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ABSTRACT

Two-dimensional (2D) transition metal trihalide (TMX3, X = Cl, Br, I) family has attracted
considerable attention in recent years due to the realizations of CrCls, CrBr3, and Crls monolayers. Up to
now the main focus of the theoretically predicted TM X3 monolayers has been on the Chern insulator states,
which can realize the quantum anomalous Hall effect. Here, using first-principles calculations, we
theoretically demonstrate that the stable OsCls monolayer has a ferromagnetic ground state and a spin-
polarized Dirac point without spin-orbit coupling (SOC), which disappears in the band structure of Janus
OsBr1.5Cli.s monolayer. We find that OsCls exhibits in-plane magnetization when SOC is included. By
manipulating the magnetization direction along the C> symmetry axis of the OsCls structure, a gapless half-
Dirac semimetal state with SOC can be achieved, which is different from the gapped Chern insulator state.
Both semimetal states of OsCls monolayer without and with SOC exhibit a linear half-Dirac point (twofold
degenerate) with high Fermi velocities. The achievement of the 2D semimetal state with SOC is expected
to be found in other TMX3 monolayers, and we confirm it in TiCls monolayer. This provides a different

perspective to study the band structure with SOC of the 2D TMX3 family.
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The story of two-dimensional (2D) intrinsic ferromagnetic (FM) material started with the realization
of Crl3 monolayer,' which provides an excellent platform for the investigation of quantum phenomena on
magnetism. Similar to the definition of 2D transition metal dichalcogenide (TMD),? 2D transition metal
trihalide (TMX3, X = Cl, Br, and I) was proposed. From the theoretically calculated electronic band
structures in the absence of spin-orbital coupling (SOC) effect, three FM types are interesting: (i) spin-
polarized Dirac band structure around the Fermi level>” including TiCls,® VCI3/VBr3, !
FeCl3/FeBr3/Fels,'? NiCls,'* Ruls,'* PdCl3,'> OsCls,'® and PtCls;"7 (i) semiconductors, including CrIs'® and
Mols;" and (iii) half-metals, including Osl3.2° All three kinds of band structures play an important role in
spintronic devices due to their intrinsic FM properties. Quantitatively, the spin-polarized Dirac band
structure of the FM ground state has the advantage, which can be regarded as a half-Dirac semimetal state
due to the twofold degenerate Dirac point.?!">* These half-Dirac materials have received considerable
attention lately due to their unique electronic properties. One of the important features is that the half-Dirac
point resulting from two linear crossing bands can lead to a high Fermi velocity, which is promising for
applications in high-speed electronic devices. In general, when SOC is taken into account, a nontrivial
bandgap can be opened at the half-Dirac point, giving rise to a nontrivial Chern insulator state, and leading
to the quantum anomalous Hall (QAH) effect.

Since only few experiments have been added to measure the QAH at ultra-low temperature,?*? the
focus of most theoretical works on TMXs monolayers is to realize the opening of a bandgap at the spin-
polarized Dirac (half-Dirac) point in order to achieve nontrivial Chern insulator states. However, besides
the gapped band structure of Chern insulator states, the case of a gapless band structure in the presence of
SOC should not be neglected,'” corresponding to a semimetal state with SOC. The key to realize a gapless
semimetal state is through the manipulation of the magnetization direction. For FM materials, the

magnetization direction can modify the electronic band structure, which is a magneto band-structure
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effect.!® In theory, a direct-to-indirect bandgap transition and tunable topological states can be achieved in
Crls monolayer when in-plane magnetization is turned on.'® In experiment, Bedoya-Pinto et al. constructed
a nearly ideal system with in-plane magnetization, a CrCls monolayer grown on graphene/6H-SiC (0001).2
For the case of in-plane magnetization, each magnetization direction in the xy plane should be an easy
magnetization direction, and its corresponding band structure should be studied.

The details of calculation method are given in Part I (supplementary material).?’>* In this work, we
firstly focus on a monolayer of transition metal trichloride, OsCls, which was originally proposed by Sheng

1.1 The structure of monolayer OsCls is illustrated in Fig. 1(a). It consists of an Os atomic layer

et a
sandwiched between two Cl atomic layers, where the Os atoms can form a honeycomb lattice. Based on
this OsCls structure, we further constructed a Janus structure by replacing the lower Cl atomic layer with a

3640 which was first realized

Br atomic layer. The Janus structure is also an important set of 2D materials,
for MoSSe.*!*3 The structure of the Janus OsBri.5Cli.s monolayer is shown in Fig. 1(b). The optimized
lattice constant, Os-Cl bond length, and CI-Cl distance along the vertical direction of the OsCl3 monolayer
are 6.05 A, 2.38 A, and 2.67 A, respectively. As listed in Table 1, the Janus OsBr1.5Cli.s monolayer has a
larger lattice constant (6.28 A). The angle of Os-CI-Os is 94.40° in the OsCls monolayer, which is between
the 92.49° of Os-Br-Os and the 98.64° of Os-Cl-Os in the Janus OsBri.5Cli.s monolayer. These values of
angle are close to the 95.5° of CrCls monolayer.** The phonon spectra of the two monolayers were
calculated, and all phonon frequencies were found to be real, implying their dynamical stability. For the
energy stability of the two monolayers, their cohesive energies were calculated from the following formulae:
Econ (OsCls) = (Eos2cis — 2Eo0s — 6E1)/8 and Ecoh (OsBri1.5Cli.s) = (Eos2Bi3cis — 2E0s — 3Esr — 3Ec1)/8, where
Eos2ci6/Eosaiacis s the total energy of the OsCls/OsBri.sClis monolayer (per unit cell) and Eos/Ec/Es: is

the total energy of a single Os/Cl/Br atom. The results of cohesive energy are shown in Table 1, and the

negative values —3.59 eV/atom (OsCl3) and —3.39 eV/atom (Janus OsBrisClis) indicate the energetic



stability of the systems.
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Fig. 1. Top and side views of (a) OsCl3 monolayer and (b) Janus OsBri.5Cli.s monolayer. The phonon spectra

of (¢) OsCl3 monolayer and (d) Janus OsBr1.5Cli.s monolayer.

Table 1. The optimized lattice constant (a), Os-Cl/Os-Br bond length (/), thickness (%), and cohesive energy

(Ecoh, unit: eV/atom) for OsCl3 and Janus OsBr1.sCli.s monolayers. The total energy of the AFM-Z/AFM-

S/AFM-N/NM phase relative to FM phase for OsCls and Janus OsBr1.5Cli.s monolayers (unit: meV/Os).

Monolayer a(A) 1(A) h(A) Econ AFM-Z AFM-S AFM-N NM

OsCls 6.05 2.38 2.67 -3.59 41.3 71.7 95.7 99.5
2.39

OsBri1.5Clis 6.28 5] 2.73 -3.39 57.4 64.5 100.6 106.5

The two monolayers exhibit a FM ground state, and the calculation details are given in Part II

(supplementary material).'® Based on their FM ground state, we calculated the electronic band structures

without SOC for the two monolayers in Fig. 2, where the blue/red curves correspond to the spin-up/spin-
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down channel and a spin-splitting occurs between the two spin channels. For the OsCls monolayer [Fig.
2(a)], there is a half-Dirac point at the Fermi level in the spin-down channel, which is located at the high-
symmetry path M-I" of the first Brillouin zone (BZ). The two bands forming the half-Dirac point are linear
with the Fermi velocity of 0.54/1.41x10° m/s. We found that the five d atomic orbitals (dxy, dyz, dxz, dx-y2,
and d») of Os atoms are mostly responsible for the bands around the Fermi level, as shown in Part III
(supplementary material). Thus, the OsCl3 monolayer is a half-Dirac semimetal of d-state without SOC,*
and is essentially different from the half-Dirac semimetal of p-state, such as Cd2N3/1T-YN2/1T-LaN2/1T-
LuN2.2454 For the band structure without SOC of the Janus OsBr1.5Cl1.s monolayer [Fig. 2(b)], two bands
in the spin-down channel are above the Fermi level, and the half-Dirac point disappears with opening an
indirect bandgap of 31.4 meV, making the Janus OsBri.5Cli.s monolayer a FM semiconductor. The opening
of the bandgap can be attributed to the broken structural symmetry. The space group of the OsCl3 monolayer
is P-31m (162) while the space group of the Janus OsBri.5Cli.s monolayer is P31m (157). In view of their
main symmetry, the OsCl3 monolayer has C2 symmetry and mirror symmetry while the Janus OsBr1.5Clis
monolayer has mirror symmetry without C> symmetry, where the same vertical mirror plane can be found.
Here, we can conclude that the half-Dirac point is preserved by the C> symmetry rather than the mirror
symmetry, which we will further confirm by manipulating the magnetization direction with SOC for OsCl3

monolayer. Hence, in the following discussions on SOC effect, we will only focus on the OsCls monolayer.
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Fig. 2. Spin-polarized band structures of (a) OsCls monolayer and (b) Janus OsBri.sCli.s monolayer. The

blue (red) curves indicate the spin-up (spin-down) channel.

Magnetic anisotropy energy (MAE) mainly originates from the SOC effect, which can be evaluated
from the total energy difference between the easy direction and the hard direction.*’ To evaluate the MAE
of the OsCl3 monolayer, we used two methods: relativistic self-consistent field (SCF) calculations with
different orientations, and relativistic non-SCF calculations with different orientations.”® Here, three
magnetization directions are important, including 100, 010, and 001. By setting the MAE of 001 direction
as a base (0), the MAE of the 100 direction was calculated by MAE (100) = £ (100) — £ (001) while the
MAE of 010 direction was calculated by MAE (010) = £ (010) — £ (001). For the SCF method, the MAE
of 100 (010) direction is —32.45 (—32.98) meV/Os. For the non-SCF method, the MAE of 100 (010)
direction is —22.47 (—22.75) meV/Os. The two different methods show in-plane magnetization but there is
a difference in the calculated values of MAE and magnetic moment. The non-SCF method cannot describe
the change of magnetic moment due to the SOC effect, because it still gives 1 us/Os in the 100/010/001
direction, which is the same value as without SOC. However, the magnetic moment becomes 0.7 us/Os in
the 100/010/001 direction when using the SCF method. Therefore, we believe that the results from SCF are

more reasonable. Comparing the three values of MAE (100) = —32.45 meV/Os, MAE (010) = —32.98
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meV/Os, and MAE (001) = 0, the magnetization along 001 direction is hard to achieve experimentally
while the magnetization along 100/010 direction should be possible in experiment. The magnetization of
010 direction shows the lowest MAE (total energy), and its corresponding SOC band structure has been
studied in detail in previous work.'® Although the MAE (total energy) of 100 direction is 0.53 meV/Os
higher than that of 010 direction, the magnetization of 100 direction can be tuned by using an external
magnetic field, and therefore its corresponding band structure deserves to be studied.>!

When the SOC effect is not included, there are six symmetrical half-Dirac points along the high-
symmetry paths, M-Ms, Mi1-Ma, and M2-Ms, as shown in Part IV (supplementary material). At first, we
used the magnetization direction 71 along the 100 direction, corresponding to the angle ¢ = 0° with respect
to the positive direction of x axis [orange arrow in Fig. 3(a)]. The first BZ of the OsCls monolayer is shown
in Fig. 3(a), and the global band structure with SOC of the OsCl3 monolayer for ¢ = 0° is shown in Fig.
3(b). It is clear that there is a gapless point in the high-symmetry path M-I" while another gapless point

~

appears in the high-symmetry path I'-M3 [Fig. 3(c)], and the 7 is parallel to MMs. The gapless point

52,53

formed by two linear bands is against SOC and twofold degenerate, which can also be regarded as a

half-Dirac point.?'** Its Fermi velocity is 0.48/1.13x10° m/s, almost equal to the value of 0.54/1.41x10°
m/s without SOC. When the angle between it and the positive direction of x axis is ¢ = 180°, the same
band structure can be obtained as for the case of ¢ = 0° [Figs. 3(b) and 3(c)]. The above two magnetization
directions of 7 (¢ =0° and ¢ = 180°) correspond to the Ca2x symmetry axis of the OsCls structure. When
the magnetization direction M is parallel to the Cox symmetry axis, the C2 symmetry can be preserved and
two half-Dirac points can be found in the corresponding parallel high-symmetry path M-M3. According to
the C3: symmetry of the OsCls monolayer, there are another two C2 symmetry axes, C2+ and C2- [Fig. 3

(a)]. For the case of ¢ = 0° (180°), the C2 symmetry is broken in the other two directions of the C2 symmetry

axis (C2+ and C2-), leading to the absence of half-Dirac points in the corresponding parallel high-symmetry
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paths Mi1-Ms and M2-Ms (MiMa4]|C2+ and M2oMs||Ca-) [Figs. 3(a) and 3(c)]. Considering the Hubbard U
correction for the electronic correlation of d electrons, the two half-Dirac points can be preserved when the
value of U is less than 0.2261 eV, as shown in Part V (supplementary material). Similarly, when the
magnetization direction M is parallel to the C2+/Ca- symmetry axis of the OsCls structure, corresponding
to @ = 60° (240°)/¢ = 120° (300°), the gapless half-Dirac points should appear again. For the case of ¢ =
60° (240°) [Fig. 3(d)], when the magnetization directions i is parallel to the C2+ symmetry axis, the C2
symmetry along the direction of C>+ is preserved and two half-Dirac points can be found in the
corresponding parallel high-symmetry path Mi-Ma, as shown in Figs. 3(e) and 3(f). For the case of ¢ = 120°
(300°) [Fig. 3(g)], when the magnetization directions i is parallel to the C>- symmetry axis, the Ca
symmetry is preserved along the direction of C2- and two half-Dirac points can be found in the
corresponding parallel high-symmetry path M2-Ms, as shown in Figs. 3(h) and 3(i). Therefore, by forcing
the magnetization direction along the C2 symmetry axes of the OsCls structure, including ¢ = 0°, 60°, 120°,

180°, 240°, and 300°, we are able to realize 2D gapless half-Dirac semimetal states with SOC.
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Fig. 3. Orange arrow indicates the magnetization directions of (a) ¢ = 0°, (d) ¢ = 60°, and (g) ¢ = 120°,
where the pink, light blue, and green lines represent the Ca, C2+, and C2- symmetry axis, respectively.
Global band structures with SOC of the OsCl3 monolayer for (b) ¢ = 0° (180°), (e) ¢ = 60° (240°), and (h)
@ = 120° (300°). Band structures with SOC along the high-symmetry path M-M3/Mi1-M4/M2-Ms of the

OsCl3 monolayer for (c) ¢ = 0° (180°), (f) ¢ = 60° (240°), and (i) ¢ = 120° (300°).

The 2D half-Dirac semimetal states with SOC are different from the Chern insulator states where the
i is along the magnetization direction that is not parallel to the C2 symmetry axis of OsCls structure. For

the case of ¢ = 90°, we calculated the band structures with SOC, as shown in Part VI (supplementary
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material). The gapless points disappear in all the three high-symmetry paths M-M3, Mi-Mas, and M2-Ms,
and a global bandgap of 55.6 meV can be found, where the valence band maximum and conduction band
minimum are marked with black dots. At each of the six half-Dirac points without SOC (Part 1V,
supplementary material), a bandgap is opened due to SOC with breaking the C> symmetry. This global
bandgap is nontrivial, which can be further confirmed by the one edge state connecting the valence band
area and conduction band area, corresponding to Chern number |C| =1 according to the bulk-edge
correspondence. However, comparing the edge states for the six angles, ¢ = 0°, 60°, 120°, 180°, 240°, and
300°, we indeed observe a clear “Fermi arc” connecting the pair of gapless points, as shown in Figs. 4(a)-
4(f), which is the main feature of semimetal states. In this OsCl3 monolayer with SOC, the gapless half-
Dirac semimetal states are due to the preservation of C> symmetry, which is similar in the case of
LuN2/YN2/CrO2/Na;C monolayer with a IT structure.*$1:3>% Besides the C» symmetry, the mirror
symmetry can also realize the semimetal states with SOC. Since magnetization direction M is an axial
vector, it requires that M is perpendicular to this mirror plane in order to preserve the mirror symmetry in
the semimetal states with SOC, which have been realized in some theoretical monolayers, such as PtCls,"7
CsS,%” and LaCl.*® It should be noticed that this semimetal state is indeed against SOC effect, which is
different from that under the premise of negligible SOC due to the light elements, such as in a

phthalocyanine-based covalent organic framework.>
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Fig. 4. Edge states of the OsClz monolayer for (a) ¢ = 0°, (b) ¢ = 60°, (c) ¢ =120°, (d) ¢ = 180°, (¢) ¢ =

240°, and (f) ¢ = 300°.

So far, we have confirmed the 2D gapless semimetal states without and with SOC in the OsCl3
monolayer. In the 2D TMX3 family, there are many monolayers exhibiting a half-Dirac band structure
without SOC. A natural question arises: Can we find the semimetal states with SOC in other 2D TMX3
monolayers? Based on previous works on TMX3 monolayers, the TiCls monolayer also shows a half-Dirac
point along the high-symmetry path M-T" in the band structure without SOC,® exhibiting a half-Dirac
semimetal state, and this result has been repeated in our calculations. Considering the SOC effect, the MAE
of 100 direction can be calculated by MAE (100) = £ (100) — £ (001) while the MAE of 010 direction can
be calculated by MAE (010) = E (010) — £ (001). The MAE (100)/MAE (010) is —0.156/-0.156 meV/Ti,
indicating in-plane magnetization. Then we calculated the band structures for the two magnetization
directions (100 and 010). For the 100 direction [¢ = 0°, Figs. 5(a) and 5(b)], the pair of two gapless half-

Dirac points can be found in the high-symmetry path M-M3 with preserving the same C> symmetry as in
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the OsCls monolayer, showing a 2D half-Dirac semimetal state with SOC [Fig. 5(c)]. A bandgap of 17.9
meV is opened at each half-Dirac point along the high symmetry path Mi-M4/M2-Ms with breaking the C2
symmetry. For the 010 direction [¢ = 90°, Figs. 5(d) and 5(e)], a bandgap of 20.7/10.4/10.4 meV is opened
at the half-Dirac point along the high symmetry path M-M3/Mi1-Ma/M2-Ms, and each C2 symmetry is broken,
giving rise to a Chern insulator state with Chern number |C | =1 according to the bulk-edge
correspondence [Fig. 5(f)]. The above results (¢ = 0° and ¢ = 90°) of the TiCls monolayer are similar to
those of the OsCls monolayer. Hence, we have proven that the 2D half-Dirac semimetal states in two
monolayers of transition metal trichloride, OsCls and TiCls, which originate from the preservation of C2
symmetry. Further verification by performing experiments or employing more accurate calculations, such

as based on DFT+DMFT (dynamical mean-field theory),*® is necessary and left for future studies.
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Fig. 5. Global band structures with SOC of the TiCl3 monolayer for (a) ¢ = 0° and (d) ¢ = 90°. Band
structures with SOC along the high-symmetry path M-M3/M1-M4/M2-Ms of the TiCls monolayer for (b) ¢

=0°and (e) ¢ = 90°. Edge states of the TiCls monolayer for (c¢) ¢ = 0° and (f) ¢ = 90°.
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In conclusion, the 2D half-Dirac semimetal states with SOC in the two monolayers of transition metal
trichloride, OsCls and TiCls, are shown by first-principles calculations. In the absence of SOC, the OsCl3
monolayer is a FM half-Dirac semimetal and the Janus OsBr1.5Cli.s monolayer is a FM semiconductor,
where the absence of the half-Dirac point should be attributed to the different structural symmetries between
the two monolayers. We further confirmed it in OsCls monolayer by considering the SOC effect. The
gapless half-Dirac semimetal states can also be achieved in the OsCls monolayer by manipulating the
magnetization direction along the C2 symmetry axis. Importantly, this type of 2D semimetal state with SOC
can be further found in another monolayer of transition metal trichloride (TiCl3). We establish a general
rule to search for these 2D semimetal states with SOC, and introduce a different perspective to study the

band structure with SOC of the 2D TMX3 family.

See the supplementary material for calculation method (part I), magnetic property (part II), projected
band structure of OsCls (part I1I), band structure of OsCls without SOC (part IV), band structure of OsCl3

with U correction (part V), and Chern insulator state of OsCls (part VI).
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