PHYSICAL REVIEW B 66, 092103 (2002

Origin of octahedral tilting in orthorhombic perovskites
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The adopted crystal structure of tAd8O5 perovskites is determined by the balance between the interaction
of the semicore states of th& and B atoms and oxygen ions. Topological considerations show that the
structural setup always stabilizes the cubic phase at large pressures, while small or negative pressures favor
nonvanishing octahedral tiltings. As an example, we show that the structural distortion in;GeeBa®skite is
slightly depressed with hydrostatic pressure, but it increases significantly with increasing volume.
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At ambient conditions relatively few of the@BO; systems  =(5—V,/Vp)/6.%112 For an undistorted lattice we have

adopt the ideal perovskite structure wRim3m symmetry. A Va/Vg=5, while values below 5 correspond to finite octa-
number of structural deviations presenting some kind of dishedral ftiltings. Recently, the GPM has been revised
tortion have been observed. One of the most commonly ob'€VGPM (Refs.12 and 14and extended to describe the -
served perovskite structures has the orthorhon®imm temperature and pressure .dependence of the orthorhombic
symmetry. Within this space group, the octahedral tilting,CryStaI structure O.f per(_)vsk|_te_s_. The revGPM has bd%%l em-
originating from finite rotations of thBOg octahedra, is re- ployed in conjunction witfab initio total energy metho

alized by preserving the central symmetry of Besation in the description of the evolution of structural parameters
y P 9 Y y ' with hydrostatic pressure. The remarkably good agreement

while the A ca_ltion “prefers” off-center displacements. In @etween theoretical resls'2 and available experimental
some peroysk|}(_333 the octahedral rotation can be very small,, tor MgsiQ and ScAIQ perovskites, demonstrates the
like in CaSiQy, ™ or van|s4h at relatively low pressure and 5 pjicapility of the revGPM scheme in the prediction of the
temperature, like in SrZrQ" In other perovskites the distor- ¢rystal structure of orthorhombic and cubic perovskites.
tion is more significant and can develop with pressure or | this paper the revGPM is combined with a simple
temperature to a less distorted, e.g., ScAlaitice? or to a  model based on thinic overlapsin order to analyze, at a
more distorted, e.g., MgSicP lattice. qualitative level, the octahedral rotations ABO; systems
The understanding of the mechanisms that lead to the stand to facilitate a deeper understanding of the origin of
bilization of the various perovskite structures has been a longrthorhombic structural distortions at ambient conditions,
standing problem in material science. Due to the frequen&nd their variation with hydrostatic pressure.
occurrence ofABO; perovskites, and also to the great vari- We investigate the perovskite systems with cations from
ety of properties presented by these systems, the accurate ahl-1VB, [IA-IVA, and IlIA-llIB columns of the Periodic
transparent description of the driving forces toward the highTable. Some of these perovskites are listed in Table | to-
or low symmetry crystal structures is of general interest. Fogether with the size of orthorhombic distortion expressed as
instance, the pressure induced structural changes in minerdile V,/Vg ratio. For example, at ambient conditions
perovskites, e.g., MgSiQand CaSiQ, have important geo- MgSiO; adopts thePbnm orthorhombic structure with
physical implications. These materials represent the primo,/Vg~4.3. Experimentally, CaSiQhas been found to
dial compositions in models for the dynamics and evolutionhave the ideal cubic symmetry, and CaGe@ystallizes in
of the Earth’s lower mantle, and for the observed disconti-Pbnmstructure withV, /Vg~4.7. It follows from these data
nuities in this regior. that the origin of distortions in perovskite systems should
In order to describe the octahedral tilting in perovskitereside in the electronic structures of ba&ttandB atoms, but
structures several phenomenological or semiempirical modalso in a delicate balance between them. Since the bulk per-
els have been develop&dt® Recently, a very useful pa- ovskites are mainly governed by ionic bonds, we concentrate
rametrization was introduced by ThomasWithin the on the electronic structure of thandB ions, and demon-
so-calledglobal parametrization methodGPM) the lattice  strate that these represent the key driving forces towards dif-
parameters are given as functions of the unit cell volime ferent perovskite structures.
and the polyhedral volume ratio. The latter is defined as the We show that the structural distortions in perovskites can
volume of theAO,, polyhedronV,, divided by the volume be accounted for by the relative overlap between the semi-
of the BOg octahedronyVy. The polyhedral volume ratio is core states oA and B cations and the oxygen ions. We in-
related to the individual tilt angles of the octahedron relativetroduce the quantity
to the cubic axis €x,6y,6,)."* From V,/Vg the degree
of tilt is obtained as ©=1-cos[(6,+ 6,)/2]cosd, we(V,ValVg)=Trc+ro—de_o(V,ValVp),
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TABLE I. The equilibrium crystal structure of selected perov- 80
skite systems. The size of the octahedral tilting is expressed in ScAIOa
terms of the polyhedral volume ratig, /Vg . 7 denotes the relative 60 [ AI(2p% Se(3p’)
volume compression, where, according to the present model based ]
on the ionic overlaps(see text a possible orthorhombic-cubic — 40| E !
phase transition occurdSmall orthorhombic distortion. ‘§ ! .:.
= 0l Se(3s) 1o of2s)
la(A)A  IVab(B) Structure V,/Vg Refs. 5(%) g ! A | i ". .
Mg Si orth. 428 21,11 64 g o SPRE— & '
Ca si Cubic 500 221 - 5 CaSiO,
Ca Ge Orth. 4.71 4 14 S 20| Ca(3s’) Ca@3p® O(@2s) |
Sr Ge Cubic 500 23 - > ;
Sr Sn Cubic 500 24-26 12 7] \
€ \
Ba Sn Cubic 5.00 26 - 8 10} — VilVe=50 ;
Sr zr Orth. 4.82 4 25 “m VyVp=4a ‘
Ba zr Cubic  5.00 4 - ] , I
Ca Ti Orth. 4.61 11 42 -5 -4 -3 -2
Sr Ti Cubic 500 427 - energy (Ry)
lla(A) b(B)  Structure Va/Vg Ref. 7(%) FIG. 2. The density of states of ScAJ@nd CaSiQ calculated
at the experimental equilibrium volume fdr,/Vg=5.0 (solid
Sc Al Orth. 4.08 28 83 lines) andV,/Vg=4.1(dashed lines The 2p%,3s?, and ° semi-
Y Al Orth. 4.47 11 52 core states of cations and the?2band of oxygen are marked.

action has already been pointed out by earlier stutitésor
illustration, in Fig. 2 we plotted the zero pressure density of

tated® of ScAIO; for two different V5/Vg ratios (upper
%ﬁne). It follows that whenV 5 /Vg increases from 4.1 to 5.0
the 2p® semicore states of Al approach the valence states,
which results in an increase in the kinetic energy.

Now the ABO; system can reduce the largew and
eequilibrate the microscopic stresses around Bheation by
lowering da.o—dg.o. In accordance with Fig. 1, at constant
volume this can be realized by lowering tiig /V; ratio, i.e.
by a finite tilting of theBOg octahedra relative to the cubic
axis. The size of the deformation, on the other hand, is de-
termined by the electronic structure of tAecation. That is,
rE)y lowering A w the overlap of theA cation becomes more
pronounced compared to that of tBecation, and this shifts
the semicore states éftoward the valence states. This effect
is shown in Fig. 2 in the case of ScA{Qupper pangland
A-O (10NN) CaSiQ, (lower panel. The energetically unfavorable offsets

O-O-O-O--0--0O-0-0-{F P of the 3s? and 3° states of Sc and Ca with decreasing
A-O (8NN) | VA /Vg oppose the symmetry lowering tendencies of tpé 2
' semicore states of Al and ®not shown for Si.

Therefore, theABO; system reaches its thermodynamic
B-O (6NN) equilibrium as a balance of the repulsive interactions be-
tween the cations and the surrounding oxygens. At a constant
W volume this can be realized by optimizing the overlaps be-
20 22 2 25 25 50 tween theA andB cations with the neighboring oxygen ions.
ValVe Consequently, according to the present model, zero or nega-
FIG. 1. TheV,/Vg dependence of the average cation-oxygent'\_/e Aw's (CaICUIa,ted fON_A/VB%_S_) Iee}d to cubic or barely
distancesd.o (open circlesanddg.o (filled circles. Thed, o dis-  distorted perovskites, while positivew induces a symmetry
tances have been determined for the first ei@MN) and for the ~lowering deformation.
first ten (LONN) nearest-neighbor oxygens as well. The distances [N order to demonstrate the correlation between and
have been calculated at constant volume and expressed in units &f¢ adopted crystal structure, in Fig. 3 we have plotted the
the average Wigner-Seitz radius For cubic perovskite§i.e., for ~ experimentally observed low pressuvg /Vg ratios for a
VA /Vg=5.0) dpo=+2a/2 anddg.o=a/2, wherea=(20m/3)"aw  series of cubic and orthorhombic perovskites as functions of
is the cubic lattice parameter. Aw. In each case the linear overlap was evaluated for the

wherec stands forA or B. r,, g, andrg denote the effec-
tive ionic radii, andd.o and dgo are the cations and
nearest-neighbors oxygen bond lengths. These distances
pend on the volume of the unit cell and on the crystal sym
metry. TheV,/Vg dependence ai,.o anddg.g, calculated
within the revGPM, is shown in Fig. 1.

Zero pressure First we discuss the symmetry dependenc
of ws andwg at constan{zerg pressure. Consider @hBO;
perovskite in the ideal crystal structure wih /Vg~5 hav-
iNg Aw=wg— wp>0. In this system thd cation is com-
pressed relative to th& cation, which gives rise to a repul-
sive interaction between th8 ion and the neighboring
oxygens. The existence of the repulsive cation-oxygen inte

22

cation-oxygen distance ()
~
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FIG. 3. The correlation between the relative linear ovedap
(in units of Bohy and the experimental polyhedral volume ratio 500 494 488 482 476
V,/Vg. Aw is calculated for a cubic structure with a volume equal =
to the experimental equilibrium volume. The dashed line, corre- VOlllme rath
sponding approximately to 5:01.7A /B, is a linear fit to the non- FIG. 4. The total energyin meV per formula unit of ortho-

cubic perovskites. rhombic CaSiQ perovskite as a function of volumgn A3%) and

— . _ polyhedral volume ratid/,/Vg (dimensionless At each volume
Pm3m structure at the experimental equilibrium volume, ye energies are given relative to the energy of the cubic phase
and for the ionic radii we used the data from Ref. 19. It(y, /v, =5.0).

follows from the figure that negative values afw corre-
spond to cubic (BaSnQ) BaZrO,;, and SrTiQ) or nearly

cubic (SrGeQ and CaSiQ) perovskites, while positiv o ance of intermediate phases with, e.g., tetragonal, rhombohe-
indicate some extent of orthorhombic lattice distortion. Indral, or hexagonal symmetry. The critical volume can be es-
fact we find that the\ w versus experimental ,/Vg plotis ~ timated from the conditionAw(V¢,5)~0, i.e., rg—ra
nearly linear forAw>0. These results are in perfect accor- +[(v2—1)/2]V¢®~0. The volume compressiong=(V,
dance with the present model. —V,.)/V,, corresponding to possible phase transitions, are
Positive pressuresNext we consider the volume/pressure listed in the last column of Table I. According to these data
dependence ofw, and wg. In a cubic lattice,dy.o  the orthorhombic SrZrQ) for example, transforms to the cu-
=\2dgo, and, accordinglyw, increases faster thamg bic phase at abouy=25%, compared to the experimental
with hydrostatic pressure. Hence, the originally latye, value of 19-23 %" We predict that CaGeQand SrSn@also
corresponding to a distorted perovskite structure, always ddransform to a cubic structure at relatively low pressures.
creases with decreasing volume. According to. Big lower  However, the rest of the orthorhombic perovskites from
Aw indicates a smaller octahedral tilt. Thus the presenffable | will remain distorted up to high pressures and in
model predicts that the hydrostatic pressure drives the sysome cases (MgSiand ScAIQ) extremely high pressures.
tem towards a less distorted crystal structure in ABO; Negative pressuresiVe have shown that orthorhombic
type of perovskite. perovskites tend to transform to a less distorted structure and
The distortion reducing effect of the hydrostatic pressurdinally to the high symmetry cubic structure at high pres-
has been reported in several experimental studies. For irsures. Nevertheless, as volume is increased at negative
stance, in CaGeQ) SrZrQ;, CaTiO; and YAIO,, the octa- pressures, all perovskites tend to adopt a more distorted
hedral rotation decreases with press”ulrJeHowever, there structure. This universal behavior emerges directly from the
are a few cases, like MgSiQwhere in the stability region present model based on relatii@ic overlaps Since Aw
(for pressures above 23 GRAe structural distortion slightly increases linearly withv®, negative pressures produce large
increases with compressiohWe ascribe this anomalous be- stresses around ttcation from the cubic lattice, which are
havior to the more localized nature of the semicore states ireduced by further structural distortions.
Mg compared to the semicore states in Ca, Sr, Ba, Sc, Y, etc. We demonstrate the distortion enhancing effect of nega-
The hardening of the Mg@ polyhedron relative to the SO  tive pressures in the case of Ca§iPerovskite. The pre-
octahedra would occur only at extremely high pressures. dicted ground state structure of Cagi® of cubic symmetry
Within the present model, for any perovskite system ondsee Fig. 3in agreement with experimental resuifsHow-
can determine the critical volumé,, whereAw vanishes. ever, the most recerdb initio calculationd® indicate the
As the ABO; system approaches this volume, the balance ofpresence of small lattice distortions witfy /Vg~4.9. It has
the cation-oxygen interactions occurs already at large polybeen shown that the average tilting of the §i@rtahedra
hedral volume ratio, i.e. &, /Vg~5. Therefore, in the vi- relative to the cubic axis is gradually reduced with pressure.
cinity of this volume the octahedral tilt gradually disappears,Here we investigate the effect of negative pressures on the
and an orthorhombic-cubic phase transition may take placerystal structure of CaSiQusing the revGPM in conjunction
We note that the present model does not exclude the appearith the exact muffin-tin orbitatotal energy methodf:26In
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Fig. 4 we show the total energies of Ca$i@lative to the amount of distortion exhibited by perovskite systems at am-

total energies of the cubic phase as a function of the unit cefpient pressure. Furthermore, it reproduces well the pressure
volume and the polyhedral volume ratio. The theoreticaidependence of the lattice distortions, and describes structural

S s _ 3 _ phase transitions in close agreement with the experimental
equilibrium volume of CaSiis V,=45.85 A, and the vol observations. We predict théd) hydrostatic pressure always

ume range in Fig. 4 corresponds approximately 10 Pressuregahilizes the less distorted structures, @ndnegative pres-
between—25 and 40 GPa. The hydrostatic pressures havgre tavors large octahedral rotations. This universal bond

been estimated from the cubic equation of states from Ref. 3icture of perovskites is a simple consequence of the balance
At polyhedral volume ratios between approximately 4.9 ancof the interactions between the semicore states of the cations
4.7 the volume dependent minima of the total energy markand oxygen ions. In real perovskites, however, the size of
the volume dependence of the equilibrium octahedral rotathese interactions can be modulated by the nature of the
tions relative to the ideal cubic structure. At positive pres-semicore statess(p,d, or f orbitals and also by the non-
sures, i.e..V>V,, the lattice distortion decreases slightly ionic character of the cation-oxygen bor@sg., the presence
with pressure, but the octahedral tilt is still not totally sup-©f d orbitals.
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