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Raman scattering and X-ray absorption studies have been
performed on nonlinear optical glasses with compositions
xTi0Q,;, yNaPO;, zNa;B,0, (y/z = 0.95/0.05 and x = {} to 42.2%
molar). A model is proposed to explain the progressive modifi-
cations of Raman and XAFS spectra with increasing x. Two
different types of oxygenated sites for titanium have been identi-
fied, in which Ti is respectively six-fold and five-fold coordi-
nated. The rate of five-fold coordinated Ti is increasing with
x, and the formation of Ti-O-Ti-O-... chains with alternating
short and long Ti-O distances have been evidenced for the
highest concentrations of Ti0;. @ 1995 Academic Press, inc.

INTRODUCTION

In the context of a general study of glasses containing
high hyperpolarizable entities, samples of the TiQ,—Na
PO5;-Na;B,O; system have been investigated. TiO, as ru-
tile crystal and Ti0O, containing phosphate and silicate
glasses have already been proven to be highly nenlinear
(1, 2). As a general rule, the nonlinear refractive indices
of the TiO, containing glasses increase with the ratio of
titanium oxide. On the other hand, for the same concentra-
tions of titanium phosphate glasses prove to be relatively
more efficient than silicate glasses (2). In order to increase
the intensity of the nonlinear response, it was of interest
to find a glass matrix with a composition close to the pre-
viously studied phosphate matrix but able to include higher
concentrations of TiO, (2}. As reported by J. F. Ducel
et al., the introduction of a small proportion of Na,B,0O,
(5%) into NaPOs induces a considerable increase in the
glass recrystallization temperature (3). The choice of this
borophosphate glass matrix actually allows one to intro-
duce up to 42.2% of TiQ, and accordingly to improve the
resulting nonlinear optical response of the material (4).

According to Lines, rutile finds its high nonlinearity in
the hyperpolarizability of the Ti-O bond (5). Therefore,
the nature of local environments around titanium atoms
in glasses must be precisely determined in order to make
correlations between the observed titanium sites geometry
and the measured nonlinear response (4, 5).

In this context, this paper reports parallel Raman and
X-ray absorption spectra analysis of borophosphate glasses
with compositions (1 — x)[0.95 NaPQ,, 0.05 Na,B,0O-],
xTiQ, for which x varies from 0 to 42.2% molar.

EXPERIMENTAL SECTION AND DATA ANALYSIS

The glasses were prepared according to a previously
described procedure (4).

A. Raman Measurements

The Raman spectra have been recorded on a Dilor 224
triple monochromator instrument. The 514.5 nm emission
line of a Spectra Physics Model 171 argon ion laser was
used for excitation with incident power around 200 mW.
Detection was made with a Hamamatsu cooled photormul-
tiplier coupled with a photon counting system. The spectral
resolution was about 2 to 3 ¢cm™. The colorless glassy
samples were cut in the shape of parallelipipeds of about
5 X 5 X 2 mm® with carefully polished surfaces.

B. X-Ray Absorption Analysis

XANES and EXAFS measurements. The glasses were
conditioned as finely ground powder and each sample was
weighed and uniformly dispersed between two X-ray trans-
parent Kapton adhesive tapes. In each case the mass of
glass powder had been previously computed to avoid satu-
ration effects and to optimize the signal-to-noise ratio.
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The titanium K-edge EXAFS (extended X-ray absorp-
tion fine structure) and XANES (X-ray absorption near-
edge structure) spectra were recorded at room temperature
at LURE, the French synchrotron radiation facility, by
using an EXAFS Iil spectrometer. The operating condi-
tions in the storage ring DCI were the following: positrons
at energies of 1.85 GeV and intensities of about 250 mA.,
The double crystals Si (311) monochromator was detuned
to discard harmonics from the beam. The spectra of
Ba,TiQ,, TiQ; anatase, and K;O-Ti0,-2810, glass were
recorded as references; the first for an energy calibration
ensuring an experimental accuracy in energy better than
0.3 eV, and the last two for testing the consistency of phase
and amplitude parameters implemented in EXATS simula-
tions.

Data-analysis. Near-edge spectra are processed by sub-
stracting a linear background computed by least-square
fitting before the pre-edge region and normalized by using
the beginning of EXAFS oscillations as a unit. Energy
calibration is carried out by taking the well-defined first
maximum of absorbance in the edge of Ba,TiO, spectrum.

EXAFS modulations are analyzed by using standard
methods (6, 7). The continuous abserption background is
estimated by fitting the spectrum before the edge by a
Victoreen function, while the main absorption beyond the
edge is fitted with an iterative procedure. Normalization of
the EXAFS signal is then achieved (7). A single-scattering
theory permits the expression of the EXAFS signal as a
sum of functions over all the shells around titanium. Each
shell function depends on & the wavenumber of the ejected
photoelectron, N the number of atoms in the shell, R the
distance from the absorbing titanium atom, o2 the Debye -
Waller coefficient related to thermal and static disorder,
A(k) the electron mean free path, and (k) and ®(k) the
amplitude and the phase functions for this shell, Structural
information can then be extracted by simulations using
this function. The tabulated amplitude and phase functions
of Teo et al are used (8). The edge energy E; (included
in the &k definition) is allowed to vary for simulations in
view of ensuring the transferability of these tabulated pa-
rameters to our materials. The electron mean free path is
approximated by A(k) = k/T", where I"'is used as a fitting
parameter, the remaining fitted parameters being N, o,
and R.

RESULTS AND DISCUSSION
A. Raman Spectra Analysis

The parallel (VV} polarized Raman spectra for the stud-
ied glasses of compositions (0 = x = 42,2 are compared
with the spectrum of the silicate glass of composition K,0-
Ti0,-2810, in which the titanium is located in a unique
pyramidal oxygenated site (Fig. 1) (9). The spectrum of
the glass matrix (x = 0) had been previously analyzed (10).
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FIG.1. Raman spectra of xTiO;. (1 — x)[0.05 Na;B,0,, 0.95 NaPOs]
glass samples of compositions x = 0 (1); x = 150 2); x = 263 (3); x =
29.0 (4); x = 333 (3); x = 385 (6); x = 42.2 (7); and K,O-Ti0,-2Si0;
silicate glasg (8). .

The band observed at 1249 e¢m™! had been attributed to
the »(P=0) vibration in P=0(-0-), entities found in
borophosphate groups, superimposed on the »,(PO;)
modes of metaphosphate units. The strong bands in the
region of 1150 and 680 cm™ had been assigned, respec-
tively, to the p(PO;) and the »(P-O-P) vibration modes
of different metaphosphate units present in the borophos-
phate glass (10).

The progressive introduction of titanium oxide results
in a disappearance of these phosphate bands except for
that at 1249 cm™! which is continuously shifted to lower
frequencies. Thus we conclude that the metaphosphate
chains are broken and probably form titanophosphate units
while preserving some of the nonbridging oxygen atoms
and giving rise to a three-dimensional branching glass
nefwork,

The Ti—O vibrations are identified by four specific broad
bands at around 930(a), 740(b), 640(c), and 500(d) cm™L.
The bands {a) and (b) exhibit a continuous evolution with
increasing contents of TiO,, the intensity of (a) decreasing
progressively when compared to the intensity of (b). The



OPTICALLY NONLINEAR GLASSES

peak position of (a) is close to that of the strong band
obscrved in the spectrum of the potassium silicate glass and
can be unambiguously assigned to the »(Ti—O%) vibration
where O* denotes an apical oxygen in a square based
pyramidal environment of titanium (9, 11). The (b) band
which is absent in the potassium silicate glass appears in
the same frequency range as that of the intense bands
previously observed in the spectra of KTiOFPO, (KTP) and
NaTiOPO, crystals (12, 13). This has been reported to
prove the presence of —Ti—O-Ti—O~Ti— chains where
short Ti-O bonds engage themselves and alternate with
long Ti-O bonds (13, 14). The formation of such chains
is obviously correlated to the vanishing of short Ti—-O*
free bonds responsible for peak (a).

Finally, the additional (c¢) and (d) bands could be the
signature of distorted TiQ¢ octahedra by referring to the
previous analysis of BaTiO; and K NiF, type titanates
spectra (15, 16). As a matter of fact, this assumption will
be further reinforced by XAFS analysis.

B. XANES Analysis

The near-edge spectra give qualitative information on
the titanium environment. In particular, the pre-edge peaks
are due to transitions of the photoelectron toward mixed
4p(Ti), 3d(Ti), and 2p(0O) vacant states and are then quite
sensitive to the crystal field around titanivm (17, 18, 19).
Ti K-edge XANES spectra of our glasses for x = 26.3
333, 422, TiO, anatase, K;0O-Ti0,-25810, glass, and
Ba,Ti0, are presented in Fig. 2. Details of the near-edge
data are collected in Table 1. (Such close peak positions
can unambiguously be compared to each other since the
energy differences between different Ti sites symmetry
features remain beyond experimental error.) TiO; anatase,
Ba,TiO,, and K,O-Ti0,-28i0, glass can be considered
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FIG. 2. Ti K-edge XANES spectra of borophosphates glasses and
reference compounds,
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TABLE 1
Pre-edge Peak Parameters for Borophosphate
Glasses and Reference Compounds

Peak position  Peak height
Materials (03 eV} (+0.02}

Ba,TiO, 4968.2 0.81
K.O-Ti(,-25i0y glass 49695 0.43
TiO, anatase 4967.5 0.11
49707 020
4972.8 0.19

Borophosphate glasses:
26.3% TiO; 4969.8 0.20
33.3% TiO, 4969.8 0.23
42.2% TiO, 4969.8 0.27

as references for octahedral, tetrahedral, and square-based
pyramidal geometries, respectively. The local structure of
the previous silicate glass has effectively been proven with-
out any ambiguity by simultaneous neutron scattering and
EXAFS analysis (9). Each borophosphate glass spectrum
exhibits a single pre-edge peak with shoulders on each
side. Actually, this peak is the signature of the lack of an
inversion center in the titanium sites and its energy is
characteristic of square-based pyramidal sites, considering
experimental accuracy in energy (Table 1). Its intensity
slightly increases from 0.20 (x = 263 %) to 027 (x =
42.2 %). By a proportionality process using the height of
the corresponding peak from the silicate reference giass,
we can roughly deduce the rate of this type of site in
borophosphate glasses. The resulting mean numbers of
oxygen neighbors around titanium are summarized in Ta-
ble 2. By contrast, the other features are characteristic of
an octahedral symmetry.

C. EXAFS Analysis

Fourier transforms of experimental EXAFS spectra
(x(k) in k space), multiplied by k°, are given in Fig. 3.
These radial functions consist of # peaks representing n
coordination shelis at distances R from Ti absorber without
phase shift correction, On each Fourier {ransform, the first
peak, which is the most intense, is due to the backscattering
from the first neighboring oxygen atoms. Another small
peak appears at larger distances, due to the backscattering
of titanium atoms. Each peak corresponding to each shell
is back-Fourier transformed and the resulting EXAFS sig-
nal is simulated using the previously described formalism.
The results of fits are summarized in Table 2.

Oxygen neighbors: first shell analfysis. 'The simulated
spectra are represented on Fig. 4. Fitting attempts are first
made with the references TiQ); anatase and K,Q-TiQ,
2510, glass for testing the reliability of the Teo and Lee
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TABLE 2
EXAFS Fit Results for the First Ti—O Shell

Compounds Ny Ny Ri(AY R: (A) 210 A Ey (eV)
TiO, anatase 6.0 1.93 6.3 4998.1
K;0-Ti0,-28i0; 4.0 1.0 1.94 1.67 3.7 4998.5

Borophosphate glasses:
26.3% Ti0, 51 0.5 1.96 1.76 6.5 49972
33.3% TiO» 5.0 0.5 1.97 1.69 7.2 4997.9
42.2% TiO, 4.8 0.6 197 1.70 6.7 4997 8

Note. R, and R, are defined as two different Ti—O distances in the first oxygen shell around titanium atoms,
N, and N, as the corresponding numbers of oxygen neighbors, and o and Eg as the Debye—Waller factor and
the threshold energy. For borophosphate glasses, N, and N, are deduced from XANES results with error bars

estimated to 0.2 and 0.1, respectively.

amplitude and phase-shift parameters. In each case the
number of oxygen neighbors was fixed (six for anatase,
four in the plane square of pyramidal sites, and one in the
axial direction for the silicate glass), and £y, o, T, and R
(two different distances for the silicate glass) were allowed
to vary. ln both cases the distances resulting from the best
simulations indicate errors of about £0.02 A by compari-
son with published values (9, 20).

Then a fitting procedure is adopted for our series of
glasses. A first parametrization is tested with only one
distance, giving for each glass an R value of about 1.96-1.98
A and N values between 5 and 6. But the corresponding
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539410,
25510,
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FIG. 3. Fourier transforms uncorrected for phase shift for three
compositions of borophosphate glasses and the potassium silicate refer-
ence glass. a and b point to the first and second shell, respectively.

simulated spectra ky(k) have too long of a period for low
k values and too short of a period for large k values.
This is effectively observed when a few percentages of the
neighbors are at a very short distance (6, 21). Actually,
the introduction of an additional short distance (1.68 to
1.70 A} in the fitting procedure is adopted. But, with the
number of independent parameters for simulations being
equal to 5, it has been necessary to drastically reduce the
number of fitting parameters. First, the approximate num-
bers of oxygen neighbors which are deduced from XANES
analysis are used. As can be seen in Tables 1 and 2, by
considering the accuracy on the pre-edge peak height mea-
sures, the ratio of pyramidal sites can be taken as roughly
constant and equal to about 50%. The numbers ¥, and N,
of Ti—O bonds are then quite constant and equal to about
5 and 0.5 for the long and short distances, respectively.
Then, if the same Teo and Lee amplitude and phase-shift
parameters are used for both distances, the B, ¢, and T’
parameters would have to be different for each of these
distances. Nevertheless, they are maintained identical for
both distances R; and R, during the fitting procedures to
assume the limitation of five independent fitting parame-
ters. This can explain why the resulting simulations, espe-
cially for the K,0-Ti0,-2510; glass reference, are not
perfectly optimized (Fig. 4). Actually, the addition of a
short Ti-O distance clearly improves the simulations.
There is no significant evolution of ¢* T, and E; in the
final results for x growing from 26.3 to 42.2% molar; their
magnitude remains comparable to the corresponding pa-
rameters of the reference silicate glass and even TiO; ana-
tase (Table 2).

Titanium neighbors: second shell analysis. In the ab-
sence of an appropriate reference, the second shell has
been filtered and fitted by using parameters from Teo et
al. for all glasses including that of potassium silicate (8).
There is evidence for the presence of Ti in this shell at a
distance of 3.4 A. It is unusual to observe an EXAFS signal
for such a long distance in amorphous materials (large
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FIG. 4. EXAFS first shell signals (crossed lines) and [east-squares simulations (solid {ines) for three compositions of borophosphate giasses and

the potassium silicate reference glass.

dispersion of distances). So it can be suggested that an
enhancement of the signal could be produced by an inter-
mediate oxygen atom into quasi-alignment with Ti atoms
inducing the so-called focusing effect (6, 22). Then, in this
case, the fitted values of N and o? cannot be reliable.
Complementary neutron scattering experiments could
probably give precise information on this second shell.

CONCLUSION

The combination of Raman and XAFS spectra analysis
allows one to identify the main structural features in boro-
phosphate glasses where increasing proportions of TiO;
are introduced.

First, the metaphosphate chains formed in the glass ma-
trix are broken into titanophosphate groups.

Then, EXAFS analysis shows that the local environment
of titanium atoms can be described by two different types
of sites: either Ti(); tetragonal pyramids with a short axial

titanyl bond, or distorted TiQy octahedra. The octahedral
coordination of Ti** is usual in oxides, but the fivefold
coordination has also been evidenced in several crystals
such as K, Ti,Os (23). For this crystal the short distance is
equal to 1.57 A and the main peak in its Raman spectrum
is observed at 905 cm™! (24). The presence of a similar
band in the Raman spectra of borophosphate glasses is
actually consistent with the formation of TiOs sites in
these glasses.

Finally, EXAFS simulations of the second shell allow
one to conclude that Ti-O-Ti-O ... chains are formed in
both silicate and borophosphate glasses. Raman analysis
gives further information showing that some chains alter-
nating long and short Ti-O distances are spreading out
with the concentration of TiQ; in borophosphate glasses.
This feature is observed in the KTP crystal, the structure
of which consists of vertex-sharing TiOg octahedra cross-
linked by phosphate groups to create a three-dimensional
network {25). In contrast, the formation of such type of
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chaining is not evidenced in the silicate glass by Raman
analysis where branching can be described in this glass
by interconnected corner-sharing TiOs pyramids and 8iO,
tetrahedra, as previously proposed by Yarker et al. (9).

To conclude, the original structural organization of TiO;s
sites in our borophosphate glasses could be responsible
for the particularly high hyperpolarizability of the Ti-O
bonds in the borophosphate glasses {(4).
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