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ABSTRACT: The structural properties of calcite-type orthoborates ABO, (A = Al, Fe, Sc and In), have been investigated at
high pressures up to 32 GPa. They were studied experimentally using synchrotron powder x-ray diffraction and theoreti-
cally by means of ab initio total-energy calculations. We found that the calcite-type structure remains stable up to the
highest pressure explored in the four studied compounds. Experimental and calculated static geometries (unit-cell pa-
rameters and internal coordinates), bulk moduli and their pressure derivatives are in good agreement. The compressibil-
ity along the c axis is roughly three times that along the a axis. Our data clearly indicate that the compressibility of bo-
rates is dominated by that of the [AOg4] octahedral group and depends on the size of the trivalent A cations. An analysis of
the relationship between isomorphic borates and carbonates is also presented, which points to the potentiality of consid-

ering borates as chemical analogues of the carbonate mineral family.

1.- Introduction

A"BO, metal orthoborates have been known for
many years to be isostructural with different forms of
calcium carbonate, CaCO,. In particular, Al, Sc, Ti, V, Cr,
Fe, In, Yb, and Lu borates crystallize in the calcite-type
structure; Y, Sm, Eu, Gd, Dy ,Ho, Er, Tm, Yb, and Lu
adopt the vaterite-type structure; and La, Ce, and Nd
borates are found in the aragonite-type structure. Which
polymorph is stable at room conditions can be explained
in terms of the classical crystal radii ratio ryo= A*/O%,
being calcite if ryo < 0.8, vaterite if 0.8 < 150 <0.89 and
aragonite if roo > 0.89 [1]. This hypothesis agrees roughly
with the critical value in CaCO, (rao ~ 0.9) which is found
in the three polymorphs [2]. These structural similarities
are based on the stability of the [BO,]* and [CO,]*
groups, where B and C bond to three oxygen atoms in
triangular planar configuration [3]. In connection with
this, infrared spectroscopy suggests a non-planar boron -
oxygen configuration for vaterite-type borates [2], boron
having tendency toward oxygen coordination greater than
3, which could also explain the instability of this struc-
tural type in carbonates. In spite of the greater stability of
the borate anion group, mineral species of the borate
class tend to occur rarely in geologic formations due to
the small elemental abundance of B and A" metals in
Earth’s interior [4]. Nevertheless, borates could be con-
sidered as analogues of carbonates and could help in
demonstrating the effects of tuning the thermodynamic
variables as well as the cation substitution in these types
of structures.

The four borates considered in this manuscript: Alu-
minum [5], scandium [6], iron [7] and indium [8] ortho-
borates crystallize in the calcite-type structure (space
group (S.G.): R-3¢, No. 167, Z=6), which is the less dense
of the afore-mentioned polymorphs. These compounds
have a wide potential at room conditions for their appli-
cation in photoluminescence. Rare-earth-doped ABO,
emitting phosphors are known for fifty years [9]. ScBO,,
for instance, operates as a room-temperature near-
infrared tunable laser when doped with Cr** [10] and
InBO, doped with Eu*" has been studied due to their
properties as scintillating material [11]. Particularly inter-
esting is iron borate FeBO,, which is a weak antiferro-
magnet at ambient conditions [12].

The most important features of the calcite structure
are depicted in Figure 1a. It is formally described as
formed by slightly distorted [A"Og] octahedra whose O
atoms belong to different [BO;] units. The borate groups
are distributed in layers in such a way that the triangular
[BO,] groups present reversed orientations in alternating
layers; while [AOg] octahedra share corners with other six
octahedra, three from the upper layer and three from the
lower layer. Structural analyses in terms of second-
neighbour contacts have proven to be particularly useful
in determining high pressure and temperature tendencies
and polymorphism [13-16]. In this sense, the calcite struc-
ture can also be thought of as a distorted rocksalt struc-
ture of the A and B atoms (see Fig. 1b); where the primi-
tive rhombohedral unit-cell of calcite can be obtained by
compressing the cubic NaCl-like structure along the
threefold symmetry axis [111] [17].
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FIGURE 1: (a) Crystal structure of the rhombohedral R-
3c calcite-type InBO;. [BO;] triangle units are depicted in
green. An [InOg] octahedron is represented in orange to-
gether with six additional [InOg] octaedra with which it
shares one corner. O atoms are represented in red. Cell edges
are shown as solid black lines. (b) Distorted rocksalt struc-
ture of the InB subarray in InBO, (angle /B-In-B = 76.4¢ at
room conditions). In, B, and O atoms are represented as
orange, green and red spheres, respectively. The solid blue
lines would indicate the B - In contacts.

In this paper we report a high pressure (HP) study of
the rhombohedral calcite-type structure of aluminium,
scandium, iron and indium borates from both theoretical
and experimental points of view. Angle-dispersive powder
x-ray diffraction (XRD) measurements were carried out at
room temperature up to 32 GPa. Their equations of state
and axial compressibilities have been determined. We will
particularly focus on the special geometrical features
occurring when pressure is applied. Finally, we will dis-
cuss the analogies between the behaviour of calcite-type
borates and carbonates. The structural evolution of the
second coordination sphere of cations with pressure will
provide some hints on the nature of this class of com-
pounds.

2.- Experimental and theoretical details

Synthesis.- (i) AIBO;, single crystals were prepared
by hydrothermal HP synthesis [18]. (ii) FeBO, crystals
were obtained from a 1:1:5 Fe,0,:Bi,0,:B,0; flux. After
fusion at about 1200 °C, the melt was annealed for several
days [7,19]. (iii) ScBO, (InBO,) single crystals were pre-
pared by the flux growth method [20], where appropriate
quantities of pure Sc,0; (In,0;), B,O; and LiBO, were
used as starting materials. After careful mixing, the start-

ing mixtures were heated to 1150 °C with a heating rate of
100°C h™. The melt was maintained at this temperature for
10 h (soaking time), then cooled to 840 °C at a rate of 3 °C
h™. Finally, it was cooled down to room temperature at a
rate of 100 °C h™.

Single crystal x-ray diffraction at ambient conditions
was taken for AIBO,, FeBO, and InBO,, and powder x-ray
diffraction data was taken for ScBO, to confirm the cal-
cite-type structure of our samples which has been also
confirmed by Raman scattering measurements (not
shown).

HP experimental details.- HP angle-dispersive
powder X-ray diffraction experiments were conducted at
room temperature in Diamond (Ii5 beamline) and ALBA
(MSPD beamline [21]) synchrotron light sources. Experi-
ments on AIBO,, ScBO,, FeBO, and InBO, were carried
out up to 31, 18, 31, and 32 GPa, respectively, with a mono-
chromatic wavelength of 0.4246 A. The samples were
loaded in 150 pm diameter holes of 40 pm thick of inconel
gaskets in modified Merrill-Bassett or membrane-type
diamond-anvil cells (DACs) with diamond culet sizes of
450 pm. A 16:31 methanol-ethanol-water mixture was
used as pressure-transmitting medium. The monochro-
matic X-ray beam was focused down to 20 x 20 pm using
Kirkpatrick-Baez mirrors. A pinhole placed before the
sample position was used as a cleanup aperture for filter-
ing out the tail of the X-ray beam. The images were col-
lected using a Mar3so0 image plate for (Al,Sc)BO, and a
SX-165 CCD for (Fe,In)BO,.

Pressure was measured by the ruby fluorescence
method [22]. Preliminary data reduction was done using
the Fit2D software [23]. The indexing and refinements of
the powder diffraction patterns were performed using the
FULLPROF [24] and POWDERCELL [25] program pack-
ages.

First-principles calculations.- Total-energy ab ini-
tio simulations have been performed within the density-
functional theory (DFT) framework as implemented in
the Vienna ab initio simulation package (VASP) (see Refs.
26 and 27 and references therein). The program performs
ab initio structural calculations with the plane-wave
pseudo-potential method. The set of plane waves em-
ployed extended up to a kinetic energy cutoff of 520 eV.
Such a large cutoff was required to achieve highly con-
verged results within the projector-augmented-wave
(PAW) scheme [28]. The exchange-correlation energy was
taken in the generalized gradient approximation (GGA)
with the PBEsol prescription [29]. The GGA+U method is
used for the case of FeBO; to account for the strong corre-
lation between the electrons in the Fe d shell, on the basis
of Dudarev’s method [30]. In this method, the onsite Cou-
lomb interaction U and the onsite exchange interaction J
are treated together as U= U - J . For our GGA+U calcu-
lations, we choose U,y = 4 eV for the Fe atom, value used
in a previous study on some metal-rich borides [31]. Our
study shows that FeBO, is an antiferromagnetic material.



We used a dense Monkhorst-Pack [32] k-special point
grid to perform accurate and well converged energies and
forces calculations. At each selected volume, the struc-
tures were fully relaxed to their equilibrium configuration
through the calculations of the forces on the atoms and
the stress tensor, which means that we obtain the evolu-
tion with pressure of the internal and external parameters
of the structure under study. It is useful to note that the
theoretical pressure P(V), can be obtained within the ab
initio DFT calculations at the same time that the E(V)
data. The theoretical pressure, P, like other derivatives of
the energy, is obtained from the diagonal stress tensor
achieved after the structural relaxation [33].

3.- Experimental and theoretical high-pressure
results

Table I collects the crystallographic information for
the four rhombohedral calcite-type orthoborates under
study from Rietveld refinements carried out at ambient
conditions.  Theoretical structural data of the
orthoborates are also included in Table I and present a
good agreement with our measurements.

Table I. Experimental (Exp.) and theoretical (Theor.) crystal-
lographic parameters of the ABO, (A=Al Fe,Sc,In) borates at
ambient conditions. They are described with a rhombohedral
R-3¢ space group (No. 167), where the A and B cations are
located at the 6b (0,0,0) and 6a (0,0,0.25) Wyckoff positions,
respectively. The oxygen is located at the 18e (x,0,0.25) Wy-
ckoff position.

a(A) c(A) O site: 18e
AIBO, 4.46383) | 13.745(1) x=0.30907(6) | Exp.
(Ref. 5)
4.47765 13.72305 X = 0.30902 Theor.
FeBO, 4.626(1) 14.493(6) X = 0.2981(4) Exp.
(Ref. 7)
4.6352 14.43033 X =0.290847 Theor.
ScBO, 4.754(1) 15.277(1) X =0.286(1) Exp.
4.76517 15.20694 X = 0.29036 Theor.
InBO, 4.8180(4) 15.4290(3) X = 0.315(6) Exp.
4.8572 15.44305 X =0.2846 Theor.

Under compression, X-ray powder diffraction pat-
terns of borates do not show any significant change
within the studied pressure range and could be indexed in
the rhombohedral phase up to the maximum pressure of
this study. Figure 2 depicts the integrated intensities as a
function of 20 at selected pressures in AIBO, to show the
quality of these data, which allow Rietveld structural

analyses. On the other hand, crystal sizes of the
(Sc,Fe,In)BO, powder samples are not uniform and, con-
sequently, some texturing effects appear in the x-ray dif-
fraction patterns. This unwanted effect entails that the
relative intensities of the diffraction maxima are not accu-
rate, avoiding full structural refinements for these three
borates. Above 10 GPa, the diffraction peaks broaden
gradually as a consequence of the loss of the quasi-
hydrostatic conditions and the appearance of deviatoric
stresses in the compressed samples. This is expected be-
cause of the use of the methanol-ethanol-water mixture
as pressure transmitting medium [34,35].
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Figure 2.- Powder XRD patterns of AIBO, at five selected
pressures. The calculated profiles and the residuals of the
Rietveld refinements at 0.4 and 30.5 GPa are also repre-
sented. Vertical marks indicate the Bragg reflections of the
rhombohedral R-3c structure at 0.4 and 30.5 GPa.

Rietveld refinements carried out on HP-XRD data for
AIBO, show that the x atomic coordinate of the O atom
up to 31 GPa was similar to that at ambient conditions
within experimental uncertainty. This result agrees with
the weak pressure dependence of this atomic parameter
obtained from our theoretical calculations (according to
simulations the x coordinate of AIBO, varies from 0.30902
at o GPa to 0.3128 at 30 GPa).



The pressure evolution of the unit-cell volumes of the
four borates is plotted in Fig. 3, where we compare them
with those obtained in our theoretical calculations. The
pressure-volume curves were analyzed using a second-
order Birch-Murnaghan (BM) equation of state (EOS)
[36]. In the fitting of the experimental values, the zero-
pressure volume (V,), and the bulk modulus (B,) are left
as free parameters whilst the bulk modulus pressure de-
rivative (B,’) is fixed to 4. In the case of the calculations
the B, parameter is left free in the EOS fitting obtaining
values for B, close to 4. The obtained values for V,, B, and
B, are collected in Table II. Experimental values of the
bulk modulus are in good agreement with those obtained
from ab-initio calculations. The obtained experimental
values for B, decrease following the sequence “AIBO, >
ScBO; > InBO,”. Special mention deserves the FeBO,
dataset. A previous study by Gavriliuk et al. reported the
EOS of the calcite-type phase of this compound up to 54
GPa using silicon organic liquid as pressure transmitting
medium [37]. Their results are included in Table II. Their
P-V data points present a large dispersion but an overall
agreement with our results when our EOS fit is carried
out in the range 0-30.5 GPa. However, above 10 GPa, our
experimental data starts to deviate from the theoretical
predicted P-V curve for reasons that are not obvious,
showing a change in tendency with pressure that suggests
that a better estimation for the EOS parameters is ob-
tained when the fit is restricted to the range o-10 GPa. For
this reason, we have also obtained the EOS parameters for
FeBO, using experimental data in the range o-10 GPa and
the results are included in Table II. In this case, the theo-
retical values B, compare well with the experimental ones.

Volume (A%
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Figure 3.- Pressure dependence of the experimental (sym-
bols) and theoretical (blue solid lines) unit-cell volumes of
Al Sc, Fe and In borates. Solid symbols refer to data taken in
the upstroke and open symbols to data taken in the down-
stroke. Black dashed lines represent the fit with a BM EOS to
experimental data in the whole pressure range. For the case
of FeBO,, the fit with a BM EOS to experimental data in the
range o-10 GPa is shown with a dash-dotted red line.

Table II. Experimentally determined and calculated EOS
parameters for ABO, (A=Al, Fe, Sc, In) borates at ambient
conditions. A BM EOS has been used for the fits. The pres-
sure range used in the EOS fits is indicated in the table for
the experimental data. In the case of FeBO,, data from Ref. 35
is included for comparison purposes.

V, (&%) B, B, Pressure
(GPa) range (GPa)

AIBO; | 237.15(1) 207.2(2) | 4 (fixed) | Exp. 0-30.5
238.28(1) 210.3(5) 4.24(3) Theor.

FeBO; | 266.7(3) 250(5) 4 (fixed) | Exp. 0-30.5
268.1(2) 188(5) 4 (fixed) | Exp. 0-9.7
266.5 255(25) 5.0(1.2) Exp. 0-54 (Ref. 37)
268.38(3) 181.6(6) 4.21(5) Theor.

ScBO, | 300.3(4) 166(4) 4 (fixed) | Exp. 0-18.1
299.19(4) | 167.7(6) | 3.93(4) | Theor.

InBO; | 31.5(5) 158(3) 4 (fixed) | Exp. 0-31.6
33.46(3) | 160.3(5) | 3.88(3) | Theor.

Figure 4 illustrates the evolution of the lattice pa-
rameters a and ¢ with increasing pressure which evidence
that their contraction is rather anisotropic; i.e. according
to our experiments, the compressibilities of the a axes are
considerably smaller than those of the corresponding ¢
axes. Table III reports the experimental and theoretical
axial compressibilities for @ and c axes at room pressure,

-1 ox

defined as , =— "

Y x opP
Murnaghan EOS [38]. The theoretical values of k, and «,
are in relatively good agreement with the experimental
values and in all of the cases k. is greater than x, (k.
~3-%,). This is due to the fact that the B — O bonds are less
compressible than the A - O bonds and, as we will see
below, to the tendency of the AB cation subarray to adopt
a CsCl-like structure. Taking into account our calcula-
tions we have obtained that the interatomic A - O dis-
tances (A = Al/Sc/Fe/In) have shortened 1.6/1.9/1.8/2.0%
between room pressure and 10 GPa, whereas the B - O
distance only varies 0.6/0.7/0.7/0.8% in the same pressure
range. Moreover, non-hydrostaticity likely produces a
slight change in the slope of the c¢/a axes ratio of these
borates at the hydrostaticity limit, which indicates that
the compression ratio between [AOg] octahedra and [BO;]
triangles is affected by deviatoric stresses.

and obtained by fitting of a
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Figure 4.- Pressure dependence of the lattice parameters.
Black squares, red circles, magenta diamonds and blue trian-
gles represent experimental data for Al, Fe, Sc and In borates,
respectively. Solid (open) symbols refer to data taken in the
upstroke (downstroke). Solid black line, dashed red line,
dash-dotted magenta line and dotted blue line represent
calculations for Al, Fe, Sc and In borates, respectively.

Table III. Experimentally determined and calculated axial
compressibilities k, and k. (10 GPa") for ABO, (A=Al Fe, Sc,
In) borates at ambient conditions.

Pressure
Ka K range
(GPa)

AlIBO, 0.98(4) | 3.05(2) | Exp. 0-30.5
AlIBO, 119(1) 2.35(1) | Theor.
FeBO, 0.87(3) | 2.32(4) | Exp. 0-30.5
FeBO, 1.2(1) 3.8(1) Exp. 0-9.7
FeBO, 1.26(1) 2.99(2) | Theor.
ScBO; 113(3) 3.6(3) Exp. 0-18.1
ScBO3 130(2) | 3.40(3) | Theor.
InBO, 1.6(2) 3.49(5) | Exp. 0-31.6
InBO, 138(3) | 3.75(3) | Theor.

The present HP experimental work on a series of
ABO, (A = Al Sc, Fe, In) borates makes possible to ana-
lyze the compressibility behaviour of these compounds

depending on the nature of the trivalent A metal. Ander-
son and Anderson [39] noted that, to a first approxima-
tion, in many oxides with the same crystal structure the
relationship B,V, = constant is held. Using our results we
can explore the applicability of this behaviour to rhom-
bohedral orthoborates. Thus, we see that reciprocal vol-
ume and bulk modulus both decrease with increasing
radii of the A metal ion (inferred from Table II) and that
the volume-compressibility relationship for this set of
samples does indeed approximate to the B,V, constant
conjecture as shown in Fig. 5. It is also important to em-
phasize that the bulk compressibility of these compounds
is governed by that of the [AO;¢] octahedra, given the high
incompressibility of the [BO,] units. In this respect we
have to note that the octahedral compressibility in differ-
ent compounds apparently decreases with the connec-
tivity of the [AOg] octahedra; for instance, in compounds
with [AlO¢] octahedra the compressibility of this unit
decreases from corundum ALO, (sharing faces, Bo, =
276(3) GPa, By’ fixed to 4) [40], through spinel MgALO,
(sharing edges, Bop = 239 GPa, Boy' = 4.59) [41], to AIBO,
(sharing corners, Boy, = 182.8(3) GPa, By’ fixed to 4). It is
also worthy to mention that, in spite of having 6 equal A -
O distances in the [AQg] units at room conditions, our
calculations show that the octahedra of the calcite struc-
ture are slightly distorted. In particular, they show two
different O - A - O angles with values 88.4°/91.72,
87.9°/92.12, 88.4°/91.62/ and 88.4°/91.6° for Al, Sc, Fe and
In borates, respectively. According to calculations, these
octahedra become more symmetric with increasing pres-
sure (regular octahedra at 68.9/29.5/28.3/16.0 GPa for Al,
Fe, Sc and In borates, respectively). Surprisingly, our cal-
culations show that the calcite structure in ScBO, be-
comes mechanically unstable at a pressure 1.2 GPa higher
than that when [ScOg] units adopt a regular octahedral
configuration. For the other three calcite-type borates,
simulations predict that the mechanical instability occurs
at pressures well above those where regular [AO¢] octa-
hedra form. The influence of distortions and tilting of
octahedra on crystalline stability is well known for other
ABO3 compounds like perovskites [42]. The observed
mechanical instability of borates could likewise be related
to electronic instabilities due to orbital degeneracies as-
sociated to octahedral regularity, but this fact remains
unclear. A detailed analysis of these effects is beyond the
scope of the present work.
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Figure 5.- Bulk modulus - Unit cell volume relationships for
rhombohedral calcite-type borates and carbonates. Data for
(Mg,Mn,Co,Ni,Zn,Cd)CO; carbonates are from [51] and are
represented as solid circles, calcite CaCO; from [43] (solid
triangle), siderite FeCO; from [52] (solid star), and borates
from this study (empty squares). The B,V, product is con-
stant for borates. The slope of the B, - V, lineal fittings for
both borates and carbonates is comparable (dashed and
dotted lines, respectively).

Structural changes observed in ABO, borates under
compression can be rationalized if one analyses of the
second coordination sphere of the metallic atoms, the
cation AB subarray. While [AO¢] units smoothly trans-
form into perfect octahedra as pressure increases, the
decrease of the hexagonal distortion of the lattice, which
is described by the approach of the t = 2a\2/c parameter
to 1 [43], produces that the AB substructure, above de-
scribed as a distorted NaCl-type net at room pressure,
progressively evolves towards a CsCl-type structure (see
Fig. 6). This feature becomes evident, for instance, look-
ing at the two angles of the underlying distorted NaCl-
type and CsCl-type cubes of any of the four orthoborates.
For instance, in InBO, the first angle changes from 76.4°
at room pressure to 74.5° at 31 GPa, distancing from the
ideal angle (90?) of a cubic NaCl-type structure with in-
creasing pressure. The second angle, on the other hand,
changes from 79.0° to 82.12 in the same pressure range,
gradually approaching to the ideal angle (9o?) of the cubic
CsCl-type configuration. This observation is consistent
with the behaviour of many AX binary compounds which
follow the rocksalt to cesium chloride structural sequence
under pressure. Intermediate structures between the
rocksalt and the cesium chloride are found in cation su-
barrays of oxides [44, 45] with coordination numbers
ranging from 6 to 8.

Figure 6.- Underlying CsCl-type structure of the InB subar-
ray in InBO, (angle ZIn-In-In = 79° at room conditions).

In fact, the cation array in orthoborates can be seen
as a strong distortion of the atomic arrangement of the
intermetallic compound FeB or vice versa (compare both
structures depicted in Fig 7a and 7d). The displacement
of the z coordinate of the Fe (z ~o0.12) and B (z ~0.64)
atoms in the FeB structure to positions defined by z = %
and %, respectively, would entail the formation of an
atomic arrangement comparable to that of the FeB subar-
ray in FeBO, (see intermediate structures in Figs. 7b and
7c) . Therefore, iron boride and the cation subarray of
iron borate are forming intimately related structures de-
spite the fact that the latter is embedded in an oxygen
matrix. This is in good agreement with the observation of
cation substructures of oxides as being the leading parts
of the structure which is distorted by oxygens. In this
sense, oxides can be understood as metal frameworks
stuffed with oxygens that exert a chemical pressure over
the metal framework thus distorting it [13-16,44,46].
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Figure 7.- (a) Calcite-type structure of FeBO, viewed along b.
Fe - Fe contacts and the unit-cell edges are drawn as solid
blue and solid black lines, respectively. The distorted trigonal
prisms [Feg] share faces in the b direction. (d) The structure
of the FeB alloy, projected on the same plane, to show its
similarity with the cation subarray of FeBO,. (b) and (c)
Potential intermediate structures between the actual cation
network of calcite orthoborates and the FeB alloy.

A comparison of the studied orthoborates with their
isostructural and isoelectronic carbonates (MgCO,/AIBO,,
CaCO,/ScBO,, MnCO,/FeBO,, (CdCO,/InBO, couples)
could be very instructive. According to the ionic bonding
approximation, and taking into account that [BO,]* are
more charged than [CO,]* units, orthoborates should be
more incompressible and stable than carbonates and
could provide a larger P-T range for structural studies; i.e.
orthoborates are stable calcite-type carbonate analogues.
Both, high stability and higher bulk moduli are confirmed
experimentally in this work. In fact, no structural phase
transitions exist in scandium and indium borates in the
range 0-18 and 0-32 GPa, respectively, whereas their car-
bonate counterparts CaCO, calcite and CdCO, otavite
transform into monoclinic calcite II and aragonite (NiAs-
type in AB subarray) phases at 1.6 GPa and 17 GPa (and
1000 K temperature), respectively [47,48]. MgCO, magne-
site is very stable and only converts into a new phase at
100 GPa [49] whereas AIBO,; is predicted to be mechani-
cally stable up to 106.5 GPa [42]. In the fourth couple,
MnCO, rhodochrosite transforms at 50 GPa after laser
heating [50] and FeBO, at 53 GPa at room temperature
[37]. Bulk and axial compressibilities, on the other hand,
are clearly smaller in the case of orthoborates with the
exception of «, for the pair InBO; and CdCO,. A compari-
son of our compressibility values and the results on car-
bonates [43,51] is collected in Table IV. Linear B, - V,
fittings depicted in Fig. 5, give the following relationships:

B,(GPa) = 361(3) - 0.65(1)-V, for borates and B,(GPa) =
294(2) - 0.600(5)-V, for carbonates (not considering
MgCO, and CdCO,). Taking into account the calcite-type
phase overlapping of both families (indicated within ver-
tical bars in Fig. 5), which occurs for ionic A radii be-
tween 8o and 97 pm, it can be inferred that In, Sc, Ti and
Fe borates are potential good analogues to model carbon-
ates such as siderite (FeCO;) of great interest in Earth
sciences. This potential analogy is corroborated by the
fact that these borates present similar values for the hex-
agonal distortion at room conditions than carbonates.
Nevertheless, from the equations aforementioned, the
difference in bulk moduli between both families of cal-
cite-type compounds for similar unit-cell volumes at
room pressure are in the range 55-60 GPa.

Table IV. Experimental axial compressibilities %, and k(10

GPa™) bulk modulus B,(GPa) and hexagonal distortion (t =
2aV2/c) at room pressure for our four borates and the isoelec-
tronic ACO; (A=Mg, Ca, Mn, Cd) carbonates.

Ka Ke B, Hexagonal | Reference
distortion

AIBO, 0.98(4) | 3.05(2) | 207.2(2) | 0.91855 This work
MgCO; | 213(7) | 4.03(5) | 107(1) 0.87301 51
FeBO, 1.2(1) 3.8(1) 188(5) 0.90280 This work
MnCO; | 1.76(4) | 4.84(6) | 108(1) 0.86106 51
ScBO, 113(3) 3.6(3) 166(4) 0.88023 This work
CaCoO, 2.4(3) 9.4(9) | 67(2) 0.82792 51

2.62(2) | 7.94(7) | 73.5G) 43
InBO, 1.6(2) 3.49(5) | 158(3) 0.88323 This work
CdCO; | 134(5) | 6.36(7) | 98(1) 0.85435 51

4.- Concluding remarks

In this paper we report an experimental and theoreti-
cal study of the compressibility and structural stability of
Al, Fe, Sc and In orthoborates by angle-dispersive x-ray
diffraction measurements in synchrotron radiation
sources and ab initio total-energy (DFT-GGA-PBEsol)
calculations. Our results show that the initial R-3c calcite-
type phase remains stable within the whole pressure




range of this study (up to 31, 31, 18 and 32 GPa, respec-
tively). Experimental and calculated static geometries,
bulk moduli and axial compressibilities are in good
agreement. The anisotropic contraction of the lattice
constants (k. ~3-x,) produces a significant change in the
second coordination sphere of cations, as inferred from
the analysis of the AB substructure, evolving towards a
CsCl-type structure with increasing pressure. This differ-
ent axial compressibility in borates is a consequence of
the distribution of the [BO,] and [AOq] polyhedra in the
unit-cell and is clearly dominated by the compressibility
of the [AOg] octahedral site which, in turn, depends on
the size of the trivalent A cation. Our results evidence
that the relationship B,V, = constant is hold for borates.

A comparison with the isostructural carbonate min-
erals shows that borates are more incompressible and
stable. These two families of calcite-type chemical ana-
logues present an interval of similar zero-pressure unitcell
volumes and c/a axes ratio, but about 6o GPa difference
in their bulk moduli. These results suggest that borates
could model structural aspects of relevant Earth carbon-
ates.
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