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Tellurium metallic colloids were evidence in the phosphate tellurite glasses obtained by the melt
quenching method over 1000 °C. The concentration and subsequent color of these glasses
strongly depend on the preparation conditions due to the significant differences among the

melting point of the component oxides. The presence of Te metallic colloids was evidenced by
the magneto-optical measurements at different temperatures, by the shift of the emissions spectra
with the excitation wavelength and the thermoluminescence spectra as a result of recombination
between the hole centers, created during x-ray irradiation, with the quasi coupled electrons from
the surface of the metallic colloids. The peak position in the absorption spectra of these metallic
colloids was modeled based on generalized Mie light scattering theory on these metallic

structures, taking into account the size and shape of colloids but also the dielectric constant of the

phosphate tellurite glasses in which these colloids are embedded.

Keywords: phosphate-telluite, metallic colloids, magnetic circular dichroism, Mie theory,

thermoluminescence
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Introduction

Phosphate-tellurite glasses are now widely used due to the
phosphate glass former ability, mainly by melt quenching
technique [1-3]. Compositional, these glasses include two
interesting oxides, one being a classical network former that is
phosphate P,Os group [4, 5]. The other one is TeO, that is
known as a conditional network former because it is not able
to vitrify itself in the melt quenching procedure, but with
other oxides forms non-conventional glass matrices [6]. P,O5
is known as small cation oxide, where most of the polariz-
ability is derived from the oxide ions [7]. Meanwhile, the
large radius of Te*" in the oxides (0.84 A) induces a higher
refractive index compared with other glass formers like sili-
cates, borates, phosphates and germanates [8—10]. However,
in P,Os-TeO, glasses, some heteroatomic P-O-Te linkages
are observed at lower concentrations of TeO,, below 1% wt
[11]. It has been observed that TeO, trigonal bipyramids are
transformed in trigonal pyramids when the phosphate
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concentration increases. This fact was interpreted as an
increase of the non-bridging oxygen concentration.

In the case of the P,Os—TeO,—ZnO glasses, the presence
of the zinc oxide in the melt quenching obtained below
1300 °C, is considered as an intermediate oxide glass comp-
onent [12] due to the higher melting point, around 2000 °C
[13]. It is reasonable to assume that ZnO acts as a network
former which bridges between the PO, and TeO, chains so
that the glass transition temperature increases with the
increasing ZnO content [14].

Considering the 340 °C as the melting point of P,Os [15]
and 730°C as the melting point of TeO, [16], the melt
quenching procedure requires some precautions. Depending
on the method of preparation and melt quenching parameters,
the phosphate-tellurite glasses are more or less red colored
[17]. The origin of this color is connected with the presence of
tellurium element which influences the mechanical properties
from brittle to a rigid structure of phosphate-tellurite glasses.

In the case of P,Os—ZnO glasses, these are colorless
having a transparency up to 6 eV, so that the red coloring of
P,05-TeO,-Zn0, could be assigned to the tellurium. Gen-
erally, the glass coloration is usually induced by the presence

© 2020 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) Absorption spectra of 40%Zn0O + 40%P,05 + 20%TeO, at two melting temperatures and 50%Zn0O + 50%P,05 at 1100 °C;

(b) temperature dependence of the absorption.

of rare-earth ions, transition metal ions or colloidal suspen-
sion as dopants. However, dissolving ions hardly exhibit
yellow to red colors in glass materials [18]. The melt
quenching temperature is a key parameter because these
glasses are usually melted from 1000 °C to 1300 °C and the
phase diagram of Te—O shows that 988 °C is the boiling point
of tellurium where the solubility of oxygen is very small [19].

In this manuscript, the
40%7Zn0 + 40%P,05 + 20%TeO, glasses, obtained by the
melt quenching method, are analyzed both from the exper-
imental and theoretical point of view as a fitting procedure, to
explain the red color of these phosphate-tellurite glasses. The
parameters of these glasses, like the dimension of tellurium
clusters and dielectric constant of glasses, are discussed to
identify the origin of the coloring process.

Experimental

Glasses of  20%TeO, + 40%Zn0O, + 40%P,05  and
50%7Zn0 + 50%P,0s (10 g) were prepared by conventional
melt quenching technique by using high purity chemicals of
TeO, (99.9% purity, Merck Company), ZnO (99.99% purity,
Alfa Aesar Company) and P,Os5 (99% purity, pro analysis
Merck Company). The phosphate pentoxide was kept at
100 °C for 1 h before weighing. The chemicals were weighed
and set intro alumina (Al,O3) crucible starting with P,Os,
followed by TeO, and ZnO, to avoid the evaporation of
components due to their different melting points. The crucible
was covered with a lid and thermally annealed with
6°Cmin~' below the glass transition point (around 400 °C)
and then with up to 1100 °C with 3 °C min~"'. After 30 min at
1100 °C, the melt was poured in cylindrical graphite crucible
preheated at 550 °C—600 °C. The melt was then natural
quenched at room temperature (RT) but covered with a lid.
The absorption and magnetic circular dichroism (MCD)
were performed on Jasco 815 spectrometer by using a 1.5

Tesla magnet and a Janis cryostat at temperatures from 100 to
300 K. The photoluminescence were recorded by using two
LEDs diodes with the emitting wavelengths at 640 and
808 nm and the sample was mounted in an integrating sphere
connected with an Ocean Optics FL 2000 spectrofluorimeter
by optical fiber and recorded on PC.

Thermoluminescence (TL) measurements were per-
formed on glass samples by using a Harshaw 3500 TL reader,
in the range 50 °C—350 °C with a heating rate of 10°Cs™".
Before the TL measurements, the samples were x-rays irra-
diated at RT at 40kV and 40 mA for 30 min.

The XRD measurements were performed on a BRUKER
D8 ADVANCE type x-ray diffractometer (Karlsruhe, Ger-
many), in focusing geometry, equipped with copper target
x-ray tube and LynxEye one dimensional detector, using
CuKal radiation (1.540 56 A), at 40kV and 40 mA. The 260
scan range was 5-20°, with a step size of 0.02° and a reso-
lution of 0.01°. The line width was determined after sub-
traction of Ka2 lines from the Kal-Ka2 doublet, using the
Rachinger algorithm with the Bruker Difracplus Basic Eva-
luation program package. A Zeiss EVO 50 scanning electron
microscopy (SEM) with LaB6 cathode with Brucker energy
dispersive x-ray (EDX) system was employed for the surface
images and compositional analysis of the phosphate-tellurite
glasses.

Results and discussions

Optical spectroscopy

The optical properties of the phosphate-tellurite glasses are
dependent on the melt quenching procedure. Figure 1(a)
presents the absorption spectra of 50%P,05—50%ZnO and
40%P,05—40%Zn0-20%TeO,. The samples without TeO,
are transparent up to 200 nm (6.2 eV), while the samples with
TeO, present two main absorption bands at 532 and 430 nm.
The absorption band from 532 nm decreases with the melt
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Figure 2. Absorption and MCD spectra recorded at 300 K.

quenching temperature at the same concentration of TeO,. As
can be seen in figure 1(b), the absorption peak from 532 nm
(2.33eV) seems to be formed from two components. One of
them, at higher energy, which does not vary with the temp-
erature between 100 to 300 K and one component at lower
energy edge which vary with the temperature, increase during
absorption measurements.

More than that, this absorption band is considerably
reduced when the melting temperature decreases from
1100 °C to 1000 °C. This fact is accompanied by a changing
of color from deep purple to purplish red.

To clarify this aspect, MCD measurements, from 80 to
300 K, were performed, in the magnetic field of 1.5 Tesla.
The MCD signal gives the difference between the left and
right circularly polarized light, more precisely between the
optical densities or absorbances of the polarized components
of light. The optical densities difference between the left and
right circularly polarized lights for an absorption band can be
written as [20]:

If (E)

AD = (A
OE

c * *
e o) f(E)) Hoo)
where f{E) is the shape function of the absorption band and H
is the applied magnetic field. These three terms are connected
with the degeneracy lifting of the ground state and excited
states, with changes of the populations via Boltzmann dis-
tributions or mixing of the electronic levels. The first A term is
connected to the diamagnetic properties of the ions being due
to the Zeeman splitting of the electronic levels in the magnetic
field. The B term is connected to the mixing of the electronic
levels in the magnetic field and the C term is temperature
dependent being responsible to the paramagnetic centers.

In figure 2, the absorption spectrum of the
40%P,05-40%Zn0-20%TeO, is compared with the MCD
spectrum at 300 K. As can be seen, an asymmetric S-type
MCD spectrum is centered at 532 nm as in the case of the
absorption peak, being associated with the localized surface
plasmon resonance of metallic nanoparticles. The MCD
spectrum shows a pronounced Zeeman splitting which is
explained by a substantial enhancement of the magnetic
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Figure 3. Photo luminescent spectra excited at two wavelengths.

Lorentz force. The collective movement of the conduction
electrons induces this force when the localized surface plas-
mon resonance of the metallic colloids was optically excited.
The asymmetry of the S-shape signal indicates a magneto-
optical effect that does not originate from a transition to a
single degenerate excited state. A careful deconvolution of
both absorption and MCD signal suggests the existence of a
second band at lower energies, in agreement with the
observed absorption spectra at different temperatures. This
fact can be explained by a strong intermixing of the excited
spin—orbit state, resulting in a negative B-term in the MCD
signal.

Metallic tellurium Te” has an electronic structure like
[Kr] 4d'°5s%5p* having the ground state term °P,, while the
first excited states being P, and °P,,. The absorption spectrum
is dominated by the 3P2 — 3P1 and 3P2 — 3P0 superimposed
transitions, which can be easily identified in the MCD as the
splitting of the 3P, state. The J = 0 term (A-term) marks the
center of the absorption while the / = —1 and J = 1 terms
give the positive and negative contributions of *P; state to the
MCD spectrum accordingly with the Zeeman splitting. The B-
term is situated at lower energy (580 nm, 2.14 eV) and has a
negative sign. Consecutively, the emission bands are shifted
towards lower energies due to the 3p,—>P, transitions and the
Stokes shift is around 0.5 eV.

The optical absorption and MCD spectra do not vary in
comparison with other metallic colloids, like silver or gold
metallic colloids [21-27]. The magneto-optical activity of the
metallic colloids is connected with the ability of the surface
plasmons of these colloids to localize the electromagnetic
field in a very small volume triggering the magneto-optical
response in composite nanostructures made out of metals
[28]. The absorption peak from 532 nm is assigned to tell-
urium colloids, which color these glasses, and comes from
Mie scattering on the localized plasmon metallic col-
loids [29, 30].

Figure 3 shows the emission spectra of the 40%P,05
—40%Zn0O-20%TeO, glass sample excited with two LED
with light emissions at 640 and 808 nm when the sample was
fixed in the integration sphere. Two broad emission peaks
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Figure 4. (a) Thermoluminescence of 40%Zn0O + 40%P,05 + 20%TeO, and 50%Zn0O + 50%P,0s melted at 1100 °C; (b) thermo-
luminescence of 40%Zn0O + 40%P,05 + 20%TeO, at two melting temperatures.

appear at 850nm and 1020 nm with a full width at half
maximum about 150 nm are observed.

The redshift of the emission peaks with increasing the
excitation wavelength was observed in other metallic colloids
[31, 32] and was explained by the broadening of the energy
levels with the clustering process of the metal. The emission
of metallic colloids dependence by the excitation light indi-
cates a strong coupling effect between the surface plasmons
and the emitter. A similar result was observed in
50%2Zn0O-10%Te0,—-50%P,05 glasses by Chen et al [33].

TL measurements

Figure 4(a) shows the TL of the
20%TeO, + 40%Zn0, + 40%P,05 and
50%7Zn0O + 50%P,0s glass samples irradiated with x-ray,
40kV and 40 mA for 30 min. In figure 4(b), a comparison
between 20%TeO, + 40%Zn0O, + 40%P,05 melted at
1100 °C and the one with the same composition melted at
1000 °C, is done to underline the effect of tellurium con-
centration in the sample. A strong peak at 282 °C (555K) is
observed in the 20%TeO, + 40%Zn0O, + 40%P,05, which
is missing in the sample without TeO,. This band slightly
decreases when the concentration of TeO, is reduced. The TL
spectrum of 20%TeO, + 40%Zn0O, + 40%P,05 obtained at
1100 °C was deconvoluted and the peak from 282 °C has
energy around 1.14eV and 1.03eV in the case of
20%TeO, + 40%Zn0O, + 40%P,05 glass sample obtained at
1000 °C.

The band from 282 °C (555 K) was observed in alkali
halide crystals irradiated with gamma-rays and was assigned
to the colloidal centers [34]. In the case of NaCl crystals, this
band appears in the heavily irradiated sample were the sodium
metallic nanoparticles are formed. This band was also
observed in NaCl:Cu crystals and irradiated with a %°Co
source [35]. This band appears due to the recombination
between the electrons from the surface of the metallic colloids
and the hole centers, produced during irradiation. This TL
band has an anomalous shape because it cannot be correlated
with the model of the mobile electrons [34]. It was suggested

that the dependence of the TL peak position with the size of
metallic colloids results in a slight shift of the peak position,
which is quite true when the concentration of metallic tell-
urium colloids increases.

Structural analysis

After the melt quenching procedure, the sample containing
TeO, is red colored and more stable mechanically
(figure 5(b)), while the 50%ZnO + 50%P,0s sample is
brittle and transparent in the visible range of the spectrum
(figure 5(a)).

The obtained glass samples were milled and investigated
through the x-ray diffraction for both compositions
40%Zn0O + 40%P,05 + 20%TeO, and
50%Zn0O + 50%P,0s. The peaks in undoped sample are
assigned to the orthorhombic structure of phosphorus pent-
oxide with the following parameters: a = 9.65, b = 9.94,
¢ =738, a=p0=v=090°[36].

Because the phosphorus pentoxide is highly hygroscopic,
the 50%Zn0O + 50%P,05 samples are unstable in the time,
leading to a white powder on the sample surface, while the
40%7Zn0O + 40%P,05 + 20%TeO, is more stable, the pat-
terns being recorded after 10 months. In figure 6, the
50%7Zn0O + 50%P,05 spectrum was arbitrary shifted for a
better view.

The SEM images show only a smooth surface of the
tellurite glass, while the EDX spectroscopy gives the ele-
mental analysis of this sample (figure 7 and table 1).

In the case of phosphate-tellurite glasses, the ratio 1:2:2
(more precisely 1.35:2.48:2.83) between tellurium, zinc, and
phosphor suggests a nominal composition of the initial mix-
ture used before melting procedure. The elemental composi-
tions were obtained in atomic weight percentage, which
confirms the formation of the 20%TeO, + 40%Zn0O + 40%
P,0s5 glass.
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Figure 5. Images of the cut and polished glass samples.
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Figure 6. X-ray patterns of 40%ZnO + 40%P,0s + 20%TeO, and
50%Zn0O + 50%P,0s.
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Figure 7. SEM image of tellurite glass sample.

Table 1. EDX analysis of tellurite glass sample.

Elem. At No Netto Mass (%) At (%) Err (%)
(0] 8 142 634 19.59 56.43 6.26
Zn 30 51378 3.53 2.48 0.72
Te 52 4503 3.74 1.35 0.45
P 15 24297 1.90 2.83 0.29

Fitting procedure based on Mie theory

The light scattering on the metallic nanoparticles with phy-
sical dimensions below the wavelength of the light (below
500 nm) is described by the Mie theory [29]. The theoretical
treatment of localized surface plasmons resonance which can
be optically excited is based on Maxwell’s equations. Briefly,
considering a spherical particle with R-radius that is optically
excited with a X\ wavelength light (with R/X < 0.1), the
resulting solution for the EM field outside the particle gives
an extinction coefficient of the metal sphere:

gi(N)
(&) + Xeow)® + x|

3_1.5
Oy = TR
A In(10)

@)

where ¢, and ¢; are the real and imaginary parts of the metal—
dielectric function, N is the concentration (number of parti-
cles) of metallic colloids, €4, is the dielectric constants of the
environment around the metallic particles and x is a constant
which depends on the shape on colloids [37]. This factor x is
2 for spherical particles but could be 20 for lower symme-
tries [38].

For the fitting procedure, the above formula was sim-
plified and introduced in WinMathCad in the following form:

_ 24n%)? NR3 Eik

Qp = N > (3)
3 >‘k (€rk + Xgout)2 + 6%](

where oy;—is the extinction coefficient and k-counts the
wavelength dependences of each parameter. The fitting
parameters are N = 10" particles, x taken between 2 and 20,
€our = 12.5, calculated based on the medium approximation
(see below) and the real and imaginary part (¢, and ¢;)
obtained from the polarized reflectance measurements. These
values were compared for both orientations of tellurium
nanowires arranged parallel and perpendicular to the
electromagnetic field. The mean colloids radius was varied
between 2 and 200 nm.

From the above formula, it is clear that the maximum
extinction is obtained when the dielectric constant of the
metal is roughly equal with —x €4y, 1.€. the electromagnetic
field is enhanced relative to the incident field. The metallic
colloids that possess a negative real part dependence of the
light wavelength and small positive imaginary dielectric part
are capable of supporting the localized surface plasmon
resonance. This resonance is seen as a coherent oscillation of
the surface conduction electrons optically excited by the light.

In the case of metallic tellurium colloids, these depen-
dencies are shown in figure 8.

In the case of metallic tellurium colloids, the Tutihasi
et al describe these dependencies [39]. The real part ¢, di-
electric constant is negative for both parallel and perpend-
icular direction of light with these metallic nanoparticles,
from 300 up to 575 nm, but this negativity has small values
(—12) compared with the positive values (figure 8). The
imaginary part €; dielectric constant is always positive for the
visible spectrum. These values were taken from the reflec-
tivity measurements that are made in the polarized light on a
tellurium single-crystal [39].
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Figure 9. Absorption spectrum compared with the calculated
extinction based on Mie theory.

The reflectivity measurements were performed on
cleaved (1010) surfaces and the dielectric constants were
measured with electric vector E parallel and perpendicular
with the c-axis of the tellurite crystal. Tellurium crystal is a
semiconductor that has D3 point group symmetry and is
optically uniaxial [40].

Using these values, the extinction coefficient of tellurium
colloids was computed with Win Mathcad software and
superimposed on the absorption spectrum, adjusting the
concentration of colloids to fit the experimental curve
(figure 9). The calculated extinction versus the wavelengths is
given for a dielectric constant of 12.5 and a shape factor of 20
which were explained below.

Because the real part of the dielectric function of tell-
urium metal does not significantly vary with the light wave-
length, the extinction peak does not vary with the dimension
of the tellurium metallic colloids and this fact is presented in
figure 10. As can be seen, the peak position is in the same
position for a colloidal dimension from 2 up to 200 nm.

The second factor that affects the peak position is the
dielectric constant of the 20%TeO, + 40%Zn0, + 40%P,05
glass sample (figure 11).

The dielectric constant of glass is derived from the
effective value of the total mixture by the effective medium

=5, e=8

Exrinction coefficient

T T T T T T T T
200 250 300 350 400 450 500 550 600 650 700

Wavelength (nm)

Figure 10. Dependence of the metallic colloid size on the extinction
spectra.
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Figure 11. Dependence of the extinction spectra by the dielectric
constant of the glass.

approximation as given by [41]:

cout = f(TeOy) * £(TeOs) + f(ZnO) * £(ZnO)
+ f (P,0s) * £(P205), 4)

where f—is the molar fraction and e—is the dielectric con-
stant of oxides from the sample.

The dielectric constants for each oxide are 25.3 for the
a-TeO, [42, 43], 14.4 for the ZnO [44] and 4 for the P,Os
[45]. Following the nominal composition of our glass
20%TeO, + 40%Zn0, + 40%P,0s, the medium dielectric
constant is around 12.5. This value could slightly vary in the
obtained glass due to the large differences between the
melting point of each oxide which could induce the eva-
poration effect and taking into account that a small part
(around 14%) from the TeO, is converted in Te metallic
colloids. The 14% value was obtained from the x-ray pho-
toelectron spectroscopy. The third factor that affects the peak
position is the shape factor, which is a ratio between the
lengths divided by the width of the tellurium metallic colloid.
The calculated peak position was obtained for a maximal
value of 20 (figure 12).



Phys. Scr. 95 (2020) 034005

S Polosan et al

R=10 nm, =8

440 nm

515 nm

Extinction coefficient

T T T T
450 500 550 600

Wavelength (nm)

T
350 400

650

700

Figure 12. Dependence of the metallic colloid shape factor on the
extinction spectra.

This is quite reasonable, because the metallic tellurium
structures could tend to form nanorods with a medium width
of 17nm and a medium length of 300 nm, but could also
achieve 1000 nm [46].

Conclusions

Phosphate-tellurite glasses with the nominal composition
20%TeO, + 40%Zn0, + 40%P,05 and melted at tempera-
tures over 1000 °C, change their color from purplish red to
deep purple due to the gradual transformation of TeO, in Te
metallic colloids. The coloring process is dependent on the
time of annealing up to the melting point due to the large
differences between the melting points of the three oxides.
The presence of colloids is marked by a prominent peak in the
visible part of the absorption spectrum, centered at 532 nm
(2.33eV) and an A-term with an asymmetric shape, generated
by localized surface plasmon resonance specific for metallic
colloids. The luminescent peak position of these colloids
varies with the excitation wavelength and was explained by
the broadening of the energy levels with the clustering pro-
cess of the metal. The TL patterns of the x-ray irradiated
samples reveal a recombination process between the hole
centers produced during irradiation with the quasi coupled
electrons from the surface of metallic colloids. The absorption
peak was fitted based on Mie theory, which allows the calc-
ulation of the extinction coefficients. The parameters of the
simulated extinction curve depend on the size and shape of
the metallic colloids and the dielectric constant of metallic
tellurium.
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