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Abstract The structural, elastic and electronic properties
of lutatium-pnictides (LuN, LuP, LuAs, LuSb, and
LuBi) were analyzed by using full-potential linearized
augmented plane wave within generalized gradient ap-
proximation in the stable rock-salt structure (B1 phase)
with space group Fm-3m and high-pressure CsCl struc-
ture (B2 phase) with space group Pm-3m. Hubbard-U
and spin-orbit coupling were included to predict correct-
ly the semiconducting band gap of LuN. Under com-
pression, these materials undergo first-order structural
transitions from B1 to B2 phases at 241, 98, 56.82,
25.2 and 32.3 GPa, respectively. The computed elastic
properties show that LuBi is ductile by nature. The
electronic structure calculations show that LuN is semi-
conductor at ambient conditions with an indirect band
gap of 1.55 eV while other Lu-pnictides are metallic. It
was observed that LuN shows metallization at high
pressures. The structural properties, viz, equilibrium lat-
tice constant, bulk modulus and its pressure derivative,
transition pressure, equation of state, volume collapse,
band gap and elastic moduli, show good agreement with
available data.

Keywords Phase transition . Band structure . Heavy
rare-earth . Mono-pnictides . Lattice constant . Elastic moduli

Introduction

In recent years, the study of cohesive, structural phase trans-
formation, electronic, thermal, mechanical andmagnetic prop-
erties of binary rare earth (RE) monopnictides have received
considerable attention. The subject of interest remains their
occupation numbers in the shallow inner 4f shell, rang-
ing from 0 to 14 through the series La to Lu. The 4f
occupation confers a wide range of electronic and mag-
netic properties on these RE elements and their com-
pounds [1], despite their NaCl structure (B1 Phase). The
4f electrons are usually considered to be highly local-
ized in these compounds thus present a challenging
problem to obtain accurate theoretical descriptions of
the electronic structures [2]. The 4f–5d interactions
and the hybridizations between rare-earth non-4f and
pnictogen p states are responsible for the many inter-
esting phenomena that occur in these RE monopnictides.
Further, the bonding between the RE and pnictogen
atoms cannot simply be described as ionic or covalent,
otherwise they would all be expected to be insulators
(semiconductors) [3]. High pressure studies of these
materials reveal that the majority of the compounds
undergo a first-order structural phase transition from
the NaCl (B1 phase) structure with space group Fm-
3m to CsCl structure (B2 phase) with space group Pm-
3m. The crystal structure properties of RE-pnictides
have been investigated by using a high pressure X-ray
diffraction technique [4–7]. In addition to experimental
work, theoretical studies based on density functional
theory (DFT) have also verified experimental results
successfully and have been useful in predicting interest-
ing properties that are yet to be explored experimentally.
Various theoretical studies of the electronic structure of
RE pnictides have been predicted in detail [8, 9], Gd-
monopnictides are the most extensively RE studied
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theoretically. These are the simplest series because of
Gd being located in the center of the RE metal series
and having half-filled 4f electrons. These materials
show unusual electric [10] and magnetic [11, 12] phe-
nomena. Their electronic structure and transport proper-
ties remain controversial. Calculations of these materials
were also reported within local-spin density approxima-
tion (LSDA) [13, 14]. Later studies were also performed
to investigate CeSb [15], DyBi, and DyP [16].

Lutatium-pnictides (Lu-X; X = N, P, As, Sb, and Bi)
are the least studied among RE-materials. Being the last
and heaviest member of the lanthanide-series with a
completely filled 4f shell, Lu has been least studied of
all. The central focus of the present study was to
investigate the less studied Lu-pnictides at ambient pres-
sure as well as under high pressure. High-pressure stud-
ies are important because little information on Lu-
pnictides under high pressures is available in the litera-
ture. A proper understanding of the effect of high-
pressures on the electronic structure of these materials
was also a central focus of the present study. Shirotani
et al. [5] reported the high pressure structural phase
transition of Lu-monopnictides (LuAs and LuSb) using
a powder X-ray diffraction technique. Recently, Pagare
et al. [17] reported the theoretical electronic structure of
LuAs and LuSb along with elastic and phase transition
properties using DFT. Despite a little theoretical study
on LuN, LuP and LuBi [18] and the high pressure
experimental study of LuP [19], no more data are avail-
able on the electronic and high pressure phase transition
properties for LuN, LuP and LuBi compounds. The
main aim of the present work was to perform a com-
prehensive study of Lu-monopnictides and to investigate
the high-pressure behavior of these materials along with
their elastic properties. Further, electronic and thermal
properties are also reported for the first time for LuN,
LuP and LuBi using effective on-site coulomb potential.
The present study is important because it reports for the
first time the band structure of semiconducting LuN
with the correct value of band-gap along with LuP
and LuBi. A comparison between GGA and GGA + U
+ SO was also performed in the present study to report
the correct approach to investigation of the electronic
properties of the present materials. The LDA, LSDA
and LSDA + U were also tried, but the values of
material properties were quite far away from the mea-
sured data, particularly the band gap value of LuN.

The computational methods and the parameters used are
described in the next section. The Results and discussion deals
with the calculated results on structural, electronic and elastic
properties of Lu-monopnictides, discussed in the light of avail-
able data. A final Conclusions summarizes the findings and
draws attention to some of the most interesting predictions.

Computational methods

All computations were performed using a first-principles
full-potential linearized augmented plane wave method
(FP-LAPW) as implemented in the Wien2k package [20,
21]. The generalized gradient approximation (GGA) [22]
was chosen for the exchange-correlation potential. Spin-
polarized calculations were carried out with both
majority-spin and minority-spin states. It was found that
band structure shows a metallic character in all the
cases while LuN is semiconductor by nature. To obtain
the exact nature of the electronic structure, we used
GGA + Hubbard-U (on-site coulomb interaction) meth-
od [23, 24]. In GGA + U-like methods, an orbitally
dependent potential is introduced for the chosen set of
electronic states, which are 5d states of Lu in the
present case. This additional potential has an atomic
Hartree-Fock (HF) form but with screened Coulomb
and exchange interaction parameters. The coulomb po-
tential U=6.48 eV and the exchange coupling J=
2.05 eV, i.e., the effective on-site term (U − J) is
4.44 eV for the Lu 5d orbitals has been calculated in
the super-cell approximation using this method [25].
The fully localized limit version of the GGA + U
method was employed. Spin-orbit coupling (SOC) was
included because of the second variational method using
a scalar relativistic wave functions [21]. Inside the non-
overlapping spheres of muffin-tin radius RMT, the linear
combination of radial solution of the Schrödinger equa-
tion times the spherical harmonics is used, whereas the
plane basis set is chosen in the interstitial region. RMT

is chosen in such a way that there is no charge leakage
from the core and total energy convergence is ensured.
Further, for energy Eigen-value convergence, the wave
function in the interstitial region is expanded in terms of
plane waves with a cut-off parameter KMAXRMT=8.5,
where KMAX is the maximum value of the reciprocal
lattice vector used in the plane wave expansion, and
RMT is the smallest atomic-sphere radius of all the
atomic spheres. The maximum value of angular momen-
tum lMAX=10 is taken for the wave function expansion
inside the atomic spheres. In the interstitial region the
charge density and the potential were expanded as a
Fourier series with wave vectors up to GMAX=12 a.u.−1. We
have used a dense mesh of 1,000 k-points (4,000 k-
points for LuN) and the tetrahedral method [26] was
employed for Brillouin zone (BZ) integration. The self-
consistent calculations were considered to converge only
when the calculated total energy of the crystal con-
verges to less than 10−4 Ry.

The total energies were further used to obtain the
ground state properties. The elastic constants are very
important as they are related to numerous fundamental
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properties of solids. Thermodynamic properties, like,
specific heat, thermal expansion, Debye temperature
can also be predicted as these properties are linked to
elastic constants. In the present study, the method as

integrated in Wien2k was used to calculate elastic con-
stants [21]. The transverse and longitudinal sound ve-
locities (v t and v l) were obtained using the following
combinations of elastic constants:
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Fig. 1 Total energy vs cell volume in B1 and B2 phases of a LuN, b LuP, c LuAs, d LuSb, e LuBi

Table 1 The values of lattice
parameter (a in Å), bulk modulus
(Bo in GPa) and its pressure
derivative (Bo′) of Lu-pnictides
in B1 and B2 phases

Solids B1 Phase B2 Phase Study

a B0 B0
′ a B0 B0

′

LuN 4.77 164.07 3.81 2.93 179.44 3.45 Present

4.77 − − − − − Experimental [30]

LuP 5.53 87.24 3.57 3.40 88.93 3.87 Present

5.53 − − − − − Experimental [30]

LuAs 5.68 81.02 3.77 3.51 84.25 3.86 Present

5.68 85±3 5.90 − − − Experimental [5]

5.68 82.40 3.97 3.50 85.30 4.07 Others [17]

LuSb 6.09 60.69 3.82 3.74 63.77 3.49 Present

6.04 53±4 6±0.8 Experimental [5]

6.11 58.04 3.75 3.72 66.40 4.11 Others [17]

LuBi 6.24 54.08 3.95 3.85 55.83 3.62 Present

6.16 − − − − − Experimental [30]
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vt ¼ C44 − 0:2 2C44 þ C12 − C11ð Þ
ρ

� �1
2

and

vl ¼ C11 þ 0:4 2C44 þ C12 − C11ð Þ
ρ

� �1
2

Here C11, C12 and C44 are second-order elastic constants
(SOECs) with ρ as mass density per unit volume. The average
sound velocity vm is calculated as [27, 28]:

vm ¼ 1

3

2

v3t
þ 1

v3l

� �� �−1=3

In order to calculate Debye temperature, we have used the
fundamental equation [27, 29]:

θD ¼ h

kB

3n

4πVa

� �1
3

vm

where h is Plank’s constant, kB is Boltzmann’s constant, n is
number of atoms/f.u. and Va is the average atomic volume.

Results and discussion

Structural properties

In order to calculate the ground state properties of the present
set of materials, the total energy of the system was calculated
at different volumes, with the equilibrium corresponding to
the lowest value of the total energy. Plots of total energy as a
function of volume were fitted to Murnaghan’s equation of
state and plotted in Fig. 1a–e for B1 and B2 phases. The
present calculations show that the ground state configuration
of all these materials lies in a rock-salt (B1) structure, which is
consistent with experimental [5, 30, 31] and other theoretical
[17] results. Using these minimization curves, ground state
properties like equilibrium lattice constant (a ), bulk modulus
(B0) and its first-order pressure derivative were calculated.
The results are reported in Table 1 together with the other
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results. The calculated values of a and B0 are in reasonable
agreement with experimental data. The variation in the bulk
modulus of these materials is plotted as a function of

increasing size of pnictogen atom in Fig. 2 to obtain the
compressibility behavior. It is clear from Fig. 2 that the bulk
modulus decreases from LuN to LuBi, indicating the increas-
ing trend of compressibility with increasing size of pnictogen
atom.

To determine the structural stability at finite pressure and
temperature for B1 and B2 phases, we used enthalpy H =
ETotal+PV at T=0 K. The enthalpies corresponding to both
the phases are equal at phase transition pressure (PT). The
variation of enthalpy as a function pressure is plotted in
Fig. 3a–e. It may be seen that the enthalpy in parent (B1)
phase is minimum at ambient conditions and remains mini-
mum up to 241, 98, 56.82, 25.2 and 32.3 GPa for LuN, LuP,
LuAs, LuSb, and LuBi, respectively. The enthalpies in both
phases become equal, showing that both phases are in equi-
librium at this pressure (PT), and hence structural phase trans-
formation occurs in Lu-pnictides at this point. On further
increasing the pressure, the enthalpy minimizes in B2 phase
as compared to that of B1 phase, i.e., the B2 phase becomes

Table 2 Calculated values of the phase transition pressure (PT in GPa),
the percentage volume collapse at PT [ΔV(PT)/V(0)] and the change in
the enthalpy (ΔH=HB2−HB1 in Ry) for Lu-pnictides

Solids ΔH PT %ΔV(PT)/V(0) Work

LuN 0.15 241.0 5.0 Present

LuP 0.09 98.0 7.2 Present

LuAs 0.07 56.82 3.4 Present

− 57.0 − Experimental [5]

56.7 3.0 Others [17]

LuSb 0.05 25.2 1.0 Present

− 24.0 1.0 Experimental [31]

− 25.2 5.0 Others [17]

LuBi 0.05 32.3 5.4 Present
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stable with minimum enthalpy. The values of enthalpies in B1
and B2 phases have been used to compute the difference of
enthalpies ΔH=HB2 − HB1. These values of ΔH and phase
transition pressure (PT) are reported in Table 2. The equations
of state plotted in Fig. 4a–e for Lu-pnictides were used to
compute the volume collapse [ΔV(PT)/V(0)] at PT. These
values are also included in Table 2 along with measured [5]
and other theoretical [17] data. It is clear from Fig. 4a that the
volume of LuN decreases smoothly up to 241 GPa. An abrupt
decline in volume is observed at this pressure, which is asso-
ciated with a structural phase transformation from B1→B2
phase and thereafter no other transformation is observed be-
cause no abrupt decline in volume is found up to 400 GPa in
few other structures. Similar trend of transformations are
found in other lutetium-pnictide compounds as shown in
Fig. 4b–e, except that the transition occurs at different mag-
nitude of pressure, i.e., 98, 56.82, 25.2 and 32.3 GPa,

respectively, in LuP, LuAs, LuSb abs LuBi. The percentage
values of the discontinuities in reduced volume at PT
[ΔV(PT)/V(0)] are also reported in Table 2 along with avail-
able data.

Elastic properties

Acquaintance with the elastic properties of materials promotes
understanding of the fundamental aspects of mechanical de-
formation and the structural properties of crystals, and hence
plays an important role in providing valuable information

Table 4 Calculated values of the longitudinal, transverse and average
sound velocity (v l, v t and vm in m/s) and Debye temperature (θD in K) for
Lu-pnictides in B1 phase

Solids v l v t vm θD Work

LuN 5,586.26 3,511.36 3,865.70 482.49 Present

LuP 4,721.89 2,938.01 3,238.07 348.61 Present

LuAs 4,186.11 2,536.27 2,803.03 293.81 Present

4,359.00 2,725.00 2,999.00 309.00 Others [17]

LuSb 3,658.90 2,177.74 2,410.98 235.70 Present

3,419.00 1,929.00 2,144.00 205.00 Others [17]

LuBi 2,894.80 1,568.47 1,750.23 166.99 Present

Fig. 5 Band structure of LuN in B1 phase at ambient conditions for a
GGA + U and b GGA + U + SO

Table 3 Calculated values of elastic properties (in GPa), and A , B/G and
ξ are dimensionless for Lu-pnictides in B1 phase

Property LuN LuP LuAs LuSb LuBi Work

C11 358.43 212.86 197.47 147.64 118.14 Present

− − 183.38 122.36 − Others [17]

C12 76.93 24.43 22.80 18.63 21.21 Present

− − 31.85 25.89 − Others [17]

C44 143.80 53.54 38.87 25.96 10.72 Present

− − 61.48 21.37 − Others [17]

CS 140.75 94.22 87.34 64.51 48.47 Present

CL 361.48 172.19 149.01 109.10 80.40 Present

G 142.58 69.81 58.26 41.38 25.82 Present

E 334.61 165.33 140.98 101.43 66.72 Present

μ 142.58 69.81 58.26 41.38 25.82 Present

λ 75.71 40.70 42.19 34.05 36.31 Present

ξ 0.37 0.27 0.27 0.28 0.33 Present

C12–C44 −66.87 −29.11 −16.07 −7.33 10.49 Present

A 1.02 0.57 0.45 0.40 0.22 Present

B0/G 1.20 1.25 1.39 1.49 2.07 Present
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about the binding characteristics between adjacent planes of
atoms. Based on elastic properties, anisotropic character of
binding and structural stability can also be predicted. In the
present study, due to cubic symmetry, the materials have only
three independent elastic parameters (C 11, C12 and C 44),

which, along with other properties, are calculated and reported
in Table 3 and compared with available experimental and
other theoretical values.

It can be seen from Table 3 that the unidirectional elastic
constant C11, related to the unidirectional compression along
the principal crystallographic direction, is higher than C44 in
every case, indicating that these materials present a weaker
resistance to pure shear deformation compared to resistance to
unidirectional compression.

For cubic crystals, the necessary condition of existence in a
stable or meta-stable phase depends on the mechanical stabil-
ity criteria [32, 33] C11>0; C12>0; C11–C12>0; C11+2C12>
0. Computed values of the elastic constants for Lu-pnictides
satisfy all the required conditions and hence these materials
are mechanically stable in B1 phase.

The elastic anisotropy of crystals, which is highly correlated
with the possibility of inducingmicro-cracks into materials, has
important implications for engineering science. We calculated
the elastic anisotropy factor A {A=2C44/(C11–C12)} from the
set of elastic constants [34]. For a material that is completely
isotropic, A equals 1, otherwise material is anisotropic. The
magnitude of the deviation from 1 is the measure of the degree
of elastic anisotropy. The calculated values A for Lu-pnictides
are listed in Table 3 and shows the anisotropic nature of these
materials. We also calculated the shear modulus and Young’s
modulus. The shear modulus of a crystal is a measure of the
resistance to reversible deformation upon shear stress and is an
important factor to predict the hardness rather than bulk mod-
ulus. Another quantity used to characterize materials is Young’s
modulus E . The materials with higher value of E are found to
be stiffer than those with lower E values. Hence, based on the
present study we can conclude that the stiffness of Lu-pnictides
decrease when we move from N to Bi.

There are many other factors that are very useful when
investigating the ductile and brittle nature of materials, among
them Cauchy’s pressure C12–C44=2P and Pugh’s index of
ductility ,which is the ratio of G and B0, i.e. (B/G ), where
G =(C11− C12− 3C44)/5.

Cauchy’s pressure is the difference between two particular
elastic constants (C12−C44). The Cauchy’s relation is valid
only when all inter-atomic forces are composed by two-body
central interactions under static lattice conditions. At zero
pressure, our calculations give negative values of C12− C44

except for LuBi, indicating violation of the Cauchy’s relation.
The only positive value for LuBi predicts the metallic character
of the bonding and rest of the materials are confirmed to have
directional bonding (partial covalent) with angular character.
The value increases on increasing the size of pnictogen atom in
B1 phase, which shows that the non-central character of the
forces, implicit in the Cauchy’s relation, decreases when the
lattice constant increases. The negative value is a consequence
of the hybridization of the unstable f band [35]. This hybrid-
ization may be responsible for the decrease in Lu–Lu distance,
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and thereby the too small value of elastic constant C12. It is also
considered to be an indicator of ductility [36]. A material with
positive pressure is expected to be ductile and if the pressure is
negative, a brittle nature of the material is expected. In case of
Lu-pnictides, LuBi has a positive value of pressure, and hence
the material is expected to be ductile, while other Lu-pnictides
are brittle. Pugh’s ratio (B0/G) is another index that is consid-
ered to serve as an indication of ductility. A high B0/G ratio is

associated with ductility whereas a low value corresponds to a
brittle nature of materials [37]. The critical value that separates
the ductile and brittle nature was found to be 1.75. As shown
from Cauchy’s pressure, Pugh’s index of ductility also predicts
the ductile nature of LuBi and brittle character of the remaining
compounds of this family in B1 phase.

We also computed the thermo-physical properties of these
compounds, i.e., longitudinal, transverse and average sound

Fig. 7a–d Band structure for GGA + U in B1 phase at ambient conditions. a LuP, b LuAs, c LuSb, d LuBi
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velocities (v l, v t, and vm, respectively), and the Debye tem-
perature, θD. These values are reported in Table 4 and com-
pared with other available values. It is clear that the values of
θD, v l, v t and vm, decrease with the increase of ionic radii of
pnictogen atom. In the absence of reported experimental data
available in the literature, present values could not be com-
pared. However, our calculated values show good agreement

with other theoretical values [17]. Future experimental work
will verify these results. We consider the present results as a
prediction study for these compounds with the hope that the
present work will stimulate further study.

Electronic properties

The electronic structure of Lu-pnictides were studied along
the directions of high symmetry in BZ. Figure 5a,b presents
the band structure of LuN (in B1 phase) using GGA + U and
GGA + (U-J) + SO with Fermi level set at origin. The latter
strategy was foudn to have a significant impact on overall
band structure, particularly on the energy states near the Fermi
level. In Fig. 5a, the top of the valence band (VB) and the
bottom of the conduction band (CB) are separated by a band
gap of 0.73 eV. However, Fig. 5b shows a clear picture of gap
opening when SOC is introduced, though the overall band
profile remains similar. The calculated value of the band gap
for LuN using the GGA + (U-J) + SO scheme is 1.55 eV,
which is in close agreement with the experimental value [30].
The choice of spin polarized GGA + U + SO predicted
correctly the band gap and nature of bands as compared to
spin polarized GGA, which predicted LuN to be metallic. The
electronic structure can be better explained from density of
states (DOS), which is reported in Fig. 6a for LuN. A com-
parison was made by considering DOS and partial density of
states (PDOS) in both cases; however, we have reported DOS
and PDOS of GGA + (U−J) + SO scheme only. In both
schemes, the occupied 4f states are located around −4 eV
below EF, strongly hybridized with N 2p states; however, a
splitting of f bands can be observed when SO is introduced.
The CB is mainly the contribution of 2p of N around 2–3 eV
mixed with Lu 5d states around 5 eV. The pnictogen p states
(here N 2p ) dominate the top of the valence bands around −2
to −2.5 eV. More precisely, these pnictogen p states are
actually hybridizedwith RELu-5d states around −2 eV, which
dominate the bottom of the conduction bands. This hybridi-
zation results in a hole pocket at the Γ point and an electron
pocket at the X point in metallic pnictides. The numbers of
electrons and holes remain same [14]. Even if the pnictides are
semiconductors, the touchdown of the RE 5d states at the X
point would make the energy gap indirect. There is no other
theoretical data available for LuN but LuAs and LuSb have
been explored theoretically [17]. We compared our results
with LuAs and LuSb because LuN belongs to the same family
of compounds. In LuAs and LuSb, the bands around −10 eV
are due to the s -states, bands just below the Fermi level are
due to the p -states of pnictogen and d -states of Lu. Also, the
peak above the Fermi level is due to the d -states of Lu.

The l -projected DOS plot in Fig. 6b–d shows a clearer
picture of the electronic structure of LuN. As one can see, the
top valence states right below the Fermi level are predomi-
nantly N 2p states. The Lu d states, however, also make a

-15 -10 -5 0 5 10

D
O

S 
(S

ta
te

s/
eV

)

Energy (eV)

DOS-LuP

-15 -10 -5 0 5 10

D
O

S 
(S

ta
te

s/
eV

)

Energy (eV)

DOS-LuAs

-15 -10 -5 0 5 10

D
O

S 
(S

ta
te

s/
eV

)

Energy (eV)

DOS-LuSb

-15 -10 -5 0 5 10

D
O

S 
(S

ta
te

s/
eV

) 

Energy (eV) 

DOS-LuBi 

a

b

c

d

Fig. 8a–d DOS for GGA + U in B1 phase at ambient conditions. a LuP,
b LuAs, c LuSb, d LuBi
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noticeable contribution. It is noted here that, in our
calculations, Lu 5d states participate in hybridizations
with N 2p states, though the bottom of the conduction
bands are dominated by 5d states. In contrast to the
PDOS of GGA + U not shown here, the occupied 4f
bands split further due to spin-orbit coupling. The split-
ting of 4f single peak around −4 eV into two peaks
around −4 and −3 eV can be seen in Fig. 6c.

We also calculated the band structures of other Lu-
pnictides, which are reported in Fig. 7a–d. The overall band
structures from LuP to LuBi are quite similar to the electronic
structure of LuN, with a small difference in detail. The DOS
reported in Fig. 8a–d and the band structures as shown in
Fig. 7, can be sub-divided into four regions separated by
energy gaps. The bands in the lowest region around −10,

−11, −9, and −11 eV for LuP, LuAs, LuSb, and LuBi, respec-
tively, have mostly pnictogen s character with some amount
of Lu d character mixed into them. The next four energy
bands situated between −4 and −5 eV for LuP and LuAs,
and −5 to −6 eV for LuSb and LuBi are Lu f bands with some
contribution of Lu d and pnictogen p states. Bands just below
the Fermi level are due to pnictogen p states with contribution
of Lu d states. The unoccupied electronic states can be char-
acterized as Lu d bands. The PDOS of these compounds in the
B1 phase under ambient conditions is shown in Fig. 9a–d. We
emphasize here that there are different distinct structures in the
density of electronic states separated from each other by
distinguishable gaps, confirming the band structures discussed
above and showing clearly the contribution of the different
states.

According to the present calculations, all the Lu-
monopnictides are metallic except LuN, which is semicon-
ducting in nature with an indirect band, gap of 1.55 eV. As

Fig. 10a–e Band structure for GGA + U in B2 phase just after the phase transition. a LuN, b LuP, c LuAs, d LuSb, e LuBi

�Fig. 9a–d The l-projected DOS for GGA + U in B1 phase at ambient
conditions. a LuP, b LuAs, c LuSb, d LuBi
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LuP, LuAs, LuSb and LuBi are metallic in nature, hence the
electronic structure reported here is by GGA + U only, be-
cause inclusion of SO simply show splitting among f bands
only. The present results agree very well with experimental
findings as well as earlier results.

To see the effect of high pressure on the electronic struc-
ture, we also computed the band structure and DOS (not
reported here) in B2 phase (just after the B1→B2 transition)
and plotted them in Fig. 10a–e. Figure 10a shows broadening
in N-p states below the Fermi level and the splitting of
unoccupied Lu-d states occur under pressure. Some of the
N-p states below Fermi level and unoccupied Lu-d states
cross Fermi level and show metallization. It is observed that
other Lu-pnictides follow the same trend under pressure.
Besides splitting of the unoccupied Lu-d states, band broad-
ening can easily be observed in the s and p states of pnictogen
atoms.

Conclusions

We performed ab-initio calculations of structural, elastic,
thermal and electronic properties of Lu-pnictides in the
B1 and electronic structure at high pressures B2 phases
using GGA + U and GGA + (U-J) + SO methods. It
was found that these materials are stable in B1 phase at
ambient conditions. Under high pressure, Lu-pnictides
transform from six-fold coordinated B1 phase to eight-
fold coordinated B2 phase. The calculated lattice con-
stants, bulk modulus and the first-order pressure deriv-
atives of bulk modulus in B1 phase are in good agree-
ment with experimental results. Our calculated elastic
constants obey the traditional mechanical stability con-
ditions for cubic crystals. The thermal properties for
LuN, LuP, and LuBi compounds are reported for the
first time. We also investigated the electronic structure
of these materials in ambient conditions as well as at
high pressures. Band structure of LuN, LuP, and LuBi
and all Lu-pnictides (in B2 phase) are reported for the
first time using effective on-site coulomb potential. The
spin polarized GGA + (U-J) + SO scheme predicts a
correct band gap value as compared to spin polarized
GGA. We further point out that Coulomb repulsion (U)
strongly influences the electronic structure of LuN, particular-
ly in the treatment of correlation effects. Our results on Lu-
pnictides are generally in good agreement with the available
experimental data. These types of results are reported very
scantily for RE monopnictides and hence requires more atten-
tion from researchers.
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