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We report on structural, microstructural, spectroscopic, dielectric, electrical, ferroelectric, ferro-
magnetic, and magnetodielectric coupling studies of BiFeO3-GdMnOs3[(BFO);_x-(GMO).], where
x is the concentration of GAMnOs3 (z= 0.0, 0.025, 0.05, 0.075, 0.1, 0.15, and 0.2), nanocrystalline
ceramic solid solutions by auto-combustion method. The analysis of structural property by Ri-
etveld refinement shows the existence of morphotropic phase boundary (MPB) at =0.10, which is
in agreement with the Raman spectroscopy and high resolution transmission electron microscopy
(HRTEM) studies. The average crystallite size obtained from the transmission electron microscopy
(TEM) and X-ray line profile analysis was found to be 20-30 nm. The scanning electron micrographs
show the uniform distribution of grains throughout the surface of the sample. The dielectric disper-
sion behavior fits very well with the Maxwell-Wagner model. The frequency dependent phase angle
(0) study shows the resistive nature of solid solutions at low frequency, whereas it shows capacitive
behavior at higher frequencies. The temperature variation of dielectric permittivity shows dielectric
anomaly at the magnetic phase transition temperature and shifting of the phase transition towards
the lower temperature with increasing GMO concentration. The Nyquist plot showed the conduc-
tion mechanism is mostly dominated by grains and grain boundary resistances. The ac conductivity
of all the samples follows the modified Jonscher model. The impedance and modulus spectroscopy
show a non-Debye type relaxation mechanism which can be modeled using a constant phase element
(CPE) in the equivalent circuit. The solid-solutions of BFO-GMO show enhanced ferromagnetic-like
behavior at room temperature. The ferroelectric polarization measurement shows lossy ferroelectric
behavior. The frequency dependent magnetocapacitance and magnetoimpedance clearly show the
existence of intrinsic magnetodielectric coupling. The (BFO);_x-(GMO), solid solutions with z=
0.025-0.075 show significantly higher magnetocapacitance and magnetoimpedance compared to the

pure BFO.

I. INTRODUCTION

Multiferroic materials are attracting a great deal of in-
terest because of their unusual interesting physical prop-
erties, such as coexistence of multiple switchable states
(polarization, magnetization or strain), magnetoelectric
(ME) coupling, structural phase transitions, and their
potential applications in secure data storage, spintronics,
and novel multifunctional devices [1-8]. The information
stored by splitting data in multiferroic memory over two
mediums (half stored electrically and half stored magnet-
ically) could be encrypted in such a way that makes it for
more secure than is currently possible, which will open
up a new era in data storage.

BiFeO3 (BFO) is a rare Pb-free room temperature
(RT) single phase multiferroic (ferroelectric T, = 830°C
and antiferromagnetic Ty = 370°C [4-6]. However, high
leakage current, weak magnetoelectric coupling, presence
of cycloidal spin spiral, and critical structural stability of
BFO are the bottlenecks for practical applications [9, 10].
BFO, which is Type-I multiferroics, showed large ferro-
electric polarization due to charge ordering and displace-
ment of ions because of lattice distortion, but it shows
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weak ME coupling. However, in Type-II multiferroics,
the polarization is due to certain magnetic ordering and
is of electronic in origin, but it shows stronger ME cou-
pling than Type-I multiferroics [11]. The objective of this
present work is to affect the ferroic orderings of BFO to
enhance the ME coupling.

It has been found that solid-solutions of BFO with
rare-earth (RE) manganite REMnO3 (RE= Dy, Sm, La,
Gd, Y, etc.) [12] can stabilize the crystal structure, re-
duce the leakage current, suppress the spiral spin struc-
ture of BFO, and can facilitate the release of latent mag-
netization [13, 14]. RE elements show a large net mag-
netic moment which originates from the electrons of un-
filled 4f shells due to both orbital and spin magnetic
moments. The 4f electrons (deep shell) are very local-
ized and shielded by s and p orbitals from other ions
in the field. Therefore, the orbital moments of rare
earth ions remain unquenched. GAMnO3 (GMO), a mag-
netoelectric with an incommensurate antiferromagnetic
phase transition at Ty ~ -230°C (43 K), which is asso-
ciated with the sinusoidal antiferromagnetic ordering of
the Mn®* ions magnetic moment. GMO shows a strong
lattice modulation due to the correlation between elec-
tric and magnetic orders and strong spin-lattice coupling
between Gd 4 f-spin sublattice with Mn 3d spin. As the
ME coupling interlinked with spin-charge-lattice interac-
tions, it is expected that the substitution of Gd®* (ef-



fective magnetic moment, pog = 7.9up) at Bi-site of the
BFO can switch off the lone pair activity of Bi leading
to shift the ferroelectric phase transition towards closer
to (anti)ferromagnetic phase transition and resulting a
stronger ME coupling [15].

A strong ME coupling between magnetization (M) and
polarization (P) has not been achieved in BFO because of
the problem to sustain the high electric field necessary to
switch the magnetization. The enhancement in multifer-
roic properties of BFO has been observed by synthesizing
nanoparticles smaller than spin cycloid (60 nm) due to
the size effect. In multiferroics, M couples to P and thus
to the dielectric constant (¢). We propose to study the
ME coupling through the magnetodielectric (MD) effect.
The dielectric constant relates to the index of the refrac-
tion (1)) of the material; n = (ue)/2, where p and ¢ are
the permeability and permittivity of the material, respec-
tively. The tuning of refractive index by the application
of a magnetic field would give rise a novel functionality
to magnetoelectric and magneto-optic devices. However,
there many unanswered questions need to be addressed:
What is the mechanism that gives rise to MD coupling?
Why and under what circumstances a large MD coupling
should exist and how to control it? What are the ef-
fects of temperature, frequency, interface, and electro-
magnetic field on MD coupling? What is the influence of
the strain effect, size effect, and reduced dimensionality
on MD coupling? In order to understand and enhance the
MD coupling of BFO, we carried out a systematic study
of (BFO)1_x-(GMO), solid-solutions. In this present
work, we report on structural, microstructural, spectro-
scopic, dielectric, electrical, ferroelectric, ferromagnetic,
and magnetodielectric properties of (BFO);_-(GMO),,
where x = 0.0, 0.025, 0.05, 0.075, 0.1, 0.15, and 0.2,
nanocrystalline ceramics by auto-combustion method.

II. EXPERIMENTAL DETAILS

Nanocrystalline ceramic solid solutions of (BFO);_y-
(GMO), (0.0< x<0.2) were synthesized using analyti-
cal grade chemicals of Fe(NO3)s 9H0, Bi(NOs)s 5H20,
Gd203 and (CH3COO)2 Mn 4H20O with urea as a fuel.
The homogeneous gel of these reagents were added sto-
ichiometrically to this fuel and later were dissolved in
nitric acid and water. The gel was heated to 400°C for
30 min and then the solvent was evaporated and auto-
ignited to result in residues that were crushed later. The
extracted material from this reaction was milled for ho-
mogeneity. The details of the auto-combustion synthesis
process are described elsewhere [13, 16, 17]. The com-
bustion residue of different concentration were calcinated
at different temperatures for 3 h; for x=0.0 at 550°C
in air, 0.025<x<0.1 at 700°C for £=0.15 and z=0.2 at
750°C. After the calcination, the powder was press to
8 x 10"Kg/m? in cylindrical pellets utilizing polyvinyl
alcohol as binder. The samples with concentration of
0.0<x<0.1 were sintered at 750°C, while samples with

concentration of 0.15<x<0.2 were sintered at 780°C, for
6 h. The stoichiometry and phase purity of the sam-
ples were studied using X-ray diffraction (XRD) (Philips
Analytical-PW3040) at 2°/min from 20°<26<80° using
Cu-K,, radiation (A=1.5405A). X-ray line-profile analy-
sis of the samples was used to calculated the crystallite
size and lattice strain in the samples using BREADTH
software [18]. Micro-Raman spectra of the samples were
recorded on backscattering geometry using the 514.5nm
Ar-ion laser line using Renishaw micro-Raman spec-
trometer (model-INVIA). Microstructure, distribution of
grain growth, and particle size were studied using field
emission scanning electron microscope (SUPRA 35VT
SEM) and transmission electron microscope (Techo C230
STwin TEM). For the electrical characterization, the pel-
lets were polished and electroded with silver paint and
dried at 150°C for 3 h. Ferroelectric polarization mea-
surements were carried out using Marine PE loop tracer.
Dielectric and magnetodielectric measurements were car-
ried out in a wide range of frequency (100 Hz-1 MHz)
with the Hioki 3532-50 LCR meter and in-house ME mea-
surement setup. Magnetic properties were carried out at
room temperature using a vibrating sample magnetome-
ter (Lakshore 142AVSM) up to a maximum field of £ 2 T
at RT.

III. RESULTS AND DISCUSSION
A. Structural and microstructural properties

Figure 1 shows the XRD pattern of (BFO);_-(GMO),,
0.0< x<0.2 solid-solutions. The XRD pattern of the sam-
ples was analyzed using the Rietveld refinement using
FULLPROF 2.2.4 package [17]. The calculated and dif-
ference pattern with Bragg’s position of the peaks were
given for comparison. The peak shapes were refined using
a pseudo-Voigt function and background was corrected
using a six-coefficient polynomial function. In order to
get a better refinement, zero correction, scale factor,
background, unit cell parameters, atomic positions, ther-
mal parameters, and half width parameters (U, V, and
W) were varied. The occupancy of all the atomic sites
was kept fixed during the refinement process. Rhombo-
hedral crystal structure of undoped BiFeOg3 in R3c space
group was used for Rietveld refinement. From the refine-
ment analysis, it was found that BFO with up to < 7.5%
GMO concentration shows single phase with R3c space
group, whereas above it shows a mixed phase (R3c +
Pn21a).

As can be seen from Fig. 1, a good agreement (good-
ness of fit x? = 1.15-1.30) has been observed between
the observed and the calculated patterns for all the sam-
ples. No traces of impurity phases (i.e., BiaFesO9 and
BigsFeOsg) were observed in the samples. The differ-
ence between the observed and calculated pattern and
the Bragg’s positions are given below the observed spec-
trum (Fig. 1) for comparison. The lattice constant, space
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FIG. 1: XRD pattern of (BFO)1—_x-(GMO), 0.0< x<0.2 solid-
solutions. The calculated and difference pattern with Bragg's
position of the peaks were given for comparison.

TABLE 1. Lattice constant, space group, and goodness of
fit (x?) obtained from the Rietveld refinement of (BFO)i_x-
(GMO); 0.0< x<0.2 samples.

Space Lattice Parameters A
X group a b [¢ X2
0.0 R3c 5.5761 5.5761 13.8685(1.22
0.025 R3c 5.5832 5.5832 13.8615|1.21
0.05 R3c 5.5706 5.5706 13.7837(1.19
0.075 R3c 5.5642 5.5642 13.7568 [1.30
0.1 R3c+ 5.5551 5.55511 13.7113|1.20
Pn2;a |5.5476 7.78937 5.54864
0.15 R3c+ 5.5571 5.5571 13.4245(1.17
Pn2;a 5.5866 7.8098 5.45706
0.2 R3c+ 5.5805 5.5805 13.4504 (1.15
Pn2;a 5.6010 7.8093 5.45655

group, and goodness of fit obtained from the Rietveld re-
finement of (BFO);_x-(GMO), 0.0< x<0.2 samples are
given in Table 1.

The existence of both rhombohedral and orthorhom-
bic structure becomes more prominent with increasing
x. For x = 0.2, the XRD pattern contains the reflec-
tions, which are the characteristics of Pnma/Pbnm space
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FIG. 2: (a) Pseudo-cubic lattice parameter as a function of
composition of (BFO)1_x-(GMO), 0.0< x<0.2; (b) Atomic dis-
placement parameters (s, t) as function of composition (Inset-
Compositional dependence of “s-t".

group similar to RE manganites. The polar Pn2;, space
group is sub-space group of nonpolar Pnma space group.
Therefore, Rietveld refinement was carried out with dual
phase model (R3¢ + Pn21,). For = 0.1 composition, it
is found that around 86% of rhombohedral R3¢ phase and
remaining 14% that of orthorhombic Pn2;, phase. Sam-
ple with z = 0.15 shows 42% of R3c and 58% of Pn21,
phase, whereas x = 0.2, shows 24% of R3¢ and 76% of
Pn2q, phase. The transition from rhombohedral to a mix
phase consists of rhombohedral plus orthorhombic phase
is expected and can be explained by strong destabiliza-
tion of R3c structure by Gd3* due to chemical pressure
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[17].

In order to establish the signature of composi-
tional driven structural phase transition from R3c to
R3c+Pn2y,, the pseudo-cubic lattice parameter as a
function of composition was plotted in Fig. 2. Pseudo-
cubic lattice parameter is defined as the cube root of the
perovskite unit cell volume. It offers a convenient ap-
proach because it brings down lattice parameter to the
same scale of magnitude for better understanding and is
a suitable probe to analyze structural phase transition.

Figure 3 shows the average crystallite size of
(BFO)1-x-(GMO), 0.0< x<0.2 samples. The aver-
age crystallite size of the samples were calculated us-
ing Fourier X-ray line profile analysis (XLPA) based
on Double-Voigt method using the program pack-
age BREADTH [18]. The average crystallite size of
(BFO)1_x-(GMO), 0.0< x<0.2 solid solutions varies in
the range 20 nm to 30 nm. To further support the XLPA
analysis, the microstructure of the sample x = 0.2 was
investigated using high resolution transmission electron
microscopy (HRTEM).

Fig. 4 shows the TEM micrograph (a) and selected
area electron diffraction (SAED) pattern (b) of sample
x = 0.2. The TEM micrograph (Fig. 4a) shows the aver-
age crystallite size of ~30 nm with some agglomeration,
which agrees well with the average crystallite size ob-
tained from XLPA analysis. In order to get the structural
insights and the presence of mixed phase, SAED pat-
tern was taken for selected samples. Fig. 4(b) shows the
SAED patterns of sample x = 0.2. The presence of set of
ring diffraction patterns and absence of spotty diffraction
patterns clearly show the polycrystalline nature of the
sample. The indexing of diffraction pattern (Fig. 4(b))
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FIG. 4: Transmission electron microscopy (TEM) of (BFO);_«-
(GMO), z= 2.0: (a) TEM image showing nanoparticles of av-
erage size of 25 nm; (b) the selected area electron diffraction
(SAED) pattern showing polycrystalline nature and mixed phase
of the sample.

clearly shows the presence of mixed phases. This obser-
vation is in agreement with the XRD Rietveld refinement
finding of the presence of the mixed R3c+Pn21, phase in
x=0.2 sample.

For better the understanding of microstructure, the
fractured surface of the samples were analyzed with
scanning electron microscope (SEM). Figure 5 shows
the scanning electron micrographs of selected (BFO)j_x-
(GMO), samples (z = 0.0, 0.05, 0.1, and 0.2). As can



FIG. 5: SEM micrographs of (BFO)1_x-(GMO), solid solutions:
(a) z= 0.0; (b) z= 0.05; (c) z= 0.1, and (d) z= 0.2.

be seen from the SEM micrographs, the samples show
densely distributed grains with well defined grain bound-
ary without defects and voids. Pure BFO (Fig. 5a) shows
highly non-uniform grain size distribution ranging from
200 nm-2 pum, whereas samples with z = 0.05, 0.1, and
0.2 (Fig. 5b-d) show distribution of uniform grain size of
average 200 nm. A decreasing in grain size was observed
in solid solutions with increasing GMO concentration.
This observation is not yet well understood, however, it
can be attributed to the reduction of electrical resistiv-
ity due to the incorporation of rare earth oxide (GMO)
phases into the semiconducting BFO phase which facil-
itate an enhanced diffusion process and decreasing gain
size. The reduction in electrical resistivity by 10 orders of
magnitude has been reported in BaTiO3 with rare earth
oxide incorporation [19].

B. Raman spectroscopy

In order to get the structural insight of the composition
driven phase transition and changes in phonon response,
micro-Raman spectra were recorded in backscattering ge-
ometry using Ar ion laser (A = 514.5 nm). Figure 6 shows
the comparison of Raman spectra of (BFO);_x-(GMO),,
0.0< x<0.2 samples at RT. According to the group the-
ory selection rules, the rhombohedral structure of BFO
with R3c (Cs,) symmetry will give rise to 4A1+ 9E Ra-
man active modes [5, 6]. The peaks at low temperature
(81 K) in single domain single crystal observed at around
75, 265, 350, and 523 cm~! are assigned as A; modes,
whereas peaks at around 79, 145, 175, 224, 277, 295,
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FIG. 6: Raman spectra of (BFO);_x-(GMO), 0.0< x<0.2
solid-solutions. The vertical dotted lines in the figure are a
guide to the eye.

371, 473, and 553 cm ™! are assigned as E modes [6]. Of
these 13 single phonon modes of BFO, we observed only
eight Raman active modes in (BFO);_x-(GMO), 0.0<
x<0.2 samples at RT. Some modes are not seen due to
thermal broadening effect at RT. As can be seen from
the Fig 6, the A; modes are observed at around 75, 262,
344, and 530 cm™!, whereas, four £ modes are seen at
around 139, 171, 370 and 470 cm~! in agreement with
BFO single crystal Raman spectra [5, 6].

As GMO concentration increases, we observed some
suppression of BFO phonon modes and appearance of
three new phonon modes at around 293, 497, and 620
em ™! associated with GMO. The peak at 620 cm ™! (By,
(1) mode) appears from x =0.025 is associated with the
in-plane O stretching and called as breathing mode.
This mode is shifting to higher frequency with increas-
ing GMO concentration. The mode at 293 cm™' (4,
(2) mode) appears from the sample x =0.1 is related to
the in-phase rotation (y-axis) of MnOg octahedra and
O3 motion along z-axis. The mode at around 497 cm~!



(Ag (3) mode) appears in samples z > 0.15 corresponds
to bending of MnOg octahedra and Os anti-stretching
[20]. As can be seen from Figure 6, it is quite evident
that (BFO)1_x-(GMO), up to = 0.075 show phonon
features dominated by BFO phase, while samples with
higher concentration of GMO (x > 0.1) show phonon
anomalies indicating the existence of mixed structural
phase. The observation of mixed phase at higher concen-
tration of = agrees well with the XRD and TEM (SAED)
studies.

C. Dielectric Properties

In order to understand the dielectric behavior, the di-
electric permittivity (g), dielectric loss (tan ¢), conductiv-
ity (04c), and phase angle (0) were measured as a func-
tion of frequency and temperature. Figure 7(a) shows
the frequency variation of dielectric permittivity. The
observation of decrease in permittivity with increasing
frequency is the typical behavior of ferroelectrics. The
high dielectric permittivity observed at low frequency can
be explained by the presence of a potential barrier prob-
ably due to the existence of space charge polarization
at the grain boundaries. This can lead to the accumu-
lation of charges at the grain boundary, which leads to
the high value of dielectric permittivity [21-23]. The de-
crease in dielectric permittivity with increasing frequency
can be attributed to the reduction of space charge polar-
ization [23]. The change in dielectric dispersion behavior
(non-exponential) with increasing polar phase (Pn2i,)
upon GMO substitution can be attributed to the pres-
ence of morphotropic phase boundary (MPB). No sig-
nificant change is observed on the values and nature of
dielectric dispersion at higher frequencies. However, at
low frequency (< 1 kHz) an increase in dielectric permit-
tivity was observed with increasing GMO concentration.
This can be explained by the change in conductivity or
dipole relaxation phenomena [19].

To understand the nature of dielectric relaxation pro-
cess, the dielectric dispersion behavior was analyzed with
various dielectric relaxation models. As can be seen, the
data fits very well with the modified Maxwell-Wagner
(MW) relaxation model, as described in Equation 1 [24—
26]:

El(f) = €co T %(es - Eoo)b +Af™

. sinh[(1—a)ln(27 f1)]
cosh[(1—a)ln(2r fr+sin(3ar))]’

where €, is the dielectric permittivity at the lowest
frequency, €., is the dielectric permittivity at the highest
frequency, « is the measure of the polydispersity of the
system, 7 is the total relaxation time, and n is the dis-
persion parameter of frequency [27, 28]. The main con-
sideration of the MW effect is the charge accumulation

TABLE II: Fitting parameters obtained from Maxwell-
Wagner model for (BFO);_x-(GMO), 0.0< x<0.2 at RT for
dielectric permittivity at lower frequencies (es) dielectric con-
stant at higher frequencies (e« ), polydispersity («), disper-
sion parameter of frequency (n), and the relaxation time (7).

X €s €00 @ n 7 (ms)
0.0 220 37 0.43 0.59 0.19
0.025 |142 45 0.45 0.55 0.24
0.05 144 42 0.57 1.0 0.29
0.075 |185 35 0.81 1.0 0.39
0.1 396 41 0.82 1.0 0.72
0.15 461 67 0.63 0.98 0.73
0.2 688 67 0.48 1.0 0.75

at the interface and their different charge carrier relax-
ation times [24]. The MW effect is commonly observed
in two-material interface, such as metal-insulator, metal-
semiconductor, insulator-semiconductor, semiconductor-
semiconductor, etc [24, 27, 28]. The ratio of dielectric
constant to conductivity is the relaxation time associ-
ated with the spreading of the excess free carriers in the
materials [24]. The solid line in Fig. 7a shows fits of
the modified Maxwell-Wagner relaxation model with the
experimentally observed data. The values of €5, €, a,
n, and 7 obtained from the MW-model for (BFO);_«-
(GMO), (0.0< x<0.2) solid solutions at RT are given in
Table II. As can be seen, the relaxation time increases
with increasing x. A significant increase in relaxation
time was observed for samples with x > 1, which can be
associated with the increase of polar phase and MPB.

Figure 7(b) shows the frequency variation of dielec-
tric loss of BFO-GMO solid solutions. As can be seen,
samples with z <0.05 show low dissipation compared to
BFO in the measured frequency range. The sample with
x =0.075 shows low loss at higher frequencies compared
to BFO. Samples with = > 0.1 show no improvement
in dielectric dissipation at lower frequencies, but shows
slightly higher loss at higher frequencies.

The ac conductivity (o,.) of the (BFO);_x-(GMO),
samples obtained from the dielectric measurements us-
ing the formula [29, 30] 0 = ogwepe tan J§, where oy is
the frequency independent conductivity, w is angular fre-
quency, € is vacuum dielectric permittivity, is shown
in Figure 7(c). Generally, o, of dielectrics increases
with increasing both the frequency and the tempera-
ture. The frequency variation of ac conductivity was
analyzed by universal power law proposed by Jonscher
[31]: 04e = Aw™. This power law is related to the dy-
namics of the ionic hopping transport between localized
sites. The exponent n is the measure of the degree of
interaction with the materials conduction environment.
The exponent in the range of 0.6-1.0 indicates disordered
or amorphous systems and the conduction mechanism is
mostly associated with diffusion limited hopping. Expo-
nent n ~ 1 implies ideal long-rang (band-to-band) con-
duction process, which is normally observed at low tem-
perature, whereas n > 1 indicates the presence of ther-
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FIG. 7: Dielectric properties of (BFO);_x-(GMO), 0.0< x<0.2 as a function of frequency at RT: (a) Dielectric permittivity (¢); (b)
Dielectric loss (tan d); (c) ac conductivity (cac); (d) phase angle (8), the angle between the real part (Resistance, R) and imaginary
part (Reactance, X) of impedance (cf. inset). The solid-line in (a) and (c) shows the Maxwell-Wagner (MW) model and Jonscher

Model fit to the data, respectively.

mally activated hopping process between two sites sepa-
rated by energy barrier [29]. It also could be due to the
presence of two dispersion processes with different relax-
ation times [32-35]. As can be seen, the ac conductivity
0ac shows an excellent fit (solid line) to the modified Jon-
scher model, as defined in Equation 2 [29, 31]:

Oac(W) =00 + Aqw™ + Aw™, (2

where oy is the frequency independent conductivity (de
conductivity), A; and As are the coefficients, and n; and
ng are critical exponents. The universal power law was
modified with hopping relaxation model and conduction
through grain boundaries. The first exponent is associ-
ated with the charge carriers motion due to dc conduction

TABLE III: Fitting parameters obtained from the modi-
fied Jonscher power law model for (BFO)1_x-(GMO), (0.0<
x<0.2) solid solutions at RT.

X O’dCX1075 A1x1079 .»42)(10710 ni no
(Q cm)~!

0.0 1.69 131 1.15 0.48 1.06
0.025 1.38 152 3.07 0.42 1.02
0.05 1.11 342 5.19 0.18 0.98
0.075 4.13 0.21 6.65 0.97 0.97
0.1 1.83 0.52 4.66 0.99 0.99
0.15 9.12 1.05 10.5 0.93 0.93
0.2 4.89 1.46 14.7 0.90 0.90

and dispersive ac response. The frequency at which slope
changes is known as hopping frequency of the polarons
(wp) and is temperature dependent. The plateau region
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FIG. 8: Temperature variation of dielectric permittivity (a) and
loss (b) of (BFO)1—x-(GMO), 0.0< x<0.2 solid-solutions.

corresponds to the frequency-independent dc conductiv-
ity. The rise in the conductivity value with frequency
indicates a normal ferroelectric behavior [36]. The con-
duction parameters and critical exponents obtained from
the fitting are given in Table III. As can be seen, n
varies from 0.48 to 0.90 and ns varies from 0.90 to 1.06
indicating presence disordered phase and hopping type
conduction process. The different n could be indicative
of the charge carriers might have translational motion
with a sudden hopping and localized hopping [37].

Figure 7(d) shows the frequency variation of phase an-
gle (6), the angle between the real (resistance, R) and
imaginary part (reactance, X) of impedance Z = R +
jX), of BFO-GMO samples. All the samples show a re-
sistivity behavior at low frequency and gradually changes
to highly capacitive nature at higher frequencies, which
is consistent with the observation of very low dielectric
dissipation at high frequency.

Fig. 8 shows the temperature variation of dielectric
permittivity (e,) and loss (tan J) of (BFO);_x-(GMO),
0.0< x<0.2 at f=1 MHz. The dielectric permittivity
(Fig.8a) pure BFO shows an anomaly at around the Neel
temperature (Ty = 360°C). Samples with z =0.025 and
0.05 show behavior similar to BFO showing a very weak
anomaly near magnetic transition temperature. How-
ever, samples with higher concentration of GMO (x >
0.1) show the shifting of anomaly towards lower temper-
ature. Samples with x =0.075, 0.10, 0.15, and 0.2 show
anomaly at around 345, 275, 206, and 212°C, respec-
tively. The observation of the shifting of the anomaly
implies the shifting of the magnetic phase transition of
the BFO towards the lower temperature. The dielectric
loss (Fig.8b) as a function of temperature shows similar
anomaly with increasing x. For pure BFO, the loss was
almost constant up to Tn and above Ty it shows very

slow increase. As the concentration of x increased in the
solid solution the anomaly of dielectric loss shifted to-
wards lower temperature with faster rate. The observed
behavior of dielectric permittivity and loss in BFO is con-
sistent with the reported results [38].

D. Ferroelectric Properties

Figure 9 shows the ferroelectric polarization of some
unpolled (BFO);_x-(GMO), (z =0.0, 0.025, and 0.05)
samples at RT. The absence of saturation of polariza-
tion implies the lossy ferroelectric behavior. Decreasing
in remanence and coercivity was found with in increasing
GMO concentration. Samples with higher concentration
of z (> 0.05) show very similar PE loop as sample z
=0.05. The observed polarization is very low compared
to the values obtained in single crystal and thin film, but
it agrees well with the polycrystalline samples [38]. The
polarization in BFO is associated with the Bi 6s lone
pair electrons. However, the high polarization observed
in thin films is attributed to the large strain-induced Fe-
ion displacement relative to the oxygen octahedra in ad-
dition to the contribution of Bi 6s lone pair electrons
[39]. The polarization in BFO is also highly dependent
on structural phase [39]. The observation of suppression
of polarization is attributed to the domain wall pinning
[40]. BFO has very complex domain structures (twin 71°,
twin 109°, and twin 180°domain walls) [40]. In polycrys-
talline samples, disorders play a significant role in sup-
pressing polarization. Polycrystalline samples could not
sustain the high electric field required for switching the
magnetization to study the magnetoelectric effect. So,
we focused our magnetoelectric (ME) coupling studies
through magnetodielectric effect.

E. Magnetic Properties

Figure 10 shows the magnetic hysteresis loop of
(BFO)1-x-(GMO), (0.0< x<0.2) solid solutions at RT
(300 K) and 2 K. As can be seen from the RT hysteresis
loop (Fig. 10(a)), pristine BFO and BFO with 2.5% GMO
shows no hysteresis loop even up to field of 2 T. This ob-
servation is in agreement with the nature BFO magnetic
ordering [1, 2]. The magnetic nature of BFO is associated
with the canted G-type antiferromagnetic ordering with
spiral spin modulation of 60 nm [41], due to the combined
effect of exchange interaction and spin-orbit coupling. In
the case of GMO, the ferromagnetically ordered Gd (T.=
293 K) spins significantly contribute to the net magnetic
moment compared to the antiferromagnetically canted
state of Mn (Tn= 100 K) spins [15]. The solid solutions
with higher concentration of x show ferromagnetic-like
hysteresis loop at RT. This could be due to the change
in magnetic ordering in BFO from the cycloidal spiral
spin structure to a ferromagnetic ordering with increas-
ing GMO concentration. Relatively high value of rema-
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FIG. 9: Ferroelectric polarization of (BFO);_x-(GMO). (z
=0.0, 0.025, and 0.05) solid solutions.

nent magnetization and coercivity was observed in BFO
with 10% GMO compared to other samples. The inset
in Fig. 10(a) shows the variation of coercivity (H.) and
remanent (M,) magnetization as the function of = at RT.
Figure 10(b) shows the MH loop at 2 K. As can be
seen, no magnetic hysteresis is observed for pure BFO,
which is consistent with its intrinsic magnetic ordering.
We observed higher magnetization and saturation at 2 K
in other samples and the trend is somewhat commen-
surate with the RT observation that the sample x =0.1
shows higher coercivity compared to other samples. The
improved magnetization and coercivity observed in sam-
ples with x < 1.0 can be attributed to the synthesis
of nano-crystalline solid solutions of BFO-GMO which
might have introduced strain leading to the suppression
of spin cycloid modulation of BFO and appearance of
uncompensated spins [41-43]. The following possibilities
might be responsible for the observed effect: (i) substitu-
tion of Gd3T at Bi-site might have facilitated to collapse
of space modulated spin structure; (ii) substitution of
magnetically active Mn3* at Fe-site of BFO favors ferro-
magnetic interaction. It is well known that the magnetic
properties can be affected significantly by the nearest and
next nearest neighbor exchange interactions. The sam-
ples with higher doping concentration GMO concentra-
tion (z > 0.15) shows reduction in coercivity and rema-
nence, which can be explained by the change in neigh-
boring magnetic ions ordering from ferromagnetic to an
antiferromagnetic (substitution of ferromagnetic spins of
Fe by antiferromagnetic spin of Mn). This can reduce the
exchange interactions resulting in lower magnetization.
In order to understand the nature of magnetic or-
dering and magnetization dynamics, temperature vari-
ation of field cooled (FC) and zero field cooled (ZFC)
magnetization was carried out from RT down to 2 K
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FIG. 10: MH loop of (BFO)i_x-(GMO). (0.0< x<0.2) solid
solutions: (a) room temperature (300 K); (b) 2 K.

as shown in Figure 11. As can be seen, the FC and
ZFC magnetization show very similar behavior indicat-
ing the absence of secondary magnetic phase and mag-
netic frustrations [44]. The sharp increase of magneti-
zation at low temperature could be related to the pres-
ence of paramagnetic cluster or phase [45, 46]. Since
the 4f electrons of the rare earth (Gd3*) are very lo-
calized, the direct exchange is not a dominating mecha-
nism for the magnetic properties [45, 46]. According to
the Goodenough-Kanamori-Anderson (GKA) rules [47-
50], the strong superexchange interaction between Mn3+
and Mn** through oxygen (O~2) anion (magnetic ion-
ligand-magnetic ion are in 180°) results in antiferromag-
netic ordering, whereas, a 90° superexchange interaction
between Mn®**/ Mn?* and Mn3*/ Mn** through vacan-
cies could result in weaker ferromagnetic ordering. The
antiferromagnetic coupling between Mn atoms is ener-
getically favored [50]. The observation of ferromagnetic-
like behavior and non-saturation of magnetization at low
temperature in BFO-GMO solid solution samples could
be due to the presence of both the types of superex-
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changes.

F. Magnetodielectric properties
1. Impedance and Modulus Spectroscopy

The dynamical features of dielectrics and ferroelectrics
are accompanied by the motion of charges, e.g. orienta-
tion polarization of dipoles and/or the motion of ions.
Impedance (Z) and modulus (M) spectroscopy are pow-
erful methods of characterizing the electrical properties
of materials and their interface with electrodes. The
impedance spectroscopy (IS) allows the separation of re-
sistances related to grains, grain boundaries, and elec-
trode effects because of their different relaxation times
that results in a separate semicircles in impedance spec-
tra [26]. These techniques can also be used to study the
dynamics of bound or mobile charge in the bulk or in-
terfacial regions of solids and provide a better insight for
understanding the relationship between electrical trans-
port and microstructure in nanocrystalline samples.

In order to understand the dielectric relaxation, e.g.
long-range conductivity (non-localized) and dipolar (lo-
calized) relaxation, we carried impedance spectroscopy
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of multiferroic solid solutions with and without magnetic
field (H). Figure 12 shows the Nyquist plot of real (Z’)
and imaginary (Z") part of the impedance of (BFO);_y-
(GMO), (0.025< x<0.2) solid solutions as a function of
magnetic field at RT. As can be seen, the sample with
2=0.025 (Fig. 12a) shows a non-linear behavior, but not
semicircular, suggesting an insulating nature. The un-
doped BFO (not shown) shows very similar behavior as
in the case BFO with 2.5% of GMO. The semicircular
behavior gradually develops with increasing concentra-
tion of x. For x=0.05, a semicircular arc starts forming
and became prominent with increasing composition up to
x=0.075. Samples with composition x >0.1, exhibit the
presence of two overlapping semicircular arcs with their
centers below the real axis. The high frequency semicircle
is attributed to the bulk (grain) property of the material,
whereas the low frequency semicircular arc observed at
intermediate frequency is attributed to the grain bound-
ary effect. The intercept of the semicircular arcs on the
real axis gives rise to grain and grain boundary resistance
of the materials. The absence third semicircle rules out
the presence of electrode-sample interface effect. As can
be seen, all the samples show suppression in resistance
with increasing magnetic field.

For quantitative understanding of the impedance be-
havior and the effect of grain and grain boundary con-
tributions, the data were simulated with the equivalent
circuit using a brick-layer model for a polycrystalline
material [26]. The high frequency semicircular arc was
modeled to an equivalent circuit shown in inset Fig-
ure 12a. The equivalent circuit contains parallel com-
bination of a bulk resistance (R;), bulk capacitance (C)
along with a constant phase element (CPE) [26], whereas
the low frequency semicircular arc was modeled for par-
allel combination of grain boundary resistance (Rz) and
grain boundary capacitance (Cz). The CPE admittance
is Y(CPE) = Ap(jw)" = Aw™ + jBw™ [26], where
A = Agcos (nm/2) and B = ApSin (nw/2). Ay and n
are frequency independent parameters usually depend on
temperature, Ay determines the magnitude of the dis-
persion and the n value is 0< n < 1 [17]. The CPE
describes an ideal capacitor for n=1 and an ideal re-
sistor for n=0 [51-53]. Both the equivalent circuits are
connected in series for fitting the impedance data. The
solid line in Figure 12 shows simulated fit of equivalent
circuit to the data using an electrochemical impedance
spectroscopy (EIS) data analysis software (ZSimpWin)
[54]. As can be seen, a good agreement has been found
with the equivalent circuit simulated data with the ob-
served data. Tables IV and V list the bulk capacitance
and resistance, respectively, obtained from the Nyquist
fittings using the equivalent circuits (Inset Fig. 12a) for
(BFO)1_x-(GMO), (0.0< x<0.2) solid solutions. It is
observed that for all the compositions the bulk capaci-
tance decreases with increasing magnetic field, while bulk
resistance increases, which indicates the presence of mag-
netoelectric coupling in BFO-GMO solid solutions.

For the better understanding of the relaxation process
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used to simulate the observed data.

TABLE IV: Bulk capacitance obtained from fitting of mag-
netic field dependent complex impedance plot of (BFO)i_«-
(GMO),(0.0< x<0.2) at RT.

Bulk Capacitance (10" 11F)

H(T) [x=0.0|x=0.025 |x=0.05 |x=0.075 | x=0.1 |x=0.15 |x=0.2
0.0 | 4.174 | 2.783 3.578 3.258 [3.544 | 6.305 [5.788
0.5 | 4.145| 2.734 3.320 3.188 |[3.490 | 6.286 —
1.0 | 4.152| 2.733 3.319 3.187 |[3.400| 6.193 |5.562
1.5 | 4.152| 2.734 3.320 3.186 |[3.380| 6.184 |[5.559
2.0 [4.152| 2.732 3.316 3.178 |[3.400| 6.188 |5.545

TABLE V: Bulk resistance obtained from fitting of mag-
netic field dependent complex impedance plot of (BFO)i_«-
(GMO),(0.0< x<0.2) at RT.

Bulk Resistance ()
H(T) X:%O x:().925 x:().705 x:().g75 x:()r.l x:()2115 x:()r.2
10 10 10 10 10° 10 10°
0.0 |8.6176| 8.238 1.226 2.522 |5.415| 6.240 | 1.307
0.5 |9.3114| 8.812 1.358 2.671 |[5.761 | 6.841 [1.394
1.0 |13.469| 8.897 1.379 2.749 |[5.834 | 7.021 |1.428
1.5 [14.609| 8.978 1.387 2.792 |[5.892| 7.106 | 1.446
2.0 |15.589| 9.007 1.395 2.819 |[5.965| 7.159 | 1.459

and dominating charge transport mechanisms, the dis-
persion of imaginary part of impedance (Z”) and modu-

lus (M") of (BFO)1_x-(GMO), (0.025 < x < 0.2) were
measured and compared at a constant magnetic field (2
T) as shown in Figure 13. As can be seen, no relaxation
peak (maxima) was observed for z = 0.025 (Fig. 13a),
while samples with 2 > 0.05 (Fig. 13b-e) shows dielectric
relaxation in both impedance and modulus. It was found
that the relaxation time (7 = 1/27 f42, Where fraz is
the frequency corresponds to peak maximum of (Z") and
(M") decreases with increasing composition (x). The
presence of dielectric relaxation peaks in impedance and
modulus at different frequency implies non-Debye rela-
tion process which is dominated by the short-range hop-
ping of charge carriers. In the case of long-range Debye
type relaxation process the relaxation peak of impedance
and modulus should appear at the same frequency [55—
57]. Inserting a constant phase element (CPE) in the
equivalent circuit modeled the observed impedance be-
havior very well.
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2. Magnetocapacitance and Magnetoimpedance
Measurement

In order to understand the magnetodielectric (MD)
coupling, magnetocapacitance (MC) and magne-
toimpedance (MI) of the BFO-GMO solid solutions
were measured at RT. It has been predicted that an
intrinsic magnetoresistance (MR) could enhance the
MD effect from inhomogeneities. In ceramics the MR
is dominated by the spin-polarized tunneling across the
grain boundary. Maxwell-Wagner effect combined with
MR could be the mechanism for magnetocapacitance
without magnetoelectric coupling [58, 59]. To rule
out the MR related MD coupling effect, we carry out
frequency dependent MC and MI at RT.

The change in MC was measured with and without
magnetic field as: MC(H) = [C(H)-C(0)]/C(0), where
C(H) is the capacitance at the magnetic field H and C(0)
is the capacitance at the zero magnetic field. Figure 14
shows the MC of (BFO);_x-(GMO), (0.0 < x<0.1) solid
solutions at 100 Hz and 1 kHz in forward and reverse
magnetic field (0-2 T) sweeps. Our study was focused
on the compositions away from the MPB. As can be
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seen, the undoped BFO (Figure 14a) shows very weak
MC change and magnetic hysteresis, which agrees with
its intrinsic magnetic ordering of BFO. Samples with z=
0.025, 0.05, 0.075, and 0.10 (Figure 14b-e) shows about
20-25% MC and 25-30% magnetic hysteresis at 2 T and
100 Hz. A strong magnetodielectric (MD) effect could
be useful for device applications. All the samples show
reduced MC and hysteretic behavior at 1 kHz. The ob-
served negative MC in samples with z= 0.025, 0.075,
and 0.10 in forward and reverse field sweeps indicates the
presence of antiferromagnetic dominated magnetic order-
ing ar RT. The sample with z= 0.05 (Figure 14c) shows
both the positive and negative MC change indicating the
presence of both the ferromagnetic and antiferromagnetic
orderings, which can be explained by the competing in-
teraction between the ferromagnetically ordered Gd spins
with the antiferromagnetically canted Mn spins. The ob-
servation of magnetic hysteresis shows the presence of
long-range ordered magnetic states. BFO-GMO solid so-
lutions shows significant enhancement in MC effect com-
pared to the pure BFO, which can be explained the sup-
pression of spin cycloidal structure in BFO as a result of
GMO substitution.

To establish the existence of intrinsic MD coupling, we
carry out frequency dependent magnetoimpedance (MI)
at RT. Figure 15 shows MI of (BFO);_x-(GMO), (0.0 <
x<0.1) solid solutions at 100 Hz and 1 kHz in forward
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and reverse magnetic field sweeps. The change in MI
was measured with and without magnetic field as: Z(H)
= [Z(H)-Z(0)]/Z(0), where Z(H) is the impedance at the
magnetic field H and Z(0) is the impedance at the zero
magnetic field. BFO-GMO solid solution samples show
significantly enhanced MI and magnetic hysteresis (Fig-
ure 15b-e) implying the existence of magnetodielectric
coupling. The existence of magnetic hysteresis clearly
indicates the presence of long range magnetic ordering.
The undoped BFO shows (Fig. 15a) very small (2-3%)
MI in forward magnetic field sweep at 2 T and 100 Hz
and 1 kHz, while about 10% MI has been observed in
reverse field sweep. Samples with ©=0.025 (Fig. 15b)
shows about 50% MI in forward field sweep, whereas
about 60% MI observed in reverse field sweep. Samples
with £=0.05 and 0.075 show about 15 and 20% MI in for-
ward and reserves field sweep, respectively. Samples with
x= 0.025-0.075 (Fig. 15¢-d) show very similar MI behav-
ior with frequency and magnetic hysteresis. Sample with
x=0.10 (Fig. 15¢) shows about 4% MI in both forward
and reverse field sweeps and the low MI effect can be ex-
plained due to the proximity of MPB. The observation
of MC and MI at different frequencies clearly indicates
the presence of enhanced magnetodielectric coupling in
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BFO-GMO solid solutions.
IV. CONCLUSION

In summary, nanocrystalline solid solutions of
(BFO)1-x-(GMO), 0.0< x<0.2 have been synthesized
successfully by auto-combustion method. The analysis
of structural property by Rietveld refinement showed the
existence of morphotropic phase boundary at z=0.10,
which is in agreement with the Raman spectroscopy and
HRTEM studies. The dielectric dispersion behavior fits
very well with the modified Maxwell-Wagner model. The
frequency dependent phase angle study showed the resis-
tive nature of solid solutions at low frequency, whereas
it showed capacitive behavior at higher frequencies. The
temperature variation of dielectric permittivity showed
dielectric anomaly at magnetic phase transition temper-
ature and it was shifted towards the lower temperature
with increasing GMO concentration indicating the lower-
ing of magnetic phase transition towards lower temper-
ature. The Nyquist plot showed the conduction mech-
anism is mostly dominated by grains and grain bound-
ary resistance. The ac conductivity of all the samples
followed the modified Jonscher model. The impedance
and modulus spectroscopy showed a non-Debye like re-
laxation mechanism which can be modeled using a CPE
in the equivalent circuit. The unsaturated ferroelectric po-
larization loops indicated the lossy ferroelectric behav-
ior. The BFO-GMO solid solutions showed enhanced
ferromagnetic-like behavior at RT. The observation of
frequency dependent magnetocapacitance and magne-
toimpedance clearly showed the existence of an intrin-
sic magnetodielectric coupling. The (BFO);_-(GMO),
solid solutions with z= 0.025-0.075 showed significantly
high MC and MI compared to the pure BFO, which can
be useful for practical device applications.
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