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From our study of the evolution of charge ordering in Bip 5Cag 5_,S1,MnOj; (x = 0—0.5) with chemical
pressure, we found the detailed nature of two distinct charge ordering schemes, associated with the
structural change from Pnma- to Imma-type symmetry at x = 0.2—0.25. Charge ordering for x = 0-0.2
(Pnma) is consistent with the checkerboard-type pattern, commonly observed in half-doped manganites.
On the other hand, a large tolerance factor for x = 0.25-0.5 (Imma) stabilizes a double-stripe charge
ordering scheme. These findings indicate the bicritical nature of two competing charge ordered states and
provide further insight towards understanding the dominant charge ordering mechanism in half-doped

manganites.
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1. Introduction

Charge ordering (CO) in mixed-valent transition metal
oxides is a time-honored subject,” and has recently been
found to be intriguingly coupled with extraordinary physical
phenomena such as the colossal magnetoresistance (CMR)
effect in manganites. The CE-type charge ordering in the
half-doped manganites with the checkerboard-type (CB)
arrangement of Mn3* and Mn** ions accompanies orbital
as well as spin ordering. Furthermore, the strong interplay
between charge, orbital, and the lattice degree of freedom
stabilizes charged sheets of Mn3TOg octahedra with the
Jahn-Teller distortion.>” In LnysCagsMnO; (Ln = La, Pr,
Nd, Sm, and Bi), the CO temperature (Tcp) decreases
monotonically (from 320 to 160 K) with an increase of the
tolerance factor.’ This is consistent with the change in
bandwidth caused by chemical pressure (or tolerance factor).
The ferromagnetic (FM) state is stabilized in Lag 5519 sMnO;
with a large bandwidth, but FM and CO states tend to coexist
in Ndys5SrosMnO5; and Prj5SrgsMnO3; with intermediate
bandwidths. Contrary to this general tendency, stable charge
ordering (Tco & 530K) is found in BigsSrypsMnOs,” even
though Bi** and La’* are similar in size.!”’ The extreme
stability of CO state in Biy5SrgsMnOs; is well indicated by
the unusually high T¢o, which is also remarkably robust
against significant Bi-deficiency.'” Furthermore, unlike
typical wide-band Lng 5SrgsMnOs3, there is no indication of
phase coexistence in BiysSrgsMnQOs. There exist contra-
dictory reports on the nature of CO in BiysSrgsMnOs.
Garcia et al. emphasized the importance of the lone pairs of
Bi** in Big sSrgsMnO; and suggested that the larger ionic
size with the lone pairs and the covalent Bi—O bonds provide
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additional stability of the CO state, based on their structural
analysis with Pnma cells.” However, Hervieu et al. reported
a new Imma-type structure of Bij 551y sMnQOs3, and suggested
a new CO scheme as “2+42 double stripe-type (DS)”,
consisting of double Mn3* sheets alternating with double
Mn** sheets.!) In fact, the double Mn3* sheets, apparently
costing a significant Coulombic repulsive energy, are
identical to the diagonal Mn* sheets of orbital-ordered
LaMnOs. Recent resonant x-ray scattering experiment at the
Mn K edge in the CO phase in Biy 5SrgsMnO; indicated that
the tetragonally distorted and the nearly undistorted Mn3*Og
octahedra coexist in the CO phase of CO in Biy5SrgsMnOs,
and as the result, the CB-type CO is a common ground.'? In
order to further understand these controversial and confusing
results, we have studied the detailed CO properties of the
mixed system of conventional CB-type BijsCagsMnO; and
unusual Big5SrysMnOs.

In this paper, we report our systematic study of structural,
transport, and electron diffraction properties Bigs5Cags5—_.-
S1,MnOs3 (x = 0-0.5). We found two different types of CO,
which are associated with structural changes between P- and
I-type cells at x = 0.2-0.25, even though the lattice volume
evolves monotonically across the structural boundary. Our
measurements systematically indicate the immiscibility of
the two different CO schemes and provide insights into
understanding the mechanism balancing between these two
competing CO phases.

2. Experimental

High-quality polycrystalline Bip 5Cag s5—,Sr;MnO3 (x = 0,
0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, and 0.5) specimens
were used for the present study. The samples were prepared
by solid state reaction method with intermediate grinding,
and 1100-1150 °C sintering. Specimens were reacted within
tightly closed Pt tubes to minimize Bi evaporation. Crys-
tallographic information was obtained from powder x-ray
diffraction using the Cu K« line at room 7. No second phase
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Fig. 1. (a) Orthorhombic lattice parameters and effective lattice-size
[E(abc/\/i)m], (b) Intensity of (111) Bragg reflection normalized with
that of (121), and (c) Tetragonality factor [=(a+ c)/ 2b]  of
BiO.5Ca0_5_xSI‘XMIIO3.

was detected in the diffraction patterns. DC resistivity was
measured with a standard four-probe method at 7 =
10-800K and the magnetic properties were measured with
a SQUID magnetometer below 400K. A JEOL 2000 FX
transmission electron microscope (TEM) equipped with a
low T stage and a 14-bit charge coupled device (CCD) array
detector was used for electron diffractions.

3. Results and Discussions

The x-ray diffraction patterns of all specimens were
consistent with the distorted perovskite structure that can be
indexed with a single orthorhombic cell, i.e., a = ¢ & ﬁap
and b ~ 2a,, where a, is a simple cubic cell parameter.
Figure 1(a) shows the refined lattice parameters and the
effective lattice size. The monotonic increase of the lattice-
size indicates that a homogeneous solid solution is achieved
between x = 0 and 0.5. We note that there is no abrupt
change of lattice-size as a function of composition, suggest-
ing that the lone pair character of Bi** remains intact in the
entire region.” Figure 1(b) depicts the intensity of (111)
Bragg reflection. The negligible intensity of (111) for x >
0.25 suggests that the average structure for x > 0.25 is of the
Imma-type, rather than the common Pnma-type. Note that
the tetragonality factor, (a 4 ¢)/~/2b as shown in Fig. 1(c),
is larger in the [I-type cell [1.026 (x=0) and 1.032
(x =0.5)], and it is close to unity for 0.1 <x < 0.2. The
latter is primarily because CO for 0.1 < x < 0.2 develops
below room temperature.

Figure 2 displays the DC resistivity o(T) of Bigs5Cag s5—-
S1r,MnOs. Only cooling curves are depicted in the figure for
clarity, but we note that significant thermal hysteresis was
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Fig. 2. DC resistivity p(T) of BipsCags5_,Sr,MnO3 upon cooling. Inset:

magnetic susceptibility x(7) (= M/H) with applied field H = 1000
(x =0) and 20000e (x = 0.05, 0.1, 0.2, 0.25, 0.35, and 0.5). x(T) was
measured upon warming after zero-field cool to 7= 5K.

observed. All the samples exhibit semiconducting behavior,
accompanied by the characteristic CO behavior of a
significant slope change at Tco. The resistivity jump at
Tco tends to smear out with Sr substitution, but the slope
change is still clearly noticeable. The inset shows the
magnetic susceptibility, x(7) = M/H. The broad feature of
x(T), starting below about 145K, results from antiferro-
magnetic ordering, and the sharp drop of x(7') at higher
temperatures signals CO. Note that the drop of x at Tco
originates from the switching of magnetic correlations from
ferromagnetic to antiferromagnetic due to CO.'¥

Figure 3(a) shows Tco and Ty determined from d1n p/dT
and dy/dT, respectively. Ty varies little with x, but Tco
changes drastically and becomes minimum at x = 0.2.
Tco initially decreases with x, consistent with the increase
of tolerance factor. However, for x above the structural
boundary at x = 0.2-0.25, Tco sharply increases with x.
Note that this behavior of T-o resembles the bicritical nature
of two competing, antagonistic ground states.'® The details
of the CO configurations were studied using TEM. Insets in
Fig. 3(a) shows [010] zone-axis typical electron diffraction
(ED) patterns obtained from untwinned CO domains of
Bip5CapsMnOs (left) and BigsSrgsMnO;3 (right) at room
temperature. For x = 0 and 0.05, the fundamental spots are
consistent with an orthorhombic Pnma structure. In addition
to the Pnma-type Bragg peaks, superlattice spots are clearly
visible at (1/2 00)-type positions. The superlattice reflec-
tions result from the CB-type charge/orbital ordering,
characterized by a modulation wave vector, ¢ = a*/2, where
a* is the reciprocal lattice vector along [100] direction. A
couple of features in the ED patterns of x = 0.35 and 0.5 are
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Fig. 3. Compositional dependence of: (a) Charge ordering temperature
Tco (O: p warming, @: p cooling, and A: x warming) and
antiferromagnetic ordering temperature 7y (M) determined from
dlnp/dT and dy/dT, respectively. (b) Incommensurability §. Insets:
[010] zone-axis electron diffraction patterns from untwinned CO domains
of Biy5CagsMnOj (left) and BigsSrgsMnO; (right) at room temperature.
Fundamental diffraction spots are shown with numbers, and superlattice
spots from CO are indicated with arrows. (c) The magnetic susceptibility
measured at 100 K.

different from those of Pnma-type. The absence of (100)-
or (001)-type spots in the patterns indicate that the structure
is close to tetragonal, such as Imma. In addition to this
difference in fundamental peaks, the superlattice peaks for
x=0.35 and 0.5 indicate a different CO scheme with
incommensurate wave vector, ¢ = (1/2 — §)a*, where §
measures the incommensurability. We found that § varies
slightly in different crystallites. The range of measured § in
different regions is shown in Fig. 3(b) with the average §
value. Note that the results of our high-resolution TEM
experiments on BigsSrgsMnOs; showed that the lattice-
fringes with 2.8 A= a/2) spacing for the DS-type CO shifts
occasionally due to the presence of antiphase boundaries,
and that the spacing between these boundaries is about 20a
(110 A), indicating that the incommensurability with § =
0.06 is of a discommensuration-type. We note that no
significant temperature dependence was found down to 90 K.
The magnetic susceptibility at 100K with x exhibits a
behavior similar with that of § [Fig. 3(c)], suggesting that
magnetic susceptibility increases with increasing incom-
mensurability. It is worthy to note that this amount of § is
enough to result in phase-separation or ferromagnetism in
the CB-type LagsCagsMnO3.2%!> The smooth evolution
of volume across the structural phase boundary in
Bip5(Ca,Sr)g sMnO3 probably indicates the nature of

Bi 65 lone pairs does not change across the structural
phase boundary, so this may not be an important consid-
eration for the different CO schemes found in
Big 5(Ca,Sr) sMnO3. However, the strong localization ten-
dency of charge carriers in Bigs(Ca,Sr)gsMnOj is probably
related with the presence of Bi 65> lone pairs, which may
be randomly frozen in the perovskite A-sites, inducing
random local structural distortions. The difference between
Bi0_5Cao,5MnO3 and Bio_5Sro.5MnO3 may result from the
different chemical pressure or tolerance factor. For example,
in the case of BiysSrysMnO3 with large Sr ions, large local
Jahn-Teller structural distortions around Mn ions can be
accommodated while the small tolerance factor associated
with Ca ions induces uniform distribution of Jahn-Teller
distorted regions. Evidently the subtle interplay among
Bi 652 lone pairs, Jahn—Teller distortion around Mn3" ions,
and tolerance factor plays a crucial role in fixing the CO
pattern in Bi-based half-doped manganites.

4. Conclusions

In conclusion, the phase diagram of Biys5Cag 5_,Sr,MnO3
exhibits a bicritical nature of two types of CO ground states,
indicating the immiscibility as well as competition between
these CO phases. CO in BigsSrgsMnO3, maintaining the
Jahn-Teller characteristics of LaMnQOs, turns out to be
robust against thermal and chemical fluctuations. Our results
suggest that the DS-type CO in Bigs5SrpsMnO3; can be
stabilized by a large tolerance factor associated with Sr ions
through accommodating the local lattice distortions due to
Bi 65 lone pairs and Jahn—Teller Mn ions.
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