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Abstract: The magnetic, electric, and optical properties in Tb-doped BiFeO3 nanoparticles as functions
of size and doping concentrations were investigated using a microscopic model, taking into account
both linear and quadratic magnetoelectric (ME) coupling. We observed improved multiferroic
properties and band-gap tuning. The magnetization and polarization increased with the decreased
nanoparticle size and increased Tb-doping substitution x. The Neel temperature remained nearly
unchanged whereas the Curie temperature was reduced with the increased x. There was doping-
induced ME coupling. The dielectric constant is discussed as a function of the size, doping, and
the magnetic field. The band gap decreased with the decreased size or increased Tb dopants due to
competing effects of the compressive strain, oxygen defects on the surface, and Coulomb interactions.
Increasing the Tb dopants and decreasing the nanoparticle size improved the ME effect.

Keywords: Tb-doped BiFeO3 nanoparticles; magnetization; polarization; band-gap energy; dielectric
constant; microscopic model

1. Introduction

Multiferroics are materials that exhibit the coexistence of at least two of the electric,
elastic, and magnetic orders within a single phase [1,2]. They are of interest for memory
and logic device applications because the coupling between ferroelectric and magnetic
properties enables a dynamical interaction between the corresponding order parameters.
As proposed by Khomskii, there are two types of multiferroics: type-I and type-II [3].
Type-I multiferroics are often good ferroelectrics. The critical temperatures of the magnetic
and ferroelectric transitions can be well above room temperature, where the ferroelectric
one is much larger than the ferromagnetic one. The ME coupling between the order
parameters—magnetization and polarization—is quadratic and is usually rather weak. The
mechanism that can lead to ferroelectricity can be charge ordering or the displacement of
ions or ion groups, often observed in transition metal compounds, for example, hexagonal
RMnO; [4]. Type-II multiferroic materials are materials in which the magnetic ordering
breaks the inversion symmetry and directly “causes” the ferroelectricity. In these so-called
“spin driven ferroelectrics”, the non-collinear spin spiral structure is responsible for the
inversion symmetry breaking. In magnetically driven multiferroics, the macroscopic electric
polarization is induced by the long-range magnetic order, which is non-centrosymmetric.
Examples of such oxides are orthorhombic RMnOs [5]. The ferroelectric and magnetic
phase transition temperatures are nearly the same and the ME coupling is usually linear
and very strong.

The linear magnetoelectric (ME) effect was theoretically and experimentally observed
for the first time in CryO3 in the 1960s [6,7]. In the following years, the search for single-
phase ME compounds with larger linear ME values has attracted much attention [8],
which is important for potential applications. One of the most studied multiferroic (MF)
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materials is BiFeO3 (BFO). Bulk BFO shows a small quadratic ME coupling due to the
large difference between the ferroelectric Curie temperature (Tc = 1103 K) and the Neel
temperature (T = 643 K) [9]. Recently, some experimental works were published, showing
that in ion-doped BFO, the ME effects improved; there also appears to be a stronger linear
ME effect, which, theoretically, has not been intensively studied.

The multiferroic behavior of BFO can be influenced by the size and doping with
different ions. In low-dimensional BFO, the magnetic structure changes and becomes
collinear, adopting the G-type. The magnetic anisotropy constant grows, which is the
reason for the destruction of the spiral structure. The structure of rhombohedral becomes
monoclinic. Structural studies have shown that significant changes in the crystal lattice
constant occur at the surface. The changes in the structural parameters and the symmetry
point group of the crystal drastically change the physical characteristics of the low-size BFO.
Magnetic measurements in BFO nanoparticles [10-15] show an increase in magnetization
and a decrease in the value of the coercive field with a decrease in the BFO nanoparticle
size. This behavior is a consequence of surface-induced magnetization.

With ion doping, strains appear, which, due to the different ionic radii between the
doping and host ions, can change the lattice parameters, the bond lengths, the interac-
tions, and the properties of the compounds. The effect of Tb substitution on different
properties of BFO has been investigated experimentally in [16-19]. The results provide
evidence that the Tb-doped BFO shows an improvement in the multiferroic properties. Bulk
BFO exhibits antiferromagnetic behavior, whereas pure and Tb-doped BFO nanoparticles
(NPs) display ferromagnetic behavior [10,11,20-22]. The dielectric constant and loss are
improved with Tb doping and the NP size [10]. Tb doping in BFO leads to structural
transitions, as shown by Lotey et al. [21] and Xing et al. [11] through a crystallographic
analysis and by Dong et al. [23] through a Raman spectroscopy study. The distorted de-
formation of the FeOg octahedra in Tb-doped BFO (x = 0.10) gives rise to the enhanced
ferroelectric and ferromagnetic properties. X-ray diffraction results of Chen et al. [22] reveal
that the structure transition is around x = 0.11 in the Tb-doped BFO system. Moreover,
Lotey et al. [21] reported the existence of longitudinal and transverse magnetoelectric (ME)
coefficients. There is an explanation for the observed ME effect, which reaches its maximum
at x = 0.5. The saturation polarization in Tb-doped BFO thin films is enhanced, as shown
by Wang et al. [24] and Yi et al. [25].

Zhai et al. [26] have shown that Tb-doped BFO films exhibit higher ferromagnetism
and a smaller optical band gap E, compared to pure BFO film. Bielecki et al. [27] and
Muneeswaran et al. [17] observed a reduced band gap (E,) with an increasing Tb concen-
tration in BFO through UV-Vis diffuse reflectance spectra. We should emphasize that the
decreasing E, is also observed by the doping of BFO with other rare-earth ions, for example
Ho, Er, or Y [28-30]. However, Mukherjee et al. [31] surprisingly found that the E¢ of BFO
NPs increases with an increasing Y ion doping.

The aim of the present paper is to investigate the effect of Tb substitution on the Bi
site in BFO NPs on the MF and optical properties using a microscopic model, taking into
account both the quadratic and linear ME effects. It must be noted that there are many
theoretical works that consider the doping effects on different properties of BFO, but to
date, to our knowledge, there is no theoretical study on the above problem regarding Tb
ion doping.

2. The Model

BFO crystallizes in a distorted rhombohedral perovskite structure with a spatial
symmetry group R3¢, which allows, under Ty, a simultaneous occurrence of ferroelectric
atomic shifts and weak ferromagnetism appearances. The magnetic structure is of the
G-type, composed of Fe>™ magnetic ions, with each Fe3* ion being surrounded by six
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Fe3*t nearest neighbors with antiparallel spins [32]. MF Tb-doped BFO, Bi;_,Tb,FeOs3, is
described by the Hamiltonian:

The magnetic part Hy, is given by the Heisenberg model:

1« jre—Feqre oFe 1 Fe—FeqFe oF
Hu = 752]15' esie'si67§;]25 T
ij <il>

1

— Yy fesltosfe 2)
Y
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Si-S; = STS]‘_ +S S;r + ZSIZSJZ., where S7 and Sii are the components of the spin operator
S; at the lattice site i; g is the gyromagnetic factor, and up is the Bohr magneton. The
exchange integrals J7*~F¢ > 0 and J£*~¢ < 0 represent the couplings between the nearest
and next-nearest-neighbor Fe ions, respectively; Kf¢ represents the single-ion anisotropy of
the Fe ion, h represents an external magnetic field. The fifth term describes the concentration
x dependence by doping with Tb ions.

The studies have shown that the polarization is essentially due to the relative offsets
of Bi-ions from the center of the FeOg octahedra [33], i.e., BFO is a ferroelectric material
of the displacive type. This means that, from a theoretical point of view, the ferroelectric
properties of the system can be described on the basis of the pseudo-spin formalism within
the transverse Ising model [34]:

1
Hy = —Q) Bf — 3} (1 - x)J;B{B; 3)
1

ij

where B¥ and B are the spin-1/2 operators of the pseudo-spins. The pseudo-spin operator
B} determines the two positions of the ferroelectric unit. The transverse term with the
flipping rate () and the operator B} gives the dynamics of the ferroelectric part. ]’ denotes
the exchange pseudo-spin interaction constant. x denotes the Tb ion-doping concentration.

From the said above, it follows that the structural units responsible for the occurrence
of polarization and magnetization are different. From a theoretical and symmetrical point
of view, this means that the relationship between the two order parameters must be
quadratic along the spins and the pseudo-spin operators. The bulk BFO shows a small
quadratic ME coupling [35], but the Tb-doped BFO exhibits also a stronger linear ME. Let
us emphasize that Tb ion doping enhances the ME coupling constant, which is larger in
Tb-doped NPs compared to Tb-doped bulk compounds. There is a doping-induced ME
coupling. The argument for this assumption is the fact that the rare-earth ion replaces Bi,
which, when shifting to Fe3*, determines the appearance of spontaneous polarization in
the direction [1;1;1]. On the other hand, the Tb ion is magnetic and realizes an isotropic
exchange interaction with the Fe spins; this interaction is modulated by polar lattice shifts
u;; caused by the difference in the ionic radii of Bi and Tb ions. This static shift leads to
the appearance of an additional polarization | P |= e*(u), where e* is the Born charge,
which is a consequence of the spin correlation between rare-earth ions and Fe. Thus, the
second term in Equation (4) can be formally viewed as the so-called Peierls spin-phonon
interaction. Therefore, we consider both quadratic and linear ME couplings between the
order parameters, i.e., polarization and magnetization:

Hmf = —&1 ZBI»ZB]ZS]( . Sl - ngZBiZSZb : SFe, (4)
ijkl ikl

where g and g are the quadratic and linear ME coupling constants, respectively.
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Although many theoretical and experimental research studies have been conducted
on the coupling between magnetic and electric subsystems, the form of ME energy and the
coupling mechanism are still important issues for debate. As for the ME effect induced by
an applied field, it has been pointed out by Alcantara and Gehring [36] that, on the basis
of thermodynamics, symmetry, and spin configurations provided by ME experiments, an
allowed, possible term a;;E;H; exists in the system free energy, where E and H represent
electric and magnetic fields, respectively. Wu et al. [37] proposed a possible form based
on the Heisenberg model for inherent ME coupling. Katsufuji and Takagi [38] found that
the changes in the dielectric and magnetic properties of the hexagonal ferroelectromagnet
RMnO;3 are dominated by the pair correlation of the nearest-neighbor Mn ion spins, (S; - S;).
Thus, for the coupling between the intrinsic spin and polarization, there are sufficient
reasons for proposing such a biquadratic magnetoelectric coupling term, Equation (4),
e.g., to theoretically study the magnetic and dielectric properties in pure BFO.

Let us emphasize that, for pure BFO, due to the large difference between the tem-
peratures of the ferroelectric and magnetic phase transitions (Tc >> Ty), BFO is defined
as a multiferroic of type I, in which different structural units of the elementary cell are
responsible for the occurrence of magnetic ordering and ferroelectricity in one (and the
same) phase. For symmetric reasons, for such compounds, the magnetoelectric coupling
must be quadratic with respect to the two ordering parameters. After ion doping T¢ shifts
to the Neel temperature, and for a given doping concentration, the two phase-transition
temperatures are nearly equal, which is characteristic of multiferroics of type II, where the
magnetoelectric constant is linear between the two order parameters. Thus, the second
term in Equation (4) is 0 for x = 0, and then with an increasing x, the contribution of this
term increases, and for a given concentration (in our calculations, this is x = 0.1) would be
larger compared to the quadratic one.

The magnetization M for the arbitrary spin value S is calculated from the Green’s
function G;;(t,t') =< Si*(t);S]-*(t’) >= —if(t — t’)([Si*(t),S]f(t’)D (where 6(a) =1 for
a > 0,itis 0 for a < 0, <> is the thermodynamic average value, [,] means commutator or
anti-commutator):

M = (§%) = % Y [(5+05) coth(S +0.5)BE,(K)] — 05coth(056E, (k)] (5)

E i is the spin wave energy.
The excitation energy in the generalized Hartree-Fock approximation is observed
using the method by Tserkovnikov [39]:

wjj = ([[f[;;;H;,_S]gD (6)
i
From the Green’s function, G,']' =<K B;r ;B; >, the polarization P is calculated
as follows: ) E;
P=(B*) = N thanh T (7)

Ey; is the pseudo-spin excitation energy.

In order to calculate the band-gap energy E, of the materials, the s-d model is used [40].
To the modified Heisenberg model Hy;, the following terms are added: H,; for the conduc-
tion band electrons

1 .
Hy = Zfijcfgcjg +5 ) v(zjkl)cl?;c;;,ckafclm 8)

ijo ijkl,oo’
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tij is the hopping integral, v is the Coulomb interaction, c;;, ¢;, are Fermi-creation and
-annihilation operators; and the s-d coupling term H,,_,;

Hy_e =Y _1;Sis;, )
7

fr is the s-d izlteras:rtion, s; represents tl}re spin operators of the conduction electrons:
s =c¢j ¢, s =¢ Ciy, 8t = Fci+cl-+ —clci)/2.
The band-gap energy E¢ of BFO is observed from the difference between the valence
and conduction bands:
Eg=w'(k=0)—w (k=ko). (10)

The dielectric function € is calculated from the equation:

kakﬁ

((A/(e(E) = 1)) + Ay

)GPY(E) = b4y A =41Z2/V, (11)

where Z is the electron charge and V is the volume. In order to obtain €, we have to
calculate the Green’s function G**(E) = ((B?; Bf)).

3. Numerical Results and Discussion

The BFO NP has a spherical cuboctahedral shape. The Fe spins are situated into
shells, n = 1,..., N, where n = 1 is the central spin and n = N is the surface shell. The
morphological study by Lotey et al. [21] confirms the spherical symmetry of the synthesized
BFO NPs.

The exchange interaction J;; = J(r; — r;) depends on the distance between the spins
and is inversely proportional to the lattice parameters. The surface effects are taken into
account by different coupling parameters within the surface layer J; compared to the bulk
ones Jp. So the properties are discussed on a microscopic level.

The following model parameters are used for the numerical calculations: ]1F e-Fe - 55K,
JieFe = —115 K [41], JT0Fe = 472 K [42], K[ = 0.01 K, D*~F¢ = 02 K, K]¥ = —1.2 K,
J'=235K,0=20K, g1 =15K[21],1 =0.2eV,v =0.3 eV, S = 3 for the magnetic spins, and
S = 0.5 for the pseudo-spins. The exchange interaction between the Tb3* ions could be
neglected. The model parameters for the ferroelectric subsystem " and () are calculated
from the following expressions: 2Q0/]" = tanh(0.58.Q2), B = 1/ (kg TgE), below TgE, and
20 = Ef with E¢ ~ 4045 K (the energies of the ferroelectric system assumed within our
model) at very high temperatures [34]. The values for the s-d model I and v are taken from
reference [40].

First, the magnetization M of a pure BFO NP is considered, taking into account
the relation s > [,. Bulk BFO is antiferromagnetic, but due to surface effects, weak
ferromagnetism in the BFO NPs [43] appears. Thus, M increases with the decreasing
NP size, i.e., M is size-dependent (see Figure 1, curve 1). Similar behavior of M in BFO
nanostructures was reported in [10,11,19]. The polarization P also increases with the
decreasing NP size (not shown here).

BFO crystallizes with rhombohedral symmetry at room temperature. Doping of Tb in
BFO results in an orthorhombic structural transformation [44]. The radius of the Tb%* ion
(1.06 A) is smaller than that of the Bi®* ion (1.365 A),ie., in the doped BFO NP, and appears
as a compressive strain. We have to choose the relation J; > J, between the exchange
interaction in the doped state J; and that in the undoped one J;,, because | = J(r; — rj)
depends on the lattice parameters, on the distance between the spins. The magnetization
M increases with the increasing Tb dopants (see Figure 2, curve 1). This enhancement of M
is due to the phase transformations from rhombohedral to orthorhombic with a breakdown
of the spin cycloidal structure, the spin canting, and the uncompensated spin on the surface,
i.e., due to both doping and nanoscale effects in Tb-doped BFO NPs. The crystal structure
and magnetism of BFO NPs can be regulated by rare-earth Tb substitution on the Bi site.
An increase of M in Tb-doped BFO NPs was reported in [11,19,45]. The Neel temperature



Magnetochemistry 2023, 9, 142 60f 13

Ty remains nearly the same; it increases very slightly, from 643 to 645 K (see Figure 3,

curve 1).
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Figure 1. Size dependence of the magnetization M of a pure BFO NP for J; = 1.2],,J; = 1.2]; and
T =300 K.
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Figure 2. (Color online.) Dependence of the magnetization M (curve 1) and polarization P (curve 2)
on the Tb-doping concentration x in the Tb-doped BFO NP for N = 20 shells, J; = 1.2, J; = 1.2 ]{7,
Ja =12], ][; = 1.2]{7, T =300 K for different g» values: (1) 30 K, (2) 30 K; (2a) 20 K. Inset: ME coupling
constant g, (x).

The importance of the linear ME coupling g in a Tb-doped BFO NP is shown in
Figure 2, curve 2a. The increasing x also raises the contribution from the linear ME term. It
must be noted that for g, = const, we observe a very small increase in the polarization P or
the magnetization M. In order to achieve the significant increase in P or M reported in some
experimental studies, we have to use a linear ME coupling constant g, that is dependent
on x, and is fitted from experimental data. In the inset of Figure 2, the dependence of the
ME coupling g> on the doping concentration x for # = 0 and T = 300 K is presented. As x
increases, the contribution of the second term of the linear ME coupling g» increases; the
value of g also increases, reaching saturation, which is in agreement with the experimental
data by Reddy et al. [46]. The obtained results can be explained qualitatively as follows:
Changing the length and angle of the connections between the main magnetic ions leads
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to the destabilization of the spiral structure and the appearance of weak ferromagnetism
and/or an increase in macroscopic magnetization. This is a consequence of the large
magnetic moments of RE ions. They are in the paramagnetic state and oriented in the
direction of the weak ferromagnetism. This will lead to an increase in (S*) as x increases,
i.e., an increase in magnetization at a constant value of the magnetic field and, therefore, an
increase in the second term with the linear ME coupling constant g». For small values of x,
the growth of g; is the greatest; because in this interval, the structural phase transition from
rhombohedral to orthorhombic crystal lattices takes place, in which there is a collapse of the
incommensurable spiral structure and the appearance and growth of weak ferromagnetism
(the appearance of macroscopic magnetization). Further ion doping will not lead to a
significant increase in the ME coefficient because the saturation of the magnetization is
reached (Figure 2, curve 1). As x increases, the influence of the contribution of the term
— Y xgzldTi?_F eSiTh . S]I.: ¢ increases, inducing additional magnetization in the doped system.
We can conclude that in order to explain the experimental data, both ME couplings, g1 and
g» must be taken into account.

1100
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1060 |- '\
< I 1
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= |
H 645}
A /I/
644 | 1
3 ./
643 p—

642 " 1 " 1 " 1 " 1 "
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Figure 3. (Color online.) Dependence of the Neel and Curie temperatures, Ty (curve 1), and T
(curve 2), on the Tb-doping concentration x in the Tb-doped BFO NP for N = 20 shells, J; = 1.2],,

Jo =12J}, Ja = 1.2]p, Jy = 1.2];.

The polarization P also increases with the increasing Tb dopants (see Figure 2, curve 2).
This dependence can qualitatively be explained as follows: The highly anisotropic magnetic
Tb ion creates an internal local magnetic field, which is in the direction of spontaneous
polarization P, and leads to an increase in the pseudo-spin interaction J'. As the x concen-
tration of the magnetic Tb ions increases, this internal magnetic field increases, and | will
increase. This means that at a fixed temperature, spontaneous polarization P will increase,
i.e., with the increase in the Tb concentration x, the ferroelectric phase will be stabilized.
Similar behavior was observed by Yao et al. [18] and Wang et al. [24]. Thus, we have shown
that a small Tb substitution of BFO NPs improves their MF properties. Therefore, Tb-doped
BFO is a potential candidate for ME device applications. The ferroelectric phase transition
temperature T¢ decreases as Tb dopants increase, from 1100 to 1050 K for x = 0-0.1 (see
Figure 3, curve 2). Let us emphasize that spin wave E,,; and pseudo-spin wave E; energies
are depending on x through the M(x) and P(x) dependencies. Ty and T¢ are observed
as temperatures for which M or P vanish. Therefore, they also depend on x, which is in
agreement with the experimental data. All quantities are calculated self-consistently.
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From the magnetic field dependence of the polarization P (see Figure 4), we can see
that P increases as / increases at room temperature. This is evidence for the MF behavior
of Tb-doped BFO NPs. Moreover, the polarization P increases more strongly for larger
Tb dopants. Figure 4 clearly reveals that the polarization increases with the increase in
the applied magnetic field & for all samples. This is due to the larger ME coupling in
Tb-doped BFO NP compared to the undoped case; the considered linear coupling term g,
is considered in addition to the quadratic one g in Equation (4). The increase of the ME
coupling in BFO nano-films doped with other rare-earth ions, for example, La’t and Nd3t,
is observed by Guo et al. [47].

1.5

Polarization P (arb. units)
=

osb— . . .

Magnetic field h (kOe)

Figure 4. (Color online). Dependence of the polarization P on the magnetic field / in Tb-doped BFO
NP for different Tb-doping concentrations x: (1) 0; (2) 0.04; (3) 0.1, and N = 20 shells, s = 1.2],,
JL=12]}, Ja =12, J; = 12];, T =300 K.

Bulk undoped BFO has a relatively large band gap, which is reported to be 2.7-2.8 eV
[48,49]. We calculated the band-gap energy E, from Equation (11) as a function of size for
a pure BFO using the relation between the surface and bulk exchange interaction values
Js > Jp, J > J;- The result is shown in Figure 5. It can be seen that E; decreases as the
NP size decreases, which is due to the competing effects of the compressive strain, oxygen
defects on the surface, and Coulomb interactions. Our results are in good qualitative
coincidence with the experimental data by Mocherla et al. [50] and Sharma et al. [51].

The inset in Figure 5 presents the effect of the Coulomb interaction v on the band-gap
energy Eg for a BFO NP with N =20 N. E¢ decreases as v decreases, i.e., in order to explain
the experimental values of BFO bulk and NPs, the Coulomb interaction v must be taken
into account; otherwise, we would have very little value for the band gap E,.

Next, we will calculate the band-gap energy of a Tb-doped BFO NP. Figure 6 demon-
strates the dependence of the band-gap energy E; on the Tb-doping concentration x. It
can be seen that E, decreases as x increases, i.e., the band gap E, decreases as the lattice
parameters decrease by the appeared compressive strain in the Tb-doped BFO NP. More-
over, this behavior may be due to the distortion induced in the Fe-O octahedron. The band
gap reduction in Tb-doped BFO NPs is possible due to lattice contractions, resulting from
reducing the Fe-O and Fe-O-Fe bond lengths. Thus, decreasing the Fe-O bond length while
substituting Tb into the BFO structure may considerably increase the electron bandwidth
W and reduce the band-gap energy E,. It can be seen from Figure 6 that as the Tb concen-
tration increases, the dopant impact on the band-gap value seems to reduce, and it tends to
a limit. It must be noted that increasing the s-d interaction I decreases the band-gap energy



Magnetochemistry 2023, 9, 142 90f 13

E¢ (see inset in Figure 6). This reduction means that the Tb-doped BFO NP has enhanced
photocatalytic properties because of its reduced band-gap energy. Moreover, this decrease
of E; can be useful for optoelectronic applications. Our results regarding the band-gap
energy E¢ in a Tb-doped BFO NP are in good qualitative agreement with the experimental
data reported in references [17,26,27,30].
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Figure 5. Size dependence of the band-gap energy E; of pure BFO for J; = 1.2, J{ = 1.2];, and
T =300 K. Inset: E¢(v) for N = 20.

A similar reduced E¢ with the increasing doping ion concentration is also reported
for other rare-earth-doping ions, such as Ho, Y, Er, Sm, Gd, La, Eu, Dy, etc. [28-30,51-55];
Mukherjee et al. [31] observed that the band gap E; of BFO NPs increases with the
increasing Y ion dopants.
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Figure 6. (Color online). Dependence of the band-gap energy Eg on the Tb-doping concentration x
in Tb-doped BFO NP for N =20 shells, Js = 1.2J,, Ji = 1.2]}, J; = 1.2J,, J; = 1.2];, T = 300 K for
different g5 values: (1) 30; (2) 20 K. Inset: E¢(I) for x = 0.

Let us emphasize that for a smaller value of g (for example 20 K) (see Figure 6,
curve 2), the decrease of E¢ with x is smaller compared to the case with g, = 30 K (curve 1).
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To our knowledge, the dielectric behaviors of Tb-doped BFO NPs have not been
intensively investigated. Therefore, for the first time, we will study the effects of size,
magnetic field, and doping on the dielectric constant € of BFO NPs using Equation (10).
We observe that the real part of the dielectric constant €’ increases (see Figure 7, curve 1)
whereas the imaginary part €” decreases (not shown here) with the increasing Tb-doping
concentration x. It is observed that €’ increases with the increasing magnetic field & (see
Figure 7, curve 2), which is evidence for the strong magnetodielectric behavior. Moreover,
€’ is enhanced with the decreasing BFO NP size (see inset in Figure 7). Dhir et al. [10] have
experimentally observed an enhancement of € with Tb doping and the decreasing NP size.
A similar increase of the dielectric constant €’ was reported for Sm- and Gd-doped BFO
NPs by Singh et al. [56] and Sm-doped BFO thin films by Golda et al. [57].
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Figure 7. (Color online.) Dependence of the real part of the dielectric constant € on the Tb-doping
concentration x in Tb-doped BFO NP for N = 20 shells, T = 300 K for different magnetic field values h
(1) 0; (2) 6 kOe. Inset: Size dependence of the real part of the dielectric constant € of Tb-doped BFO
NPT =300K,x=02,h=0.

4. Conclusions

We conclude that the observed results are a result of the combined effects of doping
and nanoscale effects. There is a strong relationship between structural, magnetic, electric,
and optical properties in pure and Tb-doped BFO NPs. Substituting Tb ions on the Bi site
induces weak ferromagnetism, and due to the ME coupling, it also changes the long-range
ferroelectric order. Tb3* can affect the magnetic structure due to the interaction with
the Fe*" spins and the lattice distortion caused by the ionic radii difference of the host
atom and dopant. Ty is nearly the same, whereas T decreases as Tb dopants increase.
The magnetization M, the polarization P, and the dielectric constant € increase whereas
the band-gap energy E, decreases as the NP size decreases, or as the Tb ion-doping
concentration increases due to the competing effects of the compressive strain by the
substitution of Tb on the Bi site, the oxygen defects on the surface, and the Coulomb
interaction v. Remarkably enhanced linear ME coupling is observed in the doped NPs.
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