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Room temperature multiferroic properties and magnetoelectric coupling
in Sm and Ni substituted Bis_,Sm,Tiz;_,Ni, 0455 (x=0, 0.02, 0.05, 0.07)
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Lead free multiferroic Biy_,Sm,Ti;_ Ni,Ojr+5 (x=0.02, 0.05, and 0.07) samples have been
synthesized by conventional solid state route. X-ray diffraction analysis reveals single phase up to
x=0.07, and a secondary phase appears at x>0.07. Raman spectroscopy confirms the local
distortions in the crystal. Field emission scanning electron microscopy shows plate like grains.
Substitution has increased the orthorhombic distortion, grain size, and hence the ferroelectric
transition temperature (T.). A significant reduction in the values of dielectric constant (&) and loss
tangent (tan 0) has been observed with the increase of Sm and Ni ions. The increase in dc resistivity
at room temperature has been found with substitution. Enhancement in the values of remnant
polarization (2P,) and magnetization (2M,) is observed. Magnetoelectric coupling coefficient (o)
values of 0.60 mV/cm/Oe are achieved in Biy_,Sm,Ti;_,Ni, O, ceramic samples. Hence, we have
successfully converted the ferroelectric BisTizO;, into a multiferroic, which is a new lead free
multiferroic material, can be useful for future electromagnetic devices. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4880159]

. INTRODUCTION

In recent years, multiferroic materials have attracted
considerable attention due to their potential applications in
multifunctional devices, such as data storage devices, multi-
ple state memory elements, transducers, and sensors. "> The
simultaneous occurrence of both ferroelectric and ferromag-
netic order in a single material is very interesting and fasci-
nating.>* The interaction between the two ferroic orders
manifest itself as a magnetoelectric (ME) effect, i.e., electric
polarization is induced by changing magnetic field or mag-
netization is induced by changing electric field.>® However,
the materials showing both electric polarization and magnet-
ization are few in number. The co-existence of these ferroic
orders at room temperature is of both the technological and
fundamental interest. Moreover, the coupling between these
two order parameters provides an extra degree of freedom in
device designing, which makes it possible to write data bit
with an electric field and read it with magnetic field, and
vice-versa.”® However, the mechanisms for ferroelectricity
and ferromagnetism are mutually exclusive to each other.”'°
Ferroelectricity requires empty d-orbitals, whereas magne-
tism needs partially or half filled d-orbitals.” Therefore, sin-
gle phase multiferroic materials are rare and out of those
which are known, still have small magneto-electric effect at
room temperature and cannot be useful for practical applica-
tions. So the search for single phase multiferroic materials
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having large magnetoelectric effect at or above room temper-
ature still continues.

Many multiferroic compounds such as YMnO;, Cr,03,
and TbMnO5 have been studied during the last decade.''™"?
The magnetoelectric effect in these materials at room tem-
perature is small. Among the multiferroic materials, BiFeO;
is the extensively studied compound. It exhibits magneto-
electric effect at room temperature, but high electrical con-
ductivity and phase instability limit its applications.'*'>

Recently, a few studies on the Ti doped BiFeO; have
shown the enhanced multiferroic properties.'®'” Palkar and
Malik'® have reported the conversion of ferroelectric PbTiO5
into multiferroic by partially substituting Ti with Fe. It has
been also reported that Ni substituted PbTiO3 system also
shows magnetoelectric behaviour at room temperature.'®
The lead (Pb) based multiferroic compounds are toxic and
non-eco friendly, which restricts their use. Recently,
Bi4Tiz0,, (BIT) has gained much attention as a substitute of
Pb based compounds.” Layer structured bismuth titanate
(BIT) belonging to the Aurivillius family of compounds
(general formula [Bi,0,]*" [A,_1B, Osny1]*" with n=3)
possesses high ferroelectric transition temperature and is
easy to process.”' Recently, Chen ef al. have reported the ex-
istence of multiferroicity in Fe doped BIT, but the system
suffered from high losses due to conduction.***?

To search for new type single phase lead free multifer-
roic materials showing magnetoelectric effect at room tem-
perature, we have synthesized Biy ,Sm,Tiz_ Ni,Ojsr=5
compound by partially substituting nickel (Ni) at the Ti-site
and samarium (Sm) at the Bi-site in BIT. Transition element

© 2014 AIP Publishing LLC
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Ni is substituted to induce magnetism in the ferroelectric BIT
and the rare earth Sm to control the losses in the system, which
might be due to oxygen vacancy related defects in BIT. It is
reported that Sm substitution improves the ferroelectric and
magnetic properties of the layered structured compounds.***
According to our knowledge, no report has been yet so
far published on co-substitution of Sm and Ni in the BIT. In
the present work, we have comprehensively studied the
structural, dielectric, electrical, ferroelectric, magnetic, and
magnetoelectric  properties of Biy ,Sm,Tiz_ Ni,O5=5
(x=0,0.02, 0.05, and 0.07) ceramics at room temperature.

Il. EXPERIMENTAL DETAILS

Polycrystalline single phase Biy_ Sm,Ti;_ Ni,Oqs+5
(0<x<0.1) samples were synthesized by conventional solid
state reaction method. Stoichiometric amounts of Bi,Os,
TiO,, Sm,03, and NiO with purity >99.95% (Sigma Aldrich)
were used as the starting material. For better homogeneity, the
weighed powder of each composition with 3 wt. % excess
Bi,O5; was ball milled in a Fritsch Pulverisette Planetary high
energy ball milling system at room temperature. The milling
speed was set 200 rpm. The milling was stopped for 20 min af-
ter every 60 min of milling to cool down the system. All com-
positions were milled for 5h in tungsten carbide jars. The
milled powder was calcined at 700 °C for 12h. The calcined
powder of each composition was then pressed into pellets of
diameter 12mm and thickness of 1-2mm using hydraulic
press at a pressure of 120 MPa. The final sintering of the pel-
lets was done at 1000 °C for 4 h.

To study the crystallographic structures, x-ray diffrac-
tion (XRD) pattern of the ceramic samples was recorded
with X'Pert PRO PANalytical Diffractometer using Cu K,
radiation (A=1.54A°) over a 20 range between
20° <20 <60° at scanning rate of 3°/min. Local structural
distortions within the samples were studied using Raman
spectroscopy (Reinshaw invia Raman microscope) equipped
with Argon laser (4 =514.5nm) operated at 20 mW. The
microstructures and elemental composition were investigated
by using field emission scanning electron microscope
(FESEM) of FEI Quanta FEG-450 with energy dispersion
x-ray spectroscope (EDX) attached (Bruker-Nano-X-flash
detector 5030), respectively. The dielectric properties of the
sintered samples were measured by a LCR meter (Wayne
Kerr 6500 B). DC resistivity of the samples with different
composition at room temperature was measured using
Keithley 6221 system. The ferroelectric measurements at
room temperature were carried out using an automatic P-E
loop tracer. Magnetization measurements were performed
using vibrating sample magnetometer (Lake Shore Model
No 662) at room temperature. The magnetoelectric effect
was performed using the laboratory assembled dynamic
magnetoelectric coupling set up.

lll. RESULTS AND DISCUSSION

A. Structural and morphological studies

X-ray diffraction patterns of Biy ,Sm,Tiz_ Ni,Ojr=5
(x=0, 0.02, 0.05, 0.07, and 0.1) ceramic samples at room
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FIG. 1. XRD patterns of Biy_,Sm,Ti;_,Ni, O, ceramic with x=0, 0.02,
0.05, 0.07, and 0.1.

temperature sintered at 1000 °C are shown in Fig. 1. For
x<0.07, all the diffraction peaks correspond to the pure
phase of BisTizO, having orthorhombic structure (JCPDS
card No. 89-7500). It is clearly evident from the XRD analy-
sis that there is no change in structural symmetry except the
small change in lattice parameters with Sm and Ni substitu-
tion. For x> 0.07, an impurity peak at around 20 =28.11°
(indicated by * in Fig. 1) may attributed to the secondary
phase in the system. The peak is identified as bismuth nickel
oxide (Bi;47Nig530;;73) matched with (JCPDS card No.
43-0209). Therefore, the solubility of the Ni in BIT is only
up to x =0.07 concentration. The lattice parameters and unit
cell volume computed for each composition are listed in
Table I, which clearly reveal that the lattice parameters and
unit cell volume change upon substitution. The lattice con-
stants a, c¢ increase while b decreases, leading to slight
increase in unit cell volume. The variation in these parame-
ters may be due to different ionic radii of Ni** (0.69A) and
Sm”, (0.96A) as compared to Ti*" (0.61A) and Bi*"
(1.03A), respectively.26 Such variations in the lattice param-
eter have increased the orthorhombic distortion defined as
5 =2(a—b)/(a+b).”” The values of the J are 5.53 x 107%,
1.66 x 1072, 2.58 x 1077, and 3.32 x 10~ for x=0, 0.02,

TABLE I. Structural, electrical, dielectric, ferroelectric, magnetic, and mag-
neto electric parameters of Biy_,Sm Ti;_ Ni,O,+5 (x=0.0, 0.02, 0.05, and
0.07).

Parameters x=0 x=0.02 x=0.05 x=0.07

Lattice parameters (;%) a=>5.421 a=>5.423 a=5.425 a=5.428
b=5.418 b=5414 b=5411 b=5410
c=32725 ¢=32.740 ¢=32.766 c¢=32.810

Unit cell volume (A%) 961.16 961.25 961.88 963.48

Distortion (c/a) 6.036 6.037 6.039 6.044

p (Qcm) at RT 22x107  1.46x10%  2.69x10° 3.86x10®

T. (°C) 674 690 716 722

2 P, (uC/em?) 8.66 10.68 13.06 15.42

2M, (10~ * emu/g) Diamagnetic 8.34 12.52 20.56

Imax(MV/cm Oe) 0.35 0.46 0.60
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FIG. 2. Raman spectra of Biy_,Sm,Tiz_Ni,O5+5 (x=0, 0.02, 0.05, and
0.07) at room temperature.

0.05, and 0.07 compositions, respectively. The distortion ra-
tio (c/a) computed for each composition is also found to
increase with substitution (listed in Table I). From the
observed values of the distortion, it can be concluded that
Sm and Ni substitution has increased the structural distor-
tions in the system.

In order to understand the effect of substitution, Raman
scattering study has proved to be very useful technique to pro-
vide information about local structures in the materials. Fig. 2
shows the Raman scattering spectra of Biy_ ,Sm,Tiz_ Ni,O5=5
(x=0,0.02, 0.05, and 0.07) at room temperature. Theoretically,
there are 24 Raman active modes for orthorhombic BIT.?*?

J. Appl. Phys. 115, 204909 (2014)

However, as shown in Fig. 2, only the Raman modes at about
116, 147, 230, 267, 327, 354, 537, 560, 610, and 850 cm ™' were
observed in pure BIT. The internal modes, which originate from
TiOg octahedra, appear above 200cm ™ '.%® The main modes at
~267 and 850 cm ™" have similar doping dependences; the peak
broadening and reduction in the intensity with substitution
indicating structural distortion in the environment of TiOg octa-
hedra, due to the charge imbalance at the Ti-site. The modes at
~537 and 560cm™' and other two modes at ~327 and
354cm™! tend to merge with each other upon substitution,
which corresponds to the distortion in the TiOg octahedra caused
by A-site substitution in terms of change in the strength of Bi-O
bond.***' The Raman mode at ~116cm ™" is due to the vibra-
tion of Bi at the A-site. The small shift of this mode towards
higher vibrational frequency is due to the substitution of lighter
Sm atom at the Bi-site with gradual decrease in its intensity
with decreasing Bi content.** The structural distortions observed
in XRD pattern were also observed at the local level in the
Raman spectra. Hence, the results obtained from the Raman
spectra correlate well with the XRD pattern.

The FE-SEM micrographs of Biy ,Sm,Tiz_ Ni,Ojs45
for x=0, 0.02, 0.05, and 0.07 are shown in Fig. 3. The mor-
phology of each sample clearly shows the formation of ran-
domly oriented plate like grains. It can be noticed from
Fig. 3 that the grain size increases gradually with the substi-
tution of Sm and Ni, which might be due to the expansion of
the unit cell along a and c-axis, and improved sintering con-
ditions. There is no additional phase segregation has been
observed in the system. The elemental composition analysis
of each sample by EDX as shown in Fig. 4 confirms that Sm
and Ni are well incorporated into the system. The weight and

FIG. 3. FE-SEM surface micrographs
of Biy ,SmTi; Ni,Opp+s for (a)
x=0, (b) x=0.02, (c) x=0.05, and
(d) x=0.07.



204909-4 Paul et al.
! (a)
Bi
1T Ti Bi
0
] Bi
e J
. (c)
Bi
Ti
. olm Ti Sm Ni Bi
Sm

J. Appl. Phys. 115, 204909 (2014)

(b)
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FIG. 4. EDX of Biy_,Sm,Ti3_ Ni,O,+s ceramics for (a) x =0, (b) x=0.02, (¢) x =0.05, and (d) x=0.07.

atomic percentage observed in each sample are given in
Table II.

B. Dielectric studies

Figure 5(a) shows the variation of dielectric constant (')
at room temperature as a function of frequency over the
range of 1 kHz-1MHz for all the ceramic samples
Biy_ Sm,Ti;_NiOjz+s5 (0<x<0.07). The dielectric con-
stant has been found to decrease with increasing content of
Sm and Ni in the specimen. The dielectric constant exhibits
a strong dispersion in low frequency region (<10 kHz) for
x=0. The observed decrease in dielectric constant with
increase in Sm and Ni content at all frequencies may be
attributed to a possible reduction in the space charge effect.
The dependence of dielectric constant on the frequency is
due to the space charge polarization. During heat treatment,
the volatile nature of Bi might create defects in the system
due to oxygen vacancies. These defects along with 6s” lone
pair of Bi contribute to the space charge polarization. The

TABLE II. EDX analysis of Biy_,Sm,Ti;_,Ni,O+5 (x=0.0, 0.02, 0.05,
and 0.07).

x=0 x=0.02 x=0.05 x=0.07

Elements Wt.% At% Wt % At.% Wt % At.% Wt % At %

BiL 74.1323.76 74.05 23.62 74.1123.80 73.7323.52
TiK 11.5116.10 11.29 15.71 10.98 15.40 11.03 15.37
OK 14.36 60.14 14.31 59.65 14.40 60.47 14.56 60.43
SmL ... 0.150.07 0.340.15 0.450.20
NiK ......0.08 0.09 0.150.18 0.210.24

decrease in dispersion of the dielectric constant upon substi-
tution indicates the reduced charge effects, due to the reduc-
tion of oxygen vacancies and number of 6s” lone pairs. In
the samples substituted with Sm and Ni, there is almost neg-
ligible dispersion in dielectric constant beyond 10kHz as
against 100kHz for pure BIT. Hence, Sm plays the major
role to reduce the defects in the system. We can draw the
similar inference from the frequency dependence loss tan-
gent (tan O0) curves for these specimens as shown in
Fig. 5(b), where the pure sample appears to be more conduct-
ing as compared to the samples with Sm and Ni content. The
loss tangent curve represents the absorption of energy or
dielectric loss due to the lagging of orientation polarization
behind the applied field. Moreover, the room temperature
(RT) dc resistivity (p) of the ceramics increases upon substi-
tution as shown in Table 1. All these results exhibit the
improved dielectric properties of BIT when co-substituted
with Sm and Ni.

The measurement of dielectric constant (¢') as a function
of temperature carried out at 100kHz for all the ceramic
samples is shown in Fig. 6(a). Dielectric measurement shows
peaks around 674, 690, 716, and 722 °C, which correspond
to the ferroelectric phase transition for x =0, 0.02, 0.05, and
0.07 samples, respectively. It is clearly observed that the fer-
roelectric transition temperature (T.) increases with increas-
ing content of Sm and Ni, as a consequence of increased
orthorhombic distortions in the system.>® Decrease in dielec-
tric constant upon increasing substitution may be attributed
to the decrease in the interfacial or space charge polarization.
The decrease in the interfacial polarization is also supported
by the results obtained from the FE-SEM (Fig. 3), which
reveals that the size of the grain increases with increasing
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FIG. 5. Frequency dependence of (a) dielectric constant (¢'), (b) loss tangent (tand) of Bi,Sm,Tiz Ni,Op+5 (x=0, 0.02, 0.05, and 0.07) at room

temperature.

content of Sm and Ni in BIT. The growth in the grain size
reduces the volume fraction of grain boundaries, resulting
decrease in the interfacial polarization. Similar inferences
can be drawn from the temperature dependent loss tangent
curves as shown in Fig. 6(b).

C. Ferroelectric studies

Figure 7 shows the ferroelectric hysteresis loops at room
temperature for all the considered samples measured at a
fixed ac frequency of 50Hz under the maximum applied
electric field (30kV/cm). It can be observed from the loops
that all the samples exhibit ferroelectric behaviour. The
measured values of remnant polarization (2P,) are 8.66,
10.68, 13.06, and 15.42 uC/em?® for x=0, 0.02, 0.05, and
0.07 samples, respectively (also shown in Table I). Such
type of behaviour for the samples x =0 and x =0.02 may be
due to the trapped defect states and not to demonstrate the
true ferroelectric behaviour.**>> To overcome this problem,
we have measured the P-E loops at various frequencies (see
inset of Figs. 7(a) and 7(b)). From the frequency dependent
P-E loops, we have observed that there is a marginal varia-
tion in the shape of the hysteresis loops and the value of P,
and E. for x=0 and x=0.02, whereas there is no such

3000

[ —o—x=00 | 100kHz
X=0.02
2009 A x=0.05
X=0.07
2000
o 1500
1000 o
500 e feciiess s e
0 S R AR
T T

T T T T T T
100 200 300 400 500 600 700 800

Temperature (°C)

variation observed for x =0.05 and x = 0.07 samples, respec-
tively. The improvement in the shape of the ferroelectric
loops with substitution indicates the decrease in the conduc-
tivity of the samples, due to the decreasing defects in the sys-
tem. The increased 2P, is a consequence of increasing
distortion in the system upon substitution.*® The increase in
2P, might be due to the enhancement of grain size. The grad-
ual increase in grain size, which can be easily observed from
the FE-SEM micrograph, decreases the volume fraction of
grain boundaries. This decreases the space charge probability
trapped at the boundary and reduces the pinning of the neigh-
bouring domains. Also the increase in grain size weakens the
segregation of the defects at the domain walls. The reduction
in both pinning effect as well as segregation of defects helps
to speed up the movement of the domain walls, which results
an increase in the remnant polarization.37 Hence, the com-
bined effect of distortion and grain size has improved the fer-
roelectric properties of the Biy_ Sm,Tiz_Ni, O, System.

D. Magnetization studies

Figure 8 shows the isothermal magnetization hysteresis
loops for Biy_Sm,Ti;_Ni,Oj,+s at room temperature. An
anti S-type magnetization-field (M-H) curve has been

a-X=00 100kHz o £ (b)
X=0.02 3
&0 X =005 E
6 X=0.07 u
d
4 4
<
=
g
24
0 e e

T T 1 T L . S, R |
0 100 200 300 400 500 600 700 800

Temperature (°C)

FIG. 6. Temperature dependence of (a) dielectric constant (¢'), (b) loss tangent (tan ) of Biy_,Sm,Ti3_ Ni O+ (x=0, 0.02, 0.05, and 0.07) at 100 kHz.
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FIG. 7. P-E hysteresis loops of the Bi;_,Sm,Tiz_Ni, O, s ceramics for (a) x =0, (b) x=0.02, (c) x =0.05, and (d) x =0.07 at room temperature.

obtained for pure (x =0) sample, demonstrating the diamag-
netic nature of BiyTi3O;,. The M-H curve changes gradually
into S-type hysteresis loop with increasing content of Sm
and Ni, indicating that magnetism in the system starts arising
due to the incorporation of magnetic ions. It can be observed
that a loop is formed at the lower field and a non-saturated
behaviour occurs at the higher field. The non-saturation of
the hysteresis loop indicates that the system is magnetically
disordered, i.e., spins are canted instead of being parallel or
anti-parallel. The remnant magnetization (2M,) for x =0.02,
0.05, and 0.07 is 8.34 x 10%, 12.52 x 107%, and 20.56 x
10~* emu/g, respectively. The enhanced magnetism might be
explained by the following factors.

When the magnetic Ni*" ions are substituted at the
B-site, different types of magnetic network exist in the system,
leading to different types of interactions between these ions.
One type of network that may exist is the Ni*™-[J-Ni*",
where (-[]- denotes oxygen vacancy). The electron trapped in
the oxygen vacancy will form the F-centre.*® The F-centre is
similar to bound magnetic polaron.* The magnetic interaction
between Ni*" ions via F-centre gives rise to ferromagnetic
(FM) order. In another network, such as NiZ"-O-Ni*", the
super-exchange interaction between the magnetic ions will
favour the anti-ferromagnetic (AFM) order. The competing
FM and AFM orders lead to magnetic disorder, which result
canted spins. Further, due to the perovskite layered structure
of bismuth titanate, the spins of Sm”" ions in the sub-lattices
are canted. This leads to weak canted antiferromagnetic

behaviour.”> The extent of canting of spin structure increases
with the substitution of Sm>* ions. Hence, the co-substitution
of Sm and Ni has enhanced the magnetic properties of the
system.

E. Magnetoelectric studies

The ferroelectric and magnetization studies reveal that
both ferroic orders exist in Biy_ Sm,Ti;_Ni, O+ ceramic
for x =0.02, 0.05, and 0.07, respectively. To observe the mu-
tual dependence of these orders in a single phase material,
the ME effect which is characterized by the magneto-electric
coupling co-efficient (2 =dE/dH) is measured in terms of
induced electric field under applied ac magnetic field.** The
dc bias magnetic field (Hg.) up to 6 kOe is produced by an
electromagnet and an ac magnetic field (H,. =3 Oe) pro-
duced by a pair of Helmholtz coils were superimposed in a
sample. The ME voltage across each sample under applied
dc magnetic field at a constant ac magnetic field was meas-
ured by lock-in-amplifier. Fig. 9 shows the variation of o as a
function of applied dc magnetic field (Hq.) at a fixed ac mag-
netic frequency (993Hz) for Biy_ ,Sm,Tiz_ Ni,Osrx5
(x=0.02, 0.05, and 0.07), measured at room temperature.
The coupling co-efficient shows a non-linear behaviour with
applied dc magnetic bias for all the samples. The optimized
Hy. at which o is a maximum, shift towards higher field. The
maximum values of coupling co-efficient are 0.35, 0.46, and
0.60mV/cm Oe for x=0.02, 0.05, and 0.07, respectively,
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FIG. 8. M-H hysteresis loops for the Bis_,Sm,Ti; \Ni,O15+5 (x =0, 0.02, 0.05, and 0.07) ceramics at room temperature.

which increase with the increase in substitution content (also
see Table I). In single phase multiferroic materials, the ME
coupling arises mainly from the interaction between electric
and magnetic sub-lattices through the stress or strain trans-
mitting from one sub-lattice to another.*' The observed value
of ME coupling coefficient is low and is comparable with the
reported value on composite materials, which are established
as multiferroics.***?

0.7
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FIG. 9. Variation of magneto-electric coupling co-efficient (o) with dc bias
field (Hge) at magnetic frequency f=993 Hz for Biy ,Sm,Ti; Ni,Ojs+s
ceramics with x =10.02, 0.05, and 0.07.

IV. CONCLUSIONS

Multiferroic  Biy_ Sm,Tiz;_Ni,Oj,+s5 ceramic with
x=0.02, 0.05, and 0.07 has been synthesized by conven-
tional solid state reaction technique. Partial substitutions by
Sm** and Ni**ions have increased the orthorhombic distor-
tion, distortion ratio c/a, grain size, and ferroelectric transi-
tion temperature. The decrease in dielectric loss and the
increase in dc resistivity at room temperature signify the
reduction in the conduction, which results in relatively low
leakage. Both good ferroelectric and magnetic properties
are exhibited by the present ceramics at room temperature.
The magneto-electric coupling between the electric and
magnetic dipoles is demonstrated by measuring the ME
output voltage as a result of applied dc bias magnetic field.
The magnetoelectric coupling co-efficient increases with
increase in substitution content and observed a maximum
value of 0.60 mV/cm/Oe. The results of ME coupling dem-
onstrate the multiferroic behaviour of Sm and Ni substi-
tuted Biy ,Sm,Tiz Ni,Oj,+5 system. Hence, these
multiferroic materials may be useful for designing cost
effective electromagnetic devices.
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