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Tiz;Os monolayer: Tunable quantum anomalous Hall insulator

Xiaokang Xu,' Tianxia Guo,' Donghao Guan,' Jie Li,' Ailei He,""" Jinlian Lu,> Xiaojing Yao,?
Yongjun Liu,!*" and Xiuyun Zhang ©!4-#
'College of Physics Science and Technology, Yangzhou University, Yangzhou 225002, China
2Department of Physics, Yancheng Institute of Technology, Yancheng, Jiangsu 224051, China

3College of Physics and Hebei Advanced Thin Films Laboratory, Hebei Normal University, Shijiazhuang 050024, China
4Key Laboratory of Quantum Materials and Devices (Southeast University), Ministry of Education, Nanjing 20089, China

® (Received 5 October 2023; revised 17 November 2023; accepted 5 December 2023; published 21 December 2023)

The quantum anomalous Hall (QAH) effect has attracted significant attention due to its potential applications
in low-power-consumption spintronic devices. In this study, we performed density functional theory calculations
to investigate the stability, electronic, and topological properties of Ti;Os monolayer. Our results demonstrate
that Ti;Os monolayer is thermally and dynamically stable. In the absence of spin-orbit coupling (SOC), the
monolayer exhibits spin-polarized Weyl semimetal behavior and the Weyl points are protected by the vertical
mirror symmetry. Specifically, the Weyl points can be preserved when the magnetization direction is parallel
to xoy plane. By altering the magnetization direction out of plane, the Weyl points are opened and the system
is transformed into the QAH phase (|C| = 1). To validate our findings, we constructed a 12-band tight-binding
model based on first-principles calculations, which successfully reproduces the QAH state by incorporating
exchange coupling and the SOC term. Furthermore, it is observed that a transition from ferromagnetic QAH
insulator to antiferromagnetic semiconductor occurs when biaxial compressive strain is applied. These results
open up exciting possibilities for the realization of two-dimensional Weyl semimetals and the QAH effect in a
single material, which has significant applications for the fields of spintronics and topological microelectronics.
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I. INTRODUCTION

Since the discovery of quantized Hall conductance in two-
dimensional (2D) electron gas under low temperature and
strong magnetic field by Klitzing [1], various quantum Hall
effects have attracted enormous interest in condensed matter
physics and materials science. Among them, the quantum
anomalous Hall (QAH) effect is an exotic topological quan-
tum state in 2D magnetic materials, which exhibits quantized
Hall conductance even at zero external magnetic field [1,2].
The QAH effect can be characterized by the nonzero Chern
number (C) and chiral conductive edge states within the insu-
lating bulk. The chiral edge states are dissipationless without
affecting by the perturbations and disorders, which provides
great potential applications for next-generation low-power-
consumption spintronic devices. Besides, QAH insulators
provide an excellent platform to investigate interesting topo-
logical phases such as topological superconductors [3], axion
insulators [4,5], and so on.

The QAH effect was proposed by Haldane via apply-
ing staggered magnetic flux in a honeycomb lattice [2].
Afterwards, a number of QAH materials were synthesized
experimentally and predicted theoretically. As the realization
of the QAH needs to break the time reversal symmetry 7, it is
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necessary to introduce magnetic elements like d/ f transition
metals (TMs) in 2D candidates. An early observation of QAH
effect was the Cr-doped (Bi, Sb),Te; in ultralow temperature
(~30 mK) [6]. Similarly, the V-I codoped Sb,Te; [7] or TM
atom doped graphene [8—10] were also identified to be QAH
insulators. Unfortunately, the long-range ferromagnetic (FM)
order is unstable and the magnetic homogeneity is difficult
to control by magnetic doping approaches. Besides, the QAH
effect can be achieved by stacking homo- or heterolayers, such
as ferromagnetic/quantum spin Hall (FM/QSH) heterostruc-
tures [8,11-15], layered MnBi,Te4 family [16,17], twisted
bilayer graphene [18-21], and so on. Moreover, the intrin-
sic QAH materials have also been predicted theoretically in
2D magnetic insulators, including metal-organic frameworks
[22-26], TM trihalides [27-29], TM oxides [30-33], etc.
Despite the progress, the discovery of 2D intrinsic QAH
insulators remains a challenge due to the difficulty of main-
taining long-range magnetic orders in the presence of strong
thermal fluctuations, as indicated by the Mermin-Wagner the-
orem [34]. Moreover, to change the direction of the edge
channel in most QAH systems, the large magnetic field
is required to reverse the magnetization direction. In this
study, we performed a comprehensive investigation of the
stability, electronic, and topological properties of a 2D trian-
gular Ti3O5 monolayer using density functional theory (DFT)
calculations. Our findings suggest that the structure of the
Ti3Os monolayer is thermally and dynamically stable. In the
absence of spin-orbit coupling (SOC), Ti3Os monolayer ex-
hibits spin-polarized Weyl semimetal behavior. Specifically,
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the Weyl points can survive against SOC when the magneti-
zation direction is along the xoy plane. In contrast, when the
magnetization direction is along the z axis, the Weyl points
are opened up and the monolayer is transformed into the QAH
phase with Chern number |C| = 1. Moreover, a 12-band tight-
binding (TB) model was constructed based on first-principles
calculations to validate the results, which successfully repro-
duces the QAH state by incorporating exchange coupling and
SOC. Additionally, we observed a phase transition from a FM
QAH insulator to an antiferromagnetic (AFM) semiconductor
(SC) under biaxial compressive strain.

II. COMPUTATIONAL METHODS

All the calculations were carried out with projector-
augmented wave (PAW) [35] methods within Vienna ab
initio Simulation Package (VASP) [36,37]. The exchange-
correlation potential was adopted by the generalized gradient
approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE)
functional [38—42]. The cutoff energy was set as 500 eV.
The energy and force convergence criteria were set to be
10~7 eV and 0.001 eV/A, respectively. The vacuum slab of
20 A was applied to avoid the physical interactions of pe-
riodic cells. For geometry optimization, the first Brillouin
zone was sampled by I'-centered k mesh of 12 x 12 x 1.
The correlation effects for the Ti — 3d electrons were treated
by the DFT+ U (Uet =4 eV) method [43-45]. Phonon
dispersions were calculated using 4 x 4 x 1 supercells by
PHONOPY code on the basis of density functional perturba-
tion theory (DFPT) [46]. The Monte Carlo (MC) simulations
based on the classical Heisenberg model were performed to
estimate the Curie temperature (7¢) [47]. The TB Hamil-
tonian was constructed in the WANNIER90 package [48]
with the maximally localized Wannier functions (MLWF)
[49]. The edge states were calculated by the WANNIERTOOLS
package [50].

II1. RESULTS

As illustrated in Fig. 1(a), the Ti3Os monolayer is a triangu-
lar lattice consisting of one hexagonal Ti-O layer sandwiched
by two hexagonal O layers. Each Ti atom in the structure is
bonded with five O atoms around. One O atom (called O)
per unit cell lies in the middle Ti triangular lattice, and the
other four O atoms (called O, ) sit directly above and below the
hollow sites of the middle Ti—O; triangular lattice, as marked
in the side view in Fig. 1(a). The lattice constant of Ti3Os
monolayer is 5.12 A and the space group of it is P62m, which
is generated by a threefold rotation symmetry Cs,, a vertical
mirror symmetry My, and a horizontal mirror symmetry M..
The distance between adjacent O, atoms (O,—O; bond) is
about 2.37A. The Ti-O, and Ti-Ti bond lengths are 1.93
and 2.74 A, and the Ti-O,-Ti angle (@) and O,-Ti-O, angle
(B) are 88.38° and 95.62°, respectively. The thermal stability
of TizOs monolayer was evaluated by MD simulations. The
snapshot at the end of 6 ps at 300 K is shown in Fig. 1(b);
it is suggested that the thermal-induced fluctuations induce
slight changes in geometry, indicating that the Ti3;Os mono-
layer maintains its structural integrity and has good thermal
stability at room temperature. The lattice dynamical stability

FIG. 1. (a) Top and side views of Ti;Os monolayer. (b) The
snapshot of Ti;Os monolayer at the end of 6 ps at 300 K. (c) Charge
density difference and (d) the phonon dispersion spectra of Ti;Os
monolayer; the orange and green colors represent electron accumu-
lation and depletion, respectively.

of the Ti3O5 monolayer is confirmed by analyzing the phonon
dispersion spectra. As shown in Fig. 1(d), there are no imag-
inary frequencies in the whole Brillouin zone, indicating that
Ti3O5 monolayer is dynamically stable. The formation energy
of TizOs monolayer is calculated as

E; = [Et3os — 3 x E1; — 5 X Egl/8, (1)

where Ety, Eo, and ETi30s are the chemical potential of the
Ti atom and the O atom, and the energy of Ti;Os mono-
layer, respectively. The calculated Ef is —0.99 eV, indicating
the formation of Ti3Os monolayer is energetically favorable.
Mimicking other van der Waals layered materials, we cal-
culated the exfoliation energy of TizOs monolayer, and the
calculated value is 0.54 Jm?Z, which is below the easily exfo-
liation limit [51]. As shown in the charge density difference
in Fig. 1(c), electron accumulation and depletion occur on Ti
and O atoms, respectively. Bader charge analysis suggests that
about two (one) electrons are transferred from Ti atoms to O
(O,) atoms.

To explore the magnetic ground state of Ti3;Os monolayer,
one FM and two AFM (AFM1, AFM?2) configurations are
considered, as displayed in Fig. S1 in the Supplemental Ma-
terial [52]. Our results show that the system favors the FM
ground state, which is about 34.3 and 101.8 meV per unit cell
lower in energy than AFM1 and AFM?2 states, respectively.
The spin density plots of FM TizOs monolayer are shown
in Fig. 2(c), and the total magnetic moment per unit cell
is 2.0 ug. The FM order of Ti atoms is determined by the
superexchange mechanism. As mentioned above, the Ti-Ti
bond is much longer than the Ti-O bond, indicating that the
direct exchange is weak. Moreover, the Ti-O-Ti bond angle is
88.38°, approaching 90°, which leads to the strong FM cou-
pling according to Goodenough-Kanamori-Anderson (GKA)
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FIG. 2. (a) Monte Carlo simulation results for the specific heat and magnetic moments as a function of temperature. (b) The angular
dependence of MAE of Tiz;Os monolayer. (¢) Spin density plot, (d) the electronic band structure, and (e) projected density of states of Ti3Os

monolayer. (f) 3D band structure of Ti;Os monolayer.

rules [53-55]. To measure of the stability of the FM system,
the Curie temperature (7c) is explored. Here, Monte Carlo
(MC) simulations are conducted using the 2D Heisenberg
Hamiltonian model to investigate the spin dynamics of FM
TizOs monolayer; the Hamiltonian is written as

H=-Y 158 5353 2)
(i) (i

where J; and J, are the nearest neighboring (NN) and next-
nearest neighboring (NNN) exchange coupling parameters,
respectively, and §; is the spin vector at the site i. The calcu-
lated J; and J, are —50.7 and 36.9 meV, respectively. Based
on Monte Carlo simulation, 7c can be extracted from the
peak of specific heat when the system reaches equilibrium
at a given temperature. As exhibited in Fig. 2(a), the T¢ of
Ti3;Os monolayer is 83 K. The magnetic anisotropic energies
(MAE:s) of Ti;Os monolayer with magnetization in plane and
out of plane are shown in Fig. 2(b), which illustrates that
magnetic easy axis lies in the xoy plane with the MAE value
of about 31.7 peV per Ti atom.

The spin-polarized band structure and projected density of
states (PDOS) of TizOs monolayer are shown in Figs. 2(d)—
2(f). The monolayer is found to be half semimetal, in which
the spin up channel is half metallic with a Weyl point crossing
at the high symmetry K point of Fermi level; in contrast, the
spin down channel shows a semiconducting feather with the
band gap of 2.76 eV. The PDOS plot shows that the magnetism
of the systems is mainly contributed by 3d orbitals of the Ti
atom, and the Weyl point near the Fermi level is mainly con-
tributed by Ti-dz?/Ti-d,,, and O-p orbitals. By considering
SOC, various topological phases sensitive to the magnetiza-
tion orientation are found. As shown in Fig. 3(a), when the

magnetization direction is along y axis, the Cs, symmetry
and M, symmetry are broken, while M, symmetry remains.
Furthermore, when we artificially break the M, symmetry by
moving one pair of O, atoms along the +y axis (see Fig. S2
in the Supplemental Material [52]), the Weyl point is opened.
Therefore, we can conclude that it is the existence of M, sym-
metry that protects the Weyl point. When applying in-plane
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FIG. 3. (a) The band structure and (b) edge state of Ti;Os mono-
layer in the presence of SOC and magnetization lying along y axis.
(c) The schematics of Weyl points and Fermi arc. (d) The band
structure, (e) edge state, and (f) anomalous Hall conductivity in the
presence of SOC when magnetization lies along +z axis.
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FIG. 4. (a) Three sites triangle lattice with solid and dashed lines representing NN and NNN hopping potential, respectively. Each site
contains d,, and dz? electrons of Ti. Ti, O atoms are displayed by blue, grey. Band structure with (b) A = 0eV, E,x = 0eV, (c) A = 0eV,
Ey =4.5eV,(d) A =0.05eV, E =4.5eV. The cylinder geometry with (e) A = 0.05eV, Ex =4.5¢eV, (f) A = —0.05eV, E,, =4.5eV;in

both cases tigyy = 1€V, tyyyy =

magnetization, the variation of magnetization direction does
not open the Weyl point at the Fermi level (see Fig. S3 [52]).

The edge state of the semi-infinite nanoribbon is presented
in Fig. 3(b), in which two Weyl points are connected by a
Fermi arc. In Fig. 3(c), the Berry phases around the K (K')
points of the Ti;Os monolayer are schematically depicted by
white and black cycles, respectively. The corresponding Berry
phase are given as 0.9987 and —0.997x, indicating that the
Berry curvatures around K (K’) points behave as monopoles
with positive (negative) chirality. To achieve a QAH state, it
is crucial to break all vertical mirrors symmetries [31,56-58].
By applying the magnetization along the +z axis, the M, sym-
metry in the TizOs monolayer is broken and the Weyl points
disappear. As displayed in Fig. 3(d), the TizOs monolayer
is turned to be QAH insulator with a band gap of 30 meV.
The edge state of a semi-infinite nanoribbon is displayed
in Fig. 3(e); the chiral edge state connects the valence and
conduction bands in the bulk gap. To identify the topological
invariant of the QAH state, we calculate the Chern number by

c 1

T 27
where Q represents the Berry curvature in the momentum
space. There are two Weyl points in the whole Brillouin zone
(BZ); each opened Weyl point donates a topological charge
of 0.5. Therefore, the Ti;Os monolayer displays a QAH state
with Chern number C = 1 and the anomalous Hall conduc-
tance exhibits a quantized plateau (o, = e /h) [see Fig. 3(H)].
Due to the extremely low MAE of the Ti3;Os monolayer, the
magnetization direction can be readily influenced and altered
by the application of a small external magnetic field. As

dk*Q2,(K), 3
BZ

—1.05eV, 1, =03eV, 3, =0.1eV,* = 1.5¢V.

illustrated in Fig. S4 in the Supplemental Material [52], when
the magnetization direction is along the —z axis, the chiral
edge state changes its direction with Chern number C = —1.

To deeply investigate the electronic properties of Ti3Os
monolayer in parameter space, we constructed a tight-binding
(TB) model based on density functional theory (DFT) results.
Based on the above discussion, the dz? and d,, orbitals are
dominant electronic states around the Fermi level; the Hamil-
tonian is built based on dz? and dy, orbitals of three Ti atoms
with SOC and an effective exchange field [see Fig. 4(a)]. The
Hamiltonian can be written as

H = Hy + Hsoc + Hgx, 4

Hy = CYHynCj+ Y CrHyynCj +13 Zc 0.00C;,
i,j i,j
Q)
Hsoc + Hpx = ZC,'JrHijCj —E,, ZC,‘JFOZGOC% (6)
ij i
+ +

where C ( idxy?t> ldx»i’ CldzzT’ idz%|,
erator of the electrons on the orbitals dy, 1, diy |, dz? 1,
dz> J on site i, 0y, 0y, 0, is the 2 x 2 unit matrix and spin
Pauli matrix along the x and z direction, respectively. Hyy =
[t'f)” . 02]00 and Hyyy = [tzf)“' ’73 Joo are the NN and
NNN hopplng potentials, and #3 represents the hopping po-
tential between d,, and dz? electrons on the ith site. The first
term of Eq. (6) denotes SOC energy with H;; = )‘[7?0, ig‘"],
where X is the SOC strength. In the second term of Eq. (6), E,,
is the strength of exchange splitting. As shown in Fig. 4(b), a

) is the creation op-
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FIG. 5. (a) The function of the energy difference between FM
and lowest energy AFM state of Ti3Os monolayer with the biaxial
strains ranging —5% to 4%. (b) The band structure and edge state
of Tiz;Os monolayer at n = —1%. (c) The charge density of CBM,
VBM, and (d) band structure of AFM1 at n = —5%.

Dirac point is presented without considering the SOC term
and exchange field term. Once the exchange field is taken
into account, the system turns to be a spin-polarization Weyl
semimetal [see Fig. 4(c)]. Afterwards, when the SOC term
(A =0.05 eV) is involved, the Weyl point is gapped with
C =1 [see Figs. 4(d) and 4(e)]. As displayed in Fig. 4(f),
when we change the sign of the SOC term, the direction of
the edge state reverses with C = —1, which is consistent with
the DFT calculation.

Additionally, we investigate the effect of biaxial tensile
strains on the topological properties of Ti;Os monolayer. The
strain intensity is defined as n = (a — ap)/ap x 100%, and
the negative (positive) values of 1 stand for the compressive
(tensile) strains. The energy differences between the FM and
AFM1 states from n = —5% to 4% are shown in Fig. 5(a).
Notably, the ground state of the Ti3;Os monolayer is tran-
sited from the QAH insulator to the AFM1 SC under 4.1%
compressive strain. Figure 5(b) displays the electronic band
structure and edge state of the Ti;Os monolayer at n = —1%.

It is QAH with C = 1, with one edge state connecting the
conducting band and valence band. Figures 5(c) and 5(d)
illustrate the charge density of the conduction band minimum
(CBM), valance band maximum (VBM), and band structure
of Ti3O0s monolayer under —5% strain. Clearly, it is a semi-
conductor with a band gap of 0.19 eV, in which the CBM
and VBM are mainly composed of d,,, dx?, dz? orbitals of
Ti atoms. Therefore, the property of Ti3;Os monolayer can
be manipulated by external strains. Moreover, the easy mag-
netization axis of monolayer Ti;Os varies with the external
strains. When applying tensile strains, the easy magnetiza-
tion axis of monolayer Ti;Os remains in-plane and the MAE
value gradually increases with 1 ranging 1-4%. By applying
compressive strains, the easy magnetization axis of monolayer
Ti3Os5 turns to be out-of-plane and the MAE values decrease
with n = —1% to —3%, then it turns to be in-plane at n =
—4% (see Fig. S6 [52]).

IV. CONCLUSION

In conclusion, by using density functional theory (DFT)
calculations, we systematically investigate the 2D FM TizOs
monolayer with 7c = 83 K. In the absence of SOC, the
monolayer is a spin-polarized Weyl semimetal. When SOC
is considered, the Weyl points survive with the protection
of the vertical mirror symmetry M,. Breaking the M, mir-
ror symmetry by applying vertical magnetic field leads to a
phase transition from a Weyl semimetal to a QAH insula-
tor with a Chern number |C| = 1. Moreover, we constructed
a 12-band TB model based on first-principles calculations.
This TB model successfully reproduced the QAH state by
incorporating exchange coupling and SOC. Furthermore, a
phase transition from a FM QAH insulator to an AFM SC
is observed under biaxial compressive strain. Overall, our
study provides valuable insights into the properties of the
Ti3Os monolayer and highlights its potential for applications
in spintronics and quantum computing.
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