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a b s t r a c t

In the present paper, we have investigated the high-pressure structural phase transition of rare earth
antimonides (HoSb and TmSb). A modified interaction potential model (MIPM) (including the covalency
effect) has been developed. Phase transition pressures are associated with a sudden collapse in volume.
At compressed volumes, these compounds are found in CsCl phase. The phase transition pressures and
associated volume collapses obtained from present potential model show a generally good agreement
with available experimental data and others. The elastic constants and bulk modulus are also reported.
Our results are in general in good agreement with experimental and theoretical data where available,
and provide predictions where they are unavailable.

© 2011 Elsevier B.V. All rights reserved.
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. Introduction

Rare-earth monopnictides are generally semiconductors or
emimetals. Despite their simple rock salt structure, they demon-
trate various types of magnetic ordering generally with low
ransition temperatures. Their electronic structures and magnetic
roperties are sensitive to temperature, pressure and impurity
ffects. The rare-earth 4f–5d interactions and the hybridizations
etween the rare-earth non-4f and pnictogen p states are respon-
ible for many fascinating phenomena that occur in rare-earth
onopnictides [1]. Due to the unfilled 4f shells of rare-earth atoms,

t is a challenging problem to obtain an accurate theoretical descrip-
ion of the electronic structure of rare-earth compounds [1–15]. In
pite of the fact that the 4f energy levels often overlap with the
on-4f broad bands of the system, they generally form very narrow
esonances, and are often treated as core states in the theoreti-
al efforts. Due to the highly localized nature of the 4f electrons,
he direct f–f interactions between neighboring rare-earth atoms

re generally considered to be nearly negligible. Among Nitride,
hosphide, Arsenide, Antimonide and Bismuthide there is gradual
ncrease in metalicity in the rare-earth monopnictides. The typi-

∗ Corresponding author. Tel.: +91 755 2487552; fax: +91 755 2677723.
E-mail addresses: drsadhna100@gmail.com, drsadhna in@rediffmail.com

S. Singh).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.03.139
cal carrier concentrations make them semimetals or highly doped
n-type semiconductors [16].

The structural analysis under high pressure of rare earth monop-
nictides is important study. X-ray diffraction profile shows the NaCl
type structure at ambient pressure and under pressure they show a
B1–B2 type transition. In these transitions, the compression of the
heavy rare earth atoms bring the 4f electrons into play so that these
atoms behave more like the lighter rare earth elements. The rare
earth element is less compressible than the other entity of these
compounds so, pressure reduces the size of this entity more than
it reduces the size of the rare earth. Relative sizes are thus restored
to those prevailing for the lighter rare earths at atmospheric pres-
sure.

Among the rare earth pnictides the rare earth antimonides
(LnSb) have recently attracted particular interest as a proper ref-
erence material for understanding of various elastic, structural
and magnetic effects [17–19]. Some of them show magnetic and
crystallographic phase transitions at low temperatures. Monoanti-
monides with NaCl-type structure (CeSb, SmSb and YbSb), exhibit
anomalies in various physical properties due to the p–f mixing,
dense Kondo effect and heavy fermion state. For example, their car-
rier concentrations increase with decreasing temperature since the

p–f mixing becomes stronger. On the other hand, other rare-earth
monoantimonides behave as a nearly normal magnetic semimetal
and display almost temperature-independent carrier concentra-
tions [17–20].

dx.doi.org/10.1016/j.jallcom.2011.03.139
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Mullen et al. [2] studied the magnetic–lattice interaction for
oSb and TmSb. They concluded that the nature of this transition is
omplicated. For HoSb and TmSb they found that the structural and
agnetic transitions coincide. Besides, the use of synchrotron radi-

tion the powder X-ray diffraction of LnSb has systematically been
tudied up to 40 GPa at room temperature by Shirotani et al. [3,4].
he first order phase transition with the crystallographic change
ccurs for LnSb at high pressures. The structure of high pressure
hases of LnSb is classified into three groups. The lighter LnSb
Ln = La, Ce, Pr, and Nd) have the tetragonal structure (distorted
sCl type) at high pressures. The high pressure form of the middle
nSb (Ln = Sm, Gd, and Tb) is unknown. The heavier LnSb (Ln = Dy,
o, Er, Tm and Lu) show the typical NaCl–CsCl (B1–B2) transi-

ion at high pressures though the same transition is not observed
n the heavier LnP and LnAs [3]. The transition pressures of LnSb
ncrease with decreasing lattice constant in the NaCl type struc-
ure and do not depend on the structure of their high pressure
hases. Magnetic properties of NdSb, GdSb, TbSb, DySb, HbSb and
rSb have been investigated by Missell et al. [21] under hydrostatic
ressure. They concluded that the magnetic properties of DySb are
trongly P-dependent, whereas those of HoSb are P-independent,
ut sample-dependent. Sapiro and Bak [22] studied the crystal field
arameters and phase transitions in ErSb.

As we have already stated that the metallization in rare earth
onopnictide increases from nitride to bismuthide, there is a need

o include covalency effects for the study of these compounds.
ooking at the interesting properties of these less explored rare
arth antimonides and the fact that no work has been done with
he potential model including covalecy effects, we thought it per-
inent to apply a modified interaction potential model (MIPM)
hich includes the covalence effect in the potential model. The

mportance of covalence effect in rare earth monoantimonides has
lready been emphasized by Pagare et al. [23] and Vaitheeswaran
t al. [12]. Vaitheeswaran et al. reported that their results on
ulk moduli under high pressure is doubled which may be due to

ncrease in covalent bonds. Pagare et al. [23] found discrepancy in
heir results on pressure derivatives of bulk moduli and they gave

ain reasons as partial covalent nature of these rare earth monoan-
imonides. Shirotoni et al. [24] has also confirmed the covalent
haracter in chemical bond between atoms.

The present modified interaction potential model (MIPM) con-
ists of Coulomb interaction, three body interactions, van der Waals
nteraction, overlap repulsive interaction and covalent interaction.
he need of inclusion of three body interaction forces was empha-
ized by many workers for the better matching of results [25–27].
hey concluded that possible reasons for disagreements include the
ailure of the two body potential model. Since these studies were
ased on two body potentials and could not explain Cauchy viola-
ions (C12 /= C44). They remarked that results could be improved
y including the effect of non-rigidity of ions in the model. So three
ody interaction effects have been included in our potential model
or the present study.

The purpose of this work is to provide some additional infor-
ation to the existing data on the physical properties of two

ntimonides (HoSb and TmSb) theoretically. The main purpose of
his work is to investigate the structural and elastic properties of
oSb and TmSb. The rest of this paper is organized as follows: the
ethod of calculation is given in Section 2; the results and conclu-

ion are presented and discussed in Section 3.

. Potential model and method of calculation
The natural consequence of application of pressure on the crys-
als is the compression, which in turn leads to an increased charge
ransfer (or three-body interaction effects) [28] due to the existence
Compounds 509 (2011) 7047–7051

of the deformed (or exchanged) charge between the overlapping
electron shells of the adjacent ions.

These effects have been incorporated in the Gibbs free energy
(G = U+PV − TS) as a function of pressure and three body interac-
tions (TBI), which are the most dominant among the many body
interactions. Here, U is the internal energy of the system equiv-
alent to the lattice energy at temperature near zero and S is the
entropy. At temperature T = 0 K and pressure (P) the

GBX (r) = −˛X
MZ2e2

rX
− 12˛X

MZe2fm(r)

rX
−

[
CX

rX6
+ DX

rX8

]
+ 6bˇij

exp

[
ri + rj − rX

�

]
+ 6bˇii exp

[
2ri − YXrX

�

]
+ 6bˇjj

exp

[
2rj − YXrX

�

]
+ PVBX (rX ) (1)

where X = 1 (Phase 1 = B1), 2(Phase 2 = B2), and Yx = 1.414, 1.154, for
NaCl and CsCl structure respectively.

With ˛X
m (where X = 1 (Phase 1 = B1), 2(Phase 2 = B2)) as the

Madelung constant. C and D are the overall van der Waal coeffi-
cients for NaCl and CsCl structure respectively, ˇij (i,j = 1,2) are the
Pauling coefficients defined as ˇij = 1+(Zi/ni)+(Zj/nj) with Zi (Zj) and
ni (nj) as the valence and the number of electrons of the i(j)th ion.
Ze is the ionic charge and b (�) are the hardness (range) param-
eters, r is the nearest neighbour separations fm(r) is the modified
three body force parameter which includes the covalency effect
with three body interaction, ri (rj) are the ionic radii of ions i (j).

These lattice energies consist of long range Coulomb energy
(first term), three body interactions corresponding to the nearest
neighbour separation r modified by including covalency effect (sec-
ond term), vdW (van der Waal) interaction (third term), energy due
to the overlap repulsion represented by Hafemeister and Flygare
(HF) type potential [29] and extended up to the second neighbour
ions (fourth, fifth and sixth terms).

Covalency effects have been included in the second term in TBI
parameter of cohesive energies given by Eq. (1) on the lines of
Motida [30].

In the present model f(r) is assumed to be constructed by two
parts i.e.

1. due to covalency fcov(r)
2. due to overlap distortion effect (three-body) fTBI(r)

Now modified three body parameter fm(r) becomes

fm(r) = fTBI(r) + fCov(r) (2)

where fTBI(r) is determined by the equationfTBI(r) = fe−r/�here � is
the range parameter. The f(r) due to covalency (fcov) is given by

fcov(r) = 4V2
sp�e2

rE3
g

V2
sp�

E2
g

= 1 − e∗
s

12

Eg = E − I + (2˛ − 1)e2
(3)
r

With Vsp� is the transfer matrix between the outer most P orbital
of anion and lowest excited state of cation Eg is the transfer energy
of electron from anion to cation. Denoting the static and optical
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Fig. 2. Variation of volume change VP/V0 with pressure for HoSb, solid line + solid
circles.
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Fig. 1. Variation of Gibb’s free energy with pressure for HoSb and TmSb.

ielectric constant ε0 and ε, respectively and the transverse optical
honon frequency at zone centre by ωt, es represented as

e∗
s )2 = 9�ωt

2(ε0 − ε∞)

4�N(ε∞ + 2)2
and

(e∗
s )2

(e)2
= 9v�ω0

2(ε0 − ε∞)

4�e2(ε∞ + 2)2
(4)

here v denotes the unit cell volume: 2r3, r equilibrium value of
he separation of the nearest neighboring ions, ε0 the static dielec-
ric constants, � reduced mass of the ions, and ω0 the infrared
ispersion frequency.

.1. Structural properties

The B1 (NaCl) structure is most stable in these compounds and at
igh pressure they transform to body centered B2 (CsCl) structure.
s, the stable phase is associated with minimum free energy of the
rystal, we have followed the technique of minimization of Gibbs
ree energies of real and hypothetical phases. The phase transition
ccurs when �G approaches zero (�G → 0). At phase transition
ressure (Pt) these compounds undergo a (B1–B2) transition asso-
iated with a sudden collapse in volume showing a first order phase
ransition.

We have also computed the relative volume changes V(P)/V(0)
orresponding to the values of r and r′ at different pressures and
lotted them against the pressure in Figs. 2 and 3 for HoSb and
mSb. It is clear from Table 2 and Figs. 2 and 3 that our calculated
olume collapses −�V(p)/V(0) from our MIPM model for HoSb is
.98%. The “−” sign shows the compression in crystal.

.2. Elastic properties
We have applied the lattice theoretical study of second order
lastic constants of cubic crystals by the method of homogeneous
nite deformation. The potential is independent of temperature

able 1
nput data and generated model parameters for HoSb and TmSb.

Solid Input parameters Model parameters

ri( ´̊A) rj( ´̊A) r0 (Å) b(10−12 ergs)

HoSb 0.894a 1.25a 3.57b 10.3899
TmSb 0.869a 1.25a 3.46b 9.5868

a Ref. [35].
b Ref. [28].
Fig. 3. Variation of volume change VP/V0 with pressure for TmSb.

and entropy, so the mechanical elastic constants depend only on the
configuration of the crystal. The only condition is that the known
potential must be in an analytical form, i.e. it must be a function of
relative positions of the ions in the crystal. The knowledge of second
order elastic constants (SOECs) and their pressure derivatives are
important for the understanding of the interatomic force in solids.
The expressions of second order elastic constants are given in our
earlier works [31,32].

3. Results and discussion
The Gibb’s free energies contain three model parameters [b, �,
fm(r)]. The values of these parameters have been evaluated using
lattice parameter, the first space derivatives of the lattice energy

�(Å) fm (r) C (10−60erg cm6) D (10−76erg cm8)

0.325 −0.0189 8036.294 2008.799
0.316 −0.0183 7684.439 1910.633
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Table 2
Phase transition and volume change of HoSb and TmSb.

Solid Phase transition pressure (GPa) Volume collapse %

Present Expt. Present

HoSb 30.5 31a 4.96
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Fig. 4. Variation of lattice constant (a) with phase transition pressure for various
rare earth antimonides.

Table 3
Calculated values of elastic constants (in GPa) and bulk modulus (in GPa) of HoSb
and TmSb.

Solid HoSb TmSb

Present Others Present Others

C11 (GPa) 98.56 – 102.69 –
C12 (GPa) 17.65 – 20.54 –
C44 (GPa) 21.32 27.6a 24.81 26.8a

C11–C12 (GPa) 80.91 138.0a 82.15 135.0a

B (GPa) 44.62 – 47.92 –
ı (GPa) −3.67 – −4.27 –
TmSb 30.6 31a 5.74

a Ref. [28].

U) and equilibrium condition [33,34] expressed as:

dU

dr

]
r=r0

= 0 (5)

1 + B2 = −1.165Zm
2 (6)

here Zm
2 = Z(Z + 12fm(r)) and after following method adopted ear-

ier [30,31]. Using these model parameters and the minimization
echnique, phase transition pressures of rare earth antimonides
ave been computed. The input data [35] of the crystal and cal-
ulated model parameters are listed in Table 1. Fig. 1 shows our
resent computed phase transition pressure for B1–B2 structure
ransition in HoSb at 30.5 GPa, and TmSb at 30.6 GPa, respectively.
he present phase transition pressures have been illustrated by
rrows in Fig. 1 and have been listed in Table 2 with their experi-
ental (31 GPa for both HoSb and TmSb). It is interesting to note

rom Table 2 and Fig. 1 that the phase transitions pressures (Pt),
btained from the MIPM model, are in general in closer agreement
ith experimental data [24].

At elevated pressures, the materials undergo structural phase
ransition associated with a sudden change in the arrangement of
he atoms. The atoms are rearranged in new positions leading to a
ew structure. Experimentally one usually studies the relative vol-
me changes associated with the compressions. The discontinuity

n volume at the transition pressure is obtained from the phase
iagram. The compression curves are plotted in Figs. 2 and 3 for
oSb and TmSb, respectively. The values of the volume collapses

%) are depicted in Table 2. Our results on volume collapse are close
o available experimental and other results. It is clear that during
he phase transition from NaCl to CsCl, the volume discontinuity
n pressure volume phase diagram identifies the same trend as the
ther experimental approach. In Figs. 2 and 3, solid lines + symbols
epresent the real B1 and B2 phases, dash lines represent the hypo-
hetical B1 and B2 phases. It is revealed from Figs. 2 and 3 that our
otential model can effectively explain the high pressure behavior
f these compounds.

We display the results for various rare earth antimonides for lat-
ice constants with phase transition pressure. From Fig. 4 it is clearly
een that the phase transition pressures of all the rare earth anti-
onides increases with decreasing lattice constants. This decrease

ccurs with increasing atomic number. We have compared our
solid triangles) results with experimental data (solid squares) [24].
t is clear from Fig. 4 that our values generally show the same trend
s experimental results [24].

The study of elastic behavior under pressure is well known to
upply useful information about change in the character of the
ovalent and ionic forces induced in the crystal as it is subjected
o the phase transformation. We have calculated the second order
lastic constants of the materials under study. Also, we could repro-
uce the correct sign of the elastic constants (C11–C12). The study
f SOECs under pressure is important as C11 represents elasticity
n length and C12 and C44 are shape related elastic constants. The
OECs of rare earth antimonides have also been calculated and they

re given in Table 3. The values of second order elastic constants
iven by Mullen et al. [2] at 200 K. Due to lack of experimental data
or SOECs, we have compared our results with theoretical data but
he values of SOECs are of the same order as reported by others
	D (K) 279 247a 258 237a

a Ref. [2] (at 200◦ K).

[2]. To the best of our knowledge no experimental data of second
order elastic constants for these rare earth antimonides have been
reported yet.

Moreover, our present model is able to explain the Cauchy vio-
lation. One common approach is to assume that the atoms are
connected with springs and that the resulting forces are only in
the direction of the nearest neighbors (central force model). The
deviation from the Cauchy violation ı = C12 − C44 − 2P is a measure
of the contribution from the non central many-body force. The cal-
culated values of Cauchy violation have been given in Table 3 for
HoSb and TmSb.

In order to understand the thermo physical properties we have
calculated the Debye temperature. The Debye characteristic tem-
perature 	D reflects its structure stability, the strength of bonds
between its separate elements, structure defects availability and its
density. The calculated values of elastic constants and Debye tem-
perature for HoSb and TmSb have been listed in Table 3. Only the
theoretical values are available for Debye temperature for HoSb and
TmSb. Our values of Debye temperature of rare earth antimonides
show the same trend as reported by Mullen et al. [2].

An overall assessment shows that in general, our values are
near to available experimental data and they are in general better
matching than other theoretical data. The success achieved in the
present investigation can be ascribed to the inclusion of the cova-
lency effect and charge transfer (or three body) as they seem to be
of great importance at high pressure when the inter-ionic separa-
tion reduces considerably and the coordination number increases.

The successful predictions achieved from the present model in the
present compounds can be considered remarkable in view of the
fact that it has considered overlap repulsion effective up to second
neighbour ions.
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Finally, it may be concluded that the present modified inter-
ction potential model (MIPM) has successfully predicted the
ompression curves and phase diagrams giving the phase transition
ressures, associated volume collapses and elastic properties cor-
ectly for these rare earth antimonides. The inclusion of three body
nteractions with covalency effect has improved the prediction of
hase transition pressures over that obtained from the two-body
otential and TBI without covalency. The use of suitable functional
orm for three body force parameter with covalency fm(r), instead
f using it as a structure independent model parameter, might
ave improved the usefulness of the present model for estimat-

ng the actual high pressure behavior of the present compounds.
ur results where no theoretical and experimental results are avail-
ble may be tested with different theoretical and experimental and
ethods and may be taken as guide to future work.
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