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Abstract The physical properties of ferrites are very

sensitive to microstructure, which in turn critically depends

on the manufacturing process. Lithium ferrite is synthe-

sized by milling process. The powder was annealed at four

different temperatures 600, 800, 1,000 and 1,200 �C. The

powder annealed at 600 �C has the spinel structure with

some of a-Fe2O3, while the powders annealed at C800 �C
formed in single-phase cubic spinel structure. Particle size

of lithium ferrite is in the range of 26–70 nm, and is

dependent on the annealing temperature. The saturation

magnetization increased from 22 to 85 emu/g and the

coercivity decreases from 124 to 4 Oe with increase in the

annealing temperature. The dielectric constant (e’),
dielectric loss (tan d) and ac conductivity (rac) were

measured at room temperature as a function of frequency.

The results of dielectric properties were explained in terms

of Koops phenomenological theory.

Keywords Li-ferrite � Milling � Annealing temperature �
Magnetization � Conductivity

Introduction

Recently, the material science research is focused on the

invention of new materials with the enhanced properties

and novel synthesis techniques to cope up with the

increased technological demand. Nanocrystalline materials

are the centre of the attention due to their tremendous

applications and interesting properties (Hashim et al.

2012). New physical properties and new technologies both

in sample preparation and device fabrication evoke on

account of the development of nanoscience (Tzeng Lue

2007). Lithium ferrite (Li0.5Fe2.5O4) is one of the most

versatile magnetic materials for common use, having many

applications in both low- and high-frequency devices. It

plays a useful role in many technological applications such

as microwave devices, power transformers in electronics,

rod antennas, read/write heads for high-speed digital tapes

due to its high resistivity, high Curie temperature and

chemical stability (Bellad et al. 1999; Bahgat et al. 2007).

The method of preparation, chemical composition,

annealing temperature and duration, grain size, and doping

additives play an important role for tailoring properties of

spinel ferrites for various applications. Recently,

Li0.5Fe2.5O4 nanoparticles have been developed via several

techniques like sol–gel auto-ignition (Shirsath et al. 2011),

oxalate precursor (Hessien 2008), Flash combustion and

Citrate precursor (Verma et al. 2009). However, no reports

have been found so far in the literature describing the

preparation of nanocrystalline lithium ferrite by milling

process. Therefore, in the present research, the milling

process has been used to prepare lithium ferrite powders, as

in this simple, low-cost and environmental friendly method.

Further, the structural, magnetic and electrical properties

have been studied as a function of annealing temperature.

Experimental

Sample preparation

Lithium ferrite (Li0.5Fe2.5O4) was produced by high-energy

ball milling. The initial materials were Li2CO3 (Sigma-

Aldrich, 99 wt%) and a-Fe2O3 (Sigma-Aldrich, 99 wt%).
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The powders were first hand ground in an agate mortar and

then milled in a planetary ball mill. High-energy ball

milling of the homogeneous powder mixture was carried

out with a planetary ball mill (Model Fritsch Pulverisatte-

6). In the planetary ball mill, a rotating disk carries vials

that rotate in opposite direction every 10 min. The rotation

of speed was 150 rpm under air atmosphere for 15 h. Then

the powder was pressed in a disk-shaped form of 13-mm

diameter, and 3- to 5-mm thickness. Finally, the synthe-

sized samples were heat treated at different temperatures at

600, 800, 1,000 and 1,200 �C for 2 h in a programmable

furnace with a heating rate of 5�/min and a cooling rate of

2�/min.

Characterization of samples

Phase analysis of lithium ferrite samples prepared by the

two methods was investigated by X-ray diffractometer,

XRD, employing Cu Ka radiation (k = 1.5405 Å) (type

PHILIPS X’Pert Diffractometer). The XRD patterns were

recorded at room temperature in 2h range of 10�–90�. The

particle size of the samples was calculated using the

Sherrer’s relation (Cullity 1959):

t ¼ 0:9k
b cos h

ð1Þ

where t is the particle diameter, k is the wavelength of

X-ray radiation, h is Bragg’s angle, b is the full width at

half maximum.

The particle morphology was examined using a trans-

mission electron microscope (TEM) model, Jeol ‘‘JEM-

1230’’.

The X-ray density, ‘dx’ was computed from the values

of the lattice parameter using the formula (Cullity 1959):

dx ¼ 8M

Na3
ð2Þ

where 8 represents the number of molecules per unit cell of

spinel lattice. M is molecular weight, N is Avogadro’s

number and (V = a3) is the volume of the cubic unit cell.

The experimental bulk density was calculated using the

relation:

d ¼ m

V
¼ m

pr2h
ð3Þ

where m, V, r and h are the mass, volume, radius and the

thickness of the sample, respectively.

The percentage porosity (P %) of each sample was

calculated using the formula (Standley 1972):

P% ¼ 100 1 � d

dx

� �
: ð4Þ

For recording IR spectra, powders were mixed with KBr

in the ratio 1:100—by weight—to ensure uniform

dispersion in the KBr pellet. The IR spectra patterns

were recorded at 300 K on Perkin–Elmer IR spectrometer

in the wave number range 200–1,500 cm-1.

Magnetic measurements

A vibrating sample magnetometer (VSM) was used to

investigate the magnetic properties of the samples at room

temperature. The maximum applied external field was 7

kOe. By applying this technique, parameters like specific

saturation magnetization (Ms) and coercive force (Hc) can

be deduced.

Electrical measurements

The prepared samples were coated on adjacent faces with

silver paste, thereby forming parallel-plate capacitor

geometry. The dc and ac electrical conductivity measure-

ments were carried out using the two-probes method over a

wide range of elevated temperatures from 300 K up to well

below the annealing temperature using Fluke PM 6306

LCR Hi tester. The ac electrical conductivity was measured

in the range of frequencies from 102 to 106 Hz.

The ac conductivity measurements were carried out

using the complex impedance technique. The dielectric

constant (e0) and then dielectric loss (e00) were calculated

from ac conductivity (~r) and the dielectric loss tangent (tan

d) using the formulae (Smit and Wijn 1959)

e00 ¼ 1:8 � 1010 er
f

ð5Þ

e0 ¼ e00

tan d
ð6Þ

where f is the frequency of the applied field.

Results and discussion

X-ray analysis

Figure 1 illustrates the XRD patterns for lithium ferrite as

prepared and annealed at different temperatures (600, 800,

1,000 and 1,200 �C). It is evident that the powder as pre-

pared is not in a single phase. At the annealing temperature

600 �C, the pattern is composed of spinel-type Li0.5Fe2.5O4

with some of a-Fe2O3. For the annealing temperature

above 600 �C, the lithium ferrite is formed in spinel

structure confirming all the peaks in the pattern matching

well with JCPDS card. No secondary phases are detected in

the XRD patterns of the samples. The peaks can be indexed

to (220), (311), (400), (421), (422), (511) and (440) planes

of a cubic unit cell, which are corresponding to cubic spinel

structure.
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It is observed that as the annealing temperature increases,

the width of the central maxima (311) decreases. This is due

to the particle size increase with increase in the annealing

temperature (Ta). The particle size (t) of the annealed

samples at 600, 800 and 1,000 �C was obtained from the

full width at half maxima (FWHM) of the (311) peak using

the well-known Sherrer’s equation (Cullity 1959). The

particle size for the annealed powder at 1,200 �C was not

calculated because of limitations of Debye Sherrer’s rela-

tion (Verma et al. 2009). The values of particle size are

presented in Table 1. The particle size of all the samples is

found in the range between 26 and 70 nm. The values of the

particle size are observed to be increased with increasing

the annealing temperature. This may be due to the

enhancement of the crystallinity with temperature.

The TEM image of Li0.5Fe2.5O4 annealed at 800 �C is

shown in Fig. 2, as an example, the powders reveal a range

of size from 35 to 45 nm. It is seen from the figure that

most of the particles appear as spherical in shape; however,

some moderately agglomerated particles as well as sepa-

rated particles are present in the image. Agglomeration of

the particles can be attributed to the interaction between

magnetic nanoparticles. The obtained particle size is bit

higher than that estimated by Scherrer formula from XRD

data.

The experimental lattice parameter ‘a’ was calculated

from XRD data. It was found to be in the range of

0.829–0.834 nm, which is within the range of that men-

tioned in JCPDS card (0.833 nm for lithium ferrite). The

variation of the lattice parameter with annealing tempera-

ture is clearly shown in Fig. 3. It is observed that the lattice

constant increases by increasing the annealing temperature.

This behaviour may be attributed to the expansion of the

whole lattice by increasing the annealing temperature. The

uniform increase in the lattice constant with the annealing

temperature indicates that the lattice expands without dis-

turbing the symmetry of lattice.
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Fig. 1 XRD patterns of Li0.5Fe2.5O4 particles

Table 1 The calculated values of the lattice parameter (a) and the

particle size (t)

Annealing temperature (�C) a (nm) t (nm)

XRD TEM

600 0.829 26.49 –

800 0.832 27.41 35–45

1,000 0.833 69.58 –

1,200 0.834 – –

Fig. 2 TEM image for the sample annealed at 800 �C
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Fig. 3 The variation of lattice parameter ‘a’ and X-ray density with

annealing temperature
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The variation of X-ray density (dx) with the annealing

temperature is displayed in Fig. 4. It is observed that the

X-ray density decreases with increasing the annealing

temperature Ta. The decrease in X-ray density may be

related to the lattice constant, where the lattice constant

increases with increasing the annealing temperature.

Because the lattice constant is inversely proportional to the

annealing temperature and the molecular weight is constant

for each sample, this leads to the observed decrease in the

X-ray density.

The variation of both bulk density ‘d’ and percentage

porosity (P %) as a function of annealing temperature is

shown in Fig. 4. It is clear from the figure that the density

of the samples increases and the porosity decreases with

increasing the annealing temperature. This is an evidence

of accelerated densification during the annealing process

which leads to a reduction of the porosity and enhancement

of the crystallinity of the samples (Akther Hossain et al.

2007).

IR absorption spectra analysis

According to Waldron (1955), the ferrites can be consid-

ered continuously bonded crystal, according to which, the

atoms are bonded to all nearest neighbours by equivalent

forces (ionic, covalent or Van der Waals). In ferrites, the

metals ions are situated in two different sublattices desig-

nated tetrahedral (A-site) and octahedral (B-site) according

to the geometrical configuration of the oxygen nearest

neighbours. Waldron (1955) and Hafner (1961) have

attributed the band around 600 cm-1 to stretching vibra-

tions of the tetrahedral groups (t1
*) and that around

400 cm-1 to the octahedral groups (t2
*).

The IR spectra for the powder in the main form of

Li0.5Fe2.5O4 as prepared and annealed at different

temperatures (600, 800, 1,000 and 1,200 �C) were recorded

in the range of 200–1,500 cm-1 are shown in Fig. 5. The

absorption bands are tabulated in Table 2. The spectra

indicate the presence of three absorption bands at 657, 545

and 372 cm-1 for the sample as prepared and the annealed

sample at 600 �C. By increasing the annealing temperature

(Ta C 800 �C), splitting in the absorption bands is

observed. The first band at 675 cm-1 consists of the first

primary absorption band t1
* and three shoulders m1(1), m1(2)

and m1(3) at 670, 830 and 880 cm-1, respectively; while

the second band t2
* still without splitting. The third band at

385 cm-1 splits into two small bands m3 and m4 at 449 and

380 cm-1, respectively. The band m3 could be attributed to
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Fig. 4 The effect of annealing temperature on bulk density and
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Fig. 5 IR absorption spectra for the lithium ferrite as prepared and
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divalent metal ion–oxygen complexes in octahedral sites.

Hence, its appearance gives an indication to the presence of

a small amount of Fe2? ions in the above-mentioned

samples (Mazen et al. 1997). The fourth vibrational band

t4 (around 265 cm-1) is due to the lattice vibration (Josylu

and Sobhanadri 1981). It has been shown by Potakova et al.

(1972) that the presence of Fe2? ions in ferrites can pro-

duce splitting or shoulder of absorption bands. It is attrib-

uted to Jahn–Teller distortion produced by Fe2? ions which

locally produce deformation in the crystal field potential

and hence to the splitting of the absorption bands.

The spectra show change and shift in absorption bands

by increasing the annealing temperature (Ta C 800 �C).

For the tetrahedral site (A-site), the primary band t1
* shifted

to lower frequency. Also, the two shoulders m1(1) and m1(2)

are shifted to lower frequency at 529 and 658 cm-1,

respectively; while the third shoulder m1(3) disappeared

completely at 1,200 �C. For the octahedral site (B-site), the

band t2
* shifted to lower frequency; the two bands m3 and m4

shifted to lower values of wave number at 355 and

380 cm-1 (for Ta = 1,000 �C) and shifted to higher fre-

quencies at Ta = 1,200 �C.

Figure 6 shows the behaviour of the primary bands of

the tetrahedral site t1
* and the octahedral site t2

* with

increasing the annealing temperature (from 800 up to

1,200 �C). It is obvious that the two bands t1
* and t2

* shifts

towards the lower frequency. Also a difference in the band

position of t1
* (in the range 735–566 cm-1) and t2

* (in the

range 563–445 cm-1) is expected because of the difference

in Fe3?–O2- distance for the tetrahedral and octahedral

complexes. It was found that the Fe–O distance of the

A-site (0.189 nm) is smaller than that of the B-site

(0.199 nm) (Evans and Hafner 1968).

According to Waldron (1955), the threshold frequency

for the electronic transition can be determined from the

maximum point of the absorption spectra at which it reaches

a limiting value. Figure 5 shows these threshold values for

Ta = 1,000 and 1,200 �C, only and the estimated values are

tabulated in Table 2. Also, the Debye temperature can be

calculated using the following relation (Waldron 1955):

hD ¼ �hCmav

k
ð7Þ

where, mav ¼ mAþmB

2
, vA is the frequency of the primary band

of A-site, vB is the frequency of the primary band of B-site,

⁄ = h/2p, h is the Plank constant, k is the Boltzmann’s

constant and C = 3 9 1010 cm/s; is the velocity of light.

The calculated values of the Debye temperature are tabu-

lated in Table 2. It can be noticed that the values of the

Debye temperature decrease with increasing the annealing

temperature from 933 to 726 K for Ta = 800 �C up to

1,200 �C, respectively.

Magnetic properties

Magnetic measurements of lithium ferrite annealed at 600,

800, 1,000 and 1,200 �C were performed using the vibra-

tion sample magnetometer (VSM) technique and the results

of magnetic hysteresis at room temperature (300 K) and

shown in Fig. 7. The saturation magnetization (Ms) and

coercivity (HC) were determined from the hysteresis graphs

and listed in Table 3. It is known that the shape and the

width of the hysteresis loop of a ferrite depend not only on

the chemical composition, which determines the intrinsic

properties, but also various factors connected with the

sintering process such as porosity and grain size (Cullity

1959). From Fig. 7, it is observed that the relative area of

all samples is small and the loop is thin and narrow which

is a specific criterion for soft ferrite (Cullity 1959).

Moreover, it can be noticed that the annealing temperature

has a pronounced effect on the area of the hysteresis loop.

Figure 8 shows the variation of saturation magnetization

(Ms) as a function of annealing temperature, where the

saturation magnetization values are estimated from the

highest value of M. The saturation magnetization increases

with increasing the annealing temperature from 600 to

800 �C by 72 % then slightly increases by 11 % from 800

Table 2 IR absorption bands of Li-ferrite

Annealing

temperature (�C)

m1* m1(1) m1(2) m1(3) m2* m3 m4 mth hD

(K)

As prepared 657 – – – 545 372

600 675 – – – 549 385 – – 880

800 735 671 830 880 563 449 380 – 933

1,000 640 591 763 825 475 355 285 953 801

1,200 566 529 658 – 445 360 310 790 726
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Fig. 6 The change in the frequency of the primary bands t1* and t2*

with the annealing temperature
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to 1,200 �C. The rather low value of Ms (21.67 emu/g) for

the annealed sample at 600 �C may be due to the small

particle size, existence of the remaining initial oxides and

high density of structural defects. The highest saturation

magnetization is (84.86 emu/g) for the annealed powder at

1,200 �C. The increase in saturation magnetization with

increasing the annealing temperature may be due to pure

phase formation of lithium ferrite and the reduction of

defects in the annealed powders. Similar results have been

reported in literature for Li- ferrite prepared by sol–gel

auto-ignition method (Shirsath et al. 2011).

Figure 9 shows the coercivity (HC) as a function of

annealing temperature. The lowest value (HC = 2.25 Oe)

was recorded for the annealed powder at 1,200 �C. It is
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Fig. 7 Hysteresis curve for Li0.5Fe2.5O4 powder annealed at 600 and 800 �C

Table 3 Magnetic parameters (Ms and HC) and the activation energy

from dc conductivity for lithium ferrite annealed at different

temperatures

Ta (�C) Ms (emu/g) HC (Oe) Er (eV)

600 21.67 124.14 –

800 76.55 38.12 0.83

1,000 79.56 8.41 0.86

1,200 84.86 2.25 0.72
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Fig. 8 The influence of annealing temperature on saturation

magnetization
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noticed that the coercivity decreases with increasing the

annealing temperature, which can be explained as follows:

Above 600 �C, the particle size increases, thereby

decreasing the number of grain boundaries, decreasing the

structural defects and subsequently decreased the values of

coercivity (Waje 2010).

Electrical properties

Effect of temperature on dc and ac electrical conductivity

The variation of dc and ac electrical conductivity with

temperature has been studied for the annealed samples at

800, 1,000 and 1,200 �C. The measurements were carried

out over a wide range of temperature from 300 to 750 K;

the ac electrical conductivity was measured in the range of

frequencies from 102 to 106 Hz. The logarithm of con-

ductivity (ln r) as a function of reciprocal temperature

(T-1) is shown in Fig. 10. The behaviour of lnr versus T-1

could be divided into two regions (I and II). Region I lies

below 650 K for the annealed sample at 800 �C, mean-

while lies below 365 K for other samples. For the annealed

sample at 800 �C, the conductivity remains approximately

constant with increasing the temperature in region I. This

behaviour seems as an insulator behaviour may be attrib-

uted to the effect of nanoparticle size and as all the most of

the oxides. The nanoparticle size means an increase in the

number of grain boundaries, which acts as an insulator, and

more thermal energy is required for electron exchange

between Fe2? and Fe3? ions. But by increasing the

annealing temperature, the particle sizes increase and the

number of grain boundaries decreases. So the insulator

behaviour disappears with increasing Ta above 800 �C and

region II becomes as semiconductor behaviour. In the

second region II, the conductivity increases with increasing

temperature continuously. Accordingly, the lithium ferrite

shows a semiconducting trend in this region, which is

commonly seen in most ferrites and can be represented by

Arrhenius relationship:

r ¼ ro exp
�Er

KT

� �
ð8Þ

where r is the specific conductivity, ro is constant weakly

temperature dependent, Er is activation energy, K is

Boltzmann constant and T is the absolute temperature. The

values of the activation energy have been calculated for the

dc conductivity in region (II). The calculated values are

tabulated in Table 3. It can be noticed that, the activation

energy for the annealed samples at 800, 1,000 and 1,200 �C
is 0.83, 0.86 and 0.71 eV, respectively. The values of the

activation energy are due to a formation of small polaron

(Kliger 1977).

Effect of frequency at room temperature

The ac conductivity as a function of frequency (f = 102–

106 Hz) at room temperature for the annealed samples at

800, 1,000 and 1,200 �C is shown in Fig. 11. It is evident

from the figure that the conductivity remains almost con-

stant in the low frequency region but exhibits dispersion for

higher frequencies (f [ 104 Hz). The dispersion in er with

frequency has been explained by Koops (1951) theorem,

which supposed that the ferrite compact composed of two

layers: grain with high conductivity and grain boundary

with poor conductivity. At lower frequencies, grain

boundaries are effective with high resistance giving a

constant conductivity. At higher frequencies, the increase

in conductivity is due to grain effect and also due to

increase in hopping of charge carriers Fe2–Fe3? at the

adjacent octahedral sites.

The effect of annealing temperature on the conductivity

is shown in Fig. 11, where the conductivity increases with

increasing the annealing temperature. This behaviour can

be related to the presence of a higher number of Fe2?

formed at elevated annealing temperatures. As a result the

probability for hopping between Fe2? $ Fe3? increases, so

the conductivity increases with Ta. Also the increase in

conductivity may be related to the decrease in porosity with

the annealing temperature since pores are non-conductive

and the charge carrier face the pores during the hopping.

Figure 12 shows the variation of dielectric constant (e0)
as a function of frequency for the annealed samples at (800,

1,000 and 1,200 �C). It is observed that, the dielectric

constant (e0) decreases with increasing the frequency. This

observed behaviour could be explained by Koops (1951)

phenomenological theory. In this model, the dielectric

structure of ferrites was supposed to be made of well-

conducting layer of grains followed by poorly conducting
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layer of grain boundaries. Under the influence of electric

field, the motion of charges in grains is interrupted at grain

boundaries. This causes localized charge accumulation at

the interface, which results in interfacial polarization. The

decrease of polarization with increasing frequency may be

due to the fact that beyond a certain frequency of the
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electric field, the electronic exchange between Fe2? and

Fe3? cannot follow the alternating field, hence the real part

of dielectric constant (e0) decreases with increasing

frequency.

The variation of loss tangent (tan d) with frequency has

been studied as shown in Fig. 13 for the annealed samples

at 800, 1,000, 1,200 �C, respectively. Dielectric loss arises

when the polarization lag behind the applied alternating

field which is caused by the impurities and imperfections in

the crystal. Anomalous or abnormal dielectric behaviour

(relaxation peaks) are observed for all samples at (f = fo).

This peaking behaviour is explained by Rezlescu model

(Rezlescu and Rezlescu 1974). According to this model,

the peaking behaviour is obtained when the frequency of

charge hopping between the Fe2? and Fe3? exactly mat-

ches with the frequency of the external applied field. The

condition for maxima in the dielectric losses of a dielectric

material is given by the relation:

xos ¼ 1 ð8Þ

where xo = 2pfo and s is the relaxation time. The

relaxation time is related to the jumping (hopping)

probability per unit time, p, by the equation

s ¼ 1=2p or fo / p: ð9Þ
Therefore, from the above relation it is clear that,

maxima is observed when the jumping or hoping frequency

of electrons between Fe2? and Fe3? becomes approxi-

mately equal to the frequency of the applied field. It is also

evident from Fig. 13 that the value of (fo) shifts to lower

frequency with increasing the annealing temperature.

Moreover, the relaxation time is calculated and found to be

slightly increased with increasing the annealing tempera-

ture. The obtained values are s = 3.18 9 10-5,

4.55 9 10-5 and 7.96 9 10-5 s for Ta = 800, 1,000 and

1,200 �C, respectively.

Conclusions

1. Li0.5Fe2.5O4 nanoparticles in the range of 26–70 nm

were successfully synthesized using the milling

process.

2. XRD patterns revealed the presence of some hematite

phase for the annealed sample at 600 �C then by

increasing the annealing temperature the samples were

formed in single-phase cubic spinel structure.

3. IR spectra confirmed the formation of spinel structure

and gave information about the distribution of ions

between the two sites, tetrahedral (A-site) and octahe-

dral (B-site).

4. The annealed sample at (1,200 �C) has the highest

saturation magnetization (8 5 emu/g) and the lowest

coercivity field (2.25 Oe).

5. The conductivity changed from insulator to semicon-

ductor behaviour with increasing the annealing

temperature.

6. The dielectric constant (e0) and loss tangent (tan d)

depend on the annealing temperature especially at high

frequency.
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