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ABSTRACT

Composites of NiFe,O4 (NFO)-BaTiO; (BTO) and NiGdyg;Fe; 99004 (G0.01)-BTO were investigated by x-ray diffraction, magnetization,
transmission electron microscopy, magnetocapacitance, and ferroelectric studies. NFO and G0.01 nanoparticles were synthesized by the
sol-gel method. The crystallite size of the nanoparticles estimated from the x-ray diffraction patterns is 20-22 nm. The average crystallite
sizes of NFO and G0.01 nanoparticles were estimated from the transmission electron micrographs as 26 (1) nm and 22.3 (0.3) nm, respec-
tively. These nanoparticles were encapsulated in a BTO shell, resulting in the formation of nanocomposites. Room temperature magneti-
zation (at 60 kOe) of G0.01 nanoparticles was found to be slightly higher than that of NFO nanoparticles, due to the larger moment of
Gd** than that of Fe’". Also, the magnetization of G0.01-BTO is more than that of NFO-BTO nanocomposites. The magnetoelectric
effect was observed with a magnetocapacitance value of approximately —10% at 10 kHz in both the composites.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5138239

1. INTRODUCTION

The research to obtain miniaturized devices using the func-
tional properties of nanomaterials is of topical interest in recent
times. One such property, the magnetoelectric (ME) response, is
reported to arise due to the strain mediated effect, which is a result
of the combination of the magnetostrictive effect of the magnetic
phase and the piezoelectric effect of the ferroelectric phase. Toward
this, materials exhibiting the ME effect have found various applica-
tions in the interdisciplinary fields of biomedical engineering and
electronics.”” These are useful in a wide range of applications start-
ing from thin film devices such as ME actuators, sensors, etc., to
the memory devices as well as carrier materials for drug delivery.’

Bharathi et al. have reported that rare-earth doped nickel
ferrite compounds exhibited ferroelectricity and magnetocapaci-
tance (MC %) of —4% in Dy and —3% in Gd doped NFO with a
magnetoelectric voltage coefficient (MEVC) in the range of
1.5-2mV/cm Oe.*’

The ME coupling phenomenon in the composite system of
NFO-BTO was first observed in the 1970s by Boomgaard et al.® 0-3

particulate composites have been reported to exhibit low MEVC
values as predicted from theory, due to factors such as the following:’

1. The difference in thermal expansions of piezoelectric and ferrite
phases leads to misfit strain at the interface, thereby reducing
the densification.

2. Strain transfer between piezoelectric and magnetostrictive
phases weakens due to the secondary phase formation from
chemical reactions between these phases during high tempera-
ture sintering.

3. Leakage current due to low resistivity (~10” Q cm)® of the mag-
netic phase compared to that (102 Q cm)’ of the ferroelectric
phase.

In order to reduce the contact area between the ferrite particles,
core-shell composites with a piezoelectric material such as BTO as
the shell have been prepared.'”"" Zhou et al.'* have reported the ME
effect (12 mV/cm Oe) in NFO-BTO core-shell composites produced
by a simple hydrothermal method. NFO nanoparticles were synthe-
sized followed by the shell formation of BTO. Banerjee et al."” have
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reported a self-assembly of NFO-BTO core-shell composites using
DNA functionalized nanoparticles. Raidongia et al.'' have synthe-
sized CFO-BTO core-shell nanoparticles and nanotubes using a
combination of solution processing and high temperature calcina-
tion. Chaudhuri and Mandal'* have reported that MEVC of the
CFO-BTO (1:1) core-shell was 35 times higher than that of the
CFO-BTO (1:1) mixture.

Based on the observation of the structural distortion driven
ME effect in Gd doped NFO'® and the reports on CFO/NFO-BTO
core-shell composites, core-shell nanostructures of Gd doped NFO
as a magnetic phase and BTO as a piezoelectric phase were prepared.
The physical and structural properties of G0.01-BTO are compared
with those of NFO-BTO core shell nanocomposites, in this study.

Il. EXPERIMENTAL DETAILS

NFO and G0.01 nanoparticles were synthesized by the sol-gel
method. Stoichiometric amounts of the corresponding metal
nitrates were dissolved in ethylene glycol, and using triethyl amine
as a catalyst, as reported.'® 0.1 g of citric acid was added to 0.029 g
of barium carbonate (BaCO;) to form Ba citrate solution. 1 g citric
acid was added to titanium iso-propoxide [Ti(OCH(CHj3),)4] in
the ethanol medium in a separate container to obtain Ti citrate sol-
ution. Both these solutions were mixed to form equimolar Ba and
Ti citrate solutions. 0.1 g of NFO and G0.01 nanoparticles were
mixed in Ba and Ti citrate solutions, and this mixture was soni-
cated for 2h and was dried at 60 °C to obtain the powders, which
were heat treated at 750°C for 5h.'” Powder x-ray diffraction
(XRD) patterns collected employing a PANalytical X’Pert PRO dif-
fractometer using Cu K, radiation confirmed the formation of

ARTICLE scitation.org/journalljap

NFO/GO0.01 in a spinel structure and BTO in a perovskite structure.
Dark-field TEM images and selected area diffraction patterns of the
nanoparticles were captured using a TECNAI T20 electron micro-
scope operating at an applied voltage of 200 kV. The images and
line profile analysis obtained by high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM) employ-
ing FEI Titan G2 60-300 clearly reveal the core shell structures of
G0.01-BTO composites.

A VSM with a SQUID detector (SVSM MPMS 3, QD, USA)
was employed to carry out magnetization measurements.
Magnetocapacitance measurements on green compacts of NFO-BTO
and GO0.01-BTO nanocomposites were carried out by employing an
HP 4192A impedance analyzer, at a frequency of 10 kHz, in mag-
netic fields up to 0.7 T applied along and perpendicular to the axis of
the (disk shaped) sample. Magnetoelectric measurements were also
carried out on the same samples using an ME measurement setup
(details of the experimental setup are mentioned in Ref. 18). Input
signals for both the ac and dc fields were generated by the function
generator. A sinusoidal AC signal at a constant frequency of 1kHz
was amplified by an amplifier (KEPCO, BOP 36-6DL). To measure
the voltage generated across the piezoelectric material, contacts were
given on the top and bottom surfaces of the sample and were con-
nected to a lock-in-amplifier (DSP7265).

lll. RESULTS AND DISCUSSION

Powder x-ray diffraction (XRD) patterns shown in
Figs. 1(a) and 1(b) confirm the formation of NFO and G0.01 nano-
particles. Rietveld refinement was carried out, and y* values were
observed to be 1.19 and 1.10 for NFO and GO0.01, respectively.
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FIG. 1. Powder x-ray diffraction pattern on (a) NFO and
(b) GO0.01 as synthesized nanoparticles and Raman
spectra for (c) NFO and (d) G0.01 nanoparticles.
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FIG. 2. Powder x-ray diffraction pattern of (a) NFO-BTO and (b) G0.01-BTO nanocomposites.

The average crystallite size was estimated to be 20 nm for NFO
and 22 nm for G0.01 nanoparticles by the Williamson-Hall method.
The lattice parameters of NFO and GO0.01 calculated from Reitveld
analysis are 8.341 (0.001) A and 8.339 (0.001) A, respectively. Since
the concentration of Gd is low, XRD analysis could not reveal a per-
ceptible change in the lattice parameter. Figures 1(c) and 1(d) show
the Raman spectra for NFO and G0.01 nanoparticles, respectively.
There are five Raman active modes in ferrites, viz., one each of Ay,
Eg, and 3T2g.19 The A;; mode (at 702 cm™') can be attributed to the

500 nm

26_ 1_1 nm

Relative frequency (a.u)

40 &0
Particle sze (nm)

Relative frequency (a.u)

symmetric stretching of the metal (tetrahedral site)-oxygen (Ni-O
and Fe-O) bonds, and the E; mode (at 333 cm™) is due to the sym-
metric bending of the metal (octahedral site)-oxygen bonds. Peaks at
212, 482, and 577 cm™! correspond to the 3Ty mode. The Eg mode
peak is seen to split into two as shown in Fig. 1(d), which is an indica-
tion of the presence of Gd>" at the octahedral site.

XRD patterns of the nanocomposites are shown in Fig. 2
where the phases corresponding to NFO and G0.01 are indicated
by ] and those corresponding to BTO by @; the phase percentages
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FIG. 3. TEM dark-field micrographs and SAD pattern of (a) NFO and (b) G0.01 as synthesized nanoparticles corresponding to the (220) plane, (c) and (d) correspond to

the particles size distribution of NFO and G0.01 nanoparticles, respectively.
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FIG. 4. Dark-field micrograph of nanocomposites indicating the bright crystallites to be of (a) NFO and (b) G0.01 nanoparticles corresponding to (220) planes, (c) and (d)
correspond to the particles size distribution of these NFO and G0.01 nanoparticles, respectively, embedded in a BTO shell.

of the nanocomposites were obtained from Rietveld analysis. The
phase percentage for NFO is 32 and that of BTO is 68, whereas in
G0.01-BTO, they are observed to be 28 and 72 for G0.01 and BTO,
respectively. An average crystallite size of 26 nm obtained from
TEM matches with the value obtained from XRD indicating the
formation of predominantly single crystallite particles as shown in
Fig. 3. Dark-field micrographs of nanocomposites of NFO-BTO
and GO0.01-BTO were captured and are shown, respectively, in
Figs. 4(a) and 4(b). The aperture was placed on the (220) peak of
NFO and G0.01 to facilitate the observation of the respective crys-
tallites. The crystallite size of NFO calculated from Fig. 4(a) is
found out to be 48 (1) nm, whereas for G0.01, it is 52 (2) nm. It is
also observed that BTO is not uniformly coated on the irregular
surfaces of NFO and GO0.01 (due to agglomeration). However, the
core-shell structure is retained. Figures 5(a) and 5(b) reveal the
presence of Ni, Fe, and Gd in the core (Gd concentration is low, so
counts are low as compared to all other elements) and Ba, Ti in
the shell.

Magnetization (M) values of NFO and G0.01 nanoparticles
are observed to be 38 emu/g and 40 emu/g, respectively, at 60 kOe.
In G0.01, Gd** ions with a magnetic moment of 7.94 u; replace
Fe’* ions of magnetic moment of 5 uj (both from Hund’s rules),
which leads to an increase in the magnetization of the sample.”’
Rietveld analysis hinted at the preferential substitution of Gd** in
the octahedral site. This fact was further confirmed using Raman
spectroscopy analysis as stated in Sec. III. In the spinel system, the
moments of the ions at tetrahedral and octahedral sites are

antiferromagnetically coupled. The presence of Gd’* at the octahe-
dral site leads to larger magnetic moments of G0.01 nanoparticles
compared to the NFO nanoparticles.

In order to obtain an estimate of the anisotropy constant, the
M-H data are fitted to the Law of Approach to Saturation (LAS)
for cubic anisotropy.”’ In polycrystalline soft magnetic materials,

0 20 40 60 80 100
Distance (nm)

FIG. 5. STEM micrographs of G0.01-BTO nanocomposites. (a) STEM-HAADF
image and (b) line profile analysis from left to right suggest that G0.01 is the
core and BTO, the shell.”
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FIG. 6. M/M; as a function of magnetic field (after subtracting the demagnetiz-
ing field).

the LAS is given by

a; a

M(H):Ms(l—ﬁ—ﬁ)—FzH, 1)

4 js associated with

where Mg is the spontaneous magnetization, 7

nonmagnetic inclusions and existence of structural defects, +% is
due to uniform magnetocrystalline anisotropy, and y is the mag-
netic susceptibility. The coefficient a, for a ferromagnet with a

cubic crystal structure is given by

_ 8 K

— L 2
105 M3 @

a
where K is the cubic anisotropy constant of first order. The esti-
mated value of K; of NFO is 2.97 x 10* J/m® (reported value is

3.48 x 10* J/m?),”' whereas that of G0.01 is 4.99 x 10* J/m>. The
x values are found to be in the order of 107°.
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FIG. 7. Langevin fit of the curves (a) NFO, (b) G0.01, (c) NFO-BTO, and (d)
G0.01-BTO.

In order to substantiate the values of the anisotropy constants
obtained, the magnetization curves, after the demagnetizing fields
(assuming spherical particles) were subtracted, were normalized to
the respective values at 60 kOe (Fig. 6). From the figure (inset of
Fig. 6), it can be seen that there is a crossover at 306 Oe as G0.01
has slightly higher anisotropy as well as higher magnetization com-
pared to NFO.

Magnetization curves of NFO and G0.01 nanoparticles with
the nanocomposites NFO-BTO and G0.01-BTO are plotted in
Figs. 7(a) and 7(b). The figures indicate superparamagnetic-like
behavior in both the nanoparticles and the composites. The curves
were fitted to the modified Langevin function

kaT 3

M=(1 —a)[l —e%] + aL(ﬂ)
where p is the magnetic moment of a single particle and
L(x) = [coth (x) — 1] + ypH. gp is the high field paramagnetic
susceptibility. « is the paramagnetic fraction and o L(x) represents
the temperature and field dependent paramagnetic fraction of the
sample. (1 —a) is the ferromagnetic fraction and the moment
tends to saturate near H = H,,.
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FIG. 9. MC% of NFO-BTO and G0.01-BTO nanocomposites.

First quadrant M-H curves were fitted to Eq. (3). The values
of saturation magnetization (M;) of NFO-BTO and G0.01-BTO
nanocomposites are 16 emu/g and 25 emu/g, respectively. Due to
the higher magnetization, G0.01 nanoparticles are more agglomer-
ated compared to NFO, which enables them to get entrapped in a
BTO shell.

In the present case, (1 — &) is attributed to the net magnetic
moment of NFO nanoparticles which is 0.7; upon the formation of a
composite with a BTO shell, this value is reduced to 0.4. However, in
the case of G0.01-BTO, the particles were more agglomerated and
the value of 0.7 of (1 — &) supports the above. yp, the paramagnetic
contribution, increases with the addition of the non-magnetic shell
and from this it is evident that the inter-particle interaction in the
core has decreased. To observe the superparamagnetic effect, temper-
ature dependent magnetization measurements were carried out in
field cooled (FC) and zero field cooled (ZFC) modes with 100 Oe as
an applied field and the M-T curves are shown in Figs. 8(a) and 8(b).

ARTICLE scitation.org/journalljap

ZFC and FC curves of NFO-BTO composite meet each other
between 250 K and 300 K and those of G0.01-BTO composite at
300 K. The ZFC curves of the composites have inflection points at
71 K (NFO-BTO) and 133 K (G0.01-BTO), whereas those of NFO
and G0.01 nanoparticles do not show any inflection. The peak in
the ZFC curve is attributed to the hindered spin response of the
system below the blocking temperature. There can be either particle
size dependent spin blocking mechanism or hindered spin response
due to a diamagnetic shell around the ferromagnetic core. G(T)
which is defined as™

d
G(T) = ar [ Mgc (T) = Mzpc (T)] 4

confirms that the blocking of spin is due to the diamagnetic shell
in the composites as shown in the insets of Figs. 8(a) and 8(b).

Strain generated on the application of a magnetic field is
transferred on to the piezoelectric phase, and the potential drop
across the sample is measured. Magnetocapacitance (MC) was
further determined using the relation given below,

C(H)— C(0)

MC % =
% c)

x 100%. (5)

With the increase in the applied magnetic field, the absolute
value of MC decreases, and at higher values of magnetic field, it
remains unsaturated. Figure 9 shows the magnetocapacitance
(MC%) with a magnetic field up to 7 kOe at a frequency of 10 kHz.
The value of MC is found to be —10.2% at 7 kOe for NFO-BTO
nanocomposite, whereas, of G0.01-BTO, it is —10.7%.

The polarization arises from the BTO phase, and both NFO
and GO0.01 exhibit a negative magnetostriction and thus, MC
increases in the negative direction with increasing magnetic field.”’
Furthermore, in order to ascertain the magnetoelectric coupling,
magnetic field assisted magnetoelectric voltage coefficient for NFO-
BTO and GO0.01-BTO composites were measured. These core-shell
powders were pressed into disks of 6 mm diameter x 1 mm thickness
and in-plane (magnetic field in the plane of the disk) and
out-of-plane (magnetic field perpendicular to the plane of the disk)
measurements were carried out on the sample, by varying ac mag-
netic field and the corresponding electrical response was recorded
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using a lock-in amplifier.”* The magnetoelectric voltage coefficient
(ome) was calculated by measuring the voltage (V) drop across the
core-shell nanocomposites and using the formula

_ 1 fav
omE =5 \an )

where t represents the thickness of the sample and h denotes the
applied ac magnetic field.

Figure 10 shows the variation of output magnetoelectric
voltage and o with ac magnetic field for both the composites.
aye increases linearly with the applied ac magnetic field in accor-
dance with the literature®>* and upon doping with Gd, aue
increases from 570 to 770 mV/cm™'. G0.01 has a higher anisotropy
constant (4.99 x 10* J/m?) as discussed in Sec. III giving rise to a
higher apg value of G0.01-BTO compared to NFO-BTO
(K; = 3.48 x 10* J/m?). Fixing the ac field at 5 Oe, variations of
apyg with dc magnetic field were calculated in parallel as well as
perpendicular configuration (Fig. 11). In the parallel configuration,
the app value obtained for NFO-BTO is 40 mV/cm™' Oe™?,
whereas in the perpendicular configuration, it is 49 mV/cm™" Oe™".
In the case of G0.01-BTO, the ag values, for parallel and perpen-
dicular modes obtained, are 48 and 43 mV/cm™" Oe™", respectively.
The value of o obtained in the parallel configuration, for G0.01-

(6)

BTO is higher than that of NFO-BTO indicating an increase of
planar anisotropy compared to the perpendicular anisotropy.

IV. CONCLUSIONS

Nanocomposites of core-shell NFO-BTO and G0.01-BTO were
synthesized by the sol-gel technique and were investigated through
XRD, magnetization, TEM, MC, and ME measurements. The com-
pounds were found to form in the single phase inverse spinel and a
perovskite structure with space group Fd3m and PAmm, respectively.
The particle sizes of the nanoparticles estimated using TEM micro-
graphs were in agreement with the crystallite sizes obtained from
XRD. Both G0.01-BTO and NFO-BTO exhibited a negative MCY%,
which were corroborated with magnetoelectric measurements.
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