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Previous extended x-ray absorption fine structure (EXAFS) studies have shown evidence of anomalous
contributions in the atomic background function whose origin was debated in the literature. The present study
presents advanced multiple scattering calculations aimed to put to a test the existence and origin of the so-called
atomic XAFS (AXAFS) contribution, discussed in details in some previous works. We show with specific
examples that the muffin-tin approximation normally used in EXAFS calculations is inappropriate to study this
phenomenon as spurious oscillations in the atomic background are related to the potential truncation at the border
of the muffin-tin spheres. We thus employed a more sophisticated approach beyond the muffin-tin approximation
based on the full-potential multiple scattering theory and self-consistent charge densities. The comparison of
EXAFS calculations with previous experimental results allowed us to exclude the presence of the AXAFS as due
to modulations of the charge density as previously suggested. This study confirms the importance of a proper
account of the atomic background in EXAFS data analysis, which may contain effects beyond the single-electron
approximation but are found not affected by AXAFS. We conclude that the contribution of AXAFS in EXAFS

experiments, if existing at all, is negligible and should not be considered in EXAFS data analysis.
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I. INTRODUCTION

The extended x-ray absorption fine structure (EXAFS) [1]
technique is a widely used spectroscopy for accurate deter-
minations of the structure of materials in any aggregation
state. The signal of interest x is defined as the normal-
ized modulation of the absorption coefficient («) above a
specified core electron level: x = (& — apek) / @ar- Suitable
background o,k and atomic absorption «,, functions are used
for this purpose. The yx (k) signal is an oscillatory function
in the photoelectron wave-vector k space, related to the aver-
age short-range configuration around selected photoabsorbing
sites. In most applications, EXAFS data analysis involves
subtracting a smooth background, typically represented by a
piecewise polynomial function in each subdivided k region,
to extract the EXAFS signal yx (k). Fourier transformations
of the EXAFS signals yx(k), although suffering from obvi-
ous limitations due to the kK window and noise, show peaks
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at positions related to the distances of neighboring atoms.
However, due to phase shifts, the positions of these Fourier
transform peaks are shifted to distances smaller than the ac-
tual interatomic distances. In general, the standard extraction
procedure does not guarantee a unique and unbiased x (k)
signal, so the Fourier transforms can also reflect possible
anomalies in the background function, and several peaks and
ripples may not have a direct connection with the structure.
In particular, it was pointed out by several authors that well-
defined peaks in the Fourier transforms can also appear at
distances lower than those of the nearest-neighboring atoms,
where there are no possible interatomic distances [2-35]. The
occurrence of low-distance Fourier transform peaks was asso-
ciated with a nonsmooth background function ok, and two
different interpretations were discussed in the literature, one
based on multielectron excitation channels [2,3] affecting the
background shape, and the other related to a possible direct
oscillatory contribution called atomic XAFS (AXAFS) [4,5].

The main aim of this work is to shed light on this prob-
lem and on the possible existence and origin of the AXAFS
contribution that is presently the subject of debate and can
possibly affect the interpretation and the quality of the EXAFS
data analysis. To clarify the strategy adopted in this work,
it is important to summarize what is presently known about
the presence of extra-contributions in the EXAFS spectra and
x-ray absorption simulation methods.

It is worth noting that many previous works since the
1960s (see, for example, Refs. [36,37]) pointed out that the

Published by the American Physical Society
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x-ray absorption spectra contain widely assessed contribu-
tions due to several shake-off and shake-up multielectron
channels, excluded by a simple one-electron picture of the
photoabsorption process. In fact, modern EXAFS interpre-
tation and data analysis are based on the assumption that
the photoabsorption process consists of the excitation of a
single electron of a core level (for example 1s for a K edge)
promoted to an excited state in the continuum, and other pos-
sible multielectron excitation channels, not taken into account
explicitly, can be observed in the x-ray absorption background
[2,3,6,8,9,38-45] as also confirmed in direct photoemission
experiments [46—49] In particular, the appearance of Fourier
transform peaks at short distances in EXAFS data analysis
was assigned to the contribution of step-like multielectron
excitation channels in the background function (see, for exam-
ple, Refs. [2,6,7], references therein, and many later works).

In other works, the origin of a short distance additional
peak in the Fourier transform was assigned to the AXAFS
contribution [4], consisting in the occurrence of photoelectron
scattering by the potential barrier created when free atoms are
embedded in a condensed phase. It was argued that this scat-
tering can result in a weak oscillatory structure of the atomic
absorption [4,5]. Experimental data were compared with
ab initio calculations within the muffin-tin approximation in
several systems [5,10] and an oscillatory fine structure of the
atomic absorption y.(k) similar to EXAFS was introduced
(further details in Sec. II B). This finding was discussed and
criticized in a later work [7] where the background anomalies
were simply assigned to the onset of the shake-up and shake-
off channels due to multielectron excitations for which large
evidence was already obtained and widely confirmed in suc-
cessive works [2,3,6,8,9,38-41,43—-48]. Moreover, it was also
pointed out [7] that muffin-tin potentials used in the derivation
of AXAFS [5,10] were a possible source of anomalies due to
the discontinuity at muffin-tin borders. After those conflict-
ing interpretations and findings, some other works reported
the existence of background anomalies assigned to AXAFS.
Some interesting publications [12,14,15] reported evidence
of such anomalies in soft x-ray absorption data at surfaces.
The authors claimed that the effect cannot be confused with
multielectron excitations or experimental artifacts in those
cases. Other works were devoted to AXAFS [17,18] showing
the dependence of the AXAFS intensity on the embedded
potential and the existence of both AXAFS and multielectron
excitations that could be individually isolated in L-edge spec-
tra of a Pt foil. Moreover, research on functional materials by
AXAFS was primarily conducted by a group of researchers
[16-22,24-26,28] discussing the occurrence of AXAFS in
different systems. Although the origin of the low-distance
Fourier transform peak remains unclear, some recent studies
have cautiously suggested that these spurious peaks may arise
from an AXAFS contribution [32-35].

Modern EXAFS data analysis is largely based on ac-
curate multiple scattering simulations performed using the
muffin-tin approximation for the optical potential [1,50-54].
Multiple scattering theory is currently widely used to obtain
reliable results from both photoabsorption and photoemission
experiments. While the muffin-tin approximation is certainly
a good approximation for the calculation of the EXAFS, a
discontinuity in the potential is obtained at the boundary

between atoms, and it cannot treat in detail nonspherical
potentials. Nowadays, we can perform reliable multiple scat-
tering calculations beyond the muffin-tin approximation using
the so-called full potential multiple scattering theory [55].
Using this approach, the potential and electron charge density
in the interstitial regions between the atoms can be taken into
account. This method is computationally more accurate than
using the muffin-tin approximation, especially in the x-ray
absorption near-edge structure (XANES) region (about within
100 eV from the edge) [55-57]. Clearly, a solid and detailed
investigation about the existence and relevance of the AXAFS
phenomenon, which was claimed to be related to the scatter-
ing by charge distributions localized in the interstitial regions,
has to be performed using methods going beyond the standard
muffin-tin theory.

Here, we investigate the origin of AXAFS features in
x-ray absorption spectra from a theoretical point of view
using the full potential multiple scattering approach in sev-
eral model systems. The paper is organised as follows: in
Sec. II, the theory for calculating the x-ray absorption cross-
section (proportional to the absorption coefficient o) and
the EXAFS signal, as well as a simple formulation of the
so-called AXAFS, is presented; in Sec. IIl A, we present a
detailed investigation of the effect on the atomic absorption
of the introduction of muffin-tin potentials; in Sec. III B,
AXAFS features are discussed in light of calculations based
on full-potential multiple scattering theory; in Sec. III C, we
consider the specific example of CO molecules, calculating
self-consistent charge densities and their effect on the ab-
sorption cross-section claimed to be at the origin of AXAFS
in previous works [12-15,17,21,28]; in Sec. Il D, we also
investigated the possible origin of O K-edge AXAFS of the
(2 x 1)O/Cu(110) system using self-consistent charge densi-
ties and full-potential multiple scattering calculations; the last
Sec. IV is devoted to the summary and conclusions of this
work.

II. THEORETICAL BACKGROUND

A. X-ray absorption cross-section and EXAFS signal

In this study, x-ray absorption spectra have been calcu-
lated by using a single-channel approximation, so that they
are proportional to the square modulus of the electric-dipole
matrix element between the core and continuum states. We
have employed the multiple scattering theory to calculate
the continuum states. The multiple scattering theory uses a
multicenter expansion in spherical harmonics together with a
numerical solution of the local Schrodinger equation on each
atomic site.

The total absorption cross-section can be written in the
electric dipole approximation as [54]

Ot = — 8mahw

X Zlm/‘/Q (¢zc(r)| erGe-r ’¢zc(r’))drdr’,
L (1)

where ¢>zc (r) is a core state of the photo-absorbing atom
with angular momentum quantum numbers L. = (I, m.), & - r
is obtained under the electric dipole approximation. In this
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equation, atomic units of length and Rydberg units of energy
are used. The quantity «, the fine-structure constant, is given
by a = ¢?/hc ~ 1/137. One of the advantages of multiple
scattering theory is that one can write an explicit form of the
full Green’s function for r in cell i and r’ in cell j in terms of
the scattering path operator as [58]

Gy, ¥ E) = Y @) (r; k)75, — 8T/ ] 0 (x5 k)

LL
+8; Y O k) T, ULk (2)
LL
= GSC(ria r;‘;E)"'Gal(ri, r;;E)a (3)

where

Gee(ri, ¥ E) = Y @) (i k)1, — 8T, | @7, (x5 k), (4)
Lr
Gu(ri V3 E) =68 Y @ (rosk) Tfy, BLL:k),  (5)

Lr

where @} is local basis solution, 7}, is the scattering 7-
matrix of the nonspherical potential located inside the ith cell,
and 7,5, = [(T,”' + G)™'1/,, is the inverse of the multiple
scattering matrix, known as the full scattering path opera-
tor, and gives the total amplitude of propagation from site
i to site j, starting with angular momentum L and arriving
with angular momentum L'. The cell T-matrix is defined
as [TC]ZL, = TLiL,(Si ;. The atomic Green’s function Gy is the
singular part of the full Green’s function, r_, r. is the lesser,
greater of r, 1/, \Tli, is the irregular solution of the Schrodinger
equation. The above expressions are valid for general po-
tentials and provide a formal decomposition of the Green’s
function into a scattering contribution, G, and an absorbing
atomic term, Gy. In practice, however, this separation acquires
a clear physical meaning only when the cell associated with
the absorbing atom has a spherical shape. In our full-potential
multiple scattering implementation, achieving a full potential
description requires filling the interstitial region, for example,
by enlarging the atomic cells and arranging empty cells. As
a result, each scattering cell becomes truncated cell with a
shape such as a Voronoi polyhedra, rather than spherical ones.
Consequently, although G, remains mathematically well de-
fined as the singular on-site part of the full Green’s function,
it no longer represents the Green’s function of an absorbing
atom and thus loses its physical interpretation. In such cases,
the separation into “atomic” and “scattering” contributions
should be regarded as merely a formal decomposition without
unique physical meaning. In contrast, when the absorbing
atomic cell is defined as a sphere (irrespective of whether
the potential inside it is spherically symmetric), G, recovers
its standard physical meaning as originality atomic Green’s
function with the central atomic potential. It should be noted
that the atomic absorption cross-section is not a directly ob-
servable physical quantity but rather a theoretical construct.
Nevertheless, for example, an analogous interpretation exists
in the Atomic Sphere Approximation (ASA) [59]. In ASA,
each site is treated as a space-filling overlapping sphere with
a spherically averaged potential that effectively incorporates
the influence of neighboring atoms. In this situation, G,; may

be regarded as the Green’s function of an effective atomic
scatterer defined by the local spherical potential.

In multiple scattering theory, the total absorption cross-
section oy, is conventionally divided into atomic absorption
o, and scattering contribution oy,

Otot = Oat + Osc- (6)

The oy is proportional to the imaginary part of the atomic
Green’s function Gy, and in the case of real potentials using
the dipole and single-channel approximations, it can be writ-
ten as follows:

oy = — 8mahow

X ZIm /fﬂ (65 ()| &1 Go & - ¥ |9 (x))) drdr’

—8rahw Y Y Im My, Ty, My, (7)

me  LL'

defining the atomic absorption matrix element as
M = f dr ¢f (r) & - ) (r;k). ®)
Qe

To clearly demonstrate the effects of AXAFS, the theoret-
ical formulations should be presented in a concise manner.
Therefore, in the analytical expressions used in the following
discussion, real potentials and real energies were employed.
The same condition was applied for the numerical calcula-
tions. Under this condition, the solutions ® and ¥ are also
real. Consequently, the singular atomic term does not con-
tribute to the imaginary part of the Green’s function, and
Egs. (7) and (8) remain valid. In contrast, for complex (op-
tical) potentials, ® and ¥ acquire complex phases, and the
above equations no longer apply. When using the muffin-tin
approximation, the potential is spherically symmetric, so the
T-matrix is T}, = t{8; = —k~'sin 8} € 8;,/. Here, §; is the
phase shift of the potential, which is real in this case. For
excitation from the K-shell, [, = 0 and [ = 1, so Eq. (7) can
be written as

Oat ™~ 4naha)|ML0L] |2%{1 — cos (28’1)} C))

The scattering contribution oy from neighboring atoms,
limiting ourselves to the single scattering approximation, is
as follows:

o = — 8mahw

x Zlm f/g (65 ()| &1 Gy & -1’ |5 (x)) drdr’

- Sn(xha)ZIm / f drdr’
me Qe

x (g5 ()] &1y @) (rosk)(tfy — T/p)

LL
x @ (rozk)e-r' g5 (r)
T/1) Mip

— 8nafiw Im MLCL(riiL, -

2

— 8rahw
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i Gl Gl
x Im M1 E § T10,Gin T, G T | Mer

LULy j (#0)
~327%ahw Y Y ) sindfsins) Im My,
me LL j (i)
L QPKR+iG[+8)) . .
X 17— (k, YL (R (=Ry)) (M.
KR,

(10)

Here, G'LJL is the photoelectron propagator expressed under
the plane wave approximation, and f/(k, ) is the back scat-
tering amplitude by site j under the muffin-tin approximation.
YL(IA{U) are the real spherical harmonics:

y o R L okRy

G}, ~ —4mi "k YL (R;)) Yo (R;)) R 11
tj

Sy = =47y v, Rip) 4 ¥, (—Ryp),  (12)

L

In the case of x-ray absorption, TiGET! is zero and
> iy T'GYT/G'T" represents single scattering at site j.
For excitation from the K-shell, Eq. (10) can be written as

Ow ~ — dmaho|My,, |2{1 — cos (28})}

1 . o ki
x Y gz mlf (ko) 2V 1)
j
Therefore the formula for the EXAFS signal, under K-
shell one-electron, electric dipole, muffin-tin, plane wave,
high energy approximations, considering only one-photon and

single-channel absorption, is given as follows and is widely
used in EXAFS analysis:

2

sc J k7 . i i
X = G—N —ZV]E—HT[NSIH(QkR;j+281+¢)]),
J ) Y

(14)

where & is the phase of the backscattering amplitude
[k, ) = |k, )|’

B. Original AXAFS derivation

This section presents the AXAFS formula as derived in
[5], where the authors noted that the atomic absorption co-
efficient 1 is not a completely smooth function, but can also
have structure x. due to scattering from the periphery of the
absorbing atom itself, giving

o = ta (I + xe), 15)

where 1, represents the free and smooth atomic background.
The difference between the free and embedded atomic poten-
tials is taken as the perturbation dv, and based on first-order
perturbation theory, they wrote the AXAFS formula as fol-
lows:

Xe(k) ~ —Im% /oodr[Rj(kr)]Mv(r), (16)
0

where RI(kr) is the outgoing part of the radial
Schrodinger equation. They model the perturbation as

0V = Ut /{1 + exp({ (Rt — 7))},  which leads to the

following equation:
1 .
xe(k) = —k?|fe| sin (2kRp + 287 + ®.). (17
mt

Where Ry, is the muffin-tin radius of the absorbing atom, vy,
is the final state potential of the absorbing site at distances
larger than the muffin-tin radius, ¢ characterizes the decay
of the atomic potential tails near Ry, 8} is the central atom
phase shift, and f. = | f.| exp(i®.) is an effective curved-wave
scattering amplitude of the interstitial charge density. This for-
mula is similar to that used in conventional EXAFS analysis
Eq. (14), but instead of the interatomic distance, we find the
muffin-tin radius Ryy.

III. RESULTS AND DISCUSSION

A. AXAFS and potential discontinuity
in the muffin-tin approximation

In the present study, we first investigated the effect
of potential truncation caused by using the muffin-tin ap-
proximation for calculating the x-ray absorption spectrum.
Specifically, the potential was modeled as a sum of 3d
spherical-well and Coulomb potentials,

— U() (Uo > O)

—Z r<a
v = {—% r>a,
and we analytically studied effects of discontinuities ap-
pearing at r = a, corresponding to the muffin-tin radius, on
EXAFS signals. Here, Z is the atomic number, and U is
the depth of the potential well. The phase shift in the situa-
tion where a short-range potential is added to the Coulomb
field is expressed by §; = o; + 8,, where o; is the Coulomb
phase shift and §; is the additional phase shift due to the
extra potential. §; is conceptually different from that obtained
from the additional potential alone [60]. However, in this
study, &; is approximated to the phase shift of a pure 3d
spherical-well potential §; to show analytically the effect of
the potential discontinuity produced at the muffin-tin radius. It
is a good approximation in the high-energy region, as shown
in Appendix A. In this paper, we call this analytical model
the “potential step model”. A schematic illustration of the
potential used in this model is shown in Fig. 1.

The muffin-tin potentials used in numerical calculations
approximates the region inside the atomic cell to have a spher-
ically symmetric potential and the region outside to have a
constant potential. In comparison, the present potential model
has a Coulomb tail rather than a constant value in the region
outside the atomic cell. However, we just want to investigate
the effect on the absorption cross-section of a discontinu-
ous potential used for numerical calculations, so we ignore
the cut of the Coulomb tail in this model. In the high-energy
region, the phase shift in this model can be approximately
written as follows:

81 ~ SICOUI + SZStCP (18)

1
I k I
—\ka— — ) +arctan{ —tan ( ka — — ) ¢, (19)
2 K 2
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Coulomb potential 3d Spherical-well potential

—
- Uo
a

+

N

Potential step model

<>

v U

FIG. 1. Sketch of the potential step model, the potential was
modeled as a sum of 3d spherical-well and Coulomb potentials.
Uy is the discontinuity in the potential at r = a, corresponding to
muffin-tin radius.

Coul . 1
5, ~arg{F<l+1 —l—)} (20)
kaz

l k l
8P ~ —<ka — g) + arctan {;tan (Ka - g)} 21

In these equations, I' is Euler’s gamma function, az = ay/Z
is the Bohr radius of an atom with atomic number Z (ag ~
0.5292 A is the Bohr radius of hydrogen). Here, « is the
momentum given by x = y/k? + Uy. Under those definitions
for the phase shift, we calculated the atomic cross-section oy:

where

1 Ui i
ou ~ Amahw|My,y, |2z |:1 — cos (—Za + 28?"“‘)
_Ué i Coul i Coul
+ 55 {cos(2ka’ —267°") — cos(2ka’ + 257"} |.

2k?
(22)
The calculations used an approximation that neglects the
order of 1 /k5. When Z is small, the atomic absorption cross-
section can be simply described by approximating the phase
shift of the Coulomb potential as follows [61]:

1
st = arg{F(l—i— 1 —i—)}
kaz
[o¢]
y 11 11
—_— _ t _
kaz+zo|:n+lkaz arcan<n+lkaz

1
1
E t
+ arctan (mkaz)

! t ! + ! In /1+ Ly 1
~ —arctan | —— — 1 In —_— —
2 kdz kdz kClZ

I
1
+ ; arctan (mkaz > , (23)

where y ~ 0.5772 is Euler’s constant. Substituting Eq. (23)
into Eq. (22), we obtained the atomic absorption cross-
section as a simple formula as follows:

1/t
ou ~ 2mwaholMy,;, lzk_3 (a_’ + Uéa’)
z

2U; o
x |14 —_— sin(2ka') |. 24)
kay, (7 + Ugd)
As in the equation for the conventional EXAFS signal, the
atomic absorption cross-section oy is divided into a smooth

function oy and an oscillatory term .,
Oat = 00 (1 + Xat)- (25)

The oscillatory term yx, can thus be written as

2U; .
— 0 sin(2ka). (26)
i 1 i,
k(& + Ujar)

i
Z

Xat ™~

In the AXAFS equation (17) derived in previous works, the
oscillations are supposed to be due to an embedded atom
potential, whereas in Eq. (26), they are due to potential dis-
continuities at the muffin-tin radius. Moreover, the u, defined
previously is the absorption of free atoms, whereas the oy de-
fined in this study is the atomic cross-section for the Coulomb
potential, neither of which has discontinuities. Therefore we
assume that the atomic absorption cross-section is a smooth
function and this will be shown to be the case for more realis-
tic calculations shown in the next sections. Figure 2(a) shows
the oscillation of the atomic absorption cross-section k% ). Ob-
tained by multiple scattering calculations using the muffin-tin
approximation with the FPMS program [55] (black line) and
the analytical formula Eq. (26) of the potential step model (red
line) for O K-edge of NO, CH;OH, and (2 x 1)O/Cu(110).
The muffin-tin radius of the absorbing O atom is a=0.6 A,
and potential discontinuities are 0.25, 0.26, and 0.28 A—z,
respectively. In all three cases, oscillations have almost the
same period and depend on the position of the potential steps
created using the muffin-tin approximation. It can be seen that
in this case, the analytical formula in Eq. (26) is sufficient to
account for the oscillatory structure.

Next, we derived the expression for the absorption cross-
section due to scattering with the surrounding atoms oy
using the potential step model. The backscattering amplitude
f(m, k) in this potential model can be approximately divided
into the Coulomb scattering amplitude f“!(rr, k) and the
scattering amplitude f*°P(r, k) arising from the additional 3d
spherical-well potential [60]:

(k) = O, k) + f4P(, k) Q27)
1 2 -550\11 3 2 -5,Coul 2 ~8;"3F
=-——¢” — : P —1)P(-1),
W, ok Xl:e (e JE(=1)
(28)
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@) Analytical model (®)
Numerical calculation

| O K- edg,e of NO ‘

N /\

| O K-edge of CH;0H

k? xa¢ (arb. units)

FT [ k? xq ] (arb. units)

| O K-edge of (2x1)0/Cu(110)

\”\/\

0 2 4 6 8
Wave number k (A~1)

10 12 14 0 05 1 15 2 25 3

Distance 7 (A)

FIG. 2. (a) Oscillation of the atomic absorption cross-
section k%yx, obtained by multiple scattering calculations
using the muffin-tin approximation with the FPMS program
(black line) compared with the application of the analytical
expression Eq. (26) within the potential step model (red line) for
O K-edge of NO, CH;0H, (2 x 1)O/Cu(110) (top to bottom).
(b) Fourier transform (FT) of the oscillations of atomic absorption
cross-section obtained by multiple scattering calculations using the
muffin-tin approximation with the FPMS program (black line), and
Fourier transform of the oscillations obtained from the analytical
expression within the potential step model (red line). The red dashed
line is the position of the muffin-tin radius of O atom a = 0.6 A.

where

1 )

Coul 2io
L k) = ——e™, 29
b = 5 (29)

3 . - ostep
step k - 2io; 215, _ l P _l 30
FAIEND Zik;e (e )P(=1),  (30)
where P, is a Legendre polynomial. By substituting the scat-
tering amplitude Eq. (28) and the phase shift Eq. (18) into
Eq. (13), we obtain an approximate expression for o5, under
the Potential step model:

1 -\
Oy ™~ r[aha)lMLOLl |2<—l + Uéa’)
az

1 1 .
J Imax
X E kﬁ_R,-zj{a_é_’_an](_l) (lmax+1)}

J ()
x Sin(2kR;;). (€29)

Here we use an approximation that ignores k=’ terms and
beyond. The oy calculated by the muffin-tin approximation
also contains oscillations proportional to sin(2ka), but the
amplitudes are so small that the contribution is negligible; the
detailed discussion are provided in the Supplemental Material
[62]. To simplify the description of the oscillation structure of
the absorption cross-section, the analytical equations assume
a small atomic number, but in fact, the oscillation is slightly
shifted from sin(2kR) due to the Coulomb phase shift. There-
fore oy, obtained by multiple scattering calculations using the

—~
&
NaZ

I Calculdted Otot With MT approx ‘
Calculated o, with MT approx -
Polynomial o, with MT approx -----

. 1
H o5t = oy (1 + xap) .
x sin(Z2ka)

Absorption cross-section (arb. units)

| | | | | | |
0 100 200 300 400 500 600 700 800
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FIG. 3. (a) Total Ge K-edge absorption cross-section calculated
in the muffin-tin (MT) approximation of the GeBr, molecule (solid
black line), which shows two main oscillatory components [sin(2kR)
and sin(2ka)]. The red line (short dashed) is the atomic absorption
cross-section in the muffin-tin approximation shows an oscillation
caused by the discontinuous potential at the muffin-tin border. The
green line (long dashed) is a smooth atomic background generated by
a polynomial function adapted to the total absorption cross-section.
(b) Fourier transform (FT) of the EXAFS signal extracted using
a calculated atomic background from the total absorption cross-
section calculated with the muffin-tin approximation as in Eq. (32)
(solid red line). Fourier transform of the EXAFS signal extracted
using a smooth polynomial background for the atomic background
and the total absorption cross-section calculated with the muffin-tin
approximation as in Eq. (33) (solid green line). Fourier transform of
k?xa, which is due to the potential muffin-tin approximation (dashed
red line). The AXAFS peak at about R/2 is due to the use of the
muffin-tin approximation (see text). Hanning windows functions are
used for the Fourier transform, and we set ki, = 3.5 /(—)\*1, Kkmax =
14.5 A", and Ak = 2.0 A~

muffin-tin approximation includes oscillations of oy, i.€., Xat,
approximately proportional to sin(2ka) due to the potential
discontinuity at the muffin-tin radius of the absorbing atom
and oscillations of oy, i.e., Xs, approximately proportional
to sin(2kR) due to photoelectron scattering by neighboring
atoms.

Figure 3 shows numerical calculations obtained within the
muffin-tin approximation using FPMS program. The real part

115143-6



THEORETICAL STUDY OF THE ORIGIN OF X-RAY ...

PHYSICAL REVIEW B 113, 115143 (2026)

of the energy-dependent Hedin-Lundqvist potential [63,64]
was used as the optical potential. In Fig. 3(a), the solid black
line is the total Ge K-edge absorption cross-section for the
GeBrs molecule, the short dashed red line is the atomic
absorption cross-section, and the long dashed green line is
the smooth atomic background represented by a polynomial
function fitting to the total absorption cross-section.

As can be seen from Eq. (24), the atomic absorp-
tion cross-section calculated in the muffin-tin approximation
has an oscillatory structure (x,). Usually, when calcula-
tions are performed within the muffin-tin approximation,
the EXAFS signal x is extracted from the total absorp-
tion cross-sections using the calculated atomic absorption
cross-section as an atomic background. In this case, the oy
contribution is canceled, so the EXAFS signal x shows only
the oscillations xs. due to the photoelectron scattering by
neighboring atoms:

XCalC be = O’t((:;:lc ;]f-aCtalc = Xsc- (32)

Oat

This can be easily verified looking at the red curve of Fig. 3(b)
where a definite Fourier transform peak appears only near the
interatomic distance, while the AXAFS peak is absent. On the
other hand, if the atomic background is represented by smooth
curves, such as those represented by polynomial functions,
as in the EXAFS analysis of experimental data, the EXAFS
signal y shows two main oscillatory components, one due
to photoelectron scattering by neighboring atoms y,. and the
other due to the muffin-tin discontinuity y:

calc poly
poly bg __ Ot — Oat
X o poly
Oat
calc O_calc ____poly
sc at at
= holy + poly ~ Xse T Xat- (33)
Oat at

Therefore, as shown by the green line in Fig. 3(b), the AXAFS
peak appears at about the position of the muffin-tin radius of
the absorbing atom. This AXAFS peak is due to the oscillation
of the muffin-tin atomic absorption cross-section, as can be
seen from the fact that this peak almost coincides with the
dashed red line. The slight differences in Fourier transform
peak positions between the Fourier transform of oscillation of
o and oy at around R/2 is due to a ripple structure effect
of the Fourier transform of xy. The height of the AXAFS
peak depends on the height of the discontinuous potential
step caused by potential truncation, Uy, as shown in Eq. (26).
In other words, according to this equation, the AXAFS peak
does not appear when there is no discontinuity in the potential
around the absorbing atom, i.e., when analyzing spectra cal-
culated with the full potential approach or measured EXAFS.

As can be seen in Fig. 4(a), the oscillation structures related
to the potential discontinuity at the border of muffin-tin sphere
of the absorbing atom can be found in the atomic absorption
cross-section of different molecular and crystalline systems.
Figure 4(b) shows oscillations extracted from total and atomic
absorption cross-sections using a smooth polynomial back-
ground. The amplitude of AXAFS oscillation is relatively
small compared to the EXAFS peak in systems with many
neighboring atoms, such as a material with the FCC structure,

() (®)

at‘ot calculatéd with MT approx
0, calculated with MT approx =

Cl K-edge of Cl, |

Ge K-edge of GeCl,

Cu K-edge of Cu

k? x (arb. units)

Absorption cross-section (arb. units)

0 K-edge of (2x1)0/Cu(110)

E| | | 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 0 2 4 6 8 10 12 14

Energy E — E, (eV) Wave number k (A1)

FIG. 4. (a) The total absorption cross-section (solid black line)
and atomic absorption cross-section (dashed red line) calculated
with the muffin-tin (MT) approximation for Cl K-edge of Cl,
molecule, Ge K-edge of GeCl; molecule, Cu K-edge of Cu foil,
and O K-edge of (2 x 1)O/Cu(110). (b) Oscillations of the total
absorption cross-section (solid black line) and atomic absorption
cross-section (dashed red line) calculated with the muffin-tin ap-
proximation for CI K-edge of Cl, molecule, Ge K-edge of GeCly
molecule, Cu K-edge of Cu foil, and O K-edge of (2 x 1)O/Cu(110).

while the amplitude of AXAFS oscillation is relatively large
for systems with few neighboring atoms, such as diatomic
molecules.

Here, we mention the AXAFS contributions reported in
the muffin-tin numerical calculations of the previous studies.
In light of present calculations, the reason for the oscillatory
structure in the atomic absorption coefficient in Fig. 2 of
Ref. [5], Fig. 2 of Ref. [10], Fig. 1 of Ref. [11], Fig. 2 of
Ref. [12], Fig. 1 of Ref. [13], and Fig. 6 of Ref. [14] can
be assigned to the use of the muffin-tin approximation in
the numerical calculations. In addition, for the same reasons,
the AXAFS peak appears in the Fourier transform of the
oscillation of the calculated atomic absorption coefficient in
Figs. 2 and 4 of Ref. [12], Fig. 2 of Ref. [13], Fig. 7 of
Ref. [14], and Fig. 13 of Ref. [15]. Therefore our results show
that the verification of AXAFS by muffin-tin calculations of
oy 18 certainly an inappropriate method, as this approximation
generates oscillations at the AXAFS distance of interest.

B. Numerical calculation with full-potential multiple scattering

In order to remove the problem of the discontinuity of
the potential at the border of the muffin-tin spheres, we have
performed full-potential multiple scattering calculations. In
this approach [55], to treat the potential outside an atomic cell,
a number of empty cells (35 in this case) are placed around
the considered atomic cell. In this way, the potential can be
made continuous, with no discontinuity at the atomic radius,
differently from the simple muffin-tin approximation. Simi-
larly to muffin-tin calculations, we used the energy-dependent
real part of the Hedin-Lundqvist potential as the optical
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FIG. 5. (a) Total calculated Ge K-edge absorption cross-
section (full potential) of the GeBry molecule (solid blue line), and
smooth polynomial atomic background (dashed blue line). Experi-
mentally Ge K-edge measured spectrum of aGeBr, molecule (solid
black line) and the smooth polynomial atomic background (dashed
black line). (b) Comparison of Fourier transform (FT) spectra of the
EXAFS signals obtained by calculated (blue line) and experimental
(black line) data shown in (a). Hanning window functions are used
for Fourier transforms, set t0 kpin = 3.5 A™L, kpax = 14.5 A~1, and
Ak=2.0A"".

potential. Within the full-potential multiple scattering ap-
proach, an atomic absorption cross-section can in principle
be constructed and calculated; however, its definition is not
unique and depends on the chosen cell partitioning. As a re-
sult, it cannot be interpreted as a physically meaningful atomic
background. A detailed discussion of this point is provided
in Supplemental Material [62]. Therefore the EXAFS signal,
either calculated by the full potential approach or measured
experimentally, is obtained using o, as a realistic smooth
function represented by a polynomial curve that contains no
extra oscillations.

Figure 5 shows full-potential multiple scattering numer-
ical calculations using the FPMS program compared with
experimental data. In Fig. 5(a), the solid blue line is the total
Ge K-edge absorption cross-section calculated by the FPMS
program of the GeBrs molecule, while the dashed blue line
is the smooth atomic background generated by a polynomial
function adapted to the total absorption cross-section. The

solid black line is the Ge K-edge experimental spectrum
of the GeBrs molecule, while the dashed black line is the
smooth atomic background generated by a polynomial func-
tion adapted to the experimentally measured spectrum [65].
Looking at Fig. 5(a), we can notice a close similarity
between FPMS calculations and experimental data in the EX-
AFS region. This similarity can be appreciated considering
the comparison between the Fourier Transforms of calcu-
lated and experimental spectra shown in Fig. 5(b). We can
see that, differently from the case of muffin-tin calculations
shown in Fig. 3, no significant AXAFS peaks appear using
the same smooth atomic background (o,) when calculations
are performed using Full Potentials because there are no dis-
continuities in the potential. From these results, we conclude
that the AXAFS peak is produced only when using muffin-tin
calculations, and appears only when the atomic background
cannot cancel out the oscillations in the atomic absorption
cross-section caused by the muffin-tin potential discontinuity.

C. Charge density modulation on AXAFS using CO molecule

To investigate the possible effect of interatomic charge
density modulations on AXAFS, we prepared molecular po-
tentials and electron charge densities for multiple scattering
calculations using two different methods. In the first method,
which we call “non-SCF” (nonself-consistent), the molecu-
lar potential and electron charge density were constructed
by simply superimposing the free atomic densities. This ap-
proximation is usually good enough for EXAFS calculations,
where is normally used. The free atom calculations were
performed using the Desclaux code [66], which employs a
multiconfiguration relativistic Dirac-Fock theory, and the ex-
cited states were calculated with a fully relaxed core hole.
The second method, which we call “SCF”, utilizes a self-
consistent electron charge density calculated by MOLCAS
8.2 [67] for the excited state of the final state, employing
a Hermite Gaussian basis function set [68]. The (Coulomb)
static part of the scattering potential was calculated under the
McMurchie-Davidson scheme [68] with a Boys function [69].
Since the SCF method accounts for potential changes due to
the formation of intermolecular covalent bonds, if AXAFS
was influenced by charge density modulations, differences
should appear between non-SCF and SCF calculations as an
example for CO molecules, where localized bonding states in
the interatomic region exist.

Figure 6 shows the total electron charge densities calcu-
lated for (a) non-SCEF, (b) SCF, and (c) the difference (SCF
— non-SCF) of CO molecule for excited states with a core
hole in C 1s orbital, and (d) non-SCF, (e) SCF, and (f) the dif-
ference (SCF — non-SCF) of CO molecule for excited states
with a core hole in O 1s orbital. These comparisons show
the change of charge distributions varying with electronic
configuration.

In Fig. 7, we show the (a) z-polarized C K-edge x-ray
absorption (XANES), (b) EXAFS signal, (c¢) Fourier trans-
form of the EXAFS signal for C K-edge of CO molecule
oriented along the z axis, (d) z-polarized O K-edge XANES,
(e) EXAFS signal, and (f) Fourier transform of the EXAFS
signal for O K-edge of CO molecule oriented along the z-axis,
calculated using the Full Potential and both non-SCF (blue
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FIG. 6. The electron charge densities calculated with the Full Potential for (a) non-SCF, (b) SCF, and (c) the difference (SCF-non-SCF) of
CO molecule for excited states with a core hole in C 1s orbital. The electron charge densities calculated with the Full Potential for (d) non-SCF,
(e) SCF, and (f) the difference (SCF—non-SCF) of CO molecule for excited states with a core hole in O 1s orbital.
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FIG. 7. (a) z-polarized XANES, (b) EXAFS signal, and (c) Fourier transform (FT) of the EXAFS signal for C K-edge of CO molecule
oriented along the z axis, (d) z-polarized XANES, (e) EXAFS signal, and (f) Fourier transform of the EXAFS signal for O K-edge of CO
molecule oriented along the z-axis, calculated with the Full Potential for non-SCF (blue line), and the SCF (orange line). A smooth polynomial
background is used for the atomic background. Hanning window function is used for the Fourier transform, and we set kpi, = 3.0 A1
Knax = 13.5 A~", and Ak = 0.5 A",
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but this effect is negligible in the high photoelectron energy
region, such as EXAFS. Additionally, as seen from Fig. 6,
the charge densities of about R/2 from the absorbing atom
between atoms are almost the same in the case of the C atom
being the absorbing atom, and in the case of the O atom being
the absorbing atom. No AXAFS Fourier transform peak can
be found in both SCF and non-SCF calculations as shown in
Figs. 7(c) and 7(f).

We further investigated the effect of scattering by inter-
atomic charge densities on AXAFS using calculations of the
polarization-averaged molecular-frame photoelectron angular
distributions (PA-MFPADs) in CO molecules. PA-MFPADs
have been known to be more sensitive to potential shape
than XANES at high energies [70], and have the advantage
that they are less dependent on the accuracy of the smooth
background and less sensitive to extra oscillations created
analytically. Nevertheless, we confirmed that the effect of
charge density modulation at high energies is negligible, even
in PA-MFPADs.

D. Verification the AXAFS of O K-edge of (2 x 1)O/Cu(110)

In a previous study [14] a specific AXAFS signal was
reported to be present in O K-edge spectra of the (2 x
1)O/Cu(110) surface system. To put to a test this observation,
we have applied O K-edge full-potential multiple scattering
calculations for that system. For a detailed investigation of
the anisotropy of the AXAFS such as Wende et al. performed
in their experiments, we compared the Fourier transforms of
the polarized EXAFS signals with E-vectors along the O-Cu
rows on the surface and perpendicular to the O-Cu rows.
When the E-vector is parallel to the O-Cu row, the EXAFS
signal is significantly affected by photoelectron interference
with the nearest Cu atom on the O-Cu row, and when the
E-vector is perpendicular to the O-Cu row, the EXAFS signal
is significantly affected by photoelectron interference with the
second nearest Cu atom in the second layer. Wende et al.
claimed that the dependence of the AXAFS peak position on
the bond being probed is a strong indication that this feature
does indeed stem from the scattering at interstitial charges
between the absorbing and the backscattering atoms.

However, as shown in Fig. 8, the Fourier transform of
the spectra obtained from the full-potential multiple scatter-
ing calculations showed no significant AXAFS peaks (solid
blue line), contrary to the previous study (dashed black line).
In this study, the atomic background was modeled using a
smooth polynomial spline fitted to the calculated absorption
cross-section. Specifically, three spline knots were placed
at E — Ey = 20.0 eV above the edge (to minimize XANES
contributions), at 20% and 50% of the maximum energy,
and finally slightly above the maximum energy (Epn.,x — Eo +
3.0eV). A third-order polynomial was used for the fitting.
This parameter set was optimized for the O K-edge of the
(2 x 1)O/Cu(110) system. For systems with different energy
ranges, the spline intervals and polynomial order should be
adjusted accordingly. The analytical code used to generate the
polynomial background and perform the Fourier transform,
along with examples for other systems, is provided in Supple-
mental Material [62]. We note that the present calculations are
based on one-electron excitation theory and therefore do not

Full Pdtential calculation

E I [001]!
3 Exp data in previous study =---- |

FT [ k? x ] (arb. units)

Distance 7 (A)

FIG. 8. Fourier transforms (FTs) of calculated O K-edge EXAFS
signals (Full Potential) of the (2 x 1)O/Cu(110) system obtained
using a smooth atomic background (solid blue line). FTs were cal-
culated using Hanning windows (kmin = 5.0 AL, knmax = 13.0 A71,
and Ak = 3.0 A~"). Results are compared with a previous experi-
mental work [14] (dashed black line).

include multielectron effects. In experimental spectra, steplike
structures may appear due to such effects, for which a simple
polynomial spline may not provide an adequate background
model. In those cases, programs that explicitly treat multielec-
tron excitations, such as GnXAS [53], are recommended.

The potential and charge density were calculated also
self-consistently to investigate the effect of photoelectron
scattering between neighboring atoms of this system on
AXAFS. The self-consistent charge densities and Hartree
potentials were calculated using the Vienna ab initio sim-
ulation package (VASP) [71,72] within the framework of
density functional theory (DFT) [73,74], and reconstructed
those for multiple scattering calculations with the interface
package ES2MS [75]. The exchange-correlation interactions
were treated using the local density approximation (LDA)
[76].

Figure 9 shows the electron charge densities calculated
with the Full Potential for (a) non-SCF, (b) SCF, and
(c) the difference (SCF-non-SCF) of the surface of (2 x
1)O/Cu(110) system for excited states with a core hole in
O K-edge. These comparisons show the change of charge
distributions for different electron configurations.

The calculated O K-edge E || [001] EXAFS signals (Full
Potential) of the (2 x 1)O/Cu(110) system is shown in Fig. 10
for the (a) non-SCF (blue line) and SCF (orange line) cases.
The EXAFS signals in the low energy (wave-vector) region
show slight differences between the non-SCF and SCF calcu-
lations but they both agree quite well with the experimental
data (calculations do not take into account thermal disorder).
However, as shown by the Fourier transforms reported in
Fig. 10(b), there is almost no difference between the non-SCF
and SCF calculations, similar to the case of the calculations
for C and O K-edge of CO molecule reported in the preceding
section. Therefore, we conclude that AXAFS is not related to
charge density modulation in this system as well.
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FIG. 9. Maps of the total electron charge densities (a) non-
SCF, (b) SCF, and (c) the difference (SCF-non-SCF) of the (2 x
1)O/Cu(110) surface system for excited states with a 1s oxygen core
hole.

However, as the results of the previous study discussed
the AXAFS features in specific k ranges for EXAFS anal-
ysis, we have also performed different Fourier Transform
calculations varying the Fourier transform kpn, kmax range.
In Fig. 11, we report the Fourier transforms calculated
for kmin fixed at 5.0 A~! and varying kpyax from 10.0 to
13.0 A~!. These Fourier transforms are normalized by the
height of the peak at the distance of the nearest neigh-
bor atoms. Although the effect of interstitial charge density
modulation on the absorption cross-section should be more
visible at lower wave-vector values, AXAFS is found to
be absent in any Fourier transform range of choice in
calculated signals. The Fourier transform ripple structure
increases as the range of the Fourier transform window
narrows, and ripple intensity is much larger than any pos-
sible R/2 signal (see Sec. I of Supplemental Material [62]
for details). Therefore we can confirm that the interatomic
charge density modulation is not responsible for any pos-
sible AXAFS feature that is not found in the present
calculations.

—_
()
=

non-SCF ——
SCF
Exp data in previous study =

—= \

EXAFS signal k? y (arb. units)

2 12 14
Wave number k (A~1)
(b)
non-SCF ——
SCF
B Exp data in previous study - -
g2 L |
=]
£
8 B —
'~
*
[_1
a
J / \ | |
2

3 4 5
Distance r (&)

FIG. 10. (a) EXAFS signal extracted a smooth atomic back-
ground from the total absorption cross-section for O K-edge of
(2 x 1)O/Cu(110) system in the case of E || [001] calculated with
the Full Potential for the non-SCF (blue line) and the SCF (orange
line). (b) Fourier transform (FT) of the EXAFS signal calculated us-
ing Hanning windows (kpin = 5.0 10\*1, kmax = 13.0 A*I, and Ak =
3.0 A™"). Previous experimental work [14] are shown for compari-
son (dashed black line).
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FIG. 11. Fourier transforms with different £ limits of the calcu-
lated EXAFS signal (Full potential) of the (2 x 1)O/Cu(110) system
in the case of E || [001] for the non-SCF (solid line) and the SCF
(dotted line) cases. Fourier transforms (FTs) were calculated Han-
ning windows set to ky;, = 5.0 A kpax = 10.0 (purple line), 11.0
(red line), 12.0 (green line), 13.0 (blue line) A~!, and Ak = 3.0 A~".
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In order to understand the origin of the AXAFS fea-
tures reported in the previous study [14] we have carried
out an EXAFS analysis by Wavelet transform [77-79] on
both calculated (full potential, SCF) and experimental O K-
edge (E || [001]) signals of the (2 x 1)O/Cu(110) system. The
Wavelet transform can resolve the wave-vector dependence
of the EXAFS signals and is, therefore, better suited to dis-
tinguish between heavier (Cu) and lighter (O) backscattering
atoms, even if they are at the same distance from the absorbing
atom. Atoms with smaller atomic numbers have weaker scat-
tering amplitudes decaying at high k values and thus appear
as components at short k values in the Wavelet transform.
Therefore particular attention should be paid to the intensity
distribution around 0.89 A, where the AXAFS-related Fourier
peak was previously reported. In the Wavelet representation,
this enables us to determine which k-range (i.e., which en-
ergy components of the EXAFS signal) is responsible for
the apparent short-distance feature. For EXAFS analysis, the
MorletE code [80] with a complex Morlet wavelet was used
for the Wavelet transformation. To align the analytical condi-
tions of the experimental and calculated data, the wave-vector
range was set from 3.5 to 10.0 AL

In Fig. 12, we report the calculated [panel (a)] and ex-
perimental [panel (b)] EXAFS signals related to a previous
work [14] (O K-edge, (2 x 1)O/Cu(110) system) as black
curves. Those signals are superimposed on the results of the
Morlet Wavelet transforms, shown as contour plots with dif-
ferent colors (intensity scale depicted on the right of Fig. 12).
Here, Fig. 12(a) provides a theoretical reference in which the
EXAFS signal is obtained without contributions from multi-
electron excitation effects and is not affected by experimental
noise, while Fig. 12(b) represents the experimentally derived
EXAFS signal. In the experimental data, an intensity enhance-
ment is observed at a distance of about 0.89 A, corresponding
to the AXAFS peak previously reported in the Fourier trans-
form analysis, whereas no corresponding feature is found in
the theoretical result.

However, looking carefully at Fig. 12, one can see that
the high intensity enhancement at about 0.89 A s mainly
concentrated at high k values in the region 6-10 A~!. This
is not compatible with the scattering due to an embedded
potential or interstitial charge density, which would show
larger amplitudes at low wave-vector values like those of light
atoms (few electrons involved in rather extended distribu-
tions). Therefore, we can safely conclude that the oscillation
producing a Fourier transform peak at about 0.89 A does not
originate from modulations of the charge density. A reason
for the appearance of the Fourier transform AXAFS peak in
the experimental data of Ref. [14] is more likely due to a spe-
cific background choice and shape producing spurious Fourier
transform peaks at low distances. This may be another exam-
ple of the fact that standard data analysis procedures do not
produce a unique and unbiased EXAFS signal as mentioned
in the introduction. In many cases, to avoid biased background
choices, it is preferable to perform the EXAFS data analysis
on the raw absorption data as it is carried out by EXAFS data
analysis programs like GnXAS [53]. We can also conclude
that when Fourier transform peaks appear at distances shorter
than the nearest neighbors one, like in the so-called AXAFS
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FIG. 12. The calculated and experimental O K-edge EXAFS
signals of the (2 x 1)O/Cu(110) system with E || [001] are shown
on a double scale, one related to the original k% (k) signals (black
lines, scale on the right), the second related to the Morlet wavelet
transforms (contour plots, r scale on the left and intensity color
diagram on the right). More specifically: (a) theoretical result based
on the EXAFS signal extracted from the total absorption cross-
section calculated with the Full Potential using a charge density
calculated self-consistently, after subtraction of a smooth atomic
background, and (b) experimental result based on the previous work
[14]. The contour plots represent the normalized intensity of the Mor-
let wavelet transform as a function of the photoelectron wave number
k and the radial distance r. The color scale represents the wavelet
transform intensity, with darker colors indicating higher intensity.

phenomenon, it would be useful to investigate their origin
using the Wavelet transform.

IV. CONCLUSIONS

In this study, we have discussed the possible existence and
origin of the so-called Atomic XAFS (AXAFS) contribution
in the x-ray absorption background used to extract structural
information by EXAFS in light of advanced multiple scatter-
ing calculations.

As a first step, we investigated the presence of an oscil-
latory contribution in the background using the muffin-tin
approximation. In this case, it was found that the atomic
absorption cross-section o, shows an oscillatory structure
which is simply related to the potential truncation introduced
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at the border of the muffin-tin sphere. Therefore, the Fourier
transform of the oscillation of o, shows a peak at a dis-
tance corresponding to the radius of the muffin-tin sphere of
the absorbing atom r = a, i.e., at about R/2. However, this
oscillatory structure is removed from the calculated EXAFS
spectrum obtained using o, as a background and normaliza-
tion factor. We thus verified that the muffin-tin approximation
can not be used as a test for studying the AXAFS signal,
due to the spurious oscillations introduced by the potential
truncations as also previously suggested.

The possible occurrence of AXAFS was thus investigated
using full-potential multiple scattering calculations beyond
the simple muffin-tin approximation. The effects of the inter-
atomic charge density modulation claimed to be responsible
of the AXAFS phenomenon were put to a test for C and O K-
edge of CO molecules and O K-edge of the (2 x 1)O/Cu(110)
system using self-consistent charge density distributions ob-
tained by the MOLCAS and VASP, respectively. However,
differently from previous studies, the presence of a rele-
vant interstitial charge density modulation on AXAFS was
not confirmed. Therefore, no significant AXAFS peak ap-
peared in our numerical calculations, and the contribution of
charge density modulation to the AXAFS was found to be
negligible.

Furthermore, to discuss the origin of the AXAFS contribu-
tion found in a previous study, an EXAFS analysis by Wavelet
transform was performed on the experimental EXAFS signal
for O K-edge of the (2 x 1)O/Cu(110) system (E || [001]).
We found that the oscillatory signal contributing to the Fourier
transform peak at the position of about R/2 is due to the
high-energy side of the EXAFS spectrum and can originate
only from signals incompatible with small charge modula-
tions. So we infer that the oscillation of the background is
not due to AXAFS but to the particular choice made by the
authors for EXAFS analysis, such as atomic background and
normalization defining the EXAFS signal.

The main conclusion of this work is thus that the existence
of AXAFS is not confirmed and can be considered just a
speculation. The appearance of Fourier transform peaks at low
distances as a consequence of low-frequency oscillations of
the atomic background discussed in some previous works has
rather to be regarded as an effect of the standard procedure
of the extraction of the experimental EXAFS signal, which
does not provide a unique and unbiased x (k) signal. On the
other hand, there are many consisting evidences of the real
effect due to the opening of multielectron channels in the x-ray
absorption spectra that are known to produce anomalies in
the background function used for EXAFS analysis and can
be often confused with AXAFS.
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APPENDIX: APPROXIMATION ABOUT THE PHASE
SHIFT IN POTENTIAL STEP MODEL

In this study, we use the potential step model introduced
in Sec. III A, where the total phase shift is approximated as
the sum of the Coulomb phase shift and the phase shift due
to a 3d spherical-well potential: & ~ 8§~ + 5. However,
when a short-range potential V (r) is added to the Coulomb
potential V(r), the resulting phase shift is not simply additive.

Instead, it takes the form, §; = SZCOUI +3§;, where §; differs
from 8;""[60]. This Appendix examines the validity of the
above approximation.

First, consider the case of a 3d spherical-well potential
without the Coulomb field:

=0 Up>0) r<a
U(r)_{0 r>a (A1)
The radial wave function for r < a is
Ri(r) = G ji(kr) (A2)

where j; is the spherical Bessel function, C; is the function in-

dependent on r, and k = /2m(E + Uy)/ h%. For r > a, where
there is no interaction, the radial wave function is given by
Ri(r) = ji(kr) — tan (Sftep ny(kr), (A3)
where n; is the spherical Neumann function and §;"" is the
phase shift of the Square well potential. From the boundary
conditions at r = a, the phase shift can be obtained as follows:

a5 — kji(ka)j (ka) — k jj(ka) j;(ka)
LT kjicaynj(ka) — i jj(cayn (ka)

(A4)

Here, jj(x) =d(ji(x))/dx|y=ka. In the high-energy limit
(ka > 1), using the asymptotic forms of the spherical Bessel
function and spherical Neumann function,

Jix) == Lsin(x - ),
n;(x) == —)lccos( — 17”)

the approximate formula for phase shift is obtained as follows:
step 154 k 154
tang, =~ ~ tan | —ka + — + arctan | — tan | ka — — ,
2 K 2
(A5)
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FIG. 13. Phase shift of the 3d spherical-well potential 8" (red
solid line) and the additional phase shift when a 3d spherical-well
potential is added as a short-range potential to the Coulomb field
(blue dotted line). The inset shows the phase shifts plotted over the
extended range 0 < § < 27.

K

l k l
8P ~ —ka + g + arctan {— tan (Ka - 771) } (A6)

Now consider the case where the same 3d spherical-well
potential is added to the Coulomb field as a short-range po-
tential:

z
—2-Uy (Uh>0) r<a
Ur) = { _Z (A7)
The radial wave-function solution for r < a is
R (r) = CFi(kr), (AB)

and for r > a, it is given by

R/(r) = F(kr) — tan §,;G, (kr), (A9)

where F; and G; are the regular and irregular Coulomb wave
functions. From the boundary conditions at r = a, the addi-
tional phase shift can be obtained as follows:

- kFj(ka)F/(ka) — k F/ (ka)F;(ka)

tané; = kFi(ka)G)(ka) — «F, (ka)Gy(ka)’ (Al10)
8, = arctan { kFi(a)F; (ka) = kFy (ka)Fi(ka) } (A11)
kFi(ka)G(ka) — kF/(ka)G,(ka)

In the high-energy limit, F;(x) and G;(x) behave asymptoti-
cally as

roo l
Fi(x) =% sin {x _ 7” — nIn(2x) + 510011]}, A12)
X—> l
Gi(x) == —cos {x - 7” — nn(2x) + a,c‘““}, (A13)

where o7 is the Coulomb phase shift. Substituting these forms
into the above expression (A11) yields 5, as the correction to
the Coulomb phase shift due to the presence of the short-range
potential.

As shown in Fig. 13, the two phase shifts 8} (red solid
line) and 8, (blue solid line) exhibit noticeable differences
in the low-energy region, primarily due to the breakdown of
the asymptotic approximation for the Coulomb wave func-
tions. The inset shows the phase shifts displayed over an
extended range 0 < § < 2n. However, in the high-energy
region relevant to EXAFS, the difference in their slopes is ap-
proximately 0.0012 rad A, which is negligible. This validates
the approximation & = 8 + § ~ s + 8P employed
in the potential step model, confirming its accuracy in the
EXAFS-relevant energy region.
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