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Abstract: The structural, electronic, and magnetic properties of a novel two-dimensional monolayer
material, TaF4, are investigated using first-principles calculations. The dynamical and thermal
stabilities of two-dimensional monolayer TaF4 were confirmed using its phonon dispersion spectrum
and molecular dynamics calculations. The band structure obtained via the high-accuracy HSE06
(Heyd–Scuseria–Ernzerhof 2006) functional theory revealed that monolayer two-dimensional TaF4

is an indirect bandgap semiconductor with a bandgap width of 2.58 eV. By extracting the exchange
interaction intensities and magnetocrystalline anisotropy energy in a J1-J2-J3-K Heisenberg model, it
was found that two-dimensional monolayer TaF4 possesses a Néel-type antiferromagnetic ground
state and has a relatively high Néel temperature (208 K) and strong magnetocrystalline anisotropy
energy (2.06 meV). These results are verified via the magnon spectrum.
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1. Introduction

Two-dimensional (2D) antiferromagnetic (AFM) materials, which have traditionally
been emphasized less in spintronics compared to two-dimensional ferromagnetic materials,
have gained significant attention in recent years due to their atomic arrangement, structural
characteristics, and exceptional physical properties [1–4]. Their magnetic moments are ar-
ranged anti-parallel in a two-dimensional plane, forming an ordered magnetic structure [5].
Characterized by an anti-parallel alignment of adjacent valence electron spins, these ma-
terials exhibit no net macroscopic magnetization, avoiding stray magnetic fields [1]. This
feature facilitates high-frequency spin dynamics, positioning antiferromagnets as promising
materials for next-generation high-speed and high-density spintronics [1,2,6–13].

In recent years, significant progress has been made in the study of two-dimensional an-
tiferromagnetic materials. For example, the anomalous Hall effect and the antiferromagnetic-
spin Hall effect in collinear antiferromagnetism were confirmed [14,15]. Researchers rely on
magnetic fields, electric fields, light fields, external pressure, and other methods to control
the antiferromagnetic sequence [16–18]. Efforts have also been made to manipulate spin
and magnetism in two-dimensional limits for efficient applications of two-dimensional
materials [19–24]. However, although some important results have been achieved, many
problems remain to be solved, such as determining how to precisely control growth condi-
tions and parameters to prepare high-quality, uniform two-dimensional antiferromagnetic
materials with large areas, how to further improve the stability of two-dimensional antifer-
romagnetic materials, how to precisely regulate their magnetic properties, and how to use
them effectively.
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Two-dimensional tetrafluorides have become a research hotspot due to the low level of
lattice symmetry and band splitting in their antiferromagnetic ordering. Novel 2D tetraflu-
oride structures such as VF4, MnF4, and RuF4 have been successively reported [25–27].
In this study, we utilized first-principles calculations based on the density functional the-
ory (DFT) to predict a novel 2D monolayer antiferromagnetic material—TaF4. It exhibits
both dynamical and thermodynamical stability. Through an investigation of its structural,
electrical, and magnetic properties, we found it possesses a Néel-type antiferromagnetic
ground state and has a relatively high Néel temperature. These results suggest its potential
application as a novel 2D antiferromagnetic material in spintronics.

2. Methods

Spin-polarized first-principles calculations were performed within the density func-
tional theory framework, which we implemented in the Vienna Ab-initio Simulation
Package (VASP 5.4.1) [28,29]. The electron configurations selected in the calculation were
Ta(5p6 5d3 6s2) and F(2s2 2p5), the core electrons were treated within projector-augmented
wave (PAW) pseudopotentials [30], the exchange and correlation interactions between
electrons were described through the generalized gradient approximation (GGA) of the
revised Perdew, Burke, and Ernzerhof functional for solids (PBEsol) [31,32]. The kinetic
energy cutoff was set to 520 eV, electronic energy minimization was performed with a
tolerance of 1.0 × 10−7 eV, and the convergence criterion for the force on each atom was
set to 0.001 eV/Å. Brillouin zone (BZ) sampling was performed using a 7 × 7 × 1 grid
for unit cell relaxation calculations and a 9 × 9 × 1 grid for static calculations. A vacuum
larger than 22 Å was applied to avoid an interaction between the monolayers caused by the
periodic boundary condition. In particular, we used the HSE06 (Heyd–Scuseria–Ernzerhof
2006) hybrid functional including a 25% non-local Hartree–Fock exchange to correct the
underestimated bandgaps and achieve a more accurate prediction of the electronic structure
and the energies of the magnetic states [33]. Phonon dispersion was calculated using the
density functional perturbation theory, which was implemented in the PHONOPY (2.22.1)
package [34,35], to check the dynamical stability of the TaF4. The thermal stability of the
structure was tested by Ab-initio molecular dynamics simulations at 500 K for 1000 steps
with a time step of 2 fs. Monte Carlo (MC) simulations were performed in 80 × 80 × 1 TaF4
supercell structures using mcsolver (21.03.08) [36].

3. Results and Discussion

With a sufficiently large vacuum layer (22 Å), by relaxing the lattice structure to achieve
sufficiently low system energy and meet the force convergence criteria, the lattice constants
after structural optimization can be obtained. The optimized geometric structure of the 2D
TaF4 under consideration is presented in Figure 1. The geometry of the 2D TaF4 is composed
of three atomic planes: the two layers of F atoms are symmetrically distributed on both
sides of the middle layer composed of Ta and F atoms, which is different to the well-known
transition-metal dichalcogenides (TMDCs). Obviously, each Ta atom is surrounded by six
neighboring F atoms, forming six Ta–F bonds and an octahedron. We determined the stable
and minimum energy structures by optimizing all atomic positions and lattice constants.
The optimized bond lengths of the 2D TaF4 are 2.05 Å (parallel to the plane) and 1.87 Å
(perpendicular to the plane).

Before studying the electric and magnetic properties of the 2D TaF4, its dynamical
stability and thermodynamical stability should be verified first. Figure 2 illustrates the
phonon spectrum of the 2D TaF4. No appreciable imaginary frequencies are found in the
whole Brillouin zone, which confirms that the TaF4 monolayers are dynamically stable. The
phonon dispersion of the TaF4 contains 3 acoustic branches and 12 optical branches as one
unit cell contains one Ta atom and four F atoms. It can be observed that the contribution of
the vibration of the Ta atoms is mainly concentrated in low-energy phonon bands, while the
high-energy phonon bands are primarily formed by the vibration of F atoms. As the lattice
structure belongs to the space group P4/mmm, the 2D TaF4 exhibits higher symmetry than
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other 2D tetrafluoride compounds, such as VF4, MnF4, and RuF4 [25–27]. As shown in
Table 1, the vibration modes of the optical branches in the long-wave limit could manifest
as Raman activity, which is detectable through Raman spectroscopy, infrared (IR) activity,
observable via IR spectroscopy, or they could be silent. The vibration modes of the 2D
TaF4 monolayer can be visualized in Supplementary Materials S1. One can also notice
the existence of a considerable phonon band gap, spanning approximately from 8 GHz
to 15 GHz, within the optical branches. This indicates that 2D TaF4 could be used as a
low-dimensional thermal resistance material because the introduction of a phonon gap can
significantly reduce thermal conductivity.

Figure 1. Unit cell (a), top (b), and side (c) views of atomic structure of 2D TaF4. Magenta and orange
balls represent Ta and F atoms, respectively.

Figure 2. The phonon dispersion of the 2D TaF4. Blue (pink) lines represent the contribution of the Ta
(F) atoms’ vibration.

Ab initio molecular dynamics simulations were performed to investigate thermody-
namical stability; they were performed at an ambient temperature for 1000 steps with a
time step of 2 fs. After the molecular dynamics simulations, the structure was slightly
rippled but remained intact and did not collapse; this confirmed the thermodynamical
stability of the 2D TaF4 monolayer (Supplementary Material S2).
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Table 1. Energy (unit: THz), irreducible representations (Irreps.), and activity (R for Raman and IR
for infrared) of long-wave-limit phonons.

E (THz) Irreps. Activity

0 Eu -
0 A2u -

1.904 Eu IR
4.159 Eg R
5.327 B2u -
6.706 Eu IR
7.081 A2u IR

15.351 Eu IR
20.727 A1g R
20.967 A2u IR

In Figure 3, we depict the electronic band structure of the antiferromagnetic state of
2D TaF4 in the first Brillouin zone, which was unfolded from the band of the AFM state in
a
√

2 ×
√

2 cell. Due to the degeneration of two spin channels in the AFM state, we do not
display the spin-up and spin-down bands separately while including spin–orbit coupling.
The blue and pink lines represent the contributions of the Ta and F atoms, respectively.
With the HSE06 hybrid functional theory, one can obviously note that no energy band
passes through the Fermi level, and the valence band maximum (VBM) is located at the
X point, while the conduction band minimum (CBM) is located at the Γ point. Thus, the 2D
TaF4 is an indirect bandgap semiconductor with a bandgap of about 2.58 eV.

Figure 3. The spin-polarized band structure of the 2D TaF4 monolayer calculated with the high-
accuracy HSE06 functional. The horizontal dotted line indicates the Fermi energy level.

In order to discuss the magnetic properties of the 2D TaF4, we compared the energies
of a ferromagnetic (FM) order (shown in Figure 4a) and three different AFM orders (shown
in Figure 4b–d) to confirm the ground state of the monolayer 2D TaF4. As a result, the 2D
TaF4 prefers to adopt a Néel-type AFM order, labeled AFM-1 in Figure 4b. To discuss the
magnetic stability of the 2D TaF4, we need to determine the exchange interaction intensities
between the atoms in the monolayer. From Figure 4, we can see that little spin charge
pervades near the F atoms, while the spin density is mainly concentrated on the Ta atoms.
Thus, we could omit the existence of the F atoms, and simplify the magnetic lattice of
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the 2D TaF4 into a J1-J2-J3-K Heisenberg model in a square lattice where the J1, J2, and J3
represent the nearest, next-nearest, and third-nearest exchange interactions, respectively.
Comparing the energy difference in the FM and three different AFM orders of this system,
we can extract the exchange interactions between Ta atoms. For each type of magnetic
order, we have the following relationships:

EFM = E0 − 16J1S2 − 16J2S2 − 16J3S2 (1)

EAFM-1 = E0 + 16J1S2 − 16J2S2 − 16J3S2 (2)

EAFM-2 = E0 + 16J3S2 (3)

EAFM-3 = E0 + 16J2S2 − 16J3S2 (4)

where E0 represents energy without considering spin, and S represents the spin on Ta atoms.
After bonding with six F atoms, the tetravalent Ta has one 5d electron left unbonded. Thus,
the Ta atom shows spin with S = 1/2. The calculated exchange parameters J1, J2, and J3 are
−92.00 meV, −1.48 meV, and −3.28 meV, respectively. The negative values of the exchange
interactions prefer to spin antiparallel to two Ta atoms. As J1 is apparently stronger than
J2 and J3, the nearest exchange dominates the spin arrangement. Thus, we can deduce that
without thermal fluctuation, the spin of a Ta atom should align oppositely with its four
nearest Ta atoms, which have the same spin orientation. As a result, the ground state of the
Néel-type AFM order of the 2D TaF4 should be stable at low temperatures.

Figure 4. Spin density isosurfaces of four different-magnetic-order structures: (a) FM, (b) AFM-1,
(c) AFM-2, and (d) AFM-3. Yellow and blue isosurfaces indicate spin-up and spin-down densities,
respectively. Exchange interactions of nearest-neighbor J1, next nearest-neighbor J2, and third nearest-
neighbor J3 are pointed out in figure (a) with arrows.

As the Ta atom is relatively heavy, its existence could lead to significant spin–orbit
coupling interactions, which might lead to a large magnetocrystalline anisotropy energy
(MAE). Thus, we can evaluate the MAE as described in the formula below:

K =
Ein−plane − Etilt

S2cos2(θ)
(5)
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where Ein−plane and Etilt represent energy with a magnetic moment parallel to the plane
and inclined to the plane with θ degrees. As shown in Figure 5, it can be seen that the
anisotropic energy results in the 2D TaF4 having an out-of-plane easy axis, which indicates
that the magnetic moments tend to be perpendicular to the plane of the monolayer. In the z
direction perpendicular to the plane is the maximum magnetocrystalline anisotropy energy
of about 2.06 meV, this value is much larger than those in MnX2 and GdX2 [37,38].

Figure 5. Magnetocrystalline anisotropy energy of monolayer 2D TaF4.

With the strong AFM nearest the exchange interactions and MAE, we can imagine
that the 2D TaF4 could possess a stable Néel-type AFM order. Based on the J1-J2-J3-K
Heisenberg model, we evaluated the antiferromagnetic-to-paramagnetic phase transition
temperature, namely the Néel temperature (TN), using Monte Carlo simulations. Based on
the calculated exchange interactions and magnetocrystalline anisotropy intensities, Monte
Carlo simulations were carried out, conducting 200,000 steps at different temperatures on an
80 × 80 supercell of monolayer TaF4. The magnetic moments of the Ta atoms in the 2D TaF4
can be variously influenced by thermal fluctuations depending on the varying temperatures.
The temperature dependence of the average magnetic moment on one sublattice of Ta atoms
in the 2D TaF4 AFM order is shown in Figure 6a. We can notice that the magnetic moment
on the Ta atom in the TaF4 monolayer gradually drops as the temperature rises. The
point with the highest slope during the moment decrease corresponds to the TN of the
structure. At this temperature, the antiferromagnetic order of the structure disappears, and
the structure undergoes a transition from an antiferromagnetic state to a paramagnetic state.
It can be seen that the calculated TN of the TaF4 monolayer is about 208 K. This indicates
that the monolayer TaF4 might be a good candidate as a 2D material for spintronic and
electronic applications.

Using the exchange interactions we obtained and based on the Landau–Lifshitz–
Gilbert equations, the magnon dispersion of the monolayer TaF4 was studied with the
atomistic spin dynamics approach. As shown in Figure 6b, it can be seen that one acoustic
branch of magnon in the dispersion is found while no optical branch is observed because
only one TaF4 layer is involved. The magnon curve of the monolayer TaF4 satisfies a
nearly linear relationship near the Γ point, indicating that the monolayer TaF4 possesses an
antiferromagnetic state. The nonzero energy at the Γ point corresponds to the strong MAE.
The magnon energy at the Brillouin zone boundary is relatively large compared with other
two-dimensional materials and the local maximum magnon energy of the monolayer TaF4
is about 700 meV at M point, which implies the strong stability of its Néel-type AFM order.
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Figure 6. Temperature dependence of magnetic moment (a) and Magnon spectra (b) of 2D TaF4.

Lastly, to consider the experimental feasibility of the 2D TaF4, we calculated its forma-
tion energy and interlayer binding energy. Figure 7 shows that the formation energy of the
2D TaF4 is 0.056 eV/atom higher than its bulk counterpart and 0.180 eV/atom above the
convex hull. These minimal energy differences suggest that the 2D TaF4 is very likely to
exist in a metastable form [39]. Additionally, we calculated its interlayer binding energy.
The calculated interlayer binding energy of the 2D TaF4 is about 17.68 meV/Å2, which is
not much higher than that of graphene (11.83 meV/Å2) [40], indicating that 2D TaF4 could
potentially be obtained through mechanical exfoliation.

Figure 7. Formation energy of 2D TaF4 in convex hull of Ta-F compounds.

4. Conclusions

In summary, a novel monolayer 2D material, TaF4, was investigated using first-
principles methods. Its dynamical stability and thermodynamic stability were confirmed
via phonon spectrum and ab initio molecular dynamics simulations. Employing the high-
accuracy HSE06 functional theory, we determined that 2D TaF4 is an indirect bandgap
semiconductor with a bandgap of 2.58 eV. Based on the Heisenberg model, by compar-
ing the energy differences between different magnetic orders, we obtained the exchange
interaction intensities between Ta atoms and the magnetic anisotropy of the system. The
strong AFM nearest-neighbor exchange interaction and MAE illustrate that the 2D TaF4
could possess a stable Néel-type AFM order at low temperatures, and a relatively high
Néel temperature (208 K) was predicted. The antiferromagnetic ground state and strong
magnetic crystalline anisotropy of the 2D TaF4 were verified by its magnon spectrum.
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Through calculations of its formation energy and interlayer binding energy, we speculate
that the 2D TaF4 has the possibility to be obtained through mechanical exfoliation. This
work suggests that TaF4 could serve as a low-dimensional thermal resistance material and
might be a promising candidate for spintronic and electronic applications.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/ma17112780/s1. See the Supplementary Materials for
the vibration modes and molecular dynamics simulations of the 2D TaF4 monolayer. Supplementary
Material S1—Vibration modes of the 2D TaF4. Supplementary Material S2—Ab initio molecular
dynamics simulations.
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