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Bi(Fe;_,Mn,)O3 bulk ceramics with Mn concentration & up to 0.3 were prepared by
rapid sintering using sol-gel derived fine powders. Structure transformation is found to
depend on the Mn doping concentration by X-ray diffraction and Raman spectroscopy.
Bi(Fe;_,Mn, )O3 maintains the rhombohedral structure of BiFeOs with =0.05 and 0.1,
but changes to the orthorhombic structure with x=0.3. Weak ferromagnetism is observed
for Bi(Fe;_,Mn,;)O3 with £=0.05 and 0.1, but stronger paramagnetism is observed for
Bi(Fe;—,Mn, )O3 with £=0.3 indicating a magnetic phase change from antiferromagnetic
to paramagnetic with the structure changing from R3c to C222. Two anomalies at 30 and
140 K are observed for Bi(Fe;_,Mn,)O3 with £=0.05 and 0.1. The anomaly at 30 K is
concluded to be related to the freezing of cluster spin glass from dc magnetic memory and

relaxation measurements.
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I. INTRODUCTION

Multiferroic materials have simultaneously at least
two ferroic orderings, such as ferromagnetism, ferroelec-
tricity, ferroelasticity, and ferrotoroidicity, which enable
a coupling interaction between them and provides novel
functions [1]. However, due to the mutual exclusion of
the ferromagnetism and ferroelectricity, there are very
new single phase multiferroic materials [2]. Among
them, R3c BiFeO3 (BFO) is one of the most widely
studied multiferroic materials for its above room tem-
perature (RT) magnetic Néel temperature (Tx~643 K)
and ferroelectric Curie temperature (Tca1103 K) [3].
Enhanced ferroelectric polarization with remnant po-
larization P, of ~60 nC/cm? 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 serious problem, which could
limit the various applications of this material [6]. On
the other hand, BFO has a superimposed incommensu-
rate cycloid spin structure with a periodicity of about
64 nm [7]. This structure decreases the macroscopic
magnetization and inhibits the observation of the lin-
ear magnetoelectric effect [8].

As a solution, ion substitution is a general method to
suppress the leakage current and induce RT ferromag-
netism in BFO [9—11]. A ferroelectric to paraelectric
phase transition besides the release of weak ferromag-
netism has been observed in La-doped BFO with struc-
ture changing from R3c to pseudotetragonal symmetry
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[12]. Mn has been clearly demonstrated to be effective
in suppressing the leakage current and in improving the
ferroelectricity in BiFeOgs, but a systematic magnetic in-
vestigation is still rare [13]. Furthermore, the low tem-
perature anomalies in the magnetic properties of BFO
are still open questions [14].

In this work, we study detailed structural and mag-
netic on Bi(Fe;_,Mn,;)O3 with £=0.05, 0.1 and 0.3.
The low temperature magnetic anomaly at 30 K has
been demonstrated to be related to the freezing of clus-
ter spin glass.

Il. EXPERIMENTS

Bi(Fe;—4Mn,)O3 (2=0.05, 0.1 and 0.3) ceramics
were prepared by sol-gel method with rapid sinter-
ing process. Appropriate amounts of Bi(NOj3)3-5H30,
Fe(NO3)3-9H20, and Mn(NOs)s were dissolved in ethy-
lene glycol. The obtained solutions were dried at 80 °C,
and then sintered at 450 °C in air for 24 h. The ob-
tained powders were grinded, 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 temperature within several
minutes. The structure of samples was studied by X-
ray diffraction (XRD) with Cu Ko radiation and scan-
ning electron microscopy (SEM) measurements. Ra-
man measurements were carried out on a Horiba Jobin
Yvon LabRAM HR 800 micro-Raman spectrometer
with 785 nm excitation source under air ambient con-
ditions at room temperature. The laser was focused on
the sample surface with a diameter of 1 pm. The mag-
netic properties were measured by a physical property
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FIG. 1 XRD patterns of Bi(Fei—;Mn;)Os bulk ceramics
with (a) z=0.05, (b) £=0.1, and (c) =0.3. The stars mark
the impurity phase of BizsFeOsg.

measurement system (PPMS-9, Quantum Design) and
a superconducting quantum interference device magne-
tometer (SQUID) with fields up to 7 T and in the tem-
perature range from 4 K to 350 K.

I1l. RESULTS AND DISCUSSION

The XRD patterns of the sintered Bi(Fe;_,Mn, )O3
ceramics are shown in Fig.1. It can be seen that
Bi(Fe;_,Mn, )O3 with £=0.05 and 0.1 mainly exhibits
the rhombohedral structure (R3c). However, small im-
purity peaks marked by stars at 20 around 30° have
been observed in all the samples, which are identified to
be from BissFeOgg. This impurity phase is always the
byproduct obtained during the preparation of BiFeOs
ceramics [15]. It should be noted that the diffraction
intensity from the impurity phase keeps almost un-
changed and comparable to that in BiFeOg [16], indicat-
ing that the formation of BigsFeOgsg is not from the Mn
substitution. A significant structure change has been
observed in the sample with £=0.3. The split diffrac-
tion peaks around 20=32°, 39°, and 57° in the XRD
patterns of Bi(Fe;_,Mn,)Os with £=0.05, 0.1 merge
into a single diffraction peak when £=0.3: i.e. the struc-
ture changes from rhombohedral (R3c) to orthorhom-
bic structure. Similar phenomenon has been observed
in the La doped BFO with La doping concentration of
0.2, and the structure has C222 orthorhombic symme-
try [17].

Figure 2 shows the SEM images of Bi(Fe;_,Mn, )O3
ceramics. The grain size of Bi(Feg g5Mng o5)Os3 is fairly
uniform and estimated to be about 1 um. With increas-
ing the Mn concentration to 0.1, the grain size distribu-
tion becomes rather nonuniform. And the size of grains
is estimated to be about 500 nm. With further increas-
ing Mn concentration to 0.3, the grain size and distri-
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FIG. 2 SEM images of Bi(Fe;_oMn;)Os bulk ceramics with
(a) z=0.05, (b) z=0.1, and (c) z=0.3.
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FIG. 3 Raman spectra of Bi(Fe;_;Mn,)Os bulk ceramics
with (a) £=0.05, (b) z=0.1, and (c¢) z=0.3.

bution change little compared with Bi(Feg ¢Mng 1)Os3.
Details of the structural evolution of BiFeOsz with
ion substitution can be probed more explicitly through
Raman spectra [18]. The Raman spectra of samples
are shown in Fig.3. The clearly resolved Raman modes
of R3c Bi(Feg 95Mng 5)03 are marked by arrows in
Fig.3, which can all be indexed to the modes of BiFeOg3
molecules [19—21]. As the intensity of the Raman peaks
of BiFeOg3 decreases with increasing temperature, not
all modes can be clearly observed above RT [22]. With
increasing Mn concentration to 0.1, the intensity of each
mode becomes weak, though both samples exhibit sim-
ilar structure from XRD patterns. This indicates the
deterioration of the crystalline structure of BiFeO3 with
increasing Mn substitution. With 0.3 Mn substitution,
the structure has changed from R3c to C222, thus most
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FIG. 4 Magnetic hysteresis loops measured at 300 and 5
K of Bi(Fe1—>Mn;)O3 bulk ceramics with (a) £=0.05, (b)
2=0.1, and (c) z=0.3.

modes of BiFeOgs disappear. As predicted theoretically,
due to the magnetoelectric and spin-phonon interac-
tion Raman spectra probed on BiFeO3; may also re-
veal strong anomalies around the magnetic and electric
phase transition temperatures Ty and Tc, respectively
[23]. As expected we see no anomaly in the RT Raman
spectra because none of the samples has its magnetic or
electric phase transition temperature at RT.

Figure 4 shows the room temperature magnetic hys-
teresis loops for Bi(Fe;_,Mn, )O3 ceramics. Weak fer-
romagnetism is observed for Bi(Feg g5Mng o5)03. With
the Mn concentration increasing to 0.1, similar weak
ferromagnetism is observed. However, with further in-
creasing Mn concentration to 0.3, the sample exhibits
nearly linear M-H curve, indicating the paramagnetism
in Bi(Fep 7Mng 3)O3. An interesting phenomenon is the
increasing magnetization with increasing Mn concentra-
tion, which is most significant at 5 K from the M-H
curves shown in the right panel of Fig.4. All the sam-
ples exhibit weak ferromagnetism at 5 K.

Figure 5 shows the temperature dependent magne-
tization curves for Bi(Fe;_,Mn,)O3 ceramics. Zero
field cooled (ZFC) and field cooled (FC) temperature
dependent magnetization curves were measured under
1 kOe from 5 K to 300 K with cooling field of 1 kOe
for FC measurements. For Bi(Fey 7Mng 3)Os3, the mag-
netization for both the FC and ZFC curve increases
with decreasing temperature, indicating the paramag-
netism (Fig.5(c)). The slight difference between ZFC
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FIG. 5 FC (dashed lines) and ZFC (solid lines) magnetiza-
tion of Bi(Fe1—;Mn,)O3 bulk ceramics with (a) £=0.05, (b)
2=0.1, and (c) z=0.3. The arrows exhibit the difference of 2
peaks (one at around 30 K and the other around 140 K) be-
tween ZFC and FC curves for Bi(Fe;_,Mn,)Os with =0.05
and 0.1.

and FC curves below about 100 K indicates the weak
ferromagnetism at low temperature, as shown in the
M-H curve at 5 K. For Bi(Fe;_,Mn, )O3 with 2=0.05
and 0.1 the FC magnetization continues to increase with
decreasing temperature. Interestingly, the ZFC curve
bifurcates from the FC one below 350 K and exhibits
two peaks (one at around 30 K and the other around
140 K). The two peaks can be observed more clearly for
Bi(Feg.9Mng 1)O3, thus we concentrate on this sample
in the following studies.

We performed history-dependent magnetic memory
measurements using a cooling and waiting protocol sug-
gested by Sun et al. [24]. The sample was cooled at
1 kOe and the magnetization was measured with cool-
ing, but temporarily stopped at 150, 100, 50, and 20 K
for a waiting period of 2 h. During waiting, the field
was set to zero. After the stop, the 1 kOe field was
re-applied and cooling and measuring were resumed.
The temporary stops resulted in a step like M-T' curve
(solid line) in Fig.6. After reaching 4 K, the sample
was heated back in the same field, and the magneti-
zation was recorded again (circle). During the heating
the M-T curve also has a step like behavior at 20 K.
Thus, the system remembers its thermal history. The
step like feature in the temperature dependent magneti-
zation is a result of magnetic relaxation at the stopping
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FIG. 6 Temperature dependent memory effect in the dc
magnetization. The solid line is measured during the cool-
ing in 1 kOe with a waiting period of 2 h at 150, 100, 50,
and 20 K. The field is cut-off during stop. The open cir-
cles are measured with continuous heating at the same rate
after the previous cooling protocol. Clear memory effect is
observed at around 20 K, marked by “*”. The inset shows
the enlarged view of the part marked by “+”.

point [24], and indicates the spin glass phase. There are
no significant memory effects observed at other stop-
ping temperatures, as can be seen clearly in the en-
larged view of the stopping temperature of 50 K (inset
of Fig.6). This precludes the spin glass transition at
around 140 K.

To clearly understand the spin glass behavior in
Bi(Feg.9Cog.1)Os, 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 kOe from 350 K to the final temperature,
abruptly decreasing the field to zero and observing the
decay of remnant magnetization. For the cluster spin
glass, a stretched exponential decay is expected [25—27],

M(t) = My + M, exp [ (i) M] (1)

where the intrinsic ferromagnetic component M, and
the glassy component M, mainly contribute to the re-
laxation effects observed. The time ¢ (normal time) and
time constant 7 (relaxation time) and exponent n (re-
laxation rate) are related to the relaxation rate of the
cluster spin glass phase. The cluster spin glass behav-
ior and its freezing temperature Ty can be determined
from the TRM measurements, coinciding with the tem-
perature dependent ac susceptibility measurement very
well [25].

Figure 7(a) shows a typical relaxation curve measured
at 5 K. The solid line is the fitting with Eq.(1). It can be
clearly seen that the fitting to the experimental data is
very good. On the other hand, for canonical spin glass,
a linear relation was observed between M and Int in
the magnetic relaxation process [28]. As can be seen in
the inset of Fig.7(a), the nonlinear relation between M
and Int excludes the possibility of canonical spin glass.
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FIG. 7 (a) Measured (open symbol) and fitted (solid line)
time dependent remnant magnetization at 20 K, the inset
shows the magnetization in dependence on Int. (b) The
temperature dependent Mo, M,. (c) The temperature de-
pendent n.

By fitting the TRM curves at different temperatures,
we can get the parameters My, M,, and n, as shown
in Fig.7(b). n is close to 0.5 in the temperature range
between 5 and 300 K, which is also an indication of the
cluster spin glass [25—28]. My and M,. depend strongly
on temperature. The ferromagnetic component M, de-
creases with increasing temperature up to 150 K, and
then increases with increasing temperature up to 350 K.
The variation of the relaxation component M, with T
shows a peak at around 20 K, which roughly agrees with
the anomalous temperature of 30 K from ZFC curve.
The maximum in M, coincides with the cluster freez-
ing temperature [25]. Thus we can conclude the cluster
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spin glass in Bi(Feg9Mng ;)O3 with freezing tempera-
ture of about 30 K. There is no peak of M, observed
at around 140 K, indicating this magnetic anomaly is
not related to the cluster spin glass. This might be ex-
plained by the spin reorientation, a similar anomaly has
been observed in BiFeOs at around 150 K [29].

In previous study on Bi(Feg 95Cog.05) O3, two freezing
temperatures of cluster spin glass, one at 260 K and the
other at 100 K, have been observed [21]. The higher
Ty is related to the canted antiferromagnetic arranged
spins between Fe ions, and the lower T} is related to
the ferrimagnetic arranged spins between Co and Fe
ions. From Raman measurements, 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. Thus in contrast
to the enhanced room temperature ferromagnetism in
Bi(Feg.95C00.05)O3 [21], very weak ferromagnetism was
observed in Mn-doped BiFeOg, and no cluster spin glass
due to canted arranged Fe spins was observed. Ty at
around 30 K for Bi(Feg 9Mng 1)O3 can be attributed to
the ferrimagnetic arranged spins between Mn and Fe
ions.

IV. CONCLUSION

Bi(Fe;_,Mn, )O3 ceramics (z up to 0.3) were
prepared by rapid sintering. @ Weak ferromagnetis-
m with two magnetic anomalies at low temper-
atures was observed for Bi(Fepg5Mngo5)O3 and
Bi(Feg.9Mng1)O3. The stronger paramagnetism is
observed for Bi(Fep7Mng3)O3 indicating a magnetic
phase change from antiferromagnetic to paramagnetic
with the structure changing from R3c to C222. From
temperature-dependent magnetic relaxation measure-
ments, the anomalies at 30 and 140 K are related to
the freezing of cluster spin glass.
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