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As a result of early theoretical predictions, evidence for the Rashba or Dresselhaus effect in hybrid perovskites has recently attracted several experimental investigations, motivated by possible applications in spin-orbitronics. For instance, a large Rashba splitting has recently been reported for the (001) surface of CH 3 NH 3 PbBr 3 . This effect is forbidden in the bulk material since both low-temperature and roomtemperature crystal structures present inversion symmetry. Here we investigate the effects of two (001) nanoscale surface reconstructions of CH 3 NH 3 PbBr 3 using first-principles approaches based on density functional theory (DFT). The two experimental reconstructions are related to different orientations of MA cations at the surface, defining zigzag and dimer phases. The impact of these structural transformations on their electronic structures is thoroughly investigated. Whereas calculations reveal the occurrence of surface-induced Rashba effect, its amplitude is considerably smaller than the experimentally reported value, in agreement with other experimental investigations and leading to the conclusion that mesoscale surface polar domains and/or surface defects may result from sample preparation. troduction ion-processed halide perovskites have recently led to solar with outstanding power conversion efficiencies and low of production. Their highest record of light to electricity rsion efficiency has witnessed a spectacular increase from in the pioneering work of Miyasaka and co-workers 1 in to 22.7% (NREL certificated) in 2017, 2,3 surpassing that of of-the-art thin film silicon based solar cells. 4,5 Very tly, fully inorganic perovskite quantum dots (CsPbI 3 ) led to the record efficiency of the quantum dot cell ology. 2,6 More, their bulk and colloidal nanostructures nt attractive photo-and electroluminescence properties unusual giant relativistic effects in their band structures, opened new paths in the field of optoelectronics. 7-10 ver, fundamental studies remain essential in order to more light on the microscopic mechanisms at the origin ir exceptional optoelectronic properties. e main feature of halide perovskites is the presence of atoms such as lead, tin or iodine that leads to a strong orbit coupling (SOC) effect. [11][12][13][14] Combining this effect with the loss of inversion symmetry gives rise to strong spinor splitting of Rashba, Dresselhaus or mixed Rashba-Dresselhaus types [15][16][17] in both or either the conduction and valence bands. 13,[18][19][20][21][22] Such an effect would open the way to halide perovskite-based spintronics and spin-orbitronics. 23,24 Direct evidence for the Rashba effect in hybrid perovskites was recently inspected using angle-resolved photoemission spectroscopy (ARPES) on CH 3 NH 3 PbBr 3 (MA = CH 3 NH 3 + ) single crystals, which delivered contradictory outcomes. 25,26 Both experiments were performed on the (001) surfaces of MAPbBr 3 . Whereas Komesu et al. 25 did not evidence any effect related to k-dependent spin-splitting in their room temperature experiments, Niesner et al., 26 after great care in sample surface preparation, reported giant splittings of 7 AE 1 eV Å and 11 AE 4 eV Å for low temperature orthorhombic and high temperature cubic phases, respectively. To the best of our knowledge, these values correspond to the largest Rashba effects ever recorded by ARPES. Meanwhile, specific patterns of the orientations of MA have been observed on the (001) surface of MAPbBr 3 by scanning tunneling microscopy (STM), resulting in local ferroelectric and antiferroelectric domains, which could enhance surface spin-splitting. 27 So far, no theoretical approach has addressed the impact of nanoscale surface reconstructions on spinor splitting phenomena and such work would benefit the microscopic understanding of hybrid perovskites.

Here, within the framework of density functional theory (DFT), 28,29 As a result of early theoretical predictions, evidence for the Rashba or Dresselhaus effect in hybrid perovskites has recently attracted several experimental investigations, motivated by possible applications in spin-orbitronics. For instance, a large Rashba splitting has recently been reported for the (001) surface of CH 3 NH 3 PbBr 3 . This effect is forbidden in the bulk material since both low-temperature and roomtemperature crystal structures present inversion symmetry. Here we investigate the effects of two (001) nanoscale surface reconstructions of CH 3 NH 3 PbBr 3 using first-principles approaches based on density functional theory (DFT). The two experimental reconstructions are related to different orientations of MA cations at the surface, defining zigzag and dimer phases. The impact of these structural transformations on their electronic structures is thoroughly investigated. Whereas calculations reveal the occurrence of surface-induced Rashba effect, its amplitude is considerably smaller than the experimentally reported value, in agreement with other experimental investigations and leading to the conclusion that mesoscale surface polar domains and/or surface defects may result from sample preparation.

Introduction

Solution-processed halide perovskites have recently led to solar cells with outstanding power conversion efficiencies and low costs of production. Their highest record of light to electricity conversion efficiency has witnessed a spectacular increase from 3.8% in the pioneering work of Miyasaka and co-workers 1 in 2009 to 22.7% (NREL certificated) in 2017, 2,3 surpassing that of state-of-the-art thin film silicon based solar cells. 4,5 Very recently, fully inorganic perovskite quantum dots (CsPbI 3 ) also led to the record efficiency of the quantum dot cell technology. 2,6 More, their bulk and colloidal nanostructures present attractive photo-and electroluminescence properties with unusual giant relativistic effects in their band structures, which opened new paths in the field of optoelectronics. [7][8][9][10] However, fundamental studies remain essential in order to shed more light on the microscopic mechanisms at the origin of their exceptional optoelectronic properties.

One main feature of halide perovskites is the presence of heavy atoms such as lead, tin or iodine that leads to a strong spin-orbit coupling (SOC) effect. [11][12][13][14] Combining this effect with the loss of inversion symmetry gives rise to strong spinor splitting of Rashba, Dresselhaus or mixed Rashba-Dresselhaus types [15][16][17] in both or either the conduction and valence bands. 13,[18][19][20][21][22] Such an effect would open the way to halide perovskite-based spintronics and spin-orbitronics. 23,24 Direct evidence for the Rashba effect in hybrid perovskites was recently inspected using angle-resolved photoemission spectroscopy (ARPES) on CH 3 NH 3 PbBr 3 (MA = CH 3 NH 3 + ) single crystals, which delivered contradictory outcomes. 25,26 Both experiments were performed on the (001) surfaces of MAPbBr 3 . Whereas Komesu et al. 25 did not evidence any effect related to k-dependent spin-splitting in their room temperature experiments, Niesner et al., 26 after great care in sample surface preparation, reported giant splittings of 7 AE 1 eV Å and 11 AE 4 eV Å for low temperature orthorhombic and high temperature cubic phases, respectively. To the best of our knowledge, these values correspond to the largest Rashba effects ever recorded by ARPES. Meanwhile, specific patterns of the orientations of MA have been observed on the (001) surface of MAPbBr 3 by scanning tunneling microscopy (STM), resulting in local ferroelectric and antiferroelectric domains, which could enhance surface spin-splitting. 27 So far, no theoretical approach has addressed the impact of nanoscale surface reconstructions on spinor splitting phenomena and such work would benefit the microscopic understanding of hybrid perovskites.

Here, within the framework of density functional theory (DFT), 28,29 we first describe the experimental surface reconstructions of the (001) oriented facets of MAPbBr 3 in its orthorhombic phase. The collective orientations of MA cations give rise to two phases, which are referred to as dimer and zigzag phases, consistently with STM topography images. 27 Then, the impact of reconstructions on the electronic properties is inspected. The resulting band splitting computed at the (001) surface is found to be much weaker than the measured one reported by Niesner et al. 26 Thus, it is unlikely that such a nanoscale reconstruction by itself is at the origin of the strong Rashba splitting observed in these ARPES experiments.

Method

2.1 Computational details DFT calculations are performed using the SIESTA simulation package. 30 Structure relaxations are carried out using the C09 functional that takes into account van der Waals interactions. 31 All self-consistent calculations are performed including SOC.

To prevent conflicts between the on-site treatment of SOC within SIESTA and the non-locality of C09, single-point calculations are conducted using the revPBE functional on which C09 is based. Core electrons are described using norm-conserving Troullier-Martins pseudopotentials. 32 1s 1 , 2s 2 2p 2 , 2s 2 2p 3 , 4s 2 4p 5 , and 5d 10 6s 2 6p 2 are used as valence electrons for H, C, N, Br and Pb respectively. The valence wavefunctions are expanded over a double-z polarized basis set of finite-range numerical pseudoatomic orbitals. 33 An energy cutoff of 150 Ry for the real-space mesh is used. Structure optimisations are considered to be converged when the maximum residual force on each atom becomes smaller than 0.04 eV Å À1 . The Brillouinzones (BZ) are sampled with 4 Â 4 Â 4 and 3 Â 3 Â 1 Monkhorst-Pack k-grids for bulk systems and slabs, respectively. The dipoles induced in the slabs are treated with the dipole correction scheme 34 as implemented in SIESTA.

Construction of the (001) surface of MAPbBr 3

First we design and build the relevant (001) surface. We start from the orthorhombic Pnma low temperature crystallographic structure of MAPbBr 3 . 35 To preserve a similar crystallographic orientation to the one used in the ARPES experiments, 26,27 we use the Pbnm setting, which is deduced from Pnma by a rotation of the coordinate system where the lattice parameters read a = 8.59 Å, b = 7.94 Å, c = 11.85 Å. Then, relaxing both the lattice parameters and atomic positions of bulk MAPbBr 3 leads to the following lattice parameters: a = 8.71 Å, b = 7.70 Å and c = 11.80 Å (Fig. 1a), corresponding to a 3% expansion along the a-axis, 1.4% and 0.4% contractions along the b and c-axes, respectively. We checked that relaxation does not alter the orientation of the 4 nearest neighbor organic molecules, maintaining a similar ordering to that in the experimental bulk structure related to an antiferroelectric configuration. 35 Regarding surface termination, there is experimental evidence for MA-halogen termination (Fig. S1, ESI †) for the (001) surface of both cubic MAPbBr 3 25 and orthorhombic MAPbI 3 . 36 Thus, we focus on the (001) surface of MAPbBr 3 terminated by MA-Br (Fig. 1b). Starting from the bulk unit cell of MAPbBr 3 , we first double its size in the (a,b) plane perpendicular to the surface and then add a vacuum region of 85 Å along the c-axis in order to minimize periodic electrostatic interactions. The resulting MAPbBr 3 slab contains six PbBr 6 octahedra along the c-axis. During structure optimization, the lattice parameters are fixed and the bottom octahedron (layer 1 in Fig. 1b) is kept frozen in the bulk configuration, while the rest of the structure is allowed to relax.

3 Results and discussion

(001) surface reconstructions

The relaxation of the atomic positions at the (001) surface leads to two different reconstructions namely the zigzag and dimer phases (Fig. 2a andb). In the so-called zigzag phase, MA cations are organized in a way similar to the bulk structure, i.e. the organic molecules are oriented in a non-parallel manner. On the other hand, the dimer phase is obtained as a result of the in-plane rotation of half of MA cations on the top layer (layer 6) followed by the full optimization of atomic positions leading to a parallel configuration of MA cations corresponding to a rotation angle of B261. The dimer phase is 350 meV per supercell higher in energy than the zigzag phase, which amounts to 7.3 meV per MAPbBr 3 unit. This value compares well with the energetic cost corresponding to the rotation of MA cations in MAPbI 3 . 37 The zigzag phase would therefore be the dominant one, however, the energy difference does not preclude the coexistence of both phases, as observed experimentally. 27 As expected, the in-plane Pb-Br bonds show no significant sign of elongation or contraction, as compared to those of the frozen layer 1 in the bulk configuration (Table S1, ESI †). The same is observed for the out-of-plane Pb-Br bonds and the vertical Pb-Pb distances, except for the top layer that undergoes elongations of 0.05 Å and B0.10 Å, respectively, indicative of sizable surface breathing. Thus, the PbBr 6 unit preserves its quasi-octahedral geometry except for the top layer that shows stretching in the (001) direction. Moreover, the corner-shared structure of halide perovskites provides additional degrees of freedom, namely for distortions which can be quantified by two characteristic angles: the inplane (b) and out-of-plane (d) octahedron tilts (Fig. 2c). 38 Fig. 2d shows the evolution of b and d on going from the bulk to the surface. Unlike the bond lengths where little variations are observed between the bulk and surface layers, the octahedron tilt angles undergo significant changes. For both the zigzag and dimer phases, d decreases progressively from the bulk to the surface (Table S1, ESI †). Noteworthily, surface octahedra show the lowest d tilt angles and are similar in the zigzag and dimer phases. This is not the case for the in-plane tilting b. In particular, b of the top layer remains close to the bulk value in the dimer phase, whereas b increases from B11.51 in the bulk to B13.51 on the surface of the zigzag phase. A direct consequence of this contrast is that Br-Br distances largely differ between the two phases (Fig. 3). Indeed, in the case of the zigzag case, all Br-Br distances at the surface maintain the same trend as in the relaxed bulk, although the values are enlarged due to the surface effect. Meanwhile, because of the MA rotations, the dimer phase shows an alternation between short (B5.14 Å) and large (B6.49 Å) distances (Fig. 3b andc). This distinctive behaviour between the zigzag and dimer phases is at the origin of the striking differences observed in the recorded STM images. 27 

Electronic structure

Bulk MAPbBr 3 retains the major features of the well-known MAPbI 3 halide perovskite. Typically, the electronic band structure of the orthorhombic phase presents a direct band gap at G with a DFT energy band gap (including SOC) of about 1.1 eV. 14 The highest valence states mainly arise from Br(4p) and Pb(6s) orbitals with anti-bonding hybridization, whereas the lowest conduction bands mainly originate from Pb(6p) orbitals (Fig. S3, ESI †). When moving from the bulk to the surface, the gap seemingly remains direct at G for both the zigzag and dimer phases (Fig. 4a andb, respectively). As a result of performing slab calculations to emulate the (001) surface and despite the 6-octahedron thickness of the slab, the system still experiences quantum confinement leading to a band gap opening that now amounts to 1.2 eV. Noteworthily, this is consistent with the experimental band structure obtained by ARPES. 25 A direct consequence of surface relaxation is the localization of valence and conduction band densities. 39 In order to illustrate this point, we calculate the local density of states (LDOS) at the valence band maximum (VBM) and the conduction band minimum (CBM) for the zigzag (Fig. 4c) and dimer phases (Fig. S3, ESI †). The main features of the bulk are preserved: VBMs exhibit contributions from Br(4p) and Pb(6s) orbitals, and CBMs from Pb(6p) ones. However, in the relaxed structures, the contribution of the VBM decreases at the surface and shifts toward the inner bulk layers, while the CBM gains significant weight on the surface. Importantly, this leads to the creation of a surface dipole reaching À7.2 Debye for the zigzag phase and À6.6 Debye for the dimer phase (the dipole is vanishing prior to surface relaxation). Interestingly, no remarkable difference between the LDOS of the zigzag and dimer phases can be noticed. Thus, the specific configuration of the MA molecules on the top of the surface is found to have little influence on neither charge densities at the band edges, band dispersions nor band gaps.

Rashba effect

A closer look at the band structures reveals that the VBMs (resp. CBMs) are split when SOC is included resulting in a shift of maxima (resp. minima) of energy away from G (Fig. 5a andb). Such a splitting is characteristic of the Rashba-Desselhaus effect. 15,17 The latter is a consequence of the combined effect of a giant SOC and the loss of inversion symmetry caused by surface structural relaxation. It has been first described in zincblende semiconductors and wurtzite structures and later generalized to quasi-2-dimensional systems. [15][16][17] Since it has been characterized in semiconductor heterostructures, 40 bulks with layered structures 41 or heavy atom surfaces. 42 Its amplitude is quantified by a parameter a defined as a = 2E 0 /k 0 , where E 0 is the splitting energy and k 0 the momentum shift of the maximum or the minimum of energy away from the high symmetry point (Fig. 5b). The calculated Rashba parameters a for the zigzag and dimer phases are computed to be 0.59 eV Å (0.24 eV Å) and 0.44 eV Å (0.27 eV Å) for the CBM (VBM), respectively (Table 1). These calculated values are more than one order of magnitude smaller than the values (7 AE 1 eV Å for the VBM) extracted from ARPES experiments performed over cleaved single crystals of MAPbBr 3 . 26 Moreover, given the small difference computed between the zigzag and dimer phases, one can hardly explain these experimental values on the basis of simple surface reconstructions associated with the flip of half of surface MA molecules. Among possible interpretations, it Table 1 The Rashba parameter a for both phases are calculated using the following expression: a = 2E 0 /k 0 . E 0 represents the splitting energy and k 0 the momentum shift of the maximum or the minimum of energy away from the high symmetry point

Slabs

E 0 (10 could be associated with larger polar surface reconstructions and the creation of mesoscale ferroelectric domains. 43 Indeed, the beams used in ARPES cover surface areas that are much larger than the ones considered in the present DFT study. Unfortunately, such large supercell simulations are beyond available computational resources. Alternatively, despite the careful use of freshly cleaved surfaces, 26,44 the discrepancy of the results could originate from the presence of defects at the crystal surface in the experimental setup. As Rashba splitting is very sensitive to the local symmetry, the presence of defects could lead to large values of a escaping our description of a flawless surface. Other fascinating experimental results have been reported for surface-dependent optoelectronic properties of the halide perovskites and especially MAPbBr 3 . There is indeed a strong interplay between ultravacuum conditions and the chemistry of the surface. 45 Moreover, our findings of noticeably smaller Rashba splitting is also supported by the second set of ARPES experiments performed over single crystals of MAPbBr 3 by another group, 25 which makes no mention of Rashba splitting, indicating that if any it is below their experimental resolution.

Conclusion

In summary, we investigated the (001) surface of the lowtemperature orthorhombic phase of MAPbBr 3 and the effect of surface relaxation on the electronic properties. In agreement with recent STM experiments, we inspected two 2 Â 2 (001) nanoscale surface reconstructions considering zigzag and dimer phases, which are characterized by different orientations of MA cations at the surface. First, for both phases surface reconstruction leads to sizeable elongation of the surface Pb-Pb bond lengths whereas the bottom layers remain similar to the bulk structure. Concomitantly, the surface in-plane octahedron tilt angles increase whereas the out-of-plane tilt angles decrease. Except for a slight increase of the band gap as a result of quantum confinement related to the finite and limited thickness of the slabs, the overall band structure remains similar to that computed for the bulk. Interestingly, the valence and conduction band densities reveal different spatial localizations, with the former pushing towards the bulk whereas the later gaining significantly more weight on the surface octahedra. Besides, a detailed inspection of the valence and conduction band dispersions of the reconstructed surface reveals the existence of the Rashba effect, both in valence and conduction bands, as a result of inversion symmetry breaking in the presence of strong spin-orbit coupling. However, the computed spinor splittings are more than an order of magnitude smaller than those experimentally reported for MAPbBr 3 , 26 indicating that these experimental observations cannot be traced back to the atomic scale 2 Â 2 surface reconstruction considered in our study. Thus such huge Rashba parameters are either related to mesoscale polar reconstructions, which do no correspond to the local ones evidenced by STM, 27 or to the presence of defects at the surface of the MAPbBr 3 single crystal.

The examination of punctual defects, e.g. vacancies, as well as step-edges will be carried out in the future.

Does

  Rashba splitting in CH 3 NH 3 PbBr 3 arise from 2 Â 2 surface reconstruction? † Xiaoyang Che, ab Boubacar Traore, a Claudine Katan, a Mikae ¨l Kepenekian * a and Jacky Even * b

Fig. 1

 1 Fig. 1 Bulk and surface structures of MAPbBr 3 . (a) View along (001) and (010) of the bulk structure of the orthorhombic MAPbBr 3 in the Pnma space group. (b) Slab of MAPbBr 3 having a (001) surface, terminated by Br atoms and MA cations, used to inspect surface reconstruction. Layers are labelled 1-6 from the bulk to the surface.

Fig. 2

 2 Fig. 2 (001) surface reconstructions of MAPbBr 3 characterized by the rotation of MA cations. (a) (001) surface in the zigzag phase. (b) Same for the dimer phase. (c) Definition of the in-plane, b, and out-of-plane, d, octahedron tilt angles. (d) Variation of the average tilt angles b and d from the bulk (layer 1) to the surface (layer 6, TableS1, ESI †).

Fig. 3

 3 Fig. 3 Bond-lengths of inequivalent Br-Br distances (Å) at the surface for (a) the bulk, (b) the zigzag phase, and (c) the dimer phase. Dotted lines indicate the limit of the unit cell.

Fig. 4

 4 Fig. 4 Electronic properties of the reconstructed surfaces. Electronic band structures including SOC for the relaxed (a) zigzag and (b) dimer phases. The direct band gap amounts to 1.2 eV for both phases. (c) LDOS of the VBM and the CBM for the relaxed zigzag phase (see Fig. S4, ESI † for the dimer phase).

Fig. 5

 5 Fig. 5 Rashba effect in the reconstructed surfaces. (a) Electronic band structure of the zigzag phase with (straight lines) and without (dashed lines) SOC. (b) Zoom in the dispersions of the VBM and the CBM revealing the Rashba spinor splitting for each of the two reconstructed phases. Definition of E 0 and k 0 , respectively, the energy splitting and momentum shift, needed to define the Rashba parameter a = 2E 0 /k 0 is also shown.
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