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X-ray absorption spectroscopy

Christopher T. Chantler    1  , Grant Bunker    2  , Paola D’Angelo    3   & Sofia Diaz-Moreno    4 

Abstract

X-ray absorption spectroscopy (XAS) is an established experimental 
technique for studying the electronic and local geometric structures 
of materials. As a short-range order structural probe, it can be applied 
to all states of matter: crystalline or amorphous solids, liquids and 
gases. The method is element selective and highly sensitive, with little 
compromise required to integrate complex sample environment 
set-ups. These characteristics make the technique suitable for 
applications in a range of scientific disciplines, from chemistry and 
catalysis to environmental science, materials science, physics, biology, 
medicine and cultural heritage. An XAS spectrum is obtained by 
measuring the modulation of the sample absorption coefficient as a 
function of the incident X-ray beam energy. Data are usually collected 
in transmission detection mode, although fluorescence and electron 
yield detection modes are often used. The XAS spectrum is divided 
into two regimes: X-ray absorption near-edge structure and extended 
X-ray absorption fine structure. In this Primer, an overview of XAS 
fundamentals is given, together with a description of the experimental 
set-ups, sample requirements, data analysis and possible applications.
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for absorption σpe versus X-ray photon energy E for the pure element 
platinum. The total (inelastic + elastic) scattering cross-section and 
total mass attenuation coefficient μ ρ E[ / ] ( )pe  are also shown. The source 
data for the plot are the FFAST database at NIST5,6, which provides spec-
tra computed relativistically for an atomic system, meaning that it does 
not include the XAFS fine structure. The general trends are of key 
importance when planning XAFS experiments7–9.

If more than one element is present in the sample, for the purpose 
of planning an experiment, the total photoelectric mass absorption 
coefficient μ ρ E[ / ] ( )pe  may be approximated as:
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in which μ ρ E[ / ] ( )ipe,  and ρi are, respectively, the photoelectric mass 
absorption coefficient and the mass density of the ith material in 
the sample; or alternatively expressed, ρ is the total mass density of the 
sample and fi is the mass fraction of the ith element in the sample. This 
expression is approximate because it does not describe changes in 
absorption owing to interactions between atoms, which are of key 
interest in XAFS. Additionally, the sum is correct for photoelectric 
absorption, but only approximate for coherent or incoherent scattering 
contributions.

Figure 2a,b shows log–log plots showing the dramatic changes that 
occur in absorption as a function of energy. As X-ray energy increases, 
the X-ray becomes more penetrating — the absorption cross-section 
decreases — except at certain specific energies that are characteristic 
of the atomic element, in which absorption suddenly increases. These 
absorption edges occur at energies where the photon has sufficient 
energy to excite an electron bound in an inner atomic orbital to an 
unfilled state of appropriate symmetry in the continuum. The K-edge is 
the highest energy edge, with an electron being ejected from the n = 1, K 
atomic shell or the 1s state. The L-edges originate from the n = 2, L shell, 
including the 2s state, referred to as the L1-edge, which is the highest 
energy L-edge; the 2p1/2 state, which corresponds to the L2-edge; and the 
2p3/2 representing the L3-edge, the lowest energy L-edge (Fig. 1a). Gen-
erally, each edge will probe final states of different symmetries, which 
can be useful experimentally. Often, the practical choice of which edge 
to probe is based on energy accessibility at the available beamlines.

Between the absorption edges in the log–log plot of Fig. 2, the 
cross-section and mass absorption coefficient are close to a straight 
line, which indicates power-law behaviour. To a useful approximation, 
the cross-section of all materials decreases approximately as 1/E3 
between absorption edges, so halving the energy increases the absorp-
tion coefficient by about a factor of eight, as long as there are no edges 
between the two energies. As the transmitted flux varies as μ E texp(− ( ) ), 
this strong energy dependence can have a dramatic effect on the pen-
etration depth of X-rays, which is important to consider when designing 
experiments and instrumentation for lower X-ray energies. As a result, 
it is essential to calculate or look up absorption values during 
experiment design.

The desired element can be selected by measuring μ(E) over one  
of its edges. The K-edge energies vary approximately with atomic 
number Z as EK ≈ Z2.16, in which the exponent is generally in the range 
2.14−2.20 depending on the range of Z that is considered; a hydrogenic 
atom has exponent of exactly 2. This approximation is useful for a rough 
estimation of K-edge energies.

The energy dependencies of L-edges and L-edge hole widths are 
more complex. However, all can be found in advanced references7,10,11 

Introduction
X-ray absorption spectroscopy (XAS) measures the transmission of a sub-
stance as a function of the incident photon energy E in the X-ray regime. 
It is element-specific and orbital-specific, enabling the local atomic and 
electronic structure of matter to be determined. It can derive oxidation 
states, density of states, coordination, bond lengths, thermal param-
eters and disorder in a local environment, in principle to much higher 
accuracy than other techniques. As XAS does not depend on long-range 
order, it is particularly suited to studying disordered systems that have 
local short-range order, for example, glasses, solutions, liquids and 
non-crystalline solids. However, it can also be applied to well-defined 
or even ideal crystals. XAS can confirm structures suggested by other 
techniques, or disprove a hypothesis in favour of a valid local structure, 
based on nanostructure, local bonding and nano-environment around 
the absorbing atomic species. Although XAS can be performed with 
laboratory X-ray sources, it is more commonly performed at a synchro-
tron. Most synchrotrons have dedicated beamlines for XAS, which is one 
of the three most common synchrotron techniques, alongside powder 
diffraction and single-crystal diffraction. It is complementary to many 
other techniques and can provide unique insights.

Conventionally, XAS includes X-ray absorption fine structure 
(XAFS) and the overall XAS spectrum can be divided into two regions 
(Fig. 1d): the X-ray absorption near-edge structure (XANES) and 
extended XAFS (EXAFS). XANES is often investigated by fingerprint-
ing or linear component fitting and involves complex excitation the-
ory using molecular orbital principles or multiple-path, multiple-leg 
scattering — two-leg or three-leg paths with multiple scattering — of 
the photoelectron. The EXAFS region is fit with a range of available 
theories and software packages. The complex oscillatory structure 
observed in XAS arises from quantum interference between the photo
electron wave emitted above a photoabsorption edge (Fig. 1a) and 
elastically scattered photoelectron waves from neighbouring charge 
density (Fig. 1c). This can determine the oxidation state, geometry and 
structure of the local environment around the absorbing atom1. In addi-
tion, the XANES region includes pre-edge features, which correspond 
to bound–bound resonant excitations that can explain the geometry, 
coordination and oxidation state of the absorbing atom2.

Early studies of X-ray spectroscopy (Box 1) used laboratory sources 
with low energy resolution and large beam divergence. When synchro-
trons and synchrotron beamlines were developed, the flux and statistics 
of the X-ray spectra, XAS and XAFS, improved markedly. This includes 
higher energy resolution from higher-order monochromator crystal 
diffraction planes. Recently, laboratory sources have been revisited 
and optimized and are now much more useful to characterize a range 
of ideal or traditional samples using transmission detection mode and 
fluorescence detection mode. X-ray free electron lasers (XFELs) have 
even higher brilliance than synchrotrons, with experimental optics 
that need to handle increased flux on a smaller target cross-section.

An XAS spectrum may also be obtained using fluorescence detec-
tion (Fig. 1b), electron yield and scattering processes indirectly without 
direct measurement of X-ray absorption. Some experimental set-ups 
use partial fluorescence yield or fluorescence detection with a region 
of interest selected to correspond to a particular emission line1. The 
nomenclature used throughout this Primer follows the definitions 
in refs. 2–4.

X-ray absorption coefficient and cross-sections
Figure 2a shows a log–log plot of the photoelectric X-ray mass absorp-
tion coefficient μ ρ E[ / ] ( )pe , which is proportional to the cross-section 
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or in a simple form at the X-ray data booklet. Care should be taken 
when calibrating spectra to energies to ensure that the definition of 
the edge energy matches the experimental method and resolution 
for measurement2. The X-ray attenuation database at NIST5,6 contains 
reference values. Other media are also readily available, for example, 
databases contained within the software packages Hephaestus, Xray-
larch, Mathematica (as StoppingPowerData) and others. The online 
server, Mucal Periodic Table, is useful for quick lookups.

Background theory
When a photon is absorbed by a material following the photoelectric 
effect, a free photoelectron is emitted into the continuum or bound 
state. The process is dominated by photon interaction with electrons 
in the material (Figs. 1 and 2). At high energies, the photon interacts 
with charge on protons in the nucleus, meaning that nuclear pro-
cesses and nuclear resonances become dominant. Magnetic interac-
tions also occur and relativistic spin–orbit coupling is crucial, but 
magnetic coupling is normally small compared with photoabsorp-
tion and electron emission. The starting point for understanding 
XAS is perturbation theory for the photoabsorption cross-section, 
amplitude, matrix element or form factor and equations for the 
perturbing time-dependent Hamiltonian1. The transition rate and 
whole XAFS interference signal arise, in second-order perturbation 

theory, from the second term of the Born sequence: interference of 
the returning electron wave. This interference may be compared 
with the first-order cross-section — the atomic or reference absorp-
tion coefficient — without potential scattering of the photoelectron 
wave. Transition matrix or Green’s function approaches12–15 require 
higher-order perturbation theory.

Elastic scattering — which yields a secondary photon with the same 
energy and wavelength, scattered through some angle — is the basis 
of X-ray diffraction and thermal diffuse scattering and is stronger 
at higher energies. Elastic interactions16–18 include scattering from 
bound electrons, referred to as Rayleigh scattering19,20, with transition 
amplitude AR and cross-section in barns per atom σR; scattering from the 
proton charge in the nucleus, known as nuclear Thomson scattering21, 
with amplitude ANT and cross-section σNT; Delbruck scattering22,23  
(AD, σD) from virtual electron–positron pairs created in the screened 
nuclear Coulomb potential occurs due to vacuum polarization and 
quantum electrodynamics in the photon energy range 100–1,000 keV; 
and nuclear resonance scattering24 (ANR, σNR) from nuclear collective 
resonances at much higher energies. Elastic processes yield a photon 
with the same energy as the incident photon, making them coherent 
and the amplitudes add in phase:

A A A A A= + + + , (2)elastic R NT D NR
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Fig. 1 | Processes in X-ray absorption spectroscopy. a, Representation of 
the interaction of X-ray photons with an absorbing atom and nomenclature of the 
absorption edges relative to the inner shell electron states. b, Energy level diagrams 
for the processes of photoabsorption, X-ray fluorescence and Auger photoelectron 
production. c, Schematic picture of the incoming and backscattered photoelectron 
wave, which illustrates the concept of interference in extended X-ray absorption 
fine structure (EXAFS). The incident X-ray photon interacts with the absorbing 

atom. A photoelectron is emitted and backscattered from the surrounding atoms. 
The backscattered wave from the surrounding atoms interacts with the outgoing 
wave in a constructive or destructive manner, depending on the energy of the 
incident X-ray photon. This gives rise to an oscillation in the absorption coefficient 
that produces an X-ray absorption spectrum. d, Typical X-ray absorption spectroscopy 
spectrum in which the X-ray absorption near-edge structure (XANES) and EXAFS 
regions are highlighted. a.u., arbitrary units.
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The elastic or coherent cross-section σelastic = σcoh is proportional 
to A[ ]elastic 2. Inelastic scattering of the photon yields an excited state 
and a photon is emitted at a lower energy. Inelastic scattering processes 
are dominant at higher energies and include photoexcitation, such as 
photoabsorption from photoionization; Compton scattering from a 
free or bound electron25,26 (AC, σC); electron–positron pair production 
from the vacuum field of the nucleus (An, σn), with a threshold above 
2mec2 or 1.022 MeV; triplet production or pair production with elec-
tronic excitations (Ae, σe) with a similar threshold; photonuclear absorp-
tion (Apn, σpn) yielding the emission of a neutron σ(γ, n), proton σ(γ, p) 
or another particle at much higher energies. Assuming that each pro-
cess and cross-section is incoherent with other process gives the 
common formula:

σ σ σ σ σ σ σ= + + + + + . (3)tot pe elastic C n e pn

Following refs. 27,28, the primary functional fitted in XANES 
should be μpe(E) or μ ρ E[ / ] ( )pe  to match the theoretical prediction. By 
contrast, in conventional XAFS or EXAFS fitting, the relevant functional 
fitted is:
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Angstrom (Fig. 1). μ ρ E[ / ] ( )0  is either the photoabsorption coefficient 
for an isolated atom with no electron interference, a semi-empirical 
spline or background-subtraction approximation or an estimated 
edge-jump amplitude Δμ0(E) with χ k( ) =

μ E μ E
μ E

( ) − ( )
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0

0
. μ ρ E[ / ] ( )tot  is the 

total measured mass attenuation coefficient; however, it should be 
replaced by the mass absorption coefficient μ ρ E[ / ] ( )pe . With these 
various definitions of χ(k), it is clear that χ(k) is not a uniquely defined 
function, and this variation can affect the structure and amplitude of 
spectra during later analysis. Full-potential codes can fit the XANES, 
pre-edge and EXAFS regions using μ ρ E[ / ] ( )pe , giving a better match 
with theoretical computations.

The phenomenological XAFS equation can be used to determine 
path or bond distances Rj; coordination numbers Nj for equivalent paths 
in a shell; structural and vibrational variance in paths or bond distances 
σ j

2; the many-body amplitude reduction factor for multi-electron pro-
cesses S k( )0

2 ; and the effective curved-wave backscattering amplitude, 
based on:

f θ k R f θ k R e( , , ) = ( , , ) (5)i j i j
i

eff eff
Φeff,j∣ ∣

for an (i + 1)-legged path, with θi = 1 = π for a two-legged path. The final-
state l-wave central atom phase shift is given by δ l

c and the mean free 
path of the photoelectron by λ(k) with or without the lifetime hole 
width of the excited state. For K-edges, L1-edges and M1-edges, in which 
the initial state has l0 = 0, dipole selection rules yield l = l0 + 1 = 1, mean-
ing that the phase offset is dominated by the dipole single-leg offset 
δ1; the curved wave offset Φeff, j or defect β; and the π phase change. 
Under these approximations:
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Detailed derivations of multiple scattering, convergence of the 
perturbation series expansion and full potential theory use a more 
exact quantum mechanical formulation; however, they can be put 
into the same form as this expression. Cumulant approaches29,30 replace 
the Gaussian approximation e σ k−2 j

2 2
 with cumulants of the atomic 

distribution function. Self-energy, intrinsic losses and more can be 
seen using f θ k R e( , , )i j

R λ k
eff

−2 / ( )j  terms. For p electron transitions  
(L II, L III, M II and M III edges) in which the initial state has l0 = 1, and 
dipole selection rules l = 0 or l = 2, these approximations give two 
channels (s and d transitions) which interfere27,31, corrected from32:
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Box 1 | Key historical advances
 

	• 1913: the first measurements of X-ray absorption edges, 
understanding of absorption edges and the Periodic Table272.

	• 1913: the first X-ray absorption edges in silver and bromine273.
	• 1914: proposal that each absorption edge corresponds to 
excitation of an electron from a particular bound orbital into 
the continuum273.

	• 1920: recording of the first X-ray absorption spectroscopy 
spectrum that shows modulation of the absorption coefficient274.

	• 1932: short-range order theory developed for molecules 
and proposal that structure comes from interference by 
near-neighbour atoms only.

	• 1970: point-scattering model developed to predict structure based 
on a sum of wavefunctions reflected from atomic centres in a 
small cluster. Structure is renamed X-ray absorption fine structure.

	• 1971–1975: Fourier transform approach to extended X-ray 
absorption fine structure made the theory and analysis much 
more powerful49–51,275,276.

	• 1975–1986: recognition that the photoelectron and returning 
interferences are spherical wavelets, enabling much greater 
insight and predictability27,122,277,278.

	• 1977–1978: inclusion of the many-body reduction factor S0
2 

followed130,279.
	• 1981: second-generation, purpose-built synchrotrons 
introduced, beginning with Daresbury synchrotron.

	• 1985: the rigorous link of X-ray wavelengths to visible wavelengths 
and SI units, such as the metre, was established7,280,281.

	• 1986–2001: developments of the muffin-tin potential 
approximation; clarification of the Green function approach; 
higher order and multiple-leg path terms; and cumulant 
approaches to atomic distribution functions29,106,282,283.

	• 1994: third-generation, modern synchrotron facilities with 
specialized insertion devices (wiggler magnets and undulators) 
introduced to increase irradiance and modify beam characteristics, 
beginning with the European synchrotron radiation facility.

	• 1998 onwards: recent techniques98,115,180,255,256,284–286.
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The components of equation (7) depend on the scattering angle 
at each reflection, θj, which have individual matrix elements M02 and 
phase offsets δ ′ j02  from quadrupole interactions relative to the dipole 
contributions. Different presentations normalize the matrix elements 
differently and also include the minor M01

2  term. The extra interference 
channel is oriented. As a result, it depends on how the incident photon 
is polarized with the alignment or orientation of any material periodic-
ity. In the absence of alignment, this looks like a different effective 
scattering factor feff, but each scattering path or potential has a differ-
ent phase offset. Therefore, there would be multiple components of 
interference even for a single two-legged path.

Fluorescence measurement of XAS spectra is common, especially 
for dilute systems and solutions. In this case, the photoabsorption 
coefficient is not measured, but rather33–36:
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in which f is the fluorescence yield given by the region of interest 
(or the range of emission energies accepted by the detector), for 
example, Kα fluorescence. The * indicates that only the component 
that is absorbed by the active atomic orbital producing the fluorescent 
photon contributes, whereas subscript pe shows that only the photo
electric absorption coefficient is considered, rather than the total 
attenuation coefficient. Ω is the solid angle subtended by each detector 
(pixel); θinc is the incident angle of the X-rays onto the sample relative 
to the normal; θout is the angle of emission of the fluorescent radiation 
from the sample relative to the normal; [μf/ρ] is the mass attenuation 
coefficient of the material at the energy of the fluorescent photon; 
t is the sample thickness and If is the number of fluorescence photons 
in a small solid angle Ω centred on θout (refs. 37–39). As each detec-
tor pixel represents a different θout from the sample surface, there 
will be a different self-absorption function for each pixel. This is an 
energy-dependent function.

Defining monitor and detector as the measured counts in the 
upstream and downstream detectors, respectively; If and I0 as the actual 
fluxes or counts; εmon and εdet as the upstream and downstream detector 
efficiencies; air, w, m and c as the air, window, monitor, gas and other 
paths, respectively; and A and F as the transmission into (absorption) 
and out of (fluorescence) the sample gives:
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Equation (9) can be inverted to correct for absorption and 
self-absorption in the sample, using packages such as SeAFFluX35,36. 
After inversion, fluorescence does not yield an absolute value of 
absorption — in the thick sample limit it is independent of thickness — 
but rather reports ai

I
I

f

0
 or at best a μ ρ E ρt[ / ]* ( )[ ]i pe . This can be used 

effectively, especially if the above-edge distortions are corrected. 
One of the best approaches is to simultaneously measure in transmis-
sion and absorption, which enables the fluorescence signal to be 
scaled in very close agreement to the theoretical mass absorp-
tion coefficient and experimental transmission mass absorption 
coefficient.
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Fig. 2 | Log–log plots of X-ray mass absorption coefficients versus photon 
energy. a, Plot for the element platinum. b, Plot for the element copper. In both 
panels, the dotted line is scattering and the dashed line is the total (photoelectric 

absorption with scattering) attenuation coefficient. The relatively straight lines 
between the absorption edges indicate the approximate power law behaviour of 
cross-section above and away from edges.
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Primer purpose
The aim of this Primer is to briefly summarize key components of the 
current XAFS, XANES and EXAFS experimental set-up, theory, analy-
sis and applications, particularly as presented at many international 
facilities and synchrotrons. It is intended as an introductory guide 
for users and beamline scientists, without replacing detailed guides, 
beamline introductions or advanced texts, such as the International 
Tables for Crystallography40–43. This short Primer concentrates on 
transmission and fluorescence detection mode spectroscopy, XAS and 
X-ray emission spectroscopy (XES). In some cases, high-energy resolu-
tion fluorescence detection (HERFD) is used, in which the bandwidth 
of the beam or region of interest in fluorescence may be very narrow 
or mapped across incident energy and emission energy axes in a full 
2D spectrum. An example of this is in resonant inelastic X-ray scatter-
ing (RIXS), which focuses on the bound–bound resonance processes 
below the absorption edge and above the Fermi level.

HERFD, RIXS44,45, total fluorescence yield or secondary process 
measurement such as total electron yield spectroscopy46, Auger 
electron spectroscopy, or other surface spectroscopies, such as 
RefleXafs47,48, are not discussed, despite exciting science, potential 
and applications. Although recent advances of inverse Compton, 
XFEL and laboratory source applications are not described in this 
article, most of the discussion is also relevant for those sources and 
techniques.

Experimentation
XAFS spectroscopy49–51 studies changes in the X-ray absorption coef-
ficient that occur as a consequence of chemical bonding. Different 
atomic elements can be targeted by selecting absorption edge energies 
characteristic of those atoms. A particular strength of XAFS is that it 
does not require long-range order in the sample, in contrast to classical 
diffraction methods, so it is applicable to crystals, amorphous systems, 
polycrystalline solids, alloys, solutions and molecular gases. XAFS also 
does not have stringent sample or environment requirements, making 
it feasible for investigating non-ideal, real-world systems. Standard 
XAFS experimental methods are reviewed in refs. 31,40,41,52,53. 

Reliable measurements of XAFS must take into account the general 
behaviour of X-rays and their interactions with matter — the energy 
dependence of absorption and scattering — and the specific charac-
teristics of the XAFS measurement process, for example, the energy 
range, sampling and resolution needed to record a spectrum. Trans-
mission, the simplest and most common XAFS measurement mode, 
is schematically represented in Fig. 3a. This is functionally similar 
to a basic spectrophotometric measurement. However, in contrast to 
laboratory-scale instruments, synchrotron X-ray sources may be hun-
dreds of metres in diameter and the instrument beamline tens of metres 
in length. Sample sizes are typically on the order of 1 cm in size, but 
with suitable focusing instrumentation, the X-ray beam can reach sizes  
of  <1 μm.

X-ray sources
Synchrotron radiation sources. Laboratory-scale XAFS systems using 
spherically bent focusing crystal monochromators are available com-
mercially and can be useful for concentrated samples and training. More 
challenging experiments that require higher flux, for example, dilute 
systems, under in situ or operando conditions, polarization-dependent 
studies and experiments requiring a well-collimated beam are routinely 
carried out at synchrotron radiation sources54. Synchrotrons are large, 
shared research facilities, which are normally accessed via a proposal 
process, offering far more intense and collimated beams of polychro-
matic and polarized X-rays than laboratory sources. Most of instrumen-
tation necessary to carry out measurements is provided by the facility. 
At a synchrotron, a recirculating beam of electrons moves through a 
shielded, evacuated pipe at speeds slightly under the speed of light. The 
electron beam travels in a closed path (that is, the shape of a many-sided 
polygon), with rounded corners where the beam path bends. A carefully 
designed set of focusing quadrupole and sextupole magnets controls 
the dynamics of the electron beam, and radiofrequency cavities are 
used to replenish the beam energy lost through synchrotron radiation. 
The electrons are not uniformly distributed throughout the circumfer-
ence of the ring, but rather grouped in a number of bunches. For this 
reason, X-rays are emitted as a train of short pulses, where the duration, 

Sample
I

a   Transmission experiment

b   Fluorescence yield experiment

X-ray source Monochromator
I0

Sample

If

I0

Fig. 3 | Schematic diagram of X-ray absorption fine structure measurements. 
Transmission experiment set-up (part a) and fluorescence yield experiment 
set-up (part b). I0 is the upstream or monitor flux and If is the downstream or 

detector or fluorescence detector flux. The time for counting is the same. In the 
first schematic, the flux after attenuation is measured; in the second schematic, 
the ionized sample emits fluorescence, which is measured.
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frequency and pattern depend on the operating conditions of the ring. 
This pulsed structure can be extremely useful for time-resolved and 
pump-probe experiments.

Accelerating charged particles radiate. Wherever the beam direc-
tion is forced to change, for example, by applied magnetic fields, 
photons are emitted. The relativistic motion of the electrons drasti-
cally alters the energy spectrum and spatial distribution of the radiated 
light, compared with non-relativistic motion. The high-energy end 
of the spectrum shifts up into the X-ray range, and the emitted radia-
tion pattern tilts and is confined in the direction of electron motion. 
Normally, the orbital plane of the electrons is horizontal, so the radia-
tion at each bend is emitted in a horizontal fan, of which several millira-
dians are used for experiments on an individual beamline. The emitted 
photon beams are highly collimated in the vertical plane, with a very 
narrow vertical angular spread  ≈ 1/γ radians, typically on the order of 
100 μrad, in which γ is the ratio of the electron beam energy to the rest 
energy of the electron. The emitted photons are used in experiments 
by sending them down a beamline that has suitable instrumentation, 
such as monochromators, mirrors and detectors.

In modern synchrotrons, special magnetic structures called inser-
tion devices — including wigglers and undulators — cause the electron 
beam path to oscillate, usually in the horizontal plane of the ring. X-rays 
radiated at each oscillation bend are used for experiments. Insertion 
device characteristics are tailored to specifically produce the spectrum 
and angular properties needed for experiments. Wigglers, such as bend 
magnets, produce a fan of radiation several milliradians wide in the 
horizontal plane and highly collimated in the vertical plane. Collima-
tion in the vertical plane is essential to introduce the photon beam to 
the beamline optical system. The energy spectra from bend magnets 
and wigglers are quite broad, with a universal shape characterized by 
a single parameter: the critical energy Ec. Undulators take advantage of 
interference effects within the device to collimate the emitted photon 
beam in the horizontal plane. A pencil beam of photons is emitted, and 
the energy spectrum bunches into specific energies, peaking at the 
fundamental energy and its odd-order multiples, with greatly increased 
intensity at the fundamental and low-order odd harmonics.

There are more than 50 synchrotron sources worldwide, details 
of which can be seen at lightsources.org. Most of these facilities are 
third-generation storage rings operating with beam currents up to 
400 mA to increase brightness. Efforts have been made to reduce the 
electron beam emittance for high brightness. Multibend achromat 
lattices55 can reduce emittance by one or two orders of magnitude. 
Fourth-generation storage rings based on the multibend achromat lat-
tice concept have recently been developed (MAXIV, SIRIUS and ESRF), 
with upgrades planned for several third-generation synchrotrons56.

Beamlines. Synchrotrons host many beamlines, which operate simulta-
neously. Beamlines are complex instruments that tailor the properties 
of the X-ray beam produced from the source. This includes select-
ing and scanning the X-ray beam energy; rejecting beam harmonics; 
defining the beam geometry with slits; focusing the beam using X-ray 
mirrors, bent crystals or other devices; delivering the beam to the 
sample; amplifying and reading detector outputs; recording detector 
dark currents and amplifier offsets; documenting and saving data files; 
and providing a suitable interface to the user. Additionally, beamlines 
are responsible for protecting experimenters and users from radiation 
exposure with shielding and user-interlock systems, in addition to 
protecting hardware from fault conditions. Laboratory XAFS facilities 
must carry out similar functions.

For XAFS, a narrow slice of the spectrum with an energy width on 
the order of 1 eV or δE ≃ 2 × 10−4E is selected using an X-ray monochro-
mator. Synchrotron X-ray beams are well collimated in the vertical plane 
owing to the relativistic motion of electrons in the storage ring. This 
collimation is advantageous when selecting specific energies using 
X-ray monochromators. Monochromators usually consist of a sequen-
tial pair of flat, highly perfect, crystals made of silicon, germanium or 
other materials. Only X-ray photons with energy E that are sufficiently 
close to meeting the Bragg diffraction condition — nλ d θ= 2 sin( ), or 
equivalently E = hc

d θ2 sin( )hkl
 — are diffracted by the first crystal. X-ray 

photons that are not diffracted are absorbed, inelastically scattered or 
transmitted by the first crystal. The first crystal normally requires 
cooling by water, helium gas or liquid nitrogen. In this form of Bragg’s 
equation, n is a positive integer, λ is the X-ray wavelength, h is Planck’s 
constant, c is the speed of light and dhkl is the spacing between atomic 
planes in the crystal that contributes to the diffraction peak designated 
by hkl. For a given crystal structure, only specific triplets of hkl — for 
instance, for silicon and germanium 111, 220, 311, 331, 400 — give rise 
to strong diffraction and are used for the XAFS measurements. When 
diffracting from the first crystal, the X-rays are deflected by an angle 
2θ. A second crystal is placed with diffracting planes parallel to the first 
crystal, causing the beam to be diffracted parallel to the initial beam 
direction. This is operationally important because θ is varied over a 
scan, enabling tuning to different energies so that different absorption 
edges can be measured and E can be scanned over a 1 keV range to record 
a full spectrum. Beam control is important to minimize energy drifts57.

The intensity of the monochromatic X-ray beam is normally moni-
tored using a partially X-ray-transparent detector, such as an ionization 
chamber, referred to as an ion chamber. This signal is divided out to 
normalize variations in the detected beam flux. In a transmission mode 
measurement (Fig. 3a), the beam is directed onto a uniform, partially 
X-ray transparent sample. The X-ray flux transmitted through the 
sample is measured using a second ionization chamber. The incident 
flux I0 and transmitted flux I are related to the X-ray absorption coef-
ficient μ by I I μ E t/ = exp(− ( ) )0  or ( )I I μ ρ E ρt/ = exp −[ / ] ( )[ ]0 pe , in which 
t is the path length through the sample and ρ is the sample density. This is 
the X-ray equivalent of the Beer–Lambert law used in UV–Vis and 
infrared spectroscopy.

Alternative X-ray facilities. Laboratory XAFS facilities are gaining 
popularity due to their cost–effectiveness and unlimited availability 
compared with synchrotron beam time. As access to large-scale infra-
structures is limited and highly competitive, laboratory sources are a 
valuable alternative. Some experiment types such as systems that are 
toxic or dangerous may not be allowed at a synchrotron but can be 
studied on laboratory sources58. Laboratory set-ups are also valuable 
as teaching instruments, for example, to explain X-ray methodologies.

A general limitation of laboratory-based experiments is that they 
have a relatively low signal-to-noise ratio, which needs to be com-
pensated by long acquisition times. As a result, studies of very dilute 
samples are limited. However, low X-ray doses can be advantageous for 
samples prone to radiation damage. Time-resolved experiments are 
also difficult or impossible using laboratory-based spectrometers. Con-
versely, laboratory XAFS instruments are very interesting for character-
izing stable solids and liquids when long-term in situ measurements are 
required in materials chemistry, catalysts and environmental science. 
Importantly, laboratory facilities can complement synchrotron stud-
ies by performing preliminary measurements for sample screening 
to maximize synchrotron time. Advances in laboratory-based XAS 
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will be facilitated by more powerful X-ray sources and highly efficient 
detectors to reduce acquisition times. As in-house X-ray instruments 
improve, more X-ray experiments may move back to the laboratory.

XFELs are cutting-edge tools that use high-energy electron beams 
to produce extremely bright and coherent X-ray pulses. For example, 
the European XFEL can produce pulses up to 27,000 times per second, 
enabling real-time observation of rapid processes59. XFELs can cover 
a wide range of X-ray energies to probe various materials and biologi-
cal samples at different levels. Using an XFEL facility is more complex 
than a synchrotron; however, they are opening up new perspectives in 
time-resolved imaging of ultrafast processes in biology and materials 
under extreme conditions of pressure and temperature60,61.

Measurement modes
μ(E) or μ ρ E[ / ]( ) is the central quantity of interest in XAFS. It is analogous 
to the product of the extinction coefficient and concentration in opti-
cal absorption measurements. In transmission mode, absorption from 
air and windows and the energy dependence of ionization chamber 
sensitivities add a smooth background to the absorption, which is 
subtracted later in the data reduction process. In precise fluorescence 
mode measurements, corrections may be needed to compensate for 
these effects.

In fluorescence mode (Fig. 3b), X-ray fluorescence emitted from 
the sample owing to X-ray absorption is measured, rather than the 
transmitted flux measured in transmission mode. In some situations, 
it can be helpful to measure both transmission and fluorescence modes 
at the same time.

Alternatively, with suitable instrumentation, electrons emitted 
from the sample surface can be used as an indirect measure of the 
absorption events. This is an important detection approach for low 
energy, referred to as soft, X-ray energies. Conversion-electron detec-
tion can also be effective at higher energies. In this case, electrons emit-
ted by the sample within a depth of  ≈1,000 Å are allowed to collide with 
helium gas around the sample surface, and the secondary electrons 
are detected with an applied electric field, similar to an ionization 
chamber. This mode of detection provides a surface sensitivity not 
automatically possible by other means. Photoluminescence and other 
indirect measures of absorption can also be used but are not widely 
supported on beamlines.

Dispersive XAFS measurements are also possible, in which a bent 
crystal is used to diffract different energy slices of the polychromatic 
beam into monochromatic beams that impinge on the sample. The 
different energies can be detected simultaneously, in parallel, using 
a spatially resolved detector. This approach eliminates the need to 
scan, which can be useful for time-resolved experiments. Initially, a 
bent mica crystal was used with photographic film as a detector62. 
Many other XAFS measurement modes are possible and occasionally 
used. Important examples are oriented samples with polarized X-ray 
beams, and grazing incidence or total external reflection geometries 
for surface sensitivity.

Experimental requirements
A strength of XAFS is that it does not require restrictive sample condi-
tions, making it applicable to real-world and in situ experiments. How-
ever, there are essential requirements that must be met to obtain good 
XAFS data. Although standard XAFS spectroscopy is useful for many 
fields, higher accuracy methods such as X-ray extended range technique 
(XERT)63,64 and hybrid65,66 approaches can attain two orders of magni-
tude greater sensitivity and accuracy. This is achieved by quantifying 

systematics and uncertainties, measuring XAFS across extended 
energy and attenuation ranges and thereby permitting hypothesis 
testing of structure and theory. Hybrid techniques investigate a wider 
range of parameters and systematics than a conventional XAFS experi-
ment, but less than an XERT experiment, and are particularly useful 
for disordered systems, glasses and solutions. Typically, this involves 
calibration of energy, amplitude, scattering and harmonics, together 
with characterization of the sample and beam. Guidelines are available 
for determining precision67, especially when measuring the variance of 
repeated measurements under different experimental conditions68,69.

A set of useful guidelines is contained in the acronym HALO: har-
monics, alignment, linearity and offsets. Harmonics should be removed 
using harmonic-rejecting mirrors, detuning one of the monochromator 
crystals, or other means, especially for thick transmission samples. 
The beam should be aligned with the sample and collimated to only 
see the homogeneous sample and windows between the monitor (I0) 
and detector (I). The monitor and detectors should be linear, in the 
plateau region, and with corrections for any nonlinearities. Systematic 
offsets, including dark currents, must be monitored and subtracted to 
compensate for drifts.

Energy range. XAFS requires precise measurements of the data. The 
magnitude of the fine structure ranges from about 10% of the edge 
jump in the near-edge region to less than 0.1%. This decreases rapidly 
above the edge, particularly for systems that are structurally or ther-
mally disordered, and when the central absorbing atoms have neigh-
bouring atoms of low atomic number. EXAFS involves analysis of the 
oscillatory χ(k) signal, whose signal-to-noise ratio drops rapidly at high 
energies. The ability to resolve peaks in r-space owing to contributions 
from atoms at different distances is usually dependent on the k-range, 
which is limited by the small signal at high k. For EXAFS analysis, 
the upper limit of the energy range should exceed k > 10−12max  Å−1, 
which (E − E0  ≈  3.8k2 eV Å units) corresponds approximately to 
E − E0 > 400−600 eV and should preferably be twice that. In the soft 
X-ray range, or the tender X-ray range, sample requirements can be 
restrictive and may need to be prepared carefully, for example, thin, 
homogeneous and measured in vacuum.

Energy resolution and sampling. Near the absorption edge, XAFS 
data may contain sharp peaks and oscillatory features that vary rapidly 
as a function of energy. Features that vary more slowly versus energy 
are found further above the edge. This is due to the oscillatory nature 
of EXAFS versus k, and because k E E∝ − 0. To resolve features near the 
edge, an X-ray beam of energy bandwidth less than  ~1 eV is required. 
This criterion depends on the core-hole lifetime. If the energy resolution 
is insufficient, near-edge features will not be resolved, and the EXAFS 
amplitudes at low k may be suppressed. The trade-off between flux and 
resolution can be controlled to some extent by the choice of source, 
crystal cut and slit configuration. The effect of resolution and core-hole 
lifetime can be partially corrected for numerically, but it is important 
to use a sufficiently fine instrumental energy resolution and sampling. 
Typically, energy sampling will be a fraction of 1 eV over the edge, and 
the energy grid spacing will increase over the EXAFS region to mimic a 
uniform spacing in k. Some beamline control software will explicitly 
manage this, and others will require manual selection of energy grids.

Core-hole broadening is a fundamental physical effect that occurs 
owing to Heisenberg’s time–energy uncertainty relation ΔEΔT≥ħ/2 and 
the limited lifetime of the core hole. The core hole is annihilated when it 
is filled by an electron transitioning from a higher energy state. Energy 
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is emitted in the form of a fluorescence photon. For example, a 1s core 
hole is quickly filled by a dipole-allowed transition from a 2p state, 
resulting in emission of a K-α fluorescence photon. In fluorescence 
mode, these photons are routinely collected as a measure of the X-ray 
absorption. For K-edges of the first-row transition metals, this happens 
on a timescale of order 10−15 s, giving energy widths of ~1 eV. K-edge 
energy level widths increase rapidly with atomic number, roughly 
doubling for each 8.75 increase in atomic number of between Z = 16 
and Z = 60. Core holes may also be annihilated through a sequence 
of non-radiative (Auger) processes in which energy is released by 
ejecting electrons from the absorbing atom (Fig. 1b). A fraction of 
these electrons can be detected as an indirect measure of the initial 
absorption events. L-edge hole widths are complex functions of atomic 
number Z (ref. 11).

To adequately represent contributions from the longest effective 
distances present in the data, it must be sampled on a sufficiently fine 
grid in energy or k and have well-defined accuracy on each data point. 
The Nyquist sampling theorem suggests that the highest frequency 
in the data must be sampled at least twice per cycle. The period of EXAFS 
oscillations in k-space satisfies the condition π kR2 = 2Δ max, so a com-
mon Nyquist sampling criterion is δk π R= /(2 )max , or about 0.16 Å−1 for 
R = 10max Å (refs. 36,67,70). There is also high frequency noise in the 
data, which can alias into the frequency range of interest and contribute 
to excess noise if not sampled adequately. For this reason, oversampling 
is commonly performed. A sampling grid in k-space of 0.05 Å−1 works 
well in practice and is recommended for most samples.

Such a sampling convention implies that the spacing between 
energy grid points En in the EXAFS region should satisfy the approxi-
mate criterion δE E E≤ ( − )/25n n 0 . Oversampling is not a problem; 
however, undersampling is an issue that can be addressed with 
well-defined, undersampled data. The undersampled data can achieve 
exactly the same accuracy and insight as dense data67 but only if uncer-
tainties and data accuracy are propagated. As a result, there is a danger 
with perfectly regular spacing, but irregular sampling of component 
frequencies is potentially highly accurate if uncertainties are measured 
and propagated.

Samples
Homogeneous concentrated samples can be easily and accurately 
measured in transmission mode. Films can be prepared by many meth-
ods, including evaporation, sputtering, atomic layer deposition and 
chemical vapour deposition71. Thin concentrated films and thick dilute 
samples can be accurately measured in fluorescence mode. By contrast, 
thick concentrated samples tend to suffer from self-absorption and 
over-absorption effects in fluorescence, unless preventive measures 
are taken.

Sample preparation is a design process, requiring careful thought 
and execution. Bad sample preparation results in bad measurements. 
Samples can be made from films, powders, solutions, suspensions or 
gases. In most cases — nontoxic metal foils are a common exception — 
samples must be kept in sealed cells with X-ray transparent windows. 
They can be specifically prepared for XAFS measurements, which 
is preferred, or analysed in a natural state, which may present chal-
lenges. Safety is the first thing to consider, for example, sample 
toxicity, reactivity, volatility or radioactivity. Safety Data Sheets should 
be consulted and materials handled accordingly. These considera-
tions affect decisions about sample processing, including grinding, 
protective equipment, sample cell choice, material transportation 
and disposal.

The measurement mode used depends on the composition of 
the sample and its geometrical form. If samples are concentrated and 
can be prepared with a uniform thickness that is thin enough for the 
incident X-rays to pass through, then transmission mode measure-
ments are simplest and best. Variations in sample thickness can cause 
systematic errors, which are exacerbated when the sample is too thick. 
Thickness effects also occur when the sample is too thin. The best 
solution is to use multiple samples to quantify and correct for any 
thickness effects34–36,72–74.

Sample absorption should be calculated during the experimental 
design process. If the edge step is small (⪅0.1), then fluorescence mode 
is preferred. This can be the case if samples are dilute. In such cases, the 
sample does not need to be thin enough for all X-rays to pass through, 
because the fluorescence detector can be placed perpendicular to 
the incident beam. Typically, the beam will be incident on the sample 
surface at 45°, but other incidence angles can be selected. The fluores-
cence detector is normally placed at 90° to the incident beam direction 
in the horizontal plane. This location minimizes elastically scattered 
background from the sample by aligning the centre of the detector 
with the X-ray polarization vector of the incident beam.

Equation (11) considers a flat slab of material with thickness T and 
X-ray beam of energy E incident at angle θ relative to the sample surface. 
Fluorescence X-rays of energy Ef exit at an angle ϕ, with μ(E) represent-
ing the absorption coefficient of the whole sample and μs(E) 
representing absorption only from the element and edge of interest. 
The fluorescence signal from a layer of sample at depth t is the product 
of several factors: the probability of X-rays propagating to depth t 
( μ E texp(− ( ) )); the probability of being absorbed by the element of 
interest s within the thickness dt (μ E t θ( )d /sin( )s ); the probability of an 
absorption event giving rise to an isotropically emitted fluorescence 
photon, also known as the fluorescence probability yield f, which is a 
constant between zero and one; and the probability of the fluorescence 
photon of energy Ef escaping the sample at angle ϕ.

Integrating the product of these probabilities over the thickness 
of the sample gives:

μ E τ E ε θ T τ E( ) ( )( /sin( ) (1 − exp(− / ( ))), (11)s

in which sampling depth or sampling thickness τ(E) is defined as 
τ E μ E θ μ E ϕ1/ ( ) = ( ( )/sin( ) + ( )/sin( ))f . τ(E) is a measure of the depth the 

X-rays probe the sample in fluorescence yield measurements. 
The shorter of T and τ is the metric to consider if one is much larger 
than the other.

There are useful limits when equation (11) is expressed in a simpler 
form. If the total thickness of the sample T is much less than the sam-
pling depth (T « τ), the expression simplifies to μ E T ε θ( ) ( /sin( ))s . This 
is called the thin limit and the fluorescence signal is proportional to 
μs(E), as desired for direct comparison to transmission mode. Con-
versely, if the sampling depth τ(E) is much less than total thickness T 
(τ « T), the expression simplifies to μ E τ E ε θ( ) ( )( /sin( ))s . This is called 
the thick limit and the expression has exactly the same form as the thin 
limit, except the relevant thickness is τ(E) instead of T.

A key difference is that τ(E) depends on μs(E) because μs(E) is a 
component of μ(E). For concentrated samples, this introduces a non-
linear dependence of the measured signal on μs(E) that can distort the 
XAFS if the element of interest is a major component of the sample. 
As the sampling depth depends on absorption, it can partially cancel 
out variations in fluorescence with energy. This effect is referred to 
as self-absorption or over-absorption and must be minimized with 

http://www.nature.com/nrmp


Nature Reviews Methods Primers |             (2024) 4:89 10

0123456789();: 

Primer

avoidance procedures or corrected using numerical methods34–36,75. 
Measuring the signal in electron-yield mode instead of fluorescence, 
collecting fluorescence signal at small ϕ, or using an internal calibration 
signal — such as fluorescence from lower energy edges, as in the inverse 
partial fluorescence yield method76 — can help avoid these problems.

Self-absorption can also occur if particles are not small compared 
with τ or if the element of interest is not dilute. This can happen even 
if they are a minor component of a sample that is dilute on average. As 
a result, particles should be smaller than τ(Ea), in which Ea is an energy 
right above the edge of interest.

Apart from the challenge of limited counting statistics, measure-
ments are simpler when the sample is dilute and absorption from the 
element of interest μs(E) is much less than absorption from the whole 
sample μ(E), in other words: μs « μ. This is called the dilute limit, which 
is relevant for systems such as millimolar metalloprotein solutions. 
In this case, τ is approximately independent of μs(E). The resulting 
fluorescence signal is again proportional to μs(E), as desired, but now 
contains a slowly varying energy-dependent factor. This can be easily 
corrected for, but if ignored will generate small systematic errors in 
Debye–Waller factor estimates.

Sample preparation. Two essential requirements for transmission 
samples are that a sufficient fraction of the X-ray photons can pass 
through the sample and that the variation in absorption from the ele-
ment of interest is sufficiently large. In practice, this means the total 
absorption μt of the sample and substrate above the edge should not 
greatly exceed  ~3−4. The edge step, the difference in total absorption 
Δμt above and below the edge, should be  ~0.5−2.5. Large absorption 
peaks, referred to as white lines, may occur at the edge in some sub-
stances. If these are of interest, the maximum particle size calculation 
should be based on this maximum absorption coefficient.

The primary concerns related to thickness effects include the pres-
ence of uncontrolled non-ideal systematic errors such as residual har-
monics in the X-ray beam; scattering around and through the sample; 
excessive variations in sample thickness; spurious background signals 
in the upstream monitor (I0) or transmitted flux detector (I) owing to 
scattering and fluorescence from other materials in the environment; 
and tails of the monochromator resolution function. Excessively thick 
samples harden the X-ray beam, resulting in a greater proportion 
of residual harmonics. The recommendations described here are a 
rough guideline. All effects can be mitigated with special care and 
instrumentation, but this may not be available at a beamline.

Samples for transmission and fluorescence are often films from 
solid, evaporated, sputtered, electroplated or chemically deposited 
materials. If they can be made of correct uniform thickness, these are 
excellent samples. It is also common to make transmission or fluo-
rescence samples from powders. When using powder samples, it is 
important to ensure that the particle size is considerably less than the 
absorption length 1/μ. This absorption length should be calculated 
at the energy with the greatest absorption in the range of interest, 
typically right above the absorption edge. If particles of appropriate 
size can be precipitated from solution, they are also excellent sam-
ples. Otherwise, such materials are typically ground using a mortar 
and pestle or laboratory mills. Powders are then passed through a 
sequence of successively finer sieves to select the smallest particles. 
A useful approximation is that the maximum size particles (in micro-
metre) that pass through a sieve is 15,000 per mesh — size (in wires per 
inch). If the required particle size is smaller than available sieves can 
accommodate, sedimentation in a non-reactive fluid40 can be a viable 

procedure. Fine particles that remain suspended in the fluid after a 
calculated time period are decanted. Once sufficiently fine particles 
are obtained, they can be applied uniformly to a substrate. Stacking 
several of these samples can mitigate imperfections from a single foil 
if the absorption is low. Alternatively, an appropriate amount of the 
powder can be very thoroughly mixed with a non-reactive substance 
of low X-ray absorption, such as boron nitride, and made into a pellet of 
uniform thickness using a laboratory press.

Samples should be inspected visually for spatial thickness varia-
tions. Because of the different absorption lengths for visible and X-ray 
photons, this is not a fail–safe procedure. A useful check is to rotate the 
film sample in the X-ray beam to vary the X-ray path length through 
the sample. In transmission measurements, a sample at 45° to the beam 
should have an absorption 2  times that of the sample at normal inci-
dence. Such checks can also reveal the presence of pinholes. Spatial 
variations in composition and thickness can cause several problems, 
particularly if the spatial frequency of the variations, for example, 
striations, is comparable to the spatial frequency of variations in the 
X-ray beam, such as apertures, mirror structures or interference owing 
to partial coherence. Crystal glitches are aberrations in the angle versus 
energy of the X-ray beam that occur when multiple sets of crystal planes 
in the monochromator simultaneously satisfy the Bragg condition. 
These can be mitigated by suitable choice and orientation of mono-
chromator crystals. Such variations also strongly couple into sample 
inhomogeneities.

It is always a good idea to run a blank sample in fluorescence meas-
urements. The blank should be known not to contain the element of 
interest. This is because fluorescence of the element of interest can 
often be detected from a material in the sample environment excited 
by scattered X-rays rather than from the sample itself.

X-ray beams are normally linearly polarized. If the angular distri-
bution of crystallites in a sample is not isotropic and the crystallites 
are not randomly oriented, for example, if they are partially ordered 
by compression, care must be taken to either eliminate the effect or to 
account for it in data analysis. Magic angle spinning40 can average out 
this undesired X-ray linear dichroism.

Radiation damage is a concern for all materials, especially for aque-
ous samples such as metalloprotein solutions. The effect on spectra 
can be mitigated by flash-freezing samples to reduce the mobility of 
hydrated electrons and free radicals, but the damage can still occur. 
Radiation damage can be monitored visually, with spectrometry, or 
by monitoring the time dependence of XAFS spectra. This can intro-
duce sample inhomogeneities in a normally homogeneous sample. 
A common way to manage these problems is to change samples by 
translating or rastering through the X-ray beam, so that fresh spots are 
illuminated. Alternatively, the sample can be flowed through the X-ray 
beam. For some materials, X-ray-induced decomposition of the sample 
can introduce a reactivity hazard.

Effects of sample thickness variations in transmission. Homogeneity 
of sample thickness and composition is important for transmission 
XAFS measurements. Inhomogeneous samples give rise to noisy and 
distorted spectra, resulting in incorrect EXAFS amplitudes and XANES 
interpretations. The basic equation I I μ E x/ = exp(− ( ) )0  assumes that 
thickness x is uniform. Real samples are imperfect and thickness vari-
ations must be considered40,77. Variations in thickness x of the sample 
can be characterized by a probability distribution P(x). This implies 
that μx P x μx x( ) = −ln( ( )exp(− ))dmeasured 0

∞∫ . If the mass attenuation 
coefficient, also defined as the cross-section per unit mass, is used to 
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describe the absorption, then P(x) describes the variation in mass 
thickness. This is the integral of the material mass density over the X-ray 
path through the sample, which varies across the beam footprint. This 
integral has a form that defines the cumulant expansion, giving for any 
distribution:

∑μx
C
n

μ C μ C μ C μ( ) = −
!

(− ) ≈ − /2 + /6 − …, (12)
n

n n
measured

=1

∞

1 2
2

3
3

in which the Cn are the cumulants of the thickness distribution. For a 
Gaussian distribution, only C1 and C2 are nonzero. C1 and C2, respectively, 
represent the mean value x  and variance σx

2 of the thickness distribu-
tion P(x), whereas C3 relates to the skewness of the distribution and C4 
the weighting in the tails of the distribution relative to a Gaussian dis-
tribution of the same width σx. A simple recursion relation connecting 
power moments and cumulants was derived in ref. 29 and can be found 
in ref. 40.

As C2 is intrinsically positive, the form of equation (12) indicates that 
variations in thickness always tend to suppress the apparent measured 
absorption (μx)measured. These variations are more pronounced for larger 
μ(E). An extreme case of this occurs in the presence of pinholes — small 
areas with zero thickness — which should be avoided at all costs.

Nonlinear detector and electronics chain response
It is important that the detector response is linear. For all sources of 
nonlinear response, suitable corrections must be made to make the 
detector chain linear. This means that if the detected number of pho-
tons is doubled, the signal should also precisely double. Pulse counting 
detectors have inherently limited count rates associated with dead 
times. Dead-time corrections are standard and should always be done. 
They are sometimes built into the detector electronics. When using 
pulse-counting detectors, the repetition rate of the X-ray pulses from 
the ring also imposes a rate limit. The time responses of the detector 
and electronic systems for the reference (I0) and signal (I) should be 
matched for best results.

The ionization chambers must be operated in their plateau region 
where effectively all of the electron–ion pairs are collected before they 
have time to recombine. If the ionization chamber voltage is too low, 
recombination will occur and the measured signal will not reflect the 
actual absorbed power. If the voltage is too high, amplification will 
occur. This is because the charges in between collisions can be accel-
erated to energies high enough for secondary ionization, essentially 
turning the ionization chamber into a proportional counter. The volt-
age required depends on the plate spacing, type of fill gas and total 
intensity and spatial distribution of the X-ray beam, which gives rise to 
space charge within the fill gas. Operationally, the plateau region can 
be determined by increasing the voltage on the ionization chamber 
at a fixed flux until the current no longer increases. This is the plateau 
region of the voltage curve and the measurements should be made 
with a voltage exceeding it.

There is a common misconception that by using identical detec-
tors with identical voltages and fill gases, the nonlinearities will cancel 
out. This can be shown to be incorrect. The detector response can be 
considered as a function of signal S, denoted R(S). It is necessary that 
R(0) = 0, which means that there is no output with no signal in. In prac-
tice, this is routinely performed at beamlines by using the data acqui-
sition software to accurately measure and then subtract the amplifier 
offset voltages and detector dark currents from the recorded data. 
Small positive current-amplifier offset voltages are actually desirable 

as they enable current amplifiers to operate in their most linear ranges; 
however, they must be subtracted out.

The goal is to determine the ratios of signals S1 and S0 from their 
measured responses R(S1)/R(S0). This compensates for variations in 
the incident beam intensity. If the detectors are linear, and offsets 
and dark currents are subtracted out, then R(S) = αS in which α is some 
non-zero constant. In this case, the desired situation is R(S1)/R(S0) = αS1/
(αS0) = S1/S0. However, with nonlinear detectors, R(S) can be expanded 
as a Taylor series in the signal S as R(S) ≈ α1S + α2S2 + α3S3…. Then 
R(S1)/R(S0) ≈ S1/S0 + (α2/α1)(S1 − S0) + …, and the relative error to leading 
order is (α2/α1)(S1 − S0). This is not zero unless S1 and S0 are equal, which 
is generally not the case. If the signals could be kept sufficiently close 
in magnitude over the course of a scan, the effect could be mitigated, 
but signals in the downstream I chamber change substantially as the 
energy passes over an absorption edge, whereas the signal in the refer-
ence I0 chamber does not. This systematic error persists whenever the 
detectors are nonlinear, even if they have identical response curves. At 
minimum, this will produce EXAFS normalization errors, and possibly 
worse, depending on the extent of the nonlinearity.

A better procedure is to quantitatively measure detector nonlin-
earities and apply corrections (the inverse function R−1(S)) to the signals 
if needed. This is relatively straightforward and can be integrated into 
beamline software, or applied to recorded data after the fact. The 
procedure used is to systematically attenuate the beam, for example, 
by narrowing slits, until a linear response is achieved. The nonlinear 
R(S) function and its inverse function S(R) can then be determined. 
A suitably de-noised version of this empirical function can be applied 
to the measured data to linearize it. This procedure has been succes-
sively used for dead-time corrections of pulse counting detectors. If 
the detector system is sufficiently linear, such as by plateauing the 
ionization chambers and matching time constants of electronics, 
then corrections may not be needed, however, this should be verified.

Using nonlinear detection systems without appropriate cor-
rections increases noise and artefacts in the data owing to natural 
variations in beam intensity and crystal glitches. This can distort fea-
tures in the data and EXAFS amplitudes. Correcting the nonlinearity 
largely corrects these problems (see ref. 78).

Dilute systems
When samples are dilute, the signal-to-noise ratio is driven by the lim-
ited number of collected signal fluorescence photons and background 
photons, both of which fluctuate. The background can be from elastic 
and inelastic scattering from the sample, fluorescence from other ele-
ments in the sample or other sources. The Poissonian fluctuations in 
the number of photons vary as Ntot, in which Ntot = Ns + Nb, and Ns is the 
number of signal (fluorescence) photons acquired in a specific time 
interval and Nb is the number of background photons. The signal-to-
noise ratio then is S N N N N N/ = / + =s s b eff, in which Neff is the number 
of effective counts. If there were no background and Neff counts, the 
S/N ratio would be the same as if there were Ns signal and Nb background 
counts: N N N N N N N= /( + ) = /(1 + ( / ))eff s

2
s b s b s . This useful expression 

shows that the presence of background can diminish the effective 
counts by the background-to-signal ratio. For dilute systems, it becomes 
imperative to eliminate the scattered background.

In fluorescence mode, the desired signal is entirely at the fluores-
cence energy Ef, whereas elastically scattered background photons are 
at the higher and variable energy of the incident beam and inelastically 
scattered X-rays are at a slightly lower energy. Placing the window of 
an energy-resolving detector to accept a narrow region around the 
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fluorescence energy can be an effective way to exclude background if 
the detectors can handle the count rates. Multi-element germanium 
and silicon drift detectors are commonly used for this purpose. In some 
cases, it can be helpful to use Lytle or Stern–Heald-type detectors with 
Z−1 filters and Soller slits or diffractive analysers79–81 to reduce the 
background before it gets to the detector.

It can be beneficial to use Neff as an optimization tool in dilute 
fluorescence measurements. The signal can be taken as proportional 
to the edge jump, which is the signal above the edge A minus the signal 
below the edge B, without needing to convert measured signals to 
photon equivalents, Neff ∝ (A−B)2/A. Varying experimental conditions — 
detector placement, presence and type of filters and type and location 
of slits — to maximize (A−B)2/A provides a simple metric for manual or 
automatic optimization.

Results
The XAS spectrum is typically divided into the XANES and EXAFS 
regions. In the near-edge region, electron transitions may occur to 
unfilled bound states, nearly bound states (resonances) or continuum 
states of the appropriate symmetry, whereas in the EXAFS regions 
transitions are to the continuum. It is understood that the physical pro-
cesses that define both regions are the same, but the distinction is used 
to ease the data analysis. By adopting some simplifying approxima-
tions, it is possible to perform a full quantitative analysis of the EXAFS 
region, although this is currently not generally the case for the XANES 
part of the spectrum, in which most of the analysis is still performed 
semi-quantitatively or qualitatively. Despite the challenges associated 
with comprehensive analysis of the XANES region, measurements in 
this spectral range have the advantage that they can be performed at 
lower concentrations, in less-than-perfect sample conditions, and 
can be collected very quickly, enabling time-resolved experiments.

XANES
As a rule of thumb, the XANES region covers the lower energy portion 
of the absorption spectrum starting just below and up to ~30 eV above 
the absorption edge (Fig. 1). This is a region where multiple scattering 
processes are important. Multiple scattering is when the ejected pho-
toelectron is scattered sequentially by more than one neighbouring 
atom before returning to the absorbing atom. Here, the photoelectron 
scatters from one atom (single scattering, two-leg paths) to another 
atom (double scattering, three-leg paths) and then returns to the initial 
site of photoabsorption, because the inelastic losses are relatively 
weak. The XANES region includes the rising edge, containing both 
the threshold to ionization and higher energy bond states, as well as 
pre-edge features, which correspond to transitions to bound unfilled 
orbitals. It contains information about the electronic structure of the 
absorbing atom (oxidation state and density of states), coordination 
symmetry (tetrahedron and octahedron) and orbital occupancy.

Until recently, XANES analysis was largely performed by simple 
fingerprinting to compare the measured features of the sample with 
the spectra of known model compounds. The energy position of the 
absorption edge was traditionally used to estimate the formal valence 
state of the absorbing atom. The bond length of atoms that coordinate 
to the absorbing atom also affects the edge position40,82. In addition, 
some features in the rising edge, such as the resonant transitions, can 
infer information about metal–ligand overlap83–86. Additionally, the 
energy position, shape and intensity of the generally weak pre-edge 
features can empirically determine orbital hybridization, ligand field 
and local coordination symmetry86–90.

Within the fingerprinting approach, linear component analysis or 
linear composition fitting is commonly used to interpret XANES spectra 
and elucidate the ratios of valence states or phases91,92. In these cases, 
it is important that the model compound spectra accurately represent 
components in the unknown sample. Ideally, these standards should 
be measured under similar experimental conditions and processed 
identically to the unknown sample spectrum. Model compounds, 
such as metal foils or other crystalline samples with long-range order, 
are not be well suited to derive the composition of samples with no 
long-range order or when the disorder is large. When investigating the 
chemical composition of a series of spectra taken as a time sequence of 
a chemical reaction, a good strategy is to use the spectra of the product 
and reactant as selected model compounds.

More sophisticated linear algebra techniques can be used to 
interpret XANES spectra, such as principal component analysis93,94. 
Using these approaches, there is no requirement for model com-
pounds, but the analysis will only provide the number of significant 
components that contribute to the overall set of collected XANES 
spectra. This is especially powerful when analysing XANES spectra 
in a time series, as it enables the presence of a reaction intermedi-
ate to be determined. Other chemometric approaches, such as 
multivariate curve resolution-alternating least square (MCR-ALS) 
algorithms95–97, can also be used for XANES interpretation. Using a 
set of constraints, the MCR-ALS approach intends to disentangle the 
XANES spectra of the pure species and estimates their contribution 
to each spectrum in a series. Although no prior chemical information 
is needed, some constraints are used during optimization to provide 
chemically relevant output. These constraints include non-negativity 
of the spectra, unimodality of the concentration profiles and a constant 
total concentration of the absorbing species.

Traditionally, XANES data analysis was limited to qualitative tech-
niques; however, this has changed in the past decade98. The develop-
ment and implementation of more accurate and computationally 
efficient codes, alongside more powerful computing infrastructure, 
means that XANES spectra can be simulated with a wide variety of 
methods, at different complexity levels depending on the system and 
structural model.

X-ray absorption spectra described by the atomic multiplet theory 
is appealing as the method is extremely computationally efficient. 
Atomic multiplet theory99, implemented in software such as Quanty100, 
works well to describe features in localized states such as d-orbitals at 
the L2,3-edges. The code is suited to studying open-shell systems and 
when the core hole contains an orbital moment. Multiple scattering 
theory, which is available in CONTINUUM101, FEFF102 and MXAN103,104, 
can efficiently use a Green function formulation of the XAS problem. 
Increasing computational complexity, the finite difference method 
(FDM) implemented in FDMNES105,106, enables the simulation of the 
XANES spectrum beyond the muffin-tin approximation. These codes 
can be used for XANES simulations of large molecular, crystalline or 
low-dimensional systems, but an input structure is needed. Electronic 
structure simulations based on density functional theory (DFT) as 
implemented in Quantum ESPRESSO107 and molecular dynamics simula-
tions, for example, in VASP108,109, provide a platform for simulating the 
XANES spectra of electronic transitions; however, they heavily rely 
on approximations such as the core-hole and interatomic potential 
approximations. These codes often use the plane wave pseudopotential 
method, making them suited for simulating ordered crystalline systems.

Beyond DFT, explicit calculation of core electron excitations 
by time-dependent DFT110 is possible in codes such as FDMNES106,111, 
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ORCA112, ADF113 and FDMX114, which are widely used to interpret 
pre-edge features in the XANES spectrum. These codes are quantum 
chemistry or quantum physics software packages that perform simu-
lations using localized basis sets in open boundary conditions. As a 
result, they are useful for simulating molecules, clusters and nanopar-
ticles. In addition, many-body effects such as local fields and core-hole 
interactions, which are necessary to describe excitonic effects, are 
now estimated in some advanced codes. OCEAN115–117 and Exciting118 
use a two-particle ‘Bethe–Salpeter’ equation approach to many-body 
effects, although this often requires greater computational complexity. 
A comprehensive description of these codes can be found in ref. 43.

Future codes for exchange and non-locality will be needed for 
many-body effects and accurate spectra. However, even the most 
advanced computational approaches have problems with the accuracy 
and reliability of simulations. In addition, none of the codes currently 
delivers the three pillars of practical user accessibility: wide and general 
applicability, reasonable computational cost and user friendliness. 
Consequently, most advanced XANES analysis is performed by highly 
focused subject specialists. Several initiatives to lower the access 
barrier to these codes are being developed, such as Web-CONEXS119, 
which aim to provide a user-friendly web application to mitigate the 
difficulties of ab initio simulations by interfacing codes frequently used 
for XANES simulations (ORCA, FDMNES and Quantum Expresso) with 
an established high-performance computing facility.

EXAFS
The EXAFS region, beginning around 30 eV above the absorption 
threshold and extending for hundreds of electron volts, is the oscilla-
tory structure that modulates the absorption spectrum31. The EXAFS 
function χ(k) is usually fitted and analysed. Some packages simulta-
neously fit χ(k), k2χ(k), k3χ(k) and χ(r), although there are theoretical 
challenges with this. Commonly, a Fourier transform (FT) is used to 
model and analyse the spectrum into R space, χ(r) versus r, to show 
radial density functionals χ(r). By filtering and back-transforming, the 
spectrum can be converted into Q space to fit χ(q) versus k. Theoretical 
codes such as FEFF120, GNXAS121 and EXCURVE122 were traditionally used 
to calculate the theoretical spectrum, which is then fit to the experi-
mental data. With the advent of packages such as FDMX114, fitting can 
be performed directly in E space as [μ/ρ](E), [μ/ρ]pe(E), μ(E) or μpe(E) 
versus E, including fitting of the near-edge, XANES and pre-edge98,114,123. 
Statistical analysis should be performed to estimate the confidence 
limit of each determined parameter.

When attempting an EXAFS analysis, a theoretical model of the 
system of interest is constructed, including the unknown parameters 
to be determined in the model optimization process. Some fitting 
parameters are highly correlated, as they affect the amplitude or the 
phase in a similar or even identical manner, see equation (6). For exam-
ple, S0

2 and Nj are both multiplicative factors that scale the amplitude 
of the EXAFS signal and have a 100% correlation coefficient. σ j

2 also 
affects the signal amplitude, with a dependency that is exponential 
instead of linear. These parameters can be fit together, although it is 
important to remember that they are highly correlated. Rj and E0 are 
also highly correlated as they both affect the phase, or offset, of the 
EXAFS signal.

The oscillatory structure of the EXAFS signal is due to interference 
between the ejected photoelectron wave and photoelectron waves 
backscattered by neighbouring atoms. As a result, the EXAFS signal 
contains detailed structural information around the absorbing centre, 
including nature of the coordinating atoms, coordination numbers, 

bond lengths and order/disorder. The basic theory governing the 
EXAFS spectrum is relatively well understood1,15,111,117,124, and quantitative 
analysis is routinely performed. The EXAFS signal is the sum of the 
contributions of each electron orbital in each individual scattering 
atom, j; or single and multiple scattering from the full potential of the 
full electron density of the material. In the EXAFS equation, Nj (coordi-
nation number), Rj (interatomic distances) and σ j

2 (the root mean square 
fluctuation in bond length) are fitted structural parameters, together 
with S0

2, the amplitude reduction factor that accounts for inelastic 
losses, and E0. Normally, | feff|, δj(k)l, Φeff and λ(k) are predicted from 
theory; however, there are notable variations and future advances 
in theory are expected11.

EXAFS data reduction. Before analysing the EXAFS structure, χ(k) is 
conventionally isolated from the experimental attenuation data. The 
steps to achieve this are described in ref. 125 and illustrated in Fig. 4. 
The first step involves subtracting a smooth pre-edge function from the 
experimental μ(E) or ideally μ ρ ρt E[ / ] [ ]( )pe . The function is usually 
approximated by a Victoreen or exponential function and calculated 
by extrapolating the pre-edge region of the data (yellow line in Fig. 4a). 
This attempts to account for instrumental background and absorption 
from other edges. Most packages require this step (Fig. 4a).

The second step is to define and fit the energy of the edge E0. This 
is often defined as the energy value where the first derivative reaches 
a maximum in the absorption signal, which is neither the fitting value 
E0 nor the Fermi level E0 from theory. This value of E0 is then used to 
estimate the photoelectron wavenumber k. Most packages require this 
as a fitting parameter. Following the definition of E0 and k, the data μ(E) 
are normalized so that the edge jump is set to one and is dimensionless 
(Fig. 4b). This is performed so that the resulting spectrum represents 
the absorption of one atom and is intended to compensate for dif-
ferences in the thickness or concentration of a sample. It is usually 
achieved by dividing the experimental spectrum by the edge jump. 
This step can be avoided in optimized packages and analysis.

The final step removes a smooth post-edge background function 
(Fig. 4a,b), so that χ(k) versus k can be extracted (Fig. 4c). This step is 
intended to remove external sources of slow variation in the signal, such 
as the energy-dependent detector sensitivity (see red line, Fig. 4b). This 
should not remove any oscillatory information from the EXAFS data 
and should only remove the very low frequency components, referred 
to as the true reference background126. Ideally, the subtracted back-
ground approximates the absorption of an isolated atom μ0(E). This 
is the most challenging step, as the choice of an optimal background 
function is not trivial.

Some packages routinely transform the χ versus k data into k2χ 
versus k, before taking FTs of χ or k2χ versus R into R-space for fitting. 
FTs are often used qualitatively to obtain information on the coordina-
tion environment of the photoabsorber atom or to compare different 
systems. However, the amplitude, shape and resolution of FTs largely 
depend on the k range and window used in the transform, as seen 
in Fig. 4d–f. EXAFS data reduction is relatively straightforward and 
is often performed in a semi-automated manner127. Discussion of χ 
extraction and particular issues can be found in ref. 128.

EXAFS data analysis. Figure 5 presents an example of data analysis 
and fitting. Many popular EXAFS fitting programmes use a conven-
tional, Levenberg–Marquardt nonlinear minimization algorithm. This 
involves minimizing the difference between the theoretical model and 
experimental data for each data point i E k μ ρ ρt E χ k( , , , [ / ][ ] ( ), ( ))i i i ipe .
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The reduced χ2 parameter, χr
2, is defined as the fitting metric χ2 

normalized by the number of degrees of freedom, in other words, the dif-
ference between the number of independent data points and the 
number of fitting parameters used. The χr

2 is a useful parameter when 
comparing several fits. If adding additional variables reduces χr

2, there 
is confidence that the resulting fit may have been improved. In principle, 
this permits hypothesis testing to distinguish a correct or improved 
structural model or parameter from an incorrect or less adequate model.

A good fit would ideally have a value of χr
2 approximately 1 or less, 

indicating that the difference between the fit and the model is within the 
experimental uncertainties. However, in reality, the values of χr

2 are usu-
ally much larger than 1. This is due to estimation of εi and common inap-
propriate formulae used for χr

2. In most cases, it is assumed that the noise 
is dominated by counting statistics. Very few examples can be found in 
which other sources of random noise, such as nonlinear response of 
instrumentation or electronic noise, are considered. Major systematic 
errors of measurement should also be taken into consideration63,129.

For a discussion of Nyquist, χ2, χr
2, the number of independent data 

points Nidp and the number of independent fitted parameters Npar, see 
refs. 36,70. In brief, these should be defined as:

χ
χ

N N
=

−
, (13)r

2
2

idp par

in which the fit might have Nidp ~ 122 and Npar ~ 4. Equally:

( )
χ

y f x

σ
= Σ

− ( )
, (14)

i
N i i

i

2
=1

2

2
idp

in which f(xi) is the fitting function for the data xi, and yi is the experi-
mental datum, both in units of χ(k) and both in k space, although this 
is not always the case in common packages. It is also important that 
reasonable or accurate estimates of the data point uncertainty σi are 
used for each data point. Without these estimates, the parameter uncer-
tainties and χr

2 values will be far from unity, severely constraining the 
ability for hypothesis testing. In some texts and packages, εi is used 
instead of σi, although usually with a different meaning.

An additional parameter often used to determine how close the 
fit is to the experimental data is the R-factor, which is the fractional 
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Fig. 4 | Example normalization and extraction of an extended X-ray 
absorption fine structure spectrum from the raw X-ray absorption 
spectroscopy data. a–c, A linear background function (yellow line) is subtracted 
from the pre-edge region of the X-ray absorption spectroscopy spectrum, 
whereas a post-edge fitting curve is subtracted at high energy (purple line) to 
obtain the normalized spectrum after dividing for the edge jump (panel b). The 
red curve in panel a represents the spline function subtracted from the post-edge 
region to obtain the χ(k) extended X-ray absorption fine structure spectrum 

(panel c). d–f, Fast Fourier transforms of the k2χ(k) signal representing the non-
phase-shift-corrected distance distribution of the backscattering atoms from the 
photoabsorber, but depend on the scaling with χ and the range of the transform. 
d, Common range for the transform showing two sets of atoms in the structure. 
e, Relatively narrow range of data to be transformed, showing the loss of 
information on the second shell of atoms, and relatively high noise. f, A different 
window function used before transform, which introduces a fictitious oscillation 
of electron density in the transform. a.u., arbitrary units; FT, Fourier transform.
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difference between the experimental and theoretical EXAFS functions 
over the experimental EXAFS.

Although the described parameters can achieve the best statisti-
cally valid fit, they do not guarantee that the result is a good fit, namely, 
that it has physical meaning. There are specific guidelines on the plau-
sibility of some fitting parameters that should be followed when analys-
ing the EXAFS data. S0

2 should be in the range of 0.8–1.0 (ref. 130) or 
0.7–1.0 (ref. 131) and should not be larger than 1 within, for example, 
three standard errors of uncertainty. The fitted Rj should not result in 
non-physical bond lengths; they should neither be too short or too 
long. σ j

2 should always be positive. General outer shell j parameters 
should have larger σ j

2 than inner shells, both due to increased path 
length and increased disorder for non-crystalline systems and imper-
fect crystals. The change in E0 should ideally only be a few electronvolts 
from the correct Fermi level, not necessarily from the experimental 
derivative extremum or the arbitrarily defined offset67,132,133.

For disordered systems, such as liquids, glasses, nanoparticles 
and amorphous materials, the distribution of atoms around the photo
absorber is not Gaussian in shape. Asymmetric shells must be used to 
correctly analyse the experimental spectra. Using Gaussian distribu-
tions in the analysis of highly disordered systems leads to systematic 
errors in distances and Debye–Waller factors134. Different approaches 
can account for asymmetry in the distributions, such as cumulant expan-
sion, Γ-like functions or external structural models from molecular 
dynamics simulations or reverse Monte Carlo approaches135–138.

Applications
XAFS is a powerful tool for acquiring short-range structural informa-
tion about the environment of a given photoabsorbing atom with 
picometre sensitivity. It is also the method of choice to determine 
the oxidation state of any element and is applicable to samples in 
any aggregation state. These characteristics mean that XAFS can be 
applied to a wide range of systems and diverse scientific fields. XAFS 
is most useful when quantitative detail is required, either as a stan-
dalone technique or combined with other spectroscopic probes or 
theoretical approaches. Areas where XAFS is increasingly common 
include chemical, biological and physical sciences, with widespread 
use in catalysis, battery research, semiconductors, materials science, 
electrochemistry, geochemistry, condensed matter physics and 

structural biology. Major applications are also in fundamental stud-
ies looking at static and dynamic disorder, inelastic mean free paths, 
plasmons, photoexcitation processes, magnetic materials, surfaces 
and interfaces139. This section provides some examples of scientific 
questions that XAFS can answer. Figure 6 presents five typical applica-
tions of XAFS and the insights that it can provide. Table 1 summarizes 
a range of applications across different fields.

Chemical sciences
Applying XAFS to catalytic systems, both in the homogeneous and in 
the heterogeneous phases, enables quantitative analysis of the chemi-
cal properties of the active species involved in the transformation. In 
transition metal-based catalysis, operando XAFS experiments are used 
to gain information on the spin, oxidation and structural states of inter-
mediates during the catalytic cycle. The large number of XAFS spectra 
acquired during operando experiments may be further analysed with 
multivariate statistics and theoretical modelling. In heterogeneous 
catalysis, XAFS has been applied to various systems, such as iron-based 
and copper-based zeolites140,141, supported single-atom catalysts142 and 
high-entropy oxides active towards low-temperature CO oxidation143. 
XAFS can study copper speciation in copper-zeolites, for example, 
copper-exchanged zeolites with chabazite topology (Cu-CHA)141,144, 
and copper-mordenite (Cu-MOR)145–149, which can stabilize Cu-oxo spe-
cies to directly convert methane to methanol, and ammonia-mediated 
selective catalytic reduction of harmful nitrogen oxides (NH3-SCR)150–154.

Reaction mechanisms involving organic substrates in solution 
on the second-to-millisecond timescales can be investigated by XAFS. 
This information is especially valuable when labile and short-lived 
reaction intermediates or if species difficult to detect with conven-
tional methods are involved, such as the Zn(II) cation. For instance, 
XAS was applied to reactions involving non-haeme iron complexes 
active towards C–H oxidation155–158 and reactions of terpyridine-based 
copper159 and zinc160 coordination complexes. By using XAFS, the num-
ber, nature, concentration–time evolution and structure of the relevant 
reaction intermediates could be quantitatively determined.

XAFS has been successfully used in energy storage and electro-
catalysis. For example, XAS elucidated the structure and function 
of an amorphous cobalt sulfide (CoSx) catalyst active towards the 
hydrogen evolution reaction. Ex situ and operando measurements 
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revealed that, in the as-deposited CoSx catalyst, the cobalt atoms are 
surrounded by both sulfur and oxygen, whereas the cobalt centres 
are predominantly surrounded by a first shell of sulfur atoms during 
hydrogen evolution reaction catalytic activity161. The development of 
innovative water splitting technologies has also benefited from XAS 
investigations. For instance, the structure and oxidation state of ruthe-
nium complexes that act as water oxidation catalysts was derived by 
XAS162,163. Another example is the use of XAS to identify the structure 
of highly active iron sites in an (Ni,Fe)OOH material for electrocata-
lytic water splitting164. Operando XAS and X-ray diffraction methods 
with subsecond time resolution revealed the ensemble of coexisting 
copper species on Cu2O nanocube catalysts for CO2 electroreduction 
with optimized potential pulses165. Perovskite-type oxide electrocata-
lysts have been studied extensively by XAFS166. Ba0.5Sr0.5Co0.8Fe0.2O3, 
a benchmark electrocatalyst towards the oxygen evolution reac-
tion, was investigated by operando XAS to determine that the in situ  
formed oxy(hydroxide) active layer is the real active species167. In addi-
tion, cobalt-based perovskites are known to possess elevated oxygen 
evolution reaction activity, which may be further enhanced by sub-
stituting cobalt with iron168,169. A recent investigation used operando 
EXAFS to study the Ba0.5Sr0.5Co1−xFexO3−δ and La0.2Sr0.8Co1−xFexO3−δ (x = 0 
and 0.2) perovskites170. In these materials, XAS showed oxy(hydroxyde) 
layer formation without any changes in the local iron environment, 
improving the perovskite stability.

Extreme conditions and challenging samples
Probing the atomic structure and electronic properties of mat-
ter at extreme temperatures and pressures is another important 
XAFS application171. The combination of dedicated laser heating 
systems172,173 together with XAS or crystallographic techniques has 
enabled melting curves to be determined for transition metal ele-
ments such as iron, cobalt and nickel up to the megabar range174–176, 
together with the local structure of the compressed melts along the 
melting curve177,178. These results are relevant to geophysics and plan-
etary sciences, where understanding the properties of metallic melts 
enables the behaviour of complex planetary bodies to be modelled, 
including the Earth. Energy dispersive XAS at the iron K-edge with 
a laser heating diamond anvil cell derived the melting temperature 
of iron at the core–mantle Earth boundary, equal to 4,250(±250) K 
at ~136 GPa (ref. 179).

XAS has important applications in the study of liquid systems 
that are challenging to investigate with other experimental tech-
niques. The coordination properties of transition metal180,181 and 
lanthanide and actinide182,183 cations and halide anions136,184–186 in 
water and organic solvents were studied by combining XAS and 
molecular dynamics simulations. High-quality structural models of 
the first coordination shell around the absorbing atom from theo-
retical simulations allow reliable analysis of the EXAFS data. From 
this, solvation geometries can be determined with unprecedented 
accuracy137. This combined approach also provided the first accurate 
determination of the ionic radii of lanthanide and actinide ions in 
aqueous solution187,188.

Biological sciences
XAFS, both in the XANES and EXAFS regions, can investigate samples 
of biological interest, such as proteins and other macromolecules, 
cells and biological tissues. Metalloproteins have been investigated 
by XAS since first-generation synchrotrons189. Proteins containing 
metal ions are abundant, representing over one-third of all known 
expressed proteins190. The local structural and electronic properties 
around these metal centres may be studied by XAS of solution samples, 
which are close to in vivo conditions191. XANES studies have been per-
formed on zinc metalloproteins192 and neuroglobin193. Insights from 
EXAFS were combined with crystallographic information to investi-
gate the copper site of azurin194. The cause of Alzheimer disease was 
investigated through solution redox chemistry on amyloid-β frag-
ments with advanced XAS analysis195–197. HERFD EXAFS obtained accu-
rate interatomic Fe–Fe distances for the Q-intermediate of methane 
monooxygenase198 and information on the copper-active sites in par-
ticulate methane monooxygenase199. Another important application of 
XAS is the speciation of inorganic pharmaceutically active compounds 
before and after injection in the human body. XAS investigated how 
metal-based anticancer drugs operate, for instance, by demonstrating 
that carboplatin and oxaloplatin, two platin-based anticancer agents, 
are converted into cisplatin in solution. Oxaloplatin is a Pt(II) coordina-
tion compound widely used in cancer treatment200. Numerous other 
anticancer agents, such as arsenic, gold, selenium, gallium and cobalt 
compounds, have been studied by XAS201–203. Finally, the subchondral 
bones of human osteoarthritic knees were structurally investigated 
by phosphorous K-edge XAS204.

Fig. 6 | Example applications. a, FeIV-active site structure in an iron-beta 
zeolite (BEA) capable of hydroxylating methane. Left: Fourier transform 
(FT) of the extended X-ray absorption fine structure (EXAFS) and the best-
fit result. EXAFS signals are compared in the inset. Right: structural model 
of the FeIV-active site in Fe-BEA. Dashed circumferences highlight different 
coordination shells. b, Reaction of methyl-phenyl-thioether (PhSMe) with 
the oxidizing complex [N4Py⋅FeIV(O)]2+ to produce methyl-phenyl-sulfoxide 
and [N4Py⋅FeII(O)]2+. Left: time evolution of iron K-edge X-ray absorption 
spectroscopy (XAS) during the reaction, showing reduction of the complex. 
Inset: the iron K-edge region. Right: time evolution of the energy difference ΔE0 
between the iron K-edge at time t and at time t = 0 s. Blue: first-order kinetic fit 
of experiment. c, Copper-active site in particulate methane monoxygenases 
(pMMO). Left: copper K-edge PFY spectra of a copper foil (red) and different 
pMMO sample spots (purple, yellow curves) compared with previous data 
(blue curve). Right: proposed models for the multinuclear copper-active site in 
pMMO. The structural information from EXAFS led to a proposed mononuclear 
copper-active site for pMMO, solving literature discrepancies. This highlighted 

how radiation damage in biological samples gives rise to spectral features 
hampering the determination of structural parameters. d, In situ investigation 
of delithiation in Li/SeSx batteries. Contour plot of the selenium K-edge 
XAS evolution during cell cycling. Combining the structural and electronic 
information provided by XAS with information from high-energy resolution 
fluorescence detection pinpointed the selenium speciation throughout the cell 
cycling. e, A protocol for soil phosphorus speciation analysis via phosphorous 
K-edge X-ray absorption near-edge structure (XANES). Linear combination 
fitting of XANES collected on a mixture of AlPO4, FePO4, hydroxyapatite (HydAp) 
and phytic acid (PhyAc) showing the difference between experimental 
data and the best-fit result. Linear combination fitting protocols can 
determine the phase composition of real samples even if components are 
amorphous. Part a reprinted with permission from ref. 140, National Academy 
of Sciences. Part b reprinted with permission from ref. 155, American Chemical 
Society. Part c adapted from ref. 199, CC BY 3.0. Part d adapted with permission 
from ref. 267, American Chemical Society. Part e adapted with permission from 
ref. 271, American Chemical Society.
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Geology and environmental science
As XAFS measurements are essentially independent from the sample 
crystallinity, it is particularly successful in geochemistry, where highly 
disordered or amorphous systems are ubiquitous205,206. In situ XAS 
experiments have, for instance, enabled analysis of the computation-
ally predicted hydrothermal geochemistry of Eu(II)/Eu(III), revealing 
that Eu(II) is increasingly stable at elevated temperatures but weakly 
coordinated by chloride ions207. Similar studies were also performed 
on aqueous nickel and cobalt chloride solutions, unveiling their spe-
ciation in hydrothermal fluids208,209. Solid systems of geochemical rel-
evance, such as soil clays or silicate glasses, have also been analysed 
by XAFS210,211. Combined with X-ray diffraction, XAS determined the 
geochemical speciation of manganese in contaminated agricultural 
soils near historical mine tailings212. XAS spectra of mineral standards 
are important to interpret real-world samples. Systematic collec-
tions of mineral standards are often reported and available for the 
XAS community213,214.

Disciplines closely related to geochemistry also routinely use XAS 
such as environmental science215–218. The composition of municipal 
fly ash219, atmospheric aerosols217, dust, particulate matter215,220,221 and 
marine sediments has been explored by XAFS221. Lunar glass beads 
were analysed by in situ XAS experiments to determine the total Fe(III) 
content222.

Fundamental physics and theory
Importantly, XAS studies continue to make breakthrough in funda-
mental science, whether concerning the theory and analysis of XAS 
and XES36,67; the relativistic quantum mechanics of molecular binding 
in organometallic chemistry; the conformation of ferrocene114; the basic 
understanding of reference atoms, metals and compounds223; or the 
inelastic mean free path of the photoelectron, for XAS, electron energy 
loss spectroscopy and low energy electron diffraction224. Such funda-
mental studies are discovering new physical processes using advanced 
techniques in XAS and XES225. Furthermore, the recent technique of 
XR-HERFD — developed from HERFD and RIXS but investigates 2D XAS 
and XES maps in new, extended-range regions — is able to discover new 
physical processes with XAS and XES. These new physical processes 
affect the interpretation of normal XAS data and theory on all materials.

Time-resolved experiments down to the millisecond timescale can 
also be carried out using the quick-EXAFS technique226,227. As synchrotron 

Table 1 | Selected X-ray absorption spectroscopy applications

Discipline Coupled 
technique

System Ref.

Catalysis Mössbauer, 
NRVS

Fe-zeolite 140

– Cu-zeolite 149

– High-entropy oxide 143

DRIFTS Ir single-atom catalyst 142

EPR, GIWAXS Ru complex 162

UV–Vis Fe complex 155

Raman CoS 161

– Perovskite oxide 167

Energy storage – High-entropy oxide 262

– Niobium oxide 263

XRD, MD Transition metal carbides 264

TOF-SIMS Solid–electrolyte interface 265

XPS Lithium thiophosphates 266

XRD Selenium sulfide 267

Extreme 
conditions

XRD Ni metal 175

– Liquid Ni, Co 178

XRD, SEM Fe metal 179

XMCD 3d metals 268

Solution 
chemistry

– Co2+, Ni2+, Zn2+ solutions 180

XRD Lanthanide solutions 182

– Actinide solutions 188

– Br− solutions 184

NMR Zn complexes 160

Molecular biology – Rubredoxin 189

– Zn metalloproteins 192

MD Neuroglobin 193

XRD Azurin 194

– Iron-tyrosinate proteins 269

Bio-medicine – As complexes 201

– Gold adducts of serum protein 202

XRF Selenite in lung cancer cells 203

– Alzheimer disease 196

– Platinum anticancer agents 200

– Subchondral bone 204

Environmental 
science

XRF Exhaust particulates 270

– Incineration fly ash 219

NMR Soil 271

NMR Agro-industrial by-products 218

Geology – Biogenic magnetite 205

Mössbauer Green rust mineral 206

XRD, FTIR Soil clays 210

– Silicate glasses 211

Discipline Coupled 
technique

System Ref.

Fundamental 
science

– Advances in XAS and XES 67

Organometallics – Ferrocene conformation 114

Compounds – Nanostructure of compounds 223

Physics – New physical processes 225

Fluorescence – New structures in fluorescence 36

EELS – Low-energy electron scattering 224

DRIFTS, diffuse reflectance infrared Fourier transform spectroscopy; EELS, electron energy 
loss spectroscopy; EPR, electron paramagnetic resonance; FTIR, Fourier transform infrared; 
GIWAXS, grazing incidence wide angle X-ray scattering; MD, molecular dynamics; NRVS, 
nuclear resonance vibrational spectroscopy; SEM, scanning electron microscopy; TOF-SIMS: 
time-of-flight secondary ion mass spectrometry; XAS, X-ray absorption spectroscopy; 
XES, X-ray emission spectroscopy; XMCD, X-ray magnetic circular dichroism; XPS, X-ray 
photoelectron spectroscopy; XRD, X-ray diffraction; XRF, X-ray fluorescence.
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technology improves, quick-EXAFS will become even more accessible, 
allowing a broader range of scientists to explore diverse systems, from 
biomaterials to advanced batteries. Future applications could also 
include observing the exact mechanisms of complex biological systems 
or tracking the evolution of nanoparticles in a reaction.

Reproducibility and data deposition
Reproducibility and statistical metrics have been discussed in XAS 
and separately for EXAFS and XANES for decades228–232. Some groups 
have been reporting uncertainties, error analysis and reproducibility 
for over 20 years233,234. Currently, these are considered non-standard 
techniques and relate to advanced methods, including XERT64,235 and 
hybrid techniques65,236. A summary of data formats, metrics and how 
they have changed over time is given in ref. 237. Key issues are raised 
in refs. 129,238,239 and presented in ref. 68.

The standard XAS data set has no estimate of reproducibility, 
repeatability or precision. However, it is easy to repeat an identical 
scan or the count at each energy or k-value. This can be repeated, for 
example, up to 10 times to provide a good estimate of repeatability or 
precision at those experimental conditions. Without an investigation 
of systematics, these data may not be suitable for reporting or deposi-
tion. However, it is also easy to measure repeatedly, across the energy 
range, the dark current, blank current and dead time of the detector 
as appropriate. This can provide a beam-independent measurement, 
bringing the data to a quality suitable for deposition, which may be 
beamline-independent and cross-platform portable69.

Ideally, counting statistics will be normally distributed. After the 
measurement, consistency from residual noise in E-space or χ versus 
k-space can be estimated. This usually requires an initial removal of 
errors and artefacts, such as Bragg diffraction glitches. There is also a 
de facto standard for estimating uncertainty from fast Fourier trans-
formations into r-space, which is not mathematically or statistically 
justified. This often uses a transform of k2χ, which intrinsically distorts 
the data before the transform. These r-space approaches require a 
uniform experimental grid of data in k-space that is often not possible 
nor available. As a result, this type of method typically interpolates a 
non-uniform grid and estimates a single uncertainty in transformed 
space when the uncertainties of data points are individual. Typical FT 
artefacts from crystallography are not usually treated.

If these approaches succeed in assessing precision and repeat-
ability, a careful error analysis should also consider systematics in 
transmission and fluorescence measurements. The aperture and band-
width of the beam on the sample; the structure and heterogeneity of the 
sample; the monochromation and harmonics in the beam; and scatter-
ing effects all contribute129,238,239. A recent drive is to investigate these 
issues across different beamlines. The goal is to assess the beamline or 
laboratory independence of data and data portability, as required for 
data deposition240. This follows earlier studies229,232,241–243.

Another widespread and common practice is for the beamline and 
synchrotron to retain all raw data for each experiment, subject to com-
puting storage space. Raw data are excellent from a beamline scientist 
perspective to safely retain data; however, it is usually inappropriate 
for portable transfer, deposition and error analysis. Equally some data 
sets investigate reaction rates and redox or fast processes or are very 
extensive in array size, making storage required extremely large and 
presenting the data in a compact form is non-trivial.

Current perceptions on data deposition and reporting are that 
μ ρ[ / ] versus E is the most reliable and transferable file, with uncertain-

ties and error analysis, and that common practices of μ versus E or 

μ ρ[ / ]*pe versus E are useful. Problems arise from reporting the trans-
formed χ versus k or k2χ versus k; however, these are still highly useful 
for subsequent analysis.

Limitations and optimizations
In many cases, XAS is the ideal technique to investigate dynamic pro-
cess, especially where there is disorder, long-range disorder, local 
order, glasses, solutions or reactions. However, this is just a drop in 
the ocean, more details can be found in ref. 139, reviews and overviews, 
including textbooks. In some cases, beamline or laboratory optics are 
limited by beam flux, collimation, monochromation, harmonics, scat-
tering and divergence, but often these can be independently measured 
and corrected to yield greater physical insight, often by two orders of 
magnitude or more.

Many users find limitations in the heterogeneity of their samples, 
or from radiation damage causing photoreduction or decomposition, 
especially for fragile and biomedical samples. These are real limita-
tions; however, many fragile samples can be measured far beyond the 
XANES region and many heterogeneous samples can be mapped by 
X-ray fluorescence microprobe techniques. Better preparation can 
give more suitable samples, or the sample can be mapped across the 
cross-section in XAS or XERT. Errors in sample preparation, roughness,  
homogeneity, E0, S0

2 and scale can lead to errors in coordination num-
ber and other correlated parameters, including bond length. There are 
limitations related to the sample concentration required to obtain  
specific nanostructure or other information, and choice of technique: 
absorption, fluorescence, electron yield or other measurement mode46.

Two rough standards of expectation should be understood, based 
on the measurement technique. For conventional XAS and XAFS, com-
mon beamline advice suggests that it is possible to determine nearest 
neighbour and other bonding radii to 0.02 Å. This will increase or 
decrease according to the data statistics, quality, systematic effects and 
beam optics. For example, an error in the edge energy determination of 
10 eV in the definition of k = 0 or in the offset fitting parameter E0 results 
in bond length errors of the order of 0.02 Å. Similarly, it is possible to 
directly determine the coordination number of a system to  ±20–25% 
and the nearest neighbour scattering atom within one atomic number 
below Z ≃ 17 or within three atomic numbers between 20 < Z < 35.

Conversely, with advanced techniques, for example, XERT63,64,235 
and hybrid techniques65,66,236, the bonding of nearest neighbours can 
be determined to 0.1% or 0.002 Å. These techniques can measure 
absorption coefficients accurately to 0.01% or better; lattice spacing 
of crystalline solids to 0.1% or 0.002 Å; and coordination to better 
than 1%. Additionally, structures can be distinguished with no differ-
ence in coordination. This can be used, for example, to determine the 
confirmation of ferrocene or complex and fragile biomolecules, such 
as amyloid-β fragments in Alzheimer disease. These examples cover 
ideal metals and solids, in addition to binary compounds and solu-
tions. In some cases, heterogeneity can preclude this level of accuracy. 
However, uniform, homogeneous pellets and homogeneous solutions 
can overcome these issues.

Conventional EXAFS can determine six to seven independent 
parameters from the data set, including E0, different shell radii, ther-
mal and static broadening parameters and other parameters including 
multipole analysis. Advanced techniques permit more detailed investiga-
tions of hypothetical structures or reaction intermediates, inelastic mean 
free paths and other questions. At its simplest, XAFS can confirm a struc-
ture, bonding or reaction intermediate. At best, it can independently 
determine new structures and hypotheses of nanostructures.
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Outlook
XAS is an established experimental technique for studying the elec-
tronic and local atomic structure of materials40,42,137. It has applications 
in many different disciplines, from physics, chemistry and catalysis to 
environmental science, materials science, biology and cultural herit-
age. There have been many notable advances in XAFS methodology and 
facilities, which are expected to continue to develop. These advances 
include improved sources with higher brilliance, coherence, microfo-
cus and laboratory sources; time-resolved methods; new detectors, 
such as silicon drift detectors and pixel arrays; diffractive analysers, for 
instance, LERIX, HERIX and BCLA; improved open-source data analysis 
software, with automated methods incorporating improved theory, 
machine learning and neural nets; and extensions of XAFS to hybrid adja-
cent techniques, such as X-ray magnetic circular dichroism, diffraction 
anomalous fine structure, X-ray Raman and inelastic X-ray scattering43.

Using high-brilliance third-generation and fourth-generation 
sources, XAS has investigated fast processes under operando 

conditions244–246. Combining techniques has been essential, as the 
increased complexity of problems requires multidisciplinary meth-
ods. Numerous examples can be found in the literature, in which 
combinations of techniques — such as XAS/DRIFTS/MS/UV–Vis, 
XAS/XRD/UV–Vis/Raman or SAXS/WAXS/Raman/UV–Vis — give a pow-
erful approach to elucidate reaction mechanisms under operando 
conditions247–251. It is expected that in the next decade this area 
will become even more important. The enhanced brilliance of 
newly developed fourth-generation sources will enable faster pro-
cesses to be studied. In addition, the smaller beam sizes of new 
sources will ease the design of complex sample environments 
needed to combine techniques. This could make it possible to 
add new tools, such as NMR spectroscopy or X-ray photoelectron  
spectroscopy.

Another area of expansion is to exploit photon-in/photon-out 
core-level spectroscopies41,252,253. Although outside the scope of this 
Primer, HERFD XAS, non-resonant XES, resonant XES and X-ray Raman 

Glossary

χ
It is either the photoabsorption 
coefficient for an isolated atom 
with no electron interference or 
a semi-empirical spline or other 
background subtraction to approximate 
what this might be; or an estimated 
edge-jump amplitude.

Extended XAFS
(EXAFS). Refers to the region of the 
absorption spectrum from about 30 eV 
above the absorbing edge, which 
shows complex oscillations that explain 
the local order of any material, bonding 
and radial distances.

Fluorescence detection mode
The intensity of a particular 
fluorescence line emitted by the 
sample is measured as a function of 
energy. The ratio of the intensity of the 
fluorescence line and the intensity of 
the incident radiation is proportional 
to the absorption coefficient.

High-energy resolution 
fluorescence detection
The intensity of the emitted line of interest 
is recorded with a very narrow bandwidth 
as a function of the incident energy. 
The ratio to the incident intensity results 
in an X-ray absorption spectroscopy 
spectrum with sharper spectral features. 
Usually, this 1D spectrum is taken along 
the peak of the Kα1 or Kβ1,3 ridge to 
optimize flux and statistics.

k
k-space represents the spectrum 
in terms of the effective photoelectron 
wavenumber above the absorption 
edge E0 rather than versus energy.

Photoelectron
An electron emitted into the continuum 
from a bound state in the atom or 
material when the incident energy of 
the photon is above the energy of the 
absorption edge.

Self-absorption
Also called over-absorption. The 
incident photon (X-ray) field is absorbed 
in the material and when it emits 
a fluorescent photon on relaxation, 
the fluorescent photon is absorbed 
as it passes through the material to 
the surface.

Transmission detection mode
The absorption spectrum is obtained by 
taking the natural logarithm of the ratio 
of the intensity of the radiation before 
and after the sample as a function of 
the incident energy. The measurement 
obtained is equal to the absorption 
coefficient.

X-ray absorption fine structure
(XAFS). The modulation of the 
absorption coefficient at and above an 
absorption edge of an element owing 
to its chemical state and the structure 
of its immediate surroundings. XAFS is 
commonly divided into the near-edge 
region (X-ray absorption near-edge 
structure or near-edge X-ray absorption 
fine structure), which extends to 
~30 eV above the absorption edge, 
and the extended region that displays 
oscillations in the absorption coefficient 
extending from 30 eV above the 
absorption edge.

X-ray absorption near-edge 
structure
(XANES); also called NEXAFS 
(near-edge X-ray absorption fine 
structure). The region of the absorption 
spectrum that extends from below the 
edge to about 30 eV above the edge. 
It gives insight into local coordination, 
molecular bonding, oxidation state, 
geometry and Fermi level. Sometimes 
referred to as the X-ray absorption main 
edge structure region.

X-ray absorption 
spectroscopy
For a solid, liquid or disordered material, 
the measurement of the X-ray linear 
absorption coefficient μpe(E) or the mass 
absorption coefficient as a function of 
incident energy E.

X-ray emission spectroscopy
The measurement of the X-ray emission 
from a sample irradiated by X-rays.

X-ray mass absorption 
coefficient
Follows the Beer–Lambert law for a 
beam of photons of energy E in which 
the transmitted photon intensity I(t) 
is related to the incoming photon 
intensity I0.

http://www.nature.com/nrmp
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scattering are becoming increasingly relevant for the structural charac-
terization of materials. Future developments of new instrumentation — 
detectors and optics — together with the new brilliant sources will 
enable these photon-hungry techniques to be applied to samples under 
more realistic operating conditions.

There will be a greater understanding of XAS theory and modelling 
in the coming years, including applications to RIXS, HERFD and XFELs. 
The development of new instrumentation and techniques will need to 
be supported by novel theoretical approaches11,15,98,111,117,223,224,254–257 and 
advanced analysis methods35,64,65,70. Widespread definition, measure-
ment and use of uncertainty in XAS, XES and related techniques will 
be welcomed, alongside packages to fit data with defined uncertainty 
for improved analysis accuracy63,66,129. An exciting future direction is 
ab initio and hypothesis testing of nanostructures with goodness-of-
fit metrics. These developments will lead to robust, transferable 
experimental data sets and reference data.

When performing operando experiments, approaches based on 
machine learning may have an important role. This could enable on-the-
fly results to direct experimental conditions, such as temperature, gas 
feedthrough concentration or data collection strategy. In addition, 
the increasing amount of data collected during the experiments may 
need automated approaches to select data with interesting results. 
Using deep neural networks to simulate spectroscopy experiments has 
shown promise258,259. Laboratory-based XAS/XES systems260 will likely 
have a large impact in developing the technique, have an important 
role in collecting standard measurements and for training. There are 
also new and exciting techniques that were not able to be covered in 
this Primer261.

Published online: xx xx xxxx
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