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This paper highlights the experimental study of Ce®* ions doped M-type hexaferrite Sr;_,Ce,Fe 5019
(0.00 = x < 0.30) prepared by adopting the conventional ceramic process. The M-type hexagonal structure is
confirmed in the X-ray diffraction measurements. There were two phases recognized for the magnetic powders
with varying Ce content, one in-between x = 0.00 to 0.20 as a single magneto plumbite segment and the other at
x = 0.20 as a second phase or the so called a-Fe,O3 phase. The micrographs of the sintered magnets depicted
hexagonal crystal shapes. For magnetic properties a systematic study was done on the room temperature B-H

hysteresis measurements. The estimated remanence value first increases with x in the range of x = 0.00 to 0.15
and then showed a decrease at x = 0.15. Besides, the intrinsic coercivity (H;) and magnetic induction coercivity
(Hep) show decreasing-increasing character while maximum energy product (BHpay) and ratio Hy/H,; demon-
strate increasing-decreasing character in the Ce doping range x of x < 0.15 and x > 0.15 respectively.

1. Introduction

In last decade, strontium and barium hexagonal ferrites persist to
attract the attention of researchers and scientists in various fields of
science and technology [1-9]. The M-type hexagonal ferrites (MHF) fall
in the category of magnetic materials (ceramic) and importantly par-
ticipated in several hi-tech and manufacturing fields owing to their low
cost, excellent chemical strength, great uniaxial magneto crystalline
anisotropy and last but not the least simple production routes [10-12].
Besides, MHF have been widely applied in the form of permanent
magnets, for instance information storage devices, loudspeakers, home
appliances, and motors etc., to name a few [13]. In addition, recently
there is a vast interest in MHF, as some of them belong to multiferroic
materials even at room temperature and have large magneto-electric
influence, which is associated with the presence of spinoidal and spiral
magnetic structures [14-16]. In several MHF, where ferroelectric and
ferromagnetic segments co-exist, one can control these segments by
applying either an external electric field or magnetic field. Never-
theless, now a day’s, M-type MHF attracts more attention as a
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multiferroic i.e. a materials that demonstrates a significant association
between its magnetic and dielectric properties [17-19]. All the above
materials used in spintronis, which is novel in the field of microelec-
tronics [20-23]. However, at room temperature the ferroelectric state
can be achieved by chemical substitutions or by magnificent local
strains. Consequently, in solid solutions the concentration of d°® cations
in iron crystallographic positions decreases diamagnetically substituted
and dipole-dipole ordering becomes possible at prominent tempera-
tures. In electric field at 110kV/m, Al-aggregation BaFe;,_,Al,O19
(x = 1.2) hexaferrites the electric polarization of 0.6 uC/cm2 and strong
coupling between magnetic and electric subsystems at normal tem-
perature were found [24,25]. Moreover, the diamagnetic replacement
can basis a canted magnetic structure, which also prop ups the stabi-
lization of the ferroelectric state [26,27]. In literature one can find MHF
synthesized by several techniques, including sol-gel and sol-gel auto
combustion [13,14], citrate precursor process [15,16], Pechini process
[28], solution combustion route [29], modified chemical coprecipita-
tion method [30] hydrothermal method [2,3,31,32] and the ceramic
process [12,33]. Among all above routes the ceramic method is
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frequently used to prepare magnetic oxides which require multiple
annealing and sintering steps [34]. It is important to recall that in MHF
type structure, Fe®* ions utilize five opposing sites, i.e., three spin up
sites (2a, 2b and 12k) and two spins down sites (4f; and 4f,) Here 2a,
12k and 4f, are octahedral sites, 4f; is tetrahedral site and 2b is bi-
pyramidal site [35]. Furthermore, the magnetic moment as well as
magneto-crystalline structure appear from the electronic anisotropy of
Fe>* ions at the above five opposing sites [36]. In order to fulfill var-
ious needs in magnetic storing devices, many cations (La**, Pr’*,
Sm3*, Nd3*, Co?™, Ti**, Mn2?™ etc.,) and cations combinations (La>*-
Co%*, La®**-zn?", La®"-Cu?*, La®*-Bi®*" etc.,) have been tried. A
survey of literature for high density perpendicular recording media
suggest that in La®" substituted strontium hexaferrite nanoparticles
prepared by citrate precursor method show increase in coercivity value
by increasing La®* composition and has high value at x = 0.63
[37-40]. Recently, structural and magnetic properties of M type Ce
substituted barium hexaferrites prepared by Sol-gel auto combination
method were studied [13]. Microwave absorption properties of Ce-
substituted barium ferrite prepared by the citrate sol-gel method were
also investigated recently [15]. A study regarding improvement in the
magnetic properties of strontium hexaferrite via Al doping is discussed
very recently by Wang et al. [41]. Effect on structural and magnetic
properties due to replacement of Sr?* ions by rare-earth ions (RE®*)
ions (RE: Y, La, Ce, Pr, Nd, Sm, and Gd) have been investigated for the
case of Sr ferrites [42]. A systematic study on structural and magnetic
properties of M-type strontium hexaferrite particles, prepared by a
modified chemical coprecipitation method is done by Zi et al. [30].
There are also reports about the compound Sr; _,La,Fe;,_,Cu,O;9 in
the doping range of (0.0 < x < 0.35) prepared via the standard ceramic
route revealed that the coercivity decease linearly by increasing x (i.e.,
0.0 < x < 0.35) just like work of Yang et al. [43,44]. The strontium
based MHF containing La®* and Bi®" with the formula
Sry _,La,Fei5_,Bi 019 (0.0 < x < 0.5) prepared by sol-gel auto com-
bustion technique have also been studied in recent times [45]. More-
over, study of Co-Zr substituted strontium hexagonal ferrites
SrCo,Zr,Fej2_x019 with (0.0 = x < 1.0) produced by sol-gel process
also showed some intriguing properties [46-48]. The presence of
magnetically ordered states and ferroelectric properties open new op-
portunity for wide practical application of the MHF. The key point for
such applications is controlling the magnetic properties of such speci-
mens. The analysis of experimental data of multicomponent oxides so as
the hexaferrites confirmed that their physical properties are directly
depended on concentration of diamagnetic substitute, type of crystal
structure, crystalline size [27] and even confirmed the anion stoichio-
metry [25]. In this paper we expose the study of Ce®* ions doped Sr
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based MHF having following formula Sr;_,Ce,O.6Fe;O3 or
Sr; _,CeFe 5010 (from here onward we will call it SCFO) in the form of
powders and magnets, within the doping range 0.00 < x < 0.30 pre-
pared by the conventional solid state ceramic process. The main aim
behind this work is to probe composition effects of Ce*>* ions on the
magnetic and microstructure related properties of SCFO magnets.

2. Materials and methods
2.1. Materials

We highlight that seven samples of MHF doped with Ce®** ions
having following formula  Sr;_,Ce,Fe;,0,9 (SCFO)  with
0.00 < x = 0.30, were prepared in succession by the standard ceramic
process by choosing raw materials of AR grades namely SrCO3 (99 wt
%), Cex03 (99 wt%) and Fe,03 (98 wt%).

2.2. Methods

In order to achieve required mixtures, a planetary ball mill was used
with hardened steel balls containing 10 mm average diameter and
having a speed of 310rpm. Briefly, as a first step, mixed powders
prepared by the wet mixing method presintered in air, inside a box
furnace at about 1280 °C for 2h. A vibration mill was used to crush
down the particles less than 100 um, and then sent to a ball mill where
they wet milled with appropriate additives (0.5% wt. of CaCOs, 0.3%
wt. of SiO,, 0.2% wt. of Al,O3 and 0.3% wt. of H3BO3) for about 14 h.
This final milled product was trampled into disc-shaped pellets having
roughly 15mm thickness and 30 mm diameter under 310 MPa in a
pulsed magnetic field aligned parallel to the pressing direction and
having value of 900 KA/m. For the second step, the green compacts
were sintered again in air at the temperature 1220 °C for 1.5h inside
the box furnace. The structural information regarding phase compo-
nents of the presintered powder samples were carried out by an ana-
lytical difractometer (X’Pert Pro) in continuous mode using Cu Ka ra-
diation having A = 1.5406 A. In order to investigate morphologies, a
field emission scanning electron microscopy FE-SEM (HITACHI S-4800)
was used. Magnetic properties were carried out at room temperature by
using a permanent magnetic measuring system (NIM-2000HF, made by
the National Institute of Metrology of China).
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Fig. 1. (a) XRD pattern for the MHF powders of SCFO (0.00 < x < 0.30), (b) Plot of lattice parameters a and ¢ versus x of SCFO (0.00 < x < 0.30).
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Fig. 2. FE-SEM images of the SCFO (0.00 < x < 0.30) magnets sintered at 1220 °C for 1.5h (in air) with Ce composition (x) of; (a) x = 0.00, (b) x = 0.05, (c)

x = 0.10, and (d) x = 0.15.

3. Results and discussion
3.1. Phase identification analysis

The structural analysis of MHF powders of SCFO (0.00 < x < 0.30)
acquired by X-ray diffraction (XRD) measurements is depicted in Fig. 1.
The diffraction peaks are indexed by reason of hexagonal magneto
plumbite crystal anisotropy having space group P63/mmc (JCPDS card
n0.33-1340).

It is evident from Fig. 1(a) that all precursors have almost same XRD
pattern that point toward a single magneto plumbite structure and no
secondary phase’s sign is seen with the increase of Ce doping content x
from 0.00 to 0.15 due to entering various cations in the crystal structure
of hexaferrites. This suggests that Ce®>* ions have gone into the M-type
lattice. With x = 0.20, the XRD patterns show a desired phase of the
strontium MHF and also an undesired phase or roughly speaking as a
second hematite phase in the form of a-Fe,O3 with space group (R-3c).
The occurrence of this sort of phase at x = 0.20, suggests that not all
Ce®* jons have entered in the MHF lattice of SCFO. In addition, it is
evident that the peak intensities of XRD patterns changes by increasing
x. The variation could be thought as due to occupying of the crystal-
lographic sites in the crystal lattice. The strongest peak corresponds to
(107), for the SCFO magnetic powders with x range of 0.00-0.30. In
Fig. 1(b) we present results for the variant of the lattice constants a and
¢ with different Ce doping content (x) for the powders of SCFO
(0.00 = x < 0.30). These values of lattice constants a and c as a func-
tion of x are estimated from the values of the interplanar distances dpy
given by the following formula,

1
Ay = 4 h2+hk+k2+l__7
hkl = 3- 2 2

@
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where h, k and [ are the Miller indices and dy; is the inter-planer spa-
cing.

As already mentioned, the obtained values for the respective lattice
constants a and c are plotted in Fig. 1(b), show variation with the in-
crease of Ce content (x). Fig. 1(b) shows that the values of lattice
parameters ¢ and a increase with increasing Ce>* aggregation x for the
powders of SCFO (0.00 < x < 0.30). The increase in lattice parameters
¢ and a is ascending from the point that the average ionic radii (1.26 A)
of Sr2* and (1.143 A) of Ce3* are higher as equated to the ionic radius
(0.78 A) of Fe2". The variation of c/a (lattice parameter ratios) as a
meaning of Ce>* aggregation x for the MHF is confirmed in Fig. 3. It is
obvious from Table 1 and Fig. 3 that ratios of c/a are slightly increasing
with the increasing of (x) aggregation of Ce>* from 0.00 to 0.30. The ¢/
a is exploited to confirm the structure type i.e for MHF structure can be
assumed if the ratio is lower than 3.98. The c/a ratios are within the
range of 3.910-3.916, specifying the MHF structure. It is obvious from
Table 1 that with the variation of Ce®*, x aggregation the unit cell
volume (V) increases from x aggregation 0.00-0.30 and
686.026(A%)° to 692.096(A°%)>. The increase of V.o with increasing
Ce®* x-aggregation may be ascribed to the lattice parameters (c and a)
as shown in Table 1 and Fig. 3. Furthermore, the change in the lattice
constant c¢ is bigger in comparison with lattice constant a. It is quite
evident that both parameters show more or less a similar trend with
increasing x i.e., an increase-decrease region followed by a constant
type region and then again an increase-decrease region. It is well es-
tablished now that the lattice constants should increase if one sub-
stitutes higher ionic radii elements [40]. The refined values of lattice
parameters of crystal structure with space group P63/mmc are listed in
Table 1. The indexing and refinement of lattice parameters are con-
firmed by using software Checkcell (upgraded version of Celref) by
using the least square method. The calculated crystallographic
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Fig. 3. Magnetization versus applied magnetic field of SCFO hexaferrite; (a)—(f) with different Ce doping content values (0.00 < x < 0.30).

Table 1
Parameters from the structural refinement of Sr; _,Ce,Fe;,0:9 (x = 0.00, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30).
Lattice Parameters x = 0.00 x = 0.05 x = 0.10 x = 0.15 x = 0.15 x = 0.25 x = 0.30
a=b 5.8780 5.8804 5.8850 5.8879 5.8897 5.8901 5.8909
c (A% 22.9879 23.0071 23.0136 23.0372 23.0536 23.0680 23.0696
c/a 3.910 3.912 3.910 3.912 3.914 3.916 3.916
a=pe% 90 90 90 90 90 90 90
Y®% 120 120 120 120 120 120 120
Volume (A%)? 686.026 687.845 688.962 689.478 690.471 691.718 692.096
450 h i d variations in latti t ith
=015 parameters show an increase and variations in lattice parameters wi
40 doping of Ce®** ions which leads to the change in volume of doped
sample.
L 350 We describe the SEM micrographs of the SCFO powders in
Fig. 2((a)-(d)), in order to give an evident visualization about the
o 300 homogeneous distribution and hexagonal plate like shape of the parti-
£ E cles. In addition, it is observed that the Ce composition (x) do not affect
~ [ %0 & the average particle size and precursor morphology of the sintered
m
/M | 500 magnets.
L 150 . .
BH 3.2. Magnetic properties
ch ch max 100
The magnetic properties of MHF in the form of hysteresis loops for
. . . . . . . . . y——r 50 SCFO magnetic powders with different Ce doping content, x
-240 -220 -200 180 -160 -140 -120 -100 -80 -60 -40 20 O (0.00 = x < 0.30) are shown in Figs. 3 and 4 respectively. The de-
H (kA/m) magnetizing curves (Fig. 3) of sintered magnets were recorded at room

Fig. 4. The usual Demagnetizing curves of MHF magnets SCFO with Ce content
X, at x = 0.15.
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temperature for all the precursors by resorting to a permanent magnetic
measuring system.
In Fig. 4 below, we describe a quick view of the typical
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Table 2

Summary of By, He,, He and (BH)max values taken from the data of MHF

magnets SCFO with different Ce contents, x (0.00 < x < 0.30).

Ce content, x B, (mT) Hep (KA/m) Hj (ka/m) (BH)max(kJ/m3)
0.00 246 161.3 1710 5.37
0.05 267 150.9 272 12.2
0.10 309 85.9 1131 15.9
0.15 324 61.4 1206 18.0
0.20 226 67.4 1349 5.10
0.25 224 74.3 1574 3.82
0.30 150 170.6 1580 2.85
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Fig. 5. The remanence (B,) versus Ce doping content (x) plotted for the SCFO
hexaferrites.

demagnetizing curves of SCFO magnets with constant value of Ce
content x = 0.15.

Furthermore, the parameters determined from the obtained hys-
teresis loops for instance, the remanence (B,), intrinsic coercivity (H),
magnetic induction coercivity (H.,) and maximum energy product
((BH)max) respectively are presented in Table 2.

In Fig. 5, we present data of SCFO hexaferrites in the form of re-
manence (B,) with varying Ce doping content (x) in the range of
(0.00 = x < 0.30). The B, show fairly significant deviation such that
initially it increases in the region marked as R-I at x = 0.00 (with B,
value ~246 mT) to x = 0.15 (B, value ~324 mT). After that it showed
a decrease when x = 0.15 (with B, value ~324 mT to 150 mT) marked
as region R-II. In our view, the increasing trend in Br value in the region
R-I (0.0 < x < 0.15) is ascribed to occupancy of different interstitial
sites by the Fe®™ ions (as discussed in sec. 1) together with collinear
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arrangement of its magnetic moments created by super exchange me-
chanism. Additionally, Ce>* ions tend to reside on those sites that
contain downward electrons spins in the low doping range, therefore
the Fe* ions have to forcing upward spins and accordingly increasing
the remanence. Alternatively, in Sr; _,Ce,Fe;5019 (0.00 < x < 0.30),
the replacement of trivalent of Ce®* for divalent Sr>* ions a small
quantity of Fe>* ions will change into Fe** ions at octahedral 2a sites
to balance the electric charge. This decline the ferromagnetic
Fe3*-0?"—Fe®** super exchange interaction due to valence change
[46,47]. Consequently, strong local spin-canting exist the overall
magnetic structure remains ferrimagnetic up to x = 0.20. The results
were gradual decrease in T by increase in Ce®>* substitution leads to
the formation of a spin-canting structure [40,48]. Now let us shed some
light on the shrinking of remanence (B,) in the region R-II with
x > 0.15. The increase in doping content of Ce®>* ions together with
regards to its non-magnetic character will tend to reduce the already
present super exchange effect and hence the B, value. Furthermore, in
above Ce substitution range R-II (i.e., x > 0.15) the a-Fe,O3 phase (as
a second phase) will start to show up growing character in its compo-
sition with respect to increment in x and consequently become a cause
of further decreasing the B, value. Fig. 6(a) describes the dual variation
of the magnetic induction coercivity (H,) together with the intrinsic
coercivity (H) as a function of Ce doping content (x).

First of all, clearly, observed that both Hy, and H of the SCFO
hexaferrites show a rapid decrease with increase in x values represented
by R-I and R-II respectively. The H;, decreases at x = 0.00 (having Hy,
value ~161.3 KA/m) to x = 0.15 (with H, value ~61.4 KA/m). Then
it showed an increase from x = 0.15 onwards (H,, value ~61.4 KA/m)
to x = 0.30 (having H;, value ~170.6 KA/m). Similarly to above, the
H,; decreases at x = 0.00 (H, value ~1710 KA/m) to x = 0.05 (having
H; value ~272 KA/m). After that it increases and showed almost a
linear increasing character from x = 0.10 (H; value ~1131 KA/m) to
x = 0.30 (having H,; value ~1580 KA/m). In literature [49] one can
find a theoretical formula relating inversely the coercivity (H;) with the
saturation magnetization (Ms) given as under,

Hc B a(§)
M,

where a, Mg and K are called, the orientation factor, saturation mag-
netization and magneto crystalline anisotropy constant respectively.
The decease of He, (x < 0.15) and H; (x < 0.05) may be seen from
Eq. (1) and from Fig. 6(b) where B, and H,; are plotted together as a
function of x. Besides, the increase of both H;, and H; in the R-IT having
doping range x = 0.15 might be ascribed to the slight decrease seen in
the B, value in the vicinity of above mentioned range (see Fig. 6(b)).
Lastly, there may be an influence of magneto crystalline anisotropy in
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increasing the above parameters (H, and H).

The plot of maximum energy product (BHp,.y) versus different Ce
compositions x is shown in Fig. 7. First consider the left side axis of
BH,ax value, that show an increasing trend in the region R-I with
0.00 < x = 0.15, while there is a decrease in its value in the region R-II
(x = 0.15). Looking at Figs. 5 and 6 and also from the information given
in Table 1, it is clear that the BH,,,,x has shown a decreasing trend in R-II
region at x = 0.15 (with BH;,x ~18.0 kJ/m%) to x = 0.30 (having
BHjnax ~2.85kJ/m®). This can be attributed to the variations of the
remanence (B,) and intrinsic coercivity (H;) as depicted in Fig. 6. It is
well accepted that the BHp, is predictable by the product of B, and Hj,
and is judged as maximum area (in the second quadrant) of the hys-
teresis loop. Therefore, above discussion confirmed that, the BH,,,,, has
shown a decrease with respect to increase in Ce doping x for the case of
SCFO.Now let us turn to the right hand side axis of above Fig. 7, where
the Hy/H, ratio of the SCFO (0.00 < x < 0.30) magnets as a function of
x is presented. Here Hy and H are the knee field and coercivity re-
spectively. Actually, Hi/H,; is a considered as a vital ratio in regard to
magnetic properties of the permanent magnets. It can, by instinct, index
the rectangularity of the demagnetizing curves as well as validate the
stability of the magnets under dynamic working environment [50]. As
seen from Fig. 7, in region R-I, the Hy/H, ratio has shown an increase
similar to BH,,,x with increasing Ce content and in the region R-II it has
shown a decrease in its value. The observed character of Hy/H,; ration is
accordance with the results revealed in Figs. 3 and 4.

4. Conclusion

The M-type hexaferrites (MHF) doped with Ce®** ions having the
general formula Sr; _,Ce,Fe;5019 (SCFO) with 0.00 < x < 0.30, were
successfully prepared in succession by the standard ceramic process.
XRD data confirmed the phase compositions of the powder samples by
highlighting two phases, first as a single magneto plumbite phase with
increasing x upto x < 0.20, and second as a-Fe,O3; when x = 0.20. The
microstructures also confirmed that the grain particles were of hex-
agonal platelet like shape. For investigation of magnetic properties, a
permanent magnetic measuring machine was used to record the mea-
surements at room temperature. The estimated remanence value (B,),
showed an increases with x upto x = 0.15 and then a decrease when
x = 0.15. The other parameters like intrinsic coercivity (Hg) and
magnetic induction coercivity (H,) showed a decreasing-increasing
trend in the above regions of Ce doping. However, the maximum energy
product (BHp,,) and ratio Hy/H,; have displayed increasing—-decreasing
character in the regions of x < 0.15 and x > 0.15 respectively with
respect to increasing Ce doping content. Finally, the MHF with Ce
doping (like SCFO) with x < 0.15 having high B, and low H, values, are
of great interest for the future magnetic applications.
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