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MFM

Low-temperature magnetic force micro-
scopy (MFM) and X-ray eirestar-magnetiq
dichroism are wused to investigate
micromechanically cleaved flakes of chro-
mium trichloride crystals, highlighting
a ninefold increase of antiferromagnetic
coupling between layers after exfoliation.
Joint topographic and magnetic measure-
ments by MFM on individual flakes show
a common behavior in the 10-50 nm
thickness range.
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Enhancement of the Magnetic Coupling in Exfoliated CrCl;
Crystals Observed by Low-Temperature Magnetic Force
Microscopy and X-Ray Circular Dichroism

Michele Serri,* Giuseppe Cucinotta, Lorenzo Poggini, Giulia Serrano, Philippe Sainctavit,
Judyta Strychalska-Nowak, Antonio Politano, Francesco Bonaccorso, Andrea Caneschi,
Robert J. Cava, Roberta Sessoli, Luca Ottaviano, Tomasz Klimczuk, Vittorio Pellegrini,

and Matteo Mannini*

Magnetic crystals formed by 2D layers interacting by weak van der Waals
forces are currently a hot research topic. When these crystals are thinned

to nanometric size, they can manifest strikingly different magnetic behavior
compared to the bulk form. This can be the result of, for example, quantum
electronic confinement effects or the presence of defects or pinning of the
crystallographic structure in metastable phases induced by the exfoliation
process. In this work, an investigation of the magnetism of micromechani-
cally cleaved CrCl; flakes with thickness >10 nm is performed. These flakes
are characterized by superconducting quantum interference device mag-
netometry, surface-sensitive X-ray magnetic circular dichroism, and spatially
resolved magnetic force microscopy. The results highlight an enhancement
of the CrCl; antiferromagnetic interlayer interaction that appears to be
independent of the flake size when the thickness is tens of hanometers. The
estimated exchange field is 9 kOe, representing an increase of =900% com-
pared to the one of the bulk crystals. This effect can be attributed to the pin-
ning of the high-temperature monoclinic structure, as recently suggested by
polarized Raman spectroscopy investigations in thin (8—35 nm) CrCl; flakes.

Layered crystals held together by van
der Waals (vdW) forces feature peculiar
physical properties due to the unbalance
between the strong in-plane interactions,
determined by the 2D network of covalent
bonds, and the weak interlayer ones. Top-
down exfoliation and bottom-up growth
protocols used in such materials permit
to produce high aspect ratio 2D crystals
with thicknesses down to single or few
atomic layers.l A large number of vdW
materials have been studied experimen-
tally or theoretically, finding an abundance
of different functional properties that can
also be tuned depending on the thickness
of the produced samples.>3] Recently,
vdW materials that exhibit ferromag-
netic order in ultrathin crystalsi*”! have
attracted increasing attention as potential
building blocks of spintronic devices in
2D heterostructures.B2 In these devices,
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Figure 1. a) Lateral projection—atong-theb-axis of a CrCl; crystal in the monoclinic phase ‘z=2en Cl, blue Cr; octahedral coordination is highlighted).

b) Top view of a single CrCl; layer; axes of the monoclinic cell are indicated. c) Schemat

the crystal exfoliation and flakes transfer process on Si

and Kapton substrates ) Temperature dependence of y in bulk (black and red dots referred to dc and ac measurements, respectively) and exfoliated

CrCl; (violet empty dc

reasured with magnetic field in ab plane; e) isothermal magnetization curves of the bulk (black) and exfoliated (violet) CrCl;

measured at 4 K (squares) and 14 K (triangles) with magnetic field in ab plane; the dashed line highlights the field Hgy corresponding to the transition

to a ferromagnetic-like state in bulk at 4 K.

the spin degree of freedom is controlled and manipulated in
order to enable new quantum modes of operation for logic
devices!"3 and sensors "% improving efficiency and speed.[!%]
Among magnetic materials interesting for 2D scalability,]
chromium trihalides (CrX3) crystals represent a class of semi-
conducting layered materials with potential applications in
optoelectronics!™? and spintronics,"B3-15181] e.g  as circularly
polarized light emitters!'?l and magnetic tunnel junctions.[!*-21
Individual layers of CrX; are composed by a Cr sheet forming a
honeycomb net, sandwiched between two halide sheets, where
Cr?* cations in S = 3/2 spin state are octahedrally coordinated
by six halide X~ anions, and each anion is shared between two
cations (Figure 1a,b) resulting in an intra-layer ferromagnetic
exchange interaction.?2l Two types of layer stacking arrange-
ment, monoclinic and rhombohedral, have been observed in
bulk CrX; crystals, depending on the X element and tempera-
ture.l??l The investigation of the effect of nanostructuring (i.e.,
in both lateral size and thickness) and exfoliation processes
on the magnetic properties of these vdW materials is crucially
important for their exploitation in spintronic devices.

Several reports*!3-15 have shown that thin (0.7-14 nm, i.e.,
1-20 layers) Crl; flakes exhibit antiferromagnetic interlayer
coupling, in contrast with the ferromagnetic interaction in
the bulk counterpart.?!l As of late, a tenfold enhancement of
antiferromagnetic exchange was reported in exfoliated CrCl;
few layer (1-4) flakes compared to the pristine bulk crystal.2!
Experimental evidence suggests that interlayer magnetism
is insensitive to the thickness of the CrX; exfoliated flakes, at
least when this is less than =14 nm." Recent experimental?!
and theoretical®2>26 investigations have suggested that
the magnetic properties of the exfoliated CrX; flakes derive

Adv. Mater. 2020, 2000566
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iq difference—fromy the pristine bulk

crystals.[102125:26] In fact, ab initio calculations predict a stronger
antiferromagnetic exchange in the monoclinic phase compared
to the rhombohedral one,["2>26] while polarized Raman experi-
ments (at the =247 cm™ mode) on CrCl; flakes (8-35 nm)2!
indicate the absence of the low-temperature (T < 235 K) rthom-
bohedral phase, which is contrarily observed in bulk.’” The
origin of this phenomenon is still under debate. It has been
speculated that the phase transition is hindered in the exfoli-
ated flakes by stacking faults and other defects induced by the
exfoliation process.’!! An alternative explanation invokes the
existence of a surface phase on CrXj; crystals, which is found
both in exfoliated and pristine crystals, but is masked in the
latter by the prevailing bulk phase. A deeper investigation
of these materials, based on the comparison of bulk magneto-
metric analysis with the information achieved through sur-
face-sensitive magnetic techniques, is mandatory for a sound
assignment of the local magnetic state.

Here, we unravel the magnetic properties of micromechani-
cally cleaved chromium trichloride (CrCl;) crystals having
thickness of the order of tens of nanometers. We use low-tem-
perature magnetic force microscopy (MFM), as a local mag-
netic probe, flanked by angle-resolved X-ray magnetic circular
dichroism (XMCD) and superconducting quantum interference
device (SQUID) magnetometry. While previous studies focused
on the magnetism of ultrathin flakes (<9 nm),2%%2 our multi-
technique study presents a detailed characterization of pristine
and exfoliated CrCl; in the thickness range =10-50 nm. Our
results show that micromechanical cleavage determines, even
at the mesoscopic thickness of 10-50 nm thickness—a scale of
technological relevance—a significant change in the magnetic

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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properties of the CrCl; crystal. A clear example is the increase
of the saturation field at low-temperature (4-14 K) compared to
the bulk counterpart. Besides, these changes are not associated
with an anomalous behavior of the surface layers.

Chromium trichloride {€xCl)-is the most stable among the
chromivm-trihalidg materials, offering significant advantages in
processability compared to the iodide and bromide ones, which
suffer from rapid (<15 min for Crl;) attack by atmospheric
air.™ In the bulk form, CrCl; layers at room temperature are
stacked according to a monoclinic phase (space group C2/m;
Figure 1a,b), as confirmed here by the X-ray diffraction pattern
(see Figure S1in the Supporting Information) and the detected
Raman modes (Figure S2, Supporting Information). Bulk CrCl;
crystals exhibit at low-temperature (=15 K) two magnetic transi-
tions that we observed by temperature dependent dc magnetic
susceptibility (ygq) measurements (Figure 1d). The maximum
of the slope (-dy/dT) at 15.2 and 15.5 K, detected with the field
in-plane, i.e., parallel to CrCl; layers and the crystal ab plane
(Figure 1d), and out-of-plane (Figure S3a, Supporting Informa-
tion) respectively, identifies the paramagnetic-2D ferromagnetic
transition temperature T¢,3% which results in ferromagnetic
order within individual layers. The transition from 2D ferro-
magnetic to 3D antiferromagnetic, i.e., the antiparallel arrange-
ment of the moments of neighboring layers, is picked up by the
zero of dyg/dT at Ty = 13 K (field in-plane) and 13.7 K (field
out-of-plane). These magnetic transitions can also be revealed
by ac susceptibility measurements®!l (Figure 1d; Figure S3a,
Supporting Information). The transitions are sensitive to the
internal field; therefore different values of the external field
(here 1 kOe) or crystal orientations (due to demagnetizing fac-
tors) yield slightly different transition temperatures, which can
justify the slight differences with literature values (T¢ = 17 K;
Ty = 15.5 K).[273234 Ag expected, isothermal magnetization
curves of the bulk crystal (Figure le; Figure S3b, Supporting
Information) are in agreement with previous studies.[?”3233]
At 4 K the in-plane magnetization rises linearly with field, cor-
responding to the progressive canting of the magnetization of
the two antiferromagnetically coupled sub-lattices, until, at field
strength Hpy; = 2 kOe, the magnetic sublattices become aligned
with the external field in a ferromagnetic-like state. Above
Hpy;, the magnetization increases until reaching a saturation
moment of 3 Bohr magnetons (ug) per Cr atom (i) at 30 kOe,
in agreement with S = 3/2 for a trivalent Cr.

To investigate flakes, a CrCl; bulk crystal was exfoliated
inside a nitrogen-filled glovebox, by repeated cleaving with an
adhesive PBMS, film (Figure 1c). The exfoliated CrCl; flakes
were transferred onto a Si (100) chip and onto a Kapton adhe-
sive tape. The CrCl; flakes on Si were analyzed by atomic force
and optical microscopy, determining a thickness of 35 + 20 nm
with lateral sizes of 4 £ 2 um (see Figure S4 in the Supporting
Information). The chemical stability of the exfoliated crystals
deposited onto Si was confirmed by X-ray photoelectron spec-
troscopy (XPS) in the Cr 2p and Cl 2p regions, which shows
virtually identical components in bulk and exfoliated CrCl,
flakes, and in line with what reported for polycrystalline sam-
ples (see X-ray photoelectron spectroscopy sectiony Figure S5
and Table S1, Supporting Information).*’]

The magnetic properties of flakes on Kapton were first
evaluated using SQUID magnetometry limited to the in-plane
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field configuration (see Figure 1d and Methods for details in
the Supporting Information). The temperature dependence of
Xac (Figure 1d) evidences the persistence of the magnetic transi-
tions noticed in the pristine CrCl; material. In particular, the
ferromagnetic transition (determined from dy/dT) is observed
in these flakes at 16 K, while antiferromagnetic one at 13.6 K.
Notably, differences ef the exfoliated CrCl; flakes eempared—te,
the bulk sample can be found in the isothermal magnetization
curves (Figure le), revealing that thinning by exfoliation affects
the in-plane magnetic properties of the crystal. The magnetiza-
tion in the exfoliated CrCl; flakes rises with the applied field at
a slower rate compared to the bulk. The curve changes slope
at 2 kOe, indicating the presence of multiple contributions.
These could be explained by the presence of CrCl; flakes with
different thicknesses, a part of them still exhibiting a bulk-like
behavior.

To gain insights into the magnetic behavior of the CrCl;
flakes, we performed low-temperature XMCD investigations
(Figure 2a; Figure S6, Supporting Information). X-ray magnetic
circular dichroism overcomes the limits of traditional mag-
netometry in terms of both selectivity and sensitivity because
the dichroic signal for transition metal-based systems is, in a
good approximation, proportional to the average magnetic
moment of the absorbing element at the temperature, field
strength and relative orientation of the sample with respect to
the X-ray beam direction ef the investigation.*®l X-ray absorp-
tion spectroscopy (XAS) spectra were recorded with oppo-
site circularly polarized light at 4 and 14 K under an external
magnetic field of 30 kOe at the Cr L, ; edges.’” 38l We observe
a strong negative dichroic signal at 575.9 eV that, for normal
incidence, corresponds to =120% (Figure S7, Supporting Infor-
mation) and =128% (Figure 2a) of the edge jump for the bulk
crystal and the exfoliated flakes, respectively, consistent with a
magnetic moment of about 3 g per Cr atom.?*#! X-ray absorp-
tion spectroscopy and XMCD line shapes are in agreement
with an octahedral Cr3* found in other compounds (Figure S8,
Supporting Information).*4!

The value of the maximum of the XMCD signal was then
monitored during a sweep of the magnetic field between
30 and —30 kOe to obtain the magnetization curve (Ixycp(H))
of the CrCl; flakes (Figure 2b,c). These measurements were
performed at normal (0°) and grazing (60°) incidence, with
respect to the sample surface, to highlight the differences
between the out-of-plane and in-plane behavior of the flakes.
These differences were not accessible through SQUID meas-
urements due to experimental constraints. At grazing incidence
(whose configuration mostly resembles the SQUID in-plane
measurements) the Ixycp(H) (Figure 2b) is qualitatively similar
to the M(H) measured on the CrCl; flakes on Kapton at 4 and
14 K (Figure le). In particular, one can recognize a similar
change of the slope around 2 kOe, followed by an almost linear
increase in the magnetization, which approaches saturation
just below 20 kOe. The Ixycp(H) curve obtained at normal inci-
dence (Figure 2c) shows an analogous behavior, which overlaps
almost perfectly with the measurement at grazing incidence
after accounting for the anisotropy due to the flakes aspect ratio
(Figure S9, Supporting Information; see Demagnetizing Field
Correction Methods in the Supporting Information). The agree-
ment between the SQUID and variable magnetic field XMCD

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) XAS and XMCD spectra obtained on the exfoliated sample on Si at the Cr L, ; edge with H =30 kOe, T=4 K and normal incidence (6=0°),
red line and blue line are 0" and o, respectively, green line is XMCD; b) isothermal (4 K blue and 14 K green) XMCD measurements at grazing incidence
(6=60°) of the CrCl; flakes on Si, compared with SQUID magnetometry (4 K orange and 14 K brown) of the flakes on Kapton; c) isothermal (4 K blue and
14 K green) XMCD measurements at normal incidence of the CrCl; flakes on Si, compared with field dependence of the MFM contrast (magenta points).

characterizations on the exfoliated samples is striking. It con-
firms that the micromechanical cleavage of the crystal to obtain
CrCl; flakes with nanometric thickness induces a modification
of the low-temperature magnetic properties of the material
rather than increasing surface effects.

Magnetic force microscopy maps gradients of the stray field
of the magnetized sample.’] The MFM signal at each point is
proportional to the local magnetization of the flake times a geo-
metric factor that depends on the magnetization pf the tip and
its relative position with respect to the flake. Previous works by
our group and others have shown that this technique can be
used to obtain magnetization curves of magnetic microstruc-
tures of molecular magnets, provided that either the tip mag-
netization does not change during the field scan or its change
is well characterized.**]

Here, in order to characterize the magnetic behavior of
individual flakes and locally discriminate the contribution
of flake thickness, we performed in parallel AFM and MFM
measurements (Figure 3). We adopted the same preparation
procedure of the flakes on silicon described above and we per-
formed MFM characterization at 14 K, close to the y maximum.
Figure 3a shows the AFM image of the sample. The fea-
ture at the center of the area may consist of two overlapping
CrCl; flakes or a single folded flake of =25 nm thickness. A
perpendicular (out-of-plane) magnetic field of 50 kOe at 14 K
was applied and a map of the magnetic force was acquired
at a probe lift height of 100 nm. A clear magnetic contrast is
observed in Figure 3D, highlighting regions of attractive mag-
netic interaction inside the flakes and repulsive force just out-
side the border of the flakes. The findings are consistent with
the fact that the CrCl; flakes are perpendicularly magnetized
by the field, which creates a re-entrant stray field outside of
the flake. As expected, the MFM signal reaches its maximum
in regions where the magnetization or the thickness is
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discontinuous, such as the flake borders, while it is minimum
inside the flakes, akin to a uniformly magnetized infinite
plane, which does not generate any stray field.l*] Magnetic
force microscopy measurements repeated at decreasing field
strengths have shown progressive fading of the magnetic fea-
tures (Figure 3c). A very weak contrast is still observable after
a demagnetization cycle, which must be attributed to spurious
electrostatic or van der Waals forces, despite compensation
of the contact potential (for more details see Magnetic Force
Microscopy Methods in—the in the Supporting Information).
To quantitatively monitor the magnetic contrast as a function
of the field we have followed a similar protocol adopted for a
patterned deposit of single molecule magnets.[* We estimated
the MFM contrast from spatial profiles of the frequency shift
maps along three paths, indicated by the dotted lines in the
topography and MFM images (see Figure 3a,b). As noticed
from the topographic contrast, the selected paths intersect
regions of different height (Figure 3d, bottom), thus justifying
the complex dependence on the spatial coordinate of the cor-
responding MFM profiles shown at the top of Figure 3d. How-
ever, one can extract from this data a contrast Af defined here
as the difference between the maximum and the minimum of
the MFM signal detected around the lower edge of the flake.
By studying the field dependence of Af we observe similar
trends in all of the three profiles considered, as highlighted
in Figure 3e by the overlap of the MFM contrast curves after
normalization. This behavior is in line with the one observed
with the average measurements on the exfoliated material;
for instance the Af{H) curve extracted from one of these sets
(path 1, thickness = 32 £ 3 nm) almost perfectly overlaps with
the 14 K XMCD data at normal incidence (Figure 2c). Our
results suggest that the saturation field of the CrCl; flakes is
independent of the number of layers in the range of thickness
considered here. We alse found that the saturation value of Af,
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Figure 3. a) AFM image of exfoliated CrCl; flakes on Si; b) MFM image of the region in a), measured at 50 kOe and 14 K; the numbered dotted lines
in (a) and (b) indicate the profiles along which the MFM signal was analyzed; ¢) MFM images acquired at 14 K and magnetic fields between 30 kOe
and 0 Oe (demagnetized state); d) MFM contrast (top) and AFM topography (bottom) along the profiles indicated in (a) and (b); e) normalized MFM
contrast in the three profiles as a function of applied field at 14 K; f) correlation between the thickness of the flakes along the three profiles and the

respective saturation MFM signal measured at 50 kOe and 14 K.

that is proportional to the aerial density of magnetic moment
of the flake at saturation, follows;—as—expected; an apparent
linear dependence with respect to the flake thickness (see
Figure 3f). An offset of =5 nm to the “true” thickness value
can be explained by the additional height introduced by the
interface between the flake and the substrate.¥/

Our study highlights MFM as a key technique for the
investigation of 2D materials. While SQUID magnetometry
probed the whole ensemble of exfoliated flakes, MFM pro-
vided magnetic and topographic information with nanometric
resolution that were used to correlate the behavior of flakes
with their thickness. Compared to magneto-optical methods,
MFM has higher spatial resolution and offers a simultaneous

Adv. Mater. 2020, 2000566

2000566 (5 of 8)

measurement of the flake area and thickness, facilitating sys-
tematic investigations of size-dependent effects in 2D magnets.

The results-ef-the MFM characterization support our inter-
pretation of the XMCD and SQUID results, and the hypoth-
esis that the exfoliated CrCl; flakes with a thickness of tens of
nanometers exhibit magnetic saturation at higher fields com-
pared to the bulk counterpart. This difference could be due to
magnetic interactions contrasting the alignment of the spins
with the magnetic field, such as an increase of the antiferromag-
netic exchange term or of the magnetocrystalline anisotropy
compared to the unexfoliated CrCl; crystal. We tend to rule out
the latter effect because the identical shape of the Cr multiplet
in XAS experiments suggest very similar Cr coordination in
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the exfoliated and pristine crystal. Moreover, angle-dependent
XMCD measurements show only minor differences between
the normal and grazing incidence measurements that can be
explained by shape anisotropy (i.e., demagnetizing field) in the
high aspect ratio flakes (lateral size/thickness ratio of =100).

The main effect observed after the exfoliation process on the
CrCl; flakes, i.e., the increase of the saturation field, is thus
caused by an enhancement of the antiferromagnetic coupling
compared to the unexfoliated crystal. Following the classical
treatment of Klein et al.?! and Wang et al.,®¥! the strength of
the interlayer interaction can be quantified by an effective
exchange field H,, which, together with the Zeeman and mag-
netic anisotropy interactions, contributes to the micromagnetic
energy U per unit volume as in the following expression (in the
cgs system)

Z
L

U(H)=

N N
Mg —M Y H-m + KM Db -4 ()
i=1 i

where H is the in-plane applied field, M is the (volume) satu-
ration magnetization, N is the number of layers in the flake,
m; is a unitary vector representing the magnetization orienta-
tion in the ith layer, 2 is the unitary vector in the out-of-plane
direction, and K is the magnetocrystalline anisotropy constant,
which is considered negligible in CrCl;.7* The field Hpy at
which the antiferromagnetic—ferromagnetic transition occurs
in the in-plane orientation is linked to the exchange field
H, and the number N of layers in the flake by the following
expression!*?]

Hpy (N)=2H,cos’ (%) 2)

When the perpendicular orientation is considered, an addi-
tional 47M; term (in cgs units) is added to the right side of
Equation (2), which accounts for the demagnetization field in
the flake. From Equation (2) it follows that the value of Hpy
rapidly becomes insensitive to the number of layers, con-
verging to the thick crystal value (Hpy = 2H, for N = o). In fact,
when N =5, as in a flake that is only 3.5 nm thick, Hgy already
reaches 90.5% of 2H,, while in the thickness range considered
in this study (=15-30 nm for MFM, 10-50 nm for XMCD), the
model predicts Hpy to be >99% of the thick limit value. There-
fore, we can safely neglect the dependence on N in our case and
attribute any change in Hpy to variations in H,. The field Hpy
can be determined using our XMCD data from the inflection
point in the M(H) or Ixycp(H) curves at 4 K, after correcting
for the demagnetizing field 47M; in out-of-plane direction (see
experimental section). We estimate H, = 1 kOe (Hpy = 2 kOe)
in bulk and =9 kOe (Hpy = 18 kOe) in exfoliated CrCl; crystal,
resulting in a ninefold increase in the value of H,.

The agreement between the three techniques used in this
work thus confirms that the increase of H, is weakly dependent
on the flake thickness as long as this is less than a few tens
of nanometers. We can exclude that the observed increase is a
surface effect, as the same field dependence was observed with
a massive (SQUID) and a surface selective (XMCD) charac-
terization technique. We remark that XAS analysis (Figure S8,
Supporting Information) confirmed negligible degradation of
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the exfoliated sample measured at the synchrotron. It is also
unlikely that the observed properties derive from quantum con-
finement effects, since above a thickness of ten layers, corre-
sponding to >5.8 nm in CrCl;, 2D crystals are expected to show
bulk-like electronic properties.[*->*!

Our observations are in agreement with the previous hypoth-
esis that exfoliated CrCl; rearranges in a different lattice struc-
ture compared to the bulk material at low temperature, varying
the inter-layer exchange interactions.'%2123 This structural flex-
ibility is probably due to the weak van—derWaalg interactions
between the CrCl; layers, which determine a delicate energy
balance governing the layer stacking. The nano-structuration of
the CrCl; crystals may cause a pinning of the high-temperature
monoclinic structure at low temperature, as recently pro-
posed,?!! or possibly lead to novel metastable phases with the
observed enhanced antiferromagnetic exchange. Nevertheless,
we cannot exclude that other factors linked with the exfoliation
process may affect the magnetic properties of the CrCl; flakes.
Recent ab initio calculations have shown that a few percent of Cr
vacancies in CrCl; enhances the intra-layer ferromagnetic order
and cause an insulator to half-metal electronic transition.”" It is
also likely that the strain is different in the bulk and exfoliated
material. Ab initio calculations on monolayers of the CrX; series
found that a compressive strain of few percent can switch the
in-plane coupling from ferromagnetic to antiferromagnetic and
increase the absolute value of the exchange interaction and the
magnetocrystalline anisotropy by a factor of 2-3.°2

In conclusion, the magnetic properties of CrCl; flakes with a
thickness of tens of nanometers (=10-50 nm) and lateral sizes
of several microns (=2-6 um) produced by micromechanical
cleavage of bulk crystals were studied with multiple spectro-
scopic and magnetometric techniques. The exfoliated CrCl,
sample has shown a reduction of the magnetic susceptibility
and an increase of the ferromagnetic transition field Hgy at
low temperature, compared to the bulk crystal. The effect was
independently observed both on ensembles of CrCl; flakes by
conventional
{SQUID) magnetometry and synchrotron-based X-ray magnetic
circular dichroism (XMCD) experiments, and on individual
flakes by low-temperature magnetie-foree—mieroscopy{MFM
These observations are in agreement with recent studies con-
ducted with magnetotransport in tunneling junctions(2!-28.29:48]
and magneto-optical meas irc nents,?®l which highlighted that
ultrathin flakes of chromiuiu trihalides exhibit different mag-
netic interactions compared to the pristine bulk crystals.

Based on the experimental evidences, we can infer that the
antiferromagnetic exchange interaction in the exfoliated phase
is stronger than in the bulk crystal, suggesting several pos-
sible mechanisms for the explanation of this effect. It is worth
noticing that low-temperature MFM was applied here—for the
first time—to spatially resolve field-dependent magnetization of
van-der-Waalg crystals with thickness of few tens of nanometers.

The joint experimental investigation by conventional mag-
netometry, XMCD and MFM provided compatible mag-
netization dependences, validating the use of MFM for the
characterization of exfoliated van-derWaalg magnetic crystals.
This study opens the way to the investigation of magnetic
ordering and transitions in 2D crystals and heterostructures of
even lower thickness with nanometric spatial resolution.
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