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The structural properties and lattice instabilities of perovskites in the (Th,Pb,Bi,%)S¢Pem are inves-
tigated by first-principles density-functional calculations with the linearized augmented plane-wave method. In
all cases, Th is found to be tetravalent on the perovgkiée. The electronic structures have substantial Sc-O
hybridization, as well as both Pb-O covalency, as is common in Pb based transition-metal perovskites, and
significant hybridization of nominally unoccupied Prandd states with O states. The calculations show that
the ideal cubic perovskite structure is highly unstable in (Th,Pb}Sd®e dominant instability is against
rotation of the Sc@ octahedra, as is common in perovskites with smallite cations as defined by the
perovskite tolerance factor. However, there are also substantial, though weaker, instabilities against ferroelec-
tric distortions. These are characterized by large shifts oftsée ions against the surrounding O, especially
for the Th. The tetragonal ferroelectric state is favored over a rhombohedral state, and in addition a large
tetragonalc/a ratio is found. At least for a particular ordering of thAesite ions we find that the ferroelectric
and rotational distortions coexist, yielding a monoclinic symmetry ferroelectric ground state with rotated
octahedra and a large Th off-centering. Calculations are also reported for B#&8dCr'ScQ in the perovskite
structure. Considering only ferroelectric instabilities, these compounds show somewhat different anisotropies
but both favor large/a ratios when tetragonal. The instability against rotation of theSm®ahedra is similar
in energy to the ferroelectric instability in BiSg@nd substantially stronger than the ferroelectric instability in
YScG;. Trends in the lattice instabilities &ScO; perovskites are discussed in terms of these results. Of the
systems considered, the most likely to show a piezoelectrically active morphotropic phase boundary is
Th(1-52BixPh1-x2Sc0;. Implications for practical piezoelectric materials are discussed.
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[. INTRODUCTION is increasing interest in alternatives such as materials con-
taining (Na,Bi)TiO; and the BiSc@PbTiO; alloy
Ferroelectric perovskite oxide#BO, play important —system:>~'*> Several report§~° of supercell calculations
roles in key technologies, including ferroelectric memorieshave been made for intermediate compositions in the PZT
tunable dielectric components.g., for antennae and micro- System, mainly focusing on th-site alloying.
wave applications and piezoelectric transducefs.g., for The piezoelectric perovskite ferroelectrics, including
medical ultrasound'~3 As was elucidated early dit, ferro- ~ Pb(Zr, Ti)O; (PZT) alloys, which are the basis of most cur-
electricity in perovskites depends on delicate interplays ofent transducers, have so-callagite driven ferroelectricity.
different competing interactions, particularly a balance ofThis means that the ferroelectric distortions of the cubic per-
large interactions—long-range Coulomb interactions vsovskite lattice are mainly described as a shift of thsite
closed-shell ionic interactions, with the balance tipped bycation with respect to the surrounding oxygen ions with
smaller effects related to covalency between metal ions angmaller accompanying shifts of tiigsite ions. In these ma-
O p states. terials, the perovskite tolerance factor (ra+ro)/\2(rg
The situation is even more complex in piezoelectrics,+rg) wherer,, rg, andrg are the ionic radii of thed, B,
where the piezoelectric performance depends on the presenasd O ions, respectively, is smaller than unity, indicating a
of a morphotropic phase boundaiMPB) between rhombo- tendency towards instabilities changing the site—O
hedral(pseudocubicand tetragonal ferroelectric states in al- distances®
loy phase diagrams, i.e., on the balance between different In almost all cases, perovskites witke1 have ground-
competing ferroelectric instabilities>®~!In particular, the state structures involving rotations of ti&Og octahedra
piezoelectric performance in these materials originates in about various axes. These structures preserve inversion
polarization rotation from the rhombohedral towards the tesymmetry and are not ferroelectric, as in, for example,
tragonal phase, close to the MPB. There is presently consid=aTiO; or GdFeQ. The A-site driven ferroelectrics are un-
erable theoretical and experimental effort aimed at microusual; this unusual ferroelectric property has long been ratio-
scopic understanding of the underlying physics thatalized as a result of the polarizable lone pair in tlsesate
determines the performance of these materials, and findingf Pt>* and BF' and in fact first-principles calculations,
better compositions for applicatiohf$Much of the current which reproduce quantitatively the ferroelectric ground
work emphasizes Pb based pseudobinaries with PRTiO  states of these materials, do show structure dependent hy-
particular PIBO5-PbTiO;, whereB is four-valent metal, or  bridization involving theA-site ions.
mixture, e.g.B=2r, Mgy,sNb,;3, Zn;;5Nb, 5, although there This understanding has led to a common view that piezo-
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electric perovskites should have either Pb or Bi onAtste.  and O, respectively. The core states were treated fully rela-
In fact, little is actually known at the microscopic level about tivistically, while valence states were treated within a scalar
the trends in the lattice instabilities Afsite driven ferroelec- relativistic approximation. Valence spin-orbit effects are
tric perovskites when alloyed witA-site ions other than Pb known to be important in obtaining accurate structural pa-
or Bi. However, recently, first-principles calculations for rameters for Th met&f>° However, in the perovskites we
CdTiO;-PbTiO; (Ref. 22 and AgNbQ-PbTIiO; (Ref. 23  are considering here, Th occurs as a four-valent ion, which
supercells were reported. These suggested possibly favorabtaght be expected to make valence spin-orbit effects less
changes in properties related to piezoelectricity relative tomportant. We checked this by doing some calculations of
pure PZT. For CdTi@ alloying with PbTiQ, an increase in total-energy differences, both without spin orbit, and with
the tetragonat/a ratio was predicted, which would be fa- spin orbit treated in a second variational approach as in Ref.
vorable for the maximum actuation at the MPB. Recent ex29. We found that the energy differences, including the en-
periments support this prediction, but the solubility of ergy of a ferroelectric structure relative to the ideal cubic
CdTiO; in PbTiO; is too low to reach the MPB without perovskite, were not significantly affected by the inclusion of
additional alloying?* spin orbit on the valence states. Except as noted, all internal
Clearly, it is desirable to obtain a better microscopic un-atomic positions are relaxed within the given symmetry of
derstanding of the trends in the lattice instabilities of thesdhe cell. Also, unless otherwise noted, all calculations were
perovskites withA-site substitutions. Here we report first- done at the predicted LDA volumes. It should be noted that
principles density-functional calculations of the electronicthese are typically a few percent smaller than the experimen-
structure and lattice instabilities of simple perovskite supertal volumes in oxides. However, since the materials consid-
cells in the (Th,Bi,Y,Pb)Sc@system and discuss the trends ered here have not been synthesized experimentally, a theo-
found in the lattice instabilities. Th was selected because ofetical volume must be used. The calculated LDA lattice
the possibility that it would enter the perovskifesite as parameters for cubic perovskite BiSg¢@nd YScQ are
Th**, which would make it perhaps the only tetravalent ion7.548, and 7.4@,, respectively. The calculations for
other than perhaps U to enter this site with @ tBansition  Thg sPly sScO; were done with a 10 atom perovskite super-
elementB-site ion. We note that UN}®,, and ThNQO,,are  cell, using a NaCl ordering of th&-site ions. The calculated
known perovskite compounds in whichfUor TH** share effective lattice parameter of this cell is 7&p(the fcc lat-
the A site with vacancie& The trivalent Sc ion was selected tice parameter of the supercell was 1R which is very
for the B site in part because its larger ionic radiuslative  similar to that of BiScQ. This may be an indication that
to Ti) and lower valence might be more conducive to thesolid solutions of ThsPhy sScO; and BiScQ can be made in
formation of Th A-site perovskites and because relativelya substantial composition range, though the low tolerance
little first-principles work has been done on scandates, evefactor, which indicates borderline perovskite stability, is a
though they may be quite promising as piezoelectrics. Irpotential complication.
particular, high Curie temperatufie at the MPB is desirable Unlike Pb(Zr,Ti)G,;, where strong volume dependencies
for piezoelectric applications. Among materials in commonaffect the ground stafé,one may expect the relatively soft
use, PZT has the highest MPB valueTof=386 °C, but in  ScQ; octahedra in the present systems to give weaker vol-
fact recent studies have shown that the MPB valuélTf ume dependencies, more analogous to those found in
=450 °C in BiScQ-PbTiO; is superiot:>*while the piezo-  SrL,RuQ,.*' Some calculations were done at different vol-
electric coefficients in bulk? or (001) epitaxial films?® are  umes to test this, and in fact only weak volume dependence
comparable to those of commercial PZT. First-principlesof the nonferroelectric lattice instabilities was foufsge be-
studies of prospective end-point perovskite scandates, sudbw). Calculations as a function of the tetragowéh ratio
as YScQ are of particular importance to understand thewere performed at constant volume.
trends in microscopic terms, since these end points do not
generally occur in the perovskite structure in nature. The
average tolerance factor for (Th,Pb)Sc@ similar to
BiScO;, and so one may anticipate that like BiSciDis on Calculated projections of the electronic density of states
the borderline of perovskite stability. (DOY9) for a 10 atom perovskite supercell of composition
ThPbSgOg are shown in Fig. 1. As mentioned, this supercell
is constructed by decorating the cubic perovskitsite lat-
tice with alternating Th and Pb atoms along all three Carte-
As mentioned, calculations were done for simple orderedian directions. Figure 1 also shows the DOS for a relaxed
supercells using density-functional theory within the stan-tetragonal ferroelectric state witt/a=1.08 and the pro-
dard local-density approximatiofLDA). For this purpose, jected DOS after a relaxation of this cell, keeping the lattice
we used the general potential linearized augmented planeectors the same, and fully optimizing the positions of the
wave (LAPW) method?’ with local orbital extensiorf§ to  atoms within a monoclinicC,, space group. The relaxed
relax linearization errors and to treat the higher lying semi-structure has an energy 88 mRy below the ideal cubic struc-
core states of the metal ions. ture on a per Sc basis and shorteredite—O bond lengths
Convergence parameters were chosen as in our receocbrresponding to a combination of rotation of the O octahe-
work on the (Cd,Pb)Ti@ systent? LAPW sphere radii of dra and ferroelectric off-centerings of the ions.
1.9, 2.0y, 1.88;5, and 1.4, were used for Pb, Th, Sc, The band structure in both the ideal cubic and relaxed
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structures shows a gap between @ derived bands and
unoccupied Th b derived bands. The higher lying conduc-
tion bands consist of mixed metal character, primarilydlh
Pbp, and Sd derived. These overlap more strongly with the
Th 5f states in the relaxed structure, since thed@mnd Thf
move in opposite directions with the lattice distortignste

the 1s core-level positions, discussed belowhe LDA band
gaps are 2.6, 3.1, and 3.2 eV for the ideal cubic, the tetrag-
onal ferroelectric, and the monoclinic relaxed structures, re-
spectively. These may be underestimates as is common in
density-functional calculations. As conjectured, Th is four-
valent in this compound, independent of structure.

As mentioned, covalency plays an important role in pro-
ducing ferroelectric instabilities in perovskites and in distin-
guishing between different possible ferroelectric ground
states. This has been discussed previously in the context of
ferroelectrics with Pb and BA-site ions, both from the band
structur@ and from the crystal chemistry points of view,
where the discussion is in terms of polarizable lone pairs of
Pb and Bi. There is very little Thfscharacter in the valence
bands. However, the nominally @derived valence bands do
contain significant character from other states that are nomi-
nally unoccupied. The largest of these characterd Br&c
d, (2) Pbp, and(3) Th p andd. Thed-p hybridization be-
tween theB-site Sc ion and the surrounding O is common in
this type of perovskite, as was emphasized previouslyile
the Pbp character is the previously noted hybridization that
is important for ferroelectricity in PZT. The hybridization on
the Th site involves nominally unoccupigdstates as in Pb
(with similar strength as measured by theharacter inside
atomic spheres, although Th has sione paiy, and an ad-
ditional d component, which is absent on Pb.

_ThIPbSczo;, c ',c/a'=1_'00' Comp_arison of the panels of Fig. 1 shows_a sub_stantiql
g change in the band gap upon structural relaxation. Since this
20 . gap is between an @ derived valence-band and a TH 5
i— Th,f : . .
i _O.,p conduction-band edge, one might suppose that this reflects
15k Oapx 4p hybridization between Thstates and @ states. Relative to
E P ea the valence-band edge, the center of the Thdensity of
ar states shifts by-2 eV in going from the ideal cubic perov-
Z skite to the relaxed lowest-energy monoclinic structure.

FIG. 1. Electronic density of states and projections for

Chemical effects involving thé states of light actinides are
known32=34but here this is not the case. Instead the shift is
almost all due to on-site effects, in particular a change in the
Coulomb potential at the Th site as it moves in its O cage.
This is shown by the fact that there is a similar sized relative
shift of the Th Is core level with respect to theslof the O
ions towards which it moves, while certainly these core lev-
els are not involved in any bonding. Table | gives the cation
1s core-level shifts relative to the average ® dosition and

the highest energy Oslposition® The ~2.3 eV shift of the

ThPbSgOq supercells(see text The top panel shows the total
density of states for the ideal cubic perovskite structure along witl
projections of Thf and Op character. The middle panel is for the
relaxed tetragonal ferroelectric state witha=1.08. The bottom ! -
shows the projections for a fully relaxed structuspace group O a more favorabléfor its Coulomb energNP_OSW'O” for a
Cn), keeping pseudocubic lattice vectors,,@nd Q, denotes the ~ cation and the Sc to a less favorable position for a cation.
O closest to Th at the apex of the octahedra aggd@notes the O This is one indication that the Th is driving the distortions
along the equator, with the apex and equator defined with respect ®nd the Sc is responding.

the main rotation axis. Note the increase in band gap upon structural In general, such shifts in the on-site Madelung potential
relaxation. The projections are onto the LAPW spheres. should be considered when relating changes in band struc-

pTh 1s level relative to the highest Oslis remarkably close
to the shift of the Th % level with respect to the valence-
band edge. The signs of the &hifts show that the Th moves

174107-3



S. V. HALILOV, M. FORNARI, AND D. J. SINGH PHYSICAL REVIEW B69, 174107 (2004

TABLE I. Energy shift, in eV, of the cation 4 levels in TABLE II. Energetics of lattice distortions in some perovskite
ThPbSgOq for different symmetry relaxations. The energies arescandates. The energies are in mRy per Sc, for various symmetry
relative to the O % position and the shifts are the energy in the constrained structuresee text All calculations are at the calcu-
relaxed structures relative to the ideal cubic perovskite. Two numiated LDA equilibrium volume for the undistorted cubic perovskite,
bers are given: the shift relative to the average€Qelel (av), and  except for (Th,Ba)Scg@ which was studied under compression at

relative to the highest Osl(max). the volume of (Th,Pb)Sc
TET(av) TET(max Cm(av) Cm(max) Erno Erer  Erin Eroon  Ers  Ec
Th 1.96 1.65 2.63 2.34 YScO;, -49 —-80 -—140 -—109
Pb 0.22 —-0.10 0.43 0.14 BiScO; -82 -—-73 -87 —74
Sqo1) —0.54 -0.85 -1.23 -1.52 (Th,Pb)ScQ —41 —-49 —-65 —-58 —67 —88
Sa2) —-0.54 —-0.85 —-1.17 —1.46 (Th,Ba)ScQ -35 44 —44 -35 —78

ture with lattice distortion to changes in hybridization, espe-except the tetragonal ferroelectric, the lattice parameters
cially in materials like these where there is a large misfit andvere held at their cubic values. For the tetragonal ferroelec-
as a result large atomic displacements. The conclusion thatic state, thec/a ratio was varied, keeping the cell volume
there is only a small amount of hybridization of the Th constant.
levels is also consistent with the fact that there is very little  Considering the tolerance factors, it may be expected that
Th f character in the occupied valence bands. octahedral rotation figures prominently in the lattice insta-
bilities. This is clearly seen in the energetics. These are given
in Table II, which lists the energies relative to the undistorted
cubic structure of the constrained rhombohedral ferroelec-
As mentioned, the tolerance factoplays a major role in  trics (RHO), tetragonal ferroelectri€TET), octahedrally ro-
determining the patterns of lattice instabilities in perovskitestated around111] (R111), and octahedrally rotated around
The tolerance factors of the materials considered here af®01] (R001) structures, as well as two complex structures,
0.91, 0.90, and 0.81 for HaPh, sScO; (averagey BiScO;, discussed below. Results for a (Th,Ba)3cDpercell com-
and YScQ, respectively. This places BiSg®@n the border- pressed to the volume of the (Th,Pb)Sceell are also
line of the region of perovskite stability and YSgQ@vell  given. This calculation was done to help understand the roles
outside it, while (Th,Pb)ScQis also borderline but may be of Th and Pb.
perovskite. In fact, BiSc@is known from experiment to In all cases, rotation abo(i111] leads to a lower energy
crystallize in a nonperovskite structure under normal condithan rotation arounf001], presumably because in the latter
tions, but the alloy of it with PbTi@ has a large range of case, not all the O atoms move towardsAasite ion. The
perovskite stability® and in fact a triclinic distorted perov- extremely small tolerance factor of YSg@eads to a deep
skite modification of BiSc@ as reported via high-pressure well for the R111 distortion of 140 mRy/Sc, which consid-
synthesis®®” There is an additional factor to consider in ering the large rotation and the fact that all other coordinates
(Th,Pb)ScQ. The size of TA* is smaller than P, and  were held fixed in the calculation of the energetics of the
the high TH" valence will increase the strength of Coulomb rotational mode, is no doubt an underestimate, and in any
interactions involving it. This may be expected to provide acase the true ground state would not be distorted perovskite.
strong local driving force for structural distortions around Varying the lattice parameter in a 5% range did not change
the Th sites. the rotational energetics significantly. This is in contrast to
To understand the basic patterns of the lattice distortionghe situation in Pb(Zr,Ti)@ presumably because of the
and the trends in the ferroelectric instability, we first considemmuch larger rotational instability in YScCand the relative
these types of instability separately. LDA calculations weresoftness of Scgoctahedra compared with TgOThe rota-
done at the equilibrium cubic volume separately for octahetional instabilities of the other compounds are smaller, fol-
dral rotation around111] and[001], as well as ferroelectric lowing the trend in the tolerance factors.
rhombohedral and tetragonal states. These were done by im- The energy scale of the ferroelectric phases in Y5sO
posing space-group symmetries that allow the desired modauch lower, but still substantial. The RHO and TET states
(centrosymmetric with 10 atom cells for the rotations andare nearly degenerate as long as tetragonal strain relaxation
noncentrosymmetric with primitive cells for the ferroelectric (i.e., c/a different from unity is not allowed. Interestingly,
distortions. In the primitive perovskite cell, the octahedral as shown in Fig. 2, the energy of the relaxed TET state as a
rotation is a pure mode at tiRepoint (R,s), while the ferro-  function of the strain has its minimum at a very larg@a
electric mode is part of a manifold of transverse optic modes~1.3. This is related to the smallsite cation, which allows
For the octahedral rotation, we calculated the energetics dhe formation of a layered structure with a compressed in-
the lattice distortions corresponding to this mode in all threeplane lattice constant. This compression brings the oxygens
materials, around two axéf001] and[111]). For the ferro-  closer to theA-site ion. As mentioned, the rotational instabil-
electric mode, we fully relaxed the atomic positions within ity is driven by the size mismatch between #heand B-site
the unit cell, choosing symmetries that allow the ferroelectriccations. A smallA-site cation also gives a ferroelectric insta-
displacements, but not rotation of the octahedra. In all casesijlity, as seen in YScq but of smaller size than the rota-

IV. LATTICE INSTABILITIES
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' ' ' and are thus only weakly hybridized with the valence states

YScO, . of primarily oxygenp character. Because of this the energet-
& -0.040} i ics are not very sensitive to the bond directions around Y.
- RHO min This is also reflected in the 2 eV dielectric gap present in the
2 ] electronic structure of YScQ
5 -0.060 There is a significant difference in the energetics without

tetragonal strainkeeping cubic lattice vectorswith Y on
the A site, the RHO and TET energies are very close,

-0.080 1 11 12 13 whereas the RHO state is strongly favored over the TET state
c/a in the Bi compoundcf. Fig. 2] and to a lesser extent in
(Th,Pb)ScQ.
o T This is remarkable because, starting from the undistorted
I BiScO, 1 ideal perovskite structure, the ferroelectric instability is iso-
& -0.040 . tropic, so that for very small displacements the RHO and
= L | TET energies are the same. Furthermore, the ferroelectricity
g_o 0601 | is driven by theA-site ion, which is in a 12-fold coordinated
T W site, and therefore is at first sight in an isotropic environ-
i 1 ment. The explanation is that tiesite cation behaves as if
-0.080} . RHO min | L it has more room for motion alongl11] relative to[001].
1 1.1 1.2 1.3 This is not due to its nearest-neighbor local environment but
c/a because of the interaction with the Sc@ctahedra. In par-

ticular, the octahedra are strongly covalent and polarizable.
This is seen in the shifts of Sc relative to O in the ferroelec-

(ThPb)Sc,O, 1 tric modes. Since the ferroelectric instability is driven by the

-0.040} - Coulomb interaction, the polarizability of the Sg@ctahe-

| | dra is important to its energeti¢sf. Clausius-Mossotti This

B <\ RHO min

(Ry)

polarizability is also isotropic for small distortions. However,
this is limited by the hard-core ionic repulsion between Sc
W ] and the neighboring O.
-0.050 ! , | In the simplest picture, where the Sg@olarizability is
' 1 1.1 lar d theref lays the dominant role in th ti
ge and therefore plays the dominant role in the energetics,
c/a and where the polarizability is constant until the hard ionic
FIG. 2. Energy as a function of tetragonal strai, YScO;, overlap is reached and then becomes small for largery ScO
BiScO,, and (Ths,Ph,9)ScOs. The solid bottom line stands for distortions, theA-site cation would behave as if it ha&
the rhombohedral ferroelectric state. All atomic positions are fullymore room to move in th¢111] direction than theg100].
relaxed consistent with the ferroelectric symmetry. Energies are pefhis is due to the geometric constraints on the Sc motion in
Sc. the oxygen octahedra. The difference between YSa@d
BiScO; may then be due to the fact that the smaller lattice
tional instability. However, there is an additional factor, i.e., parameter in the former compound compresses theg, $cO
covalency between tha-site cation and the surrounding O tahedra so that its polarizability plays a smaller role. Then
that can tip the balanceThus the energetics of the ferroelec- the isotropic nature of the dominaktsite motion underlying
tric states do not follow the trend in tolerance factors. In-the ferroelectric instability is reflected in the small difference
stead, BiSc@ shows a deep ferroelectric minimum, with the between the rhombohedral and unstraineth& 1) tetrago-
RHO ferroelectric state strongly favored over the tetragonalnal ferroelectric energies. This, however, is only one factor.
If constrained to be tetragonal ferroelectric, BiSc@ould  Cation-cation repulsion, either directly or via O bond satura-
also have a large/a ratio, as shown in Fig. 2 and as noted tion, as discussed by Grinberg and co-workemmay also be
by Iniguez and co-workerS.In (Th,Pb)ScQ, the TET state  important.
is slightly favored over the RHO state, but neither ferroelec- A similar stabilization of the RHO ferroelectric state rela-
tric instability is as strong as the rotational instabilities.tive to the constrained pseudocubic TET configuration is
However, like the other two materials, a large tetragonalityseen in titanates, such as PbJjGut with a considerably
(herec/a=1.08) is predicted® Unlike YScQ; the ferroelec-  smaller energy differenceThis may be because the O
tric instabilities are reasonably close in energy to the rotaoctahedra are stiffer than the present Se@d so the anisot-
tional instability, raising the question of whether they mayropy of their higher-order polarizability is less important.
coexist. In fact they do, as discussed in the following sectionThis qualitative explanation would be consistent with the
The differences between YSg@nd BiScQ can be re- crossover from TET to RHO instabilities in Pb(Zr, Tij@s
lated, at least qualitatively, to the differences in the electroni¢he Zr concentration is increased through the MPB, since the
structure, in particular, the different angular character of thdarger, 41ZrOg octahedra would be expected to be more po-
Y- and Bi-centered bonding orbitals. The Y ions are verylarizable than the Tig octahedra. This picture is also con-
small and contribute mostly unoccupied states oharacter, ~ sistent with local structures in large superc€lias well as

w -0.045
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FIG. 3. Energy per single Sc unit as a function of the displace-displacements of thé- and B-site cations in the relaxed structures
ment ofA-site ion from the equilibrium position in YSe@left) and  relative to the O center of mass.
BiScG; (right) for both RHO(open circle and TET (filled square
distortions. The energy zero for is set to the equilibrium energy, sqnhe larger size of S relative to Tf”, which reduces 0-0
the zeros are different for the two curves in each panel. interactions, and covalency between Sc and O, as seen in the

electron structure and as noted previously for BiSdy

structural observations in Pbgtb,,0;-PbTiO; alloys:*° Iniguez and co-workers. This is shown in Fig. 4 for YSc@

Bismuth ions oA sites donat electrons into hybridized and BiScQ. Similar observations have been made for
orbitals with mixed Bip and Op character. The 0.3 eV LDA PbZzr0;.** This pattern is also present in (Th,Pb)Scas
band gap is between Bi and O derived states. The low-lyinghown in Fig. 7. In particular, the distortions for the con-
Bi p bands and their strong hybridization with the occupiedstrained TET and RHO states consist primarily of a shift of
O p bands(note that the unoccupied RBi orbitals are quite the A-site cations with respect to the O center of mass, with
extended and therefore will have a large overlap with the Gsmaller but still sizable shifts of the Sc in the same direction.
p's) constitutes the band-structure description of the solnterestingly, the largest displacement is that of the small Th
called polarizable lone pair. This favors ferroelectric distor-ion, which because of this large displacement and its high
tions relative to octahedral rotation. This is shown in Fig. 3,nominal charge would be significant for the polarization.
where the energy is plotted as a function/ekite ion only In solid solutions, such as Pb(Zr, Ti}O(PZT) and
displacement around RHO and TET equilibria while holdingPb(Mg,Nb,Ti)GQ, (PMN-PT), the lattice parameter increases
all other ions fixed. The larger Bi ions with stronger coupling moving across the phase diagram from the PRTeé@d point.
to oxygens make the crystal more resistant against the tetrags a result the tolerance factor decreases, the volume avail-
onal strain, while Bi-O covalency softens the ferroelectricable to the PbA site increases, and the magnitude of the
distortion. ferroelectric instability also increases. However, the ferro-

The ferroelectric distortions in all these materials consistlectric Curie temperatur€. decreases. This can be under-
of shifts of the cations relative to the surrounding oxygensstood in terms of phase-space arguments. In particular, as the
As expected, the main displacements are of Aksite ions, lattice expands, other instabilities, in particular other off-
but sizable shifts of the Sc ions also occur, reflecting thecentering patterng.g., nonkF -point off-centering as well as
nonrigidity of the Sc@ octahedra. This in turn is related to the rotational instabilities also become stronger, providing
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FIG. 6. Ferroelectric displacements in glRh, sScO; super-
cells, in the relaxed rhombohedral ferroelectric state, not allowing
rotation (top), in the tetragonal ferroelectric state, also without ro-
tation (middle) and relaxed in the trigondk3 symmetry allowing
coexistence of ferroelectricity and rotation of the Go&@tahedra
about[111] (bottom).

more phase space for fluctuations and depreskingn fact,
effective Hamiltonian simulations neglecting the rotational
instabilities of PZT substantially overestimafe .®

Recently, Eitel and co-workers have proposed the use of
alloys of PbTiQ with low tolerance factor materials to ob-
tain higherT at the MPB, and have demonstrated the suc-
cess of this approach in BiSg@®bTiO; alloys**We pro-
pose that the large difference in energy between the TET and
RHO ferroelectric states in BiSg@nd the very large energy
scale of the RHO stat@elated to the strong Bi-O covalency,
strongly favoring ferroelectricity are responsible for the
high T at the MPB in BiSc@-PbTiO; rather than the low
tolerance factor of BiScg In particular, these two ingredi-
ents put the MPB close to the PbTi@nd point, where ro-
tations are less important afi¢ is higher.

The effects of partiaP-site substitutions in these materi-
als can be expected to be quite different for rotational and
ferroelectric distortions. In particular, because of the shared
oxygen ions connecting the perovskite octahedra, rotations
of nearby octahedra must be at least short-range correlated.
However, off-centerings of cations on different sites can be
relatively independent. This is reflected, for example, in the
relatively weak dispersion of the ferroelectric mode away
from theI" point in Pb based ferroelectrics compared with
the much stronger upward dispersion of rotatioiead).,R,s)
modes moving away from the zone bound¥¥hus substi-
tution of a larger ion on some of th& sites would be ex-
pected to have a stronger effect on the rotational instability
than on the ferroelectric instability. This would be clearest if
the octahedra were very rigid, but some effect ought to be
present in these scandates as well. To check this we repeated
the calculations for (Th,Pb)SgQOwith (Th,Ba)ScQ com-
pressed to the volume of (Th,Pb)Sc@esides confirming
this expectation, the calculation allows us to understand the

FIG. 5. (Color online The R3 structure. The figure shows the role of Pb covalency in driving the ferroelectric instability in
ideal perovskite positions as spheres, with the displacements to ttiBis material. As shown by the energetics in Table Il, the
R3 structure given by vectors. This structure consists of coexistingubstitution of larger ions does indeed reduce the rotational

ferroelectricity and 111] rotations of the octahedra.

instabilities, while having only a small effect on the ferro-
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TABLE Ill. Atomic positions in the relaxe®, Py 5sThy s5ScO;
supercell atc/a=1 in lattice coordinates. For reference the posi-
tions of the atoms in the ideal cubic perovskite structigenoted
c) are also given. The lattice vectors a® 4,0), (a,—a,0), and
(a,02). O(3) and Q4) are related by symmetry, as aré5pand
O(6).

X1 X2 X3 X1(€)  x(c)  xs(c)

Sal) 0.252 0.751 0.499 0.25 0.75 0.50
Sa?2) 0.748 0.248 0.505 0.75 0.25 0.50
Th 0.529 0.500 -—0.001 0.50 0.50 0.00

Pb —0.002 —0.002 0.004 0.00 0.00 0.00
0(1) 0.416 0.000 0.000 0.50 0.00 0.00
0(2) 0.126 0.499 0.002 0.00 0.50 0.00
(0[c)) —0.076 —-0.076 0.621 0.00 0.00 0.50
O(4) —0.076  0.455 0.621 0.00 0.50 0.50
o(5) 0.547 0.546 0.378 0.50 0.50 0.50
O(6) 0.547 0.076 0.378 0.50 0.00 0.50

FIG. 7. (Color onling The fully relaxedC,, structure of a
Thy sPhy sScO; supercell(see text The displacements from the
ideal cubic perovskite positions with respect to the center of mass Calculations were also done for the supercell without
are shown as vectors for each atom. The lines are the Sc-O bonddymmetry constraints using cubic and tetragonal lattice vec-

tors. The final relaxed structures for this supercell were

electric instabilities. This supports the view that the small ThmonoclinicCy, and strongly rotational in charactéhe main
A-site ion is the main driver of the ferroelectricity in this rotation is by arouni110], by an average 17°). The mono-
material. clinic mirror plane is the only remaining symmetry. It also
has weak co-existing ferroelectricity and distorted octahedra,
as shown in Fig. 7. The atomic positions are given in Table
IIl. The energy of this structure for the present (Th,Pb)$cO
supercell is 88 mRy below the ideal cubic perovskite and 21

The rotational instabilities and the ferroelectric instabili- mRy below theR3 structure. The energy as a functioncoa
ties in (Th,Pb)Sc@are both consequences of the low toler-is minimum at the pseudocubic valeéa=1. The relatively
ance factort<1, which leads to an overly largk site—O  weak ferroelectricity in this cell still involves off-centering
distance. Since the driving force for these instabilities is theof the Th with respect to the surrounding O by a substantial
same, one may expect them to be antagonistic. Howeve@.33a, (along[110], i.e., normal to the primary rotation
when viewed as distortions of the cubic perovskite structureaxis). However, it cannot be said from the present calcula-
one notes that they belong to different symmetries and thergions whether a larger more realistic supercell would be
fore are independent in lowest order, suggesting coexistencéerroelectric. The pattern in this supercell is related to the
To examine this issue, and come closer to the ground statepecific(Th,Pb ordering. This suggests that the ferroelectric
we did two additional calculations. First of all we relaxed theordering of Th displacements may be an artifact of the
structure in a trigonaR3 symmetry. This allows rotation of simple supercell considered here. Interestingly, a similar
the octahedra arourjd11] and the ferroelectric RHO type of low-energy monoclinic structure is found for the
distortion (it is a subgroup oR3c, which was used for the (Th,Ba)ScQ supercell. The reason that this structure is low
R111 calculations and d®32, which was used for the RHO in energy is apparently that the distortion of the octahedra
distortion. This calculation was done using the cubic latticeallows the O atoms that rotate towards the Th to move a
vectors(i.e., not allowing any rhombohedral strain, which in large distance and those moving towards the(&hbBa) to
perovskites tends to be smallhe relaxed structur@-ig. 5) move less. This softness of the octahedra and the resulting
included both a substantial RHO type ferroelectric distortionrelative ineffectiveness of Ba to suppress the formation of
and rotations. We denote this structureR& in the follow-  rotated phases is specific to these scandates. Such a result
ing. The R3 energy is 67 mRy/Sc below the cubic perov-would not be expected in titanates.
skite. This is, however, only 2 mRy/Sc below tR411 ro- In any case, the qualitative picture of J[4Ph, sScO; as
tated structure. As shown in the bottom panel of Fig. 6, thehaving primarily rotational lattice instabilities, with nearby
displacement pattern for the relaxed structure shows a largeut higher in energy ferroelectric states remains. Based on
Th displacement, roughly 3/4 as large as in the pure RHQhese results, we do not think thatgldPhy s5ScO; would be a
structure, but considerably reduced Pb displacement. Thigood ferroelectric, assuming that it can be made in perov-
presumably results from the difference in ionic radii—all oc- skite structure at all. However, it is worthwhile to speculate
tahedra in this supercell rotate by the same amount, thighether it could be useful to alloy it with other materials to
leaves ample room for Th to off-center but not for Pb. make new piezoelectric compositions. We discuss the trends

V. COEXISTENCE OF ROTATIONAL AND
FERROELECTRIC DISTORTIONS
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and speculate about possible new materials in the next sec- The results imply that ferroelectric states can be obtained
tion. in materials based on (Th,Pb)S¢By suppressing rotations
of the ScQ octahedra. This might be done by replacing
VI. SUMMARY AND DISCUSSION some of theA-site ions with larger species and by alloying
the B site with Ti or other smaller ions to make octahedra
more rigid. Considering the energetics without rotations, one
Epossibility would seem to be alloying BiSgOwith

Structural relaxations for small supercells of
Thy Py sScO;, BiScO;, YScO;, and compressed

Thy sBay sScO; were done. Because of the small size of thes N -
supercells and the assumed ordering ofAksite cations the (Th,Pb)ScQ. The motivation is that thérh,Ph substitution

results should not be interpreted as predictions of ground! Bi would favor a tetragonal ferroelectric state, and per-
states for these materials. Instead they should be viewed 48PS léad to an MPB. Based on the calculated energetics,
simplified situations that help in understanding the trends ifParticularly the very strong energy separation of the RHO
the lattice instabilities of these scandates. The trends thand TET states in BiScQ relative to (Th,Pb)Scg) the

emerge from our calculations are as follows. MPB, if it exists, would likely be in the Th rich side of the
(1) Th is tetravalent on the perovskifesite, as expected, Ppseudobinary phase diagram. The second possibility would
and has weak but not negligible hybridization with O. be to investigate alloying PbTiQor PZT with (Th,Pb)Sc@
(2) The smallA-site ions in these materials favor rota- The small ThA-site ions may then favor increased tetrago-
tional instabilities, in accord with the tolerance factor. nality, which would be favorable, albeit at the expense of
(3) They also favor ferroelectric instabilities, but the mag- further bringing in the rotational modes and therefore lower-
nitude of these is small in the absence of covalency. ing Tc.

(4) If rotations are suppressed, J4Ph, 5ScO; would fa-
vor a tetragonal ferroelectric state.
(5) The ScQ octahedra are softer than the FiGctahedra ACKNOWLEDGMENTS
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