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Quantum anomalous Hall effect (QAHE) is an innovative topological spintronic phenomenon with dissipationless
chiral edge states and attracts rapidly increasing attention. However, it has only been observed in few materials in experi-
ments. Here, according to the first-principles calculations, we report that the MXene MoYN,CSCl shows a topologically
nontrivial band gap of 37.3 meV, possessing QAHE with a Chern number of C = 1, which is induced by band inversion
between dy; and dy; orbitals. Also, the topological phase transition for the MoYN,CSCl can be realized via strain or by
turning the magnetization direction. Remarkably, MoYN,CSCI shows the nodal-line semimetal state dependent on the
electron correlation U. Our findings add an experimentally accessible and tunable member to the QAHE family, which

stands a chance of enriching the applications in spintronics.
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1. Introduction

Research on two-dimensional (2D) materials arises from
the exploration of graphene, !>l which has different properties
from three-dimensional (3D) structures. Following the synthe-
sis of Ti3C,, MXenes have aroused extensive attention in the
last few years.3=) It represents a great family of 2D transition
metal (TM) carbides that are chemically exfoliated from the
layered MAX phases. The MAX phases host a generic for-
mula of M,,;1AX,,, in which M refers to an early TM, while
A usually corresponds to the group IIIA or IVA element, and
X represents C or/and N, with n = 1-3.1671 MXenes which
contain a single TM element, for example, Ti,C, Nb,C and
Ti3C; have firstly been synthesized in experiments.*! In these
days, a new kind of MXenes containing ordered double TM
elements, for example, Mo, TiC, and Cr, TiC», have also been
found. 8]

MXenes have exhibited an array of physical characters,
for instance, metallicity owning excellent conductivity,! and
half-metallic ferromagnetism.!”) The tantalizing topological
properties of MXenes have been demonstrated theoretically.
Undoubtedly, MXenes can be one of the best classes of ma-
terials for the exploration of the QAHE, 'Y and it is possi-
ble to tune their spin—orbit coupling (SOC) strength and mag-
netism by replacing the transition metals or by changing the
surfaces,!!!! which opens rich possibilities of MXenes in nu-
merous applications.

Different from quantum spin Hall conductivity protected
from time reversal symmetry,!!>!3] an intriguing quantum
phenomenon with topological property, QAHE, appears with
intrinsically broken time reversal symmetry, and is generi-
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cally introduced by the internal magnetism.!'"*! The QAHE
was originally predicted in theory by Haldane,!"! and de-
scribed by the quantized Hall conductance without mag-
netic field.!'®! Some 2D materials like TM doped topologi-

[17-19) and TM decorated graphene,?%?!1 are re-

cal insulators,
ported to harbor the QAHE in theory. Among these materials,
a global band gap is generated around the Fermi level due to
the adoption of SOC, giving rise to the topologically nontriv-
ial character. In addition, the QAHE insulators are known as
Chern insulators as well,[?>?3] because of their nonzero topo-
logical invariant Chern number.

Owing to its dissipationless chiral edge state, the QAHE
can be adopted to engineer next-generation high efficiency
electronic devices.?*251 Until now, diverse methods have been
proposed to achieve the QAHE. Two recipes are frequently
applied to combine magnetism with TIs, including dop-
ing magnetic atoms into TIs!!7-?®! and building a TI/magnet
heterostructure.?”] The former is inclined to render the doped
bulk inhomogeneous, leading to the low temperature for ob-
servation, which is detrimental to the formation of the QAHE.
The latter may suffer from interfacial band bending./?”-?8]
Therefore, the acquired systems are usually not satisfactory.

Here, according to the first-principles calculations,
we present the discovery of the intrinsic QAHE in the
2D MoYN,CSCl MXene. It is found that the monolayer
MoYN,CSCl is a ferromagnetic QAHE insulator manifesting
a direct band gap around 37.3 meV with topologically non-
trivial property, hosting a room-temperature estimated to be
619.1 K. We will present structure and stability, electronic
structure of the monolayer MoYN,CSCl. The edge states,

Berry curvature and the conductivity are considered to affirm
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that the nontrivial topological characters of the MoYN,CSCl
possessing a Chern number of C = 1. We also discuss the
band structures and topological phases of the MoYN,CSCl
with respect to changing strains and controlling of magnetic
axis direction, as well as different electronic correlation effect.
The obtained abundant physical properties make the mono-
layer MoYN,CSCl an excellent candidate for prospective ap-
plications of the QAHE and spintronics devices.

2. Computational details

The first-principles calculations were carried out by uti-
lizing the projected augmented-wave method as implemented
in the Vienna ab initio simulation package (VASP).[>%-30] The
generalized gradient approximation (GGA) in the form of
Perdew—Burke—Ernzerhof type was employed to describe the
exchange—correlation interaction. 3! The vacuum buffer space
larger than 15 A was applied to prevent the coupling between
adjacent slabs. The kinetic energy cutoff of the plane wave
was 500 eV. During the structural relaxation, each atom could
relax until the Hellmann—Feynman force was smaller than
0.001 eV/A. A I'-centered 9 x 9 x 1 Monkhorst—Pack k-point
grid was utilized to sample the Brillouin zone. Besides, we
included the van der Waals (vdW) interactions in all calcula-
tions. In consideration of the correlation effects of Y 3d elec-
trons and Mo 3d electrons, we adopted the GGA + U approach
with U =3 eV and 2.4 eV for Y and Mo atom, respectively.
For the sake of better description on the topological characters,
Berry curvature, edge states and anomalous Hall conductivity
were also presented by the maximally localized Wannier func-
tions by utilizing WANNIER90 package. 3233

3. Results and discussion

The equilibrium lattice constants a = b = 3.53 A of the
monolayer MoYN,CSCl are obtained via energy calculation.
The Mo YN, CSCl constitutes by seven atomic layers that stack
in the order of S—-C-N-Y-N-Mo-Cl, as illustrate in Fig. 1(a),
where Y and Mo are transition metals. The local magnetic
moment of the Mo atom is 2.089ug. Thus, Mo atom mainly
contributes to the spin polarizations. After the structural re-
laxation, the atom sites and bond lengths slightly differ from
those of the primitive structure. The structural stability is taken
into consideration by calculating the phonon spectra, as is il-
lustrated in Fig. 1(b). No negative frequencies are found, indi-
cating the dynamic stability of the MoYN,CSCIl.

Then we calculate the binding energies by

Ey = EMoyN,cscl — Es — Ec —2EN — Ey — Emo — Ect, (1)

where Enmoyn,csci reprensents the total energy of the mono-
layer MoYN;,CSCl, and other energies like Es and Ec repre-
sent the energies of atom S and C, respectively. The binding

energy of the monolayer Mo YN, CSCl has been determined to
be Ep, = —30.98 eV, indicating that the monolayer can stably

exist.
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Fig. 1. (a) Top and side views of the atomic structure of the MoYN,CSCI.
(b) Phonon spectrum of the MoYN,CSCI.

It is also important to examine the mechanical stability of
the monolayer MoYN,>CSCl by calculating elastic constants.
In this 2D system, the elastic constants constitute a symmet-
ric 6 x 6 tensor matrix.'3*33 The calculated results show that
C11, C12, C22, and C44 are 560.3 N/m, 167.8 N/m, 540.7 N/m,
and 194.9 N/m, respectively. The calculated C;; satisfy with
the Born criteria of mechanical stability3®! Cy1,Cyy > 0 and
C11Cyy — C122 > 0, which confirms the mechanical stability of
the MoYN,CSCI. Due to the hexagonal symmetry, the mono-
layer MoYN,CSCl is mechanically isotropic. The 2D Youngs

moduli C?P, shear modulus G?P and Poisson’s ratios v?P can
be simply expressed as!37-38!
Cc? —C?
o V Bt P 5
Cii @
Ci—C
G = =5 3)
C
o _ Ci
Yo @
Cu

The calculated Young’s moduli C?P, shear modulus G?P and
Poisson’s ratio v?P are 510 N/m, 196.3 N/m, and 0.299, re-
spectively. The measured MoYN,CSCl possesses an ultra-
high stiffness, which is critical to avoid the curling of the 2D
material.[3%40]

state of the

MoYN;CSCl is determined by comparing the energies of

The magnetic ground monolayer
the ferromagnetic (FM) state and the three kinds of antifer-
romagnetic (AFM) configurations, as plotted in the Fig. 2(a).
The results determine that the FM order is the most stable
magnetic state. To inspect the spin dynamical stability against
temperature, Curie temperature (7¢) is evaluated by utilizing
Monte Carlo (MC) simulations, which is in the light of the

standard 2D Heisenberg model expressed as
H=-J) S;-S;, S
i.j

where §; and S; are spin operator at sites  and j, respectively,
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and J is the exchange coupling. Here, we use the variant ex-
pression

H= —ZJ,-,-Si~Sj—AZ(S§)2, (6)
i,j i

where J;; refers to the exchange coupling constant from i site
toj site, and A represents the anisotropy energy parameter. S;
and S; are the local magnetic moments at i site and j site, while
S% means the z component of spin vector. The summation runs
over all nearest-neighbor Mo atoms. Taking into account the
first nearest site pairs merely, for each magnetic atom, we can
obtain

Epv = Eg—6J|S]” —A[S*[, (7)
Earv = Eo+2J |S)? — A|S7. (8)

Thus, we can infer

Earm — Ervm

8|57 (€))

Junitcell =
For a 2 x 2 x 1 supercell, there are four magnetic atoms and
corresponding to 32 pairs of exchange interaction. However,
each magnetic atom in the supercell can be treated as the near-
est neighbor twice. Considering the repeated calculation, we
obtain

J = (Exrm — Egn) /1615, (10)

Here, E}p\; and Ef,, signify the total energy of the AFM and
FM configurations in the supercell, respectively. Then J is
calculated to be 14.63 meV, indicating the FM exchange cou-
pling. At the same time, we calculate the heat capacity (Cv)
as follows:

Cy = lim —F. (11)

Here, AET represents that the alteration of the total energy
accompanies the temperature rising from 7 to T + AT. Fig-
ure 2(b) shows that T¢ is estimated to be 619.1 K, which is
expected to become a feasible member for spintronic applica-
tions with the high-temperature QAHE.

The comprehension of the microscopic origin of FM cou-
pling in the MoYN,CSCl is that there exists a contest be-
tween direct exchange coupling (Mo—Mo) and the superex-
change coupling (Mo—X-Mo, X = N or Cl), according to
Fig. 3(a).
neighbor Mo, whose d orbitals have a direct overlap, lead-

There is a direct coupling between the nearest-

ing to AFM coupling. It is proposed by the Goodenough—
Kanamori—Anderson (GKA) rule!*!#?! that the FM coupling is
energy favorable with 90° bond angle. Based on the Heitler—
London model,*3! the approximate form of J ~ 2k +4fS is
reported, where J refers to the exchange integral in a 2D mate-
rial. And the first term k is known as a potential exchange that
is positive according to the Hund’s first rule.[**] The second

term composes of the hopping integral 8 and overlap integral
S. On account of the bond angles of Mo-N-Mo (102.14°)
and Mo-Cl-Mo (85.50°) closed to 90°, the Mo-d orbitals
seem to be approximately orthogonal to the p orbitals of N
and Cl, giving rise to an inappreciable overlap integral, then
consequently a positive J ~ 2k. As a result, the 2D mono-
layer MoYN,CSCl possesses an ordering of ferromagnetism
according to the comparatively large FM superexchange inter-

action.
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Fig. 2. (a) Four magnetic configurations (FM and AFM-I, AFM-II, AFM-III).
The arrows indicate the orientations of magnetic moment. (b) The simulated
magnetic moment and specific heat (Cy) as functions of temperature.
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Fig. 3. (a) Schematic diagrams of direct exchange Mo—Mo (black arrows)
and superexchange Mo—N(Cl)-Mo (red arrows) interactions. (b) Mechanism
of superexchange interaction for the Mo—N(CI)-Mo bond angle. (c) and (d)
Variation of the MAE for the pristine MoYN,CSCl on the polar angle 6 and
azimuth angle ¢, respectively.

Besides, magnetic anisotropy energy (MAE) denotes the
energy required to change the magnetic moment orientation
from the easy axis to the hard axis. The MAE, regulated by
MAE(0,9) =E(0,0)—E(60 =0°,0 =0°) [E(0, @) refers to
the total energy when the spin magnetic moment S points to
the polar angle 0 and azimuthal angle ¢], is computed by ro-
tating the spin magnetic moment along the xy and xz/yz planes,
as can be seen in Figs. 3(c) and 3(d). We observe that the MAE
strongly depends on 6, and hardly depends on ¢. MAE is cal-
culated to be 0 at @ = 0° or 180° , and attains a maximum
value around 169 peV within the xy plane, manifesting that
the monolayer MoYN,CSCl is along out of the plane direc-
tion. The long-range order can be damaged if the heat fluc-
tuation exists, but the large MAE obtained here is in favor of
stabilizing this ordering at a relatively high temperature.
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To get an in-depth understanding on electronic charac-
ters of the FM MoYN,CSCI MXene, we investigate the band
structure in detail. Both GGA 4+ U and GGA + U + SOC band
structures of the MoYN,CSCl are illustrated in Figs. 4(a) and
4(b), as well as the corresponding partial band projections.
The electronic structures of the spin-up and spin-down elec-
tronic orbits reveal distinct conducting behaviors. The mono-
layer MoYN,CSCl is a half-metal which offers 100% spin
polarization intrinsically around the Fermi level. The spin-
up bands show a wide band gap, manifesting the insulating
character, while the other channel possesses metallic conduc-
tion. According to the C3 symmetry, the d orbitals of the Mo
atom enclosed by the octahedral with distortion are divided
into three parts d2, (dxy,d,2_y2), and (dy,d,). Without SOC,
the system is gapless with the degenerated Mo-d,,/d,, orbitals
around the I" point between the valence and conduction bands.
Additionally, we can see that the valence band at the K point is
mainly contributed by Mo-d 2, as displayed in Fig. 4(c). The
degeneracy of d,; and dy, orbitals at I" point is protected by C3
symmetry. When considering the effect of SOC, C3 symme-
try is broken, thus the doubly degenerate Mo-d,;/d,, orbitals
split into two parts, leading to an energy gap with band inver-
sion between them. Prominently, the Er in Fig. 4(d) is within
the SOC-induced band gap. The SOC induced band inver-
sion is identified as the common mechanism of TIs. It is the
heavy atom Mo in the MoYN,CSCl produces the strong SOC
and results in an inverted energy gap. The energy gap of the
MoYN,CSCl reaches 37.3 meV, which is crucial for the real-
ization of the QAHE.

To testify their topological nature, the chiral edge state of
the MoYN,CSCl is exhibited in Fig. 5(a). We can clearly ob-
serve one metallic edge state existing along the I" — M path,
corresponding to the QAHE insulators. The QAH conduc-
tance Oy, can also be obtained in the light of Chern number
C as!®!

62

62

where b, (k) refers to the z component of the Berry curvature

and u(k) represents the periodic part of the Bloch function.

Within the energy gap range, the value of oy, is exactly
quantized to &2 /h, and consistent with C = 1, as plotted in
Fig. 5(b). At the same time, figure 5(c) indicates that a nonzero
Berry curvature appears around the I" point, which agrees with
the calculated chiral edge states.

Applying diverse strain may have an impact on the elec-
tronic structures of materials. Figure 6 exhibits the energy
gaps of the FM monolayer MoYN,CSCl at different strains.
The isotropic strain is defined as

£ =100 X% (a—ag) %, (14)
where a and aq denote the lattice constants of the strained and

unstrained, respectively. Depending on Eq. (14), a negative €
represents the strain with compression, and a positive € indi-

() 10/\*\/ \\7/v

cates the strain with tension.
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Fig. 4. Band structure of the MoYN,CSCI with U = 2.40 eV (a) DFT+U
and (b) DFT + U + SOC. (c) and (d) The partial band projections of (a) and
(b), respectively.
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Fig. 5. (a) The chiral edge state of the MoYN,CSCI. (b) Calculated Anomalous Hall conductance of the MoYN,CSCI. (c) Berry curvature

distribution within the first Brillouin zone.
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SOCin € = —5% (a), € = —2.5% (b), € =2.5% (c), € = 5% (d). (e) Mono-
layer energy gap as a function of biaxial in-plane strain.

For a monolayer MoYN,CSCl, the threefold rotation
symmetry preserves with the varying biaxial strain. In the ab-
sence of SOC, the degenerate point near the I" point is insensi-
tive with strain. In the presence of SOC, the bands around the
Fermi level are really sensitive to applied strains, as plotted in
Fig. 6. The energy gap decreases monotonously as the strain
changes from € = —5% to € = 5%. In this case, the valence
band energy at the K point decreases significantly.

However, the character of band inversion at I" point pre-
serves. When applying the tensile strain, as € varies from 0
to 5.0%, the monolayer structure possesses the robust QAHE.
However, under small compressive strains, the nontrivial band
topology vanishes at € = —5%, due to the gapless state be-
tween the bottom of conduction band and the top of valence
band.

Besides, we consider the effect of magnetic orientation on
the topological property. When the magnetic axis is in the z-
direction, the monolayer Mo YN, CSCI shows a Chern-number
(C = 1) phase. By turning the magnetization to x-direction, it
reveals that the nontrivial topological property disappears, and
the trivial topological property of the MoYN,CSCl originates
from no band inversion between the d,; and d,, bands.

In this work, the electronic correlation**8! on band
structures of the monolayer MoYN,CSCl are considered com-
prehensively by the GGA 4 U 4 SOC approach. The GGA+U
calculation indicates their exchange energies are in connection
with the effective U values. Diverse U ranging from 0 eV to

3 eV are used for the Mo atom. Upon further increasing U, we
find that without SOC the degenerate parts are getting close to
the Fermi level, as plotted in Figs. 7(a), 7(c), and 7(e). When
electronic structures of the MoYN,CSCl monolayer with SOC
are calculated, the degenerate part at I point turns to an energy
gap, whose size is in direct proportion to the U value. As we
can see in Fig. 7(f), the gap reaches 43.1 meV when U = 3 eV.
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While there is a difference in U = 0 eV, without con-
sidering SOC, the electronic structure of the monolayer
MoYN,CSCl is investigated, as illustrated in Fig. 8(a). Near
the Fermi level, there are two inverted bands possessing op-
posite spins crossing, demonstrating the appearance of a 2D
nodal-line semimetal. [*-33] While turning on SOC, figure 8(b)
shows that a SOC band gap (~ 111 meV) is produced along
the nodal line and leads to the QAHE with C = 1. One can
observe that an edge state with nontrivial topological property
appears inside the SOC-induced gap.

4. Conclusion and perspectives

According to the first-principles DFT calculations, we
systematically investigate a 2D MoYN,CSCl monolayer,
which is an intrinsic FM QAHE insulator with Curie temper-
ature estimated to be 619.1 K. Significantly, the SOC induces
a topologically nontrivial band gap of 37.3 meV possessing
a Chern number C = 1 induced by band inversion between
dy; and dy; orbitals. Additionally, we research the manipu-
lation of nontrivial band gap by utilizing strain and regulat-
ing magnetic axis from the z-direction to x-direction, which
leads to a vanishing of nontrivial topological property. In-
cluding different Hubbard U, we find that when U = 0 eV the
MoYN,CSCl transforms to a nodal-line semimetal with Chern
number C = 1. Furthermore, providing guidelines for future
discovery and design, we expect experimental verifications of
the QAHE in the monolayer MoYN,CSCl.
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