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Abstract

We have investigated the structural, magnetic and transport properties of La1�xBixMnO3 samples. As the Bi content

increases, a structural transition from rhombohedral to pseudocubic and a magnetic phase transition from

ferromagnetic ordering to cluster glass are identified. Metal–insulator (MI) transitions and large magnetoresistance

(MR) effects are observed at low Bi doping levels, while insulating behavior of resistivity is found in the whole measured

temperature range at high-doping levels. Two distinct ferromagnetic insulating (FI) states are found at low

temperatures in this system. One can be suppressed and the other can be enhanced by applying magnetic fields. Possible

reasons for the observed structural, magnetic phase transitions and changes of resistivity behavior with Bi doping are

discussed.

r 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, there has been a lot of interest in
rare-earth manganese perovskites due to their
potential technological applications and the fascinat-
ing physical phenomena they exhibit such as colossal
magnetoresistance (CMR), metal–insulator (MI)
- see front matter r 2004 Elsevier B.V. All rights reserve
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transition, charge ordering (CO) and orbital
ordering (OO) [1–5]. The interplay between
magnetic, transport and structural properties gives
rise to the above-mentioned complex phenomena.
One of the most extensively studied systems is the
La1�xAxMnO3 series of compounds, where A
constitutes trivalent or divalent cations. The
undoped LaMnO3 is an antiferromagnetic insula-
tor. The correct structure for stoichiometric
LaMnO3 at room temperature is orthorhombic.
When doped with divalent cations on the La sites,
d.
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Table 1

Lattice constants and other selected parameters of structure for La1�xBixMnO3 compounds

X a (nm) a (1) V (10�3 nm3) /rAS (nm) t s2 (10�7 nm2)

0.10 0.5503(2) 59.76(1) 117.18(1) 0.1222 0.9133 3.6

0.20 0.5508(2) 59.79(2) 117.60(1) 0.1224 0.9140 6.4

0.25 0.5512(1) 59.83(1) 117.96(1) 0.1225 0.9144 7.5

0.40 0.5520(1) 59.97(1) 118.84(2) 0.1228 0.9154 9.6

0.50 0.55232(7) 60.02(1) 119.21(1) 0.1230 0.9161 10.0

0.60 0.55320(5) 60.12(1) 120.03(2) 0.1232 0.9168 9.6

Note that /rAS, t and s2 are calculated from cationic radii r(La3+)=0.122 nm and r(Bi3+)=0.124 nm.
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a remarkable transition from a paramagnetic
insulator (PI) phase to a ferromagnetic metal
(FM) phase occurs below the Curie temperature
T c. This transition has been explained by the
double exchange (DE) interaction between Mn3+

and Mn4+ ions [6]. The hole concentration, the
average size of A-site cations hrAi and the size
mismatch at the A-site represented by the variance
s2 ¼ hr2Ai � hrAi

2 are found to be three important
factors that govern the physical properties of these
manganites [7–9]. On the other hand, another
perovskite-type manganese compound BiMnO3

exhibits a very different structure and properties.
It is a ferromagnetic insulator with a Curie
temperature of 105–110K. The observed magnetic
moment at 5K and 5T reaches 3.6 mB, slightly
smaller than the fully aligned spin moment 4 mB for
Mn3+ [10,11]. It has a triclinic structure at room
temperature and the origin of its ferromagnetism is
still not clear. Recent work [12] showed that the
MnO6 octahedra in BiMnO3 are fairly distorted
from the regular ones. The authors suggested that
the strongly polarized Bi lone pair electrons are
responsible for the heavily distorted triclinic
structure of BiMnO3. When doped with divalent
cations (such as Ca, Sr) on the Bi sites, no MI
transition is observed. Instead, strong charge
ordering is easily found over a broad doping
range [13,14]. It was also found that the average
MnO6 octahedra in these doped Bi-containing
manganites are about 0.5% larger than those of
the La analogous. The replacement of La by Bi
causes an increase of the average Mn–O–Mn
distortion. The lone pair electrons were suggested
to play a role in these compounds [13].
It is interesting to investigate the intermediate
compounds La1�xBixMnO3 (LBMO) between the
two end compounds. This system was first briefly
studied by Troyanchuk et al. [15] and only
ferromagnetism was addressed. However, we think
this system is worthy of detailed investigation
because the two end compounds have very
different structures and properties although Bi3+

is expected to substitute La3+ completely due to
their isovalence and very similar ionic radii found
in many oxides [16]. In particular, Bi doping does
not introduce holes into the system and causes
only very small A-site cationic mismatch (Table 1).
In this work, we investigate in detail the structure,
resistivity and magnetic property of LBMO. We
observed large magnetoresistance effects in this
system. We also found two distinct ferromagnetic
insulating (FI) states at low temperatures.
2. Experimental

Polycrystalline samples of nominal composition
La1�xBixMnO3 were synthesized by conventional
solid-state reaction in air. Highly pure powders of
La2O3, Bi2O3 and MnO2 were mixed and ground,
then fired at 900–1000 1C for 30 h with several
intermediate grindings. The sintered mixtures were
reground, pelletized and sintered at 1100–1200 1C
for 12 h followed by furnace–cooling to room
temperature at a rate of 5 1C/min. X-ray powder
diffraction (XRD) experiments were carried out on
Rigaku D/Max-3C using Cu K radiation, 40 kV
accelerating voltage and 30mA working current.
Magnetic property was measured with a Quantum
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Design MPMS SQUID magnetometer. Magneti-
zation measurements were performed in both a
zero-field-cooled (ZFC) and a field-cooled (FC)
mode in a field of 100G. The resistivity of samples
under fields up to 5T was measured between 5 and
300K by the standard four-probe method. The
magnetic field direction was parallel to the current
direction.
3. Experimental results

The X-ray diffraction analyses of our samples
show that single-phase samples can be obtained
for xo0:6. When xX0:6, impurity phase (Bi2O3)
starts to appear with an amount of about 6%
(estimated from the integral intensity of peaks). In
Fig. 1 we show some XRD patterns of these
samples. This indicates that Bi behaves very
differently and cannot substitute La completely
at ambient conditions although they are very
similar in valence and ionic radius, consistent with
the fact that BiMnO3 can only be synthesized
under high pressure [10–12]. We found all our
samples can be well indexed using a rhombohedral
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Fig. 1. Room temperature X-ray powder diffraction patterns

for x ¼ 0:2, 0.25, 0.4, 0.5 and 0.6. Rhombohedral symmetry is

identified for these samples. The marked peaks come from

impurity phase Bi2O3.
cell. As the Bi content increases the lattice constant
a, cell volume V and the rhombohedral angle a

also increase linearly (see Table 1). Actually, when
x ¼ 0:5, the angle is very close to 601 and the peaks
can also be well indexed using a cubic cell, but the
observed intensities of the Bragg reflections cannot
be explained within the cubic symmetry. We may
call the symmetry of this sample pseudocubic. As
the Bi content continues to increase, the angle
becomes larger than 601. Taking into account that
BiMnO3 is triclinic, we can expect the symmetry to
be further divergent from cubic as x increases from
0.6 to 1.0. Apparently, the symmetry evolution
should not be attributed to the slight increase of
tolerance factor t with increasing Bi content (see
Table 1). Pseudocubic phases were also observed
in La0.88Sr0.12MnO3 [17] at both low and high
temperatures. In these phases the cooperative
Jahn–Teller (JT) distortion is very small or even
removed. As stated earlier, Bi-doping causes the
enhancement of Mn–O–Mn distortion, therefore
reducing the range of the cooperative JT distor-
tion. This seems the reason why we see the
pseudocubic symmetry at x ¼ 0:5.
An early study of LaMnO3 [18] showed that

when the percentage of Mn4+ is larger than 20%,
the room temperature structure is rhombohedral.
Recent work on LaMnO3+d [19] showed that
stoichiometric LaMnO3 should be prepared in the
absence of oxygen. Sintering in air inevitably
results in nonstoichiometric LaMnO3+d with
d40. d depending on the sintering temperature.
Lower sintering temperature will lead to higher d.
When d � 0:09, the rhombohedral structure is
observed with both the rhombohedral angle a and
the lattice constant a decreasing with rising d.
Actually, the real composition of LaMnO3+d

should be better expressed in terms of cationic
vacancies other than excess oxygen, i.e.,
La1�ZMn1�ZO3 with Z ¼ d=ð3þ dÞ [20]. Taking
the volatility of Bi into account, it is reasonable
that there are Mn4+ ions and cationic vacancies in
our samples, which are related to the rhombohe-
dral structure of these samples. It should be
pointed out that the cell volume in Ref. [19]
decreases with the increase of cationic vacancy Z
(or d ) (see Table 1 of Ref. [19]). In contrast, the
expansion of cell volume with increasing Bi
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content was found in our samples (Table 1).
Compared with undoped LaMnO3+d, the lattice
constant of our samples is larger. These results
suggest that the doping of Bi is an important
factor which leads to the expansion of cell volume.
It was established [16] that the effective ionic
radius of Bi3+ depends on the character of the 6s2

lone pair. When the lone pair character is
dominant r(Bi3+)=0.124 nm (CN=9), which is
bigger than r(La3+)=0.122 nm (CN=9); when the
lone pair character is constrained, r(Bi3+)=
0.116 nm (CN=9). So it is reasonable to conclude
that the 6s2 lone pair character is dominant in our
samples.

Fig. 2 shows the temperature dependence of
magnetization M for x ¼ 0:2, 0.25, 0.4, 0.5. All
samples exhibit a paramagnetic to ferromagnetic
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Fig. 2. Temperature dependence of d.c magnetization M(T) for

x ¼ 0:2, 0.25, 0.4 and 0.5. The data were collected in a field-

cooled (FC) and zero-field-cooled (ZFC) mode under a

magnetic field of 100G.
transition when temperature is lower than a critical
temperature T c, which is 167, 156, 96 and 80K for
x ¼ 0:2, 0.25, 0.4 and 0.5, respectively (here T c is
defined as the mid-temperature of the transition
range). Ferromagnetism is apparently due to the
DE interaction between Mn3+ and Mn4+ ions in
these samples, as suggested in the previous work
[15]. As the Bi content increases, both Tc and the
magnetization M decrease. Meanwhile, the diver-
gence between the FC and the ZFC measurements
at 20K is also enhanced, indicating the departure
from a good ferromagnet. Ferromagnetism was
also observed in nonstoichiometric LaMnO3+d

[19], however, there is no simple relation between
d and T c or saturation magnetization. Both spin
glass (SG) behavior and metamagnetic canted spin
(MCS) behavior were found in lower and high d
regions, respectively. Spin glass behavior was also
observed in highly defective La1�xMn1�yO3 [21]. In
LBMO, the magnetization behavior of the x ¼ 0:4
and 0.5 samples is different from the SG behavior
because we didn’t observe the cusp in their ZFC
curves, which is a characteristic feature of SG
behavior [22]. Besides, in canonical SG systems the
FC magnetization shows a nearly constant value
below the irreversibility temperature Tr at
which ZFC and FC curves merge, but the FC
magnetization of these samples increase strongly
below Tr. A similar phenomenon was found in
La0.7�xYxCa0.3MnO3 [23], where as x increased
there was a gradual trend toward reduced magne-
tization and when x ¼ 0:15 the magnetic behavior
was very similar to that of our x ¼ 0:5 sample. This
magnetization behavior was interpreted as a cluster
glass behavior because both magnetization relaxa-
tion and aging effects found in these compounds
give evidence of the existence of magnetic clusters.
Fig. 3 shows the temperature dependence of

resistivity with and without external magnetic
fields for the x ¼ 0:2, 0.25, 0.4 and 0.5 samples.
When H ¼ 0, the resistivity increases rapidly as
the Bi content increases. Insulating behavior of
resistivity is found for xX0:4 in the whole
measured temperature range (in Fig. 3(c) only
the data at T4120K are showed). When x ¼ 0:2,
the sample undergoes transitions from an insulat-
ing state to a metal-like state below T1 ¼ 155K
and then to another insulating state below
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Fig. 3. Temperature-dependent resistivity rðTÞ of La1�xBix-

MnO3 samples measured under the magnetic field H ¼ 0, 1 and

5T. (a) x ¼ 0:2, (b) x ¼ 0:25, (c) H ¼ 0, x ¼ 0:4, the inset shows
the insulating behavior for x ¼ 0:5.
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T2 ¼ 38K (cooling measurement). For x ¼ 0:25,
T1 ¼ 106K, T2 ¼ 45K (cooling measurement).
Similar MI transitions were observed in both
nonstoichiometric La manganites [19,24] and lightly
doped manganites [25,26]. It should be noted that
the metal-like state between T1 and T2 is unusual
because the resistivity of this state is far above the
Mott limit for metallic conduction. However, for
simplicity, we call the transitions at T1 and T2 MI
transitions. The MI transition temperature T1

is inconsistent with the ferromagnetic transition
temperature Tc. Big differences between these
two transition temperatures were also found in
LaMnO3+d [19] and La(2�x)/3Ndx/3Ca1/3MnO3 [27].
Noticeable hysteretic behavior of resistivity is also
identified in these two samples around T1 and T2

(not shown). The transition temperatures shift
several Kelvins toward higher temperature side
during the warming process. This hysteretic beha-
vior was also found in other manganites [25].
When external magnetic fields are applied, the

resistivity is reduced a lot. For x ¼ 0:20, the
transition temperature T1 shifts towards high
temperature side, i.e. DT1 ¼ 13:5K at H ¼ 1T
and DT1 ¼ 17:4K at H ¼ 5T. But the transition
temperature T2 shifts towards low-temperature
side, meaning that the insulating state below T2 in
this sample can be suppressed under external fields
although it cannot be completely suppressed even
at H ¼ 5T. The magnetoresistance (MR) is nega-
tive and up to �59% at H ¼ 5T (see Fig. 4(a)),
where MR is defined as ½rðHÞ � rð0Þ
=rð0Þ. Similar
results were found in other manganites such as
La0.94Mn0.98O3 [24] and La0.84Sr0.16MnO3 [26].
For x ¼ 0:25, the shift of T1 is negligible, but T2

shifts towards high-temperature side, i.e.,
DT2 ¼ 15K at H ¼ 5T. The negative MR is up
to �74% at H ¼ 5T (see Fig. 4(b)). Evidently, the
insulating state below T2 in the x ¼ 0:25 sample is
not suppressed but enhanced to appear at higher
temperatures under external fields, opposite to
that of the x ¼ 0:20 sample. This result was also
found in lightly doped manganites La1�xSrxMnO3

with x ¼ 0:120:14 [25].
4. Discussion

As stated earlier, the role of the lone pair
electrons of Bi3+ cannot be ruled out in these
samples. Theoretical calculation [see Appendix A
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of Ref. [10]] shows that off-center shifts of the ions
with ns2 electronic configuration (hence, the struc-
tural distortion in a crystal) can take place to reach
an energy reduction. So it has been proposed [12,13]
that the lone pair preferentially orientates along a
direction due to Coulomb repulsion with the ligand.
The true situation might be rather of a covalent
nature than purely ionic. If the electron density of
the lone pair is high along some Bi–O bonds, then
the lone pair electrons could be involved in the
covalent interactions with Bi–O bonds, giving rise to
a bigger effective ionic size of Bi3+. In this case, the
resistivity enhancement and magnetic frustration in
LBMO are probably due to a partial hybridization
of the Bi 6s2 electrons with some O 2p orbitals,
which participate in the eg–2ps–eg chemical bond.
The partial hybridization could lead to carrier
localization by reducing the charge transfer of
bonding eg electrons from Mn3+ to Mn4+ ions,
resulting in the increase of resistivity with increasing
Bi-doping level. On the other hand, it could weaken
the DE interaction, reducing T c.
Another factor that may exert an influence on

the magnetic and transport properties of LBMO is
the existence of cationic vacancies. According to
the published work [21], the potential fluctuations
caused by cationic vacancies localize carriers,
driving the system to evolve into an insulating
state. On the other hand, it is likely that the
ferromagnetic DE interaction is weakened due to
the reduced mobility of carriers. Hence, the
frustration of magnetization and the changes of
resistivity behavior of LBMO may have some
contribution from the existence of cationic vacan-
cies. Until now, the role of cationic vacancies is
not fully understood. There is disagreement
among the published data. For example, according
to Ref. [19], the saturation magnetization of
LaMnO3+d increases with d to a maximum value
at around d ¼ 0:12, but for d40:12 it decreases
with increasing d. When dp0:13, LaMnO3+d

displays insulating behavior, while for d ¼ 0:14
and 0.18 an MI transition is found at 130K. The
authors suggested that higher vacancy concentra-
tions would result in samples showing MI transi-
tions, as the carrier number was increased in order
to overcome the competing effect of localization.
However, according to Ref. [21], all samples of
La1�xMn1�yO3 with high vacancy concentrations
(0:02px, yp0:13) show frustrated magnetization
and insulating behavior, suggesting the localiza-
tion effects outweigh the introduction of carriers.
The vacancy concentration of the d ¼ 0:18 sample
in Ref. [19] (equivalent to x ¼ y ¼ 0:057) is even
higher than that of the x ¼ 0:022, y ¼ 0:054
sample in Ref. [21]. We think, one possible reason
is that the role of Mn vacancies may be different
from that of La-site vacancies because Mn
vacancies more directly affect the ferromagnetic
DE interactions. So further studies on the role of
cationic vacancies are needed based on the
accurate measurement of both La- and Mn-site
vacancies other than the excess oxygen.
A remarkable feature in the resistivity curves

for x ¼ 0:2 and 0.25 is the transition to the
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ferromagnetic insulating (FI) state below T2. The
FI state can be frequently seen in manganites at
low temperatures. There seem to be two kinds of
FI states. One can be suppressed by applying
external pressure or magnetic fields, i.e. the
transition temperature TFI shifts towards lower
temperatures under pressure or magnetic fields and
disappears at a strong enough pressure or mag-
netic field, just like that found in La0.94Mn0.98O3

[24] and La0.84Sr0.16MnO3 [26]. The other is
enhanced by applying external pressure or mag-
netic fields, i.e. TFI shifts towards higher tempera-
tures under pressure or magnetic fields, just like
that found in lightly doped manganites
La1�xSrxMnO3 (x ¼ 0:120:14) [25]. In LBMO,
both kinds are observed. The first class appears in
x ¼ 0:2 and the second in x ¼ 0:25. The ferro-
magnetism in the insulating state cannot be
understood only in the framework of DE interac-
tions because the DE model predicts the coex-
istence of ferromagnetism and metallic nature.
Moreover, the second class of FI state is unusual
because it can be stabilized by applying external
magnetic fields or pressure. The first class of FI
state was thought to be due to the formation of a
JT polaron lattice (clusters) at lower temperatures
(TpTFI) [26]. The JT polarons are thermally
activated and barely mobile when TFIpTpTc,
but are weakly localized when TpTFI. The weakly
localized eg carriers can mediate the DE interac-
tion between the neighboring t2g spins and cause
the ferromagnetic state. The origin of the second
class of FI state was explained as the ferromag-
netic superexchange (SE) interaction induced by
an antiferromagnetic-type orbital ordering, which
accompanies carrier localization [17]. The SE
interaction is strongly dependent on the orbital
overlapping integrals, which in turn are expected
to be enhanced under pressure or magnetic fields.
Therefore, TFI shifts to higher temperatures. The
orbital ordering in this FI state occurs only when
the cooperative JT distortion is absent or sig-
nificantly reduced. As the cooperative JT distor-
tion is thought to be greatly reduced in our
rhombohedral samples, it seems that this kind of
orbital ordering could occur and be responsible for
the FI state at low temperature in our x ¼ 0:25
sample. However, for x ¼ 0:2, which is also
rhombohedral, we observe the first class of FI
state not the second one. This suggests that instead
of antiferromagnetic-type orbital ordering, JT
polaron ordering develops in x ¼ 0:2. It seems
that the change from orbital ordering to polaron
ordering is due to the change of the mobility or
density of carriers. Similar results were found in
La1�xSrxMnO3 system [25,26]. When x40:14 the
FI state changes from the second class to the first.
So if the above interpretation is essentially correct,
electron–lattice coupling plays significant roles in
these structural transitions at TFI. This topic
remains for further investigations.
Our work shows that the addition of Bi is

detrimental to the DE interaction. This may seem
inconsistent with the fact that BiMnO3 is ferromag-
netic. However, the ferromagnetic ordering in
BiMnO3 is most probably not caused by the DE
interaction. Published work supports this viewpoint.
Any hole doping (i.e. introduction of Mn4+) by
partly replacing Bi with Ca or Sr [13,14] does not
enhance ferromagnetism. Instead, it usually induces
charge ordering, destroying ferromagnetic ordering
rapidly. Recently, Atou et al. [12] have proposed a
new kind of orbital ordering for the ferromagnetism
of BiMnO3, in which two-thirds of the Mn–O–Mn
orbital configurations are favorable for ferromag-
netism via superexchange interaction. Superex-
change interactions were also suggested to be
responsible for the ferromagnetism in Mn3+-free
manganites Tl2Mn2O7 [28] and CaCu3Mn4O12 [29].
In conclusion, we observed a series of changes in

structure, magnetic and transport properties of
LBMO caused by Bi doping. The Bi 6s2 lone pair
electrons and the existence of cationic vacancies are
suggested to be two important factors, which localize
carriers, weaken the DE interactions and therefore
drive the system to evolve towards an insulating
magnetic glass. Two kinds of ferromagnetic insulat-
ing (FI) states were found in low temperatures. They
are two structural phases with long-range orbital
ordering and polaron ordering, respectively.
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