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Achieving large-scale growth of two-dimensional (2D) ferromagnetic materials with high Curie temperature
T and perpendicular magnetic anisotropy (PMA) is highly desirable for the development of ultracompact
magnetic sensors and magnetic memories. In this context, van der Waals (vdW) Cr, Te; appears to be a promising
candidate. Bulk Cr, Te; exhibits strong PMA and a 7 of 180 K. Moreover, both PMA and 7 might be adjusted in
ultrathin films by engineering composition or strain or applying an electric field. In this work, we demonstrate the
molecular beam epitaxy (MBE) growth of vdW heterostructures of five-monolayer quasifreestanding Cr,Tes; on
three classes of 2D materials: graphene (semimetal), WSe, (semiconductor), and Bi,Te; (topological insulator).
By combining structural and chemical analysis down to the atomic level with ab initio calculations, we confirm
the single-crystalline character of Cr,Te; films on the 2D materials with sharp vdW interfaces. They all exhibit
PMA and T¢ close to the bulk Cr,Tes value of 180 K. Ab initio calculations confirm this PMA and show how
its strength depends on strain. Finally, Hall measurements reveal a strong anomalous Hall effect, which changes
sign at a given temperature. We theoretically explain this effect by a sign change of the Berry phase close to the
Fermi level. This transition temperature depends on the 2D material in proximity, notably as a consequence of
charge transfer. MBE-grown Cr,Te; /2D material bilayers constitute model systems for the further development

of spintronic devices combining PMA, large spin-orbit coupling, and sharp vdW interface.

DOI: 10.1103/PhysRevMaterials.7.054005

I. INTRODUCTION

The discovery of ferromagnetic order in two-dimensional
(2D) materials like CryGe,Teg [1] and Crl; [2] has paved the
way for the development of new van der Waals (vdW) het-
erostructures [3]. Combined with the large spin-orbit coupling
and low crystal symmetries of 2D materials like transition
metal dichalcogenides [4], 2D ferromagnets represent a key
ingredient to construct ultracompact devices for spintronic ap-
plications [5] such as spin transfer torque and spin-orbit torque
magnetic random access memories. These technologies based
on 2D materials would allow for the miniaturization of today’s
devices as well as a sizable reduction of energy consumption
[6].

For this purpose, 2D ferromagnets with Curie temperatures
Tc higher than room temperature and with perpendicu-
lar magnetic anisotropy (PMA) are required [7]. Fe,GeTe,
(x=3,4,0r5)[8] and Cri45Te,; (0 < § < 1) [9-23] emerged
recently as the two most promising families of materials to
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achieve such conditions. CriisTe, materials are composed
of 1T7-CrTe, monolayers (ML) separated by a variable num-
ber of intercalated chromium atoms (from empty to fully
occupied). CrTe; is a vdW ferromagnet with room tem-
perature ferromagnetic order (Tc = 315 K) [9-11], whereas
Cri4sTer (6 > 0) are quasi-vdW ferromagnets with 7¢ rang-
ing from 160 to 350 K and varying magnetic anisotropy
from the out-of-plane to in-plane easy axis of magnetization
[9-14]. Magnetic properties of CrjisTe, have been shown
to depend on its stoichiometry [12,13], its thickness in the
case of thin films [14], the Cr-Te flux ratio during crystal
growth [15], and strain in the layer [16,17]. The stoichiometry
of the stack could be adjusted by postgrowth annealing [12] or
by changing elemental fluxes [18]. Lasek et al. [19] showed
that for a monolayer of CrysTe;, stoichiometry could vary
with growth/annealing temperature between § = 0.5 and 1.
Highly efficient control of magnetic properties is required for
spintronic applications [5], and it is, therefore, necessary to
understand the growth mechanisms of these materials, espe-
cially for the development of functional vdW heterostructures.
Exotic topological phenomena such as the topological Hall
effect have also been reported in Cr,Te;/BirTe; bilayers
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[20,21] and Cr,Tes/Cr,Ses [22]. Moreover, noncollinear spin
textures were shown in Cr,Te; as a consequence of antifer-
romagnetic coupling between neighboring chromium atoms
[23], making it an interesting host for exotic, trivial, or topo-
logical spin textures.

In this work, we report the vdW epitaxy [24,25] of 5 ML
of Cr,Te; for three different 2D materials, namely, graphene
(a semimetal with exceptional electronic properties), WSe;
(a transition metal dichalcogenide semiconductor exhibit-
ing strong photoluminescence and spin-valley locking in its
monolayer form), and Bi,Tes; (a topological insulator with
strong spin-orbit interaction). Particular care was given to
their full structural and magnetic characterizations, including
the determination of the film stoichiometry. Those bilay-
ers represent model systems to study proximity effects in
vdW heterostructures, interface spin textures, and spin-orbit
torques. The Cr,Tes films were grown by molecular beam
epitaxy (MBE) in ultrahigh vacuum (UHV) by simultane-
ously depositing Cr and Te atoms. They exhibit in-plane
compression and out-of-plane expansion with respect to the
bulk phase. This strain is shown to vary with the postgrowth
annealing, but it is almost independent of the 2D layer under-
neath. Indeed, Cr,Tes films on graphene and WSe, annealed
at 400 °C show the same lattice parameters, which are equal to
those of 5 ML freestanding Cr,Te; calculated using ab initio
methods. This demonstrates that the vdW epitaxy of Cr,Tes
on 2D materials leads, after annealing, to the formation of
quasifreestanding films with negligible interaction with the
substrate. We then correlate the PMA of Cr,Te; with strain
and confirm our experimental findings using ab initio cal-
culations. Finally, magnetotransport measurements reveal a
change in sign of the anomalous Hall effect in Cr,Te; with
temperature and point out a charge transfer from the substrate
to the film, changing the p-type doping level of Cr,Tes. This
effect was already observed in several vdW heterostructures
[26,27]. The charge transfer is shown to govern the temper-
ature at which the anomalous Hall effect changes sign. We
theoretically reproduce this effect by showing a sign change
in the Berry phase close to the Fermi level. Finally, our work
demonstrates the ability of MBE to synthesize model vdW
heterostructures incorporating 2D materials and quasi-vdW
ferromagnets which are highly promising for future 2D-based
spintronic devices.

II. METHODS

A. Experimental methods

All the films were grown by MBE using a home-designed
UHYV system. Metallic elements (Cr, W, Bi, and Al) were
evaporated using an electron gun, and the growth rate was
controlled using a quartz microbalance, whereas chalcogens
(Te, Se) were evaporated from Knudsen cells. Their elemental
fluxes were measured by a pressure gauge. The substrates
were attached to a molybloc by wetting In underneath. The
temperature of the samples during growth was controlled by a
thermocouple touching the backside of the molybloc.

Scanning transmission electron microscopy (STEM) mea-
surements were performed using a Cs-corrected FEI Themis
at 200 kV. High-angle annular dark field (HAADF) STEM

images were acquired using a convergence angle of 20 mrad
and collecting electrons scattered at angles higher than 60
mrad. STEM specimens were prepared by the focused ion
beam (FIB) lift-out technique using a Zeiss Crossbeam 550.
The sample was coated with protective carbon and platinum
layers prior to the FIB cut.

The out-of-plane x-ray diffraction (XRD) measurements
were performed using a Panalytical Empyrean diffractometer
operated at 35 kV and 50 mA, with a cobalt source (Ko =
1.79 A). A PIXcel-3D detector allowed a resolution of 0.02°
per pixel, in combination with a divergence slit of 0.125° on
the source side. Grazing in-plane XRD measurements were
performed with a SmartLab Rigaku diffractometer equipped
with a copper rotating anode (Ko = 1.54 A) operating at
45 kV and 200 mA. Collimators with a resolution of 0.5° were
used on both the source and detector sides. The grazing inci-
dence close to the critical angle of the substrate was optimized
to maximize the intensity of the Cr,Te; Bragg peaks. Both
diffractometers were equipped with multilayer mirrors on the
source side and a K § filter on the detector side.

Raman measurements were performed with a Horiba Ra-
man setup with a 632 nm laser excitation source and a spot
size of 0.5 um. The signal was collected by using a 1800
grooves/mm grating.

Rutherford backscattering (RBS) measurements were per-
formed with a “Het beam delivered by the SAFIR Platform
at Sorbonne University in Paris at beam energies ranging from
1.5 to 2.0 MeV. For all samples, the scattering angle was set
to 160°, and the resolution of the detector was 13.5 keV. To
avoid channeling effects, the samples were tilted with respect
to the normal of the sample in two perpendicular directions.

The magnetic properties were measured by superconduct-
ing quantum interference device (SQUID) magnetometry with
the magnetic field applied parallel or perpendicular to the film
plane. The measurements were performed using a Quantum
Design magnetic property measurement system. The diamag-
netic contribution was subtracted using the data at high field
(=3 T), and some parasitic contributions were corrected by
subtracting signals measured well above the T¢ of the systems
(at 350 K). This method was already used successfully by
Ribeiro et al. [8] and confirmed by comparing it with magnetic
moments extracted from x-ray magnetic circular dichroism
(XMCD) measurements. To extract the magnetic anisotropy
energy, we calculated the area between the saturation magne-
tization and the fist magnetization curve for both directions
of the applied magnetic field. The magnetic anisotropy energy
was then expressed as the difference between the two areas for
the field applied in plane and the field applied out of plane.

The XMCD measurements were performed on the
DEIMOS beamline [28] of synchrotron SOLEIL (Saint
Aubin, France). The signals were recorded using the total
electron yield method. Each XMCD spectrum was obtained
from four measurements, in which both the circular helicity
and the direction of the applied magnetic field were flipped.
The XAS data were then averaged (the signals of opposite
helicity and field) and normalized to the absorption at the
preedge of chromium (565 eV). The XMCD spectra were
normalized to their maximum for comparison.

In order to carry out magnetotransport measurements, we
processed Hall bars out of Cr,Tes films by laser lithography
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and argon etching. Electrical contacts were made of e-beam
evaporated Ti(10 nm)/Au(100 nm) bilayers. The length and
width of Hall bars were approximately 100 and 10 pum, respec-
tively. All the electrical measurements were performed using
an Oxford Spectromag setup working in the 1.6-300 K tem-
perature range with magnetic fields up to 7 T. The anomalous
Hall contribution was obtained by fitting the experimental data
with a hyperbolic tangent function.

B. Calculation methods

The ab initio calculations were performed using density
functional theory (DFT) as implemented in the Vienna Ab
initio Simulation Package (VASP) [29,30] with the generalized
gradient approximation pseudopotentials in the Perdew-
Burke-Ernzerhof parametrization [31]. The DFT+U approach
using Dudarev’s formulation [32] was applied with an effec-
tive Hubbard correction Uey = 2.1 eV to localize the Cr d
orbitals. A Cr pseudopotential with semicore p electrons was
chosen, and an energy cutoff of 330 eV was used for the plane-
wave basis. The van der Waals interaction was approximated
by the Grimme’s dispersion correction in density functional
theory (DFT-D3) [33] with the Bescke-Johnson damping
[34].

To compute the relaxed heterostructures of Cr,Te; with
2D materials, the relative orientation of the two materials in
the calculation was not taken from an experiment but chosen
in a systematic way [35] to minimize the lattice mismatch.
This captures more realistically the weak epitaxy of the het-
erostructure.

The magnetic anisotropy energy is calculated as the dif-
ference between the ground state free energies when the
magnetization points in plane and out of plane [36]. A 9 x
9 x 5 k-point mesh was found to be sufficient. The volume
was fixed at its calculated equilibrium bulk value, while
the in-plane and out-of-plane lattice parameters (a and c)
were varied. A demagnetizing energy contribution Egemag =
—oM?/2 was added to the calculated magnetocrystalline
energy, using the experimental M; value of 2300 kA/m.

The anomalous Hall effect was computed [37] by con-
structing a tight-binding Hamiltonian based on maximally
localized Wannier functions using the WANNIER9O package
[38]. We verified carefully that the model reproduces well
the band structure of Cr,Tes; from the original DFT calcu-
lation. Using the WANNIERBERRI package [39,40], the Berry
curvature was then calculated for a dense k-point mesh and
integrated over the Brillouin zone to obtain the Berry phase,
which is proportional to the anomalous Hall conductivity, at
various Fermi level positions.

III. SAMPLE PREPARATION

In this study, we grew samples of five layers of Cr,Tes
corresponding to a thickness of 6.1 nm on three different vdW
surfaces: 1 ML of WSe, deposited on GaAs; 10 layers of
Bi, Te; on Al, O3, which were both grown in situ by MBE; and
monolayer graphene, which was obtained by the controlled
graphitization of 4H-SiC(0001) [41-43] in another reactor.

WSe, was grown epitaxially on Se-passivated GaAs(111)B
as detailed in [44]. BiyTes was grown epitaxially on sapphire.

For this purpose, sapphire substrates were first annealed in air
for 1 h at 1000°C with a heating ramp of 40 min starting
from room temperature. They were additionally annealed in
situ for 30 min at 800°C. Ten quintuple layers of Bi,Tes
were then grown by coevaporating Bi and Te from an elec-
tron gun and a cracker cell at deposition rates of 0.057 and
0.1 A/s, respectively. The substrate temperature was main-
tained at 250 °C during the growth. Postgrowth annealing at
300°C under Te flux was done for 10 min to improve the
crystal quality. Finally, Gr/SiC layers were annealed in situ
for 30 min at 650 °C after their transfer.

The Cr,Te; films were grown using a two-step process as
sketched in Fig. 1(a). The growth temperature, Te:Cr ratio,
and deposition rate were set at 300 °C, 10, and 0.25 L/min,
respectively. The Te cell shutter was opened 1 min before
chromium deposition to ensure that the surface of the substrate
was saturated in Te at the first stage of growth [see Fig. 1(a)].
After the growth, the samples were annealed at 400 °C for
10 min using the same Te flux as during the growth and a heat-
ing ramp of 40 °C/min. The samples were then cooled down
to 50°C, and 3 nm of aluminum were deposited to prevent
oxidation of the layers during transfers between experimental
setups.

The film morphology was monitored in situ by reflec-
tion high-energy electron diffraction (RHEED), as can be
seen in Fig. 1(b) in the case of WSe,. A streaky diffraction
pattern was observed, indicating a flat and well-crystallized
surface. The different diffraction patterns along the two
high-symmetry axes of the WSe, substrate [Figs. 1(c), 1(e)]
indicate a good alignment of Cr,Te; grains with the un-
derlying layer. After annealing, the width of the diffraction
rods is approximately divided by 2 as a consequence of the
larger grain size [Figs. 1(d), 1(f)]. We made similar RHEED
observations for the two other vdW substrates, Bi,Te; and
graphene (see the Supplemental Material [45]), except an
increased isotropic contribution on graphene attributed to a
lower interaction with the substrate.

IV. STRUCTURAL PROPERTIES

We found similar structural characteristics for Cr,Tes
grown on WSe, and graphene. Therefore, we present the
results for the growth on WSe;, and the ones for the growth
on graphene are given in the Supplemental Material [45]. The
results for Bi, Tes are shown in Fig. 5 below.

Figure 2(a) is a cross-section STEM image of the layers,
revealing a sharp and well-defined interface between the vdW
ferromagnet and the 2D layer, as evidenced by the W-Te
distance between W atoms of WSe, and the first Te atom
plane of Cr,Te; with a value of 5.3 A. This value is taken
to obtain a better experimental determination of the gap (due
to the large atomic number of W with respect to Se), as
shown in Fig. 2(b) by a line profile along the ¢ direction of
the heterostructure. This corresponds to a vdW gap Acyqw of
3.5 A if we assume a relaxed WSe, layer, in agreement with
our XRD data (see Fig. 3). It is worth noting that we resolve an
intensity difference in the line profile [Fig. 2(b)] between fully
and partially filled Cr planes. Indeed, for every two Cr planes,
only one third of the lattice sites are occupied by intercalated
Cr atoms in the case of CrpTe;. We also observe that the
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FIG. 1. MBE growth of Cr,Te; on the 2D transition metal dichalcogenide WSe,. (a) Sketch of the deposition procedure. The growth
temperature was 300 °C and in situ annealing was performed at 400 °C. (b) In situ RHEED images of one-layer WSe, deposited on GaAs(111)B
along two crystal directions (time = 0 min). (¢) RHEED pattern after the deposition of Cr,Te; (time = 21 min). (d) RHEED pattern after
annealing (time = 35 min). (e) and (f) Intensity profiles of the RHEED diffraction pattern for (c) (blue dashed box) and (d) (red dashed box),

respectively.

monolayer of WSe, remains intact after the growth of Cr,Tes
on top.

The experimental W-Te distance was compared with
the one obtained by ab initio calculations performed on
Cr,Te;/WSe, consisting of 1.5 unit cell thick Cr,Tes on top
of a single layer of WSe, [see Fig. 2(c)]. The calculated
distance is 5.08 A, very close to the experimental value of
53A.

To accurately determine the lattice parameters of Cr,Tes
layers and crystal orientation with respect to each of the sub-
strates, systematic XRD analyses were performed to extract
the in-plane and out-of-plane lattice parameters. These mea-
surements allowed us to measure accurately the strain in each
layer when compared with the bulk lattice parameters.

Figures 3(a)-3(c) show XRD out-of-plane, in-plane ra-
dial, and in-plane azimuthal scans of Cr,Te;/WSe,/GaAs
(sample 2; see Table I), respectively. The diffraction patterns
of Cr,Tes; deposited on WSe, reveal the single-crystalline
character of the film and the clear epitaxial relationship with

WSe,. The thin Bragg peaks in radial scans in Fig. 3(b)
[full widths at half maximum (FWHM) of 0.48° and 0.70°]
indicate the large grain size and the uniformity of the lattice
parameter. In Fig. 3(c), the mosaic spread (FWHM of 1.54°)
is negligibly small, which confirms the perfect orientation of
Cr,Tes on WSes.

All the XRD data are summarized in Table I. Compared
to bulk values of Cr,Te; with a = 6.812 Aandc=12.07 A
[46], we systematically found an in-plane compressive strain
and a resulting out-of-plane expansion. We found similar
lattice parameters regardless of the substrate underneath, al-
though the mismatch between interatomic distances is very
large (WSey: +19.1%/Gr: +56.3%/BiyTes: —10.8%). An
in-plane compressive strain would be expected for CrpTes
deposited on WSe, and graphene, whereas an in-plane tensile
strain would be expected for the growth on Bi,Tes;. Moreover,
we could not find any commensurable relationship between
the in-plane lattice parameter of Cr,Te; and that of the sub-
strate. This was confirmed by ab initio calculations: the lattice
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FIG. 2. (a) Low-pass-filtered HAADF-STEM image of five-layer Cr,Te; grown on monolayer WSe, deposited on a GaAs(111)B surface.
The van der Waals gap between the layers is shown to highlight the high quality of the interface. Arrows on the right side indicate the position
of each atomic plane noted (by color) in the line profile. (b) Line profile along the ¢ direction of the Cr,Te; layers (yellow arrow) with
intensity distinction between partially and fully occupied Cr planes [see crystal structure in (c)]. (c) A unit cell of the calculated Cr,Te; /WSe,
heterostructure; in the interstitial planes, only 1/3 of the lattice sites are occupied by the intercalated Cr atoms. The ab initio-calculated W-Te

distance is 5.08 A.

parameter of the vdW heterostructure corresponds to that of
bulk Cr,Te; above 7 ML of Cr,Te;, as demonstrated for
Cr,Tes/Gr (see the Supplemental Material, Fig. S2 [45]). We
thus make a conclusion about the pure vdW interaction be-
tween Cr,Tes and the substrate. The slight difference between
lattice parameters might be due to the surface topography
(presence of steps, terrace, etc.) and the microscopic structure
of Cr,Tes (grain size, grain boundaries, etc.).

However, the energy given to the system by annealing
seems to be the driving force to control the final crystal struc-
ture since the lattice parameters for the samples on graphene
and WSe, converge to the same values after annealing at
400°C. The difference for Bi,Tes is discussed in Fig. 6 be-
low. In addition, layers grown on graphene exhibit a much
larger mosaic spread even after annealing. The reason is
probably the fact that the van der Waals interaction between
Cr,Te; and graphene is weaker than on the other 2D sub-
strates. In that case, the crystal domains grow epitaxially on
graphene, but because of this weaker interaction, they can
rotate around this direction (when the nuclei are small) and
be fixed in a position with slight angular deviation corre-
sponding to some atomic coincidences, as shown by Vergnaud
et al. [47].

The measured lattice parameters match well the ab initio
calculations performed on ~5 nm thick freestanding films,
which corresponds to the experimental thickness (see Fig. 4).
In particular, for the Cr,Te; films annealed on graphene and
WSe, (samples 2 and 4), the experimental lattice parameters

fall exactly on the theoretical curve, confirming a weak inter-
action between the film and the substrate. The case of Cr,Tes
grown on Bi,Tes is discussed in Fig. 5.

In Table I, we also show the measured composition of some
selected samples using RBS (see the Supplemental Material,
Fig. S4 [45]) and find compositions very close to Cr,Tes. No
measurement could be performed on GaAs substrates because
Ga and As are heavier than chromium, causing the Cr signal
peak to lie in the substrate background, preventing any deter-
mination of the Cr:Te ratio in these samples.

Raman spectroscopy was also performed before and after
the growth of Cr;Te; to control the quality and integrity
of the 2D layers. Figure 3(d) depicts the Raman spectra
of WSe;/GaAs and Cr,Te;/WSe,/GaAs. The width and
position of WSe, peaks are preserved, indicating that the de-
position of Cr,Tes did not alter the WSe, layer. The reference
signal of WSe,/GaAs (green curve) was measured with a
532 nm laser instead of 633 nm used for the other samples,
explaining the intensity differences. Similar observations have
been made for the Cr,Tes/graphene heterostructure, as shown
in Fig. S5 in the Supplemental Material [45].

Figure 5(a) shows the Raman spectra of Cr,Tes;/Bi;
Tes; /Al O3 at different stages of growth. We detected two
characteristic peaks of Bi; Te; at 101.8 and 133.5 cm~!, which
correspond to the E? and A}, vibrational modes and were
also reported in [48]. After the deposition of five layers of
Cr,Tes at 300 °C, those peaks remained unchanged (the am-
plitude drop is explained by the partial absorption of the laser
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FIG. 3. Postgrowth characterization of the crystal structure of Cr,Te;/WSe,/GaAs (sample 2). (a) Out-of-plane ® /20 XRD scan shows,
in addition to Cr,Te; (001) peaks (red), GaAs substrate peaks (black) with weak additional peaks due to spurious radiation not completely
eliminated by the mirror and the K 8 filter (gray). (b) In-plane radial XRD scans performed along the GaAs substrate R = (#40) direction and
R + 30° = (2hhh) direction. These scans show the substrate peaks (black), WSe, (green), and Cr,Te; peaks (red) labeled with their FWHM.
(c) In-plane azimuthal XRD scan of the (300) peak measured within a range of 100° shows thin peaks with a FWHM of 1.54° separated by
60° corresponding to the sixfold symmetry of the crystal. (d) Raman spectra of WSe, before and after deposition of Cr,Tes.

fluence in the metallic Cr,Tes; layer). However, when the
sample was annealed at 400 °C, the two characteristic peaks of
Bi,Te; disappeared. Indeed, x-ray diffraction measurements
performed before and after annealing in Fig. 5(b) clearly show
the disappearance of Bi,Tes after thermal annealing. Finally,
in Fig. 5(c), RBS measurements on the annealed sample show
the absence of Bi in the heterostructure. We assume that
Bi,Te; was evaporated during annealing, leaving the Cr,Tes
film on the pristine sapphire substrate. We set the structural
data of this sample (sample 6) in bold in Table I because
Cr,Te; stands directly on the sapphire substrate after anneal-
ing. Moreover, in this case, the substrate is no longer vdW,

and defects might have been created in Cr,Te; by evaporation
of the Bi,Te; layer underneath.

V. MAGNETIC PROPERTIES

Hysteresis loops were measured by SQUID magnetometry
at 5 K and are displayed in Fig. 6. For all samples, the easy
axis of magnetization was found along the c¢ axis, and by
integrating the difference in area between the out-of-plane
and in-plane magnetization curves, the magnetic anisotropy
energy (MAE) could be experimentally derived for all the
samples.

TABLE . Annealing temperature (all samples were grown at 300 °C) and structural parameters measured by x-ray diffraction and chemical
composition from RBS, with a (c¢) being the in-plane (out-of-plane) lattice parameter and the radial width A6, of the (300) diffraction peak
and the mosaic spread A¢ measured on the same Bragg peak. The bold text indicates that Cr, Te; stands directly on the sapphire substrate after

annealing.

Sample 2D layer Temperature (°C) a(A) % c(A) % ¢ Af) A¢ Stoichiometry
1 WSe, 300 6.731 —1.2% 12.44 +3.1% 1.848 1.00° 2.36°

2 WSe, 400 6.760 —0.76% 12.28 +1.7% 1.817 0.62° 1.54°

3 graphene 300 6.754 —0.88% 12.18 +0.91% 1.804  0.72° 24.8° CrygsTes

4 graphene 400 6.758 —0.79% 12.30 +1.9% 1.820 0.60° 16.6°

5 Bi,Tes 300 6.691 —1.8% 12.50 +3.6% 1.868 0.87° 2.77° Cry97Tes

6 Bi, Te; 400 6.778 —0.50% 12.18 +0.91% 1.797  0.56° 1.28° Cr;07Tes
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FIG. 4. Top: Cr,Te; bulk crystal structure and a thin freestanding
film constructed from it. The in-plane lattice parameter a was fixed
at a range of values while the atomic positions were relaxed to obtain
the out-of-plane lattice parameter c¢. Bottom: The calculated and
experimental lattice parameters for freestanding slabs and for bulk
structures. The measured values follow well the trend calculated for
freestanding Cr,Te; films.

The origin of ferromagnetism in our layers was confirmed
by XMCD performed at the SOLEIL synchrotron radiation
source. The energy spectra are shown in Fig. 7, and a hystere-
sis loop is displayed in Fig. S6 in the Supplemental Material
[45]. A clear magnetic dichroism signal with a similar spectral
shape was obtained for all three different substrates. This
proves that the chemical environment of Cr atoms in Cr,Tes
films is essentially independent of the substrate. The lower
magnetic moment for the sample on Bi, Tes/Al, O3 [Fig. 7(c)]
is explained by a lower sample thickness (3 ML instead of
5ML).

To better understand the magnetic properties, the magnetic
anisotropy energy was calculated theoretically as a function
of strain for bulk Cr,Tes; and is compared to experimental
values in Fig. 8. The results reveal that the MAE is correlated
with the strain of the layers. Overall, the trend and magnitude

correspond well with experimental data. In particular, there
is no sharp discontinuous change from positive to negative
anisotropy values, as reported in [14]. However, the experi-
mental data show larger PMA values compared to the theory.
Since our calculations were performed in bulk Cr,Tes, we can
attribute this shift to the presence of interfacial PMA at the
Cr;,Tes /substrate or Cr,Tes/AlO, capping layer interfaces.
To determine the T¢ of each annealed sample, we recorded
the remanent magnetization after saturation at 5 T (with 5 K
steps and no external field) as a function of temperature
(Fig. 9). A value close to 180 K was found for the three
substrates, demonstrating again the very weak interaction be-
tween Cr,Tes and the vdW substrates. These results are very
close to the bulk value of Cr,Tes and to the values obtained in
other similar studies on thin films [49,50]. We did not observe
any increase of T¢ in the thin limit as found by Wen et al.
[14]. Here, we believe that T¢ is fully determined by the 2:3
stoichiometry of the films, in agreement with Fujisawa et al.
[12]. Finally, a lower remanent magnetization is observed for
the sample grown on graphene. Indeed, the Cr,Tes layers on
graphene have a larger in-plane mosaicity, and therefore, we
expect the grain boundaries to host more defects like point
dislocations. These can act as nucleation centers (where the
magnetic anisotropy is lowered) for magnetic domains and
lead to a decrease in the magnetization at the remanence.

VI. MAGNETOTRANSPORT

To study the magnetotransport properties, we performed
four-probe resistance measurements and found an increasing
longitudinal resistivity of Cr,Tes layers with temperature, in-
dicating a metallic character (see the Supplemental Material,
Fig. S8 [45]). The resistivity is of the order of 500 ©2 cm
at 4 K. Figure 10(a) shows the Hall resistivity of 5 ML of
Cr,Tes deposited on WSe, (sample 2) as a function of the
perpendicular magnetic field at different temperatures. For
visibility, the ordinary Hall slope was subtracted, and a carrier
density of 1.6 x 10" holes/cm? was extracted at 50 K, com-
pared to 7.0 x 10" holes/cm? for 5 ML of Cr,Tes directly
deposited on sapphire (see the Supplemental Material, Fig. S9
[45]), indicating a charge transfer from the WSe, layer. The
clear anomalous Hall signal confirmed the strong PMA of the
ferromagnet.

The same measurements were performed for a sample
grown on Bi,Te; (sample 6) and annealed at 400°C (re-
sulting in BiyTes evaporation), as shown in Fig. 10(b). The
ordinary Hall slope was removed, and a carrier density of
4.5 x 10" holes/cm? was extracted at 50 K. Since there is no
charge transfer with sapphire, the difference in carrier density
with Cr,Tes directly grown on sapphire could be explained by
the presence of defects at the interface introduced during the
evaporation of the Bi, Te; layer.

In Fig. 11(a), the anomalous Hall resistivity is extracted for
the two samples on sapphire as a function of temperature. We
observe in both cases a sign change of the anomalous Hall
(AH) resistivity below the Curie temperature of 180 K. Simi-
lar observations were reported in [51,52]. The possible origin
of this effect is discussed in the following as a consequence of
the energy-dependent Berry phase of Cr,Tes.
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FIG. 5. Structural properties of Cr,Te; on Bi,Te;/Al,O;. (a) Raman spectra of the sapphire substrate, Bi,Te;/sapphire, and
Cr,Te; /Bi,Tes /sapphire with and without annealing. Positions and FWHM of Bi, Te; peaks are indicated. (b) Radial x-ray diffraction spectra
for Cr,Te;/Bi,Te;/Al,O3 without (blue) and after (red) annealing. (c) RBS of Cr,Te; grown on Bi,Te; /Al,O5; without (blue) and with (red)

annealing. No elemental Bi can be found after annealing.

In the temperature range of the AH resistivity sign reversal,
aresonance of the Hall signal manifesting as peaks at the coer-
cive fields can be observed. Figure 11(b) shows the Hall resis-
tivity after subtraction of the ordinary and anomalous Hall ef-
fect (AHE) at two temperatures below the sign change and one
above it (see the Supplemental Material, Fig. S10, for the de-
tails of the fit [45]). The bumps are enhanced when the temper-
ature is closer to (but still lower than) the temperature of the
sign change and disappear above it. The width of the bumps
also decreases with temperature, which could be related to the
shrinking of the coercive field. The physical origin of such an
effect is still under debate. In a similar heterostructure, Chen
et al. [20] interpreted it as the topological Hall effect, which
would originate from the presence of magnetic skyrmions.
Skyrmions nucleate during the magnetization reversal and
give rise to an extra transverse transport channel, inducing a

On WSe,/GaAs

On Graphene/SiC

peak in the Hall resistivity. Imaging such spin textures was
performed using Lorentz transmission electron microscopy
for Cr3Teys layers [53]. Nevertheless, another explanation of
two anomalous Hall contributions with opposite signs was put
forward by other groups [54]. The origin could be thickness
variations, inhomogeneities in the film, or interface effects
leading to the sign of the AHE being different [55,56]. In
the case of Cr,Tes these peaks appear close to the anoma-
lous Hall resistivity sign change. If the thickness of the layer
is not strictly constant over the Hall bar, some areas could
have slightly different temperatures at which the anomalous
Hall signal changes sign. In this case, for intermediate tem-
peratures, two AHE components with opposite signs would,
indeed, add up and could explain the observed behavior.

The sign reversal of the anomalous Hall effect observed
experimentally can be elucidated by ab initio calculations. The
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FIG. 6. SQUID hysteresis loops with out-of-plane (L) and in-plane (||) applied magnetic field measured at 5 K are plotted after the removal
of the substrate diamagnetic contribution. Measurements on samples (a) 1, (b) 3, and (c) 5 (without annealing on WSe, /GaAs, graphene/SiC,
and Bi, Te; /Al,0;). (d)—(f) Same measurements as in (a)—(c), but on samples 2, 4, and 6 (annealed at 400 °C).
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FIG. 7. X-ray absorption spectroscopy (XAS; top row) and x-ray magnetic circular dichroism (XMCD; bottom row) measurements
performed on Cr,Te; layers grown and annealed on (a) WSe, (sample 2), (b) graphene (sample 4), and (c) Bi,Te; (sample 6).

longitudinal resistivity is in the range where contributions to
the AHE from intrinsic and impurity scattering components
coexist, while the intrinsic part remains significant [52]. We
thus calculated the intrinsic contribution to AHE for bulk
Cr,Tes (see Sec. II). As shown in Fig. 12, it exhibits a clear
sign reversal very close to Eg (~—10 meV). This is in contrast
to previous calculations [22] in which the sign reversal occurs
330 meV above Ef. This difference is due to the inclusion of
the vdW corrections in our DFT calculations (see the Supple-
mental Material, Fig. S11 [45]). We consider three different
mechanisms influencing the value and sign of the anomalous
Hall conductivity: (a) thermal broadening around the Fermi
level (of the order of kg T, i.e., 15 meV for AT = 180 K), (b)
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FIG. 8. Magnetic anisotropy energy of bulk Cr,Te; as a function
of strain compared for experiment and theory. It is a sum of the DFT-
calculated magnetocrystalline energy and a demagnetizing energy
contribution of —0.06 MJ/m? corresponding to the experimentally
measured magnetization of ~300 kA /m.

charge transfer with the substrate (which we calculated was
greatest on graphene, inducing a Fermi level shift of ~ + 50
meV; see the Supplemental Material, Fig. S12 [45]), and (c)
out-of-plane strain. All these effects change the system energy
in a range compatible with the calculations in Fig. 12.

We believe that the strain dependence of oi¥ is at the
origin of the change in sign of the AHE reported in Fig. 11(a).
Anisotropic lattice expansion with temperature was reported
for Cri4sTey [57], which directly affects the AHE conduc-
tivity. To illustrate this qualitative argument, we choose in
Fig. 12 two reasonable strain values in agreement with the
structural data we obtained, keeping in mind that films in
this work have c/a ranging between 1.797 and 1.868 (see
Fig. 8). If the Fermi level of the sample lies in the red shaded
area (between —8 and 0 meV), the evolution of c¢/a from
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FIG. 9. Remanent magnetization of Cr,Te; layers grown and
annealed on WSe, (sample 2), graphene (sample 4), and Bi,Te;
(sample 6) as a function of temperature with no external field.
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FIG. 10. (a) Temperature-dependent Hall resistivity of Cr,Te;/WSe,/GaAs (sample 2) after removal of the ordinary Hall slope with a
magnetic field applied out of plane. Inset: An optical image of the Hall bar device processed by laser lithography with Ti(10nm)/Au(100nm)
contacts. (b) Temperature-dependent Hall resistivity of Cr,Te;/Bi,Te;/Al,O5 (sample 6) after annealing (evaporation of Bi,Tes) and subtrac-

tion of the ordinary Hall slope.

1.79 to 1.82 with temperature will lead to a sign change
of oIt

Another effect that could influence this picture is the ther-
mal broadening of the Fermi-Dirac distribution upon heating.
However, we obtained a mostly linear dependence of o on
energy close to the Fermi level. When considering contribu-
tions above and below Er, both would cancel out because
the thermal broadening is symmetric. Finally, the role of the
substrate also has to be accounted for. As shown experimen-
tally, charge transfer with the 2D materials is observed and
leads to a shift of the Fermi level. This explains why the
effect is present for samples standing on sapphire and not
for the one on WSe,. Indeed, for sapphire, the Fermi level
is the lowest (carrier density of 4.5 x 10'5 holes/cm? and
7.0 x 10" holes/cm?), so we observe a sign change, whereas
the Fermi level is shifted up for WSe, (1.6 x 10'3 holes/cm?)
and the sign change is absent. This observation is in agreement
with the fact that the sign change in ab initio calculations
occurs for lower energies, as shown in Fig. 12.

Finally, in Fig. 13, we present magnetotransport mea-
surements on five layers of Crp,Tes; grown on graphene/SiC
(sample 3). Both layers are metallic and contribute to conduc-
tion. The Hall resistivity is plotted as a function of the applied
perpendicular magnetic field at different temperatures. No
anomalous Hall resistivity sign change is measurable below
the Curie temperature. This observation is in good agreement
with ab initio calculations since the extracted carrier density at
50 K, which is the lowest one (1.4 x 10 holes/cm2), corre-
sponds to a Fermi level position shifted towards higher values.
On top of the anomalous Hall contribution following the mag-
netization reversal at 0.5 T (at 50 K), another step close to
0.4 T is also present. This two-step signal behavior (absent
in SQUID and XMCD measurements) vanishes progressively
with an increase in temperature and disappears around 100 K,
well below the Curie temperature. The origin of this effect
needs to be investigated further and is out of the scope of the
present work.

(b)
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FIG. 11. (a) Anomalous Hall resistivity of Cr,Tes;/Al, O3 as a function of temperature for direct growth on sapphire, after thermal removal
of the Bi,Te; layer and growth on WSe,. (b) Hall resistivity of Cr,Te; deposited on Bi,Te; and annealed after subtracting the ordinary and
anomalous Hall contributions. The curves are vertically shifted for clarity.
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FIG. 12. Intrinsic anomalous Hall conductivity in bulk Cr,Te;
as a function of energy. A sign reversal occurs close to Er. Two
different strains (c/a ratios) are considered, in agreement with the
experimental ones. Films with Er within the red energy range will
experience o/ sign reversal upon this possible strain change with
temperature.

VII. CONCLUSION

In conclusion, we reported the vdW epitaxy of Cr,Tes on
three different 2D materials. We revealed the pristine inter-
face and the preservation of the intrinsic properties of the
underlying layers after the growth of the vdW ferromagnet.
We demonstrated the freestanding character of Cr,Tes layers
grown on these 2D materials after an annealing step at 400 °C.
In addition, the energy given to the system during the growth
was identified as a way to control the crystal structure and tune
the magnetic properties. We observed a correlation between
the PMA energy of the system and the lattice parameters
which was elucidated by ab initio calculations. Finally, we
theoretically predicted a strain-sensitive sign change of the
Berry phase very close to the Fermi level, explaining the
measured sign change of the AHE with temperature. Charge
transfer between the 2D layers and Cr,Te; was shown to

a 130 K
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Pxy (uQ cm)
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Field (T)

FIG. 13. Temperature-dependent Hall resistivity of
Cr,Tes/graphene/SiC. An arbitrary slope of 4 u2 cm/T has
been subtracted for comparison with Fig. 10.

directly affect the temperature at which the AHE changes sign
by shifting the Fermi level. To summarize, this system outputs
highly tunable structural, magnetic, and electrical properties,
which presents an important advantage for future spintronic
applications.
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