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Carbon-encapsulated y-Fe,O3z nanoparticles (NPs) with emerging proximity effects were synthesized using
a single-step solid-state pyrolysis at 750 °C. The morphology and size distribution of the NPs were
investigated using high-resolution transmission and scanning electron microscopies revealing that the -
Fe,Oz NPs, with an average diameter of 9 nm, are embedded in the amorphous porous carbon matrix. In
addition, other trace phases (FesC and metallic-Fe) were also detected through X-ray absorption
spectroscopy and Mdssbauer spectrometry. Moreover, the dynamics of the system was explored by
means of AC susceptibility, magnetic memory and relaxation measurements, together with low-
temperature exchange bias, suggesting the emergence of a spin-glass-like state that remains robust
under magnetic cooling fields up to 140 kOe. These findings point to a strong exchange coupling
between the spins in the ordered core and those on the disordered surface of the maghemite
nanoparticles. Furthermore, the identification of robust spin-glass behaviour under high cooling fields
and the demonstration of coexisting blocked and superparamagnetic phases at room temperature
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Introduction

Although gamma ferric oxide (y-Fe,O3), also known as maghe-
mite, a name derived from the first letters of magnetite and
hematite, was discovered in several mines in South Africa and
California in 1927, iron oxides continue to be intensively and
extensively investigated materials today, especially in their
nanostructured form. The main reason for this is the broad
variety of magnetic behaviours exhibited by these oxides when
their size is reduced to the nanometre length-scale. The possi-
bility of tuning their magnetic properties during the synthesis
procedure enables the design of specific iron-oxide-based
nanomaterials for multiple applications in different sectors
including biomedicine," such as magnetic hyperthermia,>*
magnetic resonance imaging (MRI),” magnetic particle imaging
(MPI),° as well as drug delivery,” energy storage,® and environ-
mental sustainability (e.g., water remediation).*'° Moreover, the
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provide valuable insights for applications in magnetic data storage and spintronics.

development of magnetic composites with large surface areas
and accessible porosity would present a significant advance to
improve and extend the applicability of magnetic separation
techniques in fields such as catalysis and waste treatment.™

To fully exploit the unique characteristics of magnetic iron
oxide nanoparticles (NPs) for the aforementioned purposes,
low-cost production strategies based on the following features
need to be developed: (i) inexpensive, stable and non-toxic
materials such as magnetite (Fe;O,) and/or maghemite (y-
Fe,0;); (ii) composites whose final magnetic properties can be
easily modified to ensure their separation capacity by means of
electromagnets; (iii) superparamagnetic (SPM) composites with
large surface areas and accessible porosity; and (iv) insulating
matrices to avoid the agglomeration and uncontrolled post-
synthesis oxidation of the NPs once they are formed."” In this
regard, carbon supports have been reported to provide good
protection against corrosion of NPs, in addition to the achieved
chemical stability and biocompatibility.****

The encapsulation of NPs in a carbon matrix can be obtained
using several fabrication routes, such as the arc discharge
method,” chemical vapour deposition (CVD),"*"” the sol-
vothermal method,"® pyrolysis procedures,*® or other method-
ologies based on the precipitation of metal oxides. Among all
these carbon-based synthesis procedures, our group has wide-
ranging expertise in exploiting the advantages of high temper-
ature pyrolysis, taking place on the restricted pore volume of
commercial activated carbons (ACs), with the aim of obtaining
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and studying the synthesized magnetic NPs of metals, metals/
oxides and/or oxides in detail.>*>*

It is well known that the most common iron oxide is
magnetite, but when the size of the NPs is reduced to a few
nanometres, the appearance of maghemite is usual. Conse-
quently, the magnetic properties of maghemite nanoparticles
have been intensively investigated since the early 2000s.
Maghemite has a cubic spinel crystalline structure with
a tetragonal supercell and a lattice constant of 8.33 A. The
crystal structure of maghemite can be approximated as a cubic

unit cell with the composition (Fe3*), |Fes**[i| Os,, where

6 6 .
[ represents a vacancy.” As to its magnetic configuration, the
Fe’* moments on the tetrahedral and octahedral sites are
coupled antiparallel by super-exchange interactions via the
oxygen atoms, leaving the unpaired octahedral Fe** spins to
contribute to the magnetization. As a result, the saturation
magnetization of bulk maghemite is M, = 84 emu g ' and its
Curie temperature is estimated to be around or even above 900
K.?”?® However, these properties are altered at the nanoscale
and a complex scenario arises in which disordered assemblies
of maghemite NPs with a distribution of sizes and randomly
oriented magnetization easy axis interact. For reference, the
typical saturation magnetization (M) values at room tempera-
ture are approximately: 217 emu g~ * for o-Fe (pure iron), 92-100
emu g ' for Fe;O, (magnetite), 60-80 emu g ' for y-Fe,O;
(maghemite), ~0.2-0.5 emu g~ for o-Fe,O; (hematite), and 20~
30 emu g for &-Fe,0;. Cementite (Fe;C) exhibits M; values in
the range of 128-140 emu g~ '.>° These comparisons underscore
the relatively high magnetic response of cementite and
magnetite compared to other iron oxides, and provide context
for interpreting the magnetic behaviour of our carbon-iron
oxide nanocomposites. These values, however, may be signifi-
cantly reduced at the nanoscale due to surface spin disorder,
finite size effects, and structural strain—particularly in anti-
ferromagnetic or weakly ferrimagnetic oxides such as hematite
and e&Fe,0;. Therefore, when evaluating nanostructured
systems, it is important to consider both the bulk properties
and the additional effects introduced by reduced
dimensionality.

The complexity stems from the combination of: (i) collective
behaviour due to interparticle interactions (dipole-dipole and/
or exchange interactions if the NPs are in close contact); (ii)
surface effects caused by uncompensated, canted spins and
broken bonds; (iii) intraparticle phenomena (e.g. volume,
surface and exchange anisotropy)®® and (iv) finite size effects
(i.e. truncation of the magnetic correlation length). As a result of
all these effects, the magnetic properties of the surface can even
govern the magnetism of the inner core, reducing the magne-
tization, increasing the effective magnetic anisotropy, and
giving rise to spin canting or SG effects.*

On the other hand, the exchange bias (EB) effect appears in
systems with ferromagnetic (FM)/antiferromagnetic (AFM) or
ferrimagnetic (FiM) interfaces when they are cooled from above
the Ty of the AFM phase (or T. in the case of the FiM phase)
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under an applied magnetic field.>”***¢ It generally manifests as
a horizontal shift of the hysteresis loop along the field axis and
an enhancement of the coercive field, H.. Due to the interest of
this phenomenon with regard to applications in magnetic
sensors and data storage, EB has been experimentally and
theoretically scrutinised since the early 1970s.”>*” In thin films
and/or core/shell NPs, the EB has been ascribed to exchange
coupling moments at the FM/AFM interface,**** or to disor-
dered interfacial spins or spin clusters.**" More recently, it has
been reported that the EB effect can also be observed in FM/SG
interfaces. The EB effect is sensitive to increases in the surface/
core ratio when the size of the NPs is reduced or their
morphology is modified (i.e. spheres, cubes, octopods, flowers,
etc.).”” As the EB depends strongly on the thermal and magnetic
histories, magnetic measurements typically track changes in
the initial and final cooling temperatures and training (i.e. the
number of consecutive loops after cooling).

In this article, we report on detailed microstructural char-
acterization in addition to the magnetic behaviour investigation
of y-Fe,O; NPs with a mean diameter less than 10 nm synthe-
sized by a pyrolysis method taking place in the restricted porous
microstructure of AC carbons. The combination of high-
resolution transmission electron microscopy (HRTEM), X-ray
absorption near-edge structure (XANES), extended X-ray
absorption fine structure (EXAFS) and Mdssbauer spectrom-
etry revealed that, in addition to maghemite, a small amount of
cementite and almost undetectable metallic iron are present in
the sample. Moreover, the dynamics of the system was explored
by means of AC susceptibility, magnetic memory and relaxation
measurements, together with low temperature exchange bias
suggesting a low temperature spin-glass-like (SG) state robust
enough to persist under magnetic cooling fields up to 140 kOe.
These findings can be interpreted in terms of maghemite NPs
with a strong exchange coupling between the spins of the
ordered core and those located at the disordered surface of
maghemite NPs.

Experimental

Commercial activated carbon (AC) supplied by Osaka Gas
(Japan) with a large Brunauer-Emmett-Teller (BET) surface area
of 2350 m”> g~', a high pore volume of 1.47 em® g~' and
a porosity composed of mesopores with diameters up to 6-7 nm
and centred around 2.5 nm was used to prepare the Fe-oxide
NPs. The synthetic method to fabricate the magnetic NPs is
based on pyrolysis in the restricted volume formed by the AC
porosity. As in typical fabrication, 0.59 g AC was impregnated to
the moisture with a solution of water (1 g), sucrose (0.5 g) and
iron nitrate (0.44 g). The impregnated sample was dried, then
heat-treated under an N, atmosphere and kept at 750 °C for 3
hours. Finally, the sample was then cooled in a controlled
atmosphere to room temperature and passivated with a small
stream of air to stabilize it. The Fe content of the sample was
subsequently determined by thermogravimetric analysis (TGA)
in air, obtaining a value of 7.3 wt% Fe.

Transmission (TEM) and high-resolution transmission
(HRTEM) electron microscopy images were obtained using

© 2025 The Author(s). Published by the Royal Society of Chemistry
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aJEOL 1011 and a JEOL-JEM-2100F microscope operating at 180
kv and 200 kv, respectively. The samples were prepared by
formulating a powder suspension in pure ethanol and depos-
iting 5 pL on carbon-coated copper grids, which were then left to
dry at room temperature.

The crystal structure of the Fe NPs was analysed using room
temperature X-ray powder diffraction (XRD) patterns collected
on a high-resolution Seifert XRD 3003 and Panalytical diffrac-
tometers in Bragg-Brentano geometry operating at 45 kV and 40
mA, using Mo and Cu K, radiation, respectively (Ay;o = 0.7107 A
and Acy = 1.5418 A).

X-ray absorption structure measurements (XANES and
EXAFS) of the sample were carried out at room temperature and
atmospheric conditions at the XAFS beamline (11.1) of the
Elettra Synchrotron in Trieste, Italy. The monochromator used
in the experiment was a double crystal of Si(111). The Fe K-edge
absorption spectra were collected in the transmission mode
using ionization chambers as detectors.

For the measurements, homogeneous layers of the powdered
samples were prepared by spreading the powder over an adhe-
sive tape. The thickness and homogeneity of the samples were
optimized to obtain the best signal-to-noise ratio. To improve
data reliability, 3 spectra were recorded for the sample. The
energy edge of each sample was carefully calibrated by simul-
taneously recording a XANES spectrum of an Fe foil placed after
the sample. Under these conditions, the edge position of the
sample can be determined with an accuracy of 0.2 eV.
Furthermore, a linear combination of different Fe K-edge
XANES sub-spectra was compared with the XANES measure-
ment of the sample. These XANES measurements correspond to
a maghemite standard and a-Fe foil, a Fe5oNis, sample with an
FCC crystal structure and a lattice parameter of 3.592 A (close to
that of the y-Fe phase).” In addition, an Fe;C XANES spectrum
was provided by Dr Lusegen Bugaev.**

The normalized XAFS functions, x(k), were extracted from
the raw data using the standard procedure. The absorption
above the edge was extracted using a cubic spline in the k range
2.5 = k = 14.5 A™". The origin of the k space was taken at the
inflection point of the absorption edge. The Fourier transforms
of x(k) were performed in the k range 2.5 < k < 14.5 A~* with
a k* weight and a Hanning window function. The contribution
of the nearest neighbours to the EXAFS function was isolated by
selecting the first peaks of the Fourier transform (1 < R < 3.5 A)
and using the standard Fourier filtering technique. The overall
scale factor, S,>, was fixed at 0.8. The Debye-Waller factors, ¢,
were assumed to be uniform across all paths, confined within
physically feasible ranges between 0.0075 and 0.01 A% All data
were treated using Athena and Artemis software from the Iffefit
package.*

>’Fe Mossbauer spectra were recorded at 300 and 77 K, using
a constant acceleration spectrometer and a >’Co source diffused
in an Rh matrix. The transducer was calibrated using a o-Fe foil
at 300 K. The sample consisted of a thin homogeneous layer of
powder containing about 5 mg Fe per cm® to optimize the
counting rate (registration time) and avoid thickness effects.
The values of the hyperfine parameters were refined using the
MOSFIT least-squares fitting procedure (F. Varret & J. Teillet,
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unpublished MOSFIT program, Le Mans Université, France).
The description of the hyperfine structures results from quad-
rupolar doublets and magnetic sextets composed of Lorentzian
line shapes. The isomer shift (IS) values are given relative to that
characteristic of the o-Fe spectrum at 300 K. The percentage of
each Fe species was derived from their relative spectral areas,
assuming the same value of the fLamb-Maossbauer factors for
the different components.

The temperature and applied magnetic field dependences of
the magnetization, M(T) and M(H) curves, respectively, were
measured using a Quantum Design PPMS-14T magnetometer
with the vibrating-sample (VSM) option. First, the sample was
cooled in zero field (ZFC) from 300 K down to 2 K. Then, the
magnetic field was applied and kept constant. The magnetiza-
tion was measured at fixed temperatures on heating from 2 to
340 K, Mzpc(T) curve, and cooling down from 340 to 2 K, Mxc(T)
curve. The hysteresis loops were recorded after cooling the
sample from 300 K with [M(H) @ FC] and without [M(H) @ ZFC]
an applied magnetic field. The value of the exchange-bias field,
Hygg, is defined as the horizontal shift of the central point of the
M(H) loop measured at a given H,o, relative to the Heoo =

Hyight + Hieft
S
points where the loop intersects the field axis. For the training

effect of the exchange bias measurements, the system was
cooled under a magnetic field of 5 kOe from 300 to 4 K, where
the magnetic field was cycled several times.

The dynamic magnetic properties were investigated by
measuring the real (x') and imaginary (x”) parts of the magnetic
AC susceptibility in the 2-300 K range for a set of seven different
values of the frequency (f = 200, 500, 1000, 2000, 5000 and 10
000 Hz).

Magnetic memory experiments were carried out according to
FC protocols. In the FC memory effect protocol, the magneti-
zation was measured while the sample was cooled from 340 K
under a constant magnetic field of 100 Oe with intermittent
stops at 100, 80, 60, 40 and 20 K. At each stop, the field was
switched off for 3 hours and subsequently switched on to 100 Oe
before cooling was resumed.

For the magnetic relaxation measurements, the system was
cooled from 340 to 30 K in a zero field. Then, a field of 100 Oe
was applied and kept constant, and the magnetization was
recorded for 3 hours (¢;). Then, while maintaining the magnetic
field constant, the system was cooled to 20 K and the magne-
tization was measured for 3 hours (z,). Finally, the system was
warmed to 30 K and the magnetization was recorded for 3
hours.

0 loop, i.e. Hgp = , where Hyjgp, and Heg are the

Results and discussion
Crystalline structure

Room temperature X-ray diffraction (XRD) patterns (Fig. S1)
show broad peaks superimposed onto diffuse scattering asso-
ciated with the predominant (90%) amorphous carbon matrix.
The peaks can be indexed as those corresponding to the
maghemite crystal structure (space group P4,32). The fact that
the peaks are not sharp Bragg reflections gives an idea of the

Nanoscale Adv., 2025, 7, 6491-6503 | 6493
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Fig. 1 (a and b) Bright-field images of the NPs revealing their random
distribution in the porous carbon matrix. (c) Histogram of the NP
diameter together with the best-fit log-normal distribution (blue solid
line), characterized by the mean diameter (Drgm) and standard devia-
tion (o) parameters.
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small size of the NPs. Given the synthesis process in amorphous
carbon matrices and the pyrolysis temperature of 750 °C being
reached, the presence of metallic Fe and cementite (Fe;C) in low
percentages cannot be excluded.** However, low percentages or
very thin coating layers on the nuclei of the NPs might be below
the minimum XRD coherence length required to be detected. As
aresult, other detection methods are needed to properly achieve
the identification of phases present in small volume fractions.

Microstructure and morphology

Bright-field and high-resolution lattice fringe images (HRLFI)
revealed the semi-spherical morphology [Fig. 1(a) and (b)] of the
NPs, which are randomly distributed in the AC matrix (grey
surface in the background of the TEM images). Analysis of the
nanoparticle size distribution was carried out by measuring the
diameters of more than 2000 NPs in several images using the
Image] programme and creating the histogram to model the
diameter of the NPs using a log-normal function. These results
reveal that the NPs have a broad size distribution [Fig. 1(c)],
characterized by a mean NP diameter (Drgy) of 9.4(0.1) nm and
a standard deviation (¢) of 2.2(0.7) nm. These small sizes,
together with the reduced Fe content determined by TGA

" | Fe3C (Pnma) [031]

2.80 A (122) y-Fe,0,
2.49 A (113) y-Fe,0,
2.12A(211)

1.83 A (221)

1.63 A (015) y-Fe,0,
1.47 A (044) y-Fe,0,
1.30 A (126) y-Fe,0,

Fig. 2 HRTEM images for individual y-Fe,Os3 (a), FesC (b) and Fe (c) NPs as determined from the crystallographic analysis of the processed
images of the red-squared area and fast Fourier transform (FFT) of each image. (d) SAED pattern of an area containing different NPs embedded in
the carbon matrix showing diffraction rings indexed to interplanar distances associated with y-Fe,Oz and FezC crystal structures (see text for

more details).
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(7.3 wt% Fe), could explain why they were weakly detected by
XRD.

The crystallographic analysis of the HRLFI (Fig. 2) confirmed
the presence of y-Fe,O; [Fig. 2(a)] in addition to other phases
[Fe;C, see Fig. 2(b) and small Fe-metallic NPs, see Fig. 2(c)] that
were not detected using XRD, indicating their small percentage
compared to the former. Fig. 2(a) shows a high-resolution lattice
fringe image for a y-Fe,O; NP as determined from crystallo-
graphic analysis of its processed image of the red squared area
and its fast Fourier transform (FFT), revealing crystallographic
planes in line with the [100] zone axis of a cubic crystal
belonging to space group P4,32.

Fig. 2(b) shows a high-resolution lattice fringe image for
a Fe;C NP as shown with its autocorrelation for the red squared
area and crystallographic analysis that revealed that the crys-
tallographic planes corresponding to the zone axis [031] of an
orthorhombic crystal belonging to the space group Pnma.
Fig. 2(c) reveals that a very small portion of relatively much
smaller NPs was detected in the carbon matrix with a diameter
~ 2 nm. Their crystallographic analysis suggests that they
belong to Fe, as shown by the FFT of the squared region (the
zone axis [011] of a cubic crystal with Fm3m space group).
Selected area electron diffraction (SAED) of the carbon matrix
embedding hundreds of the obtained NPs confirmed their
crystallinity and also proved the presence of maghemite and
cementite, identified by Bragg diffraction rings corresponding
to Miller indices (122), (113), (015), (044), (126); and (211), (221),
respectively [see Fig. 2(d)]. It is worth mentioning here that no
turbostratic carbon layer around the maghemite NPs was
observed in the HRLFI. Consequently, we can conclude that, in
contrast to Ni,** sucrose could not be graphitized on the surface
of the iron NPs but might have been responsible for the exis-
tence of cementite.

X-ray absorption near-edge structure (XANES)

To better understand the local structure of the samples, we
performed X-ray absorption spectroscopy, encompassing both
X-ray absorption near edge structure (XANES) and extended X-
ray absorption fine structure (EXAFS) analyses. Fig. 3(a) shows
the comparison of the Fe K-edge XANES spectra from the
sample and a maghemite standard, thus providing further
confirmation of the predominance of iron oxide as suggested by
XRD and HRTEM analyses.

The edge positions of the sample align precisely with those
of maghemite, clearly indicating the oxidation state of the
absorbing atom and confirming that the prepared sample
predominantly consists of a pure Fe®>" compound.

However, some differences are observed between our sample
and maghemite standard in the pre-edge region (approximately
10 eV below the edge position), the white-line intensity and the
post-edge region of the XANES spectra [see Fig. 3(a)]. The pre-
edge peak corresponds to a 1s to 3d transition, which is typi-
cally forbidden by dipolar selection rules. The intensity and
width of this peak are highly sensitive to the symmetry around
the absorbing atom.*® In particular, the pre-edge peak of our
sample exhibits a higher intensity than that of maghemite,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 (a) Comparison of the normalized XANES spectra obtained from
our sample with maghemite. (b) Linear combination fit of the sample
with maghemite (87%), FesC (12%) and y-Fe (1%).

accompanied by a broader shape that smoothly merges with the
edge. These characteristics suggest the presence of a distinct
symmetry around the Fe-absorbing atoms. Similarly, above the
edge, the XANES spectra of our sample show pronounced
oscillations that differ from those observed in maghemite.
These discrepancies confirm the coexistence of predominant
maghemite with other Fe phases, i.e., the experimental K-edge
XANES spectrum requires additional components in addition
to maghemite to accurately reproduce the observed features. To
this end, a linear combination (l.c.) fit was performed, consid-
ering the Fe K-edge XANES spectra of maghemite, cementite
and vy-Fe.

The best fit was achieved in fact by considering the coexis-
tence of the three phases: y-Fe,03, Fe;C and a small amount of
v-Fe. As expected, maghemite was identified as the dominant
phase, up to 87(3)% of the sample, while Fe;C contributed
approximately 12(3)%. The remaining 1(3)% corresponds to vy-
Fe. Note that the associated error in determining the phase
percentages was estimated at 3%.

Nanoscale Adv., 2025, 7, 6491-6503 | 6495
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Consequently, although a subtle contribution from y-Fe can
be deduced from the fitting analysis, the estimated contribution
is within the range of error. Therefore, the linear combination
considered with maghemite, y-Fe and Fe;C reproduces the
shape, energy position and intensity ratio of the experimental
XANES spectrum of the sample allowing us to conclude that the
NPs are almost completely maghemite, although the reduction
of this Fe-oxide has already started at a pyrolysis temperature of
750 °C.

Extended absorption fine structure (EXAFS)

To gain quantitative information about the detected multiple
phases within the synthesized sample, we also conducted
extended X-ray absorption fine structure (EXAFS) analysis. Fig. 4
shows the EXAFS spectra, x(k), and the modulus of the Fourier
transform, @(R), at the Fe K-edge obtained for the sample. The
EXAFS spectra extend up to k = 14.5 A~* with a high signal-to-
noise ratio. Even when the whole k-range was used in the

T T T T T T T T T

Ed .

Sample
3-paths fit
—— 4-paths fit

* Sample
3-paths fit

——4-paths fit A

0,8

®(R)

0,6
0,4

0,2

0,0

3
R(A)
Fig. 4 (a) Room temperature k®-weighted experimental EXAFS
spectra and (b) the corresponding Fourier transform plot of the EXAFS
signals shown in (a). Red and blue lines stand for a 3-path or 4-path fit,
respectively.
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EXAFS fitting, for the sake of a straightforward qualitatively
comparison, the Fourier transform ®(R) presented in Fig. 4(b)
was performed over the k range 2.5 A™* < k = 14.5 A™*, using
a Hanning window and a k* weighting factor to compensate the

amplitude decay at high k values. With this k range, we can

T . T .
distinguish scatterers with a AR = AR 0.13 AY

@(R) presents three major peaks, the first of which, at R=1.5
A, corresponds mainly to a first oxygen coordination shell (Fe-
O). The second one, at R =2.5 A, and the less intense third peak,
at 3.2 A, are both related to iron-iron interactions (Fe-Fe) that
can be attributed to the high proportion of maghemite in the
sample. As noted above, maghemite is an iron oxide with
a cubic inverse spinel crystal structure in which Fe®" ions
occupy both octahedral and tetrahedral sites. This arrangement
creates alternating layers of these coordination environments,
resulting in distinct local atomic configurations.

The contribution of the nearest neighbours to the EXAFS
function was isolated by selecting the first peaks of the Fourier
transform (1.0 A =< R =< 3.5 A) and using the standard Fourier
filtering technique. The filtered EXAFS spectrum [see Fig. 4(b)]
thus obtained was then fitted to the EXAFS equation. According
to the local environment of maghemite, we first considered the
3 paths corresponding to Fe-O, Fe-Fe and Fe-Fe [red line in
Fig. 4(b)]. The fitting procedure was conducted by setting the
interatomic distances of the paths based on the specifications
given by A. Corrias et al.,*® and F. Maillot et al.,*® (see Table 1),
while the coordination number was treated as an adjustable
parameter.

The performed analysis resulted in a broad fit that failed to
elucidate fine experimental features such as the shoulder
observed at 1.8-1.9 A, or the shifted energy positions of the
peaks at 1.5 A, 2.5 A, and 3.2 A [see Fig. 4(b)]. Furthermore, the
coordination number extracted from the fits for the Fe-Fe
coordination shells is reduced compared to the maghemite
standard (especially for the last one - R = 3.44 A, see Table 2).
Once more these differences suggest the non-exclusivity of
maghemite while reconfirming the coexistence of other Fe-
phases in the sample, already indicated via the XANES analysis.

Table1 Interatomic distances (R); coordination numbers (N) obtained
from crystallographic data. The deviation of our results from the re-
ported values in the literature is within a range of experimental error of
=~0.03 A. The data shown in the table correspond to the first reference.
Each reference is followed by the experimental temperature, T, and
maximum k value, Kmax

Fe-O Fe-C Fe-Fe Fe-Fe Fe-Fe
Maghemite ~ R(A)  1.92 — — 2.99 3.44
N 5.25 — — 3.75 8.25
Ref. (80 K, 16 A™);* (10 K, 17 A™4)*®
Cementite RA — 2.1 2.48 2.87 —
N — 2.66 8 6 —
Ref. (RT, 10.5 A™1)*
y-Fe R@A) — — 2.53 — —
N — — 12 — —
Ref. Calculated from lattice parameter Fe-Fe

3.587(1) A*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Interatomic distances (R) and coordination numbers (N) ob-
tained from EXAFS fitting considering 3 and 4 path fittings

Fe-O Fe-Fe Fe-Fe Fe-Fe
3-Path R(A) 1.92 — 2.99 3.44
N 5(1) — 3.0(6) 2.9(6)
4-Path R(A) 1.98(1) 2.56(3) 3.02(2) 3.50(2)
N 5(1) 0.8(2) 2.9(6) 2.0(4)

In fact, when allowing the independent fit of the interatomic
distances, including an additional Fe-Fe path at 2.56 A that may
arise from the other residual phases in the sample [see blue line
in Fig. 4(b)], the goodness of the fit significantly improves.
Then, we observe a shift of the peak attributed to Fe-O from the
expected R = 1.92 A in maghemite to 1.98(1) A. The obtained
coordination number, Ng. o = 5(1), is slightly lower than that
expected from the maghemite standard (N = 5.25), but within
the range of error. These differences could suggest the presence
of the cementite phase and the existence of an Fe-C coordina-
tion at slightly larger distances (2.1 A).*® In the 4-path fit, an
additional Fe-Fe was included to better reproduce the region
around 2.5 A. It should be noted that this coordination shell is
common to both Fe;C and y-Fe phases (see Table 1). According
to the values reported in the literature presented in Table 1, the
assumed percentages of the different phases and eqn (S1) and
(S2) in the SI section, we might expect values of Rpe_pe = 2.49 A
and a coordination number of Ng._p. = 1.08. However, the ob-
tained values using the EXAFS fit [Rpe_pe = 2.55(3) Aand Npe_pe =
0.8(2)] do not really coincide with the coordination numbers of
the Fe;C or y-Fe phases.

In accordance with the coexistence of different Fe-phases,
the next Fe-Fe path is shared by maghemite and cementite.
The expected values are Rpe_pe = 2.97 A and Nge pe = 3.98 in
contrast to those obtained from the fit: Rpe_pe = 3.02(3) A and
Nre-re = 2.9(6). Moreover, the last coordination shell is located
in the Rge_r. range at around 3.5 A. This path is exclusive to the
maghemite phase, as it does not appear in the other
compounds (see Table 1). The coordination number obtained
by fitting the experimental spectra is Ng._p. = 2.0(4), which is
significantly lower than the expected value considering
a maghemite percentage of 87% (Nge_pe = 7.18).

In summary, although the 4-path model is noticeably better
than the one that considers only 3-paths, there are some
remaining problems arising from relating the experimental
EXAFS data and the referred fitting that are evident above k = 9
A 77 [see Fig. 4(a)]. These discrepancies could be due to the
combination of several factors: (i) Fe;C and y-Fe show similar
coordination shells, complicating their individual resolution;
(ii) the expected percentages sometimes fall within the error
range of the analysis method; and/or (iii) the maghemite NPs,
with an average size of ~9(2) nm, present a significant fraction
of surface atoms, where local disorder becomes relevant. This
surface disorder can reduce the structural coherence required
to reproduce fine oscillations at high-k values. Note that
contributions from higher coordination shells may also exist;
however, their detection in this system is likely limited due to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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signal damping and increased disorder. The current analysis
focuses on the first three to four coordination shells (R < 3.5 A),
which fall within the reliable experimental range. Conse-
quently, residual misfits in the high-k region are expected and
reflect the intrinsic complexity of the sample's multiphase and
nanoscale nature.

>’Fe Mossbauer spectrometry

>’Fe Mossbauer spectra recorded at 300 and 77 K are shown in
Fig. 5. At 300 K, each spectrum consists of a dominant asym-
metrical quadrupolar doublet in the centre, superimposed on
non-well defined magnetic components. This situation is the
reverse at 77 K, presenting a dominant magnetic feature with
broadened lines superimposed on a central asymmetrical
quadrupolar doublet. The best description of these two spectra
requires at least 4 components, with the corresponding refined
values of the hyperfine parameters being given in Table 3.

The main component resulting from a quadrupolar doublet
at 300 K, which splits into a magnetic sextet and a minor
quadrupolar doublet at 77 K, is characterized by an isomer shift
value unambiguously attributed to the presence of Fe** species,
i.e. Fe oxides. It is important to highlight that at 300 K, two
quadrupolar subspectra were considered, but at 77 K a broad
distribution of hyperfine fields is needed to better describe the
hyperfine structure (which explains the mean values reported in
Table 3). In addition, the magnetic features at 300 K were well
described with two different magnetic sextets, whose values of
hyperfine parameters made it possible to clearly attribute these
components to the Fe;C phase,** and the a-Fe phase. In fact, the
two sextets observed can be attributed to iron atoms in two
distinct crystallographic environments of the Fe;C phase as well

0999}
0,996
0,993

0,990

Relative transmission
P R
[{e] o
© o

v (mm/s)

Fig. 5 Mossbauer spectra together with the fit obtained at T = 300 K
and T = 77 K. The grey dots and the solid black lines represent the
experimental data and the fit, respectively. Different sub-spectra
corresponding to Fe-oxides (red sextet and cyan doublet), FesC (green
sextet), y-Fe (blue singlet) and a.-Fe (magenta sextet) phases have been
considered.
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Table 3 Refined values of hyperfine parameters estimated from the analysis of Méssbauer spectra at 300 and 77 K.; é is the isomer shift with
respect to a-Fe; I'is the line width (width at half height); 4 is the quadrupolar splitting; 2¢ is the quadrupole shift; and By is the hyperfine field. The
proposed phase identification and their relative proportions are also given

T (K) 6 (mms™') £ 0.01 I' (mms™') +0.02 4 or 2e (mm s ') £ 0.01 By (T) £ 0.05 Area (%) % 2 Phase
300 K —0.12 0.37 0.00 5 v-Fe
0.33 0.49 1.15 15 Fe oxides
0.33 0.53 0.64 66
0.23 0.61 0.02 21.0 11 Fe;C
0.02 0.30 0.00 33.2 3 o-Fe
77 K 0.01 0.36 0.00 5 v-Fe
(0.45) (0.04) (37.6) 74 Fe oxides
0.48 0.75 0.65 13
0.27 0.40 —0.02 24.6 6 Fe;C
0.07 0.32 0.00 33.5 2 o-Fe

as to the presence of a small amount of the a-Fe phase. The
assignments for the Fe;C phase are consistent with its ortho-
rhombic crystal structure, in which iron atoms occupy two
nonequivalent sites, each giving rise to slightly different
hyperfine parameters due to variations in their local environ-
ments. The hyperfine field values and isomer shifts extracted
from our measurements are in good agreement with those re-
ported in the literature for both bulk and nanoscale cementite.**
Finally, the asymmetry of the central part is satisfactorily
described by the addition of a single line component unam-
biguously attributed to the paramagnetic y-Fe phase, from the
value of the isomer shift.** The relative proportions estimated at
300 and 77 K are in good agreement.

From this first analysis, we can conclude that the Fe*" oxide
phase is related to the presence of maghemite nanoparticles
from the zero values of quadrupolar shifts, which significantly
differ from those of magnetite, hematite, or iron hydroxides (i.e.
goethite). These maghemite NPs show complete SPM behaviour
at 300 K, but the distribution of hyperfine fields observed at 77 K
is consistent with the small sizes of the NPs (magnetically
unblocked or partially blocked). It would be preferable to
consider two Fe*" components attributed to the tetrahedral and
octahedral sites, but the complexity of the hyperfine structure
does not allow for drawing precise conclusions: only Mdssbauer
measurements in the presence of an external magnetic field
could enable such proportions to be estimated. Moreover, small
differences in the isomer shift are observed between 300 K and
77 K for Fe probes in the Fe;C and a-Fe phases: the reduction is
probably due to temperature-induced pressure effects.

The percentage of Fe oxides, Fe;C and y-Fe is consistent with
the values estimated from XANES. However, the possible pres-
ence of 3% of a-Fe, suggested by Mossbauer analysis, could be
barely distinguishable by XANES spectroscopy, although it is
compatible with the results obtained by EXAFS since a-Fe
exhibits a coordination shell similar to that of Fe;C.

Magnetic properties

The measurement of the temperature dependence of magneti-
zation between 2 and 340 K under a magnetic field of 100 Oe in
the ZFC, FC and FH regimes [Fig. S2(a)] first shows that Mgq(T)
and Mgy(T) are indistinguishable as expected for magnetic

6498 | Nanoscale Adv, 2025, 7, 6491-6503

monodomains. On heating the sample above T = 2 K, magne-
tization increases and the Mgzpc(T) curve exhibits a broad
maximum centred around 65 K. This maximum is convention-
ally taken as the blocking temperature (7g) associated with
superparamagnetic NPs. This value, 75 = 65 K, is consistent
with a system of small maghemite NPs with average diameters
of around 9 nm. Using the value of the magnetic anisotropy for
nano-maghemite and the known particle size, the Ty can be
easily estimated using the well-known relation 25kgTy = kV,
leading to ~52 K. The Mzpc(T) curve does not decrease drasti-
cally above Tg, in agreement with a system of magnetic NPs with
a size distribution. Moreover, the largest NPs remain blocked
even at room temperature, as the Mzrc(7) curve is not zero.
These features were also observed on the ZFC-FC-FH curves
measured under higher magnetic field values [see Fig. S2(b)].
The temperature derivative of the Mpc—Mzpc(T) curves presents
a maximum that corresponds approximately to the inflection
point of the Mxc(T) curves below (Tg).

The Mgc(T) curve increases on cooling from 340 down to 2 K
and shows a cusp at low temperature that is typically reported
for SG states,®* and suggests that the spins of the NPs could be
blocked at low temperature. Finally, the lack of reversibility
between the Mypc(T) and Myc(T) curves that persists even at 300
K is surprisingly uncharacteristic of superparamagnetic NPs
and could be related to the presence of a small amount of
cementite NPs, which is characterized by open ZFC-FC
curves.**** This feature has been already observed in hollow
maghemite NPs with highly disordered surface spins, and can
be attributed to strong interparticle interactions and/or
enhanced anisotropy in the system.>® Therefore, an in-depth
analysis of the dynamic relaxation processes of the system
could help to understand the collective behaviour of our
maghemite NPs.

Low-amplitude AC susceptibility curves were recorded
between 2 and 300 K for six different frequencies of the Hyc (see
Fig. 6). It can be observed from the x'(T) curve that increasing
the frequency, a temperature shift of the maximum, T}, towards
higher values occurs. This trend is commonly observed both in
interacting SPM NPs and in SG-like systems.** To distinguish
between them, a phenomenological parameter, Q, which
quantifies the peak shift per frequency decade

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Temperature dependence of the in-phase component of AC
susceptibility (x') at different frequencies. The black arrow points out
the increasing trend of the temperature for the maximum as the
frequency rises. The inset shows the fit to critical slowing down laws
and the values obtained for their characteristic parameters.

<.Q = ATP) can be calculated. This value gives a good
Tp4(log,, f)
criterion for distinguishing between canonical spin glass, SG-
like and SPM regimes. Canonical spin glasses are poorly
affected by frequency and thus, Q = 0.005-0.06 are typically
reported.”® However, values in the range Q ~ 0.05-0.13 are ex-
pected for magnetically coupled particles,* whilst those around
0.3-0.5 represent an ideal SPM system.*® In our case, a value Q ~
0.09(0.02) is estimated, which is within the expected range for
small interacting particles, similar to that previously reported
for a system of superspin-glass maghemite NPs with intra-
particle magnetic interactions,* Q = 0.10, and slightly above
that reported for magnetite NPs with strong dipolar interac-
tions, Q = 0.032.57

Therefore, it is tempting to discuss whether dipolar interac-
tions between NPs may affect the overall behaviour of the yac
data displayed in Fig. 6. It is worth mentioning here that the
magnitude of the x” component (not shown) does not increase
with frequency, contrary to what is expected when strong dipolar
interactions between NPs exist.***® We might accordingly
propose a non-interacting system of maghemite NPs, but this
hypothesis can be further explored by studying the inverse of the
ac frequency (t = 1/f) as a function of the temperature at which x’
peaks by means of the Arrhenius-Néel, Vogel-Fulcher and critical
slowing down (CSD) laws. Attempts to fit using Arrhenius-Néel or
Vogel-Fulcher laws yield unphysical values for the activation
energy, suggesting a system of non-interacting NPs.

Hence, if we assume intraparticle magnetic interactions
between an ordered ferrimagnetic core and a thin shell with
canted spins, a divergence of the relaxation time 7 is expected to
occur at a SG-like transition temperature T,. The temperature
dependence of t can be modelled using the following CSD law:*

eff-)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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where t* is the atomic spin-flip time of non-interacting super-
spin clusters which corresponds to slower characteristic relax-
ation times in the range of 107 ° to 107° %% and zv is
a dynamic critical exponent with typical values between 4 and
12 for conventional SGs.** Fitting our data to this CSD law gives
a good fit (see the inset in Fig. 6) with a v* value ~2.2 x 10 % s
consistent with the relaxation times of SGs, T, = 65 K, in good
agreement with the peak location in the Mypc(T) curve (see
Fig. S2 in SI), and zv ~ 10.6. This value of the critical exponent is
within the typical range for SG systems and similar to the values
already reported for maghemite NPs (10-11),°*>*>%* and being
close to that for diluted Fe-C NPs (9.5).°* On the basis of this
analysis, the existence of a critical slowing behaviour and the
presence of a phase transition to a SG-like state thus seem to be
responsible for the dynamics of our sample, reinforcing the idea
that dipolar interactions between NPs in the SPM state alone
could not explain both the AC and DC magnetic data.

A different approach, called the memory effect protocol,
provides a better understanding of low-temperature dynamics.
In Fig. 7, three different magnetization versus temperature
curves are shown, (i) in black, M;s(7), obtained during cooling
with intermittent stops; (ii) in red, Mmem(T), measured during
warming up; and for comparison, (iii) in blue, M,.¢(7T), the curve
measured continuously during FC without any stop. During
temporary stops, the field is switched off to allow the magne-
tization to relax downwards and, after each stop, 100 Oe are
reapplied to resume the cooling process.

Throughout the intermittent stops, magnetization drops
because the magnetic moments equilibrate in zero field and
consequently M;s(T) produces the observed step-like curve. It is
worth noting that this characteristic also depends on the
temperature at which the stop is carried out. For example,
magnetization is restored almost completely after intermittent
stops at 100 and 80 K, but noticeable differences appear after
stops at 60, 40 and 20 K (see Fig. 7). This is because the
magnetization depends on how quickly the moments realign in

Fig. 7 Magnetic memory effect experiment with H.oo = 100 Oe:
intermittent-stop cooling magnetization M, warming memory curve
Mpmem and field-cooling reference curve M, (see text for details).
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response to the magnetic field.>* In SG systems, if the stop is
made near the freezing temperature, the dynamics is too slow
for magnetization to recover easily after the waiting period.
Consequently, large steps shown by the magnetization below 60
K suggest a disordered magnetic state. This value roughly
coincides with the SG-like transition temperature, T, = 65 K,
previously obtained using the power law analysis and the
maximum of the Mzpc(T) shown in Fig. 6 and S2, respectively.

Another remarkable result is the M,em(7) curve obtained
during reheating (see Fig. 7), which also shows steps at exactly
20 and 40 K, and another, less notable step at 60 K. Conse-
quently, the system restores the lower energy magnetic config-
uration established by the redistribution of energy barriers
during the cooling process.®* In other words, the system
remembers its thermal history when the temperature is rees-
tablished, thus implying “a memory effect”, commonly di-
splayed by systems in SPM as well as SG states. However,
memory effects under the ZFC protocol are unique to spin
glasses,*** reinforcing our previous findings.

In addition, we analysed the magnetic relaxation of the
system using the following procedure: after cooling the sample
under a zero-field-cooling protocol from 300 down to 30 K, the
magnetization is measured continuously for 3 hours (¢;) at T =
30 K under an applied field of 100 Oe, then the temperature is
reduced to 20 K and the magnetization is measured for 3 hours
(¢2), and finally, the sample is then reheated to 30 K, measuring
the magnetization for 3 hours (¢3). When the field is switched on
for the first time at 30 K, after an immediate jump, the magnetic
moments align gradually themselves towards the field direction
and the magnetization grows logarithmically. During ¢,, relax-
ation becomes very weak, and magnetization remains almost
constant. When the temperature is restored to 30 K, magneti-
zation returns to the value reached before temporary cooling.
Moreover, the relaxation curve during ¢; is a continuation of the

314 T T T T T T T
t, (T=30K)  t,(T=20K) t, (T=30 K)
33 F d
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4 .
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. .
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Fig. 8 Magnetic relaxation with an applied magnetic field H = 100 Oe
after zero-field cooling to 30 K (t), reducing the temperature to 20 K
(t,) and reheating to 30 K (t3). The inset plots 30 K relaxation data only,
showing that the relaxation curve during ts is a continuation of the
curve during t;.
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Fig. 9 MI(H) curves measured under ZFC conditions at T = 300 K
(black) and T = 4 K (red). The inset shows an enlarged view of the
central part of the loops.

curve during ¢;, as can be seen in the inset of Fig. 8. These
results confirm the low-temperature memory effects and prove
the argument that relaxation at low temperatures has no
influence on the magnetic state at higher temperatures.*

In Fig. 9, the magnetization versus magnetic field curves,
M(H), recorded at T=4 and 300 K are depicted. The fact that the
M(H) curve displays hysteresis at 300 K (see the enlarged view in
Fig. 9), with H. ~ 190 Oe and M, ~ 3 emu g’l, together with the
absence of overlapping in the whole temperature regime of the
Mypc and Mgg(T) curves (see Fig. S2 in SI), implies that the
system has not reached a fully SPM regime. Both features are
probably related to the presence of cementite with a higher
value of magnetic anisotropy.**** Additionally, as can be seen in
Fig. 9, the magnetization is not yet saturated even for £85 kOe
at 300 K, a clear signature of the existence of a disordered
magnetic spin configuration at the NP surface. The values of M,
are slightly larger than those reported in the literature,*® M ~ 50
emu g ' at 4 K, but % < 0.5, thus suggesting that the Stoner-

S
Wohlfarth criterion for blocked spins at low temperatures is not

fully satisfied.®”

On the other hand, the M(H) curve measured at T = 4 K after
cooling under ZFC conditions exhibits a larger coercive field, H,,
value and is symmetric around the origin (see the inset in
Fig. 9). However, upon cooling the sample from room temper-
ature to 4 K with a cooling field, H.,. > 0, the M(H) curve shifts
horizontally to the left (see Fig. S3 and S4 for the whole set of
measured hysteresis loops) indicating the presence of a unidi-
rectional anisotropy, known as the exchange bias effect (EB).
The values of H.(T) and Hgg(T) obtained from the M(H) curves
under a constant H.,o, = 5 kOe are shown in Fig. 10(a). Coer-
civity reaches a value around 1400 Oe at low temperature and
decreases with temperature, consistent with the onset of
a disordered and frozen regime of the system. In turn, the value
of Hgp falls down with increasing temperature and vanishes for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) Temperature dependence of Hgg (orange points) and Hc
(blue starts) with a cooling field of 5 kOe. (b) Cooling field dependence
of Heg at T = 4 K. The inset shows the central part of the M(H) loops
with Heoot = 5 kOe (green symbols) and after seven cycles (blue
symbols) compared with that measured under ZFC conditions (red
curve). A schematic representation of the core/shell magnetic struc-
ture is also depicted in the upper right part (see text for additional
details).

T> 50 K, which roughly matches with the already estimated SG-
like transition temperature T, = 60 K. Furthermore, the best
phenomenological model to explain the x'(T) and x”(T) curves is
considering NPs with only intraparticle magnetic interactions.
Thus, the strong magnetic coupling on maghemite NPs, i.e.
between the disordered magnetic spins at the surface and the
ferrimagnetic core of the NPs, is responsible for the observed EB
effect.

The dependence of Hgg on Hg,, at T = 4 K shows a rapid
initial increase up to a maximum value Hgg = 460 Oe for H.o =
5 kOe and then drops asymptotically to a value of around 250 Oe
for an increase in H.,o = 140 kOe [see Fig. 10(b)].

Finally, it is worth noting that the magnetic coupling
between the spins of the disordered surface and those of the
core is robust enough to maintain the exchange-bias effect (Hgp
~ 250 Oe) under cooling fields as high as H.,, = 140 kOe,
contrary to that reported for other core/shell systems, in which
this effect disappears under lower cooling fields.””*® Moreover,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the training effect of the exchange bias was analysed by
measuring seven consecutive hysteresis loops after cooling the
sample to T = 4 K with H,, = 5 kOe. In the inset of Fig. 10(b),
we show the first and seventh loops compared with those
recorded under ZFC conditions. Although the value of Hgg
slightly decreases after several cycles, it does not vanish,
maintaining an almost constant value of about 350 Oe. This
feature clearly indicates that the magnetic coupling between the
spins at the core and the shell of maghemite NPs [see schematic
representation of the core/shell magnetic structure in Fig. 10(b)]
plays a relevant role in understanding the magnetic response of
this system. Although direct compositional analysis of the
nanoparticle surface was limited, indications from EXAFS and
magnetic measurements suggest partial disorder and possible
carbon or oxygen-rich surface layers resulting from interactions
with the carbon matrix or synthesis conditions. These surface
effects likely contribute to the observed spin-glass-like behavior,
exchange bias, and memory effects.

Summary and concluding remarks

We have investigated the magnetic behaviour of a system that
consists of quasi-spherical NPs of maghemite with a mean
diameter of 9 nm. XANES and *’Fe Mossbauer spectrometry
confirm that maghemite is the majority phase (=87%),
although small percentages of cementite (Fe;C) and metallic Fe
are also present. The formation of the other phases could be
explained due to the interstitial incorporation of carbon atoms
into the FCC lattice as we have already reported.> Even though
sucrose could not be graphitized on the Fe NP surface as in
similar Ni nanostructured systems, this excess of carbon could
be responsible for the appearance of Fe;C.

Moreover, the magnetic behaviour of the sample is driven by
the maghemite NPs, while the existence of a small amount of
Fe;C only affects the shape of the magnetization versus
temperature curves measured after the ZFC and FC protocols.
The estimated mean blocking temperature is in line with that
expected for a broad size distribution centred around 9 nm. In
fact, the magnetic dynamics of the sample indicates the pres-
ence of a phase transition to a SG-like state (T, = 65 K). Memory
effect and magnetic relaxation measurements point towards
a highly disordered magnetic state and a frozen regime on the
surface spins of maghemite NPs. The latter is responsible for
the low temperature exchange-bias effect, which is robust
enough to survive under magnetic cooling fields of up to 140
kOe, thus revealing high anisotropic intraparticle magnetic
coupling between the spins at the core and shell of maghemite
NPs.
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