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Experimental TiK-edge x-ray-absorption near-edge structGl&NES) spectra for a variety of TiV)-
bearing crystalline oxide model compounds are compared with those calculated usatgittigo multiple-
scattering codererFz A scattering-theoretic interpretation of various features in the experimental spectra,
including pre-edge and main-edge peaks, is presented together with an interpretation of the effects of disorder.
The observed pre-edge features are found to vary in both poshipr-2+0.1 eV) and normalized height
(from ~0.04 to 1.6 0.05 as a function of Ti coordinatiof¥, 5, or 6 oxygen nearest neighbprs agreement
with calculations. In aperiodic oxide compounds where the Ti coordination is unkiewn titanosilicate
glasses and meltspre-edge position and height can be used to derive reliable information on Ti coordination
chemistry. For example, one can distinguish between fivefold coordinatée TiTiO;) and a 50:50 mixture
of fourfold- and sixfold-coordinated Tii.e., TiO, vs TiOg). Finally, it is proposed that the intensity of the
main-edge features can be used as a probe of disorder in the short- and medium-range environment of Ti. This
is exemplified by Ti XANES studies of the effect of radiation damage on CaTi%i@ the melting of
K,TiSi,0O; glass at high temperaturg50163-1827)00927-2

I. INTRODUCTION XANES spectra of a number of Ti model compounds in
which Ti is located in sites coordinated by 4, 5 and or 6
Titanium K-edge x-ray-absorption near-edge structureoxygens. We also preseab initio XANES calculations for
(XANES) spectroscopy is widely used to derive information various Ti-bearing model compounds, made using the high-
on the coordination environment of tetravalenfTT{IV)] in order multiple-scatteringMS) codes FErF6 (Ref. 6 and
structurally complex oxide materials, such as titanosilicaterEFr7 (Ref. 7), which agree well with the observed spectra
glasses and melts* However, a quantitative understanding and provide a scattering-theoretic interpretation of the ex-
of the influence of coordination and disorder on XANES perimental spectra. We propose a method for determining Ti
spectra is lacking. In particular, the height of Ti pre- coordination numbers from pre-edge peak data that is based
K-edge features has been shown to be related to the georn the observed variation of pre-edge position and height as
etry of Ti-oxygen polyhedra, particularly Ti coordination a function of Ti coordination. Our experimental observations
numbert~> However, a quantitative understanding of the in-suggest that the XANES region is highly sensitive to disor-
fluence of coordination and disorder on XANES spectra igder in the short- and medium-range environment of Ti. A
lacking. Many previous Ti XANES studies have focused onscattering-theoretic interpretation of these results together
oxide and silicate compounds in which(IM) is fourfold or ~ with a general discussion of the effects of disorder is also
sixfold coordinated;®> whereas Ti-bearing silicate glasses given. Finally, an application of these methods to crystalline,
contain significant amounts of fourfold and fivefold coordi- radiation-damaged, and glassy CaTiSi&hd to glassy and
nated T{IV).}™* All three Ti coordinations in aperiodic molten K;TiSi,O; is presented.
oxide-type materials can be detected using XANES only if
the va_riati_on c_Jf the Ti pré<-edge featl_Jres as a function o_f Ti Il EXPERIMENT
coordination is well understood. This can be accomplished
through a combination of experiment and theory, involving The various TilV)-bearing model compounds examined
collection of XANES spectra for a large set of well- in this study are listed in Table I. More detailed information
characterized oxide model compounds representative of then their crystal structures and synthesis protocols can be
coordination chemistry of TiV) and theoretical simulations found elsewherd. These model compounds contain the
of such spectra to provide a quantitative understanding ofi(IV) coordinations found in Ti-containing oxides and sili-
their variations. cates, including fourfold, fivefold, and sixfold coordinated
In this study, we report high-resolution TK-edge Ti(IV).
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TABLE |. Pre-edge data for Ti-containing model compounds.

Pre-edge data

Ti Position Normalized FWHM Peak

coordination (ev) height (ev) area
Nij gTig.704 4 4969.6 0.94 0.8 1.2
Niy 4Tig.7Sip 0504 4 4969.5 0.60 1.1 1.0
B-Ba,TiO, 4 4969.4 1.00 0.8 1.2
a-Ba,TiO, 4 4969.5 1.00 0.8 1.2
CsAITIO, 4 4969.7 ~0.9 ~0.8 ~12
Rb,TiO; 4 4969.6 1.00 0.8 1.2
KgTis0; 4 4969.7 0.93 0.9 1.3
Y,TiMoOg 4 4969.9 0.74 0.9 1.0
Na,TiO,4 4 4969.6 0.70 0.9 0.9
KNaTiO; 5 4970.6 0.73 0.8 0.8
Ba,TiSi,Og 5 4970.6 0.67 0.8 0.8
S, TiSi,Og 5 4970.5 0.71 0.8 0.8
Ba,TiGe,0Oq 5 4970.6 0.65 0.8 0.8
Na,Ti4Oq 5 4970.5 0.43 1.1 0.8
K,Ti O 5 4970.6 0.45 1.1 0.8
Rb,Ti,Oq 5 4970.5 0.47 1.1 0.8
K,Ti,05 5 4970.6 0.51 11 0.8
r-Tio, 6 4971.6 0.22 1.3 0.4
a-Tio, 6 4971.5 0.17 1.3 0.3
CaTiO; 6 4971.6 0.11 1.4 0.2
BaTiSi;Oq 6 4971.2 0.04 1.4 0.1
KNa,LiFe,Ti,SigO,4 6 4971.1 0.32 1.3 0.6
FeTiO, 6 4971.7 0.22 1.4 0.5
CaTiSig 6 4971.4 0.18 1.3 0.4
TiZrO, 6 4971.1 0.21 1.3 0.4
Cay(Ti,Zr)»(Si,Al,) 04, 6 4971.2 0.15 1.3 0.3
Error +0.1 +0.05 +0.1 +0.1

&These are estimates. More quantitative values are not possible because of interference from,treel@s

Ti pre-edge andK-edge (4966 eV} spectra for model background absorption. The pre-edges were then normalized
compounds were collected in the transmission mode at thfor atomic absorption, based on the average absorption coef-
LURE facility (Laboratoire pour I'Utilisation du Rayonne- ficient of the spectral region from 5050 to 5200 &fter the
ment Electromagnigue, Orsay, Frangeon beam station main-edge cregt Pre-edge informatiorfabsolute position,
EXAFS4. The DCI storage ring was operating at 1.8 GeVnormalized height, half-width, and peak area, Tablevas
and 100-300 positron current. A $811) double-crystal extracted from the normalized pre-edge spectra by fitting
monochromator(detuned 60% to eliminate most of the Lorentzians to these features.
higher-energy harmonitsnd a 0.3-mm vertical slitbefore
the monochromat@rwere used to ensure high-resolution
data (0.05-eV steps, energy resolutieal.2 eV at 5 keVW).
The monochromator energy calibration was checked be- XANES spectra were calculated using ttad initio
tween each spectrum using a Ti metal foil to provide energymultiple-scattering code&err (Ref. 6 (versions 6 and )7
reproducibility of =0.05 eV in the experimental spectra. which we refer to asFerr This code is based on the
X-ray absorption fine structureXAFS) data for all Ti model multiple-scattering expansion in a system with spherical
compounds were collected under a vacuum of*18tm to ~ muffin-tin potentials and uses the extended continuum ap-
minimize hydration. Helium gas was used in the incidentproximation to treat all XANES features in terms of the scat-
beam ionization chamber, whereas the transmitted beam iotering of continuum photoelectrons, including those usually
ization chamber was filled with Ar gas. Samples were pre-ascribed to bound electronic transitions. Such “bound-state”
pared by deposition of powders of these materials on kaptotransitions(for example, the §4—3d transition attributed to
tape(thicknesses of 20—5am for an absorbance @f~2 at  the pre-edge feature of R XANES spectraare represented
5 keV; the edge jump was between 0.5 and).1.5 in this formalism as continuum resonances that can be ap-

Pre-edges were normalized in absorbance by fitting th@roximated by a suitably large number of scattering events
spectral region from 4850 to 4950 gthe region below the along the same localized pattesg., the path of order 4 of a
pre-edge using a Victoreen function and subtracting this asTiO, tetrahedron: Fi-O—Ti—O—Ti). Such a formalism

Ill. THEORETICAL CALCULATIONS
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can only represent sharp continuum resonances when the M8aller factors. In practice, we have found that convergence
expansion converges rapidly and hence the method can fé# often better than that predicted by this estimate, possibly
when the broadening effects of core-hole lifetime, inelasticdue to random phase cancellations between high-order MS
losses and Debye-Waller factors are all negligible, e.g., negsaths. We found that the two optioAsEOLP andCRITERION 0

the edge in lowZ materials such as Si. The high-order MS o are crucial for calculating XANES spectra in these materi-
approach has several advantages compared to the full M&8ls that agree quantitatively with the experimental spectra.
calculation, in particular, the ability to treat very large clus-We therefore suggest their use for oth€rand L,, edges
ters over a large energy range, including disorder on a pathe.g., Cr, Co, Ni, Zr, Pt, U Indeed, this finding suggests that
by-path basis. This approach can also identify the importanthnuch smaller cutoff criteria may be desirable for general
geometrical paths that contribute to a specific featureXANES calculations, especially for aperiodic systems that
whereas it is difficult to make such attributions using a fulllack significant path degeneracies. Default values for the
MS approach. Remarkably, convergence of the MS exparnBebye-Waller factors associated with each calculated path
sion is often sufficiently rapid that this finite MS approachwere used(i.e., zerg because of the absence of Debye-
can provide a quantitative interpretation of edge-feature poEinstein temperature information for the systems studied and
sitions and strengths in a wide range of materials. The atomithe small effect of disorder on the absorption coefficient in
cluster used to model the TK XANES spectrum and to the near-edge region. Thus, these calculations underestimate
simulate the important MS paths responsible for the XANEShe broadening effects due to thermal and structural disorder
may be either a large clustge.qg.,(TiO)O,Si,K,] or a small  and give extended fine structufBXAFS) amplitudes that
cluster embedded in a larger onge.g., (TiIO)O, in are too large compared with experiment. We discuss the ef-
(TiO)O,SisK,]. The coordinates of atoms in each cluster arefect of structural disorder on TK XANES spectra later in
taken from crystal structures of Ti compounds derived fromthe paper.

x-ray-diffraction data. In either case, the scattering potential The approach we have taken considers only MS involving
is that of the larger cluster, which is chosen to be represershort- and medium-range structure together with a carefully
tative of the solid. We obtained the best results using thehosen potential. Construction of the potential, which in-
default Hedin-Lundqvist self-energy together with an addectludes choosing an appropriate molecular cluster without un-
constant energy shift, with a real part of 4 eV and an imagiphysical surface effects, and reduction of the effects of
nary part of 0.5 eV to account for the errorfarr estimate  muffin-tin potential discontinuities and the errors due to the
of thresholdE,, which is based on the Fermi energy of aflat potential in the interstitial regions, are all crucial ele-
free-electron gas and instrumental broadening, respectivelyents of thererr calculation. We feel that this step can be
(" EXCHANGE 0 4 0.5" option). All muffin-tin radii were auto- more important in successful simulations of near-edge and
matically overlappedby ~20%; “AFOLP” option) to re- XANES spectra than consideration of MS for long paths.
duce the effects of discontinuities in their overlap regionsintuition suggests that incoherent MS along most long paths
and to give a better molecular potential for materials withwill result in very low-amplitude spectral features, whereas
highly inhomogeneous electron density distributions, whichcoherent MS, e.g., from repeated paths, can be important.
is appropriate for the compounds studied here. In additionf-urthermore, we know very little about the effects of disor-
we have found it desirable to include in the calculations allder of long scattering paths that extend outside a cluster and,
MS paths up to order-8 scatterers, with a maximum effectivaherefore, cannot accurately describe Debye-Waller factors
path length of 7 A(* CRITERION 0 0" and “RMAX 7" op- for such paths in a full MS calculation. Ti in the model
tions), rather than the usual path filtersABFF, which ignore  compounds and aperiodic oxides examined in this study is
low-amplitude paths. The order of MS needed for converdocated in sites with short-range tetrahedral, square-
gence is roughly determined by the criterion thatpyramidal, or octahedral symmetry. Thus a calculation in
(|ferlexp@kR—R/N)/KR) is small, and hence is determined by which one considers only high-order MS in a small cluster,
the magnitude of scattering, mean free paths, and Debysvith the small cluster embedded in an appropriately chosen
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larger cluster needed to accurately describe the potential, is
both more efficient and more physically realistic than full
MS of a large cluster.

1.0
|

IV. PRE-EDGE FEATURES IN Ti OXIDES

A. Fourfold, fivefold, and sixfold coordinated Ti
in crystalline oxides

Figure 1 shows a selection of K-edge spectra from
model compounds in which Ti is located in sites coordinated
by 4, 5, or 6 oxygens. The Ti pre-edge features are located
~18+ 3 eV before the main-edge crest. These features are —
commonly attributed to transitions from Tkslenergy levels .
to bound Ti 31 (or O 2p) molecular orbital$:®° In this edp o
picture the. transitions are discrete, with broadenmg due' to <1969 ! 49'70 ! 49'71 4972
core-hole lifetime and instrumental resolution. Here we dis-
cuss these spectra from an equivalent scattering-theoretic
interpretationt’ which is more like a band-structure ap-
proach where the molecular levels broaden into continuous FIG. 2. Normalized pre-edge height vs energy position for Ti
energy bands. Indeed it has been shown that the MS expaﬁ_-pre-edge features in model compounds listed on Table | showing
sion is equivalent to a Koringa-Kohn-Rostoker band-three domains for fourfold, fivefold, and sixfold coordinated Ti.

structure calculation, provided it convergeédhe scattering- ) i .
theoretic picture takes into account the self-energy of the AS We discuss below, our scattering-theoretic interpreta-

photoelectron, which gives additional broadening due to thdion can explain quantitatively the influence _qf coordination
finite mean free path and also accounts for the effect of struc@"d disorder on pre-edge featuresiergy position and nor-
tural disorder on the near-edge spectra. Using this approac12lized height In order to support this interpretation, we
most of the pre-edge behavior can be attributed to MS efp_resent a comparison between experimental and theoretical
fects, since the atomiclike absorption from the central(i-€- MSFEFFsimulated pre-edge spectra, ,
muffin-tin potential is smoothly varying above the muffin-tin N @greement with previous studies;"**the experimen-
potential zero. For TK-edge absorption, the destructive in- [@! Pre-edge features ar-el‘ou-nd to have the greatest height for
terference from the nearest-neighbor oxygens produces fgurfold coordinated Ti,! ]T' model compoundge.g., as
large dip in the spectra just beyond threshold. Here we iderigh as 100% of the edge jump in RBTIO; In our exper-

tify threshold as the Fermi enerdwhich is determined by Ments, and they are shifted to lower energies by 2 eV com-
overall charge neutralilyor the lowest unoccupied final Pared to!®/Ti coordination. For example, the pre-edge for
state. The Fermi energy defines the onset of absorption, sinée Bag 'TiO, is shifted by—2.2+0.1 eV compared to rutile
absorption of x rays by electronic transitions to occupied
final states is forbidden. Thus the Fermi energy lies below
both the pre-edge and the main absorption edge. The domi-
nant pre-edge pedlf any) arises from structure in the final-
statep density (p-DOY) just beyond the Fermi energy. Its
origin is likely due to mixing with the unoccupied narrow
d-band states in the pre-edge region. In the Ti compounds
discussed in this paper, the Fermi energy is pinned by these
d states. Because of its narrow width, this pre-edge feature is
analogous to a bound state. In the equivalent molecular or-
bital or ligand field description of this feature, mixing df
andp orbitals is possible when the absorbing atom is not on
a center of symmetry, thus allowing this dipole transition.
The pre-edge is therefore controlled by both the location of
the Fermi energy and the nature of theDOS. One poten-
tially confusing point in the comparison of band theory and
molecular orbital descriptions of this “bound state” transi- NN
tion for insulating compounds like those we are considering 4950 5000 5050 5100

is that the Fermi level lies at an energy just below the first ENERGY (eV)

pre-edge feature. It is possible to have quasilocalized states

just above the Fermi level in which the electron is essentially F|G, 3. Results oferFMS calculations of TK XANES spectra
bound, but which also allow the electron to hop from centefior [4ITi0,, (®Ti0)0,, and [67TiOg units in B-Ba*TiO,,

to center and eventually escape to the continuum. SucBa/5HTiSi,0, and B&!TiSi;0, model compounds, respectively, us-
quasilocalized states in the band theory description wouléhg paths of orden<8. In each calculation, the small clusters were
correspond to bound states in the molecular orbital descripembedded in larger clusters representative of each crystal structure
tion. (see Table ).

NORMALIZED HEIGHT
0.5
|

ABSOLUTE POSITION (eV)

TiO, (B-Ba,TiO,)

(Ti0)O, (Ba,TiSi,O)

TiOg (BaTiSi;0)

NORMALIZED ABSORBANCE
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FIG. 4. Comparison of the measured pre-edge features i Ti E
XANES spectra of [(ITi (as Y/*TiMoO,), [DBITi (as g 0.
Ba°ITiSi,0g), and [ITi (as [®1TizrO,) with a pre-edge spectrum 4

simulating a 50:50 mixture of*ITi and [?1Ti (as Y,/ TiMoO, and
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[61TizrO,, respectively. 0.7 p—— J

0.6 mixture +1*
(r-181Ti0,). Pre-edge energies and heights f8fTi model os T K
compounds fall between the values measured for the other A B R
two Ti coordinations, resulting in three well-separated 04 | ° 10 b o
[41Ti, [51Ti, and [®ITi domains in the plot of pre-edge ener- 03 P
gies versus pre-edge heiglftig. 2). ’ :;f %&

Ab initio FEFF XANES calculations were performed for
typical TiO,, TiOs, and TiQ clusters found in selected Ti-
model compoundgFig. 3). These calculations are in general
agreement with those of Paris and co-workémsho used a 0.0
full-MS code (CONTINUUM?). This agreement suggests that 4966
the paths approach @EFFis a good approximation of full ENERGY POSITION (eV)

MS theory, at least for fourfold and fivefold coordinated

Ti(IV) bearing oxidegsee the rutile section below for a dis-

cussion of the case of sixfold coordinated!Vi)]. However, FIG. 5. Pre-edges collected for mixtures of Ti coordinations.
a major difference between the Pagisal. study and this one  Left: [/Ti and [*ITi assuming Ni*Tio 0, and [*ITizrO, end

is that the present study is more successful in modeling thﬁ‘eg‘]b_ersi middle:"ITi and [*ITi assuming \ﬁ[[gT'_Moos and
intense pre-edge feature for fivefold coordinated Ti in aB& “TiG&O; end members; right:>Ti and i assuming
square-pyramidal polyhedron, a result that is consistent witl2 ° TiSizOg and [/CaTiSiQ, end members.

experiment(see Fig. 1; KNaTi@ or BaTiSi,Og, which has
Ti in such a geometdy Our calculations indicate thaf/Ti
has~2.5 times greater pre-edge height tH&HTi, which is The use of either position or normalized peak height alone
in the same direction as that observed for model compound§ Nnot sufficient to derive reliable coordination numbers for
but higher by~ +40%. These calculations also indicate thatTi when it is present in several coordinations. A typical ex-
the pre-edge position is shifted toward higher energies bgmple of possible misinterpretation of pre-edge information
about+ 2 eV when the Ti coordination increases from 4 to 5,1s shown in Fig. 4. The pre-edge feature for a 50:50 mixture
which is in the same directiotbut slightly largey as that  of [ITi as Y*TiMoO, and [¢Ti as [®/TizrO, is located at
observed for model compounds-0.8 to +1.1 e\). The 4969.9 eV, which is close to that fof1Ti and inconsistent
shift in pre-edge position appears to be associated with with that expected fof®!Ti, whereas its normalized height
shift in the Fermi energy with increasing coordination of the(0.56) suggests the presence[8fTi. However, the pre-edge

Ti. The differences between predicted and experimental preposition is inconsistent with that for°!Ti. To understand
edge height and position are not unexpected given the broathese effects better, an extensive set of pre-edge spectra of
ening effect of the Ti core-hole width=0.8 eV for the Ti  mixtures of model compounds with fourfold, fivefold, and/or

K edge plus instrumental factordype and mosaic spread of sixfold coordinated Ti was collected and compared to theo-
the monochromator crystals, source size, slit heights, beametical simulations(Fig. 5. Based on these results, a sum-
instabilities, etg. and also uncertainties in the scattering po-mary of pre-edge information for various mixtures of Ti co-
tentials used in the calculations. ordinations is presented in Fig. 6. This survey suggests that if

4968 | 4970 | 4972

B. Pre-edge features for mixture of Ti coordinations
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FIG. 8. Comparison of the experimental TK-edge

D I B L R B M XANES (left) and XANESHEXAFS spectrum (right) for

4969 4970 4971 4972 Ni, J4Tiy -0, spinel. Top: experimental spectrum; middle:
ABSOLUTE  POSITION (eV) theoretical spectrum n<=8) calculated for a large -cluster

("1TiO4Ni1,04,Ti,01Ni,Tig,);  bottom: theoretical spectrum

FIG. 6. Plot of normalized height vs energy of the Ti pre-edge(n<8) calculated for d*TiO, cluster embedded in the previous

feature showing the predicted values for different mixtures betweemluster.

fourfold, fivefold, and sixfold coordinated Ti.

(=

V. Ti K-EDGE XANES CALCULATIONS

one considers only the pre-edge position, an underestimation FOR SELECTED MODEL COMPOUNDS

of Ti coordination number is likely. In contrast, use of the  Ti K XANES spectra were modeled fq!B-Baz[4]TiO4

normalized height alone may lead to an overestimation of T{Fig. 7), Ni,d*Ti,-O, (Fig. 8, KJ°ITi,0s (Fig. 9,

coordination number. Using both parameters, determinatioBa,°/TiSi,Og (Fig. 10, and rutile (r-TiO,; Fig. 11) using

of Ti coordination number in oxide compounds is muchFerr Table Il contains structural data used in calculating the

more reliable and robust, even for mixtures of different TiXANES spectra presented here. Some authors have attrib-

coordinations. It is possible, for example, to distinguish be-uted the first main-edge featuféeatureD in Fig. 7) to a

tween fivefold coordinated Ti alone versus a 50:50 mixturels—4p transition and an associated shake-down efféct.

of fourfold and sixfold coordinated Ti. Others, however, attribute these features to MS of the ejected
photoelectron wave from the central absorbing atom to its
nearest and next-nearest neighbdré® As discussed below,

DEF experiment
Bl Y A° H ¥ D Ep K,Ti,0,
4 Lo < S
< e S G
-~ : N :
g | TiOBay (n<3) S
% ‘ S (Ti0)O K,
< TiO, m<8) 3 ;
e
a =
S TiO, (n<4) §
: S
= TiO, (n=2) S
>
&
S B-Ba,TiO,
TTTTTTTTT I TTTTTTTTT | TTTTTTTTT
5000 5050
ENERGY(eV) I"l!llllllll‘lllll
4960 4980 5000 5020 5040
FIG. 7. Comparison of the experimental KiXANES spectrum ENERGY (CV)

for B-BaITiO, with theoretical spectra fromerFMS calculations

on TiO, and TiQBgg clusters. In the small cluster calculations, the

TiO, unit was embedded in the larger cluster, which is representa- FIG. 9. Comparison of the experimental KiXANES spectrum
tive of the medium-range environment around Ti in this crystalof K,°ITi,Os with theoretical spectra fronkerr calculations on
structure. Calculations for the TiOunits were done fom=2,  (®Ti0)0, and (*ITIO)O,K,, clusters. As for the spinel, the
n<4, andn<8, which represent the order of scattering paths con{"°!Ti0)O, cluster calculation was carried out with the smaller clus-
sidered. The calculation for the TiBag cluster was fon<8. ter embedded in the larger K-containing cluster and with8.
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FIG. 11. TiK-edge XANES spectra calculated for rutile. Left:
XANES calculations for selected clusters around the absorbing Ti.
Except for the pre-edge region, which requires a full MS calculation
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these physical interpretations are not fully equivalent, and
the results of theerrF simulations verify quantitatively the
validity of the MS viewpoint.

A. B-Ba,l*Tio,

The calculated TK XANES spectrum for3-Ba,*ITiO,
(using a 13-atom clustef*1TiO,Bag, derived from an x-ray
crystal structure analysf®;see Table I agrees well with
that measured experimentalllyig. 7). The two pre-edge fea-
tures (A and B) are reproduced at the correct positions
(within =1 eV of the experimental valugdeatureC in the
experimental spectrum is not clearly resolved in the calcu-
lated spectrum and appears to occur on the low-energy side
of featureD in the calculated spectrum. Two main-edge fea-
tures(D and E) are present in the calculated spectrum. In
fact, in FEFF calculations for the sam&TiO,Bag cluster in
which only the paths for the Tittetrahedron are considered
(Fig. 7), featureD has a low height. In contrast, the second
main-edge featureK) is similar in both calculations and is
due to single and MS involving principally the Ti-O pairs.
The weak featur& is not reproduced in the calculated spec-
trum for a 13-atom cluster around Ti jB-Ba,/*!TiO,.

Consideration ofFerF calculations for the TiQ cluster
embedded in the larger TiBag cluster using successively
larger scattering ordef® =2, n<4, n<8) (Fig. 7) provides
additional insight about the origin of the different edge fea-
tures. Ordem=2 corresponds to a H#O—Ti single scat-
tering path in which the photoelectron leaves the central Ti,
travels to a first-neighbor O, then is scattered back to the
central Ti. Ordem=4 corresponds to a MS path with up to
four scattering legs along a HO—Ti—O—Ti path within
the tetrahedron(scattered two times by O first neighbbrs
Thus, the spectrum for ordems<4 is the sum of the spectra
for orders 2, 3, and 4. A calculation that contains MS paths
up to order 8 for the larger Ba-containing cluster shows that
the eight second-neighbor Ba atoms around the central Ti are
responsible for featur®, and that they contribute signifi-
cantly to the intensity of featur®. These calculations also
show that the scattering path of order 2 contributes very little
to the pre-edge feature, whereas the scattering paths of
<4 and n<8 give most of its intensity(especially, the
4-order path @Ti=0).

B. Nipd*Tig 0,
This cation-excess spinel contains fourfold coordinated

(Ref. 19, the_ XANES and EXAFS regions can be reproduced rela-Tj 21 gecausererr calculations for TiQ units have already
tively well using only 59 atomécluster up to 5.5 A from the central been discussed fg8-Ba,TiO, in the preceding section, only

Ti). Note the presence of the three edge crests, inclu@ihgvhich

is related to high-order MS paths with an effective distance nea
125 A. The features are reproduced in position to within

+0.7 eV of the experimental values. Right: Temperaitiop four
spectra and polarization(bottom two spectiadependences for
rutile. Experimental scan&op two spectrawere collected at 300

(gray) and 1450 K(black) at SSRL using a high-temperature fur-

a few of the details will be discussed here. A large cluster of
heighboring atomgup to 78 atoms around the central Ti;
Table 1l) was necessary to account for the numerous XANES
features of Nj {*ITi, ;0, (because of the high degree of sym-
metry around Ti in thissd3m structuré?. The calculated
spectrum is in excellent agreement with experimging. 8).

nace working in the fluorescence detection mode. The calculatellOSt of the XANES features are due to scattering from next-

spectrabottom foup reproduce the variation @1 andC2 (among

nearest neighbors, whereas the coordination sphere of Ti

others in intensity and position for different temperatures or polar- (TiO4 cluste) contributes essentially only to the pre-edge.
izations. Experimental data and information for the polarization de-This calculation shows that combined initio XANES and

pendence of rutile at the TK-edge can be found elsewheiRef.

27).

EXAFS calculations can now be performed, which allows
one to predict the full x-ray absorption fine structure spec-
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TABLE Il. Atomic clusters used for TK-edge XANES calculations.

B-BalITio, Ni, d4Tig 0, KLPMi,05 Ba,°ITiSi,0g r-L8ITio,
Pair dA) Pair d @A) Pair d A) Pair d @A) Pair d @A)
Ti—O 1.766 T—O 1.833 (x4) Ti=0 1.585 (x1) Ti=0 1.698 (x1) Ti—O 1.95 (x4)
Ti—O 1.812 Ti—Ni 3.457 (X12) T—O 1.906 (x1) Ti—O 1.970 (x4) Ti—O 1.98 (x2)
Ti—O 1.817 Ti—O 3.462 (x12) Ti—O 1.988 (x2) Ti—Si 3.357 (x4) Ti—Ti 2.96 (X2)
Ti—O 1.836 Ti—Ti 3.611 (x4) Ti—O 1.990 (x1) Ti—O 3.513 (x1) Ti—O 3.49 (X 8)
Ti—Ba 3.148 T+O 4525 (x12) Ti—K 3.583 (X2) Ti—O 3.780 (x4) Ti—Ti 3.57 (X8)
Ti—Ba 3.373 Ti—Ni 4544 (x12) Ti—K 3.612 (X1) Ti—Ba 3.976 x4) Ti—O 4.08 (X8)
Ti—Ba 3.434 Ti—Ni 5.416 (X10) Ti—K 3.660 (X2) Ti—Ba 4.211 K 4) Ti—O 4.52 (X8)
Ti—Ba 3.554 TTi 5.896 (X12) Ti—K 4.064 (X2) Ti—Ti 5.210 (X2) Ti—Ti 4.59 (X4)
Ti—Ba 3.578 T—K 5.208 (X 1) Ti—Si 5.446 (< 4) Ti—O 4.61 (x4)
Ti—Ba 3.634 T—K 5.243 (X 2) Ti—Ti 6.029 (X 4) Ti—O 5.40 (X 8)
Ti—Ba 3.817 TiK 4.064 (X2) Ti—Si 6.099 (x4) Ti—Ti 5.46 (X8)
Ti—Ba 4.315 TSi 6.296 (X4) Ti—Ti 5.50 (X 8)
Ti—Ba 4.600 Ti-Ba 6.400 (x4)

Ti—Ba 6.549 (x4)

Ti—Si 7.470 (x4)

trum. Again, the amplitude discrepancies are due in larg&EXAFS region is well predictedH and ). However, the

part to the neglect of Debye-Waller factors.

C. K,BMiL,0;

The theoretical spectrum generated fos°RTi,05 using
an 18-atom clustexTiO)O,K 1, with the same structure as in
the bulk crystaf? shows good agreement with the observed
spectrum(Fig. 9. Here again, the maiK-edge peak inten-

sity is due mainly to MS among nearest-neighbor oxygens

but MS involving second-neighbor K makes important con-
tributions to feature®, D, E, F, andG, which appear to be
diagnostic of the presence of K in the second shell around T
Detailed examination of theerr calculation suggests that
featuresD, E, and F are related to MS along triangular
Ti—0—K—Ti paths in KITi,Os. Also present in the cal-
culated spectrum of JCITi, O is featureG, which is ob-

served in the experimental spectrum. The path amplitudes

generated byEFF show that featurés is due to MS paths
involving the more distant K ions in the 18-atom cluster.

D. Ba°ITiSi,04

Ab initio XANES calculations were performed for this
compound (known as “fresnoite’), based on the crystal
structure reported by Markgradt al?® In the experimental
spectrum, a large number of features can be obse(ed
throughl, Fig. 10, similar to the spinel previously studied.
In this compound, TiV) is fivefold coordinated and located

edge crest is not well reproduced in detail, especially the
splitting between featureE and F. That splitting can be
obtained in the calculated spectrum by using a larger cluster
around Ti(52 atom$, resulting in a calculated XANES spec-
trum that is closer to that measured experimentally. The clus-
ter results in XAFS contributions arising mostly from Ba
next-nearest neighbors at distances of up to 7.5 A with
smaller contributions from Si and Ti. The third-neighbor
oxygens at distances ab®® A from the central Ti contrib-
ute little to the XAFS spectrum. In this calculated XANES
spectrum, some weak features are misssurch as, e.g., a
Small feature between featurBsandE), which is probably
due to an insufficiently large cluster.

E. r-L8ITiO, (rutile)

Rutile (r-TiO,) has been the subject of numerous experi-
mental and theoretical x-ray-absorption near-edge studies.
The Ti K XANES spectrum of rutile is complex, with three
predgedfeaturesA1—-A3 in Fig. 11, and three edge crests
(featuresC1—C3), which were relatively poorly predicted in
past studies. Different explanations of the three pre-edges
have been published; we will consider here only the most
recent interpretations, excluding the earlier excitonic model
for the first pre-edge featuf8 Ruiz-Lopez and co-workef3
have interpreted these pre-edges by suggesting thap the
orbitals of the absorbing Ti can be mixed with ttherbitals

in a square pyramid environment with one short doubleof the neighboring Ti atoms. In their view, the pre-edge fea-

Ti=O distance(called “titanyl” with a bond length of
1.70:0.01 A) and 4 longer F—O bonds (length of
1.97+0.01 A, Table 1), forming a(Ti=0)0O, polyhedror?®
Using only the first oxygen neighbors around Ti, only the
pre-edge featureX), the two edge cres{€ andF), and the
first maximum of the EXAFS signdH or |) are reproduced

ture is due to transitions to this mixgdd orbital. Wu and
co-workers’ suggested that the first and second pre-edge
features are due to dipolar transitions from Etb t,4 and

€y levels(first and second pre-edgéhe third pre-edge fea-
ture is thought to represent a transition tp kevels of the
absorbing Ti. Based on experim&hand/or calculation$°

in the calculated XANES spectra. If the cluster is extended t@ther authors suggested that the first pre-edge may be due

the next shell of neighboring atoms around (faur Si and
eight Ba: Table I), the general shape of the XANES is ob-
tained (featuresC, D, F, andG) and the beginning of the

mostly to quadrupolar transitions tg, levels of the TiQ
octahedron. In this model, the second pre-edge is attributed
mostly to 1s to 3d dipolar transitions to thé,, orbital of the
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neighboring octahedra around the octahedron containing the
absorbing atom. The third pre-edge is attributed to another
dipolar transition to they orbital of the neighboring octahe-
dra.

The three edge crests have not been reproduced
accurately'® particularly featureC1, except in the calcula-
tions of Aifa and co-workers? who succeeded in reproduc-
ing this feature using a 290-atom cluster and the XAFS-
Rostock cod® as well as those by Wu and co-workkrs
(feature labeledD 1 in their work. Here, we presenterr
calculations using a smaller clust@mp to 59 atomsfrom a
recent crystal structure refinement of rufifewhich repro-
duce the XANES and the EXAFS regions. In our calcula-
tions for rutile, we found that MS contributions out to effec- e =
tive distances of 15 A from the central atom are extremely 4950 5050 5150 5250
important. Therefore, a very large number of pathwre ENERGY (eV)
than 5<10° on the averagehave been taken into account
(fortunately, due to the symmetry of rutile, this number de- 5 15 T K-edge XANES spectra collected for various
generatgs to a few hundred thou'sand paths a result, the samples of CaTiSigXtitanite) with variable degrees of aperiodicity:
calculations presented here require large amounts of RAM ¢rystalline (solid lines, radiation-damaged(metamici (dotted
~100 Mbytes, at leastbecause some of theerF internal  |ines), and glassythick solid lines. The loss of long- and medium-
parameters need to be adjusted so that all paths up to 15 A jange order broadens the edge crest significantly, while the pre-edge
effective distance are includéthe most important parameter shifts to a position and a height that are typical of mixtures of
is nheap, which must be set to X80F). sixfold and fivefold coordinated Ti. The insets show the overlapped

Figure 11 shows the results obtained for the pre-edgedge crests in order to illustrate the absolute differences in intensi-
(left) and the XANES(right). A calculation involving only ties among the different samples studied.
the TiQ; octahedron reproduces only a portion of the third

edge crest€3). The second edge cresi) appears when o, arq higher energies by 1.65+0.09 eV(when compared
O and Ti third neighborseight Ti and eight O at approxi- 1, &a) which is again consistent with experimdtte shift
mately the same distance;3.56—3.57 A from the central of C2 from elc to gla was observed to be 1.8%.08 eV
Ti) are included in the cluster. The first of the three edge(Ref' 28],

crest (C1) does not appear until at least 59 atoms are in-
cluded in the clustefcluster diameter of 5.5 A Feature
C1 is, therefore, related to the presence of O and Ti next- VI. XANES AS A MEASURE
nearest neighbors around {Eee Table I, which make sig- OF MEDIUM-RANGE DISORDER
nificant MS contributions of order 4 with an effective dis-
tance between 11 and 13 Aerr calculations not including

CaTiSiO, s glassy

NORMALIZED ABSORBANCE

A. Effects of disorder on XANES

such high effective distance contributiorise., those in In general, the intensity of the dominant main-edge peak
which theFerr default nheap parameter is ugednnot re- in ordered materials appears to be greater, relative to the
produce featur€1 (cf. Ref. 18. edge jump, than in disordered materials of a given composi-

The accuracy of theseerr calculations can be further tion. The reason for this can be understood in terms of both
tested by examining the polarization and temperature depenhe effects of disorder and tfesum rule?® The f-sum rule
dence of these models in comparison with experin{Big.  implies that the total absorption integrated over all energies
11, righy. When the electric field vectoe of the incident and absorption edges is a constant independent of the nature
x-ray beam is parallel to the axis of the rutile crystal struc- of the final state. Thus, disorder typically broadens spectra
ture, feature® and C are strongly enhanced relative to the without altering the overall integrated strength. Two effects
unpolarized spectruif Also, the energy position of feature are important for the main edge in disordered materials. One
C2 is shifted to higher energies byl eV compared to the is the statistical variation in edge position among various
unpolarized spectrum. In contrast, featulsand C1 are  absorption sites due to disorder, i.e., the variation in the
very weak andC2 is shifted toward lower energies wheiis  thresholdE, in the absorption coefficient. This effect leads
parallel to thec axis. We have measured Kiredge XANES to a broadening of the EXAF&vhich can be included by an
spectra for rutile up to 1450 Kincreasing temperature to additional imaginary parE; to the potentig] and can also
1450 K results in a relatively strong decrease in the intensihave an appreciable effect at the edge. The second is the
ties of feature<C1 andC3 relative toC2 (see Fig. 11, right, well-known Debye-Waller-like damping of the magnitude of
whereC1 is no more than a shoulder at high temperaturehe XAFS oscillations with respect to the smooth atomiclike
instead of an edge crgsfThese observed polarization and backgroundu,. This second effect is due to random phase
temperature dependences can be reproduced adequately decoherence among each set of closely similar MS paths,
ing FEFF. For exampleC1 is predicted to decrease in inten- which in general[cf. the GNXAS interpretation of XAFS
sity whene is parallel to thec axis or when temperature (Ref. 30] gives each such set a Debye-Waller factor
increases, which is consistent with experiment. Also, usindexp(2kR))=exd —W(k)]. Here, R is the disorder-induced
the same polarization settin@,2 is predicted to be shifted fluctuation in the effective or half-path lengkfor a given
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N-leg path defined by position vectorB;,R,,...,Ry, have successfully modeled these spectra usingthanitio
W(k) is a generalizedusually complex function, and the multiple-scattering codeerr. This combination of experi-
brackets refer to a configurational average. For large disoment and theory has allowed us to develop a scattering-
der, the functionW(k)==,(2k)"o("/n! has substantial theoretic interpretation of the experimental spectra in terms
contributions from third and higher cumulante™. This  of the types and numbers of atoms and scattering paths that
leads us to propose a principle of disorder-induced XANEScontribute to each spectral feature. A major conclusion of
broadening that also takes into account the variatioBo&t  this study is that a high-order MS calculation of XANES,
the edge(which can be represented as a comdigx and is  using a finite number of paths, provides a quantitative de-
thus more general than Debye-Waller damping alone. Ascription of Ti K XANES spectra, including the pre-edge
good illustration of this proposed principle is seen in theyggion, Thus full MS calculations of XANES spectra are not
comparison of TiK-edge XANES spectra for crystalline, yays essential, although in certain cagesy., the TiK
radiation-damaged, and glassy CaTiSiOFig. 12. e edge of rutily they may be required. We have success-
Radiation-damaged =~ CaTiSiO is naturally —occurming )y tested these models using additional experimental data
( metam|ct_ titanite”) and is partially aperlod|c_ b_ecause of collected either on mixtures of different Ti coordinations or
alpha-recail damage due to the F’?Cﬁy of aciinide eIememﬁANES data collected at different temperatures or as a func-
(Th and U over hundreds of millions of yeafs.Glassy .. . )

tion of polarization with respect to thevector of the x-ray

CaTiSiQy is a fully aperiodic modification, quenched from : . .
an high-temperature melt. From Fig. 12, it can be seen thé%eam. An experimental protocol is presented for extracting
' coordination information from Ti pré&-edge features. Spe-

the Ti K-edge XANES features are narrower for crystalline ™" " .
CaTiSiQ, compared to its radiation-damaged counterpartCifically, both the pre-edge position and height must be con-

The glassy CaTiSiQ sample shows the most broadenedSidered in determining Ti coordination environments in ox-
XANES features, which is consistent with a loss of period-ide compounds. In addition, a specific protocol is presented

icity in the medium-range structural region around Ti due tof0r FEFFXANES calculations at the TK edge in these com-
the glassy state. This correlation between the degree ¢founds. One crucial step in this protocol is limiting the num-
medium-range structural order and the intensity of the mairPer of low-amplitude paths in the XANES calculation be-

absorption edge is consistent with the above principle. yond the original default recommended for calculations of

EXAFS spectra. A comparison of band theory and

B. Application: XANES analysis of structural disorder molecular-orbital theory interpretations of Ti pre-edge spec-
around Ti in glassy and molten K,TiSi,O- tral features is made, which illustrates their equivalence.

Application of these protocols to aperiodic titanosilicate
compounds, including radiation-damaged materials, titano-

pounds is to titanosilicate glasses and melts where the loc licate glasseg, _and h|gh-tem.perature' titanosilicate melts,
environment of Ti is not well known and the presence of TiS owed that orlglnal. structural mform.atl'on can pe extracted
is known to cause significant changes in physical propertief0m the XANES region even when this information may not
such as viscosity and heat capacity. For example, recerlil_e accessible in the EXAFS region. A method for esUm_atmg
studie$? of the heat capacity of FiSi,0; glass near the disorder from XANES spectra is presented and applied to
glass transition temperatut&,, between 500 and 1000)K CaTiSiQ; in crystalline and radiation-damageéperiodi¢
show positive anomalies that have been attributed to possibf@rms. Manifestations of these disorder effects, beyond the
changes in Ti coordination numbekb initio XANES calcu-  normal Debye-Waller damping, are phase decoherence of the
lations have been performed using atomic clusters conXANES from various scattering paths due to medium-range
structed on the basis of EXAFS information for titanosilicatedisorder and the need for an additional contribution to the
glasses and melt&ollected up to 1650 K These clusters mean free path.

were optimized using bond-valence theory. This strategy has

been presented in another papem this earlier study, we
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