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Low Cation Coordination in Oxide Melts
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The complete set of partial pair distribution functions for a rare earth oxide liquid are measured by
combining aerodynamic levitation, neutron and x-ray diffraction on Y,0Os, and Ho,O5 melts at 2870 K.
The average Y-O (or Ho-O) coordination of these isomorphic melts is measured to be 5.5(2), which is
significantly less than the octahedral coordination of crystalline Y,O5 (or Ho,O3). Investigation of La, 03,
Zr0O,, and Al,O5 melts by x-ray diffraction and molecular dynamics simulations also show lower-than-
crystal cation-oxygen coordination. These measurements suggest a general trend towards lower
coordination compared to their crystalline counterparts. It is found that the coordination drop is larger
for lower field strength, larger radius cations and is negligible for high field strength (network forming)
cations, such as SiO,. These findings have broad implications for predicting the local structure and related
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physical properties of metal-oxide melts and oxide glasses.
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Understanding atom-atom interactions in high temper-
ature oxide melts is important to a wide range of fields
including nuclear meltdown scenarios [1], the evolution of
planetary bodies (particularly Earth’s mantle [2]), glass
formation [3], and crystal nucleation [4]. Most knowledge
of high temperature melt structure has been extrapolated
from the study of quenched glasses. Zachariasen’s 1932 glass
formationrules, forexample, classify cations in oxide glasses
as network formers, modifiers or intermediates based on
their field strength [3,5]. Although modern techniques, such
as MAS-NMR have provided detailed oxide glass structure
information, far less is known about the structure and
properties of high melting point (7 > 2000 K), non-glass
forming oxide liquids such as yttria.

The physical properties of oxide liquids, such as density
and viscosity, are largely defined by the local coordination
and connectivity between the metal-oxygen (M-O) poly-
hedra [6]. These polyhedra in oxide liquids and glasses can
also take a range of local coordination states, such as AlOs
units [7,8,11], which are typically not seen in the corre-
sponding crystal structures. However, it does not neces-
sarily follow that the average M-O coordination of these
liquids is lower. Although generally lower density than
their crystalline counterparts, the packing of the polyhedra,
for example, may equally effect the bulk density of oxide
liquids. Isolating precise molten M-O coordination infor-
mation using pair distribution function (PDF) measure-
ments, however, can be challenging due to overlap of the
M-O correlations with M-M, and O-O correlations. Despite
recent progress [9-11], a full experimental separation of
the partial PDFs of a high temperature (7 > 2000 K) oxide
liquid, has not previously been achieved. This is largely due
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to the high temperatures required and the limited scattering
contrast available from isotope substitution or anomalous
scattering methods.

Here, we present a full determination of the M-M, M-O,
and O-O partial PDFs for molten Y,0O5 and its lanthanide
isomorphs (Ho, O3, Er,03) with an emphasis on determin-
ing the first Y-O peak shape and precise Y-O coordination.
Using further x-ray measurements and molecular dynamics
(MD) simulations, we also observe a general trend towards
lower M-O coordination in a wide range of oxide melts,
suggesting that this behavior is a widely occurring
phenomenon.

Previous neutron and x-ray diffraction experiments on
molten Y,0Oj5 reported an average Y-O coordination number,
fiyo = 6.3 [12-14], whereas MD simulations generally
suggest a lower coordination between 4.8 and 5.8
[15—18]. The partial PDF patterns measured in the present
work show significant Y-Y and O-O correlations below 3.4 A
(Fig. 2.), which overlap with the first Y-O coordination shell.
This overlap explains the higher 7iyg obtained from the
previous total scattering measurements, which would count
the short O-O and/or Y-Y correlations below 3.4 A as
additional Y-O correlations. This explanation is fully con-
sistent with previous measurements, which used the best
available approximations in their Y-O coordination number
analysis, but were unable to fully isolate the Y-O partial.

In the present work, high-energy x-ray diffraction
measurements were made at 11-ID-C of the Advanced
Photon Source, using the aerodynamic levitation sample
environment, where the sample is floated on a gas stream
and heated with a CO, laser described in detail elsewhere
[19]. Samples were made from 99.99% (or greater) purity
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oxide powders (trace metal basis, Sigma-Aldrich), which
were dried at 1000 K for 12 hr immediately prior to
weighing. The mixed Y : Ho powders were fused, reground,
and fused again twice using a CO, laser (Synrad Firestar
i401) on a water-cooled Cu plate. Pure O, levitation gas
was used in the x-ray experiment. The scattered x-ray
intensities were measured using a Perkin Elmer XRD1621
area detector and standard correction procedures [20,48].

Neutron diffraction was performed at the NOMAD beam
line of the Spallation Neutron Source (SNS) [21], using
CO, laser heating and aerodynamic levitation as described
in Ref. [10]. The sample was levitated using a mixed Ar: O,
(4% 0O,) gas stream, in a chamber which was also filled
with the same gas mixture. The measured neutron scatter-
ing intensities were normalized to a ~3 mm diameter
vanadium sphere. To reduce sample attenuation and multi-
ple scattering corrections, the bandwidth choppers were set
such that only short incident wavelength neutrons between
0.1-1 A were used [22]. The final normalization was
checked using the expected low-r oscillations and the
measured density of 0.058(3) A~3 from [23].

The present measurements utilize the large x-ray scatter-
ing contrast (39 vs 67 electrons) and the isomorphic
characteristics of molten Y,05 and Ho,0O; to extract the
partial PDF patterns. For example, their ambient crystal
structures are the same, their octahedral ionic radii are
104.0 (Y) and 104.1pm (Ho) [24], their reported melting
temperatures (2712 K, 2688 K) are within 1%, and the
volume change on melting is reported to be 11.2% for
both Y,0O5; and Ho,0; [23,25]. Given this isomorphic
behavior, diffraction measurements of different mixtures
of Y/Ho, give differently weighted x-ray structure factors
of essentially the same atomic arrangement. Pure Y,0O;
and a Y:Ho mixture of 1:2 was used to minimize the
multiple scattering and attenuation associated with pure
Ho,05. A self-consistency check of the isomorphism
was made by confirming the M-O peak (where M repre-
sents Y or Ho) canceled out in the x-ray difference
pattern [48].

The effect of the mass difference between Ho and Y was
also investigated with MD simulations using fixed charge
Morse pair potentials. These MD simulations showed no
significant difference in the partial PDFs when the mass of
the cation was changed from that of Y to Ho. To improve
agreement with experiment, initial Y-O and Y-Y potential
parameters taken from Refs. [15,16] were refined until
maximal agreement between the MD model and the
experimental pair distribution function measurements
was achieved (see Ref. [48] for final parameters, Fig. 1
for data, and Table I for agreement factors). To maintain
consistency across the different M-O melts studied, the OO
potential was not refined. The final simulations were run
using the DLPOLY classic package [26]. They consisted of
6400 atoms, and were equilibrated at 6000 K for 100 ps,
before cooling to 2870 K and running in an NPT ensemble
for a further 100 ps, the final system densities were within
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FIG. 1 (color online). (a) Measured partial structure factors of
molten M,03 (M =Y or Ho), from raw data (grey dashed line)
and back-Fourier transforms (blue lines, correspond to blue
lines in b). Black lines are the S,,(Q) patterns for the MD
model. (b) Partial pair distribution functions from raw Fourier
transform of the measurements (grey dashed line), modified
transforms of measurements (blue lines, see Ref. [11] for
modification function), error range (light blue shaded area), and
the g,,(r)’s from the MD model (black lines), all transformed
using Q <184 A", The symmetric red dotted curve repre-
sents a Gaussian atom distribution with a 71y = 3.5(5), fitted
to the low-r side of the M-O peak. This leaves a residual peak
centered at 2.56(2) A, with a 71y = 2.0(5) (grey dashed line
labeled A). Inset is a portion of the MD model, light green
polyhedra are YO,, YOs, and the dark blue polyhedra are YOg,
YO, units. Numerical data provided in Ref. [48].

5% of the measured values [23] (the same MD procedures
were repeated for SiO,, Al,O3, ZrO,, and La,O5; melts).

Once corrected, a single diffraction measurement on a
one component M-O oxide yields a structure pattern F(Q)
which is a linear sum of the three Faber-Ziman partial
structure factors, Sy(Q), Syo(Q), Soo(Q), weighted by
neutron or x-ray cross-section dependent weightings [29].
To isolate the three partial S(Q) patterns using diffraction,
three F(Q) measurements with different weightings were
made. The three partial S(Q)’s are then related to the three
measurements by a matrix [A]. For the measurements made
in this work, the elements of these matrices are given by
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TABLE 1. Properties and structure parameters of measured
oxides in order of the cation field strength, where field
strength is calculated as Z,;/ (ry0 — 1.24)2, the 1.24 A represents
the O ionic radius [24], and Z is the formal charge of the cation.

Si-0 A0 Zr-O YO LaO
Field strength (¢/A%) 26 99 57 29 24

rao (Ay 1.62(1) 1.80(1) 2.08(2) 2.22(2) 2.35(3)
fiyo (from MD) 402y 4.52) 6.1(4) 552) 5.9(4)
Ry (%) 3.6 0.8 1.4 0.8 1.3
Temperature (K) 1970 2400 3170 2870 2770

Density (A~2) 0.066 0.086 0.068 0.058 0.048

“From maximum in ¢'(r).
Agrees with measurements where the first shell was isolated.

‘MD s _diffraction  agreement factor in Tx(r) for
1 <r<8AI[27]
FXI(Q) 0.16f%( 048fofy) 0.36]%
FX2(Q) | = | 0.16f.fr 0.24fo(f +f7) 0363
FN(Q) 0.16b%{ 0.48boby 0.36b(2)
Sum(Q) — 1
X | Suo(@)—11. (D
Soo(Q) — 1

where f, is the Q-dependent x-ray form factor of element a
(* denotes complex conjugate), the subscript x denotes the
Y/Ho 1:2 mixture, and the b’s are the bound coherent
neutron scattering lengths (see Refs. [28,29,48] for further
detail). Inversion of [A] by singular value decomposition
then allows the partial S(Q)’s to be obtained. The stability
of the solutions to the inverse matrix depends on the
contrast between the weightings in each F(Q) measure-
ment. A measure of the stability of inversion is given
by normalizing [A] such that each row sums to one, and
calculating the determinant of the normalized matrix,
A"(Q) [30]. Low values of |A"(Q)| indicate uncertain
separation of the partial S(Q)’s, whereas values approach-
ing £1 indicate very well-conditioned separation. The
|A"(Q)| for the liquid M,0; measurements made here is
—0.012 (at Q = 0). This compares favorably to other recent
studies of GeO, and SiO, glasses [31,32] which had
significantly smaller |[A"(Q)| of —0.006, 0.0021, respec-
tively (at Q = 0).

The measured partial PDFS, g34/(7), 9mo(7)s goo(7)
obtained from Fourier transform of the partial S(Q)
patterns with and without a variable modification are
plotted in Fig. 1(b). The variable modification function
essentially averages the measurement over an r-dependent
width, allowing discrimination against high frequency
noise, without significantly broadening the first peaks in
the PDF patterns (detailed in Ref. [11]). The first peak
in gyo(r) is maximum at r = 2.22(2) A, and has M-O
coordination 7y = 5.5(2) measured up to 3.2 A. This
fiyr0, Which is significantly less than six, is consistent with
previous MD results for molten Y,O;3 (or Er,O5) [15-18].

Figure 1(b) also shows that the O-O and M-M correlations
are non-negligible above 2.6 A, which is well before the
end of the first M-O peak [vertical dashed line Fig. 1(b)].
This leads to overlap of M-O, O-O, and M-M correlations
between 2.6-3.2 A in total scattering measurements,
and explains the high Y-O coordination numbers (6.3 <
nyo < 7.5) obtained from previous diffraction measure-
ments on liquid Y,O;.

The first M-O peak is also asymmetric, with additional
correlations on the high-r side. Fitting a Gaussian to the
low-r side of the M-O peak, gives a 7iyo = 3.5(5) and
leaves a residual peak centered at 2.56(2) A with a fiyg =
2.0(5) [Fig. 1(b)]. Although other choices of peak fit could
be made, this is consistent with the distortion present in
the high temperature hexagonal rare earth oxide crystal
structures. These hexagonal phases, which precede melting
in Y, Ho, and Er oxides, consist of distorted edge shared
octahedra and are expected to have a significant fraction of
long Y-O bonds in the range 2.4-2.7 A [25], similar to the
hexagonal phases of La,O; and Nd,Os; [33,34]. The
application of Y /Ho substitution to x-ray pair distribution
function measurements applied here, is also valid for
studying the detailed local structure of other Y or Ho
containing materials.

Beyond Y,05 and its isomorphs, we have measured the
x-ray diffraction pattern of several other single-component
oxide melts (SiO,, Al,O3, ZrO,, La,03), and compared
these to MD simulations. These other oxide melts represent
a range of cation sizes and charges, yet apart from silica,
they also have lower #1),g than their crystalline counterparts
(where M represents the metal cations). Figure 2 shows the
measured x-ray T'(r) = 4zprg (r) PDF patterns, where p is
number density, and the ' denotes that the x-ray patterns are
reweighted to have equal and r-independent g;,o weight-
ing. More specifically, the measured x-ray structure factors,
Sx(Q), were scaled such that

S'(Q) = [Sx(Q) = 1lwyo(Q)/wx(Q), )

where

_ cocufo(fu + i)
> aCafad aCafa

and where ¢, is the concentration of element a, and the sum
is over all the chemical species present. The S'(Q) were
then transformed to generate the 7’(r) patterns plotted in
Fig. 2. Note the M-M and O-O contributions are also
present, and their weightings vary between each pattern.
From Fig. 2 a general trend with increasing cationic field
strength can be seen. Where field strength is defined as
Zy/ (ryo — 1.24)2, the 1.24 A represents the O ionic radius
[24], and Z,; is the formal charge of the cation (M). The
small, high field strength group 3 and 4 elements such as Si,
have low 7,0, and a symmetric first shell. Progressively
lower field strength, larger cations, such as Y however,

wio(Q)/wx(Q)
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FIG. 2 (color online). (a) Measured x-ray 7'(r) = 4zprg (r)
pair distribution function patterns (blue dashed lines), where p is
the number density and the ’ denotes that the patterns are re-
weighted to have equal, r-independent M-O weighting (7, is the
first M-O peak distance). Black lines are the 7’(r) from molecular
dynamics (MD) simulations (Q-space patterns and MD potentials
given in Ref. [48]). The two dotted curves are the weighted M-O
and MM + OO contributions for La,0;. (b) Isolated T, (r)
from the MD simulations. The arrows indicate decreasing cation
field strength.

have higher M-O coordination and more distortion in the
first shell. This distortion is observed in the first peak of the
liquid PDF patterns as an increasing width and asymmetry
with deceasing field strength (Fig. 2). The field strengths,
M-0O peak positions, and 71y, are given in Table 1.

Figure 3 compares the M-O coordination of these oxide
melts to their crystalline counterparts. In addition, the 71,,q
is plotted for a wide range of metal cations in oxide glasses
[9,16,35-48]. Here, we find that the large radius, low field
strength cations have significantly lower 71,5 than their
closest corresponding crystals, whereas the low radius,
high field strength network formers tend to keep the same
coordination.

The coordination of the non-Y,0O; melts was obtained
from the gy,0(r) partial of the MD simulations, which agree
with the diffraction Tx(r) measurements to within 4% (see
Fig. 2 and Table I). Figure 2(b) also shows that the first
peak in gy;0(r) only returns to zero on the high-r side for
Si0,, whereas in all the intermediate and low field strength
oxide melts the first coordination shell is less well defined.
This result is consistent with the observation that the high
field-strength oxides (e.g., SiO,) maintain the same co-
ordination in the ambient crystal and melt. The majority of
oxide melts, however, have lower field strength and less
well-defined first coordination shells. These oxides lose a
fraction of first shell neighbors in the crystal structures to
longer distances outside the first shell in their liquid and
glassy states.

The result that M-O coordination in melts and glasses
is significantly lower than the corresponding crystalline
phase, has several important implications. For example,
lower coordination directly affects the expected connec-
tivity between the MO polyhedra: Lower coordinated
polyhedra means that on average, the oxygen corners are
shared between fewer neighboring polyhedra. Changes in
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FIG. 3 (color online). The shaded red circles are the iy
determinations made from the oxide liquids studied in this work,
plotted against 71,,o of their ambient crystal structures. Shaded
circle areas are proportional to cation field strength. The solid
black circles are literature i), measurements for some repre-
sentative cations M = Al, Si, Te, Ge, Ga, Ti, La, Y, Mg, Ca, Sr,
Ba, Pb, Na, K, in oxide glasses [9,16,35-47] (black circle areas
represent large, intermediate or low field strength). The light blue
shaded area is a guide to the eye. Inset: Average coordination
drop from crystal to the liquid or glass, divided into three groups
of, large field strength (network formers), intermediate, and low
field strength (modifiers). The atomic configurations correspond
to liquid SiO, (left) and liquid Y,Oj; (right) from the MD
simulations performed in this work.

this interpolyhedral connectivity and chain length are
known to strongly affect properties in the liquid state as
well as fragility [6].

The cation-oxygen coordination drop between liquid
and crystal phases has previously been noted for several
isolated systems [10,11,35]. In this work, however, we find
that the trend in M-O coordination number is consistent
over a wide range of systems and compositions. Moreover,
the M-O coordination number and distortion of the local
polyhedra is shown to correlate with field strength for both
oxide liquids and glasses.

Our structural findings therefore reinforce the original
concepts of ionic field strength on glass formation, which
define network modifying and network forming oxides
based on their cation field strength [3,5]. As field strength
decreases, distortion of local polyhedra increases, and the
coordination drops relative to the crystalline phase. It is
anticipated that as extreme environment instrumentation
and scattering techniques improve, the detailed structure of
high temperature melts will be ever more closely linked to
their liquid state properties.
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