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Abstract 

The rare-earth gallate glasses R4Ga6O15, where R denotes Pr or Nd, were 
prepared using an aerodynamic levitator and laser heating system. The 
structure was studied by applying the method of isomorphic substitution in 
neutron diffraction which allows for an identification of the gallium and rare-
earth coordination environments. The results give a mean Ga-O coordination 
number of 4.2(1) at a distance of 1.85(2) Å and a mean R-O coordination 
number of 7.4(2) at a mean distance of 2.38(2) Å. The experimental results 
are consistent with a glass network built from GaO4 tetrahedra and with the 
presence of GaO6 octahedra at the 10(5)% level. 

Keywords: Glass structure, neutron diffraction, aerodynamic levitation 

1. Introduction 

Rare-earth glasses with a small maximum phonon energy, i.e. with a low 
cut-off frequency in the vibrational density of states, are of interest as ma
terials for infrared and infrared to visible upconversion lasers and for optical 
fibre amplifiers [1, 2, 3, 4, 5, 6, 7, 8]. It is difficult, however, to make suitable 
rare-earth containing oxide glasses owing to the high vibrational frequencies 
associated with the structural motifs of typical network glass formers such as 
SiO2, GeO2, B2O3 and P2O5 which lead to undesirable non-radiative losses 
from multiphonon relaxation. Gallate glasses have relatively low vibrational 
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frequencies and are chemically durable by comparison with their halide coun
terparts [1, 3, 4, 7, 8, 9]. These materials are therefore of interest as the host 
matrix for rare-earth ions and several of the optical properties of Pr3+ [3, 5], 
Nd3+ [3], Ho3+ [7], Er3+ [1, 2, 4] and Tm3+/Yb3+ [8] doped multicomponent 
glasses have been examined. 

It is desirable to understand the structure of these materials in order 
to develop e.g. non-phenomenological microscopic models for the interac
tions between the rare-earth ions and their mediation by the matrix material 
which effect losses from cross-relaxation and cooperative upconversion pro
cesses. Progress on this front is dependent on the provision of unambiguous 
experimental information about the relative distribution of the rare-earth 
ions and the structure of the glass matrix. This information can in principle 
be accessed, at the pair correlation function level, by means of diffraction 
methods through measurement of the (Faber-Ziman [10]) partial structure 
factors, Sαβ(k), where k is the magnitude of the scattering vector. The ac
companying experimental challenge is, however, formidable. For instance, 
a multicomponent glass containing n elements is described by n(n + 1)/2 
overlapping pair correlation functions [11]. 

In this paper we tackle the problem by applying the method of isomor
phic substitution in neutron diffraction [12, 13, 14, 15, 16, 17] to study the 
structure of the rare-earth gallate glasses (R2O3)0.4(Ga2O3)0.6 or R4Ga6O15, 
where R denotes Pr or Nd, prepared by quenching aerodynamically levitated 
liquid drops [18]. The Pr3+ and Nd3+ ions were chosen as isomorphic pairs 
since they are adjacent in the periodic table and they have comparable cation 
radii (1.126 ˚ A for 8-fold coordination) [19] and Pettifor chemi-A cf. 1.109 ˚
cal parameters (0.70 cf. 0.6975) [20]. They also share a similar structural 
chemistry [21, 22] e.g. the rare-earth gallates PrGaO3 and NdGaO3 have a 
perovskite structure [23, 24, 25, 26, 27] while Pr4Ga2O9 and Nd4Ga2O9 also 
share a common crystal structure [28, 29]. By treating Pr3+ and Nd3+ as 
isomorphic pairs and by measuring the diffraction patterns of the glasses it 
is possible to probe separately the coordination environments of both the 
rare-earth and gallium atoms. The use of laser heating and containerless 
aerodynamic levitation enables three component rare-earth gallate glasses to 
be made, thus simplifying an interpretation of the neutron diffraction results. 
This preparation method also allows for the possibility of making glasses with 
novel opto-electronic and magneto-optical properties [30, 31, 32, 33, 34]. 

The paper is organised as follows. The essential theory required to un
derstand the diffraction data is described in Sec. 2 and the experimental 
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details are outlined in Sec. 3. The results are presented in Sec. 4 and are 
then discussed in Sec. 5 by reference to the results obtained for several other 
rare-earth oxide glasses. Finally, the conclusions are summarised in Sec. 6. 

2. Theory 

In a neutron diffraction experiment on a gallate glass containing a para
magnetic rare-earth ion, the differential scattering cross-section per atom for 
unpolarised neutrons can be written as 

� 
dσ 

� � 
dσ 

� � 
dσ 

� 

= + . (1)
dΩ dΩ dΩtotal mag nucl 

For the glasses used in the present work, Pr3+ and Nd3+ both exhibit param
agnetism and the corresponding differential scattering cross-section (dσ/dΩ)mag 
was calculated in the free ion approximation by using the scheme outlined 
in Ref. [12] where the radial integrals for Pr3+ and Nd3+ were taken from 
Refs. [35] and [36], respectively. The nuclear differential scattering cross-
section is given by 

n� 
dσ 

� 

= F (k) + 
� �

b2 
α + b2 

� 
[1 + Pα(k)] (2)cα inc,αdΩ nucl α=1 

where cα, bα and binc,α denote the atomic fraction, coherent scattering length 
and incoherent scattering length of chemical species α, respectively, n is the 
number of different chemical species, and Pα(k) is an inelasticity correction 
[37]. The total structure factor is defined by [11] 

n n

F (k) = 
� � 

cαcβ bαbβ [Sαβ (k) − 1] (3) 
α=1 β=1 

where Sαβ (k) is related to the partial pair distribution function gαβ(r) by the 
Fourier transform relation 

1 
� ∞ 

gαβ (r) − 1 = dk k [Sαβ(k) − 1] sin(kr), (4)
2π2 n0 r 0 

n0 is the atomic number density, and r is a distance in real space. The mean 
coordination number of atoms of type β, contained in a volume defined by 

3 



� 

�

� �

two concentric spheres of radii ri and rj centred on an atom of type α, is 
given by 

rj 

n̄β
α = 4π n0 cβ dr r 2 gαβ (r) (5) 

ri 

where ri and rj are often chosen to correspond to the minima on either side 
of a peak in gαβ(r). 

The isomorphic substitution method is based on the assumption that 
glassy samples can be made that are structurally the same but differ only 
in the coherent neutron scattering length of one of the chemical species 
e.g. the rare-earth element. By making neutron diffraction experiments on 
two samples containing rare-earth atoms with contrasting scattering lengths, 
bR > b �R, it is possible to eliminate those correlations not involving R by 
forming the first order difference function [12, 15] 

ΔFR(k) ≡ R

2 

F (k) − 
�RF (k)	 (6) 

=	 cR 

�
bR 
2 − b2 �R

� 
[SRR(k) − 1] 

+	
� 

2cαcRbα (bR − b �R) [SRα(k) − 1] . 
α=R 

The rare-earth to matrix atom (Ga or O) correlations may also be eliminated 
by forming the difference function 

ΔF (k) ≡ RF (k) − 
bR − 

bR 

b �R 
ΔFR(k)	 (7) 

−cR
2 bRb �R [SRR(k) − 1]= 

+	
� � 

cαcβbαbβ [Sαβ(k) − 1] . 
α=R β=R 

The real-space representations of ΔFR(k) and ΔF (k), denoted by ΔGR(r) 
and ΔG(r) respectively, are obtained from Eqs. (6) and (7) by replacing each 
Sαβ(k) by the corresponding gαβ(r) (see Eq. (4)). The small r limiting values 
ΔGR(r = 0) and ΔG(r = 0) follow from setting gαβ(r = 0) = 0. 

3.	 Experimental procedure 

The samples were prepared from Pr6O11 (99.99%) or Nd2O3 (99.99%) 
and Ga2O3 (99.99%) that had been calcined in air at 1200 ◦C for � 24 h to 
remove water and any CO2 prior to use. This heat treatment is necessary to 
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ensure that the samples do not spatter and vitrify more readily (see below). 
Finely powdered oxides were first mixed and compressed to make a pellet. 
The pellets containing neodymium were on average of smaller mass than 
those containing praseodymium in order to ensure the reliable reproduction 
of a glassy material. Each pellet was melted by heating to 2300 ◦C with an 
aerodynamic levitation and laser heating system using argon (99.999%) as 
the levitation gas [18]. The molten sample was maintained at this temper
ature for � 1 min, to minimise sample loss by evaporation, and was then 
quenched by instantaneously cutting the laser power to zero. The samples 
thus produced were roughly spherical with a mean diameter of � 2.2 mm for 
the green praseodymium glasses and � 1.8 mm for the purple neodymium 
glasses. The colour of these glasses is consistent with the presence of Pr3+ 

and Nd3+ ions [38]. Praseodymium gallate glasses prepared by using air as 
the levitation gas were dark reddish in colour, indicating the presence of Pr4+ 

ions. Cooling rates of 100 ◦C s−1 at 1400 ◦C for samples of 1.8 mm diameter 
and 80 ◦C s−1 at 1400 ◦C for samples of 2.2 mm diameter were estimated by 
using the methodology described in Ref. [39]. The mass of the glassy spheres 
was smaller than the mass of the starting pellets which was attributed to a 
preferential loss of Ga2O3. The composition of the glasses was therefore much 
closer to (R2O3)0.40(Ga2O3)0.60 or R4Ga6O15 than to their nominal composi
tion of (R2O3)0.375(Ga2O3)0.625 or R3Ga5O12 which was chosen since it cor
responds to the composition of yttrium aluminium garnet (YAG) [18]. The 
data were analysed using the former composition and, to help in assessing the 
effect of an error in the composition, the data were also analysed using the 
nominal composition. The mass densities of the samples at 23.7(1) ◦C were 
6.017(3) and 6.190(6) g cm−3 for the praseodymium and neodymium glasses, 
respectively, as measured with a Quantachrome Ultrapycnometer 1200e us
ing dry helium gas as the displacement fluid. The corresponding number 
densities are 0.0741(1) and 0.0754(1) Å−3, respectively, and the mean value 
of 0.0748 Å−3 was used in the data analysis. 

The neutron diffraction experiments were made at room temperature 
(�25 ◦C) using the D4c instrument at the Institut Laue-Langevin (ILL) 
with an incident neutron wavelength of 0.4961(1) Å [40]. Each sample was 
made from a collection of glassy spheres which were placed in a cylindri
cal vanadium can of 4.8 mm inner diameter and 0.1 mm wall thickness. 
Diffraction patterns were taken for each sample in its container, the empty 
container, the empty instrument, and a cylindrical vanadium rod of diameter 
6.072(6) mm for normalization purposes. The intensity for a bar of neutron 
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absorbing 10B4C of dimensions comparable to the sample was also measured 
to account for the effect of the sample’s attenuation on the background sig
nal at small scattering angles [41]. Each complete diffraction pattern was 
built up from the intensities measured for different positions of the group of 
nine microstrip detectors. These intensities were saved at regular intervals 
to check the stability of the sample and instrument [42]. 

The neutron diffraction data were carefully corrected to yield the to
tal structure factor for each sample and the usual self-consistency checks 
were performed [43]. The coherent neutron scattering lengths are bPr = 
4.58(5), bNd =7.69(5), bGa =7.288(2) and bO =5.803(4) fm [44]. In the case 
of R4Ga6O15 glass, the weighting factors for the R-R, R-Ga and R-O partial 
structure factors in Eq. (6) are 9.8(2), 17.4(4) and 34.7(8) mbarn (1 barn 
= 10−28 m2), respectively, while the weighting factors for the R-R, Ga-O, 
Ga–Ga and O-O partial structure factors in Eq. (7) are -9.0(4), 121.80(9), 
30.59(2) and 121.2(2) mbarn, respectively. 

4. Results 

The total structure factors F (k) measured for the Pr4Ga6O15 and Nd4Ga6O15 

glasses are shown in Fig. 1 together with the calculated paramagnetic differ
ential scattering cross sections for the Pr3+ and Nd3+ ions. There is good 
overall agreement between each F (k) and the back Fourier transform of the 
corresponding total pair correlation function G(r), after the small r oscilla
tions are set to their calculated G(r = 0) limit, which indicates that the data 
correction procedure has been properly applied [43]. The results show a sig
nificant contrast between the diffraction patterns for the glasses, in keeping 
with the different scattering lengths of the rare-earth ions. A small pre-peak 
appears in PrF (k) at � 1.23 Å−1 but not in NdF (k). By comparison, the 
principal peak in NdF (k) at 2.15(2) ˚ appears as a much smaller feature A−1 

in PrF (k) at 2.16(2) ˚ . The next peak appears at 2.65(2) and 2.72(2) ˚A−1 A−1 

for the praseodymium and neodymium glasses, respectively, while the peak 
in NdF (k) at 4.50(2) ˚ is smaller by comparison with the corresponding A−1 

feature in PrF (k) at 4.53(2) Å−1 and has a more pronounced small k shoulder 
at 3.85(2) ˚ .A−1 

The total pair distribution functions G(r) are shown in Fig. 2. By com
parison with the crystal structures of RGaO3 (R = Pr or Nd) [23, 24, 25, 26], 
R4Ga2O9 [28, 29] (R = Pr or Nd), Nd3GaO6 [45, 46] and Nd3Ga5O12 [47], 
the first peak in PrG(r) at 1.85(2) ˚ A is attributed A or in NdG(r) at 1.86(2) ˚
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to Ga-O correlations and its integration over the range 1.66 ≤ r(Å)≤ 2.09 
Ogives a coordination number n̄Ga = 4.2(1). The second peak in PrG(r) at 

2.44(2) ˚ A will have a strong contribution from A or in NdG(r) at 2.42(2) ˚
R-O correlations and, in keeping with the larger coherent neutron scattering 
length of Nd, this peak is more intense for the neodymium gallate glass. 

The measured difference functions ΔFR(k) and ΔF (k) for the two glasses 
are presented in Fig. 3 and show a trough in ΔFR(k) at � 1.31 ˚ and a A−1 

pre-peak in ΔF (k) at � 1.56 Å−1 . There is good overall agreement between 
each function and the back Fourier transform of the corresponding ΔGR(r) 
or ΔG(r) function, after the small r oscillations are set to the ΔGR(r = 0) 
or ΔG(r = 0) limiting value, which indicates that the data correction pro
cedures have been properly applied [43]. The ΔGR(r) and ΔG(r) functions 
are shown in Fig. 4 and confirm the assignment made to the first two peaks 
in the total pair distribution functions. 

Integration of the first peak in ΔG(r) at 1.85(2) Å over the range 1.66 
≤ r(Å)≤ 2.09 gives n̄O = 4.2(1) while integration of the first peak in ΔGR(r)Ga 

at 2.38(2) ˚ over the range 2.09 ≤ r(˚ ¯O = 7.4(2). TheA A)≤ 2.95 gives nR 

first peak position in ΔG(r) compares with typical Ga-O distances in GaO4 

tetrahedra of 1.80–1.86 ˚ AA [47, 48, 49]. The small peak in ΔG(r) at 2.15(2) ˚
could not be identified with typical Ga-O distances of 1.94–2.08 Å in GaO6 

octahedra [47, 48, 49] nor with typical Ga-Ga homopolar bond distances of 
2.43–2.80 Å [50, 51, 52, 53, 54]. An analysis of the neutron diffraction data 
assuming a glass composition of R3Ga5O12 did not change the first peak 

Oposition in ΔGR(r) or ΔG(r) and led to coordination numbers of n̄Ga = 
4.2(1) and n̄O = 7.7(2).R 

In crystalline rare-earth gallates the nearest-neighbour R-Ga and R-R 
distances are A and 3.55–3.83 ˚in the range 3.13–3.32 ˚ A, respectively [23, 
24, 25, 26, 28, 29, 45, 46, 47]. By comparison, the second peak in ΔGR(r) 
occurs at 3.76(2) Å and has a shoulder on its small r side in the region 3.38– 
3.44 Å. This shoulder and the second peak in ΔGR(r) are, therefore, likely 
to have contributions from the R-Ga and R-R correlations, respectively. The 
oxygen coordination numbers are n̄Ga = 1.68(2) and n̄R = 1.97(2) which give O O 

Ga Ran overall mean oxygen coordination number of n̄O = n̄O + n̄O = 3.65(3). 
Three and four fold coordinated oxygen atoms are found in materials like 
crystalline R4Ga2O9 (R = Nd or Sm) [29]. 
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5. Discussion 

The nearest-neighbour Ga-O distance rGaO = 1.85(2) Å and coordination 
Onumber n̄Ga = 4.2(1) are consistent with a glass network built predominantly 

from GaO4 tetrahedra [55, 56, 57]. The coordination number can be ratio
nalised in terms of a mixture of tetrahedral GaO4 and octahedral GaO6 units 
in a ratio of 0.90(5):0.10(5) if both of these motifs are present in the glass, 
as in crystalline β-Ga2O3 [48, 49] and Nd3Ga5O12 [47]. There is evidence 
for a mixture of GaO4 and GaO6 motifs in other gallate glasses such as 
Ga2O3-P2O5 [57], PbO-Ga2O3 [55] and Bi2O3-Ga2O3 [55]. Nuclear magnetic 
resonance experiments using the 71Ga nucleus would provide additional in
formation on the nature of the Ga centered units that are present, at least in 
the case of glasses containing non-paramagnetic rare-earth ions such as La3+ 

[58]. For regular GaO4 tetrahedra, an O-O distance rOO = 
�

8/3 rGaO = 
3.02 Å is expected. This distance is comparable to the position of the second 
peak in ΔG(r) at 3.03(2) Å. In crystalline rare-earth gallates the nearest
neighbour Ga-Ga distances are 3.50 Å for Nd3Ga5O12 [47], 3.47–3.56 Å for 
R4Ga2O9 (R = Pr or Nd) [28, 29], 3.84–3.86 ˚ (R = Pr or Nd) A for RGaO3 

[23, 24, 25, 26], and 5.23 ˚ [45, 46]. A for Nd3GaO6 

We note that the same praseodymium gallate glass has previously been 
investigated by using a combination of neutron diffraction and extended x-
ray absorption fine structure (EXAFS) spectroscopy and the data were in
terpreted by using a combination of molecular dynamics and reverse Monte 
Carlo modeling methods [59]. In this work, the data were treated by assum
ing the nominal composition of (Pr2O3)0.375(Ga2O3)0.625 whereas the actual 
glass composition is closer to (Pr2O3)0.40(Ga2O3)0.60 (see section 3). The re
verse Monte Carlo results show a network made predominantly from corner 
sharing GaO4 tetrahedra and give a mean rare-earth coordination number of 

On̄Pr = 6.7(1). 
The nearest-neighbour R-O distance of 2.38(2) Å and coordination num

ber n̄O = 7.4(2) obtained from the present work are in keeping with the R 

values found for other oxide glasses containing large R3+ ions. For exam
ple, the method of isomorphic substitution in neutron diffraction has been 
used to investigate the structure of (R2O3)0.218(Al2O3)0.076(P2O5)0.706 glass, 
where R denotes the large rare-earth La or Ce, and the results give rRO = 
2.50(2) ˚ ¯O = 7.5(2) [15, 17]. The same experimental method has A with nR 

also been applied to study the structure of (R2O3)0.230(Al2O3)0.069(P2O5)0.701 

glass, where R denotes the small rare-earth Dy or Ho, and the results give 
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a reduced nearest-neighbour distance = A with nO 6.7(1)rRO 2.27(2) ˚ ¯R = 
[14, 16, 17]. These results for the nearest-neighbour R-O parameters follow 
from the lanthanide contraction [21] and are in keeping with those obtained 
for other rare-earth phosphate glasses by using diffraction [60, 61, 62] and EX
AFS spectroscopy [63] methods. For example, in the metaphosphate glasses 
(Pr2O3)0.25(P2O5)0.75 and (Nd2O3)0.25(P2O5)0.75 the nearest-neighbour R-O 
distances are 2.43(2) and 2.41(2) Å with corresponding coordination num
bers of 6.8(3) and 6.9(3), respectively [61]. The non integer R-O coordination 
numbers are consistent with a distribution of rare-earth centred coordination 
polyhedra. 

6. Conclusions 

The method of isomorphic substitution in neutron diffraction was applied 
to study the structure of the rare-earth gallate glasses R4Ga6O15, where R 
denotes Pr or Nd, as prepared by using a laser heating and aerodynamic 
levitation method. The results are consistent with a glass network made 
predominantly from GaO4 tetrahedra in which R3+ ions reside with a mean 
R-O coordination number of 7.4(2). GaO6 octahedra may also be present at 
the 10(5)% level. 
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solid (black) curves in Fig. 4 where the oscillations at r values smaller than the distance of 
closest approach between the centres of two atoms are set to the calculated ΔGR(r = 0) 
or ΔG(r = 0) limit. 
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Figure 4: The measured difference functions (a) ΔGR(r) and (b) ΔG(r) for glassy 
R4Ga6O15, where R represents Pr or Nd, as obtained by spline fitting and Fourier trans
forming the corresponding difference functions ΔFR(k) and ΔF (k) shown in Fig. 3 by the 
points with error bars. The solid dark (black) curves show ΔGR(r) and ΔG(r) after the 
small r oscillations are set to the appropriate ΔGR(r = 0) or ΔG(r = 0) limiting value. 
The broken (red) curves show the extent of the small r oscillations. 
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