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Abstract: In this paper, three crystal structures of ReB;, P6m2, P6;/mmc, P3ml, and their structural

properties, are calculated by using pseudopotential plane-wave method. It is found that the P6m2-ReB;

is the ground-state phase of ReB;.

In particular, the elastic properties such as, elastic constants, elastic

anisotropy, aggregate moduli and wave velocities of P6m2-ReB; under high pressure are investigated

systematically for the first time. The toughness and brittleness are also predicted for the P6m2-ReB;

structure. In addition, dependences of the Debye temperature, normalized volume, bulk modulus, ther-

mal expansion coefficient, and heat capacity on pressure or temperature for the P6m2-ReB; structureare

analyzed through the quasi-harmonic Debye model.

Keywords: ReB;; High pressure; Structural features; Elastic properties; Thermodynamic properties

1 Introduction

Recent years, transition metal compounds
have aroused extensive attentions due to their su-
periorphysical properties and potential application

[ As one of the 5d transition metals,

value
Rhenium has a considerable bulk modulus (360~

372 GPa) , but a comparatively low shear modulus
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(179 GPa)55J,

ment B, C, or

When it is inserted the light ele-
N, the highly oriented covalent
bonds have formed, so the Re-B/C/N systems are
explored by many scientists'”*/, In the Re-B sys-
tem, rhenium triborides (ReB;) was firstly syn-
thesized with hexagonal P6;/mmc structure in
196087,
ported it to be thermodynamically unstable with

but Gou et al.""" and Zhao et al. " re-
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the positive formation enthalpy. In 2014, using
the genetic algorithms, Zhao et al.™ obtained
ReB; to be stable above 22 GPa in another hexa-

gonal P6m2 structure. Subsequently, the P6m2
structure was also successfully predicted by using
the Crystal structure Analysis by Particle Swarm
Optimization (CALYPSO) method, and a new
P6,/mmc structure which has shorter Re-B and B-

B bond than previous studies™'*

[14]

was found at the
same time''"". Both the structures were calculated
thermodynamically stable at 0 GPa. The P6m2
structure was predicted to be the ground-state
phase under the pressure in a range of 0~ 100
GPa. Meanwhile, ReB; in the trigonal P3ml
structure was estimated thermodynamically stable

above 5 GPa. Therefore, in this work, ReB; in

three structures are considered, hexagonal P6m2
(No. 187), P6;/mmc (No. 194) (the one in Ref.

[14]) structures and trigonal P3ml (No. 164)
structure.

In addition, the elastic constants of a solid are
necessary because they are not only closely linked
with some fundamental solid-state characteristics,
but also correlated with many thermodynamic
properties. Most importantly, various mechanical
properties are associated with the elastic con-
stants which are indispensable for the practical

[15]

applications™. Hitherto several studies have cal-

culated the elastic constants of ReB; at 0
GPal™'", but the elastic constants of ReB; at
high pressure have rarely been reported.

The subject of this paper is to investigate the
structural, elastic and thermodynamic properties
of ReB; under high pressure by using the pseudo-
potential plane-wave methods within the density
functional theory. In the following, our theoreti-

cal methods, results and discussion are presented

in detail.

2 Computational detail

2.1 Electronic structure calculations
Our geometry optimization, total energy cal-

culations and phonon calculations are implemen-

ted through the CASTEP code"'™, based on the
plane-wave pseudopotential density function theo-
ry (DFT). The Vanderbilt ultrasoft pseudopo-
U7 are generated by the generalized gradi-
ent approximation of Perdew et al. (GGA-

PBE)"$:1!  1n the structure calculation, the ki-

tentials

netic energy cutoff is set to 500 eV, the k-points
sampling for Brillouin-zone are set to 10 X 10 X 6
which are selected by using the Monkhorst-Pack
method™™’. With above parameters, the self-con-
sistent convergence of the total energy can achieve
less than 1 X 107% eV/cell. In phonon calcula-
tions, the interatomic force constant is calculated
by using a supercell approach with the finite dis-
placement method, and the supercell size for
ReB;is 1 X 1 X 1 in the calculations. In addi-

tion, the initial structures for P6m2, P6;/mmc

and P3ml before optimization are from Rel.
[14].
2.2 Elastic constants

When a material is subjected to an external
force within its elastic limit, the elastic constants
C;in under hydrostatic pressure can be obtained by

the coefficients connecting the applied stress g;

and the Eulerian strain tensors ey as follows?!+%%1,
do; (X
C,:,‘/Ql = <4O'1)(4> (1)
dey x

where X and x represent the coordinates before
and after the deformation, respectively. For an i-

sotropic stress, the specific formulas are?-%!,

Ciikl —Cijrl JV% (20;0u —6abjp —0ud 1) (2

:< 1 M)
Cikt V(x) de;dey /.

where c;,; denotes the second-order derivative of

(3)

the infinitesimal Eulerian strain. The strains used
are non-volume conserving. Moreover, the num-
ber of fourth-rank tensor C is closely related to
the symmetry of the crystal. For a hexagonal
crystal, the fourth-rank tensor C has five inde-
pendent components Cy;, Cy35 Ciys Ciz and Cyy.
2.3 Thermodynamic properties

The quasi-harmonic Debye model™® has been
thermodynamic

successfully investigated the
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properties of some materials (7. e. TiB,*,
GaN! and YbBs""). To compute the thermo-
dynamic properties of ReB;, the GIBBS program

(4] is em-

within the quasi-harmonic Debye model
ployed, where the non-equilibrium Gibbs function
G* (Vi p, T) can be expressed as:
G (Vip, TD=EWV)+pV+Au(OV);T)
D
where ® (V) is the Debye temperature, A, is the
vibrational term which takes the form:
Aa(0;T) =

nkT[%% +31n<1—e@/'1‘)—D(@/T>] (5)

where n is the number of atoms in a primitive

cell, D (®/T) is the Debye integral. The thermal

expansion coefficient « can be obtained from"?" .

_7Cv
«Tpy (6)

where ¥, By, Cy and C, stand for Griineisen pa-
rameter, isothermal bulk modulus, heat capacity

at constant volume, and heat capacity at constant

pressure, respectively. The related formulas
aret?,
__ydn®(V))
7T ddn(V)) e
Br(p.T) =V (717 >n (8)
Cy =3uk[ 1D(®/T) —eﬁ;,@/fl] 9
C,=Cy(1+ayT) 1o

3 Results and discussion

3.1 Structural features

At a micro level, structural properties can
provide valuable information about the character
of the inter-atomic binding forces between atoms

in solids. The structural properties of ReB;in the

P6m2, P6;/mmc, and P3ml structures are inves-
tigated by using the first-principles calculations.
In order to get the variations of the total energy E
with corresponding primitive cell volume V of
ReB;, we have done geometry optimization for
different pressures. The calculated E-V points are
fitted to the Birch-Murnaghan

(28] | then the lattice constants a and ¢, the e-

equation of

state

quilibrium volume V,, and the bulk modulus B,
at 0 K are obtained (listed in Tab. 1). We note

that our calculated values are consistent with pre-
13,147

vious theoretical values* , and show the accu-

racy of our electronic structure calculations.

Tab. 1 Lattice constants a, ¢, equilibrium volume V,
and bulk moduli B, for ReB; structures at 0 K and

0 GPa
Phase Results a/A (/A V()/AS By/GPa

P6m2-ReB; This work 2.921 4. 582 33. 85 313
Ref. [14] 2.924 4. 595 34.01 320
Ref. [13] 2.920 4. 590 34.01
P63 /mmc-ReBs This work 2. 917 9. 434 69.53 313
Ref. [14] 2.904 9.313 68. 04
P3ml-ReB; This work 2.874 4. 667 33. 40 303

Ref. [14] 2.874 4. 673 33. 44

. 08r
g
> o06f i
<L —=— P6m2-ReB,
§ —* P6,/mmc-ReB,
¢ 04F ™ P3mI-ReB,
z 0.2F
:».:‘:
=00
0 20 40 60 80 100

Pressure/GPa

Fig. 1  The enthalpy differences for P6m2, P6;/mmc,

P3ml structures with respect to P6m2 structure
as a function of pressure at 0 K

As is well-known, the thermodynamic stable
structure has the lowest Gibbs free energy G
which equals to the enthalpy H for solid at 0 K,
i.e. , G=H=E+pV, where p=—09E/dV. Fig. 1
shows the enthalpy differences as a function of

pressure. We can see that, P6m2-ReB; has the
smallest enthalpy which indicates the P6m2-ReB;

to be the ground-state phase, and the result is
well consistent with Zhao et al." and Yan et
al.™. Dynamically, the calculated phonon dis-
persion curves (Fig. 2) also conform the dynami-
cal stability of P6m2-ReB; at 0 GPa and under
high pressure,
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Fig. 2 Calculated phonon dispersion relations for the

P6m2-ReB; structure

3.2 Elastic properties

The elastic constants of P6m2-ReB, at 0 K
and 0 GPa are summarized in Tab. 2. It is found
that the agreement between our results and other

theoretical values™? ")

is good. To judge the me-
chanical stability of P6m2-ReB;, we can substi-

tute the elastic constants into the generalized cri-

teria for hexagonal crystal:
Cuy>0,Cy > ‘ Ci ‘ »(Cpy +2C1,)Cyy >2CH;,
1D
Apparently, all above conditions are satisfied, in-
dicating the mechanical stability for P6m2-ReB;
structure at 0 K and 0 GPa. Furthermore, we
have also investigated the mechanical stability un-
der high pressure, and the elastic constants of
P6m2-ReB;as functions of the pressure are plot-
ted in Fig. 3. It is found that C,, and Cs;are sus-
ceptible to pressure where as Cj;, Ci;and Cy, are
less affected by pressure. This is because C,, and
Cs; express the elasticity in length and can be in-
fluenced by the longitudinal strain whereas C,;,
Cy;and C,, signify the elasticity in shape and can

be affected by the transverse strain'®’.

Tab. 2 Elastic constants C;; » Bulk modulus B, shear modulus G, the ratio of B/G, Young’s modulus E, Poisson’s ratio 5,

and Debye temperature ® of P6m2-ReB;

Results C11/GPa  C33/GPa Cu/GPa  Ci12/GPa Ci13/GPa B/GPa G/GPa B/G E/GPa o 0/K
This work 600 902 212 104 167 323 240 1. 34 577 0. 20 773
Ref. [14] 567 905 229 130 17 333 239 1. 39 579 0.21 764
Ref. [13] 575 911 223 140 181 332 235 1.41 570 0. 21

L 2C
1400 AS; == _1(‘: (1)
11 12

g 1200 -

S 1000 where Ap, AS;, and AS, are the anisotropies of

g %00 the compressional wave and two shear waves, re-

§ spectively. In Fig. 4, we illustrate the elastic ani-

2 600} ‘ ,

K] sotropic parameters as functions of the pressure.

400 ‘ .

Noting that the Ap, AS, show a gradual decline
200 —= . . .
— while AS;behaves a moderate rise in the range of
0 10 20 30 40 50 60 70 80 applied pressures. This indicates the elastic ani-
Pressure/GPa

Fig. 3 Variations of elastic constants with pressure for the
P6m2-ReB; structure

Three types of elastic waves about the elastic
anisotropy of the hexagonal P6m2-ReB; under

high pressure can be calculated by the above elas-

tic constants™®” ,
A[):g“ (12)
11
AS] :(Cn Jrflzg *2(113) (13)
44

sotropy of P6m2-ReB; under high pressure, and
the phenomena may be understood by comparison
to a hexagonal crystal interacting with central
nearest-neighbor forces CNNF"!, For this mod-
el, the elastic anisotropy is independent of the in-
teratomic potential to lowest order in p/Cy s so
the anisotropy depends only on the symmetry of

the crystal.

014004-4
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1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80
Pressure/GPa

Fig. 4 The elastic anisotropic parameters versus pressure

for the P6m2-ReDB; structure

It is well-known that the hardness can be
predicted by the bulk modulus B and the shear
G. The Voigt-ReussHill

introduces the methods to calculate the

modulus
[32]

average
scheme

crystal modulus:

B= (By +By) (15)
G:%(G\, TG (16)

For a hexagonal structure, the By, Bg, Gy, and

Gr are given as;
By :%[2(C11 +Cpy) H4C,; +Cas s an

_ (Cn +Clz )Csa 72C%3

BR C11 +C]Z +2C33 *4(:13 (18)

GV :3710((/‘11 +C12 +2C33 74(:13 +12C11 +
12Cs) o))
_o,

Gr = 2

[(Cu +C12 )Cas *Zc%s ]CMCGG

3BVC44C66 Jr[(CH JrCl2 )Cgs *Zc%s ] (C44 JrCGG )

20)

where
Ces :%(Cu —Cy2) AD)

The Young’s modulus E and Poisson’ s ratio ¢

can be obtained from the following equations:

_ 9BG

E_3B+G (22)
_3B—2G

=BG (23)

From Tab. 2, we can see that our calculated

aggregate elastic moduli (B, G, E) are agree well

with previous theoretical data'®'"!, and all the e-
lastic moduli (B, G, E) increase monotonically
with increasing pressure (Fig. 5). Furthermore,
according to the ratio of the bulk modulus to the
shear modulus B/G, one can estimate the tough-
ness and the brittleness of a crystal. If B/G <
1. 75, the material behaves brittleness, otherwise
behaves calculated B/G
(1. 34) is coincide with the value (1. 39) of Yan et
al.™, and the data reveals the P6m2-ReB; to be

toughness™®*.  Our

a brittle material.

1200 -
——B/GPa

1000 L ——G/Gpa
—*—L/GPa )
——0/K I

sof

600 |-

400 -

Moduli and Debye temperature

200 -

0 15 30 45 60 75
Pressure/GPa

Fig. 5 Bulk modulus B, shear modulus G, Young’s mod-
ulus E, and Debye temperature ® as a function of

pressure for P6m2-ReB;

10

d R

Velocity/(km/s)

50 60 70 80

20 30 40
Pressure/GPa
Fig. 6 Pressure dependences of aggregate velocities (v, ,

Vs s Um) for the P6m2-ReB; structure

To complete the elastic properties of P6m2-
ReB;, we also compute the compressional wave

velocity v, and shear wave velocity v, through the

Navier’s equations™*" ;
o=/ (B+5G)/e (24)
Vs = G/p (25)

where p is the density. Fig. 6 illustrates all the

014004-5
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velocities increase gradually with increasing pres-
sure.
3.3 Thermodynamic properties

It is generally acknowledged that the Debye-
temperature ® is a necessary physical parameter
and strongly linked to the elastic constants, melt-
ing temperature, thermal expansion coefficient,
specific heats, and so on. The Debye temperature

® can be deduced by using the following formu-

labd
- L (%))

where v, is the averaged sound velocity, and can

be written as:

v:[%% %13)]7”3 27

As seen in Tab. 2, our obtained Debye tem-
perature ® of P6m2-ReB; at 0 GPa (773 K) is
close to the theoretical reference value (764

K)M, Also, the Debye temperature ® and the

averaged sound velocity increase gradually with
increasing pressure (Fig. 5 and Fig. 6, respec-
tively).

In Fig. 7, the normalized volumes V/V, of

P6m2-ReB; are plotted versus the pressure at sev-
eral temperatures (200, 500, 800 K). Obviously,
the V/V, decreases with the increasing pressure at
given temperature and decreases with the increas-
ing temperature at given pressure. The effect of
pressure on the normalized volume is similar to
the effect of temperature. Fig. 8 presents the
pressure dependence of bulk modulus B at given
temperatures (200, 500, 800 K) for P6m2-ReDB;.
It is noted that the B increases with the increasing
pressure at given temperature but decreases with
the increasing temperature at given pressure. The
effects of pressure and temperature on bulk mod-
ulus are opposite. The thermal expansion coeffi-
cient ¢ as a function of pressure and of tempera-
ture for P6m2-ReB; are illustrated in Fig. 9. We
can see that the a decreases monotonically with
the increasing pressure at all given temperatures
(Fig. 9a), so it can be concluded that the effect

of temperature on the pressure dependence of « is

small. Meanwhile, it is noted in Fig. 9b that, at
0 GPa, q increases exponentially with T at low
temperatures and increases linearly with T at high
temperatures. However, when the pressure in-
creases, the change of « with T becomes smaller,
in especial at high temperatures, so we can con-
clude the effect of pressure on the temperature

dependence of « is great at high temperatures.

1.00

0.95 -

n,
f=1
O
(=]

T

! ! 1 L

30 40 50 60 70 80

Pressure/GPa

0 10 20

Fig. 7 The curves of normalized volume V/V, vs pressure

for the P6m2-ReB; structure

600 F
550
500
450}
400}
3501

Bulk modulus/GPa

300 1

40 50

60 70 80

0 10 20 30
Pressure/GPa

Fig. 8 Dependences of the bulk modulus B on pressure for
P6m2-ReB; at 200, 500, and 800 K, respectively

4 5
(a) ——200K ——0GPa (b)
——500K ——40 GPa
4F —— 80 GPa

Thermal expansion/(10-° K)

0 L 1 1 1
80 0 300 600 900 1200
Temperature/K

0 20 40 60
Pressure/GPa

Fig. 9 The thermal expansion coefficients ¢ of P6m2-ReB;
at various pressures and temperatures
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£
ESR
5}
g, P 0GPa
S 40r ——40GPa
‘:«3 ——80GPa
=20}

0 é/ 1 L 1 1

0 300 600 900 1200

Temperature/K

Fig. 10 The heat capacities Cy and C, at different temper-

atures and pressures for the P6m2-ReDB; structure

In Fig. 10, we present the variations of the
heat capacity Cy and C, with temperature at dif-
ferent pressures (0, 40, 80 GPa). Clearly, the
C, approaches to Cy at low temperatures, but the
differences become significantly at high tempera-
tures. The Cy approaches to a limit while the C,
continues rising slowly with the increase of tem-
perature. This result can be well elucidated by
the Debye model. The anharmonic approxima-
tions lead to the sensitivity to temperature and
pressure for Cy at low temperature. However,
the anharmonic effect is suppressed for Cy at high
temperature, which make the Cy approach to the
Dulong-Petit limit. Besides, it can be noted that
the effect of temperature on the heat capacity (Cy

or C,) is greater than that of pressure.

4 Conclusions

In summary, from our -calculations, the
structural, elastic and the thermodynamic proper-
ties of ReB; under high pressure are predicted. By
observing the enthalpy difference-pressure dia-
gram, we can predict the P6m2-ReB; to be the
ground-state phase. Moreover, the elastic con-
stants, aggregate moduli, Debye temperatures,
and aggregate wave velocities of P6m2-ReB; are
all found to increase as the pressure rises. The a-
nalysis reveals the P6m2-ReB; to behave in brit-
tleness. According to the curve of elastic aniso-
tropic parameters with pressure, we can deduce
the P6m2-ReB; to be elastic anisotropy under

high pressure. Furthermore, dependences of the

Debye temperature, normalized volume, bulk
modulus, thermal expansion coefficient and heat
capacity on pressure or temperature have sugges-
ted that the pressure and temperature are closely

connected with the thermodynamic properties
Of ReBg.
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