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The local structure around Ag ions in silver borate glasses g-Ag,0-nB,05; (n=2,4) was studied by x-ray
absorption spectroscopy at the Ag K edge for temperatures from 77 to 450 K. Extended x-ray absorption fine
structure (EXAFS) analysis based on cumulant expansion or multishell Gaussian model fails for these systems.
Therefore, the radial distribution functions (RDFs) around Ag ions were reconstructed using a method based on
the direct inversion of the EXAFS expression. The RDFs consist of about eight atoms (oxygens and borons),
exhibit a relatively weak temperature dependence, and indicate the presence of strong static disorder. Two main
components can be identified in RDFs, located at about 2.3—2.4 A and 2.5-3.4 A, respectively. The chemical
types of atoms contributing to the RDF were determined via a simulation of configurationally averaged x-ray
absorption near-edge structure (XANES) and EXAFS signals. The immediate neighborhood of Ag contains
mostly oxygens while borons dominate at larger distances. The combination of EXAFS and XANES tech-
niques allowed us to determine a more complete structural model than would be possible by relying solely on

either EXAFS or XANES alone.
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I. INTRODUCTION

Silver borate glasses g-Ag,0-nB,05 stimulate a consid-
erable interest as fast-ion conductors, especially when doped
with Agl."? They can be produced in a wide range of com-
positions, allowing for a continuous change of their physical
properties. Borate glasses are network glasses based on trigo-
nal BO; and tetrahedral BO, units organized in more com-
plex superstructural elements. Depending on the amount of
the modifier oxide (in our case Ag,0), the relative concen-
tration of threefold- and fourfold-coordinated boron varies,
and consequently the distribution of negative charges avail-
able for the bonding of silver cations changes as well. Be-
cause of the high mobility of Ag ions and the multiplicity of
sites available for the bonding with the borate network, a
deep knowledge of the local structure around Ag ions is still
an open problem—despite the fact that the structure of silver
borate glasses was studied by x-ray and neutron
scattering®!! and by x-ray absorption spectroscopy!>!® for
years. The purpose of this paper is to obtain more refined
information on the local environment of Ag ions by investi-
gating the x-ray absorption fine structure (XAFS) via a re-
fined joint analysis of both x-ray absorption near-edge struc-
ture (XANES) and extended x-ray absorption fine structure
(EXAFS).
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XAFS is a powerful tool to study the local atomic and
electronic structure in disordered materials.'® It offers a local
view on the system geometry from a particular chemically
specific site. Therefore, it provides a site-selective radial dis-
tribution function (RDF), centered at atoms of only one
chemical type. The theory of XAFS has been significantly
improved during the last ten years?® and allows nowadays a
rather accurate description of x-ray absorption fine structure
for frozen atomic configurations.?!=2 It is in fact possible to
use a single formalism for describing x-ray absorption in the
XANES and EXAFS regions.?’ However, for practical pur-
poses it is useful to maintain the distinction between XANES
and EXAFS. One reason is that a full multiple scattering
should be normally used in the XANES region (for photo-
electron energies up to 50-70 eV above the absorption
edge), whereas a truncated multiple-scattering series can be
utilized at higher energies. The degree of approximation in-
troduced by the truncated multiple-scattering series strongly
depends on the local structure and chemical composition of a
particular compound. In many practical cases, the single-
scattering term is dominant.'® Another reason for analyzing
XANES and EXAFS separately is that a different level of
agreement between theory and experiment can be achieved
in the two regions. Calculated and measured EXAFS oscil-
lations agree quite well in typical situations.'®?° On the other
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hand, current XANES calculations usually do not reproduce
the measured spectrum with such an accuracy (mainly be-
cause of non-muffin-tin and many-body effects, which are
difficult to account for and are more important for low pho-
toelectron energies). At the same time, multiple scattering of
the photoelectron and energy dependence of its scattering by
various atoms may cause that some aspects of the local struc-
ture are better observable through XANES than through
EXAFS. Therefore, a separate analysis of XANES and
EXAFS could be advantageous in many cases.

In spite of the progress in the XAFS theory, the evaluation
of static and dynamic disorder is still a weak point. In the
EXAFS region, the disorder is usually taken into account by
describing each scattering path through a distribution of in-
teratomic distances. Single scattering paths, corresponding to
identified coordination shells, are often singled out by Fou-
rier filtering. When dealing with moderately disordered sys-
tems, the distributions of distances can be parametrized in
terms of a few leading cumulants.?®?” Although in the case
of purely thermal disorder the effectiveness of the procedure
of Fourier filtering plus cumulant analysis can be checked by
means of accurate temperature-dependent measurements,?®
in case of structural disorder no simple self-consistency cri-
teria can be adopted, and the reliability of structural informa-
tion can be, in some cases, highly questionable.

Early EXAFS studies of g-Ag,0-nB,05 at the Ag K and
Ls edges, based on Fourier filtering and cumulant analysis
limited to the harmonic terms, indicated that silver is coor-
dinated by two oxygens (like in crystalline Ag,0).'>"'* The
Ag-O distances were evaluated as 2.2-2.3 A (to be com-
pared to 2.04 A in ¢-Ag,0). The low coordination number
was supported by a qualitative comparison of the Ag L5 edge
structure in glasses and in c-Ag,0.'>"'* However, this picture
is somewhat different from results obtained in the last decade
on the basis of scattering techniques.

X-ray and neutron scattering methods provide a total RDF
when applied to noncrystalline systems. Such an RDF re-
flects mutual distances between all possible atomic pairs
present in a solid and can be thus seen as a superposition of
several “partial” or site-related RDFs. Based on best-fitting
of experimental structure factors, the peaks in the total RDF
are then attributed to contributions from particular atomic
pairs. Procedures based on modeling the RDF by a set of
Gaussians were used in Refs. 3—6, whereas a more sophisti-
cated reverse Monte Carlo technique and an ad hoc cluster
modeling were employed in Refs. 7-11. All scattering ex-
periments agree that the total RDFs in silver borate glasses
are characterized by two peaks at ~1.4 and 2.4 A (both be-
ing better resolved in the neutron data than in the x-ray data).
The first RDF peak corresponds to the shortest B-O dis-
tances, located at 1.37 A for the BOj units and at 1.47 A for
the BO, units. The second peak in the total RDF is due to
contributions from several different atomic pairs: Ag-O,
0-0O, and B-B bond lengths are evaluated to be about 2.4 A,
the second shell B-O distance about 2.8—-2.9 A, and the
Ag-B distance about 3.1 A. The overlap between these con-
tributions, however, makes an accurate determination of in-
teratomic distances difficult. Even more complicated is the
quantification of the coordination number of Ag ions: 3.0-
3.7 neighboring oxygen atoms were found by Swenson

PHYSICAL REVIEW B 73, 174110 (2006)

et al>®'' contrary to about six atoms found by Ushida
et al.® The existence of an Ag-Ag contribution, with average
coordination number about 1.0 in tetraborate and about 2.0 in
diborate glasses,”!" was also proposed at distances
3.0—-4.5 A58 In any case, scattering data indicate that Ag
ions are surrounded by a much higher number of neighbors
and within a larger range than what was suggested in earlier
XAFS studies.

The apparent disagreement between results obtained by
scattering and by EXAFS methods can be understood in the
light of more recent XANES studies.?®3? The calculated Ag
K edge XANES of g-Ag,0-nB,05 could be reconciled with
experiments only if disorder is explicitly taken into account
via the so-called multiconfiguration approach.?’ By analyz-
ing the Ag K edge XANES, it was found that, on the average,
Ag ions in silver borate glasses are coordinated by approxi-
mately four oxygens, with Ag-O distances between 2.0 and
2.4 A, followed by approximately four borons located be-
tween 2.5 and 3.0 A (Ref. 29). At the same time, it was
found that the Ag K edge XANES in g-Ag,0-nB,0; is not
very sensitive to more finer details of the RDF; it is thus not
possible to get more accurate results by analyzing XANES
alone. For more complete information, it is necessary to use
EXAFS data, which span a larger k-space interval and, thus,
contain more structural information.

In view of this situation, we are now presenting a more
complex approach, which combines both EXAFS and
XANES analyses. EXAFS data at the Ag K edge are ana-
lyzed to obtain a radial distribution function without relying
on the cumulant expansion method; successively, this RDF is
used as structural constraint for a multiconfiguration XANES
and EXAFS analysis. In this way, a more comprehensive
view on the local structure around Ag ions can be obtained.
The plan of the paper is the following. We start with intro-
ducing our experiment in Sec. II. Then methods of EXAFS
and XANES analyses are discussed in Sec. III. After attempt-
ing to analyze EXAFS via cumulant expansion and multi-
shell Gaussian model in Secs. IV A and IV B, we proceed by
applying the hybrid regularization—least-squares-fitting ap-
proach to reconstruct the RDF in Sec. IV C. Our investiga-
tion is completed by analyzing the XANES data in Sec.
IV D. Finally, the main results are discussed and summarized
in Secs. V and VI.

II. EXPERIMENTAL DETAILS

The samples of binary silver borate glasses g-
Ag,0-nB,0O5; were prepared by a standard melt-quenching
procedure.>’ The absence of any crystalline phase in the
glasses was confirmed by x-ray scattering measurements.
X-ray absorption spectra were measured at the Ag K edge
using the synchrotron radiation from the ESRF storage ring
(Grenoble, France) at the GILDA CRG BMO08 beamline, op-
erated in the high-energy configuration, without focusing.
The transmission scheme with a Si(311) crystal monochro-
mator and two ion chambers filled with argon gas was used.
The experimental energy resolution was about 2.5 eV, which
is well below the Ag ls core hole lifetime. Spectra of the
silver diborate glass g-Ag,0-2B,05 and of the silver tet-
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raborate glass g-Ag,0-4B,0; were measured in the range of
temperatures 7" from 77 to 450 K. The spectrum of crystal-
line c-Ag,0, measured at 77 K, was used as a reference.

III. METHODS OF EXAFS AND XANES ANALYSIS
A. Extraction of EXAFS signal
The EXAFS signal y(k) is conventionally defined as

_ Hexp(E) = po(E) — py(E)
to(E)

where e, (E) is the experimental absorption coefficient,
my(E) is the pre-edge background extrapolated beyond the
absorption edge, wy(E) is the atomiclike contribution, and
k=[(2m,/h*)(E—-E,)]"? is the wave vector, with E, being the
photoelectron energy origin. In the EDA package,’? which we
used for extracting the EXAFS oscillations, the wuy(E) signal
is written as ug(E)=uf(E)+ g (k) + b (k) and components
wo(E), ug(k), and (k) are determined one by one using an
original three-step procedure.®* In the first step of this pro-
cedure, the component ,u{)(E) is found in the E space as a
polynomial of the n order (0=<n<10). In the second step,
another polynomial ,ug (k) is found in the k space. In the third
step, the remaining ,LL{)”(k) component is determined by
smoothing cubic splines. The main idea of the three-step
procedure is to find such ug(E) that minimizes the low-
frequency nonstructural contribution to EXAFS while leav-
ing the structural part undisturbed. This is achieved in the
EDA package within an interactive procedure by a simulta-
neous control of the shape of the EXAFS signal in the &
space and of its Fourier transform in the R space.’* The
experimental EXAFS signals for the reference compound
c-Ag,0 and for borate glasses, extracted using the procedure
described above, are shown in Figs. 1 and 2, respectively.
An important point of the EXAFS data analysis is the
correct choice of E, since it influences the amplitude and the
phase of the EXAFS signal (especially at low-k values). The
accuracy with which interatomic distances can be determined
is thereby restricted. In order to achieve the best results, the
E\ position should be set in the same way in the EXAFS
signal to be analyzed and in the EXAFS signal of the refer-
ence compound that is used to determine the scattering am-
plitudes and phase shifts for the atomic pairs of interest. The
reference EXAFS signal can be either obtained experimen-
tally from a compound with a known atomic structure or
calculated by one of the available ab initio codes.?'~>3

x(k) , (1)

B. Reference EXAFS signals

In this work, the FEFF8 code?! was used to generate the
reference signal. For this purpose, we constructed a cluster of
8 A radius with the structure of ¢-Ag,0 (lattice parameter
a=4.72 A)3* containing 11 shells around Ag. In order to
obtain the potential, a self-consistent calculation with a com-
plex Hedin-Lundqvist exchange-correlation potential was
performed for a smaller cluster of six shells. The muffin-tin
radii were 1.390 A for the central Ag atom (with a core hole
in the 1s level), 0.972 A for the O atoms, and 1.374 A for
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FIG. 1. Comparison of the experimental and best-fitted Ag
K-edge EXAFS signals and their FTs in ¢-Ag,O. Upper panel: the
uppermost pair of curves shows a comparison of the full experimen-
tal signal (dotted line) with the experimental signal back-Fourier
filtered in the R-space range from 0.5 to 4.0 A and corresponding
thus to the first three coordination shells (full line); the middle pair
of curves shows the back-Fourier filtered experimental signal (full
line) and the result of the best-fitting procedure (dashed line); the
lowermost pair of curves shows the decomposition of the best-fitted
signal into the sum of single-scattering contributions from the first
three coordination shells (full line) and into a double-scattering
Ag-0,-Ag,-Ag contribution (dashed line). Lower panel: the FTs of
the experimental (dotted lines) and best-fitted (full lines) EXAFS
signals, calculated in the k-space range 2.0-9.0 A~'. Both the
modulus and imaginary parts of FTs are shown. The dashed line
corresponds to the double-scattering Ag-O;-Ag,-Ag contribution.

the other Ag atoms. The EXAFS signal calculated in this
way was used (i) to align the energy scale of the experiment
with theory, thus eliminating the E, parameter from the fit-
ting procedure, and (ii) to estimate the value of the amplitude
scaling factor Sé, which was used later on in determining the
coordination numbers in the silver borate glasses. In this
way, E, was set to 25 516 eV on the absolute scale and S(Z) to
0.8. The calculated amplitude and phase shift functions were
used in the fit of the experimental EXAFS signal, back-
Fourier filtered in the R-space range from 0.5 to 4.0 A. The
fit was performed in the k-space range 1.5-15.0 A" using
the four paths, which are sufficient to describe the c-Ag,O
EXAFS signal in the above-mentioned R-space range. These
four paths correspond to the Ag-O;-Ag, Ag-Ag,-Ag, and
Ag-05-Ag single-scattering signals from the first three near-
est coordination shells around silver atom and to the Ag-O,
-Ag,-Ag double-scattering signal. The calculated EXAFS
signal for c-Ag,0 was in an excellent agreement with the
experimental one (Fig. 1). The Ag-O, distance determined in

174110-3



KUZMIN et al.

g-Agzo-ZBZO3 g-Agzo-ZBZO3
1.0} T(K) T (K);
77 77
o~
x
3
= 200 200
o 0.5 i 1
u 450 450
0.0 WA

2 46810 2 4 6 81012
Wavevector k (A™)
FIG. 2. Temperature dependence of experimental Ag K edge

EXAFS signals y(k)k* in diborate g-Ag,0-2B,0; and tetraborate
g-Ag,0-4B,05 glasses.

this way is 2.05+£0.01 A (the tabulated value is 2.044 A),3
the Ag-Ag, distance is 3.33+0.01 A (the tabulated value is
3.338 A), and the Ag-O; distance is 3.89+0.02 A (the tabu-
lated value is 3.914 A). The fitted coordination numbers of
the three nearest shells around Ag are 2.0+0.2, 11.5+0.6,
and 6.5+0.8 while the crystallographic values are 2, 12, and
6. These results indicate a good accuracy of the theoretical
amplitude and phase-shift functions for the Ag-O and Ag-Ag
atom pairs in the k-space range of 1.5-15.0 A~!, which was
used in the best-fit procedure for c-Ag,0.

In the case of silver borate glasses, one needs the scatter-
ing amplitude and phase shift also for the Ag-B pair. These
were found by performing FEFF8 calculations for a cluster
representing a part of the silver orthoborate crystal
structure.® The calculations were performed within the same
approach as for c-Ag,0, as described above.

C. EXAFS analysis in disordered systems

The EXAFS signal for an arbitrary radial distribution
function G(R), containing only one atomic species, is given,
within the single-scattering spherical-wave approximation,

by36
Rmax G(R) .
x(k) = ng WF(k,R)stkR +®(k,R)]dR, (2)
R,

where the factor Sé accounts for the amplitude damping
caused by multielectron effects, R is the interatomic distance,
F(k,R) is the backscattering amplitude of the photoelectron
from atoms located at the distance R from the photoabsorber,
and ®(k,R)=yi(k,R)+25/(k)—1m is the phase shift contain-
ing contributions from the photoabsorber 28,(k) and from the
backscatterer ¢(k,R). In the present notation, the amplitude
F(k,R) includes also the damping connected with the finite
photoelectron lifetime. The amplitude and phase-shift func-
tions F(k,R) and ®(k,R) were calculated for a fixed distance
R in this work. Accounting for the R dependence of F(k,R)
and ®(k,R) could be done in principle, and in some cases it
can be important. One reason why we ignored it in our study
is to avoid “technical” instabilities encountered by the FEFF8
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code when calculating F(k,R) and ®(k,R) for too small or
too large R. Another reason is that earlier XANES calcula-
tions showed that XAFS of borate is not very sensitive to the
choice of the potential and, hence, to the F(k,R) and ®(k,R)
functions (see end of Sec. III E).

When the extent of disorder (thermal and structural) is
limited, the EXAFS function can be described by a sum of
analytical functions, each one of which attributable to a dif-
ferent coordination shell and expressed through a cumulant
expansion,?’-3¢

N;
X(k) = E Sé ) F,-(k, Cu)
i 1i

2 4
Xexp[— 2C§ik2 + §C4,-k4 - ECﬁikﬁ]

, 44
Xsin ZkCIi—§C3ik‘ +GC5ik +<I),-(k,C1i) .

(3)

where i labels the coordination shells, A, is the coordination
number, C;; is the average value of an effective
distribution,?” C,; is the mean-square relative displacement
or Debye-Waller exponent (generally indicated as o; in
Gaussian approximation), and Cj;, Cy, Cs;, and Cg; are
higher-order cumulants of the distribution of distances. This
is the expression used by the EDAFIT code®® to obtain the
results presented in Sec. IV B. Neglect of higher-order cu-
mulants Cj; (j>2) leads to the multishell Gaussian
approximation,*® which is widely used in EXAFS analysis,"”
and where each Gaussian shell depends only on three struc-
tural parameters: N, C, and o. It is worth noting that average
interatomic distance is given by (R;)=C,;+(2C,;/C;;)(1
+C};/\), where \ is the photoelectron mean free path. As we
will see below, the standard approach based on Eq. (3) fails
in the case of g-Ag,O-nB,0j5. Therefore, one has to return to
the original EXAFS formula and search for an arbitrarily
shaped G(R) by a direct inversion of Eq. (2). This technique
is implemented in the EDARDF code, which relies on a hybrid
regularization—least-squares-fitting algorithm?®3 to search for
a positive-defined and smooth G(R) such that the best agree-
ment between the simulated and experimental EXAFS is
achieved.’-3° There are also other procedures that one could
rely on to determine G(R), such as the regularization
technique,*® the splice method,*' the Monte Carlo method,*
and the reverse Monte Carlo technique.*3

The advantage of relying on Eq. (2) instead of Eq. (3) is
that no a priori assumptions about the shape of RDF are
made. On the other hand, the RDF may now contain only
one type of atoms, to guarantee the validity of the algorithm.
This is not the case of the neighborhood of Ag ions in g-
Ag,0-nB,O5: both O and B atoms are expected to be
present. Because oxygen and boron atoms are close neigh-
bors in the periodic table, their scattering amplitudes and
phase shifts are quite similar. Therefore, one can expect that
using scattering functions of only oxygens or of only borons
will lead to a good estimate of the true RDF. As chemical
considerations suggest that the nearest neighbors of Ag in
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FIG. 3. Fourier transforms (FT) of experimental Ag K edge
EXAFS signals in g-Ag,0-2B,0; (full lines) and g-Ag,0-4B,04
(dashed lines) at T=77 K.

g-Ag,0-nB,05 should be oxygens, we relied on scattering
functions of oxygens in our analysis. We checked that if the
same analysis is performed with boron scattering functions
instead, similar results about the shape of RDF and about its
temperature dependence are obtained. Contributions from the
Ag-Ag distance can be neglected, as it will follow from re-
sults of a standard analysis in Sec. IV A.

D. Estimation of the effect of multiple scattering

In this section, we comment on the use of the single-
scattering approximation as represented by Egs. (2) and (3).
In general, the XAFS signal can be accurately described
within the multiple-scattering (MS) formalism by an infinite
series, which is usually truncated above a few first terms,
known as single-scattering, double-scattering, and triple-
scattering contributions.?® Note that such series is not unique,
and an alternative approach,?? in which the XAFS signal is
expanded in terms of the contributions from a number of
irreducible n-atom distribution functions, also exists. The im-
portance of different multiple-scattering signals in different
regions of the k or R space was studied for years.?%4*5 The
MS signals were reliably detected in the case of near-linear
atomic chains, e.g., in perovskite-type materials built up of
octahedra, due to the so-called focusing effect.*+46

The amplitude of the MS contributions strongly depends
on the geometry of the scattering paths as well as on the
disorder. The positions of MS peaks in the Fourier transform
(FT) are determined by the total half-path length. Therefore,
significant MS scattering contributions are revealed in the FT
through peaks at large distances, being located anyway be-
yond the first coordination shell peak.

We estimated the contribution of MS signals, due to the
shortest scattering path lengths, in our borate glasses using
the FEFF8 code.?! Among different MS contributions, two
signals with a particular geometry have the shortest total
half-path length. If linear O-Ag-O chains were present in our
glasses, considering the Ag-O distance about 2.3 A, the pres-
ence of MS would result in a peak in FT at about 3.9 A,
having an amplitude of about 10% of the first shell peak
(which is located at around 1.8 A in Fig. 3). This MS peak
would be generated by the double-scattering Ag-O’-O"-Ag
and triple-scattering Ag-O’-Ag-O"-Ag signals (where Ag is
the photoabsorber and O’ and O” are two oxygens in oppo-
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site directions).** If Ag atoms were coordinated tetrahedrally,
the shortest MS signal would correspond to the triangular
Ag-0’-0"-Ag double-scattering path, consisting of the pho-
toabsorbing silver and two oxygens of the tetrahedron: its
peak would be at about 3.5 A in FT, having an amplitude of
about 7% of the first shell peak.

Other MS signals would contribute at even larger dis-
tances because of longer scattering path lengths. Therefore,
since no significant contributions above the level of noise are
present in the FT of EXAFS signals of borate glasses at
distances larger than 3.5 A (Fig. 3), the MS signals can be
ignored and, hence, there is no need to go beyond the single-
scattering approximation in this particular case. Finally, let
us note that even if MS contributions were present, they
would not affect our EXAFS analysis, since that is limited to
the first two peaks located below 3.2 A in FTs of the EXAFS
signals.

E. XANES calculations

The XANES spectrum of amorphous systems is usually
calculated via a “single-configuration” approach, i.e., the sig-
nal is calculated just for a small unit surrounding the photo-
absorbing atom.*’*8 This approach seems to be justified if
the photoabsorbing atom is directly incorporated into a net-
work (such as Si in silicates),*-° having thus a well-defined
coordination polyhedron. However, the single-configuration
approach fails in the case of Ag K edge XANES of g-
Ag,0-nB,O5; because of the strong disorder around Ag
ions.?® A similar situation may arise wherever the photoab-
sorbing atom is not a glass network former but just a network
modifier.

For such cases, we propose to use a multiconfiguration
approach.? It is based on evaluating the XANES of the sys-
tem as an average of individual signals calculated for a large
number (hundreds) of geometric configurations, which are
randomly generated subject to certain constraints on atomic
positions. These constraints then represent structural infor-
mation that can be obtained for the system. It was demon-
strated that, although this procedure cannot determine the
RDF with the same accuracy as EXAFS, it can still be use-
ful, particularly because of its sensitivity to chemical types
of neighboring atoms.?

In the present work, XANES spectra of g-Ag,0-nB,0;
are calculated via a multiconfiguration approach, relying on
the RDF obtained from EXAFS. Spectra of individual geo-
metric configurations are calculated in the real space by a
full-multiple-scattering (FMS) technique.’! We used the
same scattering potential for all the clusters—in particular, a
non-self-consistent muffin-tin potential constructed via a
Mattheiss prescription for a silver orthoborate crystal® (c-
Ag,0-3B,05). We checked that this particular choice of the
potential is not crucial, which is not surprising: one can ex-
pect that errors caused by the inaccuracy of the potential will
be significantly smaller than errors caused by the inaccura-
cies of various structural models. More details about XANES
calculations can be found in our earlier paper.?’ It is worth
noting that if the XANES analysis is not particularly sensi-
tive to the choice of the scattering potential, the same will be
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also true for EXAFS. Thus, the use of the orthoborate struc-
ture for generating EXAFS scattering amplitude and phase-
shift functions for the Ag-B pair (see Sec. III B) is not really
a restriction.

IV. RESULTS
A. EXAFS data analysis

Weighted experimental Ag K edge EXAFS signals y(k)k>
of silver borate glasses are shown in Fig. 2. Low noise is
maintained even at relatively large k values for both chemi-
cal compositions and for all temperatures. The signals from
diborate and tetraborate glasses are similar but still different
and exhibit a small but noticeable temperature dependence.
This demonstrates the quality of experimental data and the
stability of our procedure for extracting EXAFS oscillations.
A notable feature is the absence of any strong high-frequency
contribution from distant coordination shells; apparently,
they are smeared out by a strong static disorder. At the same
time, the EXAFS signals show evidence of the interference
between several oscillating contributions. This is clearly vis-
ible in Fig. 3, where we present the FTs of the experimental
EXAFS signals. The FTs were calculated using a Kaiser-
Bessel window function in the k space spanning from
2t0 9 A~!. Note that the positions of peaks in FTs differ
from the true crystallographic values because of the scatter-
ing amplitude and phase-shift contributions to the EXAFS
signals. All FTs have a double peak shape, with no signifi-
cant signal above ~3.5 A. The difference between the dibo-
rate and the tetraborate signals is clearly seen. The absence
of long-range order in gAg,0-nB,05 allows us to analyze
the experimental EXAFS signals without employing the Fou-
rier filtering procedure. In that way, the distortions, which are
often introduced due to the finite k-space interval, can be
avoided.

The results of the EXAFS analysis reported below were
obtained by best fitting the signal in the k space in the inter-
val from 2 to 9 A~!. Several other intervals were also used
(2-7 A',3-9 A~ and 1-10 A1) to verify the stability of
our solution. The results do not differ substantially between
these intervals. However, the fitting error increases slightly
for the largest interval, mainly due to the artifact in the ex-
perimental data at about 10 A~'. It is caused by some noise
present in the experimental signal, which hinders the correct
determination of the atomiclike signal wy(E) at high ener-
gies (see Sec. MIA). An additional—although small—
contribution to the increase of the fitting error for the
1-10 A~! interval is the lower accuracy of the backscatter-
ing amplitude and phase-shift functions, calculated by FEFF8
code,?! at low k values. The narrowing of the fitting interval
to 2—7 A" or 3-9 A~ gives essentially the same result as
for the 2-9 A~ interval, with a slightly more broadened
RDF owing to the expected decrease of spatial resolution.?’
Hence, although it is not always possible, in general, to ex-
tend the low-k end of the fitting interval down to k=2 A",
our analysis suggests that it is reasonable for the systems we
study.

Finally, one should point out that the analysis of the
EXAFS signal in the low-k region is always beneficial for
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precise estimation of coordination numbers, when reliable
amplitude and phase-shift functions are available, and is cru-
cial in the case of large disorder, which results in rapidly
damped EXAFS signal.

B. Cumulant expansion and multishell Gaussian model

Early EXAFS studies of silver borate glasses at the Ag K
and L; edges, performed within the single-shell Gaussian
approximation, suggested that Ag ions are surrounded by
only two oxygens, located at the distance of
2.27-2.30 A.'>14 A simple but accurate analysis of the
present new data within the single-shell formalism, by Fou-
rier filtering of the first-shell contribution and including
higher-order cumulants, led again to similar results—
including the very low number of oxygen atoms contributing
to the first main peak in the FT. The coordination numbers
obtained thereby are significantly smaller than those found
by x-ray and neutron scattering studies.>*!! This disagree-
ment has probably to be attributed to the inadequacy of a
single-shell treatment of EXAFS data (in spite of including
high order cumulants) in the case of RDFs broadened by the
presence of strongly asymmetric or complex shapes. Actu-
ally, interference effects in very broad RDF can significantly
reduce the amplitude of EXAFS oscillations and the corre-
sponding height of FT peaks, as it can be seen by comparing
the signals in Figs. 2 and 3 for glasses and in Fig. 1 for c-
Ag,0; thus, no reliable information on coordination numbers
can be obtained from a simple visual comparison with the FT
of a reference compound. Moreover, non-negligible distor-
tions of the filtered EXAFS signals can be introduced when
attempting to separate overlapping peaks in FT. Therefore,
we did not use Fourier filtering in further procedures, evalu-
ating all the possible contributions to EXAFS together.

As a next step, we analyzed EXAFS using a multishell
model, attempting to best-fit the complete experimental
EXAFS signal using up to three different Gaussian-type
shells. Such a model involves up to nine parameters, which
is below the upper limit of 14 predicted by the Nyquist
criterion.’>> Each Gaussian shell corresponds to a group of
either oxygens or borons.

Typical results of the best fit using a two-Gaussian model
are shown in Fig. 4. A careful analysis of the results obtained
from the best-fitting procedures indicates that the two-shell
models are inadequate to reproduce the experiment with a
sufficient accuracy, especially for diborate glass. They sug-
gest, in any case, the presence of many more atoms (about
eight to nine) distributed in a very disordered situation, as
documented by a very high Debye-Waller factor (mainly for
the second shell) and the superposition of Gaussian distribu-
tions. The insertion of asymmetry or other broadening terms
did not modify significantly the results. Of course, the three-
shell model provided much better agreement between experi-
mental and calculated signals. Unfortunately, the quantitative
results for the three-shell model were unstable—unphysical
variations of N, R, and o occur if the temperature or the
Ag,0O content is changed. A further model including silver
atoms was also considered; however, the addition of the Ag
contribution did not result in a significant improvement of
the quantitative analysis.
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We conclude, therefore, that neither the single-shell cu-
mulant expansion nor the analysis based on a multishell
Gaussian ansatz for RDF can be applied satisfactorily to g-
AgzO-nB203.

C. Model independent RDF reconstruction

We turn now to a model-independent reconstruction of
RDF via the EDARDF code, as outlined in Sec. III C. The
RDFs G(R) were defined on a grid from 0.8 to 3.8 A with a
grid step of 0.03 A. The comparison between best-fitted sig-
nals and experiments for the case of =77 K is presented in
Fig. 5. An excellent agreement can be observed in both the k&
and R spaces. The same level of agreement between calcu-
lated and experimental EXAFS signals was achieved for all
temperatures. The reconstructed RDFs around Ag in g-
Ag,0-2B,05 and g-Ag,0-4B,0; for three selected tem-
peratures are presented in Fig. 6. These RDFs are broad,
extending from ~1.9 A to ~3.3 A, and have a complex

shape due to at least two strongly overlapplng contributions.

The first contribution has its maximum at 2.31 A in the
diborate and at 2.39 A in the tetraborate glasses. This peak is
sharper in g-Ag,0-4B,0; than in g-Ag,0-2B,0;. In both
glasses, the influence of thermal disorder on the nearest
neighborhood of Ag is monitored by the progressive reduc-
tion of the intensity of the first contribution to the G(R) when
temperature increases, while no significant changes can be
detected in the peak position.

The second contribution to the RDF, located between 2.5
and 3.2-3.5 A, has a smaller amplitude and is much broader
than the first contribution. Its shape is slightly different in the
two glasses, being ~0.2 A wider in the tetraborate glass.
Because of its large width, this second contribution corre-
sponds to a strongly damped EXAFS signal in k space, with
an amplitude that quickly decays with increasing k. This fact,
together with the above-mentioned difficulty in distinguish-
ing between oxygen and boron atoms, greatly complicates an
accurate determination of the RDF in this range of distances,
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02 T=77K 0.2l T=77K signal by full lines (both lines are
o o often indistinguishable from one
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FIG. 6. Temperature dependence of the radial distribution func-
tions G(R) in g-Ag,0-2B,05 and g-Ag,0-4B,03, as determined
from best fitting of the Ag K edge EXAFS.

as well as the interpretation of its temperature dependence.
Atoms farther from Ag than ~3.5 A apparently do not con-
tribute to the EXAFS signal at all, presumably due to a
strong static disorder in their positions with respect to Ag.

One should note that coordination numbers N cannot be
attributed unambiguously to the two contributions singled
out by EXAFS. However, a rough estimate can be made by
approximating the true RDF by two Gaussians, as it is done
in Fig. 7. From the area of these Gaussians one can find that
there are about four atoms in each RDF component.

In summary, the analysis of EXAFS data confirms the
presence of a strong static disorder around Ag ions that can-
not be described in terms of a simple Gaussian broadening of
multiple shells. On the other hand, one can find a more gen-

= g-A920-48203
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FIG. 7. G(R) of g-Ag,0-4B,05 at T=77 K determined by best
fitting the EXAFS signal (full line with dots) and its approximation
by a double Gaussian function (full lines without dots) and by a
semiuniform distribution (dashed lines).

PHYSICAL REVIEW B 73, 174110 (2006)

eral shape for the RDF around Ag by a model-independent
analysis of EXAFS. This RDF contains the contribution of
about four atoms in the range 2-2.5 A, and at least four
other atoms in the range 2.5-3.5 A. The first contribution
shows an increasing thermal disorder if the temperature is
increased. The second contribution to RDF is more compli-
cated because it involves atoms distributed in a wide range,
with significant differences between diborate and tetraborate
glasses. As a whole, these findings are consistent with the
local geometry around Ag atoms in silver borate
crystals. 33453

D. Analysis of XANES

When performing a multiconfiguration analysis of
XANES, we assume that the Ag-related RDF is already
known from EXAFS (Sec. IV C). Hence, the individual geo-
metric configurations have to be generated in such a way that
the average distribution of the Ag-X distances (X=0,B)
coincides with this RDF. To simplify the matters technically,
we focused on g-Ag,0-4B,O; and approximated its
EXAFS-derived RDF (Fig. 6) by a superposition of two
Gaussians, as shown in Fig. 7. We will see later that this does
not restrict the validity of our conclusions. Similarly, as ar-
gued in our earlier paper,?’ atoms that are more distant than
those described by the EXAFS-derived RDF can be ignored
because their contributions essentially cancel in the presence
of disorder.

We generated several sets of geometric configurations
(“structural models”), differing one from another by the av-
erage number of boron atoms Kp. The boron atoms were
preferentially placed into the more distant of the two ap-
proximating Gaussians; only if Kz=4, some borons were put
into the first shell as well. For each set of configurations we
obtained theoretical K edge XANES by calculating the spec-
trum for each individual configuration and averaging them
afterward. In our case, each set contained 200 different con-
figurations.

XANES calculated for these structural models is com-
pared to the experiment for g-Ag,0-4B,0O; in Fig. 8. The
experimental XANES has two main peaks, one at 20 eV and
one at 60—65 eV above the edge (the E, used in our EXAFS
analysis corresponds to 12 eV in the scale of Fig. 8). The
first peak is more pronounced, whereas the second one is
broad and corresponds to the maximum at ~3.7 A~" in Fig.
9. The XANES signals show a clear dependence on the av-
erage number (Kj) of boron atoms in the cluster. For small
K3, the first peak at about 20 eV has a much smaller ampli-
tude than in the experiment. By increasing the number of
borons, the XANES signal becomes closer to the experimen-
tal one at about Kz=4. Further increase of the boron content
results in a decrease of the first peak amplitude and an ap-
pearance of a spurious pre-edge peak at 8 eV.

To compare the calculated and experimental XANES sig-
nals in a more quantitative way, one can use the R? factor,
defined as
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FIG. 8. Theoretical Ag K edge XANES for g-Ag,0-4B,05. The
spectra were calculated for atomic configurations consistent with
double Gaussian (full lines) and semiuniform (dashed lines) distri-
bution functions, as shown in Fig. 7. Each structural model is char-
acterized by the average number of borons Kj; remaining (8 —Kjp)
atoms are oxygens. Vertical lines are guides for the eye. Note that
E, of Fig. 2 corresponds to 12 eV in this graph.
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where Yy, and Y, are the theoretical and experimental
spectral intensities, respectively. We evaluated this R? factor
for each of the theoretical curves shown in Fig. 8 in the
energy range from —5 eV to 90 eV. The results are summa-
rized in Table I. One can see that the models containing
4.0-5.5 borons are the most plausible ones, based on the
R>-factor criterion. A mechanical comparing of R? factors
should be, nevertheless, used with caution in XANES. This
criterion is, namely, tailored for comparing oscillating
EXAFS-like functions, which are obtained after the back-
ground has been subtracted. In XANES, on the other hand,
the absorption edge is an essential part of the spectrum and
cannot be removed in an unambiguous way. A less rigorous
but more comprehensive visual inspection of the spectra is
thus more appropriate in this case, because it can account for
trends and features whose quantification cannot be auto-
mated in a simple way.?’

The main outcome of this section, namely, that the nearest
Ag neighborhood contains around Kz=4-5 borons, does not
depend on the particular details of the RDF used as a con-
straint for generating individual geometric configurations. To
verify this, we calculated XANES also for a semiuniform
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TABLE 1. The R? factors characterizing the difference between
theoretical XANES spectra of g-Ag,0-4B,03, shown in Fig. 8, and
the experiment.

Number of borons R?
0.0 0.2999
1.0 0.2708
2.4 0.2389
3.2 0.2112
4.0 0.1860
4.8 0.1849
5.5 0.1867
6.4 0.2084
8.0 0.3276

RDF that is piecewise constant within two nonoverlapping
intervals ranging from 2.17t02.57 A and from
2.57 t0 3.17 A and its height is such that the number of at-
oms in each of these two intervals is four. This RDF is de-
picted by dashed lines in Fig. 7. The resulting XANES
curves are shown in Fig. 8 with dashed lines. One can see
that the difference between spectra calculated for the double
Gaussian and for the semiuniform RDF is very small, sug-
gesting that XANES is much less sensitive to the shape of
the RDF than EXAFS, at least in this particular case. This is
also the reason why it is not really important whether we
generate the individual configurations so that they conform
the true RDF or its double Gaussian approximation.

One can see from Fig. 8 and Table I that XANES spectra
for Kz=4.0-5.5 yield all approximately the same agreement

g-Ag 0-4B, O
-so ~

KB_G N

KB=5.5

EXAFS y(k)k*

/ ; m,/-\JKE

“10] N

Wavevector k (A™)

FIG. 9. Comparison between the experimental Ag K edge
EXAFS of g-Ag,0-4B,03, measured at 7=77 K, with the theoret-
ical EXAFS calculated for models conforming the semiuniform ra-
dial distribution (left panel) and conforming the double Gaussian
distribution of Fig. 7 (right panel). The experimental signal is
shown by open circles, the calculated signals are shown by full
lines. The number of borons K is the same as in Fig. 8.
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with experiment. Therefore one can view this interval as the
accuracy with which Kz can be determined from XANES.
This also means that this estimate of Kp is valid not only for
g-Ag,0-4B,0; but for g-Ag,0-2B,05 as well. Performing
the same kind of analysis for g-Ag,O-2B,0j5 instead of for
g-Ag,0-4B,0; would mean, namely, to repeat the analysis
of this section with our RDF shifted by about 0.1 A to the
shorter distances (see Fig. 6). However, that was, in fact,
already done by Sipr e al.?® who arrived at a similar conclu-
sion concerning Kz by relying on a semiuniform RDF distri-
bution with the first four atoms between 2.0 and 2.4 A and
the other four atoms between 2.5 and 3.0 A. Given the small
sensitivity of XANES to the details of RDF and the above-
mentioned accuracy with which K can be determined, it is
obvious that any reasonable approximation of any of the
RDFs shown in Fig. 6 would lead to the same conclusion
about Kp.

E. Configurationally averaged EXAFS calculation

By employing the direct inversion of EXAFS formula as
described in Sec. IV A, one cannot discriminate between O
and B atoms. The multiconfiguration approach makes it pos-
sible to check the sensitivity of EXAFS to chemical types of
Ag neighbors. For that purpose, we calculated the EXAFS
signal by averaging it over the same set of geometric con-
figurations as used for XANES simulations. As in Sec. IV D,
to simplify matters technically, we will consider only the
case of tetraborate glass, whose RDF at 77 K has a shape
that is close enough to a sum of two Gaussian functions
(Fig. 7). This is, in fact, the most simple situation among all
the analyzed spectra, for which the corresponding RDF can-
not be described by a sum of two Gaussians (cf. Fig. 6). The
present approach can be, however, extended to an arbitrary
RDF in a straightforward way.

It is worth noting that, although the double-Gaussian RDF
model investigated in this section and the two-shell Gaussian
model discussed in Sec. IV B have similar RDFs as concerns
their shapes, they differ in the chemical composition: while
only oxygen atoms were contributing to the two-shell Gauss-
ian model, here a part of oxygen atoms is substituted by the
same number Ky of randomly placed borons. Therefore, the
present model is more plausible from the chemical point of
view. However, it is necessary to remember that no fitting
was attempted in this section, therefore one should not ex-
pect to get a perfect agreement between configurationally
averaged EXAFS signal and experiment.

Because the double Gaussian and semiuniform distribu-
tions give very similar results in the XANES region (Fig. 8),
we checked here also to what extent the difference between
both distributions is reflected through the EXAFS. The re-
sults of configurationally averaged EXAFS calculations are
summarized in Fig. 9 (the left panel shows the spectra cal-
culated for the semiuniform RDF and the right panel for
the double-Gaussian RDF). It is interesting—though not
surprising—that EXAFS is indeed more sensitive to the
shape of RDF than XANES: in general, the double-Gaussian
RDF is more able to reproduce the experimental spectrum
of tetraborate glass at T=77 K. In fact, while at low k (k
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<6 A™") both distributions work quite fine for small and
intermediate boron content (Kz<6), for large k, the results
for a semiuniform RDF deviate considerably from the ex-
periment.

As concerns the effect of varying the boron content, it
can be seen that in the absence of boron atoms (Kz=0), the
EXAFS oscillations generated by the double-Gaussian RDF
are more damped at high k values than observed experimen-
tally (note that a similar deficiency occurs also for a proper
two-shell Gaussian model, as presented in the upper right
graph of Fig. 4). For Kz =4, the agreement is the best. For a
large number of borons (Kz>4), the theoretical EXAFS has
different frequency and is progressively damped, already at
low k values. So the multiconfiguration analysis of EXAFS
confirms the conclusion of Sec. IV D about the chemical
composition of silver ions neighborhood.

Finally, one should point out that the agreement between
theory and experiment for any of the models presented in
Fig. 9 is worse than for the model investigated in Fig. 5. This
is connected with the fact that the model investigated in the
current section conforms only the double-Gaussian approxi-
mation to the non-Gaussian distribution (cf. Fig. 7).

V. DISCUSSION

The RDFs shown in Fig. 6 represent average radial dis-
tributions. That does not necessarily imply that a majority of
Ag ions will have this RDF around them. Rather, the glasses
will contain several inequivalent Ag sites, with differing
RDFs. These site-dependent RDFs will have to be, neverthe-
less, such that the average of RDFs around all Ag ions will
be that shown in Fig. 6. Our results thus can be viewed as a
constraint that more complete structural models of g-
Ag,0-nB,O5 will have to obey. For example, far infrared
absorption spectroscopy presents compelling evidence®®
that—as concerns their vibrational properties—there are two
inequivalent Ag sites in g-Ag,O-nB,0j5. It follows from our
analysis that the difference between both Ag sites will not
consist in having two very different Ag-O distances (be-
cause, in such a case, a double-peak structure would have to
appear in Fig. 6); probably, the sites will differ in their
second-nearest-neighbor distances and/or coordination num-
bers.

Separate Ag-O and Ag-B contributions to RDF around Ag
ions were obtained in the past by a reverse Monte Carlo
(RMC) analysis of neutron and x-ray scattering data for g-
Ag,0-2B,0; (Ref. 9) and of neutron scattering data for g-
Ag,0-4B,0;."" Our results generally agree with results of
RMC analysis of Swenson et al.>!' In both cases, the RDF
around Ag is characterized by a well-defined peak containing
mostly O atoms, followed by a less intensive but broader
peak containing mostly borons. The first Ag-O peak in the
RDF of Swenson et al.”!! is, however, much sharper and
more intensive than the corresponding first RDF peak in our
Fig. 6. Also, the Ag-O and Ag-B contributions are clearly
separated in the simulations of Swenson et al., while in our
case both species are intermixed: the O-dominated region
continuously merges into the B-dominated region. As con-
cerns the distances, the analysis of Swenson et al.®!! puts the

174110-10



X-RAY ABSORPTION SPECTROSCOPY OF STRONGLY...

maximum intensity of the first Ag-O peak at 2.4 A for both
g-Ag,0-2B,0; and g-Ag,0-4B,0;, while in our case the
mean Ag-O distance increases with boron content—from
231 A for g-Ag,0-2B,0; to 2.39 A for g-Ag,0-4B,05.
Our analysis, which makes no initial assumptions about the
shape of RDF, can also be used for an a posteriori check of
the limits imposed on the interatomic distances during the
RMC analysis of scattering data. Swenson et al.”!! assumed
that the Ag-O distance has to be larger than 2.1 A and the
Ag-B distance has to be larger than 2.6 A. Our analysis
yields appreciable Ag-O contribution for distance as small as
2.0 A and Ag-B contribution for distance as small as 2.4 A.
It seems, therefore, that the limits imposed by Swenson et
al.>" were too stringent—especially for the Ag-B case (that
could be inferred also from the unusually sharp onset of the
Ag-B distribution function in Ref. 9).

In order to exploit the full potential of XAFS, one needs
to analyze both EXAFS and XANES. Namely, each of the
techniques is sensitive to a particular aspect of the local ge-
ometry while being significantly less sensitive to the other
aspect: EXAFS is quite sensitive to details of the RDF and
not very sensitive to the chemical type of Ag neighbors,
XANES is not very sensitive to the details of RDF but is
quite sensitive to the content of boron atoms Kp. For ex-
ample, it would be not possible to estimate Ky solely from
multiconfiguration EXAFS analysis as displayed in Fig. 9
because the same effect on the calculated EXAFS curves that
is caused by changing Kz could be imitated by a slight
change of the RDF. On the other hand, because XANES is
not very sensitive to the details of the RDF, one can be quite
certain that the changes of the calculated XANES spectrum
connected with varying Kz would be the same no matter
what (no-nonsense) RDF is employed. In that way, weak
points of each of the two techniques actually turn into ad-
vantages if they are applied jointly.

Another important point to note is that it was possible to
extract reliable structural information from either EXAFS or
XANES only after one acknowledged the existence of a
strong static disorder around Ag and resorted to a search for
a site-averaged RDF. It would not be possible to obtain
stable results if one insisted on splitting the Ag neighborhood
into well-defined coordination shells and tried to find R, N,
and o associated with them. Our approach can be thus
viewed as a trade-off between specificity and robustness. We
suggest that this kind of approach ought to be preferred
whenever dealing with systems with a strong short-range dis-
order.

VI. SUMMARY AND CONCLUSIONS

The local environment around Ag ions in silver borate
glasses g-Ag,0-nB,05; (n=2,4) has been studied at the Ag
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K edge by x-ray absorption spectroscopy in the temperature
range from 77 to 450 K. Because of the strong disorder
around Ag ions in these glasses, methods of EXAFS analysis
based on Fourier filtering and cumulant expansion do not
provide reliable results. A method based on a direct inversion
of the EXAFS formula, which does not depend on any a
priori assumptions about the shape of the RDF, was therefore
applied in order to reconstruct the RDF around Ag ions via
best fitting of experimental EXAFS signal. However, this
technique does not make it possible to specify the chemical
types of atoms which surround Ag ions, because the proxim-
ity of boron and oxygen in the periodic table does not allow
one to separate unambiguously their contributions to EXAFS
(and, consequently, to RDF). To overcome this problem, con-
figurationally averaged simulations of the Ag K edge
XANES were performed, relying on the RDF obtained from
EXAFS analysis. The complementarity of EXAFS and
XANES techniques thus allowed us to determine a more
complete structural model than would be possible by relying
solely on either EXAFS or XANES alone.

The local neighborhood of Ag ions is strongly disordered,
with appreciable non-Gaussian contribution to the RDF.
Quantitatively, silver is surrounded by about four atoms,
mainly oxygens, with their distribution peaked around
2.31 A in diborate and around 2.39 A in tetraborate glasses.
The second RDF peak corresponds mainly to borons and is
very broad, extending from about 2.5 A to 3.2-3.4 A, with
its center around 2.9 A. Both peaks strongly overlap. Al-
though static disorder dominates in the neighborhood of Ag
ions, the first RDF peak still exhibits also some temperature
dependence.

The structural parameters we obtained are in a good
agreement with the results of x-ray and neutron scattering
studies.>!! Strong overlap between oxygen and boron sub-
shells explains why underestimated values of the Ag—O dis-
tance and coordination number have been found in previous
EXAFS studies.!>!#
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