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Abstract

:

A series of nanocrystalline iron oxide samples (M1–M5) which differ from each other in average crystallite size (from 26 to 37 nm) was studied. The raw material was nanocrystalline iron with an average crystallite size equal to 21 nm promoted with hardly reducible oxides: Al2O3, CaO, K2O (in total, max. 10 wt%). Nanocrystalline iron was subjected to oxidation with water vapor to achieve different oxidation degrees (α = 0.16–1.00). Metallic iron remaining in the samples after the oxidizing step was removed by etching. Magnetic resonance spectra of all samples were obtained at room temperature. All resonance lines were asymmetric and intense. These spectra were fitted by Lorentzian and Gaussian functions. All spectral parameters depend on the preparation method of the nanoparticles. We suppose that the Lorentz fit gives us a spectrum from larger agglomerated sizes whereas the Gaussian fit comes from much smaller magnetic centers. For the nanocrystalline samples with the largest size of iron oxide nanocrystallites, the highest value of total integrated intensity was obtained, indicating that at smaller sizes, they are more mobile in reorientation processes resulting in more settings of anti-parallel magnetic moments. The magnetic anisotropy should also increase with the increase in size of nanocrystallites.
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1. Introduction


Nanocrystalline iron oxides find applications in various fields. They are used as contrast agents in magnetic resonance imaging (MRI), enabling precise imaging of anatomical and pathological structures. Additionally, they are employed in theranostics, combining diagnostics with therapy, especially in cancer treatment, where they can act as drug carriers [1,2,3,4,5,6].



In the environmental protection sector, nanocrystalline iron oxides are utilized for removing contaminants from groundwater and wastewater [7,8,9], serving as adsorbents or catalysts in purification processes. Furthermore, in magnetic therapy, magnetic nanoparticles can be employed for targeted heating of areas containing these nanoparticles, which is being explored as a supportive method in cancer treatment. Nanocrystalline iron oxides are also used as drug carriers, facilitating the targeted delivery of drugs to specific cells or areas in organisms, and iron oxide nanoparticles obtained through environmentally friendly methods are also being investigated for their potential as effective antioxidants, anti-inflammatory agents, and treatments for diabetes [10,11].



Research on their magnetic properties can contribute not only to development in the field of medicine, but also in materials engineering. The application of nanocrystalline iron oxides in materials technology is promising and encompasses several areas. In the production of magnetic materials, they can be used to create advanced magnets, employed in electromachines and electronic devices. In electronics, iron oxide nanoparticles may find use in the production of advanced electronic components, potentially in data storage, microprocessors, and magnetic memory technology, but they can be used as material for energy storage as well [12,13,14,15]. Additionally, intensive research on new materials with unique properties focuses on nanocrystalline iron oxides, contributing to the development of superior construction materials, corrosion-resistant coatings, and materials with special properties like self-regeneration or high-temperature resistance. As a result, the application of iron oxides in materials technology has the potential to accelerate progress in the field of modern materials with diverse and advanced properties, influencing the development of various industries and technologies [16,17].



These diverse applications highlight the potential of nanocrystalline iron oxide particles in the fields of medicine, environmental protection, and technology. However, continued research is crucial for a comprehensive understanding of their safety and effectiveness in various contexts.



Magnetic oxide iron fine particles have traditionally attracted intense research interest, e.g., [18,19,20,21,22,23,24,25,26,27]. They exhibit a number of physical phenomena related to the so-called size effects. In addition to the interest in understanding the nature and mechanisms of such new phenomena, there is a technological drive due to the immediate applications of these systems, mainly in high-density magnetic recording media. Some of these outstanding phenomena accompanying the size reduction are related to the transition to a single-domain magnetic structure, for instance, low Curie temperature, high magnetic susceptibility, superparamagnetism, large coercivities, quantum tunneling of magnetization, giant magnetoresistance, etc. [6,18,19,20,21,22,23,28,29]. Therefore, nanoparticles—as submicron particles of which a single unit is sized from 1 to 100 nm and made of inorganic or organic materials—exhibit many novel properties compared with the bulk materials.



In particular, magnetite nanoparticles offer potential for clearer imaging of tissue and organs; furthermore, nano-magnetite can be modified to allow for organ-specific imaging. Scientists are now trying to develop mechanisms that allow drugs to go directly to a certain area of the human body. For instance, if someone has liver cancer and a drug has been developed to combat such a disease, the drug can be attached to magnetite nanoparticles through a series of methods, then the nano-magnetite can be delivered directly to the liver, and the drug can be released there.



Additionally, spintronics represents an important research area in solid-state devices due to its nature of spin-dependent carrier transport behavior [22,23]. In the work [30], strong magnetic interactions of nanocrystalline α-Fe of different sizes of nanocrystallites were examined. The coexistence of a superparamagnetic state was shown and the parameters of magnetic resonance strongly depended on the dimensions of the nanocrystallites [30]. Therefore, there is a strong need to study the properties of nanoparticles of given sizes and not only the average values of some parameters measured for the whole set consisting of nanocrystallites of various sizes.



The works presented above lead to the conclusion that nanomaterials already have many applications and even more potential opportunities ahead. However, due to their specific structure (nanometric dimensions), it also turns out that physical and chemical properties of nanomaterials depend on the size of crystallites. It can even be said that when determining the chemical and physical properties of nanomaterials, the size of the nanoparticles is an additional state parameter (in addition to, e.g., the chemical and phase composition) that should be taken into account [31]. Therefore, determining individual properties for specific sizes of nanocrystallites (and not only the average values of the tested parameters for the entire set of nanocrystallites with a wide range of diameters) is particularly important. Therefore, methods were searched for to separate fractions of nanomaterial containing specified crystallite sizes from a substance with a broad crystallite size distribution. For this purpose, based on the reaction model [32], a pioneering chemical method was developed [30,33] to allow the separation of proper crystallite fractions from nanocrystalline material comprising of crystallites with different sizes (raw nanomaterial with a wide range of nanocrystallite sizes). That chemical method was applied to prepare tested samples both in work [30] and for the current investigations. As a result, as a research material we have developed stable, sponge-like nanocomposites of metals or their oxides with specific nanocrystallite sizes (in practice, narrowed ranges of nanocrystallite size distributions).



In this work, we wanted to demonstrate the correct operation of this nanocrystallite selection method using a different (second) system—previously we tested the obtained nanocrystallites of metallic iron, and now it is nanocrystalline magnetite.



In the context of the presented application perspectives of nanomaterials, with particular emphasis on nanocrystalline iron oxides, the aim of the work is to prepare the series of nanocrystalline iron oxide samples (M1–M5) containing nanocrystallites of a particular size—to confirm the efficiency of the innovative chemical method [30] for another chemical system (iron oxides)—and study their magnetic properties using the magnetic resonance method in the context of the extremely important and prospective magnetic properties of such nanomaterials as a function of the size of their nanocrystallites. It is expected that in the current work, iron oxides will have much weaker magnetic interactions than iron; hence, the resonance lines are less shifted from g = 2 [18] and are more mobile in the processes of reorientation of magnetic moments. Therefore, one of the most sensitive research methods for dynamic interactions, which is magnetic resonance, was used. On the other hand, the superparamagnetic state more visible even at room temperature may reveal itself more.




2. Experimental


The raw material used to prepare samples of nanocrystalline iron oxides was nanocrystalline iron doped with hardly reducible oxides—Al2O3, CaO and K2O. These dopes were present in an amount of several percent by weight and provide thermal stability to iron nanocrystallites and develop their surface [30,31,32,33,34]. The nanocrystalline form of iron was obtained via two high-temperature processes—fusion and reduction. In the first step, magnetite (Sigma-Aldrich, Saint Louis, MO, USA) was fused with small amounts of Al2O (Sigma-Aldrich, Saint Louis, MO, USA)3, CaO (Sigma-Aldrich, Saint Louis, MO, USA) and KNO3 (Chempur, Piekary Śląskie, Poland) at a temperature of 1500 °C according to the procedure described in detail in [35]. Then, the alloy was cooled down, crushed and sieved to select grains of the size 1.0–1.2 mm. In the next step, this fraction of material was reduced polythermally to a temperature of 500 °C, with hydrogen (Air Liquide, Paris, France), under atmospheric pressure. Under such conditions, the iron oxide was reduced to metallic iron (nanocrystallite size distribution standard deviation σ = 15 nm) and the promoter oxides mentioned above formed the bridges between iron nanocrystallites, preventing their sintering. After reduction, doped nanocrystalline iron was cooled down in a nitrogen (Air Liquide, Paris, France) atmosphere and passivated in order to avoid auto-ignition. This resulted in a sample of nanocrystalline iron, referred to as starting material, to prepare samples M1–M5.



Sample M1 was completely oxidized using only water vapor (oxidation degree α = 1.00). Samples of nanocrystalline iron oxides M2–M5 were obtained via a two-step procedure, of which the first stage consisted of high-temperature reactions of nanocrystalline iron with a gas phase and the second stage included reaction of the nanocrystalline iron in a liquid medium at room temperature (RT). The method was based on a patent [33] but expanded upon in accordance with a publication [30]. High-temperature processes were conducted in a tubular differential reactor with thermogravimetric measurement and a system for measuring the gas phase composition (designed and manufactured using our own resources and then certified by external authorities). An amount of 1g of passivated starting material was placed in a platinum basket in the form of single layer of grains inside a reactor. The sample was heated in a temperature range from RT to 500 °C under a stream of hydrogen (12 dm3 H2/(h g)), which resulted in a reduction into a thin passive layer covering each iron nanocrystallite. After mass stabilizing, the gas atmosphere in the reactor was changed from reducing into inert through cut-off hydrogen flow and admitting nitrogen. In the next step, water vapor was introduced into the nitrogen stream (ca. 0.02 bar H2O; nitrogen flow 12 dm3/(h g)) in order to conduct partial oxidation of the samples. Oxidation was carried out until the intended oxidation degrees in particular samples were achieved (α = 0.16 for M2, α = 0.25 for M3, α = 0.33 for M4 and α = 0.45 for M5). The oxidation degree was determined during the course of the process on the basis of the sample weight gain. After reaching the proper gain (which took around 1500 s for sample M2 up to 6000 s for sample M5), the atmosphere in the reactor was once more changed into inert, the temperature was decreased to RT and the partially oxidized sample was again passivated before its removal from the reactor. That way, the samples consisting of two phases—metallic unreacted iron and iron oxide (magnetite)—were obtained. The phase composition of iron and iron oxide as well as confirmation of the intended oxidation degrees were derived using the X-ray diffraction (XRD) method.



The second stage of preparation consisted of leaving only iron oxide phase in the samples by removing non-oxidized metallic iron via etching with diluted nitric acid (V) (Chempur, Piekary Śląskie, Poland). In order to increase the contact surface between the sample in the solid state with an etching agent, grains of the size 1.0–1.2 mm were triturated in an agate mortar. Powder samples were placed in a glass beaker with a capacity of 250 mL containing 100 mL of deionized water. Then, the diluted nitric acid with a concentration of 3.64 mol/dm3 was added dropwise from a burette. The amount of etching agent used was calculated based on an equation for the reaction of iron with nitric acid (Fe + 2HNO3,diluted → Fe(NO3)2 + H2↑) and 10% excess was added. The content of the beaker was stirred continuously with a glass rod during acid dropping and after that, with a shaker for 24 h. The sample was subsequently rinsed several times with deionized water, filtered under reduced pressure and dried in a vacuum oven at a temperature of 70 °C for 12 h. The resulting samples M1–M5 were characterized using the XRD method—phase composition, nanocrystallite size distributions (NSD) and average size of nanocrystallites were determined.



The preparation procedure to obtain samples with a narrow nanocrystallite size distribution is illustrated in Figure 1.



XRD measurement for all samples in the M1–M5 series was performed using an X-ray diffractometer X’Pert Empyrean Philips (Malvern Panalytical Ltd, Malvern, UK). The source of the radiation was a copper lamp (k = 0.1540 nm, accelerating voltage 35 kV, current 30 mA). An angle in the range 10–110° [2θ], with a step of 0.05° and count equal to 400 s per step were applied. Phase analysis of the samples was carried out by means of the Rietveld method on the entire powder pattern. Calculations were performed using Philips X’Pert HighScore 3.0 software, based on crystallographic data contained in the identification card database ICDD PDF-4+. For the phase analysis, the cards of indices: 04-003-3884 (iron) and 04-007-1060 (magnetite) were used.



The method developed by Pielaszek was used to determine the nanocrystallite size distribution (NSD) [36,37]. This method uses advanced mathematical apparatus, thanks to which, by analyzing the geometry of a specific diffraction reflection, the shape of the size distribution of nanocrystallites of a given phase is calculated.



The measurements of magnetic resonance spectra of nanocrystallites M1–M5 were performed on a conventional X band (ν = 9.4 GHz) Bruker E 500 spectrometer (Bruker, Billerica, MA, USA) with 100 kHz magnetic field modulation. Nanocrystallites containing around 0.02 g powder were placed in 0.004 m-diameter quartz tubes. The magnetic field was scaled with an NMR magnetometer. The measurements were taken at room temperature. For all EPR spectra, the typical spectroscopic parameters were determined: g-spectroscopic splitting factor value, peak-to-peak line width (ΔH) and integral intensity with an accuracy of 0.1%.



Specific surface areas were measured using the volumetric method (using the Brunnauer–Emmet–Teller (BET) equation and automated apparatus AutoChem II 2920, Micromeritrics, Norcross, GA, USA).



To investigate the morphological properties of the obtained iron oxide samples, transmission electron microscopy (TEM, Tecnai F30 with a field emission gun operating at 200 kV, Thermo Fisher Scientific, Waltham, MA, USA) was applied.




3. Results and Discussion


Under the experimental conditions (high-temperature stage), a phase transformation occurs as a result of the oxidation reaction between nanocrystalline iron and water vapor. Oxygen atoms become integrated into the α-iron crystal lattice and once the critical concentration of oxygen in iron is surpassed, a transition to the magnetite crystal lattice occurs throughout the entire volume of individual nanocrystallites [32]. In these (kinetic) conditions, the crystals undergo transformation from the smallest to the largest, whereas under conditions close to equilibrium, this order is reversed [31,38,39,40].



After the oxidation process, non-oxidized iron was removed from the samples by etching with dilute nitric acid (V). This resulted in a series of samples with a composition close to 100% magnetite and different mean crystallite sizes and standard deviations of NSD (Table 1), which was determined on the basis of measurements using the XRD method (magnetite nanocrystals’ lattice parameter determined for studied samples: M1 0.8350 nm, M2 0.8362 nm, M3 0.8377 nm, M4 0.8390 nm and M5 0.8385 nm; these values are slightly lower than the value for stoichiometric magnetite, which is 0.8396 nm)—an example diffractogram for sample M4 is shown in Figure 2 (for the remaining samples, the results obtained were practically indistinguishable and similar to these)—and Pielaszek’s method. The average nanocrystallite size of iron oxide/magnetite is a function of the degree of oxidation.



The tested nanomaterial is actually a kind of sponge-like nanocomposite (visible to the naked eye, the grains may be of micrometer or millimeter size). It consists of nanocrystallites of the main phase (magnetite in the currently tested samples) separated from each other so effectively that chemically, they can certainly be treated as individual elements of the system [31,38,39,40]. They are separated from each other by a matrix—a layer of promoters (Al2O3, CaO, K2O—their total amount does not exceed 10% by mass) forming surface structures and glass phase bridges between individual nanocrystallites (ultimately, the samples are porous—the porosity coefficient is 0.5). Therefore, the values regarding the size of nanocrystallites presented in Table 1 refer to these individual, separated elements of the ‘nanocomposite’ system.



In the mentioned paper [31], it was stated that in a state close to equilibrium, nanocrystallites undergo a transformation from the largest to the smallest and average size of nanocrystallites decreased for every tested sample. This has been confirmed using the CPPR method, described in numerous studies [41,42]. However, the range of change in the average nanocrystallite size is narrower in the case of modified samples (like M2–M5; the change was 5 nm) as compared to the reference sample (like M1; the change was 37 nm). This clearly confirmed that nanocrystallite size distributions for samples M2–M5 were narrower than those for sample M1 (Table 1) and the efficiency of the method for the separation of nanocrystallites was evidenced as well. TEM microscopic images taken from different perspectives and their digital statistical analysis are consistent with the results obtained by XRD and Pielaszek’s method. Selected relevant TEM images are shown in Figure 3.



The specific surface areas were examined and it turned out the values were similar to those presented elsewhere [30]. It was found that the modified samples showed a 1.6–2.5-times increase in specific surface area compared to the reference sample M1 (Table 2).



Magnetic resonance spectra have been investigated and are presented in Figure 4. For all samples, they have intense resonance signal characteristics for iron oxide [18]. For the starting material, the magnetic resonance spectra were characteristic of iron [43]. This indicates strong magnetic interacting materials. The recorded magnetic resonance spectra were similar to the ones for Fe3O4 and were fitted with the sum of two lines: one Gaussian-shaped and one Lorentzian-shaped for each sample and a very good fit was received (Figure 5). All magnetic resonance parameters depended on the amount of magnetic agglomerates as well as the crystallite sizes. Resonance lines from Fe were not analyzed because they had very low intensity.



Figure 5 presents experimental and fitting magnetic resonance spectra as well as Gauss and Lorentz curves, and the misfit curve for the nanocomposite M1. Very good fits were also obtained for all other samples.



In Table 3, the parameters of the FMR spectra are given, taken from Figure 6, Figure 7, Figure 8, Figure 9 and Figure 10. Fluctuations in the positions of the lines depending on the sample are noticeable. They are associated with the reorientation processes of nanoparticles (creating an internal field that superimposes on the external field). The linewidths indicate dipole interactions. An increasing trend in the difference of magnetic fields is noticeable for samples M1–M4. Integrated intensity carries information about magnetic moments associated with nanoparticles (Lorentzian and Gaussian fitting). The integrated Gaussian intensity is assigned to smaller nanoparticle sizes. An increasing trend is noticeable for samples M1–M5. Hence, upon summation, we obtained the total intensity and a growing trend is visible (last column). This may signify potential applications in targeted anticancer therapy. After introducing appropriately prepared nanoparticles into cancer tissue, each of their excitations by an external magnetic field will result in heat generation and the destruction of cancer cells without harming healthy cells.



In Figure 6, the dependencies of the position of resonance lines on the sizes of nanocrystallites are given. The reorientation processes of the collective spin system affected the internal magnetic field and changed the resonance condition (hν = gµB (Ho − Hint)), where h—Planck constant, ν—resonance frequency, µB—Bohr magneton, Ho—the applied external magnetic field and Hint—the internal magnetic field). For resonance line fitting by Gaussian function, the internal magnetic field was essentially greater than the resonance line fitted by Lorentzian function. The greatest shift towards the lower fields of the Lorentz resonance line was seen in the M2 sample, but resonance lines for the M3 sample were the least shifted (Figure 6). The positions of the resonance lines are much smaller up to the distance g = 2 than in nanocrystalline α-Fe [32]. Hence, the stronger the interactions between nanocrystallites, the greater the shift caused by creating larger internal magnetic fields.



Figure 7 presents the differences in the position of resonance lines depending on the content of Fe3O4 in the samples. The smallest differences were observed for the M1 sample and then we have a sharp increase. As the content of magnetite increases, we have an increase in this and the greatest value was achieved for the M4 sample. The presence of two resonance lines may indicate a magnetic anisotropy. So, the greatest magnetic anisotropy can be expected for larger-sized nanocrystallites. This is due to lower mobility in reorientation processes.



Figure 8 shows the linewidth of the investigated nanocrystalline samples. A very broad linewidth was obtained for all samples. Lower linewidths and some changes in linewidth were observed for resonance lines fitted using the Lorentzian function. The linewidths of the nanocrystalline samples resonance lines fitted using Gaussian functions were greater. For samples with a nanocrystalline size of 35 nm, the differences were the greatest (over 1000 G). This very large linewidth could be due to the inhomogeneous broadening arising from the distribution of the easy-axis direction in nanoparticles [44]. It could be produced by a distribution of resonance field, which could be experimentally represented as an inhomogeneous broadening of magnetic resonance linewidth.



The intensity was calculated from the relationship I = AΔH2 where I—intensity, A—amplitude and ΔH—linewidth. Figure 9 shows the dependence of the intensity on the size of the nanocrystallites of the resonance line matched by Gaussian (red) and Lorentzian function (black). The resonance line matched by Gaussian function significantly dominates the M2, M4 and M5 samples. It is likely that we had two systems of correlated spins of different sizes where the latter were much smaller in size. They can be located at existing pores in nanocrystalline samples. It could also be a measure of the number of pores in the samples. This explains why there were resonance lines closer to g = 2, as well as why they have a larger linewidth of resonance lines (Figure 6 and Figure 8). This might also explain why the largest difference in position of the resonance lines was obtained for sample M4.



Figure 10 shows the dependence of total integrated intensity on the size of nanocrystallites. With an increase in size of nanocrystallites, intensities increased and the largest increase was obtained for the M5 nanoparticles. The integrated intensity had a similar character with an increasing concentration of iron nanoparticles as in the process where the influence of carburization levels by methane decomposition on nanocrystalline iron was investigated [44].



This can be explained assuming that smaller-sized nanocrystallites are more mobile in reorientation processes. In our case, it means that many magnetic moments can line up parallel to each other with smaller crystallite sizes in a superparamagnetic state.



The results of the current work and those published previously (in particular [30,38]) prove that nanocrystallites can be segregated using the developed chemical method and thermally stabilized with structure-forming promoters. It was also confirmed using another example of a reaction system that the physical properties of nanocrystallites are a function not only of their chemical and phase composition, but also of their size.




4. Conclusions


A series of nanocrystalline iron oxides which differ from each other in average crystallite size (from 26 to 37 nm) was prepared. All parameters describing the magnetic resonance strongly depend on the size of the nanocrystallites of the studied nanoparticles. Magnetic resonance measurements showed the presence of two systems of correlated spins of different sizes. The increase in the total integrated intensity with the increase in the size of the nanocrystallites is due to the process of reorientation of the magnetic moments. The smaller nanocrystallites are more mobile and can more easily reach a superparamagnetic state, setting the magnetic moments anti-parallel. Because we have magnetic moments of different magnitude that can arrange themselves in an anti-parallel way, a “ferrimagnetic” state can arise. This has a significant impact on magnetic susceptibility as well as on magnetic anisotropy. The smaller the size of the nanocrystallites, the more likely the reorientation mobility of magnetic moments. Hence, at smaller sizes, nanocrystallites take a more active role in anti-parallel ordering.



It is worth emphasizing that both the applied research technique and the research direction itself are characterized by an innovative approach. The obtained results, combined with previously published results (in particular in [30,38]), confirmed that nanocrystallites can be segregated using the developed chemical method and thermally stabilized with structure-forming promoters. It was also verified using another example of a reaction system that the physical properties of nanocrystallites are a function not only of their chemical and phase composition, but also of their size.
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Figure 1. Scheme of the preparation procedure to obtain samples with narrow nanocrystallite size distribution. 
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Figure 2. Diffractogram of sample M4 after the oxidation and etching stage with nitric acid (V). 
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Figure 3. TEM images of samples M1–M5 after the oxidation and etching stage with nitric acid (V). 
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Figure 4. The FMR spectra of nanocrystalline samples at room temperature. 
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Figure 5. Experimental and fitting spectra, Gauss and Lorentz curves, as well as the misfit curve for nanocomposite M1 at room temperature. 
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Figure 6. The position of resonance lines. 
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Figure 7. The difference in position of the resonance lines obtained by fitting the Lorentz and Gaussian functions. 
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Figure 8. The linewidths of the investigated nanocrystalline samples as a function of nanocrystallite sizes. 
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Figure 9. The dependence of intensities on the size of nanocrystallites. 
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Figure 10. The dependence of total integrated intensity on the size of nanocrystallites. 
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Table 1. Composition of samples after etching.






Table 1. Composition of samples after etching.





	
Sample Name

	
Fe3O4

	
Fe

	
FeO




	
Average Size

	
Standard Deviation of NSD

	
Phase Content

	
Average Size

	
Phase Content

	
Average Size

	
Phase Content




	
nm

	
nm

	
%

	
Nm

	
%

	
nm

	
%






	
M1

	
26

	
15.0

	
93.7

	
15

	
6.0

	
na

	
0.3




	
M2

	
29

	
2.5

	
94.0

	
24

	
6.0

	
-

	
-




	
M3

	
32

	
5.0

	
95.0

	
19

	
5.0

	
-

	
-




	
M4

	
35

	
7.0

	
99.3

	
Na

	
0.4

	
na

	
0.3




	
M5

	
37

	
10.0

	
98.8

	
Na

	
1.2

	
-

	
-











 





Table 2. Analysis results for specific surface area of samples M1, M2, M3, M4 and M5 (BET equation).
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	Sample Name
	Specific Surface Area [m2/g]





	M1
	8.77



	M2
	13.75



	M3
	22.30



	M4
	16.60



	M5
	17.10










 





Table 3. Parameters of the FMR spectra taken from Figure 6, Figure 7, Figure 8, Figure 9 and Figure 10 for samples: M1, M2, M3, M4 and M5.
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Sample

	
Size [nm]

	
Resonance Field [G]

	
Difference of

Resonance Field H0G-HoL [G]

	
Linewidth [G]

	
Integrated Intensity Iint [arb. units]

	
Total

Integrated Intensity Iint [arb. Units]




	
Lorentz

	
Gauss

	
Lorentz

	
Gauss

	
Lorentz

	
Gauss






	
M1

	
26

	
2058

	
2718

	
660

	
1601

	
1801

	
5.07

	
3.62

	
8.70




	
M2

	
29

	
1324

	
2356

	
1032

	
1568

	
2499

	
2.87

	
6.78

	
9.65




	
M3

	
32

	
2144

	
3209

	
1065

	
1578

	
1680

	
6.07

	
5.38

	
1.44




	
M4

	
35

	
1341

	
2458

	
1117

	
1522

	
2523

	
3.67

	
10.75

	
14.42




	
M5

	
37

	
1539

	
2606

	
1067

	
1649

	
2344

	
4.46

	
15.08

	
19.54
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