Lattice dynamics and elasticity of SrCO3
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Abstract

The lattice dynamics and elasticity of synthetic SrCO3 have been investigated by
a combination of ab initio lattice dynamics calculations, microcalorimetry, Raman
spectroscopy, X-ray thermal diffuse scattering and high resolution inelastic X-ray
scattering. The results of density functional based calculations were in all cases in
good agreement with experiment. For the spectroscopic investigations, peak positions
and intensities are well reproduced by the DFT model. Experimentally determined

intensity distributions in thermal diffuse scattering maps differ from the theoretical
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distribution only in the HKO plane, which we assign to stacking disorder. As the model
is accurate and reliable, we predict the complete elastic stiffness tensor and, on the
basis of these results, discuss the anisotropy of the sound velocities, also in relation to

the anisotropy in other carbonate systems.

1. Introduction

Carbonates are considered the most stable carbon-bearing source in the Earth lower-
mantle (Luth, 1999). They are geologically interesting because understanding their
dynamics and physical properties could help researchers to estimate the carbon budget
of the Earth (Dasgupta & Hirschmann, 2010; Hazen et al., 2013). In this context, most
of important carbonates such as calcite, CaCQOj3, dolomite CaMg[COs], and magnesite,
MgCO3, and their respective polymorphs are extensively studied (Reeder, 1983; Luth,
1999). Consequently, the CaCOg3 polymorphs calcite and aragonite are by far the most
studied carbonates with respect to their lattice dynamics and phase transitions at high
pressure and temperature (Dove et al., 1992; Singh et al., 1987; Plihal & Schaack,
1970; Plihal, 1973; Ye et al., 2012; Lin & Liu, 1997a; Arapan & Ahuja, 2010; Fiquet
et al., 1994). These studies are facilitated by the ubiquity of large calcite crystals of
excellent quality.

However, in order to gain a deeper understanding of the structure-property relations
in carbonates, it is also necessary to understand the behavior of other carbonates.
While there have been comparative crystal chemical studies with respect to structural
parameters and properties such as the compressibility (Zhang & Reeder, 1999), the
lattice dynamics of other carbonates have not been studied in depth. A typical case is
strontianite, SrCQOj3, which is a representative of carbonates with large cations, which
crystallize in the aragonite structure type, with orthorhombic symmetry (space group

Pmen) with Z = 4 formula units per unit cell (Fig. . The CO3 groups are aligned
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parallel to the (001) planes. Earlier studies of the lattice dynamics of SrCOgs have
been limited to the determination of I'-point phonons using Raman (Krishnan, 1956;
Krishnamurti, 1960; Gillet et al., 1993; Lin & Liu, 1997b; Buzgar & Apopei, 2009) or
infrared absorption spectroscopy (Huang & Kerr, 1960; Adler & Kerr, 1963; Chester
& Elderfield, 1967).

As with other carbonates, pressure-induced phase transitions of SrCOg3 were subject
of numerous studies (Ye et al., 2012; Lin & Liu, 1997a; Arapan & Ahuja, 2010; Lin &
Liu, 1997b; Ono et al., 2005; Sanchez-Valle et al., 2003; Wang et al., 2015). However,
there is still an on-going controversy concerning the pressure-induced phase transitions
of SrCO3. As an example, Lin & Liu (1997b) reported a new phase of SrCO3 with
the space group P2122 at 35 GPa using Raman spectroscopy, whereas Ono et al.
(2005) claimed that the phase transition takes place at 10 GPa and the new space
group was P21212. First principles electronic structure calculations of Arapan & Ahuja
(2010) predicted that strontianite would transform from the aragonite-structure type
into a new phase with the space group Pmmn at 17 GPa. In order to benchmark
theoretical models and hence assess their predictive power, it is worthwhile to compare
structure-property relations beyond structural parameters such as lattice parameters
and interatomic distances. One rather sensitive test is the evaluation of the elastic
stiffness tensor, which represents the interatomic interactions. However, details of the
elastic behavior of SrCOg are also unknown, except for the bulk modulus, which was
measured by Martens et al. (1982) who obtained a value for B = 58 + 10 GPa and,
more recently, by Wang et al. (2015) who gave B = 62 + 1 GPa.

The present study aims to provide a full description of the lattice dynamics and
elasticity of SrCO3 through a combination of ab initio calculations and experimen-
tal measurements using microcalorimetry, Raman spectroscopy, X-ray thermal diffuse

scattering (TDS) and inelastic X-ray scattering (IXS), and compare these findings to
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studies of other carbonates. Furthermore, the validity of our theoretical calculations
as confirmed by experimental measurements would provide stringent benchmarks for
future studies on the lattice dynamics and stabilities at extreme (high pressure, tem-

perature) conditions.

2. Experimental

2.1. Samples preparation

First, strontium nitrate Sr(NO3)2 (0.01 mol) was dissolved in 50 ml bidistilled water.
The salt solution was added dropwise to 100 ml of a precipitant solution of ammo-
nium bicarbonate, NHyHCO3, (0.002 mol) while stirring at ambient temperature. The
resulting suspension was transferred into a 60 ml Teflon cup, filling it up to 60% of
its capacity. Subsequently, the cup was put into a stainless steel autoclave and sealed
tightly. After reaction at 493 K for 24 hours, the autoclave was slowly cooled down (493
K - 453 K in 48 hours, then 453 K to ambient temperature in 24 hours). The precipi-
tate obtained was filtered under vacuum, washed repeatedly with distilled water and
dried at 333 K. Powder X-ray diffraction (Cu-K,; from curved Ge (110) monochroma-
tor, 40 kV, 30 mA, X’pert PRO diffractometer from PANalytical) showed no phases
other than strontianite. Visual inspection of the product showed two distinct growth
morphologies. While most of the sample was a fine powder, some optically transpar-
ent individual crystals with up to 100 m edge length were present. Later inspection

showed that these were twinned specimen.

2.2. Raman spectroscopy

Raman spectra were obtained from the synthetic samples using a micro-Raman
spectrometer (Renishaw). We employed the 532 nm line of a Nd:YAG laser, using

10% - 33% of the maximum power of 200 mW and obtained spectra in 20 - 30 s in
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the frequency range from 100 - 2000 cm ™!,

2.8. TDS and IXS measurement

The X-ray thermal diffuse scattering (TDS) measurement was performed in trans-
mission geometry on the beamline ID29 (de Sanctis et al., 2012) at the ESRF using a
monochromatic beam of 15.50 keV, which is below the absorption edge of strontium.
The samples were rotated with an increment of 0.1° orthogonal to the beam direction
over an angular range of 360°, while the diffuse scattering patterns were recorded using
a Pilatus 6M detector (Kraft et al., 2009). The orientation matrix and geometry of
the experiment were refined using the CrysAlis software package, which allowed the
reconstruction of 2D reciprocal space maps. These TDS maps were then compared
with calculated maps using a program written by Wehinger et al. (2014).

The single crystal IXS measurements were carried out on the ID28 beamline at the
ESRF. The spectrometer was operated at 17.794 keV incident energy which corre-
sponds to a wavelength of 0.6968 A, providing an energy resolution of 3.0 meV full
width at half maximum with a focused beam size of 50 m x 50 m. Energy transfer
scans at constant momentum transfer (Q) were performed in transmission geometry
along selected directions in reciprocal space. All of the measurements were carried out
at ambient pressure and temperature. Further details of the experimental setup and

the data treatment can be found elsewhere (Krisch & Sette, 2006).

2.4. Heat capacity measurement

Heat capacity in the temperature range between 2 K and 395 K were measured
employing a Quantum Design Physical Properties Measurement System (PPMS). A
powder sample of 14.98 mg SrCOg3 was compressed into a small Cu-crucible, weigh-

ing 12.08 mg. The heat capacity of the Cu-crucible was determined separately and
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subtracted from the total heat capacity. The accuracy of the mass determination was
about £+ 0.02 mg. Data were collected at 150 temperatures, where the temperature
difference between subsequent steps was increased logarithmically from low to high
temperatures. At each temperature three responses to a heat pulse were measured and
analyzed with the MultiVu software.

The accuracy of our heat capacity measurements was determined by measurements
of Al,O3 (SRM-720) and Cu (99.999 %, Alfa Aesar) reference materials. A comparison
of our data for SRM-720 with that published by Ditmars et al. (1982) gives a deviation
of 2 % in the range between 395 K and 50 K and 6 % below 5 K. The heat capacity
data of the Cu sample is compared to that of Lashley et al. (2003), the deviation is
less than 1 % in the temperature range between 300 K and 40 K and 2 % below 40

K.

3. Lattice dynamics calculations

DFT calculations were performed with commercial and academic versions of the
CASTEP program (Clark et al., 2009) using the generalized gradient approxima-
tion (GGA) formalized by Perdew-Burke-Ernzerhof (PBE) (Perdew et al., 1996) or
the WC approximation with a plane wave basis set and g.-optimized norm-conserving
pseudopotentials (Rappe et al., 1990). The maximum cutoff energy of the plane waves
was 900 eV. An 8 x 4 x 6 Monkhorst-Pack grid (Monkhorst & Pack, 1976) was
employed for sampling of reciprocal space corresponding to a k-point separation of
less than 0.030 A~!. Spectroscopic and thermal properties including phonon frequen-
cies, IR and Raman intensities and the low-temperature heat capacity were obtained
within the formalism of harmonic ab initio lattice dynamics using density-functional
perturbation theory (DFPT) (Refson et al., 2006). Computed IR and Raman spectra

were artificially broadened in order to mimic an instrumental resolution function of 5
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Scattering intensities for inelastic and thermal diffuse scattering were calculated
in the first order approximation (Xu & Chiang, 2009; Krisch & Sette, 2006). The
frequencies and mode polarization information required were taken from the DFPT
lattice dynamics calculations. The momentum transfer dependence of the atomic
scattering factor was taken into account using an analytic function with coefficients
derived from Hartree-Fock wave functions (Cromer & Mann, 1968). IXS spectra are
resolved in phonon energy and the intensity is sensitive to the eigenvectors. TDS

intensities are not resolved in energies, but due to their strong energy dependence,

ie. I(Q) x ﬁcoth(gzgz)f(Q)Q where @ the momentum transfer, g the reduced
momentum transfer, w = FE/h the phonon frequency, f(Q) the atomic scattering

factor, they are sensitive to low energy excitations.

4. Results and discussion

The structure of strontianite is well-reproduced by the DFT-based calculations. Depend-
ing on the exchange-correlation potential employed, the fully relaxed structural param-
eters deviate by only 1% from the experimental values. This is in agreement with
the results of similar studies on other carbonates (Skinner et al., 1994; Winkler
et al., 2000; Medeiros et al., 2006; Medeiros et al., 2007; Hossain et al., 2010; Hossain
et al., 2011; Brik, 2011).

The computed Raman and IR spectra are compared to experimental data in Fig.

As is obvious from these figures, both positions and intensities of the peaks are
very well reproduced. The error in the computed frequencies is a few percent only.
This good agreement allows an unambiguous assignment of Raman and IR bands to
specific polarization vectors.

The eigenfrequencies and eigenvectors produced from the DFPT-based calculations
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are employed to calculate TDS intensity distributions. Figure [3| shows high symmetry
reciprocal space sections of calculated and experimental TDS intensity maps. The
experimental maps show signatures of stacking faults which appear as streaky features
around the Bragg reflections in the HKO plane. Diffuse scattering signal from acoustic
phonons are observable close to Bragg reflections in the (110) and (011) directions
in the HKO and OKL planes, and along (001) directions in the HHL plane. A very
good agreement between the simulated and measured TDS maps is observed from
this figure.

Phonon dispersion curves are measured along (001) and (110) directions in the
energy range from -20 meV to 40 meV. Eight spectra are measured along the (001)
direction whereas the (110) direction consists of five measured spectra. Fig.[d]a-b) show
the individual experimental IXS spectra in comparison with calculated IXS spectra.
The corresponding g vectors are indicated on the graphs. The intensities of both calcu-
lated and measured spectra are normalized for comparison. The spectra at different ¢
vectors are shifted for ease of visualization. One can see a very good matching between
the calculated and measured spectra at different g vectors. This agreement is presented
on Fig. |4 ¢) where measured phonon energies are compared with theoretical values.
The solid red line represents the ideal agreement between calculated and measured
phonon frequencies (i.e. Eexp. = Ecalc.) at different ¢ vectors. These results imply that
our model calculations correctly predict both the eigenvectors and eigenfrequencies of
SrCOj3 at any arbitrary momentum transfer.

The experimental IXS spectra are employed to plot the IXS intensity maps. Fig.
shows the experimental maps alongside the corresponding calculated maps. The mea-
sured IXS intensity maps are shown on the left panel for (001) (first row) and (110)
(second row) directions the directions are indicated on the maps; the corresponding

computed dispersion curves are shown on the right panel for comparison. Both maps
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are measured with linear Q-spacing and energy step of 0.68 meV. The momentum- and
energy-transfers are linearly interpolated to 40 g-points and 100 energy steps. Note
that the elastic lines are subtracted from these experimental maps. For the theoretical
maps, the inelastic intensity is calculated from the eigenvectors and eigenfrequencies
for 200 g-points along the given direction in reciprocal space and convoluted with the
experimental resolution function of the spectrometer. The measured phonons (black
points) are presented on the computed IXS intensity maps showing a very good agree-
ment between calculation and experiment, as we have seen on Fig 4| c).

The computed phonon density of states (PDOS) of SrCOs is shown on Fig. [6] where
the contributions of the individual atomic species are also given. This partial density
of states shows, as expected, that the low frequency phonons are dominated by the
vibration of the strontium atoms, while at high frequencies the polarization vectors
are dominated by displacements of carbon and oxygen.

The phonon density of states has then been used to compute the temperature depen-
dence of the heat capacity in the harmonic approximation. Figure [7| shows our exper-
imental measurement of the heat capacity of synthetic SrCOj3 in comparison with
DFT-based calculations and experimental data extracted from the work of Gurevich
et al. (2001). The heat capacity of SrCOjs is well reproduced by our calculations. We
expect the theoretical value to be slightly lower at high temperatures due to the neglect
of anharmonicity. Above 200 K, the heat capacities measured by Gurevich et al. (2001)
are higher than our values. Gurevich et al. (2001) used much larger natural samples
and hence we attribute the discrepancy between our and their data to impurities in
their natural samples.

The accuracy of our calculations allows us to predict the elastic stiffness coefficients
of SrCO3. Because of the orthorhombic symmetry, the elastic tensor of SrCO3 contains

9 independent elements (CH, CQQ, 033, C44, C55, C66a 012, Clg and C23). These 9
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coefficients are reported in Table [II The bulk modulus is also computed using the
Voigt Reuss Hill average scheme (Hill, 1952). This value is B = 62.95 + 3 GPa which
is in good agreement with experimental measurements from the literature (B = 62+ 1
GPa (Wang et al., 2015) and B = 58 + 10 GPa (Martens et al., 1982). From the
measured phonon dispersion curves along the (001) direction we have obtained Css
using the longitudinal acoustic phonon at q = (0 0 3.8), which is close to the I-point
(0 0 4). Because of the intense elastic line near the I'-point, acoustic phonons closer
to (0 0 4) could not be measured. This acoustic phonon energy gives Csz = 75.4 + 1.4
GPa which is very close to our theoretical value C33 = 74 + 1 GPa, thus providing
another indication for the reliability of our computational approach.

The acoustic velocity profiles along the three principle directions (X, Y, Z) which
are respectively parallel to the a, b and ¢ axis of the unit cell, are calculated using the
Christoffel equations (Ledbetter & Kriz, 1982). The representation surface of the lon-
gitudinal effect of SrCOg elastic tensor is also calculated using the following equation

(Arbeck et al., 2012):

F = Z xixjxkxl(]ijkl (1)
7:7j7k7l

where (% ) are the Cartesian components of the direction vectors & which describe
a unit sphere, 4, j, k,[ take the values {1, 2, 3} and Cjji; are the elastic coefficients.

The velocity profiles and the tensor surface are presented in Fig. |8 In an anisotropic
material, wave energy may propagate in two modes: longitudinal and shear (or trans-
verse). In general the faster mode is the longitudinal mode where the vibration of
particles is parallel to the propagation of wave energy. The shear mode is the slower
mode where the particle vibrations are normal to the propagation direction, thus this
mode has two sub-modes corresponding to the two directions perpendicular to the

propagation direction. The direction of the particle vibration is referred to as the
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polarization. As we can observe in Fig. 8 a-c), the longitudinal waves (Vp) always
travel with the highest speed, whereas the shear waves Vg; and Vgo are sometimes
crossed each other. The images immediately show strong anisotropy of the sound
velocities in strontianite.

The elastic anisotropy of SrCO3 can be further quantified by evaluating the acoustic
velocities for each direction of interest (X;) over a hemisphere. The three velocities are
obtained by solving for the eigenvalues of the symmetric Christoffel stiffness matrix
(Mainprice, 1990). The azimuthal Vp and Vg (Vg and Vga: the two quasi-transverse
waves) anisotropies can be analysed using the anisotropy factors introduced by Main-

price et al. (2000). The anisotropy factor for Vp (Ap) and Vg (Ag) are defined as:

VP,mzzm - VP,min

Ap =2 100
P % VP,mam + VP,min 8 %
Vs1 — Vs @)
Ag =2 x —=———22 % 100%
8 Vsi + Vs ’

where Vp max and Vp nin represent the maximum and minimum Vp velocities in all
directions. Fig. |§| a) presents the distribution of Vp in a hemisphere pointing toward
the Z direction ((001)). This result gives an anisotropy factor Ap = 35.61 % for the Vp
wave. The distribution of Ag (also called the shear-wave splitting factor) is represented
in Fig. |§| b) which gives a maximum anisotropy factor Ag of 22.34 %.

In order to assess the reliability of our calculations, we carried out an analogous
analysis for aragonite. The computed and experimentally determined Ci;, where the
latter were taken from Liu et al. (2005), are given in Table

The agreement between the experimentally determined and computed C;; are typical
for the accuracy of DFT-based models, where a discussion on the role of the choice
for the exchange-correlation potential has been given by Winkler & Milman (2014).
Fig. [I0] shows how the anisotropy of the velocities depends on the differences in the

Cj; anisotropy of other carbonate systems. Clearly, the anisotropy in Vp is very well
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reproduced, both in terms of direction and magnitude. For Vg, the directionality is
well reproduced, but the magnitude of the anisotropy differs by ~ 22 %.

While further studies on other orthorhombic carbonates need to be carried out, it
is to be expected that the distribution of the anisotropy will be similar for isostruc-
tural compounds. We then compare the anisotropy factors of orthorhombic carbonates
to that of calcite, siderite and magnesite, the rhombohedral carbonates, in Fig.
The experimental values are from (Chen et al., 2001; Liu et al., 2005; Sanchez-Valle
et al., 2011) and all anisotropy factors are summarized in Table [3] We find that the
magnitude of the anisotropy factors is similar, independent of the crystal structure of

the carbonates.

5. Conclusions

A complete description of the lattice dynamics and elasticity of strontianite, SrCQOsg,
is reported for the first time through a combination of ab initio calculations and
experimental measurement using microcalorimetry, Raman spectroscopy, TDS and
high resolution IXS. Our experimental observations are very well reproduced by our
calculations, thus allowing us to confidently predict the full elastic stiffness tensor
of SrCOs. The calculated bulk modulus in this work is in good agreement with the
measurements reported in the literature. Strong elastic anisotropy is observed by eval-
uating the acoustic velocities of SrCOj3 in all directions. A comparison of several car-
bonate systems shows that the elastic anisotropy factors are similar and independent
of the crystal structure of the carbonates. The validation of our theoretical model by
means of experimental data provides a stringent benchmark for future studies on the
lattice dynamics and stabilities of SrCOj3 at relevant conditions (high pressure, high

temperature) of the Earth lower-mantle.
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Table 1. Computed elastic stiffness coefficients and bulk modulus of SrCOs (GPa)

Elastic coefficients

Bulk modulus B

Calculation Experiment

Ciy 150(1) This work 62.95 + 3.0
Ca2 109(1) Wang et al. (2015) 62+ 1

Cys  T74(1) 754414  Martens ef al. (1982) 58+ 10
Cua 34(1)

Css  26(1)

Cos  38(1)

Cio 54(1)

Cis  33(1)

Cos 43(1)

Table 2. Calculated and experimental elastic coefficients of aragonite (GPa)

Our calculation Exp. values from Liu et al. (2005)

Cu 172 (4) 1711+ 1.0
Cas 113 (7) 110.140.9
Css 100.2 (4) 98.4 +1.2
Cus 37.2 (1) 39.3 4+ 0.6
Css 21 (1) 24.2 4 0.4
Ces 41 (3) 40.2 + 0.6
Cia 55 (6) 60.3 + 1.0
Cis 33.4 (8) 27.8 4+ 1.6
Cas 46.4 (9) 41.9 +2.0

Table 3. Anisotropy factors for other carbonate systems

Calc. Aragonite  Exp. Aragonite Calcite Siderite Magnesite
(our work) Liu et al. (2005) Chen et al. (2001) Sanchez-Valle et al. (2011)  Sanchez-Valle et al. (2011)
Ap (%) 29.39 29.62 32.38 31.1 27.0
Ag max. (%) 33.14 25.86 58.92 34.17 35.91
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Fig. 1. Pmcn orthorhombic structure of strontianite SrCOgs
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Fig. 2. Measured and calculated Raman (a-b) and IR (c) spectra of synthetic SrCO3.
Spectra of natural samples taken from the RRUFF database (Lafuente et al., 2015)

are also presented
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Fig. 6. Calculated phonon density of states of SrCOs3
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of Vg (%). a): aragonite (our calculation), b): experimental values of aragonite from
Liu et al. (2005), c): experimental values of calcite from Chen et al. (2001).
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Synopsis

Full description of lattice dynamics and elasticity of SrCOj is reported based on a combination
of first principles calculations and experimental measurements.

IUCr macros version 2.1.10: 2016/01/28



	Introduction
	Experimental
	Samples preparation
	Raman spectroscopy
	TDS and IXS measurement
	Heat capacity measurement

	Lattice dynamics calculations
	Results and discussion
	Conclusions

