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First-principles calculations have been performed on perovskite-type ScRh3Bx in order to understand the
variation in the structural properties and bulk modulus as a function of the boron concentration. We use the
projected augmented wave method with a supercell to treat different configurations of vacancies and boron
atoms. The generalized gradient approximation is used for the exchange-correlation functional. The calculated
lattice constants are found to be in excellent agreement with the experimental results. Maximum bulk modulus
is realized surprisingly at x=0.5, contrary to the expectation that vacancies reduce the number of chemical
bonds and hence the strength of the compounds. This is explained by examining the changes in the atomic and
electronic structures upon B doping. We find that the doping enhances the cohesive energy monotonically due
to the strong covalent bonding between B 2p and Rh 4d states. However, at x=0.5 a configuration is achieved
in which each boron is surrounded by vacancies at the cube centers, and vice versa. This reduces strain in the
structure and the Rh-B bonds are short, leading to a maximum in the bulk modulus. The density of states at the
Fermi energy is also minimum for x=0.5 which adds further stability to the structure.
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I. INTRODUCTION

An understanding of the mechanical behavior of materials
is important for their applications. Ab initio calculations pro-
vide a microscopic framework to study the cohesion and
deformation behavior of mixed systems such as oxides,
borides, carbides, and nitrides. These are technologically
very important due to their high stability and hardness,
which make them useful for high-temperature environments,
cutting tools, and hard coating applications. The nonmetal
atom in these materials often has substoichiometric compo-
sition due to the existence of vacancies. This can have a
significant effect on the material properties and therefore
controlling the vacancy concentration in these systems is an
important task. In this context perovskite-type oxides have
been the subject of great attention because of their interesting
properties, including superconductivity,1 insulator-metal
transition, ionic conduction characteristics,2 and dielectric as
well as ferroelectric properties.3,4 On the other hand, only a
few studies have been done on nonoxide perovskite-type
compounds such as the ternary rare-earth �R� rhodium
borides RRh3B and carbides RRh3C.5–7 It is of interest to
systematically investigate the mechanical properties of R

borides RRh3B, because boron makes many technologically
important compounds with mechanical hardness. In the
perovskite-type structure with space group Pm3m, R is at the
eight corners of a cube and Rh at the six face centers, while
boron, carbon, and/or vacancy occupy the center of the cube
as is shown in Fig. 1 in the case of ScRh3B. Changing the
boron concentration by substitutional doping of carbon or

FIG. 1. �Color online� The perovskite cubic unit cell of
ScRh3Bx. Sc atoms are at the corners while Rh occupies face cen-
ters. B and vacancy occupy the center of the cube.
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vacancy, it could be possible to change the properties of
these compounds.

Shishido et al.8–12 have studied experimentally the depen-
dency of lattice parameters and hardness of R rhodium
borides and carbides by changing the R atoms as well as
boron stoichiometry. They obtained a decrease in the lattice
parameter and an increase in the microhardness with decreas-
ing atomic size of the R element. Here we consider the case
of ScRh3Bx which forms a continuous solid solution in the
range of 0�x�1 with cubic structure �space group Pm3m�
and exhibits a very intriguing relationship between boron
concentration x and hardness in that the local maximum in
microhardness is realized at around x=0.25. To analyze these
behaviors and understand their origin from the electronic
structure, we present here results of first-principles calcula-
tions for different compositions of B and vacancies.

There have been a few other studies on these systems.
Among these recently Schaak et al.13 have explored the for-
mation of intermetallic boride and carbide perovskites AXM3
�A=Mg, Ca, Sc, Y, Lu, Zr, or Nb; M =Ni, Ru, Rh, Pd, or Pt;
and X=B or C� and identified the stability range by varying
the compositions of B and C. For A=Sc and M =Rh, they
confirmed the formation of the stoichiometric compound.
Also there have been some efforts to understand hardness of
materials from ab initio calculations. In general hardness is
known to be a material parameter that indicates resistance to
elastic or plastic deformation. Besides ab initio calculations,
semiempirical studies have also been performed to describe
the origin of hardness at the atomic scale as well as to de-
velop empirical correlations that could be very helpful from
the point of view of applications. However, there is no
unique way14,15 to have a quantitative description. Cohen14

proposed a simple relationship between bulk modulus and
nearest-neighbor distance for tetrahedrally bonded semicon-
ductors such as C, Si, and Ge as well as III-V and II-VI
compounds in which covalent bonding plays a dominant
role. According to this relation the bulk modulus increases
with decreasing nearest-neighbor interatomic distance. On
the other hand ionicity tends to decrease the bulk modulus as
this removes charge from the bonds and localizes it around
the ions. Teter16 has shown an empirical relationship between
bulk modulus, shear modulus, and Vickers hardness using a
set of different materials. It was suggested that high shear
modulus is a better criterion for hardness compared to bulk
modulus. Jhi et al.16,17 have studied an electronic mechanism
of hardness enhancement in transition metal carbonitrides
such as TiCxN1−x using an ab initio pseudopotential ap-
proach. They showed that the highest hardness of TiCxN1−x
is realized when valence electron concentration is about 8.4
electrons per cell. It originates from the complete filling of
the shear-resistive pd� bonding states at this electron con-
centration. They also analyzed the effects of vacancies on the
mechanical properties of the transition metal carbides and
nitrides18 and showed that the vacancy produces entirely dif-
ferent effects on the mechanical strength of groups IVb ni-
trides and Vb carbides. Here it is worth noting that although
the elastic properties are regarded as a measure of hardness
of materials, it is not always positively correlated with the
experimentally measured Vickers hardness.

The electronic structure of some borides including YRh3B
which is of the same type as those under consideration in this

study has been studied by Ravindran et al.19 using tight-
binding linear muffin-tin orbital method. YRh3B is isoelec-
tronic to ScRh3B and the Fermi level was found to lie in a
region of high density of states. This was used to explain the
occurrence of superconductivity in this compound. They also
reported the existence of covalent bonding between Rh and
B in these compounds. Oku et al.20 studied ScRh3 and
ScRh3B stoichiometric compounds using ultrasoft pseudopo-
tentials and a plane wave basis set and compared their results
with x-ray photoelectron spectroscopy spectra and Knight
shift measurements. However, they did not study the me-
chanical properties of these compounds. Recently Music et
al.21 have studied 20 stoichiometric RM3B perovskite
borides with M =4d metals and R=Sc or Y, using ultrasoft
pseudopotentials and a plane wave basis set. They studied
the bonding character as well as the bulk and shear moduli of
these compounds. The latter were found to peak at M =Rh
for R=Y, and for R=Sc the highest value of bulk modulus of
216 GPa was obtained for M =Ru and an only slightly
smaller value of 210 GPa for M =Rh.

In an earlier study Sahara et al.22 performed ab initio
calculations on perovskite-type RRh3B and RRh3C �R=Sc,
Y, or La� to obtain their equilibrium lattice constants and
elastic properties such as the elastic constants, bulk moduli,
shear moduli, and Young’s moduli. The calculated lattice
constants were in excellent agreement �within 1%� with ex-
perimental results. The bulk modulus in these compounds
increases with a decrease in the lattice parameter, and fol-
lowing Cohen’s proposal,14 a new relationship between the
bulk modulus and the nearest-neighbor distance was also
proposed for these systems. However, these theoretical stud-
ies are limited to stoichiometric compounds. In the present
study, we consider a series of R rhodium borides ScRh3Bx
with varying x and study their elastic properties from total
energy calculations in order to understand the effects of va-
cancies on the mechanical strength of these compounds.

In Sec. II we discuss our calculation procedure while the
results are given in Sec. III. A summary of our results is
given in Sec. IV.

II. METHOD OF CALCULATION

We use the projected augmented wave method23,24 with
the Vienna ab initio simulation program �VASP�.25–27 Minimi-
zation of the free energy over the degrees of freedom of the
electron density and atomic positions is performed using the
conjugate gradient iterative minimization technique.28 The
exchange-correlation energy has been calculated within the
generalized gradient approximation �GGA�.29 The atomic po-
sitions and structural parameters are fully optimized using
the conjugate gradient method. The cutoff energy for the
plane wave expansion is taken to be 318.59 eV, which is
large enough to obtain good convergence. A higher cutoff
value of 414.167 eV for x=0.5 and 1.0 led to negligible
changes in the lattice parameters and about 0.5% change in
the bulk modulus. For Brillouin zone integrations, we use
4�4�4 k points, which is also large enough to obtain good
convergence. Tests were made by using 8�8�8 k points
and this again led to negligible changes in the lattice param-
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eter as well as small changes in the bulk modulus for x
=0.5 and 1. Therefore, all other calculations have been done
using 4�4�4 k points. Further, we studied the effects of
taking into account spin polarization but the change in en-
ergy as well as the magnetic moments were found to be
negligible. A similar conclusion has also been reached by
Music et al.21 Therefore all other calculations have been
done without considering spin polarization.

In order to describe substoichiometric concentrations, we
use a 2�2�2 supercell of the perovskite structure. Recall
that compounds with vacancies have been experimentally
found to exist in perovskite-type structures with space group
Pm3m in the whole range of boron concentration of 0�x
�1. Different possible distributions of vacancies for a given
concentration of B are considered within the supercell to
determine energetically the most favorable distribution. Fig-
ure 2 shows these configurations for ScRh3Bx. Here only
sublattice sites of the nonmetal atoms B and vacancies,
which correspond to the body-center sites of the cubic per-
ovskite cell, are shown. Starting from the two limiting cases
of x=0 and 1 �Figs. 2�a� and 2�o�, respectively� we have
considered cases with x=0.125 �b�, 0.25 �c�–�e�, 0.50 �f�–�j�,
0.75 �k�–�m�, and 0.875 �n�.

The bulk modulus B defined as

B = −
Vdp

dV
=

V d2Etot�V�
dV2 , �1�

where V is the volume of the cell, and p, the pressure, is
calculated from the Murnaghan equation of state30

Etot�V� =
B0V

B0��B0� − 1�
�B0��1 −

V0

V
� + �V0

V
�B0�

− 1� + Etot�V0� .

�2�

Here Etot�V� is the total energy of the system at volume V,
and B0 and B0� are the bulk modulus and its pressure deriva-
tive at the equilibrium volume V0, respectively. In the present
study, Etot�V� is calculated for cubic perovskite cells at 13
different volumes and the values are fitted with Eq. �2�. In a
few cases we also obtained the bulk modulus by fitting the
energy vs volume curve to a third-degree polynomial as done
by Music et al.21 This leads to a slightly higher value of the
bulk modulus as compared to the value obtained from Eq.
�1�. Furthermore, we perform two types of calculations using
cubic structure as initial condition: �1� by keeping the cubic
structure because the experimental results show that these
compounds keep the cubic structure for all boron concentra-
tions, and �2� by optimizing structure allowing changes in
the lattice parameters to check the stability of the cubic cell,
especially for the low-symmetric case.

III. RESULTS AND DISCUSSION

Table I shows the initial and optimized structural param-
eters obtained from the two methods of optimizations. It is
noted that for the cases of x=0 �a�, 0.125 �b�, 0.875 �n�, 1
�o�, and the lowest-energy distributions for B substoichiom-
etries with x=0.25, 0.5, and 0.75, the structure remains cu-
bic. In these cases, the B atoms are the farthest from each
other except for the case of x=0.75 and are symmetrically
distributed. For x=0.75, the energy difference between con-
figurations �l� and �m� in Fig. 2 is quite small. The changes in
the lattice parameters obtained from the optimization of the
stresses and from the Murnaghan equation of state assuming
cubic structure in all cases, are small. This also reflects good
accuracy of the calculations. For the higher-energy configu-
rations, there are noncubic distortions in the optimized struc-
tures, but generally these are also small, the maximum value
being 5%. This is caused by the presence of B atoms at the
nearest sites that leads to an increase in the corresponding
lattice parameters. In a real system the B atom and vacancy
distribution may not be perfectly ordered. A random distri-
bution would lead to a cubic structure on an average as ob-
served. We have therefore calculated the mean cubic lattice
parameter in the cases of noncubic distortions and these
again agree very closely with the values obtained from the
Murnaghan equation of state assuming a cubic structure. The
bulk modulus is found to have the highest value for the
lowest-energy isomer in general for each substoichiometric
boron concentration.

As experimental results show a cubic structure over the
whole composition of B, we have shown in Fig. 3 the rela-
tionship between the calculated equilibrium lattice constant

FIG. 2. �Color online� Different configurations of boron and
vacancies in a 2�2�2 supercell of ScRh3Bx for x= �a� 0, �b�
0.125, �c�–�e� 0.25, �f�–�j� 0.5, �k�–�m� 0.75, �n� 0.875, and �o� 1
used in the present calculations. Only the sublattice sites that non-
metal atoms and vacancies occupy and which correspond to the
body-center sites of the cubic perovskite cells, are shown. Dark
�red� and white balls correspond to B and vacancy, respectively.
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for cubic structures and boron concentration x. It shows that
the lattice constant increases monotonically as x increases
and that the calculated values are in excellent agreement
�within 1%� with the experimental results. There is a slight
overestimation of the lattice constant for the whole concen-
tration range which is often a feature of the GGA. In the case
of x=1, our value of the lattice constant �4.125 Å� is in
excellent agreement with the other theoretical value
�4.132 Å� obtained by Music et al.21

The calculated equilibrium volume of ScRh3Bx nearly
obeys the Vegard law Veq�x�=xVeq

ScRh3B+ �1−x�Veq
ScRh3. The

cohesive energy for different x and for different distributions
of B atoms and vacancies is shown in Fig. 4. We have given
the values obtained by assuming cubic unit cells as well as
for the optimized cells. The difference in the two cases is
small. The cohesive energy for a given concentration x dif-
fers depending on the distribution of B and vacancies. The
variation is appreciable at x=0.25, 0.5, and 0.75. The ener-
getically most stable configurations of B atoms and vacan-
cies at these concentrations are shown in Figs. 2�e�, 2�g�, and
2�l�, respectively. The energy differences between the most
stable and the second most stable configurations are 1.03
�10−1, 1.46�100, and 1.48�10−1 eV per supercell at x
=0.25, 0.5, and 0.75, respectively. The results for the lowest-
energy configurations show that the cohesive energy in-
creases almost linearly up to x=0.5 and the increase is quite
significant. Thereafter there is a small decrease and then
again a small increase. It is also noteworthy that the other
configurations of B and vacancy distribution lie significantly
higher in energy for x=0.5.

Figure 5 shows the variation of the bulk modulus with
boron concentration. Again, results for all the calculated con-
figurations are shown and these reflect the behavior found for
the cohesive energy. The configuration with the highest bulk

FIG. 3. Relationship between cubic lattice constant and boron
concentration. Open circles correspond to the present results while
open squares are the experimental data from Refs. 8 and 11.

TABLE I. Initial and optimized structural parameters in angstroms, and the bulk modulus. Indexing of the
configuration is defined in Fig. 2. For the final structure, results are given for the two methods used for the
optimization of the unit cell, one in which all the lattice parameters are optimized and the other in which the
cubic structure is kept for all concentrations. Bulk modulus is given for the cubic structure.

Final structural parameter

Initial structural
parameter Optimized cell parameter

x
Cubic structure

a axis a axis b axis c axis
Mean lattice

parameter
Cubic structure

a axis
Bulk modulus

�GPa�

0.000 �a� 7.850 7.849 7.849 7.849 7.849 7.856 190

0.125 �b� 7.900 7.895 7.895 7.895 7.895 7.900 192

0.250 �c� 7.950 8.093 7.875 7.875 7.947 7.954 191

0.250 �d� 7.950 7.964 7.964 7.890 7.939 7.943 194

0.250 �e� 7.950 7.936 7.936 7.936 7.936 7.940 195

0.500 �f� 8.050 8.206 7.947 7.947 8.032 8.043 194

0.500 �g� 8.050 8.023 8.023 8.023 8.023 8.028 198

0.500 �h� 8.050 8.190 8.190 7.779 8.051 8.063 190

0.500 �i� 8.050 8.043 8.043 8.059 8.048 8.052 192

0.500 �j� 8.050 8.107 7.903 8.107 8.038 8.044 194

0.750 �k� 8.150 8.206 8.121 8.121 8.149 8.157 193

0.750 �l� 8.150 8.138 8.138 8.150 8.142 8.149 195

0.750 �m� 8.150 8.144 8.144 8.144 8.144 8.148 194

0.875 �n� 8.200 8.195 8.195 8.195 8.195 8.201 196

1.000 �o� 8.250 8.244 8.244 8.244 8.244 8.250 197
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modulus also corresponds to the highest cohesive energy in
Fig. 4 and hence the most stable configuration for each boron
concentration in general. There is significant configuration
dependence of the bulk modulus for each substoichiometric
concentration x. We find that the highest bulk modulus is
obtained at x=0.5, though the cohesive energy is the highest
for x=1. This value is close to the results obtained for the
case of x=1. For x=0.5, the highest value of bulk modulus is
realized with the configuration shown in Fig. 2�g� where bo-
ron atoms occupy the body-center sites of perovskite struc-
ture in a tetrahedral arrangement such that on this sublattice
each boron is surrounded by vacancies, and vice versa. For
the case of x=1, our value of the bulk modulus, 197 GPa, is
lower than the value �210 GPa� obtained by Music et al.21

This difference is likely to be due to the different procedure
used by them to obtain the bulk modulus. In our calculations,
an increase in the number of k points from 8�8�8 to
12�12�12 changes the value of the bulk modulus to
199 GPa which reflects good convergence of our calcula-
tions. However, when we used third-order polynomial fitting
of the total energy with volume as it was done by Music et
al., we obtained the bulk modulus for 12�12�12 k points
to be 203 GPa. This result will also depend on the number of
points fitted in the curve.

As B vacancies reduce the number of chemical bonds as
well as the cohesive energy, it could be expected that they
reduce the strength of a material. However, if bulk modulus
is taken to be a criterion for the hardness of the compounds
then ScRh3Bx does not follow this simple picture. The ques-
tion is then how effectively vacancies in these compounds
contribute to the enhancement of the bulk modulus. To

clarify the origin, we studied the variation in the electronic
structure of ScRh3 as well as the changes in the local atomic
structure due to the doping of B. Figure 6 shows the total and
the site-projected density of states �DOS� along with the an-
gular momentum decomposition for �a� ScRh3, �b�
ScRh3B0.5, and �c� ScRh3B as examples. In the case of
ScRh3B0.5, the results are shown for the energetically most
stable configuration with the highest bulk modulus �see Fig.
2�g��.

Figure 6�a� shows the total and the partial DOS for ScRh3.
The main contribution to the total DOS comes from the d
orbitals of Rh. The 4s and 4p orbitals of Sc have significant
charge transfer to Rh as will be further clear from the dis-
cussion of the charge density distribution later. The 3d orbit-
als of Sc hybridize with those of Rh and contribute signifi-
cantly to the DOS, but most of the occupied states are the Rh
4d states. Therefore the bonding between Sc and Rh could be
said to be ionic with some covalent character. These general
features of the Sc and Rh bonding also exist in other cases
when B is doped, but the 3d contribution from Sc is slightly
reduced and the 3d Sc peak above the Fermi energy in-
creases slightly; thereby the ionic contribution to the bonding
is slightly increased. As boron is added, a peak appears at the
bottom of the band and it can be seen in the total and partial
DOSs of boron in Figs. 6�b� and 6�c�. This is derived from
the boron 2s orbital and it has little hybridization with the Rh
or Sc states. However, the 2p orbitals of boron hybridize
strongly with the 4d orbitals of Rh and there is a strong
bonding peak �at around −5 eV� near the bottom of the d
band and it contributes dominantly to the bonding as some of
the 4d states of Rh are pulled down. The antibonding hybrid-
ized states can be seen above the Fermi level and these
nearly overlap with the Sc 3d states. These features grow and
become broader with increasing boron concentration �Fig.

FIG. 5. Relationship between the bulk modulus and boron con-
centration. Open circles show the results for all the configurations
calculated in the present study. Solid circles correspond to the con-
figuration with the lowest energy for each boron concentration.

FIG. 4. Relationship between the cohesive energy per atom and
boron concentration x. Values are given for both the cases �1� con-
sidering cubic unit cells and �2� where the unit cell parameters have
been optimized. The optimization increases the cohesive energy
slightly. The values corresponding to the highest cohesive energy
configurations for a given x have been connected by a line to show
the trend. Different points for a given x correspond to the different
distributions of B and vacancies �see Fig. 2�.
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6�c�� and have also been found in other distributions of bo-
ron and vacancies. Comparing the DOS in the three cases, it
can be seen that the Fermi level has moved upward as if
filling a rigid band by doping of electrons due to B atoms.

Interestingly the total DOS as well as the partial DOS of
Rh 4d states at the Fermi energy decrease as x increases and
these are the lowest at x=0.5 �Fig. 7�, beyond which there is
again an increase. The partial DOSs of Sc 3d and B 2p states
contribute relatively little to the total DOS at the Fermi en-
ergy. The DOS provides a general feature of the bonding in
these compounds, which is predominantly the strong cova-
lent bonding between B 2p and Rh 4d orbitals. This leads to
increasing cohesive energy with increasing boron concentra-
tion in general as we find except for x=0.75. In all cases the
compounds are metallic but the DOS suggests that substitu-
tional doping with C could make them semiconducting or
semimetallic. Indeed we find that for ScRh3C, the Fermi en-
ergy lies in a pseudogap.31

The electronic charge density in the �001� plane passing
through Rh and B ions is shown in Figs. 8�a�, 8�c�, and 8�d�
for x=0, 0.5, and 1, respectively and in the �011� plane in

Fig. 8�b� for x=0. These data support the covalent bonding
nature between B and Rh atoms as described above. For
ScRh3 �Figs. 8�a� and 8�b�� most of the charge is found
around the Rh ions and little at the center of the cube �Fig.
8�a�� or around the Sc ions. Doping of boron atoms leads to
covalent bonding with the neighboring Rh atoms and small
changes in the charge distribution around those Rh ions that
are nearest neighbors to a vacancy. Figure 8�c� shows the
charge density for ScRh3B0.5 where only Rh and B can be
seen. As the boron concentration increases to 1, the same
behavior continues �Fig. 8�d��.

Further insight about the effects of doping is obtained
from the relaxation of Rh ions when B is doped. From Fig. 3,
we note a continuous increase in the lattice constant with B
doping �see also Table II�. However, because of our use of a
supercell and the relaxation of ions, we can also see the
displacements of different ions as x changes. It is noted that
the doping of B atoms displaces the neighboring Rh ions.
Comparing the case of x=0, there is an increase in the bulk
modulus up to x=0.5 in the lowest-energy configurations due
to the formation of strong covalent bonds between Rh and B.

FIG. 6. �Color online� Total density of states and the site-projected partial density of states for �a� ScRh3, �b� ScRh3B0.5 �highest cohesive
energy configuration�, and �c� ScRh3B. Fermi energy lies at the energy zero.
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Up to x=0.5 all Sc ions are at the lattice positions but Rh
ions with a B atom as nearest neighbor are displaced outward
of the corresponding cubic cell �see Fig. 9�. As shown in
Table II, for x=0.25, the Rh-B bond length is 2.085 Å while
for x=0.5 in the lowest-energy configuration, the Rh-B bond
length becomes 2.076 Å. The shortening of these strong co-
valent bonds leads to strengthening of the bonds and an in-
crease in the bulk modulus. The displacement of Rh ions as
well as an increase in the lattice constant reduces hybridiza-
tion of Rh 4d orbitals with those of Sc and consequently the
covalent bonding contribution, and leads to an increase in the
ionic character.

Interestingly in the lowest-energy configuration for x
=0.5 the Rh ions are displaced by 0.069 Å away from B
atoms in a symmetrical fashion as there are no B atoms in
the adjacent cubes and the strain in the atomic structure is
minimal. In other configurations some B atoms occupy cen-
ters of nearest-neighbor cubes, which is not optimal, and it
has the effect of reducing the bulk modulus. When x is fur-
ther increased to 0.75, the Rh-B bond lengths become 2.035,
2.037, 2.038, 2.040, 2.102, and 2.106 Å and also there is a
significant increase in the lattice constant �Table II�. This
results in partial weakening of Rh-B covalent bonds and a
decrease in the bulk modulus. Also the inner Sc ions are
displaced by 0.046 Å. However, for x=1, the Rh-B bond
length decreases to 2.063 Å but the lattice constant increases
to 4.125 Å compared to 4.014 Å for x=0.5. This leads to an
increase in the covalent bonding between Rh and B but a
decrease in the ionic-covalent bonding contribution between

Sc and Rh. The bulk modulus increases but it is slightly
lower than the value in the case of x=0.5. Therefore, the
changes in the bulk modulus with boron doping are related to
variation in the strong Rh-B covalent bonds as well as the
ionic-covalent interactions between Rh and Sc. An increase
in the lattice constant decreases the ionic as well as covalent
contribution to cohesion between Sc and Rh while a decrease
in Rh-B bond length increases the bonding contribution.

We would like to make a note of caution here that vacan-
cies can also enhance the mechanical strength of a solid by
pinning dislocations. Therefore the hardening of a solid by

FIG. 9. �Color� The optimized positions of atoms in the 2�2
�2 supercell �only half the supercell is shown for clarity� corre-
sponding to the lowest-energy configuration shown in Fig. 2�g� for
x=0.5. Displacement of Rh ions by B toward the vacancy site can
be seen.

FIG. 7. The variation of the density of states at the Fermi energy
as a function of x.

FIG. 8. �Color� Electronic charge density plots in �001� plane
passing through the cube center of a cell for �a� ScRh3, �c�
ScRh3B0.5 �lowest-energy configuration�, and �d� ScRh3B. �b�
shows the density in �011� plane in which Sc atoms can also be
seen. The low electronic charge density around Sc is clear. The
highest charge density appears close to the core of the Rh ions and
has the value of about 4.6 electron/Å3. However, in the figure we
have used the values up to 2.0 electron/Å3 to clarify the covalent
bonding between Rh and B.
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vacancies could be much more drastic than the trend in the
bulk modulus we obtained and also inferred from the mea-
sured hardness. However, there is no direct experimental
data available on the bulk modulus and it is desirable to
reveal the elastic properties of the present systems. Further-
more, depending upon the growth conditions, vacancies may
be distributed rather randomly. Accordingly the observed
bulk modulus or hardness may reveal an averaged behavior.
The displacement of the Rh ions and in some cases the Sc
ions suggests that consideration of larger unit cells may im-
prove the values of the bulk modulus. Our results indicate

that in the range of x=0.25–0.75, the bulk modulus may be
nearly flat and this could be a reason that in experiments the
microhardness is found to show a local maximum for x
=0.25.

IV. SUMMARY

In summary we have performed first-principles calcula-
tions on ScRh3Bx in the perovskite structure to obtain the
equilibrium lattice constants and the bulk modulus. The cal-
culated equilibrium lattice constants are found to be in ex-
cellent agreement with the experimental results. Boron dop-
ing results in an almost continuous increase in the cohesive
energy of these materials except around x=0.75 but the high-
est bulk modulus is realized not at x=1 but at x=0.5 with the
configuration where boron occupies body-centered sites of
perovskite cells in a tetrahedral arrangement. The origin of
these properties is explained in terms of the changes in the
covalent and ionic bonding characters. The density of states
at the Fermi energy also shows a minimum for x=0.5. As
boron doping displaces Rh atoms, it could be possible to
achieve more optimal behavior of hardness of borides with
suitable combination of R and M atoms.
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