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Synopsis Report

High-permittivity magneto-dielectric materials and their composites have drawn a tremendous attraction in
recent past due to their versatile applications such as in piezoelectric transducers, low-power CMOS devices,
sensors and spintronics [1-11]. Apart from the Perovskite systems (Pb[Zr,Ti]Os, CaCusTisO3, KNaNbQg, etc.),
lead-free 3d transition metal oxide based magnetic ceramics with static dielectric constant (€;) more than 1000 are
very limited in the literature [12-17]. Compounds such as Lai xCaxMnOs, BaTiOs, YBa2CusOs, and FeTiTaOsare
considered as important systems because of their negligible temperature variation of & and relaxor-like
ferroelectric behavior [18-25]. There has not been enough attention paid to the high-frequency dielectric behavior
of alkali metal (Na or Li) doped nonperovskite wide-bandgap oxides such as ZnO and NiO, and their composites.
Among various lead-free 3d transition metal oxide systems Li and Ti doped wide-bandgap Mott insulators are the
best known examples because of their colossal dielectric permittivity and temperature independent behavior of &,
[12, 26]. Internal grain-boundary layer mechanism and thermally excited relaxation process are the key sources
for such enhanced ¢, and non-zero dipole moment [26]. Dielectric relaxation in Fe, Mg, Al, Co, Zr and V doped
wide-bandgap oxides are also widely investigated aiming to understand the ac-conductivity, space-charge
polarization (Maxwell-Wagner type) at low frequencies and defect-dipole induced polarization mechanism at
high frequency regions [27-30]. The present research work has primarily motived to develop the two-phase
composite systems of Zn:xNixO/NiO and Ni;xNaxO whose physical properties are comparable to those of Li, Ti
doped NiO. When we initiated this problem no report was available focusing on the structural, dielectric and
magnetic properties of above composites either in the form of both bulk or nanostructures. Hence, an attempt was
made to understand the growth mechanism and other physical properties of the above mentioned composites. The

detailed layout of the thesis is as follows:

Chapter 1 provides a brief introduction to the High-k dielectrics and their significance in microelectronics.
This chapter also presents an important up-to-date research on the dielectric properties of alkali metal doped ZnO

and NiO. This chapter reviews few important concepts like: Mott-Insulators, Lyddane-Sachs-Teller relation

-s' 2 ] . . . . . . .
[60_: (%) ] Debye relaxation, various dielectric polarization mechanisms including Maxwell-Wagner—
t

€0
Sillars and defect-dipole polarization with special emphasis on the influence of domain-wall displacement,
microstructure, depletion and depolarization effects. In addition, a brief introduction to molecular field theory of
antiferromagnetism in transition metal oxides which crystalizes in rock salt type crystal structure was presented.

Finally, a detailed description of the research problem and its approach is illustrated in this chapter.

Chapter 2 describes a detailed overview of various experimental techniques employed in this research work
including the synthesis procedure of Zn.«NixO/NiO and NiixNaxO based on low-temperature sol-gel processing
and standard solid-state reaction method. This chapter also demonstrates various characterization techniques

including structural characterization using X-ray and electron diffraction techniques and thermal properties using
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thermogravimetric-analysis (TGA) and differential scanning calorimetry (DSC). For a detailed crystal structure
analysis, we performed the Rietveld refinement of diffraction data using Fullprof and Powder-cell softwares.
Particulars of elemental analysis performed by the X-ray photoelectron spectroscopy (XPS) was described
thereafter. Morphological characterization techniques such as transmission electron microscopy (TEM) has also
been discussed. In the subsequent sections we presented the details of various characterization tools employed in
this work such as: (i) frequency and temperature dependence of dielectric measurements, (ii) Raman spectroscopy
to understand the vibrational excitation, (iii) electron-spin resonance technique to probe the local atomic
environment, and (iv) magnetic measurements using superconducting quantum interference device (SQUID)

based magnetometer and vibrating sample magnetometer.

Chapter 3 presents a detailed structural and dielectric properties of polycrystalline wurtzite h.c.p Zn1«NixO and
cubic NiO two-phase composites. In this chapter we demonstrated that these composites exhibit a dielectric
anomaly across the transition temperature (T") ~ 541 K associated with the changeover from antiferro to
paramagnetic ordering of NiO. Such transition is accompanied by the change in crystal structure from
rhombohedral to cubic phase. For T > T7, a giant dielectric cusp was observed across 683 K (410°C) for x = 1
together with the above mentioned anomaly at T~ close to the antiferromagnetic Néel temperature Ty of NiO. For
T > T" the dielectric permittivity cusp obeys the empirical scaling law based on the equation (ea/e= 1+0.5(T-
Ta)%/8?) with the shape parameter value ‘6’ ~ 88 and 39.73 C for the compositions x = 0.30 and 0.163, respectively.
Dynamic variation of the dispersion in ¢, at temperatures close to T" follows the Vogel-Fulcher law with Debye
frequency vo ~ 1.33 x 10° Hz and 1.33 x 10%Hz, freezing temperature T4~ 181°C and 240 C, and activation energy
Ea=0.11eV and 0.023 eV for X ~ 0.30 and 0.16, respectively. Diffuseness exponent “y’=1.91 and 1.77 estimated
from the experimental data for the compositions x = 0.30 and 0.163, respectively are close to “y’ = 2 usually
exhibited by an ideal relaxor ferroelectric system. These results are further supported by the butterfly loop
characteristics of C-V curves. The relaxor behavior (mixed phase ferroelectric—glass) for heavily doped Zn..
«NixO/NiO system is mainly driven by the compositional heterogeneity. The temperature dependence of ac-
resistivity pac(T) provide strong evidence of variable-range-hopping of charge carriers between the localized states
through a mechanism involving spin-dependent activation energies. The temperature variation of carrier hopping
energy en(T) and nearest-neighbor exchange-coupling parameters J;(T) are evaluated for all the compositions
using small-Polaron model. For all the composite systems, Jij-average N€Arly equals to 70 meV which is slightly
greater than the exciton binding energy 60 meV of pure zinc-oxide. A systematic comparative analysis of the

above results with the Na doped NiO system is presented.

Chapter 4 focuses on the nature of magnetic exchange interactions in Zn,.«NixO-NiO composites. The magnetic
exchange constants |J;| and |]J,| for the two-sublattices have been evaluated using both molecular-field
approximation (J; ~ 0.15 meV and J,~1.15 meV for x = 1) and Green's-function theory (J; ~0.78 meV and ], ~1.77

meV for x = 1). Magnitudes of these exchange constants determined from the Green's-function analysis are
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compared systematically with the values obtained from the spin-wave dispersion curves (J1~ 0.137 meV and J, ~
1.90 meV for x = 1) and Raman scattering (J>~ 1.98 meV). Additionally, the carrier activation energies ‘en’ and
nearest-neighbour exchange coupling parameters ‘Jij’ (~1.61 meV) calculated from the temperature dependence
of ac-resistivity pac(T) across Tn of NiO. Such analysis is based on the small-polaron model involving spin
dependent activation energies. These results are compared with the theoretical estimations performed by the
Green’s-function theory. Furthermore, the role of oxygen stoichiometry on the temperature variation of Jij, &, pac,
and unit-cell volume V¢’ have been discussed for both Zn;xNixO/NiO and Nii.xNaxO.

Chapter 5 is devoted to the growth and characterization of low-dimensional nanostructures of Zn;xNixO/NiO.
First two sections of this chapter are dedicated to the formation mechanism, crystal structure and morphology.
These preliminary studies are followed by a detailed investigation of the electron-spin-resonance (ESR) and
Raman spectroscopic studies. The temperature variation of X-band ESR parameters viz. resonance field Hg(T)
and line-width AHpp(T) was analyzed using the power-law variation (3Hr = (AHpp)") of Nagata and Ishihara model.
This model was used to understand the orientation of statistical ensemble of particles with respect to a given
direction of the anisotropy axis. This analysis yields the exponent ‘n’ =~ 2.13 and 2.85 for the nanocomposite
system ZnixNixO/NiO and pure NiO suggesting the presence of partial and randomly oriented ellipsoidal
nanocrystallites, respectively. Further, the Raikher and Stepanov model has been employed to probe the role of
amorphous Ni** clusters on the observed ESR spectra. The vibrational excitations obtained from the Raman
spectroscopy reveals that after Ni substitution in wurtzite ZnO, a new zone-boundary phonon mode was emerged
at 129 cm for all the compositions. Such phonon mode is usually forbidden in the first-order Raman scattering
of ZnO. In addition to the 2M Magnon mode, two extra modes appear at 558 and 900 cm™ due to the increased
volume fraction of NiO within the ZniNixO matrix. A systematic correlation of all the above results with the

magnetic anisotropy of the nanocomposites is discussed.

Chapter 6 presents a brief summary of important findings of our experimental results. In this chapter we also

identify some open issues which are potentially interesting for the future studies.

i
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intensity of X-ray spectra of Zn-2p, O-1s, and Ni-2p together with C-1s core level
spectrum as standard calibrated spectrum, respectively. The arrow marks shows the
peak center positions.

The X-ray photoelectron spectra of NiggsNao.osO sample. (a), (b), (c) and (d) shows
the core level intensity of X-ray spectra of O-1s, Na-1s and Ni-2p together with C-1s
core level spectrum as standard calibrated spectrum, respectively.

Temperature variation of relative dielectric permittivity &:(T) of two-phase composite
Zn1xNixO/NiO for various composition (X) in the range 0.002 < X < 0.5 measured at
1 kHz. The inset shows the variation of critical temperature ‘T~ as a function of ‘x’
together with the data of pure NiO on the right-hand-side scale.

(a) Temperature dependence of the relative dielectric permittivity &(T) of the
Zno7Nio3O/NiO pellets measured at various frequencies in the range 103-10° Hz. The
open square symbols on the right hand side scale of the inset represents the frequency
variation of transition temperature T~ and corresponding solid red line is the least-
square fit to the Vogel-Fulcher law. The graph shown on the left hand side scale in
the inset illustrates the linear dependence of In(v) on 1/(T"- Tg). (b) Temperature
dependence of the dissipation factor Tan(d) for wvarious frequencies of
Zno]Nio,gO/NiO.

(a) The relative dielectric permittivity ‘e’ versus temperature ‘T’ recorded at various
frequencies between 10° Hz -10° Hz for the critical composition Xc ~ 0.163. The RHS
scale of the inset shows the frequency variation of T" and fit to the VVogel-Fulcher
law. The LHS scale of the inset demonstrates the linear dependence of In(v) on 1/(T"-
Tgy). (b) Temperature variation of ‘e’ versus ‘T’ measured at various frequency
between 2x10° Hz and 3x10* Hz of pure NiO pellet sintered at 1450°C for 8 hrs in
air.

(a) The scanning electron micrograph of Znoss7Nio1630/NiO pellet recorded under
secondary electron mode, and (b) the corresponding energy dispersive X-ray analysis
EDXA spectrum.

Logarithmic variation of the difference in reciprocal value of relative dielectric
permittivity, log(1/e-1/€") as a function of log(T-T") for two composition x ~ 0.163
(red) and x ~ 0.30 (blue) of Zn1«NixO/NiO. The solid line represents the modified
Curie-Weiss law fitting to the experimental data.

Capacitance-voltage (C-V) characteristics of ZnoesNio.3sO/NiO pellet measured at
various frequencies between 10° and 10° Hz at room temperature.

Temperature dependent relative dielectric permittivity €(T) of Nii.xNaxO system for
() x=0.002, (b) x=0.16 and (c) x=0.2 measured at various frequencies between 100
Hz and 20 MHz.
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The temperature dependence of ac-resistivity pac(T) 0f Zn1.«NixO (0.025 <x <0.300)
and pure NiO sintered pellets measured at 1 MHz constant ac-frequency.

The logarithmic dependence of ac-resistivity (In(pac) versus T-4) of Zn;xNixO for
the compositions (a) x =1.00, (b) x = 0.300 and (c) x=0.163.

The double logarithmic variation of p/po (i.e. In[In(p/po)]) versus In(T) of Zn.xNixO
pellets for (a) x = 1.00, (b) x = 0.300 and (c) x = 0.163.

The In[In(p/po)] versus In(T) plots at three different temperature regimes: (a) high
temperature regimes (T>300°C), (b) intermediate temperature regime
(250°C<T<270°C) and (c) low temperature regime (100°C<T<250°C) of a pure NiO
sample sintered at 1450°C.

In (p/T32) versus 1000/T plots of Zno7Nig.3O and pure NiO sintered pellets measured
at 1 MHz constant ac-frequency. The inset shows In (p/T*?) versus 1000/T plot for
Zngz7Ni1e30. The vertical arrow marks indicate Rhombohedral to Cubic phase
transition across Tn (= 523 K) of pure NiO.

Schematic diagram of polaron (electron) formation.

Temperature dependence of hole activation energy en(T) of Zn;xNixO/NiO for
various composition between x = 0.163 and 0.50, and pure NiO system. The inset
depicts temperature variation of nearest-neighbor exchange coupling parameter J(T).

(a) The In(p)) versus T-¥* and (b) In[In(p/po)]) versus In(T) plots of Nii..NaxO for x
=0.02, 0.16 and 0.20.
Temperature dependence of hole activation energy en(T) (L.H.S) and nearest-

neighbor exchange coupling parameter J(T) (R.H.S) for NioesNao 02O measured at
constant frequency f=2 kHz.
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4.1

4.2

4.3

44

4.5

(a) Temperature dependence of dc magnetic susceptibility (T) and (b) the differential
d(xT)/aTsusceptibility(left-hand axis scale) and yT(right-hand axis scale) for an
oxygen-rich NiO (x = 1) system measured under both heating and cooling cycles in
the presence of external magnetic field H of 2 kOe. The inset shows the image of a
NiO sample (pale apple green) sintered at 1200°C under an oxygen ambient.

Temperature variation of (a) dc magnetic susceptibility x(T) and (b) the differential
d(xT)/0Tsusceptibility(left-hand axis scale) and xT (right-hand axis scale) recorded
under both heating and cooling cycles in the presence of external magnetic field H of
2 kOe for oxygen-deficient NiO (x=1) sintered at high temperature ~1350°C in air.
The inset depicts the jet-black sample color.

The Temperature dependence of (a) dc magnetic susceptibility x(T) and (b) the
differential d(xT)/dTsusceptibility(left-hand axis scale) and yT(right-hand axis
scale) for the composition x=0.3 measured under both heating and cooling cycles in
the presence of external magnetic field H=2 kOe.

(a) Temperature dependence of dc magnetic susceptibility (T) and (b) the differential
d(xT)/dTsusceptibility(left-hand axis scale) and yT(right-hand axis scale) for Nis.
xNa,O(x = 0.02) system measured under both heating and cooling cycles in the
presence of external magnetic field H of 2 kQOe.

Temperature variation of (a) dc magnetic susceptibility ¢(T) and (b) the differential
d(xT)/0Tsusceptibility(left-hand axis scale) and xT (right-hand axis scale) recorded
under both heating and cooling cycles in the presence of external magnetic field H of
2 kOe for Ni;xNayO(x = 0.10).
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4.13

414

4.15

Temperature variation of (a) dc magnetic susceptibility ¢(T) and (b) the differential
d(xT)/dTsusceptibility(left-hand axis scale) and yT(right-hand axis scale) recorded
under both heating and cooling cycles in the presence of external magnetic field H of
2 kOe for NiixNaxO (x = 0.20).

Inverse magnetic susceptibility 1/ plotted as a function of temperature for
NiOus (right-hand axis scale) and NiO1s (left-hand axis scale). The hollow symbols
represent the experimental data and solid linear fits are the Curie—Weiss fits.

Schematic representation of different types of antiparallel spin arrangements in f.c.c
lattice.

The ratio of calculated values of ksTn /J2 plotted against Ji/J> obtained by Green’s
function theory for the type-Il antiferromagnetic systems of f.c.c lattice with S=1
(here J; and J; are nearest neighbor and next-nearest neighbor exchange constants,
respectively).

Phase diagram of type-Il antiferromagnetic systems with f.c.c lattice represented in
terms of the nearest neighbor and next-nearest neighbor exchange constants J: and J,
respectively.

Temperature dependence of saturation magnetization ‘Mo’ obtained from the
modified Langevin’s function for NiO;+5 (R.H.S scale) and NiO1-5 (L.H.S scale). The
solid lines connecting the data points represent linear fits whereas the dotted lines are
extrapolations to Mg — 0 providing the rough estimation of the Néel temperature Tn.

Temperature dependence of saturation magnetization ‘Mo’ obtained from the
modified Langevin’s function for Nii«NayO (x=0.02 and 0.40). The dotted lines
connecting the data points represent linear fits whereas the dotted lines are
extrapolations to Mo — 0 providing the rough estimation of the Néel temperature Tn.

Temperature variation of saturation magnetization ‘My’ obtained from the modified
Langevin’s function for Zni«NixO/NiO (x = 0.23 and 0.30) two-phase composite
system. The solid lines connecting the data points represent linear fits whereas the
dotted lines are extrapolations to My — 0 providing the rough estimation of the Néel
temperature Ty.

The temperature dependence of relative dielectric permittivity ‘er” of Zn1.xNixO/NiO
for x = 0.30 and 1 measured at constant ac-driving frequency f = 10° Hz. The R.H.S
scale shows the corresponding dissipation factor (Tan 8). The horizontal arrow lines
indicate a crystal structure change from rhombohedral to cubic across Ty (= 539 K)
of pure NiO.

Temperature dependence of hole activation energy en(T) for NiO.5, 0xygen deficient
NiO1.; and Zno70Nio.300/NiO evaluated for two different ac-frequencies v = 10° Hz
and 10* Hz. Inset depicts the temperature variation of the nearest neighbor exchange-
coupling parameter J(T).
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5.1

5.2

Weight percent (W(%)) versus temperature (T), i.e., thermogravimetric analysis
(L.H.S. scale) and differential thermal analysis dW/dT vs. T plots (R.H.S. scale) of
mixed oxalate dihydrates OC'CZOAZno_ggNio_()rZHzO, and a-C204zno_70Nio,3o'2Hzo
measured in nitrogen environment.

X-ray diffraction pattern of the oven dried oxalate product after calcination at 600 °C
for 8 h in air and sintered pellets at 1200 °C for 12 h in air (shown by the arrows).
The shift of the diffraction peak positions is clearly shown in the insets (a)—(c).
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5.7

5.8

5.9

5.10
5.11

512

5.13

5.14

5.15

5.16

Unit-cell volume V. as a function of composition “x” for both hexagonal Zn; xNixO
major phase and f.c.c. NiO present in Zn;«NixO core-matrix as a secondary phase
under both low-dimensional nanostructures and bulk grain sized samples.

Williamson-Hall plots (5cos 8 versus sing) of both bulk grain size pellets of
Zno.45Nio 550 and Zng ssNio 45O polycrystals and nanosize samples of ZngssNio.4s0 and
Znos0Nigs00. The inset shows variation of crystallite size “P”” and micro-strain “z” as
a function of composition “x.”

High-resolution scanning electron micrograph of Zno70Nio.300/NiO nanocomposite.

(a) First-derivative absorption signal of X-band electron-spin-resonance spectrum
recorded at two different temperatures 120 K and 300 K for various compositions of
Zn;xNixO/NiO nanocomposite. (b) The first-derivative absorption signal of X-band
electron-spin-resonance spectrum of pure NiO nanoparticles of size ~15nm recorded
at various temperatures dependence between 120 K and 310 K.

Temperature variation of the resonance field Hg (L.H.S. scale) and peak-to-peak line-
width AHppe (R.H.S. scale) of electron-spin-resonance spectra of Zng70Ni.300/NiO
nanocomposite and pure NiO nanocrystallites.

Simulated curves of ratio of anisotropy energies of nanosize particles and bulk
crystals (Hsp/Ha) versus temperature (T) for different sizes of amorphous
Ni3* crystals possibly present in both Zno 70Nio300 and NiO system.

(a) Intensity [lo=(AH)?ho] of the electron-spin-resonance signal versus temperature
(T) (L.H.S. scale) and peak-to-peak height (ho) versus temperature (T) (R.H.S. scale)
of Zny.70Nio.300/NiO composite system. (b) The temperature dependence of electron-
spin-resonance signal Intensity [lo=(AH)?ho] (L.H.S. scale) and peak-to-peak height
ho(T) (R.H.S. scale) of pure NiO nanocrystallites. The inset shows In[oHg] versus
In[AHpp] of both Zng 70Nig.300/NiO nanocomposite and pure NiO nanoparticles.

Raman shift of Zn,«NixO/NiO two-phase (a) hanocomposite and (b) bulk system.

Temperature dependence of dc-magnetic susceptibility y(T)=M/H measured under
zero field cooled (ZFC) and field cooled (FC) conditions at an external applied
magnetic field Hpoc = 500 Oe for Zni«NixO (x=1) nanoparticles with different
crystallite sizes (4.1 nm < d <22 nm).

Temperature dependence of inverse magnetic susceptibility x*(T) for Zn.«NixO
nanoparticles for (a) x=1with different crystallite size (4.1nm < d < 22 nm) at an
external applied magnetic field Hoc = 500 Og, (b) x=1 with crystallite size d~6.8 nm
under different magnetic field (6000e<Hpc<20kOe) and (c) for different ‘Ni’ doping
concentration (0 < x < 0.50) at Hpc = 500 Oe.

The variation of exchange constants |J2/J1| calculated from the molecular field theory
for Zn1«NixO nanoparticles as a function of (a) particle size d for x=1, (b) magnetic
field Hoc for x=1 and (c) ‘Ni’ doping concentration ‘X’.

The variation of effective anisotropy constant Keswith crystallite-size d for x=1. The
solid-continuous lines are fits to equations 5.7 and 5.8 as mentioned in the text. The
inset shows the Kesr versus 1/d plot.

The dc-magnetic susceptibility yq(T) measured under ZFC and FC conditions for
Zn1xNixO (x=1) nanoparticles with external magnetic field Hpc between 50 Oe and 1
kOe for a constant d = 6.8 nm. The inset shows the zoomed view of y zrc(T) curves
in the low-temperature range between 4 K and 28 K.

Difference between Mgc and Mzrc, i.e. (Mrc-Mzec)/H as a function of temperature.
The inset shows the temperature derivative of the difference between Mgc and Mzec
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5.19

5.20

521

(0(Mec - Mzrc)/0T) for Hpoc=100 Oe. Solid line is a fit of the experimental data to the
log-normal distribution function.

Temperature dependence dc-magnetic susceptibility x(T) ZnixNixO (x=0.40)
nanoparticles with 50 Oe < Hpc < 500 Oe. The inset shows the yzec (T) and yec(T)
curves for x=0.01,0.02 and 0.05 at constant Hpc = 500 Oe.

Compositional dependence of Tgit (L.H.S) and Tg (R.H.S) for Zn:«NixO (0 <x < 0.50)
nanoparticles at three different magnetic fields Hoc= 50 Oe, 100 Oe and 500 Oe.

Temperature variation of saturation magnetization MO(T) obtained from the modified

Langevin function for the composition x = 0.30, 0.40, 0.50 and 1.0. The solid lines
connecting the data points represent linear fits whereas the dotted lines are
extrapolations to M0—>O providing a rough estimation of the Néel temperature TN.

H/T dependence of (M-y.H)/My for x=1 nanoparticles. The hollow symbols represent
the experimental data and solid lines are fits to the modified Langevin function. The
inset shows the temperature dependence of magnetic moment per particle (pe)
obtained from the modified Langevin fit.

H/T dependence of (M-y.H)/Mo for x=0.05, 0.30 and 0.40 nanoparticles. The hollow
symbols represent the experimental data and solid lines are fits to the modified
Langevin function. The inset shows the M-H isotherms measured at different
temperatures. The solid continuous lines are the simulated M-H isotherms using the
log-normal moment distribution function.
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Chapter-I

Introduction to High- k Dielectrics and Wide-bandgap Mott-Insulators

1.1 Background and Motivation:

This chapter deals with the High-x dielectrics and wide-bandgap Mott-insulators in a single picture by
reviewing some basic concepts like dielectric relaxation mechanism and antiferromagnetic properties of Mott-
insulators with special emphasis on technological applications along with the fundamental physics. Compounds
with high relative-dielectric-permittivity (often refers to High-k systems) are in extensive use since many decades
in electronic industry as gate-oxide layer in Metal-Oxide-Semiconductor Field Effect Transistors (MOSFET) [1-
3]. Among such High-k materials, silicon-dioxide (SiO) is an excellent candidate for the gate-oxide material in
MOSFET devices which has been used extensively in complementary metal-oxide—semiconductor CMOS
technology [4]. However, these High-k oxides finds limitations as integration of number of transistors increases,
the SiO; layer thickness scales down to few atomic layers thick (~15-20 A) leading to high leakage-current density
Jieak (surpasses 1 A/cm?), high power consumption and reduced device reliability. Such effects are mainly driven
by the tunneling effects at very low-dimensions [5]. To overcome this problem SiO; has been supplanted by few
other High-k materials such as, Aluminum-oxide (Alumina Al,QO3), Zirconium-dioxide (Zirconia ZrO;), and
Hafnium-oxide (HfO.). All these oxides are expected to increase gate capacitance (40 mF/m?) without any leakage
current (2-3 orders of reduction in the magnitude) [5,6].

On the other hand, insulating properties of these dielectrics can be tuned by applying specific electrical and
magnetic fields to achieve unusual property, called resistive switching (RS) [5,6]. The switching effect between
a high resistive state (HRS or “0”) to a low resistive state (LRS or “1”’) makes one single memory entity (One
Bit). The technology based on the concept of resistance change (i.e. RS) is revolutionizing the field of non-volatile
memory devices (NVMD) by improving the performance of Resistive Random Access Memories (RRAM) [7,8].
In the case of conventional solid-state non-volatile computer storage devices (popularly known as Flash Memory),
the negative-AND logic gate (NAND) plays an important role which stores information in the form of a tiny cloud
of electrons in a quantum well [8]. On the contrary, RRAM stores the information using the concept of change in
resistance of the memory cell, which minimizes the power consumption of the entire device by reducing the
leakage currents. Two-terminal nonlinear devices based on the metal-insulator-metal (MIM) diodes are typical
components of RRAM devices. Such MIM devices are very similar to conventional semiconductor diodes but
MIMs are capable of very fast operation as compared to the semiconductor diodes. Key advantage of MIM based
memories are: (a) high switching speeds (~1 ns), (b) low power-dissipation (few pW and107° J/bit), (c) long

cycling endurance (> 10° cycles), (d) easy fabrication procedure, and (e) excellent scalability.
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Chapter-1 | Introduction to High- x Dielectrics and Wide-bandgap Mott-Insulators

Figure 1.1 shows the schematic diagram of RS mechanism involved in a MIM-structured memory cell [6,9].
A typical RRAM memory element contains two metal electrodes analogous to a capacitor like geometry in which
an insulating metal oxide is sandwiched. The Resistive switching action at room temperature is accompanied by
applying pulsed voltages of £5 V. These pulses lead to a giant change (>1000%) in the resistance with super-fast
switching speed of the order of nanoseconds, which can be tuned to a desired value by applying the appropriate
potential [6,9].

Figure 1.2 shows the schematic diagram of MIM tunnel junction with stacked tri-layer structure of Ni-NiO-
Cr for the Millimeter wave detection [10]. Generally, to obtain high efficiency for the MIM tunnel junction
dissimilar materials are selected which results in non-linear current-voltage (I-V) characteristics and high
sensitivity [10]. The cut-off frequency (fc) of the diode is inversely proportional to the junction area (A) of the

diode which can be determined by using the following equations:
1

fe= 2R, Cy (1.7)
A
Cq = 2= (1.2)

In the above equations, R, is the antenna resistance and Cq is the capacitance of the diode, and d is the separation
between two electrodes. By varying the overlapping positioning of the contact area and reducing the junction area
to micro/nano scale, the operating frequencies of MIM diode can be increased significantly [11]. In order to detect
the millimeter waves (operating frequency 94 GHz) the contact area of Ni-NiO-Cr based MIM tunnel junction
should be of 1 pm? [10].

Bit-Lines

Metal

Oxide

Word-Li
ord-Lines " Metal

Metal Electrode Metal Electrode Pulsed Voltage

@) 0o 5V
O 0O

Metal Electrode Metal Electrode
ON State OFF State

-100 ns
Figure 1.1: A schematic diagram representing the resistive switching mechanism in a metal/oxide/metal-structured
memory cell [6,9].
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Figure 1.2: Schematic illustration of the cross-sectional view and top-view of MIM tunnel junction [10].

It is well known that the charge transport across the MIM occurs due to quantum-mechanical tunneling of
electrons [12,13]. Figure 1.3 shows a typical schematic diagram of the MIM band and Fowler-Nordheim
tunneling method (the process whereby electrons tunnel through a barrier in the presence of a high electric field).
When the electron reaches the energy-barrier, some part of energy will be absorbed by the insulator in-between
the metal electrodes, and electron passes through the barrier reaching to the second electrode. However, the other

part reflects back due to barrier inhomogeneity of the insulator (Figure 1.3). The amount of energy absorbed and/or

Fowler Nordheim tunneling occur at large bias in MIM diodes

- ' |
e Tunneling I

®--i--r1

1

Metal-1 work function (@ ) # Metal-2 work function (D))

Insulator Electron affinity =y 2

Metal-1 Insulator Metal-2

Figure 1.3: A typical schematic of MIM band diagram with FN tunneling [12].
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Figure 1.4:(a) A schematic cross-sectional view of the MIZM diode. Energy band diagram of the MIZM diode: (c) no bias applied; (e) negative bias applied to Ti;

(9) positive bias applied to Ti; (b) A schematic diagrams of the cross-sectional view of the MIM diode. Energy band diagrams of the MI‘M diode; (d) no bias
applied; (f) negative bias applied to Ti; (h) positive bias applied to Ti [13].
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Chapter-1 | Introduction to High- x Dielectrics and Wide-bandgap Mott-Insulators

reflected completely depends upon the different characteristics of compound. For example, material parameters
such as (i) work-function difference of metal electrodes (@ ~ 4.5 V), (ii) electron affinity of the insulator material
(x ~ 3.9 eV), (iii) thickness of the barrier (¢ ~0.6 eV), (iv) externally applied potential energy, etc. Owing to the
tunneling phenomena involved, the absorbed energy beam makes it travel at ultra-high speeds. Since quantum-
tunneling is a highly nonlinear phenomenon, and hence these diodes are exploited for the rectification, mixing,
and detection of THz (3 x 10**Hz) AC signals.

Another important parameter to determine the performance and efficiency of MIM diode is |-V characteristics.
The high non-linearity and asymmetry (defined as the ratio of forward current to reverse current i.e. I¢/Ig) in 1-V
curves are essential characteristic to obtain high efficiency and performance in MIM diode [12]. The non-linearity
of a diode is defined as dlI/dV=V/I, here dV, dlI, V and | are the change in voltage, change in current, voltage and
current, respectively [12]. For a single layer MIM diode, the different potential barrier (¢) between two metals
separated by an insulating layer leads to asymmetric behavior in I-V characteristics. However, the non-linearity
and asymmetry in I-V curves for a single layer MIM is not sufficient to achieve the required performance and
efficiency [12]. In order to overcome this problem more than one insulating layer is required in these MIM
diodes [12]. Figure 1.4a, b shows the schematic diagrams of the cross-sectional view of double insulating layer
metal-insulator-insulator-metal (M12M) and four insulating-layers MI*M architectures, respectively. The bottom
and top layer of metals were comprised of Chromium ‘Cr’ and Titanium ‘Ti’, respectively. The insulating layers
of TiO; and Al,O; were sandwiched between the bottom and top layer of metals M1 and M,. There are three
different interfaces between two metals in the MI°M diode and five different interfaces in MI*M diode. All these
interfaces have different values of ‘@’, which depends upon the barrier height at each interface, which plays a
crucial role in deciding its tunneling efficiency, asymmetry and non-linearity in MIM diodes [12]. Figure 1.4c, d
shows the energy band diagram of the MI2M and MI*M diode, respectively. Usually, the work function of the
metal (@) and electron affinity (y) of the insulator across metal-insulator boundaries decide the shape of energy
band diagram [12]. The barrier heights (¢) depend upon the difference between ® and y i.e. ¢ = @ - . For 15 mm
thick insulating layers of TiO. and Al,Oz MIM diode, the barrier heights were obtained ¢:=0.6 eV, ¢.=1.1 eV
03=1.53 eV, 9s=0.2 eV, ¢s=0.8 eV, and 9s=0.83 eV [12]. Also, the shape of energy band diagram can be changed
by applying a bias to one of the metals M1 or M,. Application of negative bias to the ‘Ti’ layer increases the
probability of tunneling of an electron from “Ti’ to ‘Cr’ as compared to ‘Cr’ to “Ti’ (figure 1.4e, f). On the other

hand, the tunneling probability from ‘Cr’ to ‘“Ti’ increases when a positive bias is applied to “Ti’ (figure 1.4g, h).

1.2 Polarization in Dielectrics:

In this section, we discuss the polarization process in dielectric materials and dispersion of dielectric
polarization. This section also reviews the dielectric relaxation in few wide-bandgap transition metal oxides. It is
well known that the dielectric material is a special class of materials which are poor conductors of electricity but
support efficient electric field within them. Within dielectric compound all the charges are bound to the atoms or
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molecules, contrary to the moving charges in conducting materials [14]. In other words, a dielectric is an electrical
insulator which contains dipoles that can be polarized by applying an external electric field (E). Dielectric
materials can be used for energy storage in capacitors, charge storage in the photosensitive materials used in laser
printers and copying machines [15]. Also, the dielectric materials are considered as potential candidates for
mechanical actuation and sound generation devices [14,16-18]. There are two important mechanisms by which
electric fields can distort the charge distribution of a dielectric, the first process is “stretching” and the second
process is “rotating” [19]. When a dielectric is placed in an electric field, the positively charged core nucleus is
pushed in the direction of the E, and the electrons are displaced in the opposite direction leading to the localized
dipole-moment (p = qd) and finite dielectric polarization (P. = p/V, where V is the volume) [14,19]. Such
polarization process creates an internal electric field (Ein) that reduces the overall field within the dielectric. If a
dielectric is composed of weakly bonded molecules, those molecules not only become polarized but also reorient
so that their symmetry axis aligns in the direction of E. The formation of dipole moments and their orientation
relative to the electric field are the two important factors that contribute to the polarization of molecules/atoms in
the neutral dielectric.

(a)

Electronic

®  OMWE OMWWWYWVD  Tonic

g K
(c) <§ M Orientational

Without Field With Field

Figure 1.5: Schematic diagram for various polarization processes: (a) Electronic polarization, (b) lonic
polarization, and (c) Orientational polarization [14].
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Figure 1.6: Schematic diagram for interfacial (space-charge) polarization process [14].

Figure 1.5a shows a schematic view of localized dipoles formed due to the displacement of core-nucleus and
electron-cloud by the application of external electric field, finally leading to the induced dipole moment (p) [14].
The electronic polarization (Pe) is directly proportional to the field-strength and remains temperature
independent. On the other hand, if the dielectric consists of polar-atoms (having permanent dipole
moment) then the application of external electric field leads to the rotation of permanent dipole moment along the
direction of E and thus contribute to polarization. Such polarization is popularly known as orientation-polarization
(Po) as shown in Figure 1.5¢ [14]. It is interesting to note that P, is essentially a temperature dependent quantity,
with increasing the temperature all the permanent dipoles randomize inside the dielectric. Apart from these two
polarization mechanism (Pe and P,), two more important polarization mechanism possible in dielectric material
are: (i) space charge polarization Ps (Figure 1.6) and (ii) lonic polarization P; (Figure 1.5b). The overall dielectric

behavior of the system is governed by the total polarization Pt Which can be expressed as follows [14,20].

Prot =P, +P;+ P, + P (1.3)

1.2.1 Dispersion (or Relaxation) of Dielectric Polarization:
The polarization response of a material is a complex function of ac-electric field frequency (f=1/t) and

temperature (T), which can be expressed as [14,20,21]:

P(t)=P [1 —exp (— E)] (1.4)
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where P is the maximum-polarization achieved after the application of the E and t is the relaxation time for an
individual polarization process [14,20,21]. The relaxation time ‘1’ is defined as the time taken for a polarization
process to reach 63% of the maximum value of P [14]. Depending upon the relaxation processes the relaxation
time varies accordingly, for example, the relaxation time for a water molecule is ~107'! s. Figure 1.7 shows a
dependence of polarizability on frequency over a wide range (10 Hz < f < 10 Hz), extending from the static to
ultraviolet region [20]. From the figure 1.7 one can clearly observe that there are number of polarization
mechanisms activated at certain frequency range [4,20]. The most common polarization mechanisms, starting
from high frequencies is the “Electronic Polarization” which occurs because of the relative shift of electron cloud
and nucleus due to the application of E. Since the electrons have very small mass (me ~ 9.109 x 10-%! kg), electronic
polarization can follow the high-frequency region and drops-off quickly at very high frequencies (f >10%
Hz) [14,20]. The electronic polarization process is a very rapid and develops instantaneously after applying the
electric field. Moreover, this polarization process does not involve hopping of ions/atoms between the localized
sites hence becomes temperature independent. As all the solids are comprised of a nucleus surrounded by
electrons, electronic polarization occurs in all solids, liquids, and gases [14]. The second mechanism is “lonic
Polarization” which occurs due to the ionic charges in a dielectric medium. lonic polarization is an important
process associated with the relative displacement of positive and negative ions in an electric field. lons can respond
equally well to the external electric field and significantly contribute to the dielectric relaxation [14]. Since the

electric field has to displace heavier ions instead of electron cloud, the response of ionic polarization is slower

A

Interfacial and
Space charge

g/ Orientational,
Dipolar

AN

Tonic Electronic

| 1 1 \, 1 ) 1 N )
102 10° 6 10° 10" 1012 10 106
Rado  f(Hz) “mfrared Ultraviolet

Figure 1.7: Frequency dependence of polarization dispersion [14].
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than the electronic polarization, thus resonance occurs in the infrared frequency ranging between f = 10'2 Hz and
10 Hz, which is of the same order of lattice vibrational frequency [14]. Above this cut-off frequency (f. >105
Hz), ions do not follow the electric field (due to the large time lag (~100 times higher) between the time period of
ionic vibration and applied field) and hence, ionic polarization does not occur at optical frequencies. The third
kind of relaxation process is the “Orientational polarization” also known as “Dipolar Polarization” which arises
from the rotation of permanent dipoles along the direction of field. In contrast to the ionic polarization, the built
in dipole moments are independent of each other, which can rotate freely [14,19,22]. These rotations are strongly
counterbalanced by the thermal energy and hence the polarization becomes strongly temperature as well as
frequency dependent. As compared to solids, it is easier for the polar molecules to reorient themselves in a liquid
medium. Orientation polarization occurs when the frequency of the applied voltage is in the audio frequency range
(f ~10° Hz) [14]. The final dielectric relaxation mechanism is the “Space-charge Polarization”. When two
dissimilar phases are in contact with each other an interfacial electric field will develop at the junction [14,23,24].
This interface (double layer) acts as a pseudo capacitor whose frequency response is completely different as
compared to the frequency characteristics of bulk material. The accumulation of charge across the interface due
to the external electric field E produces a net dipole moment and space/surface charge polarization Ps, which
contributes to the total polarization of the dielectric. Similar to the orientational polarization, this polarization
process is also a function of temperature and usually increases with increasing the temperature. Since this process
involves the diffusion of charges over several interatomic distances, this is the slowest process (<kHz range)
among all the polarization mechanisms. In general, the successful hopping of charge carriers decides the relaxation

time for the space charge polarization.

1.2.2 Lorentz Field in a Dielectric Material:

When a dielectric is subjected to an external field, the atom/molecule inside the dielectric experiences a driving
force from both external as well as internally generated electric field Eiqca (induced by the dipoles). The local
internal field produced by the dipoles can significantly deviate from the value of macroscopic electric field, since
the macroscopic field is averaged over large number of dipoles. In order to estimate this local field Eoca One has
to calculate the total field acting on a dipole, which is the combination of external field and dipolar field [14,20].
A systematic study related to the evaluation of Eioca Was first reported by Lorentz. He first considered an artificial
spherical cavity having radius R across a dipole in the dielectric. This artificial sphere is very small as compared
to the scale of dielectric but large on atomic scale and hence it can be treated as a continuous medium as far as the
dipole is concerned (as shown in the Figure 1.8 a). Now, the local field acting on the central dipole inside the shell
is given by the sum [14,20]:

Erocat = Eo + E1 + E; + E3 (1.5)
where Eo is the external applied field and E; is the depolarization field (field due to the polarization charges

residing at the external surfaces of the dielectric) [14,20]. The E is the field due to the polarization charges pre-
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(a) Central E, b
= Dipole ) + ®)

Figure 1.8: (a) The procedure for computing the local field. (b) The procedure for calculating E,, the field due to
the polarization charge on the surface of the Lorentz sphere [14, 20].

-sent on the surface of Lorentz sphere (Figure 1.8 b), which is also known as Lorentz field, and E; is the field due
to other dipoles lying within the artificial sphere. To evaluate E; we may consider the polarization charges on the
surface of the Lorentz cavity as a continuous distribution. According to the Coulomb’s law, field due to the charge

at a point located at the center of the sphere is given by:
E, == P (1.6)
The field Es is the only term that depends on crystal structure of a dielectric medium. For a reference site with

cubic surroundings in a sphere, Es = 0 if all the atoms are replaced by point dipoles parallel to each other. The
total local field at a cubic site is then given by:

Eocat =Eo+E1+7 P=E+= P (1.7)
This is known as the Lorentz relation: the field acting on an atom in a cubic site is the macroscopic field E and
4nP/3 from the polarization of the other atoms in the specimen. The concept of Eiq.ca Can be understood by using
the molecular theory of dielectrics. According to this theory all physical properties may be expressed in terms of
molecular characteristics and molecular interactions. The polarizability ‘a’ of an atom can be expressed in terms
of elementary dipole moment of the atom p and local electric field E|oca at the atom using the relation:

P = aEjpcal (1.8)

The polarizability ‘o’ for a non-spherical atom will be a tensor. For a homogeneous medium i.e. crystals with N
atoms in a volume V, the polarization is given by the product of polarizabilities of the atoms times the local
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electric field:
P =%iNip; = XiNitiEocal (1.9)
Our aim is to relate the dielectric constant to the polarizabilities; the result will depend on the relation that holds
between the macroscopic electric field and the local electric field. Substituting Eioca from the Lorentz relation
(equation 1.7), for a net polarization:
P=3Np;(E+< P) (1.10)
The polarization is induced by electric field, and therefore is a function of electric field. The relationship is written
in the following way:
P =yE (1.11)
where y is called the dielectric susceptibility. Normally, y is a tensor and depends on the direction of applied
electric field. The relative dielectric permittivity (¢) of an isotropic or a cubic medium relative to vacuum is

defined in terms of macroscopic field E:

€= E+znP =1+4ny (1.12)
One can solve for P to find the dielectric susceptibility
_P_ _ YiNia
X =5 Ty (1.13)
Using the relation (equation 1.12), we can write the expression in terms of dielectric constant:
e—1 41
— =35 2N (1.14)

The above equation is popularly known as “Clausius-Mossotti” relation [25-28]. This relates dielectric constant
to the electronic polarizability but only for crystal structures for which the Lorentz local field (equation 1.7) holds.

Since & o« n?, we can rewrite equation (1.14) in terms of refractive index (n)

n?-1 _
n2—2

This is known as Lorentz—Lorenz equation which links the index of refraction with polarizability [25-28].

4
?nZi N;a; (1.13)

1.2.3 Dielectric Losses:

The term “Dielectric-Loss” quantifies the inherent dissipation of the energy in a dielectric material, which
transforms the electromagnetic energy into heat [14,29]. A highly efficient dielectric supports large quantity of
charge with negligible dissipation. Generally, two types of loss mechanisms exist which can dissipate energy
within a non-ideal dielectric (i) conduction loss (dissipation due to the flow of charge within the material), and
(ii) dielectric loss (dissipation of energy through the movement of charges in an alternating electromagnetic field
caused by the lag between polarization and field direction). It is well known from the Joule-Lenz law that the
power-loss ‘Pw’ in a conducting material is directly proportional to the square of electrical voltage ‘V’ applied to
the material, and is governed by the relation P = V¥R, where ‘R’ is the resistance of the conductor [14,19]. In

contrast, the power loss in a dielectric is determined by more intricate irregularities, and meaningful only under
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Figure 1.9: Phase diagram of current and voltage in a capacitor with a dielectric material.

the application of alternating voltage. Figure 1.9 shows the vectorial representation of voltage, charging-loss and
currents in a capacitor after applying the alternating voltage. For an ideal dielectric (no power dissipation), the
charges are in phase with voltage and the resulting current ‘I;” will be out of phase by 90° [30]. However in reality,
the charges are never in phase with voltage and phase angle ¢, the angle between ‘I’ and ‘V’ in phasor diagram is
slightly less than 7/2. Hence, the total current through the capacitor can be resolved into two components; (i)
active current l,, and (ii) reactive current I.. In a capacitor, the angle § (6 = 90° - @) is more meaningful parameter
which is named as dielectric loss-angle. The tangent of & is equal to the ratio of active currents to the reactive

currents or in other words ratio of active power P (power loss) to the reactive power P

I P
Tand =2 =—
I Pr

(1.16)
The dielectric loss angle is an important parameter for the dielectric materials which is typically described by the
Loss-Tangent (Tan &). Often the quality factor Q of an insulation portion is determined as the reciprocal of Loss-

Tangent:

1
Q “ Tané

The magnitude of dielectric losses P in an insulating material having a capacitance C, which is described from the
relation Py = V¥R and Ii= VxoxC as:
P=VIl,=VI,Tan§ =V?w C Tan § (1.18)
P =2nfV3C Tan § = 2nfV2e,Tan §)A/d (1.19)

=Tan ¢ (1.17)

Inserting the effective length A = A/d in equation (1.19) and substituting the numerical value of &o the expression
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of dielectric losses can be expressed as:
P=556x10"1V2f AeTan§ (1.20)

Equations 1.19 and 1.20 are shape independent and used extensively for dielectrics.

1.2.4 Frequency Response:

The dynamic response of dipolar polarization to the change of electric field is not instantaneous and always
retarded; this process is known as “Dielectric-Relaxation” [14]. Dielectric relaxation give rise to a decay time to
reach the equilibrium value, such phenomenon is called the “Debye-Relaxation” and the delay time to reach the
new equilibrium state is known as the relaxation time constant ‘t> [14,21,31]. The relaxation time ‘1’ is associated
with the viscosity of material and depends strongly on the temperature. Depending upon the nature of dielectrics
the relaxation time ‘1> varies. For crystals, the value of ‘t’ at room temperature lies in between 10 and 109 s.
On the other hand, for amorphous solids and polymers “t’ ranges from few seconds to hours depending upon the
temperature of the system. In order to understand such complicated dynamic response, Debye proposed the
following assumptions for non-interacting dipoles:

1. At high frequencies, (o >> 1/1), the relative dielectric permittivity (or dielectric constant €'(o0)) comprises
of only the ionic and electronic contributions.
2. As o — 0, the relative dielectric constant €'(0) is given by the sum of high-frequency dielectric constant

€'(o0) and dipolar permittivity €'dipolar.
3. The polarization decays exponentially i.e. P(t) = P, [exp (— Ti)]

From the above assumptions, one can derive the following expression [14]:
€(0)—€(x)

€(w) = €(o) + n (1.21)
After separating the above equation into the real and imaginary components:
€'(w) = €'(0) + % (1.22)
€' (w) = ('(0) — €' () = (1.23)
Tan¢ =S = @) (1.24)

€' (W)~ €(0)+e (o)w?T?
These three equations (1.22-1.24) are collectively known as the Debye equations, which describe the behavior of
an assembly of non-interacting ideal dipoles that have the same time constant [14]. However, many dielectric
materials don’t follow the Debye relaxations [32]. In 1941, K. S. Cole and R. H. Cole modified the Debye

equations by introducing a correction term in the distribution of relaxation times [31]:

€(0)—€()

E(w) = e(oo) + 1+(iwT)*

(1.25)

In the above equation, ‘o’ represents the deformation of the semicircle-arc in the Cole-Cole plot, i.e. it is the angle
from the €’ axis to the center of the semicircle arc. Later in 1966, a generalized relaxation equation was proposed
by Havriliak and Negami for polar dielectrics, which is given by [33]:
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Figure 1.10: Evolution map for Debye, Cole-Cole, Cole-Davidson and Havriliak-Negami model [33].
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€(0)—€()

€)= € ¥ fGunyep

(1.26)

The above equation is popularly known as Havriliak-Negami (HN) formula. The symmetric and asymmetric
broadening of the Loss-Tangent peaks is deliberated by the shape parameters a and 3, respectively. Typically, for
Debye like relaxations, o = 0 and B = 1. Usually, the Debye relaxation is limited to the non-polar or weakly polar
materials. The Cole-Cole and Cole-Davidson relaxation mechanism are few special case of HN equation with
shape parameter § = 1 and o = 0, respectively [33,34]. Figure 1.10 shows the evaluation map for the HN equation.

The relaxation time constant ‘1’ is temperature dependent and generally follows the Arrhenius law [14,35]:

T =Tyexp (ki“T) (1.27)

In the above equation ‘E.’ represents the energy barrier for reorientation motion, and the pre-exponential factor 1o

is an inverse attempt frequency. For ZnO single crystals, the pre-exponential factor o lies in the range between
10 and 10t s. However, for systems like polymers, disordered materials, glasses and relaxor ferroelectrics, the
Arrhenius analysis leads to unphysical values for 1o (~ 10° s) and Ea. (~7 eV). Therefore, Vogel, Fulcher and
Tammann independently proposed a temperature dependent relaxation mechanism characterized by the following

expression [36]:

T =1,exp (Tf‘;F) (1.28)
The above equation is popularly known as VVogel-Fulcher equation. In this equation Tk is the VVogel-Temperature
and is related to the dynamic glass-transition temperature. This formula provides a very reasonable values of 1o
(~10%s) and E, (0.019 eV) for disordered and relaxor-ferroelectrics [37].

1.3 Dielectric Behavior of few Transition Metal Oxides:

High-k dielectrics play an important role for the development of advanced energy-storage devices such as
pseudo-capacitors, electrochemical batteries and barrier layered super-capacitors [4,5]. As discussed in previous
section, many transition metal oxides exhibit giant dielectric permittivity and found potential application as gate
dielectrics in metal-oxide-semiconductor field-effect transistor (MOSFET) [38]. The colossal magnitude of &'(c0)
allows very high storage capacity (terabit/inch?) together with reduced-scale dimensionality for static/dynamic
random access memory devices [9]. The origin of colossal dielectric permittivity and physical mechanisms of
dielectric relaxation in transition metal oxides is still under debate and has been paid a detailed attention in recent
years. Ferroelectricity, transport of charges via hopping mechanism, metal-to-insulator transition, charge-density
wave formation and interface effects are the core mechanisms responsible for the giant dielectric permittivity in
the transition metal oxides [39-41]. Among all the transition metal oxides exhibiting colossal value of relative
dielectric permittivity (e;), Nickel oxide (NiO) is an archetypal example. This wide band-gap Mott insulator
exhibits very high dielectric constant (¢ > 10°) after the substitution of alkali metals and other transition metals
such as Ti at the Ni**octahedral sites or at the O%/Ni**vacancies [42-46]. Wu et al. reported a giant dielectric

permittivity (€ > 10°) across 300 K in ‘Li’ and ‘Ti’ co-doped NiO ceramics [46]. The observed dielectric constant
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is temperature independent above 200 K which shows an abnormal hundred-fold drop at low temperature (< 300
K), as shown in figure 1.11 [46]. Such peculiar dielectric behavior is generally observed in non-perovskites, and
non-ferroelectric Mott-Insulators and hence received enormous scientific interest in recent years. Formation of
microstructural heterogeneities like co-existence of semiconducting grains and insulating grain boundaries
contribute to such colossal value of e, [46-50]. The application of external electric field creates accumulation of
free charge carriers across the interface between the grain boundaries, leading to a strong interfacial/Space-Charge
polarization (Maxwell-Wagner), as discussed in the previous section [46]. Another important relaxation
phenomena associated with colossal dielectric behavior in transition metal oxides is the clustering and dissociating
processes of oxygen vacancies [51-53]. In ceramic oxides, the localization and dissociation of oxygen vacancies
contribute to the ‘Polaron-Hopping® conduction [53]. In this mechanism the concentration of small-Polarons,
caused by the formation and dissociation of oxygen vacancies finally results in a giant increase in dielectric
permittivity thereby decreasing the hopping activation energy and hopping length [53]. Liu et al. studied the
contribution of oxygen vacancies to the dielectric response of SmisSrosNiO4-s ceramics and reported that giant
dielectric permittivity (e ~ 10* at 20 kHz) is largely associated with the formation of ‘small-Polaron’ and

‘interfacial polarization’ [53].
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Figure 1.12: Stick-and-ball representations of the hexagonal wurtzite h.c.p ZnO structure with Non-polar (1010)
Surface, Polar Zn-terminated (0001) Surface and Polar O-terminated (0001) Surface [54-57].

Another important family member of the transition metal oxides is ZnO, which gained enormous attraction
due to its potential application in solar-cells, surface acoustic waves, gas sensors, pressure sensor, anti-reflecting
coating, heat mirrors and artificial neuronal computing [58-60]. The hexagonal wurtzite ZnO exhibits non-
centrosymmetric crystal structure with a finite dipole moment in the repeated unit-cell perpendicular to the surface
of c-axis, known as polar-c axis (shown in figure 1.12), which results in piezoelectricity and pyroelectricity in the
system [54-56]. Generally at low temperatures (100 < T < 333 K), ZnO exhibits four different dielectric
relaxations with activation energies ranging between 0.21 eV and 0.35eV [61]. Figure 1.13 shows the temperature
dependence of real €'(T) and imaginary &"'(T) component of dielectric constant of a [0001] orientated single crystal
of ZnO [61]. The main characteristic features observed from figure 1.13 are: (i) Colossal dielectric constant (g; ~
10%), (ii) Debye relaxations across 200 K, and (iii) Shifting of peak position towards higher temperature in £"(T)
with increasing frequency f, corresponding to the thermally activated relaxation [61]. Such thermally activated
relaxation follows Arrhenius relation given by equation 1.27 with parameters; E;= 0.35 eV and t = 1.348 x 1012
sec, obtained from the slope and intercept of logarithmic variation of frequency with respect to 1000/T plots,
respectively (shown in inset of Figure 1.13 a) [61]. Also, the replacement of the parent cation ‘Zn?* in the host
ZnO matrix could lead to the structure distortions and dynamic changes in the bond strengths [62]. For example,

pure ZnO is polar in nature but does not undergo any structural phase transition at ambient condition. However,
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Figure 1.13: Temperature dependence of (a) &' and (b) €” for a [0001]-orientated ZnO single crystal measured at
various frequencies [61].

the incorporation of ‘Li*>and ‘Mg?" dopants in polycrystalline ZnO induces a ferroelectric phase transition across
330 K. The ionic/atomic size mismatched between dopants and host generates off-centered site occupation leading
to the appearance of such spontaneous polarization [62]. On the other hand, the substitution of superparamagnetic
cobalt nanoparticles inside ZnO induces local-lattice distortion and structural inhomogeneity, leading to the

weakly coupled relaxor-ferroelectricity and magneto-electric coupling in ZnO-Co thin-films [63].

1.4 Insulating Properties of Antiferromagnetic Transition Metal Oxides (Mott Insulators):

The Mott insulators such as NiO, CoO, CuO, MnO, Fe304, Ti203; and VO, are periodic materials whose
properties radically contradict the elementary band picture. According to the conventional band theory these
compounds should show good electrical conductivity, however, these compounds exhibit insulating (or
semiconductor) behavior due to strong electron—electron interactions, which are not considered in conventional
band theory. Before the discovery of antiferromagnetism, it was pointed out that (according to the Wilson theory
of metals and insulators) NiO, CoO and MnO should exhibit metallic behavior whereas these compounds are
transparent insulators with wide-energy bandgap (Ec > 4.3 eV). The Ni ions should have eight d-electrons, and

the only splitting of the d-band to be expected into the eq and to4 bands, with four and six electrons per atom.
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Figure 1.14: Temperature dependence of resistivity for the VO films formed on TiO; (001) and TiO; (110)
substrates. The dash line represents the Metal-Insulator transition (~ 341 K) in a VO, single crystal [72].
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Figure 1.15: Drain current IDversus Gate voltage Vg characteristics of VO2 switch, MOSFET and Tunnel FET
[73, 74].
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The eq band with room for four electrons can split into two sub-bands by the antiferromagnetic lattice, the energies
of these two bands are separated by the term U; one is occupied and other is empty [64,65]. From the literature,
no significant increase in the conductivity was observed in pure NiO above its Néel temperature [65]. From the
temperature dependence of conductivity analysis, Honig et al. observed that in single crystal of NiO the carrier
activation energy Ea ~ 0.74 eV and thermo-power Es ~ 0.30 eV imply the Polaron hopping process with very high
hopping activation energies Wy ~ 0.44 eV [66,67].

The physics of Mott insulators in two and higher dimensions has been studied extensively in the past decade,
in particular, much attention was paid to Cu-based transition metal oxides because of the discovery of
superconductivity in these compounds [68-71]. While a quantitative analysis of the experimental data using a
well-developed theory in these Cu-based systems remains elusive, nevertheless, much progress has been made in
describing a number of antiferromagnetic Mott insulators [68—71]. Defined in a general sense, electron-electron
interactions also drive a quantum phase transition from a metallic to an insulating ground state in these
systems [68-71]. For example, VO; is a classic example of an oxide with one-electron center (\V**), which forms
pairs at low-temperatures, however, such pairing disappears at 340 K, leading to high conductivity (Figure 1.14).
A typical Mott metal-to-insulating transition in temperature dependence of resistivity p(T) of VO, 2D structures
grown on (001) and (110) oriented TiO, single crystal substrates using pulsed laser ablation technique is shown
in Figure 1.14 [72]. One can clearly notice hysteresis in the p(T) data across 300 K which can be tuned for the
resistive switching applications in memory devices. The vertical dashed line represents the location of transition
in single crystal bulk VO.. Such resistive switching has been observed in Verwey-type transitions in Fe;O4 as
well [73,74]. These metal-insulator-transitions are extremely fast which can deliver deep-subthermal switching
behavior (<10 mV/decade at 300 K). The switch ON and OFF currents in these Mott transitions are very fast and
better than silicon MOSFET (Figure 1.15). Most of these Mott insulators found in nature also have conventional
order parameters, describing, for example, the charge-density-wave (CDW) or the spin-density-wave (SDW)
orders. However, Mott insulators with exotic ground states, such as the current carrying ground states have also
been proposed theoretically [68—71]. Due to all the above reasons in the present thesis, we have chosen NiO as

primary compound.

1.4.1 Antiferromagnetism in Transition-Metal Oxides: Molecular field Theory:
In any cubic crystal-field, or in the case of octahedral coordination by eight anions, the 3d-state of a transition-
metal cations splits into six states of tog Symmetry with orbital wave functions of the form:
xy f(r), yz f(r), zx f(r),
and four states with e; symmetry and wave functions.
(x*y?) f(r), (@*-x*) f(r)
The energy difference between these states split by fields of other symmetries is called the “crystal-field splitting”.
While considering the spins of the transition-metal ions, one should often have to ask whether the crystal-field

splitting or Hund’s-rule coupling is the larger. If the crystal-field splitting is larger, then the ion may be forced
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into a “Low-spin” state. For example, an Fe?* ion in the 3d°® state may be forced into a state with zero-spin only in
the eg band. In case of FeS,, the Fe is in d° state and the toq band has no spin, so this system is a non-magnetic non-
metal. On the other hand, if the Hund’s-rule term is larger, for example in the case of Co?* the spin moment is
equal to 3ps. Itis interesting to note that the transitions from high to low-spin can occur in the presence of external
pressure. For example, a transition from high to low occurs between 40 kbar and 130 kbar pressure when Fe ions
replace Mn in MnS; [75]. In simple cubic compounds like NiO, MnO and CoO the metal ions lie on a face-
centered-cubic. As pointed out by Ziman (1952), for this structure and for spherical orbitals, antiferromagnetism
with a finite Néel temperature must be due to interactions between next-nearest neighbors. Because in any
antiferromagnetic structure each moment will have an as many parallel as antiparallel neighbors. In NiO and CoO
the orbitals are not spherical, but in MnO the 3d°ion is spherical. In this compound the antiferromagnetic Néel
temperature is anomalously low, and there remains abnormally strong short-range order above the Ty (=116 K).
Such kind of antiferromagnetic insulators are often called as Mott-Insulators. Usually, a magnetic ion in a crystal
experiences exchange interactions with other nearest neighboring magnetic ions. According to the concept of
molecular field theory, these magnetic interactions are usually replaced by an effective-field called Molecular-
field [76]. Let the two-sub-lattices consist of “a” and “b” atoms which are ordered antiferromagnetically, then the

Heisenberg’s exchange Hamiltonian can be written as:

Ho=-2 ) JaSa S (1.29)

azb

where Ja is the exchange constant and Saand Sy are the spins on atoms a and b, respectively. The total fields acting

on “a” and “b” atoms are
H,=H, + Héﬁ‘: Hy + }/Mb (730)
H, = Hy + Hy= Hy + yM, (1.31)

In the above equation, y is the molecular field coefficient and Hey is external applied field. Let Ja, be non-zero

only for the nearest-neighbors (z). Then we can write the expectation values of He as:
<Hepe > =2 Jup <85,> - Y.<8> (1.32)
<Hu. > = gup Hy - <S8.> (1.33)
Substituting the equation (1.32) into (1.33), we will get the following relation
Hy= 23 Jw<S$y>/gus = yM = pgus N.<S5)> (1.34)

In the above equation N, is the number of atoms in “a” sublattice, ug is the Bohr magneton, and g is the Landé g-
factor.
y=2]u 3/ Nog us? (1.35)
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Figure 1.16: The face-centered cubic lattice divided into Eight Sub-Lattices [75, 76].

Thus from the above equation “y’ is proportional to the exchange constant Ja,. Antiferromagnetic Mott-insulators
(MnO, NiO, Co0, and FeO) crystallize in the NaCl-type (FCC) structure. Since there are four magnetic ions (e.g.
Ni2*) per unit cell, the two-sublattice model is inadequate. In comparison, the simple cubic (SC) lattice has only
one atom/cell and BCC lattice has two atoms per unit cell. When a material orders antiferromagnetically below
its Tn, the size of the magnetic unit cell becomes double that of the chemical unit-cell because of antiferromagnetic
ordering. Therefore, the magnetic unit cell of the corresponding SC, BCC, and FCC chemical unit cells have two,
four, and eight magnetic ions, respectively. Thus, in describing ordering in SC, BCC, and FCC cells, we need to
consider 2, 4, and 8 sublattices, respectively. For discussing ordering in NiO, the Ni?* ions are divided into eight
sublattices as shown in figure 1.16. An elaborated discussion pertaining to the evaluation of exchange constants,
role of finite-size and surface effects will be presented in Chapter-1V with a systematic correlation with the

dielectric relaxation, ac-electrical conductivity and vibrational excitations.

1.5 Description of the Problem and its Approach:

Although enormous literature is available on the electrical, magnetic and optical properties of wide-bandgap
oxides, but still there remains some open issues and challenges concerning to their dielectric and structural
relaxation. Particularly, the topic related to the two-phase composites comprising of Mott-Insulators and wide-
bandgap nonmagnetic-oxides is virtually unexplored. Thus, in the present research work we mainly focus on the
structural, dielectric and magnetic behavior of two different wide-bandgap transition metal oxide composite
systems namely Zn1.,NixO/NiO and Ni1xNaxO/NiO. The main motivation in choosing such systems is that they
are expected to show colossal dielectric permittivity with low-loss at temperatures just above the room temperature
so that they can be useful for technological applications like ferroelectric-tunneling resistive-memory devices, and

low-power and high-speed non-volatile memory cells [9,46,59,77,78]. Very recently, Li et al. reported magneto-
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electric coupling and relaxor-ferroelectricity in the nano-composite of ZnO-Co thin-films synthesized by pulsed
laser ablation and ion implantation techniques [63]. These authors reported that the relaxor behavior was driven
by local lattice distortion induced by ion implantation of superparamagnetic cobalt nanoparticles [63]. Motivated
by such study, we have chosen the Zn;xNixO/NiO and Ni;xNaxO/NiO two-phase composites aiming to understand
the global dielectric and magnetic behavior for various doping levels. Our approach in investigating these
composites is two-fold: First we attempt to study the role of thermally driven structural phase transition of NiO
clusters on the global dielectric response and ac-conductivity behavior over a wide range of frequencies (100Hz
< f < 30MHz) and temperatures (50°C < T < 550°C). Secondly, we aim to understand the magnetic exchange
interactions in these composites with special emphasis on the role of finite-size and surface effects on the magnetic
and dielectric behavior. We have also made attempts to understand the local atomic environment and vibrational
excitations in these composites and correlate these results with the temperature variation of structural, magnetic
and dielectric properties which is the main goal of this thesis. Among many wide-bandgap oxides, zinc oxide
gained a substantial interest in research community and remains a very interesting compound because of its wide
energy bandgap (Eg ~ 3.3 V) and large exciton binding energy (60 meV) [79,80]. Even though pure ZnO is a
polar crystal, it does not undergo any phase transition at atmospheric pressure. It is not possible to reverse its
polarization by an external applied field. However recent studies reported that the replacement of Zn atoms by L,
Be, and Mg can induce a ferroelectric phase transition across 330 K [62]. Furthermore, transition metal doped
ZnO fulfils all the criteria of a dilute magnetic semiconductor (DMS) [81]. Recently, ferroelectric and multiferroic
properties were also observed in various transition metal doped ZnO thin films. Such unique functionalities
motivated us to choose ZnO as base compound with Ni as the doping element. Since at heavy doping levels NiO
emerges as secondary phase inside the ZnO core which undergoes thermally driven structural phase transition
across 523 K. Moreover, NiO is very interesting material for its various applications in super-capacitor, exchange
bias controlled spin valve and electro-chromic devices [82,83]. This compound has become much more attractive
due to its giant dielectric permittivity (with & ~10°) at room temperature and hundred fold drop of permittivity

values at low temperatures [46]. Similar results (g ~10°-10°) were reported in Li and La co-doped NiO ceramics.
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Chapter-I1

Experimental Details

This chapter describes all the experiments carried out during the doctoral research work. First section of this
chapter deals with the synthesis procedure of bulk and nanostructured samples in detail. In the later sections, we
discuss various characterization techniques employed to study the crystal structure, dielectric properties, magnetic
and optical behavior of Zn1«NixO/NiO and Ni1xNaxO polycrystalline samples. All the precursors were procured
from Alfa-Aesar GmbH and Sigma-Aldrich Chemicals.

2.1 Synthesis of the Transition Metal Oxides:

2.1.1 Sol-gel Processing:

For the synthesis of bulk and nanostructures of Zn1.xNixO/NiO composites, we employed soft-chemistry based
sol-gel technique because of its inherent advantages, such as, it requires low temperature for processing, allows
higher degree of solubility, provides homogeneous dispersion of dopants and has the advantage of controlling the
composition accurately. Sol-gel processing is a simple and versatile method for preparing materials of excellent
functionalities with sophisticated nanostructures [84-86]. This technique allows selecting a wide range of
precursors as starting materials to prepare magnetic and non-magnetic ceramic oxides [84-86]. Metal alkoxides
(M(OR)n), derivative of ethanol, are the most important precursors employed in sol-gel processing [87-89]. In
this process, the metal alkoxides undergo hydrolysis and poly-condensation, resulting in the formation of
metalloxane bonds to form a colloid solution (called sol). Sol is defined as a suspension of very small size (~1 nm
-1um) particles in which only short-range forces like Van-der Waals and surface-charge dominate significantly.
The sol then forms an inorganic continuous network or gel with metal-oxo or metal-hydroxo connections in
solution. Hence, in the sol-gel process the suspension undergoes a sol to gel transition, irrespective of the
precursors. Subsequently, the drying process removes the liquid phase from gel and causes porosity in the material.
Finally, thermal treatment is performed for further poly-condensation leading to the stable oxide in the form of
fine powder.

Figure 2.1 depicts various steps involved in the sol-gel processing. Initially, the starting materials were
dissolved in the solvent (distilled water, acid or ethanol) and then mixed together thoroughly. For the synthesis of
Zn;xNixO/NiO (0.001< x <1) nanoparticles, the metal-acetates of CsH100sZn and CsH14O0sNi were taken as
precursors with oxalic acid (C;H.Os) and ethanol (C,H¢O) as solvents to dissolve the
acetates [90,91]. Stoichiometric amounts of the above mentioned precursors were first dissolved in ethanolic
solution under constant stirring at 70-80 °C for 3 hours in air using a spiral-cooled-condenser (Figure 2.2 a) to
obtain a green color sol. A solution containing 6 grams of oxalic acid was dissolved in 200 ml of ethanol and

added drop- wise to the above prepared warm-transparent sol to obtain a light green color gel. This gel product
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Figure 2.1: Flow Chart showing the different steps involved in sol-gel Processing.

was allowed to grow for 6 hours in air and then dried at 80-110°C for 24 hours to obtain a dehydrated xerogel
network. This dried mixed-oxalate product was crushed in an agate mortar and sieved through 240 Mesh to obtain
fine uniform distribution of the particles. Similar procedure is implemented for the synthesis of various
compositions of Ni doped Zn-oxalate hydrate. This xerogel was calcined at temperatures between 500-800°C to
remove the volatile substances such as crystallizing water, CO and CO; to form the final product. Consequently,
all the synthesized samples are calcined at 500°C for 2—8 hours in air for proper decomposition and yield the
desired compound Zn;«NixO/NiO in the form of fine ash-color powder. For lower nickel compositions, the color
of sample looks like ash-dust (figure 2.2 b), and jet-black for higher nickel compositions (figure 2.2 ¢) [90,91].
For large grain-sized samples, the calcined product was heated at 600°C for 8 hours and then pressed into thin
pellets using a hydraulic press followed by sintering between 1200°C and 1350°C for 8-12 hours in air. Similar
procedure was employed for the synthesis of un-doped NiO bulk grain size samples.
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Figure 2.2: (a) Spiral cooled condensation mechanism; (b) pictorial representation of the formation of Nickel Oxalate gel, (c) The pelletized pale apple
green colored oxygen rich NiO sintered at 1200°C and (d) jet black colored oxygen deficient NiO system sintered at 1350°C.
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Figure 2.3: Flow Chart for Solid State reaction technique.

2.1.2 Solid State Reaction Method:

Besides high-temperature sintering of the sol-gel product for the bulk grain sized sample preparation, we also
employed standard-solid state reaction method. Two batches of samples (Ni;xNaxO and Zni.«NixO/NiO) were
prepared using solid-state-reaction method. Main advantage of the solid-state reaction is that it has high
thermodynamic stability. Figure 2.3 shows the various steps involved in a typical solid-state reaction technique.
In the present case, stoichiometric amounts of ZnO, NiO, and Na,COs were chosen as starting compounds. To
attain the high degree of homogeneity and to avail higher surface area for reactants, these stoichiometric amounts
of precursors were mixed and ground together in an agate mortar for 4 hours. Such mixture was first calcined in
air for 4 hours between 500°C and 600°C to remove the volatile substances. This mixture was pelletized using a
13 mm diameter KBr die and hydraulic-press to form compact cylindrical pellets. These pellets were finally
sintered in the temperature range 1200-1350°C for 8 - 12 hours in air with heating rate 4°C/minute which leads to
chemical decomposition and results in the formation of dense ceramic compound. The final sintering temperature

and pre-sintering conditions are varied depending on the nature of the sample for required properties.
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2.2 Characterization Techniques:

2.2.1 Crystal Structure and Morphology:

In the present thesis, the crystal structure and phase purity of the synthesized samples were determined by
using the X-ray diffraction (XRD) analysis. The XRD is an important non-destructive technique primarily used
for the phase identification of a crystalline material and provides detailed information on the unit cell dimensions
and interaxial angles. This technique also provides useful information of various structural properties of crystalline
compound such as micro-strain, grain-size, phase composition, and defect structure. The XRD analysis is based
on constructive interference of monochromatic X-rays after being reflected from the crystalline sample. When an
X-ray beam, generated by a cathode ray tube, is radiated/incident upon a crystal, the beam undergoes diffraction
from the set of planes (Miller indices (hkl)), once the geometrical condition satisfies the Bragg’s law given below
(Figure 2.4) [29]:

2dpy; Sinf = nA 2.1)
In the above equation ‘dwa’ is the inter-planer spacing between set of (hkl) planes, 6 is the Bragg’s angle/or
Diffraction angle, n is an integer and A is the wavelength of X-ray radiation. Figure 2.4 shows the geometry of the
Bragg’s law for the X-ray diffraction from a set of crystallographic planes. The locus of the diffracted beams taken
together from the different sets of planes is collectively known as the diffraction pattern of the crystal. In the
present work two different powder X-ray diffractometers were used to study the crystal structure and phase purity;
(i) Panalytical-XPert Pro diffractometer and (ii) Rigaku (TTRAX-III) diffractometer (18 kW rotating anode X-

ray source) with Cu K, as the radiation (1 = 0.15406 nm) source. The temperature dependent X-ray diffraction

Figure 2.4: Schematic diagram for Bragg’s law of diffraction.
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Patterns were taken with a Rigaku RINT2000 diffractometer using Cu K, radiation operating at 40 kV and 200
mA from 100°C to 600°C. All these X-ray diffractometers work under the Bragg-Brentano reflection geometry
with a specific arrangement where the sample stage is fixed at the center of the circle, and both the X-ray source
and detector rotates using a goniometer assembly. In order to extract the detailed crystallographic information
from the obtained diffraction pattern we have also performed the Rietveld refinement using the open source
programs FullProf-Suite and Powder-cell [92,93]. On the other hand, to probe the surface morphology and
microstructure of the samples investigated in the present work we employed a scanning electron microscope
(SEM, M/s LEO, 1430vp) working under secondary-electron (SE) mode. This instrument is also equipped with

energy dispersive X-ray spectrometer (EDS/EDAX) which is used to trace the elements present in the samples.

2.2.2 Elemental Analysis using the X-ray Photoelectron Spectroscopy:

In the present thesis, X-ray photoelectron spectroscopy (XPS) was employed to probe the composition and
chemical states of the investigated samples. This technique is one of the most powerful non-destructive surface
sensitive technique to study the chemical and physical phenomenon occurring at surfaces of various materials
such as metals, oxides, semiconductors, glasses, polymers etc. The XPS was first developed by Prof. Kai Siegbahn
and co-workers at Uppsala University, Sweden between 1940 and 1950 and later awarded Nobel Prize in 1981.
This spectroscopy technique has gained attention by the scientific community due to the following important
reasons: (i) It can provide the quantifications of elemental composition from the solid surface up to a thickness of
<10 nm). (ii) It can also provide an insight to the chemical and atomic environment of the elements present in the
compound. (iii) Using XPS one can obtain the above information with relative ease and minimal sample
preparation. (iv) The ability to explore first few atomic layers and assign chemical states to the detected atoms.
(v) Since the mean free path of the electrons in any solid is very small, the detected electrons originated from the
top few atomic layers provide important information which makes XPS a unique surface-sensitive technique for
chemical analysis. In XPS, a monochromatic beam of soft X-rays (Mg K, (1253.6 eV) and Al K, (1486.6 eV))
are exposed to sample which interact with the core-level electron and transfer its energy to the electron leading to
the emission of core-level electrons (photoelectric effect). The XPS spectrum is recorded between the variations
of the number of detected core-level photoelectrons per energy interval versus their Kinetic energy or Binding
energy. Each element has a unique XPS characteristic spectrum. For the system containing different set of
elements, the spectrum is comprised of intermixture of the individual peaks of the constituent elements.

The basic principle behind the XPS is Photoelectric effect in which electrically charged particles are released
from or within (core) a material when it absorbs electromagnetic radiation as shown in figure 2.5. In the case of
XPS, the interaction of soft X-rays with specimen leads to the photoemission process and its energy is analyzed
by the spectrometer. Generally, the X-ray radiation (usually, Mg K, (1253.6 eV) and Al K, (1486.6 eV)) is capable
to induce electrons not only from outer shells but also from the core levels. The emission of an electron from the

1s shell of an atom is schematically represented in figure 2.6. The Kkinetic energy of an incident
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Figure 2.5: Schematic diagram for Photoelectric Effect.

photoelectron (Ex) is equivalent to the difference between X-ray photon energy (/#v) and the binding energy of the
core-level electron (Ep). Relation between these parameters and the work function of the instrument (@) is given
by the expression below [94-96]:

Ey= hv-Ex - @, 2.2)
In addition, the work function of the instrument (&) is defined as the difference between the energy of the Fermi
level (Eg) and the energy of the vacuum level (Ev). Ey is the zero point of the electron energy scale:

®= Er-Ev 2.3)
Usually, & will be determined from a detailed calibration for the spectrometer used. From equation 2.3 it is clear
that only binding energies lower than the excitation radiation (in the present case 1486.6 eV for Al-K, and 1253.6
eV for Mg-K,) are probed. In addition to the photoelectric process, relaxation of the excited ion may occur by the
emission of Auger electrons (figure 2.7). The Auger emission is dominated for elements having low atomic
numbers (Z < 30). When an electron is emitted from a core level, another electron from a higher level falls to
occupy the core level vacancy [94-96]. In order to conserve the total energy of the system, a third electron is
emitted during this process, which is known as Auger electron (figure 2.7) [94-96]. Auger emission is
independent of the photon energy and therefore the X-ray source. Another important relaxation process, which
can significantly contribute to the XPS spectrum, is the “Shake-up”/“Shake-down” process in which electrons
from the valence levels are excited to the bound/unbound states (figure 2.8). Moreover, ‘Multiplet’ splitting of the
XPS peaks can also occur when atoms having unpaired electron couple with other unpaired electrons in the atoms
giving rise to several possible final state configurations, consequently peaks shift to higher binding energy from
the principle peak [94-96]. Some less intense Plasmon peaks also appear at higher binding energies from the
principle peak at equal spacing due to specific amounts of energy losses when the photoelectron excites free

electrons in a material.
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Figure 2.7: Energy level diagram for the Emission of Auger electron
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Figure 2.8: Energy level diagram to understand the Shake-up/Shake-off process.

2.2.3.1 XPS Instrumentation:

Typically, an XPS spectrometer comprises of a source of primary radiation (Al-K, or Mg-K,), an electron
energy analyzer, extraction optics with energy filter, and sample holder mounted under an ultra-high vacuum
chamber (< 10°° millibar) (Figure 2.9). The following constraints are applicable when operating under normal
conditions: (a) The photoelectron and Auger electron emissions are not affected by any external electrostatic or
magnetic fields. Thus, the system should be calibrated to compensate the earth’s magnetic field. (b) The
photoelectron and Auger electron emissions are able to travel the region between the sample and the detector
(around 1 m in distance). (c) Sample from which the emission arises must not be modified in any form during the
course of analysis. (d) Investigated samples must be stable within the ultra-high vacuum chamber of the
spectrometer. Since XPS is associated with the core-level electrons emitting from a solid surface, the sources used
in XPS for X-ray generation must be able to produce photons of sufficient energy to interact with suitable number
of core electrons [94-96]. X-rays are produced by bombarding an anode material with high-energy electrons.
Normally, electrically heated tungsten filament is used as a thermal source for the emission electrons, however,
for some focused X-ray monochromators, a lanthanum hexaboride emitter is used due to its higher current density.
The X-ray emission efficiency of an anode is determined by the electron energy, relative to the X-ray photon
energy. For example, the Al K, (1486.6 eV) photon flux from an aluminum anode increases by a factor of more
than five, if the electron energy is increased from 4 keV to 10 keV [94-96]. At a given energy, the photon flux
from an X-ray anode is proportional to the electron current striking the anode. The maximum anode current is
determined by the efficiency with which the heat, generated at the anode, can be dissipated. For this reason,
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Figure 2.9: Schematic representation of an XPS system [94].

X-ray anodes are usually connected with water-cooled attachments [94-96].

Apart from the production of X-rays, it is also important to detect the emitted core level electrons with the best
sensitivity. For this, energy analyzers with very high detection limit (0.1 to 1 atomic %) and good resolution must
be used. In general, the two types of electron analyzers are used: (i) Cylindrical mirror analyzer (CMA) and (ii)
Hemispherical sector analyzer (HSA) [94-96]. CMA analyzer were used when the resolution (0.4 to 0.6 % of the
energy) is not the priority and sample dimension is smaller than 1mm (diameter < 1 mm). On the other hand, for
better resolution HAS were used which can achieve better resolution than CMA by a factor of ten. For HAS, the
energy of the ejected electron must satisfy the below condition to reach the detector [94-96]:

R1R
R3-R7 24)

In the above expression, both R1 and R are the inner and outer radius of the hemisphere respectively, and AV is

E =edV

the applied potential difference between the inner and outer surface of hemisphere. Finally, to count the individual
electrons arriving at the detectors electron multipliers were used. These electron multipliers consist of spiral-
shaped glass tube with conical collector at one end and a metal anode at other end. In the present thesis, all the
spectra were recorded by a dual source X-ray photoelectron spectroscope (Al-K, @ 1486.8 eV, Mg-K, @ 1253.6
eV) from VG-Microtech equipped with an ultrahigh vacuum (8 x 10® Torr) chamber with pass energy of 100 eV.
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2.2.3 Impedance Spectroscopy:

In order to investigate the dielectric properties and ac-electrical conductivity of the investigated samples we
employed high precision RF Impedance analyzer. This instrument is an important characterization tool used in
the field of ferroelectrics and high-k dielectrics using which one can probe the different relaxation mechanism and
transition temperatures [97-99]. The frequency and temperature dependence of ac-resistivity and dielectric
permittivity of the Zn1.«\NixO/NiO and Ni1xNaxO polycrystalline samples were measured using two different high
precision RF Impedance analyzers; one from Solartron (SI-1260) and other from Wayne-Kerr Electronics Pvt.
Ltd. (WK-3030B). Both these instruments are equipped with temperature controller (Eurotherm-2204 e) and
heater capable of reaching 600°C. For these measurements, two sides of the sintered pellet were fashioned like
parallel-plate electrode geometry using silver coating. Constant ac-peak-to-peak sinusoidal driving potential of
100 mV with varying frequencies between 100 Hz and 20 MHz has been used as input signal. In order to match
the input/output impedances of the instrument and investigating sample under high frequency limits, a 50 Q
feedthrough terminator cable was connected at the input and simultaneously a 50 Q power splitter was used at
output terminal as shown in figure 2.10. The most common and standard technique to measure impedance is by
applying a single-frequency voltage (V) or current () to the interface and measuring the phase shift and amplitude
(or real and imaginary parts) of the resulting current at that frequency using either analog circuit or fast Fourier
transform (FFT) analysis of the response [100,101]. Generally, three different types of electrical stimulations can
be used: (i) For the transient measurements, a step function of voltage [V(t) = Vo for t > 0, V(t) = 0 for t < 0] may
be applied at t = 0 to the system and the resulting time-varying current I(t) measured. The ratio Vo/I(t), often called
the indicial impedance or the time varying resistance, measures the impedance resulting from the step function
voltage perturbation at the electrochemical interface. (ii) The second technique is to apply a signal V(t) composed
of random noise to the interface and measure the resulting current. Fourier- transformation of the results is required
to pass into the frequency domain and obtain definite value of the impedance. This approach offers the advantage
of fast data collection because only one signal is applied to the interface for a short time. The technique has the
disadvantages of requiring true random noise. (iii) The third approach, the most common and standard one, is to
measure impedance by applying a single-frequency voltage or current to the interface and measuring the phase
shift and amplitude, or real and imaginary parts, of the resulting current. Figure 2.11 shows the general architecture
of any commercial Impedance-Gain-Phase Analyzer. Figure 2.12 shows the simplest way of connecting the
capacitance (C) and resistance (R) network of the measurement. The following are the four specific components
that we extracted to study the dielectric behavior of Zn:«NixO/NiO and Nii.\NaxO: Capacitance (C), Dissipation
factor (D) Impedance (Z), and Phase Angle (D).

2.2.5 Vibrational Excitations and Raman Spectroscopy:
Raman spectroscopy is an important spectroscopic characterization technique, which provides an insight in to
the chemical structures to recognize substances from the characteristic spectral patterns and to determine

guantitatively or semi-quantitatively molecular structure of a substance. This technique is based on the inelastic
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scattering of monochromatic light, usually emitted from a laser source. The interaction of photons and matter
essentially leads to three different process (i) Absorption of photons, (ii) Scattering of photons and (iii) Un-
interacted photons, which may pass directly through matter [102,103]. If the energy of an incident photon
corresponds to the energy gap between the ground state of a molecule and an excited state, then the photon may
be absorbed and the molecule promoted to the higher energy excited state [102,103]. Another possible interaction
is scattering of photon from a molecule within the matter, which can be detect by collecting these photons at an
angle to the incident light beam. These scattering process are mainly classified into two type: (i) Rayleigh
scattering (elastic scattering) and (ii) Raman scattering (inelastic scattering). In Rayleigh scattering, the light
interacts with very small particles (Aparticle<<< Aphoton) With scattered photons having the same wavelength as the
incident laser light and intensity (I) is inversely proportional to the fourth power of the incident

wavelength (I x ﬁ;) [102,103]. However, the main scattering technique used for the molecular identification

photon
is Raman scattering, where the light interacts with the molecule and polarizes the cloud of electrons around the
nuclei. Such distortion generates short-lived states (often called as Virtual states) which is unstable in nature and
quickly re-radiates the photon. As compared to Rayleigh scattering process, in Raman scattering a small
percentage of excited molecules relax down to a vibrationallly-excited state, hence the wavelengths of emitted
photons are smaller than the excited photons (Raman shift, Stokes lines). Since only a very small number of
molecules use this relaxation process, Raman scattering always gives very low intensity. Figure 2.13 shows the
difference between Rayleigh scattering and Raman (Stokes and Anti-stokes) scattering process. The Raman
scattering process from the vibrational ground-state ‘m’ leads to absorption of energy by the molecule and its
promotion to a higher energy excited vibrational state (n). This is called Stokes scattering. Nevertheless, due to
thermal energy, some molecules may be present in an excited state such as ‘n’ in Figure 2.13. Scattering from
these states to the ground state ‘m " is called anti-Stokes scattering and involves transfer of energy to the scattered
photon. The relative intensities of the two processes depend on the population of the various states of the molecule.
Usually, Raman scattering is recorded only on the low-energy side to give Stokes scattering but occasionally anti-
Stokes scattering is preferred. In order to detect such low intensity photon a high quality Raman spectrometer is
required. The following are four major components of any high quality Raman spectrometer: (a) Excitation source
(usually a continuous-wave (CW) laser), (a) Sample illumination and collection system, (¢) Wavelength selector,
(d) Detection and computer control/processing systems. A schematic arrangement of these components are shown
in figure 2.14. In the present study, Raman spectrometer from LABRAM HR800 with an excitation wavelength A
=488 nm of an Ar-ion laser was used to probe the vibrational and molecular bond structure of Zn;xNixO/NiO and

Ni;xNaxO samples.

2.2.6 Local Atomic Environment using Electron Spin Resonance:
In order to probe the local atomic environment of ‘Ni’ inside the Zn1«NixO/NiO two-phase composites, we

used the Electron Spin Resonance (ESR) spectroscopy technique at different temperature between 120 and 310 K
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Figure 2.13: Diagram of the Rayleigh and Raman scattering processes. The lowest energy vibrational state ‘m’ is
shown at the foot with states of increasing energy above it. Both the low energy (upward arrows) and the scattered
energy (downward arrows) have much larger energies than the energy of a vibration [102, 103].
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Figure 2.14: Schematic diagram of major component in a Raman Spectrometer [102].

When an electron is placed inside an external magnetic field, the electron spin degeneracy splits down which is
governed by the spin Hamiltonian A, = g ugB S, , here g is called the Landé g factor, ue is the Bohr magneton
and B is the magnetic field strength. The ESR spectrum is obtained in continuous wave by sweeping the magnetic
field to obtain the resonance when Av = gugB [104,105]. Using a simple electromagnet, magnetic field up to 15
kOe are easily obtained, hence, one can use the microwave radiation with frequency (v < 42 GHz). Within this
microwave region, the most common choice is X-band (v ~ 9-10 GHz) frequency in which the free electron
resonance can be found at 3.39 kOe. Figure 2.15 shows the simplified block diagram of typical ESR spectrometer.
In general, Klystron tube is used for the generation of plane-polarized microwaves and power levels are adjusted
by using the attenuator. The microwaves entering from the klystron tube are directed towards the Magnet Cavity
by using circulator. These waves are again reflected back from cavity (with reduced power) to Circulator, which

are then directed to Diode detector. If any power is reflected back by the detector that will be completely absorbed
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Table 2.1: List of common frequencies used for electron spin resonance (ESR) spectroscopy

Designation v (GHz) A (cm) B (electron) G

L 11 27 390

S 3.0 10 1070

X 9.5 3.2 3400

K 24 1.2 8600

Q 35 0.85 12500
w 95 0.31 34000

- 360 0.083 128000

by the load. The detector converts the plane-polarized microwaves into electrical signal, which is proportional to
the microwave power reflected from the cavity. Thus, the absorption of microwaves by the sample could be
detected by noting a decrease in current in the micro-ammeter. Under ideal conditions, a commercial X-band
spectrometer can detect about 10%2 spins at room temperature. Table 2.1 shows some common frequencies used
in ESR spectrometer. In the present work, a Bruker EMX EPR spectrometer (Model 1444) working in the X-band
frequency (9.451 GHz) was employed with maximum sensitivity of 2000:1. This setup was assembled with low-

temperature liquid nitrogen cryostat capable of reaching 120 K.

Load

Klystron Attenuator
@ Z\ Qa H-Ammeter
N,

Circulator Diode

Det
Magnet [
Cavity

Figure 2.15: Block diagram of electron spin resonance (ESR) spectrometer [104].

bctor

40 |
TH-2215 136121010



Chapter-111 | Electronic Structure and Dielectric Relaxation in Zn;xNixO/NiO and Ni;xNaxO

2.2.7 Magnetization Measurements:

In order to probe the magnetic structure of these composites we used two different magnetic characterization
units. For high temperature magnetic measurements (27°C < T < 500°C) a vibrating sample magnetometer from
Quantum Design Technology capable of reaching 70 kOe magnetic field was used. Whereas for low temperature
magnetization measurements (between 10 K and 320 K) we used a superconducting quantum interference device
(SQUID) based magnetometer from Quantum design (Magnetic property Measurement system (MPMS) (7XL
SQUID) [106]. The device may be configured as a magnetometer to detect extremely small magnetic fields small
enough to measure the magnetic fields in living organisms using the Josephson junctions. The basic phenomena
governing the operation of SQUID devices are flux quantization in superconducting loops and the Josephson-
effect [106]. In 1962, B. D. Josephson showed that the electrical current density through a weak electric contact
between two superconductors depends on the phase difference A¢@ of the two superconducting wave
functions [106,107]. Moreover, the voltage across the weak contact is interrelated with the time derivative of Ag.
In a typical superconducting ring with one (known as RF-SQUID) or two (DC-SQUID figure 2.16) weak contacts,
Ag is additionally influenced by the magnetic flux @ through this ring. Hence, such a structure can be used to
convert magnetic flux into an electrical voltage which is the basic working principle of a SQUID magnetometer.
When a sample moves up and down it produces an alternating magnetic flux in the pick-up coils. These coils
together with a SQUID antenna transfer the magnetic flux from the sample to an RF-SQUID with high degree of
accuracy of measuring the magnetic moment of the order 10 emu. The RF-SQUID act as a magnetic-flux to
voltage converter. The variation in the voltage is proportional to the change in magnetic flux of the sample. The
voltage is then magnified and read out by the magnetometer’s electronics (figure 2.16). The principal components
of this measurement system comprise of the following aspects:

(i) Temperature control system: Precision control of the temperature in the range 2 K to 400 K.

(i) Magnet control system: Current from a power supply is set to provide magnetic fields from zero to £7 Tesla.

(iii) Superconducting SQUID amplifier system: The RF-SQUID detector is the heart of the magnetic moment
detection system. It provides reset circuitry, auto-ranging capability, a highly balanced second-derivative
sample coil array.

(iv) Sample handling system: The ability to step and rotate the sample through the detection coils without
transmitting undue mechanical vibration to the SQUID is of primary importance.

(v) Computer operating system: All operating features of the MPMS are automated, computer controlled. The
user interface at the PC console provides the option of working under standard sequence control, or diagnostic

control, which will invoke individual functions.
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Electronic Structure and Dielectric Relaxation in Zn1.xNixO/NiO and Nii.xNaxO

This chapter deals with the synthesis and characterization of Zn1.«NixO/NiO two-phase composites and Ni;xNaxO
with special emphasis on their high temperature crystal structure, dielectric, and magnetic properties. In the
introductory section, we elucidate the importance of oxide semiconductors and their composites. The gaps in
literature related to their electronic structure and high temperature dielectric and structural properties of Zn.
xNixO/NiO composites and Ni:xNaxO are also discussed. Later sections deal with brief experimental details, results
and discussion followed by summary of important findings.

3.1 Introduction and Situation of the problem:

Oxide semiconductors with wide band-gap (Ec> 3 eV) are playing a vital role in the evolution of transparent
electronic devices and in renewable energy [108-111]. Latest developments in this field with base compounds
ZnO and NiO is providing a fertile new ground for creating devices like Varistors, Spin-Valves, Transparent TFTs,
Solar-cells, Lithium-ion Batteries, Light emitting diodes, electrochemical supercapacitors etc. [112-122].
Although the physical properties of both the oxides ZnO and NiO are well-known, their characteristics under low-
dimensional nano-structures and doping with various elements in the periodic table are still under investigation
with vigor to explore their scientific applications [112,122]. For instance, in the case of NiO, the crystallite size
dependence of magnetic properties (Néel temperature Ty variation), optical energy bandgap studies and dielectric
properties were recently reported [112,113,122]. ZnO nanorods and nanoparticles are also capable of generating
high output voltage (~3 V) from thermopower waves (i.e. the energy conversion from chemical energy to thermal
energy which in turn converts to electrical energy) [114]. One-dimensional hierarchical composite materials
based on ZnO nanowires and electrospun blend nanofibers can act as highly effective photocatalysts [115]. On
the other hand, the nanocomposite systems based on both ZnO and NiO have attracted immense scientific interest
recently because of their potential applications in gas-sensing devices, electrode material for efficient dye solar
cells, and bactericidal agent [116,118,120]. Recently, studies on the electrochemical characteristics of porous
Zn0O-NiO nanocomposite reported large specific capacitance (~ 649.0 F g) values so that this system can act as
outstanding electroactive material for supercapacitors [121]. A few authors reported the possibility of tuning the
optical band-gap in Ni doped ZnO samples by varying the doping concentration and oxygen vacancies for
optoelectronic applications [123,124]. Wang et al. reported the X-ray photoelectron spectroscopy (XPS), high-
resolution transmission electron microscopy and Raman scattering studies of dilutely doped Zn; xNixO (x < 0.01)
nanocrystals [124]. Magneto-electric coupling and relaxor-ferroelectric properties are reported in the case of
Zn0O-Co thin-film nano-composite synthesized through combination of pulsed laser ablation and ion

implantation [63]. In such thin films relaxor behavior was driven by local lattice distortion induced by ion
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implantation of superparamagnetic nanoparticles [63]. In this direction, we studied the dielectric behavior of Zn;.
«NixO system with various doping levels of nickel, where nickel oxide emerged as a secondary phase in the zinc
oxide matrix. Our primary aim is to exploit the rhombohedral to cubic structural phase transition of NiO across
the Néel temperature Ty ~ 523 K to realize a giant dielectric anomaly and relaxor behavior in the bulk two-phase
composite of ZnO-NiO, which may lead to the system comparable to those proposed by Li et al. [19]. Nonetheless,
little literature is available on the broadband dielectric spectroscopic studies of either Zn;xNixO (dilute doping x
< 0.05) or bulk solid solutions of ZnO-NiO [125-129]. The first report on such systems appeared in 1997, in
which a positive temperature coefficient of electrical resistivity with a maximum across T ~400°C was observed
together with a sharp decrease in the resistivity due to the Ohmic network formation [125-127]. Later, Ghosh et
al. studied the effect of low nickel doping and ac-driving frequency on dielectric response of ZnO ceramics at
room temperature, without reporting any temperature variation of dielectric properties [130]. Nevertheless, a
giant relative dielectric permittivity & > 10° near room temperature was observed by Wu et al. in Lio.os Tio.02Ni0.930,
which was enhanced by the grain-boundary layer mechanism found in boundary layer capacitors [46]. These
authors also reported a hundred-fold drop in ‘g, value at low temperatures, which was associated with thermally
excited relaxation process rather than thermally driven phase transition [46]. On the other hand, several authors
previously reported weak ferroelectric behavior in ZnO by substituting Li* (ionic radius 0.60 A) or Be?* (ionic
radius 0.3 A) due to the size-mismatch between the host and doped ions [131-133]. Nevertheless, a detailed study
related to the high temperature structural and dielectric properties of Zni«NixO-NiO system was lacking in the
literature when we initiated this work. On the other hand, no report is available till now on the Ni;xNaxO system
which is completely new. Thus, our main focus in the present chapter is to explore the effect of rhombohedral to
cubic structural phase transition of NiO (at Ty~ 523 K) on the physical properties of Zn;.«NixO/NiO composites
and Nii«NaxO. A systematic correlation of such physical properties with results obtained from the XPS and

temperature dependent structural data is also presented in this chapter.

3.2 Experimental Details:

In this section, we provide a detailed synthesis procedure and discuss various characterization techniques
employed to study the properties of Zni«NixO/NiO and Nii«NaxO. Various compositions (0 < x < 1) of the
polycrystalline samples of Zn1.«NixO/NiO with bulk-grain sizes were synthesized by two different methods: (i)
standard solid-state-reaction method (SSRM), and (ii) sol-gel processing (SGP) followed by sintering at high
temperatures. For the SSRM we used the ZnO and NiO as raw materials which were thoroughly grounded and
pressed to pellets using hydraulic press. These pellets are sintered at two different sintering temperatures, 1200°C
and 1450°C for 8 hours in air to check the variation in the oxygen stoichiometry. We employed SSRM for the
synthesis of NiixNaxO (0.002<x <0.20) using Na2COs and NiO as precursors at a sintering temperature at 950°C
for 4 hours in air. Whereas in the case of SGP, we used hydrated acetates of zinc (C4sH100sZn) and nickel

(C4H14NiQOg) as precursors, and oxalic acid (C,H204) and ethanol (C;HsO) as solvents [122]. The synthesis
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process involved mixing of the ethanolic solutions of precursors in appropriate amounts under constant stirring at
80°C for 3 hours in air using a spiral-cooled-condenser to obtain a transparent sol. The oxalic acid solution was
added drop wise to the warm transparent sol to obtain a gel-like suspension which was allowed to grow for 24
hours at room temperature. Drying/digesting of the above product at 80-90°C in air for 24 hours yielded a Xerogel
network, consisting of mixed oxalate dihydrate of Zn; «NixC204-nH,O as initial product. For dilute nickel
compositions (x<0.05), the crystal structure of this compound is similar to that of a-ZnC,04-2H,0, however, for
higher compositions, the structure closely resembles the orthorhombic structure of NiC,04-2H.O with lattice
parameters a ~11.84 A, b ~ 5.345 A, ¢ ~15.716 A, Z = 8, and space group Cccm [122,134]. This powder was
sieved through 240 Mesh and grinded in an agate mortar before decomposition. Calcination of the oxalate product
at 500°C for 2 hours in air gave Zn;xNixO as major phase for low compositions. Nevertheless, for moderate
compositions, NiO was presented as secondary phase. For high concentrations, NiO phase dominated. These
sample are in nanometer size after calcination. In order to fabricate large grain sized samples, the thermally
decomposed powder was pressed into pellets by using a hydraulic-press, and then sintered at 1450°C for 4-8 hours
in air. Phase compositions of the pellets were studied using a Panalytical-XPert Pro diffractometer with Cu K.
radiation (1 = 0.15406 nm). The temperature-dependent X-ray diffraction (XRD) patterns were taken with the
instrument Rigaku RINT2000 diffractometer using Cu K, radiation operating at 40 kV and 200mA from 100 to
600°C. For dielectric measurements, the two circular sides of the sintered pellet were painted with silver, and
hence, fashioned like the conventional parallel-plate electrode geometry. Dielectric measurements are performed
using two different Impedance-analyzers: the first instrument is from Wayne-Kerr Electronics Pvt. Ltd., (Model
1J43100) with frequency capabilities (100-20 MHz) and the second instrument is from Solartron (Model S11260)
with operating frequency from 0.5uHz-32 MHz. All these measurements were performed with V. = 100 mV ac
peak-to-peak amplitude with no dc-voltage contribution. Both these instruments are assembled with a heater and
temperature controller so that the measurements can be performed from room temperature to high-temperatures
(600°C).

3.3 Results and Discussion

3.3.1 Structural Characterization (Temperature Dependence):

Figure 3.1 shows XRD patterns of the Zn1xNixO sintered pellets for dilute (x = 0.01, 0.025), moderate (x =
0.163) and higher compositions (x = 0.35, 0.45 and 0.55). These patterns confirmed that beyond a certain critical
composition x. ~ 0.163, NiO emerges out as a major secondary phase. All the XRD patterns for higher
compositions x > x. confirmed the presence of two phase composition, i.e. wurtzite h.c.p structured ZnO and
rhombohedrally distorted cubic NiO. In order to understand the effect of secondary phase (NiO) on the lattice
parameters and structural distortion of heavily doped Zn,xNixO samples at high temperatures we have performed
the x-ray diffraction measurements at various temperatures above and below the Néel temperature (Tn) of NiO.
Figure 3.2 shows the XRD pattern of Zno4sNios50 pellet recorded between the temperatures 100°C to 600°C. We
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Figure 3.1: The X-ray diffraction patterns of the two-phase composite system Zn;xNixO/NiO in the form of pellets
for various concentrations of nickel ranging from dilute (x ~ 0.01, 0.025), moderate (x ~ 0.16), and higher
compositions (x ~0.35, 0.45 and 0.55).

observed that all the diffraction peaks shift towards lower Bragg angle side with increasing the temperature. In
order to probe such small changes, all the diffraction patterns were plotted on a common scale for both the systems
Zno4sNioss0 and NiO. For the simplicity of analysis, only few selected diffracting planes are chosen for both the
systems. Figures 3.3 and 3.4 depict the diffraction peak intensity versus Bragg angle of these planes and their
temperature variation [Miller Indices of Planes for (111), (200), (220) and (222) planes of Zng.4sNiossO and (111),
(200), (220), (311) and (222) reflections from NiO]. The corresponding unit-cell volumes V¢ for both the phases
are shown in the figure 3.5. A clear dip across the Néel temperature of NiO (Tn ~ 523 K) was observed for
hexagonal lattice parameters ‘@’ and ‘c’ of wurtzite phase of Zno.4sNiossO. While, a slight change in the slope of
linear behavior of nickel oxide was noticed across Tw. It is well known that pale apple green color stoichiometric
nickel oxide exhibits rhombohedral (space group: R-3m) to cubic (space group: Fm3m) structural phase transition
associated with the long-range antiferromagnetic to spin-disorder paramagnetic state across 523 K [122,135,136].
At normal temperature and pressures NiO exhibits a slightly distorted face-centered-cubic structure (NaCl-type)
that gains stability by squeezing inward along the <111> crystallographic direction [137]. As the temperature of

the specimen was raised above Ty the rhombohedral distortion became smaller and approaches to perfect cubic
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Figure 3.2: The X-ray diffraction pattern of the sintered pellets of two-phase composite Zng.sNiossO/NiO
recorded at various temperatures between 100°C and 600°C.

structure. Above Ty, NiO exhibits f.c.c structure in which Ni and O ions are arranged alternatively in [111]
crystallographic direction. Whereas, for T< Ty the size ratio of the nickel and oxygen ions becomes unfavorable
and leads to deviation from the cubic symmetry to rhombohedral distortion [137]. While such structural change

belongs to NiO but the effect was significant on both hexagonal lattice parameters ‘@’ and ‘c’ of Zng.4sNios50.

Using the XRD pattern and the reduced cell-parameters and the rhombohedral angle ‘a’” were evaluated for
pure NiO pellet sintered at 1450° C. The inset of figure 3.5 depicts the temperature dependence of rhombohedral
angle ‘a’(T)’. Generally, as a conventional notion the rhombohedral angle (slightly distorted cube) is characterized
by ‘a’ which corresponds to the four-NiO molecules within the rhombohedral unit cell. This angle ‘a’ is different
from that of monomolecular unit cell rhombohedral angle ‘a” (slightly greater than 60°) and both are connected

by the following relation [47]:

) V3(a'-60°)

(a-90° =5 (3.1)

In practice all the transition-metal oxides exhibits the close-packed arrangement of oxygen ions forms the main

framework of the crystal structure, whereas the smaller metal cations occupy the interstitial sites. The distribution
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Figure 3.3: The shift of various the diffraction peaks of NiO bulk grains present as a secondary phase in
Zng4sNios50 matrix recorded at various temperatures in the range 100°C-600°C.

of cations will be either in the octahedral voids (six-fold co-ordination in typical haematite or rocksalt types of
crystal structures) or in tetrahedral holes (four-fold co-ordination in wurtzite-type structure) [47,137,138]. The
crystallographic phase transformations in such type of metal-oxides will takes place if the arrangement of oxygen
ions changes from hexagonal to cubic close-packing or vice-versa [138]. Sometimes the relocation of cations
between octahedral and tetrahedral sites may also cause substantial change in the volume of unit-cell even though
the original oxygen ion framework remains unaltered. Earlier studies by Rooksby reveal that the maximum
rhombohedral distortion in NiO occurs at low temperature close to -183°C (liquid air-temperature ~ 90 K) and the
distortion eliminates smoothly with rise of temperature. The magnitude of the lattice constant ‘@’ and axial-
rhombohedral angle ‘a”* reported by Rooksby at three different temperatures are as follows:

For T=-183°C, 18°C and 275 “C are ‘@’ = 2.946 A, a'=60° 12", ‘a’ =2.951 A, a’= 60° 4.2', and ‘@’ = 2.966A
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Figure 3.4: The change in the diffraction peak positions for different planes recorded between the temperatures
100°C and 600°C for bulk grain sized NiO pellet sintered at 1350°C for 12 hours in air.

a'=60°, respectively [137]. These values of ‘a’’ are slightly higher as compared to previously reported values
by several authors [47,137,138].

For pure NiO case, we have evaluated the magnitudes of both ‘e’ and ‘o ” using temperature dependent XRD
data. Accordingly, the variation of « "as a function of temperature for NiO is shown in the inset of figure 3.5. We
observed that the variation of « "is quite high (~ 60° 8', ‘a’ ~ 90° 7’) at temperature close to 150°C as compared to
the data reported by Rooksby. From the figure 3.5 we noticed that the magnitude of «’suddenly drops to 60°
indicating that the distortion is completely vanishes across ~ 300°C. In contrast, no distortion was noticed in the
NiO secondary phase present in the Zno.sNioss0 matrix, yet, we observed an anomalous decrease in the unit-cell
volume between 150°C and 300°C. For T > 300°C the unit-cell volume increases continuously with increasing the

temperature. These results are consistent with the previously reported data of Rooksby in which no significant
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Figure 3.5: The temperature variation of the unit-cell volume V¢ of h.c.p. structured Zng4sNios50 (L.H.S. scale)
and f.c.c. structured NiO secondary phase (R.H.S. scale) present together with Zng4sNigss0 system. The inset-I
shows the temperature dependence of axial-rhombohedral angle « "estimated for the oxygen rich pure NiO system
(i.e. x=1). Theinsets Il and I1l shows the pale apple-green colored oxygen rich NiO and jet-black colored oxygen
deficient NiO system without any ZnO, synthesized at sintering temperature 1200°C and 1350°C for 12 hours in
air, respectively.

distortion was observed in NiFeo 010 and NiO + Co304 powders. Our results confirm that the cubic-symmetry can
be sustainable till 300°C for the ZnO + NiO solid solutions. For example, Shimomura et. al. reported ‘o’ ~ 90°
3.8" at 20°C of sample containing excess oxygen content i.e. NiO1.2 Synthesized by oxidizing the nickel foil of
thickness 0.06 mm [138]. These authors reported some interesting change in the magnetic ordering as well. At
sufficiently higher oxygen contents the rhombohedrally distorted lattice exhibits ferromagnetic like character as
revealed from the cooling and heating cycles of the dc-magnetic susceptibility measurements recorded in the
presence of external magnetic field of 1000 Oe [47,137,138]. Such unexpected magnetic behavior may originate
from the excess oxygen present in the specimen and/or nickel vacancies (absolute excess of anions).

Few authors reported ‘o’ ~ 90°4.2" at 20°C for NiO single crystals of perfect stoichiometry [47,137,138].
Schron et al. explained the origin of crystallographic distortion in 3d transition metal oxides such as NiO, MnO,
FeO and CoO using spin-polarized density function theory (DFT) approach [139]. According to their results the
spin-orbit interaction drives the magnetic anisotropy in CoO and FeO due to the partially filled tog subshell while

transverse electron interaction plays an important role for the magnetic anisotropy in MnO and NiO due to the
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completely empty or filled toq subshell [139]. These authors calculated the strain tensor € due to antiferromagnetic
ordering and the orbital occupancy. They discussed the rhombohedral lattice distortion (including monoclinic) by
applying the condition Tr(€) = 0 to the volume-conserving monoclinic strain tensor. In the case of MnO and NiO,
the stress components ‘¢’ and ‘e’ of the calculated strain-tensor completely vanishes causing purely rhombohedral
distortion along the [111] direction [139]. These authors reported a detailed study on the role of occupation of the
tog minority-states for the rhombohedral and monoclinic distortion which decreases significantly with the filling
of minority spin channel states of tyq orbitals [139]. It is well known that depending upon the stoichiometry the
color of NiO can change from pale apple green to jet black. To probe this issue, we have prepared two batches of
NiO samples: the first batch was sintered at 1200°C for 12 hours in air and the second batch was sintered at
relatively higher temperatures approximately 1450°C for 12 hours in air (depicted in the inset of Figure 3.5). We
observed that the samples sintered at low temperatures appear pale apple green color (Inset-11 of figure 3.5)
corresponds to the near-stoichiometric or excess oxygen content in NiO, whereas, the pellets sintered at higher
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Figure 3.6: The X-ray diffraction patterns of Nii.\NaxO polycrystalline sample for compositions x lie between
0.002 and 0.20 together with the Rietveld refinement data.
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Figure 3.7: The X-ray diffraction pattern of the NiggsNioosO sample recorded at various temperatures between
200°C and 400°C together with the Rietveld refinement data.

temperatures exhibits jet black color (Inset-111 of figure 3.5) due to limited availability of oxygen at higher
temperatures. It is well known that green colored system exhibits insulating properties, while, the black color NiO
samples show deficiency of Ni** ions often represented as NiogsO100 and behaves like a p-type
semiconductor [122,139]. Based on the results obtained from the present investigations and existing literature
results we speculate that all the investigated samples including pure NiO system contains excess oxygen content,
which leads to a higher lattice distortion of 60° 8" at 150°C. These results are reproducible for the bulk grain size
samples prepared using SSRM and SGP. Figure 3.6 shows the XRD pattern of various compositions of Ni1-xNa,O
which shows no significant alteration in the cubic symmetry of parent NiO (‘a’=4.18 A). However, for x > 0.16,
an additional phase of NaO, (Space group: Pa-3) emerges out as secondary phase inside the NiixNa,O matrix. A
slight shift of the peak positions towards lower Bragg’s angle was noticed with increase in the ‘Na’ doping
concentration signifying the fact that lattice parameter decreases after the incorporation of Na at Ni sites. Figure
3.7 shows the temperature dependent XRD pattern together with Rietveld refinement of NiggsNao.0sO measured
across the Néel temperature of NiO to probe the structural distortion (if any present in the system). The

corresponding lattice parameter ‘a’ and unit-cell volume ‘V¢’ are shown in the figure 3.8. Both the parameters ‘a’
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Figure 3.8: The temperature dependence of lattice parameter a(T) for NiggsNioosO. The inset shows the
temperature dependence of d(a)/dT.

and V¢’ increases progressively with increase in temperature with a slight change in the slope of linear behavior
of ‘a(T)’ and ‘V¢(T)’. To clearly probe such minute change, we have plotted the temperature derivative (da/dT)
(as shown in the inset of Figure 3.8). A kink was clearly notice across the Ty suggesting the changes occurring in

the f.c.c. lattice of Nig.gsNag.os0O.

3.3.2 Local Atomic Environment using X-ray Photoelectron Spectroscopy:

The composition and chemical states of the investigated two-phase composites were analyzed by means of X-
ray photoelectron spectroscopy (XPS). Figures 3.9 and 3.10 shows the XPS spectra of pure NiO and
Zno.45Nios50/NiO composites sintered at 1200°C, respectively. XPS spectra corresponding to O-1s, Ni-2p, and
Zn-2p core levels of both NiO and Zng.sNiossO/NiO composites are calibrated by the binding energy of carbon
C-1s orbitals located at 283.9 eV. These spectra are considered as the internal reference spectrum shown in figures
3.9a and 3.10a [140-142]. The presence of asymmetric behavior in two unresolved overlapping peaks of oxygen
1s spectrum indicates that oxygen exist in two chemical states in both the compounds which are associated with
the surface and chemical bonds (indicated by arrows in both figure 3.9b and 3.10b). The Ni 2p spectrum shown
in figure 3.9c for pure NiO contains a doublet whose binding energies are centered at 857.75 eV and 876.5 eV
(shown by arrow marks) associated with the Ni 2ps. and Ni 2py. states, respectively [140-144]. The binding
energy difference between these two doublets is A ~ 18.75 eV with prominent two satellite peaks designated as
Si(~ 864.5 eV) and Sy(~ 883.25 eV) which suggest that the nickel present in the composites is not in the metallic
form but as compound NiO [140]. If nickel exists in the form of individual metallic species, the binding energy
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Figure 3.9: The X-ray photoelectron spectroscopic (XPS) graphs depicting the intensity of core level x-rays
(counts per seconds) versus binding-energy(eV) of oxygen rich bulk grain-sized NiO sample. (b), (c) and (a)
shows the core level X-ray intensity spectra of O-1s, and Ni-2p together with C-1s core level spectrum as standard
calibrated spectrum. The peaks designated as S1 and S, represents the satellite peaks of Ni-2p levels. The arrow
marks show the center position of the peaks.

separation should be ~ 17.4 eV [140]. The Zn 2p spectra contains sharp and high symmetric peaks with binding
energies centered at 1022.25 eV and 1045.50 eV as shown in figure 3.10c. This doublet is associated with the Zn
2p3and Zn 2py core levels [140]. The difference between these two lines often characterized as the spin-orbit
splitting parameter A ~23.2 eV which confirms the +2 oxidation state of Zn. This value of ‘A’ matches well with
the previously reported values of standard ZnO [143,144]. On the other hand, the core level XPS spectrum of Ni
2p for Zno.4sNioss0 is shown in figure 3.10d. Two peaks are observed at 855.38 eV and 873.32 eV associated with
the Ni 2ps2 and Ni 2p12 lines, respectively. The binding energy separation between Ni 2ps, and Ni 2ps2 lines is ~
17.95 eV which is slightly less as compared to the 18 eV of stoichiometric NiO [140]. As described earlier if the
nickel exists in pure metallic form the binding energy separation should be equivalent to 17.4 eV. From the above
values, we conclude that nickel exists in divalent oxidation state within the core of ZngsNigssO system. These

results are consistent with the previously observed binding energy separation ~ 18.75 eV for Ni 2p states in dilutely
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Figure 3.10: The X-ray photoelectron spectra of Zno.ssNioss0 sample synthesized at sintering temperature 1200°C
for 12 hours in air. (a), (b), (c) and (d) shows the core level intensity of X-ray spectra of Zn-2p, O-1s, and Ni-2p
together with C-1s core level spectrum as standard calibrated spectrum, respectively. The arrow marks show the
peak center positions.

doping levels (0> x> 0.1) [145,146]. Also, a slight shift in the peak positions of Ni 2p spectrum of Zng.sNig.ss0
is noticed as compared to pure NiO system discussed earlier (Figure 3.9¢). The difference corresponding to the
Ni 2ps; peak positions in NiO and ZngsNigssO is ~ 2.37 eV, whereas for Ni-2py; state the binding energy
difference is ~ 3.18 eV. Such shift in the peak positions of the Ni-2p XPS spectrum between Zng.ssNiossO and
pure NiO case is due to the different atomic environment faced by the Ni?* ions when incorporated inside the ZnO
matrix. Also, the shift in the satellite peaks of Ni-2p with increasing the ‘Ni’ composition within the ZnO matrix
signifies the attenuation of nonlocal screening because of reduced site occupancy of two adjacent ‘Zn’ ions. Earlier
studies by Matthea et al. [146] suggests that even the finite-size/or surface effects cannot lead to significant
change in the characteristic peak positions of Ni 2p XPS spectra in nano-size crystal of NiO. Nevertheless, from

the literature we noticed that a detailed study of the Ni-2p and O-1s spectra of hydroxyl ion contaminated NiO
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Figure 3.11: The X-ray photoelectron spectra of NiggsNagosO sample. (a), (b), (c) and (d) shows the core level
intensity of X-ray spectra of O-1s, Na-1s and Ni-2p together with C-1s core level spectrum as standard calibrated
spectrum, respectively.

samples can cause some change in Ni-2p peak shape and position [146]. Gaskell et. al. performed the surface
studies for Ni1«ZnxO solid solutions over a wide composition range using Auger and XPS measurements and
noticed a measurable change in Ni-2p photoemission spectra with increasing the zinc content inside the NiO
matrix [145].

Figure 3.11 shows the XPS spectra of Nio.gsNao.0sO bulk sample. The O-1s spectra (figure 3.11a) resolved into
three Gaussian-Lorentzian peaks centered at 528.9 eV and 530.76 eV signifying the presence of surface oxygen
and chemically bonded oxygen. Whereas, the Na-1s core level photoelectron spectra exhibit single major peak at
~1076.12 eV signifying the presence of monovalent oxidation state of sodium (Na*). On the other hand, the Ni-
2p core level spectrum for Nio.gsNao 05O system (figure 3.11 c¢) exhibits a complex behavior as compared to pure
NiO (figure 3.9 ¢). For NipesNaoosO, the Ni-2p XPS spectra were deconvoluted into nine peaks centered at 853.6
eV, 856.66 eV, 858.9 eV, 863.2 eV, 870.91 eV, 874.1 eV, 876.37 eV, 878.9 eV and 882.09 eV. These transitions

as associated with the multiplet splitting effects and non-local screening of ‘Ni**> by oxygen and sodium ions. The
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binding energy separation between the doublets of Ni (A ~17.3 eV) signify the divalent oxidation state of Ni inside
the core of Nio.gsNaoosO matrix. The different atomic environment faced by ‘Ni’ inside the core of NiixNaxO

matrix also causes a significant shift of binding-energy towards the higher energy side of all the satellite peaks.

3.3.3 Dielectric Relaxation (Temperature and Frequency Dependent Studies):

Figure 3.12 shows temperature dependence of relative dielectric permittivity &(T) of the Zn1.,NixO/NiO with
various doping concentrations (x), measured at constant ac-driving frequency of 1 kHz. Very large values of &
(~10%) are observed in these composites, with an anomaly across the critical temperature T*~ 257°C, though the
anomaly at T” strongly depends on the ‘x’. For samples with x > 0.163, the anomaly takes a broad cusp shape and
gradually becomes a sharp peak centered at T™ ~ 246°C for x = 0.025. This behavior noticed in both &(T), and
loss-tangent Tan (8) versus T is similar to the typical ordered ferroelectric to disordered para-electric phase
transition occurring at the ferroelectric Curie temperature Tc~ T". Such a transition is highly susceptible to the
frequency of the electric field, nickel doping concentration and sintering temperature. The possible origin of such
transition could be due to the shrinkage of the lattice volume when the smaller ionic radius Ni?*(0.69A) ions
occupy the tetrahedral sites of Zn?* (which has larger ionic radius of ~ 0.74 A), leading to permanent local electric
dipoles [122]. Such difference in the ionic radii may disturb the hexagonal regularity of the unit-cell and causes
off-centered symmetry, thereby resulting in ferroelectric behavior. Although pure zinc oxide is a polar crystal, it
does not undergo any phase transition at atmospheric pressure. Reversing its polarization by applying an external
electric field is difficult until it melts at 2248 K. The substitution of host Zn?* by other ions may plays an important
role in the appearance of ferroelectric ordering, although the driving mechanism of this phase transition is not well
understood. The ferroelectricity in ZnO based systems is a well-established phenomenon, in which Zn?* is
substituted with either slightly lower or higher ionic radii elements. For example, systems like ZnO-Cr (0.73 A),
ZnO-Be (0.45 A), and ZnO-Li (0.76 A) exhibit weak ferroelectric behavior [131-133,147]. On the other hand,
the Mg?* ion (Is?2s?2p®) substitution in ZnO play a different role as compared to the isoelectronic Li* and Be**
ions (1s?). Thus, the changes in electronic configuration play a more important role than the difference in the ionic
radius. Nevertheless, this situation can be reversed at higher doping levels where the secondary phase of NiO
becomes major product, surrounded by the grains of ZnO as a minor phase. In such heavily doped samples, we
observed significant contribution of the crystallographic phase transition of NiO to the global dielectric behavior
of Zn1«NixO/NiO composites. It is well known that nickel oxide exhibits rhombohedral (R3m) to cubic (Fm3m)
structural phase transition, which is associated with the antiferro to paramagnetic Néel temperature Ty at 523
K [112]. The inset of figure 3.12 shows the variation of T* as a function of composition together with the standard
data of NiO. For dilute doping concentrations (x < 0.05), the critical transition T occurs ~ 25°C below the standard
transition of defect-free NiO. Nevertheless, it is clearly evident from figure 3.12 that for higher compositions (x >
0.16), where NiO exists as major phase, the ferroelectric Curie temperature approaches the antiferromagnetic Néel

temperature, T"(Tc)—Tn. Across any such structural transition, the breakdown of translational symmetry causes
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Figure 3.12: Temperature variation of relative dielectric permittivity &(T) of two-phase composite Zn1.«NixO/NiO
for various composition (x) in the range 0.002 < x < 0.5 measured at 1 kHz. The inset shows the variation of
critical temperature ‘T" as a function of ‘x’ together with the data of pure NiO on the right-hand-side scale.

disordering in the system. At the same temperature the transverse optical lattice vibration (w: # 0) becomes finite
and the atoms are displaced along a specific crystallographic axis [148]. Under such unstable conditions (where
the longitudinal optical phonon frequency i approaches zero) in the non-cubic phase, the high frequency
dielectric permittivity (e.) reaches its maximum value, following the Lyddane-Sachs-Teller relation {(¢[0]-S’)/
g[oo]} = (w1/ o)?, where S’ is the permanent dipole polarization, with £[0] and €[] being static and high frequency
dielectric permittivity, respectively [148,149]. A detailed descript of Lyddane-Sachs-Teller concept is given
below.

In 1941, Lyddane, Sachs and Teller derive a relationship between the dielectric constants (g(0) and g(«)) of a
crystal and the long-wavelength (longitudinal o, and transverse ) lattice frequencies which is given by the
following relation [148-150]:

€0) _ wf
= ot (.2)

This equation is popularly known as Lyddane-Sachs-Teller (LST) relation. It is interesting that the above relation

is free from all the microscopic parameters such as effective charge and force constant. The LST relation has been
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Figure 3.13: (a) Temperature dependence of the relative dielectric permittivity &(T) of the Zno7Nio3O/NiO pellets measured at various frequencies in the
range 10%-10° Hz. The open square symbols on the right hand side scale of the inset represents the frequency variation of transition temperature T" and
corresponding solid red line is the least-square fit to the VVogel-Fulcher law. The graph shown on the left hand side scale in the inset illustrates the linear
dependence of In(v) on 1/(T"- Ty). (b) Temperature dependence of the dissipation factor Tan(3) for various frequencies of Zng7Nig3O/NiO.
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Figure 3.14: (a) The relative dielectric permittivity ‘e’ versus temperature ‘T’ recorded at various frequencies between 10° Hz -10° Hz for the critical
composition xc ~ 0.163. The RHS scale of the inset shows the frequency variation of T" and fit to the Vogel-Fulcher law. The LHS scale of the inset
demonstrates the linear dependence of In(v) on 1/(T"- Tg). (b) Temperature variation of ‘g;” versus ‘T’ measured at various frequency between 2x10° Hz

and 3x10* Hz of pure NiO pellet sintered at 1450°C for 8 hrs in air.
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widely used to explain the anomalous dielectric behavior of any ferroelectric system across the structural phase
transition. During 1960, Cochran proposed the concept of mode-softening to elucidate the mechanism of
ferroelectric structural phase transitions [148,151]. According to Cochran’s model, whenever a crystal undergoes
a structural phase transition, the crystal becomes unstable against a particular normal mode of lattice vibrational
(Phonon) whose frequencies tend to zero. This phenomenon is termed as mode-softening [148,151]. The high
temperature symmetrical-phase sustains some unstable-Phonons (often called as soft-mode) whose frequency
tends towards to zero (softening of Phonon modes) as the temperature approaches the critical temperature Tec.
Such softening of Phonon modes freezes the corresponding lattice vibrations and leads to a structural transition
(from high- to low-symmetry crustal structure) with a finite dipole moment [148,151,152]. For order-disorder
phase transition the crystal can be modeled by two sub-lattices: First sub-lattice consists of normal oscillators and
the second sub-lattice comprises the random motion of particles. The random motion of particles in a sub-lattice
can undergoes dielectric-relaxation process likely to be Debye-relaxation (discussed in Chapter 1, Section 1.3.4).
Hence, it is important to consider such Debye relaxation modes in the LST relation. The contribution of total
Polarization P of the crystal is now the sum of two sub-lattices: (i) P1 due to the electrons and atoms and (ii) P is
due to the Brownian/random motion of the particles. Collectively, one can write the total Displacement vector as:

D = E + 4nP = E + 4P, + 41P, (3.3)

and the corresponding dielectric permittivity can be written as:

D _ 4mPq 4Py

€=%T E E

+1=¢€;+¢€ (3.4)

So, our total dielectric constant has two terms associated with the two sub-lattices i.e. First one associated with
the normal oscillator and other with the Debye relaxation. Using the equations 1.12 and 1.13 the magnitude of €,

can be written as:

4mtaN 1+2p 4m
€ = et 1-B’ b= ?ZiNiai (3.5)
and the expression for €' is:
! — 1+2(ﬁel+ﬁion)
€0 = L erhiom (6)

For high frequency, the ionic polarizability does not contribute:

' 1+20,
€' (o0) = 1o (3.7)

Substituting the values of €'(0) and €’ (o) in LST relation:

€(0) _ 4maN w_lz
€' () €' () w% (38)

Alternatively, the above equation can be written in a more general way as given below:
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e(0)-s' a)_lz
T (3.9)

In this equation S" is the strength of the permanent dipole moments [148,149,151,153]. Across the ferroelectric
transition, the suppression of long-range harmonic modes occurs and short-range anharmonic ordering takes place

leading to the softening of optical phonon frequencies (o, — 0) [149]. Under these circumstances, the high

frequency dielectric permittivity (g_) attains its maximum value.

For dilute compositions, the transition looks like a weak anomaly, however, as ‘X’ increases beyond 0.163,
T" increases rapidly. Such dielectric phase transition in Li or Cr doped ZnO with non-relaxor ferroelectric
properties is well reported in the literature, which was associated with the relative translational shifts of Zn and O
sub-lattices [154-158]. Both theoretical and experimental reports revealed that the extent of indirect interaction
of dipoles, formed by off-center impurities (Li or Cr), via free charge carriers increases with increasing doping
concentration. This interaction may cause significant increase in the transition temperature (320-500 K) with
increasing doping concentration (5-15 mol %) in ZnO [154,155]. At room temperature, the static and high
frequency relative dielectric permittivities of ZnO and NiO are & ~ 8.49, €x~ 3.72 and & ~ 11.75, €, ~ 5.7,
respectively [158]. Higher values of dielectric permittivity observed in the present case as compared with the
above values can be ascribed to the fact that ferroelectric regions of Ni doped ZnO sites are surrounded by non-
ferroelectric grains of NiO regions, similar to relaxor ferroelectrics. Another possibility is that an internal barrier
layer capacitor (IBLC) mechanism associated with the Schottky barrier formation across the grain boundaries of

the ceramic microstructure can also be responsible for the unusually high permittivities [159].

Figure 3.15: (a) The scanning electron
micrograph  of  Znogs7Nio1630/NiO  pellet
recorded under secondary electron mode, and (b)
the corresponding energy dispersive X-ray
analysis EDXA spectrum.
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Figures 3.13 and 3.14 depict frequency dependent behavior of £(T) and Tan & of the Zn1xNixO/NiO solid
solutions for the samples with x = 0.30 and x = 0.163. These two compositions are chosen because the contribution
of NiO to the overall dielectric behavior of the composite is expected to be significant. The figures 3.13 and 3.14
exhibit typical characteristics of a relaxor ferroelectric in which the temperature corresponding to the maximum
value of &(T) shifts towards higher temperature side. For the sample with x = 0.30, the transition temperature T"
shifts from 228°C to 330°C, as the measuring frequency is increased from 10® Hz to 10° Hz. For the sample with
x = 0.163, T"shifts from 211°C to 257°C from f = 10% Hz to 10° Hz. For T < 150°C, no significant changes in the
&(T) has been noticed, however, beyond 175 C, &(T) increases very sharply and becomes more diffusive at higher
frequencies. It is well known that typical relaxor systems are incapable of carrying macroscopic polarization at
temperatures significantly below the ordering temperature, but a local (rms) polarization has been identified to
exist at much higher temperatures T > T¢ [160]. Numerous theoretical models have been proposed in the literature
to elucidate the relaxor behavior [161], such as, super-paraelectric model (similar to super-paramagnetism),
“dipolar-glass” model (like spin-glasses), and random field model [152,160-164]. The basic idea behind all these
models is that the collapse of long-range dipolar interactions (due to compositional heterogeneity) results in the
formation of ultrafine polar clusters [165]. The surface morphology obtained from the scanning electron
microscope (SEM) (recorded under secondary electron mode) and its corresponding energy dispersive X-ray
(EDX) spectrum for the x.~ 0.163 are shown in figure 3.15. This micrograph clearly reveals the formation of tiny
polar clusters (as discussed above). The main impetus for compositional heterogeneity is believed to arise from a
positional disorder due to occupancy of tetrahedral sites by Ni?* ions, resulting in a locally varying ferroelectric
transition temperature for various frequencies. As the nickel composition increases from 0.002 (dilute) to 0.163
(moderate), one can expect domination of long-range dipolar interactions in the solid solutions of Zn;.
xNixOwmajor/NiOwinor @nd yield typical ferroelectric behavior. However, for heavier doping levels (x > 0.163), the
irregularities in the long-range dipolar interactions results in the formation of polar clusters.

The density of such polar clusters grows with the compositional disorder; as a consequence, relaxor behavior
may appear. We analyzed the dynamic variation of the &(T) and the dispersion of the permittivity at temperatures

close to T"using the Vogel-Fulcher law given below:

(3.10)

EA
kB (T* _Tg)

In the above equation Ea is the activation energy, T~ is the critical temperature, T, is the freezing temperature of

V =V, exp [—

the polarization function, ks is the Boltzmann constant, and the pre-exponential factor ‘v’ is known as the

attempt frequency (it corresponds to the Debye relaxation frequency) [38]. The temperature dependence of the
dynamic behavior of dipole reorientation in most relaxor ferroelectrics obeys VVogel-Fulcher law and this law is
widely used to characterize the relaxor ferroelectrics [36,63]. The scattered open square symbols on the left-hand-

side scale of the inset of figures 3.13a and 3.14a depicts the frequency variation of T". The connecting line is the
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least-square fit of the Vogel-Fulcher equation, which is in good agreement with the experimental data. This
analysis results in the following parameters, vo = 1.33 x 10°Hz, T4 = 181'C, Ea = 0.11 eV for x ~ 0.30, and vo =
1.33 x 10°Hz, Ty =240 C, EA = 0.023 eV for x ~ 0.16. The linear behavior of In(v) versus 1000/(T"-T) as shown
in the right-hand side scale of inset of figures 3.13a and 3.14a further confirms the validity of the Vogel-Fulcher
relation. Nonetheless, the attempt frequencies obtained in the present case are smaller as compared to the standard
relaxor ferroelectrics like KixLixTaOs;, BaTiOs-BaAlO; or (Ki«Nax)NbOs; [166-168]. Such standard relaxors
exhibit vo values as high as 10°-10'2 Hz. Lower values of v signify that the investigated composite system is a
weakly coupled relaxor since none of the parent oxides are standard ferroelectrics. Such kind of systems does not
exhibit the attempt frequencies as high as standard relaxor ferroelectrics as mentioned above. Very recently, Li et.
al. reported low values of vo (= 46x10° Hz) in ZnO-Co based dilute magnetic system [63]. Thus, one cannot expect
attempt frequencies of the order 10°-10*2 Hz in such weakly coupled relaxor systems. Usually, the relaxor
ferroelectrics are characterized by frequency dispersion of the complex susceptibility, where the temperature
corresponding to the susceptibility maximum shifts to higher temperatures with increasing frequency. Vogel-
Fulcher law is not the only criteria to judge relaxor behavior. The empirical scaling of dielectric permittivity peak
in relaxor ferroelectrics can also be characterized by the scaling line deviation using the Uchino-Nomura’s criteria
as discussed below [169].

In the present case, temperature dependence of reciprocal dielectric permittivity &*(T) shows a straight line
behavior indicating that the data is following the Curie—Weiss law for all temperatures T > Tc.

1 T-T,

€

(T>T) (3.11)

r
Using this equation, we have calculated the Curie constant C = 7.4x10°°C and 1.6x10°°C for x = 0.163 and 0.30,
respectively for f ~10% Hz. Nevertheless, significant deviation from the Curie-Weiss behavior has been observed
across 384°C, 282°C for x =0.30 and 0.163, respectively. These values are close to the temperature at which local
polarization sets in, and is often called Burns temperature (Tq). Usually, T4 increase progressively with increasing
the measuring frequency [169,170]. Such deviation from the Curie-Weiss law is treated as a common signature
of the relaxor ferroelectric behavior [36,171]. The difference between Burns and Curie temperatures ATq= Tq—
Tc is often treated as a characteristic parameter which represents the degree of deviation from high-temperature
linearity. Usually, higher values of ATqrepresent prompt development of randomly oriented local polarization
clusters, resulting in enhanced relaxor behavior. In the present case ATq= 105, 103, 109 and 20°C for v = 103, 10*,
5x10° and 10° Hz, respectively, for x = 0.30 and ATq= 41, 40, 37 and 25°C for v = 10%, 10°, 5x10° and 10°Hz,
respectively for x = 0.163. In general, the high-temperature slope of dielectric cusp is described by an empirical
Lorenz-type relation [172], where the degree of diffuseness of peak is quantified by the parameter ‘6 (widely

known as shape parameter):
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(T — TA )2
252

€a

~1= (3.12)

&

In the above equation, the fitting parameters Ta and ea signify critical temperature and magnitude of relative
permittivity across the Lorenz peak. For x = 0.163 and 0.30 the high-temperature slope of dielectric cusp fits well
with the above-mentioned Lorenz-type relation. The calculated values of ‘3’ from the fitting parameters are 23,
80, 29.92, and 39.73°C for v = 104, 10°, 5x10° and 10°Hz, respectively for x = 0.163 and § =192, 33, 178, 88°C
for v = 10% 10% 5x10° and 10° Hz, respectively for x = 0.30. In order to cross check the relaxor behavior
alternatively, we have used Uchino and Nomura’s criteria (or modified Curie-Weiss law) for the relaxor

ferroelectrics, which is given by following equation [169]:

= 3.13
€ ¢ C 1)

where ‘C’ is the Curie constant, ‘y’ is a diffusion coefficient and ‘€™ represents the maximum dielectric constant
at T". For typical ferroelectrics, ‘y> should be approximately equal to unity. However, for relaxor systems ‘y’
should range from 1-2. Figure 3.16 shows the log-log plot (log(1/e -1/€") versus log(T-T")) associated with
equation-(3.13). The “y’ values obtained from the slope of above plots are 1.77 and 1.91 for x = 0.16 and 0.30,
respectively. These values lie within the range of typical relaxor systems. We did the same analysis for pure NiO
system as well. Figure 3.14b shows ¢, versus T plot of NiO (for v = 1 kHz-30 kHz) sintered at 1450°C in air for 8
hrs. A giant and broad dielectric peak across 410+10°C and an anomaly across 268°C (designated as Tnio”) can be
clearly noticed. Although the origin of dielectric peak across 410°C is not fully understood, the anomaly across
268°C is undoubtedly originating due to the symmetry-breaking structural disorderness, which in turn is associated
with the magnetic ordering of the system Tn. Nevertheless, the difference between Ty values reported in pure NiO
and the current experimental result is approximately +15 K and -40 K for f ~ 10° Hz and 10* Hz, respectively.
Such difference may be ascribed to the presence of random fields, including local electric fields and elastic fields
which hinder the long-range dipole arrangement [169].

Furthermore, we have studied the role of extrinsic origins like (a) sample-electrode contact impedance and (b)
instrument related parasitic-series inductance/resistance effects on the observed relaxor-like behavior and giant
dielectric permittivity of the current system. All the dielectric measurements in the present investigation have not
shown any negative-capacitance effect at high temperatures. Normally, such negative-capacitance and sample-
electrode contact impedance may cause an underestimation of the global dielectric behavior of the system.
Therefore, the observed dielectric anomaly across Tn of NiO, together with the weakly coupled relaxor-like
behavior in the ZnO/NiO two-phase composite system is not an artifact. Further evidence to the weak ferroelectric
like behavior was obtained from the capacitance (C) versus voltage (V) measurements where an external dc-
voltage (5 V) superimposed with a small ac-signal of amplitude 0.1 V was applied across the capacitor geometry

of the sample. The dc-voltage was swept from positive to negative bias and reached back to the initial value sim-
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Figure 3.16: Logarithmic variation of the difference in reciprocal value of relative dielectric permittivity, log(1/¢-
1/€") as a function of log(T-T") for two composition x ~ 0.163 (red) and x ~ 0.30 (blue) of Zn:xNixO/NiO. The
solid line represents the modified Curie-Weiss law fitting to the experimental data.

-ilar to a complete hysteresis cycle. Figure 3.17 shows the C-V characteristics of ZngesNio3s0O/NiO measured at
different frequencies of the ac-signal at room temperature. These curves resemble the butterfly-shape hysteresis
loops, which clearly indicate the presence of ferroelectric nature with domain switching behavior of the
investigated system. Also, one can clearly notice the voltage shift in the maxima of the capacitance value due to
polarization. On the other hand, incorporation of Na inside NiO matrix did not show any relaxor behavior, instead
the magnitude and location of the dielectric transitions are different as that of undoped NiO. Figure 3.18 (a-c)
shows &/(T) for the three different “Na’ doping concentration X = 0.02, 0.16 and 0.20, respectively, measured using
Impedance-Analyzer from Solatron with Model No S11260 between the frequencies 100 Hz and 20 MHz. All
these samples show very large value of & (~ 107 for moderate doping concentrations x < 0.16) at f ~ 1-10 kHz at
300K. It is interesting to observe that &:(T) exhibit two major transitions at 258°C and 310°C. The first transition
is due to antiferromagnetic to paramagnetic transition accompanied by the structural distortion from rhombohedral
to cubic. Interestingly, this hump smears-out with increase in ‘Na’ concentration in NiO. The second transition is
due to the diffusion of Na inside the NiO.
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Figure 3.17: Capacitance-voltage (C-V) characteristics of ZnoesNio3sO/NiO pellet measured at various
frequencies between 10 and 10° Hz at room temperature.

3.3.4 Temperature Dependence of ac-Resistivity:

Figure 3.19 shows the temperature dependence of ac-resistivity of various compositions of Zni4NixO
including pure NiO measured at constant ac-frequency f =10 Hz. All the plots depict a gradual decrease in the
resistivity value as the temperature is increases from 20°C to 400°C with weak anomaly across 255°C close to
orthorhombic to cubic structure phase transition of NiO which exits as secondary phase in the Zn:xNixO matrix
(the vertical dotted line shows the position of transition). The formation of localized energy states due to the
distorted bond angles, defect-centers and impurities contributes significantly to such changes of
resistivity [173,174]. Figure 3.20 shows the logarithmic variation of ps as a function of 1/T* corresponding to

the data shown in figure 3.19. Nearly linear behavior has been observed in all the graphs providing the signature

To 1/4
of variable-range-hopping of the charge carriers following the equation p = poexp(T)

where the parameter ‘po’
is known as pre-exponent factor and ‘To’ is the characteristic temperature coefficient [175]. Both the parameters
poand T, were extracted from the slopes and intercepts of figure 3.20 for different compositions. Generally, the
variation of exponential factor in the above equation decides the nature of hopping process [173,176,177]. For
the variable-range-hopping of charge carriers the exponential value should be equivalent to 1/4. In order to

confirm this behavior, we plotted the double logarithmic graphs of [p/po] as a function of In(T), as shown in the
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Figure 3.18: Temperature dependent relative dielectric permittivity &(T) of Nii.xNaxO system for (a) x=0.002, (b)
x=0.16 and (c) x=0.2 measured at various frequencies between 100 Hz and 20 MHz.

figure 3.21 for three different compositions of Zn1xNixO/NiO (0.163 <x < 1) system. The slope values obtained
from In(In[p/po]) versus In[T] plots lies between -0.250 and -0.249 for all the three compositions. These values
are close to -1/4 confirming that the localized charge transport is through the variable-range-hopping (VRH) of
the charge carriers in all the samples. Figure 3.22 shows the In(In[p/p.]) as a function of In(T) for pure NiO sample
sintered at 1450°C. Three different temperature regimes was identified where a straight-line behavior was obtained
with slopes -0.250, -0.246 and -0.253 for low temperature regime (100 °C <T < 250°C), intermediate temperature
(250°C< T <270°C), and high temperature regimes (T > 300°C), respectively. Thus, it is clear from these slope
values that as the temperature increases the charge transport mechanism shows slight deviation from the VRH
behavior. At exceedingly higher Ni substitution, the composite system (ZnOwino/ NiOwmajor) iS expected to carry
nearly stoichiometric nickel oxide Nii2O, (A—0). This dominates the conventional conduction mechanism
instead of the defects driven conductivity that usually appears in the cation deficient system Ni.aO, (A #

0) [178,179]. We expect that such cation deficient system Ni;-AO may form at either low ‘x” values or at high
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Figure 3.19: The temperature dependence of ac-resistivity pac(T) of ZnixNixO (0.025 < x < 0.300) and pure NiO
sintered pellets measured at 1 MHz constant ac-frequency.

sintering temperatures. Typically, perfect stoichiometric NiO crystal exhibits higher order of resistivity values (p
~ 10" Q cm) at room temperature [180]. However, in the present case we observed nearly nine-fold drop in the
resistivity as compared to the above values in pure NiO system measured at room temperature [180]. Such
decrease in the resistivity value could be attributed to the formation of oxygen vacancies at higher sintering
temperatures (~ 1450 °C for 24 hours) leading to the deviation from stoichiometry [181,182]. Therefore, the
samples grown by the low-temperature processes exhibits fewer vacancies then those sintered at higher
temperatures [180-182]. It is well known that NiO can be pale apple green or jet black depending up on the
stoichiometry (A). The green color compound corresponds to the 1:1 composition of NiO and act as perfect
insulator, while the black material has deficiency of Ni?* ions often represented as Nio.9sO1.00, Which behaves like
a p-type semiconductor [183,184].

3.3.4.1 Concept of Polarons:

Landau first proposed the concept of ‘polaron’ in 1933 to describe the conduction of electrons/holes in polar
compounds [185]. In a polar/ionic system, the Coulombic interaction between conduction electron/hole and
lattice ions leads to a strong electron-phonon coupling. This interaction results a cloud of virtual phonon around
the electron/hole and is known as polaron [51,185,186]. Figure 3.24 shows the schematic representation of a

69|Page
TH-2215 136121010



Chapter-111 | Electronic Structure and Dielectric Relaxation in Zn;xNixO/NiO and Niix\NaxO

34F
(@) 150l @) 2274
32r i 2272
3.0F 4.146 - I
i 2.270
281 & ! ! 4.140 ' - ' - [ . .
0.2135 0.2142 0.2149 ' 6.138 6.160 6.49 6.50 6.51
7\0 g b
o 1.93F ' ®) 3339
/\%5.2 \\9; L
& = 192} 3.336
c — L
— 51 T 191 L , " 1 L L A 3.333 . . |
500 592 594 596 598 6.26 ' 6.27 ' 6.28
3871 © - ©
36 ~ 4150}
3.4 it I
L 58| 4,145
3.2 I
[ & . ! . ! . [ ' . ! : ' 4.140 ' . '
0.225 0228 0231 0234 0237 2.14 2.76 2.18 6.138 6.160
1T In (T) In (T)
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sample sintered at 1450°C.
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polaron (electron polaron), where electron attracts the nearby positive ions and repels the negative ions, which
generates a self-induced polarization (P.). Conventional polarons (electron or hole polarons) result from the
interaction of electrons with longitudinal-optical (LO) phonons. Apart from the conventional polarons there are
number of other quasiparticle polarons such as spin-polaron, which originates due to the electron and atomic
magnetic moment interaction, and piezo-polaron due to the electron and acoustic phonons
interactions [51,185,186]. Depending upon the radius of a polaron we can further classify the polarons into two
types: (a) Large polarons and (b) Small polarons. If the radius of a polaron is significantly larger than the lattice
parameter of the material then such polaron is known as large-polaron, also called as Fr6hlich
polaron [51,185,186]. Generally, the strength of the electron-phonon interaction is expressed by a dimensionless

coupling constant ‘e’ which is introduced by Frohlich as follow [51,185-187]:

e [me a1
e he | 2hwyo (e(oo) E(O)) (3.14)

In the above equation the parameter £(0) represents the static dielectric constant, (o) is high-frequency dielectric

constant, my is the effective band mass of the charge carrier, and w.o is the LO phonon angular frequency. The
polaronic effects are significant when a > 1, because, the value of a is generally about double that of total number
of phonons in the phonon cloud of a given electron. For semiconducting materials, the value of a lies in the range
0.3-0.5. With increase in the ionic and dipolar nature of the system, the a value increases significantly. For
example, alkali halides exhibit the value of a between 2 and 4, and the famous high-k system Strontium-Titanate
SrTiO; shows a value as high as 4.5. The wave functions for large polarons are widely distributed over the lattices.
According to the Feynman reduced mass approximation for the polaron, the a value is related to the effective mass

of the polaron which is given by the following equation:

m* = m, (1 +%) fora <1 (3.15)

m* ~ m,(0.02a*) fora>1 (3.16)
Hence the effective mass of a polaron m” is higher than the band mass of the electron. Such large m” leads to a
large inertia as electrons drag the lattice distortion, and they collectively move inside the crystal. On the other
hand, if the radius of a polaron is comparable to the lattice parameter of the material then such polaron is known
as small-polaron. In small polarons (or discrete-polarons), the confinement of an electron is within one unit-cell
dimension because of the shape and strength of the effective potential-well of the crystal lattice. In this case, the
polaron binding energy E, is higher than the half-band-width (D) of the electron band and leads to a strong-
coupling regime, A = (Ep/D) > 1. Thus, in general the small polaron band in a crystal is exceptionally narrow. The
transport of a small polaron in an ideal crystal from site to site mainly occurs via two different processes; (i)
Tunneling of a small-polaron between neighboring sites with no change in the phonon-population, and (ii)
Tunneling of a small-polaron between the adjacent sites with change in the phonon-population [188,189]. Small-
polarons generally follow the thermally activated hopping process, which is related to the drift-mobility and Hall-
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Figure 3.23: In (p/T*?) versus 1000/T plots of Zne7NiosO and pure NiO sintered pellets measured at 1 MHz
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-mobility, under some approximations, which is expressed by the Arrhenius law, as given below:

Eg )
kT

Harire < T~ ' exp (— (3.17)

1
— E,
Hau < T2 exp (= 77%5) (3.18)

In the above equations the activation energy E. = Ep/2. According to the theory of small-polaron transport, a
distinction is made between adiabatic hopping and anti-adiabatic hopping. In adiabatic hopping, an electron
relaxes at all times (takes transition) within the potential-well created by its own lattice-distortion. In anti-adiabatic
hopping, electron jumps out of the potential-well, and then the lattice moves to equilibrate with the electron’s new

position. However, in reality the behavior is always somewhere between these two extremes.
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Figure 3.24: Schematic diagram of polaron (electron) formation [51, 185].

3.3.4.2 Activation energy and Exchange Constant:

For higher compositions major quantity of NiO phase formation is expected along with Zn1.«NixO as minor
phase, therefore one can expect that the conduction mechanism may get dominated by the naturally formed p-type
nickel oxide [179,190-192]. Also, at very high sintering temperatures the cation deficiency generally causes the
formation of holes [180,193-195]. These holes are freed on the expenditure of dissociation energy ‘eq’ and
possibly will drift to a more distant cation, there by converting the latter to Ni** [185,196-198]. Such charge
carrier transfer rate from one site to the next is determined by immediate surroundings of the localized carriers
and phonon excitations [185,196,199]. On the basis of the earlier work by Holstein [200], Emin [201,202],
Austin [186], Mott and Keem [176,199], we have estimated the average hopping activation energy ‘en’ using the
slope and intercepts of In(p/T%?) versus 1000/T (K™) fitting the experimental data to the following expression (as

shown in figure 3.24):

@

1
p(T)= AN:::; \/;{(4%'(? Z }exp[‘gd Jl:T“(T)} (3.19)
where ‘ep’ is the small polaron binding energy which takes care of the contribution from lattice and electronic
energies and is equivalent to ~ A%2M ®*(T). Here ‘A’ is the electron-lattice coupling constant, ‘M’ being the
effective ionic mass, and ‘®(T)’ is lattice vibrational frequency. All the other parameters being (i) ‘a’ is the jump
distance, (ii) ‘ANc¢’ is vacancy concentration of Ni** ions corrected for compensating centers, (iii) ‘¢’ is the
transfer integral corresponding to Ni?*-O-Ni**, and (iv) ‘kg’ is the Boltzmann constant. Using the temperature
variation of Seebeck coefficient ‘e’ in units 2.303 ks/e we have estimated the value of dissociation energy g4~ 0.2

eV. By substituting the g4 value in equation (3.19) one can roughly estimate the behavior of ‘en(T)” [181].
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Figure 3.25: Temperature dependence of hole activation energy en(T) of Zn:1xNixO/NiO for various composition
between x = 0.163 and 0.50, and pure NiO system. The inset depicts temperature variation of nearest-neighbor
exchange coupling parameter J(T).

Figure 3.25 shows the temperature variation of the hole activation energy ‘en(T)’ for various compositions of Zn;-
«NixO/NiO systems. Clear anomalies are observed across the antiferromagnetic to paramagnetic transition
temperature Ty in both the plots In(p/T%?) versus 1000/T (K) and ‘en’ versus ‘T’ for both Zn;xNixO/NiO two
phase composite as well as NiO system. It is well known that pure NiO exhibits a crystallographic phase transition
from rhombohedral (R-3m) to cubic (Fm-3m) phase associated with the antiferromagnetic to paramagnetic
transition across 523 K (Néel temperature Tn) [203]. The temperature variation of &, shown in figure 3.25 also
suggests that the activation energy for polaron hoping around Ni centers in ZnO (x < 0.10) is almost comparable
for the case of cation deficient Ni1.,O (A#0) system. But, for larger values of ‘X’ the magnitude of ‘e’ across ‘Tn’
are more than two orders higher than the values reported by Adler, and Austin for the case of stoichiometric nickel
oxide (Ni1-4O, A—0) [72,71]. Following the analysis of Keem et al. [199,204] the localized charge carrier hopping
energy at a particular site can be determined by considering the energies of both lattice (¢) and magnetic (em)

contributions separately at a given temperature using the equation:
&(T)= 2+ en(0)= 20 (T) =2+ 30 3,850 (8,81 }= 2 —63,(8) 1 -£(T)}, (20
j
where en(T) is the magnetic energy of the trivalent nickel ion at temperature ‘T’, ‘Si’ is the Spin moment on i

site, ‘Jjj” is the exchange coupling parameter summed over nearest neighbors, and ‘§(T)’ is the fraction specifying

74|Page
TH-2215 136121010



Chapter-111 | Electronic Structure and Dielectric Relaxation in Zn;xNixO/NiO and Ni;xNaxO

6.0 6.2 6.4 6.6
0.275 I r I r I r I r 0.275
a
(@) x=016_®
0.270 | 40.270
o
2 0.265 | 4 0.265
£
0.260 | 40.260
0.255 - 0.255
1 //// 1
1 9
- -1/4
T 1/4(K / )
- 2.38
3.40
- 2.36
—
< 3.35
~~
a
N
= 4234
£
3.30
4 2.32
3.25 |
—— 2.30

| L L | L | L |
520 525 530 535 540 545
In (T)

Figure 3.26: (a) The In(p)) versus T**and (b) In[In(p/po)]) versus In(T) plots of Nii.xNaO for x =0.02, 0.16 and
0.20.
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the ratio of sublattice magnetization. Considering, the spin S = [S(S+1)]%%, for divalent nickel ion, the hole
activation energy estimated as en(7) = en/2-12J[1-&(T)]. Consequently, we have evaluated the temperature
variation of ‘J* (as shown in the inset of figure 3.25 J vs. T) by utilizing the data of average hopping energy
obtained from equation (3.20) and considering the value of ‘ep’ to be approximately 0.01 eV (from Ref [181]).
Further, the magnitude of ‘§(T)’ was obtained from high-temperature dc-magnetic susceptibility data [112]. The
calculated values of ‘J(T)’ is shown in the inset of figure 3.25 which is consistent with the experimental results of
Srinivasan and Seehra [205], and theoretical estimation of Hutchings and Samuelsen [206] based on Green’s
function analysis. Similar results were observed in the case of Nii—xNaxO (figures 3.26-3.27) with ‘€y’~0.08 eV
and J~5meV for x=0.02. Nevertheless, detailed high resolution magnetic susceptibility measurements in the
temperature range 300 K - 550 K are warranted for the Zn;.«NixO/NiO system to determine the exact nature of the
exchange interaction across ‘Tn’. Such results are discussed in chapters IV and V with a systematic correlation of
the nearest-neighbor exchange interaction (J) obtained from the resistivity data and magnetization measurements
(Jex) are presented. Such analysis is extremely important considering the fact that as the thermal energy surpasses
the mean interaction between dipoles (either magnetic pe or electric dipoles pe) seizes away and the long-range
order disappears making the system paramagnetic/para-electric. The following section summarizes the important
findings of the above results.

15
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Figure 3.27: Temperature dependence of hole activation energy en(T) (L.H.S) and nearest-neighbor exchange
coupling parameter J(T) (R.H.S) for Nig.9sNao.02O measured at constant frequency f=2 kHz.

76|Page
TH-2215 136121010



Chapter-111 | Electronic Structure and Dielectric Relaxation in Zn;xNixO/NiO and Ni;xNaxO

3.4 Conclusions:

We have successfully synthesized various compositions of the two-phase composites comprising Wurtzite
h.c.p. structured ZnO and rhombohedrally distorted NiO together with Ni;—xNaxO. Interpretation of the
experimental results from XPS, and temperature dependence of crystal structure and dielectric properties have led
to the following important conclusions: (i) Ni-2p and Zn-2p both exhibit doublet corresponding to 2ps; and 2pis.
with spin-orbit splitting A ~ 17.9 eV and 23.2 eV, respectively, confirming the divalent oxidation state of Zn and
Ni. However, in the case of pure NiO the difference in the binding energy of Ni 2ps, and Ni 2ps2 is ~ 18.75 eV
(> 18 eV) signifying the excess oxygen in the system. (ii) The slight change in the Ni-2p satellite peaks with
increasing the composition ‘X’ is associated with the attenuation in non-local screening because of reduced site
occupancy of two adjacent Zn ions. (iii) In the case of Ni;«NaxO, the O-1s spectra exhibits three Gaussian-
Lorentzian peaks centered at 528.9 eV and 530.76 eV signifying the presence of surface oxygen and chemically
bonded oxygen. Whereas, the Na-1s core level photoelectron spectra exhibits single major peak at ~1076.12 eV
signifying the presence of monovalent oxidation state of sodium. (iv) The temperature variation of the axial-
rhombohedral angle ‘a (T)” of oxygen-rich NiO system exhibits an abrupt drop from 60°8’ to 60° at 300°C
associated with Tn. Conversely, no significant distortion was noticed in the NiO present as secondary-phase in the
Zn1xNixO core, yet, we observed an anomalous decrease in the unit-cell volume (V¢) between 150°C and 300°C
for both the h.c.p. Zn1xNixO system and f.c.c. NiO. (v) The high-temperature dielectric properties presented in
this chapter has established the presence of two transitions at T* (Tn-nio) = 541 K (268°C) and T, = 683 K (410°C),
associated with the structural phase transition from rhombohedral to cubic phase of NiO, while the T, is linked
with the T¢ of Ni. (vi) Formation of tiny polar clusters due to the compositional heterogeneity for the samples with
X > 0.16 drove the system to exhibit weakly coupled relaxor-like behavior with locally varying temperature
maximum T~ (~ 530 K at 10° Hz), obeying the VVogel-Fulcher law and Uchino-Nomura criteria. (vii) Temperature
dependence of ac-resistivity pac(T) analysis provides strong evidence for the variable-range-hopping of charge
carriers between the localized states. Using this pa(T) data and applying the small-polaron model the carrier
hopping energy en and nearest-neighbor exchange-coupling parameter Jij is evaluated which exhibits a well-

defined anomaly across Th.
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Chapter-1Vv
Magnetic Exchange Interactions in Zn1.xNixO/NiO and Nii-xNaxO

In this chapter, we focus on the high-temperature magnetic properties of Zni«NixO/NiO two-phase composites
and Nii.«NaxO and made a comparison between the dielectric properties and crystal structure. This chapter also
highlights the changes occurring in the nearest-neighbor exchange interaction strength estimated from the
molecular-field approximation and Green’s-function theory. A systematic comparison of these magnitudes was
carried out against various values obtained from experimental methods. The role of oxygen-rich and oxygen-
deficient conditions on the magnetic ordering of NiO system is discussed in detail. The introductory section
presents detailed literature survey on magnetic behavior of Zn;xNixO and NiO, together with their scientific and
industrial applications. In the later sections, we present details of various characterization techniques employed,

experimental results and their discussion followed by summary of results.

4.1 Literature Review:

Antiferromagnetic compounds such as NiO, MnO, CoO, CuMnAs, and IrMn play a more practical role in
spintronic devices as compared to conventional ferromagnetic systems because of the some added functionalities
inherent to antiferromagnets, such as the exchange bias [110, 111, 207-215]. Antiferromagnetic systems are also
considered as key elements for commercial magnetic field sensors and magnetic-random-access
memories [110,111,207-210]. Also, the promising spin-transport characteristics of insulating antiferromagnets,
together with their exceptional magnetic-field hardness, play a major role in the lossless spin transmission and
spin interconnects [214]. Such features make antiferromagnetic insulators attractive elements for basic and
applied research in Magnonics [214,215]. On the other hand, appropriate integration of antiferromagnetic NiO
clusters in ZnO core upsurged the desirable properties for specific applications like rechargeable lithium-ion
batteries, solar cells and memory-devices [119,214-219]. Recently, Liu et al. demonstrated much higher
photocatalytic performance of p-NiO/n-ZnO hetero-structures as compared to pure NiO and ZnO [59]. Woong et
al. reported enhanced gas sensing characteristics with good stability and fast response kinetics for NiO-decorated
Zn0O nanowires [220]. The electrical properties in these two-phase composites are mainly dominated by the grain-
boundary interface effect which is technologically important for solid state resistive-switching devices like
varistors (voltage-dependent resistor) [214,215]. Recently, Zheng et al. reported excellent electrochemical
performance of ZnO/NiO core-shell nanocomposites with a maximum specific real-capacitance of 4.1 F/cm? for
the supercapacitor electrodes [220]. As compared to the hazardous leaded materials, the ZnO/NiO system is
environment friendly, which makes it important material for the renewable energy source, especially in the field
of supercapacitors and fuel cells having long-term cycling stability [220]. Moreover, the spinodal
nanodecomposition and nanoprecipitation in semimagnetic-semiconductors (e.g. Mn-doped group-I11 Arsenides

and antimonides, transition metal doped group-111 nitrides and ZnO, and Cr-doped group-I1 chalcogenides) found
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the cutting-edge application of computational and novel nanocharacterization methods [215]. Nevertheless, a
detailed study related to the high temperature magnetic and structural properties of ZnixNixO and Ni;xNaxO
systems were not reported anywhere else when we initiated this work. Only very few reports are available in the
literature on the high temperature magnetic and structural studies of bulk and nanosized NiO [137,205,221,222].
The first report dealing with the high-temperature (700 K) magnetic susceptibility of NiO single-crystals appeared
in 1984 by Srinivasan and Seehra [205]. For the magnetization study these authors used both polycrystalline
powders and strained (42 bars) NiO single-crystals elongated along <111> direction. According to this report the
magnitude of exchange constants for NiO single crystals are: J; = 0.29 meV (34 K) and J, = 17.4 meV (202 K).
These values are evaluated from the experimentally obtained magnetic susceptibility data y(524 K) = 8.8x10% cm-
%9t (6.57x10*cm>mol!) and random-phase approximation Green’s function theory [205,222,223]. These results
are consistent with the data obtained from experimental spin-wave dispersion curves (J; = 0.13 meV (-16 K) and
J2=1.90 meV (221 K)) and Raman scattering (J> = 1.98 meV (230 K)) [223,224]. Recent study on the crystallite
size-dependent magnetization behavior of NiO nanoparticles revealed that the shifts of Tn towards low-

temperature side with decrease in particle size (d) following the finite-size-scaling relation (TN (d) =
Ty () [1 - (%")AD with the shift-exponent A = 3.2 + 0.2 and the correlation length & =3.2 £ 0.2 nm [112]. The
neutron diffraction studies and X-ray absorption fine structure measurements of NiO nanoparticles (4-9nm) reveal
the exchange bias effect (Hes ~ 6 kOe at 2 K measured under both zero-field-cooled and field-cooled conditions)
driven by the 0.5 nm thick interface spins existing between core and shell structure of the NiO nanoparticle [225-
227]. Earlier studies by Proenca et al. reported that the uncompensated spins (q) per NiO nanoparticles of size 12
to 70 nm are proportional to the 1/3 power of total number of spins (g o (ns)*®) indicating the random distribution
of g on the surface of antiferromagnetic nanoparticles [227]. Except these reports there is no other study available
in the literature related to the high-temperature (300 K < T < 773 K) magnetic susceptibility of either bulk or
nanocrystalline NiO [205,226]. The polarized neutron powder diffraction studies of bulk and nanoparticle
antiferromagnetic NiO reveal that the spins are oriented with a 30° average angle to the primary (111) plane of the
particles [228]. It is well known that oxygen vacancies are inherently linked with magnetic, electronic and charge
transport properties of transition metal oxides and such vacancies play a major role in determining their
multifunctionality [229,230]. It is also possible to tune the overall magnetic moment of the antiferromagnetic
NiO nanoparticles by inducing the surface defects driven by the oxygen vacancies [229]. Strong coupling between
such oxygen vacancies and nearest neighboring ‘Ni’ ions result in exchange bias (Hes) as high as 5 kOe at low-
temperature (<10 K) (majority of Ni?* vacancies reside on the surface rather than in core, which leads to a large
saturation magnetization Ms (~ 0.19 emu/g) and Heg) [231]. Motivated by all the above literature an attempt has
been made here to study the magnetic and ac-electrical transport properties of Zn,—xNixO/NiO and Ni;—xNaxO bulk
grain size polycrystals. In this chapter a special importance is given to evaluate the magnetic-exchange interaction
(Jex) and carrier-activation energy (en) from different experimental methods and theoretical approaches. Finally, a
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comparative analysis of the variation Jey, particle moment (U,) and &n as function of doping concentration ‘x’,
oxygen stoichiometry (8), and measuring temperature ‘T’ are presented for both the systems Zn;-«NixO/NiO and
Nil—xNaxO.

4.2 Experimental Details:

All the samples are prepared by standard solid-state-reaction technique as described in chapter 3. NiO samples
are sintered at 1200°C under oxygen-rich conditions to get pale-apple-green colored NiO:s samples. Whereas jet
black color oxygen-deficient NiO1.s samples were prepared by sintering the pellets at very high temperatures
between 1350 and 1450°C. High-temperature (from 350K to 700K) magnetic measurements are performed using
a vibrating sample magnetometer based physical property measurement system (PPMS) from Quantum Design
Technology (with magnetic field capable of £70 kOe). A high-precision impedance analyzer from Wayne—Kerr
Electronics Pvt. Ltd (model 6530B) assembled with high-temperature accessories was used to study the dielectric

properties between the frequencies 10° to 10° Hz with ac-peak-to-peak amplitude of 1 V.

4.3 High Temperature Magnetic-susceptibility Studies:

The temperature dependence of dc-magnetic susceptibility y(T) measurements of Zn,xNixO/NiO and
Ni;-xNaxO samples are performed in the presence of external magnetic field H =1000 Oe. Figures 4.1 shows the
x(T) plots and their derivatives of different compositions of Zn; xNixO/NiO and Ni;-x\NaxO. These samples are
sintered at 1200°C under oxygen-rich condition yielding pale-apple-green colored NiO,s, as well as in oxygen-
deficiency to give jet black NiO1.5. Here y(T) measurements are performed from T = 350 K to 700 K under both
heating and cooling cycles in the presence of an external magnetic field H = 2kOe where the sample compartment
was maintained under constant vacuum condition during the measurement. Two transitions are clearly observed
in the %(T) curve, as shown in figures 4.1a; the first transition across T1~ 534 K and the second transition T, at
640 K, which are associated with Ty of NiO and Curie temperature Tc of ‘Ni’, respectively. Since the high
temperature measurements were performed under vacuum, one can expect the formation of tiny Ni clusters
through reduction process. The order parameters Tc and Ty are in good agreement with the previously reported
literature values for stoichiometric NiO; Tn (T1) = 523 K, and T¢ (T2) = 627 K for metallic Ni (inter diffusion of
‘Ni’ inside the NiO matrix) [183,232]. It is a well-known fact that the antiferro-to-paramagnetic transition in
typical Mott insulators (like NiO, CoO or MnO) is linked with a definite crystal-structure change; for example, in
case of stoichiometric NiO, a clear change from low-temperature rhombohedral phase (space-group R-3m) to
high-temperature cubic phase occurs across T (space-group Fm-3m). It is also known that in antiferromagnetic
systems, the peak temperature pertaining to the Ty occurs at a temperature slightly higher than actual anti-
ferromagnetic ordering temperature [233-236]. The variation of the magnetic specific heat (Cp) of an
antiferromagnetic system should closely resemble with the behavior of d(3T)/0T [233-236]. Therefore, in order
to accurately probe the magnetic transitions, we plotted the derivative of the product “yT” with respect to temp-
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Figure 4.1: (a) Temperature dependence of dc magnetic susceptibility
x(T) and (b) the differential d(xT)/dTsusceptibility(left-hand axis scale)
and xT(right-hand axis scale) for an oxygen-rich NiO (x = 1) system
measured under both heating and cooling cycles in the presence of
external magnetic field H of 2 kOe. The inset shows the image of a NiO
sample (pale apple green) sintered at 1200°C under an oxygen ambient.
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Figure 4.2: Temperature variation of (a) dc magnetic susceptibility x(T)
and (b) the differential d(¥T)/dTsusceptibility(left-hand axis scale) and
xT (right-hand axis scale) recorded under both heating and cooling cycles
in the presence of external magnetic field H of 2 kOe for oxygen-deficient
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Figure 4.6: Temperature variation of (a) dc magnetic susceptibility x(T) and (b) the differential d(¥T)/dTsusceptibility(left-hand axis scale) and yT(right-
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-erature ‘T’ on the L.H.S. and the variation of “yT” with respect to ‘T’ on the R.H.S. in figures 4.1b. Consequently,
a broad minimum (negative dip) was noticed across 634 K and a positive hump (peak) across 527 K was observed
in the derivative plot of “yT’ (i.e. (}T)/0T). Thus the antiferromagnetic transition obtained from the o(yT)/0T
versus T analysis is in line with the original reported values (i.e. Ty~ 523 K). However, the T¢ of “Ni’ appears 7
K above the standard value of T¢ for Ni, which is 627 K because a small amount of metallic nickel forms at high
temperatures when we subject NiO to vacuum condition. Thus the interface of NiO/Ni composite plays an
important role and as a consequence, slight shift in T¢ is expected. Similar analysis (Figure 4.2) leads to a weak
anomaly across the Ty but a sharp peak at T¢ for the oxygen deficient sample (jet-black colored NiO) which was
sintered between 1350-1450°C. Figure 4.2a shows the “y’ vs. T of the oxygen-deficient NiO sample measured
under both cooling and heating cycles. The bifurcation of “y’ vs. T data recorded under cooling and heating appears
around 620 K and 670 K for oxygen rich and oxygen deficient samples respectively. Such large difference between
the susceptibility curves are related with the inherent anisotropy effects present in the antiferromagnetic state of
the sample [237,238]. Figure 4.2b represents the temperature variation of o(¥T)/0T and T on the L.H.S and
R.H.S, respectively. From this derivative analysis of ‘yT’ a weak hump across Tnand a strong dip across the T¢
was observed. Such strong ferromagnetic character is appearing due to the dominance of metallic Ni character
caused by the oxygen deficiency in the system. On the other hand, only straight-line behavior was observed in the
x vs. T data of Zno70Nio.300/NiO composite signifying the paramagnetic behavior of the system with very weak
anomaly across the 510 K close to standard Ty value of NiO (Figure 4.3). Usually, as the Ni substitution increases
at the tetrahedral zinc sites, one would expect a decrease in the average distance between two-successive nickel
ions, consequently an increase in the coupling between Ni?*-Ni?* leading to a ferromagnetic interaction and
diamagnetic contribution of Zn?*(3d%) gradually smears off. As the substitution level of Ni increases beyond x =
0.10, antiferromagnetic NiO emerges as secondary phase and this phase grows progressively with increasing ‘X’,
accordingly the Ni-O-Ni superexchange interaction dominates over Ni?*-Ni?* direct interaction discussed above.
Therefore, the Zn?* ion virtually plays no role on the global magnetic behavior, however, one cannot rule out the
possibility of interstitial Zn?* ions and oxygen vacancies in the wideband-gap wurtzite matrix which may play a
significant role in the dielectric and ac-transport properties of the two-phase composites [239,240]. Besides, Na
doped NiO exhibits complete antiferromagnetic character without with any ferromagnetic component arising from
Ni. Figure 4.4-4.6 shows the x(T) and o(xT)/0T plots for Na compositions x = 0.02, 0.1 and 0.2 in NiO matrix.
These plots show the unaltered antiferromagnetic character of Ni;xNaxO except slight change in the Tn values
(490 K, 532 K and 540 K for x = 0.02, 0.1 and 0.2, respectively) with increased y values for higher Na doping

concentration.
Moreover, using the Curie-Weiss G{ = %) analysis on the high temperature paramagnetic regime of y(T)

data, the effective magnetic moment pefr for both oxygen-rich and oxygen-deficient NiO samples are calculated.

Figure 4.7 shows the temperature dependence of the inverse magnetic susceptibility (1/x) of both the NiO samples
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Figure 4.7: Inverse magnetic susceptibility 1/y plotted as a function of temperature for NiO14s (right-hand axis
scale) and NiO1-; (left-hand axis scale). The hollow symbols represent the experimental data and solid linear fits
are the Curie—Weiss fits.

for T > Tn. In this figure, the solid lines are Curie-Weiss fits to the experimental data points depicted by hollow
circles. Consequently, using the slope of these linearly fitted data the Curie constant ‘C’ = 1.47x1072 emu-K/g-Oe
and 1.27x10° emu-K/g-Oe, and pess = 3.42us and 2.41pg have been evaluated (perr has been obtained using the
following relation (3ksC/Na)*?) for Oxygen rich and deficient NiO systems, respectively. For oxygen rich NiO
sample, the observed value of pers = 3.42 g is considerably higher than the previously reported values in pure NiO
(Ueff ~ 2.87 us) [241] and slightly higher (0.46 ug) than that for oxygen-deficient NiO. It is well known that NiO
is a type-1l antiferromagnetic system where the indirect exchange coupling is mediated by the oxygen ions [242].
Since the jet-black NiO system exhibits oxygen deficiency, it is possible that these deficiencies could lead to

interruption of the indirect exchange coupling, providing a significant drop in the per.

4.3.1. Evaluation of Exchange constants: Theoretical background:

4.3.1.1 Magnetic ordering using Molecular Field Theory and Secular equations:

In this section, we establish the set of secular equations using molecular field theory (discussed in Chapter-I,
section 1.4.1) and uses the results of our experimental data in consonance with the secular equations to evaluate
the strength of exchange constants for the investigated system. In order to evaluate the exchange constants in these
binary transition metal oxide systems we make use of the universal equation of the Heisenberg exchange
Hamiltonian:
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H=-2 ]85 “.1)
i#]

In the above equation Jj is the exchange interaction between an i atom and one of it’s j neighbors. Then the overall

molecular-field acting on one atom of the i sublattice is

H,=H,+ iyﬂ\/[/ “.2)
=
where j is the molecular field coefficient, M; is the magnetization at j" sublattice and ‘n’ is the number of
sublattices in the system. Succeeding the equation y=2 Jaz/Nag?us?®, We can write
i =0 Jori=j #.3)
yi=n2Jiz)/ NEws  fori#j #4)
where z;; is the number of j neighbors of an i atom and N is the total number of atoms. The equations 4.3 and 4.4
state that the atoms interact with atoms on the other sublattices only. For example, in NiO, a given atom has 12
nearest neighbors at a distance of a/\2 on six different lattices and six next-nearest neighbors on the cubic edges
at one lattice parameter ‘a’ unit distance. Therefore, from the figure 1.16, we consider Y12 = y13= Y14 = Y16 = Y17 =
v18 be y1 for the nearest neighbors (nm) and y1s be y» for the next-nearest neighbors (nnm). For each H,
Hi=Ho+8/6y M2+ ...... +8 ya Ms + ...+ 8/6 y1 M
H:=Ho+8/6y M+ ...... +8 2 Ms + ...+ 8/6 y1 My

Hg: Ho+8/6y My + ... +8 o Myt ...+ 8/6 y1 M; )
The expression for the magnetization (M) and magnetic field (H) can be represented by the Curie law,
M;=C /4T H,
=C /nT(Hy+Y y;M; ) “4.6)

where the Curie constant, C = N/8 g? s S(S+1)/3kz.
Subsequently, Hi, Ha, ... , and Hg in equation 4.5 can be replaced by 8T/C M1, 8T/C M, ..., and 8T/C Ms. Thus

one can rewrite the equation 4.5 as

8T/CM; - 8/6 yiMs- ... - 8 psMs-... - 8/6 yiMs = Hy
- 8/6 yM; + 8T/CMs-...- 8 psMs-...- 8/6 yiMs = H,
.............. .7)
-8/6 My - 8/6 yiMs - ... 8 psMy ... + 8T/C My = Hy

Thus, equation 4.7 can be represented in the form of matrix with the applied field Ho = 0 and the determinant of

the secular equation is (with ap = 8T/C, a1 =-4/3 y1, a2 = -8y2),

ao al cee az see al
a1 aO cee az see al
az al cese aO see a’l = 0 (4‘8)
al al cee az see aO
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The eight solutions of above equation 4.8 yield the transition temperatures. To solve this equation 4.8, the standard
procedure of subtracting rows and columns is employed (without affecting the solutions), leading to only three
independent solutions due to degeneracy. The first factor leads to quadruple degeneracy, (ao - a2)* =0 or ap = a,.
This yield:

Tne = -C 2 “.9)
In the remaining determinant, add row 1 to row 5. This changes the determinant 8 x 8 to 7 x 7. Repeat this step

until the determinant becomes 4 x 4. Thus, we finally get a 3 x 3 matrix,

—A —-A A+4aq
—-AlA 0 2a; |=0 4.10)
0 A 2a,
In the above equation 4 = (a; + ao — 2a1)
So, we have the results of equation 4.10 as
A? = 0, triple roots
and, A4 = -8a;, single root 4.12)
From equations 4.11 and 4.12 respectively
T\:C(—7/j” V1 +y2) (475)
In=C(pr+ p2) “4.14)

The eigen vectors for each transition temperature can be obtained by substituting each solution of the matrix into
original matrix. For the first case of ap = a, the result is
ao M; A M5) aF d;Mg + M; +..... +Mg) =0 (4. 75)

This gives;
M1 — -Mj’, similarlyMz - -Mg, M3 = -M7, M4 = -Mg (4.76)

For the solution, a, + ag- 2a;= 0,
ap (My + Mz + Ms + My) — ay (M5 + Mg + M; + Ms) + ar{3(M; + Mz + Ms + My) + 5(Ms + Mg + M; + M)} =0

The Eigen vectors of this equation are
My =Ms, M;=Ms, Ms =M;, My =My

and M; + Mo+ M+ My =Ms + My + M, + Mg =0 4.17)
And for the last case, a, + ao+ 6a1= 0,
ao (My - Ms) + ar (Mo + Ms + My - 6Ms + My + My +M;g) = 0
Thus, M; =M, =M; =My =M; =M; =M, =M 4.184a)
In summary, all the solutions are collectively written as;
For the first case, Tna = - C y2, where J, <0
My = -Ms, M> = -Ms, Ms=-M7, and My = -Mjs 4.18b)

This is what is observed in NiO and represents the antiferromagnetic ordering of Type Il (say AF-2).
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For the second case, Tni = C(-1/3 y1 +p2), wWhere J; <0and ], >0
My =Ms, M= Mg, M; =M;, My = Mg
and M; + M, + M;s + My = Ms + Mg + M; + Mg =0 “.19)

The above equation represents the antiferromagnetic ordering of Type | (AF-1).
And the last case, Tc = C (y; + y2), where J; > 0and 2> 0
M7:M2:M3:M4:M5:M5:M7:Mg (420)

This case represents the ferromagnetic state.

4.3.1.2 Equations for T and 0: Three types of ordering:

In this section we derive the definite expression for Ty and 6. For this we start with equation 4.19 which
describes the antiferromagnetic ordering of magnetic atoms. Atoms are ordered ferromagnetically in x-y plane
and the direction of spins is changed alternately as shown in figure 4.8 (a) choosing M1 = Mz = - M3 = - My. This
arrangement can also occur in y—z plane and x-z plane. The number of nearest neighbor pairs order antiparallel is
the largest among the other orderings. Therefore, this feature of ordering represented in equation 4.19 is called the
antiferromagnetic ordering of Type-1 (AF-1). The atoms within planes perpendicular to a particular cube diagonal
are ordered ferromagnetically and the directions of these atoms are antiparallel with adjacent planes as shown in
figure 4.8 (b). Such kind of ordering is called antiferromagnetic ordering of Type-Il (AF-2). There is another type
of antiparallel-spin arrangement called antiferromagnetic ordering of Type-Ill (AF-3). This ordering is similar to
Type-l (AF-1) with the only difference being the change in the direction of one spin at the cube edge followed by
the same sublattice. This is shown in figure 4.8 (c). And in the last case shown in equation 4.20, Mi, Mo, ..., and
Ms, all have same magnitude and direction, leading to ferromagnetic state. The Curie-Weiss temperature 6 and
the Néel temperature Ty for the NiO system can be represented in terms of exchange constants J; and J.. For this
equation 4.7 can be rewritten as

M; :C/ST{H0+4/3)/1 (]\42+ +Mg)+8y2M5}
MZZC/XT{H()+4/3)/7 M; + ... +M3)+8}/2M6}

Mg:C/ST{Ho+4/3)/7(ZVI1+...+M7)+8y2M4} 4.21)

For T > Ty, in the paramagnetic region,

M= Z Mi
=C /8T {8Ho+4/3yi6 M+ ...+ Mg) +8y> (M1 + ... + Myg)}
=C /T {Ho+ (y1 + y) M} #22)
M= (C /T)(Ho/{1-C/T @ +y2)}) 4.23)
and
x=0M/OHy =C/{T —C(y+yp)} =C/{T+ | 0]} (4.24)
Where the paramagnetic transition temperature, 6 = |— CHyr+7vy2) | .

Since the FCC system possess 12 nearest neighbors and 6 next nearest neighbors. From equation 4.4, we can write
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yi= 2% 12)]i/ (N/8.2 ),
and 7= (2X6) Jo/ (N/82 ur?) (1.25)

Thus, the transition temperature 6 has the form:

0=286+1)12]; + 6]2) | 3ks 4.26)
Similarly, the transition temperatures for each type of AFM ordering, determined for Ho = 0, are also given by J:
and Jo.

In equation 4.20, Te=C(yr+y)

=25+ 1)(12 ] + 6]5) | 3ks 4.27)
In equation 4.19, Tni = C(-1/3 yi +y2)

=25(S + 1)(4 ]+ 6]2) | 3ks 4.28)
and in equation 4.18, Tne=-Cy2

=-25(5 + 1)(6]2) | 3ks 4.29)

Since the FCC system possess 12 nearest neighbors and 6 next nearest neighbors. From equation 4.4, we can write

yi =02 x12)Ji/ (N/8 & uw),
y2=(2%6)J2/ (N/8 & uv’) (#.23)

Thus, the transition temperature 6 has the form: 6 = 25 + 7)(12 J; + 6]2) / 35 (4.26)
Similarly, the transition temperatures for each type of AFM ordering, determined for Ho = 0, are also given by J;
and Jo.

In equation 4.20, Te=C @y +y2)

=258+ 1)(12]1 + 6]5) | 3ks 4.27)
In equation 4.19, Tni =C(-1/3 1+ p2)

=28(S + 1)(4 ] + 6]2) / 3ks “.28)
And in equation 4.18, Tne=-Cy2

=_25(S + 1)(6]2) | 3ks 4.29)

=_285(S + 1)(6]2) / 3ks 4.30)

The results for the transition temperatures show that, in ferromagnetic ordering, the real transition temperature,
Tc, and the paramagnetic transition temperature, 4, are the same in equations 4.27 and 4.28. Nonetheless, the
transition temperature, Ty, for the antiferromagnetic ordering are different depending on the magnetic ordering.
Based on the above mathematical treatment, we have determined the magnitudes of exchange constants J; and J,
(Type-II antiferromagnetic NiO) for both oxygen rich and deficient samples using y(T) data across the Tn. For

this, we first adopted molecular-field approximation method to evaluate these constants using the following

relations:
x(Ty) = Ng?ug/12(J1 + J2), (4.32)
Using y(Tn) = 0.01362 emu/mole from figure 4.1, S =1, and g=2.23, we obtained |J,| ~133.5 K (1.15 meV)
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Figure 4.8: Schematic representation of different types of antiparallel spin arrangements in FCC lattice [100].

92|Page
TH-2215 136121010



Chapter-1V | Magnetic Exchange Interactions in Zn;xNixO/NiO and Ni;xNaxO

and |J;| ~18.3 K (0.15 meV) for oxygen rich NiO sample. Near Ty, it is reasonable to use S=1 since zero-point
spin reduction is applicable only well below Tn. Similar analysis leads to |J,| ~ 131.5 K (1.13 meV) and |]J;|~
47.87 K (0.41 meV) for oxygen deficient NiO. For Type-1l (AF-2) antiferromagnetic systems, particularly NiO,
the magnitude of exchange constant |]J,| should be much higher as compared to the |J;| (|]21>>1]1]) [222].
Although the calculated exchange constants follow the trend []J,|>>|];|, these values are not in-line with the
previously obtained exchange constants using Raman scattering and Neutron diffraction data [202,243]. Since,
the molecular field theory neglects the higher order terms, it usually does not give accurate values of exchange
constants [205]. Therefore, an attempt has been made here to estimate |J;| and |J,| using the random-phase

approximation Green's-function theory in which the expression for y(Ty) is same as in equation-2 whereas the
quantity “kTn/J2” is a function of ‘S’ and the ratio II 1/]2 | Previous studies by Bartel et al. described the exchange-

striction effects in both the ordered antiferromagnetic state as well as in disordered paramagnetic states of NiO

using the random-phase Green's function approximation [244]. Using the similar analysis for S=1, we extracted
the relation between ks Tn/J2 versus |]1/]2 | which is shown in figure 4.9 [244]. To obtain |J,| and |], |, we followed

the successive iteration method by assuming |]J, |= 0 initially. Consequently, ke Tn/J2 = 2.67 and |], =200 K for Ty
=534 K was obtained. Substituting the value of |J,| in equation-2 (i.e. |J;|+|]J»| = 115.2 K for NiO1+s), |J;|=84.8

K has been extracted. Consequently, the ratio |] 1/]2| becomes 0.424 and its corresponding value of kTn/Jz is 2.589.

The above procedure is repeated until the convergence of both values of |J;| and |],| are reached, the procedure
finally yielding |J;| =91 K (0.7 meV) and |],| = 207 K (1.78 meV) for NiO;5 system. Similarly, for NiO1.s and
Zno.70Ni0.300/NiO the exchange constants |J;| and [],| are 32.6 K (0.28 meV) and 197 K (1.69 meV), and 56 K

3.0
2.5
Figure 4.9: The ratio of calculated values
20 of ke Tn/J; plotted against Ji/J, obtained by
Green’s function theory for the type-ll
= antiferromagnetic systems of f.c.c lattice
I—Z 15 with S=1 (here J; and J, are nearest
P neighbor and next-nearest neighbor
10 exchange constants, respectively) [244].
0.5
0.0 - - - -
0.0 0.5 1.0 15 2.0
N,
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(0.48 meV) and 195 K (1.68 meV) respectively. A systematic comparison of obtained exchange parameters (|]4|
and |J,|) with the previously available studies for various antiferromagnetic (AF) systems calculated from various
experimental and theoretical methods such as Inelastic Neutron diffraction, Raman Scattering, Molecular field
theory and Green’s-function analysis are listed in Table-4.1. From this data one can observe that the magnitudes
of |J;] and |]J,| determined from the Green's-function analysis are consistent with the values obtained from the
spin-wave dispersion curves (J; ~ 16 K (0.13 meV) and J, ~ 221 K (1.90 meV)) and Raman scattering (J.~230 K
(1.98 meV)) data, but significantly different from the values obtained from molecular-field approximation [205].
Figure 4.10 shows the phase diagram for the exchange constants J; and J; obtained from various experimental
data of magnetic ions occupying the face centered cubic lattice where J; is less than J; for typical Mott-Insulators
like NiO, CoO and MnO [222,245]. The bold solid lines represent the phase-boundaries between different
antiferromagnetic (AF) regions; for example, systems like (i) NdP, NdAs, NdBi and NdSb should lie between
AF1 and ferromagnetic (F) regions with J; ~ 0, (ii) EuO, EuS and EuSe should lie between F and AF2 with J; ~ -
Ja, (iii) NiO, CoO, a-MnS and MnO lies between AF2 and AF3 with J; ~ 2J,, and (iv) B-MnS and Cdi.«Mn,Te lies
between AF3 (Type-3) and AF1 (Type-1) regions with J, ~ 0. The J; and J; values obtained from the Green's
function analysis are lying in the first quadrant of the phase diagram, as shown in figure 4.10, and located close
to the phase boundaries between AF2 (Type-2) and AF3 (Type-3).

The temperature variation of saturation magnetization Mo has been used to determine the magnitude of Ty for
the composite system Zn;xNixO-NiO where there is no definite transition in y(T) curves. Thus, in order to evaluate
Mo we measured a series of magnetization isotherms (M —H) at several temperatures from H =0 Oe up to 50 kOe
and fitted the data with the modified Langevin function [112]:

H
M = MOL(“P jwaH (4.33)
kgT

In the above equation, Mo is the saturation magnetization, pp is the magnetic moment per particle, xa is the AFM
component of the magnetic susceptibility and the Langevin function L(x) is defined as L(x) = Coth x -1/x. The
AFM component of the magnetic susceptibility “y’ is obtained from the slope of the linear part in high-field M-H
isotherms and My from the saturation point of L(X) in high field M-H curves. The temperature dependent behavior
of Mo for NiO;:5 and NiOa.s is shown in figure 4.11. Similarly, the temperature dependence of My for x = 0.02 and
0.2 of Ni1.xNaxO bulk samples are shown in figure 4.12. An almost linear decrease in Mo(T) has been observed as
predicted by Makhlouf et al. and Seehra et al. [221,250]. These authors suggested that Mg originates from the
surface moments and these surface moments should vary linearly near Tn. As the temperature approaches to “Tn’
the surface moments decrease and Mo—0. By linear extrapolation of Mo(T) up to My—0; we have evaluated the
magnitude of ‘Tn’ ~ 541 K and 470 K for the oxygen rich NiO and oxygen deficient NiO samples, respectively.
Similar analysis yields ‘Tn’ ~ 395.5 K and 486 K for Zng77Nio230 and ZnozoNio200 bulk samples sintered
at1200°C for 12 hours in oxygen-rich ambience (Figure 4.13).
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Table 4.1: The summary of the values of J; and J, calculated by the various methods for different

antiferromagnetic materials.

Neutron Diffraction

Raman Scattering

Molecular Field

Green’s Function

System Theory Theory
-Ji/ks -Jo/Ks -J1/ks -Jo/ks -Ji/ks -Jo/Ks -Ji/ks -Jo/ks

NiO 8.0[206]  111[206] ~0[243] 107[243] 82[205] 65[205] 17[205] 101 [205]
NiO13 - - - - 47.87 131.5 32.6 197
NiOi+3 - - - - 18.3 133.5 91 207
Zno.7Nio 30 - - - = 128.5 122.5 56 195
MnO 10 [246] 11 [246] - - 7.1[245] 3.3[245] 5 [245] 5.5 [245]
FeO 12.06 [247] 21.35 [247] . - 78 [245] 83[245] () gpops 8.0 [245]
CoO 8.12[248]  1.24 [248] A - 1.3[245] 19.5[245] 2.8[245] 13.7[245]
MnTe; - - - - 6.7 [249] 1.6 [249] - -
MnS; - - . - 5.5[249] 5.9 [249] N -

J e '\EuTc FeO | JZA\H()I # ’

’ \ | | /

\ \ S /
\ | ! 1 CoO 7 MnO
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Figure 4.10: Phase diagram of type-Il
antiferromagnetic systems with f.c.c
lattice represented in terms of the nearest
neighbor and next-nearest neighbor
exchange constants J; and J,, respectively
[222, 245].
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Figure 4.11: Temperature dependence of saturation magnetization ‘Mo’ obtained from the modified Langevin’s
function for NiO,+s (R.H.S scale) and NiO15 (L.H.S scale). The solid lines connecting the data points represent
linear fits whereas the dotted lines are extrapolations to My — 0 providing the rough estimation of the Néel

temperature Tn.
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Figure 4.13: Temperature variation of saturation magnetization ‘Mo’ obtained from the modified Langevin’s
function for Zn;xNixO/NiO (x = 0.23 and 0.30) two-phase composite system. The solid lines connecting the data
points represent linear fits whereas the dotted lines are extrapolations to Mg — 0 providing the rough estimation
of the Néel temperature Th.

4.3.2 Correlating the Magnetic Ordering with Temperature Dependence of Dielectric Properties:

Figure 4.14 shows the temperature dependence of the relative dielectric permittivity ex(T) (left-hand axis) and
loss-tangent Tan(o) (right-hand axis) of the composites ZnixNixO/NiO with compositions x = 0.30 and 1.0
measured at ac-driving frequency f = 10° Hz. Both er(T) and Tan(d) exhibit similar behavior and show a hump
across 539 K and a giant peak across 641 K associated with Ty (= 523 K) of NiO and Tc¢ (631 K) of “Ni’ clusters
present in the Zni - yNixO systems. These two dielectric anomalies are consistent with the magnetic measurements
discussed above for the Zn1xNixO/NiO system. These transitions are highly susceptible to the frequency of the
applied electric field, the ‘Ni’ concentration in ZnO, and heat treatment conditions. [251,252] On the other hand,
the charge transport mechanism in the present system follows the Mott’s variable-range-hopping (VRH) of charge
carriers, confirmed from the slope values obtained (-0.250) from In(In[p/po]) versus In[T] plots. [175,176]
Moreover, using the values of characteristic parameters ‘po” and ‘To’ obtained from the Mott VRH analysis, we
have estimated the density of states of the charge carriers across the Fermi level ‘N(er)’, given by the relation
N(er) = 160%/ksTo, by considering the decay length ‘a’ ~ 10%cm 1. The obtained value of N(ef) is 1.642x10% eV
“Iem 3 and 5.06x10%° eV~ cm 2 for x = 0.30 and 1.0, respectively. According to the Mott VRH theory the
average hopping length ‘Ry’ and hopping energy ‘Wy’ between the localized sites are related to the N(er) by the
following equations [237,238,253,254]:

1

Ry = |7’ (4.34)

2maN(ep)kgT.
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Wy = [——] (4.35)

47N (ep)R3
Substituting the value of decay length ‘@’ and density of states N(er) to the equations (4) and (5), we obtained
‘Ry’ ~ 2.19 nm (0.85 nm) and ‘W’ ~ 188 meV (77 meV) for x = 0.30 (1.0). Additionally, the average hopping
activation energy ‘en’ has been estimated by fitting the temperature dependent ac-resistivity pa.(T) data to the
following equation: [176,186,237,252,255]:

1
AT (4,k,T )2 gq+&,(T)
T)= b7B exp| 24— =h\ / (4.36)
AT) AN e?a’\/z @* p{ ko T

where ‘e’ is the small polaron binding energy which is related to the electron-lattice coupling constant ‘A’, the
effective ionic mass ‘M’, and lattice vibrational frequency w(T) by the relation A%2Mw?*(T). The parameter ‘a’
signifies the approximate distance between nearest-neighbor ‘Ni’ ions; ‘4Nc’ is vacancy concentration of ‘Ni**’
ions corrected for compensating centers, ‘¢’ is the transfer integral corresponding to Ni?*-O-Ni**, and ‘kg’ is the
Boltzmann constant. Substituting the value of Seebeck coefficient o in units of 2.303 kg/e, we estimated the value
of dissociation energy es ~ 0.2 eV. Using the obtained ey value in equation (4.36) one can roughly estimate the
behavior of ‘en(T)’. [181] Figure 4.15 shows the temperature variation of the hole activation energy ‘en(T)’ for X
= 0.3 and 1 (both oxygen rich and deficient NiO systems). These e, versus T curves exhibit clear anomalies across

Tn where NiO exhibits a crystallographic transition from rhombohedral (R-3m) to cubic (Fm-3m) phase associated

Zn, NiO f=10°Hz

X
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e Phase Tra 0.10
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Figure 4.14: The temperature dependence of relative dielectric permittivity ‘er’ of Zn1xNixO/NiO for x = 0.30
and 1 measured at constant ac-driving frequency f = 10° Hz. The R.H.S scale shows the corresponding dissipation
factor (Tan o). The horizontal arrow lines indicate a crystal structure change from rhombohedral to cubic across
Twn (=539 K) of pure NiO.
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with the AF to paramagnetic transition across 523 K. [246,247,256]
by Keem et al.
considering the energies of both lattice (¢.) and magnetic (em) contrib

the following equation:

+ZJ O N

Following the theoretical analysis reported

[204], the localized charge carrier hopping energy at a particular site can be determined by

utions distinctly at a given temperature using

In the above equation the parameter ex(T) stands for the magnetic energy of the nickel ion at temperature ‘“T’, ‘Sy’

is the spin moment on i" site, ‘Jj’ is the exchange coupling parameter summed over nearest neighbors, and ‘A(T)’

is the fraction specifying the ratio of sublattice magnetization. Considering, the spin S = [S(S+1)]°® , for divalent

nickel ion, the hole activation energy is estimated as en(T) = ew/2-12J[1-&(T)]. In order to evaluate the temperature

variation of ‘J” we extracted the magnitude of ‘&(T)’ from high-temperature dc-magnetic susceptibility data, the

average hopping energy from equation (6) and ‘e’ = 0.01 eV chose

n from [68] and [69]. The inset of figure 10

shows ‘J” versus ‘T’ for both the compositions (x = 0.3 and 1) which clearly shows the anomalous change in the

values of ‘J’ between 400 K and 550 K. We obtained |Jmax| =

0.87 meV (f = 10°Hz) and 11 meV (f = 10°Hz) for x

= 0.3 and 1, respectively synthesized under oxygen rich conditions where we expect a stoichiometric oxide.
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Figure 4.15: Temperature dependence of hole activation energy &n
Zno70Nio.300/NiO evaluated for two different ac-frequencies v = 10°
variation of the nearest neighbor exchange-coupling parameter J(T).
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However, for samples prepared under oxygen deficient condition [Jmax| = 0.92 meV and 1.61 meV (for f = 10°Hz).
These calculated values of ‘]’ at different temperatures are of the same order as those ‘J’ values estimated in the

previous section using the magnetization data and random-phase Green’s function approximation.

4.4 Conclusions:

In this chapter the nature of high-temperature magnetic ordering in Zn:-xNixO/NiO and NiixNaxO is
investigated by means of temperature dependence of magnetic-susceptibility x(T). A systematic correlation of the
magnetic exchange interaction with the ac-resistivity data has been presented. The magnitudes of exchange
constants J; and J. calculated from high temperature magnetic susceptibility data for different values of ‘X’ are
compared with the molecular-field approximation (J; ~ 0.15 meV and J; ~ 1.15 meV for x = 1) and Green’s-
function theory (J1 ~ 0.7 meV and J; ~ 1.78 meV). For NiixNaxO system we obtained J; ~ 0.20 meV and J ~

1.61 meV for x = 0.02. The data obtained from the magnetization isotherms are fitted to the modified Langevin

function M = Mo L (%) + xoH to extract the Ty of NiO clusters present in the Zni1 - \NixO matrix. Similar
analysis (Mo(T)) gives Tn =500 K for x = 0.02 of Ni1.xNaxO system. The analysis of temperature dependence of
ac-resistivity, pac(T), reveals the existence of VRH of charge carriers between the localized states through a
mechanism involving spin-dependent activation energies. The average distance between the two successive hops,
and the associated hopping energy for x = 0.30 was of the order of 2.19 nm, and 188 meV, respectively. The
nearest-neighbor exchange-coupling parameters Ji evaluated from the small-polaron model applied to the
experimentally obtained pac (T) data for both oxygen rich and deficient composites of Zn: - xNixO/NiO shows clear
anomalies across Tn. The maximum value of J;; (i.e. Jmax = 1.61 meV) determined from the above analysis is in
agreement with the magnitude of J, obtained from the high-temperature magnetic susceptibility data using
Green’s-function analysis. The average of J;; evaluated from both ac-resistivity and dc-magnetization data are

close to the Exciton binding energy (~ 60 meV) of undoped wurtzite ZnO.
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Chapter-V

Vibrational Excitations, Electron Spin-Resonance and Magnetic-Interactions in
the Nanocomposites of Zn:xNixO /NiO

In this chapter, we present the formation mechanism of Zn;«NixO/NiO nanocomposites and explore the role of
surface and finite-size effects on various physical properties of the nanocomposites. This chapter also focus the
vibrational excitations in these nanostructures using Raman spectroscopy, and low-temperature (5 K < T <320
K) magnetic ordering using both electron spin-resonance and SQUID magnetometry. This chapter highlights the
changes occurring in the magnetic ordering of Zn.xNixO/NiO nanocomposites in comparison with their bulk
counterparts. The introductory section presents a detailed literature review dealing with the industrial applications
of low-dimensional nanostructures of ZnO/NiO and their composites together with gaps in the literature. In the
later sections, we present the details of formation mechanism and the particulars of various characterization

techniques employed, experimental results and their discussion followed by a brief summary of results.

5.1 Background, Motivation and Gaps in the Research Work:

The low-dimensional nanostructures of ZnO and NiO based composites have opened their prospective
applications in drug-delivery, heterogeneous catalysts, supercapacitors, thermo-power generators and photo-
catalysts [219, 257-259]. The fast reversible Faradaic reactions of Ni?*/Ni** surface ions in NiO nano-flakes result
in higher discharge capacities (70-100 %) which makes NiO/Ni a potential candidate for anode-electrodes in
electrochemical supercapacitors [260]. Efficient catalytic activity, good biocompatibility, high carrier mobility,
chemical stability and excellent electrochemical characteristics of these oxides make them potential candidates
for novel biosensor applications as well [260-262]. Few experimental studies reveal that, nanostructures of
TMO’s can be used as signal enhancing platforms for highly sensitive DNA sensors [260,262]. Some recent
reports revealed that the nano-composites of xanthine oxidase (XOx) and nickel oxide based bio-electrodes exhibit
superior bio-sensing response as compared to the other transition metal oxide composites [262]. Excellent
thermoelectric properties and environment-friendly adsorbent characteristics of ZnO-NiO nanocomposites have
drawn immense scientific attention recently [19-21]. Consequently, several authors investigated the thermoelectric
properties of ‘Ni’ doped ZnO, and reported highest power factor (0.6 mW m™ K™2) and figure of merit ZT
(0.09) [263,264]. Maarouf et al. reported a crossover from p- to n- type electrical conductivity in ZnO—P,Os/Ni
composites above the percolation threshold (28 vol. %) across 400 K. These authors also reported a giant Seebeck
coefficient of ~ —5000 uV/K and huge power factor of ~2x10™* Wm™ K2 [264]. Also, the adsorbent properties
of ZnO-NiO nanocomposites can be used to remove Pb(ll) and Cd(Il) from the aqueous solutions with larger
adsorption capacity (1519.7 mgg?) [265]. Such nanocomposites can be successfully recycled for three
consecutive adsorption-desorption cycles with only a marginal loss in its efficiency indicating the high reusability

of the nanocomposites. These studies suggest that ZnO/NiO nanocomposite can act as environment-friendly
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recyclable adsorbents for the removal of heavy metal ions from aqueous systems [265]. Such vast applications of
the ZnO/NiO system motivated us to investigate its physical properties under reduced dimensions aiming to probe
its fundamental behavior and explore the extent of scientific potential. Another very important aspect that has not
yet been explored in these composites is the magnetic ordering with semiconducting/metallic behavior (popularly
known as Semi-Magnetic-Semiconductors or Diluted-Magnetic-Semiconductors) which may find potential
applications in magneto-electronic devices [123,266-269]. The magnetic, optical and transport properties of Ni
doped ZnO system has been widely investigated in the literature to realize intrinsic magnetic ordering [123,266—
271]. Nonetheless, a detailed investigation of the vibrational excitation, electron-spin-resonance (ESR) studies in
Zn1xNixO/NiO two-phase nanocomposites was not investigated when we started working on this problem.
Focusing on the above issues, an attempt has been made to investigate the temperature dependent ESR and
vibrational spectra of Zn1.x\NixO/NiO nanorods of length 789 ~ nm and diameter ~ 90 nm.

5.2 Details of Synthesis and Characterization:

Different compositions (0.002 < x <1) of the nanoparticles and bulk grain sized samples of Zn:xNixO/ NiO of
were synthesized by using sol-gel process as described in Chapter Il. The metal-acetates of C4H100¢Zn and
C4H14NiOg were first taken as precursors with oxalic acid (C,H20.) and ethanol (C2HsQO) as solvents to dissolve
the acetates [112]. Stoichiometric amounts of the above mentioned precursors were first dissolved in ethanolic
solution under constant stirring at 70-80°C for 3 hours in air using a spiral-cooled-condenser (figure 2.2a) to obtain
a green color sol. A solution containing six grams of oxalic acid was dissolved in 200 ml of ethanol and added
drop-wise to the above prepared warm-transparent sol to obtain a light green color gel. This gel product was
allowed to grow for 6 hours in air and then dried at 80-110°C for 24 hours to obtain a dehydrated xerogel network
(figure 2.2b). This dried mixed-oxalate product was crushed in an agate mortar and sieved through 240 Mesh to
obtain fine uniform distribution of the particles. Similar procedure is implemented for the synthesis of various
compositions (x) of Ni doped Zn-oxalate hydrate. For the thermal stability of the oven-dried oxalate-product and
to optimize the calcination temperature we have performed the thermo-gravimetric analysis (TGA), differential
thermal analysis (DTA), and differential scanning calorimetry (DSC) using a Netzsch TGA-DSC setup (Model:
STA 449F3y). For this, two compositions are chosen hamely Zng.ggNio.01C204.2H,0 and Zng 70Nig.30C204.2H,0.
For this measurement a small quantity of sample in the form of fine powder was heated at a constant rate of
10°C/min from 40°C to 900°C in nitrogen ambience and the weight of the sample was monitored simultaneously.
Figure 5.1 shows the weight loss (%) with increase in temperature of mixed oxalate products Zn;xNixC>04.2H,0
for x = 0.01 and 0.30. The right hand side scale of this graph represents the first derivative of weight loss DTA (-
[dW/dT] vs. T). Both the curves show identical behavior except at higher temperatures, the decomposition starts
much faster for x = 0.30. The first stage of thermal decomposition occurs in two different temperature regimes
124-196°C and 143-226 °C, with a weight loss of ~ 17.4 % and 17.3 % for Zno.g9Nig01C204.2H,O and
Zno.70Ni0.30C204.2H,0, respectively. This weight loss is ascribed to the removal of crystallizing water comprising
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Figure 5.1: Weight percent (W(%)) versus temperature (T), i.e., thermogravimetric analysis (L.H.S. scale) and
differential thermal analysis dW/dT vs. T plots (R.H.S. scale) of mixed oxalate dihydrates a-
C204Zno.99Nig.01-2H20, and a-C,04Zng 70Nio.30-2H-0 measured in nitrogen environment.

both physisorbed and chemisorbed water [112]. The maximum change in the weight loss occurs at 159.3°C and
187°C for Znp.geNio.01C204.2H,0 and Zng.7oNio.30C204.2H,0 respectively, as shown by the minimum in DTA
curves. The second stage of decomposition occurs quite rapidly with a maximum weight loss of ~ 37.64 % and
37.3 % in the temperature range 322-462°C and 376-443°C for Znp.g9Nio.01C204.2H,0 and Zng 70Nig.30C204.2H,0,
respectively. This rapid loss of weight can be attributed due to the decomposition of the oxalate into carbon
monoxide CO and carbon dioxide CO; finally yielding the stable oxide-compounds ZnggNio0:O and
Zno70Nio300 [112]. Since no significant weight-loss was noticed above 440°C, we optimized the calcination
temperature (Tca) to be > 500°C. Subsequently, all the synthesized samples are calcined at or above 500°C for 2-
8 hours in air for proper decomposition, yielding the desired compound Zn;-xNixO/NiO with fine ash color powder.
For low nickel compositions the color of the sample looks like ash-dust color and black color powder for higher
nickel compositions [112]. For large grain-sized samples, the calcined product was heated at 600°C for 8 hours
and then pressed into thin pellets using a hydraulic press followed by sintering at 1200-1350°C for 12 hours in
air. Similar procedure was employed to synthesize pure NiO bulk grain size samples [112,272]. The crystal
structure and chemical purity of the above synthesized samples were studied using a Panalytical-XPert Pro
diffractometer and Rigaku X-ray diffractometer (model TTRAX II1) with Cu-K, radiation as source. For the
electron spin resonance spectroscopic measurements, a Bruker EMX EPR spectrometer (Model 1444) working in
the X-band frequency (9.451 GHz) was employed. This setup was assembled with low-temperature liquid nitrogen
cryostat capable of reaching 120 K. For room temperature Raman scattering measurements two different Raman
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spectrometers were used, (i) Horiba Jobin Yvon (LabRam HR) micro-laser Raman system operating at 514 nm
wavelength excitation laser for nanocomposite system and (ii) Renishaw Ramascope system operating at 532 nm
excitation line of an Ar* laser with an accuracy of +1.5 cm™® was used to investigate the vibrational spectra of bulk
system. A scanning electron microscope (SEM) (LEO-1430vp) has been employed to study the morphology and

microstructure of the samples.

5.3 Experimental Results and Discussion:

5.3.1 Formation Mechanism and Phase Evaluation:

Figure 5.2 depicts the X-ray diffraction pattern of both calcined product and sintered pellets at 1200°C for 12
hours in the air. This comparative representation displays significant broadening of the diffraction pattern of the
nanoparticles of Zn;xNixO as compared to the large grain size bulk-system. Up to moderate compositions (x <
0.05) all the diffraction pattern closely resembles with the hexagonal wurtzite crystal structure of pure ZnO with
space group P63mc and lattice parameters a = 3.24 A, and ¢ =5.17 A [112,122]. However, face centered cubic
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Figure 5.2: X-ray diffraction pattern of the oven dried oxalate product after calcination at 600 °C for 8 h in air
and sintered pellets at 1200 °C for 12 h in air (shown by the arrows). The shift of the diffraction peak positions is
clearly shown in the insets (a)—(c).
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NiO emerges out as a secondary phase for higher compositions (0.05 < x < 0.45) (shown by the arrow marks in
figure 5.2). Also, both the lattice constants ‘@’ and ‘c’ of the nanosize particles of primary phase increases slightly
as compared to the bulk samples. The zoomed view of the diffraction intensity versus Bragg angle for the (101)
plane of Zn1.«NixO and (111) plane of NiO system is shown in the inset of figure 5.2 which clearly depicts the
peak shift.

Detailed information on the composition dependence of unit-cell volume V¢’ for primary-compound (Zn;.
xNixO) and secondary-phase (NiO) under both reduced dimensions and bulk grain sizes are provided in figure 5.3.
Accordingly, for lower nickel doping concentration, the hexagonal unit cell decrease which is associated with the
lower ionic size of dyi ~ 1.38 A of Ni?* as compared with the size dz,~ 1.48 A of Zn?* sites [112,183,266,272,273].
At very high doping levels the hexagonal unit cell is elongated along the a-axis and shrinks in the direction of c-
axis for bulk Zn1xNi,O samples. While, both the axis ‘@’ and ‘C’ of h.c.p Zn1xNixO shrinks in case of nanometer
size particles leading to an overall decrease of the unit-cell volume V. (~ 47.40 A%) as shown in figure 5.3.
Nonetheless, the change in the magnitude of V. for f.c.c. NiO clusters is very less as compared to that of Zn;xNi,O
system. In order to estimate the average grain size ‘P’ of the particles, we employed the Williamson-Hall (W-H)
equation. The W-H analysis is governed by the below relation in which one can estimate the contribution of micro-
strain ‘7’ on x-ray line broadening [123,239,267-269,274]:

p cosB = KFA + 1 sinf 5.1)
where ‘B’ is the full width at half maximum of diffraction peak intensity, K (~0.89) is the shape factor and A is
wavelength of Cu K, X-ray radiation. Figure 5.4 shows the W-H plot corresponding to the ‘S Cos 6 versus ‘Sin

¢ of both the systems nanosize particles and bulk samples of Zn; xNixO (0.002 < x < 0.45). From the slope and
intercept of these plots we calculated the values of P ~ 353.4 A and 225.8 A, and ‘5> ~ 1.43x10° and 5.37x10*
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Figure 5.4: Williamson-Hall plots (B cos6 versus sind) of both bulk grain size pellets of ZnossNiossO and
ZnossNio4s0 polycrystals and nanosize samples of ZnossNio4sO and ZnosoNios0O. The inset shows variation of
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crystallite size “P” and micro-strain “#” as a function of composition “x.”

for x = 0.50 and 0.45 of Zn,—xNixO nanoparticles, respectively. Similarly, for bulk samples P ~ 1257.921 A and
1575.453 A, and ‘5’ ~ 9.69x107 and 8.58x10for x = 0.55 and 0.45, respectively. The inset of figure 5.4 depicts
the variation of ‘P’ and ‘n’ as a function of ‘X’ where both ‘P’ and ‘7’ shows a decreasing trend at low compositions
and increases beyond ‘X.’. Such a dependence of average grain size and micro-strain on the doping concentration
is associated with the anisotropy of the system. For x<x., the magnitude of ‘7’ is practically insignificant, thus,
the broadening of x-ray diffraction lines is mostly due to the crystallite size effects. While, for x > x. a sudden
shootout of the micro-strain occurs due to the rapid formation of the secondary phase NiO (which may distort the
Zn,xNixO grains). Figure 5.5 shows the High-Resolution SEM micrographs recorded under secondary electron
mode of the pre-sintered product of Zno.70Nio.300/NiO in the form of nanocomposite. This micrograph shows
randomly arranged nanorods of diameter ~ 90 nm along with the NiO nanoparticles of size 10-20 nm deposited

along the length of nanorods.

5.3.2 Probing the Local Environment by Electron-Spin-Resonance Spectroscopy:

In order to understand the local atomic environment, clustering of cations and their interactions we have
performed the electron-spin-resonance (ESR) measurements between 120 K and 320 K. Here two batches of
nanocrystalline samples were investigated separately: First batch is nanocomposites of Zn:-«NixO/NiO system of
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Figure 5.5: High-resolution scanning electron micrograph of Zno 7Nio.300/NiO nanocomposite.

various compositions (0.01 < x <0.3), and (ii) the second batch is consisting of pure NiO nanoparticles of average
size 15 nm. Figure 5.6a,b shows the first derivative absorption spectra of ESR signal recorded at different
temperatures for both batches of the samples described above. For higher compositions (x > 0.30) of
Zn1xNixO/NiO system all the spectra exhibit broad Lorentzian-type signal, however, for lower and intermediate
compositions three main resonance lines are detected together with a composite asymmetric line at lower fields
(Figure 5.6a). These absorption signals (from left to right) are arising due to the superparamagnetic NiO and ZnO
defects [183,221,239,266,275,276]. It is evident that the intensity of first two absorption signals increases
progressively with increasing the ‘X’ and as the composition approaches unity the first two signals merges and an
intense broad signal starts appearing. Such behavior can be attributed to increase in the strength of magnetic
interaction between two adjacent Ni ions as the average distance between them is expected to decrease with
increasing the composition. For higher compositions (x = 0.30) spectrum shows a typical shift of ~ 566 Oe from
the free electron resonance field position 3373 Oe for T = 300 K. The corresponding g-factor is 2.4. Usually, the
ground state term symbol for the Ni?* (3d®) 3F* configuration in the octahedral crystal field is the orbital singlet
3A; (54 €%) and the corresponding spin Hamiltonian can be written as i = g8 H-S where S = 1 [277]. The
deviation of the g-value from the free electron g = 2.0023 might be due to the admixture of terms 3T (t5,4 €3) via
spin-orbit coupling [278,279].

On the other hand, the ESR spectra of NiO nanoparticles of average size 15 nm recorded at various
temperatures between 120 K and 308 K exhibits single broad signal without any hyperfine splitting. In the case
of Zn1xNixO/NiO system a systematic shift of resonance field Hg towards the lower fields is evident with increase
of x in the ZnO matrix. Usually, Hgr is expected to decrease with decreasing temperatures for the cubic crystal
structured compounds when the magnitude of first-order anisotropy constant K; becomes less than zero, and Hr
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Figure 5.6: (a) First-derivative absorption signal of X-band electron-spin-resonance spectrum recorded at two different temperatures 120 K and 300K for
various compositions of Zn,xNixO/NiO nanocomposite. (b) The first-derivative absorption signal of X-band electron-spin-resonance spectrum of pure NiO
nanoparticles of size ~15nm recorded at various temperatures dependence between 120 K and 310 K.
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shows an opposite trend for systems with Ky > 0 [275]. For polycrystalline samples the resonance field can be
theoretically fitted with the expression Hr = w/y - Hi, where ® = 2xfm, H, = effective internal magnetic field and
vy = 2ngpe/h. For ferromagnetic systems with significant magnetocrystalline anisotropy the following relation
holds good Ha = -(2K1/Ms), where Ha is the anisotropy field. If the first-order anisotropy constant K; takes
negative sign then the anisotropy field becomes positive and resulting the ESR spectra to shift towards lower
magnetic fields. On the contrary, if the applied magnetic field is less than anisotropy field two lines often appear
in the spectra. In such kind of spectra the line with lower magnetic field corresponds to magnetic domains whose
magnetization direction align parallel to the easy axis whereas the line corresponding to higher magnetic field
aligns along the applied field direction [178,275,280]. Here for NiO nanoparticles the ESR spectra (figure 5.6b)
exhibits significant peak broadening and the Hr shifts towards lower fields with decrease in the temperature which
is a expected for ensemble of randomly oriented antiferromagnetic nanoparticles [221].

The temperature variation of Hg and peak-to-peak linewidth AHpp Of the ESR signal for both systems
Zno7Nip30/NiO and NiO nanoparticles are shown in figure 5.7. For x ~ 0.3 the two-phase composite exhibits AHpp
~ 2076 Oe and Hr ~2310 Oe at T = 140 K. The larger values of AHpp are usually observed in any nanoparticle
system which can be qualitatively explained by the presence of enhanced anisotropy of the magnetic
nanoparticles [281]. From figure 5.7, a broad transition across 140 K has been noticed in Hg(T) while a dip in the

AHpp(T) is noticed at the same temperature for Zno.7Nio30/NiO. Such transition may be due to the blocking or fr-
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Figure 5.7: Temperature variation of the resonance field Hg (L.H.S. scale) and peak-to-peak line-width
AHpp (R.H.S. scale) of electron-spin-resonance spectra of Zno70Nio300/NiO nanocomposite and pure NiO
nanocrystallites.
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-ezing effects of tiny superparamagnetic NiO nanoparticles or amorphous nickel clusters (Ni**) within the Zn;.
«NixO matrix. Such small amorphous Ni clusters within the nonmagnetic system are very difficult to trace
experimentally using either the diffraction or high-resolution transmission electron-microscopic techniques. The
above results indicate that for heavy doping-level the overall composite exhibits a long-range magnetic ordered
system. In order to explain these results, we made a comparative analysis between the Ni doped ZnO system and
pure NiO. It is well known that bulk NiO exhibits antiferromagnetic ordering with Néel temperature Tn ~ 523
K, [183] therefore, at higher temperatures (T >140 K) the long-range magnetic ordering is not expected either
from NiO or amorphous Ni** because the blocking temperatures of such superparamagnetic particles generally
appear at low temperature [221]. Furthermore, it is challenging to observe ESR signal in stoichiometric NiO
because of extremely large linewidth (Figure 5.7). Previous studies on the single crystals of ZnO-Ni system by
Holtan et al. reported a very high intensity anisotropic ESR signal corresponding to the nickel ions existing in the
3* valence state with spin S = 3/2 occupying the tetrahedral Zn?* sites [43]. If some of the Ni clusters are presented
with the oxidation states 2%, 3* and 1* individually at the interstitial sites of the nanocomposite, one should expect
a strong symmetric Lorentzian line corresponding to Ni* and Ni?* species in Zn; xNixO/NiO [282]. In the present
case the observed ESR signal in composite system across the room temperature is expected due to the Zng7Nio 30
only which confirms the incorporation of Ni?* ions at Zn?* sites. Therefore, the conclusions gathered in the

previous report using the XPS spectra are further supported by the ESR studies [283].
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Figure 5.8: Simulated curves of ratio of anisotropy energies of nanosize particles and bulk crystals (Hsp/Ha)
versus temperature (T) for different sizes of amorphous Ni** crystals possibly present in both Zno70Nio 30 and
NiO system.
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Usually, the anisotropic spin interactions are responsible for the broadening of the ESR linewidth AHpp,
however, the exchange interaction causes narrowing of AHpp, such that, AHpp ~ Ha?/Hex, Where Ha and Hex are
the equivalent anisotropy and exchange fields, respectively [239]. Besides, the effective anisotropy (Ke) also has
substantial influence on the Hr because the peak-to-peak broadening is controlled by the anisotropic spin and
exchange interaction [221,284]. Quantitatively, one can relate the crystallite size (P), exchange field (Hex), peak-
to-peak line width (AHpp), saturation magnetization (M,) and, bulk and surface anisotropy constants (K, Ks) are
linked according to the following relation [111].

4 (Kp+5Ks)?

AHPP ~ HoxM,?

(5.2)

For a spherical nanoparticle the effective anisotropy constant (Kes) is related with the bulk and surface anisotropy
constants, Ky and Ks, respectively as Kq¢s = Ky, + (6/P)Ks. Due to the dominance of uncompensated surface
spins, the surface anisotropic constant (Ks) increases with the reduction of ‘P’ which in-turn results in the
enhancement of the K. In the case of a perfect antiferromagnetic system the absorption derivative should
decreases gradually and become invisible on approaching the antiferro- to paramagnetic Néel temperature
Tn [284]. Majority of the previous reports shown that the existence of broad ESR line at temperatures close to 10
K suggesting the presence of dipole-dipole interaction and exchange interactions [284].

5.3.2.1 Implementation of Raikher and Stepanov model:

At room temperature NiO nanoparticles exhibits isotropic line of Lorentzian shape with Hg = 2724 Qe (figure
5.6b). Close examination of the spectra recorded for T< 260 K exhibits a shoulder across H=2064 Oe due to the
superposition of two isotropic signals with different absorption intensity as shown by arrow mark in figure 5.6b.
The extent of splitting becomes more prominent at low temperatures which give the signatures of very tiny amount
of amorphous Ni** species with strong relaxation mechanism [285]. Appearance of such new signal in the ESR
spectra of NiO nanoparticles at low temperatures has also been observed in various other binary antiferromagnetic
systems with triangular lattice (Yafet-Kittle type) [286]. Between the temperatures 308 K and 280 K the spectra
were symmetric but for T < 260 K the symmetry breaks down and the degree of asymmetry increases with
decreasing the temperature. It is clearly evident from the right-hand-side scale of figure 5.7 that upon cooling,
AHp, of pure NiO nanoparticles increases progressively and reaches its maximum value at 120 K. Up to 180 K
the resonance field Hr decreases slowly but below 180 K, Hr drops rapidly to its lower values (~ 2.25 kOe) and
AHpp increases abruptly for T < 180 K. This behavior may be attributed to the blocking or freezing of the spins
below 180 K as evident from the previously reported magnetization data [112,284,286-288]. For a rough
estimation of the size of Ni®* amorphous clusters we used the Raikher and Stepanov model of dispersed
ferromagnetic nanoparticles for cubic symmetries [275,289,290]. For this study we used the analysis done by de-
Biasi and Devezas [53], accordingly, a mathematical relation is formulated by focusing the ratio of the surface
anisotropy field (Hsp) to the bulk cubic anisotropy (Ha~103 Oe) with the function ¢ = MsVH/kgT. The quantities
in the above function ‘¢ are (i) *V’ is the volume of the nanoparticle, (ii) Ms (~ 27 emu g™?) is the intrinsic
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magnetic moment and (iii) ks being the Boltzmann constant. After averaging over the angle ‘0’ between the
magnetic moment and the magnetic field, the exact relation between the above mentioned parameters turns out to
be [275]

Hsp _ 1-10&"1Coth(&)+ 4582 — 10583 Coth(§)+105¢ *
Hy Coth(§)—¢—1

(5.3)

We first plotted the variation of Hsp/Ha as a function of ‘V’ for two different set of ‘Hgr’ and ‘T’ obtained from
our ESR measurements (2.817x10% Oe, 120 K and 2.452x10% Oe, 300 K). The intersect of these two curves
provides the magnitude of “V’ and is the solution for above equation for the two sets of ‘Hr” and ‘T’ mentioned
above. We then back substituted the value of ‘V’ in ¢ = MsVH/ksT and in equation (5.3), and generated the
temperature variation of Hse/Ha for both the systems Zno 7NiosO/NiO nanocomposite as well as NiO nanoparticles
separately (shown in figure 5.8). From the known values of Ms, ‘Hg’ and ‘V’ we have evaluated the size (2r =
[6V/n]*3) of the amorphous Ni®* clusters in Zno7Nio3sO matrix. At temperatures close to 120 K and for resonance
field Hr = 2.817x103 Qg, the size of the amorphous Ni®* clusters turn out to be 2.15 nm. For Hr = 2.452x10% Oe
and T = 300 K their size becomes 1.56 nm. Similar analysis for the case of pure NiO nanoparticles yields the size
of the Ni** clusters to be 1.63 nm and 1.22 nm for Hg = 2.817x10° Oe (T=120K), and 2.452x10° Oe (T=300K),
respectively. Over-all, a ferromagnetic material with high uniaxial anisotropy Ha, the resonance field is expressed
as Hr = (hof /2u8) — Ha; where ‘ho’ is the peak to peak height of the ESR signal and ‘f* is the frequency of the
microwave radiation. According to the above relation, the resonance field should shift towards the low field side
by Ha and the effective ‘g’ value will increase. In the present case, we observed a significant decrease of Hgr with
decreasing the temperature. This scenario is associated with the increase of anisotropy of the overall composite
system. So, we expect that anisotropy field plays a major role on the observed ESR spectra. Such signatures can
be easily traced by means of large coercive fields (Hc) at low temperatures. Since the system under investigation
is a polycrystalline material with randomly oriented nanometer size spherical particles, the demagnetizing fields
associated with the anisotropy may also cause the resonance field to shift to lower values.

Figure 5.9a,b shows the absorption intensity (lo =(AHep)> h) and the peak-to-peak height (h) of the ESR
spectra as a function of temperature for both the systems Zn1xNixO/NiO nanocomposite and NiO nanoparticles.
Figure 5.9a provides more extensive confirmation for the existence of blocking/freezing effects below 140 K
where the temperature variation of intensity of the ESR signal ‘Io(T)’ and ho(T) displays a clear anomaly across
140 K suggesting the blocking effects of the magnetic nanoparticles. Nonetheless, for NiO nanoparticles the
guantities I, and h, rapidly increase with lowering the temperature and reach a maximum value across 200 K and
decreases rapidly below 180 K. Such reduction in lo and h, for T < 180 K also strongly corroborates the blocking/
freezing of the spins associated with the reduction of the magnetic-moment as observed in the previously reported
magnetization data [221,284,286-288].
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5.3.2.2 Statistical Analysis using Nagata and Ishihara Model:

For a complete understanding of the variations in Hr and AHpp in an ensemble of magnetic nanoparticles we
implement the statistical analysis proposed by Nagata and Ishihara [291]. According to this model the
demagnetization field associated with the shape anisotropy of the ellipsoidal magnetic nanoparticle in which the
major-axis aligned along the applied magnetic-field direction results significant changes in the Hg and AHpp [291].
Randomly oriented polycrystalline ellipsoidal-shape nanoparticles with the major axis aligned along the applied
field direction can cause considerable variations in the Hr and AHpp values. Consequently, all the nanoparticles
which are oriented partially should exhibit the square power-law variation of the AHpp which will be proportional
to the shift of mean resonance field 0Hr o (AHpp)"=2. However, for randomly oriented nanoparticles SHg should
be proportional to (AHep)®. In order to understand the effective orientation of the nanoparticles the above statistical
analysis has been carried out. Considering the typical values of g ~ 2.23 and Hg ~ 2970 Oe for the case of perfect
NiO without any defects or secondary phases (for T > 310 K) and by making use of the equation Hgr = 2970 —
Hg(T), we have plotted the log-log plots i.e. In [6Hg] as a function of In [AHgp] (Figure 5.9). Accordingly, we have
estimated the value of ‘n’ from the In-In graph between 6Hg and AHpp as shown in the inset of figure 5.9b. The
slope of In 8Hg versus InAHgp graph gives n = 2.13 for Zn; xNixO/NiO composite and 2.85 for NiO nanoparticles.
Thus, we conclude that n = 2.13 is close to the value predicted theoretically for partially oriented nanocrystallites

present in the composites, however, n = 2.85 (~3) suggesting the random orientation of the NiO nanoparticles.

5.3.3 Vibrational Excitations using Raman Spectroscopy:

In order to probe the role of NiO on the vibrational properties and molecular bond structure of Zn;xNixO,
Raman spectroscopic measurements was performed for both the nanostructures and bulk grain sized samples.
Figure 5.10a shows the Raman spectra recorded at Room temperature for various compositions of ZnixNixO/NiO
(0.30 < x < 1) under the backscattering configuration. All these nanocomposites exhibit first order Raman
scattering modes at 439 and 573 cm™ similar to pure ZnO which are assigned with high frequency E2(h) mode
and longitudinal optical E;(LO) mode, respectively [292-294]. The sharp and intense nature of Ex(h) peak
confirms the presence of wurtzite h.c.p. crystal structure of ZnO [58, 59]. Nevertheless, this peak becomes more
diffusive and broad as the ‘Ni’ concentration increased inside ZnO matrix, suggests the increased degree of
disorderness as the ‘Ni’ doping concentration increases [243]. These results are consistent with our X-ray
diffraction patterns discussed earlier in section 4.4.1. These spectra did not show the presence of low frequency
non-polar Ex(l) mode (usually appears across 101 cm*) since this wavenumber lies outside the lower limit of our
experimental setup. Furthermore, broadness of E;(LO) mode was ascribed to the relaxation of Raman selection
rule caused by lattice defects and significant amount of distortion present in the system. Further, we observed the
signatures of second order Raman scattering in these two-phase nanocomposites due to the disordered nature of

crystal structure which enables the two-phonon scattering process outside the first Brillouin zone.
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Figure 5.9: (a) Intensity [lo=(AH)?ho] of the electron-spin-resonance signal versus temperature (T) (L.H.S. scale) and peak-to-peak height (ho) versus
temperature (T) (R.H.S. scale) of Zno7oNio300O/NiO composite system. (b) The temperature dependence of electron-spin-resonance signal Intensity
[lo=(AH)?ho] (L.H.S. scale) and peak-to-peak height ho(T) (R.H.S. scale) of pure NiO nanocrystallites. The inset shows In[dHg] versus In[AHgp] of both
Zno.70Ni0.300/NiO nanocomposite and pure NiO nanoparticles.
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Theoretically, the hexagonal wurtzite ZnO with Ce, point group symmetry exhibits twelve phonon modes,
among which nine modes will be optical and three modes will be acoustical phonon modes [292]. Usually, only
eight optical modes appear in the Raman spectra of pure ZnO which are mathematically expressed by the relation
A+ 2E; + E1, where A; and E; branches further split into longitudinal optical (LO) and transverse optical (TO)
modes due to the presence of Columbic force [292,294,295]. The ‘E,’ mode is associated with the nonpolar
characteristics of ZnO and further splits into high frequency E2(h) mode and low frequency E(lI) mode related
with the motion of ‘O’ and ‘Zn’ sub-lattice, respectively [292]. Instead, pure NiO exhibit one-magnon mode, five
vibrational modes and a two-magnon mode in its Raman spectra [296-298]. The magnon modes are temperature
dependent and completely disappear across the Néel temperature T (~ 523 K) of NiO. Further, the second order
Raman modes are observed at 330.06, 677, 987 and 1141 cm™, corresponding to [Ez(h) - Ex(1)], [E1(TA) + E1(LO)],
2E1(TO) and 2E1(LO), respectively [291,293,294]. These second order Raman modes do not show any specific
variation by increasing the ‘Ni’ content. Additionally, we have observed few extra Raman modes at 558, 900 and
1584 cm associated with the presence of secondary phase NiO which is the only antiferromagnetic constituents
in the nanocomposite [296,299,300]. In the paramagnetic regime (T > Tn) where NiO exhibits perfect cubic
crystal structure the zero wave-vector phonons transform as I',", hence no first order phonon scattering is expected
for NiO [296]. Nevertheless, for the pure NiO we observed two first order vibrational phonon modes; (i)
transverse optical phonon mode (TO) at 402 cm™ (a broad hump in the Raman spectra), and (ii) longitudinal optical
phonon mode (LO) at 551 cm™ for the pure NiO nanocomposites [296]. The main origin of these first order
Raman modes is due to the parity-breaking-via-imperfections caused by nickel vacancies [296]. Such first order
phonon modes shift towards lower frequency side as compared to standard reported values for NiO [296,298—
300]. Earlier work by Dietz et al. reveals that the oxygen content in NiO plays a major role on the Raman scattering
which ultimately decides the global shift of this spectra towards low wavenumbers (440 cm™to 400 cm™) [296].
Their results suggest significant decrease in the strength of first order vibrational modes for oxygen rich NiO as
compared to the perfect stoichiometric NiO. On the other hand, the vibrational modes appeared at 740, 880 and
1094 cm?® for NiO nanoparticles are assigned as combinational modes of 2TO, TO+LO and 2TO,
respectively [299,300]. Nevertheless, the weak peak depicted by the dotted-line at 1550 cm™ (2M) in all samples
is associated with scattering from two-magnon process driven by large inter-sub-lattice exchange interaction.

On the contrary, the bulk samples exhibit slightly different Raman spectra. Figure 5.10b shows the Raman
shift of various compositions for the two-phase bulk-composite system Zn:«NixO/NiO. These spectra depict an
intense mode at 437.8 cm™ assigned as non-polar E2(h) mode which is a specific characteristic of h.c.p. ZnO [292—
294]. The other first order vibrational modes are observed at 97.9, 378.4, 407.7 and 583.6 cm™, corresponding to
Ez(1), Ai(TO), E1(TO) and A1(LO) modes, respectively [292-294]. All these first-order modes are consistent with
the previously reported values of single crystalline ZnO [292-294,300-304]. The Ex(h) and Ex(l) are non-polar
modes associated with the vibrations of ‘O’ and ‘Zn’ atoms, respectively [292-294]. We also observed the
signature of second-order Raman scattering at 201.8, 330.8, 537.3 and 1149 cm corresponding to 2Ex(l),
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[E2(h)-E2(D], [E2(h)+E2()] and 2E1(LO), respectively [292-294]. Such second order Raman modes appear due to
the disordered nature of crystal structure whose wavenumbers are determined by the selection rules of two-phonon
scattering processes [292-294]. Moreover, the intensity of Ex(h) mode diminishes and the peak width increases
for x > 0.05 (figure 5.10 b ii-v). Such weakened behavior of Ex(h) mode is the indication of the onset of
destabilization of wurtzite h.c.p. nature of Zn1«NixO and dominance of F.C.C NiO of the composites [305]. The
rapid change in the unit-cell volume V¢’ of wurtzite h.c.p. Zni1«NixO and F.C.C. NiO can be clearly seen from
figure 5.3. Also, the incorporation of ‘Ni’ leads to decrease in symmetry of the first order Raman modes which
indicate increase in the distortion of the h.c.p. lattice within the Zn1xNixO/NiO [293]. These results are further
supported by our crystal-structure analysis where a sudden increase of the micro-strain ‘7’ was observed due to
the rapid formation of the secondary phase NiO which may influence the microstructure of Zn;xNi,O (inset of
Figure 5.4).

Moreover, a broad and intense band across 560 cm™ was observed which becomes wider and splits by
increasing the doping level. Usually, the appearance of such additional modes is ascribed to the localized
vibrational modes (LVM) of impurities or defects [306,307]. The highest frequency of these LVM can be
estimated using a simple mass-defect approximation given by the relation [308]:

Oy~ O | 222 (5.4)

NiO

where p is the reduced mass of ZnO and NiO. However, using this approximation the estimated highest LVM
frequency (~ 442 cm) is considerably lower than the frequency of the observed mode (~ 560 cm™). Therefore,
this additional mode could be one of the silent Raman modes of wurtzite ZnO, as proposed by Serrano et al. using
the density of phonon states (DOPS) calculations for wurtzite-ZnO [309]. Previous studies by Bundesmann et al.
reported that the anomalous Raman mode appeared between wavenumbers 500 cm™* and 600 cm™ is due to the
intrinsic host-lattice defects related to the Ga doping inside wurtzite ZnO [310]. Hung et al. explained that such
behavior originates due to the dominance of DOPS of the high-energy phonon branch [305]. A large peak-width
is a typical characteristic of such high-energy phonon modes, which is clearly noticed in the present case (figure
10-b) [311]. Usually, the DOPS emerge in highly degenerated crystals where the translational invariance of the
crystal lattice is weak, which finally leads to the relaxation of Raman modes and allows the scattering events from
the whole Brillouin zone [305]. Another additional mode at 129 cm™ is noticed in all the samples of Zn;.
xNixO/NiO system (as shown in figure 5.10b indicated with a black color dotted line). This additional feature was
mainly associated with the antiferromagnetic NiO present in the Zn;xNixO matrix [305]. This mode appears much
above the low-frequency 1M magnon mode (~ 37 cm®) of NiO, thus the possibility of 1M magnon mode is ruled
out [292]. Earlier studies showed the strong temperature dependence of this Raman mode which disappear above
300 K and reappears during cooling, but did not show any peak-shift [292]. Such behavior may be associated

with the Zone boundary phonon effects, which are usually forbidden in the Raman spectroscopy but can be
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allowed in the presence of strong magnetic interaction between two successive ‘Ni’ atoms present in ZnO
matrix [292].

5.3.4 Magnetic Properties of Nanocomposites of ZnixNixO/NiO:

Figure 5.11 shows the temperature dependence of dc-magnetic susceptibility, (y(T)=M(T)/ Hqc) measured
under zero-field-cooled (ZFC) and field-cooled (FC) conditions at an external applied magnetic field Hg. = 500
Oe for different crystallite sizes (4.1 nm < d < 22 nm) of Zn1xNixO (for x=1). The main feature of these curves is
bifurcation between the yzrc and yrc curves below the Blocking temperature (Te = T1~ 105 K) indicating the
superparamagnetic behavior of the fine-particles. We also observed a systematic in Tg (from 290 K to 115 K) with
increase in particle size d from 4.1nm to 22.0 nm. The effect of external magnetic field and particle size on the
nature of blocking temperature Tg are discussed below. In order to understand the nature of magnetic interactions,
we have determined the magnitudes of exchange constants J; and J; associated with the nearest and next-nearest-

neighbor exchange parameters, respectively. We used the molecular-field approximation method for Type-I1 anti-
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Figure 5.11: Temperature dependence of dc-magnetic susceptibility y(T)=M/H measured under zero field cooled
(ZFC) and field cooled (FC) conditions at an external applied magnetic field Hgc = 500 Oe for Zn1«NixO (x=1)
nanoparticles with different crystallite sizes (4.1 nm < d <22 nm).
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-ferromagnetic system (AF-2) and calculated the magnitudes of exchange constants J; and J, by using the
following relations [205]:
Ty = 2J,5(S + 1), (5.5)

in the above equations, Z; and Z, are the number of nearest neighbor and next nearest neighbors, respectively.
Here Ty is the Néel Temperature, for antiferromagnetic NiO Ty~ 523 K and S equal to 1 since the zero-point spin
reduction is applicable only well below Ty. Substituting the value of Ty and 8 in the above equations, we obtained
[Jo] ~130.7 K (11.26 meV) and |]J;| ~ 68.8 K (5.92 meV) for x = 0.01. For AF-2 systems, particularly NiO, the
magnitude of exchange constant |J,| should be much higher as compared to |J;| (|J.|>>]J1|) which is evident in
the present system. [222,312] Depending upon the site-location of the magnetic ions inside the face-centered cubic
lattice the strength of exchange constants Ji and J, vary [222]. Based on the magnitudes of these exchange
constants, the long-range ordered system can be divided into three antiferromagnetic categories (AF-1, AF-11 and
AF-111), and a ferromagnetic order FM (as discussed in section 4.3.1 of Chapter-1V). [222,313] For example, the
exchange constants for the systems like NdP, NdAs, NdBi and NdSb lie between AF-1 and FM regions with J; ~
0, and the series EuO, EuS and EuSe lie between FM and AF-I1 with J; ~ - J; (Figure 4.10 of Chapter-1V). For the
binary transition-metal oxides such as MnO, FeO, CoO and NiO systems, second AF-I1 is apparently quite stable
which lies between AF-11 and AF-I11 phase boundaries with J; ~ —2J, [222,313]. On the other hand, the system f-
MnS and Cd;xMnyTe lie between AF-11l and AF-I regions with J; ~ 0. For the present case the magnitude of
exchange constant J, is much higher as compared to the J; indicating the AF-11 type ordering for x = 1. Here we
also used random phase Green’s function approximation to evaluate the exchange constants for x = 1; this analysis
yields |]J,| ~197 K (1.69 meV) and |]J; | ~ 32.6 K (0.28 meV) for oxygen deficient system and |]J,| ~207 K (1.7meV)
and [J;] ~91 K (0.78 meV) for oxygen rich [313].

We have also evaluated the role of ‘d’ and ‘Hqc’ separately on magnitudes of J1 and J, for x =1 using the values
of ‘C’ and ‘@’ (extracted from the slope and intercept of the inverse magnetic susceptibility data shown in figure

J2

5.12(a-c)). Consequently, the variation of I
b o

with respect to ‘x’, ‘d” and ‘Hg:” are shown in figure 5.13(a-c). For

2

the x = 1, the ratio of exchange constants, T increases progressively with increasing the particle-size upto a
1

;—2 starts to decrease continuously indicating that the

1

certain critical value d; ( ~ 6.8 nm), beyond which the ratio

system is approaching AF-111 phase boundary and permanently departures from AF-11 magnetic phase boundary.

Figure 5.12(a-c) show the temperature dependence of the inverse magnetic susceptibility (x(T)) above T; for

different values of d, Hqc, X. The high temperature linear regime was fitted to the Curie-Weiss law G = %) to

obtain the Curie and Weiss constants ‘C’ and ‘0’, respectively. Using the magnitude of ‘C’ we estimated the

effective magnetic moment pierr from the relation perr= (3ksC/Na)2. For x = 1, the calculated magnitude of pef is
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~ 2.25 ug, which is significantly smaller (~3.42 pg) as compared to its bulk counterpart. [313] As the doping
concentration of ‘Ni’ increase, the value of et increase from 1.38 pg (x = 0.01), to 2.70 ps (x = 0.3) (figure 5.12b).
Whereas, pest decreases from 2.25 pg to 1.42 pg as Hqgc increases from 600 Oe to 20 kOe, respectively for x = 1
(figure 5.12c¢).

In order to understand the role of surface effects on the magnetic properties of these composites we have

estimated the anisotropy constant Kes for various compositions of the investigated system using the expression

6K

In the above equation, Ky is the bulk anisotropy constant and the second term ‘Ks’ is the contribution from surface
anisotropy. Usually, the applicability of above equation is valid for nanoparticles having d > 4 nm. [314-316]
Recently, Pisane et al., studied the effect of decreasing particle size on the magnetic anisotropy and proposed a
core-shell-surface layer model to explain the behavior of magnetic anisotropy for nanoparticles with very smaller
particle size [314]. These authors extended the equation (5.7) by including the effect of shell thickness ‘dsn’ and
suggested the following relation:

6K 2dgn\173
Kepr =Ky + =+ Ksn {[1 - (Th)] } (5.8)
The factor {[1 - (2ds/d)] %} in the last term of equation (5.8) represents the ratio of shell-volume to core-volume

and it contains the contribution of the spins in the shell with effective anisotropy Ks, which is different from Ks
and Ky, [314]. In order to check the validity of the equations (5.7) and (5.8) for the present system, we have plotted
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Figure 5.14: The variation of effective anisotropy constant Ke with crystallite-size d for x=1. The solid-
continuous lines are fits to equations 5.7 and 5.8 as mentioned in the text. The inset shows the Kes versus 1/d plot.
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the particle size ‘d’ dependence of Kes (as shown in figure 5.14 for x = 1) and fitted the data with equations (5.7)
and 5.8, respectively. For x= 1, the data is well fitted with the equation (5.8), yielding the following parameters

s= 2.42 erg/cm?and Ky = 2.61x10° erg/cm?®, Ksn= 9.56x10° erg/cm? and dsh = 1.34 nm. On the contrary, for x =
1, the Kesr versus 1/d variation (inset of figure 5.14) exhibits two linear regions with different slopes, which clearly
suggests that the experimental data is deviating from equation (5.7). In order to understand the effect of external
magnetic field on the magnetic behavior of the composites we measured y(T) under both ZFC and FC conditions
with different magnitudes of Hqc between 50 Oe and 10k Oe for a constant d = 6.8 nm for x = 1 (Figure 5.15). In
all these curves a broad hump (T1) between the temperatures 220 K and 211 K and a sharp peak at low temperatures
(T2 ~ 12 K - 9.5 K) are clearly evident which are associated with the blocking and glassy behavior, respectively.
The inset of figure 5.15 shows the magnified view of both yzec(T) and yrc(T) curves in the low-temperature range
4 K — 28 K; from this figure one can clearly notice the shift of T,towards lower temperatures with increasing the
external magnetic field. This two peak-behavior in ¥(T) usually signifies a certain distribution of blocking
temperature in the nanosized system having different particle sizes [136]. In order to understand such distribution
of blocking temperatures, we plotted the temperature variation of difference in the magnetization between FC and
ZFC per unit field [Ah = (M rc - M zr¢)/H] measured at different values of Hqc for x = 1 (figure 5.16). Usually, the

15 e-1)

1, (<10 °emu mol

0 50 100 150 200 250 300 350 400

T(K)

Figure 5.15: The dc-magnetic susceptibility yq(T) measured under ZFC and FC conditions for Zni«NixO (x=1)
nanoparticles with external magnetic field Hqc between 50 Oe and 1 kOe for a constant d = 6.8 nm. The inset
shows the zoomed view of y zrc(T) curves in the low-temperature range between 4 K and 28 K.
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Figure 5.16: Difference between Mgc and Mzec, i.e. (Mec-Mzec)/H as a function of temperature. The inset shows

the temperature derivative of the difference between Mrcand Mzrc (O(Mrc - Mzrc)/0T) for Hee=100 Oe. Solid line
is a fit of the experimental data to the log-normal distribution function.

derivative of magnetization difference (i.e. d(Mrc - Mzec)/ 0T) follows log-normal distribution function given by

the below relation:

_[in(TB z
f(T5) = e exp{ : (ZJZBM)]} 69

In the above equation, ¢ is the standard deviation and Tewm is the mean blocking temperature. Using this log-normal
distribution we have calculated the mean ‘o’ and ‘Tem (=T1)’ by fitting the derivative of AM = Mgc - Mzrc at two
different temperature regimes: regime-(i) 5 K < T < 50K and regime-(ii) 50 K < T < 400 K, where we observed a
sharp peak and a broad maximum, respectively. From this fitting analysis we obtained ‘c’ = 0.25 and 0.89, and
Tem =8 K and 310 K for regime-(i) and regime-(ii), respectively. The smaller value of ‘G’ (~ 0.25) for the first
temperature regime signify the narrow particle size distribution. Whereas, a broad distribution (¢ ~ 0.89) is
observed for regime-(ii). Previous report by Biasi et al. interpreted the presence of two such maxima (T1 and Ty)
in yzrc by using a simple core-shell model with a uniaxial anisotropy acting on the core, and a surface anisotropy
acting on the shell for ferromagnetic amorphous nanoparticles [317]. These authors reproduced their experimental
data qualitatively by applying Monte Carlo simulations based on this core-shell model [317]. Moreover, the
application of external magnetic field usually breaks the energy barrier symmetry and induces spin reorientation
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Figure 5.17: Temperature dependence dc-magnetic susceptibility x(T) Zn;xNixO (x=0.40) nanoparticles with 50
Oe < Hgc <500 Oe. The inset shows the yzrc (T) and yec(T) curves for x=0.01,0.02 and 0.05 at constant Hqc = 500
Oe.

away from the anisotropic axis and align along the direction of external magnetic field which results the
conventional ygc curves [315]. Figure 5.17 shows the yrc(T) and yzrc(T) curves for the sample with x =0.40 (d =
18.7 nm) measured for different values of Hqc = 50, 100 and 500 Oe. The inset shows same measurement repeated
for three different compositions ‘x’=0.01, 0.02 and 0.05 measured in the presence of Hgc = 500 Oe. The bifurcation
temperature between the yrc(T) and yzec(T) curves (Teir) and the blocking temperature for this nanocomposite
(with x=0.40) occurs at relatively higher temperatures (Tgir= 400 K and Ts = 348.15 K) as compared to the case
of x = 1 (Teir= 356.64 K and Tg= 234.36 K). Such increase in ‘Tgi" and ‘Tg’ towards higher temperature as
compared to x = 1 system is attributed to the smaller d values (~6.8 nm) for x = 1 than d = 18.7 nm for x = 0.4
which in turn effects the magnetic interaction between the nanocrystallites [318]. The compositional dependence
of Tgir and Tg are shown in figure 5.18, wherein both Tgir and Tg shift towards higher temperature until a critical
composition xc ~ 0.5 which is consistent with the decrease in d values from 45.7 nm to 35.33 nm for x = 0.02 and
0.5, respectively, and decreases beyond Xc. For X; ~ 0.5 the large difference (~94 K) between the ‘Tgit’ and ‘Tg’ is
observed (at H = 50 Oe) due to the increased interparticle interaction between the nanocrystallites [284]. In
general, for the systems that exhibit significant interparticle interaction the following relation holds good: Tgit=
BTs, where B lies between 1.0 to 2.0 and depends upon the log-normal particle size distribution (8 ~ 1.30 for x
=0.40). Usually, when the standard deviation of the lognormal distribution (obtained from equation 5.9) increases
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Figure 5.18: Compositional dependence of Tgif (L.H.S) and Tg (R.H.S) for Zn;xNixO (0 < x < 0.50) nanoparticles
at three different magnetic fields Hqc= 50 Oe, 100 Oe and 500 Oe.
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Figure 5.19: Temperature variation of saturation magnetization MO(T) obtained from the modified Langevin

function for the composition x = 0.30, 0.40, 0.50 and 1.0. The solid lines connecting the data points represent
linear fits whereas the dotted lines are extrapolations to MO—>0 providing a rough estimation of the Néel

temperature T .

126 |Page
TH-2215 136121010



Chapter-V | Vibrational Excitations, Electron Spin-Resonance and Magnetic-Interactions...

from 0.0 to 1.5 the value of 8 increases from 1.0 to around 2.0. [112,284,319] In order to determine the magnetic
moment per particle (up) and Ty of the investigated system a series of isothermal magnetization curves (M-H)
were measured from Hqc = 0 to 50 kOe at several temperatures above Tg. Before measuring each M-H isotherm
at specific temperature we increased the system temperature above Tg to bring the virgin state (paramagnetic state)
of the system. These isotherms are fitted to the modified Langevin function given by the following relation and

estimated the saturation magnetization Mo:

H
M =M0L(“P JwaH (5.10)
kgT

In the above equation, My is the saturation magnetization, pp is the magnetic moment per particle, and ya is the
antiferromagnetic component of the magnetic susceptibility. Figure 5.19 shows the temperature dependence of
Mo obtained by performing the modified Langevin fitting analysis for the compositions x = 0.30, 0.40, 0.50 and
1. For all the compositions a linear decrease in Mg(T) is observed. Generally, such linear decrease in Mo(T) is
associated with the uncompensated surface moments which vary linearly near to the ordering temperature
Tn [221,319,320]. As the temperature approaches to “Tn’ the surface moments decrease and Mo — 0. By linear
extrapolation of Mo(T) up to Mo—0 (as shown by the solid lines in figure 5.19), we have evaluated the magnitude
of “Tn’ ~ 463 K and 551 K for x = 1 and x = 0.40, respectively. The observed value of Ty (~ 463 K) for the
nanocomposites with x = 1 is shifted by 60 K towards lower temperature as compared to its bulk
counterpart [321,322]. These observations are in-line with the previous studies on the crystallite size-dependent
magnetization of NiO nanoparticles. These results provide the evidence for shifting of T towards low-temperature

side with decrease in crystallite size, d. Such variation in Ty usually follows the finite-size-scaling relation

2
(TN (d) = Ty (o) [1 - (‘;—") D in this equation the parameter A is the shift-exponent and & is the correlation

length. Typical values of A and &, for AF-11 Type systems are 3.2+0.5 and 3.2+0.2 nm, respectively [112]. We
have also evaluated the magnitude of magnetic moment per particle (up) by fitting the experimental curves (M-
xaH)/Mo versus H/T curves given by the modified Langevin equation (5.10) (as shown in figure 5.20 for x = 1 and
in figure 5.21 for x = 0.05, 0.30 and 0.40). The obtained values of pp (~1619.7 ug for x = 1) are in well agreement
with the previously reported values [323]. Such large values of pp signify the presence of strong dipolar interaction
between the nanocrystallites. Presence of such dipolar interaction is also supported by the significant difference
observed between Tg and Tgir as discussed earlier. Previous reports by Tiwari et al. performed a detailed study of
the magnetic properties of pure NiO nanoparticles of different sizes and reported that the average uncompensated
moment for 5.1nm NiO nanoparticles is of the order of ~100 pg [324]. These authors also reported that the origin
of Tg due to the spin-glass freezing and not to the interparticle dipole-dipole interaction since the obtained p, ~100
us is comparatively smaller as compared to the dipolar interaction [324]. Usually, the dipolar interactions
effectively increase with increase in particle volume [325]. The inset of figure 5.20 shows temperature dependence

of e (for x = 1), which increases linearly with increasing the temperature. Previous studies by Shim et al. reported
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Figure 5.20: H/T dependence of (M-xH)/Mo for x=1 Figure 5.21: H/T dependence of (M-y.H)/Mo for x=0.05, 0.30 and
0.40 nanoparticles. The hollow symbols represent the

nanoparticles. The hollow symbols represent the experimental
data and solid lines are fits to the modified Langevin function.
The inset shows the temperature dependence of magnetic moment
per particle (up) obtained from the modified Langevin fit.
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experimental data and solid lines are fits to the modified Langevin
function. The inset shows the M-H isotherms measured at
different temperatures. The solid continuous lines are the
simulated M-H isotherms using the log-normal moment

distribution function.
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that the up of NiO nanoparticles of size ~ 5 nm shows temperature independent behavior , however, with increasing
particle size (d > 12 nm) pp exhibit linear response signifying the presence of dipolar interaction [323]. We have
performed similar analysis (see figure 5.21) wherein the quantity (M-yaH)/Mo was plotted as a function of H/T for
the x = 0.05, 0.30 and 0.40. In this figure the solid continuous lines are the Langevin fits to the experimental data
and this analysis yields pp = 112 pg, 3002 pg and 3543 ps for x = 0.05, 0.30 and 0.40, respectively which are
comparable with pup= 1637.6 ug obtained from the moment distribution of spin clusters given by the following
relation [326]:

e} H
M =M [ F L(E) du (5.11)
where, fw is the moment distribution function defined by the relation

_[in(™ -
F = J;Wexp{ 0]

0.89, obtained from our lognormal distribution function). The simulated isotherms for x = 1 are represented by

, Ms is the saturation magnetization, and L(x) is the Langevin function (for ¢ =

solid continuous lines in the inset of figure 5.21. It is interesting to note that the simulated patterns are in good

agreement with the experiment data shown by the hollow symbols in the inset of figure 5.21.

5.4 Conclusions:

On the basis of the evidences gathered from TGA-DSC, XRD, ESR, Raman, and magnetic measurements, the
following conclusions are drawn. (i) The calcination temperature of the oven dried mixed oxalate product was
optimized above 500°C for 2-8 hours in air, such heat treatment conditions cause proper decomposition of the
precursors and yield the desired compound Zn; xNixO/NiO. (ii) For dilute and intermediate compositions (0.02 <
X < 0.05) wurtzite h.c.p Zn1xNixO structure is stable, however above x > 0.10 NiO phase emerges as secondary
phase. (iii) The temperature dependence of X-band ESR parameters, Hr(T) and AHpp(T) follow the power-law
variation (8Hr = (AHpp)") of Nagata and Ishihara model with n =~ 2.13 signifying the presence of partially oriented
nanocrystallites of Zno7Nio30. However, the power-law variation gives n = 2.85 for NiO suggesting a random
orientation of nanocrystallites. (iv) The numerical calculations based on Raikher and Stepanov model yield the
size of amorphous Ni®* clusters present in the Zn:«NixO/NiO nanocompsites. (v) Raman analysis shows the
signature of Zone boundary phonon effects associated with the strong magnetic interaction between two
successive ‘Ni’” atoms in ZnO matrix. (vi) The magnitudes of exchange constants |]J,| and |J,| were evaluated for
the nanocomposites of Zn1«NixO/NiO (0 < x < 1) using the molecular field approximation for Type-II AFM
system. Accordingly, we obtained |]J,| = 130.7 K (11.26 meV) and [J;| = 68.8 K (5.92 meV) for x = 0.01, and
11.26 meV and 7.17 meV for x = 1, respectively, which lie in between AF-11 and AF-I11 phase boundaries. (vii)
A core-shell surface layer model was demonstrated for the first time to explain the behavior of magnetic anisotropy
in the present nanocomposite system. (viii) The statistical distribution of blocking temperatures were analyzed by

means of log-normal distribution function associated with the temperature dependence of d(Mgc - Mzrc)/ OT.
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Chapter-VI

Conclusions and Scope for Future Research

6.1 Conclusions:

This chapter contains all the important findings of the present research work together with a brief summary of
future scope arising from these studies. As discussed in the previous chapters, we mainly focused on the structural,
dielectric and magnetic properties of wide-bandgap transition-metal-oxides and Mott insulator composites; the
similarities and differences of their properties are recapitulated here. Dielectric and magnetic properties in these
polycrystalline composites have shown several interesting features including the thermally driven structural phase
transition leading to a dielectric anomaly across 540 K which can be exploited to develop spin-valve and
memristive devices. Succeeding a brief summary of the key results, we concluded this chapter by identifying few
possible frontiers of future research work related to the tailoring of the exchange interactions and dielectric
transitions.

In Chapter 3 we have demonstrated that the composite system consisting of wurtzite h.c.p structure of ZnO
and rhombohedrally distorted NiO exhibits a clear dielectric anomaly with relaxor behavior across the transition
temperature T" ~ 541 K due to compositional heterogeneity. Evidence for such compositional heterogeneity and
the possibility of formation of tiny polar clusters in the ZnO-NiO composites are presented. Furthermore, a giant
dielectric peak across 410°C in pure NiO was noticed together with the anomaly across the antiferro- to
paramagnetic Néel temperature Ty of NiO. For T > T~ the relative dielectric permittivity (e(T)) cusp follows the
empirical scaling law based on the equation (ea/e; = 1+0.5(T-Ta)?/8%) with the shape parameter value ‘5’ ~ 88 and
39.73 C for x = 0.30 and 0.16, respectively. Such dynamic variation of dispersive &(T") obeys the Vogel-Fulcher
law with Debye frequency vo ~ 1.33 x 10° Hz and 1.33 x 106 Hz, freezing temperature T, ~ 181'C and 240°C, and
activation energy Ea = 0.11eV and 0.023 eV for x ~ 0.30 and 0.16, respectively. The magnitudes of diffuseness
exponent ‘y’ = 1.91 and 1.77 estimated from the experimental data for the compositions x = 0.30 and 0.16,
respectively are close to the ideal relaxor ferroelectric system (“y’ = 2). These results confirm the relaxor behavior
(mixed ferroelectric—glass phase) for heavily doped Zn:xNixO/NiO system which is further supported from C-V
butterfly shape hysteresis loops recorded at room-temperature. Similar results are observed in Na doped NiO
system without any relaxor characteristics. The temperature dependence of ac-resistivity provided strong evidence
for variable-range-hopping of charge carriers between the localized states for all the samples. The effect of non-
ohmic sample-electrode contact impedance and negative-capacitance on the global dielectric behavior of these
composites are also discussed in Chapter 3. The observed dielectric anomaly can be tuned using frequency of the
ac-signal and the cation deficiency 'A' of Ni1.aO within the core ZnO matrix. This way of tuning the T" may open
a constructive approach for the development of the spin-valve devices and varistor components together with
piezoelectric devices functioning at just above the room temperature. The temperature variation of carrier hopping

energy en(T) and nearest-neighbor exchange-coupling parameter Ji(T) evaluated from the small-polaron model
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exhibits a well-defined anomaly across Twn. For all the composite systems, the average exchange-coupling
parameter (Jij)ave nearly equals to 70 meV which is slightly greater than the Exciton binding energy 60 meV of
pure zinc-oxide. The magnitudes of &, (~0.17 eV) and Jij (~11 meV) of pure NiO synthesized under oxygen rich
conditions are consistent with the previously reported theoretical estimations based on the Green’s function
analysis.

The electronic structure of the bulk sample probed by the X-ray photoelectron spectroscopy (XPS) reveals that
both Ni-2p and Zn-2p exhibit doublet corresponding to 2ps» and 2py with spin-orbit splitting A ~ 17.9 eV and
23.2 eV, respectively, confirming the divalent oxidation state of Zn and Ni. However, in the case of pure NiO the
difference in the binding energy of Ni 2ps and Ni 2pyis ~ 18.75 eV (> 18 eV) signifying the excess oxygen in
the system. Minute change in the Ni-2p satellite peaks with increasing the composition ‘X’ is associated with the
attenuation in nonlocal screening because of reduced site occupancy of two adjacent Zn ions. On the other hand,
the XPS spectra of Nii—«NaxO bulk samples reveals that the O-1s spectra can be deconvoluted into three Gaussian-
Lorentzian peaks centered at 528.9 eV and 530.76 eV corresponding to the surface and chemically bonded oxygen
ions, respectively. While, the Na-1s core level photoelectron spectra exhibit single major peak at ~1076.12 eV
signifying the presence of monovalent oxidation state of sodium. The temperature dependent X-ray diffraction
measurements reveal that the axial-rhombohedral angle ‘a(T)’ of oxygen-rich NiO system exhibits an abrupt drop
from 60°8'to 60° at 300°C associated with the crystal structure relaxation from rhombohedral to cubic phase which
is accompanied by the change in the magnetic ordering from antiferromagnetic to paramagnetic state. We have
studied the nature of high-temperature magnetic properties and the exchange interactions in both Zn; - xNixO/NiO
composite system as well as in Ni;xNayO. The magnitudes of exchange constants J; and J, calculated from
temperature magnetic susceptibility data for different values of ‘X’ are compared with the molecular-field
approximation (J1 ~ 0.15 meV and J; ~ 1.15 meV for x = 1) and Green’s-function theory (J; ~ 0.7 meV and J, ~

1.78 meV). The data obtained from the magnetization isotherms are fitted to the modified Langevin function M =

Mo L (%) + x.H to extract the Ty of NiO clusters present in the Zn: - yNixO matrix. We have correlated the
B

magnitudes of J; and J, estimated from the magnetization data with the theoretical analysis involving the spin-
dependent activation energies yielding an average superexchange interaction energy Jave. For x > 0.30, the
maximum value of Jave (~ 1.61 meV) determined from the above analysis is consistent with the magnitude of J,
obtained from the high-temperature magnetic susceptibility data using Green’s-function analysis.

Next, we extended the study to the low-dimensional nanostructures of Zn:xNixO and NiO synthesized by sol-
gel process and carried out their characterization. On the basis of thermal analysis, we optimized the calcination
temperature of the ovendried mixed oxalate product at 500°C or above for 2-8 hours in air to yield the desired
compound Zn;«NixO/NiO. The crystal structure studies carried out by X-ray diffraction reveals the formation of
wurtzite h.c.p structure of Zn,«Ni,O for dilute and intermediate compositions (0.02 < x < 0.05), nevertheless, for
X > 0.10 NiO emerges as secondary phase. The following noteworthy results are obtained from temperature
dependence of X-band electron spin resonance studies: (i) The resonance field Hr(T) and peak-to-peak width
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AHpp(T) follows power-law variation (6Hr= (AHpp)") 0of Nagata and Ishihara model with exponent value n =~ 2.13
signifying the presence of partially oriented nanocrystallites of Zn,yNixO, but, the power-law variation gives n =
2.85 for x = 1 (NiO) suggesting a random orientation of nanocrystallites. (ii) The numerical calculations based on
Raikher and Stepanov model yield the size of amorphous Ni** clusters present in the ZnixNixO/NiO
nanocompsites. Raman analysis shows the signatures of zone-boundary-phonon effects associated with the strong
magnetic interaction between two successive ‘Ni’ atoms in ZnO matrix. In addition to the 2M Magnon mode, two
extra modes appear at 558 and 900 cm™ due to the increased volume fraction of NiO within the Zn;xNixO matrix.

The last section of Chapter 5 deals with the results of temperature dependence of magnetic susceptibility of
the two-phase nanocomposite of Zn1«NixO/NiO. The irreversible behavior of susceptibility curves yzrc(T) and
yre(T) provides strong evidence of the superparamagnetic behavior of these composites. The magnitudes of
exchange constants |J;| (= 11.26 meV) and |[J,| ((5.92 meV)) were determined from the molecular field
approximation for dilute compositions x < 0.01. For heavily doped composites (x > 0.7) these magnitudes turnout

to be 11.26 meV and 7.17 meV which lie in between AF-Il and AF-111 phase boundaries. A new core-shell surface

-3
layer model (K.rr = Kjp + % + K {[1 - (Z‘ZS")] }) was demonstrated for the first time to explain the behavior
of magnetic anisotropy in these nanocomposites. This model yields the anisotropy constants Ksurace = 2.42 erg/cm?,
Kouik = 2.61x10° erg/cm® and Ksnen = 9.56x10° erg/cm? for shell thickness dsh ~ 1.34 nm (x = 1). The statistical

distribution of blocking temperatures were analyzed by means of log-normal distribution function (f(w) =

' ep {—[In(“/TBM)]Z

Tomon X =t }) associated with the temperature dependence of 6(Mrc - Mzec)/ OT. Such statistical

analysis yields standard deviation ‘c’ = 0.89 for X = 1 indicating the presence of strong inter-particle interaction

in the nanocomposites. The isothermal magnetization curves (M-H) are successfully fitted to the modified
Langevin function M = Mo L (%) + x,H and the ordering temperature of the nanocomposite Zn;xNiO/NiO
B

was successfully extracted.

6.2 Future Scope:

In the current thesis we explored only electronic, structural, magnetic and dielectric properties of Zni-

«NixO/NiO and Ni;xNaxO oxides. Below we enumerate some possible extensions of the current work.

» One can study the Neutron diffraction across the long-range ordering temperatures which can provide
additional information about the magnetic structure. Such studies also verify the conclusions drawn from
the magnetization studies.

» To perform the electronic band-structure calculations using density function theory and make a
comparative study with the experimental results obtained from the Raman, ESR, and XPS measurements.

These results can also be correlated with the diffusive reflectance spectroscopy in the UV-Vis-NIR range.
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» To synthesize the low-dimensional nanostructures of Na, Mg, or Li doped NiO/ZnO and perform a
systematic comparative study of their structural, optical, dielectric and magnetic properties with their bulk
counterparts. Such nanostructures play a major role in fuel-cells, Li-ion batteries and catalysts.

» This study can be extended to various other doping elements, either non-magnetic or magnetic (e.g. Mg,
Al, Ti, Ru, Co, V and Cr at Ni or Zn sites in NiO or ZnO matrix) and probe the differences occurring in

the electronic structure, optical and magnetic properties as compared to the pristine compounds.
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