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RRUFF database is proposing the Raman broad scans of glasses CaO-Al,O3-SiO, with rare earth element (REE) oxides, that is of CaO-
RE;0;-Al,0;-SiO, glasses. Raman data are courtesy of E. Cairns, University of Edinburgh. Here we show how we can use the q-BWF
functions to decompose these spectra. The q-BWF functions are generalizing the Breit-Wigner-Fano line shape in the framework of the g-
exponential function proposed by Constantino Tsallis and his statistics. Besides asymmetry, the decompositions with q-BWF line shapes
are stressing Gaussian and non-Gaussian behaviors of components. The data analysis of CaO-RE;O;-Al,05-SiO, glasses is highlighting
the presence of photoluminescence regular patterns in the Raman broad scans. In another database, the Raman Open Database (ROD), we
can find some spectra of rare-earth oxides. Therefore, it is possible to compare the available REO spectra with those of CaO-RE,O3-Al,05-
SiO; glasses and study the broadening of the Raman bands.
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Introduction

Recently, in 2023, we proposed the g-BWF
function as a generalization of the Breit-Wigner-
Fano (BWF) line shape, to obtain an asymmetric
form of the g-Gaussian function, to be applied to
the decomposition of Raman spectra. The BWF
line shape is a modified Lorentzian function,
which is used to consider the asymmetry due to
Fano resonance (Bianconi, 2003, Miroshnichenko
et al, 2010). In fact, Ferrari and Robertson, 2000,
contemplated the BWF function as suitable to
describe asymmetries in the case of the Raman
spectroscopy of carbonaceous material. The
generalization we proposed in 2023 is using, in the
BWEF line, a g-Gaussian line shape instead of a

Lorentzian profile. A g-Gaussian is a function
based on the Tsallis g-form of the exponential
function (Tsallis, 1988); this generalized
exponential is characterized by a g-parameter and
when q is equal to 2, we have the Lorentzian
function. If g is close to 1, we have a Gaussian
function (this is the reason why the Tsallis
function is also known as “q-Gaussian”). For
values of g between 1 and 2, we have a bell-
shaped function with power-law wings ranging
from Gaussian to Lorentzian tails. As shown on
many occasions, the g-Gaussian is suitable for
fitting Raman spectra (Sparavigna 2023,2024).

Let us write the BWF as follow:

BWF = C[1-&y/2(x — x)]" [1 +y(x — x,)]™*
where x,, is the center of the line. When parameter & is zero, BWF becomes a Lorentzian function. Therefore, it

is easy to turn BWF into a g-BWF function:

g-BWF = C[1 = &y/2(q = DV2(x = x,)]" [1+ (g = Dy (x — 2,))|/0-

Please consider that in literature about Fano
resonance the parameter & is often given as 1/q
(and with an opposite sign). Here the q-parameter
is related to the Tsallis statistics.

The g-BWF functions have been applied to the
study of the Raman spectra of molybdenite, that is,
the molybdenum disulfide, MoS,. Due to good
result we obtained in that case, we start trying to
apply g-BWFs to other cases, using them to
highlight asymmetries and a behavior of the line

shape different from the usual Lorentzian or
Gaussian profile. For Molybdenite, we used the
Raman spectra from RRUFF database (Lafuente et
al., 2015). Here we investigate glasses. The spectra
that we find in RRUFF are those of CaO-Al,O3-
SiO, systems with Rare Earth Element (REE)
oxides.

RRUFF REO Glasses
Cairns et al., 2007, prepared rare earth element
(REE) standards, according to the method
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described in rruffiinfo . “The finished glass
contains SiO,, Rare Earth (RE) oxide [REO]
(generally RE,03), CaO and Al,O3. The gels were
made in a similar manner to that described in
Biggar and O'Hara (1969). The gel starting
materials were prepared by mixing the required
weights of standard solutions of aluminium,
calcium and rare earth nitrates to produce a final
weight of either 5g or 10g. Ethanol was then added
to the nitrate mixture. This was to ensure the
miscibility of tetraethyl orthosilicate ..., used for
the silica component, which was added next.
Concentrated ammonia ... was then added to form
a gelatinous precipitate of hydroxides. The mixture
was then covered and left for at least 16 hours to
ensure the complete hydrolysis of the TEOS. The
gels were then slowly dried,” ... etc. (Cairns et al.,
2007).

The rare earth elements (REE) set consists of 17
chemical elements, that is the fifteen lanthanides,
plus scandium and yttrium. “Compounds known as
rare earth oxides (REO) are readily formed from
rare earth elements as they are typically very
reactive with oxygen in the ambient atmosphere”
(Mo-Sci, 2023). Industries regarding “catalysts,
glassmaking, lighting, and metallurgy, have been
using rare earth elements for a long time. Such
industries, when combined, account for 59% of the
total worldwide consumption” (Mo-Sci, 2023).
Newer application areas are concerning battery
alloys and ceramics. For glass production, the

addition of REQOs changes the properties of glasses.

“The ability to change the fluorescent properties of
the glass is one of the most important uses of REO
in glass” (Mo-Sci, 2023).

A recent editorial by Zhang & Zhang, 2022,
stresses that the “trivalent rare earth ions (Ln3+)
have the unique electronic configurations [Xe]4f"
(n=0-14) and numerous energy levels, which
endow rare earth luminescent materials with many
fascinating optical properties over a broad spectral
region ranging from the ultraviolet (UV) to the
near infrared (NIR); these include tunable atomic-
like excitation/emission spectra, large Stokes/anti-
Stokes shifts, long luminescent lifetimes, and
excellent photostability” (Zhang & Zhang, 2022,
and references therein). “As we entered the 21st
century, nano research on rare earth luminescent
materials began to unfold rapidly”, and Zhang and
Zhang illustrate the several cases. A review of the
most traditional applications and of developments
in unconventional fields has been given by Locardi
and Guadagnino, 1992. About the REE doped
glasses for displays and light generation, a
discussion is available in Caldifio et al., 2014.
However, it is necessary to note that “rare earth
elements (REES), critical to modern industry, are
difficult to separate and purify, given their similar
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physicochemical properties originating from the
lanthanide contraction” (Wang et al., 2024). Wang
and coworkers propose a study of the transport of
lanthanide ions (Ln3+) “in artificially confined
angstrom-scale two-dimensional channels using
MoS;,-based building blocks in an aqueous
environment”. The researchers claim that their
work on artificial confinement can be useful for a
“greener REEs separation”.

Ca0-Al,03-SiO, (CAS) systems

These systems produce the calcium
aluminosilicate (CAS) glasses. “The glass-forming
region for calcium aluminosilicate glasses has
been determined” by Shelby, 1985. However, “the
formation mechanism and crystallization process
of glass phases are still unclear” (Xin & Guo,
2022). In their work, “the glass phase and the
crystallized samples of the CaO-SiO,-Al,0O;
system were characterized using X-ray diffraction,
optical microscopy, scanning electron microscopy,
energy-dispersive  spectroscopy and Raman
spectroscopy. ... The results showed that the
chemical composition significantly influences the
crystallization of the CaO-SiO,-Al,05 glass” (Xin
& Guo, 2022). Decreasing the basicity and the
mass ratio of CaO and SiO, is favoring the
crystallization of the glass phase; increasing the
content of Al,Oj is inhibiting the crystallization of
the glass phase (Xin & Guo, 2022). Actually,
“among the materials available, CaO-Al,05-SiO,
(CAS) is a predominant ternary glass-ceramic
system” with great potential applications (Fang et
al., 2021, and references therein).

Raman spectroscopy and photoluminescence

“Raman scattering is a weak phenomenon and that
is sometimes the reason for being unable to
acquire a Raman spectrum, particularly at a low
concentration or with a limited amount of sample.
However, the most frequent reason for not being
able to acquire a Raman spectrum is because a
strong fluorescent background and the detector
noise generated by it overwhelms the Raman
signal. Therefore, it should be self-evident that a
Raman spectrometer is ideal for performing laser-
excited photoluminescence” (Tuschel, 2016).
Absorbing a photon, an electron is promoted to an
excited level of energy. It can decay emitting a
photon. This “emission process 1is called
photoluminescence”, since “the excited state was
reached through the absorption of a photon ...
Photoluminescence occurs in many bulk materials
that are direct band gap semiconductors and also
because of impurities that absorb and emit light in
an otherwise transparent medium” (Tuschel, 2016).

As told also by Yu et al., 2014, “fluorescence or

laser-excited luminescence has always been
considered troublesome in Raman spectroscopy,
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since they easily mask the much weaker Raman
signals and degrade the quality of the spectra.
People have developed several strategies to
eliminate the bad influence of fluorescence, ...
but it is still difficult to obtain pure Raman spectra
without fluorescence interference in many cases”
(see references in Yu et al.). For lanthanide
materials, the situation becomes even worse
because most of the lanthanide ions are
luminescent and abundant luminescence bands are
commonly seen in Raman spectra of them, which
makes the interpretation of such spectra sometimes
rather difficult. However, see this problem from a
different view, fluorescence signals generated in
Raman spectroscopy sometimes can also be
helpful, since they may provide useful additional
information of the material” (Yu et al., 2014). The
previous research made by Yu and coworkers
“indicates  that Raman  spectroscopy is
ultrasensitive to lanthanide luminescence and thus
can be utilized for detecting trace lanthanide
impurities” (Yu et al., 2014). In the article by Yu
and coworkers, we find the Raman spectra of rare
earth sesquioxides RE,O; (RE=Eu, Gd, Dy, Ho, Er,
Tm, Yb, Lu, Sc and Y).

In general, as observed by Sadagov et al., 2020,
“increasing employment of Raman spectroscopy
for the qualitative and quantitative analyses of
substances and materials requires to record
accurate  and  device-independent  Raman
spectra. ... To ensure the independence of the
Raman spectra on the hardware, it is necessary to
solve the following two problems”, which are
regarding the ‘“calibration of the Raman
spectrometer with respect to the wavenumber scale”
and the calibration “with respect to the shape of
the spectra, i.e., with respect to the relative
intensities of the Raman peaks” (Sadagov et al.,
2020). For what is regarding the special glass
compositions, “the following requirements are
imposed” by NIST: “(a) sufficiently strong
fluorescence under the influence of laser radiation
that excites Raman scattering, which is capable of
ensuring Stokes shifts in the wavenumber range
from 200 to 4000 cm™*; (b) photostability; and (c)
low absorption at the wavelength of exciting
radiation, which is required to prevent heating
caused by laser radiation” (Sadagov et al., 2020).
Sadagov and coworkers studied the “fluorescence
calibration standards based on phosphate matrix
glass activated with ions of rare-earth metals”.

Broad scans

As previously told, here we will consider the
RRUFF Raman data of REO glass standards,
which are courtesy of Elizabeth Cairns, University
of Edinburgh. We consider the broad scans from 0
to 6000 cm .

“The area from 0 to about 1600 cm ' is the so-
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called Raman “fingerprint zone”. The spectral
pattern of this area reflects a fingerprint enabling
the identification of a material, just as a fingerprint
enables the identification of a person. This is also
the area in which most Raman signals of inorganic
solids occur”. Usually, spectra are recorded “only
across fingerprint zone, ... Fingerprint spectra are
also typically background corrected. This means
any slope generated by luminescence has been
subtracted from the spectrum. Background
correction prepares the data for the computer to
find the peak locations and match them against a
library containing spectra of known materials”
(GemmoRaman, 2012). “The extended area from 0
to about 3000-6000 cm™* (depending on
spectrometer) is called a broad scan area. Broad
scan contains both Raman fingerprint zone and an
extended range for photoluminescence studies.
The line between the zones is not very distinct.
Photoluminescence reactions do occur at both
areas and sometimes mix with or overwhelm any
Raman signals. ... For gemology it is advisable to
pay attention to luminescence as much as Raman
signals, because it often contains important
information about chromophores (such Cr) and
rare earth elements (REE)” (GemmoRaman, 2012).

“The key skill in spectra interpretation is to learn
how to see “overlapping peaks” by looking for
deviations in peak formation. These deviations
show up usually so that a peak does not follow
nice Gaussian distribution” (GemmoRaman, 2012).

RRUFF Glass-(Ce) R110075 - Cerium, atomic
number 58, is an element classified as a lanthanide,
pubchem.ncbi.nlm.nih.gov/element/Cerium. The
glass contains the Cerium oxide. RRUFF provides
information about the measured chemistry of glass:
Ca0 16.44%, Ce,0319.71%, Al,0510.13%,
S|02 53.72%, 0311C65A|85i350100, and about
Raman measurement: spectrum overwhelmed by
fluorescence, instrument setting Thermo Almega
XR 532 nm @ 100% of 150 mW.

Here in the following, the Raman broad scan is
given with a baseline adjustment. The spectrum is
decomposed by means of Fityk software, where g-
BWF functions are defined (see Appendix for
details).
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Fig.1: Raman broad scan RRUFF Glass-(Ce) R110075 (green)
decomposed in g-BWF functions (red curves). The sum of
these components is given in yellow. In fact, green data and
yellow line are practically undistinguishable. In the lower part
of the image, the misfit is given, that is, the difference between
green data and yellow line.

From the Figure 2, we can see that the band
between 1700 and 2800 cm* is made of functions
which are not Gaussians, besides being
asymmetric. Let us compare the decompositions of

1500 2000 2200 2400 2600 2800

Fig.3: Comparing decomposition with g-BWF functions and Gaussians.

RRUFF Glass-(Gd) R110080 - Gadolinium,
atomic number 64, lanthanide,
pubchem.ncbi.nlm.nih.gov/element/64. Measured

chemistry of glass: CaO 19.29%, Gd,05 20.85%,
Al,053 11.71%, SiO, 48.16%, Ca;4GdsAlgSizzO1go.
Raman measurement: spectrum overwhelmed by
fluorescence, instrument setting Thermo Almega
XR 532 nm @ 100% of 150 mW.

Fig.4: Raman broad scan RRUFF Glass-(Gd) R110080
decomposed in g-BWF functions.

As in the case of the Figure 2, let us consider the
parameters of the two central bands. The result is
given in the following Figure 5.
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20000

q=1.0008

q=1.3010
xi=-0.2723

q=1.0004
xi=4126

q=1.1711
xi=7.7880

Fig.2: Four g-BWF components of the spectrum and the values

of their g and xi parameters. Note that when the parameter q is

close to 1, to have asymmetry, we need to strongly increase the

parameter xi. Note also the white dots, they are representing the

“center” of the components. In the case of q-BWF, such as for

BWEF, the “center” does not coincide with the maximum of the
component.

this band in the case that, for the decomposition of
the total spectrum, g-BWF functions or Gaussians
are used. The comparison is proposed in the Fig.3.

Gaussians

q=1.0616
xi=-3.680

q=1.0008
xi=-1686

q=1.2231
xi=0.6923

q=1.0787

xi=-0.8159
10000

2000 2500 3000 3500
Fig.5: Four g-BWF components of the spectrum and the values
of their g and xi parameters. Note that when the parameter q is
close to 1, to have asymmetry, we need to strongly increase the
parameter Xi.

We can compare the position of the peaks in

RRUFF Glass-(Ce) R110075 and RRUFF Glass-
(Gd) R110080.
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Fig.6: Comparison of the Raman spectra. Intensities in arbitrary
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Fig.9: Raman broad scan RRUFF Glass-(Ho) R110083

Glass-(Sm) R110078 - Samarium, atomic number r -
decomposed in g-BWF functions.

62, lanthanide,
pubchem.ncbi.nlm.nih.gov/element/62. Measured
chemistry of glass: CaO 19.44%, Sm,03 20.20%,
Al,03 11.81%, SiO, 48.55%, Ca14Sm5A|gSi330100.
Raman measurement: spectrum overwhelmed by
fluorescence, instrument setting Thermo Almega
XR 532 nm @ 100% of 150 mW.

q=1.1402
Xi=5.9336
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Fig.7: Raman broad scan RRUFF Glass-(Sm) R110078
decomposed in g-BWF functions.

Let us compare the positions of the peaks in
RRUFF Glass-(Sm) R110078 and RRUFF Glass-
(Gd) R110080.

: :i  Glass-(Sm)-R110078

-\

‘L i\
VAV V)N

1000 2000 3000 4000 t_EEE 6000
Wave number (cm'])
Fig.8: Comparison of the Raman scans. Intensities in arbitrary

units.

RRUFF Glass-(Ho) R110083 - Holmium, atomic
number 67, lanthanide,
pubchem.ncbi.nlm.nih.gov/element/67 . Measured
chemistry of glass: CaO 19.38% Ho0,05 21.77%,
Al,05 11.72%, SiO, 47.13%, CajsHosAlgSizOqo.
Raman measurement: spectrum overwhelmed by
fluorescence, instrument setting Thermo Almega
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q=2.1201
xi=0.1364

Fig.10: g-BWF components of the spectrum in the Fig.7 and
the values of their g and xi parameters.

RRUFF Glass-(Tm) R110085 - Thulium, atomic
number 69, lanthanide,
pubchem.ncbi.nlm.nih.gov/element/69 . Measured

chemistry of glass: CaO 22.78%, Tm,03 26.12%,
A|203 13.80%, S|Oz 37.30%, CalngGAllzsizgoloo.
Raman measurement: spectrum overwhelmed by
fluorescence, instrument setting Thermo Almega
XR 532 nm @ 100% of 150 mW.

Fig.11: Raman broad scan RRUFF Glass-(Tm) R110085
decomposed in g-BWF functions.

RRUFF Glass-(Lu) R110087 - Lutetium, atomic
number 71, lanthanide,
pubchem.ncbi.nlm.nih.gov/element/71 . Measured
chemistry of glass: CaO 18.91%, Lu,0322.31%,
Al,03 11.49%, SiO, 47.29%, CajslusAlgSizsOqgp.
Raman measurement: spectrum overwhelmed by
fluorescence, instrument setting Thermo Almega
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XR 532 nm @ 65% of 150 mW.

Fig.12: Raman broad scan RRUFF Glass-(Lu) R110087
decomposed in g-BWF functions.

Once more, let us compare the positions of the
peaks in RRUFF Glass-(Tm) R110085 and

RRUFF Glass-(Lu) R110087.

Glass-(Tm) R110085

- Glass-(Lu) R110087

3000 4000 5000
Wave number (em™)

Fig.13: Comparison of the Raman scans. Intensities in arbitrary
units.

RRUFF Glass-(Eu) R110079 - Europium, atomic
number 63, lanthanide,
pubchem.ncbi.nlm.nih.gov/element/63 . Measured
chemistry of glass: CaO 21.74%, Eu,05 23.09%,
Al,05 13.24%, SiO, 41.93%, Ca;sEugAl;1SigO1g.
Raman measurement: spectrum overwhelmed by
fluorescence, instrument setting Thermo Almega
XR 532 nm @ 1% of 150 mW.

=\

decomposed in g-BWF functions.

Comparison of the positions of peaks in RRUFF
Glass-(Eu) R110079 and RRUFF Glass-(Lu)

http://www.ijSciences.com

6000

R110087 is given in the following figure.

i
08 X Glass-(Eu) R110079

2

\ i:
04 s
\

/

Glass-(Lu) R110087

N v \/\(} |

0 1000 2000 3000 4000 5000
Wave number (cm™!)
Fig.15: Comparison of the Raman scans. Intensities in arbitrary
units.

All the spectra seen before

3000 4000

Wave number (em™ 1 )

Fig.16: Spectra from RRUFF of glasses with Ce, Gd, Sm, Ho,
Eu, Tm and Lu oxides.

In the Figure 16, we show the spectra seen before,
with relative intensities (largest value equal to 1).
We can note the presence of three regular
luminescence patterns in the Raman broad scans.
We have the set of patterns for R110075 (Ce),
R110080 (Gd), R110078 (Sm). The peaks as in the
Figs. 2 and 5 remember the patterns of ice/water
systems (Sparavigna, 2024). Then we have the
single R110083 (Ho). The third set of patterns is
that of R110079 (Eu), R110085 (Tm), R110087
(Lu). Note please that for R110075, R110085,
R110087 we have used the RRUFF data adjusted
with a baseline. The use of a baseline could be
questionable, but here is adopted to evidence the
patterns in the spectra.
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Other Raman broad scans

1000 2000 3000 4000 5000
Wave number (1:m'1 )

Fig.17: Spectra from RRUFF of glasses with Dy, Er, La, Nd,
Pr, Tb, Y and Yt oxides.

Other Raman broad scans courtesy Elisabeth
Cairns are given in RRUFF database. Here we
propose them as in the Fig.17. The figure is
showing R110082 (Dy), R110084 (Er), R110074
(La), R110077 (Nd), R110076 (Pr), R110081 (Tb),
R110073 (YY), R110086 (Yt). No baseline is used.

110082
110076

P —

1000 2000 3000 4000 5000
Wave number (l:m'1 )

Fig.18: Spectra from RRUFF of glasses with Dy, Pr and Yb.

In the Figure 18, we propose the cases of Glass-
(Dy), Glass-(Pr) and Glass-(Yb) to compare their
Raman broad scans. Interesting the common peak
at about 1000 cm ™.

Electronic and Optical Properties of RE lons

Before discussing specific cases of spectra, let us
consider Miniscalco, 2001, and his work about the
optical and electronic properties of rare earth ions
in glasses. “Rare earth ions have a long history in
optical and magnetic applications. Among these,
luminescent devices using single crystals,
powders, and glasses have been particularly
important”. The use of rare earths is due to their
important characteristics: “they emit and absorb
over narrow wavelength ranges, the wavelengths
of the emission and absorption transitions are
relatively insensitive to host material, the
intensities of these transitions are weak, the
lifetimes of metastable states are long, and the
quantum efficiencies tend to be high, except in
aqueous solutions. These properties all result from
the nature of the states involved in these processes

http://www.ijSciences.com

and lead to excellent performance of rare earth
ions in many optical applications. Devices that
provide gain, such as lasers and amplifiers, must
have low scattering losses, and one is restricted to
using single-crystal or glass hosts. Whereas in
many applications crystalline materials are
preferred ..., the versatility of glasses and the
broader emission and absorption spectra they
provide have led to the use of rare earth doped
glasses in many applications. Nowhere is this
more true than in the area of optical fiber devices.”
(Miniscalco, 2001).

Miniscalco remembers that “lanthanides are
characterized by the filling of the 4f shell and
begin with cerium (Ce), which has an atomic
number Z of 58, and end with lutetium (Lu, Z
71)”. An observation: “The name rare earth is, in
fact, a misnomer, for lanthanides other than Pm
are not actually rare, and the elements with even
atomic numbers are particularly abundant”.
Miniscalco observes that, “from the perspective of
optical and electronic properties, the most
important feature of rare earths is the lanthanide
contraction”, which is discussed by the researcher.
“While neutral lanthanum (La) has the xenon
structure plus 5d6s?, the electrons that are added
for the neutral elements that follow are found in
the 4f shell and only Ce, gadolinium (Gd), and Lu
have a 5d electron. ... In condensed matter the
trivalent (3) level of ionization is the most stable
for lanthanide ions, and most optical devices use
trivalent ions. ... lonization preferentially removes
the 6s and 5d electrons, and the -electronic
configuration for these ions (henceforth, referred
to as rare earth ions) is that of the xenon structure
plus a certain number (1-14) of 4f electrons”
(Miniscalco, 2001).

The line-broadening mechanisms are also
discussed. “For rare earth doped crystals, the
absorption and emission transitions between Stark
components of different J multiplets usually can
be observed at room temperature as discrete lines.
In contrast, individual Stark transitions for glass
hosts seldom can be resolved except at
temperatures close to absolute zero. This
difference is illustrated in Figure 6 (Miniscalco,
2001), which compares the 1060-nm emission of
Nd**:YAG with that of an Nd*'-doped silicate
glass at room temperature. ... [Let us note that]
crystalline hosts provide high cross sections at
nearly discrete wavelengths while glass hosts have
lower cross sections over a broad, continuous
range of wavelengths. ... Both homogeneous and
inhomogeneous processes are responsible for
broadening the sharp line structure of the crystal
into that seen for the glass. The relative
contribution of each mechanism has important
device implications, and there has been
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considerable interest in understanding these
mechanisms”  (Miniscalco, 2001). Miniscalco
continues with the discussion of the homogeneous
broadening. “The other broadening mechanism is
called inhomogeneous because it results from
spectroscopic differences between individual ions.
This situation arises because each dopant ion
occupies a unique site in a glass and experiences
different crystal field parameters”. Disorder leads
to a distribution of energies and, “in a
measurement that samples all ions,
inhomogeneously broadens the emission and
absorption spectra” (Miniscalco, 2001).

Europium oxide

Let us consider more specifically the Raman
spectrum of Eu,03. To understand R110079 (Eu),
let us consider Zhao et al., 2004. The researchers
studied Eu,0O; doped 5Zn0O-20Nb,0s-75TeO,
glasses. In this case, “Raman spectra show that
Eu,03; dopant induces the changes in the local
structure of glasses. The higher the dopant
concentration, the larger the nonlinear refractive n,
and the faster the temporal response. The Figure 3
in Zhao et al. gives the Raman spectra for different
concentrations of Eu,Os; dopants. There are
characteristic Raman peaks of 470 and 740 cm™.
For the investigated material, “the former may be
attributed to the stretching vibration of non-bridge
oxygen and tellurium in the glassy framework, ... .
The latter may be attributed to the symmetric
stretching vibration of O-Te-O chains” (Zhao et al.
mentioning Sidebottom et al.,, 1997). The
corresponding Raman peak intensity is decreasing
with increasing Eu,03 dopant concentration, as
shown by Figure 3 in Zhao et al., 2004.
“Furthermore, the 532 nm excited laser gives rise
to the transitions of °Do— 'Fg1234 (Zhao et al.
mentioning Kumar et al., 2002), resulting in
Raman scattering at 2504.3 cm', and their
intensity increase with the increasing Eu,O;
concentration”. In our Figure 14, the large peak is
at about 2480 cm™'. In the Figure 3 by Zhao et al.,
we can see also a peak at 4532.5 cm™'. In our
Figure 16, the peak is at about 4582 cm™".

In Yu et al., 2014, it is told that for Eu,0O;, “since
Eu®* can effectively be excited by 532 nm laser,
the spectrum collected with 532 nm excitation
presents strong intrinsic luminescence of Eu®,
which totally masks the low-wavenumber Raman
bands. Based on the well investigated energy
levels of Eu**, the luminescence band at 2500 cm™
can be assigned to *Dy—'F, transition of Eu** (Yu
et al. mentioning Wakefield et al., 2001)”.
Moreover, “similar luminescence bands were
observed in Raman spectra of Gd,0O; and Sc,03
with 532 nm excitation, which indicates that they
both contain Eu®" impurity” (Yu et al., 2014).

http://www.ijSciences.com

Eu,O; in ROD

Another database is the Raman Open Database,
ROD (EI Mendili et al., 2019, El Mendili, 2017).
There, we can find the Raman spectrum of
commercial Eu,03 (chemical compound source:
commercial LABOSI 99.9%). Information, given
by  solsa.crystallography.net/rod/3500047.html,
tells us that the Raman spectrum was recorded
under the following conditions: excitation
wavelength 532 nm, measurement resolution 3
cm™', unoriented sample, power on the sample 1
mW, company of the measurement device Thermo
Scientific, Model DXR.

Let us consider the spectrum from 2200 to 3200
cm ', The spectrum and a decomposition obtained
using the g-Gaussian functions are given in the
following Fig. 19. The g-Gaussians are symmetric
functions. Centers of the main g-Gaussians are
2430.5, 2469.0, 2510.0, 2537,0, 2566.0, 2742.5
and 2861.0 cm ™.

~5000

Fig.19: A part of the Raman broad scan ROD Eu,05 3500047

(green) decomposed in g-Gaussian functions (red curves). The

sum of these components is given in yellow. In the lower part

of the image, the misfit is given, that is, the difference between

green data and yellow line. To obtain the decomposition, a
baseline has been applied.

As told by Kumar et al., 2002, “the rare earth
absorption and fluorescence spectra are quite
sensitive to the local environment of the ion”. In
Malba et al., 2015, too we find that the “rare
earths luminescence is sensitive to the local
environment and can experience a line
broadening passing from an ordered state to a
more disordered or dynamic system” (Malba et
al. mentioning Meltzer, 2005). Therefore, if we
pass from the crystalline phase to an amorphous
state, the bands related to the 7°Do— 'Fg1234
turn out to be broadened. To stress the
broadening of the lines, let us consider again the
glass CaO-Eu,03-Al,05-Si0, from RRUFF
110079, in the same range from 2200 to 3200
cm™', as in the Figure 20 on the right. On the left,
the Raman band of Eu,0s.
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Fig.20: Broadening of the lines. On the left, the commercial Eu,O; oxide, on the right the CaO-Eu,03-Al,03-SiO; glass.
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Fig.21: On the left, the ROD spectrum of commercial Eu,O; oxide, on the right the RRUFF spectrum of CaO-Eu,05-Al,03-SiO; glass.

Holmium Oxide in ROD

The ROD  spectrum is  available at
solsa.crystallography.net/rod/3500009.rod (El
Mendili, 2017). Regarding another research on this
oxide, Pandey et al. (2014) studied Raman
scattering of Ho0,03 dependent on pressure and
temperature.

http://www.ijSciences.com

Fig.22: A part of the Raman broad scan ROD Ho,0; 3500009
(green) decomposed in g-Gaussian functions (red curves). The
sum of these components is given in yellow. In the lower part
of the image, the misfit is given, that is, the difference between
green data and yellow line. No baseline has been applied.

Let us compare the spectra of oxide and glass, as
in the Fig.23, to observe the result of the
broadening of lines.
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p 500 000 1500
Fig.23: Broadening of the lines. On the left, the commercial Eu,03 oxide, on the right the CaO-Eu,05-Al,03-SiO; glass.

Erbium, Neodymium, Samarium oxide spectrum (El Mendili, 2017), 3500007.rod ,
In ROD we can find also the oxides of Er, Nd, Sm, is given in the Fig.24a, Neodymium oxide
Y, Ce and Gd. So let us consider these cases too. spectrum (EI  Mendili, 2017), 3500066.rod,
Again, the aim is that of evidencing the role of Fig.24b, and Samarium oxide spectrum (El
environment on the Raman spectral bands. Erbium Mendili, 2017), 3500097.rod, in the Figure 24c.

1000 1500 5 1500

0 500 1000 1500 2000 500 1000 1500 2000

Fig.24b: On the left, the commercial Nd,O; oxide, on the right the CaO-Nd,0;-Al,03-SiO; glass.

Fig.24c: On the left, the commercial Sm,O3 oxide, on the right the CaO-Sm,05-Al,0;-SiO; glass.
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The three cases shown in the Figures 24a, b, and c,
seem being interesting, as those given in Figs. 20
and 23. However, for Yttrium, Cerium and
Gadolinium, the comparison is unsuccessful.

For what is regarding the crystal phases, the rare-
earth oxides have been studied by Roth and
Schneider, 1960, to find the polymorphic
relationships of phases. “The oxides of the
trivalent rare earth ions crystallize in three
different types: A, B, and C. Each oxide has only
one truly stable polymorph: La,03, Ce,03, Pr,0s,
and Nd,O; belong to the A type; Sm,03, Eu,0s,
and Gd,03 to the B type; Tb,0s3, Dy,03, H0,0s,
Er,03, Tm,03, Yb,03, and Lu,Oj3 to the C type. In
addition Nd,03;, Sm,03, Eu,03, and Gd,O3; have
low-temperature, apparently metastable, C-type
polymorphs”. For the description of A, B, C types,
see please the discussion in Roth and Schneider,
1960.

Role of environment

According to Geissinger and coworkers, the
“molecular electronic states are extremely
sensitive to changes in their environment.
Therefore, by inserting probe molecules into a host
material and monitoring the ensuing changes in
the widths and spectral positions of the electronic
absorption bands, interactions of probe and host
molecules can be studied”. Consequently, a
method for studying “intermolecular interactions
in the condensed phase is to insert into the system
of interest small concentrations of a different
molecular species as probes”. And, as we have
seen before, REEs are suitable for this purpose
too. The positions and widths of the spectral lines
change due to the host material excitation modes,
which can be the lattice phonons in the crystal
phase, which “couple to the guest electronic states.
These dynamic effects are especially prominent in
disordered host materials, where low-energy
excitations such as two-level tunneling systems
(TLS) and (pseudo) local modes provide
relaxation channels, thereby leading to an increase
in  homogeneous absorption line  widths”
(Geissinger et al.,, 2000). The comparison,
proposed in the Figs. 20, 22 and 23, seems
showing that the broadening effect, produced by
the local disordered environment, of the spectral
lines of rare earth chromophores is creating a
mechanism able of generating the band observed
in Ca0-Sm,03-Al,03-SiO, glasses of Eu, Er, Ho,
Nd and Sm. In the case of Y, Ce and Gd, this
mechanism is not observed in the available
spectra.

We have encountered the “chromophores” in the
Kubo theory as proposed by Tokmakoff, 2014,
who was focusing on how chromophore’s
interactions with its environment influence its

http://www.ijSciences.com

transition frequency and lineshape, that is, how
interactions produce line broadening. Tokmakoff
tells that there are three cases of line broadening:
homogeneous, inhomogeneous, and a more
general case of “spectral diffusion”, with the
system positioned between the homogeneous and
inhomogeneous cases (see Tokmakoff for
explanation). “In condensed matter, time-
dependent interactions with the surroundings can
lead to time-dependent frequency shifts, known as
spectral diffusion. How these dynamics influence
the line width and lineshape of absorption features
depends on the distribution of frequencies
available to your system A and the time scale of
sampling varying environments (z.)” (Tokmakoff,
2014). Tokmakoff discusses the related theory,
that is the Kubo theory, and the corresponding line
shapes. Actually, we have shown that the Kubo
line shapes can be mimicked by the g-Gaussian
line shapes. Therefore, the value of the g-
parameter turns out to the related to the time scale
of dynamics (fast q=2, mid q=1.4 and slow gq=1)
(Sparavigna, Jan 2024, Mar 2024). Being possible
to consider the q-parameter as featuring the
broadening  mechanism  related to the
environmental effects on chromophores, further
studies on the Raman broad scans of RE oxides
are necessary.

Appendix — g-Gaussian, split-gq-Gaussian and
g-BWF functions

The g-Gaussian functions are probability
distributions proper of the Tsallis statistics (Tsallis,
1988, Hanel et al., 2009). These functions are
based on a generalized form of the exponential
function, characterized by a continuous real
parameter q. When q is going to 1, the g-
exponential becomes the usual exponential
function. The wvalue =2, (Naudts, 2009),
corresponds to the Cauchy distribution, also
known as the Lorentzian distribution; the g-
Gaussian function is therefore a generalization of
the Lorentzian distribution too. The change of g-
parameter is allowing the g-Gaussian function to
pass from the Gaussian to the Lorentzian
distribution.

As given by Umarov et al., 2008, the g-Gaussian
function is: f(x) = Ce,(—Bx*), where e,(.) is
the g-exponential function and C a scale constant
(in the exponent, B =1/(2¢%) ). The g-
exponential has expression: eq,(u) =
[1+ (1 - qu]/C9,
To have an asymmetric form of the g-Gaussian
function, let us write it in the following manner
(the center of the band is at x,):

q-Gaussian = Cexp,(—B(x — x,)?)
=C[1
+(q = DB(x — x,)?]H/0-@
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In ChemRxiv we considered the asymmetric g-
Gaussians, as given by Devi (2021):

q-Gaussian; grr = Cexpq, (=P, (x — x,)%) =
C [1+ (g, — DBL0x = x)?]/ ), when x —
X, <0

q-Gaussianggur = Cexpg, (—Br(x — x,)?) =
C [1+ (gr — DBr(x — x,)?]/A79R) when x —
X, >0

Parameters q and 3 of the Left and the Right parts
are different. The most proper name for this
asymmetric function is split-g-Gaussian. We have
also generalized the Breit-Wigner-Fano into a g-
Breit-Wigner-Fano.

In Fityk, a g-Gaussian function can be defined in
the following manner:

define Qgau(height, center, hwhm, @=1.5) =
height*(1+(g-1)*((x-center)/hwhm)”~2)*(1/(1-q))
g=1.5 the initial guessed value of the g-parameter.
Parameter hwhm is the half width at half
maximum of the component. When g=2, the g-
Gaussian is a Lorentzian function, that we can find
defined in Fityk as:

Lorentzian(height, center, hwhm) = height/(1+((x-
center)/hwhm)”2)

When q is close to 1, the g-Gaussian becomes a
Gaussian function. The split g-Gaussian is defined
as:

Splitggau(height, center, hwhml=hwhm,
hwhm2=hwhm, q1=1.5, g2=1.5) = x < center ?
Qgau(height, center, hwhml, gl) : Qgau(height,
center, hwhm2, q2)

The split Lorentzian is: SplitLorentzian(height,
center, hwhml=hwhm, hwhm2=hwhm) = x <
center ? Lorentzian(height, center, hwhml) :
Lorentzian(height, center, hwhmz2)

And the g-BWF can be defined as:

Qbreit(height, center, hwhm, g=1.5, xi=0.1) = (1-
Xi*(g-1)*(x-center)/hwhm)”2  *  height*(1+(qg-
1)70.5 *((x-center)/hwhm)"2)*(1/(1-q))

And the BWF can be defined as:

Breit(height, center, hwhm, xi=0.1 ) = (1-xi*(x-
center)/hwhm)"2 * height/(1+((x-center)/hwhm)”2)
Using +xi instead of -xi does not change the fitting
results in Fityk.
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