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Abstract
This work describes x-ray absorption measurements under high pressure in ReB2,
complemented by ab initio calculations. The EXAFS analysis yields the average Re–B bond
compressibility, which turns out to be χReB = 5.6(9) × 10−4 GPa−1. Combining this
information with previous x-ray diffraction experiments we have characterized the network of
covalent bonds responsible for the rigidity of the structure. The main conclusion is that the
compression is anisotropic and nonhomogeneous, reflecting bonding differences between Re–B
and B–B bonds and also between nonequivalent Re–B bonds. The layer defined by boron atoms
tends to become flatter under high pressure. As a consequence, the structural rigidity, necessary
to attain high hardness values, is compromised.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The quest for superhard materials has recently focused
attention on ReB2. Following recent results [1], this compound
combines the properties of high hardness, low compressibility
and resistance to high differential stress. Moreover, its
synthesis does not necessitate high pressure conditions, as
do other ultrahard materials like cubic BN, BC2N or B6O.
However, according to [2] and [3], the reported hardness [1],
48 GPa under an applied load of 0.49 N, does not constitute a
definitive argument to consider ReB2 as a superhard material.
Measurements at higher loads, reaching the asymptotic
regime, where there is no load dependence, yield hardness
values [1, 4, 5] near 30 GPa. In any case ReB2 is claimed to be
the hardest metallic compound [5].

Hardness is deduced from the size of the indentation mark
left on the material by the tip of an indenter. The size of

the indentation depends [6] on the material’s response to the
compression stress, its capacity to withstand deformations in
a direction different from the applied load and its resistance
to plastic flow. High hardness thus requires high bulk
modulus B , shear modulus G and shear strength. In ReB2,
according to experiments [1, 7], B = 320–360 GPa and
G = 280 GPa. The shear strength has been calculated
in [8], resulting in 34 GPa for the (001)〈100〉 slip system.
The hardness and elastic properties of ReB2 have been
linked [1, 8, 9] to the combination of a high electron density
together with the formation of a network of strong, covalent
bonds. The electronic distribution and bond population have
been extensively studied in the literature [8–11].

High pressure is a versatile tool that can be used to
characterize the effect of altering the electron density and to
explore the changes induced in covalent bonding. This idea
was present in the original work of Chung et al [1], where
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the compressibility of the lattice parameters and bulk modulus
of the material was measured by x-ray diffraction (XRD)
experiments under high pressure. However, no information
about the behavior of the covalent bonds under high pressure
was given.

XRD under high pressure has experimental limitations
(like, for example, diamond absorption, preferential orientation
or low statistics) which make the extraction of information
from the intensity of diffraction reflections not always
straightforward. This is particularly the case in ReB2, due to
the large atomic number difference between Re and B. As a
consequence, the effect of pressure on the position of boron
inside the unit cell is not known. On the contrary, x-ray
absorption (XAS) is a local technique which directly probes
the local environment of the absorbing atom. In this work
we have performed XAS measurements under high pressure
at the Re-L3 edge, which give direct access to the Re–B bond
length. The high symmetry of the unit cell then allows a full
characterization of the network of covalent bonds.

This work is organized as follows. In section 2 the
experimental procedures and calculation scheme are presented.
In section 3.1 the calculated results for the lattice parameters
are discussed. Section 3.2 is devoted to the extended x-ray
absorption fine structure (EXAFS) analysis. The information
yielded by EXAFS is used in section 4 to characterize the
network of covalent bonds and analyze the structural rigidity.
We conclude in section 5.

2. Experiment and calculation

2.1. Experiment

ReB2 was prepared by mixing powdered B (99.9%, LTS
(Chemical) Inc.) and Re (99.995%, Aldrich) with a molar
ratio of 2.5:1. A pellet was formed with an oil press. It was
introduced in an alumina crucible, which was heated up to
1300 K during 4 h in vacuum conditions (5 × 10−5 mbar). The
ReB2 structure was checked by x-ray diffraction. A single peak
related to an unidentified impurity phase was also observed.
Its integrated intensity corresponds to 5% of the most intense
ReB2 reflection, the (101), or 1% of the whole integrated
intensity. We conclude that the impurity is present in small
proportion, not exceeding 5%.

XAS experiments were performed at the ODE beamline
in the Soleil Synchrotron (St Aubin, Paris, France). ODE
operates in the dispersive mode. A bent silicon crystal is used
to select the energy range of interest, containing the absorption
edge under study (Re L3, 10.535 keV). The bent crystal also
focuses the beam horizontally and defines a spot of 50 μm
(a mirror focuses the beam down to 40 μm in the vertical
direction). The whole spectrum was measured in one shot
using a position sensitive detector. The energy scale was
calibrated by measuring the spectra of ReNaO4 and metallic
Ir and comparing them with the same spectra measured with a
scanning XAS spectrometer. High pressures were generated
using a membrane diamond anvil cell (MDAC) [12]. The
diamond anvils are single crystals which unavoidably diffract
both the incident and transmitted beams, introducing glitches

in the spectrum. The MDAC must then be oriented in order to
move the glitches out of the region of interest. This procedure
is considerably facilitated in the dispersive configuration,
where the shifts of the glitches associated with changes in the
MDAC orientation are observed in real time. The reference
spectrum (I0) used to calculate the absorption was measured
outside the MDAC.

Dispersive XAS measurements in third generation
synchrotrons are extremely demanding in terms of sample
homogeneity. The MDAC loading procedure was designed in
order to get as homogeneous a sample as possible. In a first
step we formed a 7 μm pellet (total absorption μx ≈ 1.7,
edge jump �μx ≈ 1), compressing the ReB2 powder between
the two diamonds. In a second step we laid the pellet on
the diamond surface, inside the 250 μm gasket hole. The
remaining free space was filled with the pressure transmitting
medium, NaCl. Finally, we added a small ruby chip as
a pressure sensor [13, 14]. The ruby doublet broadening
indicated no significant loss of hydrostatic conditions up to
20 GPa. The experiment was performed on two successive
loadings, giving very reproducible results, as can be seen
below.

2.2. Calculation details

Total-energy calculations were done within the framework
of the density-functional theory (DFT) [15, 16] and the
pseudo-potential method using the Vienna ab initio simulation
package (VASP), a detailed account of which can be found
in [17]. The exchange and correlation energy was taken in
the generalized gradient approximation (GGA) according to
the Perdew–Burke–Ernzerhof (PBE) prescription [18]. The
projector augmented wave (PAW) scheme [19, 20] was adopted
and the semicore 5p electrons of Re were dealt with explicitly
in the calculations. The set of plane waves used extended up
to a kinetic-energy cut-off of 910 eV. This large cut-off was
required to deal with the B atoms within the PAW scheme to
ensure highly converged results. The Monkhorst–Pack grid
used for Brillouin-zone integrations ensured highly converged
results (to about 1 meV/f.u.). At each selected volume, the
structures were fully relaxed to their equilibrium configuration
through the calculation of the forces on atoms and the stress
tensor. In the relaxed equilibrium configuration, the forces are
less than 0.002 eV Å

−1
and the deviation of the stress tensor

from a diagonal hydrostatic form is less than 0.1 GPa.

3. Results

3.1. Lattice parameters

The ReB2 structure (figure 1) is described with a hexagonal
unit cell (space group P63/mmc). The measured lattice
parameters at ambient pressure are a = 2.899 Å and c =
7.473 Å, to be compared with previous data from [21]: a =
2.9 Å and c = 7.478 Å. Both angular dispersive [1] and
energy dispersive [22] XRD experiments under high pressure
are available in the literature. The measured lattice parameters
are represented in figure 2. The unit cell compression is
anisotropic, with the c-axis decreasing more slowly than the
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Figure 1. (a) Two adjacent ReB2 unit cells viewed from the [010]
direction. (b) Perspective view of the Re first coordination shell with
characteristic bonding angles.

Figure 2. Relative lattice parameters as a function of pressure.
Dotted lines and filled symbols represent angular dispersive [1] and
energy dispersive [22] XRD data, respectively. Hollow symbols
correspond to the ab initio calculations obtained in this work.

a-axis. XRD results agree within the experimental error.
However, energy dispersive XRD has been performed up to
6 GPa only. Given the pressure range studied in the present
work (up to 25 GPa) and the uncertainties introduced in the
extrapolation procedure by the significant data dispersion, we
will only consider in the following the results of angular
dispersive XRD. The bulk modulus measured by angular
dispersive XRD is B = 360 GPa (with B ′ fixed to 4). The
compressibility associated with each cell axis is χa = − 1

a
∂a
∂ P =

9 × 10−4 GPa−1 and χc = 7.0 × 10−4 GPa−1.
We now make a comparison with the results of the

ab initio calculations. The computed ambient pressure cell
dimensions are a = 2.911 Å and c = 7.520 Å. Their
evolution under high pressure is presented in figure 2 as hollow
symbols. Their compressibilities are χa = 1.0 × 10−3 GPa−1

and χc = 6.2 × 10−4 GPa−1. The calculations result in
a difference in compressibility of the two axes larger than
that found experimentally. Other calculations available in the
literature [11, 23] show similar results. The bulk modulus
(B) and its pressure derivative have been extracted from a
Murnaghan fit to the calculated equation of state, yielding

Figure 3. ReB2 XAS signal as deduced from measurements at the Re
L3 edge under high pressure. Labels next to each spectrum indicate
pressure in GPa.

V0 = 55.23(3) Å
3
, B = 350(15) GPa and B ′ = 2.9(1.2).

If the fit of the ab initio equation of state is performed with the
B ′ value constrained to 4, we obtain B = 337(5) GPa.

3.2. EXAFS analysis

The absorption edge energy was set experimentally at the
zero of the second derivative of the absorption spectra. The
EXAFS signal (figure 3) was extracted from the normalized
spectra using a single cubic spline determined by least squares
approximation. The high k limit of the spectra is limited
by distortions induced by energetic inhomogeneities of the
focus point, which imposed exceptional sample homogeneity,
as described in section 2. In the selected wavelength range the
EXAFS signal is stable and shows a progressive shift to higher
k values associated with bond length contraction.

The rhenium coordination sphere in ReB2 is constituted
(figure 1(b)) by eight boron atoms in a 2+6 configuration, with
close distances: dReB1 = 2.23 Å and dReB2 = 2.25 Å. The short
distance corresponds to two boron atoms in axial configuration
along the hexagonal c-axis. The other six boron atoms are
disposed in a triangular prismatic configuration. The second
shell comprises the six rhenium neighbors characteristic of a
hexagonal layer, situated at 2.9 Å.

The limited k range imposed restrictions on the EXAFS
analysis. We show in figure 4 the Fourier transform of the
EXAFS signal comprised between 3.2 and 7.5 Å

−1
, calculated

using a Hanning apodization window. It is clear that the
first pair of Re–B distances cannot be resolved. Moreover,
the Fourier transform peak extending from 0.8 to 3.0 Å
includes both the Re–B shell and the second neighbor Re–
Re contribution. The structural model used to fit the EXAFS
signal included these two shells, the first one representing
an average Re–B distance and the second one standing for
the Re–Re contribution. We used the FEFF8.2 code [24] to
calculate the phases and amplitudes corresponding to both
shells. We performed a self-consistent calculation with a
cluster of 87 atoms extending 5.5 Å from the absorbing
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Figure 4. Pseudo-pair distribution function (main figure) and
EXAFS signal (inset) at 4.7 GPa. The experimental data are drawn
with a continuous line. The EXAFS fit is represented by a dashed
line. The contributions of the two individual shells considered in the
model are indicated with dotted lines.

atom. The Hedin–Lundqvist self-energy was used to model the
energy dependent exchange correlation potential. The EXAFS
fits were performed in k space. The fit parametrized many-
body relaxation effects through the amplitude reduction factor
S2

0 . The difference between the theoretical and experimental
energy scale is taken into account introducing an energy shift
E0. Both the amplitude reduction factor and the energy
shift were deduced from the ambient pressure spectrum, and
then subsequently used in the high pressure fits of the two
samples studied (S2

0 = 0.92, E0 = 9.4 eV). In order to
further reduce the number of free parameters in the fit, the
Re–Re distance at a given pressure was fixed at the value
measured by XRD [1]. In this way there were only three
parameters in each fit: the average Re–B distance, dRe−B,
and the pseudo-Debye–Waller factors associated with the two
shells, σ 2

Re−B and σ 2
Re−Re. As an example, we show as a dotted

line in figure 4 the fit corresponding to the spectrum taken
at 4.7 GPa, as well as the contribution from the two shells.
The parameters obtained in the fit are compiled in table 1.
Care must be taken in order to interpret the amplitude values
of each shell. The main reason for the relatively low value
of the Re–Re amplitude is not associated with the pseudo-
Debye–Waller factor (at least at low pressures, see below)
but with the markedly different wavelength dependence of
the backscattering amplitudes of boron and rhenium atoms.
Light boron atoms have backscattering amplitudes peaking at
1.8 Å

−1
. Heavy Re atoms show a backscattering amplitude

with a small contribution at low k values which grows
(nonmonotonically) up to 15 Å

−1
. As a consequence, the k

range employed in the EXAFS analysis reinforces the boron
contribution.

Figure 5. Bond length compression under high pressure. Symbols
represent results from the EXAFS analysis corresponding to two
different samples. However, whereas the Re–B distances displayed in
the upper panel are obtained directly from the EXAFS analysis, the
B–B distances represented in the lower panel have been calculated
combining EXAFS and XRD data (see text). Continuous lines are
the result of linear fits. Dashed lines represent the results of ab initio
calculations.

Table 1. Parameters employed in the fit to the EXAFS signal
measured at 4.7 GPa (represented in figure 4). The energy shift
(E0 = 9.4 eV) and amplitude reduction factor (S2

0 = 0.92) were
deduced from the ambient pressure spectrum, and then subsequently
used in the high pressure fits of the two samples studied. At a given
pressure, we introduce in the fit the Re–Re distance measured by
x-ray diffraction [1].

Shell
Coordination
number

Distance
(Å)

Pseudo-Debye–

Waller (Å
2
)

Re–B 8 2.24(2) 0.007(2)
Re–Re 6 2.89 0.007(2)

The evolution of dRe−B under high pressure obtained from
the two independent experiments is plotted as symbols in
figure 5. A linear fit yields dRe−B = 2.248(3) − 1.3(2) ×
10−3 P , where dRe−B is in Å and P in GPa. Equivalently,
the compressibility is χReB = −1/d∂ d/∂ P = 5.6(9) ×
10−4 GPa−1. This result will be discussed in section 4.

The pseudo-Debye–Waller factor (DW) associated with
the Re–B length is approximately constant, σ 2

Re−B =
0.005(1) − 2(5) × 10−5 P , where σ 2 is in Å

2
. The ambient

pressure value is self-consistent with the structural model
employed in the EXAFS analysis. Representing the two Re–B
distances, 2.223 Å and 2.255 Å, with a single shell is equivalent
to introducing a static disorder of the order of σ 2 = 0.0007 Å

2
,

which is only a small fraction of the DW measured. With
respect to the pressure dependence, the harmonic contribution
to the DW should decrease when pressure is increased as a
consequence of the bond length contraction. A small decrease
is in fact observed in the data. However, given the data
dispersion, we do not consider the decrease significant and
conclude that the static disorder is slightly increasing in the
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B shell. The DW associated with the second shell clearly
increases, σ 2

Re−Re = 0.006(1) + 1.4(8) × 10−4 P , so does the
static disorder associated with the Re–Re distance.

4. Discussion

4.1. Effect of high pressure on the bond network

As pointed out in section 1, the existence of a network
of directional, covalent bonds is the key to the remarkable
mechanical properties of ReB2 (together with the high electron
density). We have just described the compressibility of the Re–
B bond. We now focus on the pressure dependence of the B–B
bond.

The ReB2 structure (figure 1) is highly symmetrical.
Rhenium atoms occupy hcp sites. The only internal parameter,
u, locates B atoms along the c-axis and determines the Re–
B bond length. Combining the Re–B distance obtained
in the EXAFS analysis and previous high pressure XRD
determinations of the lattice parameters, it is then possible
to calculate u. However, one must take into account that
the EXAFS Re–B distance corresponds to two kinds of boron
backscatterers situated at distances given by

dReB1 = (u − 0.25)c

dReB2 =
√

a2

3
+ (0.75 − u)2c2.

(1)

We assume that the Re–B distance obtained in the EXAFS
analysis corresponds to the average distance, i.e.

dEXAFS ≡ d̄ReB = 2dReB1(u) + 6dReB2(u)

8
. (2)

The internal parameter u is obtained by numerically
solving this last equation. The lattice parameters employed
correspond to those measured by angular dispersive XRD [1].
Results from the two experiments performed are presented
in figure 6 with symbols. The continuous line represents a
linear fit. u decreases very slowly, only 1% in the whole
25 GPa range explored. In their turn, ab initio calculations
yield a constant internal parameter. The difference between the
ab initio calculations and the experiment is very small (again
of the order of 1% at the highest pressures attained). It could
be argued that the observed mismatch is associated with the
slight disagreement between the calculated and measured [1]
compressibility of the lattice parameters. In order to clarify this
point, we have checked that the internal parameter resulting
from ab initio a and c lattice parameters and experimental
dEXAFS shows a similar pressure behavior to the one obtained
using only measured parameters.

Finally, the B–B distance is given by

dBB =
√

a2

3
+ (1 − 2u)2c2. (3)

The evolution of the B–B distance under high pressure
is presented in figure 5. The measured compressibility is
χBB = 1.6(3) × 10−3 GPa−1, the calculated one is χBB =
0.9(1) × 10−3 GPa−1. The magnitude of the B–B bond length

Figure 6. Pressure behavior of the internal parameter in ReB2.
Symbols are deduced from calculations involving both the EXAFS
determined Re–B bond length and XRD data (see text). Squares and
circles correspond to EXAFS data obtained from two different
samples. The fit to the experimental data and the results obtained by
ab initio calculations are represented by a continuous and a dashed
line, respectively.

reduction in ReB2 can be compared with that measured in
MgB2. In MgB2, boron atoms form flat covalently bonded
hexagonal layers. Mg atoms are also arranged in hexagonal
layers interleaved between the boron ones. Each boron atom is
surrounded by three other boron atoms at

√
3

3 a. In this material
it is possible to calculate the compressibility of the B–B bond
from the pressure dependence of the a axis, measured [25] by
XRD. The result is χBB = 1.8(2)× 10−3 GPa−1, which is very
close to the experimental value obtained in ReB2.

4.2. Structural rigidity

In order to present high hardness, a given material must have,
among other requisites, a rigid structural topology [6]. The
XAS measurements and, to a lesser extent, the ab initio
calculations, show that the B–B bond compressibility is larger
than the Re–B one. The geometrical consequences of this
fact can be understood as follows. We recall that rhenium
atoms are surrounded by boron atoms in a 2 + 6 configuration.
The six boron atoms at 2.25 Å define a triangular prism
(figure 1). The prisms are arranged following the AB AB · · ·
stacking pattern characteristic of the hcp structure. The
two boron atoms situated along the c-axis may be regarded
as belonging to neighboring prisms from lower and upper
stacking planes. From this point of view, the covalent B–
B bonds would form a net joining neighboring prisms. The
differences in compressibility between Re–B and B–B bonds
show that the triangular prisms are harder to compress than
the space between the prisms. This behavior can be related to
the electronic distribution. The bonding properties in transition
metal diborides have been discussed in [9] by means of the
electronic localization function, showing that the Re–B bonds
formed along the c-axis are clearly weaker than the Re–B
bonds defining the prisms.

The analysis of the rigidity of the covalent bond network
can be complemented with a study of angular variations
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induced by high pressure. We consider the B–Re–B angle
labeled α in figure 1(b) characteristic of the triangular prism.
The Re–B–B angle, labeled β , is representative of the
boron network joining the prisms. The α angle remains
approximately constant under high pressure. The prisms
then behave as nearly rigid units which remain practically
undistorted under applied pressure. However, following the
experimental results, the β angle increases from 67.0 to 69(1),
revealing a tendency of the boron layers to become flatter at
high pressure. The variation of the β angle is not reproduced in
the calculations. The discrepancy can be attributed to the slight
disagreement between the ab initio and experimental values of
the internal parameter as well as to the effect of accumulated
errors in the calculation of the experimental angle.

With the aim of judging the magnitude of the angular
distortions found, we compare our results with those obtained
in other compounds. In ultrahard materials like diamond or
cubic BN the bonding angles are not modified by high pressure.
Another relevant material, metallic Re, displays a hexagonal
closed packed structure which could in principle be distorted
by high pressure. However, this is not the case, as it has
been shown [26] that the c/a ratio remains constant under
pressure. We have to resort to other types of materials in order
to establish comparisons. In the InSe layered semiconductor,
where the intralayer bonds are covalent and the interlayer
interaction is close to being of the van der Waals type, the
angle between the Se layers and the In–Se bond increases [27]
nearly an order of magnitude faster than β in ReB2 (in relative
values). The angular change is associated with the increasing
role of the interlayer interaction under high pressure. On the
other hand, the variation observed in β is comparable to that
observed in the polar semiconductor CuGaO2 [28, 29]. The
structure in this compound is defined by GaO6 edge sharing
octahedral layers. The GaO6 layers are joined by O–Cu–O
linear bonds perpendicular to the layers. The initially distorted
octahedra tend to become more regular under high pressure.

We conclude that in ReB2 the structural rigidity is
compromised by a nonhomogeneous charge distribution,
which is altered by high pressure and evidenced by the different
compressibility of Re–B and B–B bonds as well as by the slight
angular distortion measured.

5. Conclusions

X-ray absorption measurements at the Re L3-edge have been
used to characterize the compressibility and angular distortions
of the covalent bond network in ReB2. The experimental
study is complemented by ab initio calculations. The
main conclusion is that the compression is anisotropic and
nonhomogeneous, reflecting bonding differences between Re–
B and B–B bonds and also between nonequivalent Re–B bonds.
The spaces around Re atoms defined by six boron atoms
define triangular prisms which behave as nearly rigid units and
which are harder to compress than the boron chains joining the
prisms. As a consequence, the structural rigidity, necessary to
attain high hardness values, is compromised.
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