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Abstract 

A partial charge empirical potential for the Nb-O pair has been developed based on existing 

parameters of other pairs in a Teter potential to enable molecular dynamics simulations of both 

lithium niobate crystal and lithium niobosilicate glasses. The developed potential is capable of 

describing structural features of lithium niobosilicate glasses in a wide composition range, 

including niobium coordination number and bond length, density, bond angle distribution, 

polyhedral distribution and fraction of bridging oxygen. The results obtained using this new 

potential show good agreement with experimental data of density and structure from Raman 

spectroscopy of lithium niobosilicate glasses and X-ray absorption spectroscopy near Nb K-edge.  

1. Introduction

Niobium containing glasses find applications in various technologies since the addition of 

Nb2O5 significantly alters their chemical and physical properties, especially the nonlinear optical 

and electro-optical properties[1–4]. Additionally, lithium niobosilicate glass has been used to 

fabricate, through continuous wave (CW)[5,6] and femtosecond (fs)[7,8] lasers, ferroelectric 

LiNbO3 crystal architecture that is suitable as optical waveguide within glass owing to its higher 

refractive index than the matrix. A better understanding of the relationships among composition, 

structure, and properties is crucial for the development of such applications. Several experimental 
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studies on the structure of Nb2O5-containing glasses have been reported in the literature, where the 

role of Nb and related surrounding structures has raised interests. Ciceo and coworkers[9] pointed 

out that whether the Nb atoms act as network former or modifier is determined by the ratio between 

their valence state: Nb5+ acts as a glass former while Nb4+ acts as a modifier. Generally, Nb5+ 

mainly exists as [NbO6] octahedra that can create a three-dimensional network with corner- and/or 

edge-sharing [NbO6] units. [NbO4] tetrahedra, though extremely rare, are also found in niobium-

containing glasses. Gao et al.[10] reported the existence of four-fold Nb in sodium niobosilicate 

xNb2O5-(1-x/3)(Na2O • 2SiO2) glasses only at very small Nb2O5 concentrations (less than 5%). In 

addition, [NbO4] tetrahedra have often been observed in rare earth niobate glasses, such as YNbO4, 

YbNbO4, LaNbO4, and SmNbO4[11,12]. Although significant insights have been gained from 

these experimental characterizations, the structure of the basic building blocks of niobium 

containing multi-component glasses and related properties remain unclear. 

Atomistic simulations are becoming increasingly more valuable for developing a 

comprehensive understanding of the structure-property relationship in various materials. 

Molecular dynamics (MD) simulation is one of the most effective methods to predict atomic-level 

structure of glasses and amorphous materials, especially to obtain information that is difficult to 

observe directly from experiments. However, the accuracy of predicted results from MD 

simulation is sensitively determined by the availability of reliable empirical pairwise potentials. 

Therefore, the development of effective empirical potentials is a prerequisite, and its applicability 

must be established by validating simulated structure and properties with experimentally measured 

values. 

For several decades, empirical potentials have been developed and used to study the 

structures and properties of multi-component glasses such as alkali silicate[13–15], 

aluminosilicate[16], borosilicate[17,18], and zirconium silicate [19]. However, limited 

information is available about the potentials for materials containing niobium. Tomlinson et al., 

and Donnerberg et al. [20–22] proposed an empirical potential for LiNbO3 crystal where the 

interactions between ions were based on core-shell model. Jackson and Valerio[23] reported 

another interatomic potential for LiNbO3 crystal which was also validated using core-shell model.  

All these potentials were developed by reproducing the structure of LiNbO3 crystal only, and have 

not been tested or validated for establishing amorphous or glass structures. At present, a set of 

effective empirical potentials has been lacking, which will yield high computational efficiency and 
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is also capable of describing both lithium niobate crystal and niobium containing niobosilicate 

glasses with high accuracy. For a complete set of potentials containing all the interatomic pairs in 

multicomponent materials such as lithium niobosilicate glass, a large amount of variables must be 

considered, where each additional element greatly increases the complexity and adds uncertainty 

to the force field development process. This complexity has been addressed using the well-

established and well-tested Teter potential, which takes into account the partial covalency of 

bonding in glass network with pair-wise parameters, instead of creating a whole set from scratch. 

Teter potential was originally developed by D. M. Teter and later modified by Du and Cormack[24] 

incorporating O-O interactions to improve descriptions of cation-oxygen bond distance and 

coordination numbers[24]. This potential set has been widely tested with further development and 

refinement on glasses with a variety of compositions[25–28]. 

The purpose of this work is to develop and experimentally validate a compatible and 

effective potential for the Nb-O pair based on reported Teter potential set for simulating the 

structures of lithium niobate crystal and lithium niobosilicate glasses by using MD simulations. A 

detailed account of the local environment, especially around Nb, as well as densities and structures 

were obtained for the (100-x)LiNbO3 – x(SiO2) (LNSX) glass series as a function of SiO2/LiNbO3 

ratio. Raman spectroscopy and X-ray absorption spectroscopy experiments were performed to 

provide validation of the structural models from this newly developed potential. 

2. Methodology

2.1. Details of empirical potentials 

The adopted pairwise potential form for this study is a combination of a long-range 

Coulomb term and a short-range Buckingham term, with partial effective charge, which is given 

by following equation: 

𝑉𝑖𝑗(𝑟𝑖𝑗) =
𝑍𝑖𝑍𝑗𝑒2

4𝜋𝜀𝑜𝑟𝑖𝑗
+ 𝐴𝑖𝑗 exp (−

𝑟𝑖𝑗

𝜌𝑖𝑗
) −

𝐶

𝑟𝑖𝑗
6      (1) 

where Zi and Zj are the partial charges of atom i and j to model the partial covalent bonds. e, 𝜀𝑜, 

and rij are the charge of a single electron, vacuum permittivity, and interatomic distance between 

atom i and j, respectively. The A, ρ, and C are the empirical fitting parameters for the Buckingham 

term. Additionally, a correction term was introduced to modify the Buckingham potential in order 
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to avoid the unreasonably high energy caused by the power term at short interatomic distances[18]. 

The correction function at low rij region is given by: 

𝑉𝑖𝑗
′ (𝑟𝑖𝑗) = 𝐵𝑖𝑗𝑟𝑖𝑗

𝑛 − 𝐷𝑖𝑗𝑟𝑖𝑗
2      (2) 

where B, D, and n are fitted parameters. The function was applied at interatomic distances smaller 

than a critical value, where the original, first, and second derivative values of the Buckingham 

term in Equation (1) are equal to those of Equation (2). With the introduction of the splice 

correction function, the unphysical potential well at short interatomic distances can be avoided. 

Thus, the system can be simulated  at high temperatures required during the melt-quench process. 

2.2 Optimization of potential parameters  

The parameters for the new potential were optimized by fitting to a set of data from 

experiments and/or quantum mechanical (QM) calculations, often referred to as the training set.  

For the Buckingham forcefield, the parameters were optimized by minimizing the “sum of squares” 

which represents the quality of the fitting process. It is defined as: 

𝑠𝑢𝑚 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒𝑠 =  ∑ 𝑤(𝑋𝑖,𝑜𝑏𝑠 − 𝑋𝑖,𝑐𝑎𝑙𝑐)2𝑛
𝑖=1      (3) 

where 𝑋𝑖,𝑜𝑏𝑠  and 𝑋𝑖,𝑐𝑎𝑙𝑐  are the observed and calculated quantities, respectively; n is the total 

number of data points included in the optimization process; and w is the assigned weighting factor 

for each data. The choice of the weighting factor for each observed data point depends on the 

relative magnitude of the quantities and the reliability of the data[29]. 

In this study, the reproduction of structure-related data of lithium niobate crystal and LNS 

glass is of prime concern. Therefore, the structural information from experiments and Density 

Functional Theory (DFT) calculations was used to direct the potential parameter development of 

Nb-related parameters to describe the structure and properties of lithium niobate crystal and LNS 

glass. For O-O, Si-O, and Li-O pairs in lithium niobate crystal and LNS glass, the parameters were 

chosen based on existing widely adopted Teter parameterization, which have been extensively 

used and tested in multicomponent silicate glasses[25–28]. For the Nb-O pair, the same functional 

form of the effective interatomic potential has been used for establishing the parameters and partial 

effective charges.  
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By using General Utility Lattice Program (GULP) program [29], the parameters for the 

Nb-O pair in the Buckingham potential were initially determined by taking into account the 

structure of lithium niobate crystal. Accordingly, DFT calculations were performed to obtain a 

potential training set using geometric optimization, which yielded results consistent with 

experimental molar volume, lattice energy, and lattice parameters. This step was followed by 

refinements from MD simulations carried out by DL_POLY package[30] to match the simulated 

results with experimental structure and properties of lithium niobosilicate series, (100-x)LiNbO3 

– x(SiO2) (LNSX) glasses with varying silica content, x. This procedure is described further in 

section 2.3. The parameters of existing Li-O, Si-O, and O-O pairs as well as the newly developed 

Nb-O pair are listed in Table 1. 

Table 1. Empirical parameters for Buckingham potential and short-range correction term. All 
the parameters for Nb-O pair were developed in this work, and those for the other pairs were 
from previous studies[24–28] 
 

Pairs Aij (eV) ρij (Å) Cij (eV•Å6) Bij(eV• Ån) Dij(eV/ Å2) n 

O
-1.2

 – O
-1.2 2029.2204 0.343645 192.580 45.868 -0.333 -3.402 

Si
2.4  

– O
-1.2 13702.9050 0.193817 54.681 28.950 -3.059 -3.932 

Nb
3.0

 – O
-1.2 12897.0060 0.234410 127.710 76.494 -4.060 -3.475 

Li
0.6

 – O
-1.2 41051.9380 0.151160 0.0 - - - 

 

2.3 Details of simulations  

Calculations of the bulk structure of LiNbO3 crystal were performed using the General 

Utility Lattice Program (GULP) package[29], following the classical atomistic approach. As a 

validation of the potentials, the Vienna ab initio package (VASP)[31] was used to perform DFT 

calculations. The energy was calculated using the PAW-PBE[32] generalized gradient 

approximation (GGA) implanted in the VASP code. The first Brillouin zone was sampled using a 

5×5×2 k-point mesh for LiNbO3 crystal. The electronic wave functions were expanded in a plane 

wave up to a kinetic energy cutoff of 400 eV. A Gaussian smearing of 0.05 eV was applied. 

 Lithium niobosilicate glasses with different compositions, shown in Table 2, were studied 

by using MD simulations carried out by DL_POLY package[30], where the density of LNS glasses 
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were taken from experiments reported by Prapitpongwanich et al.[33]. The glass systems were 

generated with ~4000 atoms by randomly placing them in corresponding cells with the densities 

matching with experiments values[33]. This arrangement was heated to 6000 K using constant 

volume, number of atoms, and temperature (NVT) ensemble to obtain amorphous melt structure, 

and then quenched to 300 K gradually with a cooling rate of 5 K/ps. The resulting structure was 

relaxed at 300 K for 50 ps using a constant pressure, number of atoms, and temperature (NPT) 

ensemble. 

 

Table 2. Composition (mol%) and density of calculated (100-x)LiNbO3 – x(SiO2) (LNSX) glasses. 
The number after the composition name “LNS” denotes to the percentage of SiO2. 

 

 SiO2 Nb2O5 Li2O 
Density (g/cm3) 

Ref. [33] MD 

LNS22 22 39 39 3.970 3.930 

LNS26 26 37 37 3.895 3.858 

LNS30 30 35 35 3.820 3.809 

LNS35 35 32.5 32.5 3.750 3.710 

LNS40 40 30 30 3.664 3.645 

LNS50 50 25 25 3.451 3.427 

LNS60 60 20 20 3.224 3.210 

 

 Structural signatures including pair distribution function (PDF), bond angle distribution 

(BAD), coordination number (CN), and distribution of Qn (representing number of bridging 

oxygens around a Si atom) species were adopted to describe the short- and medium-range glass 

structure. In addition, based on Qn distribution, the overall network connectivity (NC) was 

determined from MD simulations, which is defined as: 

𝑁𝐶 =
∑ 𝑛4

𝑛=0  ×  𝑄𝑛
𝑆𝑖  × [SiO2] + ∑ 𝑛6

𝑛=0  ×  𝑄𝑛
𝑁𝑏  × [Nb2O5]

[SiO2] + [Nb2O5]
                (4) 
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where ∑ 𝑛4
𝑛=0  ×  𝑄𝑛

𝑆𝑖 and ∑ 𝑛6
𝑛=0  ×  𝑄𝑛

𝑁𝑏 are the network connectivity of Si and Nb, respectively, 

and [SiO2] and [Nb2O5] represent the mole percentage of these two components. 

2.4. Experimental Details 

 Lithium niobosilicate glasses were prepared by mixing appropriate amounts of Li2CO3 

(99.999%), Nb2O5 (99.9985%), and SiO2 (99.99%) in 40 g batches.  Each batch was melted in a 

Pt-Rh crucible at 1400 °C for one hour, and the melt was quenched by pressing it between two 

steel plates at room temperature.  The glass was subsequently annealed at 500 °C for two hours, 

and then furnace cooled slowly to room temperature. Raman spectroscopy was performed using a 

WITec Raman microscope (alpha300 RA) equipped with a 532 nm laser.  Peak fitting was 

performed in the range 550 cm-1 - 1200 cm-1 to track the shift in energy of the vibrational modes 

with varying glass composition.  For comparison with the simulated Nb – O PDF in glass and 

crystal, X-ray absorption spectroscopy was performed at the SRX 5-ID beamline at the National 

Synchrotron Light Source (NSLS-II, Brookhaven National Lab.  The extended X-ray absorption 

fine structure (EXAFS) around the Nb K-edge of LNS30 glass and congruent (lithium deficient) 

lithium niobate single crystal was measured with a monochromatic X-ray beam in the transmission 

mode.  Plotting and fitting of the EXAFS data was performed using Athena and Artemis 

software[34]. First shell fitting was performed to extract the Nb – O interatomic distance in glass 

and crystal. 

3. Results 

3.1 Structures of LiNbO3 crystals 

As mentioned in Section 2, we performed DFT calculations on LiNbO3 crystal to serve as 

a reference for defining the empirical potential parameters. In order to obtain optimized structure, 

the equation of states of LiNbO3 crystal from empirical potential were simulated by performing 

calculations at various constant volume with values ranging ±10% of the experimental value. Then 

the total energy versus volume curve was plotted and fitted to the Birch equation of state[35], 

which yielded the equilibrium volume and structure. 

Calculated equilibrium lattice parameters for the LiNbO3 crystals compared with DFT and 

experimental values are included in Table 3. The structural information of the target crystals such 

as lattice parameters, volume, and mechanical properties are predicted well by using the empirical 
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potential including newly developed parameters for Nb-O pair. These values show a very good 

match with experiment reference as expected, since they were used for parameterization of the 

fitting process. 

Table 3. Unit cell parameters of LiNbO3 crystal 
 

 This Work References 

 DFT MD DFT[36] Expt[37] 

Cell parameters 

V(Å3) 329.58 ± 0.02 330.41 ± 0.07 320.56 318.11 

a(Å) 5.21 5.18 5.21 5.15 

c(Å) 14.02 14.22 14.12 13.86 

α(o) 90 90 90 90 

γ(o) 120 120 120 120 

 

3.2 Structure of lithium niobosilicate glasses 

3.2.1 Pair distribution function 

 A series of LNS glasses were simulated by the MD method using the newly developed 

potential. As a commonly used method to quantitatively describe the short-range bonding structure, 

the pair distribution function (PDF) was studied, where the first peak gives the distance between 

two nearest neighbors. The calculated partial pair distributions of all the pairs in LNS35 are shown 

in Figure 1 as examples. The first main peak of Si-O and Li-O pairs are located at ~1.62 Å and 

~1.91 Å, respectively, which are typical of silicate glasses and are in good agreement with reported 

MD results[15, 36–38] and experimental values[41–43] from X-ray absorption spectra for 

multicomponent silicate glasses. For Nb-O pair, the PDF shows a narrow and well-defined first 

peak centered at ~1.95 Å, suggesting a highly ordered local environment of Nb species in glass. 

Generally, the parameterized potential for the Nb-O pair along with the existing parameters of Si-

O, Li-O, and O-O pairs provide reasonable PDF descriptions of lithium niobosilicate glass. 

 A detailed comparison of the PDFs of LNS glasses and LiNbO3 crystal (if applicable) is 

shown in Figure 2. For Si-O, Nb-O, and Li-O pairs, shown in Figure 2a, b, and c, respectively, the 

positions of the main peaks of LNS glasses are in agreement with the EXAFS results for the alkali 

niobosilicate glasses[10]. No significant changes were observed for Si-O, Nb-O, and Li-O PDFs 

as a function of SiO2 concentration. Different from the LNS glasses, the PDFs of LiNbO3 crystal 
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show much higher and sharper peaks for both Nb-O and Li-O pairs, which are centered at smaller 

distances indicating shorter bonds compared to these two pairs for LNS glasses. The PDF plots of 

Si-Si, Nb-Nb, and Si-Nb represent the inter-polyhedral connection displayed in Figure 2d, e, and 

f, respectively. Interestingly, both of the Nb-Nb and Si-Nb PDF results show two peaks at medium 

range: for the Nb-Nb pair, one is centered around 3.35 Å and the other at 3.85 Å, and for the Si-

Nb pair, one is centered around 2.85 Å and the other at 3.45 Å. The peaks at smaller distances are 

mainly due to edge-sharing [NbO6]-[NbO6] octahedra and [NbO6] octahedra-[SiO4] tetrahedra, 

and the peaks with higher intensities at longer bond distances originate from corner-sharing 

structures. For the Nb-Nb pair, the intensity of the 3.35 Å peaks decreases with increasing silica 

content, and that of the 3.85 Å peak also decreases slightly. This is due to the concentration of Nb 

decreasing with increasing SiO2 content. Additionally, the first main peak of the Nb-Nb PDF from 

LiNbO3 crystal is located at ~3.61 Å, between the two peaks from LNS glasses. For the Si-Nb pair, 

the intensity of the peak at ~2.85 Å decreases with increasing silica content, similar to that of the 

Nb-Nb pair, while the peak at ~3.45 Å increases with increasing silica content. 

3.2.2 Bond angle distribution (BAD) 

 The bond angle distributions are analyzed in this study for the O-T-O angle to describe 

the regularity of TOn polyhedral block structure, and the angle formed by T-O-T to describe the 

polyhedral connectivity, where T stands for Si or Nb species that are considered as glass formers 

in this glass system. The O-Si-O and O-Nb-O bond angle distributions (BAD) are shown in 

Figure 3. Although there are small variations of peak intensity, the peak position remains the same 

for all the LNS glasses. The O-Si-O BAD shows only one peak at ~108°, which is close to the 

typical tetrahedral angle and agrees well with previously reported MD and experimental 

results[14]. For the O-Nb-O BAD, shown in Figure 3b, there are two peaks present: one major 

peak at ~89° and a broader peak with much lower intensity at ~171°, representing the high 

percentage of six- and five-coordination states of Nb in LNS glasses with distorted octahedral and 

trigonal bipyramid structures. Similar structures were found in aluminosilicate glasses where six- 

and five- fold Al atoms were reported[44]. 

 The inter-polyhedral bond angle distributions for Si-O-Si, Nb-O-Nb, and Si-O-Nb 

are shown in Figure 3c, d, and e, respectively. Combined with the Nb-Nb PDFs, the obtained Nb-

O-Nb BADs bring profound insights of how the niobium oxygen polyhedral are connected to each 
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other. In Figure 3d, the BAD of Nb-O-Nb has two peaks: one centered at ~102° representing the 

edge-sharing niobium oxygen polyhedra, and the other at ~141° representing the corner-sharing 

niobium oxygen polyhedra. Additionally, the trends of intensity of these peaks are consistent with 

the Nb-Nb PDF results. With increasing silica content, the intensities of the two peaks decrease 

significantly. While for the Nb-O-Si BAD, shown in Figure 3e, the peaks that represent corner-

sharing [SiO4] tetrahedra and [NbO6] octahedra show increasing intensities and angles with 

increasing SiO2 concentration. Taken together with the decreasing intensity of the peak at ~141o 

in the Nb-O-Nb BAD, we can envisage that a stronger covalent network is formed by corner-

sharing niobium and silicon oxygen polyhedra as SiO2 concentration increases. 

3.2.3 Coordination numbers 

 Coordination numbers (CNs) of Si, Nb, and Li in simulated LNS glasses and LiNbO3 

crystal (as applicable) are presented in Table 4. Numbers within the Table represent the percentage 

of the CN of corresponding species, where the cutoff distances were taken based on the PDF of 

corresponding pairs. Note that Si remains 100% four coordinated for all the LNS compositions. 

Nb is mainly six-coordinated but also partially five-coordinated according to our simulated results. 

When the concentration of SiO2 increases, the coordination environment around Nb also changes. 

In the composition with the lowest SiO2 content, LNS22, 93.44% of the Nb atoms are six-

coordinated. This value decreases to 86.25% when the SiO2 content increases to 60% in LNS60. 

As a consequence, the average Nb coordination number decreases with the increase of silica 

content and the decrease of lithium niobate content. This trend is consistent with EXAFS results 

for the sodium niobosilicate glasses[10], where the average coordination number increases as the 

Nb2O5 concentration increases. For the Li-O pair, the average coordination number at their cutoff 

distance decreases from 4.08 to 3.77 with a wider distribution as the SiO2 concentration increases, 

indicating a behavior characteristic of the network modifier.  

Table 4. Coordination number distribution of Si, Nb, and Li cations for LNS glasses 

Si-O 

 2 3 4 5 6 AVG 

LNS22   100   4.00 

LNS26   100   4.00 

LNS30   100   4.00 
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LNS40   100   4.00 

LNS50   100   4.00 

LNS60   100   4.00 

Nb-O 

 2 3 4 5 6 AVG 

LNS22    6.56 ± 0.55 93.44 ± 0.55 5.93 

LNS26    7.17 ± 0.71 92.84 ± 0.71 5.92 

LNS30    8.17 ± 0.75 91.83 ± 0.75 5.91 

LNS40    9.33 ± 0.71 90.67 ± 0.71 5.90 

LNS50    9.76 ± 0.52 90.24 ± 0.52 5.90 

LNS60    13.80 ± 0.87 86.25 ± 0.87 5.86 

Li-O 

 2 3 4 5 6 AVG 

LNS22 0.68 ± 0.15  21.28 ± 1.35 50.09 ± 2.38 24.66 ± 0.98 3.29 ± 0.74 4.08 

LNS26 1.40 ± 0.81 21.80 ± 1.80 51.84 ± 1.09 22.61 ± 1.09 2.35 ± 0.20 4.03 

LNS30 1.33 ± 0.58 22.43 ± 1.62 51.76 ± 0.65 22.24 ± 0.95 2.24 ± 0.36 4.01 

LNS40 1.61 ± 0.38 24.72 ± 1.94 50.72 ± 1.34 20.78 ± 1.88 2.17 ± 0.17 3.97 

LNS50 2.40 ± 0.72 26.67 ± 2.37 51.07 ± 2.00 18.47 ± 2.39 1.40 ± 0.35 3.90 

LNS60 4.00 ± 1.15 30.83 ± 1.88 49.50 ± 2.18 15.00 ± 0.66 0.67 ± 0.14 3.77 

 

3.2.4 Glass network structure 

 The Qn in glass represents the number (n) of bridging oxygen connecting with network-

former species (Q), the distribution of which provides information about medium range order how 

the network former units connect with each other. Specifically, we assume in lithium niobosilicate 

glasses that SiO2 and Nb2O5 are both considered as network formers according to experimental 

and simulated results (see the Discussion section for more details), therefore all the linkages 

connecting the structural units formed by these two network former species are taken into 

consideration. That is, the oxygen atoms in Si-O-Si, Si-O-Nb, and Nb-O-Nb linkages are 

considered as bridges for this network, and those bonded to Li (e.g. Li-O-Si/Nb) are considered 

non-bridging oxygens. 
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Percentages of Qn units of Si and Nb in simulated LNS glasses are plotted in Figure 4. For 

LNS22 glass, containing the lowest SiO2 content, Q3 and Q4 species of Si (Figure 4a) are ~15.4% 

and 84.0%, respectively. With the increase of SiO2 concentration, Q4 of Si increases to over 90%, 

while Q3 decreases below 10%, which indicates a polymerization of glass structure at the higher 

SiO2/LiNbO3 ratio. The Qn species of Nb are mainly in Q6 structure in LNS22 (77.8%) with a 

minor part in Q5 (20.4%) and very small amount in Q4 (1.8%) species, as shown in Figure 4b. The 

percentage of Q6 decreases slightly as the SiO2 increasing. No Q1, Q2, and Q3 species of Nb were 

observed in these compositions. Based on the above calculated results of Qn distributions,  we take 

the next step and calculate the corresponding network connectivity (NC) according to Equation 

(3). Table 5 indicates that the NC of Si increases from 3.79 to 3.90 with the increase of SiO2 

concentration, while the NC of Nb is unaffected by the composition change. Interestingly, the 

overall network connectivity is found to decrease noticeably from 5.34 to 4.63 from LNS22 to 

LNS60. This is due to the large amount of Q6 of Nb, which contributes greatly to the overall NC 

based on Eq. (4). 

Table 5. Network connectivity (NC) of Si, Nb, and the overall and percentages of BO, NBO, and 
TBO in simulated LNS glasses. Number without errors have a standard deviation less than 

0.01 

Network Connectivity Oxygen coordination (%) 

Si Nb All NBO BO TBO 

LNS22 3.79 5.77 5.34 6.25 ± 0.29 88.86 ± 0.38 4.83 ± 0.16 

LNS26 3.78 5.80 5.28 5.95 ± 0.41 89.72 ± 0.74 4.32 ± 0.34 

LNS30 3.84 5.78 5.20 5.86 ± 0.31 89.73 ± 0.30 4.17 ± 0.34 

LNS40 3.84 5.81 5.02 5.52 ± 0.15 90.94 ± 0.33 3.50 ± 0.20 

LNS50 3.86 5.80 4.83 4.82 ± 0.30 92.16 ± 0.56 3.01 ± 0.26 

LNS60 3.90 5.73 4.63 4.26 ± 0.32 93.78 ± 0.53 1.94 ± 0.23 

In addition to the NC, percentages of bridging oxygen (BO) and non-bridging oxygen 

(NBO) in simulated glasses are shown in Table 5. The overall percentage of BO increases and 

NBO decreases with higher SiO2/LiNbO3 ratio.  This trend can be attributed to the decreasing Li 

concentration resulting in fewer network modifiers within the glass network to break the BO bonds. 

SiO2/LiNbO3 substitution has therefore essentially polymerized the silicon/niobium oxygen 
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network. It is worth mentioning that a small percentage of tri-bridging oxygen (TBO), namely 

three-fold coordinated oxygen atoms are observed in all the simulated LNS glasses and their 

concentration is listed in Table 5 as well. The percentage of TBO decreases as the SiO2/LiNbO3 

ratio increases. 

 Polyhedral connectivity between [SiO4] and [NbO6] was calculated to characterize 

medium-range structure of LNS glasses. Table 6 shows the percentages of corner-shared [NbO6]-

[NbO6] and [NbO6]-[SiO4] in LNS glasses. Note that linkages between [SiO4] tetrahedra are 

completely corner-sharing for all the calculated compositions, so only the other two linkages are 

listed in Table 6. The linkages between [NbO6] octahedra and [SiO4] tetrahedra are mostly corner-

sharing, higher than 99%, with the edge-shared [NbO6]-[SiO4] less than 1% for all the LNS 

compositions; the increase of SiO2 concentration has limited effect on this type of connection. 

However, the interconnection between two [NbO6] octahedra are more sensitive to the composition 

change, though the dominant type of connection is still corner-sharing. The corner-shared [NbO6]-

[NbO6] in LNS22 accounts for 93.2% of the total connected units, while the edge-sharing accounts 

for 6.8%. From LNS22 to LNS60 with the SiO2 concentration increasing, the percentage of corner-

shared [NbO6]-[NbO6] octahedra increase from 93.2% to 95.5%, corresponding to the decreased 

intensities of Nb-O-Nb BAD at around 105° in Figure 3d. 

Table 6. Percentages of corner- and edge shared [NbO6]-[SiO4] and [NbO6]- [NbO6] linkages 

 [NbO6]-[SiO4] [NbO6]- [NbO6] 

 Corner Edge Corner  Edge 

LNS22 99.53 0.48 93.20 6.80 

LNS26 99.28 0.73 93.38 6.62 

LNS30 99.35 0.65 94.25 5.75 

LNS40 99.28 0.72 94.78 5.23 

LNS50 99.50 0.50 95.05 4.95 

LNS60 99.33 0.67 95.45 4.55 

 

3.3 Experimental results  

3.3.1. Raman spectroscopy of lithium niobosilicate glasses  
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 The Raman spectra of lithium niobosilicate glasses of LNS22, LNS26, LNS30, and LNS34 

compositions are shown in Figure 5. Assignments of the vibrational modes at different energies to 

structural units in niobosilicate glasses have been reported in the literature[10,45].  Focusing 

specifically on those modes above 550 cm-1, the band around 650 cm-1 corresponds to stretching 

vibration of the Nb-O bond that is less distorted or is without non-bridging oxygen, the band 

around 800 cm-1 corresponds to short vibration of Nb-O in [NbO6] octahedra with non-bridging 

oxygen or severe distortion caused by overwhelming concentration of [NbO6] octahedra, the band 

around 870 cm-1 corresponds to vibration of Nb with neighboring non-bridging oxygen, and the 

band around 1000 cm-1 corresponds to vibrations of [SiO4] tetrahedra. 

 It is apparent from the spectra in Figure 5 that with increasing SiO2 concentration, the 650 

cm-1 band increases in frequency while the 800 cm-1 band decreases in frequency.  Also, as 

expected, the relative height of the 1000 cm-1 band increases with increasing SiO2 concentration 

since it is attributed to vibrations of [SiO4] tetrahedra.  To quantify the shift of the 650 cm-1 and 

800 cm-1 bands with varying SiO2 concentration, peak fitting was performed in the range 550 – 

1200 cm-1 using four Lorentzian peaks (one for each mode listed above).  The locations of the 650 

cm-1 and 800 cm-1 peaks as a function of composition are shown in the inset in figure 5.  With 

increasing SiO2 concentration, the 650 cm-1 band increases by 2.5 cm-1 and the 800 cm-1 band 

decreases by 3 cm-1. 

3.3.2. EXAFS of lithium niobosilicate glass and lithium niobate crystal  

 The Nb K-edge EXAFS spectra for LNS30 glass and congruent lithium niobate single 

crystal are shown in Figure 6.  Note that the PDFs determined from EXAFS analysis in real space 

do not give the absolute, but only relative, values of interatomic distances [46]. Comparison of the 

EXAFS data for crystal and glass in real space PDF shows that the first peak for crystal occurs at 

~1.14 Å, whereas the first peak for glass occurs at slightly higher radial distance, ~1.17 Å.  This 

trend agrees with the Nb–O PDF simulation data shown in Figure 2.  The first peak in real space 

PDF from  EXAFS corresponds to single scattering events of photoelectrons from the oxygen 

nearest neighbors.  Fitting of the first shell was performed using Artemis data analysis package, 

yielding a Nb–O interatomic distance in lithium niobate crystal and LNS 30 glass of 1.856 ±

0.015 Å and 1.894 ± 0.013 Å, respectively.  The real space EXAFS is generated by a Fourier 

transform of the k-space EXAFS.  The oscillation in k-space possesses a phase shift, which is why 
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the peaks in Figure 6 appear at lower radial distances (1.14 Å for crystal, 1.17 Å for glass) 

compared to the MD simulated radial distances.  Artemis determines the phase-corrected values 

of radial distances from EXAFS as 1.856 Å for crystal, and 1.894 Å for glass.  

 

4. Discussion 

 Experimentally, the structural role of Nb2O5 in glasses has been widely studied and 

discussed. It is well accepted that Nb2O5 acts as a network former in the backbone network along 

with other formers, such as Si and P to polymerize the glass network[8, 43–46]. By using MD 

simulation with newly developed potentials, the role of Nb2O5 in lithium niobosilicate glasses has 

been studied in much greater detail in this work by analyzing the local structure around Nb from 

various perspectives. According to the random network theory proposed by Zachariasen[51], the 

cation must bond with surrounding oxygens to form tetrahedra or octahedra that share corners with 

each other in order to form the three-dimensional glass network. The structural features of network 

former in short- and medium-range are well captured by the present MD simulations. First, the 

well-defined Nb-O pair distribution function in Figure 2 and the stable coordination distribution 

in Table 4 indicate a definitive first coordination shell of Nb with mostly six-fold coordination and 

small fraction in five-fold coordination. This result is consistent with the experimental finding that 

the four-fold niobium units[10], [NbO4], are extremely rare because Nb5+ ion is too large to fit in 

an oxygen tetrahedron cage. Secondly, the Nb-O-Nb and Nb-O-Si bond angle distribution show 

peaks with high intensity at around 140°, suggesting large amount of corner sharing [NbO6]- 

[NbO6] and [NbO6]-[SiO4]. This observation is further confirmed in Table 6, where a substantial 

number (over 90%) of corner-shared polyhedra that contain Nb5+ are observed in all the simulated 

LNS compositions. 

 Another classification criterion proposed by Dietzel[52] to differentiate between network 

formers and modifiers in oxide glass is the field strength with the value of Z/a2, where Z and a 

denote to the ionic charge and ionic radius of both cation and oxygen, respectively. In this theory, 

network formers are the cations having field strengths higher than 1.2, while network modifiers 

are found with much lower field strengths, less than 0.5, and network intermediates have field 

strengths in between. In LNS glasses, Nb5+, which has field strength of 1.27, can be defined as a 

former ion, consistent with the MD results in this study. 
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 The coordination number of Nb is affected dramatically by the SiO2/LiNbO3 substitution. 

The Nb5+ ion was reported as mainly existing in [NbO6] octahedra in silicate glasses. Note that the 

[NbO4] tetrahedra were also reported to exist in the amorphous matrix of silicate glasses. Gao et 

al.[10] reported the existence of [NbO4] units in sodium niobosilicate glasses, but only for Nb2O5 

concentration less than 5 mol% and with SiO2 concentration higher than 63.3 mol%. However, for 

Nb2O5 higher than 20 mol%, only [NbO6] octahedra are shown to exist in the glass network[10]. 

Our Raman results show two peaks related to Nb-O vibrations, presumably related to vibrations 

of [NbO6] octahedra, as shown in Figure 5. Note that the [NbO5] unit has a pyramid-shaped 

structure that can be considered as part of [NbO6] octahedron, as illustrated in Figure 7. From MD 

results, the Nb species are found to exist with coordination numbers five and six, but not as four-

coordinated [NbO4] units, which supports the experimental observations. In addition, the six 

coordinated Nb decreases while five coordinated Nb increases with SiO2/LiNbO3 substitution. In 

LNS glasses, the six-fold coordinated [NbO6]
1- bears a negative charge and hence requires a charge 

compensator, which is Li+ in this system. As the SiO2 concentration increases, the Li2O as well as 

the Nb2O5 concentration decreases. Therefore, fewer Li1+ ions are available to compensate the 

negative charge, which in turn would result in the increased number of [NbO5] units. To further 

confirm this inference, the effect of Li2O content on Nb coordination number was investigated by 

simulating glass series yLi2O•(1-y)/4[3SiO2•Nb2O5] glasses with y = 0.16, 0.20, 0.28, and 0.44. 

The SiO2/Nb2O5 ratio was kept at 3 which is the ratio of LNS60 that shows the highest amount of 

five-coordinated Nb. The calculated Nb coordination numbers are listed in Table 7. Our simulation 

results show that with low Li2O content (y=0.16) in in this series, the five-fold Nb increases to 

34.3% compared to that in LNS60. However, as the concentration of Li2O increases to y=0.28, the 

percentage of six-fold Nb increases pronouncedly in accordance with decreasing percentage of 

five-fold Nb, meaning that with sufficient Li ions as charge compensator, the Nb ions are 

dominantly six-fold coordinated. 

Table 7. Coordination number distribution (%) of Nb polyhedra in yLi2O•(1-y)/4[3SiO2•Nb2O5] 
glasses 

y 5 6 

0.16 34.2 ± 0.48 65.8 ± 0.48 

0.20 13.7 ± 0.59 86.3 ± 0.59 

0.28 0.2 ± 0.25 99.8 ± 0.25 
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 The pair distribution function representing the bond distance for LNS glasses are studied. 

The main peaks in these PDFs peaks are in good agreement with previous experimental results. 

Notably, the Nb-O pair shows different bond distances in LiNbO3 crystal and LNS glass. The PDFs 

of Nb-O pair in the simulated structures are illustrated in Figure 2b, where the Nb-O bond distance 

in LNS glass is larger than that in crystal. The simulated results are validated qualitatively by our 

EXAFS data shown in Figure 6, where the bond distances of LiNbO3 crystal and LNS30 glass 

from real space show the same trend. 

 From our Raman spectroscopy results, the increase of SiO2 in LNS glasses results in less 

distorted [NbO6] octahedra. This is evidenced by the Nb-O bond vibration at around 800 cm-1, 

which represents the distorted [NbO6] with NBOs, shifting to lower frequencies, shown in the inset 

of Figure 5. This observation is consistent with MD simulated results using newly developed 

empirical potential where local structure in short- and medium-range around Nb shows distinct 

features with the SiO2/LiNbO3 substitution. With increase of SiO2, the two main peaks of O-Nb-

O (Figure 3b) shift to higher angles and the intensities of BAD peaks of Nb-O-Nb (Figure 3d) 

decrease markedly, especially for the peak at ~104° that represents corner-sharing [NbO6]-[NbO6] 

octahedra. The change of BADs indicates less distorted [NbO6] octahedra with the addition of 

SiO2, which is further confirmed by the increased concentration of corner-shared [NbO6]-[NbO6] 

linkages shown in Table 6. 

 It is worth mentioning that the presence of tri-bridging oxygen clusters in LNS glass can 

be attributed to the formation of edge-sharing [NbO6]-[NbO6] octahedra structures. As 

demonstrated in Figure 7, the edge-sharing octahedra create extra space for the oxygen to bond 

with another Nb atom. Therefore, the percentage of TBO decreases notably as the concentration 

of edge-sharing structures decreases, as shown in Table 6. Similar structure was reported by Tossel 

and Horbach[53] in aluminum silicate glasses, where tri-cluster O was coordinated to three Al 

atoms and formed part of a shared edge. 

 Another Nb-O vibration observed via Raman spectroscopy in Figure 5 is located at around 

650 cm-1. It stands for Nb-O vibration where the O atoms are all bridging oxygen.  The peak shifts 

to higher frequency when the SiO2 content increases. This observation can be explained by MD 
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simulation results: as the ratio of SiO2/LiNbO3 content increases, the number of Nb-O-Si linkages 

increases while the number of Nb-O-Nb linkages decreases, meanwhile the bridging O around Nb 

more likely bonds with Si with increasing SiO2. Since the Si-O bonds are stronger than those of 

Nb-O, as predicted by field strength calculations, the energy of Nb-O at 650 cm-1 increases, as 

observed. 

 

5. Conclusion 

 In this study, we developed a set of partial charge pairwise potentials for Nb-O to simulate 

the structure of niobium containing multi-component oxide glasses and LiNbO3 crystal. 

Combining with Li-O, Si-O, and O-O pairs from published Teter potential, a series of lithium 

niobosilicate glasses with compositions of (1-x)LiNbO3·xSiO2 (mol%) were simulated using MD 

calculations. It was found that the newly developed parameters are capable to reproduce the 

structure and density of LNS glasses in a wide composition range. The calculated density, Nb-O 

bond distance, Nb coordination numbers are consistent with experimental results. The increase of 

five-fold Nb with the addition of SiO2 concentration is due to the insufficient Li to balance the 

charge. No four-fold Nb was observed. The well-defined first coordination shell, large 

concentration of corner-shared [NbO6]-[NbO6] and [NbO6]-[SiO4] structures, as well as high field 

strength suggest the network former role of Nb ions in LNS glasses. It was found that increase of 

SiO2/LiNbO3 ratio results in higher Nb-O-Nb bond angles and lower concentration of edge-

shared [NbO6]-[NbO6] octahedra, indicating less distorted [NbO5] tetrahedra in glass network, 

which is consistent with the peak shifting in our Raman spectroscopy results. Detailed information  

has been organized and drafted, and submitted to Computational Materials Science. 
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Figures captions: 

Figure 1. Pair distribution functions of simulated LNS35 glass. 

Figure 2. Pair distribution function of (a) Si-O, (b) Nb-O, (c) Li-O, (d) Si-Si, (e) Nb-Nb, and (f) 

Nb-Si pairs in simulated LiNbO3 crystal (if applicable) and LNS glasses. 

Figure 3. Bond angle distributions of (a) O-Si-O, (b) O-Nb-O, (c) Si-O-Si, (d) Nb-O-Nb and (e) 

Si-O-Nb in simulated LNS glasses. 

Figure 4. Qn distribution of (a) Si and (b) Nb in simulated LNS glasses. 

Figure 5. Raman spectra of LNS glasses.  Gray region indicates the range in which fitting was 

performed. 

Figure 6. Nb K-edge EXAFS spectra of LNS30 glass: (a) E-space, (b) k-space, and (c) real 

space. 

Figure 7. Schematic structures of simulated LNS22 glass (right), [NbO5] structure (top left), and 

TBO with edge-sharing [NbO6]-[NbO6] linkages (bottom left). 
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Figure 1 Pair distribution functions of pairs in simulated LNS35 glass



Figure 2 Pair distribution function for LNS glasses
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Figure 3 Bond angle distributions (BADs) of simulated LNS glasses
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Figure 4 Qn distribution of a, Si and b, Nb in simulated LNS glasses

a b



Figure 5 Raman spectra of LNS glasses.  Gray region indicates the range in which fitting was performed. 



Figure 6. Nb K-edge EXAFS spectra of LNS30 

glass: (a) E-space, (b) k-space, and (c) real 

space



Figure 7 Schematic structures of simulated LNS22 glass (right), [NbO5] structure (top left), and TBO with 

edge-sharing [NbO6]-[NbO6] linkages (bottom left)


