
wileyonlinelibrary.com/journal/ijag  Int J Appl Glass Sci. 2021;12:472–484.472
Int J Appl Glass Sci. 2021;00:1–13.     | 1wileyonlinelibrary.com/journal/ijag

1 |  INTRODUCTION

The numerous applications of rare- earth (RE)- doped 
glasses in photonic and optophotonic devices have drawn 
much attention to these materials over the last decade 

and new materials have to be continuously developed. 
Important criteria for successful luminescent materials 
are a good optical performance, a long lifetime, and com-
paratively low production costs. Glasses doped with rare- 
earth ions have been intensively investigated for years to 
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Abstract
Dysprosium- doped borophosphate glasses, containing the divalent cations Mg2+, 
Ca2+, Sr2+, Ba2+, and Zn2+, are prepared by the melt- quenching technique. The struc-
ture of the glasses is investigated by Raman, infrared, and nuclear magnetic resonance 
(NMR) spectroscopies and the fluorescence properties are determined. The Dy3+ 
emission lifetime increases with an increasing ionic field strength and its maximum is 
observed in the Mg2+ and Zn2+ containing glasses. This result can be explained by the 
stronger M- O bonding which causes a rearrangement of the borophosphate network 
and creates a local Dy3+ environment of comparably low symmetry. This is in agree-
ment with the Raman spectra and the evolution of the molar volume. The effect of the 
B/P variation on the emission properties of Dy3+ is investigated in a second series of 
glasses where the emission lifetime is found to be maximum at 10 mol% B2O3.
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niobyl(3+) cation (NbO 3+ ), which enters deformed polyhe-
dra (octahedra, tetragonal pyramids) with a coordination- 
covalent bond to oxygen.  16,17    

   2  |   METHOD 

   2.1 |  Thermodynamic model of 
Shakhmatkin and Vedishcheva 

 Especially in the field of oxide glasses, the thermodynamic 
model of Shakhmatkin and Vedishcheva has been successfully 
applied in previous years.  1- 9   The SVTDM model considers 
glasses and melts to be an ideal solution formed by salt prod-
ucts of equilibrium chemical reactions of simple starting sub-
stances, e.g. oxides, halides, etc. These salt- like products have 
the identical stoichiometry as the crystalline compounds that 
exist in the phase diagram of the system under consideration. 
The model does not use any adjustable parameters. Only the 
molar Gibbs energies of pure crystalline phases and the ana-
lytical composition of the considered system are used as input 
parameters. The minimization of the system ' s Gibbs energy 
has to be performed with respect to the molar amount of each 
system species constrained by the overall system composition 
to reach the equilibrium system composition.  18,19   The present- 
day databases of thermodynamic properties comprising the 
molar Gibbs energies of various species (e.g. the FACT data-
base  20,21  ) enable the routine construction of the Shakhmatkin 
and Vedishcheva model for many significant multicomponent 
glass systems. However, in many cases, mainly of non- silicate 
multicomponent glass systems, the needed thermodynamic 
data are not found in any contemporary thermodynamic da-
tabase. In our previous work,  6,22   we proposed a method for 
obtaining estimates of missing thermodynamic parameters by 
reproducing the structural information.  

   2.2 |  Decomposition of Raman spectra based 
on glass composition from TD model 

 The method of numerical analysis of Raman spectra was 
suggested by Malfait and his collaborators.  23- 25   The basic as-
sumption of this method is that the Raman spectra are the 
sum of the partial Raman spectra (generated by the indi-
vidual structural elements) multiplied by the abundance of 
these structural elements. The series of Raman spectra ob-
tained for a series of glasses with different compositions span 
a linear vector space with a dimension given by a number of 
independent structural elements (i.e. structural elements that 
independently change their relative abundance) with differ-
ent partial Raman spectra (PRS). Each measured spectrum is 
recorded with any scale, i.e. it is known except for the size of 
a multiplication factor.  

   2.3 |  Multivariate curve resolution 

 The multivariate curve resolution (MCR) method  19,26- 28   de-
composes the set of experimental Raman spectra in the spec-
tra of pseudo pure components (called loadings) and relative 
abundances of these components (called scores). It is essen-
tial to emphasize that MCR does not use any data of the sys-
tem composition. The MCR result must be compared with 
the result of Malfait ' s spectra decomposition based on the TD 
model.   

   3  |   EXPERIMENTAL PART 

 Raman spectra were measured at room temperature using 
a confocal microscope (LabRam HR, Horiba Jobin– Yvon) 
with backscattering geometry and 532 nm excitation line of 
Nd:YAG laser. For correction of the temperature dependent 
population of phonon levels, the intensities of Raman spectra 
were reduced using the Gammon– Shuker relation   29  :
     

where  𝜈𝜈0   and  𝜈𝜈   are the frequency of excitation light and the 
Raman shift respectively.  T  is the thermodynamic temperature, 
 k  is the Boltzmann constant, and  I ( ω ) is the measured Raman 
intensity. More details can be found in.  16,17   Raman spectra were 
multiplied by a constant, thus the maximum value of spectral 
intensity equals to one.  

   4  |   RESULTS AND DISCUSSION 

 On the basis of experimental structural data  16,17   ten system 
components were considered in the ZnO- Nb 2 O 5 - P 2 O 5  ther-
modynamic model of Shakhmatkin and Vedishcheva –  ZnO 
(Z), Nb 2 O 5  (Nb) ,  P 2 O 5  (P), ZnP 4 O 11  (ZP2), Zn(PO 3 ) 2  (ZP), 
Zn 2 P 2 O 7  (Z2P), Zn 3 (PO 4 ) 2  (Z3P), NbO(PO 3 ) 3  (1/2NbP3), 
(NbO) 4 (P 2 O 7 ) 3  (Nb2P3), and NbOPO 4  (1/2NbP). The equi-
librium molar amounts of SVTDM system components re-
calculated for  xNb 2 O 5 ·50ZnO·(50 -  x)P 2 O 5  , ( x = 0 ,  1 ,  3 ,  5 ,  7 , 
 10 ,  12 ) glasses from the results of structural analysis pub-
lished in  16,17   are summarized in Table  1  together with the 
structural groupings represented by the Q  n   units (i.e. tetrahe-
dron PO 4  with  n  bridging oxygen atoms) of considered sys-
tem components.  

 The molar amounts reported in Table  1  correspond to lit-
tle bit changed glass composition when compared with the 
prescribed one, i.e.  xNb 2 O 5 ·50ZnO·(50 -  x)P2O5 , ( x = 0 ,  1 ,  3 , 
 5 ,  7 ,  10 ,  12 ). This actual glass composition is given in Table 
 2  together with the glass transition temperature.  

 The molar Gibbs energies of Z, Nb, P, and Z3P were taken 
from the FACT database.  20,21   The unknown molar Gibbs 

 ( 1 ) Ired (𝜈𝜈 ) = (𝜈𝜈0 − 𝜈𝜈 ) −4
𝜈𝜈 [1 − exp. ( − h𝜈𝜈∕kT) ] I(𝜈𝜈 )
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find suitable candidates meeting these criteria. Due to their 
relatively sharp and intense emissions in the visible, near- 
infrared, and infrared spectral regions, several potential ap-
plications have been identified for RE- doped glasses such 
as solid- state lasers and lighting, optical amplifiers, color 
display devices, and optical sensors. It was shown that the 
emission properties of the RE ions strongly depend on the 
host matrix, the network modifiers and the doping concen-
tration.1 Among the RE ions Dy3+ is particularly interest-
ing for white light generation applications as Dy3+ shows 
two major emission bands; one in the blue and another in 
the yellow part of the visible spectrum. Therefore, a white 
light emission can be generated by tuning and combining 
these two bands. Phosphate glasses are often used as the 
host matrix as they can incorporate comparatively high 
amounts of RE ions. Additional advantages are their good 
transparency, low melting point, and low dispersion, while 
a drawback of pure phosphate glasses is their sensitivity to 
water, that is, corrosion.

The phosphate glass network is composed of PO4 tetra-
hedra which are connected through covalent phosphorous- 
oxygen bonds and are therefore able to form a polymerized 
structure whose degree of bonding depends on the glass 
composition.2 The Qi nomenclature is used to describe 
the phosphate glass structure, where i denotes the number 
of bridging oxygen atoms. Borate glasses instead are com-
posed of trigonal BO3 and tetrahedral BO4 units, but their 
relative amounts strongly depend on the glass composition.3 
The effect of introducing B2O3 into the phosphate network is 
strongly dependent on the B/P ratio and the overall network 
former content.4,5 Therefore, the glass structure of BP glasses 
can be adjusted to not only improve the emission properties 
of the dopant but also to enhance the chemical and thermal 
stability.6,7 BP glasses containing divalent cations such as 
Ba2+, Sr2+, and Zn2+ have been investigated with respect to 
their structure as well as thermal and physical properties.8– 13 
Several studies report the potential of BP glasses as a host 
matrix for RE ions like Dy3+, Yb3+, and Sm3+.14– 20

Karki et al. investigated the influence of the Dy2O3 doping 
concentration on the emission properties of a Ba2+ containing 
BP glass with the mol% composition 25BaO- 5B2O3- (70- x)P2O5- 
xDy2O3 with Dy2O3 concentrations between 0.2 and 1.0 mol%.17 
The color chromaticity coordinates of these glasses indicate their 
potential as white light- emitting materials. Jayasimhadri et al. 
performed a similar study for the glass composition 40ZnO- 
30B2O3- 30P2O5 (in mol%) adding up to 0.5 mol% Dy2O3 and 
the emission results also indicate the suitability for white light 
applications.15 Chanthima et al. studied the influence of the net-
work modifier on the emission properties of Dy3+ in the glasses 
25Bi2O3- 5B2O3- 69P2O5- 1Dy2O3 and 25BaO- 5B2O3- 69P2O5- 
1Dy2O3 (mol%), respectively.16 They found a higher emission 
intensity in the Ba2+ containing BP glass.

The work presented here investigates the influence of 
the divalent cation species M2+, that is, Mg2+, Ca2+, Sr2+, 
Ba2+, or Zn2+, on the emission properties of Dy3+ in the first 
set of glasses with the mol% composition 40MO- 10B2O3- 
50P2O5  +  xDy2O3 with x  =  0.0, 0.1, or 0.3  mol%. The 
amounts of added Dy2O3 were chosen to test a luminescence 
range rather than to optimize this property. The influence of 
the B/P ratio on the emission of Dy3+ is studied in the sec-
ond set of glasses 40ZnO- xB2O3- (60 − x)P2O5 + 0.1Dy2O3 
(mol%). A structural study of the BP glasses by combin-
ing Raman, Fourier- Transform Infrared (FTIR), and Magic 
Angle Spinning (MAS) Nuclear Magnetic Resonance (NMR) 
spectroscopy results is also presented.

2 |  EXPERIMENTAL

2.1 | Glass series A

Glasses with the chemical compositions 40MO- 10B2O3- 
50P2O5 + xDy2O3 in mol% (with M = Mg, Ca, Sr, Ba, or 
Zn and x = 0, 0.1, or 0.3) were prepared by mixing appro-
priate amounts of the respective raw materials in batches 
of 50  g (H3BO3, NH4H2PO4, CaCO3, and ZnO from 
Centralchem with purities ≥99%, basic MgCO3 and BaCO3 
from AFT Bratislava with a purity of 95% and ≥99%, 
SrCO3 from Sigma- Aldrich (≥99.9%) and Dy2O3 (99.9%) 
from Treibacher Industrie AG). The powders were heated 
to temperatures of up to 1350°C (depending on glass com-
position) in alumina crucibles placed in a resistance- heated 
furnace. After 2  h, the melts were poured into preheated 
graphite molds and kept at temperatures ~20°C above their 
respective glass transition temperatures (Tg) for 30 min be-
fore cooling to room temperature.

2.2 | Glass series B

Glasses with the chemical compositions 40ZnO- xB2O3- 
(60- x)P2O5 + 0.1Dy2O3 mol% (x = 0, 5, 15) were prepared as 
50 g batches by mixing appropriate amounts of NH4H2PO4 
(Acros organics, 99%), ZnO (Panreac, 99%), B2O3, and 
Dy2O3 (Alfa Aesar, 99% and 99.99%). The powders were 
heated to 450°C in alumina crucibles and held for ≈10 h be-
fore the temperature was increased up to 1320°C, depending 
on the composition. The melts with x = 0 and 5 mol% B2O3 
were poured into preheated graphite molds. To avoid crystal-
lization, the melt with x = 15 mol% B2O3 was quenched be-
tween a brass plate and stamp. The glasses were transferred 
to a muffle furnace and kept for 30 minutes at ≈20°C above 
their respective Tg values before cooling to room tempera-
ture. All glasses were transparent and colorless, containing 
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niobyl(3+) cation (NbO 3+ ), which enters deformed polyhe-
dra (octahedra, tetragonal pyramids) with a coordination- 
covalent bond to oxygen.  16,17    

   2  |   METHOD 

   2.1 |  Thermodynamic model of 
Shakhmatkin and Vedishcheva 

 Especially in the field of oxide glasses, the thermodynamic 
model of Shakhmatkin and Vedishcheva has been successfully 
applied in previous years.  1- 9   The SVTDM model considers 
glasses and melts to be an ideal solution formed by salt prod-
ucts of equilibrium chemical reactions of simple starting sub-
stances, e.g. oxides, halides, etc. These salt- like products have 
the identical stoichiometry as the crystalline compounds that 
exist in the phase diagram of the system under consideration. 
The model does not use any adjustable parameters. Only the 
molar Gibbs energies of pure crystalline phases and the ana-
lytical composition of the considered system are used as input 
parameters. The minimization of the system ' s Gibbs energy 
has to be performed with respect to the molar amount of each 
system species constrained by the overall system composition 
to reach the equilibrium system composition.  18,19   The present- 
day databases of thermodynamic properties comprising the 
molar Gibbs energies of various species (e.g. the FACT data-
base  20,21  ) enable the routine construction of the Shakhmatkin 
and Vedishcheva model for many significant multicomponent 
glass systems. However, in many cases, mainly of non- silicate 
multicomponent glass systems, the needed thermodynamic 
data are not found in any contemporary thermodynamic da-
tabase. In our previous work,  6,22   we proposed a method for 
obtaining estimates of missing thermodynamic parameters by 
reproducing the structural information.  

   2.2 |  Decomposition of Raman spectra based 
on glass composition from TD model 

 The method of numerical analysis of Raman spectra was 
suggested by Malfait and his collaborators.  23- 25   The basic as-
sumption of this method is that the Raman spectra are the 
sum of the partial Raman spectra (generated by the indi-
vidual structural elements) multiplied by the abundance of 
these structural elements. The series of Raman spectra ob-
tained for a series of glasses with different compositions span 
a linear vector space with a dimension given by a number of 
independent structural elements (i.e. structural elements that 
independently change their relative abundance) with differ-
ent partial Raman spectra (PRS). Each measured spectrum is 
recorded with any scale, i.e. it is known except for the size of 
a multiplication factor.  

   2.3 |  Multivariate curve resolution 

 The multivariate curve resolution (MCR) method  19,26- 28   de-
composes the set of experimental Raman spectra in the spec-
tra of pseudo pure components (called loadings) and relative 
abundances of these components (called scores). It is essen-
tial to emphasize that MCR does not use any data of the sys-
tem composition. The MCR result must be compared with 
the result of Malfait ' s spectra decomposition based on the TD 
model.   

   3  |   EXPERIMENTAL PART 

 Raman spectra were measured at room temperature using 
a confocal microscope (LabRam HR, Horiba Jobin– Yvon) 
with backscattering geometry and 532 nm excitation line of 
Nd:YAG laser. For correction of the temperature dependent 
population of phonon levels, the intensities of Raman spectra 
were reduced using the Gammon– Shuker relation   29  :
     

where  𝜈𝜈0   and  𝜈𝜈   are the frequency of excitation light and the 
Raman shift respectively.  T  is the thermodynamic temperature, 
 k  is the Boltzmann constant, and  I ( ω ) is the measured Raman 
intensity. More details can be found in.  16,17   Raman spectra were 
multiplied by a constant, thus the maximum value of spectral 
intensity equals to one.  

   4  |   RESULTS AND DISCUSSION 

 On the basis of experimental structural data  16,17   ten system 
components were considered in the ZnO- Nb 2 O 5 - P 2 O 5  ther-
modynamic model of Shakhmatkin and Vedishcheva –  ZnO 
(Z), Nb 2 O 5  (Nb) ,  P 2 O 5  (P), ZnP 4 O 11  (ZP2), Zn(PO 3 ) 2  (ZP), 
Zn 2 P 2 O 7  (Z2P), Zn 3 (PO 4 ) 2  (Z3P), NbO(PO 3 ) 3  (1/2NbP3), 
(NbO) 4 (P 2 O 7 ) 3  (Nb2P3), and NbOPO 4  (1/2NbP). The equi-
librium molar amounts of SVTDM system components re-
calculated for  xNb 2 O 5 ·50ZnO·(50 -  x)P 2 O 5  , ( x = 0 ,  1 ,  3 ,  5 ,  7 , 
 10 ,  12 ) glasses from the results of structural analysis pub-
lished in  16,17   are summarized in Table  1  together with the 
structural groupings represented by the Q  n   units (i.e. tetrahe-
dron PO 4  with  n  bridging oxygen atoms) of considered sys-
tem components.  

 The molar amounts reported in Table  1  correspond to lit-
tle bit changed glass composition when compared with the 
prescribed one, i.e.  xNb 2 O 5 ·50ZnO·(50 -  x)P2O5 , ( x = 0 ,  1 ,  3 , 
 5 ,  7 ,  10 ,  12 ). This actual glass composition is given in Table 
 2  together with the glass transition temperature.  

 The molar Gibbs energies of Z, Nb, P, and Z3P were taken 
from the FACT database.  20,21   The unknown molar Gibbs 

 ( 1 ) Ired (𝜈𝜈 ) = (𝜈𝜈0 − 𝜈𝜈 ) −4
𝜈𝜈 [1 − exp. ( − h𝜈𝜈∕kT) ] I(𝜈𝜈 )
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only a few bubbles. An overview of the nominal composi-
tions of the prepared glasses and the sample names is given 
in Table 1.

The glass density was measured in a Helium pycnometer 
Quantachrome Ultrapyc 1200e with a cell of 10 cm3 using 
bulk samples. The glass samples were kept at 23°C before the 
density measurement. The samples were weighed using an 
analytical balance OHAUS Explorer EX125D00 scale with 
an accuracy ±0.0001 g.

The glass transition temperatures were determined through 
differential scanning calorimetry (DSC). DSC measurements 
were performed from 35 to 1000°C in nitrogen atmosphere 
using a heating rate of 10°C/min and a Netzsch STA 449 F1 
Jupiter simultaneous thermal analyzer.

Infrared spectra were collected on a Fourier transform 
vacuum spectrometer in the reflectance mode (Vertex 80v, 
Bruker), in the range 30– 7000  cm−1 with a resolution of 
2 cm−1. The reflectance spectra were analyzed by Kramers– 
Kronig transformation to calculate the real and imaginary 
parts of the complex refractive index, and the absorption co-
efficient spectra α(ν) were obtained from the expression:

where k(ν) is the imaginary part of the complex refractive index 
and ν is the infrared frequency in wavenumbers, cm−1.21

The Raman spectra were recorded with 633 nm excitation in 
the range 200– 1500 cm−1 with a Renishaw Raman Microscope 
inVia. Reflex, using the 20x objective and 10 s exposure time.

Magic Angle Spinning Nuclear Magnetic Resonance 
(MAS- NMR) measurements were performed using a Bruker 
AV- 400- WB spectrometer, at the 31P NMR frequency of 
161.9 MHz and the 11B NMR frequency of 128.37 MHz. A 
triple- resonance MAS probe supporting rotor was used with an 
outer diameter of 4 mm and a spinning speed of up to 10 kHz 
for both nuclei. 31P MAS NMR spectra were acquired with a 
π/2 single pulse at 60 kHz, a spectral width of 100 kHz and a 
relaxation time of 40 s during 128 scans. All measurements 
were performed at room temperature, using H2PO4(NH4) 
as a secondary external reference at 0.81  ppm relative to 
H3PO4 (85%) as the primary reference. 11B MAS NMR spectra 
were acquired in a single pulse experiment with a π/15 pulse at 
95 kHz, 100 kHz of spectral width during 1024 scans, and a 3 s 
relaxation delay. BF3⋅Et2O was used as a reference.

The photoluminescence excitation (PLE) and emission 
spectra (PL) were recorded at room temperature using a 
Fluorolog FL3- 21 spectrometer (Horiba, France) in the 
front- face configuration. The Xe- lamp (450  W) was used 
as an excitation light source. The appropriate cut- off filters 
were used to eliminate the higher- order reflection artifacts 
in the PL spectra. The emission spectra were recorded at 
the same conditions (slit width, integration time, excitation/
monitored wavelength) and corrected for the spectrometer 
optics and the excitation lamp response; while the PLE 
spectra were only corrected for the spectrometer optics.

The luminescence decay curves were recorded at room 
temperature with the same instrument at two monitored emis-
sion wavelengths corresponding to the blue (480  nm) and 

(1)� (v) = 4��k (v) ,

T A B L E  1  Sample names, corresponding nominal compositions in mol%, ρ (± 0.003 g/cm3) and Tg (± 3°C) of the studied glasses

Sample name MgO CaO SrO BaO ZnO Dy2O3 B2O3 P2O5 ρ [g/cm3] Tg [°C]

MgBP 40 0 10 50 2.383 614

MgBP_01 40 0.1 10 50 2.436 617

MgBP_03 40 0.3 10 50 2.415 620

CaBP 40 0 10 50 2.613 593

CaBP_01 40 0.1 10 50 2.628 597

CaBP_03 40 0.3 10 50 2.639 601

SrBP 40 0 10 50 3.054 578

SrBP_01 40 0.1 10 50 3.131 585

SrBP_03 40 0.3 10 50 3.036 583

BaBP 40 0 10 50 3.302 544

BaBP_01 40 0.1 10 50 3.388 555

BaBP_03 40 0.3 10 50 3.389 559

ZnBP 40 0 10 50 2.799 532

ZnBP_01 40 0.1 10 50 2.787 536

ZnBP_03 40 0.3 10 50 2.769 539

ZnP_01 40 0.1 0 60 2.808 430

Zn5B55P_01 40 0.1 5 55 2.732 462

Zn15B45P_01 40 0.1 15 45 2.849 530
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niobyl(3+) cation (NbO 3+ ), which enters deformed polyhe-
dra (octahedra, tetragonal pyramids) with a coordination- 
covalent bond to oxygen.  16,17    

   2  |   METHOD 

   2.1 |  Thermodynamic model of 
Shakhmatkin and Vedishcheva 

 Especially in the field of oxide glasses, the thermodynamic 
model of Shakhmatkin and Vedishcheva has been successfully 
applied in previous years.  1- 9   The SVTDM model considers 
glasses and melts to be an ideal solution formed by salt prod-
ucts of equilibrium chemical reactions of simple starting sub-
stances, e.g. oxides, halides, etc. These salt- like products have 
the identical stoichiometry as the crystalline compounds that 
exist in the phase diagram of the system under consideration. 
The model does not use any adjustable parameters. Only the 
molar Gibbs energies of pure crystalline phases and the ana-
lytical composition of the considered system are used as input 
parameters. The minimization of the system ' s Gibbs energy 
has to be performed with respect to the molar amount of each 
system species constrained by the overall system composition 
to reach the equilibrium system composition.  18,19   The present- 
day databases of thermodynamic properties comprising the 
molar Gibbs energies of various species (e.g. the FACT data-
base  20,21  ) enable the routine construction of the Shakhmatkin 
and Vedishcheva model for many significant multicomponent 
glass systems. However, in many cases, mainly of non- silicate 
multicomponent glass systems, the needed thermodynamic 
data are not found in any contemporary thermodynamic da-
tabase. In our previous work,  6,22   we proposed a method for 
obtaining estimates of missing thermodynamic parameters by 
reproducing the structural information.  

   2.2 |  Decomposition of Raman spectra based 
on glass composition from TD model 

 The method of numerical analysis of Raman spectra was 
suggested by Malfait and his collaborators.  23- 25   The basic as-
sumption of this method is that the Raman spectra are the 
sum of the partial Raman spectra (generated by the indi-
vidual structural elements) multiplied by the abundance of 
these structural elements. The series of Raman spectra ob-
tained for a series of glasses with different compositions span 
a linear vector space with a dimension given by a number of 
independent structural elements (i.e. structural elements that 
independently change their relative abundance) with differ-
ent partial Raman spectra (PRS). Each measured spectrum is 
recorded with any scale, i.e. it is known except for the size of 
a multiplication factor.  

   2.3 |  Multivariate curve resolution 

 The multivariate curve resolution (MCR) method  19,26- 28   de-
composes the set of experimental Raman spectra in the spec-
tra of pseudo pure components (called loadings) and relative 
abundances of these components (called scores). It is essen-
tial to emphasize that MCR does not use any data of the sys-
tem composition. The MCR result must be compared with 
the result of Malfait ' s spectra decomposition based on the TD 
model.   

   3  |   EXPERIMENTAL PART 

 Raman spectra were measured at room temperature using 
a confocal microscope (LabRam HR, Horiba Jobin– Yvon) 
with backscattering geometry and 532 nm excitation line of 
Nd:YAG laser. For correction of the temperature dependent 
population of phonon levels, the intensities of Raman spectra 
were reduced using the Gammon– Shuker relation   29  :
     

where  𝜈𝜈0   and  𝜈𝜈   are the frequency of excitation light and the 
Raman shift respectively.  T  is the thermodynamic temperature, 
 k  is the Boltzmann constant, and  I ( ω ) is the measured Raman 
intensity. More details can be found in.  16,17   Raman spectra were 
multiplied by a constant, thus the maximum value of spectral 
intensity equals to one.  

   4  |   RESULTS AND DISCUSSION 

 On the basis of experimental structural data  16,17   ten system 
components were considered in the ZnO- Nb 2 O 5 - P 2 O 5  ther-
modynamic model of Shakhmatkin and Vedishcheva –  ZnO 
(Z), Nb 2 O 5  (Nb) ,  P 2 O 5  (P), ZnP 4 O 11  (ZP2), Zn(PO 3 ) 2  (ZP), 
Zn 2 P 2 O 7  (Z2P), Zn 3 (PO 4 ) 2  (Z3P), NbO(PO 3 ) 3  (1/2NbP3), 
(NbO) 4 (P 2 O 7 ) 3  (Nb2P3), and NbOPO 4  (1/2NbP). The equi-
librium molar amounts of SVTDM system components re-
calculated for  xNb 2 O 5 ·50ZnO·(50 -  x)P 2 O 5  , ( x = 0 ,  1 ,  3 ,  5 ,  7 , 
 10 ,  12 ) glasses from the results of structural analysis pub-
lished in  16,17   are summarized in Table  1  together with the 
structural groupings represented by the Q  n   units (i.e. tetrahe-
dron PO 4  with  n  bridging oxygen atoms) of considered sys-
tem components.  

 The molar amounts reported in Table  1  correspond to lit-
tle bit changed glass composition when compared with the 
prescribed one, i.e.  xNb 2 O 5 ·50ZnO·(50 -  x)P2O5 , ( x = 0 ,  1 ,  3 , 
 5 ,  7 ,  10 ,  12 ). This actual glass composition is given in Table 
 2  together with the glass transition temperature.  

 The molar Gibbs energies of Z, Nb, P, and Z3P were taken 
from the FACT database.  20,21   The unknown molar Gibbs 

 ( 1 ) Ired (𝜈𝜈 ) = (𝜈𝜈0 − 𝜈𝜈 ) −4
𝜈𝜈 [1 − exp. ( − h𝜈𝜈∕kT) ] I(𝜈𝜈 )
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yellow (572 nm) emission, using an excitation wavelength of 
348 nm. The flash Xe- lamp was used as an excitation source. 
The decay curves were normalized and fitted using a double- 
exponential function.

3 |  RESULTS

3.1 | Glass series A: 40MO- 10B2O3- 
50P2O5 + xDy2O3 mol%, M = Mg2+, Ca2+, 
Sr2+, Ba2+ or Zn2, x = 0, 0.1, 0.3

3.1.1 | Glass properties

Figure 1 presents the glass transition temperatures and the 
densities of the undoped glasses with the general composi-
tion 40MO- 10B2O3- 50P2O5 as a function of the respective 
cation field strength at the oxygen ion.22 An average ionic 
field strength of 0.49 A−2 was taken for Mg2+, as both coor-
dination sites (four and sixfold) were reported earlier in, for 
example, metaphosphate glasses.23 The Tg of the alkaline- 
earth (AE)- containing glasses increases nonlinearly from 
544°C (Ba2+) to 614°C (Mg2+), whereas the Zn2+ containing 
glass has the lowest Tg (532°C). The density of the glasses 
shows the opposite trend and decreases from Ba2+  (3.302   
g/cm3) to Mg2+ (2.383 g/cm3), whereas the Zn2+ containing 
glass has a density of 2.799 g/cm3. All density and Tg values 
are reported in Table 1: introducing up to 0.3 mol% Dy2O3 
leads to a minor increase in both the density (+ 0.08 g/cm3) and 
Tg (+ 8°C). It is noteworthy that the actual chemical compo-
sitions of the glasses were not analyzed. As the glasses in this 
study were melted in alumina crucibles, it is expected from 
previous investigations that up to a maximum of 3  mol% 
Al2O3 may be dissolved in the glass.24 Other studies showed 
that crucible material and raw material have a significant in-
fluence on the glass properties.25,26

3.1.2 | Structural analysis

The Raman spectra of the BP glasses with varying divalent 
cations are presented in Figure 2. The most intense band, 
peaking between 1204 and 1155  cm−1, corresponds to the 
symmetric stretching vibration of the terminal PO2

− units of 
Q2 phosphate groups (νs(PO2)). The broad feature between 
1250 and 1400 cm−1 combines contributions from the asym-
metric stretching vibration of the terminal PO2

− units in Q2 
groups (νas(PO2)) and the symmetric stretching vibration of 

F I G U R E  1  Left: Glass transition 
temperatures of the undoped glass series 
A as a function of the field strength of 
the cation. Right: Density (black) and 
molar volume (orange) of the same glass 
compositions as a function of the cation 
field strength. If not discernible, the error 
margin is within the symbol size. The lines 
are drawn to guide the eye

F I G U R E  2  Normalized Raman spectra of the undoped glass 
series A recorded at 633 nm
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niobyl(3+) cation (NbO 3+ ), which enters deformed polyhe-
dra (octahedra, tetragonal pyramids) with a coordination- 
covalent bond to oxygen.  16,17    

   2  |   METHOD 

   2.1 |  Thermodynamic model of 
Shakhmatkin and Vedishcheva 

 Especially in the field of oxide glasses, the thermodynamic 
model of Shakhmatkin and Vedishcheva has been successfully 
applied in previous years.  1- 9   The SVTDM model considers 
glasses and melts to be an ideal solution formed by salt prod-
ucts of equilibrium chemical reactions of simple starting sub-
stances, e.g. oxides, halides, etc. These salt- like products have 
the identical stoichiometry as the crystalline compounds that 
exist in the phase diagram of the system under consideration. 
The model does not use any adjustable parameters. Only the 
molar Gibbs energies of pure crystalline phases and the ana-
lytical composition of the considered system are used as input 
parameters. The minimization of the system ' s Gibbs energy 
has to be performed with respect to the molar amount of each 
system species constrained by the overall system composition 
to reach the equilibrium system composition.  18,19   The present- 
day databases of thermodynamic properties comprising the 
molar Gibbs energies of various species (e.g. the FACT data-
base  20,21  ) enable the routine construction of the Shakhmatkin 
and Vedishcheva model for many significant multicomponent 
glass systems. However, in many cases, mainly of non- silicate 
multicomponent glass systems, the needed thermodynamic 
data are not found in any contemporary thermodynamic da-
tabase. In our previous work,  6,22   we proposed a method for 
obtaining estimates of missing thermodynamic parameters by 
reproducing the structural information.  

   2.2 |  Decomposition of Raman spectra based 
on glass composition from TD model 

 The method of numerical analysis of Raman spectra was 
suggested by Malfait and his collaborators.  23- 25   The basic as-
sumption of this method is that the Raman spectra are the 
sum of the partial Raman spectra (generated by the indi-
vidual structural elements) multiplied by the abundance of 
these structural elements. The series of Raman spectra ob-
tained for a series of glasses with different compositions span 
a linear vector space with a dimension given by a number of 
independent structural elements (i.e. structural elements that 
independently change their relative abundance) with differ-
ent partial Raman spectra (PRS). Each measured spectrum is 
recorded with any scale, i.e. it is known except for the size of 
a multiplication factor.  

   2.3 |  Multivariate curve resolution 

 The multivariate curve resolution (MCR) method  19,26- 28   de-
composes the set of experimental Raman spectra in the spec-
tra of pseudo pure components (called loadings) and relative 
abundances of these components (called scores). It is essen-
tial to emphasize that MCR does not use any data of the sys-
tem composition. The MCR result must be compared with 
the result of Malfait ' s spectra decomposition based on the TD 
model.   

   3  |   EXPERIMENTAL PART 

 Raman spectra were measured at room temperature using 
a confocal microscope (LabRam HR, Horiba Jobin– Yvon) 
with backscattering geometry and 532 nm excitation line of 
Nd:YAG laser. For correction of the temperature dependent 
population of phonon levels, the intensities of Raman spectra 
were reduced using the Gammon– Shuker relation   29  :
     

where  𝜈𝜈0   and  𝜈𝜈   are the frequency of excitation light and the 
Raman shift respectively.  T  is the thermodynamic temperature, 
 k  is the Boltzmann constant, and  I ( ω ) is the measured Raman 
intensity. More details can be found in.  16,17   Raman spectra were 
multiplied by a constant, thus the maximum value of spectral 
intensity equals to one.  

   4  |   RESULTS AND DISCUSSION 

 On the basis of experimental structural data  16,17   ten system 
components were considered in the ZnO- Nb 2 O 5 - P 2 O 5  ther-
modynamic model of Shakhmatkin and Vedishcheva –  ZnO 
(Z), Nb 2 O 5  (Nb) ,  P 2 O 5  (P), ZnP 4 O 11  (ZP2), Zn(PO 3 ) 2  (ZP), 
Zn 2 P 2 O 7  (Z2P), Zn 3 (PO 4 ) 2  (Z3P), NbO(PO 3 ) 3  (1/2NbP3), 
(NbO) 4 (P 2 O 7 ) 3  (Nb2P3), and NbOPO 4  (1/2NbP). The equi-
librium molar amounts of SVTDM system components re-
calculated for  xNb 2 O 5 ·50ZnO·(50 -  x)P 2 O 5  , ( x = 0 ,  1 ,  3 ,  5 ,  7 , 
 10 ,  12 ) glasses from the results of structural analysis pub-
lished in  16,17   are summarized in Table  1  together with the 
structural groupings represented by the Q  n   units (i.e. tetrahe-
dron PO 4  with  n  bridging oxygen atoms) of considered sys-
tem components.  

 The molar amounts reported in Table  1  correspond to lit-
tle bit changed glass composition when compared with the 
prescribed one, i.e.  xNb 2 O 5 ·50ZnO·(50 -  x)P2O5 , ( x = 0 ,  1 ,  3 , 
 5 ,  7 ,  10 ,  12 ). This actual glass composition is given in Table 
 2  together with the glass transition temperature.  

 The molar Gibbs energies of Z, Nb, P, and Z3P were taken 
from the FACT database.  20,21   The unknown molar Gibbs 

 ( 1 ) Ired (𝜈𝜈 ) = (𝜈𝜈0 − 𝜈𝜈 ) −4
𝜈𝜈 [1 − exp. ( − h𝜈𝜈∕kT) ] I(𝜈𝜈 )
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P=O in phosphate Q3 units.25,27 The broad feature between 
600 and 800 cm−1 can be assigned to the symmetric stretch-
ing vibrations of P- O- B units4 and the breathing of borophos-
phate rings.8 The minor feature at ≈337 cm−1 is due to the 
bending vibrations of the phosphate network.8 All bands shift 
to lower wavenumbers when heavier alkaline- earth ions are 
present. The width of the most intense band (νs(PO2)) fol-
lows the order Ca2+ (81 cm−1), Sr2+ (72 cm−1), Zn2+/Mg2+ 
(64 and 62 cm−1), and Ba2+ (54 cm−1). The Mg2+ containing 
glass shows a pronounced shoulder at ≈  669  cm−1 on the 
broad feature between 600 and 800 cm−1 relative to the other 
glasses.

The Raman and calculated absorption coefficient spectra 
of the glass with the composition 40ZnO- 10B2O3- 50P2O5 
are presented in Figure 3. The absorption coefficient spec-
trum can be separated into three main regions: in the far- 
infrared (<500 cm−1) the cation- oxygen motion is observed: 
ν(Zn- O) ≈ 220 and 280 cm−1. Between 400 and 800 cm−1 
two features occur and can be attributed to bending vibra-
tions of the phosphate network (δ(P– O)  =  425– 640  cm−1) 
and to the symmetric stretching vibrations of P– O– P bridges, 
νs(P– O– P) ≈ 680– 820 cm−1. The third region between 800 
and 1400 cm−1 is dominated by a broad feature with several 
peaks. It can be attributed to the asymmetric stretching vi-
brations of P– O– P in chain or ring formations (980 cm−1), 
the asymmetric stretching of PO3

2− groups in Q1 units 

(νas(PO3
2−) = 1100 cm−1), and the asymmetric stretching of 

Q2 and Q3 units (νas(Q
2)+ νas(Q

3) ≈ 1250 cm−1). The region 
from 800 to 1150 cm−1 should also contain the contribution 
of B– O stretching modes of BO4 tetrahedral units,21,28 how-
ever, they overlap with the activity of the phosphate network.

The calculated absorption coefficient spectra of the 
glasses with varying metal cations are presented in Figure 4. 
Major differences are seen in the far- infrared region due to 
the presence of the cation- oxygen motion bands with ν(Ba- O) 
≈ 140  cm−1, ν(Sr- O)  ≈  175  cm−1, ν(Ca- O)  ≈  260  cm−1, 
ν(Zn- O)  ≈  220 and 280  cm−1, and ν(Mg- O)  ≈  400  cm−1, 
in agreement with previous studies in alkaline- earth meta-
phosphate glasses.23,24,27 Differences are also observed in 
the region between 800 and 1400  cm−1, which result from 
the convolution of the asymmetric stretching vibrations 
of P- O- P bridges, and of Q1, Q2, and Q3 units. It is worth 
noting that the band attributed to the asymmetric stretching 
of Q2 and Q3 units appears at the highest frequency for the 
Mg2+(1298 cm−1) and Ba2+(1281 cm−1) containing glasses. 
As mentioned above, the B– O stretching modes of BO4 
tetrahedral units overlap with the phosphate activity in the 
800– 1150 cm−1 region. Therefore, a detailed spectral decon-
volution would be necessary to correlate with the correspond-
ing NMR results and make trustworthy band assignments. In 
any case, the absence of absorption bands above 1300 cm−1 
in Figure 4 suggests the absence of three- fold coordinated 

F I G U R E  3  Raman (top) and calculated absorption coefficient 
spectra (bottom) of the glass with the composition 40ZnO- 10B2O3- 
50P2O5

F I G U R E  4  Calculated absorption coefficient spectra of the 
glasses with the compositions 40MO- 10B2O3- 50P2O5
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niobyl(3+) cation (NbO 3+ ), which enters deformed polyhe-
dra (octahedra, tetragonal pyramids) with a coordination- 
covalent bond to oxygen.  16,17    

   2  |   METHOD 

   2.1 |  Thermodynamic model of 
Shakhmatkin and Vedishcheva 

 Especially in the field of oxide glasses, the thermodynamic 
model of Shakhmatkin and Vedishcheva has been successfully 
applied in previous years.  1- 9   The SVTDM model considers 
glasses and melts to be an ideal solution formed by salt prod-
ucts of equilibrium chemical reactions of simple starting sub-
stances, e.g. oxides, halides, etc. These salt- like products have 
the identical stoichiometry as the crystalline compounds that 
exist in the phase diagram of the system under consideration. 
The model does not use any adjustable parameters. Only the 
molar Gibbs energies of pure crystalline phases and the ana-
lytical composition of the considered system are used as input 
parameters. The minimization of the system ' s Gibbs energy 
has to be performed with respect to the molar amount of each 
system species constrained by the overall system composition 
to reach the equilibrium system composition.  18,19   The present- 
day databases of thermodynamic properties comprising the 
molar Gibbs energies of various species (e.g. the FACT data-
base  20,21  ) enable the routine construction of the Shakhmatkin 
and Vedishcheva model for many significant multicomponent 
glass systems. However, in many cases, mainly of non- silicate 
multicomponent glass systems, the needed thermodynamic 
data are not found in any contemporary thermodynamic da-
tabase. In our previous work,  6,22   we proposed a method for 
obtaining estimates of missing thermodynamic parameters by 
reproducing the structural information.  

   2.2 |  Decomposition of Raman spectra based 
on glass composition from TD model 

 The method of numerical analysis of Raman spectra was 
suggested by Malfait and his collaborators.  23- 25   The basic as-
sumption of this method is that the Raman spectra are the 
sum of the partial Raman spectra (generated by the indi-
vidual structural elements) multiplied by the abundance of 
these structural elements. The series of Raman spectra ob-
tained for a series of glasses with different compositions span 
a linear vector space with a dimension given by a number of 
independent structural elements (i.e. structural elements that 
independently change their relative abundance) with differ-
ent partial Raman spectra (PRS). Each measured spectrum is 
recorded with any scale, i.e. it is known except for the size of 
a multiplication factor.  

   2.3 |  Multivariate curve resolution 

 The multivariate curve resolution (MCR) method  19,26- 28   de-
composes the set of experimental Raman spectra in the spec-
tra of pseudo pure components (called loadings) and relative 
abundances of these components (called scores). It is essen-
tial to emphasize that MCR does not use any data of the sys-
tem composition. The MCR result must be compared with 
the result of Malfait ' s spectra decomposition based on the TD 
model.   

   3  |   EXPERIMENTAL PART 

 Raman spectra were measured at room temperature using 
a confocal microscope (LabRam HR, Horiba Jobin– Yvon) 
with backscattering geometry and 532 nm excitation line of 
Nd:YAG laser. For correction of the temperature dependent 
population of phonon levels, the intensities of Raman spectra 
were reduced using the Gammon– Shuker relation   29  :
     

where  𝜈𝜈0   and  𝜈𝜈   are the frequency of excitation light and the 
Raman shift respectively.  T  is the thermodynamic temperature, 
 k  is the Boltzmann constant, and  I ( ω ) is the measured Raman 
intensity. More details can be found in.  16,17   Raman spectra were 
multiplied by a constant, thus the maximum value of spectral 
intensity equals to one.  

   4  |   RESULTS AND DISCUSSION 

 On the basis of experimental structural data  16,17   ten system 
components were considered in the ZnO- Nb 2 O 5 - P 2 O 5  ther-
modynamic model of Shakhmatkin and Vedishcheva –  ZnO 
(Z), Nb 2 O 5  (Nb) ,  P 2 O 5  (P), ZnP 4 O 11  (ZP2), Zn(PO 3 ) 2  (ZP), 
Zn 2 P 2 O 7  (Z2P), Zn 3 (PO 4 ) 2  (Z3P), NbO(PO 3 ) 3  (1/2NbP3), 
(NbO) 4 (P 2 O 7 ) 3  (Nb2P3), and NbOPO 4  (1/2NbP). The equi-
librium molar amounts of SVTDM system components re-
calculated for  xNb 2 O 5 ·50ZnO·(50 -  x)P 2 O 5  , ( x = 0 ,  1 ,  3 ,  5 ,  7 , 
 10 ,  12 ) glasses from the results of structural analysis pub-
lished in  16,17   are summarized in Table  1  together with the 
structural groupings represented by the Q  n   units (i.e. tetrahe-
dron PO 4  with  n  bridging oxygen atoms) of considered sys-
tem components.  

 The molar amounts reported in Table  1  correspond to lit-
tle bit changed glass composition when compared with the 
prescribed one, i.e.  xNb 2 O 5 ·50ZnO·(50 -  x)P2O5 , ( x = 0 ,  1 ,  3 , 
 5 ,  7 ,  10 ,  12 ). This actual glass composition is given in Table 
 2  together with the glass transition temperature.  

 The molar Gibbs energies of Z, Nb, P, and Z3P were taken 
from the FACT database.  20,21   The unknown molar Gibbs 

 ( 1 ) Ired (𝜈𝜈 ) = (𝜈𝜈0 − 𝜈𝜈 ) −4
𝜈𝜈 [1 − exp. ( − h𝜈𝜈∕kT) ] I(𝜈𝜈 )
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boron sites in the studied glasses. In low- alkali borosilicate 
glasses, for example, the B- O stretching is observed at 1370– 
1390 cm−1 for BO3 sites and at 920– 930 cm−1 for BO4 sites.29

The 11B and 31P MAS- NMR spectra of the undoped glasses 
with 10 mol% B2O3 are presented in Figure 5. The 11B spec-
tra (Figure 5 left) show one broad resonance between 0 and 
−8 ppm which is the region of B in the tetrahedral configu-
ration with 4 oxygen atoms (BO4). The spectra were further 
analyzed using the dmfit software, release 20200306,30 and 
could be simulated with a single Gaussian band. As shown in 
Figure 6, the band position shifts to higher fields as the cation 
field strength increases: Ba2+(−3.6  ppm), Sr2+(−3.7  ppm), 
Ca2+(−4.1  ppm), Zn2+(−4.4  ppm), and Mg2+(−4.5  ppm). 

Therefore, NMR spectroscopy confirms the presence of BO4 
sites and the absence of BO3 sites in agreement with the re-
sults of infrared spectroscopy.

The 31P spectra (Figure 5 right) show one signal between 
−20 and −50 ppm which shifts to higher fields with an in-
creasing cation field strength. The spectra were further ana-
lyzed with the dmfit software.30 The simulation of the spectra 
revealed at least two possible 31P species, in agreement with 
Raman and infrared spectroscopy. The majority of P forms 
Q2- type groups with a signal between −25 ppm (Ba2+) and 
−34 ppm (Mg2+). The remaining P form Q3 groups with a 
signal between −38 ppm (Ba2+) and −45 ppm (Mg2+). Both 
signals shift to more negative ppm as the cation field strength 
increases (see Figure 7 top). This trend is almost linear for the 
AE- containing glasses, whereas the Zn2+ containing glass 
fall out of this trend. The relative amount of Q3 groups also 
increases with the cation field strength but has a pronounced 
maximum in the Zn2+ glass composition (see Figure 7 bot-
tom). Although the simulation of the 31P MAS NMR spectra 
with two bands leads to simple results, there are most prob-
ably more species present as the formation of P– O– B bonds 
is expected. The signals of these species would also appear 
in the spectral region of the Q2 and Q3 bands. A recent study 
on Zn2+ containing borophosphate glasses reported a rather 
complex phosphate speciation.31 Therefore, the presented re-
sults of the simulated 31P NMR spectra have limited value.

3.1.3 | Optical and luminescence spectra

The optical absorption and excitation spectra of the glasses 
doped with 0.3 mol% Dy2O3 are presented in Figure 8. The 
absorption spectra show 12 transitions originating from the 
ground state 6H15/2 to different excited states of the Dy3+ ions, 
with six broad bands between 740 and 1750 nm and sharper 
bands being present below 500 nm. The absorption spectra 

F I G U R E  5  Left: 11B MAS- NMR 
spectra of the glasses with the nominal 
compositions 40MO- 10B2O3- 50P2O5 mol%. 
Right: corresponding 31P MAS- NMR 
spectra. All spectra are normalized to their 
most intense peak

F I G U R E  6  11B frequency shift of the undoped glass series A as a 
function of the field strength of the respective cation. The line is drawn 
to guide the eye

 20411294, 2021, 4, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/ijag.16105 by N
atl H

ellenic R
es Fndtn (N

H
R

F), W
iley O

nline L
ibrary on [08/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



GRIEBENOW et al.478 2 |   LIŠKA ET AL.

niobyl(3+) cation (NbO 3+ ), which enters deformed polyhe-
dra (octahedra, tetragonal pyramids) with a coordination- 
covalent bond to oxygen.  16,17    

   2  |   METHOD 

   2.1 |  Thermodynamic model of 
Shakhmatkin and Vedishcheva 

 Especially in the field of oxide glasses, the thermodynamic 
model of Shakhmatkin and Vedishcheva has been successfully 
applied in previous years.  1- 9   The SVTDM model considers 
glasses and melts to be an ideal solution formed by salt prod-
ucts of equilibrium chemical reactions of simple starting sub-
stances, e.g. oxides, halides, etc. These salt- like products have 
the identical stoichiometry as the crystalline compounds that 
exist in the phase diagram of the system under consideration. 
The model does not use any adjustable parameters. Only the 
molar Gibbs energies of pure crystalline phases and the ana-
lytical composition of the considered system are used as input 
parameters. The minimization of the system ' s Gibbs energy 
has to be performed with respect to the molar amount of each 
system species constrained by the overall system composition 
to reach the equilibrium system composition.  18,19   The present- 
day databases of thermodynamic properties comprising the 
molar Gibbs energies of various species (e.g. the FACT data-
base  20,21  ) enable the routine construction of the Shakhmatkin 
and Vedishcheva model for many significant multicomponent 
glass systems. However, in many cases, mainly of non- silicate 
multicomponent glass systems, the needed thermodynamic 
data are not found in any contemporary thermodynamic da-
tabase. In our previous work,  6,22   we proposed a method for 
obtaining estimates of missing thermodynamic parameters by 
reproducing the structural information.  

   2.2 |  Decomposition of Raman spectra based 
on glass composition from TD model 

 The method of numerical analysis of Raman spectra was 
suggested by Malfait and his collaborators.  23- 25   The basic as-
sumption of this method is that the Raman spectra are the 
sum of the partial Raman spectra (generated by the indi-
vidual structural elements) multiplied by the abundance of 
these structural elements. The series of Raman spectra ob-
tained for a series of glasses with different compositions span 
a linear vector space with a dimension given by a number of 
independent structural elements (i.e. structural elements that 
independently change their relative abundance) with differ-
ent partial Raman spectra (PRS). Each measured spectrum is 
recorded with any scale, i.e. it is known except for the size of 
a multiplication factor.  

   2.3 |  Multivariate curve resolution 

 The multivariate curve resolution (MCR) method  19,26- 28   de-
composes the set of experimental Raman spectra in the spec-
tra of pseudo pure components (called loadings) and relative 
abundances of these components (called scores). It is essen-
tial to emphasize that MCR does not use any data of the sys-
tem composition. The MCR result must be compared with 
the result of Malfait ' s spectra decomposition based on the TD 
model.   

   3  |   EXPERIMENTAL PART 

 Raman spectra were measured at room temperature using 
a confocal microscope (LabRam HR, Horiba Jobin– Yvon) 
with backscattering geometry and 532 nm excitation line of 
Nd:YAG laser. For correction of the temperature dependent 
population of phonon levels, the intensities of Raman spectra 
were reduced using the Gammon– Shuker relation   29  :
     

where  𝜈𝜈0   and  𝜈𝜈   are the frequency of excitation light and the 
Raman shift respectively.  T  is the thermodynamic temperature, 
 k  is the Boltzmann constant, and  I ( ω ) is the measured Raman 
intensity. More details can be found in.  16,17   Raman spectra were 
multiplied by a constant, thus the maximum value of spectral 
intensity equals to one.  

   4  |   RESULTS AND DISCUSSION 

 On the basis of experimental structural data  16,17   ten system 
components were considered in the ZnO- Nb 2 O 5 - P 2 O 5  ther-
modynamic model of Shakhmatkin and Vedishcheva –  ZnO 
(Z), Nb 2 O 5  (Nb) ,  P 2 O 5  (P), ZnP 4 O 11  (ZP2), Zn(PO 3 ) 2  (ZP), 
Zn 2 P 2 O 7  (Z2P), Zn 3 (PO 4 ) 2  (Z3P), NbO(PO 3 ) 3  (1/2NbP3), 
(NbO) 4 (P 2 O 7 ) 3  (Nb2P3), and NbOPO 4  (1/2NbP). The equi-
librium molar amounts of SVTDM system components re-
calculated for  xNb 2 O 5 ·50ZnO·(50 -  x)P 2 O 5  , ( x = 0 ,  1 ,  3 ,  5 ,  7 , 
 10 ,  12 ) glasses from the results of structural analysis pub-
lished in  16,17   are summarized in Table  1  together with the 
structural groupings represented by the Q  n   units (i.e. tetrahe-
dron PO 4  with  n  bridging oxygen atoms) of considered sys-
tem components.  

 The molar amounts reported in Table  1  correspond to lit-
tle bit changed glass composition when compared with the 
prescribed one, i.e.  xNb 2 O 5 ·50ZnO·(50 -  x)P2O5 , ( x = 0 ,  1 ,  3 , 
 5 ,  7 ,  10 ,  12 ). This actual glass composition is given in Table 
 2  together with the glass transition temperature.  

 The molar Gibbs energies of Z, Nb, P, and Z3P were taken 
from the FACT database.  20,21   The unknown molar Gibbs 

 ( 1 ) Ired (𝜈𝜈 ) = (𝜈𝜈0 − 𝜈𝜈 ) −4
𝜈𝜈 [1 − exp. ( − h𝜈𝜈∕kT) ] I(𝜈𝜈 )
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of the glasses are very similar, with the most intense band at 
≈1270 nm which is assigned to the 6H15/2➔6F11/2 transition.32 
This transition is hypersensitive, that is, very sensitive to the 
host environment.

Figure 8 right shows the excitation spectra of the glasses 
doped with 0.3 mol% Dy2O3 and monitoring the emission at 
572 nm. The spectra contain nine bands of which the most in-
tense peak centered at 348 nm is assigned to the 6H15/2➔6P7/2 

transition. The peak positions are constant for different Dy3+ 
doping concentrations (the spectra of the glasses doped with 
0.1 mol% Dy2O3 are not shown here) and the intensities in-
crease with increasing Dy3+ content.

The emission spectra of the BP glasses doped with 0.1 and 
0.3 mol% Dy2O3 under an excitation wavelength of 348 nm 
are presented in Figure 9. All glasses show a strong emission 
at ≈571 nm which corresponds to the 4F9/2➔6H13/2 transition. 

F I G U R E  7  Q2 (black) and Q3 (orange) chemical shifts at the top 
and their total amounts at the bottom obtained from the deconvolution 
of the 31P MAS- NMR spectra as a function of the cation field strength

F I G U R E  8  Left: Absorption spectra of the glass series A doped with 0.3 mol% Dy3+. Right: Excitation spectra of the same glasses monitored 
at 572 nm

F I G U R E  9  Emission spectra of the glass series A doped with 0.1 
(top) and 0.3 (bottom) mol% Dy2O3 under an excitation of 348 nm
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niobyl(3+) cation (NbO 3+ ), which enters deformed polyhe-
dra (octahedra, tetragonal pyramids) with a coordination- 
covalent bond to oxygen.  16,17    

   2  |   METHOD 

   2.1 |  Thermodynamic model of 
Shakhmatkin and Vedishcheva 

 Especially in the field of oxide glasses, the thermodynamic 
model of Shakhmatkin and Vedishcheva has been successfully 
applied in previous years.  1- 9   The SVTDM model considers 
glasses and melts to be an ideal solution formed by salt prod-
ucts of equilibrium chemical reactions of simple starting sub-
stances, e.g. oxides, halides, etc. These salt- like products have 
the identical stoichiometry as the crystalline compounds that 
exist in the phase diagram of the system under consideration. 
The model does not use any adjustable parameters. Only the 
molar Gibbs energies of pure crystalline phases and the ana-
lytical composition of the considered system are used as input 
parameters. The minimization of the system ' s Gibbs energy 
has to be performed with respect to the molar amount of each 
system species constrained by the overall system composition 
to reach the equilibrium system composition.  18,19   The present- 
day databases of thermodynamic properties comprising the 
molar Gibbs energies of various species (e.g. the FACT data-
base  20,21  ) enable the routine construction of the Shakhmatkin 
and Vedishcheva model for many significant multicomponent 
glass systems. However, in many cases, mainly of non- silicate 
multicomponent glass systems, the needed thermodynamic 
data are not found in any contemporary thermodynamic da-
tabase. In our previous work,  6,22   we proposed a method for 
obtaining estimates of missing thermodynamic parameters by 
reproducing the structural information.  

   2.2 |  Decomposition of Raman spectra based 
on glass composition from TD model 

 The method of numerical analysis of Raman spectra was 
suggested by Malfait and his collaborators.  23- 25   The basic as-
sumption of this method is that the Raman spectra are the 
sum of the partial Raman spectra (generated by the indi-
vidual structural elements) multiplied by the abundance of 
these structural elements. The series of Raman spectra ob-
tained for a series of glasses with different compositions span 
a linear vector space with a dimension given by a number of 
independent structural elements (i.e. structural elements that 
independently change their relative abundance) with differ-
ent partial Raman spectra (PRS). Each measured spectrum is 
recorded with any scale, i.e. it is known except for the size of 
a multiplication factor.  

   2.3 |  Multivariate curve resolution 

 The multivariate curve resolution (MCR) method  19,26- 28   de-
composes the set of experimental Raman spectra in the spec-
tra of pseudo pure components (called loadings) and relative 
abundances of these components (called scores). It is essen-
tial to emphasize that MCR does not use any data of the sys-
tem composition. The MCR result must be compared with 
the result of Malfait ' s spectra decomposition based on the TD 
model.   

   3  |   EXPERIMENTAL PART 

 Raman spectra were measured at room temperature using 
a confocal microscope (LabRam HR, Horiba Jobin– Yvon) 
with backscattering geometry and 532 nm excitation line of 
Nd:YAG laser. For correction of the temperature dependent 
population of phonon levels, the intensities of Raman spectra 
were reduced using the Gammon– Shuker relation   29  :
     

where  𝜈𝜈0   and  𝜈𝜈   are the frequency of excitation light and the 
Raman shift respectively.  T  is the thermodynamic temperature, 
 k  is the Boltzmann constant, and  I ( ω ) is the measured Raman 
intensity. More details can be found in.  16,17   Raman spectra were 
multiplied by a constant, thus the maximum value of spectral 
intensity equals to one.  

   4  |   RESULTS AND DISCUSSION 

 On the basis of experimental structural data  16,17   ten system 
components were considered in the ZnO- Nb 2 O 5 - P 2 O 5  ther-
modynamic model of Shakhmatkin and Vedishcheva –  ZnO 
(Z), Nb 2 O 5  (Nb) ,  P 2 O 5  (P), ZnP 4 O 11  (ZP2), Zn(PO 3 ) 2  (ZP), 
Zn 2 P 2 O 7  (Z2P), Zn 3 (PO 4 ) 2  (Z3P), NbO(PO 3 ) 3  (1/2NbP3), 
(NbO) 4 (P 2 O 7 ) 3  (Nb2P3), and NbOPO 4  (1/2NbP). The equi-
librium molar amounts of SVTDM system components re-
calculated for  xNb 2 O 5 ·50ZnO·(50 -  x)P 2 O 5  , ( x = 0 ,  1 ,  3 ,  5 ,  7 , 
 10 ,  12 ) glasses from the results of structural analysis pub-
lished in  16,17   are summarized in Table  1  together with the 
structural groupings represented by the Q  n   units (i.e. tetrahe-
dron PO 4  with  n  bridging oxygen atoms) of considered sys-
tem components.  

 The molar amounts reported in Table  1  correspond to lit-
tle bit changed glass composition when compared with the 
prescribed one, i.e.  xNb 2 O 5 ·50ZnO·(50 -  x)P2O5 , ( x = 0 ,  1 ,  3 , 
 5 ,  7 ,  10 ,  12 ). This actual glass composition is given in Table 
 2  together with the glass transition temperature.  

 The molar Gibbs energies of Z, Nb, P, and Z3P were taken 
from the FACT database.  20,21   The unknown molar Gibbs 

 ( 1 ) Ired (𝜈𝜈 ) = (𝜈𝜈0 − 𝜈𝜈 ) −4
𝜈𝜈 [1 − exp. ( − h𝜈𝜈∕kT) ] I(𝜈𝜈 )
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Three weaker emissions are centered around ≈480, 662, and 
753 nm and can be assigned to the 4F9/2➔6H15/2, 

4F9/2➔6H11/2, 
and 4F9/2➔6H9/2 transitions.33,34 The emission intensity of the 
most intense peak is highest for the Sr2+ and Ca2+ containing 
glass and smallest for the Ba2+ glass. The emission intensities 
increase with increasing Dy3+ content, although there is no 
linear trend, most likely due to concentration quenching, that 
is also reflected in the decreased lifetime values observed for 
glasses with a different modifier cation. The hypersensitive 
4F9/2➔ 6H13/2 transition is also an indicator for the Dy3+ envi-
ronment in the host matrix, for example, in a highly symmetric 
environment the emission intensity will be weaker compared 
to a distorted one.

The fluorescence decay curves corresponding to the 
4F9/2➔6H13/2 and the 4F9/2➔6H15/2 transition (not shown here) 
were fitted with the bi- exponential function 

where τ1 and τ2 are the luminescence lifetimes with the respec-
tive weighing parameters A1 and A2. The average lifetime (τav) 
is calculated by using the equation 

Figure 10 presents the average lifetime of the 4F9/2 state 
for the glasses doped with 0.1 and 0.3  mol% Dy2O3 as a 
function of the respective cation field strength, varying from 
0.89 ms to 1.09 ms. Considering the AE- containing glasses, 
the lifetime increases with an increasing field strength and 
the glasses doped with 0.1  mol% exhibit a longer lifetime 
for both emissions. Additionally, the lifetime of the 480 nm 
emission is higher than the 572 nm emission lifetime in the 
glasses containing Ba2+, Sr2+, or Ca2+. This trend flips when 
the high field strength ions are present. Lakshminarayana 
et al. reported an experimental lifetime of 0.21 ms in a glass 
with the mol% composition 59.5B2O3- 10WO3- 10ZnO- 
10Li2O- 10Na2O- 0.5Dy2O3,

16 whereas a lifetime of 0.73 ms in 
a glass with the mol% composition 25BaO- 5B2O3- 68.8P2O5- 
0.2Dy2O3 was measured.17 The lifetime and weighing factors 
of the 480 and 572 nm emission are summarized in Table 2 
and Table 3.

3.2 | Glass series B: 40ZnO- xB2O3- (60- x)
P2O5 + 0.1Dy2O3 with x = 0, 5, 10, or 15 mol%

3.2.1 | Glass properties

The compositional dependency of Tg, density, and molar 
volume of the glass series 40ZnO- xB2O3- (60- x)P2O5 is 
presented in Figure 11. The Tg increases with increasing B 
content from 430°C for 0 mol% B2O3 to 532°C for 10 mol% 
B2O3, and remains almost constant when the B content is in-
creased further. The density shows a minimum at a B con-
tent of 5 mol%, and then increases almost linearly up to a 
B content of 15  mol%. The molar volume decreases when 

(2)I = I0 + A1exp

(

t

�1

)

+ A2exp

(

t

�2

)

(3)�av =
A1 ∙ �

2

1
+ A2 ∙ �

2

2

A1 ∙ �1 + A2 ∙ �2

F I G U R E  1 0  Average lifetimes of the 480 nm and 572 nm 
emission of the glass series A excited at 348 nm

T A B L E  2  Fitting parameters of the lifetime measurements under 
348 nm excitation and 572 nm emission: τ1,2 lifetime, τexp the average 
lifetime, and A1,2 the respective weighing factors

Sample
τ1 
[ms]

τ2 
[ms]

τav 
[ms] A1 A2

MgBP_01 0.57 1.28 1.11 0.4116 0.5910

MgBP_03 0.51 1.18 1.01 0.4431 0.5593

CaBP_01 0.48 1.08 0.99 0.3001 0.7014

CaBP_03 0.39 3.98 0.91 0.2585 0.7419

SrBP_01 0.58 1.10 0.98 0.3678 0.6335

SrBP_03 0.48 1.01 0.91 0.3125 0.6882

BaBP_01 0.51 1.03 0.94 0.2938 0.7067

BaBP_03 0.56 1.05 0.89 0.4635 0.5371

ZnBP_01 0.64 1.31 1.12 0.4543 0.5486

ZnBP_03 0.67 1.38 1.06 0.6313 0.3710

ZnP_01 0.96 0.32 0.93 0.9273 0.1358

Zn5B55P_01 0.99 0.41 0.94 0.8867 0.1765

Zn15B45P_01 1.11 0.42 1.04 0.8371 0.2235
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niobyl(3+) cation (NbO 3+ ), which enters deformed polyhe-
dra (octahedra, tetragonal pyramids) with a coordination- 
covalent bond to oxygen.  16,17    

   2  |   METHOD 

   2.1 |  Thermodynamic model of 
Shakhmatkin and Vedishcheva 

 Especially in the field of oxide glasses, the thermodynamic 
model of Shakhmatkin and Vedishcheva has been successfully 
applied in previous years.  1- 9   The SVTDM model considers 
glasses and melts to be an ideal solution formed by salt prod-
ucts of equilibrium chemical reactions of simple starting sub-
stances, e.g. oxides, halides, etc. These salt- like products have 
the identical stoichiometry as the crystalline compounds that 
exist in the phase diagram of the system under consideration. 
The model does not use any adjustable parameters. Only the 
molar Gibbs energies of pure crystalline phases and the ana-
lytical composition of the considered system are used as input 
parameters. The minimization of the system ' s Gibbs energy 
has to be performed with respect to the molar amount of each 
system species constrained by the overall system composition 
to reach the equilibrium system composition.  18,19   The present- 
day databases of thermodynamic properties comprising the 
molar Gibbs energies of various species (e.g. the FACT data-
base  20,21  ) enable the routine construction of the Shakhmatkin 
and Vedishcheva model for many significant multicomponent 
glass systems. However, in many cases, mainly of non- silicate 
multicomponent glass systems, the needed thermodynamic 
data are not found in any contemporary thermodynamic da-
tabase. In our previous work,  6,22   we proposed a method for 
obtaining estimates of missing thermodynamic parameters by 
reproducing the structural information.  

   2.2 |  Decomposition of Raman spectra based 
on glass composition from TD model 

 The method of numerical analysis of Raman spectra was 
suggested by Malfait and his collaborators.  23- 25   The basic as-
sumption of this method is that the Raman spectra are the 
sum of the partial Raman spectra (generated by the indi-
vidual structural elements) multiplied by the abundance of 
these structural elements. The series of Raman spectra ob-
tained for a series of glasses with different compositions span 
a linear vector space with a dimension given by a number of 
independent structural elements (i.e. structural elements that 
independently change their relative abundance) with differ-
ent partial Raman spectra (PRS). Each measured spectrum is 
recorded with any scale, i.e. it is known except for the size of 
a multiplication factor.  

   2.3 |  Multivariate curve resolution 

 The multivariate curve resolution (MCR) method  19,26- 28   de-
composes the set of experimental Raman spectra in the spec-
tra of pseudo pure components (called loadings) and relative 
abundances of these components (called scores). It is essen-
tial to emphasize that MCR does not use any data of the sys-
tem composition. The MCR result must be compared with 
the result of Malfait ' s spectra decomposition based on the TD 
model.   

   3  |   EXPERIMENTAL PART 

 Raman spectra were measured at room temperature using 
a confocal microscope (LabRam HR, Horiba Jobin– Yvon) 
with backscattering geometry and 532 nm excitation line of 
Nd:YAG laser. For correction of the temperature dependent 
population of phonon levels, the intensities of Raman spectra 
were reduced using the Gammon– Shuker relation   29  :
     

where  𝜈𝜈0   and  𝜈𝜈   are the frequency of excitation light and the 
Raman shift respectively.  T  is the thermodynamic temperature, 
 k  is the Boltzmann constant, and  I ( ω ) is the measured Raman 
intensity. More details can be found in.  16,17   Raman spectra were 
multiplied by a constant, thus the maximum value of spectral 
intensity equals to one.  

   4  |   RESULTS AND DISCUSSION 

 On the basis of experimental structural data  16,17   ten system 
components were considered in the ZnO- Nb 2 O 5 - P 2 O 5  ther-
modynamic model of Shakhmatkin and Vedishcheva –  ZnO 
(Z), Nb 2 O 5  (Nb) ,  P 2 O 5  (P), ZnP 4 O 11  (ZP2), Zn(PO 3 ) 2  (ZP), 
Zn 2 P 2 O 7  (Z2P), Zn 3 (PO 4 ) 2  (Z3P), NbO(PO 3 ) 3  (1/2NbP3), 
(NbO) 4 (P 2 O 7 ) 3  (Nb2P3), and NbOPO 4  (1/2NbP). The equi-
librium molar amounts of SVTDM system components re-
calculated for  xNb 2 O 5 ·50ZnO·(50 -  x)P 2 O 5  , ( x = 0 ,  1 ,  3 ,  5 ,  7 , 
 10 ,  12 ) glasses from the results of structural analysis pub-
lished in  16,17   are summarized in Table  1  together with the 
structural groupings represented by the Q  n   units (i.e. tetrahe-
dron PO 4  with  n  bridging oxygen atoms) of considered sys-
tem components.  

 The molar amounts reported in Table  1  correspond to lit-
tle bit changed glass composition when compared with the 
prescribed one, i.e.  xNb 2 O 5 ·50ZnO·(50 -  x)P2O5 , ( x = 0 ,  1 ,  3 , 
 5 ,  7 ,  10 ,  12 ). This actual glass composition is given in Table 
 2  together with the glass transition temperature.  

 The molar Gibbs energies of Z, Nb, P, and Z3P were taken 
from the FACT database.  20,21   The unknown molar Gibbs 

 ( 1 ) Ired (𝜈𝜈 ) = (𝜈𝜈0 − 𝜈𝜈 ) −4
𝜈𝜈 [1 − exp. ( − h𝜈𝜈∕kT) ] I(𝜈𝜈 )
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increasing the B content from ≈41.9 to ≈37.5 cm3/mol which 
indicates an enhanced packing density of the coordination 
polyhedral in the glass network.

3.2.2 | Structural analysis

The Raman spectra of the Zn- containing BP glasses are 
presented in Figure 12. The spectrum of the pure Zn phos-
phate glass (x = 0) is dominated by two bands: the sharp 
band at ≈1205 cm−1 is assigned to the symmetric stretch-
ing vibrations of the phosphate Q2 groups (νs(PO2)) and 
the broad band at ≈ 697 cm−1 is assigned to the symmet-
ric stretching vibration of the oxygen ion connecting two 

phosphate tetrahedral, (νs(P- O- P)). Two minor features 
occur at ≈337 and ≈1271  cm−1 and can be assigned to 
bending vibrations of the phosphate lattice and the sym-
metric stretching vibration of P = O in phosphate Q3 units, 
respectively.8,9 When boron is introduced into the glass 
network, the most intense band becomes broader and its 
maximum shifts to lower wavenumbers, from 1205 to 
1190 cm−1. Hudgens et al. discuss the bands at ≈1190 cm−1 
and 1330 cm−1 as “strained” variants of the νs(PO2) and the 
νas(PO2).35 The broad envelop from about 625 to 850 cm−1, 
assigned to νs(P- O- P), develops sharper features at ≈ 615 
and ≈  770  cm−1 which may be associated with stretch-
ing vibrations of P- O- B units4 and the breathing of boro-
phosphate rings.8 As observed in Figure 12, the gradual 
replacement of P2O5 by B2O3 causes, besides broadening, 
the downshift of νs(PO2) from 1205 to 1190 cm−1 and the 
upshift of the νs(P- O- P) envelop from 697 to 725  cm−1. 
These effects are all consistent with an increase in the de-
gree of modification of the phosphate network from x = 0 
to x = 15, that is, toward pyrophosphate units.25

The 31P MAS- NMR spectra of the glass series B are pre-
sented in Figure 13. All spectra show one signal between 
−10 and −60 ppm which shifts to higher ppm and becomes 
broader as the B content increases, that is, from −34.3 ppm 
(x = 0) to −30.4 (x = 15). This was also reported by Doumert 
et al. for a similar set of Zn2+- containing BP glasses.31 With 
additional 2D NMR experiments, they could show that the 
phosphate and tetrahedral borate units mix even at low B 
contents and form B- O- P links.31 As observed in the Raman 
spectra and discussed above, the substitution of P by B (5 < x 
< 15 mol%) leads to a depolymerization of the phosphate net-
work which results in an increase in Q1, whereas the amounts 
of Q2 and Q3 should decrease. The variety of possible B- O- P 
links and the complexity of the NMR spectra does not allow 
a reliable deconvolution of the spectra at this point, and ad-
vanced NMR experiments should be performed.

T A B L E  3  Fitting parameters of the lifetime measurements under 
348 nm excitation and 480 nm emission: τ1,2 lifetime, τexp the average 
lifetime, and A1,2 the respective weighing factors

Sample
τ1 
[ms]

τ2 
[ms]

τav 
[ms] A1 A2

MgBP_01 0.60 1.24 1.08 0.4022 0.6001

MgBP_03 0.47 1.10 0.99 0.3208 0.6803

CaBP_01 0.52 1.09 0.99 0.3083 0.6931

CaBP_03 0.45 1.01 0.92 0.2869 0.7134

SrBP_01 0.52 1.09 0.99 0.3084 0.6931

SrBP_03 0.56 1.04 0.92 0.3788 0.6221

BaBP_01 0.47 1.06 0.95 0.2133 0.787

BaBP_03 0.48 0.97 0.89 0.2967 0.7038

ZnBP_01 0.70 1.33 1.09 0.5382 0.4652

ZnBP_03 0.41 1.06 0.97 0.2797 0.7210

ZnP_01 1.00 0.44 0.94 0.8556 0.2124

Zn5B55P_01 0.98 0.34 0.94 0.9160 0.1543

Zn15B45P_01 1.05 0.26 1.02 0.9111 0.1524

F I G U R E  1 1  Tg, density, and molar 
volume of the glass series B, 40ZnO- xB2O3- 
(60- x)P2O5
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niobyl(3+) cation (NbO 3+ ), which enters deformed polyhe-
dra (octahedra, tetragonal pyramids) with a coordination- 
covalent bond to oxygen.  16,17    

   2  |   METHOD 

   2.1 |  Thermodynamic model of 
Shakhmatkin and Vedishcheva 

 Especially in the field of oxide glasses, the thermodynamic 
model of Shakhmatkin and Vedishcheva has been successfully 
applied in previous years.  1- 9   The SVTDM model considers 
glasses and melts to be an ideal solution formed by salt prod-
ucts of equilibrium chemical reactions of simple starting sub-
stances, e.g. oxides, halides, etc. These salt- like products have 
the identical stoichiometry as the crystalline compounds that 
exist in the phase diagram of the system under consideration. 
The model does not use any adjustable parameters. Only the 
molar Gibbs energies of pure crystalline phases and the ana-
lytical composition of the considered system are used as input 
parameters. The minimization of the system ' s Gibbs energy 
has to be performed with respect to the molar amount of each 
system species constrained by the overall system composition 
to reach the equilibrium system composition.  18,19   The present- 
day databases of thermodynamic properties comprising the 
molar Gibbs energies of various species (e.g. the FACT data-
base  20,21  ) enable the routine construction of the Shakhmatkin 
and Vedishcheva model for many significant multicomponent 
glass systems. However, in many cases, mainly of non- silicate 
multicomponent glass systems, the needed thermodynamic 
data are not found in any contemporary thermodynamic da-
tabase. In our previous work,  6,22   we proposed a method for 
obtaining estimates of missing thermodynamic parameters by 
reproducing the structural information.  

   2.2 |  Decomposition of Raman spectra based 
on glass composition from TD model 

 The method of numerical analysis of Raman spectra was 
suggested by Malfait and his collaborators.  23- 25   The basic as-
sumption of this method is that the Raman spectra are the 
sum of the partial Raman spectra (generated by the indi-
vidual structural elements) multiplied by the abundance of 
these structural elements. The series of Raman spectra ob-
tained for a series of glasses with different compositions span 
a linear vector space with a dimension given by a number of 
independent structural elements (i.e. structural elements that 
independently change their relative abundance) with differ-
ent partial Raman spectra (PRS). Each measured spectrum is 
recorded with any scale, i.e. it is known except for the size of 
a multiplication factor.  

   2.3 |  Multivariate curve resolution 

 The multivariate curve resolution (MCR) method  19,26- 28   de-
composes the set of experimental Raman spectra in the spec-
tra of pseudo pure components (called loadings) and relative 
abundances of these components (called scores). It is essen-
tial to emphasize that MCR does not use any data of the sys-
tem composition. The MCR result must be compared with 
the result of Malfait ' s spectra decomposition based on the TD 
model.   

   3  |   EXPERIMENTAL PART 

 Raman spectra were measured at room temperature using 
a confocal microscope (LabRam HR, Horiba Jobin– Yvon) 
with backscattering geometry and 532 nm excitation line of 
Nd:YAG laser. For correction of the temperature dependent 
population of phonon levels, the intensities of Raman spectra 
were reduced using the Gammon– Shuker relation   29  :
     

where  𝜈𝜈0   and  𝜈𝜈   are the frequency of excitation light and the 
Raman shift respectively.  T  is the thermodynamic temperature, 
 k  is the Boltzmann constant, and  I ( ω ) is the measured Raman 
intensity. More details can be found in.  16,17   Raman spectra were 
multiplied by a constant, thus the maximum value of spectral 
intensity equals to one.  

   4  |   RESULTS AND DISCUSSION 

 On the basis of experimental structural data  16,17   ten system 
components were considered in the ZnO- Nb 2 O 5 - P 2 O 5  ther-
modynamic model of Shakhmatkin and Vedishcheva –  ZnO 
(Z), Nb 2 O 5  (Nb) ,  P 2 O 5  (P), ZnP 4 O 11  (ZP2), Zn(PO 3 ) 2  (ZP), 
Zn 2 P 2 O 7  (Z2P), Zn 3 (PO 4 ) 2  (Z3P), NbO(PO 3 ) 3  (1/2NbP3), 
(NbO) 4 (P 2 O 7 ) 3  (Nb2P3), and NbOPO 4  (1/2NbP). The equi-
librium molar amounts of SVTDM system components re-
calculated for  xNb 2 O 5 ·50ZnO·(50 -  x)P 2 O 5  , ( x = 0 ,  1 ,  3 ,  5 ,  7 , 
 10 ,  12 ) glasses from the results of structural analysis pub-
lished in  16,17   are summarized in Table  1  together with the 
structural groupings represented by the Q  n   units (i.e. tetrahe-
dron PO 4  with  n  bridging oxygen atoms) of considered sys-
tem components.  

 The molar amounts reported in Table  1  correspond to lit-
tle bit changed glass composition when compared with the 
prescribed one, i.e.  xNb 2 O 5 ·50ZnO·(50 -  x)P2O5 , ( x = 0 ,  1 ,  3 , 
 5 ,  7 ,  10 ,  12 ). This actual glass composition is given in Table 
 2  together with the glass transition temperature.  

 The molar Gibbs energies of Z, Nb, P, and Z3P were taken 
from the FACT database.  20,21   The unknown molar Gibbs 

 ( 1 ) Ired (𝜈𝜈 ) = (𝜈𝜈0 − 𝜈𝜈 ) −4
𝜈𝜈 [1 − exp. ( − h𝜈𝜈∕kT) ] I(𝜈𝜈 )
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3.2.3 | Luminescence properties

The emission spectra of the glass series B excited using 
348 nm are presented in Figure 14. The spectra show the typi-
cal four emission bands already discussed above. The inten-
sities of all these bands decrease with increasing x.

Decreasing the PO4 content while simultaneously increas-
ing the BO4 content leads to an increase in the ionic character 
of the glass. This, and a more symmetric local Dy3+ ion envi-
ronment, cause the decrease in the emission intensity.36 The 
average lifetime of the 483 and 572 nm emission as a function 
of the B content is presented in Figure 15. The 572 nm life-
time increases from 0.93 (x = 0) to 1.13 ms (x = 10) and then 
decreases again to 1.04 ms. The 483 nm lifetime follows the 
same trend with similar or slightly lower values.

F I G U R E  1 2  Normalized Raman spectra of the glass series B 
recorded at 633 nm

F I G U R E  1 3  31P MAS- NMR spectra of the glass series B. The 
spinning side bands are marked with asterisks

F I G U R E  1 4  Emission spectra excited at 348 nm of the glass 
series B doped with 0.1 mol% Dy2O3

F I G U R E  1 5  The average lifetime of the 483 and 572 nm 
emission of glass series B
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niobyl(3+) cation (NbO 3+ ), which enters deformed polyhe-
dra (octahedra, tetragonal pyramids) with a coordination- 
covalent bond to oxygen.  16,17    

   2  |   METHOD 

   2.1 |  Thermodynamic model of 
Shakhmatkin and Vedishcheva 

 Especially in the field of oxide glasses, the thermodynamic 
model of Shakhmatkin and Vedishcheva has been successfully 
applied in previous years.  1- 9   The SVTDM model considers 
glasses and melts to be an ideal solution formed by salt prod-
ucts of equilibrium chemical reactions of simple starting sub-
stances, e.g. oxides, halides, etc. These salt- like products have 
the identical stoichiometry as the crystalline compounds that 
exist in the phase diagram of the system under consideration. 
The model does not use any adjustable parameters. Only the 
molar Gibbs energies of pure crystalline phases and the ana-
lytical composition of the considered system are used as input 
parameters. The minimization of the system ' s Gibbs energy 
has to be performed with respect to the molar amount of each 
system species constrained by the overall system composition 
to reach the equilibrium system composition.  18,19   The present- 
day databases of thermodynamic properties comprising the 
molar Gibbs energies of various species (e.g. the FACT data-
base  20,21  ) enable the routine construction of the Shakhmatkin 
and Vedishcheva model for many significant multicomponent 
glass systems. However, in many cases, mainly of non- silicate 
multicomponent glass systems, the needed thermodynamic 
data are not found in any contemporary thermodynamic da-
tabase. In our previous work,  6,22   we proposed a method for 
obtaining estimates of missing thermodynamic parameters by 
reproducing the structural information.  

   2.2 |  Decomposition of Raman spectra based 
on glass composition from TD model 

 The method of numerical analysis of Raman spectra was 
suggested by Malfait and his collaborators.  23- 25   The basic as-
sumption of this method is that the Raman spectra are the 
sum of the partial Raman spectra (generated by the indi-
vidual structural elements) multiplied by the abundance of 
these structural elements. The series of Raman spectra ob-
tained for a series of glasses with different compositions span 
a linear vector space with a dimension given by a number of 
independent structural elements (i.e. structural elements that 
independently change their relative abundance) with differ-
ent partial Raman spectra (PRS). Each measured spectrum is 
recorded with any scale, i.e. it is known except for the size of 
a multiplication factor.  

   2.3 |  Multivariate curve resolution 

 The multivariate curve resolution (MCR) method  19,26- 28   de-
composes the set of experimental Raman spectra in the spec-
tra of pseudo pure components (called loadings) and relative 
abundances of these components (called scores). It is essen-
tial to emphasize that MCR does not use any data of the sys-
tem composition. The MCR result must be compared with 
the result of Malfait ' s spectra decomposition based on the TD 
model.   

   3  |   EXPERIMENTAL PART 

 Raman spectra were measured at room temperature using 
a confocal microscope (LabRam HR, Horiba Jobin– Yvon) 
with backscattering geometry and 532 nm excitation line of 
Nd:YAG laser. For correction of the temperature dependent 
population of phonon levels, the intensities of Raman spectra 
were reduced using the Gammon– Shuker relation   29  :
     

where  𝜈𝜈0   and  𝜈𝜈   are the frequency of excitation light and the 
Raman shift respectively.  T  is the thermodynamic temperature, 
 k  is the Boltzmann constant, and  I ( ω ) is the measured Raman 
intensity. More details can be found in.  16,17   Raman spectra were 
multiplied by a constant, thus the maximum value of spectral 
intensity equals to one.  

   4  |   RESULTS AND DISCUSSION 

 On the basis of experimental structural data  16,17   ten system 
components were considered in the ZnO- Nb 2 O 5 - P 2 O 5  ther-
modynamic model of Shakhmatkin and Vedishcheva –  ZnO 
(Z), Nb 2 O 5  (Nb) ,  P 2 O 5  (P), ZnP 4 O 11  (ZP2), Zn(PO 3 ) 2  (ZP), 
Zn 2 P 2 O 7  (Z2P), Zn 3 (PO 4 ) 2  (Z3P), NbO(PO 3 ) 3  (1/2NbP3), 
(NbO) 4 (P 2 O 7 ) 3  (Nb2P3), and NbOPO 4  (1/2NbP). The equi-
librium molar amounts of SVTDM system components re-
calculated for  xNb 2 O 5 ·50ZnO·(50 -  x)P 2 O 5  , ( x = 0 ,  1 ,  3 ,  5 ,  7 , 
 10 ,  12 ) glasses from the results of structural analysis pub-
lished in  16,17   are summarized in Table  1  together with the 
structural groupings represented by the Q  n   units (i.e. tetrahe-
dron PO 4  with  n  bridging oxygen atoms) of considered sys-
tem components.  

 The molar amounts reported in Table  1  correspond to lit-
tle bit changed glass composition when compared with the 
prescribed one, i.e.  xNb 2 O 5 ·50ZnO·(50 -  x)P2O5 , ( x = 0 ,  1 ,  3 , 
 5 ,  7 ,  10 ,  12 ). This actual glass composition is given in Table 
 2  together with the glass transition temperature.  

 The molar Gibbs energies of Z, Nb, P, and Z3P were taken 
from the FACT database.  20,21   The unknown molar Gibbs 

 ( 1 ) Ired (𝜈𝜈 ) = (𝜈𝜈0 − 𝜈𝜈 ) −4
𝜈𝜈 [1 − exp. ( − h𝜈𝜈∕kT) ] I(𝜈𝜈 )
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4 |  DISCUSSION

Varying the divalent cation in glass series A causes several 
changes in their structure and properties. Figure 1 and Table 
1 show that the Tg values increase with an increasing cation 
field strength within the AE cation series, due to the reduced 
mobility of the BP glass network and the stronger M- O in-
teractions. The density and molar volume increase with an 
increasing cation radius. Exceptions are the Mg2+ and Zn2+ 
glasses, which show the same and comparably high molar 
volume of 39.48  cm3/mol, indicating a more constrained 
glass structure, as the displacement of the basic structure is 
limited.

The Raman and FTIR spectra are very similar when 
varying the cation and the absence of BO3 is noted. This is 
also confirmed by the 11B NMR spectra, which show that 
the boron atoms occur only in fourfold configuration (BO4). 
The 31P NMR spectra contain one broad signal which shifts 
to higher fields with increasing field strength as the Qi units 
become more shielded. Although a detailed deconvolution of 
the spectra is not possible at the moment, some qualitative 
statements can be made. In the right part of Figure 5, a broad-
ening of the main signal is discernible from Ba2+ to Zn2+. 
Previous studies on AE containing metaphosphate glasses 
observed an increase in the Q2 and Q3 bandwidths with an in-
creasing cation field strength.24 This reflects more variations 
of P- O bond angles and bond lengths,37– 40 and the introduc-
tion of B increases further the possible variations. Stronger 
M- O interactions between the high field strength Mg2+/Zn2+ 
cations and the non- bridging oxygens of the Qi units cause 
distortions in the PO4 environments. As the M- O bond is 
much more localized, a structural adaption in its nearest vi-
cinity is required.24 These structural variations could cause 
the increased molar volume of these glasses, as well as the 
larger amounts of Q3 which will occupy a larger volume.

The emission spectra of the glasses with varying divalent 
cations are similar. The two strongest emissions assigned to 
the 4F9/2➔6H13/2 (yellow) and 4F9/2➔6H15/2 (blue) transition, 
are electric dipole and magnetic dipole transitions, respec-
tively. The intensity ratio of these transitions can be used as 
a measure for the symmetry of the Dy3+ local environment.41 
Ratio values <1 indicate a glass matrix with comparably high 
local symmetry around the Dy3+ ion.42– 45

The transition ratios of the glasses with varying cations 
are presented in Figure 16. An almost linear increase in the 
ratio with the increasing ionic field strength is discernible 
for both Dy3+ doping concentrations. The ratio of the Mg2+ 
containing glass doped with 0.1 mol% Dy2O3 is about 50% 
higher than for the doping concentration of 0.3 mol%. The 
trend of the transition ratios is in perfect agreement with 
the previous results: The Mg2+ and Zn2+ containing glasses 
show more local variations in their glass structure due to 
the strong M- O bond. This is reflected in the molar volume, 

the vibrational and NMR spectra and consequently in their 
emission spectra and fluorescence lifetime presented in 
Figure 8.

Following the above argument, it has to be assumed that 
the structural variations around Dy3+ ions are lower in the 
glass series B with x  <  10  mol% (see Figure 17), mainly 
because not enough borate units are present. As x is further 
increased, the structural variety decreases again which is re-
flected in the Raman and 31P NMR spectra (see Figure 12 
and Figure 13). This may be linked to the formation of B- O- B 
structural units and results in a lower lifetime. Nevertheless, 
it has to be noted that the molar volume as well as the emis-
sion intensities in the second series of BP glasses are the 
highest for x≤ 10.

F I G U R E  1 6  The intensity ratio of the 4F9/2➔6H13/2 (yellow) and 
4F9/2➔6H15/2 (blue) transitions of both Dy3+ doping concentrations as a 
function of the cation field strength in glass series A. The line is drawn 
to guide the eye

F I G U R E  1 7  The intensity ratio of the 4F9/2➔6H13/2 (yellow) and 
4F9/2➔6H15/2 (blue) transitions of the glass series B as a function of 
B2O3 content, x
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niobyl(3+) cation (NbO 3+ ), which enters deformed polyhe-
dra (octahedra, tetragonal pyramids) with a coordination- 
covalent bond to oxygen.  16,17    

   2  |   METHOD 

   2.1 |  Thermodynamic model of 
Shakhmatkin and Vedishcheva 

 Especially in the field of oxide glasses, the thermodynamic 
model of Shakhmatkin and Vedishcheva has been successfully 
applied in previous years.  1- 9   The SVTDM model considers 
glasses and melts to be an ideal solution formed by salt prod-
ucts of equilibrium chemical reactions of simple starting sub-
stances, e.g. oxides, halides, etc. These salt- like products have 
the identical stoichiometry as the crystalline compounds that 
exist in the phase diagram of the system under consideration. 
The model does not use any adjustable parameters. Only the 
molar Gibbs energies of pure crystalline phases and the ana-
lytical composition of the considered system are used as input 
parameters. The minimization of the system ' s Gibbs energy 
has to be performed with respect to the molar amount of each 
system species constrained by the overall system composition 
to reach the equilibrium system composition.  18,19   The present- 
day databases of thermodynamic properties comprising the 
molar Gibbs energies of various species (e.g. the FACT data-
base  20,21  ) enable the routine construction of the Shakhmatkin 
and Vedishcheva model for many significant multicomponent 
glass systems. However, in many cases, mainly of non- silicate 
multicomponent glass systems, the needed thermodynamic 
data are not found in any contemporary thermodynamic da-
tabase. In our previous work,  6,22   we proposed a method for 
obtaining estimates of missing thermodynamic parameters by 
reproducing the structural information.  

   2.2 |  Decomposition of Raman spectra based 
on glass composition from TD model 

 The method of numerical analysis of Raman spectra was 
suggested by Malfait and his collaborators.  23- 25   The basic as-
sumption of this method is that the Raman spectra are the 
sum of the partial Raman spectra (generated by the indi-
vidual structural elements) multiplied by the abundance of 
these structural elements. The series of Raman spectra ob-
tained for a series of glasses with different compositions span 
a linear vector space with a dimension given by a number of 
independent structural elements (i.e. structural elements that 
independently change their relative abundance) with differ-
ent partial Raman spectra (PRS). Each measured spectrum is 
recorded with any scale, i.e. it is known except for the size of 
a multiplication factor.  

   2.3 |  Multivariate curve resolution 

 The multivariate curve resolution (MCR) method  19,26- 28   de-
composes the set of experimental Raman spectra in the spec-
tra of pseudo pure components (called loadings) and relative 
abundances of these components (called scores). It is essen-
tial to emphasize that MCR does not use any data of the sys-
tem composition. The MCR result must be compared with 
the result of Malfait ' s spectra decomposition based on the TD 
model.   

   3  |   EXPERIMENTAL PART 

 Raman spectra were measured at room temperature using 
a confocal microscope (LabRam HR, Horiba Jobin– Yvon) 
with backscattering geometry and 532 nm excitation line of 
Nd:YAG laser. For correction of the temperature dependent 
population of phonon levels, the intensities of Raman spectra 
were reduced using the Gammon– Shuker relation   29  :
     

where  𝜈𝜈0   and  𝜈𝜈   are the frequency of excitation light and the 
Raman shift respectively.  T  is the thermodynamic temperature, 
 k  is the Boltzmann constant, and  I ( ω ) is the measured Raman 
intensity. More details can be found in.  16,17   Raman spectra were 
multiplied by a constant, thus the maximum value of spectral 
intensity equals to one.  

   4  |   RESULTS AND DISCUSSION 

 On the basis of experimental structural data  16,17   ten system 
components were considered in the ZnO- Nb 2 O 5 - P 2 O 5  ther-
modynamic model of Shakhmatkin and Vedishcheva –  ZnO 
(Z), Nb 2 O 5  (Nb) ,  P 2 O 5  (P), ZnP 4 O 11  (ZP2), Zn(PO 3 ) 2  (ZP), 
Zn 2 P 2 O 7  (Z2P), Zn 3 (PO 4 ) 2  (Z3P), NbO(PO 3 ) 3  (1/2NbP3), 
(NbO) 4 (P 2 O 7 ) 3  (Nb2P3), and NbOPO 4  (1/2NbP). The equi-
librium molar amounts of SVTDM system components re-
calculated for  xNb 2 O 5 ·50ZnO·(50 -  x)P 2 O 5  , ( x = 0 ,  1 ,  3 ,  5 ,  7 , 
 10 ,  12 ) glasses from the results of structural analysis pub-
lished in  16,17   are summarized in Table  1  together with the 
structural groupings represented by the Q  n   units (i.e. tetrahe-
dron PO 4  with  n  bridging oxygen atoms) of considered sys-
tem components.  

 The molar amounts reported in Table  1  correspond to lit-
tle bit changed glass composition when compared with the 
prescribed one, i.e.  xNb 2 O 5 ·50ZnO·(50 -  x)P2O5 , ( x = 0 ,  1 ,  3 , 
 5 ,  7 ,  10 ,  12 ). This actual glass composition is given in Table 
 2  together with the glass transition temperature.  

 The molar Gibbs energies of Z, Nb, P, and Z3P were taken 
from the FACT database.  20,21   The unknown molar Gibbs 

 ( 1 ) Ired (𝜈𝜈 ) = (𝜈𝜈0 − 𝜈𝜈 ) −4
𝜈𝜈 [1 − exp. ( − h𝜈𝜈∕kT) ] I(𝜈𝜈 )
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5 |  SUMMARY AND CONCLUSIONS

This study provides a systematic investigation on the 
influence of different divalent cations (M) and of the 
boron to phosphorous ratio (B/P) on the emission proper-
ties of Dy3+ ions in two series of borophosphate glasses. 
Thermal and physical properties such as Tg, ρ, and Vm 
were determined and show a strong dependence on the 
ionic field strength of the cation. Raman, FTIR, and NMR 
spectroscopic measurements show an increased variety 
of structural units, for example, increasing bandwidths, 
with increasing cation field strength and with increasing 
B content up to 10 mol% B2O3. The variety of structural 
units and the rearrangement of the BP network, caused by 
the strong M- O interactions, create a local Dy3+ environ-
ment with comparably low symmetry which results in a 
longer emission lifetime.
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niobyl(3+) cation (NbO 3+ ), which enters deformed polyhe-
dra (octahedra, tetragonal pyramids) with a coordination- 
covalent bond to oxygen.  16,17    

   2  |   METHOD 

   2.1 |  Thermodynamic model of 
Shakhmatkin and Vedishcheva 

 Especially in the field of oxide glasses, the thermodynamic 
model of Shakhmatkin and Vedishcheva has been successfully 
applied in previous years.  1- 9   The SVTDM model considers 
glasses and melts to be an ideal solution formed by salt prod-
ucts of equilibrium chemical reactions of simple starting sub-
stances, e.g. oxides, halides, etc. These salt- like products have 
the identical stoichiometry as the crystalline compounds that 
exist in the phase diagram of the system under consideration. 
The model does not use any adjustable parameters. Only the 
molar Gibbs energies of pure crystalline phases and the ana-
lytical composition of the considered system are used as input 
parameters. The minimization of the system ' s Gibbs energy 
has to be performed with respect to the molar amount of each 
system species constrained by the overall system composition 
to reach the equilibrium system composition.  18,19   The present- 
day databases of thermodynamic properties comprising the 
molar Gibbs energies of various species (e.g. the FACT data-
base  20,21  ) enable the routine construction of the Shakhmatkin 
and Vedishcheva model for many significant multicomponent 
glass systems. However, in many cases, mainly of non- silicate 
multicomponent glass systems, the needed thermodynamic 
data are not found in any contemporary thermodynamic da-
tabase. In our previous work,  6,22   we proposed a method for 
obtaining estimates of missing thermodynamic parameters by 
reproducing the structural information.  

   2.2 |  Decomposition of Raman spectra based 
on glass composition from TD model 

 The method of numerical analysis of Raman spectra was 
suggested by Malfait and his collaborators.  23- 25   The basic as-
sumption of this method is that the Raman spectra are the 
sum of the partial Raman spectra (generated by the indi-
vidual structural elements) multiplied by the abundance of 
these structural elements. The series of Raman spectra ob-
tained for a series of glasses with different compositions span 
a linear vector space with a dimension given by a number of 
independent structural elements (i.e. structural elements that 
independently change their relative abundance) with differ-
ent partial Raman spectra (PRS). Each measured spectrum is 
recorded with any scale, i.e. it is known except for the size of 
a multiplication factor.  

   2.3 |  Multivariate curve resolution 

 The multivariate curve resolution (MCR) method  19,26- 28   de-
composes the set of experimental Raman spectra in the spec-
tra of pseudo pure components (called loadings) and relative 
abundances of these components (called scores). It is essen-
tial to emphasize that MCR does not use any data of the sys-
tem composition. The MCR result must be compared with 
the result of Malfait ' s spectra decomposition based on the TD 
model.   

   3  |   EXPERIMENTAL PART 

 Raman spectra were measured at room temperature using 
a confocal microscope (LabRam HR, Horiba Jobin– Yvon) 
with backscattering geometry and 532 nm excitation line of 
Nd:YAG laser. For correction of the temperature dependent 
population of phonon levels, the intensities of Raman spectra 
were reduced using the Gammon– Shuker relation   29  :
     

where  𝜈𝜈0   and  𝜈𝜈   are the frequency of excitation light and the 
Raman shift respectively.  T  is the thermodynamic temperature, 
 k  is the Boltzmann constant, and  I ( ω ) is the measured Raman 
intensity. More details can be found in.  16,17   Raman spectra were 
multiplied by a constant, thus the maximum value of spectral 
intensity equals to one.  

   4  |   RESULTS AND DISCUSSION 

 On the basis of experimental structural data  16,17   ten system 
components were considered in the ZnO- Nb 2 O 5 - P 2 O 5  ther-
modynamic model of Shakhmatkin and Vedishcheva –  ZnO 
(Z), Nb 2 O 5  (Nb) ,  P 2 O 5  (P), ZnP 4 O 11  (ZP2), Zn(PO 3 ) 2  (ZP), 
Zn 2 P 2 O 7  (Z2P), Zn 3 (PO 4 ) 2  (Z3P), NbO(PO 3 ) 3  (1/2NbP3), 
(NbO) 4 (P 2 O 7 ) 3  (Nb2P3), and NbOPO 4  (1/2NbP). The equi-
librium molar amounts of SVTDM system components re-
calculated for  xNb 2 O 5 ·50ZnO·(50 -  x)P 2 O 5  , ( x = 0 ,  1 ,  3 ,  5 ,  7 , 
 10 ,  12 ) glasses from the results of structural analysis pub-
lished in  16,17   are summarized in Table  1  together with the 
structural groupings represented by the Q  n   units (i.e. tetrahe-
dron PO 4  with  n  bridging oxygen atoms) of considered sys-
tem components.  

 The molar amounts reported in Table  1  correspond to lit-
tle bit changed glass composition when compared with the 
prescribed one, i.e.  xNb 2 O 5 ·50ZnO·(50 -  x)P2O5 , ( x = 0 ,  1 ,  3 , 
 5 ,  7 ,  10 ,  12 ). This actual glass composition is given in Table 
 2  together with the glass transition temperature.  

 The molar Gibbs energies of Z, Nb, P, and Z3P were taken 
from the FACT database.  20,21   The unknown molar Gibbs 

 ( 1 ) Ired (𝜈𝜈 ) = (𝜈𝜈0 − 𝜈𝜈 ) −4
𝜈𝜈 [1 − exp. ( − h𝜈𝜈∕kT) ] I(𝜈𝜈 )
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