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Abstract
Acomprehensive study of sillenite Bi12SiO20 single-crystal properties, including elastic stiffness and
piezoelectric coefficients, dielectric permittivity, thermal expansion andmolar heat capacity, is
presented. Brillouin-interferometrymeasurements (up to 27 GPa), whichwere performed at high
pressures for thefirst time, and ab initio calculations based on density functional theory (up to 50 GPa)
show the stability of the sillenite structure in the investigated pressure range, in agreementwith
previous studies. Elastic stiffness coefficients c11 and c12 are found to increase continuously with
pressurewhile c44 increases slightly for lower pressures and remains nearly constant above 15 GPa.
Heat-capacitymeasurements were performedwith a quasi-adiabatic calorimeter employing the
relaxationmethod between 2 K and 395 K.Nophase transition could be observed in this temperature
interval. Standardmolar entropy, enthalpy change andDebye temperature are extracted from the
data. The results are found to be roughly half of the previous values reported in the literature. The
discrepancy is attributed to the overestimation of theDebye temperature whichwas extracted from
high-temperature data. Additionally, Debye temperatures obtained frommean sound velocities
derived byVoigt-Reuss averaging are in agreement with our heat-capacity results. Finally, a complete
set of electromechanical coefficients was deduced from the application of resonant ultrasound
spectroscopy between 103 K and 733 K.No discontinuities in the temperature dependence of the
coefficients are observed.High-temperature (up to 1100 K) resonant ultrasound spectra recorded for
Bi12MO20 crystals revealed strong and reversible acoustic dissipation effects at 870 K, 960 K and 550 K
forM=Si, Ge andTi, respectively. Resonances with small contributions from the elastic shear
stiffness c44 and the piezoelectric stress coefficient e123 are almost unaffected by this dissipation.

1. Introduction

The cubicmineral sillenite, Bi12SiO20,first found atDurango,Mexico (Frondel 1943), is closely related toγ-Bi2O3

synthesized by Sillen in1938 (Sillen 1938). γ-Bi2O3 ismetastable at ambient conditions (Wells 1984), but canbe
stabilized by addition ofmetal oxides leading to the general sillenite compositionBi12MxO20±δ. In stoichiometric
sillenitesM is tetravalent and theoxygen lattice is fully occupied (x=1, δ=0) (Wiehl et al 2010). Themost
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prominentmembers of the sillenite family are thosewithM=Si,Ge, andTi,which are abbreviated in the
following asBSO,BGO, andBTO (Tissot andLartigue 1988, YuandMin2004,Wiehl et al 2010,Melńikova et al
2011,Wiehl et al2013).

The sillenite structure type (space group I23) is characterized byMO4 tetrahedra located at the center and the
corners of the cubic unit cell. These tetrahedra are linked by BiO5octahedrawhere the stereochemically active
Bi3+ 6s2 lone electron pair partiallyfills the unoccupied site(figure 1). In combinationwith the lack of
inversion symmetry this is the source of outstanding electrical and optical properties suitable for photorefractive
applications (Buse 1997, Baade et al 2001, Georges et al 2001). For example, sillenites are used in devices utilized
for optical computing, optical information processing, and high-sensitive photo detectors (Tempel 1993,
Filippov et al 2000). Sillenite single crystals exhibit low acoustic wave velocities and are therefore candidates for
delay lines in electronic circuits (Melńikova et al 2011). Due to its high photosensitivity BSO can be used as light
moduator aswell as a crystal for recording and reproducing phase holograms (Melńikova et al 2011).

Electromechanical coupling effects allow the conversionofmechanical into electrical energy and vice versa.
The fundamental properties for this type of conversion are the elasticity, piezoelectricity andpermittivity. Sillenites
exhibit large piezoelectric effects, i.e. d123 of BSO is about 20pCN−1, which is about 8 times larger than d111 of
α-Quartz, and they are potential piezoelectricmaterials for electromechanical applications (Shen et al2014).

In contrast to their high potential for applications, surprisingly little is known about the elastic behavior of
sillenites at non-ambient conditions especially at high pressures above tens ofGPa and high temperatures close
to theirmelting points. Full sets of elastic stiffness coefficients have been reported for BSO in the temperature
range of 250 K–300 K (Gospodinov et al 1988, 1992) and at pressures up to 0.16 GPa (Gospodinov et al 1988).
Shen et al (2014) investigated full sets of electromechanical parameters of BSO andBTObetween 300 K and
773 K. The stability of BSOup to 770 Kwas confirmed byRaman-spectroscopicmeasurements (Salke and
Rao 2012).

Recently, the pressure-dependence of the structures of BTO, BSO andBGOhave been studied up to 37 GPa,
39 GPa and 50 GPa, respectively, and the vibrational properties of BSOup to 39 GPa, (Rao et al 2010,Wiehl et al
2010, 2013). Broadening of X-ray reflections and anomalies of the BSO andBTO lattice compression in
comparison to the behavior of related sesquioxides were attributed to a high sensitivity of the sillenite structure
to even slight deviatoric stress rather than to the occurrence of a phase transition.

Considering the potential scientific and industrial importance of sillenites and in order to complement our
earlier work on sillenites, we report here on the complete sets of elastic stiffness coefficients, cij, of BSO,
determined by resonant ultrasound spectroscopy (RUS) in the temperature range from103 K to 733 K, Brillouin
interferometry up to 27 GPa and by density functional theory (DFT) basedmodel calculations in the athermal
limit. TheDFT calculations were carried out in order to extrapolate the cij coefficients beyond the experimental
pressure limits. RUS experiments up to 1123 Kwere performed onBSO, BGOandBTO to study the
temperature dependence of ultrasound dissipation effects in sillenites.

Finally, standardmolar entropy, enthalpy change andDebye temperaturewere extracted from low-
temperature heat capacitymeasurements. Heat capacitymeasurements of BSOwere performed only at elevated
temperatures so far (Suleimenova and Skorikov 1992, Licea and Ioanid 1999,Denisova et al 2010,

Figure 1.Crystal structure of BSO at ambient conditions (Wiehl et al 2010). The Bi3+ 6s2 lone electron pairs are oriented along the
closest Bi-Bi contacts which are plotted as dashed lines.
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Onderka 2015) and some discrepancies were observed in the previously published data.Hence, herewe
perfomedmeasurements between 2 K and 395 K.

2. Experimental details

2.1. Sample preparation
All BSO andBGO samples used in this investigationwere grownby theCzochralski technique, BTOwas grown
by the top-seeded fluxmethod. A slightly reddish brown single crystal of BSOwith about 10 mm in diameter and
20 mm in lengthwas purchased fromVladimir L. Tarasov (Russia). Samples from the same boulewere used in
our recent high-pressure synchrotron diffraction study (Wiehl et al 2010). Electronmicroprobe analyses
revealed an almost pure stoichiometric composition. Two further BSO single crystals were provided by the IKZ,
Germany, for dielectric permittivitymeasurements. BGOwas provided byDaniel S. Pantsurkin (Nikolaev
Institute of Inorganic Chemistry, Russia). Samples of BTOwere purchased from the Sillenites Ltd. company
(Russia). Lattice parameters and densities as derived fromX-ray diffraction experiments are summarized in
table 1.

The physical properties reported here are referred to a Cartesian reference systemwith basis vectors ei, which
are connected to the crystallographic basis vectors ai of the cubic unit cell according toei Pai.

For Brillouin scattering experiments platelet samples were cut from the BSO raw crystal and polished on two
parallel sides. Their orientations were controlled byX-ray diffraction. Scattering experiments at ambient
conditionswere carried out on platelets with dimensions of about 0.2 mm×1 mm×1 mmand plate-normals
parallel to [100] (edge of the cubic unit cell) and [111] (space diagonal of the cubic unit cell), respectively
(figure 2). For studies at high pressures using a diamond anvil cell platelets with plate-normals parallel to [100]
and dimensions of about 0.01 mm×0.06 mm×0.06 mmwere employed.

For RUS experiments rectangular parallelepipeds with edges parallel to ei and edge lengths li of about 5 mm
to 8 mm (table 1)were cut from large single crystals using a low-speed diamond saw andwere polished on glass
plates using amixture of water andAl2O3 powder (grain size between 5 μmand 12 μm). In the case of BGO the
samplewas additionally polished to optical quality. The sample orientationwas controlled byX-ray diffraction.

Table 1. Lattice parameter a1 taken from literature (Wiehl et al 2010, 2013), dimensions li of RUS-samples and densities ρxray (derived
fromunit cell volume and ideal chemical composition), ρb (determined by buoyancymethod in purewater at 293 K) and ρG
(calculated fromdimensions andmass of RUS-samples) of investigated sillenite samples at ambient conditions.

Compound Sample no. a1 l1 l2 l3 ρxray ρb ρG

Å mm mm mm g cm−3 g cm−3 g cm−3

BSO BSO-1a 10.105(1) 6.308(2) 4.732(2) 4.355(2) 9.19(1) 9.207(5) 9.16(1)
BSO BSO-3 10.105(1) 5.257(2) 6.202(2) 7.970(2) 9.19(1) 9.203(5) 9.17(1)
BGO BGO-3 10.147(1) 5.887(2) 7.218(2) 8.020(2) 9.22(1) 9.249(5) 9.20(1)
BTO BTO-1 10.181(1) 5.547(2) 7.084(2) 8.021(2) 9.05(1) 9.086(5) 9.01(1)

Figure 2.Rectangular parallelepiped (main cut) used for RUS experiments and two additional oriented crystal cuts (100) and (111) in
respect to a crystallographic (ai) andCartesian crystal-physical reference system (ei). Dotted lines represent the cubic unit cell and the
arrowwith the dashed line points to the crystallographic direction [111].
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The deviation from ideal orientationwas kept below 0.4° and the deviation fromplane-parallelism of opposing
faces was smaller than±2 μm.

For themeasurements of the dielectric permittivity of BSO thin plates of about 1 mm thickness and
diameters ranging from12 mm to 15 mmwere cut parallel to the crystallographic faces (100) and (111). The
samples were polished flat with a deviation fromplane parallelism of±2 μm.The large faces were coveredwith
silver electrodes.

2.2. Brillouin scattering
For high-pressure experiments the BSO samples were loaded in a Boehler-Almax diamond anvil cell
(Boehler 2006). The culets of the diamondswere 300μmin diameter; the gasketmaterial was tungsten, or
rhenium for pressures>14 GPa. The gaskets with an initial thickness of 200 μmwere pre-indented to
thicknesses between 31 μmand 47 μmfor the high-pressure runs.Holes of 140 μmto 170 μm in diameter were
machined in the gaskets bymeans of a laser lathe. In all high-pressure runs heliumwas used as the pressure-
transmittingmedium in order to guarantee that the non-hydrostaticity was as low as possible (Wiehl et al 2013).
Pressures were determined using the rubyR1fluorescence-shift calibration according toMao et al (1986). A
vertically polarized solid state laser (λ0=532 nm, output during experiments=700 mW) and a 6-pass-
tandemFabry–Perot interferometer by JRS Scientific Instruments were employed for the Brillouin experiments.
Allmeasurements were performed in forward symmetric geometry. The details of this technique have been
described elsewhere (Sinogeikin et al 1998, Speziale andDuffy 2002, Sinogeikin et al 2004). In brief, the
incoming laser beam is scattered by thermally activated acoustic phonons in the sample and analyzed and
detected by the Brillouin-interferometer using a photomultiplier tube. The scattering angle θ (the angle between
incident and scattered beam)was 60°. At each pressure, 12 Brillouin spectra were collected atχ-angles between
0° and 180° (examples are depicted in figure 3).

In forward geometry, the Brillouin frequency shiftΔω is related to the acoustic velocity v through

( )
( )wl

q
=

D
v

2 sin 2
10

whereλ0 is the laserwavelength and θ is the scattering angle. Using the platelet geometry, the refractive index of
the sample cancels out (Whitfield et al 1976). The single crystal elastic coefficients have been calculated from the
acoustic velocities vP,S of the longitudinal pressure (P) and shearwaves (S) by a least-squares inversion of the
Christoffel’s equation (Every 1979, 1980).

2.3. Resonant ultrasound spectroscopy, dilatometry and dielectric permittivitymeasurements
The thermoelastic and the piezoelectric behavior of BSO aswell as the ultrasound dissipation of BSO, BGOand
BTOwere studiedwith resonant ultrasound spectroscopy (RUS) (Leisure andWillis 1997,Migliori and
Sarrao 1997). For this purpose a custom-built high-temperature RUS-device was employed (Haussühl et al
2011, 2012). The temperature stability inside the furnace (1600 °C furnace type 6.219.1–26 fromNetzsch)
achieved by a cascading temperature controller (EPC 900 fromEurotherm)was better than±0.5 K. The

Figure 3.Examples of Brillouin spectra of BSO at pressures of 2.6 GPa and 27 GPa.
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accuracy of the S-type thermocouple at themaximum temperaturewas better than±10 K. For the temperature
dependent RUSmeasurements the samples were slightly clamped at opposite corners between the ends of two
horizontally arranged corundum ceramic rodswhich acted simultaneously as ultrasonic wave guides. The
ultrasound generator and detector weremounted on the cold ends of the corundum rods outside the heated
area. The force acting on the opposed corners of the sample was kept below 0.05N. This ensured that the
experimental setup fulfilled the conditions of a nearly freely vibrating body. In the case of the high-temperature
RUSmeasurements whichwere performed in air the signal generation and detectionwas achieved using
network analyzers (HP4194A and 4394A fromKeysight) in combinationwith a high speed signal amplifier (type
4400 andHSA4101 fromNF-electronics). In addition, low-temperature RUSmeasurements were performed in
aHe atmosphere on a secondBSO sample in a commercial resistance furnace (500 °C furnace type 6.219.1–22
fromNetzsch). Signal generation and detectionwas achieved using a network analyzer and a signal amplifier
(FRA5087 andBA4825 fromNFCorporation) also employing two corundum ceramic rods as in the case for
high-temperaturemeasurements. Temperaturemeasurement and control involved the furnace, liquid nitrogen
cooling, type E thermocouples and a cascading temperature controller (2704 fromEurotherm).

Resonance spectra in the frequency range between 50 kHz and 800 kHzwith a resolution of 0.0025 kHz
were collected between 293 K and 1073 K in steps of 10 K for BSO andBTO, respectively, and between 293 K and
1123 K in steps of 5 K for BGO. For a second sample of BSO further RUS-measurements were conducted from
ambient conditions down to 103 K in steps of 20 K and up to 713 K in steps of 10 K. Temperature stability was
within±0.1 K. The frequency range for the low-temperaturemeasurements was 100 kHz to 1250 kHzwith a
resolution of 0.01 kHz. At each temperature step the samples werefirst allowed to equilibrate for at least 30
minutes before the resonance spectrumwas recorded.

In order to study the effects of accoustic dissipation the profiles of selected resonances were approximated by
modified Lorentzians according to

⎛
⎝⎜

⎞
⎠⎟( )

( )
·

( )= +
-

A f A
f f

1
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i

whereA0i and fi are amplitude and frequency, respectively, of the specific ith eigenmode. The exponent ni
describes the shape of the resonance peakwhich also affects its value of the full-width at half-maximum (fwhm).
wi corresponds to the fwhmΔfiwhich is related to the inverse quality factorQi

−1 of the resonance by
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D-Q

f

f
. 3i

i

i

1

In the case of BSO the independent elastic coefficients c11, c12 and c44, and the piezoelectric stress coefficient
e123 were derived for each temperature from the corresponding resonance spectrumusing the frequencies of at
least 100 observed eigenmodes. The evaluationwas carried out by a non-linear least-squares procedure inwhich
the observed resonance frequencies were compared to those calculated from sample dimensions, experimental
density, dielectric permittivity and a trial set of elastic coefficients and piezoelectric stress coefficient. Initial
values of cijwere taken from literature (Schweppe andQuadflieg 1974, Gospodinov et al 1988, Yu andMin 2004,
Shen et al 2014). The calculated resonance frequencies were obtained by solving a general eigenvalue problem,
the rank of whichwas equivalent to the number of basis functions used for the development of the components
of the displacement vector. In the non-linear least-squares refinement procedure the quantity

· ( ( ) ( ) ( )åc w w= -
=

w calc obs 4
i

n

i i i
2

1

2 2 2

calculated for n circular eigenmodes with resonance frequencies fi=ωi/2πwasminimized by varying the elastic
coefficients cij

E at constant electric field and the piezoelectric stress coefficient e123 of the sample. Thewi are
individual weights calculated by assuming experimental errors of±0.1 kHz for each observed resonance
frequency. In order tominimize errors due to truncation effects, up to 8775 normalized Legendre polynomials
were used for the expansion of the displacement vector. The code for the RUS-refinement also provides the
means for checking the influence of each refined coefficient in a givenmode.

Dielectric permittivitymeasurements were performed at 295 K applying the geometricmethod to thin
plane-parallel plates with arbitrary shape and a network analyzer (HP4194 fromKeysight) in a frequency range
between 10 kHz and 10MHz. For the calculation of the relative dielectric permittivity at constant stress the
following equationwas applied

( )r
=s 



t C

M
511 0

2
el

0

where t is the thickness, ρ the density,Cel the capacity andM themass of the sample, respectively. ò0 denotes the
permittivity of vacuum. The change of the relative dielectric permittivity at constant stress within the
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temperature range between 300 K and 700 Kwas neglected due to aminor variation in s 11 0 of about±1%
(Shen et al 2014).

The accurate determination of the temperature dependence of the elastic coefficients requires also a
correction for changes in sample dimensions and density due to thermal expansion effects (Haussühl et al 2012).
In order to determine the independent coefficient of thermal expansion of BSO, the temperature-induced strain
was studied between 100 K and 1070 Kon plane-parallel plates using two commercial inductive gauge
dilatometers (DIL 402C fromNetzsch) equippedwith a low-temperature or a high-temperature furnace,
respectively. The BSO-sample wasmeasured at least three timeswith heating/cooling rates of 1 Kmin−1 under
He purge gas atmosphere for the low-temperature dilatometer and air for the high-temperature dilatometer.
The dilatometers were calibratedwith standard samplesmade of fused silica orα-Al2O3.

2.4.Heat capacitymeasurements
The heat capacitymeasurements were performed at temperatures between 2 K and 395 Kusing a relaxation
calorimeter (heat capacity option of the Physical PropertiesMeasurement System (PPMS) fromQuantum
Design). A single crystal with amass of 35.57(2)mgwasmeasured at 150 different temperatures from395 K to
2 Kwith logarithmically-reduced steps. At each temperature, the heat capacity wasmeasured three times by the
relaxationmethod using the two-τmodel (Kennedy et al 2007). The samples were thermally coupled to the
sapphire holder byApiezonN grease. The absolute accuracy of our experiments was checked bymeasuring the
standard referencematerials SRM-720 (Al2O3) andCu (Alfa Aesar, 99.999%). The deviation of our data for
SRM-720 from those published byDitmars et al (1982)waswithin 2% in the range of 395 K to 50 K andwithin
6%below 5 K. The deviation of our data for Cu from those reported by Lashley et al (2003)was 1% in the range
from300 K to 40 K, and 2%below 40 K.

Molar heat capacities werefittedwith polynomials of higher order to facilitate the numerical integration.
The standardmolar entropy ◦S298.15 and the enthalpy change between 0 K and 298.15 K, -H0 298.15, were
computedwith the following equations:

( )◦ ò=S
C

T
dT 6

p
298.15

0

298.15

and

( )ò=-H C dT . 7p0 298.15
0

298.15

Neglecting the difference betweenCp andCV at lower temperatures, theDebye temperatureΘCp can be
determined using

⎛
⎝⎜

⎞
⎠⎟ ( )p

=
Q

C nR
T12

5
8V

4

Cp

3

where n is the number of atoms per unit cell andR=8.314 46 Jmol−1 K−1 (Carslaw and Jaeger 1959).

2.5. Computational details
DFT-based calculations were performedwith academic and commercial versions of theCASTEP program
(Milman et al 2000, Clark et al 2005, CASTEPUserGuide 2008) using a generalized gradient approximation in
theWu-Cohen formulation (WuandCohen 2006). For all calculations, ultrasoft pseudopotentials from the
CASTEPdata base were generated ‘on thefly’, with 6, 5 and 4 valence electrons forO, Bi and Si, respectively. The
maximumcutoff energy of the planewaves was 800 eV. In addition to the cutoff energy, the quality of the
calculations was determined by the density of the grid of k-points in the Brillouin zone.Here, distances between
the points were less than 0.036Å−1. Thewave vectors for the sampling points were chosen according to the
scheme proposed byMonkhorst and Pack (1976). Full geometry optimization calculations were performed.
Structures were considered to be convergedwhen the largest residual component of the stress tensorwas less
than 0.02 GPa and the largest residual force acting on an atomwas less than 0.01 eVÅ−1. The elastic stiffness
coefficients were obtained as the proportionality constants between applied strains and resultant stresses. Strain
patternswere imposedwith severalmagnitudes up to amaximum strain amplitude of 0.003, and after geometry
optimization of the internal parameters the resultant stresses were computed. The present calculations are
restricted to the athermal limit, inwhich temperature effects and zero-pointmotionswere neglected. The
calculations of the elastic stiffness coefficients were performed for 5 pressure points between 0 GPa and 50 GPa.
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3. Results and discussion

3.1.Heat capacitymeasurements
Previous heat capacitymeasurements of BSOwere performed only at elevated temperatures usingDSCorDTA
so far (Suleimenova and Skorikov 1992, Licea and Ioanid 1999,Denisova et al 2010, Onderka 2015). Figure 4
shows the heat capacity data obtained here together with the results of previous studies. Our heat capacities
around 400 K are in good agreement with the results byOnderka (2015) and one of themeasurements by
Suleimenova and Skorikov (1992). However, these data are 3% smaller than our results at around 350 K. The
othermeasurement by Suleimenova and Skorikov (1992) and the data byDenisova et al (2010) differ up to 5%
fromourmeasurement. The results by Licea and Ioanid (1999) differ significantly by about 15% fromour and
other previous studies.We assume that the reason for this large deviationmight be a reduced thermal contact of
the polycrystalline samples to the sample holder. No phase transitionwas observed between 395 K and 2 Kusing
heat capacitymeasurements.

The enthalpy of BSO at 298.15 K is 131.8(13) kJmol−1 and the standard entropy computed from the heat
capacities using equation (6) is 926(9) J K−1mol−1. TheDebye temperature derived fromour heat capacity
measurements isΘCp=248(2)K (figure 5). Onderka (2015) estimated the standard entropy of BSOusing an
extrapolation of the low-temperature heat capacity data fromhis high-temperature heat capacities applying the
Debyemodel. This led to an overestimation of theDebye temperature (ΘCp=686(13)K) , which further
resulted in an underestimated value of 517(72) J K−1mol−1 for the standard entropy in his study. It differs by
more than 40% fromour results.

3.2. Elastic properties at ambient conditions
The single-crystal elastic stiffness coefficients and aggregatemoduli of BSO are comparedwith those reported by
various authors in table 2. The elastic coefficients obtained at ambient conditions by RUS andBrillouin
spectroscopy in this study and byGospodinov et al (1988) (improved Schaefer-Bergmannmethod) are in
excellent agreement within experimental errors (table 2). The cij values of our theoretical study usingDFT-
calculations valid for ambient pressure and 0 K are in reasonable agreement with the experimental data, while
being systematically larger. The results by Yu andMin (2004) (Brillouin interferometry) aswell as Schweppe and
Quadflieg (1974) are comparable with our results (table 2). The single-crystal elastic stiffness coefficients c11 and
c12 by Shen et al (2014) deviate considerably from the results of this paper (table 2).

The elastic stiffness coefficients can be used to estimatemean sound velocities which then can be employed
to compute theDebye temperature according to Robie and Edwards (1966)

( )[( ) ( )] ( )r pQ = h k nN M v3 4 , 9melastic
1 3

where h and k are the Planck andBoltzmann constants, n is the number of atoms per formula unit,N is
Avogadro’s number,M the formulaweight and vm themean sound velocity, respectively. A rough estimation of
themean sound velocity vmwas computed according to the approach described by Robie andEdwards (1966)

Figure 4.Themolar heat capacityCp of BSOmeasured between 2 K and 395 K.Our experimental data are shown as dots. Lines,
triangles, circles and squares represent the results by Suleimenova and Skorikov (1992), Denisova et al (2010), Onderka (2015), and
Licea and Ioanid (1999), respectively.
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[ (( ) ( ))] ( )= + -v v v1 3 1 2 , 10m l s
3 3 1 3

where vl and vs are the longitudinal and shear sound velocities, respectively, using the aggregate (isotropic) elastic
values c11

iso and c44
iso (table 2)derived by theVoigt-Reuss averaging. This calculation yieldedΘelastic=251 K

which is in reasonable agreement withΘCp=248(2)Kderived fromour heat capacitymeasurements (figure 5)
andwithΘelastic=238 K reported by Licea and Ioanid (1999).

The extracted piezoelectric coefficient e123 of our work is compatible with the data from literature (table 2).

3.3. Temperature dependence of strain and elastic and piezoelectric properties
Temperature-dependentmeasurements reveal strong ultrasound dissipation at elevated temperatures (figure 6),
thus reliable cij coefficients could only be obtained up to 733 K. Between 103 K and 773 K the evolution of the cij
(figure 7) and e123 (figure 8), respectively, with temperature is almost linear. The small deviations between the
two linearfitting curves of e123might stem from sample preparation of BSO-1a and fromdifferent internal
sample quality. However, the temperature dependent coefficients∂e123/∂T are similar within experimental
uncertainties. Results of corresponding fits are presented in table 3. A comparisonwith the results of

Figure 5. Linear fit of themolar heat capacity of BSO for the determination of theDebye temperature based on equation (8). Black
symbols are themeasured data; the blue line is thefitted function. Error bars are smaller than the symbol size.

Table 2.Experimental elastic and electrical properties of BSO at ambient conditions and calculated elastic properties for 0 K. ρ density,
/s 11 0 relative dielectric permittivity at constant stress,  x

11 0 relative dielectric permittivity at constant strain, e123 piezoelectric stress
coefficient, d123 piezoelectric strain coefficient.Method of determination of elastic stiffnesses: RUSE (resonant ultrasound spectroscopy), BS
(Brillouin spectroscopy), DFT (density functional theory), RARE (resonance-antiresonance technique), PRE (plate-resonance technique,
improved Schaefer-Bergmannmethod) and PEE (pulse-echo technique), Emeasurements at constant electricfield (cij

E).K0s adiabatic bulk

modulus. gdeviation fromCauchy relations, cii
iso aggregate elastic coefficients (average of Voigt andReussmodel).

Reference this work

(Shen
et al

2014)
(Yu and
Min 2004)

(Gospodinov et al
1988)

(Schweppe and
Quadflieg 1974)

Sample no. BSO-1a BSO-3 — — — — — —

ρ/g cm−3 9.207(5) 9.203(5) — — 9.2 9.2 9.197 9.21
s 11 0 42.6 (5) 42.6 (5) — — 48.2 — — 47

 x
11 0 39.7(5) 39.7(5) — — — — 36 42

Method RUSE RUSE BS DFT RARE BS PRE PEE

c11 /GPa 131.2(4) 130.2(1) 129(2) 146(4) 119 134.3 129.8 128

c12 /GPa 30.3(4) 29.6(1) 30(2) 41(2) 43 30.6 29.71 28

c44 /GPa 24.67(2) 24.64(1) 25(1) 34(4) 25 26.4 24.72 25

e123 /Cm−2 1.16(4) 1.11(1) — — 1.2 — 0.8 1.0

d123 /pCN−1 23.6(7) 22.5(2) — — 24 — 16 20

K0s /GPa 63.9(5) 63.1(5) 63(1) 76(5) 68.3 65.2 63.08 61.3

g=c12–c44 /GPa 5.6(6) 5.0(2) 5(1) 7(2) 18 4.2 5.0 3

c11
iso /GPa 107.9(6) 107.1(2) 107(4) 130(5) 107.8 111.5 107.0 105.5

c44
iso /GPa 33.0(4) 33.0(4) 33(2) 41(6) 29.6 34.7 32.9 33.1
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Gospodinov et al (1988) reveals reasonable agreement of the temperature coefficients for c11 and c44 but a
discrepancy of about 40% in the case of c12.

The thermal expansion of BSO is slightly non-linear (figure 9), thus second-order polynomials of the type

( ) ( ) ( )a b= D + Dx T T T 11ij 11 11
2

withΔT=T−T0 are required for a proper approximation of the strains xij over the entire investigated
temperature range.T0=293 Kdenotes the reference temperature andα11=14.4(4)·10−6 K−1, and
β11=2.8(1)·10−9 K−2 are the corresponding coefficients of linear and quadratic thermal expansion,
respectively. Our linear thermal expansion coefficient deviates from the reported value ofGospodinov et al
(1988) by about 20%.

3.4. Acoustic attenuation of BSO, BGOandBTO
The sound attenuation encouraged us to investigate additionally the quality factors of selected resonances of
BSO and related BGOandBTOup to 1123 K.We observed strong and reversible acoustic dissipation effects,
which are characterized byDebye peak-like attenuationmaxima at about 870 K for BSO, at 960 K for BGOand
at 550 K for BTO, respectively (figure 10). Debye peaks are typical for anelastic relaxation processes of point
defects (Nowick andBerry 1972).Modeswith small contributions of the elastic shear stiffness c44 and of the
piezoelectric stress coefficient e123 are almost unaffected by the dissipation (see e.g.mode no. 21 of BGO-3,
figure 11). The nearly linear evolution of frequencywith temperature for thismode is depicted infigure 11(a),

Figure 6. Selected region of the resonant ultrasound spectra for BSO single crystal (no. 3) as a function of temperature.

Figure 7. Single-crystal elastic stiffness coefficients cij of BSO as a function of temperature. Experimental errors are within the size of
the symbols.
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whereas a strong peak of the inverse quality factor could be detected at about 960 K (figure 11(b)). Therefore,
piezoelectric/carrier relaxation as observed for example in piezoelectric langasite typematerials (Johnson et al
2008, Fritze 2010,Hirschle and Schreuer 2018)might play an important role here, too. Amore detailed study of
the frequency dependence of the dissipationmaximawould allow for the determination of activation energies
offering a deeper insight into the underlying atomistic processes.

3.5. Pressure dependence of elastic properties
To thebest of our knowledge, besides the low-pressure data up to 0.16 GPa (Gospodinov et al 1988), no high-
pressure data of single-crystal elastic stiffness coefficients cijhas been reported so far. Brillouinmeasurementswere
performedup to 27 GPa.No indications for pressure-induced amorphisationor structural phase transitionwere
observed. Infigure 12, the three independent single-crystal elastic stiffness coefficients are depicted as a functionof

Figure 8.Evolution of the piezoelectric stress coefficient e123 of BSO as a function of temperature. Filled black symbols denote sample
no. 1a, open blue symbols sample no. 3, respectively. Red lines represent linearfitting curves.

Table 3.Experimental thermoelastic properties of BSO at ambient pressure
as derived by linear regressions with reference temperatureT0=295 K
from experimental data. The evolution of c44 with temperature wasfitted
using the polynominal regression of the type ( ) ( )= + - +c T c c T Tij ij ij

0 1
0

( )-c T Tij
2

0
2. Numbers in parentheses are the uncertainties of the last

digit as derived from the standard deviations of the corresponding fit
parameters. The thermoelastic coefficients = ¶ ¶T c Tlogij ij are for
295 K.Method of determination of elastic stiffnesses: RUS (resonant
ultrasound spectroscopy), PR (plate resonance technique, improved
Schaefer-Bergmannmethod).

Reference this work

(Gospodinov
et al 1988)

Method RUS PR

Sample no. BSO-1a BSO-3

Temperature

range/K

103–713 293–733 250–320

T11 / 10
−3 K−1 −0.313(2) −0.316(3) −0.297(8)

T12 / 10
−3 K−1 −0.303(7) −0.304(7) −0.439(20)

T44 / 10
−3 K−1 −0.195(2) −0.191(2) −0.182(6)

∂c11/∂T /MPa

K−1

−41.1(2) −41.1(4) −38.6(10)

∂c12/∂T /MPa

K−1

−9.2(2) −9.0(2) −13.0(6)

∂c44/∂T /MPa

K−1

−4.79(4) −4.7(1) −4.5(2)

∂c244/∂T / kPa

K−2

−1.6(1) −1.8(3) —

∂e123/∂T / 10−2C

m−2 K−1

−0.039(2) −0.036(1) —
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pressure up to 27 GPa togetherwith theRUSdata at ambient conditions andDFTdata calculatedup to 50 GPa. The
cij values at ambient conditions byYu andMin (2004), andLandolt-Börnstein (Landolt andBörnstein 1961) are also
shown infigure 12.Thefirst and secondpressure derivatives of the elastic stiffness behaviour aswell as the adiabatic
bulk and shearmoduli calculated from the single-crystalmoduli (Voigt-Reuss average)ofBSOare listed in table 4.
The deviations between the low-pressure derivatives dcij/dpmeasuredbyGospodinov et al (1988) andourfindings
range between16%and31% (table 4). The pressure dependencies of the aggregatemoduli are depicted infigure 13.

The elastic coefficients c11 and c12measuredbyBrillouin interferometry increasewith increasing pressurewhile
c44first increases up to apressure of 15 GPa and then remains almost constant on further pressure increase to 27 GPa

Figure 9.Temperature-induced strain x11 of BSO as observed by dilatometry.

Figure 10.Evolution of the inverse quality factor of distinct RUS-modes for (a)BSO, (b)BGOand (c)BTOwith temperature. The
symbols (+) denotemeasurements using heating ramps and (-)measurements using cooling ramps, respectively.
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(figure 12). At highpressures the curve characteristics of the calculated cijusingDFTare similar to the experimental
ones: the elastic stiffness coefficients c11 and c12 increasewhile c44flattenswithpressure, ormay even slightly decrease
as canbe deduced fromthe theoretical value at 50 GPa.Both, thenon-linear curvatures of the pressure dependencies
of c11 and c44 and the linearity of the c12 pressure dependence arewell reproduced in experiment and theory.While
the absolute agreement of the experimental and theoretical pressure dependencies of elastic tensor components c11
and c44 is very good, thepressure increase of c12 is significantly overestimated in the calculations.

Neither our experimental data nor our theoretical calculations onBSO show any signs of a phase transition
in the investigated pressure range up to 27 and 50 GPa, respectively, which is in agreementwith the experimental
powder X-ray compression data by Rao et al (2010) collected up to 26 GPa. Both, the Brillouin as well as the
ultrasoundmeasurements (table 2) of this study and theX-ray compressionmeasurements byWiehl et al (2010)
result in the same value of the adiabatic and isothermal bulkmodulus, namelyK=63 GPa (table 4). The
relation between adiabatic and isothermal bulkmoduli,Ks andKt, is given by

( ) ( )ag= +K K T1 , 12s t th

whereα is the thermal expansion, γth is the thermodynamic Grüneisen parameter andT is the temperature. The
pressure derivative of the adiabatic bulkmodulus ¢K s0 =6.1(2) is also equivalent within uncertainty to the
pressure derivative of the isothermal bulkmodulus ( )¢ =K 5.6 5t0 and ( )¢ =K 6.6 3t0 reported for powder and
single crystal X-ray diffraction data, respectively, byWiehl et al (2010, 2013) (table 4). These values are
considerably smaller than ¢ =K 16.7t0 (withK0t=36 GPa) reported byRao et al (2010) obtained byX-ray

Figure 11.Temperature dependence of (a) frequency and (b) inverse quality factor formode no. 21 of BGO.

Figure 12. Single-crystal elastic stiffness coefficients cij of BSO as a function of pressure. The cij values obtained bymeans ofDFT-
calculations show the same trendwith pressure as the present experimental study.
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compressionmeasurements on powder samples up to 24 GPa (table 4). This inconsistency in both the bulk
modulus and its pressure derivative reported by Rao et al (2010) if compared to the other existing data,might be
partly attributed to the use of an alcoholmixture as the pressure-transmittingmedium,which is known to
provide hydrostatic conditions only below 10 GPa (Klotz et al 2009).

Rao et al (2010)determined themodeGrüneisen parameters fromRamanmeasurements onBSO. These
values lie in a small range 0.14<γi<0.84 (Rao et al 2010). To estimate the thermodynamicGrüneisen
parameter γth, the average of themodeGrüneisen parameters is taken, áγiñ=γth=0.38 . Given the fact, that
the thermal expansionα11 of BSO is between 14.4·10−6 K−1 and 16·10−6 K−1 (this work and Salke andRao
(Salke andRao 2012)) the isothermal bulkmodulusK0t is calculated to be 63.1 GPa, which fits within
experimental error to the experimental results ofK0s of this work andK0t byWiehl et al (2010).

The anisotropy according to the definition by Zener (1947)A=2c44/(c11−c12) and the ratio of the
maximumandminimumof the longitudinal elastic stiffness c′(u)=uiujukulcijklwith pressure of BSO is shown
infigure 14, where ui are the direction cosines. The anisotropy increases slightly from0.5 at ambient pressure to
0.54 at 10 GPa and decreases subsequently to 0.52 at highest pressure of this study. The fact that the anisotropy of
BSOdoes not change drastically with pressure supports thefindings byWiehl et al (2013) that the crystal
structure is stable up to 39 GPa.

Table 4.Pressure derivatives of elastic stiffness of BSO for room temperature
from this study (2nd order polynomialfit) and from literature.K0s adiabatic
bulk (GPa) andG0 shearmoduli (GPa) calculated from the cij coefficients
(Voigt - Reuss average),K0t isothermal bulkmodulus (GPa).

Reference This work

(Gospodinov
et al 1988)

(Wiehl

et al 2010)
(Rao et al
2010)

pmax/GPa 27 0.16 23 24
¢ =c P11 11 9.7(4) 11.55(2) — —

c11 /GPa
−1 −0.10(2) — — —

¢ =c P12 12 4.2(3) 5.7(3) — —

c12 /GPa
−1 −0.02(1) — — —

¢ =c P44 44 1.7(1) 2.48(8) — —

c44 /GPa
−1 −0.029(4) — — —

K0s /GPa 63(1) 63.08 — —

K0t /GPa — — 63(4) 36
¢K s0 6.1(2) — —

¢K t0 — — 5.6(5) 16.7

K s0 /GPa-1 −0.051(8) — — —

G0 /GPa 34(1) — — —

¢G0 2.0(1) — — —

G0 /GPa−1 −0.034(3) — — —

Figure 13.The aggregate bulk and shearmoduli (Ks,G) of BSO as a function of pressure. The dashed black line indicates the isothermal
bulkmodulusKt determined byWiehl et al (2010).
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3.6. Conclusions
The cubic crystal structure of BSO exhibits a remarkable pressure stability despite its high compressibility.
Single-crystal Brillouinmeasurements up to 27 GPa and ab initio calculations by density functional theory up to
50 GPa showno indications of a structural phase transition in this pressure range.We found that the elasticity
coefficients c11 and c12 continuously increase with pressure while c44 only slightly increases and remains nearly
constant within standard deviation above 15 GPa. In addition, the elastic properties of sillenites were
investigatedwith the aid of resonant ultrasound spectroscopy (RUS) between 100 K and ca. 1100 K.We
observed surprisingly strong and reversible acoustic dissipation effects, which are characterized by attenuation
peaks at about 870 K for BSO, at 960 K for BGO, and at 550 K for BTO, respectively. Those peaks resemble
Snoek-effect like anelastic relaxation peaks (Nowick andBerry 1972). However,modes with small contributions
of the elastic shear stiffness c44 and also small piezoelectric stress coefficient e123 are almost unaffected by the
dissipation. Therefore, piezoelectric/carrier relaxation, whichwas also observed in piezoelectric langasite type
materials (Johnson et al 2008, Fritze 2010,Hirschle and Schreuer 2018), might play an important role here as
well. Amore detailed study of the frequency dependence of the dissipationmaximawould allow for the
determination of activation energies offering a deeper insight into the underlying atomistic processes.
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