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ABSTRACT

The effects of concentration of terbium (Tb) on ferromagnetic resonance (FMR), relative initial perme-
ability, morphology, and dielectric properties of MgFe,04 ferrites were studied. It is found that FMR
line-width and FMR position of magnesium-terbium (Mg-Tb) ferrites are found to fluctuate with the
increase of Th-content. The increase in FMR line-width is attributed to the charge transfer mechanism
and inhomogeneity in the samples (TbFeOs). The relative initial permeability decreases gradually as a
function of Tb-content. The magnetic loss factors of substituted samples exhibit decreasing behavior in
the frequency range 1kHz to 10 MHz. Terbium substituted samples have lower dielectric constant as
compared to the pure MgFe, 0, ferrite. The decrease in dielectric constant is attributed to the retardation
in electron exchange mechanism caused by lockup among iron and terbium ions. An irregular behavior
of the dielectric loss is found, which is related to the hopping probability of charges in these ferrites.
A decrease in the ac conductivity is observed beyond 8 MHz and this corresponds to the occurrence of
dielectric loss. The low magnetic and dielectric behavior makes these ferrite materials suitable for their
applications in microwave devices.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Spinel ferrites are among the most widely used magnetic
materials owing to their excellent electromagnetic and dielectric
properties [1]. The miniaturization of the technology requires the
development of new materials with optimum properties in order
to cater for new demands. Magnesium ferrite is considered as an
important candidate of the spinel family for its use in various poten-
tial applications of modern technology [2]. Many efforts have been
made to improve the basic properties of ferrites by substituting
various ions with different valence states. Rare earth substituted
magnesium ferrites have attracted considerable attention in the
field of technological applications extending from microwave to
radio frequency. The rare earth ions are the promising substitute
for the improvement of the properties of ferrites. Many research
groups have studied magnetic and dielectric properties of mag-
nesium ferrites with the addition of different rare earth ions in
order to achieve optimized properties. The addition of rare earth
metal ions like Gd, La, and Tb introduces changes in the structure
and texture, allowing for significant modifications to be created
in the magnetic and dielectric properties of these ferrites [3-7].
The aim of the present work is to investigate the effect of terbium
ions substitution for magnesium ions on ferromagnetic resonance,
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relative initial permeability, morphology, and dielectric properties
of MgFe, 04 ferrites to make these ferrites suitable for microwave
devices applications.

2. Experimental procedure

A series of Mg;_TbxFe,04 (x=0, 0.02, 0.04, 0.06, 0.08, 0.10, 0.12, 0.14, 0.16,
0.18, 0.20) ferrites was prepared by ceramic method described in our earlier com-
munication [7]. The ferromagnetic resonance measurements were performed on
spherical shaped samples using a standard FMR spectrometer at X-band (9.5 GHz)
in TEqo; reflection cavity. The measurements were made under identical conditions
on all the samples. In FMR measurements, the sample is always saturated due to
static magnetic field required for resonance at microwave frequency. Field swept
line-width was measured by sweeping the field from 60 Oe to 10 kOe.

Solatron 1260 impedance analyzer was used to measure the relative initial per-
meability. The ferrite samples fabricated in the form of toroid were used wound
with Cu wire to serve as an inductor coil. The impedance analyzer was connected to
a computer with GPIB interface. The whole operation of the analyzer was controlled
by Solatron materials research and test, version 1.2 software. The microstructure of
the samples was observed using a scanning electron microscope (SEM) model JEOL
JSM-840. The average grain size was estimated from SEM micrographs using the line
intercept method. The dielectric constant for the samples was calculated by using
the formula:

.,
g = oA (1)
where C is the capacitance in F, d is the thickness of pellet in m, A is the cross-
sectional area of the flat surface of the pellet, and &y is the permittivity of free space.
The ac electrical conductivity of all the samples was calculated using the relation:

oac = 27f(tan 8)’gy (2)

where tan § is the dissipation factor.
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Fig. 1. FMR spectrum of (a) MgFe; 04 ferrite and (b) Mgg goTbo20Fe,04 ferrite.

3. Results and discussion
3.1. Ferromagnetic resonance

Typical ferromagnetic resonance (FMR) spectra of
Mg _xTbxFe;04 (x=0, 0.2) ferrites, taken at X-band (9.5 GHz)
are shown in Fig. 1(a) and (b). A single resonance peak has been
observed of the samples and all the profiles are slightly asymmet-
ric. The spectra have been used to obtain the FMR line-widths
(AH) and FMR position as listed in Table 1. The charge-transfer
relaxation mechanism is important in spinel ferrites and it is
the possible source of line-width in these ferrites. In the charge
transfer mechanism, the energy is directly transferred to the
lattice without going through either the degenerate or the thermal
magnons. The line-widths of all the samples vary in the range
(746-1015 Oe) except for x=0.16, which has the highest line-width
(1146 Oe) as compared to rest of compositions. The composition
Mgo.98Tbg o2Fe204 (x=0.02) has the minimum line-width (746 Oe)
and highest saturation magnetization (32emu/g) [7]. The line-
widths obtained in the present investigation are much lower than
the reported literature [8,9]. The substitution of terbium ions in
these ferrites lowers the FMR line-width and this indicates better
quality of the prepared samples. In the present samples a second
phase (TbFeO3) was observed in XRD patterns for x > 0.06 other
than the fcc spinel phase. This second phase has the same effect
as the surface pits in polycrystalline ferrites. A comparatively
larger line-width has been reported [10] due to the presence of
second phase. By using line-width the minimum relaxation time
was calculated for these ferrites and it lies in the range ~10-10s,
The intensity of the FMR profiles is sensitive to composition. The
substitution of terbium ions in these ferrites varies the intensi-
ties of the FMR profiles. The intensities strongly depend on the
gyromagnetic ratio (y) and g-values of the cations present in each
composition. All the cations involved like magnesium, ferric, and
terbium have different values of gyromagnetic ratio () because
of the differences in the spectroscopic splitting g-factors. The FMR

Table 1
FMR parameters of Mg, _,TbyFe,04 ferrites measured at X-band (9.5 GHz).

Serial no. Composition FMR linewidth FMR position
AHpwum (Oe) (Oe)
1 MgFe;04 752 4399
2 Mgo.98Tbo.02Fe204 746 4390
3 Mgo.96Tbo.0aFe204 799 4436
4 Mgo.94Tho o6 Fe204 954 4375
5 Mgo.02Tho.osFe204 790 4372
6 Mgo.oTbo.1Fe;04 1015 4203
7 Mgo.ssTho.12Fe204 813 4365
8 Mgo.s6Tho.14Fe204 762 4420
9 Mgo.84Tbo.16Fe204 1146 4406
10 Mgos2Tho.1sFe204 991 4503
11 Mgo.sTbo.2Fe2 04 1001 4438

profiles of all the Th-substituted samples have lower intensities
as compared to the unsubstituted sample MgFe,04 as depicted in
Fig. 1. The differences in the g-values of the cations involved are
responsible for the observed variation in the intensity of the FMR
profiles.

3.2. Relative initial permeability

The relative initial permeability, w;/, of Mgy_4Tbx Fe,04
(0.00 <x <0.2) ferrites is measured in the frequency range 1kHz
to 10 MHz and the plot of w;’ vs frequency is shown in typical Fig. 2.
The plot indicates that the relative initial permeability is observed
to decrease with increasing concentration of terbium ions. It is well
known that [11] the magnetization process is considered as the
superposition of domain wall motion and spin rotation. The domain
wall-motions are affected by both the composition and microstruc-
ture. Domain wall-motions are dominant over the spin rotation;
hence the u;’ of ferrites is mainly attributed to the motion of domain
walls [12-14]. In the present investigations the major contribution
to ;' is due to the movement of domain walls in the low frequency
region (Fig. 2). Our observations are in agreement with the Globus
model [15]. The present samples have high u; and it decreases
with the increasing Tb-concentration. The decrease in u; with the
increasing concentration of terbium can be explained on the basis
of following relation:

, D
i 2]

s (3)

where D, is the average grain diameter, K; is the magneto-
crystalline anisotropy constant, and Ms is the saturation mag-
netization. The saturation magnetization of the samples under
investigation decreases [7] with the increasing concentration of
terbium ions. So a reasonable decrease in ;" is consistent with
saturation magnetization results. The average grain size decreases
for all the substituted samples. Hence p; is expected to decrease.
A linear relationship of u;’ vs grain size has been reported [16,17]
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Fig. 2. Relative initial permeability as a function of frequency for Mg;_yTbyFe;04
(0.0 <x<0.10) ferrites.
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Fig. 3. Loss factor as a function of frequency for Mg;_,TbyFe,04 (0.0 <x<0.10)
ferrites.

and in some cases it deviates [18]. All the samples have almost sim-
ilar decreasing trend of w;’ except the samples having the terbium
concentration, x=0.12 and x=0.16. Both these exhibit a drastic
decrease in the values of u; in the low frequency region. From
Fig. 2, it is evident that there are no reasonable variations in p;’ in
the high frequency region.

3.2.1. Frequency dependent loss factor

Typical Fig. 3 depicts the plot of loss factor vs frequency for
Mgi_xTbxFe;04 (0.0 <x <0.10) ferrites. The loss factors of these
samples have been observed to decrease with the increase in fre-
quency. The samples with terbium concentration 0.00 <x <0.10
indicate very small peaks in the low frequency region and beyond
10kHz a drastic decrease in the loss factors of these samples has
been observed. The sample x = 0.08 exhibits three loss peaks in the
low frequency region and its value drops more rapidly as compared
to neighboring compositions. The sample for the terbium concen-
tration x =0.06 also exhibits a small loss peak in the high frequency
region. The magnetic loss factor of the samples having terbium con-
centrations 0.12 <x <0.20 decreases more rapidly as compared to
the compositions mentioned in Fig. 3. All the Tb substituted samples
exhibit low values of loss factor as compared to the unsubstituted
sample in the low frequency region. In the high frequency region
the loss factor indicates very small values. The minimum loss fac-
tor has been observed for the compositions Mgg gsTbg 14Fe204 and
Mg g2 Tbg 1gFe;04 as compared to all other compositions. The pre-
viously reported results indicate that [19] the partial substitution of
rare earthions (Eu, Ru, and Gd) in Ni-Zn ferrites significantly lowers
the relative loss factor over a wide frequency range. All Tb substi-
tuted magnesium ferrites show smaller values of the loss factor
over a wide frequency range.

3.3. Scanning electron microscopy

Fig. 4 shows representative SEM micrograph of the
Mg, _xTbxFe,04 ferrite system for x=0. The micrograph exhibits
inhomogeneous grain size distribution. The micrographs for x=0
and x=0.08 show monophasic microstructure along with some
agglomerates. The micrographs for x=0.14 and x=0.20 depict
biphasic microstructure. It can be observed that the second phase
occurs in the form of precipitates located among the matrix of
dark grains. These precipitates in the ferrite matrix were formed
by either segregation to, or precipitating at the grain boundaries.
With the increase of terbium concentration from x=0.0 to 0.2 the
grain size found to decrease and lies in the range 7-4 pm. The
decrease in the grain size can be explained on the basis of ionic
radii of the terbium ions. It is assumed that some of the terbium
ions may reside on the grain boundaries; these can hinder the
growth [20] and also exert stress on the grains which causes the
reduction of grain size. In our previous communication [7] EDX
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Fig. 4. SEM micrograph of Mg;_,TbyFe,04 (x=0.00) ferrite.

analysis have been presented which indicate the presence of Tb,
Mg, and Fe in the prepared samples.

3.4. Dielectric properties

The dielectric constant decreases with successive substitution
of terbium ions. The compositional variations of dielectric con-
stant (¢’) with frequency are shown in representative Fig. 5. It is
known that in MgFe,0,4 ferrite, most of the Mg ions occupy on
the octahedral sites [21] while Fe ions occupy on both octahe-
dral (B-sites) and tetrahedral (A-sites) sites. The increase of Tb
ions substitution on B-sites replaces some Mg ions. The reduction
of Mg ions on B-sites leads to the decrease in population of Fe2*
ions (Mg2* + Fe3* « Mg3* + Fe2*) on B-sites. The electron exchange
interaction happening at B-sites between the Fe3* ions and Fe2*
ions retarded due to the presence of Tb ions on B-sites. Hence
the hopping length of conduction electrons increases. Since the
dielectric polarization mechanism in these ferrites is similar to
the electronic conduction mechanism [22]. The number of elec-
trons exchanged between the cations involved results in the local
displacements in the direction of the applied external field which
determines the dielectric polarization. This explains the decrease
in the dielectric constant with the increasing concentration of Th
ions. Similar behavior of dielectric constant has been reported [23]
when different rare-earths elements were substituted in Mn-Zn
ferrites. It is also observed that the dielectric constant decreases
with the increase of frequency. At the lower frequencies the sam-
ples have high values of dielectric constant of the order of 103-10%.
These high values of dielectric constant at lower frequencies may
be attributed to the inhomogeneous dielectric structure which is
in agreement with Koops phenomenological theory [24]. The inho-
mogeneous dielectric structure is composed of two layers. The first
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Fig. 5. Dielectric constant (¢’) vs frequency of Mg;_yTbyFe;04 (x=0.0-0.10) ferrites.
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Fig. 6. Dielectric loss (tan d) vs frequency of Mg;_,TbyFe,04 (x=0.0-0.10) ferrites.

layer consists of well conducting large ferrite grains and the sec-
ond thin layer comprises poorly conducting grain boundaries. The
ferrite grains having high conductivity and low dielectric constant
are more effective in the high frequency region while the resistive
grain boundaries are more effective in the low frequency region
[25]. The frequency dependent behavior of dielectric constant in
ferrites can be explained on the basis of space charge polarization.
The charge carriers contributing in the polarizability exhibit lag-
ging behind the applied field beyond a certain frequency [26] and
cannot follow the alternation of the applied electric field and hence
results in a decrease in the dielectric constant of these ferrites.

The variation of dielectric loss (tand) with frequency for
Mgq_xTbxFe;04 (x=0.0-0.10) ferrites is shown in representative
Fig. 6. The figure revealed that the values of dielectric loss decrease
with substitution of terbium ions in these ferrites. It is observed
that the dielectric loss first decreases as the frequency increases
and then increases rapidly beyond 100 kHz. Qualitatively the for-
mation of dielectric loss peaks may be owing to the following
reasons: a strong correlation has been reported [27,28] between
the conduction mechanism and dielectric behavior. The conduc-
tion phenomenon in ferrites is considered due to the hopping of
electrons between divalent and trivalent iron ions present over
the octahedral sites. The dielectric loss peak is observed when
the jump frequency of the local charge carriers (f=1/t relaxation)
is approximately equal to the frequency of external applied field
[25,29,30]. The sharp peak is formed when both the frequen-
cies exactly matched with each other. It is seen that the minima
occurred in the dielectric loss for all the samples shifts towards the
lower frequency region. The loss peak increase in high frequency
region as the terbium concentration is increased from 0.00 to 0.10
as shown in Fig. 6. The dielectric loss peak decreases in high fre-
quency region as the terbium concentration is varied from 0.12 to
0.20. The irregular behavior of the loss peak occurred owing to the
jump or hopping probability of the cations involved. A decrease in
the loss peak with increasing terbium concentration indicates that
the hopping or jump probability between Fe3* and Fe?* is reduced.
Similar trend of the dielectric loss (tan §) has also been reported by
other researchers [31,32]. Hence it can be inferred that the jump or
hopping frequencies for all the samples showing peaking behavior
lie in the range 1-10 MHz. The samples having nominal composi-
tions Mgy g>Tbg 18Fe204 and Mgg g4Tbg 16Fe,04 exhibit minimum
dielectricloss and dielectric constant. The smaller value of dielectric
loss is one of the characteristic parameters for microwave applica-
tions.

Representative Fig. 7 shows the variations of ac conductivity
with frequency at room temperature for Mg;_,TbxFe, 04 ferrites
(0.0 <x <0.10). The ac conductivity (o4c) increases with an increase
in frequency. The magnitude of the ac conductivity decreases as
the Tb-contents are increased. This decrease in magnitude of ¢
can be explained on the basis that Thb-ions occupy on the octahe-
dral sites in these ferrites. Tb-ions are expected to lockup with Fe2*
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Fig. 7. The variation of ac conductivity with frequency for Mg;_TbyFe,04
(x=0.0-0.10) ferrites.

ions and it reduces the hopping between the iron ions Fe?* < Fe3*.
This decreases the probability of hopping of charge carriers; thus
the conductivity decreases. The sample Mgg 9gTbg g4Fe; 04 exhibits
high conductivity values in high frequency region (MHz) as com-
pared to the neighboring compositions. The ac conductivity is
observed to decrease in all Tb-substituted samples except x=0.18,
which is anomaly in these plots. The decrease in conductivity
beyond 8 MHz is attributed to the occurrence of loss peak in tan é. A
decrease in ac conductivity has been reported [23] when different
rare-earths ions were substituted in Mn-Zn ferrites.

4. Conclusions

The FMR line-widths of Mg;_,TbxFe, 0,4 ferrites obtained in the
present investigation are smaller as compared to the reported line-
width of spinel ferrites. A decrease in relative initial permeability
has been observed by the substitution of terbium ions. The substi-
tuted samples exhibit smaller values of the magnetic loss factors.
The composition Mgy gTbg,Fe,04 exhibits smallest value of mag-
netic loss factor ~1.02 x 10-6. The dielectric constant and dielectric
loss attain very low values at 10 MHz for higher concentration of
terbium ions. Hence smaller magnetic loss factor and dielectric loss
suggest the utility of these ferrites in microwave applications.

Acknowledgments

The authors are thankful to Higher Education Commission of
Pakistan for financing this project under IRSIP and indigenous PhD
fellowship scheme. We are grateful to Professor Carl E. Patton in the
Department of Physics, Colorado Sate University, Fort Collins, USA
for providing facilities for ferromagnetic resonance (FMR) spec-
trometry.

References

[1] Y.-P. Fu, S.-H. Hu, Ceram. Int. 36 (2010) 1311-1317.

[2] Y.M.Z. Ahmed, E.M.M. Ewais, Z.1. Zaki, ]. Alloys Compd. 489 (2010) 269-274.

[3] M.A. Gobal, W.A. Bayoumy, Polyhedron 29 (2010) 2569-2573.

[4] M. Manjurul Haque, M. Huq, M.A. Hakim, Mater. Chem. Phys. 112 (2008)
580-586.

[5] A.B.Gadkari, T.J. Shinde, P.N. Vasambekar, ]. Alloys Compd. 509 (2011) 966-972.

[6] J. Chand, M. Singh, ]. Alloys Compd. 486 (2009) 376-379.

[7] M. Azhar Khan, M.U. Islam, M. Ishaque, I.Z. Rahman, Ceram. Int. 37 (2011)
2519-2526.

[8] B. Parvatheeswara Rao, K.H. Rao, P.S.V. Subba Rao, A. Mahesh Kumar, Y.L.N.
Murthy, K. Asokan, V.V. Siva Kumar, Ravi Kumar, N.S. Gajbhiye, O.F. Caltun,
Nucl. Instrum. Meth. Phys. Res. B 244 (2006) 27-30.

[9] B. Parvatheeswara Rao, O. Xaltun, I. Dumitru, L. Spinu, J. Magn. Magn. Mater.
304 (2006) e752-e754.

[10] M. Sparks, Ferromagnetic Relaxation Theory, McGraw-Hill, New York, 1964, p.
10.

[11] M. Yan, J. Hu, W. Luo, W.Y. Zhang, J. Magn. Magn. Mater. 303 (2006) 249-255.

[12] T. Nakamura, J. Appl. Phys. 88 (2000) 348-353.

[13] S.A. Ghodake, U.R. Ghodake, S.R. Sawant, S.S. Suryavanshi, P.P. Bakare, J. Magn.
Magn. Mater. 305 (2006) 110-119.



160 M.A. Khan et al. / Journal of Alloys and Compounds 519 (2012) 156-160

[14] VivekVerma, S.P. Gairola, Vibhav Pandey, ].S. Tawale, Hua Su, R.K. Kotanala, J.
Magn. Magn. Mater. 321 (2009) 3808-3812.

[15] A. Globus, M. Guyot, Phys. Stat. Sol. B 52 (1972) 427-431.

[16] J. Smit, H.PJ. Wijn, Ferrites, Philips Technical Library, Eindhoven, the
Netherlands, 1959.

[17] A. Globus, P. Duplex, M. Guyot, IEEE Trans. Magn. MAG-7 (1971)
617-622.

[18] S. Pyun, J.-T. Baek, Am. Ceram. Soc. Bull. 64 (1985) 602-605.

[19] S.E.Jacobo, W.G. Fano, A.C. Razzitte, Physica B 320 (2002) 261-263.

[20] A.A. Sattar, A.M. Samy, R.S. El-Ezza, A.E. Eatah, Phys. Stat. Sol. A 193 (2002)
86-93.

[21] O.M. Hemeda, M.Z. Said, M.M. Barakat, J. Magn. Magn. Mater. 224 (2001)
132-142.

[22] L.John Berchmans, R. Kalai Selvan, P.N. Selva Kumar, C.O. Augustin, Mater. Lett.
58 (2004) 1928-1933.

[23] L. John Berchmans, R. Kalai Selvan, P.N. Selva Kumar, C.0. Augustin, J. Magn.
Magn. Mater. 279 (2004) 103-110.

[24] A.A. Pandit, AR. Shitre, D.R. Shengule, K.M. Jaghav, ]J. Mater. Sci. 40 (2005)
423-428.

[25] M.U. Islam, I. Ahmed, T. Abbas, Proceedings of the Sixth International Sympo-
sium on Advanced Materials, 1999, pp. 155-158.

[26] B.D. Cullity, Elements of X-ray Diffraction, Addison-Wesley, 1959.

[27] W.E. Lee, W. Mark Rainforth, Ceramic Microstructures Property Control by
Processing, Kluwer Academic Publishers, 1994.

[28] E. Rezlescu, N. Rezlescu, C. Pasnicu, M.L. Craus, P.D. Popa, Cryst. Res. Technol.
31 (1996) 343-352.

[29] 1. Neel, Ann. Phys. 3 (1948) 137-198.

[30] C.N.Chinnasamy, A. Nareyanasamy, N. Ponpandian, K. Chattopadhyay, K. Shin-
oda, B. Jeyadevan, K. Tohji, K. Nakatauka, T. Furubayashi, I. Nakatani, Phys. Rev.
B 63 (2001) 184108-1-184108-6.

[31] H. Perron, T. Mellier, C. Domain, J. Roques, E. Simoni, R. Drot, H. Catalette, ].
Phys. Condens. Mat. 19 (2007) 346219-1-346219-10.

[32] M. Azhar Khan, M.U. Islam, M. Ishaque, I.Z. Rahman, A. Genson, S. Hampshire,
Mater. Charact. 60 (2009) 73-78.



	Magnetic and dielectric behavior of terbium substituted Mg1−xTbxFe2O4 ferrites
	1 Introduction
	2 Experimental procedure
	3 Results and discussion
	3.1 Ferromagnetic resonance
	3.2 Relative initial permeability
	3.2.1 Frequency dependent loss factor

	3.3 Scanning electron microscopy
	3.4 Dielectric properties

	4 Conclusions
	Acknowledgments
	References


