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Conventional solid state reaction method, from oxides and carbonates, was employed to prepare bismuth (Bi)-based multiferroic
systems. The undoped BiFeOs (BFO) and the codoped system with Ba, La and Ti (Bi,_,Ba,Fe,_,Ti O3, Bi,_,_.Ba,La Fe,_,Ti,O3)
with x,y,z = 0.1 were prepared stoichiometrically and sintered at two different temperatures. The structural and magnetic properties
were investigated at room temperature. XRD measurements confirm the obtaining of the rhombohedral perovskite structure of the
BFO family system. For the undoped system, some reflections of undesired phases are present for two different sintering tem-
peratures, while for the doped system only one phase is present for both temperatures. The magnetic characterization at room
temperature revealed remarkable differences between the ceramic samples. The results show that for undoped BFO system, spon-
taneous magnetization is not observed at room temperature. Nevertheless, in doped one, a well-defined ferromagnetic behavior is
observed at room temperature, possible, due to the suppression of the spatially modulated spin structure of BFO promoted by the
reduction of the rhombohedral distortion and the weakening of the Bi—O bonds. The XPS results confirm the presence of oxygen
vacancies and the coexistence of Fe3* and Fe?* in all the studied samples. Calorimetric measurements reveal that the dopant
incorporation has not a direct effect in Néel temperature but possibly yes in ferroelectric-paraelectric transition.

Keywords: Multiferroics; XPS; magnetic; bismuth ferrite BiFeOs.

1. Introduction

The study and characterization of ferroic materials (those with
ferroelectric, ferromagnetic or ferroelastics order) is of great
importance because of the large variety of applications de-
rived from its properties.' ™ Ferroelectric systems can be used
in industrial applications such as next-generation sensors,
transducers, micro-electromechanical systems, nonvolatile
random access memories, high energy density capacitors,
among others.”® While, materials with magnetic ordering can
be used in data storage devices, as a component in devices for
converting mechanical energy into electrical energy and
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many other industrial applications.” There is growing interest
in the study, characterization and sintering of new multi-
ferroic materials (those in which coexist in a single phase and
the same temperature range, ferroelectric and ferromagnetic
properties) in recent years'~'? because of the impact they
would have on the development of new applications. The
availability of materials in which magnetic and electric order
coexist opens a window of possibilities for the development
of new technologies. In 1973, Wood and Austin'* proposed
15 different applications for these materials. Some of
them are magnetoelectric data storage devices, spin wave
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generators, amplifiers and amplitude modulators. All of
which has prompted the scientific community to engage in
the study of these systems.

One of the difficulties in the development of applications
based on multiferroics materials is related to obtaining mul-
tiferroics systems where, in the same phase, the ferroelectric
and ferromagnetic properties in a temperature range above
room temperature coexist. In 2000, a report by Nicola Hill'
discusses the conditions that must exist in a material so that it
possesses ferroelectric and ferromagnetic properties. It is
noted that in the best known ferroelectrics, with perovskite
structure, the transition element is in 3d° state (unoccupied
level, such as Ti*t), while in the best known ferromagnetic
systems with perovskite structure, the transition element is in
3d" state (partially occupied level, such as Mn3*). Both
elements are located in the B site of the perovskite structure
in PbTiO5; and BiMnOj systems. So, in principle, in perov-
skite systems, the conditions that optimize ferroelectricity
are opposed to that optimize ferromagnetism. However, there
are materials which coexists in the same phase, the magnetic
and electrical order simultaneously. Nevertheless, in many of
them, the magnetic ordering stabilize at temperatures below
0°C.'

One of the most promising multiferroics systems is bis-
muth ferrite (BFO), having a remnant polarization as a thin
layers over 60 uC/cm?,'>'° higher than previously reported
for based ferroelectrics PZT systems. It is characterized by
the high Curie (T =1103K) and Néel temperatures
(Ty = 643K)."” From the magnetic point of view, BFO
exhibits a canted spin arrangement between near Fe3* ions
leading to weak ferromagnetism. Nevertheless, the system is
antiferromagnetic at macroscopic level due to its spiral spin
structure with a modulation length of 62 nm."'8

This system presents three main difficulties that prevent its
use for different applications: (i) it is difficult to obtain
materials free of impurities by conventional methods. The
phase BFO is thermally unstable at the sintering temperature,
forming other stable undesirable phases; (ii) this system has a
high electrical conductivity conspiring with its ferroelectric
properties; (iii) its antiferromagnetic order at room tempera-
ture prevents their use in certain applications (such as data
storage).

These difficulties could be minimized or even eliminated
with the modification of this system with rare earths (such as
lanthanum), alkaline elements (such as barium, calcium,
cadmium) or transition elements with level 3d unoccupied
(such as titanium Ti**). Studies so far show that it is possible
to improve the electrical and/or magnetic properties by dop-
ing these materials with some of these elements.'!:!?

The modified systems with barium are among the most
investigated and in which the best results have been
achieved.!!"'>1°721 However, these substitutions are made,
generally, regardless the electric imbalance caused by the
valence difference between Bi3* and Ba?*. This electric
imbalance can be compensated during synthesis, by creating
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defects such as the formation of spurious phases, creating
oxygen vacancies and/or the reduction of Fe3* to Fe?*. On
the other hand, in order to reduce or controlling the formation
of such defects, electrical neutrality can be achieved, stoi-
chiometrically, by codoping the materials with adequate
quantities of other elements that compensate the electric
imbalance created by Ba substitution (i.e., codoping the
material with Zr#*t or Ti*").

The aim of the present work is to study the influence of
codoping with Ba and Ti and with Ba, La and Ti in the
structural and magnetic properties of modified BFO. In this
paper, we will discuss the possible causes of the magnetic
properties improvement in doped BFO system.

2. Experimental Procedure

Traditional ceramic method was used to obtain the ceramics
samples. The nominal composition for the pure and BFO
modified ceramics are Bi(j_, Ba,LaFe;_Ti,O3 (x=0
and z =0 (BFO); x=0.1 and z = 0 (BBFT); x = 0.1 and
z=0.1 (BBLFT)), considering that Ba and La partially re-
place the bismuth (Bi) in the A sites of the perovskite
structure and Ti partially replace the Fe in the B site of the
structure.

The corresponding high purity precursor oxides (Bi,Oj:
99.9%, BaCO3: 99%, La,05: 99.9%, TiO;: 99.5%, Fe,0s:
99.0%) were ball-milled for 2h, pressed and calcined at
700°C for 1 h. The calcined powders where re-milled for 2 h,
pressed and sintered at 850°C and 900°C during 1/2h in air
in order to choose the adequate sintering temperature. No
excess Bi,O; was added during the process.

Phase identification, at room temperature, was performed
by X-ray powder diffraction (XRD) on a RIGAKU (Dmax
2100) diffractometer using Cu Ko radiation in a 26 range
from 10° to 70°, a step scan of 0.02° and a integration time of
0.4s. Scanning electron microscopy (SEM) images of the
ceramics samples were performed using a Philips XL30
ESEM scanning electron microscope. The images were
recorded in secondary electron (SE) mode and back scattering
electron (BSE) mode over fractured samples. The Raman
scattering spectra were recorded at room temperature using a
Dilor (LabRam II) micro-Raman spectrometer. The mea-
surements were performed with a laser spot size of 1 um and
an excitation line of 488 nm.

Differential scanning calorimetry (DSC) was carried out in
a Mettler Toledo DSC822¢ calorimeter in the temperature
range from 300K to 1000K in air. X-ray photoelectron
spectroscopy (XPS) was performed in a XPS110 Thermo-
Fisher-VG Instrument with a AlK« source (1486.7 eV).

The magnetic properties, in a temperature range between
5K and 300K, of the samples were measured using an
Evercool Physical Properties Measurement System (PPMS
P525 Quantum Design). The maximum applied field used in
the measurements was 30kOe.
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3. Results and Discussion

Figure | shows the X-ray diffraction patterns of the samples
sintered at 900°C. The analysis revealed the formation of the
BFO rhombohedral perovskite structure in all the studied
samples. In BFO-900 sample, some remnants of undesired
phases of mixed iron Bi oxides are present (identified as * in
the graphs), while in the BBFT-900 and BBLFT-900 unde-
sired phases can be detected. The minority phase was iden-
tified as BiysFeOy,y according to pdf # 00-046-0416 from
ICDD, that can be easily eliminated leaching the samples in
HNO;.>> The identification of crystallographic family of
planes, corresponding to BFO phase, according to (pdf # 00-
020-0169 from ICDD) are presented as well. It is worth to
note here that the thermal stability of the phase of doped
samples was corroborated with the diffraction pattern per-
formed in samples sintered at 850°C (not shown here for
simplicity), obtaining the same results.

The results of semiquantitative analysis of the phases and
cell parameters in all samples are shown in Table 1. For the
quantification, whole pattern fitting (WPF) method was used
with the software JADEv9 (MDI). As can be seen, the
BiysFeOyy content is around 5% in the undoped sample,
while in doped ones this phase could not be quantified be-
cause, if is present, lies below the sensibility of the XRD
technique.

2 * Bi, FeO,

2-11)

BFO-900

Intensity (a.u)

BBFT-900

BBLFT-900

/

T T T T T T T
20 30 40 50 60 70
K, 20 ()

Fig. 1. X-ray diffraction patterns at room temperature of BFO-900,
BBFT-900 and BBLFT-900.

Table 1. Phase content in % and cell parameters.

Phase % ag (A) ag
BFO 94.8 3.964 89.43
Bi,sFeOy 5.2 — —
BBFT 100 3.971 89.49
BBLFT 100 3.974 89.67
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On the other hand, even though the size difference be-
tween Bi3t (1.38 A) and Ba?* (1.61A) is significant, no
remarkable difference is observed in the cell dimensions be-
tween undoped and doped samples. This could be as a result
of the simultaneous substitution, even though the size dif-
ference between Ti*t (0.61 A) and Fe3*+ (0.55A) is lesser
than that of the A site cations. The parameter ag increases
slightly, while ay tend to 90°, approaching to the cubic
structure with the dopants incorporation. Therefore, it could
be concluded that the dopants incorporation reduce the
rhombohedral distortion introduced by the lone pair 6s> of
the Bi3*.

Figure 2 shows SEM images of the ceramic samples in SE
mode (BFO-900: Fig. 2(a), BBFT-900: Fig. 2(c), BBLFT-
900: Fig. 2(e)) and BSE mode (BFO-900: Fig. 2(b), BBFT-
900: Fig. 2(d), BBLFT-900: Fig. 2(f)). There is a huge dif-
ference in the grain morphology between the doped and
undoped samples. The undoped samples are formed by large
grains with poorly defined grain boundaries. As can be seen
there is a continuous reduction of grain size with the dopant
incorporation. This reduction could be related to the fact that
the dopant ion acts as a point defect (limiting substance) that
inhibit the diffusion process during the grain growth.

The segregation of impurity phases to the grain bound-
aries in BFO-900 sample, is clearly observed in Fig. 2(b).
Lighter zones around the grains are related to the Bi-rich
phase. Interestingly, in the BBFT-900, although this phase
could not be detected by X-ray diffraction, some lighter
regions at the boundaries of some grains reflects the minority
presence of BiysFeOy in this system (Fig. 2(d)).

Thermal analysis results of the studied samples are shown
in Fig. 3. Two anomalies can be observed, except for BBLFT-
900, in the middle and high temperature regions. The first
anomaly, around 643 K for BFO-900 and BBFT-900 can be
attached to Néel temperature. That is, dopant incorporation
do not have a direct effect in magnetic transition temperature.
The lack of anomaly around Ty for BBLFT-900 sample could
be related to a weakening of cooperative long range magnetic
interactions promoted by La incorporation, provoking a low
heat transfer around the transition temperature.

On the other hand, ferroelectric transition is highly af-
fected by dopant incorporation. The anomaly around 1103 K
observed in BFO-900 system is related to the Curie temper-
ature. For the doped samples, T continuously shift to lower
temperatures with dopant incorporation: around 1005 K for
BBFT-900 and 912 K for BBLFT. It is a well established fact
that the rhombohedral distortion introduced by the lone
pair 6s” of the Bi3* and the strong hybridization between Bi
(65> 6p3) and O (2s° 2p4) are responsible for the ferroelectric
ordering of BFO family system. Hence, a reduction in fer-
roelectric transition temperature could be a reflection of a
weakening in the Bi—O bonds. This supposition could be
supported by the reduction of the rhombohedral distortion,
detected by X-ray diffraction with the dopant incorporation.
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Fig. 2. Scanning electron micrograph of (a) BFO-900 (SE), (b) BFO-900 (BSE), (c) BBFT-900 (SE), (d) BBFT-900 (BSE), (¢) BBLFT-900

(SE) and (f) BBLFT-900 (BSE).

Figure 4 shows the Raman spectra recorded for all the
studied samples. Typical wide peaks, of polycrystalline sys-
tem, due to thermal motion and lattice disorder are observed.
Note that the modes are less resolved due to increase of peaks
widening with dopant incorporation. The assignments of
Raman modes is highly contradictory in the literature for
BFO system. In the present work, mode assignments were
made according to theoretical and experimental works, in
single crystal, carried out by Hermet et al. and Ravinski
et al>*** In the BFO system spectra, some unassigned
modes, identified as little arrows, could belong to the pho-
nons of the spurious phase BiysFeO, present in this sample.

The modes in the region up to 167 cm~! are dominated by
the relative motion of the Bi ions respect to FeOg octahedra,
while the modes above are mainly dominated by oxygen

motion.”>?> The principal changes in the Raman spectra
features of the studied samples are concentrated in the first
region, below 167 cm~!. The modes labeled as E(TO1) and E
(TO2) shift to lower frequencies (red shift) with dopant in-
corporation (73cm~! and 139cm~! for BFO, 68cm~! and
133cm~! for BBFT and 68 cm~! and 135cm~! for BBLFT,
respectively). In simple harmonic model, the frequency is
given by w? = k/m*, being k the force constant and m* the
reduced mass of the oscillator systems. According to this
equation, the E(TO1) and E(TO2) should shift to higher
frequencies (blue shift) due to the decrease in the reduced
mass induced for dopant incorporation (Bi ion is heavier than
Ba and La ions). Hence, the red shift experimented by this
two modes is related to a huge softening of the force constant
k between Ag;.-O bonds, strong enough to overcome the

1550034-4



J. Adv. Dielect. 2015.05. Downloaded from www.worldscientific.com

by INSTITUTO POTOSINO DE INVESTIGACION CIENTIFICA Y TECNOLOGICA (IPICYT) on 03/12/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

0. Garcia-Zaldivar et al.

—— BFO-900
00 —— BBFT-900
' —+— BBLFT-900
s
E0S -,
N A
2
[T
5
O
T-10
T, =643K |
T =1103K]
_1 5 " 1 L 1 " 1 " 1 n 1 L 1 n 1 L 1 n
300 400 500 600 700 800 900 1000 1100 1200
Temperature (K)
Fig. 3. DSC of all samples.
= 2102 —— BFO-900
e o e BBFT-900
NN BBLFT-900
@ O
—
g
S
&
=
[
c
2
£
1 L 1 L 1 n 1 n 1

100 200 300 400 500 600
. -1
Raman Shift (cm™)

Fig. 4. Raman spectra of the samples.

blue shift that would introduce the reduction in m*. The
weakening of the strong hybridization between Bi and O due
to dopant incorporation, agree well with the reduction in
ferroelectric transition temperature observed.

The magnetic properties of the studied ceramics are shown
in Fig. 5. The hysteresis loops at room temperature and 5 K
are presented in Fig. 5(a). Not hysteretic behavior is observed
in bulk BFO-900 system, typical antiferromagnetic linear
dependence of M versus H at room temperature is in agree-
ment with other reports published previously.>***>” For the
doped samples, a weak ferromagnetic behavior with typical
hysteresis loop and enhanced magnetic properties compared
to the undoped BFO-900 is observed. Similar improvement
of magnetic properties had been reported earlier for doped
BFO system.!>28-30

J. Adv. Dielect. 5, 1550034 (2015)

The magnetization at the highest field applied 37 (H =
3T) increase from 0.12emu/g for the undoped system to
0.37emu/g and 0.56emu/g for the BBFT-900 and the
BBLFT-900, respectively. The remnant magnetization o, is
similar and around 0.09 emu/g for doped samples, while the
coercive field iHc decrease with dopant incorporation from
2270 Oe for BBFT-900 to 850 Oe for BBLFT-900. At low
temperature (5K, inset in Fig. 5(a)) similar ferromagnetic
behavior with a slight increase of the o37 and slight decrease
in iHc compared to room temperature is observed in doped
samples. These changes in o3 and iHc obeys to the reduction
of thermal motion at low temperature. The fact that the sys-
tem did not restore the antiferromagnetic nature of BFO is a
clear evidence of the suppression of the spiral spin structure
and confirms the ferromagnetic order of the doped samples.
Furthermore, the shape of the loop, in which no saturation
tendency exist (measurements up to 6 T shows the same be-
havior, no shown here) and the low magnetization achieved
suggest the stabilization of a canted spin structure.

Figure 5(b) shows the low temperature field cooling
magnetic dependency of the BBFT-900 and BBLFT-900.
Even when the bias field is above the coercive one, no con-
tinuous increase of the magnetization during cooling, as
expected,”*'™? is observed. The magnetization passes
through a maximum around 92 K and then decrease to a value
above that of room temperature. This anomaly could be a
consequence of a spin reorientation due to a drastic change in
the anisotropy constant around that temperature. Further
studies of the role of anisotropy in the magnetic order of
BFO-based system are needed.

In the literature, the suppression or frustration of the
spatially modulated spin structure, due to the oxygen vacan-
cies and/or the coexistence of FeZt and Fe3* (Fe’t-02—
Fe2* double exchange interactions), is ascribed generally as
the cause of the weak ferromagnetism developed in BFO-
based system.?’** To understand and clarify the origin of the
observed magnetic behavior, the XPS of the samples was
investigated. The XPS narrow scan spectra of Fe 2p, O 1s and
Bi 4f are presented in Fig. 6.

The 2p,/, and 2ps, splitting of Fe 2p core level is pre-
sented in Fig. 6(a). The coexistence of two valence state for Fe
(Fe?* and Fe3") was confirmed from the Gaussian deconvo-
lution of the spectra. To accurate account, the two contribu-
tions and the contribution of the satellite peaks, all the spectra
was fitted (dashed and solid lines, only shown for BFO-900
for clarity). The results reveals the presence of the two valence
state for all the studied samples, being the Fe3* to Fe?* ratio
62/38, 56/44 and 59/41 for BFO-900, BBFT-900 and BBLFT-
900, respectively. Similar Fe3*/Fe?t values have been
reported in the literature.** No tendency can be identified with
dopant incorporation. Its worth to note that in the case of
undoped sample, the Fe3* to Fe?*t ratio could be slightly
affected by the presence of the impurity phase detected.

The O 1 s XPS spectrum (Fig. 6(b)) is an asymmetric peak
due to the overlap of two contributions (solid lines are only
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Fig. 5. (a) Magnetic hysteresis loops and (b) low temperature dependence of magnetization.

guide to the eyes). One main narrow peak around 529 cm~!—
529.5cm~! that can be associated with the of O 1 s binding
energy. Another wide peak, observed for all the samples at
higher energies as a shoulder of the main peak, can be as-
sociated to oxygen defects.’> As the electric neutrality is
consider in the nominal composition, the formation of oxy-
gen vacancies is due to the reduction of the Fe3* to Fe?*.
The inset in Fig. 6(b), shows the 4f5/, and 4f;, splitting
of the Bi 4f core level. For BFO-900 the binding energies are
163.8cm™~! (4f5)) and 158.5cm ™! (4f;,). For the doped
samples, these peaks shift to lower energies (around
163.4cm™! (4f5),) and 158 cm~! (4f;)5)). This doublet is
mainly identified as a signal from Bi—O bonds in the pe-
rovskite structure. Hence, the shift to lower energies indicates
a weakening of Bi—O bonds, in complete agreement with the
results obtained from Raman spectroscopy. Two extra peaks
below the main ones can be observed in the BFO-900 spectra

that can be associated with Bi-rich spurious phase detected
from XRD. The Gaussian deconvolution of the spectra (solid
lines) reveals that the BiysFeOy, content is around a 7.5%,
very close to the 5% obtained from XRD analysis, consid-
ering the difference between the two techniques.

As can be noted from the above results, in all the studied
samples the coexistence of the Fe in two valence states and
the presence of oxygen vacancies is confirmed. Suggesting
that, the improvement of magnetic properties of doped sam-
ples is not a direct consequence of oxygen vacancies and/or
the coexistence of Fe?* and Fe3* because the same scenario
is present in both, doped and undoped ones. Combining the
results from XRD, Raman and XPS analysis it may be con-
cluded that the enhancement of magnetic properties could be
due to reduction of the rhombohedral distortion and weak-
ening of the Bi—O bonds. These changes affects directly the
length and the angles between neighboring magnetic

o BFO-900
e BBFT-900
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Fig. 6. XPS narrow scan spectra for the studied samples (a) Fe 2p and (b) O 1s (Bi 4f in the inset).
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elements and therefore, change the strength of the super ex-
change and double exchange interaction Fe3*—O-Fe3* and
Fe3*—O-Fe?*, respectively. The change induced in magnetic
interactions suggest an effective suppression of the spatially
modulated spin structure and to the stabilization of a canted
spin structure in doped samples.

4. Conclusions

BFO and doped BFO bulk ceramic have been prepared by
solid state reaction route. The XRD results confirm that the
dopant incorporation improve the BFO rhombohedral phase
stability. In the case of the undoped system, a minority re-
sidual Bi-rich phase (around 5%) was detected. A reduction
of the rhombohedral distortion, introduced by the lone pair
6s” of the Bi** and a decrease in grain size with dopants
incorporation was detected as well.

The enhancement of magnetic properties in doped sam-
ples was attributed to the reduction of the rhombohedral
distortion and weakening of the Bi—O bonds rather than the
coexistence of Fe?* and Fe3* and/or the presence of oxygen
vacancies established via XPS measurements. Finally, the
weakening of the Bi—O bonds, confirmed by XPS and Raman
experiments, conduce to a continuous decrement of the fer-
roelectric-paraelectric transition temperature.
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