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Ab initio interionic potentials for CaO by multiple lattice inversion
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Abstract

Using Chen—Ndbius inversion, we derive the interionic pair potentials from pseudopotential total-energy curves of the CaO crystals in B1,
B3 and two P4/mmm virtual structures. Based on these potentials, the static properties of CaO in the rocksalt phase are calculated. Moreover,
the phase stability of B1-CaO has been described by the energy minimizations from the disordered to the ordered states. Furthermore, the
pressure-induced phase transition, phonon dispersion curves and properties qf{laf@js have also been investigated. Compared with
experimental data, most of our results indicate that the present calculated potentials are effective for studying properties of CaO ionic crystal.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction to the major components, MgO and $i0n the Earth’s
lower mantle[11]. For this reason, considerable experi-
Based on the Chen-dbius inversiojl-4]and aseriesof  ments have been paid to the elastic properties, static com-
pseudopotential total energy curves, the interionic pair poten- pression and equation of state, B1-B2 phase transition and
tials can be derived from multiple virtual structufgs Using high-temperature thermal expansion of Ja@-16] Several
the ab initio interionic potentials, the static properties of ACI successful theoretical models have also been introduced to
(A=Li, Na, K, Rb), molecular dynamics simulations, temper- investigate the properties and behaviors of alkaline-earth ox-
ature dependences of volume, bulk modulus and elastic con-ides including CaO. For example, Potential-induced breath-
stants are calculated. The results are in good agreement withng model (PIB model) has calculated the second-order
the experimental valug€]. Not only the properties presented  elastic moduli, high-pressure behavior, phonon dispersion,
above but also the B1-B2 transition path in NaCl and RbCI, equations of state and B1-B2 phase-transition pressures of
and the energies and stabilities of NaCl clusters are simulated alkaline-earth oxideglL7—19] Breathing shell model (BSM)
These are in excellent agreement with the experimental ob-was used to examine the elastic constants, temperature depen-
servationg7-9]. The successful results motivated us to use dences as well as the temperature—pressure—volume equation
this concise and rigorous approach in simulating the proper- of states of both MgO and Cg@0]. Also, the elastic proper-
ties of alkaline-earth oxides MgO, CaO, SrO, and BaO. Theseties and pressure dependence of four B1-type alkaline-earth
oxides have long been considered as a typical case for underoxides were calculated using the ab initio full-potential linear
standing bonding in ionic oxides and they are also one of the muffin-tin-orbital (FP-LMTQO) generalized gradient approx-
most fundamental materials for industrial applicatjp@]. imated (GGA) method to elucidate their systemafibg].
In the present work, we focus our interests on calcium ox- Transferable potential models of interatomic interactions in
ide, CaO. CaO may be the most abundant component nextCaO, SrO, and BaO were obtained by fitting the forces and
stress tensor given by the aspherical ion model (AIM) to
mspondmg author. Tel.: +86-10-6277-2783; pred_ict thermal expansivities, e!astic constants,_phonon dis-
fax: +86-10-6277-2783. persion curves and pressure-driven phase transifdrsin
E-mail addresswangchao97@mails.tsinghua.edu.cn (C. Wang). most of the previous worKl9—-21] the interionic potentials
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were started from the selection of interionic potential function
forms with adjustable parameters, and then the potential pa-
rameters were obtained by fitting to the experimental data or Etot (@) =
calculation results. But our lattice-inverse potentj&|§] are
derived from ab initio calculations without any experimen-
tal data and priori potential function forms. This approach is
more concise and convenient compared to other models an
methods.

The paper is organized as follows: 8ection 2 we in-
troduce the scheme on how to derive the inversion interionic
potentials from the total energies of CaO multiple lattices
based on Chen—f#bius lattice inversionSection 3contains
the application of our potentials to calculate the static proper- A Eca—o(a) =
ties, bulk modulus and elastic constants, stability of B1-CaO
crystal. We also simulated the transition from the disordered
to ordered CaO. As afurther test of present potentials, phonon
dispersion, B1-B2 phase-transition pressure and stability of ~ Then the CaO pair potential curve can be evaluated by
CaoO clusters are also presented in this section. All the resultslattice inversior{3,4]. However, if the B2 (CsCl-type) model
are discussed and compared with other models and experiis selected, from B1 to B2, the €&, Ca-Ca, and GO
ments.Section 4summarizes the results. interactions all undergo changes because cations and anions
in the B2 structure are placed on the sc (simple cubic) sub-
lattices. Therefore the combination of B1 and B2 structures
could not give more information than the single B1 or B2
structure.

In order to obtain the ©0 interaction from the total en-
ergies, the T1 structure is built as showrHig. 1(c), which

Interms of the descriptions of pair potentifg8], thetotal - iqts of 4 cation fec and an anion tetragonal sublattice. ts
energyEtot(a) of B1 (NaCl-type) structure at lattice constant total energy can be expressed as

acan be expressed as Eq. (1), which includes three kinds of
ionic interactionsEEL_(a), EXC_ (a), andEXC +(a), EfYa) = EEL _o(a) + EXS_(a) + EE"3(a) + Eiso.  (4)
For B1- and T1-CaO at the same lattice constattieir

cation—cation interactioB’SC_. (a) andES_ . () are iden-
where theE{‘fg_Ca(a) and Efgio(a) are the like-ion contri- tical, and their contributions from unlike-ion interactions can
butions on fcc (face-centered-cubic) sublattieg, is the be separately calculated by the above-Ogair potential.
energy of isolated ions, which is independent of the interi- Hence, the partial lattice energy as a function of theQ0
onic separation. As is known to us all, CaO initially exists pair potential can be derived from the total-energy difference
in B1 (NaCl-type) structure that is expected to transform to between B1- and T1-CaO, which can be expressed as

B2 (CsCl-type) structure at high pressit8]. Only with B1

and B2 structures, we cannot derive the inversion interionic AEo—o(a) =
potentials. So three other virtual structures (B3, T1, T2) are
introduced with regard to B1 structure, which may not exist

The total energyE23(a) of B3 (zinc blend structure) is

EZ () + EXS (@) + EX°o(a) + Eiso.  (2)

If the four structures have the identical lattice constant

from B1 to B3 only the cation-anion interaction undergoes
he change for their identical like-sign ionic sublattices. The

ifference between B1 and B3 structures is only the relative
displacement of cation and anion sublattices. From B1 to
B3, the Ca-Ca and G-O distances are unaffected by this
displacement, and their total-energy difference is only about
the Ca-O interactions and can be expressed as

ERYa) — EE3(a) = ES_o(a).

®)

Ca—O(a)

2. Description of inversion pair potential

2.1. Virtual structural models

EBY(a) = EBL o(a) + EXC_(a) + EXCo(a) + Eiso, (1)

EBYa) — Efi(a)

Ca—O( )+Efcco( ) ECa—O( ) Etetra( )

in nature, as shown iRig. 1

(5)
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Fig. 1. Structures used for ab initio pseudopotentials total-energy calculations. White balls denote catipp@6isions and black balls show anionXQ
positions. (a) B1 (rocksalt) structure; (b) B3 (zinc blende) structure; (c) T1 structure (virtual structure for anion—anion interaction);rgdyur2 étirtual
structure for cation-cation interaction). Both B1 and B3 are formed by two fcc sublattices, and a fcc and a tetragonal sublattices are includéd# T1 an

structures.
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As for the cation—cation interaction, the T2 structure as in which AE(SEE—O(‘I) is the short-range interaction, and
shown inFig. 1(d) is generated by exchanging the atomic

: h . ; AEggﬂ'O(a) is the long-range Coulomb part between B1-
sites of cations and anions in the T1 structure. The T1 and 53n4 B3-CaO. According to the multiple lattice inversjgh

T2 structures have the same space group P4/mmm. Then thesqyjomb interaction can be calculated by the fixed effective

total energy of T2-CaO is charges over a wide range of interionic distances but when we
use the same approach on determining the effective charges
of CaO, we find even if we regard the lattice energies approx-
imately as only the sum of Coulomb potential when lattice
constang > 10.0A, the fixed ionic charges cannot be deter-
mined by fitting the total energy difference between B1—-and
B3-CaO at larger lattice constant. On the other hand, if we
use the full ionic charges, 2.0e, as the effective charges, the
non-Coulomb energy difference between B1- and B3—CaO
at larger lattice constant is still different and the difference
tends to a constanE{g. 3). According to the result, we may

conclude that this energy constant may be caused by many-

Elane-xvav_e tba3|s Sfli wgh_”56(_) eV cutolf was appllte%. T_Tﬁ body effect. Sowe introduced a three-body interaction model
-Mmesh points over the Brillouin zone were generated with ;e jg only relative to the angle between cation and anion

parameters 4« 4 x 4 for the biggest reciprocal space and 1 [26]. The interaction can be expressed as
x 1 x 1 for the smallest one by the Monkhorst—Pack-scheme
$ijx(0) = C[1 — (—1)" B cos@biji)],

Ef(@) = E&-o(a) + EGca@) + ES2o(@) + Eiso. (6)

Similarly, the Ca-Ca partial lattice energy can also be
obtained from the total-energy difference between B1- and
T2—CaO.

As for the total energies of CaO crystals in B1, B3,
T1, and T2 structures, they were calculated by using the
LDA implemented in the CASTEP (Cambridge Serial Total
Energy Package) prograifi23,24] The norm-conserving
pseudopotentials for Ca and O were used in this work. A

[25] corresponding to the lattice constantThe energy tol- (8)
erance for self-consistent field (SCF) convergence was 2 _ )

10-8 eV/atom for all calculationgsig. 2shows the calculated ~ WhereB andn are, respectively, 1 and @y is the angle be-
total energies of B1-, B3-, T1-, and T2-type CaO crystals as tween ions, j andkln.d!catlng the lattice §|tes of|on_§.|sthe

a function of crystal lattice constaat undetermined coefficient. For a determinate fabric, the three-
body interaction can be determined only by the coefficignt
and the interaction does not vary with lattice constabe-
cause the three-body interaction is only relevant to the angle.
For B1 structure, the three-body potential does not contribute

_ _ to the total-energy on account of the°afr 180 bond-angle
According to Eq. (3), the total-energy difference between hile for B3 structure, the three-body angle energy is 4736

B1-and B3-CaO only depends on the-Cainteraction,and  per atom. For the model presented above, if the coefficient
can be rewritten as C has been determined, the short-range interaction can be
ignored at larger lattice constant so the difference of three-
body interaction energy between B1— and B3-CaO becomes

2.2. Ca-0 interionic potential and three-body
interaction model

AEca-o(a) = AESLo(a) + AER oa). Y
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Fig. 2. Total energies in different CaO structures vs. lattice conatiiom ab initio pseudopotentials calcultations.
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a constant that can explain the invariant energy constant (segange interaction difference between B1— and B3—CaO is

AE in Fig. 3) between B1 and B3 non-Coulomb interaction.
According to this model, the non-Coulomb interaction can be &
regarded only as the sum of short-range two-body potential _ Eg%(a) _ Coul(a) Et%:f’(a)

and three-body interaction,
Coul(a) + Egr?g' (11)

Enon-coul= Z ‘15(”1'./) + Z ¢(9ijk)- ()]
ij ik For the B1-type CaO, the short-range-Cainteraction
per ion can be expressed as

EBL oisrfe) = 5 Y080 (J(i+k—1>2+(i+j—1)2+(j+k—1>2§), (12)
ljk

EZR o(a) = E¢h o(srf@) — Eca—o(sr)@)

where the¢>Ca_O is the Ca-O short-range pair potential, and

After introducing the three-body interaction model, we thei, j, k indicate the atomic sites of ions in the unit of the
can rewrite Eq. (7) as lattice constana. In the B3—CaO, the G&D short-range in-

teraction per ion is

B3 . A A _ 1\%a
Ecaosrf@) = Z¢Ca—o (l+k—§> +<l+]—§) +(]+k—§> 5] (13)

l J.k
Thus, based on the Chen-8éldius lattice inversiofil—4],
the mteractlonAEga_o(x) per ion can be expressed as the
AEca—o(a) = EEYa) — EE3(a) form as follows:
Coul SR B3
= AEga 0(a) + Egz o(a) — Eqng (10) AESR o(x) = Zro(n)¢Ca_o[bo(n)x], (14)

whereEEﬁg, a constant, is the three-body interaction energy ) ) ) )
wherex is the nearest-neighbor distandg(n)x is the nth-

of B3 CaO andAEC"u a), the difference of Coulomb en- . ) ? O
ergy between B1- an%l( E)33 CaO, can be calculated via ther](':"ghbo.r d|stance,.am@(n) IS thgnth coordlr?atllon_number:
Madelung constant27] of B1 and B3 structures or Ewald The series{bo(n)} is extgnded into a multiplicative semk-
summation techniqud&8] with the fixed ionic charges. The gro.u;;). Th"e;-n forhatr;]y :Wo integersandn, there always exists
fixed ionic charges an@ in three-body interaction model an integek such tha

can be obtained by using Coulomb potential plus an undeter-p(x) = p(m)b(n) (15)
mined constant to fit the total energy difference between B1— R

and B3—CaO at larger lattice constant. After the determina- ~ The AEZZ o(x) can be rewritten as

tion of the fixed chargeq,, g- and constanC, the short-

Ca—o(x) 2 Z r(n)(l)Ca_o[b(n)x] (16)
1 T T T T T T T T T T T
\ where

2 ° oy — ro(bo (b)) if bn) € (bo(n)} an
g STt i b(n) ¢ (bo(n))

> L |

f; / AE Thus the pair potentiasa?_ between Ca and O ions can
< S be expressed as

o °

8 2+ hd 4

S .

3 . PR () =2 Z 1(n)AEZR o[b(n)x], (18)

[ ]
L% B /'/ Eg; ECB(;ul ( tot Eggul) "=t
I ’ in which the inversion coefficien({n) is given by
°
{
-4 la n 1 n 1 n 1 n 1 n 1 n b k
4 6 8 10 12 14 Z I(n)r [bl (%)] = k1, (29)
n

Lattice constant (A) b(n)/b(k)

then the short-range €® pair potential curve is obtained

Fig. 3. The invariant energy constaiE between B1 and B3 non-Coulomb
from lattice inversion as shown iRig. 4. The shape ofpair

interaction at larger lattice constant.
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Fig. 4. Short-range interionic potentials for CaO.

potential curve indicates the repulsive exponential function
form is suitable to express the ©a short-range interaction,
and then the total GaD pair potential is
$&a-o(r) + #S3 o (r)

)+

Dca—o(r) =

.
Ri_

q+49—
deor
(20)

= D+_ exp[y+_ <1 —

2.3. O-0 interionic potential

Using the above inverted €& pair potential, we can cal-
culate the CaO interaction in B1- and T1-CaO crystals, re-
spectively. Then the short-range-O interaction difference
between B1- and T1-CaO is obtained by

AER o(a) = EZ o(srf@) — EG-o(sr(@)
= EFC‘J%(“) - Coul(a) E(Eéell—O(SR)(a) - E;EJ%(Q)
+E&5ui(@) + E&ao(srf@)- (21)

The O-O short-range interaction per ion in B1-CaO can
be expressed as

1
2 24’850

i, j,k=0

Eg osr@) =

X (\/(i+j)2+(i+k)2+(j+k)zg>
(22)

In the T1 structure, the G& and G-O short-range inter-
actions are separately defined as follows:

199
EE%\—O(SR)(G)
Z¢Ca—0
l]k
1\2 1
x i+k—2>) + i+j—— +(]+k)2
2 2
(23)
1 I . a
Egl_o(SR)(a) = Z Z ¢SEO ( 12 + 4]2 + k2§> . (24)
i, j.ks£0

By Chen—Mbbius lattice inversion, the-@D short-range
potential is calculated d&5g. 4. In terms of the curve shape, a
Morse-stretch function form is selected forO short-range
potential, and finally the GO pair potential is

Po—o(r) = D ({1— exp[y__ <1— R#)]}z — )
+ oy (25)

2.4. Ca-Ca pair potential

By the similar method for ©0 pair potential, the GeCa
pair potential can also be obtained. Based on our calculations,
the short-range interaction between Caions is very small and
can be neglected, thus the-Gza interaction can be expressed
only by Coulomb potential,

q+49+
4egr

Pca—calr) = (26)
Finally, all the potential parameters have been obtained as
giveninTable 1

3. Test for the interionic pair potentials
3.1. Static properties of CaO crystal

Using the above interionic potential from multiple lattice
inversion, we first calculated the static properties of equilib-
rium B1-CaO at zero temperature and pressure. Static results
for the lattice constant, lattice energy, bulk modulus, and elas-
tic constants are shownirable 2together with a comparison
to results obtained by aspherical ion mof#l], potential-
induced breathing mod¢§l 7] and shell model (BSMJ20].

By comparison, the static results have also been calculated
by COMPASS Forcefiel{R9] and other ab initio datfLO0],
the experimental results are also listedable 2

From Table 2 the calculated lattice constant, lattice en-
ergy of B1-CaO are in agreement with experimental results
especially the lattice constant by present lattice inversion
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Table 1

Interionic parameters derived by lattice inversion in this work

Non-Coulomb Coulomb

2-Body short-range interaction 3-Body

lon pair Function form D;;(eV) R,-j(,&) Vij C(eV) Qeff

—— Morse Q074426 247913 361839 0.030789 1.97539%e
+— Exp-repulsive 12485 330713 875162

interionic potentials. In bulk modulus calculation, except the model based on two-body central forces, so our three-body
AIM [21] and PWPP-LDA10] results, other potential mod-  interaction model can provide a good measurement of the
els and ab initio calculations give small deviation from exper- many-body effect.

imental result§12,17] The result of bulk modulus by PIB Besides the static properties of B1-CaO, another impor-
model[17] is 10.5% lower than the experiment and BSM tant test for the potential validity is using the potentials
[20] gives 7.1%, FP-LMTQ10] gives 4.3% and LMTO-ASA  obtained from the properties of one phase to calculate the
LDA [10] gives 15.8% lower than the experiment respec- properties of other phases of a material. In this work we used
tively. The LAPW LDA[10] calculation gives the bulk mod-  the potentials from B1 and virtual structures to calculate the
ulus 13.2% larger than the experimental result, COMPASS properties of B2 phase, while the B2 structure has not been
[29] gives 22.8% and present potentials give 13.9% larger used in the potential derivation. For comparison, the prop-
than the experimental result. The elastic constants depend orerties of B2-CaO have also been calculated based on the
the second derivatives of the energy and thus a very accuratgrevious theories and experiment. All results are shown in
energy model is required to reproduce them accur®dly Table 3

Although PWPP-LDA[10] reproduced good result on bulk The results of present work ifable 3are seen to re-
modulus, it has not done well dBy1 with 7.2% larger than ~ produce lattice constant more accurately at 60 GPa than the
experimental result and that is also subtly underestimated byCOMPASS Forcefiel{29] compared with the experimental
PIB [17] with 7.6% and BSM20] with 7.8% deviation re-  measuremenil5]. The lattice constant, lattice energy and
spectively. The agreement of present result with experimen-bulk modulus are also close to modified potential-induced-
tal data is excellent with a deviation of 5.6% and the best breathing (MPIB) mod€l19] and the First-principles calcu-
calculated data is reproduced by COMPARS] (with a de- lation[30]. This shows that present interionic potentials have
viation of 0.4%) and AIM[21] (with a deviation of 3.9%).  good transferability between B1 and B2 phases. The reason
Both C12 andCy4 results of present work and COMPASS are may be that our potentials were derived from the B1 and its
largely overestimated but present lattice inversion potentials related virtual structures, and this covers more configurations
reproduced the measured deviation from the Cauchy equal-of phase space. Hence, despite that the B2 was notinvolved in
ity (C11 = Cy4 for cubic crystals) successfully. The so-called the potential derivation, the potentials still well reproduced
Cauchy violation C11 # Ca4) cannot be reproduced by any the properties of B2-CaO. From B2 to B2, this successful

Table 2
The equilibrium lattice constant, lattice energy (per molecule), bulk modulus and elastic constants of B1-CaO calculated by different iitenitedic gnd
ab initio methods

Lattice constantay (A) Lattice energyFEjatice (€V) Bulk modulus By (GPa) Elastic constants (GPa)

C11 Ci2 Caa

Present work 842 34.92 128 2355 770 992
COMPASS[29] 4.798 35.41 1404 2239 987 987
AlM [21] 4.809 1161 2319 582 730
PIB[17] 4.820 30.10 10D 2060 500 660
BSM [20]2 1059 2056 561 794
FP-LMTO[10] 4.840 1090 2230 530 840
PWPP-LDA[10] 4.838 1170 2390 516 774
LAPW LDA [10] 4714 1290

LMTO-ASA LDA [10] 4.650 960

Experiment 810 37.4 1140° 2230° 59.0°  810°

Present work: lattice inversion interionic potentials of this work; COMPASS: COMPASS Forcefield of 2dBIAIM: aspherical ion mode[21]; PIB:
potential-induced breathing mod@l7]; BSM: breathing shell modgR0]. The other theoreticdlL0] and experimental valug42,17] are also presented for
comparison.

& Value at 500K and 0 GPa.

b Room temperature dafa7].

¢ Ultrasonic dat412].
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Table 3 setting the lattice parameters, for example, the lattice

Static properties of B2-CaO calculated by lattice inversion interionic poten- ~qnstanta is from 0.3p to 1.8 (ag is the equilib-
tials, COMPASS Forcefielf29], and Modified potential-induced-breathing rium lattice constant), the axial angle is even inclined

(MPIB) model[19] at 0 GPa and 60 GPa, respectively L
to 27, and some initial structures are constructed by

Lattice — Lattice energy,  Bulk simultaneously changing the lattice constants and ax-

constant,  Ejatice (€V) modulus, : . . .

a0 (A) Bo (GPa) ial angles. Wlth the ten _de_forr_ned B1-CaO's listed in
Prosent work 2955 329 154 Table 4 their energy _mlnm_nzanons were p_e_rf_ormed _to
COMPASS[29]* 3.023 399 234 search the stable configurations from these initial configu-
MPIB [19]2 2.890 275 140 rations.
Tight-binding mode[30]* ~ 2.973 After the energy minimizations, the final relaxed struc-
Present work 2.727 321 154 tures show that COMPASS and present potentials both ex-
COMPASS[29] 2.846 392 234 hibited good abilities for describing the stability of B1-CaO,
Experimen{15]° 2.642 as shown inTable 4 Only several deformed structures

Semiempirical tight-binding modg¢B0] and experimental valugd5] are
also presented for comparison.

a At 0GPa.

b At 60 GPa.

could not return to the equilibrium B1-CaO based on

COMPASS potentials. This test suggests that present po-
tentials appear promising in describing of the CaO crys-

tal.

transferability implies the advantages of potentials from the 3.3, Transition from the disordered to ordered CaO
extended phase space.

After testing the static properties of CaO crystal, we used
this lattice inversion interionic potentials to describe the tran-
sition from the disordered to the ordered states in CaO. The

We took the structural stability as an important test for disordered structure was built by randomly moving all ions
the present potentials. As a set of effective potentials, we 0.6A (25% of the nearest-neighbor distance) from their ori-
think, the corresponding interionic forces should make the gin sites in a B1-type periodic supercell, which included 256
deformed structures recover to the equilibrium phase with calcium ions and 256 oxide ions, as shownFig. 5 (a),
the lowest energy. So based on the present interionic potenthen based on the conjugated gradient algorithm, the energy
tials, the energy minimization for deformed B1-CaO were minimization led to the transition from disordered to ordered
performed by the conjugated gradient algorithm. Cao0, as shown frorfig. 5(a)—(e). The corresponding radial

The detail of lattice deformation is describedTiable 4 distribution functions (RDFs) of intermediate configurations
The deformed structures were constructed by randomly show the disordered gradually changes into the ordered states.

3.2. Stability of B1-CaO crystal

Table 4
Energy minimization results from the initial deformed to the final stable structures based on different interionic potentials in which theréattetensaare
in the units of their equilibrium valuesy, bo, co, @0, Bo andyo

Initial (unrelaxed) Final (unrelaxed)

alag, blbg, c/cy alag, BlBo, ylvo Interionic potential alag, blbg, c/cy alag, BlBo, YIvo
0.3,1.0,1.0 1.0,1.0,1.0 Present work .011.0,1.0 10,1.0,1.0
COMPASS 10,1.0,1.0 10,1.0,1.0
1.8,1.0,1.0 1.0,1.0,1.0 Present work .011.0,1.0 10,1.0,1.0
COMPASS 10,1.0,1.0 10,1.0,1.0
1.0,1.0,1.0 0.3,1.0,1.0 Present work .011.0,1.0 10,1.0,1.0
COMPASS Collapsed lattice
0.3,0.3,0.3 0.6, 0.6, 0.6 Present work .011.0,1.0 10,1.0,1.0
COMPASS 10,1.0,1.0 10,1.0,1.0
1.8,1.8,1.8 0.6, 0.6, 0.6 Present work .011.0,1.0 10,1.0,1.0
COMPASS Collapsed lattice
0.3,1.1,2.0 0.9,08,1.1 Present work .011.0,1.0 10,1.0,1.0
COMPASS 10,1.0,1.7 06, 0.6, 1.0
0.3,0.3,0.3 0.5,0.6,0.9 Present work .011.0,1.0 10,1.0,1.0
COMPASS 10,1.0,1.0 10,1.0,1.0
0.5,0.7,0.9 0.6,0.8,1.2 Present work .011.0,1.0 10,1.0,1.0
COMPASS 11,1.1,11 8,0.8,1.2
1.8,1.8,0.9 0.9,0.7,0.9 Present work .011.0,1.0 10,1.0,1.0
COMPASS 2,1.0,1.0 10,0.3,1.0
1.5,1.8,0.8 0.8,0.7,1.1 Present work .011.0,1.0 10,1.0,1.0
COMPASS 17,1.0,1.0 10,0.6,1.3
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Fig. 5. Radial distribution function (RDF) and the corresponding configurations of the transition from disordered (a) to ordered CaO (e).

This transition may be considered as a special transition pathdered phase is obtained by randomly moving all ions20.6
from the molten CaO to the solid. As we know, itis very strict  from their equilibrium sites. Thus this transition indicates

for the interionic potentials to make the disordered structure the present interionic potentials are valid over a wide range
recover to the real equilibrium phase, especially the disor- of interionic distance.

B2
transition path

Fig. 6. Transition path in two-ion cell for conversion of B1 into B2 phase.
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Fig. 7. The 0K Gibbs energy as a function of presgtiend rhombohedral angte(a), and the correspondiregg« coupling along the transition path (b).

3.4. Pressure-induced phase transition a tight-binding model by a total-energy-minimization pro-
cedure[30]. Sims et al. reported the transition pressure at

Calcium oxide, initially in the B1 (NaCl-type) structure, about 70-94 GPa using both two-body potentials and first-

is expected to transform to the B2 (CsCl-type) structure at principles periodic Hartree—Fock thedi31]. MPIB model

high pressure. There are considerable interests in such tranealculated the phase-transition pressure of CaO at 61 GPa

sitions both in theoretical and experimental studies of CaO [19] which was calculated to be 55 GPE/] with the PIB

[15,17,19,30-32]Jeanloz et al. carried out shock-wave and model and 83 GPa with an interionic potential by Singh and

diamond-cell techniques and demonstrated a B1-B2 transi-Sanyal[32].

tion in CaO at 60—70 GHA5]. Majewski and Vog| predicted In the present section, we attempt to predict the phase

the structural phase transition pressure at about 70 GPa withtransition pressure of CaO by our lattice inversion interionic



204 C. Wang et al. / Journal of Alloys and Compounds 388 (2005) 195-207

potentials. The 0 K Gibbs free energleg=E + PVof Bl and Table 5
B2 CaO can be calculated at different pressures. As is known¢Calculated and experimental phase transition pressures (GPa) between the
to us all, the transition occurs at the presdegen whichthe 5+ and B2 phase of Ca0

Gibbs free energies of the two phases are equal. ThereforeMethod Transition pressure
based on the above inversion pair potentials, the Gibbs freePresent model 83
energies of the intermediate structures were obtained. TheP'8® | 55
details are described as follows. 'II\'AI;IB S(l)
If we assume the rhombohedral cellfigy. 6 at a given Buckinghanf 937
external pressurB along the transition path, the 0K Gibbs HF 70.4
free energy surface versus cell anglend cell lengtta could Potentiaf 83
be calculated from the interionic pair potentials. Thatis to say, Experimentdl 63

each of the intermediate structures was obtained by relaxing Z Potential-induced breathing mod&rr].

the initial cell @g, ag, ag, , o, ) to the minimum-energy state . ﬁgﬁ;ﬁ;ﬂ;zz’erxﬁgﬁd&ced-breathmg mod&®].

(@ a 8, a, o o) for each fixed angle. T,hl_s path inFig. 7(a) d Buckingham potential and Hartree—Fock calculaf@t].

shows that B1 and B2 are two local minima at zero pressure, e 3

and that B1 is lower than B2. With the increase of presByre f [15].

the B1 and B2 states undergo the reverse changes, the firstone

rising from the minimum to the saddle point, and the second B2 structure CaO at large pressure (Jeddle 3. So the
changing from a minimum to a deeper one. The coupling of phase transition pressure is larger than the experimental
thea, o coordinates along the transition path as a function of result.

pressureP is shown inFig. 7(b). At the transition pressure

Py the Gibbs energy of B1 is the same as that of B2. Then the 3.5. Phonon dispersion curves for CaO

difference of Gibbs energgkGg = Go(B1)—Gg(B2) per ion

can be obtained by minimization & versus the cubic cell To fully test present potentials, we have obtained the
parameters for each phase at different pressures. From thghonon dispersion curve for CaO. This is an exacting test
equilibrium conditionAGg = 0 we can derivé®;, = 83 GPa for potential models, as the phonons reflect the energetics of

as the transition pressure which is listedTable 5 with the crystal when the ions sample low-symmetry configura-
theoretical and experimental data also listed for comparisontions[21]. We obtained the dispersion curve by gulp software
[15,17,19,30-32] [33] and the result is compared to experimg4] in Fig. 8

These theories and experiment predict phase transition The lattice inversion interionic potentials gives excellent
pressure varying from at least 55 GP&r] to more than agreement with experiment for the acoustic modes but the LO
90 GP4[19]. The results using the potential-based approach branchis consistently too high as compared to experiment. As
give larger data than the experimgif]. The reason of  our potentials describe the stability of B1-CaO exceptionally
present model may be that we overestimate the volume ofwell, this can explain the disagreement of LO branch. The
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Fig. 8. Comparison of the calculated and experimental phonon dispersion for CaO. Circles represent experimgd#al data
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disagreement of optic branches also occurred obviously in L L L
the PIB mode[18] and slightly in the AIM mode[21] due 29

. . (Ca0), ]

to the neglect of dipolar charge relaxation.
S

3.6. Energies and stabilities of (Capglusters S -30 | -
=
S

We have extended our study into energies and stabilities< \
of neutral (CaQ) clusters using present lattice inversion in- & -31 A .
terionic potentials. To our knowledge, none of the potential & \3 .

models and theoretical research which are discussed in theg
previous sections has given attention to this research. In pre-£ -32 N
vious work, a theoretical study of (CapDhas been carried I \u*u-u\
out by means of a semiempirical tight binding method and o
Malliavin and Coudray, etc. has compared its results with > 3 4 5 6 7 8 9 10 11 12 13 14 15 16
those obtained with ab initio calculatiof&b]. In the deriva- Cluster size n
tion of our interionic potentials, B1 (NaCl-type), B3 (CsCl-
type), and two structures in space group P4/mmm named agig- 10. Binding energy per molecule for the most stable configuration of
T1 and T2 are simultaneously introduced in the pseudopoten-(CaC) clusters.
tials total energy calculations. This will lead to the interionic
potentials including information from six-fold-coordinate B1  binding energy per molecule indicates that the clusters are
to four-fold-coordinate B3, T1 and T2. This may open aroad relatively stable fom = 4, 6, 9, 12. These stable configu-
to obtain the cluster-size independent pair potentials. rations also well agree with the ab initio calculation results
In our scheme, a fragment of B1-CaO is randomly cho- [35]. This may demonstrate that the present pair potentials,
sen, and allions in the fragment are randomly moved bji\z,o with the simple potential function forms, can also provide the
from their origin sites to form an initial cluster configuration. accurate results.
This routine is repeated 2000 times to produce an ensemble
including 2000 initial configurations for the cluster (Ca0)
Then the binding energy of CaO cluster is the sum of all over 4. Conclusions
interionic pair potentials. According to energy minimization,
eachionin clusters has to be adjusted to the minimum-energy Based on the Chen-dbius lattice inverse technique, the
position. The stable cluster configurations with different interionic pair potentials were derived from pseudopoten-
cluster sizes are consequently obtained corresponding to zerdials total energy curves of bulk B1, B3, T1 and T2 virtual
energy gradient at the minimum. Every cluster candidate con- CaO crystals with their lattice constants covering from 4.0 to
figuration at different sizes is analyzed based on their binding 14.0A. This scheme effectively extends the phase space of
energies and symmetries and the one with the lowest-energyconfigurations beyond the equilibrium B1 structure, and then
is the most stable cluster. Consequently, the metastable clusprovides interionic interactions covering more configurations
ters can also be found from the 2000 relaxed configurationsthan that in conventional procedures. Through the combina-
according to their binding energies. tion of B1 and B3 structures, we deri\ﬁ@g_o potential and
According to our scheme, the stable configurations of the ionic charge®es that is a fixed parameter for successive
(Ca0), clusters (| = 1-16) are obtained as shownkhig. 9. steps. Through the combination of B1 and T1 structures, we
With these geometries, the binding energies are calculatedcan derivepgio potential. Similarlyq&(s:g_(:apotential can be
over the all pair ionic interactions, and the corresponding obtained by the combination of B1 and T2 structures. As the
point groups have also been determined within the toler- T1 and T2 are virtual structures, it is not difficult to build
ance of 0.0A. We made a comparison with DMOL cal- other virtual structures such as BI6d. 11) to get the po-
culations performed on neutral (Cag(Justers by Malliavin tentials. In this way, another set of potentials are obtained.
and Coudray35] and all the geometries of the clusters are That is to say different potential form can be produced from
in agreement with our calculations by lattice inversion inte- the choice of virtual structures. But no matter how different
rionic potentials frorm = 1-6 except fon = 3. Our results each potential is, the different sets of potentials give almost

D\E

-33

indicate that the most stable cluster geometry af3 is ring the same lattice constant, lattice energy, etc. The incomplete
while Malliavin and Coudray’s result is cubelike structure certainty of ionic charge®es reflect the fact that the ions
[35]. in crystal are not isolated any more since the charge distri-

Whenn varies, the stabilities of the clusters with respect bution is obviously different from that of a free atom. In the
to their sizes are illustrated by the variations of the bind- present workQes is determined by fitting to the total-energy
ing energies per molecule of the most stable structures. Thedifference between B1- and B3—-CaO crystals.
binding energy per molecule have been showign 10from The main advantage of the present inverse method is that
cluster sizen = 2—-16. As the function of cluster sizg the the extraction of these potentials are directly from ab initio
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