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Exploring the relationship between magnetism and band topology has become a popular research topic in
condensed matter physics. In this work, we investigate this interplay in a two-dimensional (2D) metal-organic
framework (MOF) Mn3(C¢Og),. We discover that this MOF has a “soft” ferromagnetic property, making it
possible to control the topological phases by adjusting the magnetization direction. In its ground state, the
MOF has Weyl points precisely located at the Fermi level and only in one spin channel, which means it can
be described as an ideal, fully spin-polarized 2D Weyl semimetal. We determine that the stability of these Weyl
points is protected by the vertical mirror symmetries. Particularly, the Weyl point can be preserved even with
considering the spin-orbital coupling, with an in-plane magnetization direction parallel to the mirror normal
vector. By altering the in-plane magnetization away from the normal vector of the vertical mirror symmetry,
we demonstrate that the Weyl point is gapped, transformed into the quantum anomalous Hall (QAH) phase,
resulting in a chiral edge state at the boundary. We calculate a Chern number to capture the main feature of
the QAH, which indicates quantized Hall conductance. Furthermore, by rotating the magnetization direction in
the plane, we discover that the Weyl point is a critical point where the QAH changes the sign of the Chern
number, along with inversing the propagating direction of the chiral edge state. Overall, our findings highlight
Mn;(CsOg), as a promising material candidate for studying the interplay between topology and magnetism,

Weyl semimetal, and QAH phases.

DOLI: 10.1103/PhysRevB.108.054404

I. INTRODUCTION

Weyl semimetals (WSMs) are currently attracting signifi-
cant interest in condensed matter physics [1-6]. In a WSM,
the conduction and valence bands cross linearly at isolated
double degenerate Weyl points, where the electrons behave
like relativistic Weyl fermions. Weyl points appear in pairs,
characterized by Chern number +1 according to the no-go
theorem [7]. On the surfaces of WSMs, the constant energy
surface encloses one of the Weyl points of the pair with
opposite Chern number, forming a Fermi arc [8]. The topolog-
ical properties of WSMs lead to extraordinary characteristics
such as ultrahigh mobility [2,9], negative magnetoresistance
[10-14], colossal photovoltaic response [15], and excellent
catalytic performance [16-20].

In a three-dimensional (3D) WSM, an electron near the
Weyl point could be effectively described as (& = 1),

Hibon (k) = vko, 1)

v denotes the Fermi velocity, and o is the Pauli matrix corre-
sponding to real or pseudospin. Based on its effective model,
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one could infer that any small perturbation cannot destroy the
Weyl point but only move its position in momentum space
[21]. Therefore, a 3D Weyl point does not require additional
symmetric protection. However, its existence necessitates the
breaking of time-reversal symmetry (7) or spatial inversion
symmetry (P). This is because the combined operation of
PT results in a double degeneracy of each band due to the
degeneracy of spin-up and spin-down states when considering
spin-orbit coupling (SOC). Consequently, the band crossings
of these two bands form a Dirac point (a fourfold band cross-
ing) rather than a Weyl point [22].

In comparison to 3D bulk materials, two-dimensional (2D)
systems are much easier to control, making them an attractive
avenue for the extension of the concept of WSMs. However,
the squeezing of dimensionality in 2D systems requires addi-
tional symmetry, such as mirror symmetry or rotation symme-
try, to protect the Weyl point [23]. Otherwise, any perturbation
with o, will gap the Weyl point (say the Weyl point losing its
dimensionality in the z direction). In addition, breaking T or
P is also necessary for the appearance of a 2D Weyl point.
Interestingly, breaking 7 is also a prerequisite for the quantum
anomalous Hall effect (QAHE) in 2D systems. The QAHE is a
gapped topological phase characterized by the quantized Hall
conductance with dissipationless chiral edge states pinned at
the boundary of the sample [24,25]. Materials that realize the
QAHE possess great potential in topological transistors.

©2023 American Physical Society


https://orcid.org/0000-0003-0315-4155
https://orcid.org/0000-0002-2075-9327
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.108.054404&domain=pdf&date_stamp=2023-08-04
https://doi.org/10.1103/PhysRevB.108.054404

XIAOMING ZHANG et al.

PHYSICAL REVIEW B 108, 054404 (2023)

A general way to break time-reversal symmetry is by in-
troducing magnetic ordering [26—30]. Therefore, a magnetic
system may provide a platform to investigate the interplay
between magnetism and topology. Moreover, magnetization
strongly affects the time and spatial symmetries of the lattice,
making it possible to achieve a topological phase transition
by tuning the magnetization. In fact, the transition between
2D WSMs and the QAHE has been achieved in monolayer
ferromagnetic materials, PtCl; [31] and YN, [32], by con-
trolling their “soft” magnetic property. However, the search
for materials with intrinsic soft magnetic properties is still
limited, and there is an urgent need to identify more promising
materials.

2D metal-organic frameworks (MOFs) are an important
class of 2D materials that consist of metal ions coordinated
with organic ligands to form porous crystalline structures. Due
to their diverse structures and functions, MOFs have garnered
significant interest among researchers [33-35]. In particu-
lar, MOFs containing transition metals have been shown to
exhibit nontrivial band topologies, such as the topological
Weyl half-semimetal (WHS) state and the QAHE [36-38]. In
our study, we focus on a ferromagnetic 2D MOF material,
Mnj3(C¢Og),, which we find to be a WHS material with a
fully spin-polarized Weyl point located precisely at the Fermi
level in the absence of SOC. When SOC is included, the
spin-polarized Weyl point can still be preserved with a vertical
mirror symmetry permitted by magnetization. If this symme-
try is not present, the phase will transform into a QAH phase
characterized by a Chern number (|C| = 1). Interestingly,
Mn3(C6Og), exhibits soft ferromagnetic ground states, and
the in-plane magnetization can be easily tuned. This makes it
possible to realize the transition between the WHS and QAH
phases. Importantly, the Weyl point is a critical point at which
the QAH changes its Chern number fromC = +1toC = —1,
while also switching the propagating direction of edge states.
Therefore, our findings provide a concrete example for study-
ing the transition between WHS and QAH phases and offer a
magnetic material platform for topological spintronics.

II. COMPUTATIONAL METHODS

We perform the first-principles calculations in the frame-
work of density-functional theory (DFT) within the Vienna
Ab initio simulation package (VASP) [39,40]. The exchange
correlation effect is treated in the conventional local density
approximation (LDA) and generalized gradient approxima-
tion (GGA) in the Perdew-Burke-Ernzerhof function [41,42].
We also adopted GGA+4U and LDA+U strategies to de-
scribe the strong Coulomb interaction between the partially
filled 3d shells of the transition metals in the materials. A
16-A-thick vacuum layer is used to ensure decoupling be-
tween neighboring slabs. All calculations are performed with
a plane-wave cutoff of 500 eV and the convergence criterion
for the electronic self-consistence loop was set to be 1077 eV
onthe 11 x 11 x 1 Monkhorst-Pack k-point mesh; and for the
structural relaxation, the Hellmann-Feynman forces on each
atom were taken to be 0.01 eV/A [43]. The VESTA package
was used for the illustration of atomic structures [44]. The
topological features of edge states were calculated based on
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FIG. 1. (a) Top and side views of the monolayer Mn3;(CsOg),.
(b) We mark the orientation of the three vertical mirror planes for the
lattice structure (red, blue, and green lines). (c) Phonon dispersion
of Mn3(C¢Og)2. A 3 x 3 x 1 supercell is used in the calculation.
The inset figure indicates the first Brillouin zone with high-symmetry
points labeled. (d) Ab initio molecular dynamics of Mn3(CsOg), at
300 K.

maximally localized Wannier functions [45,46], realized us-
ing the WANNIERTOOLS package [47].

III. RESULTS AND DISCUSSION

A. Crystal structure, stability, and magnetic ordering

The lattice structure of the monolayer Mn3(C¢Og), is dis-
played in Fig. 1(a), which shows that it consists of a single
layer of atoms all lying in the same plane. The framework is
composed of Mn ions that form a kagome lattice, which is
linked by organic ligands consisting of C and O atoms. The
highlighted region in the figure indicates that the primitive
cell of the lattice contains 3 Mn atoms, 12 C atoms, and 12 O
atoms. The lattice has a space group of P6/mmm (No. 191),
which is generated by a threefold rotation symmetry, a vertical
mirror symmetry, a horizontal mirror symmetry, and the inver-
sion symmetry P. Because of the threefold rotation symmetry,
there are three equal vertical mirror symmetries denoted as
M,; (i =1,2,3) as shown in Fig. 1(b), and these symmetries
play a significant role in the stability of 2D Weyl points that
will be discussed later. The optimized lattice constant of MOF
Mn3(CgOg)z is @ = b = 13.909 A, and the distance between
two C atoms is about 1.465 A, while the length of the Mn-O
bond is about 2.097 A.

Before investigating its electronic band structures, the sta-
bility of the lattice should be confirmed. We have calculated
the phonon spectra for Mn3(CsOg), monolayer, as shown in
Fig. 1(c). There is no imaginary frequency throughout the
Brillouin zone, indicating the excellent dynamical stability of
the material. We also perform the ab initio molecular dynam-
ics calculated in a 3 x 3 x 1 supercell to estimate the thermal
stability for MOF Mn3(CgOg),. As shown in Fig. 1(d), after
3000 steps at 300 K, we find that there exist thermal-induced
fluctuations without bond breakage or geometric reconfigura-
tions in the final states, demonstrating its thermal stability at
room temperature. In addition, we notice that several MOF
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FIG. 2. (a) Possible magnetic configurations considered: ferro-
magnetic (FM), and possibly antiferromagnetic (AFM) structures
ina+3x43x1 supercell of monolayer Mn3(C¢Og),. (b) The
magnetic anisotropy energy upon rotating the spin within the x-y
and z-x planes; the blue and the red lines represent the fitted
curves.

materials with the same crystal structure have already been
synthesized, such as Cuz(CgOg)> [48], Niz(CeSe)2 [49], and
X3(CgNgHg)o [50,51], by various methods including a ki-
netically controlled approach with a competing coordination
reagent, bottom-up method. Most of the above examples are
nonmagnetic (or magnetic) semiconductors. Following simi-
lar methods, Mn3(CgOg); is also promising to be synthesized
in future.

The presence of transition metal ions Mn, which have
partially filled d orbitals, may provide the magnetic properties
required. To determine the ground magnetic configuration
of Mnj3(CgOg), monolayer, we consider three possible mag-
netic structures including two spin frustration configurations,
which are typical in kagome lattice [52]: the ferromagnetic
(FM) state, and two noncollinear antiferromagnetic states
(AFMI1, AFM2) in a /3 x /3 x 1 supercell. To determine
the magnetic configuration of the MOF Mn3(CgOg),, we
considered three possible structures: the FM state, and two
AFM states (AFM1, AFM2) in a /3 x /3 x 1 supercell, as
shown in Fig. 2(a). For the 3d electrons of Mn, the effective
U value is generally lower than 3.5 eV, as applied in previous
works [53-55]. We have compared the energy among different
magnetic configurations (FM, AFM1, and AFM2) with dif-
ferent U values (0-3.5 eV) under both GGA+U and LDA+U
calculations. The results show that the FM configuration al-
ways has the lowest energy (see the Supplemental Material
[56]), indicating the MOF Mn3(C¢Og¢), tends to form the
FM ordering.

We have also performed Monte Carlo simulations to esti-
mate the Curie temperature (7.) of Mn3(CsQOg), monolayer
[57]. Our calculations show that the material has a high
T. of 171 K (see the Supplemental Material [56]), which
well agrees with previous calculations [58]. Therefore, we
investigated the electronic band structure of the monolayer
Mn3(CgOg), in the FM order. To determine the easy axis for
the FM state, we estimated the magnetic anisotropy energy
using DFT+U+SOC calculations (with U = 2.0 eV) while
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FIG. 3. (a) Schematic rule for Weyl half-semimetal. (b) Elec-
tronic band structure without spin-orbit coupling (SOC). (c) Enlarged
map of energy bands near the Fermi level and corresponding projec-
tive density of states (PDOS) for the monolayer Mn3(C¢Og),. (d) The
band structure with ten-times SOC. Two Weyl points are located at
the K/K' points without SOC (blue points), and they are shifted along
the x direction after considering SOC (red points).

rotating the spin within the x-y and z-x planes. As presented in
Fig. 2(b), the easy magnetic axis lies in the x-y plane, exhibit-
ing an isotropic property, and the maximal value is 0.24 meV
per cell lower than that of out-of-plane magnetization. No-
tably, the soft magnetic property of the MOF Mnj3(CgOg)2
indicates that its magnetization can be easily controlled by an
external field.

B. Electronic band structure

After determining the ground state for MOF Mnj3(CgOg )2,
we plot the electronic band structure of Mn3(CgOg), without
considering SOC in Fig. 3(b). It can be observed that spin-up
and spin-down states are completely separated, and the states
around the Fermi level are mainly contributed by spin-down
states. In the enlarged view of the states around the K point,
one can observe a 2D Weyl point, which arises solely from the
spin-down state [see Fig. 3(c)], making MOF Mn3(C¢Og), a
Weyl half-metal with full spin polarization.

Before considering the electronic band structure with SOC,
we first determine the magnetization for the FM ground state,
which was found to prefer in-plane orientation. If the magne-
tization direction is set perpendicular to My, including SOC
allows for the presence of this vertical mirror symmetry. This
symmetry still protects the 2D Weyl points, but causes a shift
in their position along the K-M path. Given the weak SOC
in Mn3(CgOg)2, we plot the band structure with a ten-times
larger SOC in Fig. 3(d). As expected, we observe a significant
shift in the position of the Weyl points.

To characterize the topological features around the Fermi
level with or without SOC, we can construct an effective k - p
model around the band crossing. When SOC is not taken
into account, the spin-up and spin-down states are completely
decoupled, and all symmetries are preserved for each spin
channel. At the K point, the point group is Cs,, generated by
the C3, rotation and a vertical mirror symmetry (M,;, which is
effectively a mirror symmetry along the y axis). The effective
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model (Hg) that describes the states at the K point must
respect these two operations, specifically,

C Hx(k)C3,' = Hi (cky — sky, sk +cky),  (2)

My Hx (kM = Hg (ky, —ky), 3)

v

with ¢ = cos2m /3, s = sin2w /3. One has checked that the
crossing bands are characterized by different eigenvalues of
Cs,, namely, e¥?7/3, and taking the eigenstates of C3, as
the basis to construct the effective model, two independent
operations can be written in the form of
c 2 .27
3, = COS— 0 — i Sin—o7,
: 3 3
Therefore, the effective model characterizing the 2D Weyl
point is given by

My, = ox. @

Hyjir = v(keoy + kyoy). (5)

Here, “ + ” corresponds to the K and K’ points, respectively.
The linear dispersion in the effective model is consistent with
our result in DFT calculation.

When turning on SOC, the presence of magnetization
strongly affects crystal symmetry. For concreteness, if setting
the magnetization direction along the x axis, M, is still pre-
served, but threefold rotation symmetry is destroyed. In this
case, a SOC term is allowed by M,,;, which can be expressed
as Hsoc = Asoco,. Consequently, the effective model will be

H(K) = Hg/x = v[(Fke + Asoc/v)ox + kyoy].  (6)

From the effective model, we can see that when SOC is
included but a vertical mirror symmetry is preserved, a 2D
Weyl point is maintained, albeit with changed positions. The
results described by the effective model are consistent with
those derived from DFT calculations, which indicate that 2D
Weyl points can be realized in MOF Mn3(C¢Og), with or
without SOC. Furthermore, the presence of mirror symmetry
also results in spin polarization, along the y direction. Hence,
Mn3(C60())2 is a WHS.

Because of the soft nature of this MOF material, the mag-
netization direction can be achieved by an external field. With
an out-of-plane magnetization, the horizontal mirror sym-
metry M, could be allowed. It is well known that a mirror
symmetry could protect a nodal loop in the Brillouin zone.
Therefore, any generic band-crossing point in the x-y plane
that is invariant subspace of M., is not isolated but belongs to
a point on a nodal loop. This leads to a Weyl half-nodal loop
semimetal [59].

C. Tunable QAH phase

When the mirror symmetry M, is destroyed, the Weyl
point becomes gapped. According to Eq. (7), the Ao, mass
term can gap the Weyl point since {H, 0.} = 0. In this case,
the gapped phase can be described as

H = v[(Fk, + Asoc/v)oy + kyo,] + Ao )

Similar to the case in graphene, the gap opening at the Weyl
point induces a finite Berry curvature, which is defined as
Q, = Vi x (u, | iV | u,), where u, is the Bloch state for the
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FIG. 4. (a) and (b) The distribution of the Berry curvatures for
monolayer Mn;3(CsOg ), with out-of-plane magnetization along z and
—z direction, respectively. (c) and (d) Bulk band structure of mono-
layer Mn3(CgOg), along the high-symmetry line and corresponding
projective spectra, anomalous Hall conductivity in the presence of
spin-orbit coupling and magnetization in the z and —z directions.

occupied band. Consequently, the Berry curvature is given by

A
Q. =+v—. (®)
263

Here, ¢, is the eigenenergy for the occupied band. This result
suggests that changing the sign of the mass term also changes
the sign of the Berry curvature. Additionally, the presence of
this mass term breaks 7, resulting in a nonzero Chern number
upon integrating the Berry curvature in the Brillouin zone.
Specifically, it can be derived that |C| = 1, with the sign of
the Chern number determined by the sign of A. The nonzero
Chern number signifies a transition from a 2D Weyl phase to
the QAH phase.

To demonstrate this result, we realize such a mass term by
tuning the magnetization to the out-of-plane direction. In this
case, the vertical mirror symmetry is broken, 2D Weyl points
open an energy gap (about 1.5 meV) [as indicated in Figs. 4(c)
and 4(d)], thus leading to a finite Berry curvature, as demon-
strated in Figs. 4(a) and 4(b), with +z and —z magnetization,
respectively. One has calculated the Chern number C = 1 for
these two cases. As well known, the chiral edge state is a
hallmark of the QAH effect, which is evident from the pres-
ence of chiral edge states within the energy gap induced by
magnetization, illustrated in Figs. 4(c) and 4(d), respectively.
Furthermore, the direction of propagation of the edge states
reverses with the opposite Chern number, indicating an oppo-
site slope of the edge state. These chiral edge states contribute
to a quantized Hall conductance, given by o, = Ce?/h, as
demonstrated in Figs. 4(c) and 4(d). This result is in line
with our theoretical analysis. Here, we want to point out that,
because the bands near the Fermi level are mostly contributed
by the C and O atoms, the SOC gap in Mn3(C¢Og), for the
QAH state is quite small, being similar to other QAH states
based on MOF materials including CuC;,;N3H;5 (~2.2 meV)
[60], Mn3(CsSe )2 (~2.4 meV) [54], and X C;N3H;5 (X = Ti,
Zr, Ag, Au) series (<7.1 meV) [61]. Because of the tiny
SOC gaps, detection of the chiral edge modes in these MOF
materials should be a challenge. However, we notice that, even
though the bands are not gapped in several in-plane directions,
the Berry curvature contributed by the pair of Weyl points is
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FIG. 5. [(a)—(c)] The band structures of the Mn;(C¢QOg), mono-
layer under ten times SOC with in-plane magnetization along the
0, %, and —7% axis, respectively. (d) The [100] edge state of
Mnj3(CgOg ). (e) Schematic top view of a sample of finite size. The
propagation direction of the chiral edge channel can be switched by
tuning the magnetization direction. (f) The flowerlike curve shows
the band gap as a function of the azimuthal angle ¢ of the magneti-
zation direction. The polar radius represents the gap value. The blue
(orange) areas indicate regions with a Chern number (C) of +1 (—1).

still opposite (see the Supplemental Material [56]). Thus, the
edge Fermi arc connecting a pair of Weyl points is also chiral.

Due to the isotropic property of the in-plane magnetiza-
tion, its direction can be easily adjusted. In particular, there
are three equal vertical mirror symmetries in the Brillouin
zone; when one of them is preserved, a pair of Weyl points
locating on a path parallel to the mirror symmetry can exist,
but away from the K/K’ points. In comparison, the other two
pairs of Weyl points, protected by the remaining two mirror
symmetries, are gapped, as demonstrated in Figs. 5(a)-5(c).
The remaining pair of Weyl points still retains the original
nature of yjr original ones at the K/K' points, and an edge
state connects them, as demonstrated in Fig. 5(d). Notably,
the gapped ones can be characterized by a nonzero Chern
number. In addition, since these two gapped phases induced
by breaking M,, and M,; are related by the mirror symmetry
M,; (marked by the blue and orange regions in Fig. 1(c),
their Chern numbers have opposite sign, as shown in Fig. 5(f).

Then, we conclude that the Weyl point is a critical point where
the Chern number inverses its sign.

To further confirm this conclusion, we plot the band gap
and Chern number as the function of azimuthal angle (¢)
for the magnetization direction. Upon rotating its direction
in plane, we find that 2D Weyl points appear when ¢ =
0, :I:%, :t%”, or m, due to the preservation of one of the
vertical mirror symmetries. Otherwise, the phase is the QAH
phase with a nonzero Chern number, as shown in Fig. 5(f).
Moreover, as the magnetization direction passes any of these
five angles, the Chern number acquires a negative sign. This
means that the Weyl point is indeed located at the point where
the QAH phase changes its Chern number sign, which is
accompanied by a switch in the propagating direction of the
edge states [see Fig. 5(e)].

IV. CONCLUSIONS

In conclusion, we conducted a systematic investigation of
the electronic and topological properties of the monolayer
MOF Mn3(COg), using first-principles calculations and the-
oretical analysis. Our results showed that the 2D time-reversal
symmetry breaking Weyl point can be gapped by tuning the
magnetization, driving the system to a QAH phase. Addition-
ally, we also demonstrated that the 2D Weyl point serves as
a point at the topological phase transition between two QAH
phases with opposite Chern number. Indeed, in the monolayer
MOF Mnj3(CgOg)2, such a topological phase transition can be
easily achieved due to its soft magnetic nature. Consequently,
the monolayer MOF Mnj3(CgOg ), offers a platform to explore
the coupling between magnetism and Weyl band topology and
presents an approach to design nanodevices with 2D magnetic
materials.
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