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Charge transfer in multicomponent oxides
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The transfer of charge between different ions in an oxide plays an essential role in the stability of these
compounds. Since small variations in charge can introduce large changes in the total energy, a correct descrip-
tion of this phenomenon is critical. In this work, we show that the ionic charge in oxides can strongly depend
on its atomic environment. A model to assign point charges to atoms as a function of their atomic environment
has recently been proposed for binary allpgs Wolverton, A. Zunger, S. Froyen, and S.-H. Wei, Phys. Rev.

B 54, 7843(1996] and proven to be very successfulsaoreenedsolids such as semiconductors and metals.
Here, we extend this formalism to multicomponent oxides and we assess its applicability. The simple point-
charge model predicts a linear relation between the charge on an atom and the number of unlike neighbors, and
between the net value of the charge and the Coulomb field at a given site. The applicability of this approach is
tested in a large-supercell self-consistent tight-binding calculation for a random Zr-Ca-O alloy. The observed
fluctuations of the ionic charge about the average linear behda#om function of the number of unlike
neighbor$ was larger than 0.25 electrons even when many shells of atomic neighbors were considered in the
fit. This variation is significant since it can introduce large errors in the electrostatic energy. On the other hand,
for small absolute values of the charge, the ionic charge varied linearly with the Coulomb field, in agreement
with previous findings. However, for large Coulomb fields, this functsaturatesat the formal chemical
charge [S0163-182808)04207-4

I. INTRODUCTION polarization is, to a limited extent, accounted for by repre-
senting an ion as a dipole of chargghell model.® Although
The electrostatic energy plays an important role in deterthis method is widely used and has been reasonably success-
mining the structural stability of ionic solids since it repre- ful in predicting properties of oxides, some basic limitations
sents a large contribution to the total enetgyhe electro-  of its description of the electrostatic energy have recently
static energy of a system of point charges is strongly affectebleen presented: As we showed in Ref. 2, mixing energies in
by changes in the values of these charges. In previous fvorkmulticomponent oxides are very sensitive to even small
we studied different calcia-doped zirconia compounds andariations in ionic charge. Models with frozen point charges
showed that an important redistribution of charge aroundend to overestimate the mixing energy as they essentially
each ion was present for different atomic arrangementgleprive the mixed state of a mechanigétharge transferby
These changes considerably affected the formation energy @fhich it can lower its energy. In other cases, such as the
the compounds in the system. For many applications, such audy of metal-oxide surfaces, a correct description of bond-
the determination of phase diagrams, it is essential to coming in the system also requires an adequate treatment of the
pute these energy differences very accurately. Consequentigependence of the charge on the atomic environth@ie
a correct representation of the dependence of the atomicharge on the metal atom is zero in the bulk metal and in-
charge on its environment is necessary. This will be the focreases gradually towards the interféttee metal ion is usu-
cus of the present work. ally highly ionized in the bulk oxide
In principle, the charge density in a solid can be deter- Recently, new energy models that relax the ionic charge
mined by solving Schidinger's equation self-consistently. have been presented and applied to empirical potential
Often, when modeling complex oxide unit cells or geom-schemes. In the model of Streitz and Mintmire, the charge is
etries, much simpler descriptions for the bonding are usedletermined from local atomic electronegativities and long-
Empirical or semiempirical energy methods can be severalanged electrostatic interactiohdn another model, intro-
orders of magnitude faster than self-consistent quantunduced by ourselves and based on the work of Majewski and
mechanical approaches, but at the expense of accuracy in the@gl,? a tight-binding Hamiltonian that allows for charge
description of the energy of the system. Usually, two majortransfer is solved self-consistenfly.The latter approach has
approximations are introduced in empirical models for ox-been shown to give excellent results for the mixing energy in
ides: (1) the continuous electron density is replaced by pointoxide system&:*
charges and?2) these point charges are considered to be in- In this paper, we will investigate variations of the ionic
dependent of the environment. This is the cornerstone of theharge for a prototype system, CaO-Zr@nd we will iden-
empirical pair-potential models that have been very populatify the parameters that strongly affect its value.
for oxides®~® In these models, the energy is described as the The definition of ionic charges is not unique as there is a
sum of two terms: an electrostatic contribution coming fromlevel of arbitrariness in how to divide a continuous quantum-
the point charges and a short-ranged repulsive interactiomechanical electron density among ions. Sometimes, this
that represents the overlap of the ionic electron clouds. lonidensity is simply integrated within regions of a specific
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shape(e.g., sphergswhile in other cases the projection of atomg for the Cy_,Zn, random alloy!®!’ These calcula-

the charge density on a set of basis functions localized at thgons were performed at fixed lattice parameters. The total

ions is used?** Such ambiguity makes absolute values ofcharge at sitd was defined in terms of the muffin-tin ap-

the ionic charge meaningless. However, thedariation  proximation used in the evaluation of the Coulomb fitldt

within a consistent scheme for assigning charge is a googas found that the accuracy of Ed) depends on the num-

indication of how the electron density around ions changesper of shells considered. Taking the first tyibree nearest-

In this work, we will determine ionic charges, by taking the neighbor shells was sufficient to reproduce the LDA results

projection of the solid wave functions onto a local tight- for a fcc (bco) Cu,_,Zn, lattice very closely'®

binding orthogonalized basis set. The results of this investigation also showed a remarkably
Studies of charge redistribution in screened alloys, suclinear relation betweeq; and the long-ranged Coulomb field

as semiconductors and transition metals, indicate that poing, = at sitei.’” This behavior can be predicted from the

charges extracted from LDA calculations can be well reprosimple charge model when enough neighboring shells are

duced with a very simple analytic model, in which the chargeconsidered®

on a given ion only depends on thember of unlikeneigh-

bors it has->1®In this paper, we will investigate if a similar

set of rules can be applied to oxide systems, where large . POINT-CHARGE MODEL IN MULTICOMPONENT

charge transfers and long-ranged interactions are present. We OXIDES: DOPED ZIRCONIA

characterize both the effect of local environmény count- To describe oxide materials, the model of Eg). has to

ing the number of unlike neighbdrand the effect of the e extended, as most oxide systems of interest have at least

long-ranged Coulomb f'leld. In screened alloys, 'the chargenree or more different species. We will generalize @by

was found to depend linearly on the Coulomb f'_HdNe _separately specifying the number of neighbors of each pos-

will study whether the same behavior holds for oxides. Thisiple type. We will illustrate this procedure for the case of

fact can make the evaluation of the Madelung energy easiegg|cia-doped zirconias within the fluorite structure.

especially in extended sys_terWs. , _ The fluorite structure can be thought of as formed by two
In Sec. Il, we summarize the point-charge model intro-interpenetrating sublattices: a fcc-like one for the cations

duced in Refs. 15 and 16. Section Il deals with the generte g., zirconium and calciupand a simple-cubic one for the

alization of this model to complex oxides and the applicationanions(e.g_’ oxygen and vacancleThe oxygen vacancies

to the CaO-ZrQ@ system. Then in Sec. IV, we use a self- gre introduced into the structure to compensate for the dif-

consistent tight-binding model to study the dependence Oferent nominal charge of the Ca and Zr idfi8ecause there

the charge on the environment and Coulomb field. Finally, ing no intermixing between the cation and anion sublattices,

Sec. VI, we summarize the results obtained. the first-neighbor shell of the cations contains only oxygen
atoms or vacancies and the first-neighbor shell of the anions
Il. POINT-CHARGE MODEL only contains cations. Similarly, the second-neighbor shell of

the cations(aniong is made up exclusively out of cations

The charge of an ion_ IS expected to haV(_e the Smal_les(tanions). Equation(1) can then be written for each species,
absolute value when all its neighbors are of its same klnd'.Jp to two neighbor shells, in the following way

The justification is that if the system is screened enough, an
atom surrounded by like neighbors will behave as if it were
part of a pureelementalsolid and, consequently, its charge
will be close to zerd® This idea was used by Magri and
collaborators to express the charge in a binary alloy, as a 0;(Ca) = —N1Nz+A3Ng+Cca,
linear function of the number of unlike atoms in the nearest-
neighbor shelt® This was later extended to any number of (O)= = AoNo— AaNeot AsNatCr (3
shells by Wolvertoret al'® Using notation of this previous (o) 2Nz AsNeat haNot o (3
work, the chargey; at sitei is expressed as where\; and C, are constants, antl, is the number of
\ neighbors of typea (= Ca, Zr, or Q. Overall charge
_ s _ neutrality imposes both the symmetry in the parameters
i=\ — S , 1 ' o
G 123 ?\1% 'S Sks] @ and a constraint on the coefficiers,,

Qi(Zr)=N1Ncat AN+ Cy,

where\4 are constants and the first sum goes over the de-
sired number of shellss; is 1(0) if an A(B) atom is located

at sitei and the last sum is over all sites in the shE_INote _Here, Xy, Xca, andx indicate the atomic fraction of zirco-
that the latter sum counts the number of unlike neighbors in, " = \~iim and oxygen ions, respectively. Equatit®)s
the s shell. From the information over various shellg@n- a5 pe written to include any number of shells. Note that

Xz:Cz+XcaCcat XoCo=0. 4

eralized number of neighbors ban be defined as when more than two species are presentwill not only
\ depend on the shell, but also on the identity of the central
TN Ms . ion. As indicated in Eq(3) not all the\; corresponding to a
N ; )\1% [S Sks]' @ given type of shellle.g., nearest neighboare independent

but they are related by imposing charge neutrality.
Expression(1) was tested, for example, in large supercell ~ Similar to what was done in Ref. 16, a generalized num-
local-density approximatior{LDA) calculations(256—432  ber of neighbors for each ion can be defined from E8k.
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Ay 4s and 4p centered at the calcium ions, and,4lp, and 4
ai(Zr) =>\1( Neat 3~ No|+Cxz for the zirconium ions. We independently fit the overlap and
! hopping integrals to the bands and lattice constants of pure
L~ CaO and ZrQ and one compound with composition
- )\lN + CZra

CaZrOs;. The properties of these structures were calculated
(see Ref. 2 with the ab initio pseudopotential methdd.
gi(Ca=— 7\1( Ny, — ENO) +Cca Both the valence and the lower levels of the conduction band
A were used. For the latter, a much lower weigbi0l) was
assigned in the fit of the tight-binding matrix elements. The
=—\;N®+Cq,, initial values for the parameters were taken as the CaO and
ZrO, sets found in Refs. 9 and 10, respectivélge O-O

N3 WA being an average of both resylts-or the Ca-Zr second-
Gi(0)= =Nz Nz+ :=Nca= 3—No| +Co nearest-neighbor coefficients, only tsels integrals were
2 2 included. We also tested addisgs ands-p integrals but the

~ results did not improve appreciably. The integrals were as-

sumed to obey Harrison’s distance dependerféighe root-

The charges for the different ions can then be expressed agean-square difference between the pseudopotential and the
function of theseN tight-binding bands was of the order of a few hundreths of an

' eV. The lattice constants differed by less than 0.5%.

K-space integrations in thex@x3 supercell were tested
both with a 2x2X2 uniform grid and with only th&" point.
The charges were already converged within 0.01 electrons in

To test Eq.(5) in an ionic solid, we performed a large the latter case. Consequently, all the calculations were done
supercell calculation for a Zr-Ca-O alloy in an unrelaxedwith theI" point.
3X3X%3 (324 sites in totalfluorite cell. The lattice parameter If we do not enforce charge neutrality, each of the Egs.
corresponds to the cubic zirconia structu&05 A). An (5) can be fitindependentlyproviding the bestinear match
equal number of calcium and zirconium ions was randomlyto the data set. The results of this procedure are shown in
distributed in the cation sublattice. The number of vacanciegig. 1 as a function oN for two-, four-, and ten-neighbor
was the same as the number of Ca ions, ensuring charggells, respectivelyi.e., one cation and one anion, two-
neutrality when formal charges are assigned to the ions. Bezation and two-anion, and five-cation and five-anion shells,
cause of the large size of this cell, many different crystallo-respectively. Relation(5) predicts the straight line plotted in
graphic sites and local environments can be sampled in the figures. Clearly, even when not imposing the extra con-
single calculation. Similar results were obtained by usingstraint of charge neutralityEq. (4)] the fit is poor. The dis-
smaller cells with different atomic configuratioft® sample  persion around the linear behavior is of the order of 0.25
a significant number of atomic environments electrons. As we showed in Ref. 2, this variation can produce

The self-consistent tight-binding method described in Reflarge errors in the formation energy values.
9 is used to compute the charges. This method offers a full The dependence of the charge at a given site on the Cou-
quantum-mechanical description of bonding and a naturgbmb field at that site is shown in Fig. 2. The charge exhibits
way of incorporating charge transfer, oxygen breatfithg, a linear behavior with respect to the Coulomb field for small
and nonspherical charge relaxations. Although slower thagalues of this field. A similar situation was observed for the
pair-potential models, it is still orders of magnitude fastercy, _,zn, random alloy(only small charges were involved
than other quantum-mechanical techniques because the vajir these studies'’ However, in our case the charge levels off
ous time-consuming integrals of the first-principles tightat the formal valence charge for large fields. This is not
binding are replaced by suitable parametrizations. As a reanexpected since those values correspond to closed-shell
sult, the Hamiltonian matrix elements are described aglectronic configurationgThe Coulomb field would have to
distance-dependent functions that are determined by fitting tge increaseddecreasedconsiderably more in order to start

several physical properties. adding (removing electrons to(from) the following (previ-
The tight-binding approach is capable of handling theous electronic shell.

large supercell calculation required in this study in a reason-
able computational time. We already demonstrated that this
method accurately reproduces formation energies in doped
zirconias? Since the accuracy of these predictions critically ~ The tight-binding results in Fig. 1 indicate an important
depends on the correct description of the ionic charge, it igffect of the atomic environment on the charge. Differences
reasonable to assume that the tight-binding model will als@f more than 2.5 electrons are present between ions of the
provide correct values for the charges. The charge is definesame species. Consequently, simple energy models that as-
as the projection of the electron wave function in the solidsumefixedcharges are bound to fail as they will lead to large
onto the basis orbitals. This is the same value of the chargerrors in the Coulomb energy. The variation of charge with
used to compute the Madelung energy within the tight-structure in zirconias has also been suggested by other ex-
binding model. perimental and theoretical woff?*

For CaO-ZrQ, the solid wave functions are expanded in  The calcium ions are shown to be almost completely ion-
atomiclike Z and 2o orbitals localized at the oxygen ions, ized, independently of the structure or the symmetry of the

IV. COMPARISON OF THE CHARGE MODEL
AND THE TIGHT-BINDING PREDICTIONS

V. DISCUSSION
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FIG. 1. Chargdin electron$ versus generalized number of neighbbisThe straight line is the prediction of the charge model of Eq.
(5) when two-, four-, and ten-neighbor shells are incluflegl (b), and(c), respectively. The\ parameters were fit without imposing charge
neutrality. The dots correspond to tight-binding large-supercell calculations.

site that they occupy. This behavior was confirmed by ouions decay as the inverse of the square of the fields and

pseudopotential calculatioAs? Electronic density plots with  formal chemical charges are obtained. By doing a Taylor's

virtually no valence electron density in the Ca idifsg. 3) expansion of Kj; /H“—H”)2 for small values of the Cou-

were obtained for different arrangements of the atoms on thiemb field, the softening of the ion becomes proportional to

fluorite lattice. this field and, consequently, a linear relation between the
As Fig. 2 shows, dispersion of the ionic charge as a funceharge and the Coulomb field is predicted.

tion of the Coulomb field is smaller than as a functioriNof
There is almost a one-to-one correspondence between charge
and Coulomb field for the zirconium atoms. The same is true
for oxygen up to an absolute charge efl.4. For larger The self-consistent tight-binding results show that the
values, the dispersion starts increasing considerably. Thignic charge depends quite strongly on its environment. For a
may be related to the weak binding energy of the secondandom CaO-doped zirconia alloy, variations of more than
electron on the oxygen atom. The?O configuration is ac- 2.5 electrons were detected in the Zr ions. Any empirical or
tually not stable in the free ion but it is stabilized in the solid semiempirical total-energy method that assumes these
by the Coulomb field®> Consequently, this second electron charges to be fixed may introduce large errors in the evalu-
can be considerably affected by the particular local environation of the electrostatic energy.
ment of the ions. We believe this effect is responsible for the Since the electrostatic energy plays an important role in
increase in the dispersion of the values of the oxygen chargefetermining the structural stability of oxides, it is essential to
beyond the 1.4 electron absolute charge. represent the charge changes very accurately. Unfortunately,
The relation between point charges and Coulomb field$ur results indicate that the ionic charge is not well captured
can be understood within perturbation theory. As was showiby characterizing the local neighborhood of the ion, as is the
in Ref. 22, the reduction of charge between closed-shell ionicase in small-charge-transfer systeTﬁﬁRather, we find that
specieq “the softening of the ion’) can be approximated by the Coulomb field is a better predictor for the ionic charges
(Hjj /H;i —H”)2 to first order in the Hamiltonian matrix el- of the cations. The relation between charge and Coulomb
ementH;; between orbitals andj (on different atoms For  field is linear for small charge transfer, in agreement with the
the fixed lattice used in the present work, tHg can be results obtained on screened alloys, but deviates from linear-
assumed to be constant, whitg; —H;; can be taken as a ity at larger charge transfer. For the oxygen ion, neither the
constant plus a term linear in the difference in Coulomblocal environment nor the Coulomb fietgparatelyis a good
fields oni andj.?® Thus, the limiting behavior in Fig. 2 is indicator for the ionic charge when the ion is strongly nega-
reproduced: For large Coulomb fields, the softening of thdively charged. Calcium ions were found to be fully ionized,

VI. CONCLUSIONS
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FIG. 2. Chargdin electron$ at sitei vs Coulomb fieldv;* e (in

eV) at that site. The lines indicate the limiting behavior for small
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