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Abstract

To understand the multiferroic behavior of the Y and Mn co-doped Bi gLa,, ;FeO5 system, we have synthesized Bi La,, ;FeO;
with the co-doped composition of Bi g_,,Y,La, ;Fe ;_,Mn,O; (a=0.05, 5=0.05, 0.10, 0.15, 0.20, and a=0.10, =0.10)
using the solid-state reaction method. The role of Y and Mn co-doping on the structural, magnetic, ferroelectric, and dielectric
properties were studied by various characterization techniques, such as x-ray diffraction, vibrating sample magnetometer
(VSM), polarization—electric field (P-E) loop tracer, and dielectric measurements. X-ray diffraction studies show that a 5%
doped sample is single phasic nature and crystallizes in rhombohedral (R3c) symmetry, whereas higher doped samples are
dual-phase in nature with minor impurity Bi,Fe,Og4 and crystallize in rhombohedral (R3c) and cubic (Pm-3 m) modulation in
structural parameters with Y and Mn doping. The modulation in magnetic behavior with Y and Mn doping has been investi-
gated and studied in the context of modification in the different interactions. P—E loop behavior is observed for lower Y (5%)
and Mn (5, 10, 15%) doped samples, whereas a lossy/leaky loop is found for higher doped samples (Y-5, 10%, and Mn-20%).
Lastly, the real and imaginary parts of dielectric permittivity indicate doping-induced increases in the values of &' and &".
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Introduction

Perovskite materials having the general formula ABO; are
desirable because of their excellent physical properties,
which can be used in a variety of technological applications.
Multiferroics (MF) exhibit two or more “ferroic” orders that
have been studied and have recently piqued the interest of
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materials scientists due to their wide range of practical appli-
cations in data storage, multiple state memories, condensers,
transducers, and so forth.!=> Out of the several MFs studied
so far, BiFeO; (BFO), is a well-known multiferroic com-
pound due to its showing multiferroic properties at room
temperature.

BiFeO; is widely studied due to the coupling between
the ferroelectric and magnetic order at room temperature,
which creates the possibility of room temperature multifer-
roic devices. It shows rhombohedral R3c symmetry, G-type
antiferromagnetic N’eel, Ty ~370°C, and ferroelectric Curie
up to T~ 830°C.*7 Consequently, the validity of BFO in
devices is limited due to various factors such as oxygen
vacancy, leakage currents, and so on. Despite certain advan-
tageous properties, BFO has some inherent issues due to
the spatially modulated spin structure, which prevents net
magnetization and inhibits the observation of a significant
linear magnetoelectric effect.®* Pure BFO has severe leakage
issues, making it practically unusable. The significant leak-
age current was due to the low concentration of Fe** ions
and oxygen vacancies in perovskite materials.' To reduce
this inherent problem (leakage current) and to enhance
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ferroelectric and ferromagnetic order parameters, studies
on the effect of doping at either the Bi-site or Fe-site and/
or optimizing synthesis parameters have been reported.'!
Based on various reports, doping at the A and B sites is
quite effective in improving multiferroic properties. In the
literature survey, many reports are available on the effects of
doping on the Bi-site (La, Ca, Ba, Sr, Nd, Sm, Tb, Pb)lz‘16
and Fe-site (Mn, Co, Cr, Ti, Ni).!'”"? Significant studies in
recent years have shown that the multiferroic characteristics
of BFO may be considerably tuned toward an ideal multi-
ferroic material by using appropriate doping.>!*** Several
groups have attempted to enhance the ferroelectric polari-
zation and remnant magnetization and decrease the leakage
current of BFO by suitably doping with rare earth elements
such as La’>*, Nd**, Gd**, Sm>*, and so on.'? It has been
reported that substituting Bi** with La®* having similar radii
to Bi** could reduce Bi volatilization and oxygen vacancy
concentration in BFO, resulting in structural stability and
the removal of the impurity phase.”

Enhancement in multiferroic behavior due to doping with
Y has been reported by Zhong et al.”* has reported that the
impurity phase of bismuth ferrite disappears when Y dop-
ing concentration increases. Bellaki and Manivannan®> have
determined that 10% Y leads BFO to an orthorhombic-like
symmetry transformation. However, doping with Mn has
been investigated and shown to reduce leakage currents.
Srinivas et al.?® reported that increasing Mn in BFO shows
a marginal change in structure and enhancement in mag-
netization. Another report on Mn doping in BFO shows the
improvement of multiferroic properties.?”*® However, co-
doping is a far more efficient way to tailor the magnetoelec-
tric properties of BFO. Several groups have attempted to
enhance the electrical and magnetic properties of BFO by
co-doping.?>** Thus, considering these studies, it will be
helpful to comprehend the impact of La and Y doping at the
Bi-site and Mn at the Fe-site in modifying the Fe valence
state in BFO, which might lead to enhanced electrical and
magnetic properties.®!

In the present communication, we report the results of
our studies on the influence of RE doping (La, Y) at the
Bi-site (A-site) and Mn at the Fe-site (B-site) co-doping in
the BiFeO; system, prepared by solid-state reaction (SSR).
The main objective of this work is to understand the role
of Y and Mn co-doping in the BLFO multiferroics by ana-
lyzing their structural, microstructural, dielectric, polari-
zation—electric field (P-E) loop, and magnetic properties.
Here, we have chosen Bi 4La ;FeO5 due to its stable crystal
structure compared with pure BiFeO3.4
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Experimental

Conventional solid-state reaction route, Y-Mn co-doped
Biy¢Lajy FeO; (BLFO) with the stoichiometric com-
position Bi (o4.,Y,Lay Fe ., Mn,O;5 (a=0.05, 0.10,
b=0.05,0.10,0.15,0.20) was used for synthesis, and here-
after referred to as YMn5, YMnl10, YMn15, YMn20, and
Y10Mnl0. High purity powders of Bi,O;, La,05, Y,03,
Mn,0;, and Fe,05 (99.99% purity Sigma-Aldrich) were
weighed in stoichiometric proportions and mixed thoroughly
in an agate mortar for 4-5 h until a homogeneous mixture
was formed. Then, the mixtures were calcined at 600°C for
2 h. The calcined powders were again ground for 4-5 h and
pressed into pellets having a diameter of ~ 10 mm and thick-
ness of ~1 mm using the hydraulic press at a pressure of
4% 10° Pa and were sintered at 810°C for 1 h. After sinter-
ing, the samples were characterized using the x-ray diffrac-
tion (XRD) technique with Cu-Ka (A= 1.54A) to confirm the
phase purity of the samples. Magnetic hysteresis (M—H) and
temperature-dependent magnetic behavior were measured
using a vibrating sample magnetometer (VSM). At room
temperature, frequency-dependent dielectric measurements
were carried out. Ferroelectric characterization was carried
out using a Radiant P-E loop tracer.

Results and Discussion

X-ray diffraction (XRD) patterns were analyzed to iden-
tify the crystal structural phase and purity of all the BLFO
samples with different doping concentrations of Y and Mn.
Figure 1 displays the atomic configuration of BLFO with
YMn5 and YMn20 doped BLFO, respectively (generated
through VESTA [Visualisation for Electronic Structural
Analysis] software®*). BFO has a rhombohedrally distorted
perovskite-type structure of space group R3c. Figure 2a pre-
sents real-time (RT) XRD patterns of doped BLFO samples
which show that, except for YMnS5, the other BLFO (i.e.,
YMn10, YMnl15, YMn20, and Y10Mn10) samples, which
show minor impurity marked by*, which is associated with
Bi,Fe,Oq4 phase formed due to the volatile nature of Bi and
the high sintering temperature used during synthesis, which
matches with the JCPDS file no. 01-072-1832.% Figure 2b
shows the enlarged view of doubly split (104) and (110)
XRD reflections (26 from 30° to 35°) shifts towards a higher
angle and merges into a single peak (110) with the increase
in Y and Mn doping concentration, indicates the reduction
in the unit cell due to the substitution of smaller ionic radii,
Y (0.90 A) with higher ionic radii, Bi (1.03 A).>'235 This
clearly shows that a considerable crystal structural distor-
tion has developed as a result of doping, which is caused
by slight variations in the lattice parameters (Table I). As a
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Fig.1 (a) BLFO with YMn5 co-doped (b) YMn20 co-doped BLFO.
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Fig.2 (a) XRD patterns of YMn5, YMn10, YMn15, YMn20, and Y10Mn10. *indicate peaks corresponding to Bi,Fe,Oq phase; (b) Enlarged

view of the (104) and (110) peaks.

result, it is reasonable to conclude that doping with suitable
elements and regulating their concentration will alter the
structure of BLFO effectively.

To further confirm the structural transition, all the XRD
patterns were refined using Rietveld refinement via the Full-
Prof program,*® and the fitted patterns are shown in Fig. 3. It
can be seen from the plots that the samples crystallize in two
phases, namely, rhombohedral (R3c) and cubic (Pm-3 m)
except YMn5. Values of the Rietveld refined parameters
are listed in Table I. It is noted that the values of S (good-
ness of fit) indicate that the fitting of the observed data and

calculated values are in good agreement. With increasing
in Y and Mn concentrations, the transition from R3c to
R3c+Pm-3 m is expected since the Mn>* cation weakly
destabilizes R3c as compared with that of Fe3*, whereas
Y3+ strongly destabilizes the R3c phase. Using Rietveld
refinement for composition (YMn10, YMn15, YMn20, and
Y10Mn10), we estimated the percentage of each phase pre-
sent in the presently studied samples (Fig. 3). The decrease
in lattice parameters leads to under-stress of lattice param-
eters with the increase in Y and Mn doping concentration.
Thus, increasing the Y and Mn doping content changes the
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crystal symmetry from rhombohedral to cubic. Furthermore,
the volume drops slightly as the doping fraction increases,
indicating a composition-driven structural phase transition.
The relations between structural parameters and other prop-
erties are discussed in detail with electrical and magnetic
data analysis.

Field-emission scanning electron microscopy (FE-SEM)
was employed to study the surface morphology of the BLFO

Table | Values of Rietveld refined XRD parameters of BFO doped
Y-Mn samples

samples. Figure 4 represents the SEM images of the BLFO
samples. Flat semi-oval and rectangular-shaped grains are
observed in Y-Mn doped BLFO samples. The different
Y-Mn content had a pronounced effect on the size, density,
and homogeneity of the grains. With increasing Y-Mn con-
tent, the grain size of the doped samples tended to decrease,
which was due to the inhibition of grain growth caused by
Y-Mn co-doping. From the SEM analysis, it is observed
that the grain size is about~1 um, and decreases slightly
with the increase in Y-Mn doping. This is possible because
upon higher doping secondary phases’ precipitation releases
stresses, and therefore SEM images show flat crystal faces,

Parameters R3¢ Pm-3m which is consistent with XRD results. In addition, the vari-
YMn5 YMnlO0 YMnl5 YMn20 YI10Mnl0 ation in morphology with doping content may be due to the
- Kirkendall effect, which leads to diffusion rates of constitut-
a(A) 5.5489 3.9370 3.9349 39345 3.9321 ing elements of the compounds 1,37
b (f\) 5'5482 39370 3'9329 3'9322 39321 To understand the magnetic behavior of the presently
¢ (?) 05 322'7?2 ?'(9);70 6(3)32 ? 6(3)3? 6(3).2(3)21 studied system, M-T at 0.1 T and M-H at 5 K and 300 K
;’O ume (A°) ) Z (2)3'4 2]'2 26.1 ) '2 measurements were carried out. Figure 5 shows the tem-
RP 2;'2 ]4'5 13'0 1 '4 12'1 perature dependence of the magnetic susceptibility measured
pr 10'5 8.94 8.05 Z'% 8. 0 under a magnetic field of 0.1 T in the range of 5-300 K
){2‘“" 4'47 2.62 2.62 2.96 3'15 in both zero-field-cooled (ZFC) and field-cooled (FC) pro-
Gof 2'1; 1.62 1.61 ]' | 1'85 tocols. The bifurcation of the ZFC-FC curve exhibits the
AO e (CS 0.516 0'339 0'319 0;65 0'229 coexistence of ferromagnetic and antiferromagnetic order-
Zfﬁf)lze( ) ' ’ ’ ’ ’ ing of BFO nanoparticles, which is typically observed in
the core—shell-like the structure of BFO nanoparticles.*® In
Y10Mn10
R3c (65%) + Pm-3m(35%)
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Fig. 3 Rietveld Refinement XRD patterns of BLFO Y-Mn co-doped samples.
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Fig.4 SEM images of BLFO samples: (a) YMn3, (b) YMn10, (c)YMn15, (d) YMn20, (e) Y10Mn10.
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Fig.5 ZFC and FC curves of co-doped BLFO samples (a) YMnS5, (b) YMn10, (c) YMn15, (d) YMn20, and (e) Y10Mn10.

the present study, it is observed in Fig. 5a—d, that the ZFC
and FC curves start to split below 300 K and a divergence
between the curves increases as the temperature decrease,
indicating the existence of the ferromagnetic property/weak
ferromagnetic 0rdering,38'39 whereas for Y10Mn10 (Fig. Se)

they were found to overlap, in which magnetization increases
with increasing temperature. The magnetic behavior of the
proposed system can be understood in two different ways:
(i) Fig. 5a—d in which YMn5, YMn10, YMnl15, YMn20,
and (ii) Fig. 5e Y10Mn10 BLFO system. In the first case,
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(Fig. 5a—d), x-T curves show three different characteris-
tics such as (i) decreased separation between FC and ZFC
curves, (ii) Sharp increase the value of below 100 K and
(iii) Observed low-temperature peak at~9 K with increased
Mn substitution. The first two characteristics can be under-
stood by La and Mn substitution-induced magnetization.
This unusual magnetic behavior was similarly observed
in the Mn-doped Bi, ,La,FeO; system by Khomchenko
et al.** The characteristics at the low-temperature peak are
due to the effect of Y substitution, similarly observed in
YFeO,.*! For YMn5 peak is not observed at~9 K due to the
less effect of Y doping compared with La and Mn substitu-
tion-induced magnetization. In the second case (Fig. 5e),
x—T curves show the unusual magnetic behavior due to
higher substitution at the Bi-site, which induced distortion
in the crystal structure. The unusual magnetic behavior of
the Y10Mn10 system can be correlated with the modifica-
tion in the crystal structure. The Rietveld refinement data
clearly shows that Fe>*—0?~—Mn>* angle increases max.
at 67.28°, which can increase the Fe’*—0?~—Mn>"* interac-
tion compared with Fe>*—0* —Fe®* resulting in a decrease
in magnetization value with temperature. This behavior is
quite similar to the Mn-doped YFeO; system.** The U shape
behavior of x—T (Fig. 5a—d) and peak or unusual behavior
(Fig. Se) is related to Mn doping in the BLFO system and
the effect of Y magnetic ordering respectively. The over-
all value of magnetic susceptibility increases one order for
Y 10Mn10 due to higher doping of Y resulting in modifying
the Fe’*—0*—Mn>" structure as discussed in the previous
point.

To further investigate the magnetic characteristics of the
sample, field-dependent magnetization measurements were

carried out. The magnetization as a function of applied mag-
netic field M(H) for all the co-doped BLFO samples was
studied under applied magnetic fields at 5 K and 300 K, as
shown in Fig. 6. The BLFO shows good magnetic hysteresis
behavior due to the distorted antiferromagnetic spin cycloid
of pure BFO and magnetically active Y>* characteristics.
Perfect magnetic hysteresis loops were observed at 5 K and
300 K for each composition and the saturation magnetiza-
tion increased with an increase in Mn>* content at RT. The
higher saturation magnetization observed for YMn20 than
other doped samples could be attributed to the higher lattice
strain developed due to the beneficial effect of co-doping,
which also agreed very well with the zero-field-cooled
(ZFC) and field-cooled (FC) studies Fig. 5d. We noticed that
the saturation magnetization increased at low temperatures
compared with room temperature. The results show that the
BLFO samples contain small remnant magnetization, which
implies that they have a weak ferromagnetic behavior. The
magnetization increases when Mn is the dopant due to the
magnetic moment of Mn and the charge compensation effect.
The enhanced magnetization owing to Mn and La co-doping
was reported by Wu et al.*> However, the observed magneti-
zation value for our samples was small in comparison with
those reported in the literature. This might be due to several
factors such as synthesis technique, synthesis conditions,
annealing conditions, and temperature.”® With Fe valence
state fluctuation and Fe™>~O—Fe™ super-exchange interac-
tion induced by Y doping, Y influences Fe and the moment
of Mn, which can enhance the magnetization.32 However,
it is notable that the coercive fields show slight variation
with the substitution of Y>*, and this behavior might be due
to the distortion and shrinking of the BFO crystal cells.**
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Fig. 6 M-H hysteresis loop of co-doped BLFO YMn5, YMn10, YMn15, YMn20, and Y10Mn10 at 5 K and 300 K.
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All calculated parameters of M—H curves are summarized
in Table II. As a result, the magnetic characteristics of the
samples are greatly influenced by the doping concentration.

Figure 7 shows polarization—electric field (P—E) loops
of Y and Mn co-doped BLFO at room temperature. Vari-
ous drive fields were applied due to different breakdown
fields exhibited. In an applied electric field of 250 kV/
cm, non-saturated hysteresis P-E loops were observed.
Ideally, measuring the steady P-E curves of the BLFO
at room temperature in a high electric field area is chal-
lenging due to the breakdown caused by the large leakage
current. This improvement in ferroelectric behavior in co-
doped samples might be due to reduced charge defects
such as oxygen vacancies.” The incorporation of yttrium
ions in the bismuth site helps to reduce oxygen vacan-
cies and the bismuth volatilization,3? while the amount of
the Mn doped in BLFO, a saturated P-E hysteresis loop
could not be obtained due to the release of free charge
carriers. It is observed that YMn5, YMn10, and YMn15

Table Il Calculated values of M, and H, for the BLFO samples

show the non-saturated hysteresis loop, but YMn20 and
Y 10Mn10 exhibit leaky behavior due to high Y and Mn
doping. This behavior can be understood by the effect
of doping. The increase in doping level of Mn increases
oxygen vacancies and hence lossy/leaky behavior for
the YMn20 sample. The formation of oxygen vacancies
is indirectly calculated from the atomic ratio of Bi/Fe,
which is ~0.98,~0.97,~0.96 for YMn5, YMn10, YMn15,
and ~0.93, ~0.85 for YMn20, Y10Mn10, respectively (cal-
culated from the EDX data). The EDX spectrum is given
in the supplementary material. The EDX spectral analysis
is given in Fig. S1 (see supplementary Figure S1) and
it shows the presence and composition of the constituent
element.

Figure 8 shows the frequency-dependent variation of
the real (¢') and imaginary (&”) parts of the dielectric per-
mittivity of the Y-Mn co-doped BLFO system at room
temperature. Real (¢') and imaginary (&") parts of the
dielectric permittivity were calculated using the follow-
ing equation.

, d z" / d z'
£ =- ———— Jande” = —
we A\ 7/ + 7112 we A\ 7% + 712

Sample Coercive field, Remanent magnetiza-
H, (T) 10° tion, . .
(D M, (magnetization (4 where d=thickness of the sample, @ ={frequency, ¢,=dielec-
p/f) tric permittivity. A =area of the sample. Z' =real part of the
. v .
SK 300K 5K 300 K impedance, Z" =imaginary part of 1mpedar.me. It has bee?n
observed, that the values of real and imaginary dielectric
YMn5 - 10.056 - 0.0058 permittivity (¢’, €”) increase with Y and Mn doping content,
YMnl10 10.102 10.101 0.0053 0.0073 while (¢, €”) decreases with increasing frequency. A high
YMnl5 10.103 10.040 0.0032 0.0063 (&’, €”) value in the doped samples implies a smaller charge
YMn20 10.103 10.030 0.0042 0.0086 defect in the samples.*’ Usually, the dipolar, electronic,
Y10Mnl0 10.090 10.098 0.0063 0.0047 ionic, and interfacial polarization contribute to the real and
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Fig.7 P-E hysteresis loop of Y-Mn co-doped BLFO samples.
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Fig.8 Variation of the (a) real part and (b) imaginary part of dielectric permittivity with frequency for Y-Mn co-doped BLFO.

imaginary dielectric permittivity of any material. Dipolar
polarization contributes in the sub-infrared frequency range
(10°-10° Hz).*® At low frequencies, dipolar and interfacial
polarization is responsible for dielectric behavior, whereas
atomic and electronic polarizations are effective at higher
frequencies. In the present case, a decrease in the real and
imaginary part of dielectric permittivity with an increase in
frequency has been explained based on dipolar phenomena,
which occur owing to the presence of defects and the doping
of various elements in the BLFO system.

Conclusion

We have successfully synthesized the Y-Mn co-doped
Bij gLa, FeO; (a=0.05, b=0.05, 0.10, 0.15, 0.20) using
conventional solid-state reaction technique. The Rietveld
refinement XRD pattern indicates a single-phase rhombo-
hedrally distorted (R3c) for YMn5, while the other sam-
ples crystallize in dual-phase, rhombohedral, and cubic
(R3c +Pm-3 m) along with modulation in the crystal struc-
ture. The Y-Mn co doping significantly improves the dielec-
tric, magnetic and ferroelectric properties of Bij gLa,, ;FeO;.
Temperature-dependent magnetic susceptibility measure-
ments show different interactions of magnetic ions with the
low-temperature ordering of Y, suggesting the sensitivity
in magnetic behavior with Y and Mn substitution in BLFO.
M-H measurements confirm the weak ferromagnetic behav-
ior. Similar magnetic behavior, doping-induced change in
dielectric behavior, and P-E loop have been investigated.
The decrease in the dielectric constant with an increase in
frequency may be due to the presence of defects which arise
due to Y and Mn doping in the BLFO system. The increase
in the unsaturated P-E hysteresis loop with Mn substitution
up to 5-15% while higher doping of Y and Mn shows leaky
behavior due to structural change. From the above studies,
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it is confirmed that the multiferroic property of the BLFO
system modifies with Y and Mn substitution.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11664-022-09972-2.
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