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The structural changes associated with the charge ordering (CO) transition in layered Laj sSr; sMnO, have
been determined by electron diffraction using the multislice least-squares method. The results demonstrate that
the structural deformations of the Mn3*Qy octahedra can be well characterized by a transverse modulation
wave along the (110) direction. Based on these structural data, we have performed a theoretical calculation of
the electronic structure by density functional theory plus the on-site Coulomb interaction U. The resultant
density of states exhibits a clear band gap at the Fermi level for this low-temperature CO insulating state. It is
also noted that the essential Jahn-Teller effects in this layered system can evidently affect the electronic
structures and orbital hybridization appearing with the CO transition. Charge disproportionation and orbital
ordering in La, 5Sr; sMnO,4 have been extensively discussed in comparison with the data obtained for the cubic

perovskite Laj sCay sMnOs.
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INTRODUCTION

Understanding the behaviors of electrons in strongly cor-
related materials remains a challenging problem. It is be-
lieved that the presence of intricate interactions among
charge, lattice, spin, and orbital degrees of freedoms is re-
sponsible for a variety of the unusual properties discovered
in these materials, such as superconductivity and colossal
magnetoresistance (CMR). Recent studies also demonstrated
that cooperative charge/orbital ordering and electronic phase
separation could evidently affect the physical properties in
many significant materials, e.g., it sharply suppresses the su-
perconductivity in La,_Ba,CuO, when x=1/8,""? and, in
particular, can lead to notable structural changes and signifi-
cantly influence the low-temperature magnetic and transport
properties in (La,Sr),,;Mn,0O3,,; (=1, 2, and )
materials.>-> The (La, Sr),,;Mn,O5,,; materials show a rich
variety of physical phenomena that depend quite sensitively
on the layered structural features. In the cubic perovskite
La,_,(Sr,Ca) MnOs3, the CMR effect was observed near the
ferromagnetic critical temperature, which can be fundamen-
tally interpreted in terms of double-exchange mechanism.*%
On the other hand, the “single-layer” solid solution
La,_Sr;,,MnO, shows strong anisotropic transport proper-
ties. Figure 1 shows schematically the structural models of
the cubic and layered perovskite phases with n=% and 1,
respectively. A notable Jahn-Teller (JT) distortion in the lay-
ered case is recognizable as an elongation along the c¢ axis.
As clearly illustrated in Fig. 1(d), this variation could result
in a split of energy levels as discussed in the following con-
text.

The parent compound La,;_,Sr;,,MnO, (x=0) shows clear
insulating behavior; the hole doping by Sr substitution
for La leads to considerable reduction of resistivity in

1098-0121/2008/77(2)/024107(6)

024107-1

PACS number(s): 61.05.J—, 75.47.Lx, 74.25.Jb

La,_,Sr;,,MnQy, yet all materials with 0.0<x<0.7 remain
insulating or semiconducting. At x=0.5, a charge ordering
(CO) transition accompanying a steep increase of resistivity
occurs at T-=220 K.”® Neutron® and x-ray'® diffraction
studies demonstrated a real space order with the alternation
of Mn** and Mn** sites existing below 7-=220 K, and an
antiferromagnetic order with a unit cell of 2y2a X 2\2a % ¢
appears below the Néel temperature of Ty=110 K. More-
over, resonant x-ray scattering revealed the presence of or-
bital ordering and strong cooperative JT distortions of Mn3*
ions in the low-temperature CO phase.!'"!> The structural
alternation in correlation with CO transitions has been inves-
tigated as a significant issue in several typical materials, such
as LaysCasMnO;, LagsSr; sMnO,, and LaSr,Mn,0,,%16:17
and certain significant structural features in association with
charge/orbital order have been directly observed by in situ
electron diffraction observations and analyzed based on the-
oretical calculations.”®19-18 However, accurate atomic dis-
placements associated with the charge/orbital ordering in the
layered system have not been determined.!®?’ These struc-
tural changes play a critical role for the understanding of
low-temperature physical properties in these systems. In this
work, we will perform a crystal structure refinement for the
structural modulations in Lag 5Sr; sMnO, using the multislice
least-squares (MSLS) method, and we will focus on detailed
structural features in the low-temperature CO state to analyze
the structural alternations associated with the charge/orbital
ordering. Based on the refined structural data, changes of
electronic structure along with the CO transition will be ex-
tensively discussed. In comparison with the perovskite sys-
tem LaysCaysMnOs, the hybridized states of the d2_,» and
dxz_yz orbitals will be discussed, which could lead to a dif-
ferent orbital ordered state from that in the perovskite mate-
rial.
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EXPERIMENTS AND METHODS

Single-crystalline samples of LasSr; sMnO, used in the
present study were melt grown by the floating-zone method
as reported in previous publications.>> Measurements of
transport and magnetic properties revealed a clear CO tran-
sition at ~220 K as similarly reported in Refs. 7 and 8.

Transmission electron microscope (TEM) specimens were
prepared simply by crushing the LajsSr; sMnO, material
into fine fragments within ethanol, which were then dis-
persed on a Cu grid coated with a thin carbon film. A Tecnai
F20 (200 kV) microscope equipped with a low-temperature
sample stage was used to examine structural changes at low
temperatures. A DITABIS imaging plates system was used to
digitally record the electron diffraction patterns. The average
probe size of the electron beam is around 50 nm in diameter.
Structure refinements were performed using a recently devel-
oped software package MSLS, which performs a standard
least-squares refinement in which the measured intensities of
the diffracted beams are compared with those calculated us-
ing a multislice algorithm. The MSLS refinement can give
good results for the light atom positions by using data sets
from crystal with different thicknesses. Experimental results
showed that the atomic positions obtained by this MSLS
procedure are of the same accuracy as those obtained from
single-crystal x-ray diffraction.?!

Electronic structure calculations were carried out by using
the full potential linear augmented plane wave method
within density functional theory (DFT) in which the ex-
change and correlation effects were treated by using the local
spin density approximation plus U (LSDA+U) via the
WIEN2K code.?? The crystal structure for the CO phase ob-
tained from our structure refinement was used in our calcu-
lation for analysis of low-temperature electronic states.

RESULTS

In order to understand the temperature dependence of the
crystal structure of LajsSr;sMnO,, we first performed a
careful in situ TEM examination from 300 K down to 100 K.
At room temperature, Lay sSt; sMnO, has a layered perov-
skite structure with a highly symmetric body-centered tetrag-
onal K,NiF, structure with the space group of I4/mmm [a
=3.86(1) A, c=12.42(2) A], this layered material has a no-
table pseudo two-dimensional character and strongly aniso-
tropic transport properties. Figures 1(a)-1(d) show certain
critical structural features of La;_,Sr;, . MnO, in comparison
with the cubic perovskite phase of La,_,(Sr,Ca),MnOs. In
the cubic phase, the strong Hund’s rule coupling and the
large cubic (O;) component of the crystal field allow the 3d
orbitals to split into the two degenerate levels of #,, and e,;
the Mn>* (3d*) site therefore has three valence electrons in
t,, and one valence electron in the twofold degenerate e,
level. In contrast, the degeneracy of the e, level can be fur-
ther lifted by the JT distortions of the MnOg4 octahedra in the
layered system as shown in Figs. 1(d) and 1(f). Hence, it is
expected that this notable difference in crystal field splitting
of the 3d orbitals should result in certain specific features in
the low-temperature charge ordered states of the layered sys-
tem.
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FIG. 1. (Color online) Schematic diagrams for the structures of
(La,Sr),4+;Mn,03,,,; with n=(a) « and (b) 1. (¢) An octahedron in
the cubic perovskite phase. (d) A Jahn-Teller distorted octahedron in
La;_,Sri, MnO,. Also shown are the crystal-field splitting of the 3d
band orbitals (e) in the cubic and (f) in the layered phase.

Figures 2(a)-2(d) show the [001] and [110] zone-axis
electron diffraction patterns obtained, respectively, at tem-
peratures of 300 and 100 K for Laj sSr; sMnQO,, illustrating
the evident structural change at the CO transition associated
with T-~ 220 K. The most striking feature is the appearance
of sharp superlattice spots in the [001] zone-axis pattern
taken below T.. The observed fourfold superlattice spots in
the electron diffraction patterns in general appear at com-
mensurate positions with a modulation wave vector of
=(1/4,1/4,0) along the a +b" direction, where a” and b
are the reciprocal lattice vectors for the basic tetragonal
structure. It is also noted that this modulation becomes com-

pletely invisible as the sample tilted to the [110] zone-axis
direction as shown in Fig. 2(d). These facts suggest that the
structural distortion in this CO state can be well described as
a displacement-type modulation corresponding to a polariza-
tion of the MnOy octahedra along the (110) axis direction,
i.e., the CO modulation in the present case produces a trans-
verse wave at low temperatures. Therefore, in the following
discussion we will mainly focus on the observations along
the ¢ axis direction to reveal the structure changes. Actually,
the structural and magnetic alternations associated with the
charge/orbital ordering in manganites were considered as im-
portant issues in previous studies. The observations of two
independent magnetic sublattices by neutron powder diffrac-
tion were interpreted as a charge disproportionation between
two typical Mn sites; moreover, the appearance of new
Bragg reflections in the diffraction pattern was interpreted by
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FIG. 2. The [001] zone-axis electron diffraction patterns of
Lag 5Sr; sMnO, obtained respectively at (a) 300 and (b) 100 K. The
presence of superlattice reflections at low temperature is evident.
The fundamental spots were indexed on the basis of the tetragonal
unit cell. Also shown are the [110] zone-axis electron diffraction
patterns of Lag 5Sr; sMnQO, obtained at (c) 300 and (d) 100 K, re-
spectively. No superlattice reflections were observed in (d), suggest-
ing a transverse wave for structural modulation with the polariza-
tion along the (110) direction. (In this paper, the planes and
directions are all indexed based on the room-temperature tetragonal
unit cell if not noted specially.)

the cooperative magnetic ordering corresponding with an an-
tiferromagnetic structure with 7y~ 110 K.°

In this section we will analyze the fundamental structural
features of the low-temperature structure associated with the
charge/orbital ordering transition. According to the results of
our in situ TEM observations and previous experimental re-
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sults on the related materials,'®!72324 we propose a structural

model for the low-temperature superstructure. This super-
structure is considered to be a supercell with a,=c, by=a
—b, and c¢,~2a+2b, where a, b, and ¢ are the basic lattice
vectors of the tetragonal structure, and a, b,, and c, are the
lattice vectors of the supercell for the CO phase. This super-
cell has an orthorhombic structure with the space group of
Cmcm, and has dimensions of V2a X 2v2a X ¢ relative to the
tetragonal cell, showing similar features in comparison with
the models proposed for other related charge ordered phases,
e.g., LaysCapsMnO; (Ref. 23) and the bilayered
LaSr,Mn,0,.%* On the other hand, this model is different
from the model in Ref. 9 in which no orbital order is con-
sidered. Figure 3(b) illustrates a structural model exhibiting
the atomic displacements projected along the a, axis direc-
tion (i.e., ¢ axis direction in the tetragonal structure); the
structural model at room temperature is also shown in Fig.
3(a) for comparison. In this superstructure model, the Mn,
La(Sr), and O atoms are distributed on eight sites; the two
typical Mn sites are denoted as Mn(1) and Mn(2), as listed in
Table I. According to the experimental structural data for the
CO state obtained in other related manganese systems,>>>*
the major structural distortions in general appear in the
Mn**Qq octahedra, arising essentially from the e, orbital
electrons. Therefore, in order to get better results in the fol-
lowing structure refinements, we can also introduce certain
constraints on the structural distortion for LajsSr; sMnOy
within the Cmcm symmetry: (1) the four O atoms in the b -c;
plane surrounding the Mn(2) sites (i.e., Mn** ions) were
jointly shifted following the Mn(2) atoms, resulting a
roughly undistorted octahedron with Mn-O distances of
about 1.930 A; (2) the Mn(2)O; octahedron centered at
(0,1/2,1/4) was shifted along the b, axis toward the Mn(1)
atoms at (0,1,0) and (0,1,1/2) by Ay, while the Mn(2)Og¢

FIG. 3. (Color online) Schematic structural models of LagsSr; sMnO, projected on the bg-c, plane (i.e., a-b plane in the tetragonal
structure). (a) Room temperature structure of Lag sSr; sMnOy. b, and ¢, axis directions of supercell are indicated. The black thick lines show
the unit cell of the room-temperature I4/mmm structure, while the dashed lines show the low-temperature supercell with dimensions of
V2a X 2y2a X c. (b) Low-temperature structure of Lag sSr; sMnO,; arrows indicate the displacements of the Mn(2)Og octahedra (Ay) and of
the La(Sr)(2) atoms. The oxygen atoms are not labeled. The La(Sr) atoms are on the sites below the Mn-O plane (see Fig. 1). (c) Sketch of
the refined atomic displacements in association with charge ordering. (d) The deformed Mn3*Qg octahedron in the low-temperature structure,
in which the different Mn-O bond lengths in three directions are shown.
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TABLE I. Atomic positions and occupancies for Lag 5Sr; sMnOy,
for the low-temperature superstructure, based on a fourfold cell
with Cmcm symmetry. Mn(2) atoms are at positions (0,y,1/4);
O(1) and O(4) are at positions of (0,y,z), and La(Sr)(2) are at
positions (x,y,1/4). The MSLS method yields Ay=0.018 71(1).
The numbers shown in the second column indicate the site
multiplicity.

Atom Multiplicity ~ x y z B (AY) Occupancy
Mn(1) X4 0.0 0.0 0.0 0.26(3) 1.0
Mn(2) X4 00 05-Ay 0.25 0.25(1) 1.0
O(1) X8 0.0 0.25-Ay 0.125 1.10(1) 1.0
0(2) x8 03333 05 00 0902 10
003) X8  0.1666 0.5-Ay 025 1.004) 1.0
0(4) X8 0.0 0.75-Ay 0.125 0.99(3) 1.0
La(l) X8 0.8333 0.5 0.0 0.60(2) 0.25
La(2) X8 0.1666 0.0-Ay 0.25 0.60(2) 0.25
Sr(1) X8 0.8333 0.5 0.0 0.61(2) 0.75
Sr(2) X8 0.1666 0.0-Ay 025 0.61(2) 0.75

octahedron centered at (0,1/2,3/4) was shifted in the oppo-
site direction (see Table I); (3) the La(Sr) atoms were shifted
by Ay in the same direction following the neighboring
Mn(2)Og octahedra; (4) the Mn(1) and other La(Sr) and O
atoms were left undisturbed.

Table IT shows the electron diffraction data used for the
structural refinements by using the MSLS program.?' The R
value used in our refinement is defined as R(I?)=3[(I,)
—(I.yo) P/ 21,2, using only the significant reflections with
Lops™>20(1ps) [0(I1,p) is the standard deviation of the inten-
sity]. Diffraction patterns for the present analysis were ob-
tained by using an incident electron beam with only a small
convergence angle, such that the illumination is similar to a
plane wave, resulting in sharp diffraction spots; the intensity
of each reflection was measured by integrating over a sur-
rounding circular area in the diffraction pattern. A small spot
size for electron diffraction was used in order to have a rela-
tively small variation of thickness and crystal orientation,
since most crystals are wedge shaped, and to reduce the
amount of unwanted information about, e.g., impurities and
defect structures. First, the scale factor, crystal misorienta-
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tion, and thickness for each electron diffraction pattern were
refined. Four sets of experimental data were then selected
and all subsequent refinements were done simultaneously on
those sets. Data for each electron diffraction pattern are sepa-
rately listed in Table II. The overall R value of all four sets of
data is 3.9%. Detailed refinement results can be found in
Tables I and II. The resultant structural data are given as
Ay=0.018 71(1), and the Mn(1)3*O¢ octahedra have notable
structural distortion recognizable as two different Mn-O
bond lengths in the bg-c, plane, as shown in Figs. 3(b) and
3(d), i.e., about 2.003 and 1.859 A. Figure 3(c) shows the
modulation wave for atomic displacements. The bond defor-
mation for the Mn(1)**Og octahedra has a simple sinusoidal
behavior within the b,-c, basal plane. Figure 3(d) illustrates
the deformed Mn(1)Og octahedron in the CO state, clearly
showing the Mn-O distances along three different directions.
Our following theoretical study demonstrates that these
structural changes are essentially in correlation with the low-
temperature charge/orbital ordering, which eventually results
in notable changes in electronic structure.

Based on the above refined structure, we have further per-
formed a theoretical study on the change of electronic struc-
ture across the phase transition. The density of states and
charge density contours were calculated by using the full
potential linear augmented plane wave method within den-
sity functional theory in which the exchange and correlation
effects were treated by using the local spin density approxi-
mation plus U via the WIEN2K code.?? The muffin-tin radii
Ry were selected as 2.1 a.u. for La and Sr atoms, 2.0 a.u.
for Mn atoms, and 1.5 a.u. for O atoms. The maximum an-
gular momentum of the radial wave functions (/,,,) was cho-
sen as 10 and Ry K., was fixed at 6.0 to determine the
basis size. The doping effect in Lay 5Sr; sMnQy, is treated by
constructing a 2 X2 X 1 supercell with 112 atoms, and the
k-point mesh used is 3 X2 X3 for this supercell. The ferro-
magnetic ordering was considered. It is known that the on-
site Coulomb interaction U can evidently affect electronic
structural features of strongly correlated systems. We here
will mainly discuss the results obtained for U=5 eV, as used
in other related materials.”> Figure 4 shows the projected
density of states onto Mn(1) 3d and Mn(2) 3d orbitals. The
most striking feature shown in this figure is the notable dif-
ference of occupations for electronic states on Mn(1) and
Mn(2) sites, which directly demonstrates the presence of

TABLE II. Experimental data of electron diffraction used for the structure refinement [using only the
reflections I,ps>20(I )] The shown electron diffraction patterns are indexed based on the supercell with
space group of Cmcm. In the present work, we use the data taken from four crystal areas with different
thicknesses. The misorientation of the crystal is given as the center of the Laue circle in the electron
diffraction pattern in Miller indices /%, k, and [ as illustrated for each pattern.

Crystal misorientations (center of Laue circle)

Number of
Zone observed Thickness
axis reflections (nm) h k l R value (%)
[100]; 217 3.17(2) 0 -1.03(2) -2.4(4) 5.1
[100]; 154 10.9(2) 0 0.13(2) 0.38(1) 3.6
[100], 192 7.98(1) 0 -0.9(1) 0.14(3) 33
[100], 82 9.80(1) 0 0.23(3) 0.11(2) 2.1
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FIG. 4. Density of states projected onto the Mn(1) 3d (solid
line) and Mn(2) 3d (dotted line) orbitals calculated by the LSDA
+U with U=5 eV. The dashed line marks the Fermi energy. The
remarkable difference in the charge density on the Mn(1) and Mn(2)
sites is illustrated. The inset is the electronic band structure for the
CO phase, where the solid and dashed lines denote spin up and
down, respectively.

charge disproportionation in Lag 5Sr; sMnQO, at low tempera-
tures. Careful analysis reveals that the electronic states near
the Fermi surface mainly arise from the Mn 3d hybridized
with the O 2p states, and an energy gap of about 0.35 eV, but
0.02 eV at 300 K,?® apparently exists at the Fermi level as
shown in the band structure in the inset of Fig. 4. This fact
suggests an insulating behavior in the CO state in good
agreement with the measurements of transport properties.’
The calculated difference between the charge density on the
nominal Mn(1)** and Mn(2)** sites is about 0.1 electrons
through integrating the occupied states in the density of
states, which is comparable with the data obtained theoreti-
cally in the LaysCaysMnO; system.>>? However, the DFT
calculation usually underestimates charge disproportionation
as described in Ref. 25. Actually, owing to the remarkable
structural distortion and the oxygen displacements in the
Mn**Og octahedra, hybridization of the d2_,» and dy_y2 or-
bitals occurs following the CO transition, and the 3d elec-
trons in the e, level are redistributed among certain degener-
ate orbitals. As a result, a visible orbital ordered state is
reached at low temperature in association with the alterna-
tions in both the structure and the charge density. Figure 5
shows a contour map illustrating the valence charge density
for the CO phase, directly showing the charge and orbital
ordering on the basal plane. The 3d electrons on the Mn(1)3*
sites first occupy three #,, up-spin orbitals (d,y,d,,.d,.), fol-
lowed by the other electrons occupying hybridized states of
the d2_,» and d,2_,» orbitals, depending on the structural dis-
tortion. Our careful analysis of the calculated data for this
layered system suggests this state can be characterized as
dy_ or dp_ 2 as recognizable in Fig. 5. It is worthwhile to
point out that this kind of orbital ordered state is quite dif-
ferent from what was observed in the cubic Laj;CaysMnO5
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FIG. 5. Valence charge density contour plotted on the basal
plane of LagsSr; sMnO,. The solid lines denote the isodensity
curves. The dashed line shows the unit cell used in our calculations.

perovskite,?> in which the ds2_,2 and ds2_,2 orbitals are or-
dered in a d-type zigzag pattern within the a-b plane.
Hence, it is impossible to simply interpret the orbital order-
ing in the layered systems by the known d zigzag chain
picture?’ as commonly used in the cubic La(Ca,Sr)MnO;
materials. A further study of the electronic structure features,
in particular the orbital hybridization, within the charge/
orbital ordered state in layered (La,Sr),;;Mn,03,,; with n
=1 and 2, is still in progress.”

CONCLUSIONS

In summary, in situ TEM observations reveal a clear
structural phase transition related to the charge/orbital order
in LagsSr; sMnOy at the critical temperature of 7,-=220 K.
Structural distortion in this layered system can be well de-
scribed by a displacement-type modulation resulting in a
transverse wave in the CO state. The structure refinement
using the multislice least-squares method demonstrates that
the Mn atoms, at symmetry-equivalent sites at room tem-
perature, are distributed at two crystallographically inequiva-
lent sites in the low-temperature CO phase. The results also
show that the structural deformations of the Mn**QOg octahe-
dra can be well characterized by a transverse modulation
wave moving along the (110) directions. Based on these
structure data, first-principles calculation reveals certain no-
table features in electronic structures: the density of states
exhibits a clear band gap of ~0.3 eV at the Fermi level for
the low-temperature CO insulating state; charge dispropor-
tionation and orbital ordering are evidently visible in the
contour map of valence charge density. In particular, the
dp_p2 or dy2_ orbital ordering is well demonstrated for this
layered material, which is rather different from the d > zigzag
pattern observed in cubic Laj sCay sMnO5; perovskite. Hence,
our results demonstrate that the layered structural features
have a notable influence on the local structural distortion,
electronic structure properties, and low-temperature orbital
ordering in these manganese materials.
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