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ABSTRACT

In the present paper our well-established model potential describing
electron-ion interaction is for alkaline earth metals Ca, Sr and Ba
explores to study total energy and equation of states (EOS). The main
features of present model potential are single parametric, continues in
r-space and weaker within core and Columbic outside the core. The
parameter of potential is determined using the equilibrium condition
at zero pressure. The total energy, energy-volume (E-V) and
pressure-volume (P-V) relation of Ca, Sr and Ba alkaline earth metals
are computed using a higher order perturbation theory based on
pseudopotential formalism. Numerical values of total energy
obtained are found superior than the other theoretical findings. Good
agreement is achieved between the presently calculated results of P-V
diagram with experimental and other available data found in the
literature, confirming the applicability of model potential for such a
study. To introduce screening effect different forms of exchange and
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INTRODUCTION

It is recognized that the electronic properties of
metals, semiconductors, alloys and compound can be
studied using the pseudopotential theory. The total
energy of pure metals in the framework of the second
order perturbation theory has been a subject of many
pseudopotential studies [1-23]. The alkaline-earth
metals, group-II in the periodic table, have large
compressibility and phase diagrams strongly
influenced by a nearly empty d-band lying in close
proximity to sp-valance band. The d-band occupation
increases with increasing atomic number and with
increasing pressure. In effect, pressure converts the
alkaline-earth metals from an alkali metal-like to
early transition metal-like character. Thus, the study
of total energy, energy-volume and pressure-volume
relations of these metals, of which Ca, Sr and Ba are
the prototype, provides a sensitive test to any
theoretical model applied [5, 16-23].

The atomic properties like total crystal energy,
pressure, energy — volume relations and pressure —
volume relations are computed for Ca (FCC), Sr
(FCC) and Ba(BCC) using the reciprocal sum
analysis method. Our well tested model potential [24]
along with six different forms of local field correction
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functions (LFCF) namely Hartree [3], Taylor [25],
Ichimaru-Utsumi [26], Farid et al. [27], Sarkar and
Sen [28] and Hubbard Sham [29, 30] to compute the
screened form factors, which then used to calculate
the total energy and equation of state for Ca, Sr and
Ba.

THEORY
METHOD
It is difficult to compute static and dynamic properties
of crystals such as total energy, pressure, bulk
modulus and lattice vibrations using information
obtained from the band structure calculation. Second-
order perturbation theory based on the
pseudopotential formalism is applied to examine the
properties of crystals. The total energy of a crystal
may be regarded as the sum of two contributions, one
of which depends only on the volume of the crystal,
and the other, formally, only on the crystal structure.
The former includes terms which are independent of
the atomic distribution, namely, the kinetic energy of
free electrons, and the exchange and correlation
energies. The structure dependent energy is the sum
of electrostatic energy and the band energy. The total
crystal energy per atom of pure metal has been
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computed by many workers using pseudopotential
calculations up to the third order in the perturbation
approach [31].

The first work on the band energy of alloy was done
by Hayes and co-workers [32] using a non-local
potential. Gurskii and Krasko [33] have reported the
total binding energy for all the five alkali metals
using a model potential which is continous in r-space.
Soma [5, 16,17] was successful in computing total
energy and bulk modulus of some co-valent
compounds on the basis of extended perturbation
theory. They have used historical model potentials
and local Heine- Abarenkov model potential [34] with
an additional parameter to ensure minimum energy
condition.

The total crystal energy per pseudo-atom, E, of the
crystalline solid is obtained in the framework of the
usual second order perturbation as [5, 16-20]

E=E+Es+Ei+Ex (D

In equation (2), E; is the electrostatic energy of point
ions immersed in the uniform gas of valence
electrons, called the Madelung energy, which is given
by

5 _ _n'.p.':
Ly =

e

With o is the Madelung’s constant and &, = ».z> and 1
is the radius of the sphere containing one electron.

In Equation (1),Ecis the sum of the kinetic, exchange
and correlation energies of the valence electron and is
given by

2= - 222 0.115 +0.031 In(r)] 3)

i

Eoo=Z|

E1 is the First order perturbation energy of the valence
electron due to the pseudopotential and is given by,

5 - i ) @
RESULTS AND DISCUSSION

andEis the second order perturbation energy is the
band structure energy.

£2 = Zqzo(0) ©®)

Here 7(q) is the normalized energy wave number
characteristics and is given by

[z (g3 =11 (6)
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Where 7 ig) is the bare ion pseudopotential from
factor is given by [24].
Vola) =~ (costar) — 2T (sin( gr,) + g7 cos( 7)) (7)

L={qre)

The pseudopotential form factor used to describe the
electron-ion interaction in metals of the form (in
Rydberg Units). Where Z, 2,, q and r, are valency,

atomic volume, wave vector and parameter of the
potential respectively. The potential of this type is
representative of self-consistent potentials with single
parameter .. =,(g) is the static Hartree dielectric

- N P

function and f(q) be the LFCF.

The pressure P is obtained from the first derivative of
the total crystal energy per atom E with respect to the
atomic volume n, given by,

A7
[

T dn,

o= [ e ] ©
We can write the above equation as

P=P +P,+P +P, (10)
By setting the derivative

T - _p=0 (11)

The parameter of the potential (7) for metals Ca, Sr
and Ba are evaluated.

The input parameters used in the present calculations are presented in Table 1. Here parameter of potential r,

has been calculated using the zero-pressure condition (11).

Table 1. Input Parameter and constants

Ca 293.49 | 1.0459 | 0.9995 | 0.99725 | 0.9909 | 1.0234 | 1.0306
Sr 380.44 | 1.1755 | 1.1241 | 1.11768 | 1.1098 | 1.1513 | 1.1587
Ba 428.56 | 1.2359 | 1.1766 | 1.13559 | 1.1186 | 1.1924 | 1.2175
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Total crystal energy
Table 2. Total Crystal Energy (Ryd/atom) at zero pressure for Calcium (Ca)
Various contribution of energy (Ryd) E Others

Ei Eo E1 %) (Ryd) [35][36]
-1.7384 | -0.3035 | 0.4629 | -0.0381 | -1.6172

H

T -1.7384 | -0.3035 | 0.4228 | -0.0573 | -1.6765

IJ -1.7384 | -0.3035 | 0.4209 | -0.0404 | -1.6615 | -1.3917
F

S

-1.7384 | -0.3035 | 0.4159 | -0.0426 | -1.6690 | -1.3366
-1.7384 | -0.3035 | 0.4433 | -0.2813 | -1.6268
HS | -1.7384 | -0.3035 | 0.4416 | -0.0440 | -1.6364

Table 3. Total Crystal Energy (Ryd/atom) at zero pressure for Strontium (Sr).
Various contribution of energy(Ryd) Others

Ei E1 E: [37] [38]
H -1.5949 | -0.3174 | 0.4512 | -0.0338 | -1.4944

T -1.5949 | -0.3174 | 0.4126 | -0.0498 | -1.5489
Iy -1.5949 | -0.3174 | 0.4079 | -0.0330 | -1.5369 | -1.1621
F -1.5949 | -0.3174 | 0.4022 | -0.0352 | -1.5448 | -1.2770
S -1.5949 | -0.3174 | 0.4328 | -0.0214 | -1.5003

HS | -1.5949 | -0.3174 | 0.4389 | -0.0385 | -1.5119

Table 4. Total Crystal Energy (Ryd/atom) at zero pressure for Barium (Ba)
Various contribution of energy (Ryd) E Others

Ei Eo E1 E2 (Ryd) [37][38]
H -1.5325 | -0.3214 | 0.4427 | -0.0322 | -1.4434
T -1.5325 | -0.3214 | 0.4014 | -0.0483 | -1.5008
IJ -1.5325 | -0.3214 | 0.3738 | -0.0419 | -1.5220 | -0.9717
F -1.5325 | -0.3214 | 0.3627 | -0.0476 | -1.5388 | -1.2181
S -1.5325 | -0.3214 | 0.4122 | -0.0244 | -1.4642
HS | -1.5325 | -0.3214 | 0.4297 | -0.0365 | -1.4607

Total crystal energy for Ca, Sr and Ba are shown in Table 2, 3 and 4 respectively. From table 2, 3 and 4 it is
observed that the maximum total crystal energy is obtained due to the H screening functions. For Ca metals the
total crystal energy, the computed percentile influence with respect to H function are 3.66%, 2.74%, 3.20%,
0.59% and 1.19% for T, IU, F, S and HS screening functions respectively. For Sr metals computed percentile
influence with respect to H function are 3.65%, 2.84%, 3.37%, 0.39% and 1.17% for T, IU, F, S and HS
screening functions. Similarly, we computed the percentile influence for Ba metals is observed with respect to H
function are 3.97%, 5.45%, 6.60%, 1.41% and 1.46 for T, IU, F, S and HS screening functions. From this result
we observed that the for pure FCC (CA, Sr) metals, T screening functions shows the maximum and S screening
functions shows the minimum influence with respect to static H screening function than the other five screening
functions while F screening function shows the maximum influence with respect to the H functions than the
other five screening functions for BCC (Ba) metals. It is also observed that the present values are in good
agreement with other values [36-38]. Due to lack of other information we do not put any concert remark for the
total energy of Ca, Sr and Ba, but in the absence of other data these results will provide a good set of data for
future comparison.

Energy-Volume (E-V) relation

Energy-Volume Relations always serve as a database in the construction of empherical schemes. Both self-
consistent and non-self-consistent Harris Foulkes calculation can be done and a connection is made between
them and simpler tight binding and classical model of interatomic forces. Energy —Volume relations help us to
find equilibrium lattice parameter and also to compute the elastic properties like bulk modulus etc. Here, we
evaluate the energy-volume relations of alkaline earth metals along with six local field correction functions.
Figure 1, 2 and figure 3 shows the energy-volume relation for the Ca, Sr and Ba metals. The figures 1 to 3, we
observed that T screening functions shows the maximum and S screening functions shows the minimum
influence with respect to the H function than the other local field correlation functions. In the absence of
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experimental data we have computed the percentile influence for these metals with respect to H screening
functions. For the energy-volume relation the computed percentile influence with respect to H function are 3.75-
4.43%, 2.83-3.24%, 3.23-3.63%, 0.68-0.43% and 1.27-1.44% for T, IU, F, S and HS screening functions
respectively for Ca metal. The percentile influence with respect to H in the E-V relation with Sr metals along
with other screening functions the values are 3.65-4.49%, 2.85-3.11%, 3.37-3.81%, 0.40-0.094% and 1.18-
1.45% of T, IU, F, S and HS functions, respectively. From figure 3, the percentile influence with respect to H
screening functions for Ba metal, the values are 3.98-7.73%, 5.44-9.86%, 6.61-11.9%, 1.43-2.82% and 1.12-
2.45% of T, IU, F, S and HS functions, respectively.
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Figure 2. Energy-volume relation for Sr.
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Figure 3. Energy-volume relation for Ba.

Pressure — Volume (P-V) relations

As shown in figure 3, the computed P-V relation for Ca along H and S screening functions lye along with
experimental data [39,40] and hence this screening functions show good agreement with experimental data than
the other screening function computed due to present potential. It is observed that present results computed using
the model potential along with Hartree (H)[3] and Sarkar et al [24] screening functions shows the better
agreement with Bhatt et al [40] and available other data reported by Bhatt et al [40]. They are reported P-V
relation using local pseudopotential and they have used the local pseudopotential proposed by Fiolhais et al [40].
Figure 2, Shows the P-V relation for Sr compared along with experimental data due to Budy and Strong [39, 41]
other data reported by Vyas et al.[42, 43]. It is observed that present results computed using the model potential
along with Hartree (H) screening functions shows the better agreement with the available of experimental data
and obtained due to Vyas et al.[43] results. To include the effect of temperature, Vyas et al. [43] have reported
on empirical EOS with the adjustable parameter and deduce EOS at room temperature. Inflections in their EOS
at pressures 24 and 63.5 Kbar indicating structural phase transition cannot be reproduced by the present scheme.
On other hand, results on high-pressure [43] EOS predict SPT at about 35Kbar a first-order transition from one
crystal structure (fcc-cF4) into another (bcc-cI2) [43] is observed. Figure 3 shows the P-V relation for the Ba
metal compared with available experimental data [41]. At a first sight it is noted that the present results
computed using local model potential is in excellent agreement with the observational outcomes. It is also
observed that the outcome of the present results calculated using the present model potential using with T-
function shows good agreement with experimental data computed other screening functions. Our present
approach for alkaline earth metals (Ca, St, Ba) is found to be good agreement with available experimental and
other results.
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Figure 4. P-V relation for Ca along with Exp.[39], other available data and Bhatt et al [40].
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Overall, the results of total energy, energy-volume relation and equation of state computed here for Ca, Sr and
Ba metals suggests that the proper choice of exchange and correlation function is essential for the present study.

Conclusion

Finally, we conclude that the total energy computed
using present model potential along with Sarkar et al.
screening function is found to be in better agreement
with experimental data than the other available
theoretical data and H function is found to generate
overall higher total energy than the other screening
functions. P-V relations found in the alkaline earth
metals show good correspondence with experimental
data and other available information. The FCC metals
Ca and Sr using model potential along with the T
screening function shows the maximum influence
with respect to H function than the other five local
field correction functions. For BCC (Ba) metal using
model potential along with the F function shows the
maximum influence with respect to the H functions
than the other five screening functions. Present study
is going to provide important information regarding
the E-V, P-V relations and also give the proper choice
of model potential for present system. Overall, total
energy and equation of state (EOS) for all alkaline
earth metals we achieve the good agreement with
respect to the experimental data and other data.

Acknowledgement

The author thankful to Prof. P N Gajjar,
Department of Physics, School of sciences, Gujarat
University, Ahmedabad and Prof. B Y Thakore,
Department of Physics, Sardar Patel University, V V
Nagar, for providing valuable guidance.

References

[1] J H Westbrook and Fleisher Intermetallic
Compounds: Structural Applications, Jhon
wiley and sons Inc., NewYork 4, 2000.

[2] D C WallanceThermodynamics of crystal, Jhon
Wiely and sons Inc., NewYork, 1972.

[31 W A Harrision Elementray Electronic
Structure, World Scientific, Singapore 1998.

[4] J Hafner, Unified analysis of static, dynamic
and electronic properties of the alkali metal, Z.
Phys. B 24, pp. 41-52 March-1976.

[5] T Soma, local Heine-Abarenkov potential of
alkali metal, Physica B 97, pp 76-86, July 1979

[6] K N Khanna and S K Sharma Phys. Stat. Sol.
(b) 58 pp.-809, 1978

[7] K S Sharma and C M Kachhava, A potential
and phonon in sodium Solid. Stat. Commun. 30
pp-749-753, September 1979

[8] FJonuand P M Marcus J. Phys. Cond. Matter.
18, pp-4623 2006

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

M J Mehl and Papacontantopoulos, Application
of a tight-binding total energy method for
transition and noble metals: elastic constants,
vacancies, and surfaces of monoatomic metals,
Phys. Rev. B 54 pp.-4519-4528, January1996

Y Chen, K M Ho and B N Harmon, First-
principles study of the pressure-induced bcc-
hcp transitionin Ba, Phys. Rev. B 37 pp-283-
288, January 1988

Yasemin OZTEKOIN CIFTCI, Kemal
COLAKOGLU, The Lattice Dynamics and the
elastic behaviour of fcc and bee Ba. Turkish J.
Phys. 25, pp-363-367, 2001

R A Deegan, Total energy of d-Band metals:
Alkaline-earth and noble metals, Phys. Rev.
186, pp-619-624, October-1969

D Chijioke Akobuije, W J Nellis and F Silvera
Isaac J. Appl. Phys 98 073526, 2005

Dai X D, Kong Y, LiJ H and Liu B X 2006 J.
Phys. Condens. Matter 18 4527

J K Bariya, P N Gajjar and A R Jani FIZIKA B
12 pp-23, 2003

T Soma, H Matasuto and Y Kohbu Phys. Stat.
Sol. (b) 107 pp-761 1981

T Soma, H Matasuto and Y Kohbu Phys. Stat.
Sol. (b) 108 pp-221, 1981

P N Gajjar, B Y Thakore and A R Jani The
Phys. of disordered Material NISCOM New
Delhi India 135, 1997

P N Gajjar, B Y Thakore and A R Jani, Total
crystal energy and heat of solution of alkali base
binary alloys, Acta. Phys. Polo. A 99 pp. 565-
578, January 2001

P N Gajjar, B Y Thakore and A R Jani,
Electronic properties of Rb-K, Cs-K and Cs-Rb
alloy, Rom J. Phys. 45 pp-775-784, 2000.

A R Jivani, P N Gajjar and A R Jani, Total
energy, equation of state and bulk modulus of Si
and Ge, Semi. Phys. Quantum Electronics and
Optoelectronics 5 pp 243-246, 2002.

J A Moriarty, Hybridization and the fcc-bce
phase transitions in calcium and strontium,
Phys. Rev. B 8 pp-1338-1345, August 1973.

H L Skriver, Calculated structural phase
transition in the alkaline earth metals, Phys.
Rev. Lett. 49 pp-1768-1772, December 1982.

@ IJTSRD | Unique Paper ID — IJTSRD65008 | Volume -8 | Issue—3 | May-June 2024

Page 856



[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

B Y Thakore, P H Suthar, S G Khambholja, PN
Gajjar and A R Jani, Dynamical correlation in
some liquid alkaline earth metals near melting,
AIP Conference Proceeding 1313 pp-106-108,
December 2010.

R Taylor.A simple, useful analytical form of the
static electron gas dielectric function, J. Phys. F
8 pp-1699- 1978

K Utsumi and S Ichimaru, Dielectric
formulation of strongly coupled electron liquids
at metallic densities. I'V. Static properties in the
low-density domain and the Wigner
crystallization, Phys. Rev. B 24 3220 September
1981

B Farid, V Heine, G E Engel and I S Robertson,
Extremal properties of the Harris-Foulkes
functional and an improved screening

calculation for the electron gas, Phys. Rev. B.,
48 (16) pp. 11602-11621. October 1993.

A Sarkar, D S Sen and H D Roy, Static local
field factor for dielectric screening function of
Electron gas at metallic and lower densities,
Mod. Phys. Lett. 12 639-648, July 1998.

J Hubbard, the description of collective motions
in terms of may-body perturbation theory Proc.
Roy. Soc. London A 243 pp-336-352, July
1957.

L J Sham, A calculation of the phonon
frequency in sodium, Proc. Roy. Soc. London A
283 pp-33-49, January 1965.

P N Gajjar, B Y Thakore and A R Jani Total
Crystal Energy of some Simple Metals,
Romania J of Physics. pp-747-754, 1998

T M Hayes, H Brookes and A Stock, ordering
energy and Effective pairwise interaction in a
binary alloy in simple metalsPhys. Rev. 175 pp-
699-710 November 1968

G L Krasko and Gurskii, Theory of
pseudopotential and vegards rule in alloys of

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

International Journal of Trend in Scientific Research and Development @ www.ijtsrd.com eISSN: 2456-6470

alkali metals, Sov. Phys. Solid State 13 2062
1972

V Heine and Abarankov, A new method for a
electronic structure of metals, Phil. Mag. 9 451-
465 1964

C Kittel Introduction to Solid State Physics,
John Wiley and Son, New York 1971

U Walzer, Elastic and Bonding Properties of
Transition Metals Phys. Stat Soli. (b) 125 pp-
55-64, September 1984

H -J Tao and W —M, Research on the Lattice
stability of elemental Be, Mg, Ca Sr Ba and Ra
by the ultra-softpseudo-potential method in first
principles, Chen J. of Phase Equilibria and
Diffusion 32 No.5 July 2011.

E Wimmer, All-electron local density functinal
study of metallic monolayers .II. Alkalin-earth
metals, J. Phys. F: Met. Phys. 14 pp-681
September 1984.

F P Budy and H M Strong Solid-State Physics
(Eds. Seitz F and Turnbull D, Academic press,
New York) 13 pp-81 1962.

N K Bhatt, P R Vyas, V B Gohel and A R Jani,
Finite-temperature thermophysical properties of
fcc-Ca Eur. Phys. J. B 58 pp-61-68, July 2007.

M Winzenick and W B Holzapfel, Structural
study on the high pressure phase strontium III,
Phys. Rev. B 53 pp-2151, February 1996.

M S Anderson, C A Swenson and D T Peterson,
Experimental equations of state for calcium,
strontium, and barium metals to 20 kbar from 4
to 295K,Phys. Rev. B 41 pp-3329-3338
February 1990.

P R Vyas, V B Gohel, N K Bhatt and A R Jani,
High-pressure PV relation and Gruneisen
parameter for elemental strontium. Ind. J. Pure
& Appl. Phys. 45 93-95, January 2007.

@ IJTSRD | Unique Paper ID — IJTSRD65008 | Volume -8 | Issue—3 | May-June 2024

Page 857



