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Abstract. In silicates, generally the less dense open structures of lower pressure polymorphs have
four-coordinated silicon whereas the denser more close-packed structures have six-coordinated
silicon. Transformation from the fourfold coordinated crystals to the denser sixfold coordinated
structures upon compression usually requires an accompanying high temperature that is much
greater than ambient. We report here a first-order, reversible SiO4–SiO6 coordination change
in a crystalline silicate (MgSiO3) orthoenstatite at ambient temperature and quasi-hydrostatic
conditions using Raman spectroscopic measurements in a diamond cell to 70 GPa. Annealing
experiments using a CO2 laser, which controlled defect concentration, indicate that the four- to
sixfold coordination change is facilitated by defects in the structure which may serve as nucleation
sites for the formation of the octahedrally coordinated silicon phase.

1. Introduction

MgSiO3 exists in a large variety of polymorphs which can be largely divided into two
subclasses: (a) low-pressure modifications in which the Si is four-coordinated to oxygen
and (b) high-pressure modifications in which the Si is six-coordinated. The low-pressure
modifications contain SiO4 tetrahedra and belong to the class of chain silicates (pyroxenes)
which are also major components of the Earth’s upper mantle [1]. The high-pressure
modifications contain SiO6 octahedra and have the ilmenite and the perovskite structures,
the latter of which is considered the most abundant phase of the Earth [2, 3]. To date,
transformations from tetrahedrally to octahedrally coordinated silicon phases of MgSiO3 have
only been observed after heating above about 1500 K at high pressure [4].

Previous ambient temperature four- to sixfold coordination changes of silicon upon
compression have been observed in glasses (silica, sodium silicate and calcium aluminum
silicate) using infrared and Raman spectroscopy [5, 6] and for silica using molecular dynamics
simulations [7–9]. Transitions to crystalline silicate phases containing SiO6 octahedra at
ambient temperature and high pressure have only been reported for the quartz and cristobalite
(a high-temperature polymorph of SiO2) polymorphs of SiO2 using x-ray diffraction and
molecular dynamics simulations [10–12]. These observations are consistent with recent first
principles energy calculations which generated a large number of octahedrally coordinated
dense SiO2 structures with similar enthalpies [13]. Quartz and cristobalite are fully
polymerized in that the SiO4 tetrahedra are all corner-linked to adjacent tetrahedra. While the
SiO2 system is an important prototype system for studying the crystal chemistry of silicates it
does not contain some of the most important structural attributes characteristic of the majority
of silicate structures, namely network modifier polyhedral units (MgOx , CaOx polyhedra).
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Introducing network modifiers such as alkali or alkaline earth oxides into the structure breaks
down the fully polymerized Si–O tetrahedral network because the oxygens are now shared with
adjacent polyhedra containing network-modifying ions (countercations) which are typically
octahedrally coordinated to oxygen. The bonding type also becomes more varied since the
network modifier bonds to oxygen are less directional (more ionic) than the Si–O bonds within
the tetrahedra [6].

We examine here whether coordination changes such as those seen for quartz and
cristobalite are possible at ambient temperature when network modifying ions are present in
the structure. Orthoenstatite (MgSiO3) is orthorhombic withPbca symmetry [14]. It consists
of layers of edge sharing magnesium oxide octahedra which are separated from each other by
chains of corner-linked (SiO4) tetrahedra which are parallel to the crystallographicc-axis. The
structural changes of MgSiO3 upon compression at room temperature were monitored using
Raman spectroscopy because this technique is a sensitive probe of four- to sixfold coordination
changes [6]. Luminescence measurements were also performed to monitor possible changes
in light emission due to the creation of defects near a coordination change. Separate CO2 laser
heating experiments were also performed to examine the effect of ‘annealing’ the structure
(and thus minimize defect concentration) on its transition to a higher coordinated state.

2. Experimental techniques

Single crystals of orthoenstatite (Smithsonian No 137311) of end-member (MgSiO3)
composition were used for all experiments. Very weak red fluorescence emitted by the sample
when excited with the argon-ion laser beam indicated the presence of trace amounts of Cr3+ ions
occupying octahedral sites in the structure. The crystals of dimensions 10×40×40µm3 were
placed in the centre of 301 stainless steel gaskets in an argon medium. The sample chamber
dimensions were between 130 and 150µm in diameter and 60µm in thickness. The Raman
spectra were excited with the 457.9 nm line of an argon-ion laser with powers ranging from 5 to
30 mW. The Raman spectra were analysed with a Spex 1402 double monochromator with a LN-
cooled CCD (charged coupled device detector). The luminescence spectra were excited using
the 457.9 nm line of an argon-ion laser with 10 mW of power and measured in the wavelength
regime of 470–770 nm using an HR320 single monochromator with a Photomultiplier tube.
Heating of the samples was performed using the defocused beam of an 120 W continuous
wave CO2 laser [4]. Heating durations were about 20 min at temperatures of about 2000 K.
Pressure was measured using micron sized ruby chips placed next to the sample.

3. Results

3.1. Raman measurements

The high-pressure Raman spectra of MgSiO3 are shown in figures 1(a) (compression) and
1(b) (decompression). The ambient pressure spectrum of orthoenstatite spans the region from
200 to 1200 cm−1. The vibrational modes can be classified into three regimes. The regime
below 600 cm−1 consists of modes associated with countercation Mg–O stretches, internal
O–Si–O bending, as well as longer wavelength lattice modes. The peaks in the mid-frequency
region between 600 and 800 cm−1 are due to Si–O–Si inter-tetrahedral stretching and bridging
modes, whereas the bands at higher wavenumbers are due to Si–O stretching modes of the
non-bridging oxygens in the silicon tetrahedra [15].

We focus here on the compressional behaviour of the strong mid- and high-wavenumber
modes, labelled with an ‘o’ in the ambient pressure spectrum in figure 1(a), because they are
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Figure 1. Effect of pressure on the Raman spectrum of orthoenstatite showing evidence for a
reversible change of the coordination of silicon from four to six. The spectra in figure 1(a) are
taken upon compression and the spectra shown in figure 1(b) are taken upon decompression. The
peaks labelled with an ‘o’ represent orthoenstatite. The peaks labelled with a ‘c’ are from high-
pressure clinoenstatite. The peaks labelled with ‘n’ are from the new six-coordinated high-pressure
phase. We note that the feature (813 cm−1) at 40 GPa can be traced to the residual lower pressure
bridging mode in clinoenstatite, which undergoes a discontinuous jump in frequency at 40 GPa
(figure 2(b)), becoming most likely a stretching vibration of silicon with a bridging oxygen in the
SiO6 unit in the new phase. The spectra shown are from several high-pressure runs on MgSiO3.

most sensitive to coordination changes: two peaks are evident in both the central bridging
mode region and the high-energy region because the orthopyroxene polymorph contains
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Figure 2. Frequency shifts of the most intense high-frequency (a) and mid-frequency (b) Raman
bands during compression (filled symbols), and decompression (hollow symbols) through the
transitions orthoenstatite–clinoenstatite–sixfold coordinated silicate structure. In figure 2(a) the
squares and circles are from the strongest internal stretching modes of the tetrahedral units
in orthoenstatite. The triangles are from the internal stretching vibration of the high-pressure
clinoenstatite phase. The filled and hollow diamonds are from the strongest internal stretching
vibration of the SiO6 units in the octahedrally coordinated high-pressure structure. The grey
diamonds are from the strongest internal stretching vibration of the SiO6 units in ilmenite. In
figure 2(b) the squares and circles are from the most intense Si–O–Si inter-tetrahedral bridging
modes in orthoenstatite. The triangles up to 40 GPa are from the Si–O–Si inter-tetrahedral bridging
mode of the high-pressure clinoenstatite phase and above 40 GPa from an internal stretching mode
of silicon with a bridging oxygen within the SiO6 units in the high-pressure octahedrally coordinated
structure. The data shown are from several high-pressure runs on MgSiO3. Data scatter is due to
hysteresis and variation in the transition pressure on different runs (see text).

two crystallographically distinct chains. The observed pressure shift of Si–O–Si bridging
modes to higher frequencies is associated with a closure of the inter-tetrahedral angle between
corner-linked tetrahedra [16–18]. A closure of this angle together with distortions of the
tetrahedral units are the principal mechanisms by whichα-quartz as well as silica respond
to increasing pressure [19], and is the structural pathway proposed for Si–O tetrahedral to
octahedral coordination changes in silicate glasses [20, 21]. The two Si–O–Si vibrational
modes associated with the two distinct chains in orthoenstatite shift by 26 cm−1 to 7 GPa
(figure 2(a)). High-pressure single crystal x-ray diffraction measurements of orthoenstatite
showed that the Si–O–Si inter-tetrahedral angles between the corner-linked tetrahedra decrease
by (2.9◦) and (2.1◦), respectively, between 0 and 7 GPa [14]. Above this pressure, a mixed
phase regime appears in accordance with previous single crystal Raman measurements [15],
where the low-pressure orthoenstatite phase (Pbca space group) coexists with a high-pressure
clinoenstatite phase (C2/c space group) as seen by the appearance of a Si–O–Si bending mode
at 726 cm−1 and a Si–O stretching mode at 1067 cm−1 at 15 GPa, as shown in figure 1(a)
(new peaks labelled with a ‘c’). The lone Si–O–Si bridging and Si–O stretching modes
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Figure 2. (Continued)

are representative of the one crystallographically distinct silicate chain in the high-pressure
clinoenstatite in contrast to orthoenstatite which has two distinct chains [1, 22] and hence
multiplet stretching (Si–O) and bridging (Si–O–Si) modes. The inter-tetrahedral Si–O–Si
angle in high-pressure clinoenstatite is 121.6◦ at 8 GPa [1]. Geisingeret al[23] have shown that
Si–O–Si tilting angles lower than 120◦ induce a sharp increase in strain energy of the Si–O–Si
bond, making this structural configuration unfavourable. The Si–O–Si angle in clinoenstatite
most likely becomes smaller than 120◦ at higher pressures. This assumption is based on the
following consideration: the position of the Si–O–Si bridging mode of the clinoenstatite phase
blue shifts by 65 cm−1 between 15 and 38 GPa (figure 2(a)). Both bond shortening and a
decrease in the bending angle contribute to this blue shift. We note though that since a blue
shift of 26 cm−1 between ambient pressure and 7 GPa of the Si–O–Si peaks in orthoenstatite
corresponds to a closure of more than 2◦ of its inter-tetrahedral Si–O–Si angle, a blue shift of
65 cm−1 in the Si–O–Si peak of structurally similar clinoenstatite arguably reflects a closure
of its Si–O–Si inter-tetrahedral angle by at least that much. This would result in an Si–O–Si
angle in clinoenstatite of less than 120◦ at 38 GPa. An angle of 120◦ at 40 GPa is entirely
consistent with recentab initio molecular dynamics simulations of clinoenstatite, which find
that at 30 GPa its Si–O–Si angle is 120.8◦ [24]. Extrapolation of the pressure dependence of
this angle to 40 GPa yields 120◦.

Between 39 and 40 GPa the frequency bands of the tetrahedrally (SiO4) coordinated
structure vanish and vibrational bands belonging to an octahedrally (SiO6) coordinated phase
appear (the peaks labelled with an ‘n’ are from the new phase) (figure 1(a)). The new Raman
lines are broader than those of the lower pressure phases, which points to a significant degree of
structural disorder in the new phase. We attribute the intense, highest wavenumber mode of the
new phase to a stretching vibration of SiO6 octahedral units, because its position and pressure
dependency is very similar to that of the intense Si–O stretching vibration of SiO6 units in
MgSiO3 ilmenite (figure 2(a)) [25]. In addition, octahedral stretching vibrations (SiO6) in the
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Figure 3. Luminescence spectra before (38 GPa), during (39 GPa) and after (40, 42 GPa) the
transition to the high-pressure octahedrally coordinated structure. The luminescence spectra were
measured using a Photomultiplier tube and were excited using the 457.9 nm line of an argon-ion
laser with 10 mW of power.

same frequency regime have been observed in the infrared spectra of MgSiO3 perovskite [26].
Based on the vibrational spectra of perovskite [26] and further studies on Raman vibrational
mode assignments of ilmenite structures [27, 28], the bands at 813 and 840 cm−1 at 40 GPa
are also attributed to stretching vibrations within the SiO6 units (figure 1(a)). Mg–Si ilmenite
and our new structure are similar in that they both contain SiO6 units but they are not identical
because the modes at 813 and 840 cm−1 do not appear in the ilmenite Raman spectrum.
Proposed differences in the structures of ilmenite and the new phase are described in section 4.

Our new octahedrally coordinated structure remains stable to 70 GPa, the highest
pressures of this study. Upon decompression (figure 1(b)), the new phase transforms back
to clinoenstatite with a hysteresis of 9 GPa. The mixed ortho/clinoenstatite regime reappears
at 18 GPa and the structure finally reverts back to the pure orthoenstatite phase below 10 GPa.

3.2. Luminescence measurements, laser heating and the role of defects

During the transition from the tetrahedrally to the octahedrally coordinated structure we
observed a large increase in the luminescence intensity of the sample excited by the argon-
ion laser beam between 470 and 770 nm (figure 3). As seen in figure 3, the luminescence
intensity increases by about an order of magnitude at the transition pressure and decreases
again after the transition to the pre-transition levels. We suggest that the luminescence stems
from defect sites associated with broken bonds created during the coordination change, as well
as electronic and structural changes at the impurity sites (such as chromium). Defect-induced
luminescence bands have also been observed in fused silica at 477 and 669 nm [29], as well
as upon compression of quartz at about 25 GPa—the pressure regime where it transforms to
the higher coordinated quartz II structure which subsequently becomes amorphous [30, 31].
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Figure 4. Effect of pressure on the Raman spectrum of clinoenstatite synthesized from the mixed
ortho/clinoenstatite phase at 16 GPa, showing evidence for a phase transition above 40 GPa.
Noteworthy is that the new phase exhibits a weak but clearly observable band which belongs
to an Si–O tetrahedral stretching vibration (depicted by the arrow).

The creation of defects as well as the observed 9 GPa hysteresis indicates that the transition
is first order. We found in further experiments that the four- to sixfold coordination change
is time-dependent (examined 24 h later) and the transition pressure varies from 38 to 47 GPa.
Time dependence as well as variation in transition pressure were also observed in previous high-
pressure single crystal x-ray diffraction measurements of the first-order transition in another
chain silicate (FeSiO3), between the ortho and clinoferrosilite phases [32].

To examine whether defects promote the four- to sixfold coordination changes we
synthesized pure clinoenstatite by heating the mixed ortho/clinoenstatite phase to 2000 K using
a CO2 laser at 16 GPa and measured the Raman spectra of the resulting pure clinoenstatite
phase to 47 GPa. While a new phase appears above 40 GPa (figure 4), a weak vibrational
mode above 1200 cm−1 is also present which is attributed to a Si–O tetrahedral stretching
vibration. This is in contrast to the unheated MgSiO3 experiments where the tetrahedral
stretching modes vanished between 38 and 47 GPa. This observation indicates that defects
present in the unheated MgSiO3 structure provide nucleation centres that make the tetrahedral
to octahedral transition more accessible. ‘Annealing’ the structure to the pure clinoenstatite
phase minimizes or eliminates defects in the structure which arguably explains the persistence
of tetrahedrally coordinated Si–O units in the new phase above 40 GPa. These defects or
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nucleation centres then, make the four- to sixfold coordination change more facile. These
defects likely appear in the form of grain boundaries at the interface between the ortho and
clinoenstatite structures. They may also occur as local non-stoichiometries near the trivalent
chromium sites. Local non-stoichiometries are required to preserve charge neutrality since the
trace amounts of trivalent chromium substitute for Mg2+ ions in the structure.

4. Discussion

Linear extrapolation of the high-temperature phase boundary between ilmenite and perovskite
(slope of−0.0046 GPa K−1) to 298 K [33] indicates that Mg–Si perovskite is the stable phase
above 30 GPa at room temperature. Transition to perovskite though is kinetically impeded at the
ambient temperature of our high-pressure experiments. In the absence of single crystal x-ray
diffraction measurements, we cannot give a detailed description of the atomic rearrangements
resulting in the high-pressure octahedrally coordinated phase we observe. Nevertheless, based
on our Raman data, the mechanism of this first-order transition likely involves a tilting of the
tetrahedral units towards each other within the chains, in accordance with the polyhedral tilt
model developed to explain four- to six-coordination changes in silicate glasses [20]. This
mechanism has also been reported to occur in the first-order phase transition ofα-quartz to a
higher coordinated crystalline phase under hydrostatic compression at 21 GPa [12]. Based on
this polyhedral tilt model, the new high-pressure phase synthesized here consists of chains of
edge sharing SiO6 octahedra which differs both from (a) ilmenite which contains layers of edge
connected Si–O octahedra and (b) perovskite which contains a three-dimensional network of
corner connected Si–O octahedra. We note that layers of SiO6 octahedral units can be formed
by displacing the SiO6 chains towards each other, perpendicular to their axis. This indicates
that the layered ilmenite-type structure may be formed at high pressure from the octahedrally
coordinated chain structure if the activation barrier for displacement of the chains towards each
other is overcome at higher temperatures. This mechanism for formation of layers of SiO6

units from chains is similar to that proposed for the high-pressure and temperature transition
of clinopyroxene (chain structure) to ilmenite (layered structure) after shock impact [34].

Our study is important for modelling how low-density silicate crystals transform to
their high-pressure octahedrally coordinated polymorphs because the transformations reported
here occur at room temperature, are reversible and first order. Therefore the transformation
mechanism can be narrowed down to models that do not involve large reconstructive changes.
Furthermore, our results indicate that the presence of defects promotes the coordination changes
upon compression and need to be considered in modelling these transitions.
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