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Abstract: We present a detailed theoretical study for the structural and electronic properties of the new

synthesized hard material CrB, under pressure ranging from 0 to 100 GPa by first-principles calculations

with density functional theory in this paper. The results at zero pressure are in good agreement with the

available theoretical and experimental values. The pressure dependence of structure, bond length, the
Mulliken overlap population of B-B bonds and Cr-B bond, density of states (DOS) and PDOS are suc-

cessfully calculated and discussed. The calculated pressure dependence of structural property shows that

both structural parameters and covalent bonds of CrB, are insensitive to the pressure, the results strong-

ly support that the high hardness of CrB, compounds is derived from the feature of B-B bonds cage. The

B-B covalent bonds as bonds cage enhance the resistance to shear deformation and improve the hardness.
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1 Introduction

In recent years, superhard materials become
an important class of function material because
they have been found possess unique physical and
chemical properties, such as high hardness, high
melting point, high chemical stability and good e-
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lectrical conductivity, and have wide range of in-
dustrial applications . With the development
of modern industry, the importance of superhard
materials in steady growth, so it is an urgent mis-
sion for the researchers to synthesize new super-
hard materials with superior properties. Many

new superhard materials have been synthesized up
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to now, since diamond was first synthesized in
1955. Recently, Xu et al." and Wang et al.
investigated the structural stability and elastic
modulus of CrB, compound by first-principle ap-
proach. They found that the orthorhombic CrB,
has the high shear modulus (312 GPa) compared
with the WB, (129 GPa). However, Pan et al. ™™
investigated the structural formation, elastic
properties, hardness and electronic structure of
CrB, compounds using first-principles approach.
They found that the high hardness of CrB, com-
pounds is derived from the feature of B-B bonds
cage. The B-B covalent bonds as bonds cage en-
hance the resistance to shear deformation and im-
prove the hardness. And they predict that the
CrB, compounds with CrB,-type are the potential
superhard materials.

Although above researches suggest that CrB,
may play roles mainly in high pressure condi-
tions, we find the pressure effect on the structur-
al and electronic properties of CrB, has rarely
been reported to date. So, in this paper, we
aimed to study the pressure-induced changes of
the structural and electronic properties of CrB, at
pressures ranging from 0 to 100 GPa to under-
stand its properties deeply. For this purpose., we
performed density functional theory calculations,
which are widely employed to calculate the struc-
tural and electronic properties as a supplement to
experiment, to investigate the lattice constants,
bond length, the densities of states (DOS) and
the charges of the atoms for CrB, at different

pressures.

2 Model and computational method

The underlying calculations were performed
with the projector-augmented wave (PAW) meth-
od® ™ implemented with the Vienna ab initio sim-
ulation package (VASP) H#14,

gradient approximation (GGA) " was used to

The generalized

describe the exchange-correlation function. The
atomic calculations are performed for Cr 3d°4s'
and B 2s*2p'. Geometry optimization was per-

formed using the conjugate gradient algorithm

method with a plane-wave cutoff energy of 360
eV. The calculations were conducted with 10x12
X 20 for the predicted phases with space groups
Immm. Monkhorst-Pack k-points were used to
ensure that all structures are well-converged to
better than 5 X 10 ° eV/atom and the maximum
force on the atom is below 5X107° eV/A. The
structures were relaxed with respect to both lat-

tice parameters and atomic positions.

3 Results and discussion

3.1 Pressure-induced structural changes

CrB, crystallizes in the orthorhombic struc-
ture with the space group IMMM (No. 71).
There are two chromium and eight boron atoms in
the unit cell of CrB,. In present calculations, we
chose primitive cell as initial structure, and fully
optimized the lattice and internal coordinates
without any restrictions under hydrostatic pres-
sure ranging from 0 to 100 GPa. The obtained
lattice parameters a = 4. 744 A, b =5.479 A, ¢
= 2.846 A at zero pressure are very close to the
experimental data of S. Andersson et al. (a=
4.744 A, 6=5.477 A, ¢=2.854 A) '), The lat-
tice parameters a, b, ¢ and the Cr-B bond and B-
B, bond lengths of CrB, compounds are listed in
Tab. 1, together with the available theoretical &
and experimental data "', As seen in Tab. 1,
the calculated data for CrB, compounds at 0 GPa
in this study are in good agreement with theoreti-
[5]

cal results previously reported by Xu et al. and

"), as well as the experimental values

by Andersson et al.*,

Pan et al.
The good performance
makes us feel confidence in following investiga-
tions using the chosen methods.

To investigate the effect of pressure on the
structures of CrB,, we plotted the variations of
ratios a/ays b/bys ¢/cys and normalized volume v
(V/V,) with pressure in Fig. 1, in which a,, b,
¢, and V, are the zero pressure equilibrium struc-
tural parameters. All ratios depicted in Fig. 1 de-
crease smoothly with pressure. The crystal cell a-
long a-axis is more compressible than along 6 and

c-axis. When the applied pressure is up to 100
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GPa, they are shortened by only about 7. 5%,
5.4% and 9. 5% . respectively. The volume of
primitive cell decreases only about 19. 8% despite

that the pressure is up to 100 GPa, which sug-

gests the compound is an incompressible material.
We make a fitting for these ratios and obtain the

following quadratic function relationships™*! .

Tab.1 The calculated and experimental values of the lattice parameters (a, b, ¢ in A) and the Cr-B bond and B-B,_,
bond lengths (in A) for CrB, compounds at 0 GPa
a b C B‘B1 B‘Bz B‘B_; CI"B Rref.
L 5. 479 2.846 1.854 1.726 1.822 2.093 Present work(GGA-PBE)
' 5. 489 2. 854 - - - - Theor. *(GGA-PBE)
4,750 4.961
74 5. 685 3.008 - - - - Theor. " (LDA)
’ | 5.476 2. 849 1.854 1.727 1.822 2.092 Theor. “(GGA )
4. 7449
5.477¢ 2. 8544 1.721¢ Expt.
aRef. [5]; " Ref. [6]; ©Ref. [7]; 4Ref. [16]; ¢ Ref. [17].
a/a,= 0.99931—0.00107p + bond is stronger than that of Cr-B bond and the
3.30784X10 ¢ p* @D B-B covalent bond plays an important role in in-

b/by=0.99989—0.00073p +1.8988X10 °p°

(2
c/co=0.999160.00133p +3.99926X10"° p*

3
V/V,= 0.999540.00310p +1.0468X10"° p*

9]

In above equations, the unit of pressure is GPa.

1004 &g 4
wtge,
Xy te,
LN X i
\. X v } -9 L SN
0.95 4 LN *‘*l Yy * e o, -
N A vy A
L} A, T Yy
L} A Vv .y
‘\ A,
2 0.90 - w i
£ -
o \

0.85 4

—v—ala, ‘\‘\'\
—e— b/b B “m
0.80 —A— /e, \ b
—-— V/VD
0.75 T T T T T T
0 20 40 60 80 100

Pressure (GPa)

Fig.1 Variation of ratios a/ay, b/by» ¢/c, and v as

a function of pressure

The changes of structural parameters and
volume of crystal originate from the changes of
the bonds in the cell of CrB, with pressure. In or-
der to reveal the origin of high hardness, the
bond characteristic of CrB4-type compounds is
studied in detail. According to the report of Pan

et al. 1, that the bond strength of B-B covalent

trinsic hardness for these CrB, compounds. The
Cr atom is located in the center of B-B bonds cage
and the Cr-B bonds are formed in the inner of B-B
bonds cage. It must be worth to note that the Cr-
B bond is surrounded by B-B covalent bonds. So
we chose three B-B covalent bonds and one Cr-B
bond in the B-B bonds cage, and investigated
their variations with pressure and plotted in Fig.
2. The four B-B bonds are B-B1, B-B2,B-B3 and
Cr-B , respectively, and we label them B-Bl, B-
B2. B-B3 and Cr-B in this paper. We have drawn
the crystal structure of CrB, in Fig. 3,
marked the B, Bl, B2, Cr atom.

from Fig. 2 that all bonds decrease smoothly with

and

It can be seen

pressure. When the applied pressure is up to 100
GPa, they are shortened by only about 9. 1%,
6.8%, 6. 9% and 5. 6%, respectively. We also
make a fitting for these variations and obtain the

following quadratic function relationships™® ;

Ly—p = 1.852960.00245p +7.9766x10 °p*
5
Ly 5= 1.726330.00164p +4.8768X10"° p*
(6)
Ly = 1.822190.00175p +4.9936x10"° p*
D)
Le—p= 2.092430.0016p +4.3076x10 °p*
(€]

In above equations, the unit of bond length is
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A and the unit of pressure is GPa.

To further investigate the effect of pressure
on the bonding and antibonding states of B-B
bonds and Cr-B bond, we plotted the Mulliken o-
verlap population of B-B bonds and Cr-B bond
with pressure in Fig. 4. It can be seen from Fig. 4
that the positive value of overlap population for B-
B covalent bonds is slowly increasing with pres-
sure, and the negative value of overlap population
for Cr-B bond is obviously decreased with pres-
sure. When the applied pressure is up to 100
GPa, The Mulliken overlap population of B-Bl,
B-B2 and B-B3 bonds are increased by about
2.1%, 6. 8%, and 11. 2%, respectively. And
Mulliken overlap population of Cr-B bond is obvi-
ously reduced by about 169%. These results indi-
cate that the bond strength of B - B covalent bond
is stronger than that of TM- B bond and the B-B
covalent bond plays an important role in intrinsic

hardness for these CrB, compounds.
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Fig.3 Crystal structure of CrB,
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Fig.4 The Mulliken overlap population of CrB, as

a function of pressure

3.2 Pressure-induced electronic changes
Understanding the electronic property in de-
tail is essential for further investigation of hard

1 ™7, In this study, the density of state

materia
(DOS) and partial density of state (PDOS) are
calculated to investigate the electronic property of
CrB,. The DOS and PDOS of CrB, near the Fermi
level (set to 0 eV) at zero pressure are shown in
Fig. 5. As seen in Fig. 5, CrB, is metallic because
the value of DOS at the Fermi level (Ey) is not
zero, which is in accordance with the result of

I"J, It can be seen from Fig. 5 that

Pan et al.
there are four distinct peaks that can be identified
in the DOS of CrB,, two in valence band and two
in conduct band. For convenience, we labeled the
four peaks V1, V2, Cl and C2, respectively. In
order to interpret the formation of the DOS, we
also depicted the obtained PDOS in Fig. 5. The
calculated results show that the 3d-shell of Cr and
2s-shell and 2p-shell orbitals of B atom play an
important role in electron contribution and bond
strength, and the electronic distribution has obvi-
ous locality. Combining with the PDOSs of Cr
and B atoms also shown in Fig. 5, we find the
peak V1 is mainly formed by hybridization of B-2p
and Cr-3d states; 2p orbital of B atom exhibits
strong hybridization with 3d orbital of Cr atom,
which results in the formation of the another peak
in valence band V2. The overlap means the cova-

lent chemical bonds exist between B atom and Cr
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atom, which may be responsible for the high
hardness of CrB,; The peak near the Fermi level
Cl is formed mainly by B-2p and Cr-3d states;
The peak located in conduct band C2 is dominated
by the Cr-3d with a small contribution of B-2p, B-
2s and Cr-3d states. Moreover, we calculated the
density of state (DOS) at several pressures to in-
vestigate the effect of pressure on electronic prop-

erty of CrB,.
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Fig. 6 The DOS of CrB, at 0, 50, and 100 GPa

For comparison, we present the DOSs of
CrB, under 0, 50 and 100 GPa in Fig. 6. From
Fig. 6, we find there are general features of the
DOS despite the pressure. As pressure increases,
the peaks in the bonding region shift a little to the
left and the peaks in the antibonding region shift
to right. Moreover, all peaks lower their heights
with increasing pressure, indicating the reduction
in the hybridization energy under high pressure.

In Fig. 6, we noticed that the pressure has great

influence on the DOS at Er, which is an impor-
tant parameter because the value closely related to

the superconductivity of a material.

4 Conclusions

In this paper, the structural and electronic
properties of CrB, have been studied by using
plane-wave pseudopotential density functional
theory within the generalized gradient approxima-
tion (GGA). The obtained results at ambient
pressure are in good agreement with the experi-
mental and theoretical values. Our attention has
been focused on the pressure-induced structural
and electronic changes. The calculated pressure
dependence of structural property shows that
both structural parameters and covalent bonds of
CrB, are insensitive to the pressure, which is sig-
nificant for its applications under high pressure.
Also the density of states (DOS) of CrB, versus
pressure is successfully calculated. We find high

pressure may lower the peak heights of DOS and

change its profile.
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