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Using first-principles supercell calculations, we have investigated energetic, structural, and dielectric prop-
erties of three differen\(B’B"”) O; perovskite alloys: B&ny;sNb,,5) O3 (BZN), P(Zn,,aNb,5) O3 (PZN), and
PH(Zry3Tiyg) O3 (PZT). In the homovalent alloy PZT, the energetics are found to be mainly driven by atomic
relaxations. In the heterovalent alloys BZN and PZN, however, electrostatic interactions &hamgl B”
atoms are found to be very important. These electrostatic interactions are responsible for the stabilization of the
observed compositional long-range order in BZN. On the other hand, cell relaxations and the formation of
short Pb-O bonds could lead to a destabilization of the same ordered structure in PZN. Finally, comparing the
dielectric properties of homovalent and heterovalent alloys, the most dramatic difference arises in connection
with the effective charges of tH®’ atom. We find that the effective charge of Zr in PZT is anomalous, while
in BZN and PZN the effective charge of Zn is close to its nominal ionic vdl86163-18289)02603-X

I. INTRODUCTION for the energetics of homovalent and heterovalent alloys. It is
also unclear how the chemical difference between homova-
Simple perovskite compounds have the chemical formuldent and heterovalent alloys affects interatomic distances and
ABOs. In the cubic phase, the oxygen atoms form a cubidielectric properties.
lattice of corner-sharing octahedra with tBeations at their Another aspect that is poorly understood is the effect of
centers, while the\ cations form a second interpenetrating the A-atom identity on properties of heterovalent alloys. For
cubic sublattice located at the 12-fold coordinated sites beexample, many Ba-compounds including(Bigy,sNb,/s) Os
tween octahedra. Interestingly, most of the perovskite comegpn) 4 Ba(Zn;sNb,5)O0; (BZN),** Ba(ZnysTays)Os

pounds that are of greatest technological interests are ”?BZT) 1516 Ba(MgysTay)Os (BMT),Y7 Ba(StsTays)Os
simple systems, but rathéx(B'B")O; alloys with two dif- (BST),X” and BaNi,sNb,2)Os (BNN),'® adopt a structure

ferent kinds ofB atoms. Examplgs lnclude. the (0Ti)O; ith long-range compositional order in which one plane of

alloys that are currently used in piezoelectric transducers an\g, atoms alternates with two planes Bf atoms along the
-3 . . _ »

actuators:™> Other examples include BgND)Os for high [111] direction. We shall refer to this as the };2; struc-

frequency application$and PMgNb)O; and PBZnNb)Os, .
which exhibit extraordinarily high values of the piezoelectricture' On the other h"?‘”d’ weak xray  reflections
have been detected in various Pb compounds,

constants when alloyed with PbTjO
From a chemicél point ofj view, two classes of Such as ngUSNbZB)% (PMN)  (Refs. 19-21 and
A(B’B")O, compounds can be distinguished: homovalent vd”AM31/3T&;39) Os (PMT),” that are indicative of a rocksalt-
heterovalent alloys. In homovalent alloys, the tBatoms  like 1:1 ordering ofB’-rich andB"-rich sites on theB sub-
belong to the same column of the Periodic Table. Theattice. We will refer to this as the 1k, structure, since it
A(B.B'_,)O; alloys can thus have a compositigontinu-  €an be regarded as consisting of a simple alternation of
Ous|y ranging from Oto 1. A typ|ca| examp|e Of SUCh aplanes OfB’-I’iCh andB”-riCh Sites alonq:lll] The nature
homovalent alloy is P@&r,Ti;_,)Os. On the other hand, and strength of the atomic ordering have been shown to be
there is a unique stoichiometry in heterovalent alloys, sinc&rucial for the properties of this class of alloys.
the two B atoms do not belong to the same column of the Understanding heterovalent ardatom effects can also
Periodic Table. Typical examples of heterovalent alloys arde very useful for building an accurate effective Hamiltonian
Pb(ZnysNby3) O3, BalZnysNby3) O3, PHMgyaNby2)O3,  that can extend the reach of first-principles calculations by
Ba(Mgy/3Nb,5) O3, and PSc»Tay/0) O3. retaining only the physically relevant degrees of freeddm.
While many first-principles calculations have been per-Effective Hamiltonian approaches have been developed in
formed to understand and predict properties of sidp#;  the past for simple perovskite systems. When constructed
perovskite systemgsee Refs. 6—8 and references thexein from first-principles calculations, they have proven to be
only a few studies have investigated alloy properties via acvery successful both for reproducing phase transition
curateab initio techniques. For example, ferroelectric effectssequence$~?°and for studying ferroelectric domain wéfts
in Ph(Zry,5Ti»9)05 have been studied in Ref. 9, and energet-as well as finite-temperature dielectric and electromechanical
ics of long-range order structures of homovalent or heterovaproperties:’~2° An effective Hamiltonian for a perovskite al-
lent alloys have been investigated in Refs. 10-13. Thesky should include both compositional and structural degrees
recent studies provide a useful understanding of the microef freedom. A good starting point for treating the former may
scopic behavior of perovskite alloys, but they do not give abe the simple model of Ref. 30. By focusing on electrostatic
simple picture of the consequences of heterovalency on theffects, this model successfully reproduces the compositional
energetics and properties of the alloys. For example, onbng-range order observed in a large class of complex het-
may wish to compare the driving mechanisms responsiblerovalent perovskite alloys. However, in order to augment
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this model with a description of structural relaxations, we are (@) (b)
motivated to understand the role of such relaxations in the
energetics and the dielectric properties of these materials.
In the present study, we investigate both heterovalent and °
A-atom effects in an important class of perovskite alloys us-
ing first-principles techniques applied to ordered supercells. ° °
To study heterovalent effects, we compare the computed °
properties of PB’B")O; alloys for the cases of homovalent
vs heterovalenB-site substitution. With regard té-atom ° °
effects, we are mainly interested in the differences between °
Pb compounds and other divalelhiteompounds. While we |
find that the energetics of homovalent alloys are mainly e |
driven by atomic relaxations, we confirm that the electro- £ 1 (g The 1: 2001 As(B'B})Op supercell. The succession
static interactions are extremely important to understand thgs pjanes from bottom to togfi.e., progressing along001]) is
energetic and other properties of heterovalent alloys. For exg’ o), (Pb,0, (B”,0), (Pb,0, (B",0), (Pb,O,... . (b) B-site
ample, electrostatic interactions are mainly responsible fogtomic ordering in the 1:2,y; structure, illustrated within a large
the long-range order seen in heterovalent Ba compounds. Isbx aligned with the cartesian axes. The succession of planes pro-
addition, we find that the formation of short Pb-O bonds ingressing along th€111] direction is 8'), (Pb,0, (B"), (Pb,0,
heterovalent PIg’B") O3 alloys could help in destabilizing (B"), (Pb,0...;only B’ andB” atoms(small open and large filled
the structure suggested by electrostatic considerations alongtcles, respectivelyare shown here.
Finally, the present study also emphasizes that the dielectric
properties of homovalent and heterovalent alloys can diffefattice vectors arey;11;=ao[1,0,~ 1], bpiy=ae[—1,1,0],
considerably. For example, the effective charge of Bie andcyy19= £a,[ 1,1,1], wherea, is the lattice parameter and
atom is found to be anomalous in homovalent alloys, while it¢ s the ordered-related axial ratio. We will retain the ideal
is close to its nominal value in heterovalent aIons. group symmetry in both structures. The tB3 atoms are
Specifically, we have chosen three compounds for studythen equivalent by symmetry in both structures. Of the three
These are the homovalent®p,Ti; -,) O3 (PZT) system, the A atoms in the cell, the twé atoms located betweenBY
heterovalent PlZn;sNb,;3) O3 (PZN), and BaZnysNb,)Os  and aB” plane are equivalent to each other and are free to
(BZN) systems. To facilitate direct comparison between thenove along the compositiond[001] or [111]) direction.
homovalent and heterovalent alloys, we choose the samghese atoms will be denotedl; below. The thirdA atom,
compositionx=1/3 for PZT as for PZN and BZN. Note that which we denoteA,, lies on the mirror plane between the

in all three alloys the large atom(Zn or Z1) is the minority  two B” planes and is forced by symmetry to remain undis-
species, while the smaller orillb or Ti) is the majority. placed.

All the Superce"S studied in the present article retain in- We perform |0ca|_density approx|mat|c(||lDA) calcula-
version symmetry, thus preventing the occurrence of ferrotions on the above supercells using the Vanderbilt ultrasoft-
electricity and piezoelectricity. While the Pb compoundspseudopotential scheri. As detailed in Ref. 33, a
PZN and PZT do exhibit ferrOEIGCt”C”.'y at low temperature,Conjugate_gradient technique is used to minimize the Kohn-
many interesting feature@uch as short Pb-O bordsap-  sham energy functional. The ultrasoft-pseudopotential ap-
pear in the paraelectric phase of these compounds. Moreovgsoach has two major advantages. First, it allows for the
the atomic ordering on thB sublattice, which is a focus of generation of exceptionally transferable pseudopotentials be-
the present work, is determined at growth temperatures wegause of its use of multiple reference energies during the
above the ferroelectric-to-paraelectric transition temperaturexonstruction procedure. Second, a modest plane-wave cutoff
For the purpose of understanding the intrinsic differencegan be used, thus also allowing us to include the semicore
between homovalent and heterovalent alloys, and betweeghells in the valence for all the metals considered. Techni-
heterovalent alloys with two differert atoms, we thus de- cally, we chose the plane-wave cutoff to be 25 Ry, which

cided not to relax the inversion-symmetry constraint. leads to converged results of physical properties of int&rest
using roughly 2 700 plane waves per 15-atom supercell. The
II. METHODS Pb &, Pb 6s, Pb 6p, Zr 4s, Zr 4p, Zr 4d, Zr 5s, Ti 3s, Ti

o ) 3p, Ti3d, Tids, Zn 3d, Zn 4s, Nb 4s, Nb 4p, Nb 4d, Nb
We limit ourselves to the two ordered superlattice struc-5s O 2s, and O 2 electrons are treated as valence electrons
tures shown in Fig. 1. These 15-atom supercells consist gf, the present study. Consequently, our calculations include
oneB’ plane alternating with tw@" planes along either the 122 134, and 132 electrons per cell in BZN, PZN and PZT,
[001] direction[Fig. 1(a)] or the[111] direction[Fig. (b)].  respectively. We use the Ceperley-Alder exchange and
The structure shown in Fig(a) will be denoted as 13- correlatior® as parametrized by Perdew and ZunijeA
As previously indicated, 1¢;,; denotes the structure shown (6,6, 2 Monkhorst-Pack mesh was used for the 15301]
in Fig. 1(b). The lattice vectors of the 1jgy; structure are  strycture, corresponding to sk points in the irreducible
3001)= ao[ 1,0,0], broo1;=ao[ 0,1,0], and  Cooy  wedge of the Brillouin zone, and providing a desirable exact
=£a0[0,0,3], whereay is the lattice parameter arglis the  mapping onto the(6,6,6§ mesh of the primitive 5-atom
ordered-related axial ratio. The ideal }5&; structure exhib- simple perovskite cefl® A (3,3,3 Monkhorst-Pack mesh
its the tetragonal #dmmpoint group. On the other hand, the was used for the 132, structure, corresponding to 10
point group of the ideal 1:2,;; structure is 8, and its  points in the irreducible zone of the 1;2; structure. We
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(a) (b) (© than 2.5 eV than the unrelaxed 18, supercell. In ho-
BZN PZN PZT movalent PZT, on the other hand, neglecting the relaxations
1:2 1:2 1:2 1:2 1:2 1:2
[001] [111] [001] [111]
unrelaxed

. leads to a nearly identical total energy in the jgg and
[0o1] [ 1:2;119; supercells. This energetic difference between het-
unrelaxed unrelaxed - ynrelaxed erovalent and homovalent alloys can be understood in terms

of a model recently developed to explain atomic ordering in
< 07 perovskite alloys® In this model, the total energy of a per-
relaxed
04N 4
\\
\
1

ovskite with B-site compositional freedom is approximated
relaxed by an electrostatic energy given by

0.1

1 0.4
v —_—
1

1

—
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3.2

=5 , ®
2ea 7 |I-1']
unrelaxed

wherea is the cubic lattice constant ahduns over thedeal
positions of theB atoms(e.g., over Zn and Nb atoms in BZN
unrelaxed 06 and PZN, or Zr and Ti atoms in P4Te is a electronic
-1 dielectric constant providing some screening effects &qd
is the relative charge, with respect to the averBgeharge,
of the B atom in celll. For example, since Zr and Ti belong
‘— to the same colum(iV) of the Periodic TableAq, is exactly
relaxed
FIG. 2. lllustration of total-energy differences f@ BZN, (b)

zero for any cell in PZT. Applying Eq1) to PZT then leads

to an energy that is independent of the atomic ordering be-
PZN, and(c) PZT. The zero of total energy is arbitrarily chosen to yyeen Zr and Ti atoms. As shown in Fig(c?, this expecta-
be that of the unrelaxed 1z, structure.

tion is nearly exactly demonstrated in our calculations on the

] __ unrelaxed 1:2;) and 1:24;4; structures. On the other hand,

checked that this mesh leads to converged results by noticing poth PZN and BZNAq is equal to+1 and—2 for Nb and

that the total energy of PZT 1;2,; structure computed with 7 atoms, respectively. Thus, the electrostatic enegy

the (4,4,3 and the(3,3,3 meshes differed by less than 0.002 strongly depends on the atomic ordering of Biatoms, as

ev. demonstrated in Figs.(@ and Zb) for the unrelaxed het-
The lattice parameted, the “ordered-related” axial ra- grgyvalent supercells.

tio §, and those atomic diSplacementS consistent with the One can also evaluate the difference in energy between

symmetries of the ideal structures were fully optimized byihe unrelaxedl: 2y supercell and thenrelaxed1: 2y

L ]

minimizing the total energy and the Hellmann-Feynmangypercell for the heterovalent caé@ZN or PZN) using the
forces, the latter being smaller than 0.04 eV/A at convermodel of Eq.(1). The result is that the unrelaxed }s@;
gence.

(17
first-

) ) structure is higher in energy than the unrelaxed
The dynamical effective charge of an atom was detersyycture by(5.274 a.u/ea. Fitting this formula to the

idig and the

atom was displaced slightly along the compositional direCyye dielectric constart (6.3 in BZN and 7.5 in PZ)N Thus,

mined by calculating the difference in polarization be“’"ee”principles energetic difference between the
the ground-state structure and a structure in which the giveq.o

[oo1] Unrelaxed structures leads to reasonable values of
tion, the first-order variation of the polarization with atomic 4na1yzing the first-principles results in the framework of this
displacement being the dynamical effective chade We  glectrostatic model suggests that the screening is larger in Pb
follow the procedure introduced in Ref. 37, which consists inpaterovalent than in Ba-heterovalent compounds. This ex-
directly calculating the spontaneous polarization as a Berryains wh
phase of the Bloch states. Technically, we use roughly 2 00

y the energy separation between unrelaxe ;2
~and 1:240y; supercells is larger in BZN than in PZN.
Bloch states to assure a good convergence of the effective \ye consider next the relaxation energiEgluding relax-
charges. ation of both atomic and lattice degrees of freedothis
interesting to note that relaxations provide a comparable de-
ll. RESULTS crease in energf0.6—-0.9 eV in all three 1:2;,4; supercells,
A. Energetics

independently of both th®&-atom valence and thé-atom
kind. On the other hand, the relaxation energy in the;gh;2
Figure 2 illustrates the computed energetics for the BZNsupercell is strongly dependent on chemical effects. For in-
PZN, and PZT cases, showing the energy differences witstance, relaxing atomic and lattice degrees of freedom in the
and without relaxations, and for 1;3;; versus 1:2;;5; su-  Pb-heterovalent alloy PZN leads to a gain in energy as large
percells. Theunrelaxedstructure has an ideal axial rath as 3.2 eV. This gain is eight times larger than the corre-
=1 and ideal perovskite atomic positions, but a lattice consponding relaxational decrease in the Pb-homovalent alloy
stant that minimizes the supercell total energy. On the othelPZT. As shown in Fig. 2, the different energetic behavior

hand, the lattice constant, the axial ratio, and the internabetween Pb-homovalent and Pb-heterovalentggi2cells
coordinates are all optimized in thelaxedcalculations. One has two direct consequences.

can clearly see that heterovalent and homovalent alloys dif- (i) The relaxed PZT 1:2,, is much more stabléy 0.4
fer. In both of the heterovalent compounds BZN and PZNgV) than the relaxed PZT 1igy;. A similar energetic de-
the unrelaxed 1:2,;; supercell is lower in energy by more crease of 0.3 eV has also been calculated in Ref. 10 for a
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TABLE |. Lattice parameters, and ¢ (see text, atomic distancesl, and effective chargeZ* of
Ba(ZnysNb,3) O3 (BZN), PH(ZnysNby ) O3 (PZN), and PBZrysTisg) O3 (PZT) supercellsA; is anA atom
that relaxes along the compositional direction, whileis prevented from relaxing from its ideal position by
symmetry.B’ is the largeB atom(Zr in PZT, Zn in BZN and PZI\ B” is the smaller on€éTi in PZT, Nb
in BZN and PZN) For each kind of bond, the number of them occurring per supercell is indicated in
brackets. Our calculations agree with the results of Ref. 11 within 0.04 A for all the bond lengths of the PZN
1:2}444; structure.

BZN PZN PZT
1: 2001 1: 204y 1: 200y 1: 214y 1: 200y 1: 201
ap (A) 4.02 4.02 3.97 4.02 3.97 3.97
I3 1.05 1.00 1.02 0.98 1.00 1.00
d(A;-0) (A) 2.664] 2.843] 2.544)] 2.8(3] 2.744)] 2.6(3]
2.914] 2.893] 2.874] 2.873] 2.814] 2.816]
3.244] 2.846] 3.244] 2.896] 2.914] 3.073]
d(A,-0) (A) 2.818] 2.836] 2.748] 2.876] 2.748] 2.746]
2.844] 2.846] 2.814] 2.896] 2.814] 2.816]
d(B’-0) (A) 2.014] 2.076] 1.994] 2.046] 1.994] 2.046]
2.342] 2.192] 2.112]
d(B"-0) (A) 1.841] 1.913] 1.841] 1.913] 1.891] 1.943]
2.014] 2.063] 1.994] 2.043] 1.991] 2.0q43]
2.1q1] 2.061] 1.944]
Z*(Aq) 3.10 3.08 3.48 4.44 4.04 3.78
Z*(Ay) 2.49 2.20 3.43 3.34 3.53 341
Z*(B") 2.24 3.16 2.59 2.95 6.69 7.76
Z*(B") 6.88 6.54 7.82 6.45 6.65 5.81
PZT alloy with 50% of Zr and 50% of Ti, when going from B. Structural and dielectric effects

1:11001; to 1:1154) B-site cation ordering(Consistent with
our previous notation, the 1igh,; structure exhibits a suc- )
cession of two differenB planes along thg001] direction) One may now wonder what are the structural signatures
(i) The relaxation occurring in PZN leads to a destabili-and the dielectric consequences of the different relaxations
zation of the 1:2,;;; supercell with respect to the L@y, that we _find .in the three materials under study. These are
one. The gain in energy by atomic and cell optimization inSummarized in Table I. o
the PZN 1:209y; Structure thus overcomes both the electro- Elrst, Table .I shows that the heterovalent alloys .exh|b|t
static energy difference of 2.5 eV between unrelaxedgh;2 similar trends in Iatt|c_:e pa_rameters. For example, in both
and 1:2,35 PZN structures, and the relaxation energy of 0.6BZN and PZN, the. axial ratio is larger for the }s¢ struc-
eV in the PZN 1:211,, structure®® This may be consistent ture than for the 1.@11_] one. I_n_ particular, the axial rat|9 of
with the fact that, unlike many chemically similar heterova- 1€ 1:3001) _structuri IS S|gn:)f|c;_intly larger than the ideal
lent alloys, the ground states of Pb-heterovalent alloys suc alue of unity (by 5% and 2% in BZN and PZN, respec-

. . tively). This points to the importance of lattice relaxation in
ia:]sg ng;\'nsng [Pll\l/llj d doirggtti;:pe'rr;\rgegfs”t)z/a;ﬁggtti(?n1621‘ otrr:jeer heterovalent alloys. As usual in LDA calculations, the calcu-

; . . lated lattice constants agree within 1-2 % with the experi-
1:211yy superce_ll has also been fognd n PZN in Ref. 11: 0 qal Jattice constants of 4.096 A for BZMRefs. 39 and
relaxed ca_lculatlons perfo.rmed on five different order s_truc-40) and 4.04 A for PZN! the experimental values having
tures predicted that the 132, supercell was only the third  heen measured at room temperature in the cubic paraelectric
lowest in energy of those studied. phase.

Relaxation in the 1:goy) heterovalent BZN supercell also ~ Fyrthermore, we find that all the atomic bonds in the
lowers the energy by a considerable amo(@6 eV). How-  1:2,,,,; structure are very similar in the BZN and PZN
ever, in contrast with PZN, this large decrease is not able t@ases:(i) the A-O bonds range between 2.80 and 2.86 A
overcome the very large electrostatic difference between thiadependently of the\ atom (i.e., Pb vs B¥ (ii) the Zn-O
unrelaxed 1:2y,; and unrelaxed 1:2;;; BZN supercells. bond is lengthenetround 2.05 A and(iii) the Nb-O bonds
This could be explained by our above estimates indicating are equally divided into a group with intermediate lengths
smaller dielectric constant in BZN than in PZN. Our relaxed(1.91 A) and a group of longer bonds with lengths close to
LDA calculations thus indicate that in BZN the %i2; su-  that of the long Zn-O bond. The atomic bonds in the 34
percell is significantly lower in energy than the }53;, structure are also qualitatively similar between PZN and
which is consistent with the fact that the ground-state strucBZN. For example, one may notice four different features
ture observed in BZNand in many similar Ba-heterovalent characterizing relaxed heterovalent j2; structures with

alloys) is the 1:23;;;; one®*4-18 respect to relaxed heterovalent 452, structures:(i) four

1. A-atom effects in heterovalent alloys: BZN vs PZN
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shortA;-O bonds,~2.5-2.7 A, that are much shorter than The main difference in the effective charges of heterovalent
those expected from the sum of ionic r48i{2.70 and 2.82 vs homovalent alloys concerns tBé atom(i.e., Zn in PZN
A for Pb-O and Ba-O bonds, respectivglyii) four short  and BZN vs Zr in PZ7. One can see from Table | that Zr has
Zn-O bonds,~2.0 A; (i) two very long Zn-O bonds, an anomalously large effective charge.5) with respect to
~2.2-2.4 A, that are much longer than the 1.95 A expectegts purely ionic value of+4. A similar large effective charge
from ionic radii consideration®; and (iv) one short Nb-O  of zr has been found in simple compounds and results from
bond of 1.8 A. . the weak hybridization of nominally unoccupied Zt drbit-
‘The differences in atomic bonds between BZN and PZNys \ith the oxygen @ orbitals*® On the other hand, since
arise mainly in the 1:ggy structure. For example, SOMe e 3y shell in zn isbelow the Fermi level, hybridization
Zn-O bonds are much longer in BZN 13, than in PZN between the O 2 and Zn 3 orbitals does not contribute to

1:2 ; in particular, the Zn-O bond in BZN 1;gy; is : - : : :
(001 {601] the effective charge(Incidentally, we find that this hybrid-
—04 A longer than the value of 1.95 A expected in a purGIyization is strong, as reported also in Ref.)1Hybridization

ionic perovskite compount. Similarly, some Pb-O bonds in etween the O @ and Zn 4l states could in principle con-

P - areshorirbymare L e ol ey

Pb-O covalent bonds in PZN, and the existencéuoitable and therefore unlikely to contributt_a strongly. Thi_s explain_s
anomalous long Zn-O bonds in BZN, are probably the mairfhe small values of the Zn effective charges displayed in
guantitative reasons for the larger relaxation energy found ijable I.
PZN 1:2p;) compared to BZN 1:2¢;.

Table | also shows the Born effective chargésfor BZN
and PZN supercells, calculated along the compositional di- IV. CONCLUSIONS

rection (i.e., along eithe{001] or [111). One finds similar We have performed accurate first-principles supercell cal-

trends as in simple perovskite compoufidsamely, values culations to investigate energetic, structural, and dielectric

close to+3.0 and+4.0 for Ba and Pb atoms, respectively. : .
; : effects in heterovalent and homovalent perovskite alloys.
On the other hand, we find that the effective charges of the Our main findings are that the energetics of the homova-

Nb atoms are much smalléby 1-2 unit3 in the heterova- lent PZT alloy is mainly driven by atomic relaxation and

lent alloy than in the paraelectric states of simple Compound3ovalent effects. A PZT structure can thus be stabilized via

such as KNb@ and NaNbQ.** Posternaket al. have . ) .
showr that the lengths of Nb-O bonds can have a drasti(;[he formation of short Pb-O bonds. The formation of these

: i short Pb-O bonds, which have been experimentally 3ken,
effect on the effective charges: they found thatZtfeof Nb leads to a decrease of the effective charge of the Pb atoms.

decreases by more than 2.5 units when going from the cubic On the other hand, we find that the energetics of the het-

paraelectric phase to the tetragonal ferroelectric phase %frovalent BZN alloys is mainly driven by electrostatic inter-

KNbO;. Thus, the fact that Nb atoms have a much Sma”e%ctions among the Zn and Nb atoms. As shown in Ref 30,

effective ((:jharge 'anZNttagd tP§|N tthar:hm s’\llnl;p(l)e 8 ar":;e:e(:t”tcthese electrostatic interactions lead to the stabilization of the
compounds may be atfributable to the Nb-O bond length, ., long-range-ordered structure along fid.1] direction.
distribution found in the alloys. Furthermore, as seen iNthis 1:2 structure does not exhibit any sh@dO bonds

Table |, the existence of very short Pb-O bonds, Wh'ﬁ%h haV§ihich is consistent with the fact that very short Ba-O bonds
been expenmenta!ly detected in Pb—heteroyalent alfys, have not been detectdtb our knowledgg in heterovalent
also has a dielectric consequence: the effective charge of t rovskite alloys

Pb atom involved in those Pb-O bonds decreases when goirig The situation in PZN is in between those of BZN and

from PZN 1:215) to PZN 1:Z00y. A similar decrease of by iy the sense that the optimization of the cell parameters
the Pb effective charge has already been seen when 9034 the formation of short Pb-O bonds in PZN could over-

frr(]) mtiéygtzm \(/jVétg_“n_lorrPaI; I?b-O blon?i_to a stystetm with come the large electrostatic interaction among the Zn and Nb
short Pb-O bondsSimilarly, heterovalent 1:@oy) Structures oo " The destabilization of the 1:2 structure along the

e.Xh'b't both longer Zn-O bonds and a decrease of the foec‘['111] crystallographic direction can thus happen in PZN. As
tive charge of the Zn atom. in PZT, the formation of these short Pb-O bonds leads to a
2. Heterovalent effects: PZN vs PZT decrease of the effective charge of the Pb atoms in PZN.
) _ _ Finally, one drastic difference in dielectric properties be-
As shown in Table | and at variance with heterovalentyyeen heterovalent and homovalent alloys concerns the ef-
alloys, the homovalent PZT alloy adopts a near-ideal valugactive charge of the largd-site atomB’. While Zr exhibits

of the axial ratio in both the 1ygo;; and 1:2;;,; structures.  gnomalous large effective charge, the Born effective charge
The relaxation energy occurring in PZT gy is mainly  of the zn atom is very close to its nominal value.
attributable to the existence of longer Zr-O bonds and shorter

Ti-O bonds, since the Pb-O bonds are very close to their
unrelaxed value of 2BA . Unlike the 1:240;) PZT and the
1:2;117) BZN and PZN structures, the 132,; PZT structure
exhibits short Pb-O bonds; again, these are presumably re- We wish to thank H. Krakauer, M. Wensell, N. Marzari,
sponsible for the stabilization of the relaxed 432 PZT  and A. Garca for useful discussions. This work was sup-
supercell over its 1:8o; counterpart. From a dielectric ported by ONR Grant No. N00014-97-1-0048. Cray C90
point of view, these short Pb-O bonds lead to an effectivecomputer time was provided at the NAVO MSRC DoD HPC
charge in PZT 1:g,4; that is smaller than in PZT 1jgyy;. Center.
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