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a b s t r a c t   

Epsilon iron oxide (ε-Fe2O3) coatings on Si(100) substrates are obtained by an easy one-pot sol-gel recipe 
assisted by glycerol in an acid medium. Glycerol, given its small dimensions, enables the formation of ε- 
Fe2O3 nanoparticles with a size of a few nanometers and the highest purity is reached in coatings after a 
densification treatment at 960 °C. The structural and compositional evolution up to 1200 °C is studied by 
confocal Raman microscopy and X-ray absorption spectroscopy techniques, correlating the existing mag
netic properties. We report a novel characterization method, which allows monitoring the evolution of the 
precursor micelles as well as the intermediate and final phases formed. Furthermore, the inherent industrial 
technology transfer of the sol-gel process is also demonstrated with the ε-Fe2O3 polymorph, impelling its 
application in the coatings form. 

© 2021 The Author(s). Published by Elsevier B.V. 
CC_BY_NC_ND_4.0   

1. Introduction 

It is surprising to observe the increasing capabilities over time of 
epsilon iron oxide (ε-Fe2O3) to exhibit multiple functionalities. The 
synthesis of this elusive iron oxide polymorph was mastered relatively 
recently, and it was obtained in pure form by inexpensive, wide- 
spread sol-gel methods in 2004 [1,2]. To date, considerable efforts 
have been undertaken to synthesize it in pure form not only by sol-gel 
synthesis [3–10], but also by pulsed laser deposition (PLD) [11–14] and 
atomic layer deposition (ALD) [15]. However, it exists mainly confined 
to the nanoscale due to its high bulk energy [16] and complex crys
talline structure (orthorhombic crystal structure with the Pna21 space 
group and lattice parameters a=5.095 Å, b=8.789 Å, and c=9.437 Å  
[17]). ε-Fe2O3 displays interesting physical properties that are of great 

relevance in basic science [9,18–23] and, more recently, also in tech
nology [24]. Epitaxial films exhibit multiferroic properties at room 
temperature [11], while nanoparticles show a high efficiency in mag
netic hyperthermia [25], ultrafast Faraday rotation effects under ter
ahertz pulsed light [26], and microwave absorption in the terahertz 
range [27,28]. ε-Fe2O3 nanoparticles are also palaeointensity markers 
in baked clay archaeomagnetic materials [29,30], and they present 
excellent capabilities for flexible high-density recording media [31]. 

During the synthesis process of ε-Fe2O3, the thermodynamic con
ditions favor the most stable phase of iron oxide, i.e. the hematite 
phase (α-Fe2O3), due to a larger size of the precursor micelle [16,32]. 
As a consequence, the densification thermal range of ε-Fe2O3 forma
tion is relatively narrow [6,33]. Therefore, a short carbon chain poly
alcohol rich in hydroxyl groups, such as glycerol (GLY), is a suitable 
candidate to enclose the precursor micelle into a silica matrix with the 
smallest possible dimensions and thus create both continuous and 
homogeneous coatings [34,35]. Under these premises, a reproducible 
sol-gel recipe assisted by GLY is proposed in this work to obtain 
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coatings composed of ε-Fe2O3 nanoparticles embedded in a silica 
matrix on Si(100) substrates. The synthetic route is designed to un
derstand the different stages of the iron oxide precursor micelle from 
its first steps forming iron oxyhydroxides to obtaining the ε-Fe2O3 

polymorph. In the proposed scenario, the evolution of the compounds 
formed during the densification process is investigated from the re
moval of the organic compounds (T ~ 400 °C), to the formation of ε- 
Fe2O3 (900 ºC < T  <  1200 ºC), and the gradually transformation into α- 
Fe2O3 at the highest temperatures. This kind of structural studies has 
been carried out by Mössbauer spectroscopy and X-ray diffraction 
(XRD) [2,10,21,36]. The aim of this work is to provide an alternative 
and novel advanced characterization using confocal Raman micro
scopy (CRM) and X-ray absorption spectroscopy (XAS) techniques, 
correlating them with the magnetic properties exhibited. 

The results obtained in this research establish the thermal con
straints for obtaining an oxyhydroxide (ferrihydrite, FH) and iron 
oxides (γ-, ε-, and α-Fe2O3), where the ε-Fe2O3 polymorph stands out 
for its potential multifunctionality. On the one hand, the designed 
sol-gel synthesis represents a substantial advance in the growth of 
iron oxide phases and, specifically, the fabrication of ε-Fe2O3 poly
morph films by the sol-gel method. On the other hand, the novel 
structural characterization of the evolution of the compounds by 
CRM and XAS techniques enables the temperature-dependent 
compositional optimization to improve the response of the ε-Fe2O3 

polymorph in technological applications of immense relevance such 
as high-density magnetic recording media or microwave absorption 
in the terahertz range [27,28,31]. 

2. Material synthesis and experimental methods 

2.1. GLY-based sol-gel synthesis to obtain iron(III) oxide nanoparticles 

An illustration of the entire glycerol-based sol–gel synthesis is 
shown in Fig. 1. The synthesis is carried out starting from a solution 
of absolute ethanol (CH3CH2OH, Panreac), acting as solvent for the 

salts of iron nitrate nonahydrate (Fe(NO3)3.9H2O, Sigma-Aldrich >  
98%) and barium nitrate (Ba(NO3)2, Sigma-Aldrich >  98%), with a 

molar ratio of 1:0.002 respectively. The pH of the sol is close to unity, 
favoring the hydrolysis and polycondensation processes of the iron 
oxide precursor micelles in an acid media (Fig. 1i). Subsequently, the 
chemical reactions of the formation of the silica matrix occur si
multaneously with a dropwise addition of the silica matrix pre
cursor, tetraethyl orthosilicate (TEOS, SiC8H20O4, Sigma- 
Aldrich > 98%), with an Fe:Si molar ratio of 1:1. Once a homogeneous 
solution is achieved, GLY (C3H8O3, Sigma-Aldrich > 99%) is slowly 
added drop by drop with a molar ratio to TEOS of (1.5:1, respectively) 
(Fig. 1ii). The slow dropwise addition of the TEOS and GLY precursors 
is essential to facilitate the homogenization of the sol, i.e. the op
timal and equal formation of the iron oxide precursor micelles and 
the silicic acids formed after the first hydrolysis and polycondensa
tion steps. In addition, the GLY hydroxyl groups promote the hy
drolysis processes and the viscosity of the resulting solution is 
notably increased. 

All the stages are supported by the presence of nitric acid (HNO3, 
Sigma-Aldrich > 70%), which acts as a catalyst for the chemical re
actions at room temperature. The obtained solution is kept magne
tically stirred for 7 days under a vigorous speed at room temperature 
to enhance the particle size distribution and purity of the resulting 
samples (Fig. 1iii) [9,21]. Afterwards, sol-gel coatings are deposited 
on Si(100) wafers (as received) by a dip-coating process (Fig. 1iv) and 
they are dried in a conventional oven at 60 °C for 7 days in order to 
remove the excess of alcoholic groups formed (xerogel formation,  
Fig. 1v). Finally, the densification of the coatings is performed by 
thermal treatments between 400 and 1200 °C in an air environment 
with a heating rate of 1 °C/min (Fig. 1vi). The final films are com
posed of 54 wt% of iron oxide-based products in a silica matrix. The 
coatings display final thicknesses of ~760 nm and ~200 nm, which 
are adjusted by the dip-coating speed 4.52 and 2.56 mm/s, respec
tively (see atomic force microscopy (AFM) images in the Supporting 
Information). 

Fig. 1. GLY-based sol-gel synthesis in an acidic media of continuous and homogeneous mesoporous silica films containing iron oxide-based compounds. (i) Firstly, iron and 
barium nitrates are added to form the primary micelles in an alcoholic solution where they are magnetically stirred at vigorous speed and the hydrolysis-polycondensation 
processes start. (ii) Subsequently, TEOS and GLY are added dropwise, and (iii) the resulting solution is kept magnetically stirred for 7 days at room temperature. (iv) The resulting 
gel is deposited on commercial Si(100) substrates at a constant speed by a dip-coating process. (v) The coatings are dried for 7 days at 60 °C to evaporate the alcoholic groups 
formed. (vi) The densification treatment is carried out at 400–1200 °C in an air atmosphere. As an example, a cross-sectional scanning transmission electron microscopy (STEM) 
image related to a sample treated at 960 °C is added (bottom right). 
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2.2. Structural and magnetic characterization 

Compositional and structural properties are investigated using a 
Witec ALPHA 300RA confocal Raman microscope equipped with a 
Nd:YAG laser (532 nm in p-polarization) and by XAS experiments 
carried out at the Spanish CRG beamline BM25-SpLine at The 
European Synchrotron (ESRF), Grenoble (France). From Raman 
measurements, intensity mappings of representative areas are per
formed in densified samples with a 100x objective lens (numerical 
aperture of 0.95), in which Raman spectra are acquired every 200 nm 
with 5 s of integration time. The laser power employed is fixed at 
0.7 mW to avoid overheating effects. The Raman intensity is pro
portional to the amount of material and the characteristics of the 
Raman bands are related to parameters such as the degree of crys
tallinity and/or the dimensions [37]. In this sense, in order to obtain 
the best quality of Raman signal, it is determined that the coatings 
prepared between 400 and 900 °C have an optimal thickness close to 
~760 nm. On the contrary, for the samples treated from 960 to 
1200 °C, coatings of ~200 nm are considered suitable for the Raman 
compositional study. Optical images and complementary AFM 
images are recorded by the same equipment with a gold-coated si
licon probe, NSG30 model provided by NT-MDT (Russia). The tip is 
about 14–16 µm high, aspect ratio from 3:1–5:1 and a radius of 
10 nm. The cantilever is 125 µm long, 40 µm wide and 4 µm thick, 
with an elastic constant 40 N/m and a resonant frequency of 
~268 kHz. Raman and AFM data are analyzed using the Witec Project 
Plus software. Regarding the XAS measurements, both X-ray ab
sorption near edge structure (XANES) and extended X-ray absorption 

fine structure (EXAFS) regions are analyzed at the Fe K-edge 
(7112 eV) in fluorescence yield mode in the range between 6900 and 
8000 eV. Signals are collected using a 13 element Si(Li) solid state 
detector (INCA, Sgx Sensortech). XAS spectra are analyzed according 
to standard procedures using the ATHENA program package [38]. 

Morphological features and nanoparticle distribution into the 
film are examined by cross sectional scanning transmission electron 
microscopy (STEM) images with a JEOL ARM 200cF STEM, working 
with a CEOS aberration corrector under a cold field emission source 
operated at 200 kV. Simultaneous electron energy-loss spectroscopy 
(EELS) measurements are obtained in selected areas to study the 
chemical composition along with the formal oxidation states of the 
nanoparticles. 

The magnetic properties of the coatings are evaluated with a 
quantum design MPMS-XL magnetometer. Hysteresis magnetic 
loops are obtained at room temperature with a maximum applied 
magnetic field of 50 kOe. Temperature dependence curves (M(T)) are 
collected in the temperature range from 5 to 300 K at 200 Oe. 

3. Results and discussion 

3.1. A combined vibrational and magnetic study 

Fig. 2a1–4 show the optical micrographs corresponding to the 
samples prepared between 400 and 700 ºC. In them, cracks produced 
during the densification process might arise due to the increase of 
the surface energy of the coating and/or to differences in the coef
ficients of thermal expansion between substrate and coating. In turn, 

Fig. 2. Micro-Raman study and magnetic properties of samples prepared at 400, 500, 600, and 700 °C. (a1–4) Optical micrographs. (b1–4) Raman intensity images in the XY plane 
corresponding to the yellow boxes in Fig. a1–4. The integration range chosen for intensity mappings goes from 660 to 750 cm−1. (c) Average Raman spectra obtained from the 
Raman intensity images (Fig. b1–4). (d) M(T) curves taken from 5 to 300 K. (e) Magnetic hysteresis loops collected at 300 K where the diamagnetic effect of the Si substrate has 
been corrected. The inset in Figure e represents a magnification of the central area for clarity. 
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the coating is transparent and colored stripes are visible as a result 
of optical interferences. Several CRM scans are performed in the XY 
plane in different zones to identify the composition of the samples 
as well as their degree of homogeneity. Representative regions in 
each sample are displayed as yellow rectangle areas in Fig. 2a1-a4. 
Raman intensity images, shown in Fig. 2b1–4, are calculated by in
tegrating the band around 700 cm−1, which evolves with tempera
ture and could be related to the presence of an iron oxide-based 
compound [39]. The average Raman spectra from the corresponding 
Raman mappings are represented in Fig. 2c. The characteristic 
Raman modes of the Si substrate are observed in all the spectra and 
they are localized at 304, 512, and 970 cm−1 [40]. The integrated 
Raman mode at 700 cm−1 might attribute to several oxyhydroxides 
and iron oxide phases such as FH, γ-Fe2O3, and ε-Fe2O3 [23,41,42]. 
Therefore, an assignation of compositional phases presented in the 
samples is not possible at a glance. To elucidate the nature of the 
iron-based compounds formed with the densification temperature, 
M(T) curves are performed to detect possible magnetic transitions 
that can be associated with the main phase present in the coating 
(Fig. 2d). 

For the sample densified at 400 °C, a broad bump is found ran
ging from ~50 to ~220 K with three main shoulders located at ~115, 
~159, and ~210 K (Fig. 2d). The origin of those shoulders is probably 
due to the characteristic blocking temperatures related to the FH 
phase with different particle sizes [43,44]. FH is the most common 
precursor of other iron oxides and hydroxides, both synthetically and 
naturally produced [45]. Its sizes are typically comprised between 2 
and 7 nm [46] and it behaves as an antiferromagnetic material with 

a N é el temperature of ~240 K above ~8 nm [47]. It has a high surface 
area that provides a high chemical reactivity [48]. Interestingly, 
slight differences in particle size drastically change its magnetic 
properties [43]. While 2-line FH (~2–4 nm) usually displays a 
blocking temperature of ~50 K [46,49,50], 6-line FH (~6–7 nm) ex
hibits blocking temperatures up to 200 K [44]. Considering this, M(T) 
curves show how the FH particle size evolves towards its bulk be
havior with a N é el temperature of ~240 K (Fig. 2d) at 500, 600, and 
slightly at 700 °C. 

Fig. 2e shows the hysteresis loops of the samples prepared from 
400 to 700 °C. At 400 °C, a paramagnetic response is observed. 
However, the superparamagnetic hysteresis loops observed at 500, 
600, and 700 °C are not attributed to FH, which is paramagnetic at 
room temperature. Commonly, FH immersed in a silica matrix 
transforms into maghemite (γ-Fe2O3) as temperature increases [16]. 
Specifically to this work, γ-Fe2O3 displays a superparamagnetic 
character at room temperature (Fig. 2d) and its blocking tempera
tures are clearly detected at ~16 K for 600 °C and at ~50 K for 700 °C, 
together the N é el temperature of FH in the samples densified be
tween 500 and 700 °C at 240 K (Fig. 2d). In addition, as the FH 
transforms into γ-Fe2O3, the saturation magnetization gradually in
creases with temperature up to 700 °C because its higher saturation 
value [45] (Fig. 2e). To determine the average particle sizes corre
sponding to those blocking temperatures, calculations are per
formed according to the Néel-Arrhenius relation [51]: 

= eN
K V k T

0
/ B (1) 

Fig. 3. Micro-Raman study and magnetic properties of samples prepared at 800, 900, and 960 ºC. (a1–3) Optical micrographs. (b1–3) Raman intensity mappings in the XY plane 
corresponding to the yellow boxes on optical images in Fig. a1–3. The integration range chosen for intensity imaging goes from 660 to 750 cm−1 for γ-Fe2O3 (pink color) and from 
100 to 200 cm−1 for ε-Fe2O3 phase (green color). (c) Average Raman spectra obtained from the Raman intensity images (Fig. b1–4). Red ellipses indicate the emerging of the ε- 
Fe2O3 phase. (d) M(T) curves taken from 5 to 300 K. (e) Magnetic hysteresis loops collected at 300 K where the diamagnetic effect of the Si substrate has been corrected. The inset 
of Figure e represents a magnification of the central area for clarity. 
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where τN is the average time of the magnetization reversal due to 
thermal fluctuations; τ0 is the characteristic attempt time of the 
material, whose value ranges from 10−9 or 10−12 s; kB is the Boltz
mann constant, K is the magnetic anisotropy constant, and V is the 
particle volume. Taking the KMaghemite value of 105 J m−3 [45] and, 
considering this value as constant even if the particle dimensions are 
slightly varied, average particle sizes of ~2.4 nm for ~16 K and 
~3.5 nm for ~50 K are obtained (Table S1 in the Supporting 
Information). 

Summarizing, with these magnetic results, the Raman band lo
cated around 700 cm−1 of the samples prepared between 400 and 
600 ºC might be mainly attributed to FH (Fig. 2c), although the 
γ-Fe2O3 phase could be contributing to that Raman signal. The 
sample synthesized at 600 ºC is included since no significant de
viation in the Raman position is detected as the temperature in
creases. However, a band narrowing is observed and this effect 
might be related to an increase of the crystallinity degree and/or 
particle size [23] of FH nanoparticles. A larger γ-Fe2O3 fraction might 
also be considered. In contrast, for the case of 700 ºC, two of the 
three characteristic bands of the nanometric γ-Fe2O3 are dis
tinguished (350 and 690 cm−1 [42]), identifying the γ-Fe2O3 as the 
main iron oxide phase present. 

Similarly, the densification range of coatings between 800 and 
960 °C is analyzed. The optical micrographs of the samples treated at 
800 and 900 °C (Fig. 3a1–2) show strong similarities with respect to 
those shown in Fig. 2a1–4. From 960 ºC, the decrease of the coating 
thickness seems to improve its continuity and homogeneity on the 
substrate surface (Fig. 3a3). This effect could be due to the eva
poration process of the alcoholic groups formed during the sol-gel 
process, which are released easier for lower thicknesses, producing 
less cracks. The calculated XY-plane Raman intensity images are 

presented in Fig. 3b1–3 and the obtained average Raman spectra are 
displayed in Fig. 3c. In them, a higher Raman intensity of the iron 
oxide phases and a narrowing of their Raman bands are identified, 
and an assignation of the phases is easier. The Raman spectrum of 
the sample treated at 800 °C corresponds to γ-Fe2O3 with particles of 
nanometer size [42]. From 900 °C onwards, the characteristic Raman 
spectrum of the ε-Fe2O3 polymorph begins to be defined with the 
emergence of new Raman modes, clearly visible in the spectral 
ranges 100–200 cm−1 and 450–500 cm−1 (indicated by red ellipses in  
Fig. 3c) [33]. 

M(T) curves corresponding to the synthesis temperatures of 800, 
900, and 960 °C are shown in Fig. 3d. At 800 ºC, the characteristic 
blocking temperature of γ-Fe2O3 is detected at around 50 K [52]. 
However, this transition is accompanied by the occurrence of an
other contribution at 100 K for the 900 ºC sample (Fig. 3d). In that 
temperature range the incommensurate magnetic transition of 
ε-Fe2O3 is located [21,53]. Therefore, a phase coexistence is observed 
and the Raman spectrum must correspond to the mixture of both 
polymorphs, i.e. γ-Fe2O3 and ε-Fe2O3 (Fig. 3c-d). In contrast, going to 
the 960 ºC sample, a well-defined incommensurate magnetic tran
sition of the ε-Fe2O3 polymorph around ~100 K is discerned [21,53]. 
A small shoulder around ~25 K is visible (Fig. 3d), which might be 
due to α-Fe2O3 nanoparticles with a size of ~5 nm [7]. This con
tribution can be considered as minority since hematite is not de
tected by CRM measurements, in spite of its high scattering power  
[54]. Interestingly, no superparamagnetic transition attributed to 
γ-Fe2O3 is found. Therefore, it is proposed that γ-Fe2O3 is not present 
using a densification temperature above 960 ºC. The hysteresis loop 
of the sample synthesized at 800 ºC (Fig. 3e) shows the same su
perparamagnetic characteristics as in the 700 ºC sample (Fig. 2e), 
except for a remarkable increase in the saturation magnetization 

Fig. 4. Structural characterization of sample densified at 960 ºC. (a) HAADF image. (b) Intensity profile of the nanoparticles, which shows the approximate size of the nanoparticles 
to be around 7–15 nm. Simultaneously acquired (c) ABF and (d) HAADF images from the same ε-Fe2O3 nanoparticle oriented in the [210] direction. (e) Illustration of the ε-Fe2O3 

crystal structure, exhibiting both the Fe atoms (green) and O atoms (red) down the [210] direction; (f) ADF image of another nanoparticle where an EEL spectrum image was 
acquired to produce the adjacent (g) Fe L23 and (h) O K edge maps (in false color). (i) Fe L23 ratio map for the same particle. The value corresponding to iron (III) oxide is 4.5 [56]. 
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Fig. 5. Micro-Raman study of samples prepared at 1040, 1100, and 1200 ºC. (a1–3) Optical micrographs. (b1–3) Raman intensity images in the XY plane obtained from the yellow 
boxes in Fig. a1–3. The integration range chosen for intensity imaging goes from 100 to 200 cm−1 for ε-Fe2O3 (green), and from 1310 to 1350 cm−1 for α-Fe2O3 (red). (c-e) Average 
Raman spectra obtained from the crack and flat regions identified in Fig. b1–3 for the corresponding samples. 

Fig. 6. (a) M(T) curves in the range 5–300 K and (b) magnetic hysteresis loops collected at 300 K for the samples densified at 1040, 1100, and 1200 ºC. The diamagnetic con
tribution of the Si substrate is corrected. The inset of Fig. b shows a magnification of the central area for inspection. 
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from ~0.5 to ~6 emu/g. The inset in Fig. 3e reveals that the hysteresis 
loop begins to broaden and the coercivity increases above 900 ºC. 
These results are evidences of the formation of ε-Fe2O3 and typical 
saturation magnetization values are present for sample at 960 ºC, 
comparing to other works [5,21]. Similarly, the coercivity grows with 
the particle size and it attains ~20 kOe for d >  30 nm [6]. 

To correlate the structural and magnetic properties obtained for 
the 960 ºC sample, cross-section high resolution STEM measure
ments are performed (Fig. 4). The particle size along the coating is 
examined by high angle annular dark field (HAADF) images. Fig. 4a 
displays results from a sample with a high density of nanoparticles 
embedded in a silica matrix. Fig. 4b shows the intensity profile 
measured along the area highlighted with a yellow rectangle in  
Fig. 4a. The particle diameters observed range from 7 to 15 nm. Ac
cordingly, the synthesized ε-Fe2O3 nanoparticles have a reduced 
coercivity and the hysteresis loop exhibited in Fig. 3e is justified. As 
an example, annular bright field (ABF) and HAADF images acquired 
in the same ε-Fe2O3 nanoparticle are shown in Fig. 4c-d. The nano
particle is orientated along the [210] direction and the simulated 
crystal structure is superimposed on the HAADF image (Fig. 4e, Fe 
atoms in green, O in red), displaying the Fe atoms (O atoms are re
moved for the sake of clarity). 

In addition, we have performed in the same instrument electron 
energy-loss spectroscopy (EELS). An EELS spectrum image provides 
information about the formal oxidation state of the iron oxide na
noparticle under study. The L2 and L3 absorption edges (white-lines) 
of Fe arise from the excitation of the core electrons found in the 2p1/2 

and 2p3/2 orbitals to the unoccupied electronic states of the d orbitals 
near the Fermi level (dipole transitions) and the intensities of the 
absorption edges represent the density of states of the unoccupied 
3d orbitals [55]. Subsequently, an in-situ intensity scan is performed 
specifically in a nanoparticle (Fig. 4f), obtaining the signature of the 
L3 and L2 absorption edges of Fe (Fig. 4g) and the K edge of O 
(Fig. 4h). The intensity ratio between lines L3/L2, also known as L23 

ratio, shows a value of ~4.5 (Fig. 4i), which corresponds to Fe 
3 + oxidation state [56]. From the present findings, a good degree of 
homogeneity in the nanoparticle is deduced, which is consistent 
with an iron (III) oxide. Its formal oxidation state is only slightly 
reduced at its boundaries, which are in close contact with the silica 
matrix. The same analysis is performed for different nanoparticles 
obtaining similar results. 

In the last densification temperature range from 1040 to 1200 ºC, 
the transformation of ε-Fe2O3 to α-Fe2O3 is gradually reached with 
temperature. The morphology of the coatings is reflected in the 
optical micrographs in Fig. 5a1–3. From the Raman microscans of the 

sample prepared at 1040 °C (Fig. 5b1), two distinct Raman spectra 
are distinguished (Fig. 5c). One spectrum is collected at the crack 
boundary region (with more amount of material, see Supporting 
Information) and the other one is collected from the flat region. Both 
of them show characteristics of the Raman spectrum of ε-Fe2O3 and 
α-Fe2O3 (they are intermixed), but the intensity ratios of their Raman 
modes are different due to the change of their compositional frac
tion. The flat region contains less α-Fe2O3 and the bands between 
640 and 750 cm−1 are enhanced in intensity and shifted towards 
lower Raman frequencies compared to those bands in the Raman 
spectrum associated with the crack boundary region (Fig. 5c). The 
bands appear sharper compared to the lower densification samples 
and it is probably caused by the formation of larger particle 
sizes [23]. 

In the 1100 ºC sample, similar structural properties are found, but 
some differences are observed with respect to the previous sample 
(Fig. 5c-d). The amount of ε-Fe2O3 in the flat region is still remark
able (Fig. 5b2,d). However, α-Fe2O3 becomes the predominant phase 
in the crack boundary region since its Raman intensity is highly 
enhanced (Fig. 5d). Moreover, the Raman bands are narrower as a 
sign that the particle size is increased [23,37]. At 1200 °C, the mor
phological and structural changes of the coating are visible in the 
optical micrograph in Fig. 5a3. Nanostructured particles can be dis
cerned in the flat region, resulting in an increase of the surface 
roughness. Interestingly, the ε-Fe2O3 polymorph is not detected in 
the areas studied along the present coating. Here, α-Fe2O3 is the 
predominant compound and no appreciable structural differences 
are detected in the average Raman spectra acquired in the flat and 
crack boundary regions (Fig. 5b3,e). Accordingly, the thermal 
threshold is fixed where the ε-Fe2O3 polymorph might be fully 
transformed into α-Fe2O3 according to CRM measurements. 

In the M(T) curves, the incommensurate magnetic transition of 
the ε-Fe2O3 polymorph is detected around 115–120 K for both 1040 
and 1100 ºC samples (Fig. 6a) [5]. In addition, a small shoulder exists 
around ~240 K that could be related to the Morin transition of α- 
Fe2O3 at 1100 ºC [45]. This transition might correspond to α-Fe2O3 

agglomerates or larger particles that behave like a larger particle size 
one, when they are placed in close contact with a ferromagnetic 
material [57,58]. At 1200 ºC, the magnetization gradually increases 
with temperature and no clear magnetic transitions are indexed 
excepting the Morin transition at 240 K and a small singularity 
around 120 K attributable to the ε-Fe2O3 polymorph (Fig. 6a). How
ever, considering the predominance of the α-Fe2O3 observed from 
the Raman results (Fig. 5e), the contribution of the ε-Fe2O3 poly
morph is considered minority at 1200 ºC. 

Fig. 7. (a) XANES spectra collected from coatings prepared from 25 to 1200 ºC. The pink and green arrows indicate the emergence of a well-defined second resonance corre
sponding to the notable appearance compositional phases present in each sample. (b) Diagram of compositional evolution with the densification temperature calculated from a 
linear combination fitting taking into account a FH, α-Fe2O3, γ-Fe2O3, and ε-Fe2O3 references. 
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Fig. 6b represents the magnetic hysteresis loops corresponding to 
the samples treated at 1040, 1100, and 1200 ºC. The hysteresis loop 
widens, the coercivity increases, and the saturation magnetization 
(50 kOe) is not achieved at 1040 and 1100 ºC. In this sense, the sa
turation magnetization reaches the highest value at 1040 ºC 
(~16 emu/g) and the low-coercivity magnetic contribution is sig
nificantly reduced compared to the rest of the samples. In contrast, 
the saturation magnetization diminishes up to ~9 emu/g at 1100 ºC. 
This might be due to the highest α-Fe2O3 content found in Fig. 5b2 
and d. In turn, the hard contribution of the ε-Fe2O3 polymorph is 
vanished at 1200 ºC and a notable reduction of the magnetic re
sponse is noticed. 

3.2. A combined structural short-range order and magnetic study 

The XANES spectra presented in Fig. 7a illustrate the composi
tional evolution throughout the densification treatment of samples 
up to 1200 ºC, identifying subtle differences between them. For the 
untreated sample, a pre-peak around 7111 eV is identified, which is 
associated with the 1 s → 3d quadrupole transition and 1 s → 3d/4p 
dipole transition [59] and remains present at all the densification 
temperatures. However, a drastic change is noted in the shape of the 
pre-peak at 1200 ºC suggesting a chemical change in the sample that 
might be related to some reaction with the substrate. At lower 

densification temperatures, the XANES spectra exhibit relatively 
wide whitelines that are accompanied by broad resonances, which 
can be explained by the nature of nanometer particles with reduced 
crystalline order in this temperature range [60]. For the sample 
prepared at 600 ºC and above, the whiteline after the absorption 
edge narrows and the intensity related to the second resonance 
arises (indicated by a pink arrow in Fig. 7). As the synthesis tem
perature increases, the whiteline continues to narrow and a shoulder 
at lower energies is observed, showing the typical characteristics of 
the ε-Fe2O3 polymorph (marked with a green arrow in the Fig. 7) [9]. 
From 960 ºC the XANES signal continues to evolve up to 1200 ºC, 
where the characteristic double peak of α-Fe2O3 can be seen, proving 
that the α-Fe2O3 is the prevailing phase at the highest temperature, 
i.e. 1200 ºC [9]. In addition, a major number of oscillations are noted, 
related to a large crystalline order in the α-Fe2O3 structure. 

In order to semi-quantify the compositional evolution with the 
densification temperature and correlate the results with the micro- 
Raman experiments, an estimation is calculated for each sample by a 
linear combination fitting of the first derivative of the XANES spectra 
from those of the FH, α-Fe2O3, γ-Fe2O3, and ε-Fe2O3 references [9,21], 
as Fig. 7b shows. Initially for the untreated sample, a 100(2)% of FH is 
obtained, indicating that this phase is the precursor for the synthesis 
process of other iron oxides. From 300 ºC, the percentage of the FH 
gradually decrease up to 12(2)% for sample treated at 800 ºC and it 

Fig. 8. (a) k2-weighted EXAFS-χ(k) spectra of the coatings prepared from 25 to 1200 ºC. The pink, green, and red ellipses indicate structural variations arising from the emergence 
of new phases (γ-Fe2O3, ε-Fe2O3, and α-Fe2O3, respectively). Vertical visual guides are added for proper inspection. (b) Fourier transform of the EXAFS-χ(k) spectra represented in 
R-space. The shells corresponding to the interatomic distances related to Fe–O and Fe–Fe atoms are signaled with vertical guides. 

Fig. 9. (a) Coercivity (HC, left side) and saturation magnetization (MS, right side) of all the samples densified from 400 ºC to 1200 ºC. (b) Coercivities (Hmax1,2) obtained from the 
derivative of the magnetic hysteresis loops for samples annealed in the range 400–1200 ºC. 
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disappears at higher temperatures. This compositional transforma
tion is accompanied by the formation of γ-Fe2O3, which has an op
posite trend with an increase from 17(4)% to 88(3)% from the 300 ºC 
to 800 ºC sample. At 900 ºC, its contribution suddenly decreases to 
22(3)% and the majority presence of the ε-Fe2O3 phase appears, 
persisting up to 1100 ºC with a purity of 96(4)%. A 100(3)% of ε-Fe2O3 

is obtained for sample annealed at 960 ºC. The ε-Fe2O3 contribution 
decreases significantly to 32(4)% for the sample annealed at 1200 ºC, 
and the rest compound corresponds to α-Fe2O3. Noteworthy is that 
these results corroborate the absorption characteristics noted in the 
XANES signal and the results previously described by Raman and 
magnetic properties. 

The k2-weighted EXAFS-χ(k) spectra of the coatings prepared at 
different temperatures are shown in Fig. 8a. The spectrum related to 
the untreated 25 ºC sample exhibits structural changes with shifts 
towards higher wavenumbers compared to the sample treated at 
300 ºC. This effect is probably due to the presence of organic groups 
bound to the ferric cations [61]. In the 400–600 ºC range, the organic 
groups are removed and no substantial structural deviations compared 
to 300 ºC are detected. Between 700 and 900 ºC, a contribution to the 
oscillatory signal (indicated by pink ellipses) arises that can be related 
to the large amount of γ-Fe2O3 identified by CRM analysis and XANES 
(Figs. 2 and 7, respectively). From 900 ºC onwards, new oscillations 
induced structures are defined (marked with green ellipses in Fig. 7) 
that increase in amplitude and progress up to 1100 ºC. In this range, 
ε-Fe2O3 is present with a considerable percentage (see Fig. 7b). 
Therefore, those new oscillations structures can be attributed to the 
ε-Fe2O3 polymorph [21]. Related to 1200 ºC, the k2-weighted EXAFS- 
χ(k) oscillating spectrum is significantly different from the previous 
ones (main variations indicated by red ellipses), and it is indicative of 
the dominant presence of hematite at 1200 ºC as previously has been 
identified by CRM (Fig. 5) and XANES (Fig. 7) experiments. 

Fourier analyses are performed in the k2 χ(k)-weighted EXAFS 
oscillating signal between 2.5 and 11 Å−1 and it provides information 
about the local structure in the R-space [62] as a function of the 
temperature (Fig. 8b). The untreated 25 ºC sample exhibits a main 
shell around ~2 Å with a pronounced intensity and it may be mainly 
related to Fe–O interatomic distances [9]. Its relatively broad could 
attribute to the presence of other Fe chemical environments 
(different speciation) and/or a large static disorder [61]. In addition, 
the absence of a second shell may explain the lack of crystalline 
order at short range at 25 ºC [63]. At 25 ºC, EXAFS spectrum is 
characteristic to FH [60]. When the sample is treated at 300 ºC, 
changes in the evolution of its structure are observed as the intensity 
decrease of the first shell and the formation of a well-defined second 
shell around ~3 Å which is related to Fe-Fe interatomic distances [9]. 
Up to 600 ºC, EXAFS spectra do not vary significantly. Following the 
vertical guide of the second layer, it can be observed that it loses its 
symmetrical character at 700 ºC and coincides with a high presence 
of γ-Fe2O3 (Figs. 2 and 7). Subsequently, a large increase short-range 
order is observed until reaching its maximum at 900 °C, coinciding 
with the appearance of the ε-Fe2O3 polymorph (Figs. 3, 5, and 7). 
Importantly, the structural properties remain practically unchanged 
from 960 to 1100 ºC and the EXAFS spectra are mainly related to the 
ε-Fe2O3 polymorph [21]. Finally, the most abrupt structural changes 
are observed at 1200 ºC and they are mainly attributed to the 
dominant presence of α-Fe2O3 as previously has been discussed [62]. 

To evaluate and correlate the compositional and structural 
characteristics with the evolution of the magnetic properties as a 
function of temperature, the values of coercivity and saturation 
magnetization are summarized in Fig. 9. They follow similar trends 
and they reach their maxima values at 1040 ºC (16 emu/g and 1.6 kOe 
respectively). However, the saturation magnetization starts to rise 
from 700 ºC with the significant contribution of γ-Fe2O3 (Figs. 2d-e 

and 7) and the coercivity starts to grow at 900 ºC with the emer
gence of the ε-Fe2O3 polymorph (Figs. 3d-e and 7). At temperatures 
below 700 °C, both coercivity and saturation magnetization values 
are very low because FH is paramagnetic at room temperature and γ- 
Fe2O3, with sizes below 6 nm, exhibits superparamagnetism (Table 1 
in the Supporting Information). On the other hand, the origin of the 
low coercivity of 300 Oe that is present in the 600 ºC sample is un
clear (Fig. 9b). At this temperature there is a high degree of phase 
mixing and the FH could act as a domain wall pinning for γ-Fe2O3, as 
happens with other materials [64–66]. Except for this temperature, 
both coercivity and saturation magnetization gradually increase 
until 1040 °C. Above that temperature, α-Fe2O3 formation occurs 
more noticeably as the temperature goes up and it causes a drastic 
drop of the two magnitudes (Fig. 9b). When 1200 ºC is reached, α- 
Fe2O3 is observed as a major component of the sample and the 
present magnetic contribution of low coercivity and low saturation 
magnetization is associated with it. 

Further analyses are addressed from the individual critical coer
cive fields (Fig. 9c), coming from the low coercivity population 
(Hmax1) and the high coercivity population (Hmax2) present in the 
samples. The individual coercivities of the different phases present 
in the sample can be guessed from the maxima in the first derivative 
of the hysteresis loops (not shown here). A maximum in the first 
derivative represents a sudden inversion of magnetization of a 
specific contribution of the whole sample. It is interesting to note the 
trend of the Hmax2 in Fig. 9c, which is associated with ε-Fe2O3 na
noparticles with sizes above ~20 nm [6]. Specifically, a drastic in
crease is identified from 800 ºC until reaching the value of ~20 kOe at 
1040 and 1100 ºC, maximum coercivity for this polymorph [6]. At 
1200 ºC, Hmax2 drops to virtually zero, indicating the absence of the 
high coercivity contribution. In turn, the magnetic contribution to 
the Hmax1 coercivity might assigned to a residual maghemite pre
sence below the detection limits of XRD and CRM techniques due to 
its high saturation magnetization (60–80 emu/g [45], to ε-Fe2O3 

nanoparticles with sizes of a few nanometers [6], or to other mag
netic minority phase [30]. Therefore, the compositional variations of 
the different compounds based on iron oxides identified by Raman 
experiments and semi-quantified by XAS (XANES and EXAFS) ana
lyses (Fig. 9a), match well with their corresponding magnetic 
properties and this approach is proposed as a good method for 
calculating the compositional percentage obtained by the densifi
cation influences. 

4. Conclusions 

We have been able to correlate the occurrence of different iron- 
oxide phases and their magnetic properties as well as their evolution 
during the densification process. We have obtained coatings of iron 
oxide-based nanoparticles embedded in silica on commercial Si(100) 
substrates following an one-pot sol-gel recipe, employing GLY as a 
steric agent. GLY, as a reduced organic compound, greatly facilitates 
the formation of ε-Fe2O3 nanoparticles. The Raman properties, 
XANES and EXAFS analyses, and magnetic features as a function of 
densification temperature converge fairly well. The thermal limits 
are established where the iron oxide precursor micelles structurally 
transit through different compounds. FH is found up to 800 ºC, γ- 
Fe2O3 up to 900 ºC, ε-Fe2O3 between 900 and 1100 ºC, and α-Fe2O3 

from 1040 to 1200 ºC. The correlation between structural and mag
netic results satisfactorily elucidate the nature and properties of the 
compounds, identifying the highest values of saturation magneti
zation and coercivity for samples densified at 1040 and 1100 ºC. CRM 
and XAS are proposed as powerful techniques to study the evolution 
of ε-Fe2O3 nanoparticles which has an immense potential for mul
tidisciplinary technological applications. 
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