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The structural, electronic and elastic properties of Rb–As systems (RbAs in NaP, LiAs and AuCu structures,

RbAs2 in the MgCu2 structure, Rb3As in Na3As, Cu3P and Li3Bi structures, and Rb5As4 in the A5B4 structure)

are investigated with the generalized gradient approximation in the frame of density functional theory. The lattice

parameters, cohesive energies, formation energies, bulk moduli and the first derivatives of the bulk moduli (to fit

Murnaghan’s equation of state) of the considered structures are calculated and reasonable agreement is obtained. In

addition, the phase transition pressures are also predicted. The electronic band structures, the partial densities of states

corresponding to the band structures and the charge density distributions are presented and analysed. The second-order

elastic constants based on the stress-strain method and other related quantities such as Young’s modulus, the shear

modulus, Poisson’s ratio, sound velocities, the Debye temperature and shear anisotropy factors are also estimated.
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1. Introduction

Alkali metal pnictides are members of the Zintl

phase family, which has drawn the attention of

scientists in inorganic research for many years.[1,2]

These materials show different physical and chem-

ical properties depending on structure and chemi-

cal composition.[2−4] For different stoichiometries and

structures, they possess a band gap range from

0.1 eV up to 2.5 eV. This important property is

used in thin film and photocathode applications.[5,6]

Some alkali pnictides are also used in crystal growth

techniques.[7−9]

There have been many studies on alkali pnic-

tides, but most of them are concerned with the

compounds of the alkali metals with Sb and Bi el-

ements. It has been reported recently that there

are only a few theoretical or experimental studies

on Rb–As compounds.[1,10−16] Therefore, we believe

that more theoretical and experimental research ef-

forts are needed to explore the various physical prop-

erties in different crystal structures and different sto-

ichiometries of RbAs compounds. Sangster et al.[10]

reported on the structural parameters and phase di-

agrams of the many compounds, including the Rb–

As compounds in the NaP, Na3As, Rb4P6, βRb3P7

and αNa3P11 structures. Emmerling et al.[11] syn-

thesized monoclinic Rb3As7 and orthorhombic RbAs

compounds and characterized them via single crys-

tal X-ray studies and Raman spectroscopy. Gnutz-

mann et al.[12] investigated the structural parame-

ters of Rb3As in Na3As structures by X-ray pow-

der diffraction. The crystal structure and bonding

properties of orthorhombic Rb4As6 were determined

by Hoenle et al.[13] Honle et al.[14] investigated the

crystal structure of the low temperature modification

of orthorhombic Rb3As7. Emmerling[15] characterized

the crystal structure of Rb3As11 in the Na3P11 struc-

ture via single crystal X-ray studies. Theoretically,

Xu and Jin[1] studied the geometrical structures, the

electronic structures and the vibrational frequencies

of RbAs5 clusters with density functional theory. The

bond lengths, atomization energies and vertical ion-

ization potentials of RbAs and RbAs2 clusters were

determined by Igell-Mann and Stoll.[16]

To our knowledge, despite these efforts, informa-

tion about the structural phase transitions, the elec-

tronic properties and the elastic properties, which are

the important bulk properties, are not available for

Rb–As compounds. Here, we aim to complete this

lack of information by investigating the structural,

electronic and elastic properties of Rb–As compounds

for different stoichiometries and structures (RbAs in

NaP, LiAs and AuCu structures, RbAs2 in the MgCu2
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structure, Rb3As in Na3As, Cu3P and Li3Bi struc-

tures, and Rb5As4 in the A5B4 structure) in detail

and interpret the salient results. Detailed crystallo-

graphic parameters of the considered structures are

given in Table 1. The layout of this paper is as fol-

lows. The calculation method is given in Section 2,

and the results and overall conclusion are presented

and discussed in Sections 3 and 4, respectively.

Table 1. Crystallographic data for the considered structures of Rb–As compounds and the calculated atomic positions

after local optimizations at the ab initio level (GGA-PBE).

Compound Space group (number) Structure Atom Site GGA–PBE (present) k-grid mesh

RbAs P212121 (19) NaP Rb1 4a (x1, y1, z1) 4a (0.3943, 0.9173, 0.0380) 8× 8× 5

orthorhombic Rb2 4a (x2, y2, z2) 4a (0.1410, 0.6509, 0.3321)

As1 4a (x3, y3, z3) 4a (0.3245, 0.1595, 0.2813)

As2 4a (x4, y4, z4) 4a (0.4346, 0.4186, 0.1442)

RbAs P21/c (14) LiAs Rb1 4e (x1, y1, z1) 4e (0.2023, 0.3992, 0.3318) 8× 8× 5

monoclinic Rb2 4e (x2, y2, z2) 4e (0.2541, 0.6673, 0.0305)

As1 4e (x3, y3, z3) 4e (0.3434, 0.9049, 0.2788)

As2 4e (x4, y4, z4) 4e (0.3579, 0.1685, 0.1426)

RbAs P4/mmm (123) AuCu Rb 1a (0, 0, 0) 1a (0, 0, 0) 8× 8× 11

tetragonal As 1d (1/2, 1/2, 1/2) 1d (0.5, 0.5, 0.5)

RbAs2 Fd-3m (227) MgCu2 Rb 8a (1/8, 1/8, 1/8) 8a (0.125, 0.125, 0.125) 6× 6× 6

cubic As 16d (1/2, 1/2, 1/2) 16d (0.5, 0.5, 0.5)

Rb3As P63/mmc (194) Na3As Rb1 2b (0, 0, 1/4) 2b (0, 0, 0.25) 10× 10× 6

hexagonal Rb2 4f (1/3, 2/3, 1/4) 4f (0.3333, 0.6667, 0.5784)

As 2c (1/3, 2/3, 1/4) 2c (0.3333, 0.6667, 0.25)

Rb3As Fm-3m (225) Li3Bi Rb1 4b (1/2, 1/2, 1/2) 4b (0.5, 0.5, 0.5) 7× 7× 7

cubic Rb2 8c (1/4, 1/4, 1/4) 8c (0.25, 0.25, 0.25)

As 4a (0, 0, 0) 4a (0, 0, 0)

Rb3As P63cm (185) Cu3P Rb1 2a (0, 0, z1) 2a (0, 0, 0.3020) 6× 6× 6

hexagonal Rb2 4b (1/3, 2/3, z2) 4b (0.3333, 0.6667, 0.2149)

Rb3 6c (x1, 0, z3) 6c (0.2914, 0, 0.5766)

Rb4 6c (x2, 0, z4) 6c (0.3705, 0, 0.9160)

As 6c (x3, 0, z5) 6c (0.3284, 0, 0.2455)

Rb5As4 C2/m (12) A5B4 Rb1 4i (x1, 0, z1) 4i (0.1097, 0, 0.4014) 6× 6× 6

monoclinic Rb2 4i (x2, 0, z2) 4i (0.7552, 0, 0.1716)

Rb3 2a (0, 0, 0) 2a (0, 0, 0)

As1 4i (x3, 0, z3) 4i (0.4567, 0, 0.1961)

As2 4i (x4, 0, z4) 4i (0.4082, 0, 0.3950)

2. Method of calculation

In the present paper, all calculations are car-

ried out using the Vienna ab initio simulation pack-

age (VASP)[17−20] based on density functional the-

ory (DFT). For the exchange and correlation terms in

the electron–electron interaction, the Perdew–Burke–

Ernzerhof (PBE) model[21] was used within the gener-

alized gradient approximation (GGA). The electron–

ion interaction was considered in the form of the

projector-augmented-wave (PAW) method[18,22] with

plane wave up to an energy of 450 eV. The k-mesh

values determined by choosing k-point separation

0.02 Å−1 (1 Å=0.1 nm) are given in Table 1, and they

were found to be sufficient for the total energy cal-

culations. Structural optimization was performed for

each structure for all lattice constants, angles and in-

ternal atomic coordinates until the differences in total

energy and maximum force were within 1.0×10−6 eV

and 1.0 × 10−4 eV/Å, respectively. Structural opti-

mization was performed for each structure for all lat-

tice constants, angles and internal atomic coordinates.

For a given volume of the unit cell, the lattice param-

eters are determined by minimizing the total energy.

The data of total energy versus volume were fitted us-

ing Murnaghan’s equation of state (EOS).[23] Besides

the equilibrium volume, this fitting procedure gives

the minimum value of the total energy E, the isother-

mal bulk modulus B, and its pressure derivative B′ in

the equilibrium state.
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3. Results and discussion

3.1. Structural and electronic properties

We optimized the volume of the cell and the ionic

positions of the atoms to obtain a relaxed structure.

The obtained parameters were used to calculate other

physical properties. The calculated atomic positions

and lattice parameters are listed in Tables 1 and 2,

along with those from the other available studies for

comparison. The crystal structure models of the Rb–

As systems in the NaP, LiAs, AuCu, Na3As, Li3Bi,

Cu3P and A5B4 structures are illustrated in Fig. 1.
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Fig. 1. (colour online) The crystal structure models of Rb–As compounds in (a) AuCu, (b) NaP, (c) LiAs, (d) Na3As,

(e) Li3Bi, (f) Cu3P and (g) A5B4 structures.
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Fig. 2. (colour online) Energy–volume curves of the considered phases of the Rb–As compounds (1 Hartree=27.21 eV).
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The crystal total energies are calculated for dif-

ferent values of lattice constants and fitted in terms of

Murnaghan’s EOS[23] (See Fig. 2). Their bulk mod-

uli and pressure derivatives are also calculated based

on the same Murnaghan’s EOS, and the results are

listed in Table 2. It can be seen that the present lat-

tice parameters are in good agreement (around 2.5%)

with the experimental results, except for the lattice

constant (a) in Ref. [11].

As a fundamental physical property, the bulk

modulus of the solid provides valuable information,

including the average bond strengths of the atoms for

the given crystals.[24] In the present case, the largest

value of bulk modulus (41.4 GPa) is obtained for the

MgCu2 structure, and this implies that this structure

is the least compressible among the others.

The cohesive energy is known as a measure of the

strength of force, which binds atoms together in the

solid state. In this context, the cohesive energies of

Rb–As compounds are calculated in the considered

structures. The values of cohesive energy (Ecoh) of

the given structures are defined as

E
RbxAsy
coh = E

RbxAsy
total −

[
xERb

atom + yEAs
atom

]
, (1)

where E
RbxAsy
total is the total energy (in formula units)

of the compound at equilibrium lattice constant, and

ERb
atom and EAs

atom are the atomic energies of the pure

constituents calculated with a large cutoff rmax = 15 Å

(free atom). Also, from the total energy of the com-

pound and the constituent elemental solids (bcc W-

type (Im-3m, #229, A2) for rubidium and rhombo-

hedral α-As-type (R-3m, #166, A7) for the arsenic

element), one can obtain the formation energy using

the relation

E
RbxAsy
form = E

RbxAsy
total −

[
xERb

solid + yEAs
solid

]
. (2)

The calculated cohesive and formation energies are

listed in Table 2. These results imply that the present

compounds possess negative formation energies and

can easily be synthesized in various stable phases. The

ranking orders of cohesive energy and formation en-

ergy are almost the same. The formation and cohesive

energies of the NaP, MgCu2, Cu3P and A5B4 struc-

tures are higher than those of the other types of stoi-

chiometry. It is seen from Table 2 that NaP and LiAs

have almost the same formation energy, and the cohe-

sive energy value also follows a similar trend.

The phase transition pressures of the Rb–As com-

pounds are calculated from the Gibbs free energy at

0 K. The value of phase transition pressure is obtained

from the same EOS data; phase transition occurs

where the enthalpy difference between the two phases

becomes zero (see Figs. 3 and 4). The phase transi-

tion pressure from the NaP (LiAs) to AuCu structure

is found to be 12.7 (13.7) GPa with a 17.4% (16.2%)

volume collapse. Also, the phase transition pressure

from the Cu3P (Na3As) to Li3Bi structure is calcu-

lated to be 2.1 (2.0 GPa) with a 10.0% (10.0%) volume

collapse.

We also calculated the band structures of Rb–As

compounds along the high symmetry directions using

the calculated equilibrium lattice parameters. To the

best of our knowledge, no experimental and theoret-

ical data seem to be available to compare with our

calculated results. It can be seen from Fig. 5 that

0.586 eV and 0.716 eV direct band gaps exist at Γ

points for the NaP and LiAs structures, respectively,

and a 0.220 eV indirect band gap exists from X to

Γ for the Li3Bi structure. The NaP, LiAs and Li3Bi

structures exhibit semiconductor characteristics, and

the AuCu, MgCu2, Na3As, Cu3P and A5B4 structures

exhibit metallic characteristics.

Table 2. Calculated values of equilibrium lattice parameters (a, b and c in Å), bulk modulus (B in GPa), pressure

derivatives (B′), band gap (Eg in eV), cohesive energy (Ecoh in eV/f.u.) and formation enthalpy (∆Hf in eV/f.u.).

Compound Structure a b c Beos B′ Eg Ecoh ∆Hf Ref.

RbAs NaP 7.0872 6.7340 12.2771 22.3 4.301 0.586 −6.483 −0.897 present

6.915 6.575 12.040 Exp.a

6.581 6.916 12.047 Exp.b

RbAs LiAs 7.0828 6.7086 13.1949 23.0 4.178 0.716 −6.476 −0.891 present

RbAs AuCu 4.6257 5.4414 26.3 4.452 −5.600 −0.014 present

RbAs2 MgCu2 8.5081 41.4 4.316 −10.721 −0.481 present

Rb3As Na3As 6.1619 10.8856 10.6 4.168 −8.598 −1.149 present

6.052 10.73 Exp.c

Rb3As Li3Bi 8.6154 11.5 4.544 0.220 −8.381 −0.932 present

Rb3As Cu3P 10.6759 10.8984 10.7 4.236 −8.610 −1.161 present

Rb5As4 A5B4 12.3837 5.4720 10.8647 20.0 4.408 −27.135 −3.861 present

a From Ref. [10], b From Ref. [11], c From Ref. [12].
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Fig.3. (colour online) Estimation of phase transition

pressure from the NaP to AuCu structure for the

RbAs compound (the same method is used for the

other transitions).

Fig.4. (colour online) Volume versus pressure curves

of the RbAs compound in the NaP and AuCu struc-

tures (the same method is used for the other transi-

tions).
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Fig. 5. The calculated band structures of the Rb–As compounds along high symmetry directions (the vertical axis

represents energy ranging from −2 eV to 2 eV). The Fermi level is located at 0 eV.

The partial densities of states (PDOSs) corre-

sponding to the band structures shown in Fig. 5 are

also calculated and the obtained results are indicated

in Figs. 6, 7 and 8. In Fig. 6, for the NaP structure

the lowest valence bands occur at about −8.5 eV and

−7.5 eV and are essentially dominated by As-s states.

The other valence bands are dominated by As-p states,

with a minor presence from other energetically degen-

erate states. The conduction band edge consists essen-

tially of As-p states. Rb-d and As-p states dominate

and energetically degenerate above 3 eV. The LiAs

structure is similar to the NaP structure. The lowest

valence bands occur above −8.5 eV and are essentially

dominated by As-s states for the AuCu structure. The

other valence bands are essentially dominated by As-p

states. As-p states occur in the conduction band es-

sentially dominated up to 3 eV, and then Rb-d states

dominate.

In Fig. 7, the lowest valence bands occur at about

−8.2 eV and are essentially dominated by As-s states

for all compounds. The overall appearances of these

compounds resemble each other. The other valence

bands are essentially dominated by As-p states and

the conduction bands are dominated by Rb-d states.

These results indicate the existence of charge transfer

and hence ionic character.

As seen from Fig. 8, the lowest valence band oc-

curs at about −8.8 eV and is dominated by the As-

s state in the MgCu2 structure. The other valence

bands and conduction bands are dominated by As-p

states. For A5B4, the As-s states form higher peaks

around −8.2 eV and −9.2 eV than the As-p states.

The conduction bands between 0 and 1.4 eV are dom-

inated by As-p states. Above 1.4 eV, Rb-d and As-p

states dominate and show p-d hybridization.

To visualize the nature of the bonding char-

acteristics in Rb–As compounds, we obtain the

charge–density distributions for the NaP, LiAs, AuCu,

MgCu2, Na3As, Li3Bi, Cu3P and A5B4 structures in

the (−1 1 0), (−1 1 0), (1 1 0), (−1 1 0), (1 1 0), (−1

1 0), (1 0 0) and (−1 1 0) planes in Fig. 9, respec-

tively. It can be seen that electronic distribution is

high near the atomic cores. It is obviously shown that

weak covalent bonding exists between the As atoms
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and strong bonding occurs between the Rb and As

atoms.
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Fig. 9. (colour online) Electronic charge–density distri-
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Na3As, (f) Li3Bi, (g) Cu3P and (h) A5B4 structure in the
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(−110) planes, respectively.
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3.2. Elastic properties

The elastic constant of a solid provides a link be-

tween the mechanical and dynamical behaviours of

crystal, and gives important information concerning

the nature of the force appearing in the solid. In

particular, it provides information about the stabil-

ity and stiffness of material, and its ab initio calcu-

lation requires an accurate method. Since the force

and the elastic constant are functions of the first-order

and the second-order derivatives of the potential, their

calculations will provide a further check on the accu-

racy of the calculation of force in solids. The elastic

constants are computed by using the “stress–strain”

method,[25] and are listed in Table 3. For lattice stabil-

ity, Born’s stability criterion should be satisfied. Sin-

gle crystalline elastic moduli and mechanical stability

criteria for the considered structures can be found in

Refs. [26] and [27].

Table 3. Calculated elastic constants (in GPa) of the Rb–As compounds in the considered structures.

Compound Structure C11 C12 C13 C15 C22 C23 C25 C33 C35 C44 C46 C55 C66

RbAs NaP 34.0 17.0 11.5 39.3 18.4 37.7 18.0 13.5 15.7

LiAs 35.1 17.7 12.8 −5.1 39.9 18.0 −0.3 36.9 3.3 17.3 −0.3 14.5 16.5

AuCu 46.9 8.8 12.6 86.9 24.9 −5.1

RbAs2 MgCu2 84.6 20.7 30.8

Rb3As Na3As 21.4 7.6 4.3 24.4 4.5 6.9

Li3Bi 13.9 10.5 11.7

Cu3P 20.6 7.1 5.1 22.0 5.1 6.7

Rb5As4 A5B4 29.2 11.6 9.2 −0.8 32.8 7.6 0.6 63.7 4.9 12.2 0.8 11.9 12.2

It is known that the Voigt bound is obtained by

the average polycrystalline moduli based on an as-

sumption of uniform strain throughout a polycrys-

talline and is the upper limit of the actual effective

modulus, while the Reuss bound is obtained by as-

suming a uniform stress and is the lower limit of the

actual effective modulus.[27]

The bulk modulus (B), the shear modulus (G),

Young’s modulus (E) and Poisson’s ratio (ν), which

are the most interesting elastic properties for applica-

tions, are often measured for polycrystalline materials

when investigating their hardnesses. We use the Hill

average[28] to calculate Young’s modulus (E) and Pois-

son’s ratio (ν) by using the relations given in Refs. [29]

and [30].

The calculated elastic constants are given in Ta-

ble 3. Our results show that Rb–As compounds are

mechanically stable at zero temperature and zero pres-

sure, except for the AuCu structure. Several elas-

tic constants are negative, but these negative values

do not mean instability because the positive elastic

coefficients can be yielded by the actually applied

distortions.[31] The elastic constants C11, C22 and C33

measure the a-, b- and c-direction resistances to linear

compression, respectively. C33 is higher than C11 and

C22 for the A5B4 structure and, similarly, C33 is higher

than C11 for AuCu, so the c axis is less compressible

than the other axes for these structures. It is known

that the elastic constant C44 is the most important pa-

rameter indirectly governing the indentation hardness

of a material. The calculated C44 for the MgCu2 com-

pound has the highest value. The large C44 means a

strong ability to resist the monoclinic shear distortion

in the (100) plane.

The calculated values of bulk modulus, isotropic

shear modulus, Young’s modulus and Poisson’s ratio

are given in Table 4. It is known that isotropic shear

modulus and bulk modulus are a measure of the hard-

ness of a solid. The bulk modulus is a measure of resis-

tance to volume change by applied pressure, whereas

the shear modulus is a measure of resistance to re-

versible deformations upon shear stress.[32] The cal-

culated bulk modulus from the EOS and elastic con-

stants are almost the same (see Tables 2 and 4). The

shear modulus for the MgCu2 structure is higher than

the other ones.

Young’s modulus is defined as the ratio of the ten-

sile stress to the corresponding tensile strain, and it is

a measure of the stiffness of the solid. The material is

stiffer if the value of Young’s modulus is high. Here,

the highest value of Young’s modulus (75.0 GPa) is

found for the MgCu2 structure, and it is stiffer than

the other structures. According to Table 4, these com-

pounds have almost soft characteristics.

The value of Poisson’s ratio is indicative of the

degree of directionality of the covalent bonds. The

typical value of Poisson’s ratio is about 0.1 for co-

valent materials and 0.25 for ionic materials.[33] The

calculated Poisson’s ratio is about 0.25, therefore ionic

contributions in interatomic bonding are dominant for

these compounds. Poisson’s ratio also provides more

information when dealing with the characteristics of

the bonding forces than any other elastic constant.

The lower and upper limits for central force solid

are 0.25 and 0.5, respectively.[34] Inter-atomic forces

are predominantly central forces for some structures

(NaP, LiAs, Na3As, Li3Bi and Cu3P) compared with

the other ones (MgCu2 and A5B4).
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Table 4. Calculated values of bulk modulus (B), Young’s modulus (E), shear modulus (G), Poisson’s ratio (ν), Debye

temperature (ΘD), and sound velocities (vt, vl, vm) for the considered structures of the Rb–As compounds.

Compound Structure B G E ν B/G ΘD vl vt vm

RbAs NaP 22.5 13.3 33.3 0.2530 1.691 190 3327 1913 2124

LiAs 23.0 13.1 33.0 0.2608 1.757 189 3313 1884 2095

RbAs2 MgCu2 42.0 31.2 75.0 0.2022 1.346 276 4059 2479 2738

Rb3As Na3As 11.0 6.2 15.6 0.2627 1.774 132 2504 1420 1579

Li3Bi 11.6 5.5 14.2 0.2952 2.109 123 2345 1264 1411

Cu3P 10.8 6.3 15.8 0.2558 1.714 133 2502 1433 1592

Rb5As4 A5B4 19.5 13.0 31.9 0.2273 1.500 188 3221 1913 2118

According to the criterion,[35,36] a material is brit-

tle (ductility) if the B/G ratio is less (high) than 1.75.

Therefore, NaP, MgCu2, Cu3P and A5B4 are classi-

fied as being brittle, and the others (LiAs, Na3As,

Li3Bi) are classified as being ductile in nature. More-

over, for covalent and ionic materials the typical re-

lations between bulk and shear moduli are G ≈ 1.1B

and G ≈ 0.8B, respectively.[33] Here, the values of

the G/B ratio for all compounds strongly support the

ionic contribution to inter-atomic bonding.

The Debye temperature is known as an important

fundamental parameter that is closely related to many

physical properties such as specific heat and melting

temperature. At low temperatures the vibrational ex-

citations arise solely from acoustic vibrations. Hence,

at low temperatures the Debye temperatures calcu-

lated from elastic constants are the same as those de-

termined from specific heat measurements. We have

calculated the Debye temperatures and sound veloci-

ties by using the common relation given in Refs. [37]

and [38]. The calculated Debye temperatures are

listed in Table 4 for the studied structures. The low-

est Debye temperature value is that of the Li3Bi struc-

ture. Generally, the Debye temperature for soft (hard)

material is lower (higher).[39] These compounds pos-

sess low Debye temperatures, so again one concludes

that these are the soft materials.

The anisotropies of crystals affect the physi-

cal properties in different directions of solids, e.g.

cracks and dislocations can be induced by elastic

anisotropy.[40] The shear anisotropic factors measure

the degrees of anisotropy in the bonding between

atoms in different planes. For an isotropic crystal,

the values of A1, A2 and A3 equal 1 and any value

smaller or greater than 1 is a measure of the de-

gree of shear anisotropy. The shear anisotropy factors

are given as A1 = 4C44/(C11 + C33 − 2C13) for the

{100} shear plane between ⟨011⟩ and ⟨010⟩ directions,
A2 = 4C55/(C22 + C33 − 2C23) for the {010} shear

plane between ⟨101⟩ and ⟨001⟩ directions, and simi-

larly, A3 = 4C44/(C11 + C22 − 2C12) for the {001}
shear plane between ⟨110⟩ and ⟨010⟩ directions. The

shear anisotropy factors are given as A1 = A2 = A3,

and A1 = A2 for cubic and hexagonal structures, re-

spectively. In addition, we also calculate the percent-

age elastic anisotropies for polycrystalline material,

which are defined as AB = (BV − BR)/(BV + BR)

and AG = (GV − GR)/(GV + GR) for compress-

ibility and shear, respectively, where the subscripts

V and R represent the Voigt and Reuss approxima-

tions, respectively. In these expressions, the zero value

corresponds to the elastic isotropy and the value of

100% indicates the largest elastic anisotropy. Our

results are listed in Table 5 for Rb–As compounds.

MgCu2 is elastically isotropic and has relatively low

percentages of anisotropy in compression and shear.

Na3As and Cu3P are elastically isotropic for the

{001} shear planes and elastically anisotropic for the

{100} ({010}) shear planes. A5B4 has an elastically

anisotropic structure, and Li3Bi possesses the high-

est anisotropy and percentage of anisotropy in shear

among all the compounds.

Table 5. Calculated values of shear anisotropic factors (A1, A2 and A3) and the percentage of anisotropy in

compression and shear (AB and AG).

Compound Structure A1 A2 A3 AB/% AG/%

RbAs NaP 1.478 1.343 1.598 0.972 2.897

LiAs 1.487 1.416 1.671 0.829 5.958

RbAs2 MgCu2 0.964

Rb3As Na3As 0.484 1 −0.299 4.594

Li3Bi 6.882 38.739

Cu3P 0.630 0.993 −0.300 1.861

Rb5As4 A5B4 0.653 0.588 1.259 3.849 5.595
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4. Conclusions

We calculated the structural, electronic and me-

chanical properties for Rb–As systems using the first-

principles calculations based on the generalized gradi-

ent approximation (GGA) implemented using VASP.

The calculated lattice parameters are in agreement

with the available experimental values. The cohe-

sive energies of Rb–As compounds are all negative,

showing that they are thermodynamically stable. The

phase transition pressure from the NaP (LiAs) to

AuCu structure and from the Cu3P (Na3As) to Li3Bi

structure are found to be 12.7 (13.7) GPa and 2.1

(2.0) GPa, respectively. According to the band struc-

ture and DOS profiles, NaP, LiAs and Li3Bi struc-

tures exhibit semiconductor characteristics and AuCu,

MgCu2, Na3As, Cu3P and A5B4 structures exhibit

metallic characteristics. The bonding behaviour be-

tween the Rb atom and As atom in the Rb–As com-

pound is a combination of covalent and ionic nature.

Our results for elastic constants satisfy the traditional

mechanical stability conditions for these compounds,

except for RbAs in the AuCu structure. Also, the val-

ues of bulk modulus, shear modulus, Young modulus,

Debye temperature and elastic wave velocity of Rb–As

compounds in the considered structures are lower than

those of the Na–As compounds in Ref. [41]. Moreover,

NaP, MgCu2, Cu3P and A5B4 structures are classi-

fied as being brittle, and the other structures are clas-

sified as being ductile in nature. Consequently, we

conclude that our theoretical predictions on the con-

sidered properties of these compounds could serve as

a reliable reference for further experimental and the-

oretical investigations.
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