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Graphical abstract

Solid State Sci. 2013, -, ---
In situ study of the formation of rhenium borides from the elements at high-(p, T)
conditions: Extreme incompressibility of Re7B3 and formation of new phases

Erick A. Juarez-Arellano a,*, Björn Winkler b, Alexandra Friedrich b, Lkhamsuren Bayarjargal b,
Wolfgang Morgenroth b, Martin Kunz c, Victor Milman d

a Instituto de Química Aplicada, Universidad del Papaloapan, Circuito Central 200, Parque Industrial,
68301 Tuxtepec, Oaxaca, Mexico

Schematic peT field of the phases observed during the reaction of rhenium and boron
from the elements in a laser heated diamond anvil cell. The formation of at least two
new phase (called phase A and phase B) was observed. The lines are only guides to
the eye.
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a b s t r a c t

Based on in situ synchrotron X-ray diffraction experiments employing laser heated diamond anvil cells to
investigate the reaction of rhenium and boron from the elements at high-(p, T) conditions, Re7B3 was
found to be extremely incompressible, with BRe7B3

¼ 435ð14Þ GPa, making it one of the least
compressible binary compounds known to date. We also have determined the previously unknown bulk
modulus of Re3B, BRe3B ¼ 320ð15Þ GPa, and have confirmed earlier reports of the bulk modulus of ReB2,
BReB2

¼ 360(18) GPa. The experimental findings were supported by density functional theory calcula-
tions, which were also employed to compute elastic stiffness coefficients and estimates for the hardness.
At different high-(p, T) conditions the formation of new phases were observed.

� 2013 Elsevier Masson SAS. All rights reserved.

Transition metal borides, TM-borides, are a large family of
compounds many of which have outstanding physical properties,
such as the high bulk modulus of OsB (453 GPa [1]), or the ultra-
hardness of ReB2 (Hv ¼ 30e48 GPa [1,2]) and WB4 (Hv ¼ 46 GPa
[1]). Hence, TM-borides have been studied extensively both theo-
retically and experimentally; and most are well characterized at
ambient conditions and high temperatures (e.g. Refs. [3e6]). The
synthesis of most TM-borides at ambient pressure is relatively
straightforward and can be achieved by heating a mixture of the
elements above z1500 K in air. All transition metals from periods
4e6 with the exception of Cd and Hg have been shown to form
binary borides [7]. In contrast to the numerous ambient pressure
studies and very many theoretical high pressure studies, compara-
tively few in situ high pressure studies have been presented [8e15].Q1

Rhenium diboride, ReB2, is one of the most studied TM-borides
due to its hardness and incompressibility. Investigations are
favored by the fact that it can be synthesized at ambient pressure

[16]. Several synthesis methods have been employed to obtain ReB2
as powder, single crystals or as thin films, including solid state re-
actions, self-propagating high-temperature synthesis, arc melting,
zone melting, floating zone furnace-based techniques and pulsed
laser deposition, among others [2,16e19]. In contrast, the other two
binary phases that have been observed in the ReeB system, namely
Re3B and Re7B3 have attracted much less attention [20,21]. Kawano
et al. [22] reported the superconductivity of Re7B3 (Tc ¼ 3.3 K) and
Re3B (Tc ¼ 4.8 K), while Takagiwa et al. [23] reported the magnetic
properties of Re3B. Phase stabilities at high-(p, T) conditions are
currently unknown in the ReeB system and the compressibilities of
Re3B and Re7B3 have not been determined yet. No in situ high
pressure synthesis studies of rhenium borides have been reported
up to now.

In the present study we therefore explore the reaction of
rhenium and boron by in situ experiments to understand processes
occurring at high-pressures and high temperatures using laser-
heated diamond anvil cell experiments. We have also determined
the compressibilities of the rhenium borides and discuss our find-
ings by comparing the experimental results to those obtained by
density functional theory (DFT) based atomistic model calculations
in the present study and by other authors [24e32].

* Corresponding author. Tel.: þ52 28787 59240x220; fax: þ52 28787 59240x230.
E-mail addresses: eajuarez@unpa.edu.mx, eradjuar@hotmail.com (E.A. Juarez-
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1. High-pressure X-ray diffraction

High pressure experiments were performed at the Advanced
Light Source (ALS, Berkeley, USA, beamline 12.2.2). Small pieces of
rhenium foil (Aldrich Chemical, purity 99.98%) with a thickness of
25 mm and boron powder (w325 mesh, Alpha Aesar, 98 %) were
used as starting materials. Both materials had been characterized
earlier [33,15]. The samples were pressurized in BoehlereAlmax
diamond anvil cells and were double sided laser heated with fiber
lasers. NaCl and KCl were used as a pressure-transmitting medium
and for thermal insulation. Gasket holes with diameters of
w140 mmwere drilled by a home-built laser lathe through tungsten
gaskets (preindented to 40 mm). Diffraction patterns were acquired
with a MAR345 image plate detector using two different wave-
lengths of 0.4132 �A and 0.4959 �A. Patterns were collected both
during and after laser heating. The sample-to-detector distance of
320.817 mm was determined from a LaB6 reference sample.
Counting times varied between 120 and 360 s. Most data collection
was donewith a 10� 10 mm2 FWHMbeam spot. The laser spots had
a diameter of about 30 mm. Due to technical problems with the
temperature determination, only approximate temperatures could
be determined. Laser heating with moderate laser power (around
8e15Wper laser) led to bright hot spots and temperatures of about
1400e2500 K in the sample. The optical emission of the samples
which react on laser heating is very variable and a more reliable
temperature determination was not possible. In all cases, before
and after each exposure, pressure was determined by the laser-
induced ruby-fluorescence technique, applying the pressure scale
of Mao et al. [34].

Recovered samples were measured at ambient conditions at the
beamline P02.2 of the PETRA III synchrotron (DESY Photon Science,
Hamburg, Germany). Diffraction patterns were acquired using a
wavelength of 0.2907 �A, a beam focused to 5 � 5 mm2 full width at
half maximum using KirkpatrickeBaez mirrors and a PerkinElmer
XRD1621 detector. The sample-to-detector distance of 750mmwas
determined from a CeO2 reference sample. All the diffraction im-
ages were processed, corrected for distortion and integrated using
FIT2D [35]. The background of the integrated powder diffraction
patterns was extracted using the program DATLAB [36]. Le Bail fits
were performed using the program FULLPROF [37] in order to
obtain unit cell parameters. A linear interpolation between
approximately 30 manually selected points for the background and
a pseudo-Voigt profile function were used.

2. Density functional theory based model calculations

In order to better understand the structure-property relations of
our synthesis products, density functional theory (DFT) calculations
were performed employing the CASTEP code [38]. The code is an
implementation of Kohn-ShamDFT based on a planewave basis set
in conjunction with pseudopotentials. The plane wave basis set is
unbiased (as it is not atom-centered) and does not suffer from
basiseset superposition errors, unlike atom-centered basis sets. It
also makes converged results straightforward to obtain in practice,
as the convergence is controlled by a single adjustable parameter,
the plane wave cut-off, which we set to 500e700 eV. All pseudo-
potentials were ultrasoft and were generated using the WC-GGA
[39] to allow for a fully consistent treatment of the core and
valence electrons. The Brillouin zone integrals were performed
using MonkhorstePack grids [40] with spacings between grid
points of less than 0.02 Å�1. A simultaneous optimization of the unit
cell parameters and internal co-ordinates was performed so that
forces were converged to 0.005 eV/�A and the stress residual to
0.005 GPa. Elastic stiffness coefficients were obtained by stress-
strain calculations. Based on the elastic stiffness coefficients

estimates of the Vickers microhardness Hv were computed ac-
cording to the approach described by Ivanovskii [41].

3. Results and discussion

3.1. Phase stabilities

Typical powder X-ray diffraction patterns obtained at high
pressure before any laser heating are shown in Fig.1. KCl transforms
from the B1ðFm3mÞ to the B2ðPm3mÞ structure type at around
2 GPa [42]. The X-ray powder diffraction patterns before laser
heating can be completely indexed by assigning peaks to either
rhenium or the pressure-transmitting medium used, B2eKCl or
NaCl. Boron is not detectable due to its comparatively small X-ray
scattering cross-section. We detected no influence of the pressure-
transmitting medium on the results and therefore this aspect will
not be discussed any further in the following.

The reaction of rhenium and boron atw9 GPawas triggered by a
brief irradiation with laser light at low laser power (8 W each laser,
corresponding to a temperature of Tw1500 K). An analysis of the X-
ray diffraction patterns obtained after laser heating showed the
presence of ReB2, Re3B, Re7B3, and NaCl (Fig. 2a). Lattice parameters
of the structures discussed here are summarized in Table 1.
Increasing the laser power to 10W for each laser atw9 GPa yielded
temperatures of w1800 K. At these conditions ReB2 becomes the

Fig. 1. Powder X-ray diffraction patterns recorded at high pressure before laser heat-
ing. The diffraction patterns before laser heating can be completely indexed by
assigning peaks to either rhenium or the pressure-transmitting medium used, B2eKCl
or NaCl.
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stable phase (Fig. 2b) and the other rhenium boride phases disap-
pear. If the pressure is slightly reduced to w7.6 GPa while
continuing to heat with this laser power, reflections due to the
presence of Re7B3 reappear and the product is a mixture of ReB2
and Re7B3 (Fig. 2).

Around 15 GPa and w1500 K, the phases Re7B3, ReB2 and Re3B
were present. It is not obvious, which of the phases are stable and
which are metastable. In addition, a few new reflections were also
detected (Fig. 3a). These extra reflections did not belong to any
previously reported ReeB phase, to any high-pressure boron phase,
or to any of the materials that may have some contributions in the
diffraction pattern like the gasket, the ruby chips (for pressure
measurements) or the diamonds. Therefore we assign them to a
new ReeB phase. Attempts to index these new reflections failed
due to their strong overlap with other reflections. However, for the
sake of the discussion the new phase was called phase A.

After increasing the laser power to 15 W, so that sample tem-
peratures were w2500 K at w13 GPa, the multiphase mixture
disappears and we obtain a single phase, ReB2 (Fig. 3b). At 21 GPa
and 13 W laser power (w2000 K) we again observed ReB2, Re3B,
Re7B3, and phase A (Fig. 3c), while at 22 GPa and 15 W (w2500 K)
only ReB2 was observed. At even higher pressures (22 GPa) and
higher temperatures (25 W for each laser, T w 4000 K) another set
of new reflections was observed. Attempts to index the patterns
with known boron phases, including g-B28 and T-B192 that ac-
cording to Parakhonskiy et al. [43] and Oganov et al [44] are the
stable boron phases at these conditions were unsuccessful. There-
fore, while the presence of at least one further new phase (called

phase B) was unambiguously observed, no lattice parameters could
be extracted. All the experimental observations of this study have
been summarized in a schematic p�T field shown in Fig. 4.

In order to improve the signal-to-noise ratio we investigated
recovered samples at ambient conditions by removing the gaskets
from the DAC (Fig. 5). Lattice parameters of phases in the recovered
samples are given in Table 1. A typical powder X-ray diffraction
pattern from a recovered gasket of a loading that was pressurized
up to 21 GPa and heated to w2500 K is shown in Fig. 5aeb. All
phases observed at those (p,T) conditions, ReB2, Re3B, and Re7B3,
and phase A were quenchable. However, it still was not possible to
index phase A due to the strong reflection overlap. Also, a typical
powder X-ray diffraction pattern from the recovered gasket of the
loading that was pressurized up to 22 GPa and heated to w4000 K
is shown in Fig. 5ced. All phases observed at those (p,T) conditions,
ReB2 and phase B, were quenchable. However, we were still unable
to determine the unit cell parameters and a space group. An in-
spection of the raw diffraction data shows that only very few grains
of phase B contributed to the diffraction pattern. Hence, it is likely
that numerous weak reflections were unobservable and this
severely limits the reliability of the indexing process.

3.2. Bulk and linear compressibilities

The pressure dependencies of the normalized unit cell param-
eters (X/X0) of ReB2, Re3B and Re7B3 are plotted in Figs. 6e8,
respectively. Equation-of-state (eos) parameters V0 (unit cell vol-
ume at ambient pressure) and B0 (isothermal bulk modulus) were

(a) (b)

(c)
Fig. 2. Powder X-ray diffraction patterns obtained after laser heating a mixture of rhenium and boron in a DAC. LP denotes the upstream and downstream laser power used. The
enlargements of the X-ray diffraction patterns shows the good quality of the fit and the coexistence of different ReeB phases: ReB2, Re3B and Re7B3 (a, b, c) at different (p, T)
conditions. Question marks indicate unindexed reflections.
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determined by a least-squares fit to a 2nd-order BircheMurnaghan
equation of state (BM-eos) using the program EOS-FIT [45]. The
pressure-volume (p�V) data were weighted with the experimental
errors of the pressures and volumes. The parameters obtained from
all the eos fits are summarized in Table 2.

For ReB2 bulk moduli of BReB2
¼ 360e382 GPa have been re-

ported [6], and hence ReB2 is among the least compressible TM-
boride phases studied so far, but significantly more compressible
than OsB (431e453 GPa) and Os2B3 (396e443 GPa). The bulk
modulus of ReB2 obtained from experiment in the present study
BReB2

¼ 360(18) GPa agrees within the experimental error with the
values reported earlier. However, the 3rd-order BircheMurnaghan
equation of state reported by Levine et al. [46] does not describe our
compression data well, with increasing discrepancies appearing
with increasing pressure. Regrettably, the volume data was not
published in the earlier study and hence the role of the unusually
low pressure derivative of B0 ¼ 0.84 obtained by Levine et al. [46]
couldn’t be evaluated by us. Our DFT-based calculations (see
below) however strongly suggest that B0 should be close to 4
instead.

In the present study, the bulk moduli of Re3B and Re7B3 have
been determined for the first time. The bulk modulus of Re3B,
BRe3B ¼ 320(15) GPa (Table 2, Fig. 7) is similar to those of transition
metal borides like ZrB2 (317 GPa), VB2 (322 GPa) and TaB2 (336 GPa)
[6]. In contrast, the experimentally determined bulk modulus of
Re7B3, BRe7B3 ;exp ¼ 438(16) GPa (Table 2, Fig. 8) is very similar to
those of ultra-incompressible OsB or Os2B3.

We complemented the experimental studies by DFT-based
atomistic model calculations and calculated the compression
behavior and 3rd-order BM equation of states and employed stress-
strain calculations to derived elastic properties such as elastic

Table 1
Lattice parameters of the phases observed during this study.

Pressure/GPa,
Temperature/K

Phase a/�A b/�A c/�A V/�A3 Space
group

6.4(2) Re 2.7406(2) e 4.4389(6) 28.872(4) P63/mmc
Before LH B2eKCl 3.5845(4) e e 46.06(1) Pm3m
8.9(4) Re 2.7262(4) e 4.3967(7) 28.298(7) P63/mmc
Before LH NaCl 5.2184(7) e e 142.11(3) Fm3m
8.9(4) ReB2a 2.873(1) e 7.438(5) 53.17(4) P63/mmc
1500 NaCl 5.2184(7) e e 142.11(3) Fm3m

ReB2 2.8589(2) e 7.3911(8) 52.32(1) P63/mmc
8.9(4) Re3Bb 2.8507(4) 9.234(1) 7.185(1) 189.14(5) Cmcm
1500 Re7B3c 7.486(1) e 4.818(1) 233.83(4) P63mc

NaCl 5.2546(6) e e 145.09(3) Fm3m
7.6(3) ReB2 2.8766(2) e 7.4421(6) 53.33(1) P63/mmc
1800 Re7B3 7.4705(6) e 4.8420(5) 234.02(3) P63mc

NaCl 5.2930(5) e e 148.29(2) Fm3m
ReB2 2.869(2) e 7.431(1) 52.99(1) P63/mmc

15.0(4) Re3B 2.8783(4) 9.257(1) 7.038(2) 187.52(6) Cmcm
1500 Re7B3 7.4542(3) e 4.8001(4) 230.98(2) P63mc

B2eKCl 3.3623(3) e e 38.013(5) Pm3m
22.1(4) ReB2 2.8413(3) e 7.382(1) 51.61(1) P63/mmc
4000 NaCl 4.9819(6) e e 123.65(3) Fm3m
Recovered ReB2 2.8823(5) e 7.436(1) 53.50(1) P63/mmc
ALS NaCl 5.601(2) e e 175.67(9) Fm3m

ReB2 2.8987(3) e 7.4907(7) 54.506(9) P63/mmc
Recovered Re3B 2.9294(3) 9.339(1) 7.144(1) 195.45(5) Cmcm
ALS Re7B3 7.5331(8) e 4.8575(7) 238.72(5) P63mc

B1eKCl 6.2950(9) e e 249.45(6) Fm3m
Recovered ReB2 2.8788(1) e 7.4345(4) 53.359(4) P63/mmc
PETRA III Re7B3 7.462(1) e 4.842(1) 233.50(8) P63mc

B1eKCl 6.251(1) e e 244.29(8) Fm3m

a In ReB2, Re is located on 1/3, 2/3, 1/4 (2c) and B on 1/3, 2/3, 0.548 (4f) [7].
b In Re3B, Re is located on 0, 0.135, 0.062 (8f) and 0, 0.426, 1/4 (4c) while B on 0,

0.744, 1/4 (4c) [7].
c In Re7B3, Re is located on 1/3, 2/3, 0.068 (2b); 0.122, 0.878, 1/4 (6c) and 0.544,

0.456, 0.068 (6c) while B on 0.813, 0.187, 0.33 (6c) [7].

(a) (b)

(c) (d)
Fig. 3. High pressure powder X-ray diffraction patterns after laser heating. Question marks indicate unindexed reflections. Panels (a, c) and (d) show the presence of phase A and
phase B, respectively.
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stiffness coefficients cij, bulk modulus B, shear modulus G and
Young modulus Y. The results are given in Table 3. We obtained
theoretical compression datawhichwere fitted using 2nd- and 3rd-
order BM eos (Table 2). For all 3rd-order BM eos fits B0 was close to 4
(B0ReB2

¼ 4.1(4), B0Re3B ¼ 4.4(4), B0Re7B3
¼ 4.4(4)) and hence bulk

moduli were obtained using a 2nd-order BM-eos.
As has been mentioned above, ReB2 is one of the most studied

TM-borides. The DFT-value for the bulk modulus derived from a eos
agrees within 5% with our experimental value, but in contrast to an
earlier study [46] we obtain a B0 ¼ 4.1(4). The bulk modulus derived

from stress-strain calculations agrees with the eos-based value. The
values for the cij obtained here from stress-strain calculations for
ReB2 and Re7B3 agree with those obtained earlier by DFT calcula-
tions [27,32,47]. It is worth to mention that the agreement is good
although these calculations were performedwith other functionals,
other pseudopotentials and other DFT-implementations. The value
obtained here for the Vickers hardness Hv of ReB2 agreeswith those

Fig. 4. Schematic peT field of the phases observed during the reaction of rhenium and
boron from the elements in a laser heated diamond anvil cell. The lines are only guides
to the eye.

(a) (b)

(c) (d)

Fig. 5. Powder diffraction patterns from the recovered gaskets. Full range (a,c) and enlargements (b,d) of the same powder diffraction pattern demonstrating the high quality of
the fits.

Fig. 6. Pressure dependencies of the normalized unit cell volume and lattice param-
eters of ReB2. The values of the bulk modulus can be found in Table 2. The solid lines
represent best fits of 2nd-order BircheMurnaghan equations of state, while the dashed
line represents the eos obtained by DFT. The dash-dot line represent the eos reported
by Ref. [46].
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reported earlier. Fig. 6 demonstrates that the linear compressibil-
ities are very well reproduced. Due to the good agreement between
the DFT model and experimental data, including a state-of-the-art
neutron powder diffraction study [48], we believe our model is
reliable.

For Re3B, the agreement between the model calculations and
the experimental data is significantly poorer. Fig. 7 shows that the
compressibility is significantly underestimated, yielding a too high
value for B, and the significant anisotropy of the linear compress-
ibilities is also not reproduced well. For Re3B, despite very tight
convergence parameters, our calculations indicated a negative
value for c44 z �76 GPa, i.e. the model structure is elastically un-
stable. This instability has also been computed by Gou et al. [27]. It
is worthwhile to note that while for all other borides investigated
here the computed lattice parameters agree to better than 1% with
the experimental value, with the exception of one lattice parameter
of Re3B where the difference is still reasonable 2.3%. This implies
that probably Re3B is stabilized by defects or impurities. While for
ReB2 a modern neutron powder diffraction study has been pre-
sented, with which the boron atoms can be located unequivocally
[48], the structure of Re3B has not been studied by neutron
diffraction. In the initial studies by Aronsson et al. [20,21] the boron

atoms were not located, and instead assumed to be located on a
Wykoff position 4(c). Also, the composition was not verified.
Therefore, this structure has to be re-evaluated.

For Re7B3, the compressibility is overestimated by 13%, and the
anisotropy of the linear compressibilities is reproduced only
moderately well (Fig. 8). The discrepancy between experiment and
theory is reasonable for the lattice parameters at ambient condi-
tions. The DFT data are internally consistent, as the bulk modulus
obtained from stress-strain calculations is in very good agreement
with the value obtained from the eos. An LDA-based calculation
[32] gave cij values similar to those observed here, and a theoretical
bulk modulus of 404 GPa, which, as expected, is slightly larger than
the WC-GGA value (385 GPa) obtained in the present study. A PBE-
GGA value computed by Ref. [27] is slightly lower (378 GPa), which
is also expected according to experience [33,15]. In contrast to the
results for Re3B, for Re7B3 the DFT model is elastically stable.

4. Conclusions

We have identified the occurrence of new ReeB phases at high-
(p, T) conditions. The limitations of DAC-based diffraction studies
precluded the unambiguous determination of the lattice parame-
ters of these phases. It is worthwhile to note that in none of the
studies aimed at predicting properties of phases in the ReeB sys-
tem (e.g. Refs. [27,32]) a phase with lattice parameters close to
those observed for the new phases here has been reported. We
show that these phases can be recovered. Hence, it should be
possible to synthesize larger amounts of at least phase A, as the

Fig. 7. Pressure dependencies of the normalized unit cell volume and lattice param-
eters of Re3B. The values of the bulk modulus can be found in Table 2. The solid lines
represent best fits of 2nd-order BircheMurnaghan equations of state.

Fig. 8. Pressure dependencies of the normalized unit cell volume and lattice param-
eters of Re7B3. The values of the bulk modulus can be found in Table 2. The solid lines
represent best fits of 2nd-order BircheMurnaghan equations of state, while the dashed
line represents the eos obtained by DFT.

Table 2
Equation of state parameters from fits of 2nd-order BircheMurnaghan equation of
state to the experimental data and corresponding values from DFTeGGA model
calculations. Pure rhenium (aexp ¼ 2.7812(1) Å, cexp ¼ 4.4612(1) �A [49]) is also
reproduced well by the DFT model calculations (aDFT ¼ 2.7712 Å, cDFT ¼ 4.4814 �A).

ReB2 Re3B Re7B3

a [Å] Exp 2.899(1) 2.931(2) 7.537(2)
DFT 2.9068 2.9019 7.5311

b [Å] Exp e 7.155(8) e

DFT e 7.3278 e

c [Å] Exp 7.493(3) 9.343(6) 4.855(2)
DFT 7.4878 9.3874 4.9018

V0 [Å3] Exp 54.5(3) 195.8(3) 238.9(2)
DFT eos 54.792(2) 196.06(1) 241.18(3)

B0 [GPa] Exp 360(18) 320 (15) 438 (16)
Expa 371 e e

DFT eos 346(1) 389(1) 385(1)
DFT Cij 345(1) c44< 0 385(1)

Ka0 [GPa] Exp 336(12) 230(11) 474(15)
DFT 288.0(3) 385.1(3) 386(1)

Kb0 [GPa] Exp e 265(20) e

DFT e 387(2) e

Kc0 [GPa] Exp 424(19) 500(40) 381(19)
DFT 484(1) 350.7(6) 346(3)

a From 3rd order BM-eos with a B0 ¼ 0.84 [46].

Table 3
Elastic stiffness coefficients Cij, bulk modulus B, shear modulus G, Young modulus Y
and empirical microhardness Hv from DFTeGGA calculations. All values are given in
GPa. The ReB2 data are in good agreement with values published earlier by Ref. [47]. Q2

Phase C11 C33 C44 C12 C13 B G Y Hv

ReB2 646(2) 1029(3) 265.3(5) 157(1) 119.7(5) 335(1) 283 599a, 993 44.7b

Re3Bc 641(2) 612(4) �76(38) e e 389(1) 157 481, 445,
447

25.5

Re7B3 630(5) 590.1(5) 133(4) 262(1) 273(1) 385(1) 159 466a, 422 24.1

a Same value for x-axis and y-axis.
b Values reported earlier: 43 [41], 30e48 [6].
c C222 ¼ 617(4), C555 ¼ 261.2(4), C666 ¼ 247.9(3), C712 ¼ 272(2), C813 ¼ 263(1),

C1223 ¼ 281(1).
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required (p, T)-conditions can be achieved in large volume multi
anvil high pressure devices. Such studies are now planned.

While our finding that Re7B3 is extremely incompressible is very
robust, the associated error is quite large. However, Re7B3 can also
be obtained by arc melting [22] and hence it is now worthwhile to
synthesize and check a phase pure sample at ambient pressure, and
then pressurize this sample in order to corroborate our findings and
increase the precision of the bulk modulus.

We also think that a careful compositional and structural study
of Re3B is of interest in order to elaborate the likely role of defects in
the stabilization of this compound.

With respect to superhard phases, Levine et al. [46] argued that
ReB2 is probably the hardest rhenium boride. Our calculations of the
elastic stiffness coefficients (Table 3), and consequently of the shear
moduli, of the rhenium borides allow us to quantify their conclu-
sions. The shear modulus is linearly correlated with the hardness of
many binary compounds [46]. From our calculations, ReB2, with
its high shear modulus of 283 GPa, should have a hardness of about
40e45 GPa, and this is what has been observed experimentally.
Re7B3, although more incompressible than ReB2, has a shear
modulus of 159 GPa, which is only about half of that of ReB2, and
consequently here we predict a hardness of about 24 GPa only.
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