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Abstract
A complete structural study has been carried out on sodium borophosphate glass containing
increasing amounts of either niobium or tantalum. A combination of high energy x-ray
diffraction, neutron diffraction, extended x-ray absorption fine structure, nuclear magnetic
resonance, and infrared and Raman spectroscopy has been used to discern the local atomic
structure of each component and the changes with M content, where M is either niobium or
tantalum. The glasses are found to consist of tetrahedral borate and phosphate with octahedral
MO6. As expected, B and P play the roles of tetrahedral network formers. At low M content
there are isolated MO6 units with P· · ·M and B· · ·M linkages that contribute to the glass
network. As the M content increases, the number of M· · ·M links increases, and at the highest
M content each MO6 unit is connected to several others. The octahedra become significantly
distorted as the niobium content increases, an effect that is not seen for tantalum.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The origin of non-linear optical (NLO) effects in glasses
is a field of current interest due to their optoelectronic
application. For example, glasses with elevated NLO effects
are promising candidates for ultrafast optical switches [1].
Large values of NLO susceptibility χ(3) are observed in
glasses containing empty d shell transition metal ions such as
Ti4+ and Nb5+ [2]. One such group of glasses are sodium
borophosphates containing niobium or tantalum, with the
composition xM2O5(1 − x)(Na2B4O7)0.05(1 − x)(NaPO3)0.95,
where M5+ is either Nb5+ or Ta5+ ions. NLO effects in
these glasses have recently been investigated, with the aim
of explaining the phenomena in terms of the local atomic
environment of Nb5+ and Ta5+ ions [3–6]. However, there have

been very few studies of the structure, in particular of the Nb
or Ta environments.

Given the interest in the NLO properties of these glasses,
there have been several previous attempts to characterize the
atomic structure that mainly utilize vibrational spectroscopy.
Previous spectroscopic studies of Nb2O5–NaPO3–Na2B4O7

glasses have shown that as the M5+ concentration is increased,
its role changes [7]. When M2O5 is added in small quantities
it forms isolated MO6 octahedra. As the concentration is
increased there begins to be corner sharing of octahedra.
Eventually, at the highest content, a three-dimensional network
of corner sharing MO6 takes on the role of a network
former, strengthening the glass network by eliminating non-
bridging oxygen atoms [7]. Previous studies have indicated
that this clustering of the MO6 octahedra results in the
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Table 1. Glass compositions, the label indicates the mol% M2O5. A reasonable estimate of error in these values is ±2%.

Sample
M2O5

(mol%)
Na2B4O7

(mol%)
NaPO3

(mol%)
Fe2O3

(mol%)
Density
(g cm−3)

Density

(atoms Å
−3
)

Ta 9.3 9.3 4.4 84.3 2.0
Ta19.6 19.6 3.9 74.5 2.0 4.04 0.0799
Ta35.0 35.0 3.2 59.8 2.0 4.70 0.0747

Nb10.8 10.8 4.6 84.1 0.5
Nb21.1 21.1 4.7 73.7 0.5 2.92 0.0720
Nb36.5 36.5 3.2 59.8 0.5 3.48 0.0759

increase in the third order non-linear susceptibility due to the
hyperpolarizability of an extended structure of MO6 units [7].
In particular, the short M–O bond is important as it increases
the influence of the d orbitals on the non-linear optical response
of the glass.

The conclusions above have been drawn from spectro-
scopic techniques that observe the movement of the bonds
rather than direct observation of the correlations in positions
between M5+ ions and neighbouring ions. There have also
been extended x-ray absorption fine structure (EXAFS) [7]
and x-ray diffraction (XRD) [8] studies reported on glasses
with the same composition as those studied here, and nuclear
magnetic resonance (NMR) [9] has been performed on related
but simpler glass compositions. Presented here if a full study
of the atomic-scale structure that uses data taken some time
ago. It includes the techniques of high energy x-ray diffraction
(HEXRD), neutron diffraction (ND) and NMR which are new
to the literature on these glasses, as well as EXAFS, Raman
and IR spectroscopy data not previously published.

2. Method

2.1. Glass preparation

Glasses were made with batched compositions listed in table 1.
They contain small amounts of iron for the purposes of the
Mossbauer study presented in [5]. As the Fe content is less
than 1/3rd of B content, Fe is neglected in the present study.
The glasses were prepared by following the method described
in [5]. Analytical grade Nb2O5, Ta2O5, Na2B4O7·H2O,
NaH2PO4·H2O and Fe(NO3)3 for the niobium containing glass
and Fe2O3 for the tantalum containing glass were used. The
appropriate mixtures were melted in an electric furnace under
oxygen in a platinum crucible at 1250 ◦C for 30 min. The
melts were quenched by pouring on to a cold copper plate
at room temperature and annealed overnight under an oxygen
atmosphere, for further details see [5]. Their densities were
measured using Archimedes’ method and are also listed in
table 1.

2.2. Raman and IR spectroscopy

Raman spectra were measured using a Jobin Yvon model
HR640 Raman spectrometer, fitted with a 25 mW, 623.8 nm
helium neon laser and a liquid nitrogen cooled CCD
multichannel detector. Repeated measurements with improved
resolution and less noise were taken for the samples containing

9.3% Ta, 35.0% Ta and 36.5% Nb using a LabRAM 300 system
configured with a 50 mW 532 nm laser excitation. Spectra
were recorded by a TE air cooled CCD detector cooled to
−70 ◦C. (Comparison between the two measurements showed
the peak positions and heights were consistent.)

Infrared spectra were measured by a Biorad FTS175C
spectrometer controlled by WinIR software. Samples were
diluted in dry KBr and measured for 64 scans in diffuse
reflectance mode over the range 4000–400 cm−1 with a
resolution of 4 cm−1. The spectrum of blank KBr was also
measured to allow background subtraction. As the spectrum
for the glass containing 21.1% Nb2O5 was recorded at a later
date, the background has a slight influence from adsorbed
water around 1500 cm−1.

2.3. High energy x-ray diffraction measurements

The x-ray diffraction data was collected on Station 9.1 of
the synchrotron radiation source (SRS), Daresbury Laboratory.
The finely powdered samples were enclosed inside a 0.5 mm
thick circular aluminium annulus with kapton windows. They
were mounted in θ/2θ flat plate transmission geometry with
scanning of 2θ from 2◦ to 126◦. The incident beam size was
1 mm × 10 mm. For the samples containing tantalum, the
x-ray wavelength was set at λ = 0.4858 Å (calibrated using
the K-edge of a Ag foil); this wavelength provides data to a
high value of wavevector transfer (Qmax ∼ 23 Å

−1
where

Q = 4π sin θ/λ). For the samples containing niobium, the
wavelength had to be changed to 0.6569 Å (again calibrated
using the K-edge of a Ag foil) to avoid fluorescence. An ion
chamber detector was used with a 1 mm slit at 30 cm to retain
acceptable resolution.

The first stage of the data analysis is the application of
corrections for the polarization of the x-ray beam, the variation
in sample thickness with incident angle, and background
scattering. Corrections for the absorption, Compton scattering,
the self-scattering and the sharpening function (where the
signal is divided by the average form factor per electron
squared) are then made. The resultant scattering intensity, i(Q)
reveals structural information via a Fourier transform to obtain
the total pair correlation function, as in (1).

TX (r) = 2π2ρN r +
∫ Qmax

Qmin

M(Q)QiX (Q) sin(Qr) dQ (1)

where r is the atomic separation between atom pairs, ρN is the
bulk number density and M(Q) is a window function applied
to reduce the Fourier transform termination artefacts that arise
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from the finite range of Q. A Hanning window function has
been used here.

In order to obtain the structural information directly from
the experimental data, each possible pairwise combination of
elements i and j is represented by a pair correlation function
pi j(r) that is then fitted to the data. The Q space simulation of
each pair correlation function pi j(Q) is generated using (2).

pi j(Q) = Ni jωi j sin Qri j exp[−0.5Q2σ 2
i j ](c j Qri j )

−1. (2)

The sum of these pi j(Q) is equivalent to the iX (Q) in (1)
and is Fourier transformed using (1) for comparison to the
experimental real space data TX (r), having been subjected to
exactly the same Fourier transform effects.

The parameters in (2) are the averaged coordination
number of atom type j around an atom of type i , Ni j , the
pairwise atomic separation, ri j , and the disorder factor (a
measure of thermal and static disorder) σi j . These are varied
in the fitting procedure. The parameter c j is the concentration
of atom type j and ωi j is the weighting function that accounts
for the variation in scattering strength fi (Q) of different atom
types, as defined in (3).

ωi j = (2 − δi j)ci c j fi (Q) f j (Q)

[ f (Q)]2
. (3)

2.4. Neutron diffraction measurements

The neutron diffraction data was collected on the GEM
diffractometer on the ISIS spallation neutron source at the
Rutherford Appleton Laboratory, UK. Time-of-flight data was
collected over a wide range of Q (up to 40 Å

−1
). The powdered

samples were placed in an 8.3 mm vanadium can. The data
was analysed using the ATLAS suite of programs [10]. An
additional correction was made to the data from the sample
containing 19.6% Ta2O5 as an insufficient amount of sample
in the vanadium can meant the sample did not fill the vertical
height of the beam (a polynomial was subtracted from the low
Q part of the Q-space data).

The principles of neutron diffraction have much in
common with those for x-rays, and equations of the same form
are used in the analysis. A key difference originates from the
neutron’s interacting with nuclei as scattering centres rather
than electron density as for x-rays. In neutron diffraction
the real space total correlation function T (r) is given by (4),
where bi is the scattering length that describes how strongly the
target nuclei scatter neutrons. The value of bi used for a given
element is an average over the natural abundance of isotopes
for that element. Here a Lorch window function is used.

TN (r) = 4πρNr

(∑
i

ci bi

)2

+ 2

π

∫ Qmax

Qmin

M(Q)QiN (Q) sin(Qr) dQ. (4)

Structural information is then obtained from the experimental
data using the same method as for the x-ray diffraction data.
Each type of atom pair is modelled by a pair correlation

function as defined in (2). For neutron diffraction the weighting
factors are defined in (5).

ωi j = (2 − δi j)ci c j bi b j . (5)

The accuracy of information obtained from fitting pair
correlation functions depends on correctly assigning the atom
types to i and j for all the peaks pi j(r), including those that
overlap. Accurate results can be obtained once all peaks are
identified and accounted for. The fitting was then optimized
by using a non-linear least squares fitting algorithm to find the
parameters Ri j , Ni j and σi j which give best agreement with
experiment [11].

2.5. X-ray absorption measurements

The EXAFS data was collected on Station 9.2 of the
Synchrotron Radiation Source (SRS), Daresbury Laboratory.
The spectra were recorded in transmission mode using
a double-crystal Si(220) monochromator, and ionization
chambers to detect the incident and transmitted beam
intensities, I0 and It, respectively. Data were recorded around
the Ta LIII edge at 9881 eV before changing to the Nb K-
edge at 18 986 eV. Finely ground samples were diluted with
polyethylene and pressed into pellets to give a satisfactory
absorption and edge absorption step. The monochromator
was adjusted to give 50% harmonic rejection. The EXAFS
spectra were collected over the range k = 3–18 Å

−1
with a

step of 0.045 Å
−1

, where k is the photoelectron wavevector.
Multiple spectra were recorded and summed for each sample.
The programs EXCALIB, VIPER and EXCURV98 were
used to analyse the data [12]. The k3-weighted EXAFS
signal is fitted by structural parameters to obtain values for
coordination number, N , interatomic distance, R, and the
Debye–Waller factor, A = 2σ 2. The magnitude of the EXAFS,
χ(k), is:

χ(k) = AF AC
∑

j

N j

k R2
j

| f (π, k, R j )|e−2R j/λ(k)e−2σ 2
j k2

× sin(2k R j + 2δ(k)+ ψ(k, R j )) (6)

where f (π, k, R j) describes the photoelectron backscattering,
λ(k) is the electron mean free path, and δ(k) and ψ(k, R j)

are the phaseshifts experienced by the photoelectron due
to the potentials of the emitting and backscattering atoms
respectively. AFAC is the proportion of electrons that are
scattered elastically and is refined by analysis of reference
materials with known structure, i.e. M2O5. Least squares
refinements of the structural parameters were carried out
against the k3-weighted EXAFS signal to minimize the fit
index, FI, as in (7).

FI =
∑

i

(k3(χT
i − χE

i ))
2 (7)

where χT
i and χE

i are the modelled theoretical and
experimental EXAFS, respectively. The results of the
refinements are reported in terms of the discrepancy index, Rdi.

Rdi =
∫ |(χT(k)− χE(k))|k3 dk∫ |χE(k)|k3 dk

× 100%. (8)
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Figure 1. Raman spectra showing evolution of the peaks as a
function of Ta and Nb content.

2.6. NMR measurements

Solid-state NMR experiments were performed at 9.39 T using
a Varian 400 UNITY INOVA spectrometer operating at the
Larmor frequency of 161.90 and 128.32 Hz for 31P and 11B,
respectively, and equipped with a 4 mm probe head. The
samples were packed into cylindrical Si3N4 rotors. All spectra
were recorded under magic angle spinning (MAS) conditions
at a spinning speed of 12 kHz.

The 31P MAS experiments were run with a pulse length of
5 μs (90◦ tip angle), a recycle time of 1 s, 120 kHz bandwidth,
and 512 scans. 31P chemical shifts were referenced to 85%
H3PO4 at 0 ppm. The 11B MAS spectra were obtained using a
short pulse of 1.2 μs, a recycle time of 1 s, 100 kHz bandwidth,
and 2048 scans. The pulse length was chosen to be 1/6 of
the π/2 pulse length, calibrated using a 1 M H3BO3 aqueous
solution. 11B chemical shifts were referenced to aqueous boric
acid which resonates at 19.6 ppm relative to boron trifluoride
etherate.

3. Results

3.1. Raman and IR spectroscopy

The spectra recorded from all six samples are shown in
figures 1 and 2, the peak positions are listed in table 2. The
spectra exhibit the anticipated features as are highlighted in
the literature [2, 5, 7, 8]. At the lowest M2O5 content, a
feature at 900 cm−1 is dominant that is assigned as isolated
MO6 octahedra. As the concentration increases this band
decreases significantly and the dominant feature becomes a
band at 810 cm−1 that relates to corner sharing octahedral
chains. There is a strong secondary feature around 650 cm−1

that implies a three-dimensional network of MO6 octahedra is
beginning to form. This interpretation is consistent with the
identification of phosphate bands. A band at 1270 cm−1 and an
intense but broad band between 1050 and 1120 cm−1, which
both decrease, indicate a shortening of the meta-phosphate
chains, and a band at ∼980 cm−1, which increases, indicates
an increase in isolated PO4 units.

Figure 2. IR spectra showing evolution of the peaks as a function of
Ta and Nb content.

These assignments are further reinforced by the compari-
son of the Nb and Ta samples. Bands that experience a shift
in frequency and a difference in intensity between the Nb and
Ta samples almost certainly involve an M–O bond vibration,
whereas bands which do not change with M type probably have
a different origin. This is particularly evident with the band at
910 cm−1 as it is much stronger in the niobium samples than
in the tantalum samples (where it appears at 890 cm−1). This
is because, within the octahedra of NbO6, the niobium is able
to move off-centre, giving rise to a large variation in Nb–O
bond lengths. There is therefore a much larger resonance with
the stretching vibration occurring at 910 cm−1. This shows the
greater degree of distortion that occurs within the niobium oc-
tahedra compared to that found within the tantalum octahedra.

Bands have been assigned to Q0, Q1 and Q2, where Qn

defines the connectivity of the phosphate units by n bridging
oxygen atoms. Q0 is therefore isolated PO4 tetrahedra, Q1 are
dimers and Q2 are chains. The identification of all three types
implies that there is complexity in the P connectivity: there
are vibrations occurring in the sample that are present in the
phosphate units connected to two, one or no other phosphate
units. The presence of all three types of band suggests that P is
connected to network-forming units other than phosphate.

3.2. High energy x-ray and neutron diffraction measurements

The i(Q) data for the four samples Ta19.6, Ta35.0, Nb21.1
and Nb36.5 from neutron and x-ray diffraction are shown in
figure 3. The corresponding T (r) is shown in figure 4 for
neutron and x-ray diffraction. Table 3 shows the sequence of
interatomic correlations (between atom types i and j ) that was
used to fit the x-ray and neutron diffraction data simultaneously
to obtain a single set of structural parameters for each sample
that agree with both techniques. The values obtained by the
fitting are listed in the table as R, the pairwise interatomic
distance, N , the number of neighbouring atoms, and σ , the
standard deviation in distance.

Multi-component systems such as these are complex to
model with individual pair correlations due to the presence
of overlapping correlations at r values greater than ∼3 Å. It
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Table 2. Positions (cm−1) and assignments of IR and Raman bands, to the nearest 5 cm−1. Notation used is as follows: w: weak; m: medium;
b: broad; sh: shoulder; s: strong.

Samples containing Nb2O5 Samples containing Ta2O5

10.8 mol% 21.1 mol% 36.5 mol% 9.3 mol% 19.6 mol% 35.0 mol%

Raman FTIR Raman FTIR Raman FTIR Raman FTIR Raman FTIR Raman FTIR Assignments

Trend with
increasing M
content

210w 230s,b 210m,b 250s,b 210s O–Nb–O Increasing
445w 455b 445m,b 440w 435w 420w MO6 octahedra Increasing

445w 480m,sh 495w 490w 475sh 485w 480w PO4 tetrahedra Increasing
535s 555w 540m 560m,sh 545w 535s 555w 540m 560w,s 555m,sh M–O bond Decreasing

620m,b 620b,sh 640w 640w 640s 630s 630m 640m 645m 645s 650s cross-linked
MO6

Increasing

745m 750m 760sh 730w,b 745m 745m 740b P–O–P bridge Decreasing
820m 805s 800w 790m,b Corner

shared
MO6

Increasing

910s,sh 925s 910s,sh 915s,sh 905m,sh 905m,sh 890s 905m 885s 890sh Isolated MO6

and P-P bridge
Decreasing

975m 965s 970s 975s 975s 990s isolated PO4 Increasing
1100m 1070sh 1060w,b 1075s 1065m 1050w 1060sh Q1& Q2 Decreasing
1230m 1205s 1215w,b 1190m 1200w,sh 1170w 1235s 1205s 1225m 1180m 1205w,b 1160w Decreasing

Figure 3. The Q-space interference function, i(Q), obtained from
neutron diffraction (above) and from x-ray diffraction (below).

is therefore only possible reliably to assign correlations up to
∼3 Å. (Note that a final, non-fitted, peak is used to account
for the background from neighbouring correlations at high
r .) Neutron and x-ray diffraction have different weightings
for any given element. In the neutron diffraction data the
prominent features are from correlations involving oxygen
and phosphorus, whereas in x-rays they are from niobium or
tantalum. Combining the techniques therefore allows the more
robust identification of each pair correlation type and hence is
an excellent way of ensuring the sequence of correlations used
is correct.

The first interatomic correlation is B–O at ∼1.40–1.45 Å,
visible as a shoulder on the low r side of the first peak in

Figure 4. The total pair distribution function, T (r), (solid line)
together with the fit (dashed line) from the neutron diffraction
(above) and from the x-ray diffraction (below).

the neutron data. The B is coordinated to four Os, as also
observed in the NMR results (see section 3.4). Typically, four-
fold coordinated boron has a bond length of 1.48 Å whilst
three-coordinated boron has a bond length of 1.37 Å. The
shortening of the interatomic distance by 0.03–0.04 Å, as the
concentration of niobium or tantalum is increased suggests
the appearance of some three-fold coordinated B. The second

5
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Table 3. Structural parameters obtained from the simulations of
x-ray and neutron diffraction data. Note that reasonable estimates of
errors are ±0.02 Å in R, ±15% in N and ±0.01 Å in σ .

Sample Correlation R (Å) N σ(Å)

Ta19.6 B–O 1.44 4.0 0.05
P–O 1.54 4.1 0.05
Ta–O 1.96 6.1 0.09
Na–O 2.31 4.1 0.17
O–(B/P)–O 2.50 3.3 0.09
O–(M)–O 2.80 4.1 0.13

Ta35.0 B–O 1.41 4.0 0.07
P–O 1.54 3.9 0.05
Ta–O 1.97 6.0 0.10
Na–O 2.32 4.0 0.16
O–(B/P)–O 2.53 3.1 0.11
O–(M)–O 2.82 4.1 0.11

Nb21.1 B–O 1.46 3.9 0.08
P–O 1.54 3.9 0.06
Nb–O 1.75 0.9 0.04
Nb–O 2.03 4.9 0.11
Na–O 2.37 3.4 0.11
O–(B/P)–O 2.50 3.0 0.09
O–(M)–O 2.82 3.9 0.14

Nb36.5 B–O 1.42 4.0 0.08
P–O 1.53 3.9 0.05
Nb–O 1.79 0.9 0.07
Nb–O 2.02 4.9 0.13
Na–O 2.37 3.3 0.11
O–(B/P)–O 2.51 3.0 0.11
O–(M)–O 2.81 4.2 0.12

correlation is P–O at 1.54 Å; this is the first significant feature
in the neutron data and a shoulder in the x-ray diffraction
data. The P is coordinated to four Os, as expected. The next
correlation is due to Ta–O or Nb–O at ∼2 Å, this is the first
prominent feature in the x-ray data. The Nb–O correlation has
a large spread in bond distance, ranging from 1.75 to 2.05 Å (as
is found in the EXAFS data, see section 3.3). The relatively
short Nb–O bond, fitted at 1.75 Å, is often found for NbO6

octahedra in crystals [13]. Both the Nb and Ta are coordinated
to a total of approximately six oxygen atoms.

The next correlation to be fitted is Na–O at ∼2.3 Å.
This peak is completely overlapped and is only visible as a
broad shoulder to the low r side of the O–O peak. There is
therefore an increased uncertainty in the fitted parameters and
a relatively limited amount of information can be gained on
the Na site. The bond length is typical of Na–O whilst the
coordination can only be constrained to be being between 3
and 4.5.

The region from 2.5 to 2.8 Å is dominated by the
O· · ·O interatomic correlation. In the neutron data there are
two distinguishable peaks that have been modelled with two
correlations. The first peak at 2.5 Å originates from the O–
(P)–O and the O–(B)–O distance. The second peak at 2.8 Å is
from the O–(Nb/Ta)–O distance. There is not expected to be an
O–(Na)–O correlation at distances less than 3.0 Å because the
Na–O bond length of ∼2.3 Å is significantly longer than B–O,
P–O or M–O bond lengths.

Figure 5. Ta L3-edge k3 weighted EXAFS data of samples
containing increasing amounts of Ta. The solid lines are the
experimental data and the dashed lines are the theoretical fits.

Figure 6. The Fourier transform of the Ta L3-edge k3 weighted
EXAFS data of samples containing increasing amounts of Ta. The
solid lines are the experimental data and the dashed lines are the
theoretical fits.

3.3. X-ray absorption measurements

The following EXAFS results were obtained using an AFAC
value of 0.8766, found by fitting the crystal Ta2O5. The
EXAFS spectra and corresponding fits for the Ta samples
are shown in figure 5 in k space and in figure 6 the Fourier
transforms of the EXAFS spectra are shown. The EXAFS
spectra for the Nb samples are shown in figure 7 in k space
and in figure 8 in real space. EXAFS results are generally
accepted to be accurate to ±0.02 Å for the atomic separation,
R, however the coordination number, N , is only accurate
to ±20%. There is a close relationship between N and
the Debye–Waller factor, A, that means either parameter can
only be measured if the other is fixed based on structural
information from another source. The results of the fitting
are shown in table 4. The coordination numbers of the first
correlation were fixed at a value that is consistent with previous
results and that gave realistic values for A. The coordination
number of the second correlation was allowed to vary whilst
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Table 4. Ta L3-edge EXAFS derived structural parameters. Reasonable estimates of errors are ±0.02 Å in R, ±20% in N and ±0.003 Å
2

in
A. Note parameters in italics have been fixed during the fitting process.

Ta 9.3 Ta 19.6 Ta 35.0

Interatomic correlation R (Å) N A (Å
2
) R (Å) N A (Å

2
) R (Å) N A (Å

2
)

Ta–O 1.98 6 0.016 1.98 6 0.020 1.96 6 0.024
Ta· · ·P 3.31 3.0 0.013 3.29 2.5 0.013 3.30 2.1 0.013
Rdi (%) 38.3 36.2 36.5

Figure 7. Nb K-edge k3 weighted EXAFS data of samples
containing increasing amounts of Nb and of the reference material
Nb2O5.

A remained constant. This is to enable us to see the trend
in coordination that is otherwise masked by the effects of
overlapping correlations at high r .

The Nb and Ta spectra look very different due to the
difference in distortion in the Nb and Ta octahedra. The Ta
samples have typical EXAFS spectra with a peak around 2 Å
due to the Ta–O correlation and two peaks between 3 and 4 Å
due to a combination of Ta· · ·P, Ta· · ·B, Ta· · ·Ta or Ta· · ·Na
correlations. The observed Ta–O distance of 1.98 Å is typical
for Ta in 6-fold coordination. The Ta–O coordination number
can also be checked by dividing the total valence of Ta (5+)
by the average bond valence, calculated using (9) [14].

vTa−O = exp

(
1.920 Å−RTa−O

0.37Å

)
. (9)

For a coordination of 6, the calculated total valence is between
5.13 and 5.44, this is within 9% of the expected valence of 5,
hence reinforcing the assignment of 6-fold coordination.

There are two peaks clearly visible at high r : the first is
likely to be from Ta· · ·P and/or Ta· · ·B correlations, and the
second is likely to be from Ta· · ·Ta or Ta· · ·Na correlations. It
is not possible to gain accurate information on the interatomic
distance and coordination when so many correlations overlap,
therefore only the first peak at high r has been fitted. It shows
that the Ta has neighbours which are P and/or B at a length
of ∼3.3 Å. The number of P and/or B neighbours decreases
with increasing M content, since it becomes more likely that

Figure 8. The Fourier transform of the Nb K-edge k3 weighted
EXAFS data of samples containing increasing amounts of Nb and of
the reference material Nb2O5.

an M atom will have M neighbours. The second peak at high r
shifts to a lower atomic separation with increasing M content.
As the Ta· · ·Ta atomic separation is smaller than the Ta· · ·Na
this shift indicates an increase in the Ta· · ·Ta coordination with
increasing M content.

The Nb samples give much more complicated EXAFS
spectra and Fourier transforms as shown in figure 8. At low
Nb concentration the low r spectra consists of a small peak
around 1.5 Å and a much larger peak around 2 Å. This can
be associated with the results from vibrational spectroscopy
which suggested that, within the octahedra of NbO6, the
niobium is able to move off-centre. As the concentration
increases, the second peak decreases and becomes a very
broad feature. Comparison to niobium crystals shows that
the EXAFS at higher Nb concentration resembles that of
Nb2O5 [15–17]. The observed EXAFS features may be
associated with a high degree of distortion within the NbO6

octahedra, giving rise to a large variation in Nb–O bond
lengths. Several studies suggest that there is a high degree
of destructive interference of the backscattered electron waves
due to this large range of Nb–O distances, leading to more ill-
defined peaks in the Fourier transform of χ(k) [17, 16, 15].
For the samples studied here, this implies that at low Nb
concentration the octahedra have a fairly regular shape and that
as the Nb concentration is increased the shape of the octahedra
become more variable and distorted, until they resemble the
octahedra in a pure Nb2O5 system.

7
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Figure 9. 31P MAS NMR spectra for all samples containing
increasing amounts of Ta or Nb.

Table 5. 31P and 11B MAS NMR chemical shifts. sh designates a
shoulder.

Sample δP (ppm) δB (ppm)

Ta 9.3 −9.3 −1.7
Ta 19.6 −5.8 0.4
Ta 35.0 −6.0 2.8

sh ∼ 10
Nb 10.8 −9.9 −2.2
Nb 21.1 −7.3 −0.6

sh ∼ 12
Nb 36.5 −6.6 −0.003

sh ∼ 12

There are two peaks in the high r region between 3.5
and 4.5 Å, each ∼0.5 Å higher than in the Ta EXAFS. The
relationship between this distance and the associated bond
angle around the oxygen means that the peak around 3.6 Å
can only be assigned to Nb· · ·P for Nb–O bond lengths greater
than 2.1 Å. Similarly the peak around 4 Å can only be
assigned to Nb· · ·Nb for Nb–O bond lengths greater than 2.1 Å
(although this peak will also have a contribution due Nb· · ·Na
correlations).

3.4. NMR measurements

The measured chemical shifts are shown in table 5 for both
the 31P and 11B MAS NMR, and the spectra are shown in
figures 9 and 10 respectively. As these samples contain
more than one network former, the NMR results are relatively
complex to interpret. NMR studies of simple borophosphate
glasses [18] have shown that the typical Q speciation assigned
to the chemical shifts is affected by the number of P–OB–B
links, where OB is bridging oxygen. The notation we shall
use herein is Pm

(n), where m is the number of bridging oxygen
atoms and n is the number of links to network formers other
than P. It is found that the chemical shifts of a normal Qn

species is shifted by ∼ + 10 ppm if one of the OB is linked
to a network former other than P. Studies of mixed network
sodium–niobium phosphate glasses [9] have shown a similar
difference in the chemical shift due to the addition of niobium.

Figure 10. 11B MAS NMR spectra for all samples containing
increasing amounts of Ta or Nb.

This means that in the glasses studied here, n can indicate links
to B or Nb (and similarly for Ta).

By comparing to the results of [18] and to the published
chemical shifts associated with the different Qn species in
phosphates, the 31P NMR chemical shifts can be assigned
as either P2

(1), P2
(2) or P3

(3). This range of Qn species is
consistent with the vibrational spectroscopy results, which
showed evidence both of P–O–P links and of isolated PO4

units. The slight increase in chemical shift with Ta/Nb
concentration indicates an increase in the links to other network
formers and hence a breakdown of the P–O–P network, as
is also shown by the disappearance of the P–O–P link and
the increase of isolated PO4 in the vibrational spectroscopy.
Using a notation analogous to that adopted for P, the 11B
NMR chemical shifts are assigned as B4

(4) and the shoulder that
appears at higher Ta/Nb concentration is three-fold coordinated
B. This is consistent with the shortening of the B–O distance
at higher Ta/Nb concentration which was observed in the
diffraction results.

4. Discussion

By drawing together all the data it is possible to construct
a detailed picture of this complex glass structure, first by
looking at each local structural unit and then by considering
the connectivity between these components. At low M5+
concentration the boron is mostly coordinated to four oxygen
atoms. As the concentration of M5+ increases there is a
noticeable shift to three-fold coordinated boron as shown by
the NMR and the shortening of the B–O bond length. This
higher M5+ content requires more connectivity to M5+, thereby
restricting the connections available to the boron and forcing it
to reduce its coordination. The reduction of B coordination
from 4 to 3 is also seen in borate glasses with high metal cation
content [19]. Three-fold coordinated boron sites are less stable
due to an unoccupied 2p electron orbit, so the appearance of
this site with increasing M5+ content may reduce the stability
of the borophosphate network.

8
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The phosphate units observed here are typical of the
anticipated tetrahedral units, as shown by the P–O and O–
(P)–O bond lengths and the corresponding average tetrahedral
angle of 109◦. The NMR gives evidence of PO4 units in the
form P2

(1), P2
(2) and P3

(3). A reasonable description is that a
typical PO4 unit has zero or one bridging oxygen to another
phosphate unit, i.e. P–O–P, and one, two or three bridging
oxygen to either B or M5+, i.e. P–O–B or P–O–M. The
coordination of P is completed by the non-bridging oxygen
atoms, which would typically number two per PO4 unit.

The presence of non-bridging oxygen atoms (Onb) is
expected as the glass contains Na, which has a known role
as a network modifier. Na reduces the number of linkages
in glass networks by introducing Onb [20]. The diffraction
results estimate the Na–O bond length as between 2.31 and
2.37 Å, which suggests a coordination between 4.0 and 4.7.
The fitted coordination of 4 is therefore reasonable, to within
the experimental and fitting uncertainty. The sodium is bonded
to Onb to maintain charge balance.

Both the Nb and Ta are coordinated to six oxygen
atoms, as confirmed by the HEXRD/ND fitting of coordination
number and bond length, and the vibrational spectroscopy
features associated with MO6 octahedra. The valence is
calculated using (9) and is found to be within 10% of the
expected value of +5, reinforcing the assignment of 6-fold
coordination. The O–M–O length also gives an average O–
M–O angle of 91◦ as expected for an octahedral structure.

The Ta is in a well ordered site; however, at low M
content, there is a tendency for Nb to be in an off-centre
position within the octahedra. The shape of the octahedra
becomes progressively more distorted at higher Nb content,
as shown by the variation in Nb–O bond lengths. Nb starts
off in isolated NbO6 units, but as the concentration increases
the Nb begins to have more Nb neighbours. The local atomic
environment around Nb then starts to have similarities to that of
Nb in Nb2O5, which is composed of distorted octahedra. The
EXAFS spectra of the samples also show the Nb environment
becomes increasingly similar to that of the crystal. This can
be further understood by considering the linkages to the Nb
octahedra. At low Nb content the Nb octahedra are linked
to P or B rather than to other Nb, and are constrained into
well ordered octahedra by well-defined P–O bond lengths. As
the Nb content increases, so does the number of Nb· · ·Nb
connections whilst the number of Nb· · ·P/B decreases; there
is therefore more variability in the Nb–O bond lengths leading
to more distorted octahedra.

The connectivity of such a complex glass is not easily
determined experimentally but it can be modelled if sufficient
information is available. Based on the experimental evidence
gathered here, the following can be proposed for the typical
connectivity.

• Each B has four B· · ·P/M linkages.
• Each P has zero or one P· · ·P, and one, two or three

P· · ·B/M linkages.
• At lowest M content each M has mostly M· · ·B/P

linkages, i.e. M· · ·M linkages are uncommon.

As the M content increases:

• Some of the B becomes three-fold coordinated with P/M.
• Some of the P· · ·P linkages are converted to P· · ·M

linkages.
• There is appearance and increase of M· · ·M linkages.

It is useful to consider two additional factors influencing
the connectivity. Firstly, the linkages expected in a randomly
connected network can be predicted from probability theory. A
bridging oxygen involves two bonds to B, P or M. Here we will
consider bonds which are to P, which have a probability p, and
bonds which are not to P, which have a probability (1 − p).
The values of p and (1 − p) are the relative proportions of P–
O bonds and B/M–O bonds respectively. The number of bonds
of each type is given by the number of atoms multiplied by
their coordination number. For the glass with low M content,
the ratio of B:P:M is approximated by 1:4.5:1 and assuming
coordination numbers of 4, 4 and 6 respectively, the value of
p = 0.64 is obtained. For a random distribution, the different
possible combinations of two bonds around a bridging oxygen
are given by the binomial expansion:

(p + (1 − p))2 = p2 + 2p(1 − p)+ (1 − p)2 (10)

where p2, 2p(1 − p) and (1 − p)2 are the probabilities of
bridging oxygen atoms in the form P–O–P, P–O–B/M and
B/M–O–B/M respectively. For the glass with low M content
this gives proportions of 0.40 for P· · ·P, 0.49 for P· · ·B/M
and 0.11 for B/M· · ·B/M linkages. Focusing on a given P
in a randomly connected network, it would be expected that
for every 1 P· · ·B/M connection there would be 1.6 P· · ·P
connections (noting that the P· · ·P are counted twice because
they are common to 2 P). The NMR results indicate that a
given P has 1 or less P· · ·P linkage for every 1 P· · ·B/M
linkage, which indicates that P· · ·P linkages are less preferred
than P· · ·B/M linkages. The linkages to non-bridging oxygen
atoms, and thence to sodium atoms, have not been considered
here, but if they were the overall result would be the same
since the number of these linkages would be distributed evenly
between the P, B and M and so the ratios would therefore
remain the same.

The balance of bond valence at bridging oxygen atoms
is a second factor that leads to a preference for P· · ·B/M
linkages over P· · ·P linkages. Given that B has a valence of
3+ and a coordination of 4, the average bond valence of B–O
is predicted to be 0.75. Similarly for P with a valence of 5+
and a coordination of 4, the average bond valence of P–O is
1.25. For M with a valence of 5+ and a coordination of 6, the
average bond valence of M–O is 0.83. The P· · ·B/M linkages
provide well-balanced bond valence at bridging oxygen atoms
as the sum of the P–O and the B–O or M–O bond valences
is approximately equal to the bridging oxygen valence of
2−. Whereas P· · ·P and B/M· · ·B/M linkages have less-
balanced bond valence. This may explain why there is a lower
proportion of P· · ·P linkages than expected for a randomly
connected network.

Considering the glass with low M content, a good
approximation to the composition is Na:B:P:M ratio of
5:1:4.5:1. Using the information gathered here it is possible to

9
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Figure 11. A model of the connectivity, the oxygen atoms are not
shown but would be positioned on the lines between cations.

predict a model of the connectivity that serves as an example
of how the components fit together. The typical connectivity
of B could be described as 1 B having 3 B· · ·P and 1 B· · ·M
linkages. The 4.5 P would have 3 B· · ·P, 1.5 P· · ·P (connecting
two P), and 5 P· · ·M linkages. This leads to 1 M having 1
M· · ·B and 5 M· · ·P linkages. The coordination of P would be
completed with 7 bonds to Onb. As the typical bond valence of
a P–O bond is 1.25, the remaining bond valence on Onb is 0.75.
Thus the bond valence of 7 Onb is balanced by 5 Na each with
a valence of 1+. This model for connectivity is illustrated in
figure 11.

The data shows that at higher M content the connectivity
of the M changes so that it becomes chains and eventually
each MO6 octahedra is connected to several others. This is
understandable considering the reduced availability of P and
B. As the M concentration increases the relative amount of
B and P decreases, therefore the relative number of B and P
for linkages to each M decreases. At the same time, the P
speciation changes such that there are less P–O–P links and
more P–O–M links. The relative number of Na atoms, hence
Onb, available to each M also decreases significantly when the
M content increases. Combining these effects it is seen that
the M must become more linked with other M. Details of the
structural effects which lead to clustering of MO6 units can
contribute to the explanation of the increase in third order non-
linear susceptibility in these glasses at high M content.

5. Conclusions

This study has presented for the first time high energy x-ray
diffraction, neutron diffraction and NMR data on the complex
sodium niobium and sodium tantalum borophosphate glass
system. Analysis of these results together with EXAFS and
vibrational spectroscopy data provides sufficient information
to construct a detailed picture of the glass structure. As
expected, B and P play the role of tetrahedral network formers.
At low M content (M = Nb/Ta) there are isolated MO6

units with P· · ·M and B· · ·M linkages that contribute to the

glass network. From bond valence considerations there is
a preference for P· · ·B/M over P· · ·P linkages. In addition,
P is coordinated to non-bridging oxygen atoms which are
introduced by the presence of Na. As M content increases,
so do the number of M· · ·M linkages, leading first to corner
sharing and then to each MO6 unit being connected to several
others. The behaviour of Nb is seen to be different to Ta in
that Nb is off-centre in NbO6 units at low Nb content, and the
distortion of NbO6 units increases with Nb content.
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