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Abstract
Uncovering the intrinsic two-dimensional (2D) ferromagnetism in layered
compounds and exfoliated thin films provides extraordinary functionalities for
device applications. However, due to the reduced dimensionality, 2D magnets
usually exhibit weak magnetic ordering compared to conventional bulk magnets.
This is seen in the lower Curie temperatures (7¢) typically found in 2D materials.
Here, we report a new approach to realize 2D magnets by using molecular beam
epitaxy (MBE). The epitaxial CrTe: films show remarkable robustness and
strength of magnetic order. We discover that the 7¢ of 7-monolayer CrTe:z (~4 nm)
is 254 K and the atomic magnetic moment is ~3 pug/atom, according to XMCD and
SQUID measurements. Both Curie temperature and atomic magnetic moments
are highest among 2D magnetic materials. In addition, the thin films fabricated
through MBE possess atomically uniform surfaces, enabling a direct
photoemission characterization. Our ARPES measurements show unambiguously
the majority and minority electronic states of magnetic nanofilms for the first time,
revealing the spin polarized electronic structure of the 2D magnet. Taking the
results collectively, our work demonstrates a practical methodology for realizing
robust 2D ferromagnetic states in MBE thin films and provides ideal materials

infrastructure for nano-spintronics.
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Two-dimensional (2D) layered ferromagnetic materials have attracted much
interest recently since the discovery of intrinsic 2D ferromagnetism in atomically thin
layers'*®. Shortly afterwards, enormous research efforts have been placed on enhancing
ferromagnetic order in intrinsic 2D magnets. 2D magnetic materials with a robust
magnetic ordering are critically important for nano-spintronics applications and to
provide platforms for developing scientific understanding of 2D magnetism and
phenomena such as topological defects in 2D. To enhance the robustness of 2D
ferromagnets, three routes have been proposed and tested. The first route is doping a
ferromagnetic host with specific elements, resulting in a limited increase of Curie
temperature (7¢) but unavoidable clusters and/or disorder from dopants’®. The second
route is constructing heterostructures with ferromagnetic (or ferrimagnetic) metals (or
insulators), in which the ferromagnetic order can be enhanced by proximity effects’ 2.
For instance, the (FesGeTex/MnTe); superlattices possess a larger coercive field as a
result of proximity effect®. However, the penetration depth of proximity effect is usually
very small (< 5Snm), hindering an effective manipulation of magnetic order. The third
method is controlling magnetic ordering by ionic liquid gating'® which requires
particular device geometries. Finding 2D materials with intrinsic robust
ferromagnetism, including high T7¢, large magnetic moment and reduced sample
dimension remains an important challenge, as does the development of characterization
tools, particularly related to electronic structure.

Here, we report robust 2D ferromagnetism in transition metal dichalcogenide,
chromium ditelluride (CrTez) nanofilms. We show that it is possible to grow these films
layer by layer on a graphene substrate. The electronic structure and magnetic properties
are clearly resolved by angle-resolved photoemission spectroscopy (ARPES),
superconducting quantum interference device (SQUID) and X-ray magnetic circular
dichroism (XMCD). Bulk CrTe> single crystals are van der Waals (vdW) ferromagnets
with 7. above room temperature (310 K)'%. In this work, we successfully grow few-
layer CrTe, films by the technique of molecular beam epitaxy (MBE). The robust
ferromagnetism has been experimentally evidenced by both SQUID and XMCD
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characterizations and persists up to 250 K (for a 7-monolayer (ML) CrTe> film of
thickness 4.4 nm). In addition, the electron band structure of the ferromagnetic state
was clearly resolved by in-situ ARPES. These results establish CrTe; nanofilms as an
outstanding 2D ferromagnet.

The lattice structure of CrTe: is displayed in Fig. 1a, which shows the Cr and Te
atoms forming a 17-type sandwich layer. The CrTe: layers are stacked along the vertical
direction. In our experiment, a bilayer graphene on SiC substrate was used to support a
layer-by-layer growth of CrTe> films. The optical image of the samples is shown in the
inset of Fig. 1b. The green areas are the surface of the SiC substrate while the grey area
contains the epitaxial film. The MBE samples prepared this way can be of centimeter
size with high structural uniformity. The microscopic topography taken from the
surface of a 7 ML CrTe; film (Fig. 1b) shows atomically flat terrace. The step height
between adjacent islands is 6.26 A (Fig. le), which is consistent with the X-ray
diffraction (XRD) characterization (Fig. 1d). The reflectivity curves show Laue fringes,
indicating the high crystalline quality. The XRD was performed on a thick film of 39
layers, indicating that a large range of thickness from a few layers to tens of layers can
be prepared by MBE. The atomic resolution images taken by in-sifu scanning tunneling
microscope (STM) on the same sample is presented in Fig. 1¢, showing the hexagonal
lattice structure. The lattice constant obtained from the line profile in Fig. 1fis 3.89 A,
in good agreement with the previous experimental results (3.79 A)'* and theoretical
predictions (3.79 A)"3.

The magnetic properties of the 7 ML CrTe: thin film were examined by SQUID
measurements. Figure 2a shows a typical temperature-dependent magnetization (M-T),
which clearly demonstrates a phase transition from paramagnetism to ferromagnetism
as temperature decreases. The 7. increases from 253.6 K to 257.3 K as the field
increases from 0.1 T to 0.5 T (Fig. S1). The field-dependent 7. reveals the 2D nature of
the ferromagnetism, consistent with previous reports on magnetic control of transition
temperatures in Cr.Ge,Tes thin flakes®. The in-plane and out-of-plane magnetization-

magnetic field (M-H) loops at 20 K shown in Fig. 2b demonstrates a strong out-of-plane
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anisotropy of the magnetization, also seen in other vdW ferromagnets'->8. This is an
important consideration for obtaining ferromagnetic ordering and is also favorable for
device applications. The M-H hysteresis loops plainly exhibit the ferromagnetic order
in the 7 ML CrTe, film. Well-defined hysteresis loops were observed at elevated
temperatures up to 250 K. At low temperature, a double-switching behavior is

observed!®!”

, which is possibly due to relatively weaker magnetic coupling between Cr
magnetic moments at the interface. The temperature-dependent coercive field (Hc)
derived from Fig. 2¢ confirms a strong ferromagnetism up to 250 K (Fig. 2d), consistent
with M-T curve and further indicating the high 7.

To further examine the out-of-plane magnetic ground state of 7 ML CrTe»,
element-specific XAS and XMCD measurements (Fig. 3a) were performed at the Cr
L3 edge. Typical XAS and XMCD spectra taken at 5 K with magnetic field of 1 T are
plotted in Fig. 3b. Due to the octahedral coordination, the 3d orbitals of Cr** split into
ee and ty, states with energy separation of 10 Dq. The ty, states are filled with three
unpaired electrons, while eg states are empty. The XAS spectra of Cr present multiplet
structures around photon energies of 575 eV and 584 eV, resulting from the excitations
from Cr 2p32 and Cr 2p12 core levels, respectively. The small peak (~ 2 eV away from
L; peak of Cr) marked with the black arrow comes from Te 5ds. core level, which
slightly overlaps with the peak of Cr 2p3'®. The fine structures at the higher energy
side (marked with orange arrow) of the main features are related to the distribution of
atomic multiplet. The observed structures are comparable with those measured from

other Cr** compounds with octahedral coordination!®-*

, providing a spectroscopic
fingerprint of 17-type CrTez. The measurements of XMCD and XAS were repeated at
elevated temperatures, and the dichroism at Cr L3 edge is evident up to 250 K. The
characteristic peaks in the spectra remain at the same energy as the temperature rises,
despite the decrease of intensity.

The XMCD results can be analyzed in terms of element-specific magnetic

moments according to the sum rules?!??, The spin moment () and orbital moment (1)

can be obtained by sum rule:
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where n;, SC and (T,) are the number of d holes, spin correction factor (estimated to
be 2.0+0.2 for Cr)>* and the averaged magnetic dipole term, respectively. The
magnetic dipole term, (T,) can be neglected due to its rather small contribution (<5%)
in the Cr t23g configuration. An arctangent step-like function was employed in the

fitting of the threshold of XAS spectra in order to exclude the nonmagnetic
contribution'®**,

The calculated ms and m from 5-300 K are summarized in Fig. 3c. The derived m;

demonstrates a Curie-like behavior. A remarkably large value of ms (2.85+0.15 up/atom)
is found at 5 K. This reduces to 0.63+0.15/atom at 250 K, suggesting a ferromagnetic

transition near this temperature. By contrast, m is relatively flat and small (0.08+0.05

us/atom), consistent with a half-filled ;¢ level. The octahedral crystal field (Fig. 1a)
quenches mi, because the three d electrons fully occupy the three-fold degenerate
majority-spin tyg orbital preventing orbital moment formation. The dichroism of Cr

almost disappears when temperature increases to 300 K. Fitting the total magnetic
Y
moment (m; = ms + mi) as a function of temperature, M(T) o< (1 —Tl) , yields
C

T. = 259+ 7 K with critical exponent y = 0.48 + 0.08, which is in good
agreement with the SQUID result. We note that the observed ferromagnetic behavior
cannot be due to Cr clusters, since Cr is antiferromagnetic and therefore would not give
a non-zero XMCD intensity.

To examine the 2D electronic structure in CrTe; thin films, we performed ARPES
measurements with two different photon energies of 21.2 eV and 40.8 eV at 107 K. The

band dispersions measured at 4v = 21.2 eV along M-I'-K is shown in Fig. 4a. Near the
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I' point, the main features include two hole-like valence bands, which are parallel
aligned close to the Fermi level. Near the M point, there are two electron pockets with
bottom locating at -1.2 eV and -1.8 eV, respectively. The well-resolved band structure
indicates the high structural quality of the MBE-fabricated films. For a comparison, we
calculated the spectrum of a 7 ML CrTe; slab by first-principles density functional
method®®. The mean free path of photoelectrons excited by photons of 21.2 eV and 40.8
eV is between 0.5 and 1 nm. Therefore, to compare with the experimental spectra, we
simulated the band structure with a surface weight of each Bloch wavefunction. The
higher intensity in the image means greater weight of wavefunction near the slab
surface. Figure 4b shows the spin-polarized band structure, with the majority and
minority spin bands plotted in red and blue, respectively. Both magnetization and spin
orbit coupling (SOC) are taken into account in the calculation, and the magnetic
moments are set along out-of-plane direction. The metallicity is a consequence of the
hybridization of Te-p and Cr-d orbitals (Fig. S9) which leads to Te related bands
crossing the Fermi level. The calculated majority band (left) and minority band (right)
are separately plotted in Fig. 4c. The hole pockets near the Fermi level and the majority
bands centered around I' at binding energy Ep = 0.8 eV are mainly from the
hybridization of Cr-3d and Te-5p orbitals (Fig. S9). There is an overall agreement
between the experimental (Fig. 4a) and calculated band dispersions (Fig. 4b) except for
the non-observation of two hole pockets from majority band near I" point. We note that
the two hole pockets near the Fermi level in Fig. 4d are mainly from the minority bands.
By contrast, the majority hole pocket shows up in the spectrum taken at 4v = 40.8 eV
(Fig. 4e) while the minority ones disappear. It suggests the emission from majority spin
pockets was suppressed in our measurement at 4zv=21.2 eV as a consequence of matrix
element effect’®. The band dispersion can be traced by fitting the peak position in the
momentum distribution curves (MDC), as marked by blue and red dashed lines in Fig.
4d and 4e, respectively. Combining the band structure near Er taken by He Io and He
Ilo. photons together (Fig. 4f), the electronic structure is clearly metallic in both the

majority and minority spin channels, and agrees well with DFT calculations. The
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relatively small renormalizations needed to match with ARPES results suggest
moderate-to-weak correlations. Furthermore, the experimental band structure of CrTe>
is in sharp contrast with the band structure calculated without the inclusion of spin
polarization (Fig. S7). The two hole pockets near Er degenerate at I' point in the
calculated bands without spin polarization is similar to the experimental structure of
monolayer VTe;?” and VSe>?>?. The intrinsic spin-polarized electronic structure of the
CrTe; film clearly demonstrates the magnetic phase of CrTes. In addition, the calculated
magnetic moment on the Cr is 2.89 up/atom, which is consistent with our SQUID and
XMCD measurements.

Finally, we compare the magnetic properties of CrTe; films with other 2D magnets
from literature->”-%2>-3% in Fig. 5. The T. and magnetic moment per atom indicate the
robustness and strength of ferromagnetism, respectively, both of which are important
for applications. To date, the highest 7t of layered compounds is observed in bulk
FesGeTez (310 K)*2. The 7 ML CrTe: film has the highest 7. (259 K) among 2D
materials in the quantum thickness regime. In addition, the CrTe: thin layers possess
the largest magnetic moment per atom (~3 pg/atom), similar to that of Crlz, CrSiTes
and CrCls. However, the 7. of Crls, CrSiTes and CrCls is much lower than room
temperature. To collectively describe the robustness and strength of magnetic ordering,
we plot the product of 7. and atomic magnetic moment for the known layered magnetic
compounds in Fig. 5b. It shows clearly that the CrTe, epitaxial films possess
extraordinary magnetic properties compared to other materials, and represent a highly
promising platform for developing novel applications based on 2D magnetism.

In conclusion, robust ferromagnetism and large magnetic moment are observed in
CrTe thin films. The magnetization and strong dichroism can be observed up to 250 K.
This work offers the first demonstration of XMCD and ARPES in 2D ferromagnetic
epitaxial thin films, exhibiting an unambiguous evidence for the ferromagnetic ground
state of Cr in CrTe> thin films. Unlike the exfoliated 2D magnets, which are typically
of size less than 100 pm, the epitaxial magnetic films can readily reach wafer size with

high structural quality. Therefore, the MBE growth of 2D ferromagnets based on CrTe:
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provides an ideal material platform for spintronics applications.
Methods

Growth of CrTez/bilayer graphene/SiC(0001) heterostructures. The 7 ML CrTe:
thin film were grown on a bilayer graphene/SiC substrate in an integrated MBE-STM
ultrahigh vacuum (UHV) system with base pressure below 2x1071% mbar. The bilayer
graphene was prepared by annealing a 6H SiC(0001) substrate at 1150 °C for 20
seconds and repeating 30 times. Then, high-purity Cr and Te were evaporated from an
electron-beam evaporator and a standard Knudsen cell, respectively, with a flux ratio
of 1:10. The temperature of substrate was kept at 375 °C during the growth. The
deposition rate of Cr and Te atoms was monitored by a quartz oscillator. In order to
protect the thin film from contamination and oxidation during SQUID and XMCD
measurements, a Te capping layer (~5 nm) was deposited on sample surface after

growth.

Magnetization characterizations. The magnetization measurements were performed
by using a Quantum Design superconducting quantum interference device (SQUID)

magnetometer with magnetic field up to 7 T.

X-ray absorption spectroscopy and X-ray magnetic circular dichroism. The
experiments were performed on beamline I10 at Diamond Light Source, U.K., with 100%
circularly polarized X-ray perpendicular to the sample plane and parallel to the
magnetic field. XAS measurements with total electron yield (TEY) mode were carried
out from 5 K to 300 K. By flipping the X-ray helicity at fixed magnetic field of 1 T, we
obtained XMCD by taking the difference of XAS, 6~ c*.

X-ray diffraction. High-resolution x-ray diffraction was performed using MoK
radiation (0.70926 A) which was obtained from a flat perfect crystal Ge monochromator
that produced a line beam having angular divergence of in the scattering plane and

out of the scattering plane. The measurements were performed by specular reflection
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and the data were modeled using the reflection amplitudes from the substrate, several

graphene layers, layers of CrTe; and its structure factor?.

Angle-resolved photoemission spectroscopy and scanning tunneling microscopy.
After the growth, the film was transferred in-situ to the ARPES stage. ARPES
measurements were performed at 107 K using a SPECS PHOIBOS 150 hemisphere
analyzer with a SPECS UVS 300 helium discharge lamp (He Iao =21.2 eV and He Ila
= 40.8 eV). The energy resolution is 40 meV under 107 K. The topography of the

sample surface was mapped in-situ by an Aarhus STM.

First-principles calculations. We have performed first-principles calculations with
density functional theory as implemented in the VASP package. We used the Perdew-
Burke-Ernzerhof (PBE) form for the exchange-correlation functional with a plane-
wave cut-off energy of 300 eV. The super cell includes seven CrTe; layers and a vacuum
layer of about 20 A. The CrTe, layers are allowed to relax during the geometry

optimization.
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Figure 1. Crystal structure and STM characterization of epitaxially grown CrTe:
thin films. a, Side view of the crystal structure of CrTe, with a light blue arrow
representing the out-of-plane magnetic moment. b, The STM topography image (200 x
200 nm?) of 7 ML CrTe; fabricated on graphene/SiC. U = +1 V, Iy = 200 pA. The inset
shows the optical image of the sample. ¢, Atom-resolved STM image (4 x 4 nm?) of 7
ML CrTe; with hexagonal structure (light blue dotted lines). U = -1.5 mV, I; = -440 pA.
d, X-ray diffraction shows Laue fringes around the (001) CrTe; reflections, indicating
a highly uniform film. The solid curve is a fit to a model that contains 39 layers of CrTe:
and 2 unit cells of roughness with a lattice constant ¢ = 6.13 A. e, The line-scan profile
taken along the pink arrowed line in b, with an average step height of ~ 6.26 A. f, The

line-scan along the green arrow from d showing an atomic periodicity of ~3.89 A.
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Figure 2. SQUID measurements of ferromagnetic CrTe: thin films with out-of-
plane anisotropy. a, Zero-field and field cooled temperature dependence of the
magnetization of 7 ML CrTe; with an applied in-plane magnetic field of 0.1 T and 0.5
T. b, Magnetic hysteresis loops at 20 K with external field in both the perpendicular
and parallel orientation with respect to sample plane, showing a ferromagnetic behavior.
The easy axis is determined to be out-of-plane. ¢, Enlarged view of the temperature-
dependent out-of-plane magnetic moment. d, The H. versus temperature of CrTe;
derived from ¢, displaying a decreased value of H. as temperature increases. Inset: the

definition of H. from a magnetic hysteresis loop.
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Figure 3. XAS and XMCD characterizations of 7 ML CrTe: thin film. a, Schematic
geometry of XMCD experimental setup. b, XAS and XMCD spectra of CrTe; from 5
K to 300 K (spectra at different temperatures are offset for clarity). e,
m; and m; versus temperature derived from a using sum rules with the fitting lines,

which exhibits a Curie-like behavior with T, ~ 259 + 7 K.
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Figure 4. ARPES band mapping of 7 ML CrTe: thin film compared to first-
principles results. a,b, Plots of APRES spectrum (a) and the first-principles bands (b)
along M-I"-K with the inclusion of spin polarization. The majority and minority spin
bands are plotted in red and blue colors, respectively. ¢, The calculated majority (left)
and minority bands (right). d-f, Comparison of the valence-band dispersion near the
Fermi level taken with He Ia (21.2 ¢V) (d), He Ila photons (40.8 €V) (e) with theoretical
bands (f) along the high symmetry direction M-I'-M. The blue and red dashed lines
indicate the position of hole pockets measured by He Ia and He Ila photons, respectively.

The light blue/red markers with error bars represent the position of MDC peaks.
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indicate bulk materials or exfoliated flakes. b, A combined parameter, M -T,,
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Table 1. Intrinsic 7c of 2D Magnets from previous works*

Materials T. (K) M (mp/atom) ref
7 ML CrTe; thin film 254 2.93 [*1
10 ML Fe3GeTe; thin film 216 1.23 8
Cr.Te;s thin film 170 1 35
Bilayer Cr.Ge,Teg flake 28 2

1 ML Crl; flake 45 1
CrSiTe; bulk 31 3.1 31
CrCl; bulk 17 3 34
Cr2Ge,Tes bulk 68 2.4 29
FesGeTe; bulk 310 2 32
Fes«GeTe; bulk 140 ~ 232 1.04~1.32 7
Crl; bulk 61 3 1

“Typical values of 7. from previous reports. Our work [*] demonstrates a large 7. and

magnetic moment among them.
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