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Abstract

Atomic simulation is performed on La;_,SryMnOs (x = 1/18,1/9,1/6,2/9
and 1/4) to study the Sr ion distribution and local structure. Our calculation
reveals a tendency for Sr clustering rather than a random Sr distribution. It is
found that local structures in the vicinity of the La and Sr clusters are different.
The existence of local structural difference indicates a nano-scale structural
inhomogeneity, which may lead to electronic structure inhomogeneity. We
expect that such a cation distribution may be a compositional representation
of magnetoelectronic phase separation.

1. Introduction

The manganite-based magnetoresistive oxides such as La;_,D,MnO3 (where D is a divalent
cation such as Ca, Sr or Ba) have been investigated intensively due to their rich display
of interesting basic-physics problems and possible applications [1-3]. Some earlier studies
indicated that the electronic/magnetic inhomogeneity or phase separation in these compounds
may be to atomic distributions and different local structure [1, 4].

In La;_,Sr,MnOs3, Shibata et al [5] found structural disorder on the cation sublattice in
low-x samples, and indicated a tendency for Sr clustering by fitting their experimental data.
Louca and Egami [6] showed a clear departure of the actual local structure from the average
crystallographic structure in La;_,SryMnO3 (0 < x < 0.5). The difference of the MnOg
octahedron in the charge-rich and charge-poor regions was found to be notable in terms of the
local Jahn—Teller (JT) distortion. A coexistence of antiferromagnetism and ferromagnetism was
found in (La, Sr)Mn, 07 and was attributed to local lattice distortion, suggesting a large local
deviation from the average lattice [7]. The phase separation with electron-rich and electron-
poor regimes had a lower energy than an antiferromagnetic phase with uniform density [8].
In La;_,Ca,MnO; (x = 0.05, 0.08), a pattern of hole-rich magnetic clusters with a hole-poor
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Table 1. Potential parameters for StMnO3: short-range interaction and shell-model parameters.
Potential parameters for Mn**-0?~ and 0?>~—0?" are the same as that in CaMnOj3 [15].

Short-range interaction

A eV) 0 (&) C VA%
SPPF_O(1)>~ 229567020 0.2356 0.0
SPPT_0(2)> 404523757  0.2252 0.0

Shell-model parameters

Species Y (e) K @eVA™)

Sr2+ 1.831 21.53

medium was detected [9]. It was suggested that the phase separation gives rise to small domains
of low hole density surrounded by a background of high density. In these domains, Jahn-Teller
deformations will be favoured [10].

Although many studies have revealed the possible relation between phase separation,
atomic distribution, and different local structure in these materials, the details of how the La-
site cations distribute themselves in the local structure are not clear. In this paper, we use an
atomistic simulation technique to study the possible Sr cation distribution and local structure in
La;_,Sr,MnO3 (x = 1/18,1/9,1/6,2/9 and 1/4) at 0 K.

2. Computational methods

Our atomistic simulation technique, based on the widely used successful Bohn core—shell
model, can predict the crystal structure of a material at a given temperature and pressure by
minimizing its free energy. It has been used for simulating many kinds of compounds [11-15].
A brief illustration of this technique can be referred to in [15], and details are available in [12].

It should be stressed that the reliability of our simulation strongly depends on the validity
of the potential model used, and the latter is assessed primarily by its ability to reproduce
experimental crystal properties. The potential parameters used for LaMnOs3 had been fitted,
which can reproduce the experimental crystal structure of LaMnOj3 well, with the differences
in lattice parameters between the calculated and experimental data less than 1% [15]. The
newly fitted potential parameters of SrMnO; are given in table 1. The differences in lattice
parameters and bond lengths of SrtMnOj3 between calculated and experimental data are less
than 0.001 A [16].

We had further examined the validity of our potential model for LaMnOs3 by calculating
the pressure effect on the lattice parameters of LaMnOs; up to 3.4 GPa. The calculated
compressibility is in agreement with the experimental value, indicating that the potentials that
we used can represent the crystal structure of LaMnO; [15].

We had investigated the vibrational contributions of Sr-doped LaMnOs at low temperatures
in order to further check the validity of StMnOj3’s potential parameters. For studying the
temperature effect on the lattice parameters and bond lengths, one converged configuration
of Las;SrisMnOs3; was heated from 0 to 75 K. It was found that the lattice parameters and
Mn-O bond lengths (figure 1) are almost unchanged when the temperature increases, which is
consistent with the experimental results [17]. This vibrational check indicates that our StMnO3
potentials are stable and suitable for the simulation of Sr-doped LaMnOs at low temperatures
less than 75 K. The above lattice, pressure, and temperature effect tests indicate that our
potentials can represent the crystal structures of La(Sr)MnOs.
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Figure 1. Temperature dependence of lattice parameters (a) and Mn—O bond length (b) in
Las/6Sr1/6MnO3. We denote the 02~ jons along the b-axis as O1, and the 0>~ ions on the a—c plane
as 02 in an MnOg octahedron. Experimental results of [17] are obtained from Lag g35Srg.16sMnO3,
and there are two nonequivalent oxygen positions, apical (O,p) and equatorial (Oeq1 and Oeqp),
which characterize distortion of the MnOg octahedron in terms of lengths of the Mn—O bonds. ()
denotes the average value.

In this work, the initial structure for studying doped LaMnOs is the crystallographic unit
cell of LaMnOs, which has four La*>* ions, four Mn>* ions, four O1 ions and eight O2 ions.
To meet the demand of the Sr-doping ion number proportion and make the calculations most
efficient, the unit cell of LaMnOj is extended three times along both the a- and c-axis directions.
There are 36 La**, 36 Mn?* and 108 O?~ ions in the extended supercell. For simulating the
structure of La;_,Sr,MnO3, 36x La*" and 36x Mn>" ions are substituted by Sr>* and Mn**
ions, respectively.

The size effect in simulation has also been considered. For different sizes of the supercell
of LaMnOj containing 4, 9, and 16 unit cells, the variation in lattice energy is less than 0.001 eV
and the variation in lattice parameters is less than 0.001 A. At x = 1/4, some simulations of
Sr-cluster doping are carried out with the above three types of supercell. It is also found that
the variation in average lattice energy (<0.01 eV) and the variation in average lattice parameter
(<0.002 A) are also small. Therefore, the supercell size has little effect in our simulation.

3. Results and discussion

3.1. Lattice transition and local structures

Two kinds of calculations were performed at 0 K. One was performed on the configurations
with a random distribution of Sr ions, and the other on the configurations with an Sr cluster
distribution. At every doping level, about 300-500 random configurations and 16—120 cluster
configurations are simulated. For most of the random configurations, their lattice energies
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Figure 2. Comparison of calculated and observed cell volume (a), and lattice parameters (b) in
Laj—,SryMnO3. Experimental volumes of results 1 are abstracted from [18]. Experimental volumes
of results 2 and lattice parameters are abstracted from [15] (x = 0), [19] (x = 0.05,0.075 and
0.1), [17] (x = 0.11,0.13, 0.165 and 0.185), and [20] (x = 0.3). Experimental data were measured
at different temperature (>0 K).

cannot converge. Their calculated lattice parameters deviate from experimental values a great
deal. But, for almost all the cluster configurations, their lattice energies converge and their
calculated lattice parameters deviate from experimental values just a little. At every doping
density, 10 random configurations with the least deviation from the experimental results are
taken into account for comparison. The comparison between the average results of all the
converged cluster configurations, selected random configurations (with the least deviations
from experimental results) and some experimental results is shown in figure 2.

From figure 2, one can find that the results of the cluster configuration are closer to the
experimental results [17-20] than the results of the random configurations, indicating that
the cluster configurations are more structurally reasonable than the random configurations.
It is also found that, as the doping density increases, the calculated cell volume decreases,
the calculated lattice parameter a decreases significantly, and b increases little, but ¢ remains
almost unchanged. At every doping density, the average lattice energy of cluster configurations
is slightly lower than that of random configurations by about 0.05-0.1 eV per cell, indicating
that the cluster configurations are slightly more energetically favourable than the random
configurations.

The local disorders around La/Sr site are found not to be homogeneous. The eight La/Sr—
Mn bond lengths at every doping density are shown in figures 3(a) and (b). It is found that
the average La—Mn bond length is slightly smaller than the average La—Mn bond length in
LaMnOs;. But the average Sr—Mn bond length is larger than the St—Mn bond length in StMnOs.
The average bond length of La—Mn is always larger than the St—Mn bond length at every doping
density under study. In addition, the variation between Sr—Mn bond lengths is smaller than
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Figure 3. The La—Mn (a) and Sr—Mn (b) distances as a function of doping densities x at 0 K. ()
denotes the average value.

that among La—Mn bond lengths. Hence, in the vicinity of the clustered Sr>* ions, the local
structural disorders are significantly smaller than those in the vicinity of La’* ions, and the
local structure disorders in the vicinity of the clustered Sr>* and La** ions are reduced by
increasing the doping densities x. This result supports the experimental result of [5], which
revealed a consistent deviation from a random Sr distribution at the La/Sr sites for x < 0.3, and
the local structure distortions are reduced by increasing x.

The different local structure can also be illustrated using Mn—O bond lengths in Sr-doped
LaMnOs. In figure 5(d) (one of the typical Sr-cluster configurations of Las sSr;sMnO3), there
are four Mn** and two Mn** ions along the arrow line in the Mn—O2 plane. The six Mn-O
bond lengths of each Mn ion are shown in figure 4(a). It is found that the average Mn3*—O bond
length is larger than the average Mn**/Mn**—0 bond length and is very close to the average
Mn3**-0 bond in LaMnOj3. But the average Mn**—O bond length is smaller than the average
Mn3**/Mn**—O bond length and is very close to the Mn**—O bond in SrMnQs. Figure 4(b)
shows the Jahn—Teller distortion (see [21] for the calculation method) of every Mn ion. The
Jahn-Teller distortion around Mn>* ions is smaller than that in LaMnOs, whereas the distortion
around Mn** ions is very small but larger than that in StMnOj3. Our calculation confirms that
the lattice distortions are concentrated on the Jahn—Teller distorted Mn+ Qg octahedra, and that
almost no distortion occurs on the Mn*t Qg octahedra. This result agrees with that in [6, 18]
and [19].

The structural transition can affect the electronic/magnetic properties of doped manganites.
When Sr ions are doped into manganites, both lattice distortion (figure 2) and MnOg octahedral
distortion (Jahn—Teller distortion for Mn3*Qg, not shown) will reduce when the doping density
increases from O to 1/4. On the one hand, these structural transitions in Mn—O bond lengths and
Mn-O-Mn bond angles can lead to different e, electron hopping integrals by the mechanism
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Figure 4. The Mn-O (a) bond lengths and Jahn—Teller distortion (b) of some MnOg octahedra in
figure 5(d). () denotes the average value.
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Figure 5. Some typical cluster configurations of La;_,Sr,MnO3 at x = 1/18 (a), 1/9 ((b), (¢)),
1/6 (d), 2/9 (e) and 1/4 (f). The number of the layer denotes the sequential order of the MnO, or
LaO layer along the b direction. 0>~ ions are not shown.

of double exchange, i.e. the bandwidth is changed (see [21] for the method for calculating
the bandwidth from bond lengths and bond angles). On the other hand, the doping results in
local structural transition, for example, JT polaron distortion energy (relating to the strength of
electron—phonon coupling) is also changed [21]. Then, magnetic properties, such as 7¢, can be
changed by the changes in bandwidth and JT energy [22].
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3.2. Sr clusters and phase separation

Our simulation indicates that Sr ions have the structural possibility and a small thermodynamic
tendency to clustering at low temperatures. Some typical Sr cluster distributions at different
doping densities are shown in figure 5. It is found that Sr’>* ions form a cluster on the length
scale of 5-15 A: Sr** ions are always surrounded by Mn** ions, and Sr** and Mn** ions
locate in two adjacent layers along the b-direction. Our calculation also manifests that the
configurations with separated Sr>* and Mn** ions are always structurally unreasonable. The
adjacency of Sr>* and Mn** ions forms a chemical inhomogeneity, similar to the SrMnO3
structure, surrounded by a background of the LaMnOj structure. These clusters will introduce
a local structure deviation. This chemical inhomogeneity and local structure deviation may lead
to electronic structure inhomogeneity, which can affect magnetic and electronic properties of
this compound [5].

Our simulated Sr clusters are consistent with some experimental suspicions. A tendency
for Sr clustering was observed in lightly doped La;_, Sr,MnOs [5]. The local structure disorder
in the vicinity of the clustered Sr ions was significantly smaller than that in the vicinity of La
ions, presumably attributed to a higher average Mn* concentration near the La regions. In
Lay7Cap3MnO3, two spatially separated regions (<30 A) have been found, and this spatial
inhomogenity was suspected to be related to the distribution of La and Ca ions and the
corresponding fluctuation in the local lattice distortions [23]. We believe that such chemical
inhomogeneity, along with the different local structure, will be crucial to the theoretical study
of these compounds, particularly in the context of magnetoelectronic phase separation.

Our simulated Sr clusters have a length scale of 5-15 A, which is similar to some
experimental values of microscopic-sized clusters (or droplets, or domains). Teresa
et al detected the spontanecous formation of localized ~12 A magnetic clusters in
(La-Y/Tb),/3Ca;,3MnO; [24]. Hennion et al revealed the isotropic droplets of about 9 A in
electronic phase separation [9]. Dai ef al demonstrated about 13 A lattice polaron correlations
at room temperature in La;_,Ca,MnO; [25]. Adams et al found ~10 A polaron correlations in
Lag7Cap3MnO3, which is weakly temperature dependent [26]. Such small clusters could act
as nucleation sites for the larger-scale phase separation. The inhomogeneity that we proposed
may be relevant to magnetoelectronic phase separation, and may be a universal phenomenon in
these materials.

Our simulated atomic distribution and local structure could help some research workers
further understand their experimental results and raise more theoretical research on the La-
site doping effect. Recently, it was found that the charge ordering and phase separation seem
to be general phenomena in some transition-metal oxides, for example, doped manganites
or superconducting compounds [4]. Our results may be beneficial for the research of other
transition-metal oxides.

4. Conclusion

Using the atomistic simulation technique, we studied the possible Sr cation distribution of
La;_,SryMnOs at several different doping densities (x = 1/18,1/9,1/6,2/9 and 1/4). It is
found that the Sr cluster of 5-15 A in size is more structurally reasonable and energetically
favourable than the random Sr distribution at low temperatures, and the Sr-rich domains may
be a chemical representation of microscopic phase separation. The local structural disorders in
the vicinity of clustered Sr and La ions are quite different and will be reduced by increasing
doping densities. This nano-scale inhomogeneity may be a universal phenomenon existing in
these materials. The impact of such nano-scale inhomogeneity should not be neglected for any
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local theoretical treatment of these compounds, particularly in the context of magnetoelectronic
phase separation.
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