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Abstract X-ray diffraction (XRD), electron paramagnetic
resonance (EPR), and magnetic susceptibility measurements
have been employed to investigate the samples from the
(Gd103),:(B203)60—x(Zn0)4o (0 < x < 20 mol%) sys-
tem. The XRD pattern for the prepared samples shows that
the vitreous phase is present only for x < 15 mol%. For the
samples containing 20 mol% Gd,Oj3 the presence of a unique
crystalline phase, GdBO;, embedded in a vitreous matrix
was evidenced. In this case the XRD patterns show the
presence of nanometer sized crystals (64 nm) in a glassy
matrix. The EPR spectra of the studied samples exhibit three
important features with effective g-values of x6, 2.8, 2.0
and a weaker feature at ¢ &~ 4.8. For low Gd,0O3 contents
(x < 3 mol%), the EPR spectra have the typical ‘‘U’’-type
shape. For higher contents of Gd,O3 (x > 3 mol%), the
spectral features are broadened and finally are dominated by
a single broad absorption line located at g ~ 2.0. This broad
EPR line is associated to the Gd** ions present predomi-
nantly as clustered species. Magnetic susceptibility data
show that for x > 1 mol% the Gd*" ions are present not only
as isolated species but also as species coupled through
antiferromagnetic exchange interactions.

Introduction

In the modern world of technology, vitreous materials play
an important role. Among them, glasses containing gado-
linium ions have the subject of a great deal of interest
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because of their important optical and magnetic properties
which recommend them for a wide range of technologi-
cally applications in optical communications, laser tech-
nology, optical storage devices, and immobilization of
radioactive materials [1-9]. These properties are deter-
mined by the environment of Gd*" ions as well as by the
gadolinium content and its distribution in the glass matrix
[10]. Whereas the local structure of the Gd>" sites seems to
be similar in different types of glasses, the correlation
between the doping level and clustering depends on the
glass type and composition [10]. EPR spectroscopy is one
of the most powerful tools that may provide useful infor-
mation concerning the structural details for the environ-
ment of the transition metal and rare earth ions in glasses
such as their coordination number and the valence state,
local symmetry, and charge compensation as well as the
degree of short-range disorder. Gd>" ions have been fre-
quently used as paramagnetic probes for exploring the
structure and properties of glasses. The EPR signal of the
Gd** (4f’, 857/2) ions located in the host glass matrix,
exhibits an X-band EPR spectrum usually consisting of
three main features at ¢ =~ 6.0, g ~ 2.8, and g ~ 2.0
[1, 7,9, 12, 13, 15]. This spectrum is labeled the U spec-
trum because of its “ubiquity” and Gd*' ions are fre-
quently suspected to impose their environment, when
present as impurities in glass system [1, 7, 9, 12, 13, 15].

Magnetic susceptibility measurements offered useful
information concerning the distribution of gadolinium ions
in the host glass matrix and the nature of the magnetic
interactions between these ions on various compositional
ranges [11-15]. It is well-known that the magnetic inter-
action between gadolinium ions in glasses consists of
superexchange interactions mediated by oxygen ions.
The superexchange interactions between the gadolinium
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ions in oxide glasses were most frequently attributed to
antiferromagnetically coupled gadolinium ion pairs
[11-13, 15, 16].

Zinc-borate glasses exhibit low melting temperatures, so
they are of technological interest owing to their applica-
tions in different fields of electronic products [17—19]. This
is due to the fact that the higher the polarizability of an ion,
the lower the melting temperature of the substance. Low
melting glasses, including zinc-borate glasses, have been
widely used for lowering the sintering temperature and
optimizing coefficient thermal expansion in the field of
electric devices such as multi layer ceramic capacitors, low
temperature co-fired ceramics (LTCC), plasma display
panels, cathode ray tubes, electric modules, etc. [17-19].
In this view, we underline that glasses from the Gd,O3—
ZnO-B,0; system are very valuable potential candidates
for LTCC applications [20] since these glasses fulfill one of
the essential requirements for LTCC applications, namely
that of a low softening temperature. Having in mind these
possible application as well as previous structural and
magnetic investigations, the ZnO-B,0Os3-based glasses
doped with Gd,Oj3 are interesting also from fundamental
point of view. In this view it is very important to clarify the
role that gadolinium ions are playing in establishing the
properties of these glasses and to determine the physical
mechanisms which are at the base of these properties.

The purpose of this study was to investigate by XRD,
EPR, and magnetic susceptibility measurements the zinc-
borate glasses and glass ceramics containing Gd,O3 in
order to obtained information concerning structural and
magnetic properties of these samples.

Experimental

Glasses of the (Gd203)x'(B203)(6Q_x)'(Zl’lO)4() (0 <x =< 15

mol%) system were prepared using Gd,Os;, H;BO;, and
ZnO of high purity (99.9%) in suitable proportion. The
mechanically homogenized mixtures were melted in sin-
tered corundum crucibles at 1100 °C in an electric furnace.
The samples were put into the electric furnace directly at
this temperature. After 10 min the molten material was
quenched at room temperature by pouring onto a stainless—
steel plate.

The XRD measurements were made with a XRD—6000
Shimadzu diffractometer, with a monochromator of graphite
for Cu-Ko radiation (A = 1.5406 10\) at room temperature.
Cu-Ko radiation produced at 40 kV and 30 mA scanned the
range of diffraction angles (20) between 10° and 60° with a
20-step of 0.02° s

The EPR measurements were performed using a PS
8400 spectrometer in the X-band (9.1-9.6 GHz) with
100 kHz field modulations. The measurements were made
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at room temperature. To avoid the alteration of the glass
structure due to the ambient conditions, especially humidity,
samples were powdered immediately after preparation and
enclosed in tubular holders of the same caliber. Equal
quantities of samples were studied.

The magnetic susceptibility measurements were made
using a Faraday type magnetic balance in 80-300 K tem-
perature ranges. Corrections due to the diamagnetism of the
Gd, 03, B,0O3, and ZnO were taken into account in order to
obtain the real magnetic susceptibility of gadolinium ions
in the studied samples.

Results and discussion
XRD data

The vitreous or/and crystalline nature of the (Gd,O3),
(B203)60—x)'(Zn0)4p system with various contents of gad-
olinium oxide (0 < x < 20 mol%) was tested by XRD. For
samples withx < 15 mol% the XRD patterns exhibit a broad
diffuse scattering at low angles confirming a long-range
structural disorder characteristic of vitreous network [21].
For the sample with the 20 mol% Gd,Oj; content the vitreous
phase coexists with a crystalline phase and the pattern shows
alarge maximum overlapped with the peaks characteristic to
the crystalline phase (Fig. 1).

All detectable peaks can be indexed as belonging to the
GdBO; crystal in the standard data (PDF#130483). GABO5
crystallizes in hexagonal system with the following lattice
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Fig. 1 The XRD patterns of sample with 20 mol% Gd,O3
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parameters: a = 3.84 A and ¢ =8.905 A very close to
those of the standard data PDF#130483 (a = 3.829 A and
b = 8.89 A). Owing to their high vacuum ultraviolet
transparency, good vacuum ultraviolet absorption, and
exceptional optical damage threshold in the vacuum
ultraviolet range, rare earth orthoborates (RBO3;, R = Gd
and Y) with the hexagonal varied-type structure are an
interesting class of materials [22, 23]. For the sample with
20 mol% Gd,Os, from the full width at half maximum for
all peaks of the refined diffraction line profiles, the average
crystallite size of the crystalline phase has been determined
by using the Debye—Scherrer formula [24]:

K
~ B -cosl

(1)

where D is the apparent volume-weighted crystallite size,
is the X-rays wavelength (1.54060 A, in this case),
K = 0.89 (the Scherrer constant), f§ is the width of line at
the half-maximum intensity in radians and 0 is the Bragg
angle. From Debye—Scherrer calculation, the average
crystallite size of the sample with 20 mol% Gd,O; is
64 nm, so it lies in the nanometer range.

EPR data

The EPR spectra at room temperature obtained for samples
from the (Gdy03),'(B203)60—x)(Zn0)s system with
0.5 < x <20 mol%, are shown in Fig. 2. As it is well-
known, the EPR spectra are sensitive to the local symmetry
of the involved paramagnetic ions giving information about
their valence states and interactions. As can be seen from
Fig. 2, there is a strong dependence of the EPR spectra and
the Gd,O; content of the samples. In the case of Gd> " the
experimental EPR resonance absorption can be analyzed
using a spin Hamiltonian which incorporates the Zeeman
and the crystal-field (CF) interactions [25-28]:

H = Hzeeman + Hcr (2)

For Gd*" ions which belong to the 4f’ configuration with
887/2 as ground state in the free ion the Zeeman interaction
term (for L = 0) can be written as:

H7zeeman = gOBBS (3)

where gy = 2.00, /5 is the Bohr magnetron, B is the applied
magnetic field, S = 7/2 is the spin angular momentum, and
L is the orbital angular momentum. The term due to the CF
interactions can be written in terms of spin operators Of as
defined by Abragam and Bleaney [29]:

Hep =Y b0} (4)
k.q

where the spin operators O} have their corresponding CF
parameters b;. The number of (k, g) combinations depends

on the symmetry of the CF around the Gd>" ions, and
k=2,4,6 and 0 < g < k.To explain the U-spectrum of
Gd>* ions is sufficient to restrict the Hamiltonian to terms
of second degree in the spin operators and higher order of
CF terms could be neglected [25-28]:

1
H = gopBS + 3 (b05 + b303) (5)

There are two important extremes when perturbation the-
ory approaches may be used [25, 26]: (i) the strong-field
Zeeman effect or weak CF limit, Hzeeman >> Hcr; and
(i1) the weak-field Zeeman effect or strong CF limit,
Hcg >> Hzeeman. If all the gadolinium ions in a sample are
in the weak CF limit, the EPR spectrum consists of reso-
nances centered in the vicinity of g ~ 2.0. This case is
common for Gd>" ions in cubic crystals. The second case
is expected only when the local symmetries of the Gd>"
ions depart substantially from cubic symmetry. In this case
the EPR spectrum consists of the few resonances resulting
from transitions within the widely separated Kramers lev-
els. Since the ions are randomly oriented these are the
g values that are turning values with respect to orientation
or are at least relatively constant over an appreciable range
of field directions. They occur mainly in the range where
g > 2. Brodbeck and Iton [26] concluded that the
U-spectrum of Gd>" ions could be interpreted only with a
broad distribution of values for 59 and with a distribution of
values of b3 such that the ratio 2=b3/b} has an appreciable
probability over the whole range 0 < 4 < 1. The resonance
absorptions from g ~ 6.0 and g ~ 2.8 are identified with
specific EPR transitions that are stationary with respect to
b% and /4, and the orientation angles of the applied field B
over a wide range. The magnitude of the CF interactions in
glasses is indicative of a moderate distortion of a cubic,
octahedral or tetrahedral CF, and is expected to occur when
the gadolinium ions are able to achieve a high coordination
number (>6) within the structurally disordered matrices.
In this case the Gd*" ions will play a network modifier role
in glasses that is usual for the rare-earth ions [26]. Thus, the
site symmetries of the gadolinium ions in glasses are
essentially low and disordered, which dictate their own
environments in glasses and are best characterized by a
single low symmetry type sites as proposed by Griscom
[30].

In this study, for low content of gadolinium ions content
(x < 1 mol%) the EPR spectra show well-known features
with g ~ 6.0; ~ 2.8, and &~ 2.0 characteristic of the so-
called “U” spectrum which are typical for Gd** ions uni-
formly distributed in the glass matrix. They are associated
with Gd** ions located at sites with weak crystalline fields of
different symmetries (tetrahedral, octahedral, and cubic with
moderate distortions) having coordination numbers higher
than six [1, 7, 12, 13, 15, 31]. The most important difference
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between the EPR spectra of Gd* ' ions from our samples and
the “U” spectrum consists in the appearance of an asym-
metric absorption line at g &~ 4.8 (Fig. 2). The presence of
this resonance absorption line suggests that in studied
samples some Gd*" ions are also located at sites with rela-
tively strong CF having an orthorhombic symmetry and a
coordination number lower than six. This location for Gd**
ions is unusual being known the general tendency of rare-
earth ions associated with high coordination numbers [1, 7,
12, 13, 15, 31]. In principle, these sites may be of network
glass former or network glass modifier type. Ionic radius
considerations suggest that Gd>" ions (rgg+ ~ 0.94 A)
cannot substitute the much smaller boron ions (rg ~
0.23 A). In this case the Gd>* ions will play a network glass
modifier role in the studied samples. The increasing of the
gadolinium ions content in studied samples leads to EPR line
broadening of both sites of Gd*>" ions. This broadening is
naturally ascribed to dipole—dipole interactions between the
Gd** ions with the increase of Gd,O5 content or/and to the
increase of disordering in the glass structure. The EPR line
shape is also influenced by the structure of the zinc-borate
glasses in which the gadolinium ions are incorporated. The
environment of Gd>" ions is determined by a competition
between structural characteristics of the zinc-borate glasses
and the local structure appropriate for Gd>* ions. The FTIR
data of the studied samples [21] shows that at low contents of
gadolinium ions the replace of B,O3 with Gd,O5 leads to the
increase of the number of BO, structural units, while for
higher Gd,O5 contents, the BO, structural units will be
destroyed and converted into BO; and BO,O™ structural
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Fig. 2 EPR spectra of Gd®* ions in the (Gd103),+(B203)60—x)"
(Zn0O)4 samples
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units with non-bridging oxygens (NBO). Thus, the gradual
increasing of the Gd,O3 content in the glasses leads to the
progressive formation of NBOs which destroys the local
ordering of the Gd** ion vicinities and changes the coordi-
nation of Gd>* ions. So for higher Gd,O; content the EPR
spectra become less resolved and they are dominated by a
single broad absorption line located at g ~ 2.0 associated to
Gd** jons present predominantly as clustered species [7, 13,
15, 30]. For samples with x > 3 mol% the evolution of this
resonance line with increasing the gadolinium ions content
was followed in dependence of the EPR parameters, i.e., the
line intensity (J) and the linewidth (AB). The corresponding
variations of these parameters are plotted in Fig. 3. The line
intensity and linewidth of the g ~ 2.0 absorption line
increase as function of x. In general, the signal intensity is
proportional to the number of EPR active species involved in
the resonance absorption, so the increase of the line intensity
indicates an increase in Gd>' ion concentration. The
AB = f(x) dependence reflects the competition between the
broadening mechanisms (due to the dipol—-dipol interactions
and the increased disordering of the matrix structure) and the
narrowing ones (due to the superexchange interactions
within the pairs of gadolinium ions). These mechanisms act
simultaneously but one of them may become predominant in
function of the Gd,Oj3 content of the samples. The evolution
of the line intensity and linewidth of the resonance absorp-
tion from g ~ 2.0 with the increasing of the Gd,O; content
shows a gradual increase of the number of superexchange
coupled Gd—O-Gd pairs in the studied samples.

Magnetic susceptibility data

The magnetic susceptibility data correlate well with the
EPR results and also complete them. The temperature
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Fig. 3 Composition dependence of line intensity and linewidth for
g ~ 2.0 absorption line of (Gd>03),-(B,03)60—x)(Zn0)4y samples.
The lines are drawn as a guide for the eyes
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dependence of the reciprocal magnetic susceptibility of
studied samples is presented in Fig. 4. For the sample with
x = 1 mol% a Curie type behavior is observed which is
typical for isolated gadolinium ions or/and subjected to
dipole—dipole interactions. For x > 1 mol% the reciprocal
magnetic susceptibility follows the Curie-Weiss law:

Cu
_ M 6
X X0+T_9p (6)
and
Gy =t Na (7)
M 3

where y is the temperature-independent contribution, Cy, is
the molar Curie constant, 7T is the absolute temperature in
Kelvins, 0, is the paramagnetic Curie temperature, fi.¢s is the
effective magnetic moment, N, is the Avogadro’s number,
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Fig. 4 Temperature dependence of the reciprocal magnetic suscep-
tibility for (Gd,03),:(B203)60—x)'(Zn0)4p samples with 1 <x <5
mol % (a) and with 10 < x < 20 mol% (b)

x is the concentration of gadolinium ions in the sample and kg
is the Boltzmann’s constant. This suggests that in the
samples with x > 1 mol% the Gd*>" ions are present as both
isolated and coupled species. The small and negative values
of 0, (Fig. 5) obtained for the samples with x > 1 mol%
suggest the presence of weak antiferromagnetic interactions
between the gadolinium ions located in the vitreous host
glass matrix. The 0, is a rough indicator of both the strength
of the interaction between the magnetic moments and the
number of magnetic ions participating in the interactions.
The absolute magnitude of 0, values increases with
increasing the Gd,O; content, x, suggesting that the
magnetic interactions become stronger at higher x values
(Fig. 5). By using the molecular field model [32], the
molecular field constant is given by:

0, J;

J= |2 ,
Cu Ng’ g

(3)

where C,, is the molar Curie constant, N and z are the total
and the exchange coupled number of magnetic ions, g is their
spectroscopic splitting factor, J;; is the magnetic exchange
integral and up is the Bohr magneton. The values of
molecular field constant, obtained from experimental data,
are plotted in Fig. 5. For x = 1 mol% we have J = 0 while
for x > 5 mol% the absolute values of J is approximately
constant with increasing the gadolinium ions content. This
behavior shows that the z/N ratio is constant, the number of
superexchange coupled Gd*" ions being proportional to the
total number of magnetic ions in the studied samples as
expected for a system with random distribution of gado-
linium ions. The values of the effective magnetic moment (in
Bohr magneton) of gadolinium ions in the studied samples
can be calculated from the experimentally determined values
of the molar Curie constant as follows [7, 13, 15, 16, 33]:
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Fig. 5 The composition dependence of the paramagnetic Curie
temperature and molecular field constant for (Gd,03), (B203)60—x)
(ZnO)4 samples. The solid line is only a guide for the eye
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Table 1 Molar Curie constants and experimental values of g for
the (Gd203)x'(B203)(60,x)'(Zl’lo)4() samples

x [mol% Gdy03]  Car (£5 x 107* emu/mol]  prege (£1x1072 up)

1 0.15983 7.99
5 0.79261 7.95
10 1.57269 7.93
15 2.29721 7.82
20 2.91706 7.63
Hegt = %2%' % = 2-827\/% 9)

The values obtained for p.¢ and C,, are given in Table 1.
The experimental values of p.¢ were found to be very close
to that for the magnetic moment of Gd*" ions in free ion
state, pgp+ = 7.98 up [34], indicating in the case of the
x <1 mol% samples and somewhat smaller for the
x > 1 mol% ones. The values of p.¢ obtained for the Gd**
ions in these glasses as well as their evolution with respect
to x support the assumption of the presence of weak anti-
ferromagnetic interaction between the gadolinium ions in
the samples with x > 1 mol%. Aggregates of Gd—O-Gd
coupled pairs lead to the appearance of magnetic clusters
each having an effective magnetic moment. The values
obtained from magnetic susceptibility measurements are
average values. In the studied samples some gadolinium
ions behave as free Gd>* ions, while others occur as anti-
ferrimagnetically coupled pairs with a certain angle
between the magnetic moments. Close to 0 K this angle is
180° and becomes, on an average, smaller at higher tem-
peratures so that magnetic moments corresponding to
coupled pairs are lower than for uncoupled ions. The pro-
portion of isolated species/antiferromagnetically coupled
species Gd’* depends on the structure of the zinc borate
glasses. The increase of the number of NBOs as a function
of Gd,O; content in these samples leads to the decrease of
glass polymerization which can be correlated with the
increase of the superexchange interactions between Gd>"
ions. The magnetic susceptibility data obtained for zinc
borate glasses and glass ceramics doped with gadolinium
ions are in agreement with those previously reported for
other glasses and glass ceramics containing Gd,O3 [7, 12,
13, 15, 16, 29, 35] and support the EPR results presented in
this study.

Conclusions
Homogeneous glasses of the (Gd,03),-(B203)60—x)(ZnO)4g

system were obtained within the 0 < x < 15 mol% com-
position range while the sample with 20 mol% Gd,0O5; was a
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glass ceramic. The crystalline phase of the glass ceramic
sample was identified to be the GABO3 which crystallizes in
hexagonal system. The crystallite size of the gadolinium
borate is 56 nm, so it lies in the nano-range. The EPR spectra
of the studied samples reveal, in addition to the “U” pattern,
typical of Gd** ions in glasses, a resonance absorption line
centered at g ~ 4.8 assigned to low coordinated Gd** ions
disposed in sites with high CF. Another part of Gd*" ions will
impose a preferential environment, with a relatively weak
CF like in other glass matrices and will give rise to the “U”
spectrum. Magnetic susceptibility and EPR data evidence
that for low Gd,O5 content (x < 1 mol%), the Gd>" ions
appear as isolated species randomly distributed in the host
glass matrix. For higher content of gadolinium ions the
temperature dependence of magnetic susceptibility follows
the Curie-Weiss law with a small value of 0, indicating the
presence of weak antiferromagnetic superexchange inter-
action between the gadolinium ions in the studied samples.
For the samples with x > 1 mol% the g of Gd>" ions are
lower than the value for free ion. This result is explained by
assuming the formation of Gd—O-Gd coupled pairs in which
the ions are coupled by superexchange interactions.
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