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INTRODUCTION

The composite materials with variable ferromagnetic and ferroelectric properties have received recent attention for
fundamental study of magneto-electric effect and applications in modern electromagnetic devices, e.g., filters, chip inductors
and capacitors 2. The material with coexisting ferroelectric and magnetic orders and having strong electro-magnetic coupling
in single phased crystal structure is naturally rare B. This limits the technological applications of magnetic spinel oxides.
Alternatively, hybrid magnetic composites have been designed by suitable admixture of ferromagnetic component (spinel oxide)
and ferroelectric component (e.g., BaTiO,) in order to enhance the electro-magnetic coupling in the material (4. Recently, metal (Al,
Ti, Ga) doped hematite (a-Fe,0,) have shown many interesting electro-magnetic properties that are useful in spintronic devices
1561, The magnetic and dielectric properties in metal doped hematite are found to be well advanced in comparison to pure hematite
system 71, The electro-magnetic properties in metal doped o-Fe,0,system depend on the modification in rhombohedral planes
of the crystal structure ®. Ga doped hematite system has exhibited room temperature ferromagnetism, extremely low dielectric
loss, and semiconductor properties with optical band gap in the range 2.4-2.5 eV 579, Being canted (anti) ferromagnet, magnetic
moment per formula unit of the Ga doped hematite system at room temperature is low, typically 0.02-0.03 uB/Fe atoms ©®! and
the ferromagnetic moment per Fe atom in Ga doped hematite decreases on decreasing temperature below room temperature due
to dominance of antiferromagnetic state of the system ["l. On the other hand, magnetic moment per Fe atom in Co ferrite can be
designed greater than 1 uB and magnetic moment in Co doped spinel ferrites generally increased below room temperature due to
their typical ferro/ferrimagnetic properties [*°). Magnetic squareness and coercivity are greatly varied depending on the Co content
in spinel ferrite structure. Co ferrites also exhibited good dielectric properties with low dielectric loss, moderate dielectric constant
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and signature of (multi)ferroelectricity 1113, Hence, there is a large scope of tuning magnetic moment and dielectric parameters
in the composites of Ga doped hematite and Co ferrite.

In this work, we report the room temperature magnetic and dielectric properties in the composites of Ga doped hematite
(Fe, ,Ga,0,) and Co ferrite (Co, . Fe, ,.0,) samples. Our main objective is to study the variation of magnetic and dielectric
properties in the prepared magnetic composite samples due to modified magnetic exchange coupling at the interfaces of two

different types of magnetic particles.

EXPERIMENTAL

The composites have been prepared by mixing specific weight ratio of o-Fe, ,Ga, 0, (rhombohedral phase) and

Co, ,;Fe, ,;0,(cubic spinel structure). The starting materials o-Fe, ,Ga, ,0, and Co, ,.Fe, ,.O, have been prepared separately. Single
phased structure of the individual component has been confirmed before mixing to form the composite material. The mixture of
two components has been ground for 2 hrs in air. Finally, the composite powder has been made into pellets and the pellets have
been annealed at 800°C for 8 hrs under high vacuum. The annealing of the composites has been performed under vacuum by
considering the fact that stabilization of rhombohedral structure in a-Fe, ,Ga, ,0, needs high vacuum condition ® .. The composite

samples have been prepared for the mixed weight ratio of Fe, ,Ga, .0, (GF) and Co, ,.Fe, . .0, (CF) ferrite at 1:3, 2:2, and 3:1, and

0873 1.25 1.7574
the corresponding samples have been denoted as Ga,Co,, Ga,Co,and Ga,Co,, respectively.

Crystalline structure of the composites has been studied by using X-ray diffraction (XRD) pattern and Raman spectroscopy
at room temperature. The XRD pattern has been recorded in the 26 range 20-70°with step size 0.02° using CuK radiation using
X-ray diffractometer (X-Pert PANalytical). Raman spectra of the samples have been recorded using Raman microscope (Reni Shaw,
UK) with 514 nm LASER. LASER power has been optimised to 3 mW on the sample surface for acquisition time 30 s. Surface
morphology of the samples has been studied using Scanning Electron Microscope (HITACHI S- 3400 N). Elemental composition of
the samples has been checked by energy dispersive analysis of X-ray (EDX) spectrometer (Thermo electron corporation Instrument,
USA). Magnetic property of the samples has been measured using low field (+ 15 kOe) vibrating sample magnetometer (Lakeshore
7404). Dielectric spectrometer (Novo control Technology, Germany) with Alpha-analyzer has been used for measurement of the
dielectric properties at voltage amplitude 1V in the frequency range 1 Hz-10 MHz. The disc-shaped samples (d~12 mm, thickness
~1 mm) have been sandwiched between two gold-coated plates. The plates have been connected to the spectrometer with
shielded cables. Electric field dependence of polarization of the samples has been measured at frequency 1 kHz using P-E loop
tester (Radiant Tech., USA).

RESULTS AND DISCUSSION
Structural Properties

XRD pattern of the composite samples in Figure 1 confirms the presence of Fe, ,Ga, 0, (GF) and Co, ,.Fe, ,.O, (CF) without
forming any additional phase. FULLPROF program has been used to analyze XRD patterns of the composites. XRD profile of the
composite samples matched to mixed phases of rhombohedral structure with R3C space group for o-Fe, ,Ga, ,0,and cubic spinel
structure with Fd3m space group for Co, ,.Fe, .0, . The variation of major peaks height ratio between Co ferrite (311 peak
at 26~35.65 0) and Ga doped hematite (104 peak at 26~33.25 0) is well consistent to their weight ratio in the composite. The
lattice parameters (a, ¢) and cell volume (V) of the samples have been shown in Table 1. The lattice parameters and volume of the
components in composite materials showed minor changes with respect to the lattice parameters in parent compounds before
making composite. The coexisting phases may be affecting the interfacial lattice structure in composite samples and broadening
in the peak width. The grain size <d> and root mean square lattice strain (erms) of the samples have been calculated using
Williamson-Hall equation ! B = 0.89\/(<d>cos6,) and B> = 8n(tan® 8 ) (¢ )* respectively. The B _and B are the Lorentzian
and Gaussian components (Bhklis full width at half maximum of intensity in degree) and A (1.5405 A) is the wavelength of
x-ray radiation. The grain (crystallite) size of samples have been calculated for predominant intense XRD peaks by fitting each
peak profile to a pseudo-Vogit function, consisting of Lorentzian and Gaussian components. The Lorentzian component has
been attributed to grain size (<d>) and the Gaussian component has been attributed to lattice strain (erms) of the samples. We
observed a decreasing trend of grain size, while an increasing trend of lattice strain with the increase of GF component in the

composite samples.

Surface morphology of the particles in the composite samples has been examined using Scanning Electron Microscopic
(SEM) images. SEM images in Figure 2 show that nearly spherical shaped particles are agglomerated to form an assembly or
cluster of particles. The cluster size increases with the increase of CF content in composite samples. This observation is consistent
to the pattern of the grain size variation in the composite samples. This informs an increasing inter-particle (magnetic exchange)
interaction at the interfaces of two different types magnetic particles, where ferromagnetic moment per gram of CF particles is
larger than that in GF particles. The increasing magnetic exchange interactions at the interfaces facilitate more agglomeration
of particles. The EDX spectra confirmed the presence of elements Fe, Ga, Co and O, and their atomic ratio is matched to the
expected values in composite samples.

RRJPAP | Volume 3 | Issue 1 | March, 2015 31



Intensity (arb.unit)

(a) Ga3Co1

« Peak of (201_25Fe1_75 4

+ Peak of Fe.

O, (spinel)

1 2Gao 803 {Rhombaherdal)

(b) Ga2Co2

(c) Ga1Co3 -

°  experiment
profile fit

exp-fit

' Bragg position .

20 30

4024 (degree)50 60

Figure 1. (Colour online) XRD pattern of the composite samples (a-c) fitted with two phase
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components (Ga doped hematite and Co ferrite), along with Co ferrite pattern.

Table 1. Room temperature lattice parameter, volume, grain size and strain of the composite sample calculated from XRD spectra.

Rhombohedral with space group R3C Spinel with space group Fd3m
Sample a(£0.0002A) c(+0.0006A) V(+0.10(A)3) a(+0.002A) V(+0.10(A)3) <d> (nm) € (%)
Ga3Col 5.06382 13.96591 310.139 8.40071 592.855 10 0.30
Ga2Co2 5.04477 13.72593 302.521 8.34438 581.009 14 0.29
GalCo3 5.03736 13.81199 303.524 8.34803 581.771 24 0.26
Co Ferrite - - - 8.35255 582.716 40 0.08

(d) Ga3Co1l

(f) GalCo3
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Figure 2. SEM images (a-c) and EDX spectrum (d-f) of composite samples.

Raman Analysis

Raman spectra of the samples have been recorded in the wave number range 100-1500 cm™. The Raman active phonon
modes confirmed the coexistence of the rhombohedral phase of metal doped hematite and inverse spinel structure of Co ferrite
(16171 The spectra of composite samples have shown prominent bands positions at~174 cm?, ~224 cm?, ~236 cm?, ~295 cm-
1, ~ 315 cm?, ~411 cm?, ~478 cm®, ~570 cm™, ~617 cm?, ~682 cm?, and ~1322 cm™. The identified band positions of the
Raman active phonon modes corresponding to GF and CF phases are shown in Table 2. In Figure 3, we have compared the
Raman spectra of the composite samples with the spectrum of pure Co ferrite. The bands at ~682 cm™ and ~617 cm™ have
been observed in all composites. These bands are assigned to A1g(1) and A1g(2) modes representing stretching vibration of
Fe®* and 0% ions in octahedral sites of the Co ferrite. The doublet like structure in A1g mode represents the redistribution of Fe-O
and Co-0 bond distance between the two sites in Co ferrite 8. The low frequency bands at ~315 cm®, ~478 cm™ and ~570 cm*
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are assigned to Eg, T2g(2) and T2g(3) modes, respectively, which originated due to the tetrahedral site vibration of metal-oxygen
bonds in Co ferrite. The bands in the composite samples at ~224 cm™, ~236 cm?, ~295 cm?, ~315 cm?, ~411 cm®, ~478 cm™?
and ~617 cm™ are assigned due to Alg (1), Eg(1), Eg(2), Eg(3), Eg(4), A1g(2) and Eg(5) modes of the Fe-O/Ga-0 vibration in
rhombohedral structure of hematite *°. The band at 1322 cm-1 is a typical characteristic mode in Ga doped hematite, which
arises due to magnon-magnon scattering or phonon-phonon scattering effect 9. A gradual increase of the peak intensity of the
band at 1322 cm™in the composite samples is consistent to the increase of GF content.

Table 2. Peak Position (in Cm-1) for pure and different composite samples have been extracted from room temperature Raman Spectra.

Sample Peak Positions (cm-1)
Fe1.2Ga0.803 Alg(1) Eg(1) Eg(2) Eg(3) Eg(4) Alg(2) Eg(5) Eu Mgn-Mgn
Col.25Fel.7504 T2g(1) Eg T28(2) T2g(3) Alg(2) Alg(1)
GalCo3 182 - - - 313 362 473 574 613 695 1327
Ga2Co2 174 224 236 295 315 411 478 570 617 682 1322
Ga3Col 182 - - - 313 362 472 574 613 695 1327
Co Ferrite 182 - - - 309 361 469 581 628 688 -
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Figure 3. (Colour online) Raman spectra of the composite samples. The peaks profiles are deconvoluted with the
components of Ga doped hematite and Co ferrite, along with the spectrum of Co ferrite sample.

Magnetic and ferroelectric properties

Figure 4(a) shows the magnetic field dependence of magnetization (M(H)) data at room temperature for the pure Co ferrite
and composite samples. The composite samples showed ferromagnetic properties at room temperature with a clear magnetic
hysteresis loop. The loop is symmetric with nearly equal magnitudes of coercivity in negative field axis (HC1) and in positive field
axis (HC2). Table 3 shows the ferromagnetic parameters, such as coercivity (HC), remnant magnetization (MR), and spontaneous
magnetization (MS). The spontaneous magnetization (MS) has been derived by extrapolating the high field M(H) data on the
positive magnetization (magnetic moment per gram) axis at H = 0. The spontaneous magnetization (MS) and coercivity for pure Co
ferrite sample are ~52 emu/g and 596 Oe, respectively. When GF is admixed with CF, the magnetization (in emu/g) first increased
with the increase of less magnetic GF component. The magnetization in GalCo3 and Ga2Co2 composites are unusually higher
than that in pure Co ferrite sample. We viewed this enhancement of magnetization in the composites as the enhancement of
magnetic exchange coupling at the interfacial spin structure of ferromagnetic CF and weak ferromagnetic GF phases. The presence
of a strong magnetic exchange coupling among the particles in Gal1Co3 and Ga2Co2 composite samples is also reflected in the
SEM images. However, coercivity and squareness (reduced remanent magnetization with respect to spontaneous magnetization)
decreased with the increase of GF component, leading to a magnetically soft phase in the composite samples. Figure 4(b) shows
the electric field dependence of polarization (P-E) loops of the pure CF and composite samples measured at room temperature
with voltage 95 V at frequency 1 kHz. The Co ferrite sample exhibited good signature of ferroelectric polarization. The polarization
leakage increases in composite samples with the increase of GF component. This could be attributed to space charge polarization
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effect and structural heterogeneity at the interfaces of different magnetic particles. The Gal1Co3 sample showed the best
ferroelectric loop with low leakage and relatively high electrical polarization (~1.5 x 10“ uC/cm?). The ferroelectric loop shape
of the Gal1Co3 composite sample is comparable to the pure Co ferrite sample. This means GalCo3 is the best composition for
achieving good ferromagnetic and ferroelectric properties among the composite samples. The change of electrical properties in
the composite samples is further understood from the dielectric measurements.
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Figure 4. (Colour online) Magnetic field dependence of magnetization loop (a) and electric field dependence of polarization
loop (b) for the Co ferrite and composite samples measured at room temperature.

Table 3. The calculated values of room temperature magnetic, electrical and dielectric parameters of all composites.

Magnetic Parameters Electrical Parameters ( Using Jonscher’s power law and

Sample Cole-Cole plot)

HC(0e) MR (emu/g) xzu /e MR/MS 1:2 at odc (10°S/em) .1 (10°S/cm)  C(10F) T (10°S)
Ga3Co1l 163.22 |5.72 22.78 0.25 5000 74.21 87.85 2.91 0.31
Ga2C02 49213 1835 54.49 0.34 450 2.81 3.41 3.24 8.45
Ga1Co3 533.32 30.18 69.06 0.44 55  0.69 0.71 2.26 27.07
CoFerrite 59579 27.05 52.13 0.52 15  0.075 0.11 1.51 182.77

Dielectric properties

Figure 5 shows the variation of dielectric parameters (ac conductivity, dielectric constant, dielectric loss and impedance)
with frequency in composite samples. The frequency (u) dependent ac conductivity data have been fitted with equation o/(v) = odc
+ o/ (v)®, where dc, the dc limit of o/(v), has been estimated by extrapolating the conductivity at v— O limit. The odc showed value
of the order of 10*?> S/cm for Co ferrite and conductivity value in the composite samples systematically increases up to the order
of 107 S/cm with the increase of GF component. The dc regime of the conductivity (where o/ is nearly frequency independent)
systematically extended up to the higher frequencies with the increase of GF content in the composite. The frequency activated
conductivity, where conductivity rapidly increases with frequency, follows Jonscher power law: o/(u) = &(T)un. Here, &(T) is the
temperature dependent parameter and n is the frequency exponent. The exponent n values have been calculated by fitting ac
conductivity curves according to Jonscher power law (shown by lines in Figure 5(a)). The n values are 1.09, 0.88, 0.83 and 0.71
for Co Ferrite, Ga1Co3, Ga2Co2 and Ga3Col samples, respectively. The range of n values (0.7-1) suggests that small polaron
hopping process controls the conductivity mechanism in the composite samples 2%, As in Figure 5(b), the dielectric constant has
shown an overall increase in the measurement frequency range with the increase of GF content in composite samples. Table 3
shows that dielectric constant of the Co ferrite at 1 Hz is ~15.The highest dielectric constant (~5000) at 1 Hz has been observed
in Ga3Col sample. The rapid increase of dielectric constant below 1 kHz may be attributed to space charge polarization effect
(11 at the interfaces of grains with different crystalline phase, magnetic structure and morphological difference, but dielectric
constant is reasonably stable at higher frequencies. Figure 5(c) shows that dielectric loss (tand) in the composite samples is
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reasonably low (0.02-30) in the frequency range 1 Hz-9 MHz, although dielectric loss is slightly increased with the increase of
GF component in composite samples. This is due to good semiconductor properties of Ga doped hematite (GF) component. The
relatively high conducting nature of GF component in comparison with Co ferrite component plays a significant role in the modified
electrical conductivity, dielectric loss and leakage of ferroelectric polarization in composite samples. In addition to the space
charge polarization, exchange of electrons between super exchange paths (Fe?*-0-Fe®*) and holes between super exchange paths
(Co?*-0-Co®) in the Co ferrite structure largely contributed to dielectric loss at lower frequencies ?Y. Interestingly, dielectric loss
of the composite material above 1 kHz is extremely low (<1) and it could be useful for application in electromagnetic devices.
The increase of conductivity with the increase of GF component in the composite has been further understood from the analysis
of impedance (Z/ and Z/) data. As in Figure 5(d), the real part of impedance (Z/) rapidly decreases at higher frequencies and
reciprocating the features in o/ (U) data, whereas the imaginary part (-Z/) exhibits the properties of dielectric relaxation process.
The observation of a peak in -Z// vs. frequency curves (Figure 5(e)) suggests charge hopping mechanism between ions 22,
The hopping frequency (up) shifts to higher values with the increase GF content in the composite material. A wide shift in the
peak frequency from ~10 Hz in Co ferrite to ~10 kHz in Ga,Co, sample suggests that not only grain boundary regime, but highly
conductive grain interior also participates in dielectric properties of composite samples. The Cole-Cole plot (-Z// vs. Z/) of the
complex impedance spectrum (Figure 5(f)) shows that interfacial resistance between electrode and studied material is not
significant. The impedance plots are well fitted with semicircles. The resistance, contributed mainly by grain boundary resistance
(Rgb), has been calculated from the intercept of the semi-circular arc on the Z/ axis at lower frequency regime. We noted a rapid
decrease of Rgb for the Ga,Co, sample. Considering the R||C circuit and applying the condition 2nvagngb = 1 at the peak
position of -Z”/ maximum of Cole-Cole plot, we found that capacitance (Cgb) of the composite increases with the increase of GF
component. The time constant (1 = Rgngb) of the composite samples showed decreasing trend with the increase of GF component.
Our experimental results show that GF acts as a conducting buffer for the increasing interfacial coupling between Co ferrite and
Ga doped hematite (GF) grains in the composite samples. There is a large scope of varying ac conductivity, dielectric constant,
dielectric loss and dielectric relaxation mechanism in the present composite materials.
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Figure 5. (Colour online) Frequency dependence of real part of ac conductivity (a), dielectric constant (b), dielectric loss (c),
real part of impedance (d) and imaginary part of impedance (e) for Co ferrite and composite samples. The Cole-Cole plot (-2//
vs. Z/) of impedance data have been fitted with semi-circle in (f) to calculate grain boundary resistance (Rgb) of the samples.

CONCLUSIONS

The composite samples of Fe, ,Ga, O, (GF) and Co, . Fe, .0, (CF) oxides have been prepared. The ferromagnetic and
dielectric parameters of the composites have been varied at room temperature by varying the weight ratio of the components.
The electrical conductivity, dielectric parameters (dielectric constant and loss) and capacitance have increased with the increase
of conductive Ga doped hematite component in the composite samples. However, higher conductivity and dielectric loss lead to
higher leakage of polarization in the composite samples. Frequency dependent conductivity data indicated the semiconducting

behaviour of all the samples. The Cole-Cole plot revealed that conductivity is controlled mainly by grain boundaries, but highly
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conductive grains also actively participated in electrical conduction process of composite samples. The dielectric constant in
composite samples has shown an overall increase in the measurement frequency range with the increase of GF content. A rapid
increase of dielectric constant below 1 kHz has been attributed to space charge polarization effect at the interfaces of grains
with different crystalline phase, magnetic structure and morphological differences. The dielectric constant remained stable at
higher frequencies. The composite with higher ferrite content and less Ga doped hematite content (Ga,Co,) appeared to be the
best composition for achieving higher magnetization, good signature of ferroelectric properties and moderate dielectric constant.
The presented results may be relevant for the basic understanding of the magneto-electric coupling and magnetic exchange
interactions at the interfaces of ferrite and metal doped hematite based semiconductors.
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