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ABSTRACT
Substituted M-type calcium hexaferrite, Ca(CaBg)2-2xO19, as a function of doping rate
(x=1,3,4) was synthesized by sol-gel method. ThRaX diffraction reveals that the
crystal has hexagonal symmetry with space grougr®@8 (No.194) with two formula
units per unit cell. Transmission Electron MicrgsedTEM) studies affirmed the particle
size in nanometer range. The Vibrating Sample Mamgneter (VSM) studies of the as
grown samples suggested that the saturation magtieti (M) increases with
substitution. It was also found that the paramétiersTc and SQR were known to decrease
with doping degree.
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1. Introduction

Hexaferrites are a special class of magnetic oxilesacterized by many favorable
physical and chemical properties. Since their disgp in the 1950s, a great deal of
research work has focused on their synthesis anchtdification of their properties  [1-
4]. Because of their high efficiency, low cost ardall volume, hexaferrites find wide
applications in numerous fields. Many new magneitrowave devices (radar electronics,
wireless technologies, phase shifters, data stoeatjige responsive components, sensors
and transducers) are envisioned using planar,bseded, and low loss hexaferrite
materials. [5-9]. Ch. Mamata et al. [10] reportattthe enhanced resistivity of doped
calcium hexaferrite is suitable for device applmat Since the discovery of M-type
hexagonal ferrites, extensive research has beeiedarut to improve their magnetic
properties, particularly by the use of cationic«iibtions [11,12]. The motive to bring out
sizable volume of information about the applicapiind viability of such samples for
the development of modern sciences and technolagygkared up the objective of this
research work. From the literature survey we fotlmt Calcium has not been much
explored as a host material. Calcium is richer tiwantium and barium on the earth.
Therefore, M-type Calcium hexaferrite could be iadile candidate material for low cost
permanent magnet [13]. The dopants*Cand Srf* have better intrinsic magnetic
properties than F& Moreover, the ionic radii of the dopants are camaple to the host
material. Also both the dopants come under higtofieagnetic materials.
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2. Materialsand method

The samples of M-type substituted hexaferrites wittlecular formula Ca(Co-Sihero-
2019 Were synthesized by changing the values of x41Bye reactive nitrates such as
Ca(NQ)2, Fe(NQ)3.9H,0.Co(NQ)..6HO and SnCl as precursors were dissolved into
de-ionized triple filtered distilled water at a teanature of 50°C for a period of 15-20 min.
Fuels like glycine and urea were used as reduajegta to supply requisite energy to
initiate exothermic reaction among the oxidantse $bl-gel was produced by dissolving
precursors in unionized water in a conical flaghkei this gel was stirred for 15-20 minutes
using a magnetic stirrer. This gel was further madee homogenous under the influence
of simultaneous effect of heat and rotational epeftis was carried out for about 20-30
minutes till complete homogeneous thick gel waslpeed. This gel was then allowed to
burn in a microwave oven which was digitally pragraed to produce ‘as-burned-sample’.
This ‘as-burned-sample’ was kept rotating but withany exposure of microwave to cool
it and to get out all the fumes from it. The ashhef sample was then grinded for 4 hours
each in three cycles using pestle and mortar tcentakore fine and ultrafine in order to
produce nano hexaferrites. Phase identification detdrmination of lattice parameters
were carried out by powder X-ray diffraction (XRParticle size was determined using
Transmission Electron Microscope (TEM). Magnetioparties were discussed by
magnetization measurements by measuring of  B-Fecwith vibrating sample
magnetometer (VSM).

3. Resultsand discussion

3.1. X-Ray diffraction study

The X-Ray Diffraction spectrum of all samples wasried out and studied (Figure 1a).
The crystalline phase characterization of the sampVas carried out by a computer
interfaced X-ray Diffractometer (PW-1710 PHILIPSpIk&nd) operating at 42.5 KV and
18.00 mA with Cu-Ki radiation. The diffraction was measured in thegeafrom 20° to
80° with a step of 0.02°/second. The JCPDS files2¥e1029 taken into consideration to
verify crystalline structure of Co-Sn doped calcittexaferrites. The analysis revealed
that in all the patterns the main peaks correspotite hexagonal M-type phase with space
group P63/mmc (No.:194). The existence of the npostinent planes (1 0 7) in our
samples further reinstates the M-type hexagonatakgtructure. But a few weaker peaks
are also observed and it is attributed that theayespond to hematite F@; family and
CaFeOQ, phases. It is observed that the intensity of tipesdks was found to increase with
the increase in substitution degree, due to ocaupaf lattice sites by substituted ions.
The high intense peak (107) is shifting toward Io®eagg angle as an increase of Co—-Sn
substitution (x) as shown in Fig.1 (b). This maydue to the larger ionic radii of 8n
(0.71A) and C& (0.745 A) compared to Fe(0.645 A) cations. It is clear from Fig.1 (b)
that the relative intensity of the peaks changeg Ineadue to some distortion in the crystal
structure after Co—Sn substitution. From structpalameters it is evident that lattice
constant ‘a’ reflects less variation while ‘c’ iiaily varies rapidly and again decreases with
the substitution (Table 1). This is in agreemertihwhe fact that all hexagonal types exhibit
constant lattice parameter ‘a’ and variable paramet’ but having a bit of variation as
reported by Kojima et al [14]. It also indicatesttthange in easy magnetized c-axis is
larger than that in a-axis with €and SA" ion substitution. This is attributed due to large
ionic radii of Cé* ion (0.72 A) and St ion (0.71 A) than F¥ ion (0.64 A). These
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observations resemble with those reported indepelydey Gonzalez Angeles [15-18].
The change in lattice constants also varies with distance between magnetic ions
resulting in the change of exchange interaction tand magnetic properties are altered
with the substitution degree.
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Figure 1. (a) X-ray diffraction patterns of Ca(Co-Shg22019 (X=1, 3,4)
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Figure 1: (b) Enlarged view of the (107) Bragg peak
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Table 1. Structural and Morphological Properties of Samples

Lattice | Axial | crystallite Volume | Bulk X-Ray | Porosity
P t Rati ;
arameter| Ratio Size Density | Density P
V
Sr| Chemical Formula| a C D Do Dx
No of Sample
(gmicn?) (gm/cm
gm/c
A | A (nm) A2 9 (%)
+0.01
+0.01
5.82| 22.0| 3.790
1 | Ca(Co-Sn)FeO19 17.831 648.72 4,981 5.5290 | 9.9121
47 793 6
5.85| 22.3| 3.813
2 | Ca(Co-SmyFesO1o 23.446 661.32 5.644 6.0859 7.262
03 116 8
5.85| 22.2| 3.792
3 | Ca(Co-SmFesO1o 84 156 1 31.789 660.30 5.989 6.4270 6.815

3.2. Morphological study

The Patrticle size was confirmed by TEM studies ((Fé2). The TEM of the samples was
carried out by the instrument of make PHILIPS, Mdd®l 200 having operating voltage
20-200 KV and resolution 2.4 A. The TEM studieseavthat Co-Sn doped Calcium
Ferrite particles are hexagonal platelets with m&genous distribution and improved X-
ray and Bulk density. As shown in Figure 2, theceten diffraction pattern shows ring
patterns superimposed with spots. It reveals theq@ystallinity of individual crystallites
and also confirms the formation of the calcium Hexé#e phase as reported by Fu et al.
[19]. The average particle size of nano particleglpced is measured to be around 11.52
nm based on the TEM studies. As shown in Figutbif plates of nearly hexagonal shape
are formed exactly as obtained by Rosler et a]. @80, from the Debye-Scherrer formula
the average patrticle size was counter verifiecete .94 nm.
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Figure 2: Magnified view of transverse electron micrograplhvélectron diffraction
pattern in an inset

3.3. Magnetic study

Magnetization measurements of the samples weréedaout using a fully Integrated
Vibrating Sample Magnetometer (Lake Shore 7400patn temperature with an applied
magnetic field of 20 KG to reach saturation valuess having configuration of 1 x 10
emu noise floor at10 s/pt and 7.5 x1@mu noise floor at 0.1 s/pt. It provides sufficien
field strength to get sample saturated. The usestesy was the most sensitive
electromagnet-based VSM’'s commercially availabled amas having the broadest
temperature range capability of 4.2 K to 1273 K69 °C to 1000 °C). The B-H curves
(Figure 3(a), 3(b), 3(c)) of the samples reveal @aSn substituted Calcium Hexaferrite
samples exhibit sharp increase in magnetizatidovatpplied field which slows down at
high field. There is a large reduction in hystesegith substitution. It is observed that the
doped samples nearly get into saturated stateodtw@rence of this state is due to large
drop in anisotropy field as shown in variation oeccivity (HC). The Co-Sn substituted
calcium hexaferrites powders have a very diffesmttof magnetic properties as listed in
Table 2. The table shows that the saturation magtietn (Ms) increases from 11.5038
emu/g to 24.5117emu/g and further decreases t@15.@mu/g with substitution. The
saturation magnetization Ms increasing with Co-@rsisubstitution could have happened
because of the replacement of*fiens in spin up state by €and SA*ions. The magnetic
moments of both ions are not able to cancel out gftin down moments of Feions,
thereby decreasing Ms.
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It has been observed the coercivity Hc of doped psasndecreases with
substitution of C& and SA" ions. This frequent reduction in anisotropy isvmtily related
to intrinsic effect associated with replacemenkEeft ions at both 4f2 and 2b sites. These
two sites contribute to large anisotropy field eparted by Mendoza-Suarez et al. [21].
Another factor responsible for the decrease ina@oity is extrinsic effect accompanied by
increase in grain size with substitution as depiégteTEM morphology of the samples.
The fall in coercivity is an indication of soft fée behavior. Similar trend has also been
observed by Ghasemi et al [22] in other hexagaTaité. From Table 2, it is clear that the
Curie temperature (Tc) of the sample decreases®@athand SA* ions substitution. This
can be explained on the basis of number of magiweticpresent in the two sub-lattice and
their mutual interactions. As the Fe3+ ions ardaegu by C&" and SA* ions with low
magnetic moment, the number of magnetic ions deesean both sides weakening AB
super-exchange interaction of type Fef—-FeB".This eventually imbalances the spin
alignment at lower thermal energy, leading to desean Curie temperature (Tc). Similar
reduction of Tc with substitution has also beeneobed in  Ba-Cr hexagonal ferrites by
Kim et al. and by Xiannsong Liu et al. [23] in Sa-hexagonal ferrites. Also as reported
by Litsardakis et al. [24-26], Fe/Co or Fe/Sn weakihe exchange interaction and hence
it reduces the Curie point.

Variation of magnetization as a function of tengpere were mentioned in the
figure 4 the curie temperature of the prepared rizisere found to be 659.30K, 544.59K
and 465.97K for sample-1(Ca(Co-Sn)&ag) sample-2 (Ca(Co-SsHe:019) and sample-

3 (Ca(Co-Snfe0n9) respectively. From the figure 4 it has been ole=gthat the Curie
temperature goes on decrease with decreasing thremwation of F& ion, this is due to
the fact of magnetic interaction between**F@ns and other cation. In the M-type
hexaferrite F& cation accommodates at three different types tdrstitial cationic
positions: tetrahedral, octahedral and bipyrami&inilarly C&* cation occupied at
octahedral and tetrahedral position but with ogeospin of F& cation which may be the
reason for cancelation of magnetization of the nmlteiith increasing the concentration
of F€** ion. Here the magnetization value for sample-iésatgr than sample -2 and sample
-3, therefore sample -1 has highly oriented magmetiments and it needs the large amount
of heat to disorient, hence Tc (Curie temperatisr@)ore for the sample -1 as compare to
other two samples as mentioned in figure 4.

Figure3(a) Figure 3 (b) Figure3(c)

Figure 3: Hysteresis loop for sample 1, 2 and 3
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Figure 4: Magnetization as a function of temperature
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Table 2: Magnetic properties of samples

T ¥
200 1000

Name of Doping Chemical M. M, SOR He T.
Degree | Formula for
Sample
X the Sample| emu/g | emulg G K
Ca(Co-
Sample 1 1 11.5038 | 5.37827| 0.4675 | 1799.02 | 659.30
Sn)FadO19
Ca(Co-
Sample 2 3 245117 | 9.2029 | 0.3754 | 1196.49 | 544.99
SﬂbF%Olg
Ca(Co-
Sample 3 4 17.7815 | 6.54563| 0.3681 | 603.12 | 465.97
Sn):;FQ;Olg

3.4. Temperatur e dependence of susceptibility

The temperature dependence of the magnetic susitigptivas carried out by the bridge
method, where the samples were heated at a comatanbf 4°C /min. The graphical
variation of the magnetic susceptibility versus penature is as shown in the Figure 5. The
temperature dependence of magnetic susceptibigsorement (Figure 5) showed that
the decrease of the magnetic ordering temperatitredspant level is less rapid which
allows applications of Co-Sn doped M-type ferritgshigher temperature. Because of
difference in the magnetic moment of Cand Fé' ions a ferromagnetic behavior is
achieved by the samples. This dependence showsirthtite vicinity of the Curie
temperature, there appears a sharp Hopkinson peainfjle phase M-hexaferrite. These
Hopkinson peaks are found to be broadened andpkek values fall with rising x. This
is attributed mainly to a distribution in the shagfethe particles and a spread in the
composition.
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Figure5: Temperature dependence of susceptibility

The canting is not worked out in this case bubibeerved result shows at low temperature,
canting and A-B interaction play a complex rolebsticat almost a feeble magnetic
antiferrimagnetic exchange is involved and henkssser degree of curvature is observed
in the present case. The high value of Tc (659.8@dmonstrates that some inter-sublattice
exchange interactions are formed. Moreover in hexiéds the interaction between two
close sites, such as 2a-12K, 2a-4f1 and 2b-12Kdssive for strong magnetic character as
quoted by Turilli et al. [27] and Van Uitert [28/henever magnetic ions i.e. €and Fé*

are present in these sites, strengthening of sexggrange interaction produces an increase
in the magnetic characteristics such as Curie tesmype, magnetization, etc. All these
findings are supported by the research work cawig¢dy V. M. Nanoti et al. [29-30] as
predicted by Stoner-Wohlfarth model [31, 32], tH@gRSshould be less than 0.5 for the
single domain magnetic structure of the samplesuincase, all the samples have SQR
close to and less than 0.5 which eventually corsfithe single domain structure of the
samples. The temperature dependence of magnetepilslity measurement showed that
the decrease of the magnetic ordering temperatitredspant level is less rapid which
allows applications of Co-Sn doped M-type ferritgshigher temperature. Because of
difference in the magnetic moment of Cand Fé' ions a ferromagnetic behavior is
achieved by the samples. The introduction of*@ms into the tetrahedral sites would not
change the net magnetization of materials but émacement of Sf ions into the
octahedral sites must have caused the variaticdhénnet magnetization of materials.
According to the variation of the saturation magaion of the series Ca(Co-Shgi»-
2019 With x (as represented in the Table 2), we coreltitht the increase of the net
magnetizations of materials for x = 3 and 4 carattébuted due to the replacement of
diamagnetic Sn4+ ions into the spin down sublaitidé2. When x > 3.0; Shions
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substitute for the spin-down sublattices (4f2) atkebr octahedral spin-up sublattices (12K,
2a, 2b); therefore, the values of saturation maggin of compounds decreases with x
and the magnetic collinearity of materials alsordase gradually as explained by Slama
et al. [33].

4. Conclusion

Co-Sn doped nanoscale Calcium Hexaferrites werthegized using Sol-Gel method. It
was observed from the intensity peaks in the XRifepas that as the doping concentration
increases, other intermediate phase like hemaiiteOs gets lowered. The TEM studies
revealed that Co-Sn doped Calcium Ferrite partieles hexagonal platelets with a
homogenous distribution and improved X-ray and Bidksity. It has been observed that
the coercivity of doped samples decreases withtisutisn of C#* and SA* ions. This
frequent reduction in anisotropy was attributed imtrinsic effect associated with
replacement of Fé&ions at both 4f2 and 2b sites. The deviation erttagnetic properties
of the samples was attributed to the change frosingle-domain to a multi-domain
structure which was led by agglomeration. The sditam magnetization Ms increasing
with Co-Sn ions substitution could be a resulthaf teplacement of Feions in spin up
state by C& and SA" ions.
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