
S
A

D
C

a

A
R
R
2
A
A

K
R
P
E
E
D

1

o
u
s
o
s
Y
a
i
t
l
p
b
t
t
T
b
O
C

0
d

Journal of Alloys and Compounds 515 (2012) 26– 31

Contents lists available at SciVerse ScienceDirect

Journal  of  Alloys  and  Compounds

j our na l ho me  p ag e: www.elsev ier .com/ locate / ja l l com

tructural  phase  transition,  elastic  and  electronic  properties  of  TmSb  and  YbSb:
 LSDA  +  U  study  under  pressure

inesh  C.  Gupta ∗, Sanjay  K.  Singh
ondensed Matter Theory Group, School of Studies in Physics, Jiwaji University, Gwalior 474 011, India

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 8 August 2011
eceived in revised form
7 September 2011
ccepted 30 September 2011
vailable online 8 October 2011

eywords:

a  b  s  t  r  a  c  t

The  full-potential  linear  augmented  plane  wave  plus  local  orbital  method  employing  the  local  spin-
density  approximation  (LSDA)  along  with  Hubbard-U  corrections  and  spin–orbit  coupling  has  been  used
to study  the  electronic,  structural,  phase  transition  and  elastic  properties  of  TmSb  and  YbSb.  Under
compression  they  undergo  first-order  structural  transition  from  B1  →  B2  phase.  The  computed  phase
transition  pressures  are  21.74  and  13.57  GPa  which  agrees  well  with  their  measured  values  ∼22.0  and
13  GPa.  The  structural  properties  viz.,  equilibrium  lattice  constants,  bulk  modulus  and  its  pressure  deriva-
tive and  volume  collapse  are  also  in  closer  agreement  with  their  experimental  data.  The elastic  constants
are-earth compounds
hase transition
lectronic structure
lastic properties
ebye temperature

and  their  combinations:  Young’s  and  Shear  moduli,  Poisson’s  ratio,  Zener  anisotropy  factor,  Lame’s  coeffi-
cients, Kleinman  parameter  and  Debye  temperature  of  these  compounds  have  been computed  at  normal
pressure.  These  values  are  in  good  agreement  with  experimental  data.  The  LSDA  +  U  strategy  shows  sig-
nificant  impact  on  the  energy  levels  of  the  occupied  and unoccupied  4f  states  in  the  electronic  structure
of  both  the  compounds.  The  LSDA  + U method  provides  better  description  of crystal  properties  of  present

system.

. Introduction

The rare-earth (RE) monopnictides form an interesting family
f materials and attracted the attention of researchers due to their
nusual structural, electronic and elastic properties, despite their
imple crystal structure [1–6]. They are, generally, semiconductors
r semi-metals. Their electronic and magnetic properties are sen-
itive to temperature, pressure and impurity effects. The Tm and
b ions in these compounds are predominantly trivalent with two
nd one 4f holes. The 4f bands are generally narrow and signif-
cantly different from the bands dominated by s, p and d states;
here exists strong on-site Coulomb repulsion between the highly
ocalized electrons [6 and references therein]. This makes the inde-
endent particle approximation no longer valid and calculation
ased on local spin density approximation (LSDA) fails to describe
he role of RE 4f electrons correctly. Attempts beyond LSDA have
he common idea to distinguish occupied and unoccupied 4f states.
o explain the behavior of RE 4f electrons, many-body effects must
e taken into account and calculations beyond LSDA are crucial.

ne possibility is to approximate the self-energy by introducing the
oulomb repulsion (Hubbard-U) as an additional parameter with

∗ Tel.: +91 751 2442777; fax: +91 751 2442784.
E-mail addresses: sosfizix@gmail.com, sosfizix@yahoo.co.in (D.C. Gupta).
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© 2011 Elsevier B.V. All rights reserved.

spin–orbit coupling (SOC) to the one particle (LSDA) equations for
a quasi-particle band structure.

Several experimental studies are reported in literature [1–3] on
LnSb compounds. The high pressure structural properties of these
compounds have been measured by powder X-ray diffraction (XRD)
using synchrotron radiation up to 60 GPa at room temperature [1,2],
which shows that TmSb and YbSb are stable in B1 phase and trans-
form to B2 phase at ∼22 and 13 GPa. Mullen et al. [3] have reported
the magnetic, elastic, and thermal properties of the LnSb series,
while Li et al. [4] have investigated the magnetic and thermal prop-
erties of the Ytterbium monopnictdes. The LnSb compounds have
also been the subject of theoretical works: Temmerman et al. [5]
and Svane et al. [6] have investigated the electronic configuration
of Yb compounds by different ab initio methods, while Soni et al.
[7] have computed the structural, elastic and thermal properties
of antimonides of Ho, Er and Tm by a simple interionic potential.
They have reported phase transition pressure (PT) at 27, 33.2 and
29.8 GPa for these antimonides which are away from the measured
data [1].  For the purpose of comparison, they have used the experi-
mental values as 31, 35 and 31 GPa for these antimonides which
are actually the data for high pressure transformed CsCl phase
instead of PT. As such, the structural, electronic and elastic prop-
erties of these compounds have not been studied systematically at

ambient and high pressures by ab initio method. We  aimed here
to investigate theoretically the structural, electronic, phase transi-
tion and elastic properties of theoretically less explored TmSb and
YbSb compounds. The lattice constant, bulk modulus (B0), and its

dx.doi.org/10.1016/j.jallcom.2011.09.098
http://www.sciencedirect.com/science/journal/09258388
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Table 1
The values of lattice parameter (a in Å), bulk modulus (B0 in GPa) and its pressure
derivative (B0

′) for LnSb in B1 and B2 phases.

Solids Phase A B0 B0
′ References

TmSb
NaCl

6.055 57.41 4.29 Present
6.084 – – Expt. [1]
–  70.04 5.86 Others [7]

CsCl 4.61 59.00 3.97 Present

YbSb
NaCl

6.074 59.30 4.77 Present
6.081 52 ± 2 7.5 ± 0.8 Expt. [2]

CsCl 4.65 56.40 3.78 Present
D.C. Gupta, S.K. Singh / Journal of A

ressure derivative (B0
′), second-order elastic constants (Cij), Zener

nisotropy factor (A), Poisson’s ratio (�), Young’s (Y) and shear (G)
oduli, shear and stiffness constant (CS and CL), Kleinman parame-

er (�), Lame’s coefficients (�, �), elastic wave velocities (�l, �t, �m),
ensity (�) and Debye temperature (�D) are computed in two  differ-
nt B1 and B2 phases by LSDA + U with SOC method as implemented
n WIEN2k [8].  The computed results are in good agreement with
he available experimental [1–3] and better than earlier theoretical
esults [7].  The electronic band structures and total density of states
DOS) in B1 and B2 phases have also been computed. Such studies
re important not only for these compounds but also valuable to
nderstand mechanism of interaction in other lanthanieds series.
e have briefly discussed the methodology of computations in

ext section followed by discussions on the results obtained for the
tructural phase transition, electronic structure as well as mechan-
cal and other thermophysical properties of these compounds in
ection 3. Finally, the paper contents have been concluded in last
ection 4.

. Methodology of computations

The calculations were performed using the full-potential lin-
ar augmented plane wave (FP-LAPW) method. The application
f plain LSDA calculations to f-electron systems is often inap-
ropriate because of the correlated nature of the shell. We  have
dopted LSDA + U with SOC approach [9] to better account for the
nsite f-electron correlations. In this method, an orbitally depen-
ent potential is introduced for the chosen set of electron states,
hich is present in 4f states of lanthanides. This additional potential
as an atomic Hartree–Fock form but with screened Coulomb and
xchange interaction parameters. The optimized value of Coulomb
creening potential (U) and the exchange coupling (J) for the RE 4f
rbitals (for Thulium U = 8.84 and J = 0.1 eV, and Ytterbium U = 10.2
nd J = 0.1 eV) have been calculated in the super-cell approxima-
ion using the method of Madsen and Novak [10]. The SOC has been
ncluded on the basis of the second variation method by using scalar
elativistic wave function [8].  In this method, the wave function,
harge density and potential are expanded by spherical harmonic
unction inside nonoverlapping spheres surrounding the atomic
ites (muffin-tin (MT) spheres) and by a plane-wave (PW) basis set
n the remaining space of the unit cell (interstitial region). Tm:  6s2

p6 5d1 4f12, Yb: 6s2 5p6 5d1 4f13 and Sb: 4d10 5s2 5p3 states are
reated as valance electrons. The convergence parameter RMTKmax,
hich controls the size of basis set in the calculations, was set to
. The RMT radii were taken as 2.95, 3.1 and 2.3 Å for Tm,  Yb and
b, respectively. The valance wave functions inside MT  spheres
ere expanded up to lmax = 10, while the charge density was Fourier

xpanded up to Gmax = 23 Å−1. The self-consistent calculations are
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6.055 and 6.074 Å for TmSb and YbSb, respectively which are very close to the
experimental values (a = 6.084 and 6.082 Å).

converged up to an accuracy of 10−5 Ry in the total energy of the
system. The integrals over the Brillouin zone (BZ) are performed in
mesh of 9 × 9 × 9 for both B1 and B2 phases in the irreducible BZ
using the Monkhost-Pack special k-points approach [11]. Both the
PW cut-off and the number of k-points were varied and optimized
to ensure total energy convergence.

3. Results and discussions

3.1. Structural and phase transition properties

The NaCl (B1 phase) to CsCl (B2 phase) structural transition and
related properties of TmSb and YbSb have been analyzed by com-
puting the total energy of the primitive unit cell as a function of
volume fitted to Murnaghan’s equation of state [12]. The variation
of total energy with cell volume for B1 and B2 phases have been
shown in Fig. 1(a and b). It is clear from these figures that phase
transition occurs as the curves of B1 and B2 phases intersect each
other. The total energy is lowest in B1 phase as compared to that
in B2 phase and hence B1 phase stabilizes at ambient conditions.
The equilibrium cell volume in the B1 phase at ambient pressure
is estimated to be 55.52 and 56.02 Å3 with lattice parameter (a) as
6.055 and 6.074 Å for TmSb and YbSb, respectively which are very
close to the experimental values (a = 6.084 and 6.081 Å) [1,2] and
deviate marginally by 0.477% and 0.132% from their measured val-
ues. The ground state properties of these compounds have been
calculated from the total energy of B1 and B2 phases at different
volumes around the equilibrium cell volume (V0). The plots of total
energies vs. cell volume in these structures are drawn in Fig. 1(a
and b) for TmSb and YbSb. To determine the ground state proper-

ties, we have calculated the equilibrium lattice constant (a), bulk
modulus (B0) and its pressure derivative (B0

′). The calculated struc-
tural parameters of these compounds in both the phases have been
summarized in Table 1 together with the available experimental
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−4.75 to 0.84 eV are separated from the s bands by an energy gap
of ∼3.1 eV. It is clear from Fig. 4 that two bands from conduction
band dip down the Fermi level making them semi-metallic. Besides
this, we have computed the band structure and the total density

Table 2
The values of the phase transition pressure (PT in GPa), the % volume collapse at PT

(	V(PT)/V(0)) for LnSb.

Solids PT 	V(PT)/V(0) References

21.74 4.8 Present
Fig. 3. Equation of sta

1,2] and other theoretical [7] values. It may  be seen from this table
hat our computed values for a, B0 and B0

′ are closer to measured
ata and better than those obtained by earlier theoretical workers
7] from model potential. The calculated bulk modulus of YbSb is
omparatively more as compared to TmSb. It suggests that TmSb
s comparably more compressible than YbSb. With the application
f high pressures, the calculations show that a new crystal phase
ppears in these compounds and the relative stability of two crystal
tructures requires more precise calculations. To discuss the rela-
ive stability of the two phases, we have estimated the free enthalpy
H = E + PV;  where E = total energy of the system, P = pressure and

 = unit cell volume) for the concerned phases at different pres-
ures. The enthalpy vs. pressure graphs for TmSb and YbSb in B1
nd B2 phases have been displayed in Fig. 2(a and b). It may  be
een from these figures that the enthalpy remains minimum up to
1.73 GPa in parent (B1) phase for TmSb and 13.56 GPa for YbSb. At
1.74 and 13.57 GPa, enthalpies in both the phases become equal
howing that both the phases are in equilibrium at this pressure,
ence structural phase transformation occurs at this point, which

s marked by arrow as PT in these figures. On further increasing the
ressure beyond PT, enthalpy is lowered in B2 phase as compared
o that in B1 phase i.e.,  B2 phase stabilizes with more minimum
nthalpy in these compounds beyond PT.

The variation of reduced volume (V(P)/V(0)) with pressure have
een plotted in Fig. 3(a and b) to obtain the equation of state (EOS)
f these materials and to understand the mechanism of transfor-
ation. It is clear from Fig. 3(a) that the volume of TmSb decreases

moothly up to PT. At PT, an abrupt decline in volume is observed,
hich is associated with first-order phase transformation show-

ng structural change from B1 → B2 phase. From Fig. 3(b) similar

rend of variation has been observed in YbSb except that it occurs
ith different magnitudes of volume collapse at PT. The values of

 discontinuity in reduced volume at PT (	V(PT)/V(0)) along with
T have been reported in Table 2 along with experimental data. It
r (a) TmSb; (b) YbSb.

is seen that our values are quite close to the measured value for
YbSb [2],  hence LSDA + U method is capable to predict correctly the
stable and high pressure crystallographic structures as B1 and B2
phases in TmSb and YbSb.

3.2. Electronic properties of TmSb and YbSb

The LSDA + U scheme with SOC has been used to compute the
electronic structure in B1 phase at the equilibrium lattice constant
and in B2 phase just after PT. The electronic structure and total
density of state (DOS) for TmSb with U = 8.84 eV and J = 0.1 eV has
been plotted in Fig. 4. The conduction band is mainly due to 5d
and 6p states of Tm,  along with empty states 4f of Tm. It is clear
from this figure that the lowest band around −10.57 to −7.83 eV
is mainly due to the Sb s character which hybridized with occu-
pied Tm 4f states (may be seen as sharp peak in the total density
of state) while two empty unoccupied 4f energy levels are located
around 1 eV above the Fermi energy (EF) and hybridized with Tm 5d
states and 4p states of Sb. The six Sb p bands positioned at around
TmSb 22 – Expt. [1]
29.80 5.70 Others [7]

YbSb
13.57 1.14 Present
13.00 1.00 Expt. [2]
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f state of TmSb in B2 phase also and plotted them in Fig. 5. It is
een that the width of 5p states of Sb get narrowed under pressure
nd they hybridize with f-bands. Under compression, the f-bands
hift upward and found around −1.79 to −4.07 eV as seen in the
orresponding peaks in DOS. Two of the p-bands cross the Fermi
evel and touch the bottom of the conduction band showing metal-
ization. The electronic band structure and total density of states of

bSb with U = 10.2 eV and J = 0.1 eV along the high-symmetry direc-
ions in the BZ of B1 phase have been depicted in Fig. 6. Similar trend
f electronic structure is observed as found in TmSb except the dif-
erence in the position of the bands. YbSb has thirteen occupied Yb
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Fig. 6. Band structure and DOS of YbSb with LSDA + U and s
d spin–orbit coupling in B2 phase just after the PT.

4f states and one empty state. YbSb is also semi-metallic. The high
pressure electronic structure in B2 phase just after PT has also been
computed with corresponding DOS and plotted in Fig. 7 for YbSb.
It is found that it also follow the same trend as found in TmSb.

3.3. Elastic properties
The elastic moduli have been calculated from the variation
of the total energy under volume-conserving strains. Elastic
properties of a solid are especially important for mechanical
applications. The values of elastic constants provide a link between

2520151050
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pin–orbit coupling in B1 phase at ambient conditions.
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Fig. 7. Band structure and DOS of YbSb for LSDA + U 

he mechanical and dynamical behaviors of the crystals. Elastic
roperties are also thermodynamically related to the specific heat,
hermal expansion, melting point and Grüneisen parameter, etc.

e have calculated the second-order elastic constants (SOECs)
f these compounds in B1 phase at ambient conditions by using
he method developed by Mehl [13]. In present calculations, small
attice distortion has chosen in order to remain within elastic
omain of the crystal. A cubic structure is characterized by three

ndependent elastic constants namely C11, C12, and C44. The com-
uted values of elastic constants Cij for TmSb and YbSb compounds

n B1 phase are presented in Table 3 along with experimental data.
hese values agree well with the measured data [3] and better
han those reported by other theoretical worker [7].  Furthermore,
ll the elastic constants satisfy the required stability criterion
14]: (C11 − C12) > 0, (C11 + 2C12) > 0, C11 > 0, C44 > 0 hence, these
ompounds are stable in B1 phase against elastic deformation.
esides this, we have also computed various combinations of these

OECs viz., Y, G, CS, CL, �, �, A, �, � and Cauchy pressure at ambient
onditions.

able 3
he values of elastic properties (in GPa), and �, A and � (dimensionless) for LnSb in
1 phase.

Parameters TmSb YbSb References

C44

20.74 12.51 Present
26.80 – Expt. [3]
24.70 – Others [7]

C12 − C44 −12.34 −3.12 Present

G
41.94  37.52 Present
43.08 – Expt. [3]
42.10 – Others [7]

Y
101.24 92.98 Present
154.30 – Others [7]

�
0.21 0.24 Present
0.13  – Others [7]

A
0.28 0.17 Present
0.40  – Expt. [3]
0.36 – Others [7]

CS
73.75 75.04 Present
67.50 – Expt. [3]

CL 102.89 96.93 Present
� 0.20  0.21 Present
�  41.94 37.52 Present
� 29.61  34.40 Present
pin–orbit coupling and in B2 phase just after the PT.

CS = C11 − C12

2
, CL = C11 + C12 + 2C44

2
,

G = C11– C12 + 3C44

5
, Y = 9B0G

3B0 + G
, A = 2C44

C11 − C12
,

� = C11 + 8C12

7C11 + 2C12
, � = 3B0 − Y

6B0
, � = Y

2 + 2�
,

� = �Y

(1 + �)(1 − 2�)
, C12 − C44 = 2P

The calculated values of A are 0.28 and 0.17 for TmSb and YbSb
while experimental value is 0.4 for TmSb [3].  It is clear that A is well
below unity for these compounds and hence these compounds are
anisotropic (as “A” approaches unity the crystal becomes isotropic).
Our results show negative values of Cauchy pressure in these com-
pounds which is a consequence of the hybridization of the unstable
‘f’ band. This hybridization may  be responsible for the decrease in
Ln–Ln distance and therefore for small value of elastic constant
C12. Pettifor [15] suggested that the angular character of atomic
bonding in metals and compounds, which is also related to the
ductile nature, could be described by Cauchy pressure. For metallic
bonding, it must be typically positive and negative for directional
bonding with angular character. The larger negative pressure rep-
resents more directional character. The calculated Cauchy pressure
is −12.34 and −3.12 GPa in these compounds which confirms
that both TmSb and YbSb are partial covalent (directional) in
nature.

A simple relationship to explain the plastic nature of the materi-
als in terms of elasticity has been proposed by Pugh [16]. The shear
modulus represents the resistance to plastic deformation, while
the bulk modulus represents the resistance to fracture. A high B0/G
ratio is associated with ductile nature, whereas a low value cor-
responds to brittle nature of the material. The critical value which
separates ductile and brittle materials is around ∼1.75. If B0/G > 1.75
the material behaves in a ductile manner otherwise it is brittle. Our
calculated value of B0/G is 1.36 and 1.58 for TmSb and YbSb which
are less than the critical value and hence both the materials are
brittle by nature. On the other hand, Frantsevich et al. [17] have
also explained the ductile/brittle nature of the materials on the
basis of the Poisson’s ratio. Accordingly, the material to be brittle in
nature, � must be ≤0.33, else the material is ductile. The calculated

values of � are less than the critical value hence it also classi-
fies both the materials as brittle under ambient conditions. Hence,
our results satisfy both the conditions for these materials to be
brittle.
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Table  4
The values of density (� in gm/cm3), the longitudinal, transverse and average sound
velocity (�l , �t and �m in m/s) and Debye temperature (�D in K) for LnSb in B1 phase.

Solids � �l �t �m �D References

8.7 3645.5 2216.2 2448.5 241.0 Present

3

c
p

�

H
w

i
d
t

�

�

H
o
r
t
t
i
h
e

4

p

[
[
[
[
[

TmSb 8.6  – – – 237.0 Expt. [3]
8.6  3837.0 2215.3 2459.0 237.0 Others [7]

YbSb 8.8 3580.0 2096.0 2324.1 228.0 Present

.4. Debye temperature

Debye temperature is an important fundamental parameter
losely related to elastic constants, specific heat and melting tem-
erature. We  have used the classical relation to compute �D

D = h

kB

[
3n

4
Va

]1/3
�m

ere, n is the number of atoms per formula unit, Va is atomic volume
hile average speed of sound (�m) in the polycrystalline materials

s �m = [1/3((2/�3
t ) + (1/�3

l ))]
−1/3

with �l and �t as the longitu-
inal and transverse sound velocities which can be obtained using
he method discussed elsewhere [18]

l =

√[
C11 + 2

5 (2C44 + C12 − C11)
]

�
,

t =

√[
C44 + 1

5 (2C44 + C12 − C11)
]

�

ere, � is the mass density per unit volume. The calculated values
f sound velocities, �D as well as � of TmSb and YbSb have been
eported in Table 4 along with experimental data. It is observed
hat �D decreases with increasing atomic number of RE atom, Tm
o Yb and these are close to the measured values [3].  Slight variation
n these values, from experimental data, is due to the fact that we
ave computed these values at equilibrium conditions while the
xperimental data is at 200 K.
. Conclusions

This paper deals with the computations of electronic, structural,
hase transition and elastic properties of TmSb and YbSb, using the

[
[
[

[

nd Compounds 515 (2012) 26– 31 31

FP-LAPW + lo method employing LSDA + U with SOC approach. The
computed values of a, B0, B0

′, PT, EOS, 	V(PT)/V(0), SOECs and their
combinations, �m, �l, �t, �, �D, etc. are explained well and show
good agreement with experimental data. These materials show
first-order phase transition from six-fold coordinated B1 phase to
eight-fold coordinated B2 phase under compression. The electronic
structure has been computed in both B1 and B2 phases to ana-
lyze the effect of pressure on the nature of bands in these strongly
correlated compounds. The LSDA + U with SOC method predicted
semi-metallic nature of these compounds at ambient conditions
and metallization at high pressures. Some of the results, estimated
probably for first time, will be tested by future workers.
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