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This work investigates the role of stable (sing-phased) and unstable (bi-phased) lattice structures in
controlling the magnetic spin order and electronic properties in Co-rich ferrites of compositions Coy »5-
Fe17504 and Co,»s5Feq750,4. The material was synthesized via the chemical reaction of metal (Co and Fe)
nitrates in an alkaline medium and post-heat treatment. The XRD patterns of Coj,sFe; 7504 showed a
single-phased structure upon heat treatment in the temperature range of 200-900 °C, whereas Co; »s-
Feg 7504 showed a single-phased structure at 900 °C and bi-phased structure at a low heating temperature
range of 200-800 °C. The thermally induced irreversibility (non-equilibrium) effect was observed in the
lattice structure, magnetic spin order and electrical conductivity. The lattice structure at the (local)
microscopic scale showed a more or less metastable state and coexistence of mixed-charge states of Co
and Fe ions, irrespective of the single or bi-phased structure. The magnetic and electronic responses are
found to be sensitive enough to detect local level non-equilibrium (metastable) states in non-equilibrium
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1. Introduction

Electronic spin order and charge conductivity are strongly
correlated in the equilibrium and non-equilibrium lattice
structure of Co-rich spinel ferrites (Co,Fe; O4; 1 < x < 3).7°
A stable equilibrium state of lattice structures exists when a
system attains its lowest chemical (Gibbs) potential energy
and a non-equilibrium state forms when the system is
energetic at the saddle point of the potential energy curve
and perturbed from its true (stable) equilibrium state.* If the
perturbation is too small, the equilibrium state can be re-
established by the removal of excess energy, and the process
can be approximated as reversible. The system can attain an
unstable state when the extra energy reaches beyond a certain
limit of non-equilibrium conditions or reaches the top of the
chemical potential energy curve during structural phase
formation. In such a case, the thermodynamic process follows
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and equilibrium crystalline phases seen from XRD patterns.

an irreversible path during the removal of the perturbed
energy. The chemical potential energy of the system is
lowered from the unstable state through the spontaneous
decomposition (split) of the lattice structure to two phases
with variations in local chemical composition. Such structural
phase split without nucleation is known as spinodal
decomposition in Co-rich spinel ferrites.”® The Co content
and heat treatment temperature during material preparation
act as major thermodynamic forces to determine equilibrium
and non-equilibrium lattice structures. The Co-rich spinel
ferrites, whose composition lies in the miscibility gap of the
Fe;0,-Co;0, system, are kinetically sensitive to heat
treatment temperatures in the range of 900-950 °C to form a
stable and single-phased lattice structure. Beyond this critical
temperature range, the Co-rich ferrites showed spinodal
decomposition into Co- and Fe-rich cubic spinel phases.’ The
distribution of Co and Fe ions at the A (tetrahedral) and B
(octahedral) sites in a bi-phased cubic spinel structure differs
from that in a stable and single-phased lattice structure. The
Co-rich phase (phase 1) has been defined as the cubic spinel
phase that contains more number of total Co ions in the
formula unit, and the Fe-rich phase (phase 2) has been
defined as the cubic spinel phase that contains more number
of Fe ions in the formula unit with reference to the total
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number of Co and Fe ions in a single-phased sample
prepared via heat treatment at 900 °C.'°™? The study of
spinodal decomposition in Co-rich spinel oxides is interesting
for tuning the properties of the intrinsic non-equilibrium
structure, where phase fractions are sensitive to externally
applied magnetic fields, and such materials are useful for
developing high entropy energy storage devices.>*"®
However, the response of metastable phases during the time
and high-temperature variation of the measurement has not
been well investigated.

O'Neill et al.'® showed a thermal cycle-induced cation
order-disorder effect in Mg,TiO,. The distribution of Mg>"
and Ti*" ions formed an ordered state of inverse structure (all
Ti*" ions occupying half of the B sites) during the warming
mode from 300 K to 1173 K and a disordered state (migration
of a fraction of Ti*" to A sites) at higher temperatures. The
reordering of cations at the A and B sites during the cooling
mode was faster, and the high-temperature disordered state
was not preserved after cooling back to 300 K. The thermal
cycling-induced lattice disorder perturbed the equilibrium
state of the cation order at A- and B-sites in the spinel
structure.”” " The irreversibility in magnetic exchange
interactions and spin order exhibited unusual magnetic
properties (magnetic blocking, exchange bias) at low
temperatures, which are different from high-temperature
magnetic phases.””*' The study of the relationship between
non-equilibrium lattice structure and physical (electrical and
magnetic) properties from high-temperature measurements
is limited in the literature’®*® but useful for high-
temperature applications of the material in magneto-electric
memory devices.>**2°

We investigate the effects of equilibrium and non-
equilibrium lattice structures in Co-rich spinel ferrite of
compositions Co, »s5Fe; 7504 and Co, ,sFeq 7504 on the high-
temperature magnetic and semiconductor properties. We
highlight the role of the measurement temperature cycle-
induced metastable state in the lattice structure in producing
the irreversibility in magnetic and electrical conductivity
curves. The irreversibility means a noticeable difference in
the values of physical parameters (lattice parameter,
magnetization, electrical conductivity) during the warming
and cooling modes of the measurement temperature
variation. The results can be used as an alternative technique
to distinctly differentiate the effect of the non-equilibrium
(metastable) phase observable from the X-ray diffraction
pattern and the local level (transient) metastable state not
observable from the X-ray diffraction pattern of the single- or
bi-phased lattice structure of materials.

2. Experimental
A. Sample preparation

The Co,,sFe; 750, and Co,,s5Fep 750, compositions were
synthesized by following the chemical co-precipitation route,
where a better chemical homogeneity is expected at the
atomic level of the compound. The required amounts of
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Co(NO;),-6H,0 and Fe(No;);-9H,O nitrate salts were
dissolved in distilled water. The NaOH solution with an
initial pH of ~13 was added gradually into the nitrate
solution to maintain the final pH value at ~11 during the
chemical reaction. The reaction temperature was maintained
at 80 °C with continuous magnetic stirring. The products
were allowed to cool down to room temperature and
allowed to precipitate at the bottom of a Borosil beaker.
The transparent solution was removed carefully from the
top of the precipitate, and the remaining product was
washed several times with distilled water. At each time, the
product was dried at 100 °C. The resultant powder was
heated at 200 °C to confirm a complete removal of the bi-
product of NaNO;, which formed a white coating on the
wall of the beaker, and black coloured (magnetic) powder
was collected at the center of the beaker when placed on a
Rotamantle. The black powder was made into several pellets
and heated in the range of 200-900 °C for 6 h. The samples
were denoted as C125F175_20, C125F175_50, C125F175_80
and C125F175_90 for the heat treatment temperature at 200
°C, 500 °C, 800 °C and 900 °C, respectively, for the Co; »s-
Fe; 7;504,. The Co,,5Feq,50, samples were denoted as
C225F75_20 and C225F75_90 for heat treatment
temperatures at 200 °C and 900 °C, respectively. The heating
and cooling rate of the samples in the air during heat
treatment was maintained@5 °C min .

B. Sample characterization

The synchrotron X-ray diffraction (SXRD) patterns were
recorded in the 26 range 5-40° using synchrotron radiation (1
~ 0.8360 A) at the angle dispersive X-ray diffraction beamline
(BL-12) in Indus-2, Indore, India. The sample-to-detector
distance for SXRD was calibrated by using a standard Si
powder sample. The SXRD patterns were recorded in the
warming mode of high-temperature variation from 300 K to
873 K and cooling back to 373 K@20 K min™" in air. The
sample was waited for 5 min. to stabilize the temperature
before the measurement of data at each temperature for 2-3
min. The survey scans of X-ray photoelectron spectra (XPS)
were recorded in the range of 0-1350 eV with step size 1.0 €V,
and narrow scans for specific XPS bands of the ions were
recorded with a step size 0.1 eV by using a thermos-scientific
instrument  (model: = K-Alpha-KAN9954133) with a
monochromatic Al-K, source. The temperature-dependent
magnetization [M(7)] in the magnetic field warming (MFW:
300-950 K) and cooling (FCW: 950-300 K) modes were
measured using a physical property measurement system
(PPMS-EC2, Quantum Design, USA). The temperature
varied@5 K min™' with a waiting time of 2 min before
recording the M(7T) data in the presence of a 500 Oe field at
each temperature. After MFW(7T) measurement in the
presence of a 500 Oe field at 300 K, the magnetic field-
dependent magnetization [M(H)] curves were recorded within
the field range of +70 kOe at selected temperatures in the
range of 300 K to 900 K during the warming mode. The
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current-voltage (I-V) characteristics were measured in the
temperature range of 300-623 K using a Keithley 6517B high
resistance meter. The disc-shaped samples (¢ = 10 mm, ¢ ~
0.5 mm) were placed between two Pt electrodes of a
homemade sample holder to make a Pt/sample/Pt device
structure. The I-V curves were measured by sweeping the bias
voltage within +50 V depending on the sample and
measurement temperature. The temperature varied@5 K
min~" with a waiting time of 2-3 min before recording the I-
V curve at each temperature for a time <2 min. The
measurement protocols were maintained uniformly for all
the pellet-shaped samples. The total time at each
temperature (<10 min including waiting time) during the
measurement of SXRD and physical properties was much less
than the heat treatment time (6 h) during the structural
phase formation of the material.

3. Results

A. Synchrotron X-ray diffraction

SXRD patterns of the samples (in Fig. 1 and 2) at the selected
temperatures (300-873 K) during warming and cooling
modes are consistent with a cubic spinel structure (space
group Fd3m).'"'? Rietveld refinement of the SXRD patterns
was performed by using a mixed cubic spinel structure model
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Fig. 1 Refined SXRD patterns for samples C125F175_20 (a-f) and
C125F175_90 (g-l) measured in the warming (W) and cooling (C)
modes of temperature variation. Miller indices for the cubic spinel
structure are indicated in (g).
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Fig. 2 Refined SXRD patterns of samples C225F75_20 (a-f) and
C225F75_90 (g-1) during warming (W) and cooling (C) modes of
temperature variation. Miller indices for cubic spinel structure are
indicated in (g).

(Co™"1_gFe )a[CO™" jC0*" vy Fe* 5 4|50, for Fe;_,Co,0, ferrite
(0 < p <1;1 < x < 3) with space group Fd3m. The Wyckoff
positions at the A (8a) sites (1/8, 1/8, 1/8) were co-occupied by
Co®" and Fe’" ions and the B (16d) sites (1/2, 1/2, 1/2) were
co-occupied by Co**/Co®*" and Fe’'/Fe*" ions, and the 32e
sites were occupied by oxygen (O*7) ions. The structural
parameters such as lattice parameter (a), cell volume (V),
oxygen parameter (u), site distribution of Co and Fe ions,
oxygen stoichiometry and the shape parameters were suitably
varied to obtain the best fit. The initial values of structural
parameters for the refinement were matched to the values for
some of the samples from previous works using refinement
of SXRD patterns and neutron diffraction patterns at 300
K.'1122627 Then, refinement of the SXRD pattern at higher
temperatures was carried out by considering the single-
phased and bi-phased (Co- and Fe-rich cubic spinel phases)
structure. SXRD patterns of the (C125F175_20 and
C125F175_90) Co,,5Fe; 750, samples were fitted with a
single-phased structure. SXRD patterns of the Co,,5Feq 750,
samples were fitted with Co- and Fe-rich cubic spinel phases
for heat treatment at 200 °C (C225F75_20 sample) and single-
phased structure for heat treatment at 900 °C (C225F75_20
sample). The values of structural parameters and site
distribution of cations are well-matched to the previous
works."””  The refinement results at a measurement
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Table 1 Structural parameters from Rietveld refinement parameters of SXRD data at 873 K
(a) Single-phase model of the cubic spinel structure of C125F175_20 and C125F175_90 samples

C125F175_20 C125F175_90

Wyckoff positions Wyckoff positions
Atoms J P J 4
(sites) X Y Z B Occupancy X Y Z B Occupancy
Co (8a)  0.12500 0.12500 0.12500 0.997  0.520(38) 0.12500 0.12500 0.12500 0.997  0.345(45)
Fe (8a) 0.12500 0.12500 0.12500 0.997 0.480(38) 0.12500 0.12500 0.12500 0.997 0.655(45)
Fe (16d) 0.50000 0.50000 0.50000 0.980 1.270(38) 0.50000 0.50000 0.50000 0.980 1.095(45)
Co (16d) 0.50000 0.50000 0.50000 0.980 0.730(38) 0.50000 0.50000 0.50000 0.980 0.905(45)
0 (32¢)  0.25452(24) 0.25452(24) 0.25452(24) 0.781  3.974(18) 0.25496(30)  0.25496(30)  0.25496(30)  0.781  3.943(22)

Cell parameters: a = 8.36245(45) A, V = 584.791(55) A®
Ry 4.41 Ryp? 5.58 Rexp? 2.56 17 4.77

Cell parameters: a = 8.33860(12) A, V = 579.802(15) A®
Ryt 8.18 Ryp: 10.40 Reypt 7.76 % 1.80

(b) Two-phase model of the cubic spinel structure of the C225F75_20 sample

Co rich Fe rich

Wyckoff positions Wyckoff positions
Atoms J P y P
(sites) X Y Z B Occupancy X Y Z B Occupancy
Co (8a) 0.12500 0.12500 0.12500 0.997 0.484(91] 0.12500 0.12500 0.12500 0.997 0.464(82)
Fe (Sa) 0.12500 0.12500 0.12500 0.997 0.552(91) 0.12500 0.12500 0.12500 0.997 0.555(82)
Fe (16d) 0.50000 0.50000 0.50000 0.980 0.148(91) 0.50000 0.50000 0.50000 0.980 0.245(82)
Co (16d) 0.50000 0.50000 0.50000 0.980 1.816(91) 0.50000 0.50000 0.50000 0.980 1.736(82)
0(32¢)  0.25632(57) 0.25632(57) 0.25632(57) 0.786  3.974(18) 0.25441(26)  0.25441(26)  0.25441(26) 0.781  3.967(25)

Cell parameters: a = 8.10382(27) A, V = 532.19(4) A®

Rp: 6.66 Ryyp: 8.60 Reypt 8.52 7% 1.02

Co rich phase (Bragg factor 3.00, phase fraction 54.83(0.86)%)
Fe rich phase (Bragg factor 3.97, phase fraction 45.17(0.87)%)

Cell parameters: a = 8.27657(15) A, V = 566.95(8) A®

(¢) variation in phase fraction with temperature of C225F75_20 and single-phase model of the cubic spinel structure of the C225F75_90 sample

C225F75_20 (phase fraction %) C225F75_90
Co rich Fe rich Wyckoff positions
Atoms

T(K) Warming Cooling Warming Cooling (sites) X Y Z B Occupancy
300 54.32(1.02) 54.32 45.68(0.92) 45.68 Co (8a) 0.12500 0.12500 0.12500 0.997 0.731(79)
373 53.36(1.02)  53.98(0.81)  46.64(1.01)  46.02(0.86)  Fe (8a) 0.12500 0.12500 0.12500 0.997  0.298(79)
473 55.25(0.83) 54.91(0.84)  44.75(0.83)  45.09(0.82) Fe (16d)  0.50000 0.50000 0.50000 0.980  0.452(79)
573 53.29(0.84) 55.66(0.8)  46.71(0.87)  44.34(0.8)  Co (16d)  0.50000 0.50000 0.50000 0.980  1.519(79)
673  54.85(0.83) 54.6(1.05)  45.15(0.84) 45.4(1.04) O (32e)  0.25755(52)  0.25755(52)  0.25755(52) 0.781  4.014(24)
773 55.84(0.82) 56.29(1.11)  44.16(0.82)  43.71(1.1)  Cell parameters: a = 8.21512(55) A, V = 554.424(64) A®
873 54.83(0.86)  54.83(0.86)  45.17(0.87)  45.17(0.87)  Ry: 11.2 Ryp: 14.2 Reypr 10.45 % 1.84

temperature of 873 K have been summarized in Table 1. The
samples confirmed a mixed-spinel structure, where Co and
Fe ions occupied both A and B sites, irrespective of the
single- or bi-phased structure. The site occupancy of Co and
Fe ions varied depending on the chemical composition, heat
treatment temperature and single or two-phased structures of
the samples. For example, the Fe/Co ratio at the A sites
increased by increasing the heat treatment temperature of
the sample from 200 °C to 900 °C for Co,,sFe; ;50,. In the
bi-phased structure of the C225F75_20 sample, the Co-rich
phase (phase 1) contained more Co ions, and the Fe-rich
phase (phase 2) contained more Fe ions in the cubic spinel
structure unit with reference to the site-distributions in the
stable single-phased C225F75_90 sample (where population
of the A sites mostly dominated by the Co ions and Fe ion
population at the B sites is relatively more than A sites). The
A-site population of the Co ions in the single-phased
C225F75_20 sample is also higher in comparison to the

4836 | CrystEngComm, 2024, 26, 4833-4847

single-phased C125F175_20 sample and vice versa for the
B-site population of Fe ions. The oxygen (O) content of the
samples at 300 K per formula unit of the cubic spinel
structure nearly matched the ideal value, whereas a slight
variation in the O content was noted at 873 K.

Fig. 3 shows the variation of cell volume V and oxygen
parameter (x) during warming and cooling modes of
measurement temperatures. The samples showed nearly a
linear thermal expansion of cell volume. The cell volume
followed nearly reversible paths within the error bar in the
single-phased C125F175_90 and C225F75_90 samples,
whereas cooling and warming paths have noticeably differed
well beyond the error bar in the intermediate temperature
range (473-773 K) for the (single-phased C125F175_20 and
bi-phased C225F75-20) samples prepared at low temperature
(200 °C) heat treatment. However, none of the present
samples show any intermediate structural destabilization by
forming a CoO-like phase, as seen for Co, ;sFe, .50, having

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 The variation in the cell volume (a-d) and oxygen parameter
(e-i) with temperature for the C125F175 and C225F75 samples.

an extremely high Co/Fe ratio.”’ The oxygen parameter (u), a
microscopic displacement of the O ions with reference to a
regular tetrahedron at the 8a sites and an octahedron at the
16d sites in the cubic spinel structure, varied in the range
(0.252-0.264) of spinel oxides.>®*° In the present spinel
oxides, the oxygen parameter (x) during warming and cooling
modes followed irreversible paths irrespective of single or bi-
phased samples. The u(7) values in Co,,sFe, 750, have
decreased on increasing the temperature, whereas the u
values in Co;,sFe; 750, showed a decrement at higher
temperatures for the C125F175_20 sample and an increment
for the C125F175_90 sample. The variation in u and lattice
parameter (a) values can affect the M-O (metal-oxygen) bond

. 1 .
lengths at the A sites (Rtet:a\/g(u—§>) and B sites

3 . .
<Roct =a (3u2 -2u + §)) % In the mixed spinel structure,

the radius of oxygen ion is assumed to be R, = 1.38 A and the
radii of Co ions (~0.545 A for B site low-spin Co’*, ~0.61 A
for B site high-spin Co®*, ~0.745 A for B site high-spin Co*",
and ~0.58 A for A site high-spin Co®") and Fe ions (~0.645 A
for B site high-spin Fe*", ~0.55 A for B site low-spin Fe**, and
~0.49 A for A site high-spin Fe*") varied depending on the
charge state, magnetic spin state and site-occupancy. An

This journal is © The Royal Society of Chemistry 2024
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(d-f), different bond lengths and angles of all compositions (g-k) and
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variation.

increase in low spin Co®' ions at the B sites reduces the
lattice parameter (in Co,,sFeq ;504 composition) and an
increase in high spin Fe®* ion occupancy at the B sites
increases the lattice parameter (in  Coj,sFe; 750,
composition) in Co-rich ferrites.>*® The samples showed a
non-negligible variation in the occupancy and thermally
induced irreversibility in the site-occupancy of the Fe (B-sites)
and Fe (A-sites) ions (in Fig. 4(a-f)) during warming and
cooling paths of the temperature variation. Subsequently, the
Fe-O bond lengths and Fe-O-Fe bond angles showed a
noticeable change during temperature variation in the
warming mode (Fig. 4(g-1)). The strength of inter and intra-
sublattice ~ (A-O-B, B-O-B and A-O-A) magnetic
superexchange interactions is directly proportional to the
bond angle and inversely proportional to the bond length
between cations and oxygen ions.** The Fe-O bond lengths
were found in the range of 1.80-1.940 A and 1.92-2.060 A for
the A and B sites, respectively, whereas the Fe-Fe bond
lengths at the B-sites were found in the range of 2.88-2.90 A.
The Fe,—O bond length in the C125F175_20 sample is nearly
temperature-independent (~1.930 A) up to 773 K. It reduces
to ~1.880 A at 873 K. In the C125F175_90 sample, the Fe,—O
bond length increased from 1.80 A at 300 K to 1.88 A at 873
K. The Fe,~O bond length in the C225F75_90 sample slowly
decreased from 1.94 A at lower temperatures to ~1.88 A in

CrystEngComm, 2024, 26, 4833-4847 | 4837
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the temperature range of 673-873 K. The reverse trend was
found for the Feg-O bond length, where it shows a thermal
expansion for the C125F175_20 and C225F75_90 samples
and a compression at higher temperatures for the
C125F175_90 sample. The Feg-Feg bond length showed
thermal expansion for all samples. The bond angles (<Fex-
O-Feg and (<Fep-O-Feg) noticeably varied with temperature.
The <Feg-O-Feg varied within 90-95° and <Feg—O-Fe,
varied within 121-125°. These angles lie in a typical range
where superexchange interactions between A- and B-sites or
intra-sub lattices (B-B) are diluted in a ferrimagnetic
structure of cubic spinel oxide, whereas a long-ranged
collinear ferrimagnetic structure assumes <Feg-O-Fep ~90°
and <Fep-O-Fe, ~125-180°. In the C125F175-20 sample,
both <Feg-O-Fep and <Fep-O-Fe, varied a little up to 773 K.
At 873 K, <Feg—-O-Feg noticeably decreased by increasing the
<Fep-O-Fe, angle. A gradual increase in the <Feg-O-Fep
angle with temperature is accompanied by a decrease in the
<Fep-O-Fe, angle for the C125F175_90 sample. The <Fep-
O-Fey and <Fep-O-Fe, bond angles showed opposite
temperature-dependent behavior in the C225F75_90 sample.
In the bi-phased C225F75_20 sample (Fig. 4(1)), the fraction
of the Co-rich phase increased from 54% to 56% by
decreasing the Fe-rich phase fraction from 46% to 44%
during the increase in the measurement temperature from
300 K to 875 K. The bond length, bond angles, phase
fractions and charge state of metal ions are the factors that
primarily control the magnetic and electrical properties,
which are discussed below.

C125F175_20 C125F175_90
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B. X-ray photoelectron spectra

X-ray photoelectron spectra (XPS) were recorded to study the
surface chemical state (chemical structure and charge state of
Co and Fe ions) of the samples. The spectra were recorded
before etching and after etching of the surface under Ar
sputtering for 60 s. We discuss the results from spectra
recorded after etching. The atomic ratio of Co and Fe was
determined from the survey scans of Co 2p and Fe 2p spectra.
The measurements were repeated at least two times and cross-
checked from the area of peak components in the narrow
scanned Co 2p and Fe 2p spectra. The average Co: Fe ratio was
found to be 1.21:1.79, 1.30:1.70, 2.13:0.87 and 2.18:0.82 for
the samples C125F175_20, C125F175_90, C225F75_20 and
C225F75_90, respectively. The difference in the atomic ratio
from XPS from the exact stoichiometric ratio of the compounds
can be associated with the accuracy of the fitted curve area.
The oxygen content cannot be determined accurately from XPS
due to additional contributions apart from the bonded oxygen
to metal ions in the lattice structure. The line scans of the
elemental Co 2p, Fe 2p and O1s spectra at 8 different points
over a length of 600 um were recorded to understand the
surface nature of the samples. The primary peak component in
the line scans of O 1s spectra (Fig. 5(a-d)) at binding energy (B.
E.) of ~530.50-531.70 eV appears due to lattice oxygens in the
M-O bonds of the cubic spinel lattice structure and a
secondary peak component/hump at B.E. ~532-533 eV
suggests surface defects (oxygen vacancy or adsorbed hydroxyl
groups) in the samples.** " The surface defects/non-

C225F75_20 C225F75_90
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Fig. 5 Line scans of O 1s (a-d), Fe 2p (e-h) and Co 2p (i-l) spectra for C125F175_20, C125F175_90, C225F75_20 and C225F75_90 samples. The

peak profile components are marked for O 1s, Fe 2p and Co 2p bands.
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equilibrium structure is more prominent for the samples
prepared at 200 °C (C125F175_20 and C225F75_20), where the
peak component for lattice-oxygen showed a considerable shift
when recorded at different points. On the other hand, the
samples prepared at 900 °C showed well-defined positions (B.
E. ~ 530.5 + 0.1 eV for C125F175_90 and 531.8 + 0.1 eV for
C225F75_90) for the peak component corresponding to lattice-
oxygen and confirms a stable lattice structure. The Fe 2p
(Fig. 5(e-h)) and Co 2p (Fig. 5(i-1)) band profiles are
reproducible at different points of the line scan and some
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characteristic changes can be seen in the spectra when Co
content in the spinel ferrite increases. The Fe 2p band
exhibited a well-defined split (2ps/, and 2p,/, sub-bands due to
spin-orbit coupling) for the samples of Co;,sFe; 50,
composition (first and second columns), whereas the 2ps,, sub-
band dominates over the 2p,,, sub-band for the samples of
Co, »5Fey 750, composition (third and fourth columns). The
peak intensity (I) in the spectral band is directly proportional to
(2] + 1)exp(-Ej/ksT), where 2] + 1 is the multiplicity factor and
E; is the energy level of specific sub-bands. The total quantum

Table 2 XPS peak parameters (binding energy and area) obtained from deconvolution of 2p and 3s bands

Fe 2p Co 2p

Fe 3s Co 3s

Samples Peak no. B.E (eV) S (eV) A (eV)

B.E (eV) f(eV)

A (eV) B.E (eV) S (eV) A(eV) B.E (eV) pS(eV) A(eV)

Co0125F175. 20 1 710.34(6) 2.87(2) A=

12.83

2 712.24(6) 3.99(5) A, =5.25 782.22(4) 2.91(2)

3 716.35(3) 7.81(3) A, =6.00 786.84(6) 3.90(1)

4 724.03(2) 3.66(6) Fe*'/Fe’" 789.72(1) 4.51(5)
=0.81

5 728.12(3) 9.01(2) 797.01(4) 3.99(2)

6 803.49(3) 4.86(2)

780.37(1) 2.13(1)

A=15.80 92.83(3) 3.30(1) — 100.63(4) 4.22(2) Asg =

4.64

Ay =6.00 93.84(3) 3.01(8) Fe’*/Fe’" 102.65(4) 1.22(4) Co*'/
=0.32 Co*" =

0.75

Ay = 7.00 106.49(5) 3.80(7)

Co*'/

C02+ —

0.62

Site distribution of cations from SXRD refinement (Co,63F€0.37)a[CO0.62F€1 355, from XPS (Co>*o 74Fe" 4.26)aA[CO* "0 51Fe* 0. 7sFe* 0 71]s and u = 3.15 uB

Co0125F175_90 1 709.63(4) 3.68(1) A=

778.50(8) 0.82(2) A=15.85 92.93(8) 1.65(3) —

101.19(2) 1.88(1) Ag, =

12.61 5.00
2 711.85(6) 4.23(5) A, =5.00 780.17(1) 2.69(8) A, =5.43 93.13(2) 3.82(4) Fe’'/Fe’" 103.01(1) 2.28(1) Co’'/
=0.16 Co™* =
2.06
3 715.51(2) 6.47(3) A, =7.00 782.61(2) 2.83(2) A, = 107.51(2) 3.69(2)
6.410
4 722.91(1) 4.31(3) Fe*'/Fe*" 786.56(1) 4.34(2) Co™*/
=0.80 Co®' =
0.50
5 729.91(4) 5.15(1) 793.56(4) 1.26(1
6 796.21(2) 2.75(1
7 797.99(4) 2.89(2
8 803.46(6) 3.89(1

Site distribution of cations from SXRD refinement (Coy goF€.40)A[CO0.65F€1 35, from XPS (Co** o s5Fe*" o 45)A[Co* o 70Fe* o 7sFe® o 52]p and p = 1.82 uB

C0225F75 20 1 710.08(1) 3.10(4) A=

773.98(8) 4.73(2) A=15.99 93.25(1) 2.69(2) —

102.05(3) 1.68(1) Asq =

10.86 5.45
2 712.45(7) 4.41(1) A, =5.38 780.52(1) 3.61(3) A; =6.10 102.60(1) 3.03(2) Co*'/
C02+:
4.49
3 717.16(1) 7.18(2) A, =7.00 785.95(6) 6.97(1) A,=7.00 107.34(1) 3.14(2)
4 723.56(2) 4.14(3) Fe*'/Fe*" 796.51(2) 3.94(4) Co™*/
=0.42 Co”" =
0.30

5 728.73(5) 9.63(6)

803.04(3) 4.04(6)

Site distribution of cations from SXRD refinement (Cog_45F€0.55)a[CO1.00F€0.10]p for Co-rich phase and (Cog 35Feq.65)a[CO1.50F€0.20]s for Fe-rich
phase, average of both phases (C0y_40F€0.60)A[CO1.55F€0.15]s from XPS (Co>*y ¢6Fe*" 34)aA[CO° 1 50Fe™ o 20Fe* 0 10]p and p = 1.85 uB

Co0225F75_90 1 709.62(4) 3.22(2) A=

773.35(7) 4.02(2) A=16.10 93.22(7) 3.34(2) —

102.16(2) 4.38(2) Ag, =

12.39 4.79

2 711.34(8) 3.57(1) A;=6.50 780.53(2) 4.08(3) A, =5.86 102.94(1) 1.85(3) Co®'/
C02+:
4.85

3 714.14(7) 4.60(8) A, =6.50 786.39(7) 5.87(1) A, =6.48 107.34(3) 3.32(5)

4 717.97(4) 7.02(6) Fe*'/Fe*" 792.99(1) 1.89(2) Co’*/

=0.29 Co™ =
0.18
5 723.76(1) 2.96(4) 796.63(3) 3.82(9)
6 727.61(1) 6.25(5) 803.11(4) 4.01(1)

Site distribution of cations from SXRD refinement (Coy7oF€ 30)A[CO1.55F€0 45, from XPS (Co™* g esFe* o 36)A[CO™ "1 61Fe* 0 1-Fe® 00 ]p and p = 1.94 pB

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Deconvulated components of Fe2p (a-d), Co 2p (e-h) and Fe 3s/Co 3s (i-l) spectra for C125F175_20, C125F175_90, C225F75_20 and
C225F75_90 samples. The energy difference values and mixed-charge states of Fe and Co ions are marked.

number J = 3/2 for the 2p;/, sub-band and J = 1/2 for the 2p;),
sub-band with spin-orbit coupling energy or energy difference,
A = E3 — Eqp. It shows that the electrons in the Fe 2p band
prefer to occupy the high energetic 2p;/, states when the Co
content in the Co-rich spinel ferrite increases. The satellite
peaks (B.E. ~ 717-719 eV and 732-733 eV) associated with
typical +3 charge states of Fe 2p;, and 2p;, sub-bands,
respectively®® are suppressed in the samples of Co; ,sFe; 550,
composition and indicates a mixed-charge (+2/+3) states
character of Fe ions.”*> The peak profile of the Fe 2p sub-
bands widened for the samples of higher Co content (Co,.,s-
Fey750, composition), and the satellite peaks could be
submerged in the broad profiles of the Fe 2p;/, and 2p;/, sub-
bands. The Co 2p band exhibited 2p;z, and 2p;, sub-bands
and associated satellites for all the samples, but peak profiles
of sub-bands and satellites are more distinct and become sharp
for the samples with higher Co content (Co,,sFeq 504
composition). The charge states of the Fe and Co ions were
understood from the analysis of peak profile parameters
(position, full width at half maxima (f) and energy difference
components (A, Aq, A;)) as shown in Table 2 and obtained from
deconvolution of the narrow scanned Fe 2p (Fig. 6(a-d)), Co 2p
(Fig. 6(e-h)), and Fe 3s/Co 3s (Fig. 6(i-1)) bands by fitting with
pseudo-Voigt shape after correction of Shirley type background.
The energy difference (A: difference between 2p;, and 2py,,
A;: difference between 2p;, and its satellite, A,: difference
between 2p,,, and its satellite, As; = energy difference between
Co 3s band and satellite) values were estimated from observed
peak positions. The coexistence of mixed-charge states for Fe
and Co ions in the present Co-rich spinel ferrite samples can

4840 | CrystEngComm, 2024, 26, 4833-4847

be assigned based on the literature reports.*® The energy

difference values (A ~ 11-13 eV for Fe 2p and 15.80-16.10 eV
for Co 2p) are found within the range of mixed-charge
characters. The position and f of the deconvoluted peak
components are shown in Table 3. The accuracy of the f values
may be affected by the overlapped multiplets and components
due to mixed-charge states. In the doublets of the Fe 2p band,
the peak components at B.E. ~ 709-710 eV and 723-724 eV
correspond to the Fe®" state and the peak components at B.E.
~ 711-714 eV and 725-727 eV correspond to the Fe** state. In
the case of the doublets of the Co 2p band, the peak
components at B.E. ~ 780 eV (Co 2psp), 795 €V (Co 2py,)
correspond to the Co®" state and the peak components at B.E.
~ 782 eV and 796-797 eV correspond to the Co** state. The
satellite components at B.E. ~ 786 eV correspond to the Co**
state, and 788-789 eV and 803-804 eV correspond to the Co*"
state.**”” The variation of peak area ratio for the Co 3s and Fe
3s bands confirms the increased Co/Fe ratios, and the Co 3s
profile approaches the typical character of CozO, when the
composition changes from Co, »sFe; 7504 to Co, 55Feg 750,. The
peak area ratio of the components in the 2p;/, sub-band and 3s
band of the Fe and Co ions confirms their mixed-charge
characters (coexistence of Fe*'/Fe*" and Co’'/Co®") in Co-rich
spinel ferrites. The quantification of Fe*'/Fe*" and Co®'/Co*"
ions from the 2p3/, sub-band and 3s band slightly differs due
to inaccuracy in the deconvolution of peak components in the
presence of multiplicity factors for each charge state,
overlapping of the components and co-occupancy at the A- and
B-sites of cubic spinel structure.®* The results in Table 2
suggest that the fraction of the Fe®" state decreases by

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Temperature dependence of magnetization at 500 Oe in field warming (MFW) and cooling (MFC) modes for different samples of
Co4.25Fe;1 7504 composition (a-d) and Co, xsFep 7504 composition (e and f). The temperature derivatives of MFC(T) curves are shown to indicate

magnetic transition temperatures (up and down arrows).

increasing the fraction of the Co®" state when the composition
changes from Co;sFe; 750, to Co,,5Feq750,. The site
occupancy of the different charge states of Co and Fe ions has
been determined from the average site occupancy values from
the 2p and 3s bands. The site distribution of Co- and Fe ions
from the XPS study is nearly matched to that obtained from
Rietveld refinement of SXRD data. It may be suggested that
A-sites of the spinel structure will co-occupy Co®" and Fe** ions,
whereas B-sites will co-occupy Co®*/Co*" and Fe**/Fe** mixed-
charge ions. Generally, the Co** (~3 uB), Fe*" (~4 uB) and Fe**
(~5 uB) ions at the A- and B-sites prefer high spin states and
Co®" (~0 uB) ions at the B-sites prefer low spin state at 0 K.>
The magnetic moment (x) per formula unit of the spinel
structure from XPS can be realized from dc magnetization
measurements.

C. DC magnetization

The temperature-dependent magnetization curves (Fig. 7(a-f))
have been measured during field warming (MFW(T)) and
field cooling (MFC(7T)) modes under a magnetic field of 500
Oe. The MFC(T) and MFW(T) curves bi-furcated (thermal
irreversibility) below the paramagnetic to ferrimagnetic onset
temperature (T2 of the samples, where the MFC(T) curve
monotonically increased on decreasing the temperature down
to 300 K and the MFW(T) curve showed blocking of
magnetization below a temperature T, for all the samples of
Co, p5Fe; 750, composition (Fig. 7(a-d)). The T, value
increased with the increase in heat treatment temperature in
the samples of Co;,s5Fe; 7504 This can be explained by an

This journal is © The Royal Society of Chemistry 2024

increase in crystallite size (grain size) and anisotropy energy
during the increase in heat treatment temperature.'>>® It
follows a general relation kgTy, = 25K,V,, where Ty, is the
magnetic blocking temperature of the magnetic particle of
crystallite size (diameter D) with volume V,, = (4/3)n(D/2)? and
anisotropy constant K,. The MFW(T) curves showed a minor
slope change (additional magnetic contribution from minor
oxidation of surface ions during higher temperature
measurements) in the temperature range of 650-670 K for
the samples of Co,,sFe;;50,, which were heat treated at
lower temperatures (200-800 °©C). There is no unusual
magnetic upturn in the MFW(T) curve at further higher
temperatures, and during field cooling mode from the
paramagnetic state, the MFC(T) curve followed the MFW(T)
path and bi-furcation (MFC(T) > MFW(T)) started as soon as
ferrimagnetic spin order sets in on lowering the
measurement temperature. The C125F175_90 sample showed
a sharp magnetic transition (7o ~ 662 K) without any
intermediate surface oxidation effect in the MFW(T) curve
above T,, and complete reversibility between MFC(T) and
MFW(T) curves in the paramagnetic state. In the case of
Co,.55Fey 7504 composition (Fig. 7(e and f)), Ty, is found at
~300 K for the C225F75_20 sample and ~255 K for the
C225F75_90 sample. The T, value in the bi-phased
C225F75_20 sample is high (=300 K) due to the coexistence
of a high magnetic Fe-rich phase, and its MFW(T) curve
showed an unusual magnetic upturn above the T2"** ~ 800
K in addition to the observation of an intermediate slope
change around 680 K (see inset of Fig. 7(e)). The unusual
magnetic upturn in the MFW(T) curve at T > T&*** arises due

CrystEngComm, 2024, 26, 4833-4847 | 4841
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to defect-induced ferrimagnetism in bi-phased Co-rich spinel
oxide with two meta-stable magnetic transitions at T ~
675 K and T5"™ ~ TeW ~ 800 K, respectively.’” The
metastable magnetic spin order is modified during the field
cooling process by forming new defect-induced sites in the
lattice structure of Co-rich spinel oxides, where the new A
sites will be filled by Co®>" ions and B sites will be filled by
Fe*'/Co®" ions.>** The modification in the metastable spin
order arises from the adsorption and ionization of O ions at
the defective surface, where a fraction (z) of the Co** ions at
the A sites converts into Co®" ions (through the mechanism

z Z 5 .
Co™" + 0~ 2Co* + (1 - 2) Co>" + 502 , whereas a fraction of

the Fe*'/Co™ ions at the B sites, highly mobile at high
temperatures, diffuses into the surface by creating vacancies
at the B sites and forms a skin of y-Fe,O; like phase in the
MFW(T) curve. A rapid exchange between the vacancies and
Fe’*/Co" ions at the B sites and electrons transfer between
the interior Co®" ions and surface Fe**/Co®" ions at the A sites
during the field cooling mode leads to a rapid growth of
homogenous magnetic spin structure between interior and
surface skin. This produces a different MFC(7) path without
any local magnetic anomaly in the paramagnetic state and a
usual increase of the MFC(T) curve below T¢"* (~ 800 K).
The C125F175_90 sample with a stable single-phased lattice
structure exhibited stable paramagnetic curves and well-
defined 7Tc. Similarly, the single-phased
C225F75_90 sample also showed a well-defined ferrimagnetic

structurally

to paramagnetic transition at Tc ~ 305 K. The T¢ and T¢™

of the samples have been calculated from the temperature
derivative of the MFC(T) curves and shown in the right Y-X

scales of Fig. 7. The difference (AT¢) between T and T

decreased with the increase in heat treatment temperature
for the Co, ,sFe; 750, samples. The bi-phased Co,,sFeq 7504
sample showed the highest value of AT: ~ 200 K. The
structural meta-stability due to higher temperature surface
oxidation effect may be too small to exhibit any additional
line in the SXRD pattern for single-phased samples of Co; ,5-
Fe, ;50,4 at low-temperature (200-800 °C) heat treatment, but
its thermal cyclic induced small hysteresis loop in the cell
volume variation, structural parameters and magnetic
response, which are sensitive enough to detect the local level
non-equilibrium (metastable) states in the measurement
temperature scale.

M(H) loops of the samples were recorded in the
temperature range of 300-900 K within +70 kOe but shown
within +20 kOe (Fig. 8(d-f)) for clarity of the loop features.
The M(H) curves showed typical ferrimagnetic features with a
hysteresis loop and lack of magnetic saturation at higher
fields at temperatures below the T2"**“. The ferrimagnetic
parameters (coercivity: Hg, remanent magnetization: Mg,
saturation magnetization: M,,), as shown in Fig. 8(e-g), were
calculated using M(H) loops. The saturated magnetization
(Mga) was determined by using the law of approach to
saturation of magnetization in the M(H) curves at higher
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Fig. 8 M(H) loops at selected temperatures (a-d) and the variation in
ferrimagnetic parameters (e-g) with temperature for different samples.

fields (>50 kOe). The values of room temperature
ferrimagnetic parameters, which were recorded after
completing the MFC(7) measurement from 950 K to 300 K,
are slightly higher than the values without pre-high
temperature MFC(7T) measurement of the samples for the
Co.55Fe; 750, composition.26 The bi-phased C225F75_20
sample showed similar differences in the values of magnetic
parameters.*’ The saturation magnetic moment values of the
samples at room temperature (~55 emu g ' ~ 2.31 uB for
C125F175_20 sample, ~62.5 emu g =~ 2.63 uB for
C125F175_90 sample, ~21.8 emu g' =~ 0.93 uB for
C225F75_20 sample) are found to be slightly smaller than the
values calculated from XPS using the maximum (zero-
temperature) spin moment values of Co and Fe ions. The
values of ferrimagnetic parameters in the samples of Co, ,s-
Fey,50, are smaller due to a higher population of non-
magnetic Co®" ions at the B sites than the samples of Coy »5-
Fe, 550, with a higher population of high-magnetic Fe**/Fe**
ions at the B sites. The ferrimagnetic parameters varied in
the single-phased samples of Co, ,5Fe; 750, depending on the
heat treatment temperature and heat treatment at 900 °C
exhibited the highest remanent magnetization and high
coercivity.”® The ferrimagnetic parameters usually decreased
when the measurement temperature increased from 300 K
towards the T¢ of the samples. The ferrimagnetic parameters
are small in the bi-phased C225F75_20 sample, but its
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ferrimagnetic  parameters, especially coercivity, have
unusually increased at temperatures >700 K due to defect-
induced ferrimagnetic phase.'®**>* The single-phased
(C125F175_90 and C225F75_90) samples exhibited a stable
FM-PM transition at T, whereas the bi-phased (C225F75_20)
sample showed a difference between Tg' ™ (~ 675 K) as the
Tc for a rigid structure and T4 (~ 800 K) as the T for a
free structure (which allows defective induced ferrimagnetic

state). The defect-induced ferrimagnetic states at T > Ty

are frozen during the MFC(T) measurement until the system
reaches down to To¥C T2t for re-establishing the
equilibrium ferrimagnetic state.

D. Current-voltage characteristics and electrical conductivity

The effects of equilibrium (single-phased) and non-
equilibrium (single-phased and bi-phased) lattice structures
on the high-temperature electronic properties were studied
by measuring I-V curves during the warming (W) mode
(temperature variation from 300 K to 600 K) and subsequent
cooling (C) mode from 600 K to 300 K. Fig. 9(a-e) shows the
I-V characteristics (in y-axis log scale) for some of the
samples at 350 K and 600 K during the warming mode. The
non-linear I~V curves confirmed semiconductor features with
a highly electric field and thermal-activated enhancement of
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Fig. 9 [-V curves at 350 K and 600 K (a-e) and conductivity vs.
temperature plots at fixed bias voltage (2 V/10 V) during warming and
cooling modes of measurement (f-j).
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electrical conductivity. The identical nature of the I-V
characteristics at the positive and negative bias voltages
confirmed good electrical contact on both sides of the
samples. The electrical conductivity (¢) at 10 V was calculated
from the formula ¢ = II/SV, where [ is the length between
electrodes and S is the cross-sectional area of the samples.
Table 3 compares the conductivity values of the samples at
350 K and 600 K. The heat treatment of the Co,,5Fe; 7504
composition at 200 °C showed the highest electrical
conductivity that gradually decreased by increasing the heat
treatment temperature of the samples up to 800 °C and again
increased for the heat treatment at 900 °C. This confirms
that the kinetic exchange of Co and Fe ions between the intra
(B-B)- or inter (A-B)-sites depends on the heat treatment of
the samples, especially in the non-equilibrium single-phased
structure of Co-rich spinel oxide. The electrical conductivity
further decreased in the single-phased C225F75_90 sample
with high Co content in comparison to the single-phased
C125F175_90 sample. The fact is that hole hopping through
Co*'-0%>-Co*"  superexchange paths controls p-type
semiconductivity for the samples with more Co content (such
as Coy ,sFe; 750,), whereas the electron hopping through
Fe’'-0’-Fe*" superexchange paths controls the n-type
semiconductivity for the samples of more Co content (such
as Co,,s5Fep7504) in Co.Fe; O, spinel structure.®>** The
temperature dependent-conductivity (o(7)) curves in Fig. 9(f-j)
showed irreversibility between warming and cooling paths
(Gcooting(T) > Owarming(T)) at the higher temperature regime,
irrespective of the single- or bi-phased samples. Such
irreversible properties in electrical conductivity could be
correlated to thermal-induced softness in the bond structure
(length, angle and oxygen displacement) and variable range
hopping of charge carriers (electrons and holes) via the Fe-
O-Fe, Co-O-Co and Fe-O-Co superexchange bonds with
mixed-charge states at the B-sites of the cubic spinel
structure.”® The retaining of high temperature high-
conductive electronic states of the charge carriers (memory of
metastable conductivity) during cooling down exhibits a wide
loop in (o(T)) curves. The metastable conductivity and o(7)
loop are found to be maximum for the highly non-
equilibrium single-phased C125F175_20 sample, where the
current at higher voltage (say 10 V) during the cooling mode
exceeded the measurement limit 2 mA using the Keithley
meter 6517B (flat ocooling(7) curve at 10 V in the temperature
range 653 K to 413 K). The o(7T) at 2 V showed the as-usual
complete loop like other samples. The defect-induced
electronic states are expected at the edges of conduction (CB)
and valence (VB) bands for the samples with low heat
treatment temperatures (non-equilibrium spinel structure).
These additional electronic states act as the centers for
trapping/de-trapping electronic charges and contribute to
excess electrical conductivity.** The electronic spin order and
band structure can substantially be modified in the presence
of different types of intrinsic point defects (Voom), Vre(a)
Vrew), Vo, CO(B)Fe(A)y CO(B)Fe(B)a Fe(B)CO(B)! [CO(B)FE(A)y
Fe(A)com)]) in Co rich spinel oxides.>'”*' The Vgop) is the
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Fig. 10 Fit of o(T) curves during warming mode according to the
Arrhenius law (a-e) and Mott variable range hopping mechanism (f-).

vacancy of Co ions at B sites; Vg, is the vacancy of Fe ions
at A sites; Co(B)re(a) represents the vacancy of Fe ions at A
sites substituted by Co ions at B sites, and [Co(B)ge(a)
Fe(A)com)] represents the exchange between Co ion at the B
site and Fe ion at the A site. The energy required to form
[Co(B)rea), Fe(A)com)] through the kinetic exchange of Fe(A)
and Co(B) ions (~0.65 eV) is in the range of activation energy
(E,) of the samples.

The Owarming(T) curve at 10 V has been fitted by the

T p
equation:  04c(T) = 09T " exp {— (70) } in order to

understand the variable hopping mechanism involved, where

View Article Online

CrystEngComm

0y is a constant and T, is a characteristic temperature, which
corresponds to the required energy for charge hopping, and
the exponents n and p depend on the type of charge hopping
mechanism.*>*® In a defectfree semiconductor, the
Arrhenius law with n = 0 and p = 0 describes the thermal-
activated long-range hopping of charge carriers (electrons
and holes) between two ionic states (separated by the energy
gap between the conduction band and valence band).
Otherwise, variable range hopping between two electronic
states at different ionic sites or band tail states describes the
charge conduction mechanism. The Efros-Shklovskii type
variable range hopping mechanism (n = 1 and p = %) is
applicable for a finite value of Coulomb gap at the Fermi
level or Mott type variable-range hopping (MVRH)
mechanism (n = 1 and p = {) is applicable for no gap at the
Fermi level."” The 0yaming(T) curves are reasonably well fitted
by the Arrhenius mechanism with activation energy (E, =
kgTy) in the range of 0.6-1.08 eV [insets of Fig. 10(a-e)]. The
activation energy is comparable to the values in spinel
oxides.*>*® The C125F175_20 sample, which is expected to
have more grain boundary defects, showed an additional
activation energy of 1.53 eV at a low-temperature regime. This
is due to extended tails in the conduction and valence
bands,**"° especially at the grain boundaries. According to a
theoretical study,> high-concentration defects in the Co-rich
spinel oxide increase the activation energy, and this can be
the case for the C125F175_20 sample. The defect-induced
states at higher temperatures are highly sensitive, exhibiting
irreversibility in the o(7) curve. The reduction of activation
energy in the samples of Co, ,sFe; 750, composition by heat
treatment at higher temperatures suggests the system slowly
approaches the equilibrium state of Co/Fe distribution
among the A and B sites of the spinel structure.

Fig. 10(fj) suggests that the MVRH mechanism® is more
appropriate to describe oq4¢(7) curves in the samples according

= 7o\ 3¢9, [N(E)?
to 04d(T) = 09- T2 exp| - ) | with gy = ¢*Ypn [N(Er) and
T V8 |oKgT

240° . .

Ty = {4} , where « is the inverse of the length of
KpN(Er)

localized states, N(Ey) is the density of states at the Fermi level,

Kg is the Boltzmann constant, and , is the phonon frequency

Table 3 The conductivity values of the samples at 350 K and 600 K measured at 10 V/2 V. The fit parameters using Mott variable range hopping at 600

K and activation energy from fitting the Arrhenius equation

c(Sm™*)at10V,350K ¢ (Sm™)at10V, 600 K

Warming  Cooling Warming  Cooling N(Er) Wa
Samples mode mode mode mode To (K) a(m™) (ev'm™) Ry (m) (eV) E,(eV)
9C125F175_20 5.71x107* 3.59x107% 3.84x107° 3.91x107° 2.32(02)x 10'" 1.91 x 10" 2.61x10** 1.90 x10™° 1.78 0.60/1.53(1)
C125F175_50 4.03x 1077 1.59x10° 3.92x 107" 2.04 x 107 1.15(04) x 10'° 9.47 x 10°  6.35 x 10>" 1.93x10° 0.85 0.75(2)
C125F175_80 1.68x 1077 6.05x 1077 6.44x 10" 2.81x107° 3.71(03)x 10" 3.22x10° 6.41x10** 7.96x10° 1.14 1.08(3)
C125F175_90 2.87 x107° 1.35x10* 9.05x107° 3.28x107> 4.07(02) x 10° 3.31x10° 7.70x10"° 7.43x107° 0.66 0.62(1)
C225F75_90  6.13x1077 8.06x10°° 9.27x107* 3.19x 107 1.47(01)x 10" 1.26 x 10°  1.04 x 10** 1.58 x10° 0.91 0.82(2)

“ The conductivity of the sample C125F175_20 was measured at 2 V.
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(~10" s™) at Debye temperature (typically 900 K for spinel
oxide®®). These parameters were obtained from the slope and
intercepts of the In(og.7"%) vs. T plots at the higher side of the
measurement temperatures. The hopping distance (Ry) and
Wy (energy barrier between two ionic sites) have been

calculated by the expression Ry ={ L

S —— and

Wh = 0.25kBT%0T%, with T = 600 K. The parameters associated
with the MVRH mechanism are shown in Table 3 and are well
comparable to the reported values in spinel oxides at
measurement temperatures below 300 K.>* All the samples
satisfied aRy > 1, a typical condition for the application of the
MVRH mechanism. The MVRH mechanism is generally
applicable in the low-temperature regime of electronic
materials, where charge carriers can perform a series of variable
range hopping between two localized states. Among them, the
short-range hopping between nearest neighbours determines the
overall charge conductivity. The samples have shown typical
hopping lengths (Ry) in the range of 1.9-74.3 nm and energy
barriers (Wy) in the range of 0.66-1.78 eV. The fit of the MVRH
equation in the present samples suggests that a considerable
amount of defect-induced states (donor states near the conduction
band and acceptor states near the valence band) overlap about the
Fermi level during high-temperature measurements. The
signature of a positive slope in the Arrhenius or MVRH plots
(Fig. 10) at the temperature range of 300-400 K of the o(T) curves
indicates a metal-type conductivity. Such intermediate metal-like
conductivity has been observed in many oxides due to the changes
in activation energy between the low and high-temperature
semiconductor

regimes.>">*>* The low-temperature

semiconductor state below 300 K has not been studied.

4. Conclusions

The synchrotron X-ray diffraction (SXRD) patterns have
shown single-phased and bi-phased (Co-rich and Fe-rich)
cubic spinel structures in Co-rich spinel ferrites depending
on the Co/Fe atomic ratio and heat treatment temperature
during material preparation. The existence of intrinsic non-
equilibrium (meta-stable) states in the lattice structure,
magnetic spin order and electronic conductivity of the
samples, irrespective of the single- or bi-phased structure,
has been confirmed from high-temperature measurements
during warming and cooling modes. The cell volume
followed a reversible path during the warming and cooling
modes of the measurements for stable single-phased
samples. The cell volume in the samples of non-equilibrium
lattice structure (single-phase for Co, ,sFe; 750, composition
and bi-phase for Co,,5Fe;,50, composition) showed
irreversible paths in the measurement temperature range of
473-773 K, whereas the cell volume followed reversible paths
in the samples of equilibrium (stable) lattice structures from

This journal is © The Royal Society of Chemistry 2024
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SXRD measurements. The oxygen parameter and site
occupancy of Co/Fe ions followed irreversible paths
irrespective of the single- or bi-phased samples. The samples
of non-equilibrium lattice structures exhibited additional
metastable magnetic contribution in the form of local
magnetic distortion due to surface oxidation or defect-
induced ferrimagnetic phase. The (stable) single-phased
samples showed a  well-defined paramagnetic to
ferrimagnetic transition (7¢) without an intermediate
metastable magnetic state. On the other hand, electrical
conductivity curves, irrespective of the single- and bi-phased
cubic spinel structure, exhibited thermal hysteresis and
variable non-equilibrium charge dynamics due to mixed-
charge states of Co and Fe ions at the B-sites. This work
shows that a unified picture of the equilibrium or non-
equilibrium state cannot be verified simultaneously for all
physical properties parameters, even in the material of
single-phase structures from SXRD patterns. The suitable
tuning of the non-equilibrium lattice structure, ferrimagnetic
spin order and electrical conductivity can be useful for high-
temperature applications of spinel oxides in the field of high
energy magneto-electric memory devices.
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