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Abstract

Perovskite manganites have attracted considerable attention recently due to inhomo-
geneities in multi-functional properties, observed by various high resolution probes. We
present an analysis of the essential role played by complex energy landscapes in the
nanometer to micron-scale inhomogeneities observed in perovskite manganites using a
model expressed in terms of symmetrized atomic-scale lattice distortion modes. We also
discuss the origin for the stability of large metal and insulator domains in the absence of
defects. We demonstrate that an intrinsic mechanism, which specifically involves long-
range interactions between strain fields, the Peierls-Nabarro energy barrier, and complex
energy landscapes with multiple metastable states is responsible for the inhomogeneities
in perovskite manganites. This is in contrast to an extrinsic mechanism such as chemical
randomness. We highlight experimental results which support our intrinsic, rather than
extrinsic, mechanism.

Introduction

One of the most important research topics on minerals, metals, and materials has been
phase transition. Therefore, understanding unusually stable metal-insulator phase coex-
istence observed in perovskite manganites [1, 2, 3, 4, 5] would have broad implications on
applications of materials, particularly in the form of thin films, for which different phases
can be imaged, accessed, and manipulated from the perpendicular direction. In this pro-
ceeding, we first summarize basic properties of manganites, particularly the properties
that we believe important for unusually stable phase coexistence. Next, we briefly de-
scribe our model, originally proposed in Ref. [6] and explained in detail in Ref. [7], where
details of the work presented here can be found We also discuss the origin of unusual
stability of phase coexistence. Conclusions are provided at the end.

Basic properties of perovskite manganites

Perovskite manganites typically have the chemical formula of RE;_,AK,MnOs, where
RE represents rare earth elements, such as La, Nd, and Pr, and AK represents alkaline
earth metal elements such as Ca and Sr [5, 8, 9]. One of the key pieces of physics in
manganites is the strong coupling between the lattice distortions and the state of the
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outermost shell e, electrons on Mn ions [9]. If an e, 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 patterns, often referred to as charge and orbital
ordered state. For example, in LagsCagsMnQOs, the long Mn-O bonds of the elongated
octahedra form a zigzag pattern in the xy plane [10], responsible for short-wavelength
lattice distortions. The repetition of the short Mn-O bonds along the z-direction gives
rise to the uniform tetragonal (more accurately orthorhombic) distortion. Such lattice
distortions are absent in the metallic phase due to the delocalized nature of the e,
electrons.

We propose that the characteristics of manganites that are important for stable metal-
insulator phase coexistence are that the phase with short wavelength and uniform dis-
tortions is an insulator, whereas the phase without distortion is a metal, and that these
two phases are separated by an energy barrier, forming a first-order-like energy land-
scape. It is the structural aspect that is essential for the multiphase coexistence, which
is common to purely elasticity-based materials, such as martensites [11]. Manganites
are special because of the strong coupling between their structural templates and other
novel properties, such as electronic, magnetic, and optical properties. Therefore, exter-
nal perturbations, such as magnetic field, electric field, or X-rays can induce changes in
structures and, therefore, inhomogeneity.

Model for strain-induced metal-insulator phase coexistence

To capture the essential properties of manganites in a simple model, we proposed an
approach that uses atomic-scale modes to describe lattice distortions [12]: general lat-
tice distortions are separated into short-wavelength modes (s,, s,) and long-wavelength
strain modes (eq, ey, 3), as shown in Fig. 1(a) for the case of a monatomic square lattice
in 2-dimensional space. This approach is ideal for the problem at hand. In particular,
the distorted lattice with s, and negative es, or equivalently that with s, and positive
es [see Fig. 1(a)], leads to a gap in the electronic density of states (DOS) near electronic
energy € = 0. Thus, if the Fermi energy 5 lies in the gap, the distorted lattice behaves
as an insulator. Such short-wavelength and uniform-mode lattice distortions can be si-
multaneously generated through the minimal symmetry-allowed coupling C3(s2 — 55)63
at each site, where Cj3 is the strength of this coupling. In the structure without distor-
tions, the DOS has no gap, and the electrons are in a metallic state. Therefore, these
undistorted and distorted states capture the essential structural and electronic features
of manganites mentioned above. The energy landscape shown in Fig. 1 has been consid-
ered in simulations. Using the Euler model, we obtain stable coexistence of a metallic
undistorted phase and an insulating distorted phase, as shown in Fig. 2. Details of our
model are described in Refs. [6] and [7].

Stability of phase coexistence

We examine the stability of phase coexistence against various perturbations. We first
study the stability against a uniform shift of the domain wall, as shown in Figs. 3 and
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Figure 1: (Color online) Modes and energy landscape [6]. (a) Atomic scale lattice distor-
tion modes for a monatomic square lattice in 2-D. All modes are illustrated for positive
values of the variables. (b) Energy landscapes along s, = 0 in s, — s, plane for two sets of
parameter values (the global minimum of the blue curve has E' = - 0.11 eV.). The solid
circles in the inset schematically represent the locations of local minima in the s, — s,
plane. In this proceeding, only the results for the upper red curve are presented. See
Refs. [6] and [7] for the results for the lower blue curve, which gives rise to a nanoscale
inhomogeneity.

Energy(eV)

Figure 2: (Color online) (a) Stable configuration of distorted and undistorted domains
for a 64 x 64 lattice for the energy landscape with a deep local minimum, shown by
the upper red curve in Fig. 1. The color represents ps with red and green for s2 and
0, respectively [6, 7]. (b) Map of the local electron DOS calculated at F = 0 for the
distortions in (a). Red, green, and blue correspond to 0.6, 0.3, and 0 state per site per
eV, respectively. Local electron DOS per site per eV calculated at the center of the
undistorted and the distorted regions are shown over the corresponding domains.
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Figure 3: (Color online) The red dots represent the profiles of s,(%,, 4,) x (—1)% "% with
iy, = 1 near the domain boundary in Fig. 2(a). Dots of other colors show how this profile
changes as the domain boundary shifts uniformly by two interatomic distances.
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Figure 4: Total energy Ej, for the 64 x 64 system versus the location of the domain
boundary, as the boundary moves by two interatomic distances. Fach point is found
from the corresponding curve in Fig. 3.

4. Figure 3 shows how the profile near the boundary between an undistorted metallic
domain on the left and a distorted insulating domain on the right evolves as the domain
wall moves by two interatomic distances. Due to the discreteness of the lattice, the
profile cannot be simply shifted parallel but changes its discrete functional form, which
gives rise to an energy barrier as shown in Fig. 4, an example of a Peierls-Nabarro
barrier [13]. Such an energy barrier inherent to atomic scale discreteness of materials
prevents a simple expansion of the lower energy insulating phase through the uniform
shift of the domain wall, which demonstrates the inadequateness of continuum models,
such as a phase field model, for the coexistence of two phases with different energies.
Next, we study the stability against nonuniform domain wall modification, as shown
in Figs. 5 and 6. For the simulations shown in Fig. 5, we convert a patch of region
near the interface from undistorted high energy phase into a distorted low energy phase,
and relax according to the Euler method. The results show that the system relaxes back
to the original configuration, indicating the stability of the phase coexistence. We plot
the distortion components and energy distribution in Fig. 6 for the intermediate state
shown in Fig. 5(b). We find that the distortion components in the converted patch are
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Figure 5: (Color online) Simulation of the domain wall stability against a small nonuni-
form modification of the domain boundary for the configuration similar to Fig. 2(a).
Color represents s, distortions with red and blue for distorted plaquettes and green for
undistorted plaquettes, (a) represents the initial perturbed configuration, (b) and (c)
show intermediate configurations, (d) represents the final stable configuration, which is
identical to the original configuration before the perturbation, similar to Fig. 2.

not identical to the low energy phase deep inside the domain, as can be seen in Fig. 6(c).
This is due to the constraint of lattice distortions, or, long range interactions between
strain fields. Therefore, the energy cost for creating such a patch is not confined within
the domain wall, but is distributed over the whole patch as shown in Fig. 6(d), which is
responsible for unusual stability of the phase coexistence in manganites.

Results of further simulations, such as relaxation after converting a larger patch into a
distorted state or relaxation after converting a patch from distorted state into undistorted
state, are described in Ref. [7].

Conclusions

The results demonstrate that the long range interaction between stain fields, complex en-
ergy landscapes, and the Peierls-Nabarro energy barrier play an important role in metal-
insulator coexistence in perovskite manganites. Our theory emphasizes the important
role played by the lattice degrees of freedom for complex phenomena in minerals, metals,
and materials, which has been further supported by recent experiments [14].
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Figure 6: (Color online) Modes and energy distribution for the configuration shown in
Fig. 5(b). Colors in (a), (b) and (c) show e(7), es(i), and e3(i) with red and blue
corresponding to £0.45 A and green to zero. Colors in (d) show energy distributions,
with red and blue corresponding to 0.06 eV and -0.006 eV, respectively. Typical values
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