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Owing to the unique electronic structure of rare earth elements, we address in
this paper the magnetic, electrical and optical properties of a prepared lead
borate glass of composition (mol.%) 70PbO-30B,03. The glass is doped with
different ErCls contents. A vibrating-sample magnetometer was used to
characterize the magnetic properties. Increasing the additive concentration
led to an increase in the saturation magnetization without significant effects
on the coercivity. Optical reflectance spectra of the doped glasses revealed the
development of absorption bands as a result of Er®* intra-configurational (f—f)
transitions. The calculated allowed direct energy gap was found to increase
monotonically with increasing dopant concentration. The results of the ac
conductivity showed a decrease in the activation energy values with increas-
ing frequency and an increase in the ac conductivity values with increasing
temperature, which mimics the semiconducting behavior. The incorporation of
the rare earth ion (Er®*) facilitated the electronic conduction due to the in-
crease of the non-bridging oxygen units. Increasing the dopant concentration
led also to the participation of the ionic conductions. However, further in-
crease of ErCl; (above 1 mol.%) caused a decrease in the conductivity. Samples
with dopant content up to 1 mol.% ErCls are accompanied by a high dielectric
constant value of about 40. It can be concluded that samples doped with
1 mol.% ErCls or less can be used as energy storage material in electronic
devices, whereas glass samples with higher dopant content can be used for
magnetic applications.
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INTRODUCTION

Nowadays, use of glass materials has evolved
from the simple conventional passive functions to
more sophisticated active functions in many optical,
electronic, structural, chemical and biochemical
interdisciplinary applications.® The importance of
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developing new types of glass with more active
functions has recently received great attention and
extensive work has been carried out on the design of
new glass compositions with particular emphasis on
rare-earth-doped transparent glass systems that
are characterized by various unique properties.>™
Heavy metal borate glass systems, which are
based on heavy metal ions during their preparation,
are characterized by high refractive indices and
higher transmission in the infrared region.>® They
have received great attention for their expected use
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in the development of all- opt1cal technology towards
faster data communication.”® It is reported that
these borate glasses have high phonon energies and
they are the most suitable for hosting rare earth
metals such as erbium.”!°

Trivalent erbium-doped glasses have exceptional
optical fluorescent properties that are particularly
useful in certain applications, such as near-infrared
solid-state laser media, optical a 1pl1ﬁers and NIR-
to-visible up-converted systems.''* Extensive work
has been performed on the emission properties of
Er3*-doped glasses for photonic and optoelectronic
applications.” 1 Er¥*-borate glass containing bis-
muth oxide has been explored for the effect of glass
compos1t10n on the thermal, structural, optmal and
NIR emission spectroscopic properties.” Erbium
oxide has been reported to act as a glass-modifier and
influencer on the BO3 <~ BO4 conversion.

Less attention has been glven to the magnetic and
electrical propertles of Er** doped glass systems
However, it is reported that 1ntroduc1ng Er®* ions
into some amorphous and semi-crystalline polymer
systems may result in improving the d1electr1c and
relaxation propertles of such systems 5 Accord-
ingly, the aim of the present work is to focus on the
magnetic, electrical and optical properties of a
binary lead- borate glass containing different con-
centrations of Er®* ions.

EXPERIMENTAL

Lead borate glasses, based on the composition
(mol.%) 70Pb0O-30B>05 and doped with ErCls, were
prepared via melt quenching. Red lead oxide and
anhydrous boric acid (BDH Chemicals Company,
Japan.), ErCl3-6H50 (99.9%, purity, Strem Chemi-
cals Inc., Newburyport, MA, USA) were used in the
preparation of the glass samples. Batches with
different concentrations of 0.1, 1, 10, 15 and
20 mol.% ErCl; were melted in porcelain crucibles
for half an hour at 950°C in an electrically heated
furnace under air conditions. The samples obtained
were treated as described elsewhere®® and are
referred to as BP-0.1, BP-1, BP-10, BP-15 and BP-
20, respectively. Most samples were visually dark in
color. The dopant-free glass sample is given the code
number BP-0.0.

The M-H hysteresis loops were measured on a
vibrating-sample magnetometer (VSM) of the type
VSM-9600-1 (LDI Electronics, Troy, MI, USA) at
room temperature and by using flux densities of the
applied magnetic fields up to 20 kG.

The diffused reflectance spectra were measured in
the range of 190-1100 nm on unpolished light-
scattered glass samples using a double beam UV/
Vis spectrophotometer, PerkinElmer LAMBDA 35
equipped with a 50 mm integrating sphere. The
data obtained from the diffused reflectance curves
were used to investigate the optical energy gap
based on Kubelka—Munk parameters.

Electrical measurements were performed on the
prepared samples after painting the opposite sur-
faces with silver paste. A programmable automatic
LCR Hi-Tester (HIOKI, 3532-50), Japan, was used
over a frequency range from 0.042 kHz to 1 MHz
and at temperature range of 298 K to 573 K. The
temperature was determined using a copper/con-
stantan thermocouple in close proximity to the
sample. The values of dielectric constant (¢") and
ac conductivity (o, were determined using the
following expressions 21729, o = Cd/epA, & = ¢'tand
and o, = wege”, where C is the measured capaci-
tance of the sample in Farads, d is the thickness of
the sample in meters, ¢ is the perm1tt1v1ty of free
space, which equals to 8.85 x 1072 Fm !, A is the
sample’s surface area in m? o is the angular
frequency and tano is the loss tangent, which is
obtained directly from the instrument.

RESULTS AND DISCUSSION
Magnetic Properties

To study the effect of the additive concentration
on the magnetic properties of the glass samples,
hysteresis loops for the glass samples BP-1, BP-10,
BP-15 and BP-20 were measured at room temper-
ature and plotted in Fig. 1. It is clear from the
figure that the alignment of the magnetic dipoles,
due to the external applied magnetic field, exhibits
irreversible behavior and leaves remnant magneti-
zation when the applied field is zero, for all the
glass samples. This behavior is similar to that of
ferromagnetic materials.?® Moreover, the hystere-
sis curve for the glass sample BP-1 exhibits an
ideal S shaped structure, which is a characteristic
behavior of ferrimagnetism.®® The magnetic
parameters, the saturation magnetization (M),
the remnant magnetization (M,), the squareness
(SQR = M,./Mg) and the coercivity (H.), can be
determined from the hysteresis loops in Fig. 1.
Also, the dissipated energy per mass (A) can be
obtained, which is equal to the area enclosed by
the hysteresis loops.

For the BP-10, BP-15 and BP-20 glass samples,
the saturation magnetization was found to be
beyond the range of the applied field, so to
calculate Mg properly, a relation between the
magnetization and the inverse of the field was
plotted and the tail of the magnetization curve was
extrapolated to intersect with the magnetization
axis where the inverse of the field is equal to zero.
The obtained magnetic parameters are represented
in Table I.

Iti is noticed from Fig. 1 that, as the concentration
of Er®* increases, the saturatwn magnetization
increases without a significant change in the coer-
civity. Moreover, the correlation between the satu-
ration magnetization and the concentration of the
additives follows a linear trend, as seen in the inset
of Fig. 1, which indicates that the process of mag-
netization has not resulted in any loss in magnetic
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Fig. 1. Hysteresis loops from VSM measurements for BP-1, BP-10, BP-15 and BP-20 glass samples. The inset indicates the change of the

saturation magnetization M with the concentration of the ErCls.

Table I. The values of the area of the hysteresis loop (A), the coercivity (H.), the remnant magnetization (M,),
the saturation magnetization (M;) and the squareness (SQR = M,/M,)

Sample A (erg/g) H. (G)
BP-1 97.29 665.42
BP-10 110.30 729.59
BP-15 101.62 729.59
BP-20 93.03 737.99

M, (emu/g) M, (emu/g) SQR
0.01582 0.04194 0.3772
0.01681 0.07241 0.2322
0.01449 0.08839 0.1639
0.01213 0.10438 0.1162

properties of the magnetic particles and the
observed variation in the M, value of different
samples is only a result of increasing the content of
magnetic material in the glass samples.?? This
interesting results indicate that by increasing the
dopant concentration, these glass samples could be
more desirable for applications that require rela-
tively higher magnetic permeability.*®3* The
reduced M, in these samples may restrict their
applications; however, their high coercivity values
may make it a promising candidate for some
applications such as in electric compasses and
position sensors, magnetic detectors, magnetic
sources in medical applications, speakers and audio
systems that work without power supply. The
increase in M, with increasing Er®* concentration
may be interpreted by the increase of the unpaired
electrons, which provide a large net magnetism
when the sample is placed in a magnetic field.?”

Optical Properties

Figure 2 shows the diffused reflectance spectra of
the prepared ErCl; doped lead borate glasses in the
range 200-500 nm, as no important features were
recorded at longer wavelengths.

The absorption peaks appear in the reflection
measurements as saddles and they were labelled by
the values of their position on the wavelength axis.
A plot of F(R), which is proportional to the absorp-
tion coefficient, for sample BP-1 is included as inset
in Fig. 2 to confirm the positions of the peaks
observed in the reflectance spectra. The spectrum of
un-doped glass (Fig. 2) reveals the presence of
absorption bands at 224, 289 and 340 nm. The
bands at 224 nm can be considered one of the bands
that constitute the UV cut-off. It shifts to longer
wavelengths with increasing dopant content up to
1% to reach a value of 230 nm, then shifts to a
shorter wavelength to reach 224 nm for a doping
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Fig. 2. Diffused reflectance spectra of the studied glasses. The inset shows the F(R) plot for sample BP-1, which confirms the positions of the

peaks observed in the reflectance spectra.

content of 20%. The band at 289 nm can be assigned
to charge transfer associated with Pb?** and their
neighboring ligands.?® The absorption band at
340 nm is near that recorded for the UV cut off
appeared at 347 nm in a binary lead borate glass
and related to electron transitions of non-bridging
oxygen anions in the glass.?”

The observed spectra of the doped glasses indicate
the development of weak absorption bands at 357
and 373 nm which are due to Er®* arising from the
intra-configurational (f—f) transition.?® The absorp-
tion bands at 357 nm and 373 nm can be correlated
with those due to 2Gg, and 4G12 at 363 nm and
377 nm, respectively.?”

It is reported that in the range 400-550 nm,
several absorption bands due to Er-ions were
observed in the multicomponent PbO-B;03-Al;03-
WO; glass system.?? The disappearance of those
bands in the recorded spectra of the presented
binary glass system (Fig. 2) can be attributed to the
decrease of the crystal field strength at the rare-
earth sites. The investigated glasses contain hi§h
PbO content, which causes an increase of the Ln°*-
O covalency.?° The increased covalency is expected
to lead to more symmetrical field strength around
the 4f electrons, consequently a decrease of the
crystal field strength.

The Tauc Plots

For an electron to be excited from the highest
occupied molecular orbital to the lowest unoccupied
molecular orbital, it needs to absorb a photon with
an amount of energy equal to the energy difference
between the two energy levels. The wavelength of
the absorbed photon is calculated by E = Av, where
E is the energy of the absorbed photon, % is Planck’s
constant and v is the frequency of the electromag-
netic wave associated to the photon.

We can calculate the band gap energy by model-
ing the reflectance spectrum using the Kubelka—
Munk method, which allows the calculation of
reflectance. In this method, we used the Kubelka—
Munk function F(R) to plot the Tauc flots, by
calculating this function from the relation®~*°:

P2
B "

where R is the reflectance. The Tauc plots are
expressed by the following relation®®*":

(oB)""= A(E - Ey),

F(R) =

(2)

where o is the absorption coefficient, E, is the band
gap energy and A is the proportionality constant.
The exponent r used in the Tauc plots can assume
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different integer values for the different types of
transitions. For the allowed direct transitions, r = 1/
2 and in this case E; = E4, whereas for the allowed
indirect transition, r = 2 where E,; = E;,,. Since the
quantity F(R) is proportional to the absorption
coefficient o, we can consider Tauc relation as

follows™*®:

[F(R)E]'"=A(E - Ey) (3)

The modified Tauc relations, using r = 1/2 for
allowed direct transitions and r =2 for allowed
indirect transitions, are plotted in Figs. 3 and 4,
respectively. The linear part in the Tauc plots was
fitted by a straight line function to find the inter-
section with the E axis, which gives the band gap
energy for the corresponding transition type.

The values of the direct band gaps E4 and the
indirect ones Ej;, for the glass samples, as deter-
mined from the fitting results, are listed in Table II.
It can be noticed that after the first addition of ExrCl;
both the allowed direct and indirect energy gaps
decrease with increasing the additive concentration
up to 1% ErCl; then increase monotonically with
increasing the additive concentration as depicted
from Fig. 5. The observed decrease is accompanied
with a shift of the optical absorption band in the UV
region to longer wavelengths then to shorter ones
with increasing the dopant content (Fig. 2). The
data of E,,; seems to arise due to the allowed
transitions. In un-doped binary 30B503-70PbO,
glass the optical band gap was reported to arise as
a result of direct forbidden transition.*®

AC Electrical Properties

Figure 6 shows the dependence of the ac conduc-
tivity on temperature for all the studied glass
samples at selected frequencies (1 kHz, 100 kHz

= BP.0.0
° BP-0.1

10009 | , gp4

BP-10
© BP-15
BP-20 ,

8004 | <

[e2]

o

o
1

400 —

[F(R)ET(eV?)

200

E (eV)

Fig. 3. Tauc plots of [F(R)E]? versus E for the allowed direct
transitions.
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and 1 MHz). The results obtained indicate that ac
conductivity values increase with increasing tem-
perature, which reveals that the present samples
are semiconducting in nature.*?

o BP.0.0
; > BP-0.1
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Fig. 4. Tauc plots of [F(R)E]"? versus E for the allowed indirect
transitions.

Table II. The values of the direct band gaps E3 and
the indirect band gaps E;,

Sample ErCl;6H,0? E4 (eV) E;, (eV)
BP-00 0.00 4.03 + 0.0231 2.08 & 0.0499
BP-01 0.01 3.99 + 0.0305 2.04 + 0.0296
BP-1 1.00 3.94 + 0.0181 1.98 + 0.0744
BP-10 10.00 4.04 + 0.0046 2.09 + 0.0337
BP-15 15.00 4.06 = 0.0089 2.12 + 0.0463
BP-20 20.00 4.09 + 0.0202 2.14 + 0.0331
2Added weight in mol.%.
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Fig. 5. The direct band gap (Ey) and indirect band gap (E;,) as a
function of the added ErCl; concentration.
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Fig. 6. Temperature dependence of ac conductivity for all glass samples at 1 kHz (a), 100 kHz (b) and 1 MHz (c).
Table III. The values of ac conductivity (¢,..) and the activation energy (E..) at different frequencies
1 kHz 100 kHz 1 MHz
Sample 6, (Q7'm™)? E. (eV) Gac (7 'm™)? E,. (eV) Gac (@7 'm™)? E,c (eV)
BP-00 5.77 x 1078 0.53 £ 0.0059 458 x 1077 0.50 4 0.0205 2.34 x 107° 0.11 4 0.0098
BP-01 4.27 x 1078 0.38 £+ 0.0478 1.61 x 107 0.58 + 0.0270 5.52 x 107° 0.09 + 0.0055
BP-1 1.57 x 1078 0.46 4+ 0.0180 8.39 x 107 0.23 4+ 0.0012 5.71 x 107° 0.10 4 0.0037
BP-10 6.48 x 1078 0.22 £+ 0.0068 2.98 x 1078 0.30 &+ 0.0208 3.27 x 107° 0.09 + 0.0041
BP-15 1.31 x 1077 0.22 4+ 0.0167 2.39 x 107 0.21 4+ 0.0224 3.13 x 107° 0.09 4 0.0029
BP-20 7.41 x 1078 0.14 £+ 0.0154 2.28 x 1078 0.08 + 0.0115 2.88 x 107° 0.08 + 0.0091

#Measured at room temperature.

The linear dependence of logo,. on 1000/T indi-
cates that the ac conductivity is a thermally acti-
vated process. The data are fitted to the Arrhenius
equation expressed by:

Oac = GoeiEac/kBTv (4)

where ¢, is a pre-exponential factor, E,. is the
activation energy, kg is the Boltzmann’s constant
and T is the absolute temperature. The activation

energies (E,.) for all samples were calculated from
the slopes of the straight lines in Fig. 6 and listed in
Table III. It can be noticed that the activation
energy values decrease with increasing frequency,
which can be attributed to the enhancement of the
electronic jumps between the localized states when
the applied frequency is increased.”® Consequently,
the conductivity values at room temperature
increase with increasing frequency.
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Fig. 7. Variations of the ac conductivity and the dielectric constant at
constant frequency (1 kHz) and temperature (40°C) as a function of
ErCl; content in mol.%.

It is reported that when PbO content is higher
than 12 mol.%, and the conductivity is measured in
the temperature range 487-583 K, lead ions can act
as the charge carrier.’’ These charge carriers are
expected to have higher activation energies than
those calculated in the present investigation
(Table III). The lower values of the recorded activa-
tion energies are due to the dominance of electronic
conduction preceded by the electrons of non-bridg-
ing atoms.

It can be noticed from Fig. 6 that the conductivity
values increase with the incorporation of the rare
earth ion (Er®", giving an indication that its
addition also facilitates the mobility of electrons
due to the increase of non-bridging oxygen units and
their associated electrons.’? Therefore, it can be
concluded that conduction in the present glasses is
due to electronic conduction in addition to ionic
conduction by lead and Er®* ions.?!

The variations of ac conductivity (logs,.) and the
dielectric constant (¢) with ErCls content at fre-
quency 1 kHz and temperature 40°C are shown in
Fig. 7. From this figure, it can be seen that both the
ac conductivity and the dielectric constant (&)
increases with the increase in Er®* ions, reaching
a maximum at 1 ErCl; mol.% then decreases with
further increase in the ErCl; content. As previously
described, the increase in conductivity can be
attributed to the enhancement of the electronic
and ionic conductions. However, the increase of Er®*
ions above 1 mol.% can hinder the ease migration of
the charge carriers leading to a decrease in the
conductivity values. It is reported that rare earth
elements are considered high field-strength ele-
ments.”® As a result of increasing Er®* ions, a
structural contraction occurs due to its high field
strength, which explains the observed decrease in
the conductivity values above 1 mol.%.%*

The increase of ¢’ in Fig. 7 was attributed to the
increase of non-bridging oxygen atoms and

M.A. Basha, R.M. M. Morsi, M.M. Morsi, and A.F. Basha

weakening of the glass network.’” The weakening
of the glass network created pathways, which were
suitable for the migration of pb%* and Er®*ions that
can participate in the build-up of space charge
polarization, thereby resulting to a relatively large
value of ¢ as observed in Fig. 7. After reaching a
maximum at 1 mol.% ErCls (Fig. 7), the decrease in
¢ at 1 kHz can be attributed to the increase of Er®*
ions that result in glass structure contraction.’*

CONCLUSION

In this study, we have prepared lead borate
glasses with composition (mol.%) 70PbO-30B503
containing different percentages of ErCls (0.1, 1,
10, 15 and 20 mol.%). All the studied parameters
were found to be dependent on the dopant concen-
tration and the results were explained in the
context of the relevant theories.

The glass samples under study are good candi-
dates for magnetic applications. The saturation
magnetization increases with increasing the con-
centration of Er®*, whereas the coercivity remains
unchanged. The absorption spectra of the doped
glasses revealed the development of absorption
bands due to (f~f) transitions. The allowed direct
energy gap calculated from Tauc plots was found to
be correlated with the dopant concentration. The
incorporation of ErCl; into the glass system has
found to weaken the glass network up to 1 mol.%
ErCl; due to the increase of the non-bridging oxygen
units. This behavior led to a significant enhance-
ment in the electronic and ionic conduction. How-
ever, above 1 mol.% ErCls contraction in the glass
structure may occur due to the high field strength of
the rare earth ions. The first weakening of glass
network up to 1 mol.% creates pathways suitable for
the migration of pb®* and Er®* jons that can
participate in the build-up of space charge polariza-
tion, thereby resulting in a large increase in ¢’. The
maximum ¢ value reached in the sample with
1 mol.% ErCl; suggests its application as an energy
storage material in electronic devices.
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