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Transferable atomistic model to describe the energetics of zirconia
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We have investigated the energies of a number of phases of #sidg models of an increasing degree of
sophistication: the simple ionic model, the polarizable ion model, the compressible ion model, and finally a
model including quadrupole polarizability of the oxygen ions. The three structures which are observed with
increasing temperatures are monoclinic, tetragonal, and ¢flbarite). Besides these we have studied some
hypothetical structures which certain potentials erroneously predict or which occur in other oxides with this
stoichiometry, e.g., thex-PbO, structure and rutile. We have also performell initio density functional
calculations with the full-potential linear combination of muffin-tin orbitals method to investigate the cubic-
tetragonal distortion. A detailed comparison is made between the results using classical potentials, the experi-
mental data, and our own and ot initio results. The factors which stabilize the various structure are
analyzed. We find the only genuinely transferable model is the one including compressible ions and anion
polarizability to the quadrupole levelS0163-18206)00334-7

I. INTRODUCTION amine carefully the effect of polarizable ions on the energet-
ics of different crystal structures. It is useful to start by con-
ZrO, is an important industrial ceramic combining high- sidering how the rigid ions may pack together as hard

temperature stability and high strendtit.is used as an oxy- SPheres. This will set the scene for understanding the ob-

gen sensor, in fuel cells, Opumps, and as susceptors for S€rved structures in Zrp _ .
induction heating, as well as artificial diamonds. In order to_Although the prediction of crystal structures using radius-

understand its properties and predict them there is a need f&#tl° rule?h|s nn(?t r?c\)/ v;/erlrl11uos|tlfleg dformoxrldei ?hs for h"’i‘fI:deSr' ]
atomic scale simulation, which requires a reliable model for-ccaus€ e anion vojume depends more on th€ Specilic crys
talline environment;® it is possible to look atrrendsin

the energy and |nteratc_)m|c forces. Such a model ShOUId. b rms of the cation radii as these are generally well defined
transferable between different crystal structures and physical,y ansferable between different crystal structures. The
con(_jmons. The wide range of appllca_\tlorjs, particularly those\general rule, that the larger the cation the larger the cation-
at high temperature, makes the derivation afansferable — znion coordination number, still applies despite the expected
atomistic modelespecially important because experimentalfjctyations in the anion volume. Table | shows a structure

measurements of material properties at elevated temperaturgip for a range of systems with stoichiometry MOrhe

are difficult to perform and are susceptible to errors causedmallest cation$Si and G¢ form four-coordinate silicalike

by the extreme environment. First principles, @lp initio  structures based on corner-linked MGQetrahedra. The

calculations, which are based on solving the Kohn-Sham ormedium™-sized cations tend to form the six-coordinated

Hartree-Fock equations for the electronic structure, give theutile structure while the largefactinide cations form the

most reliable information about properties, but they are onlyight-coordinate fluorite structure. Both ZsGand HfO,

possible for very simple structures involving a few atoms pethave a seven-coordinate monoclinic structure as their ground

unit cell. For example, they have been used to map the emstate. In terms of coordination number it is intermediate be-

ergy for the tetragonal-to-cubic phase transformafiomut g

even the perfect ground-state monoclinic structure would re- 1ABLE I. MO structure map. The smallest cati@i™") is at

quire for anab initio treatment computer power beyond what 1€ 0P With the largestactinide cations at the bottom.

is presen?ly available to mqst Iabpratorles. An atomlstlclon Structure Cation Coordination Number

model which can be used to investigate properties of com-

plex structures at all temperatures and pressures is the goal ef Silica 4

this paper. Ge Silica 4
Previous work in this direction has been based on the-

ionic model, extended by including polarizable ions—theT!

shell modefl* The starting point for our present model is also Sn Rutile 6

an ionic description; that is, ZrQis treated as Zt" and Pb

O?" ions, which we extend by using a polarizable-ion model

(PIM),® which has been shown to give a better description o

the underlying physics than the old shell mo8iblt with the

additional features of compressible ions and quadrupolar disJ

tortions. We found the original shell model to be inadequaterh Fluorite 8

to account for the observed crystal structures of Zrth  ce

order to keep our development physically motivated, we ex

Monoclinic 7
f Monoclinic 7
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tween the rutile and the fluorite structures. The cations ap-
pear too large to form an efficiently packed rutile structure
but too small for the fluorite structure to be energetically
favorable. In fact there is a fluorite structure for Zr@t
higher temperature, as discussed below, but if its coordinates
are extrapolated to 0 K, the O-O nearest-neighbor separation
is short compared to those observed in oxides with fluorite
ground staté.

The rutile and fluorite structures are relatively efficient in
terms of the packing of the respective sublattices in order to
maximize anion-cation interactions and minimize the high-
energy cation-cation interactions. The cations occupy holes
such that the cation-cation nearest-neighbor separatih,
is greater than the anion-anion anat® The driving force
is the greater cation charge which results in a greater cation-
cation Coulombic repulsiofwhose energy goes as the cation
charge squargdwith respect to the anion-anion repulsions. g 1. Monoclinic crystal structure. Key: large sphereg; ©
As a result these systems can be terneedrge ordered  small, zA*. The darker large spheres distinguish the four-
There is no simple seven-coordinate structure that allows fogoordinate oxides from the three-coordinate oxides shown in a
such efficient packing. This simple analysis, based esseffghter grey.
tially on packing charged spheres of appropriate radius,
points to the structure of Zr@(and HfO,) being determined in this structure and in the rutile and fluorite at their respec-
by a more subtle balance of effects than may be the case iive energy minima. The three-coordinate anion-cation sepa-
the rutile or fluorite MG, systems. rations(2.05, 2.06, and 2.16 A, respectivéf),are close to

Further evidence for this subtle balance of effects lies inthe equilibrium rutile separatiori2.12 A) and the four-
the rich and varied structures taken by both Zr@nd coordinate anion-cation separatiofs15, 2.19, 2.20, and
HfO, with increasing temperature and pressure. On increa2.29 A) are similar to the fluorite separati¢®.24 A). Fi-
ing the temperature both systems change their structure imally, we also consider the orthorhombie-PbO,
the sequence monoclin{@ coordinate cations— tetragonal  structure!® Although this structure is not observed experi-
(=8 coordinate cations— fluorite (8 coordinatg prior to  mentally for ZrO, or HfO,, every shell model known to us
melting! Evidence is increasing that with increasing pres-gives it as the ground state. It consists of distorted MO
sure both form two phases with orthorhombic octahedra edge sharing to form zigzag chains. The displace-
symmetry*®~1® a low-pressure orthorhombic phase closelyment of the cation, within the local octahedron of anions,
related to the monoclinic and a higher-pressure phase with avay from the perfect octahedral symmetry site, brings a
distorted cotunnitéPbCl,) structure. further two anions to within what can be considered as the

We now describe in detail the structures which are impor{irst coordination sphere, giving an overalt-8 coordina-
tant for ZrO,. In fluorite, the stable structure above 2000 K, tion. These extra anions lie beyond the distorted anion octa-
the eight-coordinate cations form a fcc lattice with the aniondhedra and are associated with tadifferentnearest-neighbor
occupying all the available tetrahedral holes. The tetragonatation octahedra. Zf has a larger ionic radiugd.80 A)
structure is stable down to 1200 K when cooled and up tdhan Ti** (0.68 A) 2% and rutile(TiO,) can be transformed
1450 K when heatddand can be derived from the cubic via to an a-PbO, structure by applying pressuté Hence it is
appropriate shifts in lines of anions. This shift is accompa-not so surprising that the-PbO, structure is found to be the
nied by an increase of the/a ratio from \2 for the perfect shell-model ground state for ZeO Since thex-PbO, struc-
cube to= 1.45. ture is still based on the linking of M@octahedra, we shall

We also consider the rutile structure as the structure mapefer to it as being six-coordinate rather thahZsince the
of Table I indicates that both ZrQand HfO, areintermedi-  two extra anions are significantly further away from the cen-
ate between rutile and fluorite in terms of cation size. Here,tral cation.
the anions form a distorted close-packed lattice with the cat- From the above discussion it is clear thath the mono-
ions in the octahedral holes. An alternative viewpoint is toclinic (seven-coordinajeand thea-PbO, structures lie in an
consider this structure as an array of edge- and corner-linketintermediate” region between the six-coordinate rutile and
MO octahedra® Figure 1 shows the experimental mono- the eight-coordinate fluorite. An important task of this paper
clinic ground-state structure which is stable below 1200 K.is therefore to unravel the physics which stabilizes the mono-
This structure is often described in terms of distortions fromclinic structure with respect to the-PbO,. This clearly in-
the fluorite structurésee, for example, Ref. 19An alterna-  volves going beyond the simple ionic models, and is an es-
tive viewpoint is to consider the structure as alternating lay-sential step to deriving a transferable model for ZrO
ers of fluoritelike (four-coordinat¢ and rutilelike (three- There have been several previous attempts to construct an
coordinat¢ oxide anionglabeled G and Q' respectively, in  atomistic model for ZrQ in the form of an effective pair
the diffraction work®23, highlighted in the figure by the potential (EPP plus dipole polarizabilities. Boyer and
two different shades of grey for oxygen sites. The intermeKlein?* derived a simple rigid-ion potential from linear
diate nature of the monoclinic structure is further confirmedmuffin-tin orbital (LMTO) ab initio calculations. The result-
by considering the nearest-neighbor anion-cation separationisg potential model gives the cubifluorite) structure as the




54 TRANSFERABLE ATOMISTIC MODEL TO DESCRIE . .. 9149

ground state, implying that polarization effects need to bevalue is around 1.45 with a maximum at1700°CY’ The
included which will act to lower the energy of the lower- shell model T=0 K) gives a value of 1.454 in good agree-
symmetry structures compared to the highly symmetric fluoment with thehigh-temperaturedata®®
rite polymorph. The experimental value for the energy bardey ' in the
The shell-model potential of Dwivedi and Cormack double well at the transition temperature is 0.057 @419
(DC),? derived from the experimental tetragonal structuralmRY).*" Hartree-Fock calculations give 0.008 &Ref. 19
parameters and the dielectric constant, does give a lowes does LDA calculations.
energy for the monoclinic structure with respect to the cubic. The published shell model of Stefanoviehal.™ predicts
A more recent shell-model potentidis very similar in form  a tetragonal distortion witll,=0.060 atT=0 K. This is in
to the DC potential. However, we found by relaxing the crys-excellent agreement with thegh-temperatureexperimental
tal structure with thesuLp progrant® that the monoclinic ~data but in poorer agreement with tak initio T=0 K data.
structure is not the ground state with this potential, which The extent of the task we have set ourselves in this paper,
favors instead ther-PbO, structure. therefore, is to derive a model suitable for use in molecular
Perhaps the state-of-the-art paper concerning,2s@hat  dynamics simulations, which not only reproduces the mono-
of Stefanovichet al® who present an interesting mix of cal- clinic structure as the ground state, but also reproduces the
culation techniques including Hartree-Fddksemiempirical ~ other properties without further modification of the basic
Hartree-Fock® and atomistic relaxation with classical model parameters. The complex nature of the Zn@or-
potentials?® The full Hartree-Fock calculation reproduces phology should provide a stern test of the ttransferability
many of the observed experimental properties including th@f such a potential model.
monoclinic ground state. The semiempirical method gives a Having suggested that it is necessary to go beyond the
less satisfactory representation. The classical model predicBysics traditionally represented by the shell model, our first
the a-PbO, structure to be the ground state. step is to include the breathing of the oxide ion, the second
The potential-induced breathing mod&f® (PIB) aug-  step is to include dipolar induction effects, and the third step
ments the EPP by allowing for the spherical relaxationquadrupolar induction. Our formal procedure is described in
(“breathing”) of the oxide anion charge density, calculatedSec. llI, after the following more detailed analysis of the
using a Watson sphere method. Importantly, the energy difProblems inherent in modeling oxides. The plan of the rest of
ferences between the various polymorphs are different ithe paper is as follows. In Sec. IV we describe how our
comparison to the EPP models which indicates that an EPmodel parameters are specified. In Sec. V we present results
alone is not transferable. for the energy-volume curves for the various structures, as
More ab initio data are available concerning the well as calculated lattice parameters and elastic constants.
tetragonal-cubic transition than for any other aspect olWe also describe results for the energy versus tetragonal dis-
ZrO,. Experimental information is available at high tempera-tortion, for which Jansénand ourselves have performet
tures (>1200 °Q,Y" while theab initio data concentrate on initio calculations for comparison. A general discussion of
zero K structural information. In this respect, therefore, theour results is presented in Sec. VI and in Sec. VIl we con-
ab initio and experimental data can be considered as complglude.

|19

mentary.
We summarize here the results of differet initio cal-
culations and compare them to experiment. The full-potential Il. PROBLEMS OF SIMULATING OXIDES
linearized augmented-plane-wa@APW) ab initio calcu- In this section the specific problems associated with simu-

lations of Jansefbased on density functional theory in the lati
local-density approximatioiLDA), give d,=0.029, while  g¢4te with respect to decomposition to-Gand an electron:

Hartree-Fock  calculations(the CRYSTAL c0d® give  The anjon is effectively infinitely polarizable. In the con-
d,=0.0246(Ref. 19 (both at zero K. Our own LMTO cal-  gensed environment the Madelung potential stabilizes the ad-
culations(another standard LDA methpdstudying & range tion of the second electron to 0" 2 As a result the nature

of unit cell volumes, gived, in the range 0.02-0.04. The o the anjon(its volume and polarizabilityis much more
volumes cover the range fro/V,=0.92 10V/V,=0.98,  genendent upon the specific environment than for, say, the
whereV, is the volume of minimum energyt & K for the  pjjides which, although also compressed by the crystalline
fluorite structure. Experimental neutron scattetingives  enyironment, are stable in the free state. This insensitivity of
d, between 0.0574 at 1568 K and 0.0605 at 2318 K. Thepe halide anion to the precise nature of the ionic environ-
experimental data are somewhat ambiguous in the sense thgtent allows simple EPP’s to be used with great success over

althoughd, falls with temperature, the values at 1768 andy rejatively wide range of coordination environments. For
1568 K are identical to within the error of the experiment. 52— ihe dependence of the anion volume on environment

On the basis of these data one might either arguedfor st be included in the model.

tending t0=0.057 & 0 K or argue for a linear decrease t0  Qur starting point is thab initio investigation of environ-
=0.04 by_extrapolatlng from the _hl_g_her-temperature datamental effects in cubic crystals by Pypér* The short-
However, if one supposes that tab initio data would agree  ranged interatomic repulsion energy at a lattice parameter
with experiments extrapolated to O K, then the “linear de-r USRR), is decomposed into a rearrangemént self?)

crease theory” seems the most plausible. energy[ U'%(Z;R)] and an overlap enerdy®(R)]
The LDA (T=0 K) calculations give a value of 1.425 for

the c/a ratio at the energy minimurhglose to the Hartree-
Fock value of 1.421° The high-temperature experimental USRR)=U"(Z;R)+ U%(R). (2.2

ng oxides will be outlined. & is unstable in the free
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15 : : pendences of the rearrangement and overlap energies on the
coordination number means thasigle EPP is inappropri-

ate over a range of coordination numbers. This problem is
expected to be particularly acute for oxidesd, indeed, any
anion whose existence in the condensed phase depends on
the confining potential; other examples include the chalco-
genides and R). However, the same problems do arise in
halides in a more subtle forff.

U(a.u)

o5 T ) Ill. MODEL STRATEGY AND FORMALISM

As demonstrated in the previous section, EPP and CIM
representations can be generated fratn initio data and
o , " compared for the various experimentally observed and imag-
30 4.0 5.0 60 ined structures. Polarization effects, to the desired order, can
also be included in an identical manner in the two short-
range formalisms. We anticipate that, given the relative com-
plexity of the outlined problem coupled with the shortcom-
ings of previous empirical models, the best strategy is to
consider models ofvarying complexitybut parametrized
&rom the sameab initio data. This will shed light on the

FIG. 2. ZrO, ab initio (pointg and fits (solid lineg. Key: X
—U"™(4;R); +, U(R).

U'(Z;R) is the energy to create the anion with the charg

density appropriate to the crystal at lattice param¥én a g htje halance of physical effects required to reproduce the
crystal with coordination numbét and is calculated by solv- experimentally observed trends.

ing_ for_ the self_—c_onsistent _wave_func_tion and energy of _the The total energy for the CIM is partitioned into the fol-
anion in a confining potential which simulates the crystallmemwing components:
environment at lattice constai. The confining potential

includes both a lattice of point chargé&Madelung poten- UP(R)=U"(Z;R) + U (R) + UYSAR) + UMY(R)
tial”) and a pseudopotential which mimics the repulsion of coul
the electrons by the closed-shell charge densities of the +U™M(R). (3.9

neighboring cations, both spherically averaged about the anyre
ion position. Both potentials serve to compress the anioLorov of interaction of the(formally charged ions
relative to its free stat&>® U(R) then results from the UCoui— N si-15i0i/il) Ui is the total inducti

overlap between the optimized wave functions summed ovef®  — >i-2>1 QQ/r"). is the total induction en-

pairs of ions. The model fitted @b initio data in this form is ~ €rgy including multipoles induced to the desired ordier
termed thecompressible-ion modéCIM).3” this case dipolar or dipolar plus quadrupglddetails of the
Figure 2 shows the results of such a calculation forinduction models will be presented later in this section. Fi-

d‘ . . . . .
Zr0, in the fluorite structuré® For the fluorite structure there nally, U®*is the dispersion energy given in general by

andU°® have been described abowg~®" is simply the

are four overlap contributions per single rearrangement en- 5 N -1 ij
ergy term. The rearrangement energy goes to a finite value at U disp— S0 g (il 3.2
R=c which corresponds to the energy required to form a n;&gizz 121 r'n (), 3.2

(hypothetical free O°~ ion from O~ and an electron. _ _ _ _ - '

In order to help us to clarify why this representation is WhereC, is the appropriate dispersion coefficient adis
expected to give a better description of those propertiefh€ dispersion damping function representing the effect of
which depend on coordination number, we derive an EPghe overlap of the electron clouds, acting to reduce the dis-
from the same ab initiodata. In the fluorite structure the Persion interaction from its asymptotic value.

crystal energy is given by In the CIM?’ the breakdown of the anion-cation short-
range energy into the rearrangement and overlap parts has
Ne i—1 1 been formulated in a way which is suitable for performing

USRR)=2, >, UFPRril)=Z[U"™(4;R)—U*]+UR), molecular dynamics simulation. The internal state of an ion
=2 =1 4 b P :
2.2 depends on the chang® in its radiusc', leading to a total

short-range energy given by
where the factor of is included to cancel the summation
over nearest neighbors. Thé initio data can now be used to
fit with the usual Born-Mayer-type exponential function. An
analogous fitting procedure carried out using a crystal struc- ) ,
ture with a different coordination number may, however,whereud,, is the pair overlap term anB(é') is the rear-
yield a different curve(and hence require different Born- rangement energy. At the self-consistent energy minimum
Mayer parametejs reflecting the fact thati™ and U de-  for a given set of ion coordinate§'};_;y, US® is mini-
pend differently on coordination numb&The transferabil- mized to determine the adiabatic ion radii given by
ity of an effective pair potential model relies on the short-{é'opf}i:l,N.
range interactions being primarily due to the overlap For ZrO, ab initio data are available for the fluoritéour-
betweenfrozencharge densities. In reality, the differing de- coordinate anionphase. The parameter set

USR= ullyy[rli—(o™+ 8" — (a7+ 8)]+F(8'), (3.3
i<i
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{A*7,B*7,C"7,D,a" 7,9} (in the notation of Ref. 37is TABLE Il. Fitted CIM parameter sets for ZrQin the notation
adjusted to satisfy the condition of Ref. 37.
Eo(R) +E(R)=F( 5opt) + 4Ué|;,|( R, 5opt) (3.4 Parameter/a.u.
over the range of lattice parametd®sused in theab initio a: 170
calculations 5y, minimizes the total energy determined from A 160.0
B"~ 300 000.0
U A g, aF 0 3 ct 0.0
a6 22 22 ’ (3.9 Y 1.56
R R R D 0.1505

which is solved by the bisection methbtNote that this € 35
condition leads to the total energy having a many-body char- E 9200.0

acter despite only requiring pair separations for its evalua
tion.

Induced point dipoles are included as additional degreeg0del. Second, it appears to us that the use of full formal
of freedom in an extended Lagrangian formaféthusing a  charges, coupled with a physically based description of in-
polarizable-ion mode(PIM) in which molecular dynamics duction effects, presents the best chance of deriving empiri-
are perfomed using ideas borrowed from the Car-Parrinell§al models that are trulyransferableover a range of state
(CP) method?® in the manner of Sprik and Kleitf. Hartree- points. The use of partial charges, the values of which are not
Fock electronic structure calculations on distorted LiFPhysically well defined, tends to restrict the applicability of
crystalé* demonstrate that the short-rangeerlap induced ~ Potential models to specific statepoints. Third, the use of the
dipoles can be viewed as the result of an additional potentidtll formal charges allows a direct comparison between the
(dubbed the “dent-in-the-wall” term To study the induced Potential model and the experimental thermophysical quan-
anion dipole a single cation was displaced from the aniodities subject to the problems in interpreting the second elec-
first-coordination sphere. The resulting dipole moment couldron affinity of the oxide anion discussed in Sec. II.
then be decomposed into the Coulombic and over|ap terms. The CIM is fitted to theab initio calculations as shown in
The overlap term was shown to be approximately additive~i9- 2, with the model parameters given in Table II. The EPP
and is included in the model via the Tang-Toennies dampinds derived from the samab initio data by fitting a Born-
function, f1) 4% This function has a single parametéf'[the ~ Mayer exponential function to Eq2.2). U™(Z;») must be
short-range damping paramet&RDP], which goes as the added back to energies derived from the EPP model for com-
reciprocal of the length scale over which the overlap dampparison with the CIM. The EPP fit is shown in Fig. 3 along

ing acts. with previous EPP model curv@sfor comparison. The cur-
Overall, therefore both a polarizability and the SRDP are'ent EPP appears very similar to the previous potentégs
required to complete the dipolar PIM. rived from purely empirical considerationsn shape al-

An advantage of including induction effects in the abovethough it is consistently more repulsive at a given ion
manner is that the extension to higher-order moments i§éparation. The EPP parameters are given in Table IlI.
more natural than in the more traditional shell model. To this  The similarity of the current EPP to the empirical poten-
end the basic dipolar model has been extended to study boff@IS highlights an important point. A possible interpretation
the effects of cation quadrupolg¢m AgCl (Ref. 46]. The  Of the failure of the empirical models is that it is purely a

alterations to deal with anion moments are mathematicallyparametrization problem; that is, given the right parameter
simple. set the shortcomings would disappear. However, the similar-

ity of the ab initio curves to the currenémpirical models
indicates that this is not the case and points towards signifi-
cant physical effects being absent from these simple models.
Having derived computationally tractable models to de- Table IV compares the zero K lattice parameter predicted
scribe the response of the oxide ion to the ionic environmenpy ab initio calculation® (and hence predicted by both the
(the “breathing” of the anioh and to handle induced mo- CIM and EPP with previous calculations and two experi-
ments within a dipolar or quadrupolar approximation, wemental values. The experimental values are derived from ex-
now consider how each part of the model may be most eftrapolation from two different sources: from the high-
fectively parametrized. temperature neutron scattering daiand to zero impurity in
the cubic stabilized structufé.As a result of these extrapo-
lation procedures both experimental values are subject to sig-
nificant errors. The current predicted lattice parameter is

As stated in the Introduction, the starting point for the|arger than both experimental values and in best agreement
models is a basic ionic description. Formal ionic charges, thgyith the Hartree-Fock calculatioh.

full valence charges, rather than partial charges as some au-
thors have used, are adopted here for three basic reasons.
First, both theab initio calculationgused to derive the short-
range parametersand the polarizabilities assume full va-  The polarizabilities of the individual specigZr** and
lence charges. The use of partial charges would, therefor€?") are deduced as 2.756 and 14.872 ¥ uespectively,
require a full reanalysis of all other terms in the potentialfrom the molar polarizability obtained from experimental di-

IV. PARAMETRIZATION

A. Short-range terms

B. Polarization terms
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TABLE IV. Ab initio O K fluorite lattice parameters compared
with experimental values.

0.40

Method ag/A  VIAS3 Ref.
0.30 |

CLUSTER 4.940 30.14 19
CRYSTAL 5.154 34.23 19
FLAPW-DFT 5.03 3227 2
Hartree-Fock 5.035 31.91 3
Potential-induced breathing 5.101 33.19 30
LMTO 5.04 32.90 Current work
RIP 5.162 34.39 38
Expt. 5.090 32.97 17
Expt. 5.127 33.69 47

0.20 |

U (a.u.)

0.10 |

4.0 4.5 5.0

dEstimated from Fig. 2 in Ref. 2.

fronts; first, the bare polarizabilities quoted above satisfy

aza+<<apz- and second the anion finds itself in a stronger

electric field as a result of the larger charge of the nearest-
neighbor cations.

Finally, for the dipolar model, a SRDP is required. Fol-
lowing previous work’ a value of 1.7 a.u. is chosen.

The model is now complete to within the dipolar approxi-
mation. As might be expected, the parametrization of the
quadrupolar parts of the model is more problematic. Ideally,
one would be able to call upon the relative wealthadf
initio data available to parametrize the dipolar induction ef-
fects. Unfortunately the sorts of electronic structure calcula-
Rl S tions required are, as yet, relatively spat$és a result the
b ‘ B ) o e parametrization of the quadrupolar interactions will be sim-
plified as much as possible.

The full model requires a quadrupole polarizabil@y a
dipole-dipole-quadrupole hyperpolarizabilBy and an over-
lap functionf®)(r).*® An analogous analysis to that used in
the dipole case indicates that the overlap-induced quadrupole
will act againstthe Coulombic-induced moment—the over-
lap damps the Coulombic induction. Information regarding
the magnitude of this interaction again comes from the same
series ofab initio Hartree-Fock calculations on distorted
crystals on LiF used for the dipolar mod&These show that
the overlap interaction effectively cancels that induced by
}he Coulombic interactions. This observation perhaps makes
clear why anion quadrupolar effects have not been found to
be necessary more generally. In Zrhowever, the magni-
tudes of the energy differences between possible crystalline

hases are such that small anion quadrupole effects may be
(?gniﬁcant. Additionally, in the crystalline environment the
high symmetry of the anion site may more effectively cancel
the induced dipoleévhich would be expected to dominate in
more asymmetric liquid environmentsrojecting the anion
quadrupoles to a greater level of importance.

No directab initio C is available for @~ in ZrO,. Sen

~ TABLE Il Dipole-dipole (C¢) and dipole-quadrupoleds)  and co-workerd**have derived an approximate relationship
Q|sper5|on terms from Ref. 48 with Tang-Toennies damping func'linking a and C which, coupled with the knowrb initio
tion parameters. a for ZrO, of 14.872 a.u®® givesC=61.86 a.u. Following
previous work on AgCf® B can be approximated via the
relationshipB=—6C.
Zr-0 25183 2.201 30724 2411 130 27.25 However, even with this approxima andB parameter
0-0 90.79 2.251 1391.08 2.302 1.40 7.72 set we are still lacking real information to effectively derive
Zr-Zr 9274 2511 84.19 2674 - - the functionf(®. An alternative strategy is to consider the
Coulombic- and overlap-induced quadrupoles together. If we

0.04 |

0.03 |

Ua.u.)

0.02 |

0.01 |

FIG. 3. Pair potentialsia) Zr-O, (b) O-0. Key: X, ab initio data
(Ref. 38. Dotted line, fit to theab initio data. Solid line, previous
empirical potentialRef. 25.

electric propertie® and a polarizability obtained for & by
extrapolation of ab initio calculations on other oxide
systemg® Additional confidence in the extraction of the in-
dividual ion polarizabilities comes from relativistic coupled
Hartree-Fock calculatioR$on the gaseous ZF ion which
give a polarizability of 2.98 a.u. In comparing the Hartree-
Fock value with the number obtained from the experimenta
molar polarizability it is assumed that the nature of the
Zr** cation is unaffected by the crystalline environméats
demonstrated for the alkali and alkaline-earth oxide=d so
the condensed phase polarizabilities are unchanged from t
gas phase values.

The model may be simplifietand hence made computa-
tionally more efficient by treating the Z#* cations as rigid,
that is, of zero polarizability. This can be justified on two

Cglau. bSR  Cgau. bSR  ajau. Bla.u.
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had a suitable range ab initio calculations, then th€ and
B values would be those relating to the electrostatic-induced
moments only with thé(? function parametrized from dis-
torted crystal calculations in an analogous fashion to the di-
pole modef In the absencéas ye} of such a range oéb
initio calculations one option is to set tH&) function to
unity and use & (and henceB) that is smaller than that
predicted for the purely electrostatic interactions, thus mim-
icking the opposing Coulombigndoverlap effects. The qua- 3
drupolar model described above is complete in the sense that
it allows for both the Coulombic and overlap moments to be 10300 |-
included in a well-defined way. However, it seems inappro-
priate to derive ari(®) function from very little data in order
to oppose a Coulombic moment dependent upon a quadru-
pole polarizability that is also poorly defined. The magnitude 200
of the available quadrupole polarizabilities lead us to believe
that a quadrupole polarizability of 9-12 a.u. will be appro-
priate for ZrG,.

The fact that the rest of the potential model is well defined
in terms of the connection of each term in the energy parti

-10000

-10100

-10200

kdmol™.)

FIG. 4. Lattice energy vs volume for the current EPP. Key:
X, fluorite; +, monoclinic; O, rutile; V, cotunnite;A, a-Pb0O,.

. o X o phase, a set of detailed calculations has been made for this
':jlon toab initio calculations all_ow£ to be varied mdep_en- structure. Static energy minimizations were carried out at
ently of these terms and so its effect on the energetics ¢ ne unit cell volumes with six c/a ratios
be cIo_ser investigated. The vallue Bfis connected t&C as (1.48,1.46,1.45,1.44,1.42,1 4@ each volume. At each vol-
described above and never varied independently. ume andc/a ratio minimizations were performed at ten te-
tragonal displacements.
C. Other potential terms

Having obtained accurate values for the individual ion A. Effective pair potential
polarizabilities Fowleret al*® derived dipole-dipole C) To fully understand the current EPP it is compared with
and dipole-quadrupoleQg) dispersion coefficients from the the empirical DC model and an EREPP-OQ in which the
Slater-Kirkwood® and Starkschall-Gorddh formulas, re- Q2--02- short-range term is neglected. The purpose of this
spectively. Dispersion damping is included via Tang-second EPP is simply to clarify the role of the anion-anion
Toennies functiorfs fitted to more complex functior:>  short-range term.
These values are given in Table III. Figure 4 shows the crystal energies against volume for the
Following previous CIM work’ a frozen G—-0% po-  current EPP. The energetic order is
tential is used derived frorab initio calculations at varying |y« PbQ< yrutile< fluorite | ymonoclinic: |y cotunnite  compared
lattice parameters using the oxygen anion electron densityjith U@ PP« yfluorite- | jrutile - ymonoclinic_- | jcotunnitefy - tha

calculated at the equilibrium lattice parameter throughoutbC model. The current potential favors the rutile structure
The ab initio result$® are shown in Fig. 3 along with the fit gver the fluorite.

to the usual Born-Mayer exponenti@lable Iil). For com- This change in ordering can be traced directly back to the
parison the(almost hard-sphere-likepotential used in the difference in the 3~ -O2~ short-range potential. In our EPP
prEViOUS empirical models is ShOVQﬁ'I.ZSThe currentab ini- this term is much more Signiﬁcant at re|evan12002_

tio potential is much more repulsive and longer ranged tha’eparations than in the DC models shown in Fig. B For
the older, empirical, model. Although the short-range inter-example, at the energy minimum for the fluorite structure the
action energy for the nearest-neighbof GO*~ separations DC potential oxide-oxide short-range energy is some two
is much smaller than the corresponding Coulombic interacorders of magnitude less than that for the current EPP. The
tion, the greatly differing curvature of the different short- general effect of this increase in significance of the anion-
range terms strongly affects the crystal properties. anion short-range term is to destabilize the higher-coordinate
structures. In confirmation EPP-OO reproduces the energetic
order of the DC potential—the small difference in the
Zr**-0%" repulsive term is not large enough to change the
The lattice energies of the various polymorphs are calcurelative energetics of these crystals. Table V lists the energy
lated using the EPP and CIM representations of the aniordifferences between the polymorph energy minima and the
cation short-range forces. In order to try to fully understandvolumes.
the effect of the anion compressibility and the polarization The lower symmetry of the & sites in the monoclinic
effects the EPP will be compared with the CiMthoutpo-  phase allows dipoles to be induced that lower the energy in
larization effects. First, dipole effects and then dipole pluscomparison to the fluorite structure. In the fluorite structure
quadrupole polarization effects will be added in an attempt tdhe O?~ sites have cubic point symmetry, which means they
understand how each term affects the relative polymorph ersannot have dipole moments. As a result the full shell model
ergetics. does stabilize the monoclinic phase over the fluorite as does
Since moreab initio data are available for the tetragonal the current EPP with dipoles only.

V. CALCULATIONS
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TABLE V. Energy minimum volumegin A%) per molecule for the pair potentials.

VIA AU/kJI mol™?
Structure DC EPRfull) EPP-OO DC EPRfull) EPP-O0
Fluorite 32.81 34.39 31.80 - - -
Monoclinic 34.72 35.99 33.53 45.0 13.7 44.6
Rutile 37.23 38.04 35.84 17.2 -46.0 15.7
Cotunnite 30.93 32.69 30.28 123.0 125.3 1255
aPbO, 35.17 36.82 34.02 -16.7 -70.5 -21.7

In both the current EPP and DC models both the rutilerelated to the same thermodynamic standard. There is a small
and thea-PbO, phases have a lower-energy minimum thandeviation at very small volume<(23 A ®) due to the simple
either the monoclinic or the fluorite structures. The differ-Born-Mayer exponential being a poorer representation of the
ence in the rutilet-PbO, energetics can again be traced ab initio data in the lowR region. This is not important for
back to the more significant©-O2~ short-range term used the calculations as this range Rfvalues is only sampled at
in the current work. very high pressures. A useful way of assessing the effect of

The most striking aspect of these potentials is that thehe compressible-ion representation is to compare all poly-
a-PbO, structure is the ground state regardless of the detailsmorph energetics relative to the fluorite energy minimum.
of the potential(confirming the previous findingd. There Figure 5 shows the crystal energy against volume curves
seems to be no simple way of modifying these potentials tdor the CIM with no polarization effects. The energetic order
lower the energy of the experimentally observed monoclinids now U fluerite< | cotunnite | ymonoclinic- | j a=PbO - yrutile The
phase with respect to the-PbO,. effect of the CIM is to stabilize the higher coordinate struc-

If we take the experimental enthalpy of formation andtures(here the monoclinic over the-PbO,) with respect to
apply the Born-Haber cycféfor the monoclinic ground state the EPP. The same effect appeared in calculations on MgO
at 298 K, we get a lattice energy, with respect to thé"Zr and CaO(Ref. 37 and CsCI° The precise reasons for this
and O~ ions, of —11 060 kJ mol . All of the pair poten-  will be analyzed in the Discussion.
tials studied give energies for their respective ground states The energy difference between the rutile andPbO,
which are less negative than this. structures remains approximately constant in going from the

Table VIl lists the elastic constantsC{;, C;,, and EPP (=33.9 kimol'!) to the CIM (=37.1 kImol'?}) as
C,4) for the fluorite structure along with the bulk modulus both are based on the packing of MObctahedra. The
B and experimental value8. is obtained from the isotropic «-PbO, structure is slightly stabilized by the CIM by virtue
expansions and compressions of the cell. The shear modulws the distortion to give a cation which is six coordinated, but
Cs[=%(C,;—Cyp)]is calculated via an expansigoontrac-  which has two additional anion neighbors at a slightly
tion) along the 100 direction with a volume-conserving con-greater distance, as discussed in the Introduction.
traction (expansioh perpendicular to this® A knowledge of To summarize, therefore, the CIM representation of the
B [=3(C,1+2Cy,)] and C, yields the values folC;; and  anion-cation short-range interactions behaves very differ-
Cy,. Cyu4 is calculated by applying a shear in the 100ently to the EPP in terms of the transferability to coordina-
direction®® The bulk modulus and elastic constants agredion numbers away from the original structure on which the
fairly well with experiment. models were parametrize@n this case the fluorije Al-
though it is gratifying that the energy minimum of the ex-
perimentally observed monoclinic phase becomes more
negative than that of the-PbO, phase favored by the EPP,

In order to understand how the CIM representation of thethe story is far from complete as the fluorite structure is now
short-range anion-cation interactions changes the relativéhe ground state predicted by the CIM. As we shall see, the
crystal energetics the first step is to compare the EPP resulisclusion of induction effects resolves this problem.
with the CIM with no polarization effects. We now investigate the importance of the dipole and

The two curves of energy versus volume for the fluoritequadrupole terms by adding them systematically to the CIM.
structure are identicako within the quality of the fitwhen  The dipolar part of the potential model is much better de-

B. Compressible-ion model

TABLE VI. Crystal energy differenceéin kJ mol™?) with respect to the fluorite minimum for the CIM
with no polarization, dipole polarization only, and both dipole and quadrupole polarization.

VIA AU/kI mol™t
Structure CIM(no pol) CIM (+u) CIM (+u+6) CIM (nopol) CIM (+u) CIM (+u+6)
Monoclinic 38.58 38.42 35.74 187.6 158.4 -32.3
Rutile 43.40 43.25 39.60 282.1 235.8 -23.4
Cotunnite 32.62 32.57 32.36 161.0 104.3 87.8

aPbO, 42.00 41.64 37.99 245.0 233.4 -8.7
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TABLE VII. Crystal volumes for the monoclinic structure from

experiment, the DC shell model, the PIB, and the current EPP and e
CIM.
-8200.0

VIA3 Ref.
Expt. 35.59 20 84000 |
Expt. 35.06 63 —E
DC shell model 35.89 25 2
PIB 37.45 30 > 8000 r
Current EPP, no polarization 35.99 -
Current EPP, dipoles only 35.90 - 88000 -
Current CIM, no polarization 38.58 -
Current CIM, dipoles only 38.42 -
Current CIM, full polarization 35.74 - ~9000.0,,3 300 200 500

v (&%)

. . . — FIG. 5. Lattice energy vs volume for the CIM with no polariza-
fined because it has been obtained frat initio calcula- tion effects. Key as for Fig. 4.

tions, whereas the quadrupolar part has been parametrized in
a much more speculative fashion. Although the predicted ground state is now monoclinic, in
The energies with respect to the fluorite phase are given idgreement with experiment, the calculated lattice energy is
Table VI. The dipole polarization energies range frens0  Still significantly more positive than the experimental value.
kJmol~! in the cotunnite and rutile phases to10 kJ ITaIbI;e (;”“ I('jStS t_hbe (;:)l_JIkthmodqu_s and eigsthdco?st?nts
1 o calculated as described in the previous secti®dis identica
mol ™~ in the a-Pb0, polymorph. The quadrupf)ée stabiliza- "0 "CIM with and without Bolarization effects as such
tion energies are of the order of 259 kJ mol for the effects are precluded by symmetr,; and C;, show a
a-PbO, and rutile structure?, 190 kJ mot for the mono-  gmajl change on the inclusion of polarizati@®y,, however,
clinic, and only=10 kJ mol"~ for the cotunnite. The struc- s greatly altered by the inclusion of anion quadrupoles as a
tural reasons for these energy magnitudes will be discussefikld gradient is developed by the shearing distortion. In the
in Sec. VI. absence of anion quadrupol€s, is much greater than the
Figure 6 shows the CIM energy/volume curves for the fullexperimental value. The addition of the anion quadrupoles
dipolar and quadrupolar model. Again, the fluorite curve islowers C,, although it is still significantly greater than ex-
identical to that in Fig. 5. The relative energetigiven in ~ Pperiment.
Table VI) have changed dramatically with respect to the pre-

vious models. The monoclinic structure is now the ground
state with the overall ordetymenoclinic jrutile - ja—Pb0, For the tetragonal distortion the ideal fluorite structure
< fluorite_- | j cotunnite corresponds to a local energy_maximum_ within a double-well
Table VI lists the equilibrium volumes for the various structure in the energy/ol_lstortlon curve in which the two en-
ergy minima corresponding to the tetragonal structure. There

polymorphs at the energy minima. The effect of the dlpOleare three parameters of general interest:dteratio of the

and quadrupole polarization is to increase the system densiy; cell, the energy\ U™ required to mount the central en-
ties. The largest volume changes are observed when quadrgrgy parrier in the double-well structure, and the displace-
poles are added to the-PbO,, rutile and monoclinic forms, mentd, of the oxide sublattice from the ideal fluorite posi-
consistent with these structures having the larger quadrupole
polarization energies. Table VIl lists the volumes of the -8400.0
monoclinic structure for the various models compared with
previous model results and two experimental values. The

CIM without polarization effects gives a volume signifi-

cantly greater than the experimental value. Whethdipole _8600.0 |
and quadrupole effects are added the CIM molar volume-
decreases to give a much better agreement with experimen'tg

C. Tetragonal distortion

TABLE VIII. Fluorite elastic constants and bulk modulus for ‘;’
the current EPP and the CIM with and without full dipolar and -8800.0 |
quadrupolar polarization effects.

B/GPa C,/GPa C.;JGPa C,/GPa

EPP 201 414 95 99 ~9000.0 00 ) 00 50.0
CIM (no polarization 204 405 104 471 V&)

CIM (full polarization 204 402 105 177

Expt. (Ref. 69 194 417 82 47 FIG. 6. Lattice energy vs volume for the CIM with full polar-

ization effects. Key as for Fig. 4.
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FIG. 7. Breakdown of the tetragonal distortion energy for the DC poter(@&nlTotal energy,(b) O-O Coulombic energy(c) Zr-O
Coulombic energy, an¢t) Zr-O short-range energy.

tions in the energy minimum. The latter is usually quoted inO?~-0?" repulsive Coulombic energy that results from the

terms of thec-axis length which, by convention, is the axis tetragonal distortion. This is perhaps not such a surprising

along which the oxide ions move in the distortion. result in view of the short & -O2~ nearest-neighbor length
We first consider how a simple EPP can reproduce thgyhich has already been noted in the Introduction.ddsn-

tetragonal distortion. As before, our strategy is designed tQaases from zero the anions move away from the ideal fluo-

determine the role of the various contributions to the total. packing into a pseudo-close-packed arrangement of
energy. In order to make the connection to previous empiri]OWer energy

cal models both the DC potential and current EPP will be For larger cell volumes, corresponding to the density of

analyzed, the transition temperature, the?0-O2~ interaction energy

Figures Th)—7(e) show the various contributions to the . I It of the | ¢ density. Th |
total crystal energyFig. 7(a)] for the DC potential as a func- IS Smaller as a resuit ot the fower system density. 1he rela-

tion of d,, with cell volume corresponding to the tetragonal iVely small size of the Zt" cation compared to cations
energy minimum throughout. No polarization phenomena ar&@ving fluorite ground states means thadamcreases from
included here. The total energy shows the characteristiger© the Coulombic energy gained from the decrease of two
double-well structure discussed above. It is interesting te'-O distancesoutweighsthe increase associated with the
note that this structure appeassthout polarization effects. ~short-range repulsion. For a larger cation the potential energy
Polarization effects would be expected to become significanfninima will be atd,=0 as any distortion leads to the short-
away fromd,=0 (where they are precluded by the high range energy outweighing the Coulombic attractive force.
symmetry of the anion sijeand so we might have expected The Zr** can be thought of as able to “rattle” in the tetra-
that they alone were responsible for the double-well struchedral hole. The result is the same double-well structure as
ture. In Figs. Tb)—7(e) we see that the Coulombic and short- observed at zero K.

range Zf"-02" interactions effectively cancel over thig The sum of the terms leads to the double-well structure of
range of interest. The difference in0-0O?~ dispersion en-  Fig. 7(a) with an energy minimum at,=0.06. The current
ergy (there is no Zr-O term in the DC potentias less sig- EPP, whose parametrization was not based on any knowl-
nificant than the other terms shown. The double-well strucedge of the nature of the tetragonal distortion, gives a differ-
ture can, therefore, be traced directly to the reduction irent result, withd,>0.1 in poor agreement withoth the ab
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FIG. 8. _CIM tetragona! distortion, ﬂ.]” polarizatiofs) at Vo, (k_)) FIG. 9. (a) Tetragonal distortion using the full CIM at different
at a density corresponding to the high-temperature experimentg) | o< forc/a=1.42. The volumedin a.u) are X, 427.0;+

data(Ref_. 17. Key: thick solid Ii_ne,c/a=1.48; dotted Ii_ne, 1.46; 436.3:0, 445.61> . 454.9'V, 464.2: & , 480.0:01, 491.3: *, 500.0.
dashed line, 1.45; long dashed line, 1.44; dot-dashed line, 1.42; thl(b) Position of thed, minimum against volume
, .

solid line, 1.40.
Figure 8b) shows the same curves calculated at the density

initio and experimental data. The difference in performanc®f the tetragonal-cubic transition. Figureashows a series

of the two pair potentials can be traced back to two terms®f €nerdy curves foc/a=1.42 at differing volumes. The

First, the &~ -02~ short-range energy, which reinforces the :gglrg(lzjtn;(;r;gé 'Sesrge;g grhi¥§r;1n(;Vrendatr?nzrhlc%mesr's\{gr?tah' "
Coulombic repulsiofiFig. 7(b)], is much more significant in P z u ; wi

the EPP due to its longer range. Second, the presence g}e combinedab initio and experimental observations. Fig-
Zr**-02 dispersion introduces terms that act like Fi(t)7 oo db) shows the position of thel, minimum plotted

. X against cell volume foc/a=1.42. The dependence of the
with respect tod, . Both O,f .these terms act to Increase theminimum position on volume is slightly greater than linear.
d, at which the energy minimum occurs.

: As the volume increases, in the CIM, théa ratio at the
For the CIM, in contrast to the EPP, no double-well struc-gnergy minimum remains at around 1.42. Our LMTO calcu-

ture is present in the absence of polarization effectsdAs |ations on the other hand, show a change from a minimum at
increases from zero two anion-cation separations are reducada? atV/V,=0.92 to a minimum at 1.44 a¢/Vy=0.96.

and two are increased—each anion becomes effectivel/ 2 This increase irc/a ratio is consistent with otheab initio
coordinate. As a result of this effecti@weringof the anion  calculations and the experimental value. As the volume in-
coordination number the EPRBnderestimateshe anion- creases the CIM does stabilizéa=1.44 overc/a=1.40(at
cation short-range interaction energy in the manner already/V,=1.0) and c/a=1.45 overc/a=1.40 (at V/V,=1.06).
observed. However, the overall minimum remains@a=1.42 in con-
Just as for the structural energies described in Sec. V Hlict with the experimental observation. In other words we
the inclusion of polarization effects at a purely dipolar levelcan state that the general trend towards the smelkeratio
is not enough to reproduce the observed experimental trendsging destabilized with increasing volume is reproduced by
in this case the double-well structure. Figur@8hows an the CIM but the effect is not large enough to stabilize
energy againdd, plot for the full CIM (i.e., with dipoles and c/a=1.45 at the experimental high-temperature density. Pos-
quadrupoles The inclusion of anion quadrupole@un-  sible reasons for this shortcoming will be described in Sec.
changed from Sec. V Brecovers the double-well structure. VI.
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whereUS and U3 are now the rearrangement and overlap
energies in the three-coordinate structure. Figure 10 shows
the comparison of the EPP derived from the four-coordinate
(ab initio) data (EPP-4 with that derived from the three-
coordinate CIM(EPP-3. If the EPP representation of the
short-range interactions were truly transferable, these curves
would be identical. However, EPP-3 is consistently more
repulsive than EPP-4 over the range of anion-cation separa-
tions of interest. The repulsive energy stored in a compressed
anion increases less than linearly with the number of neigh-
bors compressing it. Hence, the use of EPP-4 to model all
polymorphs leads to the anion-cation repulsive energy being
underestimatedor structures with coordination number less
than 4 and overestimated for coordination numbers greater
than 4. The CIM stabilizes higher-coordinate structuessl
destabilizes lower-coordinate systemgith respect to the
EPP.

Previous CIM work on MgO clearly demonstrates the
greater transferability of the CIM representation by compar-
ing it with additionalab initio calculations’’ In that case the

As the volume increases, the height of the energy barrieciM was fitted to a six-coordinate rocksalt structure and then
aboutd,=0 increases. The LMTO calculations give energyused to generate the four- and eight-coordina& and
barriers in the range from 0-1 a.u.\4tV(=0.92t0 1.5-3.5 U°. These curves compared excellently with additioakl
a.u. atV/Vy=0.98. The CIM gives a barrier height of initio calculations on the four- and eight-coordinate struc-
=0.75 au. atV/Vy=0.92, increasing to=2.1 a.u. at tures(which had not been used to parametrize the CIM in
VIV,=1.06(corresponding to the high-temperature density any way, demonstrating the true transferability.

Hence, the general trends in both barrier height and behavior
with volume are reproduced.

0.50

0.40

0.30 |

U (a.u.)

0.20 |

0.10 |

0.00
3.0

FIG. 10. EPP’s derived for three-coordingttashed ling and
four-coordinate(solid line) anions.

B. Dipoles and quadrupoles

The second important aspect of our investigation concerns
VI. DISCUSSION the magnitude of the polarization energies. The dipole polar-
A. Transferability of the CIM ization energies are small compared to those found in, for
xample, layered structuf@where the anions sit in highly
symmetric environments. Such layered structures become
tabilized for combinations of smalhighly polarizing cat-
ions and largeéhighly polarizablg anions. As a result of the

The most important aspect of the CIM representation ofe
the anion-cation short-range interaction is the stabilization o
higher-coordinate structures. For ZyGhe seven-coordinate

monoclinic structure is stabilized over the S'X'Coord'naterelatively small dipole polarizability of the oxide anion such
a-PbO, structure. Thex-PbO, structure is not observed in i ctures are not observed for this sefi@salogous to the
ZrO,, but it tends to appear in systems with increasing catyjige case in which no such structures are formed by fluo-
ion size, as the ionic model predicts. For example, several qjides but dominate the other halide systenisthe polymor-

the systems in the structure map of Table | with the rutileyng considered here the anions are in sites at which large
ground state undergo a pressure driven transition to thginolar induction effects are precluded by the high symme-
a-Pb0; structure. In addition, the mixed catlog ZITBYs- gy The small dipoles that do arise do so as a result of small
tem forms a high-temperature-PbO, phase”’ At lower displacements of the anions from the ideal lattice sites. As a
temperatures this structure distorts to allow thé Zcation result the dipole polarization effects are not nearly large

to attain near-eightfold coordination with the smalle i enoygh to stabilize the monoclinic structure over the fluorite
becoming sixfold coordinated. in the CIM.

The observation that the CIM stabilizes the higher-  1pg quadrupole stabilization energy for the rutile,
coordinate structures has also been made for MgO, €20, ,_py0,, and monoclinic phases is much larger than the cor-
and CsCI'” We believe it is a general result, which we can responding dipole energy. This behavior can be traced back
illustrate by the following example. Let us construct a new, the existence of the three-coordinate oxides sites which
EPP corresponding to a three-coordinate anion crystal strugagyt in significant fieldgradientswhich give rise to the
ture. The CIM potentialfitted to the four-coordinateb ini-  rg|atively large quadrupoles. The quadrupole stabilization
tio _data) is used to produce the three-coordlngte CU'VeSnergy is similar fora-PbO, and the rutile phases as both
which are then used to generate the new EPP in the samge phased exclusively on the three-coordinate oxide sites, al-

manner as before. Thus, though thea-PbO, energy is slightly smaller due to the
distortion of the oxide site to the effectiverd coordination.
N, i-1 1 The monoclinic quadrupole stabilization energy is consider-
USRR) = UEPR il = ZTU™(R)— U8 +UY ably less thgn that for either the rutile or thePbOz_ struc-
3 (R) .2‘2 ,Zl 5 (1) 3[ s(R)=Us(=)]+U; tures but still much greater than the dipole polarization en-

(6.1 ergy. This can be traced back to the “intermediate” nature
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of the monoclinic structure discussed previously in which the D. Other terms in the potential model
anions occupy.alternatir.]g Iayers of three—coordir(mle) . The role of the 3~-02" short-range term has also been
and four-coordinatéfluorite) sites. Thus, half the anions lie found to be critical. Previous models have favored the use of
in the three-coordinate sites which lead to the large quadruan empirical potentidi> The current work uses a potential
pole effects, while the other half lie in the more symmetricfitted to ab initio calculations using the oxide anion electron
four-coordinate sites. Despite only half the anions now beingjensity appropriate to the equilibrium lattice parameter
in the critical three-coordinate sites the overall quadrupole‘frozen” potential). Although theenergyof even the current
stabilization energy is over half that of the rutile, as there ispotential is much less than the corresponding Coulombic re-
a significant distortion of the local tetrahedra of cationspulsive energy at the typical crystal separations, it is the
around the four-coordinate sites. curvatureof the short-range curve that is important and that
An interesting side issue is that this observed role foreffects the crystal properties. The general effect is to desta-
anion quadrupoles has implications for the effective modelbilize the higher-coordinate structures. The greater the num-
ing of systems which themselves have rutile as their groundPer of anions packed around a central cation, the smaller the
state structure, for example, TiQtself. This is a tradition- ~@nion-anion nearest-neighbor separations tend to be. For ex-
ally difficult simulation problem, with current models either @mple, the experimental nearest-nel%hbor_ anion-anion sepa-
reproducing the experimental structarethe dielectric prop-  'ations lie in the range 2.581-2.985°Awhile the current
erties but not both simultaneougyFuture work will test if ~ Models give 2.581 A as the fluorite analog falf nearest-

the current developments help to rectify this situation. neighbor pairs. The reduction of cation-anion coordination
number from 8 to 7 allows a relaxation in the cation first-

coordination sphere.

C. Cancellation of errors

The available empirical models and, indeed, the current E. Shortcomings and future development

EPP all appear to do a satisfactory job of modelaggtain The current model is, of course, far from perfect. Short-
aspectf the behavior of ZrQ. For example, these models comings are observed in both the modeling of the tetragonal
do stabilize the monoclinic structure over the fluorite andphase and th&€,, elastic constant in the fluorite structure.
give good agreement with the experimental and theoreticalhe predicted increase in tie¢a ratio at the energy minima
molar volumes. However, they are stuck with the fundamenfrom =1.42 at small volume to=1.45 at the high-
tal problem of the stability of thex-PbO, structure. Simi- temperature density is not observed, although a trend to-
larly, the empirical potentials appear to model the tetragonafvards an increase in thea ratio with increased molar vol-
distortion relatively well although the agreement with the UMe is seen. Similarly, although the effect of the quadrupole
high-temperatureexperimental data appears better than thaPolarization is to loweC,, towards the experimental value,
with the 0 K ab initio calculations. However, the current the fmal value is higher than that .observed experimentally.
CIM (derived fromab initio calculation$ gives poor agree- Again, however, the correct trend is present.
ment with both the experiment and tlaé initio tetragonal . Both of the_se shortcom_mgs may be related to the rela-
tively speculative manner in which the quadrupolar aspects

calculations. The effectiveness of the pair potentials in modbf the model have been parametrized. The short-range, dipo-

eling _specific aspepts of the structure can bg attributed.to i induction, and dispersion effeaisicluding damping are
gffectwe cancgllaﬂon of errors. .The CIM, W|tho.u_t polarlza— all fixed to ab initio calculations and, as such, are well de-
tion effec.ts, gives the monoclinic structure equ!hbnum vol- fined. The full quadrupole CIM model could, in theory, ac-
ume as significantly greater than both the experiment and thg, nt forboth Coulombic- and overlap-induced quadrupoles
EPP prediction and shows no double-well structure for they 5 manner analogous to the dipoles, usiiginitio data.
tetragonal distortion. The addition dbth dipole and quad-  However, the lack of data leads to our usingnaallerquad-
rupole polarization effects rectifies both of these problemsiupo|e polarizability than would be expected in order to
with this full CIM the monoclinic equilibrium volume is  mimic the damping effect of the overlap on the Coulombic-
lowered to give good agreement with experiment and thénduced moment. In the tetragonal phase and the calculation
double-well structure returns. Thus, the partial successes @f C,, the role of the quadrupoles is particularly subtle and
the pair potentials appear in cases where the compressiblge the shortcomings of this approximation may become ex-
ion and quadrupole effects effectively cancel. Importantly,posed.
the full CIM now gives the monoclinic structure as the
ground stateand predicts tetragonal distortions in better
agreement with both thab initio and experimental data.

A further manifestation of this cancellation of errors is  Previous models of the ionic type, including the shell
seen in the elastic consta@t,. The EPP gives good agree- model, are unable to predict the stability of the ground-state
ment with experiment, while the CIM, without polarization monoclinic structure of Zr@ with respect to an orthorhom-
effects, upsets the cancellation of errors and predi€ig,@n  bic structure. Our aim has been to understand the origin of
order of magnitude too large. The inclusion of the anionthis problem and to develop an improved, physically based
quadrupole effects returns the agreement with experiment atnodel. In the process of doing this we have obtained a better
though, in this case, the agreement is slightly worse for th@eneral understanding of the origin of the observed crystal
CIM than for the EPP. This will be developed later in this structures in the metal dioxides.
section. We have investigated systematically the energetics of sev-

VII. CONCLUSIONS
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eral crystal structures of ZrQusing a range of semiempir- oxygen sites, which are the sites that experience the largest
ical interatomic potentials. The three structures which areuadrupole polarization.
observed at increasing temperatures are monoclinic, tetrago- Besides the various perfect crystal structures, we have
nal, and cubidfluorite). Besides these we have studied hy-investigated the energy pathway for distortion of the cubic to
pothetical structures which some potentials erroneously prehe tetragonal structure. The experimental data point to the
dict or which occur in other oxides, e.g., the-PbO,  €xistence of a double well in the energy versus tetragonal
structure or rutile. distortion of the oxygen sublattice. Although this is repro-
The first important effect we have included is sphericalduced with an EPP, it is for the wrong reason, due to a
relaxation(“breathing”) of the oxygen ion. This is the com- [ortuitous cancellation of errors. A CIM, even with dipole
pressible ion modelCIM). The ion contracts as its coordi- polarizability, shows no double vyell. l.t is only prope.rly ac-
nation increases, resulting in a reduction in overlap energ§oUnted for when quadrupole distortions of the anions are
but an increase in rearrangement energy. It is therefore QCIUdEd' . .
more repulsive objectwith lower rearrangement enefggt We have found that although some structural information

lower coordination. However, the reduction in rearrangemen?an apparentlybe explained with a simple ionic or shell

energy is not offset by the gain in overlap energy. The resulfm?del' tzese gnodells atre not_transferable. _ThedCIl\g with Idl'_
of this is to destabilize lower-coordination structures; in par-P2'ar ahd quadrupofar terms is necessary in order to expiain

ticular the six-coordinatea-PbO, structure is thereby all the data we have from experiment aall initio calcula-

brought to a higher energy than the experimentally observeﬁons' We can therefo_re apply it with some cp_nﬂdence to
seven-coordinate monoclinic structure. An effective pair po—StUdy thermal properties su_ch as phase transitions and de-
tential (EPP cannot achieve this by any amount of fitting, fects such as grain boundaries.
because an EPP is fundamentally not transf_e_rable. _ ACKNOWLEDGMENTS

However, the CIM is also found to stabilize the eight-
coordinate fluorite over both the six- and seven-coordinate We thank John Harding and Nick Pyper for supplying
polymorphs. We find that the addition of anion polarizationdetails of theirab initio calculations, and for discussions and
at both the dipolar and quadrupolar levels is necessary irhelp in general. We are grateful to Paul Madden for useful
order to stabilize the seven-coordinate monoclinic structurediscussions about interatomic forces in ionic materials. M.W.
The stabilization works because the anions sit in much mores grateful for support from the Alexander von Humboldt
asymmetric environments in the monoclinic than in the fluo-Foundation. U.S. thanks the Deutsche Forschungsgemein-
rite structure. We can picture the seven-coordinate monoschaft for support under Grant No. Fi478/1-2. This work has
clinic structure as consisting of alternating layers of rutilelikebenefited from collaborations within, and has been partially
three-coordinate oxygen ions and fluoritelike four-coordinatdunded by, the E.U. Human Capital and Mobility Network
oxygen ions. The driving force for the formation of this on “Ab initio calculation of complex processes in materials”
structure appears to be the existence of the three-coordinat€ontract No. ERBCHRXCT930369

*Present address: School of Mathematics and Physics, The Queer®0. Ohtaka, T. Yamanaka, and T. Yagi, Phys. Rev4® 9295

University, Belfast BT7 1NN, Northern Ireland. (19949.
1science and Technology of Zirconiadvances in Ceramics, Vol. 150, Ohtaka, S. Kume, and E. Ito, J. Am. Ceram. Sot,. C448
3, edited by A. H. Heuer and L. W. Hobb§he American (1988; 73, 744 (1990.

Ceramic Society, Columbus, OH, 198Phase Tranformations 1860 Qntaka, T. Yamanaka, S. Kume, E. Ito, and A. Navrotsky, J.
in ZrO,-Containing CeramicsAdvances in Ceramics Vol. 12, Am. Ceram. Soc74, 505 (1991).

2 can Ceramic Society, Columbus, OH, 1981 18y, Miiller, Structural Inorganic ChemistryWiley, New York,
H. J. F. Jansen, Phys. Rev.4B, 7267(199)). 1991

R. Orlando, C. Pisani, C. Roetti, and E. Stefanovich, Phys. Rev. agE_ V. Stefanovich, A. L. Shiuger, and C. R. A. Catlow, Phys. Rev.

45, 592 (1992.
. B 49, 11 560(1994.
4B. G. Dick and A. W. Overhauser, Phys. Réw.2 90 (1958. 205 p McCullough and K. N. Trueblood, Acta. Crystallog2
SM. Wilson and P. A. Madden, J. Phys. Condens. Mate£687 L o ’ : ’

(1993. " 507 (1959. .
Sp. W. Fowler and P. A. Madden, Phys. Rev28 1035(1984. D. K. Smith and H. W. Newkirk, Acta Crystallogrl8, 983
’G. D. Mahan, Solid State lonick 29 (1980. ,, (1969 _ _
8\W. Shockley, Phys. Rewi3, 1273(1948. C. J. Howard, R. J. Hill, and B. E. Reichart, Acta. Crystallogr. B
°R. W. G. Wyckoff, Crystal StructuregInterscience, New York, 44, 116(1988.

1965. 23], G. Stark and H. G. Wallac&hemistry Data Bogk2nd ed.
105, Kawasaki and T. Yamanaka, J. Mater. Sci. LelB, 514 (John Murray, London, 1984

(1994). 24, L. Boyer and B. M. Klein, J. Am. Ceram. So68, 218(1985.
HUR. Suyama, T. Ashida, and S. Kume, J. Am. Ceram. $&. 2°A. Dwivedi and A. N. Cormack, Phil. Mag. &1, 1 (1990.

C314(1985. ZGeneral Utility Lattice Program, Julian Gale, Imperial College,
125 Block, J. A. H. Da Jornada, and G. J. Piermarini, J. Am. Ce- London, UK, 1993.

ram. Soc.68, 497 (1985. 2’R. Dovesi, V. R. Saunders, and C. RoettRysTAL92, User's
13y, Kudoh, H. Takeda, and H. Arashi, Phys. Chem. MiB, 233 Manual (Gruppo di Chimica Teorica, Universita di Torino and

(1986. SERC Daresbury Lab., 1982



54 TRANSFERABLE ATOMISTIC MODEL TO DESCRIE . .. 9161

28A. L. Shluger and E. A. Kotomin, Phys. Status SolidilB8 673  “’M. Ruhle and A. H. Heuer, Adv. Ceram2, 14 (1984.

(1981). 48p_ W. Fowler, J. H. Harding, and N. C. Pyper, J. Phys. Condens.
2L, L. Boyer, M. J. Mehl, J. L. Feldman, J. R. Hardy, J. W.  Matter6, 10 593(1994).

Flocken, and C. Y. Fong, Phys. Rev. Léit, 1940(1985. 4SW. C. Mackrodt and P. M. Woodrow, J. Am. Ceram. S6@, 277
30R. E. Cohen, M. J. Mehl, and L. L. Boyer, PhysicalB0 1 (1986.

(1988. 50w, R. Johnson, D. Kolb, and K. N. Huang, At. Data Nucl. Data
31R. J. Ackermann, E. G. Rauh, and C. A. Alexander, High Temp. Tables28, 333(1983.

Sci. 7, 304 (1975. 51p. W. Fowler and N. C. Pyper, Proc. R. Soc. LondoB98, 377
32p. W. Fowler and P. A. Madden, J. Phys. Ch@&®.2581(1985. (1985.
33N. C. Pyper, Philos. Trans. 820, 107 (1986. 52H. M. Kelly and P. W. Fowler, Mol. Phys30, 135 (1993.
34N, C. Pyper, Proc. R. Soc. London 362 89 (1995. 53M. V. K. Sastri, P. L. Narasimhulu, and K. D. Sen, J. Chem.
35N. C. Pyper, Adv. Solid. State Cher, 223 (1991). Phys.80, 584 (1983.
3%6G. D. Mahan and K. R. Subbaswamlypcal Density Theory of 5*K. D. Sen, J. Phys. @7, L227 (1984).

Polarizability (Plenum, London, 1990 %5J. C. Slater and J. G. Kirkwood, Phys. R&7, 682 (1931).
3’M. Wilson, P. A. Madden, N. C. Pyper, and J. H. Harding, J.%%G. Starkschall and R. G. Gordon, J. Chem. PB#s2801(1972.

Chem. Phys104, 8068(1996. 5’N. Jacobi and Gy Csanak, Chem. Phys. La@&. 367 (1975.
383, H. Harding(unpublishedl %8p. €. Wallace,Thermodynamics of Crystaléwiley, New York,
393. H. Harding and N. C. Pyper, Philos. Mag. L&tt, 113(1995. 1972.
4ON. C. Pyper, Chem. Phys. Le20, 70 (1994. 9R. Christoffersen and P. K. Davies, J. Am. Ceram. S&;.563

41W. H. Press, B. P. Flannery, S. A. Teukolsky, and W. T. Vetter-  (1992.
ling, Numerical RecipegCambridge University Press, Cam- %°M. Wilson and P. A. Madden, J. Phys. Condens. Magiet59

bridge, England, 1986 (1994.
42M. Sprik and M. L. Klein, J. Chem. Phys89, 7556 (1988. 61C. R. A. Catlow, C. M. Freeman, M. S. Islam, R. A. Jackson, M.
43R. Car and M. Parrinello, Phys. Rev. Le56, 2471 (1985. Leslie, and M. Tomlinson, Phil. Mag. A8, 123(1988.

44p. W. Fowler and P. A. Madden, Phys. Rev3B 5443(1985.  ®2C. R. A. Catlow, Proc. R. Soc. London 233 533(1977.

45K. T. Tang and J. P. Toennies, J. Chem. P18@.3726(1984. 633. Adam and M. D. Rogers, Acta. Crystallog2, 951 (1959.

46M. Wilson, B. J. C. Cabral, and P. A. Madden, J. Phys. Chem®H. M. Kandil, J. D. Greiner, and J. F. Smith, J. Am. Ceram. Soc.
100, 1227(1996. 67, 341(1984.



