
PHYSICAL REVIEW B 69, 174107 ~2004!
Lattice instabilities and ferroelectricity in AScO3 perovskite alloys
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The structural properties and lattice instabilities of perovskites in the (Th,Pb,Bi,Y)ScO3 system 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 perovskiteA site. 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 Thp andd states with Op states. The calculations show that
the ideal cubic perovskite structure is highly unstable in (Th,Pb)ScO3. The dominant instability is against
rotation of the ScO6 octahedra, as is common in perovskites with smallA-site 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 of theA-site 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 theA-site 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 BiScO3 and YScO3 in the perovskite
structure. Considering only ferroelectric instabilities, these compounds show somewhat different anisotropies
but both favor largec/a ratios when tetragonal. The instability against rotation of the ScO6 octahedra is similar
in energy to the ferroelectric instability in BiScO3 and substantially stronger than the ferroelectric instability in
YScO3. Trends in the lattice instabilities ofAScO3 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(12x)/2BixPb(12x)/2ScO3. Implications for practical piezoelectric materials are discussed.

DOI: 10.1103/PhysRevB.69.174107 PACS number~s!: 77.84.Dy, 71.20.Ps
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I. INTRODUCTION

Ferroelectric perovskite oxidesABO3 play important
roles in key technologies, including ferroelectric memori
tunable dielectric components~e.g., for antennae and micro
wave applications!, and piezoelectric transducers~e.g., for
medical ultrasound!.1–3 As was elucidated early on,4,5 ferro-
electricity in perovskites depends on delicate interplays
different competing interactions, particularly a balance
large interactions—long-range Coulomb interactions
closed-shell ionic interactions, with the balance tipped
smaller effects related to covalency between metal ions
O p states.

The situation is even more complex in piezoelectri
where the piezoelectric performance depends on the pres
of a morphotropic phase boundary~MPB! between rhombo-
hedral~pseudocubic! and tetragonal ferroelectric states in a
loy phase diagrams, i.e., on the balance between diffe
competing ferroelectric instabilities.2,3,6–11 In particular, the
piezoelectric performance in these materials originates
polarization rotation from the rhombohedral towards the
tragonal phase, close to the MPB. There is presently con
erable theoretical and experimental effort aimed at mic
scopic understanding of the underlying physics t
determines the performance of these materials, and fin
better compositions for applications.12 Much of the current
work emphasizes Pb based pseudobinaries with PbTiO3, in
particular PbBO3-PbTiO3, whereB is four-valent metal, or
mixture, e.g.,B5Zr, Mg1/3Nb2/3, Zn1/3Nb2/3, although there
0163-1829/2004/69~17!/174107~10!/$22.50 69 1741
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is increasing interest in alternatives such as materials c
taining (Na,Bi)TiO3 and the BiScO3-PbTiO3 alloy
system.13–15 Several reports16–19 of supercell calculations
have been made for intermediate compositions in the P
system, mainly focusing on theB-site alloying.

The piezoelectric perovskite ferroelectrics, includin
Pb(Zr,Ti)O3 ~PZT! alloys, which are the basis of most cu
rent transducers, have so-calledA-site driven ferroelectricity.
This means that the ferroelectric distortions of the cubic p
ovskite lattice are mainly described as a shift of theA-site
cation with respect to the surrounding oxygen ions w
smaller accompanying shifts of theB-site ions. In these ma
terials, the perovskite tolerance factor,t5(r A1r O)/A2(r B
1r O) wherer A , r B , andr O are the ionic radii of theA, B,
and O ions, respectively, is smaller than unity, indicating
tendency towards instabilities changing theA site–O
distances.20

In almost all cases, perovskites witht!1 have ground-
state structures involving rotations of theBO6 octahedra
about various axes.21 These structures preserve inversi
symmetry and are not ferroelectric, as in, for examp
CaTiO3 or GdFeO3. The A-site driven ferroelectrics are un
usual; this unusual ferroelectric property has long been ra
nalized as a result of the polarizable lone pair in the 6s state
of Pb21 and Bi31 and in fact first-principles calculations
which reproduce quantitatively the ferroelectric grou
states of these materials, do show structure dependent
bridization involving theA-site ions.

This understanding has led to a common view that pie
©2004 The American Physical Society07-1
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electric perovskites should have either Pb or Bi on theA site.
In fact, little is actually known at the microscopic level abo
the trends in the lattice instabilities ofA-site driven ferroelec-
tric perovskites when alloyed withA-site ions other than Pb
or Bi. However, recently, first-principles calculations f
CdTiO3-PbTiO3 ~Ref. 22! and AgNbO3-PbTiO3 ~Ref. 23!
supercells were reported. These suggested possibly favo
changes in properties related to piezoelectricity relative
pure PZT. For CdTiO3 alloying with PbTiO3 an increase in
the tetragonalc/a ratio was predicted, which would be fa
vorable for the maximum actuation at the MPB. Recent
periments support this prediction, but the solubility
CdTiO3 in PbTiO3 is too low to reach the MPB withou
additional alloying.24

Clearly, it is desirable to obtain a better microscopic u
derstanding of the trends in the lattice instabilities of the
perovskites withA-site substitutions. Here we report firs
principles density-functional calculations of the electron
structure and lattice instabilities of simple perovskite sup
cells in the (Th,Bi,Y,Pb)ScO3 system and discuss the tren
found in the lattice instabilities. Th was selected because
the possibility that it would enter the perovskiteA site as
Th41, which would make it perhaps the only tetravalent i
other than perhaps U to enter this site with a 3d transition
elementB-site ion. We note that UNb4O12 and ThNb4O12 are
known perovskite compounds in which U41 or Th41 share
theA site with vacancies.25 The trivalent Sc ion was selecte
for the B site in part because its larger ionic radius~relative
to Ti! and lower valence might be more conducive to t
formation of Th A-site perovskites and because relative
little first-principles work has been done on scandates, e
though they may be quite promising as piezoelectrics.
particular, high Curie temperatureTC at the MPB is desirable
for piezoelectric applications. Among materials in comm
use, PZT has the highest MPB value ofTC5386 °C, but in
fact recent studies have shown that the MPB value ofTC
5450 °C in BiScO3-PbTiO3 is superior,13,14while the piezo-
electric coefficients in bulk,14 or ~001! epitaxial films,26 are
comparable to those of commercial PZT. First-princip
studies of prospective end-point perovskite scandates,
as YScO3 are of particular importance to understand t
trends in microscopic terms, since these end points do
generally occur in the perovskite structure in nature. T
average tolerance factor for (Th,Pb)ScO3 is similar to
BiScO3, and so one may anticipate that like BiScO3 it is on
the borderline of perovskite stability.

II. METHOD

As mentioned, calculations were done for simple orde
supercells using density-functional theory within the sta
dard local-density approximation~LDA !. For this purpose,
we used the general potential linearized augmented pl
wave ~LAPW! method,27 with local orbital extensions28 to
relax linearization errors and to treat the higher lying se
core states of the metal ions.

Convergence parameters were chosen as in our re
work on the (Cd,Pb)TiO3 system.22 LAPW sphere radii of
1.9a0 , 2.0a0 , 1.8a0, and 1.4a0 were used for Pb, Th, Sc
17410
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and O, respectively. The core states were treated fully r
tivistically, while valence states were treated within a sca
relativistic approximation. Valence spin-orbit effects a
known to be important in obtaining accurate structural p
rameters for Th metal.29,30 However, in the perovskites we
are considering here, Th occurs as a four-valent ion, wh
might be expected to make valence spin-orbit effects l
important. We checked this by doing some calculations
total-energy differences, both without spin orbit, and w
spin orbit treated in a second variational approach as in R
29. We found that the energy differences, including the
ergy of a ferroelectric structure relative to the ideal cub
perovskite, were not significantly affected by the inclusion
spin orbit on the valence states. Except as noted, all inte
atomic positions are relaxed within the given symmetry
the cell. Also, unless otherwise noted, all calculations w
done at the predicted LDA volumes. It should be noted t
these are typically a few percent smaller than the experim
tal volumes in oxides. However, since the materials cons
ered here have not been synthesized experimentally, a t
retical volume must be used. The calculated LDA latti
parameters for cubic perovskite BiScO3 and YScO3 are
7.54a0 and 7.40a0, respectively. The calculations fo
Th0.5Pb0.5ScO3 were done with a 10 atom perovskite supe
cell, using a NaCl ordering of theA-site ions. The calculated
effective lattice parameter of this cell is 7.55a0 ~the fcc lat-
tice parameter of the supercell was 15.10a0), which is very
similar to that of BiScO3. This may be an indication tha
solid solutions of Th0.5Pb0.5ScO3 and BiScO3 can be made in
a substantial composition range, though the low tolera
factor, which indicates borderline perovskite stability, is
potential complication.

Unlike Pb(Zr,Ti)O3, where strong volume dependenci
affect the ground state,18 one may expect the relatively so
ScO6 octahedra in the present systems to give weaker
ume dependencies, more analogous to those found
Sr2RuO4.31 Some calculations were done at different vo
umes to test this, and in fact only weak volume depende
of the nonferroelectric lattice instabilities was found~see be-
low!. Calculations as a function of the tetragonalc/a ratio
were performed at constant volume.

III. ELECTRONIC STRUCTURE

Calculated projections of the electronic density of sta
~DOS! for a 10 atom perovskite supercell of compositio
ThPbSc2O6 are shown in Fig. 1. As mentioned, this superc
is constructed by decorating the cubic perovskiteA-site lat-
tice with alternating Th and Pb atoms along all three Ca
sian directions. Figure 1 also shows the DOS for a rela
tetragonal ferroelectric state withc/a51.08 and the pro-
jected DOS after a relaxation of this cell, keeping the latt
vectors the same, and fully optimizing the positions of t
atoms within a monoclinicCm space group. The relaxe
structure has an energy 88 mRy below the ideal cubic st
ture on a per Sc basis and shortenedA site–O bond lengths
corresponding to a combination of rotation of the O octa
dra and ferroelectric off-centerings of the ions.

The band structure in both the ideal cubic and relax
7-2
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LATTICE INSTABILITIES AND FERROELECTRICITY . . . PHYSICAL REVIEW B69, 174107 ~2004!
FIG. 1. Electronic density of states and projections
ThPbSc2O6 supercells~see text!. The top panel shows the tota
density of states for the ideal cubic perovskite structure along w
projections of Thf and Op character. The middle panel is for th
relaxed tetragonal ferroelectric state withc/a51.08. The bottom
shows the projections for a fully relaxed structure~space group
Cm), keeping pseudocubic lattice vectors. Oap and Oeq denotes the
O closest to Th at the apex of the octahedra and Oeq denotes the O
along the equator, with the apex and equator defined with respe
the main rotation axis. Note the increase in band gap upon struc
relaxation. The projections are onto the LAPW spheres.
17410
structures shows a gap between O 2p derived bands and
unoccupied Th 5f derived bands. The higher lying condu
tion bands consist of mixed metal character, primarily Thd,
Pbp, and Scd derived. These overlap more strongly with th
Th 5f states in the relaxed structure, since the Scd and Thf
move in opposite directions with the lattice distortions~note
the 1s core-level positions, discussed below!. The LDA band
gaps are 2.6, 3.1, and 3.2 eV for the ideal cubic, the tetr
onal ferroelectric, and the monoclinic relaxed structures,
spectively. These may be underestimates as is commo
density-functional calculations. As conjectured, Th is fou
valent in this compound, independent of structure.

As mentioned, covalency plays an important role in p
ducing ferroelectric instabilities in perovskites and in dist
guishing between different possible ferroelectric grou
states. This has been discussed previously in the conte
ferroelectrics with Pb and BiA-site ions, both from the band
structure5 and from the crystal chemistry points of view
where the discussion is in terms of polarizable lone pairs
Pb and Bi. There is very little Th 5f character in the valence
bands. However, the nominally Op derived valence bands d
contain significant character from other states that are no
nally unoccupied. The largest of these characters are~1! Sc
d, ~2! Pb p, and ~3! Th p and d. The d-p hybridization be-
tween theB-site Sc ion and the surrounding O is common
this type of perovskite, as was emphasized previously,5 while
the Pbp character is the previously noted hybridization th
is important for ferroelectricity in PZT. The hybridization o
the Th site involves nominally unoccupiedp states as in Pb
~with similar strength as measured by thep character inside
atomic spheres, although Th has nos lone pair!, and an ad-
ditional d component, which is absent on Pb.

Comparison of the panels of Fig. 1 shows a substan
change in the band gap upon structural relaxation. Since
gap is between an Op derived valence-band and a Th 5f
conduction-band edge, one might suppose that this refl
hybridization between Thf states and Op states. Relative to
the valence-band edge, the center of the Th 5f density of
states shifts by;2 eV in going from the ideal cubic perov
skite to the relaxed lowest-energy monoclinic structu
Chemical effects involving thef states of light actinides are
known,32–34 but here this is not the case. Instead the shif
almost all due to on-site effects, in particular a change in
Coulomb potential at the Th site as it moves in its O ca
This is shown by the fact that there is a similar sized relat
shift of the Th 1s core level with respect to the 1s of the O
ions towards which it moves, while certainly these core le
els are not involved in any bonding. Table I gives the cat
1s core-level shifts relative to the average O 1s position and
the highest energy O 1s position.35 The;2.3 eV shift of the
Th 1s level relative to the highest O 1s is remarkably close
to the shift of the Th 5f level with respect to the valence
band edge. The signs of the 1s shifts show that the Th move
to a more favorable~for its Coulomb energy! position for a
cation and the Sc to a less favorable position for a cati
This is one indication that the Th is driving the distortio
and the Sc is responding.

In general, such shifts in the on-site Madelung poten
should be considered when relating changes in band st
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ture with lattice distortion to changes in hybridization, esp
cially in materials like these where there is a large misfit a
as a result large atomic displacements. The conclusion
there is only a small amount of hybridization of the Thf
levels is also consistent with the fact that there is very li
Th f character in the occupied valence bands.

IV. LATTICE INSTABILITIES

As mentioned, the tolerance factort plays a major role in
determining the patterns of lattice instabilities in perovskit
The tolerance factors of the materials considered here
0.91, 0.90, and 0.81 for Th0.5Pb0.5ScO3 ~averaged!, BiScO3,
and YScO3, respectively. This places BiScO3 on the border-
line of the region of perovskite stability and YScO3 well
outside it, while (Th,Pb)ScO3 is also borderline but may b
perovskite. In fact, BiScO3 is known from experiment to
crystallize in a nonperovskite structure under normal con
tions, but the alloy of it with PbTiO3 has a large range o
perovskite stability,13 and in fact a triclinic distorted perov
skite modification of BiScO3 as reported via high-pressur
synthesis.36,37 There is an additional factor to consider
(Th,Pb)ScO3. The size of Th41 is smaller than Pb21, and
the high Th41 valence will increase the strength of Coulom
interactions involving it. This may be expected to provide
strong local driving force for structural distortions aroun
the Th sites.

To understand the basic patterns of the lattice distorti
and the trends in the ferroelectric instability, we first consid
these types of instability separately. LDA calculations we
done at the equilibrium cubic volume separately for octa
dral rotation around@111# and @001#, as well as ferroelectric
rhombohedral and tetragonal states. These were done by
posing space-group symmetries that allow the desired m
~centrosymmetric with 10 atom cells for the rotations a
noncentrosymmetric with primitive cells for the ferroelectr
distortions!. In the primitive perovskite cell, the octahedr
rotation is a pure mode at theR point (R25), while the ferro-
electric mode is part of a manifold of transverse optic mod
For the octahedral rotation, we calculated the energetic
the lattice distortions corresponding to this mode in all th
materials, around two axes~@001# and @111#!. For the ferro-
electric mode, we fully relaxed the atomic positions with
the unit cell, choosing symmetries that allow the ferroelec
displacements, but not rotation of the octahedra. In all ca

TABLE I. Energy shift, in eV, of the cation 1s levels in
ThPbSc2O6 for different symmetry relaxations. The energies a
relative to the O 1s position and the shifts are the energy in t
relaxed structures relative to the ideal cubic perovskite. Two nu
bers are given: the shift relative to the average O 1s level ~av!, and
relative to the highest O 1s ~max!.

TET~av! TET~max! Cm~av! Cm~max!

Th 1.96 1.65 2.63 2.34
Pb 0.22 20.10 0.43 0.14

Sc~1! 20.54 20.85 21.23 21.52
Sc~2! 20.54 20.85 21.17 21.46
17410
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except the tetragonal ferroelectric, the lattice parame
were held at their cubic values. For the tetragonal ferroe
tric state, thec/a ratio was varied, keeping the cell volum
constant.

Considering the tolerance factors, it may be expected
octahedral rotation figures prominently in the lattice ins
bilities. This is clearly seen in the energetics. These are gi
in Table II, which lists the energies relative to the undistort
cubic structure of the constrained rhombohedral ferroe
trics ~RHO!, tetragonal ferroelectric~TET!, octahedrally ro-
tated around@111# (R111), and octahedrally rotated aroun
@001# (R001) structures, as well as two complex structur
discussed below. Results for a (Th,Ba)ScO3 supercell com-
pressed to the volume of the (Th,Pb)ScO3 cell are also
given. This calculation was done to help understand the ro
of Th and Pb.

In all cases, rotation about@111# leads to a lower energy
than rotation around@001#, presumably because in the latt
case, not all the O atoms move towards anA-site ion. The
extremely small tolerance factor of YScO3 leads to a deep
well for the R111 distortion of 140 mRy/Sc, which consid
ering the large rotation and the fact that all other coordina
were held fixed in the calculation of the energetics of t
rotational mode, is no doubt an underestimate, and in
case the true ground state would not be distorted perovs
Varying the lattice parameter in a 5% range did not chan
the rotational energetics significantly. This is in contrast
the situation in Pb(Zr,Ti)O3, presumably because of th
much larger rotational instability in YScO3 and the relative
softness of ScO6 octahedra compared with TiO6. The rota-
tional instabilities of the other compounds are smaller, f
lowing the trend in the tolerance factors.

The energy scale of the ferroelectric phases in YScO3 is
much lower, but still substantial. The RHO and TET sta
are nearly degenerate as long as tetragonal strain relax
~i.e., c/a different from unity! is not allowed. Interestingly,
as shown in Fig. 2, the energy of the relaxed TET state a
function of the strain has its minimum at a very largec/a
;1.3. This is related to the smallA-site cation, which allows
the formation of a layered structure with a compressed
plane lattice constant. This compression brings the oxyg
closer to theA-site ion. As mentioned, the rotational instab
ity is driven by the size mismatch between theA- andB-site
cations. A smallA-site cation also gives a ferroelectric inst
bility, as seen in YScO3, but of smaller size than the rota

-

TABLE II. Energetics of lattice distortions in some perovski
scandates. The energies are in mRy per Sc, for various symm
constrained structures~see text!. All calculations are at the calcu
lated LDA equilibrium volume for the undistorted cubic perovskit
except for (Th,Ba)ScO3, which was studied under compression
the volume of (Th,Pb)ScO3.

ERHO ETET ER111 ER001 ER3 ECm

YScO3 249 280 2140 2109
BiScO3 282 273 287 274
(Th,Pb)ScO3 241 249 265 258 267 288
(Th,Ba)ScO3 235 244 244 235 278
7-4
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LATTICE INSTABILITIES AND FERROELECTRICITY . . . PHYSICAL REVIEW B69, 174107 ~2004!
tional instability. However, there is an additional factor, i.
covalency between theA-site cation and the surrounding
that can tip the balance.5 Thus the energetics of the ferroele
tric states do not follow the trend in tolerance factors.
stead, BiScO3 shows a deep ferroelectric minimum, with th
RHO ferroelectric state strongly favored over the tetragon
If constrained to be tetragonal ferroelectric, BiScO3 would
also have a largec/a ratio, as shown in Fig. 2 and as note
by Iniguez and co-workers.15 In (Th,Pb)ScO3, the TET state
is slightly favored over the RHO state, but neither ferroel
tric instability is as strong as the rotational instabilitie
However, like the other two materials, a large tetragona
~herec/a51.08) is predicted.38 Unlike YScO3 the ferroelec-
tric instabilities are reasonably close in energy to the ro
tional instability, raising the question of whether they m
coexist. In fact they do, as discussed in the following secti

The differences between YScO3 and BiScO3 can be re-
lated, at least qualitatively, to the differences in the electro
structure, in particular, the different angular character of
Y- and Bi-centered bonding orbitals. The Y ions are ve
small and contribute mostly unoccupied states ofd character,

FIG. 2. Energy as a function of tetragonal strainc/a, YScO3 ,
BiScO3, and (Th0.5,Pb0.5)ScO3. The solid bottom line stands fo
the rhombohedral ferroelectric state. All atomic positions are fu
relaxed consistent with the ferroelectric symmetry. Energies are
Sc.
17410
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and are thus only weakly hybridized with the valence sta
of primarily oxygenp character. Because of this the energ
ics are not very sensitive to the bond directions around
This is also reflected in the 2 eV dielectric gap present in
electronic structure of YScO3.

There is a significant difference in the energetics witho
tetragonal strain~keeping cubic lattice vectors!: with Y on
the A site, the RHO and TET energies are very clo
whereas the RHO state is strongly favored over the TET s
in the Bi compound@cf. Fig. 2# and to a lesser extent in
(Th,Pb)ScO3.

This is remarkable because, starting from the undistor
ideal perovskite structure, the ferroelectric instability is is
tropic, so that for very small displacements the RHO a
TET energies are the same. Furthermore, the ferroelectr
is driven by theA-site ion, which is in a 12-fold coordinate
site, and therefore is at first sight in an isotropic enviro
ment. The explanation is that theA-site cation behaves as
it has more room for motion along@111# relative to @001#.
This is not due to its nearest-neighbor local environment
because of the interaction with the ScO6 octahedra. In par-
ticular, the octahedra are strongly covalent and polariza
This is seen in the shifts of Sc relative to O in the ferroele
tric modes. Since the ferroelectric instability is driven by t
Coulomb interaction, the polarizability of the ScO6 octahe-
dra is important to its energetics~cf. Clausius-Mossotti!. This
polarizability is also isotropic for small distortions. Howeve
this is limited by the hard-core ionic repulsion between
and the neighboring O.

In the simplest picture, where the ScO6 polarizability is
large and therefore plays the dominant role in the energe
and where the polarizability is constant until the hard ion
overlap is reached and then becomes small for larger S6

distortions, theA-site cation would behave as if it hasA3
more room to move in the@111# direction than the@100#.
This is due to the geometric constraints on the Sc motion
the oxygen octahedra. The difference between YScO3 and
BiScO3 may then be due to the fact that the smaller latt
parameter in the former compound compresses the ScO6 oc-
tahedra so that its polarizability plays a smaller role. Th
the isotropic nature of the dominantA-site motion underlying
the ferroelectric instability is reflected in the small differen
between the rhombohedral and unstrained (c/a51) tetrago-
nal ferroelectric energies. This, however, is only one fac
Cation-cation repulsion, either directly or via O bond satu
tion, as discussed by Grinberg and co-workers,39 may also be
important.

A similar stabilization of the RHO ferroelectric state rel
tive to the constrained pseudocubic TET configuration
seen in titanates, such as PbTiO3, but with a considerably
smaller energy difference.5 This may be because the TiO6
octahedra are stiffer than the present ScO6 and so the anisot-
ropy of their higher-order polarizability is less importan
This qualitative explanation would be consistent with t
crossover from TET to RHO instabilities in Pb(Zr,Ti)O3 as
the Zr concentration is increased through the MPB, since
larger, 4dZrO6 octahedra would be expected to be more p
larizable than the TiO6 octahedra. This picture is also con
sistent with local structures in large supercells39 as well as

er
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structural observations in PbSc1/2Nb1/2O3-PbTiO3 alloys.40

Bismuth ions onA sites donatep electrons into hybridized
orbitals with mixed Bip and Op character. The 0.3 eV LDA
band gap is between Bi and O derived states. The low-ly
Bi p bands and their strong hybridization with the occup
O p bands~note that the unoccupied Bip orbitals are quite
extended and therefore will have a large overlap with the
p’s! constitutes the band-structure description of the
called polarizable lone pair. This favors ferroelectric dist
tions relative to octahedral rotation. This is shown in Fig.
where the energy is plotted as a function ofA-site ion only
displacement around RHO and TET equilibria while holdi
all other ions fixed. The larger Bi ions with stronger coupli
to oxygens make the crystal more resistant against the te
onal strain, while Bi-O covalency softens the ferroelect
distortion.

The ferroelectric distortions in all these materials cons
of shifts of the cations relative to the surrounding oxyge
As expected, the main displacements are of theA-site ions,
but sizable shifts of the Sc ions also occur, reflecting
nonrigidity of the ScO6 octahedra. This in turn is related t

FIG. 3. Energy per single Sc unit as a function of the displa
ment ofA-site ion from the equilibrium position in YScO3 ~left! and
BiScO3 ~right! for both RHO~open circle! and TET~filled square!
distortions. The energy zero for is set to the equilibrium energy
the zeros are different for the two curves in each panel.
17410
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the larger size of Sc31 relative to Ti41, which reduces O-O
interactions, and covalency between Sc and O, as seen i
electron structure and as noted previously for BiScO3 by
Iniguez and co-workers.15 This is shown in Fig. 4 for YScO3
and BiScO3. Similar observations have been made f
PbZrO3.41 This pattern is also present in (Th,Pb)ScO3 as
shown in Fig. 7. In particular, the distortions for the co
strained TET and RHO states consist primarily of a shift
the A-site cations with respect to the O center of mass, w
smaller but still sizable shifts of the Sc in the same directi
Interestingly, the largest displacement is that of the small
ion, which because of this large displacement and its h
nominal charge would be significant for the polarization.

In solid solutions, such as Pb(Zr,Ti)O3 ~PZT! and
Pb(Mg,Nb,Ti)O3 ~PMN-PT!, the lattice parameter increase
moving across the phase diagram from the PbTiO3 end point.
As a result the tolerance factor decreases, the volume a
able to the PbA site increases, and the magnitude of t
ferroelectric instability also increases. However, the fer
electric Curie temperatureTC decreases. This can be unde
stood in terms of phase-space arguments. In particular, a
lattice expands, other instabilities, in particular other o
centering patterns~e.g., non-G-point off-centering! as well as
the rotational instabilities also become stronger, provid

-

o

FIG. 4. Displacement diagram for RHO~left! and TET~right!
distortions in YScO3 ~top! and BiScO3 ~bottom!. The plots give the
displacements of theA- andB-site cations in the relaxed structure
relative to the O center of mass.
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FIG. 5. ~Color online! The R3 structure. The figure shows th
ideal perovskite positions as spheres, with the displacements t
R3 structure given by vectors. This structure consists of coexis
ferroelectricity and@111# rotations of the octahedra.
17410
more phase space for fluctuations and depressingTC . In fact,
effective Hamiltonian simulations neglecting the rotation
instabilities of PZT substantially overestimateTC .8

Recently, Eitel and co-workers have proposed the use
alloys of PbTiO3 with low tolerance factor materials to ob
tain higherTC at the MPB, and have demonstrated the s
cess of this approach in BiScO3-PbTiO3 alloys.13,14 We pro-
pose that the large difference in energy between the TET
RHO ferroelectric states in BiScO3 and the very large energ
scale of the RHO state~related to the strong Bi-O covalency
strongly favoring ferroelectricity! are responsible for the
high TC at the MPB in BiScO3-PbTiO3 rather than the low
tolerance factor of BiScO3. In particular, these two ingredi
ents put the MPB close to the PbTiO3 end point, where ro-
tations are less important andTC is higher.

The effects of partialA-site substitutions in these mater
als can be expected to be quite different for rotational a
ferroelectric distortions. In particular, because of the sha
oxygen ions connecting the perovskite octahedra, rotati
of nearby octahedra must be at least short-range correla
However, off-centerings of cations on different sites can
relatively independent. This is reflected, for example, in
relatively weak dispersion of the ferroelectric mode aw
from the G point in Pb based ferroelectrics compared w
the much stronger upward dispersion of rotational~e.g.,R25)
modes moving away from the zone boundary.42 Thus substi-
tution of a larger ion on some of theA sites would be ex-
pected to have a stronger effect on the rotational instab
than on the ferroelectric instability. This would be cleares
the octahedra were very rigid, but some effect ought to
present in these scandates as well. To check this we repe
the calculations for (Th,Pb)ScO3 with (Th,Ba)ScO3 com-
pressed to the volume of (Th,Pb)ScO3. Besides confirming
this expectation, the calculation allows us to understand
role of Pb covalency in driving the ferroelectric instability
this material. As shown by the energetics in Table II, t
substitution of larger ions does indeed reduce the rotatio
instabilities, while having only a small effect on the ferr

he
g

FIG. 6. Ferroelectric displacements in Th0.5Pb0.5ScO3 super-
cells, in the relaxed rhombohedral ferroelectric state, not allow
rotation ~top!, in the tetragonal ferroelectric state, also without r
tation ~middle! and relaxed in the trigonalR3 symmetry allowing
coexistence of ferroelectricity and rotation of the ScO6 octahedra
about@111# ~bottom!.
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electric instabilities. This supports the view that the small
A-site ion is the main driver of the ferroelectricity in th
material.

V. COEXISTENCE OF ROTATIONAL AND
FERROELECTRIC DISTORTIONS

The rotational instabilities and the ferroelectric instab
ties in (Th,Pb)ScO3 are both consequences of the low tole
ance factor,t!1, which leads to an overly largeA site–O
distance. Since the driving force for these instabilities is
same, one may expect them to be antagonistic. Howe
when viewed as distortions of the cubic perovskite structu
one notes that they belong to different symmetries and th
fore are independent in lowest order, suggesting coexiste
To examine this issue, and come closer to the ground s
we did two additional calculations. First of all we relaxed t
structure in a trigonalR3 symmetry. This allows rotation o
the octahedra around@111# and the ferroelectric RHO type o
distortion ~it is a subgroup ofR3c, which was used for the
R111 calculations and ofR32, which was used for the RHO
distortion!. This calculation was done using the cubic latti
vectors~i.e., not allowing any rhombohedral strain, which
perovskites tends to be small!. The relaxed structure~Fig. 5!
included both a substantial RHO type ferroelectric distort
and rotations. We denote this structure asR3 in the follow-
ing. The R3 energy is 67 mRy/Sc below the cubic pero
skite. This is, however, only 2 mRy/Sc below theR111 ro-
tated structure. As shown in the bottom panel of Fig. 6,
displacement pattern for the relaxed structure shows a l
Th displacement, roughly 3/4 as large as in the pure R
structure, but considerably reduced Pb displacement.
presumably results from the difference in ionic radii—all o
tahedra in this supercell rotate by the same amount,
leaves ample room for Th to off-center but not for Pb.

FIG. 7. ~Color online! The fully relaxed Cm structure of a
Th0.5Pb0.5ScO3 supercell ~see text!. The displacements from th
ideal cubic perovskite positions with respect to the center of m
are shown as vectors for each atom. The lines are the Sc-O bo
17410
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Calculations were also done for the supercell witho
symmetry constraints using cubic and tetragonal lattice v
tors. The final relaxed structures for this supercell we
monoclinicCm and strongly rotational in character~the main
rotation is by around@11̄0#, by an average 17°). The mono
clinic mirror plane is the only remaining symmetry. It als
has weak co-existing ferroelectricity and distorted octahed
as shown in Fig. 7. The atomic positions are given in Ta
III. The energy of this structure for the present (Th,Pb)Sc3
supercell is 88 mRy below the ideal cubic perovskite and
mRy below theR3 structure. The energy as a function ofc/a
is minimum at the pseudocubic valuec/a51. The relatively
weak ferroelectricity in this cell still involves off-centerin
of the Th with respect to the surrounding O by a substan
0.33a0 ~along @1 1 0#, i.e., normal to the primary rotation
axis!. However, it cannot be said from the present calcu
tions whether a larger more realistic supercell would
ferroelectric. The pattern in this supercell is related to
specific~Th,Pb! ordering. This suggests that the ferroelect
ordering of Th displacements may be an artifact of t
simple supercell considered here. Interestingly, a sim
low-energy monoclinic structure is found for th
(Th,Ba)ScO3 supercell. The reason that this structure is lo
in energy is apparently that the distortion of the octahe
allows the O atoms that rotate towards the Th to mov
large distance and those moving towards the Pb~or Ba! to
move less. This softness of the octahedra and the resu
relative ineffectiveness of Ba to suppress the formation
rotated phases is specific to these scandates. Such a
would not be expected in titanates.

In any case, the qualitative picture of Th0.5Pb0.5ScO3 as
having primarily rotational lattice instabilities, with nearb
but higher in energy ferroelectric states remains. Based
these results, we do not think that Th0.5Pb0.5ScO3 would be a
good ferroelectric, assuming that it can be made in per
skite structure at all. However, it is worthwhile to specula
whether it could be useful to alloy it with other materials
make new piezoelectric compositions. We discuss the tre

TABLE III. Atomic positions in the relaxedCm Pb0.5Th0.5ScO3

supercell atc/a51 in lattice coordinates. For reference the po
tions of the atoms in the ideal cubic perovskite structure~denoted
c) are also given. The lattice vectors are (a,a,0), (a,2a,0), and
(a,0,a). O~3! and O~4! are related by symmetry, as are O~5! and
O~6!.

x1 x2 x3 x1(c) x2(c) x3(c)

Sc~1! 0.252 0.751 0.499 0.25 0.75 0.50
Sc~2! 0.748 0.248 0.505 0.75 0.25 0.50
Th 0.529 0.500 20.001 0.50 0.50 0.00
Pb 20.002 20.002 0.004 0.00 0.00 0.00
O~1! 0.416 0.000 0.000 0.50 0.00 0.00
O~2! 0.126 0.499 0.002 0.00 0.50 0.00
O~3! 20.076 20.076 0.621 0.00 0.00 0.50
O~4! 20.076 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

ss
ds.
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and speculate about possible new materials in the next
tion.

VI. SUMMARY AND DISCUSSION

Structural relaxations for small supercells
Th0.5Pb0.5ScO3, BiScO3, YScO3, and compressed
Th0.5Ba0.5ScO3 were done. Because of the small size of the
supercells and the assumed ordering of theA-site cations the
results should not be interpreted as predictions of gro
states for these materials. Instead they should be viewe
simplified situations that help in understanding the trends
the lattice instabilities of these scandates. The trends
emerge from our calculations are as follows.

~1! Th is tetravalent on the perovskiteA site, as expected
and has weak but not negligible hybridization with O.

~2! The smallA-site ions in these materials favor rot
tional instabilities, in accord with the tolerance factor.

~3! They also favor ferroelectric instabilities, but the ma
nitude of these is small in the absence of covalency.

~4! If rotations are suppressed, Th0.5Pb0.5ScO3 would fa-
vor a tetragonal ferroelectric state.

~5! The ScO6 octahedra are softer than the TiO6 octahedra
in materials like Pb(Zr,Ti)O3, this complicates using partia
substitution of large cations to suppress the rotations,
also reduces the volume dependence of the rotational in
bilities.

~6! The smallA-site ions lead to smaller lattice paramete
and also larger tetragonality in the tetragonal ferroelec
state, both of which, all other things being equal, are de
able in piezoelectrics.
ar
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The results imply that ferroelectric states can be obtai
in materials based on (Th,Pb)ScO3 by suppressing rotation
of the ScO6 octahedra. This might be done by replacin
some of theA-site ions with larger species and by alloyin
the B site with Ti or other smaller ions to make octahed
more rigid. Considering the energetics without rotations, o
possibility would seem to be alloying BiScO3 with
(Th,Pb)ScO3. The motivation is that the~Th,Pb! substitution
for Bi would favor a tetragonal ferroelectric state, and p
haps lead to an MPB. Based on the calculated energe
particularly the very strong energy separation of the RH
and TET states in BiScO3, relative to (Th,Pb)ScO3, the
MPB, if it exists, would likely be in the Th rich side of th
pseudobinary phase diagram. The second possibility wo
be to investigate alloying PbTiO3 or PZT with (Th,Pb)ScO3.
The small ThA-site ions may then favor increased tetrag
nality, which would be favorable, albeit at the expense
further bringing in the rotational modes and therefore low
ing TC .
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