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Phase Identification: 

Table S1: Lattice constants for various CrxTey compositions 
CrxTey Compounds a (Å) b (Å) c (Å) Reference 

CrTe 3.997 3.997 6.222 [1][2][3] 
CrTe2 3.93 3.93 6.02 [4] 

Cr1.16Te2 (Cr9.35Te16) 7.8508 7.8508 11.8372 [5] 
Cr1.24Te2 (Cr0.62Te) 7.792  11.980 [6] 
Cr1.25Te2 (Cr5Te8) 13.5201 7.8205 11.9791 [7][8] 
Cr1.33Te2 (Cr2Te3) 6.814 6.814 12.073 [9][10] 

Cr1.6Te2 (Cr4Te5) 
6.557 6.557 12.495 [11] 

6.87±0.2 6.87±0.2  This work 
Cr1.66Te2 (Cr5Te6) 6.913 3.970 12.44 [9] 

Here, we present the table with various compositions of CrxTey alongside their corresponding lattice 
constants. Notably, the data reveals a trend where increasing Cr-intercalation in the parent compound 
(CrTe2) leads to expansion in the out-of-plane lattice constant, denoted as 'c.' Importantly, our measured 
lattice constants derived from STM and XRD analysis (a  6.87±0.2 Å, c  12.495 Å) for the composition 
Cr1.6Te2 (Cr4Te5) align with literature values, affirming the phase of our system.  

 
Figure S1: (left) XPS spectra of Cr2p + Te 3d core-levels taken at the photon excitation energy of 800 eV, 
(middle, right) STM atomic-resolution and corresponding line profile with an in-plane lattice parameter 
measured ~6.87±0.2 Å. 

Furthermore, XPS measurements performed at the APE-HE beamline at Elettra synchrotron are shown in 
Fig. S1. The XPS core-level spectra of Cr 2p and Te 3d of the in-situ transferred 75 nm thick Cr1.6Te2 film, 
taken at the photon excitation energy of 800 eV. In order to estimate the Cr/Te ratio in the film, Cr 2p + Te 
3d core-level spectra were fitted using mixed Gaussian-Lorentzian line shapes after subtracting the 
background intensity. The background was due to the presence of secondary electrons using the Shirley 
background and considering their cross-section profiles. The composition of film obtained was close to 
~Cr1.55Te2. 

 

 



Rocking Curve: 

 

Figure S2: The full-width at half maximum (FWHM) deduced from the rocking curve analysis for the 004 
reflection is approximately 2.1°. Comparing this value to those reported in the literature for similar phase 
compounds, we find that our films exhibit approximately 50% lower broadening. The literature values for 
FWHM range from about 3.21° [12] to 3.3° [11], indicating broader peaks compared to our findings. This 
discrepancy in broadening can be attributed to various factors, including the van der Waals nature of the 
material and the weak interaction of ionic bonds. 

Thin film growth optimization: 

 

Figure S3: STM topography images of Cr1.6Te2 thin films grown at different temperatures 820, 840 and 
860 K in the scan area of 200×200 nm2 and their corresponding line profiles respectively. The atomic-
resolution of the film deposited at 840 K is also shown in the inset. 

The c-plane oriented single-crystalline Al2O3 substrates were commercially purchased from the 
SurfaceNet Gmbh, Germany. The as-received substrates were subsequently diced into 5×5 mm2 
dimensions, rinsed in ethanol and dried under N2 flow, introduced into the PLD uhv chamber with the base 
pressure of 5×10-8 mbar. Cr1.6Te2 thin films were deposited in uhv onto Al2O3 substrates by using 1st 
harmonic Nd:YAG laser source with a repetition rate of 2 Hz, respectively. The crystalline structure of the 
deposited films was assessed via X-ray diffraction (XRD), following which, the substrate deposition 
temperature (Ts) was finely tuned for obtaining flat, defect free surface. This optimization process was 



facilitated by in-situ scanning tunneling microscopy (STM) surface analysis, allowing for precise control 
over the growth conditions.  

Upon evaluating the surface characteristics of the deposited films, it was observed that films 
deposited at 820 K exhibited a randomly arranged atomic species, accompanied by a root-mean-square 
(RMS) roughness value of 0.5 nm. The corresponding line profile shows a tiny cluster of islands dispersed 
throughout the surface. Similar surface morphology was also reported in [11], [12] however, their surface 
roughness was three times higher than the one observed in our case. Furthermore, the surface morphology 
of films grown at 840 K displayed clear step-like features, effectively reducing RMS roughness (0.35 nm) 
and absence of droplets. Detailed line profile revealed flat surfaces with terrace widths and step heights 
ranging between 25-30 nm and 0.5-0.6 nm, respectively. Inset shows the atomic-resolution with defect free 
surface. A further increase in Ts to 860 K resulted in increased surface roughness and the formation of deep 
holes and clustering of atoms on the surface. 

Our findings highlight the delicate balance between substrate deposition temperature and surface 
morphology in epitaxial growth processes. Through meticulous optimization, we were able to achieve 
significant improvements in surface flatness and morphology, reminiscent of previous observations in other 
thin film systems [13]. This underscores the critical role of precise temperature control in dictating the 
surface characteristics of transition metal dichalcogenides (TMDs) thin films. 

 

 

Figure S4: Low-energy electron diffraction (LEED) pattern of the Cr1.6Te2 film taken at 60 eV. It displays 
hexagonal symmetry thus confirming the observed 2D FFT image as shown in Fig 1. in the main text.  

 

Figure S5: SEM micrograph of the Cr1.6Te2 thin film recorded at a magnification of 20kx. The 
microstructural surface quality of the Cr1.6Te2 thin film deposited by first harmonic Nd:YAG laser is 
assessed by scanning electron microscopy. The film grows uniformly over large areas without any 



formation of voids or droplets on the film surface. Therefore, it can be scaled easily for large area device 
applications.  

 

Figure S6: Temperature-dependent electrical transport measurement of the 20 nm Cr1.6Te2 film. It shows 
metallic nature with a room- -cm. 

 

Figure S7: (a) Comparison of the Cr L2,3 absorption edge of an in-situ (black curve) and ex-situ (red curve) 
sample of Cr1.6Te2 film. (b) Thickness-dependent in-situ XAS from the bulk-like 75nm down to ultra-thin 
films of 2 nm.   

To determine the differences in the Cr L2,3 absorption edge, XAS experiments were performed on 
both in-situ as well as on ex-situ transferred samples at room-temperature (300 K) (Figure S7). The in-situ 
sample was transferred under UHV conditions (<10-10 mbar) to the APE-HE end station and the 
measurements are acquired in total electron yield (TEY) mode. There are clear spectral feature differences 
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between the in-situ and ex-situ transferred samples. The observed ex-situ Cr L2,3 XAS spectrum is 
comparable to that of Cr2O3, showing that the surface of the Cr1.6Te2 film has been oxidized.  

The shape of the Cr L2,3 XAS edges looks similar from bulk-like 75 nm down to 2nm films 
indicating the electronic properties of the films are stable with thickness.  At higher photon energies (> 600 
eV), the observed broad hump belongs to the Te M edges. As both Cr 2p and Te 3d absorption edges fall 
close to each other, an overlap in the spectra can be expected. However, due to the negligible cross-section 
of Te M edges (< 5%) with respect to the L edges of Cr, very small contribution may arise from the Te M 
edge, which can be ignored [10]. 

Magnetic characterization: 

 

Figure S8: (left) Temperature-dependent magnetization curve of the 75 nm thick Cr1.6Te2 film obtained 
with SQUID clearly shows that the Curie temperature (Tc) lies above 350 K; (right) Hysteresis loops taken 
at the different temperatures.  Note that the remanence magnetization (Mrem) values at 100 and 300 K are 
almost doubled, which is in correspondence with the XMCD% of the film as described in the main text. 

 

 



 

Figure S9: (left) In-plane Magneto-optical Kerr hysteresis loops taken along different crystallographic 
directions of the 75 nm thick Cr1.6Te2 film at 300 K. All the hysteresis loops have similar coercive and 
remanence fields i.e., the film is magnetically isotropic within the plane. (right) Angular dependent coercive 
fields of the same film taken at 100 and 300 K, which confirms the isotropic nature of the film. 

 

Figure S10: In-plane MOKE hysteresis loops for the 2nm Cr1.6Te2 film measured along the [10-10] 
crystallographic direction at two temperatures (300 and 100 K). At 300 K, the MOKE signal remains nearly 
flat, indicating absence of ferromagnetic ordering, whereas at 100 K, a distinct hysteresis loop emerges, 
indicative of ferromagnetic ordering. 
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Details on DFT calculation:  

The structure used for the DFT calculations is shown Fig. S11. It is comprised of van der Waals bonded 
bulk CrTe2 with three intercalated Cr atoms for every five formula units of CrTe2. The structure was thus 

constructed using a  super cell. All DFT calculations were performed with the electronic structure 
package GPAW [14] using the projector-augmented wave method and plane waves. For the relaxation of 
the Cr1.6Te2 structure we used a plane wave cutoff of 800 eV and a 7x7 uniform k-point sampling. The 
structure was found to reside 0.03 eV above the convex hull and is thus highly stable. The calculations 
yielded a metallic ground state with 13.9  per formula unit, with the local moments of the intercalated 
Cr atoms being slightly larger than the rest. 

The band structure was unfolded to the Brillouin zone of the pristine CrTe2 structure using the method of 
Ref. [15] with spin-orbit coupling (SOC) included. Due to the heavy Te atoms SOC yields a strong 
modification of the band structure as shown in Fig. S12. In particular, the valence band maximum is raised 
by roughly 0.4 eV such that it straddles the Fermi level when SOC is included. Comparing with Fig. 3 of 
the main text it is clear that inclusion of SOC is crucial in order to obtain agreement with the ARPES 
measurements.  

For the calculations a c-axis parameter of 6.25 Å was used. Such a value, which is half of what reported by 
the XRD, could explain the absence of any diffraction peak with odd Miller's index, which remain too weak 
to be detected (we are expecting that the real structure is half of the XRD result indeed). 

 

Figure S11: The structure used to simulate Cr1.6Te2. Left: top view of the  structure (in a showing 
a  repetition of the cell). Middle: side view of the structure. Right: top view of the intercalated atoms. 

Finally, the full projected density of states (within the experimental range considered it has been presented 
in the main text) is also represented in Fig. S13, where the spin majority and minority characters have been 
both shown. In addition, in Fig. S13, we show the orbital projected nature of the electronic structure where 
one can see the prominent Cr character of the electronic structure studied within the range captured by our 
experiment. 



Figure S12: Effect of SOC. a. Electronic structure along the M- -M direction without and b. with SOC. c. 
Electronic structure along the K- -K direction without and d. with SOC. In both directions, the effect of 
SOC is a drastic change of the electronic structure, in terms of energy shift, renormalization, spectral weight 
distribution, and general shape.  



 

Figure S13: Spin Projected density of sates resolved for each orbital character. As one can see, the d orbitals 
of Cr are the main responsible for the ferromagnetic character of the electronic structure. A significant 
contribution to the spin character is also visible in the p orbitals of Te but at energies much lower (>2 eV) 
below the Fermi level. 

Sum rules analysis: 

An element-sensitive quantitative evaluation on the magnetic spin and orbital moments has been obtained 
on the 75 nm thick Cr1.6Te2 sample via sum rules analysis [16] taking into account the fact that, being Cr 
an early transition metal, the evaluation of the spin moment contribution is delicate due to the partial overlap 
between L2 and L3 edges [16], [17]. The calculated integrals and obtained sum rules parameters are shown 
in Figure SX for the 100 K case. Spin and orbital moments were then calculated by using the formulas 

   

with n3d equal to 2.5 for Cr1.6Te2 and C equal to 2 as correction factor for Cr spin moment [18]. 
The obtained total magnetic moment (mtot = mspin + morb B per Cr atom at 100 K, and 

B per Cr atom at room temperature.  The value obtained at 100 K is consistent with what 
observed in thick Cr3Te4 intercalated films at low temperature [19], and its lower value compared to the 

B/Cr atom can be attributed to the not yet fully reached magnetic saturation at 



that temperature, and to the intrinsic ambiguity of the determination of mspin. On the other hand. the 
relatively large moment persisting at 300 K confirms the solid ferromagnetic behavior at room temperature. 
For both temperatures, the obtained values of morb are B at 100 and 300 K 
respectively), suggesting a quenched Cr orbital moment as observed in other Cr1- Te compounds [18] [20]. 
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Figure S14: (a) XAS and (b) XMCD spectra at Cr L2,3 edges for 75 nm Cr1.6Te2 thin film at 100 K. A step-
like function was employed to exclude the background non-magnetic contribution.  

75 nm film magnetism 

The 75 nm thick film shows an XMCD value of 11% at 100 K, which is almost twice the room temperature 
value (6%). This result is in agreement with the temperature-dependent magnetic saturation measurements 
performed by SQUID (shown above), in which the saturation magnetization is doubled from 100 K to 300 
K. Additionally, SQUID temperature dependencies show a Curie temperature close to 350 K for 75 nm 
thick films. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Electronic dimensionality of the system 

 
Figure S15: Here, we show momentum distribution curves extracted at the Fermi level position for several 
values of photon energy used. As one can see, apart from a general redistribution of the spectral weight, the 
centroid of the peaks does not change significantly. This behavious is consistent with a two-dimensional 
chacracter of the relevant bands. 
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