—» A

Conduction band c
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Basic physics of XAS

After X-ray absorption, the atom relaxes as a higher-energy electron fills the core hole.
Two common decay pathways:

* Auger electron

_ A Auger e

Conduction band c Conduction band c

Valence band Erermi Valence band Ererrmi
3d *—* : : : : : : *—e |V|4, Ms % 3d o0 |V|4, Ms
3p T Mz, |V|3 ,_IC_l 3p oo o o 9o & Mz, |V|3
3s M, 3s *— M,
2p o—o : : *—@ I—Z; L3 2p —0—0—0—0—» I—Z; L3
25 . L 25 - L
1s 8 K 1s o—e K

'\? Brookhaven Core-hole lifetime: a few femtoseconds—
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Processes behind X-ray absorption (1)

EnergyA

Example: K-edge of a 3d element

 When the photon energy exceeds the
binding energy of a core electron, a
photoelectron is emitted.

« This produces the sharp rise in
absorption known as the absorption
edge.
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Processes behind X-ray absorption (2)

EnergyA

* Once the 1s electron is ejected,
the core hole is filled within
femtoseconds.

 Because the core-hole lifetime is
short, the excited state has an
intrinsic energy uncertainty.

Contunuum

» This lifetime broadening is
...... typically on the order of 1 to

______________ 3___ S S— _______E_F____ several eV.
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Processes behind X-ray absorption (3)

Energy‘

 Now consider the unoccupied
states just above the Fermi level.

4p
4A _______________ /

* According to the dipole selection rule,
1s — 4p transitions are dipole allowed
and therefore give strong absorption.

\ * 1s — 3d transitions are dipole
forbidden, but weak quadrupole
transitions may become observable
depending on symmetry.
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Processes behind X-ray absorption (4)

* |n condensed matter, the emitted
photoelectron is scattered by
neighboring atoms.

Energy

« The outgoing and back-scattered
photoelectron waves interfere.

« This interference modulates the
absorption coefficient and gives rise to
EXAFS oscillations.

absorber destructive  scatterers
o

N\NANN/B
@ <xCe

o
constructive
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Selection rules

The absorption probability is determined by the transition matrix element between the initial and
final states. o )
This transition probability can be derived from Fermi’'s Golden Rule. u(E) o Z | (9s]€ - re™T|¢h;)]
f

Dipole selection rule: Al = £1

Initial state: final state:
K-edge: 1s (n=1,I=0,m=0) - P
L1-edge: 2s (n=2,I=0,m=0) - p
L2-edge: 2p (j=1/2) (n=2,I=1) > d(&s)
L3-edge: 2p (j=3/2) (n=2,I=1) > d(&s)

Selection rules for discrete transitions can be found here - c
o ’ More in Lecture 3 by Jorge Moncada Vivas:
https://physics.nist.gov/Pubs/AtSpec/node17.html .
I PSAIPIY 9 P XANES: fundamentals and analysis
©
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What elements can we probe with hard X-rays?

18
1A VIIIA
1A . . 8A

1 Periodic Table of the Elements ‘
H 2 13 14 15 16 17 He
Hydrogen A 1A IVA VA VIA VIIA Helium
1.008 2A 3A 4A 5A 6A 7A 4.003
3 4 5 6 7 8 9 10
Li Be K edges L edges B C N O F Ne
Lithium Berythum Boron Carbon Nitrogen Oxygen Fluorine Neon
6.941 9.012 10.811 12.011 14.007 15.909 18.998 20.180
1 12 13 14 15 16 17 18
Na M g 3 4 5 6 7 8 9 10 11 12 Al Si P S Cl Ar
Sodium Magnesium me v VB viB viie Vil B 1] Aluminum Silicon horus Sulfur Chilorine Argon
22.990 24305 3B 4B 5B 6B 78 ¥ 8 1B 2B 26.982 28.086 30.974 32.066 35.453 39.948
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K Ca Sc| Ti V Cr Mn Fe Co Ni | Cu Zn Ga Ge As Se Br  Kr
Polassium Calcium Scandium T Vanad Ch M hron Cobalt Nickol Copper Zinc Gallivm Geormanium Arsenic Selenium Bromine Kiypton
30.098 40078 44,956 47.88 50.942 51.906 54.038 56.933 58033 58.603 63.546 65.39 60.732 7261 74 922 78.00 79.904 84.80
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
Rubidmm Strontium Yitrium Zuconmm Tec! Palt Stlver Cadmium Indium Tin Antimony Teflunum lodng Xenon
84468 87.62 88.906 91.224 $2.006 95.04 98.607 101.07 102.606 106.42 107.868 112411 114818 118.71 121.760 1276 126.904 131.20
55 56 57-711 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs Ba Hf Ta W Re Os Ir Pt Au Hg TI Pb Bi Po At Rn
Costum Banum Hamwum Tantalum Tungston Rhenmm Osmum Indm Patinum Gold Morcury Thathum Lead Bsmuth Polonum Astatine Radon
132.905 137.327 178.49 180.948 183.85 186.207 190.23 192.22 195.08 196.967 200.59 204,383 2072 208.980 [208.982) 209.987 222018
87 88 89-103 104 105 106 107 108 109 110 m 112 113 114 115 116 117 118
Fr Ra Rf Db Sg Bh Hs Mt Ds Rg Cn Uut FlI Uup Lv Uus Uuo
Francium Radwum S Da G um F v L L Ununoctium
223.020 226.025 [261) [262) [268) [264) (269) [268) (269) [272) 277 unknown [289) unknown [298] unknown unknown
; 57 58 59 60 61 62 63 64 65 66 67 68 69 70 n
taetaride | la [ Co | Pr [ Nd |Pm |([Sm| Eu | Gd| Tb (| Dy | Ho| Er | Tm| Yb | Lu
Lanthanum Cernum Pr N+ F d S £ ¢ Terbium Dysprasium Holrmium Ertium Thubum Yttarbium Lutetium
138.906 140.115 140.908 144.24 144913 150.36 151.966 157.25 158.925 162.50 164.930 167.26 168.934 173.04 174.967
oo 89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
Mteide | Ac | Th | Pa| U [ Np|( Pu|Am |[Cm | Bk | Cf | Es | Fm| Md| No | Lr
Actinium Thonum Protactinium Amencium Cunum G E F Nobelium Lawrencum
227.028 232.038 231.036 238.029 237.048 244064 243.061 247.070 247.070 251.080 [254] 257.095 258.1 259.101 [262]
Brookhaven
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Sc

Scandium
44.95591

K 1s
L. 28
I-2 2p1/2
L3 2p3/2

K1ls 4492 eV
L; 28 498 eV
L, 2p,), 403 eV
Ls 20 398 eV
115606 eV EZ
21757 eV U
20948 eV Uranium
17166 eV gy

XAS is element specific:
each element has
characteristic absorption
edge energies.

With hard X-rays, we can
probe many K and L edges
across the periodic table.
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Typical layout of an XAS beamline

X-ray direction

Double Crystal ; .
g4 Collimating Damping Wiggler

High Resolution Monochromator P Filters
Toroidal  Monochromator CM2 Hlat ’
High Harmonic Focusing Mirror Mirror
Rejection Mirror FM M1

BPM3

Simplest XAS Modern XAS beamline:
beamline: e collimating mirror
* monochromator * monochromator

« focusing mirror
« harmonic rejection mirror

L:.\ Brookhaven

National Laboratory
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Collimating mirror

« Makes the divergent rays from the source more parallel.

« This helps ensure that X-rays hit the monochromator crystal
at nearly the same angle, improving energy resolution.

X-ray source

* Collimating mirror is placed upstream of the
monochromator

X-ray source

u“.\ Brookhaven

National Laboratory

QAS collimating mirror
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Monochromator

« Uses Bragg diffraction from Si crystals to select a narrow energy bandwidth
from the incoming beam.

 The X-ray energy is tuned by rotating the crystal angle.
2nd crystal sends beam along QAS Channel'CUt
original beam path monochromator
1st crystal

Selects the energy

Bragg angle for specific energy

2dsind=n A

|s high-heat, :

P
. =

monochromator:

L:.\ Brookhaven

National Laboratory
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Focusing mirror

« Collimation mainly occurs vertically, while the beam continues to expand horizontally.

* The focusing mirror controls the beam size at the sample, from micrometers to
millimeters depending on the application.

Sample

https://crystal-scientific.com/
mirror_cylindrical.html

L? Brookhaven

National Laboratory
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Harmonic Rejection mirror

Higher-order harmonics from the monochromator can contaminate
the beam.

A harmonic rejection mirror suppresses these unwanted higher-
energy photons.

Sample

National Laboratory

L? Brookhaven

Reflectivity

—0.5 deg
—1deg |
——2deg
——3deg |/

20

https://www.zeiss.com/semiconductor-
manufacturingtechnology

17



Detectors for XAS

lon Chamber IC, lon Chamber IC, lon Chamber IC,
Sample

| | | | | |
| | [l | | | | X-ray beam
Reference

material (foil)

Fluorescence
detector

Detection mode:
 Transmission mode: ion chambers

https://xds-oxford.com/products/
* Fluorescence mode: Integrating or energy-discriminating
fluorescence detectors

https://www.mirion.com/prod https://www.hitachi-

ucts/technologies/ hightech.com/us/en/products
» Electron yield
L? Brookhaven
National Laboratory 18




Choosing the detection mode

« Transmission: concentrated, not too thick, edge step >0.1, <2.0
* Fluorescence: dilute samples: < 0.1 absorption length edge step

» Electron yield: concentrated, thick or surface-sensitive measurements.

Good sample preparation is essential for success!

More in Lecture 5 at 4:15 pm by Steve Farrel :
Sample preparation and environments: getting

k? Brookhaven the most out of your science

National Laboratory
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Detectors - ion chambers

» Gas-filled detectors operated under high voltage
(typically 500—2000 V).

« X-ray photons ionize the gas, generating a measurable
current proportional to photon flux.

lon Chamber IC, lon Chamber IC,
Sample X-ray beam

I o I

I I - I I

In transmission XAS: u(E) = In (10/1t)

L? Brookhaven

National Laboratory

__» Current amplifier

s
|

b
\\';I// L

A ;J}ZK < X-ray

u

Filled with inert gas

T

High Voltage

20



Detectors — Solid State detectors

« They are commonly used for dilute samples and lon Chamber IC,
Sample
fluorescence-mode XAS.

& l : X-ray beam
« Typical materials:

e Sj X-ray beam

« Ge Fluorescence
e CdTe detector |,

u(E) « If/10
« X-ray photons generate electron—hole pairs, and
the collected charge is proportional to the

detected fluorescence signal. SDD spectrum of
316 Stainless steel

https://www.amptek.com/products/

Maximum count rates of several hundred 8
KHz total (signal+background)/channel

10 13 16 19
Energy (keV)

'\? Brookhaven
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Data Reduction

» Apply instrumental Corrections (e.g. detector dead-time) " ;, ’\
* Normalize data to unit edge step NI M ‘N\/ ]
« ConvertfromE = k T I \’ \/'wf w k |
« Subtract the background | Y |
* Apply k-weighting N e =
» Fourier transform to R space &
» Fourier Filter to isolate shells (optional)

l Fourier transform

— 10 \'\’\A/—/\/\/\.AA/\/—\_,W
Normalization -

% ﬁ %M
Edge jump*

|||||

More in Lecture 2 at 11:10 am by Akhil Tayal:

Data reduction and background removal
'\? Brookhaven

National Laboratory




What can we learn from XANES

Oxidation and edge position

1.8 6558
« The absorption edge shifts 6] wno « MnO: standard ~——
to higher energy as § s
. . . a 1.2+ o
oxidation state increases g 1o B ™| Mnsos standard \
due to weaker shielding g & S s e LiMn:z04 standard
N 06- 2 =
effect of valence electrons S e MO, g
and increase in Coulomb 2 o2
) o Stanilaide il & Y = 4.26*X+6539.86
attraction. = MnO standard R = 0.9
-6530 : 65r40 ' 65150 : 65760 i 65T70 ; 85180 : 6590 2i0 2].5 3.r0 STS 4.r0
Photon energy (eV) Mn valance

This example shows a linear relationship between edge position and
effective oxidation state (it's not always linear).

More in Lecture 3 by Jorge Moncada Vivas:
XANES: fundamentals and analysis

'\? Brookhaven
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What can we learn from XANES

Pre-edge — local symmetry Tetrahedral vs octahedral Ti
d, da dy -
BlTiol ﬂ
[4]Ti-sp
Hl7i ol
8 8
3 oo, | 3 ke
E’ g ©ltio,
3 a g,
ElTi,0 " 2
* |n tetrahedral coordination, Ti lacks inversion
symmetry, allowing 1s — 3d transitions to
gain dipole intensity through p—d mixing.
- Reference Materials * As a result, the pre-edge feature becomes
4960 4970 4980 4990 5000 5010 5020 4960 4970 4980 Stronger
(A) Energy (eV) (B) Energy (eV)

L:.\ Brookhaven
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What can we learn from XANES

White line intensity reflects the number of unoccupied d states.

3 1 I I I

2

5 °r

:

2

<

g0

E

(@)

zZ
0 <)
40 20 0 20 40

E-E, (eV)

75 76 77 78 79
Re Os Ir Pt Au
(86207 | 10025 | 10222 | 10808 | 196967
5d® 5dé 5d’ 5d° 5d10

'\? Brookhaven
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J. Phys. Chem. 96 (1992) 4960

60

...................
NH ReO_

Re L, edge

Absorption cross section (a. u.)

Re metal

.................

10520 10540 10560 10580 10600 10620
Energy (eV)

Phys. Rev. B 85, 125136 (2021)

For 5d elements, the white
line arises from 2p3/2 —
5d transitions.

White line intensity
generally increases with
the number of 5d holes.

Gold shows little or no
white line because
excitation goes directly into
the continuum.

25



What can we learn from XANES

Nanoparticles vs bulk
Pronounced XANES features in bulk metals are often broadened or smeared in nanoparticles.

35—
' ?b ° Cu bulk | . 27 =
3.0 - /\/\/\\\' ol e Tt S Here the Cu
. : / P Cu 135 atom - ; particles grow
- a Cu 87 atom oal from solution
3 20 Cu 79 atom] under radiolysis.
5 jz :::— o.z—_c_u__rqe_tql,,/ As the size
A _ During. increases, the
g 13 atom ’ : features in
— | S 5 XANES
05 ] | sharpen
%0 S Ge80 8990 9000 9010 9020 9030 8040 C“(”)[HT]SJ l |

Fhoton Energy (eV) 895 897 8.69 9.61 9.(1)3 ‘ 9.0

Energy (keV)

Analytical and Bioanalytical Chemistry e
399, 3033-3040 (2011) Scientific Reports 4, 7199 (2014)

u“.\ Brookhaven
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What can we learn from XANES

Amorphous vs. crystalline materials

Similar to the nanoparticle/bulk comparison, spectral features in crystalline materials are

often sharper than in amorphous materials.

2.5 !

(@)

1.5 —

1.0

0.5

l

0.0

I

amorphous

crystal

Ge Kedge

1.5

1.0

0.5

(b)

] T

amorphous

crystal

Phase-changing
GeCu,Te; material
before and after
annealing

|

I I

11.08  11.10
E (keV)

'\? Brookhaven
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11.12 11.14

Cu Kedge
0.0 | ! | !
8.96 8.98 9.00 9.02
E (eV)

Journal of Optoelectronics and Advanced
Materials 18, 248-253 (2016)

27



Linear Combination Fitting

V K-edge
« Assumption: the XANES signature of a collection of atoms is the
linear sum of the XANES from individual components
 Requirements:
« appropriate reference standards o
« well-normalized spectra S 15— 4p
. . . el u pea
. consistent normalization 2
S 12t
5
20022 g_ 10
S Absorption
. 20020 é 8 L .Edge
g 20018 + ‘g GL
z 20016 | -cz) il s /
E vooms | o pre-edge peak
| il Threshold
00 +; +é +é +; 4;
"COORDINATION CHARGE" 'Vanadium Oxidation State
J. Am. Chem. Soc. 1976, 98, 5, 1287—-1288 Phys. Rev. B 30, 5596
'\? Brookhaven
National Laboratory 28




How does a single path Iook like

All “single” scattering paths are active at ,

the same time two atoms - multiple scattering -

plays a significant role

Cu,0
A single scattering path contributes a
damped sinusoidal oscillation in k-space.

Intensity Frequency
--------------------------------- —

Intensity is deﬁned by
o [(K), 07 R

Frequency is defined by
R, 8,(k)

0 2 4 §) 8 10 12
L? Brookhaven k, A1 ”
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EXAFS equation f(k)and 8 (k) are calculated (in

this tutorial, using a code called
)

N £ (1) p—2k02 “ FEFF*
x (k) = Z iJilk)e sin|2kR; 4 d,(k)] S

. k‘Rj2
J * To attempt an EXAFS fit you
. . NEED to know something about
N, number of scattering atoms of type j & the structure
k photoelectron wavenumber,
f(k)  scattering amplitude
: : We determine N,R and o
R, distance to scattering atoms s !
J from the fit
o Debye-Waller factor
0,(k) phase shift introduced by atom j
S;2  amplitude reduction factor & " S N and ofare correlated

...and we sum all the scattering paths together! | |
More in Lecture 9 by Dali Yang:

Understanding the EXAFS equation

'\? Brookhaven
National Laboratory 30




Scattering Amplitudes

* The scattering amplitude f(k) depends on the identity of the neighboring atom.Heavier
neighboring atoms generally scatter more strongly.

N; e ;
x(k) = Z . JkR~2 sin[2kR; + 0;(k)] Si?
F 7 kxA(k) for electron scattering

J
O/\/\/\/\/\/\/\ Fe-0, Fe-S, Fe-Se, Fe-Te
0.20 ‘ —

Cl

0.15

z |

< 010

k) I
Cu

0.05:— N\
| L | | | | | oo0f, S T
0 2 4 6 8 10 12 0 5 10 15 20

k(A1

k, A
In this illustration, O, CI, and Cu are shown at
the same distance from the absorber for
comparison purposes.
L? Brookhaven

National Laboratory




Number of scatterers

Larger coordination number increases EXAFS amplitude.

—2/»::20';2-
—sin[2kR; + 6, (k)] S5

»

J

“ Brookhaven

National Laboratory

X(k) = Z Njfj(k)e

J

2

32



Distance to scatterers

As the scatterer moves farther away, the oscillation frequency increases while the
amplitude decreases.

O at 1.8A

2.2/&/ .

2.7 A 4/&

Cl at 2.2R Q- *.\
O

A VAVAVAVAY]

Cu at 2.7A

/\/\/\/\/\/\N Nj fj (k,)()—2k:2(rf

l l l l l l | X(k) = Z R/2 SiIl[QlL’Rj + (Sj(k')] S(f7

I L? Brookhaven
National Laboratory
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Debye-Waller factor

The Debye—Waller factor reflects disorder, including thermal and structural disorder.

N, f;(k)e 2% ) Difference of Debye-Waller factor in XRD vs EXAFS
x(k) = Z AELIAS sin[2kR; + §;(k)] S,
r kIt - In XRD: describes atomic displacement from lattice
positions
0.001 It reflects:

« thermal vibration
« positional disorder in the crystal lattice

 In EXAFS: describes fluctuations in the distance
0.005 between the absorber and neighboring atoms
e jtincludes:
« thermal vibration
0.02 e structural disorder
« distribution of bond lengths

| | | ! ! I | EXAFS Debye—\Waller factor is usually larger because
0 2 4 6 8 10 12 jtincludes relative motion of two atoms.

'\? Brookhaven
National Laboratory 34




Phase shift

Peaks in the Fourier transform do not appear exactly at the true interatomic distances.

= The real Pt distance is 2.79
~2.5 A O A
KA N;fi(k)e "
g p e e e x(k) = Z —— sin[2kR; + 0;(k)] S/
- o o J ]
J\N\W 6,(k) is an element specific phase shift that
] ! 5 ] é ] causes the distance in FT-EXAFS to
R (A)

underestimate the real one by up to 0.5 A.

u“.\ Brookhaven

National Laboratory
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Amplitude reduction factor S2

S,? accounts for many-body amplitude reduction and is usually treated as an empirical
fitting parameter.

N. f:(k)e 2K . )
X(k) = Z i (“l 3 sin[2kR; + d,(k)| 87
j ok

It is typically determined using a well-defined reference sample, such as a metal foil.

N. ) A (3_21“'203 . %
x(k) =) v (/‘1)2 5 sin2kR; + 9;(k)| 8¢

N;and S,? are correlated, so an incorrect S,* leads to inaccurate coordination numbers.

More in Lecture 4 and 8 by Bruce Ravel:

EXAFS analysis | & Il

'\? Brookhaven

National Laboratory
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What XAF spectroscopy can do — Key Takeaways

1. Element-specific probing

* Individual elements in complex or heterogeneous materials can be studied
independently.

« All atoms of the selected element contribute — there are no spectroscopically
silent atoms. However, very light atoms such as hydrogen scatter the photoelectron
weakly and are often difficult to detect.

2. Electronic structure information: oxidation state and orbital occupancy can often be
determined from XANES

3. Local structural information: precise information on bond distances, coordination

numbers, neighboring atom types (Z can usually be determined to £5), and disorder

Applicable to crystalline and non-crystalline systems

Works for any phase of matter: gas, liquid, or solid

Works in realistic environments: Measurements can be performed in situ / operando,

under conditions close to the natural or working states.

o0 A

k:»‘ Brookhaven

National Laboratory
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Reference

©

Brookhaven

National Laboratory

Introduction to

XAFS

X-ray absorption fine structure spectroscopy (XAFS) is a powerful and versatile
technique for studying structures of materials in chemistry, physics, biology, and
other fields. This textbook is a comprehensive, practical guide to carrying out and
Interpreting XAFS experiments.

Assuming only undergraduate-level physics and mathematics, the textbook Is
Ideally suited for graduate students in physics and chemistry starting XAFS-based
research. It contains concise executable example programs in Mathematica 7.

The textbook addresses experiment, theory, and data analysis, but is nottied to
specific data analysis programs or philosophies. This makes it accessible toa broad
audience in the sciences, and a useful guide for researchers entering the subject.

Supplementary material avallable at www.cambridge.org/9780521767750
e Mathematica code from the book
¢ Related Mathematica programs
e Worked data analysis examples

GRANT BUNKER Is Professor of Physics at the lilinols Institute of Technology.

He has over 30 years' experience in all aspects of XAFS spectroscopy, from technique
development, instrumentation, and computation, to applications in biology,
chemistry, and physics.

coveriliustration:® Alan Crosthwaite. CAMBRIDGE
UNIVERSITY PRESS
www.cambridge,org

ISBN 978-0-521-76775-

i

5-0
80521"767750%
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Introduction to

A Practical Guide to
X-ray Absorption Fine Structure Spectroscopy

GRANT BUNKER

CAMBRIDGE
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