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a b s t r a c t

In this study, we report structural properties of the iron–tellurite glasses obtained using the sol–gel
synthesis. The samples were characterized by X-ray diffraction, FTIR, UV–vis and EPR spectroscopy. Our
results indicate dominant presence of iron ions in the trivalent state and the existence some Fe2+ ions. The
analysis of the IR spectra indicates a gradual transformation of iron ions from tetrahedral into octahedral
sites when the concentration of Fe(NO ) is increased beyond 0.64 mol%. EPR studies show that the
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increase of Fe(NO3)3 content in the host matrix induces the growth of the number of effective g values.
This can be explained considering that the orbitals of O2− ion with a large spin–orbit interaction constant
will interact with the 3d orbital of Fe3+ ion bonded to this O2− ion, thus leading to appearance of an orbital
angular momentum which contributes to the magnetic moment of Fe3+ ion. A strong dipolar interaction,
which is more predominant in a glass with higher content of Fe(NO3)3, causing a localized magnetic field

ions a
along the site of the Fe3+

. Introduction

The sol–gel process for the preparation of glasses and ceramics
as attracted increasing scientific and technological interest [1].
ellurite materials have been studied for some years due to high
efractive index (in the range from 1.85 to 2.2), high non-linear
hird order optical susceptibility (50 times higher than one of SiO2
ystems), high transmittance from ultraviolet to near infrared, low
lass transition temperature and electrical semiconductivity [2–7].
ellurite materials are also important for high ionic conductivity
8–11]. Due to these properties tellurium glasses are ideal materials
or applications in many important fields like telecommunication
echnology, laser and optical fibre technology, optical device tech-
ology [12,13].

Iron ions have a strong bearing on optical, magnetic and elec-
rical properties of glasses [14–16]. A large number of interesting
tudies are available on the environment of iron ions in various
norganic glass systems (e.g.: silicate, borate, phosphate, ger-

anate, tellurite glasses). These ions exist in different valence
tates with different coordinations in glass matrices, for exam-

le, as Fe3+ with both tetrahedral and octahedral and as Fe2+ with
ctahedral environment. Both Fe3+ and Fe2+ ions are well-known
aramagnetic ions. The Fe2+ ion has a large magnetic anisotropy due
o its strong spin–orbit interaction of the 3d orbital whereas such
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anisotropy energy of Fe3+ ions is small because its orbital angular
momentum is zero.

The processing route mainly adopted for producing tellurite
glasses is a melting and quenching technique, which is difficult
to produce homogeneous multicomponent tellurite glasses due to
their relatively high volatility, limited stability and ready contam-
ination by crucibles. Sol–gel process is an attractive alternative to
overcome these drawbacks [17].

Sol–gel processing is an attractive method to prepare vitreous
materials since the variety of preparative methods and ready avail-
ability of a large number of starting materials have provided the
feasibility to produce various materials [18].

The conventional hydrolytic sol–gel routes involved two types
of chemical reaction. First, the hydroxylation of inorganic or
organic-metal precursors is achieved either by varying the pH in
an aqueous solvent for inorganic metal salts or by hydrolyzing
metal alkoxides in an organic solvent. Second, the condensation of
the hydroxyl groups leads to the formation of the oxide network.
Eqs. (1)–(4) summarize some of the reactions involved during the
hydrolysis-condensation of metal alkoxides [10].

(RO)nM + H2O
hydrolysis−→ (RO)n−1M–OH + ROH (1)
2(RO)n−1M–OH

water
condensation

−→ [(RO)n−1M]2O + H2O (2)
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Table 1
Molar ratios of the starting materials for Fe(NO3)3–TeO2 glasses.

Sample Molar ratios

Te(OEt)4 Fe(NO3)3·9H2O EtOH CH3COOH H2O (CH2OH)2

1 1 0.16 19.4 35.93 – –
2 1 0.32 19.4 35.93 – –
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3 1 0.64 19.4 35.93 – –
4 1 0.80 19.4 35.93 – –
5 1 0.80 19.4 39.93 6.94 20

r

RO)n−1M–OH + (RO)nM

alcohol
condensation

−→ [(RO)n−1M]2O + ROH (3)

–OR + RO–M → M–O–M + ROR (4)

The present study is aimed to investigate the structural proper-
ies of some iron–tellurite glasses synthesized by sol–gel method.
he structural modifications were analyzed by investigations of
TIR, UV–vis and EPR spectroscopy.

. Experimental details

A series of iron–tellurite vitreous systems were prepared by
ol–gel synthesis using two preparation methods. For the first
ethod, tellurium (IV) ethoxide (85%) and stoichiometric quan-

ities of iron (III) nitrate, (Fe(NO3)3·9H2O (98%, metals basis),
bsolute ethanol and glacial acetic acid, were employed for sol–gel
ynthesis. Tellurium (IV) ethoxide was dissolved in ethanol, fol-
owed by addition of iron (III) nitrate and glacial acetic acid under
ontinuous stirring until the reaction mixture became homoge-
eous. Then, the reaction mixture was stirred for 45 min at 333 K in
tmospheric conditions. After filtration, the wet gel obtained was
ried in the oven for 24 h at 353 K, and was ground to give fine
owder.

In the second method, tellurium (IV) ethoxide (85%) was diluted
ith ethylene glycol, followed by addition of iron (III) nitrate,

Fe(NO3)3·9H2O, 98%, metals basis) dissolved in ethanol and glacial
cetic acid. In this case, the reaction mixture was stirred for 1 h at
33 K in atmospheric conditions. The solution was settled down
vernight, followed by addition of deionized water, and then, con-
inuous stirring for 1 more hour at 333 K. Likewise, after filtration,
he wet gel formed was dried in the oven for 24 h at 338 K, and
as ground to give fine powder. Table 1 shows the molar ratios of

he starting materials for preparation of iron doped-TeO2 vitreous
ystems.

Tellurite systems prepared by a controlled sol–gel reaction were
nalyzed by means of X-ray diffraction using a XRD-6000 Shimadzu

iffractometer, with a monochromator of graphite for Cu-K� radi-
tion (� = 1.54 Å) at room temperature.

The infrared absorption spectra of the glasses were recorded
sing a JASCO FTIR 6200 spectrometer in the range of
50–1500 cm−1. The measurements were performed using the KBr

able 2
econvolution parameters (the band centers C and the relative area A) and the bands ass

Sample 1 Sample 2 Sample 3 Sample 4

A C A C A C A C

2.68 418 11.50 421 7.12 418 3.09 405
3.96 521 7.35 531 15.61 529 8.33 503
3.32 618 3.99 631 4.68 692 3.19 662
2.82 757 2.44 722 5.09 758 5.05 774
3.31 1078 2.4 1076 2.19 1079 1.31 1049
1.6 1390 1.39 1386 0.57 1386 0.75 1384
Fig. 1. X-ray diffraction patterns for iron–tellurite glass samples.

pellet technique. The spectra were carried out with a standard res-
olution of 2 cm−1.

UV–vis absorption spectra of the powdered glass samples were
recorded at room temperature in the range 250–900 nm using a
Perkin–Elmer Lambda 45 UV/vis spectrometer equipped with an
integrating sphere. These measurements were made on glass pow-
der dispersed in KBr pellets.

EPR measurements were performed at room temperature using
ADANI Portable EPR PS 8400-type spectrometer, in X frequency
band (9.2 GHz) and a field modulation of 100 kHz. The microwave
power used was 5 mW.

3. Results and discussion

3.1. FTIR spectroscopy

XRD analysis of the structure of tellurite systems obtained
showed no distinguishing peaks, which indicates that systems were
amorphous (Fig. 1).

A simple inspection of the spectral features presented in Fig. 2a
shows that because the majority of the bands are large and asym-
metric, presenting also some shoulders, a deconvolution of the
experimental spectra was necessary.

The deconvoluted IR spectra for the iron–tellurite glasses are
shown in Fig. 2a and the peak assignments are given in Table 2. This
deconvoluted allowed us a better identification of all bands that
appear in the FTIR spectra in order to realize their assignment. The
deconvoluted procedure was made by using the Spectra Manager
program [19] and a Gaussian type function. The proportion of the
particular structures corresponding to different vibration modes

was calculated from the areas of fitter Gaussian bands divided to
the total areas of these bands. Each component band is related to
some type of vibration in specific structural groups. The concen-
tration of the structural group was considered to be proportional

ignments for the iron–tellurite glasses.

Sample 5 Assignments

A C

7.79 386 Bending vibrations of Te–O–Te or O–Te–O linkages
6.72 495 Fe–O bonds in [FeO4] units
6.17 628 Te–O bonds in [TeO4] units
4.57 772 Te–O bonds in [TeO3] units
1.87 1070 ethyl group in Te(OEt)4

0.46 1390 stretching vibrations of NO3
− group
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intensity of the IR band located at about 689 cm shows the
vibrations of the Fe2+–O–Fe3+ linkages [26].

(ii) For samples 1 and 3, three absorption bands located at about
540, 583 and 785 nm are identified due to transitions of the Fe3+

ions coordinated with oxygen atoms [26–29]. Based on selec-
Fig. 2. (a) FTIR spectra of iron–tellurite glass samples obtained b

o the relative area of its component band [20,21]. The deconvo-
uted parameters, the band centers, C and the relative area, A as

ell as the bands assignment for the studied glass are given in
able 2.

The examination of the FTIR spectra shows that the Fe(NO3)3
ontent modifies the characteristic IR bands as follows:

(i) The bands located around 460 cm−1, in the range of
610–680 cm−1 and 720–780 cm−1 are assigned the bend-
ing mode of Te–O–Te or O–Te–O linkages, the stretching
mode [TeO4] trigonal pyramidal with bridging oxygen and
the stretching mode of [TeO3] trigonal pyramidal with non-
bridging oxygen, respectively [14–16,22,23]. By increasing
Fe(NO3)3 content up to 0.64 (ration molar) increases the num-
ber of [TeO4] and [TeO3] structural units. The increasing trends
in the intensity of these bands can be due to the formation of
bridging bond of Te–O–Te and O–Te–O linkages.

(ii) The bands situated in the 470–600 cm−1 range may be ascribed
to vibration of the Fe–O bond in the [FeO6] and [FeO4] struc-
tural units [24]. Iron in the oxidation state +3 is reported to
occur predominant in fourfold coordination, as [FeO4]−1. These
tetrahedral geometries have a negative charge and hence need
cations for compensation of electrical charges. Accordingly, it
is possible a better stabilization of Fe3+ from [FeO4]−1 tetra-
hedral units through compensation of electrical charges with
Te4+ and H+ ions. The Te4+ ions can be derived from Te(OEt)4
starting precursor. These modifications may be attributed to
the presence of [TeO4] and [FeO4] structural units which will
improve the environment of amorphous character.

iii) The band centered at about 1057 cm−1 can be due to the ethyl
group in Te(OEt)4 [25]. From Table 1 can be observed that the
number of ethyl group in Te(OEt)4 decreases by increasing of
Fe(NO3)3 content up to 0.80. Accordingly, the accumulation of
oxygen can be supported into the glass network by the forma-
tion of [FeO6] structural units.

iv) The absorption band situated at about 1380 cm−1 belongs to
the asymmetric stretching vibrations of NO3

− group. This band
attains maximum value for sample 1.
In brief, the analysis of the IR spectra indicates a gradual trans-
ormation of iron ions from tetrahedral into octahedral sites when
he concentration of Fe(NO3)3 is increased up to 0.8.
el method and (b) deconvoluted FTIR spectrum of the sample 1.

3.2. UV–vis spectroscopy

Among all the transition metal ions, Fe3+ ion (with d5 configu-
ration) is of special interest because it is the only configuration for
which there is no spin allowed transitions possible and only weak
bands may occur corresponding to spin-forbidden transitions. The
UV–vis absorption spectra of glass samples are shown in Fig. 3. The
examinations of these spectra show that the characteristic UV–vis
bands are modified namely:

(i) The bands located in the 300–450 nm region are due to the
presence of the Fe3+ ions. These bands can be due to the
d–d transitions of the Fe3+ ions [26–29]. The d–d transitions
of the Fe3+ ions decrease by increasing of Fe(NO3)3 content.
For sample 1 and 3 some modifications of the bands appear
in this region. Then, the apparition of new bands located in
the 260–325 nm region is correlated to the possible distor-
tions of symmetry of the iron species. The bands located in
the 250–277 nm region are due to a strong oxygen–iron charge
transfer derived to the Fe2+ and Fe3+ ions. The increase in the

−1
Fig. 3. UV–vis absorption spectra of iron–tellurite glasses in function of Fe(NO3)3

content.
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Fig. 4. EPR spectra of iron–tellurite glass samples.

tion rules and ligand field calculations, the first band is due to
[FeO4] structural units while the last bands are identified due to
the [FeO6] structural units. By increasing of Fe(NO3)3 content,
the decrease in the intensity of these peaks show a decrease
of the ratio of Fe3+ concentrations situated in tetrahedral and
hexagonal coordination sites. The four-fold coordination of
Fe3+ is observed to be more common than the six-fold coor-
dination in many of the glasses [19]. Both these Fe3+ sites can
be considered as substitutional and subjected to strong inter-
action between its external orbitals and the p-orbitals of the
neighbouring oxygens [27].

iii) A very sharp absorption band is observed at about 320 nm
only for sample 1. This can be explained by presence of a
higher number of d–d transitions of the Fe3+ ions in this sam-
ple. Accordingly, if the Fe(NO3)3 concentration is low, the
Fe3+ ions must be considered to behave as modifier and some
[FeO4] ↔ [FeO6] interconversion processes were produced.

iv) Fe2+ ions produce a band due to oxygen–iron charge transfer
in the ultraviolet [29]. Spin-forbidden bands are also expected
in the 450–550 nm domain. Then, Fe2+ ions yield absorption
bands due to d–d transitions in the near infrared region and
can be attributed to a range of distorted octahedral sites.
Accordingly, the energy diagram of the 3d6 configuration (Fe2+)
indicates that its spectrum will consist essentially of a single
band in the infrared region as well as a number of very weak
spin-forbidden bands in the visible and ultraviolet regions. For
samples 1 and 3, the intensity of the bands situated in the
infrared region shows that some Fe3+ ions were converted to
Fe2+ ions.

.3. EPR spectroscopy

Fig. 4 shows EPR spectra of glass samples. These spectra present
even signals at g ≈ 9, 7.6, 6, 4.3, 3.3, 2.66 and 2. The Fe3+ ions
an exist in glasses either in the substitutional sites or in the
nterstitial positions. The resonance signals at g ≈ 4.3 and 2 were
iscussed by many investigators [30–34]. They suggested that
he value of g in glasses containing Fe3+ ions is related to the
oordination number. The absorption at g ≈ 4.3 and 2 arise from
e3+ ions in tetrahedral and octahedral coordination, respectively.
he Fe2+ ions are not involved in EPR absorption but their inter-

ction with Fe3+ may influence the characteristics of the EPR
bsorption lines. The UV–vis spectrum supports the simultane-
us presence of both Fe3+ and Fe2+. In the present work, the
ncrease of Fe(NO3)3 content does strongly modify the charac-
mpounds 509 (2011) 147–151

teristic bands of the EPR spectra and can be characterized as
follows:

(i) The resonance line located at about g ≈ 4.3 decreases by increas-
ing of Fe(NO3)3 content. This signal located at about g ≈ 4.3 is
preferred to in the literature as due to the tetrahedral Fe3+ ions
in the substitutional site under a rhombic distortion due to the
presence of compensating cations in its neighbourhood. The
pairs of exchange coupled Fe3+ ions can arise from interstitial
Fe3+ ions after heat treatment which causes a resonance with
g-factor around 2. The two signals can be independent of each
other, because the amount of interstitial Fe3+ ions can vary from
sample to sample, depending on the manufacturing process.

ii) The g ≈ 2 feature is assigned to a ferromagnetic resonance of
the ferromagnetic or ferrimagnetic single domains encounter
in glasses [35–37]. Another interpretation about the origin of
the signal around g ≈ 2 is related to the oxygen hole centers that
should arise with electron centers. The gradual growing of the
signal situated at g ≈ 2 with the increase in the concentration
of Fe(NO3)3 indicates the formation of Fe3+–O–Fe3+ spin pair or
clusters of Fe3+ ions in glass network.

iii) The existence of the resonance signals at g ≈ 4.2 and 7.6 have
been attributed to Fe3+ ions in rhombic and axial symmetry
sites, respectively, whereas the resonance signal at g ≈ 2 reso-
nance is due Fe3+ ions coupled by exchange interactions.

iv) The signals located at about g ≈ 2.66 and 3.3 are due to pairs of
exchange coupled Fe3+ ions. The EPR spectrum reveals presence
of the broad band at g ≈ 2.66. This rarely reported resonance
band originates from ferromagnetic couplings of nearby iron
cations. The details of the signals located at g ≈ 2.66 and 3.3
indicate that these signals were chosen for Fe(NO3)3 content
evaluation.

(v) An effective g value of g ≈ 9.7 was also reported for Fe3+ ions
in glasses [37,38]. The g ≈ 6 resonance line is characteristic for
isolated Fe3+ ions situated from axially distorted sites. For sam-
ples 4 and 5, the intensity of the signal situated at about g ≈ 4.3
increases and a new resonance line located at about g ≈ 3.3
appears. This can be explained considering that the orbitals of
O2− ion with a large spin–orbit interaction constant interact
with the 3d orbital of Fe3+ ion bonded to this O2− ion, thus
leading to the appearance of the orbital angular momentum
which contributes to the magnetic moment of Fe3+ ion. The
strong dipolar interaction, which is more predominant in the
glass with the content of Fe(NO3)3, causes a localized magnetic
field at the site of Fe3+ ion and increases the effective g value as
observed [39,40].

These g values indicate that the paramagnetic ion is in trivalent
state and is in distorted octahedral site symmetry. This indepen-
dence of g values with composition of glass allows us to conclude
that the symmetry around the paramagnetic Fe3+ ions is indepen-
dent of concentration of Fe(NO3)3 present in the samples. Then,
increase of Fe(NO3)3 content implies the appearance of the orbital
angular momentum which contributes to magnetic moment of the
Fe3+ ion and the number of effective g values increases.

4. Conclusions

X ray diffraction, FTIR, UV–vis and EPR spectroscopy studies
have been utilized in order to study structural changes produced
3 3
obtained using the sol–gel method. Our results show that the iron
ions located in the glassy matrix are largely in the form of Fe3+

ions. The analysis of the IR spectra indicates a gradual transfor-
mation of the iron ions from tetrahedral into octahedral sites when
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