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Abstract. 
W-type ferrite having chemical formula SrNi(LiFe)0.5Fe16O27 was prepared by using conventional solid state reaction method at little low temperature (1100°C). The prolonged and continuous heating resulted in better product formation and it has validated that the Lithium present in the compound facilitates the synthesis. Typical IR bands observed are assigned to the Fe–O bonds in S block of W ferrite structure and the band near 914.3 cm−1 is assigned to the stretching vibrations of Sr–O. High resistivity is found which suggested presence of very small amount of mixed valency cations on equivalent lattice apart from the little amount created due to the release of an electron by divalent Ni to become trivalent. The magnetic properties of compound do not differ much from those of the reported for SrNi2W ferrite except a little decrease in saturation magnetization at room temperature due to canting effect. The experimental observations support presumed site preferences to a greater extent and also the prediction that the Li present on 
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 sub-lattice results in small canting effect of 12k cations. The low value of coercivity observed is attributed to the larger particle size resulting due to prolonged heating.


1. Introduction
The W-type hexagonal ferrites, having chemical formula Ba/SrM2Fe16O27 where M stands for divalent metal ion, belong to a very large family of hexagonal ferromagnetic oxides. The crystal structure of W-type ferrite has been described for the first time by Braun [1].  It can be considered as a stacking of R and S blocks along the hexagonal c axis: RSSR*S*S*…. The space group assigned for W-type ferrite is P63/mmc or 
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 (number 194) [2].
Because of the technological applications such as permanent magnets and microwave device materials, hexagonal ferrites are being studied. Among them, the W-type ferrites are investigated largely because of the different substitutions feasible by suitable choice of divalent metal ion [3–6]. W-type ferrite does not contain any monovalent cation, but a combination of monovalent cation with some multivalent cations for charge compensation may be substituted for the divalent metal ion. The critical literature survey showed that meagre work has been done in this direction except for the compound SrZn(LiFe)0.5Fe16O27 [7–10].
Ni substitution has found to play an important role in tailoring properties of ferrites and hence it was decided to investigate the electromagnetic properties of the compound having chemical formula SrNi(LiFe)0.5Fe16O27. As far as we know, the compound studied in the present investigations, is being reported for the first time.
2. Materials and Methods
The SrNi(LiFe)0.5-W-type compound, in the present investigations, was prepared using the standard solid state reaction method [11]. The AR grade reacting oxides and carbonates were first heated at 200°C for 2-3 hours for removal of traces of moisture if present. After cooling them to room temperature, their stoichiometric quantities were taken by using monopan balance. These were then mixed together in an agate mortar with AR grade acetone continuously about 5-6 hours to achieve uniform grain size and also homogeneity.
The mixture thus obtained was added with 5% polyvinyl acetate (PVA) solution in AR grade acetone as a binder and mixed thoroughly. This PVA mixed compound was then pressed in a hydraulic press for few minutes at pressure up to 5 tones. The pellets thus obtained were heated in an electric furnace at 300°C for about 4 hours to remove the binder. The temperature of the furnace was then raised slowly to 900°C and maintained for 24 hours. The preheated pellets of compound were taken out of the furnace and again crushed to fine powder. When mixed thoroughly, pellets were again prepared as described above. These pellets were then transferred to an electrically heated furnace for final heating. In this sintering process the temperature of furnace was initially raised up to 400°C, then maintained at this temperature for 4-5 hours, and then finally raised to 1100°C. This temperature was maintained for about 100 hours. The compound fired in this way was then cooled slowly at the rate of 1°C per minute till it reached 800°C. Afterwards, it was allowed to cool to room temperature by switching off the furnace.
In the present work X-ray diffractometer with filtered Cu Kα radiation from X-ray tube, operating at 40 KV and 20 mA, was used for identification of compound. The X-ray diffraction graph, in the 2θ range from 20 to 90 degrees, is recorded. The IR spectra of ferrites give information about the various vibrational modes in the ferrites which depend on the cation mass, cation-oxygen bonding force and distance, ionic radii, chemical nature of neighbouring cations, the unit cell dimensions, and so forth. The spectra in the range from 400 to 4000 cm−1 were recorded at room temperature on infrared spectrometer; for this the ferrite powder was dispersed in KBr and pressed to get a clear disc.
Scanning electron microscope was used to study the morphology and get the idea about the particle size distribution. Standard procedure was adopted to get the SEM micrographs.
The critical literature survey revealed that the electrical properties of hexagonal W-type ferrites are less studied, compared to their magnetic properties. This may be due to the fact that they were developed initially as permanent magnet. Today W-type ferrites are finding applications in many diverse fields like microwave and hence their electrical properties are also becoming important. Two-probe method was employed for measurement of dc conductivity. The set-up consists of a sample holder made up of two brass electrodes and placed in an electrically heated furnace. The pellet specially prepared for the study was placed between the flat faces of electrodes. The resistance of the pellet at various temperatures was measured with the help of a LCR meter by connecting it across the electrodes.
In order to prepare pellet for the above observations the compound prepared was grounded to fine particle size in an agate mortar. The powder was mixed with 5% polyvinyl acetate solution made in AR grade acetone, as binder, and mixed thoroughly. This mass was then transferred to a die and pressed under pressure of 5 tons per cm2 using a hydraulic press. The pellets, so prepared, were then heated in a furnace up to 500°C to remove the binder. After maintaining this temperature for few hours the pellets were slowly cooled to room temperature. In this way crack free pellets in the shape of a cylinder of small height were obtained. The end faces of the pellets, so prepared, were gently grounded over zero number sand paper to ensure smooth surfaces. The dimensions of the pellets were measured accurately. The smooth and flat parallel faces of the pellets were coated with uniform thin layer of silver paste to facilitate a good electrical contact with the electrodes. The silver paste was dried by heating the pellet slowly for few hours in air at 500°C. The thin coating of silver paste thus formed was adherent and chemically inert pellets were stored in desiccators.
The graph of ln 
	
		
			

				𝜎
			

		
	
 against 
	
		
			
				1
				/
				𝑇
			

		
	
 was plotted and from the slope of the graph the activation energy for the compound was calculated using the following relation:
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The thermoelectric studies were carried out using two-probe set-up fabricated in the laboratory. The set-up again consists of two electrodes; one is having flat surface while another, which was heated, is tapering. A thick pellet was placed between the electrodes and the emf generated across the electrodes at various temperature differences between the two electrodes was measured. The measurements were taken in the temperature difference range of 350°K to 450°K. The type of carriers responsible for conduction process was determined from this study.
Magnetic susceptibilities of the compound in the paramagnetic region were measured by Gouy’s method using mercury tetra thiocyanate HgCo(CNS)4 as calibrant. From the experimental data obtained in Gouy’s method, molar susceptibilities (
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) for the compound, at various temperatures were determined. A graph was plotted between 
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 for the compound was determined from the plot and was compared with the theoretically calculated value. Also the Curie temperature for the compound was determined.
Vibrating sample magnetometer was used to obtain hysteresis loop at room temperature. From this loop the coercivity, retentivity, and saturation magnetization of the compound were determined.
3. Results and Discussion
3.1. Structural Studies
The prolonged and continuous heating used in present work resulted in better product formation as was anticipated. Such heating is supposed to give sufficient time to the ions to diffuse. Figure 1 shows the diffraction pattern of the final product. The graph is compared with the JCPDS powder diffraction file number 75–0727 of a similar compound SrZn2-W ferrite with crystal structure belonging to phase group P63/mmc. The peaks observed in the present work are indexed and checked with those reported for SrZn2-W ferrite and thus the formation of predominant phase corresponding to the desired SrNi(LiFe)0.5-W-type ferrite compound, without any appreciable presence of impurities, is confirmed.














	
		
		
		
		
		
		
	


	
		
	
	
		
	




	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
		
		
			
			
			
			
			
			
			
			
			
		
	













Figure 1: X-ray diffraction pattern.


The lattice parameters determined for the SrNi(LiFe)0.5-W ferrite are 
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 ratio is thus 5.568 and the X-ray volume density is 4.973 gm/cc. The average radius of Li+ and Fe3+ calculated using Shannon & Prewitt radii for six coordination 
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. Therefore one might expect smaller lattice parameters as compared to those of SrNi2-W when Ni2+ is replaced by Li+ and Fe3+ combination. Such decrease in lattice parameter is normally observed in case of spinels, in which Li goes in octahedral sites. But in case of W-type hexagonal ferrites the Li+ enters into the hexagonal R block instead of S block and Fe3+ of larger radius enters into the S block. As a result the substitution of Li, having smaller ionic radius, has not resulted in any decrease in lattice parameter in W-type ferrite, as may be expected. This may account for the lattice parameters observed for the SrNi(LiFe)0.5Fe16O27 in present work which are near those of the SrNi2-W ferrite which are 
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 as reported [12].
The IR spectra for the SrNi(LiFe)0.5-W-type compound is as shown in Figure 2. The absorption bands, below 1000 cm−1, which are only relevant to the ferrite structure, and hence the absorption bands to be taken into consideration for the present compound are at 461.1 cm−1, 557.9 cm−1, 603.7 cm−1, and 914.3 cm−1. The absorption bands above 1000 cm−1 are mainly due to the water molecules and other impurities, which are organic in nature, and are always seen in the IR spectra and hence not taken into account. The presence of typical absorption bands in the IR spectra further supports the formation of desired compound.







































































































	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
	


	
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
			
		
	













Figure 2: IR spectra.


The unit cell of the W-type ferrite is built up by superimposition of spinel blocks (S block) and R blocks containing Ba or Sr or Pb ions. Hence the IR spectra of the W-type ferrite may be identified in the light of well-studied IR spectra of Spinel ferrites. The absorption band observed at 603.7 cm−1 may be assigned to the bond stretching vibrations of tetrahedral complexes (
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). The band at about 557.9 cm−1 may be assigned to the bond stretching vibrations of the octahedral complexes (
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) while the bands at about 461.1 cm−1 may be assigned to the bond bending vibrations of tetrahedral complexes (
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) in the S block of the W ferrite structure [13–15].
The higher frequency absorption band near 914.3 cm−1 is also observed. This band is assigned to the stretching vibrations of Sr–O. In fact this band gives the confirmation of formation of a strontium ferrite [16].
The SEM study revealed that the SrNi(LiFe)0.5-W-type compound, of well-defined shapes with particle sizes ranging from 1 μm to 10 μm and negligible presence of spherical spots which correspond to the iron oxide particles, is formed (Figure 3). Very good crystal formation with compositional homogeneity could be identified from the micrograph. Since the final sintering was carried out for very long time, the thermal diffusion of reaction centres across the pores dominated and crystallization and growth of the crystallites into larger grains occurred.















Figure 3: SEM Micrograph.




3.2. Electrical Studies
The results of dc electrical conductivity study are shown in the form of a plot of ln of conductivity against inverse absolute temperature in Figure 4. The activation energy and the resistivity at 250°C found in present work for SrNi(LiFe)0.5-W-type compound are 0.813 eV and 
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 ohm.cm, respectively. It can be seen that the conductivity increases with temperature and follows Wilson’s law 
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. This indicates semiconducting nature of the compound. The large values of activation energy and resistivity are usually attributed to the relatively low number of mixed valency state of an element on an equivalent lattice sites. The increase in conductivity with temperature is due to the greater overlap of orbitals owing to the increased lattice vibrations. Since the overall distances get reduced during overlap, there will be a greater probability of exchange of charges between the two overlapping ions. Increased exchange due to overlap of orbitals led to increase in the conduction.





































































	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
	
	
		
		
	


	
		
	
	
		
		
	


	
		
	
	
		
		
	


	
		
	
	
		
		
	


	
		
		
		
	
	
		
		
	
	
		
	
	
		
		
	


	
		
		
		
	
	
		
		
	
	
		
	
	
		
		
	


	
		
		
		
	
	
		
		
	
	
		
	
	
		
		
	


	
		
		
		
	
	
		
		
	
	
		
	
	
		
		
	


	
		
		
		
		
		
	
	
		
	
	
		
		
	


	
		
		
	
	
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
		
		
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
			
		
		
			
			
			
			
			
			
			
			
			
		
	













Figure 4: Conductivity graph.


Changes in the magnetic order give rise to new types of scattering and alter the energy spectrum of carriers. Therefore electrical transport effects are known to be sensitive to charges in the magnetic order. These changes are usually reflected in the changes in the slope of the ln of conductivity against inverse absolute temperature. Since the nature of the graph observed in the present work is a straight line, it is concluded that no such change in the magnetic order takes place over the range of temperature studied [17].
The electrical property in the ferrites has been explained on the basis of the hopping of electrons in between the ferrous and ferric cations (Fe2+ → Fe3+) present on the octahedral sites. The Ni2+ prefers octahedral sites 12k in W-type ferrite [18]. The presence of Ni on octahedral sites in the compound prepared in present work favours the mechanism of conduction given by Ni2+ + Fe3+ → Ni3+ + Fe2+ [3]. This led to the presence of cations of mixed valency on the octahedral sites, which is accountable for the observed electrical conduction.
3.3. Magnetic Studies
The compound is found ferrimagnetic at room temperature with Curie temperature 810°C. The determined Curie Molar constant (
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) in the paramagnetic region for the SrNi(LiFe)0.5-W compound is 73.27, which fairly match with the theoretical Curie Molar constant of the compound (72), calculated using Curie Molar constants (spin only values) of the constituting ions. The majority of ions responsible for magnetic character of the compound are from 3d series in which the orbital momentum is quenched and only spins decide the magnetic parameters. Therefore the use of spin-only based calculations in present case is justified. This suggests that the compound is formed as per its formula. This again augments the earlier conclusion drawn regarding the formation of the compound.
The hysteresis loop observed for the compound at room temperature is shown in Figure 5. The saturation magnetization, coercivity, and retentivity observed are 60.74 emu/gm, 2216.8 gauss, and 1.0835 emu, respectively.





































































































































































































































































































































































































































	


	


	


	


	


	
	
	
	
	


	
	
	
	
	


	
	
	
	
	


	
		
	
	
		
		
		
		
		
	


	
		
			
		
		
			
		
	


	
		
			
		
		
			
		
	


	
		
			
		
		
			
		
	


	
		
	
	
		
		
		
		
		
	


	
		
	
	
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
	


	
		
		
		
		
		
	













Figure 5: Hysteresis loop.


The Curie temperature and room temperature saturated magnetization mainly depend on the density of magnetic ions and superexchange interactions (A-B) between the cations. The magnetic nature and the location of the cation in unit cell governed by its site preferences are responsible for the magnetic properties of the ferrites.
The observed magnetic properties of SrNi(LiFe)0.5-W-type compound prepared in the present work are evaluated against the magnetic properties reported for the corresponding SrNi2-W. [5, 19, 20]. The substitution may now be looked at as replacement of a Ni ion by the half of the combination of LiFe. The room temperature saturated magnetization reported for SrNi2W is 62 emu/gm [5, 21] while that determined in present work for SrNi(LiFe)0.5-W compound is 60.74 emu/gm. Thus observed saturation magnetization, at room temperature in present work for SrNi(LiFe)0.5-W compound, is found to be little smaller than that of the reported for SrNi2W compound.
It has been reported that the Ni2+ randomly distributes along with Fe3+ on octahedral 12k site in R-S block [5, 19–21] while the Li+ occupies mainly octahedral 4
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 and negligible 6g of S block in W-type ferrite [7–9]. The saturation magnetizations calculated using Gorter’s rule on this presumed site distribution are shown in the Tables 1 and 2. These calculations show that for Ni2-W and Ni(LiFe)0.5-W ferrites the values of the magnetic moments per unit cell are 26 
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)/Mol. Wt.). Certainly, at room temperature, one expects values which are much lower than these calculated, due to the thermal effects. Nonetheless, these theoretical values give prediction of the magnetic behaviour of these compounds. The saturation magnetization of SrNi(LiFe)0.5-W-type observed is less than that of SrNi2W type, this is contrary to that seen from the above calculations. This is attributed to the small canting effect of the 12k cations due to the presence of Li in 4
	
		
			

				f
			

			
				V
				I
			

		
	
 sub-lattice as predicted by Mignot et al. [10] to explain observed saturation magnetization of similar compound BaZn2(1−x)(LiFe)xFe16O27.
Table 1: Site distribution for Ni(LiFe)0.5-W ferrite compound.
	

	Sr. no.	Site	Type of site	Number of ions	Bonding direction	Spin	Contribution to magnetic moment due to the site
	Fe3+	Ni2+	
									Li1+
	

	1	12k	Octahedral	6–1	1	0	R-S	Up	
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				]
			

		
	
	+28
	2	4e	Tetrahedral	2	0	0	S	Down	
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	−10
	3	4fiv	Tetrahedral	2	0	0	S	Down	
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	−10
	4	4f	Octahedral	2–0.4	0	0.4	R	Down	
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	−8
	5	6g	Octahedral	3–0.1	0	0.1	S-S	Up	
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	+14.5
	6	4fvi	Octahedral	2	0	0	S	Up	
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	+10
	7	2d	Bipyramidal	1	0	0	R	Up	
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									Total ions in formula unit	16.5	1	0.5	 	 	 	 
	
									Total magnetic moment per formula unit Bohr magneton (
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Table 2: Site distribution for Ni.2-W ferrite compound.
	

	Sr. no.	Site	Type of site	Number of ions	Bonding direction	Spin	Contribution to magnetic moment due to the site
	Fe3+	Ni2+	
									Li1+
	

	1	12k	Octahedral	6–1	2	0	R-S	Up	
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	+26
	2	4e	Tetrahedral	2	0	0	S	Down	−
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	−10
	3	4fiv	Tetrahedral	2	0	0	S	Down	
	
		
			
				−
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				]
			

		
	
	−10
	4	4f	Octahedral	2	0	0	R	Down	
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	−10
	5	6g	Octahedral	3	0	0	S-S	Up	
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	+15
	6	4fvi	Octahedral	2	0	0	S	Up	
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	7	2d	Bipyramidal	1	0	0	R	Up	
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									Total ions in formula unit	16	2	0	 	 	 	 
	
									Total magnetic moment per formula unit Bohr magneton (
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Therefore one can infer from the experimental work and theoretical calculations that though the overall interactions remain fairly unaffected when Ni is replaced by the combination of LiFe, there is a small canting effect due to presence of Li.
The low value of coercivity could be attributed to the larger particle sizes. The larger size is already confirmed from SEM micrograph.
4. Conclusions
The temperature which is needed for the formation of the W-type phase is more than 1300°C but the Lithium present in the compound facilitates the synthesis and makes it possible to prepare the compound at lower temperature, 1100°C. The particle sizes observed are large, due to prolonged heating which gets correlated with the lower coercivity observed for the compound.
The high resistivity of the compound SrNi(LiFe)0.5-W indicates less presence of mixed valency cations on equivalent lattice apart from the small amount created due to the release of an electron by divalent Ni to become trivalent, which is accepted by trivalent Fe to turn into divalent Fe. This leads to presence of cations of mixed valency on the same sublattice which facilities the conduction due to hopping of electron between them.
The replacement of Ni2+ by combination of the LiFe does not perturb the equilibrium of the superexchange interaction between the various ion sublattices except the small canting effect. Therefore one can conclude that the experimental observations match with theory and support presumed site preferences to a greater extent. Also the prediction that the Li is present on 4
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 sub-lattice plays an important role in affecting the saturation magnetization due to its small canting effect on 12k cations.
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