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Abstract

Multi-functional materials such as two-phase particulate magnetoelectrics (MEs) are of recent interest due to their assur-
ing device applications at ultra-low power consumption above room temperature. In the present work, high-quality solid
solutions of NiFe,O, (NFO) and BaTiO; (BTO) with different volume ratios were prepared by using the solid-state reaction
route, and the conjunctive response of their physical properties was explored by studying structural and magnetic properties
as a function of temperature. The temperature-dependent x-ray diffraction and Raman data clearly assure the effectiveness
of the BTO lattice strain on the NFO phase. The agreement between the magnetic moment values estimated from structural,
spectroscopic and magnetic data establishes the structure-property correlations in (x)NFO+(1 —x)BTO (x=0—-1;Ax =0.1)
solid solutions. The change in magnetic parameters due to strain generated in BTO of these composites gives the scope for
futuristic magnetic switching devices without applying any external magnetic field.
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1 Introduction

The magnetoelectric (ME) multiferroic materials are of
immense interest due to their promising room-temperature
(RT) low-power consumption applications in various suit-
able technologies [1-3]. These materials simultaneously
possess magnetic and electric orders and show ME coupling,
which enables us to control the magnetic response by applied
electric field and electric response by applied magnetic field
[3-6]. However, these fascinating ME based effects in a sin-
gle phase materials are very rare and have been discovered
only in few systems with incompatible transitions at adverse
conditions [7, 8]. Alternatively, ME composites demonstrate
relatively high ME coupling originating from strain, charge
and orbital mediation across the interface of ferromagnetic
(FM) and ferroelectric (FE) phases. Surprisingly, the indi-
vidual phases of FMs and FEs do not exhibit ME property.
In fact the strain mediated ME coupling emerges as a result
of two phases as per the principle of product properties [9,
10]. Although, the most interesting object is to investigate
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the magnetic response of these ME composites by an appli-
cation of electric field to realize them for possible RT device
applications [11-13]. The key aspect of these ME materials
is to prepare them without any third phase formation with a
well-matched interface in any form such as heterostructured
thin films, bi-layered laminates, particulate nano/bulk com-
posites, etc. [13-25].

Among all the ferrites and FEs, the combination of Nickel
ferrite, NiFe,0,(NFO) and Barium titanate, BaTiO;(BTO)
is the best suitable material system due to their intimate
interface contact and promising ME coupling at RT [24-27].
Also, the BTO exhibits structural phase transitions from
cubic (C) to tetragonal (T) to orthorhombic (O) to rhom-
bohedral (R), at 393 K, 278 K and 193 K respectively, as
the temperature is lowered [28, 29]. It gives an opportunity
to study the temperature-dependent structural and physical
properties to understand the nature of the underlying strain-
induced effects in FE material, in general. The FM coun-
terpart NFO, is known to be soft ferrite with low electrical
conductivity and having magnetic transition temperature
well above RT. At RT, the perovskite BTO exhibits T-phase
with lattice parameters a = 3.9938 A and ¢ = 4.0330 A;
the NFO has a spinel structure having lattice parameter a =
8.3357 A [26]. The NFO lattice parameter is almost twice
that of pseudo cubic lattice parameter (4.0134 A) of BTO,
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enabling the well-matched (mismatch ~ 3.7%) interface for-
mation with BTO at unit cell level.

The present paper demonstrates the correlation between
structural, spectroscopic and magnetic parameters by inves-
tigating the temperature dependent x-ray diffraction (XRD),
Raman and magnetization properties of (x)NiFe,O,+( — x
)BaTiO; (0 < x < 1with A x = 0.1) particulate composites.
The details of these studies are presented in the following
sections.

2 Experimental methods

The solid solutions of (x)NiFe,O,44+(1 — x)BaTiO; (0 <x <1
with A x = 0.1) were prepared by using conventional solid-
state reaction method [26]. The phase formation of the
synthesized samples were confirmed by performing the
RT XRD measurements in the 26 range, 10—90° by mak-
ing use of (PANalytical XPert®) powder diffractometer. The
temperature-dependent XRD patterns were obtained at dif-
ferent temperatures viz., 570 K, 300 K, 230 K and 150 K
corresponding to C, T, O and R phases of BTO, respec-
tively. The temperature-dependent Raman measurements
were performed using scanning near field optical micro-
scope (SNOM) attached with micro-Raman microscope. The
Nd:YaG laser with 532 nm wavelength was used as a source
(in the back scatter geometry) in confocal Raman spectrom-
eter. The scattered light was captured using CCD detector
(model a-300 of WiTec, Germany) using an objective lens
with 100X. The Raman measurements were performed on
single phase and composite samples, and data were obtained
at temperatures corresponding to distinct FE phases of BTO
i.e., T at 300 K, O at 230 K and R at 150 K. The tempera-
ture-dependent magnetic responses were measured by using
(Lakeshore) vibrating sample magnetometer in the tempera-
ture range, 300—700 °C at an applied external field of 250
Oe. The magnetic field dependent magnetic responses were
obtained in the applied field range of 0— +12 kOe at RT.

3 Results and discussion
3.1 X-ray diffraction

Figure 1(a) shows the XRD patterns of single-phase BTO
(x = 0) sample measured at four different structural phases,
i.e., R (150 K), O (230 K), T (300 K) and C (570 K). The
obtained XRD data were compared with the corresponding
ICDD files, 98-031-0174 for R, 98-006-6482 for O, 98-007-
3646 for T and 98-009-5437 for C phases, respectively. The
measured XRD patterns are found to match well with ICDD
data files. It is clear from the XRD patterns that there is
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no secondary peaks observed in the patterns, except for the
pattern measured at 150 K (R-phase). The identified extra
peaks are indicated with ‘x” symbol in Fig. 1 and originates
from the crystalline ice (H,O), which is physisorbed on the
samples during the measurement [30]. In fact, similar results
were also found in the literature and it mainly arises due to
insufficient vacuum in the measurement chamber. It is worth
to observe from the XRD patterns (Fig. 1(b)) measured at
230 K and 300 K that certain peaks appear as doublets.
These doublet splittings taking place in O and T phases of
BTO is mainly due to different domain (viz., a-domain and
c-domain) orientations [29].

Figure 1(c) shows the XRD data of NFO (x = 1) sample
collected at 150 K, 230 K, 300 K and 570 K. It is clear from
the figure that there are no secondary peaks, except those
corresponding to NFO peaks. However, the data measured
at 150 K show the crystalline ice (marked with ‘%’ symbol)
related diffraction peaks, as discussed earlier in the case of
x = 0 sample. It is clear from the figure that unlike x = 0
sample, the NFO (x = 1) sample does not show any change
in the patterns of XRD measured at different temperatures.
As, the NFO crystallizes in cubic structure, all the patterns
measured at different temperatures were compared with
standard ICDD data (file number 98-024-6894). It gives an
impression that the NFO is not undergoing any structural
change up to 570 K.

In a similar manner as that for BTO and NFO single
phase samples, the XRD data of other composite samples
(x =0.2, 0.4, 0.6 and 0.8) were collected at 150 K, 230
K, 300 K and 570 K. Even for composites, no unwanted
phase related diffraction peaks were detected. Now, to
gain further knowledge on structural as well as lattice-
strain related information, the XRD data were subjected
to Rietveld’s refinement by HighScore Plus software. The
refinement was done for all the samples by assuming R3m
(R), Pm3m (0), P4mm (T), Pmm?2 (C) space groups for
the data obtained at temperatures 150 K, 230 K, 300 K,
and 570 K, respectively. In the case of NFO, Fd3m space
group was used for all the temperatures of investigation.
These space groups were used for individual as well as
composite samples. The goodness of fit (GOF), i.e., x>
parameter, which dictates the chosen simulated model
agrees with the measured experimental data; in fact the
x° parameter values are found to be in agreeable range of
acceptance. The Rietveld refined XRD patterns, typically
for x = 0.6 sample is presented in Fig. 2. The obtained
crystallographic parameters pertaining to the four different
structural phases of BTO are congruent with literature [31,
32]. The refined crystallographic parameters are given in
Table 1. It is worth to notice from the table that the lattice
parameters of BTO and NFO individual (x = 0 and 1) sam-
ples were found to be smaller compared to phases present
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Table 1 The refined crystallographic parameters of (x)NiFe,O, + (1 — x)BaTiO; (0< x < 1) samples at different temperatures, corresponding to

different structural phases of BaTiO;

x T (K) BTO NFO GOF
a(A) b (A) c(A) strain % (x1072) a(A) X2
0 570 40101 40101 40101 - - 12
300 3.9945 3.9945 4.0334 06.53 - 14
230 3.9869 4.0134 4.0191 09.03 - 2.8
150 4.0036 4.0036 4.0036 16.00 - 45
02 570 40107 40107 40107 - 8.3459 15
300 3.9985 3.9985 4.0264 07.21 83379 1.1
230 3.9901 4.0086 4.0194 11.50 8.3340 23
150 4.0049 4.0049 4.0049 14.50 8.3319 35
0.4 570 40111 40111 40111 - 8.3467 13
300 3.9981 3.9981 4.0284 07.32 8.3389 1.1
230 3.9903 40102 4.0201 10.60 8.3361 1.9
150 4.0057 40057 4.0057 13.60 83337 3.7
0.6 570 40105 40105 40105 - 8.3449 12
300 3.9978 3.9978 40275 06.59 8.3374 1.1
230 3.9904 4.0100 40193 09.41 8.3348 1.6
150 4.0047 4.0047 4.0047 14.00 83318 3.4
038 570 40108 40108 40108 - 8.3452 11
300 3.9985 3.9985 4.0275 06.66 83378 12
230 3.9909 4.0106 40192 09.85 8.3350 1.4
150 4.0051 4.0051 4.0051 14.30 83321 20
1 570 - ; - - 8.3474 13
300 ; ; - - 83374 13
230 ; - - - 8.3348 1.1
150 ; - - - 8.3310 2.7

in composites. Also, a, b and ¢ parameters were increas-
ing with an increase of temperature for BTO and NFO
materials in composites. The present observation may be
ascribed to the increased tensile stress of BTO unit cell
and its effect on NFO unit cell [33-35]. However, as the
present composite is composed of polycrystalline NFO
and BTO phases, it becomes difficult to see the net strain
effect, generated in BTO, on NFO phase, due to random
orientation of these lattice cells.

It is worth mentioning from Table 1 that while cooling
the sample from 570 K to lower temperatures, the BTO
exhibits structural transformation at 393 K thereby chang-
ing from C-phase (¢ = b = c;a = f =y = 90°) to T-phase
by expanding in c—direction and contracting in a, b—direc-
tions, resulting in @ = b # c. Upon further decreasing the
temperature, the sample changes its T-phase to O-phase
thereby changing the lattice parameters as given, a # b # c.
Further decreasing the temperature of the sample, it changes
from O to R-phase witha=b=canda = f =y #90°. It
gives a clear impression that the BTO induces distinct strain
states pertaining to the different structural phases. Therefore,

to investigate the effect of lattice-strain that originates from
BTO due to different structural phases on the NFO phase,
the volume strain of the BTO has been estimated by using
unit cell volumes. The below mentioned formula has been
used to estimate the percentage of volume-strain,

strain% = &Y = Ye Ve 109 )

Ve Ve

where, V. is the volume of BTO in C-phase, V} is the vol-
ume in different FE (T-, O-, R-) phases of BTO. The esti-
mated strain percentages are given in Table 1 and are found
to increase with the decrease of temperature, i.e., the strain
in BTO increases as it changes from C-phase to T-phase to
O-phase to R-phase, continuously. The consequence of these
strain-states were clearly visible as jumps in temperature-
dependent magnetization measurements of these compos-
ites, reported earlier [26]. Further, it was anticipated that
the generated lattice-strain in BTO has significant impact
on physical properties of NFO, particularly on the magneti-
zation. Also, the magnetization of spinel ferrites is highly
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susceptible to changes in cation arrangement between tet-
rahedral (Th) and octahedral (Oh) sites of NFO. Therefore,
an effort has been made to estimate the cation arrangement
of NFO from the selected XRD reflection intensities. In the
present case, (220), (400), and (440) planes were taken into
consideration to estimate cation distribution in NFO [36].
The intensity ratios of these planes were estimated theoreti-
cally and corroborated with experimentally obtained inten-
sity ratios as per the relation given below,

exp cal
Ihkl _ Ihkl 7
I@fp Ical ( )
nET el

here, I;'7 and I{%! are the experimental and theoretical inten-
sities of (hkl) plane, respectively. The theoretical intensities
were computed using the following process [36—38].
I 2

I;,Z[ |Fhk1| NLp (3)
where, |F,,|, N and L[, are the structure factor, multiplicity
factor and Lorentz polarization factor, respectively. The L,
was defined as

1 + cos®20,

L= — 07 4
P 5in20,,,c050,, @)

The 6, is Bragg diffraction angle relating to a particular
(hkl) plane. The structure factor is defined as

Fyy = Zf-e_M Q)

Now, e is the Debye-Waller factor and fis scattering fac-
tor, given as

3
—bysin20p
Zf=2aie 2 +c ©6)
i=1

where, a, b and ¢ are the constants taken from the interna-
tional crystallographic tables [39]. The parameter 4, is cor-
responding to wavelength of x-rays. In the above equation,
M is determined as

27
_ 6h-T [ ) + x]smG o

302

Here, h is the Planck’s constant, T is absolute temperature at
which measurement is carried out, k, is Boltzmann constant,
0, is Debye temperature, and x = -2. The parameter m, is

given as m = Ni, where A is atomic weight and N, is the
A

Avogadro’s number, respectively. The factor [y (x) + i‘] in
equation 7 was estimated based on the protocol laid by
James [37]. The Debye temperature values, 378 K and 357
K have been considered for A and B sites, respectively [40].
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The cation arrangement (y) of NFO in composite samples
was calculated by making use of the measured XRD data
at different temperatures [36, 37, 40]. Surprisingly, it has
been noticed that the estimated value of y is found to be
zero thereby indicating no Ni’* ion present in the Th site.
That means the Ni ions are found to show their presence
only in the Oh site. Hence, [Ni,Fe,_ 17, [Ni,_ Fe 10,04 =
[NigFe,_olmINii_oFe 10]on04Cy = 0)=>[Felp,[NiFe],,0,.
It is clear from this analysis that in an inverse spinel struc-
ture, the Fe’* (3d°) ions with magnetic moment 5y are in
the Th site with ferromagnetically ordered (first) sublattice.
Whereas the Fe** (3d°) and Ni** (3d®) ions with magnetic
moment 5, and 2y, respectively, are in the Oh site with
ferromagnetically ordered second sublattice. Now, these two
sublattices are antiferromagnetically coupled by resulting
in the net magnetic moment of 2, per formula unit. That
means the net magnetic moment is arising from Ni>* ions
of Oh site of the unit cell and is in unison with the earlier
reports [32, 36].

The magnetic moment values estimated from XRD are
found to match well with the values estimated from magnetic
data (discussed in the next section). As it was mentioned
earlier, although, significant amount of strain is developed
in BTO unit cell due to structural phase transition of BTO,
no effect is seen on cation distribution (estimated as bulk
property) of NFO thereby no change in magnetic moment
as a function of BTO content in the composite. It may be
also true that the effect of strain generated in BTO is not
sufficient enough to observe the substantial changes in the
cation distribution of NFO; however, it is anticipated that the
effect is quite visible in Raman measurements.

3.2 Raman spectroscopy

Raman spectroscopy is an excellent technique to estimate
the associated vibrational modes of the atoms present in
differently distinct sites in a unit cell. In the present case,
Raman data is useful to estimate the cation distribution
in the NFO at temperatures representing to distinct FE/
structural phases of BTO. As the Raman measurements are
sensitive than the XRD measurements, and thus particular
analysis gives a scope to complement the results obtained
from XRD data. Also, the effect of lattice-strain originated
from BTO on NFO could be studied. Therefore, the Raman
spectroscopy measurements of all the samples were per-
formed at different temperatures, (viz., 300 K, 230 K and
150 K) corresponding to the three distinct FE (T, O and R)
phases of BTO, respectively. The Raman spectra of BTO
and NFO samples measured at 300 K, 230 K and 150 K are
shown in Fig. 3(a and c).
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In general, the single phase BTO exhibits the fifteen
atomic vibrations. Out of these fifteen vibrations, seven
are infrared (IR) active (“3A; + 4E”) and eight are Raman
active (“3A; + B, + 4E”). Again, the Raman active modes
are of two kinds, which are longitudinal optical (LO) and
transverse optical (TO). However, it is difficult to differenti-
ate the LO and TO modes of vibrations [41, 42]. Here (see
Fig. 3(b)), the A,(T0O), B, modes represent atomic vibra-
tions along z—direction and £ modes depict the atomic vibra-
tions along x—, y—directions. The A,(701) mode infers the
Raman mode originating while six Oxygen (O) atoms and
one Titanium (Ti) atom are vibrating with respect to Barium
(Ba) atom. The A,(702) mode represents the Raman mode
developing when O1 atoms and Ti atom are vibrating with
respect to O2 atoms. The A;(703) mode originates while six
O atoms and Ti atom are vibrating with respect to Ba atoms.
The B; mode refers to the Raman shift when O2 atoms are
vibrating against each other, in the direction perpendicular to
the plane of these O2 atoms. The E(701) mode refers to the
Raman shift arising when six O atoms, Ti atom are vibrating
in y—direction with respect to Ba atoms. The E(702) mode
refers to the Raman shift arising when six O atoms and Ti
atoms are vibrating along x—direction with respect to Ba
atoms. The E(TO3) and E(TO4) modes correspond to the
two O2 atoms vibrating against Ol in y and x-directions,
respectively. All these modes are schematically represented
in Fig. 3(b).

Figure 3(a) shows the Raman spectra of single-phase
BTO at 150 K, 230 K and 300 K. It is clear from the fig-
ure that the single-phase BTO displays seven Raman active
modes, viz., “E(TO2), A,(TO1), B,, E(TO3), E(TO4), A,
(TO2) and A (TO3)”, at 190, 252, 310, 350, 489, 530 and
718 cm~! respectively. The E(TO1) mode is not present in
plot as it’s position is below the measurement limit. From
the obtained Raman spectra, the full-width at half-maxima
(FWHM) of the Raman modes were obtained. The spec-
tral broadening (or FWHM) is observed to be increasing
with increase of temperature for all the spectral peaks as
the BTO undergoes structural change from R to T phase.
This behavior is attributed to FWHM broadening, which is
related to the lifetime of phonon. The FWHM is inversely
proportional to the phonon life time [43]. The B, and A,
(TO2) modes are showing shift towards lower frequency
side while structure of the BTO changes from R to T. This
behavior is attributed to the increment of lattice parameter
c (see Table 1), which will contribute to the tensile stress in
z-direction of BTO unit cell. The A ;(TO1) mode is found
to shift towards higher frequency side with increase in tem-
perature and the noticed behavior is attributed to compres-
sive stress among the corresponding atoms of BTO unit
cell in z-direction.

In general, NFO exhibits ten atomic vibrational modes,
in which five are infrared active (“57;,”) and remaining
five vibrations are Raman active (“A,+E, + 3T2g”) [44,
45]. Here (see Fig. 3(d)), the Ag mode infers to the sym-
metric extension of “O” atoms along Fe — O in Th site.
The E, mode represents the symmetric bending of O and
nickel (Ni) atoms in different directions. The 37,, modes
refer to the O and Ni atoms vibrating in three different
directions [45].

Figure 3(c) shows the Raman spectra of single-phase
NFO at different temperatures. It demonstrates five Raman
active modes, i.e., “ng(l), E,. ng(Z), ng(3) and Alg” at
204, 333, 487, 575 and 702 cm™! respectively. A careful
observation of ng(2), Eg and A, < modes clearly reveal the
shoulder like behavior from the low frequency side of peaks.
These shoulder modes arise from the Oh sites consisting
of Ni** and Fe** ions [44]. The T,,(2), E, and A, modes
shift towards the lower wavenumber side with increase in
temperature of NFO sample. This particular shift has been
attributed to the elongation of the lattice parameter of NFO
with increase in temperature [46].

Raman spectra of composites (x = 0 to 1) was meas-
ured at three structural phases of BTO, and patterns are
presented in the Fig. 4. In the composites, A;(TO2) and
A (TO3) modes corresponding to BTO are showing the
shift towards low-frequency side with the increment of
NFO content in composites. When strain is released, then
shift towards low frequency side will be observed in the
particular mode [47], that means tensile stress is present
in the BTO unit cell [46]. This tensile stress is evidenced
from the XRD data (table 1), lattice parameters of BTO
are increasing with increment of NFO content in compos-
ites. In the prepared samples, corresponding BTO modes
are shifting towards lower frequency, indicating the strain
released from NFO is affecting BTO and ultimately peak
shift is observed for the modes corresponding to BTO. The
A (TO1) mode is showing shift towards higher frequency
side with increment of NFO content in composites. This
behaviour may be due to the NFO grains getting com-
pressed due to BTO. However, the modes corresponding
to NFO are not showing any shift with increase in BTO
content in composites.

The Raman spectral data has been used to estimate the
cation distribution based on their vibrational modes. The
Raman data of composite samples were fitted with Lor-
entz function and a representative plot in the case of x =
0.8 is presented in Fig. 5. The peaks associated with NFO
and BTO Raman modes are shown in different color dot-
ted curves, respectively. The magnetic moment per formula
unit was estimated using the intensities of A;,(3) and A;,(2)
modes.
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Table 2 Magnetic moment (1)

; x  Tempera- y piip)

per formula unit values ture (K)

calculated from Raman pattern

of (x)NiFe,O, + (1 — x)BaTiO, 0.8 300 0.0230 2.14

(0< x < 1) composites 0.8 230 00289 2.17
0.8 150 0.0313 2.19
0.9 300 0.0221 2.13
09 230 0.0200 2.12
09 150 0.0184 2.11
1 300 0.0154 2.09
1 230 0.0364 222
1 150 0.0594 236

I(4,,(3))
Y ®)

(AL +1(A,(2)
Here, y is a cation distribution for mixed spinel structure.

©))

The Raman modes of NFO are visible prominently only for x
= 0.8, 0.9 and 1 samples. The magnetic moment per formula
unit was estimated for these samples and are tabulated in
Table 2 and room-temperature values are shown in Fig.7(b).
These values are found to match well with the magnetic
moments estimated from magnetization data.

[Ni,Fe,_,17[Ni\_,Fe,,,],0,

3.3 Magnetization

In the prospective of understanding the effect of BTO on
the magnetic response of NFO, the temperature-depend-
ent magnetic (M — T') measurements for all the samples
(0< x £'1) have been undertaken in the applied field of
250 Oe. The measured M — T curves in the temperature
range, 300—700 °C is shown in Fig. 6(a). In general,
the thermal agitation will disturb the orientation of the
magnetic moments along a given axis to zero at Curie

—o- Obsel‘»ed
— Calculated
—— Difference
NFO Bragg positions

E | BTO Bragg positions
A B,

Intensity (arbitrary units)

Ii S ii E | VN
r L | Ll 1 | | 1 -
1 1 1 1 1 1 1
20 30 40 50 60 70 80
26 (degree)

Fig.2 Rietveld refined patterns of x = 0.6 composite sample at differ-
ent temperatures

Fig. 1 The XRD patterns of (a) LA DL L L T ' 1 T 1 T T
BTO (x = 0) (b) enlarged view - (a) x=0  Rhombohedral {F (b) 1 (¢) x=1 7
at 20 ~ 45° and (¢) NFO (x = 1) i - 150k [ 150k |} 150K A
samples at 150 K, 230 K, 300 K . : l fo s l
and 570 K, respectively - | l* b bl l L _____L E, 1 i L 4
P |22
‘é : Orthorhombic L *é
; i P 230K |[ 230K i 230K | é
2 N I ] 2
= \ l’l:ﬁ.l [ | S \V R | 1, | ,[l , B
o L I dt 4 o
= Tetragonal B i 5
= P 300K {}300K - 300K | =
‘7 . - | =
S AT | Lol IR
= . 1L 1 le— ! | 1 K=
I Cubic I
- P 570K [ 570K 1L 570K |
1 151511 U | S A
I T T R R R . C 1 . 1 [ B | 1 L]
20 30 40 50 60 70 80 45 20 30 40 50 60 70 80
20 (degree) 20 (degree)
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Fig.3 (a and ¢ ) The Raman vibrational patterns at different temperatures and (b and d) schematic representations of possible vibrational modes

of BTO and NFO samples

temperature (7). The T, values for all the composite
(0.1< x £ 1) samples were obtained from the minima of
dM/dT versus T data of respective M — T curves. The
variation of 7, with NFO content (x) has been shown
in Fig. 6(b). At first, it is clear from the figure that the
observed T, values are found to be in agreement with
the earlier reports of (x)NFO+(1 —x)BTO composites
[32, 48]. In the present investigation, the T, values are
increasing with the increase of NFO content (x) and the
observed behavior is ascribed to the reduced diffusion
of non magnetic phase into the NFO phase matrix. The
reduced non magnetic phase percolation may enhance the
(super)exchange interaction in NFO phase. The enhanced
exchange interaction may lead to a strong ferrimagnetic
state, which is less affected by thermal field, resulting
in enhanced T, with increasing NFO content (x). It is
interesting to note from the figure that a small hump
was noticed at about 420 °C for all composite samples,
including x = 1 (NFO) sample. The hump becomes sig-
nificant as the NFO content is increasing in the com-
posites. In fact, similar observations were also made by

other researchers and they attributed it to the enhanced
exchange interaction in the samples [48, 49]. In the pre-
sent case, it may likely be magnetic anisotropy domi-
nating over the exchange interaction as the temperature
decreases below 420 °C. The magnetic domains will rest
in their preferred orientations (magnetic anisotropy) by
dominating the exchange interaction. The effect decreases
with increasing BTO content in the composites. How-
ever, these observations require much more analysis and
experimental evidence to support our arguments.

Figure 7(a) shows that magnetic response (M — H)
curves of composite samples (0.1< x <1) measured at
300 K, where BTO is in FE (T) phase. With a view to
corroborate the magnetic moment values obtained from
previous (XRD and Raman measurements) sections, the
magnetic moment per formula unit were calculated for
all the samples and their variation with x is shown in
Fig. 7(b). The obtained magnetic moment values well
matches with the values obtained from XRD and Raman
measurements. The agreement of these magnetic moment
values with the theoretically estimated ones (2ug/f.u.)
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Fig.4 Raman patterns of composites (x = 0 to 1) at temperatures (a)
150 K, (b) 230 K and (¢) 300 K

confirms cubic inverse spinel structure of NFO in the
composites. This result also infers the strong structure-
property correlations in composites. Although, due to
soft magnetic nature, the exchange interactions are dom-
inant in NFO sample, the NFO in composites may have
significant magnetic anisotropy. In fact, the mentioned
anisotropy arises due to the BTO content. Therefore, to
understand the effect of BTO on magnetic response of
NFO in composites, the corresponding effective magnetic

@ Springer
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Fig.5 Raman patterns of 0.8NFO+0.2BTO composite sample at
temperatures 150 K, 230 K and 300 K (the deconvoluted modes are
shown as dotted line)

anisotropy constant (k,) values were evaluated by fitting
the experimental data (initial M — H curve) to the fol-
lowing law of approach to saturation equation, which is
given below [36],

a
M=MS(1—E)+;(1,H (10)
here, M, M, H and Xpare the magnetization, saturation mag-

netization, applied magnetic field and paramagnetic suscep-
tibility respectively. The parameter a is given by

g K
a=—
150 w22

an

here, k, and 4, are the effective anisotropy constant and free
space permeability respectively. The variation of estimated
effective anisotropy constant values as a function of NFO
content is shown in Fig. 7(c) and the values are in good
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Fig.6 (a) Temperature-dependent magnetization (M — T) curves
and (b) variation of 7~ with NFO content (x) in (x)NFO+(1 —x)BTO
composites

congruence with the earlier reports in the case of NFO [36].
The k, values are found to increase with the increase of NFO
content and it is attributed to the reduction of non-magnetic
phase content in the matrix of NFO ferrimagnetic phase.

4 Conclusion

The temperature-dependent XRD data clearly reveals that
the different structural phases of BTO have different strain-
states, the effect of this strain on NFO structural param-
eters is found to be minimal. The magnetic moment per
formula unit values estimated from x-ray diffraction, Raman
spectroscopy and magnetization measurements are in con-
sistence with each other and in good agreement with the
theoretically estimated values and hence it establishes the
structure-property correlations in (x)NFO + (1 —x)BTO
(x =0-1; Ax =0.1) composites. The change in magnetic
parameters due to strain generated in BTO in these compos-
ites enable us to realise the room-temperature magnetoelec-
tric based devices.
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Fig.7 (a) Room-temperature M — H curves and the red solid line
shows the law of approach to saturation curve fit, (b) variation of
magnetic moment (up) per formula unit with NFO content (x) and
(c) variation of cubic anisotropy constant with NFO content (x) in (x)
NFO+(1 — x)BTO composites
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