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Abstract. After the recent finding that Crl3, displays ferromagnetic order down to
its monolayer, extensive studies have followed to pursue new two-dimensional (2D)
magnetic matérials, Mnithié article, we report on the growth of single crystal CrCl;
in the layered monoclinic phase. The system after mechanical exfoliation exhibits
stability in,ambient air (the degradation occurs on a time scale at least four orders of
magnitude longer than is observed for Crlz). By means of mechanical cleavage and
atomieforce microscopy (AFM) combined with optical identification, we demonstrate
the systematic isolation of single and few layer flakes onto 270 nm and 285 nm
Si0y/Si (100) substrates with lateral size larger than graphene flakes isolated with
the same method. The layer number identification has been carried with statistically
significant data, quantifying the optical contrast as a function of the number of
layers for up to six layers. Layer dependent optical contrast data have been fitted
within the Fresnel equation formalism determining the real and imaginary part of
the wavelength dependent refractive index of the material. A layer dependent (532
nm) micro-Raman study has been carried out down to two layers with no detectable
spectral shifts as a function of the layer number and with respect to the bulk.

Keywords: two-dimensional materials, ferromagnetism, CrX3, mechanical exfoliation,
crystal growth, atomic force microscopy, and Raman spectroscopy.
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1. Introduction

The recent demonstration of ferromagnetism in 2D van der Waals systems, has
opened a new vast investigation area in the field of 2D materials, with, ground-
breaking potential for spintronic applications [1-3]. Besides metallic-conducting
Fe3GeTe; [4], attention has been largely focused on the family of insulating.chromium
trihalides (CrX3: X=Cl, Br, I) [5].

This class of materials can be referred to as van der Waals magnets, and has
been studied largely because it is a rather peculiar case of magnetic insulators [6—
8]. Also, being van der Waals systems, their magnetic properties have been the
subject of specific investigation for their quasi-two-dimensionalmagnetism [9-11]. In
chromium tri-halides, the Cr atoms sit in a honeycomb planar lattice, each Cr atom is
at the center of an octahedron with six halide atoms: With this given structural unit,
the layered structure of this class of materials is formed by try-layers where a plane
of Cr atoms is sandwiched between two halide Jayers (see Figure 1).

As super exchange is by far more important in the development of magnetic
order of metal halides, it has to surpass the strength of the direct exchange[12].
From this point of view, namely the development of the magnetic order in the
transition metal tri-halides, the X size plays awery critical role. As, by stepping
down in the halogen group (from Cl;to Br, to I) the X atomic size increases, the
distance between two Cr atoms also'increases. The larger the Cr-Cr distance, the
weaker is the expected directiexchange, thus making super exchange dominant in the
development of magnetic order [13]. Thus while going from Cl to Br to I the super
exchange is more important/in the development of magnetic order. In addition, by
stepping down in the halegen group, spin orbit coupling is supposed to increase
the anisotropic behaviotir infthe materials [14, 15]. Going 2D, several theoretical
studies supported the magnetic behaviour of monolayers chromium halides, and
for the above rationale the focus has been largely put on Crl; [16]. Indeed, these
theories as already mentioned, have been recently experimentally confirmed on
tew layer Crl3 {5]. According to these experiments, Crlj tri-layer and monolayer
exhibit ferromagnetic (FM) behaviour, while bi-layer Crl3 is antiferromagnetic [5]
(AFM). Howevet, Czl3is extremely prone to degradation in ambient pressures and
temperatures [17] and to make experiments viable, graphene or hexagonal boron
nitride (h-BN) encapsulation is required [5, 17]. The chemical stability of Crls is
therefore a technological game-stopper.

In comparison to Crl3, CrCl; has received relatively little attention. Some
theoreticalstudies were performed on CrCl3 by using different van der Waals density
functional theories and Monte Carlo methods [12, 16]. These studies observed a
change in FM order on thinning to a few layers. Interestingly, some theoretical works
have predicted the magnetic order in monolayers should occur at comparatively
higher Curie temperature than bulk. Liu and co-workers predicted FM behaviour
below 66 K for CrClz monolayers by Monte Carlo simulation and suggested the
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leverage of the Curie temperature by hole doping [12]. Another Monte Catlo
study reported, for monolayer CrCl3, a calculated Curie temperature of 49 K. This
calculation predicted that the Curie temperature could be increased even more by
applied uniaxial strain [16]. Such predictions, together with the recently xeported
Giant enhancement of interlayer exchange in an ultra-thin CrCl; [28] make CrCl;
a promising material for spintronic and sensing nano-devices [3;719].©:Only very
recently, notable attention has been moved also to this specific/system{ Few layer
2D magnetism in CrClz has been demonstrated and studied by Klein et al. in [18]
and previously by Cai et al. in [20]. These works focused on tran%ort properties.
Dhalia Klein and colleagues also reported on the investigation of the magnon-
magnon coupling of this system [21] and similarly, the magnon,excitation has been
investigated in [22].

Any fundamental or technological study on a 2D material starts from a
systematic demonstration of the viability of exfoliation and unambiguous layer
number identification. To date, although studies on.few layer CrCl; have been
already reported [13, 18], such a systematic study for this specific material is still
lacking.

In this paper, we report on the synthesis,of high quality crystalline CrCl; in the
monoclinic phase and its mechanical exfoliationidown to the monolayer limit. The
mechanical exfoliation has been carriediout with the blue tape method, by choosing
as dielectric substrate for the optical identification 270 nm and 285 nm SiO; /Si (100)
substrates. We demonstrate that the freshly exfoliated flakes are rather inert to
ambient air on a time scale ofstens of hours. The exfoliation into very large lateral
size flakes is rather facile. The optimal contrast for layer number identification is
obtained on 285 nm SiO,7/Si (100) substrates. The contrast is quantified, through
AFM measurements, in terms oflayer number up to six layers. Room temperature
(RT) layer dependent,Raman measurements indicate no appreciable shifts in the
Raman spectral modes down to the two-layer limit.

2. Experimental details

Single crystals/of {CrCls were grown via the self-transport technique using
commercially available CrCl; powders. The CrCl; powder was first submitted
to oxygen purification cycles. The purified powder was sealed in a 20 cm long
quartz glass tube and placed in a three-zone furnace with a temperature gradient
of approximately 25 °C between the hot zone and the cold zone. The hot end of
the tube was heated to 1000 °C, kept at this temperature for 1 hour and then slowly
cooled"down to 700 °C at 3 degree/hours cooling rate. The quartz tube was then
heldrat, 700 °C for 7 days. The as-grown crystals were obtained in a form of shiny,
purple flakes with a size of several millimetres (Figure 1). Crystals were stored and
manipulated in a glove box with argon atmosphere to avoid oxidation and water
contamination.
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CrCl; few-layer flakes were mechanically exfoliated in the glove box by using
the optimized scotch tape method described in ref. [23], using atomically flat 270 nm
and 285 nm SiO;/Si (100). Before the flake transfer, the substrates were pre-cleaned
with acetone, isopropanol and distilled water for 10 minutes in ultrasonic bath.

X-ray diffraction (XRD) was performed to determine the crystal structure and
orientation of the crystals. For the experiments, a crystal plate waslaid down on a
zero-background holder. The XRD pattern was collected at RT using a Bruker D8
diffractometer with Cu K, radiation, in the 20 range from 10° t6110°

Raman spectroscopy was performed with a HORIBA THR320. micro-Raman
Scattering system equipped with an optical Microscope model Olympus BXF41 (with
5X, 20X, 50X, 100X objectives). The Raman spectrometer was eperated at 532 nm
(diode laser).

The optical identification of exfoliated CrClz/flakes was carried out with an
Olympus BH2-UMA optical microscope equippediwith 5x,20x, 50x, 100x objectives
(numerical aperture = 0.9) under broadband illdmination with an unfiltered halogen
light (as in ref. [23]). The system operates with a JYC digi?al camera model TK-C1380.
The experimental optical contrast (O.Ci)values were calculated as discussed in ref.
[23] and compared with theoretical predictions based on the Fresnel formalism (as
discussed in the SI):

Lsubstrate — Iflake

0.C=
Lsubstrate + Iflake

(1)

AFM images were acquired in tapping mode by using a D5000 Veeco system
with P-doped n-type Si cantilever (resonance frequency = 75 kHz).

N
3. Results and Discussion

The crystalline qualityiof the as grown CrCl; samples was checked with XRD and
Raman spectroscopy. 'Figure1 (a) presents a RT XRD pattern of a single crystal of
CrCl3. In ordento observe low intensity reflections, data are plotted with a square-
root intensity.scale. Experimental data points are shown with open black circles and
the calculated pattern isirepresented with a green line. Below RT CrCl3 undergoes a
structural phase transition [24]. In particular, detailed structural studies by McGuire,
et al. reveal that above 240 K CrCl3 adopts the monoclinic C 2/m space group and
rhombohedral R — 3 space group below 130 K. Between 130 K and 240 K both phases
are present [13].

Our XRD experiment was performed at RT, and hence the starting model for the
LeBail refinement assumes the monoclinic C2/m space group with lattice parameters
a=5.959 A, b = 10321 A, ¢ = 6.114 A and B = 108.5° [24]. Since a flake-like
single crystal was used for the XRD experiment, only (00/) reflections are observed.
Therefore, we refined the spacing (d) between the (00/) layers from our data. From
this XRD analysis the d value obtained is 5.801 A, which is in excellent agreement

Page 4 of 16



Page 5 of 16 AUTHOR SUBMITTED MANUSCRIPT - NANO-123852.R2

- —o—crc,
g C2/m(12] (a)
o]

_o_ l(‘x

P

ll‘al

oNOYTULT D WN =

Sqrt of Intensity (a.u.)

19 0 20 40 60 80 <100
20 20 (Degree)

35 Wavelength =532 nm PS (C)

37 N Py

=3
Intensity (a.u.)

45 ]

48 0 100 200 300 400
Raman Shift (cm™)

52 Figure 1: {(a) X-ray diffraction pattern of a CrClz flake used for the mechanical
53 exfoliation. The image of a CrCls single crystal is shown in the inset. Black circles
>4 indicate the experimental data and the green line represent the LeBail fit assuming
amonoclinic structure. (b) Conventional and primitive unit cell of monoclinic CrCl3
57 with Cr (pink) and C1 (light blue) atoms (see ref. [24]); (c) RT 532 nm Raman spectrum
58 of bulk CrCl;, (data collected from the flake reported in the inset).
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with the d = ¢ - sinf = 5.798 A value calculated based on the ¢ and $ angle/values
reported previously [24]. The monoclinic crystal structure is reported in Figure 1 (b).

In Figure 1 (c) a typical RT Raman spectrum of a thick flake (inset of Figure 1:(e))
is reported. The spectrum shows six Raman resonant modes at 1162 cmi!, 166.2
cm~1,208.6cm™1,247.0cm 1, 300.7 cm ™!, and 345.6 cm ! respectively. Data arefully
consistent with those recently reported in ref. [25], where extensiverwork has been
carried out as a function of temperature and light polarisation. These resonances are
assigned to six Ay modes (Ag (1-6)) (those are almost energy degengate with six By
modes) according to lattice dynamic calculation [26].

Hereafter we focus on the stability of CrCl3 and itsymechanical exfoliation.
Firstly, we checked its ageing in ambient air. The results of such investigation
are summarised in Figure2 (a)-(d) (AFM investigation) and Figure 3 (a)-(d) (Optical
Microscopy investigation).

In Figure2 (a)-(d) it is reported a few layér flake with the left portion (as
commented in the following) exhibiting a stacking height distance from the substrate
(3.7 nm= consistent with the presence of a monolayer 9D material (as discussed in
[27] (see the lower left inset line profile inpanel (a)). Upon exposure to ambient air we
do not observe any remarkable evidence of surface degradation. In Particular, there is
no evidence of etching at the flakes” edges asreported for Crl3 [3]. Another systematic
observation is an apparent improvement,of the AFM image resolution with time. It
reaches its maximum already after 36 hours air exposure (panel (c)). We assign the
smearing of the morphological features observed in Figure2 (a) to meniscus effects
with water. The presence of water at the surface and the interface with the SiO;
substrate in few layer mechanically exfoliated materials has been clearly evidenced
in recent works on MoSy«[27}. We therefore observe, via the improvement of the
AFM resolution a process of deswetting of the water film both from the substrate
and on the flake surface. "As this de-wetting is observed both on the flake’s and
substrate’s surfaces‘we,cannot conclude that there are clear indications of ageing
and morphological surfacerdegradation of the exfoliated flakes. The de-wetting is
confirmed on an larger length scale in Figure 3 where we report the optical image of
a thick flake as‘taken from the glove box and after 24 h (b), 48 h (c), and 72 h (d) of
exposure to, ambientair respectively. The Figure 3 clearly shows the size increase of a
circular spetat the boundary of the green and red areas that mimic on a larger scale
the coalescenceof water droplets on the flakes surface. Although we cannot exclude
chemical contaminations at the surface, however, in any case, if compared with the
Crls case that exhibits evident degradation on a time scale of tens of seconds [17],
we can certainly asses that, for CrCl; the timescale for surface contamination lies in
the range of hundreds of thousand of seconds, therefore CrCl; is, in terms of time
stability, four orders of magnitude better that Crl;.

The exfoliation and layer number identification of CrClz is carried out with
combined optical microscopy and AFM. The results are summarised in Figure 4 and
Figure 5 and in the supporting AFM evidences of Fig. S1 and S2.
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Firstly, we verified that the mechanical exfoliation easily yields flakes with'larger
average lateral size compared to other standard 2D materials like graphenetor MoS,.
Flakes have a typical lateral size ranging from 30 ym to more than 100 ym." This
9 is experimentally in line with the observation that, for CrCl3, the cleavage energy
10 has been estimated to be 0.13 J/m?, namely the lowest for CrX; layered [12]} and
accounting for just one third of the corresponding cleavage energy'of graphite (0.37
13 J/m?) [28].

14 In Figure 4 (a), we show a nice representative case with an'exfoliated large flake
exhibiting a layered structure where the optical contrast can be caleulated as 0.02,
17 0.06, 0.12 and 0.17 for the regions labelled as 1L, 2L, 3L and 5L respectively. For a
18 corresponding unambiguous assignment of the layer numbers;, the same flake has

oNOYTULT D WN =

Figure,2: Ageing analysis of a CrClz few layer flake in ambient conditions
57 investigated with Atomic Force Microscopy: a) image of the freshly exfoliated flake
58 and (b), (c), and (d) after 24, 48, and 72 hours respectively.
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been investigated with AFM (Figure4 (c)). There, the distance (from the SiO;/Si
substrate) of the portion of the flake showing the faintest optical contrastiin panel
(a) has been evaluated as 2.3 nm (see Figure 4 (b)). This value is, again, in the range
of the typical stacking distance observed in tapping mode AFM forsmechanically
exfoliated single layers of layered materials in the presence of substrate contaminants
and of an absorbed film of water [23]. For such reason we hereaftercall CrCl; flakes
exhibiting a similar optical contrast and a similar AFM stacking height from the
substrate “monolayers”. The region labelled in Figure 4 (a) as2L has, as/determined
by AFM (see Figure4 (d) inset), a stacking distance from the 1E re\gion of 0.7£0.1
nm. This value, within the experimental accuracy of AFM, is fully/consistent with
a single layer stacking distance in CrClz. Similarly, the 3L region has been verified
to stack twice the ¢ axis distance from the 1L one, andra similar AFM check has
been performed for the 5L region, that we therefore associate consistently with the
evidence of stacking of five layers of CrCls.

Figure 3: Degradation analysis by optical microscopy of a CrCls thick flake in
ambient conditions: a) image of the freshly exfoliated flake and (b), (c), and (d) after
24,48, and 72 hours respectively.
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For optical identification, several samples with mechanically exfoliated flakes
have been transferred on to 270 nm SiO,/Si (100) Figure5 (a)-(d) and»285 nm
Si0,/Si (100) Figure 5 (e)-(h). In each panel of Figure 5, we have reported (fromuleft
to right ((a) to (d) and (e) to (h) for 270 nm and 285 nm SiO,/Si (100),respectively)
typical optical microscopy images of exfoliated few layer flakes of €rCl; exhibiting
an increasing optical contrast (as calculated from data in the framedareas,according
to Eq. 1) with respect to the bare substrate. Each panel represents a single value of
optical contrast for a particular flake but the final optical contrast value is calculated
from the average value of multiple flakes for each layer number: The AFM images
corresponding to Figure5 (b)-(h) are reported in the SI Figi:S1-53. The values of the
optical contrast found in our work are consistent with those measured for Crl3 [5,

6 8 10 12
Height (nm)

Events (a.u.}
- e b e A

4 15 0 25 30
Height (mm)

Figure 4: (a) Optical microscopy image, and (c) corresponding AFM image of a
mechanically exfoliated few layer flake of CrClz on 285 nm SiO, /Si (100). (b) Height
histogram taken from the areas in (c) framed as [1], and (d) Zoom image of the red
squared area to evidence, with a height profile, the stacking between two adjacent
layers.
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29].

In Figure5 (i) data accumulate at specific values that are ordered in atstepwise
increase and that we assign in increasing order to an increasing number of layers from
one to six. We observe a systematic increased contrast for the 270 nm §iO»/Si (100):
Noteworthy, as displayed in the inset of Figure 5 (i), this corresponds to a notable20%
(13%) relative increase of the contrast for the monolayer (bilayer) flakes. As already
stressed in the literature [23, 30]. The theoretical framework to quantitatively explain
the oxide thickness and layer number dependent variation ofithe optical contrast is
given by the Fresnel equations as discussed and reported in SI. Within such model,
our experimental data are nicely fitted by the expected theoretical/contrast (fitting
lines in Figure 5 (i)) once in the model the SiO, thicknesses parameters and refractive
index are fixed and the CrClsz complex refractive index is,adjusted to (2.20 + 0.481)
and (2.24 + 0.401) for both the two substrates. We have,also verified that the best
agreement between experiment and theory is obtained once'in the Fresnel equations
the wavelength is adjusted at 550 £+ 20 nm.

Finally, in Figure 6 we report the result of adayer aependent Raman study on
few-layer flakes of CrCls after AFM and optical contrast characterisation. Raw
spectra are reported in panel (a) while in panel (b) the same data are plotted after
subtraction of the Si background and upon arbitrary normalisation of each spectrum
to the Raman features that are detectable;up to the bi-layer case (namely the P3 peak
at 208.6 cm!). Notably, apart from an‘ebvious lowering of the intensity of the CrCl;
features due to the layer thifining, within the spectral resolution limit of 1 cm~! of
the technique, we do not observe any spectral shift as a function of the number of
layers. To compare with the existing literature, as already stressed before, the results
related to the bulk phase are'in agreement with what reported recently [25] or even
in the seminal work of Bermudez [31]. Such results are also in agreement with the
frequency shifts theoretically calculated by Avram et al. [26]. In a recent paper [32]
a thickness dependent Raman study has been reported on CVD grown CrCls, where
the bulk phase spectra aretelated to a thin film and an ultra-thin layer (with non
quantitative thickness information) showing the absence of any detectable spectral
shifts. Only if‘temperature and polarisation dependent studies are performed, like
in [18] then'a minor (within 2 cm™!) spectral shift of the resonance at 247 cm~!is
observed.in the bulk at temperatures below 240 K, while this occurrence is reported
to occyr in a much narrow range of 1 cm~! for nm thick flakes. To the best of
our knowledge, there are so-far no layer dependent Raman studies for exfoliated
CrCl;, while, in the case fo Crl3 a careful layer dependent Raman investigation
wasireported for 2L, 3L, and bulk very recently [33]. In that work it is evidenced
how the most remarkable spectral differences are detected with low-temperature
(10°K) polarised micro-Raman set-ups and manifest themselves in significant layer
dependent changes of the relative spectral weight rather than in significant frequency
shifts. It is evident then, from our layer dependent measurements, that, at variance
with other two dimensional materials, like for example graphene [30], or MoS;
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Figure 5: Optical contrast analysis of few-layer CrCl; flakes: (a-d) represent optical
images ©on a 270:nm SiO,/Si substrate and (e-h) on a 285 nm SiO,/Si substrate,
along with their calculated optical contrasts (measured from data in the framed
areas in the figures). (i) The circles and hexagons represent the average value (for
each layer'number) of the optical contrast on 270 nm and 285 nm SiO, /Si substrates
respectively. Experimental data are superimposed with the theoretically calculated
contrast based on the Fresnel equations (See SI). The inset in (i) shows the ratio of
the measured optical contrast for the two SiO, substrates as a function of the layer
number.
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Figure 6: Layer dependent Raman spectra of few-layer (2,4,5, and 8 L) CrCl3
flakes compared to the spectrum of the bulk phase. (a) raw data, and (b) same
corresponding spectra after subtraction of the background from the Si substrate and
normalisation to unit of the P3 spectral intensity

Page 12 of 16



Page 13 of 16

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NANO-123852.R2

13

[23], where non polarised RT micro-Raman spectroscopy clearly assign @ layer
dependent spectral finger print to the 2D material, this is not the case for €xCl; and
likely other CrX3 systems. We ultimately assign this occurrence to the very weak
interlayer coupling in these materials. Thus, whether, essentially for such reason
their mechanical exfoliation is more easy, on the other hand the individual layers
can be considered as already isolated, with little electronic perturbation owed to the
confinement in few layers. This is suggested also by the flatness (with dispersion
within 0.3-0.4 eV) of the electronic bands close to the Fermi edge as evidenced in the
theoretical calculation of the electronic structure of this system [34].\

4. Conclusions

In summary, we have demonstrated the systemati¢ exfoliation of monoclinic CrCl;
down to the monolayer limit. In line with theoretical expectations, this 2D material
can be exfoliated into large flakes due to its very low cleavage energy. Furthermore,
few-layer flakes exposed to ambient air conditions at toom temperature exhibit no
apparent degradation on a time scale that.is four orders of magnitude larger than the
one reported for Crl;.

We systematically performed the contrast analysis for two substrates (270 nm
and 285 nm SiO,/Si (100)) up to sixtlayers and backed the optical microscopy
measurements with AFM characterisation and rationalised our findings of the
contrast within the Fresnel ‘equation formalism. Micro Raman studies have been
carried out on bulk as well as on few-layer CrCl; at RT. Spectra related to the
bulk validated previously reported results [31]. We did not observe any significant
layer dependent spectral change down to two layers. Together with recent results
reported in the literature foctised on transport measurements, this work addressing
the viability of the,mechanical/exfoliation and the the ambient stability of CrCl;
demonstrates the viability of the use of this specific Cr-halide in 2D spintronic
devices.
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