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Origin of Multiferroism of lon Doped at Different Sites:

Bi,TizO41, Bulk and Nanoparticles

lliana N. Apostolova, Angel T. Apostolov, Steffen Trimper,* and Julia M. Wesselinowa

Based on a microscopic model and the Green’s function theory, the temperature,
size, magnetic field, and ion doping dependence of the magnetic, electric, and
dielectric properties in Fe-and Nd-doped ferroelectric BisTi;O,, bulk and nano-
particles is investigated. The multiferroism can be achieved in two ways. At once
the magnetism appears by substitution of the nonmagnetic Ti** ion with Fe>* or
other transition metal ions in bulk BisTi;O;,. Otherwise, the simultaneous
existence of Fe>™ and Fe*! gives rise to a superexchange mechanism responsible
for ferromagnetic interaction. Moreover, multiferroism is possible also in pure
Bi,Ti30;, nanoparticles. Due to surface effects and oxygen vacancies leading to
different valence states on the surface of Ti** or Ti?* with spin value S # 0, there
appears weak magnetism, which can be improved by Fe ion doping. It is
demonstrated that doping with rare earth ions, for example Nd**, at the Bi** site

optical devices and ferroelectric memories.
It is a typical example of single-phase pie-
zoelectric materials. Subbaraol®! discovered
ferroelectricity in BiT for the first time. The
material offers a orthorhombic crystal
structure and has a Curie temperature
TEE around 948 K where the paraelectric—
ferroelectric  phase transition  takes
place.**! The spontaneous polarization
originates mainly from relative displace-
ment between Bi atom and TiOg octahedra
within the perovskite-like layers.” Noguchi
et al”) suggested that the orbital interaction
between the Bi 6p and the O 2p in the perov-
skite layers could be responsible for stabiliz-

is able to improve the ferroelectric, multiferroic, and dielectric properties.

1. Introduction

Bismuth titanate (BiT), BiyTi3O1,, is the best-known compound
in the Aurivillius-based layer-structured family, in which layers
of bismuth oxide are sandwiched between perovskite structure
layers.!! The space group of BiT is the tetragonal 14/mmm
one above TEF and becomes the orthorhombic one Fmmm below
TEE?] BiT has attracted great interest due to its applications in
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ing the ferroelectric displacements. The
dielectric properties of bulk BiT were also
studied in refs. [8-10]. The ferroelectric and
dielectric properties of Sm- and La-codoped,
Eu, Mn-, and Nd-doped BiT thin films are observed by
Du et al"! Pei et al™ 1i et al™ of Nd-substituted BiT
nanoparticles (NPs) by Marikani et al.' and of Zr-doped BiT
ceramic by Subohi et al.™

To our knowledge, there are not so many experimental
works which report multiferroism in BiT. Multiferroism, that
is, the simultaneous existence of ferroelectricity and ferromag-
netism in one and the same phase, is observed by substitution
of Ti with Fe, Co, or Mn ions in bulk BiT."'®2Y One of
the features of multiferroic compounds is the influence of
an electric field on the magnetization or vice versa, the effect
of magnetic field on the polarization. The magnetic field
dependence of polarization in Fe-doped BiT is investigated
by Chen et al.’®'"! Lu et al.”? studied the room-temperature
multiferroic properties in Fe-doped BiT film and bulk. It was
observed that both dielectricity and magnetism are improved
in Fe-doped BiT thin film in comparison with those in the
bulk one.

Until now, the theoretical explanations of the origin of
multiferroism in transition metal-doped BiT are still lacking.
Moreover, studies of multiferroism in BiT NP, pure and ion
doped, are also missing. Therefore, the aim of the present article
is exactly to clarify the origin of the multiferroism in pure and
ion-doped BiT (on the Ti and Bi sites), bulk and NPs. For that
purpose, we suggest a microscopic model with ferromagnetic
and ferroelectric interaction as well as appropriate coupling
between both ones. The related model is analyzed within
Green’s function theory. The approach allows to calculate
several observable parameters like the doping-dependent
magnetization, polarization, and dielectric function as well as
the phase transition temperature. The results are compared with
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the existing experimental data and offer a quite good agreement
with those.

2. The Model and the Green’s Function

BiT is a ferroelectric material with a layered perovskite structure
and with a quite high Curie temperature of around TEF =948 K.
Because we are also interested in the influence of Fe doping, the
total Hamiltonian consists of three parts.

H = xHy, + He + xHpe (1)

where x is the ion doping concentration. The doping changes the
magnetic properties expressed by H,, whereas the dielectric part
is included in H, describing the pure, undoped ferroelectric BiT.
Te coupling between magnetic and ferroelectric is incorporated
in Hy,. That part will be discussed later.

The spontaneous polarization of BiT is mainly due to relative
displacements between the Bi atom and the TiOg octahedra
within the perovskite-like layers./®! Therefore for the description
of the ferroelectric properties of BiT, we used the transverse Ising
model*!

1
He=-Q) Bf =5 J;BB (2)
1

;
where B}, Bf are the spin-1/2 operators of the pseudospins, J';
denotes the nearest-neighbor pseudospin interaction, and Q is
the tunneling frequency. The model is proposed by Blinc and
de Gennes!®! to describe the ferroelectricity of order—disorder
KDP (KH,PO,)-type ferroelectrics and later of displacive type
ones such as BaTiO;.%* The relative polarization P is calculated
as the mean value (B?) based on the Hamiltonian H, and
the underlying Green’s function method. The polarization is
given by

1 Eq
P—ZNZtanhszT 3)

where Ej is the excitation energy of the ferroelectric modes.
Because H. is expressed by pseudospin operators, the excitation
is called pseudospin wave energy. As usual the excitation energy
is obtained as the poles of the Green’s function.!”

Gy = (B3 87 Y) = —io(e— ) (B} (1, B (1)) “

Let us emphasize that all ferroelectric perovskites contain tran-
sition metal ions with an empty d shell, such as Ti**, Ta >+, Wo+.
Therefore they are nonmagnetic because magnetism requires
partially filled d shells of a transition metal. The situation is
changed after doping of the ferroelectric BiT by substituting
of Ti*' ion with transition metal ions such as Fe. The
Moessbauer spectra suggest the simultaneous presence of
two-valence iron ions, Fe’* and Fe**. The Fe**-0%~—-Fe** inter-
action is ferromagnetic and dominates over the antiferromag-
netic Fe3t-0?-Fe*' and Fe’™-0? -Fe*t interaction. As a
result, a remarkable enhanced magnetizaion is observed.
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The magnetic properties of Fe-doped BiT (at the Ti place) are
analyzed using the Heisenberg model.”**!

1 1
— AA CA ‘A BB ¢B B
Hin = =5 JAst st =23 Ji°sp -]
y Y
1 1 R,
—R 2 iSSP =5 X g ST )
Y

ij
—gush) 57

where S; is the conventional spin operator at the site i. The super-
script A is related to Fe*" whereas B stands for Fe’*. The
exchange interaction between the Fe ions is denoted by J. The
fourth term in Equation (5) describes the interaction between
the resulting different valence states on the surface composed
of Ti* or Ti**. Hence Ji" ™ is the exchange integral between

the nearest neighbors of the Ti** ions. The external magnetic
field is h.

Due to the occurence of spin operators S and S?, one has to
introduce a 2 x 2 matrix spin Green'’s function

Gy(t) = (T3 T} )) ©)

where the operator T; stands symbolically for the set of the oper-
ators S#, SB. The poles of that Green’s function yield the spin-
wave energies which are used to find the the magnetization. It
follows

M = |5 = a5 = [ (5) — () 0

The last term in Equation (1) represents magnetoelectric cou-
pling. It describes the coupling between the magnetic and ferro-
electric subsystems expressed by the two-order parameters
polarization and magnetization. In agreement with the underly-
ing symmetry, we propose for ion-doped BiT a quadratic magne-
toelectric coupling with strength g

Hpye = —g) BBS,- S, (8)
ijkl

The form of the coupling is also suggested by the quite high
ferrolectric Curie temperature TLF, whereas the ferromagnetic
phase transition temperature TEM is lower than TEF. Lu et al.*%
reported from dielectric measurements a magnetic order—
disorder phase transition of around 190 K. Unfortunately, we
have not found other experimental observations favouring the
assumption of an quadratic magnetoelectric effect.

Completing our theoretical tools, let us offer the equation for
obtaining the dielectric function. Following,?”) the dielectric
function ¢ is given by

koks
k2

(A/(e(E) = 1)gp + A G(E) = 6, O

with A = 4772 /v. Here Z is the electron charge and v is the vol-
ume. In order to obtain the dielectric function ¢, we have to cal-
culate a similar Green’s function as given in Equation (4).
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However in Equation (9), one needs the related longitudinal
Green’s function G*(E) = ((BZ; BJZ>>

3. Numerical Results and Discussion

The Green’s function technique allows the calculation of
observable quantities like magnetization, polarization, and
dielectric function. For the material under consideration, bulk
BiT doped with Fe, we have used the following model parameters
JAA = 260K, JBE = 170K, JAB = —155K, J', = 950, Q, = 12K,
g = 41K, S(Fe*') =1, S(Fe*) = 5/2. For clarity, let us shortly
sketch how the model parameters have been estimated. For
instance, the coupling parameters J44, JB® are obtained approxi-
mately from the expression JA44 B8 = 3k TEM /(2S(S + 1)). Here
kg is the Boltzmann constant, S is the spin value, and z is the
number of nearest neighbors. The parameters J'; and Q, are
found from the relation 2Q/J =tanh(0.56.Q), p,=
1/ (kg TEE) below TEE, and 2Q = E; at very high temperatures.

First, we have calculated the magnetization M in Fe-doped
bulk BiT based on Equation (7). The result is presented in
Figure 1. The magnetization M increases with increasing
Fe-dopant concentration x (Figure 1, curve 1). The radius of
the Fe’t (0.550 A) ion is observed to be smaller than that of the
Ti*t (0.559 A) one.’®?! Let us emphasize that doping effects
give rise to different strains. Especially, the lattice parameters
can be changed under strain. Because usually the coupling
Ji=] (ri— rj) decreases inverse with the distance, the exchange
interaction has to be modified if the lattice parameters are
altered. As consequence the exchange constant in the presence
of doping J, is different from that one in an undoped bulk state
Jb- In particular, the exchange parameter decreases in case of ten-
sile strain, whereas it becomes larger for compressive strain.
Therefore the different ionic radii between the Fe and Ti ions
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Figure 1. Fe doping (situated at the Ti site) concentration dependence of

the magnetization M for T=100 K and 1) bulk BiT, 2) BiT NP, d =40 nm.
Inset: Size dependence of M in BiT for T=100K.
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change with increasing doping concentration. The substitution
of Fe3* ions instead of Ti** ions leads to oxygen vacancies in
BiT. Such oxygen vacancies act as a kind of medium through
which superexchange interactions between neighboring Fe3*
ions occur. The Moessbauer spectra suggest the simultaneous
presence of two-valence iron ions, Fe3* and Fe**. The superex-
change interaction Fe*'—-0?~—Fe*" is ferromagnetic and domi-
nates over the antiferromagnetic superexchange interactions
Fe3*—02~—Fe*t and Fe3*-0?-Fe3*, leading to enhanced mag-
netization. The proposed mechanism is able to explain the
increasing M with increasing concentration x. Such enhance-
ment is in agreement with the experimental data of Chen
et al.'”) Similar enhancing of M with x is reported for Fe/Co
codoped bulk BiT!"” and for Co-doped BiT thin film,** too.

Due to magnetoelectric coupling, the polarization P increases
as well for small Fe doping concentration x in bulk BiT (see
Figure 2, curve 1), that is, polarization and magnetization exist
in one and the same phase, below the magnetic phase transition
temperature which is smaller than that of the ferroelectric phase.
With increasing Fe doping concentration x, we observe improved
magnetoelectric properties. That theoretical finding is in agree-
ment with the experimental data for Fe-doped,!*”! Co-doped,”*® or
Zr-doped™® BiT. One of the features of multiferroic compounds
is the magnetic field dependence of the spontaneous polarization
P. Due to the magnetoelectric coupling g, the polarization P is
magnetic field dependent. One observes that spontaneous polar-
ization P decreases with increasing magnetic field h, that is, BiT
is a multiferroic compound. A similar behavior is reported by
Chen et al.l'%

The doping dependence of the two transition temperatures,
the magnetic TEM and ferroelectric TEE, is likewise a reasonable
indication for multiferroic behavior. At those temperatures, mag-
netization and polarization vanish. The results are presented in
Figure 3. Obviously, TIM increases with increasing Fe doping
concentration x (Figure 3, curve 1), in agreement with Paul
et al.’% and Ti et al."**Y Ti et al.*® reported for x= 0.5 a value

0.8

o
Y]
1

Polarization P (arb. units)
o o
3] o
' 1

0.4 T T T
0.0 0.1 0.2 0.3

lon doping concentration x

Figure 2. lon doping concentration dependence of the polarization P for
T=100K and 1) bulk Bi,Ti;_,Fe, O, 2) Bis_,Nd,Ti;O;, NP (d =40 nm),
3) bulk Bi, ,Nd,Ti; ,Fe,Oy,, and 4) Bi, ,Nd,Ti; Fe,O;, NP
(d=40nm).
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Figure 3. Fe doping concentration dependence of 1) the ferromagnetic
phase transition temperature TEM and 2) ferroelectric phase transition
temperature TEE of bulk BiT. The red and blue symbols are the experimen-
tal values of refs. [9,19], respectively.

of TEM =618 K. There is a quite good quantitative agreement
since we get 620 K, whereas Ti et al.>!! observed a value between
300 and 400K for x=0.25. We find for x=0.25 TEM = 340K,
again in good quantitative agreement. From Figure 3, curve 2,
one realizes that TEE decreases with increasing Fe dopants, like-
wise in agreement with Paul et al.>” and Rehman et al.”) where
here in” one finds for x = 0.25, a value of TEF of 923 K. Our
observed value is 920K, that is, a surprising quantitative
accordance.

Let us emphasize that magnetism, and multiferroism, too, can
be observed also in undoped BiT NPs. The reason is due to the
appearance of oxygen vacancies at the surface, leading to the
appearance of Ti3* and/or Ti?* ions with S # 0. A NP with ico-
sahedral symmetry is defined by fixing the origin at a certain
pseudospin in the center of the particle and including all spins
within the particle into shells numbered by n =1, ..., N, where
n =1 is the central spin and n = N corresponds to the surface
shell. Due to the changed number of next neighbors on the sur-
face (n = N) and to the reduced symmetry, the exchange inter-
action constants J can take values on the surface J, different from
those in the bulk Ji,. The exchange interaction J;; = J (r; — r;) is as
already mentioned inverse proportional to the lattice parameters.
The surface effects (n = N) are included by the exchange inter-
action constant on the surface layer J, which is different from the
bulk one J,.

We are also able to calculate the size dependence of the polar-
ization P and the magnetization M. The lattice parameters
reported for BiT NPs are smaller than those for single crys-
tal,"**2 that is, we have compressive strain. Let us remind that
the exchange interaction J;; = J (r; — r;) depends on being inverse
proportional on the lattice parameters and therefore it follows
Js>Jp and J'¢ > J'y. The magnetization M increases with
decreasing NP size d (see inset in Figure 1). The polarization
P increases with decreasing NP size (see Figure 2, curve 2 for
x=0), too. The result is in agreement with the observed experi-
mental data of Wang et al.”* for BiT thin films.
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Obviously the energy associated with the depolarization field
should be more relevant in nanomaterial®* than that in the bulk.
The depolarization effects have been discussed in the frame of
microscopic models comparable to our approach.**! To clarify
the situation, we follow the line proposed by Tjablikovi*®! where
the Hamiltonian for the ferroelectric part in Equation (2) is
supplemented by a term

1
He =5 > BB (10)
i

The symmetric tensor ®;; depends on the shape, the size, and
the orientation of the particles. In case of spherical NP, the tensor
is diagonal. The form of Hq is suggested by the fact that depo-
larization effects originate by the same interaction mechanism as
the ferroelectricity itself. It is also in accordance with the
phenomenological form of the underlying Gibbs free energy.
Combining H, and H.g, it results that the depolarization
field gives rise to altered effective couplings in Equation (2),
that is

=T (11)

Because the coupling becomes smaller, the polarization is
reduced in comparison to the bulk material. Moreover, in anal-
ogy, magnetization (see inset in Figure 1) is also reduced.

The conclusion is that Fe doping effects in BiT NP are the
same as in the bulk BiT, that is, they lead to enhanced magnetic
and electric properties. However, due to the additive surface
and size effects, they are larger compared to those of bulk
Fe-doped BiT. Lu et al.?! compared experimentally the room-
temperature multiferroic properties of Fe-doped BiT thin film
and bulk and reported that the magnetism at room temperature
is improved in Fe-doped BiT thin film compared with that of
bulk one.

As next step, we have studied the polarization Pin Nd3*-doped
bulk BiT at the Bi3* site. The compound exhibits larger polari-
zation than undoped BiT (in agreement with Kim et al.**), but it
offers no multiferroic properties. In order to observe multiferro-
ism, we consider Nd-doped BiT NPs where in addition to the
enhanced polarization there appears weak ferromagnetism.
That effect can be attributed to the oxygen vacancies at the sur-
face, leading to the appearance of Ti’* and/or Ti?* ions with
S # 0. The result is presented in Figure 2, curve 2. The polari-
zation Pis larger compared to the undoped BiT NP, in agreement
with the experimental data of Marikani et al.! Moreover, it can
be seen that P is greater compared to that of Fe-doped BiT at the
Ti site. These ferroelectric properties in Nd-doped BiT NP can be
explained by a larger tilting of TiO4 octahedra induced by the
substitution of Nd**, where ionic radius is smaller than that
of Bi**. A similar larger effect of rare earth (RE) ion doping
on polarization, a larger increase in P, is observed experimentally
by substitution of different ions, such as Eu, Sm, La, Nd on the
Bi site in BiT thin films."*?**7 Let us emphasize that the fer-
roelectric Curie temperature TEF decreases with increasing the
dopants by RE ion doping at the Bi site in BiT, for example,
in Biy ,Nd,Ti;O1, ceramics.’’*% For x=0.15, we obtain
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Figure 4. Temperature dependence of the real part of the dielectric
constant ¢ in bulk Bi,Ti;_,Fe, Oy, for x=0.1 and different frequency f.
1) 0, 2) 500 kHz. Inset: Fe doping concentration dependence of ¢ in bulk
Bi,Tis_,Fe,Oy, for T=300K.

TEE =940 K, whereas Klyndyuk et al.*”! reported a value of
938.7 K.

In order to enhance the electric, that is, the multiferroic
properties, we can substitute additively Nd ion (at the Bi site)
in Fe-doped (at the Ti site) bulk BiT. The results are depicted
in Figure 2, curve 1, or at BiT NP in curve 4. More works
considering ion doping at different sites in BiT are still
missing. Room-temperature multiferroism is studied in
Bi, ,Sm,Ti;_,Fe,O;, ceramics by Paul et al.B% Zhong
et al™ and Zhang et al*? studied the polarization in
Bis_ Nd,Ti;_,Mn,O; thin films. We will investigate the multi-
ferroic properties of different RE ion doped (at the Bi site) and
transition metal (TM) ions (at the Ti site), Bi;_,RE,Ti;_,TM, 01,
in a future paper.

Finally, we have calculated from Equation (9) the real part of
the dielectric constant ¢ in bulk BiT. The temperature depen-
dence of ¢ for Fe-doped (at the Ti site) bulk BiT for x=0.1 is
shown in Figure 4, curve 1. The dielectric constant ¢ exhibits
a small anomaly at the ferromagnetic phase transition tempera-
ture TEM = 140 K and a peak at the ferroelectric phase transition
temperature TEE =937 K, as indication of magnetoelectric cou-
pling. The real part of the dielectric constant ¢ increases for small
Fe dopants and then decreases (see inset in Figure 4). The maxi-
mum value is observed for x=0.25. A similar behavior is
reported by Ti et al.*" Moreover, the dielectric constant & for
BiT NPs is larger than that for bulk BiT, in coincidence with
the experimental data obtained by Lu et al.*? Furthermore,
the real part of the dielectric constant € is reduced with increasing
frequency f due to the space-charge effect and the peak decreases
(Figure 4, curve 2).

Let us point to the fact that the Nd substitution (at the Bi site)
improves also the dielectric constant for small Nd dopants and
then decreases it for larger Nd doping concentration x, in agree-
ment with the experimental data of Nd-doped BiT NPs,**l BiT
thin films,?"! and BiT ceramics.l?”*"!
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4, Conclusion

It seems to be well accepted that the ferroelectric properties of
BiT are mainly affected by ion doping. Otherwise, the mecha-
nisms of the doping effect at the Ti site are not well understood.
Therefore, using a microscopic model, we have studied the mag-
netic, electric, and dielectric properties of Fe-doped BiT—bulk
and NPs. An important aspect is that after Fe** ion doping
(at the Ti** site) in bulk BiT, there appear simultaneous two-
valence iron ions, Fe3™ and Fe*", what leads to changes of
the exchange interaction constants and to a remarkably enhanced
magnetization, that is, to multiferroism. The magnetization M
and polarization P increase with increasing Fe dopant concentra-
tion x. The ferromagnetic phase transition temperature TtM
increases whereas the ferroelectric one TEE decreases with
increasing x. The size dependence of P and M can be calculated
within our approach, too. Multiferroism is observed also in pure
BiT NP where a weak ferromagnetism appears. That effect is due
to the oxygen vacancies and the Ti3* and/or Ti** ions with
S # 0 on the surface. The ferroelectricity is enhanced by Nd dop-
ing on the Bi site in BiT—bulk and NPs. The temperature depen-
dence of the dielectric constant ¢ shows a small anomaly at TEM
and a peak at TEE. The size, frequency, and Fe doping effects on &
are also observed. The reasonable and partially good qualitative
and quantitative agreement with the experimental data seems to
us an sufficient good evidence that our model is applicable to
explain the complex multiferroic behavior of pure and as well
as doped BiT—bulk and NPs.
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