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Induced ferromagnetism on late transition metals adsorbed on Antimony Arsenide monolayer from First-Principles
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We investigate the structural, electronic and magnetic properties of transition metal (including Mn, Fe, Co, Ni, Cu, Rh and Pd) adsorbed on SbAs monolayer by using density functional theory. We found that an induced magnetic moment is observed for Mn, Fe, Co and Rh transition metal atoms, while in the case of Cu and Ni it is suppressed by local distortions. Our calculations show that Mn, Fe, Co and Rh can induce total spin magnetic moment of 4.86 µ B , 3.51 µ B , 1.99 µ B and 0.90 µ B , respectively. The origin of magnetism lays is their d orbital and depends on its filling level. In particular, the total magnetic moment decreases with increasing the number of d electrons. Among the studied transition metals, Mn seems to be the most promising candidate for the introduction of ferromagnetic ordering into SbAs, as it showed a high magnetic moment close to 5 µ B .

Overall, the analysis of the electronic and magnetic properties indicates that transition metal doped SbAs are promising two-dimensional magnetic systems.

Introduction

Two dimensional (2D) monolayers have attracted great interest due to their unique electronic properties which make them suitable for applications in nanoelectronics [START_REF] Li | Black phosphorus field-effect transistors[END_REF][START_REF] Fiori | Electronics based on twodimensional materials[END_REF][START_REF] Xiao | Coupled spin and valley physics in monolayers of mos2 and other group-vi dichalcogenides[END_REF], optoelectronics [START_REF] Ding | Engineering quantum anomalous/valley hall states in graphene via metal-atom adsorption: An ab-initio study[END_REF], 2D spin hall effect [START_REF] Qian | Quantum spin hall effect in two-dimensional transition metal dichalcogenides[END_REF] and catalysis [START_REF] Morales-Garcia | Mxenes: New horizons in catalysis[END_REF][START_REF] Gouveia | Mxenes as promising catalysts for water dissociation[END_REF]. In addition, extensive investigations have shown that 2D materials can feature peculiar magnetic properties thereby giving rise to a bench of potential applications in the area of spintronics [START_REF] Liu | Electronic and magnetic properties of 3d transition-metal atom adsorbed arsenene[END_REF][START_REF] Sun | Electronic and magnetic properties of 4d series transition metal substituted graphene: A firstprinciples study[END_REF][START_REF] Sun | Magnetism in transition metal doped germanene: A first principles study[END_REF].

Interestingly, defects, adsorption and substitution of either magnetic or nonmagnetic elements have been reported to show magnetic ordering in 2D materials, which opens the way to the design of 2D type magnetic material [START_REF] Zhou | Effects of interstitial dopings of 3d transition metal atoms on antimonene: A first-principles study[END_REF][START_REF] Liu | Electronic and magnetic properties of 3d transition-metal atom adsorbed arsenene[END_REF][START_REF] Sun | Electronic and magnetic properties of 4d series transition metal substituted graphene: A firstprinciples study[END_REF][START_REF] Kaloni | Tuning the structural, electronic, and magnetic properties of germanene by the adsorption of 3d transition metal atoms[END_REF][START_REF] Sun | Magnetism in transition metal doped germanene: A first principles study[END_REF]. In this area, transition metal (TM) atoms are often used to modulate electronic and magnetic properties of 2D materials, which can facilitate the use of these materials in spintronic applications [13,[START_REF] Yu | First-principles study of 3d transition metal atom adsorption onto graphene: the role of the extended line defect[END_REF][START_REF] Pang | Structural, electronic and magnetic properties of 3d transition metal atom adsorbed germanene: A first-principles study[END_REF]. Tremendous research efforts has focused on the TM adsorption on 2D systems. Experimentally, it is possible to synthesize TM-on 2D materials using pulsed laser deposition [START_REF] Wang | Doping monolayer graphene with single atom substitutions[END_REF] and defect-assisted doping by electron beam irradiation [START_REF] Lin | Properties of individual dopant atoms in single-layer mos2: Atomic structure, migration, and enhanced reactivity[END_REF][START_REF] Robertson | Dynamics of single fe atoms in graphene vacancies[END_REF][START_REF] He | Atomic structure and dynamics of metal dopant pairs in graphene[END_REF]. Both experiments and modeling works have showed that the adsorption of TM atom on 2D materials can induce magnetism [START_REF] Li | Spin polarization properties of two-dimensional mosete induced by transition-metal doping: first-principles calculations[END_REF][START_REF] Cheng | Prediction of two-dimensional diluted magnetic semiconductors: Doped monolayer mos 2 systems[END_REF][START_REF] Mishra | Long-range ferromagnetic ordering in manganese-doped two-dimensional dichalcogenides[END_REF][START_REF] Huang | Effective control of the charge and magnetic states of transition-metal atoms on single-layer boron nitride[END_REF][START_REF] Cheng | Prediction of two-dimensional diluted magnetic semiconductors: Doped monolayer mos 2 systems[END_REF][START_REF] Zhao | Effect of structural defects on electronic and magnetic properties of pristine and mn-doped mos2 monolayer[END_REF][START_REF] Luo | Ab initio study of electronic and magnetic properties in ni-doped ws2 monolayer[END_REF] and depending on the nature of the TM atom, different magnetic behaviors were found. MoS 2 monolayer exhibits a magnetic behavior upon the adsorption of Cr and Co while no magnetic behaviour has been recorded in the case of Ni-adsorbed MoS 2 [START_REF] Wang | Electronic and magnetic properties modulated by adsorption of 3d transition metal atoms in monolayer and bilayer mos2 sheets[END_REF].

Y. Li et al. showed that Mn, Fe, Co and Ni doping of MoSeTe leads to a spin polarization with Co adsorbant featuring the largest magnetic moment while Cr dopants introduces no magnetism on the system [START_REF] Li | Spin polarization properties of two-dimensional mosete induced by transition-metal doping: first-principles calculations[END_REF].

Graphene is considered as the prototypical 2D material and shows an extremely low spin-orbit coupling [START_REF] Gmitra | Bandstructure topologies of graphene: Spin-orbit coupling effects from first principles[END_REF][START_REF] Abdelouahed | Spin-split electronic states in graphene: Effects due to lattice deformation, rashba effect, and adatoms by first principles[END_REF], a weak hyperfine interaction [START_REF] Yoo | Spin injection/detection using an organicbased magnetic semiconductor[END_REF] and a relatively long spin lifetime [START_REF] Han | Graphene spintronics[END_REF]. However, the lack of band gap on graphene restraint the control of the charge and magnetic states and imposes limitations on its application in the field of spintronics. Therefore, other 2D materials have been proposed as alternative to Graphene. Among them, layered SbAs materials, exhibit intriguing electronic characteristics [START_REF] Kou | Structural and electronic properties of layered arsenic and antimony arsenide[END_REF], a direct band gap of about 1.25 eV [START_REF] Kou | Structural and electronic properties of layered arsenic and antimony arsenide[END_REF], a large hexagonal lattice parameter, and a buckled surface with two sublattices in different planes [START_REF] Kou | Structural and electronic properties of layered arsenic and antimony arsenide[END_REF][START_REF] Shoemaker | Chemical ordering rather than random alloying in sbas[END_REF]. Furthermore, SbAs is a nonmagnetic semimetal [START_REF] Kou | Structural and electronic properties of layered arsenic and antimony arsenide[END_REF][START_REF] Shoemaker | Chemical ordering rather than random alloying in sbas[END_REF], which opens the rout towards engineering its magnetic properties through TM doping or adsorption. To the best of our knowledge there is no study on the TM adsorbed SbAs alloy.

2D SbAs material has been studied both from experiments [START_REF] Shoemaker | Chemical ordering rather than random alloying in sbas[END_REF] and theory [START_REF] Kou | Structural and electronic properties of layered arsenic and antimony arsenide[END_REF]. Using single-crystal and synchrotron x-ray diffraction, D. P. Shoemaker et al. [START_REF] Shoemaker | Chemical ordering rather than random alloying in sbas[END_REF] showed that SbAs compound forms an ordered alloy of Sb and As species. On the modelling side, L. Kou et al. [START_REF] Kou | Structural and electronic properties of layered arsenic and antimony arsenide[END_REF] investigated the structural and electronic properties of 2D SbAs alloy by first principles calculations and identified the low-buckled hexagonal structure as the most stable structural configuration.

In the present paper, we investigate the structural, electronic and magnetic properties of a series of TM atoms (including Mn, Fe, Co, Ni, Cu, Rh and Pd) adsorbed on SbAs using density functional theory (DFT) calculations. Our results show the presence of magnetism in the cases of Mn, Fe, Co, Rh and Pd. Among all the magnetic cases, the Mn-adsorbed system shows the largest magnetic moment. Such magnetic properties might be suitable for applications in electronic and spintronic devices.

The paper is organized as follows: Details of the computational setup used in this study are presented in section II. In Section III, the structural, electronic and magnetic properties of TM adsorbed SbAs are presented and discussed.

Finally, conclusions are drawn in section IV.

Computational method

In this work, the electronic structure is described within the framework of density functional theory as implemented in Quantum Espresso suite of program [START_REF] Giannozzi | Quantum espresso: a modular and open-source software project for quantum simulations of materials[END_REF][START_REF] Giannozzi | Advanced capabilities for materials modelling with quantum espresso[END_REF][START_REF] Giannozzi | Quantum espresso toward the exascale[END_REF]. We resort to the Perdew-Burke-Ernzerhof (PBE) functional form of the generalized gradient approximation (GGA) [START_REF] Perdew | Generalized gradient approximation made simple[END_REF] to describe the exchange and correlation part of the DFT total energy. Previous studies demonstrated that GGA functional may exhibit a better overall description of TMs than LDA, meta-GGA and hybrid functionals [START_REF] Janthon | Establishing the accuracy of broadly used density functionals in describing bulk properties of transition metals[END_REF][START_REF] Janthon | Bulk properties of transition metals: A challenge for the design of universal density functionals[END_REF]. Moreover, compared to LDA, the use of the GGA is essential for magnetic systems [START_REF] Blonski | Strong spin-orbit effects in small pt clusters: Geometric structure, magnetic isomers and anisotropy[END_REF]. We expand the wave functions of the valence electrons in a plane-wave basis set defined by a kinetic energy cutoff of 60 Ry and sample the Brillouin-zone using a 3×3×1 Monkhorst-Pack [START_REF] Monkhorst | Special points for brillouin-zone integrations[END_REF] k-point sampling mesh. All our calculations are carried out in the spin-polarized approximation. A Gaussian smearing of a maximum width of 0.01 eV was used to improve the electronic structure convergence. 2D SbAs is modeled through a 5×5×1 supercell together with periodic boundary conditions. A sufficiently large vacuum of 20 Å is inserted in the direction perpendicular to the SbAs plane in order to prevent artificial interactions between periodic images. We consider TM atoms adsorbed on either As or Sb sites at the SbAs plane. In particular, we consider Mn (3d 5 4s 2 ), Fe (3d 6 4s 2 ), Co (3d 6 7s 2 ), Ni(3d 8 4s 2 ), Cu (3d 10 4s 2 ), Rh (4d 8 5s 1 ) and Pd (4d 10 ) transition metals on SbAs 2D material.

All the structures were relaxed using the BFGS algorithm [START_REF] Fletcher | Practical Methods of Optimization[END_REF][START_REF] Billeter | Linear scaling geometry optimisation and transition state search in hybrid delocalised internal coordinates[END_REF][START_REF] Billeter | Efficient linear scaling geometry optimization and transition-state search for direct wavefunction optimization schemes in density functional theory using a plane-wave basis[END_REF] without any constrain on the atomic positions until reaching a maximum force acting on any atom of 10 -5 Ry/Bohr. The convergence of the electronic self-consistent energy is set to 10 -6 Ry. Before depositing the TM atom on the SbAs layer, we start by optimising the atomic positions and the lattice parameters of pristine SbAs. The relaxed cell features a lattice constant of 3.92 Å, in good agreement with the experimental value of 4.06 Å [START_REF] Shoemaker | Chemical ordering rather than random alloying in sbas[END_REF] and the theoretical one of 3.83 Å [START_REF] Kou | Structural and electronic properties of layered arsenic and antimony arsenide[END_REF]. In addition, we find As-Sb and As-As distances of 2.9 Å and 2.53 Å, respectively, in good agreement with previous modeling results [START_REF] Kou | Structural and electronic properties of layered arsenic and antimony arsenide[END_REF].

Results and Discussions

SbAs shows a calculated electronic band gap of about 0.97 eV, in good agreement with previous calculated values of 1.25 [START_REF] Kou | Structural and electronic properties of layered arsenic and antimony arsenide[END_REF] and 0.6 [START_REF] Shoemaker | Chemical ordering rather than random alloying in sbas[END_REF]. Our results concerning pristine SbAs validate the accuracy of the methods employed and the models in our work.

Next, one TM atom (Mn, Fe, Co, Ni, Cu, Rh or Pd) is introduced in the relaxed supercell and put either on top of As or Sb atoms at a distance of 3 Å (see Fig. 1). Subsequently, all the atomic positions are allowed to relax freely.

The evolution of the TM-As and TM-Sb bond lengths upon the adsorption of the TM atom is summarized in Table 1. To the best of our knowledge, there is no study of TM adsorbed SbAs to compare with. Nevertheless, our calculated bond lengths for TM adsorbed SbAs are comparable to TM adsorbed on arsenene [START_REF] Liu | Electronic and magnetic properties of 3d transition-metal atom adsorbed arsenene[END_REF], antimonene [START_REF] Zhou | Effects of interstitial dopings of 3d transition metal atoms on antimonene: A first-principles study[END_REF] and germanene [START_REF] Kaloni | Tuning the structural, electronic, and magnetic properties of germanene by the adsorption of 3d transition metal atoms[END_REF].

To probe the stability of the TM doped SbAs monolayer, the adsorption energies are calculated using: We focus on the magnetic properties of SbAs 2D material. We find that while no magnetic moment is observed in the case of pristine SbAs, the adsorption of the TM atom induces a spin polarization on the material. We remark that the amplitude of the magnetic moment induced upon the adsorption of the TM atom vary as a function of this latter. In particular, a non-zero magnetic moment is found only in the case of Mn, Fe, Co and Rh adsorbed systems. Similar behaviour has been reported in various other systems upon depositing a TM: germanene [START_REF] Pang | Structural, electronic and magnetic properties of 3d transition metal atom adsorbed germanene: A first-principles study[END_REF], arsenene [START_REF] Li | Effect of stone-wales defects and transition-metal dopants on arsenene: a dft study[END_REF], borophene [START_REF] Li | Tuning the electronic and magnetic properties of borophene by 3d transition-metal atom adsorption[END_REF] and graphene [START_REF] Sun | Electronic and magnetic properties of 4d series transition metal substituted graphene: A first-principles study[END_REF]. Unlike our results, we note that Cu adatom was found to induce magnetism when adsorbed on SnO [START_REF] Nie | Electronic structure and magnetic properties of 3d transition-metal atom adsorbed sno monolayers[END_REF] and SiC [START_REF] Luo | Electronic and magnetic properties of tm atoms adsorption on 2d silicon carbide by first-principles calculations[END_REF] monolayers. This discrepancy is mainly due to the nature of the 2D material and to the adsorption configuration. Interestingly, we find a correlation between the amplitude of the magnetic moments of TM atoms and their number of d electrons. In particular, the less filled the d band is, the larger the magnetic moment is.

E ads. = E SbAs+T M -E SbAs -E T M ,
We note that the calculated charge transfer between the TM and the substrate depends on the chemical nature of the substrate. In addition, such a charge transfer is at the very origins of the creation of a magnetic moment in the system. Hence, the magnetic properties can be modulated by adsorption of a TM on different substrates.

In order to access the origins of the induced magnetism in the system, we complement our analysis by focusing on the electronic properties. Fig. 3 shows the projected density of states (PDOS) of the d states of the TM atom adsorbed systems and the 2p states of As or Sb. A complementary picture of this analysis is provided by the spin density distribution of the magnetic systems as shown in Fig. 4. In the present work, the spin density was calculated as the difference between the charge densities of the up-spin and the down-spin. We infer from Fig. 4 that the spin density is mainly located on the TM adatoms, which indicates that the magnetic moments are mainly given by the TM adatoms. We remark that in the cases of Mn, Fe, and Co a very low spin density contribution is located at the As or Sb first neighbors of the TM atoms and rapidly decrease beyond. Furthermore, the similar spectral shapes of spin density found for all the studied TM atoms reflects the similar distribution of spin-polarized valence electrons.

In addition, we also calculated the charge transfer (∆Q) between the adsorbed TM and the SbAs supercell by Bader charge analysis [START_REF] Henkelman | A fast and robust algorithm for bader decomposition of charge density[END_REF]. ∆Q is calculated by subtracting the valence charge of the atoms from the calculated charge on the atoms. The corresponding results are also listed in Table 2. As it can be seen from table 2, we remark the occurence of a small charge transfer which indicates the highly covalent bonding between the TM and the As/Sb atoms. We find various abilities to lose/gain electrons for different adsorbed TM, and that the absolute amount of the charge transfer gradually reduces for the Mn-, Fe-, Co-, Ni-and Cu-and for Rh-and Pd-adsorbed systems.

In addition, one can see that in most of the TM-adsorbed systems, the electron charges are transferred from the TM atoms to the Sb/As atoms, except for the Co-adsorbed system and for Rh atom when adsorbed on top of As atom. We note that there is almost no charge transferred between Ni, Cu and Pd metals and SbAs supercell.

Overall, our results are in accordance with existing theoretical studies for similar materials [START_REF] Zhou | Effects of interstitial dopings of 3d transition metal atoms on antimonene: A first-principles study[END_REF][START_REF] Liu | Electronic and magnetic properties of 3d transition-metal atom adsorbed arsenene[END_REF][START_REF] Kaloni | Tuning the structural, electronic, and magnetic properties of germanene by the adsorption of 3d transition metal atoms[END_REF]. Interestingly, we demonstrate that TM adsorbed on SbAs leads to magnetic moments higher than those of pure antominene [START_REF] Zhou | Effects of interstitial dopings of 3d transition metal atoms on antimonene: A first-principles study[END_REF] and arsenene [START_REF] Liu | Electronic and magnetic properties of 3d transition-metal atom adsorbed arsenene[END_REF]. In the case of antimonene, it has been shown that Mn-, Fe-and Co-adsorption leads to an induced magnetic moments of 3.0, 2.0 and 1.0 µ B , respectively [START_REF] Zhou | Effects of interstitial dopings of 3d transition metal atoms on antimonene: A first-principles study[END_REF]. Similarly, arsenene adsorbed with Mn, Fe, Co, Ni and Cu gives rise to a magnetic moment of 3.0, 2.0, 1.0, 0.00 and 0.13 µ B , respectively [START_REF] Liu | Electronic and magnetic properties of 3d transition-metal atom adsorbed arsenene[END_REF]. In addition, comparable results were also found for the case of Mn-, Fe-, Co-, Ni-, Cu-adsorption on germanene, 4.65, 3.05, 1.05, 0.00 and 0.00 µ B , respectively [START_REF] Kaloni | Tuning the structural, electronic, and magnetic properties of germanene by the adsorption of 3d transition metal atoms[END_REF]. As for the graphene, SbAs material shows similar magnetic moments in the case of Rh and Pd adsorption. [START_REF] Sun | Electronic and magnetic properties of 4d series transition metal substituted graphene: A firstprinciples study[END_REF].

Conclusions

In conclusion, the adsorption of transition metal (Mn, Fe, Co, Ni, Cu, Rh and Pd) on SbAs has been studied by means of density functional theory calculations. We identify Mn, Fe, Co and Rh as potential elements that can be used to tune ferromagnetism in the SbAs 2D material while Cu and Ni retain the nonmagnetic characteristic of the SbAs layer. We find a correlation between the value of the total magnetic moments and the TM element. In particular, our results show that the magnetic moments are mainly originated from the d electrons of the TM atoms and their intensity increases with the filling of the d shell. In addition, this work proves that efficient charge transfer can occur in the adsorbed TM atom on SbAs monolayer and that the direction and the amount of charge transfer is dependent on the specific TM. This research suggests that depositing TM on SbAs is a promising root towards the design of spintronic applications, and identify Mn-adsorption on SbAs as the most promising system.

Figure 1 :

 1 Figure 1: A representative snapshot of the TM (Mn, Fe, Co, Ni, Cu, Rh or Pd) atom adsorbed on 5×5 SbAs supercell. Sb, As and the TM atoms are represented by coral red, green and blue balls, respectively. (A colour version of this figure can be viewed online).

  Figure 2 displays the evolution of the calculated magnetic moment as a function of the TM atom deposited on top of SbAs. We consider both TM on As and Sb sites.

Figure 2 :

 2 Figure 2: Magnetic moments of TM atoms adsorbed on SbAs monolayer. (A colour version of this figure can be viewed online).

Figure 3 :

 3 Figure 3: The PDOS of TM d-orbital and Sb/As-2p orbitals, (a) TM on top of As and (b) TM on top of Sb. (A colour version of this figure can be viewed online).

( a )Figure 4 :

 a4 Figure 4: Spin densities distribution of TM on SbAs. (a) Mn, (c) Fe, (e) Co and (g) Rh on top of As and (b) Mn, (d) Fe, (f) Co and (h) Rh ontop of Sb. Yellow and blue represent positive and negative spin density, respectively. The isovalues are ± 0.0005 e/Å 3 . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

Table 1 :

 1 Equilibrium distances between the TM atoms and the closest As or Sb at the SbAs surface and corresponding adsorption energies.

		Mn	Fe	Co	Ni	Cu	Rh	Pd
	d T M -As (Å) 2.19	2.15	2.30	2.10	2.27	2.25	2.29
	E ads. (eV)	-0.15 -0.78 -1.02 -1.75 -1.32 -2.07 -1.94
	d T M -Sb (Å) 2.38	2.34	2.38	2.29	2.45	2.41	2.42
	E ads. (eV)	-0.13 -0.66 -1.14 -1.66 -1.21 -2.06 -2.08
	We find that adsorbed TM on top of As leads to equilibrium bond lengths
	ranging from 2.10 Å to 2.30 Å while those adsoprbed on top of Sb feature
	a slightly larger bond lengths ranging from 2.29 Å to 2.45 Å. These results
	suggest that TM adsorption causers structural modification of the system and
	it consequently induces distortions of the SbAs layer, which usually suggest a
	strong interaction between TM and SbAs. The Ni-adsorbed system causes the
	biggest inward movements between Ni and Sb and As atoms, thus leading to
	shorten bond lengths.					

  where, E SbAs+T M represents the total energy of the SbAs monolayer with one adsorbed TM atom, E SbAs is the total energy of the bare SbAs monolayer, and E T M is the total energy of the corresponding isolated TM in its ground state. The values of adsorption energy presented in Table 1 are all negative, indicating that the TM

doped SbAs monolayers are stable. According to the calculated adsorption energies (see Table

1

), the TM atoms binding to the As sites are energetically more favorable than Sb site except for Co and Pd. The most favorable site of Co and Pd atoms is on top of Sb and the corresponding adsorption energy are -1.14 and -2.08 eV, respectively.

Table 2 :

 2 Charge transfer between the adsorbed TM atom and SbAs supercell (in e).

	Mn	Fe	Co	Ni	Cu	Rh	Pd
	On top of As +0.54 +0.46 -0.15 +0.01 +0.01 -0.22 0.00
	On top of Sb +0.56 +0.44 -0.10	0.00	0.00	+0.20 0.00

Acknowledgments

Calculations were performed by using resources from GENCI (Grand Equipement National de Calcul Intensif) (Grant No. A0080910832), TGCC-IRENE (Grant No.spe00019) and resources provided by the computing facilities MCIA (Mésocentre de Calcul Intensif Aquitain) of the Université de Bordeaux and of the 12 Université de Pau et des Pays l'Adour. T. Sakhraoui gratefully acknowledge financial support from Czech Science Foundation (18-25128S) and Institution Development Program of the University of Ostrava (IRP201826).

Conflicts of interest

There are no conflicts to declare.