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Universal Octahedral-Site Distortion in Orthorhombic Perovskite Oxides
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Lattice parameters of the orthorhombic perovskites RMO; ( R = rare earth, M = Ti, V, ..., Ni, and Ga)
have been simulated based on the ionic M-O bond length and rigid MOg/, octahedra. Comparison with
experimental data shows that the long-standing lattice-parameter anomaly generally found for the larger
R3* ions in these families is caused by a structural feature that is not revealed by the geometric tolerance

factor widely used for the perovskites.
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The AMX; perovskite structure consists of corner-
shared MX¢/, octahedra with larger A cations in a body-
center position of higher anion coordination. The high
density of this atomic arrangement makes the structure a
common high-pressure phase; the structure also allows a
large degree of freedom for mismatch between the equi-
librium (A-X) and (M-X) bond lengths. Consequently, the
AMX; oxides and fluorides with the perovskite structure
are ubiquitous from the lower mantle of the earth to
components of electronic devices.

Goldschmidt [1] introduced a tolerance factor

t=(ry + ry)/V2ry + rx),

to express the mismatch between the ambient (A-X) and
(M-X) equilibrium bond lengths for a hard-ball model with
ionic radii r obtained empirically from x-ray data. The
bond-length mismatch created by a r < 1 is accommodated
by cooperative rotations of the MXg,, octahedra; these
rotations are accompanied by a corresponding shift of the
A cations. Cooperative rotations can give rise to as many as
23 Glazer tilt systems [2]. The orthorhombic Pbnm space
group, which has the a~a~b* tilting system of Glazer
notation, is the most common structure among the RMO;
families having R = rare earth, M = transition metal, and
a tolerance factor + <1 [3,4]. As (1 — ) decreases, the
MOy, tilting angle w decreases; but a literature search
showed no case where the orthorhombic phase changes
smoothly to the cubic phase as t < 1 increases to t = 1. In
all cases, an intermediate phase with a different tilting
system appears between the orthorhombic and cubic
phases. In this Letter, we point out that there is an addi-
tional A-X bond-length mismatch not considered by the
Goldschmidt tolerance factor ¢ that is intrinsic to the
orthorhombic phase; it becomes increasingly operative as
a t <1 approaches t = 1 and is responsible for anomalies
in the evolution of lattice parameters with ¢ as well as for
the observed phase transitions systematically observed.
In the orthorhombic perovskite structure with the
a”a b" tilting system, the cooperative rotations of the
MXg,, octahedra are about a cubic [110] axis, the Pbnm
orthorhombic b axis, to change the cubic lattice parameters
from ay X ag X ay to a = 2ay<b =~ 2a, and ¢ =
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PACS numbers: 61.50.Ah, 61.50.Ks, 61.66.Fn, 64.70.Kb

2ay, as illustrated in Fig. 1. Given rigid octahedra rotating
by an angle w with an (M-0) bond length d, the calculated
lattice parameters are a = d\/8cosw, b= d8(2 +
cos?w)/3]"2, and ¢ = d[48/(1 + 2 sec? w)]'/2. How-
ever, as pointed out by O’Keeffe and Hyde [5], perfect
regularity of the octahedra is incompatible with fixed
rotation axes, and the lattice parameters have been found
to be extremely sensitive to octahedral-site distortions [3].
Woodward [6] has verified for several tilting systems that it
is not possible to link together a three-dimensional network
of perfectly rigid octahedra. However, neither this general
argument nor the geometric relationship described by the ¢
factor can account for why the octahedra become more
distorted as the ¢ factor increases smoothly to unity.

In order to demonstrate how the octahedral-site distor-
tion evolves with the tolerance factor f, we compare in
Fig. 2 the experimental lattice parameters taken from the
literature with those calculated with the software program
SPUDS [3] for several orthorhombic RMO; families (R =
rare earth, M = the first-row transition metal or Ga). In
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FIG. 1. Schematic drawing of the orthorhombic perovskite

structure projected onto the a-b plane. The cubic perovskite
unit cell is shown with dashed lines. O(2) is located at the corner
of octahedra shown as a square in this plot. O(1) is at the apical
position off the plane.
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FIG. 2 (color). Lattice parameters versus ionic radius of the
R3** jon. Circles, triangles, and squares stand for b, ¢/ V2, and a,
respectively. The rare-earth radius in nine coordination is chosen
since it is the highest coordination number available for all
tabulated rare earths. Lines in the figure are a guide to the
eyes. Points in red are calculated by SPuDS. All data shown in
black are from Ref. [4]. The data from single-crystal diffraction
are shown in blue. Data except for those in black are from
Ref. [17] for RTiOs, Refs. [18-22] for RVO;, Refs. [23,24]
for RMnQO3, Refs. [25,26] for RFeOs, Ref. [8,27] for RCoO5, and
Refs. [28-31] for RNiOs.

each family, the M cation is unchanged and the tolerance
factor ¢ varies proportionally with the ionic radius of the
R3* ion (IR). Two important assumptions in the SPUDS
calculation procedure make this comparison meaningful:
(a) the bond lengths are determined by the bond-valence-
sum rule and (b) the octahedra are kept rigid, i.e., six
equivalent (M-O) distances and all O-M-O angles are 90°.

We highlight several important general features of Fig. 2
before discussing why some families behave slightly dif-
ferently from the others. (1) The calculated parameters
show the order b > ¢/ \/—2_ > a with all parameters increas-
ing linearly with IR, which is consistent with the a—a~ b™"
tilting system. This relationship applies qualitatively to
most RMO; families of Fig. 2 and even quantitatively to
those with M = Ti, Cr, Fe, and Ga so long as the R3"-ion
radius is IR < 1.11 A. The deviation near an IR = 1.11 A
is most obvious in the b parameter. (2) Although the
octahedral-site rotation angle w of the a”a~b™" tilting
system remains finite, the deviation for IR > 1.11 A of
the experimental b vs IR from that calculated leads to a
pseudocubic phase with b ~a =~ c¢/+/2 in LaTiO;,
LaVO;, LaFeOs, and to even a b <a in LaCrO; and
LaGaOj;. Moreover, the equilibrium (M-O) bond lengths
d do not change with the IR where M = Ti, V, Cr, Mn, Fe,
and Ga. As listed in Table I, whethera b = aora b <a s
reached in LaMO; depends on the equilibrium (M-O) bond
length. (3) Although w decreases with increasing IR, this
reduction does not lead to a smooth transformation to the
cubic perovskite structure; a phase transition to the rhom-
bohedral R3¢ phase with the a”a~a~ tilting system al-
ways occurs at the IR where the orthorhombic phase shows
a b < a. In other words, the orthorhombic phase having a
b < a must be a precursor to the transition from a pseudo-
cubic orthorhombic phase to the rhombohedral phase. This
observation also leads to the prediction that a transition
from the orthorhombic to the rhombohedral phase should
occur at a tolerance factor ¢ larger than that for the La** ion
in LaCrO5 and LaGaO;. Structural studies at high tem-
perature or under high pressure have demonstrated a tran-
sition to the rhombohedral phase in LaCrO; [10] and
LaGaO; [11,12]. The ¢ factor increases with temperature
and pressure [13] in these cases. (4) These features clearly
have a crystallographic origin since they apply to a broad
range of orthorhombic perovskites that include both mag-
netic and diamagnetic insulators as well as Pauli paramag-
netic metals. However, changes of electronic structure may
alter these features, particularly where they involve a
change with IR of the equilibrium (M-O) bond length.
Therefore, we next consider the electronic configurations
for M = Ti, Mn, Co, and Ni.

The structure and physical properties of RTiO; are
sensitive to the oxygen stoichiometry [14]. This sensitivity
was not clarified in the ceramic samples prepared in earlier
days, and the experimental lattice parameters shown as
black circles for RTiO; in Fig. 2 are taken from early

TABLE I. The M-O bond length of RMOj3; from bond-valence-sum (BVS) and from the refinement of x-ray and neutron diffraction.
Ti v Cr Mn Fe Co Ni Ga

(MO)gys(A) 2.047 20 1.98 2.03 2.015 1.89 2.006 1.98

(MO)gxp(A) 2.02-2.04 2.0-2.01 1.97 [7] 2.02 2.01 1.92 8] 1.92-2.0 1.97 [9]
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data. In the RMnO; family, a cooperative Jahn-Teller dis-
tortion of the MnQOg/, octahedra is superimposed on the
cooperative octahedral-site rotations; long and short O-
Mn-O bonds alternate in the a-b planes and medium-
length, regularly spaced O-Mn-O bonds along the ¢ axis
make ¢/+/2 < a; the orbital ordering enlarges significantly
the orthorhombic strain parameter s = (b — a)/(b + a),
but the bonding is everywhere ionic and the SPUDS calcu-
lation is able to catch closely these features. The Co(III)
ions of the RCoO; family undergo a thermally driven
transition from a low-spin 1°e® state to intermediate-spin
re! and high-spin r*e? states with increasing temperature.
At room temperature, the population of higher spin states
decreases as the IR is reduced. The resulting variation with
IR of the mean size of the Co(III) ionic radius modifies the
variation of the lattice parameters with IR in the RCoO;
family. The RNiO; family shows the most significant
discrepancy between the experimental and calculated var-
iations of the lattice parameters with IR. The major cause
of this discrepancy is a change in the mean equilibrium
(Ni-O) bond length with changing character of the Ni-O-Ni
bonding [15]. The SPUDS calculation does not take into
account the changes in equilibrium Ni-O bond length with
changing R*" ion.

The bond-length mismatch responsible for a r<<1 is
progressively relieved as IR increases. The agreement
between the experimental and calculated lattice parameters
for IR < 1.11 A shows that with the smaller R>* ions the
assumption of a rotation of rigid octahedra provides a good
description of the orthorhombic perovskites. However, a
collapse of b-a with increasing IR > 1.11 A and even a
smooth crossover of b and a in some orthorhombic systems
shows unambiguously that the octahedral sites become
increasingly distorted as IR > 1.11 A increases. There
are two ways that an octahedron can distort: The several
(M-0) bond lengths may vary or the O-M-O bond angles
may deviate from 90°. The parameter A, =
(1/6)3 ,—1_[(d, — (d))/{d)]* measures the magnitude of
the variation of d, = (M-0O), bond lengths of an octahe-
dral site; A, has been shown [15] to decrease with increas-
ing IR<1.08 A in the RFeO; family where orbital
ordering is not an issue. For this family, single-crystal
diffraction data were available for all the rare-earth ele-
ments. In contrast to the evolution of A, with IR, which
shows retention of nearly uniform (Fe-O) bond lengths for
all R3" ions, the O(2)-Fe-O(2) bond angle a = 90° * §
undergoes an unambiguous decrease from 90° with in-
creasing IR > 1.12 A, see Fig. 3. Woodward et al. [16]
have argued, in a study of the structure of Lng5A45MnO;
(A = Sr, Ca), that the crossover of b and @ may occur for a
6 as small as 1°. It therefore appears that an increasing
deviation of & from 90° occurs while the tilting angle w
decreases with increasing IR > 1.11 A . Moreover, an
octahedral-site distortion large enough to give an ortho-
rhombic b < a becomes unstable relative to a transition to

a thombohedral a”a~a™ tilting system that allows the
A-site cation to have a larger near-neighbor anion coordi-
nation. This intrinsic structural conflict is not reflected in
the tolerance factor t and cannot be resolved by any
structural distortion other than a first-order phase transi-
tion; it is a general phenomenon that systematically pre-
vents a continuous evolution with increasing t from the
orthorhombic to the cubic RMO5 perovskite structure.

Although the cause of the octahedral-site distortion
deserves further investigation, its appearance at an IR
larger than a common value of 1.11 A implies a resistance
by the larger A-site cations to a reduction of the nearest-
neighbor oxide-ion coordination. Consistent with this con-
clusion, Fig. 2 and Table I show that the smaller the
equilibrium (M-O) bond length, the larger & for a given
R*" ion. Interestingly, the bond-length variations at an
octahedral site, which are induced by a cooperative Jahn-
Teller orbital ordering and are incorporated into the ortho-
rhombic distortion, allow the MO; array to accommodate a
larger A-site cation without lowering « from 90° than in
the case where all the (M-O) bond lengths are identical. For
the RMnQOj; family, the SPUDS calculation, which includes
the (Mn-O) bond-length variations but leaves a = 90°,
matches the data up to an IR = 1.16 A.

In conclusion, our structural analysis has revealed that
the polyhedron formed by corner-shared MOg/, octahedra
with the M-O bond length d = 2.0 A in the orthorhombic
a”a” b tilting system can accommodate only A-site R3*
cations with an IR < 1.11 A if MOg /2 octahedra remain
nearly rigid. Larger R*" cations induce a deviation of 90°
bond angles in the octahedral sites that decreases the b
axis. Discovery of this additional structural bond-length
mismatch helps to explain several long-standing problems
in perovskites, i.e., the anomalous variation of the ortho-
rhombic lattice parameters with the R3*-ion IR, a general
violation of Végard’s law, and why the rhombohedral phase
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FIG. 3 (color online). Tilting angle @ and O-M-O angle « of
octahedra versus IR for RFeO;.
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intervenes to prevent a smooth orthorhombic to cubic
phase transition as would be expected from consideration
of only the Goldschmidt tolerance factor.

We thank the NSF and the Robert A. Welch Foundation,
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