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a b s t r a c t

The Bi1�xYbxFe0.95Co0.05O3 (x range from 0 to 0.25) powders have been prepared by the sol–gel method. A
phase transition from rhombohedral R3c to orthorhombic Pbnm via a biphasic region has been observed.
The Rietveld refinement and Raman scattering analyses suggest an increase of the rotation of the oxygen
octahedra x for x 6 0.05. The remanent magnetization of Bi1�xYbxFe0.95Co0.05O3 is enhanced substantially
at the R3c phase region. The enhancement of the magnetization is attributed to the augment of the
Dzyaloshinsky-Moriya interaction and suppression of the spin cycloid, which is determined by x.

� 2014 Published by Elsevier B.V.
1. Introduction

Magnetoelectric multiferroics are materials that show sponta-
neously not only magnetic and electric ordering but also the cou-
pling between them [1,2]. They have renewed interest in the last
decade due to the potential technological applications in data
storage, spintronics, etc [3]. The only known room temperature
magnetoelectric multiferroics, by far the most studied, is the
rhombohedrally distorted perovskite BiFeO3 (BFO) [4]. This
material exhibits high ordering temperatures (the Néel tempera-
ture TN � 643 K and the ferroelectric Curie temperature
TC � 1103 K) [3], excellent ferroelectric performance and conduc-
tive domain walls [5]. The outstanding properties make it a prom-
ising candidate for device integration.

The bulk BFO has spontaneous ferroelectric polarization along
the diagonals of the perovskite unit cell [3], while it exhibits a G-
type antiferromagnetic order with the magnetic moments of Fe3+

ions lying ferromagnetically within the pseudocubic (111) plane
and antiferromagnetically between the adjacent planes [6]. Be-
sides, the symmetry allows a weak canting of the antiferromag-
netic sublattices due to the local magnetoelectric coupling to the
polarization [3]. Such antiferromagnetic order is superimposed
spontaneously with a long range spiral spin structure with a period
of � 62 nm [7]. As a result the macroscopic magnetization and the
linear magnetoelectric effect are inhibited [8], which becomes a big
obstacle to the application of BFO. Theoretically, it has been shown
that the Dzyaloshinsky-Moriya (DM) interaction causes the canting
of the magnetic sublattices, and the DM vector is determined by
the rotations of the oxygen octahedra [6]. Furthermore Zvezdin
et al., investigated the effects of the displacement of the iron ions
along the principal axis and transverse shift of the oxygen ions as
well as the rotations of the oxygen octahedra, and suggested that
these three basic distortions result in the coexistence of the spin
canting and the cycloidal spin ordering [9].

Experimentally an effective way to enhance the magnetic prop-
erties of BFO is chemical doping [10–12]. Besides, the so called
‘‘chemical pressure’’ can be induced by substitution of Bi3+ ions
with the rear earth (RE) ions, which leads to a significant structural
distortion [3]. Yuan et al. reported subtle changes of the crystal axis
and crystal axial angles in La doped BFO ceramics which lead to a
structural transformation from rhombohedral R3c phase to pseu-
dotetragonal P4/mmm phase [10]. Zhang et al. found a substitu-
tion-induced transition to an orthorhombic phase in Eu doped
BFO, accompanied with a shrink of the lattice parameters and the
volume of the unit cell [13]. It is believed that these structure dis-
tortions suppress the spin cycloid, which causes the enhancement
of the magnetic properties of BFO [10,11,13]. However the struc-
ture distortions in these works were discussed rather roughly
and the type of the distortion related to suppressing the spin cy-
cloid was not clear. In this paper we demonstrate clearly that the
enhanced magnetization of BFO is attributed to the augment of
the DM interaction determined by the rotation of the oxygen
octahedra.
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2. Experimental details

BiFeO3 and Bi1�xYbxFe0.95Co0.05O3 (BYFCO) powders with doping concentration
x range up to 0.25 are prepared by a sol–gel method, where Co is co-doped in order
to improve the qualities of the BYFCO specimens. Stoichiometric amounts of
Bi(NO3)3�5H2O, Yb(NO3)3�6H2O, Fe(NO3)3�9H2O and Co(NO3)2�6H2O are dissolved
in dilute nitric acid respectively, and calculated amount of tartaric acid is added
as a complexing agent. The resultant solution is evaporated and dried at 150 �C with
continuous stirring and grinded in an agate mortar to obtain xerogel powders. Then
the xerogel powders are preheated to 300 �C for an hour to remove excess hydro-
carbons and NOx impurities, and subsequently sintered at 600 �C for two hours.
The crystal structure of the specimens are examined by a Bruker D8 ADVANCE
X-ray diffractometer with Cu Ka radiation (k = 1.5418 Å, Ni filter). The 2h scans
are taken at a rate of 2�/min (step size 0.02�) with 40 kV/40 mA power settings.
The vibrational properties of the specimens are investigated using a Raman
spectrometer (Renishaw 2000, resolution 1–2 cm�1) in backscattering mode with
a 633 nm He–Ne laser as the excitation source. Magnetic measurements are
performed with a vibrating sample magnetometer (VSM) in a physical property
measurement system (PPMS, Quantum Design). The specimens are pressed into
pellets for M–H measurement with the magnetic field up to 80 kOe.
Fig. 2. (a) The ratio of the Pbnm phase, (b) the lattice constants and (c) the volume
3. Results and discussion

Fig. 1 shows the X-ray diffraction (XRD) patterns of BFO and BY-
FCO powders. It is clear that BFO crystallized in a rhombohedral
perovskite structure. A small trace amount of Bi2Fe4O9 (JCPDS no.
72-1832) can be found in BFO. By codoping 5% amounts of Co
and Yb into the specimens, the impurity phase Bi2Fe4O9 is inhib-
ited. All diffraction peaks in the low concentration doping region
of x < 0.08 can be labeled based on a single R3c phase (JCPDS no.
82-1254). As shown in Fig. 1, new peaks (marked with upward ar-
rows) emerge as x P 0.08 and grow up as x increases, which can be
labeled based on an orthorhombic phase (JCPDS no. 74-1474).
While the characteristic peaks (marked with downward arrows)
of R3c phase become more and more weak and completely vanish
in the region of x P 0.2. The XRD pattern of Bi0.8Yb0.2Fe0.95Co0.05O3

is very similar to that of the orthorhombic Bi1�xHoxFeO3 [11].
Thereby, three different regions which can be sorted according to
Fig. 1 indicate clearly the phase transitions in BYFCO.

Rietveld refinement analyses are performed on the XRD pat-
terns using the GSAS program [14], in order to clarify the phase
transitions in BYFCO. The results are illustrated in Fig. 2, with sat-
isfactory refining quality chi2 6 2.348, Rwp 6 5.57% and Rp 6 4.33%.
As shwon in Fig. 2(a), the structure of BYFCO changes from R3c
phase at lower doping concentration (x < 0.07) to the biphasic
(R3c + Pbnm) at intermediate concentration and finally to a pure
Pbnm phase as x > 0.18. The lattice constants apc and cpc

[Fig. 2(b)] as well as the reduced unit cell volume Vpc [Fig. 2(c)]
Fig. 1. XRD patterns of BFO and BYFCO powders. The upward arrows indicate the
new peaks and the downward arrows indicate the vanishing peaks as x increases.

of the pseudocubic unit cell as the function of the doping concentration x. Here the
lattice constants and the volumes of the pseudocubic unit cell are calculated with
apc ¼ a=

ffiffiffi
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,
c0pc ¼ c0=2, V 0pc ¼ V 0=4 for the Pbnm phase, where a, c, V, a0 , b0 , c0 and V 0 are the lattice
constants and the volumes of the primitive cells for the R3c and Pbnm phases,
respectively.
of R3c phase increase slightly, reach their maximums at x = 0.05,
and then decrease continuously when the Pbnm phase emerges.
This anomalous lattice expansion in R3c phase was also observed
in low concentration Yb-doped BFO by Yan et al. [15] in spite of
the smaller size of Yb3+ (1.20 Å) than Bi3+ (1.36 Å). On the other
hand, the a0pc and c0pc in Pbnm phase decrease monotonously with
Yb doping, and the b0pc increases slightly and then decreases after
x = 0.12. Hence the V 0pc decreases dramatically after x = 0.12.

Raman scattering is a powerful way of investigating ferroelec-
trics. The high sensitiveness of structural distortion makes it a good
supplement of XRD. Unpolarized Raman spectra of BFO and BYFCO
powders are presented in Fig. 3. Theoretically, the selection rule
gives 13 Raman-active modes of a perovskite-like crystal with
R3c space group: CR = 4A1 + 9E. Since each mode can be divided



Fig. 3. Raman spectra of BFO and BYFCO powders with different doping concen-
trations. The assignment of the vibration modes in BFO is consistent with Ref. [16]
and the upward arrows indicate the new peaks.

Fig. 4. The remanent magnetization Mr of BYFCO powders and the Fe–O–Fe angle of
the R3c lattices as the function of the doping concentration x. The inset shows the
hysteresis loops of BFO and BYFCO with x = 0.05 and x = 0.25.
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into two vibration types (LO and TO), 26 modes are expected [16].
Analogously, 24 � 2 = 48 modes are expected in the orthorhombic
Pbnm structure since the selection rule gives: CP = 7Ag + 5B1g + 7-
B2g + 5B3g [17]. Here we observed 14 of the vibration modes in
BFO due to the unpolarized limitation, as displaced in Fig. 3. The
spectra of BYFCO are similar to that of BFO when x < 0.08, accom-
panied with the reduced A1-1(LO) mode at 172 cm�1 and enhanced
E-9(LO) mode at 606 cm�1. The A1-2(TO) mode at 220 cm�1 shifts
slightly towards higher wavenumber. When x P 0.08, new vibra-
tion modes emerge at 190 cm�1 and 680 cm�1, and the A1-2(TO)
mode is broadened due to the transition towards the orthorhombic
Pbnm phase. With the further increasing Yb3+ content to x = 0.15,
another new vibration mode emerges at 570 cm�1 while the A1-
1(TO) mode at 140 cm�1 and A1-1(LO) mode at 172 cm�1 are con-
cealed by the rapid enhancement of E-2(TO) mode at 121 cm�1.
Meanwhile the E-5(LO) mode at 348 cm�1 and E-9(TO) mode at
523 cm�1 become undetectable after x = 0.15. Obviously three
regions can be distinguished based on the Raman spectra, in line
with the XRD patterns and the refinement.

It is widely accepted that low frequency Raman modes are dom-
inated by Bi-related vibrations [11,17]. In particular, the A1-1(LO)
mode at 172 cm�1 is overlapping with Bi off-center displacement
caused by the activation of Bi lone pair [17]. The evolution of the
A1-1(LO) mode indicates that the activation of Bi lone pair is weak-
ened with Yb doping leading to smaller displacement of Bi atom,
which might influence the ferroelectric properties of BFO. As a
result, BYFCO transforms from the ferroelectric R3c phase to the
centrosymmetric paraelectric Pbnm phase. The suppression of the
A1-1(LO) and A1-1(TO) mode was also reported in a temperature-
dependent Raman study around Tc, where a ferroelectric-paraelectric
transition occurs [18]. The rapid enhancement of the A-side
vibration E-2(TO) mode for x P 0.15 is probably due to the rear-
rangement of the Bi–O coordination along with the phase transi-
tion [17]. On the other hand, it was calculated that the A1-2(TO)
mode at �220 cm�1 is related to the a-a-a- oxygen displacement
vector which represents the oxygen octahedral tilt (rotation along
[111] axis) in the R3c phase [17,19]. It was found that the increase
of the oxygen octahedral tilt angle x is proportional to the blue
shift of the A1-2(TO) mode with a slope of 18 cm�1/deg. [17]. Here,
comparing to the BYFCO specimen with x = 0, a slight blue shift of
the A1-2(TO) mode with 5.5 cm�1 for the BYFCO specimen with
x = 0.05 is observed. Thus the tilt angle x is expected to increase
by �0.3�. Furthermore, the tilting of the oxygen octahedra will
change the Fe–O–Fe angle. The temperature depended neutron
scattering study had shown that a decrease of x for 0.4� in BFO
would induce an increase of Fe–O–Fe angle for 0.6� [8]. In our BY-
FCO, as Fig. 4 shows, the Fe–O–Fe angle decreases from 153.72�
(x = 0) to 153.35� (x = 0.05), indicating an increase of x for
�0.24�, in agreement with the result from Raman scattering [20].

It is known that the microscopic crystal distortions have an im-
pact on the DM interaction and thus the spin canting and the cy-
cloid arrangement [9]. Theoretically, direction of the DM vector
is determined by the sense of rotation of the oxygen octahedra x
[6]. The increase of x would increase the canting of the magnetic
sublattices, which enhance the DM interaction, and suppress the
spin cycloid [9]. This leads to an augment of the macroscopic
magnetization.

Integrated hysteresis loops of BFO and BYFCO specimens mea-
sured at room temperature are presented in the inset of Fig. 4.
The M–H curve of BFO is almost linear with very small remanent
magnetization Mr = 0.014 emu/g. Clear hysteresis loops can be ob-
served in the BYFCO specimens. The remanent magnetizations Mr

of BYFCO are displayed in Fig. 4. The remanent magnetization Mr
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increases from 0.083 emu/g (for x = 0) to the maximum value of
0.228 emu/g (for x = 0.05), and starts to decrease as more amount
of Yb is doped.

It is known that the magnetic properties of BFO depend signif-
icantly on the size of the nanoparticles when the sizes of the BFO
particles are less than 100 nm [21]. Based on the full widths of half
maximum (FWHMs) of the X-ray patterns and the SEM images for
the low x samples, the grain sizes of the samples are larger than
100 nm. Thus one cannot attribute the variation of Mr to the grain
size effect. Interestingly the variation of Mr(x) is just opposite to
that of the Fe–O–Fe angle shown in Fig. 4. As discussed above,
the decrease of Fe–O–Fe angle indicates an increase of the rotation
of the oxygen octahedra x, which enhance the DM interaction and
suppress the spin cycloid. Thus the enhancement of the remanent
magnetization could be attributed to the increase of x.

It was found that in the orthorhombic La doped BFO, the spin
structure is modified towards a collinear antiferromagnetic struc-
ture [22,23], which would result in a reduction of the remanent
magnetization. Thus, in the biphasic region, the decrease of Mr

could be attributed not only to the increase of the Fe–O–Fe angle
but also to the appearance of Pbnm phase. Finally, the remanent
magnetization decreases to 0.062 emu/g (for the Pbnm phase BY-
FCO with x = 0.25), which is larger than the Mr for BFO. Similar re-
sults were also reported in other RE-doped orthorhombic BFO
[11,24–26].

4. Conclusion

In conclusion, the structural and magnetic properties have been
investigated in Bi1�xYbxFe0.95Co0.05O3 powders prepared by the
sol–gel method. The crystal structure changes from rhombohedral
R3c to orthorhombic Pbnm via a biphasic region with an increasing
doping concentration x, and an anomalous lattice expansion is ob-
served in the low doping region. An increase of the rotation of the
oxygen octahedra x is indicated for x 6 0.05 by the Rietveld refine-
ment and Raman scattering analyses. The substantially enhanced
remanent magnetization of BYFCO with x 6 0.05 can be attributed
to the augment of the DM interaction via the increasing x.
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