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Highlights 

 The Fe-Si-O glass ceramics were prepared by Laser Floating Zone (LFZ) 

technique. 

 The influence of pulling rate variation on the crystallization kinetics and the 

redox state is investigated. 
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 Faster growth favors the formation of Fe-containing clusters with higher 

Fe2+/Fetotal ratio.  

 The ZFC-FC curves of the fibers showed a superparamagnetic-like behavior, 

characterized by a maximum, TP, near to the Verwey transition. 

 Fitting of a modified Kneller equation on the experimental data confirms the 

formation of non-uniaxial interacting Fe3O4 clusters in the fibers grown at 

higher pulling rates. 

 

Abstract  

This work studies the effect of the pulling rate, varying from 100 to 400 mm/h, on 

the redox state, structure and magnetic properties of iron oxide bearing silica glasses 

processed by laser floating zone (LFZ) method.  

XRD analysis revealed that the maximum crystallinity is obtained in the fibre 

grown at the lowest pulling rate. A detailed Raman analysis demonstrated that the 

global content of Fe2+ increases with pulling rate, while the growth under a lower 

pulling rate promotes the α-Fe2O3 crystallization. Atomic/magnetic force microscopy 

provided further evidence of phase-separated iron oxide crystallites formation with a 

high Fe2+/Ftotal ratio as the pulling rate increases.  

The magnetic measurements performed over a wide temperature range showed 

that the highest magnetization is found in the fibre grown at the highest pulling rate. 

A strong correlation between structural-topographical features and the magnetic 

characteristics of the glass fibres is substantiated. 

 

Keywords: Laser floating zone (LFZ); Iron oxide doped silica glass; Redox state; 

Atomic/Magnetic Force Microscopy (AFM/MFM); Magnetic properties. 

 

1. Introduction 

Incorporation of iron oxide particles into silica-based glasses have gained 

increasing interest due to their unique physical and chemical properties, including 

chemical durability, abrasion resistance, specific electromagnetic absorption features 

and biocompatibility [1-5]. These advantageous characteristics have brought 

great merit for iron oxide containing silica glass- glass-ceramics to be employed 

in a wide variety of emerging industrial and technological applications; for 
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instance, magnetic hyperthermia and targeted drug delivery [2, 3], microwave 

and electronic devices, catalysts and also sensors [1, 5]. Regardless of the original 

oxidation state of the iron in the starting glass batch, the final glass contains Fe3+ 

ions, with tetrahedral and octahedral coordination, and Fe2+ ions in octahedral 

coordination [6-8]. Iron (III) oxide, ferric oxide, can be found in four polymorphs; α-

, β-, γ- and ɛ-Fe2O3 [9]. Being isostructural with corundum, hematite is the most 

stable iron (III) oxide substance and has a canted antiferromagnetic nature at room 

temperature. Hematite undergoes to Morin transition, TM, and the Neel transition, TN, 

at 260 K and 956 K, respectively [10, 11]. Maghemite, γ-Fe2O3, is a cubic spinel and 

ferrimagnetic at 300 K with an estimated Curie temperature, TC, of 985 K [11]. γ-

Fe2O3 is easily transformed to hematite at temperatures above 800 K [11-13]. Two 

other iron (III) oxides are thermodynamically unstable and their stable monophasic 

crystallites can only be formed in nanometric scale and under specific synthetic 

circunstances [9, 10, 14]. 

On the other side, magnetite, Fe3O4, contains both Fe2+ and Fe3+ valence states 

acquiring the highest magnetization among other iron oxides (82-100 emu.g-1 when it 

is in the bulk form.) [1, 11, 13]. Magnetite has an inverse spinel structure in which all 

tetrahedral sites are occupied by Fe3+ ions (“A” sites), and the octahedral sites by 

both Fe3+ and Fe2+ states (“B” sites). The two characteristic temperatures of 

magnetite are TC= 850 K and the Verwey temperature, TV, at 120 K where a metal-

insulator transition occurs [11, 13]. Ferrous oxide (iron (II) oxide), known as wustite 

possess a cubic structure and exhibits antiferromagnetic behaviour below the Néel 

temperature of 200 K [13]. From the thermodynamic point of view, this phase is 

disproportionated to α-Fe and Fe3O4 when cooled slowly to temperatures lower than 

567 oC [15]. However, there are several reports regarding the formation of the 

metastable wustite via the reduction of hematite [16] and or silica-supported iron 

catalyst annealed at air [17].   

Up to now, various techniques including chemical methods such as sol-gel, 

co-precipitation [1, 3] and/or high-temperature processing methods like laser 

ablation, melt-quenching and laser processing [5, 7] have been used to produce 

iron oxide doped glass-ceramics. Among them, laser floating zone (LFZ) method 

was found as a powerful processing technique enabling to prepare not only the 

glass-ceramic materials [7] but also high-quality single crystals [18-20], eutectic 
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structures [3, 21-23] and highly oriented polycrystalline materials [23-26]. Moreover, 

by providing conditions for a self-supported molten zone, the LFZ method has merit 

over other high-temperature synthesis approaches to avoid contamination and 

impurities resulted from high-temperature interaction with crucibles or other 

materials [27]. On the other hand, LFZ method allows us to deeply study phase 

transformation kinetics [7, 28-31], tuning the states of the redox-active cations 

diffusion phenomena [30-32] and crystallization/vitrification mechanisms in the 

glass fibres [27, 28]. Previous investigations have addressed the significant impact 

the chemical composition, the ambient atmosphere, composition, pulling rate on the 

shape, phase composition, morphology and the related characteristics of the samples 

grown by LFZ method [27-32]. Furthermore, it is suggested that the crystallization 

during the LFZ processing, strongly depends on the thermal gradient near the 

melt/solidification interface and the pulling rate [26]. However, understanding of 

the clustering and nucleation process accompanied by relevant microscopic and 

macroscopic changes imposed by temperature gradients during the LFZ procedure 

still is very inconclusive and challenging. Previously studies had revealed that the 

incorporation of up to 8% (in mol%) iron oxide into the magnesium aluminosilicate 

(MAS) glass fibres prepared by LFZ method only presents paramagnetic attribute at 

room temperature likely due to poor clustering of the nano-sized iron oxide species 

and huge directional crystallization of non-magnetic components [27]. Moreover, it 

was demonstrated that even through Mossbauer spectroscopy, the estimation of the 

Fe3+/Fe2+ ratio in the above-mentioned glasses is hardly attainable because of the 

strong overlap of the sextets due to Fe2+ and Fe3+ in the iron oxides clusters [7]. 

From these studies [7, 27] it was found that only above 8% mol of Fe, magnetic 

phases of iron clusters, are formed in the glass matrix.   

Therefore, in the present work, 10Fe2O3-90SiO2 glass fibres were grown using 

the LFZ method. The aim of this paper to study how the redox state changes as 

the pulling rate vary from 100 to 400 mm.h-1. The influence of Fe2+/Fe3+ redox 

interactions on structural, topological and magnetic characteristics of the glass 

fibres will also be investigated. To do so, the as-grown glass fibres will be 

analyzed using X-ray diffraction (XRD), Raman spectroscopy, atomic force 

microscopy/magnetic force microscopy (AFM/MFM) and vibrating sample 

magnetometer (VSM) measurements.  
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2. Experimental 

The starting powders of SiO2 and Fe2O3 (MERK, purity >99.99 %) were initially 

mixed in an agate ball mill, during 40 min at 250 rpm, in the proportion of 90 and 10 

(mol %), respectively. After that, an organic binder (PVA – Polyvinyl alcohol) was 

added to the mixture and the precursor rods were obtained from cold extrusion to be 

used as feed and seed precursors for the sample growth by the LFZ method.  

The sample processing was carried out in the LFZ setup [7], equipped with a 

continuous CO2- Spectron SLC laser (λ=10.6μm; 200W) in the air atmosphere. 

Keeping the rod diameter constant at 1.75 mm, the samples were grown at the rates 

of 100, 150, 200 and 400 mm/h to yield dense glass-ceramics. Thus, the glass-

ceramic fibres are labelled as LFZ100, LFZ150, LFZ200, and LFZ400 in which the 

number means the pulling rate of each sample. 

X-ray diffraction (XRD) was performed using an X'Pert MPD Philips 

diffractometer (Cu Kα radiation, λ = 0.154056 nm, 2θ=5–70°, step 0.04° and 

exposition 1.3 s) at 40 kV and 30 mA. The obtained diffractograms were analyzed 

using the JCPDS database. The Raman spectroscopy of the fibres was carried out in 

an HR800 Jobin Yvon SPEX spectrometer, using an Ar laser (λ = 532 nm) as 

excitation font. The spectra were obtained between 200 and 1100 cm−1 at room 

temperature in backscattering geometry. 

Surface morphology and local magnetic properties were studied using an 

INTEGRA Aura (NT-MDT SI) scanning probe microscope equipped by the 

magnetic probe MFM01 (70 kHz, 3 N/m). 

The magnetic properties were measured with a VSM from Cryogenics with the 

axis of the sample parallel to the direction of the applied magnetic field as a function 

of temperature, 25 ≤ T ≤ 300 K, with an applied magnetic field of 0.1 Tesla in the 

field cooling (FC) and zero field cooling (ZFC) modes. The magnetization versus 

magnetic field (-10 T ≤ H ≤ 10 T) was measured at several temperatures between 25 

and 300 K.  
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3. Results and discussion 

Figure 1 exhibits the X-ray diffraction (XRD) patterns of LFZ powdered fibres. 

According to the reflection peak positions and relative intensities, the XRD patterns 

show the presence of M: magnetite - Fe3O4 (ICDD: 00-019-0629), IS: iron silicate - 

Fe2SiO4 (ICDD: 01-070-1861), F: fayalite – 2(FeO). SiO2 (ICDD: 00-011-0262), H: 

hematite - α-Fe2O3 (ICDD: 00-001-1053), γ: maghemite - γ-Fe2O3 (ICDD: 01-070-

1861), W: wustite - FxO, with 0.83≤x≤0.95, (ICDD: 01-074-1880) phases in all 

samples.  

It should be noted that no crystalline phase of silica was detected in the XRD 

patterns of the fibres. The appearance of a broad hump around 2 = 21o, 

characteristic of the silica glasses with the short-range order [33], is confirmed in the 

samples LFZ100 and LFZ150. Whereas, the formation of silica vitreous structure is 

not observed in LFZ200 and LFZ400. In the following, we present the reduction-

oxidation reactions occurring during the LFZ process to understand the findings 

obtained from XRD analysis.  

As described in the experimental procedure, the raw materials are SiO2 and Fe2O3 

powders. In a reducing atmosphere, such as the high temperature melting zone 

during the LFZ preparation [29], the conditions met for the formation of fayalite - 

Fe2SiO4 or iron silicate (Eq. 1 and 2), Wustite - FxO (Eq. 3) and Magnetite - Fe3O4 

(Eq. 4) follow as: 

2Fe2O3 + 2SiO22Fe2SiO4 + O2  (1) 

3Fe2SiO4+O22Fe3O4 + 3SiO2 (2) 

2Fe2O34FeO + O2    (3) 

3Fe2O3  2Fe3O4 + O2 (4) 

According to Eq. 1 and 2, the decreasing in the pulling rate and the longer time for 

oxidation can attribute in the formation of a lower quantity of fayalite or iron silicate, 

with more silica melt for the formation of glass, originating for the wide hunch at 

LFZ100 and LFZ150 XRD patterns. Therefore, the melting made in air at 

atmospheric pressure, i.e., an oxidative atmosphere, may cause the decomposition of 
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fayalite with the crystallization of hematite (Eq. 1) and magnetite (Eq. 2). Moreover, 

the hematite can be reduced into wustite and magnetite (Eq. 3 and 4 respectively).  

As seen in Figure 1, the major part of the peaks detected can be attributed to more 

than one crystalline phase. This fact only allows us to calculate the size of the 

crystallites of the Wustite, FxO, which has the diffraction peak with the greatest 

intensity at 2 = 43.6º, using Scherrer’s equation 

𝐷 = 𝐾 /( 𝑐𝑜𝑠)        (5) 

where λ is X-ray wavelength, K a constant, β is line broadening measured at the 

half-height from the most intense peaks of XRD and θ is Bragg angle. The results of 

this calculation (Figure 2) show that the Wustite crystallites have nanometer 

dimensions and their size diminish with the decreasing of the pulling rate with the 

minimum size for the sample LFZ150 and a little greater for the LFZ100 sample. 

The main peak of the fayalite phase (2(FeO). SiO2) at 2   31.59º is observed in 

all the samples. The peak at 2  33.27º corresponds to hematite (α-Fe2O3) and 

increases with the decrease in the growth rate of the fibres. The peak at 2   57 º 

can be ascribed to the maghemite (γ-Fe2O3) phase and diminishes with the decrease 

of the pulling rate.   

It is noteworthy that the observed broadening in XRD lines with the increasing of 

the pulling velocity can be interpreted in terms of lower crystallinity of these 

samples. However, the major problem is that the observed peaks with higher 

intensity may have contributions of several crystalline phases. Thus, the peak at 2   

35.5 º can be the overlapping of peaks due to magnetite, hematite, wustite and iron 

silicate crystalline phases and the diffraction peak at 2   62.6º can be attributed to 

magnetite, hematite, wustite phases in the sample.  

Based on the XRD results, we have shown the heterogeneous crystallization of 

magnetic phases containing both Fe2+ and Fe3+ oxidation states.  However, it is 

hard to justify how the Fe2+/Fe3+ redox ratio changes as a function of the growth 

rate. Therefore, more precise charcterization is needed to identify the 

environment of iron ions distributed in the glass matrix. For this purpose, Raman 

spectroscopy, commonly used for determination of the structure, environment, and 

dynamics of glassy materials, was performed.  
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The experimental Raman spectra of all fibres obtained at room temperature are 

demonstrated in Figure 3. For each spectrum, first, the baseline was corrected to 

remove the background effect and secondly the baseline-corrected spectrum was 

normalized concerning the most intense peak in each spectrum. The Raman spectra 

were deconvoluted into individual Gaussian peaks to identify and assign all possible 

vibration bands, as described precisely in [34]. All observed vibration bands were 

identified by comparison with the literature [35-47] data and labelled in alphabetic 

order and their corresponding assignments are given in Table 1.  

According to the Raman analysis, all fibres, except for LFZ150 fibre, showed a 

band around 220 cm-1 (Figure 3 - labeled by A) that can be ascribed to the A1g mode 

in α-Fe2O3 crystallite [26]. In LFZ 150 fibre there is no evidence of band at ~ 620 

cm-1 (Figure 3) assigned to Eg mode for hematite phase. These two peaks are 

attributed to hematite and do not have any contribution from maghemite or magnetite 

phases [36]. The absence of these two peaks can be related to structural changes 

within LFZ150 accompanied by hindering of formation of α-Fe2O3 phase [37]. 

Oppositely, the band F, in the range of 660-675 cm-1, is a characteristic signature of 

magnetite [43].  

Considering the band F, specific for Fe3O4, as a criterion for the abundance of 

Fe2+ ions in the fibres, it is possible to calculate the ratio between the area of the 

band F and the area of the other bands due to Fe ions. The ratio [Fe2+]/[Fetot] for each 

sample was calculated from the relation: 

R[Fe2+]/[Fetot] =Area [Band F]/ ∑Area [Fe Bands]       (6) 

where ∑Area[Fe Bands] is the sum of all band areas attributed to Fe structural units.  

Complement this data; it is possible to calculate the relative areas of the bands of 

hematite entity, i.e., determine the band's A and E variation as a function of the 

pulling rate. We could approximately assess the fraction of hematite in fibres RFe2O3 

from the summation of the area of the peak of bands A and E, designated for α-

Fe2O3, and the total area of the bands associated with all iron species, ∑Area [Fe 

Bands], viz, 

RFe2O3=(Area [Band A]+ Area [Band E])/∑Area [Fe Bands]  (7) 
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The graph of both [Fe2+]/[Fetot] and [Fe2O3]/[Fetot] ratio vs. the pulling rate is 

given in figure 4. The fraction hematite drops abruptly as the pulling rate increases 

from 100 to 150 mm/h; after a drastic increase in the proportion of hematite phase 

with the increase in the pulling rate up to 200 mm/h, again the fraction decreases 

gradually when the pulling rate.  

It is also observed that the content of Fe2+ increases as the pulling rate of the 

fibres increases. According to A. Moguš-Milanković et al. the consequence of the 

increase in [Fe2+]/[Fetot] ratio is the appearance of new oxygen bridging atoms [48]. 

It should be considered that it is difficult to ensure that this dependence exactly is 

correlated to the Fe3+ quantity in the fibre because we did not consider the bands 

which are assigned to all phases consisting Fe3+ ions [43-47]. From this graph, it is 

possible to infer an increase of magnetite amount with the pulling rate while the 

hematite decreases, which corroborate  the result observed for hematite grown by 

the LFZ method [43]. 

From Raman analysis, it is possible to study the effect of the pulling rate on the 

variation of the silica structural units in LFZx (x=100, 150, 200 and 400) fibres. As 

seen in Table 1, the bands recognized in the range of 410-500 cm-1 and ~800-1000 

cm-1  are attributed to Si-O-Si vibrations in silicate structural units [38-41]. Although, 

band J at ~960 cm-1 barely was detected at LFZ100. Besides that any trace of the 

band I was not observed for LFZ400. In fact, the bands around 850 (H), 900 (I), 950 

(J) and 1100 (K) cm-1 correspond symmetric Si-O stretching vibrations of SiO4 

tetrahedral with four, three, two and one non-bridging oxygen atoms, respectively 

[49]. Therefore, it is an indicator of a random configuration of bridging and non-

bridging oxygen in LFZ samples. Similar behaviour is most often associated with 

melts that contain high field charge divided by the square of the cation-oxygen 

distance, modifying cations (Mg2+, La3+)  strength [50]. 

The type of modifying cation impacts on the distribution of the chain lengths 

appearing as a shift to the higher wavenumbers when the field strength of the 

modifying cation increases [51]. The change in the structure seen in Raman spectra is 

a result of the difference in the strength of Fe–O and more covalent Si–O bonds 

present in the network. 
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Figure 5 presents AFM and MFM scan images of the LFZ fibres. The dark/bright 

contrast in the MFM images is associated with the magnetic interactions between a 

ferromagnetic tip and the iron oxide clusters formed in the LFZ fibres. The AFM 

images confirm the phase separation, and a similar observation was done by SEM 

micrographs (not shown here). The obtained MFM results demonstrate an alteration 

of the magnetic domain structure as the pulling rate increases. Generally, the samples 

LFZ100 and LFZ150 demonstrate weak MFM contrast which is partly affected by 

the topography. However, the LFZ150 fibre exhibits the areas where MFM response 

is not influenced by the morphology, and the inherent magnetic domain structure can 

be also revealed (Figure 5b). The LFZ200 sample demonstrates a clear magnetic 

domain structure consisting of opposite state domains with the dimension of about 

100 nm, as seen in Figure 5c. The LFZ400 fibre reveals clear, big and elongated 

monodomain states with the size of ~1 x 4 μm2 (Figure 5d). Thus, the AFM/MFM 

results are fully consistent with the Raman study. The glass fibres grown at the lower 

pulling rates, LFZ100 and LFZ150, with a low Fe2+/[Fe]total ratio, demonstrate a 

stronger tendency to bulk crystallization of hematite phase presenting a poor MFM 

response. As the pulling rate increases, ferrimagnetic monodomains of magnetite 

with a high Fe2+/[Fe]total ratio is formed, thus giving a strong MFM response. This 

observation is further supported by magnetic measurement. 

The ZFC and FC curves measured, with an applied field of 0.1 T, are shown in 

Figure 6. The remarkable features of these curves are mentioned as follows: 

(a) The ZFC curves of the samples exhibit a broad peak centered at a temperature 

defined as TP indicating the formation of superparamagnetic iron oxide 

clusters dispersed in the glass matrix [27]. The TP values were determined 

and given in Table 2. The TP shifts progressively towards lower temperatures 

and gets closer to TV = 120 K, the Verwey transition temperature, with an 

increase in the pulling rate. As mentioned before in Raman studies, higher 

growth rate leads to an increase of Fe2+ content (Fe3O4) within the fibres. 

Thus, the TP behaviour against the pulling rate is very coherent with the 

results achieved from the Raman analysis. Moreover, the peak broadness is a 

consequence of the size distribution of the iron oxide cluster, as confirmed 

by SEM analysis (not shown here), and, in turn, the energy barriers, i.e., the 

spread in relaxation time occurring due to different sizes and random 

Jo
ur

na
l P

re
-p

ro
of



 

11 

orientation of anisotropy axis [52]. As the measuring temperature increases, 

the moments gradually become aligned along with the applied field, resulting 

in the enhancement of the magnetization. The temperature TP attributes to the 

highest blocking temperature associated with the large population of 

crystallite in which moments get lined up with the particular applied field. 

Beyond TP, thermal energy prevails the applied field ensuing into a reduction 

of magnetization value progressively. 

(b) However, there are also small "anomalies" indisputable in the ZFC 

measurements; In the LFZ400, LFZ200 and LFZ150 ZFC graphs, a change of 

the slope of the curve is  clear at around TF=60 K. This change is not so 

evident for the LFZ100 sample. Supposedly, the detected anomaly at TF=65 K 

is due to the Neel transition of fayalite [53]. In addition, the small band 

observed in the ZFC results of the sample LFZ200 in the vicinity of 200 K can 

be ascribed to the Wustite crystalline phase that is paramagnetic at room 

temperature with a Neel transition, TN, at around 200-210 K. The TN of 

Wustite depends on the concentration of the defects in this phase [13]. 

(c) The value of magnetization at any temperature increases with increase in 

pulling rate (invoking Fe2+/∑Fe total ratio increasing). 

 In figure 7 it can be seen the hysteresis loops (magnetic moment vs. B) at 300 K 

(figure 7a) and 25 K (figure 7b) of studied samples. Due to the lower thermal 

fluctuation of the magnetic moments, the magnetization at 25 K is clearly larger than 

that at 300 K for all samples. It is not observed a complete saturation of the 

magnetization even for the highest field (B =10 T). The inobservance of the 

saturation for the magnetic moment can be attributed to the surface spin disorder, the 

canting of spins in the ferrimagnetically ordered ferrite particles (magnetite and 

maghemite) [54], as well as to the antiferromagnetic and paramagnetic phases 

(hematite, wustite, and fayalite) present in the samples. 

The maximum magnetic value measured with a magnetic field of 10 T at the room 

temperature vs. the pulling rate is plotted in figure 8. The maximum magnetic value 

increases from 5.33 to 10.26 emu/g, as the pulling rate increases from 100 to 400 

mm.h-1. The observed behavior can be correlated to the data provided by the Raman 

analysis and AFM/MFM scan images. As already mentioned in Raman analysis and 

supported by magnetic force microscopy, the Fe2+/∑Fetotal ratio increases with 
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increasing the pulling rate. The Fe2+/∑Fetotal ratio enhancement favors the double 

exchange interaction in Fe3+-Fe2+ pairs in which they hop between the positive ions 

via the intermediate ligand (oxygen) leading to the ferromagnetic alignment of the 

spins of neighbouring ions and resultantly the total magnetization increases [11, 13]. 

As determined by Raman analysis and MFM studies, with a decrease in the 

pulling rate the Fe2+/∑Fetotal ratio reduces and the α-Fe2O3 crystallization boosts, thus 

the double exchange interaction suppresses and the antiferromagnetic superexchange 

coupling between Fe3+ ions promotes [55]. Therefore, LFZ100 with a high fraction 

of α-Fe2O3, 40%, manifests a sharp drop in the total magnetization and poor MFM 

response compared with the other fibres containing a lower quantity of hematite 

phase.  

In addition, all fibres show non-vanishing coercivity even at room temperature. 

Therefore, the magnetic feature of the particles in spherical aggregates indicates 

divergence from the ideal superparamagnetic behavior, resulted from a relatively 

strong interparticle interaction in the fibres [54]. 

The temperature-dependence of saturation magnetization can be described by the 

modified Bloch's law associated with spin-wave excitations of the form [55] 

))(1()0(
0



T

T
MM SS 

 

(8) 

Here MS(0) is the saturation magnetization at 0 K, T0 is the temperature at which 

the spontaneous magnetization of the sample reaches zero. The exponent α is known 

as the Bloch’s exponent where α=3/2 for bulk materials [55]. Bloch derived the T3/2 

law by considering the magnon excitation of long wave-length spin-waves at low 

temperatures. Several studies [56-58] reported the deviation of the saturation 

magnetization from Bloch’s law in nanoparticles at low temperatures. The modified 

Bloch’s law for nanoparticles was shown to have a similar form to the Bloch’s law 

for bulk materials but with Bloch’s exponent α which could have values larger and 

smaller than 3/2 [58, 59]. For these fits, all parameters are left free to deduce the 

actual contribution into the equation. Typical plots of saturation magnetizations with 

measuring temperature along with theoretical fits to the data based on modified 

Bloch's law for the fibres are given in figure 9. The fit parameters are illustrated in 

Table 2. The value of the Bloch factor is ranged from α =0.62 to 0.80 for different 
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fibres. The results have a significant deviation with the T3/2 dependence of MS, and 

the saturation magnetization of the fibres decreases much slower with increasing 

temperature than in the case of a bulk sample (α=1.5). This result is consistent with 

other results found for cobalt ferrites [57] and ZnxMg1-xFe2O4 nanoparticles [58]. The 

obtained α values can be explained based on size-effect on the energy band structure 

in the density of states in the spin-wave spectrum [58].   

The temperature dependence of the coercive fields in particulate media has been 

observed to follow Kneller’s law [55-58]: 

))(1()0()( 

B

CC
T

T
BTB 

 

(9) 

where BC(0) is the coercive field at absolute zero temperature, TB is the block 

temperature, and β=0.5 is for uniaxial non-interacting single domain particles [55]. 

We have fitted our experimental data of BC with the Kneller’s law, and the fitting 

plots are shown in figure 10. We could see the good fitting of the data for the 

temperatures below 200 K; however, due to fluctuations in BC that occurred at 

temperatures above 200 K, it was not possible to include the BC values measured at 

the temperature range of 200-300 K in the fitting. The obtained results from the 

fitting are presented in Table 2 and figure 10. The derived values for β from the 

fitting are near to consistent with β=0.5. However, the theoretical values of TB are 

considerably larger than the TP values. Furthermore, the TB increases as the pulling 

rate go up; unlike the pulling rate dependence of the TP. It should be kept in mind 

that the Kneller equation is strictly valid for uniaxial non-interacting single domain 

particles. Thus, the occurrence of magnetic interactions would contribute to the 

detected behavior [55]. Also, the [Fe2+]/[Fetot] ratio increases with the pulling rate 

resulting in the formation of more Fe3O4 which is not a uniaxial material [58]. 

Therefore, the determination of TB via Eq. (6) may give a larger error in the fibres 

grown at higher pulling rate. These two factors should be taken into account to 

explain the observed behavior for TB.  

Moreover, we demonstrate the influence of pulling rate on the coercivity and 

remanence obtained at two different temperatures, 25 K, and 300 K, in Table 3. The 

coercivity was found to decrease with increasing the growth rate (provoking 

enhancing in the Fe2+/Fe3+ ratio). The Stoner–Wohlfarth theory can explain such 
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trend. Based on this model, the coercivity (BC) of single-domain particles can be 

expressed in respect of the anisotropy constant (K) and the saturation magnetization 

(MS) as [59]: 

BC=2K/μoMS (10) 

where µ0 is the permeability constant of the vacuum. Thus, the decrease of the 

coercivity with increasing the Fe2+ content within the fibres is consistent with both 

reduction in the anisotropy constant and the increase of the saturation magnetization. 

Opposite to BC, the remanent magnetization is enhanced as the pulling rate rises ups. 

The enhancement of remanence and the reduction in BC have a linear correlation for 

the fibres grown in the rate range of 100 to 400 mm/h, associated to decrease in the 

anisotropy of the fibres [60]. 

The reduced remanence (squareness) values, SQ=MR/MS, calculated from the 

hysteresis loops at the 25 K and 300 K are enlisted in Table 3. They are found to be 

in the range of 0.1 to 0.3 which is significantly smaller than the theoretical value SQ 

= 0.5 indicating soft magnetic properties of the fibres [50]. 

 

4. Conclusion 

Fibres of 10Fe2O3-90SiO2 were grown at 100 to 400 mm/h using the LFZ 

technique. Through XRD, Raman and AFM/MFM analysis, we investigated the trend 

of heterogeneous crystallization, redox behavior and the magnetic structure as a 

function of the pulling rate. Using Raman spectra, we concluded that the Fe+2/∑Fetotal 

ratio increases with the pulling rate. According to AFM topography, gradual 

nucleation and development of spherical crystalline structures were observed by 

reducing the pulling rate. The acquired MFM images have shown a trend towards to 

the formation of the elongated magnetic monodomains and the incorporation of a 

high ratio Fe2+ ion in the crystalline structure of the fibres grown at the highest 

pulling rate (400 mm/h). The ZFC-FC curves of the fibres showed a 

superparamagnetic-like behavior, characterized by a TP near to the Verwey transition. 

However; the ZFC-FC curves are influenced by the magnetic interaction between the 

particles with different sizes within the fibres. The increasing in magnetization with 

pulling rate can be correlated to the sharp increase of the Fe2+/Fetotal ratio. The 
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temperature-dependence of saturation magnetization has been fitted by a modified 

Bloch's law, and the obtained parameters can be explained base on size-effect of the 

energy band structure in the density of states in the spin-wave spectrum. Also, the 

modified Kneller´s law has been used to account for the temperature dependence of 

the coercivity in the fibres. The obtained results from the fittings are in good 

consistency with Raman, and morphological studies. It was proved that the pulling 

rate has a crucial role in the redox state of iron ions and the formation of the 

magnetic domains dispersed into the glass network of the fibres. 
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Figure Captions  

 

 

Figure 1) XRD patterns of all powdered fibres. M: Magnetite - Fe3O4 (ICDD: 00-

019-0629), IS: iron silicate - Fe2SiO4 (ICDD: 01-070-1861), F: Fayalite - 2FeO. SiO2 

(ICDD: 00-011-0262), H: Hematite - α-Fe2O3 (ICDD: 00-001-1053), γ: Maghemite - 

γ-Fe2O3 (ICDD: 01-070-1861), W: Wustite - FxO (ICDD: 01-074-1880). 
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Figure 2) Crystallite size of wustite calculated using Debye-Scherer equation. 
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Figure 3) Normalized and deconvoluted into individual Gaussian peaks of the Raman 

spectra. 

 

 

Figure 4) [Fe2+]/[Fetotal] and RFe2O3/[Fetotal] ratio as a function of the pulling rate. (The 

dash lines are guides for eyes). 
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Figure 5) AFM/MFM images of a) LFZ100, b) LFZ150, c) LFZ200 and d) LFZ400 

mm/h. (The topography and MFM response images are presented in the left and right 

panel, respectively). 
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Figure 6) ZFC and FC curves measured under an applied field of 0.1 T. 
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Figure 7) Magnetization curves measured at a) 300 K and b) 25 K up to maximum 

field 10 T for the LFZ fibres. 
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Figure 8) Dependence of the MS value measured at room temperature on the pulling 

rate. (The dashed line is a guide for eyes). 
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Figure 9) Saturation magnetization as a function of temperature for the LFZ fibres. 

The dashed lines showed the best-fits to experimental data based on modified Bloch's 

law. 
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Figure 10) Fitting of the temperature dependence of coercivity based on modified 

Kneller's law (the dashed line). 
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Table Captions 

Table 1) Raman bands position and corresponding assignment of the LFZ as-grown 

10Fe2O3:90SiO2 fibres [7, 15-17, 20-29].  

Raman band wavenumbers (cm-1) 

Assignment 
Band 

notation 
LFZ100 LFZ150 LFZ200 LFZ400 

A 225 - 231 220 
Fe-O stretching bond hematite 

crystalline 

B 295 281 300 295 

asymmetric bends oxygen with 

respect to Fe in hematite and 

magnetite 

C 411 394 409 401 
Si-O-Si symmetric stretching 

bending in quartz 

D 498 477 492 495 
Si-O-Si 

bond bending vibration  

E 

 

614 - 613 601 Fe-O bond in hematite 

F 663 662 673 669 A1g mode in magnetite 

G - - 731 - 
ν3(+ν1) vibration of SiO4 in 

fayalite 

H 816 858 822 830 

Si-O-Fe due to distortion of 

silicate tetrahedra structural 

units 

I 904 930 890 - 

J 964 - 951 - 

K 1048 1014 1037 1036 
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Table 2) Parameters obtained from the fittings to the modified Bloch’s law and 

Kneller’s law, respectively, along with the experimental values of TP. 

Sample 

Fitting parameters derived from the 

modified Bloch law 

Fitting parameters derived 

from the modified Kneller law 

TP (K) 

(±1) 
MS(0) 

(emu.g-1) 
α 

T0 

(K) 

χ2 

correlation 

coefficient 

BC(0) 

(T) 

TB 

(K) 
β 

χ2 

correlation 

coefficient 

LFZ100 10.74 
 

0.69 781 0.990 0.54 204 0.47 0.9837 169 

LFZ150 15.99 0.77 735 0.993 0.24 418 0.44 0.9775 125 

LFZ200 16.72 0.80 793 0.994 0.16 1012 0.43 0.9887 117 

LFZ400 18.88 0.62 1006 0.988 0.14 1254 0.43 0.9850 114 
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Table 3) Experimental magnetic parameters measured at 25 K and 300 K.  

Sample 

 

@ 25 K @ 300 K 

Mr 

 (emu.g-1) 

Ms  

(emu.g-1) 

Bc 

 (T) 

SQ 
Mr 

(emu.g-1) 

Ms 

(emu.g-1) 

Bc 

(T) 

SQ 

LFZ100 1.860 10.182 0.396 0.182 0.509 5.333 0.101 0.095 

LFZ150 3.533 15.093 0.189 0.234 1.643 8.199 0.101 0.200 

LFZ200 4.415 15.948 0.185 0.276 2.307 9.228 0.088 0.249 

LFZ400 4.907 17.330 0.123 0.283 2.894 10.263 0.105 0.282 
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