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Abstract 

By means of density functional theory (DFT) computations and 

Particle Swarm Optimization (PSO) structure searches, we herein predict five 

low-lying energy structures of two-dimensional (2D) aluminum monoxide (AlO) 

nanosheets. Their high cohesive energies, absence of imaginary phonon dispersions, 

and good thermal stabilities make them feasible targets for experimental realizations. 

These monolayers exhibit diverse structural topologies, for instance, PmA- and 

Pmm-AlO possess buckled four- and six-membered AlO rings, while P62-, PmB-, 

P6m-AlO have pores of varied sizes. Interestingly, the energetically most preferred 

monolayers, PmA- and Pmm-AlO, feature wide band gaps (2.45 and 5.13 eV, 

respectively), which are promising for green and blue light emitting devices (LEDs) 

and photodetectors.  
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1. Introduction 

The successful experimental realization of graphene [1] and the discovery of its 

exceptional electronic and transport properties [2-6] inspired tremendous efforts to 

investigate other two-dimensional (2D) materials [7-14]. So far, numerous elemental 

2D materials, such as group IV silicene [15-21], germanene [22-27], and stanine 

[28-32], group V phosphorene [33-39], arsenene [40-43] and antimonene [41-47] have 

been experimentally fabricated and/or theoretically studied. Aluminene, as an 

important member of group III monolayers, has also been explored theoretically, and 

the buckled aluminene (P-3m1 point group) was reported to be the lowest energy and 

of metallic nature [48, 49].  

Aluminum can be easily oxidized, and aluminum oxides have been commonly 

utilized in different areas. There are three aluminum oxide compounds: aluminum 

monoxide (AlO), dialuminum oxide (Al2O), and dialuminum trioxide (Al2O3). Both 

AlO and Al2O are of gas state [50, 51] with linear structure [52, 53]. The most known 

aluminum oxide is Al2O3, which is widely used as solid electrolytes [54] and catalysts 

[55]. Aluminum and oxygen are two of the most abundant elements in the earth, 

however, scarce work has focused on 2D aluminum oxide materials. Recently, Song 

et al. [56] theoretically designed a planar Al2O3 layered material with a direct band 

gap of 5.99 eV. In its honeycomb lattice, aluminum atoms are at vertexes of hexagons 

and linearly connected by oxygen atoms. Apparently, different oxygen concentrations 

in aluminum oxides can lead to various stable 2D nanostructures, and these 

nanosheets may present rather unique properties. Thus, it is interesting to explore 



geometric structures and electronic properties of 2D aluminum oxide nanosheets with 

other stoichiometries. 

In this work, by means of density functional theory (DFT) computations and 

global minimum structure searches, we theoretically predicted the five 

low-lying-energy 2D aluminum monoxide (AlO) nanosheets. These newly predicted 

monolayers have varied structural topologies and cover a wide range of band gaps 

(from 1.76 to 6.51 eV). Their highly positive cohesive energies, absence of imaginary 

phonon dispersion and good thermal stability indicate the feasibility of their 

experimental realizations. Especially, the two lowest energy configurations, PmA- and 

Pmm-AlO, which feature wide band gaps (2.45 and 5.13 eV, respectively), are 

promising for many applications, which are highly recommended as experimental 

targets. 

2. Computation Methods 

Our DFT computations were performed using ultrasoft pseudopotentials as 

implemented in the CASTEP code [57]. The suitability of ultrasoft pseudopotential 

for the systems under study was validated (Fig. S1 and 2, S-Table 1). The electron 

exchange-correlation functional was treated using generalized gradient approximation 

(GGA) in the form proposed by Perdew, Burke and Ernzerhof (PBE). The energy 

cutoff was set to 500 eV, the convergence tolerance was 10-5 eV, and the vacuum 

spaces are more than 15 Å, so that the interactions between adjacent layers can be 

ignored. The Monkhost-Pack k points were set as 7×3×1, 5×6×1, 4×4×1, 2×6×1, 

4×4×1, respectively, for geometry optimizations and self-consistent calculations of the 



five monolayers under investigation. We carried out both spin-polarized and 

spin-unpolarized computations and ensured that all these AlO monolayers have no 

magnetism. To evaluate the dynamic stability of AlO monolayers, we computed the 

phonon dispersions using 2×2×1 supercells and 10-6 eV convergence tolerances. 

We also performed Ab initio molecular dynamics (AIMD) simulations using a 

Nosé-Hoover thermostat in NVT canonical ensemble to evaluate the thermal stability 

of AlO monolayers. The 2×2×1 AlO supercells (3×2×1 supercell for Pmm-AlO) were 

simulated at different temperature of 300, 500 and 1000 K, and each simulation lasted 

for 10 ps with a time step of 2.0 fs. 

Since PBE functional tends to underestimate the band gap values, while recent 

studies demonstrated that the GLLB-sc potential as implemented in GPAW code [58] 

empowers improved band gap calculations by including derivative discontinuity 

absent in PBE [59-61], we also carried out the band gap computations by GLLB-sc 

potential to get more accurate band gaps. 

The particle-swarm optimization (PSO) method as implemented in CALYPSO 

code [62] was used to search for stable 2D AlO monolayers. The optimizations were 

performed by CASTEP code using PBE functional. In our calculations, the population 

size was set to 30, and the number of generation was set to 50. Unit cells containing 1 

to 6 aluminum atoms and the same numbers of oxygen atoms were considered. The 

CALYPSO search helped us to find the low-lying energy structures of AlO 

monolayers in the 2D space. 

3.  Results and discussion 



3.1 Geometric Structures 

Our CALYPSO search resulted in five low-lying energy 2D aluminum oxide 

nanosheets (Figure 1), which are denoted by the first three letters/numbers of their 

symmetries, i.e. PmA-, Pmm-, P62-, PmB- and P6m- AlO (two structures with Pm 

symmertry are differentiated by A and B). These monolayers exhibit diverse structural 

topologies, as indicated by their key structural parameters (Table 1) and optimized 

geometries (Figure 1), and can be divided into two groups: the buckled PmA- and 

Pmm-AlO, and the planar and porous P62-, PmB- and P6m-AlO monolayers.  

 

 

Figure 1. Top and side views of (a) PmA-, (b) Pmm-, (c) P62-, (d) PmB- and (e) 

P6m-AlO monolayers. The red and rose-carmine atoms represent O and Al atoms, 

respectively. For clarity, (2 × 2 × 1) supercells are presented here. 

 

Both buckled monolayers, PmA- and Pmm-AlO, consist of six- and 



four-membered rings. What they differ most is that only PmA-AlO has lines of 

AlO-interlaced six-membered Al3O3 rings, leading to their different buckled structures 

with the thinness (h) of 0.152 and 0.076 Å, respectively. In comparison, the remaining 

three AlO monolayers are planar, among which P62 and PmB have 10- and 

10/11/9-membered rings with the pore size of 4.34 and 4.86/4.72/5.23 Å, respectively, 

and P6m possesses quite big 18-membering rings with a pore size of 8.85 Å in 

diameter. 

 

Table 1. Key structural parameters (lattice parameters, Al-O and Al-Al bond lengths), 

cohesive energies (Eb, eV/atom), and band gaps (Eg, eV) of AlO monolayers 

Structure PmA-AlO Pmm-AlO P62-AlO PmB-AlO P6m-AlO 

Symmetry Pm Pmmn P-62m Pm P6/mmm 

Lattice 

parameters (Å) 

a=7.25; b=6.00 a=3.62; 

b=9.67 

a=b=9.12 a=14.42; 

b=5.23 

a=b=10.55 

Al-O (Å) 1.70~1.94 1.77; 1.91 1.68 1.68; 1.69 1.72 

Al-Al (Å) 2.55~2.72 2.79; 2.76 2.54 2.60 2.56 

Eb 5.61 5.55 5.39 5.37 5.36 

Eg (PBE) 0.81 2.42 1.56 0.28 3.53 

Eg (GLLB-sc) 2.45 5.13 3.54 1.76 6.51 

 

A significant difference between the above mentioned two groups is that the 

buckled structures (PmA-AlO and Pmm-AlO) contain tetra-, penta-, and hexa- 

coordinated aluminum atoms as well as tri-coordinated oxygen atoms, while the 

planar porous ones (P62-, PmB- and P6m-AlO) merely contain tri-coordinated 

aluminum atoms and bi-coordinated oxygen atoms (Fig. 1). Thus, it is the larger 

coordinate numbers, more chemical bonds, that makes PmA- and Pmm-AlO 



monolayers energetically more favorable than other configurations. 

3.2. Thermodynamic, Dynamic and thermal Stabilities 

The stability of a material is highly important for its experimental realizations 

and future applications. Thus, we carefully examined the thermodynamic, dynamic 

and thermal stabilities of these AlO monolayers.  

First, we examined their thermodynamic stabilities by computing their cohesive 

energies (Eb) defined as  

Ec = nEAl + nEO – EAlO / 2n 

Where n stands for number of aluminum/oxygen atoms in an unitcell (Pmm-AlO 

unitcell is composed of four aluminum atoms and four oxygen atoms, while the others 

contain six aluminum atoms and six oxygen atoms); EAl, EO and EAlO are the total 

energies of the single atoms and the material unit cell. According to our definition, the 

structure with a more positive cohesive energy (lower system energy) is 

thermodynamically more favorable. The computed cohesive energies of these newly 

predicted AlO monolayers are all highly positive, which are 5.61, 5.55, 5.39, 5.37, 

5.36 eV/atom, respectively (Table 1). These cohesive energies are smaller than that of 

2D-Al2O3 (5.97 eV/atom [56] ), but higher than the buckled-aluminene (3.18 eV/atom) 

at the same theoretical level, indicating the importance of strong Al-O covalent bonds 

for the stability of aluminum oxides. Note that PmA-AlO has the highest average 

cohesive energy (5.61 eV/atom), followed by Pmm-AlO, the other buckled nanosheets, 

which is 0.06 ev/atom higher in system energy. However, the three planar and porous 

structures are 0.22-0.25 eV/atom higher in system energies. Thus, PmA-AlO is the 



global minimum structure in the 2D space, and has a better chance for experimental 

realization, while others are metastable but also highly feasible experimentally. 

Secondly, we investigated the dynamic stabilities of these AlO monolayers by 

computing their phonon dispersions. Note that, no significant imaginary frequency 

was found. Thus, the phonon dispersions confirm that these five 2D AlO nanosheets 

are dynamically stable and local minima. 

 

 

Figure 2. Phonon dispersions of (a) PmA-, (b) Pmm-, (c) P62-, (d) PmB-, and (e) 

P6m-AlO monolayers. 

 

Thirdly, we evaluated the thermal stability of aluminum monoxide nanosheets by 

AIMD simulations (Figure 3). At room temperature (300K), all the five AlO 

monolayers well maintain their geometries; Pmm-, P62- and P6m-AlO nanosheets can 

preserve their structures at temperatures up to 1000 K, indicating their outstanding 

stabilities at extremely high temperatures.  



 

 

Figure 3. Snapshots of (a) PmA-, (b) Pmm-, (c) P62-, (d) PmB-, and (e) P6m-AlO 

equilibrium structures at (a) 300 K, (b) 1000 K, (c) 1000 K, (d) 300 K and (e) 1000 K 

at the end of 10 ps AIMD simulations. 

 

In general, the good thermodynamic, dynamic and thermal stabilities, as revealed 

by the computed binding energies, phonon dispersions, AIMD simulations, and PSO 

global minimum search, strongly indicate the high feasibility for the experimental 

realization of these predicted aluminum monoxide nanosheets.  

3.3. Electronic properties 

To study the electronic properties of 2D AlO monolayers, we first computed their 

band structures as well as partial density of states (PDOS) at PBE level of theory 

(Figure 4). No band line across the Fermi level is available in all the computed band 

structures, thus all these five AlO monolayers are semiconducting. Nevertheless, these 

AlOs monolayers possess diverse band gap types and band gap values (table 1). 



Pmm-AlO, P62-AlO and PmB-AlO have direct band gaps at G point, and their band 

gaps are 2.42, 1.56 and 0.28 eV at PBE level, respectively, at PBE level of theory; 

While PmA-AlO and P6m-AlO have indirect band gaps of 0.81 and 3.53 eV, 

respectively, by PBE functional. The conduction band minimum (CBM) of PmA-AlO 

is at A point (0.5, 0.5, 0), and valence band maximum (VBM) is at Y point (0, 0.5, 0); 

while the CBM of P6m-AlO is at K point (0.333, 0.333, 0), and VBM is at G point.  

 

 

Figure 4. Band structures of (a) PmA-, (b) Pmm-, (c) P62-, (d) PmB- and (e) 

P6m-AlO monolayers (by PBE functional). 

 

Then, we carefully analyzed the PDOS plots to check the orbital contributions to 

the bands close to the Fermi level. For the lowest-energy AlO monolayer, i.e., 

PmA-AlO, its VBM and CBM are mainly donated by p orbitals of aluminum atoms, 

and their electron densities are mostly contributed by p orbital of aluminum atoms 



along Al4O2 rings (Figure 5a and 5b). The VBM of Pmm-AlO, the second 

lowest-energy AlO monolayer, is contributed by the hybridization of p orbitals of 

oxygen and s and p orbitals of aluminum atoms, and its CBM mainly comes from p 

orbitals of aluminum atoms (Figure 5c and 5d).  

 

 

Figure 5. Electron density distributions (isosurface = 0.04 a.u.): (a) VBM and (b) 

CBM of PmA-AlO monolayer; (c) VBM and (d) CBM of Pmm-AlO monolayer.  

 

We also computed the band gap using GLLB-sc functional, whose good 

performance to predict band gap values was well validated [59]. The band gap of 

PmA-, Pmm, P62-, PmB- and P6m- AlO monolayers are 2.45, 5.13, 3.54, 1.76 and 

6.51 eV, respectively, covering a wide range of band gaps.   

Interestingly, the two lowest energy AlO monoalyers, which are expected to be 

dominant experimentally due to their much better thermodynamic stabilities, both 

feature wide band gaps larger than 2.0 eV. [41, 63-65] Note that wide band gap 



semiconductors are essential to realize devices for high-voltage [66], high-power and 

high-temperature operations [67, 68], but have not well developed due to the scarcity 

of such materials. Similar to h-BN [69, 70], our newly predicted, experimentally 

feasible 2D Pmm- and PmA-AlO monolayers are wide band gap semiconductors, thus 

are very promising for applications, among others, for high-power ultra-thin 

electronics, green and blue (LEDs), blue-violet laser diodes and photodetectors 

[71-73].  

4. Conclusion 

We theoretically investigated the structure, stability and electronic properties of 

five low-lying energy 2D aluminum monoxide nanosheets by means of PSO searches 

and systematic DFT computations. Among the five structures under investigation, the 

buckled PmA-AlO is of the lowest energy, which is closely followed by the buckled 

structure, Pmm-AlO, while other three structures, namely P62-, PmB- and P6m, are 

planar and have pores with different sizes (4.34-8.85 Å diameters). These monolayers 

are semiconducting with indirect or direct band gaps ranging from 1.76 to 6.51 eV 

(GLLB-sc functional). All these monolayers are thermodynamically, dynamically and 

thermally stable, as indicated by their rather high cohesive energies, absence of 

imaginary phonon dispersions, and well preserved geometric structures in high 

temperatures, which strongly indicate the feasibility for their experimental realizations. 

In particular, the two lowest energy AlO monolayers, which are expected to be 

prepared with larger chances, are both wide band gap semiconductors, which endow 

them enormous potentials in devices such as high-power ultra-thin electronics, green 



and blue LEDs, blue-violet laser diodes and photodetectors. We hope that our newly 

predicted 2D AlO nanosheets will inspire more efforts on 2D main group oxide 

materials with unusual structural and electronic properties. 
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