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Abstract

Mixed alkali metal nanoferrites of the compositions M0.5�X/2ZnXMn0.05Fe2.45�X/2O4 (M = Li, Na and K), where x varies from 0!0.5 in steps of

0.1, have been prepared by solution combustion method. Powder X-ray diffraction analysis for all the samples show the formation of single phase

cubic spinel structure. The lattice parameter increases linearly with Zn content, which is attributed to ionic size differences of the cations involved.

Both X-ray as well as experimental densities show upward trend with increasing ‘x’ due to increase in the molecular weight of the ferrite

composition. Mössbauer spectra display the superimposition of paramagnetic doublet over ferrimagnetic sextet with increasing diamagnetic ‘Zn’

content. The key magnetic properties of the ferrite obtained, such as saturation magnetization and Curie temperature have also been studied. The

combustion method used for the synthesis is a rapid approach for direct conversion of the stoichiometric reactant solutions into fine nanoparticles of

ferrite product at a temperature (600 8C) much lower than that of the conventional ceramic method. Scanning electron micrographs confirm the

formation of nanosized ferrites.
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1. Introduction

The properties of the ferrite materials, which decide the

application areas are generally governed by the chemical

compositions and procedures followed for their preparation.

Thus the chemical aspect has become the most important factor

in the design and preparation of nanoferrite materials as their

properties are quite different from the bulk materials. Magnetic

properties are considered as the most important parameters of

ferrite, as they decide the significance of the materials for any

technological consideration. Some of the key magnetic

properties such as saturation magnetization and Curie

temperature which are generally taken into account, put a

limit on the operation of frequency range and the operating

temperatures respectively. Ferrites provide a wide range of

properties that are useful for a variety of applications by

substituting the optimum amount of various metal ions in the
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basic compositional formulae. Owing to the higher values of

saturation magnetization and Curie temperature, substituted

alkali metal ferrites find application in radar, satellite

communication and microwave devices [1–8].

2. Experimental

Mixed alkali metal ferrites of the compositions M0.5�X/

2ZnXMn0.05Fe2.45�X/2O4 (M = Li, Na, K) were prepared by

combustion method from stoichiometric aqueous solutions of

respective metal nitrates and oxalyl dihydrazide (ODH). In

these compositions ‘x’ varies from 0!0.5 in steps of 0.1.

Stoichiometric quantities of aqueous solutions of metal nitrates

and oxalyl dihydrazide were mixed and combusted in a muffle

furnace at 600 8C for 2 h. The final sintering of ferrite powders

compacted into disc and toroidal shapes were carried out at

1100 8C without any sintering aid. X-ray diffraction patterns

were recorded for all the powder samples using Co-Ka

radiation and these studies were used to calculate lattice

constant ‘a’, densities (X-ray density and experimental density)

and porosity of the ferrite samples. Magnetic parameters of
d.
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Fig. 2. Variation of lattice parameters with increasing Zn content.
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these samples were recorded by using vibrating sample

magnetometer (VSM). 57Fe Mössbauer spectra were recorded

on Wissel (Germany) Mössbauer spectrometer using a 57Co

(Rh) g-ray source and the velocity scale was calibrated relative

to 57Fe in Rh matrix. Mössbauer spectral analysis software

WinNormos for Igor Pro has been used for the quantitative

evaluation of the spectra. Isomer shift values are reported with

respect to pure metallic iron absorber.

3. Results and discussion

3.1. X-ray studies

X-ray powder patterns of these compositions have been

shown in Fig. 1 which shows formation of single spinel phase.

The lattice constant ‘a’ has been calculated theoretically by the

following relation [9]:

a ¼ 8

2

ffiffiffi
3
p� �

ðrA þ rOÞ þ
ffiffiffi
3
p
ðrB þ rAÞ

h i

where rO is the radius of oxygen ion, rA and rB are the ionic

radii of tetrahedral (A) and octahedral (B) sites respectively.

This clearly indicates that there exists a correlation between the

ionic radii and the lattice constant. In order to estimate rA and rB

in the case of more than one ion present at a site, it is necessary

to know the cationic distribution of the composition. According

to the thumb rule, if the radius of the substituted ion is larger

than that of the displaced ion, the lattice expands and the lattice

constant is expected to increase. A similar trend has been

observed in the present case where the lattice constant value

‘a’ increases with increasing Zn substitution (Fig. 2). This can
Fig. 1. X-ray powder pattern for composition Li0.5�X/2ZnXMn0.05Fe2.45�X/2O4

with ‘x’ varies from 0 to 0.5.
be explained on the basis of volume difference between the

cations, i.e. Zn2+ (0.083 nm), Li+ (0.078 nm) and Fe3+

(0.067 nm). An increase in lattice parameter with increasing

Zn content is due to the larger cationic radius of Zn2+ ion as

compared to that of the other cations. The theoretical or X-ray

density values (dXRD) of various compositions of mixed lithium

ferrites are listed in Table 1 and were calculated by using the

relation [10],

dXRD ¼
8M

Na3

where M = molecular weight of composition, N = Avogadro’s

number, a = lattice constant.

The theoretical density increases with the molecular mass of

the composition. The experimental density or bulk density

(dexp.) has been determined for various compositions by the

water immersion method [11]. Both parameters show an

upward trend with increasing magnitude of ‘x’. However, the

X-ray density for any given composition is higher than that of

experimental density and this difference is primarily attributed

to the porosity of the material. It may be mentioned that in the

normal sintered ferrite it is generally not possible to control

together, both porosity and grain size parameters [12–14]. The

percentage porosity for all the compositions has been

calculated by using the equation:

1 � dexp:

dXRD

� �
� 100

The calculated values of the porosity (Table 1) have been found

to be quite low which is a characteristic requirement of good

quality ferrite materials, otherwise, larger magnitude of poros-

ity deteriorates the magnetic and elastic behaviour [15] of the

material even at low frequency region.



Table 2

Variation of XRD and magnetic parameters with composition ‘x’ for Na0.5�X/2ZnXMn0.05Fe2.45�X/2O4.

Composition (X) Mol. Wt. (g) dXRD (g/cm3) dexp.(g/cm3) Lattice parameter ‘a’ (Å) Porosity (%) Ms (emu/g) Curie Temp. (8C)

0 215.07 4.9802 4.7522 8.3088 4.57 1.19 397

0.1 217.66 5.0324 4.8125 8.3130 4.37 6.31 358

0.2 220.26 5.0826 4.8812 8.3184 3.96 17.18 319

0.3 222.85 5.1156 4.9145 8.3329 3.93 20.45 266

0.4 225.45 5.1732 4.9834 8.3340 3.66 9.83 217

0.5 228.05 5.2235 5.0175 8.3390 3.94 7.56 176

Table 1

Variation of XRD and magnetic parameters with composition ‘x’ for Li0.5�X/2ZnXMn0.05Fe2.45�X/2O4.

Composition (X) Mol. wt. (g) dXRD (g/cm3) dexp. (g/cm3) Lattice parameter ‘a’ Å Porosity (%) Ms (emu/g) Curie Temp. (8C)

0 207.04 4.7614 4.5739 8.3278 3.93 30.35 634

0.1 210.44 4.8104 4.5920 8.3446 4.53 47.44 563

0.2 213.84 4.8824 4.7713 8.3478 2.27 57.19 512

0.3 217.23 4.9256 4.8109 8.3672 2.32 67.38 443

0.4 220.63 4.9709 4.8341 8.3850 3.04 58.86 360

0.5 224.03 5.0385 4.8379 8.3902 3.98 48.15 278

Table 3

Variation of XRD and magnetic parameters with composition ‘x’ for K0.5�X/2ZnXMn0.05Fe2.45�X/2O4.

Composition (X) Mol. Wt. (g) dXRD (g/cm3) dexp. (g/cm3) Lattice parameter ‘a’ (Å) Curie Temp. (8C) Porosity (%) Ms (emu/g)

0 223.12 5.1802 4.7975 8.3015 267 7.39 0.50

0.1 224.91 5.2124 4.8528 8.3065 242 6.89 7.75

0.2 226.70 5.2445 4.9132 8.3114 213 6.32 9.05

0.3 228.49 5.2835 5.0672 8.3126 198 4.09 19.59

0.4 230.28 5.3205 5.1282 8.3149 175 3.61 18.12

0.5 232.07 5.3475 5.1664 8.3223 142 3.39 12.34
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A similar trend for the variation of XRD parameters with

increasing Zn content (x) has been observed for Na and K series

(Tables 2 and 3).

Scanning electron micrographs (SEM) reveal the formation

of nanosized ferrite particles (Figs. 3 and 4).

4. Magnetic studies

4.1. Saturation magnetization

Fig. 5 shows that the magnitude of saturation magnetization

first increases up to a certain level of substitution and then
Fig. 3. SEM micrograph for composition Li0.5�X/2ZnXMn0.05Fe2.45�X/2O4 with

‘x’ = 0.1.
follows the reverse trend. The saturation magnetization values

for various compositions are listed in Table 1. The observed

variation in the saturation magnetization can be explained on

the basis of exchange interactions. The preferential site

occupancy of the substituted ions in the crystallographic

sublattices of the spinel structure are also taken into account for

understanding the observed trend. In ferrites, Neel [16]

considered three kinds of exchange interactions between

unpaired electrons of magnetic ions occupying A and B sites in

the crystal structure, i.e. (i) A–A interaction between magnetic

ions at A-site, (ii) B–B interaction between magnetic ions at B-
Fig. 4. SEM micrograph for composition Li0.5�X/2ZnXMn0.05Fe2.45�X/2O4 with

‘x’ = 0.5.
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Fig. 5. Variation of saturation magnetization with increasing Zn content.
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site, (iii) A–B interaction between magnetic ions at A and B

sites.

It is known that A–B interactions are dominant as compared

to A–A or B–B exchange interactions. The spins of magnetic

ions are aligned by exchange interaction in tetrahedral (A) and

the octahedral (B) sites in the opposite direction. As a result, the

net magnetic moment (MS) of the crystal lattice is taken as the

difference between magnetic moments of B and A sublattices,

i.e. MS = MB–MA where MA and MB are the net magnetic

moments of ions on A and B sites. Non-magnetic Zn2+ ion has a

strong affinity for A site and its substitution reduces the

magnetization of A sublattices (MA) and in this manner there is

a net increase in the MS value. This can be seen from

experimental results where initially saturation magnetization
Table 4

Mössbauer parameters for various compositions of ‘x’ in Na0.5�X/2ZnXMn0.05Fe2.4

Sample ad (mm/s) D (mm/s) M

X = 0 0.34 �0.005 51

0.30 �0.001 50

X = 0.1 0.33 �0.004 51

0.28 �0.002 50

0.28 0.54 –

X = 0.2 0.33 �0.001 50

0.29 �0.003 50

0.30 0.58 –

X = 0.3 0.32 �0.003 50

0.27 0.009 41

0.28 0.67 –

X = 0.4 0.31 �0.002 50

0.27 0.006 41

0.28 0.60 –

X = 0.5 0.31 �0.005 44

0.26 0.009 36

0.28 0.45 –

a w.r.t. pure metallic iron absorber, oct. = octahedral, tet. = tetrahedral, C.D. = ce
increases with zinc ion content (x), reaches a maximum at about

x = 0.3, and afterwards reverses its course. This phenomenon

can be explained on the basis of canted spin model of Yafet and

Kittel [17]. In the zinc substituted ferrite compositions, as more

and more Zn2+ ions enter the A sublattice with increase in x, the

A–B interaction naturally gets weakened. This is because of the

dilution of spin moments at A site. The other interaction, i.e. B–

B interaction in such a case becomes subsequently comparable

to A–B interaction. In such a situation, the two sublattices will

no longer be antiparallel and there will be canting of spins in B

sublattice. The canting angle depends upon ‘x’ and a number of

zinc substituted ferrites have been found to possess canted

structure, whose angle of canting varies with the Zn content (x)

in the system [18,19]. The observed trend for saturation
5�X/2O4 recorded at 300 K.

agnetic hyperfine field B Tesla Distribution of Fe3+ ions (%)

.09 37.56 (oct.)

.67 62.44 (tet.)

.06 39.53 (oct.)

.56 49.17 (tet.)

 11.30 (C.D)

.86 40.20 (oct.)

.38 44.85 (tet.)

 14.95 (C.D.)

.25 43.68 (oct.)

.65 40.42 (tet.)

 15.90 (C.D.)

.18 44.55 (oct.)

.04 35.87 (tet.)

 19.58 (C.D.)

.72 53.71 (oct.)

.27 25.51 (tet.)

 20.78 (C.D.)

ntral doublet.



Table 5

Mössbauer parameters for various compositions of ‘x’ in K0.5�X/2ZnXMn0.05Fe2.45�X/2O4 recorded at 300 K.

Sample ad (mm/s) D (mm/s) Magnetic hyperfine field B Tesla Distribution of Fe3+ ions (%)

X = 0 0.28 �0.05 50.41 70.78 (oct.)

0.20 �0.03 49.02 29.22 (tet.)

X = 0.1 0.25 �0.01 49.52 71.64 (oct.)

0.20 �0.02 47.68 28.36 (tet.)

X = 0.2 0.25 0.002 48.67 70.78 (oct.)

0.22 �0.007 46.17 27.87 (tet.)

0.30 0.53 – 01.35 (C.D.)

X = 0.3 0.32 �0.004 46.15 69.26 (oct.)

0.28 �0.007 42.38 28.85 (tet.)

0.28 0.56 – 01.89 (C.D.)

X = 0.4 0.32 �0.008 45.48 68.37 (oct.)

0.28 �0.004 40.62 27.05 (tet.)

0.30 0.58 – 04.58 (C.D.)

X = 0.5 0.30 �0.004 44.72 65.57 (oct.)

0.27 0.01 36.27 26.32 (tet.)

0.28 0.46 – 08.11 (C.D.)

a w.r.t. pure metallic iron absorber, oct. = octahedral, tet. = tetrahedral, C.D. = central doublet.

1050-5-10

0.86

0.88

0.90

0.92

0.94

0.96

0.98

1.00

R
el

at
iv

e 
T

ra
ns

m
is

si
on

Velocity,  mm/s

Fig. 7. Mössbauer spectrum for composition Na0.5�X/2ZnXMn0.05Fe2.45�X/2O4

with ‘x’ = 0.

B.S. Randhawa et al. / Ceramics International 37 (2011) 2207–2213 2211
magnetization value in Li0.5�X/2ZnXMn0.05Fe2.45�X/2O4 is

found to be similar to the results reported for these types of

ferrites [20–23].

Mixed sodium and potassium counterparts of lithium also

exhibit a similar behaviour (Tables 2 and 3).

4.2. Curie temperature

The variation in Curie temperature (TC) with the substitution

level of non-magnetic Zn2+ content (x) in the basic composi-

tional formula is shown in Fig. 6. It is clear that there is a

decrease in Curie temperature with increase in Zn2+ content (x).

This variation in Curie temperature can be explained on the

basis of exchange interactions. In other words, the magnitude of

Curie temperature is proportional to the strength of dominant

interactions, i.e. the intersublattice A–B interactions in the

present case. The strength of interaction depends upon (i) the

number of magnetic ions at each site, (ii) the magnetic moment

of the magnetic ions, (iii) the number of interaction linkages.

A greater amount of thermal energy is required to offset the

effect of exchange interaction in the material having larger

number of magnetic ions and larger magnetic moments. It is

well established that the replacement of a magnetic ion, Fe3+,

on either site of the crystal lattice by non-magnetic Zn2+ ions

will result in the reduction of the number of magnetic linkages

and consequently fall in Curie temperature [24–27]. Thus a

decrease in the Curie temperature with increasing ‘x’ is the

consequence of the substitution of non-magnetic Zn ions in the

crystal lattice. As evident from Tables 2 and 3, the sodium and

potassium series also show a similar trend.

4.3. Mossbauer studies

Since Mössbauer studies on mixed lithium ferrites have

already been reported by us [28], therefore, Mössbauer spectra
for various compositions of ‘x’ in M0.5�X/2 ZnX Mn0.05 Fe2.45�X/

2 O4. (M = Na, K) will only be discussed here. Mössbauer

parameters recorded for sodium and potassium series are listed

in Tables 4 and 5.

For mixed sodium ferrites, the observed spectrum for

x = 0 (Fig. 7) exhibits two well resolved Zeeman sextets

arising from hyperfine interactions between Fe3+ ions present

at tetrahedral and octahedral sites (A and B sites). Mössbauer

spectra for x = 0.1, 0.2, 0.3, 0.4 and 0.5 (Figs. 8–12) show the

presence of a central paramagnetic doublet superimposed on

the sextets and its intensity goes on increasing with

increasing Zn2+ content. The central doublet may be

attributed to the Fe3+ ions which are magnetically isolated

and did not participate in long-range magnetic ordering due

to a large number of nonmagnetic nearest neighbours. For

diamagnetically substituted ferrites, the existence of a central
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Fig. 8. Mössbauer spectrum for composition Na0.5�X/2ZnXMn0.05Fe2.45�X/2O4
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doublet superimposed on well-resolved magnetic sextets has

been reported for a number of systems [29–31]. In the

present system, the central doublet arises due to the

magnetically isolated Fe3+ ions located at the tetrahedral

sites and not because of any secondary phase. As expected,

the isomer shift for the octahedral site is slightly greater than

that of tetrahedral site (Table 4). The isomer shift values at

the two sites are different because of the fact that Fe3+–O2�

distances are different implying difference in the covalency

of Fe–O bond. The Mössbauer spectra show that the

magnitude of internal magnetic field at the nucleus of

Fe3+ ions at octahedral site is higher than that of the

tetrahedral site. This decrease in the hyperfine field at

tetrahedral site results from the weakening of A–B exchange

interaction due to the replacement of A site Fe3+ by non-

magnetic Zn2+.
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Similar pattern has been displayed by mixed potassium

ferrites, the Mösbauer parameters for which are summarized in

Table 5.

5. Conclusions

Oxalyl dihydrazide (ODH) acts as a fuel in solution

combustion method. By making use of this method, stoichio-

metrically pure ferrites have been obtained at lower tempera-

ture and in shorter time as compared to the conventional

ceramic method. X-ray powder diffraction studies reveal the

formation of single phase spinel ferrites, which ensures the high

purity of materials. The lattice parameter ‘a’ has been found to

increase with increasing Zn content (x) which is due to the

larger cationic radii of substituent Zn2+ ions. Mössbauer studies

suggest a transition from ferrimagnetic to super-paramagnetic

state with increasing diamagnetic Zn content.

In comparison, the values for saturation magnetization and

Curie temperature for substituted alkali metal ferrite series

show the following trend:

Li0:5�X=2ZnXMn0:05Fe2:45�X=2O4

> Na0:5�X=2ZnXMn0:05Fe2:45�X=2O4

> K0:5�X=2ZnXMn0:05Fe2:45�X=2O4

thereby making mixed lithium ferrites the potential magnetic

materials for application in radar system and microwave

devices.
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