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This study presents a comprehensive magnetic and morpho-structural investigation of a-Fe,Oz nano-
structures from two distinct origins: natural (geologically extracted) and synthesized (i.e., laboratory-
synthesized by an auto-combustion sol-gel method and commercially purchased hematite). All samples
underwent thermal treatments, designed to reproduce color changes typical of hematite pigments in
archaeological contexts. Through a combination of DC magnetization measurements and Md&ssbauer
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spectroscopy, we demonstrated the possibility of differentiating the origin of hematite nanostructures
based on their magnetic behavior. Interestingly, low-temperature NPD analysis revealed that the
DOI: 10.1039/d5cp03945b intensity of the magnetic peak (003) was partially suppressed but not completely extinguished as

expected for a perfect antiferromagnetic alignment, which suggests a possible coexistence of weakly
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1. Introduction

Iron oxide-based nanostructures such as hematite (o-Fe,Os),
maghemite (y-Fe,O3), and magnetite (Fe;0,) have garnered
increasing attention due to their rich physicochemical pro-
perties and wide-ranging applications." These compounds
exhibit distinct characteristics in terms of crystal structure,
electronic configuration, and magnetic behavior, making them
attractive for use in several applications.”® Hematite, in parti-
cular, stands out as one of the most studied iron oxides due to
its abundance, environmental compatibility and thermal
stability.”® Numerous studies have explored hematite as a
promising material in fields such as lithium-ion batteries,’
photocatalysis,'® gas sensing,'" water splitting,'> and biomedi-
cal applications.® In addition to this already rich plethora of
applications, nanostructured hematite exhibits new exciting
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ferromagnetic and antiferromagnetic phases in distinct domains below the Morin transition.

physical properties,"**® enabling advanced applications in

catalysis,'” energy storage and conversion,® environmental
remediation, and spintronic or magnetic devices. On the other
hand, the significant abundance and versatility of natural
hematite make it a readily available source of iron oxide. This
accessibility is particularly beneficial in fields such as geology,
mineralogy, and environmental sciences, where hematite is
often studied to understand geological processes and Earth’s
history; moreover, understanding the behavior of natural
hematite can promote sustainable practices.'®'® The intrinsic
properties that make hematite valuable also explain its historical
and cultural importance as a pigment since prehistory.”?% 2
Its distinctive red to reddish-brown color made it a favored
material for prehistoric pigments,>> commonly found in cave
paintings,> burial sites, and ritualistic objects.>

The significance of hematite in several areas of application
arises from the intimate interplay between its crystal struc-
ture, electronic configuration, and magnetic behavior. These
fundamental features not only govern its optical properties
but also determine its functional performance in terms of
magnetic ordering, charge transport, and electrochemical
reactivity. It crystallizes in a trigonal system (space group type
R3c) with a corundum-type structure. Within this structure,
iron ions (Fe*") are octahedrally coordinated by oxygen ions,
forming a closely packed arrangement. This octahedral coor-
dination leads to a strong covalent character of the iron-
oxygen bonds, contributing to hematite’s remarkable thermal,
chemical and environmental stability, a key reason it has
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endured for millennia in rock art and pigments without
significant degradation.>®

Hematite exhibits a complex magnetic behavior that evolves
with temperature. At low temperatures, it is antiferromagnetic
(AFM), with Fe** magnetic moments aligned antiparallel,
resulting in no net magnetization. When the temperature rises
above the Morin transition (Ty; ~ 263 K),*” the spins gradually
reorient into the basal plane, producing a weak ferromagnetic
(WFM) component due to the Dzyaloshinskii-Moriya inter-
action.”®*° In the hexagonal structure, this corresponds to a
spin rotation from the [001] axis to the (110) plane, which
reflects a change in magnetic anisotropy. Above Ty, the anti-
parallel arrangement of spins persists, but with a slight canting
that explains the onset of WFM ordering. This magnetic land-
scape provides valuable insights into hematite’s thermal history
and structural evolution, and it also offers useful tools for
archaeometry investigations. For example, magnetic measure-
ments can help distinguish between natural hematite and
synthetic analogues.®® Within this framework, the present
study focuses on a comparative investigation of the magnetic
properties of natural hematite (NH), laboratory-synthesized
hematite (SH), and commercially available hematite (CH). SH
and CH samples can be considered as reference materials to
benchmark the magnetic behavior of NH samples. In particular,
the SH sample is thoroughly characterized, with comprehensive
information on its morphological and structural features,
magnetic properties, and synthesis processes, including ther-
mal treatments.>" By contrast, the CH sample may be regarded
as the representative of the broader category of commercial
materials marketed as ‘“hematite,” but often accompanied by
limited information concerning their morpho-structural char-
acteristics and the majority of their synthetic procedures, which
are often processed on an industrial scale. In particular, the
influence of thermal treatment, at 1100 °C for 2 hours in air, on
the morpho-structural and magnetic characteristics of different
hematite samples was systematically explored. The selected
thermal treatment conditions reflect those employed in the
preparation of the historical hematite-based pigment Caput
Mortuum, traditionally obtained through the calcination of
hematite-rich materials at temperatures exceeding 1000 °C.*?
A multi-technique approach combining X-ray powder diffraction
(XRPD), transmission electron microscopy (TEM), Mossbauer
spectrometry (MS), magnetic measurements (MM), and neutron
powder diffraction (NPD) has been used in this study to inves-
tigate the morphological, structural, and magnetic differences
among the analyzed hematite samples. While conventional
techniques, such as XRPD and TEM, offer limited capability in
distinguishing between natural and synthetic, or treated forms
of hematite in some cases, the integration of MM, MS, and NPD
reveals clear and significant differences. The primary objective of
this work is to provide a detailed magnetic profile capable of
reliably determining the natural or synthetic origin of hematite
nanoparticles. This capability is particularly valuable in fields
such as archaeology and cultural heritage studies, where identi-
fying the provenance of iron oxide pigments can provide impor-
tant insights into ancient technologies, traditions and trade
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networks. Thermal treatments, applied to reproduce color
changes typically associated with hematite pigments in archae-
ological contexts, resulted in a notable change in magnetic
behavior depending on the origin of hematite. NPD investiga-
tion enables us to better understand the differences in magnetic
properties among the samples. Interestingly, low-temperature
NPD measurements on SH and NH hematite samples reveal the
coexistence of two distinct magnetic phases below Ty, opening
new perspectives on the complex magnetic behavior of nano-
structured hematite and challenging its conventional under-
standing.

2. Experimental

2.1. Samples

Natural hematite (NH) was collected from an Italian outcrop
(based in Elba Island) in a massive form, and then, it was
ground to obtain powders. As reported in our previous work,*?
the EDS mapping of the natural sample consisted of a-Fe,0;
accompanied by a silicate-aluminate matrix typical of its
geological origin. Synthetic hematite (SH) was obtained by a
modified sol-gel auto-combustion method.** Briefly, the pH of
a solution of Fe (NO;);-9H,0 (sigma Aldrich, purity >98%) and
citric acid (C¢HgO; (Sigma Aldrich, purity> 99.5%), 1 mol L)
was adjusted to a value of 7 by dropwise adding 30% of
ammonia solution. Afterwards, it was dried for 2 hours at
150 °C. Once the gel was obtained, the temperature increased
up to 300 °C, leading to a fast combustion reaction. The
obtained powder was gently ground in a mortar and then
thermally treated at 500 °C in ambient atmosphere to remove
the residual organic constituents and to obtain the desired
product.

For comparison purposes, a commercially available syn-
thetic hematite sample (CH) Ferroxide®™ Red 212P, supplied
by Rockwood Pigments, was included in this study. CH is a
precipitated red iron oxide with an o-Fe,O; content exceeding
97%. This sample, manufactured under strict process and
quality control, is widely used in applications, making it a good
benchmark for comparison with natural hematite (NH) and
synthesized hematite (SH).

Finally, to investigate the effect of thermal treatment, NH,
CH and SH samples were subjected to a thermal-oxidative
process in a muffle at 1100 °C for 2 hours in air. The obtained
samples were labelled as ANH, ACH and ASH, respectively.
Samples’ labels and their descriptions are summarized in
Table 1.

2.2. Characterization and data treatment

Phase identification was carried out by X-ray powder diffraction
(XRPD) using an Empyrean X-ray diffractometer (Malvern Pana-
Iytical, UK), equipped with a 1.8 kW Cu-K, ceramic X-ray tube
and a PIXcel3D 2 x 2 area detector, operating at 45 kV and
40 maA, in the 20 range of 5-90°, with a scanning step of 0.02°.
Structural refinements were carried out according to the Riet-
veld method, using the program FullProf. To gain information

This journal is © the Owner Societies 2026
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Table 1 Summary of samples’ codes and their descriptions and phase purity

Sample codes Reference samples Main phase Impurity

NH Natural hematite o-Fe,0; Si and Al

ANH Annealed natural hematite o-Fe,05 and y-Fe,03 Impurities inherited from the parent sample
SH Synthetic hematite o-Fe,0; No impurities detected

ASH Annealed synthetic hematite o-Fe, 05 No impurities detected

CH Commercially purchased hematite a-Fe,0; No impurities detected

ACH Annealed and commercially purchased hematite o-Fe,0; No impurities detected

about the microstructural properties (size and/or strain),
a file describing the instrumental resolution function and a
Thompson-Cox-Hastings pseudo-Voigt convoluted with axial
divergence asymmetry function was used during calculations.
Neutron powder diffraction (NPD) data were collected between
1.5 K and 300 K at the DMC beamline of the Paul Scherrer
Institute (PSI) using two different wavelengths, 4 = 1.4940 A and
2.4500 A, for high intensity (HI) and medium resolution (MR)
data, respectively.

The morphology of the samples was investigated by trans-
mission electron microscopy (TEM) using a Philips CM200
microscope operating at 200 kV and equipped with a LaBs
filament. TEM samples were prepared by dropping a suspen-
sion of powder, dispersed in ethanol, on a commercial TEM
grid covered with a carbon thin film and maintained in air until
complete evaporation of ethanol. Mossbauer spectra were
recorded in transmission geometry using the *’Co/Rh y-ray
source mounted on an electromagnetic driving unit submitted
to a triangular velocity form. Experiments were carried out at
77 K and 300 K. The fitting procedure was performed using
home-made unpublished MOSFIT software involving magnetic
sextets and quadrupolar components with Lorentzian lines.

DC magnetization measurements were performed using a
superconducting quantum interference device magnetometer
(SQUID, Quantum Design). To prevent any movement of the
powders during the measurements, epoxy resin glue was used,
and all the obtained magnetic data were normalized by the real
mass of the measured sample. For the sample with a clear trend
to saturation at high field, the saturation magnetization (Ms)
was determined by fitting the curves at high field using the Law
of Approach to Saturation (LAS).** However, for the samples
where the antiferromagnetic behavior is dominating, the spon-
taneous magnetization was determined by an extrapolation to
zero of the linear part of magnetization at high field.>> Magne-
tization as a function of temperature was measured according
to zero-field-cooling (ZFC) and field-cooling (FC) protocols with
an applied field of 10 mT. Briefly, the sample was cooled down
from 300 K to 5 K at zero field, then the magnetic field was
applied and My was collected during warming up the sample
up to 300 K. The same applied field was maintained, and the
sample was cooled down to 5 K and Mgc was collected during
cooling. To ensure optimal thermal homogeneity and stability,
the powdered sample was loaded into a low-mass, non-mag-
netic sample holder, which was securely coupled to the instru-
ment’s high-stability helium-gas exchange thermostat. This
configuration ensures highly uniform temperature control
throughout the entire sample space, with the sample temperature

This journal is © the Owner Societies 2026

stabilizing within £0.2 K of the target setpoint. The resulting ZFC/
FC curves, as shown in Fig. 4, are smooth and fully reproducible
across multiple measurement cycles, thereby validating the relia-
bility and stability of the temperature conditions during the
measurements.

3. Results and discussion

X-ray powder diffraction analysis (Fig. S1 in the SI) reveals that
all samples (before and after thermal treatment) constitute
hematite crystallizing in the trigonal R3¢ space group type.
Weak reflections ascribable to secondary phases can be
detected only in both NH and ANH natural samples. Rietveld
refinement is shown only for the ASH sample (Fig. 1a) as a
representative example. The corresponding average crystallite
sizes of all samples are reported in Fig. 1b. A comparison
between the untreated samples (NH, CH and SH) and their
thermally treated counterparts (ANH, ACH and ASH) clearly
highlights the effect of annealing on crystallite growth. The
mean crystallite size, extracted from Rietveld refinement,
increases markedly after thermal treatment in all three systems.
This growth is particularly pronounced for the ANH sample,
which exhibits the largest crystallite size after annealing
(600 nm), suggesting a more effective coarsening process
associated with a reduction in grain-boundary density and
enhanced structural reorganization, compared to the untreated
samples.

Bright-field TEM observations and selected area electron
diffraction (SAED) measurements were carried out for all sam-
ples (Fig. 2), enabling analysis of particle morphology, size
distribution, and crystallinity. The NH sample exhibits consid-
erable variability in both particle shape and size, ranging from
10 to 500 nm (see the NH inset showing a small particle).
In contrast, the SH and CH samples display more uniform
characteristics. Specifically, particles in the SH sample appear
as irregular platelets, 50-300 nm in size, often forming porous
agglomerates (the inset of Fig. 2b). CH particles, on the other
hand, are predominantly rhomboidal, with well-defined edges
and sizes ranging from 20 to 200 nm. SAED patterns confirm
the good crystallinity of all samples, with diffraction spots
attributable to the hematite phase (the inset of Fig. 2¢ as an
example). In fair agreement with XRPD results, TEM images
of the annealed samples reveal an overall increase in average
particle size (compare marker values), further evidenced by the
darker contrast of the particles in TEM images, indicating
reduced electron beam transmission due to increased thickness.

Phys. Chem. Chem. Phys., 2026, 28, 3963-3974 | 3965
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(a) Rietveld refinement plot for the annealed synthetic hematite (ASH) sample, selected as the representative. (b) Comparison of the mean

crystallite size for untreated samples (NH, SH, and CH: black full square symbols) and thermally treated samples (ANH, ASH, and ACH: red full circles).

Values were extracted from Rietveld refinement.

P

Fig. 2 Bright-field TEM images of untreated samples, (a) NH, (b) SH, and (c) CH, and thermally treated samples, (d) ANH, (e) ASH, and (f) ACH. Inset (a):
high-resolution TEM image of a small NH nanoparticle, showing visible hematite atomic planes. Inset (b): large view of a typical SH agglomerate. Inset (c):
representative SAED pattern corresponding to the hematite phase in a polycrystalline form.

Interestingly, grain growth in the ASH sample resulted in the
formation of particles with a notably regular polygonal shape.

3.1. Hyperfine structures

To obtain information about the hyperfine structure of the
samples, Mdssbauer spectra were recorded in zero magnetic

3966 | Phys. Chem. Chem. Phys., 2026, 28, 3963-3974

field below (77 K, Fig. 2) and above (300 K, Fig. S2, in supple-
mentary materials) the Ty, Spectra at 300 K (Fig. S2) show
similar results for SH and CH samples, consistent with WFM
hematite above the T,,*®® whereas the NH spectrum can be
fitted with two sextets showing positive and negative quadru-
pole shifts (2¢), indicating a different hyperfine environment.

This journal is © the Owner Societies 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp03945b

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 26 January 2026. Downloaded on 2/13/2026 4:12:03 PM.

(cc)

View Article Online

PCCP Paper
1.0
2 =
= ‘B
& 5
= =
2 2
k] k]
[0]
4 4
— fit1
—— fit2 0.9+
o exp
0.9 = — total
NH ANH
T L] L L] L T T T T T
-12 -8 -4 0 4 8 12 12 -8 -4 0 4 8 12
9 1.0
2 2
= ‘@
c C
0] o Q
£ 096 £
2 :
8 &
[} Q
¥ ©
o}
O exp
o
g‘;l 3 0.9 4 total
SH
0.90 T T T T T T
12 12 -12 -8 12
1.0
> 20.96 4
¥ n
2 C
S 2
2 £
2 2
® 0.9+ %
& 1
(] 1) 0.90 o [V V]
o exp O exp
totald CH total ASH
T T T T T T T r T T
12 -8 -4 0 4 8 12 -12 -8 -4 0 4 8 12
V (mmis) V (mm/s)

Fig. 3 Mossbauer spectra in zero magnetic field, recorded at 77 K before annealing (NH, SH, and CH) and after annealing (ANH, ASH, and ACH).

In particular, the negative value of 2¢ is related to the WFM respectively, confirming the coexistence of two distinct mag-
hematite, and the positive value is relative to a secondary phase netic phases. For SH and CH samples, the hyperfine parameters
such as maghemite (y-Fe,O3) or magnetite (Fe;0,).>**° Méss-  correspond to the stoichiometric hematite with a collinear AFM
bauer spectra below the Ty (77K; Fig. 3 and the fit parameters order below the Ty. Mossbauer spectra at 77 K for all the
are reported in Table 1), allow us to better understand the annealed samples at 1100 °C were fitted with only one compo-
change in magnetic order on the samples NH, SH and CH nent. The fitted lines agree with those of the hematite structure,
below the Morin transition.*' For the NH sample, the values of and the obtained parameters (Table 1) match those of stoichio-
2¢ were distinctly changed from —0.164 mm s ' to 0.377 mm  metric hematite.*> From this analysis, it becomes evident that
s~ ', from 0.35 mms ' to —0.08 mm s * and from 300 Kto 77 K, MS, even when performed at 300 K, is capable of clearly
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distinguishing between natural hematite samples and lab
synthetic/commercial counterparts. This highlights the sensi-
tivity of MS to subtle differences in hyperfine parameters,
which are strongly connected with the sample’s origin and
synthesis route.

3.2. Magnetic properties

The temperature dependence of magnetization of all the
untreated and treated samples was investigated using zero-
field-cooled (Mzxc) and field-cooled (Mgc) protocols (Fig. 4). The
CH sample shows the characteristic Morin transition****
at ~230 K, with a pronounced increase in magnetization at
Tw, followed by a relatively constant magnetization of up to
300 K(Fig. 4a). This behavior indicates the coexistence of WF
and AFM phases, which is a typical feature of hematite.'® The
NH and SH samples, however, show no evidence of the Morin
transition, even though, as discussed later, NPD measurements
provide clear evidence of the transition. The inability to observe
Ty in magnetization measurements can be ascribed to several
factors, such as the reduced particle size, surface anisotropy or
the presence of a secondary phase.'®***® Indeed, the NH and
SH samples exhibit higher magnetization at low temperatures,
which may mask the observation of the Morin transition.
After thermal treatment at 1100 °C, all the samples show Ty,
(Fig. 4b and Table 3) as an indication of the dominance of the
hematite phase. ASH and ACH samples show T}, values close to
the theoretical one of 263 K, while the ANH sample shows lower
temperatures, suggesting the presence of chemical impurities
or still other magnetic phases, also detectable by XRD.*"*3
Field dependence of magnetization (Fig. 5) was also per-
formed for all the samples below (5 K) and above the Morin
temperature (300 K). To interpret these measurements, it is
important to underline that below Ty, hematite exhibits colli-
near antiferromagnetic ordering with Fe** spins aligned along
the c-axis, governed by strong uniaxial magnetocrystalline
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anisotropy.*® Above Ty, however, the magnetocrystalline aniso-
tropy decreases while the Dzyaloshinskii-Moriya interaction
becomes dominant, inducing spin canting and creating a weak
ferromagnetic state. This leads to effective anisotropy due to
spin canting, despite the reduction in intrinsic magnetocrystal-
line anisotropy. These competing interactions introduce higher
energy barriers for magnetization reversal, ultimately leading to
significant enhancement of coercivity at room temperature.®
At 5 K, both treated (Fig. 5a) and untreated samples (Fig. 5c¢)
show low coercivity, indicating lower anisotropy. Additionally,
the NH sample exhibits a distinct ferromagnetic-like hysteresis
loop with a low M; (Table 2), confirming the presence of other
magnetic phases in the natural matrix. SH and CH samples
display at 5 K an antiferromagnetic response at high fields,
superimposed on a weak ferromagnetic trend at low fields, with
the latter effect being most pronounced in SH. This behavior
can be attributed to the presence of uncompensated spins or,
less likely, to the presence of a small percentage of ferro(i)-
magnetic phases.’>** These effects are also closely connected to
the origin and preparation route of the samples. The synthetic
hematite (SH) sample, produced by rapid combustion, consists
of irregular platelet-like particles forming porous agglomerates.
Such a morphology implies a high surface-to-volume ratio and a
large density of surface and interfacial spins, which can enhance
spin disorder and surface canting. Conversely, the commercial
hematite (CH) sample is characterized by predominantly well-
defined rhomboidal crystals with sizes in the 20-200 nm range,
indicative of a higher degree of structural regularity and reduced
surface disorder. In contrast, natural hematite inherently pre-
sents complex and spatially inhomogeneous distributions of
impurities, defects, and internal strain, which cannot be inde-
pendently tuned. These morphological and structural differ-
ences are therefore expected to directly affect the coercive field
and the temperature-dependent magnetic behavior observed in
the ZFC/FC measurements.”’
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Fig. 5 Field-dependent magnetization curves measured at (a) 5 K and (b) 300 K before thermal treatment (NH, SH, and CH), and at (c) 5 K and (d) 300 K

after thermal treatment (ANH, ASH, and ASH).

Table 2 Data extracted from the fit of the M&ssbauer spectra at 77 K.
Isomer shift (0), quadrupole shift (2¢), hyperfine magnetic field (By,) and
relative percentage area of the components. Uncertainty is giving on the
last digit

Sample d (mm s 2¢(mms ') B, (T)  Area (%)

NH  Fitl  0.49(2) 0.38(2) 53.5(1) 75(2)
Fit2  0.50(2) -0.08(2) 54.1(1)  25(2)

ANH 0.50(2) 0.40(2) 54.2(1)

SH 0.49(2) 0.37(2) 54.0(1)

ASH 0.49(2) 0.43(2) 54.1(1)

CH 0.50(2) 0.43(2) 54.2(1)

ACH 0.49(2) 0.37(2) 54.2(1)

To quantify the origin of this small contribution, the effec-
tive magnetic moment, M., (Table 3) is estimated by the
extrapolation of high linear portion at high field.'®>"

At 5 K, the ANH sample still exhibits a ferromagnetic-like
behavior, though with a lower Mg compared to the NH sample.
This can be attributed to the partial transformation of

This journal is © the Owner Societies 2026

ferrimagnetic phases (e.g. Fe;0, and y-Fe,03) into an antiferro-
magnetic phase such as hematite. The ASH samples exhibit
nearly pure antiferromagnetic behavior, while the ACH samples
show some weak ferromagnetic-like features.

At 300 K, the magnetic properties of all samples undergo
significant changes. In both treated and untreated samples, the
increase in H, above T\, arises from the change in magnetic
anisotropy, as discussed previously. Notably, the SH sample
shows a kink around zero field, suggesting the coexistence
of antiferromagnetic and ferrimagnetic phases that are not
coupled to each other.” At 300 K, the annealed samples show
an increase in H. and M, (Table 2) compared to their untreated
forms, reflecting an increase in magnetic anisotropy, particu-
larly for ASH and ACH. Several studies have demonstrated that
nanostructured hematite can exhibit exceptionally high Hec.
Pseudocubic o-Fe,0; particles (~650 nm) have been reported
to exhibit H. = 4 kOe, even if measured in minor loops,
attributed to the internal sub-particle microstructure.>® Hema-
tite pseudocubic structures exhibit H. of up to ~5.85 kOe due
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Table 3 Morin transition temperature (Ty), saturation magnetization (Ms), and coercive field (uoHc) at 5 K and 300 K?

Sample Twm (K) M, 5 K (Am* Kg ) M_5 K (Am® Kg ) M_300 K (Am® Kg ) toHe_5 K (mT) toH_300 K (mT)
NH 221.5(8.5)" 1.01(4) 1.14(2) 12(1) 160(30)

ANH 257(4) 0.45(3) 0.92(1) 12(1) 84(2)

SH 217(11) — 0.08(4) 0.80(4) 48(4) 280(40)

ASH 259(5) — 0.05(5) 0.93(2) — 450(30)

CH 230(3) — 0.16(3) 0.59(5) 17(4) 82(1)

ACH 246(3) — 0.04(3) 0.98(4) 22(1) 360(30)

“ Uncertainty is given on the last digit. ® Values extracted from neutron diffraction data.

to aggregation-induced pinning mechanisms.”® More extreme
behavior was observed in hematite/SiO, nanocomposites pre-
pared by a sol-gel route and annealed at 1100 °C: these showed
coercivity of up to ~ 8.5 kOe at 300 K, explained by sub-particle
structures and interface effects.>® While the annealed synthetic
(ASH) and commercial (ACH) hematite show an increase in H.,
the annealed natural hematite (ANH) shows a decrease in H..
This distinct behavior originates from the intrinsic chemical
and microstructural constraints of the natural precursor. The
phase-pure synthetic (SH) and commercial (CH) hematite
undergo a well-defined, uniform crystallite growth during anneal-
ing, leading to a pronounced development of magnetocrystalline
anisotropy and, consequently, a significant rise in coercivity.
In contrast, the natural hematite (NH) sample contains inherent
silicate-aluminate impurities, as confirmed by EDS analysis
reported in the previous work, and possesses a higher degree of
initial structural heterogeneity. Upon annealing, these impurities
prevent uniform grain growth and the formation of a homoge-
neous microstructure. The residual impurity phases and persis-
tent microstructural disorder in ANH thus constrain the full
development of magnetocrystalline anisotropy, resulting in a
decrease in the He compared to ASH and ACH samples.

1 000 T T T T T T
X 295.566 —— 131.658
SH 276.436 —— 116.450 (a)
251.695 —— 100.253
228.255 —— 084.252
206.827 —— 65.958
—— 185.324 —— 38.562

——165.961 —— 15,735
——147.514

100

Intensity (arb. units)

13 1.4 1.5 16 1.7 1.8 1.9
QA"

Fig. 6

These findings clearly demonstrate how morphology, ther-
mal treatment, and microstructural features can critically
enhance the coercive field of hematite nanostructures.

3.3. The magnetic structure

To better understand the differences in magnetic properties among
the various samples, neutron powder diffraction (NPD) patterns
were collected between 1.5 K and 300 K for all of them. All NPD
patterns exhibit overlapping nuclear and magnetic scattering.

Considering them as the representative of natural and
synthetic hematite, the fast-scan high-intensity (HI) data col-
lected during cooling for the NH (Fig. 6a) and SH (Fig. S3)
samples are reported. Both samples exhibit magnetic peaks at
1.37, 1.51 and 1.71 A" that can be indexed according to a k =
(0,0,0) magnetic propagation wavevector.>*>® The 003 and 101
magnetic reflections at Q = 1.37 A™* and Q = 1.51 A7},
respectively, are highly sensitive to the Morin transition.
In particular, below the Ty;, hematite is in the easy-axis anti-
ferromagnetic state, with spins aligned along the c-axis; hence,
the 003 reflection is almost completely suppressed, whereas the
intensity of the 101 reflection increases.

140
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(a) NPD-MR data for SH samples collected on cooling and evidencing the magnetic transition occurring around 220 K; the intensity scale is

plotted using a logarithmic scale to better highlight the small, but sizeable contribution of the magnetic peak 003 at ~1.35 A~ (b) Temperature-
dependent evolution of the observed peak intensity for SH and NH samples (see also Fig. S3). Both samples show a significant increase of the 003 peak
intensity above ~220-250 K, indicating the transition from the antiferromagnetic (AFM) to the weak ferromagnetic (WF) phase, consistent with the Morin
transition. The inset shows the magnetic moment evolution of the AFM and WF phases for the SH sample, as obtained from Rietveld refinement
(the values are plotted as real magnetic moments, to emphasize the temperature-dependent trend of each phase).
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Fig. 7 Superposition of the HI-NPD data collected at 1.5 K showing the contribution of magnetic scattering in the low-Q region of the diffraction
pattern; the intensity scale is plotted using a logarithmic scale. A very weak magnetic peak at 1.23 A~ is observed in the NH sample that cannot be

indexed within the hematite structure.

Above Ty, the spins flip into the basal plane, forming the
easy-plane weak-ferromagnetic state; as a result, the 003 peak
gains intensity, confirming the sole presence of the weak
ferromagnetic (WFM) phase at room temperature. In contrast,
the 012 reflection at Q = 1.71 A~ is essentially nuclear in origin
and remains nearly unaffected, making it a reliable reference.
By analyzing the temperature dependence of the 003 magnetic
reflection, it can be established that the T\, appears at
221.5(8.5) K and 217(11) K for the NH and SH samples
(Fig. 6b main panel), respectively. This finding is particularly
interesting, as Ty was not fully observed from the ZFC-FC
measurements for the NH and SH samples. Remarkably, the
003 magnetic reflection intensity is not totally suppressed
below Ty, for SH and NH samples. This feature, which is still
debated in the literature,*"*® could possibly indicate a co-
existence of separated domains between the WFM and the
AFM phases at low temperatures, or an in-plane component
of the AFM phase that produces a slight spin tilting along the c-
axis. Further extended studies are in progress in order to unveil
the exact magnetic ordering. A closer inspection of the NPD
data collected at 1.5 K (Fig. 7) shows two additional features.
A very weak, faint magnetic peak at 1.23 A~* is observed in the
NH sample; this peak cannot be indexed with the same
propagation vector, and its intensity remains constant in the
whole inspected temperature range. This is a clear indication
that at least one other spurious magnetic phase is present in
the NH sample. This peak disappears in the thermally treated
samples (ANH), confirming the total transformation to AFM
hematite.

4. Conclusions and perspectives

This paper focuses on a comparative investigation carried out
on the morphological, structural, and magnetic properties of

This journal is © the Owner Societies 2026

natural (NH), synthetic (SH), and commercially acquired (CH)
hematite samples, before and after thermal treatment at
1100 °C for 2 h, a treatment condition of particular interest
for cultural heritage applications. A multi-technique approach
was employed, combining XRPD, TEM, MS, magnetometry and
NPD. Interestingly, the NH sample displays more complex
magnetic features due to the presence of other magnetic phases
that have been observed from the M(H) curve. The thermal
treatment at 1100 °C significantly enhanced crystallinity, indu-
cing particle growth in all samples; annealed samples show
AFM behavior, confirming the dominance of the hematite
phase. However, residual WFM behavior in the ANH sample
suggests the persistence of secondary magnetic phases related
to its geological origin. Notably, this paper demonstrates that
despite XRD and TEM measurements alone not allowing to
distinguish between synthetic hematite and natural hematite,
analysis of magnetic properties and hyperfine structures allows
the hematite provenance to be clearly distinguished. These
results offer new interesting perspectives in the geological
and cultural heritage fields. To further understand the differ-
ences in magnetism between the samples, low-temperature
NPD suggests the coexistence of two distinct magnetic phases,
AFM and WFM, below Ty, These results provide a description
of how the synthesis route and thermal annealing affect the
structural and magnetic properties of hematite nanostructures.
At the same time, they raise more fundamental questions.
In particular, our findings suggest a possible coexistence of
weakly ferromagnetic and antiferromagnetic phases below the
Morin transition. Preliminary indications such as those hinted
by low-temperature neutron powder diffraction highlight
the critical yet still insufficiently explored roles of internal
strain distributions, in shaping the magnetic signatures of
hematite, well-established and extensively studied system.
Taken together, these observations clearly position this work
as a basis for future studies and motivate further investigations
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of hematite nanostructures using advanced neutron diffraction
techniques and local probes such as high-field Mossbauer
spectroscopy and, which will be essential for understanding
the origin and nature of the observed magnetic behavior.
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