
Structure and thermal properties of yttrium alumino-phosphate glasses

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

2008 J. Phys.: Condens. Matter 20 115204

(http://iopscience.iop.org/0953-8984/20/11/115204)

Download details:

IP Address: 129.252.86.83

The article was downloaded on 29/05/2010 at 11:08

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/20/11
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


IOP PUBLISHING JOURNAL OF PHYSICS: CONDENSED MATTER

J. Phys.: Condens. Matter 20 (2008) 115204 (13pp) doi:10.1088/0953-8984/20/11/115204

Structure and thermal properties of
yttrium alumino-phosphate glasses
Richard A Martin1, Philip S Salmon1,4, Donna L Carroll2,
Mark E Smith2 and Alex C Hannon3

1 Department of Physics, University of Bath, Bath BA2 7AY, UK
2 Department of Physics, University of Warwick, Coventry CV4 7AL, UK
3 ISIS Facility, Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX11 0QX, UK

Received 14 December 2007
Published 20 February 2008
Online at stacks.iop.org/JPhysCM/20/115204

Abstract
The structure and thermal properties of yttrium alumino-phosphate glasses, of nominal
composition (Y2O3)0.31−z(Al2O3)z(P2O5)0.69 with 0 � z � 0.31, were studied by using a
combination of neutron diffraction, 27Al and 31P magic angle spinning nuclear magnetic
resonance, differential scanning calorimetry and thermal gravimetric analysis methods. The
Vickers hardness of the glasses was also measured. The data are compared to those obtained for
pseudo-binary Al2O3–P2O5 glasses and the structure of all these materials is rationalized in
terms of a generic model for vitreous phosphate materials in which Y3+ and Al3+ act as
modifying cations that bind only to the terminal (non-bridging) oxygen atoms of PO4

tetrahedra. The results are used to help elucidate the phenomenon of rare-earth clustering in
phosphate glasses which can be reduced by substituting Al3+ ions for rare-earth R3+ ions at
fixed modifier content.

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

1. Introduction

Rare-earth phosphate glasses display a host of interesting
properties and have a variety of optoelectronic and laser
applications [1–6]. It is therefore important to know the
structure of these materials in order to understand the
interactions between the rare-earth ions and their mediation
by the matrix material. This presents, however, a challenging
experimental task owing to the inherent structural disorder of
a glass and, even in the simplest material, there are at least
three different chemical species (rare-earth R, phosphorus P
and oxygen O) which leads to a description of the structure
in terms of six overlapping pair-correlation functions. A
variety of different structural probes has therefore been
applied and there has been a recent focus on measuring
the R–R pair-distribution function by using methods such
as isomorphic substitution in neutron diffraction [7, 8],
magnetic difference neutron diffraction [9], anomalous
dispersion neutron diffraction [10, 11], and anomalous x-ray
scattering [12]. Moreover, glasses with enhanced chemical
durability and mechanical properties are routinely prepared
by the incorporation of alumina (Al2O3) [6, 13] and there is

4 Author to whom any correspondence should be addressed.

evidence to suggest that the proximity of the rare-earth ions,
and hence their degree of clustering, can be controlled by
changing the ratio of rare-earth oxide R2O3 to Al2O3 at fixed
P2O5 content [7, 8, 14]. The presence of aluminium as a
fourth chemical species does, however, further complicate the
problem by a need to describe the glass structure in terms of an
additional four pair-correlation functions.

It is therefore advantageous to tackle the structure of
a given set of these materials by using several different
experimental techniques in order to maximize the information
that can be obtained. We have chosen to investigate glasses
of nominal composition (Y2O3)0.31−z(Al2O3)z(P2O5)0.69, with
0 � z � 0.31, by using a combination of neutron diffraction,
27Al magic angle spinning (MAS) nuclear magnetic resonance
(NMR) and 31P MAS NMR spectroscopy. Although Y3+ is not
from the rare-earth series, it has the same charge as Dy3+ and
Ho3+, the same ionic radius as Ho3+ at 0.90 Å [15], and very
similar structural chemistry to Dy3+ and Ho3+ as indicated
by the Pettifor chemical parameter which is comparable for
these ions [16]. Y3+ is therefore representative of ions
from the small radius end of the rare-earth series but is
non-paramagnetic which makes feasible a detailed study of
Y2O3–Al2O3–P2O5 glasses by using 27Al and 31P MAS NMR
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Table 1. The number y of added modifier oxygen atoms per P2O5

unit, the coordination number of the modifying cation n̄O
M, the

number of terminal oxygen atoms OT available per modifying cation
availn̄O

M, the parameter fM, and the shortest M–M nearest-neighbour
distance rMM (min) for several crystalline phosphates containing
trivalent modifying cations. The ionic radius of M3+ in a six-fold
coordination environment is 0.535, 0.900, 0.890 and 1.032 Å for
Al3+, Y3+, Er3+ and La3+, respectively [15].

Crystal y n̄O
M

availn̄O
M fM rMM (min) (Å) Reference

AlP3O9 1 6 6 0 5.19 [33]
1 6 6 0 4.60 [34]

AlPO4 3 4 4 0 4.45 [35]
Y2P4O13 1.5 7 5 2/7 3.86 [36]
YP3O9 1 6 6 0 5.04–5.41 [37]
YPO4 3 8 4 1/2 3.76 [38, 39]
ErP5O14 0.6 8 8 0 5.52–5.70 [40, 41]
ErP3O9 1 6 6 0 5.37 [42]
ErPO4 3 8 4 1/2 3.74 [39, 43]
LaP5O14 0.6 8 8 0 5.25 [44]
LaP3O9 1 8 6 1/4 4.31 [45]
LaPO4 3 9 4 5/9 4.09–4.17 [39, 46, 47]

(the presence of paramagnetic rare-earth ions in phosphate
glasses leads to broadening and degradation of the MAS NMR
spectra [17, 18]). Furthermore, the information thus provided
will enable a comparison to be made with the structure of
La2O3–Al2O3–P2O5 glasses when La2O3 is systematically
replaced by Al2O3 at fixed P2O5 content [19]. La3+ is also non-
paramagnetic and is representative of rare-earth ions from the
large radius end of the rare-earth series. Since the coordination
number of a small or large rare-earth ion in a phosphate crystal
or glass of fixed composition is usually rather different (see
table 1 and [20, 21]), the replacement of R3+ by Al3+ should
lead to a significant change in the composition dependence of
any rare-earth clustering.

A generic model for the structure of phosphate
glasses [22–24], which has been extended to give additional
information on the clustering of modifying cations [14], is
summarized in section 2. The essential theory required to
understand the neutron diffraction results is then given in
section 3. The sample preparation is outlined in section 4
along with the sample characterization methods which include
differential scanning calorimetry, thermal gravimetric analysis
and measurement of the Vickers hardness. In section 4, the
neutron diffraction and 27Al and 31P MAS NMR methods
are also outlined. The neutron diffraction work made use
of the time-of-flight instrument GEM [25] at the ISIS pulsed
neutron source which accesses a large maximum scattering
vector and thereby gives excellent resolution of the glass
structure in real-space. The expected P–O, Al–O and Y–
O nearest-neighbour distances are also significantly different
i.e. the neutron diffraction experiments should resolve the
nearest-neighbour real-space peaks. The experimental results
are presented in section 5 and are discussed in section 6 by
reference to the structural model described in section 2.

2. Structural model for phosphate glasses

In crystalline and glassy P2O5, a network is built from corner-
sharing PO4 tetrahedra comprising one terminal oxygen atom,

OT, and three bridging oxygen atoms, OB, where the P–O
distances are �1.4 and 1.6 Å respectively [24, 26–30]. The
atomic fraction of chemical species α is defined by cα =
Nα/N where Nα is the number of atoms of type α and N =
�α Nα is the total number of atoms in the system e.g. cP = 2/7
and cO = 5/7 for pure P2O5. In the model that has been
developed for phosphate glasses [22–24], the addition of a
network modifying cation M in the form of an oxide, such
as M2O, MO or M2O3, leaves the PO4 tetrahedra intact but
depolymerizes the phosphate network through the breakage
of P–OB–P bonds. This increases the fraction of OT atoms
to which the modifying cations bind via P–OT–M linkages.
Specifically, if y oxygen atoms from the network modifier are
added per P2O5 unit, the P:OB:OT ratio changes from 2:3:2 in
pure P2O5 to 2:(3− y):2(1+ y) in the modified material where
y = 2cO/cP − 5 i.e. the network connectivity is dependent on
the oxygen-to-phosphorus ratio. The overall O–(P)–O nearest-
neighbour coordination number, where the notation refers to
oxygen atoms interlinked by phosphorus, is therefore given by

n̄O
O = (3 − y)

(5 + y)
n̄O

OB
+ 2(1 + y)

(5 + y)
n̄O

OT
(1)

where n̄O
OB

= 6 and n̄O
OT

= 3 such that n̄O
O = 24/(5 + y) [23].

Since P–OB bonds are longer than P–OT bonds, the mean O–
(P)–O distance associated with bridging sites is anticipated
to be longer than for terminal sites. The nearest-neighbour
P–(OB)–P coordination number is given by n̄P

P = 3 − y.
The PO4 tetrahedra can be classified by using the Qn

terminology where n (= 0, 1, 2, 3) represents the number
of P–(OB)–P linkages per tetrahedron and the charge on a
Qn species is given by (n − 3)e where e is the elementary
charge [24]. At a given sample composition, the average
value of n is therefore equal to the P–(OB)–P coordination
number i.e. 〈n〉 = 3 − y. In a simple ionic model, which
provides a guide for understanding the distribution of Qn

sites in phosphate glasses [22, 24, 31, 32], the network first
depolymerizes so that the Q3 species of pure P2O5 (y = 0)
are converted to Q2 species, a process that is completed at
the metaphosphate composition where y = 1. For this first
composition range 〈n〉 = 2 f (Q2) + 3 f (Q3), where f (Qn)

denotes the fraction of Qn tetrahedra ( f (Q2) + f (Q3) = 1),
and it follows that

f (Q2) = y (2a)

f (Q3) = 1 − y. (2b)

As more modifier is added, the Q2 species subsequently
convert to Q1, a process that is completed at the pyrophosphate
composition where y = 2. For this second composition range
〈n〉 = f (Q1) + 2 f (Q2) where f (Q1) + f (Q2) = 1 and it
follows that

f (Q2) = 2 − y (3a)

f (Q1) = y − 1. (3b)

Finally, as yet more modifier is added the Q1 species
subsequently convert to Q0 species, a process that is completed
at the orthophosphate composition where y = 3. For this third
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composition range 〈n〉 = f (Q1) where f (Q0) + f (Q1) = 1
and it follows that

f (Q1) = 3 − y (4a)

f (Q0) = y − 2. (4b)

Glasses for which 0 � y < 1 are referred to as
ultraphosphates and those for which y > 1 are referred to as
polyphosphates [24].

In the case of a monovalent modifying cation M+,
for which the system composition can be written as
(M2O)x(P2O5)1−x (0 � x � 1), or a divalent modifying
cation M2+, for which the system composition can be written
as (MO)x(P2O5)1−x , it follows that y = x/(1 − x) so that
equations (2a)–(4b) can be re-written accordingly. For these
cases the metaphosphate, pyrophosphate and orthophosphate
compositions correspond to x values of 1/2, 2/3 and
3/4, respectively. By contrast, in the case of a trivalent
modifying cation M3+ the system composition can be written
as (M2O3)x(P2O5)1−x and it follows that y = 3x/(1 −
x). Equations (2a)–(4b) can be re-written accordingly
and the metaphosphate, pyrophosphate and orthophosphate
compositions now correspond to x = 1/4, 2/5 and 1/2,
respectively. We note that the expressions for f (Qn) given
by equations (2a)–(4b) have to be adjusted if the Qn species in
the melt from which the glass is formed reorganize according
to equilibrium relations such as [22, 24, 32]

2Q2 � Q1 + Q3 (5a)

2Q1 � Q0 + Q2 (5b)

which satisfy the necessary charge balance conditions. This
site disproportionation is reduced, i.e. the equilibrium reactions
in equations (5a) and (5b) are forced to the left-hand side, as
the M–OT interaction takes a more ionic character in order
to produce a more uniform spatial distribution of modifying
cations [22, 32].

In the model of Hoppe and co-workers [23], all of the
terminal oxygen atoms OT tend to coordinate to a network
modifying cation and form M–OT–P bridges. Often the
modifying cations bind exclusively to OT atoms as in the case
of the crystal structures for the trivalent cations given in table 1.
In this scenario it follows that if the mean coordination number
of the modifying cation, n̄O

M, is greater than the number of OT

atoms available per modifying cation, availn̄O
M, where

availn̄O
M = 2 [cO − 2cP] /cM, (6)

then OT atoms must be shared between the modifying
cations. Hence a measure of the number of OT atoms bound
to a modifying cation that are shared between M-centred
coordination polyhedra is given by the ratio fM = (n̄O

M −
availn̄O

M)/n̄O
M. It follows that [8]

fM = 1 − 2 [cO − 2cP]

cMn̄O
M

(7)

leading to the values for crystalline rare-earth phosphates given
in table 1. In general, when fM > 0 shorter M–M distances are

observed since OT atoms have to be shared between M-centred
coordination polyhedra. This is illustrated by the comparison
of the different Y–P–O crystal structures given in table 1. In
some cases it is also possible to deduce simple expressions
for the corresponding nearest-neighbour M–M coordination
number in terms of fM. For example, if the M-centred
coordination polyhedra share only edges and the OT atoms are
solely two-fold coordinated then n̄M

M = fMn̄O
M which gives the

measured n̄M
M values of 2, 4, 4 and 2 for the crystal structures of

Y2P4O13 [36], YPO4 [38, 39], ErPO4 [39, 43] and LaP3O9 [45]
respectively. By comparison, in the case of crystalline LaPO4

the product fMn̄O
M = 5 but there are either (i) edge-sharing

configurations of M-centred coordination polyhedra in which
both two- and three-fold coordinated OT atoms occur such that
n̄M

M = 6 [39, 46] or (ii) combinations of edge- and face-sharing
M-centred coordination polyhedra in which two- and three-
fold coordinated OT atoms can also occur such that n̄M

M =
5 [47].

Often, a second type of modifier is added to a phosphate
network in order to produce a glass with the desired
properties. For example, the use of Al2O3 as a second
modifier can increase both the chemical durability and glass
transition temperature and decrease the thermal expansion
coefficient [13]. Let R and Al denote the two different types
of modifying cation where cM = cR + cAl. Then the number
of OT atoms available per modifying cation M is given by
equation (6) and of these atoms the fraction required by R is
given by cRn̄O

R/cM and the fraction required by Al is given by
cAln̄O

Al/cM. Thus if there are neither Al–OT–Al nor Al–OT–R
linkages and OT atoms coordinated by three M atoms do not
occur, the number of OT atoms available to cR/cM atoms of R
is given by {2[cO − 2cP] − cAln̄O

Al}/cM where n̄O
Al is the Al–O

coordination number. Hence the number of OT atoms available
to a single atom of R is availn̄O

R = {2[cO − 2cP] − cAln̄O
Al}/cR

and the fraction of OT atoms bonded to R that are shared
between R-centred coordination polyhedra is given by [14]
fs ≡ (n̄O

R − availn̄O
R)/n̄O

R where

fs = 1 − 2 [cO − 2cP] − cAln̄O
Al

cRn̄O
R

. (8)

The assumption of no Al–OT–Al linkages is supported by
experiment and will be discussed in sections 5 and 6.
Equation (8) reduces to (7) when the second modifier is not
present.

For an oxygen atom in a regular AlO6 octahedron, there
are four oxygen atom nearest-neighbours at a distance

√
2rAlO

and one further oxygen atom at a distance 2rAlO where rAlO =
1.88 Å is a typical Al–O bond distance [33]. Let y oxygen
atoms be added to P2O5 to give a total of 5 + y oxygen
atoms (i.e. (3 − y)OB and 2(1 + y)OT) in a glass having
a ratio of 2P to 2cAl/cP Al. Then if all of the Al atoms
in the material form AlO6 octahedra, 6 × 2cAl/cP of the
oxygen atoms will each have 4 oxygen nearest-neighbours
in an octahedron at a distance

√
2rAlO = 2.66 Å. The

corresponding O–(Al)–O coordination number is given by
n̄O

O = 48cAl/(5 + y)cP [14]. By comparison, if all of the
Al atoms in the material form regular AlO4 tetrahedra then
4 × 2cAl/cP of the oxygen atoms will have three oxygen
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nearest-neighbours at a distance
√

8/3rAlO = 2.87 Å where
rAlO = 1.76 Å is a typical Al–O bond distance [48]. The
corresponding O–(Al)–O coordination number is given by
n̄O

O = 24cAl/(5 + y)cP. In alumino-phosphate framework
structures, irregular AlO5 polyhedra occur that are intermediate
between trigonal bipyramids and tetragonal pyramids with
a mean Al–O distance rAlO = 1.83 Å [49]. Within the
AlO5 polyhedron, an oxygen atom has three nearest-neighbour
oxygen atoms between 2.58 and 3.05 Å and one further oxygen
atom at 3.38–3.47 Å. For the nearest-neighbours, an O–(Al)–
O coordination number given by n̄O

O = 30cAl/(5 + y)cP at a
distance of ≈2.74 Å is therefore anticipated if all of the Al
atoms in the material form AlO5 structural motifs.

3. Neutron diffraction theory

In a neutron diffraction experiment on a Y–Al–P–O glass, the
coherent intensity can be represented by the total structure
factor [50]

F(k) =
∑

α

∑

β

cαcβbαbβ

[
Sαβ(k) − 1

]
(9)

where cα and bα denote the atomic fraction and bound coherent
scattering length of chemical species α and Sαβ(k) denotes
a Faber–Ziman partial structure factor. The accompanying
real-space information is contained in the total pair-correlation
function

D(r) = 4πn0r

|G(0)|G(r) (10)

where n0 is the atomic number density,

G(r) =
∑

α

∑

β

cαcβbαbβ

[
gαβ(r) − 1

]
, (11)

and gαβ(r) is a partial pair-distribution function. The limiting
value G(0) follows from setting gαβ(0) = 0 in equation (11).
In a diffraction experiment, D(r) is seldom obtained directly
from the measured total structure factor because of the finite
measurement window of the diffractometer M(k � kmax) = 1,
M(k > kmax) = 0 which is represented in real-space by the
symmetrical function

M(r) = 1

π

∫ kmax

0
dk cos(kr) = 1

πr
sin(kmaxr). (12)

Instead, the function D′(r) is obtained where

D′(r) = 2

π |G(0)|
∫ ∞

0
dk F(k)kM(k) sin(kr)

= D(r) ⊗ M(r) (13)

and ⊗ denotes the one-dimensional convolution operator. The
normalization by |G(0)| ensures that the weighting factors of
the gαβ(r) in equations (10) and (13) sum to unity such that
D(r) or D′(r) is given by −4πn0r at small-r values.

To enable those features that are an artefact of M(r) to be
distinguished, each peak i in rgαβ(r) can be represented by a
Gaussian centred at rαβ(i) having a standard deviation σαβ(i)
and an area which corresponds to a coordination number n̄β

α(i)
of species β around α. The measured D′(r) can then be fitted

by least squares to a sum of these Gaussians convoluted with
M(r) such that

D′(r) =
∑

i

[
Wαβ(i)n̄β

α(i)√
2πcβ(i)rαβ(i)σαβ(i)

× exp

(
−(r − rαβ(i))2

2σ 2
αβ(i)

)
⊗ M(r)

]
− 4πn0r (14)

where Wαβ(i) = c2
αb2

α/|G(0)| if α = β and Wαβ(i) =
2cαcβbαbβ/|G(0)| if α �= β . In general, the peaks fitted at the
larger-r values are not expected to yield accurate parameters,
owing to the overlap from correlations at even larger-r , but are
included in order to increase the reliability of the parameters
that are reported for the peaks fitted at smaller-r .

4. Experimental method

4.1. Glass preparation and characterization

Yttrium alumino-phosphate glasses were prepared by fusing
Y2O3 (99.99%) and Al2O3 (99.99%) with P2O5 (99.99%)
in alumina crucibles (Anderman). The dry oxide powders
were mixed in a ratio M2O3:P2O5 of 0.15:0.85 (where M
denotes Y and/or Al) to ensure an excess of P2O5 relative
to the metaphosphate composition, and most of this excess
sublimed during the heating procedure. The powder mixtures
(of mass ≈25 g) were initially allowed to absorb a small
amount (≈100 mg) of atmospheric water at room temperature
before the crucible with its lid were placed into a preheated
oven at 500 ◦C for 1 h. The crucible was then moved to another
oven at 1000 ◦C, left for 30 min, and finally transferred to a
third oven at 1620 ◦C. After 30 min the melt was poured into
a preheated graphite mould and annealed at 500 ◦C for 24 h.
The resultant glasses were transparent, free from bubbles and
visibly homogeneous.

Although all of the glasses were prepared by using
an identical method, the crucibles were not sealed and the
process by which the Al is incorporated into the glassy matrix
is not controlled. The glass compositions were therefore
analysed by using electron probe microanalysis (EPMA). In
the latter experiments, a cross section was taken through each
sample to examine the bulk material at several points and the
glass composition was thereby found to be microscopically
homogeneous. Factors aiding the preparation of homogeneous
samples are, presumably, the use of a small sample volume,
which gives rise to a large contact area between the melt
and crucible surface, and the fluidity of the melt at the high
temperatures utilized, which helps to distribute the alumina
dissolved at the crucible surface throughout the bulk material.
The glass compositions are given in table 2 together with the
mass density which was obtained by measuring the weight of
a sample in fluids (air, water and acetone) of different density.

The glass transition temperature Tg, melting point
temperature Tmp, enthalpy of melting Hmp, and mass loss on
heating were measured by using a TA Instruments SDT Q600
machine which performed simultaneous differential scanning
calorimetry (DSC) and thermal gravimetric analysis (TGA).
Each finely powdered glass sample of mass ≈20 mg was

4
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Table 2. The composition of the yttrium alumino-phosphate glasses, expressed in terms of the mole fraction of the components, together with
the mass density ρ (±0.01 g cm−3), glass transition temperature Tg (±2 ◦C), melting point temperature Tmp (±2 ◦C), enthalpy of melting Hmp

(±1 J g−1), weight loss Wloss (±0.2%) and Vickers hardness HV (±15 kg mm−2).

ρ Tg Tmp Hmp Wloss HV

Glass Y2O3 Al2O3 P2O5 (g cm−3) ( ◦C) ( ◦C) (J g−1) (%) (kg mm−2)

A 0.000 0.343(3) 0.657(3) 2.53 742 1223 114 1.8 792
B 0.066(3) 0.234(60) 0.700(10) 2.55 704 — — 3.8 582
C 0.116(4) 0.189(3) 0.694(5) 2.62 707 — — 12.5 499
D 0.167(5) 0.124(10) 0.709(10) 2.68 698 — — 9.5 455
E 0.242(6) 0.083(6) 0.674(6) 2.84 730 1231 56 1.8 423
F 0.263(5) 0.026(3) 0.711(2) 2.84 736 1233 21 3.0 410

contained in an alumina crucible and was initially preheated
to just above Tg in order to remove thermal stress. It was
then heated over the temperature range 50–1500 ◦C at a rate
of 20 ◦C min−1 and the accompanying weight loss for this
temperature range was recorded.

The Vickers hardness, HV, of the glasses was measured
by using a diamond pyramid indentation method with a Leco
Microhardness testing machine. The sample surface was
polished, the instrument was operated with a test load of 1 kg
for an indentation time of 30 s, and ten indentations were
made per sample. The Vickers hardness is the ratio of the
load applied to an indentor to the surface area of the micro-
indentation and was calculated by using HV = 1.854 F/d2

where F is the load in kg and d is the mean diagonal length of
the indentation in mm [51].

4.2. The 27Al and 31P MAS NMR experiments

27Al has a spin 5/2 nucleus and thus has a nuclear quadrupole
moment arising from a non-spherically symmetric charge
distribution which interacts with the electric field gradient
that originates from surrounding charges [52–54]. The
resonance peaks are, in general, broad and asymmetric and
it is advantageous to make the 27Al MAS NMR experiments
at two or more high magnetic fields so that the parameters
describing the spectra can be determined more accurately by
fitting the measured line shapes. High magnetic fields are
necessary in order to resolve the resonance peaks. The two-
field spectra were recorded by using (i) a Varian-Chemagnetics
CMX 600 MHz Infinity spectrometer with a 14.1 T magnetic
field operating at a frequency of 156.33 MHz with a Varian
3.2 mm probe rotating at a frequency of ≈20 kHz, and (ii) a
Varian-Chemagnetics CMX 800 MHz Infinity spectrometer
with a 18.8 T magnetic field operating at a frequency of
208.57 MHz with a Varian 3.2 mm probe rotating at a
frequency of ≈16 kHz. 31P has a spin 1/2 nucleus with a
spherical charge distribution. The 31P MAS NMR spectra were
recorded by using a Varian-Chemagnetics CMX 360 MHz
Infinity spectrometer with a 8.45 T magnetic field operating at
a frequency of 145.85 MHz with a Varian 4 mm probe rotating
at a frequency of ≈12 kHz.

The 27Al spectra were collected using a one-pulse
experiment with either a 0.5 μs (600 MHz spectra) or 0.7 μs
(800 MHz spectra) pulse length corresponding to a small
tip angle pulse of <π/8 with a pre-acquisition delay of
7.5 μs. A 1 s repetition time was used and no saturation was

observed. Spectra were referenced to the octahedral resonance
of Y3Al5O12 at 0.7 ppm. The 31P spectra were also collected
using a one-pulse experiment with a 0.8 μs pulse length
corresponding to a π/6 tip angle with a pre-acquisition delay
of 15 μs. A 10 s repetition time was used and no saturation
was observed. Spectra were referenced to the resonance of
ammonium dihydrogen phosphate NH4H2PO4 at 0.9 ppm.

4.3. The neutron diffraction experiments

Neutron diffraction experiments were performed on the glasses
labelled A–D and F in table 2 by using the GEM instrument at
the ISIS pulsed neutron source [25] with kmax = 49.5 Å

−1
. The

coarsely powdered samples were held at ambient temperature
(≈25 ◦C) in cylindrical vanadium cans of 8.8 mm internal
diameter and 0.1 mm wall thickness and diffraction patterns
were taken for the samples in their container, the empty
container, the empty instrument, and a vanadium rod of
diameter 8.34 mm for normalization purposes. Each complete
diffraction pattern was built up from the intensities measured
for the different detector groups. These intensities were
saved at regular intervals and no deviation between them
was observed, apart from the expected statistical variations,
which verified the diffractometer stability [55]. It was
checked that each measured F(k) obeys the sum-rule relation∫ ∞

0 F(k)k2 dk = 2π2n0G(0) and gives rise to a well-behaved
real-space function D′(r) [50, 56]. This should oscillate about
−4πn0r at small r -values and, when the measured oscillations
are set to this expression, the Fourier back-transform of
D′(r) should be in good overall agreement with the original
reciprocal space data set. The coherent neutron scattering
lengths bY = 7.75(2), bAl = 3.449(5), bP = 5.13(1) and bO =
5.803(4) fm were taken from Sears [57] and the weighting
factors for the Sαβ(k) in equation (9) are given in table 3.

5. Results

5.1. Physical properties

The measured thermal parameters for the different glasses
are summarized in table 2 along with the Vickers hardness
values measured at room temperature. The quoted Tg values
correspond to mid-point temperatures and the Tmp and Hmp

parameters are not listed for samples B–D because the melting
transition could not be clearly identified. On the absolute
temperature scale, Tg/Tmp ≈ 2/3 for the other samples which
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Table 3. The weighting factors (in mbarn) for the Sαβ(k) in equation (9). The composition of the glasses is listed in table 2.

Glass Y–Y Y–O Y–P Y–Al Al–Al Al–O Al–P P–P P–O O–O

A — — — — 1.408(4) 29.75(5) 8.01(2) 11.39(4) 84.6(2) 157.2(2)
B 0.252(1) 12.66(3) 3.56(1) 0.800(2) 0.636(2) 20.13(3) 5.66(1) 12.61(5) 89.6(2) 159.2(2)
C 0.798(4) 22.52(6) 6.30(2) 1.156(3) 0.419(1) 16.31(3) 4.56(1) 12.43(5) 88.9(2) 158.9(2)
D 1.620(8) 32.16(9) 9.12(3) 1.076(3) 0.1788(5) 10.68(2) 3.031(7) 12.84(5) 90.5(2) 159.6(2)
F 4.03(2) 50.7(1) 14.41(5) 0.358(1) 0.0080(2) 2.256(4) 0.641(2) 12.90(5) 90.8(2) 159.7(2)
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Figure 1. The 27Al and 31P MAS NMR spectra recorded for the
Y–Al–P–O glasses labelled A–F in table 2. The 27Al spectra, given in
the column on the left-hand side, were measured by using the
800 MHz spectrometer with a magnetic field of 18.8 T. The peaks
corresponding to the AlO4, AlO5 and AlO6 coordination
environments are identified. The 31P spectra are given in the column
on the right-hand side and the spinning sidebands are indicated by
asterisks.

is consistent with the empirical rule of Kauzmann [58]. Tg is
a maximum when there is either no Y2O3 or minimal Al2O3

and there is generally a larger mass loss during heating for
compositions in between. HV shows a monotonic increase with
increasing Al2O3 content and its value surpasses that for silica
(HV = 714 kg mm−2 [59]) when no Y2O3 is present.

5.2. Nuclear magnetic resonance

Several of the measured MAS NMR spectra are shown in
figure 1 and, for each glass, the isotropic chemical shift δcs

and full-width at half-maximum of the measured 31P line
shape are listed in table 4. The 31P spectra could not be
clearly resolved into their contributions from the different Qn

species which precluded an accurate interpretation of the data.
This difficulty is consistent with work on e.g. high aluminium
content sodium alumino-phosphate glasses [60, 61] and points
towards a blurring of distinction between the various PO4

tetrahedra. For example, in the case of metaphosphate glasses
there is a trend for the full-width at half-maximum of a 31P
peak to increase with field strength of the modifying cation (as
estimated by the cation valence divided by the square of its
radius) which is consistent with an increase in the distribution
of bond lengths and angles [24, 62]. Although the field
strength is not the only relevant parameter [63, 64], a change
in character of the PO4 tetrahedra is supported by neutron

diffraction experiments on metaphosphate glasses which show
a loss in ability to observe splitting of the first P–O peak
in D′(r) [64–66]. For example, it is possible to resolve the
first P–O peak into its contributions from the P–OT and P–OB

correlations in the case of glassy KPO3 but it is more difficult
in the case of glassy LaP3O9 or AlP3O9. The last observation
is consistent with the neutron diffraction results obtained in the
present work (see below). An interpretation of the phosphorus
coordination environment would benefit from the application
of homonuclear two-dimensional NMR experiments to give
information on the connectivity of a Qn unit to its nearest-
neighbours [67]. Also, the INADEQUATE (incredible natural
abundance double quantum transfer experiment) approach can
be used to give additional information on the different P–OB–P
chain lengths in complex phosphate mixtures [68].

The 27Al MAS NMR spectra of figure 1 show three clearly
resolved peaks at 33–36 ppm, 0–5 ppm and -(15–22) ppm
and there are no clear features to suggest the presence of
Al–O–Al bonds [69, 70]. For example, there is no peak
or shoulder at 60–63 ppm or at 27–29 ppm corresponding
to the Al(OAl)4 and Al(OAl)5 units in amorphous alumina
films [71] where the Al(OAl)p notation refers to Al having
p (= 4, 5 or 6) oxygen nearest-neighbours and p aluminium
next nearest-neighbours. Amorphous alumina also has a peak
at −5–3 ppm due to Al(OAl)6 units but this structural motif
is unlikely to occur in the present Y–Al–P–O glasses e.g. the
structure of amorphous AlPO4, which has a large Al content,
is dominated by Al(OP)4 structural motifs and there is no
evidence for Al–O–Al linkages [61, 72, 73]. In accordance
with previous work on alumino-phosphate glasses [69], the
peaks in the 27Al MAS NMR spectra at 33–36 ppm, 0–5 ppm
and -(15–22) ppm were therefore attributed to aluminium in
Al(OP)4, Al(OP)5 and Al(OP)6 coordination environments,
respectively. The measured peak positions do not, however,
give the isotropic chemical shifts. Instead, the centre of
gravity δobs of the measured peaks in the 27Al MAS NMR
spectra, which describe transitions between states described by
magnetic quantum numbers m = ±1/2, is shifted relative to
the isotropic chemical shift δcs by the isotropic second-order
quadrupolar shift [53, 54, 74]

δQ,iso(ppm) = −3
[
I (I + 1) − 3/4

]

40I 2(2I − 1)2

(
1 + η2

3

)
χ2

Q

ν2
0

× 106

(15)
where δobs = δcs +δQ,iso, I is the nuclear spin (= 5/2 for 27Al),
η is related to the asymmetry of the electric field gradient at
the nucleus, χQ is the quadrupolar coupling constant and ν0

is the resonance frequency. Isotropic chemical shifts δcs are
anticipated for Al(OP)4 in the range 35–48 ppm [52, 75–77],
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Table 4. Parameters obtained from the measured 31P and 27Al MAS NMR spectra. The isotropic chemical shift δcs (taken to be the peak
position) and full-width at half-maximum FWHM of the measured line shape are reported for the 31P MAS NMR results. For each AlOn

species (n = 4, 5 or 6) the isotropic chemical shift δcs, mean quadrupolar coupling constant χ̄Q, width of the quadrupolar distribution �χQ,
width of the additional broadening � and relative peak area RA are reported for the 27Al MAS NMR results. The latter were obtained by
using the program QuadFit [78] to simultaneously fit the 27Al spectra recorded at two different magnetic fields (see the text). The width �
depends on the magnetic field so values are quoted for the spectra recorded at both 14.1 and 18.8 T. The errors are, unless otherwise stated,
±1 ppm on δcs and ±1 ppm on FWHM for the 31P spectra together with ±3 ppm on δcs, ±0.5 MHz on χ̄Q, ±0.5 MHz on �χQ and ±20 Hz on
� for the 27Al spectra. The error on RA is ±3% for samples A, C–F and ±4% for sample B. The mean coordination number n̄O

Al of oxygen
around Al, as calculated from the 27Al NMR results, is also quoted.

δcs (31P) FWHM δcs χ̄Q �χQ �a �b RA
Glass (ppm) (ppm) Unit (ppm) (MHz) (MHz) (Hz) (Hz) (%) n̄O

Al

A −31 19 AlO4 41 6.0 1.9 470 720 25 5.0(1)
AlO5 9 6.4 3.9 470 570 48
AlO6 −17 5.6 5.0 290 420 27

B −30 19 AlO4 40 5.4 1.6 480 730 32 4.9(1)
AlO5 10 6.4 3.9 430 540 46
AlO6 −17 5.6 4.7 280 400 22

C −32 19 AlO4 40 5.8 2.2 450 710 33 4.9(1)
AlO5 9 6.5 3.9 410 530 45
AlO6 −18 5.3 4.8 270 420 22

D −32 18 AlO4 41 5.5 1.9 490 670 46 4.7(1)
AlO5 10 6.4 4.1 440 530 41
AlO6 −16 4.9 4.0 300 420 13

E −30 17 AlO4 41 6.0 2.1 500 690 69 4.3(1)
AlO5 7 6.0 5.0 540 750 28
AlO6 −18 4(1) 3(1) 350 470 3

F −27 19 AlO4 42 5.8 2.2 510 680 81 4.2(1)
AlO5 9 6.2 4.8 470 720 17
AlO6 −16 6(1) 2(1) 510 680 2

a Fit at 14.1 T.
b Fit at 18.8 T.

for Al(OP)5 in the range 10–16 ppm [52, 76, 77], and for
Al(OP)6 in the range -(15–25) ppm [52, 77]. For brevity of
notation, these species will henceforth be referred to as AlOn

where n is 4, 5 or 6.
When Al-centred structural motifs are distorted, as in

the case of AlOn units in glass, the 27Al nucleus will
experience a range of local coordination environments. Since
the quadrupolar coupling constant depends on the electric field
gradient at the nucleus, there will be an accompanying spread
of measured χQ values. The measured 27Al MAS NMR spectra
were therefore simulated by using the program QuadFit [78]
which assumes a second-order quadrupolar line shape with a
distribution of interaction parameters. A Gaussian distribution
of the quadrupolar coupling constant about a mean value was
taken along with an additional Gaussian broadening which
takes into account other effects such as a small distribution
of δiso values. The asymmetry parameter η was assumed
to be zero. An iterative method was used to obtain a set
of parameters that give the best simulation of the measured
spectra recorded at both magnetic fields. An example of the
fitted spectra for glass A is given in figure 2. The fitted
values for the isotropic chemical shift, mean quadrupolar
coupling constant χ̄Q, full-width at half-maximum of the
quadrupolar coupling constant distribution �χQ, full-width at
half-maximum of the additional Gaussian broadening �, and
relative peak area for each AlOn species are summarized in
table 4. The full-width at half-maximum of the additional

Figure 2. The 27Al MAS NMR spectra for glass A (solid black
curves) as measured by using (a) the 600 MHz spectrometer with a
magnetic field of 14.1 T and (b) the 800 MHz spectrometer with a
magnetic field of 18.8 T. The fitted peaks corresponding to the AlO4,
AlO5 and AlO6 coordination environments are given by the broken
(blue) curves and the overall fit is given by the light solid (red) curve.
The difference between the data and overall fit is given by the solid
(green) curve oscillating about the horizontal line at the base of each
spectrum.
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Figure 3. The total structure factors, F(k), for the Y–Al–P–O glasses
labelled A–D and F as measured by using neutron diffraction at
≈25 ◦C. The solid circles give the data points and the symbol size is
larger than the error bars. The solid (blue) curves are the Fourier
back-transforms of the corresponding D′(r) (see figure 4) after the
unphysical low-r oscillations have been set to the calculated value of
−4πn0r . The data sets have been truncated at 30 Å

−1
for clarity of

presentation and the Fourier back-transforms are almost
indistinguishable from the data points at most k-values.

Gaussian broadening � is small by comparison with �χQ.
The values for δcs reported in table 4 are in good accord with
the 27Al MAS NMR results of Buckermann et al [77] who
found isotropic chemical shifts of 40, 10 and -16 ppm for the
AlO4, AlO5 and AlO6 coordination environments, respectively,
in glassy (Al2O3)x(P2O5)1−x with x values of 0.25 and 0.30.

5.3. Neutron diffraction

The total structure factors measured by using neutron
diffraction are shown in figure 3 and the corresponding pair-
correlation functions D′(r) are shown in figure 4. As the Y2O3

content is increased on progressing from sample A to F, the
Al–O peak in D′(r) at ≈1.8 Å decreases in intensity while
a peak due to Y–O correlations appears at 2.25(1) Å [36, 37]
and increases in intensity. The first few peaks in the D′(r)

functions were fitted by using equation (14) and several of
the results are shown in figure 5. In this fitting procedure the
Al–O coordination numbers were fixed in accordance with the
27Al NMR results e.g. n̄O

Al = 4 × 0.25 = 1 for the AlO4

units of sample A where the relative peak area RA = 0.25
is given in table 4. The fitted parameters are summarized in
table 5 and the goodness-of-fit parameter Rχ is defined in [79].
In addition, the nearest-neighbour O–(Al)–O correlations for
glass A were estimated by fitting D′(r) and n̄O

O values of 0.9(2),
1.0(2) and 0.4(2) were obtained for Gaussian peaks centred
at 2.66(1), 2.75(2) and 2.84(2) Å respectively. On the basis
of the structural model, the O–(Al)–O coordination number
for a given type of polyhedron is obtained by multiplying the

Figure 4. The total pair-correlation function, D′(r), for the
Y–Al–P–O glasses labelled A–D and F as obtained by Fourier
transforming the F(k) functions shown in figure 3 by using
equation (13) with kmax = 49.5 Å

−1
. For each function the broken

(blue) curve at low-r gives the limiting values as calculated from
−4πn0r . The lower solid (red) arrow points to the nearest-neighbour
Al–O correlations at ≈1.8 Å and the upper broken (blue) arrow
points to the nearest-neighbour Y–O correlations at 2.25(1) Å.

Figure 5. The filled circles give the total pair-correlation function,
D′(r), shown in figure 4 for the glasses labelled A, D and F. The
solid (black) curves give the fitted function and the other curves give
the individual convoluted Gaussians: P–O (— · · — (blue)), Al–O
(- - - - (red)), Y–O (– – – (violet)) and O–(P)–O (— · — (green)).
For glass A there are no Y–O correlations and the convoluted
Gaussians for the O–(Al)–O correlations (– – – (black)) are shown at
the largest r -values.
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Table 5. Parameters obtained from the Gaussian fits to the total pair-correlation function D′(r) measured for the yttrium alumino-phosphate
glasses labelled A–D and F in table 2. Typical errors are ±0.1 on the coordination number n̄β

α , ±0.01 Å on the peak position rαβ and
±0.009 Å on the standard deviation σαβ . The goodness-of-fit parameter Rχ [79] is quoted for a fit range of 1.0–2.6 Å.

Glass Parameter P–OT P–OB AlO4
a AlO5

a AlO6
a Y–O O–(P)–O O–(P)–O Rχ (%)

A n̄β
α 2.44 1.36 1.00 2.40 1.62 — 2.35 1.31 6.2

rαβ (Å) 1.49 1.60 1.74 1.81 1.88 — 2.46 2.54
σαβ (Å) 0.040 0.047 0.042 0.075 0.075 — 0.065 0.050

B n̄β
α 2.13 1.59 1.28 2.30 1.32 6.00 2.18 1.64 6.2

rαβ (Å) 1.49 1.59 1.74 1.81 1.89 2.25 2.46 2.54
σαβ (Å) 0.041 0.056 0.044 0.057 0.075 0.105 0.065 0.050

C n̄β
α 2.20 1.58 1.32 2.25 1.32 5.90 2.20 1.59 4.6

rαβ (Å) 1.49 1.60 1.76 1.81 1.88 2.25 2.46 2.55
σαβ (Å) 0.043 0.051 0.050 0.084 0.076 0.091 0.058 0.044

D n̄β
α 2.15 1.70 1.84 2.05 0.78 5.85 2.08 1.67 4.3

rαβ (Å) 1.49 1.60 1.76 1.81 1.88 2.25 2.46 2.55
σαβ (Å) 0.043 0.053 0.060 0.076 0.084 0.083 0.059 0.049

F n̄β
α 2.11 1.69 3.24 0.85 0.12 5.75 2.00 1.67 6.2

rαβ (Å) 1.49 1.60 1.76 1.81 1.88 2.25 2.46 2.56
σαβ (Å) 0.043 0.051 0.045 0.044 0.064 0.091 0.055 0.052

a The n̄O
Al values were fixed in accordance with the 27Al MAS NMR results (see text).

Table 6. The glass transition temperature Tg, isotropic chemical shift δcs from 31P MAS NMR, relative area RA of 4-, 5- and 6-fold
coordinated Al and corresponding mean Al–O coordination number n̄O

Al from 27Al MAS NMR for several amorphous (Al2O3)x (P2O5)1−x

materials as prepared by using a melt-quench (MQ) or sol–gel (SG) method. An uncertainty of ±5% was assumed on the RA values quoted
in [19] for evaluating the error on n̄O

Al and the uncertainty on the RA values associated with [72] is ±2%. The measured n̄O
Al values are

compared with the number of OT atoms available per Al, availn̄O
Al, which is given by equation (6).

Tg δcs (31P) RA (%) RA (%) RA (%)
x Method ( ◦C) (ppm) AlO4 AlO5 AlO6 n̄O

Al
availn̄O

Al Reference

0.25 MQ — −40(1) — — — — 6.00 [77]
0.27 MQ 814(3) — 9 30 61 5.5(2) 5.70 [19]
0.30 MQ — −39(1) — — — — 5.33 [77]
0.32 MQ 754(3) — 22 36 42 5.3(2) 5.13 [19]
0.33 MQ — −36.4(3) 32 33 35 5.03(6) 5.00 [72]
0.33 SG — −37.0(3) 27 29 44 5.17(6) 5.00 [72]
0.343 MQ 742(2) −31(1) 25 48 27 5.0(1) 4.92 present work
0.40 SG — −30.8(3) 63 19 18 4.55(6) 4.50 [72]
0.50 SG 1060(10) −25.9(3) 91 3 4 4.03(7) 4.00 [61, 72, 73]

relevant formula for n̄O
O given in section 2 by the RA value

for that polyhedron type as provided by the 27Al NMR results
(see table 4). n̄O

O values of 1.03 at 2.66 Å, 1.17 at 2.74 Å and
0.48 at 2.87 Å are thereby calculated for the AlO4, AlO5 and
AlO6 units of glass A, respectively, in fair agreement with the
experimental data.

6. Discussion

There have been several studies of (Al2O3)x(P2O5)1−x glasses
using 27Al and 31P MAS NMR [19, 61, 72, 77, 80] and
several of the results are summarized in table 6. A systematic
shift in the value of δcs (31P) is observed with increasing
alumina content which is consistent with phosphorus taking
an increasing number of Al next nearest-neighbours. The
mean Al–O coordination number is in agreement, within
the experimental error, with the prediction of the structural
model given by equation (6) which is consistent with the
observations made by Brow et al [80]. The glasses display

the ‘range II’ behaviour described by Hoppe et al [64] i.e. the
mean coordination number of Al3+ decreases with increasing
modifier content in order to match the number of available
OT atoms. For the (Al2O3)x(P2O5)1−x glasses prepared
by conventional bulk-quenching methods, Tg decreases with
increasing Al2O3 content as the mean Al–O coordination
number decreases (see table 6). As a point of reference,
Tg ≈ 380 ◦C for vitreous P2O5 [81].

In table 7, several of the coordination numbers measured
for the Y–Al–P–O glasses are compared to those obtained
from the model of section 2. The close overall agreement
demonstrates that the model can act as an excellent starting
point for understanding the structure of phosphate glasses,
even when they contain four different chemical species. This
observation is corroborated by previous neutron diffraction
experiments in which the method of isomorphic substitution
was used to study the structure of R–Al–P–O glasses with
R = Dy and/or Ho [7, 8, 20] and the structure of R–Al–P–O
glasses with R = La and/or Ce [14, 20].
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Table 7. Comparison of the parameters expected from the model described in section 2 and those obtained from the Gaussian fits to D′(r).

Parameter Origin Glass A Glass B Glass C Glass D Glass F

y — 1.569 1.283 1.322 1.232 1.220

n̄OT
P Model 2.57 2.28 2.32 2.23 2.22

Fit 2.4(1) 2.1(1) 2.2(1) 2.2(1) 2.1(1)

n̄OB
P Model 1.43 1.72 1.68 1.77 1.78

Fit 1.4(1) 1.6(1) 1.6(1) 1.7(1) 1.7(1)

n̄O
O [O–(P)–O] Model 3.65 3.82 3.80 3.85 3.86

Fit 3.7(1) 3.8(1) 3.8(1) 3.8(1) 3.7(1)

Figure 6. The relative percentage of AlO4 (squares), AlO5 (circles)
and AlO6 (triangles) units in the Y–Al–P–O glasses, as obtained from
the relative peak areas of the 27Al MAS NMR spectra (see table 4),
plotted as a function of the Y2O3 content. At each composition, the
relative percentages of the units sum to give 100%. The error bars are
comparable to the symbol size and the curves are shown as guides to
the eye.

The 27Al MAS NMR results in table 4 show that the mean
coordination number n̄O

Al decreases from a value of 5.0(1) as
aluminium is replaced by yttrium in the Y–Al–P–O series of
glasses while the neutron diffraction results in table 5 give
a mean coordination number n̄O

Y = 5.9(2), averaged for all
of the yttrium containing glasses. As shown in figure 6, the
reduction in n̄O

Al arises from a decrease in the number of AlO6

and AlO5 units relative to AlO4 units i.e. Y3+ preferentially
replaces those Al3+ ions having higher coordination numbers.
As discussed in section 5.2, there is no clear evidence from
the 27Al NMR spectra for Al–O–Al conformations in any
glass from the Y–Al–P–O series. The results are therefore
consistent with a picture in which yttrium preferentially bonds
to the available OT atoms in order to fulfil its bonding
requirements and the coordination number of Al adjusts to
avoid Al–OT–Al linkages. As Y2O3 replaces Al2O3 in the
Y–Al–P–O series of glasses, the mean Al–OT coordination
number first decreases since there are fewer OT atoms available
to aluminium. A composition is then reached where there
are insufficient OT atoms to accommodate separated Y-centred
coordination polyhedra. At this point, sharing occurs between
the OT atoms of these polyhedra and the fs values calculated
from equation (8) for glasses C–F, using n̄O

Y = 5.9(2) and the

Figure 7. A comparison between (a) the glass transition temperature
Tg, (b) the bond ratio Al–OT:M–OT and (c) the parameter fs (as
calculated by using equation (8)) for the Y–Al–P–O glasses of the
present work and for two series of La–Al–P–O glasses investigated
by Karabulut et al [19]. The present work (open triangles)
corresponds to glasses of nominal composition (M2O3)0.31(P2O5)0.69

where M denotes Y and/or Al. The work of Karabulut et al [19]
corresponds to glasses of nominal composition (M2O3)x (P2O5)1−x

where M denotes La and/or Al with x = 0.25 for series I (open
circles) and x = 0.30 for series II (open squares). The data sets are
plotted as a function of the Al2O3 content of the glass which
increases as R2O3 is replaced by Al2O3 at fixed total modifier M2O3

content. The fs values and Al–OT:M–OT bond ratios were deduced
by using the n̄O

Al values taken from 27Al MAS NMR experiments
together with n̄O

Y = 5.9 (present work), n̄O
La = 7.2 (series I) or

n̄O
La = 7.5 (series II)—further details for the La–Al–P–O glasses are

given in [14]. The effect of varying the n̄O
R values by ±0.2 is shown

by the error bars on the fs values in (c), and is smaller than the
symbol size in (b). The curves are shown as guides to the eye.

NMR results for n̄O
Al, are shown in figure 7(c). For samples E

and F, fs > 0 and y ≈ 1.2 (see table 7) which compares to
fs = 2/7 = 0.29 and y = 1.5 for crystalline Y2P4O13 [36]
(see table 1). It is therefore anticipated that the shortest Y–
Y nearest-neighbour distance for samples E and F will be
comparable to the crystalline phase value of ≈3.86 Å which

10



J. Phys.: Condens. Matter 20 (2008) 115204 R A Martin et al

corresponds to edge-sharing polyhedra. The accompanying
Y–Y coordination number, deduced from n̄Y

Y = fsn̄O
Y (see

section 2), is estimated to be in the range 0.3(2)–0.6(2).
By comparison, Karabulut et al [19] studied two series of

(M2O3)x(P2O5)1−x glasses where M was chosen to be La, Al
or a mixture of the two. The nominal O:P ratio was fixed at 3.0
for series I, corresponding to x = 0.25 and y = 1, and at 3.143
for series II, corresponding to x = 0.30 and y = 1.286. The
results were also interpreted in terms of a model in which there
is preferential bonding of La3+ to OT atoms and an avoidance
of Al–OT–Al linkages. Since n̄O

La > n̄O
Al [14] it follows

that the replacement of Al3+ by La3+ at fixed total modifier
(M3+) content will decrease the number of OT atoms available
per Al3+. The Al–OT coordination number should therefore
decrease if Al–OT–Al bonds are to be avoided and this trend
was observed in the 27Al NMR experiments of Karabulut et al
[19]. Furthermore, glasses from series II have, by comparison
with those from series I, less OT atoms available per modifier
ion at 5.33 compared to 6. Preferential bonding of OT by
La3+ will therefore leave less OT available for Al3+ and, as
observed in the NMR experiments [19], the series II glasses
should have smaller n̄O

Al values. The fs values for series I
and II were estimated by Martin et al [14] and the results are
summarized in figure 7(c). Series II has a similar nominal
composition to the (M2O3)0.31−x(P2O5)0.69 set of Y–Al–P–O
glasses but the La–OT coordination number is larger than the
Y–OT coordination number since n̄O

La ≈ 7.5 and n̄O
Y ≈ 5.9.

In consequence, there is more necessity for OT atoms to be
shared between La-centred coordination polyhedra for small
Al2O3 content glasses and, as a result, the fs values are larger.

As illustrated in figure 7(a), Tg for the Y–Al–P–O set
of glasses shows little dependence on the Al2O3 content by
comparison to Tg for series I and II of the La–Al–P–O glasses.
It is therefore of interest to examine the dependence of Tg

on the type of modifying cation. The Al–OT:M–OT ratio,
where M denotes R or Al, can be obtained from the expression
cAln̄O

Al/(cRn̄O
R +cAln̄O

Al). In the case of the La–Al–P–O glasses,
this bond ratio increases most rapidly with Al2O3 content for
the glasses of series I (see figure 7(b)) which correlates with
a more rapid rise of Tg by comparison with series II. The
results are therefore consistent with a network modifying role
for Al3+ in La–Al–P–O glasses where it helps to strengthen
the glass through the formation of OT–Al–OT linkages [14].
Indeed, Al3+ often has a strengthening effect on phosphate
networks [13]. However, in the case of the Y–Al–P–O glasses,
Tg is comparable for both the low and high Al2O3 content
glasses i.e. Al3+ does not have a marked strengthening role
in these materials, as measured by its effect on Tg, although
the Vickers hardness VH of the glasses does increase with
aluminium content (see table 2). It is notable that, for the
La–Al–P–O glasses, Tg for each series increases most rapidly
with increasing Al2O3 content only after fs has reached a
minimal value. It therefore appears that the strength of these
glasses is also dependent on the connectivity of the La-centred
coordination polyhedra which is reduced by the replacement of
La3+ by Al3+ [14].

Lastly, rare-earth phosphate glasses are of widespread
interest, due in part to their applications, and as outlined

in section 1 the information provided for Y–Al–P–O glasses
can be applied to help increase our understanding of these
rare-earth materials. Mountjoy and co-workers [82] have
pointed out that the nearest-neighbour R–R distance of
5.62(6) Å reported by Martin et al [7, 8] for the glassy
rare-earth phosphate (R2O3)0.230(Al2O3)0.069(P2O3)0.701, with
R = Dy and/or Ho, is incompatible with the value of fs =
0.19 as calculated from equation (8) by using coordination
numbers of n̄O

R = 6.7 (corresponding to two peaks at
2.30(1) and 2.67(1) Å with n̄O

R coordination numbers of
6.2(1) and 0.5(1) respectively) and n̄O

Al = 5.5 which were
obtained by fitting the neutron diffraction results. This
finite fs value implies a sharing of OT atoms between R-
centred coordination polyhedra. The associated R–R distance
is expected to be ≈3.9 Å for edge-sharing conformations
(see table 1) and its maximum value is ≈4.97 Å which
corresponds to a linear R–OT–R conformation where the
two different nearest-neighbour R–O distances of 2.30 and
2.67 Å are added. It is therefore conceivable that the
peak observed at 4.72(2) Å in dRR(r) for the Dy/Ho glass,
which yields a coordination number n̄R

R ≈ 1.0, is in fact a
genuine structural feature as opposed to a Fourier transform
artefact [7, 8]. Indeed, a comparable nearest-neighbour
Sm–Sm distance of ≈4.6–4.8 Å is reported for a glass
of nominal composition (Sm2O3)0.2(P2O5)0.8 containing Al
impurities [10, 11]. However, the measured coordination
number n̄O

Sm = 6.9(2) leads to fs = 0 for this particular
glass i.e. there is no need for OT atoms to be shared between
Sm-centred coordination polyhedra. Also, an R–R distance as
long as 4.72(2) Å is not expected if an OT atom shares two
R atom nearest-neighbours [21]. It is therefore notable that a
reduced value of fs = 0.04 is calculated for the Dy/Ho glass
by using n̄O

R = 6 and n̄O
Al = 4.3 as estimated from the results

of the present work. Thus a plausible scenario for the Dy/Ho
glass is an fs value which is smaller than originally estimated,
corresponding to a short R–R distance of ≈3.9 Å that could not
be identified, together with a longer R–R distance of 4.72(2) Å
between those R-centred coordination polyhedra that do not
share a common OT atom. A broad range of R–R distances then
follows, corresponding to the main peak in dRR(r) at 5.62(6) Å.

7. Conclusions

Neutron diffraction and NMR experiments were made on a
series of (M2O3)x(P2O5)1−x glasses with M = Y and/or Al
and x ≈ 0.31. The results are in excellent overall accord with
the generic structural model for phosphate glasses summarized
in section 2 and support a picture in which the modifying
Y3+ cations preferentially bind to the available OT atoms in
order to fulfil their bonding requirements. The fs parameter,
which measures the connectivity of the Y-centred coordination
polyhedra, can be reduced by substituting Y2O3 by Al2O3 at
fixed total modifier content x . These observations support the
results previously obtained for two sets of (M2O3)x(P2O5)1−x

glasses from the large radius end of the rare-earth series with
x = 0.25 or 0.30 and M = La and/or Al [8, 19]. At a given
composition, fs takes a larger value when the glass contains
La3+ instead of Y3+ ions, in accordance with the larger
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coordination number of La3+. A route is thereby provided
for understanding the basic structure of rare-earth phosphate
glasses and for controlling rare-earth clustering.
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