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Conditions of glass formation in the Na,O-TiQ,—P,0s system are reported. The largest quantity of TiO,
which can be tniroduced is 35 mole%. Study of the recrysiallization process leads to the identification
of a new Nasicon-type phosphate, Na;Ti(PQ,);. In glasses the Ti** ions are presumably located in both

pyramidal and octahedral oxygenaled siles.

Introduction

Transparcnt glasses with relatively large
nonlincaritics are promising materials for
all-optical  switching applications. The
chuice of composition is mainly dictated by
the possibility of an increase of the nonlingar
index cocfficient 1, but one must consider
also various parameters such as high dam-
age threshold, ultrafast response time, and
the wave guide lfabrication process (f).

Little information is available for pre-
dicting noulincar refractive index changes
in glasses; thus a systematic investigation of
the relation between glass composition and
optical nonlincarities is of interest. An obvi-
ous guide for selecting glass components is
to choose cntities with high hyperpolariz-
abilities for the network and highly polariz-
able cations as modifiers.

From a rccent analysis of the nonlinear
refractive index in crystals by Adair ef al.
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(2). the most significant result is the high
value of #; found for titanium oxides con-
taining TiO,, octahedral entities. In a recent
publication Vogel et «l. studied the optical
nonlinecarities in a series of four-component
Ti0,, Nb,O;, Na,0, and Si0, systems and
came to the conciusion that the nonlinear
index coefficient is larger for Ti than for Nb
doping (3).

Within this scope the present puper re-
ports a preliminary investigation of glass
formation in the Na,0-TiO,-P,0; system.
P,O; was selected as the glass-forming oxide
and sodium ions were introduced to make
a pussible ion exchange easier. The glass-
forming region has been determined. Sys-
tematic investigation of the crystallization
has allowed us to discover a new crystalline
Nasicon-type related phase, NasTi(PO,),.
Raman spectroscopy and EXAFS experi-
ments were used to clucidate the structural
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FiG. 1. Domain of the nonhygroscopic glasses in the
Na,O-TiO,-P,0, system.

evolution of the glass as a function of com-
position.

Experimental

Elaboration

The investigated glasses have molar com-
positions xNa;O-yTi0,—-zP,0s. They were
prepared from sodium carbonate dried at
400°C, titanium dioxide dried at 600°C,
and diammonium hydrogen phosphate ac-
cording to the reaction scheme xNa,CO; +
yTiO; + 2z(NH,},HPO, — [xNa,O, yTiO,,
zP,04] + 4zNH; + 3zH,0 + xCO,.

The corresponding mixture introduced in
a platinum crucible is heated for 24 hr at
200°C, allowing decomposition of the diam-
monium phosphate. The temperature was
then progressively raised to 1100°C and held
constant at this value for 20 min. The molten
glasses were quenched in air and later an-
nealed close to the glass transition tempera-
ture. Under these conditions all the glasses
are colorless. The glass-forming region for
nonhygroscopic samples (i.¢., with low P,0O;
content) is givenin Fig. 1. It is almost identi-
cal with that previously reported (4).

Glass Forming Tendency

The vitreous domain can be readily de-
scribed by the line AB joining the points
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Fi1G. 2. Variation of the densities vs composition for
the glasses of the AB line.

corresponding to the composition Na,O/
P,0; = 1.33 (A) and TiO, (B) and the line
CD joining the points C {NaPQ.) and D
{Na,TiO,) (Fig. 1). The largest quantity of
TiO, introduced in the glass is 35 mole%
between A and B and 22.5 mole% between
C and D. These results are comparable with
those previously reported in the systems
Li,O-TiO,-P,O,. MgO-TiO,-P,0;, and
CaO-Ti0,-P,0; (5). TiO, is easly incorpo-
rated into glasses containing 50 mole% P,0;
or less, The densities of the glasses increase
with increasing proportion of TiO,. Figure
2 gives the variation of densities vs TiO,
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FiG. 3. DTA curve for the glass with compeosition 50
mole% Na,O, 20 mole% TiO,. 30 mole% P,O;.
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TABLE I

PRODUCTS OF RECRYSTALLIZATION OF THE INVESTIGATED GLASSES

Glass compositions (mole%}

Na,O TiO, P05 XRD detected phases above T,

37.1 35 279 NaTi,(PO,);, Na,TiO(PO,),, NaTiOPO,
40 30 30 NaTi,(PO,);, Na;Ti(PO,),, Na.P,0,, TiO,
4.5 2.2 33.3 NaTi,(PO,);, Na;Ti(PO,);. Na,P,0,

50 2.5 27.5 NaTi,(PO,);, NasTi(PO,);, Na,P,0,, TiO,
50 20 30 Na,Ti(PO,),

50 15 35 “u,” NasTi(PO,);, Na,P,0,, NaTiy(PO,),
48.6 15 36.4 “u,” Na,Pho,

50 10 40 “u,” Na,P,0,

50 5 45 “u,”” NaPO,

content for glass compositions along the AB
line.

Recrystallization Process

The thermal properties were analyzed us-
ing differential thermal analysis (DTA) and
calorimetric analysis. The processes of
phase transformation for all samples are
complex. As an example, Fig. 3 gives the
DTA curve obtained for the glass with the
composition 50 mole% Na,O, 20 mole%
TiO,, and 30 mole% P,O;: two glass transi-
tions are observed, respectively, at 414 and
507°C and two exothermic peaks at 454 and
525°C. The melting point is 787°C. For the
heat treated glass at 454°C an admixture of
Na,TiO(PQ,}, and Na,P,0, in addition to a
remaining vitreous phase were identified by
XRD. Above 550°C only a new phase Na;
Ti(PO,)s, is detected. Actually a careful ca-
lorimetric analysis carried out between 500
and 550°C shows clearly two peaks located
at 528 and 542°C: the first may correspond to
the crystallization of the last vitreous phase
while the second one can be associated wtih
the formation of Na;Ti(PO,);.

In Table I are listed the products of re-
crystallization of all the investigated sam-
ples detected by XRD above the final tem-
perature of recrystallization. All the phases
but one (labeled **u’’) have been identified.

The Crystalline New Phosphate
Na;Ti(PO,),

The crystalline form of Na,Ti(PO,), can
also be prepared by calcination of a mixture
of Na,CQ,, Ti0,, and (NH,),HPO, in stoi-
chiometric proportion. The pure compound
is obtained after two thermal treatments of
15 hr at 300 and 500°C, respectively, and a
final thermal treatment of 24 hr at 750°C. At
room temperature the XRD pattern can be
indexed assuming a hexagonal cell: a =
9.0608(1} A, c =21. 3D A(Z=6,d,,, =
2.84,d, = 2.89). Actually, absent reflections
—h + k + | # 3n indicate a rhombohedral
symmetry. Moreover, the observed reflec-
tions hhi: | 5 2n are consistent with the R32
space group.

These data can be analyzed in the context
of the Nasicon-type phosphates and related
compounds. This structure was described
for the first time by Hagman ef al. for the
NaA,(PO,); (A = Ti, Ge, Zr) phosphates
(6). It consists of a three-dimensional net-
work formed by PO, tetrahedra sharing cor-
ners with A O; octahedra. The site occupied
by the sodium atoms, usually labeled M|, is
an elongated octahedron sharing common
triangular faces with two neighboring (AQ,)
octahedra along the ¢-axis of the hexagonal
cell. Within this structure three other sites
(M) also exist that are normally available
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FiG. 4. Variation of the cell parameters and of the
sodium rich Nasicon-type phosphates vs mean A"
ionic radii [Na,MgCr(PO,); (77), Na,Zr(PQy); (/8)].

for alkali cations. Schematically the usual
crystal chemical formula can be written as
M, (M}, A,(PQ,);. The rules governing the
cell parameter variations already have been
established (7): (i) the ¢ parameter increases
with the size of the A"* ion and the Na*'
(M)-A"" electrostatic repulsion; (ii) the a
parameteris a function of the A" size and of
the amount of Na* ions in the M, positions.
Accordingly the following distribution for
Na,Ti(PO,), can be proposed:

Na,(M,)Na(M NaTi(PO,);.

The parameters of the cell are compared in
Fig. 4 with those of sodium-rich Nasicon
phosphates. A linear variation as a function
of the A"" mean size is observed. This is in
agreement with the proposed cationic distri-
bution.

Spectroscopic Investigation
Absorption Spectra

To illustrate the influence of titanium con-
tent on the optical transparency of these
glasses, the absorption spectra were re-
corded for samples with compositions on
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the AB line and also for the glassy and crys-
talline forms of Na;Ti(PO,),. The absorption
threshold values are compared in Table 11
with those of the crystalline phases TiO,,
SrTiO,, and NaTi,(PO,);.

The strong absorption results from the
formal electronic transfer

0 2p% + Ti**3dY
- 0 Q2p) + Ti3+(3dlllg).

Its energy decreases as the amount of tita-
nium increases in the glass and tends pro-
gressively toward that of TiO,. Moreover,
the value measured for the glassy form of
Na,Ti(PO,); is slightly below that of the
crystal.

In SrTiO, the Ti—O bonds are more cova-
lent than in TiO, due to the better overlap
between 34 titanium and 2p oXxygen orbitals
and the reinforcement of the Ti—-O bond by
the antagonistic Sr=0O ionic band.

In the Nasicon-type phosphates the ionic
character of the sodium-oxygen bond is
counterbalanced by the rigid phosphotita-
njum framework involving the strong Ti-Q
bond and accordingly high E values.

TABLE 11

ABSORPTION THRESHOLDS (E) oF SEVERAL GLASSES
OF THE Na,0-Ti0,—P,05 SYsTEM AND OF TYPICAL
CRYSTALLINE PHASES

Glass compositions (mol%)

N0 TiO, P,0; E(eV)
51.4 10 38.6 3.47
48.6 15 36.4 34
50 20 30 (NaTi(POL)) 3.40
44.5 22.20 33.30 3.36
40 30 30 3.33
37.1 35 279 3.27

Crystalline phases

TiQ; (rutile) (9) 3

SITIO, (9) 14
NaTi(PO,), (10) 3.54
NasTi(PO,), 1.50
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F1G. 5. Raman spectra of glasses of the AB line.

The framework of the investigated glasses
is made of PO, tetrahedral groups and TiO,
(4 = n = 6) entities and coexists with the
sodium modifier ions. There is a clear rela-
tion between the increasing sodium content
and the rising of £ values which corresponds
to the progressive strengthening of the Ti-O
bonds. Thus the titanium oxygen entities in
the poorest titanium glasses must contain
the smallest Ti—O distances.

Raman Spectroscopy

The Raman spectra have been recorded
on a Dilor Z 24 triple monochromator instru-
ment. The 514.5-nm emission line of a Spec-
tra Physics Model 171 argon ion laser was
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used for excitation with incident power of
around 200 mW. Detection was made witha
Hamamatsu cooled photomultiplier coupled
with a photon counting system. The spectral
resolution was about 2to 3 ¢cm™!. The color-
less glassy samples have been cut in the
shape of parallelepipeds of about 5 x 5 X 5
mm?® with surfaces carefully polished.

The Raman spectra of the investigated
glasses corresponding to the AB line are
shown in Fig. 5. Examples of spectra exhib-
ited by glasses of the CD and EF lines are
given in Fig. 6. In addition, the spectra of
Na,Ti(PO,); in the crystalline and glassy
forms are compared in Fig. 7. Tentative
band assignment can be made on the basis of
the previous data characterizing the sodium
phosphates and the titanium oxygen bonds
in crystals and glasses.

For the glasses free of TiO, the observed
spectra are in fair agreement with those pre-
viously reported by Fawcett et al. (11). For
instance, in sample A (Fig. 5) the bands are
characteristic of metaphosphate chains with
finite lengths. The weak line observed at

46 Nazo‘ 23 TiOz,

A PZDS

50 Nazo. 15 TIOZ‘ 3as P205

1400 1000 600 Vien Y
Fi1G. 6. Raman spectra of glasses of the CD (a) and
EF {b) lines.
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Fig, 7. Comparison of the Raman spectra of both
forms of NasTi(PO,);.

about 1260 cm™! corresponds to the asym-
meltric PO, stretching mode and the strong
one at 1155 cm™'is due to the symmetric PO,
stretch. The line at 1013 ¢m™! is assigned to
the symmetric stretching mode of PO, end
groups of the metaphosphate chains. The
broad band around 950 cm ™! and the strong
one at 683 cm™! are attributed to the asym-
metric and symmetric P-O-P stretch, re-
spectively.

As a general trend for onc glass with its
composition located along the AB (Fig. 5),
CD, and EF (Fig. 6) lines, the introduction
of TiO, leads to the appearance of broad
bands peaking at about 900, 740, and 640
em™!. All these bands are observed for the
glassy form of NasTi(PO,),. For all the sam-
ples containing the richest proportion of tita-
nium, the high energy region becomes a
broadband more or less resolved with a con-
tinuous decreasing of the peak intensity of
about 1165 em™! (vgPO,).

Discussion

The Raman spectra of the Na,0-P,0;
glasses are almost similar to the speetra of
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the corresponding crystalline sodium phos-
phate: the symmetric PO, stretch frequency
shifts to lower values as the sodium propor-
tion increases. In pure sodium phosphate
this evolution is associated with a reduction
of the metaphosphate chain length. The
same evolution is also observed in glasses
containing larger proportions of TiO,. Both
the enlargement of the highest energy band
and the decreasing intensity of the band
peaking at about 1165 cm™' are consistent
with this interpretation.

The relation between the coordination of
Ti'* ions in titanate crystals and the Raman
peak wave number corresponding to the
Ti—O stretching vibration has been dis-
cussed by Sakka et al. (12). The high energy
peak reflects the shortest Ti-O distance or
the distortion around Ti'* but it cannot be
directly correlated to the coordination num-
ber of this ion. For the crystals the peaks at
the highest energy are observed between
611 cm™' for TiO, {rutile) and 905 ¢cm™! for
K,Ti,05 (12). In contrast the Raman spectra
of the titanium Nasicon-type phosphates
MTi,(PO,), (M = Li, Na, K) arc unique and
exhibit no band betwcen 650 and 940 cm™!
(13, i4). In these compounds the titanium
atoms are located near the center of an octa-
hedral site sharing six common corners with
six PO, units. The differcnces in the Ti—O
interatomic distances are less than 0.1 A
which can explain the absence of stretching
vibration at high energy.

More recently, Miyaji ef al. (15) have re-
ported an X-ray radial distribution investi-
gation and a Raman analysis of the
Na,0O-Ti0, glasses which indicate the pres-
ence of a larger proportion of four-coordi-
nated Ti** ions. Nevertheless the quantity
of six-coordinated units is larger than in the
corresponding K,O-2Ti0, and Cs,0-2TiO,
glasses. In these materials the strong peak
observed at 885 cm™!' is attributed to the
tetrahedral TiO, groups and the peak
at 600 cm™! characterizes the octahedral
ones (/2).
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The assignment of the band at 750 cm™!
is less clear but its intensity increases as
the fraction of TiO, octahedra increases. It
could also be due to an isolated TiO, unit.

With regard to these rather complicated
and conflicting conclusions a strict assign-
ment of the emerging bands for the sodium
phosphate glasses containing a larger pro-
portion of titanium is difficult.

Nevertheless a preliminary EXAFS in-
vestigation for glasses with compositions
corresponding to the AB line concludes the
coexistence of two structural entities de-
scribing the titanium environment: TiQy te-
tragonal pyramids with a typical Ti-O short
distance of 1.66 A, TiO, octahedra with a
Ti-O mean distance of 1.92 A (19).

Ti*t ions in fivefold coordination have
been observed already, e.g., in Y,TiQ; (or-
thorhombic type) (20) and in K,Ti,O (2/1).
In this crystal the shortest Ti—O distance
is 1.57 A and the main peak of its Raman
spectrum is observed at 905 cm™! (12). TiOs
pyramidal groups were also reported in the
K,0-TiO,-8i0, glasses (22).

Therefore in the investigated glasses, the
intense peaks observed in the Raman spec-
tra at about 900 cm™' are probably due to
the TiOs entities, and the bands at 740 and
640 cm™! may be attributed to more or less
distorted TiQ, octahedra.

Finally the spectra of both forms of Na;
Ti(PO,), (Fig. 7) can be compared. A recent
structural determination of the crystalline
phase (16) concluded the existence of two
types of phosphates, which precludes any
assignment to », and »; modes in the high
energy region as well as to v, and v, bending
vibrations for the band emerging between
400 and 700 cm .

The presence of the PO, stretching mode
at a rather low energy (891 cm™") probably is
due to the strongly distorted PO, tetrahedra
existing in the structure. It is difficult to
assign this band to the TiO, unit since the
difference between the Ti-O distances is
only 0.08 A. In fact no internal mode charac-
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terizing this entily can be detected as in the
case of NaTi,(POy), (13, 14).

In contrast the spectrum of the glass ex-
hibits the typical bands previously observed
and indicates the presence of TiO; and TiO,
polyhedra. The strong intensity of the band
peaking at 900 cm™' may also indicate that
the square pyramids are the prevailing
entities.

In addition, the spectrum of this glass ex-
hibits some features due to polyphosphate
units such as P03~ characterized by a weak
line at 1027 cm™! (23).

Conclusions

Glasses existing in the Na,O-Ti(Q,=-P,0;
system can contain a significant amount of
TiO,. The recrystallization process investi-
gation has allowed identification of a new
crystalline phase belonging to the Nasicon-
type structure NasTi(PO,),.

The spectroscopic properties of these
glasses can be explained by the existence of
titantum—oxygen entities such as TiO; pos-
sessing small titanium-oxygen distances
and being potentially active in the nonlinear
properties.
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