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Abstract
There have been many recent experimental studies of rare earth (RE) phosphate
glasses, (RE2O3)x(P2O5)1−x , but only two previous reverse Monte Carlo
(RMC) modelling studies. The current study reports the first molecular
dynamics model of an RE phosphate glass, for Tb metaphosphate glass, with
x = 0.25. The model is in good agreement with experimental results
for nearest-neighbour distances and coordination numbers, and in reasonable
agreement for x-ray and neutron diffraction structure factors. There is a
tetrahedral phosphate network, with marked splitting of distances from P to
bridging oxygen (Ob) and from P to non-bridging oxygen (Onb). The phosphate
network has tetrahedra denoted Qn (where n is the number of Ob) with an
average of n = 2.1 and mostly Q2 groups, but with some Q1 and Q3

groups. Most Tb are coordinated to six Onb, and the average coordination
is NTbOnb = 5.7, which compares favourably with experimental results that
indicate NRE−O ∼ 6 in metaphosphate glasses with small RE ions. The
great majority of Onb are bonded to only one Tb, but there are a few shared
Onb occurring in Tb–Onb–Tb configurations. These cause a small peak in
Tb–Tb correlations around 4 Å, prior to the main peak around 6 Å. The
corresponding Tb–Tb partial structure factor shows promising agreement with
a recent experimental measurement using magnetic neutron scattering.

1. Introduction

Rare earth elements (RE) can be difficult to incorporate into oxide glasses in large amounts
(i.e. larger than for RE-doped glasses) [1]. However, with melt quenching it is possible to
obtain RE phosphate glasses, (RE2O3)x(P2O5)1−x , with large RE contents of up to x = 0.25,
i.e. the metaphosphate composition. The incorporation of RE into phosphate glasses gives
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these glasses interesting optical and magnetic properties due to the RE 4f electrons. The
potential applications stemming from these properties, e.g. lasers and Faraday rotators [2], have
motivated many structural studies of RE phosphate glasses in recent years. These structural
studies also provide a test for principles of glass structure.

Metal phosphate glasses are known to contain a network of PO4 tetrahedra, and this has
been shown for RE phosphate glasses by diffraction results for P–O correlations [3]. In PO4

tetrahedra, there are P bonds to bridging oxygen, Ob, and to non-bridging oxygen, Onb, and
these have different bond valence. P–Onb bonds are shorter than P–Ob bonds, and neutron
diffraction studies have shown the difference to be 0.12(2) Å [3]. The P–Onb bond valence also
depends on the number of Ob in the tetrahedra, which is equal to the connectivity n of a PO4

group, denoted Qn . Infrared (IR) and Raman spectroscopy are sensitive to different Qn groups
and, as expected, results for RE metaphosphate glasses show a dominance of Q2 groups [4, 5].
However, results for glasses with x ≈ 0.25 and RE = Sm [4] and Gd [5] also show some
intensity around 1350 cm−1, which is characteristic of isolated Q3 groups in a Q2 network [6].
31P nuclear magnetic resonance (NMR) spectra of RE phosphate glasses show broad peaks
which are difficult to resolve among Q1/Q2/Q3 groups [7]. Results for a glass with RE = Nd
and x = 0.18 indicated a majority of Q2 with some Q3, as expected [8]. Results for a glass
with RE = La and x = 0.23 indicated a majority of Q2, but the expected small contribution
from Q3 could not be distinguished [7].

Much interest in RE phosphate glasses has focussed on RE coordination number NRE−O,
and how this depends on RE ion size (related to the lanthanide contraction) and concentration
(related to conceptual models discussed below). Note that Al and Si impurities have been found
in RE phosphate glasses, due to contamination from crucibles [9–12] (and these are indicated
below). Newport and co-workers used x-ray [8] and neutron diffraction [9], and L3-edge [13]
and K-edge [14] EXAFS for glasses with a range of RE from La to Er and x from 0.18 to
0.26 (Al impurities reported). They found NRE−O ≈ 6.0(5) for small RE ions (beyond Gd)
and ≈7.0(5) for large RE ions (up to Nd), with Sm/Eu/Gd being intermediate. Hoppe and co-
workers used x-ray and neutron diffraction and for glasses with RE = La [10, 15] and Nd [16]
(with silica crucibles used). They found NRE−O ≈ 7.1(5) for x = 0.25 and 6.8(3) for x = 0.20
in (La2O3)x(P2O5)1−x glasses [10, 15], and 6.6(3) for x = 0.25 and 6.9(3) for x = 0.20
in (Nd2O3)x(P2O5)1−x glasses [16]. In a later study [17] for x ≈ 0.25 (with Si impurities
reported), they found NRE−O ≈ 6.3(3) for small RE ions (beyond Gd) and ≈6.8(3) for large
RE ions (up to Gd). For x ≈ 0.13 they found NRE−O = 8.5(3) for large RE ions (up to Nd).
Brow and co-workers used L3-edge EXAFS for glasses with RE = Nd and Er [18] (with Si
impurities reported). For RE = Nd they found NRE−O = 6.4(9) and 9(1) for x = 0.25 and
0.15 respectively. For RE = Er they found NRE−O = 6.3(6) and 7.3(4) for x = 0.28 and 0.18,
respectively. Salmon and co-workers used neutron diffraction with isomorphic substitution for
glasses with x ≈ 0.22 (with Al impurities reported) and they found NRE−O = 7.5(2) and 6.7(1)
for RE = La/Ce [11] and Dy/Ho [12], respectively.

The previous structural studies of RE phosphate glasses have been accompanied by the
development of conceptual models. The examination of oxide crystal structures shows that
RE can be found with a wide range of NRE−O values from 6 to 12. In RE metaphosphate
crystals, NRE−O = 8 for large RE ions [19] (with six shorter and two longer bonds),
and 6 for small RE ions [20], with Sm/Eu/Gd falling in both groups. RE ultraphosphate
crystals [19] have x = 0.167 and NRE−O = 8 (with eight equal bonds). For metal phosphate
glasses, Hoppe proposed that metal cations maximize their coordination for the number of Onb

available [10, 21]. The latter is equal to (2x + 1)/x per RE, which gives NRE−O = 6 for
x = 0.25 (metaphosphate) and 8 for x = 0.167 (ultraphosphate). To obtain NRE−O > 6 for
x = 0.25, it is necessary to include the effect of Onb shared between RE. As discussed by
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Salmon and co-workers [11, 12], NRE−O = 7 requires 1/6 of Onb (or 1/7 of Onb neighbours) to
be shared, and NRE−O = 8 requires 1/3 of Onb (or 1/4 of Onb neighbours) to be shared. Sharing
of Onb between RE creates RE–Onb–RE configurations, and consequently short RE–Onb–RE
distances, with RRE−RE < 2RRE−O (as seen in metaphosphate crystals with large RE ions).

Modelling studies of glass structure can confirm the interpretation of experimental results,
can demonstrate that a consistent three-dimensional structure exists, and can reveal structural
features that are difficult to observe experimentally (e.g. RE–RE correlations). Previous
modelling studies of (non-RE) metal phosphate glasses have used molecular dynamics (MD)
and, more commonly, reverse Monte Carlo (RMC) dynamics. RMC gives excellent agreement
with diffraction data, but does not always produce smooth short-range order (i.e. nearest-
neighbour peaks), whereas the contrary can be said of MD. This follows from the different
constraints used in these two types of modelling. MD modelling of phosphate glasses has
previously been reported for Li [22], Na [23], Mg, Zn and Pb [24] metaphosphate glasses.
There have only been two previous RMC modelling studies of RE phosphate glass. Hoppe
and co-workers used RMC to obtain a model for RE = La with x = 0.25 [15]. The model
was consistent with x-ray and neutron diffraction data, and had average NRE−O = 6.5, but also
contained some three coordinated P and some RE bonds to Ob, both of which are unlikely to
be present in the experimental glass. Newport and co-workers used RMC to obtain models
for glasses with RE = Eu and Tb and x ≈ 0.25 [25]. The models were consistent with x-ray
diffraction data, and had 98% PO4 tetrahedra in Q2 groups, and 95% of RE with NRE−O = 6
(bonded only to Onb).

The current study presents the first MD model of an RE phosphate glass, in this case Tb
metaphosphate glass. Tb comes at the beginning of the second half of the lanthanide series, and
Tb3+ is representative of small RE ions (in the context of the above discussion of experimental
results), with an ion size of 1.00 Å compared to 1.15 Å for La3+ and 0.93 Å for Lu3+. Tb
metaphosphate glass is of particular interest due to the recent experimental measurement of
Tb–Tb correlations [26].

2. Molecular dynamics method

P–O, Tb–O and O–O interactions were described using rigid ion potentials, as this allows a
large number of time-steps (important for modelling glasses). The parameters were taken from
those derived by Teter [27], and were evaluated to establish their suitability (discussed below).
Although these have not previously been used to model phosphate glasses, other potential
parameters from Teter have proven effective for modelling silicate [28] and aluminate [29]
glasses. The potentials have the form

Vi j(r) = qi q j

4πε0r
+ Ai j exp

(−r

ρi j

)
− Ci j

r 6
(1)

where Vi j(r) is the potential, i and j are element types, r is interatomic distance, q is charge,
and Ai j , ρi j and Ci j are potential parameters (with ε0 = 8.854 × 10−12 C2 N−1 m−2). The
potential parameters are shown in table 1. In addition, potential parameters for O–P–O and
P–O–P bond bending interactions were taken from [22], and have the form

Vi ji(θ) = 1
2 ki j i(θ − �i j i)

2 (2)

where j is the element type of the central atom, ki j i = 3.5 eV and �i j i = 109.47◦ for
O–P–O, and ki j i = 3.0 eV and �i j i = 135.5◦ for P–O–P. The potential parameters were
evaluated by using the GULP program [30] to model crystals of P4O10 (a molecule), o-P2O5,
o′-P2O5, Tb2O3 (types B and C), TbPO4 (orthophosphate), TbP3O9 (metaphosphate), and
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Table 1. Potential parameters for two-body interactions used in the current study, which were
taken from those derived by Teter [27]. (Potential parameters for three-body interactions were
taken from [22] and are detailed in the text.)

i j qi (e) Aij (eV) ρi j (Å) Cij (eV Å
−6

)

PO 3.0 27 722 0.1819 86.86
TbO 1.8 13 137 0.2287 36.33
OO −1.2 1 844 0.3436 192.58

Table 2. Structural parameters for Tb2O3–P2O5 crystals from the CDS database [31] (non-italic)
and from energy minimization for potential parameters used in the current study (italic). (P4O10

was modelled as a single, isolated molecule in a large unit cell. Monoclinic YbP3O9 crystal* was
used as the estimated starting structure for monoclinic TbP3O9 crystal.)

Average P4O10 o-P2O5 o′-P2O5 Tb2O3 type B Tb2O3 type C TbPO4 YbP3O9
∗T bP3 O9 TbP5O14

a (Å) — 16.314 9.193 14.030 10.729 6.931 11.219* 8.721
16.502 8.623 14.285 10.640 6.763 11.052 8.655

b (Å) — 8.115 4.890 3.536 10.729 6.931 19.983* 8.877
8.072 5.073 3.427 10.640 6.763 19.854 8.868

c (Å) — 5.265 7.162 8.717 10.729 6.061 9.999* 12.910
4.768 6.921 8.668 10.640 6.344 9.970 13.098

Vol (Å
3
) — 697 321 425 1235 291 2223* 999

635 302 418 1204 290 2171 984

NPO 4 4 4 — — 4 4* 4
4 4 4 4 4 4

RPO (Å) 1.55 1.54 1.54 — — 1.54 1.54* 1.54
1.52 1.51 1.51 1.50 1.50 1.50

O–P–O (deg) 109 109 109 — 109 109* 109
109 109 109 109 109 109

P–O–P (deg) 122 131 142 — — — 137* 135
132 146 149 — 147 141

NTbO — — — 6.67 6 8 6* 8
6.67 6 8 6 8

RTbO (Å) — — — 2.39 2.31 2.37 2.21* 2.43
2.37 2.29 2.42 2.27 2.47

TbP5O14 (ultraphosphate). The crystal structures were obtained from the CDS database [31]
(the monoclinic YbP3O9 crystal was used as a starting structure for the monoclinic TbP3O9

crystal, since the CDS database [31] contains the former but not the latter). The results are
shown in table 2. Although there is a tendency for RPO to be slightly too short and the P–O–P
bond angle to be slightly too large, the results are quite reasonable, given that eight structures
are modelled with 14 potential parameters.

MD modelling was used to obtain a model of atomic structure of (Tb2O3)x(P2O5)1−x glass
with composition x = 0.25. The impurity-free system was chosen as a more robust starting
point for modelling, since modelling the effect of an impurity would be more challenging (as
there are fewer atoms in the model, and less experimental data, for the impurities). Although
the experimental glass has Al impurities [8, 9, 13, 26], the ratio of Al:Tb is ∼1:8 [26], so Al
can be expected to have a perturbing but not dominant effect on Tb coordination. The model
has a total of 1300 atoms (100 Tb, 300 P and 900 O) in a cubic box with a length of 26.5 Å.
A random starting configuration and periodic boundary conditions were used. One objective
of the modelling work was to produce a model which agreed with the experimental density of
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Figure 1. Image of the model of Tb metaphosphate glass (tetrahedra show the phosphate network,
and spheres show Tb3+ ions).

(This figure is in colour only in the electronic version)

3.58 g cm−3 [8], as this is one of the requirements for a model to represent an experimental
glass. However, use of an N PT algorithm with P = 1 atm produced a model with a density
8% higher than experiment. Hence an NV T algorithm was used to obtain a model matching
the experimental density. As a consequence, the model obtained has an unphysical negative
pressure. This means a greater volume for the structural configuration, but does not noticeably
increase values of R and N , because the latter are dominated by the short-range part of the
potentials. (It is often difficult to model both the density and pressure of glasses accurately
using MD, e.g. in [32].)

MD modelling used the DLPOLY program [33], with time-steps of 1 fs. A Berensden
NV T algorithm was used with a relaxation time of 2 ps. A short-range cut-off of 10 Å was
used for all except the Coulomb potential, and the Coulomb potential was calculated using
the Ewald method with a precision of 10−5. The modelling used six stages. The first three
stages were temperature baths of 80 000 time-steps (with equilibration) at 6000, 3000, and
1500 K, and with linear thermal expansion coefficients of 1.03, 1.015, and 1.005, respectively.
(A trajectory of 80 000 time-steps at 6000 K is sufficient to allow diffusion over the box length.)
This was followed by a temperature quench of 60 000 time-steps (with equilibration) from 1500
to 300 K, i.e. a quench rate of 1013 K s−1. This quench rate is typical in MD studies of glasses,
e.g. in [22, 28, 32]. Due to constraints on computing time, all MD studies of glasses use quench
rates that are several orders of magnitude higher than in experiments. Despite this (the role of
quench rates is under ongoing investigation, e.g. in [34]), MD studies have been able to provide
key insights into glass structures. The final two stages were temperature baths of 80 000 time-
steps at 300 K (the first with equilibration and the second without equilibration). During the
final stage, structural parameters were sampled (every 200 time-steps) to include disorder due
to thermal vibrations, which is present in the experimental results.

3. Results

Figure 1 shows an image of the model of Tb metaphosphate glass, and the tetrahedral PO4

network is evident. Figure 2 shows the partial radial distribution functions Ti j(r) for the model,
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Figure 2. Partial radial distribution functions Ti j (r) for a model of Tb metaphosphate glass. The
inset shows P–Ob (dotted) and P–Onb (solid) correlations. (Note that P–O, P–P, P–Tb and Tb–Tb
correlations have been scaled ×0.5, ×1.5, ×3, and ×1.5, respectively.)

where i and j are element types. Ti j(r) are defined as

Ti j(r) = 1

r

(
1

Ni

Ni∑
�=1

N j∑
m �=�

δ(r − R�m)

)
= 4πrρ j gi j(r) (3)

where gi j(r) is the partial pair distribution function with gi j(r) → 1 as r → ∞, and ρ j is the
atomic number density of element type j (� = 1 − Ni is the index over atoms of element type
i). The first peak in TPO(r) at ∼1.5 Å represents P–O nearest neighbours. All oxygen atoms
have either two bonds to P (34.5% of oxygen, denoted Ob) or one bond to P (65.5% of oxygen,
denoted Onb). The inset of figure 2 shows that P–Onb bonds are shorter than P–Ob bonds, as
expected. In the model, these bonds differ by 0.06(1) Å, whereas differences of 0.11(1) Å have
been reported in neutron diffraction results for glasses with x = 0.25 and RE = La [15] and
Nd [16]. The model has 96.4% P with four-fold coordination. The remaining 3.6% of P have
five-fold coordination, and this should be considered as a defect arising from slight inaccuracy
in the potentials. TOO(r) has a first peak at ∼2.5 Å due to O–P–O configurations (a very
small feature at 2.2 Å occurs due to five-fold coordinated P defects). Figure 3 shows that
the average O–P–O bond angle is tetrahedral, i.e. 109◦ (a very small feature at 85◦ occurs
due to five-fold coordinated P defects). The inset of figure 3 shows that Onb–P–Onb bond
angles are expanded, and Ob–P–Ob bond angles are contracted. This is expected, since Onb–
Onb neighbours experience greater repulsion than Ob–Ob neighbours.

TPP(r) has a narrow first peak at ∼3.0 Å representing P–P nearest neighbours in the
phosphate network, and figure 3 shows that P–O–P bond angles are peaked at around 150◦.
The connectivity of the phosphate network can be described by the Qn distribution (each P is
classified as Qn , where n = NPOb ), and there is a majority of Q2 groups (50.3%) but also
significant amounts of Q1 (24.0%) and Q3 (21.0%) groups, with an average of n = 2.1
(the tiny remainder of Qn groups are Q0 and Q4). This average n is slightly high (due
to five-fold coordinated P defects) compared to the expected average of n = 2.0 for the
metaphosphate composition. Another way to describe the topology of a tetrahedral network
is by the distribution of rings (formed by connected tetrahedra), as discussed for silicate glasses
in [35]. The model has only a few rings with sizes from 4 to 14, averaging 0.03 rings per P
(the distribution of ring sizes was calculated using the method of shortest path analysis, and the
statistics for ring sizes larger than 14 are not considered, as they can be affected by the finite
box size). This is expected for a majority of Q2 units forming long chains, and is similar to the
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Figure 3. Bond angle distributions for a model of Tb metaphosphate glass. The inset shows Ob–P–
Ob (dotted) and Onb–P–Onb (solid) bond angle distributions. (Note that Ob–P–Onb bond angles are
omitted for clarity.)

Table 3. Nearest-neighbour distances Rij , and coordination numbers Nij , of (Tb2O3)x (P2O5)1−x

glass for experiments with x = 0.26, and for the model with x = 0.25. (The splitting of P–Onb/P–
Ob distances is shown for neutron diffraction and MD results.)

X-ray diffr. [8] Neutron diffr. [9] EXAFS [13] MD

RPO (Å) 1.56(1) 1.49(1)/1.60(1) — 1.48/1.54
NPO 3.8(3) 1.7(4)/1.9(4) — 2.10/1.95
RTbO (Å) 2.32(2) 2.27(2) 2.27(1) 2.28
NTbO 6.6(6) 5.6(6) 5.8(2) 5.7
ROO (Å) 2.58(3) 2.50(1) — 2.46
NOO 4.8(8) 3.4(3) — 4.1
RPP (Å) 2.96(4) 3.00(4) — 2.99
NPP 4.1(13) 2.0(9) — 2.1

distribution of rings sizes reported for CaSiO3 [36] and Na2SiO3 [35] glasses (which also have
an average of n = 2.0).

The first peak in TTbO(r) at ∼2.3 Å represents Tb–O nearest neighbours. The majority
of Tb (62%) has six-fold coordination, with nearly all of the remaining Tb (34%) having five-
fold coordination, giving an average NTbO = 5.7. All Tb is bonded only to Onb. TOO(r) has
a broad second peak from 3.0 to 3.5 Å representing Onb coordinated to Tb, i.e. Onb–Tb–Onb

configurations. The Onb–Tb–Onb bond angle shown in figure 3 represents TbON polyhedra, and
is peaked at ∼80◦ with a shoulder at larger angles extending to 180◦, as expected for distorted
octahedral coordination. P–Tb correlations are first prominent from 3 to 4 Å, and the Tb–Tb
correlations show a small peak around 4 Å followed by a larger, broad peak around 6 Å. The
former arises due to sharing of Onb, i.e. Tb–Onb–Tb configurations, or corner-sharing TbON

polyhedra.
Experimental results have been reported only for one Tb glass, with a composition of

(Tb2O3)x(Al2O3)y(P2O5)1−x , with x = 0.25 [8, 9, 13, 26] and y = 0.03 (i.e. Al impurity
due to the use of an alumina crucible) [28], which is close to the metaphosphate composition.
The experimental results for nearest-neighbour distances Ri j and coordination numbers Ni j are
reported in table 3 for P–O, Tb–O, O–O and P–P correlations. There is good agreement with
the modelling results, considering the reported experimental uncertainties. The x-ray results for
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Figure 5. Neutron diffraction structure factor SN (Q) of (Tb2O3)x (P2O5)1−x glass for the model
with x = 0.25 (solid), and from experiment with x = 0.26 (dotted) [9].

O–O correlations, and the neutron results for P–P correlations, are somewhat uncertain due to
the small weighting of the corresponding partials (see equation (4)). The model value of RPOb

is ∼0.05 Å shorter than the neutron diffraction result of 1.60 Å [9] (neutron diffraction results
for other RE metaphosphate glasses also give RPOb = 1.60 Å [15, 16]). The model has a value
of ROO = 2.46 Å, which is somewhat smaller than the x-ray diffraction result of 2.58(3) Å, but
which shows less discrepancy with the neutron diffraction result of 2.50(1) Å. Figures 4 and 5
(respectively) show experimental x-ray [8] and neutron [9] diffraction structure factors S(Q).
The S(Q) from the model have been calculated using

Q(S(Q) − 1) =
∑

i j

wi j(Q)

∫
(Ti j(r) − 4πrρ j ) sin(Qr) dr (4)

where wi j(Q) is the weighting factor for scattering from correlations between elements i and
j [37]. (The S(Q) were calculated using Ti j(r) up to r = 10 Å, for which case a cut-off
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Figure 6. (a) Tb–Tb partial structure factor STbTb(Q) of (Tb2O3)x (P2O5)1−x glass for the model
with x = 0.25 (black) and from magnetic neutron scattering experiment with x = 0.26 (grey) [26].
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hence is proportional to the model result (right-hand y-axis). (The dotted line shows STbTb(Q)

for the model calculated after removing the small peak around 4 Å in TTbTb(r).) (b) Experimental
SRE−RE(Q) reported in [12] for glasses with x ≈ 0.22 and RE = Dy/Ho.

function is found to be unnecessary.) The model S(Q), also shown in figures 4 and 5, are in
reasonable agreement with the experimental S(Q), although there is some mismatch in peak
heights and positions. The oscillations in neutron diffraction S(Q) are slightly out of phase,
due to the slightly shorter value of RPOb , as discussed above.

Newport et al recently carried out a magnetic neutron scattering study of Tb metaphosphate
glass [26]. The neutron scattering length depends on the nuclear spin alignment, and a magnetic
field can be used to align the nuclear spins of paramagnetic Tb3+ ions. Hence magnetic
neutron scattering is one of the few experimental techniques which can directly probe Tb–Tb
correlations. In this way it was possible to obtain a measurement of the Tb–Tb partial structure
factor, STbTb(Q) (equation (4) with i j = Tb–Tb), the first time that such a measurement has
been reported for a glass [26]. Figure 6(a) shows the model STbTb(Q) with the experimental
results. The model result is in promising agreement, considering that a direct experimental
measurement of RE–RE correlations necessarily involves a weaker signal.

4. Discussion

The current study presents the first MD model of an RE phosphate glass. This is a challenging
modelling objective, due to the different characters of P–O and Tb–O interactions. The MD
modelling used 14 potential parameters which reasonably accurately reproduced the known
short-range order in eight Tb2O3–P2O5 crystal structures. The model of Tb metaphosphate
glass contains a corner-shared tetrahedral PO4 network, as expected. The short-range order
in the phosphate network is in fairly good agreement with experimental results, with good
values of Ri j and Ni j for P–O, O–O and P–P correlations. Some details are not completely
satisfactory. There is a small content (3.6%) of five-fold coordinated P defects, and RPOb is
∼0.05 Å too short. Reducing these discrepancies would require the development of improved
potentials, which is a complex task.
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The connectivity of the phosphate network is also in fair agreement with the experimental
results, with expected proportions of Ob and Onb, and an average of n = 2.1, close to the
expected value of n = 2.0. The Qn distribution is peaked around Q2, but includes significant
amounts of Q1 and Q3. A broad distribution of Qn is typically found in MD models of
network glasses. However, 31P NMR data for RE metaphosphate glasses does not establish
the amounts of Q1 and Q3 present precisely. The model value of RPP is similar to that from
neutron diffraction. However, figure 3 shows that the P–O–P bond angle is peaked around 152◦,
and this is somewhat larger than experimental results, suggesting an angle of around 144◦ for a
glass with RE = Tb and x = 0.26 [8, 9], and for other RE phosphate glasses [17] (an angle of
140◦ was reported for P2O5 glass [38]). Increasing the value of kPOP improves the value of the
P–O–P bond angle, but causes poor results for Tb–O correlations.

As discussed in the introduction, overall experimental results for metaphosphate glasses
with small RE ions (beyond Gd) indicate NRE−O ≈ 6(0.5). The model has values of RTbO

and NTbO in good agreement with experiment, and most Tb (62%) has coordination of 6. All
Tb is bonded only to Onb, as expected. At the metaphosphate composition there are 6 Onb

per Tb, hence a coordination of 6 is theoretically possible with no sharing of Onb between Tb.
Since Onb are bonded to one P5+ ion and one RE3+ ion, it is less favourable for them to also
be bonded to another RE3+ ion (although this does occur in RE metaphosphate crystals with
large RE ions). The great majority of Onb (78%) are bonded to just one Tb, and figure 3 shows
that the typical P–Onb–Tb bond angle is around 140◦. However, there a few Onb (14%) that are
bonded to zero Tb, and a few Onb (8%) that are bonded to two Tb. The latter involve Tb–Onb–
Tb configurations, which have Tb–Onb–Tb bond angles around 100◦. (Tb–Onb–Tb bond angles
are smaller than P–Onb–Tb bond angles due to greater repulsion between cations in the latter.)

A conceptual model in which all Tb are six-fold coordinated and there is no sharing of Onb

implies there will be no short RE–Onb–RE distances. Figure 1 shows that TTbTb(r) has a main
peak around 6 Å, consistent with a great majority of unshared Onb. Hoppe and co-workers
have proposed [17] that, for La metaphosphate glass, the peak in La–La correlations at ∼6.4 Å
corresponds to two La linked with two Onb of the same Q2 unit. Furthermore, they proposed
that such La–La correlations give rise to features at low Q in the x-ray diffraction structure
factor SX (Q), including a shoulder at Q = 1.05 Å

−1
. According to their interpretation, the

peak in Tb–Tb correlations at ∼6 Å could be expected to contribute to SX (Q) at Q ≈ 1.2 Å
−1

(the change in Q is inverse to the change in RRE−RE, and the latter depends on the radius ratio of
Tb3+:La3+ which is 1.00 Å:1.15 Å). This appears consistent with the contribution of only Tb–
Tb correlations to SX (Q) (i.e. wTbTb(Q)STbTb(Q)), as shown in figure 4. (Note that figure 4
shows that Tb–Tb contributions contribute to SX (Q) over a range of Q values, including a
shoulder at Q ≈ 1.2 Å

−1
.) Figure 2 shows that there is also a small peak in TTbTb(r) around

4 Å, with RTbTb < 2RTbO, due to a small amount of shared Onb (8%).
Experimental data on RE–RE correlations is very difficult to obtain. The first such result

was reported by Salmon and co-workers for glasses with RE = Dy/Ho and x = 0.22 (using
isomorphic substitution) [12]. The experimental TRE−RE(r) reported by Salmon and co-workers
does not show the presence of short RE–RE distances clearly. A peak at 4.72 Å was reported,
but this was not conclusively identified as a real feature. However, they do report a value of
19% of Onb neighbours to be shared, and this must involve some short RE–Onb–RE distances.
Results have also been reported by Newport and co-workers for glass with RE = Tb and
x = 0.26 (using magnetic neutron scattering) [26]. Figure 6(a) shows the experimental Tb–
Tb partial structure factor STbTb(Q) [26], and the model results are in promising agreement.
(The model results were calculated from the TTbTb(r) by Fourier transform, according to
equation (4).) Note that the experimental STbTb(Q) has units of barns steradians−1 atoms−1
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(left-hand y-axis), and hence is proportional to the model STbTb(Q) (right-hand y-axis). In
addition, the experimental signal becomes negligible by Q ∼ 7 Å

−1
due to the magnetic form

factor for Tb3+ [26]. Also shown in figure 6(a) as a dotted line is the STbTb(Q) calculated from
the model after removing the small peak around 4 Å in TTbTb(r). Although this has a noticeable
affect on STbTb(Q), it is not clear whether the uncertainty in experimental results is low enough
to distinguish the presence or absence of some short Tb–Tb distances. Figure 6(b) shows
experimental SRE−RE(Q) values reported in [12] for glasses with x ≈ 0.22 and RE = Dy/Ho,
and the two main peaks at Q ∼ 1.5 and 2.5 Å

−1
are similar to those in figure 6(a).

The model of Tb metaphosphate glass has some Q1 and Q3 units, and also has some Onb

with zero or two bonds to Tb, and these are not consistent with a more ordered conceptual
model in which there are 100% Q2 units, and 100% of Onb bonded to one Tb. On average, each
Onb belonging to Q1, Q2 and Q3 units has a bond valence of 1.33, 1.5 and 2.0 (respectively)
for bonds to P, and so has an available bond valence of 0.67, 0.5 and 0.0 (respectively) for
bonds to Tb. Hence an Onb with zero bonds to Tb (i.e. a bond valence of 0.0 for bonds to
Tb) will be well matched to Q3 units, and not well matched to Q1 units. On this basis, it
is expected that Onb with zero bonds to Tb is more likely to be found on Q3 units, and less
likely to be found on Q1 units. Conversely, Onb with two bonds Tb (i.e. shared Onb) can be
expected to have bond valence for bonds to Tb of ∼1.0 (assuming a typical bond valence of
∼0.5 for Tb–O bonds). The mismatch in bond valence will be smaller if such an Onb belong
to Q1 units (a mismatch in bond valence of 1.0 versus 0.67) than if such an Onb belong to
Q3 units (a mismatch in bond valence of 1.0 versus 0.0). On this basis, such an Onb is most
likely to be found on Q1 units, and unlikely to be found on Q3 units. Inspection of the model
confirms these predictions. RE metaphosphate crystals have 100% Q2 and 100% of Onb with
(at least) one bond to Tb, in accordance with the more ordered conceptual model discussed
above. However, RE metaphsophate crystals have very anisotropic structures, with columns of
RE ions and infinite spiral chains of Q2 units aligned along the c-axes. In contrast, the glass
must have an isotropic structure (and this is consistent with the presence of some finite rings in
the model). One possible explanation for the presence of some Q1 and Q3 units, and a few Onb

with zero or two bonds to Tb, is that they enable an isotropic structure of the phosphate network
in the glass. Alternative explanations are that these features of the model arise due to the very
high quench rates in MD modelling, or due to limitations in the accuracy of the potential that
is used.

5. Conclusion

The current study reports the first MD model of an RE phosphate glass, in this case Tb
metaphosphate glass. The model is in good agreement with experimental results for nearest-
neighbour distances and coordination numbers, and in reasonable agreement for x-ray and
neutron diffraction structure factors. There is a tetrahedral phosphate network, with marked
splitting of P–Ob and P–Onb distances, which is a characteristic of phosphate glasses. The
phosphate network has an average connectivity of n = 2.1 with mostly Q2 groups, as expected
for the metaphosphate composition, but with some Q1 and Q3 groups. Most Tb have a
coordination of 6, and the average coordination is NTbO = 5.7, which compares favourably
with experimental results that indicate NRE−O ∼ 6 in metaphosphate glasses with small RE
ions. The great majority of Onb are bonded to only one Tb, but there are a few Onb bonded to
zero or two Tb, the latter occurring in Tb–Onb–Tb configurations. These cause a small peak
in Tb–Tb correlations around 4 Å, prior to the main peak around 6 Å. The corresponding Tb–
Tb partial structure factor is in promising agreement with a recent experimental measurement
using magnetic neutron scattering. One possible explanation for the presence of some Q1 and
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Q3 groups, and of a few Onb with zero or two bonds to Tb, is that they enable an isotropic
structure of the phosphate network in the glass.
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