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Abstract. Present study reports, effect of Cr addition on structural, magnetic properties of CoCr,Fe,.,O4 (0.0< x < 1.0)
ferrites, synthesized by sol-gel auto combustion method. X-ray diffraction (XRD), vibrating sample magnetometer (VSM)
were utilized to monitor the modification of structural, magnetic properties, and correlation between them. Scherrer’s
grain diameter ranging between 14.7 nm - 26.2 nm. Coercivity (H,) and anisotropy constant (K;) values respectively
ranges between 1249- 700 Oe and 20.01x10* to 1.01x10* erg/cc. Best magnetization value of 56.77 Am*kg was obtained
for x = 0.44. Variation of magnetic properties can be understood in terms of Cr-addition induced re-distribution of
cations. Coercivity (H,.) dependence with grain size, shows that studied samples lie in the region with overlap between
single and multi-domain region.

INTRODUCTION

Spinel ferrites with general formula Me*'O.Fe*',05 (where Me represents divalent ion), are technologically
important owing to their interesting electrical, and magnetic properties [1]. They exhibit fcc structure belongs to
space group Fd3m. Spinel lattice consisting of 32 anions forms closed pack structure with 64 tetrahedral (site-4) and
32 octahedral (B-site) out of which 8 and 16 are occupied by metal ions. Soft spinel ferrites (Fd; m space group)
exhibit fcc structure with 64 tetrahedral (4) and 32 octahedral (B) sites. It is worth noting that, substitution of a
magnetic or a non-magnetic cation modifies the cationic distribution on A, B site, and thus would affect the
magnetic interactions, which in-turn will influence the magnetic properties [2]. Variation in structural, magnetic
properties can be achieved via: partial or complete substitution; a particular synthesis method; thermal treatment etc.

Cobalt ferrites show remarkable properties, and thus have been extensively used in electronic devices [3,4],
Magnetic Resonance Imaging (MRI), Targetted drug delivery, Hyperthermia for cancer treatment [5,6], high density
storage devices, magnetic fluids [7,8], transformer cores, microwave devices, humidity, and gas sensors, etc.
Substitution of elements such as Chromium in Cobalt ferrites has been proposed, in order to tailor the magnetic, and
magneto mechanical properties of these materials. Chromium substituted Cobalt ferrites are of particular interest in
which the Cr* ions are reported to have a strong preference for the B sites (Octahedral) of the spinel structure of the
ferrites [8,9]. Substitution of Cr*" ions (3pg) for Fe** ions (5pg) will have effect on structural, magnetic properties of
Co-Cr based ferrites. Chromium (Cr*” ions with antiferromagnetic nature are renowned for achieving control over
structural and magnetic parameters in developing technologically important materials, and are of use in various
applications including: in high frequency devices, in catalysis activity, sensors because of their low hysteresis losses
and higher coercivity [9]. Selective and, or successive Cr addition (for Fe** ion) into-ferrite can also be effectively
utilized to curie temperature of the Co-Cr based ferrites. Sol gel auto combustion is one of the best method to
synthesize ferrites. A distinct advantage of sol-gel method is that the final phase formation can be achieved even in
‘dry-gel’ form so would have better control over grain diameter [10], but information available on the spinel phase
formation in dry gel form for Cr’" substituted ferrite is less explored in literature. Therefore, present work reports
synthesis of CoCrFe, 04 (0.0< x < 1.0) ferrites, by sol gel auto-combustion method (where no heat treatment was
used), utilizing XRD and magnetic measurements to probe structural, magnetic properties.
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EXPERIMENTAL DETAILS AND DATA ANALYSIS

Sol-gel auto-combustion method was used to synthesize CoCrFe, O, spinel ferrites. Samples were prepared by
using AR grade nitrate/citrate precursors: Chromium nitrate (Cr(No;);.9H,0), Cobalt nitrate (Co(NO3), 6H,0),
Ferric nitrate — (Fe(NOs), 9H,0)] in stoichiometric ratio. The precursors were dissolved in 10 ml de-ionized water
keeping metal salt to citric acid ratio as 1:1, maintaining pH of the solution at 7 by adding ammonia solution
(NH4OH). Resulting solution was heated at ~ 110 °C to obtain fluffy powder, called as ‘burnt powder’ which was
used for structural [10], magnetic measurements. Room temperature x-ray diffraction (XRD) patterns of the
synthesized CoCrsFe, O, ferrite samples were recorded in 0-20 configuration via Bruker D8 advanced
diffractometer CuK, radiation (wavelength: 0.15406 nm), equipped with Bruker Lynx Eye detector. The lattice
parameter (d..,) corresponding to [311] reflection was obtained by expression: ag, = dvh? +k? +12, where d —
inter-planer spacing and, (4, k, /) - miller indices. a.,, was used to obtain the x-ray density (pxzp) of the studied
samples. Particle size (D) was obtained by using Scherer’s equation: D = 0.91/ B cos0, where Specific surface area
(S) was calculated using the expression: S =[ 6 / (D x pxgp ) ], where D - particle size and pxrp - X-ray density. In
the present study, (220) (422) (400) (440) planes are considered for cation distribution as these planes are sensitive
to distribution of cations among tetrahedral 4, octahedral B sites of the spinel lattice, reflections employing Bertaut
method [11]. The calculated, observed intensity ratios were compared for several combinations of cation distribution
at A, B-sites. Obtained cation distribution was used to calculate, Néel magnetic moment (theoretical magnetization
at 0 K ‘M), is calculated using formula: ny = Mg — M, in Bohr magneton (u) where M, is magnetic moment of
A-site and My is magnetic moment of B-site, oxygen position parameter («), bond angles (6;, 6, 6;, 8, 05), and
inversion parameter (6). Canting angle ay.x was also calculated. Hysteresis measurements were done by Lakeshore
VSM Model 7410 by applying maximum field: Hy,w=~+ 1.9 T. Coercivity (H.), saturation magnetization (M,.) and,
anisotropy constant (K), static magnetic losses were obtained from Hysteresis measurements.

RESULTS AND DISCUSSIONS

Figure 1, represents the XRD pattern of all the samples of CoCrFe,.,O4 (0.0 < x < 1.0) nano ferrite. Presence of
characteristic peaks from (220), (311), (222), (400), (422), (511), and (440) planes of ferrite structure confirm the
presence of single phase with fcc structure (Fd;m space group) without any impurity. Table 1 depicts the structural
parameters: Lattice parameter (a.p), unit cell volume (V), X-ray density (ps), specific surface area (S) obtained by
analyzing XRD.. Observed linear decrease of a.y,, D, V with increasing crt content, attributed to the slight
decrease of ionic radius of the substituent Cr** (0.064 nm) as compared to the Fe** (0.067 nm) ion which is being
substituted [12]. Volume of unit cell (¥) varies between 0.5894-0.5874 nm™> The average Scherrer’s grain diameter
(D) of the studied samples estimated from most intense peak [311] varies between 05.4 — 26.2 nm, shows noticeable
lower grain size confirms the formation of nano crystalline ferrites [13]. The variation of X-ray density (p,,4) found
to be decreases (52182 — 5287.1 kg/m’) with increasing Cr’* content. This variation is ascribed due to the
replacement of heavier Fe’* atoms (with higher atomic weight of Fe’* — 55.84 gm/mole) by lighter Cr’" atoms (with
lesser atg)mic weight of Cr'" — 51.99 gm/mole). Specific surface area of the studied samples varies between 43.22 —
78.03 m“/g.

—_ { g E g 8§ © % ‘ Table 1: Variation of lattice parameter (a..,), Scherer’s grain diameter
_2 ! - Cmithartt et s (Ds), cell volume (V), and specific surface area (S) with Cr content.
g A X aexp Ds Pxrd A S
£
< \ nm (nm) (kg/m’) (nm®) (m’/g)
; 0.0 0.8384 26.2 5287.2 0.5894 43.22
% WMWW 0.11 0.8388 22.0 5258.5 0.5901 51.64
= 0.22 0.8383 16.6 5246.2 0.5891 68.76
20 30 40 50 60 70

2 © (Dgree) 033 08351 054 5283.2 05825 21226

FIGURE 1. XRD patterns of the studied 0.44 0.8372 14.7 5218.1 0.5874 78.03

samples.
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Table 2.Cation distribution (for A, B site), inversion parameter (), experimental, theoretical lattice parameter ( d.,, @),
oxygen position parameter (u*3™) of CoCr,Fe,., O, as a function of Cr content.

Cation distributions 5 Axp ap, u¥m
X (nm) (nm)
0.00 (Co™ 075 Fe* 025) [Co 25 Fe* 1 751° 0.25 0.8384 0.8385  0.3834
025 (Co™ 5Cr* 2 Fe* 3) [Co™ o sCr g ps Fe' 451 03 0.8388 0.8388  0.3835
0.50 (Co™ 05Cr* ") 15Fe’ 035) [Co* 0.sCr* o 3sF e 15]° 0.35 0.8383 0.8377  0.3831
0.75 (Co™o5Cr* o 1Fe*)4) [Co™ o5sCr’ "o s Fe* 055 1° 04 0.8351 0.8366  0.3832
1.00 (Co™ 02Cr* g35Fe™ 0.45) [Co™ 0.4Cr g 6sF e o.55]" 0.45 0.8372 0.8372  0.3831

Table 2 depicts the cation distribution, oxygen positional parameter (), inversion parameter (J), experimental,
theoretical lattice parameter (., as.) for the studied samples. Perusal of table 2 shows that with Cr* ion addition:
concentration of Fe’” ions decreases on B site, whereas the concentration of Co>", Cr’" ions on B site systematically
increases, which should mirror in magnetic properties (especially in saturation magnetization values). u*3™ values
show minor changes in oxygen displacement, displaying distortion in the spinel structure, which even will affect
magnetic properties. Good matching of a., as shows that the obtained cation distribution is close to reality.
Inversion parameter (3) also gets affected with Cr** addition and the samples become more mixed spinel nature.

Table 3 shows the variation in ionic-radii of A-site (r4) and B-site (7), shared tetrahedral edge (d,z), shared
octahedral edge (dpg), unshared octahedral edge (dpgy). In the studied samples 1, 15 respectively varies between
0.0550 nm — 0.0559 nm, and 0.0645 - 0.0646, which is comparable with ionic radii of C02+, Cr3+, so with successive
cr’ addition, there is not much change in 14, rg. Observed changes in ry, rg are consistent with dag, dgg, dggy values,
which will have effect on both structural and magnetic properties.

Figure 2, illustrate the variation of the bond angles (6, 65, 65, 6, 05) as a function of Cr’". It is worth noting that,
strength of the magnetic interactions (4-O-B, B-O-B and, A-O-4) is directly proportional to the bond angle [14]. The
bond angles ;, 0,, represent the angles between A—O-B, bond angles ;, 0, represent angles between B-O-B and 05
represents angles between A-O-A, thus representing B-B, B-B and A-A interaction. Observed trend of bond angles
0;, 6, 05 0, and 05, for x up to 0.50 indicate strengthening of A—B interaction, and weakening of B-B, A-A
interaction. Beyond x = 0.5, obtained behavior of bond angles 0, 6,, 65 6, and 605, depicts weakening of, B-B
interaction, whereas A-B, A-A interaction strengthens, which affects magnetic properties. Figure 3 a, shows similar
trend of experimental M at 300 K (obtained from VSM measurements) and that of theoretical magnetization at 0 K:
M, shows that the magnetic behavior of the studied annealed samples obeys

Table 3: Variation in ionic-radii of A-site (r,) and B-site (rg), shared < 72.64] 0, /*\. "]
tetrahedral edge (dag), shared octahedral edge (dgg), unshared octahedral 4 7248 m_ ‘ 1
edge (dggy) with Cr content 12618 @——e@ ]
X ra Ip dag dge dgey 12615 o, \Q/.\, 1
(nm) (nm) (nm) (nm) (nm) m 94.05[ @ @
M 93.94] 0, \./.\. ]
0.0 0.0558 0.0646 03163 0.2764 0.2967 142.2 — :
1419 ] 0, o —* |
025 0.0559 0.0646 03166 0.2764 0.2969 m 14161 e w -
P 122.65} 0 o g —7 |
0.5 0.0553 0.0645 03156 0.2771 0.2967 122.54 L q\_é ‘ ]
. . 1.
075 00557 00645 03146 02758 02955 00 creditent 'O
1.0 0.0550 0.0645 03151 0.2768 0.2963 ' Figure 2. Cr-content dependence of V bond

angles (0, 65, 05, 0, 65).
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Figure 3: (a) Variation of M exp., Ms ¢ny With Cr content, (b) Variation of M with inversion parameter O.

Néel model [15]. Perusal of figure 2 b shows variation of M, with inversion parameter 6. With increasing
Cr**doping, Co*" ions , Fe’" ions, and Cr’" ions are distributed on both A, B site, depicting changes in &, and thus
affecting M.

Table 4, shows coercivity (H.), experimental saturation magnetization (J/,), magnetization at 0K (M,qx))
magnetic losses (static), magneto-crystalline anisotropy (K;), and Yaffet Kittle angle (ay.x) angle for the studied
samples. Perusal of table 4 shows with increasing Cr’" content all the parameters get affected, thus Cr content can be
used to tailor magnetic properties of Co-Cr based ferrites. With Cr** addition, reduction of losses, shows softer
magnetic behavior (although M, values are also considerably affected). Observed changes in ay.x is also responsible
for obtained changes in M;. Obtained M; and H, values are consistent with calculated K, values.

Figure 4 a, shows the room temperature hysteresis loop for CoCr,Fe, 0, ferrite as a function of cr’ content,
displaying changes in H, and M.

Figure 4b depicts Cr’" content dependence of anisotropy. Perusal of figure 4 b, decrease in K; can be described in
the arrangement of single ion anisotropy model. According to this model, Fe’* ions on A and B sites contribute to
anisotropy energy. K is then specified by relative combination of Fe** ions at A site (positive anisotropy) which is
compensated by Fe** ions at B site (negative anisotropy) [16]. With Cr’* doping, cationic re-distribution of Fe** ions
yields different concentrations of Fe'* ions on A, B sites, and thus affects K.

Figure 4 c, depicts, dependence of H, with Cr addition, whereas inset shows the variation of Hc with grain
diameter (D). Perusal of fig. 4 ¢ shows that Cr-addition leads to reduction of H,, depicting softer magnetic behavior,
although H. increases for Cr = 1.0, which consistent with small increase of K. Inset of figure 4 ¢ shows linear
variation of coercivity (H,), grain size, displays that studied samples lie in the region with overlap between single
and multi-domain region as also was suggested earlier [14,16].

Table 4. Coercivity (H.), experimental saturation magnetization (M), magnetization at 0K (M, ), static magnetic losses,
magneto-crystalline anisotropy (K ;) and Yaffet- Kittel angle (a,.x) (obtained from cation distribution) for Co-Cr nano-ferrite.

X H, Miexp) M1 Losses K,x10* a(Y-K)
O.) (Am’/kg) (Am’/kg) J/kg) (erg/cc) ©
0.00 1249.0 29.7 142.8 11.10 20.01 60.01
0.25 983.78 409 137.4 12.03 27.58 57.41
0.50 714.43 20.9 96.0 4.71 8.08 55.33
0.75 700.16 5.1 60.3 1.01 191 49.80
1.00 1016.0 43 55.7 1.17 2.34 54.00
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FIGURE 4.(a) Hysteresis loops for Co-Cr ferrite (b) Variation of K; with Cr content, (c) Linear variation of H., with D.

SUMMARY

To summarize sol-gel auto-combustion method was used to synthesize Cr doped Co nano-ferrite: CoCr,Fe, .0, (0.0< x
< 1.0). XRD reveals the formation of pure spinel structure. Grain diameter (D) varies between 14.7 — 26.2 nm. Cr
addition shows considerable changes in structural properties. Co®", Cr**, and Fe** ions remain distributed on both A,
B site, and Cr’" addition leads to modification of their distribution on A, B site, leads to changes in magnetic
properties (showing softer magnetic behavior) via changes in A-b, B-B, A-B interaction.
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