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abstract

Single-crystal elasticity of candidate minerals in the Earth’s mantle, such as that of ferropericlase 
and bridgmanite, etc., is very important for understanding the seismic observations, geodynamic flow 
patterns, and testing geochemical and mineralogical models of the planet’s deep interior. Determination 
of the full elastic tensor typically requires measuring both compressional and shear wave velocities (vP 
and vS) of the candidate single crystal as a function of crystallographic orientations at high pressures, 
but it has been a huge technical challenge obtaining vP at pressures above 25 GPa using Brillouin light 
scattering coupled with in a diamond-anvil cell due to the spectral overlap of the sample vP with the vS 
of the diamond window. In this study, we present a new method to derive the full elastic tensor (Cij) of 
single crystals using only measured vS of a given crystal platelet as a function of the azimuthal angle. 
Experimentally determined vP and vS results from Brillouin measurements for cubic periclase (MgO) 
and spinel (MgAl2O4), tetragonal stishovite (SiO2), and orthorhombic zoisite [Ca2Al3Si3O12(OH)] at 
ambient conditions are used as examples to demonstrate the application of our approach from theoreti-
cal analyses and experimental prospective. For high-symmetry cubic minerals, such as cubic MgO and 
spinel, a suitable crystallographic plane with small tradeoffs between any two Cij in vS is required for 
the method to work well such that the obtained Cij using measured vS velocities alone can be within 
3% of the values derived from using both vS and vP. Our analyses show that the (–1,0.5,0.2) platelet 
for periclase and the (1,1,0) platelet for spinel are respective optimal orientations for applying our 
method. For lower symmetry minerals, such as tetragonal stishovite and orthorhombic zoisite, three 
crystallographic planes, that are orthogonal to each other and are tilted at least 20° from the principal 
crystallographic planes, can be used to provide reliable constraints on Cij using measured vS alone. We 
have extended this method to derive Cij of the (–1,0.5,0.2) platelet for periclase at pressures of 5.8 and 
11.3 GPa, in a high-pressure diamond-anvil cell to demonstrate the usefulness of the approach in study-
ing the elasticity of Earth’s mantle minerals at relevant pressure-temperature conditions. Our proposed 
approach can be extended to all other crystal systems at high pressures to overcome the constant lack 
of experimental vP velocities at above 25 GPa, potentially providing new experimental and theoretical 
approaches in constraining the elastic tensor of the materials in the Earth’s deep interior, which will be 
an effective strategy to solve one of the most relevant difficulties involved in the experimental study 
of the elastic properties (especially elastic anisotropy) of minerals of the lower mantle.
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introDuction

Elastic constants (Cij) describe the instantaneous reversible 
volume and shape changes of a mineral under stress (Birch 
1952; Carpenter 2006; Bass et al. 2008; Angel et al. 2009). 
Determination of the full elastic tensor of a crystal of interest 
permits direct evaluations of several key elastic, thermody-
namic, and mechanical parameters of the crystal including 

adiabatic bulk modulus, shear modulus, Poisson’s ratio, shear 
stress, shear strain, compressional wave anisotropy, and shear 
wave splitting anisotropy, among many others (Anderson 
1989; Li et al. 2004; Sanchez-Valle et al. 2005; Mainprice 
2007; Angel et al. 2009). Of particular importance to our 
understanding of deep-Earth mineral physics is the elasticity 
of minerals as a function of pressure and temperature (P-T) at 
conditions relevant to the Earth’s mantle. These results can be 
directly compared to seismic observations of the deep Earth 
to constrain mineralogical and compositional models of the 
Earth interior, and better understand the geodynamic behavior 
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of the deep Earth (e.g., Weidner and Carleton 1977; Weidner et 
al. 1978; Duffy and Anderson 1989; Weidner and Zhao 1992; 
Zha et al. 1996; Sinogeikin et al. 2003, 2004; Li et al. 2006; 
Li and Liebermann 2007; Bass 2008; Bass et al. 2008; Angel 
et al. 2009; Mao et al. 2012; Murakami et al. 2012; Lu et al. 
2013; Yang et al. 2014). Specifically, the single-crystal elas-
ticity at deep-mantle conditions is of particular importance in 
understanding the anisotropy and dynamic flow pattern of the 
deep planet (Duffy et al. 1995; Zha et al. 1998; Jacobsen et al. 
2002; Sinogeikin et al. 2005; Chen et al. 2006; Jackson et al. 
2007). The ability to experimentally obtain elastic constants of 
minerals with sufficient accuracy thus plays an indispensable 
role in our understanding of the Earth’s deep interior.

Brillouin light scattering (BLS) coupled with a diamond-
anvil cells (DAC) has been extensively used to constrain the 
elasticity of earth materials at high pressures and/or high tem-
peratures (e.g., Duffy and Anderson 1989; Shimizu and Sasaki 
1992; Shimizu 1995; Duffy et al. 1995; Zha et al. 1996, 1998; 
Sinogeikin and Bass 2000; Sinogeikin et al. 2006; Murakami et 
al. 2009a, 2009b; Mao et al. 2008, 2012; Lu et al. 2013; Yang 
et al. 2014). The frequency shifts of the BLS spectra represent 
a collection of inelastic scattering events arising from the in-
teractions between incident photons of the laser and thermally 
excited acoustic phonons of the sample (Polian 2003). The 
technique permits the measurement of one longitudinal acoustic 
vP and two transverse acoustic vS1 and vS2 velocities of a single 
crystal along a certain direction at a given scattering angle (or 
momentum transfer) (Sinogeikin and Bass 2000). The inte-
gration of the BLS technique with the DAC is well suited for 
studying the single-crystal elasticity of crystals at P-T condi-
tions relevant to the deep interior of the planet. The majority 
of geophysical relevant materials of the deep interior of Earth 
are optically transparent minerals (Bass et al. 2008; Speziale 
et al. 2014), which makes it possible to use BLS to study their 
elastic properties to the relevant conditions of the deep Earth. 
However, because of the overlap of the vP of the sample with 
the vS of diamond anvils, it has been extremely difficult to 
measure vP to constrain full elastic moduli of a given candidate 
single crystal at approximately above 25 GPa (e.g., Zha et al. 
2000; Marquardt et al. 2009a, 2009b), especially for measuring 
vP of bridgmanite, ferropericlase, post-bridgmanite by BLS at 
the relevant pressures of the lower mantle. Such a technical 
problem has significantly hampered our understanding of the 
deep-Earth physics and chemistry using experimental elasticity 
results. Alternative approaches have been proposed to remedy 
this diamond window problem, but these attempts have not been 
very successful at high P-T conditions (e.g., Jackson et al. 2006; 
Speziale et al. 2014). Examples of these studies include the use 
of pre-oriented diamond anvils with known orientations and 
velocities to reduce the overlap at certain orientations (Yang et 
al. 2014), the addition of a diamond wedge to reduce chromatic 
aberration from the diamond anvil (Zha et al. 1998, 2000), as 
well as the adoption of a long focusing lens to focus the laser 
to the sample with a small beam divergence (Zha et al. 1998, 
2000; Lu et al. 2013; Speziale et al. 2014; Yang et al. 2014). 
Nevertheless, the diamond window issue remains one of the 
major technical hurdles that has prevented mineral physicists 
from having a better understanding of the seismic structure and 

the mineralogical model of the Earth’s deep interior (Zha et 
al. 2000; Bass 2007; Bass et al. 2008; Marquardt et al. 2009a, 
2009b; Speziale et al. 2014).

Based on the expansion of the Christoffel’s equation, the 
elastic constants of a given crystal in any given crystal system 
are intrinsically coupled with one another, although, depend-
ing on the crystal system, the coupling strength can vary in 
different directions (Every 1980). Therefore, it is theoretically 
possible to derive full elastic tensor of a given crystal using 
partial information on vP and/or vS data sets (Every 1980); 
though, this method has not yet been tested practically. In this 
study, we present theoretical derivations and experimental BLS 
results to derive full elastic tensor of a single crystal using only 
the vS velocity data set as a function of the azimuthal angle 
for a pre-selected crystal platelet. The validity of the results 
was tested using derived elastic constants from both vP and vS 
results as references. Using cubic periclase and spinel as well 
as orthorhombic zoisite and tetragonal stishovite as examples, 
we show that the full elastic tensor of crystal in the cubic, 
tetragonal or orthorhombic systems can be well constrained 
using the measured vS velocities alone. We have also derived 
Cij of periclase with an optimal (–1,0.5,0.2) platelet at high 
pressure using BLS measurements in a DAC to justify the use 
of our method at high pressures. Being able to determine the 
full single-crystal elastic tensor of a mineral by using only vS 
data would allow us to largely improve our constraints on the 
mineralogy of the deep Earth by comparing mineral physics 
results with seismic models. In fact, despite the constant prog-
ress both in large-scale geophysics models and in experimental 
and computational mineral physics, we cannot perform precise 
tests of proposed mineralogical models of the lowermost 
mantle against seismic data and models based on vP seismic 
velocities. Future applications of this new method at high P-T 
conditions of the Earth’s interior can help shed new light on 
single-crystal elasticity of candidate minerals relevant to the 
Earth’s deep interior.

theoreticaL backgrounD 
Based on the Christoffel’s equation, the sound velocity (v) of a 

crystal can be described by the following characteristic Equation:

ij v 2
ij = 0   (1)

where ρ is the density, δij is the Kronecker δ, and Γij is the coef-
ficient in the Christoffel matrix. The values of the Christoffel 
coefficients (Γij) depend on the single-crystal constants (Cij) in 
the reduced Voigt notation in which the propagation direction 
of the sound velocity is described by the cosines of the velocity 
direction, ni. It follows that the Christoffel’s equation 1 can be 
expanded to relate these parameters mathematically in various 
directions such that one can then pre-select a certain crystal 
plane for deriving full elastic tensor using the vS or the vP data 
set alone. Here we follow the classical paper by Every (1980) to 
expand Equation 1 for the cubic system below. The full expan-
sion of the Christoffel’s equation for other crystal systems can 
also be derived using similar derivation schemes given below 
and in Every (1980).
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For the cubic structure, Γij is given by:

Γ11 = C11n1
2 +C44n2

2 +C44n3
2

Γ22 = C11n2
2 +C44n1

2 +C44n3
2

Γ33 = C11n3
2 +C44n1

2 +C44n2
2

Γ23 = Γ32 = (C11 +C12 )n2n3
Γ13 = Γ31 = (C11 +C12 )n1n3
Γ12 = Γ21 = (C11 +C12 )n1n2  (2)

Equation 1 can be presented in a simplified form by carrying 
out a linear transformation that eliminates the quadratic term in 
the Equation 3 below as follows:

3 v 2 =T + S  (3)

T = (C11 + 2C44 )(n1
2 + n2

2 + n3
2 )  (4)

ij S ij = 0  (5)

ij = 3 ij T ij
 (6)

where T is the first invariant of Γij, S is the real root of Γij, Λij is 
a function of the elastic constants and direction cosines of the 
wave vector. For the cubic structure, it follows that:

                  11 = 3 C11n1
2 + C44n2

2 + C44n3
2( ) (C11 + 2C44 )(n1

2 + n2
2 + n3

2 )

                  22 = 3 C11n2
2 + C44n1

2 + C44n3
2( ) (C11 + 2C44 )(n1

2 + n2
2 + n3

2 )

                  33 = 3 C11n3
2 + C44n1

2 + C44n2
2( ) (C11 + 2C44 )(n1

2 + n2
2 + n3

2 )

                  23 = 32 = 3n2n3(C12 + C44 )
                  13 = 31 = 3n1n3(C12 + C44 )
                  12 = 21 = 3n1n2(C12 + C44 )

  
(7)

Expansion of the determinant in the Equation 5 allows the 
derivation of the following cubic form for S:

S 3 – 3GS – 2H = 0 (8)

where G and H are the second and third invariants of Λij. Re-
arranging the Equation 8, the triple root of the cubic form (Sk) 
is represented as:

 (9)

where k is the polarization index, which is only related to the 
absolute value of the solutions. k = 0 always corresponds to the 
fastest velocity, while k = 1 corresponds to the second intermedi-
ate, and k = 2 to the slowest velocity, and

 (10)

Based on the Equation 5, variables G and H are given as:

H =
2

=
( 11 22 33 + 2 12 23 31 11 23

2
22 31

2
33 12

2 )
2

= C11 C44( )3
n1

6 + n2
6 + n3

6( ) 9
2

C11 C12 2C44( ) C11 C44( ) C11 + C12( )
n1

2n2
2 + n2

2n3
2 + n1

2n3
2( ) n1

2 + n2
2 + n3

2( ) + 27
2

C11 C12 2C44( )2
C11 + 2C12 + C44( )n1

2n2
2n3

2

 
 (11)

3 v k
2 = C11+2C44( ) n1

2+ n2
2+ n3

2( )+2G1/2cos 1
3

arccos(H / G
3
2 +

2
3

k)
 

(12)

It follows that the velocity of a cubic crystal along a given 
direction (vk) as shown in the Equation 3 can be expressed in 
terms of the three elastic constants (C11, C12, C44):

  3 vS1
2 = C11+2C44( ) n1

2+ n2
2+ n3

2( )+2G1/2cos 1
3

arccos(H / G
3
2 )+ 2

3
 

 (13)

We note that although the off-diagonal C12 elastic constant is 
not shown explicitly in the Equation 13, it has been represented 
in the H and G terms (see Eqs. 11 and 12 for details). With ex-
perimentally determined Cij, one can thus derive the velocities 
of a cubic crystal along specific directions of the crystal using 
Equations 11, 12, and 13. Inversely, the full elastic tensor of a 
cubic crystal can be derived numerically from a set of measured 
velocities along various crystallographic orientations using the 
non-linear least-squares Levenberg-Marquardt method (Press 
1988). This method has been widely used to derive the full Cij of 
minerals and materials from high-pressure BLS measurements 
in the last few decades (e.g., Duffy et al. 1995; Zha et al. 1996).

The aforementioned method has the advantage of resolving 
full elastic tensor using available vS velocities from Brillouin 
measurements. Derivations of the longitudinal elastic constant 
(C11) typically require having the vP of the crystal, but the longi-
tudinal acoustic peaks in the BLS spectra normally overlap with 
the vS peaks of the diamond anvils at pressures above 25 GPa. 
Such a problem with the spectral overlap is prevalent in most 
oxide and silicate minerals of the deep Earth, such as bridgmanite 
and ferropericlase, when studied in a DAC (e.g., Marquardt et al. 
2009a, 2009b; Speziale et al. 2014; Zha et al. 2000). Although 
the constants C44 and C12 can be well constrained by measuring 
the vS velocities along the principal crystallographic directions 
(<100>, <110>, and/or <111>) using BLS measurements, these 
constants from Brillouin measurements have been combined with 
equation of state (EoS) results from X-ray diffraction to evaluate 
the full elastic tensor of the crystal, especially for the longitudinal 
modulus (Marquardt et al. 2009a). The use of the bulk modulus (K) 
derived from the EoS measurements, however, greatly increases 
the uncertainties of the derived elastic constants, therefore reduc-
ing their reliability.

Based on our derivations of the equations above, we note that 
the vS of a given crystal along certain directions also carry the 
necessary information to retrieve the longitudinal modulus. When 
vS velocities of the crystal are the only available data set in high-
pressure BLS measurements, the Equation 13 can be re-written as

  3 v S 2
2 = C11+2C44( ) n1

2+ n2
2+ n3

2( )+2G1/2cos 1
3

arccos(H / G
3
2 )+ 4

3
 (14)

where vS1 and vS2 are two shear-wave velocities with polariza-
tions orthogonal to each other, and vS1 is defined as having a 
velocity smaller than vS2. To provide the necessary constraints on 
the longitudinal moduli C11 and off-diagonal moduli C12 by only 
using vS, one must find a crystal plane with the least tradeoffs 
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between any two Cij. We describe the procedure for determining 
a suitable crystal plane and deriving reliable elastic constants in 
the following steps:

Step 1. With known Cij, density, and the Eulerian angles (θ, 
j, χ), which relate the laboratory coordinate system to the crystal 
coordinate system (Shimizu 1995), one can predict a set of veloci-
ties along various crystallographic orientations of a mineral by 
following the Equation 13.

Step 2. Considering that there are always experimental errors 
involved in velocity measurements in BLS experiments, an error 
of 2% for the velocity data sets along various crystal orientations 
can be expected for the initial evaluations. Using this data set of 
velocities along various crystal orientations, one can obtain Cij 
using the vS velocities alone and then compare the derived elastic 
constants with literature results derived from using both vP and 
vS velocities.

Step 3. If one cannot obtain Cij using the vS velocities alone, 
one can rotate the plane by 5°, and then repeat Step 1 and Step 
2 until a suitable crystal plane with minimal tradeoff coefficients 
for the derived elastic constants is found.

We note that the ideal planes with the least tradeoff in the Cij of 
periclase and spinel, which both are cubic in structure and belong 
to the same crystal class m3m, are different, due to their different 
elastic anisotropies. It is worth noting that the main purpose of the 
proposed method is to derive full elastic tensor by using only vS 
velocities of a single crystal because of the constant lack of experi-
mental vP velocities at above 25 GPa in the BLS measurements. 
In this case, full elastic Cij, density, and the Eulerian angles of the 
given crystal at ambient conditions need to be known in advance 
to find the ideal crystal plane for further high-pressure studies. 
Based on the elasticity theory (Every 1980), our study can also be 
expanded in the future such that the use of partial sets of velocity 
results (vP, vS, or vP and vS) from random lattice planes can also help 
researchers to evaluate full elastic tensor; however, these require 
further experimental tests and theoretical elaboration in the future, 
and are not within the scope of this article at this point in time.

For crystals in symmetries lower than the cubic system, such as 
zoisite in the orthorhombic system and stishovite in the tetragonal 
system, we found that the general method of deriving the full 
elastic tensor from vS velocities is to use crystal planes that are 
orthogonal to each other but are at least 20° off the principal planes. 
We should note that the vS in these systems can be described by 
an equation similar to the Equation 14, but the complexity of the 
equation would require the knowledge of the full elastic tensor 
of the crystal to derive such a plane. For example, the Cij of the 
orthorhombic zoisite (Mao et al. 2007) exhibit the least tradeoffs 
in (–0.24,–0.60,0.76), (0.10,0.78,0.62), and (–0.95,0.10,–0.28) 
planes. In this case, any three crystal planes, which are orthogonal 
to each other and are at an angle at least 20° away from the principal 
planes (Every 1980; Mao et al. 2007), can be used to constrain all 
Cij using vS data set alone.

saMpLes anD experiMentaL proceDures
Single-crystal platelets of periclase (MgO) in (100), (110), and (111) crys-

tallographic orientations and spinel (MgAl2O4) in (100) and (110) orientations 
were purchased from MTI Corporation. Based on the aforementioned numerical 
analyses of the least tradeoffs between Cij, we have pre-oriented a periclase platelet 
in (–1,0.5,0.2) crystallographic orientation for testing the optimal derivations of 
the Cij. The orientations of the crystals were determined using the single-crystal 

X-ray diffractometer at the Texas Materials Institute of The University of Texas 
at Austin (UT-Austin). All sample platelets were doubled-side polished with two 
parallel surfaces using 3M diamond lapping films with a final finishing particle size 
of 0.5 μm. A short symmetric DAC with a large optical opening was conveniently 
used to hold the sample platelet with dimensions typically of 200–300 μm and 
thickness of 50–70 μm. No pressure was applied to the crystals in the DAC for 
experiments at ambient conditions.

The BLS measurements were conducted at the Mineral Physics Laboratory 
of UT-Austin (Lu et al. 2013; Yang et al. 2014). The Brillouin signals were ex-
cited by a Coherent Verdi V2 laser with a 532 nm wavelength and collected by a 
photomultiplier tube (PMT) at a low dark count rate (<2 counts/s) through a JRS 
six-pass tandem Fabry-Pérot Interferometer. The laser beam was focused down 
to approximately 20 μm in diameter at the sample position. The scattering angle 
of 49.6(±0.02)° for the system was calibrated using previously reported elastic 
constants of silicate glass (Polian et al. 2002), distilled water (Ostwald et al. 1977), 
and single-crystal MgO (Sinogeikin and Bass 2000).

The scattered laser light in the BLS measurements consists of an elastically scat-
tered component with frequency, ω, as well as inelastically scattered components 
that have undergone a frequency shift, Δω, due to the interaction of the incident laser 
with thermally generated phonons in the sample crystal. In a symmetric scattering 
geometry, the acoustic velocity, v is calculated from the relation:

v = Δωλ/2 sin(θ/2) (15)

where λ is the incident wavelength and θ is the scattering angle. Our BLS spectra 
were collected from a given direction of a crystal plane and were repeated by 
rotating the crystal platelet 5° about the axis perpendicular to the plane at every 
step in a total of 37 directions. For each spectrum, the average collection time was 
approximately 30 min. The measured Brillouin spectra are of excellent quality with 
a high signal-to-noise ratio (Fig. 1). All the measured spectra display symmetric 
spectral pairs corresponding to the vP and vS modes of the sample (Fig. 1). Two vS 
modes and one vP mode were observed in most of the directions, although some 
Brillouin spectra only showed vP and one vS mode (Figs. 1–5). Further information 
about the BLS technique and data analyses can be found elsewhere in previous 
literatures (e.g., Mao et al. 2012; Lu et al. 2013; Yang et al. 2014).

DeterMination oF FuLL eLastic tensor

Cubic periclase and spinel crystals
Brillouin measurements were obtained from six platelets 

[periclase in (–1,0.5,0.2), (100), (110), and (111) crystallographic 
orientations and spinel in (100) and (110) crystallographic 
orientations] over an azimuthal range of 180° with an angular 
increment of 5° per step (Figs. 1–4) (see Tables 1–2 and Supple-
mentary Tables 1–41). The measured acoustic velocities show a 
systematic dependence as a function of the orientation indicat-
ing that the velocities of periclase and spinel are directionally 
anisotropic (Figs. 2–4). The measured vP and vS velocities were 
modeled to derive the elastic constants using the Christoffel’s 
equations (Eq. 1) via the best fits to both vP and vS velocities 
(Fig. 1; Fig. 4a and 4b) as well as vS velocities alone (Fig. 2; 
Figs. 4c and 4d; Fig. 5).

In periclase and spinel, both cubic, Cij exhibit the least trad-
eoff coefficients in the (–1,0.5,0.2) plane for periclase and are 
very close to the (110) plane for spinel (Table 3). The tradeoff 
coefficients corresponding to a particular i and k represent the 
change in an elastic constant Ci for a unit change in another elastic 
constant Ck. Such tradeoff coefficients are formally captured by 
the variance-covariance matrix for the Cij and depend on the 
observations of vS speed as functions of propagation directions. 
The approach we identified here is to find optical crystallographic 
planes of a given crystal with the least tradeoff in the Cij at ambi-

1 Deposit item AM-15-115311, Supplemental Tables. Deposit items are free to all 
readers and found on the MSA web site, via the specific issue’s Table of Contents 
(go to http://www.minsocam.org/MSA/AmMin/TOC/).
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ent conditions. In this method, the Cij at ambient conditions need 
to be known in advance to find the ideal crystal plane, and then 
the full elastic moduli of the ideal crystal plane can be derived 
by using the measured vS velocities alone at high pressure. The 
derivation of the full elastic tensor can be extended beyond this 
method by conducting iterations in the derived elastic constants 
using vS or vP data sets alone via minimization of the misfits. The 
derived values of tradeoff coefficients are very small and thus 
indicate that all of the elastic constants are well resolved within 
the context of the linear relation. The above inversion scheme 
indicates that the interdependence of the elastic constants of 
periclase in the (–1,0.5,0.2) plane and spinel in the (110) plane 
are applicable and thus suggest that the vS data set can be used 
to uniquely and reliably constrain all of the elastic constants.

We have used a nonlinear inversion procedure to solve the 
Christoffel’s equations for the three independent single-crystal 
elastic constants (Cij) of the cubic periclase and spinel; this non-
linear inversion procedure uses the Gauss-Newton algorithm 
with Levenberg-Marquardt modifications for global conver-
gence of the solutions, and has been widely adopted for finding 
solutions to the Christoffel’s equations (Weidner and Carleton 
1977; Sanchez-Valle et al. 2005). The elastic constants of the 
periclase and spinel obtained in this work are listed in Tables 
4–5, together with previous results for comparison. Within 
experimental uncertainties, our results derived from using both 
vP and vS profiles for periclase in (–1,0.5,0.2), (100), (110), and 
(111) orientations and for spinel in (110) and (100) orientations 

are in excellent agreement with those obtained from previous 
measurements (Tables 4 and 5) (Jackson and Niesler 1982; 
Yoneda 1990; Askarpour et al. 1993; Sinogeikin and Bass 2000; 
Zha et al. 2000; Suzuki et al. 2000). Furthermore, the derived 
elastic constants of periclase using the vS data set alone for each 
(100), (110), or (111) crystallographic orientation deviate from 
the results derived from using both vP and vS data sets as well as 
literature Brillouin results (Jackson and Niesler 1982; Yoneda 
1990; Sinogeikin and Bass 2000; Zha et al. 2000) (Figs. 6–7 and 
Table 4), especially for C11 and C12. For example, the difference 
can reach to approximately 70% for C12 and 25% for C11 between 
(–1,0.5,0.2) and (111) orientations (Fig. 7a). In contrast, the C11, 
C12, and C44 constants for periclase derived from using the vS 
profiles alone in the (–1,0.5,0.2) orientation are 296.7 (±1.3), 99.6 
(±1.5), 155.0 (±0.2) GPa, respectively, and are consistent with 
the literature values (Jackson and Niesler 1982; Yoneda 1990; 
Sinogeikin and Bass 2000; Zha et al. 2000) (Fig. 6a; Table 4). 
In addition, the estimated uncertainties of the derived value for 
the longitudinal moduli C11, shear moduli C44, and off-diagonal 
moduli C12 in the pre-selected (–1,0.5,0.2) crystallographic 
orientation is better than 1.6% (1σ level), while the estimated 
uncertainties are approximately 42% in the (100), (110), and 
(111) crystallographic orientation. Likewise, the C11, C12, and 
C44 of the cubic spinel derived from using the vS profiles alone 
in the (100) crystallographic orientation are noticeably different 
from the values derived from using both vP and vS data sets and 
from previous literature values (Table 5) with the maximum 

Figure 1. Representative Brillouin spectra of the single-crystal periclase and spinel at ambient conditions. The orientation of each crystal 
platelet is labeled on the corresponding spectrum. Open circles = experimental data; solid lines = fitted vP and vS peaks. (Color online.)
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difference reaching approximately 30% for C12 and 15% for 
C11 between (110) and (100) orientations (Fig. 7b). The derived 
elastic constants of the cubic spinel are: C11 = 291.3 (±1.2), C12 
= 152.6 (±1.2), and C44 = 155.7 (±0.4) GPa in the pre-selected 
(110) orientation determined from using the vS data set alone, 
which are consistent with the literature values (Yoneda 1990; 
Askarpour et al. 1993; Suzuki et al. 2000) (Fig. 6b; Table 5). 
We should note that the estimated uncertainties of the derived 
value for these constants is better than 0.8% (1σ level) in the 
(110) platelet, while the estimated uncertainties is better than 
5% in the (100) platelet.

Based on the aforementioned experimental analyses, the 

derived elastic constants from the pre-selected (–1,0.5,0.2) ori-
entation for periclase and (110) orientation for spinel validate the 
theoretical derivations for obtaining the full single-crystal elastic 
constants using the vS data set alone. Since our proposed method-
ology for deriving full elastic tensor is based on modeling vS as a 
function of the azimuthal angle for a given crystal platelet, we have 
also tested the sensitivity of the method on the measuring intervals 
of the vS values. Comparisons between the values derived from 5° 
and 10° measuring intervals show that the elastic constants derived 
from the 10° interval measurements slightly deviate from the 5° 
interval counterparts and previous literature results by 8% and 7%, 
respectively (Fig. 8; Table 6). The deviation is most significant 
for C11 at 8% and C12 at 7% (Fig. 8; Table 6). We thus conclude 
that having at least a 5° measuring interval for the vS data set is 
needed to reliably derive the elastic constants of the cubic crystal.

Figure 2. Acoustic vP and vS velocities of the single-crystal periclase 
as a function of the azimuthal angle in four representative crystallographic 
planes. (a) (–1,0.5,0.2); (b) (100); (c) (110); (d) (111). Open circles = 
experimental data; solid lines = modeled fits for deriving Cij from using 
both vP and vS. (Color online.)

Figure 3. Acoustic vS velocities of the single-crystal periclase as a 
function of the azimuthal angle in four representative crystallographic 
planes. The velocities are the same as shown in Figure 2, but the full elastic 
tensor were derived from the modeled fits (solid lines) using experimentally 
measured vS velocities alone (open circles). (Color online.)

Figure 4. Acoustic vP and vS velocities of the single-crystal spinel as 
a function of the azimuthal angle in two representative crystallographic 
planes. (a and b) Measured and modeled velocities for deriving Cij using 
both vP and vS. (c and d) Measured and modeled velocities for deriving 
Cij using vS velocities alone. Open circles = experimental data; solid lines 
= modeled fits. (Color online.)

Figure 5. Acoustic vS velocities of the single-crystal zoisite as a 
function of the azimuthal angle in three representative crystallographic 
planes. Open circles = experimental data (Mao et al. 2007); solid lines 
= modeled fits for deriving Cij using vS velocities alone. (Color online.)
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Orthorhombic zoisite and tetragonal stishovite
The application of the method can be extended beyond simple 

cubic crystals as shown above. Here we have used previously 
reported Brillouin results for orthorhombic zoisite (space group: 
Pnma) and tetragonal stishovite (space group: P42/mnm) as two 
representative examples to extend the applications of our meth-
odology. The elastic tensor of orthorhombic crystals has nine 
independent coefficients that can be used to completely describe 
its elastic properties (Zha et al. 1996; Sanchez-Valle et al. 2005; 
Jackson et al. 2007; Mao et al. 2007, 2010). To determine all 
elastic constants of an orthorhombic crystal such as zoisite, three 
mutually perpendicular platelets are desirable for sound velocity 
measurements (Sanchez-Valle et al. 2005; Jackson et al. 2007; 
Mao et al. 2007). Using the vS data set alone, the velocity data for 
all planes in BLS measurements were simultaneously fitted to 
Christoffel’s equation (Every 1980). The procedure to retrieve the 
elastic constants has been discussed elsewhere in details (Mao et 
al. 2007). Analyses of the measured and calculated best-fit veloci-
ties of zoisite at ambient conditions indicate excellent agreements 
among the velocities (Fig. 5).

Three platelets orthogonal to each other but otherwise ran-
domly oriented were used to obtain the full elastic tensor of ortho-
rhombic zoisite, and we also found that the Cij of zoisite exhibit 

very small tradeoffs in (–0.24,–0.60,0.76), (0.10,0.78,0.62), and 
(–0.95,0.10,–0.28) planes. Comparisons between the elastic con-
stants of zoisite using both the vP and vS data sets and the vS data set 
alone in the pre-selected crystallographic planes show that most of 
the elastic constants for zoisite in the pre-selected crystallographic 
planes are reasonably consistent within experimental uncertainties, 
except for the off-diagonal modulus C23 (Table 7). The estimated 
uncertainties of the derived values is better than 2.6% (1σ level) 
for all other elastic constants, but the estimated uncertainties for 
the C23 is approximately 11.4%. The relatively large difference 
of 17% for C23 is mainly due to the much smaller value of the C23 
compared to other elastic constants; the derived value of the C23 is 
27.5 GPa, which is among the smallest of all elastic constants of 
zoisite, and 11.4% estimated uncertainties translates into a value of 
22.8 GPa for its elastic constant. We should note that this difference 
in the C23 constant is still acceptable when compared with other 
elastic constants of zoisite. In fact, the value of C23 determined 
using the vS data set alone is completely comparable to the value 
determined by using both vP and vS data sets within experimental 
uncertainties, justifying the use of the vS data set alone to retrieve 
full elastic tensor of zoisite.

One can also extend the application of this new approach to 
other crystal systems. For example, stishovite crystallizes in the 

Table 1. Measured acoustic νP and νS velocities of the single-crystal 
periclase (MgO) as a function of the crystallographic orienta-
tion within the (–1,0.5,0.2) plane at ambient conditions

Azimuthal νP (km/s) νS1 (km/s) νS2 (km/s)
angle (degree)   
0 9.276 (±0.004) 6.538 (±0.010) 
5 9.302 (±0.005) 6.472 (±0.007) 
10 9.393 (±0.006) 6.327 (±0.008) 
15 9.489 (±0.008) 6.165 (±0.005) 
20 9.600 (±0.009) 5.926 (±0.005) 6.542 (±0.008)
25 9.735 (±0.007) 5.714 (±0.004) 6.532 (±0.006)
30 9.806 (±0.007) 5.541 (±0.003) 6.471 (±0.008)
35 9.880 (±0.009) 5.422 (±0.004) 6.426 (±0.011)
40 9.931 (±0.008) 5.338 (±0.006) 6.402 (±0.009)
45 9.966 (±0.014) 5.326 (±0.006) 6.343 (±0.007)
50 9.956 (±0.012) 5.378 (±0.011) 6.301 (±0.005)
55 9.929 (±0.011) 5.476 (±0.006) 6.267 (±0.005)
60 9.855 (±0.008) 5.562 (±0.007) 6.241 (±0.006)
65 9.759 (±0.005) 5.681 (±0.007) 6.277 (±0.004)
70 9.694 (±0.005) 5.749 (±0.009) 6.320 (±0.007)
75 9.614 (±0.005) 5.763 (±0.012) 6.371 (±0.009)
80 9.549 (±0.005) 5.753 (±0.013) 6.453 (±0.011)
85 9.537 (±0.008) 5.727 (±0.006) 6.535 (±0.011)
90 9.524 (±0.006) 5.706 (±0.012) 6.540 (±0.008)
95 9.588 (±0.005) 5.696 (±0.006) 6.506 (±0.008)
100 9.676 (±0.006) 5.686 (±0.005) 6.412 (±0.006)
105 9.760 (±0.007) 5.674 (±0.010) 6.314 (±0.007)
110 9.869 (±0.005) 5.636 (±0.007) 6.212 (±0.007)
115 9.952 (±0.006) 5.603 (±0.006) 6.104 (±0.006)
120 10.007 (±0.013) 5.555 (±0.005) 6.064 (±0.006)
125 10.044 (±0.010) 5.517 (±0.004) 6.095 (±0.007)
130 10.065 (±0.012) 5.481 (±0.003) 6.124 (±0.006)
135 10.055 (±0.008) 5.484 (±0.003) 6.169 (±0.010)
140 10.004 (±0.008) 5.558 (±0.005) 6.214 (±0.006)
145 9.930 (±0.006) 5.668 (±0.004) 6.284 (±0.007)
150 9.838 (±0.006) 5.804 (±0.005) 6.315 (±0.008)
155 9.713 (±0.005) 5.955 (±0.005) 6.376 (±0.006)
160 9.576 (±0.006) 6.121 (±0.009) 
165 9.462 (±0.006) 6.326 (±0.009) 
170 9.368 (±0.006) 6.455 (±0.010) 
175 9.299 (±0.006) 6.523 (±0.010) 
180 9.291 (±0.007) 6.554 (±0.010) 
Notes: The azimuthal angle is expressed as the rotated angle with respect to 
an arbitrary reference direction within the plane. Numbers in parentheses are 
standard deviations (±1σ).

Table 2. Measured acoustic νP and νS velocities of the single-crystal 
spinel (MgAl2O4) as a function of the crystallographic orienta-
tion within the (110) plane at ambient conditions 

Azimuthal νP (km/s) νS (km/s)
angle (degree)
0 10.681 (±0.004) 5.637 (±0.003)
5 10.605 (±0.006) 5.896 (±0.003)
10 10.522 (±0.004) 6.137 (±0.002)
15 10.464 (±0.002) 6.353 (±0.003)
20 10.393 (±0.003) 6.513 (±0.002)
25 10.329 (±0.003) 6.606 (±0.002)
30 10.348 (±0.004) 6.609 (±0.002)
35 10.390 (±0.002) 6.524 (±0.002)
40 10.437 (±0.006) 6.375 (±0.002)
45 10.523 (±0.003) 6.169 (±0.003)
50 10.599 (±0.002) 5.918 (±0.002)
55 10.659 (±0.002) 5.666 (±0.003)
60 10.688 (±0.004) 5.440 (±0.004)
65 10.686 (±0.005) 5.274 (±0.005)
70 10.656 (±0.002) 5.096 (±0.003)
75 10.628 (±0.008) 5.067 (±0.005)
80 10.481 (±0.008) 5.077 (±0.004)
85 10.373 (±0.009) 5.182 (±0.004)
90 10.165 (±0.005) 5.390 (±0.008)
95 9.933 (±0.008) 5.643 (±0.006)
100 9.703 (±0.008) 5.902 (±0.007)
105 9.455 (±0.011) 6.168 (±0.007)
110 9.178 (±0.009) 6.388 (±0.006)
115 9.062 (±0.007) 6.512 (±0.005)
120 9.093 (±0.008) 6.557 (±0.005)
125 9.149 (±0.006) 6.459 (±0.007)
130 9.325 (±0.004) 6.208 (±0.004)
135 9.533 (±0.006) 5.921 (±0.006)
140 9.739 (±0.005) 5.650 (±0.006)
145 9.987 (±0.007) 5.399 (±0.005)
150 10.175 (±0.005) 5.168 (±0.006)
155 10.328 (±0.006) 5.035 (±0.005)
160 10.440 (±0.006) 4.991 (±0.005)
165 10.519 (±0.009) 5.011 (±0.006)
170 10.575 (±0.008) 5.138 (±0.006)
175 10.586 (±0.014) 5.323 (±0.005)
180 10.561 (±0.009) 5.549 (±0.005)
Notes: The azimuthal angle is expressed as the rotated angle with respect to 
an arbitrary reference direction within the plane. Numbers in parentheses are 
standard deviations (±1σ).



FAN ET AL.: DETERMINATION OF THE FULL ELASTIC TENSOR 2597

tetragonal system (space group: P42/mnm) with six independent 
non-zero elastic constants: C11, C12, C13, C33, C44, and C66 (Weidner 
et al. 1982; Jiang et al. 2009). The elastic constants of stishovite 
were measured previously at ambient conditions using Brillouin 
spectroscopy (Weidner et al. 1982; Brazhkin et al. 2005). Recently, 
Jiang et al. (2009) also conducted acoustic velocities measurements 
on three crystal platelets of single-crystal stishovite in a forward 
symmetric scattering geometry using Brillouin spectroscopy; these 
experimental results permitted them to retrieve full elastic tensor 
of the sample at ambient conditions (Table 8). Here we have used 
the reported vS data set for the crystal planes of stishovite by Jiang 
et al. (2009) to derive full elastic tensor using the Christoffel’s 
equation (Every 1980) (Table 8). Comparisons between the elastic 
constants of stishovite using both vP and vS data sets and the vS 
data set alone show that all of the elastic constants for stishovite 

are reasonably consistent within experimental uncertainties (Table 
8). The estimated uncertainties of the derived values are better 
than 1.9% (1σ level) for all of the elastic constants. The relatively 
large difference of 4.0% for C12 and 8.3% for C13 mainly comes 
from the much smaller value of each constant, respectively, as 
compared to other elastic constants (the value of C13 is among the 
smallest constants for all elastic constants of stishovite). It should 
be noted that the difference in the C12 and C13 constant is still ac-
ceptable when compared with other elastic constants of stishovite 

Table 5. Single-crystal elastic constants of spinel (MgAl2O4) at ambient 
conditions 

Orientation and Data used C11 (GPa) C12 (GPa) C44 (GPa)
References
(110) This study νP and νS  288.0 (±0.5) 154.2 (±0.5) 156.2 (±0.3)
 νS  291.3 (±1.2) 152.6 (±1.2) 155.7 (±0.4)
(100) This study νP and νS  284.4 (±0.3) 155.0 (±0.4) 154.7 (±0.2)
 νS  321 (±9) 193 (±9) 153.9 (±0.3)
(110) Yoneda (1990) νP and νS  282.9a 155.4a 154.8a

(100) Askarpour νP and νS  286.3 (±5.3) 157.2 (±3.4) 153.5 (±2.7)
   et al. (1993)
Suzuki et al. (2000)b νP and νS  281.3 (±0.1) 155.4 (±0.1) 154.6 (±0.1)
Notes: Numbers in parentheses are standard deνiations (±1σ). Literature results 
are also listed for comparison.
a Uncertainties of the elastic constants were not giνen in the literature.
b The orientation of the sample in Suzuki et al. (2000) is not specified because the 
elastic tensor was determined by resonant ultrasound spectroscopy performed 
on a spherical sample.

Table 4. Single-crystal elastic constants of periclase (MgO) at ambient 
conditions

Orientation and Data used C11 (GPa) C12 (GPa) C44 (GPa)
References
(–1,0.5,0.2) This study νP and νS  296.0 (±0.4) 96.8 (±0.4) 154.6 (±0.2)
 νS  296.7 (±1.3) 99.6 (±1.5) 155.0 (±0.2)
(100) This study νP and νS  297.5 (±0.3) 95.2 (±0.3) 155.6 (±0.2)
 νS  271 (±16) 69 (±16) 157.2 (±0.6)
(110) This study νP and νS  298.6 (±0.5) 96.8 (±0.4) 156.5 (±0.2)
 νS  246 (±7) 42 (±8) 157.3 (±0.2)
(111) This study νP and νS  296.6 (±0.4) 94.7 (±0.4) 154.8 (±0.2)
 νS  229 (±13) 31 (±13) 153.3 (±0.2)
(100) Jackson νP and νS  296.8 (±1.5) 95.3 (±0.2) 155.8 (±0.2)
   and Niesler (1982)
(100) Yoneda (1990) νP and νS  297.8 (±1.5) 95.1 (±1.0) 155.8 (±1.5)
(100) Sinogeikin νP and νS  297.9 (±1.5) 95.8 (±1.0) 154.4 (±2.0)
   and Bass (2000)
(011) Zha et al. (2000) νP and νS  297.0 (±0.1) 95.2 (±0.7) 155.7 (±0.5)
Notes: Numbers in parentheses are standard deνiations (±1σ). Literature results 
are also listed for comparison.

Table 3. Trade-off coefficients for elastic constants of single-crystal 
periclase (MgO) within (–1,0.5,0.2) plane and spinel (MgAl2O4) 
within (110) plane

  k→  
i↓ 11 12 44

periclase
11 0.044147 0.001501 –0.000149
12 0.001501 0.013785 –0.002397
44 –0.000149 –0.002397 0.018163

spinel
11 0.014740 0.004580 –0.002577
12 0.004580 0.019508 –0.005696
44 –0.002577 –0.005696 0.088773

Figure 6. Derived elastic constants of the single-crystal periclase 
and spinel in the representative crystallographic planes at ambient 
conditions. These constants and their uncertainties were derived using 
the experimentally measured vS velocities alone. The (–1,0.5,0.2) plane 
for periclase and (110) plane for spinel show the smallest uncertainties 
(±1σ) and mismatches from the reference elastic constants taken from 
the literatures (dash line) for periclase (Sinogeikin and Bass 2000) and 
for spinel (Askarpour et al. 1993). (a) (–1,0.5,0.2) plane for periclase; 
(b) (110) plane for spinel. (Color online.)

Figure 7. Uncertainties in the derived Cij for single-crystal 
periclase and spinel using vS profiles as well as both vP and vS profiles 
in the representative crystallographic planes at ambient conditions. The 
(–1,0.5,0.2) plane for periclase and (110) plane for spinel show the 
smallest uncertainties (±1σ). (a) Periclase; (b) spinel. (Color online.)
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and that the value of C12 and C13 determined by vS profile alone 
is also entirely comparable to the value determined by both vP 
and vS profiles within experimental uncertainties. These analyses 
highlight the application of deriving full elastic tensor from using 
vS data sets alone for other tetragonal crystals.

Discussion

There have previously proposed methods to solve the prob-
lem in which the Brillouin scattering signal corresponding to 
compressional velocities of samples was masked at pressures 
above 25 GPa (Zha et al. 2000; Marquardt et al. 2009a, 2009b). 
Marquardt et al. (2009a, 2009b) reported that in the case of cubic 
structure materials, in situ X-ray diffraction data can be used to 
supplement the Brillouin scattering data at pressures above 25 
GPa where the BLS signals corresponding to vP was masked. Us-
ing the adiabatic bulk modulus, KS = (C11+2C12)/3, together with 
the vS results from Brillouin scattering, they had extracted the C11, 
C12, and C44 of a cubic ferropericlase up to 81 GPa (Marquardt 
et al. 2009a). However, the method used by Marquardt et al. 
(2009a, 2009b) is more suitable for cubic structure materials and 
is not as useful for crystals with lower symmetries. In addition, 
Zha et al. (1998, 2000) also introduced a method that utilized 
a spatial filter and cylindrical lenses to suppress the diamond 
signal (Zha et al. 1998, 2000) such that the vP signal at relatively 
higher pressures of approximately above 25 GPa can be detected. 
It still remains difficult to apply this method to materials with 
very fast vP as well as to other lower symmetry systems. Thus 
far, deriving reliable Cij at high pressures remains challenging. 
Our proposed approach overcomes these difficulties and has the 
advantage of being suitable for deriving reliable elastic constants 
for all crystal systems at high pressures.

To test the usefulness of our method at high pressures, we 
have conducted high-pressure BLS measurements on the pre-
selected (–1,0.5,0.2) platelet of cubic periclase as a function of 
the azimuthal angles at 5.8(4) and 11.3(5) GPa, respectively. The 
sample platelet was loaded into a DAC containing Ne gas as 
pressure-transmitting medium and ruby spheres as the pressure 
calibrant (Mao et al. 1986). At each pressure, Brillouin spectra 
were collected in 37 directions over an angular range of 180° 
with a 5° step. Since deriving full elastic tensor requires knowl-
edge of the sample’s density, we have used the equation of state 
of the MgO and have followed a nonlinear inversion procedure 
proposed previously in Speziale and Duffy (2002) to determine 
the density at each given pressure.

Individual Cij values for the cubic periclase are obtained from 
fitting the measured velocities using Christoffel’s equation (Table 
9). The derived elastic constants of the cubic periclase using the 
vS data set alone are: C11 = 352.8 (±3.6), C12 = 107.7 (±3.2), C44 
= 165.1 (±2.8) GPa at 5.8(4) GPa and C11 = 399.4 (±4.4), C12 = 
113.3 (±3.7), C44 = 171.1 (±3.8) GPa at 11.3(5) GPa, which are 
very consistent with the results from using both vP and vS pro-

Figure 8. Derived elastic constants of the single-crystal periclase 
and spinel using 5° and 10° measuring interval at ambient conditions. The 
measuring interval was determined from the rotation angle of the crystal 
platelet on the rotatory stage. The (–1,0.5,0.2) plane for periclase and 
(110) plane for spinel were used for the study, and the elastic constants 
and their uncertainties were derived using the vS velocities alone. The data 
set with a 5° measuring interval shows very small uncertainties (±1σ) and 
mismatches to the reference literature values (dash line) (Sinogeikin and 
Bass 2000; Askarpour et al. 1993). (a) (–1,0.5,0.2) plane for periclase; 
(b) (110) plane for spinel. (Color online.)

Table 6. Single-crystal elastic constants of periclase (MgO) and spi-
nel (MgAl2O4) deriνed using the νS νelocities alone data set 
haνing 5° and 10° measuring interνals at ambient conditions

Sample and Interνal Data used C11 (GPa) C12 (GPa) C44 (GPa)
Orientation
Periclase 5° νS 296.7 (±1.3) 99.6 (±1.5) 155.0 (±0.2)
   ( –1,0.5,0.2)
 10° νS 291.9 (±4.6) 92.0 (±5.7) 157.1 (±0.7)
Spinel (110) 5° νS 291.3 (±1.2) 152.6 (±1.2) 155.7 (±0.4)
 10° νS 284.7 (±5.2) 145.0 (±5.6) 155.0 (±0.4)
Note: Numbers in parentheses are standard deνiations (±1σ).

Table 7. Single-crystal elastic constants of zoisite [Ca2Al3Si3O12(OH)] 
at ambient conditions 

Modulus Data useda Data useda Difference
 νP and νS  νS  %
C11 (GPa) 279.8 (±0.6) 276.8 (±1.7) 1.1
C12 (GPa) 94.7 (±1.1) 90.1 (±2.3) 4.9
C13 (GPa) 88.7 (±1.0) 85.2 (±1.4) 3.9
C22 (GPa) 249.2 (±0.6) 243.4 (±0.8) 2.3
C23 (GPa) 27.5 (±0.7) 22.8 (±2.6) 17.2
C33 (GPa) 209.4 (±0.9) 205.5 (±3.2) 1.8
C44 (GPa) 51.8 (±0.3) 51.8 (±0.2) 0.1
C55 (GPa) 81.4 (±0.3) 81.6 (±0.4) 0.2
C66 (GPa) 66.3 (±0.3) 66.2 (±0.5) 0.1
Notes: The difference in percentage is calculated as the difference between 
the elastic constants of zoisite using νP and νS νelocities and νS νelocities alone 
using Mao et al. (2007) as the reference. Numbers in parentheses are standard 
deνiations (±1σ).
a Data were taken from Mao et al. (2007).

Table 8. Single-crystal elastic constants of stishoνite (SiO2) at ambient 
conditions 

Modulus Data useda Data useda Difference
 νP and νS  νS  %
C11 (GPa) 455 (±1) 447 (±4) 1.8
C12 (GPa) 199 (±2) 207 (±4) 4.0
C13 (GPa) 192 (±1) 208 (±3) 8.3
C33 (GPa) 762 (±1) 755 (±3) 0.9
C44 (GPa) 258 (±1) 260 (±4) 0.8
C66 (GPa) 321 (±1) 319 (±5) 0.6
Notes: The difference in percentage is calculated as the difference between the 
elastic constants of stishoνite using νP and νS νelocities and νS νelocities alone 
using Jiang et al. (2009) as the reference. Numbers in parentheses are standard 
deνiations (±1σ).
a Data were taken from Jiang et al. (2009).
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files [C11 = 348.0 (±2.8), C12 = 103.1 (±2.5), C44 = 162.6 (±2.4) 
GPa at 5.8(4) GPa and C11 = 394.8 (±3.8), C12 = 109.1 (±3.1), 
C44 = 168.5 (±2.4) GPa at 11.3(5) GPa] within experimental 
uncertainties (Fig. 9). The derived individual Cij values for the 
cubic periclase at 5.8(4) GPa and 11.3(5) GPa in this study are 
also very consistent with literature values at similar pressures 
of 5.5(1) and 11.00(2) GPa, respectively (Sinogeikin and Bass 
2000) (Fig. 9; Table 9). As shown in Figure 9 and Table 9, the 
derived elastic constants of the cubic periclase from the pre-
selected (–1,0.5,0.2) orientation using the vS data set alone are in 
agreement well with previous Brillouin scattering measurements 
within their uncertainties, supporting our proposed approach 
of using the pre-selected crystallographic orientation to derive 
full elastic tensor at high pressures. We should also note that 
our proposed method can also be combined with the partially 
available vP data set at high pressure to help constrain the elastic 
tensors. The derivation of the elastic constants from the vS data 
set alone using multiple platelets with different orientations for 
a given crystal can also help resolve the elastic constants with 
less uncertainty.

iMpLications 
Future applications of our proposed approach can have 

significant implications especially on understanding seismic 
structures, geochemistry, and mineralogy of the Earth’s lower 
mantle with pressures ranging from 23 to 136 GPa and tempera-
tures from approximately 1800 to 3500 K, at which conditions 
the traditional BLS approach has had some limitations (e.g., 
Zha et al. 2000; Marquardt et al. 2009a, 2009b; Speziale et al. 
2014). Recently, Brillouin scattering spectroscopy has been 
coupled with a laser-heated DAC to measure vS of the Earth’s 
lower mantle minerals up to lowermost-mantle pressures (Mu-
rakami et al. 2012). After comparison with seismic profiles of 
the lower mantle, these vS results have suggested a perovskitic 
lower-mantle composition, although vP profiles of the candidate 
minerals were not available for the comparison (Murakami et 
al. 2012). Thus far, the determination of the chemical composi-
tion of the Earth’s lower mantle remains challenging due to the 
limitation of the elasticity data mentioned above (e.g., Ringwood 
1975; Sun 1982; Anderson 1989; Ito and Takahashi 1989; Allègre 
et al. 1995; Fiquet et al. 2000; Murakami et al. 2004, 2012; Lin 
et al. 2013). Accurate knowledge of sound velocities and elastic 
properties in the Earth’s lower mantle minerals, namely ferro-
periclase and bridgmanite, under relevant high P-T conditions 
can thus provide essential constraints on the mineralogy and 
chemical compositions of the region (e.g., Oganov et al. 2001; 
Sinogeikin et al. 2004; Jackson et al. 2005, 2006; Crowhurst et 
al. 2008; Reichmann et al. 2008; Marquardt et al. 2009a, 2009b; 
Chen et al. 2012; Murakami et al. 2012).

Particularly, the elasticity of single-crystal ferropericlase 
(Mg0.9Fe0.1)O has been studied recently using Brillouin scattering 
and X-ray diffraction up to 81 GPa in the DAC (Marquardt et 
al. 2009a). It has been shown that the spin crossover of ferrous 
iron is accompanied by the vP and C11 softening, but the BLS 
measurements with only vS values available do not provide 
direct information in deciphering this softening phenomena 
because of the overlap of the Brillouin signal with the vS peaks 
of the diamond anvils in the DAC (Marquardt et al. 2009b). Our 

proposed approach can overcome the spectral limitation of the 
Brillouin scattering and can be applied to investigate the effects 
of the spin transition on the elasticity of lower-mantle ferro-
periclase at relevant P-T conditions (Wentzcovitch et al. 2009; 
Wu et al. 2013). Furthermore, our approach can also be used 
to investigate the elasticity of bridgmanite [Al-bearing silicate 
perovskite Al-(Mg,Fe)SiO3], the most abundant mineral phase in 
Earth’s lower mantle. It is somewhat surprising to note that the 
single-crystal elasticity of bridgmanite has only been determined 
at ambient conditions using BLS (Yeganeh-Haeri et al. 1989; 
Yeganeh-Haeri 1994; Jackson et al. 2004; Sinogeikin et al. 2004), 
while high-pressure single-crystal elasticity of bridgmanite has 
not yet been reported (Speziale et al. 2014). Thus far, the vP and 
vS of polycrystalline Fe-free bridgmanite has been reported at 
pressures up to 25 GPa (Jackson et al. 2005; Murakami et al. 
2007; Chantel et al. 2012), and its vS has been investigated over 
the entire P-T range of the lower mantle (Murakami et al. 2007). 
The lack of the single-crystal elastic constants for bridgmanite 
at relevant P-T conditions has limited our ability to accurately 
model the mineralogy and seismic anisotropy of the Earth’s lower 
mantle. In addition, the potential effect of the electronic spin 
transition of iron on the elastic properties of bridgmanite is still 
unknown (Lin et al. 2013). Application of our new approach in 
studying the elasticity of single-crystal bridgmanite at high P-T 
will quantify its elastic anisotropy. Our approach can also be used 

Table 9. Single-crystal elastic constants of periclase (MgO) at high 
pressures

Orientation and Pressure Data C11 C12 C44

References (GPa) used (GPa) (GPa) (GPa)
(–1,0.5,0.2)  5.8 (±0.4) νP and νS 348.0 (±2.8) 103.1 (±2.5) 162.6 (±2.4)
   This study  νS 352.8 (±3.6) 107.7 (±3.2) 165.1 (±2.8)
 11.3 (±0.5) νP and νS 394.8 (±3.8) 109.1 (±3.1) 168.5 (±2.4)
  νS 399.4 (±4.4) 113.3 (±3.7) 171.1 (±3.8)
(100) Sinogeikin 5.5 (±0.1) νP and νS 346.9 (±3.0) 102.0 (±2.0) 158.4 (±2.0)
   and Bass (2000) 11.00 (±0.02) νP and νS 390.4 (±3.0) 110.1 (±3.0) 165.2 (±3.0)
Notes: Literature results from Sinogeikin and Bass (2000) are also listed for com-
parison. Numbers in parentheses are standard deνiations (±1σ).

Figure 9. Derived elastic constants of the single-crystal periclase 
at high pressure. These constants and their uncertainties were derived 
from the representative crystallographic (–1,0.5,0.2) plane using the 
experimentally measured vS velocities alone. The black symbols with 
error bars are the present data points, the blue and red symbols with error 
bars are the reference elastic constants taken from Sinogeikin and Bass 
(2000) and Zha et al. (2000), respectively. Open squares = C11; open 
triangles = C44; open circles = C12. (Color online.)
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to calculate its aggregate vP and vS, and to assess the effect of 
the electronic spin transition of iron on the elastic properties of 
bridgmanite. Therefore, this approach can significantly enhance 
our understanding of the Earth’s lower mantle seismology and 
composition (Murakami et al. 2007; Speziale et al. 2014).
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