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Abstract

A comparative investigation of the charge modulation tendencies in R–M–MnO3 and Bi–Sr–MnO3 manganites reveals

remarkable differences in these series of materials. By means of magnetic, magnetotransport, synchrotron X-ray and neutron

diffraction, as well as pulsed high magnetic fields data, we compare the systematic electronic and magnetic properties of several rare-

earth-based manganites and bismuth-based Sr manganites. The differences between these types of systems are rationalized in terms

of the role that the different electronic structure of bismuth and rare earth plays in these materials.

r 2003 Elsevier Science (USA). All rights reserved.

1. Introduction

Charge ordering (CO) is a fascinating phenomenon in
metal oxides with important implications in the ‘colos-
sal’ magnetoresistance (CMR) of manganese perovskites
and in the high-temperature superconductivity of copper
oxides. The discovery of CMR, in R1�xMxMnO3

manganites (R=trivalent lanthanide, M=Ca, Sr, Ba)
has led to an explosion of interest in the tendency
displayed by many of these manganites to form
nanoscopic inhomogeneous states: electronic phase
separation and CO phenomena [1–4]. Although the
ionic picture [4,5] describes the CO as a real space
ordering of the eg electrons, a more realistic scenario for
the CO state in manganites emerges from recent studies
[6], which have observed ordered Zener polarons (ZP).
In this scenario, each eg electron is shared by a Mn–O–
Mn trio (with quite opened Mn–O–Mn bond angle)

instead of a single Mn ion [6]. This sharing is responsible
for the ferromagnetic coupling (double-exchange) of the
two Mn atoms involved and implies that, in fact, Mn in
Zener polarons presents mixed valence.

The stability of CO is determined by the Coulomb
repulsion between charges and the elastic energy from
the lattice deformations that accommodate the asso-
ciated orbital ordering. It is known that in many
compounds R3+ ions and Bi3+ ions play the same role.
Sometimes, however, this is not so. In this paper we
present a comparative investigation of the charge
modulation, electronic and magnetic transitions in
R1�xMxMnO3 and Bi1�xSrxMnO3 manganites. We
mainly focus, although not exclusively, on x ¼ 1=2
materials, for which real space charge/ZP-ordering is
especially remarkable. Marked differences are found
when comparing the physical properties of rare earth
and Bi oxides. They can be ascribed to the highly
polarizable 6s2 lone pair of Bi, which contrary to Bi–Ca–
MnO3 systems plays an active role in Bi–Sr–MnO3

family.
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2. Experimental

Polycrystalline R–(Ca,Sr)–MnO3 and Bi–Sr–MnO3

ceramics were prepared as black powders by standard
solid-state synthesis in air. After some intermediate
treatments, the final annealing temperatures were
between 11501C and 14501C, depending on the com-
pound. Neutron powder diffraction (NPD) patterns
were collected at ILL (Grenoble, France) in the
temperature interval 1:5oTo700 K. Several diffract-
ometers and wavelengths were used, D2b (l ¼ 1:594 Å),
D20 (l ¼ 2:42 Å) and D1b (l ¼ 2:52 Å). Synchrotron
powder X-ray diffraction (SXRPD) patterns were
collected on BM16 (l ¼ 0:4424 Å) diffractometer of
ESRF (Grenoble, France) between 170 and 700 K.
Structural and magnetic parameters were refined by
the Rietveld method using the program FULLPROF
[7]. Susceptibility was measured over the range
5oTo800 K. Magnetotransport characterization was
performed by the four-probe method, using a commer-
cial PPMS system (Quantum Design) in the temperature
range 5oTo350 K. High-magnetic-field studies were
performed at the facilities of the SNCMP in Toulouse
(France), between 4.2 and 300 K. Using the discharge of
a bank capacitor in the coil, pulsed fields up to 50T
(35 T) are obtained with a duration time of 0.6 s (1.6 s).
Magnetic field magnetization measurements up to 50T
were also performed in the LVSM in Leuven (Belgium)
(pulse duration of 20 ms).

3. Results

3.1. Magnetic, magnetotransport and diffraction

measurements

The resistivity of the Sr-doped R0.5Sr0.5MnO3 samples
(R=Pr, Nd) and Bi0.5Sr0.5MnO3 at zero field is shown
in Fig. 1 below room temperature (RT). The resistivity
corresponding to Ca-doped and more distorted
Nd0.5Ca0.5MnO3 sample is also shown for comparison.
The jump in the resistivity in the rare-earth perovskites
contrasts with the absence of resistive transitions in the
Bi compound below RT. Fig. 2 shows the temperature
dependence of the inverse susceptibility of x ¼ 1=4; 1/2
and 2/3 Bi–Sr samples in the temperature range
300–700 K. A clear anomaly can be observed, which
besides changes in the Curie temperature, is accompa-
nied by a sudden change in the slope due to the
formation of ordered ZPs below the transition. The
effective paramagnetic moment changes from
meff ¼ 4:5ð1ÞmBð4:68ð4ÞmB) above the transition to
meff ¼ 6:8ð4ÞmBð5:26ð2ÞmB) below the transition in
Bi0.50Sr0.50MnO3 (Bi0.75Sr0.25MnO3). Moreover, below
the transition, NPD and SXRPD data confirm the
formation of small superlattice peaks originating from

the larger unit cell necessary to describe the structural
modulation induced by CO. Fig. 3 shows the evolution
in temperature of the integrated intensity corresponding
to one of the most intense superstructure peaks for
Nd0.5Ca0.5MnO3 (from NPD) and Bi0.5Sr0.5MnO3 (from
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Fig. 1. Comparison of the electrical resistivity in zero field of several

R0.5A0.5MnO3 compounds and Bi0.5Sr0.5MnO3.
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MnO3 oxides (H ¼ 1T, curves have been shifted for the sake of

clarity).

0

20

40

60

80

100

120

0

1000

2000

3000

4000

5000

6000

0 200 300 400 500 600 700

(1 1/2  0)

(2  1/2  2)

TCO

(2
 1

/2
  2

) 
 In

te
gr

at
ed

 In
te

ns
ity

 (
a.

u.
) 

(1
  1

/2
  0

) 
  I

nt
eg

ra
te

d 
In

te
ns

ity
 (

a.
u.

)

Temperature (K)

Bi1/2Sr1/2MnO3

Nd1/2Ca1/2Mn O3

100

TCO

Fig. 3. Integrated intensity of two superlattice peaks as a function of

temperature: (1 1/2 0) for Bi1/2Sr1/2MnO3 (from SXRPD), and (2 1/2 2)

for Nd1/2Ca1/2MnO3 (from neutron data).

J.L. Garc!ıa-Munoz et al. / Journal of Solid State Chemistry 171 (2003) 84–89 85



SXRPD). The corresponding indexes are shown in the
figure. All the peaks associated with the structural
modulation can be indexed by doubling the cell of the
average Pbnm structure along b. The presence of these
k ¼ ð01

2
0Þ superstructure peaks and the CE-type mag-

netic structure observed for the modulated phase (as
shown in the left column of Fig. 4 for Nd0.5Ca0.5MnO3

and Bi0.5Sr0.5MnO3) confirm that in all cases the
transition is of CO. The lattice parameter evolution
with temperature for the average CO cell is shown for
Nd0.5Ca0.5MnO3 and Bi0.5Sr0.5MnO3 in Fig. 5(a). The
figure illustrates the effects below TCO of the ordered
stabilization of FM Mn–Mn pairs. A static component
of a cooperative Jahn–Teller distortion appears in both
the rare-earth and Bi compounds due to selective orbital
ordering occupancy in the ab plane.

In Fig. 6 we have gathered the transition temperatures
(charge and/or orbital order) in Ca and Sr half-doped
manganites, and they are shown as a function of the
average /Mn–O–MnS distortion determined from
neutron diffraction data [8]. Although Bi3+ and La3+

have very similar ionic radii in many oxides, replace-
ment of La by Bi in this case leads to an increase of the
average Mn–O–Mn distortion. The average bonding
angle /yS=/Mn–O–MnS is E51 more bent for Bi
than for La in R0.5Sr0.5MnO3 series (see Table 1). But
/yS for Nd0.5Sr0.5MnO3 is E11 more bent than for Bi.
However, TCO(Bi0.5Sr0.5) is more than 350 K higher than
TCO(Nd0.5Sr0.5). A behavior that falls out of the classical
bandwidth tuning approach for the evolution of TCO as
a function of the average tilting of the octahedra in the
R1/2M1/2MnO3 series [9,10]. The extraordinarily high
CO transition temperature in Bi1/2Sr1/2MnO3 (525 K)
has no precedent in R–Mn–O manganites, and cannot
be justified by simply considering the average buckling
of the Mn–O–Mn bonds.

Fig. 4. Comparison of the magnetic structures observed in several

R1/2A1/2MnO3 phases.
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Fig. 6. Dependence of the ordering temperature TCO for
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average Mn–O–Mn angular distortion. Note the saturation below RT

decreasing the R size.
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As shown by the resistivity measurements, there is a
strong decrease of the mobility of eg electrons when Bi
substitutes a big rare-earth in Sr-doped manganites. The
resistivities of Bi0.5Sr0.5MnO3 measured (heating) at
m0H ¼ 0 and 5T are depicted in Fig. 7. It is apparent
that this compound does not present any significant
magnetoresistance for an applied field of 5 T. For
comparison, we have also plotted in this figure the
corresponding resistivity of polycrystalline
Pr0.5Sr0.5MnO3, which shows the recovery of the
ferromagnetic metallic state under such a moderate
field. At this point we recall that the carrier mobility is
strongly reduced in very distorted manganites such as
Y0.5Ca0.5MnO3, Ho0.5Ca0.5MnO3 or Tb0.5Ca0.5MnO3.
Nevertheless, in spite of having a reduced one-electron
effective bandwidth and a high degree of strain in the
structure, TCOo300 K in all these compounds (see
Fig. 6). The material has always to be cooled for
stabilizing the CO phase. This is in great contrast with
Bi0.5Sr0.5MnO3.

3.2. High magnetic field study

The existence of remarkable differences between
R0.5(Ca,Sr)0.5MnO3 and Bi0.5Sr0.5MnO3 oxides has been
also confirmed by studying the stability of the CO/OO
phases in high magnetic fields. Charge and orbital
ordered states can be disrupted under application of
external fields. In the magnetic-field-melting mechanism
the induced polarization of the electronic spins competes
with the trapping of the charges and favors their
delocalization. Isothermal magnetization measurements,
using long pulsed magnetic fields, were done after a
zero-field cooling process. The magnetization measure-
ments at 4.2 K of the perovskites with Sm–Ca, Pr–Ca,
La–Ca and Bi–Sr are shown in Fig. 8. In the rare-earth
manganites the sudden increase in the magnetization is
related to the melting of the CO/OO state. The
thermodynamic transition field, HC; is defined as
the average of the saturation fields (Hþ

c and H�
c ; for

the up and down sweeps). In Fig. 9 we have plotted the
evolution of the thermodynamic transition fields (Hc) at
4K as a function of the ordering temperature TCO: It is
apparent that Bi–Sr falls out of the general tendency
to smaller transition fields in the half-doped rare-

earth compounds as the R size increase. Notice that
an external field of 8T is enough to melt the CO
state of Nd1/2Sr1/2MnO3, whereas the CO state of
Bi1/2Sr1/2MnO3 is unaffected by a magnetic field of
40 T. To fully saturate the Mn magnetic moments in the
latter (3.5mB/Mn), fields higher than 50 T are required.
At least 40 T more than in La1/2Ca1/2MnO3. For the
sake of comparison, such a field is enough to provoke

Table 1

Comparative interatomic distances and angles of R1/2Sr1/2MnO3 oxides at RT

Sample y1 (deg)a y2 (deg)a /yS (deg) d1 (Å)a d2 (Å)a /dMn2OS

Nd1/2Sr1/2 162.4(4) 167.8(3) 166.0(3) 1.931(1) 1.939(1) 1.936(1)

Bi1/2Sr1/2 164.7(1) 168.0(7) 166.9(5) 1.910(1) 1.963(4) 1.945(2)

Pr1/2Sr1/2 180 164.3(2) 170.1(1) 1.947(1) 1.928(1) 1.934(1)

La1/2Sr1/2 180 168.6(2) 172.4(1) 1.9338(2) 1.9376(6) 1.936(1)

ay1, y2, d1; and d2 stand for yMn�O1�Mn; yMn�O2�Mn; /dMn�O1S and /dMn�O2S, respectively.
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the melting of the CO state in the very distorted
Sm0.5Ca0.5MnO3 oxide.

4. Discussions and conclusions

There are several reports dealing with the evolution of
the tilt system increasing the size of the A cations [9,10].
At RT all of the R1/2Ca1/2MnO3 compounds have Pbnm

(or Pnma) symmetry [9–11]. At low temperatures, in the
manganites with narrow bandwidth the commensurate
k ¼ ð01

2
0Þ modulation associated to the CE-type charge

ordered state persists for x values even well below the
x ¼ 1=2 doping. For instance, the structural modulation
is k ¼ ð01

2
0Þ in Pr1�xCaxMnO3 within the interval

1=3oxo1=2; where the so-called pseudo-CE-type mag-
netic structure is found. On another hand, for an off-
stoichiometry corresponding to values of the
Mn4+:Mn3+ ratio larger than one (over-doped samples)
[12,13], the structural modulation follows the electron
concentration k ¼ ð0 ð1 � xÞ 0Þ: Microscopically, this
occurs as the result of the alternation of different types
of commensurate structures [12,14].

The scenario in Sr-doped manganites, which present
wider eg bandwidths and more straightened Mn–O–Mn
bonds, is rather different. An evolution with R of the tilt
system has been observed at RT giving more anisotropic
oxides [10]. At low temperatures, CE-type CO state
occurs in a very narrow compositional range around
x ¼ 0:5 in Sr-doped manganites with R-sizes between
Nd and Pr. To be emphasized is that, at variance with
Bi0.5Sr0.5MnO3, pseudo-CE-type magnetic ordering has
not been previously observed in Sr-doped manganites
around xB1=2: Instead, the FM metallic (xpB0:5) and
AFM metallic (xXB0:5) A-type ordered phases [15]

(for R[Nd]oRoR[Pr]) compete with CE-type CO.
Finally, for R4R[Pr], CE-type CO structure is sub-
stituted by A-type (charge disordered) phase. Moreover,
the A-type CE-type competition occurs for a quite small
x-range, R–Sr manganites having a Mn4+:Mn3+ ratio
significantly higher than 1 stabilize an A-type phase.
These general features contrasts with the behavior of Bi–
Sr compounds.

Above TCO; diffraction data for our Bi0.5Sr0.5MnO3

sample was consistent with a single Pbnm phase.
Decreasing temperature the sample actually splits into
two macroscopic phases with slightly different lattice
parameters when cooled below TCO: Fig. 5 illustrates the
evolution of the refined lattice parameters for, hereafter,
CE-type Bi–Sr [55 wt%, modulation vector k ¼ ð01

2
0Þ]

and A-type Bi–Sr [45 wt%, modulation vector
k ¼ ð000Þ] phases. As a result of the aforementioned
competition between A and CE-phases, macroscopic
phase segregation is commonly observed in samples with
even very small compositional fluctuations these two
phases (CE- and A-type) have very similar energies [9].
The corresponding magnetic structures (pseudo-CE-
and A-type) are shown in Fig. 4. For both magnetic
phases we have observed TNE150 K.

Next, we want to focus on the comparison of the
A-type phases of rare-earth and Bi manganites doped
with Sr. In fact, our results indicate that they are quite
different. First, orbital and magnetic order occur
simultaneously in the A phase with rare-earths
(TN ¼ TOO). For Bi, the evolution of the lattice
parameters in Fig. 5(b) tells us that TOOE525 K, while
TNE150 K. The rare-earth A phases are 2D metallic
antiferromagnets [16,17], characterized by a planar
x2–y2-type orbital ordering that yields highly conductive
2D bands. The resistivity is metallic-like above TOO and
remains moderately low even below this temperature
[16]. On the other hand, Figs. 1 and 7 confirm that the
resistivity of the Bi A phase is several orders of
magnitude higher (the proportion of the A-type phase
in the sample of Fig 1, 45 wt%, warrants that it
percolates the system). Furthermore, Fig. 8 confirms
that the orbital-order stability under field in Bi A phase
is very high. This is in contrast with the fragility of the
rare-earth case. Related to this, the different magneto-
resistive response of both A-type phases is very apparent
in Fig. 7. Thus, there is strong charge localization in the
Bi–Sr A phase which contrasts with the 2D metallic state
in the R–Sr case. Consequently, an important question
is whether, in this A-type phase, eg electrons are
randomly distributed (disordered) on the Mn4+sites or
do they form an ordered structure. Does exists Zener
polaron ordering also in this phase? It is clear that the
double-exchange interaction is not the main responsible
for the ferromagnetic planes in the Bi–Sr A phase,
despite it is the most probable scenario with rare earths.
For Bi, the A-type magnetic order can be easily
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explained if eg electrons order in the planes, confined in
dx2�y2 orbitals, forming a check-board structure. On the
contrary, a random localization of eg electrons (absence
of CO) would induce frustration in the magnetic
interactions. In consistence with present data, the
proposed CO/OO does not imply supercell periodicity
or superlattice peaks. The search of the associated
breathing-type distortion requires additional works that
are in course.

The tendency in R–Ca manganites to real space
charge or polaron ordering is especially remarkable for
x ¼ 1=2 doping. Changing the doping level to lower (or
higher) values (unbalance of electrons and holes) has
been found to decrease TCO or even suppress CO as
happens in R–Sr compounds. In particular, the excess
electrons weaken the strength of the CO state: TCO

decreases from B240 K for x ¼ 0:5 to B200 K for x ¼
0:3 in the Pr1�xCaxMnO3 series [18] and CO disappears
for La0.55Ca0.45MnO3, while La0.5Ca0.5MnO3 presents
TCOB225 K [19]. The higher stability of CO in half-
doped samples is usually attributed to the fact that the
Coulomb energy gain due to CO and the strain energy
gain due to OO are maximal when Mn3+/Mn4+ ratio
is 1. This is not so in (Bi,Sr)MnO3 compounds. As
suggested by Fig. 2 the charge-ordered phase of
Bi0.75Sr0.25MnO3 presents a transition temperature
TCO ¼ 600 K (see also Ref. [20]), well above the
ordering temperature in half-doped Bi0.50Sr0.50MnO3

(TCO ¼ 525 K). Hence, in underdoped Bi0.75Sr0.25MnO3,
an off-stoichiometry corresponding to a Mn3+/Mn4+

ratio of 3 increases TCO by B75 K with respect to
half-doping. This is against the general tendency
displayed by rare-earth-based manganites. This unusual
behavior must be attributed to the increase in the
concentration of bismuth, and it is a confirmation of the
key role of Bi3+ ions in CO phenomena displayed by
Bi1�xSrxMnO3 series.

The possibility that Bi and Sr form some kind of
ordering was examined and has to be ruled out in these
oxides. According to the structural data given in Refs.
[8,21] the present results suggest that the 6s2 lone pair of
Bi3+ is weakly screened in (Bi,Sr)MnO3 compounds. An
orientation of the 6s2 lone pair toward a surrounding
anion (O2�) can produce a local distortion or even a
hybridization between 6s-Bi-orbitals and 2p-O-orbitals
[8,21]. As a result the movement of eg electrons through
the Mn–O–Mn bridges can be severely reduced and
charge order tendency strongly favored.
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