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Owing to their structural complexity and wide range of possible chemical combinations, perovskite oxides
exhibit many technically important physical properties. Pressure is a thermodynamic parameter which is useful
for tuning physical properties; however, the response of the complex crystal structure to high pressure has
not been thoroughly studied and rationalized. This study focuses on in sifu high-pressure x-ray diffraction of
the orthorhombic perovskite oxides A**B**03, commonly found for the rare-earth transition-metal oxides of
the RM O3 formula. Each of the four families of RMO; (M = Ti, Cr, Mn, Fe) perovskites in this study all
crystallize in the same orthorhombic perovskite structure with the Pbnm space group. The lanthanide contraction
in these materials leads to varying degrees of orthorhombic distortions that are primarily associated with
octahedral site rotations. The pressure-induced change of the lattice parameters demonstrates an evolution from
a suppression to an enlargement of the orthorhombic distortion for substitution of the rare-earth element from
R = La to Lu in RMO; perovskites. This unusual crossover of the lattice parameters’ dependence on pressure
contradict the results from first-principles calculation but can be rationalized by the intrinsic distortion of the

perovskite structure.

DOLI: 10.1103/PhysRevB.101.224104

I. INTRODUCTION

The technical importance of perovskite oxides cannot
be overstated. Understanding strongly correlated phenomena
found in perovskite or perovskite-related oxides, such as high-
T.. superconductivity in copper oxides and colossal magne-
toresistance in manganese oxides, remains a major challenge
to condensed-matter theorists. The ABO3 perovskite structure
consists of a 3D network of corner shared BOg octahedra
with the A atom in the polyhedra formed by the octahedra.
There are 15 tilting systems in the perovskite family [1], with
the Pbnm space group system being the most popular of the
group. The physical properties of perovskites are extremely
sensitive to octahedral-site rotations and distortions as can be
seen in many perovskite systems as the rare-earth element on
the A site of the material is changed. The following serve as
only a few explanatory examples of the possible transitions
that can occur as the extent of octahedral site rotation is
varied: (1) the transition from a Pauli paramagnetic metal to
a Mott insulator in the RNiO3 perovskites [2,3]; (2) RTiO3
undergoes an antiferromagnet to ferromagnet transition [4];
(3) RVOs; displays a variety of orbital/spin ordering states [5];
(4) a dramatic change of Néel temperature in RCrO3 [6]; and
(5) a spin-state transition in RCoOs [7]. High pressure is a
tuning parameter of the electronic structure of these oxides
as seen in the pressure-induced insulator-metal transition in
PrNiO; [8] and the pressure-induced spin state transition
in RCoO3 [9,10]. Therefore, to understand and establish
structure-property relationships for perovskites at high pres-
sures, a precise depiction of how their structure responds to
such pressures is necessary. High-pressure studies can help
elucidate our understanding of physical phenomena in other
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fields as well, such as in geology and mineral physics where
materials under high pressure in the earth’s lower mantle are
studied. One such material is the orthorhombic perovskite,
MgSiOs3, where a structural study under high pressure would
prove useful in understanding its structural instability and
transition to a postperovskite structure [11].

It is well known that the structural stability of a per-
ovskite ABOj; is determined by a geometric tolerance factor
t = (A-O)/\/E(B-O), where A-O and B-O are the cation to
oxygen bond lengths. For r = 1, the perovskite has a cubic
structure. Distorted perovskite structures associated with a
variety of octahedral tilting systems are developed in or-
der to accommodate the bond-length mismatch for ¢t < I;
the smaller the ¢ value, the larger an orthorhombic distor-
tion (a quantitative relationship is given below). For ¢ > 1,
hexagonal-polytype structures are formed, whereas ilmenite
or LiNbOs-type structures are stabilized for ¢ that falls below
the lower limit of the perovskite structure [12]. An early-day
argument was that, under high pressure, more covalent B-O
bonding is less compressible than that of more ionic A-O
bonding. This difference in bond compressibility leads to a
reduction of ¢ factor under pressure [12]. With this empirical
guideline for high-pressure synthesis, new perovskites like
BaRuOs; [13], BalrO3 [14], and BaOsOs3 [15], where at > 1
holds at ambient conditions, were successfully synthesized.
Simply applying this rule, i.e., a dt/dP < 0O, to a category
of ABO3; compounds with # < 1 would lead one to predict
that even more distorted perovskite structures exist under
pressure. Thus, a pressure-induced transition from ilmenite to
a perovskite structure is impossible given a dt /dP < 0. Zhao
et al. [16] showed that the ratio of the site compressibility
is inversely proportional to the ratio of site bond valence
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sum, which allows one to predict structural behavior under
high pressure based on structural data at ambient condition.
Additionally, they predicted that A3*B3+03; compounds such
as RFeOs; would have less of a structural distortion under
high pressure (i.e., dt/dP > 0) compared to a dt/dP < 0 for
A2+B4+03 perovskites. Motivated to resolve the same issue,
Xiong et al. [17] have obtained the pressure dependence of
the structure from first-principles calculations and showed that
dt/dP approaches and crosses zero from a negative value as
t increases for A2*B*T03. An overall dt/dP > 0 obtained
for A**B*Q; perovskite structures is consistent with the
argument by Zhao et al.

A recent high-pressure structural study on several members
of the RFeO; family by Vilarinho et al. [18] lead to the
conclusion that the tilting distortion becomes smaller under
high pressure for RFeO; compounds with rare-earth ions
having a large ionic radius, whereas it becomes drastically
enlarged for rare-earth ions with a smaller ionic radius.
The authors did not attempt to rationalize the result they
reported. In retrospect, all the examples of A3TB3T0; per-
ovskites considered by Zhao et al. displayed a low degree
of orthorhombic distortion. Although each of these previous
studies has allowed for some insights into the high-pressure
structural behavior of perovskites, the picture is far from
complete. A methodical study on the pressure dependence
of structure in these materials is necessary to rectify the
current knowledge of these systems. By considering four
families of R3*M3+t0; (R = rare earth, M = Ti, Cr, Mn, Fe)
perovskites with the Pbnm space group, we have experimen-
tally demonstrated how the orthorhombic perovskite structure
responds to pressure. For perovskite structures that begin
with a high degree of structural distortion, high pressure
only exacerbates the distortion. For perovskite structure with
low structural distortion, high pressure further lowers the
structural distortion. These results cannot be reconciled with
any preconceived theories or models presented in the liter-
ature thus far, but we have found that it is rooted in an
intrinsic distortion of the perovskite structure that is often
overlooked.

The Pbnm RMOj; compounds form the largest family of
perovskites. Their ¢ factor varies continuously in each series
of transition-metal M owing to the lanthanide contraction.
Structural studies under high pressure have been performed
on some of the perovskites in the RM O3 family [18-33]. How-
ever, a systematic study of multiple RM O3 families covering
a wide range of ¢ factors to correlate if there is a common
trend of the pressure dependence of the structure has yet
to be performed. Pressure effects on the crystal structure in
some RMOj; families is complicated by electronic structure
or spin-state transitions as in RNiOs [34] and RCoO3 [9,10]
respectively. For this reason, we focus here on the perovskite
series of M = Ti, Cr, Mn, and Fe. RM O3 perovskites with
these transition metals are not known to show any pressure-
induced changes of their electronic structure; thus there are
no complicating factors to study their crystal structure under
high pressures. Although pressure does induce a spin-state
transition in RFeO3 at P ~ 400 kbar [20]; our study is limited
to P < 100 kbar to prevent this transition from interfering with
any structural observations.

II. EXPERIMENTAL DETAILS

Powder x-ray diffraction (XRD) was performed with a
diamond-anvil cell; CaF, and a 4:1 mixture of methanol
and ethanol were used as the pressure manometer and the
pressure medium, respectively. A monocapillary collimator
was applied to replace the regular collimator with double
pinholes and improved the beam intensity from a 2-kW fine-
focused Mo anode tube. The XRD patterns were collected
on a Fuji image plate that was scanned and digitized with a
Fujifilm scanner (BAS 1800 II). The diffraction patterns were
integrated to a two-column data set of intensity versus 26 with
the software FIT2D. Lebail method refinement of each XRD
profile was performed with the software FULLPROF; an exam-
ple of the profile fitting for NdTiO; at P = 8.7 kbar and lattice
parameters as a function of pressure for all perovskites in this
study are given in the Supplemental Material (SM) [35]. The
pressure dependence of cell volume of RM O3 perovskites has
been fit to the Birch-Murnaghan (BM) equation with B’ = 4
(fixed).

III. RESULTS AND DISCUSSION

The orthorhombic Pbnm perovskite structure is a substruc-
ture of the cubic perovskite with the Pm-3m space group.
Orthorhombic structural distortions (widely called GdFeOs-
type distortions) relative to the cubic structure consist of three
components: i.e., a major octahedral-site rotation around the b
axis of the orthorhombic cell (the tilting subsystem a~a~c?),
a minor rotation around the 001 axis (the tilting subsystem
a’a’ct), and an A-site shift from the body-center position in
a cubic primary cell. A direct consequence for the octahedral-
site tilting around the b axis is to shorten the lattice parameters
c/ /2 and a while the b axis remains more or less unchanged,
leading to a < ¢/+/2 < b. The minor rotation a’a’ct does
not change the a/b ratio or b — a. However, the a/b ratio is
directly related to the tilting angle due to the major titling
mode a~a”c". The octahedral-site rotations can be calculated
from the lattice parameters through the relationship given by
O’Keeffe and Hyde [36] if octahedra remain rigid. For a Jahn-
Teller (JT) active system such as RMnOs, the cooperative JT
distortion places an e, electron in the basal plane, causing the
basal plane to expand. As a result, the ¢ axis becomes much
small relative to a and b, i.e., ¢/ ﬁ < a < b, a relationship
that is always seen in this family of materials.

Another important consideration for these materials is the
local structural distortion that influences lattice parameters
in addition to the three components of the GdFeOs type
distortion. As an example, experimental lattice parameters as
a function of ¢ factor for the RCrO; system is provided in
Fig. 1. For comparison with the experimental values, a, b, and
¢/~/2 as a function of 7 were simulated with the structural
prediction program SPuDs with rigid octahedra in a Pbnm
structure [37,38]. The predicted a,b, ¢/~/2 do not cross until
a smooth orthorhombic to cubic phase transition occurs at a
value of ¢ outside the range of the plot. The lattice parameters
a and ¢/~/2 as a function of ¢ follow the SPuDs predictions rea-
sonably well on the side of heavily distorted RCrOs, i.e., for
those members with a large b—a. The slope of b(¢) also agrees
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FIG. 1. The lattice parameters and the orthorhombic distortion
parameter S as a function of ionic radii (IR) of rare earths (bottom x
axis) or tolerance factor ¢ (top x axis). Solid symbols represent results
from neutron diffraction, hollow symbols represent results from x-
ray diffraction. The dashed lines are the SPuDs simulation results.
The lower right inset shows the structural model of octahedra in a-b
plane; the lower middle inset shows an octahedron projected through
the apical oxygen.

well with the prediction apart from a small offset between
the observed b axis and the predicted b axis. This deviation
from the prediction occurs at a rare-earth ionic radius (IR)
~ 1.1 A where the observed b axis starts to decrease and
the a axis increases as ¢ increases; b eventually crosses a at
some point in the orthorhombic phase, which is not allowed
in the Pbnm perovskite with rigid octahedra. These changes
of lattice parameters as a function of ¢ illustrated for the
case of RCrO; is a universal trend for all Pbnm R3*M3+0;
perovskites with M = 3d transition-metal elements [39]. The
origin of the b-axis anomaly is due to the fact that the O-
M-O angle o (see inset of Fig. 1 for the definition of «) in
an octahedron becomes slightly less than 90° and decreases
further below 90° as ¢ increases. As a result of o« < 90°, the
ab plane of the octahedra is elongated along the a axis and
shortened along the b axis. This local distortion can lead to
a ~ b and even a > b. A further increase of a — b is always
accompanied by a first-order phase transition to the rhombo-
hedral or the tetragonal phase as ¢ increases (to a ¢ out of the
plot scale) by increasing temperature [40] or applying high
pressure [32,41]. The SPuDs calculation predicts one smooth
transition from the orthorhombic phase to the cubic phase,
but in reality the orthorhombic perovskites undergo phase
transitions to intermediate phases with higher symmetries
than that of the Pbnm structure before ending up at the cubic
phase as ¢ increases. The evolution of lattice parameters as a
function of ¢ for RCrO; offers useful guidance for deriving
the change of ¢ under pressure through the change of lattice
parameters. For convenience during the remainder of this

discussion of structure under high pressure, we define a factor
S=(b—a)/(b+ a). S(t) derived for the RCrO;3 perovskites
decreases monotonically as 7 increases as demonstrated in
Fig. 1. A reduction of b — a (and therefore the S factor as a
whole) reflects a decrease of the octahedral-site rotation angle
in the a~a~c® mode. A slope change of S for IR > 1.11 A
is caused by local octahedral-site distortion on the lattice
parameters on top of a reduced octahedral-site rotation angle.
Since the general trend of lattice parameters versus ¢ is similar
for most known orthorhombic perovskites [39], the behavior
of S(z) should be qualitatively similar in other orthorhombic
systems. Therefore, by tracking changes in S, the ¢ factor in
a perovskite becomes a measurable parameter for structural
studies under pressure.

Figure 2 shows the lattice parameters’ dependence on
pressure for two members in the RTiO3 family, NdTiO3 and
YbTiO3. NdTiO3 has a small orthorhombic distortion while
YbTiO; has a much heavier distortion. These results are typi-
cal for members of other RM O3 families with similar ¢ factors
to these two materials. Whereas the overall lattice parameters
reduce under pressure, the b axis in NdTiOsz shrinks at a
steeper slope than the a axis. A reduction of S under pressure
in NdTiOj3 indicates that ¢ increases under pressure based on
the relationship of S vs ¢ in Fig. 1. In sharp contrast, S clearly
increases under pressure in YbTiO3, meaning that 7 decreases
under pressure. There is a crossover from dS/dP > 0 for
perovskites with a smaller IR to a dS/dP < 0 for those with
a larger IR. The general trend for the pressure dependence of
S as a function of IR is similar for each of the four systems
in this study as plotted in Fig. 2 and in Figs. S2 and S6 of the
Supplemental Material [35].

The LaMO;3; composition in each family has an § that
is either negative or very close to zero at ambient pressure.
Pressure causes a steeper negative slope for S, resulting in it
crossing zero and into a negative value. Since the orthorhom-
bic structure with rigid octahedra (as predicted by SPuDs)
does not allow S = 0 or S < 0, the pressure effect on the or-
thorhombic perovskite with smaller octahedral-site rotations
is to further reduce the angle « in octahedra below 90° on top
of decreasing octahedral-site rotations in the structure. Hence,
pressure reduces the orthorhombic distortion of the perovskite
towards the cubic phase while enlarging the octahedral-site
distortion away from the cubic phase. Further development of
these two competitive factors under pressure always leads to a
first-order phase transition. For example, LaCrO3; undergoes
a pressure-induced first-order structural transition from the
orthorhombic Pbnm phase to a rhombohedral phase R3-c at
P ~ 20kbar; the refinement result with a two-phase model
is shown in Fig. S5 of the Supplemental Material [35]. This
result is consistent with previous reports in the literature
[42]. This pressure-induced phase transition mimics the phase
transition to a rhombohedral phase corresponding to a higher
t factor and a reduced octahedral-site rotation as temperature
increases above 533 K at ambient pressure [40].

The general trend of smaller S values under pressure can
also be found in the RMO; (R = Pr, Nd, Sm) systems. In
these materials the octahedral-site rotations are relatively
small and the o deviates from 90°. For RMO; systems
with further reduced IR, the S vs P curves become flat and
have a weak crossover from dS/dP < 0 to dS/dP > O.
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FIG. 2. Upper panels: lattice parameters as a function of pressure for two titanates, which are typical for the RM O3 with larger IR (NdTiO3)
and the smaller IR (YbTiO3). Lower panels: S factor as a function of pressure for the two families, RCrO; and RFeO;. S factor as a function of
pressure for the RTiO; and RMnO; families are provided in Figs. S2 and S6 [35].

Such a subtle change for perovskites having a weak pressure
dependence of S becomes difficult to visualize in a plot

covering a relatively large difference of S between them. B
Thus, for the sake of clarification, we introduce a reduced S T ﬁ:&
factor, S, = [S(P) — S(0)]/S(0), shown in Fig. 3 for all four ST
RMOj; families presented in this study. The RMO3 having a o ) %\.}Gd
dramatic pressure dependence of S were omitted from this 02 Sm \ Fu
plot in order to emphasize the subtle changes near a crossover I 0.10 e

from dS/dP < 0 to dS/dP > 0. Among the JT-inactive RMO; -0.4 RCrQ \§m
perovskites, the crossover occurs for R = Gd, Tb, Dy. In 0 20 4060
the RTiOs3 family, the perovskites are sharply divided into 0.00 0.05 ' ' ", L‘ e
two groups with a dS/dP < 0 and a dS/dP > 0. A more 000k DY
continuous evolution from dS/dP < 0 and dS/dP > 0 is 0,05 i, S . ' ﬁfiuﬂﬂ“fhﬁu"
found for the RCrO; material family. The JT-active RMnOj3 uf N T, :d ug-0-05 b S

shows a dramatically enlarged orthorhombic distortion owing 010 \ 8 -0.10 ; i
to a cooperative JT distortion, which is reflected in a larger § RMnG, s -0.15 "

than that of other JT-inactive perovskites (Fig. S6 [35]). Most , , . Rfeq . . *wNd
members in the RMnOj; family have a negative dS/dP except 0 20 e tkbary . O s bar

for LuMnOs3 (dS/dP > 0). Some members in this family,

such as TmMnOs, show a pressure-dependent dS/dP that is
negative for lower pressures and positive for P > 60 kbar.

FIG. 3. The reduced S factor as a function of pressure for all four
families of RM Oz (M = Ti, Cr, Mn, Fe).
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Pressure largely favors higher symmetry crystal structures
with higher density. In the orthorhombic perovskites, pres-
sure can simply reduce the octahedral-site rotations, which
consequently reduces the orthorhombic splitting described
by the S factor. Pressure-induced reduction of S in RMO;
perovskites with a relatively small octahedral-site rotation is
further complicated due to the lowering of « below 90°. The
effect of pressure on RMO; structures with IR < 1.11 A,
where « is close to 90° [39], is to reduce octahedral-site
rotation. In this scenario a negative dS/dP of small magnitude
is expected. If dS/dP is observed to be greater than zero,
then the orthorhombic splitting and octahedral-site rotation is
enlarged under pressure. These observations lead to multiple
questions. How can pressure play such a sharply different
role on multiple materials with the same space group within
a single family of perovskites? Is it possible to account for
the overall effect of pressure on JT active and J7-inactive
perovskite materials?

It becomes a natural curiosity to wonder if the differences
between pressure dependence of crystal structure between
different perovskite materials influences their physical prop-
erties. To this end, we consider the magnetic transition of
RCrOj3 under pressure. Mean-field theory gives a Ty ~ J,
where J is the superexchange interaction in a Mott insulator
and is proportional to the square of the orbital overlap integral
based on the formula for the superexchange interaction [43].
The orbital overlap integral for the superexchange interaction
in an orthorhombic perovskite is directly related to the M-O
bond length and the M-O-M angle 6 through the relation
cos(180—0). Perovskites with a lower degree of octahedral-
site rotation have a higher 7Ty. A detailed discussion of these
relationships can be found elsewhere [44]. Owing to an
overall reduced M-O bond length under pressure, octahedral-
site rotations dictate dTy/dP. The correlation between the
structural distortion and the Néel temperature for the RCrO;
perovskites has already been documented [6]. However, pres-
sure dependence of crystal structure and its influence on
the pressure dependence of Ty have not previously been
explored. A dramatic increase of Ty is expected for RCrOs;
(R = La, Pr, Nd, Sm) since the only effect of pressure is to
reduce octahedral-site rotations, i.e., the Cr-O-Cr bond angle
becomes closer to 180°. Conversely, octahedral-site rotations
increase under pressure for the RCrO3; (R = Dy, Y, Er, Lu).
In these cases, the pressure-induced increase of the overlap
integral (basically due to shortening the Cr-O bond length)
is offset by bending the Cr-O-Cr bond angle away from
180°. Therefore, we expect to see a relatively small d7n/dP
for RCrO; (R =Dy, Y, Er, Lu). The experimental results
of (1/Tx)dTn/dP = 4.3 x 103 kbar~! for LaCrO3 [41] and
(1/T8)dTyx/dP = 2.1 x 103 kbar~! for YCrOsz [45] agree
with these expectations very well.

To rationalize the systematic change in the pressure depen-
dence of the structural distortion as a function of IR in each
family of RM O3, we turn to the intrinsic structural distortion
of Pbnm perovskites in addition to the three components of the
GdFeO;-type distortion. The JT effect in the RMnO; system
leads to a cooperative orbital ordering in the structure and
a peculiar local distortion, i.e., two long and four equally
short Mn-O bonds in an MnOg octahedron, corresponding to
the orbital occupation of (3y*> — r?)/(3x> — r?) alternately at

neighboring Mn sites in the ab plane. This local structural
distortion can be plotted in the 2D space of the orthorhombic
vibration modes Q> = (Ix — Iy) and Q3 = (21, — Ix — ly)/«/g,
where I denotes the M-O bond length, with an angle ¢ =
tan~'(Q3/Q,) and a magnitude py = (Q,% + Q32)'/%. ¢ re-
flects how an octahedron is distorted, whereas p is equivalent
to [Y,_;_¢ (i —Ip)*]"/* for the bond-length splitting of an
octahedron, where [ is the average M-O bond length [46,47].
The orbital occupation of (3y*> — r?)/(3x> — r?) leads to a
longer bond along x on one Mn site and along y for a
neighboring Mn site in the a-b plane of the primary cell, which
corresponds to two points on the plot (one along 120°, another
along 240°). These two angles in the JT system should be
independent from the orthorhombic structural distortion since
the JT distortion in RMnOs, i.e., two long and four equally
short Mn-O bonds in an octahedron, does not depend on IR of
the rare-earth element present in the material. Kanamori [48]
pointed out, in a structural study of LaMnQOs, that the actual
angle is less than 120°. This deviation indicates that there is
some bias on the JT distortion by the orthorhombic structure.
Zhou and Goodenough subsequently mapped out the local
distortions for the entire family of RMnO; perovskites, shown
in (Qz, O3) space in Fig. 4 [49]. Points in the Q, and Q3
space for RMnQOj3 are mostly concentrated in two small areas
far from the origin; one area is around 120° and the other is
near 240°. When magnified (Fig. 4 inset) these regions reveal
an evolution of the local structural distortion as a function
of IR; the bond length splitting increases from La to Sm,
plateaus from Gd to Tm, and slightly decreases from Tm
to Lu. Remarkably, the evolution of the local distortion as
a function of IR resembles that of JT-inactive systems like
RFeOQ3, also shown in Fig. 4 [44]. There are some differences
between these two polar plots. The overall bond length split-
ting in RFeO; is smaller than that of RMnO; by about one
order in magnitude. The plateau of py for R = Gd to Tm
found in RMnOs is narrowed for the RFeO; system to Gd
through Tb. The bond-length splitting as a function of IR may
prove helpful in explaining the overall effect of pressure in
perovskites.

Although lattice parameters and octahedral-site rotations
change monotonically as a function of IR in an orthorhombic
RM O35 system, the local bond-length splitting (the magnitude
po in Fig. 4) exhibits a maximum near the IR of Gd. The
maximum of py separates members in each RM O3 family into
two groups with distinctly different pressure dependences of
the structural distortion. To demonstrate that the structural
dependence on pressure matches our classification of local
structure, we will take a closer look at the compound TmFeOs,
which is in the middle of the wing from Gd to Lu in the
plot of Fig. 4. The argument of a d¢/dP > 0 for this material
by Zhao et al. [16] would lead to an increase of ¢ under
pressure, i.e., pressure making TmFeO3 have a structure like
ErFeOs or HoFeOs, both of which have a larger . However,
following this argument an increase of ¢ under pressure can
only be done at the expense of increasing local distortion, i.e.,
an increased pg. The experimental results in Fig. 3 indicate
the contrary, i.e., pressure increasing S in TmFeOs; so as
to lead to a structure similar to YbFeOs. Ultimately, this
analysis brings us to the realization that reduction of the
bond-length splitting is the deciding factor for determining
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FIG. 4. Polar plot of the octahedral-site distortion in RMnO; and
RFeO3 orthorhombic perovskites. In the plot, an octahedron with two
long bonds and four equally short bonds is located at 0° (with the
long bonds along z axis), 120° (long bonds on x axis), and 240°
(long bonds on y axis). An octahedron with two long bonds, two
medium bonds, and two short bonds is represented by a spot at an
angle between these three designated angles. Two neighboring M
ions in the ab plane in the orthorhombic perovskite structure have
their long bond pointing to the x axis and y axis of the primary
cell, alternatively. Since the difference between the medium bond and
the short bond is small, the octahedral-site distortions are described
by two groups of points, one group near 120° and another near
240°. Mapping out the octahedral-site distortion for all members
in the JT-inactive RFeQ; indicates a continuous evolution with a
maximum distortion at R = Gd. Similar plots can be obtained for
other JT-inactive RM O; perovskites, meaning that it is an intrinsic
local distortion for the orthorhombic perovskite oxides. In the JT ac-
tive RMnOj; perovskites, the bond-length splitting of an octahedron
increases dramatically. The structural distortions for all members are
concentrated in the small areas near 120° and 240°; a magnified plot
(inset) reveals an evolution of py as a function of IR in the family.

how octahedral-site rotations change under pressure. One may
ask why the structural change in TmFeO3 induced by pressure
does not follow the trend on the wing from Gd to La in
Fig. 4, which would reduce both the octahedral-site rotation
and the bond-length splitting. By following this trend under
pressure, the system must go over the maximum bond-length
splitting distortion near an IR of Gd, which does not appear
energetically favorable. Pressure makes NdFeOs (on the wing
from La to Gd) have the structure of PrFeOs; or LaFeOs by
reducing the bond-length splitting, corresponding to a smaller
orthorhombic distortion. The same is true for other members
in this wing. In summary, there are two pathways for lowering
po under pressure by following the intrinsic local distortion:
(1) the wing from Gd to La where py and the octahedral-site
rotations are both reduced; (2) the wing from Gd to Lu where
po is reduced, but the octahedral-site rotations get enlarged.
For the members with an IR near Gd or Tb, the structure
appears to be frustrated in choosing a pathway; the octahedral-
site rotations and therefore the orthorhombic distortion does
not change even though the cell volume decreases under
pressure. For LaCrOs, the pressure-induced transition from
the orthorhombic to rhombohedral phase [31,32,41,42,50—

52] results in a total elimination of the bond-length splitting
in the octahedra of the rhombohedral phase required by the
symmetry.

In the JT active RMnOs3, the JT distortion greatly enlarges
the orthorhombic distortion as indicated by a significantly
higher S factor in Fig. S6 [35] than that of non-JT active
families. Moreover, the local distortion as described by pg
of Fig. 4 is also higher [49]. The rare-earth substitution still
brings about a variation of py in the RMnOj3 family. Although
the evolution of py in RMnOj3 can be roughly separated into
two wings like other non-JT active perovskite families, an
obvious reduction of py on the wing with smaller IR rare
earths appears to occur in the RMnOj3 with R near the smallest
IR shown in Fig. 4. Therefore, the pressure-induced changes
for the members on this wing, i.e., reducing py and enlarging
the octahedral-site rotations, can only clearly be seen for
LuMnOs;. For the R = Gd to Tm RMnO3 perovskites where
po is nearly identical across in part of the wing, the structure is
frustrated under high pressure; there is relatively little change
in the orthorhombic distortion under pressure.

po(IR) varies from family to family for perovskite oxides.
However, the crossover from dS/dP > 0 to dS/dP <0 is
closely related to the behavior of po(IR) for each family of
perovskites in this study. Therefore, it is clear that the role of
high pressure on the orthorhombic perovskites is to reduce the
bond-length splitting in octahedra by following the pathway
of lowering pg in the polar plot of the local distortion intrinsic
to the orthorhombic perovskites.

The main goal of this study is to correlate the pressure
dependence of the structure with the local distortion, but a
direct observation of the change of bond-length splitting under
pressure remains a challenge. Pressure-induced changes of the
M-0O bond length are typically in the range of the error bars in
most experiments, especially with laboratory x-ray diffraction
because of the weak scattering of oxygen. Moreover, peak
intensities are highly sensitive to the stress due to nonhydro-
staticity of the medium under high pressure. This sensitivity
can make it difficult to accurately refine atomic positions. A
more suitable experiment for observing the trend of reducing
the bond-length splitting reduction under pressure is neutron
diffraction under modest pressure; the data for Cr-O bond
lengths in LaCrOs is provided in Table S1 of the Supplemental
Material [35,41].

This systematic study of the perovskite structure under
high pressure also allows us to verify the finding by Anderson
and Nafe (AN) [53]; they have shown that the bulk modulus
(By) of a material is correlated to its cell volume, i.e., ByVy =
const. This relation can also be derived from the interatomic
potential of ionic bonds [54]. The AN rule is established
for compounds with identical crystal structure, but their cell
volumes spread out over a broad range, even over several
orders of magnitude. The RM O3 perovskites provide a test
of whether the AN rule remains valid in a system in which
the volume changes more continuously in a much smaller
range. Figure 5 shows the By vs Vy~! for three families of
RMO;. By for most perovskites fall within a narrow range
of around 2000 kbar. A much lower By is found in LaMnO;
due to the pressure-induced change of electronic structure
[33,45] Although the general trend of By vs Vo' roughly
follows the AN rule, there is a clear discontinuity at a unique
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FIG. 5. The bulk modulus vs inverse cell volume for three fami-
lies of RM O3 perovskites.

cell volume for each family. It should be noted that this
discontinuity occurs at a critical IR where the O-M-O bond
angle o begins to deviate from 90°. This observation indicates
that while the AN rule may be applicable to compounds with
simple structures, the relationship of bulk modulus versus cell
volume in more complex structures such as the orthorhombic
perovskite does not follow the AN rule and is influenced more
by local distortions.

IV. CONCLUSION

The pressure dependence of the orthorhombic distortions
(PDOD) in the Pbnm perovskite structure has been studied
for four families of rare-earth transition-metal oxides. The
results indicate that the PDOD depends on the IR; it shows
a general crossover from a positive to a negative PDOD as
the IR increases, but the critical IR where a crossover occurs
varies from family to family of perovskite oxides. The critical
IR at which this crossover occurs is found to correspond
to the IR where local distortion in a perovskite family is
maximized. This observation leads the author to conclude that
the general effect of pressure on the orthorhombic perovskites
is to reduce the bond-length splitting of the octahedra in the
structure. Moreover, the local structural distortion denoted
by the O, —M—0Oy; bond angle of the octahedra influences
the bulk modulus. This observation provides an example
that contradicts the general rule, ByVy = const, proposed by
Anderson and Nafe.
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