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Magnetic semimetals have increasingly emerged as lucrative platforms hosting spin-based topological 
phenomena in real- and momentum spaces. Of particular interest is the emergence of Berry curvature, whose 
geometric origin, accessibility from Hall transport experiments, and material tunability, bodes well for new 
physics and practical devices. Cr1+δTe2, a self-intercalated magnetic transition metal dichalcogenide (TMD), 
exhibits attractive natural attributes relevant to such applications, including topological magnetism, tunable 
electron filling, magnetic frustration etc. While recent studies have explored real-space Berry curvature effects 
in this material, similar considerations of momentum-space Berry curvature are lacking. Here, we 
systematically investigate the electronic structure and transport properties of epitaxial Cr1+δTe2 thin films over 
a wide range of doping, δ (0.33 – 0.71). Spectroscopic experiments reveal the presence of a characteristic semi-
metallic band region near the Brillouin Zone edge, which shows a rigid band like energy shift as a function of 
δ. Transport experiments show that the intrinsic component of the anomalous Hall effect (AHE) is sizable, and 
undergoes a sign flip across δ. Finally, density functional theory calculations establish a causal link between 
the observed doping evolution of the band structure and AHE: the AHE sign flip is shown to emerge from the 
sign change of the Berry curvature, as the semi-metallic band region crosses the Fermi energy. Our findings 
underscore the increasing relevance of momentum-space Berry curvature in magnetic TMDs and provide a 
unique platform for intertwining topological physics in real and momentum spaces. 
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A. Introduction 

In recent years, fascinating new condensed matter phenomena have been found to arise from the interplay of 
spin degree of freedom of electrons with emergent geometric and topological effects [1,2]. Prominent among 
these is the concept of Berry curvature Ω, which arises from the geometric phase accumulated by electronic 
wavepackets traversing a closed loop [3,4]. In crystalline solids, such Berry curvature can be interpreted as an 
effective magnetic field acting on moving electrons, and therefore manifests prominently in Hall transport 
experiments [1]. For example, the quantization of its integral in the momentum space, a phenomenon known 
as band topology, results in quantized charge and spin Hall effects [5,6,7,8]. On the other hand, magnetic 
materials exhibit rich manifestations of real- and momentum-space Berry curvature [9 ,10 ]. In particular, 
noncollinear and chiral spin structures may give rise to real space Berry curvature, resulting in the topological 
Hall effect (THE) for itinerant electrons [10,11,12,13]. In contrast, the momentum space Berry curvature of 
Bloch wave functions of electronic bands may also contribute prominently to the anomalous Hall effect (AHE) 
[9,14 ,15 ,16 ], resulting in its quantization and unconventional non-linear behavior [17 ,18 ,19 ,20 ,21 ]. The 
robustness of such k-space Berry curvature, its material tunability, and direct accessibility from experimental 
probes makes it attractive for electronic and optical applications [22]. 
 

Magnetic semimetals have served as attractive platforms in the search for Berry curvature driven phenomena, 
with the potential presence of Dirac and Weyl band physics [23,24,25,26,27,28,29,30]. Notably, the ability to 
realize systematic tuning of electron filling and magnetic properties in such materials without significantly 
altering the crystal structure is particularly attractive [31]. Recent works have focused on transition metal 
dichalcogenides (TMDs) due to the flexibility in incorporating intercalated atoms between weakly van der 
Waals coupled atomic layers [32,33,34], which enables tunability of magnetic properties. Interest in magnetic 
TMDs has grown rapidly due to their tunable magnetic properties and potential for hosting non-collinear spin 
textures [32,33]. In contrast, investigations of k-space Berry curvature in such TMDs has yet to receive 
significant attention due to the lack of reliable means to systematically control band structure with doping. The 
potential for realizing concomitant real- and momentum space Berry curvature in such systems is an extremely 
promising prospect for the exploration of exotic topological phenomena [35,36]. 
 

Prominent among magnetic TMDs is Cr1+δTe2 – a self-intercalated TMD with tunable valency (Cr2+ (3d4) to 
Cr4+(3d2)) – which therefore serves as a promising candidate for modulating electronic and magnetic properties 
over a wide range (Fig. 1a) [37,38,39,40,41,42,43,44,45,46,47,48,49,50,51]. Our recent efforts have enabled 
a unique recipe to realize epitaxial thin films of Cr1+δTe2 over wide range of doping, with tunable magnetic 
properties [52]. Here, by combining in-situ angle resolved photoemission spectroscopy (ARPES), transport 
measurements, and density functional theory (DFT) calculations, we show that such Cr1+δTe2 films form a 
unique magnetic, semi-metallic platform that hosts widely tunable Berry curvature near the chemical potential 
in the momentum space. We establish Cr1+δTe2 as a promising platform for modulating k-space Berry curvature, 
and potential to realize interplay with real-space magnetic phenomena.  

 

B. Results and Discussions 

Basic Characteristics of Cr-Te films  
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In this work, epitaxial Cr1+δTe2 thin films were grown by molecular beam epitaxy (MBE) using an established 
recipe [52], which uniquely enables the doping level δ to be varied over a wide range (0.3 < δ < 0.8). We have 
previously shown that Cr1+δTe2 thin films maintain the NiAs-type crystal structure of CrTe2 (Fig. 1a), while 
dopants Crδ intercalate between the weakly coupled Te layers [52]. Fig. 1b shows the corresponding evolution 
of Curie temperature, TC(δ), estimated from magnetometry and a characteristic kink in resistivity 
measurements (see Supplementary figure 1). Consistent with our previous report [52], TC(δ) increases from 
160 K, and saturates to ~ 350 K for δ ≳ 0.5. 
 

Cr-Te Band Schematic 

We turn to examine the expected effect of doping on the band structure of Cr1+δTe2, whose bulk (lower) and 
surface (upper) Brillouin zone are shown in Fig. 1c. The schematic low energy band structure of Cr1+δTe2 – 
which is central to the key claims of this report – derived from ARPES experiments and DFT calculations is 

illustrated in Fig. 1d (detailed in subsequent sections). Near Γ, there are three hole bands, which are denoted 
as HB1Γ, HB2Γ, and HB3Γ for convenience. Meanwhile, near M, there are two hole bands (HB1M, HB2M) 
and one electron band (EBM). With increasing number of intercalated cations, the Fermi energy, EF, is expected 
to correspondingly shift upwards. The wide range of tunable electron filling in Cr1+δTe2, enabled by the variable 
valency of Cr (4+, δ = 0 to 2+, δ = 1), coupled with the semi-metallic character [53], motivates us to explore 
the evolution of its Berry curvature in momentum space (Fig. 1c and d), and its signature in band structure and 
transport measurements. 
 

ARPES Measurements 

The ARPES measurements are performed in situ, using an ultrahigh vacuum cluster system that also connects 
the MBE system (Fig. 2a). The ARPES measurements are used to establish the semi-metallic nature of the 

near EF band structure of Cr1+δTe2 around the M -point. Here, a semi-metallic band is characterized by an 
electron-like band branch at higher energies, and a hole-like band branch at lower energies coexisting and 

overlapping around the same momenta (see Fig. 1d, dashed circle at M). For the illustrative purpose of Fig. 
2b-f, we choose the δ ≃ 0.6 sample as its higher electron filling provides ARPES – sensitive to occupied 
states – with wider energy access to the Cr1+δTe2 band structure. 
 

Fig. 2b presents the 𝑘-resolved map of the Fermi surface, with clearly observable Fermi pockets at the Γ and M points. To elucidate the character of these Fermi pockets, we turn to ARPES spectral weights measured 
across Γ  (Fig. 2c-d) and M  (Fig. 2e-f), respectively. At Γ  (Fig. 2c,d), we observe three hole bands 
(HB1Γ, HB2Γ, HB3Γ), with the topmost –HB1Γ– crossing 𝐸F, and producing a hole-like Fermi pocket (Fig. 2b, 

right). Meanwhile, at M (Fig. 2e,f), we find an electron band (EBM) crossing EF forms an electron-like Fermi 
pocket (Fig. 2b). Notably, in addition to this (EBM), two hole bands (HB1M and HB2M) exist slightly below 𝐸F at M. Coexistence of electron and hole band branches at the M point hosts the near EF semi-metallic 
character in Cr1+δTe2 (see dashed circle in Fig. 2e). 
 

Next, we investigate the doping evolution of the band structure by studying ARPES spectral intensities, along K − Γ − K  and K − M − K  for samples with 𝛿 =  0.33, 0.4, 0.5, and 0.6. Consistent with the expected 
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increase of electron filling with the increase of Cr cations, all bands at Γ and M are found to collectively 
shift downwards relative to 𝐸F with increasing δ (Fig. 3a-h). For δ < 0.5 samples, the only occupied band 
– HB2M – is barely visible (Fig. 3e-f). In contrast, for 𝛿 ≥ 0.5, both the bottom of the electron band EBM 
and top of hole band HB1M are clearly seen below 𝐸F, in addition to the lower hole band (HB2M) (Fig. 3g-
h). 
 

To quantify the shift in band structure with doping, we further examine the evolution of various band features 

at Γ and M. Notably, we find that, for an appropriate choice of δ-dependent 𝐸F shift, the dispersion of the 
measured bands across samples with varying δ (Fig.3a-h: markers) can be all collapsed onto a single dispersion, 

e.g. that of 𝛿 = 0.6 sample (Fig.3d,h). The collapse of band dispersions for varying δ around Γ and M is 
summarized in Fig. 3i and j, respectively. The rigid shifts of energy bands thus observed at Γ and M are 
defined as Δ𝐸Γ and Δ𝐸M, respectively, and their evolution with δ are plotted in Fig. 3k. The observed linear 
dependence of Δ𝐸Γ and Δ𝐸M on δ is consistent with the expected evolution of a quasi-2D band structure 
with parabolic dispersion, as is the case for Cr1+δTe2. Linear fitting of the Δ𝐸 vs δ data in Fig. 3k yields a 
slope of 1.54 eV energy shift per intercalated Cr atom, i.e. Δ𝐸F/Δ𝛿 ≃ 1.54  eV/atom. This relation is 
especially useful for subsequent comparisons of experimental and theoretical Hall conductivities in the latter 
part of this report.  

 

Anomalous Hall Effect Measurements 

To visualize the manifestation of Berry curvature effects arising from the semi-metallic band component, we 
investigated the Hall transport properties of Cr1+δTe2 films, and their evolution with doping (𝛿 = 0.33, 0.47, 
0.51, 0.7), magnetic field (𝐵), and temperature (𝑇). For a conventional magnetic material with magnetization 𝑀, the Hall resistivity is given as  𝜌𝑦𝑥(𝐵) = 𝜌𝑦𝑥O (𝐵) + 𝜌𝑦𝑥A (𝑀(𝐵)). 
Here, 𝜌𝑦𝑥O   and 𝜌𝑦𝑥A   are the ordinary and anomalous Hall resistivities respectively, wherein the latter 
incorporates effects of 𝑘-space Berry curvature [9]. Firstly, 𝜌𝑦𝑥O (𝐵) ≡ 𝑅H𝐵, where 𝑅H is the Hall coefficient, 
can be straightforwardly determined by a linear fit to 𝜌𝑥𝑦 in the high field limit, 𝐵 ≫ 𝐵S, where 𝐵S is the 

out-of-plane (OP) saturation field estimated from magnetometry measurements (see supplementary fig. 2 for 
raw data). The AHE resistivity 𝜌𝑦𝑥A (𝐵) obtained upon subtracting 𝜌𝑦𝑥O  from 𝜌𝑦𝑥 is plotted in Fig. 4a-c for 
a series of temperatures (𝑇/𝑇C ≃ 0.9, 0.5, 𝑇 = 2 K) and doping. While the resulting AHE resistivity 𝜌𝑦𝑥A (𝐵) 
is typically proportional to the magnetization 𝑀(𝐵), the presence of chiral spin textures under intermediate 
fields may also induce a “topological” component that is non-monotonic in magnetization M(B) [10,11,12,13]. 
To avoid such complications, we choose to focus on the saturated magnitude of AHE resistivity by determining 
its value at 𝐵 ≃ 40 kOe ≫ 𝐵S. The saturated AHE resistivity, defined henceforth as 𝜌𝑦𝑥Asat ≡ 𝜌𝑦𝑥A (𝐵 > 𝐵s), 
is indicated by horizontal dashed lines in Fig. 4a-c, and examined in detail subsequently. 
 

As shown in color plots in Fig. 4d-e, the AHE (𝜌𝑦𝑥Asat ) and the ordinary Hall coefficient (𝑅H ) show clear 
differences in their evolution with temperature and doping. As in Fig. 4d, 𝑅H(𝑇, 𝛿) persistently presents a 
positive sign. While the quantitative interpretation of 𝑅H is involved within multi-component Fermi surfaces 

[54], the persistence of a positive 𝑅H(𝑇, 𝛿) indicates the dominant contribution of hole pockets at Γ or M. 
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Meanwhile, 𝜌𝑦𝑥Asat(𝑇, 𝛿), in Fig. 4e, exhibits multiple sign changes – both across doping and temperature. For 
example, with decreasing temperature, for δ = 0.33, 𝜌𝑦𝑥Asat changes from positive to negative, while for δ = 
0.7 it changes from negative to positive. Therefore, the sign of 𝜌𝑦𝑥Asat is likely unrelated to 𝑅H(𝑇, 𝛿), and 
governed by a rich interplay of doping and temperature, which is indicative of corresponding variations in its 
constituent extrinsic and intrinsic AHE components [9,55]. 
 

Within conventional magnetic materials, the saturated AHE 𝜌𝑥𝑦Asat, may be expressed as 𝜌𝑦𝑥Asat = 𝑎𝜌𝑥𝑥 + 𝑏𝜌𝑥𝑥2 + 𝑐𝜌𝑥𝑥2  

Here, the first two terms represent extrinsic contributions arising from (a) skew scattering (∝ 𝜌𝑥𝑥) and (b) side-
jump scattering (∝ 𝜌𝑥𝑥2 ) respectively. The third term, (c), known as the intrinsic AHE, arises from the band 
structure induced Berry phase effects [9], and is the quantity of interest for this work. To disentangle the 
intrinsic AHE from 𝜌𝑦𝑥Asat, we account for the extrinsic terms by examining the transport regime for our system. 
Firstly, since the resistivity, 𝜌𝑥𝑥 ~1 mΩ-cm, we infer that Cr1+δTe2 exhibits disordered transport [9], wherein 
skew scattering (∝ 𝜌𝑥𝑥) is known to be negligible (i.e. 𝑎~0). Secondly, for such large 𝜌𝑥𝑥, the side jump term 
is expected to be dominated by 𝑇-independent impurity scattering rather than 𝑇-dependent phonon scattering 
effects, and can therefore be approximated to a constant [55]. In this case, for fixed doping δ, 𝜌𝑦𝑥Asat can be 
reduced to 𝜌𝑦𝑥Asat ≃ 𝑐𝜌𝑥𝑥2 + constant 
Here, the measured variation in 𝜌𝑦𝑥Asat with  𝜌𝑥𝑥2  is expected to arise primarily from intrinsic effects, in line 
with previous works on several material systems [25,56,57,58], and 𝑐 ≃ 𝜎𝑦𝑥expt

, the experimentally measured 
intrinsic anomalous Hall conductivity. 
 

Accordingly, fits to the linear component of the 𝜌𝑦𝑥Asat vs. 𝜌𝑥𝑥2  plots, shown in Fig. 5a, enable us to obtain 
estimates of 𝑐 ≃ 𝜎𝑥𝑦expt for each of the studied samples. As an aside, we note that, especially for higher δ, the 
linearity of 𝜌𝑦𝑥Asat vs. 𝜌𝑥𝑥2  is limited to higher values of 𝜌𝑥𝑥 (see arrows in Fig. 5a), in line with published 
works [52], with deviations from linearity for lower 𝜌𝑥𝑥 arising from intrinsic and/or extrinsic components. 
Fig. 5b shows the doping dependence of 𝜎𝑥𝑦expt  and contrasts it with the corresponding variation of 
temperature averaged 〈𝑅H〉. Crucially, we note that the sign of 𝜎𝑥𝑦expt changes from positive to negative over 
δ ~ 0.33 – 0.47, while the sign of 〈𝑅H〉 remains persistently positive across doping. The expected origin of 
the measured sign change in 𝜎𝑥𝑦expt(𝛿) is from the k-space Berry curvature evolution with doping (see Fig. 
5c), and should be captured within band structure calculations. 
 

Comparison between Theory and Experiments 

To elucidate the origin of the intrinsic AHE evolution, we turn to ab initio density functional theory (DFT) 
calculations of the parent CrTe2. To do so, first we need to match the energy level between ARPES 
measurements and DFT calculations. Fig. 6a-b shows the DFT band structure for CrTe2 with varying 𝑘𝑧 
overlaid on the ARPES data for δ ~ 0.6. First, the DFT calculations match the key qualitative features seen by 

ARPES, e.g., the electron and hole bands at Γ  and M , and notably the semi-metallic band feature at M . 
Second, the DFT and ARPES band structures match quantitatively – with particular focus on the bottom of the 

electron band at M  (see arrow in Fig. 6b) – when the measured 𝐸F for δ = 0.6 for ARPES is set to ~ 1.9 eV 
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higher than the calculated 𝐸 − 𝐸F(calc. ) for DFT (compared for all dopings in supplementary fig. 3). Such a 
shift between ARPES and DFT is consistent in sign with the expected filling of electrons with increasing δ, 
and in magnitude with the reported trends towards an underestimation of 𝐸 − 𝐸F(calc. )  in ab initio 
calculations of this system [47]. 
 

Since our ARPES results consistently evidence a rigid shift of the Cr1+δTe2 band structure with increasing δ, 
we compare 𝜎𝑥𝑦expt(𝛿) with the theoretical value of 𝜎𝑥𝑦calc(𝐸) obtained for the parent CrTe2. Here, 𝜎𝑥𝑦calc(𝐸) 
is calculated by integrating the total Berry curvature 𝛺𝑥𝑦(𝐸, 𝒌) across the whole Brillouin zone (see Methods 

for details). Notably, the one-to-one comparison between 𝜎𝑥𝑦calc(𝐸)  and 𝜎𝑥𝑦expt(𝛿) , shown in Fig. 6c, is 
enabled by combining the 𝐸F  reference point between ARPES and DFT (Fig. 6a-b) with the measured Δ𝐸F/Δ𝛿 (Fig. 3k). We observe excellent qualitative agreement between the transport and DFT results across 
δ, crucially with the calculations reproducing the sign change from negative to positive around δ ~ 0.5 (Fig. 
6c: shaded area). Meanwhile, the quantitative suppression of the absolute value of 𝜎𝑥𝑦expt

 relative to 𝜎𝑥𝑦calc is 
consistent with the expected reduction of intrinsic AHE in the disordered regime [9,19]. 
 

Importantly, the calculations further provide valuable insights on the 𝑘-space origin of the AHE sign change 
observed in DFT and transport experiments. In particular, understanding energy evolution of Berry curvature 
between 1.5 eV and 1.9 eV is essential due to sign flip of 𝜎𝑥𝑦calc(𝐸) (see horizontal arrows and shaded area in 

Fig. 6c). We first examine in Fig. 6d the 𝑘𝑧-dependence of band dispersion along K − M − K, which exhibits 
– in each case – a characteristic nearly degenerated band region with a spin-orbit coupling (SOC)-driven gap 
(dashed circles). Notably, this band region disperses substantially with 𝑘𝑧, consequently widening the energy 
window hosting prominent Berry curvature distribution (to ~0.2 eV). Next, the role of this band region in the 
sign change of 𝜎𝑥𝑦expt is elucidated by examing the 𝑘𝑧 −integrated total Berry curvature, ∫ 𝑑𝑘𝑧𝛺𝑥𝑦(𝐸, 𝒌), 
shown in Fig. 6e-f for two different energies 𝐸 − 𝐸F(calc. ) = 1.5 eV (c.f. expt. δ ~ 0.3) and 1.9 eV (c.f. expt. 
δ ~ 0.6) on either side of the sign change (Fig. 6c: horizontal arrows). Notably for 1.9 eV, we observe, around 
the M  point (Fig. 6f: vertical arrows), a prominent region hosting large positive ∫ 𝑑𝑘𝑧𝛺𝑥𝑦(𝐸, 𝒌) , with 
momenta consistent with that hosting the SOC-driven gap (Fig. 6d: dashed circle). Contrastingly, for 1.5 eV 
(Fig. 6e), this particular source of total Berry curvature is absent. Therefore, from Eqn. 3 (𝜎𝑥𝑦calc(𝐸) ∝− ∫ 𝑑𝑘𝛺𝑥𝑦(𝐸, 𝒌)), we can conclude that this prominent positive Berry curvature at 1.9 eV is the leading cause 
of the sign change of 𝜎𝑥𝑦expt from positive to negative with increasing δ. Here, Weyl points (prominent sources 
of Berry curvature in other works [19,24]) – are also found in our DFT calculations for CrTe2 (see 
Supplementary Note 1). However, their energies (𝐸 − 𝐸F(calc. ) > 2 eV), are well above 𝐸F even for the 
highest doped sample. Thus, we can ignore the role of Weyl physics in our AHE results. 
 

As an aside, the observed consistency of band structure between spin-resolved DFT calculations and ARPES 
experiments also provides a viable explanation for the saturation of 𝑇C with increasing doping noted here 
(Fig. 1c) and in previous works [52]. As shown in Fig. 6d, the upper branch of the semi-metallic band region, 
which hosts large Berry curvature, derives from minority spins (blue curve), and becomes occupied above δ ~ 
0.5. Since 𝑇C is proportional to the net number of spins within conventional itinerant ferromagnets [59], the 
transition from majority to minority spins can be qualitatively expected to produce the observed reduction of 
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slope of 𝑇C(𝛿) from 𝛿 ~ 0.3 − 0.4 (steep slope) to 𝛿 ∼ 0.5 − 0.7 (gentle slope) (details in supplementary 
Note 2). Moreover, the collective picture on the observed band dependence of magnetism of Cr1+δTe2 band 
structure with δ provides further validity to our overall interpretation of the k-space evolution of AHE in this 
system. 
 

C. Summary & Impact 
In summary, we have detailed a systematic exploration of the electronic properties of the self-intercalated TMD 
Cr1+δTe2, shown to be a magnetic semimetal with tunable electron filling. Complementary electronic structure 
and transport studies enable us to reveal the existence of a characteristic semi-metallic band region with 
prominent Berry curvature near EF. With varying doping, ARPES measurements capture the rigid shift of the 
electronic band structure, realizing tunable Berry curvature at the chemical potential. Complementary transport 
measurements reveal a doping-dependent sign flip in the intrinsic anomalous Hall conductivity whose k-space 
Berry curvature origin is elucidated via DFT calculations. In particular, the confluence of a prominent semi-
metallic band region, tunable valency, and flexibility in accommodating intercalated atoms render Cr1+δTe2 a 
unique TMD platform for tailoring 𝑘-space Berry curvature. 
 

Our findings also points Cr1+δTe2 as a unique model system for investigating exotic phenomena intertwining 
Berry curvature physics between real and momentum spaces [35,36]. The presence of a large 𝑘-space Berry 
curvature at the chemical potential is expected to lend itself to substantial tunability and redistribution, even 
in the presence of magnetic perturbations corresponding to moderate energy scales [19,20,21]. In such cases, 
temperature can play a key role governing in effective Berry curvature at the chemical potential via the tuning 
of the active energy window due to the Fermi-Dirac distribution function [16]. While we find tunability of 
Berry curvature exists in a wide range of doping levels (Fig. 6c-d), particularly intriguing is the region with δ 
> 0.4 (Fig. 6c), where the interplay of myriad magnetotransport phenomena may result in the deviation of 𝜌𝑥𝑦Asat vs. 𝜌𝑥𝑥2  from linearity (Fig. 5a: arrows), concomitantly with the change of magnetic anisotropy from 
out-of-plane to in-plane [52]. One possible cause for these intriguing effects may be the enhanced magnetic 
frustration, which may manifest itself in additional contributions to Hall transport measurements [60]. This 
work opens the door for probing and tailoring the interplay of rich, intertwined magnetic effects in real- and 
momentum-space in future experimental and theoretical studies. 
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Methods 

Film Growth and Structural Characterization 

The epitaxial Cr1+δTe2 films used in this work were grown on Al2O3 (001) substrate. As described in our previous 

work [52], the growth was performed with an MBE system, via a two step-procedure involving film deposition, 

followed by in situ post deposition annealing. The annealing temperature determined the resulting composition (i.e., 

δ) of the Cr1+δTe2 films, which can be varied over 0.33 < 𝛿 <  0.8 [52]. Following detailed characterization 

studies performed in our previous work, the film thickness was measured using atomic force microscopy, 

crystallinity was confirmed by X-ray diffraction (XRD) and cross-sectional scanning transmission electron 

microscopy (STEM), and doping  was determined by combining EDS with XRD lattice constants [52]. The 

thickness of all samples used in this study was approximately 100 nm. 

 

Transport and Magnetometry Measurements 

Resistivity and Hall transport measurements were performed with a Quantum Design PPMS® DynaCool system. 

Both the longitudinal and transverse resistivity were measured simultaneously in the presence of a magnetic field 

to obtain the anomalous Hall effect results reported in this work. Meanwhile, magnetization measurements were 

performed using a Quantum Design MPMS® 3 system.  

 

In Situ Photoemission Spectroscopy (ARPES) 

ARPES measurements were conducted on samples transferred in pristine condition from the adjacent, UHV-

connected MBE system, i.e., without any ambient exposure or capping layer. The DA30HL (Scienta Omicron™) 

electron analyzer was used to study the photoexcited electrons with instrumental energy resolution < 10 meV. All 

ARPES data, except Fig. 2b, were obtained at 15 K, using He I light source (hν = 21.2 eV), which provides higher 

energy resolution and signal-to-noise ratio. Meanwhile, the Fermi surface mapping (Fig. 2b) was performed at 15 

K, using He II light source (hν = 40.8 eV), which enables data acquisition over a wider momentum space region. 

In this work, the photon energy-dependence of 𝑘𝑧 is not expected to significantly affect the key results, namely 

the observation of semi-metallic band at the M-point and the rigid shift of all near-Ef bands with doping, δ. The 

weaker spectral intensity around M relative to that around Γ likely arises from orbital dependent cross-section, 

since at ~21 eV, the photoionization cross-section for d orbitals (near M) is weaker than that of p-orbitals (near Γ)[61]. 

 

DFT Band Calculations  

First principles DFT calculations were performed using an established framework [62] utilizing the generalized 

gradient approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE) form [63]. Projector-augmented-wave [64] 

wave functions with energy cut-off of 500 eV were used within the Vienna ab-initio simulation package (VASP) 

[65,66]. The structures were optimized until the residual forces were less than 10−3 eV/Å, and the self-consistency 

criteria for convergence was set to 10−6 eV. Γ-centered Monkhorst-Pack [67] grids of size 12 × 12 × 8, and on-

site Coulomb repulsion energy, U = 2 eV [53] were used for CrTe2, and the band structure was obtained from the 

PBE calculations. In these calculations, the spin orientation is fully aligned along the out-of-plane (OP) direction, 

consistent with the intended comparison with anomalous Hall signal from the fully saturated, OP magnetic state. 
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Anomalous Hall Conductivity Calculations 

For simplicity, we focus on 𝜎𝑥𝑦calc(𝐸) from the parent CrTe2 whose comparison with 𝜎𝑥𝑦exp(𝛿) is justified given 

the consistency of band structures and observed rigid band shift with doping (see main text for details). A 

Hamiltonian derived from maximally localized Wannier functions was obtained using the WANNIER90 package 

[68] and the anomalous Hall conductivity was calculated using WannierTools [69]. The following expressions were 
used to calculate the Berry curvature (Ω𝑛,𝑥𝑦(𝑘)), total Berry curvature (Ω𝑥𝑦(𝐸, 𝑘)) and anomalous Hall conductivity 

(𝜎𝑥𝑦calc) respectively from the Hamiltonian derived from maximally localized Wannier functions [70]. 

Ω𝑛,𝑥𝑦(𝑘) = −2 𝐈𝐦 ∑ ⟨𝑢𝑛| 𝜕�̂�𝜕𝑘𝑥 |𝑢𝑚⟩ ⟨𝑢𝑚| 𝜕�̂�𝜕𝑘𝑦 |𝑢𝑛⟩[𝜖𝑚(𝑘) − 𝜖𝑛(𝑘)]2𝑚≠𝑛 (1) 

Ω𝑥𝑦(𝐸, 𝑘) = ∑ 𝑓𝑛(𝐸)Ω𝑛,𝑥𝑦(𝑘)𝑛 (2) 

 𝜎𝑥𝑦calc(𝐸) = − 𝑒2ℏ ∫ 𝑑𝑘(2𝜋)3 Ω𝑥𝑦(𝐸, 𝑘)𝐵𝑍 (3) 

, where the 𝑓𝑛(𝐸) is the Fermi-Dirac distribution and 𝐸 is the chemical potential. 
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Fig. 1 Atomic and Electronic Structure of Self-Intercalated Cr1+δTe2.  

a Schematic crystal structure of the parent TMD CrTe2 (left) and its self-intercalated counterpart Cr1+δTe2 

(right). The Crδ atoms are intercalated between weakly van der Waals coupled Te layers  b Doping 

dependence of Curie temperature, 𝑇c , obtained from kink in resistivity measurements in this work(filled 

symbol), and compared with our previous results from magnetometry measurements (empty symbol) [52]. 

Grey line is a guide-to-the-eye. c Schematics of surface and bulk Brillouin zones for Cr1+δTe2, with key high-

symmetry points indicated. d Schematic near Fermi energy (EF) band structure of Cr1+δTe2 (details in Fig. 3, 

4, 6) showing three bands each around Γ  and M , labeled as BB (hole-like) or EB (electron-like) 

respectively. Dotted circle highlights the semi-metallic band region central to this work, while dashed lines 

approximate the EF for the lower and upper values of δ realized here(see text for details). 
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Fig. 2 In-situ angle resolved photoemission spectroscopy (ARPES) of Cr1+δTe2 films (δ=0.6).   

a Schematic of the ultra-high vacuum (UBV) cluster system used in this study, equipped with molecular 

beam epitaxy (MBE) growth system and ARPES using Be based discharge lamp. b ARPES mapping of 

near-𝐸F spectral weight for δ = 0.6 sample, representative of the Fermi surface, obtained by integrating 

between 0 meV and -30 meV from 𝐸F(Be-II source, photon energy, hv=40.8 eV, 𝑇 ≃15 K,). c-f Measured 

band dispersion for δ= 0.6 along high-symmetry directions (c)-(d) 𝐾 − 𝛤 − 𝐾  and (e)-(f) 𝐾 − 𝑀 − 𝐾 , 

respectively (Be-I source). Bere, (c, e) show the spectral intensity (c, e) and (d, f) its second derivative 

respectively. Overlaid dashed white/grey lines bands indicate the identifiable bands (c.f. Fig. 1(d)). Insets to 

(c, e) show respective momentum distribution curves (MDCs) at 𝐸F , with black dots indicating band 

crossings.  
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Fig. 3 Doping Evolution of Measured band Band Structure.  

a-h Evolution of near-𝐸F band dispersion along (a-d) 𝐾 − 𝛤 − 𝐾 and (e-h) 𝐾 − 𝑀 − 𝐾 (e, f show second 

derivative) for samples with δ=0.33, 0.4, 0.5 and 0.6 respectively (left to right). Overlaid markers denote fits 

to the bands, used in (i-j) for comparisons. i-j, Measured dispersions of the respective bands across all δ at K − Γ − K (i) and K − M − K (j), collapsed onto single curves by shifting all data points for each δ by a 

constant energy (Δ𝐸Γ(𝛿) and Δ𝐸M(𝛿), details in text). k The variation of thus defined energy shifts Δ𝐸Γ and Δ𝐸M with δ, with the overlaid line showing a linear fit (details in text). 
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Fig. 4 Measured Evolution of Hall Effect.  

a-c The variation of Ball resistivity, 𝜌𝑦𝑥(𝐵) − 𝜌𝑦𝑥O (𝐵), with temperature – 𝑇/𝑇c ~0.9, 0.5 and 𝑇 =  2 K (top 

to bottom), across samples with δ = 0.33, 0.47, 0.51 and 0.70 (left to right). Dashed lines in each panel 

indicated the saturated anomalous Hall resistivity, 𝜌𝑦𝑥𝐴sat. d-e Colour plots of the Ball coefficient, 𝑅H (d) and 

the saturated ABE resistivity, 𝜌𝑦𝑥𝐴sat  (e) as a function of 𝑇/𝑇𝑐 and δ. 𝑅H is deduced from a linear fit at high 

fields, while 𝜌𝑦𝑥𝐴sat is obtained from saturated magnitude of 𝜌𝑦𝑥(𝐵) − 𝜌𝑦𝑥O (𝐵) (e.g., dotted lines in a-c).  
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Fig. 5 Scaling Analysis of Anomalous Hall Effect. 
a Plots of 𝜌𝑦𝑥Asat vs. 𝜌𝑥𝑥2  for samples with δ = 0.33, 0.47, 0.51 and 0.7 (data shown for 𝑇/𝑇𝑐 < 0.9). For 

each case, overlaid lines indicate the linear (i.e. 𝜌𝑦𝑥Asat  ∝ 𝜌𝑥𝑥2 ) region, while arrows denote the deviation 

from linearity, typically at lower temperatures (smaller 𝜌𝑥𝑥 ) (details in text). b Doping dependence of 

measured intrinsic anomalous Ball conductivity 𝜎𝑥𝑦expt (left axis, procedural details in text) and temperature 

averaged high field Ball coefficient 〈𝑅H(𝑇)〉 . c Schematics for Berry curvature effects on itinerant hole 

carriers, and the resulting sign change of ABE (𝜎𝑥𝑦expt
) for magnetized samples. 
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Fig. 6 Momentum-Space Analysis of Berry Curvature Effects. 

a-b Comparison between ARPES-measured band dispersion for Cr1+δTe2 with δ = 0.6 (shown in grayscale) 

with DFT-calculated band structure for CrTe2 (energy shifted by 1.9 eV, overlaid as lines) along (a) 𝐾 − 𝛤 − 𝐾 

and (b) 𝐾 − 𝑀 − 𝐾. Left and right axes are E-EF for DFT and ARPES respectively. The EF for ARPES data 

(δ~0.6) is set to 1.9 eV higher than that for DFT data (δ=0). DFT-calculated bands comprise major (red) and 

minor (blue) spin orientations, and results for varying kz are all overlaid for comparison with ARPES data, 

which lack kz resolution. c Comparison between DFT-calculated 𝜎𝑥𝑦calc(𝐸) (grey line, from Eqn. (1), details in 

text) and measured 𝜎𝑥𝑦expt(𝛿) (black dots, from Fig. 5(b)). One-to-one comparison between calculations (𝐸) 

and experiments (δ) is enabled by matching the Fermi energies in (a)-(b), together with the measured Δ𝐸F/Δ𝛿 

(Fig. 3k, details in text). Borizontal arrows indicate the energies used for (e) and (f) respectively. d The kz 

resolved dispersion of the DFT calculated semi-metallic band region near EF along 𝐾 − 𝑀 − 𝐾  (c.f. collated 

in (b)). Colours indicate spin orientation (c.f. (a)), while dashed circle highlights spin-orbit coupling (SOC) 

driven opening of a band gap, hosting large k-space Berry curvature. e-f Color plots of the distribution of 

calculated Berry curvature, ∫ 𝑑𝑘𝑧𝛺𝑥𝑦(𝐸, 𝒌), across the 𝑘𝑥 − 𝑘𝑦 plane at (e) 𝐸 − 𝐸𝐹(𝛿 = 0)  = +1.5 eV and 

(f) +1.9 eV (horizontal arrows in (c)). Arrows highlight a region near 𝑀-point, hosting a large Berry curvature 

contribution within (f). 
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