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The single-phase multiferroic BisFe;_,Ni,Ti305 (BENT-x, x = 0, 0.1, 0.2, 0.3, 0.4, and 0.5) ceramics were syn-
thesized by a sol-gel auto-combustion method, and their microstructures, ferroelectric, magnetic, and dielectric properties
were investigated in detail. All samples belong to layer-perovskited Aurivillius phase containing four perovskite units
sandwiched between two Bi—O layers. Ni substitution can not only improve ferroelectricity but also enhance the magnetic
properties. The BENT-0.2 sample shows the largest remnant polarization (2P; ~ 11.6 pC/cm?) and the highest remnant
magnetization (2M; ~ 0.244 emu/g). The enhancement of the magnetic properties may mainly originate from the spin
canting of Fe/Ni-O octahedra via Dzyaloshinskii-Moriya (DM) interaction. In order to explore the influence of valance
state of magnetic ions on the properties, the x-ray photoelectron spectroscopy was carried out. Furthermore, structural,

ferroelectric, and magnetic transitions were also investigated.

Keywords: layer-perovskited oxides, ferroelectricity, weak ferromagnetism, phase transition

PACS: 77.80.—, 77.80.B—, 91.60.Pn, 75.47.Lx

1. Introduction

Single-phase multiferroics refer to those oxides simul-
taneously exhibiting ferroelectric (FE), ferromagnetic (FM),
and/or ferroelastic properties, which have been widely investi-
gated owing to their potential application in transducers, digi-

141 Nevertheless, it is still a

tal memories, and data storages.
challenge to pursue room-temperature (RT) multiferroics be-
cause there is rare multiferroics in nature due to the exclusion
between ferroelectricity and ferromagnetism.>~7]

By combining magnetic units with ferroelectric matrices
at atomic scale, the single-phase multiferroics can be obtained.
Bismuth-based layered perovskite Aurivillius phase is such
a kind of compounds with formula (BiFeO3),-BisTizO2,
which have been regarded as a promising candidate for
RT multiferroics.’®'! In this structure, the perovskite-type
slabs (Bipy, TisFe,nO3ms10)>~

type layers (Bi»0,)*>" along ¢ axis in a half unit cell.

are sandwiched with fluorite-

The magnetic transition temperatures of these oxides were
reported to be far below RT, i.e., BisFeTizO;s (80 K),
BigFe,Ti30;5 (160 K), and BizFes;Tiz0;5 (190 K).[’! Then
substitution with magnetic ions for Fe or raising the num-
ber of magnetic layers were employed to enhance the mag-
netic properties.!'>2*! For instance, four-layered BisFeTi3Os
(BFTO) showed good ferroelectricity and a high ferroelec-
tric Curie temperature of 1023 K accompanied by a space

group transition from A2jam to I4/mmm.'% As was re-

fCorresponding author. E-mail: hsun@yzu.edu.cn
© 2021 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ac1b92

ported, substitution with Co for half content of Fe in BFTO
can dramatically enhance the magnetic transition tempera-
ture far above RT (~ 618 K), realizing the coexistence of FE
and FM at RT.['>13] And the Co-substituted BFTO showed
strong magnetoelectric and magnetodielectric effects.!'* Sim-
ilarly, obvious ferromagnetism can also be achieved in five-
layered BigFeCoTizO;3!"3! and BigFe; (Ni TizOyg;!!8] six-
layered BisFe; 5Co; 5Ti305;'”) and BisFe;_Ni Ti30, ;>
and seven-layered BigFe4 7Meq 3 Ti30,7 (Me = Ni and Co).[??!
These results confirmed that Ni substitution can not only
induce ferromagnetism but significantly decrease the leak-
age current. Moreover, it is worth noting that the content
of doped magnetic ions has a great influence on the fer-
roelectric and magnetic properties. Although the magnetic
and dielectric properties of four-layered Bi4sNdTi3FeO,5 were

25261 their leaky ferroelectric hysteresis loops ex-

investigated, [
hibited poor ferroelectric property. There is still a lack of de-
tailed research on Ni-doped BFTO, such as ferroelectric and
magnetic transitions.

In this paper, we prepared BisFe;_,Ni, Ti3O0;5 (BFNT-
x, x =0, 0.1, 0.2, 0.3, 0.4, 0.5) ceramics by a sol-gel auto-
combustion method, and their microstructures, ferroelectric,
dielectric, and magnetic properties were investigated in detail.
As observed, the Ni content has a major influence on the mi-
crostructures and properties of BFTO, and their corresponding

mechanisms were discussed. The work may be beneficial to

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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our designing and exploring single-phase Aurivillius multifer-

roics.

2. Experimental details

BisFe;_4Ni, TizO5 (BFNT-x, x =0, 0.1, 0.2, 0.3, 0.4,
0.5) ceramics were synthesized by the sol-gel auto-combustion
method.?7-28] A detailed process is described as follows. Sto-
ichiometric amounts of Bi(NO3)3-5H,0 (5 wt% excess) and
Fe(NO3)3-9H,0 were dissolved in 4 M nitric acid solution,
and citric acid C¢HgO7-H,O was added. Dripping aqueous
ammonia (28% mass fraction) into the above solution to ad-
just pH value to 6-7. Here the molar ratio of metal ions to
citric acid was 1:1. The solution was transferred to an oil bath
with stirring at 80 °C to obtain dried xerogel. After that, the
xerogel was burned at 400 °C for 4 h, followed by ground
and pre-sintered at 750 °C for 6 h. The obtained powders were
ground again, subsequently pressed into pellets, whose diame-
ter and thickness were 10 mm and 1 mm, respectively. Finally,
the pellets were calcined at 900 °C for 4 h in air.

The microstructures of all the samples were analyzed by
x-ray diffractometer (XRD, XRD-7000, SHK, Japan), scan-
ning electron microscope (SEM, TESCAN VEGA3, Czech),
and Raman scattering spectra (Renishaw, USA). The valence
states of ions were investigated by an x-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher Scien-
tific, USA). The magnetic properties were measured by a vi-
brating sample magnetometer (VSM, EV7, ADE, USA). To
test the electrical properties, the calcined pellets were pol-
ished to a thickness of about 0.2 mm, and Ag electrodes
were deposited on both sides. The ferroelectric properties
of the samples were characterized by using a Precision LC
ferroelectric analyzer (Radiant Technology product, USA).
The dielectric constant and loss tangent dependent on tem-
perature were measured with a broadband dielectric spec-
trometer (Novocontrol Technologies, Germany). The thermo-
magneto-gravimetry (TMG) measurements were performed
using thermo-gravimetric analysis (TGA, Q5000IR, USA)
technique to measure the samples’ weight dependent on tem-
peratures in an applied magnetic field. The measurements
were carried out in nitrogen atmosphere with a 0.02 T mag-
netic field. The ferroelectric transitions were studied by the
differential scanning calorimetry (DSC, STA 449 F3 Jupiter,

Netzsch, Germany) in the process of a heating and cooling.

3. Results and discussion

Figure 1(a) shows the XRD patterns of the BFNT-x ce-
ramic samples. All the diffraction peaks of all samples can be
detected according to the standard PDF file of BisFe;TizO5

(JCPDS No. 38-1257, space group A2jam). All BFNT-x sam-
ples have a four-layered perovskite structure without other

[12-141 which suggests that Ni suc-

identifiable impurity phases,
cessfully entered into B-site to replace Fe. To confirm this, the
BisFe( gNip,TizO;5 was refined using Topas based on the or-
thorhombic space group A2;am, as exhibited in Fig. 1(b), and
good agreement between the experimental and calculated pat-

tern is obtained with Ry, = 8.11% and R, = 6.18%.

(a) BisFe;_,Ni,TizO5 * Al
s
- —~
. o~ — —~
s - S ,\vgoﬁzf}j" ) <
S & o= H|az8s” o2 N
S & 8z = | T8&8= o]
z=0.5__"1 T

Intensity

10 20 30 40 50 60
20 (°)
(b) Bi5F€0.8Ni0.2’Ei3015
}/obs
T Tcale
}/obsfyvcalc
R,=6.18 Bragg_position
Ryp=8.11
&
@
=}
Bt
i
8 . E
1 T 1 T 111 IH 1 IH bl VIW 11 I\IV 11 Il nmmnimu el
10 20 30 40 50 60

26 (%)
Fig. 1. (a) XRD patterns of BisFe;_,Ni,Ti30;5 (x = 0-0.5) ceram-
ics, and (b) XRD pattern of BisFe( gNip,TizO;s. Circles represent the
experimental data, and the calculated data are the continuous line over-
lapping them. The middle curve indicates the difference between the
experimental and calculated data. The lowest vertical bars show the
expected reflection.

Raman scattering in the frequency range of 50—
1000 cm~! was employed to explore the influences of Ni sub-
stitution on the BFTO lattice, as presented in Fig. 2. There
are two kinds of Raman modes in layered perovskite com-
pounds, i.e., low frequency modes (below 200 cm™!) and high
frequency modes (above 200 cm™").?%=3!1 The low frequency

—1 js ascribed to the vibration of heavier

mode around 121 cm
Bi ions at A-site. The high frequency modes, i.e., 265 cm™',
565 cm ™!, and 860 cm™! could originate from the stretching
and bending of the TiOg octahedra, which is similar to those in
layer-structured oxides.*>34! The mode located at 535 cm™!
may be associated with the Fe(Ni)Og, which coincides with
those of the BFTO (541 cm™!) and BisFey 5Cog 5015 (BFCT,

536 cm_l).”S] Compared with BFTO and BFCT, the mode at
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705 cm~! may be related to the torsional bending and stretch-
ing of Fe(Ni)Og octahedra, which moves slightly to the lower
frequency. This is due to the substitution of heavier Ni for
lighter Fe ions, as the frequency of the vibrating mode is pro-
portional to 4/(k/M). Here k is the force constant and M
is the reduced mass. Interestingly, the other two modes lo-
cated at 330 cm~! and 828 cm~! may be relevant to the ferro-
electric phase and magnetic phase, respectively, because both
of them become broaden and disappear with the increasing
temperature. 33! All the modes except the one at 705 cm™! do
not shift, confirming Ni successful substitution for Fe.
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Fig. 2. Raman scattering spectra of BFNT-x ceramics.

Figure 3 displays the surface SEM images of BFCT-x
samples. All samples are homogeneous, dense, and randomly
oriented, implying good crystallinity. Meanwhile, all the sam-
ples have flaky grains with obvious anisotropy. This is the
typical characteristics of layered perovskite Aurivillius oxides
due to its preferential growth in ab plane.!?’-?81 With the in-
crease of Ni content x, the grain size firstly increases and then
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decrease, revealing that Ni doping has an effect on the grain
growth.

To gain the electronic structure information of elements
in the samples, x-ray photoelectron spectroscopy (XPS) of
BENT with x =0, 0.1, 0.3, and 0.5 was carried out, as shown
in Fig. 4. According to the report,*®! the Fe 2p;/, peaks
located at 709.3 eV and 710.7 eV are ascribed to Fe?* and
Fe’" ions, respectively. The experimental Fe 2p; /2 peaks
shown in Fig. 4(a) are located at 710.5-910.6 eV, which means
there are both Fe3* and Fe?* ions in the samples. Using the
Lorentzian—Gaussian fitting and calculating, the atomic ratio
of elements can be determined quantitatively by the ratio of
area below the corresponding peak. The calculated ratio of
Fe’" to Fe?™ is listed in Table 1. It can be seen that a small
amount of Ni doping (x < 0.1) can inhibit the valence varia-
tion of Fe ions. As for the spectra of the Ni 2p3/, in BENT-0.3
and BFNT-0.5 (exhibited in Fig. 4(b)), the peaks at 855.1 eV
are close to the binding energy of Ni 2p;; in NipO3, illus-
trating that the Ni ions are in the ionic state of 43.037! Nor-
mally, the oxygen vacancies may be accompanied with the va-
lence change of cations and affect the electrical and magnetic
properties. 38! Therefore, the O 1s core-level spectra were an-
alyzed and presented in Fig. 4(c). The deconvoluted peaks
located at 529.7 eV and 531.7 eV are assigned to the lattice
oxygen (denoted with Opj) and oxygen vacancies (denoted
with Op)),13%4%] respectively. Here the peaks marked with Oy,
are attributed to the absorbed oxygen species. The relative
amount of oxygen vacancies can be qualitatively ascertained
by Iopz)/lo[1), as shown in Table 1. It is concluded that Ni sub-
stitution can largely improve the stability of oxygen ions and
reduce the oxygen vacancy concentration.

ha !
VEGA3 TESCAN|  SEM HV: 20.0 kv, WD: 14.56 mm
SEM MAG: 5.00 kx Det: SE

View fleld: 55.4 um | Date(m/dly): 07/18/17
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View fleld: 55.4 um | Date(m/diy): 07/18/17

Fig. 3. Surface SEM images of BENT-x samples for (a) x =0, (b) x =0.1, (¢) x =0.2, (d) x = 0.3, () x = 0.4, and (f) x =0.5.
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Fig. 4. 4 High resolution XPS spectra and fitted curve of (a) Fe 2p, (b) Ni 2p, and (c) O 1s of BFNT-x.

Table 1. The calculated atomic ratios of Fe>* /Fe>* and Iop /10[1] de-
pendent on Ni content.

x 0 0.1 0.3 0.5
Fe* /Fe3t 0.22 0.19 0.3 0.36
Top) /o 0.6 0.46 0.46 0.45

Figure 5(a) exhibits the magnetic hysteresis M—H curves
of all samples measured at RT, and their enlarged view of
central parts are shown in the inset. For x = 0, 0.4, and
0.5 samples, the linear M—H plots imply the feature of anti-
ferromagnetism (AFM) or para-magnetism (PM). The other
M-H plots exhibit typical hysteresis, which clearly indicate
the presence of FM moment. However, the magnetization is
not saturated even under the higher magnetic field ~ 1 T, re-
vealing that there also exist AFM interactions in these sam-
ples. Figure 5(b) summarizes the dependence of remnant mag-
netization (2M;) and saturated magnetization (M) on Ni con-
tent. With the increase of Ni content, both of them firstly
increase (x < 0.2) and then decrease with further more Ni
content. The changing trend of the magnetism with increas-
ing Ni content is consistent with that of Bi;Fes_,Ni, Ti3Oy;
ceramics.?! When x = 0.2, 2M, and M, reach the maximum
of 0.24 emu/g and 0.68 emu/g, respectively. In this kind of ox-
ides, the magnetism may be mainly affected by the following
factors. Firstly, the Fe (Ni)—Og octahedral tilting and distorted
crystal structure would bring about canted spin structure. And

spin canting of AFM coupling of Fe—O and Ni-O sublattices
based on Dzyaloshinsky—Moriya (DM) interactions leads to
the present weak ferromagnetism.[!3:1%-18-241 Secondly, there
exist oxygen vacancies in the samples confirmed in XPS
results. The magnetic ions are apt to integrate with oxy-
gen vacancies to form the bound magnetic polarons (BMPs),
and the interactions between BMPs are ferromagnetic.*!l As
discussed above, the oxygen vacancy concentration was de-
pressed by Ni doping, which would decrease this kind of fer-
romagnetic interactions. Both the aspects above result in the
variation of the magnetic properties dependent on Ni content.

To clarify the magnetic interactions in BFNT, the depen-
dence of the sample’s weight under a magnetic field on tem-
perature was investigated. Figure 6 gives thermo-magneto-
gravimetry (TMG) and the corresponding differential thermo-
magneto-gravimetry (DTMG) curves of BFNT-x samples with
x = 0.1, 0.2, and 0.3.
which corresponds to the FM-to-PM phase transition. This
means that there does not exist other magnetic impurity phase,
demonstrating that the room-temperature weak FM comes
from single-phase BENT. The peaks of BENT-0.1, BENT-0.2,
and BFNT-0.3 at approximately 824 K, 796.3 K, and 774 K,
respectively, are far above RT, leading to the occurrence of

weak ferromagnetism at RT. The magnetic transition tempera-

Each sample has only one peak,
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ture decreases as the Ni content increases. Generally, the two
main factors affecting magnetic transition temperature include
lattice distortion and magnetic interaction. Less Ni substitu-
tion (x < 0.1) can dramatically enhance the magnetic transi-
tion temperature from 80 K to 824 K and realize the weak
ferromagnetism at RT. More Ni content (x > 0.1) decreases
the magnetic transition temperature, which may be ascribed to
the decreased order of the B-site ions and the relative stability

0.8

() —z=0
+x—8%
Tr = U.
. 04r  _2-=03
o0 x=0.4
= ——x=0.5
g 0
L ¢ _
E ""“’d 02 .«':'i;m»—«
—0.4F v Ogﬁﬁ"'
L 0.2p—"
—400 0 400
T, — 0 5 10
H (103 Oe)

M, (emu/g)

of the magnetic structure.[*?! As for the lattice distortion, it is
affected by the changes of the bond angle and length between
coupling magnetic ions, which is also related to the transition
temperature from FE to paraelectric phase transition.!'#] As
reported, the higher ferroelectric transition temperature means
the larger structural distortion. Therefore, we will discuss the
temperature dependence of the dielectric properties and DSC
curves of all samples below.

(b) 10.8
40.6 =
=
loa
EA
40.2
oF
L L L L 0
0.1 0.2 0.3 0.4
x

Fig. 5. (a) Magnetic hysteresis M—H curves measured at RT of SBNT-x samples. (b) The variation of 2M; and M with Ni doping content.
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Fig. 6. Weight loss under a magnetic field and DTMG curves of BENT samples with x = 0.1, 0.2, and 0.3.

Figure 7 shows the temperature dependence of dielectric
constant € and loss tan & of all BENT samples from 370 K
to 1080 K at different frequencies. All the samples exhibit a
similar behavior, and a set of anomalies are observed around
600 K and marked with rectangle. The set of dielectric peak
locations of dielectric constant and loss shift toward higher
temperature with the increase of frequency, exhibiting a typi-
cal thermal-activated relaxation behavior. Whereas, it is diffi-
cult to determine the dielectric peak position due to the wide
dielectric loss peak. In order to understand the mechanism of
this abnormal dielectric behavior, the temperature dependent
imaginary part M” of dielectric modulus for BFNT was stud-
ied, depicted in Fig. S1. According to the point defect relax-
ation theory, the activation energy E, of relaxation units can be
= fwexp(E,/kgT), where
fr and f. are the relaxation frequencies of characteristic peak
and at infinite temperature, respectively. T is the temperature
of the M"-peak, and kg is the Boltzmann constant. As dis-

calculated by the Arrhenius law f;

played in Fig. S2, the activation energies E, are evaluated to
be 0.85 eV, 0.56 eV, 0.57 eV, 0.56 eV, 0.60 eV, and 0.55 eV
for the BFNT samples with x = 0, 0.1, 0.2, 0.3, 0.4, and 0.5,

respectively. These values are close to the migration energy

43441 indicating that these

of oxygen vacancies (0.5-1.1 eV),!
dielectric anomalies around 600 K are associated with the hop-
ping process of oxygen vacancies. Unfortunately, the FE Curie
temperature is not found in the dielectric spectra dependent on
temperature from 370 K to 1080 K due to the limit of the di-
electric spectrometer. Then DSC traces of all BENT samples
will be studied as follows.

Figure 8 shows the DSC curves of all BFNT samples.
There are two sets of endothermic peaks on heating and two
sets of exothermic peaks on cooling for each sample, indicat-
ing reversibility of transitions. Both the sets of peaks exhibit
thermal hysteresis. For the BFTO sample, the low-temperature
endothermic peak located at 1030 K with its corresponding
exothermic peak at 1020 K is in a good agreement with the
ferroelectric transition accompanied with structural transition
from orthorhombic to tetragonal phase.!*! The other high-
temperature endothermic peak at 1126 K with its correspond-
ing exothermic peak at 1083 K originates from the lattice ex-

pansion of the tetragonal phase. We summarize the temper-
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ature of all endothermic and exothermic peaks in Table 2,
and define the transition temperature as the average value of
the temperature of endothermic and corresponding exothermic

peaks. From Table 2, it can be seen that the ferroelectric tran-
sition temperature decreases with the increasing Ni content,
implying lessen structural distortion.
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Fig. 7. The temperature dependence of dielectric constant € and loss tan 8 of all BENT samples ranging from 370 K to 1050 K at different frequencies.
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Fig. 8. DSC curves of all BFNT samples.
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Table 2. The detected transition temperature of all BENT samples.

X Thealing (K) Tcooling (K) T (K) Thealing (K) Tcooling (K) b (K)
0 1030 1020 1025 1126 1083 1104.5
0.1 1022 1013 1017.5 1126 1071 1098.5
0.2 1020 1013 1016.5 1121 1081 1101
0.3 1020 1009 1014.5 1119 1075 1097
04 1020 1009 1014.5 1119 1075 1097
0.5 1020 1009 1014.5 1121 1071 1096

[y
(S
T

—_
)
T

ot
T

P (uC/cm?)
|

I
[aary
o

T

I
fy
ot

T

1 1 1 1 1 1 1 1 1 1
—300 —200 —100 O 100 200 300
E (kV/cm)

12F (b) o

\ 2B | 200

—_
)
T

E. (kV/cm)

4100

2P, (pC/cm?)
o

Fig. 9. (a) Polarization versus electric field (P—FE) hysteresis loops of
BFNT. (b) The variation of remnant polarization (2P;) and coercive field
(E.) dependent on Ni content.

Finally, the ferroelectric hysteresis loops of all samples
were measured at RT, as illustrated in Fig. 9. For the BFTO, its
loop shows round and leaky. After Ni substitution, the ferro-
electric remnant polarization as well as the breakdown electric
field enhance largely. The values of remnant polarization (2F;)
and coercive field (E,) firstly increase and then decrease with
the increase of Ni content. When x = 0.2, the 2P, reaches the
largest value about 11.6 uC/cm?, and the breakdown field also
achieves the maximum of 220 kV/cm. As is well known, the
ferroelectric property may be related to the following factors:
(1) Structural distortion. [*%#7] The substitution of Fe by larger
radius ions, i.e., Co and Ni, can reduce the displacement of the
B-site ions, decreasing the structural distortion. The decreased
structural distortion leads to the reduced FE Curie tempera-
ture, which is confirmed in Fig. 8. The decrease structural dis-
tortion will reduce the larger remnant polarization. (2) Oxy-
gen vacancy.*8] It was reported that oxygen vacancies usu-
ally aggregate at the ferroelectric domain walls and pin the
domain switching, resulting in deterioration of the remnant

polarization. Ni substitution decreases oxygen vacancy con-
centration discussed above and increases the polarization. (3)
Grain size.[*”! Larger grain can weaken the aggregation of the
defects at the domain walls, lessening the pining of the domain
walls and enhancing the remnant polarization. As shown in
Fig. 2, less Ni substitution increases grain size, which can en-
hance the remnant polarization. The above three factors bring
about the variation of ferroelectricity dependent on Ni content.

4. Conclusions

The microstructures, ferroelectric, magnetic, and dielec-
tric properties of BFNT-x ceramics were investigated system-
atically. XRD and Raman spectra confirmed that Ni sub-
stitution does not change the four-layered perovskite struc-
ture. Ni substitution can improve ferroelectricity as well as
magnetic properties. The largest remnant polarization (2P, ~
11.6 uC/cm?) and the highest remnant magnetization (2M; ~
0.244 emu/g) were found in the BFNT-0.2 sample. The weak
FM of the doped samples may mainly originate from the spin
canting of Fe/Ni-based sublattices via the antisymmetric DM
interaction. The enhancement of FE and magnetic properties is
related to the structural distortion. Therefore, DSC tests were
performed, detecting FE transition and lattice expansion of the
tetragonal phase. The dielectric relaxation behaviors were ob-
served in all samples, which may be caused by the migration
of oxygen vacancies due to thermal activation. The present
work is helpful for design of room-temperature multiferroics
based on Aurivillius phase.
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