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Abstract. The crystal structure, phonon vibration, microstructure, and magnetic properties have
been investigated in multiferroics BiygSmg.1Fei_xMn,Os for x = 0.02 — 0.1. The structural anal-
ysis by XRD and Rietveld refinement suggests that Mn doping compounds crystallize in the polar
R3c rhombohedral symmetry (isostructural with BiFeO3). Raman analysis confirms no structural
transformation but the change of line widths and peak intensities reveal the lattice distortion in
Mn-substitution samples. The study of microstructure shows no obvious change of grain size and
shape. The magnetic properties of the as-prepared samples show the linear magnetic field de-
pendence of magnetization, suggesting the antiferromagnetic feature of polycrystalline ceramics.
The field dependence of magnetization measured after two-years synthesis and after applying an
electric field reveal a decrease of maximum magnetization but the hysteresis loops retain the anti-
ferromagnetic behavior. The implication of these results is that the magnetic properties of single
structural phase compound, including coercivity and remanent magnetization, do not show the
aging behavior as observed in the morphotropic phase boundary systems.
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I. INTRODUCTION

Multiferroic materials that possess a combination of two or more primary ferroic orders in
the same phase have continuously extensive study in recent year due to theirs promising applica-
tion in next-generation multifunction electronic devices [1,2]. Since most of the known multi-
ferroic materials have a magnetoelectric coupling below room temperature, BiFeO3 is one of the
most investigated multiferroic material because it exhibits high ferroelectric Curie temperature of
1103 K and antiferromagnetic Néel temperature of 643 K [3]. At room temperature, BiFeO3 crys-
talizes in the noncentrosymmetric rhombohedral structure (space group R3c) and possesses a large
spontaneous polarization Ps ~ 100 uC/cm2 directed along the [001],, axis [4]. Despite having
the large spontaneous polarization of bulk BiFeOs3, the magnetoelectric coupling shows very low
value with the absence from quadratic term because the cycloidal modulated spin structure cancels
a net magnetization arising from the antisymmetric spin coupling (Dzyaloshinskii-Moriya inter-
action) inside the G-type antiferromagnetic structure [5]. To overcome this obstacle, recent works
have focused on chemical substitution in the Bi-site and Fe-site to collapse the space modulated
spin structure [6-8]. The substitution of rare-earth elements for BiFeO3 changes the ferroelectric
properties and suppresses the cycloidal spin structure to reveal the weak ferromagnetic behav-
ior [9, 10]. Moreover, lanthanide doping also induces a structural transition from the initial anti-
ferromagnetic/polar rhombohedral R3¢ phase to the weak ferromagnetic/antipolar orthorhombic
PbZrO3-like phase and then to the weak ferromagnetic/nonpolar orthorhombic Pnma (or Pbnm)
phase [11]. The thresh hold concentration that induces the polar to antipolar transition in the
Bi;_yLn,FeO3 (Ln = lanthanide) series depends on the ionic radius of the dopants and sintering
temperature, such as y ~ 0.16 for La [12], y ~ 0.11 for Pr [13], y ~ 0.12 for Sm [14]. The structural
transformation obviously destroys the spin cycloid as well as ferroelectricity suppression. There-
fore, research efforts are now devoted to investigating the magnetic and ferroelectric properties
near the morphotropic phase boundary of rhombohedral and orthorhombic phases, where the fer-
roelectricity and weak ferromagnetism can be simultaneously occurred [15]. In contrast to Bi-site
substitution, most of 3d transition metals are hardly incorporated in the crystal lattice of BiFeO3
and weakly affects to the spin cycloid [11, 16, 17]. Among the transition metals, manganese sub-
stituted BiFeO3 does not alter the initial R3¢ symmetry up to 30% Mn in place of Fe site; however,
it strongly decreases the Curie and Néel temperatures [18]. Although the co-substitution of Sm
and Mn has been extensively studied over the years, there are some controversies regarding the
crystal structure and magnetic properties of Sm and Mn co-substituted compounds [19-25]. Saxin
et al. reported that the Mn doped Big 9Smg | FeO3 can induce the structural transition from the R3¢
rhombohedral to /mma orthorhombic structures at a threshold Mn concentration of 15%. Up to
date, the stabilization of the Imma phase in the (Sm, Mn) codoped BiFeOs cannot be reproduced.
It is widely known that manganese cannot suppress the cycloidal spin structure in the R3¢ symme-
try. Thus, the observation of weak ferromagnetism in the Big 9pSmg ogFeg.9sMng 503 ceramics is
not yet clearly understood [23]. In order to shed some light on the magnetic properties of Sm and
Mn co-substituted BiFeOs3, we investigate the crystal structure, phonon vibration, microstructure,
and magnetic properties of Big 9Smg ;Fe;_,Mn, O3 (x = 0.02 — 0.1) ceramic compounds. We con-
firm that Mn does not induce the structure transformation in the Big9Smg ;Fe;_,Mn, O3 ceramic
compounds. The magnetic properties show a clear antiferromagnetic feature with the linear mag-
netic field dependence of magnetization. The magnetic properties of compounds have been tested
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at different characterization time and in an electric field. A decrease of maximum magnetization
is observed; but the hysteresis loops retain the antiferromagnetic behavior. The magnetic mea-
surement at different time confirms that the coercivity and remanent magnetization do not show
the aging behavior as typically observed in the morphotropic phase boundary systems. The struc-
tural defect rearrangement is therefore less influence on the magnetic properties of polycrystalline
ceramic samples.

II. EXPERIMENT

Polycrystalline compounds of the form Big9Smg 1Fe;_Mn, O3 (BSFMO) with x = 0.02
— 0.1 were synthesized via a conventional solid-state reaction method using high-purity powders
of BixO3, Sm03, Fe,03, and MnO;. The powders were weighed in stoichiometry proportions,
carefully ground in an agate mortar, and then calcined at 910°C in air for 24 h. Subsequently, the
calcined powders samples were re-ground, pressed into pellets, and finally sintered in air at 930°C
for 12 h. The crystallinity and phonon characteristics of ceramics were examined using an X-ray
diffractometer (Miniflex Rigaku) equipped with a Cu-Ka radiation source (A = 1.5405 A), and
Raman scattering spectroscopy (LabRAM HR Evolution, Horiba) with excitation wavelength of
A = 532 nm. The microstructure was analyzed by using a scanning electron microscope (Hitachi
S — 4800). The XRD data were analyzed by the Rietveld method using the GSAS-2 program.
Magnetization measurements were performed on a VSM LakeShore 7400. All investigations were
carried out at room temperature.

III. RESULTS AND DISCUSSION

The powder XRD patterns of BSFMO
samples are shown in Fig. 1. It can
be seen that all the samples show high
intensity peaks in the presented diffrac-
tograms, which implies a good crystallinity &
of the polycrystalline ceramics. All the
diffraction peaks of samples are well in-
dexed as per thombohedrally distorted per-
ovskite structure of BiFeO3; with a space
group of the R3¢ symmetry [25]. Though
the impurity phases, such as BiyFesO9
and BiysFeOy9, are routinely observed in
BiFeOs due to the volatility of BiyOs3
at high sintering temperature [20, 23,
24], no trace of impurity or secondary - -
phase could be distinguished in our sam- 30 40 50
ples within the uncertainty of XRD [17]. 28 (degree)

So, the co-substitution of Sm and Mn

can well eliminate the impurity phase, Fig. 1. Powder XRD patterns of BSFMO samples.
which is in good agreement with rare-

earth elements and transition metals co-doped BiFeOs in the previous works [23, 24, 26].
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It has been reported that the substitution
of 10% Mn for BiFeO3 does not induce a
structure transformation, but it can reduce
the unit cell volume and causes a weak-
ening of the lone-pair activity, leading a
diminution of ferroelectricity in Mn doped
BiFeO3-based compounds [23,27,28]. In
the BSFMO compounds, we observe a shift
of diffraction peaks towards higher 26 an-
gle with increasing Mn concentration. This
result suggests that Mn doping modifies the
R3¢ rhombohedral symmetry as Sm and
Mn incorporated into the crystal structure
of BiFeOs. To further confirm the crystal
symmetry of BSFMO samples, we refine
the diffraction patterns by using the R3c
model with the unit cell parameters a = b =
v2a, and ¢ = 2+/3a, , where a, ~ 4A is the
parameter of an ideal cubic perovskite. The
atomic positions for x = 0.1 sample can be
seen in Table 1. The typical Rietveld re-
fined XRD patterns for x = 0.02 and 0.1
samples are shown in Fig. 2. It is clearly
observed that the Rietveld refinement re-
sults give a good fit between the experiment
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Fig. 2. Rietveld refinement of XRD
patterns for (a) x = 0.02 and (b) x=0.1.

and simulation patterns. The calculated crystal symmetry and lattice parameters of BSFMO com-
pounds in Table 2 are well confirmed a slight shrinkage of the R3¢ rhombohedral unit cell.

Table 1. Structural parameters of the Big 9Smg jFegoMng ;O3 compound at room temperature.

Atom  Site X y z U0 x 100 (A) Residuals
Bi/Sm 6a 0 0 0 1.07 GOF =1.15
Fe/Mn 6a 0 0 0.22446 0.51 wR =5.14 %
(0] 18b 0.50516 0.003580 0.94330 1.67

Table 2. The crystal symmetry and lattice parameters of Big 9Smg ;Fe;_,Mn,O3 compounds.

Composition Space group a(A) b(A) c(A) V(A)
x=0.02 R3¢ 5.5661 5.5661 13.7959 370.16
x=0.04 R3c 5.5659 5.5659 13.7903 369.97
x=0.06 R3¢ 5.5658 5.5658 13.7859 369.84
x=0.08 R3¢ 5.5654 5.5654 13.7829 369.72
x=0.1 R3¢ 5.5643 5.5643 13.7781 369.44
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Figure 3 shows the Raman
spectra of BSFMO sample at room
temperature. According to group
theory, the Raman modes of the
R3c rhombohedral symmetry can be
summarized using the irreducible
representation: = 4A; + 9E [19].
Due to the angular dispersion of Ra-
man frequency in BiFeOj3, the num-
ber of phonon active mode can vary
from 9E(TO) + 4A;(LO) for o =
0 to 9E(LO) + 4A(TO) for o =
n/2, where « is the angle between
the incoming laser light and the
[111]. pseudocubic direction [29]
Therefore, the Raman modes of bulk
BiFeOs can be assigned to 13TO
+ 13LO mode frequencies. In w w w w w w
present study, we observe nine Ra- 100 200 %00 400 - 800 600 700 800

R Raman shift (cm™)
man modes for all samples, which
are located at about 136, 170, 229, Fig. 3. Raman scattering spectra of BSFMO
256, 278, 375, 476, 523, and 623 samples at room temperature.
cm™!; these modes can be assigned
to E-2(TO), E-2(LO), A1-2(TO), E-4(TO), E-5(TO), E-7(TO), E-8(LO), E-9(TO), and E-9(LO),
respectively [30]. The number of Raman modes are independence of Mn concentration, im-
plying that Mn substitution does not alter the structure symmetry of the parent compound
(Big.oSmg 1 FeO3). As observed in Fig. 3, the intensity of E-2(LO) mode decreases with increasing
Mn concentration, while its frequency remains unchanged in all samples. In addition, the E-2(TO)
mode clearly shows a blue shift from 136 cm™! for x = 0.02 to 138 cm™!for x = 0.1. Obviously, the
change in intensity of the E-2(LO) and the blue shift of E-2(TO) modes are related to the change
of Bi-O covalent bonds induced by Mn-substitution [31]. Thus, the weakening of stereochemical
activity of Bi lone electron pair is well concerned with the reduction in intensity of the E-2(LO)
mode and the depression of the ferroelectric properties. It is widely known that the frequency of
the A;-2(TO) mode is dependent on the octahedral tilt angle [32], that a slight blue shift of the
A;-2(TO) mode from 229 cm™! for x = 0.02 to 234 cm ™! for x = 0.1 contributes to the rotation of
oxygen atoms along [111] axis. The change of octahedral tilt angle possibly affects the magnetic
properties of BSFMO compounds [33]. Moreover, it is clearly seen in Fig. 3 that the frequency of
other Raman modes does not vary with a change of Mn concentration, but the substitution of Mn
at Fe site does influence on peak intensities, especially the intensity of E-9(LO) mode. The change
in peak position and intensity well confirms the Mn substitution-driven a structural distortion in
BSFMO compounds, which is in good agreement with the analysis of XRD patterns.

Figure 4 shows the typical SEM micrographs for x = 0.02, 0.06, 0.08, and 0.1 samples. The
micrographs show a polygon grain with a random distribution of grain size. The average grain size
is around 30-40 um for all samples and hence the co-substitution of Sm and Mn for BiFeOs is
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Fig. 4. SEM micrographs of samples (a) x = 0.02, (b) x = 0.06, (c) x = 0.08, and (d) x =0.1.

less effective change the grain size. The significant reduction of grain size is previously observed
in the system that have a structural transformation [34]. Thus, the homogeneous grain shape and
size distribution are well confirmed no structural transition in BSFMO compounds.

Figure 5 shows the M — H loops of BSFMO samples measured after synthesis. The lin-
ear magnetic field dependence of magnetization is observed in all samples, which is similar to
the magnetic properties of bulk BiFeOs [16]. It is known that the cycloidal spin structure su-
perimposed on the G-type antiferromagnetic order cancels the observation of the weak ferro-
magnetism in BiFeOs [35] In general, the weak ferromagnetic behavior of BiFeOs-based com-
pounds can be observed by collapse the cycloidal spin modulation The spin cycloid can be ma-
nipulated by epitaxial strain [17], chemical substitution [20] or reduced particle size below the
cycloid periodicity [36]. The chemical substitution mainly results in a structural distortion and
induces a structural transition and hence both of them can unlock the weak ferromagnetism.
Obviously, our polycrystalline ceramic samples show a large grain size in gm range, which is
much larger than the cycloid periodicity of 62 nm, and no structural transition occurs in our sam-
ple. Thus, Mn substitution-induced the structural distortion, which is evidenced by the change
in Raman spectra and XRD patterns, possibly changed the magnetic properties. Unfortunately,
as observed in Fig. 5, Mn doping cannot be destabilized the cycloidal spin structure of BSFMO
compounds, although the octahedral tilt angle is clearly changed, as evidenced from the change of
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tilt mode frequency. It is worth to men-
tion that the increase of octahedral tilt angle
would enhance the Dzyaloshinskii-Moriya
interaction and rises the weak ferromag-
netism in antiferromagnetic material [37].
Despite the change of octahedral tilt an-
gle, no change in the magnetic properties
of BSFMO compounds is observed, which
is unusual phenomenon. The study of Bi-
elecky et al. shows that samarium or lan-
thanum doped BiFeOs can alter the oc-
tahedral tilt angle, but no deviation from
linearity of MH loops is observed for the
Bio_gsmo_lFeO3 and Bio_gLa(),lFeO3 com-
pounds [30]. Moreover, the previous re-
ports reveal an argument in the magnetic

L Il L L Il L
properties of BiggSmg FeOs ceramics for '0'3-10 5 0 5 10
which the weak ferromagnetism is ob-
served in Refs. [23, 38], while an intrinsic Fig. 5. M-H loops of BSFMO samples
antiferromagnetic feature of BiFeO; is ob- measured after synthesis.

served in Ref. [14]. Therefore, the weak

ferromagnetism possibly arises from different sources, such as the suppression of spin cycloid,
lattice defection (oxygen vacancy), double exchange interaction of multivalent state of Fe atoms.
Besides, it is accepted that the Sm, La, or Mn doped BiFeOs can extend the modulation period;
thus, these elements are less influence on the spin cycloid inside the R3¢ rhombohedral symme-
try [39]. Therefore, the change of octahedral tilt angle possibly relates to the rearrangement of
oxygen atoms around the FeOg octahedral in order to modify the cycloid periodicity.

It has been observed that the magnetic properties near the morphotropic phase boundary
of BiFeOs-based compounds can be varied as a function of time [34, 39,40]. This effect is at-
tributed to the isothermal structural transition and spin frustration at the phase boundary. To date,
there is no study on the variation of magnetic properties of a single structural phase compound.
Therefore, it is needed to point out whether the structural defect rearrangement can contribute to
the variation of magnetic properties of ceramic compounds. In this work, we measure the M — H
loops of BSFMO compounds after two-years synthesis, as shown in Fig. 6(a). It is clear that the
hysteresis loops retain the linear magnetic field dependence of magnetization. Fig. 6(b) shows
the hysteresis loops of all samples after applying an DC electric field of 40 kV/cm. A slight
change in maximum magnetization is observed, but the hysteresis loops clearly show no weak fer-
romagnetic behavior [41]. Our investigation on the magnetic properties of single phase BSFMO
compound confirms that the structural defect rearrangement does not induce the ferromagnetic-
like hysteresis loop and weak ferromagnetism as observed previously in the complex structural
phase systems [34,39,40].
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Fig. 6. M-H loops of BSFMO samples measured after 2 years for (a) unpoled and (b)
poled in an DC electric field of 40 kV.

IV. CONCLUSIONS

We have investigated the crystal structure, microstructure, and magnetic properties of
Big.9Smg ;Fe;_Mn,O3 (0.02 < x < 0.1) polycrystalline ceramics. The analysis of crystal struc-
ture confirms that all the samples are crystallized in the R3¢ rhombohedral structure. Raman study
reveals the lattice distortion in Mn-substitution samples. The magnetic properties of BSFMO
compounds do not improve with the substitution of Mn at Fe site. The studies on the magnetic
properties at different time and in an applied electric field show no ferromagnetic-like hysteresis
loop, implying that the structural defect rearrangement does not induce the weak ferromagnetism
in single structural phase compounds.
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