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Experimental confirmation of Zener-polaron-type charge and orbital ordering in Pr,_,Ca,MnO;
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Pr;_,Ca,MnO; in the doping range between 0.3 <<x<<0.5 represent an extremely interesting manganite
system for the study of the interplay of different kinds of ordering (charge, orbital, lattice, and spin). While
there is consensus that a charge- and orbital-ordered state develops below a transition temperature 7,
~230 K, recent controversial structural refinements resulting from neutron and x-ray diffraction studies chal-
lenged our understanding of the particular type of charge ordering (CO) and orbital ordering (OO), and
consequently, the underlying mechanism of the colossal resistance effects. Here, we present a detailed high-
resolution transmission electron microscopy and electron-diffraction study that, based on extinction rules,
resolves the current controversy and confirms the existence of the Zener-polaron (ZP)-type CO and/or OO in
Pr;_,Ca,MnOj;. The ZP-type ordering is further verified by atomic-column-resolved electron energy-loss spec-
troscopy revealing strong charge ordering of the in-plane oxygen-Mn bonds, while valence disproportionation
at the Mn sites is less than expected. Over wide doping and temperature ranges, we observed structural phase

coexistence between the ZP-CO/OO P2;nm and the disordered Pbnm structure.
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I. INTRODUCTION

Perovskite manganites ABO; (B=Mn) represent an espe-
cially illuminating example of materials with strongly corre-
lated electrons, wherein the interplay of four degrees of free-
dom, lattice, orbital, charge, and spin, generates a complex
variety of ground states, including different types of orbital,
charge, and spin orderings.'~* An important aspect is that no
single interaction or degree of freedom dominates in these
materials. Consequently, subtle changes of external and in-
ternal parameters such as temperature, external electric or
magnetic fields, strain, ionic radii, quenched disorder, and
even sample history may tremendously affect the organiza-
tion of the correlated electron and lattice system into differ-
ent ground states. Fascinating transport properties, such as
colossal resistance effects, are related to such field-induced
phase transitions between different ground states and types
of ordering.

The structure and electronic properties of manganites
strongly depend on the ionic radius of the rare earth ion.> The
tolerance factor, r=d, o/ \2dp o, compares the oxygen bond-
ing lengths, d4 o and dj o, of the A and B site ions in a cubic
structure, respectively, based on the ionic radii. For <1, the
resulting compressive strain on the B-O-B bonds is relaxed
by octahedral tilting,® which strongly influences the elec-
tronic bandwidth of relevant conduction bands’ and may
modify energy scales and symmetries of the Jahn-Teller (JT)
distortion.® The presence of JT active Mn®* cations greatly
enriches the possible types of structural distortions of the
ideal cubic parent compounds. Their occurrence affords an
additional ligand-type interaction between the static- or
dynamic-structural distortion of the MnOg4 octahedra and the
bonding state of the eg-conduction electrons, and lifts the
double degeneracy of the e, states. In addition to the first-
order JT effect that retains the center of symmetry, a second-
order JT distortion® may develop, breaking the centrosym-
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metry by the off-center movement of the transition-metal
ion; in turn, this may influence the localization mechanism of
the electrons in different types of charge-ordered (CO)
and orbital-ordered (OO) states. The material system
Pr,_,Ca,MnOj is particularly interesting: The Pr3* and Ca>*
ions are small (r=0.94) and have approximately the same
size of 1.18 A, and consequently, structural distortions due to
different degrees of cation disorder are expected to be negli-
gible. Depending on the Ca concentration, the system exhib-
its a series of semiconducting and insulating phases with
different types of orbital, magnetic, and charge orders.’!!
The electronic bandwidth of the e, electrons is very narrow,
and the related insulating ground states can be transformed
into conducting ferromagnetically ordered states only by ap-
plying external forces. The changes in resistivity during the
insulator-metal transition in external magnetic fields of the
Pr;_,CaMnO; (0.3<x<0.5) compound is 10 orders of
magnitude,'>'* among the highest ever observed. In addition
to this colossal magnetoresistance effect, colossal resistance
effects may be induced electrically,'*!> via photon
exposure'® and by strain.!” The CO and/or OO transition at
T.,~230 K is well separated from the magnetic ordering
transition of the charge-exchange-type (CE) antiferromag-
netic phase at Ty= 130 K.!7

The structure of the high-temperature paramagnetic insu-
lating phase (T>T,,) is well established in the full doping
regime. Strong tilt distortion of the MnOg octahedra with tilt
angles around 15° is associated with an orthorhombic Pbnm
unit cell (space group No. 62).° It has four equivalent MnOg
octahedra, which are related by the 1, 2,, n, and m symmetry
operations. Due to the presence of a strong JT interaction for
the Mn>* cations, transport behavior is well characterized by
the thermally activated motion of small JT polarons.!*!8 A
decrease in temperature increases correlated polaron behav-
ior, which may be a driving force for the long-range orbital
and charge ordering at T, In contrast to the high-temp-
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erature phase, there is controversial experimental data on the
atomic and electronic structures of the CO and/or OO phase
below T,,. In the conventional checkerboard-type (CB) CO
and/or OO picture, originally introduced by Goodenough in
the 1950s,' the CO is believed to consist of a CB-type pat-
tern of Mn>* and Mn** ions, where the Mn>* sites are JT
distorted while Mn** sites are not. In this picture, e -¢lectron
localization is due to occupancy of the Mn3* sites, and their
orbitals orientationally align in a cooperative manner in the
a-b plane. Below Ty, magnetic long-range ordering forms a
CE-type antiferromagnetic state with ferromagnetically
coupled zigzag chains. However, a recent neutron scattering
study by Daoud-Aladine et al.*’ found a Zener polaron (ZP)
ordered state in Pry¢Cay,MnO;, while resonant x-ray
diffraction®! (RXD) and x-ray-absorption near-edge structure
(XANES) studies®? revealed that the charge disproportion-
ation, o, between the different Mn sites in the superstructure
is 6<<le. Thus, in contrast to the findings of Daoud-Aladine
et al., RXD?!' supports the CB structure for Pr,sCa,,MnOs.
Furthermore, a recent high-resolution x-ray and neutron dif-
fraction study for the samples with x=0.5 (Ref. 23) obtained
slightly better refinements for the CB structure than for the
ZP one.

Although theoretical work has contributed to our under-
standing of the electronic configuration of both controversial
structures, it has not clearly favored either one. On the one
hand, it was shown that a CB-type CO and/or OO state with
d<le can exist in half-doped manganites,”* such that two
unequivalent Mn>>* sites with a small or zero charge dispro-
portionation can have two different orbital configurations.
Other ab initio® and unrestricted Hartree-Fock calculations®®
predict that the ZP-ordered state may be favorable under cer-
tain conditions in half-doped manganites, and a recent theo-
retical paper?’ shows that lowest energy ZP- and CB-type
ordered states may differ only by slight displacements in the
positions of key oxygen and Mn atoms. Efremov et al.?®
discussed both types of structures with respect to site-
centered charge ordering at Mn sites or bond-centered charge
ordering at Mn-O-Mn dimers, forming the ZP-ordered state.
Furthermore, they considered a mixed configuration that
might form a different type of ferroelectric ordering.

The general challenge in accurately determining the space
group and refinement of the structure in the ordered state is
the heavy twinning present in all PrCaMnO single crystals,
ceramic powders, and films on length scales of 10—100 nm.
The presence of six twin variants in the disordered state with
Pbnm_symmetry and pseudocubic lattice constants a/v?2
~p/\2~c/2 may lead to overlapping of the superstructure
and Bragg diffraction peaks in the ordered state, thereby
complicating the structural refinements involving volume-
averaged macroscopic diffraction measurements. Conse-
quently, resolving the present controversy requires the use of
local probes.

In this paper, we report our extensive transmission elec-
tron microscopy (TEM) study of Pr;_,Ca,MnOj; polycrystal-
line bulk material and epitaxial thin films with one-third and
one-half dopings (x=0.32 and x=0.50). By combining elec-
tron diffraction, high-resolution TEM (HRTEM), atomic-
resolution scanning TEM (STEM), and electron energy-loss
spectroscopy (EELS), we shed light on the controversies and
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confirm the presence of ZP-type ordering. Although the use
of incident electrons for structure refinements, due to mul-
tiple scattering, is more complicated than neutrons or pho-
tons, the analysis of individual twin and ordered domains,
together with the application of extinction rules for various
Bragg reflections, allows us to place strong constraints on the
possible superstructure models. Our detailed analysis of the
2b, superstructure gives strong evidence for a Zener polaron-
like charge and orbital ordered (ZP-CO/OO) state, wherein
the e, electrons are ordered on the oxygen site of ordered
Mn-O-Mn bipolarons while maintaining a very small degree
of valence disproportionation, §<< le, on the Mn sites. Using
bond-valence-sum analysis and angular dependence of the
hopping probability in Mn-O-Mn orbitals, Mn valence states,
the degree of orbital polarization, and a qualitative picture of
the distribution of the e, electrons in the p-d-hybrid orbitals
are obtained.

II. EXPERIMENTAL AND THEORETICAL METHODS

Polycrystalline samples of Pr;_,Ca,MnO; (PCMO) with
x=0.32 and x=0.50 and grain sizes of about 1 um were
prepared by repeated grinding, pressing, and heating of a
stoichiometric mixture of high purity (99.99%) CaCOs,
Mn,035, and PrgO,; powders. The powders were heated prior
to mixing for dehydration, and the stoichiometric mixture
was prepared under an argon atmosphere. Each sample was
heated at 1050 °C for 24 h and grinded afterwards; the full
procedure was repeated three times. The solid-state reaction
and the lattice parameters after pure-phase formation were
controlled by x-ray diffraction in Bragg-Brentano geometry.
After the reaction was completed, the pure-phase powder
was pressed and sintered to pellets. X-ray diffraction, elec-
tron diffraction, energy dispersive x-ray spectroscopy, and
Z-contrast (Z refers to atomic number) imaging in STEM as
well as EELS revealed single-phase samples without any
variation of the stoichiometry within the limits (~2 %) of the
experimental measurements. PCMO thin films were grown
on single-crystalline SrTiO5 (001) substrates by pulsed laser
deposition. Details of the film growth were reported
elsewhere.'* Electron-transparent samples were first care-
fully cut using a low-speed wire saw. The specimens then
were mechanically polished, dimpled to about 50 um at the
center, and ion milled to perforation at low temperature
(=60 °C) to minimize sample damage.

The main results presented in this paper were obtained
using the JEOL3000F TEM/STEM, equipped with an
ultrahigh-resolution objective-lens pole piece, an off-axis
1024 X 1024 Gatan slow-scan camera, a Fischione annular
dark-field (ADF) detector, a postcolumn Gatan imaging fil-
ter, and a NORAN x-ray detector. The instrument can be
operated in either TEM or STEM mode. The single-domain
electron diffraction was obtained either by selected-area
electron diffraction (SAED) that can select a small area with
a diameter of ~120 nm, or by nanodiffraction with a beam
of a few nanometers. Simulations of the high-resolution im-
age and electron diffraction were obtained by the many-beam
Bloch-wave method.?® Valence-sum analyses were per-
formed using the method of Brown and Altermatt.>* To

174210-2



EXPERIMENTAL CONFIRMATION OF ZENER-POLARON-...

FIG. 1. (Color online) (a) Low magnification image of phase
separation between the C and/or O disordered phase and the CO
and/or OO (pink shaded) phase of PrjsCaysMnOs. The inset is the
FFT from the disordered area (top-left area). (b) Magnified high-
resolution image from the shaded area in (a). The arrows indicate
the ordering along the b direction. We note that there are two kinds
of ordering: one is 2b, and the other is % (3bp). The inset of (b) is
the FFT of the image. The positions of the superlattices in the FFT
deviate from the rational positions indicated by the arrows, which
are caused by the mixture of 2b, and 3b superstructures. The em-
bedded image of the boxed area is the simulated HRTEM based on
our ZP model listed in Table I. It is in good agreement with the
experiment.

roughly estimate the differences in orbital occupation as
function of local variation of Mn-O-Mn bonding angles,?! a
linear relation between occupation and bonding angles was
assumed in the angular regime between 152° and 165°,
where a large difference in ferromagnetic exchange, from
zero to its maximum, occurs in manganites.32

III. EXPERIMENTAL RESULTS

A. High-resolution transmission electron microscopy
and electron diffraction

The inspection of several bulk samples with x=0.32 and
x=0.50 by SAED and HRTEM at room temperature (RT,
~300 K) revealed the presence of structural- and electronic-
phase separations between the charge and/or orbital (C
and/or O) disordered state and the CO and/or OO state. A
typical observation is presented in Fig. 1(a), where the elec-
tron beam is along the [100] direction. The top-left and
bottom-right area are C and/or O disordered phases with lat-
tice constant by=0.5403 nm, while in the middle (pink area)
there is a CO and/or OO phase with mixed 2b, (unit-cell
doubles along the b direction) and 35, (unit-cell triples along
the b direction) superstructures. Figure 1(b) is the magnified
image from Fig. 1(a). The arrows indicate the 2b, superstruc-
ture unit cell and half of a 35, superstructure unit cell. The
fast Fourier transform (FFT) image of the superstructure is
shown in the inset of Fig. 1(b). A careful inspection indicates
that the superlattice spots, e.g., 010 and 030, are actually not
at the rational positions, which apparently is due to the
mixed 2b, and 3b, superstructures rather than to a single
incommensurate ordering along the b direction. Overall ob-
servations show that all samples (1/3 and 1/2 dopings) are
dominated by the C and/or O disordered Pbnm phase with a
small amount of ordered phases at room temperature. The
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size of ordered domains ranges from 10 to 100 nm, and all
ordering occur along the b direction. In addition to the 25,
and 3b, superstructures, we found 5b, superstructures (unit-
cell quintupled along the b direction). These three kinds of
superstructures may exist individually, or coexist in the same
domain. Quantitative information about the volume fraction
of the ordering phases is difficult to acquire since the field of
view in HRTEM is small and the visibility of the superlattice
fringes and diffraction spots depends on the crystallographic
orientation. Roughly speaking, the ratio of the ordered over
the disordered phase at RT is of the order of 10%. We em-
phasize that all types of CO and/or OO domains are already
visible at room temperature, which is above the nominal or-
dering temperature of 7,.,~230 K. By cooling the samples
down to 80 K, the volume of the 2b, ordered phase markedly
increases, while the volume of 3b, and 5b, ordered phases is
almost unchanged. In fact, at 80 K, the samples (x=0.32 and
x=0.50) were dominated by the 2b,, ordered phase. Here, we
focus only on understanding the properties of the type of CO
and/or OO state with doubled unit cell along the b direction.
Not only is this the dominant superstructure, but it also ex-
hibits the most pronounced temperature dependence. Thus,
the 2b, superstructure modulation is most strongly related to
the phase transition from a C and/or O disordered state to a
CO and/or OO state observed by macroscopic measure-
ments.

The presence of six twin domains with very small twin
sizes may lead to the misinterpretation of Bragg reflections
in the volume-averaged macroscopic diffraction measure-
ments due to mixing of diffraction spots from different do-
mains. Although SAED and nanodiffraction are considered
to be more difficult in refining crystal structures compared to
the high-resolution neutron or x-ray diffraction due to the
multiscattering effects, its advantage in probing small areas,
such as individual domains, could provide exclusive struc-
tural information. To circumvent the multiscattering prob-
lem, we examine the superlattice intensity distribution at thin
areas and/or tilt the domain off zone axis to minimize its
effects. Figures 2(a)-2(c) show the SAED patterns of the
ordered phase within an individual twin domain for the three
main zones, [001], [010], and [100]. In addition, Fig. 2(e)
gives an example of the resulting diffraction pattern when
two domains were selected in SAED. Based on these diffrac-
tion patterns, we derived the general reflection conditions for
the 2b, ordered phase as follows: allowed reflections without
conditions for hkl, hk0O, Okl, and 0kO; and those with condi-
tion for hOl: h+[=2n: h00: h=2n, and 00/: [=2n. These
reflection conditions are observed in all 2b, ordered phases
regardless of the composition and temperature. This rules out
the space groups P112;/m and P11m, which are usually ap-
plied for the CB-type CO and/or OO state. Only P2 nm is
consistent with the above general reflection conditions.
Moreover, for Okl reflections, the reflections with k/2=2n
+1 are all invisible, which is exclusively observed only when
a single domain with its [100] direction parallel to the beam
is probed [Fig. 2(c)]. These invisible reflections show up
when the other domain, with its [010] direction parallel to
the beam, is chosen. In Fig. 2(e), the weak spots at 021, 023,
etc., are actually due to the contribution of the 101, 103, etc.,
reflections from the [010] domain. The additional extinction
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FIG. 2. (a)—(c) Selected-area electron-diffraction patterns of the
ordered phase of PrysCaysMnOs along the [001], [010], and [100]
directions, respectively. (d) The [100] diffraction of the disordered
phase for comparison with (c). (e) The diffraction pattern containing
both the [100] and [010] domains. Note that the spots at the position
indicated by the arrows in (e) are invisible in (c) and (d). The weak
spots, e.g., 101, 103, etc., come from the [010] domain (indexed in
parentheses). (f) Simulated electron-diffraction pattern based on our
Zener polaron model showing good agreement with the experimen-
tal pattern in (c). (g) Simulated electron-diffraction pattern based on
the model of Daoud-Aladine et al. that does not agree with the
single-domain experimental observations. For clarity, intensity pro-
files of line scans across Bragg and superlattice reflections (marked
as white lines) are also included in (c)—(g).

for the 2b, superstructure is important in refining the struc-
ture of the ordered phase, which we will discuss later. By
including both ordered and disordered domains in the se-
lected area aperture, we obtained the diffraction patterns with
both ordered and disordered phases, which can be used to
accurately determine the lattice difference between the or-
dered and disordered structures. We found that the ordered
lattice is slightly shrunk along the b direction compared to
the disordered one with b,/2b,=0.983, where b, and b, are
the lattice parameters b of the ordered and disordered phases,
respectively. This indicates a change in the specific volume
between the C and/or O ordered and disordered phases.
Clearly, the phase transition between both structures is the
first-order one.

B. Z-contrast scanning transmission electron microscopy

Before addressing details of the derived structure model
from the diffraction patterns, we consider the rule of the

PHYSICAL REVIEW B 76, 174210 (2007)

Pr/Ca and MnOg sublattices in generating the superlattice
modulation. A thin ordered area with its [100] direction par-
allel to the beam was selected first in the TEM mode, then
switched to the STEM mode to acquire a series of atomic-
resolution ADF images.’33® The key to atomic-resolution
ADF imaging3’-*° is the formation of the smallest possible
electron probe (~0.13 nm) with sufficient probe current
(40 pA) to obtain statistically significant images and spectra.

The experimental setup of the microscope allows the low-
angle-scattered electrons, which do not contribute to the
ADF image, to be used for EELS.*? As the two techniques do
not interfere, this means that the ADF images can be used to
position the electron probe at the desired spot on the sample
while acquiring spectra*'#? (see Sec. III D). The lens condi-
tions in the microscope and spectrometer were set up for the
smallest probe size, with a convergence semiangle « of
11 mrad, while the detector inner angle was varied from 120
to 15 mrad to allow us to change the amount of phase infor-
mation in the ADF image (Z-contrast or high-angle annular
dark field images require that the collection angle is larger
than 30 mrad for =11 mrad; for collection angles smaller
than 30 mrad, medium-angle annular dark field (MAADF)
images are recorded). To guarantee the highest spatial reso-
lution and avoid thermal drifting, all investigations were per-
formed at RT.

Figures 3(a) and 3(b) show two ADF images with the
largest and smallest detector inner angles (i.e., high-angle
and medium-angle annular dark field images). In both im-
ages, the image intensity is proportional to the average
atomic number (Z) per column. Therefore, the bright spots
correspond to atoms with the highest Z value, i.e., Pr and Ca.
By visual inspection of the images, no superlattice can be
determined, in contrast to the HRTEM observation of the
same area. Fourier transformation of both STEM images,
however, reveals very weak superlattice spots, whose inten-
sity is slightly enhanced as the collection angle is reduced.
By reducing the collection angle, i.e., increasing the phase
contribution to the image, the ADF image becomes increas-
ingly more sensitive to the bonding conditions of the mate-
rial. This means that the observed superlattice peaks are not
due to cation ordering on the A site, since this effect would
have resulted in an increased intensity of superlattice spots
with increasing detector angle. Figure 3(c) shows a slightly
low-pass filtered STEM image of an ordered area with a
doubled unit cell. The related line scan of the Pr/Ca columns
in Fig. 3(d) shows only stochastic modulations, but no indi-
cation of cation ordering. The same set of experiments was
repeated for other sample areas and for the b,=5b, super-
structure. In none of the experiments did we observe a su-
perlattice due to A-site cation ordering, in full agreement
with macroscopic diffraction data, where refinement does not
reveal any cation ordering. These results are in contrast to
recently observed A-site ordering in Lag75Caj,sMnO;5 films
that exhibit a rhombohedral lattice while having an ortho-
rhombic structure in the A-site disordered state.** Our ADF
imaging results provide additional proof that the origin of the
structural and electronic modulations in Pr;_,Ca,MnO; are
due to a modulation of the MnOg octahedra, rather than to
A-site order.
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FIG. 3. (Color online) Z-contrast STEM images in PrysCaysMnO; with the 2b, superstructure along the [100] direction acquired at
collection angles of (a) 119 mrad and (b) 15.5 mrad. The FFT inset shows a slightly weaker superstructure in (a) compared to (b). A
thickness-contrast feature, indicated by the white lines, was used as a marker. (c) Z-contrast STEM image of the same area with higher
spatial resolution (low-pass filtered) and (d) line profile of a Pr/Ca column taken as indicated by the line in (c).

C. Topology of the 2b, charge-ordered and/or
orbital-ordered superstructure

As a starting point for our analysis of the 2b, superstruc-
ture, we checked the structural model for the disordered
phase. For both selected doping values, the diffraction pat-
terns along the [001], [010], [100], and [110] zone axes can
be excellently described by space group Pbnm (No. 62), with
a refinement for the coordinates obtained by the neutron dif-
fraction study of Jirdk et al.’

For modeling of the underlying lattice distortions that
generate the b,=2b,, superlattice modulation, we checked all
possible subgroups of the disordered phase with Pbnm sym-
metry. Only P2,nm (No. 31), which was used by Daoud-
Aladine et al. to refine the ordered phase,?® complies with the
general reflection conditions that we determined. In the space
group Pbnm, the diagonal glide plane n [which is defined by
the y=3¢ plane and the glide vector (%, 0, %)] causes the
extinction for 40/ reflections with A+/=2n+1. This diagonal
glide plane is inherited by the space group P2;nm. In con-
trast, the other glide plane b in Pbnm [defined by the x=i

plane and the glide vector (0, %, 0)], which results in the
extinction of 0k/ reflections with k=2n+1, is lost in P2;mn.
However, this extinction still exists in the ordered phase that
is k/2=2n+1 in the superlattice whose unit cell doubles
along the b axis [see Figs. 2(c) and 2(d)]. This implies that
the b glide plane still remained locally in the 25, ordered
phase, at least along the b and ¢ directions. In other words,
the atoms form pairs in which they have local b-glide-plane
symmetry. By extending the local b glide plane to the a
direction, for each pair, the following rules are obtained: if
the coordinate of the first atom is x, y, z, then the coordinate
of the second atom is —x+1/2, y+1/4, z, accordingly; if
the displacement of the first atom is A,, A, and A, then that
of the second atom is —A,, A, and A,. We will discuss the
consequence of breaking the local b-glide-plane symmetry in
the a direction in Sec. III E. To build the atomic model of the
ordered phase, we started from the Wyckoff positions trans-
formed from the disordered phase,9 then modified the posi-
tion by introducing a displacement vector A; for each posi-
tion. The modified Wyckoff position X; is given by
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TABLE 1. Wyckoff coordinates A,, A,, A, of the disordered state (space group Pbnm) described within
the P2,nm setting for x=0.50. A translation of r=[0,-0.125,0.25] allows coincidence with the Pbnm setting

of Jirak et al. (Ref. 9).

Wyckoff position of
disordered state

Displacement of the model of
Daoud-Aladine et al.?

Displacement of our
ZP-CO/O0 model

Atom A, A, A, A, A, A, A, A, A,
Pr/Ca -0.006 0.14 0 -0.0023 0.0031 0 0 0 0
Pr/Ca 0.506 0.39 0 —-0.0095 0.0017 0 0 0 0
Pr/Ca -0.006 0.64 0 -0.0216 —0.0009 0 0 0 0
Pr/Ca 0.506 0.89 0 0.0121 0.0041 0 0 0 0
Or, 0.43 0.1165 0 0.0053 —-0.006 0 0.008 -0.005 0
01> 0.07 0.3665 0 -0.0138 0.0073 0 -0.008  -0.005 0
O3 0.43 0.6165 0 -0.0196 —0.0031 0 -0.008 0.005 0
Or4 0.07 0.8665 0 0.0043 —0.0006 0 0.008 0.005 0
Mny 0.5 0.125 0.75 0 —0.0006 -0.0011 0.015 0 0
Mny; 0 0.375 0.75 -0.0205 —0.0004 —-0.0008 -0.015 0 0
O, 0.217 0.233 0.714 -0.0018 0.0013 0.0118 0.004 0.003 0.003
Or2 0.283 0.483 0.714 —-0.0355 —0.0006 0.008 -0.004 0.003 0.003
On3 0.217 0.733 0.714 -0.004 0.0009 0.0079 0.01 -0.005 -0.005
Or4 0.283 0.983 0.714 0.0174 0.003 0.0109 0.01 -0.005 -0.005
4Reference 20.
X;=A;+A,, directions. In the P2;nm, there are four symmetric operators

where A;=(A,;,A, ;,A, ;) represents the Wyckoff positions of
the disordered Pbnm phase in the superlattice axes. Appar-
ently, the P2 nm symmetry collapses into the Pbnm symme-
try if all A;=0. If A; complies with local b-glide-plane sym-
metry, the new atomic position X; keeps local b-glide-plane
symmetry as well. Table I lists the Wyckoff positions A; for
the disordered Pbnm phase as refined by Ref. 9 for x=0.50,
and A, is calculated from the ZP model of Daoud-Aldine et
al. with the P2,nm space group.?’ It shows that the atomic
displacements in the model of Daoud-Aladine et al. do not
comply with the local b-glide-plane symmetry, and thus, may
not obey the reflection condition we observed in the 0kl re-
flections. Dynamic electron-diffraction calculations based on
the Bloch-wave theory substantiate this conclusion. Figure
2(g) shows the simulated electron-diffraction pattern based
on the model of Daoud-Aladine et al. The reflections with
k/2=2n+1 are visible. The simulated diffraction, instead, is
very similar to Fig. 2(e), which contains both [100] and
[010] domains.

Before building the superstructure model, it is important
to understand how the displacement of atoms affects the ba-
sic features of the structure. In particular, it was necessary to
determine the static cooperative JT modes that are compat-
ible with the diffraction and EELS results, and thus, deter-
mine the electronic structure and physical properties of the
materials. For simplicity, we will only discuss the MnO
plane that involves the Mn and Oy atoms since they have the
most influence on the JT distortions. Figures 4(a) and 4(b),
respectively, show the three-dimensional (3D) model and the
[001] projection of the disordered phase in the superstructure

[see Figs. 4(a) and 4(b)] that transform one Wyckoff position
to four equivalent atoms (we draw these equivalent positions
in the same color). As we discussed before, the additional
extinction in Ok/ requires the atoms to form pairs. Although
there are totally 12 pairs in the MnO plane, by combining the
pairs linked by the P2;mn symmetry, there are actually only
three independent pairs, which are the Mn; and Mny pair,
Opp,1 and Oy pair, and Oy; 3 and Oy 4 pair, respectively. First,
we fixed Mn (Ap,=0) and considered the superstructures
due to the displacement of the Oy;. In this case, the angle of
Mn;-Oyp ;-Mny; and that of Mny-Oyp,-Mny; are the same,
since Oy ; and Oy, are coupled by the local b-glide-plane
symmetry, while the Mn;-Oy;-Mn; angle and the
Mn;-Oyp 4-Mny angle also are the same. The Mn-Oy -Mny
angle may increase due to the displacement of Oy, e.g., the
displacement of Oy ; along +x+y+z direction (denoted as
+++). The corresponding displacement of Oy, (e.g., —++),
defined by local b-glide-plane symmetry, then results in the
same increase of the Mny-Oy ,-Mny; angle. The pair Oy 3 and
Op4 is independent of the first Oy ; and Oy, pair. If the
second pair is moved in the same way to increase the
Mny;-Oyp 3-Mn; and Mn-Oyp 4-Mn; angles, we basically ob-
tain a global b glide plane, and therefore, end up with a
structure similar to that of the disordered phase without su-
perlattice reflections and oxygen prepeak oscillations along
the b direction. Moving Oy 3 and Oy, in the opposite way
(e.g., ——— for Op;, +—— for Oyy) decreases the
Mny;-Oy; 3-Mny and Mny-Oy; 4-Mny angles. Figure 5(a) depicts
the changes of the Mn-Op-Mn bonding angle and the aver-
age Mn-Oy; bonding length with the amplitude of displace-
ment. In contrast, moving Oy atoms in the opposite way will
decrease the Mn-Oy;-Mny and Mny-Oyp,-Mny;  angles,
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increasing the angles of Mny-Ops-Mn; and
Mn;-Oy; 4-Mn;. This leads us to get the same structure but
moving the unit cell by % b,. In conclusion, without moving
Mn, after moving Oy; by a certain amount, the Mn-Oy-Mn
bonds split into two Mn-O-Mn-O-Mn trimers as shown in
Fig. 4(c). One (Mn;-Oy; ;-Mny-Oy; ,-Mnyy/) has large bonding
angle and slightly short bonding length that cause strong
ferromagnetic (FM) coupling of the Mn atoms; the other
(Mny/-Oy 3-Mny-Opp 4-Mnyr), with a small bonding angle
and slightly large bonding length, suppresses FM exchange.
The trimer formation is related to the differentiation of the
bonding lengths, and thus, leads to orbital ordering. Judging
by the bond-valence sum and the dependence of the e, band-
width on the Mn-O-Mn bonding angle, we conclude that the
valence disproportionation between Mn; and Mny; is much
less than le; however, the e, electrons preferentially occupy
a chainlike pattern formed by the trimer arrangement. Con-
sequently, we refer this state as a CO and/or OO trimer, with
a bond-centered type of CO. To some extent, these trimer
chains could behave as a one-dimensional metal.

This general qualitative picture, where we used the same
amplitude A,; along the x, y, and z directions, does not change
much if the amplitudes along x, y, and z are different. For
example, the Oy ; may move along +——, and the amplitude
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n Mn’; 0 p

[ o 8]
a' ~ 7 T T o, v FIG. 4. (Color) (a) A 3D view
~7 @Mn Ty and (b) the [001] projection of the

disordered phase. (c)—(h) The
[001] projections of the ordered
phases. For simplicity, the Pr/Ca
and Oy atoms are not included. (c)
CO and/or OO trimer state (A,
=0, App=0.0025). (d) CO and/or
OO trimer state with different dis-
placement amplitudes along the a,
b, and ¢ directions. (e) CO and/or
OO Zener polaron state (Ayg,
=0.015, App=0.0025). (f) CO
and/or OO dimer-chain state
(Apn=-0.015, App=0.0025). (g)
Same as (e) but with a reverse dis-
placement of the Oy, along
the a direction (Afy ;=A%
=-0.0025), resulting in a net elec-
tric polarization along the a direc-
tion. (h) Same as (e) but with a
reverse displacement of the Oy
along the a direction (Agy,
=Ap4=0.0025), resulting in a
net electric polarization along the
—a direction. The black arrows
represent the in-plane displace-
ment.

along x is significantly larger than those along the y and z
directions; this also increases Mn-Oy; ;-Mn angle. By apply-
ing local b-glide-plane symmetry, the Mn-Oy; ,-Mn angle in-
creases as well, while those of Mn-Op;-Mn and
Mn-Opy 4-Mn decrease. So the CO and/or OO trimer is pre-
served. In addition to the described rotational JT modes, the
local b glide plane allows for an approximation of the out-
of-phase stretching-type modes of the in-plane Oy [see Fig.
4(d), where Agp are +——, ———, —++, and +++]. Again, a
2by superlattice can be produced only if the global
b-glide-plane symmetry is broken, i.e., the b glide plane be-
tween pairs 1 and 2, and 3 and 4 is broken, and the resulting
qualitative structure shows orbital ordering with a very small
trimer-type variation of the Mn-O-Mn bonding angles and
negligible CO (this is true for both the site and bond-
centered types of CO).

Now let us examine the effect of moving Mn atoms. For
the dynamic JT distortion, the Mn displacements are thought
to be present in A,-type rotational modes.** We started from
the CO and/or OO trimer state with the Oy displacement
being 0.0025 (hereafter, the displacement is described using
a fraction of the unit-cell length, where a=0.5395 nm, b
=1.0622 nm, and ¢=0.7612 nm) and only moved the Mn
along the a direction (because our STEM observations did
not reveal displacements along the b and ¢ directions). Since
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FIG. 5. (Color) (a) Changes of Mn—Oy;—Mn bonding angles and Mn—Oy; bonding length against the displacement of Oy with Ay, =0.
The moving directions are +++, —++, ——— and +-— for Oy}, Oy, O3, and Oy, respectively. For convenience, we use the same
amplitude for all Oy. (b) Profiles of Mn—Oy;—Mn bonding angles vs displacement of Mn with Ag;=0.0025. The ordered phase can be
divided into three categories based on the displacement of Mn. The green shaded area is considered as a CO and/or OO trimer, the pink as
a CO and/or OO Zener polaron, and the yellow as the CO and/or OO dimer chain, respectively. A 159.5° critical angle was used to
distinguish the states.

Mn; and Mny; are paired, moving Mn; along the +x direction
also results in Mnj; moving along —x, thus increasing the
Mn;-Oy  -Mny and Mn;-Oy4-Mn; bonding angles, while
decreasing the Mny;-Oyp,-Mny; and Mny- Oy 5-Mn; angles,
as shown in Fig. 5(b). Supposing that 159.5° is the critical

state,’! then in the pink shaded area where the displacement
of Mn is more than 0.001, the Mn;-Oy; ; -Mny; bonding angle
and Mn-Oy; bonding length become significantly larger
than the others, similar to the model proposed by Daoud-
Aladine et al.. We refer this as the CO and/or OO ZP state, as

angle for Mn-Oy-Mn bonding that changes the bonding shown in Fig. 4(e). Moving Mn in the opposite way de-
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FIG. 6. (Color) (a) Low-pass filtered Z-contrast STEM image of Pr 5Ca, sMnOs along the [100] direction, showing a 2b ordered area
confirmed by HRTEM and SAED. (b) Results of 20 EELS scans taken equidistantly along the line indicated in (a) with eight acquired spectra
per b, lattice parameter, showing Mn L-edge onset position, L,,3 ratio, and O-prepeak ratio. The MnOy; plane with Zener polaron state is
shown at the bottom, where -1V indicate individual atomic columns for different Oy; sites with incident electrons passing from top to the
bottom in this plane. While the variation of the Mn L-edge position is within the measurement error, there is a significant variation in the
relative Oy prepeak, revealing the presence of nonequivalent Oy positions with a twofold modulation in the b supercell. The spatial variation
of the L,/L; ratio shows the same periodicity and is correlated to the prepeak oscillation. The EELS spectra for positions larger than 15 are
distorted by noise due to the increase of contamination of the probed area while acquiring of the spectra. (c) Two typical spectra of the line
scan, with a high and a low O prepeak, respectively.
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creases the Mn;-Oy;-Mny and Mn;-Op4-Mn; bonding
angles, while increasing the Mny-Op,-Mny and
Mny;- Oy 3-Mn; bonding angles. In the yellow shaded area
where the displacement of Mn is less than —0.005, the
Mny;- Oy, -Mny bonding angle becomes significantly larger
than the others. The Mn-Oyj,-Mn-Op,-Mn forms a dimer
chain along the a direction, as shown in Fig. 4(f). Again,
these chains represent the preferential bonds for the distribu-
tion of the e, electrons, and we refer to them as the CO
and/or OO dimer chain with bond-centered type of CO.

From the above discussion, it is clear that the displace-
ment of Mn plays a key role in determining the feature of the
2b, superstructure. In the green shaded area in Fig. 5(b)
where the displacement of Mn is small, the ordered phase
has a CO and/or OO trimer state. In the pink shaded area, the
ordered phase has a CO and/or OO Zener polaron state,
while in the yellow shaded area, it has a CO and/or OO
dimer-chain state.

D. Electron energy-loss spectroscopy

The electronic structure and environment at the Oy and
Mn sites along the b axis (see Fig. 4) are different for trimer
and dimer chains and Zener polaron states, and therefore,
may be distinguished by a series of atomic-column-resolved
EELS spectra shown in Fig. 6. The physical principle behind
EELS relates the interaction of fast electrons with the sample
to cause either collective excitations of electrons in the con-
duction bands (plasmons) or discrete transitions between
atomic energy levels.*’ In this study, we focus on the latter
class, using oxygen K edge and Mn L edge core-loss spectra,
which were acquired with a convergence angle of 11 mrad
and a collection angle of 28 mrad. The spectra shown here
are background subtracted, but not deconvoluted with the
zero-loss peak. A series of 20 spectra was acquired at differ-
ent positions along the b, axis, such that eight spectra at
distances of 1.3 A were recorded within a period of the su-
perlattice b,. The electron beam was lying in the MnOy; plane
[see Fig. 4(a)] and parallel to the [100] axis, therefore prob-
ing atomic columns along the crystallographic a axis. Using
HRTEM, SAED, and MAADF imaging, a particular area
was selected for the STEM and EELS experiments, where it
was confirmed that it has a large domain with the b;=2b,
superstructure.

Figure 6(c) shows two typical spectra in the energy range
between 525 and 700 eV, with the O K edge located at
532 eV, and the onset of the manganese L,; edges at
640 eV, respectively. The O K edge contains three character-
istic peaks, the prepeak at 532 eV and then the two main
peaks at 540 and 547 eV, while the Mn L edge consists of
the L3 and L, edges at 647 and 657 eV, respectively. Com-
paring the EELS spectra of the line scan along the b, direc-
tion, we found strong periodic oscillations of the oxygen
prepeak intensity with a periodicity of half the b,-axis super-
cell [Fig. 6(b)]. On the other hand, the L;-edge onset appears
unchanged along the entire line scan, within the measure-
ment error (all the spectra were aligned with respect to the
O K-edge onset at 532 eV). Interestingly, there is an oscilla-
tion of the Ls,L, intensity ratio that, to some degree, corre-
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lates with variations in the oxygen prepeak intensity. (The
EELS spectra at positions above 15 become noisier due to
the increasing carbon contamination of the sample while ac-
quiring the spectra.) We have repeated the EELS experiments
in several different areas, and obtained reproducible results.
We note that the oscillations were often more periodic during
the first dozens of second acquisition, largely due to the
clean surface and negligible sample drift.

The above results can be best understood by considering
the different kinds of information revealed from the O K
edge and Mn L edges. The O K edge probes transitions from
the O 1s states into the unoccupied 2p states, which are hy-
bridized with the Mn 3d and 4sp states.*> Although these
transitions involve oxygen orbitals, the O K-edge fine struc-
ture, in particular, its prepeak intensity, is mainly determined
by the electronic structure of the 3d transition-metal ions.
This is due to the fact that the valence of the transition-metal
ion, or correlation effects in the transfer of electrons to the
cation, changes the degree of hole doping on the oxygen p
states, resulting in a relative change in the O prepeak
intensity.*® Our preliminary density functional theory calcu-
lations show that the intensity of the O prepeak increases
with the increase of the Mn-O-Mn bonding angle.

The Mn L; and L, peaks (located at 647 and 658 eV) are
the result of transitions from the 2p'? and 2p*? Mn core-
level states to the unoccupied d-like states, modified by
crystal-field and electron-spin interactions. Changes in both
the Mn L-edge positions as well as in the L,/L; intensity
ratio have been correlated with the formal Mn valence in
various MnO, compounds,**#” and also have been frequently
utilized to obtain information about the valence state and p-
d hybridization of MnOj, octahedra in manganites.*® By com-
paring several different MnO, compounds, it was previously
shown that the Mn L;-edge position shifts by 2.5 eV from a
formal Mn* to Mn** valence state.*’** Similarly, a change
in the L;/L, ratio from 2.7 to 2.0 for Mn** and Mn** has
been previously reported.*’

The three different configurations of the 2b, superstruc-
ture we discussed in Sec. III C can now be examined by the
variation of the oxygen K-edge prepeak intensity along the b
direction. For a trimer state [Fig. 4(c)], column II [see Fig.
6(b)] involves two Mn-Oy; ,-Mn dimers that have large bond-
ing angles, and therefore should have the highest O prepeak,
while column IV goes through two Mn-Oy; 4-Mn dimers with
small bonding angles, and should have the lowest O prepeak.
For columns I and III, the mixed Mn-Oy ;-Mn and
Mn-Op3-Mn dimers with large and small bonding angles,
respectively, results in an intermediate O-prepeak intensity.
Thus, the periodicity of the O prepeak for a trimer state is b;.
Similarly, the periodicity of the O prepeak for a dimer chain
model [Fig. 4(f)] is b,. These configurations do not agree
with the observation of % b, periodicity of the O prepeak
shown in Fig. 6(b). In contrast, for the Zener polaron model
[Fig. 4(e)]. the bonding angle of the Mn-Oy;;-Mn dimer is
significantly larger than the others, therefore columns I and
IIT exhibit a high intensity of O prepeak, while columns II
and IV that only involve dimers with small bonding angles
exhibit a low O prepeak. Thus, the periodicity of the O pre-
peak is % b,, which is in agreement with the experiment.

Thus, from the column-by-column EELS data in Fig.
6(b), the following conclusion can be reached: The variation
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FIG. 7. (Color) (a) Refined ZP-CO/O0O model with net electric
polarization P,=—44 mC/m? (coordinators from Table I). (b) ZP-
CO/O0 model obtained by reversing Agy; 5 and Agy, 4 that, in turn,
reverses the net electric polarization P,. The black arrows represent
the in-plane displacement. The in-plane electric dipole moments P
of the Mn-O-Mn dimers determined from the noncentrosymmetric
atomic displacements are indicated by red arrows. The length of the
arrows corresponds to the magnitude of the displacement or the
polarization. The color index from yellow to cyan for the orbitals
reflects the increasing bond angle of the Mn-O-Mn dimer, which
results in an enhancement of the ferromagnetic double exchange
and increases orbital occupation by the e, electrons.

of the oxygen K-edge prepeak ratio clearly proves that non-
equivalent oxygen sites with different hole-doping levels are
present along the crystallographic b axis in the ordered state.
The observed periodicity of b (instead of 2b) directly con-
firms the ZP-type structure and rules out the trimer type of
CO and/or OO stripes and the dimer-chain state. Moreover,
the absence of any shift L;-edge onset is consistent with the
absence of strong charge disproportionation. This supports
the configuration of the ZP-CO/O0. On the other hand, the
origin of the observed strong oscillation in the manganese
L,/ L, intensity ratio is more complex since the intensity of
white lines (L; and L, edges) of a 3d transition element
depends not only on its electronic environment, but also
strongly on its spin orbital and configuration, which are the
foundation for x-ray magnetic circular dichroism experi-
ments. Although the changes in the L;/L, ratio are used to
interpret the valence on Mn (Mn** and Mn**) in pure man-
ganese oxides, we proposed that the changes we observed
here are mainly due to the difference in spin configuration
and interactions of the nonequivalent Mn; and Mny; sites as
well as the difference in the orbital configurations and popu-
lation, rather than to a change in the Mn valence or an effect
of charge transfer. This interpretation is consistent with the
measured modulation of the O K-edge prepeak, our diffrac-
tion data, and the asymmetric electronic configuration of the
ZP Mn-O-Mn dimer.
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E. Electric polarization

The observation of ferroelectric domains and the decrease
of the low-frequency part of the dielectric permittivity in an
electrically induced ZP disorder transition require that the net
electric polarization P be reversible.’® Based on the noncen-
trosymmetric distortions of the oxygen anions, the electric
polarization P introduced by the noncentrosymmetric
Mn-O-Mn dimer can be calculated by P=(gy,—gq0)(b2—b}),
where b; are the bond lengths and ¢g; are the ionic charges of
the O and Mn ions. Because the valence difference among
Mn atoms is very small, the first term is almost constant for
all Mn-O-Mn dimers, and therefore, P basically depends on
the noncentrosymmetric displacement of atoms. Due to the
2, screw axis of the P2 nm space group, the b and ¢ com-
ponents of P cancel each other out, i.e., are zero. For ex-
ample, if one atom (say, atom 1) has a displacement of A,,
Ay, and A_, then the other atom (atom 2) related by the 2,
screw axis would have the displacement of A,, —Ay, and -A.
The components b and ¢ of the polarization caused by the
displacement of atom 1 will therefore be cancelled by that of
atom 2. The P2,nm space group does allow the a component
of electric polarization, P,. However, if all three pairs (Mn;
and Mny, Oy and Oy, and Oy and Opy) have local
b-glide-plane symmetry, the total P, over the supercell also
would be zero since the P, caused by the first atom in the
pair will be cancelled by the second atom in the same pair
because their displacement along the a direction is reversed.
It is, therefore, necessary to break the local b-glide-plane
symmetry in the a direction to obtain net P,. Breaking the
local b-glide-plane symmetry of either the Mn; and Mnyy pair,
or the Oy and Oy, pair in the ZP CO/OO supercell [Fig.
4(e)] can yield net P, along the —a direction. This can be
done by either only moving Mny to —x, or moving both Oy,
and Oy, to +x. However, we cannot yield P, along +a di-
rection while keeping the ZP feature since it would give rise
to a trimer chain. This is unlikely, and also inconsistent with
our dielectric experiments® using electron holography, and
would lead to a behavior where a sign reversal of an applied
electric field could switch between an insulating ZP-CO/O0O
state and a one-dimensional metal (trimer) just by reversing
P,. To obtain a reversible P, while keeping the ZP feature, it
is necessary, however, to break the local b-glide-plane sym-
metry of the third pair (O 3 and Oy 4 pair) in the a direction.
Figure 4(g) shows the example with P, along the +a direc-
tion. The difference between Figs. 4(g) and 4(e) is that Op3
and Oy 4 in the third pair both move to —x in the a direction
in Fig. 4(g). It is the breaking of local b-glide-plane symme-
try in the a direction of the third pair yields the net P,. By
reversing the displacement of the third pair to +x, we get —P,
while still keeping the ZP feature [Fig. 4(h)]. Consequently,
this model is consistent with a ZP-CO/OO state that exhibits
a true ferroelectric behavior. We note that breaking the local
b-glide-plane symmetry along the a direction is still compat-
ible with the extinction rule observed in the [100] zone axis.

IV. DISCUSSION

Based on our electron diffraction, Z-contrast imaging, and
atomic resolution EELS analysis and the observation of
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ferroelectric polarization,® we find that only one configura-
tion, the CO and/or OO Zener polaron structure with revers-
ible net electric polarization, is consistent with all experi-
mental observations. By refining electron diffraction, we
obtained our Zener polaron model [Fig. 7(a)]. Table I lists
the displacement of atoms. It represents a bond-centered type
of charge ordering, where the e, electrons are localized in
preferential Mn-O-Mn bonds and the bonding angle of
which is increased from 157.8° to 160.8° (for x=0.50). This
model can nicely explain the colossal electroresistance effect
as an order-disorder transition of statically ordered ZP to
dynamic JT polarons by an applied electric field and
current.® Furthermore, the observation of a local
b-glide-plane symmetry by the presence of an additional ex-
tinction rule for the 0kl reflections, with k/2=2n+1, gives us
much insight into the involved A, JT modes. By keeping
local b-glide-plane symmetry and reversing some of the dis-
placement amplitudes, a CO and/or OO state can be easily
transformed into a trimer-chain structure. This structure
could be significant for the understanding of the magnetic-
field-induced transition to a ferromagnetic metallic state and
the related dominance of e,-band conduction.

The P2,nm space group does not allow a pure Mn-site-
centered CO state, based on structural arguments: Such a
state would require a static centrosymmetric breathing-type
modulation of the MnOg octahedra, with periodic variations
of the average Op-Mn bond lengths for the Mn; and Mny;
sites, in contrast to the glide planes of this space group. The
symmetry of this space group unavoidably introduces non-
centrosymmetric distortions into the MnOg octahedra that
tend to create dimer chains of manganese and oxygen. By
comparing the superstructure model with the Pbnm structure
of the C and/or O disordered state, it seems to be possible
that a strong octahedral tilting facilitates the formation of this
type of CO and/or OO state. Furthermore, the ZP-CO/O0
model with dominant bond-centered CO in the Mn-O-Mn
dimers is consistent with a small charge disproportionation
d<le revealed by RXD?® and XANES.??

A major consequence of the existence of the ZP-CO/O0
state that we have determined is the encompassed noncen-
trosymmetric distortions of the MnOg octahedra as well as
the Mn-O-Mn dimers. Although, according to the so-called
d’ rule,’! the filled d-p orbitals of the MnOg bonds tend to
oppose the formation of noncentrosymmetric distortions by
the first-order JT effect; the presence of second-order JT dis-
tortions may induce the loss of the centrosymmetry.® The
associated displacement of the bound positive charges at the
Mn cations with respect to the bound electrons of the oxygen
anions represents static electric dipoles,28 which, in turn,
form a zigzag long-range-ordered, canted antiferroelectric
state. It causes a dipolar electric net moment, P,, pointing
along the crystallographic a axis, whereas P, sums up to
zero, as expected. An estimate of the resulting net polariza-
tion depends on the noncentrosymmetric displacements in-
volved and the valence of the ions. Based on the displace-
ments of our ZP-CO/O0 model and the assumed valences of
the O and Mn atoms of 2— and 3.5+, respectively, we obtain
a net-polarization component per unit cell of P,
~44 mC/m?. Qualitatively, the presence of polar displace-
ments is determined by the space group; however, the exact
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quantitative value of the polarization depends on the distor-
tion amplitudes A;. Such a ferroelectric state which becomes
multiferroic below Ty is in full agreement with the noncen-
trosymmetric space group P2;nm. Simply reversing the dis-
placement of Oy 3 and Oy 4 along the a direction flips the net
polarization along the a direction by 180° and, therefore,
gives rise to antiferroelectric domains [Fig. 7(b)]. On macro-
scopic scales, the net dipolar electric moment is strongly
reduced due to strong twinning, antiphase domains in the
superstructure, and electronic-phase separation; however, the
observed anomalies in the dielectric constant at the CO tem-
perature were recently discussed in terms of the ordering of
static moments.>?> The measurement of the net polarization is
additionally complicated by the colossal electroresistance in
PCMO, wherein the ZP-CO/OO state becomes disordered by
the application of electric currents and the related onset of
polaron motion. This is probably the main reason that the
ferroelectric or canted antiferroelectric behavior is strongly
hidden in that material.

We now comment on the relation of our work to other
results on CO and/or OO superstructures. Neutron
diffraction® and TEM>* studies suggest that the CO transi-
tion at half doping is related to the formation of an interme-
diate state, where the ordering transition to a commensurate
low-temperature state occurs via incommensurate modula-
tions for T,,<T<Ty,>* however, such observations are not
seen in x-ray diffraction studies.?'>> Within the framework
of the conventional CB type of CO and/or OO, the incom-
mensurableness was believed to be formed by 7r-phase slips
of the modulation of the Mn3*/Mn** sites, the so-called
discommensurations.>* It was considered as stacking faults in
the charge crystal that compensate for the charge at other
doping ranges, and thereby stabilize a CB-like ordered struc-
ture in a wider doping region around x=0.50. Our studies
show the simultaneous presence of b,=2b, and b;=3b, at
nanometer length scales (see Fig. 1); however, we cannot
rule out the presence of incommensurate structures. The ob-
servation of the ZP-type CO and/or OO state with a modu-
lation b;=2b in a large doping range of 0.3<x=<0.5 indi-
cates that there is a very weak link between the hole-doping
level and the period of the superstructure modulation. For the
ZP-CO/OQ state, the real space ordering of e, electrons is, to
a large extent, independent of the average Mn valence state
and, thus, of the doping level. In contrast to our observations
in PCMO, for La 43Cag 5,MnQO3, the presence of a superlat-
tice with a uniform incommensurate periodicity on the length
scale of several nanometers was reported recently by conver-
gent beam electron diffraction.”®

V. SUMMARY

By careful experiments of electron diffraction from the
individual twin domains, combined with atomic-column-
resolved EELS, we confirmed the presence of Zener-polaron-
type ordering for Pr;_,Ca,MnOs; in the doping range of 0.3
<x=<0.5 and the temperature window of 300 K=7=80 K
both for bulk polycrystalline material and epitaxial thin
films. At room temperature, ordered domains with diameters
between 10 and 100 nm coexist with disordered areas in a
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chemically homogeneous material. Based on the noncen-
trosymmetric distortions involved in the transition between
the Pbnm and the P2,nm space groups for the disordered and
ordered states, respectively, we give strong structural evi-
dence for the presence and ordering of static electric dipoles
in the ZP-ordered structure. Below T, this material, there-
fore, should exhibit multiferroic ordering. Notably, in addi-
tion to the ZP-type CO and/or OO domains with a superlat-
tice period of b,=2b, as the dominant ordered area, there are
other ordered phases with superlattice modulations of b,
=3b, and b;=5b,, on which we will give our comment in an
upcoming paper. From a detailed analysis of the electron
diffraction patterns from individual and overlapping twins,
i.e., using microscopy measurements, we shed light on the
possible origins of controversial structure refinements based
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on volume-averaged macroscopic diffraction measurements.
The confirmation of the ZP-CO/OO state strongly impacts
our understanding of the interplay of different microscopic
interactions for the formation of the insulating ground state,
and of its interactions with applied external magnetic and
electric fields and the resulting colossal resistance effects.
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