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Bi(Fe1−xMnx)O3 ceramics (x up to 0.3) were prepared by rapid sintering. Weak ferromagnetism with two
magnetic anomalies at low temperatures was observed for Bi(Fe0.95Mn0.05)O3 and Bi(Fe0.9Mn0.1)O3. From
temperature-dependent magnetic relaxation measurements, the anomalies at 20 K and 100 K are related
to the freezing of cluster spin glass.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Multiferroic materials have simultaneously at least two ferroic
orderings, such as ferromagnetism, ferroelectricity, ferroelasticity,
and ferrotoroidicity, which enables a coupling interaction between
them and provides novel functionalities [1]. However, single phase
multiferroic materials are very rare due to the mutual exclusion
of the simultaneous magnetic and electric ordering [2]. Among
them, R3c BiFeO3 (BFO) is one of the most widely studied mul-
tiferroic materials for its above room temperature (RT) magnetic
Néel temperature (TN ∼ 643 K) and ferroelectric Curie temperature
(TC ∼ 1103 K) [3]. Enhanced ferroelectric polarization with rem-
nant polarization Pr of ∼60 μC/cm2 has been reported in high
quality epitaxial BFO films and single crystals [4,5]. However, the
large leakage current of BFO thin films at RT is known to be a se-
rious problem, which could limit the various applications of this
material [6]. On the other hand, BFO has a superimposed incom-
mensurate cycloid spin structure with a periodicity of about 64 nm
[7]. This structure cancels the macroscopic magnetization and in-
hibits the observation of the linear magnetoelectric effect [8].

As a solution, ion substitution is a general method to sup-
press the leakage current and induce RT ferromagnetism in BFO
[9–11]. With Co or Ni substitution on Fe sites, enhanced room
temperature ferromagnetism has been reported [12,13]. Mn has
been clearly demonstrated to be effective in suppressing the leak-
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age current and improving the ferroelectricity in BFO [6,9,14,15].
Recently, strong RT ferromagnetic thin film of BiFe0.5Mn0.5O3 has
been reported [16]. However, till now a systematic magnetic in-
vestigation on Mn substituted BFO is still lacking [14–16]. Further-
more, the low temperature anomalies in the magnetic properties
of BFO are still open questions [17]. In this Letter, we present de-
tailed magnetic investigations on Bi(Fe1−xMnx)O3 with x = 0.05,
0.1 and 0.3. The low temperature magnetic anomalies at 20 K and
100 K for Bi(Fe0.9Mn0.1)O3 have been demonstrated to be related
to the freezing of cluster spin glass.

2. Experimental details

Bi(Fe1−xMnx)O3 (x = 0.05, 0.1 and 0.3) ceramics were prepared
by sol–gel method with rapid sintering process. However, the con-
tent of impurity phases in Bi(Fe1−xMnx)O3 (x = 0.5) is very high.
Thus we concentrate our study on Bi(Fe1−xMnx)O3 with x up to
0.3. Appropriate amounts of Bi(NO3)3 · 5H2O, Fe(NO3)3 · 9H2O, and
Mn(NO3)2 were dissolved in ethylene glycol. The obtained solu-
tions were dried at 80 ◦C, and then sintered at 450 ◦C in air for
24 h. The obtained powders were ground, and pressed into 1 mm
thick disks with a diameter of 13 mm. The disks were directly put
into an 800 ◦C oven and sintered in air for 20 min. The sintered
disks were taken out from the oven and cooled to room temper-
ature within several minutes. The structure of samples was stud-
ied by X-ray diffraction (XRD) with Cu Kα radiation and scanning
electron microscopy (SEM) measurements. The magnetic proper-
ties were measured by a physical property measurement system
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Fig. 1. XRD patterns of Bi(Fe1−xMnx)O3 bulk ceramics with (a) x = 0.05, (b) x = 0.1,
and (c) x = 0.3. The stars mark the impurity phase of Bi25FeO39.

(PPMS-9, Quantum Design) and a superconducting quantum inter-
ference device magnetometer (SQUID) with fields up to 7 T and in
the temperature range from 4 K to 350 K.

3. Results and discussions

The XRD patterns of the sintered Bi(Fe1−xMnx)O3 ceramics are
shown in Fig. 1. It can be seen that all Bi(Fe1−xMnx)O3 samples
exhibit the rhombohedral structure (R3c). However, small impu-
rity peaks marked by stars at 2θ around 30◦ have been observed,
which are identified to be from Bi25FeO39. This impurity phase is
always a byproduct obtained during the preparation of BiFeO3 ce-
ramics [5]. It should be noted that the diffraction intensity from
the impurity phase is almost unchanged and comparable to that in
BFO [18], indicating that the formation of Bi25FeO39 is not from the
Mn substitution. However, Mn substitution distorts the R3c struc-
ture, leading to the disappearance or merger of certain reflection
peaks, for example, (006) and (018) peaks [14].

Fig. 2 shows the typical surface SEM images of Bi(Fe1−xMnx)O3
ceramics. The grain size of Bi(Fe0.95Mn0.05)O3 is fairly uniform and
estimated to be about 1 μm. With increasing the Mn concentration
to 0.1, the grain size distribution becomes rather nonuniform, and
the size of grains is estimated to be about 500 nm. After further
increasing the Mn concentration to 0.3, the grain size and distri-
bution change little compared with Bi(Fe0.9Mn0.1)O3.

Fig. 3 shows the magnetic hysteresis loops for Bi(Fe1−xMnx)O3
ceramics measured at 5 K. Similar to previous reports on Mn sub-
stituted BFO, no significant improvement of the magnetic proper-
ties has been observed [14,15]. Weak ferromagnetism can be ob-
served, and doesn’t saturate even at 70 000 Oe for all the samples.
The magnetization increases with increasing Mn concentration.
The remnant magnetization for Bi(Fe0.95Mn0.05)O3 is 0.073 emu/g,
increases to 0.093 emu/g for Bi(Fe0.9Mn0.1)O3 and 0.20 emu/g
for Bi(Fe0.7Mn0.3)O3. For Bi(Fe0.95Mn0.05)O3 and Bi(Fe0.9Mn0.1)O3,
weak ferromagnetism can still be observed at 300 K. However, for
Bi(Fe0.7Mn0.3)O3, the weak ferromagnetism disappears at 300 K, as
can be seen the nearly linear M–H curve without hysteresis loop.

Fig. 4 shows the temperature-dependent magnetization curves
for Bi(Fe1−xMnx)O3 ceramics. Zero field cooled (ZFC) and field
cooled (FC) temperature-dependent magnetization curves were
measured under 1000 Oe from 5 K to 300 K. For Bi(Fe0.7Mn0.3)O3,
the magnetization for both FC and ZFC curve increases with de-
creasing temperature, indicating the paramagnetism (Fig. 4(c)). The

Fig. 2. Surface SEM images of Bi(Fe1−xMnx)O3 bulk ceramics with (a) x = 0.05,
(b) x = 0.1, and (c) x = 0.3.

slight difference between ZFC and FC curves below about 100 K in-
dicates the weak ferromagnetism at low temperature, as shown in
the M–H curve at 5 K (Fig. 3(c)). For Bi(Fe1−xMnx)O3 with x = 0.05
and 0.1 the FC magnetization continues to increase with decreas-
ing temperature. Interestingly, the ZFC curve bifurcates from the
FC one below 350 K and exhibits 2 peaks. The 2 peaks (one at
around 27 K and the other around 116 K) can be observed more
clearly for Bi(Fe0.9Mn0.1)O3, thus we concentrate on this sample in
the following studies.

We performed history-dependent magnetic memory measure-
ments using a cooling and waiting protocol suggested by Sun et
al. [19]. The sample was cooled at 1000 Oe and the magnetiza-
tion was measured with cooling, but temporarily stopped at 150 K,
100 K, 50 K and 20 K (one above and the other three below the
peak temperature of 116 K from ZFC M–T curve) for a waiting pe-
riod of 2 hours. During waiting, the field was set to zero. After
the stop, the 1000 Oe field was re-applied and cooling and mea-
suring were resumed. The temporary stops resulted in a step like
M–T curve (solid line, black) in Fig. 5. After reaching 4 K, the sam-
ple was heated back in the same field, and the magnetization was
recorded again (circle, blue). During the heating the M–T curve
also has a step like behavior at 20 K, 50 K and 100 K. Thus, the
system remembers its thermal history. The step like feature in the
temperature-dependent magnetization is a result of magnetic re-
laxation at the stopping point [19], and indicates the spin glass
phase. As shown in the inset, there is no memory effect at 150 K,
and precludes the spin glass phase.

To clearly understand the spin glass behavior in Bi(Fe0.9Mn0.1)O3
the thermo-remnant magnetization (TRM) depending on time was
measured at various temperatures below 350 K by cooling the
sample in a field of 10 000 Oe from 350 K to the final tempera-
ture, abruptly decreasing the field to zero and observing the decay
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Fig. 3. Magnetic hysteresis loops measured at 5 K of Bi(Fe1−xMnx)O3 bulk ceramics
with (a) x = 0.05, (b) x = 0.1, and (c) x = 0.3. The insets show the corresponding
M–H curves measured at 300 K.

of remnant magnetization. For the cluster spin glass, a stretched
exponential decay is expected [20–22],

M(t) = M0 + Mr exp

[
−

(
t

τ

)1−n]
, (1)

where the intrinsic ferromagnetic component M0 and the glassy
component Mr mainly contribute to the relaxation effects ob-
served. The time constant τ and exponent n are related to the
relaxation rate of the cluster spin glass phase. The cluster spin
glass behavior and its freezing temperature T f can be determined
from the TRM measurements, which coincide very closely with
temperature-dependent ac susceptibility measurement [20,23].

Fig. 6(a) shows a typical relaxation curve measured at 20 K. The
red line is Eq. (1) fit to the data. It can be clearly seen that the fit-
ting to the experimental data is very good. On the other hand,
for canonical spin glass, a linear relation was observed between M
and ln t in the magnetic relaxation process [24]. As can be seen
in the inset of Fig. 6(a), the nonlinear relation between M and
ln t excludes the possibility of canonical spin glass. By fitting the
TRM curves at different temperatures, we can get the parameters
M0, Mr , and n, as shown in Fig. 6(b). It should be noted that the
relaxation is observed not only below the freezing temperature,
but also up to the ferromagnetic transition temperature [20]. M0
and Mr depend strongly on temperature. The ferromagnetic com-
ponent M0 decreases with increasing temperature. The variation
of the relaxation component Mr with T shows a peak at around
20 K and 100 K, which roughly agrees with the anomalous tem-
perature of 27 K and 116 K from ZFC curve. n is close to 0.5 in
the temperature range between 5 K and 300 K, which is also an
indication of the cluster spin glass [20–22]. However, n deviates

Fig. 4. FC (dashed lines) and ZFC (solid lines) magnetization of Bi(Fe1−xMnx)O3 bulk
ceramics with (a) x = 0.05, (b) x = 0.1, and (c) x = 0.3.

Fig. 5. Temperature-dependent memory effect of Bi(Fe0.9Mn0.1)O3 in the dc magne-
tization. The solid line is measured during the cooling in 1000 Oe with a stop of
2 hours at 150 K, 100 K, 50 K and 20 K. The field is cut-off during stop. The dotted
line is measured with continuous heating at the same rate after the previous cool-
ing protocol. Memory effects are observed at around 20 K, 50 K and 100 K marked
by “∗”. The inset shows the enlarged view of the part marked by “+”. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of this Letter.)

from 0.5 significantly at around 20 K and 100 K, where the cluster
spin glass transition happens. Similar phenomenon was observed
in Bi(Fe0.95Co0.05)O3, and we attributed it to the appearance of new
magnetic interaction [23], which can be seen that there are two
ascents at around 20 K and 100 K in the temperature-dependent
M0 curve. The maximum in Mr coincides with the cluster freezing
temperature [20,23]. Thus we can conclude there is a cluster spin
glass in Bi(Fe0.9Mn0.1)O3 with two freezing temperatures of about
20 K and 100 K.
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Fig. 6. (a) Measured (open symbol) and fitted (solid line) time-dependent remnant
magnetization at 20 K (the inset shows the magnetization in dependence on ln t).
(b) The temperature-dependent M0, Mr , and n (inset), of Bi(Fe0.9Mn0.1)O3.

In our previous study on Bi(Fe0.95Co0.05)O3, two freezing tem-
peratures of cluster spin glass, one at 260 K and the other at 100 K,
have been observed [23]. The higher T f is related to the canted an-
tiferromagnetic arranged spins between Fe ions, and the lower T f
is related to the ferrimagnetic arranged spins between Co and Fe
ions [23]. The observed similar phenomenon of cluster spin glass
with two freezing temperatures indicates the similar magnetic
interactions inside the Mn-doped BiFeO3. From Raman measure-
ments, we have clarified that the structural distortion on Fe atomic
sites by Co substitution is stronger than the structural distortion
on Fe atomic sites by Mn substitution [25]. Thus in contrast to the
enhanced room temperature ferromagnetism in Bi(Fe0.95Co0.05)O3
[12], weak ferromagnetism was observed in Mn-doped BiFeO3, and
also the shift of T f to lower temperature. The T f at around 100 K
can be attributed to the canted antiferromagnetic arranged spins
between Fe ions, and at 20 K can be attributed to the ferrimag-
netic arranged spins between Mn and Fe ions for Bi(Fe0.9Mn0.1)O3.

4. Conclusions

Bi(Fe1−xMnx)O3 bulk ceramics with Mn concentration x up to
0.3 were prepared by rapid sintering using sol–gel derived fine
powders. No significant improvement of the magnetic properties
has been observed on Mn substitution. Weak ferromagnetism was
observed and the magnetization increases with increasing Mn con-
centration. Two anomalies in the ZFC M–T curves are observed
for Bi(Fe1−xMnx)O3 with x = 0.05 and 0.1. With the temperature-

dependent magnetic relaxation measurements, the anomaly at
around 100 K can be attributed to the canted antiferromagnetic
arranged spins between Fe ions, and 20 K can be attributed to
the ferrimagnetic arranged spins between Mn and Fe ions for
Bi(Fe0.9Mn0.1)O3.
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