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The local coordination of europium in vitreous Eu metaphosphate has been investigated, using
information obtainable from crystalline EuP;Oy. One glassy sample and one crystalline sample of
nominal EuP;0y composition were examined by X-ray diffraction. The description of the close
coordination of Eu, deduced from the orthorhombic structure of the crystalline sample, was used as
a model for the amorphous situation. Besides, as a monoclinic form of Eu metaphosphate is also
reported to exist, a second model was deduced from this structure, starting from the isomorphous
monoclinic Yb metaphosphate. Best fitting calculations indicated that orthorhombic coordination is
the better model for the short range order of europium in the vitreous metaphosphate.

Introduction

Structural information about the local environment
of rare-earth ions in glasses has been the object of
many investigations in recent years because the spec-
tral characteristics of these ions undergo modifica-
tions depending on the host matrices [1, 2]. In partic-
ular, rare-earth ions in phosphate environment have
been investigated in view of their potential applica-
tions in laser and optoelectronics technologies [1 - 4].
In fact knowledge of the local order around the rare-
earth ions and its modifications depending on the
sample compositions is essential in order to engi-
neer materials with wanted spectral properties. Pure
rare-earth metaphosphate glasses have also been in-
vestigated, and they have shown interesting optical
properties, coupled with excellent mechanical char-
acteristics and durability. These materials are also in-
teresting for testing the general applicability of recent
theoretical models introduced to account for the dy-
namics of amorphous materials, such as soft poten-
tial [5, 6] and phonon-fracton models [7]. Among the
rare-earth ions, europium has often been chosen be-
cause of the relative simplicity of its optical spectrum.

So far, information on the local structure of cations
in metaphosphate rare-earth glasses has been ob-
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tained using structural experimental techniques (XRD
[8,9,11], EXAFS [8,10], Neutron diffraction [11])
or computer simulations [11, 12], but the results ob-
tained do not give consistent pictures. This fact comes
out clearly if we examine the results of two system-
atic investigations carried out using XRD and EXAFS
techniques. X-ray diffraction results describe the local
structuring of Pr, Eu and Tb in metaphosphate envi-
ronment [8,9] as composed by a number of oxygens
which increases with decreasing ion size (5.3, 8.5 and
9.2 respectively). The same unusual trend is found for
the same three rare-earth cations by EXAFS (coordi-
nation numbers equal to 7.1, 7.6, 8, respectively) in an
investigation carried out on six rare-earth metaphos-
phate glasses, a trend which is not confirmed by the
entire set of cases examined (Pr, Nd, Eu, Gd, Tb, Ho).
In fact, while the coordination distances, hence the ion
sizes, decrease regularly with increasing atomic num-
ber, as expected for lanthanide elements, the coordi-
nation numbers seem to fluctuate randomly between
6 and 10. Besides, even theoretical approaches have
failed to provide detailed descriptions of rare-earth
coordinations; this has been the case of the “crystal
chemistry” analysis [13], which has only been able
to predict ranges of coordination values for rare-earth
elements in oxide glasses.

With the aim to help in clarifying this matter, we
carried out an X-ray diffraction investigation on eu-
ropium metaphosphate in the vitreous state. A sample
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of crystalline EuP;Oq4 was also investigated, with the
idea of comparing the local order around the rare-
earth ion with that of the amorphous sample.

Sample preparation

Reagent grade Eu,0;(Aldrich) and an excess of
(NH,),HPO, (Carlo Erba) were used as starting ma-
terials to prepare the amorphous Eu(PO;)5; after care-
fully mixing, the powder was melted in an alumina
crucible by slow heating (2 °C /min) up to 1700 °C
(maximum working temperature of the SiC resistance
furnace) and kept at this temperature for 2 h. The melt
was rapidly poured on a steel plate at room tempera-
ture and covered with a second plate. A few attempts
were made to obtain a bubble free, brown, trans-
parent vitreous sample. Possible losses of P,Oy at
the working temperatures were checked by weighing
the cooled melts, but no significant deviations of the
weights from the expected values were observed. The
sample density, measured by the Archimedes method
using xylene as immersion liquid, was 3.35 g/cm®.

The crystalline Eu(PO5); sample was obtained by
heat treatment of the same starting mixture used to
prepare the glass. The sample was kept at 1000 °C for
40 h, quenched, milled, mixed again and kept again
at 1000 °C for further 24 h. Several attempts were
made also in this case to obtain good monophasic
crystalline powders.

Structural analysis

X-ray diffraction data on the amorphous sample
were collected using Moy, radiation (A = 0.71 A)
on a #-26 Siemens diffractometer equipped with a
graphite monochromator on the diffracted beam. The
angular region 4° < 26 < 140°, corresponding to 0.6
<s<16.0 A=, (s=[47/A]sin 6, where 26 is the scat-
tering angle) was divided into 190 intervals using a
step scan, preset time method; at least 40,000 counts
were collected at each point. The measurements were
carried out at room temperature. The observed intensi-
ties, corrected for background, absorption and polari-
sation, were normalised by the semiempirical method
proposed by Habenschuss and Spedding [14]. From
the normalised intensities I, the structure function
1(s) was obtained according to

i(8) = Tu — Y_ mifX(s),
i=1
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Fig. 1. Experimental structure function of the amorphous
sample.

and the Radial Density Function (RDF) was evaluated
by Fourier transform

Gr)y=1+

Smax

/ s-1(s) - M(s) - sin(rs) - ds,
2772;00T Smin
where r is the interatomic distance, n; are the stoi-
chiometric coefficients of the assumed unit contain-
ing m atom types, f; are the scattering factors of the
species i, p, is the average atomic density and M (s)
is a modification function of the form

f2
M) = 2850 ks

S nif(s)

with k = 0.005 A2. The value of s, = 15 A~" was
used in the Fourier integral. No correction for spuri-
ous ripples was applied. The function si(s) is reported
in Figure 1. Quantitative structural information can
be extracted from the RDF by best fitting model pair
contributions to the experimental function. The partial
contributions, g;;(r), are defined as gaussian distribu-
tions of distances [15]:

(1) = Ny ex (_(T_Tij)z)
= 4mpory/2TTi504; ¥ 20% '

where V;;, r;; and o;; are the coordination number
(i.e., number of j atoms around the origin species ),
interatomic distance and its root mean square devia-
tion of the pair ¢7, respectively. All partial contribu-
tions are separately Fourier transformed to reciprocal
space, multiplied by the proper weight coefficients
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Fig. 2. The X-ray diffraction spectrum of crystalline EuP; Oy
taken using CuK,, radiation (A = 1.54 A).

(function of species concentrations and scattering fac-
tors) and summed up into a calculated Total Structure
Function, TSF [16]. The TSF is then backtransformed
into real space using the same integral cut-offs used
in the experimental function, so as to introduce in the
model function the same unphysical effects present in
the experimental RDF. Model functions can be fitted
to the experimental ones using least squares proce-
dures with the structural parameters as independent
variables. The calculations are carried out in the recip-
rocal space, on the TSF functions, though the visuali-
sation of the quality of the fitting results can be made
in the real space as well (Peak-Shape analysis [17]).
Actually, only the short and medium range interac-
tions can be reconstructed by this method, usually
up to the 3-3.5 A distance range in the radial func-
tion. Suggestions on the interacting pairs are usually
taken from knowledge of chemically and/or struc-
turally similar systems. In the present work we rely
on the crystalline state of Eu(PO;);.

X-ray data of the crystalline sample were collected
using Cuy radiation (A = 1.54 A) on a 00 Seifert
diffractometer equipped with a graphite monochro-
mator. Intensities were recorded in the range 6 =2 -
25° by steps of 0.02°. Comparison of the spectrum
with those of the known structures of orthorhombic
NdP3O [18] and monoclinic YbP O9 [19] forms
showed that it represents an orthorhombic form. It
was therefore indexed according to an orthorhombic
cell; the unit cell parameters were refined by a pro-
gram written by Appleman and Evans [20], obtain-
ing the values: a = 11.037(3) A, b =8.437(3) A and
¢ =7.199(7) A. Integrated intensities for 34 reflec-

tions were then extracted by means of the program
EXTRA [21], and the corresponding structure factors
were calculated. The experimental spectrum is shown
in Figure 2.

Structure analysis was started assuming the frac-
tional coordinates of NdP;Oy structure; a few refine-
ment cycles were attempted, conveniently graduat-
ing refinable parameters and constraints. However,
because of the modest number of independent re-
flections and of the poor accuracy of some structure
factors F'; ., caused by partial overlapping and by ori-
entation phenomena, it was not possible to improve
much the discrepancy index R with respect to the
initial value. The R value taken over a total of 34
reflections came out equal to 0.106, which already
means that the structure is correct and went down to
0.082 when 8 reflections with clearly badly estimated
F s values were excluded.

At this point, literature information showed that a
second crystalline structure might offer an equally
valid model for the simulation of the local order
around europium in the vitreous sample. In fact, two
crystalline forms are exhibited by metaphosphates
of trivalent lanthanide elements: the orthorhombic
form, C222, space group, which is exhibited by
metaphosphates of the elements included between
lanthanum and gadolinium, and the monoclinic form,
P2, . space group, which is exhibited by metaphos-
phates of the elements included between samarium
and lutetium. Therefore Sm, Eu and Gd metaphos-
phates crystallise in both forms. As the Eu mono-
clinic sample was not available, the crystalline struc-
ture was obtained on the basis of the unit cell given by
Mel'nikov [22]: a = 11.286(8) A, b=19.736(16) A,
¢ =10.015(7) A, 8 =97.229°(6) and using the frac-
tional coordinates obtained from the isomorphous
structure of YbP ] O9 [19].

The structural differences between the two forms
are remarkable:

a) PO, tetrahedra form helical chains by corner
sharing of two of the oxygen atoms by neighbouring
tetrahedra. The repeat units are depicted in Figure 3.
In the case of the orthorhombic form (Fig. 3, bot-
tom), the unit is 7.2 A long and contains a binary
axis around which the chain folds; the repeat unit of
the monoclinic form (Fig. 3, top) is less twisted and
consequently longer, reaching 10.0 A.

b)OIn the orthorhombic modification, Eu atoms lie
4.2 A apart in planar zig-zag chains that run along
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Fig. 3. PO, chains in the unit cells of crystalline EuP;Oq:
monoclinic phase (top) and orthorhombic phase (bottom).

Fig. 4. Chains of edge-connected Eu Og,, polyhedra [Eu:
grey circles; P: full circles; O: open circles]. It is evident
how the rare-earth ion links together the PO, chains which
run perpendicularly to the drawing plane.

the crystallographic c direction. They are tetracoordi-
nated by asymmetric oxygen bridges, with two oxy-
gens set at a distance of 2.35 A and two others at
2.64 A; other four oxygen atoms, located on a per-
pendicular plane between 2.31 and 2.33 A, complete
a rather irregularly shaped coordination polyhedron.
In fact, six vertices are placed in the 2.31 - 2.35 A
range from the central atom forming a distorted oc-
tahedron, while the two farthest ones form additional
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Table 1. Distances and coordination numbers up to 5 A of
Eu interactions in the crystalline phases of EuP;0q.

Monoclinic Orthorhombic
Pair function r (A) CN r (A) CN
Eu-O 2.10 2 232 4
220 2 2.36 2
2.30 2 2.64 2
3.63 1 3.88 2
394 1
4.04-4.16 3 4.04 2
420-444 8 4.12 2
. 4.32 4
4.50 - 4.80 9 4.50 - 4.60 8
4.90-5.00 2 4.80-4.90 6
(Total = 30) (Total = 32)
Eu-P 3.50-3.70 6 3.20 1
4.60 - 5.00 3 3.64 2
3.76 4
4.96 4
(Total = 9) (Total = 11)
Eu-Eu 4.20 2
(5.64) (2)

bonds of 2.64 A. A diagrammatic view of these chains
is given in Fig. 4, where it can be also seen that con-
tiguous Eu coordination polyhedra share O-O edges.
The monoclinic modification contains four crystal-
lographically different coordination polyhedra, each
resembling a distorted octahedron, so that the Eu co-
ordination number is only six, with distances Eu-O
spread in a range from 2.1 to 2.5 A. Eu atoms form
a sublattice with the unit cell centred on the (100)
plane and unit parameters a'=1/2a,b'=1/3b,c' =c,
B' = f3, the shortest Eu-Eu distance being 5.64 A. In
Table 1, the distances and coordination numbers of
Eu interactions in the monoclinic and orthorhombic
phases are listed up to the distance of 5 A.

c¢) The packing is more compact in the more sym-
metrical orthorhombic form (C222,) than in the mon-
oclinic one (P2,/c), as reflected in the volume of the
Eu(PO,), unit, which is equal to 169 A’ and 184 A’
respectively, with corresponding calculated densities
of 3.85 g/cm? and 3.55 g/cm?’. Therefore the com-
pacting effect due to the sharing of O-O edges in the
Eu-O chains prevails on packing restrictions; as a con-
sequence, the higher symmetry C222, space group is
denser than the structure pertaining to the P2,/c space
group, the latter being generally considered as one of
the most apt to producing close packings, in accor-
dance with dense packing theories for objects of arbi-
trary shape [23]. A close examination of the two crys-
talline structures suggests a reason for this “anomaly””:



M. Cannas et al.

- Investigation of Amorphous Europium Metaphosphate

923

LAl S S M R (s (R S T [ SRS S S| PR (R

S U
O (IO Q| VSR (R S IOON B NI S

(LN SR TN TR S

Fig. 5. Experimental radial density func-
tion of the amorphous EuP; O, sample (-e-).
Model pair contributions g;; (¢ =Eu, j =0,
P, Eu) from the EuP;0q crystalline struc-
tures: monoclinic phase (- - -); orthorhom-
bic phase (—); root mean square deviation

0 1 2 3 4 5
r(A)

in the orthorhombic modification, Eu atoms are en-
closed in “channels” running along the c axis, whereas
in the monoclinic phase they lie in the bc planes at
a = 0 and a = 1/2. Therefore, the monoclinic form
results in a more open structure, with metaphosphate
chains arranged so as to form corrugated layers.

Amorphous Fitting

The experimental radial density function G(r) for
amorphous Eu(PO,), is plotted in Fig. 5 up to 6 A
The well resolved first peak in G(r) describes P-O
interactions, with an interatomic separation of 1.60 A
expected for a metaphosphate glass system containing
rare-earth cations [9]. The Eu-O closest coordination
falls under the second peak centered at 2.4 1&, which,
however, comprises also O-O interactions coming
from the oxygens in the PO, tetrahedra. Other fea-
tures are also evident at longer radial distances: a
bump around 3 A, partially due to the P-P distance
within the metaphosphate chams [24], and two other
complex peaks centered at 3.7 A and 4.6 A. In the
attempt to describe quantitatively the short range or-
der around the rare-earth ion, disentangling it from
the other terms falling in the same distance range, the
information from the two crystalline packing models
described above was used to interpret the second peak
in the experimental radial function, with the aim to
verify whether and which crystalline situation is more
consistent with the europium closest coordination in
the amorphous state.

6 was assumed constant (o = 0.1 A) for all
distances.

Figure 5 also shows the radial features of europium
coordination in the orthorhombic structure and in the
monoclinic phase superimposed to the glass radial
function. The first peaks centered around 2.2 - 2.3 A
are due to first shells composed of oxygen atoms
around europium. The second sharp peaks located
around 3.6 - 3.7 A are essentially due to Eu-P inter-
actions. A third broad peak is centered around 4.5 A
in the monoclinic phase and is due to a great num-
ber of Eu-O interactions. A different distribution of
distances is apparent in the case of the orthorhombic
structure in the range 4 - 5 A, where two sharp peaks
are in fact present against the monoclinic broad one;
they represent almost the same number of Eu-O inter-
actions, with the addition of some Eu-P second dis-
tances around 5 A; most important, two heavy Eu-Eu
contacts fall around 4.2 A, and are in fact responsible
for the sharp feature at that distance. Other minor de-
tails further differentiate the two crystalline phases,
e. g. a small peak around 3.2 A due Eu-P closest con-
tacts, which is present in the orthorhombic phase and
absent in the monoclinic structure, and important, al-
though barely detectable, two long Eu-O interactions
in the orthorhombic phase at 2.64 A, which affect the
right side of the main peak, making it slightly asym-
metric. On the whole, the short range structuring of
the orthorhombic packing, made up of 6 short dis-
tances plus 2 longer ones, appears more similar than
the monoclinic structure to the local order of Eu in the
glass. Even the peak around 3.7 Ainthe glass is better
fitted by the Eu-P peak from the orthorhombic struc-
ture. Not much can be said about the features beyond
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4 A, not even on the important peak at 4.2 A due to
Eu-Eu interactions, probably useful for Montecarlo
or MD simulations, but falling at too long a distance
to be helpful here.

For a quantitative evaluation of the two models’
ability to describe the short range order of the rare-
earth ion in the glass, best fitting procedures may be
applied, but not without severe constraints. There-
fore, two parallel simulations have been carried out,
assuming the same structural description of the phos-
phate chain up to 3 A and different short range order
around europium. A distribution of distances of the
type 4+2 short interactions (between 2 3and 24 A)
and 2 long interactions (around 2.64 A) was in fact
introduced in the orthorhombic simulation, while a
distribution of 2+2+2 distances (in the range from
2.1 A t0 2.3 A) mimicked the monoclinic short range
order around europium. One Eu-P interaction was
also added around 3.2 A in the case of the orthorhom-
bic simulation. Other pairs, namely P-Oy;, O;-O;; and
Eu-P, were added in the range 3 - 4 A, s0 as to obtain
a reasonable description of the left side of the experi-
mental peak centered at 3.7 A. The maximum varia-
tion allowed to the parameters was of about 10% on
coordination numbers and of about 4% on distances.
The best model functions obtained are reported in
Fig. 6; the final parameters are listed in Table 2.

The orthorhombic arrangement around europium
still appears better than the monoclinic structuring,
although the fitting procedure is clearly not fully
exploited. However, a clear discrepancy is present
around 1.9 A in the best case, where the minimum

orthorhombic (—) and monoclinic
(- --), to the experimental one (-e-).

Table 2. Final parameters describing the model radial den-
sity functions from crystalline phases. The functions are
reported in Figure 6.

Monoclinic Orthorhombic
Pair function CN r (A) o (/o\) CN r (;\) o (A)
P-0 42(2) 1.60(1) 0.12 4.2(2) 1.60(1) 0.12
Eu - O 1.8(2) 2.20(2) 0.20 3.8(2) 2.30(2) 0.16
Eu - O 2.02) 2.28(2) 0.20 1.8(2) 2.38(2) 0.15
Eu - O 2.0(2) 2.352) 0.12
Eu - O 2.0(1) 2.81(2) 0.11
0-0 4.3(2) 2.63(2) 0.09 4.1(2) 2.60(2) 0.08
P-P 2.0(1) 3.002) 0.12 2.0(1) 3.01(2) 0.09
0-0 3.5(2) 295(2) 0.10 3.5(2) 3.05(2) 0.08
Eu - P 1.1(2) 3.26(2) 0.11
0-0 3.5(3) 3.20(3) 0.07 3.5(2) 3.35(2) 0.07
P-0 3.1(2) 3.44(2) 0.07 3.1(2) 3.46(3) 0.08
0-0 2.0(1) 3.55(3) 0.16
Eu - P 6.02) 3.68(5) 0.17 6.1(2) 3.68(2) 0.16
P-0 22(2) 3.66(2) 020 2.2(2) 3.80(3) 0.16
P-0 6.02) 3.90(2) 0.11 6.1(2) 3.91(3) 0.10

between P-O and Eu-O occurs. Among the possible
causes, one is highly probable, that is, the occurrence
of short interactions, specifically Al-O, due to the
unavoidable presence of small quantities of crucible
material. It is a well known fact that molten phos-
phates are extremely aggressive and dissolve oxides
and pure metals [25] even at temperatures much lower
than the one (1700 °C) reached by the vitreous sam-
ple during preparation. The presence of Al in the glass
was actually confirmed by a semi-quantitative anal-
ysis carried out on the practically insoluble vitreous
sample by X-ray Fluorescence technique: the pres-
ence of about 5-6 wt% of Al,O; with respect to the
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Table 3. Final coordination parameters for amorphous
Eu(PO;); obtained by simulation of the Radial Density
Function.

Pair function CN r (A) o (A)
P-0 4.2(2) 1.60(1) 0.12
Al - O 6.2(2) 1.86(1) 0.05
Eu - O 3.9(2) 2.302) 0.17
Eu - O 1.8(2) 2.42(2) 0.16
0-0 43(2) 2.61(2) 0.12
Eu - O 2.0(1) 2.83(2) 0.15
P-P 2.0(1) 2.96(1) 0.09
0-0 35(2) 3.09(3) 0.09
Eu - P 1.1(2) 3.252) 0.11
0-0 3.5(2) 3.38(3) 0.08
P-0 3.12) 3.49(2) 0.10
Eu - P 6.1Q2) 3.68(2) 0.17
P-0 2.2(2) 3.72(3) 0.13
P-0 6.1(2) 3.89(3) 0.11

other oxides was found, while the remaining 95 wt%
turned out to give the ratio Eu,0,/P,05 = 1/3, thus
confirming the metaphosphate composition. A new
elaboration of the experimental data using this modi-
fied composition did not give rise to a radial function
visibly different from the previous one; but the intro-
duction in the model of Al,O; interactions gave rise to
a synthetic function which fits better the experimental
RDF in the range around 1.9 A. The final results are
reported in Fig. 7 and the best parameter values are
given in Table 3.

The best fit distances and coordination numbers
were analysed according to the bond valence method
[26,27]. Following it, the valence v;; of a bond be-
tween two atoms ¢ and j is so defined that the sum of
all the valences of the given atom i with valence V;

contributions from the alumina of the crucible
were also introduced in the simulation.

obeys the simple law ) v;; = V;; in turn, v;; can be
related to the best fit distances d;; by the empirical
expression v;; = [(R;; — d;;)/b]. Here, R;; is the so
called bond valence parameter [27], a kind of bond
length between atoms i and j averaged over many
crystal and molecular structures, and b is commonly
taken to be a “universal” constant equal to 0.37 A As-
suming Rg,_ equal to 2.083 A [27], the sum taken
over 6+2 Eu- O first distances (orthorhombic model)
gave the total valence Vg, = 3.17, in excellent agree-
ment with the theoretical value of 3. A similar calcu-
lation, carried out for the monoclinic best fit model
and therefore taken over 6 Eu-O first distances, gave
rise to Vi, = 3.59, thus confirming that the distri-
bution of distances of the orthorhombic model is a
better representation of the short range order around
europium in vitreous metaphosphate.

Conclusions

A coordination number between 6 and 9 can be
expected for the trivalent europium ion on the ba-
sis of europium to oxygen size ratio. In fact, using
radius values given by Shannon [28] for trivalent eu-
ropium and two- or three-coordinate oxygen, possi-
ble europium coordination numbers of 6, 7, 8, or 9
are obtainable, corresponding to a radius ratio in the
range of 0.70 - 0.83. However, this parameter alone
cannot give reliable predictions of coordination num-
bers, because other effects, e. g. steric hindrance from
the ligand, can hamper the formation of high coordi-
nations. In fact, in crystalline metaphosphates the an-
ions form infinite chains of corner sharing PO, tetra-
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hedra. The coordination number of 6 occurs when
the non-bridging oxygens are coordinated to only one
metal atom, whereas coordination numbers of 7, 8,
and 9 are possible if one, or two, or three of these
oxygens form bridges between metal atoms. Obvi-
ously, the polyphosphate chains would become pro-
gressively more constrained and their configurations
would drift apart from that of lowest energy. On the
other hand, the setting up of more numerous links
between cation and ligand would stabilize the whole
complex in spite of the constrained configuration of
the phosphate chains; the trend towards higher coordi-
nations would then be favoured, up to the point where
steric hindrance among the atoms of the chains would
make the entire structure unstable. Steric hindrance
should therefore be regarded as the critical factor. This
is probably the reason why the monoclinic form, with
metal coordination of 6, is the most common in crys-
talline rare-earth metaphosphates, although the or-
thorhombic form, with coordination number 6+2 also
exists for larger cations, europium included. Proba-
bly for the same reason, the coordination number of
9 is not found in metaphosphates, but it occurs in lan-
thanum orthophosphate, where the anions are made
up by single PO, units [29].

If the situation is complicated in case of crystalline
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