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The average structure of the solid solution LaMn1−xGaxO3 (LMGO) has been investigated from a
symmetry-motivated approach utilizing synchrotron x-ray and neutron powder diffraction techniques. We show
experimentally that a trilinear coupling term (�+

5 M+
2 M+

3 ) between shear strain, octahedral rotation, and the
C-type orbital ordering mode is responsible for driving the orthorhombic to pseudocubic phase transition
occurring in the composition range 0.5 < x < 0.6. Our Monte Carlo simulations elucidate the macroscopic
origin of this coupling to shear strain, and point to its importance with respect to controlling the orbital
order-disorder transitions. We find that the emergence of the pseudocubic state can be rationalized by considering
the competition between this trilinear term and a linear-quadratic term of the out-of-phase octahedral tilting with
strain (�+

5 (R−
5 )2). Illustrating the general nature of these results, we construct a simple function that captures

the change in Landau free energy at the order-disorder transition, in parameters that are trivial to relate to the
concentration of Jahn-Teller active species, temperature, tolerance factor, and unit cell strain, for a broad range
of manganite perovskites. Our results point to the fact that far from the pseudocubic state being a symptom of
orbital disorder, in many cases, it is more correctly to view it as a cause. The results have a broad impact on the
study of orbital ordering physics in the perovskite materials and on chemical and physical control parameters
through which to tune the richness of the intertwined physical properties.

DOI: 10.1103/cj28-2swm

I. INTRODUCTION

The interplay between structural, electronic and magnetic
degrees of freedom in cubic perovskites (of the form ABO3)
is crucial in understanding the emergence of various techno-
logically relevant properties. One canonical example is that of
colossal magnetoresistance (CMR), the property of a material
to undergo large decreases of resistivity under the application
of an external magnetic field. CMR emergence in the hole-
doped perovskite manganites La1−xCaxMnO3 (LCMO) has
been intensely studied over the past several decades, primarily
due to its potential applications in novel data storage devices
and sensor technologies [1]. Maximal decreases in the resis-
tivity of LCMO (occurring at a composition x = 3/8) [2],
are believed to be caused by percolative phase segregation
between different insulating and metallic charge and orbital
(dis)ordered states [3]. Hence, in order to optimize the CMR
effect, and to appreciate how the different charge and orbital
ordering phenomena control this property in these materials, it
is imperative to obtain an accurate microscopic understanding
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of these states, allowing one to successfully tune the properties
in a targeted way.

However, the phase diagram of LCMO is ubiquitously
complex [4,5], and many different control parameters are af-
fected simultaneously upon Ca2+ doping that result in these
different states. These effects include mixed Mn oxidation
states, electronic band-narrowing phenomena, and different
degrees of Jahn-Teller (JT) distortions and tolerance fac-
tor changes. All of these control parameters play a role in
charge and orbital ordering. However, they also have a strong
influence on the observed strain, domain structure and super-
structure, and so it means that these competing complexities
prevent an accurate microscopic understanding to determine
to what extent each of these contribute to ordering phenom-
ena, and hence the emergence and optimization of CMR.

The use of prototype systems allows one to overcome this
competing complexity issue. In these systems, only one of
the control parameters is allowed to vary systematically, while
all of the others are in principle isolated as much as possible
in an attempt to decouple these parameters from each other.
This approach presents the opportunity to target how each
type of complexity contributes independently to the emer-
gence of charge and orbital ordering phenomena in manganite
perovskites. For example, we have previously shown using
cubic manganite quadruple perovskites AMn3Mn4O12 (A =
Ca1−xNax, Hg1−xNax ), which decouple the Pbnm structural
degrees of freedom from the process of chemical doping, that
for compositions of x giving an average Mn B site oxidation
state coincident with compositions of LCMO of maximal
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CMR effects, a novel 1:3 orbital order:charge disorder striping
occurs [6,7]. And, via the careful analysis of symmetry-
breaking strain in the prototype systems R 5

8
Ca 3

8
MnO3 (R =

rare-earth cation) at this doping level, we have shown that the
maximum in CMR coincides with the point of closest proxim-
ity to this novel orbital order:charge disorder state [8]. Hence,
the use of prototype systems allows one to uncover crucial
information regarding ordering phenomena which would oth-
erwise not have been observed by considering the original
LCMO solid solution.

The solid solution LaMn1−xGaxO3 (LMGO) proves to be
another ideal prototype system for investigating the influence
of the JT effect on orbital ordering phenomena in mangan-
ite perovskites, and specifically its interplay with strain that
strongly affects any phase coexistence behavior. The solid
solution end member LaMnO3 is a canonical example of a
material that exhibits long-range C-type orbital order [9]. In
this case, the orbital order is caused by the cooperative JT
effect, described as alternating directions of dz2 orbitals within
the orthorhombic Pbnm a-b plane and layered along the c
axis. Substitution of the JT-active high-spin Mn3+ cation for
JT-inactive Ga3+ results in a reduction of the cooperative
JT effect, which acts to reduce the magnitude or change the
type of orbital order behavior. Using Ga3+ as the chosen
substituent for high-spin Mn3+ is important because they
both contain similar ionic radii in an octahedral environment:
0.645 Å for high-spin Mn3+ and 0.62 Å for Ga3+ [10]. This
means additional octahedral rotations are minimized, isolating
out tolerance factor effects as much as possible, while still
retaining the orthorhombic Pbnm structure of the insulating
CMR-active LCMO phases.

The LMGO solid solution has previously been made and
studied by both x-ray and neutron diffraction techniques
to corroborate changes in orbital ordering behavior [11,12].
Lattice parameters of the Pbnm orthorhombic unit cell con-
verge from b > a > c/

√
2 to a pseudocubic state, where

b ≈ a ≈ c/
√

2 at a range of Ga3+ substitution 0.5 <

x < 0.6. This same transition is observed in both the high-
temperature phase transition of LaMnO3 [13] and across the
LCMO phase diagram at room temperatures [14]. Typically
this is considered a fingerprint of orbital order-disorder be-
havior in manganite perovskites when using local structure
probes of pair distribution function (PDF) [15,16]. Inter-
estingly, an x-ray absorption spectroscopy study on LMGO
points towards a displacive picture occurring instead of order-
disorder [17]. Here, local JT distorted MnO6 octahedra were
found to become less distorted, but contain a large spread
of Mn-O distances, as the substitution of Mn3+ for Ga3+
increases. Whether this phase transition concretely describes
a displacive or order-disorder picture in LMGO is an inter-
esting open question that should be studied by x-ray and
neutron PDF. Nonetheless, while the orthorhombic to pseu-
docubic phase transition has been observed in LMGO, and its
link to changes in magnetic behavior across the solid solu-
tion explained via orbital-mixing and orbital-flipping models
[18,19], critical insight such as how each unique structural dis-
tortion of the Pbnm perovskite system contributes to changes
in orbital ordering, and the evolution of order parameters driv-
ing the pseudocubic state via experimental data, are missing
from the literature.

Here, by careful Rietveld analysis of variable composi-
tion synchrotron x-ray and neutron powder diffraction data,
employing the symmetry-adapted distortion mode formalism
[20], we show that the trilinear coupling term (�+

5 M+
2 M+

3 )
between shear strain, octahedral rotation, and the C-type or-
bital ordering mode acts as a driver for the orthorhombic to
pseudocubic phase transition in LMGO. This transition is con-
comitant with orbital order-disorder transitions in manganite
perovskites, and while it is controlled solely by a decrease
of the M+

3 mode amplitude towards zero in the LMGO sys-
tem, our analysis reveals a second competitive coupling of
the out-of-phase octahedral tilting mode (R−

5 ) with the shear
strain. To illustrate the generality of our results, we construct
a function that describes the difference in Landau free energy
between orbitally disordered and ordered states, and their
associated shear strains, providing a tool to rationalize com-
position dependent trends in phase transition temperatures in
these materials.

II. EXPERIMENT AND DATA ANALYSIS

LaMn1−xGaxO3 samples (0 � x � 1 in 0.1 increments)
were prepared by the solid state synthesis method, using
conditions adapted from Rao et al., [21] with detailed synthe-
sis conditions described in Supplemental Material [22] (see
also Refs. [21,23–30] therein). Characterization of samples
via synchrotron powder x-ray diffraction (PXRD) techniques
was achieved using the high-resolution powder diffraction
beamline I11 at the Diamond Light Source [31]. Data were
collected at a temperature T = 300 K using the multi-
analyser crystal detectors with an x-ray wavelength of λ =
0.8259226(3) Å, as determined by refinement against an
NIST Si standard. Samples were packed into 0.3 mm diameter
borosilicate capillaries and data collected in Debye-Scherrer
geometry. Compositions for x = 0.2, 0.5, and 0.7 were char-
acterized via powder neutron diffraction (PND) techniques
using the high-resolution powder diffraction instrument D2B
at the Institut Laue Langevin [32]. D2B data were collected
at a wavelength of λ = 1.59274(15) Å, as determined from
refinement against an NAC standard, with datasets being ob-
tained at a temperature T = 300 K [33]. Diffraction data
were analyzed via the Rietveld refinement method using the
software Topas Academic V7 [34].

Refinements were performed in the basis of irreducible
representations (irreps), utilizing the symmetry-adapted for-
mulation generated through the webtool ISODISTORT [20].
Structural distortions of a lower symmetry structure may be
classified as transforming as irreps of its parent (aristotype)
structure. In the case of the Pbnm perovskite, unique structural
distortions transform as eight different irreps with respect to
the aristotype ABO3 perovskite with a Pm3̄m space group and
the A site chosen as the origin. These eight irreps, schemati-
cally shown in Fig. 1, are R−

4 , R−
5 , X−

5 , M+
2 , and M+

3 which
describe atomic displacements, and �+

1 , �+
3 , and �+

5 which
describe unit cell strain. These irreps also contain an order
parameter direction (OPD) that describes the directionality in
which the distortion acts. It can be the case that multiple irreps
with the same label but different OPD are present in a struc-
tural distortion. However, in the Pbnm perovskites this is not
the case and so specifying OPDs are not required. For more
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FIG. 1. Schematic of the character of eight irreps spanning the
structural distortions of the Pbnm ABO3 perovskite with respect
to the Pm3̄m aristotype. Purple shaded regions indicate the BO6

octahedral environment. For distortion mode irreps R−
4 , R−

5 , X−
5 ,

M+
2 , and M+

3 the unit cell given is with respect to the Pbnm space
group. For strain irreps �+

1 , �+
3 , and �+

5 the unshaded cell represents
the undistorted Pm3̄m unit cell and the shaded cell represents the
distorted unit cell. Arrows represent the direction of the unit cell
distortion.

information the reader is directed towards the work of Senn
and Bristowe [35]. Symmetry-mode analysis allows one
to encapsulate orthogonal structural distortions as a single
parameter that can be tracked as a function of different
variables such as temperature, pressure and chemical com-
position. Their associated irreps allow one to determine
symmetry-allowed coupling terms, constituting primary order
parameters that drive phase transitions and emerging prop-
erties via the use of invariants analysis and Landau theory
[36]. This is exemplified by the emergence of hybrid improper
ferroelectricity in Ca3Mn2O7 [37] and various magnetoelec-
tric multiferroic couplings in perovskites [35]. Amplitudes
of the distortion modes reported are given in terms of abso-
lute Ap values, which refer to the aristotype-cell-normalized
amplitude of a particular distortion. These have been given
the symbol notation Q(K+/−

n ), where Q and K+/−
n denote the

amplitude and specific irrep of the distortion, respectively.
The latter provides information on the k point in the aristo-
type Brillouin zone (K ), the enumeration number (n), and
retention/violation of inversion symmetry of the distortion
(+/−) with respect to the origin. This analysis facilitates
a universal comparison to other perovskite material systems
containing the same space group and referred to the same
aristotype.

III. RESULTS AND DISCUSSION

Synchrotron PXRD and PND patterns show a high phase
purity for each LaMn1−xGaxO3 sample across the solid solu-
tion (Figs. S1 and S2 [22]). Refinements of Pbnm perovskite
structural models against the data obtained show that lattice
parameters produce the expected convergence behavior from
b > a > c/

√
2 to b ≈ a ≈ c/

√
2 in the range 0.5 < x < 0.6,

indicating the orthorhombic to pseudocubic phase transition,
consistent with the behavior reported in the literature (Table
S1 and Fig. S3 [22]) [11,12]. Furthermore, the monotonic
decrease of the unit cell volume as a function of x indi-
cates that the stoichiometries of each element in each sample
are consistent with the nominal stoichiometry, hence giving
the successful formation of a solid solution (Fig. S4 [22]).

TABLE I. Fitted parameters of α and k for models describing
�+

5 evolution across the LMGO solid solution shown in Fig. 2(b).
Estimated standard deviations for each refined parameter are given
in parentheses.

Model α k

αM+
2 M+

3 −29(1) 0
αM+

2 M+
3 + k −42.3(3) 0.605(12)

These initial results from the refinements indicate that no
first-order phase transition between orthorhombic and pseu-
docubic phases, or segregation of phases, is observed, and that
a continuous decrease in the magnitude of long-range C-type
orbital order, and hence the cooperative JT effect, occurs.
This continuous character of the phase transition between
orthorhombic (JT-ordered) and pseudocubic (non-JT ordered)
is in agreement with previous XAS studies in literature [17].

A number of effects that obfuscate obtaining insight into
the nature of the orthorhombic to pseudocubic phase transition
are minimized by studying LMGO. One includes thermal
effects since the transition occurs at much lower temperatures
compared to the equivalent temperature-dependent transition
in RMnO3 [27,38]. This means that dynamic disorder effects
are significantly reduced in comparison, and static disorder
effects become more prevalent and are easier to discrimi-
nate. Another is that of B site disorder, similar to the A
site disorder effects studied in magnetoresistive manganite
perovskites [39,40]. However, for the B site size variances
σ 2 for each LMGO, calculated in a similar manner to the A
site variance equivalents, even the largest value of σ 2, occur-
ring for x = 0.5, is ≈1.6 × 10−4 Å2, which is an order of
magnitude smaller than the smallest σ 2 compositions studied
by Rodríguez-Martínez et al. [39,40]. Hence, B site disorder
effects are considered negligible in LMGO compared to the
changes in JT distortions.

Distortion mode amplitudes for the irreps that describe the
out-of-phase and in-phase BO6 octahedral rotations, R−

5 and
M+

2 respectively, and the cooperative JT distortion, M+
3 , across

the LMGO solid solution are shown in Fig. 2(a). The full
set of distortion modes is shown in Figs. S5–S11. For M+

3 a
large decrease is observed, as expected, due to the systematic
reduction of JT-active components across the solid solution.
When compositions of the solid solution reach x ≈ 0.5/0.6,
where the orthorhombic to pseudocubic phase transition takes
place, the amplitude of M+

3 remains nonzero. This indicates
that the C-type orbital order distortion extends beyond the per-
colation threshold of a JT long B-O bond within the perovskite
lattice. As noted by Zhou and Goodenough [41], intrinsic oc-
tahedral distortions of this kind manifest themselves even for
JT-inactive perovskites, such as LaGaO3, which are imposed
by the two unique BO6 octahedral rotations. Therefore, it is
expected to have a small, nonzero value to M+

3 even for the
pseudocubic phases within the LMGO solid solution. These
octahedral rotation structural distortions themselves are able
to generate the Pbnm perovskite structure [42], and a further
discussion on this in terms of symmetry-allowed coupling
terms of irreps is presented later.
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FIG. 2. (a) Distortion mode amplitudes of structural distortions
that transform as the irreps R−

5 , M+
2 , and M+

3 of the Pbnm perovskite
across the LMGO solid solution. (b) Variation of the shear strain irrep
�+

5 across the LMGO solid solution. Each dataset is fit, informed by
the invariant analysis as described in the text. Further details and
fitting coefficients are given in Figs. S9– S11 [22]. Two models are
fit for conditions of k = 0 (purple line) and k �= 0 (blue line). Fitted
parameters in these models are given in Table I.

The amplitude of the in-phase octahedral rotation acting
about the Pbnm c axis, M+

2 , is observed to decrease in a
similar rate to that of M+

3 , whereas the out-of-phase octa-
hedral rotation acting along the b axis, R−

5 , is observed to
remain essentially unaffected across the solid solution. The
differing evolution of the unique octahedral rotation modes
show that the complexity of tolerance factor effects are min-
imized in LMGO. If there were significant tolerance factor
effects occurring in this system, despite the minor differences
in high-spin Mn3+ and Ga3+ ionic radii, then R−

5 would be
expected to decrease more significantly and at a similar rate
to M+

2 . To corroborate this point, the concomitant changes of
R−

5 , M+
2 and M+

3 mode amplitudes for reported structural data
at T = 300 K of the series of Pbnm manganite perovskites
R3+MnO3 (R3+ = rare-earth cation) [23–28] are plotted as
a function of tolerance factor (Fig. S12 [22]). In this series,
tolerance factor effects are demonstrated by the significant
changes in the A site ionic radius. This therefore indicates
that there is some intrinsic coupling between M+

2 and M+
3

distortion modes, which act as primary order parameters in
the Landau free energy of the LMGO system describing the
orthorhombic to pseudocubic phase transition.

Further examining the relationship between these three
distortion modes, each is fitted against polynomial functions
of x to capture a model describing the variation of each across
the LMGO solid solution. The fitting of R−

5 is achieved by
approximating its variation with a single constant aR−

5
, with

any potential changes in amplitude across the series deviating
only 5% of the average value, determined as 0.554(2) Å. High-
lighting the similar evolution of M+

2 and M+
3 distortions, both

are fit to a third-order polynomial function of the form: y =
a + bx + cx2 + dx3. Values of a were allowed to be refined
and independent of each other for both datasets (written as
aM+

2
and aM+

3
). To account for the different scaling of M+

2 and
M+

3 amplitudes, a refined scaling factor was added to the coef-
ficients of x (b, c and d ), with these coefficients being refined
simultaneously against both M+

2 and M+
3 datasets, to produce

a refined scaling factor of 1.54(9). The resulting coefficients of
each polynomial are given in Figs. S9–S11 [22]. This choice is
made due to the linear dependence of M+

2 and M+
3 distortions

between each other, as demonstrated by the linearity exhibited
by M+

2 versus M+
3 plots shown in Fig. S13 [22]. A third-order

polynomial function is chosen here as a result of fitting the
lowest order polynomial that gives the best quality of fit to
the data. In consideration as to why these two primary order
parameters couple so strongly together, we note that it was
determined by Varignon et al. studying A3+V3+O3 perovskites
that the sum of two symmetry-allowed trilinear coupling terms
R−

5 X−
5 M+

2 + R−
5 X−

5 M+
3 acts to lower the Landau free energy

of these systems [43]. In our LMGO solid solution, we may
assume R−

5 , M+
2 , and M+

3 as the only primary order param-
eters, allowing X−

5 to be written as ≈ αR−
5 M+

2 , and noting
R−

5 is constant for this system (k), then the trilinear term
reduces to k((M+

2 )2 + M+
2 M+

3 ) producing the observed linear
dependence of BO6 rotation and JT modes on each other.
Alternatively this fact may be appreciated by considering the
experimentally observed evolution of X−

5 , which given the
constant value of R−

5 means a linear dependence with both
M+

2 and M+
3 (see Fig. S8 [22]).

Invariants analysis allows one to identify various coupling
schemes between order parameters that can naturally occur in
the Landau free energy of a phase transition of a system. In
the present case, the transition we consider is the hypothetical
phase transition from Pm3̄m to Pbnm perovskite structures.
Generally those that have the greatest effect on the Landau
free energy are the lowest order terms. Hence, in the following
analysis, we only consider terms up to the third and fourth
order. By using the webtool INVARIANTS in the ISOTROPY

package [44], a variety of third and fourth-order terms are
found. However, we highlight a single trilinear coupling term
of �+

5 M+
2 M+

3 which couples both the in-phase octahedral ro-
tation and JT distortion to shear unit cell strain as it is the
only trilinear term with respect to, what we consider to be,
the primary order parameters R−

5 , M+
2 , and M+

3 that is allowed
by symmetry. The rationale for this choice of primary order
parameters is that the Pbnm perovskite space group can be
solely generated from the irreps R−

5 and M+
2 , and that we

systematically tune the amplitude of M+
3 modes in the LMGO
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solid solution by substitution of JT-active cations (Mn3+) for
non JT-active cations (Ga3+). Hence, order parameters trans-
forming as these three irreps are the only ones considered.
While the existence of this coupling term has been commented
on in previous literature [42,45,46], as far as we are aware
there are no reported experimental data that show how the
amplitude of this, or components of this term, varies as a
function of the LMGO solid solution. Schmitt et al. demon-
strate that neither a single octahedral rotation M+

2 or shear
strain �+

5 can lift the degeneracy of the six Mn-O bonds to
produce the M+

3 distortion, but that the combined action of
both is required to induce nonzero M+

3 [45]. These findings
then indicate that this trilinear term is a primary driver of the
orthorhombic-pseudocubic phase transition in LMGO, and in
Pbnm manganite perovskites in general. This is regardless of
whether locally a displacive mechanism, suggested by x-ray
absorption spectroscopy in LMGO [17], or an order-disorder
mechanism, as observed generally in Pbnm manganite per-
ovskites [15,16], conclusively occurs.

Having identified the significance of this trilinear coupling
term, we show in Fig. 2(b) the variation of the shear unit cell
strain �+

5 across the solid solution. �+
5 decreases in amplitude

towards zero at a point for x ≈ 0.5/0.6, where for LMGO
with larger x, �+

5 remains positive and close to zero. The al-
leviation of shear strain here demonstrates a symmetry-based
fingerprint of the transition from orthorhombic to pseudocubic
states, and hence orbital order to disorder behavior. By consid-
ering the trilinear coupling term �+

5 M+
2 M+

3 , shear strain data
is fit to functions of the form αM+

2 M+
3 + k, where compo-

nents of M+
2 and M+

3 are taken as the third-order polynomials
of x, as determined in Fig. 2, and α and k are refined. The
results of this fitting procedure are given in Table I. The fits
show that αM+

2 M+
3 with k set to zero captures the same kind of

general trend as observed experimentally, but it does not fit the
data adequately. This means that models which only assume
active distortions of M+

2 and M+
3 are not accurate enough by

themselves, and hence require extra degrees of complexity to
the model. Allowing the value of k to vary from zero results in
a much improved fit. In this case, k accounts for the presence
of other structural distortions that manifest across the solid
solution, and in the case of the Pbnm perovskite it is most
likely the action of the second unique octahedral rotation R−

5
via the linear-quadratic term �+

5 (R−
5 )2. Since R−

5 does not
vary significantly across the LMGO solid solution, the effect
of this coupling (β = k/(R−

5 )2) is well approximated by a
constant background contribution to the shear strain. Hence,
we demonstrate the large degree of coupling between M+

2
and M+

3 , which captures the transition from orthorhombic to
pseudocubic states via the trilinear coupling term �+

5 M+
2 M+

3 .
With the culmination of all of the presented crystallo-

graphic data here, it appears possible that the LMGO solid
solution can act as an ideal system to trace how JT distor-
tions tune the orthorhombic-pseudocubic phase transition in
Pbnm manganite perovskites. To understand the local order-
ing that gives rise to the crystallographically observed average
structural distortions, we perform a series of Monte Carlo
(MC) simulations (see Fig. 3). We consider two-dimensional
simulations of 10 ×10 arrays of corner-sharing rhombuses.
Each rhombus is assigned randomly as JT-active or JT-inactive

FIG. 3. Results from two-dimensional Monte Carlo (MC) sim-
ulations on LaMn1−xGaxO3. (a) Energy penalties used in the MC
simulation. (b) A representative relaxed configuration for x = 0.5,
showing longer range order at the percolation threshold for JT long
bonds. (c) The evolution of the M+

3 , M+
2 , and �+

5 modes extracted
from the relaxed MC simulations.

subject to a predefined overall composition x. These rhom-
buses approximate the cross-section of corner-sharing MnO6

and GaO6 octahedra. Each rhombus has four degrees of free-
dom: its horizontal and vertical position, its tilt angle θ , and
a JT distortion magnitude φ. The equilibrium value of θ for
a JT-active and a JT-inactive rhombus were obtained from the
corresponding tilts in the end members LaMnO3 and LaGaO3

respectively. The value of φ was set to zero for every rhombus
assigned as JT-inactive, and allowed to vary with an equilib-
rium magnitude of 1 for rhombuses assigned as JT active. The
actual rhombic distortion given by φ = 1 was set to mimic
the JT distortion magnitude observed in LaMnO3 itself. The
Monte Carlo energy term contained four terms: (i) a split-
atom term [47], which acts to maintain sensible connectivity
of neighboring rhombuses, (ii) a JT term which penalized
departures from ideal JT distortion geometries for JT-active
sites, (iii) a JT coupling term that favored alternation of JT
distortion axes, and (iv) a tilt term that penalized departures
from the ideal tilt angle (for a given composition). The spring
constants assigned to these various terms [see Fig. 3(a)] were
varied to ensure sensible convergence of the MC simulations;
their absolute values did not affect the ground-state structures
that emerged. Full details of the implementation of our MC
simulations are given in Supplemental Material [22].

In a first set of simulations, we did not allow geometric
relaxation of the box, and hence the shear strain was identi-
cally zero. These initial simulations did capture a degree of
coupling between the average tilt and rotation observed as a
function of x, but it is clear from their high residual ground
state energies that they are highly strained. Consequently we
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repeated these simulations whilst allowing the simulation box
to shear (i.e., it may itself become a rhombus). For values
of x less than about 0.5, this additional degree of freedom
serves to reduce the residual ground state energy significantly,
producing results where the majority of rhombuses are able
to satisfy their preferred local geometry [see Fig. 3(b) for x
= 0.5]. It is important to note that this shearing arises spon-
taneously from our simple Hamiltonian that captures only the
desire for the rhombuses to rotate and distort and should hence
be thought of as the microscopic origin behind the trilinear
terms �+

5 M+
2 M+

3 that we and others have identified through
invariants analysis. In particular, there was no explicit term
involving shear in the MC Hamiltonian.

Our simulations produce configurations that exhibit long-
range orbital ordering from x = 0 right up to x = 0.5 which
is the theoretical JT bond percolation limit in a square lattice.
Next we collapse our microscopic simulations down to create
an average Pbnm unit cell from which we analyze the evo-
lution of the M+

3 , M+
2 , and �+

5 mode amplitudes [Fig. 3(c)].
The average evolution of M+

3 and M+
2 is in excellent agree-

ment with those observed in our crystallographic study up
to x = 0.5. Beyond that the MC simulation undergoes a
phase transition to an orbitally disordered state. On the other
hand, our diffraction data evidence a continuous evolution as
a function of x. The discrepancy is because the shear strain
(�+

5 ) only arises in our MC simulations as a consequence
of long-range coupling between M+

3 and M+
2 , while in a real

Pbnm perovskite, it is ever-present through the coupling to the
out-of-phase BO6 tilt (�+

5 (R−
5 )2) that is necessarily ignored in

our two-dimensional simulations. Indeed, the evolution of �+
5

[Fig. 3(c)] has a similar trend as our experimental model in
which we ignored the constant term arsing from the coupling
to R−

5 [Fig. 2(b)].
The present results therefore strongly suggest that far from

the shear strain tending to zero (i.e., the occurrence of the
pseudocubic state) being a symptom of orbital disorder in
other systems, it is more likely to be a cause. For exam-
ple, perovskite systems adopting shear strain states that are
predisposed to a strong coupling between M+

3 and M+
2 will

tend to exhibit orbital ordering even below the percolation
threshold. On the other hand, in a perovskite that is highly
resistant to shearing in the correct manner, long-range or-
bital order will be suppressed even above the percolation
threshold. The lowest order term in the Landau free energy,
in the absence of any JT activity, that couples shear strain
to the internal structural degrees of freedom, is �+

5 (R−
5 )2. It

is therefore interesting to explore the relationship between
the shear strain state observed as a function of out-of-phase
octahedral rotations R−

5 and the amplitude of M+
3 , the C-type

orbital ordering mode (Fig. 4). We note that the former has a
strong correlation with temperature and tolerance factor (see
Supplemental Material [22]) but not with the concentration
of JT-active species which is instead strongly correlated with
the latter only (i.e., see Fig. 2). To reflect this situation, we
consider the following contribution of the second- and third-
order terms only to the Landau free energy, F , associated with
the orbital disorder to order transition: F = αQ�+

5
QM+

3
QM+

2
+

βQ�+
5

(QR−
5

)2 + γ (Q�+
5

)2 + δ(QM+
3

)2, i.e., we aim to capture
the essential energy difference between these phases. We note

FIG. 4. 3D surface showing the shear strain values obtained by
minimizing the Landau free energy expression described in the text.
The Jahn-Teller distortion M+

3 and the octahedral rotation R−
5 are

treated as independent variables for this purpose. The surface is
color coded according the Landau energy associated with a minimum
energy surface. Regions about the plotted plane �+

5 = 0 indicate the
pseudocubic state.

also that we do not include quartic bounding terms for M+
3 and

R−
5 since we will take them as the independent variables in

the analysis that follows. Taking the differential of the above
function with respect to �+

5 , under the additional assumption
that we may write QM+

2
= 1.5QM+

3
+ 0.2 (see Fig. S13),

gives the energy surface associated with the �+
5 values that

is a dependent variable of M+
3 and R−

5 (Fig. 4). We note that
the values of α and β are constrained via our fits reported
in Table I, and γ is chosen such that the minimum values
of �+

5 are scaled appropriately to the experimental data. The
gain in the Landau free energy associated with orbital order
is captured by δ, and we assume this to be proportional to
QM+

3
which itself is proportional to the concentration of JT

active species. The choice of δ has no effect on the function
describing the energy surface, it merely provides an offset to
the Landau Free energy (which is in arbitrary units) plotted on
the surface.

By construction, the intersection of this surface with the
plane �+

5 = 0 must result in a contribution to this Landau
Free energy expression that is only dependent on δ(QM+

3
)2.

However, there are several nontrivial features evident in this
energy surface. Firstly, it is clear to see that �+

5 = 0 is not
realized for a fixed M+

3 value (i.e., fixed JT concentration),
but rather for a fixed relationship with the out-of-phase tilt
amplitude QR−

5
=

√
((−α/β )(1.5(QM+

3
)2 + 0.2QM+

3
)). Sec-

ondly, the energy surface maxima (i.e., least stable and closest
to F = 0) are higher and much shallower about trajectories
taken through the plane at lower fixed tilt amplitude (QR−

5
)

values than at higher ones. This simple model then explains
why orbital disorder phase transitions are pushed to much
higher temperatures in RMnO3 with a decreasing ionic radius
of R, which have low tolerance factors and hence high R−

5
even at elevated temperatures [27,38]. Taken together our
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simple model is suggestive that the pseudocubic state arises
when a cancellation between contributions from energy terms
involving QR−

5
and QM+

3
in F would occur. Or put another way,

our Landau free energy expression implies that specific strain
states are a cause of the orbital order-disorder phenomena
rather than a symptom.

Finally, we note that we have not explicitly dealt with the
role of the tetragonal-type �+

3 strain. Schmitt et al. undertook
an analysis of the lowering of the Landau free energy in
manganite perovskites, with respect to their unique structural
distortions in the basis of irreps, via DFT calculations on the
system LaMnO3 [45]. In their study, they focus on the origin
of the joint high-temperature metal-to-insulator and orbital
order transition which occurs at T = 750 K, and also on
the stability of different magnetic phases. Through their cal-
culations, they find that the action of compressive tetragonal
strain (−�+

3 ) stabilizes the A-type antiferromagnetic (AFM)
state over a ferromagnetic (FM) one while also producing a
lower potential energy well for an insulating orbitally ordered
state over a metallic one. We observe some subtle deviation of
the tetragonal strain �+

3 from a linear fit in M+
3 and M+

2 (see
Fig. S5 [22]), particularly at high x where a crossover from
AFM A-type to FM occurs [12] that would seem to support
the idea of Schmitt et al. that there is also a strong degree of
coupling of electron and spin correlations, with the M+

3 and
M+

2 modes.

IV. CONCLUSION

We have shown that the orthorhombic to pseudocubic
phase transition in LaMn1−xGaxO3 (LMGO) can be described
as being driven by a trilinear coupling term �+

5 M+
2 M+

3 in the
Landau free energy. Our Monte Carlo (MC) simulations pro-
duce configurations consistent with C-type orbital order up to
the JT bond percolation threshold (x = 0.5), only if the system
is allowed to relax under macroscopic shear strain, revealing

the microscopic origin of this coupling term. While our MC
simulations show a well-defined transition to an orbitally dis-
ordered state at x = 0.5, the more continuous evolution in our
experimental data reveals a second, competitive coupling of
the shear strain �+

5 with the out-of-phase octahedral tilting
R−

5 . This observation motivated us to construct a function
that describes the difference in Landau free energy between
orbitally disordered and ordered states, which explains the
observations that RMnO3, with high degrees of octahedral
tilting, have their orbital disorder transitions pushed to higher
temperatures. Our results point to the fact that the pseudocubic
state in Pbnm manganite perovskites should be viewed as
a cause rather than a symptom of orbital disorder, and thus
they have relevance for the control of rich electronic and
magnetic properties of perovskites which have orbital degrees
of freedom.
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