
S
g

L
T

a

A
R
R
A
A

P
6

K
G
R
S
M

1

a
d
p
L
a
a
t
g
t
t

i
[
g
p
a
a
k
h

0
d

Journal of Alloys and Compounds 525 (2012) 58– 62

Contents lists available at SciVerse ScienceDirect

Journal  of  Alloys  and  Compounds

jou rn al h om epa ge: www.elsev ier .com/ locate / ja l l com

pectroscopic  and  magnetic  behavior  of  Gd  and  Nd  ions  in  lead–germanate
lasses

idia  Pop, Maria  Bosca,  Eugen  Culea ∗

echnical University of Cluj-Napoca, Memorandumului 28, 400114, Cluj-Napoca, Romania

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 13 October 2011
eceived in revised form 7 February 2012
ccepted 8 February 2012
vailable online xxx

ACS:
1.43.Fs, 75.50.Lk, 07.57.−c, 75.30.Cr

a  b  s  t  r  a  c  t

Samples  of  the  xGd2O3(1 − x)[GeO·PbO]  and  xNd2O3(1 −  x)[GeO·PbO]  vitreous  systems  with  0  ≤  x  ≤ 0.15
were  prepared  and  investigated  by  X-ray  diffraction,  FTIR  spectroscopy  and  magnetic  susceptibility
measurements  (in  addition,  the samples  containing  gadolinium  ions  were  investigated  by  electron  para-
magnetic  resonance  (EPR)  spectroscopy).  FTIR  spectroscopy  investigation  shows  that  the  studied  samples
consist  of  both  GeO4 and  GeO6 structural  units,  the  GeO4 being  predominant.  The  increase  of  the  gadolin-
ium  or  neodymium  ion  content  of the  samples  determines  the  GeO4 →  GeO6 conversion  process.  FTIR
data  suggest  that  the  rare  earth  ions  present  in the vitreous  matrix  play  a  network  modifier  role.  Magnetic
eywords:
lasses
are earth
pectroscopy
agnetic susceptibility

susceptibility  data  show  that  the  magnetic  behavior  of  the studied  samples  is due to the presence  of the
Gd3+ and  Nd3+ ions.  These  ions  appear  as  isolated  species  for low  rare earth  oxide  contents,  x ≤ 0.03–0.05,
while  for  higher  contents  appear  as magnetically  coupled  species,  too.

EPR  spectroscopy  data  obtained  for  the  xGd2O3(1 −  x)[GeO2·PbO]  samples  show  that,  in  addition  to
the  network  modifier  role  of the rare  earth  ions  suggested  by  the  FTIR  data,  the  Gd3+ ions  play  also  the
network  former  role.
. Introduction

In the last years lead–germanate glasses have received much
ttention due to their important properties such as a good chemical
urability and mechanical stability, high glass transition tem-
erature, higher laser damage thresholds at 3 �m,  etc. [1–6].
ead–germanate vitreous systems offer possibilities for various
pplications in optoelectronics and telecommunication technology
nd are suitable for waveguide applications since, for the IR region,
hey are low loss optical materials. Moreover, lead–germanate
lasses can be easily obtained into fiber form and this enhances
heir status as materials of particular interest for telecommunica-
ions. [7,8]

On the other hand, glasses and crystals containing rare earth (RE)
ons have attracted great attention since the addition of these ions
7–10], as well as the addition of the transition metal ions [11–15],
enerate important properties for the host matrix. Such materials
resent extensive applications in fields such as information display
nd laser technology [7–10]. Glasses containing neodymium ions

re intensively used in laser technology [10]. Gadolinium ions are
nown for their capacity to be incorporated in vitreous matrices in
igh amounts offering thus important information concerning the
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compositional structural evolution of the host glass, their magnetic
interaction and their clusterization process [i.e., 16–20].

In order to obtain more information concerning the important
class of lead–germanate glasses doped with rare earth ions, in the
present paper we studied some structural and magnetic properties
of neodymium and gadolinium ions immobilized in the GeO2·PbO
vitreous matrix. The effect of the progressive addition of RE ions on
the structural and physical properties of the GeO2·PbO host matrix
was followed by means of X-ray diffraction, FTIR spectroscopy,
magnetic susceptibility and electron paramagnetic resonance (EPR)
spectroscopy measurements.

2. Experimental

Samples of the xGd2O3(1 − x)[GeO·PbO] and xNd2O3(1 − x)[GeO·PbO] systems
where x = 0, 0.01, 0.05, 0.10 and 0.15, were prepared by the melt quenching method.
Required quantities of analar grade GeO2, PbO and Nd2O3 or Gd2O3 oxides were
mixed and milled together with the aim to obtain a fine powder. The mixture was
melted in sintered corundum crucibles in an electric furnace at a temperature of
1200 ◦C for 10 min. The samples were obtained by pressing the melts between two
steal plates. Taking into account the important dependence of the structure and
properties of the vitreous systems on their “thermal history” and in order to offer
a  reasonable comparative study of the investigated systems, all the samples were
prepared strictly under the same conditions.

X-ray diffraction investigation was performed using a XRD-6000 Shimadzu

diffractometer with a graphite monochromator for the Cu K� radiation (� = 1.54 Å)
at room temperature. X-ray diffraction confirmed the amorphous nature of the
samples.

The FTIR investigation was performed using a JASCO FT-IR 6200 spectrometer.
The FTIR spectra were recorded in the 400–1800 cm−1 range at room temperature,

dx.doi.org/10.1016/j.jallcom.2012.02.069
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:eugen.culea@phys.utcluj.ro
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Fig. 2. IR spectra of the xGd2O3(1 − x)(GeO2·PbO) (A) and xNd2O3(1 − x)(GeO2·PbO)
(B) glasses with x = 0 (a), x = 0.05 (b), x = 0.10 (c) and x = 0.15 (d).
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ig. 1. X-ray diffractograms of the 0.05Gd2O3·0.95(GeO2·PbO) (1),
.05Nd2O3·0.95(GeO2·PbO) (2), 0.15Gd2O3·0.85(GeO2·PbO) (3) and
.15Nd2O3·0.85(GeO2·PbO) (4) glasses.

sing the KBr pellet technique. In order to obtain good quality spectra the samples
ere crushed in an agate mortar to obtain a fine powder.

The magnetic susceptibility measurements were performed using a Faraday-
ype balance in the 80–300 K temperature range. The sensitivity of the equipment
as  10−7 emu/g. The diamagnetic susceptibility of the GeO2 base glass was mea-

ured, too, and the magnetic susceptibility data for all the samples were corrected
aking into account the diamagnetic contribution of the host matrix.

EPR spectra were recorded using an Adani PS8400 spectrometer. The measure-
ents were performed in the X band at room temperature.

. Results and discussion

Fig. 1 presents the X-ray diffractograms for some of the
Gd2O3(1 − x)[GeO·PbO] and xNd2O3(1 − x)[GeO·PbO] samples.

The X-ray diffractograms highlight the amorphous nature of all
he studied samples. Thus, the X-ray patterns exhibit a broad diffuse
cattering at low angles confirming a long-range structural disorder
haracteristic of the amorphous network.

In order to determine the main features concerning the local
tructure of the studied glasses, FTIR absorption measurements
ere carried out since IR spectroscopic data provide important

nformation concerning the local structure. FTIR spectra of the the
Gd2O3(1 − x)[GeO·PbO] and xNd2O3(1 − x)[GeO·PbO] vitreous sys-
ems are shown in Fig. 2(a-Gd, b-Nd).

The absorption bands present in these IR spectra are very broad
nd asymmetric due to the amorphous nature of the samples. Due
o this fact, in order to perform a reasonable analysis of the exper-
mental IR data, a deconvolution procedure of the spectra was
ecessary. This procedure was performed with the Spectra Man-
ger program using a Gaussian type function. Fig. 3 shows the
econvolution in Gaussian bands of the spectrum for the GeO2·PbO
ost glass matrix.

The deconvolution procedure allowed a better identification of
he IR bands that appear in the experimental spectra and offered the
ossibility to follow more precisely their compositional evolution.
he locations of the most important IR absorption bands and their
ssignments are summarized in Table 1. The assignments were
ade based on data from the literature concerning some related

itreous or crystalline compounds [21–32].
The analysis of the IR data obtained for the studied systems
uggests that the vitreous matrix of these glasses is built up of
eO4, GeO6 and PbO4 structural units. This is suggested by the
resence of the IR absorption bands located at 690–700 cm−1 (due
o the symmetrical stretching vibrations of Ge O Ge bonds from

Wavenumber [cm
-1

]

Fig. 3. Deconvolution of the IR spectrum for the GeO2·PbO glass.
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Table 1
FTIR absorption bands and their assignment for the xRE2O3(1 − x)[0.95(GeO2·PbO)·0.05Al2O3] glasses where RE = Gd and Nd.

Wavenumber [cm−1] Assignments

413–426 Deformation vibrations for Pb O bonds from PbO4 structural units [21].
Deformations vibrations of Gd O or Nd O bonds [22,23].

550–558 Symmetrical stretching vibrations of Ge O Ge bonds [23,24].
Asymmetrical deformation vibrations of Pb O Pb bonds [22].

690–700 Symmetrical stretching vibrations of Ge O Ge bonds from the GeO6 structural units [23,26–30].
757–782 Asymmetric stretching mode of Ge O Ge bridges connecting GeO4 units [24,26–30].
870–875 Asymmetrical stretching vibrations of Ge O Ge bonds from the GeO4 units [23–30].
965  Symmetrical stretching vibrations of Pb O [21].
1045–1050 Asymmetrical stretching vibrations of Pb O [21].

Ge O stretch in GeO4 units [28,29].
O Ge
ons of
[33].
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1265 Deformations vibrations of Pb 

1395 Asymmetrical stretching vibrati
1635 Deformations vibrations for OH 

he GeO6 structural units [23,26–30]),  870–875 cm−1 (due to the
symmetrical stretching vibrations of Ge O Ge bonds from the
eO4 structural units [23,26–30])  and 413–426 cm−1 (due to the
ymmetrical deformation vibrations of Pb O bonds from PbO4
tructural units [21]).

The addition of the RE ions (gadolinium and neodymium)
roduces some modifications of the IR features suggesting a compo-
itional evolution of the structure for the studied vitreous matrices
akes place. Thus, the increase of the RE ions content of the samples
ncreases the intensity of the absorption band from 690 to 700 cm−1

nd decreases that of the absorption band from 870 to 875 cm−1

uggesting the increase of the number of GeO6 structural units,
espectively the decrease of the number of the GeO4 units. Since the
eO6/GeO4 ratio highly influences the properties of the GeO2·PbO
lass matrix, our attention was focused on the compositional evo-
ution of this ratio. In order to determine the GeO6/GeO4 ratio it

as taken into account that each IR band is related to some type of
ibration in specific structural groups and that the concentration of
he structural group is proportional to the area of its characteristic
R band. We  note that the deconvolution process makes it possible
o obtain accurate values of the area of each IR absorption band.
n order to express the GeO6/GeO4 ratio we note that it is propor-
ional to the ratio of the areas of the absorption bands from 690
o 700 cm−1 and 870 to 875 cm−1, A6 and A4. The compositional
ependence of the A6/A4 ratio is shown in Fig. 4

The data from Fig. 4 show that for all the studied samples the
mount of GeO4 structural unit present in the vitreous matrix of the

amples is higher than that of the GeO6 unit. The plot from Fig. 4
hows that the increase of the RE oxide content of the samples up
o x = 0.15 determines a GeO4 → GeO6 conversion process.
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ig. 4. Compositional evolution of the A6/A4 ratio for the xGd2O3(1 − x)(GeO2·PbO)
�) and xNd2O3(1 − x)(GeO2·PbO) (�) glasses.
 [32].
 Ge O Ge [33].

The absorption band located at about 1395 cm−1 becomes
broader with increasing the rare earth oxide content, x, of the
samples. This may  suggest that the deformation degree of the ger-
manium containing structural units increases with increasing x.

The structural modifications generated by increasing the RE
oxide content confirm that in the studied xGd2O3(1 − x)[GeO·PbO]
and xNd2O3(1 − x)[GeO·PbO] vitreous systems the gadolinium and
neodymium ions play the network modifier role as was previously
reported for other oxide glasses, too [i.e., 33,34].

The magnetic behavior of the xGd2O3(1 − x)[GeO·PbO] and
xNd2O3(1 − x)[GeO·PbO] vitreous systems is due to the RE ions
located in these glasses since the host glass matrix was found to
be diamagnetic. As was previously reported, the gadolinium and
neodymium ions appear in the oxide vitreous matrices in a sin-
gle and stable valence state, namely the Gd3+ (7.94�B) and Nd3+

(3.627�B), where the values in the brackets represent the effective
magnetic moments per free magnetic rare earth ion [10,35].

For the xGd2O3(1 − x)[GeO·PbO] and xNd2O3(1 − x)[GeO·PbO]
vitreous systems studied in this paper, the temperature depen-
dence of the magnetic susceptibility follows a Curie type magnetic
behavior for low RE oxide contents (x ≤ 0.03–0.05, the value differs
depending on the type of RE ions) and a Curie-Weiss type one for
higher RE contents. Such a behavior is characteristic of glasses con-
taining RE ions being previously reported for several other oxide
glasses containing RE ions [i.e., 36–40].

Magnetic susceptibility data obtained for the studied glasses
were used to determine some important parameters such as the
paramagnetic Curie temperature (�p), the molar Curie constant
(CM) and the effective magnetic moment per RE ion (�eff) for the
studied glasses. We  mention that the magnetic data were corrected
taking into account the diamagnetic contribution of the host glass
matrix. Fig. 5 presents the compositional variation of the paramag-
netic Curie temperature, �p.

We note that �p is a rough indicator of the magnetic interac-
tions between the magnetic ions from the studied glasses. Thus,
in the frame of the molecular field model [41], the molecular field
constant is given by J ≈ 2NcJij/Ng2�B

2 ≈ �p/C where N is the total
number of magnetic ions, Nc is the number of exchange coupled
magnetic ions, g is the spectroscopic splitting factor, �B is the Bohr
magneton and Jij is the exchange interaction between the magnetic
ions. In this view, the zero values for �p suggest that the magnetic
RE ions appear in the host vitreous matrix only as isolated species,
while the values different from zero suggest that magnetic ions
are present as both isolated and coupled species. Fig. 5 shows that
the values measured for the �p were zero for very low RE contents
(x ≤ 0.03–0.05) and small and negative for higher RE contents. The

fact that the �p parameter becomes different from zero for very low
RE contents indicates an accentuated clustering tendency of the
magnetic rare earth ions. The small and negative values of �p sug-
gest the presence of weak antiferromagnetic interactions between
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ig. 5. Compositional evolution of the paramagnetic Curie temperatures for the
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he magnetic RE ions located in the host vitreous matrix. Previous
eports stated that the magnetic RE ions from vitreous matrices are
oupled via RE–O–RE superexchange interactions [i.e., 16,42].

Fig. 6 presents the compositional variation of the effective mag-
etic moment per RE ion (�eff) for the studied glasses.

The analysis of the data from Fig. 6 shows that the �eff val-
es are close but somewhat smaller than those for the free ions

n the case of the gadolinium and neodymium ions. This suggests
hat the magnetic RE ions are present in their Gd3+, respectively
d3+ valence states, and their magnetic interactions are weak and
f antiferromagnetic nature.

For the samples containing gadolinium ions,
Gd2O3(1 − x)[GeO·PbO], an EPR spectroscopy study was per-
ormed. The obtained EPR spectra are close to those of the Gd3+

ons located in lead–bismuthate glasses [40]. Thus, for x ≤ 0.10,
he spectra show four resonance lines located at g ≈ 2, 2.9, 4.9
nd 5.9. This represents a superposition of two  types of spectra
ue to the Gd3+ ions located in vitreous matrices. First, there is
he well known “U” spectrum composed of the absorption signals
rom g ≈ 2, 2.9 and 5.9, assigned to the Gd3+ ions located at sites

ith weak crystalline fields of different symmetries (tetrahedral,

ctahedral and cubic with moderate distorsions) having coor-
ination numbers higher than 6 [38,40,43,44].  Second, there is
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the asymmetric absorption from g ≈ 4.9 due to the Gd3+ ions
located at sites with relatively strong crystal fields having an
orthorhombic symmetry and coordination numbers lower than 6
[38,40]. This location of the Gd3+ ions is unusual since the general
tendency of the RE ions is to be associated with high coordination
numbers. However, such a location may  appear in the studied
xGd2O3(1 − x)[GeO·PbO] glasses when the Gd3+ ions replace the
glass former germanium and/or lead ions. In this case, the EPR
data suggest that the gadolinium ions play not only the glass
modifier role proved by the IR data, but also the glass former role.
Such a behavior of the Gd3+ ions was previously reported for the
lead–bismuthate glasses [40].

For higher gadolinium contents (x > 0.10) the EPR spectra con-
sists of a single broad absorption line located at g ≈ 2 associated
with Gd3+ ions present predominantly as clustered species. We
mention that the results of the EPR investigation agree with the
magnetic susceptibility data.

4. Conclusions

Samples of the xGd2O3(1 − x)[GeO2·PbO] and
xNd2O3(1 − x)[GeO2·PbO] x ≤ 0.15 were prepared and investi-
gated. X-ray diffraction investigation shows that the samples
containing gadolinium and neodymium ions were vitreous.

FTIR spectroscopy investigation shows that the studied sam-
ples consist mainly of GeO4 structural units but GeO6 units are
present, too. The increase of the RE oxide content of the samples
up to x = 0.15 determines a GeO4 → GeO6 conversion process. FTIR
data suggest that the RE ions present in the vitreous matrix play
the network modifier role.

Magnetic susceptibility data show that the magnetic RE ions
(Gd3+, Nd3+) are present as isolated species only for very low con-
tents (x ≤ 0.03–0.05). For higher x values the magnetic RE ions
present exchange interactions of antiferromagnetic nature.

EPR spectroscopy data show that the Gd3+ ions play not only the
network modifier role but also the network former one.
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