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Abstract. Activation energies for crystallization of 50 Li2O–40 P2O5–10 Nb2O5–x Fe2O3

glasses, withx = 0, 5 and 10 mol%, were determined by differential thermal analysis (DTA). The
structure was investigated by infrared and Mössbauer spectroscopy. Samples withx = 5 mol%
of Fe2O3 show larger activation energy (160.9 kJ mol−1). Absorptions at P–O–P, P=O, P–O−
and PO4 units are presents in these glasses. P=O absorptions disappear at compositions with
x = 5 and 10 mol% of Fe2O3, which shows absorption around 571 cm−1, attributed to FeO6
units. According to M̈ossbauer results high spin Fe3+ and Fe2+ at distorted octahedral sites are
present in samples withx = 5 and 10 mol% of Fe2O3, thus working as a network modifier.

1. Introduction

Phosphate glasses have been studied extensively in recent years. Vitreous phosphoric
anhydride (P2O5) does not have sufficient hydroscopic resistance to be used alone. Its
structure is based on distorted tetrahedral (PO4). One interest is in the use of P2O5 as a
network former and the possibility of forming a vitreous matrix with, for example, alkali
metals (M= Li, Na) in system M2O–Nb2O5–P2O5 [1]. The introduction of P2O5 into
binary alkali silicate glasses has profound effect on their structure, particularly at high
concentrations [2]. Phosphates of alkali metals grouping at different degrees of complexity
such as isolated PO3−4 tetrahedra, two tetrahedra joined and long chains or rings of PO3−

4 .
These materials combine to form M3PO4 (orthophosphate), M4P2O7 (pyophosphate) and
MPO3 (pyrophosphate) [3]. For niobium phosphate glasses, with 2 mol% of Fe2O3 used as
impurity, LiNbO3 can be crystallized inside the glass structure to form a glass–ceramic [4].
Lithium niobate, LiNbO3, is a ferroelectric material, with Curie temperature of 1210◦C,
with high efficiency for second harmonic generation and widely used as an optoelectronic
device as in planar wave guides [5]. In the glass system Li2O–P2O5–Nb2O5, doped with
2 mol% of Fe3O3, iron ions are distributed in octahedral sites, and Fe3+ is predominant
compared with Fe2+ [6]. In the present work, differential thermal analysis (DTA) was used
to determine activation energy of crystallization and physical characteristics of the studied
glass system. Infrared (IR) and Mössbauer spectroscopy were used to study the effect of
Fe2O3 concentration on Li2O–P2O5–Nb2O5–Fe2O glasses with the aim of understanding the
function of the iron in the physical properties of this system.
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2. Experimental procedure

Glasses in the Li2O–P2O5–Nb2O5–Fe2O system were prepared from reagent grade
ammonium phosphate (NH4H2PO4), lithium carbonate (Li2CO3) and niobium oxide (Nb2O5)
with iron oxide Fe2O3 as an impurity, by mixing reagents in appropriate proportions and
heating them in platinum crucibles in an electric furnace. To prevent excessive boiling
and consequent loss of mass, the water and ammonia in NH4H2PO4 were removed by
pre-heating the mixture at 200◦C for several hours before the fusion. The mixture was
subsequently melted at 1150◦C for 1 h. The melt was then poured into a stainless steel
mould and pressed between two stainless steel plates. The mould and plates were pre-
heated to 300◦C. The glasses prepared are (50 Li2O–40 P2O5–10 Nb2O5):x Fe2O3, with
x = 0, 5 and 10 mol%. The glassy state in the quenched samples was confirmed by x-ray
diffraction (XRD) analyses at room temperature using Cu Kα radiation. The glass transition
temperature (Tg), temperature of onset crystallization (Tx) and melting temperature (Tm) were
determined by DTA, at heating rate of 10◦C min−1 using STA-409 Netzsch apparatus. The
DTA measurements were performed using a platinum crucible in air and a constant sample
weight of 40 mg was used for all measurements. The glass densities were determined by
the Archimedes method, using distillate water as immersion liquid. The IR spectra of the
glasses were investigated using KBr pellets made from a mixture of powder for each glass
composition investigated. The IR spectra were measured from 1400 to 400 cm−1 with
a Bomem MB-102 spectrometer. To determine activation energy for crystallization (E),
samples were crystallized at four heating rates,φ (5, 10, 15 and 20◦C min−1). The data
were analysed using the Kissinger equation [7],

ln(T 2
p /φ) = E/RTp + constant

whereTp is a temperature corresponding to the maximum of the DTA crystallization peak
andR is the gas constant. The activation energy was calculated from a plot of ln(T 2

p /φ)

versus 1/Tp.
The Mössbauer absorption spectra as obtained in standard transmission geometry, using

a radioactive source of57Co in Rh matrix. Measurements were carried out at room
temperature on powder samples with absorber thickness 1.9 mg of natural iron per cm2.
The spectra were evaluated using the Normos fitting program that makes use of a set
of Lorentzian quadrupole doublets with fixed width and isomer shift and computes the
contribution of each curve to the absorption spectra by a least squares procedure. All the
isomer shifts (δ) quoted are relative to metallic iron (α-Fe). The theory of M̈ossbauer
spectroscopy is described in the literature [8].

3. Results and discussion

3.1. DTA measurements

Several DTA measurements, at four heating ratesφ (heating rate between 5 and
20◦C min−1), were performed for (50 Li2O–40 P2O5–10 Nb2O5)–x Fe2O3, with x = 0, 5
and 10 mol%, glasses with the aim to determine activation energyE. With the maximum
crystallizationTp obtained from these DTA data and respective heating rateφ, figure 1 was
plotted. Figure 1 shows a plot of ln(T 2

p /φ) versus 1/Tp, for samples withx = 0, 5 and
10 mol% of Fe2O3. The activation energyE was calculated from angular coefficients to
linear fits in figure 1. Table 1 summarizes the activation energy for (50 Li2O–40 P2O5–10
Nb2O5)–x Fe2O3 glasses and others physical characteristics such as density (ρ), Tg, Tx
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Figure 1. Plot of ln(T 2
p /φ) versus 1/Tp of the 50 Li2O–10 P2O5–10 Nb2O5–x Fe2O3 glasses

for determination of activation energy. Points are experimental data and line are fitting at
x = 0 mol% (◦), x = 5 mol% (M) andx = 10 mol% of Fe2O3 (�).

and Tm. As we can see, the results show that sample withx = 5 mol% of Fe2O3 has a
maximum of activation energy (E = 160.9 kJ mol−1). The values ofE determined in the
present work for lithium niobophosphate glasses (table 1) are smaller than disilicate glass
(250 to 290 kJ mol−1), for example, reported by others [9, 10]. Activation energy was
calculated at samples as prepared because, as expected, the activation energy is practically
independent of the nucleation temperature and concentration of nuclei in the glass [9]. Thus,
for any nucleation temperature between glass transition (Tg) and crystallization onset (Tx)
temperatures, it is expected that activation energy will be the same. Glass stability can be
determined qualitatively by the difference1T = Tx − Tg. As shown in table 1, the sample
without Fe2O3 (x = 0) on the glass matrix is the most stable glass, with1T = 159◦C. The
introduction of Fe2O3 in the glass matrix Li2O–P2O5–Nb2O5 decreases thermal stability in
this glass (table 1) and increases the density from 2.60 g cm−3 to 3.00 g cm−3.

3.2. Infrared spectroscopy (IR)

Phosphate glasses are composed of PO4 tetrahedra, which consist of long chains or rings
of PO4 sharing corners. In this work we will use the results of Corbridge and Lowe
[11] and Muller [12] to interpret the IR of the phosphate glasses. According to Muller [12],
absorption of the P=O group is around 1282–1205 cm−1 in polymeric phosphate chains. The
stretching bands of P–O− (NBO—non-bridging oxygen) are around 1150–1050 cm−1 and
950–900 cm−1. Absorption at 800–720 cm−1 is due to P–O–P vibrations (BO—bridging
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Table 1. Physical characteristics of the 50 Li2O–40 P2O5–10 Nb2O5–x Fe2O3 glasses, obtained
at a heating rate of 10◦C min−1.

Glass transition Crystallization Melting Activation
Glass Density temperature temperature temperature energy
composition ρ (g cm−3) Tg (◦C) Tx (◦C) Tm (◦C) E (kJ mol−1)

x = 0 mol% 2.60 398 557 642 96.3
x = 5 mol% 2.86 433 545 729 160.9
x = 10 mol% 3.00 461 560 728 149.4

Figure 2. Infrared spectra of 50 Li2O–40 P2O5–10 Nb2O5–x Fe2O3 glasses atx = 0 mol% (A),
x = 5 mol% (B), andx = 10 mol% of Fe2O3 (C).

oxygen). The bands below 600 cm−1 are due to the bending mode of the PO4 units in
phosphate glasses.

Figure 2 shows the IR spectra of the lithium noibophosphate glasses withx = 0, 5
and 10 mol% of Fe2O3. Spectrum in figure 2(A) shows the IR spectra of the lithium
niobophosphate glass without Fe3O3. The bands 1204 cm−1 (P=O), 1088 cm−1, 985 cm−1

and 896 cm−1 (P–O−), 755 cm−1 (P–O–P) and 543 cm−1 (PO4 units) are present. With the
introduction of the Fe2O3 in the glass matrix, in the proportion of 5 mol% and 10 mol%,
figure 2(B) and (C) respectively, the resonance around 1204 cm−1 disappears. On the other
hand, new bands around 567 cm−1 and 571 cm−1 appear (figure 2(B) and (C)).

Osakaet al [13] have shown that the PO4 unit has two bridging oxygen bonds along with
two non-bridging oxygen bonds as P=O and P–O−. Therefore, the IR spectra are split into
two bands with higher energy and a lower energy band. However, the iron niobophosphate
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glasses studied in this work did not show splitting into these two bands. The absence of
the 1204 cm−1 band in figure 2(B) and (C) may be associated with conversion of the P=O
double bond into as bridging oxygen. The shift to higher frequency for the P–O− vibration,
from 896 cm−1 to 931 cm−1 (table 2), may be due a large ionic nature of Fe–O bonds.
Similar behaviour was observed by Mogus-Milankovic and Day [14] for iron phosphate
glasses.

Table 2. Frequency (cm−1) for IR absorptions in 50 Li2O–40 P2O5–10 Nb2O5–x Fe2O3 glasses.

Frequency (cm−1)

Vibrations x = 0 mol% x = 5 mol% x = 10 mol%

P–O–P (BO) 755 757 754
P=O 1204 NO NO
P–O− (NBO) 1088, 985 and 896 1089, 985 and 920 1085, 980 and 931
FeO4 NO NO 646
FeO6 NO 567 571

NO: not observed; NBO: non-bridging oxygen; BO: bridging oxygen.

In order to elucidate the coordination of iron for glasses studied in this work, IR spectra
of Fe2O3 and its compounds were considered. There are two characteristic FeO6 octahedral
bands,ν3 at 580–550 cm−1 and ν4 at 470 cm−1. The vibrations of FeO4 tetrahedra are
at 660–625 cm−1 [15]. Thus, absorption around 646 cm−1, clearly present in figure 2(C),
may be ascribed to the vibrations of FeO4 tetrahedra. The presence of the absorption bands
at 567 cm−1 and 571 cm−1, figure 2(B) and (C) respectively, indicates the existence of
octahedral iron FeO6. Table 2 summarizes the absorption bands from figure 2. Abreuet al
published very recently [16] a work studying the effect of a high level of Fe2O3 doping
(x > 10 mol%) concentration in the iron niobophosphate glasses, studied by Mössbauer
and infrared spectroscopy. The results show that Fe3+ and Fe2+ ions are distributed in
octahedral sites and that bands around 587 cm−1, 503 cm−1 and 480 cm−1 are associated
with existence of octahedral iron FeO6. The measurements also indicate that LiFePO4

and α-Fe2O3 crystalline phases are present for high iron content samples (x = 40 and
x = 50 mol%). In our present study we are concerned with the low level of doping of
Fe2O3 (06 x 6 10 mol%).

3.3. Mössbauer spectroscopy

Figure 3 shows the M̈ossbauer spectra for samples withx = 5 and 10 mol% of Fe2O3. All
the spectra in figure 3 can be interpreted as the superposition of two broad doublets. The
more intense doublet can be assigned, based on isomer shift and quadrupole splitting value,
to high spin Fe3+ (ferric iron), and the less intense to high spin Fe2+ (ferrous iron) [17].
We used a set of 60 Lorentzian doublets, 30 to fit the contribution to the spectrum due to
Fe3+ and 30 for Fe2+. The Lorentzian half width has been fixed at 0.12 mm s−1, which is
typical of a spectrum of standard metallic iron.

In table 3 are listed the M̈ossbauer parameters, isomer shift (δ), the most probable
values of quadrupole splitting (1max) and relative area population (A) obtained from the fit.
According to Dyar [18] the Fe3+ ions in a octahedral coordination, present the Mössbauer
parameter isomer shift (δ) with values between 0.35 and 0.55 mm s−1 relative to metallic
iron, whereas for a tetrahedral coordination theδ value between 0.20 and 0.30 mm s−1. For
the Fe2+ ions, values ofδ below 1.0 mm s−1 relative to metallic iron, are associated with
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Figure 3. Mössbauer spectra of samples ofx = 5 andx = 10 mol%. (•) Experimental points
and the continuous line is the theoretical fitting.

Table 3. Mössbauer parameters of the 50 Li2O–40 P2O5–10 Nb2O5–x Fe2O3 glasses. In this
tableδ (mm s−1), 1 (mm s−1) andA (%), are the isomer shift, quadrumpole moment and area,
respectively.

Fe2+ Fe3+

Sample δ (mm s−1) 1 (mm s−1) A (%) δ (mm s−1) 1 (mm s−1) A (%)

x = 5 1.08 2.51 31 0.37 0.67 69
x = 10 1.05 2.50 26 0.40 0.70 74

tetrahedral coordination. The M̈ossbauer parameter quadrupole splitting (1) is also useful
for evaluating the coordination number since a distorted tetrahedral site is characteristically
less symmetric than a distorted octahedral site, therefore different values of1 should
be obtained. However it is observed [18] that coordination number should be primarily
determined fromδ values.

Recently Dayet al [19] report results in iron phosphate glasses studied by Mössbauer
spectroscopy where the valence states of iron ions in several iron phosphate glasses were
studied. It was observed that the general coordination of the majority of iron ions appears to
be distorted octahedral. However the Mössbauer spectra do not totally exclude the presence
of some tetrahedrally coordinated iron ions in the iron phosphate glasses.
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In this work, for the Fe3+ ion, the values ofδ range from 0.37 to 0.40 mm s−1 and for
the Fe2+ ion the values are between 1.08 and 1.05 mm s−1, for x = 5 and 10 mol% of
Fe2O3 respectively. Therefore we can assume that both ions are sites of distorted octahedral
coordination, i.e. they are network modifiers. The quadrupole splitting values are also in
agreement with this interpretation. Table 3 also shows the relative area population (A) for
both Fe2+ and Fe3+ ions. As we can see, for both samples Fe3+ is predominant compared
with the Fe2+ population.

Figure 4. Quadrupole splitting distribution for Fe3+ and Fe2+ at the octahedral sites. (Samples
x = 5 andx = 10 mol%.)

Figure 4 shows the probability distributions of the Lorenzian doublets versus quadrupole
splitting (1) for Fe3+ and Fe2+ ions in samples withx = 5 and 10 mol% of Fe2O3. As
we can see the distributions show different maxima of the quadrupole splitting distribution,
which are associated with different distortions of the octahedral symmetry around the iron
ions. The position of the1max represents the most probable value of the quadrupole
splitting of the site. For samples withx = 5 the Fe2+, which are just 31% of the
total iron, occupy two distinct sites. The site with1max = 2.51 mm s−1 is the one
with highest probability. The Fe3+ in this samples (69% of the total iron) show the
most probable value1max = 0.67 mm s−1. For samples withx = 10 mol% the Fe2+,
which represent 26% of the total iron, occupy two distinct sites with the most probable
1max = 2.50 mm s−1. The Fe3+ (74% of the total iron) on the other hand, presents the
most probable1max = 0.70 mm s−1.
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4. Conclusions

Iron niobophosphate glasses were investigated in the present work with DTA analysis,
infrared and M̈ossbauer spectroscopy, to investigate the effect of the increasing concentration
of Fe2O3 in the glass matrix. Results show that the activation energy for crystallization
increases with the increase of Fe2O3 in the glass matrix. The sample with 5 mol% of
Fe2O3 shows the maximum activation energy. Infrared spectra clearly indicate the presence
of the P=O, P–O–P and P–O− bands. Samples with Fe2O3 do not show bands associated
with P=O. This absence may be associated with conversion of the P=O double bond into a
bridging oxygen. High spin Fe2+ and Fe3+ (which are present in samples withx = 5 and
10 mol% of Fe2O3) are assumed to be at sites of distorted octahedral coordination (network
modifier).
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