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La doped BiFeOs, Bi(Fepg5C0005)03 and Bi(FeggsMnggs)03 ceramics have been prepared by sol-gel
method with rapid sintering process. X-ray diffraction spectra show that the impurity phase has been
effectively suppressed by La doping. The magnetic measurements show that 10% La doping on Bi sites has
little influence on the magnetic properties of BiFeO3; and Bi(Fe( 95C00,05 )03, while significantly enhances

the magnetization of Bi(Fep95Mng05)03. Raman measurements show larger structure distortion by Co
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and its derivatives.
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doping or La and Mn codoping on BiFeOs, which explains the significant enhancement of magnetization.
Our results suggest that small amount of La doping can be an effective way to prepare high quality BiFeO3

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Multiferroic materials have attracted much attention due
to their multifunctional properties [1]. These materials posses
the magnetoelectric effect (ME) which allows the coupling
between polarization and magnetization, making them promis-
ing candidates for applications in memories, spintronics and
magnetoelectric sensor devices [2,3]. Among the rare multi-
ferroic materials, BiFeO3 is one of the well-know single-phase
multiferroic materials with G-type antiferromagnetic behavior
below Neel temperature Ty~ 643K and ferroelectric behavior
below Curie temperature T ~1103K [4]. BiFeO3 has a superim-
posed incommensurate cycloid spin structure with a periodicity
of about 64nm [5]. This structure cancels the macroscopic
magnetization and inhibits the observation of the linear ME
effect [6]. The decrease in particle size has been proven to
be effective in suppressing the cycloid structure and enhanc-
ing the magnetic moment of BiFeOs; [7,8]. lon substitution is
an alternative effective method to enhance the magnetization
in BiFeOs. Sr, Ba, etc. were used to partially substitute Bi, and
Co, Ni, etc. were used to partially substitute Fe, which signifi-
cantly enhanced the room temperature ferromagnetism [9-11].
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The enhanced ferromagnetism may make BiFeOs3 possible be
used in tunnel junctions as a multiferroic spin filtering barrier
[12].

However, it is difficult to synthesis single-phase BiFeO3 bulk
ceramics. Impurity phases, such as BiyFe4Og, Bio5FeO3g can always
be observed [11,13]. Generally the impurity phase was always
removed by leaching in diluted HNO5 [13]. In this paper, we
study the structure and magnetic properties of La doped and
codoped BiFeOs. La has been confirmed to be an effective dopant
to suppress the impurity phase in BiFeOs; and its derivatives.
Furthermore, La doping has little influence on the magnetic prop-
erties, except for the enhancement of magnetization in La doped Bi
(Feg.95Mng,05)03.

2. Experimental

BiFeO3,  (Bipglao1)FeOs,  Bi(Fepo5C0005)03,  (BiogLag.1)(Feo.95C00.05)03,
Bi(Fep95Mnp5)03 and (Bipglaop)(FeposMngos)03 ceramics were prepared
by sol-gel method with rapid sintering process. Appropriate amounts of
Bi(NO3)3-5H20, FE(NO3)3>9H20, CO(N03)2'6H20, MH(NO3)2 and La(N03)3'nH20
were dissolved in ethylene glycol. The obtained solutions were dried at 80°C,
and then calcined at 450°C in air for 24 h. The obtained powders were grinded,
and pressed into 1 mm thick disks in 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 structures of samples were studied by X-ray diffraction (XRD) with Cu
Ka radiation and scanning electron microscope (SEM). Raman measurements
were carried out on a Horiba Jobin Yvon LabRAM HR 800 micro-Raman spec-
trometer with 785 nm excitation source under air ambient condition at room
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Fig. 1. XRD patterns of (a) BiFeO3 and (BiggLag )FeOs, (b) Bi(Fepo5C0005)03 and
(BiogLao.1 )(Fep.95C00.05)03, (c) Bi(FeposMnogs)O3 and (BiggLag.1)(Feo.osMnogos)0s.
The stars mark the impurity phase of BisFeOsg.

temperature. The laser focused on the sample surface in diameter of 1 wm. The
magnetization of the samples was measured by a vibrating sample magnetome-
ter integrated in a physical property measurement system (PPMS-9, Quantum
Design).

3. Results and discussions

The XRD patterns of the sintered BiFeOs, (Bigglag)FeOs,
Bi(Feg.95C00.05)03, (Bigglag.1)(Feg.95C00,05)03, Bi(FeggosMng g5)03
and (BipgLag.1)(FepgsMngg5)O3 ceramics are shown in Fig. 1.
It can be seen that all specimens mainly exhibit the rhom-
bohedral structure (R3c). In Fig. 1(a), small impurity peaks
marked by stars at 20 around 30° have been observed in
BiFeO3, which correspond to BiysFeOsg. The impurity phase
of BiysFeO39 can also be observed in Bi(Fegg5C0g05)03 and
Bi(Fegg5Mngos5)03, as shown in Fig. 1(b) and (c). With 10%
La substituting Bi in BiFeOs, no trace of BiysFeO3g has been
observed. (Bigglag)FeOs3 exhibits pure R3c structure. Though

BiysFeOsg can still be observed in (Bigglag 1)(Feg.g5C0g05)03 and
(BiggLag.1)(FepgsMnggs5)03, but the intensity of the diffraction
peaks is much weaker. This suggests that the impurity phase has
been effectively suppressed with 10% La doping. The lattice con-
stants a and c can be calculated from the XRD patterns (a=5.571A
and c=13.873A for BiFeOs, a=5.578A and c=13.839A for
(BiggLag 1 )FeOs, a=5.576 A and c=13.839 A for Bi(Feg 95C0g 05)03,
a=5.576 A and c= 13.805 A for (Bio'gLaOJ )(FEO.95C00_05 )03,
a=5582A and c=13.832A for Bi(FegosMngos5)03, a=5.569A
and c¢=13.791A for (Bio_gL&o_] )(F60.95MH0.05)03). a keeps
constant and c¢ decreases for 10% La doped BiFeO3 and
Bi(Feg 95C00.05)03, while a and ¢ both decrease for 10% La doped
Bi(Fep 95sMng,05)03.

Fig. 2 shows the typical surface SEM images of BiFeOs3,
(Bigglag.1)FeOs, Bi(Fep95C00,05)03, (Bigglag.1)(Fep.95C00.05)03,
Bi(FeO.gs MDO.OS )03 and (Bio'gLaoj )(FEO.QS MD0.0S )03 ceramics.
La doping did not exhibit systematic influence on the grain
size. The grain size of BiFeOs3 is rather nonuniform and esti-
mated to be about 1-2pum. With 10% La substitution, the
grain size is more uniform and increases slightly. However,
for Bi(Fegg5C0g05)03, the grain size decreases with 10% La
doping. The grain size changes little after 10% La doping for
Bi(Fep 95Mng,05)03.

Details of the structure evolution with ion substitution on
BiFeO3 can be expressed more explicitly through Raman spec-
tra [14]. The Raman spectra of samples are shown in Fig. 3.
The clearly resolved Raman modes of the samples are marked
by arrows in Fig. 3, which can all be indexed to the modes of
BiFeO; molecule [15,16]. As the intensity of the Raman peaks
of BiFeO3 decrease with increasing temperature, not all modes
can be clearly observed above room temperature [17]. We con-
centrate here on those peaks which can be clearly resolved in
the spectra. The peak position was determined by the Gaussian
fit, and listed in Table 1. Compared with the peak positions of
BiFeOs, all the Raman peaks of Bi(Fegg5Co0g05)03 shift to lower
frequencies. Less change can be observed on Bi(FepgsMngo5)03.
The E-1 mode associates with Bi ions and A;{-1 mode asso-
ciates with Fe ions [18,19]. The larger shift of the A;-1 mode
of Bi(Fegg5C0005)03 to lower frequency shows that Co dop-
ing produces more structural distortion on Fe site. Interestingly,
though less shift of A;-1 mode in Bi(Fegg5Mngg5)03 is observed,
greater shift has been observed on (BiggLag1)(FeggosMnggs)03,
indicating that 10% La doping produces significant structure
distortion on Fe site. No shift of the A;-1 mode is observed
on (Bio.gLB.O‘] )(Feo'95C00.05)03 compared with Bi(Feo'95C00.05)03.
Higher frequency Raman modes are generally associated with
vibrational modes involving oxygen [19]. As can be clearly seen
in Table 1, the E-3 mode of Bi(Feg95C00,05)03 shows greater shift
to lower frequency than that of Bi(Fegg5Mng g5)03, indicating the
more rotation of the oxygen octahedral associated with the R3c
space group [19]. Similar to A;-1 mode, significant shift to lower
frequency is observed on (Big gLag 1 )(Feg.gsMng g5)03, indicating La
doping on Bi(Feg g5 Mng g5)03 induces more rotation of the oxygen
octahedral.

Table 1

Raman modes of BiFeOs3, Bi(Feq.95C00.05)03, Bi(Feo.05Mno,5)03, (BiggLao.1)FeOs, (BipgLag.1 )(Feo.95C00.05)03, and (BiggLao.1 )(Feo.o5Mngos)03 ceramics.
Modes E-1(cm™') Aq-1(cm™1) A;-2 (cm™!) E-3(cm™!) E-7 (cm™1) E-8 (cm™!) E-9 (cm™1)
BiFeOs3 73 137 171 274 522 619
B (Fep.95C00,05)03 72 133 168 268 477 610
B (Feg.95 Mng 05)03 71 136 170 275 622
(BipgLag1)FeOs 71 139 172 274 481 527 625
(Big_gLﬁg,] )(F€g>95C00_05 )03 69 133 167 271 474 529 616
(Big_gLag,] )(FEU,95MI10_05 )03 70 134 170 267 477 625
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Fig. 2. Surface SEM images of (a) BiFeOs, (b) (Big.gLag.1)FeOs, (c) Bi(Fe.95C00.05)03, (d) (Big.gLao.1 )(Feoo5C00.05)03, (€) Bi(Fep.9sMng 05)03, and (f) (Big.gLao.1 )(Feo.e5Mng 05 )0s3.

Fig. 4 shows the room temperature magnetization hysteresis
loops for BiFe03, (Bio_gLao.] )FEO3, Bi(Fe0.95Coo.05 )03, (Bio_gLaoJ)
(Fep05C00,05)03,  Bi(FeposMnops)03  and  (Bipglao1)(Fepos
Mng 5 )03 ceramics. BiFeO3 exhibits weak ferromagnetism, which
is due to theinduced lattice distortion by the rapid sintering and fast
cooling process [20]. The high field linear M-H curve is commonly
observed in bulk BiFeO3 which is due to the antiferromagnetic
arrangement of Fe3* spins. Bi(Fepg5C0g05)03 exhibits enhanced
ferromagnetism with clear hysteresis loop, and the magnetization
is about 2 orders larger than that of BiFeOs. The magnetization of
Bi(Feg.95Mng g5)03 is almost the same as that of BiFeO3, though the
coercivity is increased significantly. Compared with the magneti-
zation of their parent materials, the magnetization of BiFeO3 and
Bi(Feg 95C00.05)03 keeps almost constant, but the magnetization of
(Big.gLag.1)(Feg.95Mng g5)03 is one order larger with 10% La doping.
Interestingly, (BiggLag.1)(Fepg95Mnggs5)03 exhibits a second jump
of magnetization at about 2500 Oe, which has been observed in
Bi(Feg 95C00,05)03 at low temperatures [11]. At this moment, we
are still not clear about the origin of this double-loop hysteresis.

We suggested that it might originate from the ferrimagnetic inter-
action between Mn and Fe ions due to the incorporation of La ions
[11].

Raman results have shown that Co doping induced significant
structure distortion in BiFeO3 but Mn doping has little influ-
ence. Khomchenko et al. have found that larger magnetization
can be achieved by substituting with the ions of larger radius.
The larger ions can induce larger structure distortion and sup-
press the spiral spin configuration [10]. Thus Bi(Fegg5C00.05)O03
exhibits enhanced magnetization of 2 orders larger than that of
BiFeO3, and the magnetization of Bi(Feg g5Mngg5)03 is almost the
same as that of BiFeO3;. Compared with their parent materials,
(Bio.gLaO.] )FCO3 and (Bio.gLaO.] )(FEO.95C00.05)03 show less struc-
ture distortion while significant structure distortion has been
observed on (Bio‘gLaoj )(Feo.95Ml'10.05 )03. Thus (Bio,gL&oJ )FEO3 and
(BiggLag.1)(Feg95C00.05)03 exhibit similar magnetic properties as
BiFeO3; and Bi(Feqg5Cog5)03, respectively. The magnetization of
(Bigglag.1)(Feg.gsMngg5)03 is significantly enhanced compared
with Bi(Feg gsMng g5)05.
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Fig. 3. Room temperature Raman spectra of (a) BiFeOs, (b) Bi(Fep95C0005)03, (c) Bi(FegosMngos)0s3, (d) (BipgLag)FeOs, (e) (BipgLagi)(FeposCo005)03, and (f)
(Bip.gLag.1)(Fepo5Mno,05)03.
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Fig. 4. Magnetic hysteresis loops measured at 300K of (a) BiFeOs, (b) Bi(Feg.95C00.05)03, (c) Bi(Fego5Mng0s5)03, (d) (BipgLag.1)FeOs, (e) (BipgLag.1)(Feoo5C00,05)03, and (f)

(Big.gLao.1 )(FeposMng o5)03.

4. Conclusions

10% La has been doped into BiFeOs, Bi(Fegg5C0005)03 and
Bi(Feg.95Mng g5 )03 ceramics. The impurity phase was effective sup-
pressed, which is confirmed from XRD measurements. Raman
measurements show clearly the larger structure distortion by
Co doping on BiFeO3; and La doping on Bi(FeggsMnggs5)03. The
magnetic measurements show that 10% La doping on Bi sites
has little influence on the magnetic properties of BiFeOs; and
Bi(Feg.95C00.05)03, while significantly enhances the magnetization
of Bi(Feg.g5Mng 5)03. Our work confirms that the enhanced mag-
netizationis due to the larger structure distortion which suppresses
the spiral spin configuration.
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