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Model for strain-induced metal-insulator phase coexistence in colossal
magnetoresistive perovskite manganites „invited…
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There is considerable evidence from new generations of high resolution microscopies and scattering
techniques for intrinsically multiscale structures and dynamics in complex transition-metal oxides.
In particular, the coexistence of submicrometer-size insulating and metallic domains in the same
sample of perovskite manganites is believed to be crucial to the understanding of colossal
magnetoresistance in these materials, and has been a puzzle to both theorists and experimentalists.
In this work, we demonstrate, using an atomic-scale description of lattice distortions and long-range
strains, that the presence of multiple local energy minimum states with different distortions provides
a natural mechanism for such multiphase coexistence within the same material. The framework
provides a basis for engineering nanoscale patterns of metallic and insulating phases and
understanding other novel features observed in manganites, such as precursor short-range ordering
and quasielastic scattering near the phase-transition temperature, hysteretic and glassy dynamics,
metastability, and photoinduced insulator-metal transition. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2162337�
A recurring theme in materials science over the last
50 years has been to understand the phase transitions be-
tween insulating and metallic states brought about by
changes in temperature, pressures or magnetic field. In par-
ticular, the coexistence of two electronic phases in the same
sample of perovskite manganite is the focus of much recent
interest in manganite research.1–8 Existing theories9,10 tend to
rely on ideas similar to those of phase separation in binary
alloys or an idea based on chemical randomness. We propose
an alternative scenario11 that essentially relies on the fact that
the metallic phase has almost no structural distortions �close
to cubic structure�, whereas the insulating phase has both a
short wave length and a uniform distortion �tetragonal struc-
ture with intra-unit-cell lattice distortions�. The strong
electron-lattice coupling, the coupling between short and
uniform lattice distortions, and the long-range interaction be-
tween strain fields ensure the stability of coexisting insulator
and metallic phases. Although it has been recognized12–14

that the lattice distortions together with aspects of nonlinear-
ity are necessary for understanding inhomogeneity in perov-
skite manganites, few calculations exist that demonstrate
how coexistence between metallic and insulating phases
arises.

One of the key pieces of physics in manganites is the
strong coupling between the lattice distortions and the state
of the outermost shell eg electrons on Mn ions.15 If an eg

electron is localized at a Mn site in the insulating phase, the
symmetry of the surrounding oxygen octahedron is lowered
from cubic to tetragonal through a Jahn-Teller coupling. At
low temperatures, the distorted octahedra order in particular
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patterns, often referred to as charge and orbital ordered state.
For example, in La0.5Ca0.5MnO3, the long Mn-O bonds of the
elongated octahedra form a zig-zag pattern in the xy plane,16

responsible for short-wavelength lattice distortions. The rep-
etition of the short Mn-O bonds along the z direction gives
rise to the uniform tetragonal �more accurately orthorhom-
bic� distortion. Such lattice distortions are absent in the me-
tallic phase due to the delocalized nature of the eg electrons.

We present a model that captures the salient aspects of
perovskite manganites—the phase with short wavelength
and uniform distortions is an insulator, whereas the phase
without distortion is a metal. Our approach is to capture
features of manganites that primarily cause inhomogeneities,
and our generic model does not explicitly include other de-
tails of perovskite manganites, such as the origin of the
short-wavelength lattice distortions or the magnetic proper-
ties. We propose that it is the structural aspect that is essen-
tial for the multiphase coexistence. This aspect is common to
purely elasticity-based materials, such as martensites,17,18

which undergo solid-solid phase transformations. Mangan-
ites are unique due to the strong coupling between their
structural templates and other novel properties, such as elec-
tronic, magnetic, and optical properties. Therefore, external
perturbations, such as magnetic field, electric field, or x rays
can induce changes in structures and, therefore, inhomoge-
neity.

We have recently proposed an approach that uses
atomic-scale modes to describe lattice distortions:19 general
lattice distortions are separated into short-wavelength modes
�sx ,sy� and long-wavelength strain modes �e1 ,e2 ,e3�, as
shown in Fig. 1�a� for the case of a monatomic square lattice
in two-dimensional �2D� space. This approach is ideal for the

problem at hand. In particular, the distorted lattice with sx
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and negative e3, or equivalently that with sy and positive e3

�see Fig. 1�a��, leads to a gap in the electronic density of
states �DOS� near electronic energy �=0. Thus, if the Fermi
energy �F lies in the gap, the distorted lattice behaves as an
insulator. Such short-wavelength and uniform-mode lattice
distortions can be simultaneously generated through the
minimal symmetry-allowed coupling C3�sx

2−sy
2�e3 at each

site, where C3 is the strength of this coupling. In the structure
without distortions, the DOS has no gap, and the electrons
are in a metallic state. Therefore, these undistorted and dis-
torted states capture the essential structural and electronic
features of manganites mentioned above.

The multiphase coexistence can originate from the
double-well type energy landscape with degenerate distorted
ground states.20 However, this only provides metallic twin
boundaries instead of submicrometer-size metallic domains.
Therefore, we consider the situation in which the undistorted
metallic state itself is a local energy minimum state together
with a global energy minimum distorted state. A number of
experimental results support the presence of such metastable
states in manganites. For example, magnetic fields21 or x
rays22 have been used to convert insulating regions into fer-
romagnetic metallic ones, which are stable even when the
magnetic fields or x rays are turned off.

We propose a model with energy, E = Estrain + Eshort

+ Ecoupling, where Estrain = �sitesA1e1
2 /2 + A2e2

2 /2 + A3e3
2 /2,

Eshort = �sitesB�sx
2 + sy

2� /2 + G1�sx
4 + sy

4� /4 + G2sx
2sy

2 /2 + H1�sx
6

+ sy
6� /6 + H2sx

2sy
2�sx

2 + sy
2� /6, and Ecoupling=�sitesC3�sx

2−sy
2�e3.

Estrain contains the harmonic energy for dilatation �e1�, shear
�e2�, and deviatoric �e3� strain modes. The symmetry-
allowed energy terms for short-wavelength modes �sx ,sy� are
considered up to sixth order to include features associated
with first-order phase transitions. In the homogeneous phase,
all modes are independent and E can be minimized sepa-
rately for each mode,19 giving e1=e2=0 and e3=−C3�sx

2

−sy
2� /A3. The substitution of this e3 renormalizes the fourth-

order coefficients into G1�=G1−2C3
2 /A3 and G2�=G2

+2C3
2 /A3. Therefore, if G1��0 and G1�

2−4BH1�0, then both
distorted and undistorted phases are local minimum states in
the sx-sy plane. We consider two sets of parameter values,
one giving a shallow �blue curve� and the other a deep �red
curve� local minimum for the undistorted phase, as shown in
Fig. 1�b�. The inset of Fig. 1�b� shows the location of local
and global energy minima in the sx-sy plane. The study of the

FIG. 1. �Color online� Modes and energy landscape �Ref. 11�. �a� Atomic
scale lattice distortion modes for a monatomic square lattice in 2D. All
modes are illustrated for positive values of the variables. �b� Energy land-
scapes along sy =0 in the sx-sy plane for two sets of parameter values �the
global minimum of the blue curve has E=−0.11�. The solid circles in the
inset schematically represent the locations of local minima in the sx-sy plane.
inhomogeneous phase requires that constraints between the
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distortion variables be considered, allowing bonds between
atoms to bend but not break.19,23 Elimination of e1, e2, and e3

leads to an energy expression in terms of sx and sy, which we
numerically minimize using various initial configura-
tions.19,20

Figures 2�a�–2�h� show the simulation of rapid quench-
ing for the shallow local minimum case �blue curve in Fig.
1�b�� starting from the high temperature limit. The initial
condition in Fig. 2�a� is chosen as the random sx and sy

values. Then the configuration is changed along the steepest
decent in the energy landscape at each step until the system
reaches a stable configuration in Fig. 2�h�. The results are
represented in terms of p3=sx

2−sy
2, which serves as a quantity

similar to an order parameter. Positive �red� and negative
�blue� values of p3 correspond to sx with negative e3 and sy

with positive e3, respectively. The green plaquettes with zero
p3 have no distortions. Most of the region relaxes to the
undistorted local minimum state, as shown in Figs. 2�c� and
2�d�. However, some plaquettes lead to nucleating droplets.
A comparison of Figs. 2�b�–2�d� shows that there is a critical
strength and size of these droplets, which is a common fea-
ture of first-order phase transitions. However, the long-range
nature and anisotropy of the interaction between strain
fields19,23 give unique features to the nucleation process in
our results. First, the nucleated droplets often consists of a
pair of strain variants with opposite signs �see Fig. 2�d�� to
minimize the energy cost at the boundary between the dis-
torted and undistorted phases. Second, long-range correla-
tions along the favored direction can allow for easy growth
of distorted regions, as evident from the wide 135° p3�0
regions in Figs. 2�d� and 2�e�. Finally, the nucleated droplets
are highly anisotropic, unlike usual first-order phase transi-
tions. These distinct features of elastic nucleation are likely
responsible for the anisotropic short-range precursor correla-
tions observed in manganites at high temperatures24,25 and
the quasielastic central peak in neutron scattering near the
metal-insulator phase transition temperatures,26,27 which can

FIG. 2. �Color online� Simulation for the shallow local minimum case on a
32�32 lattice with periodic boundary conditions �Ref. 11�. �a� The p3 field
initial configuration. �b�–�g� Time sequence of p3 during energy relaxation.
�h� Final stable stage. �Dark red and dark blue represent ±s0

2, except in �a�,
where they correspond to ±�2.6s0�2. s0 is the value of sx or sy at the global
minimum distorted state.� �i� Local DOS at �F=0 for the distorted pattern in
�f� �dark blue and dark red correspond to 0 and 0.5�. �j� Typical local DOS
vs energy within the distorted and undistorted regions.
be considered as analogs of the central peaks in ferroelec-
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trics. Such behavior may have a common origin as the pre-
cursor embryonic fluctuations observed in martensitic
transformations.18

Figures 2�i� and 2�j� show the tight-binding electronic
structure calculated for the lattice distortions in Fig. 2�f�. In
this calculation, we have used a Su-Shrieffer-Heeger �SSH�
electron-lattice coupling model20 �with one electron per site�,
in which the electron hopping amplitude between nearest
neighbor changes linearly with the changes in the inter-
atomic distances. The typical local electronic DOS versus
energy shown in Fig. 2�j� indeed indicates a metallic local
DOS in the undistorted region and a gapped local DOS
within the distorted region. The small finite DOS within the
gap is due to the exponentially decaying leakage of the elec-
tronic state from the metallic region into the narrow distorted
regions. For �F=0, the local DOS configuration in direct
space is shown in Fig. 2�i�, which shows the coexistence of
metal and insulator associated with the elastic texture tem-
plate, similar to that observed in perovskite manganites.2–4

For the deeper local minimum case �the red curve in Fig.
1�b��, we chose predesigned initial conditions, such as a spa-
tial variation of sx or sy along a 45° direction. A typical result
in the p3 field is shown in Fig. 3�a�. The regions with large
�small� initial �sx� or �sy� transform to a distorted global �un-
distorted local� minimum state upon energy minimization.
The energy landscape barrier between the distorted and un-
distorted state is high enough that the coexisting phase of the
metal and insulator is stable, unlike the shallow local mini-
mum case above. The size of each domain depends only on
the initial conditions, and can be as large as micrometers.
Such stable coexistence of large domains is similar to that
observed in �La,Pr,Ca�MnO3 �Refs. 2 and 28�. The thermal
fluctuations at finite temperatures can grow the distorted re-
gion slowly—such slow, history-dependent dynamics with
time scales that range from 10–20 min to 2–3 h have also
been observed in various perovskite manganites.26,29 Figures
3�b� and 3�c� show the corresponding electronic inhomoge-
neities. The local DOS for the sites deep within the domain
shows a clear gap near �=0. Thus, for �F=0, the metallic
and insulating phases coexist with relatively sharp bound-
aries, as observed in STM images of Bi0.24Ca0.76MnO3 �Ref.
4�. The results suggest that the chemical inhomogeneity10 is
not a required condition to have micrometer-scale multiphase
coexistence. It also implies that it should be possible to na-
noengineer patterns of metallic and insulating phases by us-
ing, for example, focused x-ray or electron beams.30

In this scenario, the role of the magnetic field can be
considered as modifying the energy landscape in favor of the

FIG. 3. �Color online� Simulation for the deep local minimum case on a
64�64 lattice �Ref. 11�. �a� p3 field for the stable elastic texture �color
scheme is similar to Fig. 2�. �b� Local DOS configuration at �F=0. Blue and
green regions are distorted insulator and undistorted metal, respectively. �c�
Typical local DOS vs energy within the distorted and undistorted regions.
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undistorted ferromagnetic metallic state, which would in-
crease the volume fraction of metallic regions in both the
phase with metal-insulator domains �Fig. 3� and the phase
with precursor embryonic fluctuations �Fig. 2�. In particular,
the reduction of the quasielastic scattering spectral weight by
applied magnetic fields28 provides the evidence for the latter
case, and hence percolating conducting paths created by
these fields can lead to the colossal magnetoresistance.

In summary, we propose that the presence of multiple
energy minima in the strain feild variable space and the con-
sequent strain-strain long-range interaction are important for
the multiscale multiphase coexistence in perovskite mangan-
ites.
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