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Angular dependence of the interlayer coupling at the interface between two-dimensional materials 1T-PtSe_2

and graphene

Proximity effect allows transferring some electronic properties at the interface between two materials without dramatically affecting their individual structure. This phenomenon is thought to be especially relevant for few layers thick materials where even short range interactions can impact the properties of the whole sample [1]. Therefore, proximity effect represents an efficient strategy for tuning the properties of van der Waals heterostructures [2]. For instance, it has been exploited to imprint a spin dependent electronic structure in graphene when brought in contact with semi-conducting (SC) or insulating two dimensional (2D) layers exhibiting either strong spin-orbit coupling or magnetic ordering [1][2][3][4]. Inducing either a significant spin-orbit interaction [5][6][7][8][9][10][11][12][13][14][15][16] and/or a large magnetic exchange [17][18][19][20][21][22][23][24][25] in graphene is highly desired for developping spintronics based on 2D materials [1,3,4,26,27]. Considering the relevance of the proximity effect, it is crucial to determine which factors drive the strength of the coupling between a SC 2D layer and graphene. One important parameter is the rotation angle θ between the atomic lattices of the two layers. Recent theoretical studies [28][29][30][31][32] have indeed revealed that the amplitude and even the sign of the proximity effect can strongly depend on θ. Exploiting this angular dependence is the key aspect of the rapidly developping field of "twistronics" [33,34].

In this work, we have investigated the basic mechanisms underlying the interaction between graphene and a SC 2D transition metal dichalcogenide (TMD) layer by means of scanning tunneling microscopy (STM) and spectroscopy (STS), complemented by ab initio simulations. Our approach consists in analyzing the electronic states that appear within the SC bandgap on the TMD side of the heterostructure as a consequence of the interfacial coupling. We thus probe the component in the PtSe2 layer of the states formed within the TMD bandgap by hybridization with the low energy states of graphene. This includes the states close to the Dirac point (DP) of (bilayer) graphene, that is located around 0.3 eV below the Fermi level in the samples we use [35]. This hybridization is precisely the mechanism that generates the spin dependent proximity effect [1,3,4,6,17,18,28,29,31,32], and our approach allows to probe it directly. We have analyzed domains corresponding to different values of θ. Our data show evidence for the angular dependence of the interfacial coupling and support the perturbative model presented in Refs. 28, 29 and 36. Notice that our approach is different from the one reported recently [37], where the proximity effect was studied by probing quantum interference patterns from the graphene side.

As a SC TMD we have chosen monolayer (1L) PtSe2, which has a bandgap of about 2 eV. 1T-PtSe2 actually shows a comparatively large interlayer interaction in the TMD family [38,39,40]. If this property is preserved at the interface with graphene, it would lead to a large hybridization and thus to a detectable signal within the TMD bandgap in the STM measurements. Although we do not address this point, 1L PtSe2 is also potentially interesting to induce spin dependent proximity effects in graphene, owing to a strong spin-orbit coupling [41,42,43] and to a long range defect-induced magnetic ordering [44].

The PtSe2 layer was grown by molecular beam epitaxy (MBE) on a graphene bilayer substrate (BLG) grown on SiC [45]. The STM measurements were performed in a setup operating at 8.5K, and analyzed using the WSxM software [46]. Ab initio calculations were performed using the VASP package [47, 48; 49]. Technical details can be found in the Supplemental Material [50] (see also references [51][52][53][54][55][56][57][58][59][60][61][62][63][64] therein).

Fig. 1-a and Fig. S1 [50] show that the sample surface is mostly covered by the monolayer PtSe2 (1L PtSe2) phase, with domains size of the order of 10 nm. Some patches of BLG substrate remain visible, and a few bilayer PtSe2 islands (not discussed here) are also present. In many domains, the PtSe2 lattice is almost aligned with the BLG (see section SI2 in Ref. [50]), as already reported in samples grown on Highly Ordered Pyrolytic Graphite (HOPG) [65,66,67]. This leads to a quasi-(2x2) superstructure in STM images, since twice the lattice constant of PtSe2 (0.375 nm) is almost equal to three times the lattice constant of graphene (0.246 nm). In such domains, the STS data (Fig. S2-d [50]) reveal a bandgap of about 1.90 eV, in agreement with previous works [65,66,67]. The valence band maximum (VBM) and conduction band minimum (CBM) are located close to -1.65 eV below and +0.25 eV above the Fermi level respectively. All the 1L PtSe2 domains probed in this work are featureless and have the same apparent height when imaged at +1.2 V sample bias, this is about 1 eV above the CBM, as shown in Fig. 1-a and Fig. S1 [50]. However, when the sample bias is set inside the 1L PtSe2 gap as in Fig. 1-b, or close to the VBM as in Fig. S3-b or in Fig. S5-a [50], their appearance changes remarkably. Triangular superstructures with periods P in the nm range appear inside the islands, whose apparent height depends on the value of P. "Large" (≥1 nm) values of P correspond to apparently higher islands. Height differences of the order of 0.1 nm are measured between domains with different periods as shown in Fig. 1-c and Fig. S3-c [50]. In the data taken at a sample bias of +1.2 V, tunneling occurs mainly towards empty states of 1L PtSe2, and the images should represent the topography of this layer. Conversely, for sample bias within the TMD gap, the images should reflect the electronic structure of the 1L PtSe2-BLG interface. Since free-standing 1L PtSe2 has no states in this energy range, the electron states that contribute to the tunneling current within the TMD gap must originate mostly from those of the underlying BLG substrate, perturbed by the contact with 1L PtSe2. One can illustrate how the BLG states are modified at the interface by considering the current vs. voltage (It(Vs)) spectra shown in Figure 1d. The pink curve shows the spectrum measured on the bare BLG. When the tip is moved onto the 1L TMD domains, hence retracted by roughly 0.8 nm (ie by the apparent height of the layer at the bias set point of +1.2V), a significant current is still measured within the TMD bandgap (light and dark blue curves respectively), 4 to 5 order of magnitude higher than expected for an attenuation 'as in vacuum' of the tunneling current into the BLG states (Section SI3 of Ref. [50]). This implies that the graphene derived states gain an extra spectral weight within the TMD layer in the energy range of the bandgap, thus that they acquire a partial PtSe2 character. Otherwise stated, there is a finite, albeit small, admixture of states originating from PtSe2 into the mainly graphene-based in-gap states (Section SI3 in Ref. 50). This is a strong indication for the existence of hybridized Graphene-PtSe2 electron states within the TMD bandgap. The experimental variations of the It(Vs) curves between the two islands in Fig. 1-d and Fig. S3-d, or equivalently the variations of the apparent height of the islands in images taken with sample biases within the gap (Fig. 1-b andS3-b), indicate that the admixture of PtSe2 derived states depends on the value of P. The larger current or apparent height for long period (P≥1 nm) superstructures suggests that the hybridization should be stronger in this case.

Ab initio band structure calculations confirm the existence of such hybridized states at the BLG-1L PtSe2 bilayer, as shown in Fig. 1-e and 1-f (see also Fig. S11 [50]). The atomic lattices of BLG and PtSe2 are aligned for this calculation. Therefore, due to the (3x3) BLG supercell used, both +K and -K points of the Brillouin zone (BZ) of BLG are backfolded at Γ. The calculated band structure of the heterostructure is projected on the BLG and on the PtSe2 layers in Fig. 1-e and Fig. 1-f respectively. Within the TMD bandgap at Γ (and even up to +0.75 eV) one clearly recognizes the characteristic band structure of bare BLG in Fig. 1-e (heavy red line). The same features are found, although with a much smaller weight, in Fig. 1-f (light blue lines inside the pink rectangle). This calculation shows that, inside the TMD bandgap, the eigenstates, which mainly originate from the bare BLG states, acquire a small weight on the orbitals of the Pt and Se atoms. Therefore, hybrid states with a small admixture of PtSe2 form within the bangap at the TMD/BLG interface. Similar results were found for the interface between 1L PtSe2 and monolayer graphene, see Fig. S11.

In Ref. 50 (section SI4) we show that the period (P) of the triangular superstructures observed inside the 1L-PtSe2 islands is related to the rotation angle θ between the crystallographic directions of the 1L PtSe2 and of the BLG substrate. The value of θ can be evaluated directly from images with atomic resolution on the bare BLG and on the TMD islands (Fig. S5 [50]). The superstructures are thus Moiré Patterns (MPs) resulting from this disorientation. Figure 2-a, 2-c and 2-e show atomic resolution images of domains with different values of θ. Their Fourier transfoms (FTs) are displayed in Figure 2-b, 2-d and 2-f. For the aligned domain with θ= 0° (Fig. 2-a and2-b) one identifies readily the (2x2) superstructure. The first order spots of the superstructure are labelled as "MP1" (pink triangles) in Fig. 2-b. Strong second order spots, indicated by the white arrows, are also present. For a small but finite rotation angle θ≈4°, the real space image (Fig. 2-c) becomes more complex. The corresponding FT (Fig. 2-d) reveal two sets of spots, marked as MP1 (pink triangles) and MP2 (orange triangles), both corresponding to the superstructure. We ascribe the spots labelled MP1 to a Moiré pattern based on the difference between the (shortest) reciprocal vectors of PtSe2 and of the graphene lattices [START_REF] Amidror | The Theory of the Moiré Phenomenon[END_REF][START_REF] Hiebel | [END_REF], as shown in Fig. 2-g. It coincides with the (2x2) superstructure for θ=0°. The second series of spots, labelled MP2, also corresponds to a MP constructed on the difference between the reciprocal vector of graphene (a*Gr) and the sum of the reciprocal vectors of PtSe2 (a*TMD+b*TMD) lattices, see Fig. 2-g (plus symmetry related vectors). It coincides with the second order spots of the (2x2) superstructure for θ=0° (white arrows in Fig. 2-b). For large rotation angles (θ≃20°, Fig. 2-e and2-f) we identify one set of spots which correspond to the MP2 Moiré pattern. The computed variations of the structural parameters of MP1 and MP2 as functions of θ are displayed in Fig. S9. We find a good agreement between the period and the orientation of the superstructures obtained from the analysis of the FTs of the images and the values computed from the direct measurement of θ. Additional data on that point are presented in Ref. 50. These observations strongly support our interpretation of the superstructure in terms of those two Moiré patterns (MP1 and MP2). A very important point for the purpose of the present work is that MP2 is detected for all values of θ (assuming that the second order spot of the (2x2) for θ=0° correspond to MP2). Figures 2, S7 and S8 suggest that MP1 is strongly attenuated for θ≥9°, especially at large negative bias, whereas MP2 is present at any angle and for all sample biases. The occurence of the Moiré MP1 in our STM images is considered in section SI5 of Ref. 50, but it is not relevant for the following discussion.

Our experimental data therefore suggest the following picture for the electronic structure of the interface. Graphene (BLG) π states located within the bandgap of the TMD interact with the TMD potential, which gives rise to hybrid states having a partial PtSe2 character. This "in-gap" PtSe2 contribution, as probed by the STM tip, (i) shows ubiquitous spatial modulations related to the socalled MP2 moiré pattern and (ii) depends on the rotation angle between the TMD and BLG substrate, being larger for large rotation angles. Actually, these observations are consistent with the scenario proposed for the interlayer interaction at an (arbitrary) incommensurate interface [36]. This mechanism has been adapted to the case of a semiconducting TMD-graphene interface in the context of the proximity effect [28,29]. Even though single layer graphene is considered in Ref. [28,29], the same discussion should hold in the BLG case. The low energy states of graphene, those which are present within the 1L PtSe2 bandgap, are located close to the KG (and -KG) points of the graphene Brillouin zone (BZ). From Ref. [28,29], each graphene state is coupled essentially with TMD states located at three points in the first Brillouin zone of 1L PtSe2, following the momentum conservation rule [36]. This mechanism is illustrated in Figure 3-a to 3-c for different rotation angles in the case of graphene states located close to the KG point [28,29] (the same arguments hold for the -KG point). Therefore, the hybrid interface states within the gap consist of a sum of a (dominant) graphene contribution and of a set of 1L PtSe2 states with wave vectors k1, k2 and k3 in the 1L PtSe2 first BZ (see Fig. 3). As shown in figure S10 [50], those three wave-vectors are connected by reciprocal vectors of the MP2 Moiré pattern. Consequently, for any value of θ, the squared wavefunction of each hybrid state, evaluated in the 1L PtSe2 layer (i. e. disregarding the graphene component) will contain terms oscillating with the periodicity of MP2. The result is consistent with our observation of the MP2 superstructure for all orientations of the TMD layer.

Moreover, considering that a graphene state located within the bandgap can be rather far (a fraction of an eV) from the band edges of the TMD, the related hybrid state can be obtained from perturbation theory [28,29]. The amplitude of the 1L PtSe2 contributions to the hybrid state will be proportional to a matrix element and inversely proportional to the distance in energy between the graphene and the 1L PtSe2 states with wavevectors k1, k2 or k3 [29]. This provides an explanation for the angular variation of the weight of the 1L PtSe2 contribution within the gap which is observed experimentally. Indeed, as shown in Figure 3, graphene states at the KG point will be coupled to different states ki (i=1 to 3) in the PtSe2 layer when the rotation angle changes. One reason of the angular variation of the PtSe2 weight could be that the TMD states have different Pt and Se orbital character for different values of θ [41,66], which will modify the value of the matrix element. This effect is not intuitive and it has to be computed numerically [28,29]. The other reason, which is the role of the distance in energy between graphene and TMD states, can be more readily evaluated considering the calculated band structure of freestanding 1L PtSe2 (see Fig. 3-d), as shown in Ref. 29. The values of the vectors ki of the TMD states hybridized with the graphene states at the KG point (DP) are indicated for specific values of θ in Fig. 3d (cf. Ref. 50 for technical remarks on this figure). From the calculation of the heterojunction (TMD on BLG, see Fig 1-e and1-f andS11), the DP of BLG is 0.4 eV below the CBM, this is close to EF in Fig. 3-d. One can thus see from Fig. 3-d that the distance in energy between a graphene state located at the KG point (DP) and the k1, k2 and k3 1L PtSe2 states changes markedly with θ (roughly by a factor of 2). This modifies the amplitude of the 1L PtSe2 contributions to the hybrid state in the perturbative approach. Considering only this effect, one expects a weak amplitude for small values of θ (around 0°) and a stronger one for larger values of θ (around 25-30°). In the experiments, the DP of graphene is located 0.30 eV below the Fermi level [35,50], this is 0.55 eV below the CBM [50]. The coupling of the graphene states close to the DP to the ones of the 1L PtSe2 layer should thus follow the same trends as in the calculations. Therefore, we can infer that the in-gap tunneling current, or the apparent height of the islands for in-gap imaging biases, should be smaller for small angles (θ≈0°, P< 1 nm) than for larger ones (θ≥20°, P≥1 nm). This is in agreement with the experimental observations reported in Figures 1 andS3 [50], and supports the interpretation of these data in terms of hybridized states at the interface. However, considerations based only on the energy separation of the bands may be insufficient to fully describe the complexity of the systems, as revealed by ab initio studies [30,31,32]. It was suggested that band anticrossings may be a better way to evaluate the coupling between graphene and TMD states [32]. We adress this point in Ref. 50 (section SI6, Fig. S12) for the specific case θ=19.1°. Our abinitio calculations also support a larger hybridization for this rotation angle than for θ=0°.

In summary, our experimental study of the 1L PtSe2-BLG junction, supported by ab initio calculations, has revealed the saliant features of the interlayer interaction between the states in this twisted van der Waals heterostructure. This was achieved by analyzing the electronic states appearing inside the TMD bandgap as a result of hybridization at the interface . The momentum conservation rule gives rise to a specific Moiré pattern observed in the whole range of rotation angles. The angular dependence of the coupling strength between the layers gives rise to variations in the tunneling current measured in the TMD bandgap. Beyond the case of the 1L PtSe2-BLG system, our work supports theoretical [28][29][30][31][32] models which propose to use the twist angle as a knob to tune the amplitude of the proximity effect in SC TMD-graphene junctions. 
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 :1 Figure captions:Figure1: Superstructures at the interface between 1L PtSe2 and BLG. a) Constant current STM image taken with sample bias Vs=+1.20 V and tunneling current It=20pA. The scale bar is 5 nm. b) Image of the same area with Vs=-0.80 V and It=5 pA. The periods of the superstructures that appear in the upper (lower) island are 0.53 nm (1.37 nm). c) Profile of the apparent height taken on images in a) and b) along the path represented by a broken line in b). d) Tunneling spectra (It(Vs) curves) taken at the point labelled A (light blue curve), B (dark blue curve) and C (pink curve, on the BLG) in a). The set-point for all spectra was Vs=+1.20V and It=500 pA. The value of the current on the BLG is divided by 100 in the plot. e) and f) Calculated electronic structure for the interface between 1L PtSe2 and BLG. The relaxed structure of the system is displayed in the central panel. The atomic lattices of BLG and 1L PtSe2 are aligned (i. e. θ=0°), and the common (commensurate) unit cell is (2x2) PtSe2 or (3x3) BLG. The band structure of the heterojunction is projected on the BLG in red (e) and on the 1L PtSe2 layer in blue (f) respectively. The size of the symbols (dots) in the plots is proportional to the weight of the site-projected state in the corresponding layer. The orange arrow in f) indicates the calculated TMD bandgap. The pink rectangle in f) indicates the location where hybridized states appear within the TMD bandgap (a grey rectangle is shown at the same position in e)).

Figure 2 :

 2 Figure 2: Superstructures as Moiré patterns. a), c) and e): Constant current images with size 6x6 nm² taken on domains with different values of the twist angle θ. Vs= -1.80V for a) and c), Vs=+0.10 V for e). Images for other biases are shown in Fig. S8 [50]. b), d) and f): FTs of the images in a), c) and e) respectively. The first order spots of the reciprocal lattice of 1L PtSe2 are indicated by yellow circles. The spots corresponding to the Moirés patterns MP1 and MP2 are indicated by pink and orange triangles respectively. g) Construction giving the reciprocal lattice vectors of the Moiré patterns MP1 and MP2 [68, 69]. a* TMD and a* Gr are the reciprocal vectors of the 1L PtSe2 and BLG lattices respectively.

Figure 3 :

 3 Figure 3: Hybridization of the graphene and TMD states at the interface. a), b) and c): Locations in the first Brillouin zone (BZ) of 1L PtSe2 of the wavevectors of the TMD states coupled to the low energy BLG states for different rotation angles θ (θ=0° in a), θ=15° in b) and θ=30° in c)). The BZ of BLG (1L PtSe2) are drawn in black (red) lines respectively. The construction [28, 29] that gives the wavevector k 1 of the TMD layer coupled to the BLG states close to KG is illustrated in a) to c), where the dashed red arrow represents a reciprocal lattice vector of 1L PtSe2. k 2 and k 3 are obtained from the other equivalent KG points in the BLG BZ. d): Location of the k i (i=1 to 3) for states relative to the graphene Dirac point in the calculated band structure of freestanding 1L PtSe2. The dashed vertical lines indicate the values of the k i 's for specific rotation angles, where they cross the main directions (ΓM, ΓK or KM) of the BZ of 1L PtSe2.
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