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The recent successful fabrication of two-dimensional (2D) CoO with nanometer-thickness motivates us to investigate
monolayer CoO due to possible magnetic properties induced by Co atoms. Here, we employ first-principles calculations to
show that monolayer CoO is a 2D spin-spiral semiconductor with a honeycomb lattice. The calculated phonon dispersion
reveals the monolayer’s dynamical stability. Monolayer CoO exhibits a type-I spin-spiral magnetic ground state. The spin-
spiral state and the direct bandgap character are both robust under biaxial compressive strain (—5%) to tensile strain (5%).
The bandgap varies only slightly under either compressive or tensile strain up to 5%. These results suggest a potential for
applications in spintronic devices and offer a new platform to explore magnetism in the 2D limit.

Keywords: spin-spiral semiconductor, type-II multiferroic, bandgap engineering, monolayer CoO
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1. Introduction

Magnetic materials are used in information storage
and other applications and are needed for the development
of spintronics.!'"?! According to the Hohenberg—Mermin—
Wagner theorem,>* long-range magnetic ordering is pre-
vented in isotropic two-dimensional (2D) materials at finite
Nevertheless, the
field of 2D magnetism has grown rapidly since the successful
fabrication of 2D FePS3 in 2016,05¢ CrI3 7 and Cr,Ge,Teg
in 2017.181 The past several years have witnessed a boost of

temperature due to thermal fluctuations.

2D spin textures, such as skyrmions,[g] merons, ' and spin
spirals.l'!] Spin-spiral materials, with a periodic modulated
spin-rotating state, have received increasing interest. The
long-range magnetic ordering breaks the space inversion sym-
metry, resulting in spontaneous electrical polarization. Thus, a
spin-spiral system is also referred to as a type-II multiferroic,
which is advantageous for magnetoelectric coupling in nano-
electronic devices. However, the only known 2D spin-spiral
materials so far are Hf, VC,F,,[121 MnCl,,!'3] FesGeTe,,[14
VOI,, 5T Nil,, 11161 and FeOCL"”! Among them, Nil, is the
only one for which there exists experimental evidence of mul-
tiferroic behavior in the 2D limit. Due to the growing interest
in the 2D spin-spiral field, it is appropriate to search for novel
2D spin-spiral materials.

Several 2D metal oxides (MOs) were recently reported
to possess superior oxidation resistance, semiconductor char-
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acter, and structural diversity.!'8 In the last few years, there
has been increasing interest in developing new fabrication
methods for 2D MOs due to difficulties in synthesis!!*-24]
and also due to predictions of 2D MOs with intriguing

[18.25-28] Fabrication of a monolayer graphene-like

properties.
ZnO membrane!®! and a square-lattice CuO membrane!3°!
residing in graphene pores has been reported. Recently, a
2D CoO nanosheet in a rock-salt structure was obtained from
3D nanocrystal intermediates, ! while honeycomb CoO was
derived from strictly controlled oxidation at the metal-gas
interface.3!! The thicknesses of these two different 2D CoO
materials are ~ 1.0 nm and ~ 0.84 nm, respectively. Bulk
CoO is an antiferromagnetic insulator, exhibiting ferromag-
netic spin alignment in each (111) plane and antiferromag-
netic ordering between adjacent planes.3>33] The top layer of
the CoO(111) surface has a silicene-like honeycomb lattice.
Therefore, it is worthwhile to explore the physical properties
of monolayer CoO with a honeycomb lattice to give further
guidance to experimental investigations and potential applica-
tions.

In this work, a single-atom-thick monolayer CoO is theo-
retically determined to be a stable spin-spiral material. Mono-
layer CoO has a planar honeycomb lattice in its equilibrium
state. The calculated phonon dispersion confirms that mono-
layer CoO is dynamically stable. The electronic band structure
shows that monolayer CoO is a direct-bandgap semiconductor

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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with a bandgap of 2.36 eV. Projected electronic band struc-
tures show that the out-of-plane d orbitals of Co atoms and
p orbitals of O atoms contribute dominantly to the valence-
band maximum (VBM), while the in-plane d orbitals and s or-
bitals of Co atoms together with the s orbitals of O atoms con-
tribute dominantly to the conduction-band minimum (CBM).
Remarkably, the spin-spiral ground state is robust under bi-
axial strains from —5% to 5%. Moreover, monolayer CoO

remains a direct-bandgap semiconductor under biaxial strain.

2. Methods

In this work, geometric relaxations, total energy calcu-
lations, and electronic structure calculations were performed
using density functional theory as implemented in the Vi-
enna ab initio simulation package (VASP).3*3] The spin-
spiral calculation is conveniently modeled using the gen-
eralized Bloch theorem[*®37! without spin—orbital coupling
(SOC). The magnetic ordering is calculated with SOC. The
projector augmented-wave (PAW) method 3! and the general-
ized gradient approximation (GGA)"*! are used. To account
for the localized 3d electrons of cobalt atoms, a Hubbard U
correction (Uegr = 5.1 eV) is added to the Perdew—Burke—
Ernzerhof (PBE) exchange—correlation functional based on
Dudarev’s approach.!*’l The U, value is chosen because it
results in a bandgap (2.5 eV) similar to the experimental value
(2.540.3 eV) for bulk CoO.*!1 The energy cutoff of the plane-
wave basis set for all the calculations is 600 eV. The force con-
vergence criterion is 0.001 eV/A. The energy convergence cri-
teria for the structure relaxation and self-consistent-field cal-
culations are 107% eV and 108 eV, respectively. The vac-
uum region in each supercell in the z direction is 25 A. The
k-points sampling is I"-centered, 18 x 18 x 1 for the primi-
tive cell, 6 x 6 x 1 for the 3 x 3 x 1 supercell, and 1 x 1 x 1
for the 6 x 6 x 1 supercell. The phonon dispersion is calcu-
lated using density-functional perturbation theory (DFPT) and
post-processed in the PHONOPY code.[*?! The polarization is

calculated by the Berry-phase method.*3)

3. Results and discussion

A schematic of monolayer CoO with a planar con-
figuration and a honeycomb lattice is shown in Fig. 1(a).
The Co atoms form a hexagonal sublattice. The dynamic
stability of this structure has been assessed by performing
phonon-dispersion calculations. No imaginary frequency in
the phonon dispersion is observed (Fig. 1(b)), suggesting that
monolayer CoO is dynamically stable at 0 K.

Spin spirals are a periodic modulated spin-rotating state
that is characterized by a propagation vector q representing
the spin-rotating periodicity and direction. The relative to-

tal energy as a function of the propagation vector g based

on spin-spiral calculations is used to evaluate the magnetic
ground state of monolayer CoO, as shown in Fig. 2(a). The
inset figure shows the Brillouin zone (BZ) and high-symmetry
k points. Here, when the propagation vector has the same
value as the I" or M points in BZ, the spin spiral corresponds
to a ferromagnetic (FM) or antiferromagnetic (AFM) order-
ing (Fig. 2(b)), respectively. The energy minimum occurs at

= (0.32,0.32,0), indicating a non-collinear spin-spiral mag-
netic ordering.
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Fig. 1. Structure and stability of monolayer CoO. (a) Top and side views
of monolayer CoO. White and red balls represent Co and O atoms, re-
spectively. The dotted, solid-line, and dashed circles label the three
nearest-neighboring Co atoms in the x direction which are analyzed in
the strain-effect discussion, namely, Co_L, Co_M, and Co_R, respec-
tively. (b) Phonon dispersion of monolayer CoO showing no imaginary
frequencies.
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Fig. 2. Magnetic configurations of monolayer CoO. (a) The relative
total-energy dependence on the propagation vector g for monolayer
Co0. The inset figure shows the BZ with the reciprocal lattice vectors
(b1 and b2) and three high-symmetry points, namely, I": (0, 0, 0), M:
(0.5, 0, 0), and K: (1/3, 1/3, 0). The X-point coordinate is (0.5, 0.5, 0).
The ground state (i.e., g = (0.32, 0.32, 0)) is chosen as the reference.
(b) Schematic top view of various magnetic configurations. Relative en-
ergies per formula are given at the bottom of each panel, with the spin-
spiral and FM ordering obtained based on a 3 x 3 x 1 supercell, while
AFM ordering is based on a 2 x 2 x 1 supercell. The energy of the type-
I spin-spiral magnetic ordering is set to 0. Arrows, dots, and crosses
represent spins in the plane, +z direction, and —z direction, respectively.

Figure 2(b) gives representative magnetic configurations
with spin-spiral, FM, and AFM states. A 3 x 3 x 1 supercell
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(the dashed rhombus in Fig. 2(b)) is used to calculate the pre-
ferred spin-rotation plane of the spin-spiral state. Due to the
absence of inversion symmetry, we considered in-plane type-I
and type-II spin-spiral orderings (the left panel in Fig. 2(b)).
The type-1 spin-spiral ordering involves spins on three Co
atoms in a hexagon pointing outwards from the center (the
top figure), while the type-II spin-spiral ordering features spins
on three neighboring Co atoms pointing towards the central O
atom (the bottom figure). Taking into account spin—orbit cou-
pling, the total energy of the type-I spin ordering is 5.49 meV
per Co atom lower than that of the type-II spin ordering, sug-
gesting that the spins rotate in a cycloidal manner around the
z-axis.

The polarization induced by the type-I spin-spiral mag-
netic ordering is (2.1, —1.2,0) x 107! uC/cm. The polariza-
tion is totally in-plane. The magnitude is 2.4x 10710 uC/cm,
which is one order of magnitude smaller than that of mono-
layer FeOCI.!'71 We also considered in-plane and out-of-plane
FM (AFM) magnetic orderings, as shown in the middle (right)
panel of Fig. 2(b). We find that the in-plane spin ordering is
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more stable than the out-of-plane one for both FM and AFM
magnetic configurations.

Dzyaloshinskii-Moriya interaction (DMI)!'4!341 and
magnetic frustration!'?! are both possible origins for spin-
For MXene-like monolayer Hf,VC,F,, the

magnetism originates from the V atoms.!'? The in-plane V

spiral states.

atoms form a triangular unit with AFM coupling between
the nearest-neighboring V atoms, generating the 120° non-
collinear Y-AFM ground state,'?! i.e., a spin-spiral magnetic
ordering. Monolayer CoO is similar to the case of monolayer
Hf, VC;,F,. The DMI interaction strength (0.5 meV) in mono-
layer CoO is weak compared with the exchange interaction
strength (5.3 meV). The detail information about the calcula-
tion of the D and J values is shown in supplementary informa-
tion. The AFM coupling indicated by the positive exchange in-
teraction strength between the nearest-neighboring Co atoms,
together with the triangle formed by nearest-neighboring Co
atoms, leads to the spin-spiral magnetic ordering in monolayer
CoO.
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Fig. 3. Strain effect on the magnetic ground state and energy bands of monolayer CoO. (a) Relative energies of FM, AFM, and spin-spiral state
as functions of the biaxial strain from —5% to 5% based on the unit cell. The inset figure shows a zoomed-in view of the relative energies with
respect to the AFM and spin-spiral states from biaxial 0 to 2% tensile strain. (b) Energy bands of monolayer CoO at zero strain. (c) Bandgap
variation from compressive strain to tensile strain (—5% to 5%). (d) Band-edge position distribution at various strains relative to the VBM

position at zero strain, which is set to 0 eV (the dashed line).

Strains induced by the lattice mismatch between adlayers
and the supporting substrates are inevitable during the growth
of 2D materials and the fabrication of 2D-based devices.[*>~>']
Therefore, it is useful to evaluate the effect of strain on the
magnetic configuration and the electronic structure of mono-
layer CoO. Here, we apply biaxial compressive and tensile
strains from —5% to 5% by changing the lattice parameters

and then relax the atomic positions, and obtain the energy

bands from the relaxed configurations. By comparing the rel-
ative energies at FM, AFM, and spin-spiral magnetic states
(Fig. 3(a)), it is found that the spin-spiral magnetic ground
state is robust under strains less than 5%. The energy differ-
ences between the spin-spiral and the AFM states under 1%
and 2% strains are 2 meV and 3 meV per formula (the inset in
Fig. 3(a)), respectively. It is noteworthy that the energy differ-

ence between FM/AFM and spin-spiral state is generally on
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the order of several meV.!'®!7l Thus, the spin-spiral state is
robust under strains less than 5%. Positive strain up to 5% in-
duces only a very slight change in the spin-spiral propagation
vector, from g = (0.32,0.32,0) to g = (0.31, 0.31, 0), while
g remains at (0.32,0.32, 0) at compressive strains. However,
strain shows the significant influence on the polarization of
monolayer CoO. The polarizations are 7.7 x 10~!% uC/cm and
0.5 x 10719 uC/cm under —4% compressive and 4% tensile
strains, respectively. Comparing the polarization of monolayer
CoO without strain, we find that the polarization values de-
crease from compressive to tensile strains.

The electron energy bands at the equilibrium spin-spiral
state (zero strain) are plotted in Fig. 3(b). The CBM and
VBM are both located at the I" point, resulting in a direct
bandgap (2.36 eV). From compressive strain (—5%) to tensile
strain (5%), the bandgap first increases slightly from 2.30 eV,
reaches a maximum value of 2.36 eV at zero strain, and then
decreases to 2.28 eV, as shown in Fig. 3(c). The positions of
the CBM and VBM remain at the I point over the entire strain
range. Therefore, the direct bandgap character is well pre-
served. Figure 3(d) gives the band-edge position distribution

Co d

Co s

under strains, referenced to the zero-strain VBM. The figure
shows that the CBM position decreases slowly in the compres-
sive strain region and more rapidly in the tensile strain region,
while the VBM position decreases oppositely. This behavior
is consistent with the bandgap variation.

To further explore the bandgap evolution behavior, the
representative projected energy bands are plotted in Fig. 4.
For a Co atom in the hexagonal sublattice (Co_M in Fig. 1(a)),
there is one Co atom to the left (Co_L) and one to the right
(Co-R) in the x direction. The projected band structures on
the three Co atoms exhibit similar behavior. The CB mainly
originates from the in-plane d orbitals of the Co atoms at com-
pressive strain (Fig. 4(a)), while it originates from the s or-
bitals of the Co atoms at tensile strain (Fig. 4(c)). With the
additional contribution from the Co s orbital, the band width
of CB and CB+1 increases at tensile strain. From Fig. 4, we
notice that the s orbitals of the O atoms contribute to the CBM
at both compressive and tensile strains. Therefore, the orbital
hybridization between Co and O changes from d,,—s at com-
pressive strain to s—s at tensile strain.

Op Os

()

)
D

(b)

~ 2.0
>
L
%1
g
=]
Y s = = [ == = = Seled = | S=
= > —
—1.00 gé % éé
M I KM M T KM M T KM M I K M
(c)
3.00 %§g %7 %?
~ 2.00
>
L
% 1.00
g
=]
S N (R R I R R S I P — S I
108 == Bem=— =
r KM M T KM M I KM M T K M
o duy, d,2—d,2 ®s ® Ps; Py s
oz, dye p:
o d:2

Fig. 4. Projected bands on the d and s orbitals of Co atoms and the p and s orbitals of O atoms under representative strains: (a) —5% compressive
strain, (b) 0% at the equilibrium state, and (c) 5% tensile strain. The line width indicates the weight of the component.
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In contrast, the VB is dominated by the out-of-plane d
orbitals of the Co atoms. At I" point, only the d_» orbitals con-
tribute to the VBM at compressive strain, while both d_» and
dr orbitals contribute at tensile strain. Moreover, the p, or-
bitals of the O atoms contribute to the VB at both compressive
and tensile strains. The change of contribution indicates that
the hybridization between d_> of Co and p; of O decreases at
tensile strain.

4. Conclusion and perspectives

In summary, we have demonstrated that monolayer CoO
is a spin-spiral semiconductor with a 2.36 eV direct bandgap
at the equilibrium state. The magnetic ground state of mono-
layer CoO is the in-plane type-I spin-spiral ordering with spins
along the direction of the Co—-O bond. The dynamic stability
of the material is confirmed by the calculated phonon disper-
sion. It is found that the spin-spiral ground state and the direct
bandgap character are both robust under biaxial strains from
—5% to 5%. These findings bring monolayer CoO into the
realm of 2D spin-spiral materials and can shed light on 2D
magnetic metal-oxide nanomaterials for potential applications.
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