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BiFeOgs is a multiferroic material showing antiferromagnetic ordering and ferroelectric behavior simultane-
ously. Here, Mn-doped BiFeO3 nanoparticles were synthesized up to 10% of Mn composition by a sol-gel process.
The samples showed high crystallinity with no secondary phase up to 2% of Mn doping. A phonon peak at

1250 cm !

in undoped BiFeOs showed anomalous intensity enhancement in the magnetically ordered phase

below Tn = 643 K due to a spin-phonon coupling. This behavior was less pronounced in the Mn-doped samples,
suggesting a suppression of magnetic ordering between Fe*' spins by Mn doping.

PACS numbers: 78.30.Hv, 63.20.D—, 78.30.—j

1. Introduction

There has been increasing interest in so-called mul-
tiferroics, showing ferroelectric properties together with
ferromagnetic or ferroelastic properties. If ferroelectric-
ity and ferromagnetism coexist, we may expect a cross-
ing effect (so-called magnetoelectric effect) in which the
magnetization is controlled by applied electric field or the
electric polarization controlled by magnetic field. BiFeOg
now gathers much attention for future device applica-
tions because it shows ferroelectricity and weak ferro-
magnetism (antiferromagnetism in reality with canted
spin pairs) above room temperature (Curie temperature
T = 1103 K and Néel temperature Ty = 643 K) [1-3].

Many research groups have tested substitution of other
elements for the Bi- and/or Fe-site to enhance the ferro-
electric and magnetic orderings [4-7]. As a typical result,
BiFeO3 thin films have greatly increased their remnant
electric polarization by doping with Mn [8]. However,
the mechanism has not yet been clarified and, further-
more, the doping effect on the magnetic ordering is left an
open question. A good approach to elucidate this prob-
lem is to prepare Mn-doped samples at different doping
levels with a substrate-free condition. From this view-
point, we have synthesized Mn-doped BiFeOs powder
samples by a sol-gel process with Mn content of 0-10%,
and investigated their lattice properties by X-ray diffrac-
tion (XRD), transmission electron microscopy (TEM),
and Raman scattering.

2. Experiment

Mn-doped BiFeOgs particles with [Mn] = 0-10% were
prepared using a sol-gel method based on a glycol-gel re-
action [9]: Bi(NO)s - 5H20, Fe(NO)3 - 9H50 and MnFj

were mixed in ethylene glycol. The mixture was stirred
at 80°C and the resultant gel samples were preheated
to 400°C at a ramp rate of 5°C/min to remove the ex-
cess CH, and NO, impurities. Finally, the samples were
annealed at 600°C in air for 30 min.

Crystal structure and morphology of the samples were
observed by XRD and TEM, and selected area elec-
tron diffraction (SAED), and the sample composition
was studied by energy dispersive X-ray (EDX) analy-
sis. For phonon properties, microscopic Raman scatter-
ing measurement was performed at 300-800 K using an
Ar™ laser at 514.5 nm for excitation. The scattered light
was analyzed by a double monochromator of focal length
85 c¢cm with a liquid-Na-cooled CCD (charge coupled de-
vice) detector.

3. Results and discussion

Figure la shows XRD patterns for the Mn: BiFeOs
samples with content of [Mn] = 0, 1, 2, 3, 5, and 10%.
The result indicates that the BiFeOs samples had a
perovskite-based rhombohedral structure as reported be-
fore [10] and no secondary phases were included up to 2%.
At Mn contents larger than 3%, small impurity compo-
nents appeared (see asterisks in Fig. 1a). Figure 1b shows
a magnified pattern around 26 = 32°. As shown in this
figure, (104) and (110) peaks are clearly separated in the
undoped BiFeOj3 sample. With increasing the Mn con-
tent from 0 to 3%, the (104) peak shifts to higher angle,
while the (110) peak is almost unshifted, then at the Mn
content > 5% they merge to a single (110) peak. This
result suggests small lattice distortion from the rhom-
bohedral structure of BiFeOs occurring with increasing
Mn content. The same behavior has been reported in
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Fig. 1. (a) XRD patterns of Mn-doped BiFeOs3
nanoparticles ([Mn] = 0-10%) and (b) magnified pat-
terns in the vicinity of 20 = 32°. Asterisks in (a) denote
impurity phase.

Mn-doped BiFeOs film [8], which corresponds to a lat-
tice distortion or phase change from rhombohedral to a
monoclinic or a tetragonal structure.

Figures 2a and b show typical TEM images of the sam-
ple with Mn content of 2% at different magnifications.
The inset of Fig. 2b shows a SAED pattern. Figure 2a
shows that the particle size was around 100 nm. As con-
firmed by the clear lattice image of Fig. 2b, the sample
consisted of single crystal particles with high crystallinity.
The Mn content was analyzed by EDX analysis as shown
in Fig. 2c. The Cu signal is an artifact coming from the
sample holder. The Mn content was estimated to =~ 2%
from the intensity ratio of Fe and Mn signals, agreeing
with the growth recipe. Recalling that there were no sec-
ondary phases for Mn = 2% as seen in XRD patterns
in Fig. la, our results indicate that the Mn atoms are
smoothly incorporated in BiFeOgs host lattice. Similar
results were also confirmed for the other samples.

Figure 3a shows Raman spectra of the samples. In
the undoped sample (bottom), seven phonon peaks were
easily identified and classified to A;- and E-type modes
with reference to a previous result for single crystals as
marked in the figure [11]. With increasing Mn content
from [Mn] = 0 to 10%, all peaks broadened systemat-
ically. The peak broadening derived from a relaxation
of lattice periodicity was induced by the incorporation
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Fig. 2. (a) TEM image of the sample with [Mn] = 2%,
(b) its magnified image with SAED pattern, and
(¢) EDX spectrum.

of Mn into the BiFeOgs host lattice. Careful analysis re-
veals that some phonon modes show anomalous behavior
with increasing Mn content: for example, as shown in the
expanded spectra in Fig. 3b, the A; mode at 135 cm ™!
due to a stretching vibration of Bi-O bonds [12] shows an
abruptly large frequency shift around [Mn] = 3%. It sug-
gests a sudden contraction of the Bi—O bond length, or a
small lattice distortion from the rhombohedral structure
for undoped BiFeOgs. This is consistent with the result
of the XRD analysis shown in Fig. 1b.

Figure 4a shows a temperature variation of the Raman
spectra for a sample with [Mn] = 2% in the two-phonon
peak spectral region between 300 and 800 K. With low-
ering the temperature from 800 K, the broad peak at
~ 1250 cm~! enhances its intensity. The relative in-
tensity variation is plotted in Fig. 4b by filled triangle.
Here, the intensity of the 2-phonon peak has been nor-
malized to the E mode intensity at 470 ecm~™!'. While
the intensity change is negligibly small at higher tem-
peratures, it changes prominently at temperatures below
~ 600 K. This temperature is close to the Néel temper-
ature of bulk BiFeOs, Ty = 643 K. This phenomenon
has been previously reported in bulk samples and inter-
preted by a coupling between the phonon and spin sys-
tems [11, 13]. According to Ramirez et al. [13], this
2-phonon mode is sensitive to the magnetic phase tran-
sition of BiFeOgs. Figure 4b shows a comparison of the
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Fig. 3. (a) Raman spectra of Mn-doped BiFeO3 sam-
ples ([Mn] = 0-10%) and (b) magnified spectra of A;
modes at 135 cm ™. The dots in (b) show peak positions
determined by curve fitting analysis.

peak intensity variation between [Mn] = 2% (filled tri-
angle) and 0% (open square). The comparison clearly
shows that the signal enhancement at low temperatures
is lowered by Mn-doping. It means that the coupling
between Fe3T spins is suppressed by doping with Mn in
BiFeOgs. Lattice distortion by doping as suggested in this
study (Figs. 1 and 3) may be a possible cause, or Mn ions
substituted to Fe sites may directly weaken the antifer-
romagnetic ordering.

4. Conclusion

Mn-doped BiFeOs nanoparticle samples were synthe-
sized using a sol-gel process and characterized by X-ray
diffraction, transmission electron microscopy, and Raman
scattering. The obtained samples were highly crystallized
and contained no secondary phases up to 2% of Mn con-
tent. With increasing Mn content, the samples showed
anomalous behavior at around ~ 3%, suggesting a lattice
distortion from the rhombohedral structure to a mono-
clinic or a tetragonal structure occurred. Raman scat-
tering observation of the samples at 300-800 K showed

TTTT I [T T T T T T TI T[T T T[T T T [ TT T [T I 7T TTTT

(a)
300K
— 350K
W-ﬂm

450K
500K

350K
Wﬁﬂﬂf(
Wﬁsw

700K
MTSOK
ETERTTTY FRRET PTETE FETTIRENEI PETRURTEE kih BO0K

Intensity

10630 1100 1200 1300 14400
Raman Shift (em™
] B B B R IR
e
E 250 -
5]
Z 20k i i
E20F 2%
= /
: /
E 1.5k o 0% —
L) & 7
z 1o s J o s 7
= a
o < A
2 0.5 N .
falne "
DO0EL v b s e s by ld

300 400 500 600 700 R0O

Temperature (K)

Fig. 4. (a) Temperature variation dependence of the
Raman spectra in high frequency (2-phonon) region for
[Mn] = 2% between 300 and 800 K, and (b) compar-
ison of the signal intensity variation with temperature
between [Mn] = 0 and 2% for the 2-phonon band at
1250 em ™.

anomalous intensity enhancement of a 2-phonon signal
at temperatures below ~ 600 K. This was interpreted by
spin-phonon coupling in the magnetically ordered phase
below Tn = 643 K. This behavior was less pronounced
in the Mn-doped samples, suggesting a suppression of
magnetic ordering of Fe3* spins by doping.
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