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A B S T R A C T

The pressure-induced structural transformations in metasilicate MSiO3 glass (M=Mg or Ca) on cold-compres-
sion from ambient pressure to 17.5 GPa were investigated by neutron diffraction. The structure of the glass
recovered to ambient conditions from a pressure of 8.2 or 17.5 GPa was also investigated by neutron or X-ray
diffraction. The experimental work was complemented by molecular dynamics simulations using a newly-de-
veloped aspherical ion model. The results show network structures based predominantly on corner-sharing
tetrahedral SiO4 units. At pressures up to ~8GPa, there is little change to the network connectivity as described
by the Qn speciation, where n denotes the number of bridging oxygen (BO) atoms per SiO4 tetrahedron. On
compression of the glass to 17.5 GPa, the Mg–O coordination number increases from 4.5(1) to 6.2(1), and the
Ca–O coordination number increases from 6.15(17) to 7.41(7). In both cases, the increased M-O coordination
numbers are accompanied by an increased fraction of M-BO versus M-NBO connections, where NBO denotes a
non-bridging oxygen atom. The results give the fraction of triple-bridging oxygen atoms as ~0.5% at 17.5 GPa,
which does not support the formation of a substantial fraction of oxygen triclusters in either glass. The M-O
coordination number of the recovered glass is larger than for the uncompressed material, which originates from
an increased fraction of M-BO connections, and increases with the pressure from which the glass is recovered.
The results suggest that the measured decrease in viscosity of molten MSiO3 on pressure increasing from ambient
to ~8 GPa is not related to a large change in network polymerization, but to the appearance of higher-co-
ordinated M-centred polyhedra that contain a larger fraction of weaker M-BO bonds.

PACS numbers

61.43.Fs
61.05.F-
61.43.Bn
61.05.cp
64.70.kj

1. Introduction

The metasilicates MgSiO3 and CaSiO3 are iconic end members of the
CaO-MgO-Al2O3-SiO2 (CMAS) family of materials, which are important
constituents both in commercial display glass [1] and in the Earth's
lower crust and mantle [2]. These materials have the same composi-
tions as the minerals enstatite (MgSiO3) and wollastonite (CaSiO3), and
the glass structures under ambient conditions have been well-char-
acterised by a variety of experimental methods that include neutron
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diffraction [3–6], high energy X-ray diffraction [6,7], nuclear magnetic
resonance (NMR) spectroscopy [8–15], and Raman spectroscopy
[16,17]. The structures are based on a depolymerised silica network
with a mean number of non-bridging oxygen (NBO) atoms per SiO4

tetrahedron NBO/T=2, in which the Mg and Ca atoms reside with
contrasting Mg–O and Ca–O coordination numbers of 4.5(1) [5,6] and
6.15(17) [3], respectively. Here, it is usual to regard Mg and Ca as
network modifiers: Although the Mg–O coordination number is similar
to the Si–O coordination number of four, the Mg–O bond energy is
relatively small [18]. It is notable, however, that Mg does take a net-
work forming role in the orthosilicate “invert” glass Mg2SiO4, which
has the forsterite composition. In this case, the network is built pre-
dominantly from corner and edge sharing MgOn (n=4, 5 or 6) units,
although the melt shows extremely fragile behaviour, and is at the limit
of glass-forming ability via containerless processing methods [7,19].

When pressure is applied to an oxide glass such as SiO2, its struc-
tural response will depend on factors that include (i) the flexibility of
the network to adapt without change in nature of its network-forming
motifs, versus (ii) the propensity of network-forming atoms to adopt an
increased coordination number. At high enough compression, the
structure will deviate significantly from a Zachariasen-like ideal in
which an infinite topologically-disordered network is constructed from,
e.g., rigid vertex-sharing tetrahedral SiO4 units, where each vertex is
shared between two units [20]. When pressure is applied to a modified
glass, another issue becomes the propensity of the network-modifying
atoms to adopt an increased coordination number, which is related to
the packing ability of the network-forming motifs.

In the case of glassy MSiO3 (M=Mg or Ca), the modifiers have the
same charge, but contrasting ionic radii (0.57 Å for fourfold co-
ordinated Mg2+ versus 1.00 Å for sixfold coordinated Ca2+ [21]) and
ambient pressure coordination numbers. Different structural responses
are therefore expected when pressure is applied. The nature of this
response is of importance for understanding the impact of stress on the
properties of glass [22]. The structural changes may also mimic those
occurring in the liquid phase, which leads to an interest in glass as an
analogue for melts within the Earth's mantle [23]. Accordingly, the
pressure-dependent structure and properties of vitreous MSiO3 have
been investigated extensively [24–32], although there is a paucity of
information from diffraction experiments.

We have therefore been motivated to use the method of in situ high-
pressure neutron diffraction to investigate the structural changes in
MSiO3 glass under cold (i.e., room temperature) compression [33]. The
structure of the glass recovered to ambient conditions from a pressure
of 8.2 or 17.5 GPa was also investigated by using neutron or X-ray
diffraction. In the case of MgSiO3, there is sufficient contrast between
the Si–O and Mg–O bond lengths to enable site-specific information to
be delivered on the local coordination environments of both Si and Mg.
The experimental results are interpreted with the aid of molecular dy-
namics (MD) simulations using an aspherical ion model (AIM) [34,35]
that is newly developed for the MSiO3 materials.

The paper is organized as follows. The essential theory for the dif-
fraction experiments is given in Section 2. The experimental and AIM
MD methods are then described in Sections 3 and 4, respectively. The
results are presented in Section 5, and are discussed in Section 6 relative
to those obtained from previous high-pressure work. Conclusions are
drawn in Section 7.

2. Theory

In an X-ray or neutron diffraction experiment the total structure
factor [36]

= +S k
w k

c c w k w k S k( ) 1 1
| ( ) |

( ) ( )[ ( ) 1]2
(1)

is measured, where k is the magnitude of the scattering vector; cα is the

atomic fraction of chemical species α; wα(k) represents either the
k-dependent X-ray atomic form factor with dispersion terms or the k-
independent coherent neutron scattering length of chemical species α;
〈w(k)〉= ∑αcαwα(k) is the mean value of wα(k); and Sαβ(k) is a Faber-
Ziman partial structure factor. In general, wα(k) is a complex number,
and ∗ denotes the complex conjugate. For MSiO3 glass, the coherent
neutron scattering lengths are bMg=5.375(4) fm, bCa= 4.70(2) fm,
bSi = 4.1491(10) fm, and bO= 5.803(4) fm [37].

The corresponding real-space information can be represented by the
total pair-distribution function G(r), which is obtained from the Fourier
transform relation

= +G r
r

k k S k M k kr( ) 1 1
2

d [ ( ) 1] ( ) sin( ),2 0 (2)

where r is a distance in real space, ρ is the atomic number density of the
glass, and M(k) is a modification function defined by M(k)= 1 for
k≤ kmax, M(k)= 0 for k > kmax. The latter is introduced because a
diffractometer can measure over only a finite k range up to a maximum
value kmax. A subscript X or N is used to distinguish between the S(k)
and G(r) functions measured by X-ray and neutron diffraction, respec-
tively.

3. Experiment

3.1. Sample preparation and characterization

The MgSiO3 sample was prepared from powders of MgO (99.95%,
Cerac Inc.) and SiO2 (≥99.995%, Aldrich), dried at 700 °C, that were
mixed and fused into spheres of diameter ~1.6mm. Each sphere was
levitated separately in an Ar gas stream and melted with a laser. The
resultant liquid was then quenched from a temperature in the range
2026–2130 °C (as measured by optical pyrometry) by switching off the
laser power. In this way, a set of glassy beads was prepared.

The CaSiO3 sample was prepared from powders of CaCO3

(≥99.999%, Aldrich) and SiO2 (≥99.995%, Aldrich) that were dried at
200 and 800 °C, respectively. The powders were mixed in an equimolar
ratio within a Pt/10%Rh crucible, heated slowly to the decomposition
temperature of CaCO3 at 840 °C, and kept at this temperature for 12 h.
The crucible was then heated rapidly to 1650 °C, and kept at this
temperature for 3 h. The liquid was quenched by placing the crucible
onto a copper block that had been cooled with liquid nitrogen, and by
dousing with liquid nitrogen. Finally, the sample was annealed at a
temperature of 700 °C.

The glass compositions were 50.4(1)MgO–49.6(1)SiO2 and
50.0(1)CaO–50.0(1)SiO2 as measured by using electron probe micro-
analysis. The glass transition temperature (onset) was measured to be
Tg= 775(2) °C (MgSiO3) or Tg= 770(2) °C (CaSiO3) using a Netzsch
DSC 404 F1 Pegasus differential scanning calorimeter, operated at a
scan rate of 10 °Cmin−1 with the sample placed in a platinum pan held
under an Ar gas stream. The maximum in the crystallisation exotherm
occurred at 982(1) °C (MgSiO3) or 940(1) °C (CaSiO3).

The structure of as-prepared glassy MgSiO3 and CaSiO3 was in-
vestigated by neutron diffraction using the instrument D4c [38] at the
steady state reactor source of the Institut Laue-Langevin (ILL), operated
with an incident wavelength of 0.4989(1) Å. The samples were held in a
vanadium container of inner diameter 0.48mm and wall thickness of
either 0.015mm (MgSiO3) or 0.01mm (CaSiO3), and the measurement
and data analysis procedures are described elsewhere [39]. The struc-
ture of several different beads of glassy MgSiO3 was also investigated by
high-energy X-ray diffraction using beamline 6-ID-D at the Advanced
Photon Source with an incident energy of 100.329 keV. The experiment
employed a Perkin Elmer amorphous silicon XRD 1621 area detector
with 2048×2048 pixels each of size 200 μm×200 μm, with a sample
to detector distance of 456mm. No variation between the measured
structure factors was found within the experimental error.

The X-ray data sets were interpreted on the basis that Mg2+, Si4+
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and O2– are isoelectronic, which delivers similar X-ray form factors. It
follows that SX(k)≃ SNN(k), where SNN(k) is the Bhatia-Thornton
number-number partial structure factor [40], and GX(r)≃ gNN(r), where
gNN(r) is the number-number partial pair-distribution function.

3.2. High-pressure neutron diffraction

The in situ high-pressure neutron diffraction experiments were
performed at ambient temperature (T ~ 25 °C). For pressures up to
8.2(5) GPa, the diffractometer D4c [38] at the ILL was employed, with
an in-plane scattering geometry and an incident neutron wavelength of
0.4984(1) Å. Pressure was applied using a type VX5 Paris-Edinburgh
(PE) press with cubic BN anvils having a single toroid profile [41]. For
pressures up to 17.5(5) GPa, the time-of-flight diffractometer PEARL at
the ISIS pulsed neutron source [42] was employed, with a transverse
scattering geometry. Pressure was applied using a type V3 PE press with
sintered diamond anvils having a double toroid profile [43].

The samples were supported by gaskets made from the alloy
Ti0.676 Zi0.324, which has a mean coherent neutron scattering length of
zero. The pressure-volume equation of state (EOS) for this alloy is given
in [44]. For the PEARL experiment on CaSiO3, a single piece of glass
was ground to the correct shape for the anvils. For the other experi-
ments, finely powdered glass of the mass required to ensure an ambient
pressure packing fraction of 100% was shaped for the anvils by using a
pellet press. The pressure on the sample was found from the load ap-
plied to the anvils of the PE press by using calibration curves that have
been checked extensively [45,46].

For the D4c experiment [47], diffraction patterns were measured for
(a) the sample in its gasket at pressures of 1.7(5), 3.0(5), 3.9(5), 5.4(5),
7.1(5) and 8.2(5) GPa, (b) an uncompressed empty gasket, (c) several
empty gaskets recovered from different high pressure conditions in
order to estimate the gasket scattering under load, and (d) the empty
anvils. The relative counting times for the sample-in-gasket and empty
gasket measurements were optimised in order to minimise the statis-
tical error on the gasket-corrected intensity [48]. Diffraction patterns
were also measured for small versus large vanadium pellets in order to
assist in the data normalization at different pressures. The data cor-
rection procedure is described in detail elsewhere [45].

For the PEARL experiment [49,50], diffraction patterns were mea-
sured for (a) the sample in its gasket at pressures of 8.7(5), 10.9(5),
14.4(5) and 17.5(5) GPa, (b) a vanadium pellet in a Ti0.676 Zi0.324 gasket
for data normalization at the same pressures as for the sample, and (c)
an uncompressed empty gasket at ambient pressure. The data correc-
tion procedure is described in detail in [46]. The scattering geometry
does not allow for access to k ≲ 1.8 Å−1, and each SN(k) function was
extrapolated to k=0 by fitting a Lorentzian peak shape to the mea-
sured data in the low-k region.

3.3. Recovered samples

The structure of glassy MgSiO3 and CaSiO3 was investigated by
neutron diffraction immediately after decompression to ambient con-
ditions from 8.2 GPa, with the sample mounted in the PE press on D4c.
The total time spent by these glasses under load at the various stages of
compression was ~ 49 h and ~ 43 h, respectively, and the decom-
pression time was ~ 3 h. In the case of MgSiO3 glass, the structure was
re-investigated ~ 5.5 days after decompression using the same experi-
mental setup in order to look for relaxation of the glass structure. The
structure of glassy MgSiO3 and CaSiO3 was also investigated after de-
compression to ambient conditions from 17.5 GPa, where the total time
spent by the glasses under load at the various stages of compression was
∼ 104 h, and the decompression time was ~ 5 h. The structure of
MgSiO3 was investigated by X-ray diffraction ~ 15 days after decom-
pression, where the experiment employed a silver anode PANalytical
X'pert Pro diffractometer, and the sample was finely ground before
loading into a silica glass capillary of outer diameter 0.91mm and wall

thickness 0.01mm. The structure of CaSiO3 was investigated by neu-
tron diffraction ~ 4 days after decompression with the sample mounted
in a vanadium container on PEARL.

4. Molecular dynamics simulations

4.1. AIM for MSiO3 (M=Mg or Ca)

The total potential energy for the AIM comprises Coulomb, repul-
sion and dispersion terms, and is given by

= + + ,T C R D (3)

where the Coulomb term
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In these equations, qi and μi denote the charge and induced dipole on
ion i, respectively, and rij is the distance between ions i and j. In the
AIM, the shape of an oxide ion is allowed to change in response to its
coordination environment, to give an effective distance between ions of

= rr
r
1 ( ),ij ij i j
ij

ij i j
(7)

where δσi represents a deviation in the ion radius, and νi expresses the
distortion in the dipolar shape of ion i. The damping functions
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where n=4, 6 or 8, provide a short-range correction to the charge-
dipole and dispersion interactions [51].

The Coulomb term includes charge-charge, charge-dipole, and di-
pole-dipole interactions. The induced dipoles are calculated by solving
self-consistently the set of equations

=µ µqE ({ } , { } ),i i i j j i j j i (9)

where Ei is the electric field generated at the ion coordinate ri by the
entire set of charges and induced dipoles on ions j≠ i, and αi is the
scalar polarizability of ion i. The instantaneous dipole moments are
determined at each time step by minimising the total energy using the
conjugate gradient method [52]. The charge-charge, charge-dipole and
dipole-dipole contributions to the potential energy and forces on each
ion were calculated by employing periodic boundary conditions and the
Ewald summation technique [53].

The repulsion term consists of Buckingham functions that depend on
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the ion-pairings as shown in Eq. (5). The effective distances between
ions change on the fly at each simulation step to express the anisotropic
deformation of the ion shape. The last summation in Eq. (5) gives the
self-energy terms describing the cost in energy of ion deformation. The
instantaneous variables {δσi, νi} are also found by minimising the total
energy using the conjugate gradient method [52].

The AIM force-field parameters for Si4+ and O2– were optimised in
previous work on sodium aluminosilicate materials [54]. The required
parameters for Mg2+ and Ca2+ were obtained from a fitting procedure
in which the functions

=
=

µ µ
µN

1 | |
| |µ
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were minimised. In these equations, the dipole moments μDFTi and
forces FDFTi were obtained from density functional theory (DFT) calcu-
lations using the configurations obtained from empirical models for
molten MgSiO3 or CaSiO3 [55]. The dipole moments μi and forces Fi
correspond to the AIM for these materials. The DFT calculations were
performed using the CPMD package [56] with a plane-wave pseudo-
potential approach. The Perdew-Burke-Ernzerhof (PBE) generalized-
gradient approximation was used for the exchange-correlation func-
tional [57]. The induced dipole moments μDFTi were calculated via the
maximally localized Wannier transformation for the ground state of the
electronic density [58]. The dispersion parameters Cij

6 and Cij
8 were

chosen to reproduce the experimental glass density under ambient
conditions. The χ2μ and χ2F values obtained from the fitting procedure
were 0.055 and 0.147 for molten MgSiO3, respectively, versus 0.062
and 0.147 for molten CaSiO3, respectively. The AIM force-field para-
meters are listed in Table 1.

4.2. Simulation details

The AIM MD calculations were performed on systems containing
300 oxygen atoms, 100 silicon atoms, and 100 magnesium or calcium
atoms in the NPT ensemble, where N is the particle number, P the
pressure, and T the temperature. The equations of motion were solved

following the method of Martyna et al. [59] where a Nosé-Hoover chain
thermostat was used for the temperature and pressure control. The time
step was set to 1.0 fs. The starting configurations were generated from
an initially random-distribution of atoms by using a polarizable ion
model. The liquid at 3000 K and ambient pressure was then equili-
brated using the AIM. Next, the pressure on the liquid was increased to
17.5 GPa, in steps of 0.5 GPa, over a total timescale of 7.0 ns. At se-
lected pressures of 0.0 (ambient), 2.0, 4.0, 6.5, 8.5, 9.5, 11.0, 12.5,
14.5, 16.0, or 17.5 GPa, the liquid was quenched by decreasing the
temperature from 3000 K to 300 K, in steps of 100–500 K over a total
timescale of 3.5 ns, to give an effective quench rate of 0.9 K/ps. In
addition, for the glasses prepared at 8.5 and 17.5 GPa, the pressure was
released to ambient pressure in steps of 0.5 GPa at a constant tem-
perature of 300 K, over a total timescale of 3.5 or 7.0 ns, respectively.

The procedure was repeated for eight different configurations of the
liquid equilibrated at ambient pressure and 3000 K that were separated
in time by 400 ps, i.e., longer than the decay time for the velocity au-
tocorrelation function. In this way, eight independent glass configura-
tions were generated, to enable a statistical analysis of structural
parameters such as the coordination numbers, connectivity of network

Table 1
Parameters for the AIM force field in magnesium and calcium silicates. The
parameters cij6= 1.0 and cij8= 1.0. All values are in atomic units.

i–j O-O Si-O Mg-O Ca-O

Coulomb term
qi –2 +4 +2 +2
αi 10.74 3.183
cij4 2.227 1.446 2.144 1.881
cji4 2.227 0.144
bij4(=bji4) 2.513 1.939 1.986 1.769

Repulsion term
aij 2.674 1.499 1.758 1.763
Aij 970.7 37.15 66.26 120.79
bij 9.921 7.316 9.020
Bij 47,863 15,055 21,256
cij 3.906 3.906 3.906
Cij 2930.9 2930.9 2930.9
D 0.5287
ζ 1.6838
β 1.5723

Dispersion term
Cij
6 68.2 2.0 15.0 45.0

Cij
8 783 25.0 150.0 450.0

bij6 1.0 2.2 2.2 2.2
bij8 1.0 2.2 2.2 2.2

Fig. 1. The pressure-volume EOS at room temperature for amorphous and
crystalline (a) MgSiO3 and (b) CaSiO3. In (a) the symbols show data sets for the
glass from the Brillouin scattering experiments of Sanchez-Valle and Bass [29]
[solid (red) squares with vertical error bars], the MD work of Shimoda and
Okuno [26] [solid downward (green) triangles], the AIM MD simulations of the
present work [solid upward (blue) triangles], and the X-ray absorption mea-
surements of Petitgirard et al. [31] [solid (black) circles with error bars]. In (b)
the symbols show data sets for the glass from the MD work of Shimoda and
Okuno [26] [solid downward (green) triangles], and the AIM MD simulations of
the present work [solid upward (blue) triangles]. The solid curves show fits to
these data sets using either a third or fourth order BM EOS (Table 2). In (a),
additional BM EOSs are given for the glass as taken from the MD work of Ku-
bicki and Lasaga [25] [chained (red) curve] and the MD work of Ghosh et al.
[30], where the material was either cold [broken (green) curve] or hot [chained
(green) curve] compressed, and for the crystal as taken from experimental work
on clinoenstatite [short dashed (magenta) curve] [60] and orthoenstatite [da-
shed (black) curve] [61]. In (b), additional BM EOSs are given for the crys-
talline perovskite as taken from the experimental work of Wang et al. [62]
[dashed (black) curve] and Shim et al. [63] [short dashed (magenta) curve].
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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formers, and bridging state of the oxygen atoms. This bridging state was
defined by the coordination number of O to Si: one-fold coordination
represents a non-bridging oxygen (NBO) atom; twofold coordination
represents a bridging oxygen (BO) atom; threefold coordination re-
presents a triple-bridging oxygen (TBO) atom; and zero-fold coordina-
tion represents a free oxygen (FO) atom, i.e., one that is not bound to a
network forming Si atom. The coordination number n of particles of
type β around a particle of type α was obtained by integrating over the
first peak in the relevant partial pair-distribution function gαβ(r) to a
cut-off distance set by the position of the first minimum.

The partial structure factors Sαβ(k) for k≥4Å−1 were obtained
from the calculated gαβ(r) functions by using the Fourier transform re-
lation

= +S k
k

r r g r kr( ) 1 4 d [ ( ) 1] sin( ).
0 (12)

For k<4Å−1, the expression

= +S k S k c c( ) 1 [ ( ) ]/( )AL 1/2 (13)

was used, where δαβ is the Kronecker delta, the Ashcroft-Langreth
partial structure factor SALαβ(k) is obtained by averaging over Fourier
components and subtracting the forward scattering

=S k
N N

i N Nk r( ) 1 exp( ) ,
i j

ij k
AL

,0
(14)

Nα is the number of ions of chemical species α, the triangular brackets
denote a thermal average, and δk,0 is the Kronecker delta. This proce-
dure was adopted for the calculation of Sαβ(k) in order to avoid the
appearance of Fourier transform artifacts at small k values. The total
structure factor follows from Eq. (1).

5. Results

5.1. Equation of state

Fig. 1 compares the pressure-volume EOSs obtained from the AIM
MD simulations on the glass with those obtained from (i) experiment
[29,31] and other MD simulations [25,26,30] in the case of MgSiO3,
and (ii) an MD simulation in the case of CaSiO3 [26]. Here, the reduced
volume V/V0 is plotted, where V represents the volume of the material
at pressure, and V0 its volume under ambient conditions. In Fig. 1(a),
the EOSs for the glass are compared to those measured for the MgSiO3

pyroxenes clinoenstatite, with space group P21/c [60], and

orthoenstatite, with space group Pbca [61]. In Fig. 1(b), the EOSs for
the glass are compared to those measured for cubic CaSiO3 perovskite
[62,63].

In the first principles MD work of Ghosh et al. [30] on MgSiO3 glass,
the EOS was obtained by (i) cold-compressing the glass at 300 K or (ii)
hot-compressing the liquid at 3000 K before isochorically quenching to
300 K. In the experimental work on MgSiO3 glass, the smaller com-
pressibility found in the work of Sanchez-Valle and Bass [29] may
originate from their use of the Brillouin scattering technique: the
measurement timescale of this probe is too short to observe relaxation
of the glass structure [30].

The isothermal bulk modulus B0 and pressure derivatives B′0 and B″0,
obtained by fitting the measured or simulated data sets to a third or
fourth order Birch-Murnaghan (BM) EOS, are summarized in Table 2.
Here, if fE=[(V/V0)−2/3− 1]/2 is the Eulerian strain, then the pres-
sure is given by

F= + + +P B f f B f f3 (1 2 ) 1 3
2

( 4) ,E E E E0
5/2

0
2

(15)

where F = 0 for the third order BM EOS, or
F = + +B B B B(3/2)[ ( 4)( 3) (35/9)]0 0 0 0 for the fourth order BM
EOS [64].

In the present experimental work, the EOS for glassy MgSiO3 was
taken from Petitgirard et al. [31], and the EOS for glassy CaSiO3 was
taken from Shimoda and Okuno [26]. The densities obtained from the
latter differ by< 3% from the densities obtained from the AIM EOS,
and a re-analysis of several of the neutron diffraction data sets shows

Table 2
Parameters for the third or fourth order BM EOSs shown in Fig. 1 for amorphous
or crystalline MSiO3.

Material Crystal
structure

B0 (GPa) B′0 B″0(GPa−1) Ref.

MgSiO3 – 69.1(1.1) 5.1(1.2) – [29]
– 16.9(3.2) 5.9(1.3) –0.004(0.77) [31]
– 24.1 5.4 – [25]
– 57.6(2.1) 1.88(42) – [26]
– 27.2 3.5 –0.07 [30]a

– 15.1 5.0 –0.23 [30]b

– 26.5(4) 5.59(45) – Present
work

P21/c 108.5(6.4) 4.5(1.3) – [60]
Pbca 105.8(5) 8.5(3) – [61]

CaSiO3 – 51.96(2.18) 2.68(36) – [26]
– 32.4(8) 5.63(90) – Present

work
Cubic 232(8) 4.8(3) – [62]
Cubic 236(4) 3.9(2) – [63]

a Cold compression.
b Hot compression.

Fig. 2. Pressure dependence of the neutron total structure factor SN(k) for
amorphous (a) MgSiO3 and (b) CaSiO3. The points with vertical error bars give
the measured SN(k) functions at (a) ambient pressure (using a vanadium con-
tainer), 1.7, 3.0, 3.9, 5.4, 7.1, 8.2, 8.7, 10.9, 14.4, and 17.5 GPa, or (b) ambient
pressure (using a vanadium container), 3.0, 3.9, 5.4, 7.1, 8.2, 8.7, 10.9, 14.4,
and 17.5 GPa. The solid (black) curves show spline fits to the measured data
sets, except at k ≲ 1.8 Å−1 for the pressure range 8.7–17.5 GPa where it re-
presents a fitted Lorentzian function (Section 3.2). In (a) and (b), the light solid
(green) curves give the AIM MD SN(k) functions for ambient pressure, 4, 8.5, 11,
14.5 and 17.5 GPa. In (a), the broken (red) curve gives the SX(k) function
measured for uncompressed MgSiO3 at ambient pressure. The high-pressure
data sets are offset vertically for clarity of presentation. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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that this discrepancy has an effect that is comparable to the error on the
reported results.

5.2. Glass structure under compression

Fig. 2 shows the measured pressure dependence of the SN(k) func-
tions for MSiO3 glass. At ambient pressure, the functions display a first
sharp diffraction peak (FSDP) at kFSDP= 1.91(5) Å−1 for MgSiO3 versus
kFSDP= 2.03(5) Å−1 for CaSiO3. The FSDP is a signature of inter-
mediate range ordering [65], and its position shifts to a higher k value
with increasing pressure. The functions also display a principal peak at
kPP= 2.81(5) Å−1 for MgSiO3 versus kPP= 2.85(5) Å−1 for CaSiO3,
with a position and height that increase with pressure and the oxygen-
packing fraction [23,66,67].

Fig. 3 shows the measured pressure dependence of the GN(r) func-
tions for MSiO3 glass. At ambient pressure, the first peak at rSiO ≃ 1.61 Å
originates from Si–O correlations. For MgSiO3 glass, the second peak at
1.99(1) Å has a shoulder on its high-r side, and both of these features
are attributed to nearest-neighbor Mg–O correlations [5]. The third
peak at 2.65(2) Å will have a contribution from the O–O correlations
within tetrahedral SiO4 units, where the expected O–O distance for
regular units =r r8/3OO SiO =2.63 Å. For CaSiO3 glass, the second

peak at 2.32(2) Å originates from nearest-neighbor Ca–O correlations,
and there is overlap with the O–O peak at 2.63 Å.

For the D4c experiments, the scattering geometry is well-defined by
the use of cubic BN anvils, where 10B has a large absorption cross
section at an incident neutron wavelength of 0.5 Å. The measured SN(k)
functions display oscillations at large k that are truncated by the
modification function M(k) of the diffractometer (Fig. 2). The asso-
ciated GN(r) functions show the effect of M(k), and it is convenient to
consider the total density function

=
=

D r k k S k M k kr
D r M r

( ) d [ ( ) 1] ( ) sin( )
( ) ( ),

N
2

0

N (16)

where

=D r r
w

c c b b g r( ) 4
| |

[ ( ) 1],N 2
(17)

⊗ denotes the one-dimensional convolution operator, 〈w〉=∑αcαbα, bα
is the coherent neutron scattering length of chemical species α, and
M(r) is the real-space manifestation of M(k). In the total density func-
tion representation of Eq. (16), M(r) is a symmetrical function. In order
to distinguish between features in D′

N(r) that describe the glass structure
from those that are an artifact of M(r), each peak in rgαβ(r) was re-
presented by a Gaussian function parameterized by a peak position,
standard deviation and area, where the latter is related to the co-
ordination number n [68]. Each Gaussian is convoluted withM(r), and
a sum of the resultant functions is then fitted to D′

N(r). Several of the
fitted D′

N(r) functions for glassy MgSiO3 are shown in Fig. 4. The re-
sultant Si–O coordination numbers and bond lengths are shown in
Fig. 5, and the Mg–O coordination numbers and bond lengths are

Fig. 3. Pressure dependence of the neutron total pair-distribution function
GN(r) for amorphous (a) MgSiO3 and (b) CaSiO3. The solid (black) curves were
obtained by Fourier transforming the SN(k) functions shown by the solid (black)
curves in Fig. 2, and the low-r region is set to the calculated limiting value
GN(r→0)=0. The chained (black) curves at small r show the associated
Fourier transform artifacts. The light solid (green) curves show the GN(r)
functions obtained by Fourier transforming the simulated SN(k) functions given
in Fig. 2 after the application of a step modification function with kmax set at the
experimental value. The chained (magenta) curves show the GN(r) functions
obtained by Fourier transforming the simulated SN(k) functions after the ap-
plication of a Lorch modification function with kmax set at the experimental
value. In (a), the broken (red) curve gives the X-ray total pair-distribution
function GX(r) obtained by Fourier transforming the SX(k) function shown in
Fig. 2(a), and the low-r region is set to the calculated limiting value GX(r→
0)=0. The chained light (red) curve in the low r region gives the associated
Fourier transform artifacts. The high-pressure data sets are offset vertically for
clarity of presentation. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 4. Pressure dependence of several D′
N(r) functions for amorphous MgSiO3

measured using the D4c diffractometer. The filled circles give the measured
functions, the solid (black) curves give the fitted functions, and the other curves
give the contributions from the Si–O [chained (red) curve], Mg–O [broken
(blue) curves] and O–O [dotted (magenta) curves] correlations. The latter is
introduced to constrain the peaks fitted at smaller r values. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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shown in Fig. 6, where the Mg–O bond length is taken from the position
of the first Mg–O peak. For MgSiO3 at ambient and low pressures, this
peak has a high-r shoulder that is also identified with gMgO(r). For this
reason, the weighted peak position 〈rMgO〉= ∫ dr rgMgO(r)/ ∫ drgMgO(r)
is also given in Fig. 6(b), where the integration covers an r-space range
that incorporates both the peak and shoulder.

For the PEARL experiments, the scattering geometry is less well
defined than for the D4c experiments because the time-of-flight method
employs a large range of incident neutron wavelengths (0.4–5.8 Å), and
the anvil materials and their shielding have wavelength dependent
absorption cross-sections. At a few pressure points, SN(k) has been
measured using both PEARL and D4c, and inspection of the results
shows k-space damping of the PEARL SN(k) functions (in Fig. 2, com-
pare the SN(k) functions measured using D4c at 8.2(5) GPa versus
PEARL at 8.7(5) GPa), which likely originates from uncertainties in the
scattering geometry and the associated data corrections. In con-
sequence, the corresponding GN(r) functions are convolution broadened
by the Fourier transform of this k-space damping function, which re-
sembles a Lorch [69] modification function. For this reason, the SN(k)
functions from the AIM MD simulations were Fourier transformed both
before and after the application of a Lorch modification function for
comparison with the GN(r) functions measured using PEARL (Fig. 3).
For the PEARL data sets, the Si–O bond length was taken from the first
peak position in GN(r), and the Si–O coordination number was obtained
by integrating over this peak (Fig. 5). For MgSiO3 glass, the Mg–O bond

length was taken from the second peak position in GN(r), and the Mg–O
coordination number was obtained by integrating over this peak. The
weighted peak position 〈rMgO〉 was also calculated (Fig. 6). For CaSiO3

glass, the Ca–O bond length was estimated from the second peak po-
sition in GN(r) [Fig. 6(b)], but the Ca–O coordination number could not
be obtained because of overlap between the nearest-neighbor Ca–O and
other partial pair-distribution functions.

Fig. 5(a)–(d) compares the measured pressure dependence of the
Si–O coordination numbers nSi

O and bond lengths rSiO for MgSiO3 and
CaSiO3 glass. The results for both glasses are consistent with ambient
pressure networks that are built from tetrahedral SiO4 units. For
MgSiO3, there is little change to nSi

O or rSiO with pressure increasing
from ambient to 17.5 GPa. In comparison, for CaSiO3 there is a small
decrease in rSiO when pressure is first applied, and nSi

O starts to increase
above four at a pressure around 17.5 GPa.

Fig. 6 shows the measured pressure dependence of the Mg–O co-
ordination numbers and bond lengths for MgSiO3 glass, and the esti-
mated Ca–O bond lengths for CaSiO3 glass. In the case of MgSiO3 at
ambient pressure, the coordination number matches the value of

Fig. 5. Pressure dependence of the Si–O coordination number in amorphous (a)
MgSiO3 and (b) CaSiO3, the Si–O bond length in amorphous (c) MgSiO3 and (d)
CaSiO3, and (e) the fraction of n-fold (= 4, 5, or 6) coordinated Si atoms in
these materials. In (a)–(d) the neutron diffraction (ND) results from D4c [solid
(black) circles with error bars] and PEARL [solid (red) circles with error bars]
are compared to those obtained from the AIM [open (green) squares with error
bars]. In (a) the Si–O coordination number from the X-ray diffraction (XRD)
experiment at ambient pressure [solid (green) diamond] is also given.
Additionally, in (a) and (c), Si–O coordination numbers and bond lengths are
shown from the MD work of Ghosh et al. [30] on cold-compressed MgSiO3 glass
[open (blue) diamonds with broken curve]. In (e) the closed and open symbols
for fourfold (circles), fivefold (upward triangles) and sixfold (squares) co-
ordinated Si atoms correspond to MgSiO3 and CaSiO3 glass, respectively, and
were obtained from the AIM. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Pressure dependence of the M-O (a) coordination number and (b) bond
length for amorphous MgSiO3 and CaSiO3. For MgSiO3 in (a), neutron dif-
fraction (ND) results from D4c [solid (black) circles] and PEARL [solid (red)
circles] are compared to those obtained from X-ray diffraction (XRD) at ambient
pressure [solid (green) diamond], the AIM [open (green) squares], and the MD
work of Ghosh et al. [30] on cold-compressed glass [open (blue) diamonds with
broken curve]. Also shown are ND results for glassy (MgO)0.62 (SiO2)0.38 [open
downward (magenta) triangles] [74], and XRD results for glassy (MgO)2/3
(SiO2)1/3 [closed downward (magenta) triangles] [6,75]. For CaSiO3 in (a), the
ND result at ambient pressure [open upward (blue) triangle] [3] is compared to
the AIM results [open (green) squares]. In (b), the bond lengths obtained from
the peak positions in GN(r) or GX(r) are given by the solid (black) circles (D4c),
solid (red) circles (PEARL), solid (green) diamond at ambient pressure (XRD),
or open upward (blue) triangle at ambient pressure [3]. Weighted bond lengths
〈rMgO〉 are given by the open (black) circles (D4c) or open (red) circles
(PEARL). For the AIM, mean and weighted mean 〈rMO〉 bond lengths are given
by the open (green) squares and broken (green) curves, respectively. Also
shown are the mean Mg–O bond lengths from the MD work of Ghosh et al. [30]
[open (blue) diamonds with broken curve]. All symbols are plotted with error
bars. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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nMg
O =4.5(1) found from previous neutron and X-ray diffraction work

[5,6]. This result is in contrast to the findings from 25Mg NMR spectra,
which have been interpreted in terms of Mg existing in a predominantly
octahedral coordination environment [9–11]. The Mg–O bond length
taken from 〈rMgO〉 is longer than the value taken from the peak position
rMgO, because of the presence of a shoulder on the high-r side of the first
peak in gMgO(r) (Fig. 4). With increasing pressure, the measured Mg–O

coordination number increases steadily to reach the value nMg
O =6.2(1)

at 17.5 GPa, and the high-r shoulder on the first peak in gMgO(r) dis-
appears, leading to a significant decrease in discrepancy between the
〈rMgO〉 and rMgO values. In the case of CaSiO3 at ambient pressure, a
coordination number nCa

O =6.15(17) was measured by applying the
method of neutron diffraction with Ca isotope substitution [3].

Fig. 7. (a) The points with vertical error bars show (i) the SN(k) functions for
amorphous MgSiO3 as measured on D4c in the PE press immediately (black
symbols) or ~ 5.5 days (magenta symbols) after recovery to ambient conditions
from 8.2 GPa, and (ii) the SX(k) function for amorphous MgSiO3 measured ~
15 days after recovery to ambient conditions from 17.5 GPa. The results are
compared to the SN(k) or SX(k) functions for the uncompressed glass as mea-
sured on D4c or on 6-ID-D, respectively [solid (red) curves]. (b) The points with
vertical error bars show the SN(k) functions for amorphous CaSiO3 as measured
(i) on D4c in the PE press immediately after recovery to ambient conditions
from 8.2 GPa, and (ii) on PEARL ~ 4 days after recovery to ambient conditions
from 17.5 GPa. The solid (red) curves show SN(k) for the uncompressed glass as
measured on D4c. In (a) and (b), the light solid (green) curves give the AIM
SN(k) or SX(k) functions for samples recovered from 8.5 or 17.5 GPa. Several of
the data sets are offset vertically for clarity of presentation. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 3
Number density and parameters describing the local coordination environments in uncompressed versus recovered MSiO3 glass. The results were obtained from
neutron diffraction (ND), X-ray diffraction (XRD), or AIM MD simulations. The diffraction experiments on MgSiO3 recovered from 8.2 GPa gave the same set of fitted
parameters, so the different sets of parameters are not listed separately.

Glass Condition Method ρ (Å−3) rSiO (Å) nSi
O rMO (Å) nM

O

MgSiO3 Uncompressed ND 0.079(2) 1.61(1) 3.96(5) 1.99(1) 4.50(5)
AIM 0.0794 1.6434(4) 4.000(3) 2.083(4) 4.75(3)

Recovered 8.2 GPa ND 0.089(7) 1.60(1) 4.00(5) 2.01(1) 4.85(5)
Recovered 8.5 GPa AIM 0.088 1.653(3) 4.04(8) 2.143(4) 5.38(5)
Recovered 17.5 GPa XRD – 1.62(1) 4.00(5) 2.02(1) 4.85(5)

AIM 0.091 1.666(3) 4.1(1) 2.153(4) 5.50(4)
CaSiO3 Uncompressed ND 0.076(1) 1.62(1) 4.00(5) 2.32(2) –

AIM 0.074 1.6449(7) 4.00(2) 2.397(5) 6.02(6)
Recovered 8.2 GPa ND 0.079(3) 1.62(1) 4.03(5) 2.30(2) –
Recovered 8.5 GPa AIM 0.079 1.652(2) 4.02(9) 2.418(6) 6.43(5)
Recovered 17.5 GPa ND 0.081(2) 1.63(2) 4.00(5) 2.35(2) –

AIM 0.081 1.659(3) 4.1(1) 2.431(2) 6.61(8)

Fig. 8. (a) The (i) GN(r) functions for amorphous MgSiO3 as measured before
compression (solid red curve), immediately after recovery to ambient condi-
tions from 8.2 GPa (solid black curve), and ~ 5.5 days after recovery to ambient
conditions from 8.2 GPa (broken magenta curve), and (ii) GX(r) functions for
amorphous MgSiO3 as measured before compression (solid red curve), and ~
15 days after recovery to ambient conditions from 17.5 GPa (solid black curve).
(b) The GN(r) functions for amorphous CaSiO3 as measured before compression
(solid red curves) and after recovery to ambient conditions from either 8.2 GPa
or 17.5 GPa (solid black curves). In (a) and (b), the GN(r) and GX(r) functions
were obtained by Fourier transforming the spline fitted SN(k) and SX(k) func-
tions shown in Fig. 7, respectively, and the chained curves show the associated
low-r Fourier transform artifacts. The light solid (green) curves show the GN(r)
or GX(r) functions obtained by Fourier transforming the AIM SN(k) or SX(k)
functions shown in Fig. 7, respectively, with kmax set at the experimental value
(20.0–21.5 Å−1). Several of the data sets are offset vertically for clarity of
presentation. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this article.)
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In comparison, the pressure dependence of nMg
O in (MgO)x (SiO2)1−x

glass has been investigated by neutron and X-ray diffraction for the
x=0.62 [74] and x=2/3 [75] compositions, respectively, where the
ambient pressure values are nMg

O =4.6(2) for x=0.62 and nMg
O =5.0(1)

for x=2/3 [6,19,74]. The initial rate of change of nMg
O with pressure

appears first to decrease with x, before increasing [Fig. 6(a)]. The
structures of crystalline clinoenstatite and orthoenstatite are based on
octahedral MgO6 units such that nMg

O =6 [70,71]. This coordination
number remains invariant over the pressure ranges indicated by the
EOSs shown in Fig. 1. The structures of crystalline wollastonite-1T and
wollastonite-2M [72,73] contain both CaO6 and CaO7 units in the ratio
of 2:1 per unit cell, such that nCa

O =6.33.
The AIM MD simulations reproduce all of the main features in the

measured SN(k) (Fig. 2) and GN(r) (Fig. 3) functions. For both glasses,
the simulations indicate a steady increase in the Si–O coordination
number above four at a pressure above ~ 8.5 GPa, attaining a value
nSi

O 4.3(3) at 17.5 GPa [Fig. 5(a)–(b)]. The simulations predict the
pressure-induced increase of the Mg–O coordination number observed
by experiment, and also predict an increase in the Ca–O coordination
number from 6.02(6) at ambient pressure to 7.41(7) at 17.5 GPa
[Fig. 6(a)]. The simulations overestimate, however, the Si–O and M-O
bond lengths, which were calculated by setting cut-off distances equal
to the position of the minimum after the first peak in gSiO(r) or gMO(r),
and finding the arithmetic mean of the nearest-neighbor distances thus
identified [Fig. 6(b)]. Weighted mean M-O bond lengths were also
calculated according to 〈rMO〉= ∫ drrgMO(r)/ ∫ drgMO(r) for the same r-
space range.

The overestimated bond distances originate from a parametrization
of the AIM potentials by using the results obtained from DFT calcula-
tions using the generalized gradient approximation for the exchange
and correlation energy (Section 4.1), and is a typical manifestation of
these calculations on silicates [54]. This parametrization may also be a
source of the overestimated volume in the AIM EOS for MgSiO3 (Fig. 1).
The bond length issue might be resolved by constructing reference
models within the local density approximation for the exchange and
correlation energy, but this functional was avoided because it does not
predict the high-pressure phase transition between the quartz and
stishovite polymorphs of crystalline silica [76]. It may therefore be
necessary to employ enhanced approximation methods, such as the
strongly constrained and appropriately normed meta-generalized gra-
dient approximation [77].

The local density approximation with an empirical correction to
account for over-binding was employed in the first-principles MD si-
mulations of Ghosh et al. [30] on MgSiO3 glass under compression. The
results give an excellent account of the measured Mg–O coordination
numbers [Fig. 6(a)], but tend to overestimate the Mg–O bond length at
higher pressures [Fig. 6(b)]. The ambient pressure Si–O bond length is
also overestimated [Fig. 5(c)], along with the rate-of-change of nSi

O with
pressure [Fig. 5(a)].

5.3. Recovered glass

Fig. 7 compares the SN(k) or SX(k) functions measured for MSiO3

glass, after decompression to ambient conditions from a pressure of

either 8.2 or 17.5 GPa, to those functions measured for the un-
compressed material. The density of the glasses recovered from 8.2 GPa
was measured using pycnometry (Table 3). The density of the CaSiO3

sample recovered from 17.5 GPa was estimated from the observed value
of kFSDP using the pressure dependence of kFSDP measured for the glass
under compression. The density of the MgSiO3 sample recovered from
17.5 GPa was uncertain. An analysis using the density of the sample
recovered from 8.2 GPa gave nSi

O 4.3, which is greater than the value
measured under load. An analysis using the density of the un-
compressed sample gave nSi

O =4 (Table 3), which suggests that the
powdering process used to prepare the sample for the X-ray diffraction
experiment contributed towards structural relaxation.

Fig. 8 compares the GN(r) or GX(r) functions measured for MSiO3

glass, after decompression to ambient conditions from a pressure of
either 8.2 or 17.5 GPa, to those functions measured for the un-
compressed material. Peak positions and coordination numbers were
obtained from fits to the corresponding D′

N(r) or D′
X(r) functions

(Section 5.2), where D′
X(r)=DX(r)⊗ M(r) and DX(r)≃ 4πρr[gNN(r)− 1]

(see Section 3). The fitted parameters are listed in Table 3, where they
are compared to the Si–O and M-O bond lengths and coordination
numbers obtained from AIM MD simulations of the recovered glass.

For MgSiO3, the residual densification is ~ 12.7% from experiment
versus ~ 10.8% from the AIM for the glass recovered from ~ 8.5 GPa
(Table 3). The AIM predicts a residual densification of ~ 14.6% for the
glass recovered from 17.5 GPa. For CaSiO3, the residual densification is
~ 3.9% from experiment versus ~ 6.8% from the AIM for the glass
recovered from ~ 8.2 GPa, and ~ 6.6% from experiment versus ~ 9.5%
from the AIM for the glass recovered from 17.5 GPa. In comparison, a
smaller densification of 2.6% is reported for MgSiO3 glass cold-com-
pressed for 12 h at 10 GPa [78]. The reason for the discrepancy with the
present work is uncertain. For example, if a larger value ρ=0.082 Å−3

is taken for the uncompressed glass [29], the residual densification in
the present experimental work remains large at ~ 8.5%. Nevertheless,
the density of the recovered glass is sensitive to the processing condi-
tions, e.g., residual densifications of 11% versus 7% are reported for
MgSiO3 glass hot-compressed at 500 °C and ~ 10 GPa, and either ra-
pidly or slowly decompressed to ambient, respectively [78]. The MD
work of Ghosh et al. [30] found a residual densification of 0% or 9% for
cold-compressed MgSiO3 glass recovered from 6 or 27 GPa, respec-
tively. In the experimental work of Shimoda et al. [79], a residual
densification of 3.1% was obtained for CaSiO3 glass hot-compressed at
500 °C and 7.5 GPa.

The AIM gives a good account of the measured total structure fac-
tors (Fig. 7) and total pair-distribution functions (Fig. 8) for the re-
covered glass. The results show glass networks that are based pre-
dominantly on corner-sharing tetrahedral SiO4 units, with a small
fraction of higher coordinated Si atoms that increases with pressure
from which the glass is recovered (Table 4). 29Si NMR experiments
show the presence of both fivefold and sixfold coordinated Si atoms in
MgSiO3 glass hot-compressed at a sub glass-transition temperature and
10 GPa [78]. There is a trend for nM

O to increase with the pressure from
which the glass is recovered (Table 3), where the enhanced M-O co-
ordination numbers originate from an increased fraction of M-BO
connections (Table 4).

Table 4
The fractions of fourfold, fivefold and sixfold coordinated Si atoms, and the fractions of M-BO versus M-NBO bonds in uncompressed versus recovered MSiO3 glass
obtained from the AIM MD simulations. The fractions of M-TBO and M-FO connections are either small or negligible.

Glass Condition SiIV (%) SiV (%) SiVI (%) M-NBO (%) M-BO (%)

MgSiO3 Uncompressed 99.97(4) 0.02(4) 0 91.5(6) 8.0(6)
Recovered 8.5 GPa 96.3(1.2) 3.6(1.1) 0.1(3) 85(2) 14(2)
Recovered 17.5 GPa 90.8(1.7) 8.4(1.1) 0.8(1.0) 82(2) 18(1)

CaSiO3 Uncompressed 99.9(3) 0.1(3) 0 84.8(9) 15.1(6)
Recovered 8.5 GPa 97.6(1.4) 2.4(1.4) 0 82(1) 18(1)
Recovered 17.5 GPa 94.5(1.9) 5.3(1.9) 0.2(3) 79(1) 21(1)

P.S. Salmon, et al. Journal of Non-Crystalline Solids: X 3 (2019) 100024

9



6. Discussion

6.1. Network connectivity

At ambient pressure, the network connectivity can be described by
the Qn speciation of tetrahedral SiO4 units, where n=0, 1, 2, 3 or 4
denotes the number of BO atoms per tetrahedron T, i.e., n gives the
number of Si-O-Si linkages. Table 5 compares the results obtained from
the AIM MD simulations with those obtained from 29Si NMR [11,14]
and Raman [17] spectroscopy experiments on glassy MgSiO3, and 29Si
NMR [8,15] spectroscopy experiments on CaSiO3. The results obtained
from other MD simulations [13,25–27,30,80] and a reverse Monte
Carlo (RMC) model [5] are also given.

The AIM MD simulations give a good account of the 29Si NMR re-
sults. In both MSiO3 glasses, Q2 is the majority species, there are similar
fractions of Q1 and Q3 species, and few Q0 or Q4 species. The charge on
each Qn unit is given by qn=−(4− n)e, where e is the elementary
charge. Thus, the mean charge associated with each Qn unit
〈qn〉=− e∑4n=0pn(4− n), where the probability of finding a type Qn

unit pn=Nn(Qn)/∑4n=0Nn(Qn), and Nn(Qn) is the total number of Qn

units within the glass. It follows that 〈qn〉=− e(4− 〈n〉)
where 〈n〉=∑4n=0pnn is the mean value of n. For a glass with compo-
sition (MO)x(SiO2)1–x (0 ≤ x≤ 1), the M:Si ratio is 1:(1− x)/x, and the
charge on M (+2e) must be balanced by the mean charge of −e
(4− 〈n〉)(1− x)/x on the Qn units, i.e., 2= (4− 〈n〉)(1− x)/x or
〈n〉= (4−6x)/(1− x). Hence, for metasilicate glasses with x=0.5,
〈n〉= 2. The AIM, which uses ions with full formal charges, gives
〈n〉= 2.0(1) for both MSiO3 glasses at ambient pressure. The mean
number of NBO atoms per tetrahedron is given by 4− 〈n〉, i.e., the
ratio NBO/T=2 for these metasilicate materials. The network poly-
merization as reflected by the Qn speciation, or less precisely the NBO/T
ratio, has an important influence on the material properties of both the
glass and melt [81,82].

We note that nSi
O =4 implies =n c c n( / )O

Si
Si O Si

O =4/3 for the meta-
silicate MSiO3 composition. This value for the O–Si coordination
number, which is observed under ambient conditions, is expected for
〈n〉= 2. The mean number of NBO atoms per Si atom NNBO=4−〈n〉,
and the mean number of BO atoms per Si atom NBO= 〈n〉/2 because
each BO is shared between two Si atoms. The coordination numbers for
these species are =n 1NBO

Si and =n 2BO
Si . Hence, the overall O–Si co-

ordination number = + + =n N n N n N N( )/( )O
Si

NBO NBO
Si

BO BO
Si

NBO O
n8/(8 ), such that =n 4/3O

Si for MSiO3 glass.
Fig. 9 compares the pressure dependence of the Qn speciation found

from several MD simulations. The AIM predicts little change with
pressure, i.e., the network connectivity changes little as the M-O co-
ordination number increases, except at pressures ≳8.5 GPa where some
fivefold and sixfold coordinated Si atoms are generated [Fig. 5(e)]. A

similar finding on the pressure-dependent persistence of Qn species was
found in the MD work of Shimoda and Okuno [26], but a greater var-
iation was found for MgSiO3 in the first principles MD work of Ghosh
et al. [30]. The Qn speciation predicted in [26,30] is not in line with the
measured 29Si NMR results for MgSiO3 glass at ambient pressure
(Table 5).

Table 5
Percentage of Qn species obtained from 29Si NMR or Raman spectroscopy experiments and various models for uncompressed MSiO3 glass.

Glass Q0 Q1 Q2 Q3 Q4 Method Ref.

MgSiO3 0.0 25.0 42.0 25.7 7.3 29Si NMR [11]
1.4(1) 19.1(3) 53.0(4) 25.2(3) 1.4(1) 29Si NMR [14]
11.4(6) 20(1) 34(2) 34(2) 0 Raman [17]
4.0 19.5 37.75 28.75 12.0 RMC [5]
3.1 17.3 41.8 30.1 7.7 MD [25]
7.2 20.1 23.0 28.6 20.1 MD [26]
7 21 28 31 12 MD [30]
5 16 39 29 11 MD [80]
4(1) 24(3) 44(6) 25(2) 4(2) AIM MD Present work

CaSiO3 0.72(13) 19.33(28) 54.68(34) 24.14(53) 1.13(01) 29Si NMR [8]
0 16.6 64.4 19.0 0.0 29Si NMR [15]
6.2 20.0 42.0 25.0 6.4 MD [26]
6 26 35 26 7 MD [27]
0 25.0 51.7 18.4 5 MD/DFT [13]
1(1) 24(2) 50(5) 22(3) 2(1) AIM MD Present work

Fig. 9. Pressure dependence of the Qn speciation for fourfold coordinated Si
atoms in amorphous (a) MgSiO3 and (b) CaSiO3. The open symbols with vertical
error bars give the fractions of Q0 [open (magenta) diamonds], Q1 [open (black)
circles], Q2 [open (red) squares], Q3 [open (blue) upward triangles] and Q4

[open (green) downward triangles] species obtained from the AIM MD simu-
lations. The curves give the fractions of Q0 [dotted (magenta)], Q1 [dot dash
dash (black)], Q2 [broken (red)], Q3 [chained (blue)] and Q4 [solid (green)]
species obtained from the MD work of Shimoda and Okuno [26]. In (a), results
are also given for the Qn speciation, irrespective of the coordination state of Si,
from the first principles MD work of Ghosh et al. [30] on the glass under cold
compression: Q0 [closed (magenta) diamonds], Q1 [closed (black) circles], Q2

[closed (red) squares], Q3 [closed (blue) upward triangles] and Q4 [closed
(green) downward triangles]. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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6.2. Modifier coordination environment

Fig. 10(a) shows a breakdown of the pressure induced increase in
the M-O coordination number into its contributions from BO versus
NBO atoms. At ambient pressure, M-NBO connections are in the ma-
jority, and their number increases gently with pressure until
∼6.5–8.5 GPa before decreasing. In comparison, M-BO connections are
in the minority at ambient pressure, and their number increases steadily
as the glass is compressed. Overall, there is a decrease in the fraction of
M-NBO connections that is accompanied by an increase in the fraction
of M-BO connections [Fig. 10(b)]. This pressure induced behavior is
accompanied by decreased M-BO bond lengths, and by M-NBO bond
lengths that change by a comparatively small amount [Fig. 10(c)].

Fig. 11 shows the pressure dependence of the fraction of n-fold
(n=4, 5, 6, 7, 8, or 9) coordinated M atoms. At ambient pressure, there
is a mixture of fourfold, fivefold and sixfold coordinated Mg atoms
versus fivefold, sixfold and sevenfold coordinated Ca atoms, which re-
flects the smaller size of Mg versus Ca. The pressure induced increase in
the Mg–O coordination number proceeds via a reduction in the frac-
tions of fourfold and fivefold versus an increase in the fractions of
sixfold and sevenfold coordinated Mg atoms. In comparison, the pres-
sure induced increase in the Ca–O coordination number proceeds via a
reduction in the fractions of fivefold and sixfold versus an increase in
the fractions of eightfold and ninefold coordinated Ca atoms. The
fraction of sevenfold coordinated Ca atoms increases with pressure until
∼11 GPa, and then decreases.

6.3. Bond angle distributions

Fig. 12 shows the pressure dependence of several of the bond angle
distributions, where each distribution B(θ) is normalized by sin(θ) to

remove the effect of a finite sampling volume that will artificially
suppress a finite bond angle distribution at θ≃180° [84]. At ambient,
the peak in the O-Si-O bond angle distribution at ≃109° originates from
tetrahedral SiO4 units, and broadens with increasing pressure to de-
velop a feature at ≃180° as SiO5 and SiO6 units are coaxed into ex-
istence [Fig. 5(e)]. At ambient, the peak in the Si-O-Si bond angle
distribution is at ≃134°, which compares to measured most probable Si-
O-Si bond angles in glassy CaSiO3 of 128.0° for Q1, 131.8° and 135.4°
for Q2, and 132.5°, 137.1° and 144.3° for Q3, with an uncertainty
of± 1.7° [12]. Compression of the network structure manifests itself by
a shift in the Si-O-Si peak towards smaller bond angles, consistent with
the interpretation of Raman spectra [16], and the development of a
low-r shoulder at ≃98°.

The intra-polyhedral angle O-M-O reflects the distribution of poly-
hedral units reported in Fig. 11. At ambient, the inter-polyhedral angle
M-O-M has a peak at ≃94–97° and shoulder at ≃110–118° that are ty-
pical of edge and corner sharing polyhedral connections, respectively.
With increasing pressure, the peak position shifts to ≃93° as the O-M
coordination number increases, and the shoulder becomes less promi-
nent. The O-M coordination number is given by the expression

=n c c n( / )O
M

M O M
O, where the values of nM

O are given in Fig. 6(a). The AIM
MD values increase from nO

Mg =1.58(1) and nO
Ca =2.01(2) at ambient

pressure to nO
Mg =2.07(3) and nO

Ca =2.47(2) at 17.5 GPa.

6.4. Orientational order parameter q

In order to track the pressure induced change to the geometry of Si
or M centred polyhedral units containing n oxygen atoms, the or-
ientational order parameter q≡1− (3/8)∑n−1

i=1 ∑nk=i+1[(1/
3)+ cos θijk]2 was calculated, where θijk is the angle formed between
the central Si or M atom j and its neighboring oxygen atoms i and k
[87,88]. This parameter was designed to give unity for a perfect tet-
rahedral network, and a mean value of zero for an ideal gas. As shown
below, the q parameter takes well-defined maximum cutoff values for
SiOn and MOn (n ≥4) polyhedral units.

Fig. 10. Pressure dependence in amorphous MgSiO3 and CaSiO3 of (a) the
overall M-O coordination number and its contributions from M-BO and M-NBO
connections, (b) the fractions of M-BO and M-NBO bonds, and (c) the associated
M-BO and M-NBO bond distances. The results were obtained from the AIM MD
simulations.

Fig. 11. Pressure dependence of the fraction of n-fold (n=4, 5, 6, 7, 8, or 9)
coordinated M atoms in amorphous (a) MgSiO3 and (b) CaSiO3. The results
were obtained from the AIM MD simulations, with a cut-off distance at each
pressure defined by the position of the minimum after the first peak in gMO(r).
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Fig. 13 shows the pressure dependence of the q-parameter dis-
tribution for the Si atoms. At ambient pressure, the Si atoms are four-
fold coordinated in distorted tetrahedral units with a cutoff in the dis-
tribution at q ≃ 0.98. Fivefold coordinated species appear at q ≲ 0.552
with increasing pressure, where q=0.552 is the value expected for a
regular trigonal bipyramid [89]. Octahedral units appear at a pressure
around 8.5 GPa with q ≲ 0, where q=0 is the value expected for a
regular octahedron.

Fig. 14 shows the pressure dependence of the q-parameter dis-
tribution for the M atoms. At ambient pressure, the Mg atoms are
fourfold, fivefold or sixfold coordinated, whereas the Ca atoms are
predominantly fivefold, sixfold or sevenfold coordinated. The large q
cutoff for n-fold coordinated M atoms with n=4, 5 or 6 is the same as
for n-fold coordinated Si atoms, respectively, but the variation in q-
parameter for a given type of coordination environment is larger, i.e.,
the M-centred polyhedra show greater distortion. The sevenfold co-
ordinated Ca atoms have q ≲ –0.76, which compares to q=–0.809 for
sevenfold coordinated Ca atoms in crystalline wollastonite-2M [72],
and the eightfold coordinated Ca atoms have q ≲ –1.67, which com-
pares to q=–1.67 for an eightfold coordinated atom at the centre of a
regular cube. With increasing pressure, sevenfold coordinated Mg
atoms appear with q ≲ −0.76, eightfold coordinated Mg atoms appear
with q ≲ −1.67, and ninefold coordinated Ca atoms appear with
q ≲ –2.76.

6.5. Oxygen triclusters

In the case of MgSiO3 glass, a feature at ≈544–545 eV in the
measured oxygen K-edge X-ray Raman spectra at pressures between 12
and 20 GPa has been interpreted in terms of the formation of oxygen
triclusters, where one oxygen atom is corner-shared between three Si-
centered polyhedra [28]. The AIM MD simulations for MgSiO3 glass
show, however, only a small increase with pressure in the fraction of
TBO atoms, from zero at ambient to 0.6(4)% at 17.5 GPa. In compar-
ison, for SiO2 glass under pressure, the appearance of a feature at
≈544–545 eV in the measured oxygen K-edge X-ray Raman spectra
[90] has been interpreted in terms of oxygen atoms that pack closer
around the first coordination shell of tetrahedral SiO4 units [91]. On the
basis of the AIM MD results, this scenario is more likely in MgSiO3 glass
at pressures up to 17.5 GPa. In the case of CaSiO3 glass, the AIM MD
results show a small increase with pressure in the fraction of TBO atoms
from zero at ambient to 0.5(3)% at 17.5 GPa.

6.6. Compressibility of MgSiO3: glass versus crystal

The equations of state for clinoenstatite [60] and orthoenstatite
[61] have been measured at room temperature and pressures up to
∼10 GPa (Fig. 1). Both structures are based on alternating layers of Q2

tetrahedral SiO4 units and octahedral MgO6 units [70,71]. The corner-
linked tetrahedra form two sets of non-equivalent chains, and the edge-
linked octahedra are associated with two distinct magnesium sites: Mg1
with six NBO atoms, and Mg2 with four NBO and two BO atoms. The
Mg2-BO distances are the longest under ambient conditions and are the
most responsive to pressure, such that the largest reduction in volume is
associated with the corresponding octahedral units [70,85,86]. In
comparison, the compressibility of the glass is much larger than for the
crystal (Table 2), which is related to the small coordination number of
Mg at ambient pressure, and its ability to make connections with an
increasing fraction of BO atoms as the glass is compressed [Fig. 10(b)].

Fig. 13. Pressure dependence of the q-parameter distributions for n-fold (n=4,
5, or 6) coordinated Si atoms in amorphous (a) MgSiO3 and (b) CaSiO3. The
vertical (red) arrow at q=0.552 marks the value expected for a regular SiO5

trigonal bipyramid. The results were obtained from the AIM MD simulations.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 12. Pressure dependence of the O-Si-O, Si-O-Si, Si-O-M, O-M-O and M-O-M
bond angle distributions (M=Mg or Ca) for amorphous MgSiO3 (left hand
column) and CaSiO3 (right hand column). The results were obtained from the
AIM MD simulations and correspond to ambient pressure [solid (black) curve],
4 GPa [broken (red) curve], 8.5 GPa [solid (green) curve], 11 GPa [chained
(blue) curve], 14.5 GPa [solid (magenta) curve] and 17.5 GPa [broken (black)
curve]. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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6.7. Structure-viscosity relationship

In the experimental work of Cochain et al. [83], the viscosity of
molten MSiO3 (M=Mg or Ca) was found to decrease as the pressure
increases from ambient to 8 GPa, with a rate of change that appears to
be more rapid at pressures below ∼5GPa. At ambient pressure, the
high-temperature viscosity indicates fragile glass forming behavior for
both MSiO3 materials [92–94], which is often indicative of melt
structures that are different to those of the corresponding glass [95].
However, X-ray diffraction experiments on molten MgSiO3 give co-
ordination numbers of nSi

O =4 and nMg
O =4.5(2) that match those of the

glass [96], i.e., there is similarity between the liquid and glass struc-
tures.

The glass structures in the AIM MD simulations were generated by
hot compression (Section 4.2), and the results for the Qn speciation do
not indicate a large alteration to the network polymerization with
pressure increasing to ∼8GPa (Fig. 9). There is, however, a steady
increase with pressure in the M-O coordination number [Fig. 6(a)], with
a rate of change in the ambient to ∼6GPa range that is greater for nMg

O

than for nCa
O , where the increase in n gM

O is related to the creation of
MgO6 polyhedra (Fig. 11a). If these results are valid for the melt, then
the observed reduction in viscosity with increased pressure does not
originate from a change in network polymerization. Instead, it is related
to the emergence of higher coordinated M atoms that form when M-BO
bonds are created. The latter are weaker than M-NBO bonds because of
the smaller net charge on BO atoms. The polyhedra may therefore be
more deformable, thus promoting flow under pressure. A more

definitive account of the structure-viscosity relationship does await,
however, an analysis of the AIM generated liquid configurations.

7. Conclusions

An Mg–O coordination number nMg
O =4.5(1) is found for un-

compressed MgSiO3 glass in the present and previous [5,6] diffraction
work, i.e., Mg does not form a predominantly octahedral coordination
environment as suggested by 25Mg NMR experiments [9–11]. The Ca–O
coordination number for uncompressed CaSiO3 glass is larger at
nCa

O =6.15(17) [3]. On compression to 17.5 GPa, the Mg–O and Ca–O
coordination numbers increase to 6.2(2) and 7.41(7), respectively, and
there is an accompanying increase in fraction of M-BO connections. In
the pressure range from ambient to ∼8.5 GPa, there is little change to
the polymerization of either glass network as measured by the Qn

speciation. At 17.5 GPa, triple-bridging oxygen atoms are present at the
∼0.5% level in both MSiO3 glasses, i.e., the results do not support the
formation of a substantial fraction of oxygen triclusters. On recovery of
the compressed glass to ambient conditions, the M-O coordination
number is larger than for the uncompressed glass, which originates
from an enhanced fraction of M-BO connections. The results suggest
that the observed decrease in viscosity of molten MSiO3 with pressure
increasing from ambient to ∼8GPa [83] does not emanate from a large
change in network polymerization, but from the appearance of higher-
coordinated M-centred polyhedra that contain a larger fraction of
weaker M-BO bonds.
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