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Ordered and disordered models of local structure around Ag cations in silver borate glasses based
on x-ray absorption near-edge structure spectroscopy
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The local coordination of Ag cations in silver borate glassesA@B,O; has been studied by comparing
the experimental x-ray absorption near edge strudfdeNES) at the AgK edge with results of theoretical
simulations. We demonstrate that simple models which describe the local structure around Ag with a single
geometric configuration cannot be reconciled with experimental XANES spectra. In order to obtain a satisfac-
tory agreement between theory and experiment, it is necessary to include the disorder also at the short range.
Structural information is extracted from XANES data using an empirical approach, which is based on the
presence of a multiplicity of atomic structural configurations around photoabsorbing atoms. This approach is
particularly suited for describing the local environment of atomic species belonging to glass network modifiers.
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I. INTRODUCTION The knowledge of their local structure will undoubtedly
facilitate the comprehension of the physical properties of
The sensitivity of x-ray absorption near edge structurethese glasses. The local coordination of silver cations has
(XANES) to the local structure of the absorbing sigym-  been studied by various spectroscopic and structural tech-
metry, distances, and ang)ds generally exploited to quan- niques both in binary (AgD-nB,0O3) and ternaryi.e., with
titatively describe systems characterized by single or fewAgl) glasses—! Some of the present authors have studied
atomic configurations. XANES spectroscopy has allowed thesilver borate glasses by x-ray absorption spectrosCEps)
local structural description of compounds in many scientificin the beginning of 1980, by using the first generation Syn-
fields, such as biological samples, solutions, solid-state mashrotron Radiation Sourcé$:'® Those studies were per-
terials, very diluted systems, surfaces, nanostructured matéermed at low energiesl( edges of silver and iodineat
rials, etc! XANES is a particularly well-tailored tool for ADONE (Frascati, ltaly, analyzing both XANES and
exploring the local order in multicomponent glasses, thank&XAFS (extended x-ray absorption fine structuré/hile the
to its chemical selectivity and an inherently local nature. Thegood energy resolution allowed very accurate XANES spec-
capability of XANES to provide information about short and tra comparisons, the results obtained by EXAFS were limited
medium range order has been well recognized and severbly the short energy range, due to the vicinity lofedges.
consistent XANES analysis computer codes are currentlonly preliminary results were obtained at the high-end{gy
used as, for instanceerr? FDMNES® and Mxan.*® How-  edge of silver, because of the poor resolution and photon
ever, the use of routine best-fit procedures to fit experimentahtensity available at ADONE. However, on the basis of all
spectra can give rise to unreliable results, when applied texperimental results a structural model for the local coordi-
systems where several atomic configurations around the alpation of silver and iodine was proposEd.’ For binary
sorbing species are present, as in the case of some glasseglasses, XAS experiments identified a mean Ag-O distance
In this paper we present a study of structural configuraof about 2.3 A and a low coordination number of fagound
tions of Ag cations in borate glasses Ay nB,0;. Borate  N=~2). A structural model was suggested with silver bridg-
glasses are host of widespread optical, electrical, magnetiing between two oxygen atoms in a quasi-linear configura-
and other technologically interesting properfieSilver bo-  tion, as inc-Ag,0.13/
rate glasses in particular have attracted a lot of attention be- On the other hand, most recent studies based on reverse
cause of their high ionic conductivity, especially when mixedMonte Carlo(RMC) analysis of neutron scattering data show
with Agl. This property makes a basis for their applicationsevidence of a broader situation, with a distribution of differ-
in electrochemistry as solid electrolyte§he optimization ent local sites for Ag cations, having in average a higher
of such properties requires a good knowledge of the microeoordination number than inferred from EXAFS d&tahe
scopic glassy structure. In particular, a deeper knowledge gfair correlation functions;;(r) for Ag,0-nB,0O; simulated
the local environment of the moving ions is highly by Swensoret al'® by RMC show that the first peak of the
desirablé® partial Gago(r) is relatively sharp and symmetrical around
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2.4 A. The coordination number of the first Ag-O peak, theory and experiment. In some cases, it was enough to take
Nag-0. is estimated about 3.3, in good agreement with thgust a single geometric configuratigar only a few of them
value of 3.7-0.5 determined earlier from neutron diffraction into account in order to reproduce the experimental spectrum
experiments? A very broad peak, extending from about 2.5 successfully; typically, the structures of these configurations
A and reaching its maximum value at about 3.1 A, has beeare based on structures of crystalline counterparts of the
attributed to theS4p(r) andGagag(r) correlations, suggest- amorphous systems. The materials in which this approach
ing a rather disordered coordination between silver and thesgpparently ~works include amorphous —germanfim,
atomic pairst® titanosilicate®® and aluminosilicate$! or amorphous
Hence it follows that information available about the local AlggFe,Ceyo_ alloys?® One can assume that these systems
coordination of Ag in binary silver borate glasses is still maintain a well-defined “semiordered” structure in the short
quite incomplete or, at least, controversial. For this reasongnd sometimes even medium length scale. On the other hand,
Dalba et al?® have started a new series of experiments afor other compounds a good agreement with experiment was
ESRF(Grenoble, Frangeusing the most powerful Synchro- achieved only if the theoretical spectrum was formed by
tron radiation source available in Europe. The attention hagaking an average of spectra calculated for a large number
been focused mainly on the local coordination of Agl in (~100) of different geometric configurations. This is the
ternary glasses; however, new XANES and EXAFS spectra case of Fe-B, Ni-B, and Fe-Zr amorphous alfoys! or of
are now available at the silvé¢ edge of binary glasses as aqueous solution of Cr(;_HD)g+ (Ref. 32. Different results
well. were found for amorphous Sj©-some works indicate that a
The standard EXAFS analysis of the new data, using &ingle SiQ cluster is sufficient for a proper reproduction of
single-shell model for the first coordination shell andg,0  XANES **3*while use of larger clusters and accounting for
as experimental reference compound, confirms the previousie site disorder was found to be important in another
analysis in terms of the Ag-O distance but appears to batudy?®
unable to quantify the coordination number unambiguously. It emerges thus that there might be in fact two categories
In particular, the very low intensity of the first shell Ag-O of amorphous systems, according to the way in which their
peak compared with the-Ag,O reference spectrum is quite local structure has to be described. The first category is
difficult to be interpreted only in terms of a single-shell dis- formed by systems in which a semiordered short-range struc-
torted coordinatio? Thus, other approaches towards ex-ture around atoms of a given chemical type can be identified:
ploiting the available XAS data have to be searched for. On@& means that it can béat least approximatelydescribed by
possibility is to employ different methods of EXAFS analy- a single geometric configuration. The compounds investi-
sis aiming to search for a model-independent radial distribugated in Refs. 25—28 may serve as examples. The disorder is
tion function around the absorbing atoms. Work is currentlysignificant only at the medium or long range in these systems
in progress using an algorithm implemented in HARDF  and it can be effectively included in XANES calculation sim-
software packag& Another option is to make use of the ply by restricting the size of the cluster involved. We call this
potential of XANES for structural analySiand to try to use procedure a “single-configuration approach.” Systems in
it for gaining more specificor at least complementaryn-  which semirigid local structural units cannot be identified
formation on binary silver borate glasses. (even at the short rangéall into the second category. The
There are some good reasons why the XANES can offer #ocal structure around atoms in such systems can only be
different picture of the geometry around the absorbing sitedlescribed as a superposition of many geometric configura-
than the more widely employed EXAFS spectroscopy. Firsttions. In order to account for this kind of disorder, one has to
it is more sensitive to multiple-scattering contributions, re-calculate the XANES spectrum as an explicit average of
flecting thus not only the bond lengths but also the bondspectra calculated for a large number of individual geometric
angles as well. Second, the chemical type of the atomsonfigurations, as done in Ref. 29—-31. The whole set of such
around the absorber may affect XANES differently than EX-configurations can be then regarded as a structural model for
AFS because the energy dependence of the scattering amplitis type of systems. We call it a “multiconfiguration” ap-
tude varies according to the atomic type. And third, XANESproach in this work.
is less damped by the disorder, meaning that signals originat- The purpose of this paper therefore is to look on the
ing from scattering by the second and higher coordinatiomrAg,0-nB,0; glasses from this viewpoint, to decide into
shells are more pronounced in XANES than in EXAF&  which of the two categories these glasses belong and to find
call that in a simple EXAFS formula, the damping rises ex-out as much about the local structure around Ag atoms as
ponentially with energy due to the expRa?k?) term?* with possible. In the beginnin¢Sec. 1), the strategy we use for
o being the Debye-Waller factor arkl the photoelectron extracting structural data from XANES of silver borate glass-
wave vectol. This becomes especially important when esis reviewed. We argue that even if a single-configuration
studying systems with a strong static disorder—which is theapproach fails, useful information can be obtained by observ-
case of glasses. ing how the calculated spectra depend on some basic struc-
XANES spectroscopy was applied for several structuratural parameters. Then we present our experimental results
studies of disordered systems in the past. The method or{&ec. Ill) and describe briefly the method we use for calcu-
usually employs is to calculate the theoretical spectra fotating XANES (Sec. I\V). After demonstrating that the mea-
various models of the nearest neighborhood around the phaured spectra cannot be reproduced by relying on single geo-
toabsorbing atom and to look for the best agreement betweeanetric configurations(Sec. V A, we turn to the second
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approach and try to reproduce the experiment by averagingumber of structural parameters to be fitted would grossly
over many configurations, generated along certain 8es. exceed a tractable maximum of ten or°sAs the current
V B). By exploring the trends in the theoretical spectra ofknowledge of the local structure around Ag cations in
both the semiordered and randomized models upon varyingg,O-nB,O; glasses is quite a limited one afas we will
certain structural characteristics we obtain some geometricahow latef the single-configuration description does not
conditions which acceptable structural models ought to obeywork well for these materials, a different strategy is followed
Some general conclusions concerning the formation of disin this work. Its core rests in resigning on finding detailed
tinct features in XANES spectra of glasses are drawn and theand specific information about all the coordinations of Ag
applicability of our method of analyzing XANES of amor- atoms which may be present in the material. On the contrary,
phous systems is assessed afterw@gts. V). the efforts are concentrated on searching for some general
structural conditions which thstatistically averagedeigh-
borhoods of Ag atoms have to comply with, so that signifi-
Il EXTRACTING STRUCTURAL INFORMATION cant features of the experimental spectrum are reproduced.
FROM XANES OF GLASSES At the beginning of our procedure, we select a reasonable

Despite continuous studies of the relationship betweer$tarting model from few simple trial structurés this point,
XANES and the geometry around the absorbing atdm? at least some primordial knowledge from earlier EXAFS and

there is no simple prescription how to extract from experi-"€utron scattering analysis is indispensablhen we pro-
ment the desired structural information. Unlike in EXAFS, 9ressively introduce the disorder and observe the trends of

no direct inversion of the measured data is possible. This i€ Site-averaged spectra as a function of changes of few
partly due to the physical complexity of the processes understructural parameter@uch as average coordination number

lying the x-ray absorption spectra in the near-edge regiof?" first-shell distance By observir!g yvhich features of our
(multiple scattering but also to the still insufficient accuracy (€St models are essential for achieving an acceptable agree-
and reliability of routine XANES calculationgstemming Ment between theory and experiment, we can decide which
mainly from approximate treatment of core hole effects anoetructural models are most p_Iau3|bIe. Provided thaf[ s_|m|lar
from muffin-tin approximation Therefore one has to look conclusions about some basic structural characteristics are

for new approaches, which ought to be both informative ancgeached under various conditions, one can have confidence in
robust. ' their reliability. So this approach represents a trade off be-

As already mentioned, the most immediate method is tdween specificity and robustness. It can be seen as a merge

compare the experimental spectrum with spectra calculat thege_glthe approaches of F"?‘rgﬁal-gg"lz and of Kizler
for a number of trial structures and to search for the best fit€t &~ It does not lead to a simple and unique solution to
The weak point of this approach is that, given the deficieni€ Problem of finding the actual structure of glasses, how-
cies of current XANES calculations, one can be easily led t¢Ve", it may provide a relevant structural information in cases
false conclusions: a correct guess of the structure may pwhere descr_|pt|on of local .structu.re arqund specn‘m atoms in
actually rejected by the algorithm if it results in a poor agree-{€'MS of & single geometric configuration fails.
ment with experiment due to the defects of the theory itself. _ APart from providing information about the structure of
If the “rejection threshold” is raised correspondingly, the Silver borate glasses, this study may elucidate general
task of optimizing too many structural parameters may beMechanisms of formation of XANES spectral features. A
come ambiguous. Despite this principal difficulty, severa/SPecial attention will be Qevoted to investigate the effects of
promising procedures for analyzing XANES of glasses weré* 9radually introduced disorder.
developed recently. An attempt to circumvent the defects of
the XANES theory by a suitably chosen weighting function . EXPERIMENT
was undertaken by Benfatto and co-workes.survey of
distribution of prepeak heights and positions in a number of The samples of binary silver borate glasses,®@g
Ti containing compounds was used by Fargesl342 to -nB,0O5; were prepared by standard melt quenching proce-
obtain information about coordination of Ti in titanium sili- dures and tested for absence of crystallinity in our laboratory.
cate glasses and melts. The information that can be obtaindeifferent chemical compositions were prepared, ranging
in this way is restricted but at the same time solid and credfrom silver diborate to silver octaborate. XAS measurements
ible. On the contrary, the quantitative EXAFS-like determi-were carried out in Grenoble at the beamline BM8-Gilda Crg
nation of interatomic distances and coordination numberof ESRF, in the high-energy configuration, without focusing.
through a Fourier filtration of XANES signal, proposed by We used a double &11) crystal monochromator obtaining
Bugaev et al.,*® relies on certain disputable assumptionsan energy resolution of about 2.5 eV, which is well bellow
about the significance of various contributions to thethe Ag 1s core hole lifetime!*
XANES spectrum. The potential and universality of these The normalized AgK edge XANES spectra for diborate
and other approaches still has to be fully explored. (n=2), triborate (=3), tetraborate r{=4), hexaborate
The procedures outlined above need a considerablgh=6), and octaboraten(=8) glasses are presented in the
amount of knowledge about the structure to be available beFig. 1, together with the spectrum of crystalline silver oxide
forehand. Moreover, the best-fit technique and related procéAg,O for comparison. The curves have been aligned hori-
dures would probably fail for systems whose structure canzontally with respect to their first inflection point, the origin
not be described by a single geometric configuration, as thef the energy scale is arbitrary.
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L L multiple scattering among all the atoms of our model clusters
was included via a matrix inversion.

Non-self-consistent muffin-tin potentials constructed ac-
cording to the Mattheiss prescriptiésuperposition of poten-
tials and charge densities of isolated atpmere employed.
Although self-consistent potentials could be, in principle, ob-
tained from cluster calculatiorfé®*°we refrained from their
use because the benefit would hardly compensate for the ex-
tra demand on computingKANES of several thousand of
geometric configurations had to be calculatétle are led to
this conclusion by earlier studies which showed that self-
consistency in potentials does not have a profound effect on
the calculated spectra of A@.*° Moreover, when construct-
ing accurate self-consistent potentials for the model clusters,
one ought to account for the influence of even more distant
atoms whose positions are uncertain and the scattering po-
- , , , , tential thus inherently contains some errgespecially as
0 20 40 60 80 concern the long range Coulombic contributipnés a

energy [eV] whole, it is very likely that errors caused by deviations of
structural models from the true geometry will be much more
significant than errors introduced by inadequacy of the scat-
tering potentiaP

The calculated spectra display no pronounced core hole
effect; just the intensity of the first peak may increase by less
than 10%. This observation is in accord with our earlier

As in the case of Ad.; andL; edges(cf. Ref. 12, the  study of AgO (Ref. 49. As we checked explicitly that the
spectra of glasses of different compositions look quite simitesults of our analysis do not depend on the inclusion or
lar to each other. Their dominant features comprise a wellneglect of the core hole, we display here for simplicity the
defined and relatively sharp first peak at 21-24 eV followedspectral curves calculated for the potential which neglects it
by a broad second maximum around 60—70 eV. A generdii.€., the ground-state potential
systematic trend can be observed if the,®gnB,05; com- The exchange-correlation potential of Ceperley and
position is varied: the intensity of the first peak slightly but Adler’® was used for atomic calculations of the occupied
steadily increases withand the energy separation of the two states. In constructing the Mattheiss potential appropriate for
main peaks decreasésom 46 eV for AgO-2B,0; to 41  unoccupied states, the energy-independenipotential with
eV for Ag,0-8B,0;). Apart from that, the spectrum of the Kohn-Sham value ofr=0.66 was used: We do not
Ag,0- 2B,0; exhibits a weak but still well-defined shoulder employ energy-dependent exchange-correlation potential
at the low-energy side of the second péak~53 eV). The here as no universal recipe how to select its optimal form for
Ag K edge spectra of A-nB,O; glasses look quite simi- a particular case has been known so>far In any case its
lar to the AgL, edge spectra within the whole range for choice would hardly affect our assessment of various struc-
which thelL, spectra are availabfé,indicating that no im-  tural models because we are concerned primarily with the
portant spectral features have been lost by the relatively largéery existence or nonexistence of main spectral features or
1s core hole lifetime broadening. with the trends of these features upon geometry variations.

The two main peaks present the key features which have For calculating spectra of models derived from the struc-
to be reproduced by any acceptable XANES calculation. Beture of silver borate crystaléSec. V A, the potential ob-
cause of the overall similarity of the experimental spectra fottained for the corresponding crystal structure is taken. For
all n and because our structural models will necessarily b&tudying more general models based on averaging over many
only approximate, we are not going to distinguish specifi-geometric configurationgin Sec. V B, the same potential
cally between individual AgO-nB,O; compositions in the for all the models is used, in order to expose only the net

following analysis, unless it is stated otherwise. effect of the changes in the geometry. This “universal poten-
tial” is taken over from silver orthoborate crystal (349

-B,03) for convenience, because all the atoms are in quite
IV. THEORY symmetric and compact coordinations in this cqmpound,
meaning that the superposed atomic charge densities would
The spectra were calculated within the real-spacenot change dramatically if the atomic positions are changed.
multiple-scattering technigu®which is particularly suitable Moreover, there is just one crystallographic site for each
for studying amorphous systems as it does not rely on tranghemical species in this compound, which simplifies the mat-
lational periodicity(it concerns just a finite cluster of atojns ters formally. We checked that this particular choice of po-
We used thersms code, which is an amended descendant oftential is not crucial for our study: very similar theoretical
the ICXANES codé® and is maintained by our grodp.Full curves were obtained for a number of other potentials ob-

Ag K-edge XANES

FIG. 1. Experimental AK edge XANES spectra of silver bo-
rate glasses Af-nB,0;. Each curve is identified by the,B,
contentn. Spectrum of crystalline silver oxide A@ is included for
comparison. The origin of the energy scale is arbitrary.
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L 2, where the AgK edge XANES of AgO calculated for a
119-atoms cluster is compared with experiment. Results for
two types of scattering potential are shown: a non-self-
consistent potential with the core hole ignofediddle curve
in Fig. 2) and a self-consistent potential with the dore hole
included (lowermost curveg Both potentials reproduce the
significant characteristics of experimental spectrum at their
correct energy positions. The precise form of the scattering
potential does not have a profound effect on the calculated
spectrum; the most potential-sensitive feature appears to be
the intensity of the first spectral peak-ak6 eV. Most of the
difference between the two theoretical spectra of Fig. 2 origi-
nates from the self-consisten¢gbout 60—70 % with the
L L L core effect playing only a secondary r@&0—40 %. A simi-
0 20 40 60 80 lar comparison for AgO-nB,0O; crystals could not have
energy  [eV] been made as there are no experimental spectra available for
FIG. 2. Experimentalupper curvgand theoreticaimiddle and ~ these systems, to the best of our knowledge. We conclude
lower curvesAg K edge XANES ofc-Ag,O. The theoretical spec- that the overall good agreement between the theory and ex-
tra correspond to a non-self-consistent potential with the core hol@eriment in the case of A, which is one of the parent
ignored(middle curve and to a self-consistent potential with the 1  compounds of AgO-nB,0j; glasses, indicates that our theo-

experiment

Mattheiss, no hole

Ag K-edge XANES

SCF with core hole

core hole includedlowermost curvg retical framework can be used as a basis for this study.
tained for other plausible geometric arrangeméeither sil- V. RESULTS

ver borate crystals or artificial cubic structurebhe fact that A Singl i . del

the calculated XANES of model borate structures depends - Single-configuration models

only weakly on the scattering potential serves as yet another Crystalline analogs present a natural starting point for
hint that it is not necessary to use self-consistent potentials imodeling the local order in glasses. Structures of silver
this study. Also, it indicates that the chemical state of the Agorthoborate 3AgO- B,O;, metaborate AgO- B,O3, and tet-
atoms affects the XANES of A@-nB,0; glasses signifi- raborate AgO-4B,0O; crystals can be found in the
cantly less than the geometric arrangement of its neighbotiterature>®~*®While the structure of silver orthoborate crys-
hood. In fact robustness of the calculated spectra with respetdl is relatively simple, the remaining two crystal structures
to finer effects of the scattering potential is an indispensablare quite complex—they are formed by a network of B-O
prerequisite for the kind of analysis we are doing in thischains, interconnected by Ag atoms. Although there is just
work: one could not hope to find reliable conclusions aboutbone silver site in 3AgO- B,O3, there are five nonequivalent
the structure of glasses, if the calculated spectrum depende&ilver positions in AgO-B,0; and two in AgO-4B,0;.
crucially on tiny variations of the scattering potential in- We label those sites Ag;1.. ,Ag-5. The nearest neighbors
duced by changes of the model geometry. of silvers are always oxygerithe least three of themSche-
Raw theoretical data were convoluted by a Lorentzianmatic diagrams of the crystal structures can be found in Refs.
curve with an energy-dependent widtiE) set accordingto 56-58.
the ansatzI'(E)=6.0 eV for E<10 eV andI'(E)=6.0 We calculated th&k edge spectra around each of the Ag
+0.2<(E—10.0) eV forE>10 eV. This formula was cho- sites in the three silver borate crystals, for several cluster
sen in analogy with other works,*and leads to a reasonable sizes(10—60 atoms None of the calculated spectra exhibits
shape of the AgO spectrum(Fig. 2). Its constant part may the characteristic features of experimental XANES of silver
be viewed as accounting primarily for the core holeborate glasses with a sufficient accuracy: either the first
lifetime* while the energy dependent part mimics intrinsic maximum is too low and too broad, or the separation be-
and extrinsic inelastic loss@s® The agreement between tween the first and the second peak is too small, or both. The
theory and experiment could certainly be improved byadn closest resemblance between the theoretical XANES of crys-
hoc optimization of the(generally unknownsmearing func- tals and experimental XANES of glasses was obtained for
tion I'(E), however, we did not do that as such an improve-the Ag-5 site in silver metaborate AQ- B,0O; and the Ag-2
ment would not in fact reflect a better guess of the geometrisite in silver tetraborate A®-4B,0;. These spectra are
structure. In any case we verified that choosing a differenshown in Fig. 3 by dashed lines: the first to the third graphs
formula forI'(E) does not change our conclusions about thefrom the bottom stand for Ag-B,0,, the fourth to the
structure of AgO-nB,O; glasses. sixth graphs represent A@-4B,0; (note that the dashed
The alignment of the theoretical spectra in energy is sucleurves are identical inside each of the trindsl the theo-
that the best overall agreement between theory and experietical spectra presented in Fig. 3 were obtained for middle-
ment is achieved. The vertical scale of the calculated curvesized clusters containing between 20 to 31 atoms.
is uniform throughout all this paper and was set so that it When performing a “standard” best-fit geometry optimi-
matches the experimental curves. zation, one has to quantify the differences between various
The accuracy of our calculations can be inferred from Figspectral curves. Although we do not employ the best-fit pro-
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oo sure might be the differenc& ., between the theoretical
and experimental energy separations of the two main spectral
peaks(in experiment, this separation is 46.4 eV for A&y
-2B,0sand 44.0 eV for AgO-4B,0;). However, theR?
factor is tailored for comparing oscillating EXAFS-like func-
tions and the peaks separatidp.,saccounts for only one,
though important, feature of the spectral curves. These quan-
tities are, therefore, only of a lesser relevance to our situa-
tion; a less rigorous but more comprehensive visual inspec-
tion of the XANES curves still appears to be more
appropriate in this case as it can account for trends and fea-
tures, the quantification of which cannot be automated in a
straightforward way. In order to connect our work to other
studies dealing with similar topic, we present tRé and
ApeaksValues for some instructive cases nevertheless. How-
ever, one has to bear in mind that the minimization offe
factor is not a sufficient condition to select the more probable
structural models for the problem we are studying. For the
spectra of undistorted crystals displayed by the two lower-
most triads of dashed lines in Fig. 3, the correspondrig
andA . svalues are summarized in the two bottom lines of
Table I.

The fact that theoretical XANES of silver borate crystals
does not satisfactorily reproduce experimental spectra of
glasses is not so surprising—some changes of the local ge-
ometry around Ag atoms had to be anticipated. As a next
step, we explore several models derived from the crystals by
deforming their structure in a suitable way. We start with
either contracting or expanding radially the distances of the

Ag K-edge XANES

meta Ag-5

— di?t‘?“:id ge"’:te'“y N, nearest oxygens, so that the nearest Ag-O distance would

originas geomeiry be either 2.02 or 2.27 Ain agreement with earlier EXAFS

0 2 0 %0 20 studies,” while keeping the remaining atoms in their origi-
energy [eV] nal positions. We found that although these changes some-

times lead to spectra which resemble the experimental
FIG. 3. Theoretical AgK edge spectra for structural models XANES of glasses more closely than in the case of undis-

derived from silver borate crystals. Full lines in the six lowermosttorted crystals, the improvement is yet not sufficient enough
graphs correspond to models obtained by movingNhenearest  to convince that these amended models could serve as a good
oxygens radially so that their distance from the central Ag is 2.27 Adescription of silver borate glasses. Representative results for
The second and the third from the top graphs correspond to movinghe Ag-5 site in AgO-B,0; and for the Ag-2 site in AgO
the Ag atom perpendicularly to the direction of B-O chalsee the .4B,0; are displayed by full lines in the six lowermost
text). Spectra calculated f_or clusters <_:ut off nondeformed CWStaI%_]raphs of Fig. 3we put eitheN,=1, 2, or 3 oxygens at the
are drawn by dashed lines. Experimental spectrum obQAg gistance of 2.27 A from the central Ag, as indicated by the
+2B,0; glass is shown in the top graph for comparison. A quanti-,poing A quantitative assessment of these spectra is shown
tative evaluation of the displayed spectra is summarized in Tablesi Table Il (the third to the last lings Other silver sites and
and Il . ]

nearest Ag-O distances were explored as well; none of the
combinations leads to an essentially better picture.

Yet another approach to generating new trial structures is
“keep the individual B-O chains rigid while moving them
ither closer to or away from each other, so that the distances
etween the interconnecting Ag atoms and their nearest
neighbors can be varied. We focused specifically on the
chains which form silver metaborate crystal, because these
f AE[Yind E) — Yoo E)]? served as a starting point for an _earlier structural analysis of

borate glasses based on x-ray diffracttbrks one can con-
) ' centrate on any of the nonequivalent silver sites and include
f dE[Yexd E)] various numbers of B-O chains, a large number of models
can be created in this way. We investigated the case of a
where Y. and Y, are the theoretical and experimental single B-O chain with silver atoms attached to it and of three
spectral intensities, respectively. Another quantitative meaB-O chains running in parallel with each other, with silver

cedure in this study, it might still be instructive to present
some quantitative assessment of the agreement between t
oretical spectra for model structures and the experiment
spectra of glasses. In EXAFS analysis it is common to relyb
on theR? factor, which is defined as

R?=100
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TABLE |. The R? factor and the difference between main peaks separaligngsfor theoretical spectra

of undistorted silver borate crystaldisplayed with dashed lines in Fig) 8nd experimental spectra of silver

borate glasses. The first column identifies the structural m@eel the text for more detajjgshe second and

third columns concern the comparison with experimental spectrum gDA2B,0; glass, the fourth and fifth

columns represent the same for &y 4B,0; glass.

Ag,0-2B,04 Ag,0-4B,04
Model R Apeaks (e\/) R Apeaks (e\/)
Between 3 chains 0.88 —15.9 1.47 —-13.4
Next to 1 chain 2.88 —-11.4 4,24 -9.0
Tetraborate 27.84 —-16.9 31.81 —-14.4
Metaborate 0.72 -11.9 1.18 -94

atoms between them. The nearest Ag-O distance was tunedle going to switch to the multiconfiguration approach and
by moving the B-O chains in directions perpendicular tofocus on finding some general properties which the local
them. None of these models leads to a good agreement bstructure should display, without necessarily going into par-
tween its theoretical XANES and the experimental spectra oficularities.
the glasses. Therefore only two illustrative examples are dis-
played in the second and third from the top graphs of Fig. 3
(cf. also first two lines in Table JI These models are formed
by either one or three B-O chains, with the smallest Ag-O
distance(of 2.27 A) at the Ag-5 site. Note that the corre-  In order to find a reasonable starting point, we concentrate
sponding calculated spectra of undistorted crys@dawn by  on generic polyhedra simulating just the nearest Ag neigh-
dashed linesdiffer from analogous curves in the three bot- borhood and explore the way the calculated XANES is af-
tom graphs of Fig. 3, because the clusters have now been cigcted by their choice. We consider one silver atom sur-
from the system defined by B-O ché&honly and not from  rounded by few oxygens at the distance of 2.2#dlowing
the full crystal (meaning that spheres of identical radii as- EXAFS results of Roccat al).!’” The number of nearest
cribed around analogous silver sites do not contain identicabxygens ranges from 2 to 8, and the atoms are deployed in
numbers of atoms in the “crystalline” and “chain” modgls such a way that generic shapes, such as square or tetrahedron
The R? and A .qsvalues for the undistorted geometries cutetc. are created. Selected results of XANES simulation are
off in this way are shown in the first two lines of Table I.  shown in Fig. 4. The crucial task appears to be the reproduc-
As a whole, our results indicate that silver boratgstals  tion of the first peak at-22 eV. In most cases, this peak is
are not a good starting point for modeling XANES of silver too broad and too low. The eight-oxygen model, with cubic
borate glasses. We checked that using crystal structures ofdering resembling the nearest neighborhood in a bcc or
other chemically related borates, in particular lithium dibo-CsCl crystal structure, appears to be the most plausible of all
rate L,O-2B,053 (Ref. 59 and @ and B natrium triborate the polyhedra we explored.
Na,O-2B,0; (Ref. 60 and substituting Ag for the cations  The natural concern is what happens if more distant atoms
does not improve this situation. It appears that there is nare included. To check this, we associated with each of the
single configuration dominating the local structure aroundgeneric polyhedrons a set of hundred clusters created by ap-
Ag in silver borate glasses. Consequently, instead of continupending the polyhedron oxygens with randomly oriented
ing the attempts to nail dowthe correct local structure, we BO,, units (m=1,2,3) cutfrom the B-O chains which form

B. Averaging over many configurations

1. XANES of generic polyhedra

TABLE II. The R? factor and the difference between theoretical and experimental main peaks separations
for structural models obtained via distorting silver borate crystal structures. The corresponding spectra are
displayed with full lines in Fig. 3.

Ag,0-2B,05 Ag,0-4B,0;
Model R? Apeaks(ev) R Apeaks (eV)
Between 3 chains 1.12 —-7.8 2.08 —-5.4
Next to 1 chain 9.13 —-12.4 11.41 -9.9
TetraborateN,;=3 20.52 -16.3 23.94 -13.9
TetraborateN; =2 24.63 —-17.1 28.26 —14.6
TetraborateN;=1 27.12 —-18.0 31.06 —-155
MetaborateN;=3 0.64 —4.4 1.35 -2.0
MetaborateN;=2 0.60 -10.1 1.24 -7.7
MetaborateN;=1 0.70 —-14.1 1.28 -11.6
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@ A
D O astshen
QO O/B (2-ndshel))

experiment

FIG. 5. A schematic diagram of a cube-based model of the local
structure around Ag. Positions of the central Ag and of the first-shell
oxygens(marked by crosses and thicker bopdsmain unchanged
through all the configurations belonging to a particular set, while
radial distances and chemical types of the second-shell atoms
(marked by empty circles and thinner bopdffer from configu-
ration to configuration.

octahedron

tetrahedron

glasses. A more realistic model ought to consider that the
silver-neighboring atoms will have various radial distances
and chemical types. The disorder ought to be incorporated in
some way as well. So we construct in this section a more
general cube-based semiordered model and explore how the
theoretical XANES changes if some of its structural charac-
teristics are varied.

Each structural model we investigate here is represented
by a set of individual configuration&lusters, as depicted
schematically in Fig. 5. Every cluster consists of a central Ag
and of eight “corner” atoms positioned somewhere on the
L L - L - cube body diagonal@.e., not necessarily at the cube vertices
0 20 40 60 80 themselves These eight corner atoms are split into two

energy [eV] groups. The nearedt; atoms form the “first shell”: they are

FIG. 4. Theoretical AgK edge spectra for five generic Ag- @ways oxygens and all of them are at the same dist&jce
centered polyhedra. Each spectrum is identified by the name anfiom the central Ag. The remaining-N;) corner atoms
schematical diagram of the respective polyhedfati circle stands ~ form the “second shell.” We assume this; of these atoms
for silver, open circles stand for oxygén&Experimental spectrum are borons and the rest of them are oxygens. This second
of Ag,0- 2B,0; glass is included for comparison. shell is radially blurred: every atom has a different radial

distance than any other of them so that these distances cover

the silver metaborate crystal. The Kgedge XANES of such the interval 2.5—3.0 A with an equidistant st@peaning that
ethere are, e.g., five atoms in the second shell, their radial

a generalized polyhedron model was calculated as an avera% _ A
over spectra of all the clusters belonging to the associateffiStances will be 2.5, 2.625, 2.75, 2.875, and 3)0 Fhese

set. We found that although some of the individual C|uster5requ.ireme.nts aIIo_w for a large nu_mber of distinct geometric
give rise to spectra which are significantly different from configurations with a common first-shell geometry and a
spectra of bare polyhedrons, theeraged spectraf polyhe-  f1xed number of boronKg, because we do not specify in

; ; e hich order the radial distances of the second-shell atoms
drons with BQ, appendices are very similar to spectra of e ;
polyhedrons without the appendicégnce we do not show ought to be distributed among the predefined(@gB) bond

them herg So the overall picture offered by Fig. 4 does not directions. We sort these configurations in such a way so that

change even if some more distant atoms are added in a rafill configurations which share the same positions of the first-
dom way. shell atoms and thus differ only through arrangement of the

We conclude this section be observing that the eight_second—shell atoms belong to the same set, forming thus a

atoms polyhedron seems to be the most promising candidafiructural model. As a partial di;order is introduced in this
for a further refinement of the local structure of Ay way, we call these mod_els sem|orde'red. .

-nB,O; glasses around Ag and, therefore, we concentrate In this work we consider models with the first-shell coor-
solely on this model and elaborate it more deeply in thedm‘"‘t'On Eumberle:Z, 3}:\0r 4, \(vgh .tne flr_st-shell dis-
following. We will see in the end that restricting ourselves to@NCesSR1=2.0, 2.2, or 2.4 A and with eithétg=0, 2, or 4

this coordination does not harm the generality of our concluP0rons in each cluster. The valueshof, R, andKg do not
sions. yet determine the model uniquely, as the first-shell atoms can

still be distributed among the available bond directions in
more nonequivalent ways. It can be verified straightfor-
wardly that there are three first-shell geometries for
The simple cubic model is obviously too symmetric and=2,3 and six first-shell geometries fdt;=4, so we ex-
ordered to stand as a realistic description of silver boratglore 3x3Xx(3+3+6)=108 structural models altogether.

Ag K-edge XANES

square

axis

2. Trends in semiordered models
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—— radially blurred 2nd shell
=== equidistant 2nd shell

FIG. 6. Configurationally averaged XANES
spectra for structural models witt, =4 oxygens
in the first shell. The arrangement of the first-
shell atoms is indicated by the inset above the left
panel (first-shell bond directions are shown via
thick lines. The number of boron atoms in the
second shelKg varies from zerdleft pane) to
two (middle panel to four (right pane), the dis-
tance between the first-shell O atoms and the cen-
tral Ag varies from R;=2.0 A (uppermost
graphg to R;=2.2 A (middle graphs to R;
=2.4 A (lowermost graphs A corresponding
XANES for an equidistant second shgNith all
its (8-N;) atoms at 2.75 Ais displayed by a
dashed curve for each model. Experimental spec-
- ) . ) ) . ) ) . ) ] . ) ) ) trum of Ag,0- 2B,0; glass is shown at the top of
0 Z%nergym [eV]GO 80 0 20ener ;0 [eV]60 80 0 22mer g;o [eV]GO 80 the r|ght panel_

experiment

Ag K-edge XANES

Ag K-edge XANES
Ag K-edge XANES

The number of configurations associated with each modetven more evident if a smaller final-state Lorentzian broad-
depends orN;, Kg, and on the first-shell geometry and ening was employedIt also leads to a slight increase of the
varies from just a single configuratigfor N;=4, Kg=0 or  energy separation between both peaks, improving thus agree-
4, and a tetrahedral arrangement of the first-shell atams ment with experiment.

2700 configurationgfor N;=2, Kg=2 or 4, and the first- A picture very similar to that offered by Fig. 6 would be
shell oxygens located on the same side of the basic)cube obtained if we constructed analogous plots for other numbers

For each of these models, the correspondingkAgdge N, of the first-shell atoms. We do not show the remaining
XANES was calculated as an average of spectra of all theesults here in order not to overload the paper with too many
configurations associated with it. Three fundamental trendgraphs. Instead, we focus specifically on the dependence of
are in the focus of our analysis, namely, how does the conthe calculated XANES omMN;. Each of the three graphs in
figurationally averaged XANES change if we vary the num-Fig. 7 illustrates thisN,; dependence for a different setting of
ber of first-shell oxygendN,, if we vary the first-shell dis- the remaining structural characteristiise., R; and Kg).
tanceR,, and if we vary the total number of borom&;. The geometric arrangement of the first-shell atoms is shown
Apart from that, the effect of radial blurring of the second by insets in the legend. It can be seen that increasing the
shell is investigated by comparing the results obtained for the
broad distribution of Ag-O,B) distances as realized by our
models with the results obtained for an “equidistant” second R;=24 Kp=4
shell[with all the (8-N,) atoms at 2.75 A The plausibility
of structural models was judged according to their ability to
reproduce the essential features of experimental XANES
relatively sharp first maximum followed by a second flat
peak separated by 41-47 eV). The “acid test” appears to
be the very existence of the first maximum.

Figure 6 shows theoretical spectra for all structural mod-
els allowed byN;=4 oxygens in the first shell arranged in
the way shown schematically by the inset. This plot exposes
the evolution of the averaged spectraR{ and/orKg are
being varied. One can also see the effect of radial blurring of
the second shell because the spectra of corresponding models
with equidistant second shells are shown as wallth
dashed lineks It follows from Fig. 6 that the best agreement
between theory and experiment is obtained Rge=2.2 A. L L L L L
The shortest Ag-O distance of all we teste®l=2.0 A, 0 20 40 60 80
leads to quite unsatisfactory XANES curves. Substituting energy  [eV]

some second-shell oxygens with borons improves the results, g, 7. Configurationally averaged XANES spectra for struc-
with Kg=4 borons in the cluster leading to a slightly better yyral models withN, =2 (dotted lines, N,=3 (dashed lines and
agreement with experiment than in the cas&gf=2. Blur-  N,=4 (full lines) first-shell atoms. The first-shell distanBg and

ring the second-shell distances over the whole 2.5-3.0 Anhe number of boronKg remain fixed inside each of the triads of
interval smears out some redundant oscillations which apeurves and are written above each of them. The geometric arrange-
pear in the equidistant case, especially in the region betweanents of the first-shell atoms are shown schematically in the leg-
the two main peakgthese superfluous oscillations would be end.

»»»»»

R1=2.2 KB=2

Ag K-edge XANES
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L L the same way as above, except that the outermost atom of the
cluster was always silver. We found that adding distant Ag
atoms produces no significant changes in the calculated spec-
experiment tra; the variations of the XANES curves were less than 5%
(we do not show those curves for breyityVe infer, there-
fore, that AgK edge XANES of AgO- nB,0O; glasses is not
particularly sensitive to either presence or absence of few
silver atoms at “crystallographic” Ag-Ag distances.

We stop our analysis of cube-based models at this point.
Obviously a number of other questions arise, such as how
sensitive are the calculated spectra towardsatthénoccho-
sen borders of the second shell at 2.5 and 3.0 A or what
happens if more than just eight neighboring atoms are con-
sidered. However, our cubic model is only a qualitative one
by its nature, so it would not make much sense to make it
more “precise.” The limited information we obtained is nev-
ertheless worthy: the trends we found in the calculated spec-
tra if Ny, Ry, or Kg are being varied remain valid under
quite universal conditions.

Ag K-edge XANES

Jil

3. Influence of various degrees of disorder

0 20 40 60 80 The relative independence of the calculated XANES on
energy  [eV] the arrangement of the first-shell atoms, as displayed in Fig.

FIG. 8. Configurationally averaged XANES spectra for struc-S: suggests that a further randomization of our test clusters
tural models with identicaN,=4, R,=2.2 A, andKg=4 but dif- May be compatible with experiment. Therefore we investi-
fering by geometric arrangements of the first-shell atoms. Experigate in this section to what extent does introducing various
mental spectrum of AgD- 2B,0; glass is shown at the top. degrees of randomness affect the calculated Ag spectra. The

cube-based structural models explored in Sec. V B 2 include
number of first-shell oxygensl,; improves the agreement some disorder through averaging over all the configurations
between theory and experiment. Curves Witj=4 perform  which are generated by distributing the available radial dis-
better than curves with;=2 or N; =3, provided that other tances and chemical types among the second-shell atoms.
parameters are identical. The directions of the AgO,B) bonds have been, however,

It remains to explore how does the XANES change if thefixed (they coincide with the cube diagonals, cf. Fig. By
geometric arrangement of the first-shell atoms varies whilaelectively relaxing the restrictions imposed on the angular
N;, Ry, andKpg are kept intact. This is illustrated in Fig. 8, and/or radial coordinates of first- and second-shell atoms,
where we display calculated spectra for fdaf the total of randomness can be introduced in a controlled manner.
six) different first-shell types foN,=4, R,=2.2 A, and The first step represents relaxing the condition of pre-
Kg=4. It can be seen that when going from one first-shelldefined Ag¢O,B) bond directions for the second-shell atoms.
type to another, no dramatic changes in the configurationallfhe appropriates tructural model thus can be described as
averaged spectra occur. Nevertheless, for some geometfgllows: each configuration shares the same rigid first-shell
types, a visible shoulder on the high-energy side of the maigeometry, the radial distances of their second-shell atoms
peak appears around 35—40 eV, which does not have an span equidistantly the interval 2.5-3.0 A as in Sec. VB2
experimental counterpatsecond and third curves from the and the angular coordinates of the second-shell atoms are
bottom of Fig. 8. On the other hand, this shoulder is totally generated at random. This way of generating test clusters
absent in the uppermost and lowermost theoretical graphsnay be called “angular randomization in the second shell.”
The two undisplayed spectra fall somewhere between thesehe next logical step is to include “radial randomization” in
extreme cases. It seems thus that first-shell geometries withe second shell on top of the angular randomization. The
larger deviations from a central symmetry perform bettersimplest way to achieve this is to generate the radial dis-
than the more symmetric ones. Note finally that absence of tances between the central Ag and the second-shell atoms
strong dependence of the theoretical XANES on the firstrandomly as uniform deviatés our case these distances are
shell geometry suggests that by restricting ourselves to theniformly distributed in the interval 2.5-3.0)AFinally, the
cubic model alone we do not seriously harm the generality opositions of first-shell atoms can be randomized as well: first
our conclusions. angularly, and then both angularly and radially, in the same

Given the fact that the nearest distance between two silvewvay as it has been done for the second-shell atoms. Note that
atoms in silver borate crystals is3 A (cf. Refs. 56, 57, an  even if both angular and radial randomizations are included
evident question arises whether including some Ag atom# the first as well as in the second shell, one still does not
into the second shell of our model would not change théhave a complete disorder—the two shells are, namely, still
overall picture. To check this possibility, we performed an-well separated as their radial distances are generated within
other set of calculations for structural models generated imlifferent intervals, and the first-shell atoms are oxygens
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experiment

experiment

radial and angular in 1st

angular only in 1st

Ag K-edge XANES
Ag K-edge XANES

semi-ordered

0 20 40 60 80
energy [eV] ' ' ' 1 1
. . 0 20 40 60 80
FIG. 9. Comparing effects of various degrees of geometry ran- energy [eV]

domizationon averaged XANES spectra. The lowermost curve

stands for a semiordered casd;E4, R;=2.2 A, Kg=4), the FIG. 10. Effect of varying the number of first-shell atohg for
second curve from the bottom stands for angular and radial randommodels with angular and radial randomization in both shells. The
ization in the second shell plus an angular-only randomization inmean first-shell radial distance &;=2.2 A and there ar&z=4

the first shell, and the third curve displays results for an angular antborons in each cluster. Experimental spectrum corresponds to the
radial randomization in the first as well as in the second shells. Thég,0- 2B,0; glass. A quantitative evaluation is shown in Table IlI.
experimental spectrum of A@-2B,0; glass is drawn in the top.

, It follows from Fig. 9 that randomization does not change
while the second-shell atoms may be both oxygens and bgpe ayeraged XANES essentially; the relatively good agree-
rons their ratio is fixed byKg). For each of the randomiza- \ment petween theory and experiment for the semiordered
tion modes, the corresponding XANES spectrum has 10 bgygqel is thus not spoilt. Most significant changes occur
evaluated as an average over many configurations, as dgiyng this series if the radial randomization of the first shell
scribed above. In this work, we used 500 clusters for eacy gyitched on at the uppermost theoretical curve. In that
randomized model so that a uniform distribution of our con-cage the theoretical spectrum resembles the experiment bet-
figurations is guaranteed. We found that using only a hunge than models with less randomizatitihe second spectral
dred configurations would be sufficient as well. However,peak and the valley between the peaks get more flat while the

note that these configurations stand here as mere represenfas; peak remains relatively sharpSo we conclude that
tions of the uniform distribution of relevant geometric pa- gome kind of radial smearing will probably be present al-

rameters. , _ready at the first-shell level. Even the semiordered model,
The Ag K edge )_(AI\_IES spectra of models V\_/lth Varous pamely, contains some radial blurring already—cf. Fig. 6 and
degrees of randomization are compared one with another i accompanying text.

Fig. 9. We chose thi\;=4, R,=2.2 A, Kg=4 cubelike Our results do not necessarily imply that the local neigh-
model with the same first-shell geometry as shown by th&,rhood around Ag in silver borate glasses has to be random.
inset of Fig. 6 as our starting point. The first-shell radial| ot s recall that some models with an angularly well-
distances were generated so that they fall into the intervalgered first shellexplored in Sec. V B Ralso lead to quite
2.0-2.4 A, so that the original nearest Ag-O distanc®of 5 good reproduction of the experimental XANES. Rather, it

=2.2 A remains to be the middle value. The lowermost cur-gppears that the more specific details of the local structure—

vein Fig. 9 shows the spectrum of the original semiordered;;;ch as angular distribution of the first-shell atoms—do not
model, prior to any randomization. The second from the bot—get revealed in the A¢ edge XANES. This means, on the
tom curve stands for the spectrum of the model with bothyne hand, that the information we can obtain is only a lim-
angular and radial randomization in tisecond shelland  jteq one. On the other hand, it suggests that the limited con-

with angular only randomization in tifest shell(spectra for  ¢jysions that can be drawn from our data are quite robust and
models with randomization restricted just to the second Shebeneral.

nearly coincide with this curve so we do not show them

here. The third from the bottom curve represents the spec- . )

trum of a model with angular and radial randomization in 4. Trends in XANES of disordered models

both shells. The experimental spectrum of ,8g2B,03 We demonstrated in the preceding section that including
glass is shown at the top. randomization does not considerably affect the averaged
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TABLE IIl. The R? factor and the difference between theoretical — r r r o rr T
experiment

and experimental main peaks separations for a randomized model
with varying the number of first-shell atoné; (spectra displayed
in Fig. 10.

Ag,0-2B,04 Ag,0-4B,0;

Nl R2 Apeaks (e\/) R2 Apeaks(ev)

2 0.58 4.4 1.21 6.8 i~

3 0.50 0.3 1.16 2.7 g

4 0.39 -0.9 1.02 15 N

5 0.69 —24 1.49 0.0 8

6 0.93 -4.0 1.83 -16 3
X
<

XANES. In this part we will check whether the general
trends of the calculated spectra explored in Sec. V B 2 for
semiordered models remain valid for randomized models as
well. In that way, namely, a more robust case could be pre-
sented for our earlier conclusion that models with~4,
R,~2.2 A, andKg~4 are preferred by experimental spectra
of Ag,0O-nB,0O; glasses. We focus on models with both an-
gular and radial randomization applied for both shells. As in . ) . . .
the preceding section, radial distances of the first-shell atoms 0 20 40 60 80
deviate from the middle valuR; by at most 0.2 A and the energy [eV]
radial distances of the second-shell atoms are uniformly dis-
tributed between 2.5 and 3.0 A. TRg andA ¢ svalues are
shown here as wellcf. Sec. V A, in order to offer a quan-
titative assessment of the effect of varying selected structur
parameters.

The effect of varying the number of first-shell atohMgis
investigated in Fig. 10. The number of first-shell atoms var
ies from 2 to 6, while the mean first-shell radial distance

R,;=2.2 A and the number of boron atorkg=4 are kept lausibl it . t sh that tra of
fixed. The first shell is preferentially occupied by oxygens,a.paUSI '€ result: experiment shows that spectra of compo-
sitions with largern (hence also larger concentration Bf

only for N;>4 there are alsoN;—4) borons present in the - :
first shell. It is clear from the calculated curves that the firstatoms) exhibit smaller separations between the peaks than

maximum is too small for models with loN; and too broad compositions with smallen. We conclude this section by
for models with highN;. The middle valuels around. ~3 observing that the analysis of tlésorderedmodels implies
1 1~

. imilar conclusion he analysis of th miorder i
or 4 seem to be most plausible. similar conclusions as the analysis of the semiordered cubic

: ' . model: i.e., the silver atoms are coordinated by about four
The effect of varying the mean first-shell distariRefor ' . -
fixed N;=4 andKg=4 is investigated in Fig. 11. The sepa- O/ 91> at the distand®, =2.2-2.3 A, surrounded by fur-

ration between the two main spectral peaks systematicallme.r shell of abogt t_he same or hlghgr number of atoms,
A T ainly borons, distributed in the radially blurred second
decreases iR, is increased, indicating that A@-nB,0s shell (tentatively somewhere between 2.5 and 3)0 A
glasses with smallen might have shorter nearest-neighbor y '
Ag-O distances than glasses with largdcf. Fig. 1 to see all
the experimental speciraThe best overall agreement with . . . )
and experimental main peaks separations for a randomized model

experiment is obtained fdR,=2.2 A (peaks separation 45.6 ith ina th first-shell dist tra displaved i
eV), similarly as was the case for semiordered models in Sec}’:vI varying the mean first-shell distané (spectra displayed in

FIG. 11. Effect of varying the mean first-shell distariRe for
models with angular and radial randomization in both shells. The
g\umber of first-shell atoms N, =4 and there ar&gz=4 borons in
each cluster. A quantitative evaluation is shown in Table IV.

Kg dependence of the calculated spectra Kyg=3. The

separation of the two main peaks decreases uniformly with
Kg, from 46.4 eV forKg=2 to 42.2 eV forKg=6. This is

TABLE IV. The R? factor and the difference between theoretical

ig. 11).

VB2 9- 1
Finally, in Fig. 12, we study the influence of the number Ag,0-2B,0; Ag,0-4B,0,
of borons in the cluster, keeping the number of first-shelly & 2 2
. ) . . R, (A) R Apeaks(ev) R Apeaks(ev)

atomsN;=4 and their mean distand® =2.2 A fixed while
varying Kg. The first shell is filled preferentially with oxy- 2.0 10.12 4.8 13.03 7.2
gens and only if their numbegB-Kg) is lower thanN,=4, 21 1.20 5.7 2.37 8.1
the borons enter the first shell to top it up. One can see from.2 0.39 -0.9 1.02 1.5
Fig. 12 that at leagg=2 borons are needed to generate the2.3 0.34 -79 0.72 -55
first spectral peak properly, which is a strong indication that2.4 0.54 -126 0.79 -10.2
no reliable structural model can be built if the borons arez 5 0.78 -15.3 0.94 -129

omitted. On the other hand, there appears to be only a mild
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L A A B TABLE V. The R? factor and the difference between theoretical

experiment and experimental main peaks separations for a randomized model
with varying the number of borons in the clust€g (spectra dis-
played in Fig. 12

Ag,0-2B,0, Ag,0-4B,0;

KB R2 Apeaks (e\/) R2 Apeaks (EV)

0 12.61 —-11.2 15.33 —-8.8
0 1 13.89 —-12.0 16.71 —-9.6
E 2 0.77 -0.1 1.73 2.3
- 3 0.51 -0.3 1.28 2.1
?o 4 0.39 -0.9 1.02 1.5
g 5 0.73 —2.7 1.50 -03
E'D 6 1.10 -43 1.96 -1.9
<

ness, completeness, and reliability of our results. By focusing
on the cubic and random models, we necessarily left out
plenty of other conceivable geometries. One could contem-
plate using different numbers of atoms in the cluster, modi-
fying the boundaries of the second shell, and so on. How-
ever, the amount of information which can be extracted from
the AgK edge XANES of silver borate glasses is in any case
- . . . . limited (recall the low sensitivity of averaged spectra to-
0 2 40 60 80 wards the arrangement of the first-shell atorT$herefore, a
energy [eV] further widening of the classes of models we investigate
would hardly lead to any really new findings. A truly com-
FIG. 12. Effect of varying the number of borons in the cluster plete and unique solution apparently cannot be obtained for a
Kg for models with angular and radial randomization in both shells.strycture of a glass for which a single-configuration approach
The number of first-shell atoms ¥;=4 and the mean first-shell {5ils. At the same time, theendsin the calculated spectra
radial distance isR;=2.2 A for each model of this sequence. A \yhich we uncovered are quite general ones, valid for both
quantitative evaluation is shown in Table V. semiordered and randomized situations, hence one can trust
V1. DISCUSSION that the 'informati.o.n we get, even if limited, is quite reliable
and not just specific to the kind of models we employed. The
The evident impossibility to obtain a satisfactory single-information we obtained in this way could serve as a guide
configuration description of the experimental XANES spec-for building more refined structural models of silver borate
tra of Ag,O-nB,0; borate glasses forced us to adopt a dif-glasses in the future.
ferent approach to the analysis of XANES of amorphous We found that plausible models of the Ag neighborhood
system, different from the more intuitive best-fit approach. are characterized by the presence of two radially smeared
Good results have been obtained by a systematic exploratiaoordination shells. The first shell is formed by about four
of the changes of the calculated spectra which occur if welbxygens at a mean distance Bf~2.2 A. Compositions
identified basic structural characteristics are varied. This prowith large n will have smallerR; than compositions with
cedure represents an alternative to the conceptually moremallern. The second shell contains four or more atoms,
simple best-fit method in situations where its applicationpredominantly borons, and may stretch fren2.5 A to ap-
would lead to ambiguous resultsdue to a vast number of proximately 3.0 A(or furthep. Structural models for compo-
structural parameters that have to be fitted, as is the presesitions with largem favor higher proportion of borons in the
case. Our study deals solely with analyzing the near-edg@g neighborhood than models for compositions with small
region; for a more complete structural information, EXAFS Presence of few Ag atoms at around 3.0 A from the central
analysis ought to be performed whenever possible, for whiclatom is compatible with our data though not necessary for
our procedure certainly cannot be a substitute. Rather, owxplaining them.
results could serve as a guide and inspiration for a more When interpreting these results, one has to bear in mind
guantitative investigation based on examining x-ray absorpthat our conclusions about the structural characteristics con-
tion spectra both in the XANES and in the EXAFS regions.cern theirmean valuesthe experimental Ag spectrum is in
Note also that some preceding information gained from prefact a superposition of several spectra which correspond to
liminary EXAFS study’ and from neutron scattering photoabsorbing silver atoms being in maybe quite different
experiment¥ was in fact needed so that a reasonable gues®cal coordinations. It is thus clear that randomization should
of the starting point of our analysis could be made in Secsbe included in realistic models of silver borate glasses. In
VB1landVB2. particular, the radial smearing of the nearest shell is essential
One is naturally confronted with the question of robust-for flattening of the second experimental XANES pdak
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Fig. 9. The second shell has to be radially blurred as well;ergy in the simple description based on the Debye-Waller
otherwise one gets redundant oscillations in the region befactorg. Therefore, the contribution from Ag atoms with a
tween the two main peaksf. Fig. 6). The shape of the first higher coordination may get revealed differently in XANES
spectral peak, on the other hand, is not significantly affecte@r in EXAFS. Note that Fargest al** also observed that
by the structural randomization. Randomization restricted tdlisorder associated with more distant neighbors affects
the angular coordinates only does not have a profound influrXANES less than EXAFS.
ence on the calculated spectra either.

Details of the geometric arrangement of the nearest neigh-
bors have little influence on the configurationally averaged VIl. CONCLUSIONS
spectra if some disorder in the second shell is introdicéd

Fig. 8). Thi_s' result is consistentggvith the_multiconfiguration Ag,O-nB,0, glasses with the theoretical spectra of known
study O.f S!l'ca. by Levelutet al,™ who .dlscovereq t'hat a crystallographic sites in borate crystals has been presented.
broad distribution of bond angles and distances within the sefy AgK edge XANES spectra of silver borate glasses can-
of test _clusters leads fo a Io_vver sensitivity Of XANES to not be described on the basis of a single-configuration frame-
small differences between vario(raulticonfiguration struc- work. A reasonable agreement between theory and experi-

tliral tmodletljs.tlt.lthutiappiar)s(;\rll\laégaccelss!bll|ty of some f'neltnent can be achieved only if large structural disorder is
structural aetarls throug analysis may a genéral, ., morated via the multiconfigurational approach.

feature of all systems which have to be described by a mul- In order to interpret the XANES of disordered systems

tlc%mguranon applrotach.h ther th . intuiti hvsi here a single-configuration approach fails, we suggest an
ne can speculate whether there IS an Intuiive pnysiCay iq i atjye approach to the conventional best-fit method. This

reason for the fact that the local structure around Ag in S|Ivermethod tries to reproduce the experiment by averaging over

borate glasses cannot be described by a single geome'[rrlﬁany configurations generated assuming a distribution of

conflgufraétlon._l;l'_he tentau;]/e explanatlpn for thet ?lf_fle_:re?t ossible local structures. The parameters characterizing these
ways of describing amorphous germanium or metal silicate onfigurations(radial distances, coordination numbers, and

on the one handwhere a single-configuration approacht e of nearest and next nearest neighbare singularl
works fine (Refs. 25—2Y and Ag,0- nB,0; glasses on the vyzfried and analyzed. ghb g y
other hand may rest in the different roles played by the pho- ajiq,,gh slower and more cumbersome than the conven-

toabsorbing atoms in the formation of the structural networks, o hest it method, this approach allows us to check the
$.f t:lese dmgqtgnals. Claell!n amorphous g%r[rmamun;]_?s Awell 83ctual influence of each parameter on the configurationally
L, Al, and Sl in metal silicates are netwolermerswhile AQ 5\ eraged spectrum. The overall trends observed in the calcu-

in silver borates is just a networkodifier, being not directly lated spectra of silver borate glasses when some basic struc-

incorporated into the B-O chains. Oxygen atoms, throughy, o characteristics were varied seem to be valid under quite

which the silver ato.”?s bind to the B-O chains, occur in manygeneral conditions. The critical analysis of such trends may
nonequivalent positiongeven in AgO-nB,0; crystals,

h - hat th il be. plentiful result in a more widely applicable method for extracting
ence one can anticipate that there will be plentiful NON~gctyra) information from XANES spectra of amorphous

equivalent Ag sites in silver borate glasses, making thus §ystems.
S|ngle-cgnf|gur?1t_|on_ approach |mpract||((:jal. H H It appears that the structural analysis at khedge of Ag
Based on this intuition, one would expect that otherj, gjjyer horate glasses is particularly complex due to a large

cher_nicall_y sim_ilar systems WOUld also.be prone rathgr 0 & ymber of oxygens and borons surrounding Ag at a distance
multiconfiguration than to a single-configuration description._ 5 & This is a general situation which is present in glasses,

An analysis of a CKK edge XANES in silicate glasses con- gqnecially in the environment of modifier species which tend

taining Cu" ions, which ought to have similar properties as, as5me multiple structural configurations. In these cases

A_g lons, was pgrformed by Mauriziet al”" within the we have shown that XANES analysis may be a very useful
single-configuration framework only. However, the agree-L

A detailed comparison of experimental XANES spectra of

) : . ; ool to select the most probable local configurations. A com-
ment_between the theoretical single-configuration modet;,qq g antitative analysis of both XANES and EXAFS sig-
XANES and the experiment was not found to be espeual_l;ha'S is highly desirable, at this point. Work is in progress to
good in that work. Our results suggest that a multi-,qimize 3 numerical procedure able to combine the results

configuration approach might be more suitable for analyzinq)f theoretical simulations of XANES and EXAR&nd, pos-

XANES of thi.s type of materials well. L sibly, diffraction techniques in a reasonable computational
It is conceivable that the low coordination number of Ag e

deduced from earlier EXAFS studies of 4@ nB,Os
glasse¥ results from the fact that the signal from highly
coordinated Ag atoms is suppressed by a strong disorder
around those sites while some other low coordinated Ag at-
oms may have a more ordered neighborhood and contribute The authors would like to thank Mrs. C. Armellini for the
thus dominantly to the measured EXAFS spectrum. On th@reparation and characterization of glasses. Valuable discus-
other hand, the XANES signal need not be so stronglysions with Dr. A. Kuzmin(Institute of Solid State Physics,
damped by the disorder because of a lower photoelectroRiga LV) are gratefully acknowledged. This work was sup-
energy(note that the damping grows exponentially with en-ported by the CNR-AV CR Common Research Project
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