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The phosphate Na,Nb(PO,); exhibits a reversible crystal-glass phase change. Raman and optical
investigations give evidence of the similarity between the covalent skeleton of the Nasicon-like crys-
talline phosphate and the network of the glass. Both types of materials contain octahedral NbO, groups
with various Nb—O lengths. It is shown for the neodymium-doped glasses that these structural features

induce a strong self concentration quenching of the Nd3* emission.

1. Introduction

The Nazo—szos—ons system exhibits
a large vitreous domain including the glass
with molar composition 4Na,O, Nb,Os,
3P,0s; which will be henceforth called
NaNbP 413 (I). The crystallization of this
glass leads to a Nasicon-type phosphate
with the same composition, which will be
represented by the formula Na,Nb(POy);
(2). The Nasicon structure initially de-
scribed by Hagman and Kierkegaard (3) for
the NaA,(PO,); phosphates (A = Ti, Zr,
Ge) consists of a three-dimensional lattice
built up by PO, tetrahedra sharing corners
with AQO¢ octahedra.
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The sodium site of the Nad4,(PO,); oxides
is a distorted octahedron formed by two tri-
angular faces of neighboring A Og octahedra
located along the c-axis of the hexagonal
cell: this site is usually called M, . In Na,Nb
(POy);, the A sites are equally occupied by
niobium and sodium atoms; the remaining
three sodium atoms are distributed in the
M, sites and within the 3D network in sites
usually called M, (2).

The crystal-glass transformation pointed
out for the latter compound (1) involves a
similarity between the skeleton of Na,Nb
(PO4); and the network of vitreous NaNbP
413. In the present approach we compare
the structures of both types of materials—
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Fi1G. 1. DTA curves for the NaNbP 413 glass.

the crystal and the glass—using various
complementary techniques such as optical,
Raman, and ESR spectroscopies. On the
other hand NaNbP 413 is a sodium ion con-
ductor, which supposes weak bonding at
the sodium sites. Therefore it was worth-
while to substitute Nd3* for Na* in order to
estimate the self quenching intensity of the
4F;, emission.

II. Experimental

Undoped and Nd**-doped NaNbP 413
glasses have been prepared according to a
procedure previously described (/). From
the DTA curve reported in Fig. 1, the tem-
peratures of vitreous transition, recrystalli-
zation, and melting of the undoped glass
were found at slow heating to be 430, 570,
and 710°C, respectively.

Recrystallization of the undoped glass
resulted in the compound Na,;Nb(PO,);.
Melting and slow cooling leads reversibly
to the NaNDbP 413 glass.

Recrystallization of neodymium-doped
glasses—(1 — x)NaNbP 413, xNd,0;—
gave rise to a mixture of two compounds,
Nas;Nb(PO4); and NdPO,. The observed
NdPOj, rate in the two-phase mixture in-
creases with rising neodymium content in
the glasses.

NasNb(PO,); was obtained in air from a
stoichiometric mixture of Na,CO; (Merck
99.5%), Nb,Os (Merck Optipur), and
(NH,),HPO, (Merck 99.5%)}, according to
the following equation:
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4N3.2C03 + Nb205 + 6(NH4)2HFO4 -
2Na,Nb(PO,); + 12NH{" + 9H,0 + 4CO74’.

The reagents were first heated at 200°C for
2 hr, then at 400°C for 4 hr, and finally at
650°C for 15 hr.

Diffuse reflectance and absorption mea-
surements were carried out at room tem-
perature using a Cary 17 spectrophotome-
ter. For the Raman spectra recording a
Jobin—-Yvon Raman spectrometer was cou-
pled with a Spectra Physics Model 2560 Ar
laser. Samples were pressed pellets (@ = 13
mm, th. = 1.5 mm) prepared from powders
of either ground glasses or crystallized ma-
terials.

The lifetime of the Nd3* *F,, level was
deduced from the *F3, — I} fluorescence
decay after a pulsed nonselective excitation
in the *Gs;; and Gy, levels. The source was
a Rhodamine 590 solution excited by a ni-
trogen laser and the Varian VPM 159A pho-
tomultiplier was connected to a PAR M162
boxcar averager.

The ESR spectra were recorded using a
Bruker ER 200tt spectrometer working at
X-band, associated with an Oxford Instru-
ment continuous flow cryostat allowing op-
erating at any temperature between 4.2 and
300 K.

II1. Optical Absorption

The diffuse reflectance spectra of NaNbP
413 and Nay,Nb(PO,); are compared in Fig.
2 with those of NaNbQ; and «-NbPOs. The
strong absorption thresholds observed cor-
respond to an electronic transfer which can
be schematized:

0>~(2p%) + Nb¥*(4d°) —
0-(2p%) + Nb*(4d'1y,).

These thresholds are all located at high en-
ergies and occur in the following sequence:
NaNbO; (E = 3.29 V), a-NbPOs (E = 3.49
eV), NayuNb{PO,); (E = 3.70 eV), NaNbP
413 (E = 3.76 eV).
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FiG. 2. Comparison of the diffuse reflectance spectra of NaNbP 413 and Na,Nb(PO,), with those of

NaNbO, and a-NbPOs.

In the perovskite-type niobate NaNbO,
(4) the NbOg¢ octahedra share only corners.
The structure of a-NbPOs contains chains
of corner-sharing NbQg octahedra linked
together by PO, tetrahedra (5). The increas-
ing E values result from the more ionic
character of the Nb-O bonds, which is
strengthened by competition with the
strongly covalent PO, groups.

The slight difference between the E val-
ues of crystallized Na,Nb(PO,); and vitre-
ous NaNbP 413 reveals a high degree of
similarity for the Nb—O bonds in both types
of materials. The small increase observed
for the glass involves slightly strengthened
covalency.

IV. Raman Scattering

The Raman spectra of NaNbP 413 and
Na,Nb(PO,); are reported in Fig. 3. Their
band maxima are listed in Tables I and II.
The glass spectrum is approximately the
envelope of the crystallized phosphate
spectrum.

For the phosphate glass the bands at 900,

630, 450, and 260 cm~! may be assigned to
the Nb-O bonds in octahedral sites (6, 7).
The strongest band at 900 cm~! is associ-
ated with short niobium-oxygen distances
(d = 1.70 A). In the high energy region, i.e.,
above 1000 cm™!, the observed bands char-
acterize the symmetrical and antisymmetri-
cal P-O stretching vibrations (8).

The large number of lines recorded in the
NasNb(PQy); spectrum does not allow a
complete assignment, due to lack of a
detailed crystal structure determination.
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F1G. 3. Raman spectra of NaNbP 413 (a) and Na,
Nb(PO); (b).
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TABLE I

BAND LOCATIONS AND TENTATIVE ASSIGNMENTS
FOR THE NaNbP 413 GrLAss

Band
locations
(cm™h)

1202
1131
1047

902

740)
628
597
543

Z
517
489
47
333
268

Assignments

Ye-0

Ynp-o (short Nb-O distances)

J> ¥nb-o (medium Nb-O distances) + §_p-0)

80-p-0) T 80-nb-0)

However, some qualitative remarks can be
formulated:

(1) The lines above 950 cm™! character-
ize the stretching modes of POy units. The
energy values are close to those published
by Nagai et al. (9) for the related Na,Nb,;_,
Zr+.(PO,); solid solution.

(ii) The lines between 950 and 865 cm™!
can be assigned to the Nb-O stretching
mode with short Nb—O distances. The high
intensity line at 897 cm~! is consistent with
a Nb-O distance of about 1.70 A 6).

@iii) The lines between 733 and 583
cm~! can be associated with the Nb-O
stretching modes for longer Nb-O bonds,
and also with the O-P-0O bending modes
10).

(iv) The particularly large number of
narrow lines observed over the whole spec-
trum results from the distortion of the PO,
groups which are surrounded by ions with
different charges and sizes: Na® and Nb’+.

In conclusion the Raman scattering in-
vestigation illustrates the similarities in the
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arrangement of the PO, and NbQg groups
for the crystal and the glass.

V. ESR Study

Blue samples can be obtained for both
vitreous and crystalline materials, corre-
sponding to the chemical formula Na,,,Nb
(PO, (y = 0.02). The chromophoric
groups have been identified by an ESR
study.

V.1. Material Elaboration

Blue glasses were prepared from a stoi-
chiometric mixture of Na;CO3;, Nb,Os, Na
PO;, and Nb according to the reaction:

5(1 + y)Na,CO; + (5 — y)NbyOs + 2yNb
+ 30NaPO; — 10Nay;,Nb(PO4);
+ 5(1 + y)CO5.

This reaction has been carried out in an alu-

TABLE II
BAND LOCATIONS AND TENTATIVE ASSIGNMENTS
FOR Na,Nb(PO,);
cm™! Assignment cm! Assignment

1277 v1 7331 ) b0
1217 m 6491 1 medium Nb-0
1186 sh 625 l distances
1177 sh 613 vl +
1163 m 602 vl 5
11181 5831 ) 00
1098 vl Yoo 545 v1
1077 1 522 vl
1047 1 488 1
1020 1 469 vi
1000 sh 439 vi
993 m 427 vl 5(0_])_0)
947 s VUNb-O 396 1 +
927 s J short Nb-O 345 sh 5(O—Nb—0)
897 vs distances 3321
883 s 311s
8651 301s

247 sh

218 s

Note. vl, very low; |, low; m, medium; s, strong; vs,
very strong; sh, shoulder.
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Fi1G. 4. ESR spectra of NaNbP 4.02 1 3.

mina vessel under an argon stream. The
temperature was progressively raised from
25 to 800°C and kept at that level for 30 min.
After quenching down to room temperature
under argon, a blue glass was obtained.

Annealing of this glass at 560°C in a silica
tube sealed under vacuum gave rise to a
blue crystallized material, the X-ray spec-
trum of which was identical to that of Nay
Nb(PO,)s.

V.2. ESR Investigation of the Blue Glass
NaNbP 4.02 13

The variation of the ESR spectrum of the
glass from 77 to 300 K can be observed in
Fig. 4. This spectrum exhibits an aniso-
tropic structure, which can be attributed to
a niobium 4+ ion. The hyperfine structure
resulting from the interaction between the
unpaired 4d’ electron and the niobium nu-
cleus spin (I = ), shows two groups of 10
lines, leading to the following ESR parame-
ters: g, = 1.846, g, = 1.851, |4 = 320 G,
A, | = 156 G.

This type of spectrum is very close to
those obtained for radiation-induced cen-
ters in Na,O-Nb,Os-SiO, glasses (|4;| =
325 G, |A.| = 164 G) (I11). The strong an-
isotropy of hyperfine couplings is similar to
that found for the vanadyl group. There-
fore, we can label this chromophoric
niobium center as a ‘‘niobyl’’ group.
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The electronic configuration of Nb** is
4d!. Assuming a local Cy, symmetry, which
often occurs at least roughly for the vana-
dyl unit, the unpaired electron occupies the
molecular orbital by, (dy), which can be
written schematically

bzg = abzg + B,

where B is a linear combination of ligand
atomic orbitals and « the square root of the
occupancy probability of the 4d,, atomic or-
bital by the electron (12).

Ajand A, are related to the function P =
a?P,, which characterizes the anisotropic
coupling (P, = 305.4 G for the free ion),
according to equations:

; = Aisotr. + %P
For the investigated glass P = 191 and o =
0.63. This low value assumes a significant
but not surprising electronic transfer of the
electron from the metal to the ligand. This
result confirms also the existence of very
short niobium-oxygen bonds within the
NbOg octahedra.

A" = Aisotr. — =P and A_]_

V.3. ESR Investigation of the Crystalline
Compound Nas g Nb(POy);

The spectrum of the crystallized com-
pound differs clearly from that of the glass
(Fig. 5). It can be observed only at low
temperature and shows a 10-line isotropic
structure, each component of which widens

‘\_M“_
T=300K

T 24K

Y =9.458GH:

" L L
2000 4000 6000 H(G)

FiGg. 5. ESR spectra of Na, o, Nb(PO,);.
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TABLE 111
CHARACTERIZATION OF THE *F35 —» *I};, EMISSION FOR THE NaNbP 413 : Nd** GLASSES

(1 — x) NaNbP 413 — x Nd,0, glasses

Molar concentration x 0 0.007
Density (+0.02) 2.88 2.90
Neodymium concentration

N (10% jons X ¢cm™) 0 0.52
™w(*Fan — *lup) i.€.,

measured lifetime (us) 321

0.014 0.027 0.0402 0.053 0.065 0.077
2.92 2.94 2.96 2.98 3.00 3.02
1.05 2.05 3.08 4.11 5.09 6.10
322 290 232 193 180 168

when the magnetic field increases. The sep-
aration between the first two peaks is mea-
sured as 300 G while the separation be-
tween the final two peaks on the high field
side is found to be 430 G. Taking the sec-
ond-order correction into account, we
found girr. = 1.551 and |Ajsorr.| = 375 G at
24 K. This high value compared to the
equivalent one found for the glass (34, +
2A, = ~221 G) implies a weaker electronic
transfer. Thus the chromophor of the crys-
talline material is clearly the Nb** jon.

Observation of an isotropic hyperfine
structure for such a weak g value at low
temperature is in agreement with recent
results published by Amies et al. (13) for
the similar Ti** ion (3d"). At very low tem-
perature these authors assume a dynamic
Jahn-Teller effect provided by a vibronic
coupling between the 2E, and 2T, states,
inducing a large reduction of the g factor
which can vary between 2 and 0.5. Within
the scope of this model, where the Jahn-
Teller stabilization is equal to the lattice vi-
bration energy, the g value that we find
(1.55) is identical to that obtained for Na, ¢,
Nb(PO,);.

VI. Neodymium Self Concentration
Quenching for the Nd-Doped Glasses

The investigated glasses had the compo-
sitions given in Table III. Whatever the
neodymium concentration the maximum of
the *F,, — %I}, emission occurs at A, =

1056 nm and the effective bandwidth is
about 24 nm.

The emission intensity has been calcu-
lated by integrating the band corresponding
to the *F;, — 4l transition. The results
illustrated in Fig. 6 show a decrease of the
emission for concentrations exceeding 2.5
X 10 Nd3* = ions - cm™3, which charac-
terizes a strong self concentration quench-
ing.

In order to provide a better insight into
the quenching process, decay curves of the
4F,, emission have been recorded. The
emission decays appeared always to be ex-
ponential, with lifetime values decreasing
with increasing Nd3* ion concentration (Ta-
ble I1I).

Assuming that the lifetime 7, measured
for low neodymium concentrations is the
radiative one, the nonradiative deexcitation
probability Wxg can be written as

To — TN
™

1
Wnr = — ¢, where ¢, =
To

(7w is the lifetime for a neodymium concen-
tration N).

Figure 7 shows that g, varies approxi-
mately as the square of the activator ion
concentration (slope, 1.8).

In agreement with Ref. (14) it can be con-
cluded that the self quenching of neodym-
ium emission is due to cross-relaxation be-
tween two neighboring Nd** ions A and B
involving the energy transfer
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FI1G. 6. Variation of the *F;; — *I;, emission intensity under constant excitation vs Nd** concentra-

tion for the NaNbP 413 : Nd**-doped glasses.

Nd¥,(A) + Nd& (B) — 2Nd;,

“Iisiy

(A + B).

Moreover, it is well known that the effec-
tiveness of this process depends on the rel-
ative splitting of the *Fsp, *I1sn, and *Igp
levels and consequently on the crystal field
strength at the neodymium site. According
to Auzel (I15) strong self quenching must
occur if the “Ig, splitting AE; is higher than
470 cm ™.

As the 2Py, level does not split under the
influence of the crystal field, the AE,; value
can be estimated by measuring the band-

9n

ok
i f' N
FiG. 7. Variation of the nonradiative deexcitation

probability vs Nd** concentration for the NaNbP
413 : Nd3* glasses.

width corresponding to the *Is; — 2Py tran-
sition. In NaNbP 413 : Nd AE; is found to
be equal to 616 cm™!. This relatively high
value results from the introduction of NbOg
groups in the phosphate network. Indeed
the ionicity of the Nb~Q bonds induces an
increase of the charge carried by the oxy-
gen atoms and consequently of the crystal
field at the rare-earth site, which becomes
higher than those existing for low self con-
centration quenching phosphates (14, 15).

VII. Conclusions

The Na,Nb(PO,); phosphate exhibits a
reversible crystal-glass phase change. The
similarity of the covalent skeleton of the
Nasicon-type crystalline phosphate with
the network of the corresponding glass ac-
counts for the easy transition, as pointed
out by the diffuse reflectance and Raman
scattering spectroscopy investigations.

Moreover Raman and ESR studies give
evidence of short Nb-O bonds in the coor-
dination polyhedron of the niobium atoms.

In neodymium-doped glasses one may
assume that the presence of strongly ionic
NbOg units within the glass network brings
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about a relatively high electric field at the
rare-earth site and therefore induces the
strong self concentration quenching ob-
served for the neodymium emission.
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