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Mn-substituted BipgCap;FeOs ceramics BiggCag,Fe1_xMnyOs (0 <x <0.5) were synthesized by a solid-
state reaction method. Powder X-ray diffraction investigations performed at room temperature show
that the crystal structure is rhombohedral for x <0.1 and orthorhombic for 0.2 <x <0.5. Compared to
the undoped BigpgCag>FeO3; compound, enhanced magnetization and electric polarization were observed
in the samples with x<0.1. A further increase in the magnetization with increasing x took place in
the samples with 0.2 <x <0.5. All the Mn-substituted samples studied are basically antiferromagnetic
accompanied by the appearance of weak ferromagnetism, which is similar to the BiFeO3 compound. The
conductivity of the samples with x > 0.3, measured between 140 and 380K, is of the semiconducting type.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Much attention has been paid to the multiferroic materials that
exhibit both magnetic and ferroelectric (FE) properties recently
[1-3]. A lot of interesting phenomena can be produced by the
coupling between the magnetic and FE degrees of freedom in
multiferroics, such as the magnetoelectric (ME) effect, in which
the electric polarization can be tuned by applied magnetic field
and vice versa [1-3]. Because of these new spectacular properties,
multiferroic materials can have many interesting and promising
potential applications. However, there are only a few materials
exhibiting both ferromagnetic (FM) and FE behaviors. For ABO3
perovskite compounds, theoretical studies have shown that the
mechanisms for magnetism and ferroelectricity are usually mutu-
ally exclusive in the same material [4] and empirically there are
indeed few multiferroic materials. Among the few multiferroics,
Bi-based perovskites are one important class of multiferroics, in
which the FM is due to the B-site transitional metal ions and the
FE is due to the A-site Bi ions [5]. BiFeOs is one of the few well-
known multiferroics that exhibits both FE order (Tc=1100K) and
G-type antiferromagnetic (AFM) order (Ty = 643 K) simultaneously.
It possesses a rhombohedrally distorted perovskite structure with
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space group R3c at room temperature (RT) [6]. Due to the canting
of the AFM sublattices, BiFeO3 exhibits weak FM even at RT. Mean-
while, a nearly sinusoidal spin structure along [1 1 0], leads to the
cancellation of the macroscopic magnetization and the prohibition
for observing the linear ME effect [7]. This spiral spin structure
can be suppressed or even destroyed by chemical substitutions
[8,9]. Recently, enhancement of magnetization has been reported
in Bi;_yAxFeOs3 (A=Ba?*, La3*, Ca?*, Sr?*) materials [9-12] and it is
thought that the substitution could suppress the incommensurate
spin configuration and cause the enhancement of the magnetiza-
tion. However, the B-site ion doping is a more direct and effective
way to affect the magnetic properties in ABO3 type perovskites
while keeping the FE properties similar to the parent compounds
[13,14], and enhanced magnetization is indeed observed in the Mn-
doped BiFeO3; compound [15,16].In the present work, we report the
effect of Mn-doping at Fe-site on the crystal structure, magnetic and
electrical properties of multiferroic BiggCag,FeOs.

2. Experimental

Polycrystalline Big g Cap»Fe;_xMn,O3 (x=0,0.05,0.1,0.2,0.3,0.4and 0.5) samples
were prepared by a conventional solid-state reaction method from high purity Bi, 03,
Fe,;03,MnO; and CaCOs. The stoichiometric powders were mixed thoroughly, placed
into Al,03 crucibles and then fired in air at 750 °C for 24 h. The resultant powders
were ground, pressed into small pellets and sintered at 850 °C for 24 h and finally at
900 °C for another 24 h with intermediate grinding.

The RT X-ray diffraction (XRD) measurements were taken by Philips X'pert PRO
X-ray diffractometer with Cu K, radiation. The structural parameters were obtained
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Fig. 1. Powder XRD patterns of the samples BipgCag,Fe;_xMn,O3 with x=0.1 (a)
and x=0.2 (b) at RT, respectively. Crosses indicate the experimental data and the
calculated data is the continuous line overlapping them. The lowest curve shows the
difference between experimental and calculated patterns. The vertical bars indicate
the expected reflection positions.

by fitting the experimental data of XRD using the standard Rietveld technique.
The resistance as a function of temperature was measured by the standard four-
probe method from 140 to 380K. Differential thermal analysis (DTA) was used to
determine the FE phase transition temperature (T¢). Dielectric measurements were
performed at 25°C using an LCR meter in the frequency range 100Hz to 1 MHz.
RT FE hysteresis loops were measured by using TF Analyzer 2000 (aixACCT) at a
frequency of 1 kHz. The magnetic measurements were carried out with a quantum
design superconducting quantum interference device (SQUID) MPMS system.

3. Results and discussion

The RT XRD results show that all BiggCagsFe;_xMnyOs3
(0 <x<0.5)samples are single phase with no detectable secondary
phases. The XRD patterns of the samples with 0 <x<0.1 can be
indexed by a rhombohedral lattice with space group R3c, which
is the same with the compound BiFeO3;. While the XRD patterns
of the samples with 0.2 <x <0.5 can be indexed by an orthorhom-
bic lattice with space group Pnma. The structural parameters are
refined by the standard Rietveld technique [17] and the fitting
between the experimental spectra and the calculated values is
relatively good based on the consideration of relatively lower R,
(<10%) values. Fig. 1 shows experimental and calculated XRD pat-
terns for the two representative samples with x=0.1 and 0.2,
respectively. The structural parameters obtained are plotted ver-
sus x in Fig. 2. As we can see, for samples with 0 <x <0.1, with
the increase in Mn content there is a decrease in both a and c
parameters of the unit cell. It results in unit cell volume con-
traction. This is expected since ionic radius of Mn#* (0.53 A) is
slightly smaller than that of Fe3* (0.645 A). While for samples with
0.2 <x <0.5, the unit cell volume also contracts with increasing Mn
content x. This is contrary to the anticipation that there will be
only a small structural impact if any, if we expect the ionic ratio to
be BiggCagFe3*gg_yMn*"o,Mn3",0; (0 <y <0.3) with practically
identical ionic radius for Mn3* and Fe3* (0.645 A). This anomaly has
also been reported in BigsCagsFexMn;_,O3 (0 <x<0.6) systems
recently [18].

Itis reported that BiggLag 1Feq_xMnxOs3 (0 < x < 0.5) compounds
possess a rhombohedrally distorted structure and keep FE charac-
teristics similar to BiFeOs in the whole doping range [15]. Recently
Bi;_xSrxFeggMng,03 (0 <x <0.2) ceramics have also been reported
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Fig. 2. (a) Mn substitution dependence of the lattice parameters, a, vb, c and (b)
unit cell volume, v.

to be multiferroic [19]. Similarly, we can also expect that our
samples with x <0.1, which possess noncentrosymmetric rhom-
bohedral structure, keep the FE properties similar to the parent
compound BiggCag,FeO3 with the same structure [11]. In order
to verify this hypothesis, a DTA study was carried out on the
representative sample with x=0.1, which is shown in Fig. 3. A
peak in the DTA curve can be observed at around 854 °C, which
might be due to the FE transition. Previous reports on the BiFeO3
[20], Bio.gLaOJ Fe1_xMnyOs3 [15] and Bil_XSI‘XFEO.gMHO.zog, [19] have
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Fig. 3. The DTA curve obtained for the BipgCag2Fep9Mng103 sample indicating
presence of ferroelectric transition (T¢) at ~854°C.
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Fig. 4. The loss tangent (tan§) and relative dielectric constant (¢}) (shown in the
inset) for the samples BipgCag2Fe;_xMnyO3 with x <0.1 in the frequency range of
100Hz to 1 MHz at 25°C.

attributed the peak observed in DTA in the vicinity of 830°C to
FE phase transition. The slight increase in T¢ of our sample might
result from the change of lattice distortion due to the Ca2* and Mn**
substitution. However, the samples with x > 0.2 possess centrosym-
metric orthorhombic structure, implying the absence of FE in them
at least at RT. There may exist some very interesting physical phe-
nomena in the vicinity of the critical structural phase transition
point, which is worth studying further.

Fig. 4 and the inset show the variation of loss tangent (tan§)
and relative dielectric constant (&) with frequency for the samples
BiggCagFe1_xMnyO3 with x <0.1 at 25°C. Compared to the par-
ent compound BiggCag,FeO3, the Mn-substituted samples show
substantial decrease in both &} and tan é at low frequencies, which
indicates reduced conductivity in the doped samples [21]. Their
dielectric traits, such as low dielectric loss tangent (tan §) of 0.030
at 270 Hz for the sample with x=0.05 and the weak dependence of
¢ on frequency, indicate that dipoles with small effective masses
(e.g., electrons and ferroelectric domain walls) mainly contribute
to ¢, instead of charged defects with large effective masses (e.g.,
oxygen vacancies). The improved dielectric properties at low fre-
quencies for the Mn-substituted samples can also be explained in
the following way: Mn substitution in the compound Big gCag,FeO3
decreases the oxygen vacancies through the formation of Mn#* and
thus decreases the low-frequency ¢} and tan 8. Note that it has been
reported that the heterovalent Pb%* substitution in BiggPbg,FeOy
has led to the formation of oxygen vacancies [22].

The RT polarization-electric field (P-E) measurements at a fre-
quency of 1kHz for the samples with x <0.1 reveal both a FE and
a leaky behavior of the samples, which are shown in Fig. 5. At the
maximum applied electric field, the remnant polarizations (P;) are
0.006, 0.022 and 0.039 p.C/cm? for x=0, 0.05 and 0.1, respectively.
Clearly, the remnant polarization increases with increasing Mn sub-
stitution. However, fully saturated hysteresis loops could not be
obtained due to the leaky nature of the samples.

The temperature dependences of magnetization between 5 and
380K in the field cooling (FC) measuring mode at H= 100 Oe for the
samples BiggCag,Fei_xMnxO3 with x <0.1 are shown in Fig. 6(a).
We can see that, the magnetization increases with the increase
of the Mn content in the sample. The magnetic hysteresis loops
are shown in Fig. 6(b). It can be clearly seen that the predomi-
nant character of the response is linear in the field but a weak FM
response also exists, which is especially obvious for the sample with
x=0.1 (the remnant magnetization M, and coercivity H, for it are
0.06 emu/g and 5.5 kOe, respectively). The zero field cooled (ZFC)
and FC magnetization curves at 100 Oe for the sample with x=0.1
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Fig. 5. RT polarization-electric field hysteresis loops P(E) measured at a frequency
of 1kHz for the samples with x <0.1.

are presented in Fig. 7. A great discrepancy between ZFC and FC
curves and the cusp in ZFC at low temperature can be clearly seen
for this sample. Such behavior has already been observed for lots
of manganites in the same temperature range. Different factors,
such as, magnetic disorder, magnetic frustration and the existence
of small magnetic particles, can result in this behavior. In our
case, the possible competing Fe3*-0-Mn** FM and Fe3*-0-Fe3* or
Mn#*-0-Mn** AFM interactions, or the mechanism similar to what
leads to the low temperature spin glass behavior in the compound
BiFeO3 [23], might cause this behavior observed in the samples
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Fig. 6. (a) The temperature dependence of magnetization for the samples
BipsCapaFe;_xMn,O3 with x <0.1 between 5 and 180K at 100 Oe. (b) Field depen-
dence of magnetization for the samples with x <0.1 at RT.
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Fig. 7. Magnetization versus temperature (M-T) curves at 100 Oe for the sample
withx=0.1.

with x <0.1. However, more extended and detailed study (such as,
magnetic field effects on properties) might throw some light on
this behavior. These results support the fact that the samples with
x < 0.1 are basically AFM but have a weak FM. The origin of the weak
FM may be due to the small spin canting and the suppression of the
spiral spin structure due to Mn substitution [24], or the possible
Fe3*-0-Mn*" FM interactions.

The temperature dependence of magnetization in different
fields for the sample with x=0.2 are shown in Fig. 8. There are
two clear maxima in the low field ZFC curve at Tax1 =23 K and
Tmax2 =45K, and the FC curve deviates significantly from the ZFC
one well above Tpax2. But this effect is smeared in higher fields,
which can be seen in the inset of Fig. 8. The deviation of FC curves
from the ZFC ones can be considered as an indication that a great
magnetic inhomogeneity exists in the sample and the transition at
Tmax2 is of magnetic nature. This transition is not of pure AFM type.
Either some FM phase coexists with the main AFM one, or the AFM
is accompanied by a so-called weak FM of Dzyaloshinskii—-Moriya
type. The latter possibility seems to be more reasonable, because
the peak disappears in higher fields and similar behavior has also
been observed in the Bip5CagsFexMn;_x03 (0 <x <0.6) and other
systems [18,25]. This suggestion is also supported by the fact that
almost in all of our lightly Mn-doped samples a significant diver-
gence between the FC and ZFC curves was observed, especially in
the low temperature region. This fact as well as a large coercive
field evidences a significant magnetic anisotropy as it will be shown
later.
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Fig. 8. Magnetization as a function of temperature in ZFC and FC processes with
applied fields 100 and 5000 Oe for the sample with x=0.2. Inset, an enlarged part
around the local magnetization maximum in the ZFC curves with different applied
fields.
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Fig. 9. (a) The M-T curves (FC) at H=1000e obtained for the samples with
0.2 <x<0.5. Inset, enlarged M-T curves for the samples with x=0.2, 0.3. (b) M-H
curves for the samples with 0.2 <x<0.5 at 5K. Inset, a more close sight for the
samples with x=0.2, 0.3.

The cusp at Trhax1 and the greater discrepancy between ZFC and
FC curves below this temperature for the sample with x=0.2 are
very similar to those observed for the samples with x <0.1 as dis-
cussed above. In fact, both the splitting temperature and the cusp
shifting to lower temperature under a higher magnetic field of
5000 Oe were really observed here, as can be seen in the inset of
Fig. 8.

Fig. 9(a) shows the FC curves of the samples with 0.2 <x <0.5.
There is a great increase in magnetization with increasing x. This
increase can also be obviously seen in the magnetic hysteresis loops
at 5K as shown in Fig. 9(b). Another feature was observed in the
samples with x > 0.3. There are two kinks in both ZFC and FC curves
for all the samples, especially obvious for the sample with x=0.5.
The higher temperature kink shifts toward lower temperature with
increasing x. The temperature, at which the ZFC curve starts to devi-
ate from the FC one, decreases with increasing Mn content. This
indicates that the samples become more homogeneous with higher
Mn substitution. In order to further study the magnetic properties,
the M-T curves in different applied fields for the sample withx=0.5
are plotted in Fig. 10. Two magnetic transitions can be clearly seen
in the low field M-T curves, and the higher transition temperature
Tc is around 196 K. The kink at this temperature becomes less obvi-
ous in a higher field of 10,000 Oe. This behavior is rather similar to
that of the sample with x=0.2 as discussed above. We remember
that one of the characteristics of the canted antiferromagnetic (CAF)
structure is that the magnetic interactions in the sample are pre-
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Fig. 10. The M-T curves for the sample with x=0.5 at H=1000e and 10,000 Oe.
Inset, the inverse susceptibility as a function of temperature in the ZFC processes
for the samples with x=0.4, 0.5. The solid lines stand for Curie-Weiss fitting.

dominantly AFM, but below the transition temperature T¢ a small
spontaneous moment develops, resulting in a magnetic state that
can be described as a weak FM state [26,27]. Keeping this in mind
and considering the fact that the sign of the Curie temperature
is negative for our samples deduced from the high temperature
Curie-Weiss fitting as it will be discussed later, we can consider
the magnetic behavior below T¢ (196 K) as the canted AFM state,
which is analogous to those observed for the samples with x < 0.2.

For the samples with x=0.4 and 0.5, we fitted the experimen-
tal data in high temperature region according to the Curie-Weiss
law, x=C/(T-0p). The temperature dependence of the inverse
magnetic susceptibility, 1/x, and the fitting curves are shown
in the inset of Fig. 10. The effective magnetic moment [iqf
values and paramagnetic Curie-Weiss temperatures 6p of the
two samples with x=0.4 and 0.5 deduced from experiments
are 4.531 pp, —134K and 4.247 p.g, —10K, respectively. The neg-
ative signs of Op confirm the AFM behavior of the samples.
Both of the effective magnetic moment . values obtained
from experiment for the two samples are smaller than the
calculated ones by assuming the stoichiometry of the com-
pounds with the ionic ratio BiggCagFe3*sMn**g,Mn3*;,03 and
BiggCagaFe3* o5 Mn*ty,Mn3*4 303 (i.e., 5.294 and 5.254 ., respec-
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Fig. 11. The plot of In p against T-! for the BiggCagp2Fe;_xMn,O3 compounds with
x=0.3, 0.4, 0.5. The solid lines stand for TAC fitting. The inset shows the variation of
activation energy E,.

tively). We can explain this fact if we assume that the AFM
interaction of Fe3* ions with surrounding ions is so strong that even
at relatively high temperature the magnetic moments of some Fe3*
ions have no contribution (similar to the formation of spin-singlet
states). In this context, we note that BiFeO3 and BiggCag,FeO3 are
AFM with the Néel temperature far above RT.

The samples with x=0.3, 0.4, 0.5 exhibit a semiconductor-type
electrical resistivity as shown in Fig. 11. The absolute value of the
resistivity decreases with increasing Mn content, which could be
attributed to the increasing of Mn3* ions with weaker mobile eg
electrons. The high temperature p(T) data can be fitted by the ther-
mally activated conduction (TAC) law, o(T) = pg exp(Ea/kgT), where
E, is the activation energy. As we can see in the inset of Fig. 10, the
value of E, gradually decreases from 317 meV (x=0.3) to 216 meV
(x=0.5) with increasing Mn content.

4. Conclusions

In conclusion, we have studied the effect of Mn substitution
on the crystal structure, magnetic and electrical properties of
the multiferroic Big gCag,FeOs. Single phase Big gCag;Fe1_xMnyO3
(0<x<0.5) samples have been prepared through solid state
reaction. A structural phase transition from rhombohedral to
orthorhombic is observed near x=0.2. For the samples with
x < 0.1, enhanced magnetization and electric polarization and sub-
stantially decreased low-frequency dielectric loss tangent at RT
were achieved compared to the parent compound BiggCag;FeOs.
The samples BiggCagsFe;_xMnxO3 (0.2 <x <0.5) show a greater
increase in magnetization with increasing x. The presence of a small
spontaneous magnetization in all the samples can be explained
by AFM accompanied by a weak FM component. The substitution
of Mn for Fe in the B-site has resulted in the enhanced FM by
the possible Fe3*-0-Mn** FM interactions, or the suppression of
the incommensurate spin configuration and causing a small spin
canting. The conductivity of the compounds with 0.3 <x <0.5 is of
semiconducting type. These results may be helpful for further study
on the multiferroic properties of BiFeO3-based solid solutions.
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