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Introduction

Correlating the size and cation inversion factor in
context of magnetic and optical behavior of
CoFe, 04 nanoparticlesy

Jitendra Pal Singh, @ *2 Jae Yeon Park, {2° Varsha Singh, ¢ So Hee Kim, ©¢
Weon Cheol Lim, @ Hemaunt Kumar, @9 Y. H. Kim, ©? Sangsul Lee (& *@¢
and Keun Hwa Chae @ *©

Herein, the size dependent behavior of cobalt ferrite nanoparticles was investigated using synchrotron
radiation based techniques. Scanning electron micrographs revealed the enhancement of particle/
crystallite size with increase of annealing temperature. Moreover, the shape of these particles also
changed with increase of crystallite size. Saturation magnetization increased with increase of crystallite
size. The higher saturation magnetization for larger crystallite size nanoparticles was attributed to
a cation distribution similar to that of bulk CoFe,O4. The optical band-gap of these nanoparticles
decreased from 1.9 eV to 1.7 eV with increase of crystallite size. The enhancement of the optical band-
gap for smaller crystallites was due to phenomena of optical confinement occurring in the nanoparticles.
Fe L Co L-edge near edge extended X-ray absorption fine structure (NEXAFS) measurements showed
that Fe and Co ions remain in the 3+ and 2+ state in these nanoparticles. The results obtained from Fe &
Co K-edge X-ray absorption near edge structure (XANES)-imaging experiments further revealed that this
oxidation state was possessed by even the crystallites. Extended X-ray absorption fine structure (EXAFS)
measurements revealed distribution of Fe and Co ions among tetrahedral (A) and octahedral (B) sites of
the spinel structure which corroborates the results obtained from Rietveld refinement of X-ray diffraction
patterns (XRD). X-ray magnetic circular di-chroism (XMCD) measurements revealed negative exchange
interaction among the ions situated in tetrahedral (A) and octahedral (B) sites. Theoretical and
experimental calculated magnetic moments revealed the dominancy of size effects rather than the
cation redistribution in the spinel lattice of CoFe,O4 nanoparticles.

tools based on this radiation. XAS is very much effective to
determine local electronic/atomic structure in the nanoparticles

The underlying processes involved in the physical and chemical
properties of nanoparticles are investigated via depicting the
local electronic/atomic and magnetic structure using numerous
techniques like electron energy-loss spectroscopy (EELS)"? and
neutron diffraction.® In addition to this, techniques based on
synchrotron radiation show it's prominence over these tech-
niques.* X-ray absorption spectroscopy (XAS),” X-ray magnetic
circular dichroism (XMCD)® and X-ray absorption near edge
structure (XANES)-imaging’ are the well-known and effective
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whereas XMCD is able to provoke about the magnetic interac-
tion in these nanoparticles.>® The XANES-imaging technique
determines local electronic structure of the materials with
spatial resolution additive.” Thus, these techniques are able to
give complete account of the local structure of the nanoparticle
under investigation.>” Since, size dependence of nanoparticle is
common phenomena and bulk characteristics of these nano-
particles are investigated using numerous techniques, however,
the appropriate reason roots at the atomic/molecular level.®°
Thus, a systematic and rigorous investigation using advanced
techniques is needed at this level.

The nanoparticles of CoFe,0, show immense opportunities
for utilization in various fields of technological importance.'***
The nanoparticles of this material show potential for perma-
nent magnet” spintronics,” photocatalysis,’* battery
industry,"”'® biomedical applications” and many more
depending upon it's magnetic,'>'*'” optical’®'"** and structural
behavior.'>*® These various behaviors are controlled by the size,
size distribution and occupancies of metal ions in the unit
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cell.'"” The unit cell of this material in the bulk form repre-
sents the face centered cubic (fcc) structure configured by 0>~
ions by forming tetrahedral (A) and octahedral (B)-sites to be
filled by metal (Co®>" and Fe®") ions. Due to strong tendency of
favoring octahedral coordination, whole Co** ions occupy B-
site, however, Fe** ions distribute among A- and B-sites in
equal proportion.” This makes this material inverse spinel,
however, pre and post-synthesis treatment leads to distribution
of these ions among A- and B-sites'*"” as follows

(Co,Fei_p)alCoi_,Fei+:]804 (1)

where, A represents fraction of Co ions migrated to A-site. Thus,
distribution of metal ions play an important to control
magnetic behavior that provide an opportunity to optimize this
material for particular applications.”*" Additionally, optical
behavior of this material is no less important,'**>>* however, it's
size dependence and correlation with metal ion distribution
remains obscure.

Numerous studies are available determining the metal ion
distribution using Mdssbauer spectroscopy> and neutron
diffraction,” however, this investigation lacks using XAS even
showing superiority over these techniques.*® This technique is
very much effective to determine metal ion distribution in nano-
particles®?® and thin film.* Hence, synchrotron radiation based
techniques like XAS, XMCD and XANES-imaging are carried out to
get deeper insights of size dependence of this material by inves-
tigating local electronic/atomic and magnetic structure.

Experimental
Synthesis procedure

Solutions of cobalt nitrate hexahydrate and ferric nitrate non-
ahydrate in stoichiometric proportion were mixed into citric
acid solution by keeping the cations to citric acid ratio 1 : 2.”®
The mixture was kept on magnetic stirrer at 85 °C to get viscous
solution for 2 h. The viscous solution was dried for almost 12 h
by heating between 100 °C on a hot plate to form precursor.
Precursor thus obtained was further annealed at 300, 500, 700
and 900 °C to synthesize nanoparticles of different size.

Characterization

X-ray diffraction (XRD) patterns of synthesized nanoparticles
were recorded at D/MAX2500 (RIGAKU, Japan) X-ray diffrac-
tometer using Cu Ko. (A = 1.5418 A) radiation. Scanning electron
microscopic (SEM) measurements were carried out using Hita-
chi (S-4200) field emission scanning electron microscope (FE-
SEM). Magnetic measurements at room temperature were per-
formed on vibrating sample magnetometer (VSM). Optical
behavior of these nanoparticles was investigated using Carry
5000 UV-Vis spectrometer.

Synchrotron radiation based characterization

Various synchrotron radiation based experiments were per-
formed at Pohang Accelerator Laboratory (PAL), Pohang, South
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Korea. This laboratory is able to operate at 3.0 GeV energy with
a maximum storage current of 360 mA.*°

Near edge X-ray absorption fine structure (NEXAFS)
measurements for these nanoparticles were performed at 10D
XAS KIST (Korea Institute of Science and Technology) beamline.
NEXAFS spectra of these nanoparticles were collected in the total
electron yield (TEY) mode and were normalized with respect to
post-edge height after background subtraction. Extended X-ray
absorption structure (EXAFS) spectra were measured at 1D KIST
beamline while detuning incident beam to 50% of maximum
intensity, which enable removal of higher harmonics. The
detailed experimental procedure is depicted elsewhere.””>°

Room temperature XMCD experiments at L, ; edges of Fe
were performed at 2A beamline which utilizes circularly polar-
ized light with a degree of circular polarization around 80% and
an electromagnet of magnetic field strength u,H (between
—0.75 and 0.75 T) for measurements.** The absorption data
were collected in the TEY mode by applying voltage of 200 V.
The photon beam and the magnetic field were perpendicular to
the sample plane. The base pressure of the system was 10 °
Torr. The absorption was normalized to the incoming photon
beam intensity by measuring simultaneously the photocurrent
at Au grid.

XANES-imaging measurements were carried out at 7C beam-
line, which utilizes off-axis illumination of X-ray to capture image
using a charge-coupled device (CCD). Zone plate with 150 pm
diameter and 40 nm outermost width was used to get trans-
mission X-ray images. This arrangement is able to give spatial
resolution of 40 nm and field of view of around 35 um.*>*

For these measurements, X-ray energy was varied from —20
to 80 eV from the main edge energy of Fe and Co K-edge with an
interval of 1 eV. The actual values of energy variation are shown
in Table S1.7

Simulation details

XRD patterns of these nanoparticles were refined using FullProf
program based on Rietveld analysis.>® The space group Fd3m
was assumed, with the 8a, 16d cation sites and 32e O sites all
fully occupied.** Values of goodness of factor (GOF) obtained for
these refined patterns vary from 1.1 to 1.5.

The program Athena was used to sum the data, identify the
beginning of the absorption edge (E,), fit pre- and post-edge
backgrounds, and hence to obtain the normalized absor-
bance, x, as a function of the modulus of the photoelectron
wave vector, k.** The EXAFS data is Fourier transformed to R-
space to investigate the atomic structure and relative bond-
lengths with respective to absorbing atoms.*® The fitting was
carried out using ARTEMIS in the k range 3-11.5 A~* (Co) and 3-
9 A™* (Fe). The theoretical structure for CoFe,0, was generated
using the ATOM and FEFF from the parameters obtained from
Rietveld refinement.’**

The transmission images were processed with background
correction and image registration to extract XANES spectrum at
single pixel using the lab-made software based on LabVIEW
program.*® From these images, XANES spectra are extracted for
single-pixel and for the whole image.

This journal is © The Royal Society of Chemistry 2020
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Results
Crystalline phase, size and strain analysis

Fig. 1 shows fitted XRD patterns of synthesized nanoparticles at
annealing temperature of 300, 500, 700 and 900 °C. It is clear
from Fig. 1 that both the experimental and simulated data
points are in close correlation with each other. This indicates
that all the peaks in XRD pattern are associated with Fd3m space
group of spinel structure. Thus, synthesized nanoparticles
exhibit presence of cubic spinel phase [JCPDS no. # 01-1121]. No
other peak corresponding to any impurity phase is being
detected in these patterns. Refined and simulated parameters
from Rietveld refinement are collated in Table 1.

The values of lattice parameter are 8.357 + 0.005, 8.382 +
0.002, 8.384 + 0.002 and 8.386 + 0.007 A for annealing
temperature of 300, 500, 700 and 900 °C respectively. Thus,
lattice parameter approaches towards the value of bulk CoFe,0,
with increase of annealing.®”

Another, important observation from this refinement is the
distribution of cations (Co** and Fe*" ions) among A- and B-
sites. The value of Fe*" ion occupancy is 0.556 & 0.003, 0.624
=+ 0.003, 0.649 £ 0.004 and 0.706 = 0.004 at B-site for annealing
temperature of 300, 500, 700 and 900 °C. Thus, this value is
approaching towards 1, which is the behavior of bulk CoFe,0O,
and concurrent with the variation of lattice parameter with
annealing as discussed earlier. This means higher annealing
help to achieve the perfect inverse spinel structure for CoFe,0,.

Crystallite size (D) of these nanoparticles were estimated
from most intense (311) peak using Scherrer's formula,>®

D = 0.942/3 cos ¢ 2

where, symbols have their usual meanings. Values of crystallite
size estimated for different annealing temperatures are collated
in Table 1. The values of crystallite size are 9 £ 1,22 £ 2,49 +4
and 61 £+ 6 nm for annealing temperature of 300, 500, 700 and
900 °C respectively.

Thus, values of lattice parameters, cation occupancies and
crystallite size envisage that higher annealing results in the bulk
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Fig.1 (a) XRD patterns along with JCPDS-01-1121 and (b) W-H plots
of CoFe,O4 nanoparticles synthesized at 300, 500, 700 and 900 °C.
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like characteristics of nanoparticles. This kind of behavior is
also observed for other ferrite systems as well.

The X-ray density (p,) of these nanoparticles is determined
from following relation

ZM

=NV (3)

Px

where, Z is number of nearest neighbor, M is molecular weight,
N is Avogadro number and V is volume of unit cell (V = a%).
Estimated values of X-ray densities are 5.31 + 0.02, 5.46 £ 0.02,
5.61 £ 0.02 and 5.73 £ 0.02 g em? for 300, 500, 700 and 900 °C
respectively (Table 1). Thus, annealing improves the density of
synthesized nanoparticles.

In most of the nanoparticle, strain also exhibits variation
with change of nanoparticle size or processing parameters,
hence, the strain is estimated by using Williamson-Hall (W-H)
plot methods.*® The W-H plots based on the equation given
below are shown in Fig. 1.

0.942
B cosf = D

+ 4e; sin 0 (4)
'WH

where, Dyy is size estimated from this method. The values of
various parameters are shown in Table 1. The variation of
crystallite size with annealing temperature estimated from this
method is analogues to that obtained from Scherrer's
formula.

The estimated strain has negative value for the nanoparticles
annealed at 300 and 500 °C. Negative value of strain is observed
for numerous ferrite nanoparticle systems and associated with
presence of compressive strain.***° Strain has positive value for
the annealing temperature of 700 and 900 °C in agreement with
previous studies on cobalt ferrite nanoparticles of similar size.*

Size and morphology

Fig. 2 shows the SEM micrographs of nanoparticles synthesized
at 300, 500, 700 and 900 °C. SEM micrographs of nanoparticles
synthesized at 300 and 500 °C exhibit bunch of several small
particles. These nanoparticles contains particles with almost
spherical shape. SEM micrograph of CoFe,O, nanoparticles
synthesized at 700 °C contains mixture of particles with
hexagonal type shape and deviated spherical shape (Fig. 2).

When these nanoparticles are obtained at 900 °C, most of
them attain hexagonal type shape. Almost spherical shape of
nanoparticles is observed for ferrite nanoparticles and are re-
ported by number of authors.*>** These authors also observe
formation of hexagonal type particle shape at higher sintering
temperature. A schematic of shape modification is presented in
Fig. 3a.

The information on particle size is obtained from these
measurements. The size of almost 150 particles were measured
using Image] software and size distribution curves of these
nanoparticles are shown in Fig. 3b. The particle size estimated
from these size distribution curves are 19 = 9, 32 &+ 17, 124 +
101 and 242 + 142 nm for annealing temperature of 300, 500,
700 and 900 °C respectively.**** Thus, variation of particle size
with annealing temperature is concurrent with the crystallite
size obtained from XRD pattern.

RSC Adv, 2020, 10, 21259-21269 | 21261
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Table 1 Simulated parameters estimated from Rietveld refinement of X-ray patterns
CoFe,0,4 nanoparticles
Parameters 300 °C 500 °C 700 °C 900 °C
Lattice parameter; a (A) 8.357 £ 0.005 8.382 £ 0.002 8.384 £ 0.008 8.386 £ 0.007
Oxygen positional parameter; u (A) 0.2558 + 0.0004 0.2562 + 0.0003 0.2556 + 0.0004 0.2551 + 0.004
Occupancy A-site Co* 0.446 £ 0.003 0.376 £ 0.003 0.351 £ 0.004 0.294 £ 0.004
Fe** 0.556 £+ 0.003 0.624 £ 0.003 0.649 £ 0.004 0.706 £ 0.004
B-site Co* 0.556 £+ 0.003 0.624 £ 0.003 0.649 £ 0.004 0.706 £ 0.004
Fe** 1.446 + 0.003 1.376 £ 0.003 1.351 + 0.004 1.294 + 0.004
Bragg R-factor 7.99 6.48 5.75 5.57
Rf-factor 5.52 3.43 3.47 3.10
Goodness of fit (GOF)-index 1.1 1.1 1.5 1.4
Crystallite size; D (nm) 9+1 22 £2 49 + 4 61£6
X-ray density; p (g cm®) 5.31 + 0.02 5.46 + 0.02 5.61 &+ 0.02 5.73 + 0.02
Crystallite size; Dwy (nm) 7+1 19+3 66 + 6 84 £ 12
Strain (><1074), & —54 £ 32 5.6 + 8.7 1.5+ 1.3 6.2 £1.7
ST T T
12¢ 900°C 1
(a) \ b at ]
\ 0 0
900°C 0 100 200 300 400 500 600 700
3 700°C
£ 8 ]
30
[§)

Fig. 2 Scanning electron micrographs of CoFe,O4 nanoparticles
having annealing temperature of 300, 500, 700 and 900 °C.

Magnetic behaviour

Fig. 4 shows the hysteresis curves of CoFe,0, nanoparticles
synthesized at 300, 500, 700 and 900 °C. These hysteresis curves
show remanence and coercive behavior, which modifies with
crystallite size.

Thus, these curves exhibit ferrimagnetic kind behavior of
synthesized nanoparticles. This behavior is general character-
istics of ferrites nanoparticles and is observed by number of
researchers.??»?%1¢

The saturation magnetization of these nanoparticles are 52 +
2,664 2,70 + 2 and 81 + 2 emu g~ for annealing temperature of
300, 500, 700 and 900 °C (Fig. 5a). The value of saturation
magnetization at 900 °C is close to the value of bulk CoFe,0,.*"***
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Fig. 3 (a) Particle shape overview and (b) size distribution estimated
from SEM for CoFe,O4 nanoparticles annealed at 300, 500, 700 and
900 °C.

300°C]

25 30 35

3000 %o

15 20
Particle Size (nm)

Thus saturation magnetization (o) increases with increase of
crystallite size according to the following linear relation.
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Fig.4 Hysteresis curves of CoFe,O,4 nanoparticles synthesized at 300,
500, 700 and 900 °C.
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The magnetic moment per formula unit for these nano-
particles is calculated from saturation magnetization (o) and
molecular weight (M) of the material using the relation given
below*®

oy X M ©)
M8 = 35585

Behavior of magnetic moment with crystallite size is
analogues to that of saturation magnetization (Fig. 5b).

The remnant magnetization (g,) of these nanoparticles is
represented by exponential decay function as follow (Fig. 5¢)

6, =(13201)+ (=12 x 107 £ 1.2 x 107%) x ¢~ ©9£02xD(7)

The behavior of coercivity (H.) with crystallite size (D) is
represented by a parabolic function (Fig. 5d).

H.= (23 £0.2) x D — (0.030 + 0.002) x D*> — (5.5 + 1.5) (8)

A detailed investigation carried out by Li et al. (2017) for
Fe;O, nanoparticles envisages decrease of both remanent
magnetization and coercivity with increase of size even the
saturation magnetization increases. This behavior was
explained because of exceeding single domain size limit above
certain particle size.”

Optical behaviour
UV-Vis spectra of cobalt ferrite nanoparticles in diffuse reflec-

tance mode are shown in Fig. 6a. The optical band-gap of these
nanoparticles are determined from following relation

1237.5
g = A

eV 9)

where, A is wavelength corresponding to intercept on wave-
length axis as shown in Fig. S1.t1 This kind of simple approach
was used by Llanes et al. for estimation of optical band-gap in
oxide nanoparticles.*®

The optical-band gaps of these nanoparticles are 1.90 £ 0.02,
1.85 £ 0.02, 1.80 £ 0.02 and 1.69 + 0.02 eV for nanoparticles

—TT—T 18
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Fig. 5 (a) Saturation magnetization, (b) magnetic moment (c) rema-
nent magnetization and (d) coercivity as a function of crystallite size.
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annealed at 300, 500, 700 and 900 °C. Thus, optical band-gap
decreases with increase of crystallite size and enhances with
decrease of crystallite size (Fig. 6b). Similar enhancement of
optical band-gap with decrease of crystallite size for zinc ferrite
nanoparticle is also observed.** The enhancement of optical
band-gap for small sized nanoparticle is explained using
quantum confinement.*>*® According to quantum confinement
the optical band-gap of nanoparticle is written as

Rl .
Ey = Eouk + 25 ( - f,ﬁ) — 0.248E, (10)

SR \m;  m;
where, Ep, is the optical band-gap of the bulk and E;y is the
bulk excitation energy, %z is Planck's constant, R is radius of
nanocrystals. This clearly shows increase of optical band gap

with decrease of crystallite size.

Synchrotron radiation based investigation

Local electronic structure

Oxidation state of metal ions. Fig. 7a shows Fe L-edge spectra
of cobalt ferrite nanoparticles synthesized at 300, 500, 700 and
900 °C. Spectral features in the spectra of these nanoparticles
are represented by A;, A,, and A; centered at 708.3 £ 0.1, 719.9
£ 0.1 and 721.5 £+ 0.1 eV, respectively. In addition to this,
shoulders S; and S, centered at 706.5 + 0.1 and 711.7 + 0.1 eV
also exist in the spectra of these nanoparticles. These spectral
features are associated with presence of Fe*" ions in tetrahedral
and octahedral crystal field.”**”** Further, Fe K-edge spectra
reflect spectral features A,/, A,’, A;/, A,/ and A5 centered at
7132.1 £ 0.4,7139.3 +0.4,7146.7 + 0.4, 7155.7 + 0.4 and 7184.4
+ 0.4 for all nanoparticles synthesized at various annealing
temperatures. In addition, a pre-edge spectral feature A/,
centered at 7114.1 &+ 0.4 eV is observed in the spectra of these
nanoparticles. Presence of pre-edge in the Fe K-edge spectra of
ferrites is common. The intensity of pre-edge spectral features
modifies with annealing temperature (Fig. 7b: inset).

The main edge for these nanoparticles occurs at 7121.7 +
0.4,7121.1 + 0.4,7121.0 £+ 0.4 and 7120.1 £ 0.4 eV for annealing
temperature of 300, 500, 700 and 900 °C. Thus, main edge
slightly shifts to lower value with increase of annealing
temperature (Fig. 7b). The main energy exhibits a shift of
around 1.6 + 0.8 eV when annealing temperature increases to

(b)1-95 T T T T T T
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Fig. 6 (a) Optical behavior of CoFe,O4 nanoparticles synthesized at
300, 500, 700 and 900 °C. (b) Optical band-gap of nanoparticles as
a function of crystallite size.
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Fig. 7 (a) Fe L-edge and (b) Fe K-edge spectra of CoFe,O4 nano-
particles synthesized at 300, 500, 700 and 900 °C.

900 °C from 300 °C. Hence, nanoparticles synthesized at 300
and 900 °C are investigated using XANES-imaging.

XANES spectra extracted from these images from bulk mode
(whole image) exhibit similar behavior with annealing temper-
ature (Fig. S27). In addition, main edge energy shift of Fe K-edge
estimated from these measurements is 0.6 + 2 eV (Fig. 8b)
which appears to be similar (considering error values) to that
determined from the XANES spectra shown in Fig. 8b.

As mentioned earlier, the XANES imaging measurements are
able to give spatially resolved chemical information, hence,
XANES spectrum are also extracted from single pixels by taking
different pixels P;, P, and P;. Fe K-edge XANES spectra,
extracted from P4, P, and P; pixels of TXM images for CoFe,O,
nanoparticles synthesized at 300 and 900 °C are shown in Fig. 8.
These measurements reveal that Fe K-edge XANES spectra

Fig. 8 The XANES spectra extracted on the 2-dimensional XANES-
imaging results at Fe K-edge for CoFe,O4 nanoparticles synthesized at
(@) 300 and (b) 900 °C for selected pixels Py, P, and Ps.
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remain almost similar in different regions of materials for
lateral resolution down to 35 nm (Fig. 8a and b).

Co L-edge spectra of these materials show spectral features
B, and B, (Fig. 9a). These spectral features occur at 774.9 + 0.1
and 778.0 & 0.1 in the Co L-edge spectra of these nanoparticles.
In addition, a shoulder around 776.1 & 0.1 eV (shown by dotted
arrow) is also observed in the spectra of all nanoparticles.
Similar nature of Co L-edge spectra is reported for different kind
of nanostructures of CoFe,0,.>* Presence of these spectral
features in Co L-edge spectra is associated with 2+ oxidation
state in both tetrahedral and octahedral environment.** Co K-
edge spectra show spectral features B,’, B,’ and B;' centered
at 7726.0 £ 0.4, 7733.7 + 0.4 and 7741.8 + 0.4 eV for all
annealing temperatures (Fig. 9b). A minor pre-edge spectral
feature, B, centered at 7708.9 + 0.4 occurs in the spectra of
these nanoparticles. Main edge occurs at 7716.6 + 0.4, 7716.3 £
0.4, 7716.2 £ 0.4 and 7716.1 + 0.4 eV for nanoparticles
synthesized at 300, 500, 700 and 900 °C. The main edge shifts
towards lower value with annealing temperature in case of Co K-
edge revealing the same oxidation state at all temperature. This
main edge energy shift is 0.5 £ 0.8 eV when annealing
temperature increases from 300 and 900 °C. These results are
further supported by XANES-imaging spectra at Co K-edges for
CoFe,0, nanoparticles obtained at 300 and 900 °C. XANES
(Fig. S31). Moreover, Co K-edge spectra for different pixels Py, P,
and P; exhibit almost similar spectral features for each spectra
of different nanoparticle system (Fig. 10a and b) revealing
almost same local electronic structure of individual particles.
These observations are concurrent with that obtained from Fe
K-edge measurements.

Covalence and metal oxygen hybridization

To reveal the nature of metal oxygen hybridization in these
nanoparticles, O K-edge NEXAFS measurements were per-
formed and shown in Fig. 11. Pre-edge spectral features C; and
C, appear at 529.1 £+ 0.1 and 530.4 £ 0.1 eV at all annealing
temperatures (Fig. 11a). Post-edge spectral features C;, Cy, Cs
and Cg centered at 536.9 + 0.1, 540.2 + 0.1, 546.8 + 0.1 and
560.7 = 0.1 eV appear in the O K-edge spectra of all

Normalised Intensity (arb. unit)
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Fig. 9 (a) Co L-edge and (b) Co K-edge spectra of CoFe,O,4 nano-
particles synthesized at 300, 500, 700 and 900 °C.
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Fig. 10 The XANES spectra extracted on the 2-dimensional XANES-
imaging results at Co K-edge for CoFe,O,4 nanoparticles synthesized
at (a) 300 and (b) 900 °C for selected pixels P4, P, and Ps.

nanoparticles (Fig. 11a). Observed pre- and post-edge spectral
features are characteristics of O K-edge spectrum of CoFe,O,
and reported in our previous studies as well as work from other
groups.

Since, it is well established that pre-edge region of O K-edge
spectrum reflect the extent of hybridization in ferrite/transition
metal based nanoparticles,>**** hence, pre-edge region is criti-
cally analyzed. Spectral features C, and C, are associated with
metal-oxygen hybridization in these nanoparticles and reflect
the t,; and e, symmetry states. Thus, to determine the extent of
hybridization in these nanoparticles, pre-edge region is de-
convoluted into spectral features C; and C,. The de-
convoluted pre-edge regions for different annealing tempera-
tures are shown in Fig. 11b. Ratio of t,./e, was determined from

527 S28 520 530 531 S32 53357 528 520 530 5 5% 5

200°C
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Fig. 11 (a) O K-edge spectra of CoFe,O4 nanoparticles annealed at
300, 500, 700 and 900 °C. (b) De-convoluted pre-edge region of O K-
edge spectra at corresponding annealing temperature.
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these de-convoluted features to get quantitative information of
metal-oxygen hybridization. t,g/e, ratio for these nanoparticles
are 0.4, 0.6, 0.5 and 0.4 for annealing temperatures of 300, 500,
700 and 900 °C. Thus, these studies envisaged modulation of
extent of hybridization with annealing temperature.>**

Local atomic structure

To get insights of local atomic structure, EXAFS spectra at Co K
and Fe K-edge are measured (Fig. S47). These EXAFS spectra are
simulated by considering the distribution of cations between A-
site and B-site of spinel structure. Crystal information files (CIF)
for these sites are generated based on positions of metal and
oxygen ions in the unit cell of spinel structures using ATOMS
(Table S27).*

Co K-edge EXAFS investigations

The simulated chik spectra (Fig. S51) and Fourier transform at
Co K-edge for various annealing temperature are shown in
Fig. 12a. Simulated parameters are collated in Table 2. Bond-
distance for Co-O and Co-Co shells among A- and B-site
along with fractions of metal ions (n, and n,) are shown for
various annealing temperatures. Co-O shell bond distances are
1.96 and 2.06 A for A-site and B-site respectively. Co-Co shell
bond distances are 3.48 and 2.94 A for A-site and B-site
respectively. Fractions of Co®" ions attached to A-site (1) are
0.27 £+ 0.05, 0.42 + 0.06, 0.48 £+ 0.03 and 0.34 £+ 0.05 for
annealing temperature of 300, 500, 700 and 900 °C. Fractions of
these ions attached to B-site (n,) are 0.58 + 0.02, 0.51 + 0.01,
0.65 = 0.02 and 0.65 £ 0.04 for annealing temperature of 300,
500, 700 and 900 °C.

Fe K-edge EXAFS investigations

The simulated chik spectra (Fig. S61) and Fourier transform at
Fe K-edge are shown in Fig. 12b. Simulated parameters are
collated in Table 3. Bond-distance for Fe-O and Fe-Fe shells
among A- and B-site along-with fractions of Fe*" ions (1, and n,)
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Fig. 12 Simulated non-phase corrected Fourier transform of (a) Co
and (b) Fe K-edge EXAFS spectra for CoFe,O4 nanoparticles synthe-
sized at 300, 500, 700 and 900 °C.
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Table 2 Interatomic distance (R), co-ordination numbers (N), Debye—
Waller factors (¢2), and correction to energy (e.) of main edge obtained
by fitting the experimental Fe—K edge EXAFS spectra. n; and n; are the
fractions of co-ordination numbers (N) at A-site and B-sites

SN. Atoms N R(A) o¢*(A») Atoms N R(A) o*(AY

300 °C; ¢, = 0.11 eV; R-factor: 0.002

A-site (n, = 0.27 £ 0.05) B-site (1, = 0.58 + 0.02)

1 (6] 4 1.96 0.004 o 6 2.06 0.004
2 Co 12 3.48 0.023 Co 6 2.94 0.005
3 Co 6 3.48 0.006

500 °C; &, = —0.039 eV; R-factor: 0.003

A-site (n, = 0.42 £ 0.06) B-site (1, = 0.51 £ 0.02)

1 (0] 4 1.96 0.004 o 6 2.07 0.004
2 Co 12 3.46 0.012 Co 6 2.94 0.005
Co 6 3.46 0.012

700 °C; ¢, = —0.78 eV; R-factor: 0.001

A-site (n, = 0.48 £ 0.03) B-site (1, = 0.65 + 0.02)

1 o 4 1.96 0.001 (6] 6 2.07 0.003
2 Co 12 3.47 0.011 Co 6 2.93 0.005
Co 6 3.4 0.009

900 °C; &, = 0.14 eV; R-factor: 0.004

A-site (n; = 0.34 + 0.05) B-site (n; = 0.65 £ 0.04)

1 o 4 1.96 0.005 o 6 2.07 0.004
2 Co 12 3.47 0.010 Co 6 2.94 0.005
Co 6 3.47 0.009

are shown for various annealing temperatures. Fe-O shell bond
distances are 1.82 and 2.01.

A for A- and B-site respectively. Fe-Fe shell bond distances
are 3.51 and 2.98 A for A-site and B-site respectively. Fractions of
Fe" ions attached to A-site (n;) are 0.33 £ 0.08, 0.43 & 0.08, 0.40
=+ 0.05 and 0.5 £ 0.2 for annealing temperature of 300, 500, 700
and 900 °C. Fractions of these ions attached to B-site (n,) are
0.89 £ 0.06, 0.83 £ 0.05, 0.80 £ 0.05 and 0.9 + 0.1 for annealing
temperature of 300, 500, 700 and 900 °C.

Local magnetic structure

To understand the magnetic interaction in these nanoparticles,
XMCD spectra for nanoparticles synthesized at 300 and 900 °C
are shown in Fig. 13. XAS spectra under different helicity of X-
ray exhibit spectral features S;, A;, S,, A; and A, for these
annealing temperatures (Fig. 13a and b: Upper panels). Origin
of these spectral features are already discussed. Fig. 13a and
b (Lower panels) also depicts MCD signal for these nano-
particles. Feature assigned as T is associated with presence of
Fe*" ions among tetrahedral sites, however, spectral features O,
and O, is due to presence of these ions among octahedral sites.

Positive spectral features, T and negative spectral features
04, O, in the MCD spectra of these nanoparticles are due to
negative exchange interaction among Fe®" ions situated at A-
and B-sites.***” Area of these spectral features is determined by
de-convoluting these features (Fig. 13c). This envisages that
almost 34% of Fe*" ions reside on A-site, however, this fraction
is almost 66% at A-site for nanoparticle synthesized at 300 °C. In
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Table 3 Interatomic distance (R), co-ordination numbers (N), Debye—
Waller factors (¢2), and correction to energy (e,) of main edge obtained
by fitting the experimental Fe—K edge EXAFS spectra

SN. Atoms N R(A) ¢*(A?*) Atoms N R(A) o (A%

300 °C; &, = —0.79 eV; R-factor: 0.01

A-site (17, = 0.33 £ 0.08) B-site (1, = 0.89 £ 0.06)

1 O 4 1.82 —0.006 O 6 2.01 0.004
2 Fe 12 3.51 0.009 Fe 6  2.99 0.008
Fe 6  3.50803 0.015

500 °C; &, = —2.32 eV; R-factor: 0.006

A-site (1, = 0.43 + 0.08) B-site (12, = 0.83 + 0.05)

1 O 4 1.85 0.001 O 6 1.99 0.006
2 Fe 12 3.47 0.008 Fe 6 2.96 0.007
Fe 6 3.47 0.008

700 °C; &, = —1.64 eV; R-factor: 0.006

A-site (1, = 0.40 + 0.05) B-site (12, = 0.80 + 0.05)

1 (0] 4 1.84 0.003 (0] 6 1.98 0.006
2 Fe 12 3.48 0.006 Fe 6 2.96686 0.006
Fe 6  3.48287 0.006
900 °C; &, = 4.1 + 1.6 eV; R-factor: 0.01
A-site (7, = 0.5 £ 0.2) B-site (1, = 0.9 £ 0.1)
1 o 4 1.82 0.003 (0] 6 1.98 0.004
2 Fe 12 3.47 0.009 Fe 6 2.97 0.008
Fe 6 3.47 0.009
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Fig. 13 XAS spectra (Upper panel) and MCD spectra (Lower Panel) of
the CoFe,O4 nanoparticles synthesized at (a) 300 and (b) 900 °C. (c)
De-convoluted Lz-edge of MCD signal for these nanoparticles. u* and
wu~ are the helicity of left and right circularly polarized light.
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case of nanoparticles synthesized at 900 °C, these fractions are
31% and 69% for A- and B-sites respectively.

Discussion

Thus, EXAFS and XMCD investigations envisage redistribution
of cations with annealing temperature/crystallite size. To
determine exact occupancy of metal ions from EXAFS following
relation was used.

For Co>" ions,

1-2 ny

T = n_1 (11)
For Fe*' ions,

1+ 2 m

T (12)

Values of A are estimated from these relations that are used
to determine occupancies of Co®* and Fe®" ions (Table 4).
Occupancies determined from EXAFS are similar to that ob-
tained from XRD (Tables 1 and 4).

The theoretical magnetic moment of ferrite is given as

(13)

m = Mpsite — MA-site

Based on structural formula mention in eqn (1), the
magnetic moment of ferrite can be derived directly from
magnetic moments of it's constituent Co>" and Fe*" ions from
the equation given below

o C02+ Fe” Co” Fe3t
m= (mlfa +m5, ) - (m)_ +m°, ) (14)
B-site A-site

The magnetic moment of each nanoparticles was deter-
mined using eqn (14) by taking magnetic moment of Fe** and
Co>" ions as 5.92 and 3.87 wg.*® The magnetic moments esti-
mated from these relation are 5.3, 5.0, 4.5 and 4.5 ug for
nanoparticles synthesized at 300, 500, 700 and 900 °C (Table 4).

Table 4 Distribution of metal ions determined from EXAFS and
calculation of effective magnetic moment in Bohr magneton (ug)

CoFe,0, nanoparticles

Parameters 300°C 500°C 700°C 900 °C

Occupancy — A-site  Co* 0.31 0.45 0.42 0.35
Fe** 0.54 0.60 0.67 0.71

B-site Co** 0.49 0.55 0.58 0.65

Fe*" 1.46 1.40 1.33 1.29

Magnetic moment A-site 5.2 5.3 5.6 5.6
B-site 10.5 10.4 10.1 10.1

Effective magnetic moment 5.3 5.0 4.5 4.5

(kB)

Experimental magnetic 2.2 2.8 2.9 34

moment (ug)
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Fig. 14 Experimental and estimated values of magnetic moment.

The experimentally observed value of magnetic moment for
these nanoparticles are 2.2, 2.8, 2.9 and 3.4 ug (Table 4). Thus,
difference among the theoretical and experimentally observed
values of magnetic moment is large for lower crystallite size
nanoparticles (Fig. 14). The other factors which affect the
magnetization are spin canting® and formation of spin-glass
state at the surface.®>® These factors diminishes the magneti-
zation in ferrite nanoparticles.>** Hence, the spin canting and
spin-glass state effects rather than particle size effects or cation
redistribution influences the magnetic behavior of these
nanoparticles.

Conclusions

In conclusion, pure cubic spinel phase of synthesized CoFe,0,
nanoparticles was observed. Both the crystallite/particle size
increases with annealing temperature. The particle shape also
modifies from spherical to hexagonal type with increase of
annealing. All nanoparticles exhibit ferrimagnetic behavior
with linear increase of saturation magnetization and magnetic
moment with enhancement of crystallite size. Variation of other
magnetic parameters like remanent magnetization and coer-
civity reflects the single domain behavior below 55 nm. More-
over, optical band-gap of these nanoparticle is influenced by
optical confinement.

The nanoparticles exhibit modification of Co, Fe (3d)-O (2p)
hybridized states with increase of annealing temperature as
envisaged from the O K-edge NEXAFS spectra. The presence of
Fe and Co ions in 3+ and 2+ state is evidenced from the Fe and
Co L-edge NEXAFS, XANES and spatially resolved XANES-
imaging techniques. Distribution of Fe and Co ions estimated
from EXAFS simulation corroborates the results obtained from
Rietveld refinement of X-ray diffraction patterns. XMCD
revealed the negative exchange interaction among the metal
ions situated at A- and B-sites.
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