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Abstract

This study reports on the synthesis of highly oriented chromium triiodide (Crl;) magnetic inclusions
inside nano/microfibres with a polyethylene oxide matrix, prepared by the electrospinning technique.
The structural, microstructural and spectroscopic analysis shows uniformly dispersed Crl; nanosized
inclusions inside the fibres, presenting a C2/m monoclinic structure at room temperature, where their
c-axis is perpendicular to the fibre mat plane and the ab layers are in-plane. Analysis of the magnetic
properties show that the samples have a ferromagnetic—paramagnetic phase transition at ~55-56 K,
lower than that of bulk Crl;. Noticeably, a field-driven metamagnetic transition is observed below
~45 K, from M versus H curves, when the applied magnetic field is perpendicular to the fibre mat
plane, while it is strongly reduced when the field is in-plane. This anisotropic behaviour is attributed to
the field-induced changes from antiferromagnetic to ferromagnetic interlayer magnetic moment
alignment along the Crl; c-axis stacked layers. These Crl; electrospun fibres then show an efficient
cost-effective route to synthesize magnetic composite fibres with highly oriented van der Walls
inclusions, for spintronic applications, taking advantage of their anisotropic 2D layered materials
properties.

Supplementary material for this article is available online

Keywords: nano/microfibres, electrospinning, 2D magnets, magnetic properties, spintronic,
Crl3, functional systems

(Some figures may appear in colour only in the online journal)

1. Introduction The exceptional properties of graphene have motivated
researchers to explore graphene-like 2D compounds and
Since the discovery of graphene in 2004 [1], two-dimensional ~explore new applications. Due to this, a wide array of optical,
(2D) materials have attracted a great deal of research interest. mechanical, chemical and electrical phenomena has been
realized in 2D crystals [2-7]. On the other hand, ferromag-
* Authors to whom any correspondence should be addressed. netic (FM) materials are promising candidates for several
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interesting applications such as spintronic devices [8, 9], data
storage [10], sensing [11, 12], magnetoelectronic technologies
[13—15] or in biomedical application [16, 17] such as
magnetic labelling and hyperthermia treatment of tumours. In
this respect, materials composed by 2D layers bonded to one
another through weak van der Waals interactions present
enormous potential for several of these applications and, in
particular, for spintronics [18]. They often exhibit strongly
anisotropic behaviour and can be cleaved into very thin
specimens, frequently monolayer crystals [19]. In this regard,
chromium trihalides, CrX5; (X = Cl, Br, I), chromium diha-
lides [19, 20], and chromium-based ternary compounds such
as CrXTes (X = Si, Ge) and Cr,X,Teq (X = Si, Ge, Sn), are
excellent examples of layered FM semiconductors with weak
interlayer van der Waals interactions [19].

Recently, reports have been focusing on evaluating dif-
ferent properties of Crls layers prepared by chemical vapour
transport (CVT) [21, 22]. Crlz has intrinsic ferromagnetic
nature and one of the highest Curie temperatures (7..) of the
trihalides, at about 61 K in its bulk form [22, 23]. In Crls, the
number of the layers [24] and stacking arrangement [25, 26]
directly affects their magnetic properties. While Crl; mono-
layers are ferromagnetic [20] with the 7. ~ 45K, anti-
ferromagnetism has been observed in Crl; bilayers
[19, 27, 28] whereas trilayers are, again, ferromagnetic [7].
These properties arise from the competition between two
interactions; first the direct exchange between Cr—Cr which is
antiferromagnetic (AFM) in nature and second, the super-
exchange interaction mediated through iodine nonmagnetic
ligand ion. The superexchange interaction can lead to FM if
the Cr—I-Cr angle is 90°, while it results in AFM when the
angle is 180° [23, 29]. This was referred to recently as the
origin of the increasing Curie temperature and decreasing
magnetization of 2D Crlz under hydrostatic pressure, where
the applied pressure can affect both the coupling between the
layers as well as Cr-I-Cr angle [23]. Controlling the Crl;
crystals thickness is another approach for engineering the
magnetic critical properties, especially magnetic transitions,
proposed by Yu Liu ef al [22]. In particular, the reduction of
thickness can induce the presence of a metamagnetic trans-
ition in the sample, under the application of an out of plane
external magnetic field [22]. Electrical modulation of the Crl;
magnetic state is another property of Crl;, which makes it
particularly interesting for applications in spintronic devices.
Recently, it has been shown that the electric field can induce
the interlayer antiferromagnetic-to-ferromagnetic phase
transition in Crl; bilayers, with a relatively low critical
field [30].

An overview of previous research on Crl; shows that
although this material has been of great interest to researchers
in recent years, its synthesis by alternative methods has not
been considered. In other words, in most of the reported
research, a bulk sample has been prepared by the CVT
method and Crl; monolayer, bilayer or multi-layer samples
are then, typically, made by mechanical exfoliation methods
[20, 28]. This is a cumbersome sample preparation procedure
and the resultant samples are prone to light, air and moisture
induced degradation [31]. To prevent the latter, new and

efficient synthetic
required [31, 32].

To design efficiently aligned 2D magnetic material
devices, it is very important to control their morphology and
magnetization orientation, to take advantage of the Crl; ani-
sotropic magnetic properties. In this regard, the electrospin-
ning technique is a relatively simple and low-cost technique,
which has been significantly developed in recent years
[33, 34]. Current applications of electrospun magnetic nano/
microfibres include data storage and transfer devices [35],
microwave absorption and electromagnetic shielding [36],
biomedical [37], drug delivery [38] or magnetic sensors [34].
In particular, electrospinning is a very powerful tool for
controlling the morphology and molecular orientation of the
polymer chains along electrospun fibers with different poly-
mers and inclusions [39—41]. Electrospinning is based on the
extrusion of a thin fibre from an electrically charged polymer
solution provoked by a strong applied DC electric field [39].
A viscous precursor solution is formed when the polymer is
mixed with the active functionalizing inclusions. The solution
is then loaded into a syringe with its needle connected to a
high voltage source. At the threshold voltage, when the
electrostatic forces overcome the surface tension of the pre-
cursor solution, the polymer droplet at the end of the needle is
shaped into a Taylor cone and is continuously drawn into a
fibre jet. The fibres are, in general, collected as a mesh on a
grounded collector plate. The electrospun fibre diameters can
vary from several nanometers up to several micrometres,
depending on the parameters of the process, while their
lengths can reach several meters. The polymer chain orien-
tation along the electrospun fibre is caused by shear stress and
Coulombic forces acting on the polymer solution as the jet is
accelerated by the electric field. This electrostatic alignment
originated by the electrospinning process should be effective
for creating oriented inclusions inside the polymer matrix,
which suggests that the electrospinning technique can be used
for producing fibre arrays with anisotropic properties.

In this article, we demonstrate the implementation of this
approach for the production of oriented Crl; inclusions with
anisotropic magnetic properties, inside nano/microfibre
arrays of polyethylene oxide (PEO) fibres, by the electro-
spinning technique. Therefore, the present study has focused
on the fabrication and characterization of magnetic fibre mats
consisting of PEO polymer and Crl; nanopowder, aiming at
magnetically oriented encapsulation of Crl; inside the poly-
mer fibres. The samples are identified as PC, in which x
represents the mass amount of Crl; as the precursor. Reliance
on the electrospinning method as a cost-effective and
affordable method to take advantage of the anisotropic
magnetic properties of these 2D materials, as well as the use
of PEO as a non-toxic suitable carrier for electrospinning, are
the key advantages of the proposed method.

strategies and storage methods are

2. Experimental

Polyethylene oxide (PEO) polymer, with an average mole-
cular weight 300 000, and 2-Propanol (99.7%), as the solvent,
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Figure 1. Samples preparation scheme and physical appearance of the PC, mat.

were acquired from Sigma-Aldrich and Merck, respectively.
These materials were used without further purification. Dis-
tilled water was also used to obtain high purity solutions.
Figure 1 summarizes the synthesis procedure of the fibre
mats. Using 2-Propanol and water (as solvents with the ratio
of 6:1), a solution with a 0.053 gml~' PEO concentration was
prepared (PEO solution). These ratios were chosen after
several experiments to make the solution suitable for elec-
trospinning and taking into account previous work with this
polymer [42, 43].

In the next step, different amounts of chromium (III) iodide
powder (99%), which was purchased from Apollo Scientific,
were added to the PEO solution and followed by magnetic
stirring (Crl;—PEO solution). The Crl; powder was previously
grinded in an agate mortar, before use, to obtain smaller parti-
cles. The initial particle sizes were several micrometers or larger
(supplementary figure S1 (available online at stacks.iop.org/
NANO/32/145703 /mmedia)). These steps were performed
under Ar flux to prevent Crly degradation (hydration). Since
PEO is easily soluble in the 2-propanol-water solvent mixture,
the used stirring improves its dissolution. On the other hand,
Crl; is almost insoluble in it. So, the magnetic stirring leads to a
homogeneous suspension of Crl; particles in the solution. These
obtained precursor solutions with different Crl; concentrations
were then used in the electrospinning method to make the fibre
mat samples. They are represented by the PC, notation where P
and C represent PEO and Crls, respectively, and x stands for the
Crl; mass used in the 7 ml base solution. Three different masses
(x values) were prepared: 0, 0.05 and 0.10 g.

The nano/microfibres fabrication by electrospinning,
using the PC, solutions, was achieved by applying a DC
voltage of 20kV to the needle (25 G—ISO 9626:2001, with
0.5 mm outer diameter and 0.232 mm inner diameter) that was
attached to a 5 ml syringe containing the prepared solution.

The grounded collector of the fabricated fibres was an alu-
minium foil that was placed at a distance of 12 cm from the
needle tip. The flow rate was fixed at 0.5mlh™" using a
syringe pump. The electrospinning process was carried out
under ambient conditions.

The crystalline structure and phase purity of the samples
was studied by x-ray diffraction (XRD) with a Bruker D8 Dis-
cover diffractometer using Cu-Kov radiation (A = 1.540 60 A) at
40kV and 40 mA and Bragg-Brentano geometry. Each sample
was scanned in the 26 range: 10°-80° at a speed of 0.04 °s~".

The morphology of the electrospun PC, fibre mats and
Crl; precursor powder was characterized by an Ultra-high
resolution field emission gun scanning electron microscope
(FEG-SEM), NOVA 200 Nano SEM, FEI Company. Sec-
ondary electron images were obtained at an acceleration
voltage between 5 and 10kV to acquire morphological
information. Atomic contrast images were acquired with a
Backscattering electron detector at an acceleration voltage
of 15kV.

Microanalysis of the samples to obtain the chemical
composition were performed with the energy dispersive
spectroscopy technique, using an EDAX Si (Li) detector at an
acceleration voltage between 15 and 20 kV. Samples surfaces
were covered with a conductive thin film (15 nm) of Au-Pd
(80-20 weight %), using a high-resolution sputter coater,
208HR Cressington Company, coupled to a MTM-20 Cres-
sington High Resolution Thickness Controller. The average
fibre diameters were estimated from FEG-SEM image ana-
lysis, by using ImageJ software, at different areas, for each
sample. High magnification imaging of the fibres was per-
formed by scanning transmission electron microscopy
(STEM) at 80kV using high angle annular dark field
(HAADF) detector in Probe-corrected FEI Titan G2 Che-
miSTEM (80-200 kV).
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Figure 2. A comparison between XRD patterns of the PCy o5 (a) and
PCy 10 (b) electrospun samples with Crl; and PEO powder XRD
pattern (left axis), including the Crl; reference peaks according to the
C2/m monoclinic structure from [20] (right axis). The insets present
the (004) small peak corresponding to the Crlz C2/m monoclinic
structure around 55.50°.

The magnetic properties of the samples were analyzed
using a Quantum Design MPMS SQUID magnetometer.
Thermomagnetic analysis was performed both under zero-
field cooled (ZFC) and field-cooled (FC) procedures. Iso-
thermal magnetization hysteresis cycles were measured at
different temperatures, from 5 to 300 K, between —10 kOe and
up to +50.2 kOe.

3. Results and discussion

3.1. Structural analysis

Figure 2 presents the XRD patterns of the PC, samples
(x =0, 0.05 and 0.10g) along with pure PEO and Crl;
powder, used in the preparation of the fibre mats. At room
temperature chromium triiodide presents a C2/m monoclinic
phase [20] whose peak positions are marked by vertical lines
in figure 2 (corresponding to the right axis of the figure).
Here, the close matching between the Crl; powder peak
positions and the reference marks indicates that the Crl;
powder used for the sample preparation process has the C2/m
monoclinic phase.

By comparing the XRD results of the nano/microfibre
samples with the PEO powder pattern, it is possible to
observe that the peaks obtained at 19.09° and 23.30° are the
most intense characteristic peaks of the crystalline structure of
PEO polymer. On the other hand, in the fibres, two other
peaks are observed at 13.38° and 26.74° that present
increasing relative intensities with increasing amount of
added Crl;. These peaks are in good agreement with the (001)
and (002) peaks of the room temperature monoclinic structure
of Crlg The relative intensity for ICrI3,(001)/1PEO,(120) and
Icu,, 002 /IPEO, (120) Tatios are, approximately, 11% and 33% in
the PC o5 sample, respectively, and increase to 33% and 64%
in PCy 9, consistent with the increase of Crlz inclusions
concentration in the fibres. Additional small (110) and (004)
peaks are observed, near 15.52° and 55.50°, which also cor-
respond to the Crlz C2/m monoclinic structure. This suggests
that the chromium iodide inclusions have grown mainly
oriented within the nano/microfibres, where their c-axis is
perpendicular to the fibre mats plane. Considering that the
fibres are in-plane, this indicates that the Crly c-axis is
perpendicular to the fibre axis and is along the fibre radial
direction. Therefore, the hexagonal Crl; layer planes are
along the nano/microfibre axis. Nevertheless, the presence of
the small (110) peak, near 15°, indicates some degree of
polycrystallinity in the samples.

At low temperature, in the ferromagnetic phase, Crls
changes to an R3 structure, due to lateral shifts of the ab
hexagonal layers [26]. Since the Crl; layers are essentially
identical in both the high- and low-temperature structures the
same relative orientation of the Crl; inclusions is expected to
be maintained in the ferromagnetic phase [20, 26].

Another point worth highlighting is that the relative
intensity [PEO,(032),(133)/IPEO,(IZO) decreases from ~95% in the
PEO powder to ~12% in the fibre mats. A similar reduction
of the relative intensity ratios Ipro, peaks/IPE0.(120) Of the other
PEO peaks is observed in the nano/microfibres, as compared
to their bulk counterparts. This indicates that PEO also tends
to grow oriented with the [120] direction perpendicular to the
fibre mats plane, so that the polymer backbones are pre-
dominantly along the PEO fibre axes [44], due to the direc-
tional shear stresses and charge repulsion developed as the
electric field stretches the emitted jet during the electrospin-
ning process [39, 41]. On the other hand, bulk Crl; is formed
by stacked layers with weak interlayer van der Waals inter-
actions, along the c-axis direction [20]. When Crl; is grinded,
it tends to form plate-like particles with high width-to-thick-
ness aspect-ratio. Initially, in the precursor solution, the Crl;
particles are randomly oriented. However, due to the devel-
oped directional shear forces, coupled with the strong electric
field, and the sink-like flow in the electrospinning needle
[39, 45], the Crl; flakes are gradually oriented mainly along
the streamlines, as the jet is emitted. Subsequently, as the jet
dries in its path towards the electrode, the Crl; particles
orientation is kept fixed inside the fibres. This then leads to
the formation of electrospun fibre mats with oriented Crl;
inclusions inside them, as observed in our samples. This
effect has been also observed with other rodlike and platelike
inclusions in electrospun fibres [45, 46].



Nanotechnology 32 (2021) 145703

V Bayzi Isfahani et al

A\

<d>: 601 nm
c: 1000 nm

1.0 15 20 25 3.0 0. 00 05 1.0

Diameter (um)

Diameter (um)

<d>: 420 nm
c: 800 nm

0.00
15 20 25 3.0 00 05 1.0 15 20 25 3.0

Diameter (um

Figure 3. Comparison between SEM images of PC (left), PCy s (middle) and PCy ;¢ (right) along with their diameter distribution function.

The Crl; XRD peaks in the PC, samples were fitted with
Voigt functions to determine their peak positions and widths.
The size (D) of the included grains inside the fibres can be
estimated using the Scherrer equation (1). In this equation (3 is
the full width at half maximum of the peak, 26 is the dif-
fraction angle in radians and ) is the wavelength used in this
analysis (A = 1.540 60 A)

09X
Bcosf

The grain size of the Crl; inclusions was evaluated using
their (002) peak in the fibre mats (which is more intense and
well defined) and their values were approximately 46 nm for
PCyos and 42nm for the PCy ;o sample. Furthermore, the
strain (¢) in the Crl; inclusions inside the fibre was calculated
from the observed shift of the XRD peak position in the
fibres, relative to the bulk value, using equation (2):
dexp - dref

dref

ey

@3

In this equation, dex, and d,r are the experimental and
reference lattice spacing values, respectively. dey, is evaluated
from the fitted peak positions and d.r is obtained from the
C2/m monoclinic structure of Crl; [20]. The evaluated strain,
from the (002) peak in the XRD pattern, is about —0.08%,
0.23% and 0.19% for Crl; powder, PCyos and PCg o,

respectively. Given that the incident beam in XRD analysis
scans the atomic planes direction perpendicular to the PC,
fibre mat surface, this indicates the presence of a biaxial
expansion strain in plane of the fibre mats and correspond-
ingly within Crl; hexagonal ab planes of the grains.

3.2. Morphological analysis

To perform the morphological investigation of the electro-
spun PC, fibre mats, FEG-SEM was used and the corresp-
onding analysis were carried out.

Figure 3 shows the FEG-SEM images of the produced
fibres, with two different magnifications. As illustrated in this
figure, these fibre mats are made of a network of randomly
aligned fibres. To estimate the diameter of the fibres, several
of them were measured for each different nano/microfibre
sample. The evaluation was carried out over a large area, with
a 100 um? average size, to be statistically significant. The
results of these measurements are also presented in the form
of the frequency bar graphics in this figure. The diameter
sizes were modelled using a log-normal distribution that was
fitted to the experimental points, as also shown in figure 3.

Both the average diameter (d) and their distribution
width o decrease with increasing Crl; content. Progressively
adding Crl; to the PEO polymer matrix promotes the presence
of a collection of thin composite fibres, with diameters that
are lower and more uniform (lower o) as the concentration of
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Figure 4. HAADF-STEM images corresponding to the PCy, PCy s and PCy ;( fibres on the Cu mesh. The non-uniform white contrast in the
PCy05 and PCy ¢ unlike in PC corresponds to the embedded Crl; nanoparticles inside the fibres.

Crl; increases, as compared to the pure PEO. For PCy o5 the
evaluated (d) and o are, respectively, 420 and 800 nm, while
they were 601 and 1000 nm without Crlz. Different factors
can affect the morphology of these types of systems and, in
particular, their diameter. The most important ones are solu-
tion concentration and viscosity, electrostatic forces, drying
rate and needle diameter. In the present work, adding Crl;
particles reduces the drying rate (in PCy os), so that the fibres
are stretched over a longer period and this results in thinner
fibres distributed in the sample [47].

Since Crlj is not soluble in the used solvent 2-Propanol,
increasing two times the Crl; amount (as in PCy o) further
affects the solution drying during the electrospinning process
and, consequently, further reduces the diameters of the fibres.
So, the PCy ;o sample is mainly made of a network of very
thin fibres with uniform diameters ((d) = 294 nm,
o = 770 nm), although some long-thicker fibres are also seen.

STEM analysis in the HAADF mode was done to access
the microstructure of the system, and the results are presented
in figure 4. For this characterization, a small number of the
fibres were gathered on a Cu grid. Whereas the fibres in PC,
look uniform and smooth, the non-uniformity in the contrast
inside the PCy o5 and PC ;, fibres mats can be referred to the
embedded Crl; nanoparticles. According to figure 4, most of
the observed nanoparticle inclusions in the PC, nano/
microfibres are in the range 40-50 nm, which is consistent
with the grain sizes previously determined from XRD.

3.3. Elemental analysis

The energy dispersion X-ray spectra (EDX) obtained on the
fibre samples are depicted in figure 5. The corresponding
weight percentages are summarized in table 1. As expected,
the EDX spectra present C and O in all samples arising from
the PEO polymer matrix. Additionally, peaks corresponding
to Cr and I are observed in PCg o5 and PCy 0.

Some trace elements of Si and Ca are also observed that
are already in the pure PEO fibres (PCy) and are attributed to
residual elements in the polymer. For this reason, they were
not included in table 1.

Because of the inhomogeneous nature of the samples,
with Crl; particles dispersed in the polymer fibre matrix, the

CKa

O Ka
Sika CaKb PCo
CaKa -
2.00 4.00 6.0-0 -" -20.00 keV
1
CKa
0 Ka
I Lb
ILI ILb PC
| La
SiKa CaKb C,-Kachb B
Calfa, 'lg
- - S e on o See———
2.00 4.00 6.00 20.00 keV
CKa
O Ka
I La
a CT}EE CrKa
ILb  Crkb PCo.10

2.00 4.00

Figure 5. EDX analysis for PCy, PCy o5 and PC j.

EDX analysis was performed in different regions. The results
of these analyses are depicted as the weight percentage of the
present elements along with the ratio of the weight percentage
of Todine to Chromium (I/Cr). This ratio, which is expected
to be at about 7.3 Wt% for Crl;, is identified by r. The I/Cr
ratio obtained in the fibre mats were 7.13 Wt% for the PC o5
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Figure 6. (a)—(c) ZFC (open) and FC (filled symbols) magnetization curves, (d)—(f) dM/dT curves measured under an applied field of 100 Oe

for PCy s and PCy 1o in comparison with Crl; powder.

Table 1. The weight percentage of the elements corresponding to the
EDX spectra obtained for representative areas of the PC, nano/
microfibre samples of figure 3.

Element [Wt%]

Sample C (0] Cr I I/Cr
PCy 62.48 3646 — — —

PCy 05 58.25 35.09 0.70 498 7.13
PCoio 5407 3150 1.50 11.83 7.94

sample and 7.94 Wt% for the PCy o sample, in complete
agreement with the Crl; ratio within the error margin of the
measurement.

3.4. Magnetic characterization

The temperature dependence of the magnetization was ana-
lysed for the PC, (x = 0.05 and 0.10) samples in ZFC and FC

procedures. In the former case, the sample was cooled in the
absence of a magnetic field while in the FC mode the sample
was cooled with an applied magnetic field of 100 Oe. The
magnetization measurements were performed during heating,
with a 100 Oe applied magnetic field in fibre mat plane. A
comparison is also made with the corresponding results on the
Crl; powder. The results of these studies are presented in
figures 6(a)—(c).

A clear paramagnetic (PM) to ferromagnetic (FM)
transition is observed in the bulk powder, at ~61 K, near to
the bulk Curie (7,) temperature previously obtained for this
material [21-23]. A similar PM — FM transition is observed
in the fibres, at lower temperatures than in the powder.

Determining the dM/dT versus temperature plot extrema is
a way to distinguish the transition temperatures of the samples.
This study was done, by using both ZFC and FC data for the
PC, samples and the Crl; powder (figures 6(d)—(f)). The Curie
temperature of the samples can be determined from the minima
of the dM/dT curve. It is ~60 K for the used Crl; powder and
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Figure 7. Isothermal magnetization hysteresis cycles for (a) Crl; powder, PCy s under (b) perpendicular and (c) parallel (in-plane) magnetic
field and (d) PCy 1o under parallel magnetic field. The zoom-in on the low-field M(H) curves region are presented as inset.

lower, ~55-56 K, in the nano/microfibres. This T decrease has
also been observed in studies of thickness dependent Crlj
crystals [22], where the reduction of thickness leads to a
decrease in T.. Additionally, previous theoretical studies have
determined that the presence of compressive strain tends to
decrease the Curie temperature [48]. Here, then, the slight shift
in the transition temperatures of the PC, samples can also be
ascribed to the presence of strain on the Crls inclusions, as
observed from the XRD results, due to their mechanical inter-
action with the PEO matrix of the fibres.

In the nano/microfibres the FM — PM transition is some-
what less abrupt than in the powder, as observed by a slower
temperature dependent decrease of the magnetization, for T
above ~60 K. It is known that the Curie temperature of nano-
particles changes depending on their size [49, 50]. As such, since
the Crl; inclusions in the nano/microfibres present a size dis-
tribution, as observed from the STEM measurements (figure 4), a
corresponding 7. distribution arises where some of the particles
transition to the paramagnetic phase while others still remain in
the ferromagnetic state. This then leads to a distribution of Curie
temperatures that manifests as a slower decrease of the magne-
tization versus temperature profile, as T increases.

From figures 6(d)—(f), it is observed that there is an obvious
maximum at 7° ~48 K in all dM/dT versus temperature curves,

both for the Crl; powder and for the PC, samples. Similar peaks
in the range of 4548 K have been previously reported by Yu
Liu et al [22, 24] who termed them as satellite transitions. A
crossover from depinning to pinning of magnetic domain walls,
as the temperature decreases, has been suggested for the origin
of this transition [22]. This would predict that the transition
would be less observed in the FC curve, since the domains are
already pinned by the effective FM moment alignment along
the cooling field [22]. However, this is not observed in our
samples, where T is similarly observed both in the ZFC and FC
curves. According to the literature [22, 51], T* depends on the
external applied magnetic field during the FC and ZFC analysis.
Intriguingly, T* is observed just below the Curie temperature
and it is near the value of 45 K identical to the Curie temper-
ature in Crl; monolayers measured by magneto-optical Kerr
microscopy under H = 1.5 kOe [22, 28].

Isothermal magnetization hysteresis cycles were measured
for the Crl; powder, in the different temperatures from 5 to
300K, and between —10 and +50.2kOe. These results are
presented in figure 7(a). It is seen that the magnetization of Crl;
does not saturate up to 40kOe even at 5 K. Nevertheless,
selecting the highest magnetization value (29.7emug ') and
using equation (3) to calculate magnetic moment per formula
unit in Bohr magnetons, gives 2.3 ug. Since the sample
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magnetization is not fully saturated, it is somewhat below the
theoretical value assuming gs = 3 ug and the 3.1 ug deter-
mined experimentally by McGuire et al [20]. Other reported
saturation moments range from 2.7 to 3.0 ug/Cr [52, 53]. This
difference can be attributed to the isolated magnetic ion clusters
that might be present and which do not fully contribute to the
overall magnetization. This is in agreement with the observed
incomplete saturation of the samples.

M (emu g!) . mol — W(g) 103

3
9274 , 1072, 6.022 , 102 * ©)

/”'ﬁu‘(:uBA) =

Another important point is the presence of the field-driven
metamagnetic transition which is seen around 19 kOe at 5 K in
the powder and shifts to lower fields by increasing the temp-
erature. The metamagnetic transition was also reported pre-
viously for Crl; single crystals with thicknesses below 2
micrometres, at about 20kOe [22, 51].

Similar to the powder, an M(H) study was done for the
PCy s sample, with the applied magnetic field (H) direction
both perpendicular and in the plane of the fibre mat samples,
and for PCy (¢ under an in plane magnetic field. These ana-
lyses have been presented in the figures 7(b)—(d), respec-
tively. The hysteresis cycles measurements were done
between —10 and +50.2kOe and at different temperatures
(from 5 to 300 K). The previous XRD results have shown that
the Crl; inclusions c-axis is perpendicular to the plane of the
nano/microfibre mats and their hexagonal ab planes are in the
plane, along the fibres axis. Thus, here, when the applied
magnetic field is perpendicular (parallel) to the fibre mat
plane, then H 1 ab (H||ab) of the Crl; inclusions. According to
the collected data, an obvious field-driven metamagnetic
transition is seen when the field is applied perpendicular to the
fibre mat plane (H_Lab), which is more pronounced than the
one observed in the powder. At 5 K, the calculated value of
the 6 = (AM/M) jump is 14.5% for the Crl; powder and
27.4% for PCyos nano/microfibres under a perpendicular
field. Moreover, in the H applied parallel to the mats plane
case (figures 7(c), (d)) only a slight change of slope in the M
(H) curves is observed.

This indicates that the observed metamagnetic transition
is linked to the orientation of the applied field, relative to the
layer ab planes of the Crl; inclusions in the fabricated fibres.
This observation in the Crl; powder can be ascribed to its
polycrystalline nature, where some of the Crls flakes are still
oriented with H perpendicular to ab plane. Similarly, the
slight change of M(H) slope in the nano/microfibres, with H
applied parallel to the plane of the mats can be ascribed to the
remaining slight polycrystallinity, as observed from the XRD
results. Figures 8(a), (b) exhibits this phenomenon for Crl;
powder and PCgs. The detailed analyses for PCgy s under
perpendicular direction depicts that the metamagnetic trans-
ition field (H™) also occurs around 19 kQe in the fibres, at 5 K,
and changes to lower fields with increasing temperature. The
variation of the metamagnetic critical fields (H™) versus
temperature is presented in figure 8(c). This transition dis-
appears above 45 K, for low applied fields, consistent with the
T" ~ 48K determined from the temperature dependent
magnetization results of figure 6.
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Figure 8. Field-driven metamagnetic transition for (a) Crl; powder
and (b) PCy s (under perpendicular magnetic field), (c) variation of
the metamagnetic critical field (H*) versus temperature for Crl;
powder and PCy o5 under perpendicular magnetic field.

Studies have shown that, in thin Crlz crystals, the Crly
layers order ferromagnetically intralayer, in the ab plane, but
may develop interlayer antiferromagnetic ordering, as observed,
in particular, in Crl; bilayers [27, 28]. Here, when a magnetic
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field is applied perpendicular to the fibre mat plane, it is also
applied perpendicular to the Crl; inclusions ab plane, due to
their strong orientation inside the nano/microfibres. Then as the
magnetic field increases, the layers are forced to be oriented
from AFM to FM giving the observed metamagnetic transition.
This effect is smaller when the applied fields are in the fibre mat
plane, and thus, parallel to the Crl; ab layers. In this case, the
interlayer antiparallel spins rotate continuously and no transition
is observed. This effect has been the subject of recent studies,
using magnetoresistance data [51, 54].

It has been observed that the metamagnetic transition leads
to a high magnetoresistance effect, which is useful in spintronic
device designing [51]. Here, the highly oriented Crl; inclusions
in the electrospun nano/microfibres allows taking advantage of
these anisotropic magnetic effects, in these 2D magnetic
materials, in a simple and cost effective way.

In addition, studying the isothermal magnetization hysteresis
cycles of the PC, samples, a noticeable coercivity (H.) in the
nano/microfibres is observed below 60 K, as shown in the insets
of figures 7(b)~(d) and supplementary material figure S2. This
confirms the magnetic ordering behaviour of the fibre mats below
60 K and is consistent with our previous discussion, where the
Curie temperature of the samples was estimated to be in
55-56 K, and is also in agreement with the literature [23]. Here,
the coercive fields at 5 K are 640 Oe and 415 Oe for PC o5 and
PCy 10, respectively (inset of figures 7(c), (d) and S2), which are
higher than what was previously reported [20, 21, 23] in bulk
samples. The values which were reported in [23], for Crls
crystals, are about 72 and 85 Oe, when the external magnetic
field is parallel and perpendicular to the ¢ axis respectively, at
2 K. On the other hand, high coercive fields, of around 920 Oe,
have been observed in 50 nm thick samples [22]. This value is
near the ones obtained in our Crl; fibres, which further confirms
the nanoscopic size of the Crl; inclusions in our samples.
According to the collected data (figure S2) increasing the
temperature leads to a decreasing H,. up to the Curie temperature,
where the hysteresis disappears and the M(H) loops change to a
linear response, characteristic of the paramagnetic behaviour in
this temperature range. The minor asymmetry of the hysteresis
loops below 60K, also indicates the presence of an exchange
field (Hy) inside the nano/microfibres (figure S2).

In the samples, the H, values of the fibre mats typically
have higher values for PC o5 (figures 7(c), (d)), while PCy 19
generally has higher magnetization. This is due to more Crl;
magnetic material inclusions in PCy ;¢ leading to closer dis-
persed grains and higher inter particle exchange interactions,
opening extra degrees of freedom to tailor the functionalized
nano/microfibres magnetic properties.

4. Conclusion

Functionalized magnetic van der Waals Crl; nano/microfibres
were produced by the electrospinning technique. The nano/
microfibres were composed by uniformly dispersed chromium
triiodide inclusions, inside the PEO polymer matrix, with sizes
of 40-50 nm. They were shown to present the Crl; C2/m
monoclinic structure, at room temperature, with strong

10

orientation, where the monoclinic c-axis was oriented
perpendicular to the fibre mat plane. Their magnetic properties
presented a FM-PM phase transition, with a lower transition
temperature as compared with bulk samples. Additionally, a
strong field-induced metamagnetic transition was observed
when the magnetic field was applied perpendicular to the fibre’s
plane, that disappeared above 45 K. The transition was hindered
when the magnetic field was in the fibre mat plane. This
metamagnetic transition was determined to be due to the
crossover from AFM to FM interlayer magnetic moments
orientation, along the Crl; c-axis, induced by the perpendicular
applied magnetic field. These well-oriented van der Waals Crlj
inclusions inside electrospun nano/microfibres then show a
good cost-effective way to develop magnetic functionalized
fibres for spintronic applications, taking advantage of the 2D
layered anisotropic materials properties.
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