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Abstract. We report the effect of surplus-Fe-content, and thermal annealing on the properties
of sol gel auto-combustion synthesized Coj—Fe»+xOs (x = 0.0-0.8) spinel ferrites. X-ray
diffraction (XRD), magnetic measurements, Fourier transform infrared (FTIR) spectroscopy,
Ultraviolet—visible (UV—Vis) are used to monitor the effect of excess Fe-content, and thermal
annealing dependence of properties, and correlation among them. XRD validates presence of
spinel nanoferrite (31.54 — 44.89 nm) phase, minor presence of a-Fe,Os; phase was also
detected. Results reveal that variation of Fe-content leads to: i) variation of lattice-parameter,
re-distribution of Fe**. Co®" ions on A, B-site, ii) alteration of inversion degree, disorder, iii)
modification of saturation magnetization due to spin disorder at surface, iv) variation of
coercivity, and related grain size imply that studied ferrites are in single-multi domain overlap
regions, while squareness-ratio indicates variation of inter-grain interaction, isotropic
behaviour of multi-domain particles; iv) fine-tuning of bandgap (1.35 — 1.5 eV) via changes in
cationic-distribution and lattice-parameter, v) variation of Debye temperature, suggests
modification of lattice vibrations. Current work implies strong correlation between bandgap
magnetic, structural properties.

1. Introduction

Ferrimagnetic spinel-ferrites are represented by formula Me?'0.Fe**,0;, display face centred cubic
“fee’ structure, with Fdsm space group, and have two inter-penetrating sub-lattices tetrahedral (A),
octahedral (B) [1, 2, 3]. Ferrites are vital materials for their use in microwave devices, high frequency
devices, etc. For their usage in various devices, magnetic properties should to be optimized [4, 5]. By
choosing: 1) a particular method: e.g. — sol gel [6, 7], hydrothermal [8], solid state reaction [9], co-
precipitation [10] etc., ii) compositional variation [6, 7, 11], and iii) thermal annealing /or no thermal
annealing [12], ion irradiation [13] etc. Literature also reports tuning of bandgap, structural, magnetic
properties [14, 15, 16]. CoFe;Os has inverse spinel structure, and Fe’* ions are dispersed nearly
equally on A (tetrahedral), B (octahedral) site, while Co*"ions on B site. Although, CoFe,O; is a well
studied ferrite, exhibits interesting properties including excellent chemical stability, high Curie
temperature, high saturation magnetization, coercivity [17], and widely used in electronic devices,
magnetic-resonance-imaging (MRI) [18, 19], targeted drug delivery, for cancer treatment
(hyperthermia) [20], transformer cores, high density storage devices, magnetic fluids, , humidity, and
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gas sensors, etc. [4, 21]. However, studies on influence of excess amount of Fe (where there is excess
Fe i.e. more than 2) in Co-based Coi_Fe»:Os-type spinel ferrites are less reported [22]. CoosFe204
system (here excess Fe is 0.2), reported in [22] shows magnetic field induced phase transition [23].
Kane et el [14] report the study of bandgap, magnetic, structural, properties, in dry gel Coi_xFerxO4
(x = 0.0-0.8) spinel nano ferrites, where excess Fe-content has considerable effect on aforementioned
properties. In spinel ferrites, compositional variation, thermal annealing etc. is known to affect
structural, magnetic properties, bandgap e. g. — [6, 7, 11, 14, 24] etc. So study of effect of thermal
annealing in Co;xFe»+O4(x = 0.0-0.8) spinel ferrite, would be interesting to obtain the information on
thermal annealing induced changes in structural, magnetic properties, bandgap and correlation
between them.

Thus, objective of the present work is to study the influence of surplus-Fe-content, and thermal
annealing on the properties of sol gel autocombustion synthesized Co;xFez+xO4(x = 0.0-0.8) spinel
ferrites. Effect of excess Fe-content, and thermal annealing dependence of properties was monitored
by XRD, magnetic measurements, UV-Vis, FTIR spectroscopy.

2. Material synthesis, material characterization, and data analysis

Preparation of Coi.«Fex+xO4 (x = 0.0 — 0.8) spinel nano ferrites was done by sol-gel autocombustion
method, utilizing AR grade nitrate-citrate precursors, During synthesis solution pH was maintained at
7, by adding Ammonia solution [NH4OH], and metal salt to citric acid ratio was kept as 1:1. More
details on synthesis can be seen in [14]. Prepared dry gel samples were annealed in muffle furnace (in
air) at 600 °C for 3 hours, and were used for characterization.

Structural characterization of the samples was done at room temperature by X-ray diffraction
(XRD) measurements using Bruker D8 diffractometer utilizing Cu-K, radiation (wavelength ‘A’ =
0.1541 nm) in 6 — 20 configuration (step size: 0.02°). Vibrating sample magnetometer (Lake Shore
7310 model), at room temperature was used to get magnetization measurements. Room temperature
Ultraviolet-Visible (UV-Vis) measurements (in reflection mode) were done by Perkin-Elmer
spectrometer (Model: Lamda 950) to get the bandgap. Absorption mode Fourier transmission infrared
(FTIR) measurements (in KBr matrix) were done by Perkin Elmer spectrometer.

MAUD (Material Analysis Using Diffraction), Reitveld refinement software [25] is employed to
get full profile analysis of the XRD pattern, which also verified the formation of fcc spinel phase.
Analysis of XRD data as described in [6, 26, 27], yields structural parameters: lattice parameter (de.p),
Scherrer’s grain diameter (Ds), X-ray density (pxrp), specific surface area (S), dislocation density (op).
Using X-ray diffraction line intensities, cationic distribution of each composition was estimated via
employing Bertaut method [27, 28], was used to compute theoretical lattice parameter (as), oxygen
parameter (u), inversion parameter (J), Néel magnetic moment ‘ny’ or ‘Msw)’ (theoretical
magnetization at 0 K) and, canting angle (ar.x) [27]. Hysteresis loops were used to obtain coercivity
(H.), saturation magnetization (Ms), reduced remanence (M,/Ms) anisotropy constant (K;). Energy
bandgap was computed by using Kubelka-Munk (K-M) function via following equations: F(R) = [1-
R?] / 2R, and ahv = A (hv-E,) n , where R — reflectance and F(R) is Kubelka-Munk function, is
proportional to incorporation of the adsorbate molecules, while hv, o, A, and n represent respectively
the energy of the photon, the absorption coefficient, the material parameter, and E,— the bandgap [ 14,
27, 29]. FTIR data was analyzed to obtain absorption band positions, force constants for tetrahedral,
octahedral sites (Kr, Ko), and Debye temperature (6p). Error shown in table(s), figure(s) is ‘Standard
Deviation’ obtained from the data.

3. Results and discussions

X-ray diffractograms of the studied samples are shown as figure 1 (a), confirm the formation of nano-
crystalline (grain diameter: 31.54 nm to 44.89 nm) cubic spinel structure. Small fraction of Fe,O3; was
also detected, ascribed to moderate thermal annealing temperature: 600 °C, as was also observed
earlier [27, 30]. Figure 1 (b) illustrates the representative Rietveld refined plot for x = 0.2 sample.
Figure 2 (a) shows compositional dependence of Scherrer’s grain diameter ‘Ds’, while inset depicts
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variation of a.x,.. Based on compositional dependence of Ds, d..., following experimental relations can
be written: 1) Ds = 44.90268 -16.68858 [Fe content], ii) deyp= 0.83852 — 0.00313 [Fe content].
Aforementioned experimental relations show association among composition, and structural
parameters: Ds, dey, . Observed variation of a.is ascribable to slight variation of ionic radii of Co**
(0.065 nm), and Fe** (0.067 nm), and allocation of Fe, Co ions on A, B site (see table 1), as was also
reported earlier [14] where minor changes in a.., were observed, and no thermal treatment was used.
Agreement between theoretical lattice parameter as. (range between: 0.8306 — 0.8414 nm), and deyp.
(0.8354 — 0.8390 nm), shows that obtained cationic distribution (see table 1) is close to actual one.
Observed grain diameter (range between 31.54 — 44.89 nm) values are higher as compared to earlier
report (range between 28.26 — 36.67 nm) [14], are ascribable to annealing assisted growth of grains
[31]. Figure 2 (b) depicts the compositional dependence of dislocation density, ascribable to
compositional dependent variation of Fe, Co ions allocation on site A, B (shown in table 1). Figure
2(b) inset depicts grain diameter dependence of pp. Based on figure 2, and its inset, the following
experimental relations are written, showing strong correlation between composition, and structural
parameters: i) pp = 0.47215 + 0.623 [x], and

il) pp =24.85 exp.(—=Ds/6.17) + 3.99 exp.(—Ds/18.66) + 0.12.

Table 1 depicts the cation distribution, oxygen parameter (u), inversion parameter (J), theoretical
lattice parameter (a«), specific surface area (S), and x-ray density (o). Table 1 shows that pxzp range
between 5272.17 — 5297.48 kg/m’, shows that with reducing Co-content, there is a shrinkage of unit
cell (evidenced by reduction of a.y.) leading to increase of pyzp , which is slightly higher than pxrp
values reported in earlier work [14], where pxzp varies between 5268.99 — 5292.15 kg/m*. Observed
higher pxzp values are ascribable to thermal annealing. Specific surface area (S) varies between 25.35
— 36.08 m*/g, which is higher than as reported in [14]: 16.23 30.03 m?*/g. Higher S value is useful for
heterogeneous catalysis, owing to the higher surface area. Table 1 shows that thermal annealing leads
to re-distribution of cations (Co”", Fe*") on site A, B, affecting degree of inversion () revealing mixed
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Figure 1. (a) XRD patterns of Coi«Fe»<O4 samples, Inset: zoom part of (311) peak, where peak shift
is shown by dotted lines, (b) Representative Rietveld refined XRD pattern for x = 0.2 (R, = 10.47 %,
Rup = 14.18 %, Rexp = 10.47 %, G.O.F. = 1.74).
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Table 1. Iron content (x) dependence of the cation distribution, oxygen parameter (), inversion
parameter (0), theoretical lattice parameter (au), specific surface area (S) and, x-ray density (o) of
annealed samples of Coi. \FezixOs.

X Cation Distribution u é an(nm) S (m%/g) prra(kg/m?)

A site B site (£0.0017)  (£0.27)  (£0.0036)  (+04.10) (*12.15)
0.0 (Co*oasFe*to77)  [Co?*ozrFe™t as] 0.3803 0.77 0.8414 25.59 5297.48
0.1 (Co*00Fe’ 1.00) [Co™09Fe*"1.10] 0.3789 1.00 0.8399 25.81 5292.62
0.15 (Co*17Fe*0s3)  [Co*oesFe’132] 0.3799 0.83 0.8393 26.32 5292.86
0.2 (C02+0A04Fe3+096) [C02+0,76Fe3+1,24] 0.3789 0.96 0.8386 29.74 5263.56
0.25 (C02+o<75Fe3+0,25) [C02+0,00Fe322<00] 0.3834 0.25 0.8383 25.35 5272.17
0.4 (C02+(),(,()Fe3+(),4()) [C02+(),()()F€3+2.0()] 0.3827 0.40 0.8362 29.87 5282.03
0.6 (Co*oaFe**os0) [Co?*o00Fe**2.00] 0.3815 0.60 0.8335 36.08 5273.28
0.8 (C02+0_03Fe3+0_92) [C02+o_12Fe3+1_gg] 0.3797 0.92 0.8306 33.90 5289.52

ferrite as well as oxygen parameter (#), and shows cationic distribution alteration as compared to
earlier results [14]. Obtained oxygen parameter () range between 0.3789 - 0.3834, which is greater
than its ideal value uizeas - 0.375 [1], is used to quantitative measurement of oxygen distortion in the
structure and, its enhancement suggests higher structural disorder.

Figure 3 (a) illustrates Fe** content dependence of bond angles (81, 02, 05, 64, 05), which are closely
related to the strength of A-O-B, B-O-B and, A-O-A super-exchange interaction [1]. Perusal of figure
3 (a) reveal that increase of Fe-content of B-B interaction is strengthened, while weakening of A-B,
A-—A interaction weakens, which will have effect on magnetic properties, as was also observed earlier
[14]. Linear variation of oxygen parameter (u) with inversion parameter (J) (see fig. 3 (b)) reveal
variation of disorder, as observed in [14, 32]. Using figure 3 (b), following experimental relation can
be written: u = 0.38507 - 0.00615 [¢], showing strong connection between u and o.

80 - ~ &
0.840
(@ E o ¢ 24} (b) tio
70} £ 0.838| g < Zos
a E 20} % o
—~ 60} £ 0.836 s S
£ < L) £ 1.6f "
- 00 04 0.8 S o 30 35 40 45
Ul e v = Dg (nm)
_ S 1.2}
40} =
Qn_ 0.8F
30}
0.4F
0.0 0.2 0.4 0.6 0.8 00 02 04 0.6 0.8
X X

Figure 2. (a) Dependence of Ds with Fe content, Inset: Dependence of a.., with Fe content, error bar
(s) are also shown. (b) Variation of pp with Fe content, Inset: Ds dependence of pp, error bar is also
shown. Continuous lines: fit to data.
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Figure 3. (a) Fe content dependence of bond angles (0,*°®, 0,98, 98098 9,508 9404 Line
connecting points are guide to eye. Error in the estimation of bond angles range between + 0.18 —
+2.40 degree, (b) Variation of u with 6. Continuous line is linear fit.

Figure 4 (a) depicts the hysteresis loops, and its perusal of reveal noticeable considerable changes
in hysteresis loops with varying Fe-content, and is reflected in magnetic parameters, given in table 2.
Inset of figure 4(a) reveal dependence of Msey,) on ayk. Perusal of figure 4(a) inset shows linear
decrease of saturation magnetization ‘Msey,)’” With increasing canting angle ‘ayx’, as was also
observed in earlier work on samples without ant post-preparation thermal treatment [14]. Based on
figure 4 (a) inset, following experimental relation can be written:
Ms(expy= 93.22— 1.06 [oy-x], reveal correlation between structural (ay-k), and magnetic properties.
Observed behavior in figure 4(a) inset shows that magnetization is described by three sub-lattice
model given by Yafet-Kittel [ 14, 33,], and the saturation magnetization reduction is because of surface
spin disorder in spinel nano particles.

—
n =)
=) =)
[
S
=

<

Magnetic moment/mass (Amz/kg)

\ /@
°/'\ . Ms(exp.)
-50 ~~
50} u
A\
-100 | |
i . . . . .
Magnetic Field (Tesla) 00 02 04 06 03

Figure 4. (a) Hysteresis loops of CoixFexixO4 (x=0.0-0.8) samples, Inset: dependence of Msexp,) On
ayk , linear fit is shown by continuous line, (b) Dependence of Msexp) and Msun) on x, line
connecting points are guide to the eye.
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Table 2. Iron content (x) dependence of coercivity (H.), remanence (M,), experimental saturation
magnetization (M,exp,), theoretical magnetization at 0K (Msn,)), squareness ratio (M,/Mj), canting angle
(ay-x), Anisotropy constant (K;) of the studies of Co;.<Fe»xO4 samples.

X Sample H. M; M (exp.) % (th) Mr/Ms(exp,) ((ly.]() K % 10*

composition (Oe) (Am*Kg) (Am*Kg) (Am?/Kg) (Degree)  (erg/cc)

(+0.0325)  (+11.14)  (+22.79)  (£32.74)  (£0.009)  (£14.84) (£02.71)
0.0 CoiFe 04 1394.7 18.26 38.30 100.61 0.476 43.37 2.89
0.1 Coo.9Fe2.104 1893.3 28.13 57.48 082.13 0.489 25.32 5.88
0.15 CoosgsFer1504 1895.8 42.68 86.88 102.15 0.492 16.06 8.90
0.2 Coo.sFer204 1628.4 15.11 29.88 091.49 0.506 43.29 2.61
0.25 Coo.75Fe22504 2325.0 32.05 66.26 166.83 0.484 51.14 8.29
0.4 Coo.6Fe2404 2284.4 27.13 54.11 159.13 0.501 52.69 6.66
0.6 Coo.4Fe2604 1984.3 14.80 29.97 148.87 0.494 56.98 3.20
0.8 Coo.2Fer 304 2210.7 8.66 17.72 126.45 0.489 55.155 2.11

Figure 4(b) elucidates variation of Mseexp), Msany With varying Fe-content. Non - similar trend of
Ms(exp), Ms(n) observed, shows that magnetization behavior is directed by three sub lattice model [14,
33], as explained earlier. Table 2 shows that obtained H. values are consistent with computed K;
values. Obtained H. values, equivalent grain size (range between: 31.54 — 44.89 nm) suggest that
studied ferrites are in single-multi domain overlap regions [34]. Obtained M,/M; between 0.27 — 0.47,
indicates variation of inter-grain interaction, and isotropic behavior of multi domain grains, and does
not have favored magnetization direction is consistent with literature [24, 27, 35].

Figure 5 (a) depicts the representative TAUC plot for x= 0.4 sample, while figure 5 (a) inset shows
variation of bandgap with a.,. Based on figure 5 (a) inset, the following experimental relation is
written: Bandgap = 75.10 - 87.93 [@eyp.], show relationship among bandgap, structural changes i. €. dexp.
alteration due to variation of Fe’" content, and bandgap, as was also reported in [14, 15]. Figure 5 (b)
depicts the Fe-content dependence of bandgap. Perusal of figure 5 (b), shows exponential increase of
bandgap with increase in Fe-content, attributable to variation of cationic distribution (changes in Fe’”,
Co’"ions on A, B site) [15, 16,36, 37], and using figure 5 (b) following experimental relation can be

_ 31.6 2.8¢ 51.6 (b)

3 % als

=1 14 <

2|2 S2.4) 214

5|5 e

- 0.834 0.837  0.840 _ = B35 1 20

f 3y, (M) x=04 5”2.0- Fe** ions on B-site

2 :

= &

=) 1.6}

= /[ 153eV

12 15 18 21 24 00 02 04 06 08
Energy (eV) Fe-content (x)

Figure 5. (a) Representative TAUC plot for CogoFe2.104 sample (x=0.4), Inset: bandgap variation on aexp.,
continuous line is linear fit),(b) Fe content (x) dependence of bandgap for the studied Coi.<Fe»+xO4 samples,
continuous line is exponential fit to the data; Inset: Variation of bandgap with Fe*" on B-site, continuous
lines are guide to eye.
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Figure 6. (a)FTIR data of studied Coi«Fe»+Os (x= 0.0-0.8) samples, (b) Variation of tetrahedral force
constant Kt and octahedral force constant Ko with Fe content for the studied sample.

written: Bandgap = 65.24 exp.( — [Fe-content] / 4.92) — 63.67 + 12.86 [Fe-content]. Figure 5 (b)
clearly shows that the variation of Fe-content in the studied ferrites, can be used for fine-tuning of the
bandgap (range between 1.35 eV to 1.5 eV) useful semiconductor device fabrication. Aforementioned
explanation of figure 5 (a) inset, is understood in terms of variation of cationic distribution, and figure
5 (b) inset, depicts the bandgap dependence of B-site Fe’" ions, corroborate with the cationic
distribution dependence of bandgap, and explained as follows: perusal of figure 5 (b) inset shows that
Fe** ions occupancy on B-site up to 1.33 the bandgap and shows sharp linear decrease, beyond 1.33,
and till 1.98 it is almost constant; and beyond 1.98 again a sharp linear increase of bandgap is
observed, showing strong correlation between structural properties, and bandgap.

FTIR spectra of the studied Coi.x<Fe»:xOs samples are depicted in Figure 6 (a), while absorption
bands (vi, ), tetrahedral (K7), octahedral (Ko) force constants, and Debye temperature (6p) are
depicted in table 3. FTIR spectra reveal two main characteristic absorption bands of spinel crystal
lattice in the frequency range 500- 4000 cm™': the first one is high frequency ‘v;’ is in the range 800—
853 cm™', while the second one is low frequency ‘v,’ is in the range 482-504 cm ™' as was also
reported in [14, 38]. These bands v;, v, are ascribed respectively to vibrations of MeA-O and MeB-O
vibrations. The difference in the band positions of v; and v.as a function of Fe-content is ascribable to
the variation in the distances of the MeA-O, and MeB-O complexes respectively [14, 39]. It is found
that minor shift of band positions with the function of Fe—content (see table 3) are attributable to the

Table 3. Iron content (x) dependence of IR absorption bands, (K7 and Ko) force constants
and Debye temperature (6p) of annealed samples of Coi«FerxOa.

X Sample Tjg;};g(al Occotfi‘lfl‘ifl Kr(Nm)  Ko(N/m)  0p (K)
composition vi (em™) va(cm) (£18.6) (£10.4) (£07.3)
0.0 CoiFe;04 852.6 486.3 530.7 194.2 960.6
0.1 Coo.oFe2.104 835.2 482.2 507.8 175.6 945.2
0.15 Coo.35Fe2.1504 817.7 503.8 487.8 208.4 948.1
0.2 CoosFer204 835.6 486.3 508.0 194.2 948.1
0.25 Coo.75Fe2.2504 817.7 495.6 491.1 201.2 942.2
0.4 Coo.sFe2404 817.7 495.6 490.3 201.2 942.2
0.6 Cop.4Fe2604 826.9 495.6 500.3 201.2 948.8
0.8 Cop.2Fer 304 800.3 503.4 466.7 207.7 935.4
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variation of ionic distances FeB-O, and FeA-O [14, 40], explains the stronger covalent bonding of
Fe*'ions at the tetrahedral than at octahedral sites. Perusal of table 3, figure 5 (b) depicts that the K7
decreases (for the studied thermally annealed samples, with increasing Fe content) is found to
increase as a.r, decreases, suggests the strengthening of inter-atomic bonding, while the force
constants Ko is found to increase as a.,. decreases, shows inter-atomic bond weakening [14, 38].
Perusal of table 3 shows that Debye temperature (6p) decreases with increasing Fe-content, suggests
variation of lattice vibrations, and agrees well with the values reported in literature [ 14, 40].

4. Summary

Nanocrystalline spinel Coi«Fe»+xO4 ferrites were prepared via sol gel autocombustion technique.
Formation of spinel phase is validated by XRD. Results reveal modification of — lattice parameter,
dislocation density, cationic distribution, degree of inversion, A—A, B-B, A-B, super-exchange
interactions, saturation magnetization, coercivity, anisotropy, bandgap, and lattice vibrations. Current
work noticeably reveal strong connection between structural properties, bandgap, and magnetic
properties.
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