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X-ray Raman scattering (XRS) provides a bulk-sensitive method of measuring

the extended X-ray absorption fine structure (EXAFS) of soft X-ray absorption

edges. Accurate measurements and data analysis procedures for the determina-

tion of XRS-EXAFS of polycrystalline diamond are described. The contribu-

tions of various angular-momentum components beyond the dipole limit to the

atomic background and the EXAFS oscillations are incorporated using self-

consistent real-space multiple-scattering calculations. The properly extracted

XRS-EXAFS oscillations are in good agreement with calculations and earlier

soft X-ray EXAFS results. It is shown, however, that under certain conditions

multiple-scattering contributions to XRS-EXAFS deviate from those in

standard EXAFS, leading to noticeable changes in the real-space signal at

higher momentum transfers owing to non-dipole contributions. These results

pave the way for the accurate application of XRS-EXAFS to previously

inaccessible light-element systems.

Keywords: X-ray Raman scattering; non-resonant inelastic X-ray scattering; extended X-ray
absorption fine structure.

1. Introduction

X-ray absorption spectroscopy (XAS) is a well established

tool for studies of the electronic structure of matter (Stöhr,

1992; Rehr & Albers, 2001). For low-Z elements or shallow

edges falling in the energy range 20–1000 eV, XAS studies are

often limited by surface sensitivity and the necessity of a

vacuum environment, making bulk-sensitive measurements

and studies of liquids, for example, difficult. On the other

hand, the inelastic X-ray scattering technique (Schülke, 2007)

of measuring core excitations via X-ray Raman scattering

(XRS) is becoming increasingly popular in such studies.

Instead of measuring absorption coefficients, the XRS tech-

nique is based on measuring the energy loss of scattered hard

X-rays. The advantage of this non-resonant energy-loss tech-

nique is that the incident photon energy can be chosen freely

and thus low-energy absorption edges can be studied with

high-energy X-rays. This lifts all constraints on the sample

environment inherent to soft X-ray studies, and offers access

to bulk-sensitive information on solids and liquids, systems in

enclosed sample environments such as high-pressure cells, and

other embedded materials.

First reports of the X-ray Raman effect appeared almost

immediately after the discovery of the Raman effect in optical

spectroscopy (Davis & Mitchell, 1928; Mitchell, 1928), while

the first unambiguous studies of XRS are often credited to

Das Gupta (1959, 1962) and Suzuki (1966, 1967). The

equivalence of XRS and XAS spectra was shown theoretically

by Mizuno & Ohmura (1967). It took, however, a long time

before the true potential of the method could be exploited

owing to the weak cross section of the XRS process. Now,

several decades after the discovery of the X-ray Raman effect,

the availability of third-generation synchrotron radiation

sources and dedicated instrumentation (Fister et al., 2006b;

Verbeni et al., 2009) has made highly accurate XRS

measurements possible. XRS can be even used as a contrast

mechanism in three-dimensional X-ray imaging (Huotari et al.,

2011).

The application of XRS to EXAFS studies was first

demonstrated by Tohji & Udagawa who applied the technique

to graphite (Tohji & Udagawa, 1987) and diamond (Tohji &

Udagawa, 1989). Bowron et al. (2000) and more recently

Bergmann et al. (2007) employed the technique in the study of

the oxygen–oxygen pair distribution function in water and ice.

Fister et al. (2006a) measured and calculated the XRS-EXAFS

for Mg and Al up to �200 eV above the corresponding

L-edges. The latter study was the first application of the

momentum-transfer dependence of XRS in the EXAFS

regime, and proposed that enhanced EXAFS oscillations

could be observed at increased momentum transfers via an

enhancement of the atomic background. In fact, increasing the

momentum transfer leads to a growing non-dipole contribu-
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tion in XRS, and this can complicate the analysis of the results.

The non-dipole contribution contains new information which

cannot be accessed with XAS, and has been found to be very

useful for studying the X-ray absorption near-edge structure

(XANES) (Hämäläinen et al., 2002; Feng et al., 2004, 2008;

Galambosi et al., 2006, 2007; Sakko et al., 2007; Fister et al.,

2008; Nagle et al., 2009; Pylkkänen et al., 2010a). Up to now, it

has been unclear whether the momentum-transfer depen-

dence of XRS will ultimately be useful for EXAFS studies.

The benefit of the background-proportional enhancement has

to be weighted against the diminishing signal-to-noise ratio

(owing to the valence-electron background) and the compli-

cations of analysing multiple excitation channels of non-dipole

transitions. The motivation of this work was to shed light on

this issue, which is important for future XRS-EXAFS studies.

In this article we show the application of XRS for EXAFS

studies with spectra collected up to 1.2 keV in energy transfer

and up to 8 atomic units (a.u.) in momentum transfer. We

show how the combination of Compton profile extraction

and the FEFFq code (Soininen et al., 2005) can be used

in momentum-transfer-dependent EXAFS analysis to obtain

accurate data on the typical light-element sample of diamond

powder (Comelli et al., 1988; Tohji & Udagawa, 1989) up to

10 Å�1.

The article is arranged as follows. The experimental details

are outlined in x2, the data analysis routines are described in

x3, and theoretical treatment of XRS-EXAFS is described in

x4. Finally, results and discussion are given in x5.

2. Methods

In the non-resonant inelastic X-ray scattering (NRIXS)

process a photon is scattered by the electronic system under

study, transferring energy and momentum and creating an

electronic excitation. When the energy of the incident photon

is far from any electronic transition energies, the double-

differential cross section of NRIXS is

d2�

d� d!
¼

d�

d�

� �
Th

Sðq; !Þ; ð1Þ

where q and ! are the momentum and energy transfer from

the X-rays to the electronic system in the scattering process.

(We follow the conventions of X-ray spectroscopy and use

atomic units throughout, i.e. h- = me = e = 1, and give energies

in eVand distances in Å. The atomic unit of momentum is 1/a0,

where a0 is the Bohr radius.) The scattering cross section

separates into two factors, the first being the Thomson scat-

tering cross section of electromagnetic radiation from elec-

trons, which depends only on the experimental set-up,

d�

d�

� �
Th

¼ r 2
e

!2

!1

êe1 � êe2ð Þ
2; ð2Þ

where êe1 (êe2) is the polarization vector and !1 (!2) is the

energy of the incoming (scattered) photon, and re is the

classical electron radius. The second factor, known as the

dynamic structure factor (Schülke, 2007), contains only

material-specific information,

Sðq; !Þ ¼
P

F

���DF���P
j

exp iq � rj

� ����IE���2 � !þ EI � EFð Þ; ð3Þ

which includes all transitions allowed by energy conservation

from many-body states jIi to jFi, with the summation over all

electrons j. X-ray Raman scattering involves single-particle

excitations of core electrons, similarly to X-ray absorption.

The transition operator expðiq � rÞ reduces to the dipole

operator as q! 0 (the dipole limit), yielding an exact

correspondence between XRS and XAS (Schülke, 2007).

However, at finite q, many non-dipole channels contribute to

the spectrum.

The NRIXS measurements described in this paper were

performed at the European Synchrotron Radiation Facility

beamline ID16 (Verbeni et al., 2009). The radiation was

generated by three consecutive undulators, monochromated

by a liquid-nitrogen-cooled Si(111) double-crystal mono-

chromator and focused on the sample to a spot of 130 mm �

50 mm (H � V). The sample was a diamond powder (Alfa

Aesar) pellet pressed into a hole in an aluminium sample

holder. The diameter of the sample was 2 mm and its thickness

2 mm.

The spectra were collected utilizing a multi-analyser spec-

trometer (Verbeni et al., 2009). The used reflection orders

were Si(8,8,0) and Si(10,10,0). The corresponding energy

ranges were 13–15 keV and 16–18 keV, with total energy

resolutions of 2 eV and 4 eV (FWHM), respectively. In the

measurements the incident-photon energy !1 was scanned

within the above-mentioned ranges and the scattered-photon

energy !2 kept fixed at 13 keV and 16 keV, respectively. The

beam was kept stable throughout the experiment using an

active monochromator feedback system. This was found to be

necessary for reliable data collection and normalization in this

extended-energy-range measurement. The spectra were

measured repeatedly and compared with each other in order

to search for possible instabilities especially owing to

synchrotron refills. None were found, and the individual scans

were consistent within the statistical accuracy. Finally, the

individual scans were averaged.

The detector was the Maxipix hybrid pixel detector, which is

based on the Medipix2 chip (Llopart et al., 2002). The foci of

the analysers were guided on different parts on the detector

and extracted separately from the saved images. This way the

momentum-transfer dependence of the spectra also within the

spectrometer array was resolved. In this experiment, eight

analyser crystals were used, spanning 20� in scattering angle

and giving four distinct momentum transfer values simulta-

neously. The chosen spectrometer configurations were 2� = 53

� 10� and 126 � 10� for !2 = 13 keV, and 126 � 10� for !2 =

16 keV, giving momentum transfer ranges of q = 2.6–3.6 a.u.,

q = 6.0–6.5 a.u. and q = 7.5–8.1 a.u. at the C K-edge. The

highest q-range was used to determine the valence Compton

profile as discussed later. The actual EXAFS analysis was

performed on the first two q-ranges.
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The incident energy scan method makes the spectrometer

efficiency independent of the energy transfer. However, the

incident-photon flux I0 has to be monitored, and the energy-

dependent efficiency of the I0 monitor has to be taken into

account. At ID16, this monitor is a Si pin diode observing

scattering from a Kapton foil at a 90� scattering angle (vertical

scattering plane). The efficiency of the monitor is a combi-

nation of the total scattering cross section of the Kapton foil

and the Si pin diode efficiency. The monitor efficiency was

calibrated by placing another Si pin diode to capture the direct

beam after the monitor and scanning the incident-photon

energy. The current of the direct-beam pin diode was

converted (Owen et al., 2009) into absolute units of photons

s�1 and the observed ratio Imonitorð!1Þ=Idiodeð!1Þ was used to

correct for the monitor efficiency in the data analysis.

Fig. 1(a) shows the normalized Sðq; !Þ for the twelve

different q-values measured during the experiment. The

normalization routines are described in the following section.

The actual count rates at the C K-edge were 2.3 � 104, 2.1 �

104 and 1.7 � 103 counts s�1 at the q-values 3.0, 6.2 and

7.7 a.u., respectively. The notable features in Sðq; !Þ are the C

K-edge at 285 eV and the broad valence-electron contribution

which disperses into higher energy transfers with increasing q.

Sðq; !Þ of the valence electrons at small values of q represents

plasmons (i.e. collective excitations of the valence-electron

gas), together with inter- and intraband electron-hole–pair

excitations. For a detailed study of this region for diamond, see

Waidmann et al. (2000). When the momentum transfer, and

consequently the energy transfer, are large enough, the scat-

tering process can be considered to be so fast that the

inelastically scattered photon only probes the ground state of

the electron. In this limit, the final state of the electron can be

taken as a plane wave in the unchanged potential of the atom,

and within this so-called impulse approximation (IA)

(Eisenberger & Platzmann, 1970) the spectra reflect the

Compton profile (CP) of the electrons. Compton spectroscopy

(Cooper, 1985, 2007; Schülke, 2007) is, in fact, a specialized

field dedicated to the studies of the ground-state momentum

densities of electron systems (Huotari et al., 2010). The CP

peak follows, in the non-relativistic case, the dispersion law

!peak = q2/2, which explains the dispersion of the Sðq; !Þ peak

positions in Fig. 1.

3. Data analysis

The data were recorded as images of the Maxipix detector.

The signal from each analyser was determined from the

corresponding two-dimensional regions of interest in the

images. These intensities were normalized by the monitor

current, which was calibrated as explained in the previous

section. The data were corrected for absorption in additional

Kapton windows, air and in the sample itself (Sternemann et

al., 2008). Since absolute normalization using the f -sum rule

(Schülke, 2007) is not possible, even with the large energy-

transfer range of our measurement, the experimental spectra

were normalized to Sðq; !Þ with the aid of calculated spectra

and Compton determination as explained below. The resulting

experimental Sðq; !Þ are shown in Fig. 1(a).

Sternemann et al. (2008) have presented an extraction

algorithm of the XRS signal from the total signal which

includes the valence-electron contribution. It is based on the

extraction of the valence-electron CP and its use for back-

ground subtraction at intermediate and large momentum

transfers. For small momentum transfers (q < 2.4 a.u. in the

case of Si L-edges) a phenomenological background function

[Pearson VII (Wang & Zhou, 2005)] was used. This method

works well especially for the XANES region extraction. For

the extraction of the atomic background in an extended

energy range (EXAFS region), a given Pearson VII fit might

not be unique. For this reason, we performed our experiment

on intermediate to high momentum transfer regions only

(2.6 a.u. < q < 8.1 a.u.). This allows us to perform an accurate

analysis based on the valence CP subtraction for all measured

q-values.

The analysis of Compton scattering has been recently

reviewed by Huotari et al. (2009). When the IA is valid

(practically the case for valence electrons at our highest q

values), the non-relativistic scattering cross section is
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Figure 1
(a) The normalized dynamic structure factor for all 12 values of
momentum transfer. (b) Measured Sðq; !Þ (thick lines) and calculated
valence backgrounds (thin lines) using the Compton approximation for
three selected momentum transfers. For clarity, the spectra in (b) are
offset vertically.



d2�

d� d!
¼

d�

d�

� �
Th

1

q
Jð pzÞ; ð4Þ

where Jð pzÞ is the CP and pz = q=2� !=q is the component

of the scattered electron’s ground-state momentum p in the

direction of the momentum transfer q (conventionally taken

to be along the z-axis). The CP is the projection of the ground-

state electron momentum density NðpÞ along q,

Jð pzÞ ¼
R1
�1

R1
�1

NðpÞ dpxdpy: ð5Þ

For isotropic systems this simplifies to

Jð pzÞ ¼ ð1=2Þ
R

d�
R1
jpzj

NðpÞ p dp: ð6Þ

First, we need to determine the valence CP of the system

under study as was done by Sternemann et al. (2008). A reli-

able CP measurement is only possible at large momentum

transfers, so we used the highest q-range measured (7.5–

8.1 a.u.) for the CP determination. To separate the valence-

electron CP from the measurement it is necessary to have an

accurate estimate of the core-electron contribution. As the

scattering from 1s electrons does not satisfy the IA completely

at the momentum transfer used, it was not possible to use a

simple IA-approximated 1s core CP [which could have been

found in, for example, Biggs et al. (1975)]. Instead, a more

reliable core contribution was calculated using the FEFFq

code (Soininen et al., 2005) (see x4 for details) which agrees

with the experimental large-q data very well. The calculated

Scoreðq; !Þ was transformed into Jcoreð pzÞ using equations (1)

and (4). Fig. 2(a) shows the average signal of the eight

analysers transformed to the pz scale, together with the

calculated 1s core contribution and the total CP (sum of the

calculated core and measured valence CPs).

The determination of the experimental valence CP was an

iterative process where the initial guess was the tabulated

isotropic CP of Reed & Eisenberger (1972). First, the

experimental spectra were transformed into Jexpð pzÞ using the

relativistic formulation of Holm (1988). Using the initial guess

of the valence CP and the FEFFq-based Jcoreð pzÞ, a linear

background was removed from the experimental spectra and

the spectra were normalized to the same area as the initial

guess in the interval pz = [�4, 1] a.u. From this, Jcoreð pzÞ was

subtracted and the remaining part was assigned as the valence

CP for the next iteration step. The valence-CP determination

converged rapidly. The resulting valence CP is shown in

Fig. 2(b) together with the result of Reed & Eisenberger

(1972). The small differences can be attributed to the better pz

resolution of the current work.

After the valence CP was determined, a similar procedure

was applied to extract the exact measured core contribution

using the known valence CP. Examples of resulting spectra are

shown in Fig. 1(b). It is readily seen that the valence back-

ground can be much larger than the XRS signal from core

electrons. For XRS-EXAFS the signal-to-noise ratio (SNR),

as determined by the ratio of the core-electron signal to the

valence-electron background, thus has a strong dependence

on q. The SNR is excellent at lower q-values where the valence

CP peaks below the C K-edge (Fig. 1b). At larger q the core-

electron signal is greatly enhanced as the CP peaks above the

C K-edge, leading to background-proportional enhancement

of the oscillations (Fister et al., 2006a). However, since the

valence contribution is also enhanced, the SNR actually

suffers. Except for a few light-element systems with a large

relative number of core electrons, the enhancement of

the valence-electron background will dominate over the

enhancement of the core-electron signal, leading to a poorer

SNR with increased q.

The resulting measured Scoreðq; !Þ are shown in Fig. 3(a)

together with the corresponding FEFFq results (see the

following section for details). The calculated results match

the experiment well in the EXAFS region (k >
� 3 Å�1).

The EXAFS oscillations are extracted from Scoreðq; !Þ in x5.
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Figure 2
(a) The core-electron Compton profile calculated by FEFFq, the total
Compton profile (calculated core + measured valence), and the
experimental Compton profile (only every third measured point is
plotted for clarity). Error bars are smaller than the symbol size. (b)
Experimental diamond valence Compton profiles from Reed &
Eisenberger (1972) and the result of the current study.



4. Theory

Our computational treatment of EXAFS in X-ray Raman

scattering is based on the use of the FEFF package (Rehr &

Albers, 2001), an ab initio real-space multiple-scattering code

for calculating core-electron excitation spectra, augmented for

calculations of q-dependent XRS (FEFFq) (Soininen et al.,

2005). In the following we focus only on the core-electron

contribution, so we will refer to Scoreðq; !Þ simply as Sðq; !Þ.
Unlike in XAS, non-dipole contributions have a significant

role in XRS spectra. The core-electron Sðq; !Þ can be written

as a linear superposition of different transition channels

characterized by angular momentum l as (Soininen et al., 2005)

Sðq; !Þ ¼
P

l

ð2l þ 1ÞjMlðq; !Þj
2�lð!Þ; ð7Þ

where Mlðq; !Þ are transition matrix elements and �lð!Þ are

the angular-momentum-projected densities of unoccupied

states (also called l-DOS) in the presence of the core hole.

Equation (7) is valid for isotropic systems and systems with

cubic symmetry. The core-electron Sðq; !Þ can also be factored

to define XRS-EXAFS oscillations (Soininen et al., 2005),

Sðq; !Þ ¼ S0ðq; !Þ 1þ �qðkÞ
� �

; ð8Þ

where the oscillations �qðkÞ now depend on q, and S0ðq; !Þ is

the atomic background [analogous to the atomic absorption

background �0ð!Þ in XAS]. The photoelectron wavenumber is

defined as k = ½2ð!� EKÞ	
1=2, where EK is the absolute core-

electron binding energy. Owing to the above separation

of S0ðq; !Þ and �qðkÞ, individual contributions of angular

momentum l are calculated independently for each,

S0ðq; !Þ ¼
P

l

S l
0ðq; !Þ; �qðkÞ ¼

P
l;l0
�ll0

q ðkÞ: ð9Þ

The non-diagonal contributions (l 6¼ l0) to �qðkÞ can be

ignored in isotropic cases. The momentum transfer depen-

dence of S0ðq; !Þ and �qðkÞ are analysed in detail in the

following section.

Self-consistent FEFFq calculations were performed

utilizing the Hedin–Lundqvist exchange-correlation potential

with RSCF = 3 Å. The cluster diameter was 10 Å and multiple-

scattering paths up to effective half-path distances of 5 Å and

up to five legs were examined. The effect of thermal motion

was included with the correlated Debye model. Calculations

were performed on (directionally averaged) momentum

transfers q = 2.6–8.1 a.u. including angular momentum chan-

nels up to l = 15. The results were compared with those for

XAS obtained with FEFF8.40.

5. Results and discussion

The XRS-EXAFS oscillations are extracted from the experi-

mental core-electron Sðq; !Þ by determining the atomic

background S0ðq; !Þ. As S0ðq; !Þ is rather different than the

atomic background �0ð!Þ in standard EXAFS, many standard

methods may not suffice for its determination. We have found

that a good determination of S0ðq; !Þ is given by a cubic

smoothing spline (Klementev, 2001). The degree of smoothing

was determined to minimize the low-r background of the

Fourier transform of k2�ðkÞ, i.e. j�ðrÞj. The resulting atomic

backgrounds are shown in Fig. 3(c). The amplitude of the

extracted oscillations (see below) also agree well with the

FEFFq results, giving us confidence in the validity of the

smoothing procedure.

Fig. 4 shows the k2-weighted extracted oscillations from our

experiments at averaged q-settings of 3.1 a.u. and 6.2 a.u.

compared with the XAS result of Comelli et al. (1988). The

data are shown for 4 Å�1 < k < 10 Å�1 since k < 4 Å�1 is
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Figure 3
(a) Experimental and (b) calculated core-electron Sðq; !Þ including
EXAFS oscillations, and (c–d) the atomic background function S0ðq; !Þ.
The experimental S0ðq; !Þ (c) is obtained with a smoothing spline and the
theoretical one (d) from FEFFq.

Figure 4
The extracted EXAFS oscillations k2�qðkÞ from the current study (lines
with points) compared with k2�ðkÞ measured with XAS (Comelli et al.,
1988). The corresponding FEFFq and FEFF 8.40 calculations are shown
as solid black curves. In our XRS data, the error bars owing to counting
statistics are also shown.



typically windowed out (Comelli et al., 1988; Tohji &

Udagawa, 1989) and values above k > 10 Å�1 are limited by

statistical accuracy in the current XRS measurement. Fig. 4

also shows the corresponding calculated results from FEFF

and FEFFq. The overall agreement is good considering that no

parameters have been used to fit the experimental data. Both

the experimental and calculated �qðkÞ are almost independent

of q.

In XRS-EXAFS many angular-momentum components

contribute to both the oscillations �qðkÞ and the atomic

background S0ðq; !Þ. This can be seen in Fig. 5, which shows

the angular-momentum-projected components S l
0ðq; !Þ for

two distinct momentum transfers. The dipole transitions

s! p (i.e. the l = 1 component) dominate in both cases, but

the transitions to s, d, f and even higher-l final states are far

from being negligible at higher q. It has been suggested (Nagle

et al., 2009) that it may be in practice difficult to observe d-

symmetry contributions to the l-DOS in XRS, but this holds

for the XANES range only (Soininen et al., 2005); here we

have to consider even transitions up to l = 5 for the atomic

background.

The crucial question, however, is how the non-dipole tran-

sitions affect the actual EXAFS oscillations. Theoretically this

is easily analysed by plotting the different components �ll
qðkÞ

and this has been done in Fig. 6. It can be seen that the largest

oscillations stem from the l = 1 component in the low-q region.

The l = 0 and l = 2 components contribute increasingly to the

oscillations at higher q. They are, however, almost in antiphase

and cancel each other for the most part. The summed oscil-

lations �qðkÞ are thus quite insensitive to q as already seen

in Fig. 4.

It is important to consider the effect of momentum transfer

also in the Fourier-transformed real-space signal. The

weighted EXAFS oscillations k2�qðkÞ of diamond were

Fourier-transformed in the range 4–10 Å�1 using a Hanning

window with �k = 0.5 Å�1. The result is shown in Fig. 7. XAS

measurements of diamond EXAFS have been reported by

Comelli et al. (1988) and earlier XRS demonstration experi-

ments by Tohji & Udagawa (1989). By analysing the phase-

corrected r-space signal, Tohji & Udagawa (1989) obtained a

shoulder-and-a-peak structure corresponding to two distances:

�1.6 Å and 2.52 Å. In the XAS measurement of Comelli et al.

(1988) both peaks were well resolved at 1.54 Å and 2.52 Å,

in agreement with the known nearest- and second-nearest-

neighbor distances in diamond. The two peaks are reliably

reproduced in our experiment at both momentum transfers

although it was not possible to completely remove the low-r

background below 1 Å from the high-q data. The calculated

j�ðrÞj, however, reveals that the momentum transfer does

influence the real-space signal above 3 Å where most of the

signal comes from multiple-scattering paths.

Next, we study the momentum-transfer dependence of

individual photoelectron scattering paths in detail. In our
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Figure 5
Different angular-momentum contributions to C K-edge S0ðq; !Þ at two
different momentum transfers. The p contribution (l = 1) dominates at q =
3.1 a.u. but the s and d components are not negligible. At q = 6.2 a.u. even
the h-component (l = 5) has a non-negligible contribution.

Figure 6
Different angular-momentum contributions to EXAFS oscillations
k2�qðkÞ at the C K-edge of diamond at two different momentum transfers.

Figure 7
j�ðrÞj of diamond: experiment and FEFFq calculations for two
momentum transfers.



FEFFq calculations there were 48 paths (Rmax
path = 5 Å) contri-

buting to the diamond �qðkÞ, of which seven were single-

scattering (SS) paths. The q-dependence enters the oscillations

via the EXAFS path parameters jfeffj (effective scattering

amplitude) and ’eff (effective scattering phase shift) (Soininen

et al., 2005). We find that, in the case of diamond, SS paths

have only a weak q-dependence which dampens the oscilla-

tions as q increases (relatively more at higher k). Multiple-

scattering (MS) paths, however, can change considerably both

in amplitude (jfeffj) and phase shift (’eff), again in a k-

dependent manner.

The momentum-transfer dependence enters the separable

multiple-scattering representation of FEFFq via the termina-

tion matrix (Rehr & Albers, 1990; Soininen et al., 2005), which

only depends on the first leg (from R0 to R1) and the last leg

(from RN�1 to R0) of the MS path. We found that the MS paths

in diamond have a large q-dependence both in jfeffj and ’eff

when the angle � between the vectors R1 � R0 and R0 � RN�1

is <� 90�. MS paths with large � only exhibit slight dampening

with increased q, similar to SS paths. This is demonstrated in

Fig. 8, where the q-dependence of two triangular paths with

equal effective half-path-distance Rpath = 2.81 Å is shown. The

path with � = 144� shows slight dampening with increased q,

while the path with � = 70� exhibits strong q-dependence.

More work should be performed to systematically study the

effect of momentum transfer on the amplitudes and phase

shifts of MS paths. However, in many practical cases SS paths

dominate the EXAFS oscillations, and we find that they are

insensitive to q in the case of diamond.

6. Conclusions

We have considered in detail the requirements of a complete

analysis of XRS-EXAFS. The main issues revolve around the

reliable determination of the valence-electron background

and the extraction of the oscillations. We have presented

momentum-transfer-dependent XRS measurements and

corresponding calculations for the C K-edge of polycrystalline

diamond. The valence background could be reliably removed

from the XRS spectra using a measured valence Compton

profile. The resulting core-electron contribution is in good

agreement with calculations. The extracted XRS-EXAFS

oscillations at two different momentum transfers agree well in

amplitude and peak positions, despite the radically different

valence-electron and atomic core-electron backgrounds in the

two measurements. This is a benchmark result for the appli-

cation of XRS to accurately determine EXAFS oscillations.

XRS has already proved to be very useful for studying the

structure of disordered matter by enabling XANES studies of

low-Z elements in bulk liquids (Wernet et al., 2004; Pylkkänen

et al., 2010b) and glasses (Lee et al., 2005). It is especially

powerful for studies under extreme conditions such as high

pressure (Mao et al., 2003, 2006; Lee et al., 2005; Pylkkänen et

al., 2010a), which is not possible with soft X-ray spectroscopy

owing to surface sensitivity. With the rapid pace of develop-

ment of XRS instrumentation (Fister et al., 2006b; Verbeni

et al., 2009), the application of XRS-EXAFS is becoming

feasible for many previously unaccessible low-Z systems.

The analysis presented here also allows an optimization of

the experimental conditions in terms of the signal-to-noise

ratio. In the case of diamond, the signal-to-noise ratio

develops unfavorably as momentum transfer is increased in

the experimentally accessible range. We have further analysed

the various angular-momentum components that contribute to

both the atomic background and the XRS-EXAFS oscilla-

tions. At high momentum transfers, non-dipole transitions can

be seen in the atomic background even up to final states with

l = 5, corresponding to s! h transitions. The EXAFS oscil-

lations also have several overlapping components. A path-by-

path analysis shows that, for polycrystalline diamond, single-

scattering paths are insensitive to q, but multiple-scattering

paths can change considerably. Standard EXAFS analysis

codes may thus fail to describe XRS-EXAFS at high

momentum transfers in cases where multiple-scattering paths

contribute strongly, and specialized calculations such as used

here need to be applied.
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Phys. Rev. B, 76, 205115.
Schülke, W. (2007). Electron Dynamics by Inelastic X-ray Scattering.

Oxford University Press.
Soininen, J. A., Ankudinov, A. L. & Rehr, J. J. (2005). Phys. Rev. B,

72, 045136.
Sternemann, H., Sternemann, C., Seidler, G. T., Fister, T. T., Sakko, A.

& Tolan, M. (2008). J. Synchrotron Rad. 15, 162–169.
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