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Abstract

:

Two series of Co/Co-oxide nanostructures have been synthesized by the co-precipitation method followed by different reduction and oxidation processes in an attempt to optimize their exchange bias (EB) properties. The samples are characterized by X-ray diffraction, scanning and transmission electron microscopy, and SQUID (superconducting quantum interference device) magnetometry. The two series differ with respect to their average Co core grain sizes: in one (the l-series), the size is ≈100 nm, and in the other (the s-series, obtained using lower synthesis temperatures than the l-series), it is ≈10 nm. In the l-series, progressive oxidation yields an increase in the EB field together with a reduction in Co core size. In contrast, progressive oxidation in the s-series results in growth of the Co-oxide fraction at the expense of the Co core upon oxidation, which is accompanied by a decrease in the EB effect that is attributed to an ordering of the ferromagnetic–antiferromagnetic interface and therefore a reduction of uncompensated spins density. These results illustrate how the interface details become relevant only for small enough ferromagnetic cores.
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1. Introduction


Magnetic nanoparticles (NPs) are attracting growing attention in both basic research and industry [1,2,3,4,5,6]. In particular, the study of magnetic nanostructures comprising two or more different magnetic materials has achieved considerable progress [1,2,7,8,9,10]. Advances in synthesis methods have allowed the fabrication of bi-magnetic nanostructures such as thin films and core/shell NPs, in which exchange coupling between the magnetic phases brings out novel or improved properties [2]. The properties of these heterostructures are different from those of each phase, leading to innovative applications [2,11,12,13]. Different combinations of exchange-coupled hard (with high Hc) and soft (providing high saturation magnetization) magnetic materials are used to design permanent magnets with enhanced energy products [2,14].



There is much interest in the study of bi-magnetic systems with ferromagnetic (FM)–antiferromagnetic (AFM) coupling, as it may provide a strong contribution to the effective magnetic anisotropy of the ferromagnet below the ordering (Néel) temperature of the AFM component. Possibly the most evident manifestation of such FM–AFM coupling is the appearance of a horizontal shift in a hysteresis loop measured after cooling the system in a saturating field from above the Néel temperature of its AFM component, i.e., a shift along the applied magnetic (H) field axis, which is a parameter known as the exchange bias field (HE). The size of HE is often discussed in terms of the concept of uncompensated spins in the AFM component, which are located at its (or every) interface with the FM component—namely, an imbalance in the number of “up” and “down” atomic magnetic moments in the AFM component, resulting in the development (upon cooling) of a contribution to the net magnetization of the system that is parallel to the saturated FM component and which, thus, introduces a unidirectional anisotropy along the cooling field direction [1,2,7].



Most exchange bias (EB) applications are based on thin films, such as spin valve structures [15,16,17]; however, EB effects are prevalent in NP-based materials used, for example, in permanent magnets and certain biomedical technology [1,2,7,18,19] (magnetic hyperthemia is one such biomedical application, where, recently, the associated toxicity of Co-containing NPs was suggested as a way to improve cancer therapeutic outcome [20]). Moreover, exchange coupling is an effective way to magnetically stabilize small FM particles against thermal fluctuations and, thus, it has been proposed as a strategy to design high-density magnetic recording media [1,2,17,21,22,23]. Magnetic proximity effects can be used to stabilize small Co NPs beyond 400 K by using the antiferromagnets CoO (which possesses a relatively high magnetic anisotropy) and NiO (a material of relatively high Néel temperature) as the shell and matrix materials that surround Co cores [23].



One of the key parameters governing EB is the FM/AFM volume ratio [1,2,18], as the interfacial nature of the effects imposes a dependence of the EB field with the reciprocal of the FM volume [1]. Exchange bias has been extensively studied in thin films, where the FM and AFM layer thicknesses, and even the interface quality, can be readily controlled [1,2,5,7,11,12,24]. In bilayer films, the EB field has been shown to be proportional to the AFM thickness up to a critical value, above which HE remains constant or decreases slightly [1,2,7,25,26]. Exchange bias may also be strongly affected by extrinsic factors such as AFM domain formation, interfacial roughness, and grain boundaries [27,28,29,30].



In core/shell-structured NPs, the influence of the above factors becomes more complicated [2,31]. For example, in certain nanogranular materials, the particle–matrix crystalline mismatch has been shown to be a relevant parameter affecting the EB field and coercivity [4]. Das et al. discussed that in order to optimize EB properties, it is necessary to have irregular or defective interfaces in core/shell structures between Co and CoO [32]. Some studies have estimated a minimum AFM shell thickness required to stabilize the FM core moment and, thus, enhance blocking temperatures [5,33,34]. Feygenson et al. found that the EB field does not depend monotonically on the CoO shell thickness, with the highest HE value corresponding to particles with Co core and CoO shell of similar volume [27].



The optimization of EB effects in Co/Co-oxide-based nanostructures has been achieved by controlling the Co:CoO ratio and the crystalline order of CoO shells via post-synthesis annealing in air [35] or high-vacuum [36], or through the control of oxygen partial pressure during sputter deposition [24]. The present work investigates core/shell Co/Co-oxide nanostructures prepared by a chemical (precipitation) method. Two different reduction–oxidation treatments are employed in order to assess the effect of the FM/AFM volume ratio (which is varied over a large range by controlling the synthesis and treatment parameters) on the exchange bias field. The results show that an increase in the thickness of the AFM phase leads to different behaviors of the EB field depending on the size range of the FM core.




2. Materials and Methods


2.1. Synthesis of Samples


Samples were prepared by co-precipitation of Co(NO3)3.9H2O (Merck, minimum purity of 99%) and a domestic industrial grade of NaOH (98% purity) as the precipitant. Briefly, 58.2 g of the cobalt nitrate was dissolved in 200 mL of deionized double-distilled water, and 100 mL of NaOH solution (3 mol/L) was added drop by drop at a uniform rate to the solution at 60 °C using a hot plate magnetic stirrer until reaching a pH of 13 for the resultant mixture. After further stirring for 1 h, a light brown precipitate was obtained. The precipitate was washed several times with distilled water to reach a neutral pH, when the color became darker, and it was dried in air at room temperature over several days. The dark brown resulting precipitate (identified as Co(OH)2 by XRD) was used in the synthesis of two different sample series:




	(i)

	
For the l-series, the precipitate was calcined in air at 300 °C to yield Co3O4 (as identified by XRD). Then, Co3O4 was used to synthesize Co nanostructures by reduction in extra pure hydrogen gas (99.993%) at 900 °C using a controlled-atmosphere tube furnace for 30 min. Finally, the resulting Co particles were oxidized in pure oxygen gas at 900 °C for different time durations, namely 15, 60, 300, and 540 min, resulting in the samples that are denoted as l(15), l(60), l(300), and l(540), respectively.




	(ii)

	
For the s-series, the Co(OH)2 precursor was not calcined in air but directly reduced in hydrogen at (only) 300 °C, which allowed the formation of metallic Co particles, and subsequently oxidized also at the relatively low temperature of 300 °C for different treatment durations, resulting in the samples we label as s(10), s(20), s(40), and s(80), where the numbers give the duration of the oxidation treatment in minutes.









The names of the series (l or s) were chosen a posteriori from the relatively large size of the cobalt particles (≈80 nm in diameter) present in the first series, in contrast with the smaller Co cores (≈10 nm in diameter) observed in the second series (mainly as a result of the use of lower temperatures in the reduction and oxidation treatments).




2.2. Structural and Magnetic Characterization Methods


The thermal behavior of the dried precursor was studied by thermogravimetry (TG) using a TG/SDTA 851e Mettler Toledo Star System. TG curves (and subsequently the derivative curve, DTG) were obtained by heating the powder from room temperature to 900 °C at a 10 °C/min rate. X-ray diffraction (XRD) patterns of all samples were recorded using a Philips X’Pert Pro diffractometer operating in reflection mode with Cu Kα radiation (λ = 1.5406 Å) at room temperature and two different scanning rates, 0.04 and 0.02°/s. Crystalline phases were identified using the HighScore software. Mean crystallite sizes (d) of the samples were estimated using Scherrer’s formula, d = 0.9λ/(Bcosθ), where θ is the Bragg angle and B is the full width at half maximum (in radians) of the most intense peak of each phase. Quantitative phase analysis of the XRD data was performed with a full pattern fitting procedure based on the Rietveld method using the program MAUD. Sample morphology and microstructure were studied using a field emission scanning electron microscope (Microscope GeminiSEM 500) and a transmission electron microscope (JEOL JEM-2100F).



Magnetic measurements were carried out using a Quantum Design MPMS Evercool SQUID magnetometer. Hysteresis loops were obtained at 5 K after cooling from room temperature in a 50 kOe applied magnetic field. The temperature dependence of magnetization was recorded upon heating from 5 K to room temperature in a weak magnetic field (10 Oe) after either zero-field-cooled (ZFC) or field-cooled (FC) protocols.





3. Result and Discussion


Figure 1a shows the TG and DTG curves of the dried precursor (Co(OH)2) measured in air. Two weight losses around 170 and 280 °C on the TG curve indicate that the process is completed after the second loss, giving the end product. Figure 1b shows the XRD pattern of the calcined precipitate obtained at 300 °C in air for 2 h. The main peaks are assigned to the spinel crystal structure of Co3O4 and indicate a mean crystallite size of 35 nm. Therefore calcination of the (Co(OH)2 precursor at 300 °C results in the nanocrystalline of Co3O4, which was used as stock to synthesize Co nanoparticles via reduction in hydrogen.



Figure 2 shows XRD patterns of the l-series samples that were reduced and oxidized at 900 °C for different treatment durations (the same in both). In the XRD patterns of the l(15), l(60), and l(300) samples, the main peaks correspond to fcc (face-centered cubic) CoO, but there are also some lower intensity peaks of both cubic and hexagonal Co. As expected, upon oxidation for longer times, the intensity of the Co oxide peaks—first CoO and eventually Co3O4—increase at the expense of the metallic Co reflections. The sample oxidized for the longest time, i.e., l(540), shows a majority presence of Co3O4, with some CoO remaining but no metallic Co. The high-temperature (T = 900 °C) oxidation causes a concomitant crystallization process, as indicated by the relatively sharp peaks in the XRD patterns. The corresponding Scherrer grain sizes, a lower-bound estimate of the real grain size given that strain and instrumental broadening have not been considered, are summarized in Table 1. The relatively large Co grain sizes obtained (evidencing Co cores at least that size) justifies the name “l-series” for these samples. The percentages of Co-oxide shell and Co core, also shown in Table 1, were obtained by quantitative phases analysis from Rietveld-based pattern fits using the MAUD program.



Low-temperature hysteresis loops of the l-series samples are shown in Figure 3. As expected, the saturation magnetization, MS, is drastically reduced upon oxidation, evidencing the progressive growth of a Co-oxide shell at the expense of the Co core. All loops exhibit horizontal shifts (EB fields), indicating the exchange coupling between Co cores and Co-oxide shells. The variation of saturation magnetization (MS), HE and coercivity (HC) with oxidation time is presented in Figure 4. The normalization of the measured MS (after subtracting high-field linear contributions) by the bulk magnetization of cobalt, MS,bulk = 160 emu/g, gives an estimate of the Co and Co-oxide weight fractions in each sample. These values are shown in the last two columns of Table 1. Although they compare reasonably well with the Co and Co-oxide fractions obtained from the XRD fits, the values obtained by magnetometery show systematically higher Co fractions. This could be attributed to an FM-like contribution in the mostly AFM Co-oxide phases due to crystalline disorder or size effects, as reported previously for different AFM nanostructures [37,38,39,40,41]. For the most oxidized sample, l(540), magnetometery proves far more sensitive than XRD to detect the presence of a residual (2%) amount of metallic Co.



These hysteresis loops present a modest coercivity, which increases slightly with oxidation and peaks for l(300). As expected for the large FM cores in this series, the EB field is rather modest across the series, and therefore, its (correspondingly small) contribution to the effective magnetic anisotropy [42] is unlikely to be the reason for the coercivity increase. Rather, it may simply be due to the size reduction with the oxidation of a fraction of multidomain cores, the presence of which is plausible given the relatively large size of the cores in this series [43]. After oxidizing for the longest time, i.e., sample l(540), only a residue of metallic Co remains, which is undetectable by XRD (Figure 2), yielding a small ferromagnetic contribution (below 1 emu/g) to the magnetic response (upper inset in Figure 3). At this almost complete stage of oxidation, the Co residue is expected to be in the form of very small nanoparticles embedded in the Co oxide matrix, thus showing a decreased coercivity even if blocked at 5 K (the temperature at which the loops were measured). In fact, the FC-ZFC magnetization curves shown in Figure 5a shows that l(540) contains a fraction of Co NPs so small that they become superparamagnetic above a blocking temperature as low as 50 K. Figure 5b presents the temperature dependence of HE in this sample, which vanishes right about the blocking temperature signaled by the FC-ZFC irreversibility in the upper panel, pointing out that the magnetic stability of these ultrafine particles is governed by their exchange coupling to the Co oxide phase in which they are embedded. Moreover, the exchange bias onset temperature (≈50 K) is close to the Néel temperature of Co3O4 (40 K) [44,45], which is in good agreement with the XRD pattern of this sample (where the majority phase is Co3O4, but a fraction of CoO is still detected, which may act to increase the effective EB onset temperature).



In the above series, the metallic Co regions (excluding perhaps a certain fraction in l(540)) were too large to yield strong EB fields. Next, the results corresponding to the s-series are presented, beginning with the XRD patterns in Figure 6, where, again, growing fractions of CoO and Co3O4, at the expense of cubic Co, upon oxidation are observed. However, a fraction of metallic nanocrystalline Co remains after oxidation for 80 min. In fact, samples s(40) and s(80) present very similar patterns, suggesting an effective passivation of the system after 40 min. As expected, crystallinity improves with longer thermal treatment. The fractions of the Co-oxide shell and Co core were estimated using the program MAUD and are presented in Table 2.



Figure 7a–h show the results of a transmission electron microscopy (TEM) study of the s(10) and s(40) samples, where the roughly spherical aggregated (or partially sintered) nanoscale grains with a relatively narrow size distribution can be seen. These small grains are sometimes organized into nanorods with a mean diameter of ∼15 nm and a length of ∼80 nm for s(10), see Figure 7b, and the same mean diameter and a length of ∼140 nm for s(40), see Figure 7f. This suggests that longer thermal treatments produce further directional aggregation/sintering. Figure 7b–f display higher magnification images and include arrows indicating the length of some of these nanorods in both samples. The high-resolution (HRTEM) micrographs in Figure 7c,d show the nanograins that make up the rods. The size of these crystallites, between 11 and 16 nm in diameter, is in good agreement with the Scherrer sizes obtained from the XRD patterns (Figure 6).



The HRTEM images in Figure 7d–h show various crystalline domains, which also present some contrast consistent with a mixture of metallic Co and Co oxides phases. As indicated by the color code, the observed interplanar spacings are consistent with fcc Co3O4 [(111) and (222) planes], fcc CoO [(200) plane], and (2.01 Å) consistent with fcc Co [(111) plane]. Figure 7h indicates that the nanorod in the image is a single crystal of Co3O4 with the (111) and (222) planes oriented along the rod axis, whereas Figure 7d shows a fine polycrystalline nanostructure. Thus, the nanorod coexists with other aggregation, less well-defined, nanostructures.



Figure 8 shows the low-temperature (5 K) hysteresis loops measured in the s-series. The inset displays the hysteretic (low-field) region. All loops have a considerable coercivity, and a clear shift along the field axis, stronger than in the l-series, which again is attributed to the exchange coupling between Co core and Co-oxide shell. Figure 9 presents the values of these (coercive and EB) fields, together with the technical saturation magnetizations (at 50 kOe), extracted from the loops in Figure 8. The magnetization values are smaller than in the l-series (except for the nearly completely oxidized l(540)), indicating a smaller fraction of metallic Co (the estimated values are shown in Table 2). Not only is the fraction of Co lower than in the l-series, but the Co particles are smaller, as discussed above from XRD and TEM, explaining the stronger EB fields in this series.



In addition to the effect of the core size in explaining the higher HE in the s-series (FM cores ≈10 nm in diameter) compared to the l-series (FM cores ≈100 nm in diameter), AFM anisotropy and the interface conditions also play an important role in the complex EB phenomenon [27,35], and these factors possibly become particularly relevant in the s-series, where the variation in FM core size is relatively small. This is emphasized by the continuous decrease in HE across the entire series despite the apparent passivation after oxidizing for 40 min; i.e., samples s(40) and s(80) have identical saturation magnetizations. López-Antón et al. optimized HE to about 7 kOe after oxidizing Co NPs (around 6 nm in diameter) to roughly half of their initial saturation magnetization, after which further oxidation produced a marked and progressive reduction in exchange bias. In the present case, the size of the highest HE measured (600 Oe) and the considerable oxidation (about 88%, see Table 2) of even sample s(10) suggests that this first sample of the s-series is already past the optimum oxidation degree for achieving enhanced EB properties. The subsequent decrease in EB properties in the s-series can be attributed, following the above authors, to a progressive reduction in the density of uncompensated spins in the AFM components at their interfaces with Co cores. In contrast, in the l-series, the high temperature of the treatments (900 °C) probably achieved the “saturation” of the degree of AFM order already for the first sample of the series [l(15)], as suggested by the high crystallinity observed by XRD (see Figure 2). In any case, if there was a small variation in the degree of AFM order (and, concomitantly, in uncompensated spin density) across that series, its effect on EB properties would likely be negligible compared to the the FM core size effect, as the variation of the size of the Co regions in the l-series (see Table 1) is much larger than in the s-series (where it is virtually negligible; see Table 2). Dobrynin et al.’s model [46], which considers a critical FM core size below which there is no EB effect due to the lack of magnetization reversal of a FM moment fully pinned across the whole applied field range, is probably not relevant for the FM core range in the s-series, but a contribution from this mechanism to the decreasing HE cannot be ruled out.



Figure 10 shows the temperature dependence of the EB field in the sample with the highest HE, namely s(10). The onset of HE takes place at about 210 K (extrapolating the line, a guide to the eye, drawn through the data points in the figure), which indicates that the Co regions are exchange-coupled mainly to CoO and less to Co3O4 (with a much lower Néel temperature) [2,27,47,48,49], which is consistent with the larger fraction of this oxide detected by XRD.



Coercivity (HC ≈ 1.8 kOe) is more than five times larger than in the l-series. This is consistent with the much stronger EB fields in the s-series, as coercivity enhancement is a well-known effect of FM–AFM exchange coupling in nanostructures, which effectively provides a contribution to the magnetic anisotropy [2,50]. However, it is somewhat surprising (e.g., in comparison with the results of Lopez-Antón et al. [35]) that the coercivity barely changes (with oxidation) across the series. If, as suggested above to explain the decrease in HC, progressively longer oxidation thermal treatments reduce the density of interfacial (AFM) uncompensated spins, then the remaining spins must become more rotatable in order to compensate the coercivity for the loss of uncompensated spins (it is these spins, as opposed to fully pinned spins, that enhance the coercivity as they are partially dragged by the magnetization reversal in the FM cores [51,52]). In fact, a combination of both factors (namely, decrease of uncompensated spins and softening of their pinning potential upon annealing-enhanced oxidation) also may explain the data.




4. Conclusions


In this work, two series of Co/Co-oxide nanostructured materials comprising Co particles in two clearly different size ranges (≈10 and ≈100 nm) have been investigated through the examination of their magnetic and structural properties as a function of post-synthesis oxidation time at 300 °C (s-series) and at 900 °C (l-series), which increases the oxide fraction at the expense of the Co cores but also has been inferred to affect the interface details.



A contrasting evolution of the exchange bias upon sample oxidation has been found for the two series. For the large ferromagnetic cores in the l-series, HE increases as expected from the well-known HE ∝ 1/MFM law, whereas the progressive oxidation of the small Co cores present in the s-series produces a monotonic reduction of the loop shift. The latter result is ascribed to a modification of the crystalline ordering of the FM–AFM interface with annealing time, which renders a lower density of uncompensated spins. In the l-series, this mechanism is likely saturated already in the first sample of the series. Overall, our experiments offer insight on the relative importance of FM core size (in the 10–100 nm range) and interface crystalline order in the determination of the exchange bias field.
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Figure 1. (a) Thermogravimetric curve and its derivative of the dried Co(OH)2 precipitate, and (b) XRD pattern of the sample calcined at 300 °C in air (the Bragg reflections are labeled according to Co3O4, PDF card No. 01-080-1545). 






Figure 1. (a) Thermogravimetric curve and its derivative of the dried Co(OH)2 precipitate, and (b) XRD pattern of the sample calcined at 300 °C in air (the Bragg reflections are labeled according to Co3O4, PDF card No. 01-080-1545).



[image: Magnetochemistry 07 00040 g001]







[image: Magnetochemistry 07 00040 g002 550] 





Figure 2. XRD patterns of l-series for various oxidation times. The symbols next to different reflections indicate their assigned phases: (●) CoO (00-048-1719 PDF card No.), (★) Co3O4 (01-080-1542 PDF card No.), (△) cubic Co (00-015-0806 PDF card No.), and (▲) hexagonal Co (00-005-0727 PDF card No.). 
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Figure 3. Hysteresis loops at 5 K after field-cooling (in 50 kOe) of the l-series samples. Insets: (a) hysteresis loop of the most oxidized sample of the series, l(540), and (b) zoom-in of the low-field region (the vertical bars on the H axis mark the centers of the different loops, i.e., the exchange bias field of each sample). 
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Figure 4. Variation of the saturation magnetization (Ms), coercivity (Hc), and the absolute value of the exchange bias (HE) with respect to oxidation time for the l-series. 
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Figure 5. Temperature dependence of (a) field-cooled (FC) and zero-field-cooled (ZFC) magnetization curves measured in an applied field of H = 5 Oe and (b) the exchange bias field. The solid lines are guides to the eye. The dashed vertical line (at T = 52 K) indicates how the onset of exchange bias in l(540) is related to the bifurcation temperature of the ZFC and FC curves. 
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Figure 6. XRD patterns of the s-series, where the number in the sample names is the oxidation time in minutes. The symbols indicate peaks of the following phases: (●) CoO (PDF card No. 01-075-0533), (★) Co3O4 (PDF card No. 00-001-1152), and (△) cubic Co (PDF card No. 00-015-0806). 
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Figure 7. Transmission electron micrographs of samples s(10) [top row; (a–d)] and s(40) [bottom row; (e,f)]. The different micrographs correspond to different resolutions, indicated by their scale bars: namely 200 nm in (a,e), 50 nm in (b,f), and 5 nm in (c,d,g,h). 
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Figure 8. Hysteresis loops of s-series samples recorded at 5 K after field-cooled (50 kOe). The numbers in the legend are the oxidation times in minutes. Inset: zoom-in of low field portions of the loops. 
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Figure 9. Variation of the saturation magnetization (MS), coercivity (HC), and (absolute values of) exchange bias field (HE) as a function of oxidation time (s-series). 
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Figure 10. Temperature dependence of the exchange bias field in sample s(10). 
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Table 1. Summary of compositional and structural parameters extracted from magnetometry and XRD for the l-series. MS denotes saturation magnetization.
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	Sample
	Co-Oxide Percentage (1-(MS/MS,bulk)) ×100
	Co Percentage (MS/MS,bulk) ×100
	Co-Oxide Percentage (XRD)
	Co Percentage (XRD)
	Co-Oxide Crystallite Size (nm)
	Co Crystallite Size (nm)





	l(15)
	51.9
	48.1
	56.4
	43.6
	89
	92



	l(60)
	65.5
	34.5
	73.3
	26.7
	94
	74



	l(300)
	67.7
	32.3
	75.9
	24.1
	107
	70



	l(540)
	98
	2
	100
	0
	65
	0
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Table 2. Summary of compositional and structural parameters extracted from magnetometry and XRD for the s-series. MS denotes saturation magnetization.
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	Sample
	Co-Oxide Percentage (1-(MS/MS,bulk)) × 100
	Co Percentage (MS/MS,bulk) ×100
	Co-Oxide Percentage (XRD)
	Co Percentage (XRD)
	Co-Oxide Crystallite Size (nm)
	Co Crystallite Size (nm)





	s(10)
	87.9
	12.1
	73
	27
	8
	13



	s(20)
	89.7
	10.3
	77
	23
	14.5
	10



	s(40)
	93.9
	6.1
	81
	19
	14
	9.7



	s(80)
	94
	6
	82
	18
	13
	11
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