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Multiferroic complex oxides with intergrowth aurivillius phases are gaining more and more attention due to
the potential to greatly adjust their ferroelectricity (FE) and ferromagnetism (FM) using non-integer layer
numbers. In this work, the 2 + 3 aurivillius intergrowth phases of Bi;Tis_>CoxNb;,,051 were successfully
synthesized via a solid reaction method. X-ray diffraction (XRD) and high angle annular dark field
scanning transmission electron microscopy (HAADF-STEM) analyses clearly demonstrated that Co
substituted Bi;Tis_>xCoxNb;,,O5; keeps an intergrowth phase structure when x = 0.3. A new analysis
method that maps the linear brightness in HAADF images was used to give the clear Bi atom position,
and this revealed that the lattice shrinkage in the c direction caused by Co substitution mainly occurred
at the (BiTiNbO,)2~ block in the (BisTiNbQs) layer, which was also confirmed by an investigation using
Raman spectroscopy. Polarization—electric field (P-E) investigations and pulsed polarization positive-up
negative-down (PUND) measurements indicated that Bi;Tiz_»xCoxNby;, O (x = 0.1, 0.2, and 0.3)
presents much enhanced properties compared with non-substituted Bi;Ti4NbO,,. For example, 2E. =
13523 kV cm™* and 2P, = 9.33 nC cm~2 can be achieved when x = 0.3. Also with Co substitution,
Bi;Ti4sNbO,; changed from diamagnetic (x < 0) to paramagnetic (x = 7 x 1075). The calculated effective
magnetic moments in the Bi;Tis_>,CoxNb1,,O2; samples have similar values, suggesting that the cobalt
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Introduction

Ferroelectric and/or ferromagnetic co-existing layered bismuth
complex oxides with an aurivillius structure (LBOA) have
recently been attracting considerable interest because of their
amazing layered crystalline structures, valuable coupled phys-
ical properties, and potential applications in multiple-state
storage, transducers, amplitude modulators, and optical wave
devices.' Normally, the crystalline structures of LBOAs can be
generally formulated as (Bi,0,)*" (A;,_1BnOsmi1)”~ in which the
(Bi,0,)*" fluorite-type layers alternate with (A,_1BOsms1)>”
perovskite slabs, where A is a mono-, di-, or tri-valent ion, such
as Na', K', Pb*', Ba®>", sr**, Bi*", or a mixture of them; B
represents a small sized cation with tetra-, penta-, or hexa-
valence, such as Ti*", Nb>*, Ta®, or W®"; and m, usually an
integer, is the number of mono-octahedral layers between the
(Bi,0,)*" layers.’® As their crystalline structures, chemical
stability, as well as dielectric and ferroelectric properties can be
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atoms in the materials have almost the same efficient moment.

affected by m, the intergrowth of LBOA compounds with two
constituent structures (generally m and m + 1) alternating along
the common c-axis, such as Bi,WO¢-Bi;TiNbO,, Bi;TiNbOy—
BiyTi30;,, and Bi,Tiz04,-BisTizFeO5,'** was designed and
synthesized to enable further tailoring of their properties. It is
generally believed that these compounds with intergrowth
aurivillius phases show better properties compared with non-
intergrowth LBOAs. For example, the remanent polarization
(2P,) of BizTiNbOg-Bi Tiz04, is ~20.1 pC cm > at 423 K, much
larger than the values of Bi;TiNbOy (~11 puC cm %) and
Bi Tiz0;, (~16 pC ecm™ ). In general, the majority of such
materials investigated before were ferroelectric.

In the ferroelectric Bi;TiNbOg-Bi,Tiz04, (Bi;TisNbO,,)
system shown in Fig. 1, for example, 3-layered (Bi,Ti;010)*>~ and
2-layered (BiTiNbO,)*~ arrange alternately between the neigh-
bouring (Bi,0,)*" layers. The theoretical and property studies of
these amazing structures of Bi,Ti,NbO,; have attracted much
attention.'®"> Moreover, to intensively modulate the properties
of Bi,;Ti,NbO,,, many types of A-site substitution, such as La, W,
Er and Na, were adapted, and the properties of some of these
were obviously improved.*>'*'*'#' Unfortunately, although it
may trigger another regulating factor in the properties,
substituting the magnetic ions in the B-sites to generate a mul-
tiferroic has rarely been studied in the intergrowth of
Bi,; TiyNbO,;.
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Fig. 1 A schematic representation of the crystalline structure of
Bi; Ti4aNbO5;.

In this work, Bi,;Tiy ,,Co,Nb;,,0,; (x = 0, 0.1, 0.2, 0.3, and
0.4) specimens were successfully synthesized via a solid state
reaction. The amounts of the Ti and Nb ions changed simul-
taneously with Co substitution to keep the charge balance. The
effect of Co substitution on the structure of Bi,;Tis_,,CO,-
Nb,.,0,; was investigated in detail, and the ferroelectric and
ferromagnetic properties of Bi,Ti; ,,Co,Nb;,O,; were also
studied as functions of the Co content.

Experimental section

Polycrystalline Co-substituted Bi;Ti;NbO,; powders were
prepared via a conventional solid-state reaction. Appropriate
amounts of Bi,O3; (99.99% purity, Jiangsu Gold Wall Reagent
Co., China), TiO, (99.71% purity, Sinopharm Chemical Reagent
Co., China), Nb,O5 (99.5% purity, Sinapharm Chemical Reagent
Co., China), and C0,0; (99.98% purity, Jiangsu Gold Wall
Reagent Co., China) were mixed in an agate jar, blending with
agate balls for more than 24 hours in ethanol. An excess of
5 mol% Bi,0; was used to compensate for the volatilization of
bismuth oxide during the calcination process. After drying at
70 °C for 24 h, the milled powders were heated at 900 °C for 7 h.
To fabricate ceramic pellets, the Bi,Ti;NbO,; powders were
cold-pressed into disks that were 12 mm in diameter and
0.9 mm thick at a pressure of 150 MPa, and then sintered at
1180 °C for 4 h in air to prepare dense Bi,;Ti; ,C0Nb1.,O5q
ceramics.

The crystalline structures of the Bi;Ti;_2xCOxNb1+,Osq
samples were investigated using powder X-ray diffraction (XRD)
with Cu-Ka radiation (TTR-IIL, Japan). The atomic structures of
the samples were visualized using high angle annular dark field
aberration corrected scanning transmission electron micros-
copy (HAADF-STEM, JEM-ARMZ200F, JEOL, Japan). The micro-
structures of the fractured samples were observed using
scanning electron microscopy (SEM) (JEOL, JSM-6400). Raman
spectra were obtained with a SPEX-1403 Laser Raman spec-
trometer using a 514.5 nm Ar+ laser as an excitation source
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(LabRamHR, France). For the ferroelectric and dielectric
measurements, the pellets were polished to about 0.3 mm in
thickness, and then Ag was evaporated on both of the surfaces,
which would act as electrodes. Ferroelectric measurements were
conducted using a Precision LC ferroelectric analyzer at an
applied frequency of 50 Hz (Radiant Technology, USA). The
magnetic properties of the samples were characterized by
a vibrating sample magnetometer option of the Quantum
Design physical property measurement system (PPMS-VSM,
Quantum Design, USA).

Results and discussion
XRD and HAADF-STEM

Fig. 2(a) shows the room-temperature XRD patterns of the Bi,-
Tiy_2,Nb;.,C0,0,; (x = 0, 0.1, 0.2, 0.3, and 0.4) pellets sintered
at 1180 °C. When x = 0.3, all the XRD diffraction peaks match
well to those of Bi,Ti;NbO,;with a space group symmetry of
I2cm,* indicating that no secondary phase was detected,
whereas the Bi; TiNbOy phase precipitated when x was set as 0.4.
Therefore, in this work, to eliminate the effects from impurities,
the properties of Bi,Ti; ,Nb;,,C0,0,; (BTNC) were studied
when x < 0.3.

Enlarged views of the XRD spectra near the main peak (018)
are shown in Fig. 2(b) for the BTNC samples (x =< 0.3). It can be
clearly seen that the main peak shifts toward the higher angle
when increasing the Co content, indicating the reduced lattice
parameter c. Rietveld refinements of the XRD patterns were
performed with the Material Studio 6.0 program and the refined
cell parameters are listed in Table 1 and also shown in Fig. 2(c)
as a function of the Co content. It can be clearly seen that all the
lattice parameters reduce with an increase of the Co content.
Considering the ionic radii of Co®" (54.5 pm), Nb>* (64.0 pm)
and Ti** (60.5 pm), the shrinkage of the lattice parameters
should result from the smaller average radius of Co®>" and Nb>*
(59.25 pm), which are substituted as a pair to keep the charge
balance.

To illustrate the formation process for its 2 + 3 intergrowth
structure, the crystalline structures of Bi,Ti;¢C0y,Nb; 05
powders calcined at different temperatures were also investi-
gated. As shown in Fig. 2(d), when calcined at 900 °C, the
spectra corresponding to Bi;TiNbOy, Bi,Ti;0;, and Bi;Ti;NbO,,
based oxides can be clearly identified. With the enhancement of
the calcination temperatures, the peaks corresponding to Bi;-
TiNbO, and Bi,Ti;O,, recede and become invisible when
calcined at 1180 °C, suggesting that Bi;TiNbOy and Bi TizO1,
based oxides react to form Bi,Ti;NbO,, based complex oxides. It
should be noted that the detailed formation procedure for how
BizTiNbOy inserts into the Bi,Ti;O;, lattice (or inverse) to form
Co substituted Bi,Ti4NbO,, is still unclear and needs intensive
investigation.

The HAADF-STEM images of the Bi,;Ti;_,,CoNb1:,Oq
powders (x = 0 and 0.2) are shown in Fig. 3. It is well known that
the brightness of the atoms in the HAADF-STEM images
depends on the atomic number. Therefore, the spots repre-
senting the Bi atoms are much brighter than those representing
all the other atoms. As shown in Fig. 3(a), 2 and 3 layers of the Bi

This journal is © The Royal Society of Chemistry 2017
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Fig. 2

(a) The RT XRD patterns of Bi;Tig_2xCoxNb1,,O51 (x =0, 0.1, 0.2, 0.3, and 0.4). (b) The magnified sections of the XRD patterns in the 26

range of 28.5-31.0°. (c) The refined lattice parameters vs. the Co content in Bi; Ti4_»,CoxNb1,, 051 (x=10, 0.1, 0.2, and 0.3). (d) The XRD patterns of

the Bi;Tiz6Cog2Nb; 20, powders calcined at different temperatures.

Table 1 The refined lattice parameters of Bi;Tis_»,CoNb1,,O»1 (x = 0, 0.1, 0.2, and 0.3)

Lattice parameter (A)

Unit cell volume

x a b ¢ (&%) Rup R,

0 5.4408 (3) 5.4076 (7) 57.9292 (31) 1704.40 (71) 8.26% 15.35%
0.1 5.4309 (8) 5.3964 (1) 57.7439 (70) 1692.34 (91) 8.78% 18.44%
0.2 5.4224 (7) 5.3852 (1) 57.6039 (00) 1682.10 (20) 9.64% 19.91%
0.3 5.4098 (7) 5.3798 (9) 57.5475 (79) 1680.71 (60) 9.43% 18.37%
Bi;TiNbO, (ref. 20) 5.4394 5.3985 25.13

Bi Tiz0;, (ref. 16) 5.45 5.41 32.84

atoms (bright spots) are sandwiched by two closely stacked Bi
layers, which present in an orderly and alternating manner,
indicating the intergrowth of the two pseudo-perovskite blocks
(as indicated in Fig. 1).

To indicate the substitution effect on the atomic structure,
enlarged views of the HAADF-STEM images for the x =0 and x =
0.2 samples are shown in Fig. 3(b) and (c), respectively.*® To this
end, a new method to map the brightness scanned along two
lines (indicated in the images) is applied to give the clear Bi
atom positions. Shown in Fig. 3(b), line 1 (along the ¢ direction)
in the Bi,;TiyNbO,; sample starts from the Bi atom in the
(Bi,0,)*" layer and passes through the Bi atoms in the (Bi,Tis-
010)>” block (indicated in Fig. 1); yet, when entering the
neighbouring (Bi,0,)*" layer, line 1 goes between the two
adjacent Bi ions caused by the shifted position of Bi in the
[Bi,O,]>" layer, which makes line 1 pass through the dark spots
corresponding to the B site ions, such as Ti, Nb, and Co atoms,

This journal is © The Royal Society of Chemistry 2017

in the following (BiTiNbO,)*~ block, and therefore, the bright-
ness corresponding to line 1 presents 4 strong peaks and then
two weak peaks. It should be noted that the two Bi ions in
[Bi,O,]*" only present one peak with a small tail caused by the
shifted position of the neighbouring Bi ions. From the peak
position along the line, the layer distance in each block can be
calculated as ¢/2 = 2.899 nm, very close to the simulated value
of ¢ (c/2 = 5.79292/2 = 2.8965 nm). Importantly, the Bi-Bi
distance in the Bi,Ti30;, layer is found to show great depen-
dence on the positions, suggesting different lengths of the
oxygen octahedral along the ¢ direction. As shown in Fig. 3(b),
the lengths of the oxygen octahedral are about 0.471 when
located close to the (Bi,0,)** layer and 0.422 nm when located
in the centre of the (Bi,TizO,0)>~ block.

Similarly, line 2 starts from the (Bi,0,)*" layer and goes
between the Bi atoms in the (Bi,TizO;0)>~ block and passing
through the Bi atoms in the neighbouring (Bi,Tiz04,)>" block

RSC Adv., 2017, 7, 50477-50484 | 50479
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(c)

(a) The HAADF-STEM image of the Bi; Tis gNby 2,C00 20,1 ceramic specimen; (b) the STEM image of the Bi; Ti4NbO,; (x = 0) sample along

with its brightness map scanned at lines 1 and 2; (c) the STEM image of the Bi; Tiz gNb; 2,C0g 2051 (x = 0.2) sample and its brightness map scanned

at lines 1 and 2.

caused position shifts of Bi*" in the (Bi,0,)*" layer. Accordingly,
the brightness of line 2 presents four weak peaks at first and
then three strong peaks. Therefore, the Bi-Bi distance in the ¢
axis can be measured as 0.509 nm in the (BiTiNbO,)>~ block,
indicating a much longer oxygen octahedral along the ¢ direc-
tion than that in the (Bi,Ti;040)>~ block.

While for Bi,Ti; ¢C0y.,Nb; 0,1, the Bi-Bi distances in the ¢
axis can be measured as 0.487 nm in the (BiTiNbO,)*~ based
block and 0.470 and 0.432 nm in the (Bi,Ti;010)*~ based block,
respectively, illustrated in Fig. 3(c). Compared to Bi,Ti;NbO,;,
the main change in the Bi-Bi distance occurs in the
(BiTiNbO,)*~ block, shrinking from 0.509 to 0.487 nm. This
result seems to imply that Co with an ionic radius of 54.5 pm
mainly incorporates into the (BiTiNbO,)*~ block. One thing to
be noted is that the value of ¢/2 measured in Fig. 3(c) is 2.883 nm
for Bi,Ti; ¢C0,,Nb; ,0,4, very close to that simulated from the
XRD spectra (¢/2 = 2.8802 nm). This result further indicates the
credibility of this brightness map method.

Raman analysis

Raman spectroscopy was used to investigate the Co substitution
effect on the structure of Bi,;Ti;NbO,;. As shown in Fig. 4, for
Bi,TiyNbO,; (x = 0), the Raman modes at 117, 234, 267, 323,
356, 530, 573, 815 and 865 cm ' can be clearly observed.
Previous studies'***** indicated that the bands below
200 cm ™" should originate from the vibration of the heavy mass
Bi*" ions, and the bands above 200 cm ™" are ascribed to the
TiOg and NbOg octahedrals.>*? Therefore, the 117 cm™* bands
should result from the vibration of the Bi** ions at the A-sites in
the perovskite-like layer;?the modes at 234 and 267 cm '
represent the twisting vibrations of the O-Ti-O or O—(Ti, Nb)-O
structures; the 323 and 356 cm ™' modes correspond to the
different directions of the O-Ti-O or O—(Ti, Nb)-O bending in
the a-b plane;***® the modes located at 530 and 573 cm™ " 2! are

50480 | RSC Adv., 2017, 7, 50477-50484

attributed to the relative vibration of the O atoms at the top of
the TiOg octahedral; and the bands at 815 and 865 cm™*
represent the symmetric stretching of the (Ti, Nb)Og and TiOg
octahedrals, respectively.**>*28-3¢

For the Co-doped specimens, the Raman spectra have
similar shapes to that of Bi,Ti;NbO,;, of which the original
peaks still exist in spite of the little peak shifts or intensity
changes. A new mode at 726 cm ' appears and increases
substantially with the increase of the Co content in the Bi,-
Tis_»xCoxNb1,,O,; samples. This mode may be caused by the
vibration of the CoOg octahedra, which can be observed in the
Raman spectra of LaCoO; and La, gSr, ,C0O3, This result clearly
indicates that the Co ions have entered the perovskite slab.?* It
should also be noted that the two modes above 800 cm™ ' show
different dependence on the Co substitution: the mode at
815 cm™ ' shifts to higher frequency, while the mode at
865 cm " does not shift obviously. This result may suggest that
cobalt substitution in the specimens mainly impacts the (Ti,
Nb)Og octahedral in the [Bi;TiNbOo] layer instead of the TiOg

Intensity (a.u.)

200 400 600 800
Wavelength (cm™)

1000

Fig. 4 The Raman spectra of Bi;Tiz_2xCoxNb,,O51.

This journal is © The Royal Society of Chemistry 2017
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octahedral in the Bi,TizO,, lattice. This result is in good
agreement with the HAADF-STEM image analysis.

The SEM results of Bi;Ti;_,,Nb;,,C0,0,; (x =0, 0.1, 0.2, and
0.3) are shown in Fig. 5. It can clearly be seen that all the
samples are dense and suitable for later ferroelectric and
ferromagnetic study.

Ferroelectric properties

The room-temperature polarization-electric field (P-E) hyster-
esis loops of all the Bi;Ti,_,,Co,Nb;,,0,;, samples are shown in
Fig. 6(a), and the resulting remanent polarization (2P;) and
coercive field (2E.) measured under a field of 150 kV cm™" are
shown in Fig. 6(b) as a function of the Co content (x) in the
samples.

Measured at 150 kV ecm ™, the remanent polarization (2P;) of
x = 0 is ~2.57 uC cm 2, which has good consistency with the
previous report.* As shown in Fig. 6(b), with the increase of the
Co content, both 2P, and the coercive fields (2E.) increase
sharply first, then slowly, and reach about 9.33 pC cm™ > and
135.23 kV em ™! for x = 0.3, larger than those of BissNdy sTis
NbO,; (2P, ~ 8 uC cm™> and 2E. ~ 90 kV ecm™").3

To exclude a possible artificial polarization from the contri-
bution of leakage current, pulsed polarization positive-up
negative-down (PUND) measurements were performed and the
results are shown in Fig. 6(c). The pulsed remanent polariza-
tions AP (switched polarization — non-switched polarization) of
the samples have similar Co-content (x) dependence with 2P,
determined from the P-E loops (shown in Fig. 6(d)). Measured
at 150 kv em ™", the values of AP are 2.42 and 6.98 uC cm > for
x = 0 and x = 0.2, respectively, in good accordance with those
values of 2P,. This result indicates that the polarization of the

»
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Fig. 5 The fractured microstructure of Bi;Tiz_>xNb1,,C0o,O51 with (a) x
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samples arises mainly from the intrinsic materials and rarely
from leakage current contributions.>?® As a result of this, the
increase of the 2P, value with cobalt incorporation should be
attributed to the structural evolution (lattice shrinkage). As
indicated in Table 1, with Co substitution in BizTiNbOg—
Bi, Ti30;,, the lattice of Bi,;Ti; ,,Nb,,C0,0,, shrinks greatly, to
have much lower lattice parameters than those of pure Bi;-
TiNDbOg (ref. 20) and Bi,Ti30,."® Considering that Co is mainly
incorporated into the (BizTiNbOy) layer, a large amount of
tension will be applied to the (Bi,TizO;,) layer to make the
lattice shrink accordingly. This will introduce large lattice
distortion and should be the main reason for the observed
enlarged values of P, and E. in the ferroelectric measurements.

Magnetic properties

Fig. 7(a) shows the magnetic hysteresis loops of the Bi,;Ti; -
Co,Nb;.,0,; (x = 0, 0.1, 0.2, 0.3) ceramics measured at 10 K.
When x = 0, a diamagnetism characteristic is observed; while in
the case of the Co-doped specimens, the loops show magnetic
nature, which increases with the Co content. The temperature
dependence of magnetization for the Bi,Tiy 5,C0;Nb;,,0 (x =
0, 0.1, 0.2, and 0.3) samples is shown in Fig. 7(b). It can be
clearly seen that the magnetic moment increased with the
heavily Co doped samples. There was no phase transition or
glass state appearing within the measured temperature range.

To get more information about the magnetic properties of
the Co-doped specimens, we use the Curie-Weiss law to explore
the magnetic interaction and effective magnetic moment (Me¢)
of the samples.*®?” According to the Curie-Weiss law, the
magnetic susceptibility (x) of a paramagnetic substance
complies with the following formula (1):

20kV

o Er

1/}

Vo~

.
-

15 40 SEI

=0,(b)x=0.1 (c)x=0.2 and (d) x =0.3.
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_ 1
X~ T, (1)
1 1 c

=T @)

where x, ¢, T, and O, represent the magnetic susceptibility,
Curie-Weiss constant (¢ > 0), temperature and Curie point,
respectively. So, the values of 1/x and T have a linear relation-
ship, shown in eqn (2). We fit the 1/x-T curves of all the
samples, as shown in Fig. 7, and then the slope (1/c) can be
calculated from the linear dependence about 1/x and T. The
Curie-Weiss constant (c) can also be regarded as a function of
the spin angular momentum (S), as shown in eqn (3).

(a) 0.4

0.3
0.2

0.1

0.0

M(emu/g)

=0.1

-0.2

<0.3

Y . , :
-30000-20000-10000 O
H(0e)

10000 20000 30000

Fig. 7

0.2,and 0.3) at 150 kV cm™?; (b) the dependence of 2E. and 2P, on the Co
0.2, and 0.3) measured in different electrical fields.

_ Ng’ug*S(S +1)
T 2

where empirical constant g = 2; ug and kg indicate the Bohr
magnon and Boltzmann constants, respectively; and N indi-
cates the number of cobalt atoms in each cell (N = 0.1, 0.2, and
0.3).

The effective magnetic moment is the function of the spin
angular momentum and therefore can be related to the Curie-
Weiss constant, as shown in eqn (4):

3kBC 3kB
My = /S 1)
ir = gupV/S(S + “Ngug H \/

M (10 2emu/g)
(=]
(=2

-50 0 50 100 150 200 250 300 350 400
T(K)

(a) The magnetic hysteresis loops of the Bi; Tis_2,CoxNb; 1,051 (x =10, 0.1, 0.2, and 0.3) ceramics at 10 K. (b) The temperature dependence

of magnetization of the samples in the ZFC-FC modes measured at 500 Oe.
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Fig. 8 The temperature dependence of magnetization of Bi;Ti4_2,CoxNb1,,O»; with x = 0.1 (a), 0.2 (b), and 0.3 (c) measured in the FC modes at
500 Oe. The relevant inverse magnetic susceptibility (1/x) versus temperature (T) in the FC mode and the fitted curves (blue line) according to the

Curie—Weiss Law for the sample are also present.

According to Fig. 8 the effective magnetic moment can be
calculated as 1.12 ug, 1.12 ug, and 1.14 ug in the x = 0.1, 0.2, and
0.3 specimens, respectively. The similar M values suggest that
the cobalt atoms in the materials have almost the same efficient
moment in those samples.

Conclusions

(1) Co atoms can be a substitution for Ti atoms in the Bi,Ti,-
NbO,, lattice without destroying the structure.

(2) Because of the different radii of the Co, Nb and Ti ions,
the lattice of the 2 + 3 intergrowth aurivillius complex oxide
shrinks after Co insertion, which mainly occurs in the
(BiTiNbO,)*~ slab.

(3) The ferroelectric properties of Co substituted Bi, Ti;NbO,;
improve dramatically, with 2P, increasing from 2.57 uC cm™>
(x = 0) to more than 9.33 uC cm ™2 (x = 0.3).

(4) The original Bi,TI,NbO,; was a diamagnetic compound.
With Co substitution, Bi,;Ti; ,,Co,NDb;;,0,; (x = 0.1, 0.2, and
0.3) presents paramagnetic property.
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