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Abstract Glasses in the system xGd2O3�(100 - x)[TeO2�
GeO2] with 0 B x B 50 mol% have been prepared from

melt quenching method. In this paper, we investigated

changes of the coordination numbers of germanium, tellu-

rium, and gadolinium ions by investigations of FTIR, EPR,

and UV–VIS spectroscopy. By analyzing the structural

changes resulted from the IR spectra we found that the

bending modes of [GeO4] structural units and the deformed

modes of the Te–O–Te linkages produce intercalation of the

[GdOn] entities in the germanate–tellurate chain network and

densification of the glasses by increasing the number of

[GeO6] structural units. EPR spectra of the studied samples

reveal that the gadolinium ions play a role of network former.

The UV–VIS spectra show broad UV absorption bands

located in the 250–350 nm region. Their intensity increase

with the increasing of Gd2O3 content showing that these

stronger transitions can be due to the presence of the O=Ge

bonds (n–p* excitations) of [GeO5] structural units. The

[GeO5] structural units are more stable thermodynamically

than their analogues and the [GeO6] structural units produce

the improvement of the amorphous character of these

glasses.

Introduction

Germanate glasses doped with rare earth ions were inves-

tigated extensively in the past because their physicochem-

ical, optical, and spectroscopic properties are advantageous

for optoelectronic applications [1–4].

Tellurium oxide is a heavy metal oxide, and when it is

introduced in the glass matrix, it may influence the physical

properties as refractive index, thermal expansion coeffi-

cient, chemical resistance, infrared transmittance of the

glasses and further makes the glasses suitable for use as

devices for communication and advanced computer appli-

cations. When doped with a different kind of rare earth

ions, these glasses find wide use in high power laser

technology, sensor, optical switching, and amplifiers for

fiber communications [5–7].

It is expected that the introduction of rare-earth oxide

component into the binary germanate–tellurate glasses may

affect the structural features of the host matrix. Thus, it can

be thought that the behavior of the properties of binary

germanate glasses at increasing the second component

content would depend on how that component influences

the glass polymerization pattern.

The purpose of this paper is to understand the amor-

phous environment of the gadolinium–germanate–tellurate

glasses using the FTIR, EPR, and UV–VIS spectroscopy

investigations.

Experimental

Gadolinium–germanate–tellurate glasses were prepared by

mixing and melting of the appropriate amounts of tellurium

dioxide, germanium dioxide, and gadolinium (III) oxide of
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high purity. Reagents were melted at 1000 �C for 15 min

and quenched.

The samples were analyzed by means of X-ray diffrac-

tion using a XRD-6000 Shimadzu Diffractometer, with a

monochromator of graphite for Cu Ka radiation (k =

1.54 Å) at room temperature. The X-ray diffraction pat-

terns did not reveal the crystalline phase in the sample with

x B 50 mol% Gd2O3.

The structure of the glasses was investigated by infrared

transmission spectra in KBr matrices were recorded in the

range 400–1200 cm-1 using a JASCO FTIR 6200

spectrometer.

UV–Visible absorption spectra of the powdered glass

samples were recorded at room temperature in the range

250–400 nm using a Perkin-Elmer Lambda 45 UV/VIS

spectrometer. These measurements were made on glass

powder dispersed in KBr pellets.

EPR measurements were performed at room tempera-

ture using ADANI Portable EPR PS 8400-type spectrom-

eter, in X frequency band (9.1 GHz) and a field modulation

of 100 kHz. The microwave power used was 5 mW.

Results and discussion

FTIR spectroscopy

A simple inspection of the IR spectra presented in Fig. 1

shows that the structural properties are the result of chan-

ges in the short-range order of the gadolinium–germanate–

tellurate glasses. These modifications can be summarized

as follows:

(i) The bands in the 400–500 cm-1 region consists of

various bands due to stretching and bending modes

of the [GeO4] structural units and the vibrations of

Te–O–Te bridging bonds [8–16]. For sample with

x C 15 mol% Gd2O3, these bands attain their max-

imum values. This shows that the bending modes of

[GeO4] structural units and the deformed modes of

the Te–O–Te linkages produce intercalations of the

[GdOn] entities in the germanate–tellurate chain

network.

(ii) The band located at about 780 cm-1 shows the

presence of [TeO3] structural units [8–10]. The

intensity of this band attains maximum value for host

matrix network. This shows that the gadolinium ions

are firstly inserted in the trivalent state and they can

be considered as modifiers because they have a

strong affinity toward these groups containing non-

bridging oxygens, with negative electric charges.

Presence of multiple cations, germanium, and tellu-

rium in the glasses to attract oxygen ions produce a

competition between these cations. The disappear-

ance of this band relates that gadolinium ions have

an affinity pronounced toward [TeO3] structural units

yielding deformation of the Te–O–Te linkages and

the intercalation of the [GdOn] entities in the [TeO4]

chain network.

(iii) The feature of the band located at about *700 cm-1

is attributed to the vibrations of the Ge–O bonds

from the [GeO6] structural units. For samples with

x = 10, 30 and 50 mol% Gd2O3 increases the

intensity of this band.

(iv) The characteristic feature located at about *820

cm-1 can be due to the Ge–O stretching vibrations of

the [GeO4] tetrahedral structural units involving non-

bridging oxygen [10, 11].

(v) The IR absorption bands in the 700–970 cm-1 region

were found to be sensitive for the different germa-

nate units in the form of [GeO4], [GeO6] structural

units and interconnected through Ge–O–Ge bridges

in [GeO4] structural units [14]. The bands located in

Fig. 1 FTIR spectra of the xGd2O3�(100 - x)[TeO2�GeO2] glasses

(with x = 0–50 mol%)
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the 930 and 1020 cm-1 range were assigned to the

Ge–O and Ge–O–Ge stretching vibrations from

[GeO4] structural units [15–19].

(vi) The band centered at *650 cm-1 is assigned to the

stretching mode of [TeO4] trigonal bipyramidal units

with the bridging oxygen [8–10]. When a small

Gd2O3 content (5 mol%) is introduced in host

network, the characteristic features of these specific

units of tellurium atoms are affected and the band

shifts to the lower wavenumbers. The effect suggests

that doping with gadolinium ions deforms the Te–O–

Te linkages and some [TeO3] structural units are

converted to [TeO4] structural units while the

number of the [GeO6] structural units decreases

(the band located at about 700 cm-1).

By increasing the Gd2O3 content up to 10 mol%, the

evolution of the structure can be explained considering the

accommodation of the network with excess of oxygen by

the formation of [GeO6] structural units.

Then by the increasing of Gd2O3 content up to 20 mol%

a sharp of decreasing trend was observed in intensity of the

band situated in the 700 cm-1 region and new increasing

trends towards larger wavenumber were exposed on the

bands centered in the 800–950 cm-1 region. Structural

changes, as recognized by analyzing band shapes of FTIR

spectra, revealed that Gd2O3 causes a change from the

continuous germanium–tellurate network to the continuous

germanate–tellurate network with interconnected through

Ge–O–Ge, Te–O–Te, and Ge–O–Te bridges.

The currently accepted model for this mechanism is a

change of germanium from four-coordinated to higher

coordinated species (x B 10 mol%) after that the number

of [GeO6] structural units decreases (10 \ x B 20 mol%).

This structural mechanism is responsible for the germanate

anomaly with remains area of interest to the glass science

[12, 13].

The germanate anomaly consists in a growth followed

by a decline of the number of [GeO6] octahedral structural

units in the glass network [10–14]. While the formation of

the higher coordinated species clearly plays a role in the

anomalous behavior it does not correlate with the anomaly

maximum. Some authors consider that germanate anomaly

can be correlated with the existence of five-coordinated

germanium atoms [O4Ge=O] or a mixture of five and six-

coordinated.

An important question to be considered is if the dif-

fraction experiments reveal the presence of [GeO5] poly-

hedrons. With a few exceptions [17, 20], only [GeO6] and

[GeO4] structural units were found in the related crystalline

structures. The simple models for the increased coordina-

tion number of the germanium–oxygen bonds are based on

these two structural units. Distorted [GeO5] trigonal

bipyramids with one longer Ge–O bond exist in the

K2Ge8O17 crystal [17], but the pyramidal apices are con-

nected with special four-coordinated oxygen, an unlikely

site in a glass structure, and so these crystalline parameters

were not used in the structural comparisons.

Further, by increasing of gadolinium oxide content up to

50 mol%, the intensity of the band centered at about

700 cm-1 increases. These mechanisms relate that when a

high content of Gd2O3 (C30 mol%) is introduced, the

Te–O–Te linkages are deformed yielding intercalation of

[GdOn] entities. The bending mode of the [GeO4] structural

units permits the accommodation of the network with

excess of oxygens ions by the formation of [GeO6] struc-

tural units. These data will be used in the present research

to understand the FTIR data concerning the local envi-

ronment of the gadolinium ions using EPR spectroscopy.

EPR spectroscopy

Figure 2 shows the EPR spectra of xGd2O3�(100 - x)

[TeO2�GeO2] glasses sample as function of gadolinium

Fig. 2 EPR spectra of the xGd2O3�(100 - x)[TeO2�GeO2] glasses

J Mater Sci (2011) 46:1289–1294 1291

123



ions concentration. The Gd?3 ions doped germanate–

tellurate glasses exhibit six resonance signals at g & 2.0,

2.8, 3.3, 4.3, 4.8, and 6.

Most of the authors [20–25] consider that when the

gadolinium ions present in low concentrations in host

glasses, usually exhibit three prominent signals with

effective g-values of g & 6, 2.8, and 2.0 superimposed on

a broad resonance line shape that encompasses the prom-

inent g & 2.0 resonance signals. The mentioned absorp-

tion features are generated by Gd?3 ions disposed in cubic,

octahedral, or tetrahedral sites with moderate distortions. In

these sites the gadolinium ions experience a relatively

weak crystalline field and they are characterized by a

coordination number higher than six [23–25].

The asymmetric absorption line with g & 4.8 indicates

a relatively strong crystal field with an orthorhombic

symmetry and is associated with gadolinium ions with a

coordination number lower than six [22].

In addition to the signals at g & 3.3 and 4.3 are also

observed [20]. This type of spectrum has been aptly labeled

as the U-spectrum [23] in view of its omnipresence in

vitreous materials [20–28] as well as in disordered poly-

crystalline materials.

In the present work, the increase of Gd2O3 content does

modify the characteristic bands of the EPR spectra and can

be characterized as follows:

(i) The intensity of the EPR signal located at g & 3.3 is

weak. For sample with x C 15 mol%, the EPR spectra

show all absorption features of the U-spectrum. This

explains that the amorphous character of the glasses

increase by increasing of the gadolinium ions.

(ii) The resonance line located at about g & 4.8

increases by increasing of Gd2O3 content. This

shows that the type of the Gd?3 ions can be

presented as network former in the host matrix.

(iii) Moreover, we observed a weak resonance line

attributed the g & 2 due to formation of Gd?3

clusters for all glasses. The weak resonance line

g & 6 was considered to be a characteristic feature of

intermediate crystal field sites of axial symmetry and

have attributed the broadened general appearance of

the U-spectrum to isolated rare earth ions in wide

varieties of sites. The Gd?3 ions in these glasses can

be considered as isolated in the sense of the absence

of clustering. The weakening intensity of the clusters

EPR line could be due to the Gd?3 migrations inside

the glass network. It should lead to the appearance of

more Gd?3 content in network former positions. It

can be pointed that the Gd?3 ions are generally

suspected to improve their environment.

In brief, with the addition of Gd2O3 in the host matrix

which tend to coordinate with Gd?3, will contribute to

coordinate with glass former cation ions. According to the

electronegativity theory, the covalency of the bond will

become stronger with the decrease of the difference of

electronegativity between cation and anion ions. Since the

values of electronegativity, for Te, Ge, Gd, and O elements

are 2.1, 1.8, 1.3, and 3.5, respectively, the covalency of

Te–O are stronger than Ge–O and Gd–O, respectively. As a

result, the covalency of Te–O and Ge–O bonds is stronger

than that of the Gd–O bond.

Accordingly, the excess of non-bridging oxygen ions

will coordinate with gadolinium ions only after what the

tellurium and germanium cations attain maximum number

of coordination (tellurium atoms—4 and germanium

atoms—6), in agreement with our FTIR data. In accor-

dance to the EPR data, the Gd?3 ions in these glasses can

be considered as isolated in the sense of the absence of

clustering.

UV–VIS spectroscopy

Incorporation of germanium ions in the glass was allowed

photosensitivity effects with applications in the telecom-

munications, lasers, and sensors. Photosensitivity has been

explained by two mechanisms [29]: (i) the formation of

new paramagnetic defects after UV laser irradiation,

depending on glass composition; (ii) the densification of

the glasses which can be correlated by the increase of

refractive index.

The term of densification of the glass implies a change

in coordination of Ge?4 ions from four- to sixfold which

will lead to glass compaction and then to refractive index

increase. Accordingly, our gadolinium–germanate–tellu-

rate glasses can present the optical properties.

The UV–VIS absorption spectra of xGd2O3�(100 - x)

[TeO2�GeO2] glasses are shown in Fig. 3. The energy of

Fig. 3 UV–VIS absorption spectra of samples in function of

gadolinium oxide content
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ultraviolet ([250 nm) and visible radiation is sufficiently

to promote the bonding p orbital—antibonding p* orbital

and non-bonding orbital (oxygen ions)—antibonding p*

orbital excitations. The examinations of these spectra

show that the characteristic UV–VIS bands are modified

namely:

(i) It follows from the spectrum that all glasses show the

beginning absorption at about 250 nm. This band can

be due to the presence of Ge–Ge wrong bonds [30].

(ii) For sample with x = 5 mol%, a new band located at

about 285 nm appears in the UV–VIS spectrum. This

band could be related to the presence of gadolinium

ions in the glass, which could contribute to form

gadolinium germanate-like structure [29].

(iii) For sample with x = 15 mol% Gd2O3, stronger elec-

tronic transitions can be observed in the 200–300 nm

region. The intensity of the UV–VIS signal increases

with the increasing of the Gd2O3 content up to

50 mol% in the host matrix. By comparing with FTIR

data, for sample with x = 15 mol% can be observed

that the number of six-coordinated atoms decrease.

This shows the existence of the germanate anomaly.

Then, by increasing of Gd2O3 content up to 50 mol%

the number of [GeO6] structural units increase again.

Accordingly, these stronger transitions in the UV–VIS

spectrum can be due to the presence of the [O4Ge=O]

structural units. The O=Ge bond of [GeO5] structural

units show strong absorption in the ultraviolet due to

allowed n–p* transition. The [GeO5] structural units

are more stable thermodynamically than their ana-

logues [31, 32] and the [GeO6] structural units

produce the improvement of the amorphous character

of these glasses.

We assume that [GeO5] and/or [GeO6] structural units

also do not accommodate with the non-bridging oxygens,

and that the [GdOn] polyhedrons are suitable neighbors for

the germanate structural units, in agreement with the

UV–VIS data.

Conclusions

Homogeneous glasses of xGd2O3�(100 - x)[TeO2�GeO2]

system were obtained within 0 B x B 50 mol%. In this

paper, we investigated changes in structural properties of

the gadolinium–germanate–tellurate glasses through

investigations of FTIR, EPR, and UV–VIS spectroscopy.

Our results show that the formation of [GeO6] structural

units attains maximum value at 10 mol% Gd2O3, after that

decreases (for sample with x = 15–20 mol%) and then,

increases again. Accordingly, the excess of non-bridging

oxygen ions will coordinate with gadolinium ions only

after what the tellurium and germanium cations attain

maximum number of coordination.

EPR data show that the Gd?3 ions in these glasses can

be considered as isolated in the sense of the absence of

clustering. The broader UV absorption bands located in the

250–350 nm region corresponds to the formation of gad-

olinium germanate-like structure.
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