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Background information on the techniques of Extended X-Ray Absorption Fine 

Structure (EXAFS) and X-Ray Multiple Diffraction (XRMD) is provided here. 

 

 

A1. EXTENDED X-RAY ABSORPTION FINE STRUCTURE  

When material undergo electromagnetic (EM) waves absorption it normally experiences a 

smooth dependence of its linear absorption coefficient ȝ in respect of the incident wave 

energy E. However, it abruptly suffers discontinuities at some energies that corresponds to 

the X-rays range in the EM spectrum, and this phenomenon is known as Absorption Edges. 

A careful measure of both incident and transmitted intensity of X-rays which pass thru the 

material makes visible all the small features of a so call X-rays Absorption Fine Structure 

(XAFS), as seem in the Figure A1.1. At same time, XAFS can be summarized as two 

defined regions known as X-ray Absorption Near-Edge Structure (XANES) and Extended X-

ray Absorption Fine Structure (EXAFS).  
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Figure A1.1 A general XAFS profile highlighting the two regions of XANES and EXAFS. 

EXAFS usually are defined after ~50 eV from the absorption edge and extends up to 1000 

eV more, as long the oscillations persist.  

 

The observed oscillations in a EXAFS measure arises from the interference of an 

outward-propagating spherical wave (described by an ejected photoelectron) centered in 

the absorbing element (absorbing atom) with the backscattered wave from a neighbor atom 

(scattering atom). In Quantum Mechanics this process is usually referred as the 

interference in the final-state wave functions. The energy of the photoelectron depends on 

the difference of the incident EM wave energy E and the absorption energy E0, and same 

do its wavelength that is described as  

ሻܧሺߣ  ൌ ݄ඥʹ݉ሺܧ െ  ሻ , (A1.1)ܧ

 

where h is the Planck’s constant and m the electron mass. The related wave number k can 

be written as  

 ݇ ൌ ߣߨʹ  , (A1.2) 
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and therefore has unit of Å-1.  

Because of such interference, the linear absorption coefficient ȝ of an atom from the 

studied material, i.e. the experimental ȝ, can be described in terms of k and the linear 

absorption coefficient ȝ0 of a free atom of the same element as  

ߤ  ൌ ሾͳߤ െ ߯ሺ݇ሻሿ , (A1.3) 

 

where (k) describes the EXAFS oscillation. By assuming only dipole interactions between 

the absorbing element and the scattered wave, neglecting incident beam polarization and 

single scattering of a ~50 eV (or higher) photoelectron, the expression of the EXAFS signal 

is given by1 

 ߯ሺ݇ሻ ൌܣሺ݇ሻ݁ିఉೕሺሻ sinሺʹ݇ ܴ Ȱሺ݇ሻሻ  , (A1.4) 

ሺ݇ሻܣ  ൌ ܰ݇ ܴଶ ݂ሺ݇ሻܵଶ , (A1.5) 

 ݁ିఉೕሺሻ ൌ exp െʹ ܴߣ ൨ expൣെʹ݇ଶߪଶ൧ , (A1.6) 

 

where the term 2kRj is the sine function argument that results from the phase of a 

photoelectron which described the path of leaving the absorbing atom and return as 

backscattered from a neighboring atom positioned at Rj. The other phase shift ĭj(k) 

describes the phase-shift of the absorber atom and the phase-shift of the jth backscattering 

atom. Aj(k) is the amplitude term defined by Nj atoms of each shell and the scattering 

complex function magnitude fj(k). S02 is an amplitude reduction factor arising from many 

body effects. Both ĭj(k) and fj(k) depends on the atomic number Zj. The exponential 

damping factor (A1.6) corresponds to the finite lifetime of the final state (~femtoseconds) 
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which is related to the photoelectron mean free path Ȝe. The second exponential decay is 

defined in terms of the likewise a Debye-Waller parameter, ıj2 and describes the thermal 

contribution that disturbs the absorbing and scattering atoms original positions.  

Original data is normalized based on the first peak after the absorption edge, which 

in turn is evaluated by a step function. Post-edge region background is described by a 

spline line and its difference between the experimental curve defines the (k). The obtained 

result is plotted in the k space and modern programs based on FEFF (stands for feff(k,r), an 

effective scattering amplitude), such as Demeter suite2, is used to fit (k). Fitting data 

before doing a Fourier transform (FT) helps avoid Fourier filtering issues. Only then original 

data and best fit are transformed to the real space “r” to a radial structure function. 

Gaussian distribution (based on ı parameter) describes the radial position of the 

neighboring atoms from the absorbing element.  

XAFS is being widely applied in determining the chemical state and local atomic 

environment of a specific atom by tuning the incident X-ray energy near to its absorption 

edges. In the study of chemical bonds in different sulphur compounds is possible to 

highlight the work by Sekiyama et. al.3. The polarization from synchrotron sources can also 

provide the necessary tool to the determine the orientation of chemical bonds, as 

demonstrated by Tyson et al. by verify the electronic structure and molecular orientation of 

S2O32- and S2O62- in ionic crystals4 and Yano et al. by determining the orientation of Mn-O 

and Mn-N bonds in complex compounds5. 

 

A2. X-RAY MULTIPLE DIFFRACTION 

The multiple diffraction phenomenon occurs when an incident beam simultaneously 

satisfies Bragg’s law for more than one set of lattice planes within the crystal. X-Ray 

Multiple Diffraction (XRMD) is generated by aligning the primary planes (hPkPlP), and so the 
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primary reciprocal lattice vector HP, to diffract the incident beam SO into the primary beam 

SP by adjusting the angle Ȧ. Then, by rotating the azimuthal angle () the sample revolute 

around HP while monitoring the intensity of the primary diffracted beam Iprimary. During the  

axis rotation, at certain specific angular positions, other crystallographic planes called 

secondary planes (hSkSlS) (related to the secondary reciprocal lattice vector HS) will also 

satisfy diffraction conditions and generates the secondary beam SS in a distinct direction 

from that of the SP beam. The SS beam will be reflected back into the same direction as that 

of the SP by interaction with another coupling plane (hCkClC), coupling beam SC, and 

scattering vector HC. An overview of this process in shown in Figure A2.1(a) using the 

Ewald sphere representation for diffraction conditions.  

Based on this, secondary reflections can touch the Ewald sphere two times for each 

full revolution of the  axis, from outside to inside (angle o-i) and vice-versa (angle i-o) with 

respect to a reference angle 0. The interaction between primary and secondary beams 

appears in the measure of Iprimary versus , which is referred to as a Renninger Scan6 (RS), 

as positive (Umweganregung) and negative (Aufhellung) peaks. Those peaks can appear in 

pairs describing a symmetry mirror with respect to the chosen primary vector and the 

angular distance 2 between o-i and i-o. Figure A2.1(b) describes this angles. Such peaks 

represent energy transfer from the secondary beam into the path of the primary diffraction 

(positive peak), or vice versa (negative peak), with the symmetry mirror being established 

by the  rotation when the secondary reciprocal lattice points enter and leave the Ewald 

sphere. Therefore, in a RS one can clearly observe the position and intensity distributions 

of these symmetry mirrors and these features are essential for most of the applications 

using the RS XRMD technique. The overall shape of a RS diffraction peak profile as a 

function of  also provides a good indication on regards crystallographic symmetry and 

perfection. In this, splitting of some peaks can provide evidence for symmetry reduction, 
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e.g. due to (say) a tetragonal distortion in epitaxial layers7 whilst an increase in peak width 

can indicate a reduction in crystal quality.8 When a peak in the RS represents an interaction 

of the incident, primary and one secondary beam, it shows up as a three-beam peak (or 

three-beam case). One can also have two or more secondary beams interacting 

simultaneously.  

Figure A2.1(c) represents S0, SP, SS, and SC in the real space together with the 

sample and the related planes in a generic XRMD case. Particularly, a special three-beam 

XRMD case, called Bragg-Surface Diffraction (BSD),9 appears when the secondary beam 

propagates parallel to the crystal surface under an extremely asymmetric diffraction 

geometry. The BSD beams are of particular interest in this work that they carry information 

regarding the crystallography of the sample surface region (and interfaces when they occur) 

which is most useful for studying the structural impact of impurity incorporation at the 

growing crystal surface.10, 11 The XRMD technique’s ability to characterize lattice strain 

fields at the interfaces has been applied e.g. to epilayer/substrate in semiconductor 

systems revealing a depth penetration resolution of about 2 Å and with enough sensitivity to 

detect lattice distortions in the range of 72 Å around the epilayer/substrate interface.12  
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Figure A2.1 (a) XRMD phenomena represented using the Ewald sphere, showing S0: 

(000), SP: (hPkPlP) and SS: (hSkSlS) in a general 3-beam case. Scattering vectors HP, HS and 

HC are also shown. (b) A top view of the  axis rotation showing the 2, o-i, i-o angles 

between the entrance and exit of the (hSkSlS) reciprocal lattice point. (c) A side view in the 

real space of the XRMD process.  
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Also, in the XRMD technique, complementary and additional information regarding 

crystalline quality can be obtained from the detailed analysis of the exact multiple diffraction 

condition, through the Ȧ: mapping8. This method involves coupled scans of Ȧ, the 

incident angle, with respect to the diffraction lattice planes and , the azimuthal rotation 

angle with respect to the primary reflection vector. In the mapping process, Ȧ is scanned 

within a certain range at discrete  positions as identified by tailoring an exact Ȧ:ࢥ angular 

for an observed multiple-beam diffraction position. Therefore, this mapping produces a 

three-dimensional plot of the primary intensity versus Ȧ and  in a coupled way that the 

crystalline perfection can be evaluate by taking the full width half maximum (FWHM) values 

from Ȧ and  scans. When a BSD case is analyzed, the mapping can be related to the 

mosaic spread along the perpendicular and in-plane crystallographic directions, 

respectively.13  

The indexation of a XRMD case is shown as 

(000)(hPkPlP)(hS1kS1lS1)(hS2kS2lS2)…(hSnkSnlSn). So, a general 3-beam case has the incident 

(000), one primary and one secondary beam. The coupling plane can be obtained by the 

relation 

 hP=hS+hC 
kP=kS+kC 
lP=lS+lC 

, 
and 
. 

(A2.1) 

 

The utility of XRMD in material science has been previously demonstrated in terms 

of investigating the subtle changes in the crystal lattices under the application of an external 

electric field, allowing in turn the determination of piezoelectric coefficients of single 

crystals.14, 15 This technique was also used to study the impurity incorporation mechanism, 

crystal perfection and habit modification of Mn3+ ion doped KDP crystals.10, 11, 16 In ion-

implanted semiconductors, XRMD has provided a method to accurately discriminate 
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between mosaic and nearly perfect crystals and the technique has been demonstrated to 

be sensitive enough to analyze lattice strain perpendicular and parallel to the crystal 

surfaces.8, 17 
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