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Abstract

A series of Mg1�xTbxFe2O4, ferrite samples (0.0 � x � 0.2) were synthesized by the ceramic method and were characterized by using X-ray

diffraction, Fourier transform infrared spectroscopy (FTIR) and vibrating sample magnetometery. The XRD patterns showed the single phase

ferrites up to x � 0.04 without other secondary phase. The lattice constant increases slightly as a function of terbium content up to x = 0.04 and

decreases for x > 0.04. The increase is attributed to the difference in the ionic radii of the cations involved and decrease led to the formation of

secondary phase (TbFeO3). The bulk density was found to increase from 3.5 to 4.6 (g/cm3) with the increase of terbium concentration. FTIR spectra

exhibited two significant absorption bands in the wave number range of 370–1500 cm�1 which confirm the spinel structure and completion of

chemical reaction. The magnetic properties revealed a decrease in the saturation magnetization as a function of Tb content. An unexpected increase

in magnetization at the Tb content of 0.02 could be due to the migration of Mg ions towards tetrahedral sites, consistent with the results of FTIR.

Coercivity variations are attributed to the magneto-crystalline anisotropy. The resistivity increased with the substitution of terbium relative to the

sample undoped with terbium while the drift mobility was found to decrease.
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1. Introduction

The properties of ferrites strongly depend on the chemical

composition, cation distribution, method of preparation in

general and structure in particular. The soft magnetic behaviour

in ferrites is caused by the exchange interaction among the cations

on the polyhedral sites. The rare earth cations, having their 4f

orbital totally screened by 5s and 5p orbital and these play a key

role in deciding the electrical and magnetic properties of ferrites

[1,2]. The rare earth substituted ferrites find potential applications

in modern telecommunications and electronic devices [3]. Mg–

Zn ferrites have been reported to be industrially useful in the

fabrication of cores of intermediate frequency transformer and

antenna [4]. Magnesium ferrites are pertinent magnetic material

and are used in variety of applications; transformers, magnetic

core coils and ferrofluids. This ferrite is also used in achieving
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thermal coagulation therapy, in which tumors are locally heated

by the application of an alternating magnetic field [5,6]. The rare

earth substituted Mg-ferrites having high resistivity are suitable

candidates for high frequency applications. These ferrites are

used in television yokes and fly back transformers because of their

high resistivity which eliminates the need for taped insulation

between yoke and winding [7].

The main aim of the present communication is to study the

influence of replacing Mg ions by Tb ions on the structural,

magnetic and electrical properties of Mg1�xTbxFe2O4 ferrite in

details. Since Tb-substituted Mg-ferrite have not been

investigated frequently, in the present study the mentioned

properties of Mg1�xTbxFe2O4 ferrites have been reported in

order to cater for the above applications.

2. Experimental details

Polycrystalline terbium substituted magnesium ferrites with

chemical formula Mg1�xTbxFe2O4 (x = 0, 0.02, 0.04, 0.06,

0.08, 0.1, 0.12, 0.14, 0.16, 0.18, 0.20) were prepared by
d.
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Fig. 1. X-ray diffraction patterns for Mg1�xTbxFe2O4 ferrites (x = 0.0, 0.02,

0.04, 0.06, 0.08).

Fig. 2. X-ray diffraction patterns for Mg1�xTbxFe2O4 ferrites (x = 0.10, 0.12,

0.14, 0.16, 0.18, 0.20).
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standard ceramic technique. The starting materials were

analytical reagent grade oxide powders of MgO, Tb4O7 and

Fe2O3 (99.99% pure) supplied by Aldrich. The initial

ingredients were intimately mixed in stoichiometric  propor-

tions to yield desired compositions and ground for 3 h using

an agate mortar and pestle to a fine powder. The powder

mixtures were cold pressed into pellets using a hydraulic

pressing machine (Paul–Otto–Weber) under the load of

30 kN. The green samples in the form of pellets were initially

sintered at 1000 8C for 48 h and finally sintered for 6 h at

1230 8C for obtaining a homogenous product followed by air

quenching.

X-ray diffraction patterns were recorded to identify the

phases formed and to confirm the completion of chemical

reaction. Philips X-ray diffractometer (XPert MPD) operated at

40 kV and 35 mA with Cu Ka radiation (l = 1.540562 Å) at

room temperature was used. The lattice constant ‘a’ for each

sample was calculated using Nelson–Riley extrapolation

method. The values of the lattice parameters were obtained

for each reflected plane plotted against the Nelson–Riley

function [8];

FðuÞ ¼ 1

2

cos2 u

sin u
þ cos2 u

u

� �
(1)

where u is the Bragg’s reflection and straight lines were

obtained. The accurate value of lattice parameter was obtained

from the extrapolation of the line to F(u) = 0 or u = 908. The X-

ray densities were calculated using the relation [9];

Dx ¼
8M

Na3
(2)

where M is the molecular weight of the sample, a the lattice

constant and N the Avogadro’s number. Physical properties were

measured after cleaning both sides of the pellets by grinding on

SiC paper of micron size in order to remove 0.3 mm thick oxide

layer. The bulk density Db (g/cm3) of each composition was

measured using toluene by Archimedes principle. The percent-

age porosity of the samples was calculated using the following

relation;

P ¼ 1 � Db

Dx

� �
� 100 (3)

where Db and Dx are the bulk and X-ray density, respectively.

Perkin Elmer FTIR Spectrometer (Spectrum 2000) was used

to observe the IR spectra at room temperature over the wave

number range 370–1500 cm�1. The samples were prepared in

the form of pellets in KBr medium.

The M–H loops were plotted at room temperature. The

computer controlled vibrating sample magnetometer (VSM);

LakeShore model 7300 was used in which the sample was

vibrated vertically between pickup coils in a constant

magnetic field. The vibrating sample magnetometer was

calibrated with a Ni-standard 3.475 emu 5000G. The dc

resistivity of all the samples at different temperatures was

measured by two probe method in the temperature range of

303–473 K.
3. Results and discussion

3.1. Structural properties

X-ray diffractograms of Mg1�xTbxFe2O4 (0.0 � x � 0.2)

ferrites sintered at 1230 8C are shown in Figs. 1 and 2. The

diffraction patterns were indexed on the basis of fcc lattice and

the deduced parameters are listed in Table 1. The analysis of

XRD patterns revealed that the samples with 0 � x � 0.04 have

single phase cubic spinel structure. A small peak of second

phase appeared at 2u = 33.248 for x = 0.06 and becomes more

conspicuous for x > 0.06 as indicated in Figs. 1 and 2. This

peak was identified as the (1 1 2) reflection of the TbFeO3

(ortho ferrite) phase (ICDD PDF #47-0068). The second phase

was not observed at x = 0.08 which might be overlapped in the

background. The formation of second phase has also been

reported when rare earth metal cations were substituted in Mn–

Zn ferrites [10]. The following diffraction peaks of spinel

structure corresponding to the planes (2 2 0), (3 1 1), (4 0 0),

(4 2 2), (5 1 1/3 3 3) and (4 4 0) were observed. All the



Table 1

Phase, lattice constant, grain size, X-ray density and bulk density for Mg1�xTbxFe2O4 ferrites (0.0 � x � 0.2).

Sr. No. Composition Secondary

phase

Lattice

constant (Å)

Grain

size (mm)

X-ray density (Dx)

(g/cm3)

Bulk density (Db)

(g/cm3)

1 MgFe2O4 – 8.361 3.46 4.55 3.5539

2 Mg.98Tb.02Fe2O4 – 8.3657 3.27 4.6 3.7155

3 Mg.96Tb.04Fe2O4 – 8.3669 3.18 4.66 3.8999

4 Mg.94Tb.06Fe2O4 TbFeO3 8.3664 3.12 4.72 3.9296

5 Mg.92Tb.08Fe2O4 – 8.3662 3.05 4.78 4.1257

6 Mg.9Tb.1 Fe2O4 TbFeO3 8.366 2.87 4.84 4.2909

7 Mg.88Tb.12Fe2O4 TbFeO3 8.3653 2.79 4.91 4.3133

8 Mg.86Tb.14Fe2O4 TbFeO3 8.3637 2.81 4.97 4.4676

9 Mg.84Tb.16Fe2O4 TbFeO3 8.3641 2.62 5.03 4.4845

10 Mg.82Tb.18Fe2O4 TbFeO3 8.3634 2.37 5.09 4.5605

11 Mg.8Tb.2 Fe2O4 TbFeO3 8.3605 2.03 5.16 4.6063
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mentioned peaks of the fcc lattice in the patterns matched well

with the characteristic reflections of Mg-ferrite reported earlier

[11]. The average grain size decreases with the increase of

terbium concentration (Table 1) calculated by Scherrer’s

formula. The variation of lattice constants ‘a’ with Tb-

concentration (x) for 0.0 � x � 0.2 is shown in Fig. 3. The

lattice constant increases up to x = 0.04 and then decreases. The

small increase in the lattice parameter with the increase of

terbium contents (x) is attributed to the differences of the ionic

radii of Tb3+ and Mg2+ ions. Since Tb3+ ion has larger ionic

radius (0.93 Å) as compared to Mg2+ (0.66 Å), the partial

replacement of Mg2+ by Tb3+ leads to the expansion of the

spinel lattice; thereby increasing the lattice constant. It is

therefore suggested that most of the replacement of Mg2+ ions

by Tb3+ ions takes place on the octahedral sites as Tb ions are

substituted for Mg ions. Gd-substituted ferrites also exhibited

similar kind of results [12]. A slight decrease in the lattice

constant ‘a’ for x > 0.04 is due to the migration of few Mg2+

ions to tetrahedral sites owing to the incorporation of terbium

ions on the octahedral sites. The decrease in ‘a’ indicates

the solubility limit for the terbium ions at x = 0.04. When the

solubility limit is achieved no further terbium is dissolved in the

spinel lattice and terbium ions accumulate to the grain

boundaries combining with Fe to produce TbFeO3 and form

thin insulating layer around the grains. The appearance of

secondary phase on the grain boundaries may suppress the grain

growth by limiting the grain boundary mobility [13]. A non-
8.36

8.361

8.362

8.363

8.364

8.365

8.366

8.367

8.368

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Tb con centration  (x)

  
 a

 (
Ǻ

)

Fig. 3. Lattice parameter a vs Tb concentration for Mg1�xTbxFe2O4 ferrites

(0 � x � 0.2).
linear change of lattice constant ‘a’ with concentration in spinel

ferrites has also been reported earlier [14]. The Tb3+ ions may

reside on B-sites as Tb3+ ions have larger ionic radius (0.93 Å)

as compare to that of Fe3+ (0.64 Å) ions. The probability that

terbium ions occupy the tetrahedral sites (A-sites) may be very

remote. This is due to the fact that the tetrahedral sites are too

small to be occupied by the large terbium ions. The internal

stresses may also occur on B-sites where terbium ions occupy

these sites due to their larger ionic radii. This result is in

agreement with those already reported [15].

It is known that the site preference of Mg2+ ions in Mg-

ferrite can be inferred from the intensities of the (2 2 0) and

(4 4 0) planes [16]. A remarkable feature in the X-ray patterns

of the present samples is the intensities of the (2 2 0) and (4 4 0)

planes. The intensities of these two planes are found to increase

with the increasing concentration of terbium compared to

unsubstituted sample (MgFe2O4). This increase in intensity of

(2 2 0) plane indicates that a fraction of Mg2+ ions migrate

towards the A-sites when terbium is substituted in these ferrites.

On the other hand increase in the intensity of (4 4 0) plane

exhibits that the Mg2+ ions occupying on B-sites are substituted

by the terbium ions. Hence Tb-substituted Mg-ferrites are

predicted to be intermediate ferrites.

The bulk density of these ferrites increases with the increase

of terbium concentration (x). The increase in bulk density is

related to the higher atomic weights of Tb (158.92 amu) and its

higher specific gravity (8.23 g/cm3) compared to the atomic

weights of Mg (24.3 amu) and the specific gravity of Mg

(1.74 g/cm3) atoms. The values of X-ray densities are larger in

magnitude as compared to bulk densities and both the densities

increase with the increase of terbium contents in these ferrites

as listed in Table 1. The difference in the magnitude of these

densities is owing to the existence of pores [17]. Both the

densities increase linearly with the substitution of terbium

contents. The substitution of terbium ions in magnesium ferrite

causes an appreciable decrease in porosity �21–10%. Hence

densified samples have been obtained.

3.2. FTIR absorption studies

Fig. 4 shows representative room temperature FTIR spectra

for Mg–Tb ferrites. FTIR spectra of the terbium (Tb)



Fig. 4. FTIR spectra for Mg1�xTbxFe2O4 ferrites (x = 0.00, 0.12, 0.20).

Fig. 5. EDX of the MgFe2O4 ferrite.
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substituted Mg ferrites exhibit two absorption bands in the wave

number range 370–1500 cm�1. These bands are the character-

istic features of the spinel ferrites [18]. The two absorption

bands n1 and n2 are attributed to the intrinsic vibrations of the

tetrahedral and octahedral group complexes, respectively. The

tetrahedral (n1) and octahedral (n2) bands occur in the range

571–567 cm�1 and 429–418 cm�1, respectively. The difference

in the band position is caused by the difference in Fe3+–O2�

distance for the octahedral and tetrahedral compounds. The

band positions are tabulated in Table 2. The range of absorption

bands obtained is in good agreement to the reported literature

[19]. It is observed that n2 band is shifted towards lower

frequencies with an increasing amount of terbium ions. The

replacement of Mg2+ with Tb3+ ions (having larger ionic radius

and higher atomic weight than Mg2+ and Fe3+) on the

octahedral sites in the ferrite lattice affects the Fe3+–O2�

stretching vibrations. The octahedral band n2 seems to be

continuously widened with Tb-concentration; this may be due

to the statistical distribution of the Fe3+ ions on A- and B-sites

[20]. The change in n1 band exhibits the drifting of Fe3+ ions

towards oxygen ion on occupation of tetrahedral sites by few

Mg2+ ions [16]. The change in the peak intensity of the spectra

has been noticed with increasing Tb contents. It is well known

that the intensity ratio is a function of the change of dipole

moment with the inter-nuclear distance [21]. This ratio

represents the contribution of the ionic bond Fe–O in the

lattice. Hence the observed decrease in the peak intensity is
Table 2

Fourier transform infrared spectroscopy (FTIR) absorption bands for

Mg1�xTbxFe2O4 ferrites (x = 0, 0.04, 0.08, 0.12, 0.16, 0.2).

Sr. No Composition n1 (cm�1) n2 (cm�1)

1 MgFe2O4 571 429

2 Mg0.96Tb.04Fe2O4 567 428

3 Mg0.92Tb.08Fe2O4 571 427

4 Mg0.88Tb.12Fe2O4 566 425

5 Mg0.84Tb.16Fe2O4 566 419

6 Mg0.8Tb.2Fe2O4 567 418
attributed to the perturbation occurring in Fe–O bonds by the

substitution of terbium ions.

3.3. EDX analysis

Two representative EDX spectra are shown in Figs. 5 and 6.

Fig. 5 represents pure Mg-ferrite while Fig. 6 indicates terbium

substituted Mg-ferrite. EDX has been performed in order to

study the compositional analysis. EDX analysis exhibits the

elemental percentage of each element expected to be present in

the ferrite sample. The heights of the peaks in the EDX graphs

represent the proportion of each element in the finally sintered

ferrite sample. A change has been observed in the size and

height of the peaks of all the Tb-substituted samples. With the

increase of Tb concentration, the graph exhibits an increase in

the height of the Tb peaks. In the present study, the terbium is

substituted for magnesium. Hence, the amount of magnesium

decreases and this decrease in magnesium is observed in the

peak height of Mg as shown in Fig. 6. The observed percentage

of metals of each composition is consistent with the

stoichiometry of the prepared samples.

3.4. Magnetic properties

The magnetic parameters saturation magnetization (Ms) and

coercivity (Hc) are calculated from the MH loops (Figs. 7 and 8)

of Mg–Tb ferrites and are plotted in Fig. 9. The saturation

magnetization is increased at x = 0.02 and then decreases. The
Fig. 6. EDX of the Mg0.80Tb0.20Fe2O4 ferrite.
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increase in saturation magnetization for x = 0.02 by the

incorporation of terbium ions is attributed to the redistribution

of cations on A- and B-sublattices. In MgFe2O4 ferrite most of

the Mg2+ ions reside on B-sites and small fraction of these ions

goes to the A-sites [22]. When terbium (Tb) ions are introduced

into the octahedral sites few of the Mg2+ ions are migrated to

the tetrahedral sites. These Mg2+ ions force equal amount Fe3+
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ions to the octahedral sites [23], this increase the magnetization

of the B-sublattice and hence the saturation magnetization of

this composition increases.

The decrease in saturation magnetization for further

substitution x � 0.04 of Tb3+ ions is owing to the magnetic

disorder on B-sites caused by the presence of paramagnetic

terbium ions on B-sites. It has been quoted that [24] the spin
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ites (x = 0.12, 0.14, 0.16, 0.18, 0.20).
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canting is caused by the substitution of rare earth ions, since Tb is

a rare earth metal ion and it causes the transformation of collinear

ferrimagnetic order into non-collinear arrangement of spins on

B-sites. Hence the occupancy of Tb3+ ions on octahedral sites

stemmed the collinear arrangement and reduces the saturation

magnetization. Also no more Fe3+ ions are transferred to the

octahedral sites which lead to the decrease of saturation

magnetization. The decrease of saturation magnetization by

the addition of rare earth ions in other ferrites has also been

reported [25]. The site occupancy of Mg2+ and Fe3+ ions in Mg–

Tb ferrites is complicated; however, the decrease of saturation

magnetization for higher concentration of Tb3+ ions may be

attributed to the secondary orthoferrite phase (TbFeO3), which

has a low value of magnetization. The decrease in the saturation

magnetization with the evaluation of secondary phase has also

been reported when Tb was substituted in Li–Zn ferrites [26].

The coercivity is found to decrease when Tb contents are

increased up to x = 0.06 after which the coercivity increases. The

coercivity has a linear relationship with porosity [27] for

0.00 � x � 0.06 but for higher Tb concentration it deviates. The

coercivity is the measure of magnetic field strength required for

overcoming the magnetocrystalline anisotropy to flip the

magnetic moments. For Tb-concentration 0.08 � x � 0.12 the

increase in coercivity is attributed to the dominant role of L–S

coupling caused by the anisotropic terbium ions [28]. The

increase in coercivity may also be related to the appearance of

second phase on or near the grain boundaries which impede the

motion of domain walls. The coercivity is decreased for higher

concentration of Tb which could be due to the largest decrease in

porosity.

3.5. Electrical properties

The dc electrical resistivity of Mg1�xTbxFe2O4 (0.00 � x

� 0.2) ferrites measured at room temperature with the increasing

Tb concentration is shown in Fig. 10. The resistivity increases

from 2.33 � 106 V-cm to 5.71 � 107 V-cm as the terbium

concentration is increased from 0.02 to 0.2. The increase in

resistivity of the Tb substituted samples is due to the larger

resistivity value of Tb (111 mV-cm) as compared to Mg (4.3 mV-

cm) atoms [29]. This increase may also be owing to the larger

ionic radius of Tb3+ (0.93 Å) ions in comparison to Mg2+
(0.66 Å) ions which may increase the separation between the

ferrous and ferric ions on the octahedral sites and impede the

conduction phenomenon between these two ions [30].

Figs. 11 and 12 show temperature dependent electrical

resistivity measured in the temperature range 30–200 8C. The

temperature dependent resistivity indicates a linear relationship

following well known Arrhenius relation [31]:

r ¼ r0 exp
Ea

kBT

� �
(4)

where r is the resistivity, r0 is constant, Ea is the energy of

activation and kB is the Boltzmann’s constant and T is the

absolute temperature. The temperature dependent resistivity

plots are used to calculate activation energy of hopping [32].

All these plots show that the resistivity decreases as the

temperature increases, hence all the samples exhibit semi-
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conducting behaviour. Since all the samples show temperature

dependence in the entire temperature range, therefore they may

be called as degenerate type semiconductors. The drift mobility

of all the compositions of Mg1�xTbxFe2O4 ferrites have been

calculated from the following relation [17]:

md ¼
1

ner
(5)

where ‘e’ is the charge on electron, r is the resistivity and ‘n’ is

the concentration of charge carriers calculated from the fol-

lowing equation:

n ¼ NaraP

M
(6)

where Na is the Avogadro’s number, ra is the bulk density of the

sample, P is the number of iron atoms in the chemical formula

of the sample and M is the molecular weight of the sample. The

graphs of drift mobility vs temperature are shown in Figs. 13

and 14. The drift mobility increases with increasing tempera-

ture. The increase in drift mobility represents enhanced mobil-

ity of the charge carriers due to thermal activation. It may be

due to the fact that as the temperature increases, the charge

carriers start hopping from one site to another, hence the

conduction process increases. Also Figs. 13 and 14 revealed

that the samples having high resistivity have low value of drift

mobility. The drift mobility drops from 1.26 � 10�10 to

4.49 � 10�12 cm2 V�1 S�1 as the terbium concentration is

increased from 0.00 to 0.2.

The Verwey’s hopping model can be employed to explain

the conduction mechanism in these ferrite systems. According
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Fig. 14. The plot of drift mobility (md) with temperature for Mg1�xTbxFe2O4

ferrites (0.12 � x � 0.20).
to this model the conduction mechanism in ferrites is mainly

attributed to the transfer of electrons between the ions of the same

element occurring in more than one valence state, and these have

random distribution on crystallographically equivalent lattice

sites. The ferrites form closed packed oxygen lattices with the

cations over the tetrahedral (A) and octahedral (B) sites. The

separation between two metal ions residing on the octahedral (B)

sites is smaller than the separation between a metal ion on the

octahedral (B) sites and ion on the tetrahedral (A) sites. Hence the

probability of electron hopping between octahedral (B) and

tetrahedral (A) sites is very small as compared to the ions

occurring on the octahedral (B) sites only. The electron hopping

among the ions of the tetrahedral sites is not possible as there are

only Fe3+ ions. The Fe2+ ions occupy only on octahedral sites.

The hopping probability depends on the distance between the

metal ions and the mobility of the charge carriers.

The presence of terbium ions on the octahedral sites (as

discussed in FTIR analysis) increases the distance between the

metal ions of the octahedral sites and impedes the electron

transfer between the iron ions. The following conduction

mechanism may also be possible in these ferrites:

Mg2þ þ Fe3þ $ Mg3þ þ Fe2þ (7)

As Tb3+ ions are stable below 1300 8C and do not change their

valence state from Tb3+ to Tb4+ ions. The incorporation of Tb3+

ions may cause in the blocking of the conduction mechanism. It is

believed that Tb3+ ions behave like scattering centres in the

electron exchange mechanism between the ions of different

valencies situated on crystallographically equivalent positions in

the lattice and enhances the resistivity of these ferrites.

The activation energy, deduced from the temperature

variation of resistivity data as a function of terbium concentration

is shown in Fig. 15. A small increase in the activation energy is

observed up to x = 0.10 and later it increases more rapidly with

increasing concentration of terbium ions. The higher activation

energy values correspond to the higher resistivity values, due to

the formation of insulating intergranular secondary phase

(TbFeO3) which impedes the conduction phenomenon. The

increase in activation energy suggests the partial incorporation of

terbium ions on the octahedral sites, which causes the blockage

of electron transfer between the Fe3+ and Fe2+. The activation

energy values of the samples under investigation are comparable

to the reported trivalent substituted magnesium ferrites [19].
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Fig. 15. Plot of activation energy vs terbium concentration for Mg1�xTbxFe2O4

ferrites.
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4. Conclusions

The present samples exhibit single phase spinel structure

along with few traces of second phase TbFeO3. The absorption

bands observed in FTIR measurements n1 and n2 fall in the

usual range of spinel ferrites. The decrease in the n2 band is

related to the occupancy of Tb ions on the octahedral sites. The

saturation magnetization is generally decreased by the terbium

substitution due to spin canting on B-sites. The improvement in

coercivity is attributed to the magneto-crystalline anisotropy of

Tb ions. The dc electrical resistivity increases from 2.33 � 106

to 5.71 � 107 V-cm while the drift mobility drops with the

increase of Tb contents up to x = 0.2.
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