Journal of

Materials Chemistry C

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

2013 | Pages 1-100

Journal of

Materials Chemistry C

d electronic devices

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&CHEMISTRY

ROYAL SOCIETY .
OF CHEMISTRY www.rsc.org/materialsC


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 8

Journal of Materials Chemistry C

Multiferroic properties and magnetoelectric coupling in

Fe/Co co-doped Bij,sl.ag 75Ti30q, ceramicst

Ruixia Ti,* Xiaomei Lu, ™® Ju He,* Fengzhen Huang,® Huarui Wu,* Fang Mei,* Min Zhou," Yang Li,

Tingting Xu,” and Jinsong Zhu*®

Polycrystalline Bis 2sLag 7s(Tis.<Fex2Cox2)O012 (0 < x < 0.5) ceramics are synthesized by conventional solid state reaction method.

Good ferroelectricity and weak ferromagnetism are obtained simultaneously at room temperature when x > 0.2. The ceramics

with x = 0.25 possess the best comprehensive properties, including high phase purity, large ferroelectric polarization, great

dielectric constant, and also, larger remnant magnetization compared with other samples. Furthermore, significant dielectric

anomalies appear near both the ferromagnetic Curie temperature and the spin glass freezing temperature. The possible

magnetoelectric coupling mechanism is considered to be the associated binding effect of magnetic interaction on the migration of

charged defects, especially oxygen vacancies.

1. Introduction

Multiferroic  materials ~ simultaneously  exhibit
ferroelectric and magnetic orders, and the coupling
between two ferroic orders provides an additional
degree of freedom in the design of novel
multifunctional devices,' thus they have potential
applications in information storage, spintronics,
sensors, and so on?* However, most single-phase
materials exhibit multiferroic properties at lower
temperature, and the large difference between the
magnetic and ferroelectric transition temperatures is
clearly one of the obstacles to the exploitation of
multiferroics in real applications. Various attempts
have been made to synthesize room temperature
multiferroic materials, among which doping magnetic
species into ferroelectric materials is probably one of
the most effective ways.>'’ Ferromagnetism is
successfully introduced into BaTiO; and PbTiO;,
conventional ferroelectric materials with simple
perovskite structure, by doping magnetic ions (such as
Fe or Mn) at the Ti-sites, however, the ferroelectricity
is suppressed simultaneously due to the decreased
structural distortion and the enhanced leakage
current.’'®  Recently, the multilayer-structured
Big, Ti3Fe 01543, viewed as atomic stacking of a
three-layered Bi;Ti;O,, (BIT, ferroelectrics) and n
layer  perovskite  BiFeO;  (ferroelectric  and
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antiferromagnetic at room temperature), has attracted
great attention.'""!” In this material system, the most
widely investigated BisTi;FeO,s (BTF, n = 1) exhibits
ferroelectricity, ferromagnetism and the coupling
between them at room temperature,“’12 and both the
ferroelectricity and ferromagnetism are effectively
strengthened through co-substituting with
multi-elements and at multi-sites.'>'® Actually, the
Bi-layered BIT itself, especially Bi;jsLag;5Tiz01,
(BLT, BIT doped by La at the Bi-sites), is an
important ferroelectric material for its
high-performance, large polarization, and lead and
fatigue-free characters."®®' Thus it is naturally
expected to realize multiferroic properties and
magnetoelectric coupling by doping magnetic ions
into BLT. Currently, the limited related investigations
mainly focus on BIT,”* doping Nd/Sm at the
Bi-sites and Fe/Co at the Ti-sites etc., and problems
such as large leakage current, poor ferroelectricity and
weak ferromagnetism are encountered. Meanwhile,
Fe/Co co-substitution could enhance the magnetism
because of the possible Fe-O-Co coupling,** which is
also observed for the wildly investigated BisTi;FeO;s
compound.'>'® Therefore in our paper, the BLT
ceramics co-doped by Fe and Co at the Ti-sites are
fabricated, the coexistence of good ferroelectricity and
weak ferromagnetism at room temperature is realized,
and the sign of magnetoelectric coupling is also
observed.

2. Experimental

Polycrystalline Bis 55Lag 75(Tiz..Fe,2Co,,)01, (BLTFC)
(0 £x £0.5) ceramics were prepared by conventional
solid state reaction method from high purity starting
materials, including Bi,O;, La,0Os3, TiO,, Fe,0; and
C0,03. The ground and well mixed powders were
preheated at 850 °C for 6 h, then ground, pressed into
pellets under the pressure of 20 MPa, and sintered at
950 to 1050 °C for 6 h in air. Platinum electrodes
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were sputtered on both sides of the samples for
electrical measurements. X-ray diffraction (XRD,
Bruker D8) with Cu Ko radiation, scanning electron
microscopy (SEM, 1530YP) and Raman scattering
spectra (Renishaw inVia Raman Microscope) were
used for analyzing the microstructure of the samples.
The dielectric properties were evaluated using a
HP4194A impedance analyzer. The ferroelectric
hysteresis loops and leakage current were measured
by a TF2000 standard ferroelectric test unit, and
magnetic properties were characterized by a
commercial magnetic property measurement system
(SQUID VSM, Quantum Design).

3. Results and discussion

From inset I of Fig. 1(a), the surface morphologies of
BLTFC ceramics, it can be seen that the grain sizes of
the doped ceramics decrease obviously compared with
those of the un-doped ones. Figure 1(a), the XRD
patterns of the samples, shows that the ceramics
exhibit layered-perovskite structure, and most of the
diffraction peaks can be indexed on the basis of
orthorhombic cell.® The weak impurity peaks denoted
by # and * belong to Bi,Ti,O; (for x = 0.1) and Bi,0;
(for x = 0.5), respectively, which should be related to
the evaporation of Bi during high temperature
sintering process and the non-stoichiometry induced
by doping. None of the observable XRD peaks can be
attributed to Fe/Co oxides and CoFe,O,. Inset II of
Fig. 1(a) gives the amplified plot of the main
diffraction peak (117), which shifts towards larger
angles with increasing doping content due to the
smaller radius of Fe** (0.550 A) and Co®" (0.545 A)
than that of Ti** (0.559 A)?” As shown by XPS
spectra (ESI Fig. S1),f more oxygen vacancies
present in the doped samples, indicating that Fe and
Co ions mainly exist in low-valence state for charge
balance, similar to other multilayered materials.'”**
The crystal structure of BLTFC ceramics are refined
(the reliability is ensured by the small parameters R,
and Ry,) based on orthorhombic space group B2ch
from Rietveld analysis using the General Structure
Analysis System (GSAS) program pocket, and the
refined parameters are summarized in Fig. 1(b). The
unit cell volume V decreases with increasing doping
content, consistent with the shift of the main
diffraction peak (117), which indicates the lattice
distortion in the doped ceramics.

Raman scattering was used to further examine
the influences of Fe/Co doping on the BLT lattice. As
shown in Fig. 1(c), the low frequency modes around
105, 125, and 155 cm™! are ascribed to the vibration of
Bi*" ions in the perovskite layer, while the high
frequency modes around 269, 343, 557, 625, and 851

em’ are attributed to the stretching and bending of the
TiOg octahedra.”**®* It can be seen that, after doping,
although the above basic vibration modes remain, the
relative intensity of them decreases with increasing
doping content. Moreover, the Raman peaks around
269, 557, and 851 cm™ become slightly broader, and
that around 557 cm™' moves a bit to higher frequencies,
which are probably related to the lattice distortion and
the stress caused by doping. In particular, a new
vibration mode near 732 cm’" arises with the intensity
increasing with doping content, which doesn’t belong
to Fe/Co oxides and CoFe,04,°**? but possibly
associated with the FeO4 and CoOy octahedra.'*!> All
these results indicate that Fe and Co ions successfully

enter the BLT lattice and partially occupy the Ti-sites.
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Fig. 1 (a) X-ray diffraction patterns of BLTFC ceramics (#:
Bi,Ti,07, *: Bi,0;). Inset I gives surface morphologies of
BLTFC ceramics, and inset II presents the amplified plot of
the main diffraction peak (117). (b) Parameters obtained
from Rietveld refinement. (c) Raman scattering spectra of
BLTFC ceramics.
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Fig. 2 (a) Room temperature P-E loops of BLTFC ceramics measured under applied electric field of 185 kV/cm and 100 Hz.

Inset I shows the doping content dependent 2P,and orthorhombicity, and inset II presents the leakage current characteristic. (b)

Magnetic hysteresis loops of the BLTFC (x # 0) ceramics with the linear parts subtracted. Inset I shows the enlarged central part

of the M-H curves, while inset Il depict the doping content dependent M,, M, and M,/M,. (c) Frequency dependent dielectric

constant (¢) and loss (tan 3) of BLTFC ceramics measured at room temperature. The inset shows the corresponding values for

various doping content at 10° Hz.

The ferroelectric hysteresis (P-E) loops of
BLTFC ceramics are measured under applied electric
field of 185 kV/cm and 100 Hz at room temperature.
As shown in Fig. 2(a), all the samples exhibit good
ferroelectricity and typical P-E loops, with the
remnant polarization (2P,) of BLT (x = 0) being about
16.6 uC/cm?, comparable to the reports.”® Inset I of
Fig. 2(a) shows 2P, and the orthorhombicity of the
samples, where the orthorhombicity, defined by 2(a -
b)(a + b)'*?' as a measure of the orthorhombic
distortion, is usually a reference for analyzing the
ferroelectricity. It can be seen that the variations of
2P, and orthorhombicity with the doping content are
similar, but not entirely consistent. For samples with
x > (.25, although the orthorhombicity is comparable
to that of the un-doped BLT ceramics, the 2P, are
obviously smaller. One of the possible origins is the
smaller grain size of the doped samples compared
with that of the un-doped BLT ceramics as mentioned
above. It is known that, the variation in the grain size
may be accompanied by the change in the domain
configuration and domain wall mobility,”® thus
affecting the polarization switching. Note that, the
small amount of impurity phases in the samples with x
= 0.1 and 0.5 would cause uncertainty for the
measurement of remnant polarization and the refined
calculation of lattice parameters. Among the other
doped samples, that with x = 0.25 possess the largest
orthorhombicity and remnant polarization. Inset II of
Fig. 2(a) presents the dc leakage current characteristic
of BLTFC ceramics. The leakage current density of
the x = 0.25 samples is lower than that with x = 0.2
and 0.3, which means the larger remnant polarization
of the x = 0.25 ceramics is intrinsic, and not the
contribution of leakage current.

The magnetic hysteresis (M-H) loops of the
BLTFC (x # 0) ceramics are measured at room
temperature (ESI Fig. S2).1 In order to get a clearer
image of ferromagnetic contribution in the M-H

curves, the linear parts have been subtracted, which
may come from the antiferromagnetic and
paramagnetic contributions, and the results are shown
in Fig. 2(b). Although the nearly linear M-H curve of
the x = 0.1 sample indicates its non-ferromagnetic
property, weak ferromagnetism is observed for all the
other samples, which can be seen more clearly from
inset I (the enlarged central parts of the M-H curves)
of Fig. 2(b). Especially for the x = 0.25 sample, the
M-H curve shows a significant hysteresis with
remnant magnetization (2M,) of about 0.043 emu/g
and saturation magnetization (M) of about 0.158
emu/g. From inset II of Fig. 2(b), it can be seen that
the x = 0.25 sample exhibits the largest remnant
magnetization M, and the smallest saturation
magnetization M,, and thus the biggest remnant
magnetization ratio M,/M,, that is to say, the sample
possesses the strongest ferromagnetism.

In this material system, ferromagnetism may be
affected by the following factors: (1) Ferromagnetic
interaction between bound magnetic polarons
(BMPs).**® In oxides, magnetic ions are easily to
combine with oxygen vacancies forming BMPs, and
the ferromagnetic interaction could arise with
increasing concentration of the BMPs. (2)
Ferromagnetic double exchange interaction between
the non-equivalent Fe and Co ions."*'***% According
to the stoichiometric composition, Fe and Co ions
mainly substitute for Ti** in the form of Fe*" and Co®",
and there might also be a small amount of divalent
ions. Since the magnetic moments of the ions with
either different kinds (Fe/Co) or different valences
(+2/43) are various, the ferromagnetic double
exchange interaction can be formed between these
adjacent ions through intermediate oxygen ions.
Compared with single kind of magnetic ions,
co-doping by two kinds of magnetic ions could greatly
enhance the ferromagnetic double exchange
interactions in the sample. (3) Antiferromagnetic
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super exchange interaction between equivalent Fe or
Co ions.** At lower doping concentration, the
aforementioned non-equivalent magnetic ions have
larger probability to be adjacent, while the probability
super
interaction between equivalent Fe or Co ions (such as
Fe’-0"-Fe’* or Co’"-0"-Co™) increases with the
increasing doping content.*®

In addition, O 1s XPS spectra (ESI Fig. S1),}
show that more oxygen vacancies present in the

of adjacent antiferromagnetic exchange

samples with x = 0.25, which might be associated
with valences and substitution sites of Fe/Co ions.
With the increase of doping content to more than x =
0.25, it might happen that a small amount of Fe**/Co™*
ions enter the Bi*" sites, especially Bi is known to be
volatile. In this case, oxygen vacancies could be less
compared with the case of Ti*" replacement.*® In our
samples, with increasing doping content, on the one
hand, the concentration of oxygen vacancies increases,
and the ferromagnetic interaction between BMPs
associated with oxygen vacancies is enhanced; on the
other hand,
interaction between the non-equivalent Fe/Co ions is

the ferromagnetic double exchange

also strengthened. However, when x increases to more
than 0.25, oxygen vacancies become less, and at the
adjacent
antiferromagnetic super exchange interaction between

same time, the probability of
equivalent Fe/Co ions increases, which finally results
in larger remnant magnetization of the x = 0.25
samples.

Intriguingly, the x = 0.25 sample also possesses

the largest dielectric constant at room temperature. As
shown in Fig. 2(c), after doping, the variation of both
the dielectric constant and loss with frequency are
depressed, mechanisms
dominating the dielectric response of the doped

indicating the similar
samples in the measuring frequency range. Especially,
the x = 0.25 sample exhibits the largest dielectric
constant while the relatively smaller dielectric loss at
high frequency, which can be seen more clearly in the
inset of Fig. 2(c).

Undoubtedly, the most important and common
charged defects in oxides, which can respond to the
small ac field for dielectric measurements, are oxygen
vacancies. Figure 3 depicts the temperature dependent
real part (M') and imaginary part (M") of dielectric
modulus for BLTFC ceramics measured at various
frequencies in the temperature range of 300-650 K. A
dielectric anomaly is observed at the temperature
range of 420-600 K for all the samples, and the peak
locations of M" corresponding to the rapid decrease of
M' move to higher temperature with increasing
frequency,
behavior. According to the point defect relaxation

indicating typical dielectric relaxation

theory, the activation energy E, of relaxation units can
be calculated by~ the  Arrhenius law:
T=T Oexp(E § / k BT ), where 7, is the relaxation
time at an infinite temperature, kp is the Boltzmann
constant and T is the M"-peak temperature. The peak
temperatures of M" at various frequencies are well
fitted and shown in the insets of Fig. 3. The activation
energies E, are about 0.96, 0.92, 1.02, 1.07, 1.06 and

0.010f (a) 12

Ea=096eV

= 0.005

Ea=092eV|

22 1/64(51_)26

0.000
0.002

600

560
(K

= 0.002

0.000!

0.0005

M

300 400 500 600 “300 400
T (K)

500 500 0000 400 500 500
T (K) T(K)

Fig. 3 Temperature dependent real part (M') and imaginary part (M") of dielectric modulus for BLTFC ceramics measured at
various frequencies of 10%°, 10°, 10*%, 10, and 10*° Hz. The insets give the relation between In(2zf) and 1/ksT according to the

Arrhenius law for dielectric relaxation in the temperature range of 420-600 K.
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Fig. 4 (a) Magnetization and reverse magnetic susceptibilities as a function of temperature measured under ZFC and 0.1 T FC

conditions for the x = 0.25 ceramic. (b) Imaginary part (M") of dielectric modulus for the x = 0.25 ceramic measured at low

temperature and various frequencies of 10*°, 10°, 10>°, and 10° Hz. The inset shows the corresponding M"-T curves for the BLT

ceramic.

0.89 eV for the samples with x =0, 0.1, 0.2, 0.25, 0.3
and 0.5, respectively, which are close to the migration
energy of V02+ (each oxygen vacancy possessing
two positive charges).””® It can be seen that E, of the
x = 0.25 sample is slightly higher than that of the x =
0.2, 0.3 samples, showing lower mobility of oxygen
vacancies. This result is consistent with the
aforementioned dc leakage current. That is, the
samples with x = 0.25 possess lower leakage current
density under the same measuring electric field,
indicating that the long range migration of charged
defects (mainly oxygen vacancies) is more difficult.
So far, compared with the other two pure phase
samples (x = 0.2, 0.3), it is found that the sample with
x = 0.25 possesses greater remnant polarization,
stronger ferromagnetism, larger room temperature
dielectric constant, smaller room temperature
dielectric loss, lower dc leakage current density,
higher £, while more oxygen vacancies. One of the
above results seems to be contradictory with our

previous works, 840

where the activation energy and
the concentration of oxygen vacancies appeared to be
inversely correlated for nonmagnetic-doped dielectric
materials. However, for the magnetic-doped materials,
the non-monotonic variation of the magnetic and
electric response and the concentration of oxygen

vacancies are not uncommon,**

which may reflect
the influence of magnetic interaction on the migration
of charged defects.

Based on the above discussions, we believe that
the magnetic and electric properties of the BLTFC
ceramics should couple in a certain form. Figure 4(a)
shows the temperature dependence of magnetization
and reverse magnetic susceptibility (1/y) of the x =
0.25 sample, measured at 0.1 T after
zero-field-cooling (ZFC) and then after field-cooling
(FC) process. It is seen from the FC M-T curve that
the sample undergoes a ferromagnetic to paramagnetic

transition. According to the Curie-Weiss law:

X = C/(T—TC) , where C is the Curie constant,
the extrapolated ferromagnetic Curie temperature 7c
is about 340 K, far from those of potential
contaminations, y-Fe,O; (900 K), Fe;O4 (850 K),
C030; (30 K) and CoFe,0, (693 K).>*** Additionally,
the broad line at g = 2.3 is absent in our Electron
paramagnetic resonance (EPR) spectra at room
temperature (ESI Fig. S3),T indicating that no Fe,03
particle presents in our samples.***’ These facts,
together with the above mentioned XRD and Raman
scattering results, rule out the probability that the
observed ferromagnetism in the x = 0.25 sample
comes from the magnetic impurity phases. Moreover,
the FC and ZFC M-T curves show typical
irreversibility, and a hump appears in the ZFC M-T
curve (the hump temperature 77 is about 199 K),
indicating the possible spin glass behavior.'” Figure
4(b) correspondingly shows the temperature
dependent imaginary part (M") of dielectric modulus
measured at low temperature. Combining Fig. 4(b)
with the high temperature dielectric spectrum in Fig.
3(d), we can see two diclectric anomalies in the
temperature range of 300-400 K and 100-220 K,
which appear in the vicinity of the ferromagnetic
Curie temperature 7 and spin glass freezing
temperature 7%, respectively. Such dielectric anomalies
also appear in other doped samples (ESI Fig. S4),t
while it is not the case for BLT ceramics (Fig. 3(a) and
the inset of Fig. 4(b)).

In the magnetoelectrically ordered systems, the
dielectric anomaly near the magnetic transition
temperature is considered as an effect of vanishing
magnetic order.®*  Similar dielectric anomalies
observed in BiFeO;,”**! Fe or Mn doped PbTiOs,%1°
and  0.7Pb(Zry 5, Tig45)05-0.3Pb(Ni; 5Nb,3)05,7  are
attributed to the magnetoelectric coupling, however,
their physical nature are unclear up to now. In our
case, we believe that the dielectric anomalies probably
come from the associated binding effect of magnetic
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interaction on the migration of charged defects,
especially oxygen vacancies. Unfortunately, no
significant magnetodielectric effect is observed for
which should be related to the

aforementioned magnetoelectric coupling mechanism.

our samples,

Theoretical and experimental investigations are still
needed to further explore the internal mechanism.

4. Conclusions

In summary, polycrystalline
Bis 55Lag 75(Tis.Fey2C0y)01; (0 < x < 0.5) ceramics
are successfully synthesized by conventional solid
state reaction method, and the structural, multiferroic
properties  are

and  dielectric systematically

characterized. Good ferroelectricity and weak
ferromagnetism are obtained simultaneously at room
temperature in the Fe/Co co-doped BLT ceramics
when x > 0.2. The x = 0.25 samples possess the more
prominent comprehensive properties with remnant
polarization (2P,) of about 9.3 uC/cm’® and remnant
magnetization (2M,) of about 0.043 emu/g. Moreover,
the dielectric anomalies appear near the ferromagnetic
Curie temperature 7c and the spin glass freezing
temperature 7Ty, exhibiting magnetoelectric coupling
behavior, which may result from the associated
binding effect of magnetic interaction on the
migration of charged defects, especially oxygen
vacancies. The present work highlights the possibility
of Fe/Co co-doped BLT as

temperature multiferroics.

a potential room
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Highlight:

Good ferroelectricity, weak ferromagnetism and the sign of magnetoelectric coupling

are obtained simultaneously in Bijs »s5Lag 75(Ti2.75F€0.125C00.125)O12 ceramics.
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