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Abstract 

Polar half-metals, possessing simultaneously polarity and half-metallicity, may have 

potential as media in novel spintronic quantum devices, but they have never been reported in 

the two-dimensional (2D) form. By combining a particle swarm optimization method with 

first-principles calculations, we predict a novel stable 2D polar half-metal, quintuple-layered 

monolayer Co2Se3. This is a XY magnet where the magnetic interaction originates from the 

interplay between superexchange and double exchange along the Co-Se-Co motifs. In 

addition, 2D Co2Se3 also exhibits out-of-plane piezoelectricity. We have, thus, discovered a 

ferromagnetic-ferroelectric multiferroic 2D compound with robust half-metallicity, rendering 

it great potentials in advanced spintronic applications. 
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Introduction 

Two-dimensional (2D) multiferroics, possessing simultaneously more than one ferroic 

orders, such as ferroelectricity (FE), ferromagnetism (FM) and ferroelastic (FA), are of great 

significance for electromechanical and spintronic applications. [1] Among them, FM-FE 

multiferroics allow one to control the electrical polarization and the magnetization, 

respectively with a magnetic and an electric field, leading to potential applications in low-

power high-density information storage and processing. [1-3] However, such magnetoelectric 

coupling is rather rare, due to the inherent incompatibility between FM and FE. This 

originates from the unpaired d electrons needed to the magnetic state, that obstruct the 

formation of a polar order. [4] After several years of exploration, two types of FM-FE 

couplings have been discovered in 2D polar semiconductors/insulators. [5-9] In the so-called 

type-I multiferroics the magnetic and ferroelectric order have different origins, while in the 

type-II the magnetic order is responsible for breaking the centro-symmetric structure. 

Since Anderson and Blount proposed in 1965 the possible coexistence of polar distortions 

and metallicity, [10] a few 2D polar metals have been experimentally fabricated and/or 

theoretically proposed, including 2D WTe2 and ABO3 thin films. [11-13] At the same time, 

the interplay between spin, lattice and charge degrees of freedom, makes magnetic polar 

metals also possible. [14,15] Among all the different magnetic ground states that one can 

expect in a material, half-metallicity takes an important place, since in half metals one of the 

spin channel is metallic and the other semiconducting. [16] Such unique electronic structure 

sustains 100% spin-polarized currents, which can be used to manipulate information. [17,18] 

Despite the growing number 2D half-metallic monolayers discovered/proposed in recent time, 

a polar half-metal has never been reported in the pristine 2D form. 

Among the currently discovered 2D ferroelectric structures, [19-21] out-of-plane polarity 

is rare but essential for single-layer related technologies. [22] Recently, high-quality 2D 

III2IV3 compounds (e.g. In2Se3) with the quintuple layered (QL) structure have been 

synthesized through chemical and physical vapor deposition methods.[23,24] Such unique 

structures break the structural central symmetry in two vertical directions and simultaneously 

present in-plane and out-of-plane polarization. [25,26] If one wants to introduce magnetism 

in one such structure, a typical strategy is that of doping. Transition metals (TM) and rare 

earths, with partially filled d or f orbitals, can usually sustain magnetic and metallic states 

into the nanosheets, thus that they are the most common dopants in this case. [27,28] 



However, when compared to pristine monolayers, the transport mean-free path of doped 2D 

compounds is rather limited, and often the impurities are unstable at high temperature.  

In this work, a new class of monolayers, TM2Se3, are designed by full substitution of 

group III atoms with TMs in the FE III2IV3 geometry. In this way, a novel QL Co2Se3 is 

predicted, through structural search and first-principles calculations, to have a rare 2D polar 

half-metallic ground state with out-of-plane piezoelectricity (PE). In the most energetically 

favorable geometry, the so-called ferroelectric-wurtzite’ (FE-WZ’), Co2Se3 also possesses 

high thermal and dynamic stability. Such unique monolayer is expected to have a possible 

synthetic route by chemical vapor deposition (CVD) methods, considering the established 

ability to synthesize high-quality tetrahedral and octahedral coordinated CoSe nanoplates. 

The magnetic ground state, with an in-plane magnetic anisotropy energy of 1.19 meV/unit 

cell, is attributed to the interplay of the superexchange and double-exchange mechanism 

along the Co-Se-Co chains. The coexistence of magnetism, half metallicity and out-of-plane 

piezoelectricity in a pristine FE-WZ’ Co2Se3 monolayer paves a way for the future 

exploration of novel 2D magnetic polar half-metals for non-volatile spintronic applications. 

 Computational Details 

Swarm-intelligence structural search was carried out with the particle swarm optimization 

(PSO) methodology, as implemented in the CALYPSO code. [29,30] Spin-polarized density 

functional theory (DFT) calculations were performed by using the Vienna ab-initio 

simulation package (VASP) [31,32]  at the level of Perdew-Burke-Erzenhof [33] plus U 

(PBE+U) functional, within the projector-augmented wave (PAW) method. [34] To be simple, 

the Hubbard on-site Coulomb potential, U, for the geometric relaxation was set according to 

previous works. [35] However, once the equilibrium structure was determined, we 

recomputed the value of U by following the linear-response method [36] (see Fig. S1 in 

supplementary information - SI), and then used such value, 5.2 eV, to determine the 

electronic structure. The first Brillouin zone was sampled by a G-centered 9×9×1 k-points 

grid, while the kinetic cut-off energy was set to 500 eV. A vacuum layer of more than 20 Å 

was included in the cell to screen the interactions between the cell periodic images, and  van 

der Waals interactions were taken into account by using the DFT-D3 method. [37] The 

convergence criteria for the energy and the forces on each atom were set to be 10-6 eV and 

0.001 eV/Å, respectively. More computational details can be found in the SI. 

 



Results and Discussion 

By combining PSO and DFT calculations, we have investigated four different starting 

geometries of possible QL TM2Se3 monolayers (TM = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and 

Zn), namely ferroelectric-wurtzite’ (FE-WZ’), ferroelectric-zincblende’ (FE-ZB’), face-

centered cubic (fcc) and NiAs-type phases, [25] [see Fig. 1 (a)]. Both the FE-WZ’ and FE-ZB’ 

TM2Se3 phases exhibit an intrinsic structural asymmetry along the c direction, resulting in a 

robust out-of-plane electrical polarization. In contrast, the fcc and NiAs-type phases both 

sustain a paraelectric state. The total energies of all the TM2Se3 geometries are calculated at 

PBE+U level and presented in Fig. 1 (b) as a function of the TM. In particular, we plot the 

relative energy, Erel=E0-EFE-WZ’, where E0 and EFE-WZ’ are the total energies of the given phase 

and of FE-WZ’, respectively. From the figure, it can be clearly seen that a paraelectric phase 

is always the lowest in energy, with the exception of the Co2Se3 monolayer. Thus, Co2Se3 

becomes the sole focus of the reminder of the paper, since our aim is the discovery of a novel 

multiferroic 2D compound. 

 

Fig. 1. (a) Top and side views of the computed TM2Se3 structures, including FE-WZ’, FE-
ZB’, fcc and NiAs-type phases. Purple and green spheres represent the transition metal and 
Se, respectively. (b) The total energy of each phase is plotted as a function of the TM with 
respect of the total energy of the corresponding FE-WZ’ structure. 

We then evaluate the structural stability of FE Co2Se3 monolayers by calculating the 

phonon spectrum, the cohesive energy, and by running ab-initio molecular dynamics (AIMD). 

As shown in Fig. S2 of the SI, the phonon spectrum of FE-WZ’ Co2Se3 presents only positive 



frequencies, [38] reflecting its dynamic stability. In contrast, the unstable FE-ZB’ geometry 

displays an entire negative acoustic branch, and therefore such phase is not investigated any 

further. The cohesive energy, defined as Ecoh=(2ECo+3ESe-ECo2Se3)/5, where ECo, ESe and 

ECo2Se3 are the total energies of a single Co and Se atom and of the Co2Se3-monolayer unit 

cell, respectively, is calculated next. This is found to be 3.46 eV for the FE-WZ’ phase and, 

although the cohesive energy is not an absolute measure of thermodynamical stability, it 

suggests that 2D Co2Se3 is likely to be thermodynamically stable. [39] Finally, Fig. S3 of the 

SI displays the final geometries of FE-WZ’ Co2Se3 at the end of 10ps-long AIMD 

simulations at 400 K, showing that structural integrity is certainly preserved at that 

temperature. 

The newly predicted stable FE-WZ’ Co2Se3 monolayer possesses a hexagonal structure 

(space group of P3m1) with lattice constant a = 3.58 Å. Such layered structure can be 

regarded as two connected cobalt selenide layers with four- and six-coordinated Co atoms 

(CoI and CoII), respectively [see Fig. 2 (a)]. The calculated electron localized functional 

(ELF) shows that the charge density is mainly localized around Se, due to the existence of 

lone pair electrons in the p orbitals. Notably, there is almost no electrons localized in between 

Co and Se. The (110) section of the ELF presented in Fig. 2 (b) confirms that electrons are 

localized (delocalized) around Se (Co). Our results indicate electron transfer from Co to Se, 

leading to a partially ionic nature of the Co-Se bonds. Notably, the coexistence of 

tetrahedrally and octahedrally coordinated Co ions has been already observed in stable Co3X4 

(X = O and Se). [40,41] Given the fact that high-quality tetrahedrally and octahedrally 

coordinated CoSe nanoplates have been synthesized by CVD, [42] stable 2D FE Co2Se3 is 

expected to have a synthetic route. 

 



 

Fig. 2. (a) 3D ELF for FE-WZ’ of a Co2Se3 monolayer computed at a value of 0.7 and (b) its 
projection over the (110) plane. The blue, light blue and green spheres are CoI, CoII and Se 
atoms. (c) Top and side views of the magnetic density (isovalue = 0.03 e/Å3). The blue, light 
blue and black arrows represent the magnetic exchanges between neighboring CoI-CoI, CoII-
CoII and CoI-CoII, respectively. 
 

The unpaired electrons in the Co 3d orbitals can sustain a magnetic order in QL Co2Se3 

monolayer. This is investigated by comparing the total energy of the different magnetic 

configurations possible in a 2×2 supercell, including FM, and various AFM and ferrimagnetic 

(FiM) orders (see Fig. S4 in SI). Our calculation thus reveals that the compound has a FM 

ground state with spin density [see Fig. 2 (c)] concentrated around the tetrahedral CoI and the 

octahedral CoII, while the calculated net magnetic moments are 2.52 and 2.31 μB for CoI and 

CoII, respectively. In addition, Bader charge analysis indicates that the tetrahedral CoI has 

0.29 electrons less than the octahedral CoII, a fact that suggests different Co oxidation states. 

Thus, one can expect the 2D ferromagnetism of Co2Se3 to be governed by the interplay 

between Co-Se-Co superexchange and CoI-CoII double exchange. [43] Then, we estimate the 

exchange parameters between the nearest-neighboring CoI-CoI, J1, CoII-CoII, J2, and CoI-

CoII, J3, by mapping the total energies of the different magnetic phases onto a Heisenberg 

model. The calculated parameters J1, J2 and J3 are 0.75, 8.76 and 16.15 meV, respectively, so 

that the double exchange interaction along the CoI-Se-CoII path appears much stronger than 

the superexchange one along the CoI-Se-CoI or CoII-Se-CoII channels. The corresponding 

critical temperature, as simply calculated through classical Monte Carlo simulations for the 

associated Heisenberg model, is around 22.5 K (see Fig. S5), which is low but, nevertheless, 

larger than that of multi-layered CoSe and CrCl3. [44,45] Finally, the FE-WZ’ Co2Se3 

monolayer displays in-plane magnetization with a magnetic anisotropy energy of 1.19 

meV/unit cell. As such FE-WZ’ Co2Se3 monolayer must be considered as a XY magnet, for 



which, strictly speaking there is no ferromagnetic ground state, but a phase transition can be 

found at the Berezinskii-Kosterlitz-Thouless transition temperature. [46]  

The asymmetric geometry of FE-WZ’ Co2Se3 can sustain a ferroelectric polarization, P. 

This is out-of-plane, it can be preserved in the metallic state and can be reversed by a vertical 

electric field. [47] The polarization can be simply computed by appropriate integration of the 

charge density, ρ, over the entire cell (details in the SI). It is found to be 0.04×10-10 C/m, and 

oriented along the direction going from the tetrahedral CoI layer to the octahedral CoII one, 

as shown in Fig. 2(a). By using the climbing image nudged elastic band (CI-NEB) method, 

we find one possible switching path for the electric polarization (see Fig. S6 in the SI), where 

three inequivalent Se layers are sequentially shifted. This path links different metastable QL 

Co2Se3 phases, including the FE-ZB’ and fcc ones. The dominant energy barrier reaches up 

0.88 eV and it is associated to the transition from the FE-WZ’ to the FE-ZB’ phase. This is 

much larger than that for the polarization reversal in the FE-ZB’ phase (0.49 eV). Notably, 

the barrier for electric polarization reversal in FE-ZB’ Co2Se3 monolayer is lower than that in 

In2Se3 through the same path (0.85 eV). [25] Such large energy barrier may require a 

relatively large electric field to achieve the reversal. [48] 

After having demonstrated the coexistence of the FM and FE states, we then investigate 

the electronic structures of FE-WZ’ Co2Se3 monolayer. As shown in Figs. 3(a) and 3(b), FM 

Co2Se3 is a half metal, with a metallic spin sub-band, while the other shows a large band gap 

of 1.11 eV. This means that the material can sustain 100% spin-polarized current. The density 

of states in Fig. 3(c) shows that the metallic states near the Fermi level in the spin up channel 

consist of Se p orbitals with a minor contribution from Co d, a feature confirmed by the 

orbital-resolved band structures of Fig. S7 (see SI). In contrast the semiconducting channel is 

characterized by the valence and conduction band having a Se p and CoI d character, 

respectively. We then calculate the band-decomposed charge density at the valence band 

maximum (VBM) and conduction band minimum (CBM) for the spin down channel, as 

displayed in Fig. 3(d). Clearly, the charge density at the CBM mainly localizes around the 

CoI atoms, while that of the VBM is concentrated on Se at the octahedrally coordinated side 

of the structure. Thus, the charge carriers in the spin up channel are itinerant in the basal 

plane, whereas the spin down electrons and holes are spatially separated over the Se and Co 

atomic layers.  



 

Fig. 3. Electronic structure of the FE-WZ’ Co2Se3 monolayer in the FM ground state: band 
structure for spin up (a) and spin down (b), and (c) density of states. (d) Band-decomposed 
charge density isosurface at the VBM and CBM for the semiconducting spin down channel. 

Since the requirement of piezoelectricity is completely satisfied by ferroelectric materials, 

[49] we then estimate the piezoelectric coefficients for the semiconducting spin channel of 

Co2Se3 monolayer. This explicates the relation between the electrical polarization and the 

strain tensor, 𝜀, namely 𝑒!"# = 𝜕𝑃!/𝜕𝜀"#. [6] Herein, we only focus on changes of the out-of-

plane electric polarization. A uniaxial strain going from -5% to 5% is applied, and the 

corresponding polarization is calculated at any step. Fig. 4 gives the linear fitting of 

piezoelectric polarization with respect to the uniaxial strain. FE-WZ’ Co2Se3 monolayer 

shows an out-of-plane piezoelectric polarization with the value of e31 estimated to be 

0.09×10-10 C/m. It should be noted that out-of-plane piezoelectricity, although potentially 

very useful for nanoscale electromechanical devices, is rarely observed in 2D ferroelectric 

structures. Notably, Co2Se3 monolayer remains a FM half-metal under uniaxial strains 

ranging between -2% and 5%. In contrast, large compressions make both spin channels 

metallic (see Table S2 in SI). Therefore, the 2D polar half-metallic Co2Se3 monolayer could 

be a promising candidate for the development of novel quantum spintronic nanodevices and 

provides an opportunity for the mechanical modulation of the spin polarization of the current 

through the coexistence of half-metallicity and piezoelectricity. [50] 



 

Fig. 4. (a) The change in the out-of-plane electrical polarization of FE-WZ’ Co2Se3 
monolayer under uniaxial strain. 

Conclusions  

In conclusion, by using PSO structure search and first-principles calculations, a novel 2D 

polar half-metal, FE-WZ’ Co2Se3, is predicted to be stable. This displays the coexistence of 

ferromagnetism, ferroelectricity and piezoelectricity, while maintaining a half-metallic 

electronic structure. Such highly stable single-layer structure is expected to be experimental 

synthesizable by CVD, since 2D tetrahedral and octahedral coordinated cobalt selenides have 

been successfully fabricated. The half-metallic ground state possesses robust in-plane order 

with a MAE of 1.19 meV/unit cell, so that FE-WZ’ Co2Se3 has to be considered as a XY 

magnet. The spontaneous out-of-plane polarization (0.04×10-10 C/m) can be reversed by 

laterally shifting the Se planes against a moderate energy barrier. More interestingly, the 

compound also shows out-of-plane piezoelectricity with the relevant piezoelectric coefficient 

of 0.09×10-10 C/m. This is rather rare in 2D ferroelectric materials. Our results combined, 

thus point to a promising 2D polar half-metal for novel spintronics and electromechanical 

applications. 
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