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a b s t r a c t

A three-body interaction potential (TBIP) has been formulated by incorporating the effects of long-range
coulomb interaction, three-body interaction and short-range repulsive interactions effective up to second
neighbor ions. The three-body interactions arise from the electron-shell deformation when the nearest-
neighbor overlaps. This TBIP has been employed for detailed studies of pressure-induced phase transition
and high-pressure behavior of NpSe and NpTe. The model has yielded fairly good description of the cohe-
sive energy, compressibility, molecular force constant, reststralhlen frequency and Debye temperature
in case of these actinide monochalcogenides.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

In recent past several monopnictides and monochalcogenides
f neptunium (Np) have been studied experimentally using high-
ressure X-ray diffraction and optical reflectivity measurements
1–5]. But due to the problem of handling these radioactive mate-
ials, less attention has been drawn about their structural, phonon
nd thermo-physical properties. Theoretical investigations [6–8]
re made which reveal that 5f unfilled electrons are mainly respon-
ible for the structural and elastic properties of these compounds.
hese 5f electrons have lower binding energies and less effective
hielding by the outer electrons as compared to the 4f electrons in
ase of lanthanides. Hill [9] has pointed that the distance between
he actinide atoms is mainly responsible for many solid-state
roperties for instance, there is critical distance below which the
ompounds are non-magnetic and above which they are magnetic
t low temperature. It is obvious that due to the application of high-

ressure the lattice constants get changed, inducing many changes

n the bond length, structure, optical and phonon properties.
At room temperature and pressure these neptunium chalco-

enides crystallize with the rocksalt structure (B1) but undergo
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925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.05.140
pressure-induced phase transition from rocksalt (B1) to cesium
chloride (B2) structure. Gensini et al. [10] reported that the NpSe
undergoes a transition from B1 to B2 structure at about 23 GPa with
a volume change of 9%. Dabos et al. [11] investigated that the first-
order phase transition in NpTe from B1 to B2 structure occurs at
around 12–20 GPa with volume change of 7%.

In the recent past, extensive efforts have been made to reveal
the phase transition and anharmonic properties of solids by means
of different forms of cohesion. The inadequacy of two-body inter-
actions is clearly indicated by its failure to explain the Cauchy
violations in ionic crystals. Lowdwin [12] and Lundqvist [13]
in terms of three-body interactions (TBI) argued an acceptable
explanation of these violations, which have their origin in the non-
orthogonality of electron wave function. The importance of TBI in
potential model to improve results has also been emphasized by
Sims et al. [15] and Froyen and Cohen [16]. Moreover inter-ionic
potentials are developed including the TBI (many-body interac-
tion) while studying �-AgI by Vashishta et al. [17]. Motivated from
the remarks of Lowdin [12] and Lundqvist [13] and the versa-
tility of many-body interactions approach [14] for the successful
description of the high-pressure phase transition in neptunium

chalcogenides, we thought it pertinent to make a comprehensive
study of TBI effects on cohesive and thermo-physical properties
of NpSe and NpTe compounds. We have employed three-body
interaction potential (TBIP) model [14] which consists of long-
range Coulomb interaction, three-body interaction and short-range

dx.doi.org/10.1016/j.jallcom.2010.05.140
http://www.sciencedirect.com/science/journal/09258388
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epulsive interactions. We have also studied the TBI effects in case
f semiconductors [18] and more recently in case of rare-earth
ono-tellurides [19]. Jha and Sanyal [7] have successfully inves-

igated the high-pressure behavior of NpSe and NpTe using same
et [�, b, f(r)] of model parameters in both B1 and B2 phases. More
ecently Kholiya and Gupta [8] employed the potential model tak-
ng different set of [�, b, f(r)] and shown the realistic approach to
nalyze the high-pressure phase transition and elastic properties of
ctinide-arsenides. They reported some weaknesses in the poten-
ial model developed by Jha and Sanyal [7] viz (a) They have used
he same ionic radii in both phases and (b) They have used same

odel parameters for both the phases etc. Hence, we thought it
ertinent to employ TBIP in case of NpSe and NpTe taking different
ets of model parameters [�, b, f(r)] for both B1 and B2 phases in
rder to make TBIP approach more realistic. The proposed poten-
ial model and computed results are illustrated in Sections 2 and 3
espectively.

. Potential model

It is well known that pressure causes a change in volume of the
rystal and consequently it alters the charge distribution of elec-
ron shells. As a result of this, a deformation of the overlapping shell
akes place that give rise to charge transfer. This transferred charge
hen interacts with other charges of the lattice via Coulomb’s law

ives rise to many-body interactions (MBI), the significant part of
BI is three-body interactions (TBI) [14]. This interaction becomes
ore important to consider due to the decrease in the inter-ionic

pacing of the crystal when pressure gets increased. The transferred
harge due to the overlap of electron shells, modifies the ionic
harge which in turns enhances the coulomb energy. The increased
ffects of TBI, thus obtained, lead to an obvious necessity of their
nclusion in the high-pressure phase transition studies. Thus, the
xpression for the modified Coulombic energy due to TBI is:

m(r0) = �C + �TBI (1)

m(r) =
[

−˛Mz2e2

r

][
1 +

(
2n

z

)
f (r)

]
(2)

ere, ˛M is the Madelung constant, which is 1.7476 (1.7629) for
aCl (CsCl) structure solids, r is the equilibrium nearest neighbor

nn) ion separation, n is the number of nearest neighbor (nn), z is
he valence, e is the electronic charge and f(r) is the TBI param-
ter which is dependent on the nearest-neighbor distance (r) as
(r) = f0exp(−r/�) [14].

The effect TBI is introduced in the expression of Gibb’s free
nergy. Obviously, the stability of a particular lattice structure is
ecided by the minima of the Gibb’s free energy (G = U + PV − TS).
ere, U being the internal energy which at 0 K is equivalent

o lattice energy. S is the vibrational entropy at absolute tem-
erature T. Since the theoretical calculations are done at T = 0 K,
ence the Gibbs’s free energy is equivalent to enthalpy. As
he temperature or pressure variable acting on the compounds
s altered the free energy changes smoothly and continu-
usly. The Gibb’s free energy for the rock salt (B1) structure
s:

B1(r) = UB1(r) + 2r3P (3)

nd for the cesium chloride (B2) structure
s:

(r′) = U (r′) + 1.54r′3P (4)
B2 B2

ere, VB1 (=2.00 r3) and VB2 (=1.54 r3) are the unit cell vol-
mes for B1 and B2 phases respectively. The first terms in
he energies expressed by Eqs. (3) and (4) are lattice ener-
ies for B1 and B2 structures and they are expressed as
Compounds 504 (2010) 427–430

follows:

UB1(r) = −˛mz2e2

r
− 12˛mze2 f (r)

r
+ 6 b exp[(−r)/�]

+ 12 b exp[(−1.414r)/�] (5)

UB2(r1) = −˛′
mz2e2

r1
− 16˛mze2f (r)1

r1
+ 8b1 exp[(−r1)/�1]

+ 6 b1 exp[(−1.154r1)/�1] (6)

Here, � (�1), b(b1) and f(r) [f(r)1] are the range, hardness and TBI
parameters for the B1(B2) structures. These lattice energies UB1(r)
and UB2(r1) consist of long-range Coulomb energy (first term),
TBI corresponding to the nearest-neighbor separation r(r′) for B1
(B2) phases (second term), energy due to the overlap repulsion
(third term) and extended up to the second neighbor ions (fourth
terms).

The effective inter-ionic potential model described for NaCl (B1)
and CsCl (B2) structures contain three model parameters [�, b,
f(r)] for B1 structure and three model parameters [�1, b1, f(r)1] for
B2 structure. For B1 structure, these parameters are calculated by
employing the equilibrium conditions:[

dU

dr

]
r=r0

= 0 and

[
d2U

dr2

]
r=r0

= 9kr0BT (7)

Here BT is isothermal bulk modulus and K = 2 for B1 phase. For B2
phase, we have followed Kholiya and Gupta [8] realistic approach,
according to which the value of range parameter decreases from
B1 to B2 structure up to 10% and the value of hardness parameter
increases by the ratio 8/6 from B1 to B2 phase and hence written
as:

b1 = 8
6

b (8)

Here, 8 and 6 are the coordination numbers for the B1 and B2 struc-
tures respectively. Also, the value of the range parameter �1 in B2
phase is calculated by knowing the fact that the range parame-
ter decreases as the inter-ionic separation (r) increases and can be
written as:

�1 = r

r1
� (9)

Also, the TBI parameter [f (r1)] is calculated by the minimum value
of the Gibb’s free energy for B2 phase whereas the inter-ionic
separation(r1) for B2 phase is calculated from the experimen-
tal relative volume change at the phase transition pressure. The
expression for second-order elastic constants i.e. SOCE’s (C11 C12 &
C44) and their pressure derivatives are well described in our earlier
work [19].

Moreover, We have investigated various physical properties
like Compressibility (ˇ) force constant (f), Debye temperature (�D),
Gruniesen parameter(�), Reststralhlen frequency (�0) in order to
assess the relative merit of TBIP. The relevant expressions used in
our calculations are taken from Singh et al. [20].

In order to describe the anharmonic properties, we have calcu-
lated compressibility (ˇ) of the compounds from the relation:

ˇ = 3Kr0

f
(10)

which is written in terms of the molecular force constant and can
be expressed as:
f = 1
3

[
˚SR(r) + 2

r0
˚′

SR(r)
]

(11)

where ФSR (r) is the short-range overlap repulsion energy and Ф′
SR

(r) is the first-order derivatives of short-range overlap repulsion
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Table 1
Input parameters used to calculate the model parameters.

Crystal r0 (A◦) Volume collapes (%) BT (GPa)

NpSe 2.902a 9a 60a

NpTe 3.099b 7b 62b

a Ref. [10].
b Ref [11].

Table 2
Calculated model parameters.

Crystal B1-phase B2-phase

e
a

�

B

�

H
s

f

�

H
o

3

f
v
t
u
i
v
i
u
e
m
u
p
e
l
p
e
t
I
m
f
s
t
a


s
T

Table 3
Cohesive and phase transition properties of NpSe and NpTe.

Crystal Cohesive energy (10−19 J) Transition pressure (GPa)

GB1(r) GB2(r1) Present Exp Others

NpSe −96.26 −94.99 24.4 23a 22.4b

NpTe −91.77 −90.57 12.2 (12–20.0)c 14.2b

a Ref. [10].
b Ref [7].
c Ref. [11].

We have studied the anharmonic properties of these monop-
nictides by calculating SOEC’s (C11 C12 & C44) and the pressure
derivative of the bulk modulii dBT/dP as they provide physical
insight into the nature of binding forces between the different con-
� (Ao) b (10−19 J) f(r) �1 (A◦) b1 (10−19 J) f(r)1

NpSe 0.55 1175.5 0.0329 0.521 1565.4 0.035
NpTe 0.575 1247.8 0.0332 0.54 1658 0.056

nergy. This force constant is also used to calculate the infrared
bsorption (reststralhlen) frequency from the relation:

0 = 1
2�

[
f

�

]1/2

(12)

The values of Debye temperature have been calculated from the
lackmann’s relation [21] which is as follows:

D = h̄

kB

(
5r0

BT�

)1/2
(13)

ere, h̄ = h/2� is the Planck’s constant, kB is the Boltzman’s con-
tant, � is the reduced mass.

The Gruneisen parameter is calculated from the relation [20] as
ollows:

= −r0

6

[
˚′′′(r)
˚′′(r)

]
r=r0

(14)

ere, 	′′′(r) and 	′′(r) are the third and second-order derivative of
verlap energy with respect to inter-ionic separation respectively.

. Results and discussion

The effective potential model described in the earlier section
or B1 and B2 phases contain different set of model parameters
iz [�, b, f(r)] and [�1, b1, f(r1)]. Previous workers [7,18,19] have
aken single set [�, b, f(r)] in B1 phase and same set of values was
sed in B2 phase. The reason for this was to maintain the simplic-

ty in theoretical calculations with the single set. The necessity and
alidity for different set of parameters for both the phases are well
llustrated by Kholiya and Gupta [8]. They suggested that while
sing minimization technique of cohesive energy for two differ-
nt structures viz for B1 and B2 phase having different potential
odel their corresponding parameters should also be different. The

tilization of different parameters for different structures in the
resent potential model enables to calculate theoretical cohesive
nergy more accurately than other [7]. The input data for calcu-
ating the model parameters are listed in Table 1 and the model
arameters thus obtained are presented in Table 2. The cohesive
nergy and the phase transition pressures for NpSe and NpTe are
abulated in Table 3 along with the experimental and other work.
n an attempt to reveal the structural phase transition of the test

aterial, we minimize the Gibb’s free energies GB1(r) and GB2(r1),
or the equilibrium inter-ionic separation (r) and (r1). As the pres-
ure is increased, 
G decreases and approaches to zero at the phase

ransition pressure. Beyond this pressure, 
G becomes negative
s the phase B2 is more stable. The Gibbs free energy differences
G = (GB2(r1) − GB1(r)) have been plotted as the function of pres-

ure (P) and are shown in Fig. 1(a) for NpSe and Fig. 2(a) for NpTe.
he estimated value of phase transition pressure (Pt) for NpSe and
Fig. 1. (a) Variation of Gibbs free energy difference with pressures for NpSe and (b)
variation of relative volume change with pressure for NpSe.

NpTe are 24.4 and 12.2 GPa which are very close to experimental
results of NpSe and NpTe. The compression curves from present
model are shown in Figs. 1(b) and 2(b) indicating the first-order
transition from B1 to B2 structures.
Fig. 2. (a) Variation of Gibbs free energy difference with pressures for NpTe and (b)
variation of relative volume change with pressure for NpTe.
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Table 4
Calculated elastic constants and their combinations (GPa).

Crystal C11 C12 C44 dBT/dP

NpSe 1.11 0.618 0.638 4.45a

NpTe 1.52 0.638 0.68 2.35a

a Ref. [8].

Table 5
Calculated values of compressibility, force constant, Debye temperature, Gruneisen
and reststrahlen frequency.

s
w
S
c
v
c
[
a
s
s
f
a
d
u
C

o
G
l
Q
p
s
u
B
2
t
c
l
c
i
i
c
r
a
u
o
p
t
p

[
[

[
[
[
[
[

Crystal ˇ (10−12 dyne−1 cm2) f (105 dyne/cm) �D (K) � �0 (1012 Hz)

NpSe 3.2 1.84 228 0.89 2.13
NpTe 3.15 1.85 203.68 0.91 6.11

tituents of a crystal. The methods for their calculations are same
hich we have reported in our earlier work [19]. The values of

OEC’s are well tabulated in Table 4 which we are not able to
ompare due to the lack of available experimental data but their
alues are well suited with the values reported for actinide arsenide
ompounds [8] having NaCl-type structure. In addition, Vukcevich
22] proposed a high-pressure stability criterion for ionic solids,
ccording to which the stable phase of a crystal is one in which the
hear elastic constant C44, is nonzero at the phase transition pres-
ure. Thus, it is inferred in Table 4 that the shear elastic constants
rom the present potential model is non-zero and this supports the
bove defined high-pressure stability criterion. Also, the values of
BT/dP for NpSe (NpTe) are positive indicating that the bulk mod-
lus increases on increasing the pressure, i.e. the elastic constants
11 and C12 also increase with pressure.

Apart from elastic constants, we have investigated vari-
us important physical properties like Debye temperature �D,
runeisen parameter (�) and Anderson parameter(ı). The calcu-

ated values from the TBIP approach are well tabulated in Table 5.
uite generally, the Debye temperature is the function of tem-
erature and varies technique to technique and also depends on
ample quality with the standard deviation of about 15 K. Our val-
es for the Debye temperature are calculated from well-known
lackmann’s formula [21] and their values for NpSe and NpTe are
28 and 203.68 K respectively. The experimental data for the Debye
emperature of solids under study is not known yet. Thus we do not
laim the process to be rigorous, but a consistent agreement fol-
owing TBIP is obtained on Debye temperature. Moreover, we have
alculated the Gruneisen parameters which describe the alteration
n crystal lattice vibrations frequency (phonon) based on the lattice
ncrease or decrease in volume due to the temperature or pressure
hange. Also, our values of Gruneisen parameter (�) seem to be
ealistic as they are close in magnitude to the measured values of
lkali halides having NaCl-type structure [14]. Since the compounds

nder study are recently discovered, hence the direct comparisons
f these properties are not possible. The present results on thermo-
hysical properties are however are of academic importance but
hey will also guide the experimental workers in future. A com-
lete analysis of the dielectric and dynamical properties of the

[
[
[
[
[
[

Compounds 504 (2010) 427–430

actinide monopnictides and monochalcogenides from the present
TBIP model seems desirable and is in progress in our group.

4. Conclusion

In the present investigation, an effective inter-ionic interac-
tion potential model is formulated for analyzing the structural and
elastic properties as well as the quantitative description of thermo-
physical properties in case of NpSe and NpTe. In the present TBIP
model, we have used different sets of model parameters for B1 and
B2 phases for the first time including the effects of three-body inter-
actions. Previous workers have taken single set of parameter [�,
b, f(r)] in B1-phase and same set was used in B2-phase which is
not the realistic method because we are utilizing the minimiza-
tion of Gibb’s free energy for two different structures and their
expressions are also different. Also, we have noticed that during the
crystallographic phase transition from NaCl to CsCl structure, the
volume discontinuity in pressure-volume phase diagram identifies
the same trends as the experimental data. Moreover our calcu-
lated values of Compressibility, force constant, Debye temperature,
Gruneisen and reststrahlen frequency are consistent with the alkyl
halide compounds having the NaCl-type structure.

It is thus obvious from the overall achievements that the present
TBIP model is adequately suitable for describing the phase transi-
tion pressure, relative stability and the thermo-physical properties
of neptunium monochalcogenides. This model has promise for such
successful descriptions in case of other actinide compounds also.
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