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Abstract:

We report on the synthesis of spinel Co.xZnyFe,O4 (x=0.0—0.56) ferrites by sol-gel auto-combustion method. X-
ray diffraction ‘XRD’, magnetic measurements were used to study compositional-dependence of structural,
magnetic properties, connection among them. Mdssbauer spectroscopy was used to identify non-magnetic-phase,
its effect on magnetic properties. Single-phased nano spinel-ferrite formation is confirmed by XRD. Increasing
Zn-content leads to structural modifications such as decrease of lattice parameter, grain diameter Dw.n, alteration
of inversion parameter, disorder, tensile-strain, dislocation density, variation of A—-O-B, A—O—A, B-O-B super-
exchange-interaction and canting angles. Cationic distribution suggests that Fe**, Co?* ions reside on both A, B-
sites, and with increasing Zn-content, B-site population of Fe*", Zn?" ions increases; while that of Co?" ions
decreases. Saturation magnetization shows noticeable dependence on canting angle suggests that the
magnetization in the studied samples is described by Yafet-Kittel three-sub-lattice model. Coercivity H. values
are consistent with anisotropy, and its dependence on Dw.y suggests that the studied samples are in overlap-region
between multiple-domains/single-domain. Reduced-remanence indicate the variation of inter-grain
magnetostatic-interaction, isotropic-behavior of multi-domain particles. Observed broad peaks in magnetization
derivative with field suggest large-number of dislocations, more-uniform particle-size. Switching-field-
distribution proposes potential application of the studied x=0.0 sample in high density recording, and sample with
x=0.56 in targeted drug delivery. Mossbauer measurements confirm three-magnetic-components corresponding
to A,B-sites, Fe3+ ions in grain boundaries/surface, Fe has 3+ oxidation state, and growing paramagnetic—doublet,
alone does not explain the trend of M, suggesting that it is a collective-effect of structural-modification, presence

of paramagnetic-doublet.

Key words: Mossbauer spectroscopy; XRD; magnetic measurements, SFD.

* Corresponding author: S. N. Kane, e mail: kane_sn@yahoo.com




1. Introduction

Ferrimagnetic spinel nano ferrites exhibit face centered cubic structure with two inter-penetrating sub-lattices
tetrahedral A, octahedral B respectively allocated by divalent, trivalent metal ions, and are represented by formula
M*Fe*,04 [1]. Ferrite composition, synthesis technique, thermal treatment, grain diameter, cationic distribution,
etc. can be effectively used for tuning their magnetic properties [2 — 9], making them useful for various
applications e. g. - high density recording, targeted drug delivery applications, in high frequency applications, gas
sensing, magnetic resonance imaging MRI. Use of x-ray diffraction XRD combined with magnetic measurements
helps in understanding the magnetic properties, and their structural dependence. In spinel ferrites, Mdssbauer
spectroscopy is known to identify the presence of magnetic / non-magnetic phases e. g. in [10-12], to better
understand the effect of various magnetic, non-magnetic phases on magnetic properties [9, 12,]. Co-ferrite has
inverse spinel structure, while Zn-ferrite has normal spinel structure, so Co-Zn ferrite would show a mixed spinel
structure. Accordingly, a controlled Zn-substitution in Co-ferrite will lead to a systematic modification of the
distribution of cations on A, B site, and there would be a transformation from an inverse spinel to a mixed spinel,
which in-turn will have visible effect on magnetic properties. Magnetic properties of nano Co-based ferrite differ
from their bulk counterparts due to size dependence [13]. In nanoparticles, the large surface-to-volume ratio leads
to dissimilar distribution of cations on A, B site as compared to their bulk counterparts [13-17]. So it is interesting
to study the effect of composition, grain diameter, cationic distribution and presence of non-magnetic phase on
structural, magnetic properties of Co-based ferrites. Literature [8, 13, 18 - 23] reports various studies on structural,
and magnetic properties of spinel Co;xZnsFe,O4 ferrites, and focuses mainly on cation distribution dependence
of magnetic properties, but the influence of non-magnetic component on magnetic properties is less-explored.

So in the present work we report sol gel auto-combustion synthesis of Co.«ZnsFe2O4 (x = 0.0 — 0.56) ferrites,
using nitrate-citrate precursors. XRD, magnetic measurements were used to study structural, magnetic properties,
and correlation between them. >’Fe Mdssbauer spectroscopy was particularly used to detect the presence of non-

magnetic phase, and its effect on magnetic properties.

2. Experimental details

Spinel ferrites with composition: Coi.xZnsFe,O4 (x = 0.0 — 0.56) were synthesized by sol gel auto-combustion
method, as explained in [6] utilizing ‘AR’ grade citrate-nitrate-acetate precursors: Ferric nitrate: Fe(NO3)3:.9H,0,
Zinc nitrate: Zn(NO3),.6H,0, and Cobalt acetate: Co(CH3COO),.4H»0. Prepared ‘dry gel’ samples were used for
room temperature XRD, Mossbauer, magnetic measurements.

Bruker D8 Advance diffractometer, utilizing CuK,, radiation (wavelength: 0.15406 nm) was used to get XRD
data at room temperature. Room temperature transmission >’Fe Mossbauer spectra were recorded in constant
acceleration more using >’Co:Rh source by using standard PC-based Mdssbauer spectrometer equipped with

Wissel velocity drive. Velocity calibration of the spectrometer is done with natural iron absorber at room



temperature. Room temperature hysteresis loops were obtained by Lakeshore Model 7410 vibrating sample
magnetometer.

Cationic distribution was estimated by XRD peak intensities employing Bertaut method [24]. It gives cationic
distribution by matching the computed, experimental intensity ratios for (422), (400), (220) planes as described
in [25]. For dissimilar cation distribution on A, B sites the intensity ratio: I220)/I(a40), La00y/1a22), 12201400 varies.
The best cation distribution amongst the site A, B for which theoretical, experimental ratios Ing ©*and Iy € of
the observed, and calculated intensities agree noticeably, is taken to be the right one. Obtained cationic distribution
was used to compute Néel magnetic moment ‘nn’ , theoretical magnetization at 0 K: My , is calculated by
using the formula: nx = Mg — Ma in Bohr magneton ‘pg’ where M, Mg are respectively magnetic moments of A,
B-site obtained by cationic distribution. Conversion of Mg from ps to Am?*/kg is done using the following
expression: Mg = [q X ps X Na] / m, where, q - Neel magnetic moment, pg - 0.9274 x 102° emu, Ny —
Avogadro’s number, m - molecular weight (g mol™). Grain diameter Dw.u , strain € , were obtained by

Williamson-Hall plot. Dislocation density was computed by following expression:
pD = 15 & / (acxp_ X DW-H) (1)

Where € — strain, acxp. — Experimental lattice parameter, Dw.n — Grain diameter.
Specific surface area ‘S’ was obtained by following expression:

S=6/(pxrp X Dw.n) (2)

Where pxrp — X-ray density, Dw.n — Grain diameter.

The interionic distances between cations — b, ¢, d, e, f, and between cation and anion — p, q, r, s were estimated
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Where, ac. — Experimental lattice parameter, and # =" — Oxygen position parameter.



Theoretical lattice parameter am., bond angles — 01, 62, 03, 04, 85, Oxygen position parameter — u®m

were also computed by cationic distribution, utilizing the following equations:

am = 375 [(ra + Ro) + V3(rs + Ry)] 5)

where, ra — A-site ionic radius, rg — B-site ionic radius, R, — 0.138 nm is the radius of Oxygen ion.

qum _ (rA +Ro) +l
4

- (\/§ * aexp) (6)

where, R, — 0.138 nm is the radius of Oxygen ion, acxp — experimental lattice parameter.
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where p, q, 1, s — the distance between metal cations, and Oxygen anions (Me - O), b, ¢, d, e, f — the distance
between metal-metal cations (M—M,).

NORMOS program [26] was used to perform computer fitting of the Mdssbauer spectra, with either
overlapping of two sextets corresponding to tetrahedral A, B octahedral site, and a non-magnetic doublet or
distribution of hyperfine fields. Saturation magnetization M;, Coercivity Hc reduced remanence M, /M; were
obtained from hysteresis measurements. Anisotropy constant K; was calculated by using the expression: K; = (H¢
x M; )/ 0.96, where M, — saturation magnetization, Hc — coercivity. Hysteresis loops were also used to compute
the magnetization derivatives dM / dH. Canting angle ay.x was computed as detailed in [8] using the equation :
ayx = Cos™ { (% + Maw ) / M) }, where Maw) and Mgy are the magnetic moments expressed in Bohr
magneton U on A, B sites, and n°g () is the experimental magnetic moment. Error bar shown in figures is standard

deviation obtained from the data.

3. Results and discussions

XRD patterns of the studied samples are shown as fig.1 confirm the formation of single phase nanocrystalline

spinel structure with grain diameter between 28.2 nm — 50.2 nm. Left inset of fig. 1 shows the expanded view of

4



311 peak, which shifts to higher two theta values, reveal that with increasing Zn-content lattice parameter acxp.
increases. Perusal of right inset of fig. 1 depicts linear increase of a..p. predicted by Vegard’s law [27], described
by following experimental relation: acx,= 0.0025 (Zn content) + 0.8384.. Increase of acxp. is attributable to the
fractional replacement of Co*" ion whose ionic radius is 0.058 nm by Zn** ion whose ionic radius is 0.060 nm. In

the studied samples the W-H plot with positive slope is indicative of the existence of tensile strain [28].

Fig. 2 (a) depicts the Zn-content dependence of Dw.u, described by following experimental relation: Dw.y =
50.5 — 40.9 (Zn-content). Fig. 2 a (inset) gives variation of dislocation density with Dw.n described by
experimental relation: pp = 7.9 — 0.14 (Dw.u ). Decrease of Dw.ig with Zn-content is attributable to: 1) replacement
of Co*" ion with lower ionic radius by Zn>" ion with higher ionic radius [29]; ii) increase of grain boundary
curvature [30], associated with changes in lattice parameter.

Fig. 2 (b) depicts the variation of S with Zn-content, ascribable to increase of porosity [9], described by
experimental relation: S=31.6 ( Zn-content ) +21.4. Fig. 2 b (inset) depicts variation of S with Dw.g, is attributed
to well-known inverse relationship between S and Dw.x [7], described by experimental relation: S = 60.4 — 0.77
( Dw.n ).

Fig. 2 (c) shows compositional dependence of tensile strain is attributable to composition-dependent variation
of cationic distribution shown in table 1, depicts variation of Co?*, Zn**, and Fe** ions population on A, B site [7],
described by experimental relation: Strain = 0.0083 ( Zn-content ) + 0.0019. Fig. 2 (c) inset shows compositional
dependence of pp, and is attributed to compositional-dependent variation of cationic distribution shown in table
1, described by experimental relation: pp = 5.89 ( Zn-content ) + 0.61.

Fig. 2 (d) depicts the variation of u with 3. Perusal of fig. 2 (d) shows linear decrease of u with 9, ascribable
to the variation of disorder, as was also reported in [7, 31], described by linear relation: u = 0.385 — 0.006 ( d).
In the studied samples, u varies between 0.3788 — 0.3807, which is higher than its ideal value of 0.375 [9], reveal
enhanced disorder with respect to ideal spinel structure, and thus would mirror in magnetic properties [9]. As is
known that Co-ferrite shows inverse spinel structure, and Zn-ferrite has normal spinel structure, so Zn-addition
in Co-ferrite would lead to changes in the inversion degree 0. In the studied samples, with Zn-addition the o varies
between 0.67 — 1.0, shows that the spinel structure transforms from inverse-spinel to mixed-spinel. Inset of fig. 2
d shows dependence of Dw.n on inversion degree, is attributable to compositional dependence of cationic
distribution shown in table 1 [7], and described by following experimental relation: Dw.gx=62.2 ( ) — 13.8.

Computed cationic distribution is shown in table 1. Close agreement of: 1) as., aexp., and ii) Calc., Obs. intensity
ratios - Io20/Ta40, Ta0o/Ta22 , 1220/Ta40 , shown in table 1 confirms the reliability of the computed cationic distribution.
Perusal of table 1 suggests that Fe**, Co*" ions reside on both A, B sites, but Zn**, Co*" ions are more populated
on B-site than on A-site. With increasing Zn-content, the B-site population of Fe**, Zn** ions increases, and that
of Co*" ions decreases. Variation of cationic distribution leads to modification of inversion degree range between
0.67 — 1.0, Oxygen parameter range between 0.3786 — 0.3870 suggests the variation of disorder; and is consistent

with earlier studies e. g. in - [6, 9].



Figure 3 shows the variation of bond angles with increasing Zn-content. Bond angles are closely related to the
strength of A-O-B, B-O-B and, A-O-A super-exchange interaction [1]. Bond angles 6, 6, reveal information on
A-O-B, 03, 64 provide information on B-O-B and, 05 gives information on A-O-A super-exchange interaction [9,
32]. Perusal of fig. 3 shows that with increasing Zn-content, decrease of 01, 0,, 05 suggests weakening of A-O-B,
A-O-A interaction through concurrent increase of 03, 04 suggests strengthening of B-O—B interaction, and would
reveal changes in magnetic properties is consistent with earlier studies e. g. in - [6, 9].

Hysteresis loops of the studied samples are depicted in fig. 4, while its inset shows linear decrease of Mgexp.)
dependence with canting angle o.«, described by fitting equation: Myexp) = 143.4 ( 0y-k ) — 2.8. Perusal of figure
4 inset shows that magnetization in the studied samples is described by Yafet-Kittel three sub-lattice model [10,
33], and the reduction of Myxp,) is ascribable to of surface spin canting in spinel nano particles [20 — 21].

Fig. 5 (a) depicts the linear increase of H with K, and is consistent with earlier reports on Co-Zn ferrites e. g.
—in [3, 9], described by experimental relation: He = 58.6 K; — 53.3. Variation of H¢ with Dw.i as shown in the
inset of fig. 5 a suggests that the studied ferrites lie in the overlap regions between multiple-domains/single-
domain [3, 6, 9, 32]. Figure 5 (b) shows the Zn-content dependence of M(cxp), Ms(n), and the non-similar trend of
Mi(exp), Ms(in), shows that the magnetization behavior is governed by Yafet-Kittel three sub lattice model [10, 33].
In the studied samples M; / M; range between 0.206 — 0.423 indicate composition-dependent variation of inter-
grain magneto static interaction, and isotropic behavior of multi-domain particles with no preferred direction of
magnetization is consistent with literature [6, 9, 34-35].

Figure 6 a, ¢ shows the hysteresis loops for samples with x = 0.16 and x = 0.56 while fig. 6 b, d shows the
corresponding first derivative dM / dH. Perusal of fig. 6 b, d depicts the double-peak behavior, and reveal the
competition between exchange coupling, and strong dipolar interactions [32, 36]. Broad dM / dH peaks reveal
large number of dislocations in the crystalline samples, and is consistent with obtained dislocation density values
[5], and is also associated to more stable structure of nanoparticle [37]. In the studied samples, with increasing
Zn-content the peak height varies between 113 — 618, and increase of peak height indicates that the studied
samples have a good magnetic state of crystalline cubic spinel structure [5, 38]. The full width at half maximum
FWHM of first derivative varies between 676.99 — 3131.03 and lower FWHM values suggest that the particle
size is more uniform [4]. Switching field distribution SFD is determined by using the expression: SFD = AH/H,
, AH — full width at half maximum of the dM / dH. It is worth noting that the SFD has strong relation with the
particle size distribution, and is also linked to distribution of particle coercivity [37- 39], because particles with
different size, shape will tend to reverse at different magnetic field strengths. For the studied samples, SFD range
between 2.6 — 24.7, and the observed SFD variation is ascribable to dissimilar particle size distribution [37].
Among the studied samples the sample with x = 0.0 shows lowest SFD - 2.6, and highest H. - 1202.4 Oe would
be most suitable for magnetic recording application [40], while sample with x = 0.56 shows lowest H. -78.7 Oe,

highest SFD - 24.7, would be more suitable for targeted drug delivery applications [4].



Figure 7 (a-f) depicts Mossbauer spectra, while the fitted hyperfine parameters, are shown in table 2.
Maéssbauer spectrum for x = 0.0 sample i.e., cobalt ferrite CFO shows magnetically split pattern characteristic of
CFO phase with two sub-lattices. The two sextets correspond to A and B sites of the spinel ferrite. Following the
literature, the sextet with higher internal field value is assigned to A-site, and the one with lower value is assigned
to B-site [41]. The observed isomer shift shows that Fe has 3+ oxidation state for all the samples, is consistent
with literature [9]. As the Zn content increases up to 0.08 an additional magnetic component with lesser hyperfine
field is observed, this could be due to the presence of Fe*" ions either in the grain boundaries or on the surface
because of nano size effects [41]. In the studied samples, as the Zn-content increases higher than 0.08, the spectra
are a combination of broad sextet, and a dominant paramagnetic doublet with quadruple splitting varying between
0.70 — 0.84 mm/s, and the doublet area range between 20 — 50 % which was not reported in earlier studies [8, 18]
with similar compositions. The doublet is responsible for the observed changes in Mexp), as seen in fig. 5 (b).
Because of the broad features, the data is analyzed with distribution of hyperfine fields for samples with x > 0.08,
and the computed hyperfine field distribution is shown in fig. 7 (g). The hyperfine field distribution shows three
peaks at ~47, 40, and 27 Tesla in addition to the one at lower fields which could be due to the central paramagnetic
component. Therefore, from the observed hyperfine field distribution features, one would conclude that three
magnetic sextets corresponding to A-, B- sites of spinel phase and Fe*" ions either in the grain boundaries or on
the surface because of nano size effects. Further, as can be seen from table 2, the average hyperfine field, and the
area fraction of magnetic sextet are found to decrease with Zn substitution roughly match with the trend of
magnetization variation, expect for the x = 0.48 composition. Presence of a central paramagnetic—doublet alone
does not explain the trend of saturation magnetization, leads to the conclusion that it is a combined effect of the
alteration of structural parameters, and existence of paramagnetic-doublet. It is worth mentioning that, although
the area fraction values of A, B site can give the distribution of Fe*" ion on A, B site, but presence of the
paramagnetic—doublet for samples with x higher than 0.08 makes it impossible to compute cationic distribution

on each site, so cationic distribution could not be computed from Mossbauer spectra as was also reported in [9,
11].

4. Conclusions

XRD validates the formation of single phase nanocrystalline cubic spinel phase. Increase of lattice parameter is
explained by partial replacement of Co*" ion by Zn?" ion. Alteration of cationic distribution leads to the variation
of disorder, inversion degree, and A-B, B-B, A-B super-exchange interaction, which in-turn affects magnetic
properties. Mdssbauer spectra validate the presence of a paramagnetic-doublet, and confirm that Fe has 3+
oxidation state. Evolution of coercivity is consistent with corresponding anisotropy values. Dependence of
coercivity on grain diameter shows that the studied samples lie in the overlap region of multiple/single domain
region. Paramagnetic-doublet alone does not explain the trend of saturation magnetization, leads to the conclusion

that it is a combined effect of the alteration of structural parameters, and existence of paramagnetic-doublet, and
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thus facilitate better understanding of the compositional dependence of magnetic, non-magnetic phases, and their
effect on magnetic properties. Magnetization derivative with field suggests uniform particle size, and presence of
large-number of dislocations. Present studies display strong linking between structural, magnetic properties, and

suggest potential applications of the studied samples in high density recording, and targeted drug delivery.
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Table 1: Cation distribution (for A, B site), experimental, theoretical lattice parameter (@exp, am), for Co,.Zn,Fe,0, ferrite as a function of Zn content (x),
and calculated, observed values of intensity ratios Lyzo/Lso, Lsoo/Lazz 5 L220/Las0.

X Cation distributions Aexp ary 1220/1440 1400/1422 1220/1440
(nm) (nm) Cale. | Obs. | Cale. | Obs. | Cale. | Obs.
(= 0.0007) (=0.0012)

0.0 (C02+o_06 Fe3+0_94)A [CO 2Jr()_94 Fe3+1_06]5 0.8387 08375 0.858 0911 2.5401 2.641 1.482 1.513
008 | (CoomnZnaFe 1 00)* [Co™ 002 Zn g 0sFe o0l 0.8379 08409 | 0.864 | 0922 | 2565 | 2612 | 1413 | 1464
0.16 (Co™ .00 Zn*g0sFe 0.95)* [Co™ 0.5Zn* .11 Fe™ 1 5] 0.839 0.8406 0.978 1.013 2.192 2.079 1.485 1.513
032 | (Co™yu Zn*o 1 Feog0)® [Co™oesZn® o oiFe* 1P 0.8396 08404 | 09157 | 1.016 | 2.021 | 1975 | 1381 | 1432
048 (C02+0_1<)Zn2+0_10 Fe3+0_71)A [C02+0_33Zn2+0_3g Fe3+1_29]B 08393 08400 0899 1023 20203 1931 15701 1632
056 (C02+o_zozn2+0_04Fe3+0_67)A [C02+0_152n2+0_52Fe3+1_33]B 08398 08394 0951 105 2103 2095 1384 1421
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Table 2: Fitted Mdssbauer parameters ( Width — Line width, 1. S.- Isomer shift, relative to a-Fe,
Q. S. — quadrupole splitting, Byy— Hyperfine field, area - % Area of the sextet and/or doublet) for
the studied Co,.«Zn,Fe,0, ferrite samples as a function of Zn content.

Width LS. Q.S. Bur Area
Sample Component (Site) (mm/s) (mm/s) (mm/s) (Tesla) (%)
(x) (£0.02) (£0.1) (£0.02) (£0.1) (*2)
0.0 Sextet (A) 0.46 0.36+0.01 -0.04 51.6 32
Sextet [B] 0.57 0.29+0.01 -0.01 48.6 68.
0.08 Sextet 0.54 0.29+0.01 -0.02 47.6 32
Sextet 0.56 0.31+0.01 -0.01 50.1 23
Sextet 1.22 0.45+0.04 -0.19 42.0 25
Doublet 0.97 0.31+0.01 0.84 — 20
0.16 Sextet 0.4 - — <36.9> 65
Doublet 0.64 0.34+0.01 0.77 — 35
0.32 Sextet 0.4 - — <37.9> 76
Doublet 0.65 0.32+0.01 0.72 - 24
0.48 Sextet 0.4 - — <28.9> 61
Doublet 0.67 0.30+0.01 0.70 - 39
0.56 Sextet 0.4 - - <25.4> 50
Doublet 0.69 0.31+0.01 0.72 - 50
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FIGURECAPTIONS:

FIGURE 1. XRD patterns of the studied Co;xZnsFe,Oy4 ferrites, Inset: (left panel) gives zoom part of 311 reflection showing
peak shift, (right panel) compositional dependence of acxp. .
FIGURE 2. Zn-content dependence of: (a) grain diameter (Inset: variation of dislocation density with grain diameter), (b)
—S (Inset: variation of specific surface area with grain diameter), (c) strain (Inset: variation of dislocation density with Zn-
content). (d) Variation of Oxygen parameter with degree of inversion (Inset: variation of grain diameter with degree of
inversion). Continuous lines are linear fit to the data.
FIGURE 3. Zn-content dependence of bond angles (9,408, 9,408 9;8-0-B ,BO0B (:A-0-A)
Line connecting points are guide to the eye.
FIGURE 4. Hysteresis loops of the studied samples. Inset: variation of Mj () With of oy.k.
FIGURE 5. (a) Variation of H, with K;, (Inset: Variation of H, with Dy.y, line connecting points is guide to the eye),

(b) compositional dependence of Myexp), Myun) at 0 K (and corresponding Neel magnetic moment values in Bohr
magneton ‘ug’ are also shown), line connecting points is guide to the eye.
FIGURE 6. (a) Representative hysteresis loops (a: for x = 0.16, ¢: x = 0.56), and corresponding first derivative
(b:x=0.16, d: x = 0.56).
FIGURE 7. (a — f) Room temperature Mdssbauer spectra of the studied samples. Symbols: experimental data, lines: best fit

to the experimental data (Sextet: shown in red, blue color; Doublet: shown in gray color). (g) Hyperfine field distribution.
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