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Hourglass loop in two-dimensional (2D) systems is typically vulnerable against spin-orbit coupling (SOC). Here,
we explore 2D systems with a type of spin-polarized nodal loop that is robust under SOC and characteristic of an
hourglass-type dispersion. Through first-principles calculations, we identify the monolayer VCl, materials as a
realistic material platform to realize an hourglass loop. There exist three phases, all of which are dynamically

stable. For the y-structure, as a new single spin hourglass loop material. It shows semiconducting and gapless
properties in spin down and spin up channels, respectively. Moreover, it always exhibits an hourglass loop
property in the absence and presence of SOC. It indicates that the hourglass has strong against SOC. Our work
suggests a realistic material platform for investigating the novel physics associated with band crossings in 2D

systems.

1. Introduction

Over the last decade, topological materials have attracted more and
more attention due to their fascinating electronic band structures
[1-11]. The research originated from drawing an insightful analogy
between low-energy emergent fermions in condensed matters and
fundamental particles in the relativistic quantum field theory [12,13].
The Dirac fermions were discovered [14], which can be described by the
Dirac equation. Following, chiral Weyl fermions are predicated and ul-
timately spotted in low-energy condensed matter systems [15-17].
Apart from the zero-dimensional (0D) nodal points, the nontrivial band
crossings may also take the form of one-dimensional (1D) nodal lines
[18] or two-dimensional (2D) nodal surfaces [19] in three-dimensional
(3D) systems.

Among the above-mentioned unconventional quasiparticles, a type
of quasiparticle, whose band structure exhibits a unique hourglass-like
dispersion in the Brillouin zone (BZ). It called an hourglass quasipar-
ticle, and it has recently attracted widespread interest [20,21]. The
hourglass network is almost located on the Fermi level and has a very
clean band structure without interference bands nearby. Therefore, their
intriguing properties may be easily studied in future experiments and
are extremely important for transport properties. Afterward, theorists
predicted hourglass fermions in 3D materials from two different bulk
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models [22,23]. Considering that the accidental band crossing is typi-
cally vulnerable against spin—orbit coupling (SOC), the intrinsically
robust against SOC is especially important for the hourglass loop. For
this reason, good candidate materials with fundamental band crossings
are still limited. More importantly, the fundamental band crossing does
not necessarily occur near the Fermi level, although they are guaranteed
to exist in the band structure. Therefore, it is important to searching for
an ideal hourglass fermion with the robust against SOC and band
crossing appeared at the Fermi level.

As can be seen from the above considerations, the finding of two-
dimensional topological materials is a challenging task. The requiring
band crossings in such 2D materials to be robust to the SOC is even more
challenging. Recently, Wan et al. studied the hourglass fermion from the
perspective of 230 space groups [24]. However, so far, a few hourglass
fermions have been observed in 2D real material systems.

In this work, based on symmetry analysis and first-principles calcu-
lations, we predicted an ideal hourglass fermion in two-dimensional
penta-VCly. Our study found that the penta-VCly has three phases, and
their dynamics are stable. Analysis of band structure reveals an hour-
glass loop in spin up channel, while the spin down channel exhibits the
properties of an insulator, indicating a spin-polarized hourglass loop.
Interestingly, the hourglass loop exists with or without the SOC, showing
that it is robust [25-27]. Importantly, the band crossings of the
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y-structure appear at the Fermi level, which is the ideal hourglass loop.
Our work offers guidance and a concrete material platform for exploring
the robust hourglass loop in 2D materials.

2. Structures and computational methods

First, we used the Device Studio to build the structure. Then, to
investigate the electronic and magnetic structures, density functional
theory (DFT) calculations were carried out by using the projector
augmented wave (PAW) method and the generalized gradient approxi-
mation (GGA), as implemented in the Vienna Ab initio Simulation
Package (VASP) [28-31]. The projector augmented wave pseudopo-
tential with an energy cutoff of 500 eV was adopted. Here, 16 x 16 x 1
and 24 x 24 x 1 I'-centered k meshes are adopted for the structural
optimization and the self-consistent calculations, respectively. The en-
ergy convergence criterion was set to be 1075 eV for the electronic loop.
The force on each atom is less than 0.01 eV/A for the ionic loop. To
investigate the structural stability, the phonon dispersion was calculated
using a finite displacement method as implemented in the PHONOPY
code [32]. In addition, to describe the strongly correlated 3d electrons of
the V atom, the GGA + U method is used [33]. The onsite Coulomb
repulsion U is varied between 0 and 3 eV for V. To explore the topo-
logical properties, we projected the Bloch wave function into maximally
localized Wannier functions (MLWFs) [27,34,35] derived from the V
d orbitals and made use of the WANNIERTOOLS package [36,37].
Moreover, the surface spectrum was calculated in a half-infinite
boundary condition using the Green’s function method [35].
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3. Result and discussion
3.1. Structure and stability

Although the experiment successfully prepared 2H phase hexagonal
VCl;, [36], the penta-VCl; has not been reported so far. By comparing the
structure of penta-PdSe;, we notice that one planar structure and two
different types of buckling can exist in a 2D material. Therefore, we
define three structures as a-structure, fg-structure, and y-structure, as
shown in Fig. 1. In the a-structure, coplanar Cl atoms are paired to create
CI-Cl dimers, whereas in the g-structure, Cl atoms are interspersed by V
atoms. Transitioning from the a-structure to the p-structure and
y-structure is achieved by interchanging the z coordinates of the Cl1 and
Cl2 atoms, as depicted in Fig. 1(d).

As shown in Fig. 1(c), it is the optimized structure of y-structure VCly
(planar structure). The y-structure of VCl, features coplanar arrange-
ments of V and Cl atoms, forming a Cairo pentagonal tiling pattern. The
lattice has a tetragonal symmetry and belongs to the P4/mbm space
group, maintaining an inversion symmetry and a D4y, point group sym-
metry. Each primitive cell comprises two V atoms and four Cl atoms, and
the equilibrium lattice constants are a = b = 6.46 A. Although the
y-structure VCly is energetically higher than the a-structure and
p-structure (see Fig. 1(d)), it does not mean that it cannot exist stably. As
shown in Fig. 1(d), the energy barrier between gamma and alpha phase
is 1.837 eV.

To investigate the structural stability of three VCl, structures, we
first calculate the phonon dispersion by 3 x 3 x 1 supercell. The energy
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Fig. 1. Top and side views of (a) a-structure, (b) -structure, and (c) y-structure penta-VCl,, where the bottom and top layers of Cl atoms are shown by green and blue
balls, respectively. (d) The graph illustrates the total energy variation of penta-VCl, monolayers for various structures against changes in the lattice constant. The
insets provide optimized depictions of the penta-VCl, monolayer with the a-structure. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 2. The calculated phonon dispersion of (a) a-structure, (b) g-structure, and (c) y —structure penta-VCly,
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Fig. 3. Total energy fluctuations of the y-structure penta VCl, during 5 ps AIMD simulation at 100 K (a), and 300 K (b).

convergence criterion was set to be 1078 for the electronic loop. The
results are shown in Fig. 2. There is no imaginary frequency throughout
the entire BZ, indicating their dynamical stability. Moreover, we use ab
initio molecular dynamics (AIMD) simulations to prove under different
temperatures thermal stability of y-VCly. In contrast to the MLIP package
[38,39], both of them can well characterize the dynamic stability of the
material. The MLIP package is more suitable for large-scale machine
learning molecular dynamics, while the AIMD is more suitable for the
study of small number systems with high precision. As depicted in Fig. 3,
the lattice structure remains largely unchanged for y-VCl, after
annealing at both 100 K and 300 K for a duration of 5 ps. It indicates that
thermodynamics is stable.

3.2. Magnetic properties and Curie temperature

To ascertain the magnetic characteristics of the three VCl; structures,
magnetic exchange energies were computed for various magnetic states,
encompassing nonmagnetic (NM), ferromagnetic (FM), and three anti-
ferromagnetic (AFM) configurations, as illustrated in Fig. 4(a-d). The
investigation of magnetic, band structure, and topological properties
was conducted employing the density functional theory (DFT) + U
method, with a focus on the V 3d orbitals. Diverse effective Hubbard
energy values, such as 0 and 3 eV, were taken into consideration in our
calculations. For three structures, the magnetic ground state is always
the FM state under any different Uegs.

In the context of intrinsic ferromagnetic (FM) states, magnetic
anisotropy serves as a significant indicator for establishing the magnetic
orientation at low temperatures relative to the lattice structure. It is
closely tied to the thermal stability of magnetic data storage. Hence, the
magnetocrystalline anisotropy energy (MAE) was defined as Eyjag = E190
— Ego1, where Ejgo and Egg; represent the total energy in (100) and

(001) orientation. Here, we give the MAE values for Ugg = 2 eV to be
—0.85 meV (a-structure), 0.21 meV (B-structure), and —1.59 meV
(y-structure), indicating the magnetization along the x-axis for the
a-structure and y-structure, while the magnetization along the z-axis for
the B-structure.

To assess the Curie temperature of ferromagnetic (FM) VCly, we
perform Monte Carlo simulations utilizing a 2D Heisenberg model. The
spin Hamiltonian of VCl; monolayer has a general form

H=E,+ ZJlsi’Sj + ZJZSi'Sk + ZJBSi'Sl
(i) (i.k) (il

@

where J1, Jo, and J3 are first nearest-neighbor (NN) exchange parameter,
second NN exchange parameter, and third NN exchange parameter. S;,
Sj, Sk, and S; represent the magnetic moments at sites i, j, k, and [,
respectively. Eq is energy independent of magnetism. A 2 x 2 x 1
supercell contains eight V atoms. For the FM phase (see Fig. 4(a)), there
are 16 first NN interactions with each other, 16 s NN interactions with
each other and 10 third NN interaction with each otherinthe 2 x 2 x 1
supercell. Therefore, the total energy of the FM state is expressed as

Epy = Eo + (16J1 + 16J, + 10J5)S?, )
For the AFM1 phase, the nearest neighbors are all AFM coupling, while
the second NN and third NN are FM coupling. Thus, the total energy of
the AFM1 state is expressed as

= Eo+ (- 16J; + 16J5 + 10J3)S?, 3

EAFMI

For the AFM2 phase, the nearest neighbor has eight FM couplings and
eight AFM couplings. Thus, the nearest neighbor interaction is cancelled
out. Similarly, the nearest neighbors are also cancelled out. Only the
three-neighbor interaction is preserved. Since the third nearest neighbor
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Fig. 4. Top view of the four magnetic configurations, namely (a) ferromagnetic (FM), (b) antiferromagnetic (AFM1), (c) antiferromagnetic2 (AFM2), and (d) an-
tiferromagnetic3 (AFM3), where the red (blue) circles denote the up (down) spins. Monte Carlo simulations on the magnetic moment (red) and spin susceptibility
(blue) as a function of temperature for (e) a-structure, (f) g-structure, and (g) y-structure penta-VCl, (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

is AFM coupling, the expression is

Euspm = Eg — 10J5S%, (©)]

For the AFM3 phase, the nearest neighbor has eight FM couplings and
eight AFM couplings. Thus, the nearest neighbor interaction is cancelled
out. The second and third nearest neighbors are FM and AFM coupling,
respectively. Hence, the expression is

Eaps = Eo + (—16J5 + 10J3)S?, (5)

By mapping the DFT energies to the Heisenberg model, the calcu-
lated exchange coupling parameters are J; = —7.41 meV, J; = —0.02
meV, and J3 = —0.83 meV for the a-structure; J; = -3.81 meV, J, =
—0.08 meV, and J3 = 0.09 meV for the g-structure; J; = —27.94 meV, J,
= —0.41 meV, and J3 = 10.44 meV for the y-structure. It is important to
highlight that the value of J, is significantly smaller in magnitude
compared to J; and Js. The Curie temperature holds crucial significance
as it allows for the experimental observation of topological properties.
The Monte Carlo simulations are executed on an 80 x 80 lattice grid
over a duration of 10° steps, each with a step size of 3 K. The obtained
Curie temperature of three structures are 68 K (a-structure), 27 K
(p-structure), and 220 K (y-structure), as shown in Fig. 4(e-g). The spin
susceptibility is considered to improve the estimation accuracy. Given
that Monte Carlo simulations of Heisenberg models often result in an
overestimation of the actual Curie temperature, the computed value of
T¢ can be considered as an upper limit.

3.3. Electronic band structure

Now we research the electronic properties of three structures. The
spin-polarized band structures of the VCly monolayer are shown in
Fig. 5. For the a-structure and p-structure, as the U value increases, a
phase transition from half-metal to insulator occurs. For the y-structure,
regardless of any Ue¢s value, it always reflects half-metal. Of particular
interest, when the effective Hubbard parameter (Uef) surpasses 0, an
intriguing observation emerges: multiple band crossings are apparent
near the Fermi level within the spin-up channel, while the spin-down

channel demonstrates semiconducting behavior, as depicted in Fig. 5
(i-D). These band crossing points align along the I'-X and I'-M directions.
Moreover, accounting for symmetry effects unveils additional band
crossing points across the entire Brillouin zone (BZ). It may be an
hourglass loop.

First, compared with many examples for 3D hourglass loop mate-
rials, 2D hourglass loop materials are much fewer. Although there are
quite a few theoretical proposals of 3D hourglass loop materials [25,26],
none have been experimentally confirmed so far. Moreover, GaTel and
Bi/Cl-SiC(111) are not ideal, because the hourglass loop is away from
the Fermi level. More importantly, the SOC effect change the hourglass
loop and opens gap. In comparison, the hourglass loop in the y-structure
penta-VCl, is more robust due to the negligible SOC.

After the inclusion of the SOC, the easy magnetization direction of
the a and y-structure is the x-axis, while the easy magnetization axis of
the p-structure is the z-axis for U = 2 eV. Therefore, we calculated the
SOC band in the easy magnetization direction. As shown in Fig. 6, the
band structure is almost unchanged compared to the spin-polarized
band structure. The hourglass loop does not open the band gap. There-
fore, VCIl, presents a robust platform to investigate the hourglass loop.

To delve deeper into the band characteristics of VCl, plotting the
orbital-resolved band structure becomes imperative, as illustrated in
Fig. 7. In the case of the y-structure penta-VCly, the hourglass feature
primarily originates from the contributions of the dy, and d,, orbitals of
the V atoms. These d; and d, orbitals exhibit degeneracy at the I point,
which holds D4y, symmetry. This degeneracy results in the formation of a
bonding = state and an antibonding n* state below and above the Fermi
level, respectively. When tracing the path along I'-X and I'-M, the
initially degenerate d, and dy, bands undergo a splitting into two
distinct branches due to a reduction in symmetry to Cyy. Within this
context, the lower n band and the higher n* band intersect, giving rise to
the formation of the hourglass loop. This intersection occurs because
these bands belong to different symmetry representations, which in-
hibits their hybridization. Consequently, the occurrence of band cross-
ings within the spin up channel becomes inevitable.
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Fig. 5. Spin-polarized band structures for the different U values. The first line, the second line, and the third line are a-structure, f-structure, and y-structure penta-
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Fig. 7. Energy and k contributions of V-d-resolved to the bands structure with SOC for (a) a-structure, (b) -structure, and (c) y-structure penta-VCl,. The red, green,
dark blue, and light blue indicate the contributions of dyy, dx; + dyz, dz2 and dxa_y» orbitals of V atoms, respectively. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

3.4. Onsite correlation tunable topological properties

To examine the alterations in the band structure and topological
phase as the strength of the onsite Coulomb repulsion U is modified, we
present the band structures computed without taking spin-orbit
coupling (SOC) into account in Fig. 5. Interestingly, when the U value
is greater than 0, it may be an hourglass loop for y-structure. In order to
comprehensively comprehend the band characteristics of the y-structure
penta-VCl, across the entire Brillouin zone (BZ), it is essential to visu-
alize the 3D band structure. By examining the 3D band structure in Fig. 8
(a), it becomes evident that the distinctive degenerate points associated
with the hourglass cone exclusively appear along the k path, specifically
along the directions of I'-X and I'-M. They belong to the same hourglass
loop centered around the T point.
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The presence of an hourglass loop frequently gives rise to surface
states, as demonstrated in previous studies [20,40]. As depicted in Fig. 8
(b), we present the plotted surface state, revealing the emergence of such
a state. Notably, this characteristic bears resemblance to the surface
state observed in the hourglass Dirac chain material ReOy [41].

Notably, the neck point within the hourglass dispersion is required to
form a closed Dirac loop encircling the I" point, as depicted in Fig. 8(c).
Our DFT results indeed validate this expectation, as illustrated in Fig. 8
(d). One potential explanation for this phenomenon can be provided as
follows: the y-structure of VCly possesses a horizontal mirror plane M,
that runs parallel to the lattice. In the absence of SOC, the four bands
composing the hourglass loop exhibit distinct eigenvalues under the
operation of the horizontal mirror plane M,. The wave functions asso-
ciated with the dy, and dy, orbitals possess differing even and odd
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Fig. 8. (a) 3D band structure with SOC for y-structure VCl,. (b) The calculated chiral edge state of a semi-infinite sheet of VCl,. (c) Schematic figure showing the neck
point of the hourglass dispersion. (d) The energy difference of y-structure VCl; in the 3D BZ, where the white line indicates the location of the hourglass loop.
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behavior under M,. Consequently, these four bands intersect to form the
hourglass loop. Our analysis conclusively establishes that this hourglass
loop is fundamental and entirely governed by the symmetry inherent in
the space group.

4. Conclusion

In summary, by using first-principles calculations, we discover a new
2D material, pentagonal VCl,. There exist three phases, all of which are
dynamically stable. We find the first of spin-polarized hourglass loop in
2D material. y-structure VClp, which bridges hourglass loop materials
and spintronics, exhibits many unique properties including large spin
polarization and robust topological properties. The Curie temperature
estimated from Monte Carlo simulations is about 230 K. Most impor-
tantly, the hourglass loop is intrinsic and does not require any external
conditions in experiments such as strain, magnetic field, or electric field.
Our findings will provide an excellent platform for designing new to-
pological spintronics devices.
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