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Abstract

Ferrites belong to a special class of magnetic madgeconsisting of metal oxides
and ferric oxides as their main compositions. Thamagnetic (Zn and Cd) and
magnetic impurity (Ni, Cr and Fe) doped ferrimagmeixides, MFgO, (M = Fe,
Ni, Cr, Zn, and Cd) are new engineered materialsattvanced applications like
microwave-integrated and magnetoelectric devicesTdte main interest in doped
ferrite materials is due to their role in spin I used in conjunction with spin
filters. Compton spectroscopy has been recognizgea \sell defined technique to
calculate the electronic properties of the mateltahas also been utilized to
validate the ab-initio calculations with different exchange and correfati
energies. In the present thesis, we report thesyaic study of experimental and
theoretical Compton profiles (CPs) of some ferritesnely FeOs NiFeQO,,
ZnFe0O, and CdFgD,. For the CP measurements of TMBg(TM = Fe, Ni, Zn
and Cd), we have used First Indian 20"€Cs Compton spectrometer while the
theoretical CPs have been calculated using linearbmation of atomic orbitals
(LCAOQO) approximations. Further, the CP of;©g have also been measured using
first ever shortest geometry and lowest intensitgel 100 mCi*Am Compton
spectrometer and compared the results with LCACGeda3Ps. In addition, we
have also prepared bulk NCrFeO,4 (x= 0.00, 0.02 and 0.05) using solid state
reaction (SSR) method and NCrFeO4 (x= 0.02 and 0.05) thin films using
pulsed laser deposition (PLD) method. The charaetéon of these samples have
been done by X-ray diffraction (XRD), X-ray photoesion spectroscopy (XPS),
Raman spectroscopy (RS), superconducting quanttenfane device-vibration
sample magnetometer (SQUID-VSM) and Fourier tramsfonfrared (FTIR)
spectroscopic measurements. Further, the LCAO sehdmve been employed
with pure density functional theory (DFT) and hybrfHF+DFT) theory to
compute majority- and minority-spin energy bandd density of states (DOS),
Mulliken population (MP), band gap, magnetic momantl CP, etc. for F©,,
NiFe,O4, ZnFeO, and CdFg0,.



In the first chapter, we have reported the basic aspects of the expetah
techniques employed in the present thesis work,ehatdRD, XPS, RS and
Compton scattering (CS). A detailed review of tlalier studies on relevant
ferrites during last two decades has also beenpocated in the chapter.

We have dividedsecond chapterinto two parts. In the first part, we have
presented the details of SSR and PLD techniquesgaleith the important
experimental features of XRD, XPS, RS, SQUID-VSM &TIR measurements.
We have also presented salient features of 23°@Cis and 100 mCf*Am
Compton spectrometer along with the data corregbimtess to extract the true
CP. In the second part, we have incorporated thiealeaspects of LCAO
approximations and DFT computations within localngley approximation
(LDA), generalized gradient approximation (GGA)¢csed order GGA (SOGGA)
and also the hybrid schemes (B3LYP, B3PW, PBEO, $BE, WC1LYP and
B1WC).

The third chapter describes the study of structural, electronic amagnetic
properties of PLD thin films of NikCrFeO,4 (x = 0.02 and 0.05) on Si (111) and
Si (100) substrates. Here, the films show singlasph polycrystalline structure
with a better crystalline quality on Si (111) suwbst than to Si (100) substrate.
The reported XPS studies show the mixed spinetttre and suggests that Ni
and Fe ions exist in 2+ and 3+ states, respectivélg deviation from the inverse
spinel leads to modified magnetic properties. Italso seen that saturation
magnetization drastically drops compared to theeetqul saturation value for
inverse spinel structure. Strain in the films aatfide distortion produced by the
Cr doping also appear to influence the magnetipgntees [The third chapter is
based on our published research paper entitled &ffeet of Cr substitution on
the structural, electronic and magnetic properiéspulsed laser deposited
NiFe,Oq4 thin films”, J. Mag. Mag. Mat. 421 (2017) 2530]

In the fourth chapter, the LCAO calculations have been employed to cdmpu
MP, energy bands, partial and total DOS and CPEM#e,04 (TM = Zn and
Cd). The LCAO calculations have been performed iwifhure and hybrid DFT
calculations and DFT calculations have been perdriwithin LDA and GGA

along with hybrid approximations (B3LYP and PBEUhe validation of hybrid



functionals have accomplished using CP measuren(@éis65 keVWy-rays from
137Cs source) for both the ferrites. Chi-square teslicates an overall better
agreement of experimental CP data with LCAO-B3LYEBhesne based
momentum densities leading to usefulness of hyhuitttionals in predicting
electronic and magnetic response of such ferntdsereas, LCAO-B3LYP based
majority- and minority-spin energy bands and DO& ZoFeO, and CdFgO,
predict semiconducting nature in both the ferritesaddition, MP data and equal-
valence-electron-density scaled EMDs indicate moowalent character of
ZnFe0, than that of CdF©,. A reasonable agreement of magnetic moments of
both the ferrites with available data unambiguoystymotes the use of Gaussian-
type orbitals in LCAO scheme in exploring magnetroperties of such ferrites
[The fourth chapter is based on our published rebegoaper entitled
“Performance of hybrid functional in linear comtioa of atomic orbitals
scheme in predicting electronic response in sgeretes ZnFgO, and CdFg0,”,

J. Mater. Sci. 55 (2020) 39123929.

In thefifth chapter, we have presented structural and magnetic respainkli;-
xCrFe04 (X = 0.00 and 0.05) using XRD, RS, FTIR spectrpgcand SQUID
magnetometer. The single phase of both the com@asiis confirmed using
Rietveld refinement method and the absence of axpuiity is further cinched
using structural sensitive techniques, namely Faml RS. Further, we have
reported magnetic moment, MP, partial and total x0& CPs for NiF£, using
LCAO scheme with and without hybrid functional. Ttheoretical CPs have also
been validated using isotropic CP measurement WBR keV photons for
NiFe,O4,. Among the considered exchange-correlation pakntvithin LCAO,
the B3LYP scheme based momentum densities showrsgteement with the
experimental CP. The majority- and minority-spin ®Mave confirmed the
insulating nature of NiF©®,. Peculiarities of presently deduced MP data and
magnetic moments are also discussed [The fifthtelnap based on our research
paper entitled “Structural, magnetic and electrgmiopertiesof nickel ferrites:
Experiment and LCAO calculation€ommunicated to J. Alloys Compounds
(2020) Revisetl



The sixth chapter is also divided into two parts. The part-I is diexbto the CP
measurements of F@; using 100 mCi**Am Compton spectrometer at a
resolution of 0.55 a.u. (fwhm). The experimental &5 been analyzed using
LCAO-DFT with LDA and GGA approximations. It is aaved that the DFT-
GGA scheme gives the better agreement than to OPA-ln addition, we have
also reported the MP and DOS using the DFT-GGA rmeheMP data shows the
charge transfer from Fe to O atoms whiles DOS Ipedicted the half metallic
character of F#£,. Whereas the part-1l deals with the CP measurenanEeO,

at higher resolution (0.34 a.u., fwhm) using 2043Cs Compton spectrometer to
validate the hybrid potentials derived using B3LYIP.is found that B3LYP
scheme gives a better agreement with experimerae than the DFT-GGA
scheme. Also, spin dependent DOS using LCAO-B3LYReme have also
confirmed the half metallic character of;Bg, while the large value of MP data
(4.72 e) predicts the dominancy of ionic nature in thedstd compound [The
part-1 of chapter 6 is based on our published rebepaper entitled “Electronic
properties of F€,: LCAO calculations and Compton spectroscopyP Conf.
Proc. (USA) 1942 (2018) 090032-090032-4]

In the seventh chapter we have reported the summary of work done and
suggestions for future possibilities. Among theufat possibilities, the high
resolution directional CP measurements may furtieeattempted to compare the
present theoretical anisotropies in the momentunsitles of FgOs, NiFeO,,
ZnFeO, and CdFgD,. Also, the high resolution magnetic Compton peofil
measurements of these ferrites using synchrotrdratrans may be helpful to
deduce site-specific magnetic moments to furtheidason of our LCAO
calculations in reproducing the origin of magnetsponse of such ferrites. The
energy bands, DOS, CPs and magnetic moment uslkgotential linearized
augmented plane wave (FP-LAPW) and spin-polarisbativistic Korringa-
Kohn-Rostoker (SPR-KKR) is also suggested as agbdmture scope.

Besides above chapters, we have also includeddAppendix which reports CP
measurements for NiCrFe,0O4 (x = 0.2 and 0.5) and Ni¢Fe,.xO4 (x = 0.2 and
0.5) using 20 Ct*'Cs Compton spectrometer and their comparison i &tom

CP. Negligible difference in experimental and fedéem profile in the momentum



range p=3.0 a.u. for all the reported compositions showaaouracy of the

measurements and the data reduction.
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The positions ofl’, X, W and L vertices are (0,0,0), (1/2,0,1/
(1/2,1/4,3/4) and (1/2,1/2,1/2), respectively.
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4.3

(a) Majority- and (b) minority-spin energy banaf CdFgO, using
LCAO-B3LYP scheme along the high symmetry direciof BZ.

101

4.4

Majority-spin (1) and minority-spin () density of states (DOS) fq
(a) 3d and 4s states of Zn, (b) 3d and 4s staté®,0fc) 2s and 2
states of O and (d) total Znf® using LCAO-B3LYP
approximation.
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4.5

Majority-spin (1) and minority-spin () density of states (DOS) fq

r 105
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(a) 4d and 5s states of Cd, (b) 3d and 4s statég,aofc) 2s and 2
states of O and (d) total Cdf®m using LCAO-B3LYP
approximation. The range of DOS is different thhattin energy
bands for a clear visualization.

[®)

4.6

Anisotropies in the unconvoluted theoreticaim@ton profiles of]
(a) ZnFe0O, and (b) CdF#£, calculated using LCAO-DFT-LDA
LCAO-DFT-GGA, LCAO-B3LYP and LCAO-PBEO approx
mations for the directional pairs (i)id~dioo, (ii) Jiar—Jioo @and (iii)
JiirJiie The solid lines are drawn for a quick view ofdle
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4.7

The difference profiles deduced from isotropaonvoluted
theoretical (LCAO-DFT-LDA, LCAO-DFT-GGA, LCAO-B3LYH
and LCAO-PBEO approximations) and experimental Caomj
profiles for (a) ZnFgD, and (b) CdF£,. The solid lines are drawn
for a quick view of trend.
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4.8

Equal-valence-electron-density (EVED) profilek iso-electronic
ZnFe0, and CdFgO, for (a) LCAO-B3LYP and (b) experimental.
In the inset, the values of J@) near p/p==0 are shown.
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5.1

Structural sketch of NFO plotted using softwiaia of Kokalj [33].
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5.2

XRD patterns for (a) NiE®,; (NFO) and (b) NioCryofe0,
(NCFO).
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5.3

FTIR spectra for NiR®, (NFO) and Nj ¢<Crp o0, (NCFO).
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54

Raman spectra for (a) Ng&g (NFO) and (b) NjgCroofe0,
(NCFO).

134

5.5

The magnetic hysteresis loop of NCry o0, (NCFO). In inset,
M-H curves of NiFgO, (NFO) are shown.

137

5.6

Majority- (1) and minority-spin () total DOS for NiFgO, (NFO)
using B3LYP scheme.

142

5.7

Majority- (1) and minority-spin () DOS for (a) 3d, 4s states and143

their total of Fe atom at A site, (b) 3d, 4s stated their total of N
atom at B site, (c) 3d, 4s states and their tdtdlebatom at B site
and (d) 2s, 2p states and their total of O atospeetively.

5.8

Anisotropies in the unconvoluted theoreticahfpton profiles for
NiFe,O, (NFO) calculated using DFT-LDAVBH, DFT-SOGGA
B3LYP and PBEO schemes within LCAQO approximatioos i)
Jiirdiio (i) Jiar—dioo @nd (iii) J10-Jdioo The solid lines are drawn for
an overall guidance to eyes.
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5.9

Difference profiles deduced from isotropic colted theoretical
(DFT-LDAVBH, DFT-SOGGA, B3LYP and PBEO schemes with
LCAO approximations) and experimental Compton pesfifor
NiFe;,O, (NFO). The statistical errors at all points argoahcluded.
Here, the solid lines are drawn for an overall gaick to eyes.
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6.1

Structural sketch of cubic &, using software tool of Kokalj [16].
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6.2

The spin-up {) and spin downl() density of states (DOS) of &
using DFT-GGA scheme.
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6.3

Anisotropies in the unconvoluted theoretical sCRr FgO,
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corresponding to the pairs (a} @10 (b) J1r-di10 @and (€) dgdioo
within DFT-LDA and DFT-GGA approximations. The gsbllines
are drawn to dictate the eyes.

6.4

Difference between isotropic convoluted theécagi{DFT-LDA and
DFT-GGA) and experimental profiles along with theatistical
errors (1) at few points for F®,. The solid lines are drawn t
dictate the eyes.
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6.5

Spin projected density of states (DOS) for3@)4s states and the
total of Fe at tetrahedral (A) site, (b) 3d, 4d4esaand total of Fe &

octahedral (B) site, (c) 2s, 2p states and tot&@ ahd (d) total DO$

for F&O, using LCAO-B3LYP approximation.
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6.6

Anisotropies in the unconvoluted theoreticaimpton profiles of
Fe;0, using DFT-GGA and B3LYP schemes.

174

6.7

Difference profiles deduced from isotropic colwed theoretical
(DFT-GGA and B3LYP schemes within LCAO approximatd
and experimental Compton profiles of;6g

176

Al

Raw data for (a) NiCroFeOs (b) NipsCrosFe0Os (C)
NiCroFe 40, and (d) NiCsdFe O, using 20 Ci**'Cs Compton
spectrometer. The peak on the right hand side ch gaanel
corresponds to raw Compton profile.

187

A.2

The difference profiles deduced from isotropmnvoluted
theoretical (free atom) and experimental (using @D **'Cs
Compton spectrometer) Compton profiles for (a)gip F&0., (b)
Nip sCrosFe0,, (c) NiCrFe O, and (d) NiCgsFe 04 The solid

lines are drawn for a quick view of trend.
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ABBREVIATION

+ CS : Compton scattering

4+ CP : Compton profile

+ EMD : Electron momentum density

4+ LCAO : Linear combination of atomic orbitals
+ HF : Hartree-Fock

+ DFT : Density functional theory

4+ LDA : Local density approximation

+ GGA : Generalized gradient approximation

+ SOGGA : Second order GGA

+ MP : Mulliken populations

+ DOS : Density of states

4+ SSR : Solid state reaction

+ PLD : Pulsed laser deposition

+ XRD : X-ray diffraction

+ XPS : X-ray photon spectroscopy

+ RS : Raman spectroscopy

#+ FTIR : Fourier-transform infrared spectroscopy
4+ SQUID : Superconducting quantum interference device
+ VSM : Vibrating sample magnetometer

+ EVED : Equal-valence-electron-density

Constants and Units used in Compton Spectroscopy

In the analysis of Compton profiles, we have mairdgd atomic units (a.u.), wherein

1 a.u. of momentum = 1.992010%* kg m &'
1 a.u. of energy = 1 Hartree = 27.212 eV
1 a.u. of length = 5.291810™ m
(h=m=e=1, ¢=137.036
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The chapter is divided into two parts. The firsttpdescribes the theoretical
introduction of characteristic techniques namelgax-diffraction (XRD), x-ray
photoelectron spectroscopy (XPS) and Raman speoppggRS) along with the
basics of Compton scattering (CS) techniques. Wisetiee second part presents

the review related to the proposed samples antesglevant CS studies.

1.1. X-ray Diffraction:

XRD is well known technique to characterize theucture of polycrystalline
materials (lattice parameter, stress, strain, garsize, orientations, etc.) [1,2]. In
such process, when the x-ray beam incidents om#terial then the electrons of
the atom oscillate and emit a radiation of the sémguency. Such emission is
subjected to the fulfilment of the Bragg’s law, idefd as:

2d sird =\ (1.1)
where 6 and A are diffraction angle and the wavelength of inoide-ray,
respectively, while n and d are the order of th#ralition and inter-planer
spacing, respectively. In Fig. 1.1., we have skadctine schematic diagram of the
XRD process. Here, the monochromatic photon (imtideray) falls on the
material and the scattered x-rays are detectechéyxiray detector. Here, the
scattering angle (between the incident and scdttereys) is found to be@2
Further, we plot a spectrum between the intendigcattered x-rays and2The
spectrum contains various informations like lattiparameters, inter-planar
spacing, grain size, etc. Since the first ordefratifion takes place at a specific
value of B for the particular set of planes ahdHence, we can confirm the phase

of the sample by analysing peak position usingdstecthdata.

1.2. X-ray Photoemission Spectroscopy:

XPS is usually employed to study the electronic eimeimical states, compaosition
of elements and empirical formula of the sampl&][3it is basically a photo

electric effect in which a photon of energy lnteracts with an electron of
material surface. Herephs greater than to the binding energy (BE) of photn

such process, the kinetic energy (KE) of the ehigiectron is defined as:
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Detector

Incident X-rays
Scattered X-rays

Fig. 1.1: Schematic diagram of X-ray diffraction (XRD).
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KE=hy-BE-¢ (1.2)
where ¢ is the work function of the experimental sampte.Fig. 1.2, we have
shown the schematic sketch of XPS. It is known &vatry element (atom) has its
characteristic BE hence the characteristic sekakp of the photoelectron spectra
of XPS can be used to calculate the KE.

1.3. Raman Spectroscopy:

RS is an important technique to characterize theemah as it informs about the

composition of the materials through molecular &ilums. It is basically the

inelastic scattering of photon (may be taken frasel source) as the frequency of

the monochromatic light changes with the interactod the material. Here, the

incident photons are first absorbed by the matemal then further re-emitted

with change (increase or decrease) in frequencygh@svn in Fig. 1.3, the various

possible types of scatterings are:

» Rayleigh scattering: If the incident and scattdigiast have the same frequency.

» Stokes scattering: If the frequency of the incidiggtit is greater than that of
scattered light.

» Anti-stokes scattering: If the frequency of thetsmrad light is greater than that
of incident light.

In RS, stokes scattering is considered and Ramactrspis basically the curve

between the intensity of shifted light and energg. (frequency). This curve is

used for the identification of the molecules [5,6].

1.4. Compton Scattering:

A.H. Compton has reported Compton effect (CE) pf]which he was honoured
by the Nobel prize in Physics in 1927. In CE, thexion at rest collides with the
photon and the scattered photon is detected at@ge@ The process is shown in
Fig. 1.4, where Compton wavelength shii) is defined as:

h

AN =A,-A, =
2 M myC

(1-cos9) (1.3)

herel; (A2) : wavelength of incident (scattered) photon; rest mass of electron;
h: Planck’s constant; c: velocity of light.
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Detector

Fig. 1.2: Schematic diagram of X-ray photoelectron spectpg¢XPS).

25



Mital e cv e cuauvomaanwau e,
energy
states — I ————————————— i

Vibrational L %

energy
states s
Stokes Rayleigh Anti-Stokes
scattering scattering scattering

Fig. 1.3: Representative energy level diagram for Rayleigattering, Stokes
Raman scattering and anti-Stokes Raman scattering.
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Fig. 1.4: Schematic diagram of Compton effect [7]. Here (&) and & (A,) are
the incident energy (wave length) and scatteringrggn (wave length) of the
photons, respectively ard is scattering angle.
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From last four decades, CS (a technique sensibvilde valence electrons) has
been recognized as a unique and versatile toolrénligi the ground state
properties and other related parameters of therrat¢8-12]. It is worth while
mentioning that CS is not very sensitive to thatguwf the material, which puts
CS into an advantage mode than that of rival tephes like positron annihilation,
etc. In terms of incident and scattered energyaiitl &, respectively), Eq. (1.3)
can be scaled as:

E,= . E, (1.4)

1+ —2_(1-cos®)

m,c?

In real materials the electrons are neither freaarat rest. In Fig. 1.5, we have
shown the CS process in real materials. If the onotf electrons is also
considered in conservation laws of energy and mamethen Eq. (1.3) takes the
following shape,

AN = A, A, = (1-cos8) + 2()\1)\2)%(p%ncjsin (%) (1.5)

mc
where p is the linear component of momentum along z-axexe, the first term
in the right hand side represents the Compton peskion whereas the second
term predicts the broadening in Compton line andaiéed Doppler broadening
(DB). Such DB spectra in CS is known as Comptoriiler¢CP), J(p), which is
also the projection of the electron momentum dgr(&MD) along the resultant
(or scattering) vector direction and is usuallyetalalong z-axis [9]. Here the CP
in real material is subjected to the fulfilment &llowing two impulse
approximations (IA) conditions:

(i) For the electron to be treated as free with samenentum: The incident
energy of photons should be much-much higher thandaf the BE of the electron
in material. This is because a very short time khbe spent in photon-electron
collision so that electron does not get sufficiéimte to change its potential
leading to its ground state properties.

(i) For the electron to be treated at rest: It is wagproximated when the

interaction is impulsive.
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Fig. 1.5: Schematic diagram of Compton scattering. Heigkf and E (ky) are

the respective energy (wave vector) of incident seattered photon artdis the
scattering angle. While;@and p are the momentum of electron before and after
scattering, respectively.
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1.4.1. Measurement of CP:
Experimentally, the CP can be calculated by meagutiie double differential

Compton scattering (DDCS) cross section for a mdomertransferk (=ki—k»).

Here, the DDCS cross-sectlc(mf%ngz) is given by the multiplication of the

standard Thomson scattering cross-sect(%g) , and dynamical structure

Thom

factor, dk, E), as:

d’c _ (doj x dk,E=E, - E,) (1.6)
deEZ dQ Thom.

Mathematically, DDCS cross-section and CP are thirgmroportional to each

other and can be connected through a proportigraditstant, C(g ,E, ,0,p,) as:
d’o

dQdE,

= C(EI’EZ’e’pz )‘J(pz) (17)

here C(E ,E,,8,p,) is defined by Eisenberger and Reed [13], wherein C

parameter is:

C(E,.E, .0 ) ( e ]4 El‘l_ p%’ Ezll_ pz/mC (1'8)
' O Pg) = nm T 1" ( \
! 2 N E21+ p% E11+ p%
5 E2mc
2 ,p2 3 Ei-Ep|

2E1[E1+E2—2E1E2costl>J2 +p, — ;
1.4.2.Why CP is helpful ?
Theoretically, CP, J@), is defined as [8-12]:
Ip,) = [[p (@) dp,dp, (1.9)
Here p(p) denotes the probability distribution of EMDs and#&culated as:
b = 3 [ G) = [ e (- 15)arr (1.10)

(2mh )%
where xi(ro) is the momentum space wave function and it is ¢aied from the
Fourier transform of the real space wave functicn[u(i,), as shown in Eq. (1.10).

Also, CP measurement has a powerful utility for ad¢idation of the different

solid state wave functions. Here, the normalizatb@P is defined as:

IJ(pZ)de = Numberof electronparticipating in theCSphenomenaN) (1.11)

—o0
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REVIEW OF LIERATURE

In this part of the chapter, we present review aflier work related to the

proposed samples and relevant CS studies of lastdecades. It is worth

mentioning that earlier systematic review on CSlistsl is available in literature

[10-12]. Following classification based abbreviasohave been used in the

present tabulated review:

+ FO : FgO,

+ NFO : NiFeO,

+ ZFO : ZnFeO,

+ CFO : CdFgO,

+ CoFO : CoFg0,

4+ CS : Compton scattering

+ MCS : Magnetic Compton scattering

+ EMD : Electron momentum density

4+ CP : Compton profile

+ MCP : Magnetic Compton profile

+ CO : Charge ordering

+ MO : Magnetic ordering

4+ LCAO : Linear combination of atomic orbitals

+ HF : Hartree-Fock

+ DFT : Density functional theory

+ PP : Pseudopotential

+ LDA : Local density approximation

+ LSDA : Local spin density approximation

+ SIC-LSDA : Self interaction corrected LSDA

+ GGA : Generalised gradient approximation

+ SOGGA : Second order GGA

+ B3LYP/B3PW/PBEO/PBESOLO/WC1LYP/B1WC : Different hid (HF+DFT)
schemes

#+ LMTO : Linear muffin-tin orbitals

4+ TB-LMTO : Tight binding LMTO
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+ LAPW : Linearized augmented plane wave

+ FP-LAPW : Full potential LAPW

+ mBJ: Modified Becke-Johnson

4+ MP : Mulliken population

4+ DOS : Density of states

+ VCD : Valence charge density

+ SSR : Solid state reaction

4+ PLD : Pulsed laser deposition

+ RS : Raman spectroscopy

+ FTIR : Fourier-transform infrared spectroscopy
+ SQUID : Superconducting quantum interference device
4+ VSM : Vibrating sample magnetometer

4+ EDXS : Energy dispersive X-ray spectroscopy
+ XRD : X-ray diffraction

+ XRR : X-ray reflectivity

+ XAS : X-ray absorption spectroscopy

+ MNS : Magnetic neutron scattering

+ MS : Mossbauer spectroscopy

4+ SEM : Scanning electron microscopy

4+ TEM : Transmission electron microscopy

+ HRTEM : High resolution TEM

+ AFM : Atomic force microscopy

+ XPS : X-ray photon spectroscopy

4+ XMLD : X-ray magnetic linear dichroism

4+ XMCD : X-ray magnetic circular dichroism

+ PPMS : Physical properties measurement system
+ ECM : Electrical conductivity measurements
+ EVED : Equal-valence-electron-density

+ MM : Magnetic moment

+ M-H : Magnetization vs magnetic field

+ M-T : Magnetization vs temperature

+ NRM : Neutron reflectometry measurements
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Authors

Experimental

Salient features

techniques
and/or
theoretical
methods
Zhang et al] XRD, AFM and | lllustrated the effect of Nf doping in CoFQ
[14] M-H films in terms of film structure ang
measurements | magnetic properties.
Wright et al.| XRD and| Reported crystal structure of FO below 122
[15] neutron power K (Verwey transition temperature) and
diffraction discussed CO.
Antonov et | Full relativistic| Elucidated optical and magneto-optical
al.[16] Dirac  LMTO- | spectra of CO in FO. Also discussed the
LSDA+U band structure and DOS of pure and
Mg*¥Al*® doped FO.
Singh et al.| LAPW-DFT Presented electronic and  magnetic
[17] with LSDA and| properties of spinel ZFO and observed|an

GGA

insulating antiferromagnetic state of t
compound.

Jeng and LMTO-DFT- Explained the magneto crystalline
Guo [18] LSDA anisotropic energy in NFO and calculated
uni-axial anisotropy constant.
Yamada et Classical Performed a theoretical description |of
al. [19] Heisenberg spin| neutron scattering in ZFO and discussed|the
model magnetic interactions in the compounds.
El-Sayed XRD, infra-red| Prepared NigZnoCrFexOs (x = 0.00 to
[20] (IR) absorption| 0.25 at the interval of 0.05) using ceramic
spectra and SEM process and analyzed in terms of lattice
parameter, density, porosity and shrinkage.
Nikumbh et| XRD, MS, Synthesized CdNisFeO, (0<x<1l at the
al. [21] electrical step of 0.2) using tartarate precursor and
conductivity, reported XRD, MS, IR electrical
thermoelectric | conductivity and thermoelectric
and M-H measurements along with  saturatjon
measurements | magnetization and MM.
Singh et al| LAPW-DFT Explored TMFgO, (TM=Zn and Mn) for
[22] electronic and magnetic properties and
shown ZFO as a small gap insulator while
MnFeO, is reported as half metallic
compound in the fully ordered state.
Szotek et al.| SIC-LSDA Calculated and discussed the electronic
[23] properties (like spin dependent DOS, MM,
etc.) and possible CO in FO in two phases
namely cubic and ortho-rhombic.
El-Sayed ECM Synthesized NiyZnFe:0,4 (0.1<x<0.9) and
[24] Nio6ZnoClyFe.,0s (0.0cy<0.25) using
ceramic method and performed ECM |at

variable and constant frequency.
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Kamazawa ef MNS Undertaken MNS measurements of ZFO
al. [25] single crystals to discuss geometrical
frustration and unusual character of the
compound.
Antonov  et| Fully relativistic | Explored electronic properties like DOS,
al. [26] Dirac LMTO XMCD spectra and MM calculations |n
with LSDA and | pure and Mn-, Co- and Ni-substituted FO
LSDA+U compounds.
Kamazawa ef MNS Investigated geometrical frustration in CFO
al. [27] and resembled the data with ZFO to disquss
ferro- and anti-ferro magnetic interactions
among the nearest neighbors.
Huang et al] SQUID and| Analyzed orbital and spin MM in FO and
[28] XMCD observed non-integer spin and larger orhital
contributions in the compounds due to |3d
electrons of Fe.
Caltun [29] | XRD, SEM, | Grown and characterized NFO film and
EDX, PLD and| explored the role of the post annealing
AFM conditions on magnetic properties.
Horng et al| XRD, M-H and| Synthesized FO and CoFO thin films using
[30] M-T molecular beam epitaxy and studied
measurements | magnetic anisotropic properties of both the
compounds.
Leonov etal. | TB-LMTO- Highlighted the charge and orbital ordering
[31] LSDA+U in FO and discussed the role of Anderson
criterion and Kugel-Khomskii theory.
Wang et al| XRD, AFM and | Deposited CoFO films on SjOsingle-
[32] M-H measure- | crystal substrate and characterized by XRD.
ments Also reported that magnetic properties
depend on annealing temperature, duration
of annealing and film thickness.
Rais et al.| XRD, MS and| lllustrated the role of cation occupancy and
[33] VSM magnetic  character in  Nig¥e, O,
measurements | (0<x<1.4) and discussed the results in view
of Neel’s molecular field theory.
Gismelseed | XRD and MS Elucidated the structural and magnetic
and Yousif character of spinel NiGFe_ O, (0<x<1.4)
[34] system and discussed the cation distributjon.
Caltun[35] XRD, SEM, | Synthesized and characterized the thin film

EDXS, VSM and
AFM

of NigsZnpsFe0O, using PLD and studie
the electronic and magnetic properties of
compound.

d
the

Madsen and
Novak [36]

LAPW-DFT
with LDA and
LDA+U

Compared the results of LDA and LDAH

calculations with experimental data of ¢

in FO and predicted the applicability
LDA+U calculation.

U
(@)
of
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Cheng [37] DFT-GGA Interpreted  structural and  maigne
properties of FO surface and discussed|the
results in the framework of four model
formalism.

Liuders et al.| XRD, AFM, | Demonstrated the growth of NFO thin film

[38] XPSand VSM |and discussed MM and conductive
phenomena in spinel structure.

Sorescua etXRD and Used laser deposition method to synthesize

al. [39] SQUID nano-scale Ni-Zn and Zn ferrite films on Si
(100) substrate and presented a systematic
comparison between magnetization data of
bulk and thin film along with their
characterization.  Also  reported the
applicability of ferrite films as prime
candidates in thin-flm high frequency
microwave devices.

Singh etal. | XRD, XPS and | Presented thin film of NiGFe.«O4 (0<x<1)

[40] IR spectra using precipitation method and studied

measurements | physic-chemical and electro-catalytic
character of the compounds.

Phase et al. | XRD and RS Shaded light on the growth of FO thim f

[41] using PLD and discussed RS measurements
(85-300 K) along with their characterj-
zation through XRD.

Piekarz et al| DFT with GGA | Studied electronic properties and phonon

[42] and GGA+U spectrum in FO for the induced phase
transition from cubic (high temperature
state) to monoclinic (low temperature state)
phase along with the role of Fe-3d electrgns.

Zhu et al.|DFT with | Calculated total and partial DOS for bulk

[43] LDA+U and | and surface FO and observed the half-

GGA metallic properties in both the states of the
compound.

Devan et al] XRD, SEM, DC| Prepared Nigs-,CoCl o0, (x= 0.01,

[44] resistivity and| 0.02 and 0.03) using ceramic technique and

AC conductivity| studied the effect of Co substitution on |Ni
measurements | site in Nb.osCloFe0, through different
experimental techniques.

Szotek et al.| SIC-LSDA Reported electronic and magnetic properties

[45] in TMFe,0O4 (TM = Mn, Fe, Co and Ni) and
observed the increase in spin MM with the
transition metal doping in the order
Mn - Fe— Co- Ni.

Nakashima et FP-LAPW+lo Prepared ZFO thin film using sputtering

al. [46] (local orbitals) | method and reproduced the theoretical x{ray

with DFT absorption near-edge structures (XANES)

by the measured data.

35



Piekarz et al
[47]

DFT with GGA
and GGA+U

Discussed Verwey phase transition us
group theory along with the crystal structy
and electronic properties of FO.

ing
ire

Perron et al.
[48]

DFT with LSDA
and GGA

Compared the magnetic structure res
using LSDA and GGA scheme along w
the experimental data for NFO and repor
the applicability of GGA than that of LSD
scheme.

ults
th

ted
A

Singhal and
Chandra [49]

XRD, VSM and
MS

Described the preparation of Cr doped N

FO

using aerosol method and studied the cation

distribution and magnetic properties
discuss the role of Cr substitution in NFO

to

Chinnasamy
et al. [50]

XRD and VSM

Deposited thin film of NFO on Mg
substrate using PLD method to see
effect of growth temperature on magne
microwave and cation inversion propertie

O
the
lic,

U7

Ramalho et

al. [51]

XRD and MS

Synthesized NFO using combust
reaction method and the cation distribut
was studied by Rietveld method wi
synchrotron radiations and MS.

ion
on
th

Tiwari et al.
[52]

XRD, XPS, RS
and four probe
resistivity

measurements

Grown FO thin films on Si (111), GaA
(100), ALOs; (001) and amorphous flo
glass substrates using PLD at 48D and
analyzed by XRD, XPS and RS along w
ac magnetic susceptibility and resistiv
measurements.

S
At

ith
ty

Tiwari et al.
[53]

RS and VSM

Synthesized FO thin films on Si substnat
(111), (110) and (100) orientations usi
PLD method and single phase W
confirmed by RS. Also reported that ma
netization in films was saturated at 0.2 T.

ng
as

\g-

Bhame
Joy [54]

ang

M-H
measurements

Prepared CoMnFe,0O, (0<x<0.4) using
ceramic method and discussed in termg
magnetic and magneto-striction properti
Also, reported that GoMngiFeO, has
highest magneto-striction properties, res
its utility in many applications.

5 of
es.

llts

Bharathi
al. [55]

et

XRD, VSM and
strain gauge
method

Prepared NiFgydYo.07404 by SSR methoc
and reported that Dy substitution on Fe
decreases the saturation magnetization. 4
revealed the dispersion in relaxation ti

through dielectric constant with frequency.

)
site
N[o)
me

Cheng[56]

DFT with GGA
and GGA+U

Discussed electronic properties of ZFO &
CFO in terms of Fe-Fe interactions a
reported the anti ferromagnetic nature
both the compounds.
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Cheng and DFT with LDA, | Explained electronic structure in ZFO and
Liu [57] GGA, LDA+U | CFO using DOS and band gaps in normal
and GGA+U and inverse spinel structure.
Kulkarni et| XRD, FTIR and| Produced N&ZniFeO, film using co-
al. [58] SEM precipitation method and performed permi-
ttivity and permeability measurements algng
with dielectric constant.
Winell et al.| XRD and MS Prepared 10 composition of NiFe.Oq4
[59] (0<x<1.8) in single phase and observed
inverted spinel structure for<R.6. Also for
higher value of x, the complicated ordering
is observed.
Tiwari et al.| XRD, XPS and | Synthesized FO thin films of different
[60] RS thickness on Si and MgO substrates and
reported the non existence of anti-phase
boundaries in the films.
Gabal and Al XRD, FTIR, MS| Reported Ni-ZnFe,0, (0.0<x<1.0) using
Angari[61] |and dielectrid thermal decomposition method and studied
constant the effect of Zn doping in NFO in terms of
measurements | structural, electrical and  magnetic
properties.
Kambale et| XRD, M-H and| Presented five composition of Co doped
al. [62] DC resistivity| NFO (at the interval of 0.2) at Ni site using
measurements | ceramic method and seen the decreasg in
resistivity, increase in saturation magneti-
sation and decrease in coercive field with
increase of Co doping at room temperature.
Tiwari et al.| XRD, XPS and | Prepared FO thin films using PLD in 350|to
[63] RS 550 °C temperature range and studied [the
structural and transport properties.
Patil and| XRD, dielectric | Synthesized Ni,CuFe0O, (x= 0.0, 0.1 and
Chougule properties and | 0.2) using ceramic method and phase
[64] M-H identification was done by XRD. Also,

measurement

studied in terms of dielectric properties 3
magnetization saturation.

Rowan et al
[65]

DFT-GGA and
B3LYP

Employed pure and hybrid DH
approximation to compute electron
properties (energy bands, DOS, MP d
and charge density) and phonon frequen
for FO and compared their results with {
experimental data.

n

.
ic
ata
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Bharathi
al. [66]

et

XRD and VSM

Reported Gd and Nd doped NFO using |
method and studied for its magnetoelec
properties and reported that the WM
decreases with small substitution of Nd &
Gd at Fe site.
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M
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Shirsathet al.
[67]

XRD,
magnetization
and

Presented In doped NFO (0.0 to 0.30 at
step of 0.05) and confirmed their sing
phase by XRD. Also observed the incre

the
Jle
ase

susceptibility in saturation magnetization and magngeto
measurements | number with increasing In doping
concentration.
Ramos et al} XRD, VSM, Prepared FO/CoFO bilayers systems using
[68] PPMS and NRM| oxygen plasma-assisted molecular beam
epitaxy and explored with M-H, magneto-
transport and NRM to demonstrate the
artificial anti-phase boundary in the
compound.
Dixit et al.| XRD, RS, SEM | Synthesized NFO thin films on Si (100)
[69] and VSM substrate using PLD method and reported
that the annealing temperature controls |the
structural and magnetic properties of the
film.
Jacob  and XRD, MS, FTIR, | Reported single crystalline NFO by co-
Khadar [70] | RS and VSM precipitation technique in inverse spinel
structure along with its XRD, RS, MS,
FTIR and magnetization measurements.
Fritsch and DFT with Applied LSDA+U and GGA+U within DFT
Ederer71] LSDA+U and scheme to see the effect of epitaxial strain
GGA+U on the magnetic properties of NFO and
CoFO. Also compared their results with the
experimental data.
Datta et al.| TEM and Deposited NFO thin films on different
[72] HRTEM substrates using PLD method and studied by
TEM and HRTEM.
Anjum et al.| XRD, TEM, | Synthesized NFO thin film by PLD and
[73] SEM, XPS and studied for the effect of vacancies [in
VSM transport and magnetic properties of films
through different experimental techniques.
Ma et al. [74]| EDXS and AFM | Employed PLD technique to grow NFO and
CoFO films in the temperature range
175-690 °C and characterized by EDXS
and AFM.
Zhou and DFT-GGA+U Studied CO, orbital ordering and ionic
Ceder [75] displacement in FO wusing DFT with
GGA+U approximation.
Ivanov et al. | RS Measured Raman spectra for NFO single
[76] crystal and compared the results with pure
and Ni-Zn (Ni=0.7 and Zn = 0.3) doped KO
in terms of short range B-site ordering.
Ahuja et al.| MCS Measured MCPs of BLo,.xMnO; (x= 0
[77] and 0.03) at different temperature and 2.5 T

magnetic field and reported the rever

sal

behavior of orbital MM with Bi doping.
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Duffy et al.| MCS Performed MCS measurements of single
[78] crystal of FO along [100], [110] and [11]]
directions at 100 K and 2.5 T and calculated
spin and orbital MM.
Patange eal. | XRD and| Prepared nano particles of NjfAke-O4
[79] electrical (O=x<1) using co-precipitation method and
resistivity characterized by XRD. Also calculated AC
measurement | and DC electrical resistivity to discuss
switching properties of the compounds.
Shirsathet al.| XRD, SEM, | Produced NiCeFe0, (0<x<0.25) using
[80] VSM and| SSR method and studied interms of lattice
susceptibility distortion, strain, bulk density, saturatipn
measurements | magnetization and Curie temperature.
Bharathi et XRD, XRR and| Fabricated NiFgy>Dyo 07404 thin films
al. [81] Ultra violet (UV) | using sputter deposition technique and
spectra studied for its structural and optical
properties and observed the significance of
grain size and lattice expansion effect |on
optical properties.
Soliman et DFT with LDA | Analyzed electronic properties (energy
al. [82] and GGA+U bands, DOS and ground state energy) of
ZFO and observed superiority of GGA+U
calculations over LDA approximation.
Tang et al.| Quantum- Employed quantum mechanical method| to
[83] mechanical discuss the cation distribution and MM |of
approximation | TMFe, O, (TM= Mn, Fe, Co, Ni and Cu
and TM.ZnFeO4 (TM = Mn, Fe, Co, Ni
and Cu; x=0.2, 0.4, 0.6, 0.8 and 1.0).
Fritsch and DFT-GGA+U Studied the effect on cation distributibp
Ederer [84] epitaxial strain in NFO and CoFO and
observed cation inversion tendency, whijch
is in accordance with the experimental data.
Prasadet al.| XRD, electrical | Prepared NigsCcZngsFe0,; (0<x<0.2;
[85] resistivity and at the interval of 0.04) using ceramic
magnetization | method and studied crystal structure,
measurements | electric and magnetic properties.
Atif et al.| XRD, M-H, Applied sol-gel method to synthesize Zn-
[86] dielectric doped NFO (Ni-ZnFeO,; 0<x<0.6) and
permittivity and | observed the increase in saturation magneti-
ac conductivity | zation with increase of Zn doping up to X =
measurements | 0.4. Also calculated dielectric permittivity,
AC conductivity and dielectric loss as|a
function of frequency.
Noor et al.| XRD, dc Prepared CoCdkFeO, (x= 0.0 to 1.0 at
[87] electrical the step of 0.1) using ceramic method| to
resistivity and investigate the effect of Cd substitution jon
dielectric the structural and transport properties| of
measurements | CoFO.
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Ahuja et al.| MCS Measured MCP of GbBINO, at 10 K to
[88] calculate the spin moment of the compound.
Choudhary et CS and DFT- Performed™'Cs based CP measurements of
al. [89] LDA/ GGA, CdO and HgO to compare with the
B3LYP and theoretical data of LCAO scheme and
B3PW observed the best agreement with B3LYP
scheme. Also discussed energy bands, DOS
and EVED of both the oxides.
Tiwari et al.| XRD, PPMS and Applied SSR method to prepare |6
[90] four probe compositions  of  LaLCa3sMn1,AlO3
measurements | (0s<x<1) and characterized by XRD. Alsp,
attempted field and zero filed cooled PPMS
(four probes) measurements in 10-300 K at
0.05T (5-300 K at 2.5 T).
Ahuja et al.l MCS and VSM | Performed MCPs and M-H measuremgents
[91] of Lap7CaaMni,AlO3 (x = 0, 0.02 and
0.06) to analyzed spin and MM on the basis
of 3d state of Mn.
Mund et al.| EDXS, MCS and Prepared CoFO using SSR method and
[92] VSM confirmed homogeneity through EDXS.
Also measured MCP of the compound 4t 8
and 300 K to decompose into its constituent
elements along with spin moment
calculations through MCP and M-H
measurements.
Raghunathan XRD, EDXS, Grown CoFo thin films on Si& Si(100)
et al. [93] SEM and VSM | substrates using PLD method to see |the
influence of reactive atmosphere pn
magnetic properties.
Rama XRD, EDXS, | Presented the synthesis of six composition
Krishnaet al.| SEM and VSM | of NiyZnFe0, (0<x<1) at 180°C using
[94] combustion process and characterized| by
XRD, EDXS and SEM measurements. Also,
reported the saturation magnetization and
MM of the compositions.
Fritsch and| DFT-GGA+U Attempted electron beam deposition
Ederer95] technique to prepare NFO and CoFO thin
film and applied to calculate magnetoelastic
and magnetostriction coefficients and
obtained a good agreement with the
available experimental data.
Rai et al.| XRD, AFM and| Deposited NFO and CoFO thin film using
[96] absorption electron beam decomposition method| to
spectra study the electronic and optical properties of
measurements | the films.
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Yu et al.[97] | DFT-GGA+U Calculated electronic properties, staieid
and magnetic properties of three FO
surfaces to discuss the on-site Coulomb
interaction among Fe-3d electrons.

Singh et al.| XRD, AFM, | Deposited thin film of Ni, NiFe and NFO

[98] SEM, EDXS and using magnetron sputtering and employed

VSM different experimental techniques for
structural and magnetic response.

Dixit et al.| PLD, XRD, RS, | Grown NFO thin films on Si(100) substrate

[99] FTIR,VSM and| by PLD in various thicknesses (62 to [76

UV reflectance | nm) and characterized by XRD, RS and

spectra FTIR. Also reported the increase |in

measurements | saturation magnetization with decrease| in
thickness and the non-dependence of optical
band gap on the thickness.

Patangeet al.| XRD, MS and| Reported NiCiFe,O; (0<x<1 in step of

[100] VSM 0.2) in nano crystalline form by co-
precipitation method and characterized |by
XRD and RS. Also, reported the decrease in
saturation magnetization with increasing |Cr
contribution.

Li et al.|XRD, SEM and Grown NpsZnosFeO, thin film using

[101] VSM ceramic method and annealing temperature
effect was studied in terms of magnetic
properties, phase structure and migro-
structure. Also discussed coercivity py
stress model.

Jaffari et al.| XRD, SEM, Synthesized NFO thin film using PLD

[102] XPS and VSM | method and carried out various measure-
ments to see the effect of oxygen vacancies
on electronic and magnetic properties.

Seifikaret al.| XRD, SEM, | Fabricated NFO thin film on Si(111)

[103] TEM and| through sol-gel processing and achieyed

SQUID uniaxial texture with decrease in thickness
of the film and proposed the improvement
in the magnetization and coercivity.

Zabotto et| XRD, SEM, | Prepared NFO using SSR method to assess

al. [104] M-H and M-T | various electric and magnetic properties and

measurements | also observed that coercive field decregses
with increase in grain size.

Sun et al.| DFT-LSDA+U | Reported the indirect band gap character of

[105] and HSEO6 NFO using the minority spin energy bands
and DOS along with the comparative study
of theoretical and experimental value |of
dielectric constant.

Tiwari et al.| XRD, RS, XPS | Grown MoxFeO, (x = 0 and 0.05) thin

[106] and resistivity | film by PLD technique and studied XRD,

measurements | XPS, RS and resistivity measurements.
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Ahuja et al.
[107]

MCS

NiZnFeO, (x = 0, 0.1 and 0.2) wa
prepared by SSR method and employed
MCP measurements at 8 and 300 K at 2.
Also decompose MCP into its compong
element to calculate the site specificat
MM of the compounds.

S
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2Nt
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Bhamu et al
[108]

CS and DFT
with LDA, GGA
and SOGGA

Discussed the nature of bonding in ATi
(A = Ca and Sr) using experimental a
theoretical CPs and MP data. Al
calculated, the energy bands and DOS
discuss the semiconducting nature of
compound along with the validation

DFT-SOGGA based CP with 661.65 ke
based CS measurements.

O
nd
S0
to
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of
2V

Mohammed
et al. [109]

CS and LCAO-
PP with DFT-
LDA/GGA/
SOGGA

Performed CP measurements of ,Sg
using **'Cs isotope and compared the d
with different approximations under P
DFT scheme and reported the be
agreement with PP-DFT-GGA. Als
discussed the semiconducting nature of
compound through energy bands and DQ

ata
P-
ter
o}
the
S

Caffrey et

al. [110]

SIC-LSDA

Presented energy bands and DOS of |
and CoFO to discuss the spin filteri
efficiency.

NFO
ng

O'Brien et al.
[111]

DFT-GGA

Used effective chemical potentials
calculate the free energy of ZFO and N
from 300 to 600 K at 155 bar pressure.

to
FO

Sharma and
Singhal 112

XRD, FTIR,
TEM and M-H
measurements

Synthesized ZiNi,Fe0O, (X= 0, 0.2, 0.4
0.6, 0.8 and 1) using sol-gel method 2
employed different measurements to disg
their structural, electrical and magne
properties.

ind
uss
tic

Varshney
and Verma

[113

XRD, RS and
dielectric
properties
measurements

Prepared pure and 5 % Zn and Mg do
NFO using co-precipitation method a
confirmed their single phase by XRD a
RS. Also, discussed frequency depende
of dielectric constant of the compounds.

ped
nd
nd
nce

Himcinschi
et al. [114]

XRD, AFM and
RS

Deposited NFO and CoFO epitaxial filn
using PLD method and confirmed the ga
crystalline quality by XRD and AFM. Alsg

ns
od

observed a larger number of phonon bands

through Raman spectra which confirms
cubic spinel structure of the compounds.

the

Cheng[115]

DFT-GGA

Employed DFT-GGA approximations
compute the lowest energy phase, DOS
band gap of NFO and reported the s
tronic applications of the compound.

to
and
n_
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Bengtson et
al. [116]

DFT-GGA+U

Performed DFT with GGA+U calculation
discuss Fe spin state and MO in FO us
DOS along with the variation of enthal
with pressure and volume.

to
ing
py

Heda and
Ahuja [117]

CS, LCAO and
FP-LAPW

Measured CP of W@using *'Cs radio-
isotope and validated DFT-GGA schen
Also discussed the charge transfer thro
MP analysis and bond distances along v
the semiconducting nature using LCAO g
FP-LAPW approximations through ener
bands and DOS.

ne.
ugh
vith
ind

gy

Ahuja et al.
[118]

CS and LCAO

Applied CS method to measure EMDs
RDX and HMX using 661.65 keV photor
and reported the applicability of DFT-GG
scheme along with the semiconduct
nature of both the compounds. The cau

5 Of
S
A
ng
ses

of being the explosive nature of both the

compounds were also reported using
analysis.

MP

Mohammed
et al. [119]

CS and LCAO-
DFT within
LDA, GGA and
SOGGA

Performed CP measurements of Ca(
using 59.55 keV and validated the DH
GGA scheme. Also reported the sei
conducting nature of the compound us
energy bands and DOS.

CO
T-
ni-
ng

Dashora ef

al. [120]

MCS, VSM and
PPMS

Prepared LakReNixOs; (x = 0.4 and 0.5
using SSR method and performed M
measurements using 182 keV synchrot
radiations along with M-T data using PPN
measurements. Also, discussed site spe
spin moments in terms of Fe and
contribution.

CP
ron
1S
cific
Ni

Mund et al.
[121]

XPS and MCS

Synthesized CoRREO, (RE = Dy and
Gd; x= 0 and 0.05) using SSR method :
employed MCP and XPS measurements
data analysis. Also MCPs decomposed
site specification moments of individu
components.

and
for
for
al

Holinsworth
et al. [122]

PP-PAW-DFT
with LDA+U
and GGA+U
along with
optical
measurements

Prepared CoFO films using PLD a
performed optical measurements

reflectance and transmittance modes
calculate the band gap. Also compu
indirect (1.2 eV) and direct (2.7 eV) ba
gap using DFT scheme and compared t

nd
in
to
ted
nd
heir

results with NFO at high temperature.
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Zhi-Feng et XRD, EDXS, Prepared CpCrFe0O, (0<x<1) using
al. [123] SEM and PPMS| hydrothermal method to discuss the cation
distribution using MM. Also reported th
saturation magnetization decreases With
increase of Cr component in CoFO.
Odkhuu et al] DFT with GGA | Discussed effect of CO in FO and CoFO
[124] and GGA+U through DFT and calculated the band gap,
lattice constant, MM and magnetostriction).
Matzen et al] TEM, XMCD, Grown NFO (111) layers using oxygs
[125] XAS and VSM | assisted molecular beam and explored
structural and magnetic characterizations
Jesus et al. XRD, M-Hand | Prepared ZFO using SSR method :

[126]

susceptibility

reported various properties using XR

measurements | magnetization vs temperature and magn

susceptibility vs temperature.
Lang et al| XRD, M-H and | Prepared TMNiixFe0O4 (TM = Cr and Co;
[127] guantum 0<x<0.3) using co-precipitation method a
mechanical analyzed structural and magnetic respo

potential barrier
(QMPB) model

using XRD and M-H measurements. Al
calculated the site specific MM usi
QMPB model.

Klewe et al. | PLD, XRD, Grown NFO thin films on MgAlO, (001)
[128] XRR, XPS, substrate using PLD method at different
AFM, XAS, temperature were analyzed for structural
XMCD and and surface topography along wijth
XMLD characteristics and transport properties
through various experimental techniques.
Meinert and| FP-LAPW-DFT- | Explored electronic and optical properties
Reiss [129] | LDA with mBJ | of inverse spinel NFO. The mBJ exchange
potentials scheme has reproduced |the
experimental optical absorption spectra and
the indirect band gap was reported as 1.53
eV in minority spin states through energy
bands and DOS.
Heda et al] FP-LAPW and | Analyzed MP data in W®using LCAO-
[130] LCAO based DFT-GGA scheme along with energy bands
DFT-GGA and DOS wusing FP-LAPW-DFT-GGA
scheme. Also, explained DOS in terms| of
MP data and observed the CP difference
(between convoluted theory and
experiment) within the experimental error
Sahariya et MCS and VSM | Measured temperature dependent MCPs of
al. [131] NiFe, xREO4 (x = 0 and 0.05; RE = Dy and

Gd) and reported similar spin moment
Dy and Gd doped and pure NFO. Al
compared the MCP based MM with the
H measurements.
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Sharma et all CS and DFT Attempted EMD measurements using 6
[132] within LDA, keV y-rays to validate the DFT-GGA based
GGA and CP of LaOs;. Also reported the sem|
SOGGA conducting nature through energy bands
DOS along with the nature of bonding
through MP and VCDs of the compound.
Sabikaglu et | XRD, SEM, Prepared Nd doped NFO using SSR method
al.[133] FTIR, SQUID to see the effect of Nd substitution
and MS structural and magnetic properties of NF
Such studies indicate the existence of t
different phases and discussed in terms of
tetrahedral and octahedral positions.
Masrour et FP-LAPW-DFT | Applied DFT-GGA within FP-LAPW
al. [134] with GGA approximation to calculate spin projected
DOS, magnetic susceptibility and MM
FO and also discussed Fe-Fe interactions
using mean field theory.
Hoppeet al. | PLD, XRD, Synthesized NFO thin films using PLD
[135] XRR, XPS, method and investigated the structu
XMCD and electronic and magnetic properties of films
SQUID using different experimental techniques.
Zaarietal. | FP-LAPW-DFT | Calculated DOS along with optical and
[136] with mBJ and XMCD properties of CFO using mBJ and
GGA+U GGA+U  calculations  within DFT
framework. Both the approximations predict
the results well while comparing with the
experimental data.
Heda and CS and LCAO- | Presented CP measurements of ANSing
Ahuja [137] | DFT with LDA, | 662 keV photons and found in accordance
GGA, SOGGA |with DFT-GGA data. The metal-like
behavior was confirmed by energy bands
and DOS while MP data and EVED basg
CPs have reported increasing order of ig
character in iso-electronic compounds
WSe - WS, WO,.
Sharma et al, CS and LCAO Computed MP, energy bands, DOS and
[138] of SmO3 in cubic and monoclinic phases
using LCAO-DFT approximations ar
validated the GGA scheme through
measurements at 0.34 a.u.
Meena et al| CS and LCAO- | Employed CS to measure the CP of AW
[139] DFT with LDA | (A = Zn and Cd) and reported the utility
and GGA DFT-GGA with PBESol potentials. Alsp

analyzed the semiconducting nature of both

the compounds along with the mg
covalent character in ZnWChan that of
CdWO, using MP and EVED scaled CPs.
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Sharma et all CS, LCAO and | Checked the performance of PBESoI
[140] FP-LAPW approximations within LCAO scheme with
CP measurements of RpQAlso reported
metallic character using LCAO and FP-
LAPW within DFT-GGA-PBESol approxit
mations. The MP data, Fermi surfaces and
optical properties have also been discussed.
Jahan et al. XRD and| Ceramic method was applied to prepare
[141] resistivity NiCrFe <O (0.0sx<1) and single phase
measurements | has been confirmed by XRD. Also
performed dc resistivity measurements
through two probe method and predicted |the
semiconducting nature of the compositions.
Jong et al.| DFT-GGA+U Reported theoretical investigations afrife
[142] magnetism and ferro-electricity in NFO apd
discussed p-d hybridization in the
compound.
Quintero et | MS and FP- Presented theoretical and experimental
al. [143] LAPW-DFT- investigations in ZFO in terms of hyperfine
GGA+U parameters, MM and magnetic alignment
Abdul XRD and SEM Synthesized MirFeO, (x = 0, 0.25,
Khader et al 0.50, 0.75 and 1.0) nano-particles usjng
[144] combustion method and studied structyral
and dielectric properties of the compounds
usingg XRD, SEM and dielectric
measurements.
Meena et al| LCAO within Calculated MP analysis, energy bands, DOS
[145] B3LYP, B3PW |and EMDs of CdW® and reported the
and PBEO applicability of B3LYP along with the
semiconducting nature of the compound.
Meena et al| CS along with | Computed MP and CPs of AW@A= CO,
[146] LCAO with Ni and Cu) using pure and hybrid DFT
DFT-LDA, within LCAO schemes and analyzed by CP
DFT-GGA, measurements at 0.34 a.u. momentum
B3LYP and resolution. Also discussed the role of 3d
PBEO electrons of Co/Ni/Cu in these compounds
using equally normalized scale profiles.
Ahuja et al.| CS and LCAO Calculated energy bands, DOS, MP, ¥CD
[147] CPs, dielectric  function, absorption
coefficient and refractive index ofz®; (A=
Sc and Y) using LCAO and FP-LAPW
schemes. These theoretical CPs have |also
been analyzed by experimental CPs at (.34
momentum resolution.
Ahuja and| CS and LCAO Reported the basic aspects of |CP
Dashora measurements along with the data reduction
[148] part and discussed various applications in

frame work of different compounds.
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Sharma et all CS, LCAO and | Undertook CP measurements of AMp@
[149] FP-LAPW-mBJ | = Zn and Cd) to interpret the LCAO based
CP data. Also calculated accurate energy
bands and DOS using FP-LAPW-mBJ
along with the discussion of relative nature
of bonding using CP and MP data in these
compounds.
Bapna et al] XRD, XPS and | Prepared nano particles of N-doped (O
[150] UV spectra using sol-gel method and characterized| by
XRD, XPS and UV spectra measurements.
Sharma et all XRD, XPS, Studied spin-dependent EMDs of CqEe.
[151] VSM and MCS | yO4 (x = 0.2 and 0.3) at 8 K to see the effect
of Ga doping in electronic and magnetic
properties of the compositions.
Mund and| XRD, FTIR, RS | Synthesized 6 compositions of nano
Ahuja [152] | and VSM particles of CeMgxFeO, using sol-ge
method and characterized by XRD, FTIR
and RS. Also performed the magnetization
measurements and reported the increase of
MM with Mg doping at Co site.
Shan et al] PLD and SQUID| Synthesized NFO thin films of 40 at&D
[153] nm thickness using PLD and analyzed
magnon spin transport phenomena.
Mahmood et FP-LAPW with | Explored electronic, magnetic, optical and
al. [154] mBJ thermoelectric character of CFO using mBJ
and PBESol potentials. Here, mBJ reports
metallic character while PBESol led to the
semiconducting nature of the compound.
Quintero et FP-LAPW-DFT | Presented theoretical investigations of ZFO
al. [155] with  GGA and| in terms of MO, spin projected DOS, MM
GGA+U and hyperfine parameters.
Meena et al| CS and LCAO Compared theoretical and experimenka |C
[156] of BaTiO; to compare various exchange-
correlation potentials. The calculated energy
bands and DOS confirmed the indirgct
semiconducting nature of the compouynd
using B3PW scheme.
Meena et al] LCAO, BIWC | Employed hybrid approximations (B1WC
[157] and WCI1LYP and WCI1LYP) to compute MP and EMDs
of AWO, (A = Co, Ni, Cu and Zn) and
discussed the applicability of WCI1LYP
scheme. Also, explored the role of (3d
electrons of Co/Ni/Cu/Zn in terms of
equally normalized CPs and MP data.
Quintero et MS and FP- Approximated structural, electronic anpd
al. [158] LAPW +lo with | magnetic properties along with the role|of
DFT-GGA defects on the magnetic response of 4FO

and described the hyperfine properties alf

Fe
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sites using MS measurements at 4 and
K

300

Yaremiy et

al. [159]

XRD

Prepared NiGFeO; (0x<0.5) nano
particles using sol-gel auto-combusti
method and reported the cubic phase of

on
the

compounds. Also reported the decrease in

lattice parameter with increase of the
component in NFO at Fe site.

Cr

Meena et al
[160]

CS along with
DFT-LDA/
GGA/ SOGGA
and WC1LYP

Validated computed CPs (DFT with LD4

GGA and SOGGA along with WCILYPR)

with experimental CPs for BaTi¥Oand

P

observed WCI1LYP as a good approxi-

mation among other consider
approximations. Also, the semi-conducti

ed
ng

nature is discussed through bands and DOS

along with the relative trend of nature
bonding through MP data and EVED sc
as CaTiQ- BaTiO; - SrTiO:s.

of
ale

Meena et al
[161]

CS along with
DFT-LDA/GGA
ISOGGA and
PBESOLO

Checked the performance of PBESO
scheme wusing CP measurements
Ag,TMO, (TM Cr and Mo). Also
discussed energy bands, DOS, MP

LO
for

and

EVED based CPs for semiconducting and

bonding nature in these compounds.

lkram et al.
[162]

XRD, SEM,
VSM and FTIR

Synthesized L'd doped Ni-Zn-CFO nand-
sol-gel

structured compounds  using

combustion method and studied structure,

magnetic and optical

properties of the

compounds using different experimental

tools.

Dashora ef

al. [163]

MCS and SPR-
KKR

Measured temperature dependent MCP
CoCrgFey4sOs and CoCrFe® using
synchrotron radiations. Also calculat

5 of

d

[1%

MCPs and band structure using Green

function formalism.

Ghasemi ef

al. [164]

XRD, TEM, M-
H measurements

Characterized the impact of Cu doping
CFO nano particles, which were prepa
by co-precipitation method. Also report
the magnetic response and MM of t
compounds.

in
red
ed
he

Ulpe and
Bredow

[165]

DFT-GGA

Different GW approximations within many

body perturbation theory are employed

to

calculate the band gap and optical spectra of

ZFO to see the effect of cation distribution.
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(i) Experimental methodologies

In the first part of the chapter, features aboat\vhrious experimental techniques
employed in present investigations, namely preparabf bulk samples using
solid state reaction (SSR), thin film depositionngspulsed laser deposition
(PLD), X-ray diffraction (XRD), X-ray photoemissiospectroscopy (XPS),
Raman spectroscopy (RS), superconducting quantutarference device-
vibrating sample magnetometer (SQUID-VSM) and Feutransform infrared
(FTIR) spectroscopy are incorporated. Moreovercdgson of 100 mCi**Am
and 20 Ci**'Cs Compton spectrometer are also reported aloniy thi¢ data
corrections to extract the true Compton profile YCP

2.1. Preparation of Bulk Samples using Solid Statdreaction

Technique:

The SSR method has been employed to prepare tlkeshuoiples namely Ni
xCrFe0, (x= 0.00, 0.02 and 0.05) for the present thesiskwdhe advantages
with SSR method are that we get the final prodactisolid form with quite
accurate structure and desired properties. Fosdhgle preparation, the powders
of high purity base materials (f&;, NiO and CsO3) have firstly been mixed as
per their stoichiometric ratio and desired composithrough the agate mortar
and pestle. Then, the muffle furnace is employetidat the grinded mixture of
each composition around 600-700 °C in presencé @tacination). Afterwards,
the calcination process is further repeated twohoge times. It is worth while
mentioning that we have grinded the mixture afterg process and temperature
is also taken in higher side than that of the masiprocess. Here, the uniform
and compact pellet is formed by sintering it atale high temperature as the
composition, nature and properties of the desitedposition depend on the high
temperature and sintering time [1]. The data oséhmeasurements are discussed
in Chapter 3 and 5.
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2.2. Pulsed Laser Deposition Technique for Thin Fih Deposition:
We have used PLD technique for the thin film growtiNi; «CrFe,0,4 (x= 0.02
and 0.05). It is worth mentioning that the thimTiproperties are quite different
than that of bulk form and PLD is known as unique @owerful technique for
thin film deposition [2]. The prepared bulk powaeri;.xCrFe0,4 (x= 0.02 and
0.05) were used for the thin film growth of botle tbompounds. In Fig. 2.1, we
have shown the schematic diagram of PLD technitjus.to state that we have
used the PLD experimental set-up at University Gr@ommission (UGC)-
Department of Atomic Energy (DAE)-Council for Sdic Research (CSR),
Indore. Here, the pulsed laser beam (wave lend@@48-nm and pulse width = 20
ns)from excimer laser source (KrF) is allowed to hi¢ target through the beam
reflector, focusing lens and quartz window. Theyeéarwas kept in a deposition
chamber which is facilitated by rotating assembigl @acuum system. During the
growth, the temperature and pressure of the substvare 700 °C and 5xf0
Torr, respectively. Here, the temperature was mredsby the thermocouple,
which was mounted on the backside of the subshaliger. It has been ensured
that no other gas could pass in the chamber ddhi@dilm growth. Further, the
deposited film was cooled at same pressure. The alathese measurements are

discussed in Chapter 3.

2.3. X-ray Diffraction:

It is known that XRD technique is most commonlydisechnique to characterize
the structure of the samples i.e. crystal structiatéice parameters, stress, strain,
particle size, orientation in polycrystalline arg@ment, etc. [3,4]. The theoretical
aspects of XRD have already been discussed in €@haptWe have performed
XRD measurements at UGC-DAE-CSR, Indore. In Fig, %ve have shown the
schematic diagram of XRD technique. The XRD meanerds for thin films of
Ni1xCrFe0, (x= 0.02 and 0.05) and bulk NCrFeO,4 (x= 0.00 and 0.05) were
carried out using Brooker D2-Phaser with Cuyg6urce (wave length = 1.54184
A) and8-26 geometry in the range of 26B0°. The data on these measurements

are discussed in Chapters 3 and 5.
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Fig. 2.1: Schematic diagram of pulsed laser deposition (REDhnique.
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2.4. X-ray Photoemission Spectroscopy:

It is known that XPS has been identified as a powéool to study the electronic

and chemical states, composition of elements argrea formula of the sample

[5,6]. The theoretical aspects of XPS have alrdsebn reported in Chapter 1. The
schematic diagram of XPS is reported in Fig. 2.33 Wave performed XPS

measurements for thin films of NICrFeO, (x= 0.02 and 0.05) at UGC-DAE-

CSR, Indore. The XPS measurements were undertagieg @Wmicron energy

analyzer (EA 125, Germany) with AleKsource (energy = 1486.6 eV). Here,
1486.7 eV photons were employed to target the saapd the energy of ejected
photoelectrons were analyzed by a combination otlactrostatic lens and an
electrostatic hemispherical analyzer. A computesedadata system is used to
scan the electron energy and accumulates countscfdé electrons), which

generates the photoelectron spectrum. The datahesetmeasurements are

discussed in Chapter 3.

2.5. Raman Spectroscopy:

It has been recognized that RS is used to measoiexubar vibration to identify
the sample along with the full characterizatiorel@ment composition [7,8]. The
theoretical details of RS have already been meetion Chapter 1. We have
performed RS measurements for thin films of JirFeO, (x= 0.02 and 0.05)
and bulk NiCrFeO,; (x= 0.00 and 0.05) at UGC-DAE-CSR, Indore. Here,
HR800 Jobin-Yvon spectrometer was employed to meafie Raman spectra at
room temperature in backscattering configuratiorhe Tspectrometer has
resolution of 1 cnt and 632.8 nm photon (He-Ne laser) were employethen
sample at a power of 9 mW. The data on these mEasmts are discussed in
Chapters 3 and 5.

2.6. Superconducting Quantum Interference Device-Wrating

Sample Magnetometer:
We have used SQUID-VSM experimental set-up at UGKEECSR, Indore for
M-T and M-H measurements of thin films (NCrFeO,; x= 0.02 and 0.05) and
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bulk samples (NixCrFeO,4; x= 0.00 and 0.05). For this purpose, a commercial
7-Tesla SQUID-VSM (SVSM; Quantum Design Inc., USi#gs employed. Here,
SQUID consists of two superconductors which wepasged by thin insulating
layers for parallel Josephson junction formatiowmrtier, the sample is also
allowed to vibrate at a known frequency about teete of the detection coils,
which generates a SQUID signal [9]. The data orsgéheeasurements are

discussed in Chapters 3 and 5.

2.7. Fourier Transform Infrared Spectroscopy:

It is worth while mentioning that FTIR measurememgise us an infrared
spectrum of emission, absorption, transmission phdtoconductivity of the
sample. It also provides information about the dglowf the target on any
substrate and the fingerprints of the chemical amsijpn of the sample. We have
performed FTIR measurement of thin films {MCrFeO,4; x= 0.02 and 0.05) and
bulk samples (NikCrFe,O4; x= 0.00 and 0.05) using Bruker model vertex 70 at
UGC-DAE-CSR, Indore. The data on these measuremargsdiscussed in
Chapters 3 and 5.

2.8. 20 Ci**'Cs Compton Spectrometer:

Despite the usual characterization measurementd)awe employed first Indian
20 Ci**'Cs Compton spectrometer [10,11] to measure thefGR;0,, NiFe,O,,
ZnFeO, and CdFgO,4. The spectrometer is available at M.L. Sukhadia Ersity
(MLSU), Udaipur. In Figs. 2.4 (a,b), we have shothe layout and respective
laboratory view of thé®'Cs based spectrometer. The spectrometer can tedivi
into three essential parts as:

» Scattering chamber: The dimensions of the scattering chamber (lefdhside
of Fig. 2.4a) are 80& 400 x 350 mni. This chamber contains sample holder,
vacuum port for evacuation and window for scattgian 90°. Here, the sample is
placed vertically in the sample holder.

« Source chamber:The main components of the chamber’af€s source, high

purity germanium detector (HPGe) detector capsulé eollimators. Here, the
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Fig. 2.4: (a) Layout of 20 Ci**'Cs Compton spectrometer. (1)-Steel chamber
1150 x 350x 400 mm; (2)-lead partition(3)-"*'Cs source; (4)-Solid state Ge
detector crystal, (5)-detector collimator, (6)-sdng7)-port for evacuation; (8)-
additional window for scattering at 90°; (9)-voluseen by detector; (10)-beam
dump. Collimating slits (S1, S2 and S3) and leadkisr(LB) are also shown. (b)
Laboratory view of the spectrometer at M.L. Sukhadiniversity, Udaipur, as
employed in the present work.
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137Cs-isotope is placed in a cylindrical lead block2@D x 220 mm with source
dimensions as 23.8 36.7 mm. The source-sample (so-sa), sample-detészo
de) and source-detector (so-de) distances in tbengey are 380, 548 and 238
mm, respectively where as the best possible stajtangle is 168:0.6°. Here,
10 mm and 500 mmare the thickness and cross-sectional area of r@@sat
respectively and the intrinsic characters of Getalyare maintained by cooling it
at 77 K using liquid nitrogen environment.

» Detection systemThis part contains pre-amplifier, high voltage powepply
(HVPS), spectroscopy amplifier, analog-to-digitaheerter (ADC), multichannel
analyser (MCA), etc. Here;800 V bias is applied from HVPS to operate the
detector.

In CP measurements, 661.65 keV photons are allaav@ttident on sample and
scattered photons were detected by HPGe detectw, bhese collated charge
pulses are integrated and converted into voltagsesl by pre-amplifier and
further amplification is done by spectroscopy afigdi Further the digital
conversion of these pluses is done by ADC and tegd by MCA. Also, the
stability of the experimental set-up is monitorgdni time-to-time by weak
isotopes 7Co and'*®8Ba). The overall momentum resolution of 20 €iCs
Compton spectrometer is found to be 0.34 a.u. (fidith at half maximum). In
Fig. 2.5 (a-d), we have reported the measured rata tr FgO,, NiFeO,,
ZnFe0, and CdFg0,, respectively which is further discussed in chegpte6.

2.9. 100 mC#*Am Compton Spectrometer:

In addition to the CP measurements BYCs spectrometer, we have also
employed first ever shortest geometry and lowesnsity based 100 mGHAm
Compton spectrometer [12,13] for the CP measuresmeht~O,. In Fig. 2.6
(a,b), we have shown the layout and respectiverdabry view of 100 mCf*Am
Compton spectrometer. This spectrometer is availabIMLSU, Udaipur. Here,
the active diameter and length of tAiBAm radio-isotope are 4 and 1.2 mm,
respectively, while the sample chamber is maderagsdpipe with 300 mm length

and 5 mm thickness. In the present set-up, the b&aoh diameter at sample
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Fig. 2.5: Raw data for (a) R©®,4, (b) NiFeO,, (c) ZnFeO, and (d) CdFg€, as
measured using 20 ¢{'Cs Compton spectrometer. The peak towards rightl han
side is raw Compton profile.
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Fig. 2.6: (a) Layout of 100 mCi*Am Compton spectrometer. (1J*Am-isotope;
(2)-sample position; (3)-Ge crystal; (4)-HPGe d&tecapsule; (5)-lead shielding
around source and detector; (6)- port for evaconatannected to rotary oil pump;
(7)-scattering chamber made of brass; and (8)-migér(25 um) to evacuate
scattering chamber. (b) Laboratory view of the speceter at M.L. Sukhadia
University, Udaipur.
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position is 8 mm. For the CP measurements, 59.5 \keays are allowed to
incident on the sample and scattered photons degembat 165%+1.5° angle.

Here, so-sa, sa-de and so-de distances are 5fhd886amm, respectively while
the overall momentum resolution is calculated & @&.u. (FWHM). During the
measurements, the stability of the spectrometalsis monitored time-to-time by
weak®*Am source. The detection system was similar asi?8’Cs spectrometer,
except the cross-sectional area of Ge crystal, wisi?00 mri. The raw data of

Fe;O, using®*Am spectrometer is plotted in Fig. 2.7 and discdssehapter 6.

2.10. Data Reduction to Obtain True Compton Profile

The measured raw data from both spectrometersracessed for various data
corrections to deduce the true CP [14,15]. In Ri§, we have reported a flow
chart of different corrections required for theet@P calculations along with input
and output files and the nomenclature of execuiles as per the Timms et al.
[14]. Briefly, the different corrections are asléol:

» Background corrections The raw data is initially employed to remove the
background contribution (BGC). The various factdoes BGC are photons
scattering from wall of scattering/source chamlaer,within chamber, cosmic
rays, mylar foil and ampoule in sample holder, &tbese contributions are
measured by running the spectrometer without thegpkaand further subtracted
from the measured sample (raw) data after prop@t-pg-point time scaling.

» Partial deconvolution (tail stripping): HPGe detector does not perform the
complete charge collections in the active regiothef Ge crystal which results to
the long tail in the low energy side [16]. The rdata needs to be corrected for
removal of low energy tail to have a symmetric peods suggested by Copper et
al. [17].

Detector efficiency correction We need to correct the profile by detector
efficiency correction (DEC) because the probabibfyabsorption of scattered
photon in the detector decreases as the energpcafent photons increases.
Usually, the efficiency is calculated as:

Number of photons absorbed by the det ectotar

Efficiency= :
Number of photons entered in the detector ety

(2.1)
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Fig. 2.8: Input (I/P) and output (O/P) files along with namik correction and
corresponding executing file (E/F) for data conets as facilitated in the data
correction package.
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Specially, the profile front*’Cs (662 keV) spectrometer needs to be corrected by
DEC. Needless to mention that the DEC is applic&imé>’Cs spectrometer data
as the efficiency of detector is almost 100 % irsecaf **’Am Compton
spectrometer (due to scattered photon energy inatige 44-52 keV).

» Sample absorption correction In the present measurements, the sample can
absorb both kind of radiation (incident and scatiephotons). Such absorption
depends upon the energy and thickness of sampted;dae need to correct the
profile by sample absorption correction (SAC). Rte SAC, the data is
multiplied by Aspsorption Which is defined as [18,19]:

b 'y
cosa cos3

o |
cosa cos3

Here p'andp"are linear absorption coefficients for incident asdattered

A

(2.2)

radiations andn and 3 are the angles between sample face with incidedt a
scattered radiations, respectively.

» Compton cross-section correctionNow, the data needs to be corrected for
Compton cross-section correction (CCSC) as one unesishe double differential
Compton cross-section (DDCCS) [17]. As discussedCimpter 1, we can
calculate CP by using DDCCS [17,20] as:

DDCCS = Proportionality ConstartCP (2.3)

» Compton profile in momentum scale After CCSC, the energy scale is
converted into the momentum scale with the follaywielation as:

J(B)AE; = J(R)Ap, (2.4)
here width in momentum scal&p;) corresponds to channel widthE)).

* Normalisation: Now the CP in momentum scale is normalized to the
corresponding free atom (FA) CP area using the &R of Biggs et al. [21]. The
normalisation is required to compare our experi@e@P with the calculated or
available theoretical or experimental CP data.

* Multiple scattering correction: Since, we need the CP from the singly
contributed photons contribution only hence ther@Bds to be further corrected

by multiple scattering correction (MSC). For thé&®], we have used a computer
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code based on Monte Carlo simulation as develogdeelsteiner et al. [22]. This
code calculates the contribution of single, dowbid triple scattered photons. In
Fig. 2.9, we have reported the contribution of Engouble and triple scattered
radiations for NiFgD, (NFO) with'*'Cs geometry.

To visualise the shape of the CP after the varemugections, we have shown the
corrected CPs at different stages along with theaad background data for NFO
in Fig. 2.10.
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Fig. 2.10: Compton profile (CP) shape of Nig&&, (NFO) at different stages
during data corrections as. Stage-I: CP after bhackgl correction (DATAFILE);

Stage-ll: CP after background, partial deconvolutnd detector efficiency
correction (DSA2); Stage-lll: CP after backgroungartial deconvolution,

detector efficiency, sample absorption and Comptomss-section correction
(*.PRF) and Stage-IV: CP after background, partiaconvolution, detector
efficiency, sample absorption, Compton cross-sectmd multiple scattering
correction (DATCORRS3). In inset, the amplified reginear the peak is shown
for clarity.
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(i1) Ab-initio approximation

2.11. Linear Combination of Atomic Orbitals:

Linear combination of atomic orbitals (LCAO) appmmations based
CRYSTAL14 computer code [23] has been utilized &tcalate the electronic
properties of various ferrites (§&, NiFeO,, ZnFeO, and CdFgD,). Here, the
calculations of Mulliken’s population (MP), enerdyands, partial and total
density of states (DOS), isotropic and directio@Bls and magnetic properties of
the ferrites have been performed. In LCAO approxioma the key aim is to solve
the Schrodinger equation to calculate the crystavenfunction for individual
particle as:

AY =E¥Y (2.5)
here H is the Hamiltonian energy operator while the wéwection and total
energy are denoted BY and E, respectively. Needless to mention tHaimust
follow the Bloch theorem as:

YE+8) = W) eike (2.6)
here k and g are the generating vector and crystal translat®uch electronic
wave functions have been calculated by taking iteal combination of Bloch
functions (BF) and BF are basically the linear comabon of local functions.
Here, the local functions are the linear combimatid Gaussian type functions
(GTF) for s, p, d and f electrons with coefficie(dy and exponents(). The set
of d and a; are called the basis sets. It is worth mentionihgt LCAO
approximation has various options namely HartreekHdiF), density functional
theory (DFT), their hybridisation (HF+DFT) and pdepotential (PP). These
schemes are differentiable on the basis of theniiefn of A. In case of HF/DFT,

H is defined as:

FAFOFT = F 40+ 34 R 1P /R OET (2.7)

here first three terms 'i'(,\A/ande) in the right hand side of Eq. 2.7 are
corresponding to kinetic energy, external potentald Coulomb potential,

respectively. While}ZQF is the exact HF exchange operator i.e. HF appraxima

is free from the correlation effect. Since the ratdms always have certain
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contributions of the correlation impact of electrbence wave function of HF

scheme may not contain the proper symmetry durhmg interchanging of
particles. Further,RQET is the exchange correlation energy operator in DFT

calculation and basically defined as the first ordartial density derivative of

exchange-correlation density functional energyjE&s:

gorr = 9Exclp() 2.8)
op(T)

DFT schemes also have various options namely Idealsity approximation

(LDA), generalized gradient approximation (GGA) att@ second order GGA

(SOGGA). In these sub divisions, thecHs defined differently as:

Ere o] =[p (e, [olr)]dr (2.9)
Ex e [o(]=[p(Me, [p(F)|Op(F)]cF (2.10)
Eve o] =[&" [r(F)]Fc [r (1) ()] F (2.11)

here €,.is the exchange-correlation energy per particleufuform electron gas
andp(7) is the electron density. In Eg. 2.11, the frs,S) is defined as:

Fe(r8)=F 6F E( 1.3 (2.12)
where g and s are Wigner-Seitz radius and reduced degsatjient, respectively.

While F(s) within Perdew-Burke-Ernzerhof (PBE) [24] exchanpotential for
GGA is defined as:

SN <
(9=t ke (2.13)

and for SOGGA, the,fs) is given as [25],

FO0%%A (5)= 1+ k—%{k—zj—E( e‘(%)szj (2.14)

k+ps® | 2

In Eq. 2.13 and 2.144 and k are the constants. Further, the standarddizéd
functions within CRYSTAL14 code [23] are named a3LBP, B3PW, PBEO,

PBESOLO, WC1LYP and B1WC. In these approximatidixg, is defined as:

LCAO-B3LYP/B3PW __

Exc = 0.80 = EXPA +0.72 « AEBECKE 4 0.20 « EXF

+0.81 % Eg/PWOA 4 0.19EWN (2.15)
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E)L(gAO—PBEO/PBESolO = 0.25 * E)IgF + 0.75 * E)P(’BE/PBESO] + EEBE/PBESOI (216)

El).(%AO—WClLYP /B1IWC = 016* E>|'<|F + 0.84* EXWC + E(IEYP/PWGGA (217)

Here X and C stand for exchange and correlatioks pegspectively. While the
details of other keywords as mentioned in Eqnss-2.17 are reported in Table
2.1 [23-36]. The input for CRYSTAL14 can be dividegut following four parts
as,

« Geometry Input: This part of input is facilitated by the detail§ the
geometrical input of the sample which includes spgmup, lattice parameters
and atomic positions (individual) in the primitiveell. Here, we have not
performed the geometrical optimization due to wlelined geometrical inputs for
Fe;04, NiFeO,, ZnFeO, and CdFgO,.

« Basis-sets Input:This section of input contains the numerical valokg and

a; (basis sets) for s, p and d electrons. It is wardntioning that the choice of
basis sets may affect the results or level of amurin the present thesis, we have
considered the basis sets for individual constitoms and further optimized
using BILLY software for FgD,4, NiFe0O, ZnFeO, and CdFgD, environment.
The numerical values of the optimized basis setsr@ported in the respective
chapter. In present LCAO calculations, the lineambination of ¢ and a; are
used to compute the wave functions as discussédrear

« Hamiltonian and computational parameters Input: This part of input
section contains the possible exchange and cdmelainctionals, as incorporated
in Table 2.1. In another words, we can say that $lkction dictates the nature of
the approximations viz. HF or DFT within LDA/GGA/&LGA or hybrid
(HF+DFT). The inputs related to spin dependent uwatons are also
incorporated in this section.

» Self-consistent field calculation Input:This part of Input contains the details
of the parameters for self-consistent field (SCHgulations. The SCF calculation

process is described in Fig. 2.11.
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Table 2.1: Different exchange and correlation functionals kde in
CRYSTAL14 code.

(a) Exchange

Functional Type Keywordin Reference
CRYSTAL14

Dirac-Slater LDA LDA Dovesi et al. [23]

von Barth-Hedin LDA VBH von-Barth and Hedin [26]
Becke (1988) GGA BECKE Becke [27]
Perdew-Burke-Ernzerhof GGA PBE Perdew et al. [24]
(PBE) (1996)

PBE functional revised GGA PBESOL Perdew et al. [28]

for solids

Perdew-Wang 91 GGA PWGGA Perdew et al. [29]
Second order GGA GGA SOGGA Zhao and Truhlar [25]
Wu-Cohen GGA WCGGA Wu and Cohen [30]
(b) Correlation

Functional Type Keyword in Reference

CRYSTAL14
Perdew-Zunger LDA Pz Perdew and Zunger
[31]
von Barth-Hedin LDA VBH von-Barth and Hedin
[26]

Vosko-Wilk-Nusair LDA VWN Vosko et al. [32]
(1980)

Lee-Yang-Parr (1988) GGA LYP Lee et al. [33]
Perdew (1986) GGA P86 Perdew [34]
Perdew-Burke- GGA PBE Perdew et al. [24]
Ernzerhof (1996)

PBE functional revised GGA PBESOL Perdew et al. [28]
for solids

Perdew-Wang 91 GGA PWGGA Perdew et al. [29]
Perdew-Wang (1992) LDA PWLSD Perdew and Wang [35]
Wilson-Levy GGA WL Wilson and Levy [36]
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3.1. Introduction:

AFe0, (“A” being transition metal cation) based spinetrites have attracted
tremendous attention among condensed matter phigsiowing to their wide
range of physical properties. Such ferrites hauvgelrelevancies in contemporary
technologies such as spintronics, high-density datarage, microwave
absorption, catalysis, hydrogen production, baseri magneto-caloric
refrigeration, as magneto-strictive phase in nmaygk magnetoelectric
composites, etc. [1-6]. Besides these technologmglications, these materials
are also a source of abundant fundamental physlesed to magnetization as
well as catalytic properties. Among many spineleoagerrites, NiFgD, (NFO)
has been widely studied because of the low eddyertioss, low magneto-
striction and rather high Curie temperature whidikes it suitable candidate for
soft magnets and low loss materials at high frequefo further extend its
application domain, efforts are being made to maigults structural, electrical
and magnetic properties by doping of magnetic or-magnetic impurity, where
the dopant ions are expected to modify the exchamgeaction among Ni and Fe
ions of the host matrix [7-10NFO is mostly considered to be an inverse spinel
structured ferrimagnetic material where the tetdahle(A) sites are occupied by
half of the F&'cations, and the octahedral (B) sites are occubjethe rest of
Fe’* and N* ions. However, it has been found that in such elpierrites, the
cationic distribution can deviate from perfect irse spinel depending upon the
growth parameters. It is to be noted that the m@agneoments of transition metal
ions at the A and B sites interact antiferromagrdiiy, while the ions at the same
site have a ferromagnetic interaction. It suggéisés the magnetic property is
immensely governed by the distribution of Ni andiéies at the A or B sites. Any
alteration in distribution of these ions at thesesswould hence affect the various
functional magnetic features such as Curie temperasaturation magnetization,
magnetic anisotropy constant, coercivity, remamesgnetization, etc. [5-13].
Most of the previous studies are related to theoparticles of NFO, which show
super paramagnetic behaviour [14-17]. However bfetter prospects in devices,
study on thin film based structure of NFO is crucia thin film form, the

structure of these ferrites depends upon the tgalenised for deposition, type of
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substrate, strain in the film, substrate tempeeateic. [18-22]. Moreover, its
integration with technologically important Si sulasé will be a key to realize its
relevance in device. In spite of this, there ang feports in literature related to
growth and properties of NFO films on Si subst{&t&8,22]. However, there are
large discrepancies regarding the cation distrdmstiamong the various sites and
the observed magnetic moments in these reports.

In this chapter, which is also published by us.iMdg. Mag. Mat. 421 (2017) 25-
30, we present structural and magnetic study aceféf Cr doping in NiF€,
thin films on the same substrate with differenentation; Si (100) and Si (111).

3.2. Experiment:

The bulk target of NixCrFeO,4 (x = 0.02 and 0.05) (NCFO) in pellet form used
for the deposition was synthesized by standard extional solid state route.
NCFO films were deposited on chemically cleaned (B)0) and Si (111)
substrates using pulsed laser deposition (PLD)igcle. As mentioned in chapter
2, KrF excimer laser sourca €248 nm, pulse width = 20 ns) was used for
growing the films. During growth, substrate temper@ was kept at 700°C and
base pressure was kept as the growth pressureddiiitoa gas was passed in the
chamber. The temperature of the substrate was meehday thermocouple,
mounted on the back side of the substrate holdes.sSUbstrate to target distance
was fixed at 5 cm. The base pressure was kept t6xt6° Torr. After the
deposition, film was cooled under the same presduriekness of the films was
measured by Talystep profilometer and found to b&0~nm. Further, as
mentioned in chapter 2 als@;20 X-ray diffraction (XRD) measurement was
carried out using Brooker D2-Phaser with Cy-Bource. Fourier transform
infrared spectroscopy (FTIR) measurement was peddrusing Bruker model
vertex 70. X-ray photoemission spectroscopy (XPS3s wperformed using
Omicron energy analyzer (EA 125, Germany) with AHEb source (=1486.6
eV). Raman spectroscopy consisting of 200mW Aredg488nm) was also used
to characterise the films. Magnetization measurémess a function of

temperature and magnetic field were carried oueilmploying a commercial 7-
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Tesla SQUID-vibrating sample magnetometer (SVSMaum Design Inc.,
USA).

3.3. Results and Discussion:

In Fig. 3.1, we show the XRD patterns of MCr,Fe,0O,4 (x = 0.02 and 0.05) films
grown on Si (100) and Si (111) substrates. Mairilyee¢ intense peaks are
observed which correspond to planes of Mestructure as reported in PCPDF
card (PCPDF No — 862267), while other remainingkpaaatch well with the Si
substrates. Here, if we compare the growth of @eddNFO on Si substrates with
the growth of magnetite (@) which also has a cubic inverse spinel structure
consisting of F& and F&"ions, it turns out that the growth nature of NCH®$
are different than that of E@,. Fe&O, grows along [111] direction irrespective of
the choice of orientation of Si substrate [1#jereas, in the present case, of
NCFO films, it turns out to be a polycrystallineogith of the films on both
orientations of Si substrate. Further, when we caephe patterns of films on Si
(100) and Si (111) substrates, it is revealed tfat both the doping
concentrations, full width at half maxima (FWHM) thie peaks is smaller for the
films grown on Si (111) substrate than that of BiQ), suggesting larger grain
size in films grown on Si (111) than the correspogdilms on Si (100). FWHM
values given in Table 3.1 correspond to the mdsnse peak (111) i6-26 scan
lying between 18to 19 as shown in inset of Fig. 3.1.

After confirmation of phase, we calculated the graize (D) of the films by
following the Debye-Scherrer formula,

D= 0.94xA/(B Co9) (3.2)
where A is the wavelength of the x-ray source and B isfAeHM of individual
peak at B (whereb is Bragg angle). Lattice strain (T) in the matieaiso causes

broadening of diffraction peak, which can be repnésd by the relationship

TtarB = (A /D co®) -B (3.2)
Various XRD based parameters for the present fiémes given in Table 3.1.
Consequently, it is revealed that grain size deg®avith Cr doping for films on

both the substrates. It is also observed that fiemosited on Si (111) substrate
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Fig. 3.1: The XRD patterns of NikCrFe0O,4 (X = 0.02 and 0.05) films grown on

(a) Si (100) and (b) Si (111) substrates along hibse of the bare substrates.
Here F corresponds to the peaks arising from the fihe inset shows a zoomed
view of the most intense film peak (111).
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Table 3.1: XRD method based lattice parameters and othempaeas of Cr
doped Ni,CrFeO, (x = 0.02, 0.05) films grown on Si (111) and SD@)

substrates.
Substrate Doping % Lattice FWHM Grain Strain
(x) constant (degree) size

A) (A)

(£0.003)
Si(100)  0.02 8.330 0.43 324 5x 10°
Si(111)  0.02 8.325 0.22 425 3.4% 10°
Si(100)  0.05 8.345 0.91 167 12x 10°
Si(111)  0.05 8.330 0.20 293 5.7x 10°
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for both the doping concentration reveal largeirgsize value than the respective
films grown on Si (100) substrate.

We shall like to mention here that initially weeii to deposit the films at lower
temperature also, but single phase was not obsekedcould get the single
phase of NiFgD, (undoped as well as doped) at 700 only. Substrate
temperature is used to provide sufficient kineticergy to the adsorbent
atoms/ions so that they can diffuse at the sulestsatrface and get into a
crystalline form with the required phase.

To find out the thickness of the films, we havefpened x-ray reflectivity (XRR)
measurement. As an example, the XRR patterns o€2@oped NFO film on Si
(111) substrate is shown in inset of Fig. 3.2. Afiting the spectra, thickness of
the film was calculated to be ~ 67 nm. Similar sfeewere observed for the other
films also. To re-confirm the structure of the fdpwe have also undertaken FTIR
spectroscopy measurements. NFO has a cubic ingpnsel structure, and the full
unit cell contains 56 atoms, but the smallest Bisagall contains only 14 atoms.
As a result, one should expect 39 (3N-3) vibrationades. From group theory,
considering the space group,’@Fd3m) one can predict the following modes
within irreducible representation [3].

[ =A1g(R)+ Ey(R)+ Tig(in)+ 3Tog(R)+ 2Apy(in)+ 2E(in)+ 4Tuy(IR)+ 2Ti(in) (3.3)
Among these modes4 Ej 3T,y are Raman active modes and only, fiype
vibrations are infrared active modes. Other modgsAz,, E, and T, are silent.
In four infrared spectral bands, first two band8-680 cm' and 390-525 cthare
assigned to vibration of the tetrahedron and ochadmesublattices, respectively
[3]. FTIR spectra of NCFO films on Si (100) and Si (1&Qpstrates are shown in
Fig. 3.2. The observed mode positions match weth wie predicted vibrational
modes, which further confirm the growth of NFO phas both the substrates.
From Fig. 3.2, it appears that there are two IRvaanodes at 561 cfhand 610
cm™. These bands are in tetrahedral region and représeO bond at tetrahedral
site. A hump like feature is also seen at ~ 500%cmvhich is assigned to
octahedral metal stretching vibration. The interd®sorption band observed
around ~ 610 crhoccurs due to proportional distribution of metaisat A and B

sites, which is generally expected for the invessieel structure. However, with
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Fig. 3.2: FTIR spectra of Ni,CrkFeO, (x = 0.02 and 0.05) films grown on Si
(111) and Si (100) substrates. The inset shows XYBRferns of 2% Cr doped
NFO film on Si (111) substrate.
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increase in dopant percentage of Cr, it is obsettvatithe intensity trend of bands
561 and 610 crhis reversed, suggesting the redistribution of frestions among
octahedral and tetrahedral sites. Hence, the obdecharacteristic absorption
bands in the FTIR spectra suggest that the NCF@sfdrown on Si (111) and Si
(100) substrates have mixed spinel structure.

Figs. 3.3 (a) and (b) show the Raman spectra afy8ipoFe0, and
Nio.oeCro.0Fe0, films respectively on Si (111) substrate. From. B@(a), it is
observed that the vibrational bands appear at +~ &3B, 587, 665 and 701 &m
which are characteristics bands of NiBg In these bands, the peak at ~336'cm
corresponds to Esymmetry and band at high frequency 70I*dmdue to Ag
symmetry and corresponds to stretching of oxygematith metal/ Fe ion at
tetrahedral site. The bands with vibrational fretpyelesser than 600 c¢hare due
to oxygen stretching at octahedral sites. SimilamBn spectrum is also observed
for other films, suggesting their single phase ref@3].

Moreover to probe the mixed spinel nature of NCH@d and also to explore the
oxidation states of cations Ni and Fe, we haveoperéd XPS measurements. Cr
concentration being only 2 and 5 %, Cr 2p core llspectra could not be
accurately recorded. Ni 2p and Fe 2p core level Xp&tra of the grown films
are shown in Figs. 3.4 and 3.5, respectively. Thgsectra were fitted with
combined Gaussian-Lorentzian functions. Figs. a3@and (b) show the Ni 2p
core level XPS spectra of fNigCro 00, films on both substrate®robing the
chemical states of Ni ions using the Niz2rore level binding energy position
with a possibility of their distribution among tetredral (T) and octahedral(()
sites is a challenging job due to their correspogdeatures occurring at close
binding energy values, which can be easily mistdkerother chemical state of
Ni ions. However, appearance of satellite peaks lbanused to probe the
chemical statelt is found that the main peak of Ni 2p core lewstually
consists of two features, corresponding to itsridhistion between @and Ty
sites. The other components in the spectra arisause of shake-up satellite
features of Ni 2, and Ni 2p,, peaks. Accordingly the Ni 2p feature can be
fitted very well with two peaks at energies of ~48Y (labelled as ) and ~
856eV (labelled asg) which belong to distribution of Kii ions at @ and |
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Fig. 3.3: Raman spectra of NiCrFeO, for (a) x = 0.02 and (b) x = 0.05 films
grown on Si (111) substrates.
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sites, respectively [22]. These binding energy fass suggest Ni to be present
in 2+ states distributed between énd Ty sites. Similar spectra for Ni 2p core
level are observed in other films also.

Similarly Fe 2p core level spectra as shown in F&5(@) and (b) of
Nig.9sCro.0 &0, films on both substratesuggest that Fe ions are in 3+ valence
state and that they are also distributed atamd Q sites. As the magnetic
properties of NFO are hugely dependent upon thercatistribution among ©
and Ty sites, we estimated the Rly/Ni%'rqg and F&'o/Fe 14 ratio for all the
films by evaluating the area under the correspandinand Q features. Thus
obtained @/Tq4 values for both the ions are listed in Table ®24dil the films. It

is evident from the Table 3.2 that the studied d$ilhave mixed spinel structure,
as also revealed from the FTIR specttas also observed thaty( 4 ratio of Ni
and Fe ions increases with Cr concentration, thabghchange is very small
(since Cr doping concentration is also very lowlthéugh small, an increase in
On/ T4 value for Fe and Ni ions with Cr dopirsyiggests that Cr ions possibly
substitute for Ni" at T4 sites and consequently distortion produced byo@s iat
Ty sites forces P& ions to move towards (Osites. Hence the {/Tq ratio
increases lightly for P& ions also. However, if we look into the/@y values for
the different substrates, effect of substrate oagon is observed to be more
pronounced on the cationic distribution than thedGping. It may be due to
different strain produced by the substrates asatedefrom XRD data. XPS
technique, though it is surface sensitive, hasidesl/us a qualitative behaviour of
cationic distribution.

In Figs. 3.6 (a) and (b), we show the magnetizatiersus temperature (M-T)
behaviour of the grown films measured in the fietled protocol. The samples
were cooled down to 10 K in 500 Oe magnetic fiahdl she measurement was
performed in the warming cycle. It is clear frone thl-T behavior that the films
magnetic transition temperature is beyond room &ratpre. To further
understand this behaviour, M-H measurement is pedd at room temperature
for all the films. Fig. 3.6 (c) shows magnetic leyssis loop of NixCrFeO, (X=
0.02, 0.05) thin films on Si (100) and Si (111) Swates at room temperature. We

observe that all the films show clear hysteresigb®mur with different coercivity
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Table 3.2: Octaltetra ratio of Ni 2p and Fe 2p spectra farSrFeO, (x= 0.02,
0.05) thin films grown on Si (100) and Si (111) subtes.

Substrate Doping % (x) (QJ/T4 ratio) Calculated Ms
(ns/FU)
Si(100) 0.02 Ni: 1.15 0.85
Fe: 1.17
Si(100) 0.05 Ni: 1.27 0.88
Fe: 1.18
Si(111) 0.02 Ni: 1.21 0.80
Fe:1.14
Si(111) 0.05 Ni: 1.22 0.84

Fe&on/Td ratioj 1.18
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Fig. 3.6 (c): The magnetic hysteresis loop ofiNCrFe0O4 (X = 0.02 and 0.05)
thin films on Si (100) and Si (111) substratesetrshows M-H curve of undoped

NiFe,Oq4 thin film grown on Si (100) substrate.
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values. However, the magnetic moment values naneh smaller than bulk Cr
doped NiFgO,4 (~2us/FU), as reported by Lang et al. [13]. It shouldnoged that
NiFe,O, is a ferrimagnetic compound due to antiferromagneixchange
interaction between unequal magnetic moments;and@ @ sites. The observed
lower saturation magnetic moment for these Cr dofilets could be due to
various reasons. One of the important factorsesr#tio of distribution of cations
between the Jand @ sites. It should be noted here that Lang et d] flave
estimated the cation distribution in NCFO on a th&oal ground with various
possible combinations of ionic valency for Cr, Fel i at Ty and Q) sites [13].

In the present study, however, as discussed eafi€lR and XPS results
suggested that the studied films are not in invepeel structure, rather they are
in mixed spinel structure with the possible ioniates of F& and Nf* as
determined by XPS. Therefore, the magnetic intemacamong the J and G
sites will be accordingly modified and the obsensaturation magnetization
would be different than as observed in bulk NCF@das.

It should be noted here that the electronic coméiions for Nf*, Fe€* and Cr*
are 38, 3P and 34, respectively. In the Qand T crystal field, these degenerate d
levels will split in to triply degenerateqtand doubly degeneratg kevels. The
energy positions of,§ and g will be lower or higher depending on the field
strength due to Qor Ty crystal field, respectively. Therefore, electronic
configurations of Ni* and F& in the G, ligand field will be 38 t,y’ & and 3d:
tzgf’eg2 , respectively. Considering the distribution raifd\i and Fe ions at (and
Ty sites obtained from XPS analysis, we write 2% Qpedl NFO (for example)
film on Si(100) as: (F8.oNi®046Cr00tendFE 1.0NI*05)0ctdOs.  After
considering the magnetic interactions, it turnstbat now the magnetic moment
is ~0.83uB/FU only. This value is considerably lower thae Saturation moment
one would observe if the structure had inverse e&pistructure. Our
experimentally obtained magnetic saturation valuemf magnetization
measurements for this sample ~ 110 emu/cc ((B/H3J) is much lower than the
theoretically calculated value, concomitant withe tmixed spinel magnetic
structure as observed from XPS analysis.
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The calculated magnetic moment values using XP&fdatall other films also, as
shown in Table 3.2, qualitatively match with satima magnetization values
obtained from magnetization daféhe larger moment in films on Si (100) in both
samples could also be due to larger strain inithrethan on Si (111), which may
hinder the antiferromagnetic interaction betwees Thand Q ions [23]. There
are reports on NiR®, nano-particles, where the saturation magnetizatvas
found to be much lower than 300 emu/cc and watbatéd to the defects, surface
pinning effect, etc. [14,16]. Jaffari et al. [22}rdbuted the decrease in magnetic
moment in non-stoicheometric NFO films to the weakg of super exchange
interaction as a result of missing oxygen atomsgé&iwan insight of these values
with respect to the undoped NiERn film, we performed M-H behaviour of
undoped film also, which was grown under similandition as used for the Cr
doped samples on Si(100) substrate, shown in tket iof Fig. 3.6(c). It is
observed that the saturation magnetization in uadagample also is only ~130
emu/cc, again much lower than the expected theatetalue for ideal cationic
distribution. It is also noted that the observetuisdion magnetization in the
studied Cr doped NFO films are lesser than thoperted for other dopants in
NFO [24,25]. Therefore, from the present study, thather larger decrease in
moment value for the NCFO films than its bulk carpart suggests that besides
the Cr doping, strain produced by substrate is alsamportant parameter to
influence the cationic distribution at,@nd Ty sites and hence the magnetic
properties of NFO based compounds. Since the gattstribution is dependent
on the method of preparation, different reportsaturation magnetization values
differ considerably from each other.

3.4. Conclusions:

Thin films of NiiCrFe0O, (x = 0.02 and 0.05) are grown on Si (111) and Si
(100) substrates using pulsed laser depositiois $een that films on Si (111)
substrate have larger grain size than those oh08j) (substrate. Though XRD and
FTIR results confirm the single phase growth of filens, their cationic
distribution in the formula unit deviates considdya from inverse spinel

structure, as revealed by XPS analysis. It is faimatd N7* ions are distributed not
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only at octahedral site, as expected for inversee$structure, but also at the
tetrahedral sites, suggesting the mixed spinettitra. This leads to considerably
decreased saturation magnetization arising becazusmghanced magnetic moment
at tetrahedral site and decreased magnetic momenttahedral site, which
interact antiferromagnetically. Different catiordistribution of Ni and Fe ions
between @ and Ty sites are attributed to the different strain pimtl by the
substrates and lattice distortion produced by thedGping. The magnetic
transition temperature of the studied films is aboyom temperature. The present
study suggests that the magnetic property in thasscof materials is mainly
controlled by the cationic distribution at diffetesites, which may be controlled

by defect density, strain in the film, doping ofgnatic or non-magnetic ions.
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4.1. Introduction:

Zinc and cadmium ferrites (Zng®@, and CdFg0,) crystallize in cubic spinel
structure and are classified as important functiomaterials due to their peculiar
electronic and magnetic properties [1-4]. Regarddagier studies, Evans et al.
[1] have employed6ssbauer spectroscopy (MS) to calculate nuclear quadrupole
coupling constants and isomer shifts. Temperatuependent electric-field
gradients of both the ferrites were studied usimget differential perturbed
angular correlation technique by Pasquevich anduSH]. Further, density
functional theory (DFT) with generalized gradiergpeoximation (GGA) and
GGA plus one side Coulomb interaction (GGA+U) schenwvere applied to
highlight Fe-Fe interactions [3]. DFT within locdénsity approximation (LDA),
GGA, LDA+U and GGA+U schemes were employed by Chand Liu [4] to
discuss the cation distribution effect in both tt@mpounds. Electronic and
magnetic properties of Zng@, were reported using DFT schemes with different
approximations namely atomic-sphere approximati¢sls general potential
linearized augmented plane wave method (LAPW) [Gllane wave
pseudopotential (PWP) [7] and full potential (FRBRW [8]. On the
experimental side, structural and magnetic progerntif ZnFgO, were explored
by neutron diffraction, MS, X-ray diffraction (XRD)scanning electron
microscopy, energy dispersive spectroscopy, vibgasample magnetometer and
Fourier transform infrared (FTIR) measurements 19-1Also, Quintero et al.
[12,13] have studied Znk®, using FP-LAPW method and MS measurements to
visualize effect of defects on structural, elecitprhyperfine and magnetic
properties. In case of Cdf&, Mahmood et al. [14] have us&FT with Perdew-
Becke-Ernzerhof (PBE) revised for solids (PBESolithwmodified Becke—
Johnson (mBJ) exchange-correlations potentialsxpdagn optical, magnetic and
thermoelectric propertiesMeasurements orCdFeO, which include XRD,
electrical conductivity, thermoelectric power, maga hysteresis, initial magnetic
susceptibility, infrared spectroscopy and MS, ig&ta neutron scattering and
structural and transport properties have been tegpdry different groups [15-17].
In addition, density of states (DOS) along with icgit and X-ray magnetic
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circular dichroism properties of Cd&, were discussed by Zaari et al. [18] using
FP-LAPW-DFT with mBJ potentials.

It is well known that Compton scattering (CS) meaments can be uniquely
applied in testing various exchange-correlationeptoals through electron
momentum densities (EMDs) [19,20 and chapter 1¢ fitojection of EMD along
the z-axis (scattering vector direction) is meaguie CS experiment and is

defined as Compton profile (CP), (Mathematically,

+0o0 +0o0 — — —> — —>
12 = Jyo—oo Jy,-_., P(Px Py, P2) d PPy (4.2)
Here,p(@’,p?,,pj’) represents the momentum distribution of the edestiwhile

bx» Py and p, are the components of electron linear momentpjralong X, y

and z-directions of the Cartesian coordinate systespectively. Experimentally,
we deduce CP from the measured double differeGbahpton cross-section using

the relations,

](pz) =
HereC (E4, E,, 6, p,) depends on the experimental setup witlaid E being the

Double differential Compton cross—section
C (EI'EZ'e'pZ)

(4.2)

incident and scattered energies of photons @il the photon scattering angle.
The variable C in EqQ. 4.2 depends on the experiahgeometry also.

In the present chapter, which is also publishedibyn J. Mater. Sci. 55 (2020)
3912-3925, we have employed CRYSTAL14 code [21 and @rd}jtto compute
Mullikan population (MP), energy bands, DOS and @?sTMFeO, (TM= Zn
and Cd). The purpose of present CP measuremeritands-on validation of
various types of exchange and correlation poten@ad hybrid functionals for
reliable electronic properties under the frame wofklinear combination of
atomic orbitals (LCAO). We have also scaled theeeixpental and theoretical CP
on equal-valence-electron-density (EVED) to predicelative nature of bonding
in these iso-electronic compounds. Furthermoreydtref bonding in both the
ferrites has also been validated by the presentaliysis. Going beyond CPs,
energy bands, DOS, band gaps and magnetic momeiustio the compounds
have been compared with the available data whiables to conclude about
applicability of different types of exchange-coat®bn energy and hybrid
schemes in such type of ferrites.
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4.2. Methodologies:

4.2.1. Theory:

LCAO calculations have been performed within thepdiiiesis of DFT and
hybridizations of Hartree-Fock (HF) to DFT (so edllB3SLYP and PBEO) as
embodied in the CRYSTAL14 software [21 and chagleiVe have adopted the
LDA and GGA under the DFT scheme. In LCAO calcuasi, one solves the one
electron Schrodinger equatioA¥ = EW) to obtain the crystal wave functions.
The Hamiltonian energy operatqi) includes kinetic energy, electrostatic
potential (arising due to interaction of nuclei hwielectrons), electrostatic
repulsion between electrons and exchange-correlatiensity functional
energyEyc). First three part off are same in DFT-LDA, DFT-GGA, B3LYP and
PBEO approximations, whereas differences amongthpproximations occur in
terms ofExc. In case of DFT within LDA or GGAE is defined as,

By O PFTTIMEA oM ) = [ p(N) e {p(N)/(p(M), [Vo(N) )} a7 (4.3)

In Eq. 4.3,€,. is known as exchange-correlation energy per pertrc uniform
electron gas andp(r) is the electron density. In case of LCAO-DFT-LDA
scheme, we have adopted exchange and correlatientfas of Dirac-Slater [21]
and Perdew and Zunger [22], respectively. While ékehange and correlation
energies of PBESol [23] were considered for LCAOIBGEGA approximations.
In case of hybridized (HF+DFT) approximations (B32Yand PBEO), & is

defined as:

ERGAOTBSLYP — A s EXPA 4 B AEBECKE 4+ (1 - A)«EJF + C+EEP + (1 — C) xEWN (4.4)
Exc*©7FPP = D« E{F + (1-D) »ER®F + ECPF (4.5)

The standard values of A, B, C and D are 0.80,,072L and 0.25, respectively
[24,25]. Further E¥F, ELDPA EBECKE and EFBE are the exchange energies
corresponding to HF [21], Dirac Slater [21], Bedké] and Perdew et al. [27].
EEYP, EYWN andEEBE are the correlation energies of Lee et al. [28]sko et al.
[29] and Perdew et al. [27], respectively.

Further, all electron basis sets of Zn, Cd, Fe@ratoms [30] were used after the
re-optimization for the lowest energy of both tleerites using BILLY code [21].
The optimized basis sets Zn (Cd), Fe and O atomZ&nkReO, (CdFeO,)
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environment are tabulated in Table 4.1 (Table 4)e lattice parameters,
position of atoms and space group of spinel 28k@nd CdFg0, were adopted
from Quintero et al. [13] and Zaari et al. [18]spectively. The self consistent
field (SCF) calculations for both the compoundseveerformed with 2% points
in the irreducible Brillouin zone (BZ). The unitlcen cubic spinel structure for
ZnFeOy is plotted using XCrysden visualization softwafeKmkalj [31] (Fig.
4.1a) and the corresponding first BZ structureketched in Fig. 4.1b.

4.2.2. Experiment:

To ratify the choice of exchange and correlatioteptals through reconciliation
of theoretical and experimental CPs, we have eneplda30 Ci'*'Cs Compton
spectrometer [32 and chapter 2] to measure CP$é%JO, (TM = Zn and Cd).
In the present measurements an absolute momentsmiutien (Gaussian full
width at half maximum) of the experimental setupsw@.34 a.u. Due to
difficulties in growing large size single crysta{$5mm diameter and 2 mm
thickness) and to discuss the relative nature afdib@m on EVED scale of
ZnFeO, and CdFgO,, we have taken pallets of high purity (> 99 %)
polycrystalline powder of both the ferrites. Furtheradiations of energy 661.65
keV were allowed to incident on pallets of indivaduerrite and the scattered
radiations (1680.6° scattering angle) were energy analyzed by a higitypGe
detector (GLO510P, Canberra made). During the expdsme of 162.4 (273.8) h
for ZnFeO, (CdFeQ,), the integrated Compton intensity was found to be
3.17x10 (4.44x10) counts. The stability of the acquisition systeasvmonitored
from time-to-time by two weak radio-isotopes nam¥(go and'**Ba. To obtain
absolute CP, the raw Compton spectra (as showigs E.5(c-d) in chapter 2) of
both the ferrites were corrected for systematicemions (background, detector
efficiency, sample absorption, stripping-off thevlenergy tail and CS cross-
section) with computer code of Warwick group [33Jo obtain true singly
scattered photon profile, we have also correcteddtita for the effect upto triple
scattering using Monte Carlo method [34]. Each Cmmpine was normalized to
corresponding free atom (FA) CP area using theldéda values of Biggs et al.
[35]. The value of FA CP area for Znfx (CdFeQ,) was 51.62 (57.77) én the

momentum range 0 to 7 a.u.
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Table 4.1: Optimized basis-sets, Gaussian exponents (iffJaand contraction
coefficients for Zn, Fe and O in case of ZsBge Asterisks represent unoccupied
atomic orbitals at the beginning of the self catesisfield (SCF) process.

Atom Orbitals Exponents Coefficients
S p d
Zn s 417016.5 0.00023
60504.2 0.00192
12907.9 0.01101
3375.74 0.04978
1018.11 0.16918
352.55 0.36771
138.19 0.40244
57.851 0.14386
sp 1079.2 -0.00620 0.00889
256.52 -0.07029 0.06384
85.999 -0.13721 0.22039
34.318 0.26987 0.40560
14.348 0.59918 0.41370
4.7769 0.32239 0.34974
sp 60.891 0.00679 -0.00895
25.082 -0.08468 -0.03333
10.620 -0.34709 0.08119
4.3076 0.40633  0.56518
sp 1.6868 1.0 1.0
sp* 0.62679 1.0 1.0
sp* 0.15033 1.0 1.0
d 57.345 0.02857
16.082 0.15686
5.3493 0.38663
1.7548 0.47766
d* 0.51592 1.0
Fe S 315379.0 0.000227
45690.0 0.0019
9677.3 0.0111
2520.88 0.0501
759.746 0.1705
262.964 0.36924
102.801 0.4033
42.9733 0.1434
sp 798.262 -0.0052 0.00850
191.162 -0.068 0.0608
63.6885 -0.1314 0.2114
25.3625 0.2517 0.3944
10.7338 0.6433 0.398
3.764 0.2825 0.2251
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sp 48.1434 0.0122 -0.0215
17.4579 -0.2278 -0.085
6.9972 -0.8801 0.201
3.0791 0.9755 1.3024
sp 1.2989 1.0 1.0
sp* 0.5430 1.0 1.0
d 31.3296 0.058
8.7866 0.263
3.1008 0.5017
1.1377 0.5656
d* 0.3594 1.0
S 8020.0 0.00108
1338.0 0.00804
255.4 0.05324
69.22 0.1681
23.90 0.3581
9.264 0.3855
3.851 0.1468
1.212 0.0728
sp 47.7145 -0.0102 0.0098
10.47 -0.0908 0.0692
3.2817 -0.0434 0.2052
1.241 0.3984 0.3263
sp* 0.466 1.0 1.0
sp* 0.183 1.0 1.0
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Table 4.2: Optimized basis-sets, Gaussian exponents (iffJaand contraction
coefficients for Cd, Fe and O in case of Cgbe Asterisks represent unoccupied
atomic orbitals at the beginning of the self catesisfield (SCF) process.

Atom Orbitals Exponents Coefficients
S p d
Cd S 3806666.0 0.0000487
569411.9375 0.000383
123127.648438 0.00225
31268.371094 0.0112
8980.700195 0.0465
2854.445801 0.1554
1009.196594 0.3515
399.020874 0.4266
166.670609 0.1854
sp 11112.272461 -0.000306 0.00103
2561.287109 -0.00635 0.00954
781.066467 -0.0543 0.0567
275.585419 -0.1473 0.2179

110.071716 0.1462 0.4549
50.098621 0.6198 0.43
24.000904 0.4052 0.1757
sp 240.497849 0.00642 -0.0146
93.222374 -0.0339 -0.0698
39.301212 -0.3249 0.0368
17.460880 0.0259 0.8806
8.100710 0.9324 1.2846
3.815374 0.4064 0.4154
d 331.966 0.0123
98.8574 0.0861
36.9351 0.2829
15.2038 0.4621
6.5373 0.3394
2.6577 0.0612
sp 6.2065 -4.4517 -0.073
2.9451 1.9018 0.5548
1.2793 9.8763 0.8933
sp 0.1739 1.0 1.0
sp* 0.5375 1.0 1.0
d 4.6812 0.1891
1.8023 0.4956
0.6875 0.4544
d* 0.2588 1.0
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Fe S

Sp

sp

Sp

sp*

315379.0
45690.0
9677.3
2520.88
759.746
262.964
102.801
42.9733
798.262
191.162
63.6885
25.3625
10.7338
3.764
48.1434
17.4579
6.9972
3.0791
1.2989
0.5430
31.3296
8.7866
3.1008
1.1377
0.3594
8020.0
1338.0
255.4
69.22
23.90
9.264
3.851
1.212
47.7145
10.47
3.2817
1.241
0.466
0.183

0.000227
0.0019
0.0111
0.0501
0.1705
0.36924
0.4033
0.1434
-0.0052
-0.068
-0.1314
0.2517
0.6433
0.2825
0.0122
-0.2278
-0.8801
0.9755
1.0
1.0

0.00108
0.00804
0.05324
0.1681
0.3581
0.3855
0.1468
0.0728
-0.0102
-0.0908
-0.0434
0.3984
1.0

1.0

0.00850

0.0608

0.2114

0.3944

0.398

0.2251

-0.0215

-0.085

0.201
1.3024
1.0
1.0
0.058
0.263
0.5017
0.5656
1.0

0.0098
0.0692
0.2052
0.3263
1.0
1.0

115



(@)

(b)

Fig. 4.1: Structural sketch of (a) Zni@, plotted using software tool of Kokal
[31]. For CdFeO, structure, Zn is replaced by Cd. (b) First BZ esponding to
structural sketch given in part ‘a’.
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4.3. Results and Discussion:

4.3.1. MP analysis:

MP data of charge transfer for TMf& (TM = Zn and Cd) using LCAO-DFT-
LDA, LCAO-DFT-GGA, LCAO-B3LYP and LCAO-PBEO schemémve been
presented in Table 4.3. Here, the transition matams (Zn/Cd and Fe) in
TMFeO,4 (TM = Zn/Cd) donate charge to the oxygen atomstatad charge from
donor is equally distributed among O atoms for bibign compounds. The total
numerical values of charge transfer in ZsB£(CdFeO,) are 4.12 (4.32), 4.16
(4.40), 4.44 (4.60) and 4.52 (4.72)using LCAO-DFT-LDA, LCAO-DFT-GGA,
LCAO-B3LYP and LCAO-PBEO schemes, respectivelyisltobserved that the
charge transfer in CdE®, is higher than that in ZnE®, for each approximation
(LCAO-DFT-LDA/LCAO-DFT-GGA/LCAO-B3LYP/LCAO-PBEO). &ch trend
of MP data indicates more ionic (or less covalehgracter in CdR©, than that
in ZnFeQ,, as larger value of charge transfer in any comgongflects more
ionicity. Also, in all the adopted approximatiomsntribution of Fe atom in total
charge transfer data is found to be approximatetyia for both the compounds.
However, difference in total charge transfer exdt®e to the contribution of
Zn/Cd atom in TMFgO, environment. In addition to MP data for chargasfar,
we have also calculated overlap population (OPyéen the nearest neighbour
atoms in both the compounds. The OP value of idahieO in TMFeO, (TM =
Zn/Cd) are found to be 0.051, 0.051, 0.049 and®dsing LCAO-DFT-LDA,
LCAO-DFT-GGA, LCAO-B3LYP and LCAO-PBEDO, respectiyelfor both the
compounds. While these values for Zn-O (Cd-O) isecaf ZnFgO, (CdFeO,)
are observed as 0.127 (0.047), 0.126 (0.045), 0(a®289) and 0.120 (0.035) e
using LCAO-DFT-LDA, LCAO-DFT-GGA, LCAO-B3LYP and LEO-PBEO,
respectively. The OP values of Zn-O in case of Z0k@re higher than that for
Cd-O in CdFgO, using all the LCAO approximations. It indicatesrmmaovalent
(or less ionic) character of Znf#, than that in CdR©, because large value of
OP indicates more covalent character of the comgholinis worth mentioning
that MP analysis of charge transfer is bound togbie reliable as we have
included large number of atomic orbitals in eachABCcomputation using DFT-
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Table 4.3: Mulliken's population (MP) data for TME®, (TM=Zn and Cd) using
LCAO-DFT-LDA, LCAO-DFT-GGA, LCAO-B3LYP and LCAO-PB& schemes
as mentioned in the text. Here, TM (Zn and Cd) B@cétoms are the donor atoms
while O atoms are the acceptor atoms. The numbieequivalent atoms are
shown in the brackets.

Scheme Amount of charge transfer (e
Donor atoms Acceptor atoms
Zn/Cd (2) Fe (4) O (8)
(a) ZnFe0,
LCAO-DFT-LDA 1.04 1.54 1.03
LCAO-DFT-GGA 1.06 1.55 1.04
LCAO-B3LYP 1.16 1.64 1.11
LCAO-PBEO 1.18 1.67 1.13
(b) CdFe04
LCAO-DFT-LDA 1.18 1.57 1.08
LCAO-DFT-GGA 1.22 1.59 1.10
LCAO-B3LYP 1.30 1.65 1.15
LCAO-PBEO 1.32 1.70 1.18
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LDA, DFT-GGA, B3LYP and PBEO prescriptions. Such Minalysis have
successfully been reported in various other oxidies, TMWQO, (TM=Co, Ni, Cu,
Zn and Cd) [36,37], A MO, (TM= Cr and Mo) [38] and BaTi¢}39].
4.3.2.Energy bands and density of states:

Majority (spin-up) and minority (spin-down) enerdpands of LCAO-B3LYP
scheme are presented in Figs. 4.2-4.3 for Z0Fend CdFg0,, respectively.
Except some fine structures, the energy bands oAQB3LYP are in
consonance with LCAO-DFT-LDA, LCAO-DFT-GGA and LCARBEO
schemes hence energy bands are shown only for B3kdtieme (which
performed well in reproducing EMDs, as discusségr)aAlso, our energy bands
of ZnFeO, and CdFgD, reasonably resemble with the available data [8]7,1
From Figs. 4.2-4.3, a significant energy gap betwibe valence band maximum
(VBM) and conduction band minimum (CBM) are obserue both the majority-
and minority-spin channels of both the compoundseséht band structures
indicate a direct band gapdgEemiconducting nature of Znf&& and CdFg0,, as
VBM and CBM are found at the samepoint. The band gap value for both the
compounds is lower in case of minority-spin banusnnels than that in majority-
spin channel (Figs. 4.2-4.3). In Table 4.4, we haw#lated band gap values
derived using various approximation (LCAO-DFT-LDA,CAO-DFT-GGA,
LCAO-B3LYP and LCAO-PBEO) along with available thmetcal and
experimental data [7,12,13,14,18,40,41,42] for TMJze Our band gap values
using LCAO-DFT-LDA and LCAO-DFT-GGA schemes unddireate the
experimental band gap [40-42] for both the compayndhile a reverse trend is
found for LCAO-B3LYP and LCAO-PBEO schemes. It iges that B3LYP
approach shows a closer agreement with the expetainband gap than other
schemes considered within the periphery of LCAGsgmigtion. It is worthwhile
to mention that most of the theoretical prescrimiaising pure LDA and GGA
schemes have underestimated the band gap valueshbaexperimental band
gaps, as evident from Table 4.4. This trend is isterst with the general
observation that the HF calculations overestimagedand gap (because of lack of
screening in the exchange term leading to an deéiligation of occupied states)
and the DFT based LDA and GGA theories underestiriet band gap. It is quite
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Fig. 4.2: (a) Majority- and (b) minority-spin energy bands &fiFeO, using
LCAO-B3LYP scheme along the high symmetry directi@i BZ. The positions
of I', X, W and L vertices are (0,0,0), (1/2,0,1/2),2(1/4,3/4) and (1/2,1/2,1/2),
respectively.
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Table 4.4:Band gap (Eg) for Znk®, and CdFg0, using various combinations
of exchange-correlation potentials within LCAO sties as mentioned in the text
along with the available data.

Approach Band gap (Eg) in eV
ZnFe0, CdFeQ,
(i) Present computations
LCAO-DFT-LDA 1.06 0.52
LCAO-DFT-GGA 1.37 0.40
LCAO-B3LYP 2.40 2.10
LCAO-PBEO 3.22 3.26

(ii) Available theories
(a) Plane wave pseudopotential (PWP)

[7] with
LDA-CA-PZ 0.87
GGA-PBE 0.84
GGA-RPBS 0.93
GGA-PW91 0.79
GGA-WC 0.87
GGA-PBESOL 0.80
(b) FP-LAPW + lo [12] 2.20
(c) FP-LAPW + lo with GGA+U [13]
Non inverted 2.00
Inverted 2.10
(d) Projector-augmented wave (PAW)
[40] with
GGA+U (spinel) 1.68
PBEO (spinel) 3.68
GGA+U (inverse) 1.91
PBEDO (inverse) 3.37
(e) FP-LAPW with PBESOL+mBJ 1.86
[14]
(f) FP-LAPW-DFT [18] with
GGA+U 1.56
TB-mBJ 1.88
(i) Available experiment
Yao et al. [7] 1.90
Valeznuela et al. [41] 1.92
Akamatsu et al. [42] 1.46
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satisfying that in this situation the hybrid meth@dixing of HF to DFT) like
B3LYP minimizes the deviation of band gap from #erimental values and
leads to reasonable electronic response for sutipaonds.

In Fig. 4.4 (a-d), we have shown DOS for spin-up &nd spin-down () states
using LCAO-B3LYP scheme for 3d, 4s states of Zn; &l states of Fe; 2s, 2p
states of O and total DOS for ZnER. Similarly spin projected DOS for Cdfey
environment are plotted in Figs. 4.5(a-d). The Reznergy (E) is shifted to O
eV. The majority-spin and minority-spin DOS for botthe compounds
unambiguously reconfirm the semiconducting naturéath the compounds. In
Fig. 4.4 (Fig. 4.5), the DOS in energy rantge34 (-8.65) eV to the Elevel are
mostly contributed by the 3d (4d) electrons of Zd) and 3d electrons of Fe
atom along with a small contribution of 2p elecsarf O atoms. In Fig. 4.4(d),
the majority-spin states dominate in the formatbthe DOS in the energy range
-8.34 t0-6.77 eV, while the DOS in the energy range +2.43-323 eV are
majorly contributed by the minority-spin statesyfFe0O,. In case of CdR©,
(Fig. 4.5d), contribution of minority-spin (majoyispin) DOS are found to be
absent in the energy rang&.36 t0-6.46 (+2.10 to 4.52) eV. In Fig. 4.4(a), the
majority-spin DOS of Zn-3d states are dominatedhim energy range8.34 to
—6.60 eV while the trend becomes reverse and dorynahminority-spin DOS
of 3d states of Zn prevails betweef.60 to-5.53 eV. Similarly major role of
majority-spin states of Fe is found between theggneange—8.34 t0-3.30 eV
(Fig. 4.4b). In the conduction band region betwe2m0 to +5.23 eV, the DOS
are majorly governed by 3d minority-spin stated=efatom along with a small
contribution of minority-spin states of 2p electsoof O atom (Figs. 4.4b,c). In
Fig. 4.5(a), major contribution of majority-spitates of 4d electrons of Cd is
seen between8.65 to-7.89 eV and a reverse trend is observed betw&e9 to
—7.38 eV. For 3d electrons of Fe (Fig. 4.5b), thejomtg-spin contribution
dominates in the valence band regief8.65 to —0.36 eV) and minority-spin
contribution dominates in conduction band regior2.{® to +4.52 eV) of
CdFeO,s. From Fig. 4.4c for Znk©®, and Fig. 4.5c¢ for CdR®,; a small
contribution below the VBM is found from majoritgnd minority-spin states of
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O, while the contribution of only minority-spin s#a& of O atoms in CBM is
witnessed. It is observed that the VBM is formedHtry majority-spin states of 3d
(4d) of Zn (Cd) and 3d states of Fe along with ghemall contribution of
majority-spin O-2p states for Znfa, (CdFeQ,). Also, the CBM is built mainly
by minority-spin of 3d (4d) states of Fe along wahsmall contribution of
minority-spin of 2p states of O atom in ZnBg (CdFe0,).

4.3.3. Compton profiles:

In Figs. 4.6 (a-b), the anisotropies between unchuned theoretical CPs
(h10-d00, da1r-dioo and Jdir-diig) using LCAO-DFT-LDA, LCAO-DFT-GGA,
LCAO-B3LYP and LCAO-PBEO schemes are presented ZoFeO, and
CdFeQ,, respectively. An overall trend of oscillations the anisotropies
(J1100d100, h11—dioo and J11—di10) for TMFeO, (TM = Zn and Cd) using LCAO
computations (DFT-LDA, DFT-GGA, B3LYP and PBEOQO) d&eind to be similar.
In the higher momentum region 4.0 a.u.), negligible anisotropic effects in
momentum densities of both the compounds has béserwed for all the
considered schemes (LCAO-DFT-LDA, LCAO-DFT-GGA, LOAB3LYP and
LCAO-PBEDO). In high momentum region, such obseorstiare quite expected as
core electrons which contribute to formation of CiBsthis region remain
unaffected in directional momentum densities. Atmgaic effects are observed in
the low momentum region 4.0 a.u.), which are dictated by dispersive natfire
energy bands and their degeneracy in differentdbregof BZ. In low momentum
side, the trend of anisotropies in hybrid schemegSAQO-B3LYP and LCAO-
PBEOQ) are almost similar, while it differs from tbeerall trend seen for LCAO-
DFT-LDA and LCAO-DFT-GGA schemes. Such a trend yirid calculations
may be due to the incorporation of HF exchangegneomponent in B3LYP
and PBEO schemes, which was absent in DFT with laD& GGA. As expected,
the oscillations in CP anisotropies in Figs. 4.4)are also in consonance with
the cross-overs and degenerate states of majarity-minority-spin energy bands
(Fig. 4.2 and 4.3) for both the compounds. The tp@sivalues of anisotropies
(J1117d100 @nd d11-d110) in Figs. 4.6(a,b) near,p= 0.0 a.u. are due to the large

degenerate states along [111] direction as compargd0] and [110] directions.
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Decreasing order of J&0.0 a.u.) values for the three crystallographreations
is found to be [111}[110]-[100] for both the compounds which shows
signatures of atomic density effects in differenh@pal orientations. Also, the
negative amplitude near p 1.5 a.u. alongidi-Jigo in Fig. 4.6(a,b) arises due to
zone boundary of '-X (0.39 a.u.; n=4 for Znk©®, and 0.38 a.u.; n=4 for
CdFeQ,) branch. It may be noted that some fine structarag be invisible in the
anisotropies (Fig. 4.6) because of cancellatiorcefbn taking the differences of
CPs. Anisotropic measurements of CPs for Z0k@nd CdFg0O, are necessitated
to validate the theoretical anisotropic effectsmomentum densities (Fig. 4.6).
The numerical values of directional CPs using LCBBT-LDA, LCAO-DFT-
GGA, LCAO-B3LYP and LCAO-PBEO schemes for ZpBg and CdFgO, are
also listed in Tables 4.5-4.6, respectively.

The difference in CPs between convoluted theorefic@dAO-DFT-LDA, LCAO-
DFT-GGA, LCAO-B3LYP and LCAO-PBEOQ) and experimentidta have been
plotted in Figs. 4.7 (a-b) for ZnK@, and CdFgO,, respectively. The numerical
values of unconvoluted theoretical (LCAO-DFT-LDA, CAO-DFT-GGA,
LCAO-B3LYP and LCAO-PBEO) and experimental CPs #nFeO, and
CdFeO, (with statistical errors) have been collated inbléa 4.7-4.8,
respectively. In Tables 4.7-4.8, total CPs for eapproximation is calculated by
adding the FA core CP contribution [35] to the exdfwve LCAO based CP data of
valence electrons. Also, to mimic experimental h&tson, each theoretical data is
convoluted with fwhm of 0.34 a.u. (momentum regolubf present experimental
setup) before taking the difference between thametind experimental CPs.
From Tables 4.7-4.8 and Figs. 4.7 (a-b), it is ol that experimental CP data
of both the compounds underestimate the momentunsittes in the low
momentum region (g1.0. a.u.). This trend reverse in the regioref,84.0 a.u.
Also, the difference in the higher momentum regipg4.0. a.u.) is very small
(within the experimental error) for Cdf®,. Such trend in high momentum region
is expected because of contribution of core elestnwhose wave functions are
well defined by HF approximation. For quantitatie®nclusions related to

goodness of agreement between theoretical CP Wweéhekperimental data for
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Table 4.5: The directional CPs (unconvoluted) of ZpBgalong [100], [110] and [111] using LCAO-DFT-LDAQAO-DFT-

GGA, LCAO-B3LYP and LCAO-PBEO schemes.

P, J (p) (e/a.u.)
(a.u) LCAO-DFT-LDA LCAO-DFT-GGA LCAO-B3LYP LCAO-PBEO

[100] [110] [111] [100] [110] [111] [100] [110] [ [100] [110] [111]
0.0 25698 26.274 26.604 25671 26.250 26.590 25.42%.956 26.471 25525 25978 26.512
0.1  25.684 26.226 26.531 25.658 26.204 26.518 25.425.948 26.406 25500 25973 26.447
0.2 25454 25936 26.179 25434 25921 26.170 25.235.751 26.078 25261 25.783 26.117
0.3  25.026 25.464 25645 25010 25456 25638 24.835.397 25.571 24.859 25.437 25.609
0.4 24372 24746 24.889 24.359 24742 24885 24.228.819 24.830 24.263 24.863 24.867
0.5  23.682 23.926 24.033 23.669 23.925 24.031 23.6R4.105 23.968 23.627 24.148 24.004
0.6  22.855 22.958 22979 22.845 22961 22.980 $2.823.145 22.904 22.834 23.183 22.938
0.7 21.852 21.899 21.785 21.847 21.905 21.791 71.822.016 21.720 21.861 22.049 21.750
0.8 20614 20.701 20.477 20.618 20.711 20.487 20.6%D.744 20.451 20.662 20.770 20.475
1.0  17.965 18.000 17.799 17.988 18.013 17.813  ©8.007.975 17.888 18.026 17.983 17.897
1.2 15712 15207 15194 15736 15.222 15207 05.715.184 15.304 15.719 15.175 15.298
1.4 13729 12928 13.029 13.745 12.940 13.037 23.792.987 13.012 13.778 12.975 12.996
1.6 11586 11.133 11.210 11.595 11.138 11.213 11.689.234 11.120 11.670 11.220 11.099
1.8 9.684 9745 9.735 9.688 9.745 9.7359.758 9.778 9.722 9.748 9.761 9.702
2.0 8.236 8550 8477 8237 8548 84758309 8536 8520 8.305 8.518 8504
3.0 4975 4762 4759 4972 4759  4.7564.951 4.753 4.763 4.941 4746 4.755
4.0 2976 3.009 3.009 2976 3.008 3.008 929 3.010 3.012 2990 3.008 3.010
5.0 2.081 2.093 2093 2081 2093 2.0932.078 2.097 2.095 2.078 2.096 2.094
6.0 1.549 1542 1545 1549 1542 15451549 1545 1546 1548 1545 1546
7.0 1.160 1.167 1167 1160 1167 11671160 1.168 1.168 1.160 1.168 1.168
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Table 4.6:Same as Table 4.5 except the sample which is QdFe

P, J (p) (e/a.u.)
(a.u) LCAO-DFT-LDA LCAO-DFT-GGA LCAO-B3LYP LCAO-PBEO
[100] [110] [111] [100] [110] [111] [100] [110] [ [100] [110] [111]

0.0 28.019 28.461 28.848 27.984 28.432 28.829 27.695 28.134 28.726 27.715 28.152 28.770
0.1 27.972 28.410 28.746 27.939 28.384 28.729 27.661 28.122 28.634 27.682 28.144 28.677
0.2 27.694 28.132 28.353 27.666 28.112 28.340 27.433 27.938 28.268 27.457 27.970 28.308
0.3 27.222 27.647 27.775 27.199 27.634 27.765 27.038 27.590 27.723 27.064 27.631 27.760
0.4 26.539 26.886 26.982 26.520 26.879 26.974 26.415 26.987 26.946 26.438 27.032 26.981
0.5 25.828 26.028 26.099 25.811 26.024 26.094 25.735 26.232 26.058 25.753 26.277 26.094
0.6 24.962 25.033 25.018 24.948 25.032 25.018 24.896 25.232 24.977 24.909 25.273 25.011
0.7 23.869 23.910 23.768 23.862 23.913 23.772 23.845 24.027 23.748 23.854 24.060 23.779
0.8 22540 22.627 22.402 22544 22.635 22.411 22568 22.653 22.421 22577 22.676 22.445
1.0 19.763 19.745 19.604 19.787 19.758 19.617 19.807 19.687 19.704 19.830 19.689 19.711
1.2 17.353 16.806 16.848 17.379 16.822 16.860 17.375 16.788 16.932 17.385 16.779 16.925
1.4 15.120 14.386 14.505 15.139 14.398 14.515 15218 14.472 14.466 15.201 14.464 14.448
1.6 12.726 12.424 12.494 12.737 12.431 12.499 12.860 12.534 12.441 12.844 12522 12.421
1.8 10.661 10.841 10.816 10.668 10.844 10.818 10.756 10.869 10.838 10.753 10.854 10.821
2.0 9.144 9.465 9.381 9.148 9.466 9.381 9.222 9.453 9.416 9.222 9.436 9.401
3.0 5450 5.294 5286 5448 5292 5283 5456 5285 5285 5446 5278 5277
4.0 3570 3.553 3558 3570 3552 3557 3559 3551 3557 3556 3.548 3.554
5.0 2.618 2.649 2.647 2.617 2.648 2.647 2.624 2650 2.648 2.624 2.649 2.647
6.0 2.051 2.042 2.046 2.050 2.042 2.046 2.046 2.044 2.046 2.044 2.043 2.045
7.0 1584 1588 1588 1584 1588 1588 1585 1589 1588 1584 1589 1.588

130



1.5

5. (a) ZnFe.O —m— LCAO-DFT-LDA
1.2 i%% 274 — 60— LCAO-DFT-GGA
- LCAO-B3LYP
09 - ¥ —%— LCAO-PBEO
r R | Error
06 L
0.3 - \*
~ 0.0 \ 3
=) | * % —
3 ol 3\% /*/
|$ . I ?’%ﬁ
= -06
o
™ C | . | .
m| m
> 0o % (b) CdFe,O,
o z
< R
= \
0.6 i
3 | ¥
0.3 - u\
0.0 i\ e "
. ;K/
0.3 |- ‘
_0.6 L | L | L | L | L | L |
0 1 2 3 4 5 6 7

p, (a.u.)

Fig. 4.7: The difference profiles deduced from isotropic \aaated theoretical
(LCAO-DFT-LDA, LCAO-DFT-GGA, LCAO-B3LYP and LCAO-PBO
approximations) and experimental Compton profiles {a) ZnFeO, and (b)
CdFe0Q,. The solid lines are drawn for a quick view ofidle
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Table 4.7:Unconvoluted theoretical (LCAO-DFT-LDA, LCAO-DFT-G& LCAO-
B3LYP and LCAO-PBEQO) and experimental Compton pesfialong with statistical
errors (o) for ZnFeO,.

o J (p) (e/a.u.)
(a.u.) Theory Expt.
LCAO- LCAO- LCAO- LCAO-
DFT-LDA  DFT-GGA B3LYP PBEO

0.0 26.136 26.117 25.996 26.029 24.659+0.058
0.1 26.098 26.080 25.960 25.993 24.571+0.058
0.2 25.831 25.816 25.700 25.734 24.341+0.057
0.3 25.394 25.382 25.280 25.314 23.954+0.057
0.4 24.728 24.719 24.643 24.676 23.407+0.056
0.5 23.955 23.950 23.900 23.932 22.714+0.054
0.6 22.990 22.988 22.953 22.982 21.905+0.053
0.7 21.878 21.882 21.858 21.884 21.003+0.052
0.8 20.621 20.630 20.631 20.653 20.014+0.050
1.0 17.952 17.968 18.018 18.030 17.772+0.046
1.2 15.341 15.357 15.395 15.392 15.540+0.042
14 13.143 13.155 13.183 13.170 13.484+0.038
1.6 11.248 11.254 11.281 11.265 11.678+0.035
1.8 9.718 9.720 9.751 9.735 10.134+0.031
2.0 8.468 8.467 8.495 8.480 8.920+0.029
3.0 4.794 4.791 4.793 4.785 5.002+0.018
4.0 3.006 3.006 3.010 3.007 3.099+0.012
5.0 2.092 2.091 2.093 2.092 2.193+0.010
6.0 1.542 1.542 1.543 1.543 1.651+0.007
7.0 1.167 1.167 1.167 1.167 1.183+0.005
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Table 4.8:Unconvoluted theoretical (LCAO-DFT-LDA, LCAO-DFT-GA; LCAO-
B3LYP and LCAO-PBEO) and experimental Compton pesfalong with statistical
errors (o) for CdFeQO,.

o J (p) (e/a.u.)
(a.u.) Theory Expt.
LCAO- LCAO- LCAO- LCAO-
DFT-LDA DFT-GGA B3LYP PBEO

0.0 28.354 28.329 28.211 28.243 27.237+0.059
0.1 28.308 28.285 28.162 28.194 27.089+0.059
0.2 28.042 28.021 27.897 27.929 26.792+0.058
0.3 27.586 27.569 27.460 27.492 26.347+0.058
0.4 26.874 26.861 26.784 26.816 25.75040.056
0.5 26.051 26.042 25.997 26.027 25.008+0.055
0.6 25.039 25.035 25.006 25.034 24.128+0.054
0.7 23.859 23.861 23.844 23.869 23.123+0.052
0.8 22.534 22.542 22.550 22.570 22.009+0.050
1.0 19.726 19.742 19.793 19.802 19.599+0.046
1.2 16.961 16.978 17.019 17.015 17.192+0.042
14 14.589 14.602 14.637 14.625 14.918+0.038
1.6 12.502 12.510 12.546 12.532 12.898+0.034
1.8 10.789 10.793 10.825 10.812 11.221+0.031
2.0 9.386 9.387 9.412 9.400 9.854+0.028
3.0 5.317 5.315 5.319 5.312 5.543+0.017
4.0 3.555 3.554 3.554 3.552 3.601+0.012
5.0 2.646 2.646 2.647 2.645 2.653+0.009
6.0 2.042 2.042 2.042 2.041 2.079+0.007
7.0 1.587 1.587 1.587 1.587 1.609+0.006
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both the compounds, we have undertak&fitting. For this purpose, we have used

the following formula,

]LCAO—DFT—LDA/LCAO—DFT—GGA/LCAO—B3LYP/LCAO—PBEO (pz) _]Experlment (p2)

2= S " @8

o (pz)

Here o(p,) is the statistical error at each palue. Thex® value for ZnFgO,
(CdFeQ,) using LCAO-DFT-LDA, LCAO-DFT-GGA, LCAO-B3LYP and.CAO-
PBEO approximations are computed as 4540.14 (28%74484.60 (2776.84),
3951.46 (2356.82) and 4189.12 (2534.73), respdytittence, the lowest value gf
indicates an overall better agreement by LCAO-B3L¥€heme for both the
compounds. Further similar type of performance aofthb the hybridized
approximations (LCAO-B3LYP and LCAO-PBEQO) is dueao incorporation of HF
exchange effects in such computations. The diffezen LCAO-B3LYP and LCAO-
PBEO data may be due to the different contribugbhybridization in exchange and
correlation potentials and the percentage of mixihglF with DFT (being 20 and 25
% in B3LYP and PBEO schemes). In the low momentige differences between
theoretical and experimental CPs may be due toimduasion of relativistic effects
and Lam-Platzman (LP) correlation [19] in LCAO adétions and further possibility
for improvement in the quality of Gaussian basids sased in the present
computations.

4.3.4. EVED:

To highlight relative nature of bonding in the mesiso-electronic compounds, we
have rescaled the LCAO-B3LYP based CP and expetiprafile on EVED (p/pe)
parameters (Fig. 4.8). Values of Fermi momentug) {pr ZnFeO, and CdFg0,
were taken as 1.48 and 1.42 a.u., respectively.oliter electrons configurations of
Zn (Cd), Fe and O atoms in TME2, (TM = Zn and Cd) environment are considered
as 3d%4¢ (4d'%5<), 3d°4s” and 282p*, respectively. Since the total valence electrons
in both the iso-electronic compounds are 52, tlreeebach EVED profile has been
normalized to 26 ein the major prange of 0-2 a.u. From Fig. 4.8, EVED/f =0)
value of CdFgO, using LCAO-B3LYP (experiment) is found to be 2.@L76) %
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Fig. 4.8: Equal-valence-electron-density (EVED) profiles sb-electronic ZnF£©,

and CdFgO, for (a) LCAO-B3LYP and (b) experimental. In the emsthe values of
J(p/pr) near p/pe=0 are shown.
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lesser than that of Znk®,. Such a trend indicates more ionic (or less cowale
character of CdR©®, than ZnFegO,. This is admittedly due to a fact that the lower
value of J(g'p==0.0) indicates the lesser sharing of the elect@osg the bond
directions which further leads to lesser covalaent ligher ionic) character in the
compound. Trend shown by present theoretical (B3L&Rd experimental EVED
profiles is also in accordance with earlier diseas®P and OP analysis. Such type
of confirmation of charge transfer and overlap pafpons (as deduced from MP
analysis) was also quite successful in other comgelike TMWQ (TM= Zn and
Cd) [37], AgTMO,4 (TM= Cr and Mo) [38], TMTIQ (TM = Ba, Sr and Ca) [39].
4.3.5. LCAO based Magnetization:

Local magnetic moments for Fe ions in ZpBe (CdFeO,) have been calculated
using LCAO-DFT-LDA, LCAO-DFT-GGA, LCAO-B3LYP and LE&O-PBEO
schemes and the values are found to be 3.47 (38D,(4.07), 4.24 (4.24) and 4.31
(4.32) pyg per formula unit, respectively. Here, the unit amlhgnetic moment for
ZnFe0, (CdFeO,) are also calculated as 7.87 (9.23), 9.57 (9.939 (9.99) and
10.01 (10.01pg from LCAO-DFT-LDA, LCAO-DFT-GGA, LCAO-B3LYP and
LCAO-PBEO schemes, respectively. Our LCAO-B3LY Pniatation based magnetic
moments of Fe ions for both the ferrites are inoatance with the available data
[3,8,9,12,13,14]. In case of LCAO-B3LYP, the magmenhoment of Fe ions is
approximately equal to the experimental value d24ug. Also, our unit cell
magnetic moment using LCAO-B3LYP scheme for Zithds found to be same as

reported by Soliman et al. [8] using FP-LAPW appioa

4.4. Conclusions:

MP analysis, energy bands, DOS, band gaps and @Rputed using DFT-LDA,
DFT-GGA, B3LYP and PBEO within LCAO approximatioasong with Compton
profile measurements for Znk&, and CdFg0, are presented. Further, MP analysis
shows the charge transfer from zinc/cadmium and tocoxygen atoms. On the basis
of EVED CPs and MP data, more ionic character ifr&d, than that in ZnF&,
was observed. The magnetic moments are well exploge the LCAO-B3LYP
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approximation. A closer agreement of LCAO-B3LYP dsh<Compton profiles with
the experimental CPs, reproducibility of band gajasifirmation of trend of B3LYP
based MP and OP data together with electronic resp@nd magnetization data
unambiguously warrants use of hybrid functionals éxchange and correlation
potentials in the spinel ferrites, as reported here
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Experiment and LCAO
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Based on;
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N.L. Heda, D.M. Phase, B.L. Ahuja, J. Alloys
Compounds (2020) Revised

141



5.1. Introduction:

The transition metal (TM) doped ferrimagnetic spimades, such as TME®, (TM

= Co, Ni, Zn, Cd and Mn) are newly engineered nialier Such materials are quite
useful in advanced electronic and magnetic devildes,microwave-integrated and
magnetoelectric devices and spin filters. Amongé¢hexides, NiF£, (NFO) is of
immense interest due to its peculiar technologica fundamental properties. NFO is
known to exhibit an inverse spinel structure, whii& cations occupy octahedral
(B) sites and F& ions are equally divided among the tetrahedraldAd octahedral
(B) sites. Theoretically, the magnetic momentsrafferromagnetically coupled Fé
ions are cancelled from the tetrahedral and octahesites in the inverse spinel
structure. Accordingly, the Kfiions on the octahedral sites majorly contributettie
magnetization with a moment of about g/fpu. [1-3]. The structural, magnetic and
electronic response of NFO have been exploredarmpétst years [4-13]. It is reported
that the properties of NFO hugely rely upon theocet distribution of Ni and Fe
ions between A and B sites, which in turn depemusuhe doping parameters and
the method of sample preparation. Earlier, the ratogmystalline anisotropies were
studied using density functional theory (DFT) [4 Bdcal spin density approximation
(LSDA) and generalized gradient approximation (GG#Abhin DFT schemes were
employed for structural and electronic properties NFO [6]. Few studies of
epitaxial strain effects, magnetoelastic, magnstiaciion and p-d hybridization in
NFO using DFT with LSDA+U and GGA+U are also avial@ain literature [7-9].
Pénicaud et al. [10] have reported the electronic spin-dgrianctional based energy
bands, density of states (DOS) and magnetic momiemtdNFO. Further, fully
relativistic Dirac linear muffin-tin orbital (LMTO)with LSDA and LSDA+U
formalism were considered for electronic propertiesay absorption and magnetic
circular dichroism spectra [11]. NFO was also sddin spinel and inverse spinel
structures using self-interaction corrected LSDAthod [12]. Among different
dopants, Cr doping in NFO is of further interesé doi presence of three magnetically
active Nf*, F€* and Cf* ions [13-18]. Patange et al. [14] suggested tHérNe..
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xO4 (X = 0 to 1) prepared by chemical co-preparatioethmd has mixed spinel
structure and the electric field values requiredsieitching properties increase with
increasing Cr concentration. Rais et al. [15] fedied NiCgFe,«O4 (X = 0 to 1.4)
ferrites by double sintering ceramic technique aesiealed an occurrence of
magnetic compensation with Cr doping. Althougheffect of Cr doping in NFO has
been studied by many authors, only a few have etlutlie doping of Cr at Ni site.
Lang at el. [16] studied MNiiFeO, (M=Cr, Co and 0.8x<0.3) prepared by
chemical co-precipitation method. It was found timaignetic moment decreases with
Cr doping, while it increases with Co doping, intsmf the fact that Co and Cf*
both have higher magnetic moment tharf'Nirhey have proposed a quantum —
mechanical potential barrier to explain this dipamcy. Also the cation distribution
analysis using x-ray diffraction (XRD) measuremenagnetic and Mdssbauer effect
for Cr doped NFO are available in the literaturé-[B].

In this chapter, which is also communicated bymng.i Alloys Compounds (2020)
revised, we have reported structural, electronat magnetic properties of NFO and
Nig.0sCro.0sF€04 (NCFO) due to the fact that Cr at Ni site has beén explored
much in ferrites. Linear combination of atomic ¢als (LCAO) scheme with DFT
[19] was also employed for the first time to conguatagnetic moments, Mulliken’s
population (MP), majority- and minority-spin DOSda@ompton profiles (CPs) for
NFO. In addition, Compton profile (CP) measurementye attempted for NFO
using 740 GBd*'Cs Compton spectrometer [20] to validate the themieCPs. Due
to the small component (5 %) of Cr doping (leadimdarge unit cell formation) for
NCFO and limitations of computational parameterg, eould not extend LCAO
based computation for MNi=Crp o0, and also CP measurements were restricted

due to non -availability of theoretical data fotigation of measurements.

5.2. Methodologies:

5.2.1. Structural and magnetic properties:
NFO and NCFO were prepared by solid state reacti@thod using requisite

amounts of high purity oxides, namely,Og, Fe&Os; and NiO. Each mixture was
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calcined at 900°C for 24 h and calcined powder thasoughly grounded in an agate
mortar and thereafter palletized under the higésguire. The pellet was sintered at
1050°C for 24 h. We have repeated this processyagal the pallet was grounded
and pelletized under high pressure and sinteretil@0°C for 12 h. Furthe®-20
XRD was carried out using Brooker D2-Phaser withKGusource to identify phase
of the prepared samples. The crystal structures vefined using the Rietveld profile
refinement program FULLPROF [J. Rodriguez-Carvaf@JL LPROF Version 3.0.0,
Laboratorie Leon Brillouin, CEACNRS, 2003]. Fourigansform infrared (FTIR)
spectroscopy was performed using Bruker model xer@ Raman spectra were
registered at room temperature. Further, magnet@sorements (M-H) were carried
out employing a 7-Tesla SQUID-vibrating sample neigmeter (SVSM; Quantum
Design Inc., USA).

5.2.2. CP measurements:

In Compton spectroscopy measurements, CP,),Ji® basically a projection of
electron momentum density along the z-axis (saéagerector direction) [21,22 and
chapter 1]. Experimentally, we measure double gifféal Compton scattering cross-

ti 2 i Iculat :
sec |on[d %ngz) and J(p) is calculated as

_ 1 . do 5.1
W) = ClE Eon) ‘w0, &Y

Here E; and k are the energies of incident and scattered photeunsherd and p

are scattering angle and component of linear moumnerdf electron along z-axis,
respectively. The factonC(El,Ez,e,pz) can be deduced from the formalism of
Eisenberger and Reed [23]. Present, CP measurerfenidFO were performed
using 740 GBq*'Cs Compton spectrometer at a momentum resolutidh3ef a.u.
(full width at half maximum) [20 and chapter 2].rKOP measurements, we have used
circular pellet of NFO and placed it vertically ime sample chamber. The diameter,
thickness and bulk density of the sample were £rf50.137 cm, and 2.89 gm/&m
respectively. In the present measurements, phobtbrenergy 661.65 keV were

allowed to impinge on the sample pellet and ttatsced photons were detected at a
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scattering angle of 160+0.®y a high purity Germanium (HPGe) detector (Carsder
made, Model GLO510P). The cross sectional areatlinkiness of Ge crystal were
500 mnf and 10 mm, respectively. We have ensured aboutsthiility of the
associated electronics throughout the measuremssitgy two weak calibration
sources namely’Co and***Ba. Total 5.22x 10’ integrated Compton counts were
collected during acquisition periods 401.0 h. Nohe raw data (as reported in Fig.
2.5b of chapter 2) were handled for systematicemions like background, detector
efficiency (limited to stripping-off the low-energtail), sample absorption and
Compton cross-section corrections using standardpoter codes [24]. Further
multiple scattering correction (terminated upt@leiscattering) using Monte Carlo
simulation was also applied, following the mathao@tformulation of Felsteiner et
al. [25]. Finally, the CP data were normalized twresponding free atom (FA) CP
area of 50.85°@én the momentum range-0 a.u. [26].
5.2.3. LCAO calculations:
MP data, magnetic moments, majority- and minorirsDOS and CPs have been
computed using LCAO scheme [19 and chapter 2].datdsCAO calculations have
been accomplished in DFT framework within LDA amd¢end order GGA (SOGGA)
along with peculiar hybridized (HF+DFT) schemes (BB and PBEOQ) as prescribed
by Dovesi et al. [19]. Combinations of exchangerelations potentials can be
chosen in terms of various exchange-correlatiomrggnésxc) models available in
literature [19]. Different exchange-correlationsergies chosen in the present
computation are summarized below:
(i) DFT-LDAVBH: Dirac—Slater [19] exchange and von Badnd Hedin (VBH)
[27] correlation energies.
(i) DFT-SOGGA: Exchange and correlation energies ofoZtaal. [28] and Perdew
et al. [29], respectively.
(i) B3LYP: Exchange energies of Dirac-Slater [19], Begkadient correction [30]
and Hartree-Fock (HF) [19] along with correlatiameggies of Vosko et al. [31]
and Lee et al. [32].
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(iv) PBEO: Exchange energies of Perdew et al. [29] aRd19] along with Perdew
et al. [29] correlation energies.

The basis sets of Fe, Ni and O atoms were taken frtip://www.crystal.unito.it/
basis-sets.php and were re-optimized for minimuergynusing BILLY code in the
NFO environment and reported in Table 5.1. In thgk, our XRD (discussed in
Section. 5.3.1) based lattice parameter for NFOewssed. Self consistent field
computations were performed using B5oints in the irreducible Brillouin zone
(BZ). Total CP of DFT-LDAVBH, DFT-SOGGA, B3LYP an®BEO have been
calculated by adding the FA core contribution [26] the presently computed
normalized CP data for valence electrons. In Fifj, e have plotted the structure
sketch of NFO using plotting tools of Kokalj [33].

5.3. Results and Discussion:

5.3.1. XRD measurements:

The room temperature (RT) Rietveld refined XRD gattof NFO and NCFO
samples are represented in Fig. 5.2(a,b), respdgtiwe have employed pseudo-
Voigt function for refining the peaks. It is cleom the Fig. 5.2 that the peaks
corresponding to (111), (220), (311), (222), (4qap?2), (333), (511), (440), (531),
(442), (620), (444) and (551) are reflection of thebic structure of the spinel with
the space group Fd-3m. The fitted curves match weh the experimental data,
which unanimously depict structure with space grdeugpp3m of inverse spinel
arrangement. It is worth mentioning that all thakseobserved in XRD spectra are
totally generated by the spinel structure and thenmeo extra peak of any impurity
phase. The refined parameters of samples are giveable 5.2 along with weighted
pattern Ry, Bragg factor Bragg Structure factor Rand ¥* to support the quality of
present fitting. Our lattice parameter for NFO @3 is in accordance with those
reported by Pubby et al. [34] and Ahlawat et ab][3 he distribution of divalent and
trivalent cation among tetrahedral and octahedtak sn the NjosCro o0, was
[Nio.931Cro.0ad €] oc{Fe0.997tetOs. The lattice constant of NCFO calculated using
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Table 5.1: Optimized basis-sets, Gaussian exponents (in®Jaand contraction
coefficients for Ni, Fe and O in case of NiPg. Asterisks represent unoccupied

atomic orbitals at the beginning of the self catesisfield (SCF) process.

Atom Orbitals Exponents Coefficients
S p d
Ni S 367916.0 0.000227
52493.9 0.001929
11175.8 0.0111
29254 0.05
882.875 0.1703
305.538 0.369
119.551 0.4035
49.9247 0.1426
sp 924.525 -0.0052 0.0086
223.044 -0.0679 0.0609
74.4211 -0.1319 0.2135
29.6211 0.2576 0.3944
12.4721 0.6357 0.3973
4.2461 0.2838 0.2586
sp 56.6581 0.0124 -0.018
21.2063 -0.2218 -0.08
8.4914 -0.8713 0.2089
3.6152 1.0285 1.255
sp 1.417 1.0 1.0
sp* 0.4812 1.0 1.0
d 41.0800 0.041
11.4130 0.2063
3.8561 0.428
1.3017 0.4805
d* 0.3719 1.0
Fe S 315379.0 0.000227
45690.0 0.0019
9677.3 0.0111
2520.88 0.0501
759.746 0.1705
262.964 0.36924
102.801 0.4033
42.9733 0.1434
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sp 798.262 -0.0052 0.00850

191.162 -0.068 0.0608
63.6885 -0.1314 0.2114
25.3625 0.2517 0.3944
10.7338 0.6433 0.398
3.764 0.2825 0.2251
sp 48.1434 0.0122 -0.0215
17.4579 -0.2278 -0.085
6.9972 -0.8801 0.201
3.0791 0.9755 1.3024
sp 1.2989 1.0 1.0
sp* 0.5430 1.0 1.0
d 31.3296 0.058
8.7866 0.263
3.1008 0.5017
1.1377 0.5656
d* 0.3594 1.0
S 8020.0 0.00108
1338.0 0.00804
255.4 0.05324
69.22 0.1681
23.90 0.3581
9.264 0.3855
3.851 0.1468
1.212 0.0728
sp 47.7145 -0.0102 0.0098
10.47 -0.0908 0.0692
3.2817 -0.0434 0.2052
1.241 0.3984 0.3263
sp* 0.466 1.0 1.0
sp* 0.183 1.0 1.0
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Fig. 5.1: Structural sketch of NFO plotted using softwar@ tf Kokalj [33].
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Fig. 5.2: XRD patterns for (a) NiE©®, (NFO) and (b) Nj.osCro 0604 (NCFO).
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Table 5.2: XRD lattice constant and other parameters of plke(NFO) and
Nio_gsCl’o.ogFEzO4 (NCFO)

2 Rwp Rep RrF  Reragg Volume  Grain size A)
(A%)

NFO 8.338 1.82 17.713.09 9.320 7.398 579.68 1263.61 A

NCFO 8.334 1.70 21.916.77 9.177 9.212 578.95 660.51 A

Sample a (&) x
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Rietveld refinement is found to be approximatelyneato the parent compound,
which is understandable due to similar ionic ramfiiNi*?> and CF® ions. After
confirming the single phase nature of these samplesdetermined their grain sizes
using following Debye-Scherrer formula,

D =0.94 /(B Co¥) (5.2)
In Eq.5.2,4 is the wavelength of the incident x-rayais the Bragg diffraction angle
and B is the FWHM of corresponding peak in XRD $pedt is observed that the
grain size for NFO is larger than NCFO, which maydue to the strain produced in
the lattice due to small difference in ionic radfi Ni*?> and Cf? (although small
difference) hindering the grain growth.

5.3.2. Raman spectroscopy and FTIR measurements:

To further assess local disorder in Be@tahedral induced by Jahn—Teller distortion
due to the local geometry of the structure andratiteraction, we performed Raman
spectroscopy and FTIR measurements. According @ogtioup theory, NFO with
cubic spinel structure is predicted to have follogvmodes of vibration [36],
Ag(R)+E(R)+T1g(in)+3Tog( R)+2A0(in)+2E,(in)+4 Ty (IR)+2T2(in) (5.3)
In Eq. 5.3, Ay, E; and T4 are Raman active modes,, Type mode is infrared mode
and all others are silent modes. Figs. 5.3 ancdaf}6how FTIR and Raman spectra
of NFO and NCFO, respectively. Besides this, in NfR@ higher frequency mode
above 700 cfm (A1g) corresponds to the motion of oxygen (symmetnieteh along
Fe-O bond) in tetrahedral site, while the lowemérency modes ([(2) ~ 490.85
cm?, E; ~ 335.61 crit and hy(3) ~ 581.07 cil) depict the characteristics of the
motion of oxygen in octahedral sites. NCFO Ramatsp also show a shoulder like
feature at lower wave number around ~ 660" cwhich is due to the difference in the
local cation distribution between tetrahedral amthbedral sites. The shoulder is
slightly broader in NCFO due to further amendmaerié/Ni-O bond distance caused
by Cr doping. The effect of Cr doping in NFO on thierostructure is clearly evident
from Table 5.3 where the position and FWHM of Ramaodes have been compiled.
All the observed modes are in consonance with #réee reports [34,35]. As we

dope Cr at Ni sites, the bands shift towards lowmeave number which is attributed to
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Fig. 5.3: FTIR spectra for NiF®, (NFO) and Nj 9sCrp osF-€04 (NCFO).
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Table 5.3: Raman parameters (different band positions togethth FWHM of
Raman peaks in ch of NiFe,04 (NFO) and Nj.o=Cro.0-&04 (NCFO).

Sample =3 T2g(2) T2y(3) Shoulder Aqg
peak
() NFO 336.28 489.16 578.16 672.88 705.20
FWHM  20.64 33.27 37.89 72.75 23.55
(i) NCFO 335.61 490.85 581.07 668.86 704.33
FWHM  32.72 41.27 54.41 73.35 31.94
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the compression of Fe-O bonds. Observed increasednwidth of Raman modes
suggest a higher electronic disorder in Cr dopedp$a which is in consensus with
smaller grain size as revealed from XRD. Moreoteg, blue shift in Raman modes
for octahedral site indicates the incorporatiol@oflominantly into octahedral sites.
5.3.3. Magnetization:

M-H loops of NCFO measured at RT are shown in 5i§. We have also measured
the M-H loop of NFO at RT and shown in the insefF. 5.5. It is observed that the
magnetic moment of NCFO is reduced to almost hBINBO. It is also seen that
NFO exhibits a steep M-H loop with coercivity oifféde magnetic field, while the
coercivity of NCFO increases to ~800 Oe. The readacin magnetic moment in
NCFO can be understood in terms of the modifiecharge interaction betweenii
and F&" ions when doped with €t It has been reported that wherfN5 replaced
by CF*, the Cf* ions prefer to sit at octahedral site only [15,3%$ CF* has less
than half filled 3d states, while £&i** 3d states are half filled or more than half
filled, the magnetic moment of €rmust align antiferromagnetically with those of
Fe**INi?* ions. The coercivity is increased due to increatisdrders arising from the
ionic radii mismatch between €Ni** and F&" ions.

It is known that the magnetic properties of fegiteigely depend upon on the cation
distribution. In the present study, it is foundtttiee M-H loop shows a pinched shape
(sudden slope change near origin), suggesting régepce of two magnetic phases:
hard magnetic phase (with higher coercivity) anfl sagnetic phase (with smaller
coercivity) [38]. It is to be noted here that appeae of two-phase-like hysteresis
loop was also found in GNi;xF&O, system by Lang et al. [16], though it remained
unnoticed there. The same was the case for e O, where Raghasudha et al.
[39] have observed pinched hysteresis in Cog@k&ut this feature again remained
unobserved.

In Table 5.4, we have collated our experimental HM-and theoretical (DFT-
LDAVBH, DFT-SOGGA, B3LYP and PBEOQ) based magnetioments along with
the available data [4,6,10-11] for NFO and NCFOe Thagnetic moment at A site
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Fig. 5.5: The magnetic hysteresis loop ofohCrooFe0,4 (NCFO). In inset, M-H
curves of NiFgO4 (NFO) are shown.
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Table 5.4: Experimental (M-H) and theoretical (DFT-LDAVBH, DFSOGGA,
B3LYP and PBEO scheme) based magnetic moments alibnghe available data for
NiFe;O4 (NFO) and Ni osCro 0,04 (NCFO). Here, A and B denote the tetrahedral
and octahedral sites as mentioned in the text.

Approach Magnetic momenty(s)
Fe(A) Ni(B) Fe @) Total
(B)

(a) NiFe,O4 (NFO)
(i) Present work

 DFT-LDAVBH -3.32 1.24 364 009 192

» DFT-SOGGA -3.55 1.36 382 0.09 1.99

 B3LYP -4.08 1.64 420 0.06 2.00

* PBEO -4.17 1.69 428 005 2.00

* Experiment (M-H) 1.95
(ii) DFT with [4]

 LSDA+U -3.82 1.49 400 --- 1.67

* GGA -3.46 1.36 3.71 - 1.61

« GGA+U -3.97 1.58 411  --- 1.72
(iif) DFT-LSDA [6] with k-point

sampling

o 2 x2x2 -3.40 1.33 3.70 0.10 2.03

e 3x3x3 -3.40 1.34 3.70 0.10 2.04

o 4 x4x4 -3.40 1.34 369 010 2.03

e 5x5x%x5 -3.40 1.34 3.70 0.10 2.04
(iv) LSDF [10] -3.24 1.38 3.70 0.04 200
(v) DFT-LSDA+U [11] -4.01 181 412  --- 1.92
(b) Nio,gsCl’o_ogFEzO4 (NCFO)

» Present experiment (M-H)  ---- 0.96
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(tetrahedral) of Fe and B site (octahedral) of iNd &e along with O atom component
are also compiled in Table 5.4. Here, present LC#a3ed theoretical magnetic
moments (DFT-LDAVBH, DFT-SOGGA, B3LYP and PBEO) arery close to the
experimental (M-H) data than those reported usiikg vith LSDA+U, GGA and
GGA+U [4] and also DFT-LSDA [6]. Further, our B3LY&hd PBEO schemes based
magnetic moments for NFO are same as reported hmr otorkers [1-3]. It is also
noticed that our DFT-LDAVBH based moments are climsthe DFT-LSDA+U [11]
which might be due to similar type of LDA approxitia@. Also, our B3LYP and
PBEO data are reconcile well with the LSDF [10].eNkess to mention that the
magnetic moments of Fe atom at A and B sites majoathcel due to the inverse
spinel structure of NFO.

5.3.4. MP analysis:

MP charge transfer data of NFO have been incorpdrat Table 5.5 using LCAO
scheme (DFT-LDAVBH, DFT-SOGGA, B3LYP and PBEO). HeFe and Ni atoms
at both sites (tetrahedral and octahedral) behs\doaor atoms whereas O atoms are
acceptor atoms. The total charge transfer for NEihgu DFT-LDAVBH, DFT-
SOGGA, B3LYP and PBEO schemes are found to be £8&, 5.50 and 5.70 e
respectively. The large value of charge transfelicetes the dominancy of ionic
bonding in NFO. Further, a small difference is afed in the amount of charge
transfer in case of Fe atoms at tetrahedral anahedtal sites for all the schemes
(DFT-SOGGA, B3LYP and PBEO schemes). Also at odediesite, Ni and Fe show
different charge transfer in all the four approxiimas (DFT-LDAVBH, DFT-
SOGGA, B3LYP and PBEO schemes). Further, the amotinharge transfer using
DFT-LDAVBH and DFT-SOGGA schemes are lower thansthaising B3LYP and
PBEO schemes. This may be due to the incorporatic?0 and 25 % HF hybrid
components in case of BALYP and PBEO schemes,atbagly. Needless to mention
that such MP data are quite reliable as the prelasis sets contains sufficient
numbers of external atomic orbitals for NFO. Alssiuch MP analysis has
successfully been applied to our earlier work ordes like AWQ (A=Co, Ni, Cu,
Zn and Cd) [40-41].
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Table 5.5: Mulliken's population (MP) based charge transfsutting from donor
(Fe and Ni) to the acceptor (O) atoms for N{B£(NFO) using DFT-LDAVBH,
DFTSOGGA, B3LYP and PBEO schemes within LCAO apprations. The
numbers of equivalent atoms are shown in the btacke

Scheme Amount of charge transfer (e

Donor atoms Acceptor atoms

Fe Ni O

A Site B site B site
DFT-LDAVBH 1.72(2) 1.75(2) 1.41 (2) 1.24 (4) 1.20 (4)
DFT-SOGGA 1.77 (2) 1.46(2) 1.83 (2) 1.29 (4) 124 (4)
B3LYP 1.96 (2) 1.52(2) 2.02 (2) 1.40 (4) 1.35(4)
PBEO 2.04(2) 1.57 (2) 2.09 (2) 145(4) 14D (4
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5.3.5. Majority- and minority-spin DOS:

In Fig. 5.6, we have presented total majority} énd minority-spin () DOS for NFO
using B3LYP approximation. DFT-LDAVBH, DFT-SOGGA @PBEO based DOS
are not reported because of their similar topolagyor B3LYP scheme. In Fig. 5.6,
we have not observed crossovers of Fermi energgl &) by DOS and also a
significant region abovefwith non-existence of DOS is seen. Present DOSroon
wide band gap or almost insulating nature of NFQctvhs in agreement with the
available data [2,11,12,42]. Here, the band gapesfrom majority- and minority-
spin DOS using B3LYP scheme for NFO were observed3dl and 2.59 eV,
respectively. Our band gap values are in agreemht majority- (3.3 eV) and
minority-spin (2.7 eV) values as reported by Sun akt [2] using HSEO06
approximation. This is expected because HSEO antlYB3both are hybrid
(HF+DFT) approximations. Additionally in Figs. 5a#¢l), we have plotted individual
majority- (1) and minority-spin () DOS for 3d, 4s and total states of Fe atom at A
site, 3d, 4s and total states of Ni atom at B 8itk4s and total states of Fe atom at B
site and 2s, 2p and total states of O atom, reiséct The silent features of DOS
from Fig. 5.7(a-d) are:

(i) DOS in the energy range betwee?0.32 t0-18.68 eV (not shown here): The
contribution of 2s states of majority-spin elecsaf O atom is observed while the
contributions of 4s states of Fe atom (A and Bsji@nd Ni atom (B site) were
missing.

(i) DOS in the energy range betweghl18 eV to E level: The main contributors are
3d minority-spin states of Fe atom at A site andriglority- and minority-spin states
of Ni atoms at B site and 3d majority spin stateatdm at B along with a small
component of 2p majority- and minority-spin statéD atoms. Here, hybridization
of 3d states of minority-spin of Fe atom at A sited majority-spin of Fe atom at B
site is observed betweetY.62 t0-5.56 eV. Also the hybridization of 3d states of
majority-spin of Ni and Fe atoms at B site is sbetween-5.99 t0-4.42 eV. Here, a

mixed hybridization of 3d states of Fe atom at #& g¢minority), Ni atom at B site
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Fig. 5.6: Majority- (1) and minority-spin () total DOS for NiFgO, (NFO) using
B3LYP scheme.
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(majority) and Fe atom at A site (majority) is sémtween-5.99 to-5.56 eV. Below
the B level, the major contribution is achieved from thajority-spin of 3d states of
Ni atom (B site).

(i) In the conduction band region, the DOS in #w®ergy range between +2.59 to
+3.41 eV is mainly contributed by minority-spin tets of Fe atom at B site. Also, a
hybridization of 3d states of majority- (A site)daminority-spin (B site) of Fe atom
is achieved between +3.41 to +4.80 eV. While domegeof minority-spin states of
Ni atom (B site) is witnessed between +4.80 to %Y. Also a small contribution
between +3.41 to +4.47 eV is visualized from 2pestaf O atom. It is observed that
B site majority-spin of 3d states of Ni atom andrBohority-spin states of Fe atom
are mainly responsible for the creation of valeD€&S maxima and conduction DOS
minima, respectively, with non crossovers @fl&el. Hence these states are majorly
responsible for the wide band gap or insulatingireadf NFO.

5.3.6. CP analysis:

Fig. 5.8 contains the directional differences bemveinconvoluted CPs 1(dJiio,
J11~doo and dig-Jiog) for NFO using DFT-LDAVBH, DFT-SOGGA, B3LYP and
PBEO schemes. While the numerical values of undote® directional CPs ([100],
[110] and [111]) using considered schemes for Mik@re incorporated in Table 5.6.
It is easily visualized that the general trend stilbations in these theoretical
anisotropies in CPs {J-Ji10, J11—Joo @and Jdig-Jdiog) is quite similar for all the
considered approximations (DFT-LDAVBH, DFT-SOGGAZ3IBYP and PBEO
schemes). Also, the anisotropies in Fig. 5.8 in th@mentum range ;4.0 are
approximately zero as the major contribution irsthegion is from identical core
electrons, whose contribution in CPs is cancellddilevtaking the directional
differences. In the low momentum region &p@<3 a.u.), significant differences are
observed which may be due to the difference indleetron densities along low
indexed [100], [110] and [111] directions. Alsomalst similar deviations in the
anisotropies using DFT-LDAVBH and DFT-SOGGA are @bed in the low

momentum region, which can be understood in terhsénailar performance of both
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Fig. 5.8: Anisotropies in the unconvoluted theoretical Coonpprofiles for NiFgO4
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Table 5.6: The unconvoluted directional CPs of NiBg along [100], [110] and [111] using DFT-LDAVBH, DFSOGGA,
B3LYP and PBEO schemes within LCAO approximations.

o J (p) (e/a.u.)
(a.u.) DFT-LDAVBH DFT-SOGGA B3LYP PBEO
[100] [110] [111] [100] [110] [111] [100] [110] [ [100] [110] [111]

0.0 25.676 25972 26.139 25.676 25977 26.149 25.680 25.873 26.048 25483 26.067 26.171
0.1 25.606 25.927 26.062 25607 25.934 26.073 25.639 25853 25.988 25.446 26.035 26.107
0.2 25.313 25.685 25754 25315 25.694 25.766 25.410 25658 25.713 25.228 25.820 25.827
0.3 24.868 25.242 25280 24.871 25.254 25.292 25.006 25253 25.262 24.839 25.414 25.368
0.4 24301 24559 24.634 24.303 24571 24.646 24.407 24.602 24.623 24.255 24.786 24.704
0.5 23.696 23.759 23.884 23.696 23.769 23.895 23.719 23.814 23.868 23.609 24.031 23.906
0.6 22.902 22.815 22922 22902 22.825 22.932 22.855 22.831 22.900 22.835 23.056 22.883
0.7 21.889 21.776 21.791 21.892 21.787 21.802 21.825 21.750 21.769 21.915 21.924 21.701
0.8 20.650 20.593 20.514 20.659 20.604 20.526 20.599 20.587 20.492 20.780 20.655 20.401
1.0 18.035 17.996 17.865 18.057 18.009 17.876 17.916 18.039 17.821 18.234 17.956 17.823
1.2 15.632 15.352 15.245 15.654 15.363 15.255 15.406 15.290 15.177 15.790 15.352 15.326
1.4 13.528 13.077 13.024 13.539 13.081 13.031 13.368 12.939 12.985 13.621 13.111 13.153
1.6 11.404 11.132 11.150 11.403 11.127 11.150 11.395 11.039 11.133 11.412 11.124 11.208
1.8 9511 9.572 9.629 9504 9.565 9.622 9.607 9562 9.626 9.462 9.516 9.602
2.0 8.040 8.301 8319 8031 8293 8309 8173 8351 8352 8.006 8.216 8.260
3.0 4729 4573 4578 4724 4568 4574 4683 4570 4587 4714 4529 4.590
4.0 2.856 2.878 2.869 2.855 2.876 2.867 2.873 2.883 2886 2.844 2861 2.857
5.0 2014 2022 2026 2.013 2022 2026 2.023 2027 2027 2.008 2016 2.029
6.0 1505 1.497 1.497 1505 1.497 1.497 1501 1500 1.499 1500 1.495 1.495
7.0 1129 1134 1134 1129 1134 1.134 1133 1135 1.135 1125 1132 1.135
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the schemes within DFT formalism. Also, a smallfeténce in the low
momentum region is observed in the anisotropiesigu83LYP and PBEO
schemes which might be due to the different HF camept in both the
approximations. From all four approximations, thedretical J(p) near p =0
along [111] direction is higher than that of [1E0]d [100], which is attributed to
large degenerate states neaang [111] direction. Needless to mention that th
directional CP measurements for NFO are requirec fealidation of theoretical
anisotropic effects in momentum densities.

Differences between convoluted theoretical (DFT-MBY, DFT-SOGGA,
B3LYP and PBEO) and experimental CPs along withstiaéistical error (¢) for
NFO have also been presented in Fig. 5.9. To a¢dbarexperimental resolution
in theory, each theoretical CP has been convolwghd 0.34 a.u. (Gaussian
FWHM). In Table 5.7, numerical values of the uncoioted theoretical and
experimental CPs along with the statistical ertar) for NFO are listed. We have
employedx? test to conclude about better reconciliation oheotetical LCAO
based approximations (DFT-LDAVBH, DFT-PBESol, B3LYdAd PBEO) with

the experimental data. The valuexdare calculated using the following relation,

]DFT—LDAVBH/DFT—SOGGA/B3LYP/PBE0(pz)_]Experiment(pZ)] 2

=33

Here the values of® for NFO using DFT-LDAVBH, DFT-SOGGA, B3LYP and
PBEOQO are 12267.85, 12403.54, 11095.96 and 1163#e4pectively. Such a trend
indicates a better agreement of B3LYP scheme wimg@on experimental data
than other schemes namely DFT-LDAVBH, DFT-SOGGA &PBEO. Poor

quality of basis sets along with non-inclusion efativistic effects and Lam-

A4
a(pz) (5 )

Platzman (LP) electron-electron correlation corms in the LCAO
approximation are expected to be main cause ford#weations between the
theoretical (DFT-LDAVBH, DFT-SOGGA, B3LYP and PBEAhd experimental
CPs for NFO in the low momentum side. It may besdadhat LP correction re-
arranges the momentum densities just below the iF@ementum (p) to above
the @ [21] which results to reduce values of J(pear p = 0, leading to better

agreement between theoretical and experimentah@feivicinity of p=0 a.u.
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Fig. 5.9: Difference profiles deduced from isotropic convetlitheoretical (DFT-
LDAVBH, DFT-SOGGA, B3LYP and PBEO schemes within AG
approximations) and experimental Compton profiles NiFeO, (NFO). The
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Table 5.7: Unconvoluted theoretical Compton profiles for NiBg (NFO)
computed wusing DFT-LDAVBH, DFT-SOGGA, B3LYP and PBE
approximations within LCAO schemes. The experimledtta have also been
listed along with the statistical errorq}tat each point.

P, J (p) (efa.u.)
(a.u.) Theory Expt.
DFT- DFT- B3LYP PBEO
LDAVBH SOGGA

0.0 25.895 25.897 25.771 25.813 24.029+0.051
0.1 25.849 25.852 25.729 25.771 23.899+0.051
0.2 25.605 25.610 25.494 25.536 23.639+0.051
0.3 25.180 25.188 25.082 25.122 23.251+0.050
0.4 24.553 24.562 24.467 24.505 22.740+0.049
0.5 23.814 23.823 23.737 23.774 22.113+0.048
0.6 22.881 22.892 22.815 22.849 21.378+0.047
0.7 21.799 21.810 21.754 21.782 20.550+0.046
0.8 20.569 20.582 20.561 20.581 19.645+0.045
1.0 17.985 17.998 18.040 18.046 17.679+0.041
1.2 15.416 15.427 15.487 15.480 15.653+0.038
1.4 13.184 13.190 13.249 13.233 13.712+0.034
1.6 11.185 11.184 11.236 11.218 11.939+0.031
1.8 9.542 9.537 9.581 9.565 10.371+0.027
2.0 8.235 8.228 8.257 8.243 9.015+0.024
3.0 4.601 4.596 4.603 4.594 4.877+0.014
4.0 2.875 2.873 2.876 2.873 3.073+0.009
5.0 2.023 2.022 2.024 2.023 2.121+0.007
6.0 1.497 1.497 1.498 1.497 1.559+0.005
7.0 1.134 1.134 1.134 1.134 1.136+0.004
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We emphasis to have many body wave functions bealedlations with electron-

electron correlation effect for a better comparisaii the experimental data.

5.4. Conclusions:

Structural and functional properties of{NCrFeO, (x = 0 and 0.05) have been
reported using XRD, Raman spectroscopy, FTIR andi®Qnagnetometer. The
changes in doublet like feature inigAmode of Raman spectra reflect the
amendment of Fe/Ni-O bond distances due to Cr dopirthe studied ferrites.
An increase in line widths of Raman modes sugdagtser electronic disorder in
Cr doped sample which is also in accordance witluggon in grain size. The
blue shift in Raman modes corresponding to octattaites suggests the presence
of Cr dominantly into the octahedral lattice sitesaddition, magnetic moment,
MP analysis, majority- and minority-spin DOS ands@Br NFO were calculated
using DFT and hybrid (HF+DFT) schemes within LCA@peoximation. Hybrid
scheme namely B3LYP based momentum densities sHmtter agreement with
the experimental CP of Nig®,, which has been measured using 20"0Cs
Compton spectrometer. Also, our LCAO based magmatiments for NiFg,
are in accordance with the present M-H experimeult @available data. Further,
the majority- and minority-spin DOS predict an ilading character (wide band
gap) in NiFeO, while MP data show charge transfer from Ni ancateenms to O

atoms.
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6.1. Introduction:

As discussed in chapter 1, it is well known faa tompton spectroscopy (CS)
have been used as a versatile tool for predictiegeiectronic properties of the
materials [1,2]. In the CS experiments, the meabugaantity is named as
Compton profile, J(), which is basically the projection of electron mentum
densities p(p)] along the scattering vector direction (usually edeed along z-
axis) as:

J(2) = [ p(P) dp, dp, (6.1)

where p is the momentum component of the electron alorgig-which shifts
the energy of scattered photon from(Ecident energy) to £(scattered energy)
with photon scattering anglé) as:

p; _ {Ex— E1+ E1E; (1-cos @) /myc} 6.2
MoC (E? + E} — 2E1E;cos ) 2

Fe;04is important Ferrites and used in several eleatrand magnetic devices for
different applications in radio frequency circuitegh quality filters, transformer
cores, read or write heads for high-speed digéple$ and several operating
devices [3-8]. Regarding the earlier studies, Seetal. [3] have applied the self-
interaction corrected local spin density approxioratto study the electronic
structure and magnetic properties of the base spme inverse spinel ferrites.
Penicaud et al. [4] have employed density funcliocalculations to study
magnetic and electronic properties ofF&0, (A=Fe, Zn, Co, Ni and Mn) while
Piekarz et al. [5] have studied the phase transfbam in this compound and
shown the monoclinic phase below the transitiore Tharge order in @, has
been explored by Szotek et al. [6] where as Masebal. [7] have observed the
density of states (DOS) in &, essentially originate from Fe atom. Regarding
the CP measurements, the magnetic Compton prdffie;®0, has been measured
at different temperature by Duffy et al. [8].

In this part of the chapter, which is also publghg us in AIP Conf. Proc. 1942
(2018) 090032-2090032-4, we have employed the 100 mi&Am Compton
spectrometer [9] to measure the CP ofdzeln theoretical side, we have used the
linear combination of atomic orbitals (LCAQO) schemihin density functional
theory (DFT) approximation [10] to compute the QWulliken’s populations
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(MP) and DOS. The experimental CP has been useleck the performance of

various exchange and correlation schemes within 8gproximations.

6.2. Experiment:

To measure the CP of #&&,, we have used the first ever shortest geometry and
lowest intensity based 100 m&TAm Compton spectrometer at a resolution of
0.55 a.u. (full width at half maximum) [9 and chapR]. A pallet of 25.4 mm
diameter and 4.11 mm thickness of the sample wassexi by the photons of
energy 59.54 keV and the scattered photons werectdet by a high purity
germanium (HPGe) detector at a scattering angle1l.65 Here, the density of
the pallet was found to be 0.6597 gmicamd the Ge crystal has 200 manoss
sectional area with 10 mm thickness. The intrircharacter of Ge crystal was
maintained by putting it at 77 K (i.e. liquid nigen temperature). The integrated
Compton intensity of 2.% 10’ counts was collected during the 140.87 h exposure
time. Further, the measured raw data were correfbedsome systematic
corrections like background, stripping of low-enetgil in the spectrum, sample
absorption, detector efficiency, Compton scatterngss-section, etc. using the
softwares of Warwick group [11]. Afterwards, thaalaere also corrected for the
multiple scattering (double and triple scattering3ing the Monte Carlo
simulations [12] and then the CP was normalizethécorresponding free-atom
(FA) CP area 50.05 & the momentum range 0-7 a.u. [13].

6.3. Theory:

The MP analysis, DOS and directional and isotrdpiRs were calculated using
LCAO approximations within DFT approximations [10dachapter 2]. Here, the
local density approximation (LDA) and generalizedadient approximation
(GGA) were considered within DFT scheme. It is knowhat LCAO
approximations compute the crystal wave functionsbying the Schrodinger

equation(H w =), where the Hamiltonian energy operaggy consists as:

. LOE[o(P)]

H=t+0+J[p(f)] 5 () (6.3)
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wheret, § andJ are corresponding to the kinetic, external pogmind Coulomb
interaction, respectively, while,Eis the exchange-correlation density functional
energy defined as:

E, [o(N]=] p(F) &, (F)dF (6.4)
here ¢, is the exchange-correlation energy per particlaniform electron gas

and defined differently in LDA and GGA approximatgas:

£ = g, () p(F) |0 (0] (6.5)
In the DFT-LDA, we have used the Dirac-Slater [HX{change along with
correlations of Perdew and Zunger [14] while theh@nge and correlations of
Perdew et al. [15] have been considered for DFT-GGAeme. For the present
case, the lattice parameter of;Bg (space group = 227) is taken as 8.377 A [5].
The all electron basis sets for Fe and O atoms teden after re-optimization up
to standard tolerance limit using BILLY softward9]. Here, the self-consistent
field (SCF) calculations have been performed ug@ag points in the irreducible
Brillouin zone (BZ). The total CPs using DFT-LDA&GDFT-GGA schemes have
been calculated by adding the FA core contributrom Biggs et al. [13] to the
corresponding theoretical valence CP. The optimikesdis sets for @&, are
listed in Table 6.1. While in Fig. 6.1, we havetf#d the structure sketch of cubic
Fe;04 using plotting software of Kokalj [16].

6.4. Results and Discussions:

The MP charge transfer data of;6g using DFT-LDA and DFT-GGA scheme
show the charge transfer from Fe to O atoms gOE€lhe value of total charge
transfer using DFT-LDA and DFT-GGA schemes are 4a# 4.50 g
respectively. Here, it can be seen that a sligiieérdint amount of charge is being
transferred from non-equivalent Fe atoms and iskgdistributed among the O
atoms. The value of charge transfer for 2 non-eajeint Fe atoms is found to be
1.495 (1.522) eusing DFT-LDA (DFT-GGA) scheme while for 4 non-éealent
Fe atoms, this value comes out to be 1.462 (1.490further, the amount of

chare shared by each O atom among the 8 equivatents using DFT-LDA
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Table 6.1: Optimized basis-sets, Gaussian exponents (iff)aand contraction
coefficients for Fe and O in case of;Bg Asterisks represent unoccupied atomic
orbitals at the beginning of the self consistealdf{SCF) process.

Atom Orbitals Exponents Coefficients
S p D
Fe S 315379.0 0.000227
45690.0 0.0019
9677.3 0.0111
2520.88 0.0501
759.746 0.1705
262.964 0.36924
102.801 0.4033
42.9733 0.1434
sp 798.262 -0.0052 0.00850
191.162 -0.068 0.0608
63.6885 -0.1314 0.2114
25.3625 0.2517 0.3944
10.7338 0.6433 0.398
3.764 0.2825 0.2251
sp 48.1434 0.0122 -0.0215
17.4579 -0.2278 -0.085
6.9972 -0.8801 0.201
3.0791 0.9755 1.3024
sp 1.2989 1.0 1.0
sp* 0.5430 1.0 1.0
d 31.9488 0.0578
8.8893 0.2664
3.1008 0.5195
1.1377 0.5863
d* 0.3563 1.0
O S 8020.0 0.00108
1338.0 0.00804
255.4 0.05324
69.22 0.1681
23.90 0.3581
9.264 0.3855
3.851 0.1468
1.212 0.0728
sp 48.5885 -0.0108 0.0098
10.6554 -0.0903 0.0701
3.2817 -0.0467 0.2051
1.241 0.4211 0.3356
sp* 0.4475 1.0 1.0
sp* 0.11073 1.0 1.0
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Fig. 6.1: Structural sketch of cubic g@, using software tool of Kokalj [16].
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(DFT-GGA) scheme is 1.105 (1.126). 8ince the present computations of MP
data are based on basis sets with sufficientlyséfexternal atomic orbitals hence
the data are expected to be quite reliable.

In Fig. 6.2, we have plotted the spin-up @nd spin downl() DOS for FgO,
using DFT-GGA scheme. Our computed DOS are in gagréement with the
available data of Penicaud et al. [4]. Here, it b® seen that the band gap at
Fermi energy (B occurs in spin down state and non zero at thieel in spin-
up state which predicts the half metallic charadfeFeO,. Here, we have also
calculated the partial DOS of individual Fe andtOnas (not shown here) which
shows that the DOS of §@, is mainly contributed by the Fe atoms which is in
agreement with the DOS reported by Masrour ef7al. [

In Fig. 6.3, we have plotted the unconvoluted dioeal differences in the CPs
for (a) J1-die (B) J1r-Jioo and (C) digdoo Using DFT-LDA and DFT-GGA
schemes for B®,. The numerical values of directional CPs are a¢gmrted in
Table 6.2. Here, almost zero anisotropic effedhm high momentum side {p4
a.u.) is seen which may be due to the dominanciheofcore electrons in this
region and such identical contribution is cancelduile taking the directional
differences. In the low momentum side, the anigpé® in CPs represent their
characteristic effect and the similar trend in lthe momentum side is occurred in
case of DFT-LDA and DFT-GGA scheme. In Figs. 6.3afal b), the positive
value of anisotropies at#0.0 a.u. shows the dominance of electron denttyga
[111] direction as compared to [110] and [100] dilens. The single crystal
measurements are required to explain more abose ttieoretical anisotropies.
Further, the difference profiles between convolutiegoretical (DFT-LDA and
DFT-GGA scheme) and experimental CPs have beentegpmm Fig. 6.4 along
with the statistical error @ at few points. Needless to mention that both the
theoretical CPs have been convoluted at instrurheesalution of 0.55 a.u. to
account the effects of experimental resolutionhim theoretical CPs. Here, it can
be seen that the theoretical CPs have overestithatexperimental data in the
low momentum side while such difference in smaklha high momentum side/(p

>5 a.u.) which is again due to the dominancy of @eetrons in this region. In
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Fig. 6.3: Anisotropies in the unconvoluted theoretical CPRwxr fFgO,
corresponding to the pairs (a0 (b) d1r-Jdio @and (C) dio-Jdroo Within DFT-
LDA and DFT-GGA approximations. The solid lines at@awn to dictate the
eyes.
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Table 6.2 The unconvoluted directional CPs of36g along [100], [110] and
[111] using DFT-LDA and DFT-GGA scheme within th€EAO approximations.

Pz J(p) (e/a.u.)
(a.u) DFT-LDA DFT-GGA
[100] [110] [111] [100] [110] [111]

0.0 25.645 26.163 26.339 25.531 26.078 26.259
0.1 25.550 26.070 26.203 25.441 25.990 26.130
0.2 25.285 25.789 25.863 25.185 25.724 25.804
0.3 24.873 25.331 25.400 24.780 25.276 25.348
0.4. 24.331 24.692 24.789 24.247 24.635 24.736
0.5 23.694 23.840 23.979 23.618 23.782 23.927
0.6 22.932 22.809 22.978 22.860 22.764 22.932
0.7 21.929 21.710 21.816 21.869 21.678 21.776
0.8 20.654 20.578 20.513 20.626 20.552 20.486
1.0 17.878 17.949 17.719 17.928 17.949 17.724
1.2 15.456 15.141 15.048 15.530 15.177 15.081
1.4 13.270 12.781 12.736 13.323 12.820 12.785
1.6 11.139 10.840 10.870 11.162 10.871 10.908
1.8 9.226 9.278 9.347 9.238 9.302 9.364
2.0 7.769 8.033 8.049 7.782 8.050 8.054
3.0 4.527 4.365 4.374 4.536 4.370 4.382
4.0 2.732 2.764 2.755 2.734 2.766 2.756
5.0 1.946 1.955 1.959 1.948 1.957 1.962
6.0 1.456 1.450 1.450 1.458 1.452 1.452
7.0 1.091 1.096 1.096 1.092 1.098 a.09
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Fig. 6.4: Difference between isotropic convoluted theoréti@FT-LDA and

DFT-GGA) and experimental profiles along with thatistical errors () at few
points for FeO,. The solid lines are drawn to dictate the eyes.
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Table 6.3, we have also mentioned the numericalegalof unconvoluted
theoretical (DFT-LDA and DFT-GGA) and experimentd® along with statistical
error (40) at few points. On the basis of tlgé fitting, it is found that the DFT-
GGA scheme gives a slight better agreement with ekgerimental data as
compared to the DFT-LDA scheme which shows the rsony of GGA over the
LDA. The large difference between the theoreticad axperimental data may be

due to the non-inclusion of relativistic effectdddram-Platzman (LP) correlation

[1].

6.5. Conclusions:

The CP measurements using 59.54 keV gDkdave been used to test the DFT-
LDA and DFT-GGA based CP under the framework of IGCApproximations. It
is found that DFT-GGA scheme gives the better agesg as compared to the
DFT-LDA scheme. Further, the MP charge transfea ddtows the transfer of
charge from Fe to O atoms while the DOS have cmeftl the half metallic
character of F..
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Table 6.3 Unconvoluted isotropic Compton profiles of3;Bg computed using
DFT-LDA and DFT-GGA scheme within the LCAO approxtions along with
the experimental profile. The statistical errorg)(are also shown at few points.

Pz J(p) (e/a.u.)

(a.u.) Theory Experiment
DFT-LDA DFT-GGA

0.0 25.94 25.85 22.66 + 0.031

0.1 25.88 25.80 22.56

0.2 25.62 25.54 22.35

0.3 25.20 25.13 22.02

0.4. 24.56 24.50 21.57

0.5 23.82 23.77 21.03

0.6 22.87 22.83 20.38

0.7 21.78 21.75 19.68

0.8 20.55 20.53 18.90

1.0 17.91 17.92 17.21 £ 0.030

1.2 15.23 15.26 15.45

1.4 12.95 12.99 13.73

1.6 10.94 10.96 12.09

1.8 9.29 9.30 10.60

2.0 7.97 7.98 9.29 + 0.026

3.0 6.12 6.18 5.03 £0.020

4.0 4.40 4.41 3.06 £+ 0.016

5.0 2.76 2.76 2.09£0.013

6.0 1.96 1.96 1.48 £0.011

7.0 1.45 1.45 1.13+0.010
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6.6. Introduction:

As discussed in part-l of the chapter, Magnetie@&) belongs to inverse spinel
cubic structure with two formula units (14 atoms)ai unit cell [5]. Magnetite has
been studied by several workers due to its imporédectronic, magnetic and
industrial applications. In addition to the earligork of part | of the chapter,
Chiba [17] has employed linear combination of awwrbitals (LCAO) to study
the momentum distributions for positron annihilatiwhile Yanase and Siratori
[18] have studied energy bands and density of stddS) using augmented
plane wave (APW) method. Density functional theqBFT) with local spin
density approximation (LSDA) [19] and linearized ffim:tin orbital (LMTO)
[20] were employed to discuss electronic and magnptoperties of the
magnetite. Also, charge and orbital orders ins(zewere discussed using
Coulomb interaction correction (CIC) within locagrkity approximation (LDA)
[21,22]. Crystal structure, charge ordering andnamoanalysis in R©, were also
explained using DFT with generalized gradient appnation (GGA) and hybrid
DFT (B3LYP) [23]. Fully-relativistic Dirac LMTO within LSDA and LSDA+U
formalism were considered for electronic properaémng with x-ray absorption
and magnetic circular dichroism spectra [24]. Imliea Compton profile (CP)
measurementd,asser et al. [25] have reported CPs of3Bg using 320.1 keV
photons fron?'Cr radio-isotope at a poor resolution of 0.578 atul00 and 300
K and could not find significant differences betwebese two measurements.

As mentioned in chapter 1, Compton scattering (€8hnique has been marked
as a definite tool to deduce information of fundatak ground state electron
momentum density (EMDp(p), of the materials [1,2]. In CS, CP is the meadure
guantity and is defined as the projection of EMbngl the conventionally chosen
z-axis. If i and k are the incident and scattered photon energispgectively,
then CP from double differential Compton crossmec(g%QdEzj is calculated as,

d%c

dodE, dE E.8,p.)x [J(pz)=Hp(p)dpxdpy] (6.6)

Here6 and p are scattering angle and component of electraatiimnomentum
along z-axis, respectively. The factgg g 0,p,) can be computed using

formalism of Eisenberger and Reed [26].
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6.7. Methodologies:

6.7.1. Experiment:

CP measurements of & were performed employing 740 GB{Cs Compton
spectrometer [27 and chapter 2]. High purity sampitecured from M/s Sigma
Aldrich, was pressurized to get circular palletdedmeter and thickness of 34.0
and 7.44 mm, respectively with bulk density as O@6nt. In the present
experiment, pallet was exposed by thgays (661.65 keV) and scattered
radiations were detected by Canberra made (GLOSh@fP) purity Germanium
(HPGe) detector. The Ge crystal was cooled atdiautrogen temperature (77 K).
In the present measurements, the scattering angte averall momentum
resolution (full width at half maximum) were 160&0and 0.34 a.u., respectively.
During the exposure time of 265.4 h, we have ct#.09x 10" Compton
counts. To obtain true Compton profile, first dfthke raw data were processed for
the background correction. Thereafter, the profikes corrected for the detector
response function (limited to stripping off the l@nergy tail), energy dependent
detector efficiency, sample absorption and Comgiass-section corrections by
using the computer codes of Warwick group [11].eAftards, the data were
corrected for multiple scattering correction usthg Monte Carlo simulation as
prescribed by Felsteiner et al. [12]. The percemtaighe multiple scattering in. p
range—-10.0 to + 10.0 a.u. was found to be 10.21 %. Rm#tle momentum scale
CP was normalized to corresponding free atom (FR)a@ea of Biggs et al. [13]
which was found to be 50.07 i the momentum range-0 a.u. for FgO,.

6.7.2. Theory:

MP data, DOS and CPs for & have been computed using LCAO formalism
[10].

Here the LCAO calculations have been performedquéirT with GGA and
B3LYP (hybridization of Hartree-Fock and DFT poiatg) as prescribed by
Dovesi et al. [10 and chapter 2]. In these appratioms within LCAO scheme,

the exchange-correlation energy{lEis approximated as,

ELOPFTCCAIN ()] = I n(r) e, [n(r),|On(r)|Idr, (6.7)

whereg,. is the exchange-correlation energy per particleniiorm electron gas.
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For DFT-GGA, the exchange and correlation are tdkem Perdew et al. [28].
While in B3LYP, Ec is defined as,

ExEA0B3LYP = 0.80 « (EXPA + 0.90 * AEFEKE) + 0.20  EJF + 0.19 «

ECWN +0.81 « EEYP (6.8)
Here EXPA, AEBECKE and EXF are the exchange potentials of Dirac-Slater [21],
Becke gradient correction [10,29] and HF [10], mexdjvely, whereas
E¢WN and EEYP are the correlation potentials of Vosko et al.][80d Lee et al.
[31], respectively. The basis sets of Fe and O atemre taken from Table 6.1.
Lattice parameter for E@, is taken as 8.37X [5] along with self consistent field
calculations with 9% points in the irreducible Brillouin zone. Furthéng total
CP from DFT-GGA and B3LYP schemes have been cabuildy adding the
respective FA core contribution [12] to the normedl valence Compton profile

of the respective scheme.

6.8. Results and Discussion:

6.8.1. MP analysis and density of states:

MP charge transfer data of §&& using DFT-GGA and B3LYP are listed in Table
6.4. Here, A and B denote tetrahedral and octahedes. MP data show that Fe
atoms perform the role of donor atoms whereas @stact as acceptor atoms.
Here, the total charge transfer using DFT-GGA aBd\¥8° schemes are 4.48 and
4.72 e, respectively. Our charge transfer data foy(zeare lower than prediction
of Zhang and Satpathy [19] (6) @and Rowan et al. [23] (6.06)eAlso, charge
transfer from DFT-GGA is lower than to B3LYP scherdee to incorporation of
20 % HF component in B3LYP. Also, such MP analysmse successfully been
applied to our earlier work on S [32] and BOs (B= Sc and Y) [33].

In Fig. 6.5 (a-d), we have reported the majorityd aninority-spin DOS for 3d, 4s
and total states at tetrahedral (A) site of Fe at8dy 4s and total states at
octahedral (B) site of Fe atom, 2s, 2p and totdkstof O atom and total states of
Fe;0,4, respectively. The DOS are in good agreement \aithilable data of
Pénicaud et al. [4]. We observed that there is no energyigaspin-up states and
band gap occurs in spin-down states, which conéirimlf metallic character of
Fe&s0s.
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Table 6.4: MP based charge transfer, from Fe to O atoms ifesing DFT-
GGA and B3LYP schemes within LCAO. The numbers guiiealent atoms are

shown in the brackets. A and B represent tetraheaitd octahedral sites of
inverse spinel structure, respectively.

Scheme Amount of charge transfer (e
Donor atoms (Fe) Acceptor atoms (O)
A site B site

DFT-GGA 1.50 (2) 1.49 (4) 1.12 (8)

B3LYP 1.68 (2) 1.52 (4) 1.18 (8)
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Fig. 6.5: Spin projected density of states (DOS) for (a)&states and their total
of Fe at tetrahedral (A) site, (b) 3d, 4s statabtatal of Fe at octahedral (B) site,
(c) 2s, 2p states and total of O and (d) total D@0, using LCAO-B3LYP
approximation.
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6.8.2. Compton profile:

Differences between the unconvoluted directionals G& FeO, have been
plotted using DFT-GGA and B3LYP schemes (Fig. 66gneral trends of
oscillations in these theoretical anisotropiestiio J11-dioo and dig-Jioo) are
quite similar using DFT-GGA and B3LYP schemes. Tinenbers of directional
CPs are reported in Table 6.5. The values of theoaopies for the reported
combinations in the high momentum range{p0 a.u.) are approximately zero as
this region is formed by identical core electroige anisotropy in low
momentum densities region using DFT-GGA is differieam B3LYP, which is
understandable due to incorporation of HF exchamgegy in B3LYP scheme.

In Fig. 6.7, difference (convoluted theoryexperimental) profiles along with the
statistical errors (@) are reported. Numerical values of the unconvalute
theoretical (DFT-GGA and B3LYP) and experimental sCRlong with the
statistical errors (&) for FeO, are also collated in Table 6.6.

Further, we have calculated sum of square of dewistbetween theory and
experiment 4%) to judge the best agreement between DFT-GGA drY®3and
the experiment for B©,. The lower value oA? for B3LYP than that from DFT-
GGA scheme reflects a better agreement of B3LYRreehwith the experimental
CP. It is worthwhile to mention that quality of Imssets, non-inclusion of
relativistic effects and Lam-Platzman (LP) electedectron correlation correction
in LCAO approximation may be main reasons for deéwns in low momentum

region of Fig. 6.7.

6.9. Conclusions:

We have performed CP measurements ofOFeising 661.65 keW-rays to

validate the theoretical CPs derived using LCAO hmdt LCAO calculations
have been attempted using DFT with GGA and theitdyation of HF and DFT
scheme (so called B3LYP). It is found that B3LYPheame gives a better
agreement with experimental data than the DFT-GGAemie. Further, spin
dependent density of states using LCAO-B3LYP scheawe confirmed the half
metallic character of B®,, while large value of MP charge transfer (4.72 e

predicts the dominancy of ionic nature in the coommmb
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Table 6.5 The unconvoluted directional CPs of36g along [100], [110] and
[111] using DFT-GGA and B3LYP approximations withi@AO scheme.

Pz J(p) (e/a.u.)
(a.u) DFT-GGA B3LYP
[100] [110] [111] [100] [110] [111]

0.0 25.563 26.035 26.216 25.178 25.903 26.130
0.1 25.507 25.983 26.120 25.168 25.868 26.066
0.2 25.253 25.722 25.797 24.993 25.670 25.801
0.3 24.855 25.289 25.354 24.657 25.293 25.376
0.4. 24.285 24.622 24.712 24.118 24.634 24.705
0.5 23.693 23.811 23.940 23.507 23.845 23.905
0.6 22.928 22.782 22.940 22.728 22.847 22.846
0.7 21.924 21.686 21.781 21.795 21.700 21.612
0.8 20.639 20.535 20.465 20.666 20.439 20.265
1.0 17.949 17.975 17.742 18.178 17.903 17.636
1.2 15.500 15.143 15.042 15.727 15.168 15.132
1.4 13.357 12.832 12.789 13.487 12.906 12.919
1.6 11.199 10.878 10.912 11.219 10.959 10.937
1.8 9.274 9.315 9.383 9.271 9.366 9.354
2.0 7.777 8.035 8.047 7.812 8.046 8.032
3.0 4.541 4.372 4.381 4.534 4.366 4.421
4.0 2.734 2.765 2.755 2.746 2.767 2.755
5.0 1.951 1.958 1.962 1.948 1.962 1.969
6.0 1.460 1.454 1.454 1.460 1.456 1.453
7.0 1.095 1.101 1.101 1.095 1.101 1.102
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Table 6.6: Unconvoluted theoretical CPs of:Ba using DFT-GGA and B3LYP
approximations within LCAO scheme and experimed#dh. Statistical error @)
at each data point is also shown.

P, J (p) (e/a.u.)
(a.u.) Theory Expt.
DFT-GGA B3LYP

0.0 25.923 25.771 24.758+0.058
0.1 25.869 25.729 24.629+0.058
0.2 25.610 25.494 24.367+0.058
0.3 25.188 25.082 23.964+0.057
0.4 24.555 24.467 23.415+0.056
0.5 23.817 23.737 22.727+0.055
0.6 22.872 22.815 21.910+0.054
0.7 21.788 21.754 20.981+0.053
0.8 20.560 20.561 19.956+0.051
1.0 17.928 18.040 17.711+0.047
1.2 15.243 15.487 15.413+0.043
14 12.968 13.249 13.298+0.038
1.6 10.944 11.236 11.459+0.034
1.8 9.290 9.581 9.878+0.030
2.0 7.968 8.257 8.531+0.027
3.0 4.402 4.603 4.546+0.016
4.0 2.760 2.876 2.851+0.011
5.0 1.958 2.024 1.992+0.008
6.0 1.454 1.498 1.482+0.006
7.0 1.100 1.134 1.091+0.004
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7.1. Conclusions:

The present thesis work is devoted to the premaraif Ni CrFeO, (x= 0.0,
0.02 and 0.05) thin films and their characterizatising X-ray diffraction (XRD),
Raman spectroscopy (RS), X-ray photoemission spsmipy (XPS), super-
conducting quantum interference device (SQUID)-atiig sample magnetometer
(VSM) and Fourier transform infrared (FTIR) spestopy. Further, we have
undertaken work on theoretical and experimental @omprofiles (CPs) of some
ferrites namely F©,, NiFe,04, ZnFeO,and CdFgO, using 20 C*¥'Cs Compton
spectrometer. In addition, 100 mCf'Am Compton spectrometer is also
employed to measure CP of sBg. All the CP measurements have been
performed at ML Sukhadia University, while otheraserements were made at
IUC-DAE-CSR, Indore. Going beyond experimental GFs,have also computed
the energy bands, density of states (DOS), Mullkeopulations (MP), band gap
and magnetic moments using linear combination e@imat orbital (LCAO)
scheme as embodied in CRYSTAL14 software.

Pulsed laser deposition method has been succgsafydlied to grow thin films of
Ni;xCrFe0O4 (NCFO) (x = 0.02 and 0.05) on Si (111) and Si j1€Mbstrates. It
is observed that thin films grown on Si (111) stdist have larger grain size than
those films grown on Si (100) substrate. The XRO BMIR measurements show
single phase growth of the films. XPS measuremeat® uniquely revealed the
mixed spinel structure which is in contrast to ideespinel structure. Our XPS
data suggest Ni and Fe ions in +2 and +3 statestahedral (¢) and tetrahedral
(Tgy sites, which shows decrease in saturation magtietiz arising due to
magnetic moment at fOand Ty sites. It is suggested that different cationic
distribution of Ni and Fe ions between &nd T, sites are due to different strains
produced by the substrates and lattice distortiasing due to Cr doping. The
present study unambiguously show that the magrmatperty in NCFO is
majorly controlled by the cationic distribution different sites, and also its
further control by defect density, strain in thinfi doping of magnetic or non-
magnetic ions.

Electronic response like MP, energy bands, DOSd lgaps and CPs of Znfy

and CdFgO, have been computed for the first time using dgniinhctional
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theory (DFT) within LCAO scheme. Present DFT caltioins have been
undertaken within the scenario of local density rappnation (LDA) and
generalized gradient approximation (GGA). Going drely pure DFT
computations, we have also used the hybridized (DFTHartree-Fock)
approximations for B3LYP and PBEO prescriptionshimitLCAO method. The
theoretical CPs have been compared with the medhselectron momentum
densities using 661.65 keyrays and a better agreement between experimental
and theoretical B3LYP based profiles was seen &ih bhe spinel ferrites. MP
analysis dictates charge transfer from Zn/Cd andoF@ atoms. On the basis of
spin dependent energy bands and DOS, semiconduwdinge of the compounds

is witnessed. On the basis of equal-valence-eleatemsity (EVED) scaled CPs
and MP analysis for overlap population, more cavialeharacter is found in
ZnFeO, than that in CdR®,. Present computations on magnetic moments which
are well explored by the LCAO-B3LYP scheme, indicéihe applicability of
hybrid functionals for such spinel ferrites.

Bulk Ni;xCrkFeO4 (x = 0.00 and 0.05) which were prepared by sotates
reaction method have been analyzed for structurdlmagnetic properties, etc.
using XRD, RS, FTIR and SQUID measurements. Predatiat of XRD, RS and
FTIR confirmed single phase without any impurityrther, magnetic moment,
MP, spin projected DOS and CPs for NiBg (NFO) using DFT and hybrid
schemes within LCAO approximation are reportedsendy computed LCAO-
B3LYP based CP shows a better agreement with gqoerarental CP for NFO,
which was measured usifg’Cs Compton spectrometer. It is seen that present
LCAO based magnetic moments for NFO are in tuné wie present M-H data
and also other available data. Presently deducedpspjected DOS show an
insulating nature of NFO in both the spin-channetsile charge reorganization
from Ni/Fe- O atoms is found from MP analysis.

The CP measurements ofsBgusing 59.54 keV have been used to check the role
of LDA and GGA schemes in producing the electrommantum densities. It is
found that GGA scheme within LCAO-DFT method le&ma better agreement as
compared to the LDA, which is understandable duddmogeneous electron

density character considered in LDA scheme. FurtherMP reorganization data
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shows the transfer of charge from Fe to O atomssd?t DFT-GGA based total
DOS have confirmed the metallic character ofze Further to revalidate role of
hybrid functionals in ferrites at better resoluti@f instrument, we have
remeasured the CP of & using 20 Ci™*’Cs Compton spectrometer. As seen in
other ferrites reported in this thesis, it is sé¢eat the hybrid scheme (B3LYP)
predicts a better agreement with the experimenRal Elirther, spin up and spin
down DOS using LCAO-B3LYP scheme confirmed a hadftatlic character of
the FgO, compound. The MP analysis, which is quite reliablecause of
inclusion of diffused components in basis sets, dlas predicted the dominancy
of ionic character in R©,. The present analysis onzBg also supports that DFT

computations as such underestimate the band gap.

7.2. Future Scope:

The present work can be further extended to dedioee science on spinel

ferrites:

* High resolution directional CP measurements fosCkeNiFe,0O, ZnFeO,
andCdFeO,may help to explore the present anisotropies irCiRs.

* High resolution magnetic Compton profile measureimesf these ferrites
using synchrotron radiations may be helpful to wdale site dependent
magnetic moments and further validate the use oAQCcomputations in
predicting the magnetic response of such ferrites.

* Energy bands, DOS, CPs and magnetic moment usiingoftential linearized
augmented plane wave (FP-LAPW) and spin-polarisdativistic Korringa-
Kohn-Rostoker (SPR-KKR) method may be undertakercémparison with
the presently computed LCAO based profiles.
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Compton profiles of doped nickel ferrites

In this Appendix, we present the first ever Comppoafile (CP) measurements
for Ni1CrFeO, (X = 0.2 and 0.5) and NigFe,xO4 (x = 0.2 and 0.5) using 20 Ci
137Cs Compton spectrometer [1, Chapter 2] at 0.34maamentum resolution. As
reported in the chapters 4 and 5, 661.65 ka®ys have been allowed to interact
the sample pellet and the scattered photons haea leeergy analyzed at
160+0.6 scattering angle by high purity germanium (HPGe}edtor. The
experimental parameters like sample dimensiondefpdiameter, thickness and
bulk density), exposure time, integrated countseandPs, multiple scattering
contribution (between-10 to +10 a.u.) and free atom (FA) for profile
normalization [2] (between O to 7 a.u.) for{NCrFeO, (x = 0.2 and 0.5) and
NiCryFexO4 (X = 0.2 and 0.5) have been incorporated in Table We have also
checked the stability of the spectrometer from tiovime by weak calibrators
(*'Co and™®Ba). The measured raw data forodiroFe0s, NiosCrosFeOs,
NiCro JFe g04 and NiCp sFe 50,4 are reported in Fig. A.2 (a-d), respectively. The
true CP for each sample has been deduced by progedse raw data for
systematic corrections as reported in chapter idgusomputer code of Warwick
group [3,4]. Finally the CPs have been normalizectdrresponding free atom
(FA) [2] area as mentioned in Table A.1. Furthke humerical values of true CP
for NipxCrFe04 (X = 0.2 and 0.5) and Ni¢le,.xO4 (x = 0.2 and 0.5) have been
listed in Table A.2 along with the statistical eg@+0) at each point. Due to the
limitation of the computational facilities, we cduhot perform LCAO based
computations of CPs for NiCrFeO, (x = 0.2 and 0.5) and Ni¢Fe,xO4 (X =
0.2 and 0.5). Hence in Fig. A.2 (a-d), we have tpbbtthe difference between
convoluted free atom [2] and experimental CP for o gNipFe0,,
NiosCrosFe04, NiCryoFe g0, and NiCpsFe 504, respectively. It is clear from
the Fig. A.2 (a-d) that the differences in the maotnen range 3.0 are almost
zero for all the studied samples §MCry Fe&04, NipsCrosFe0,4, NiCrg e g04
and NiCgsFe 504) which shows the accuracy of the measurements dantal
correction. This is because the fact that thisaegs contributed by the identical
core electrons. Rigorous DFT calculations for CRE more helpful for the

validation of the present experimental CPs.

205



Table A.1: Experimental parameters for the Compton profile )(@Rasurements for NiCrFeO, (X = 0.2 and 0.5) and
NiCryFexO4 (x = 0.2 and 0.5).

Sample Sample Bulk Exposure Integrated Multiple Normalization of
diameter density time in counts under scattering (- profile
(thickness) in g/cm® hours CP 10 to +10 (Oto 7 a.u.)
incm (x 10 a.u.) )

%

Nig gCrp JFe04 1.85 (0.53) 1.63 154.38 3.26 10.69 50.54

Nio sCro.sF&04 1.93 (0.55) 3.48 182.23 2.14 11.47 50.07

NiCrg JFe; g0, 1.90 (0.50) 1.31 161.96 1.72 10.54 50.69

NiCrosFe; 504 2.01 (0.65) 1.33 154.86 1.82 10.64 50.46
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Fig. A.1: Raw data for (a) NigCrpFe0,, (b) NipsCrosFe0,, (c) NiCrh e 04 and
(d) NiCrosFe 504 using 20 Ci**'Cs Compton spectrometer. The peak on the right
hand side of each panel corresponds to raw Comgtiite.
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Table A.2: Experimental Compton profiles along with statidtieaors (1) for Ni;-
xCrFe0, (X = 0.2 and 0.5) and Ni¢le,.xO4 (X = 0.2 and 0.5).

o J (p2) (e/a.u.)

(a.u.)  NipeCroFexOs  NigsCrosFesOs  NiCrgFep Oy NiCroFe; 04

0.0 24.402+0.052 24.547+0.049 24.299+0.056 24.522+0.053
0.1 24.319+0.052 24.429+0.048 24.208+0.056 244153

0.2 24.104+0.051 24.183+0.048 23.991+0.055 24.17063

0.3 23.726+0.051 23.799+0.048 23.630+0.055 23.789+0.052
0.4 23.191+0.050 23.270+0.047 23.127+0.054 23.25%&D

0.5 22.525+0.049 22.606+0.047 22.489+0.053 22.595+0.051
0.6 21.742+0.048 21.821+0.046 21.734+0.052 21.813+0.050
0.7 20.854+0.047 20.927+0.044 20.857+0.050 20.91BHD

0.8 19.874+0.046 19.941+0.043 19.863+0.049 19.918D

1.0 17.704+0.042 17.750+0.040 17.709+0.046 17.735%£0.044
1.2 15.448+0.039 15.445+0.037 15.535+0.042 15.4718H0

1.4 13.334+0.036 13.274+0.034 13.489+0.038 13.388H0

1.6 11.512+0.032 11.390+0.030 11.659+0.034 11.5408D
1.8 9.980+0.029 9.840+0.028 10.080+0.031 @94031

2.0 8.656+0.027 8.534+0.025 8.753+0.028 8.628628

3.0 4,779+0.017 4.608+0.016 4,799+0.018 4,756

4.0 2.988+0.012 2.871+0.011 3.007+0.012 2.9961+D

5.0 2.107+0.009 2.038+0.008 2.110+0.009 2.09209

6.0 1.582+0.007 1.506+0.006 1.556+0.007 1.5029D

7.0 1.109+0.005 1.094+0.005 1.113+0.005 1.106+0.005
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Summary




This section contains the summary of the researatk warried out for the present
thesis along with the future scope. The presenkweports the systematic study of
experimental and theoretical Compton profiles (G#fsgome ferrites namely k@,
NiFe,O4, ZnFeO, and CdFgD,. For the CP measurements, we have employed 20 Ci
137Cs Compton spectrometer while the theoretical tiseal and isotropic CPs have
been computed using linear combination of atomiitals (LCAO) approximations.
In addition, we have also measured the CP gDFesing 100 mCf*Am Compton
spectrometer and compared the results with LCACedaSPs. Here, we have
prepared bulk Ni,CrFe0,4 (x= 0.00, 0.02 and 0.05) using solid state react®SR)
method and the thin films of NiCrFeO, (x= 0.02 and 0.05) using pulsed laser
deposition (PLD) technique. The prepared samples baen characterized using X-
ray diffraction (XRD), X-ray photoemission spectopy (XPS), Raman
spectroscopy (RS), superconducting quantum interfdevice-vibration sample
magnetometer (SQUID-VSM) and Fourier transformardd (FTIR) spectroscopy
measurements. In theoretical side, we have attemptee and hybrid density
functional theory (DFT) within LCAO approximatiorie compute spin dependent
energy bands and density of states (DOS), chargan@ation using Mulliken
population (MP), band gap and magnetic moment aloitiy the CP data for B@,,
NiFe,O4, ZNFeO, and CdFgO,. Due to the limitation of computational parameters
we could not extend LCAO scheme for NCrFe04 (x= 0.02 and 0.05) and also CP
measurements were restricted due to non-avaikabilitheoretical data for validation

of measurements. The present thesis has beendlivitteseven chapters as:

Chapter 1

In the first chapter, we have presented the thmateaspects of the
experimental techniques used in the present thammely XRD, XPS, RS and
Compton scattering (CS) along with the detailediewvof the earlier work of

relevant ferrites of last 20 years with a suffitiaamber of research references. It is

212



worth while mentioning that reported ferrites, (MBg M = Cr, Fe, Ni, Zn and Cd),

belong to a special class of magnetic materialsisting of metal oxides and ferric
oxides as their main compositions and identifiednagortant engineered materials
for advanced applications like microwave-integratedl magnetoelectric devices,
etc. The main interest in doped ferrite materialgliie to their role in spin barriers

used in conjunction with spin filters.

Chapter 2

The second chapter is divided into two parts. Tirst part contains the
details of bulk sample preparation using SSR me#ratithin film growth using PLD
technique along with the experimental details adrabterized techniques like XRD,
XPS, RS, SQUID-VSM and FTIR spectroscopy. We hdse presented the details
of two experimental set-ups for CS measurementseha0 Ci**'Cs and 100 mCi
24IAm Compton spectrometer along with the data caoegprocess to deduce the
true CP. In the second part, we have reported étailgl of ab-initio approximation
namely LCAO to compute the CP, energy bands, DOB, Magnetic moment and
band gap. The details of the local density appratiom (LDA), generalized gradient
approximation (GGA), second order GGA (SOGGA) am@ thybrid schemes
(B3LYP, B3PW, PBEO, PBESOLO, WC1LYP and B1WC) halso been reported.

Chapter 3

The third chapter describes the study of structueddctronic and
magnetic properties of pulsed laser deposited filirs of Ni;«CrFe0O, (x = 0.02
and 0.05) on Si (111) and Si (100) substrates. filnes reveal single phase,
polycrystalline structure with a better crystalligeality on Si (111) substrate than
that on Si (100) substrate. Contrary to the expkatgerse spinel structure, XPS
studies reveal the mixed spinel structure. XPSlt®sumggest that Ni and Fe ions
exist in 2+ and 3+ states, respectively, and thegtdn tetrahedral as well as

octahedral sites. The deviation from the inverseeddeads to modified magnetic
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properties. It is observed that saturation magagtia drastically drops compared to
the expected saturation value for inverse spineictire. Strain in the films and
lattice distortion produced by the Cr doping algpear to influence the magnetic

properties.

Chapter 4

In this chapter, pure and hybrid DFT schemes witl@AO have been
employed to compute MP, energy bands, partial astdl tDOS and electron
momentum densities (EMDs) of TM#&24 (TM = Zn and Cd). Pure DFT calculations
have been performed within LDA and GGA, while HeexFock exchange
contribution is added to DFT for hybrid calculatsofB3LYP and PBEO). To validate
the performance of hybrid functionals, we have gdedormed EMD measurements
using 661.65 keW-rays from*3*'Cs source for both the ferrites. Chi-square test
predicts an overall better agreement of experinhébi data with LCAO-B3LYP
scheme based momentum densities leading to ussulofehybrid functionals in
predicting electronic and magnetic response of $ewites. Further, LCAO-B3LYP
based majority- and minority-spin energy bands QS for ZnFgO, and CdFg0,
predict semiconducting nature in both the compoumadsaddition, MP data and
equal-valence-electron-density scaled EMDs show emoovalent character of
ZnFeO, than that of CdR®,. A reasonable agreement of magnetic moments of bot
the ferrites with available data unambiguously potes use of Gaussian-type orbitals

in LCAO scheme in exploring magnetic propertieswth ferrites.

Chapter 5
In this chapter, structural and magnetic respodd 0,CrFe04 (X =0
and 0.05) have been presented using XRD, RS, Fplttoscopy and SQUID
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magnetometer. The single phase of both the comgusiis confirmed using Rietveld
refinement method. The absence of any impurityuighér cinched using structural
sensitive techniques, namely FTIR and RS. Interglti a pinched shaped M-H
behaviour is observed for the Cr doped ferrite.atidition, we have computed
magnetic moment, MP, partial and total DOS and @PsNiFe,O, using LCAO
scheme with and without hybrid functional for excba and correlation potentials.
Further, theoretical CPs have been validated usiogopic CP measurement with
137Cs radio-isotope for NiR&,. Among the considered exchange-correlation
potentials within LCAO, the hybrid B3LYP scheme &é@&snomentum densities give
better agreement with the experimental CP. Majowtyd minority-spin DOS have
confirmed the insulating nature of Nie&. Peculiarities of presently deduced MP

data and magnetic moments are also discussed.

Chapter 6

The sixth chapter is also divided into two partse Ppart-1 is devoted to
the CP measurements of ;88 using 100 mCi**’Am Compton spectrometer at
momentum resolution of 0.55 a.u. The experimentlh@s been compared with the
LCAO data within DFT. The LDA and GGA schemes h#neen used within DFT
scheme. It is found that the DFT-GGA scheme gives ldetter agreement than to
DFT-LDA. In addition, we have also computed the MiRd DOS using the DFT-
GGA scheme. MP data predicts the charge trangfen ffe to O atoms whiles DOS
have confirmed the half metallic character of tbenpounds. Whereas the part-1l has
been included with CP measurements ofCzeising 661.65 ke\W-rays to validate
the theoretical CPs derived using LCAO method. LCA#&culations have been
attempted using DFT with GGA and the hybridizatimhHartree-Fock and DFT
scheme (so called B3LYP). It is found that B3LYP&me gives a better agreement
with experimental data than the DFT-GGA schemetheuy spin dependent density

of states using LCAO-B3LYP scheme have confirmexdtialf metallic character of
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Fe;04, while large value of Mulliken charge transfer7@ e) predicts the dominancy

of ionic nature in the compound.

Chapter 7

The last chapter contains the chapter wise brietlosions of present
work and suggestions for future possibilities. Amahe future possibilities, the high
resolution directional CP measurements may be atesmto explore our reported
theoretical anisotropies of the samples. Also,higd resolution magnetic Compton
profile measurements of these ferrites using sytobm radiations may be helpful to
calculate site dependent magnetic moments to furthaidate our LCAO
calculations. The energy bands, DOS, CPs and miagnement using full-potential
linearized augmented plane wave (FP-LAPW) and pplafized-relativistic

Korringa-Kohn-Rostoker (SPR-KKR) method may alsabiempted.

In Appendix, we have reported the details of CP measurementsif.
«CrFe0; (x = 0.2 and 0.5) and NigFe.xO4 (x = 0.2 and 0.5) using 20 Gi'Cs
Compton spectrometer and compared the data witllebieafree atom CP data. All
most zero difference in CPs in the momentum rangy8.9 a.u. show the accuracy of
the measurement for all four samples. Here, we lese presented the relative
nature of bonding in ZnK®, and CdFgD, using hybrid approximations (B1WC and
WC1LYP) within LCAO approximations. Both the obsations predict ZnF©, to

be more covalent (or less ionic) than to Cdke
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