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Lattice inversion for interionic pair potentials
Shuo Zhanga)

Department of Physics, Tsinghua University, 100084, Beijing, China and National Key Laboratory
for Material Simulation and Design, 100083 Beijing, China

Nan-xian Chen
Department of Physics, Tsinghua University, 100084 Beijing, China, Institute for Applied Physics,
University of Science and Technology Beijing, 100083 Beijing, China and National Key Laboratory
for Materials Simulation and Design, 100083 Beijing, China

~Received 1 July 2002; accepted 10 December 2002!

The ab initio total energies of alkali chloride crystals in B1~rock salt!, B2 ~CsCl-type!, B3 ~zinc
blende! and P4/mmm structures are calculated by ultrasoft pseudopotential method in this paper.
Based on the different combinations of these total energies, the effective charges on ions are
determined for long-range Coulomb interaction, and the short-range potential curves are obtained by
the lattice inversion method. As the test for the quality of potentials, the static properties of ACl in
the rock salt phase are calculated. The results are in good agreement with the experimental data. And
the calculated lattice energies for ACl in wurtzite, CuAu, NiAs, and litharge structures are consistent
with the predictions of pseudopotential calculations. In terms of the molecular dynamics
simulations, the temperature dependences of volume, bulk modulus, and elastic constants are also
investigated from room temperature to 800 K, the results are in good agreement with the
experimental values. This indicates that the new interionic potentials are valid over a wide range of
interionic separations and coordination numbers. ©2003 American Institute of Physics.
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I. INTRODUCTION

The atomistic simulations on structures and propertie
ionic crystals have been given great interest for their typ
ionic bonded structures and wide applications.1–8 One of the
key problems for the atomistic simulations is how to det
mine the interionic potentials. In most of the previo
work,2,3,5,9–15the interionic potentials were started from th
selection of interionic potential function forms with adjus
able parameters, and then the potential parameters were
tained by fitting to the experimental data or calculation
sults, such as lattice parameters, lattice energy, pho
frequencies, elastic, and dielectric properties. The interio
potential models often consist of the long-range and sh
range terms; the former is usually described as the Coulo
interaction with formal or Mu¨lliken charges, and the latter i
overlap repulsive interaction with different adjustable para
eters. These potentials have played a significant role in
vious simulations, especially for the ionic materials with lo
of experimental data.2,3,7However, for the ionic solids whos
properties are hard to obtain, the parameters of interio
potentials have to be derived from calculations, such as
ab initio calculations. On this occasion, if the multiple
parameter fitting method is still used, the advantages ofab
initio calculations may not totally be exhibited. Since t
adjustable parameters are involved, the uncertain and a
trary parameters are often involved by providing several s
of potential parameters,3,15 and it is hard to determine whic
set of potentials is the most appropriate.

a!Author to whom correspondence should be addressed. Electronic
zhangshuo@mails.tsinghua.edu.cn; Telephone and fax: 86-10-627727
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One of the effective solutions for the uncertainty
multiple-parameter fittings may be the lattice inversi
method, which was first presented to determine the pairw
potentials from theab initio calculated or experimentally
measured cohesive energy by Carlsson, Gelatt, and Ehre
ich ~CGE!,16 and then Chen used the Mobius-inversion fo
mula in number theory not only to obtain the pair potenti
for the pure metals,17 but also for the intermetallic
compounds18,19 with faster convergence20 than the CGE
method. However, so far the lattice inversion has not b
applied for ionic crystals because the ionic charge den
distribution is obviously different from that of a free atom
From the viewpoint of lattice inversion, let us show the co
parison of the interatomic potentials in binary alloy Fe3Al18

with the interionic potentials in ionic crystal NaCl. In th
first case, there are three distinct pair interaction functio
fFe– Fe, fAl– Fe, andfAl– Al , in whichfFe– FeandfAl– Al can
be obtained by lattice inversion techniques fromab initio
cohesive energies of iron and aluminum face-centered-c
~fcc! lattices, respectively, and then thefAl– Fe can easily be
determined from Fe3Al cohesive energy. The reason is th
there is a very slight difference between the charge dens
of fcc pure metals and the binary alloy. But in the seco
case, it is also needed to determine three different interac
functions: fNa1 – Na1, fCl2 – Cl2, and fNa1 – Cl2, whereas
fNa1 – Na1 andfCl2 – Cl2 cannot be obtained by the same la
tice inversion for any ionic crystals constituted only by o
kind of like-sign ions. Suppose that each of the interact
potentials described by three parameters have to face
difficulty of how to determine nine parameters only from o
NaCl total energy curve.
il:

3.
4 © 2003 American Institute of Physics
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3975J. Chem. Phys., Vol. 118, No. 9, 1 March 2003 Interionic pair potentials
In order to derive the interionic pair potentials by latti
inversion, we define the partial energy as the sum of only
pair potential that can be obtained. Then in this paper
method of virtual structures is introduced to separate the
tial lattice energy from the combination of pseudopoten
total-energy curves by taking the alkali chlorides ACl (
5Li, Na, K, Rb! as the prototypical system, which most
have the rock salt~B1! structures. In terms of the B1 struc
ture, the other three virtual structural models have been b
for ACl, as shown in Fig. 1, where the rock salt~B1! and
zinc blende~B3! all contain two fcc like-sign ionic sublat
tices, the structure with P4/mmm symmetry includes one
and one tetragonal sublattices, and the B2~CsCl-type! struc-
ture has two identical simple-cubic~sc! sublattices. Based on
the description of interionic pair potentials, the interacti
between two ions only depends on the interionic separat
and then the interionic pair potentials are assumed as tr
ferable in B1, B2, B3, and P4/mmm structures. Therefo
once the corresponding pseudopotential total energy a
function of lattice constant is obtained for each structure,
three partial lattice energies can be extracted from the to
energy differences between B1 and its virtual structures,
spectively. Then the interionic pair potentials can be deriv
by Chen–Mo¨bius lattice inversion.17 The details are de
scribed in the following text.

II. DERIVATION OF INTERIONIC PAIR POTENTIALS

A. Virtual structural models

For the rock salt-type ACl crystals, the B2, B3, and P
mmm models have been introduced, as shown in Fig. 1
the four structures have the identical lattice constanta, then
from B1 to B3 only the cation–anion interaction undergo
the change for their identical like-sign ionic sublattices. T
total-energy difference per ion between B1 and B3 can
regarded as the partial lattice energy only as the sum of
potentialf12 , and can then be written as

FIG. 1. Virtual structures used for pseudopotential total-energy calculati
The cation and anion are identified by black and gray balls, respectively~a!
~rock salt!: fcc cation1fcc anion; ~b! B3 ~zinc blende!: fcc cation1fcc
anion; ~c! P4/mmm: fcc cation1tetragonal anion;~d! B2 ~CsCl-type!: sc
cation1sc anion.
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DE12~a!

5Etot
B1~a!2Etot

B3~a!

5
1

2 (
i , j ,k

f12

3FA~ i 1 j 21!21~ i 1k21!21~ j 1k21!2
a

2 G
2

1

2 (
i , j ,k

f12

3FAS i 1 j 2
1

2D 2

1S i 1k2
1

2D 2

1S j 1k2
1

2D 2 a

2 G ,
~1!

in which theEtot
B1(a) andEtot

B3(a) are the pseudopotential to
tal energies per ion of B1- and B3-ACl corresponding
lattice constanta, andi , j , andk indicate the lattice sites o
ions.

For B1 and P4/mmm structures, since they have
identical cation sublattice, their total-energy differen
should be independent of the cation–cation interaction. W
the potentialf12 obtained from Eq.~1!, the cation–anion
interactionsE12

B1 (a) andE12
P (a) in B1- and P4/mmm-ACl

can be calculated, respectively. Then the anion–anion pa
lattice energy per ion can be given as follows:

DE22~a!5Etot
B1~a!2E12

B1 ~a!2Etot
P ~a!1E12

P ~a!

5
1

4 (
i , j ,kÞ0

f22FA~ i 1 j !21~ i 1k!21~ j 1k!2
a

2G
2

1

4 (
i , j ,kÞ0

f22FAi 214 j 21k2
a

2G , ~2!

in which Etot
P (a) is the pseudopotential total energy of P

mmm-ACl with lattice constanta, and the f22 is the
anion–anion pair potential.

Consequently, the anion–anion interactionE22
B1 (a) and

E22
B2 (a) can be separately calculated for B1- and B2-ACl,

the anion–anion partial lattice energy per ion can also
obtained as follows:

DE11~a!5Etot
B1~a!2E12

B1 ~a!2E22
B1 ~a!2Etot

B2~a!

1E12
B2 ~a!1E22

B2 ~a!

5
1

4 (
i , j ,kÞ0

f11FA~ i 1 j !21~ i 1k!21~ j 1k!2
a

2G
2

1

4 (
i , j ,kÞ0

f11@Ai 21 j 21k2a#, ~3!

whereEtot
B2(a) is the pseudopotential total energy per ion

the B2 structure, theE12
B2 (a) is the cation–anion interaction

for an average ion in B2-ACl, andf11 is the cation–cation
pair potential.
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B. Pseudopotential total-energy calculations for ACl

In the present work the pseudopotential total energie
ACl crystals are calculated based on the CASTEP~Cam-
bridge Serial Total Energy Package!,21,22 the pseudopotentia
plane-wave code developed by MSI. During our calculatio
the ultrasoft pseudopotentials for alkali chloride ions a
adopted and the GGA-PW91~General Gradient Approxima
tion! method23 has been used to cope with the exchan
correlation energy. Thek-mesh points over the Brillouin
zone are generated with parameters 43434 for the biggest
reciprocal space and 13131 for the smallest one by th
Monkhorst–Pack scheme24 corresponding to the lattice con
stanta. The energy tolerance for self-consistent-field~SCF!
convergence is 231026 eV/atom. The kinetic energy cutof
for a plane wave basis set in different ACl crystals is sho
in Table I. Then the calculated total energy as a function
lattice constanta is shown in Fig. 2.

C. Lattice inversion for interionic pair potentials

1. Chen –Möbius lattice inversion

Based on the Chen–Mo¨bius lattice inversion,17,18 the
crystal lattice energyE(x) for each atom can be expressed
a sum of pair potentialf(x), such that

E~x!5 1
2 (

RiÞ0
f~Ri !5 1

2 (
n51

`

r 0~n!f„b0~n!x…, ~4!

where x is the nearest neighbor distance,Ri is the lattice
vector of thei th atom,b0(n)x is thenth-neighbor distance
and r 0(n) is thenth coordination number. We extended th
series,$b0(n)%, into a multiplicative semigroup such that, fo
any two integersm andn, there always exists an integerk,
such that

b~k!5b~m!b~n!. ~5!

Equation~4! can be rewritten as

E~x!5 1
2 (

n51

`

r ~n!f„b~n!x…, ~6!

in which

r ~n!5H r 0~b0
21@b~n!# ! if b~n!P$b0~n!%,

0 if b~n!P$b0~n!%.
~7!

Thus, the pair potential,f(x), can be written as

f~x!52(
n51

`

I ~n!E„b~n!x…, ~8!

whereI (n), the inversion coefficient, can be uniquely dete
mined from the crystal structure as

TABLE I. The kinetic energy cutoff for plane waves in pseudopoten
calculations.

ACl LiCl NaCl KCl RbCl

Ecutoff ~eV! 340 410 260 260
Downloaded 04 Mar 2003 to 166.111.26.128. Redistribution subject to A
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from ab initio pseudopotential calculations.
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3977J. Chem. Phys., Vol. 118, No. 9, 1 March 2003 Interionic pair potentials
(
b(n)ub(k)

I ~n!r S b21Fb~k!

b~n!G D5dk1 . ~9!

Note that this inversion coefficientI (n) is only structure de-
pendent; then the coefficientsI 12(n), b12(n), I 22(n),
b22(n), I 11(n), and b11(n) can be obtained from Eqs
~1!, ~2!, and~3!, respectively.

2. Long-range Coulomb interaction

In general, each pair potential can be derived in terms
the partial lattice energy and corresponding inversion coe
cients. However, for ionic crystal, the long-range Coulom
interaction is the dominant part and has the slow conv
gence with the interionic spacingr ~which is proportional to
1/r ), and this is very difficult for the lattice inversio
method. The reason is that the lattice inversion demands
pair potentials decay more rapidly with distancer than the
potential proportional to 1/(4pr 2Nr) because the number o
interactions increases as 4pr 2Nr , whereNr is the particle
number density. A sufficient condition for convergence
uE(r )u,A/r 3 for someA.0 in three dimensions,16 this con-
dition is not obviously satisfied by the Coulomb energ
Hence, we have to decompose the components of the la
energy into two classes: long-range Coulomb part and sh
range potentials. The Coulomb term is treated by Madel
method25 or Ewald summation techniques26 with the fixed
ionic charges. And the short-range potential parameters
obtained by Chen’s lattice inversion in terms of the coe
cients I 12(n), b12(n), I 22(n), b22(n), I 11(n), and
b11(n).

In order to take account of the Coulomb term, the fix
charges on ions were used in our scheme. In the prev
work,11,13,14 the formal charges or Mu¨lliken charges were
often used. Here the fixed charges on ions are determine
the pseudopotential total energy difference between B1-
B3-ACl at a larger lattice constant. The detail can be
scribed as follows: First the pseudopotential total-energy
culations are extended to the lattice constanta516.0 Å for
B1- and B3-ACl. Since the Coulomb interaction has the sl
convergence, the ionic interaction can be approximately
voted only by the Coulomb potential at larger interion
spacing. Then when the lattice constanta>10.0 Å, the lat-
tice energies are approximately regarded as only the sum
Coulomb potential, so the total-energy difference betwe
B1- and B3-ACl is

Etot
B1~a!2Etot

B3~a!5ECoul
B1 ~a!2ECoul

B3 ~a!, ~10!

where the Coulomb interactions,ECoul
B1 (a) and ECoul

B3 (a) in
B1- and B3-ACl, can be calculated via the Madelu
constants25 of B1 and B3 structures. Therefore, the fixe
ionic charges can finally be determined by fitting the tot
energy difference between B1- and B3-ACl at a larger latt
constant. The results are listed in Table II for the four A
crystals. Once the fixed ionic charges have been calcula
the long-range Coulomb interactions can be determined
Madelung method or Ewald summation techniques.25,26
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3. Lattice inversion for short-range potential

With the fixed ionic charges, the Coulomb terms can
extracted from the partial lattice energies, and the sh
range partial lattice energies can also be obtained for e
pair potential. Then with the above inversion coefficien
I 12(n), b12(n), I 22(n), b22(n), I 11(n), andb11(n),
the f12

SR , f22
SR , andf11

SR short-range pair potential curve
can be inverted from different short-range partial lattice e
ergies, respectively. According to the shapes of curves,
suitable potential function forms are selected to fit the pot
tial curves. Particular in this work, the short-range poten
function forms are expressed as Morse type,

fSR~r !5DH expF2gS r

R
21D G22F2

g

2 S r

R
21D G J ,

~11!

and a repulsive exponential~Rep.-Exp.! function,

fSR~r !5D expF2gS r

R
21D G . ~12!

The short-range potential parameters are listed in Table

III. TEST FOR THE INTERIONIC PAIR POTENTIALS

A. Lattice energies in different structures

As the test for the validity, the present interionic pote
tials should first correctly reproduce the total energies of B
B2-, B3-, and P4/mmm ACl. With the potential parameters
Table III, the lattice energies of B1-, B2-, B3-, and P4/mm
ACl were calculated, and the corresponding isolated-ion
ergies ~the difference between lattice energy and total e
ergy! were also obtained and listed in Table IV, which a
independent on the lattice constant and crystal struct
Then the total energy calculated by pair potentials could
compared with theab initio calculations. Figure 2 shows tha

TABLE II. The effective charges obtained by fitting to the total-ener
difference between B1- and B3-ACl.

ACl LiCl NaCl KCl RbCl

uq1u5uq2u 1.013e 1.005e 1.000e 0.991e

TABLE III. Interionic pair potential parameters obtained in this work. Th
symbols1 and 2 represent the cation and anion, respectively. The cu
distance for short-range potential is 12.0 Å.

Crystal Ion pair Function form D ~eV! R ~Å! g

LiCl 11 ¯ ¯ ¯ ¯

12 Rep.-Exp. 1.3751 1.8750 5.9266
22 Rep.-Exp. 0.4466 2.7929 8.7348

NaCl 11 ¯ ¯ ¯ ¯

12 Rep.-Exp. 0.2848 2.6499 8.6729
22 Morse 0.0244 3.7338 11.3902

KCl 11 ¯ ¯ ¯ ¯

12 Rep.-Exp. 1.7149 2.3383 6.4557
22 Morse 0.1177 3.7066 8.8093

RbCl 11 Rep.-Exp. 0.0572 2.6860 8.7701
12 Rep.-Exp. 0.5099 2.9085 8.2691
22 Morse 0.0870 3.9386 7.8972
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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the present interionic potentials well reproduce the total
ergies for all of B1-, B2-, B3-, and P4/mmm ACl crystal
This indicates that the interionic pair potentials have be
correctly inverted from the pseudoptential total energies
lattice inversion without the prior fixed potential functio
forms.

Besides, whatever method was used to obtain the po
tials, one of the important tests for the final validation is
use the potentials to calculate the properties of other st
tures that were not involved in the potential derivation. Th
the lattice energies as functions of crystal volumeV/V0 (V0

is the equilibrium volume of B1-ACl! were calculated for
ACl crystals in other four structures, respectively. The fo
trial structures are B4~wurtzite-type!, L10 ~CuAu-type!, B81

~NiAs-type! and litharge ~PbO-type!,27 respectively, as
shown in Fig. 3. Their calculated lattice energies are sho
in Fig. 4. In terms of the isolated-ion energy in Table IV, t
lattice energies were also calculated from pseudopote
total energies by theCASTEPcode. Figure 4 shows the resul
via the present potentials are consistent with those fr
pseudopotential calculations. Although there is an obvi
difference between the potential results andCASTEPcalcula-
tion for litharge-type ACl, the overall agreement is satisfa
tory. This is mainly attributed to the fact that the prese
potentials were extracted from the four different structur
whose lattice constants range from 4.0 to 16.0 Å. Besi
the phase space includes the configurations of four-, six-,

FIG. 3. The trial structures used to test the quality of interionic potenti
Phases B4 and B81 are both characterized by three parametersa, c, andu
~distance of a layer of cations parallel to the basal plane from the unde
ing layer of anions!.

TABLE IV. The isolated-ion energy per ionEiso between total energy and
lattice energy.

ACl LiCl NaCl KCl RbCl

Eiso ~eV/ion! 2297.45 2856.49 2593.97 2534.88
Downloaded 04 Mar 2003 to 166.111.26.128. Redistribution subject to A
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eight-fold coordination numbers. Therefore, the phase sp
for deriving the interionic potential was obviously extende
then the present pair potentials are more valid than th
only from the properties of the equilibrium state of on
phase. So the new interionic pair potentials could be
garded to be promising in predicting the new structures.

.

y-

FIG. 4. Lattice energies versus the volumeV/V0 (V0 is the equilibrium
volume of B1-ACl! in trial structures. The scatter points were calculated
CASTEP code, and the solid lines were produced by present interionic
potentials.
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TABLE V. Lattice constants and elastic constants of ACl in the B1 phase. The values enclosed within parentheses are the experimental data. Thre
taken account in terms of the experimental values at 0 K.

ACl

Lattice
constant
a0 ~Å!

Volume
V0 (Å 3)

Lattice
energy

Elatt

~kcal/mol!

Bulk
modulus
B ~GPa!

Elastic constants~GPa!

C11 C12 C44

LiCl Calc. 5.112 33.40 204.3 36.06 47.72 30.24 30.24
Expt. ~5.114!a ~33.44!a ~201.8!b ~35.4!a ~60.74!c ~22.70!c ~26.92!c

~49.27!d ~23.10!d ~24.95!d

D% 20.04 20.1 1.2 1.9 221.4 33.2 12.3

NaCl Calc. 5.602 43.95 188.6 29.01 59.14 13.94 13.94
Expt. ~5.640!a ~44.85!a ~185.3!b ~28.5!a ~57.33!c ~11.23!c ~13.31!c

D% 20.7 22.0 1.8 1.8 3.2 24.1 4.8

KCl Calc. 6.266 61.51 169.7 19.12 43.45 6.96 6.96
Expt. ~6.294!a ~62.33!a ~169.5!b ~20.2!a ~48.32!c ~5.40!c ~6.63!c

D% 20.4 21.3 1.2 25.3 210.1 28.9 5.0

RbCl Calc. 6.617 72.43 160.2 16.60 38.18 5.81 5.81
Expt. ~6.582!a ~71.29!a ~159.3!b* ~18.5!a ~42.97!c ~6.49!c ~4.93!c

~36.46!d ~6.47!d ~4.68!d

D% 0.5 1.6 5.6 210.3 211.1 210.5 17.8

aExperimental data at 0 K~Ref. 1!.
bThe value at 0 K, and the value marked by* was measured at room temperature and not extrapolated to 0 K~Ref. 25!.
cEither an experimental measurement at 4.2 °K, or an extrapolation of literatue values to 0 K~Refs. 2, 28!.
dThe values measured at 295 K~Ref. 28!.
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B. Equilibrium properties of B1-ACl

As most of the previous potentials, the present potent
were used to calculate the equilibrium lattice energy, latt
constant, bulk modulus, and elastic constants for B1-t
ACl crystals. The results are listed in Table V. By compa
son, it is found that the present potentials well reproduce
equilibrium lattice constant, volume, and lattice energy. T
maximum error for the lattice constant is not more than 0.
of the experimental data. The error for equilibrium volume
within the 2% of measured values. The maximum error
lattice energy occurs for RbCl since the room temperat
value is used without the value extrapolated to 0 K. As
the static mechanical properties, the calculated values
close in agreement with the experimental data. The m
mum discrepancy exists for elastic constantsC12 and C44.
This first may be the pair potentials are used in this paper
the Cauchy violation cannot be correctly described. In or
to explain this difference, the many-body effect should
considered in further work based on the present pair po
tials. The final reason is the experimental values at 0 K in
Table V are extrapolated from the 4.2 K or room-temperat
data.28 Especially for the LiCl and RbCl, their 0 K elasti
constants were extrapolated from room-temperature m
surements, this might introduce some errors. To some ex
our calculated values are closer to the room-temperature
than that extrapolated to 0 K, as shown in Table V. The
fore, the overall agreement between the calculations and
perimental results has been obtained in terms of the pre
interionic potentials.

C. Molecular dynamics simulations

In addition to the static properties, the test could also
performed by using the same interionic potentials
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molecular-dynamics simulations. Here we have perform
the molecular dynamics simulations at constant pressure
temperature~NPT! with a 43434 B1-ACl supercell, con-
taining 512 ions. The initial configuration was generated
arranging 256 cations and 256 anions on the equilibri
sites of the B1 lattice. For the NPT ensemble, the tempe
ture and pressure were kept constant by using an exten
system29 with a thermostat and barostat relaxation time
0.1 ps. The temperature range for the simulation is 300–
K with a step of 50 K. For each temperature at 1 atm pr
sure, the calculations were performed for 30 000 steps wi
time step of 1.5310215 s. The simulations for the initia
10 000 steps were used for stabilizing the system, and
data after 10 000 time steps were used to calculate the p
erties of our interest.

Based on the simulations from 300 to 800 K, the te
perature dependence of volume for ACl can be first obtain
as shown in Fig. 5. Although it is obvious for LiCl that th
melting temperature is underestimated to be about 750
lower than 878 K observed in the experiments,30 the present
calculations are found to be in good agreement with the
perimental data31 and the previous calculations32 before the
melting. For the RbCl crystal, the molecular-dynamics sim
lations give the close results, despite a little overestimatio
a higher temperature. As for the NaCl and KCl, it can be s
in Fig. 5 that better results are given to be in good agreem
with the experimental values.33

The temperature dependence of the lattice constant
also be obtained from the molecular-dynamics simulatio
then the bulk modulusBT and elastic constantCi j of ACl can
also be calculated from the second derivatives of lattice
ergy at different temperatures. The results are shown in
6, in which the experimental data34 and He’s calculations32

are also included. By comparison for the bulk modulus,
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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spite of the overestimation for NaCl, it is found from 300
800 K that the calculatedBT is closer to the experiments tha
that of Heet al.,32 especially for the LiCl. As for the elastic
constantsCi j , the present calculations also give the go

FIG. 5. The temperature dependence of volume for ACl in the range
300–800 K.
Downloaded 04 Mar 2003 to 166.111.26.128. Redistribution subject to A
agreement with the experimental values33 that are available.
Since the temperature dependences of elastic constant
not available for LiCl and RbCl, the present calculatio
could be regarded as a prediction in the range of 300–80

fFIG. 6. The temperature dependences of bulk modulus and elastic cons
from 300 to 800 K.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



th
th
ra

bu
d

n
b
in
m
s
e
e
a
ag
he
w
in

nt
f
a

n
ve
e

ct
t
d

t o
m
th
er
ev
tru
h
e
t

ni
t
th

at
e

or
he
rti
n

n
ct
d
et
1

ap
th
n

sed
well
of

uc-
m
ase
ifi-
ra-

teri-
ng
tes
nd-

ce
ed
be

n-

B

s,

lids

r.

.

g.

los,

.

son,

3981J. Chem. Phys., Vol. 118, No. 9, 1 March 2003 Interionic pair potentials
Despite the fact that there is the difference between
present calculations and experiments, it is clear that
present molecular-dynamics simulations give the ove
agreement with the experimental data31,33,34 available. This
indicates that the temperature dependences of volume,
modulus, and elastic constants have been well describe
the lattice inversion pair potentials.

IV. DISCUSSIONS AND CONCLUSIONS

Based on the interionic potentials from lattice inversio
the equilibrium properties have been well reproduced to
in agreement with the experimental data, which are not
volved in the derivation of potentials at all. Besides the te
perature dependences of volume, bulk modulus, and ela
constants are also found to be in agreement with the exp
mental values and some previous calculations. This sugg
that the present potentials are not only valid for a small p
around the equilibrium position, but also can give encour
ing results apart from the equilibrium position. Although t
Cauchy violation in a rock salt structure has not been sho
by the two-body potential model, the good transferability
eight phases has been obtained by the present pair pote
with simple function forms. This ability of a single set o
potentials indicates that some many-body characters h
been implicitly involved to cover different coordinatio
numbers. Since the limit of pairwise potential form, we ha
to point out that some many-body properties may not be w
described, such as the Cauchy violation. And for the defe
vacancies, and surfaces, the pair potentials could not give
satisfactory results because the structural local anisotropy
formation cannot be correctly described within the contex
pair potentials. Therefore, the three-body potential for
should be introduced in future work. Nevertheless, since
present pair potentials are valid over a wide range of int
onic spacings and coordination environments, we beli
that the present potentials could be used to predict the s
tures of molten salt, alkali chloride clusters, and hig
pressure-induced phase transition. In these cases, no sp
structure can be regarded as the most important, and
structures with different coordination numbers and interio
separations have to be considered, and then the presen
culations suggest that this ability has been exhibited by
present interionic potential.

In summary, a new method for deriving theab initio
interionic potentials has been proposed and demonstr
through a series of alkali chlorides. According to our schem
a series ofab initio total energy curves are calculated f
several relevant structures with same stoichiometry. T
from the total energy difference, one can extract three pa
lattice energy curves; each of them is only the sum of o
kind of pair potential. Based on the Chen-Mo¨bius lattice in-
version, the three interionic pair potentials are derived o
by one. In the above derivation, there is no need to sele
prior potential function form and give empirical fixe
charges on ions. The effective charges on ions can be d
mined by fitting to the total-energy difference between B
and B3-ACl crystals at a larger lattice constant. And the
propriate function forms could be selected in terms of
final shape of potential curves. Since these new interio
Downloaded 04 Mar 2003 to 166.111.26.128. Redistribution subject to A
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potentials are derived fromab initio calculations for ACl in
several relevant structures, not only the properties of the u
structures but also those of unused models have been
reproduced. This may be attributed to the wide range
pseudopotential total-energy calculations in different str
tures. Instead of only the configuration’s nearby equilibriu
state of rock-salt phase in conventional methods, the ph
space for deriving the interionic potentials has been sign
cantly extended to cover a larger range of interionic sepa
tions and coordination numbers. Therefore, these new in
onic potentials may be promising in exploring and predicti
the properties of ionic crystals in new phases. This indica
that this new method is worth further refinement and exte
ing to other ionic crystals.
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