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Abstract
High-pressure behavior of a synthetic single crystal of the C2/c clinopyroxene NaVSi2O6 was
investigated using X-ray diffraction and Raman spectroscopy in combination with diamond-anvil cell
techniques. Lattice-parameters, single-crystal intensity data, and Raman spectra were collected up to
pressures of about 11 GPa, revealing no discontinuity in the evolution of the lattice with increasing
pressure. The fit of a third-order Birch-Murnaghan equation of state to the pressure-volume data yields
a bulk modulus of K0 = 114.7 (1.8) GPa with its pressure derivative K′ = 5.4 (4). Strain analysis reveals
compressional anisotropy with unit strain axial ratios of 1:2.9:3.1. The direction of largest compression was found to be perpendicular to the (302) plane, which matches closely the direction of largest
interlayer spacing between oxygen monolayers forming the structure of clinopyroxenes. The relatively
large pressure dependency of the bulk modulus, compared to that of isostructural transition-metal
compounds, was related to an increase in stiffness of the M2 polyhedron occurring above 4.6 GPa.
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Introduction
Because pyroxenes are important phases of the Earth’s crust
and upper mantle, the systematics of their structural behavior
under varying pressure, temperature, and/or chemical substitution has been subject of various studies (Yang and Prewitt
2000; Thompson and Downs 2004; Thompson et al. 2005). An
important issue is the influence of incorporation of transition
metal cations such as Fe3+, Ti3+, Cr3+, and V3+ as well as divalent
cations (Arlt et al. 1998; Ross and Reynard 1999; Ross and
Sowerby 1999; Redhammer et al. 2003).
Common characteristics of all clinopyroxenes (cpx) are the
chains of corner-sharing tetrahedra running parallel the crystallographic c axis, and these Si2O6 chains are linked laterally via
bonding through the M1 and M2 cation sites. Hence the structural
stability is determined mainly by the sizes of the M1 and M2
cations, and also the energy contributions from the d-electron
configuration, i.e., the influence of crystal-field stabilization
energy, which has been shown to be one important parameter
that determines the structural stability of cpx (e.g., Arlt et al.
1998). Comparative high-pressure investigations on various
CaM2+Si2O6 and NaM3+Si2O6 cpx, with and without incorporation of transition-metal cations, excluded a simple linear inverse
relationship between bulk modulus, K, and unit-cell volume, as
has been found for many isostructural series (Hazen et al. 2000
and references therein). The compression behavior of clinopyroxenes depends to a great extent on the pressure derivative of
the bulk modulus –dK/dP, or K′, which deviates in many cases
significantly from 4. Whereas the bulk modulus seems to depend
on the M1 site, K′ seems to be mainly controlled by the size of the
cation on the M2 site (Nestola et al. 2006). In addition a higher
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stiffness has been found in cpx with transition metal elements
than without these elements (Origlieri et al. 2003; Zhang et al.
1997; Nestola et al. 2005) evidencing that not only the size of
the M1 cation determines the bulk modulus, but also the valence
electron character plays an important role for the compression
behavior of cpx.
The subject of this study is the transition-metal compound
NaVSi2O6, which is the end-member composition with trivalent
vanadium on the M1 site. The crystal structure of the C2/c cpx
was first determined by Ohashi et al. (1994), followed by several
studies on (Na,Ca)(V,Mg)Si2O6 and (Na,Ca)(V,Mn)Si2O6 solid
solutions (Ohashi et al. 2003a, 2003b) investigating the electronegativity and the 3d-electron distribution. It has been found that
because of electron-electron repulsion between the d-electrons
and the surrounding O atoms the V3+-ion occupies a small distorted M1 site in the (Na,Ca)(V,Mg)Si2O6 system, whereas it can
occupy a larger and less distorted site in (Na,Ca)(V,Mn)Si2O6.
Recent studies on NaVSi2O6 and other quasi-one-dimensional
vanadium-based (S = 1) chain compounds with pyroxene structure have been focused on the low-temperature behavior revealing the formation of a long-range three-dimensional Néel order
(Vasiliev et al. 2004; Popović et al. 2006; Pedrini et al. 2007).
Hence the question arises whether an analogous transition occurs
with increasing pressure.
The present study aims to complement the low-pressure
structural data on the end-member NaVSi2O6 with comparable
investigations at high pressure. Apart from the measurements
of structural changes for comparative crystal chemistry, highprecision data on lattice compression has been collected in order
do determine EOS parameters and the unit-strain ellipsoid. A
comparison of the recent data to isostructural C2/c cpx completes
the investigation.

