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The realization of robust intrinsic ferromagnetism in two-dimensional (2D) materials in conjunction with
the intriguing quantum anomalous Hall (QAH) effect has provided a fertile ground for novel physics and
for the next-generation spintronic and topological devices. On the basis of density functional theory
(DFT), we predict that layered 5d transition-metal heavier halides (TMHs), such as ReXs (X = Br, 1), show
intrinsic ferromagnetism with high spin polarization and high Curie temperatures. The outstanding
dynamic and thermodynamic stability ensures their experimental feasibility. The strong spin—orbit coup-
ling (SOC) of Re makes the electronic structure of the Rels monolayer topologically nontrivial with a large
Chern number (C = —4). DFT+U calculations reveal that the 2D system undergoes a nontrivial to trivial
transition with increasing on-site Hubbard Coulomb interaction U through the emergence of a Dirac
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cone. This transition is corroborated by the emergence of chiral edge states and the anomalous Hall con-
ductivity. These findings not only demonstrate room-temperature ferromagnetism in atomically thin
5d TMHs, but also pave the way for the potential realization of the QAH effect with high Chern numbers

rsc.li/nanoscale in pristine 2D layers.

Introduction

Two-dimensional (2D) materials have been the subject of
intensive studies in the past decade because of their novel
physics and wunique properties compared to their bulk
counterparts.’* With numerous types of condensed-matter be-
havior that have been observed in pristine 2D crystals, intrinsic
polarization or ferromagnetic ordering has been notably
absent as the Mermin-Wagner theorem excludes the long-
range magnetic order by thermal fluctuations.® This limitation
greatly hinders the utilization of these novel 2D nanosheets in
the field of spintronic nanodevices. To this end, 2D ferro-
magnetic materials with desirable magnetic and electronic
properties are highly needed.

Recently, 2D magnets down to the few-monolayer limit have
been successfully demonstrated by exfoliating bulk magnetic
van der Waals (vdW) crystals such as Cr,Ge,Tes and Crl;.%”
However, these 2D materials are ferromagnetic insulators with
rather low Curie temperatures,8 Tc, of 45 K and 90 K, respec-
tively. Besides, if exposed to air Crl; flakes degrade rapidly,
thus severely hampering the fabrication and exploration of
Crl;-based devices. Actually, most technological applications
require room temperature magnetic ordering and good physi-
cal stability. Consequently, intense experimental and theo-
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retical efforts have recently focused on searching for ferro-
magnetic 2D materials, which combine high spin polarization,
robust long-range ordering and high 7.

Furthermore, 2D magnets provide a platform to study novel
phenomena in magnetism, including the quantum anomalous
Hall (QAH) effect associated with robust chiral edge states. The
synergy between the onset of intrinsic ferromagnetism which
breaks the time-reversal symmetry and the strong spin-orbit
coupling (SOC) in 2D materials can trigger an insulating state
with a topologically nontrivial band structure characterized by a
nonzero Chern number.’ The dissipationless charge transport
in QAH insulators without the need for an external magnetic
field provides promising applications in low-energy consump-
tion spintronics. Currently, the realization of the QAH effect in
solid-state materials can only be achieved at extremely low tem-
peratures (below 100 mK) because of the small topologically
nontrivial band gap.'®"" Therefore, to enable potential device
applications, it is important to identify materials for the QAH
effect with a larger band gap and a high Curie temperature (7¢).

The family of layered transition-metal halides (TMHs)
paved the way for a wide range of magnetic ordering in 2D
systems.">"* However, current studies have mainly focused on
3d-transition metal-based 2D TMHs."*™*® On the other hand,
the emergence of magnetism and non-trivial topological pro-
perties in 5d transition-metal TMHs which have larger SOC
remains an open question.

The objective of this work is to investigate the structural,
electronic, magnetic, and topological properties of 2D rhenium
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trihalides by means of density functional theory (DFT),
ab initio molecular dynamics, and Monte Carlo simulations,
respectively. We find that heavier halides (Br, I) are dynami-
cally and thermodynamically stable in contrast to the unstable
phonon modes for lighter halides (F, Cl). Furthermore, we
demonstrate that ReX; (X = Br, I) are half-metals with a large
bandgap in one spin channel based on the PBE functional and
exhibit both high Curie temperatures and a high Chern
number (C = —4). DFT+U calculations reveal that the Chern
number decreases with increasing on-site Hubbard Coulomb
interaction U, vanishing at a critical U.y value where the 2D
system undergoes a nontrivial to trivial transition through the
emergence of a Dirac cone. Further analysis of the nontrivial
gapless chiral edge states and the QAH conductivity provides
compelling evidence for the experimental realization of the
QAH effect in heavier rhenium trihalides and their potential
for future applications in electronic and spintronic devices.

Computational method

Spin-polarized first-principles electronic structure calculations
were performed using the plane-wave basis code Vienna
ab initio simulation package (VASP) with the projector augmented-
wave (PAW) scheme.'®?® The generalized gradient approxi-
mation (GGA), as formulated by Perdew-Burke-Ernzerhof
(PBE), was used to treat the exchange and correlation func-
tional.>® We applied periodic boundary conditions and a
vacuum region of 20 A thickness along the z direction to
simulate the 2D structures. The kinetic energy cutoff was set at
500 eV, and the Brillouin zone (BZ) integration was sampled
with a 23 x 23 x 1 I'-centered Monkhorst-Pack grid.>* All struc-
tures were fully relaxed until the residual forces on each atom
are less than 0.01 eV A™* and the total energy is converged to
less than 107° eV per formula unit.

GGA+U calculations were used to account for the exchange
and correlation for the Re-5d orbital, where only a single
effective U.r = U — J parameter accounts for the Coulomb inter-
action, neglecting thereby any higher multi-polar terms.>® The
Berry curvatures and edge states were calculated employing an
effective tight-binding Hamiltonian with spin orbit coupling
derived from maximally localized Wannier functions (MLWF)
via the WANNIER90 and Wannier-Tools packages, respect-
ively.>***> The phonon dispersions were calculated using the
finite displacement approach implemented in the PHONOPY
code.”® In order to investigate the thermal stability ab initio
molecular dynamics (AIMD) simulations using supercells were
also carried out for 10 ps (with a time step of 2 fs) at 600 K.

Results and discussion

The 2D crystal structure of the ReX; (X = Br and I) monolayer
(denoted as ML), shown in Fig. 1(a), was assumed to be
similar to the hexagonal lattice of Crl;,” where each Re atom is
bonded with six X atoms leading to a distorted octahedron.
The Re atomic layer is sandwiched between two X atomic
layers with two Re and six X atoms per (1 x 1) unit cell. Table 1
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Fig.1 (a) Top and side views of the crystalline structure of the ReXs
(X = Br, 1) ML. The solid lines denote the unit cell. (b) Electron localization
function (ELF) of Rels, where ELF = 1 (red) and O (blue) indicate accumu-
lation and depletion of the electron density, respectively. (c) Phonon
spectrum of ReBrs (blue curves) and Rels (orange curves) MLs. (d) Side
view of atomic structure snapshots from the AIMD simulations after
10 ps at 600 K for the ReBrs and Rels ML.

Table 1 Calculated equilibrium lattice constant, a, Re—X bond lengths,
drex. angles of the Re—X—Re bond, cohesive energy, E.on, for the FM
ground state. We also list the values of the energy difference between
the FM and AFM-ZZ state, AE = EAFM—ZZ - EFM

2X-Re-X  Eeon AE
a (A) drex (A) © (meV per atom) (meV)
ReBr; 6.414 2.555 92.85 -3.09 90.68
Rel; 6.957 2.738 94.33 -2.76 38.96

lists the values of the equilibrium lattice constants, the Re-X
bond lengths, and the X-Re-X angle for the ferromagnetic
(FM) phase, which is found to be the ground state (see below).
The equilibrium lattice constants of 6.414 and 6.957 A for
ReBr; and Rels, respectively, are smaller than those for CrBr;
(6.433 A) and Crl; (7.008 A) monolayers.*® Consequently, this
leads to shorter Re-X bond lengths suggesting stronger chemi-
cal bonding in the ReX; family, which will in turn help stabil-
ize the honeycomb structures. This is corroborated by the elec-
tron localization function (ELF) of the Rel; ML, for example,
shown in Fig. 1(b), demonstrating the charge density localiz-
ation in the vicinity of the I anion and the absence of the
charge density between the Re and I atoms. This in turn
reflects the ionic bonding character, where each Re atom
donates three electrons to its six I bonded atoms.

In order to assess the stability of the 2D ReX; mono-
layer, first we have calculated the cohesive energy,

Econ = <E0 — ZNi/‘l) /N, where E, is the total equilibrium
i

energy, N; and y; are the number and the chemical potential of
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the ith type of atoms, respectively, and N = ZNi is the total
i

number of atoms in the unit cell.>” The cohesive energy values

of —3.09 and —2.76 eV per atom, listed in Table 1, for ReBr;
and Rel;, respectively, are comparable to those of silicene,?®
phosphorene,”® and manganese trihalides,® indicating that
the ReX; monolayers will form a strongly bonded network. In
order to corroborate the dynamic and thermodynamic stability
of the FM ground state of the ReX; ML, we have carried out
both phonon calculations and ab initio molecular dynamics
(AIMD) simulations, respectively. The phonon dispersions of
ReBr; and Relz, shown in Fig. 1(c), show no imaginary fre-
quency conforming to the dynamic stability. On the other
hand, we find an imaginary frequency at the I" point for both
the lighter members (X = F, Cl), implying that they are not
stable structures. Fig. 1(d) shows the AIMD snapshots of the
atomic configurations of the ReBr; and Rel; ML, showing that
the ML can maintain its structural integrity throughout a
10 ps AIMD simulation up to 600 K. Therefore, this family of
materials would possess excellent thermodynamic stability. It
is important to emphasize that significant progress has
recently been made in the crystal growth of analogous layered
materials, which share similar hexagonal structures, using the
chemical vapor transport (CVT) technique, such as single crys-
tals of CrCl; and Crl; and single-layer rhenium dichalcogen-
ides (ReS, and ReSe,).*'* Furthermore, the primitive units of
the Rel; layers, namely the [Rels] octahedral structure, have
already been synthesized in the laboratory.*® Consequently,
ReX; may provide a promising platform for an experimental
realization at room temperature.

The values of the Re-X-Re angle for ReBr; and Rel;, listed
in Table 1, are 92.85 and 94.33, respectively. According to the
Goodenough-Kanamori-Anderson (GKA) rules, the super-
exchange interaction of a 90° cation-anion-cation angle favors
FM ordering, whereas a 180° angle favors antiferromagnetic
ordering.’**® Thus, the superexchange interactions between
two nearest-neighbor (NN) Re atoms mediated by X are
expected to be dominant leading to the FM ground state. To
determine the magnetic ground state, we have carried out
total-energy spin-polarized calculations using a rectangular
supercell (Re,I;,) for the FM phase and three antiferro-
magnetic (AFM) phases including the AFM-Néel (AFM-N), the
AFM-zigzag (AFM-ZZ), and the AFM-stripy (AFM-SR) phases,
shown in Fig. 2(a). The calculations reveal that for both ReBr;
and Rel;, the FM is the ground state with a total magnetic
moment of 8up per unit cell (~2ug per Re atom). The next
highest-energy phase is the AFM-ZZ, where the values of
AE = Eppnmzz — Evy are listed in Table 1.

To study the temperature-dependent magnetic ordering
and the Curie temperature, we employed Monte Carlo (MC)
simulations of the 100 x 100 2D Ising Hamiltonian,

H= —Z],'J-S,'Sj, where J;; is the nearest-neighbor exchange
i

coupling constant, and S; and S; are the spins at sites 7 and j,
respectively. The ab initio calculated nearest-neighbor
exchange interactions are 11.3 and 4.87 meV for ReBr; and
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Fig. 2 (a) Top view of the FM phase and various AFM spin configur-
ations, AFM-Néel, AFM-stripy, and AFM-zigzag, of the 2D ReXs ML. Here,
the red (black) circles denote the up (down) spins. (b) Variation of the Re
magnetic moment with temperature.

Rel;, respectively. The temperature variation of the Re mag-
netic moment for the ReBr; and Rel; ML is shown in Fig. 2(b).
We find that the Curie temperature is 390 K (165 K) for ReBr;
(Rel3), which is comparable to that of other 2D FM
MLs.'#3939741 On the other hand, this trend of T, is in contrast
to the increase of T.. on going down the halogen column in the
2D CrX; and MnX; ML.'62942

To gain deeper insight into the nature of FM ordering, we
show in Fig. 3(a) and (b) the spin-resolved band structure and
the density of states of ReBr; and Rels, respectively, employing
the PBE exchange-correlation functional. We find that in both
materials, the majority-spin channel is insulating with a rather
large gap of about 1.9 eV, while the minority-spin channel is
metallic, indicating that ReX; are half-metals with full spin
polarization. The spin density distribution for the ReBr; ML
shown in the inset of Fig. 3(a) is localized primarily around
the Re atom and is small near the I atom. The spin-resolved
density of states (DOS) of the ReBr; and Rel; ML reveals that
the spin-minority states are mainly dominated by the 5d orbi-
tals of Re atoms. The crystal field of the triangular anti-
prismatic ligand environment splits the 5d orbitals of Re into
a triplet low-lying (d, dy._y., and d,.) orbital and a doublet
high-lying (d,, and d,;) orbital. The orbital-resolved band
structure of Relz; ML, shown in Fig. 3(c), shows that the bands
near the Fermi level arise primarily from the hybridization of
Re-derived occupied d,. and unoccupied d,,. Each Re atom
retains four valence electrons after forming an ionic bonding
with the Re or I, where three valence electrons occupy the
spin-majority triplet d,y, dy._,., and d,. derived bands and the
fourth occupies the spin-minority d,. derived band. This in
turn results in a low-spin state with 2ug per Re atom, which is
different from the high-spin Mn®" configuration in MnX;
ML.*°

Next, we turn our attention to the influence of spin-orbit
coupling (SOC) on the electronic structure. Theoretical studies
have suggested that the SOC induces a gap opening in the
spin-gapless states, leading in turn to the QAH effect.""** In
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Fig. 4 (a) Band structure of the Rels ML with Ut = 0 eV, where the
blue and orange curves denote the majority- and minority-spin bands,
respectively, without SOC. The band structure in the presence of SOC is
indicated with dashed curves. (b) Calculated Chern invariant (|C]|) of the
Rel; ML as a function of Uex with SOC. (c) Band structure of Rel; ML
with Uegr = 1.0 eV, where the bands denoted with blue (orange) are the
majority-(minority-) spin bands in the absence of SOC, while the dashed
ones are the bands with SOC.

Fig. 4(a), we show the band structure of the Rel; ML as an
example with and without SOC. The large SOC of both Re and
I atoms changes the band dispersion dramatically. The SOC
induces a gap of 72 meV at the I" point and shifts the valence
band maximum (VBM) and the conduction band minimum

1
(CBM) to about gl"M with a gap of 10 meV.

To identify the topological properties of the gapped state,
we have calculated the Chern invariant of Rel; using maxi-
mally localized Wannier functions.>® The Chern invariant is
obtained by integrating the Berry curvature £2,(k) over the
Brillouin zone (BZ),**

1

21

c

J k2, (k) (1)
BZ

Our calculations reveal that C = —4 for Rels, indicating that it
is a QAH insulator with a topological nontrivial gap. The high
Chern number identified in the Rel; ML may give rise to
different topological phases and new fundamental physics,
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such as enhanced anomalous Hall conductivity (AHC) due to
the associated four edge states threading through the bulk
gap. In order to treat the strong on-site Coulomb interaction of
the localized 5d electrons, we have also carried out GGA+U
electronic structure calculations, where the effective Hubbard
U was varied from 0.0 to 1.0 eV. In the absence of SOC, the
correlation energy Ueg triggers a gap opening in the minority-
spin channel at I', which increases with increasing Ue.s We
have also employed the more computationally intensive Heyd-
Scuseria-Ernzerhof hybrid functional (HSE06)*® to calculate
the band structures. The results show that the energy bands
for the HSE06 functional have similar dispersion to those for
the PBE+U, and the only difference is the calculated band gap
of the minority spin channel, indicating that the PBE+U func-
tional is reliable. Considering that the HSE06 functional may
overestimate the band gap, we have therefore used the compu-
tationally more affordable PBE+U method to investigate the
electronic and topological properties of 2D rhenium halides.*®
Fig. 4(c) shows the band structure of the Rel; ML with and
without SOC for Ugs = 1 eV. In the absence of SOC, the four
unoccupied minority-spin bands shift away from the Fermi
level, resulting in a gap opening up to 0.41 eV. In the presence
of SOC, these four bands split into separate bands in the
energy range from 0.072 to 0.91 eV. The variation of the Chern
number for the Rel; ML as a function of U.g is shown in
Fig. 4(b). We find that the nontrivial states with a large Chern
number emerge at the Fermi level when U < 0.6 e€V. Upon
further increasing the effective on-site Hubbard Coulomb
interaction, the Chern number decreases and vanishes at the
critical USH' = 0.6 eV, where the 2D system undergoes a tran-
sition from the nontrivial to the trivial topological phase. In
the nontrivial states, the fundamental bandgap initially
increases with U.g, then decreases below the Ug;;t and vanishes
at USHt = 0.6 eV, where the system undergoes a transition to the
Mott insulating state. The fundamental gap at I' further
increases for U.y > USH. A similar continuous topological

This journal is © The Royal Society of Chemistry 2019
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quantum phase transition was reported in OsCl; but with a
smaller U critical value.*”

The non-zero Chern number for U < 0.6 €V is linked to
the number of nontrivial chiral edge states that emerge inside
the bulk gap of the semi-infinite system.'' In order to gain
insight into the effect of Ues on the nature of the topological
state, we have investigated the emergence of edge states in the
2D ribbon using an iterative procedure to calculate the Greens
function for a semi-infinite system. Fig. 5(a) shows the band
structures of the zigzag (left panel) and armchair (right panel)
edges of the 2D Rel; ribbon with U = 0.4 eV. It is clear that
two gapless chiral edge states emerge in the vicinity of the
Fermi level connecting the valence and conduction bands of
the 2D system, which is consistent with the value of 2 for the
Chern number in Fig. 4(b), indicating that Rel; is in the QAH
phase.*® The band structure of the Rel; ML for USH = 0.6 eV
(where C = 0) is shown in Fig. 5(b). One can see that the con-
duction and valence bands merge at the Fermi level, leading to
the formation of a Dirac point at the I" point. The emergence
of a Dirac cone at U = 0.6 eV only in the minority-spin
channel makes the 2D system half-metallic with 100% spin
polarization and high-mobility carriers. Besides, U can be
modified via the application of engineering strain in the inter-
faces of ReX; with other materials, resulting in the change of
2D topological properties. The Chern number C is an integer
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Fig. 5 (a) Band structure of the zigzag (left panel) and armchair (right

panel) edge states of the 2D Rels ribbon with Ui = 0.4 eV. The Fermi
level is set at zero. (b) 3D band structure of the Rel; ML with SOC and
Uetr = USH = 0.6 eV showing the emergence of the Dirac cone at T
(c) Anomalous Hall conductivity of the Rels ML as a function of the
Fermi level position, Ay = u — Ef, for Uess = 0.8 eV.
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and gives rise to the quantization of the AHC, o, = Ce’/h. Even
though the Rel; ML is in the trivial state for U.s > 0.6 €V,
Fig. 5(c) shows the AHC as a function of the position of the
Fermi level, Ay = u — E (Eg is the Fermi level), for U = 0.8 eV.
Interestingly, we find that when it is raised in the range from
0.2 to 0.3 eV it leads to a gap opening of 73 meV (consistent
with the band structure in Fig. 4(c)) and to an AHC plateau
value of -2, indicating that electron doping can induce a
trivial to topological transition above room temperature.

Conclusions

In summary, based on first-principles calculations, we have
demonstrated that the 2D family of heavier ReX; (X = Br and I)
are intrinsic half-metals with high Curie temperatures. The
results of cohesive energy, phonon spectra and AIMD analysis
indicate that they are dynamically and thermodynamically
stable. The large SOC drives Rel; into a nontrivial topological
state with a large Chern number. Moreover, we demonstrate
that this QAH nontrivial state persists up to the critical U
value of 0.6 eV, where the atomically thin Rel; undergoes a
transition from the topological nontrivial to trivial phase with
the concomitant onset of a Dirac cone. The nontrivial gapless
chiral states and the dependence of the QAH conductivity
versus the position of the Fermi level provide convincing evi-
dence for the realization of the QAH effect in experiments.
Therefore, the family of heavier rhenium trihalides offers great
promise for wide application in electronic and spintronic
devices.
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