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ARTICLE INFO ABSTRACT

The Raman frequencies of quartz are used to evaluate deviatoric stresses in rocksalt-
structure media in diamond-anvil cell experiments to pressures up to 20GPa. The
piezospectroscopic effect in quartz is modeled by first-principles calculations. Non-
hydrostatic stresses measured in halogen salts give yield strength estimates of 3 GPa in the
B1 structure (NaCl), and 4.5 GPa for the B2 structure (KCl and KBr). Raman measurements
in MgO show that the yield strength is reached at around 6 + 1 GPa. Measurements on
quartz alone indicate similar yield strength. The estimated yield strength in MgO is thus likely
- a lower bound, in consistency with former radial X-ray diffraction measurements that gave a
High pressure . . s o
Yield strength y¥eld strength of 8 + 1 GPa, and lower-pressure large-vplume press experiments mdlcatlpg a
Halides yield strength of 6 GPa at 5 GPa. Former values of the yield strength below 2 GPa determined
Oxides by pressure gradient measurements were underestimated due to unverified assumptions in
boundary conditions. The yield strength increases with increasing coordination of ionic solids,
likely contributing to increase viscosity at phase transitions near the upper-lower mantle
boundary.
© 2018 Published by Elsevier Masson SAS on behalf of Académie des sciences. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
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1. Introduction

Understanding plastic deformation and mechanical
properties of oxides and metals under extreme pressures
is essential for modelling the dynamics of convection that
generate plate tectonics, volcanism, and magnetic fields on
Earth and telluric bodies in solar and extrasolar systems.
The formation and the mobility of point and linear defects
at the origin of plastic deformation in those solids at high
pressure are currently studied with state-of-the-art first-
principles and atomistic simulations (Cordier et al., 2012;
Kraych et al., 2016) that require validation or anchoring on
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experimental data (Merkel et al., 2002, 2003, 2007), in
comparison with mesoscale models (Amodeo et al., 2016;
Lin et al., 2017). Static pressures in the Earth reach more
than 300 GPa, and can only be reproduced experimentally
using diamond anvil cells (DAC) with very small samples.
Plastic deformation under high stresses also occur in
mechanical devices with parts moving at high speeds (e.g.,
boundary condition lubrication) or for materials submitted
to impacts. Thus far, most information on high-pressure
plastic deformation mechanisms and yield strengths of
oxides, silicates and metals have been obtained from X-ray
diffraction techniques on synchrotrons owing to the small
sample volumes in the diamond cell (Dorfman et al., 2015;
Gleason and Mao, 2013; Merkel et al., 2002, 2003; Miyagi
et al., 2006; Shieh et al., 2002; Singh et al., 2008). Some of
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these X-ray based determinations of strength are in
contradiction with estimates based on simple analysis of
stress field and pressure gradient in the DAC (Meade and
Jeanloz, 1988a, 1988Db).

We investigate here the application of Raman spectros-
copy for in-situ piezometry in the DAC on simple ionic
compounds. The Raman spectra of crystalline materials are
sensitive to applied stress and vibrational mode frequency
variations can be calibrated to estimate hydrostatic
pressure (Goncharov et al., 1985; Hanfland et al., 1985).
For determining yield strength of materials at high
pressure, it is necessary to measure both hydrostatic
pressure and deviatoric stress. Deviatoric stresses are
known to lift the degeneracy of Raman peaks belonging to
specific symmetry species in high-symmetry crystals
(Cerdeira et al., 1972; Grimsditch et al., 1978). This is
especially true in piezoeletric non-centrosymmetric crys-
tals such as quartz where splitting occurs both due to
symmetry breaking and to coupling of longitudinal modes
of vibrations with the electrical field imposed by the
deviatoric stress (Grimsditch et al., 1977; Tekippe et al.,
1973). We therefore chose quartz to test the method on a
series of simple ionic solids with either the B1 rock salt
structure (NaCl, MgO) or its high-pressure modification,
the B2 (a-CsCl) structure (KCl, KBr). For that purpose, we
combined experimental measurements and first-princi-
ples calculations of Raman spectra. We discuss the
reliability of stress analysis using different methods,
Raman piezospectroscopy, radial X-ray diffraction, and
measurements of pressure gradients.

2. Methods
2.1. DFT calculations of Raman spectra

We obtained the stress effect on the vibrational
frequencies of quartz from first-principles calculations with
the density functional theory (DFT) in the ABINIT imple-
mentation (Gonze et al., 2002, 2005), which is based on
plane waves and pseudopotentials. We employed regular
high-symmetry 6 x 6 x 6 grids of special k-points (Monk-
horst and Pack, 1976) and a 34 Ha (1 Ha=27.2116 eV) cutoff
for the kinetic energy of the plane waves. Previous
simulations (Caracas and Bobocioiu, 2011) showed that
these parameters ensure accuracy in energy on the order of
1 mHa per unit cell and a pressure error bar on the order of a
few hundred MPa. In the pseudo-potential approach, the
core electrons are replaced by pseudopotentials while the
outer electrons are treated explicitly. The considered
valence electrons are 2s?2p? and 2s%2p? respectively, for
Si and O (Fuchs and Scheffler, 1999).

First, we relax the quartz structure at in the 0-20 GPa
pressure range in 2.5 GPa steps, i.e. we allow the atoms to
move under the action of the interatomic forces until they
disappear, and the values of both a and c lattice parameters
to change to yield purely hydrostatic pressures of the
desired values. Then on each of these relaxed structures,
we apply both positive and negative uniaxial and shear
stresses of 1%, 2%, and 5%. In these simulations, we allow
only the atoms to relax, while keeping the strained cell

shape fixed. Eventually on the resulting strained structu-
res, we compute the frequencies, the atomic displacement
pattern, and the Raman tensors of the normal modes in the
center of the Brillouin Zone. For this task, we use the
density functional perturbation theory in the ABINIT
implementation (Baroni et al., 2001; Gonze, 1997; Gonze
and Lee, 1997; Gonze et al., 2005). As the computation of
the Raman tensors is limited to the Local Density
Approximation (LDA) for the exchange correlation term,
we chose to keep LDA for all the simulations.

2.2. High-pressure Raman experiments

Raman spectra were collected with LabRam HR confocal
systems described elsewhere (Auzende et al., 2004; Zhang
etal.,, 2013). Of specific relevance to this study, the spot size
was less than 2 microns and optical depths less than
10 microns, which allowed us to check for vertical gradients
in the less compressed samples, but not at the highest
pressures, for which thickness is around 20 microns.

All samples were reagent-grade commercial powders.
Quartz powder with small grain size (0.5-2 wm) was
prepared by annealing a reagent-grade powder at 870 °C
for 24 h in the B-quartz stability field, then at 550 °C for
72 h to ensure full conversion to the piezoeletric a-quartz
structure. Full conversion and absence of measurable
stress on the crystals was checked by Raman spectroscopy.
Anatase (TiO,) is a minor impurity in the powder with a
strong Raman band at 144 cm! in the region of interest,
but a negligible proportion (< 2%) of Raman spectra display
contamination by anatase.

High-pressure experiments were carried out in Mao-
Bell- and Almax-Boehler-type DAC equipped with 500-
600-pwm culet low-fluorescence diamonds. The samples
consisted of fine-grained powders of salts (0.5-10 p.m) or
MgO (0.5-2 pm) mixed with about 10% of quartz. Mixtures
were dried overnight at 120 °C before loading the cells.
With this mixing ratio, salts and MgO served as pressure
medium to quartz, and were loaded either as loose powder
that was compressed directly by the diamonds or as pellets
of precompressed material. The samples were loaded in a
stainless-steel gasket in which a 250-pum hole was drilled.
Experiments with smaller (150 wm) and larger gasket
holes were performed on NaCl. Experiments with pre-
pressed pellets (1 to 4 GPa precompression) were per-
formed on MgO. Deviatoric stresses obtained from the runs
with different gasket hole diameters differ at low pressure
(< 5-7 GPa) and converge at higher pressure. An additional
experiment was performed up to 20 GPa to calibrate the
pressure dependence of the quartz Raman spectrum in a
methanol-ethanol-water 16:4:1 mixture (MEW) that
remains liquid up to 11 GPa.

Because of the cylindrical symmetry of the experiment,
the stress on the sample is described as:

op 0 O o, 0 O
o=|0 o, 0|=|0 o0, O
0 0 o3 0 0 oy
—t/3 0 0
=| 0 —t/3 0 (1)
0 0 -2t/3
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where op is the normal mean stress or hydrostatic
pressure, and t=o03-0; the uniaxial stress component
or differential stress is a measure of, and referred to in the
following as the deviatoric stress.

To map the pressure and deviatoric stress fields, the
sample was mapped at intervals ranging from 10 to 20 j.m,
yielding a few tens to a few hundred usable data points,
depending on pressure. Note that the pressure medium
becomes more transparent at higher pressures, thus
increasing spectral quality. Also, note that, because of
the small grain size, the transparency of the pressure
medium, the spot size of about 2 pwm, and the depth of field
of a few microns, it is possible that a few grains of quartz
contribute to the Raman signal on each measurement spot.

3. Results
3.1. Raman piezospectroscopy of quartz at high pressure

Non-hydrostatic stresses affect Raman mode frequen-
cies by causing distortions and decreasing the symmetry of
the unit cell depending on both the magnitude and the
orientation of stresses with respect to the crystallographic
axes. In piezoelectric crystals such as quartz, Raman modes
belonging to E symmetry species have transverse optic
(TO) and longitudinal optic (LO) component whose
splitting is affected by non-hydrostatic stresses both
because of symmetry reduction and because of the electric
field caused by the permanent elastic deformation
(Tekippe et al., 1973). Among the E modes of quartz, the
lowest frequency one (128 cm™! at ambient conditions)
has negligible splitting when the crystal is unstressed and
is split under the application of a stress or electric field.
Splitting of the 128 cm~! mode components occurs due to
deviatoric stresses (o) applied normal to the c-axis and
shear stresses along it according to:

, , , 1/2
Avp =2 {(c’(oxx—ayy) +d oxz)z + (2c'oyy +d ozx)z]

(2)

where Avg is the TO-LO splitting, x the direction along the
a-axis, z the direction along the c-axis, y the orthogonal
direction. ¢’ and d’ are constants with the notation used in
an earlier work (Briggs and Ramdas, 1977; Tekippe et al.,
1973).

The values of ¢’ and d’ were experimentally determined
at uniaxial stresses up to 0.8 GPa, 77 K, and 295 K (Briggs
and Ramdas, 1977; Tekippe et al., 1973). For applications at
higher pressures, the vibrational frequencies of the
strained crystals were calculated using DFT up to
20 GPa. The value of ¢’ is obtained by straining the unit
cell along a in the basal plane and d’ by applying a shear
strain &,,. At ambient pressure, the values of ¢’ and d’
obtained from DFT of 2.5 and-0.6 cm~'/GPa are in good
agreement with the experimental values of 2.2 and-
0.6 cm~!/GPa, respectively, when only linear variations of
1-2% in strain or about 1-2 GPa in stress are considered. At
high pressure, ¢’ varies in a complex manner and d’ is
constant within error bars (Fig. 1). Since values of d’ are
low, the overall contribution of this term to the actual
value of the splitting can be neglected, and calculations of

d’ where not extended to the full pressure/strain range. On
the opposite, ¢’ varies with pressure, and additional
calculations with 5% of strain along a show that it varies
with stress. Thus uniaxial &y, strains along a of 1, 2 and 5%
yield TO-LO splitting and stresses in the range 1-1.5, 2-3,
and 5-8 GPa, respectively, which were fitted with the
expression:

Avg = 2(c/(axx—ayy) +c” (axx—ayy)2> (3)

at each pressure. The variations of ¢’ and ¢” with pressure
were fitted with polynomial expressions (Fig. 1):

¢ =2.44(26)-0.17(3)P-3.2(8)-107*P? (4)

¢’ = —0.06(3)—0.017(5)P—3.5(8)10°P* (5)

where the numbers in parentheses are the standard
deviation on the last digit of the parameter. These simple
interpolations were used to convert the measured TO-LO
splitting of the 128 cm~! mode into stress undergone by
quartz crystals on the Raman analytical spot. More
complex extrapolation schemes are not necessary, because
quartz undergoes phase changes and amorphization above
20 GPa (Kingma et al., 1993a, 1993b).

The uncertainty on individual deviatoric stress measu-
rements is estimated as 20%, mostly due to peak
broadening at high stresses. Measurements on several
hundreds of spots at high pressure show a standard
deviation of less than 10%, a proxy to the global uncertainty
(Fig. 2). Uncertainties in pressure increase with pressure
and deviatoric stress because of peak broadening, and are
estimated as 10%. Peak broadening is attributed to stress
gradients in the individual quartz crystals that cannot be
further accounted for, and are not dealt with in the present
piezospectroscopic analysis.

Pressure was estimated from the position of the strong
A; mode at 464 cm~! at ambient conditions, because DFT
calculations show that its position depends mostly on
hydrostatic pressure (op), and is negligibly affected by the
deviatoric stress. A least-square fit to experimental values
in MEW pressure medium up to about 20 GPa gives:

P =0.112(3)(v(P)—464) + 4.3(3)-10 *(v(P)—464)>  (6)

with v(P) the frequency at pressure in cm~!, and digits in

parentheses are standard deviations estimated from the fit.

Maps of the strong A; mode position, i.e. pressure
distribution, as well as typical Raman spectra at the
center and rim of the diamond culet illustrate the
distribution of pressure and stress in an experiment
with a MgO pressure medium (Fig. 3). At low pressure
(at =5 GPa), pressure is homogenous. At higher pressu-
res, pressure is maximum at the center of the gasket hole
and decreases strongly but smoothly towards the edges
of the hole. The deviatoric stress shows the opposite
behavior, it is very heterogeneous at low central pressure,
i.e. low compaction near P~5 GPa, and becomes very
homogeneous at high pressure or higher compaction,
above 10-15 GPa (Fig. 2).

Because we use a population of quartz grains, a
random orientation with respect to the applied stress

Please cite this article in press as: Reynard B, et al. High-pressure yield strength of rocksalt structures using quartz
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Fig. 1. Pressure dependence of the constants relating the TO-LO splitting of the lowest frequency E mode of the quartz to the applied stress. Ambient-
pressure measurements of ¢’ gave a value of 2.2 cm~!/GPa, and of d’ of 0.6 cm~!/GPa (Grimsditch et al., 1977; Tekippe et al., 1973). (a) Absolute values of the
constants increase up to 15 GPa before rapidly dropping, possibly in relation to instabilities and phase transformations preceding amorphization in the 21-
26 GPa range (Kingma et al., 1993a). (b) The second derivative c” obtained from DFT shows a non-linear dependence on stress and strain that was not

explored experimentally due to the limited pressure range (< 0.8 GPa).

field in the DAC results in stresses along the a-axis
ranging from a maximum value of o,—0,, = t when the c-
axis is perpendicular to the compression axis to zero
when it is parallel to it. At the same time, the relative
intensity of the LO mode varies from the maximum to
zero in the vertical polarization geometry used here,
resulting in higher signal from grains with orientations
such that both the TO-LO splitting and LO intensity are
maximum. This is confirmed by statistics of TO-LO
measurements (Fig. 2). At high pressures, the measured
stress distribution is very peaked when compared with
the theoretical distribution with randomly oriented
quartz grains. This suggest that only grains with an
angle between the c-axis and the compression axis higher
than 60 or even 70° contribute to the stress measure-
ments. For that population of quartz grains, the stress
measurement given by TO-LO splitting is close to the
macroscopic stress field imposed by the pressure
medium. Hence, the maximum values of stresses
deduced from TO-LO splittings are a good estimate of
the sample macroscopic stress t. Similar distributions are
observed in the studied salts, even though the absolute
stresses are lower, as described below.

3.2. Non-hydrostatic stresses in salts and MgO

Frequencies of the TO and LO components of the
128 cm™! E mode recorded in methanol-ethanol-water
(MEW), NaCl, and MgO (Fig. 4) show the expected splitting
according to their nature and state (liquid or solid). In
MEW, the splitting is null when compression is hydrostatic
in the liquid state (< 11 GPa) and becomes measurable as
soon as the transition to a glass is crossed. Splittings are
large and non-null at all pressures in solid-state media. In
Nadcl, they progressively increase with increasing pressure
to reach values similar to those of the DFT for 2% strain
along the a-axis, corresponding to stresses in the range 2-
3 GPa. In MgO, they span a broad range at low pressures to
finally reach a narrow range of values similar to those of
the DFT for 5% strain along the a-axis, corresponding to
stresses in the range 5-8 GPa. Larger stresses in MgO than
in NaCl are consistent with stronger ionic interaction in the
oxide than in the halide. The excellent agreement between
DFT and experimental frequencies validates the use of TO-
LO splitting to interpolate stresses from Egs. (3-5).

The broad distribution of stress values at low pressures,
especially in MgO (Figs. 2-4), is likely related to a

Please cite this article in press as: Reynard B, et al. High-pressure yield strength of rocksalt structures using quartz
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Fig. 2. Theoretical TO-LO splitting distribution in randomly oriented quartz grains (upper left) and experimentally measured distributions on quartz grains
in MgO at several values of the pressure. Top left: normalized theoretical distribution of TO-LO splitting or stresses for a randomly oriented grain
population. Grains with c-axis at angles higher than 60, 65 and 70° of the compression axis are shown with light gray, dark gray, and black bars, respectively.
Bottom: TO-LO splitting distributions at pressures above 10 GPa are very narrow, indicating mostly grains with c-axis at a high angle of the compression
axis, contribute to the signal, and the applied differential stress field is homogeneous. At lower pressure and compression (upper panel), the TO-LO splitting
distribution and stress field are heterogeneous, but the maximum stresses are already close to those at the highest pressure and compression values.

heterogeneous stress distribution in the sample. At low
compression, the initial powder still has a significant
porosity, as indicated by a low light transmission under the
microscope. At this stage, dense connected bridges of
particles form between the two diamond anvils and will
sustain high stresses while “protecting” imperfectly
compacted volumes of powder that undergo lower
differential stresses, a well-known effect in the compaction
of disordered granular media (Guyon et al., 1990). With
increasing pressure and compaction, the whole sample
becomes well-compacted, more transparent to visible
light, and the stress distribution is homogeneous (Fig. 2).
This observation argues for stress built-up due to local
strain in the compacting powder rather than application of
a macroscopic homogeneous deviatoric stress field in the
pressure medium.

4. Discussion

Stresses measured by quartz piezometry in the differ-
ent pressure media increase with pressure and reach a
limit at pressures above 5-10 GPa in MgO and NacCl (Fig. 5).
In KCI and KBr, stresses increase with increasing pressure
after the B1-B2 transition around 0.3 GPa, and it is difficult

to conclude whether or not it reaches a plateau because of
the amorphization of quartz above 20 GPa. From the
analysis of stress distribution, the highest measured
stresses are inferred to represent the actual deviatoric
stress t whose maximum value gives an estimate of the
yield strength of the material composing the pressure
medium.

The present results are consistent with yield strength
estimates from radial X-ray diffraction, and they show that
the pressure gradient method cannot be simply used to
estimate stress in the DAC. For MgO, we infer a yield
strength of 64 1GPa, slightly lower than the values of
8 + 1 GPa determined by radial and standard X-ray diffrac-
tion (Merkel et al., 2002; Singh et al., 2004), in line with
t~55GPa measured at~5GPa in large-volume press
experiments (Lin et al, 2017), and much higher than
estimated from pressure gradient measurements (Meade
and Jeanloz, 1988a). The present measurements allow testing
some of the assumptions underlying the interpretation of
previous methods. Quartz piezometry permits to map
radially (i.e. in the plane perpendicular to the compression
axis) both the pressure and the deviatoric stress distribution
in the sample chamber. The vertical distribution is more
difficult to obtain since it relies on the depth of field of the

Please cite this article in press as: Reynard B, et al. High-pressure yield strength of rocksalt structures using quartz
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Fig. 3. Left, low-pressure low-compaction stage of the DAC experiment (~ 4-6 GPa). Right, high-pressure high-compaction stage (~ 8-17 GPa). A. Cross
section scheme of the DAC with diamonds in blue, gasket in orange, and sample powder. B. Top view micrograph, diamond culet size is 600 microns.
Compaction of the sample is illustrated by its higher transparency in the gasket hole near the center on the right than on the left-hand-side micrograph.
C. Pressure distribution image (600 x 600 microns, step 20 microns) obtained from the A1 peak position; the pressure is fairly homogeneous on the right
and shows a strong gradient on the left. D. Typical Raman spectra illustrating pressure and deviatoric stress measurement.
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Fig. 4. Observed TO-LO frequencies, upward and downward pointing triangles, respectively, in various pressure media compared with theoretical
predictions. The solid black symbols are DFT frequencies for hydrostatic compression (solid circles, negligible TO-LO splitting) and deformations of 2 and 5%
along the a-axis (solid triangles). The empty black symbols are hydrostatic compression in MEW to 11 GPa. A non-hydrostatic stress in MEW above 11 GPa is
observed as moderate TO-LO splitting. The peak position is estimated from the mean of the TO-LO frequencies above 11 GPa in MEW for the sake of
comparison with DFT. The solid lines for hydrostatic compression and the dashed lines for non-hydrostatic compression are guides to the eye. Blue and red
symbols are for compression in NaCl and MgO, respectively. TO-LO splitting is symmetrical with respect to the hydrostatic frequency up to 2% deformation
and the LO component is more affected than the TO component at higher strain or stress, both in DFT and experiments.

confocal system, which is about 10 microns and only slightly
lower than sample thickness of 20-30 microns at the highest
pressures. Within our resolution, no measurable vertical
gradients were observed.

The radial pressure gradients in MgO measured here are
consistent with those measured by Meade and Jeanloz
(Meade and Jeanloz, 1988a), but in spite of these significant
pressure gradients (e.g., from 14 GPa at the rim of the
sample chamber to 20 GPa at the center in MgO, Fig. 2), we
find that the deviatoric stresses from quartz piezometry
are remarkably constant across the whole chamber, except
in the first steps of compression. With values of t up to
6 +1 GPa at pressures as low as 5 GPa, t is not small with
respect to op. This is one fundamental assumption of Meade
and Jeanloz (Meade and Jeanloz, 1988a) in their use of the
pressure gradient method that is not verified. At this
pressure, the radial stress heterogeneity is also very high,
but it decreases rapidly at higher compression values to reach
homogeneous values through the pressure gradient (Figs.
2 and 4).

Raman piezometry shows that the stress distribution
becomes rapidly uniform after initial compression. Stres-
ses are highly variable (2 to 7 GPa) at P~ 6 GPa, whereas
they are homogeneous (5-6 GPa) at P> 10 GPa. Radial X~
ray diffraction experiments are thus performed through-
out a homogeneous deviatoric stress field within a
pressure gradient. This accounts for the agreement
between the present measurement of deviatoric stress
and those obtained by several studies (Lin et al., 2017;
Merkel et al., 2002; Singh et al., 2004). Minor discrepancies
of 20% between studies are marginally within uncertain-
ties, and may arise from the overestimation of t by Merkel
et al. (2002) because their measurement is made through
the radial pressure gradient, or because the quartz yield
strength is reached before that of MgO in the present
experiments. To check the latter possibility, an experiment
was performed with quartz only (Fig. 4) and it was verified
that the maximum deviatoric stress is similar to that
measured on quartz in MgO. Thus, the present measure-
ment is likely that of the yield strength of quartz and a
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Fig. 5. Measured stresses in (a) MgO, quartz, and (b) salts. The thick long-dashed lines indicate estimates of the maximum yield strength of the material.
MgO, present measurements in red, radial X-ray diffraction data (Merkel et al., 2002) in orange (a). Mechanical data for quartz aggregates are shown as light
purple squares (Hirth and Tullis, 1994); present measurements on pure quartz powder as small purple circles. The amorphization region is shown as a light
purple shaded area. The measurements on quartz powder alone (purple points) suggest that the yield strength limit of the quartz is reached at ~ 6 + 1 GPa.
Stress measurements in MgO with quartz piezometry are thus likely a lower limit for MgO yield strength. Salts, the vertical dashed lines indicate B1-B2 transition
pressures (Florez et al., 2002) (b). The measurements on NaCl were performed in the B1 structure stability field, while they are mostly in the B2 structure for K
salts. Yield strength estimates from pressure gradient measurements in MgO and NaCl (Meade and Jeanloz, 1988a, 1988b) are shown as thick short-dashed lines.
The deviatoric stress from X-ray diffraction in KBr up to 5.6 GPa (Zhao and Ross, 2015) is shown as a solid green line.

minimum estimate for the yield strength of MgO. This is
also confirmed by the axial diffraction measurements of
Singh et al. (2004), in which only the central part of the
sample, where little pressure gradients are present, was
studied. Other Raman probes will have to be calibrated in
order to estimate stresses of high yield strength materials
like oxides, whose strengths are larger than that of quartz.

Taking maximum Raman measurements of stress as the
best estimate of yield strength gives values of up to 7 GPa
in MgO, 3 GPa in NaCl, and 4.5 GPa in the high-pressure
forms of KCl and KBr. The larger value of yield strength in
the oxide than in the halogenides is qualitatively consis-
tent with systematic ab initio estimates of yield stress for
easy glide systems (Ogata et al., 2004) giving 17 GPa for
MgO and 3.7 GPa in NaCl, and larger than experimental
values around 1 GPa for NaCl (Xiong et al., 2014). The yield
strength inferred for KBr in the B2 structure is higher than
both the theoretical (Ogata et al., 2004) and experimental
(Filleter et al., 2006) determinations of 2.5-2.6 GPa in the
B1 structure. This suggests that yield strength increases
with increasing coordination, as already seen by shock
measurements on KCl around the B1-B2 transition (Millett
etal, 2002), an idea that requires further experimental and
theoretical verification. This is consistent with the general
trend of increasing the mechanical strength of silicates
with depth in the Earth’s mantle, especially at the
transitions from olivine-spinel structures of the upper
mantle to perovskite-based structures in the lower mantle
(Kraychetal.,2016; Merkel et al., 2007; Ricard et al., 1993).

One major assumption of this study, though, is the fact
that the stresses in the embedded quartz grains are similar
to those of the containing matrix. This assumption is valid
under purely hydrostatic conditions or with elastically
anisotropic materials. When solid samples are loaded,
however, stress heterogeneities develop at the local scale,
even if the overall sample is under hydrostatic conditions.
Locally, the stresses actually applied on the stress probe
grains may differ from the macroscopic differential stress,
an effect that may also depend on the grain size. In the
present study, the stresses measured in the quartz grains
show a broad distribution at each pressure. We find that
the maximum stress values in quartz tend to agree with
the overall strength of the sample. In the future, these
assumptions should be modelled, using mesoscale models
such as crystal-plasticity based finite element simulations
(Amodeo et al., 2016). This project, however, goes beyond
the goals of the present study. This issue is critical for the
calibration of pressure and stress in extreme conditions
experiments as it is always assumed that the sample stress
state can be evaluated with a stress marker embedded in
(or close to) the sample.

Acknowledgements
This work was supported by INSU through the national

Raman facility in Lyon, by grants from the “Programme
national de planétologie” and from the “ENS de Lyon” (to

Please cite this article in press as: Reynard B, et al. High-pressure yield strength of rocksalt structures using quartz
Raman piezometry. C. R. Geoscience (2018), https://doi.org/10.1016/j.crte.2018.02.001



https://doi.org/10.1016/j.crte.2018.02.001

G Model
CRAS2A-3393; No. of Pages 9

B. Reynard et al./C. R. Geoscience xxx (2018) xxx—xxx 9

BR). It is a contribution of the LABEX Lyon Institute of
Origins (ANR-10-LABX-0066), within the program “Inves-
tissements d’avenir” (ANR-11-IDEX-0007) at “Université
de Lyon”.

References

Amodeo, J., Dancette, S., Delannay, L., 2016. Atomistically-informed crys-
tal plasticity in MgO polycrystals under pressure. Int. J. Plast. 82,177-
191.

Auzende, A.L, Daniel, ., Reynard, B., Lemaire, C., Guyot, F., 2004. High-
pressure behaviour of serpentine minerals: a Raman spectroscopic
study. Phys. Chem. Miner. 31, 269-277.

Baroni, S., de Gironcoli, S., Dal Corso, A., Giannozzi, P., 2001. Phonons and
related crystal properties from density-functional perturbation theo-
ry. Rev. Mod. Phys. 73, 515-562.

Briggs, RJ., Ramdas, A.K., 1977. Piezospectroscopy of Raman-spectrum of
alpha-quartz. Phys. Rev. B. 16, 3815-3826.

Caracas, R., Bobocioiu, E., 2011. The WURM project - a freely available
web-based repository of computed physical data for minerals. Amer.
Mineral. 96, 437-443.

Cerdeira, F., Buchenauer, CJ., Pollak, F.H., Cardona, M., 1972. Stress-
induced shifts of first-order Raman frequencies of diamond- and
zinc-blende-type semiconductors. Phys. Rev. B 5, 580-593.

Cordier, P., Amodeo, ]J., Carrez, P., 2012. Modelling the rheology of MgO
under Earth’s mantle pressure, temperature and strain rates. Nature
481, 177.

Dorfman, S., Shieh, S., Duffy, T., 2015. Strength and texture of Pt com-
pressed to 63 GPa. J. Appl. Phys. 117, 065901.

Filleter, T., Maier, S., Bennewitz, R., 2006. Atomic-scale yield and disloca-
tion nucleation in KBr. Phys. Rev. B73, 155433.

Florez, M., Recio, J.M., Francisco, E., Blanco, M.A., Pendas, A.M., 2002. First-
principles study of the rocksalt\char21cesium chloride relative phase
stability in alkali halides. Phys. Rev. B 66, 144112.

Fuchs, M., Scheffler, M., 1999. Ab initio pseudopotentials for electronic
structure calculations of poly-atomic systems using density-func-
tional theory. Comp. Phys. Commun. 119, 67-98.

Gleason, A., Mao, W., 2013. Strength of iron at core pressures and evidence
for a weak Earth’s inner core. Nat. Geosci. 6n, 571-574.

Goncharov, A.F., Makarenko, L.N., Stishov, S.M., 1985. Raman-scattering
from a diamond at pressures up to 72 GPa. JETP Lett. 41, 184-187.

Gonze, X., 1997. First-principles responses of solids to atomic displace-
ments and homogeneous electric fields: implementation of a conju-
gate-gradient algorithm. Phys. Rev. B 55, 10337-10354.

Gonze, X., Lee, C,, 1997. Dynamical matrices, born effective charges,
dielectric permittivity tensors, and interatomic force constants from
density-functional perturbation theory. Phys. Rev. B 55, 10355-
10368.

Gonze, X., Beuken, ].M., Caracas, R., Detraux, F., Fuchs, M., Rignanese, G.M.,
Sindic, L., Verstraete, M., Zerah, G., Jollet, F., Torrent, M., Roy, A,
Mikami, M., Ghosez, P., Raty, J.Y., Allan, D.C., 2002. First-principles
computation of material properties: the ABINIT software project.
Comput. Mater. Sci. 25, 478-492 http//www.abinit.org.

Gonze, X., Rignanese, G.M., Caracas, R., 2005. First-principle studies of the
lattice dynamics of crystals, and related properties. Z. Kristallogr. 220,
458-472.

Grimsditch, M., Ramdas, A.K., Rodriguez, S., Tekippe, V.., 1977. Piezospec-
troscopy of Raman lines exhibiting linear wave-vector dependence:
alpha-quartz. Phys. Rev. B 15, 5869-5876.

Grimsditch, M.H., Anastassakis, E., Cardona, M., 1978. Effect of uniaxial
stress on the zone-center optical phonon of diamond. Phys. Rev. B 18,
901-904.

Guyon, E., Roux, S., Hansen, A., Bideau, D., Troadec, ].P., Crapo, H., 1990.
Non-local and non-linear problems in the mechanics of disordered
systems: application to granular media and rigidity problems. Rep.
Prog. Phys. 53, 373.

Hanfland, M., Syassen, K., Fahy, S., Louie, S.G., Cohen, M.L., 1985. Pressure-
dependence of the first-order Raman mode in diamond. Phys. Rev.
B31.

Hirth, G., Tullis, J., 1994. The brittle-plastic transition in experimentally
deformed quartz aggregates. ]. Geophys. Res. Solid Earth 99, 11731-
11747.

Kingma, KJ., Hemley, R]., Mao, HK,, Veblen, D.R.,, 1993a. New high-
pressure transformation in alpha-quartz. Phys. Rev. Lett. 25, 3927-
3930.

Kingma, KJ., Meade, C., Hemley, RJ., Mao, HK., Veblen, D.R., 1993b.
Microstructural observations of alpha-quartz amorphisation. Science
259, 666-669.

Kraych, A., Carrez, P., Cordier, P., 2016. On dislocation glide in MgSiO3
bridgmanite at high-pressure and high-temperature. Earth Planet.
Sci. Lett. 452, 60-68.

Lin, F., Hilairet, N., Raterron, P., Addad, A., Immoor, J., Marquardt, H., Tomé,
C., Miyagi, L., Merkel, S., 2017. Elasto-viscoplastic self consistent
modeling of the ambient temperature plastic behavior of periclase
deformed up to 5.4 GPa. ]. Appl. Phys. 122, 205902.

Meade, C., Jeanloz, R., 1988a. Yield strength of MgO to 40 GPa. ]. Geophys.
Res. Solid Earth 93, 3261-3269.

Meade, C., Jeanloz, R., 1988b. Yield strength of the B1 and B2 phases of
NaCl. J. Geophys. Res. Solid Earth 93, 3270-3274.

Merkel, S., McNamara, A.K., Kubo, A., Speziale, S., Miyagi, L., Meng, Y.,
Duffy, T.S., Wenk, H.R., 2007. Deformation of (Mg, Fe) SiO3 post-
perovskite and D anisotropy. Science 316, 1729-1732.

Merkel, S., Wenk, H.R., Badro, ]J., Montagnac, G., Gillet, P., Mao, HK.,
Hemley, RJ., 2003. Deformation of (Mg-g9, Fe-o1)SiOs Perovskite
aggregates up to 32 GPa. Earth Planet. Sci. Lett. 209, 351-360.

Merkel, S., Wenk, H.R,, Shu, J., Shen, G., Gillet, P., 2002. Deformation of
polycrystalline MgO at pressures of the lower mantle. . Geophys. Res.
Solid Earth 107, 2271.

Millett, ].C.F., Bourne, N.K., Rosenberg, Z., 2002. Lateral stress and shear
strength measurements in polycrystalline potassium chloride, above
and below the B1/B2 phase transition during shock loading. J. Appl.
Phys. 91, 4777-4779.

Miyagi, L., Merkel, S., Yagi, T., Sata, N., Ohishi, Y., Wenk, H.R., 2006.
Quantitative Rietveld texture analysis of CaSiO5; perovskite deformed
in a diamond anvil cell. J. Phys. Condensed Matter 18, S995-S1005.

Monkhorst, H.J., Pack, J.D., 1976. Special points for Brillouin-zone inte-
grations. Phys. Rev. B 13, 5188-5192.

Ogata, S., Li, ], Hirosaki, N., Shibutani, Y., Yip, S., 2004. Ideal shear strain of
metals and ceramics. Phys. Rev. B 70, 104104.

Ricard, Y., Richards, M., Lithgow-Bertelloni, C., Le Stunff, Y., 1993. A
geodynamic model of mantle density heterogeneity. ]. Geophys.
Res. Solid Earth 98, 21895-21909.

Shieh, S., Duffy, T., Li, B., 2002. Strength and elasticity of SiO, across the
stishovite-CaCl,-type structural phase boundary. Phys. Rev. Lett. 89,
255507.

Singh, A., Liermann, H., Akahama, Y., Saxena, S., Menéndez-Proupin, E.,
2008. Strength of polycrystalline coarse-grained platinum to 330 GPa
and of nanocrystalline platinum to 70 GPa from high-pressure X-ray
diffraction data. J. Appl. Phys. 103, 063524.

Singh, A, Liermann, H., Saxena, S., 2004. Strength of magnesium oxide
under high pressure: evidence for the grain-size dependence. Solid
State Commun. 132, 795-798.

Tekippe, V.J., Ramdas, A.K., Rodrigue, S., 1973. Piezospectroscopic study of
Raman-spectrum of alpha-quartz. Phys. Rev. B 8, 706-717.

Xiong, L., Bai, L., Liu, J., 2014. Strength and equation of state of NaCl from
radial X-ray diffraction. J. Appl. Phys. 115, 033509.

Zhang, ], Reynard, B., Montagnac, G., Wang, R., Bass, ].D., 2013. Pressure-
induced Pbca-P2,/c phase transition of natural orthoenstatite: com-
positional effect and its geophysical implications. Am. Mineral. 98,
986-992.

Zhao, ]J., Ross, N., 2015. Non-hydrostatic behavior of KBr as a pressure
medium in diamond anvil cells up to 5.63 GPa. J. Phys. Condens.
Matter 27, 185402.

Please cite this article in press as: Reynard B, et al. High-pressure yield strength of rocksalt structures using quartz
Raman piezometry. C. R. Geoscience (2018), https://doi.org/10.1016/j.crte.2018.02.001



http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0005
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0005
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0005
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0010
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0010
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0010
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0015
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0015
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0015
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0020
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0020
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0025
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0025
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0025
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0030
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0030
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0030
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0035
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0035
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0035
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0040
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0040
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0040
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0045
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0045
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0050
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0050
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0050
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0055
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0055
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0055
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0060
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0060
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0065
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0065
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0065
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0070
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0070
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0070
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0080
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0080
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0080
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0080
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0075
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0075
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0075
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0085
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0085
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0085
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0090
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0090
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0090
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0095
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0095
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0095
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0100
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0100
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0100
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0105
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0105
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0105
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0110
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0110
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0110
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0115
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0115
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0115
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0120
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0120
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0125
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0125
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0125
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0130
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0130
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0130
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0130
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0135
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0135
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0135
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0140
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0140
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0145
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0145
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0145
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0150
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0150
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0150
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0150
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0150
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0150
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0155
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0155
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0155
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0160
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0160
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0160
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0160
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0165
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0165
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0165
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0170
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0170
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0175
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0175
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0180
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0180
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0180
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0185
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0185
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0185
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0185
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0185
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0190
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0190
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0190
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0190
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0190
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0195
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0195
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0195
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0200
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0200
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0205
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0205
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0210
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0210
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0210
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0210
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0210
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0215
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0215
http://refhub.elsevier.com/S1631-0713(18)30034-8/sbref0215
https://doi.org/10.1016/j.crte.2018.02.001

	High-pressure yield strength of rocksalt structures using quartz Raman piezometry
	1 Introduction
	2 Methods
	2.1 DFT calculations of Raman spectra
	2.2 High-pressure Raman experiments

	3 Results
	3.1 Raman piezospectroscopy of quartz at high pressure
	3.2 Non-hydrostatic stresses in salts and MgO

	4 Discussion
	Acknowledgements
	References


