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The recent discovery of intrinsic two-dimensional (2D) ferromagnetism has sparked intense interest due to
the potential applications in spintronics. Magnetic anisotropy energy defines the stability of magnetizationin
a specific direction with respect to the crystal lattice and is an important parameter for nanoscale
applications. In this work, using first-principles calculations we predict that 2D NiXz (X = Cl, Br, and I) can
be a family of intrinsic Dirac half-metals characterized by a band structure with an insulator gap in one
spin channel and a Dirac cone in the other. The combination of 100% spin polarization and massless
Dirac fermions renders the monolayer NiXs a superior candidate material for efficient spin injection and
high spin mobility. The NiXs is dynamically and thermodynamically stable up to high temperature and the
magnetic moment of about 1 ug per Ni** ion is observed with high Curie temperature and large
magnetic anisotropy energy. Moreover, detailed calculations of their energetics, atomic structures, and

electronic structures under the influence of a biaxial strain ¢ have been carried out. The magnetic
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Accepted 23rd October 2019 anisotropy energy also exhibits a strain dependence in monolayer NiXz. The hybridization between Ni d,,
and d,.,» orbitals gives the largest magnetic anisotropy contribution, whether for the off-plane

DOI: 10.1039/c9ra06474e magnetized NiCls (NiBrs) or the in-plane magnetized Nils. The outstanding attributes of monolayer NiXs
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1. Introduction

The recent experimental discovery of intrinsic ferromagnetism
in two-dimensional (2D) van der Waals crystals down to the
monolayer limit has sparked intense interest due to their
potential applications in spintronics,"”> which takes spin
instead of charge as the carrier for information transportation
and processing. The efficient use of the spin degree of freedom
offers unique advantages to conventional charge-based elec-
tronic devices, such as greater data processing speed, high
integration density, low power consumption, and non-
volatility.>* For developing spintronic devices with practical
applications, there are still many issues such as spin-polarized
carrier generation and injection, long-distance spin-polarized
transport, and spin manipulation and detection.>” To over-
come these obstacles, the search for magnetic materials with
novel band structures has tremendous scientific and techno-
logical significance.

Half-metals (HMs) with one spin channel conducting and
the other semiconducting are an attractive candidate for spin
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will substantially broaden the applicability of 2D magnetism for a wide range of applications.

injection.*® The charge transport is dominated by the electrons
of the metallic spin channel and completely spin-polarized. In
order to preserve the half-metallicity at room temperature, the
band gap of one spin channel should be wide enough to prevent
thermally induced spin-flip transitions. Until now, the half-
metallicity in several pristine 2D systems has been computa-
tionally proved.'*™ Another distinct class of materials with
Dirac states, such as graphene,"*™ silicene,”'®* monolayer
TiB,," and hydrogenated arsenene,” is characterized by low-
energy fermionic excitations that behave as massless Dirac
particles with linear dispersion. By combining the two fasci-
nating properties of half-metallicity and Dirac spectrum,
a potentially more interesting state, namely Dirac half-metal
(DHM), which is characterized by a band structure with a gap
in one channel but a Dirac cone in the other, has been proposed
based on a model calculation.”* Thus, the 100% spin polariza-
tion and massless Dirac fermions can coexist in the DHM
system, which will show more advantages on the efficient spin
injection and high spin mobility. Furthermore, as the DHM
possesses a Dirac cone in only one spin channel, the gap
opening triggered by spin-orbit coupling (SOC) leads to
a topological phase transition in only one spin channel. Hence,
the DMH is also a natural avenue toward the realization of the
quantum anomalous Hall effect (QAHE).

Previous report has demonstrated that a fully spin-polarized
Dirac state can be realized in a simple Kondo lattice model.*
Since then, several materials were computationally proved to be

This journal is © The Royal Society of Chemistry 2019
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DHMs.*>?*  Especially, 2D transition-metal trihalides with
unique electronic and magnetic properties have received
extensive attention. Among them, 2D Cr-trihalides are ferro-
magnetic insulators with low Curie temperature (T¢) of 45 K.*
VCl; and VI; monolayers possess the DHM behavior, but the T
is still only 80 K and 98 K, respectively.”® Mn-trihalides mono-
layers sustain the DHM state and exhibit large magnetic
moments of about 4 g per Mn*" ion. The T¢ is enlarged above
room temperature in a range from 450 K (MnF;) to 720 K (Mnl3),
which can be attributed to the large in-plane magnetic anisot-
ropy energy (MAE).>* Unlike in bulk magnetic materials, the
long-range magnetic ordering in 2D structures is impossible
without magnetic anisotropy, which is required for counter-
acting thermal fluctuations.”” Thus, magnetic anisotropy, which
originates mainly from SOC effects,**** becomes an important
parameter when it comes to 2D magnets as it is qualitatively
related to their magnetic stability. Additionally, ferromagnetic
2D materials with large magnetic anisotropy are of great interest
for high-density magnetic random access memories and spin-
tronic applications at the nanoscale, as in spin valves and
magnetic tunnel junctions.***

A NiCl; monolayer has also been proved to present the DHM
behavior with high temperature ferromagnetism (~400 K).**
The calculated Fermi velocity of Dirac fermions of about 4 x
10° m s, which is larger than that of Mn-trihalides mono-
layers, indicates very high mobility in NiCl; monolayer and is
even comparable to silicene (5.3 x 10° m s~ ').>* However, an
extensive study on the electronic structures, magnetism, and
magnetic anisotropy of Ni-trihalides monolayers is absence.
Here, using first-principles calculations, we demonstrate that
the Ni-trihalides monolayers, NiX; (with X = Cl, Br, and I), have
completely spin-polarized Dirac cones with the Fermi level
located exactly at the Dirac point. For practical applications,
a 2D material usually needs to be supported by a suitable
substrate, which may apply an in-plane strain and affect the
performance of the pristine material. Thus, the electronic
structures, magnetism, and MAE of the monolayer NiX; under
different strains are also investigated systematically. The
combination of these unique properties renders this class of 2D
ferromagnets a promising platform for high efficiency spin-
tronic applications.

2. Simulation models and methods

The DFT calculations for structural relaxation and electronic
structure are performed by using the Perdew-Burke-Ernzerhof
generalized gradient approximation (PBE-GGA) for the
exchange and correlation function as implemented in the
Vienna ab initio simulation package (VASP).>*3* Projector
augmented wave (PAW) is used to described the electron-ion
interaction.**** The plane-wave cutoff energy is set to 500 eV.
The Brillouin Zone (BZ) integrations are performed using a I'-
centered 8 x 8 x 1 k-mesh. During the structural relaxation, the
energy convergent criterion is 10~® eV per unit cell, and the
forces on all relaxed atoms are less than 0.01 eV A~. Moreover,
a 20 A vacuum is applied along the z axis (in the direction
perpendicular to the interface) to avoid any artificial
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interactions between repeated slabs. The band structures are
calculated using the DFT+U approach®** (U = 4 eV) to treat the
strong electronic correlations in the localized Ni-3d orbitals and
the Heyd-Scuseria-Ernzerhof** (HSE06) functional. To ensure
the structural stability of the monolayers, the phonon disper-
sion spectrum is calculated with finite displacement method on
3 x 3 x 1 supercell with 72 atoms by using PHONOPY
package.**

To evaluate the magnetic ground state, we have carried total-
energy spin-polarized calculations of the 2 x 2 x 1 supercell of
the ferromagnetic (FM) and four antiferromagnetic (AFM)
phases, such as the AFM-Néel, AFM-zigzag, AFM-stripy and
mixed AFM, respectively, as shown in Fig. 1(b). For both cases,
spin orientations are initially in the off-plane direction. The
MAE is calculated from the force theorem by considering the
SOC,* which is obtained by performing a two-step procedure.
First, the charge density is acquired by a fully self-consistent
calculation for the collinear case.* Second, by freezing the
potential charge density, the SOC is treated as a perturbation in
non-self-consistent calculations at different magnetization
directions. Finally, MAE is obtained by taking the total energy
differences between in-plane and off-plane magnetization
orientations as

MAE = E, — E, (1)

where Ej and E | are the energies with the magnetization in the
(100) and (001) directions, respectively. Correspondingly, the
positive or negative MAE indicates that the easy magnetization
axis is off-plane or in-plane.

3. Results and discussion

The crystal structure of the monolayer NiXj;, as illustrated in
Fig. 1(a), consists of three flat atomic layers. The Ni atoms
form a 2D honeycomb lattice and are sandwiched between two
X atomic planes. Each Ni ion is surrounded by six first-nearest-
neighbor halogens arranged in an edge sharing distorted
octahedra. Two Ni and six X atoms compose a (1 x 1) unit cell,
which is similar to that of Crl;.» To determine the preferred
magnetic ground state structures of NiX; systems, the
collinear FM and AFM states are considered. We find (Table
S17) that the optimized FM is the ground state for all NiX; and
the next highest-energy configuration is the AFM-zigzag. The
optimized structural parameters for the FM ground state are
shown in Table S1.f For example, in the case of NiCl;, the
lattice constant a and Ni-X bond length [ are 5.940 and 2.296
A, respectively, which are consistent with previously reported
values.*® As expected, the lattice constant and bond length
increase as the halogen anion's ionic radius increases. The Ni-
X-Ni bond angle 6, accounts for the superexchange interac-
tion according to the Goodenough and Kanamori rules.**®
The X-Ni-X axial angle 6, is predicted to be slightly smaller
than 180°, suggesting some deformation in the octahedral
environment (see Fig. 1(a)). The #; and 6, angles are nearly
independent of the ligands, as they are roughly the same for all
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Fig. 1
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(a) Crystal structure of monolayer NiXs (X = Cl, Br, and I) with the unit cell, which includes two Ni and six X atoms. The bond length [, bond

angle 6,, and axial angle 6, from the side view and the hexagonal BZ. (b) Top view of various AFM spin configurations: AFM-Néel, AFM-zigzag,
AFM-stripy and mixed AFM. (c) Calculated phonon dispersion curves of monolayer Nils.

three systems. The cohesive energy per unit cell is calculated
using the expression

Econ = Etotal — 2Eni — 6Ex (2)

where Ea1, Eni and Ex are the total energies of monolayer NiX;,
free Ni and X atoms, respectively. In Table S1,} the negative
values correspond to exothermic reaction, which further
confirms their stability. Moreover, the cohesive energy
decreases with an increasing atomic number of the halogen due
to the decreasing electronegativity of the halogen anion.

To investigate the in-plane stiffness of monolayer NiX;, the
2D Young's modulus is evaluated according to the following

equation
O’E 1 (azE)
Yo = Ao —] = —(=—=]) , 3
o o(aAz)Ao s ). 3)

where E is the total energy per unit cell, a, is the 2D lattice
constant, and A is the corresponding surface area. Fig. S1T
shows the profile of total energy versus lattice constant a, for
monolayer NiX;. The 2D Young's modulus for NiCl;, NiBr; and
Nil; are calculated to be 20, 16 and 10 N m™', respectively,
which are very close to the values obtained previously for V- and
Cr-trihalides®* and are much smaller than that of graphene
(340 N m™ ") and monolayer MoS, (180 N m™').>>*' The softness
of monolayer NiX; implies that strain modulation of their
electronic and magnetic properties can be realized in these
systems. To discuss the dynamic stability of monolayer NiX;, we
have performed the phonon dispersion calculations, as shown
in Fig. 1(c) and S2,} which exhibit similar overall shape. The
absence of imaginary modes in the entire Brillouin zone
confirms the dynamical stability of all monolayer NiX;. More-
over, ab initio molecular dynamics (AIMD) simulations carried
out in a 3 x 3 x 1 Nil; supercell with 72 atoms for 6 ps (with
a time step of 1 fs) at 500 K show clearly that the structure and
energy of monolayer Nil; are nearly unchanged (Fig. S37), sug-
gesting that the Nil; monolayer are thermally stable at room
temperature. Most importantly, the system remains magnetic
throughout the simulation with an average supercell magnetic
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moment of about 18 up (2 up per unit cell), demonstrating that
the magnetic state is robust at room temperature.

For all NiX; systems, the spin-polarized FM ground state
with a total magnetic moment of 2 up per unit cell is observed
and mainly arises from the partially filled d orbitals. The
magnetic moment per Ni atom of the monolayer is listed in
Table S1,7 increases from 1.15 ug in NiCl; to 1.23 ug in Nil;. In
monolayer NiX;, because of the octahedral crystal field caused
by the ligands, the Ni 3d orbitals split into two parts, namely,
the lower t,; and the higher e, manifolds. Each Ni gives three
electrons to form ionic bonding with the ligands as Ni**, which
can be verified by the Bader charge analysis.”* The residual
seven electrons will fully occupy the spin-up and spin-down t,,
orbitals, half-filled the spin-up e, orbitals, and the spin-down e,
orbitals are empty. Thus, the Ni** ion shows an occupation
states of d'*** with a magnetic moment of ~1 ug.*® To estimate
the T¢ of monolayer NiX;, the exchange parameter J is calcu-
lated from the energy difference between FM and AFM phases
with the following equation®

2
EFM/AFM :Eo—(i?).][ i6.]2i3];)|S| 5 (4)

where /1, J, and J; are the Heisenberg exchange integrations for
the first-, second- and third-nearest neighbors, respectively.
Neglecting the second- and third-nearest neighbors and taking
the energy difference between FM and AFM-zigzag phases, we
have

2
AENe = _6J|S| . (5)

Here, |S| is the net magnetic moment at the Ni site. From the
energy difference shown in Table S1,f the exchange parameters
J of NiCl;, NiBr; and Nil; are 86, 103 and 118 meV, respectively.
Consequently, with J available one can roughly estimate the T¢
from the mean-field expression:

Tc = 22J]S] <|§| + 1> / 3kg, (6)

This journal is © The Royal Society of Chemistry 2019
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where z = 3 is the number of the nearest-neighbor Ni atoms in
the monolayer NiX; and kg is the Boltzmann constant. The
estimated T of monolayer NiCl;, NiBr; and Nil; are 497, 595
and 682 K, respectively, implying that these monolayers may be
well applied to room-temperature spintronic devices.

The calculated MAE for each monolayer is listed in Table
S1.f The MAE of NiCl; and NiBr; are 217 and 263 peV/Ni,
respectively, which is larger than that of Cr in CrCl; (24 peVv/
Cr) and CrBr; (159 peV/Cr).*® Moreover, their magnitudes are
far larger than that of cubic Ni (2.7 neV/Ni).** High MAE indi-
cates that the energy required to flip the spin is high, and
therefore inhibits spin fluctuation. With positive values, the
easy axis for energetically favorable spontaneous magnetization
is off-plane. The MAE significantly increases to 320 peV/Ni in
Nil;, though it is much smaller than that of Cr in CrlI; (803 peV/
Cr). The increasing of MAE in Nil; originates from an aniso-
tropic exchange interaction through a superexchange mecha-
nism (Ni-X-Ni), which stems from the strong SOC in the heavier
iodine ions.”® However, the negative value for Nil; represents an
in-plane preference for magnetization. The observed large MAE
will be sufficient to stabilize FM ordering against heat fluctua-
tion under certain temperature.

Fig. 2(a)-(c) show the electronic band structures of FM
ground state for 2D NiCl;, NiBr; and Nil;, respectively,
employing the PBE+U and the hybrid HSE06 method. The
similar band structures reveal that all NiX; exhibit a DHM
behavior which are independent of the exchange correlation
functional. The spin-down channel is an insulator with an
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unusually large gap, whereas the spin-up channel shows Dirac
cone at the high-symmetry K points, as marked by the shadow in
Fig. 2. In order to confirm the suitable value of U for Ni-3d
orbitals in this system, the band structures of Nil; with U = 2,
3,5 and 6 eV are also shown in Fig. S4.1 With the increase of on-
site Coulomb U, the insulator gap of spin-down channel is
enlarged. The underestimation of band gap caused by PBE
functional is gradually alleviated, but the distortion of the
electronic structure around the Dirac cone is intensified. Since
the total magnetic moment of the system remains unchanged,
the U = 4 eV is used is this system, which is consistent with the
previous report in the NiX, (X = Cl, Br, and I) monolayers.*>
Though the Dirac cone is located slightly above the Fermi level
by the PBE+U, the HSE06 functional shifts it at the Fermi level.
In Fig. 2(d), the 3D band structure of the Dirac cone at K point in
monolayer NiCl; clearly shows the linear energy-momentum
dispersion. With the PBE+U, the band gaps of the spin-down
channel are 2.41 eV, 1.93 eV, and 1.32 €V for the NiCl;, NiBr3,
and Nil;, respectively. The PBE+U underestimates the gap of
about 40% as compared to the corresponding HSE06 values of
3.92 eV, 3.25 €V, and 2.44 eV, respectively. In practical appli-
cations, the performance of a DHM system depends on two key
parameters. One is the half-metallic gap, which is determined
as the minimum between the lowest energy of conduction
bands with respect to the Fermi level and the absolute value of
the highest energy of valence bands.> For the monolayer NiX;
with HSE06 method, the half-metallic gaps A are calculated to
be 1.12 eV (NiCly), 0.71 eV (NiBr3), and 0.42 eV (Nils), which are

spin-down
P 3.0

Kx y

Fig. 2 Calculated band structures of 2D (a) NiCls, (b) NiBrs, and (c) Nils FM ground state using the PBE+U and HSEO6 methods. (d) 3D band
structure of the Dirac cone at K point in monolayer NiCls. The Fermi levels are set to zero.
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large enough to prevent the spin-flip transition and the thermal
disturbance at room temperature.® The other is the carrier
mobility in the conduction spin channel. From the Dirac cones
highlighted in Fig. 2, the Fermi velocity v of the carriers can be
evaluated using linear fitting: Avy = dE(k)/dk. With the
increasing atomic number of the halogen, the Dirac cone of
conduction band minimum (CBM) becomes flatter while there
is no significant change of the cone of valence band maximum
(VBM). The calculated vy of the Dirac electrons are 4.12 x 10°,
3.66 x 10°, and 3.23 x 10° m s~ ' at the HSE06 level, respec-
tively, comparable to the value of 5.3 x 10° m s~ in silicene.*
The combination of 100% spin polarization and massless Dirac
fermions renders the monolayer NiX; a superior candidate
material for high-speed spintronic devices and circuits.

(@)
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To understand the origin of the single-spin Dirac state, we
calculated the projected density of states (PDOS) of monolayer
NiX;, as shown in Fig. S5.f In NiCl;, the linearly dispersive
bands of the Dirac states around the Fermi level arise from the
hybridization primary of the Ni-d states with the Cl-p derived p,
and p, states (and a smaller contribution of p,). The relative
strength of the X-p to the Ni-d contribution increases as the
halogen atomic size increases down the group,*® where the
Dirac cone is mainly composed by Ni-d states in NiCl; and by I-p
states in Nil;. According to the feature of the Dirac states, NiCly
can be treated as d-state DHM in which the Dirac bands arise
mainly form the d orbitals of transition-metal atoms, while Nil;
is similar to p-state DHM where the Dirac bands come mainly
from the p orbitals of nonmetal atoms. As mentioned above, the
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(a) Bond length (, (b) bond angle 6,, and (c) axial bond angle 6, as a function of biaxial strain ¢ in the range of —10% to 10%. Energy difference

between the FM and AFM-zigzag phases for (d) NiCls, (e) NiBrsz, and (f) Nils. The AFM phase region is highlighted in gray. The calculated magnetic

moments and T¢ are also shown for each case.
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octahedral crystal field splits Ni-d orbitals into a triple (d,,, de.
y» and d,2) and a doublet (dy, and d,;). For the spin-up channel,
the triplet DOS is peaked at —0.7 eV and the doublet DOS
stretches across the Fermi level. For the spin-down channel,
they are peaked at —0.4 eV and 1.8 €V, respectively. In terms of
the crystal field theory, the relative strength of the crystal field
splitting (AE.¢ ~ 0.7 eV) and spin exchange splitting (AEex ~ 0.3
eV) leads to a low spin state for Ni atom (1 wg), which is in
agreement with the Ni (d"*?) spin configuration.

For practical applications, it is critical to further examine
whether the FM coupling and DHM behavior can be preserved
under external perturbation. Thus, we investigate the depen-
dence of magnetic properties under different biaxial strains. In
Fig. 3(a)-(c), the effect of strain on the structural parameters is
presented. The bond length of Ni-X displays a weak strain
dependency within the 10% range. The Ni-X-Ni angle #; change
linearly with respect to strain. Within the 10% range from the
equilibrium point, the curves display a linear shape with the
same slope for the three halides. The axial bond angle 6, has
a similar behavior but tends to increase upon compression until
it saturates near 180°. With the axial bond angle fully stretched
(around —10% of compression for all monolayer NiX;), the
system will achieve a higher degree of symmetry. In Fig. 3(d) and
(e), we show the energy difference between the FM and AFM-
zigzag phases as a function of ¢ for NiCl;, NiBr;, and Nil;. The
evolution of T¢ calculated based on eqn (6) is also shown in
Fig. 3. Both of them monotonously change with the biaxial
strain in the range from —10% to 10%, but have the opposite
tendency. However, unlike the previously reported strain
modulation of monolayer chromium trihalides,* the increase
of compressive strain promotes the stability of the FM phase in
monolayer NiX;, suggesting that in these cases the T¢ can be
further increased with the introduction of compressive strain.
According to the Goodenough and Kanamori rules.*”>*® the
superexchange interaction from the d—p-d path usually tends to
be AFM if the cation-anion-cation bond angle ¢, is 180°, but it
can be FM if the angle ¢, is near 90°. The monolayer NiX;
belongs to the latter because the Ni-X-Ni bond angle 6, is 95°
which is close to 90°. The previous report has demonstrated that
the tunable magnetic and electronic properties of 2D halides
originate from the competition between AFM direct nearest-
neighbor d-d exchange and FM superexchange via halogen p
states, which leads to a variety of magnetic states.*” The increase
compressive strain enhanced both the AFM and FM exchange
interaction, but the latter is more pronounced in monolayer
NiX;. However, with a tensile strain, there is a phase transition
to the AFM phase when the energy difference between FM and
AFM orderings becomes greater than zero. As shown from the
gray highlighted area in Fig. 3(d) and (e), this phase transition
may occur when the tensile strain is greater than 6%. The total
magnetic moments of the 2 x 2 x 1 supercell which contains
eight Ni atoms are also displayed under different strain. In
NiCl;, within the range of FM interaction, the total magnetic
moments are sustained at 8 up (1 up per Ni).

Fig. 4(a) shows the band structures of strained NiCl; by the
PBE+U method. The tensile strain will not affect the DHM
behavior of the system and increase the half-metallic gap A of

This journal is © The Royal Society of Chemistry 2019
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the spin-down channel. Although the half-metallic gap monot-
onously decreases with the increase of compressive strain, the
HM nature dose not change, which is consistent with the
constant trend of the magnetic moments (1 up per Ni). However,
when the compressive strain exceeds —6%, the Dirac cone in the
spin-up channel is destroyed, and the system changes into
a conventional HM. From the PDOS of the strained systems
(Fig. S6(a)t), we find that the mainly contributed orbitals near
the Fermi level have no significantly changed. Due to the
enhanced orbital hybridization by the compressive strain, the
localization of the electronic states is weakened, which causes
the disappearance of the Dirac cone in spin-up channel and the
decrease of the half-metallic gap in spin-down channel. In NiBr;
and Nil; systems (Fig. 4(b) and (c)), the effect of tensile strain on
the electronic structures and magnetic moments is similar to
that in NiCl;. Nevertheless, with a larger anion radius, the
influence of compressive strain on the enhancement of orbital
hybridization is more obvious. In NiBrz, when ¢ = —6%, in
addition to the destruction of the Dirac state in spin-up
channel, the half-metallic gap in spin-down channel is almost
reduced to zero. Further increasing the compressive strain, the
system will be transformed from HM to magnetic metal with an
increase of total magnetic moments (see Fig. 3(e)). As shown
from Fig. 4(b) and S6(b), the VBM of the band gap in spin-down
channel are mainly contributed by Br-p orbitals. Therefore, the
increase of the total magnetic moments mainly comes from the
spin-splitting of Br-p orbitals under strong orbital hybridiza-
tion. In Nil; (see Fig. 4(c) and S6(c)T), the transition threshold is
changed to ¢ = —2%.

The large MAE in monolayer NiCl; (NiBr;) and Nil; (see
Table S1f), which is related with the off-plane and in-plane
preference for magnetization, is of great importance for fabri-
cating novel spintronic devices. In Fig. 5, one can also observe
how MAE changes with biaxial strain. As shown in Fig. 5(a) and
(c), the energy is calculated as a function of the angle of
magnetization with respect to the basal plane 6 (see the inset of
Fig. 5(a)), which is 0° in-plane and 90° off-plane. No substantial
difference in energy with respect to the different in-plane
directions is observed by DFT calculations. Thus, the
azimuthal contribution to energy is neglected. The dependency
of the energy per Ni atom with respect to ¢ is given by**

E(0) = Ey + ky sin?(0) + k, sin*(0), 7)

where E, is a constant-energy shift, and &, (k,) is the quadratic
(quartic) contribution to the energy. In NiCl; (off-plane easy
magnetization axis), the fitting parameters for &, and k, are
—216.5 and —0.9 peV/Ni. In Nil; (in-plane easy magnetization
axis), the values of k; and &, are 357.5 and —34.3 peV/Ni, which
are similar to the cases of Cr-trihalides.” We note that for all
systems the quadratic contribution dominates the MAE. If k; <
0, the preferred magnetization direction will be along the z-axis
(off-plane), whereas k; > 0 suggests that it will be perpendicular
to the z-axis (in-plane). The related strained systems with ¢ =
—10% (compressive strain) and ¢ = +10% (tensile strain) are
also shown. The easy magnetization axis of monolayer NiCl;
and Nil; remains unchanged for in-plane and off-plane,
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Fig. 4 Band structures of (a) NiCls, (b) NiBrs, and (c) Nils with varying in-plane biaxial strain. The red and blue lines represent the intensity of

halogen and Ni components, respectively. The Fermi level is set to zero.

respectively. In NiCl;, both compressive and tensile strain will
reduce the MAE, and the latter is more pronounced. However, in
Nil;, the compressive strain reduces the MAE, while the tensile
strain enlarges the MAE rapidly. When ¢ = +10%, the MAE of
the AFM phase can reach —712 peV/Ni, which is approximately
doubled and comparable to the MAE of Crl; (803 peV/Cr).

Fig. 6 shows the d-orbital resolved MAE of Ni in monolayer
NiCl; and Nil;. The main contributions from Ni in unstrained
NiCl; are due to the matrix element differences between d,, and
d,e.,> orbitals with positive value as well as d,, and d,, orbitals
with the comparable smaller negative value, leading to the
overall perpendicular magnetic anisotropy (PMA) contribu-
tions. When ¢ = —10%, the PMA contributions scatter to the in
two matrix elements and a small increment of in-plane
magnetic anisotropy (IMA) contributions appear simulta-
neously, leading to the decrease of overall MAE. When ¢ =
+10%, although the PMA contributions from the matrix element
differences between d,, and d,., orbitals increases signifi-
cantly, the IMA contributions from the surrounded matrix
elements also dramatically increase. Therefore, the resultant
MAE in this stretched system significantly reduces. The varia-
tion tendency of MAE may depend on the strength of localiza-
tion of the corresponding orbitals,* as shown from the PDOS in

35620 | RSC Adv., 2019, 9, 35614-35623

Fig. S5(a) and S6(a).t Both the compressive and tensile strain
suppress the localization of Ni d-orbitals near the Fermi level,
causing the decrease of off-plane magnetization. In unstrained
Nil;, the matrix element differences between Ni d,, and d,..,
gives the largest IMA contribution. With a compressive strain of
—10%, the reduction and non-localization of IMA lead to
a decline of the resultant MAE. However, when ¢ = +10%, the
localized IMA contribution mainly comes from the matrix
element differences between d,, and d,, orbitals and the PMA
contributions from the surrounded matrix elements are
significantly decreased, resulting in a substantial increase of the
resultant MAE. In Fig. 4(c) and 5(c), as comparing with the
unstrained system, the compressive strain still suppresses the
localization, while tensile strain enhances the localization of Ni
d-orbitals with a higher DOS near the Fermi level, consisting
with the variation tendency of MAE. Similar to the case of
monolayer Crl;, since the FM superexchange interaction with
the Ni-I-Ni bond angle of about 90° is anisotropic due to the
SOC,?® the biaxial strain will have further influence on the
anisotropic exchange interaction by modulating the bond
angle. Combining complete spin-polarization, high-speed
conduction electrons, high T, robust FM state and MAE, the
monolayer NiX; serves as a prototype for DHM, which will be

This journal is © The Royal Society of Chemistry 2019
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extensively applied in the fields of efficient spin injection and
high spin mobility.

4. Conclusions

In summary, we predict that the 2D Nickel trihalides is a family
of intrinsic DHM which exhibits many unique properties,
including 100% spin polarization, massless Dirac fermions with
high carrier mobility, which is a superior candidate material for
efficient spin injection and high spin mobility. The NiX; is
dynamically and thermodynamically stable up to high temper-
ature and hence could be synthesized experimentally by an
exfoliation process commonly employed in other 2D van der
Waal crystals. The magnetic moments of about 1 ug per Ni** ion
is observed with high Curie temperature and large MAE.
Furthermore, we have studied the effect of biaxial strain and
have determined the strain dependence of the atomic structure
and electronic and magnetic properties of the monolayer NiX;.
The increase of compressive strain promotes the stability of the
FM phase, suggesting that in these cases the T¢ can be further
increased with the introduction of compressive strain. The MAE
also exhibits a strain dependence and has different variation
trend for the off-plane magnetized NiCl; (NiBrs) and the in-
plane magnetized Nil;. Combining these unique properties,
the monolayer NiX; serves as a prototype for DHM, which will
open the way towards the development of high-performance
spintronic devices.
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