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Abstract

Lig.s-0.5xMgxFe2505x04 (x =0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6) mixed spinel ferrites were
already prepared using combustion method. The X-ray diffraction spectra of all prepared are
taken at room temperature. Using ‘POWDER X’ software all major peaks of the prepared
samples are indexed and confirms the formation of cubic spinel ferrite structure. As Mg-
concentration increases in the prepared spinel ferrites the lattice constant also increases obeying
Vegard’s law. Average crystallite size of all prepared spinel ferrites is found to be in the range
31 - 34 nm. Cation distribution is suggested based on the X-ray data and is confirmed by the
lattice parameters aq and d.xp are in close agreement with a general trend of increasing as the
Mg-concentration is increased. IR spectra of all prepared spinel ferrites show two major bands
v; and v;, attributed to stretching vibrations of octahedral and tetrahedral sites of spinel ferrites
respectively. Formation of subsidiary bands in all prepared samples confirms the substitution
of Mg?" are occupying octahedral and tetrahedral sites of spinel ferrites. Force constant for the
tetrahedral and octahedral sites was calculated using IR spectra data. Elastic moduli are
calculated and found that the values are decreasing with increase in Mg-concentration. The
linear dependence of rigidity modulus with young’s modulus suggests the isotropic nature of
spinel ferrites. Debye temperature of all prepared ferrites are calculated using Waldron and
Anderson model.
Keywords: Mg-substitutedLithium ferrites, nanoparticles, X-ray spectra, FTIR, Elastic
moduli. Debye temperature.
1. Introduction:

Lithium ferrites and mixed-lithium ferrites have been studied extensively because of
their squareness of the hysteresis loop with superior high-temperature performance made it
prime candidate for microwave device applications [1-4]. Electrical and magnetic properties of
mixed lithium ferrites were greatly dependence on substitution types and reported [5,6]. As
nano crystalline lithium ferrites exhibit enhanced structural, electrical and magnetic properties
compared to their bulk ferrites and hence desirable for magnetic storage and many more such
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applications [7-10].

Due to irreversible loss of lithium and oxygen during the sintering in conventional high
temperature ceramic method has restricted the application of mixed lithium ferrites. Compared
to conventional ceramic method which involves high temperature (>1000°C) the
coprecipitation [11], hydrothermal [12], micro-emulsion [13], sol-gel method [14], auto
combustion [15] are the alternate methods to prepare mixed lithium ferrites at reduced
temperatures. Therefore, auto combustion method provides an easy alternative method for
preparation of nano crystalline mixed lithium ferrites. However, there are few reports on
magnesium substituted lithium ferrites [16-18].

The present work reports the systematic study of Mg-substituted Lithium ferrites by structural
investigation such as X-ray diffraction and IR spectrawhich are already prepared by auto
combustion method using PEG as fuel [19].

2. Materials and methods:

Mg-substituted Lithium ferrites with the general composition formula Lis-
0s0MgxFe2.5.05x004 (where x = 0,0.1,0.2,0.3,0.4&0.5) were prepared by combustion method
using PEG as fuel at 450°C. The details of the procedure used for the synthesis of the sample
is described elsewhere[19]. To confirm the formation spinel structure X-ray spectra of all the
prepared samples are taken by Philips PW 1051 diffractometer using Cu K, radiation source.
Data collection is done in the range20° to 80° in 20. With the processing parameters set in
‘POWDER X’ software such as: cubic- crystal system, F-type lattice, Cu- radiation, A —
1.54178A and +0.05° - an error for 20. The IR spectra are recorded on Perkin-Elmer FTIR
spectrometer in the range 300 to 800 cm™! in the KBr medium.

3. Results and Discussion
3.1 X-ray diffraction spectra of spinel ferrites

X-ray diffraction spectra of magnesium substituted Li-ferrites with general formula
Lio.s5-0.5x Mgx Fea.5.0.5x O4 (x=0,0.1,0.2,0.3,0.4 and 0.5) are shown in figure(1).Using the software
‘POWDER X’ all major peaks are indexed and reflection plane (220), (311), (400), (422), (511)
and (440) confirming the formation of cubic spinel structure.
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Fig. 1: X-ray spectra of diffraction pattern of Lio.s-0.5xMgxFe2.5-0.5x O4 ferrites.

The experimental lattice parameter (aexp) is calculated using the relation,
dhkl

exp™ oz (1)

Addition of Mg**ions into lithium ferrites cause to a small shift of peaks towards lower
2 0 values. This shift in peaks shows a change in lattice constant. Using the same software
lattice constant of all the prepared samples are calculated and tabulated in table (1), are in close
agreement with the reported value [16]. The variation of lattice constant with Mg-concentration
is shown in figure (2) which reveals that the lattice constant increases with increasing
magnesium concentration and obeys Vegard’s law. This is due to the fact that the larger ionic
radius ofMg?*(0.78A) replacing smaller ionic radius cations such as Fe*" (0.64A) and Li*
(0.73A) and will induce uniform strain in the lattice as the complex is elastically deformed [16,
20].
Average crystallite sizeis estimated using the Debye—Scherrer relation

0.914
B cos@ N )

where Aiswavelength of x-ray, fis full width at half maximum and @ is Bragg’s
diffraction angle. Particle size of the sample are observed to be in the range between 31-34 nm.

The X-ray density is calculated using the relation,
M 3)
px_N a3

where NV is the Avogadro number, M is molecular weight and « is lattice constant. The
observed values of X-ray density are in the range between 4.64-4.78 gm/cc and are summarized

in table (1).
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Table 1: Lattice constant, crystallite size and X-ray density of Lig.s5.0.5x Mgx Fe2.5.0.5x Oa.

Lattice x-ray | Lattice | lonic Radii | Bond Length
Mg — constan | Crystallit | densit | constan (nm) (nm)
Concentratio t e size y t A- | B-
n Aexp (nm) (gm/cc Qeh ra rs 0) 0)
(nm) ) (nm)
x=0 0.8316 32.48 4.78 0.8312 0.068 ) 0.075 1 0.194 1 0.199
5 4 4 5
x=0.1 0.8338 31.24 4.73 0.8333 0.069 1 0.073 1 0.195 ) 0.159
0 9 0 9
. .074 | 0.1 2
x=0.2 0.8341 33.15 4.71 0.8340 0.069 1 0.074 1 0.195 ) 0.200
3 0 3 0
x=0.3 0.8343 34.17 460 0.8342 | 0.069 | 0.074 | 0.195 | 0.200
3 1 4 0
x=04 0.8346 3295 467 0.8345 | 0.069 | 0.074 | 0.195 | 0.200
5 1 6 0
=0. .834 . .074 | 0.1 2
x=0.5 0.8349 33.92 465 0.8348 0(;69 0(;7 0695 0 100

In the present investigation we propose cation distribution of Lio.s.0.5x Mgx Fea.5.0.5x O4ferrite by
taking into the account that Li-ferrite has inverse spinel structure,has been suggested as
expressed in table (2). The validity of the suggested cation distribution can be examined by
calculating the theoretical lattice constant using the following relations [16].
Theoretical lattice constant,
aun=s [ (taRo) + V3(rg+R0)]  --romeemeeoeeees 4)
Tetrahedral ionic radius,
A= yrmgH(1-y) tpea  -----m-- S))
Octahedral ionic radius,
B =[0.5-(0.5x)] rLi + (x-y) rmg +[1.5-0.5(x +y)] rEeB ------- (6)

where Tmg , TFea, TFeB and rri are the ionic radii of magnesium, ferric (A & B site) and Lithium
ions respectively.

Bond lengths of T (A — O) and O (B — O) sites are calculated using the following
equations [21].

A-0=(n—7)aV3 me(])
5
B-0=(3— 1)a-m ®)
where p is the oxygen ion parameter given by

W= (rzj?) +0.25 —-----(9)

where, Ro = 0.126 nm (oxygen ion radius)

The calculated values of ionic radii and bond lengths are presented in table (2). The
variation of lattice constant with Mg- concentration is shown in figure (2). It is noticed that
ionic radii ra and g and bond lengths (A — O) & (B — O) slightly increase with increase in Mg?*
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content. This is attributed to large ionic Mg*" ions replace Fe*" ions occupy B-site and partially
occupy A- site, this is good agreement with previously suggested cation occupancy by Baijal
[16] and Widatallah [17]. Table (2) shows both values of the lattice parameters as and aexpare
in close agreement with a general trend of increasing as the Mg-concentration is increased
which confirm the validity of the suggested cation distribution.
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Fig 2: Variation of Mg-concentration with lattice constant and x-ray density

As the intensity ratios of the planes Iui/I400) and Iu/l422) are sensitive to the cation
distribution [22, 23].Using the X-ray data of all prepared samples the intensity ratios I(220)/1400),
L11y/1400),1(5 11/ 1400y, 1440/ L400)are calculated and plotted against Mg-concentration as shown in
figure (3a). As Mg-concentration increases the ratio Igxy/lso0decreases, attributed to the
migration of Fe*" from tetrahedral to octahedral sites which is confirmed with decrease in the
ratio (Fe*)a/[Fe*']s. The ratio (Fe*)a/[Fe*']s is calculated and plotted against Mg-
concentration as shown in figure (3b).
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Fig 3:(a) The intensity ratios of I(2kl)/1(400) with Mg-concentration(b) The ratio of Fe**ions
on tetrahedral and octahedral sites of Mg-substituted Lithium ferrites.
Table 2: Cation distribution of Lig 5-0.5x Mgx Fe2.5.0.5x Oa

Mg - Chemical Cation distribution L22/Naq | [Mg?]B/(Mg?
Concentrati | Composition 0 )a
on
x=0 LigsFe2504 (Fe)[Lio.sFe15]04 2.75 2.33
_ Lio4sMgo.1Fesas | (Mgo.o3sFeo.97)[Lio.ssMgo.o7Fer. 2.65 2.33
x=0.1
O4 48]04
_ LioaMgo2Fe2s | (Mgo.osFeo.94)[Lio.aMgo.14Fe1 .4 2.68 2.33
x=0.2
O4 6]O4
x=03 Lio3sMgosFez2ss | (Mgo.ooFeo.91)[Lio3sMgo21Fer. 2.78 2.33
O4 44]04
x=04 LiosMgoaFe23 | (Mgo.12Feoss)[LiosMgoosFersa | 2.68 2.33
O4 2]O4
x=0.5 Lio2sMgosFer2s | (Mgo.1sFeo.8s5)[Lio2sMgossFer. 2.75 2.33
O4 4]O4

3.2 IR spectra of spinel ferrites:

The IR spectraof Lios.05x Mgx Feas.osx Osare shown in figure (4), which shows two
distinct vibrational bands v; and v, corresponding to the cations situated in the tetrahedral A-
site (Th) and the octahedral B- site (Oh).The band between nearly 300 — 510 cm
corresponding to v; are assigned to the stretching vibrations of On complexes and the band
between nearly 510 — 750 cm™!corresponding to v; assigned to the stretching vibrations of the
Tn complexes. The tetrahedral ions vibrate along the line joining the cation andneighboring
oxygen ions, while the octahedral cations vibrate in a direction perpendicular to the axis joining
the tetrahedral metal ion and oxygen ion [24].
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Fig. 4: IRspectra of Lig s.0.5xMgxFe25.0.5« O4 ferrites.

The splitting of the absorption bands into several bands has been observed. For all the
prepared samplesshow a very clear splitting of the bands. This suggests that the divalent [Lig s-
0.5x Fea2.5.0.5x] species in the sample are very well ordered [25]. As concentration of Mg increases
the sub bands appears to be smearing and shift to other frequencies.

The observed absorption band corresponding to the tetrahedral complexes vi consists
of four sub bands ~710cm™,~ 670cm™, ~580cm™, ~548cm™'. This splitting of the main
absorption band can be explained by correlating the complex vibrations of the tetrahedral
complexes to the octahedral complexes [26]. The splitting of octahedral band into four
subbands at ~ 470cm™, ~395cm™!, ~372cm™ and ~327cm™ is due to the large difference in
the reduced mass of the octahedral (Li* and Fe*") complexes.

3.3 Elastic Properties
3.3.1 Force constants:

The force constant per atom was calculated for tetrahedral site (K¢) and octahedral site

(Ko) by Waldron method [25], employing the following equations;
Ki=7.62xMaxvi’x 10" N/m ----- (10)

Ko=10.62 x “2x v’ 107 N/m  ------ (11)

where Ma and Mg are the molecular weights of cations at A — sites and B-sites, respectively,
calculated considering the site occupancies from the suggested cation distribution formula v;
and v are the wave numbers corresponding to the vibrational frequencies of the cations at the
tetrahedral and octahedral sites, respectively.The variation of calculated force constants K, Ko
and Kav with composition are given in figure (5).

The elastic constants such as Bulk modulus (B), Rigidity modulus (G), Young’s
modulus (E) and Poisson’s ratio (p) for all the samples are calculated using IR data and
structural data of the present investigation by using following formulae.

Bulk modulus B is given by
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B =—(Cii+2C12) -—(12)
whereC; and Cy; are stiffness constants.
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Fig5: Variation force constant K, Ko& Kaye with Mg-concentration
The bulk modulus is also expressed in terms of the average stiffness constant, hence
B=Cay - (13)
For isotropic materials including spinal ferrites and garnets which have cubic symmetry,
stiffness constants are related as: C12~Ci3= Caq and Ci1= 3 Ca4[27]. The stiffness constant is
also defined as the force constant per lattice constant. Hence, the average stiffness constant can
be written as,

a

2ko+ke) . . :
where kg, = (%) is the average force constant per atom and ‘a’ is the lattice constant. Cy;

and Ci2 can be written in terms of Cay using relations [26]

Cio=—7 --ememeee- (16)

The longitudinal wave velocity (V;) and transverse wave velocity (Vi) were determined as
follows [28]:

Cy_ [9Ca
= |G- (e 1
Ver Jsp (17)
- ’ﬁ: /?’Cﬂ ________
Vi= 5 5 (18)

The variation of V;withcomposition of Mg-concentration is shown in figure (6). Wave
velocities V; of all the samples found to decrease with Mg concentration.
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Fig 6: variation of V; with composition of Mg-concentration.
The other elastic moduli were calculated using the formulae given below [29]:

C _ ) 3
Rigidity modulus G=p x V¥ or p = i, (19)
Poisson’s ratio P = S2—2%) (20)

(6B+2G)
Young’s modulus, E = (1+P) x 2G -------- (21)

The obtained values of different elastic moduli are listed in table (3). The elastic moduli B, G
and E of all the samples found to decrease with Mg concentration.A plot of the variation of G
with respect to E, for each of the samples is given in figure (7), which shows a linear relation.
This linear dependence suggests the isotropic elastic nature of these ferrites. From table (3), it
was observed that, the poisson’s ratio (P) remains constant (~0.25) for all samples, for
isotropic materials it can vary between -1 and +0.5 [30].

Table (3): Elastic moduli B, G and E of Lio.s.0.5xMgxFe2.5.0.5x O4 ferrites.

Mg - Kav B G p E
Concentration GPa GPa GPa

x=0 98 118.2573 70.95 0.25 177.3859
x=0.1 98 117.3213 70.39 0.25 175.9819
x=0.2 97 116.4237 69.85 0.25 174.6355
x=03 97 115.7362 69.44 0.25 173.6042
x=04 96 115.2294 69.14 0.25 172.8442
x=0.5 96 114.8563 68.91 0.25 172.2845
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Fig 7: Variation of G with respect to E.

3.4 Debye temperature

The Debye temperature plays an important role in the study of large number of solid-
state materials involving lattice vibrations. Physical parameters like elastic constants depend
on the Debye temperature of the sample. It provides useful information for thermal properties
of the sample.
To calculate the Debye temperature, we adopted two methods viz (Waldronand Anderson).
Debye temperature using the formula suggested by Waldron [25]:

hcv
eDW =_7av

where, vay is the average wave number, h is Planck’s constant, k is Boltzmann constant and C
is the velocity of light. The calculated Opw values tabulated in table(4).
Debye temperature using Anderson’s formula [31]:

Opa= - X [ﬂ] VA (23)

kp 4Tm
where, h is Planck’s constant, kg Boltzmann constant, N Avogadro number, M molecular
weight of the sample, q is the number of atoms in a moleculeand velocity as defined below;
Table (4): The values of V;, Vi, Vi 6pw and 6pa

Debye Debye
Mg - B=C.y Vixray Vixray | Vmxray | Temperature | Temperature
Concentration | GPa | P m/s m/s m/s Waldron Anderson
K K
x=0 116.64 | 4.78 | 6627.51 | 3826.39 | 4248.02 704.37 582.07
x=0.1 116.33 | 4.73 | 6653.65 | 3841.49 | 4264.78 705.81 583.26
x=0.2 115.09 | 4.71 | 6632.11 | 3829.05 | 4250.97 705.81 580.56
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x=03 113.86 | 4.69 | 6610.74 | 3816.71 | 4237.27 | 705.81 578.80
x=04 113.82 | 4.67 | 6623.69 | 3824.19 | 424557 | 704.37 580.06
x=05 112.58 | 4.65 | 6601.71 | 3811.49 | 4231.48 |  704.37 577.30
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<704 o ® =& —— =
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%650—
IS
8 i
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X

Fig 8: Debye temperature using Anderson and Waldron models with Mg-
concentration.

Y T S IV
V= 5 X (Vt3 + Vl3> 24)

The values of Vi are tabulated in table (4). The plot of Debye temperature using both
methods versus Mg-concentration shown in figure (8), both these values show good agreement
with each other. The Debye temperature calculated using the Waldron method (8pw= 705 K)
is higher than that calculated using Anderson’s equation (6pa~ 580 K).

4. Conclusions:All the major peaks of Lios.osxMgxFe2s.05x Os4 prepared samples are
indexed using ‘POWDER X’ software confirming the formation of cubic spinel ferrite. The
substitution of Mg?" ions in Lithium ferrites obeying Vegard’s law. Cation distribution is
suggested based on the X-ray data and its validity is done by the calculation of lattice
parameters an and aexpand are in close agreement. IR spectra of all prepared spinel ferrites
confirms the substitution of Mg?* are occupying octahedral and tetrahedral sites of spinel
ferrites. The linear dependence of rigidity modulus with young’s modulus suggests the
isotropic nature of spinel ferrites. Debye temperature of all prepared ferrites are calculated
using Waldron and Anderson model and are in agreement with reported values.
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