Formation of cobalt ferrites investigated by transmission and emission Mössbauer spectroscopy
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Abstract
This study focuses on cobalt and iron ordering within a ferrite structure CoxFe3-xO4, formed during a solid-state reaction of α-Fe2O3 and CoCl2. A combination of transmission and emission Mössbauer spectroscopy was employed to inspect selectively the positions of iron and cobalt atoms in the structure. The comparison of transmission and emission spectra allowed the determination of tetrahedral and octahedral positions occupation. Additional information concerning the samples composition and morphology were obtained by X-ray powder diffraction and scanning electron microscopy. An increased level of Co atoms incorporation into the structure of ferrite was revealed when higher amounts of Co entered the reaction.
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Introduction
Cobalt ferrites are thoroughly investigated because of their magnetic, optical and electrical properties and their wide range of technological applications such as transformer cores, batteries, recording heads, ferrofluids, biomedical applications, catalysis and sensors.1–7 Cobalt ferrite is a magnetically hard material with a high positive magnetic anisotropy constant, good chemical stability, high mechanical hardness and high level of magnetization. Furthermore, it does not pose a risk to the biological environment.1,8 Most of the physical properties of this ferrite strongly depend on the size and shape of the particles.9 Cobalt ferrite nanoparticles are also photomagnetic materials which demonstrate an interesting change in coercivity induced by light.10 
The specific properties of cobalt ferrites are governed by their microstructural arrangement that is formed during their synthesis. Therefore, it is important to understand the mechanisms of their formation and the dynamics of their synthesis. Ferrites form the spinel structure (AB2O4). The basic cell of MeFe2O4 spinel ferrite, where Me refers to the metal atom, is a cubic close-packed structure containing 32 anions.11 Cations occupy two different crystallographic sites, namely A and B positions. Cations localized at A positions are surrounded by 4 oxygen atoms forming a tetrahedron, thus this position is also referred to as tetrahedral.  Cations in B positions are enclosed by six oxygen atoms forming octahedron. Therefore, the B position is called octahedral. Each basic cell contains 8 tetrahedral (A) positions and 16 octahedral (B) positions.1,11
	Ferrites are divided into several groups according to their cations distribution.11,12 For the normal structure the formula (Me)[Fe2]O4 is usually used. Square and round brackets denote the cations´ association to the octahedral and tetrahedral positions respectively. In the normal structure all the non-iron cations are located in tetrahedral positions. The opposite extreme, the inverse structure, has all the non-iron cations in octahedral positions according to the formula (Fe)[MeFe]O4. The transition state between these two extremes can be represented as (Me1-δFeδ)[MeδFe2-δ]O4, where δ is called the degree of inversion. It is equal to 0 for the normal spinel structure and to 1 for the inverse spinel structure.
	The degree of inversion expresses the ratio of cations at different crystallographic positions. Nevertheless, its determination in cobalt ferrites is rather challenging task because Fe and Co atoms have similar atomic scattering factors and their identification by X-ray powder diffraction is limited.	Cobalt ferrites usually form the inverse structure, where Co2+ ions are located only in B positions and Fe3+ ions are situated in both A and B positions. However, the degree of inversion might not be constant and it can depend on the previous heat treatment.13–16 
	Within this study we utilized emission Mössbauer spectroscopy and transmission Mössbauer spectroscopy for investigation of the local surroundings of Co and Fe atoms. The transmission arrangement inspects the local surroundings of iron atoms. On the contrary, the emission arrangement offers information selectively on the local structure around the 57Co atoms. The combination of these two complementary information allows to determine the degree of inversion. Moreover, the correlation of cobalt and iron Mössbauer spectra could bring new enlightenment to the problem of cobalt ferrite structure formation.
Experimental Section 
Samples with different composition were prepared by solid phase synthesis17,18 from hematite (prepared at Regional Centre of Advanced Technologies and Materials in Olomouc) and cobalt chloride (prepared at Merck KGaA, Darmstadt, Germany). The required amount of cobalt chloride and hematite (Table 1) was mixed and crushed for approximately 10 minutes in an agate mortar. After adding 30 μl of 0.1 M HCl 50 mg of homogeneous mixture was placed into a laboratory furnace. To guarantee the same thermal treatment conditions, all the samples were placed into the furnace simultaneously. After being dried for one hour at 90 °C the samples were heated up to the temperature of 1000 °C with a rate of 30 °C per minute and annealed in static air atmosphere for 5 hours. In respect to radiation safety two sample series were prepared. The first series contained a radioactive 57Co, while the other was prepared with the use of a non-radioactive Co. In the case of radioactive samples, the HCl solution contained small amount of dissolved 57CoCl with radionuclide purity of 99.8 %. Namely 1017 of radioactive atoms per 30 μl of solution were incorporated inside the resulting material during the synthesis. The resulting activity of the samples was 1.1 MBq. The radioactive samples were used in transmission and emission Mössbauer experiments. Non-radioactive samples were used for other techniques, i.e. scanning electron microscopy and X-ray powder diffraction.
	The studied samples, listed in Table 1, follow the notation Sx where x denotes the amount of cobalt in the formula CoxFe3-xO4 assuming that all Fe and Co atoms are incorporated into the resulting ferrite. Samples prepared with radioactive cobalt are labelled by *. Sample S1.00168 was prepared using an annealing time of 168 h. Observing only small differences between the sample S1.00168 and S1.00 we can state that annealing time of 5 h was sufficient for incorporation of Co atoms to the structure and formation of ferrite. 

Table 1: List of samples, cobalt and iron atomic ratios and the quantities of cobalt chloride and hematite used for the synthesis. The nominal amount of Co in the formula CoxFe3-xO4 is denoted by x. The samples prepared with radioactive 57Co are labelled with *.
	x
	Sample
	AX (Co) : AX (Fe)
	Weight of Fe2O3(mg)
	Weight of CoCl2 (mg)

	0.33
	S0.33, S0.33*
	0.25:2.00
	100.0
	20.3

	0.66
	S0.66, S0.66*
	0.50:2.00
	90.0
	36.5

	0.82
	S0.82, S0.82*
	0.75:2.00
	80.0
	48.7

	1.00
	S1.00, S1.00*, S1.00168
	1.00:2.00
	79.8
	64.9

	1.15
	S1.15, S1.15*
	1.25:2.00
	60.0
	60.9

	1.29
	S1.29, S1.29*
	1.50:2.00
	50.0
	60.9

	1.40
	S1.40, S1.40*
	1.75:2.00
	50.0
	71.1



	The morphology of the samples was examined by Tescan VEGA3 LMU scanning electron microscope (SEM). The crystal structure and phase composition of the samples were analysed by X-ray powder diffraction (XRD). Diffractometer with a cobalt X-ray lamp (Co Kα radiation λ = 1.79031 Å) operated in the Bragg-Brentano geometry in the 2θ angle range of  10–105°.
	Mössbauer spectroscopy measurements were performed on MS96 virtual spectrometer19,20 in a constant acceleration regime. The used scintillation detector contained a crystal of sodium iodide activated by thallium. In transmission measurement, 57Co in a rhodium matrix was utilized as a radiation source. In the emission arrangement, K2MgFe(CN)6 with 0.25 mg/cm2 of 57Fe was employed as a reference absorber. The measuring time in the transmission and emission modes was approximately five and eleven days, respectively. 
[bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK13]
Results and Discussion 
The morphology of the studied samples is shown on the SEM images in Figure 1. The S0.33 sample consisted of spherical particles of 200 nm, see Figure 1a. There is a wide particle size distribution from 0.1 to 1 μm for the sample S0.66 (Figure 1b). The further increase in the overall particle size was observed with rising concentration of Co in the samples (Figure 1c-f). The size of particles overcomes even 2 μm.


[image: ]
Figure 1: SEM images a) S0.33, b) S0.66, c) S0.82, d) S1.00, e) S1.00168, f) S1.15, g) S1.29, h) S1.40.

	Figure 2 shows the diffraction patterns of all the samples.  The structures belonging to cobalt ferrites, Fe2O3 and Co3O4 were identified in the diffraction patterns and their amounts were estimated using Rietweld analysis. The development of the individual phases can be observed in the range of diffraction patterns containing the cobalt ferrite (220), cobalt oxide (220) and hematite (104) reflections. The reflections show the gradual rise in the amount of cobalt ferrite with the increase of cobalt ratio inside the samples (2θ  =35.2°). Similarly, the slight increase in the peak corresponding to cobalt oxide could be observed as well (2θ =36.5°). On the other hand, the amount of hematite followed the opposite trend and decreased (2θ =38.7°). In case of the sample S1.75 the broadening of corresponding reflections and their shift to higher angles may indicate lattice defects.

[image: ]
Figure 2: X-ray powder diffraction patterns for samples S0.33, S0.66, S0.82, S1.00, S1.00168, S1.15, S1.29 and S1.40. The cobalt ferrite (220), cobalt oxide (220) and hematite (104) reflections are shown in detail in the upper-right corner. The positions of these reflections are marked by blue, grey and green vertical lines, respectively.  
	 Figure 3 shows the dependence of the phase composition on cobalt concentration in the samples. The amount of cobalt ferrites rose with the increasing nominal Co concentration x, while the amount of hematite decreased. In addition to the shown samples, 7.5 % of Fe2O3 and 92.5 % of cobalt ferrites were determined for the sample S1.00168 .  
[image: ]
Figure 3: Mass percentage of individual phases in samples. 

As can be seen in Figure 3, not all the Co atoms from CoCl2 were incorporated into the cobalt ferrite structure. Therefore, the nominal amount x differs from the actual amount of Co in ferrite, denoted as y. The values of y in CoyFe3-yO4 were determined from mass ratios of cobalt ferrite, hematite and cobalt oxide obtained by XRD and from the inputs of the reaction. The resulting y with respect to the nominal x  is shown in Figure 4.  It can be seen that for lower amounts of Co entering the reaction relatively low amount of ferrite with higher concentration of Co is formed. With increasing amount of Co entering the reaction the actual y reaches the nominal x. 
[image: ]
Figure 4: The actual amount of cobalt y in ferrite CoyFe3-yO4  versus the nominal amount of cobalt x.
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Figure 5: Emission and transmission spectra of samples S0.33*, S0.66*, S0.82*; S,1.00*, S1.15*, S1.29* and S1.40*. The arrows indicate the lines positions of CoFe2O4 (A and B positions) and Fe2O3. 
	Figure 5 shows emission and transmission spectra of the samples S0.33*; S0.66*; S0.82*; S1.00*; S1.15*; S1.29* and S1.40*. All the spectra were normalized to unit area absorbed. The arrows in the figure 5 indicate the lines positions of CoFe2O4 and Fe2O3. They were calculated according to the hyperfine parameters listed in Table 2.8 The difference between emission and transmission spectrum of sample S033* is caused by the presence of excess hematite in the sample. Hematite contributed only to a transmission spectrum because it contains no 57Co. 
Table 2: Hyperfine parameters of CoFe2O4 A and B site and hematite.8
	
	Δ (mm/s)
	ΔEQ (mm/s)
	Bhf (T)

	CoFe2O4 (A)
	0.29
	-0.01
	48.78

	CoFe2O4 (B)
	0.36
	0.01
	51.64

	Hematite
	0.37
	-0.19
	51.75



The doublet in the emission spectra, positioned at the centre of the measured area, was ascribed to 57Co atoms incorporated into the structure of cobalt oxide. There was also an evident line broadening in the case of samples S1.29* and S1.40* which indicates an occurrence of a distribution of hyperfine magnetic field. That is in accordance with the observation of line broadening in X-ray powder diffraction patterns for samples S1.29 and S1.40. Likely, the higher amount of Co caused higher disorder in the ferrite lattice.
	Figure 6 compares the emission spectra of samples S0.33*, S0.66*, S0.82*, S1.00*, S1.15*, S1.29*, and S1.40*. One could clearly see a change in the distribution of hyperfine magnetic field with the increasing Co concentration. The spectral lines get broader and shift to lower energies.
[image: ]
Figure 6: Emission spectra of S0.33*, S0.66*, S0.82*, S1.00*, S1.15*, S1.29* and S1.40* samples.
	 Figure 7 shows transmission Mössbauer spectra of S0.33*, S0.66*, S0.82*, S1.00*, S1.15*, S1.29* and S1.40* samples. Similarly to the emission spectra, there was a shift in the positions of the spectral lines as well as the change in their shape with the increasing concentration of cobalt.
[image: ]
Figure 7: Transmission spectra of S0.33*, S0.66*, S0.82*, S1.00*, S1.15*, S1.29* and S1.40* samples.
[bookmark: _GoBack]
	Comparing the transmission and emission spectra, it can be concluded that the formed cobalt ferrites did not exhibit the inverse spinel structure. In the case of the inverse spinel structure the Co atoms would occupy only the B positions. This would cause an observable difference between the magnetic contribution to the emission and transmission Mössbauer spectra as only the B position spectral lines would occur in the former. However, in our case the line positions of emission and transmission spectra for individual samples did not exhibit any significant differences. This is typical for a uniform distribution of cobalt and iron atoms in the A and B positions, leading to a mixed spinel structure described by a formula 
(Co0.33yFe1-0.33y)[Co0.66yFe2-0.66y]O4. Therefore, the measured data suggest that the A and B positions occupation approaches the uniform distribution. For samples with the cobalt concentration y close to 1 this would lead to a classic formula (Co1-δFeδ)[CoδFe2-δ]O4, where the degree of inversion δ  equals 0.66. Small differences between the emission and transmission spectra can be ascribed to the presence of hematite (samples S0.33* and S0.66*) or cobalt oxide (samples S0.66*, S1.15*, S1.29* and S1.40*).  

Conclusion
In this work, the samples of cobalt ferrites containing various amount of Co atoms were prepared by a solid-state reaction of hematite and cobalt chloride. The relative amount of cobalt in the ferrite structure was obtained by XRD. The relatively small amount of cobalt ferrite with higher concentration of Co was observed for lower number of Co atoms entering the reaction. The comparison of results from transmission and emission Mössbauer spectroscopy revealed the formation of cobalt ferrites approaching the uniform cations distribution according to the formula (Co0.33yFe1-0.33y)[Co0.66yFe2-0.66y]O4. For samples whose relative ratios of cobalt and iron atoms were close to 1:2 the degree of inversion δ = 0.66 could be determined.
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