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Abstract. Ni; CdsFe,O4 (0.0 < x <0.72) ferrites were synthesized by sol-gel auto-combustion method. X-ray diffraction,
magnetic measurements were used to investigate structural, magnetic properties of nanocrystalline ferrite with Scherrer’s
grain diameter (D) ranging between 9.67 — 38.27 nm. Results reveal that with increasing Cd content, there is an increase
of experimental lattice parameter (a..,), X-ray density (pxrp), specific surface area (S), and hopping lengths for tetrahedral
and octahedral site (L, Lg), accounted for difference in ionic radii of Cd** (0.097 nm) as compared to the Ni*" ion (0.069
nm) and Fe** ion (0.064 nm). With Cd*" ions addition: a) they remain more populated on A site, Ni** ions remain more
populated on B site, whereas concentration of Fe'* ions increases on B-site, resulting in increasing saturation
magnetization (M,) from 30.2 — 54.4 Am*kg; b) distribution of Ni**, Cd**, Fe*" cations on tetrahedral (A) and octahedral
(B) site shows mixed spinel structure; ¢c) oxygen positional parameter (u), inversion parameter () also display increase of
disorder, degree of inversion, affecting M, and coercivity (H.) (varies between 73.2 — 198.9 Oe).

INTRODUCTION, EXPERIMENTAL DETAILS, AND DATA ANALYSIS

Spinel ferrites have a general formula Me*'O.Fe*",0; (where Me represent divalent ions Mg**, Zn*", Ni*" etc.),
are technologically important owing to their interesting structural, magnetic properties [1]. Nanosized spinel ferrites
have attracted considerable attention for their use in microwave devices, high speed digital tape, ferrofluids, and as
catalyst. Spinel ferrites have Fd;m space group reveal fcc (face centered cubic) structure, with total 56 ions per unit
cell, 32 divalent oxygen ions forms closed pack fcc structure with 64 tetrahedral interstitial sites (A4-sites) and 32
octahedral interstitial sites (B-sites), out of available sites only 8 tetrahedral (4-sites) and 16 octahedral (B-sites) are
occupied by divalent and trivalent metal ions [2], thus, large fraction of unoccupied interstial sites in the spinel
ferrites promote their filling with appropriate divalent cations allowing the possibility to fine tune their magnetic
behavior [3]. It is known that the structural, magnetic properties of spinel ferrites depend on choice of cations, type
of additives, synthesis technique, thermal treatment, and distributions of cations between tetrahedral (A-site) and
octahedral (B-site) [4]. Ni ferrite (NFO) has inverse spinel structure, where Ni** ions are located on octahedral (B-
site) site. Gradual substitution in NFO with an element, known to form normal spinel would transform the
substituted ferrite from inverse to normal via mixed spinel structure. Substitution induced changes in cationic
distribution, would even lead to non-equilibrium site occupancy observed in nano-structured ferrites [4,5], allows
the possibility to tailor the magnetic propertiers. Literature shows that mixed CdFe,O4 ferrite shows normal spinel
structure with Cd”" ions have a preference on tetrahedral (A-site), is technologycally impotant due to its resistivity,
high permiability, low magnetic losses [4]. Addition of Cd*" ion in NFO, modifies the magnetic properties e.g. —
saturation magnetization coercivity etc. [5]. Studies report structural, magnetic properties of Co-Cd [6], Ni-Cu-Cd
[7], Li-Cd [8] mixed ferrite prepared by using various methods e.g. - double sintering ceramic technique [6], co-
precipitation technique [7], and microwave combustion technique [8]. However, study on structural, magnetic
properties of Ni-Cd ferrites using sol-gel auto-combustion method is rather less explored. Advantage of sol-gel
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auto-combustion synthesis is: formation of spinel structure even in dry gel form [9], so high temperature sintering
may not be needed for the formation of spinel phase. Thus, it is one of the most proficient methods, for synthesizing
nano-materials at relatively lower temperature making this technique energy efficient, with increased surface area
maintaining the quality of material. Therefore, in the present work x-ray diffraction (XRD), magnetic measurements
were used to probe structural, magnetic properties of Ni; CdFe,O4 (0.0 < x < 0.72) ferrites, prepared by sol-gel
auto-combustion method.

Ni;CdFe, 04 (x = 0.0 < x < 0.72) ferrites were produced by sol-gel auto-combustion method, by mixing AR
grade: [Nikel acetate — (CH3COO) , Ni 4H,0), Cadmium acetate — (CH;COO) , Cd 2H,0), Ferric nitrate — (Fe
(NO3), 9H,0)] in stoichiometric ratio. Citric acid was also added by maintaining its ratio with metal salt as 1:1,
which acts as a chelating agent, as well as fuel in combustion process. All precursors were dissolved in deionized
water, and then ammonia solution (NH,OH) was added to maintain the pH at 7. Solution was heated at ~ 110 °C in
air until fluffy powder called as ‘dry gel’ was formed, which was heat treated at 600 °C for 3 hours. Annealed
ferrites were characterized by XRD measurements, done at room temperature in & — 26 configuration by Bruker D8
advance diffractometer by CuK, radiation (A = 0.154056 nm), utilizing Bruker LynxEye detector for detecting x-
rays. Rietveld refinement of XRD patterns was done by MAUD (Material Analysis Using Diffraction) software [12]
to calculate experimental lattice parameter (a., ). Specific surface area (S) was calculated using the expression: S = [
6/ (D % pxgp ) [11], X-ray density (pxzp)) of the studied samples was obtained by: pyzp = 8M,/N(a)® where M,, —
Molecular weight, N — Avagrado’s number, a - Lattice parameter. Scherrer’s grain diameter (D) is obtained by using
the line width of [311] reflection via expression: D = 0.9 1/fcosfd where, 1 - wavelength of the x-ray used, § - line
width, 0 - peak position (in 20 scale). Hopping length for site A, B was calculated by: L, = (v/3/4) a, Ly = (\'2/4) a,
where L, , Lp are respectively hopping length for site A, B, a — lattice parameter. XRD peak intensities were used to
obtain cation distribution of the studied samples, employing Bertaut method as described in [13-15], used to
calculate theoretical lattice parameter (a,.). Néel magnetic moment ‘ny’ or ‘M, (theoretical magnetc moment at 0
K) is calculated by: ny = Mg — M, . where M, , My respectively are magnetic moment of A, B-site. Ionic radii of A,
B site (74, 7p), oxygen parameter (u), bond angles (8;, 65, 65, 0, 05), tetrahedral, octahedral bond length (R, Rp) were
estimated from cation distribution. Room temperature hysteresis loops were measured by Lakeshore Model 7410
(VSM) by applying maximum field - Hp,=+ 1.9 T, were used to get coercivity (H,), saturation magnetization

(Mv(exp})~
RESULTS AND DISCUSSIONS

XRD patterns of the annealed Ni;_, CdFe;,O,4 (x = 0.0 < x < (.72) ferrites are shown in figure 1a. XRD confirms
the formation of spinel ferrite. Minor presence of secondary phase o-Fe,O; (for sample with x = 0.0) is also
observed. Rietveld refinement of samples for x = 0.24, x = 0.36 are respectively shown in figure 1 b, c. Table 1
depicts the calculated values of a..,, D, pxrp, cell volume V, S, L,, and L for the studied samples. Perusal of table 1
shows increase of a.y, V, pxzp, S, L4, L with increasing cd* content, attributed to the dissimilar ionic radii of NiZt s
Cd*. Figure 2 a shows experimental lattice parameter Qe and pygp (inset of fig. 2a) increases linearly with
increasing Cd*" content, ascribed to the addition of an ion with higher ionic radius (Cd*" = 0.097 nm) for an ion
which has lower ionic radius (Ni** = 0.069 nm). Linear increase of lattice parameter with Cd*" content shows that
Cd *" ions enter into the spinel lattice.

~
= * 0-Fe,05 2 £
@ o - S 'E =
‘g 8 |a & a7 3 =} =
o [x=0.00 4 |V * T A s =
& [x=0a2 - ]
2 =0 A < <
~ [x=036 N z Z
2 [x=060 , A s 5
S hsem, n T T T < =
= = =
— S Ll
20 30 40 50 60 70
20 (%)
(a) ()

FIGURE 1. (a) XRD patterns of the studied Ni;., Cd,Fe,0, ferrites, (b) and (c) Rietveld refinement for x = 0.24, x=0.36
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Table 1. Compositional dependence of experimental lattice parameter (a..,), grain diameter (D), cell volume (V), x-ray density
(p.a), specific surface area (S) and hopping length for A-site, B- site (L, L) for the studied samples.

X Aexp D \'% Pxrd S L, Lg

nm nm (nm?) (kg/m’) (m*/g) (nm) (nm)
0.0 0.8329 38.27 0.5779 5387.2 29.10 0.3606 0.2948
0.12 0.8355 27.65 0.5832 5485.1 39.55 0.3617 0.2957
0.24 0.8334 20.96 0.5789 5673.6 50.44 0.3608 0.2950
0.36 0.8410 10.24 0.5948 5665.8 103.38 0.3641 0.2977
0.48 0.8366 19.90 0.5855 5901.9 55.81 0.3622 0.2961
0.60 0.8452 12.97 0.6039 5864.2 78.88 0.3659 0.2992
0.72 0.8464 09.67 0.6064 5980.3 103.64 0.3665 0.2996

Increase of unit cell volume ‘7’ (shown in table 1), displays increase of unit cell mass, accountable for the higher
value of pyzp can be attributed to the replacement of an ion with lower mass (Ni = 58.71 g/mol) by Cd*" ion with
higher mass (Cd = 112.40 g/mol). Average grain diameter ‘D’ range between 09.67 nm — 38.27 nm, displays
decrease with increasing Cd*" content, is understood in terms of increase of Cd*" ion in the unit cell, which has
higher ionic radius would result in grain boundary dispersion, thus hindering the grain growth. Figure 2 b, displays
the Cd*" content dependence of ionic radii of A and B- site (r4, 75), bond length (R, Rj), shared tetrahedral,
octahedral, and unshared octahedral edges (d4 .5 ds.). Perusal of fig. 2 b shows that changes in ionic radii, bond
length of A site increases, A site will expand in such way that anions associated with A-site will move away from
each other, as a result the distance between d, vz and R, would increase. Similarly as 75 decreases, the values of dpyz
and R would also decrease. Increase of Cd*" content in the studied samples leads to higher specific surface area ‘S’
(shows linear variation Cd*" content, varies between 29.10 — 103.64 m*/g, implies more porosity, which is attractive
for catalytic activity of the studied samples. Higher surface area implies small grain diameter because there is
inverse relationship between D and pxgp with specific surface area, seen clearly in table 1. Both hopping lengths for
A, B-site (L4, Lg) display similar trend as that of a,,, Perusal of figure 2 (c) shows linear variation of M, with
inversion parameter &, shows M, enhancement up to 1.8 times (from 30.2 — 54.5 Am”kg). Based on variation
between M;, o, following empirical relation can be written: M, = A 6 + B, where A, B are fitting constants with
values respectively 46.1, 36.1. It is to be mentioned that the empirical relation is just to show linear relation between
M, 6. This variation clearly shows that & contributes decisively in determining M; of the studied samples.

Table 2, gives distribution of cations on A, B site, 6, u? ¥ for the studied Nij, CdyFe O x=0.0<x<0.72)
nano ferrites. Perusal of table 2 shows changes in inversion parameter (5), oxygen position parameter (u*3™) with
increasing Cd*" content. Increase of ‘u*3™ values from 0.3797 to 0.3852 (Which is higher than the ideal value of
0.375 for Ni-Cd nano-ferrits) suggests that the movement of O ions in such a way that distance between A-O ions
(tetrahedral bond length R,) increases, ascribed to the replacement of cation on A-site. With increasing Cd*" doping
Ni*" ions remain Ni*" and Fe** ions become more populated on B-site, whereas Cd*" ions remain distributed, pre-
dominantly on A site, thus increasing the value of 6.

o _0.288rg 3 80
0.856—§nss <08 ~0-%-9-0-0-0] Fitting equation:
~ o 0321 - 4
: s _e-0-0~ G Ms=46.15+36.1
g 0.848: ™ 0570406 = 031%—-; \.; %‘)60
5 .Cd ;c(mt/ent. o 0-2041 \A/A\A/A—Ai NE %
o 0.840¢ 020 A A < 40!
] ot 01904 A AT V,40 ¢
s 0.832 0.069| ®—a -0 = 4
l-< /. .
0.066 L#—ﬁd 20+
824 ‘ ‘ = 0056 _eo-0-0"% | ‘ ‘ ‘ ‘ ‘
082400 025 050 075 R o 00 01 02 03 04
Cd”" content " ca**content 8
(a) (b) (©)

FIGURE 2. (a) Cd*" dependent a,,,. Inset: Cd*" dependent p,,4, (b) Cd”** content dependence of 1, rp, Ra, Rp,
daxe, dexe (¢) M; variation with 6 Continuous lines are linear fit to the data

160001-3

GSLLLL ¥20z Aeniged z|



Table 2. Compositional dependence of Cation distribution (for A, B site), inversion 6y ‘ 0.0
parameter (), oxygen parameter (¢).with Cd content. < :’,gj \-—v\v\ _ 5

X Cation distributions s pim < 70 : :_::%

A-Site B-Site 1260| g ~0—@— O~ 0 )

0.0 (Ni()_mFe()_gg)A [Nio_99F61_01]B 0.00 0.3797 Mi 1528 . - ._._4_‘

0.12 (Ni.0sCdo 02Feg3)” [Nigs3Cdy 10Fe1 07" 0.02 0.3798 a 925 ¢~ o—o-¢ 0,1

. . 148 : :

024  (Nig3Cdg14Fe73)" [NigesCdooFers]®  0.14 03829 104 9y 0,

0.36 (Ni()_()oCd()_z()Fe()_g())A [Ni0_64Cd()_16Fe1_2()]B 0.20 0.3823 3 :Iﬂﬂi . ’\0_"£
[ 0

048  (NiggCdynFeqrs)" [Nigs:CdoseFernn]® 022 03834 ol S R
0.60  (NigoiCdossFeqes)” [NigsoCdoosFer6]” 035 03847 00 03 06

Cd2 content

. B
[Nig2sCdos3Fe; 3] 0.39 0.3852 FIGURE 3. Compositional dependence

0.72 (Nig 0oCdo 30Feq61)*

of bond angles

By adding Cd*" ion, ionic radii, bond lengths of A, B sites get modified in such a way that distortion in the
structure increases, as evidenced by changes in u*3™ values, shown in table 2, and would get reflected in magnetic
properties, as explained later.

Perusal of table 2 also shows that with increasing Cd content, u**™also increases confirming increased distortion
in the spinel structure, responsible for observed M, increase, as was also observed earlier [15], and also demonstrates
the significance of cationic distribution (on 4, B site) in determining magnetic properties.

Magnetic exchange strength (4-O-B, A4-O-A, B-O-B) not only depends on bond angles, but also on bond lengths.
Cd-content dependence of bond angles (6;, 8,, 6;, 6, 05) provides information on A-O-B, A-O-A, B-O-B exchange
interaction, is shown in fig.3. Perusal of figure 3 clearly shows Cd dependent changes in bond angles lead to
weakening of A-A, A-B interaction with simultaneous strengthening of B-B interaction [16,17], reflected in changes
in magnetic properties, as shown in figure 3.

Figure 4 (a) depicts the room temperature hysteresis loops of the studied samples, display composition dependent
changes in magnetic properties. Figure 4 (b) depicts the grain size dependence of H,, and Cd** content dependence
of H. (shown as inset). Perusal of fig. 4 (b) shows that H., i) decreases linearly by increasing Cd*" content in the
sample, and ii) increases linearly with increasing grain size. Observed H,. dependence on D, indicates that the
studied samples lie in the region with overlap between single, and multi domain region [18].

Figure 4 (c) depicts the Cd*" content dependence of experimental saturation magnetization M, (expy» and
theoretical magnetization at 0 K: M; () (also known as Néel magnetic moment) for the studied samples. Observed
changes are attributed to variation in cationic distribution, as shown in table 2. Overall increase of magnetic ions
(Nizﬂ Fe*' ions) on B-site leads to increase of net magnetic moment, explains increase of both M, M; ., as shown
in figure 4 (c). For the studied samples, observed similar trend of M (.,, M, 4 shows that the magnetization
behavior of the studied samples is governed by Néel model [12-19], demonstrating strong correlation between
magnetic, structural properties.

& 50 250 3R o
< [S1s0 e =+ Mexp) *Mst)
i 25 — 200 =100 ) s1)80—
< 0 ,03 06 )
> Cd”"Content =
£ o 2 < 60}
g = 0.0 ©150¢ £
= x=0.12 = <
S5l x=024 | é = 2
= x=0.36 [
£ X =048 100+ =
%"_50 L x=060 | *
s - -x =0.72 50L. ) ) 200 . .
-2 -1 0 1 2 10 20 30 40 0.00 0.25 0.50 0.75
Magnetic Field (Tesla) D(nm) cd®Fcontent

(@) (®) (©)
FIGURE 4. (a) Hysteresis loops of the studied samples, (b) H, variation with D. Inset: Cd*" dependence of H,, Continuous
lines are linear fit to the data, (c) Variation of experimental Mg exp.), Ms ) With Cd*" content
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SUMMARY

We report the sol-gel auto-combustion synthesis of Ni-Cd ferrites with different cadmium concentration. XRD
confirms the formation of nano-sized spinel ferrite. Increase in Cd*" content leads to : i) Linear increase of lattice
parameter and reveals that Cd*" ions enter into the spinel lattice, ii) decrease of grain diameter, shows that increasing
Cd* content in the sample, hinders the grain growth, iii) Ni*" , Fe** ions remain more populated on B-site, whereas
Cd*" ions remain distributed, pre-dominantly on A site, thus increasing & values, leading to increase of net magnetic
moment, so increasing both M ) M; .y, 1v) an empirical relation between M, &, is obtained, shows linear variation
between them, v) weakening of A-A, A-B interaction with concurrent strengthening of B - B interaction, is
responsible for observed changes in magnetic properties, vi) H, decreases linearly with increasing Cd*" content (H.
increases linearly with increasing grain size). Observed variation of H,. with D indicate that the studied samples lie
in the region with overlap between single and multi domain region, and the magnetization behavior of the studied
samples is governed by Néel model.
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