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Electrostatic Model of Atomic Ordering in Complex Perovskite Alloys
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We present a simple ionic model which successfully reproduces the various types of compositional
long-range order observed in a large class of complex insulating perovskite alloys. The model assumes
that the driving mechanism responsible for the ordering is simply the electrostatic interaction between
the different ionic species. A possible new explanation for the anomalous long-range order observed in
some Pb relaxor alloys, involving the proposed existence of a small amount ®bRlheB sublattice,
is suggested by an analysis of the model. [S0031-9007(98)06793-3]

PACS numbers: 77.84.Dy, 64.60.Cn, 81.30.Bx

Complex insulating perovskite alloys are of greatnaturally, and thus the driving mechanism responsible for
interest for their actual or potential uses mainly be-the ordering has remained somewhat obscure.
cause of their exceptional dielectric and piezoelectric Motivated to resolve these problems, we decided to in-
properties [1]. Examples are the so-called “sugkr  vestigate a simple model that explicitly includes the long-
mixed metal perovskites, such as (Baj/;3Ta/3)0; range Coulomb interactions between ions. In this model,
(BZT) or BaMg,3Nb,/3)03-BazrO; (BMN-BZ), which  the energy is taken to be proportional to the electrostatic
can be used in high frequency applications because anergy of an ideal system of ionic charges. We initially
their ultralow losses at microwave frequencies [2,3].expected that this very simple model might need to be
Other examples are the “new” relaxor ferroelectric al-augmented with corrective covalent terms before it could
loys, such as RMg;/;3Nb,/3)O03-PbTiO; (PMN-PT)  provide a useful account of the different orderings seen
or PHZn,/3Nb,/3)03-PbTiO; (PZN-PT), which exhibit in real materials. To our surprise, the minimal model by
extraordinarily high values of the piezoelectric constantstself is remarkably successful. The purpose of this Let-
[4] and thus promise to improve the resolution and rangeer, then, is to show that this very simple model provides
of ultrasound and sonar listening devices [5]. a systematic understanding of the complicated ordering
An aspect that is not well understood about these combehavior of complex perovskite alloys, thereby provid-
plex materials is the compositional atomic ordering thating strong evidence that the Coulomb interaction between
occurs in some compounds and not in others, and thens is the dominant factor in determining such ordering.
different kinds of long-range order (LRO) that can oc- Our model assumes that the minimization of the elec-
cur. For example, increasing progressively the bulk comtrostatic interactions between the different ions in the
position x in (1 — x) Ba(Mg;/3Nb,/3)03 + x BazZrG; compounds leads to the LRO seen experimentally. The
(BMN-BZ) leads to the following types of order for a final interaction energy in AB@perovskite compounds is then
sintering temperature of 164Q [2]: the so-called “1:2" expressed as
ordering along th¢111] direction for very small values of e? 0101
x (i.e., lower than 5%); then “1:1” ordering alord11] E== Ry — Rp|’ 1)
for compositions ranging from 5% to 25%:; and finally, _ (Ury(@re) =70 TR
disordering for larger values af where R, is the position in the ideal cubic structure

The nature and strength of the compositional order ma)(?f éhe .atomd'0r|1 siter of cell I (7 :.éA’B’O"O% Os}), .
have crucial consequences for the desired properties € Is a dielectric constant providing some screening

the material. For example, previous research has shovxfﬁﬁeCtS' While we find that this model can be successfully
that the microwave loss properties of perovskite ceramic@pg!'ec: to other cases d(sﬁe b.EIOW)’ we first limit ourSﬁIves
are very sensitive to th&-site cation order with theg ~ © diva entzg compoundas la]:/lngda commtgiwatomlonha
value improving with increasing degree of order [3,6].4 Sit€s, and compositional freedom on tBesite. In this

Similarly, compositional fluctuations are believed to playcaSe: We havéia = g4 = +2 and Q10 = go = =2
a central role in the “relaxor” behavior in F,b_b(,ﬁedmdependent of. Focusing on theB sites on which the

perovskite alloys [7]. alloying occurs, we can decompoges as

Previous pioneering theoretical work [8,9] has been Oip = qp + Aqu, (2)
partially successful in describing the ordering in somewhere theaverage valence gp is equal to +4 while
cases. In such models, the Coulomb interactions ardg; depends onl. In order to preserve overall charge
included indirectly via a cluster expansion of finite neutrality, the averagélq of Ag; over all cells must
range. While there is some justification for such anvanish.
approach [10], the ordering sequences that occur in Substituting expression (2) fof;p into Eq. (1), we
complex materials such as BMN-BZ did not emergecan writeE = Ey + E; + E,, where the subscript refers
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to the number of powers ahq appearing in that term. (BZT) [14,15], BdMg;;3Ta/3)0; (BMT) [16],
Then E, is just a constant; it is the energy, within this Ba(Sr3Tay3)03  (BST) [16], BdZn;;3Nby/3)03
model, of an ideal divalend-and tetravalenB perovskite (BZN) [17], BaNi;;3Nby/3)0s (BNN) [18], and
compound. E; can be written as CaCa/3Tay3)03 (CCT) [19]. That is, we do indeed
e? qr find that the structure minimizing the electrostatic energy
Ey = EX ;A‘N[; €lR;, — Ryn| |’ (3)  consists of one (111) layer of2 relative charges (e.g.,
but noting that the term in brackets does not actuallyZn-derived in BZN) alternating with two (111) layers of
depend on/ and usingAgq = 0, it follows that E +1 relative charges (e.g., Nb-derived in BZN) along the

vanishes. Thus the only term depending on the atomiE!11]axis. o
order is To extract further consequences from the model, it is

o2 AgiAg) necessary to solve for its th.err_nodynamic_ behavior as a
> <R, — Ry|’ (4) function of temperature. Th|§ 5 d_one using Metropqlls
_ 1210 1T - Monte Carlo simulations [20] in which the (electrostatic)
In fact, usingR; = la w?erea is the Iz/:lttlce constant, energyE, is given by Eq. (5). To be definite, we assign
L AgiAq ) a=77au ande = 10. We normally limit ourselves
2ea g M=V to 6 X 6 X 6 supercells since we checked that increasing
Equation (5) demonstrates that our model can be reducdtie size of the calculations up 1@ X 12 X 12 supercells
to focus only on the alloying sublattice (e.g., tie does not change the results appreciably. We typically
sublattice in the present case). Moreover, the modelise a very large number of trial moves (up+8 X 10’
is parameter-free in the sense that/2ea defines a in transition regions) in order to obtain good statistics
characteristic energy that will set the temperature scaléor each temperature. Since this corresponds to a large
on which ordering will occur. number(~35000) of sweeps, the initial configuration is
In the following, we apply our model to various casesunimportant; it can either be chosen at random or set
of divalentA compounds withB-site alloying. We thus to a given atomic order such as 1:2 or 1:1. To find
introduce aB-site-only notation. For example, IW{_, the ground state, we first perform calculations at high
will denote a homovalent binary alloy having tetravalenttemperature (e.g., 4000 K), and then very slowly decrease
B atoms, e.g., R&r,Ti;—,)Os. In the same manner, the temperature until reaching a structure for which no
111 —x)/31V Vo —x)/3 Will introduce a heterovalent ternary, moves are accepted by the Monte Carlo program.
such as(1 — x) Ba(Mg;,3Nb,/3)O3 + x BaZrGs;, which Once the thermodynamic state corresponding to a given
is the result of mixing a kl;3V,/3 heterovalent binary temperature has been reached, the search for LRO is done
[Ba(Mg; /3Nb,/3)Os] with a tetravalen bulk (BaZrG;). by calculating, from the Monte Carlo outputs, the Fourier
In view of Egs. (2) and (5), two points are immediately transform of the charge-charge correlation function,
obvious. (i) The present model does not allow IV _,
homovalent binary alloys to order, sindey; is identi- n(k) = a > AqiAgipexp—ik - 1'). (6)
cally zero in all cells/. This is in agreement with the _ e
experimental absence of LRO in homovalent alloys [11]Herea is a normallzatl.on factor,_the sum runs over the
(ii) 1112Vl /5 and 1ll; .V, /> heterovalent binaries should charges in the sublattice, andk is the wave vector in
behave much the same, Sirmq[ consists in both cases of the Brillouin zone of the -Un|t cubic cell. It can eaS"y
equal populations of chargen, wheren = 2 and 1 for be demonstrated thaj(k) is directly proportional to the
I112VI1 /2 and 1ll; ,V 1, alloys, respectively. Thus, these ensemble avera_ge_of t_he square of the Fourier transform
two cases really differ only in the magnitude of the ef-Of the charge distribution. Thus, a large valuepfat
fective energy scale factare?/2ea. By computing the k = 27(3, 3, 3) corresponds to strong 1:1 LRO along the
energy of a large variety of candidate structures and by111] direction, while a peak inp at k = 277-(%, %%
performing Monte Carlo simulations for small tempera-indicates 1:2 order along thé11] direction.
tures (see below), we determined that the ground-state Figure 1(a)—1(c) show the predicted behavior of
(zero-temperature) structure predicted by the preseny(k) vs tetravalent compositiorx at 7 = 1000 K

E2=

E,

model in these two cases is rocksalt, i.e., an alternafor Il -,V Va-yx2. Nu-xpIViVlig-yr, and
tion of =n charged planes along thd11] direction. Il 31V, Vau-y)/3 heterovalent ternaries, respec-
This is precisely the LRO observed experimentallytively. We find that progressively increasing in
in PdSCl/gTa1/2)03 [7,12], Ptﬂnl/szl/z)O3 [11], I”(l—x)/2|VxV(l—x)/2 and ”(l—x)/ZIVxVI(l—x)/Z leads to a
Po(Yb,»Ta;2)0s [13], PHMg;»W,;,2)O3 [11], and continuous transition from rocksalt-type order to a disor-
Pu(Co; ,W/2)0;5 [11]. dered state. This is consistent with the experimental find-

Similar calculations show that the present modelings in (1 — x) PS¢ 2 Ta 2)05 + x PbTIO; [19,21].
also reproduces the ground-state 1:2 structure obAe also predict that the 1:1 rocksalt order can survive
served in many I3V, heterovalent binaries, such in ll—,) 21V VIi-y)2 alloys up to rather large. This
as Bd&Mg;,3Nb,/3)O; (BMN) [2], Ba(Zn;;3Tay3)03 compositional difference between ({ll,)2IV . V(i-x)2
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1.0 . . . constant leads to a decrease of this crossing composi-
€) tion. For example, keeping the lattice constant equal to
7.7 a.u. and using a dielectric constant of 15 yields a criti-
05 r 1 cal compositionx. ~ 5% for T = 1000 K. (A further
increase in temperature or dielectric constant leads to
0.0 alloy disorder even at smail composition.) Moreover,
— 10 . our calculations also confirm a suggestion based on
_ (b) experimental observations [2,23] for the structure respon-
(%) sible for the 1:1 order. Specifically, when we observe 1:1
g 05 1 1 order forx < 25%, we find a rocksalt structure in which
< one sublattice is almost entirely occupied by pentavalent
8 0.0 , atoms, while the second sublattice is basically composed
—_— of the divalent and tetravalent atoms plus the remaining
o 10 . : L
O \ (©) pentavalent atoms. The figure also |nd|ca.1t_eS that the
@) \ strongest 1:1 order occurs for a bulk composition of 25%,
0.5 l'. . which is consistent with the experimental findings that
! the 1:1-order x-ray reflections seem to reach a maximum
[ for x = 0.25 in (1 — x) Ba(Zn;3Tay3)0s + x BazZrO;
%0 o5 1.0 (BZT-BZ) [23].
- On the other hand, there is a noteworthy exception
Composition x to the ordering sequence shown in Fig. 1(c). Namely,
FIG. 1. Monte Carlo simulations of the long-range order'" 11031V Va(—x)3 ternaries for which the diva-

parametery (k) vs tetravalent atomic compositian for the lent A atom is Pb, the 1:2 ordering isot observed
model of Eg. (5), with6 X 6 X 6 supercells,a = 7.7 au.,, as x — 0. Instead, these compounds exhibit weak
e = 10, andT = 1000 K. Solid and dashed lines refer l'[O l 1 1:1 x-ray reflections all the way down t® = 0, as
order [k = 2m(3,3.7)] and 1:2 order[k = 27(5.5.3)l.  observed in P#Mg;/3Nby3)0; (PMN) [25-27] and
IrfSDeCtl'\\;el\% @ Mh-oplViVoyp - temaries, Pb(Mg;/3Tay/3)03 (PMT) [28]. As this appears to be

(1-02ViVlg-pp  termaries;  (€)  Wi-niIViVau—yys . . o

ternaries. at variance with our model, some explanation is clearly

required. First, we note that our model predicts that the

1:2 and 1:1 ordering types are very close in free energy in
and Il—x) 21V Vli-y) 2 ternaries is due to the fact that 11—y 31V Vai-y)3 ternaries at smalt. It is thus pos-
the ground-state energy of the latter is 4 times deepesible that in I} /3V,/; binaries for which thed sublattice
than that of the former (for a givem). Thus, quite a is occupied by Pb, some physical mechanism may occur
large number of tetravalent atoms is required to induce #hat is responsible for triggering the 1:1 order in place of
disordered state in the(L )21V VIi-y) > ternaries. We the 1:2 type. For example, a possible mechanism might
varied the temperature for the (ll)2IV,Vi-y2 and  be the covalency induced by the existence of short Pb-O
H1—x)2IViVla-y)e ternaries but found no qualitative bonds in the lead compounds [29]. The difference in
changes (e.g., new phases), although naturally the transievalency between Pb compounds and Ba compounds has
tion from the ordered to the disordered phase is shifted tbeen previously proposed to explain the difference in the
lower x with increasingr [22]. ferroelectric behavior of PbTiand BaTiQ [30].

Figure 1(c) demonstrates that the atomic ordering However, we wish to propose another possible mecha-
predicted in I}, 31V V2au-yx)3 ternaries is even richer nism for the existence of weak 1:1 order in PMN and
than in the previous two cases. We find 1:2 ordePMT, related to the multivalent nature of the Pb atom. As
along [111] for small x, then 1:1 rocksalt order for is well known, Pb can be either divaleat tetravalent,
intermediatex, and finally a disordered state for evenin view of its s?p? valence electronic configuration.
largerx. These predictions are in remarkable agreemenindeed, as much as 5% of Pbhas been experimentally
with recent experimental observations of precisely thigeported in PMN [31]. These tetravalent Pb ions were
ordering sequence as a function xofin the microwave initially thought to be sitting on thel sublattice of the
ceramics (1 — x) Ba(Mg;/3Nby/3)0s + x BaZrOs [2],  perovskite alloy [31]. However, very recent experiments
(1 — x) Ba(Mg;/3Ta3)03 + x BazZrGs [23], and on PHSc»Ta )03 (PST) films indicate the presence of
(1 — x) Ba(Zn3Tay/3)05 + x BazrO; [24]. We find  some PB* on theB sublatticeof the perovskite structure
numerically that the critical value ok at which the [32]. Thus, we would like to raise the possibility that
crossover occurs from 1:2 to 1:1 order depends on théhe Pb* atoms in PMN sit on theB sublattice. In this
temperature used in the Monte Carlo simulation, as wellvay, the application of Eq. (2) to PMN must recognize
as on the value of the dielectric constant in Eq. (5).the existence of three species on Bisublattice: Mg?,
Increasing the temperature or increasing the dielectritb®>, and a small number of PB (with relative charges
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