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ABSTRACT

Inthe present investigation the B1-B2 structural phasetransition and elastic
properties of BaSe and CeSe has been predicted using the simple potential
model considered third nearest neighbor interaction. The calculated values
of B1-B2 phasetransition pressure, equation of state (Compression curve),
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bulk modulus, its first order pressure derivative and second order elastic
constants are given along with the available experimental and other
theoretical values. The results achieved in the present study are found in

good agreement with the available experimental data.
© 2014 Trade Sciencelnc. - INDIA

INTRODUCTION

At ambient pressure and temperature, BaSe and
CeSe exhibit NaCl-typestructure, however with the
application of pressurethey undergofirst order phase
trangition from the sixfol d-coordinated NaCl-type (B1
structure) to the el ghtfol d-coordinated CsCl-type (B2
structure). Thehigh pressure X -ray diffraction studies
suggest theB1-B2 phasetransition pressureof 6.0 and
20.0 GPafor BaSe and CeSe, respectively2.

Inthe past years, many effortsweremadetointer-
pret theexperimental resultd regarding phasetransi-
tion, elastic and cohesive propertiesin the BaSeand
CeSeusing avariety of theoretical model 95, Most
of these approaches used different methods of band
gructurecaculations, suchasscdar rdativigicfull po-

tential-linearized augmented planewave (FP-LAPW)
approach within theframework of density functional
theory!™, self- consistent linearized augmented plane
wave (LAPW)E, tight-binding linear muffin-tin orbitals
(TB-LMTO), linear muffin-tin orbitals (LM TO),
augmented-spherica wavemethod withinthel ocal-den-
sity approximation (LDA-ASW)1, full-potentid aug-
mented planewaveplusloca orbital (FP-APW +10)
method™*™, sdf-interaction corrected loca spin-den-
sity (SIC-LSD) approximation'?, aswell asthe po-
tential model**%3, However, some of these theories
predict thetrangition pressure, compression curveand
cohesive properties, closeto the experimenta findings.
But these cal cul ationsrequire rigorous computational
work.

Inview of abovefacts, theam of the present study
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istoformulatethesimpleand straightforward potentia
model to determinethe B1-B2 phasetransition pres-
sure, theequation of state (compressioncurve), theeas-
tic and cohesive properties of BaSeand CeSe.

METHOD OFANALYSIS

TheGibbsfreeenergy isdefined as:
G=U+PV-TS @
Here U isthelattice energy and V and Sare respec-
tively, thevolumeand vibrationa entropy at pressureP,
and temperature T. Considering that the entropy (S
hasaconstant valueat room temperature (T), for both
the phases, the Gibbsfreeenergy for B1 and B2 phases
may begiven asfollowg617;

GBl(r)=UBl(r)+2(r)3P_TS @
and
8(r1)3P_

33
8(r ! )3

3J3
L attice energy, whichincludeslong range Coulomb
interaction and short rangerepulsiveenergy up tothird

nearest neighbor makesthe cohesiveenergies, for B1
and B2 phases asfollows617:

Z%? -
Ug, (1) =—(mzTce J+6bBl exp(—r)+12bBl exp

Geo(r')=Ug(r)+ TS 3

Here, 2(r)* =V,, and =Vg,.

of PB1
—Jor —V3r
+8by,; ex @)
Pe1 Pe1
122 2 _ 1
Uaz(rl)=_(aM el)+8b52exp( ' )+6b52eXp
4ne 1 B2
P! _ 1
( 2 J+12b82 exp( Z\EI’J (5)
\\/gpsz \/Epsz

Here, r and rt, arethe nearest-neighbor separations;
a, and o, aetheModeungconstants, p,, and p,,

aretherange parameters; b,, and by, arethestrength

parametersin B1 and B2 phases, respectively. At dif-
ferent pressure, to determinethe value of Gibbsfree
energy for B1 and B2 phases, r(r?) is calculated by
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minimizing the Gibbsfree energy at that pressureand
the phasetransition pressureisthepressure at which
thedifference of Gibbsfree energy for two phasesi.e.
dG (= Gg,-G,,) becomes zero. Thisrequiresthe de-
termination of range and strength parameterinBland
B2 phases. For B1 phase, the range and the strength
parameter may be determined from thethermodynamic
condition of bulk modulus I.e.

By, = Vou (d2U 5, (1)/dV,?), . , and the equilibrium
conditioni.e. [dU Bl(r)/dr]r=r0 = 0 whichgives

- -2
exp( rO)+4exp L :
aM2262 Iy Pe1 Pe1

0= 2
Ae , xOr | 2 _ -
0o | Pe exp(rOJ+2\/§exp Var,
pBl pBl
+4e([{_\/§r°J
p
B1 1
+ &
\/§ Pe1
and
oyZ’epe;
bBl= \/E
4me, x 6r2 exp(_r°J+2\/§exp Vo |,
pBl pBl
4 ~3r ™
\/§ PB1

Asthe strength parameter determinesthestrength
of thepotentia and at the phasetransition the coordi-
nation number (number of the nearest neighbors) in-
creasesfrom 6 to 8 soiit is obviousthat the value of
strength parameter will alsoincreasefor B2 phase. For
B2 phasethe strength parameter may be given ag29

8
bg, =Exha1 (8)

Whiletherange parameter isameasureof therange
of thepotential soitsvaluefor B2 phase decreasesas
at theB1-B2 phasetransition the nearest neighbor dis-
tanceincreases. Thevalue of range parameter for B2
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phase (p,, ) may becalculated from theminimaof the
Gibbsfreeenergy whereastheinterionic separation (1)
can be cal culated with the hel p of volume collapse at
the phasetransition pressurg?,

Thebulk modulus and the pressure derivative of
the bulk modulusfor B1 and B2 phasesare calculated
by fitting P-V datato the Vinet equation of state?”,
givenas.

) e T

(Vo 2/3
B, x| —
LV

©

and then gpplying the method of | east squarefit.
Further to calculatethe dlastic constants(C,,, C,,

C,,) for B1 phase, we have partition theminto the con-

tributionsfrom Coulombic and short rangeforcesi.e.

The Coulombic contributionin thed astic constants
may begiven ag®2l

2.55604e%7 2
C Coul —
- Amg,x2r? (11)
4 0.11298e°7°2
Cptl == (12)
4me, % 2r
1.27802e°Z 2
CCouI =
“ Ang,x2r* (13)

Theshort-range (SR) contributions considered up
to third nearest neighbor interactionsare:

Cﬂ? =1(d2UF2NNJ +g(dzus§m]
r dR aer T dR RevZr
+£(dUSNNj +i[d2UTNNJ
r? dR ReVEr 3r drR 2 R
8 (dUTNN]
+ —_—
3\/§r2 dR R-\/EI'
CR __i[dUFNNJ +1(d2USNN]
2 = 2 2
r dR rer T drR Rl

5 [dUSNNJ +i[d2UTNNJ
\/Er 2 dR R=+/2r 3r dR 2 R=+/3r

(14)
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16 (dUTNNJ
3\/§r2 dR R=+/3r

(15)

CR _i(dUFNNj +1(d2USNN] +

“ = 2 2

r dR Rer T dR R=y/2r

3 dUSNN 4 CI2UTNN

J2r2 R Tar | T dr?
R=«/§r R=\/§r

+ 8 dUTNN 16

3\/§r2 dR e vz (16)

RESULTSAND CONCLUSION

Theinput dataa ong with the corresponding refer-
encesand cal culated model parametersfor BaSeand
CeSearegivenin TABLE 1 and 2, respectively. To
study thephasetransition propertiesof BaSeand CeSe,
at first we have calculated the Gibbsfreeenergy for B1
and B2 phase, and found that the cal culated val ues of
the Gibbsfree energy at zero pressure (cohesive en-
ergy) in B1 phaseisless than that of the B2 phase,
which meansB1 phaseisthermodynamicaly and me-
chanically more stablethan B2 phase. Asthe pressure
increases, thedifference of Gibbsfreeenergy (dG) for
two phasesdecreasesand at the phasetrangition pres-
sureit becomeszero. Thedifferenceof Gibbsfreeen-
ergy (dG) with pressureisplotted in Figures1 and 2
for BaSeand CeSe, respectively. From thesefigures
the phasetransition pressure comesout to be 6.2 GPa
for BaSe and 20.8 GPafor CeSe, which arein excel-
lent agreement with the experimentd findings*3. The
phasetrangition pressure, equilibrium separation for B2
phase, cohesiveenergiesfor B1 and B2 phaseand rdla
tivevolumeat trangtionfor B1 and B2 phasearegiven
inTABLE 3, dongwith theexperimenta and other theo-
retical data.

Thecompression curveiscaculated usngtheval-
uesof nearest neighbor separationr(rt) at different pres-

TABLE 1: Input parameters

Bo % Volume collapse at
Crystal 10 (A?) (GPa) transition
3.2965 40.00
BaSe 13.9[1
[ [4] g
2.9950 76.00
CeSe 9.0[2
2] [2] (2]
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TABLE 2: Calculated model parameters.

Crystal  bg(10%)  pei(A%  be(10%)  pea(A9) % Decreasein range parameter for B2 phase
BaSe 916.4436 0.4840 1221.9248 0.4510 6.82
CeSe 4940.2330 0.3507 6586.9773 0.3371 3.88
TABLE 3: Phasetransition and cohesive properties.
N Cohesive energy
Crys Eqwhbnun:oﬁe&g)or B2 phase Un Uss P, (GPa) \\//TO((I;?)/ \\//TO((E?)/
(kJ/Mal) (kJ/Mal)
BaSe
Prese. 3.43324 -2530.61 -2491.03 6.20 0.886 0.787
Exp. 6.00 [1]
Other 3.35498 [10] 6.02[10] 0.880[10] 0.759[10Q]
5.50099 [5] 6.80 [5] 0.901 [5] 0.785[5]
3.37100[7] 5.20[7] 0.880[7] 0.762[7]
5.37456 [6] 5.60 [6] 0.890 [6] 0.760 [6]
CeSe
Prese. 3.15449 -2868.21 -2779.02 20.8 0.834 0.854
Exp. 20.0[2]
Other 3.14021 [15] -2268.92[15] -2204.40[15] 18.6[15] 0.820[11] 0.822[11]
3.14021 [11] 22.0[171]
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Figurel: Thevariation of the difference for Gibbs free
energies(dG) in Bl and B2 phasewith pressurefor BaSe.

surefor BaSeand CeSe, and areplotted inthe Figures
3and4, repectively. Theexperimentd pointsareshown
by filled trianglesfor the shake of compression. Itis
clear fromthesefiguresthat our calculated resultsfor
compression curvearequiteclosetotheavailable ex-
perimentd data. From thesefiguresit may ad so benoted
that theB1-B2 phasetransition occurswith discontinu-
ity involumeat the phasetransition pressure.
Figures5 and 6 representsthevariation of nearest
neighbor distancei.e., Ba-Se (Ce-Se), and next near-
est neighbor distancei.e., Ba-Ba(Ce-Ce), with pres-
surefor BaSeand CeSe, respectively. From thesefig-
uresit may be noted that the nearest neighbor separa-
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Figure 2 : Thevariation of the difference for Gibbs free
energies(dG) in Bl and B2 phasewith pressurefor CeSe.

tionincreases, whilethe next nearest neighbor separa-
tion decreasesat B1to B2 transition. Thismay beex-
plained by the mechanism of theB1-B2 transitionin
which theincreasein pressure causesthe unfol ding of
the bonding between theions. At B1-B2 phasetrang--
tion the Ba-Se distance increases by 0.155 A° while
Ce-Sedistanceincreasesby 0.174 A°. Thisincrease
can beinterpreted asan increase of thecation radius at
B1-B2 phasetrangtion, becausetheanionic radiuscan
be taken as independent of the crystal structure??.
Accordingtothestability criterion of B1 and B2 phase,
the NaCl typestructure becomesstableonly if theratio
of cation radiusto theanion radiusisbetween 0.41to
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Figure3: Compresson curvefor BaSe. Exp. pointsarefrom
ref. [3].
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Figure4: Compresson curvefor CeSe. Exp. pointsarefrom
ref.[2].
0.73 and the CsCl type structure becomesstableif the
radiusratioisabove0.73*8%1, Hence, our resultsaso
support the stability criterion of B1 and B2 phaseand
withtheincreasein cation radiusfor CsCl type struc-
ture, at the phasetransition pressuretheradiusratio
crosses the critical value of 0.73 and the CsCl type
structure becomesstable.

Calculated valuesof bulk modulus B and the pres-
surederivativeof bulk modulusB ! for B1and B2 phase
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Figure5: Variation of interionic distanceswith pressure
for BaSe.
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Figure6: Variation of interionic distanceswith pressure
for CeSe.

aregivenin TABLE 4 aong with other experimental
and theoretical results. It canbereved fromTABLE 4
that our ca culated values[from Vinet equation of state]
of bulk modulus for B1 phase are quite closeto the
experimental valuesand henceverify thesuitability of
present potential mode for BaSeand CeSe. It canalso
beseenfrom TABLE 4 that our caculated vaues[from
egn. (9)] of bulk modulusfor B2 phaseare greater than
that of the B1 phase. This seemsto be correct asthe
small |attice parameters generally lead to high bulk
moduli®¥ andis also consistent with the experimental
work of H.G Zimmer et a . supported by their em-
piricd reation for thebulk modulusof B2 phase, given
asB,= B, (V,/V,,) . Further, to check thisresult
wehavea so cal cul ated the bulk modul usfor B2 phase
from the thermodynamic  condition

Bo = Voo (d U gy (rh)/dvy )rlzrg whichgives

_rl
exp[ > j-|
a;ezzz rol Pe2

2exp| —= [+
Ps2

” 41tso><4\/§(r01)4 Ps2

e4ex|0( :%fm J

-2} -
2x/€exp( \/ngzJ

Again, thevalues calculated from equation (17)
showsthat the bulk modulusfor B2 phaseisgreater
than that of the B1 phasefor both BaSe and CeSe.

For NaCl phase the calcul ated val ues of second

(17)
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TABLE 4: Bulk modulusand itspressurederivative.

Bulk M odulus from egn. (9) Bulk Modulus Bo'
Crystal In B1 Phase In B2 Phase In B2 Phase (GPa), from eqgn. InB1 In B2
(GPa) (GPa) (17) phase Phase
BaSe
Present 40.04 47.92 55.96 4.05 4.99
Exp. 40.00[4]
Other 45.95[10] 49.50[10] 4.42[10] 4.48[10]
41.29[5] 39.46 [5] 3.74[5] 3.58[5]
46.80[6] 48.60[6] 6.56 [6] 4.84 6]
45.41[7] 52.90[7]
CeSe
Present 75.44 86.70 90.38 4.77 5.37
Exp. 76.00[2] 5.00[2]
Other 72.80[15] 73.93[11] 4.77 [11] 4.72 [11]
74.39[11] 5.20[12]
83.40[12]

order eastic constants (SOEC) aregivenin TABLE 5
with availabletheoretica data. Aningpectionof TABLE
5 reved sthat athough the experimental val ues of the
second order el astic constantsfor BaSeand CeSeare
not availablefor the comparison, but theva ues of the
bulk modulus predicted from these el astic constants by

TABLE 5: Second order elastic constantsfor B1 phase.

Cu Cp Cu DulCPd
Crystal  Gpa)  (GPa)  (GPa) "0(”1‘8‘;‘1”'
BaSe
Present 4594  37.02  37.02 39.99
Exp. 40.00
Other 9?5]34 829[5] 838[5] 38.64[5]
10400 1400 1500
G0 1ol o] 440000
CeSe
Present 13036 4881 4881 75.99
Exp. 76.00[2]
19893 1022 9340
Other o un pn 7120
15448 3197 3201
le 15 | 7281018
usingtherelation:
1
B, =§[C11+2C12] (18)

are better than those of the previousworkers ascom-
pared to the experimental val ues.

Atlastitispertinent to mention herethat to study
the B1-B2 phasetransition and el astic properties ab-
inito cal cul ationsand some computer s mulation pro-
gramslike, WIEN2K areextensively being used. But
theaim of the present study istoformulatethesimple
and straightforward potentia model which determines
the B1-B2 phasetransition pressure, the equation of
state (compression curve) and the el astic properties
withinthe sameaccuracy asdoneby such rigorousca-
culationsand computer codes. On thebasisof overal
descriptionit may be concluded that the present poten-
tial model and itsapplication in the present study has
satisfactorily explained thestructure stability, cohesive,
elastic and phasetransition properties of barium and
cerium selenidewhich also vaidatesthephysical sig-
nificance of rangeand strength parameters.
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