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Electron Transport Behavior of Multiferroic Perovskite BiMnOj3 Prepared by
Co-Precipitation Method *
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Perovskite BiMnOs samples are successfully synthesized by the co-precipitation method at relatively low pressure
and moderate temperature. The temperature dependences of resistivity are measured and systematically inves-
tigated. It is shown that the electrical resistivity increases sharply with the decrease of temperature above 210 K
and the fitted results demonstrate that the thermally activated conduction model is the dominant conduction
mechanism for the electron transport behaviors in this temperature region. A dual conducting mechanism, i.e.,
the variable range hopping and thermal activated conduction, is suggested to be responsible for the transport
behaviors of BiMnQOs in the region of 180-200 K. Moreover, the resistivity increases slightly with the decrease of

temperature below 180 K and the transport is governed by the variable range hopping mechanism.

PACS: 72.80.Ga, 72.15.Eb, 66.70.Df

Multiferroic BiMnOgjz has been widely studied
because it possesses ferromagnetic and ferroelec-
tric properties simultaneously.[''”] As a result, it is
highly important in applications in multifunctional
devices.l’ ] BiMnOj3 shows three different crystalline
structures depending on the ambient temperature. It
reveals a high distorted perovskite-type monoclinic
phase I (space group: C2/c) at temperature below
474 K, a monoclinic phase I (space group: C2) in the
region of 474-768 K and an orthorhombic phase (space
group: Pnma) above 768 K up to the decomposition
temperature, respectively. (0]

BiMnOj3 has been synthesized by various
methods.[®) Bulk BiMnOs samples can be synthesized
only at high pressure (P > 3 GPa) and high temper-
ature (7' ~ 500°C-700°C). BiMnOg3 has metastable
characteristics at low pressure or under ambient
conditions.l” ' This situation makes it a hard ma-
terial for fundamental research. In the present work,
systematic efforts are made to synthesize BiMnOg
compounds by the co-precipitation method with a
high purity at low pressure and moderate tempera-
ture.

BiMnOg3 exhibits the semiconductor behavior in a
wide temperature region. However, the mechanisms
for the electron transport behaviors of BiMnOj are
still in debate. For example, some researchers sug-
gested that the thermally activated conduction mech-
anism is responsible for the transport behavior.l'”] As
a contrast, others believed that it is the variable range
hopping (VRH) mechanism which governs the electron
transport behavior.!'”]

To understand the underlying physical mecha-
nisms for the electron transport behavior of BiMnO3
more clearly, further systematical works are very im-
portant and necessary. In this work, temperature de-
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pendences of resistivity in perovskite BiMnQOg are sys-
tematically investigated. To our interest, in the tem-
perature region above 210K, the thermally activated
conduction mechanism is responsible for the transport
behavior of BiMnQOj3. The transport behavior in the
region of 180-200 K can be well explained with a dual
mechanism: the thermally activated conduction and
the VRH conduction. Tt is found that the electron
transport behavior below 180K is governed by the
VRH mechanism. Our results indicate that the elec-
tron transport behavior of BiMnOg may result from
the combined effects of different conduction mecha-
nisms.

The BiMnO3 samples were synthesized by the co-
precipitation method with bismuth oxide (Bi2Os),
manganese chloride (MnCly4H50), sodium hydroxide
(NaOH), concentrated nitric acid (HNO3) and polyg-
lycol as reactants. All the chemicals used in this work
were analytical grade and the distilled water was used
as the solvent throughout the experiment.

First, the distilled water and concentrated HNOg
with the volume ratio of 1:2 were used for the prepa-
ration of dilute HNO3 BiQOg, and MHCIQ4H20 in
stoichiometric proportion (1:2 mole ratio) were dis-
solved in the sequence of dilute HNO3 and polyglycol
(5% mass fraction), respectively. An excess aqueous
NaOH was drop-wise added into the mixed solution to
precipitate the hydroxides of manganese and bismuth.
To ensure the complete precipitation process, the PH
value of the mixed solution should reach twelve. Fur-
thermore, the color of the precipitate changed from
white to brown gradually during the precipitation pro-
cess. Finally, the mixture was transferred to a distil-
lation flask and then sealed with a magnetic stirrer at
100°C under constant stirring for 6 h. Eventually, the
mixture was filtered until the solution was neutral.
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The precipitate was dried in the oven all day. The
powders were then pressed into pellets, and heated in
300°C for 3h.

X-ray diffraction (XRD) measurement with Cu ra-
diation at a scanning rate of 0.02s~! was employed
to characterize the crystalline structure of BiMnOg
samples at room temperature. The chemical bonding
states were revealed by the x-ray photo electron spec-
troscopy (XPS) with Mg excitation. Scanning electron
microscope (SEM) was employed to investigate the
morphology of the BiMnOg samples. Resistivity mea-
surements were carried out by the physical property
measurement system (PPMS 6000, Quantum Design,
USA) with the common four-probe method.
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. SEM image of BiMnOg3 samples.
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Fig.2. The XRD patterns of BiMnO3 samples carried
out at room temperature.

Figure 1 shows the SEM image of the BiMnOg;
samples. It is noted that the dense BiMnOg samples
comprising nanoparticles are observed. To investigate
the crystalline structure of the BiMnOg3 samples, the
XRD measurements were carried out at room temper-
ature. Figure 2 displays the typical XRD patterns of
the polycrystalline BiMnO3z sample. The prominent
peaks presented in Fig. 2 show relatively small width
at half maximum (FWHM), indicating the formation
of the crystalline phase. Furthermore, the low back-
ground and sharp peaks results also suggest the high
crystallinity of the BiMnQOg sample.

The patterns include eight obvious diffraction
peaks and all those observed reflection peaks can be
readily indexed to the pure monoclinic (Space group:
C2/c) structure with lattice parameters of a = ¢ =
3.935A, b = 3.989A and 8 = 91.0°.'" It is noted
that this XRD profile is in good agreement with that
in the reported work.['”] The results indicate that this
co-precipitation method can facilitate the formation

of pure BiMnO3 sample with relatively homogeneous
morphology.
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Fig. 3. Typical XPS spectrum of Mn 2p region for the
BiMnO3s sample.

XPS was used to characterize and analyze the
chemical state of manganese element in the BiMnOj
sample. The experimental spectrum is reported (black
solid) together with result of total curve fitting (red
dash-dotted). Moreover, the dark cyan, magenta,
olive and orange lines are referred to the fitted results
of Mn3+ 2p3 /2, Mn3+ 2p1 /2, Mn*+ 2py /2 and Mn*+
2p3 /2, respectively (Fig. 3). It is noted that the Mn 2p
doublet is composed of two fitted doublet lines. It is
assigned to Mn®* and Mn**, respectively. The fitting
results show that the atom ratio Bi:Mn:0=1:1:3.29,
indicating the existence of interstitial oxygen ions in
BiMnO:;.
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Fig. 4. Temperature dependence of electrical resistivity
(black points) and dp/dT (2-cm/K) curves (red line) for
the BiMnOg sample.

Figure 4 shows the temperature dependences of
electrical resistivity (p) of the BiMnOg sample in the
temperature range of 140-260 K. It is noted that the
electrical resistivity decreases with increasing temper-
ature in the whole measured temperature range. A
clear upward inflection near 210K can be observed
in the resistivity versus temperature curve (the con-
version temperature is defined as the temperature at
which the dp/dT curve has the maximum slope). The
resistivity is in an order of ~10° Q-cm at 26 K, which
is much lower than the previously reported value.['"]
This low resistivity indicates the presence of a signif-
icant amount of Mn** cations,!'”) which is affirmed
by the results of XRS spectrum (Fig. 3). In the tem-
perature region above 210 K, the electrical resistivity
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increases sharply with the decrease of temperature.
As the temperature goes below 210 K, the resistivity
increases slightly with decreasing temperature and it
eventually reaches a magnitude order of ~10° Q-cm.

The electrical resistivity upward inflection near
210 K means that the conversion of electron transport
behavior for perovskite BIMnOg3 occurs at ~210 K. For
a more intuitive observation of the resistivity change
trend, the dp/dT (Q-cm/K) versus T curve of the
BiMnOj3 sample is re-plotted in Fig.4 (red line). It
is found that the curve shows an obvious peak at
~210K. It is noted that this peak is sharp and steep.
The curve becomes flatter as the temperature goes be-
low 180 K.
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Fig. 5. Fitted results of the conductivity versus temper-
ature of BiMnOs3, (a) above conversion temperature by
the activated model, (b) in the temperature region 180—
200K by the two-mechanism model, (c¢) below 180K by
the three-dimensional VRH model.

The underlying mechanism for the electron trans-
port behavior of perovskite BiMnOgs is an interest-
ing issue. Firstly, the electron transport behavior
above the conversion temperature of 210K is inves-
tigated. The results show that the electrical resistiv-
ity of BiMnOgs exhibits a rapid increase trend with
decreasing temperature, indicating the semiconductor
behavior of BiMnO3 without controversy. We try to
fit the result using the thermally activated conduction
model in the temperature region above the conver-

sion temperature of 210 K. For the thermally activated
conduction, the conductivity (o) can be expressed as
Oactivated = Aexp(—FEx/kT), where E is the acti-
vation energy, and k is the Boltzmann constant.['"]
The activation energy Ea with a value of 0.149eV
is calculated from the Arrhenius plot of Ino versus
1000/T" (Fig.5(a)). However, Ex for the stoichiomet-
ric BiMnO3 is estimated at 0.26 eV,['*] which is higher
than our results. It is well known that the electronic
structure and electrical properties of BiMnOg3 are re-
lated to its oxygen defects.['”) The DOS calculations
indicate that the interstitial oxygen ions in BiMnOg
decrease the activation energy.l”-?!] Therefore, we can
expect that the existence of the interstitial oxygen ions
in our BiMnO3 sample results in the lower activation
energy, as indicated by the XPS results in Fig. 3.
Secondly, the electron transport behavior of
BiMnOg3 in the temperature range of 180-200K is
discussed. Our attempts to fit the transport behav-
ior using the simple activated or VRH model have
failed. It seems that no single conduction model
could accurately describe the electron transport be-
havior of BiMnOg3 samples in this discussed temper-
ature range. To explain the electron transport be-
haviors of NdNiQOg, Catalan et al.l*?! have proposed a
model by assuming that more than one mechanism
plays a role simultaneously for the electron trans-
port behavior. Moreover, MgTiyO,4 and its La-doped
counterparts have also been successfully interpreted
for their electrical behavior by the dual conduction
mechanism model.[**] We try to fit the temperature
dependences of conductivity in this temperature re-
gion by considering two different contributions: one is
from the contribution of thermal activated behavior;
and the other is from the contribution of VRH be-
havior. In the fitting, the thermal activated conduc-
tivity takes the form of oactivated = A exp(—FEa/kT)
and the VRH conductivity takes the form of oyryg =
Bexp[—(Ty/T)"/*], where Ty = (2.587)*/N(Er)R%k
with N(Er) being the density of the states around
the Fermi level, oyry is the VRH distance, Ea is
the thermal activation energy, and k is the Boltzmann
constant.!'"-?*?] It can be seen from Fig. 5(b) that the
relationship between conductivity and temperature in
the temperature range of 180-200 K meets the for-
mula of 0(T) = Gactivated +ovRE = Aexp(—Ea /kT) +
Bexp[—(Ty/T)'/*] very well. The fitting parameters
are Epn = 0.233¢V and Ty = 7.543 x 1079 K. It is
noted that the thermal activation energy in this tem-
perature region is higher than that above the conver-
sion temperature of 210 K. This is due to the reason
that the higher energy is needed for the electron trans-
port behavior in this low temperature region.
Eventually, the slightly increasing resistivity
with decreasing temperature also demonstrates the
semiconductor state of the BiMnOgs sample below
180K. We try to fit it with the VRH law o =
Bexp[—(Ty/T)"/*.7% 2% 1t is found that the VRH
model can fit the experimental data well at tempera-
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tures below 180 K, as shown in Fig. 5(c), with a fitting
parameter of Ty = 50.079 K. As a result, the resistivity
behavior versus temperature for BiMnQO3z below 180 K
can be explained by the VRH electron transport mech-
anism. According to this behavior, the Mn3+OMn*+
complex allows electron-hopping conduction by the
double exchange mechanism.['”!

In summary, perovskite BiMnOjs samples have
been synthesized by the co-precipitation method and
the corresponding electron transport behavior is sys-
tematically discussed. To give a more general insight
into the transport behavior, the temperature depen-
dences of conductivity are fitted using different con-
ducting mechanisms. The electron transport behav-
ior above 210K is governed by the thermally acti-
vated conduction mechanism, and the VRH conduc-
tion mechanism is responsible for the behavior be-
low 180 K. Moreover, the transport behavior of the
BiMnOjs system in the temperature range of 180-
200K results from the combined effects of the VRH
and thermally activated conduction.
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