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Abstract
Changes in the charge/orbital ordering (CO/OO) structure with the
bandwidth of the eg band and quenched disorder were investigated in
doped manganites RE0.5(Ca1−ySry)1.5MnO4 (RE = Pr, Eu) with a single-layer
perovskite structure. A systematic study of the modulation structure associated
with the CO/OO phase demonstrated that the long-range commensurate
structure changes to a short-range incommensurate structure with increasing
Sr content through the enhancement of the bandwidth and quenched disorder in
these systems. At the same time, the transition temperature of CO/OO (TCO/OO)

decreases. Changes in structure and TCO/OO with different A-site combinations
reveal that the CO/OO phase is strongly suppressed by the widening of the eg

band and the stronger quenched disorder in these layered manganites.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Recent studies [1–4] on doped manganites RE1−x AExMnO3 (RE: a rare earth element; AE:
an alkaline earth element) with a perovskite structure have revealed that the competition
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between the ferromagnetic (FM) phase and the charge/orbital ordering (CO/OO) phase yields
the colossal magnetoresistance (CMR) phenomenon. In the FM phase, eg electrons on Mn3+
are mobile and their orbitals are disordered. In the CO/OO phase, ordering of Mn3+/Mn4+
accompanied by a simultaneous ordering of eg orbitals with 3x2 − r 2 and 3y2 − r 2 (where
x and y are spatial coordinates) makes orbital stripes in the ab plane. Corresponding to
these periodic stripes, a modulation structure is created. In these manganite systems, the
stabilities of the FM phase and the CO/OO phase are affected by the effective one-electron
bandwidth of the eg band (W ) and the presence of quenched disorder [4–6]. W is dependent
on the lattice distortion that relates to the average ionic radius (rA) of the A-site cations,
rA = ∑

i xiri , where xi and ri are the fractional occupancy and the effective ionic radius
of the A-site cations, respectively. As rA increases, the Mn–O–Mn bond angle decreases, and
the bandwidth W increase results in a stable FM phase [4]. On the other hand, the quenched
disorder is associated with a temperature-independent atomic-scale local inhomogeneity which
induces randomness in potential energy, transfer energy, exchange interaction, and so on [2].
The intrinsic inhomogeneity in these doped manganites is caused by the unavoidable random
chemical substitution of AE for RE. This randomness can be evaluated from the variance
of the A-site ionic radii, σ = (

∑
i xir 2

i − r 2
A)1/2 [7–9]. The CO/OO phase, as well as

the FM phase, collapses as σ increases. The significant effect of quenched disorder on
CO/OO in doped manganites RE1−x AExMnO3 (x = 0.45) was revealed by resistivity and
ac susceptibility measurements [4]. The electronic phase diagram in the plane of rA and
σ indicates that a long-range CO/OO exists in RE0.55Ca0.45MnO3, which has a relatively
narrow bandwidth and weak quenched disorder. By replacing Ca with Sr, the CO/OO can
be suppressed and the FM phase will develop because of the increase in W . In contrast with the
RE1−xAEx MnO3 system, in the single-layer manganites A2MnO4 (where A is composed of RE
and AE elements), the FM correlation is completely suppressed [10] and the insulating phase
is dominant since each MnO2 layer (in-plane) is isolated by the (RE or AE) O blocks. The
CO/OO phase is expected to be stabilized in this system. We have reported [11] that the long-
range CO/OO phase exists in single-layer manganites Pr1−x Ca1+xMnO4 over a wide range of
hole doping levels x . For x = 0.5 (i.e. Pr0.5Ca1.5MnO4), with a relatively narrow bandwidth
and weak quenched disorder, the commensurate modulation structure associated with the long-
range CO/OO was observed. In contrast to this behaviour, only a short-range CO/OO has
been observed in Pr0.5Sr1.5MnO4 [12]. However, it is not clear whether the sharp contrast
is mainly attributed to the difference in bandwidth or in quenched disorder. To understand
the role of bandwidth and quenched disorder in the layered manganites, we thus studied
the CO/OO structure in Pr0.5(Ca1−ySry)1.5MnO4 and Eu0.5(Ca1−ySry)1.5MnO4 single crystals
systematically by changing the Sr concentration, which affects the rA and σ of these systems.
The variations in the CO/OO structure, e.g. the variation in the CO/OO coherence length and
modulation wavenumber with the A-site combinations, were investigated in detail by means
of transmission electron microscopy (TEM) [11–15]. Changes in the transition temperature of
CO/OO (TCO/OO) with Sr concentration were also studied.

2. Experimental results and discussion

Single crystals of RE0.5(Ca1−ySry)1.5MnO4 (RE = Pr, Eu) with various Sr concentrations
y were grown using the floating-zone melt method [9]. The phase purity and cation
concentrations were checked by using powder x-ray diffraction and inductively coupled plasma
(ICP) atomic emission spectroscopy, respectively. Electron-transparent thin samples were
prepared by mechanical polishing and subsequent argon-ion thinning with an acceleration
voltage of 4 kV at room temperature. Selected-area electron diffraction (SAED) patterns and
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Figure 1. (a)–(c) The [001]-zone electron diffraction patterns and (d)–(f) corresponding dark-field
images associated with CO/OO domain structures of Pr0.5(Ca1−ySry)1.5MnO4 at 83 K. Indices are
based on a tetragonal K2NiF4 structure with lattice parameters of a ∼ 3.8 Å and c ∼ 11.8 Å.
The dark-field images obtained by using the SL spots (δ, 2+δ, 0) (marked by white arrows) reveal
the CO/OO domain structures which change with the Sr content y. Here, δ is the wavenumber
of the superstructure associated with the CO/OO. The bottom panel is a schematic diagram for
d3x2−r2 /d3y2−r2 -type CO/OO.

dark-field (DF) images were obtained by using two transmission electron microscopes (Hitachi
HF-3000S and HF-3000L), both equipped with a cold-field emission gun and a liquid nitrogen
cooling holder.

Figure 1 shows the SAED patterns and corresponding DF images, as captured in the
ab plane of Pr0.5(Ca1−ySry)1.5MnO4 for various Sr concentrations at 83 K. Superlattice (SL)
spots are clearly observed in the [001]-zone SAED patterns. For simplicity, the indices of
the fundamental spots are based on the tetragonal setting with at × at × ct (at , ct : lattice
parameters of tetragonal K2NiF4 structure). These SL spots reflect the modulation structure
of CO/OO more precisely, the d3x2−r2/d3y2−r2 -type CO/OO, in which the eg orbitals on Mn3+
stripes with zig-zag 3x2 − r 2 and 3y2 − r 2 arrangements alternate with the Mn4+ stripes, as
depicted in the lower panel of figure 1. Analyses of the SAED patterns revealed that the SL
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Figure 2. The [001]-zone electron diffraction patterns of Eu0.5(Ca1−ySry)1.5MnO4 with various
Sr content (y = 0.1–0.75) at 83 K. Indices are based on a tetragonal K2NiF4 structure with lattice
parameters of a ∼ 3.8 Å and c ∼ 11.8 Å.

spots become broader with increasing Sr concentration. Only diffuse scattering was observed
for samples with y > 0.5 (not shown). Figures 1(d) and (f) show the corresponding DF images
that were obtained for the SL spots in figures 1(a) and (c) (indicated by white arrows). These
DF images reflect the microstructures of the CO/OO domains in these crystals. The bright/dark
band-shaped domains exhibit the CO/OO twins with two perpendicular directions. In each
bright area corresponding to a single CO/OO domain, one can see many grains separated by
grey curved lines, indicating antiphase boundaries (APB) due to the local disarrangements of
3x2 − r 2 and 3y2 − r 2 orbitals. For y = 0.1, the CO/OO domain size typically ranges from
hundreds of nanometres to several micrometres. The domain size decreases with increasing y.
Only nanometre-sized CO/OO clusters are evident for y = 0.5.

Figure 2 shows the SAED patterns in the ab plane for Eu0.5(Ca1−ySry)1.5MnO4 at 83 K.
Similar to the Pr0.5(Ca1−ySry)1.5MnO4 crystals, SL spots associated with the d3x2−r2/d3y2−r2 -
type CO/OO are observed in the [001]-zone SAED patterns. The changes in the sharpness of
the SL spots with increasing Sr concentration are such that the sharp SL spots for y � 0.4
become diffuse scattering for y > 0.4. Compared with the Pr0.5(Ca1−ySry)MnO4 case, the
long-range CO/OO of Eu0.5(Ca1−ySry)1.5MnO4 collapsed with fewer Sr substitutions. Changes
in the CO/OO structure of Eu0.5(Ca1−ySry)1.5MnO4 were determined by studying the variations
in the coherence length and modulation wavenumber (δ) with Sr concentration. Figure 3 shows
the y dependence of δ and the half width at half maximum (HWHM) of (δ, 2+ δ, 0) spots. The
HWHM is inversely proportional to the coherence length. The HWHM increases marginally
with Sr concentration until y = 0.4, and rapidly increases from y = 0.4 to 0.5. This indicates
that the long-range CO/OO for y < 0.4 crystals changes into short-range CO/OO for y > 0.4.
The modulation wavenumber varied from commensurate for y � 0.25 to incommensurate for
y > 0.25.

To obtain direct images of the CO/OO domain structure, the DF images were observed
below TCO/OO. Figure 4 shows the DF images in the ab plane for Eu0.5(Ca1−ySry)1.5MnO4

crystals at 83 K. These images were obtained from the SL spots indicated by the white arrows
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Figure 3. (a) Modulation wavenumber δ and (b) half width at half maximum (HWHM) of the
(δ, 2 + δ, 0) SL spots marked by the white arrows in figure 2 which are associated with the CO/OO
domain structures of RE0.5(Ca1−ySry)1.5MnO4 (RE = Pr, Eu) for various Sr content y, at 83 K.

ab ab

(a) (b) (c)y = 0.1 y = 0.25 y = 0.4(a) (b) (c)y = 0.1 y = 0.25 y = 0.4

Figure 4. Dark-field images associated with the CO/OO domain structures of
Eu0.5(Ca1−ySry)1.5MnO4 for various Sr content y, at 83 K. These images were obtained by
using SL spots (δ, 2 + δ, 0) indicated by the white arrows in figure 2 and they reveal the CO/OO
domain structures.

in figure 2. Short-range CO/OO with nanometre-size domains are visible at y = 0.4. Here,
it is noteworthy that long-range CO/OO with sub-micrometre-size domains is observed in the
RE = Pr crystal at y = 0.25 (in figure 1(e)) with the same rA and smaller σ . (The values of
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Figure 5. Temperature dependence of the [001]-zone electron diffraction patterns in
Eu0.5(Ca1−ySry)1.5MnO4 for (a) y = 0.1 and (b) y = 0.5.

rA and σ are presented in figure 6.) This difference implies that the stability of CO/OO in the
layered manganites decreases with increasing variance σ in the A-site ionic radii.

Figures 5(a) and (b) show the temperature dependence of the SAED patterns of
Eu0.5(Ca1−ySry)1.5MnO4 for y = 0.1 and y = 0.5, respectively. The SL spots associated
with the long-range CO/OO at y = 0.1 vanish at 290 K. For y = 0.5, the diffusion scatterings
associated with the short-range CO/OO disappear at above 180 K. Figure 6 shows the electronic
phase diagram of RE0.5(Ca1−ySry)1.5MnO4 (RE = Pr or Eu) in the plane of the average ionic
radius rA and the variance in the A-site ionic radius σ , obtained by systematically investigating
the modulation structures in these crystals for various Sr concentrations at various temperatures.
The red and light green curves, respectively, represent the temperatures at which long-range
and short-range orbital order appear. When rA is fixed, TCO/OO decreases with increasing σ .
For example, the TCO/OO is about 240 K for the RE = Pr crystal of y = 0.5 for which σ 2

is ∼2.6 × 10−3. However, the TCO/OO is about 160 K for the RE = Eu crystal of y = 0.4
for which σ 2 is ∼5.5 × 10−3. On the other hand, when σ is fixed, for the RE = Eu crystal
of y = 0.3 and the RE = Pr crystal of y = 0.5, TCO/OO decreases from 220 to 180 K with
increasing rA. These results mean that the CO/OO in these systems is suppressed either by
the larger variance in the A-site ionic radii or by the larger averaged ionic radius of the A-
site. Changes in the CO/OO structures for different A-site combinations have been found to
affect the macroscopic properties such as magnetization and electrical resistivity. For example,
the long-range antiferromagnetic spin ordering in Eu0.5(Ca1−ySry)1.5MnO4 for y < 0.4 is
replaced by the spin-glass state for y > 0.4 [9], in which only short-range incommensurate
CO/OO exists. As the quenched disorder becomes stronger, the ordering of eg orbitals on
Mn3+ is suppressed, yielding a spin-glass state [16]. In other words, the short-range nature
of antiferromagnetic spin ordering for y > 0.4 is strongly correlated to the collapse of the eg

orbital ordering [11].
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Figure 6. Electronic phase diagram of RE0.5(Ca1−ySry)1.5MnO4 in the plane of the average ionic
radius and the variance in A-site ionic radii. Solid and dotted lines connect the crystals with the
same RE cation and Sr content y, respectively. Red and light green lines show the contour lines of
TCO/OO and T ∗, respectively. TCO/OO and T ∗ indicate the transition temperature of the long-range
CO/OO and the crossover temperature of short-range CO/OO, respectively.

In conclusion, by observing the CO/OO structures in Pr0.5(Ca1−ySry)1.5MnO4 and
Eu0.5(Ca1−ySry)1.5MnO4 crystals directly, we have demonstrated that the CO/OO structure in
single-layer manganite systems is strongly correlated to the bandwidth of the eg band and the
quenched disorder caused by the mismatch of the ionic size of the A-site. Substituting Sr for
Ca in RE0.5Ca1.5MnO4 (RE = Pr or Eu) changes the CO/OO correlation from long-ranged
to short-ranged, and the modulation wavevector from commensurate to incommensurate. The
enhancement of the bandwidth and the quenched disorder strongly suppress the CO/OO as
well as the spin ordering in layered manganites. This effect gives us with insight into the phase
control mechanism in such materials.
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