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Fluorophosphate glasses combine the beneficial features of both phosphate
and fluoride networks. They exhibit high thermal and chemical stability, low hygroscopicity,
low phonon energy, and a broad transparency window from ultraviolet UVI to near-infrared
(NIR), making them attractive for advanced photonic applications. However, their nonlinear
optical behavior has remained poorly explored, limiting their applicability for integrated
photonics. The incorporation of heavy metal oxides (HMOs), such as Nb,Os, enables
tailored structural and optical properties, enhancing third-order nonlinearities. In this work,
the nonlinear refractive index (n,) of Nb,Os-modified fluorophosphate glasses was
investigated using nonlinear elliptic rotation (NER) measurements, and the results were
interpreted with the structural analyses obtained from X-ray photoelectron spectroscopy
(XPS). A significant increase in n, was observed with Nb,O; content, reaching 1.7 X 107"
m*/W compared to 0.56 X 107 m*/W for samples with 20 and 5% content, respectively.
XPS confirmed the progressive formation of nonbridging oxygen species (NBOs) over
bridging oxygens (BOs), directly correlating with enhanced polarizability and nonlinear response. Thus, Nb,Os-modified
fluorophosphate glasses emerge as promising materials for nonlinear photonic applications, particularly in all-optical switching
platforms, due to their good third-order optical figure of merit for photonic applications and favorable structural properties.
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different ways.'* Additionally, as the phosphate matrix, the
fluoride glass presents interesting properties such as low
phonon energy; however, it has certain limitations regarding its
low chemical and thermal stability.">'® To overcome these
adversities, fluorophosphate matrices were developed, over-
coming their problems and improving their qualities, also
showing promising results for nonlinear optics.n’17

It is also possible to improve some of the properties of these
materials using network modifiers. The use of heavy metal
oxides (HMOs), such as Bi,O;, WO,, and Nb,Os, has been
extensively studied. These compounds act as modifiers and can
act as matrix formers, influencing the optical and chemical
properties as much as the structural parameters.'®'” In
addition to increasing the optical density of the material and
decreasing the bandgap, they also influence the structures to
improve the nonlinear responses. As investigated by Komatsu
et al,, the influence of Nb,Oy in different glasses has relevant

Glass is an essential material for cutting-edge applications and
future technologies.”” Their structural and compositional
versatility allows them to be used in a wide range of
applications, such as telecommunications,” medicine,” and
integrated waveguides.” One of the major areas of research in
which glasses are widely used is photonics, presenting potential
applications specifically related to their optical nonlinear-
ities.”™” Glasses have linear and nonlinear optical character-
istics that are very interesting and, although they have already
been studied extensively, still present innovations and
challenges.””

Phosphate glasses are widely used due to their properties,
such as thermal stability and transparency window in the
ultraviolet—visible (UV—vis) and NIR."” Despite this, they
presented some impasses that prevent them from being used as
a single matrix, such as low chemical stability."' This has led to
using alkaline earth metals to stabilize their matrix, which also
incorporates other interesting properties into the glass.'” These
compounds can stabilize the phosphate network by breaking
the P—O—P linkages and stabilizing the nonbridging oxygens
(NBO)."” For structural studies and nonlinear optics, the
impact of NBOs on responses and their importance for
different applications is well known, as they can be tunable in
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structural roles, including in the enhancement of electronic
polarizability and the linear refractive index of the samples.”’
Also studied by Manzani et al, the addition of Nb,Os in
different concentrations to phosphate matrices produced
different responses, showing that not only does the addition
play a fundamental role, but also controlling the concentration
of modifiers in the matrix can have a significant influence."’

Therefore, we systematically studied linear and nonlinear
optical properties in four new fluorophosphate glasses with
different percentages of Nb,O; in the composition. We used
the nonlinear elliptic rotation (NER) method to determine the
nonlinear refractive index (n,). This technique enables
excitation wavelength variation, which is essential to figure
out the photonics application potential over a broad wave-
length range. In addition, structural characterizations, such as
Raman spectroscopy and XPS, were performed to better
understand the influence of the modifiers in this matrix and the
origins of the material’s different optical responses. Finally, an
analysis of the material’s figures of merit was carried out with a
focus on all-optical switching applications, with promising
results.

Six grams batch of each glass sample was synthesized by the
conventional melt-quenching method, according to the composition,
in mol %, (80—y)(NaPO;),—(y)Nb,0s-20MgF,, y = S, 10, 15, and
20. Samples were labeled as FNPMgS, FNPMgl0, FNPMglS5, and
FNPMg20 according to the percentage of Nb,Ojs in the composition.
The optical grade reagents, (NaPOj;), 65—70% P,O; basis (Aldrich),
MgF, (Aldrich), and Nb,O; (CBMM) were first weighed and
homogenized in an agate mortar, transferred to a Pt/Au (95/S mol
%) crucible covered with a lid, and submitted to melting in an electric
furnace (EDG 3000) at 1075 °C for 30 min. After the melting, the
liquid was poured into a preheated stainless-steel mold at 300—350
°C (depending on the composition) for 4 h to release mechanical
stress, followed by slow cooling to room temperature. The obtained
samples were cut into pieces and polished until around 1 mm thick for
optical characterization.

We used the Archimedes method to determine the density of the
samples at room temperature. Immersion was performed in
anhydrous ethanol. We acquired the linear optical absorption spectra
between 200 and 1100 nm, for all samples, with a Shimadzu 18,000
spectrometer and calculated the bandgap using the Tauc plot
method.>" Additionally, structural measurements were performed to
enhance our understanding of how niobium oxide, as a modifier,
affects the glass matrix. Surface chemical analysis of the glass samples
was carried out by X-ray photoelectron spectroscopy (XPS) at
ambient temperature using an ESCA+ Omicron-Scienta spectrometer
equipped with a monochromatic Al Ka source (hv = 1486.6 eV)
under a base pressure of ~107 Torr. No sputtering was applied.
High-resolution spectra were acquired with a pass energy of 30 eV
and a step size of 0.05 eV, while survey scans used 50 and 0.5 eV,
respectively. The emission angle was 54.7°, and the analyzed area was
~200 pm?. Charge neutralization was achieved using an electron flood
gun (<1.6 eV). Spectra were processed using CasaXPS software (Casa
Software Ltd., U.K.) with Shirley background subtraction, and the C
Is peak at 284.6 eV was used for binding energy calibration.

We have used the self-reference NER technique to measure the
nonlinear refractive index (n,) of the samples.”” In this technique, we
used fused silica as a reference sample, which has a well-known n, (2.5
X 1072 m?/W), considered constant over the studied wavelength
range.”> This measurement required a femtosecond laser system
(Pharos—Light Conversion, 1030 nm, 190 fs, 7.5 kHz) pumping an
optical parametric amplifier (Orpheus—Light Conversion), allowing
wavelength variation between 700 and 1500 nm. After passing
through a rotating polarizer, the output signal is collected by using a
silica or germanium detector connected to a dual-phase lock-in,

depending on the wavelength. The experimental data were collected
and analyzed using a National Instruments acquisition system and
LabVIEW software, respectively. Further details on the experimental
setup and methodology can be found in ref 22,24.

The density of the glasses, presented in Figure 1, shows a
direct relationship with the addition of Nb,O; in the
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Figure 1. Density of the glasses as a function of the percentage of
Nb,Oj in the composition (blue circle) presents a linear dependence.
The molar volume (red circle) plotted with Nb,Oj presents a similar
behavior to the density.

composition, reaching an increase of approximately 18%,
from 2.8 g cm™ (FPNMgS) to 3.3 g cm ™ (FPNMg20). This
is related to the change in NaPO;, which has a lower molar
mass of approximately 102.0 g mol™", compared to that of the

modifier Nb,Oy, with a molar mass of around 265.8 g mol™".
M

The molar volume (Figure 1) is determined by V, = "
indicating a similar density behavior, reaching 38.9 m*® mol™*
for the glass with the highest percentage of Nb,Os, compared
to 36.9 cm® mol ™" on the glass with the lowest modifier. This
indicates that the modifier acts on the glass matrix not only by
expanding the structure but also by increasing the density of
the glass, which can influence the optical responses.

The thermal behavior of the FPNMg glasses was previously
investigated via differential scanning calorimetry (DSC).* The
measured values, summarized in Table SI and Supporting
Figure S1, show that the glass transition temperature (Tj)
increases with Nb,Oj content from 359 to 485 °C. This trend
reflects enhanced network connectivity and thermal stability
(AT = Ty — T,), which are advantageous for the fabrication of
nonlinear photonic components.

The molar volume of oxygen (V) and the oxygen packing
density (OPD), displayed in Table 1, were determined using
the following equations:*® V = ﬁ, and OPD = lOOO‘C/—:,
where M is the molar mass, ¢; is the mol % of each component,
n; is the number of oxygen atoms per formula unit, C, is the
total number of oxygen atoms per formula unit. Although there
is a rise in mol % of oxygen atoms in the matrix, the molar
volume of oxygen decreases, indicating a higher density of
oxygen, which agrees with the increase in the glass density. The
increase in the level of the OPD confirms these results, proving
that there is more oxygen per volume in the sample.
Furthermore, we analyzed the molar electronic polarizability
(apr), which is defined by eq 1.
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Table 1. Chemical Composition (in %), Density (in g'em™*), Molar Volume (in cm*mol™"), Molar Volume of Oxygen V,,
(cm?mol™), Oxygen Packing Volume, Oxygen Packing Volume, OPD (g'atom'L_l), and Molar Electronic Polarizability a

(x107** cm?®)

sample chemical composition (%) density (g.cm™)  molar volume (cm®mol™) Vg (ecm?/mol O) OPD (mol O/cm?®)  ay (X107** cm?)
FPNMgs 75(NaPO,)-SNb,0-20MgF, 2.8 +02 369 + 0.3 14.77 + 0.04 67.7 + 02 1.57 + 0.09
FPNMgl0  70(NaPO;)-10Nb,05-20MgF, 3.0 + 02 369 + 02 14.20 + 0.03 704 + 02 1.76 + 0.09
FPNMg15 65(NaPO3)-15Nb205-20MgF2 3.1+02 379 £ 0.2 14.03 + 0.03 71.3 £ 0.2 20+ 0.1
EPNMg20  60(NaPO;)-20Nb,0;-20MgF, 33402 389 + 02 13.89 + 0.03 720 + 0.2 23 £01
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Figure 2. (a) Absorption spectra of the samples with increasing Nb,O; content (from FPNMgS to FPNMg20). The inset shows the Tauc plot used
to estimate the direct bandgap. (b) Optical bandgap as a function of Nb,Os concentration. (c) Sellmeier fits for the dispersion of linear refractive
index between 650 and 1100 nm for all compositions. (d) Refractive index (n,) values at 600 nm (black), 800 nm (red), and 1100 nm (blue) as a

function of Nb,Og content.
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in which N, is Avogadro’s number, Ry is the molar refraction

]

1y is the linear refractive index, M is the molecular weight, and

(1)

M
7;

noz—l
n02+2

value, given by the Lorentz—Lorenz equation Ry = [

p is the density (displayed in Table 1). @y is an important
parameter for evaluating and better understanding glasses’
linear and nonlinear optical responses. The increase presented
in oy can be related to the previously presented change in the
glass density, given by the addition of heavy elements to the
composition. These results can also be attributed to the high
polarizability of Nb*, and the NbOg octahedra distortion in
the glass.'"” The substitution of the components leads to an
enhancement of the sample’s polarizability, which improves the
nonlinear responses.””*® Additionally, this improvement may
be linked to the nonbridging oxygens (NBO) formation in the
samples. The addition of niobium oxides in the composition
may influence the structure to transform bridging oxygens
(BO) into NBO, which is reported to be more polarizable."*

The linear absorption spectrum of glasses is shown in Figure
2a, revealing a wide transparency window from 400 to 1100
nm. A red shift in the absorption edge occurs as the percentage
of the modifier increases. This shift indicates that the optical
bandgap decreases with the addition of Nb,O;. We estimated
these values using the Tauc plot method for the bandgap
calculation, assuming a direct transition. The Eg,p values are
displayed in Figure 2b, where the FPNMg5 shows a bandgap
of approximately 4.14 eV, which decreases with the addition of
the oxide, reaching 3.75 eV for FPNMg20, consistent with the
UV—vis spectra. As observed in the studies of Manzani et al.,"’
Faleiro et al,'® and Chu et al.,”” the decrease can be associated
with the formation of NBO in the structure. The formation of
NbOg octahedra, caused by the addition of Nb,Os, improves
the connectivity and polarizability of the glass network and
contributes to a higher concentration of NBO.*® Moreover, the
Nb®* cations, with a larger ionic radius than P**, interfere more
with the NBO, inducing defects and decreasing the bandgap.

By measuring the Fresnel reflections in the range without
absorption, we determined the linear refractive index n of the
samples, which was fit using the Sellmeier equation in a bipolar
approximation. Figure 2c displays the dispersion of n, as a
function of wavelength, with values ranging from 1.36 for
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Figure 3. (a) NERS measurement and theoretical fit of the nonlinear refractive index at 800 nm for FPNMg20, showing two plateaus
corresponding to fused silica and the sample. (b) Nonlinear refractive index as a function of wavelength from FPNMgS to FPNMg20, revealing a

linear trend within experimental uncertainty.

FPNMgS to 1.52 for FPNMg20. Such Values are relatively low
compared to other phosphate glasses.”’ ™ The n, can be
linked to the electron density of the matrix, in this case, related
to the niobium atoms with an extended electron cloud, due to
its valence configuration.'' Furthermore, the presence of
oxygen in the glass can play an important role in refractive
index. In this composition, the breaking of P—O—P linkages in
the phosphate glasses happens with the addition of Nb,Oj,
increasing the presence of NBO. As mentioned before, these
NBOs are more polarizable, inducing higher n,. This behavior
was previously discussed by Sene et al. in a similar niobium
phosphate glass.’* Besides that, this augmentation in the
refractive index, shown in Figure 2d, may be attributed to
higher density values with the augmentation of HMO and the
rise in the polarizability upon exchange of niobium oxide.

The self-referenced NER technique allows us to measure the n,
of our samples with high precision. This technique correlates
the induced phase shift of elliptically polarized intense light
with the nonlinear refractive index, when focused on a
nonlinear medium. This relationship is given by eq 2.

-2z | . -1 %
¢ [ZO] ¢ [Zo] ()

where zg =z + L/(2n,) and z, = z — L/(2ny), L is the sample
length, w is the laser frequency, ¢ is the speed of light, n, is the
linear refractive index, I, is the laser irradiance, and ¢ is the
angle of the quarter-wave plate. With the quarter-wave plate,
we can vary the polarization of the light between linear
polarization (0°) and circular polarization (45°) and, in this
case, an elliptical laser beam (~22°). We used fused silica as a
reference sample that is attached to the interested sample,
enabling the measurement of both in a single scan and
guaranteeing the same experimental parameters. The induced
phase shift is illustrated in Figure 3a, where the circles
represent our experimental results, and the red line indicates
the theoretical fit, one corresponding to the sample of interest
and the other to the fused silica at 800 nm. In Figure 3b, we
summarize the dispersion of n, from all samples from 700 to
1500 nm, presenting a linear behavior in all cases, and no
nonlinear absorption. With the addition of more Nb,O; in the
composition, the mean values of the glasses increase from 0.56
x 107" m?’/W in FPNMgS to 1.7 x 107° m?*/W in

<(Z(Z) >lock»in =

FPNMg20, exhibiting a significant positive influence on
nonlinear response due to the modifier, as observed in the
linear measurements. The enhanced NBO concentration,
caused by the addition of Nb,Os in the matrix, induces a
higher-density environment, as well as increased polarizability
of the material,*"** leading to higher nonlinear responses. The
obtained values present n, in the same order as compositions
in the same field, such as tellurites*® and borate,””*® and higher
than other conventional glasses.”

The correlation between n, and the electronic molar
polarizability is evidenced by the linear behavior displayed in
Figure 4.

207 _ o FPNMg 1

n, (10°1° m2/W)
N

1.5 1.8 21 24
Polarizability (x1072* cm?®)

Figure 4. Mean value of nonlinear refractive index between 700 and
1500 nm as a function of the electronic molar polarizability,
presenting a linear dependence of them.

This high polarizability can induce higher nonlinear
responses, as presented in this work and in studies with
different compositions, such as presented by Clabel et al. and
Azlan et al. for the tellurite glasses,"”*' and by Manzani et al.
for phosphate glasses doped with niobium oxide.'' The last
one, with a similar composition and modifier, assigned the
increase in the polarizability to the formation of NbOg
octahedra, augmenting the network polarizability due to the
increase of terminal oxygen atoms, besides the extended
electron cloud of the d orbital of the formed Nb*". Therefore,
our results indicate that the combination of these structural
modifications and the formation of NBO results in higher
nonlinear responses. This evidence shows the importance of
HMO as a modifier to enhance the linear and nonlinear
properties of glasses.
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Figure 5. XPS spectra of high resolution and deconvoluted spectra of (a) O 1s, (b) P 2p, (c) Nb 3d, (d) F 1s, and (e) Na 1s for FPNMg glasses
with increasing Nb,Os content (from bottom to top: S, 10, 15, and 20 mol %). (f) Relationship between Nb,O; (mol %) and ratio (NBO/BO +
BNO). (g) Relation between polarizability and Nb,O5 (mol %) content as a function of nonbridging oxygen.

X-ray photoelectron spectroscopy (XPS) was employed to
investigate the surface chemical environments and elemental
stoichiometry of FPNMg glasses, aiming to elucidate the
structural rearrangements that modulate their third-order
nonlinear optical (NLO) response. High-resolution spectra
of O 1s, P 2p, Nb 3d, F 1s, and Na 1s were acquired for glasses
with varying Nb,Oj content, with binding energies calibrated
using the C 1s peak of graphitic carbon at 284.8 eV."”
Systematic shifts and intensity variations reveal progressive
changes in the bonding environments. Complementarily,
atomic percentages of F, O, P, Na, Mg, and Nb were extracted
from XPS survey spectra and are summarized in Table S2
(Supporting Information). These data confirm progressive Nb
incorporation and effective retention of fluoride, validating the
reliability of surface-sensitive XPS for tracking compositional
trends across the glass series.

The spectra of the O 1s (Figure Sa) were deconvoluted into
two components. The peak at 531.3 eV was assigned to
nonbridging oxygen (NBO) species associated with environ-
ments such as P—O—F and P—-O—M (M=Na'*, Mg**), along
with possible contributions from surface M—OH and C-O
bonds.” The peak at 532.7 eV was attributed to bridging
oxygen (BO) species in P—O—P bonds.” Initially, NBO
species predominated due to the network depolymerization
induced by MgF, (20 mol %). With increasing Nb,Os content

(5 to 20 mol %), a progressive reorganization occurred: BO
content decreased slightly, while NBO content increased,
suggesting the formation of P=O—Nb bonds; see Figure 5f.

To quantitatively probe the local bonding environment,
average M—O bond lengths (Ry_o) were estimated from the
O 1s binding energies using the empirical relation Ry_o(nm)
=2.27(E, — 519.4)7".** The BO component exhibited a slight
contraction from ~0.182nm to 0.178 nm with increasing
Nb,O;, whereas the NBO component remained nearly
constant at ~0.16—0.17 nm. This trend suggests that the
formation of P—=O—Nb bonds results in shorter and stronger
bridging environments, corroborating the structural reorgan-
ization inferred from the spectral evolution.

This structural reorganization is corroborated by the P 2p
spectra (Figure Sb), which exhibit spin—orbit splitting into two
peaks at 133.1 eV (*°P,),) and 133.9 eV (°P,,), corresponding
to chemically distinct phosphorus environments.”> The P, ,
component corresponds to bridging configurations (P—O—P
bonds, P—O—Nb bonds), while the P, peak is attributed to
terminal bonds such as P=O and P-F. Sodium and
magnesium act as charge compensators without forming
covalent bonds with oxygen. The increase in the (*P;,)/
(*P, ) intensity ratio, from 0.12 (5 mol % Nb,O;) to 0.50 (20
mol %), confirms the progressive formation of P—O—Nb
linkages with increasing Nb content.

https://doi.org/10.1021/acsaom.5c00298
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These trends align with Raman spectroscopy results (see ref
25), which revealed growing contributions of depolymerized
phosphate units. In particular, bands near ca. 970—990 and
1080—1120 cm ™', assigned to Q' and Q° units, respectively,
intensified with Nb,O; content, while no distinct Q” signature
was detected. This behavior corroborates the increasing NBO/
BO ratio and supports a structural model based on network
depolymerization and Nb-driven cross-linking.

The Nb 3d spectra (Figure Sc) exhibit two well-defined
peaks at ~207.2 and ~210.0 eV, assigned to Nb *ds/, and Nb
3ds, respectively, characteristic of Nb*". The absence of Nb**
or Nb*" peaks indicates that Nb is stably incorporated into the
network, reinforcing the bonding environment changes
inferred from the diffraction analyses of the O 1s and P 2p
analyses. The F 1s spectra (Figure 5d) show two components
at 686.6 and 684.4 eV, corresponding to covalent P—F bonds
and ionic associations with modifier cations (F—Mg, F—Na),
respectively.”® With increasing Nb,O content, the P—F
component intensifies, while the F—Mg and F—Na contribu-
tions diminish, reflecting enhanced fluoride integration into the
glass network.

This interpretation is supported by complementary spectro-
scopic data: Raman spectra (Supporting Information, Figure
S2) display a vibrational band near ~896 cm™!, attributed to
P—F stretching modes, while "’"F MAS NMR reveals a
dominant resonance between —120 and —140 ppm, consistent
with fluorine covalently bonded to phosphorus. No signals
indicative of Nb—F or free F~ species were observed, validating
the XPS-based assignment of fluoride environments.

Furthermore, the Na 1s spectra (Figure Se) reveal two
contributions between 1070 and 1074 eV: Na—F interactions
(~1071 eV) and Na* ions were associated with fluorinated
phosphate groups (Na—F—P, ~1073 eV). As the Nb,O;
content increases, the Na—F contribution decreases, while
the Na—F—P signal becomes more prominent, reflecting the
network reorganization involving P—O—Nb bond formation
and enhanced fluoride incorporation into the phosphate
framework.

The structural evolution of FPNMg glasses involves two key
processes. First, fluoride ions depolymerize the phosphate
network by breaking P—O—P bridges and forming terminal P—
F bonds, according to eq 3

P—O-P+2F - 2P —F + O~ (3)

Subsequently, Nb,O; incorporation promotes network repo-
lymerization via cross-linking P—O—Nb—O—P bonds, accord-
ing to eq 4

P — O—P+Nb,0; — 2P — O — Nb—O — P )

These complementary processes account for the observed
increase in P—F and P—O—Nb bonding, the shift in NBO/
(NBO + BO) ratios, and the reorganization of modifier cation
environments. To assess their influence on the nonlinear
response, the relationship between network structure and
electronic polarizability was analyzed (Figure Sg), revealing a
strong linear correlation (r* = 0.89) between polarizability and
the NBO fraction. Since the nonlinear refractive index n, is
directly proportional to electronic polarizability, the increase in
NBO sites, stabilized by Nb>* and F~, effectively enhances
third-order nonlinearities. This structural-optical synergy aligns
with previous findings in tellurite and phosphate glasses doped
with high-polarizability cations (e.g, Nb, Bi)."" 6 Altogether,
these results establish Nb,Os as an effective network modifier

for tuning both the structure and nonlinear optical perform-
ance in fluorophosphate systems.

Considering the high nonlinear responses of the material,
which can be tuned by varying the concentration of niobium
oxides, its high chemical stability, and its high density, the
samples are excellent candidates for various applications. One
important application involving glasses is optical communica-
tions, where high n, with precise control is required. To this
end, three parameters for evaluating their potential are

displayed here. The first one is W = i—:with An = n,l, I the
0

laser irradiance, A the wavelength, and &, the linear absorption

coefficient. The second figure of merit is the T, described by

T = fl, where f is the two-photon absorption coefficient. The

NER technique enables acquiring the transmittance change,

AT, from which we can calculate f ~ 22AT/ IL, with L the
effective thickness of the sample given by L = nyz,, where n, is
the linear refraction index and z, is the Rayleigh length. Hence,
the third figure of merit can be determined by eq S.

hill
A

ny(w)

p(w) (s)

For different applications, such figures of merit should be
higher than certain specific thresholds.”” For example, for
Mach—Zehnder interferometers, FOM > 47 and W > 0.5 are
needed. However, the criterion for other all-optical switching
applications is W > 1 and T < 1.* Table 2 summarizes the
values we obtained for the samples studied here.

FOMypy =

Table 2. Mean Value of the Nonlinear Refractive Index is
from 700 to 1500 nm (10™'° m?>/W), Two-Photon
Absorption Coefficients (10~'* m/W), Figure W, and Figure
of Merit (FOM,p,)

n, (x107°) B (x1073) W (1100 FOM,;, (700
samples m*/W m/W nm) nm) (7
FPNMg5 0.56 + 0.06 1.3 +03 3.1+ 04 B3 +2)
FPNMgl0  0.77 + 0.09 19+04 22403 2=+1)
FPNMgl5 1.1+0.1 1.0+02 25+03 (6 +2)
FPNMg20 1.7 £ 0.2 1.6 £ 0.3 1.8 £ 02 (6 £2)

Because W compares the nonlinear refractive index with the
linear absorption of the material, care is needed in terms of
which wavelength is used. Close to the absorption edge are
localized Urbach states, which explain the tail at the edge of the
absorption spectrum. Thus, the values of the linear absorption
coeflicient can mislead the analysis. With that in mind, this
figure of merit was studied at 1100 nm, enabling different
application possibilities. In all cases, the best response was
obtained for FPNMgS, due to its very low absorption
coefficient compared to other glasses, although all of them
have considerable values for possible applications.

By leveraging the Urbach states, we studied the second and
third figures of merit that relate the nonlinear refractive index
to the two-photon absorption coefficient. The two-photon
absorption associated with these states occurs within the
Urbach tails, which extend to approximately 350 nm, enabling
the examination of # up to 700 nm. The values found for T
vary from 1.6 to 0.7 with the addition of more modifiers, with
FPNMglS and FPNMg20 presenting values smaller than 1,
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being 1.6 for FPNMg$, 1.7 for FPNMg10, 0.64 for FPNMgl15,
and 0.67 for FPNMg20. Besides that, the FOM,p, reveals that
glasses with Nb,Og concentrations above 15% display values
higher than those required for different applications. Both
FPNMglS and FPNMg20 present similar values for FOM,p,,
attributed to the fact that although the second presents a
higher n, value, its two-photon absorption coefficient also
increases. Our experiments demonstrated no evidence of
nonlinear absorption at longer wavelengths. Consequently, the
FOM values can be elevated due to the high noise/signal ratio
in these cases, stemming from the minimal variation in
transmission during the experiment.

In this work, we presented the enhancement of fluorophos-
phate glasses’” physical and optical properties by incorporating
heavy metal oxides, specifically niobium oxide, in varying
percentages. The addition and concentration of the modifiers
can lead to interesting properties, such as a high linear and
nonlinear refractive index and robust chemical and thermal
stability. Varying from 5% of Nb,O; to 20% in the
composition, there was an increase in the nonlinear refractive
index from 0.56 X 107" m?/W in FPNMgS to 1.7 X 107 m?/
W in FPNMg20. Through XPS results, we confirmed that
these changes are related to the formation of NBO in the
samples, which is extensively presented as an enhancer of
nonlinear properties. With the high values of n,, aligned with
their optimal structural properties, we discussed different
figures of merit, aiming at the applicability of the samples in
photonics. The results shown for FPNMglS and FPNMg20
confirm their possible applications in all-optical switching and
other photonic devices.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaom.5c00298.

Complementary data to the main manuscript, including
thermogram obtained by DSC of the samples with
increasing Nb,O; content (from FPNMgS to
FPNMg20), Raman spectra of FPNMg glasses showing
the P—F stretching band (~896 cm™") and the evolution
of phosphate Q° (1080—1120cm™) and Q' (~970-
990 cm ™) units with increasing Nb,Oj content, and '’F
MAS NMR spectra with a dominant P—F resonance
(=120 to —140 ppm) adapted from ACS Omega, DOI:
10.1021/acsomega.5c05892. 2025 The Authors; pub-
lished by the American Chemical Society; published
under the terms of the Creative Commons CC BY 4.0
license; atomic percentages (at.%) of constituent
elements from XPS survey spectra for FPNMg glasses
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