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deceased before we could finish it.

Electronic structure and magnetic properties of the family of first-row transition metal dihalides (TMHals,
TM =V, Cr, Mn, Fe, Co, Ni; H = Br, I) monolayers were studied by means of density functional theory. Strong
electron correlations were taken into account by implementing Hubbard U correction in a simplified scheme
proposed by Dudarev et al. (Ueg). Uegr correction essentially affects electronic structure of TMHal, widening the

band gap and witnessing their highly spin-polarized nature. Two different ligand orientations namely, H and T
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configurations of monolayers were considered. Unlike others, FeHal, monolayers tend to form H structure when

1. Introduction

Since the discovery of free-standing graphene [1,2], two-dimen-
sional materials have attracted lots of attention due to their unusual
mechanical and electronic properties being rather different from those
of the bulk material. In particular, they are being considered as pro-
mising materials for spintronics. The use of low-dimensional materials
allows decreasing the size of spintronic devices essentially. However,
the utilization of graphene in spintronic devices is limited due to its
conducting semi-metal nature while contemporary tasks often require a
semiconducting or half-metallic material. Along with tuning graphene
properties by various methods, new 2D layered materials are devel-
oped. Transition metal dichalcogenides (TMD) are of a particular in-
terest because of the wide variety of their electronic properties which
enables one to use them in opto- and nanoelectronics [3]. The most
studied among all the TMD monolayers are MoX, and WX, (X = S, Se),
or so-called MoWSeS materials [4]. However, to the date, vast majority
of TMD family does not possess magnetic ordering. The only exceptions
are VS, and VSe, which appear to be surprisingly intrinsic ferromagnets

[5-7]. It's worth to note that TMD monolayers are actually not atom-
ically thin but represent a three-layered structure with metal ions being
sandwiched between two chalcogen's layers. There are, then, two pos-
sible configurations of layers mutual arrangement, namely, H (hex-
agonal, with metal in trigonal prismatic surrounding) and T (trigonal,
with metal in octahedral surrounding). It was shown by density func-
tional calculations that quantum confinement effect plays a key role in
stabilization of monolayer structure. Even though bulk VS, has T
structure and keeps it when going to the bilayer, H configuration is
more favorable for its monolayer [7]. This, in turn, affects monolayer's
properties strongly, particularly magnetic ordering. The strain depen-
dence of magnetism in VX5 (X = S, Se) was explained by Ma et al. as the
complex interplay between covalent and ionic bonding [5]. There are
several studies aimed to modulate magnetic properties of TMD mono-
layers by strain, functionalization of the material or their combination
[8,9].

Transition metal dihalides (TMHal,) are substantially less in-
vestigated though being structurally analogous to TMD family in terms
of the monolayer structure. Up to the date, TMHal, monolayers have
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Table 1
Effective Ueg values for the first-row transition metal compounds [36].
v Cr Mn Fe Co Ni
Uesr, €V 3.1 3.5 4.0 4.0 3.3 6.4

not been obtained yet, though there are some reports of Pbl, monolayer
preparation by ion intercalation [10]. Fast development of two-di-
mensional materials synthesis methods such as liquid exfoliation as-
sisted by surfactants or polymers [11] makes it reasonable to expect
TMHal, monolayers to be obtained in the nearest future. Along with
that, one can expect them to possess challenging magnetic properties
due to both larger degree of ionic bonding and expected complex
magnetic ordering [12]. However, only a few theoretical studies of their
electronic structure can be found [13,14]. Some spin polarization was
reported for several compounds, namely, vanadium, cobalt, nickel di-
halides [14]. Previously, properties of TMHal, were investigated in T-
structure only while, as was shown [7], H structure can be stable as well
even if not existing in the bulk.

According to the literature, all first-row TMI, (TM =V, Cr, Mn, Fe,
Co, Ni) compounds are antiferromagnets [15-17]. Most of TMHal,
possess CdI»-type structure (so-called 1T structure, P-3m1 space group),
except of NiHal, obeying CdCl,-type structure (3T structure with ABC
stacking of both nickel and halide ions, R-3m:H space group) [18] and
CrHal,, for which both orthorhombic (Cmc21) [19] and pseudo-hex-
agonal monoclinic (C2/m) [20] structures are reported. Friedt et al.
[21] reported the simplest antiferromagnetic structure compatible with
the Mossbauer spectroscopy results for VI,, Col,, Nil, to be A-type
antiferromagnetic phase with spins aligned along the metal to iodine
bonds while Fel, is proposed to be DF-type antiferromagnet [21,22].
This magnetic structure is similar to that of MnBr, [23] but magnetic
moments are parallel to c axis and perpendicular to Fe layers. Magnetic
unit cell of Fel, is 16 times larger than crystallographic unit cell. Ac-
cording to the neutron diffraction data, Mnl, possesses helical anti-
ferromagnetic ordering with moments ferromagnetically aligned in
(307) planes and rotated by 21/16 in subsequent sixteen (307) planes
[24].

The present work is aimed to study the role of strong electron cor-
relations in determination of the main features of electronic and mag-
netic properties of the first-row transition metal dihalides TMHal,
(TM = 3d metal, Hal = Br, I) using GGA + U calculations. For the sake
of comparison, the conventional GGA-PBE approach was used as a re-
ference.
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2. Computational methods

All calculations were performed within the framework of density
functional theory using PBE exchange-correlation functional [25,26]
and projector augmented wave method [27,28], as implemented in
Vienna Ab-initio Simulation Package [29-32]. Grimme D3 correction
[33] was used to describe van-der-Waals interactions between TMHal,
layers. In order to account the correlation effects which are usually
significant in transition metal compounds, the simplified form of
Hubbard U correction proposed by Dudarev et al. [34,35] was im-
plemented. Effective U parameters (U = U - J, where U stands for the
Coulomb repulsion and J is the exchange parameter) for TM atoms were
adopted from Wang et al. [36].

First, unit cell optimization of transition method dihalides (TM =V,
Cr, Mn, Fe, Co, Ni; Hal = Br, I) was performed. Then, monolayers were
cut from the initial structures along the (001) surface. Two different
configurations of TMHal, monolayers were considered, namely, H
(trigonal prismatic) and T (octahedral) ones (see Fig. 1). In fact, first-
layer ligand atoms in T configuration are rotated by 60° with respect to
the second-layer atoms while both first and second ligand layers have
the same orientation for H configuration.

The Monkhorst-Pack [37] scheme was implemented for k-point
Brillouin zone sampling. 9 X 9 x 1 k-point mesh was used for NiBrs,
Nil, bulk unit cells possessing 3T structure while 9 X 9 x 3 grid was
used for bulk calculation of other compounds with 1T structure. A va-
cuum interval of 20 A was set normal to the monolayer plane in order to
avoid artificial interactions in periodic boundary conditions. k-point
grid contained 9 X 9 X 1 points for all monolayer structures. Stopping
criterion for the geometry optimization was the force acting on atoms
less than 0.001 eV/A. For the sake of comparison, formation energy of
different TMHal, structures per formula unit was calculated as

E = Eyp/ng — Eyc/nz

Eyp and Eyc stand for total energies of the monolayer and corre-
sponding bulk unit cell, n; and n; stand for the number of formula units
per monolayer and bulk unit cell, respectively.

Phonon spectra were calculated as an indicator of stability and the
structures with 3 or less small negative modes which have purely
computational origin were considered to be stable (see Figs. 15-12S in
SD). In order to verify structural stability of planar 2D TM halide ma-
terials against bending due to internal mechanical stress [38], a set of
additional calculations of halide 3 x 3 clusters was performed. Neigh-
boring images were distinguished from each other by 10 A of vacuum in
each direction in order to prevent artificial interactions in periodic
boundary conditions. Structures are considered as stable as they do not

Fig. 1. Structures of (a) H and (b) T configurations of TMHal, monolayers. TM ions are presented in dark blue, halide ions are presented in purple. Black rhombus

demonstrates the top view of monolayer unit cell.
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Table 2

Structural parameters of TMHal, structures.
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Compound Structure Unit cell structural parameters, A (Metal-ligand bond distance, A) Formation energy, eV/formula unit
PBE + U PBE Experiment PBE + U PBE
VBr, Bulk (P-3 m1) a=b=3.83, a=b=23.82, a=b=23.75, 0.00 0.00
¢ = 6.05 (2.66) ¢ =6.09 (2.63) ¢ = 6.20 [39] (no data)
H monolayer a=b=23.70 a=b=361 - 1.02 1.04
T monolayer a=b=3.85 a=b=23.80 - 0.17 0.17
CrBr, Bulk (C2/m) a=6.51 a=6.61 a=711; 0.00 0.00
b =394 b =3.75, b = 3.64;
c = 6.10 (2.76; 2.56) c =5.98 (2.70; 2.61) c = 6.24 (2.99; 2.55) [40]
H monolayer a=b=2371 a=b=3.66 - 1.12 0.79
T monolayer a=b=3.82 a=b=3.79 - 0.66 0.31
MnBr, Bulk (P-3 m1) a=b=3.88, a=b=23.86, a=b=3.82, 0.00 0.00
c=6.27 (2.72) c = 6.38 (2.69) c=6.19 (2.69) [18]
H monolayer a=b=2376 a=b=2370 - 0.60 0.57
T monolayer a=b=3.89 a=b=3.87 - 0.17 0.35
FeBr, Bulk (P-3 m1) a=Db=3.88, a=b=3.71, a=Db=3.78, 0.00 0.00
¢ =6.27 (2.64) ¢ =6.24 (2.62) ¢ =6.22 (2.64) [41]
H monolayer a=b=3.65 a=b=3.55 - 0.01 0.40
T monolayer a=b=23.75 a=b=3.70 - 0.18 0.18
CoBry Bulk (P-3 m1) a=Db=3.75, a=b=3.67, a=Db=3.68, 0.00 0.00
c=6.14 (2.61) ¢ =6.08 (2.57) c=6.12(2.62) [18]
H monolayer a=b=3.58 a=b=3.55 - 1.26 0.62
T monolayer a=b=2374 a=b=3.67 - 0.17 0.22
NiBr, Bulk (R-3 m:H) a=b=3.68, a=b=23.66, a=b=371, 0.00 0.00
c = 18.58 (2.58) c =18.10 (2.63) c=18.3 (2.58) [18]
H monolayer a=b=2341 a=b=3.56 - 1.11 1.00
T monolayer a=b=3.68 a=b=3.66 - 0.16 0.17
VI, Bulk (P-3 m1) a=b=4.13. a=b=4.10 a=b=4.02 0.00 0.00
c=6.73 (2.89) c=6.15 (2.82) ¢ = 6.71 [39] (no data)
H monolayer a=b=2371 a=b=3.93 - 0.86 1.18
T monolayer a=b=3.388 a=b=4.07 - 0.02 0.84
Crl, Bulk (C2/m) a=6.99 a=17.09 a = 7.55; 0.00 0.00
b =4.19, b = 4.00, b =3.93;
c = 8.28 (2.78; 2.97) c =7.80(2.78; 3.01) c =7.51 (2.74; 3.24) [20]
H monolayer a=b=3.95 a=b=23.89 - 0.79 0.71
T monolayer a=b=4.05 a=b=4.02 - 0.35 0.23
Mnl, Bulk (P-3 m1) a=b=415, a=b=410, a=b=416, 0.00 0.00
c=6.84 (2.93) c = 6.81(2.89) c = 6.82 (2.95) [18]
H monolayer a=b=4.06 a=b=2399 - 0.63 0.62
T monolayer a=b=416 a=b=410 - 0.20 0.20
Fel, Bulk (P-3 m1) a=b=4.04, a=b=23.098, a=b=4.04, 0.00 0.00
c=6.77 (2.85) c=6.72(2.81) c=6.75 (2.88) [18]
H monolayer a=b=3.96 a=b=23.84 - 0.10 0.50
T monolayer a=b=4.04 a=b=399 - 0.20 0.21
Col, Bulk (P-3 m1) a=b=4.03, a=b=2394, a=b=23.96, 0.00 0.00
c=6.63(2.81) c = 6.58 (2.76) c = 6.65 (2.83) [18]
H monolayer a=b=23.387 a=b=3.82 - 1.25 0.69
T monolayer a=b=4.04 a=b=2394 - 0.19 0.29
Nil, Bulk (R-3 m:H) a=b=23.98, a=b=23091, a=b=23.89, 0.00 0.00
c = 20.10 (2.78) c=19.41 (2.72) c=19.63 (2.78) [18]
H monolayer a=b=3.92 a=b=381 - 1.06 0.96
T monolayer a=b=23.75 a=b=23.93 - 0.19 0.20
5 twist and retain their planar geometry during the optimization process
45 (see Fig. 13S).
4 -
35 | X .
5 3. Results and discussion
25T 3.1. Structural parameters
2 -
15 Unit cell parameters and formation energy values for TMHal,
1+ structures are summarized in Table 2. Structural parameters obtained
05 | for bulk TMHal, compounds are in good agreement with experimental
p values [18,20,39-41]. It's worth noting that PBE + U method gives
v cr Fe Co Ni slightly larger values of the cell vectors than pure PBE does. Anyway, it

Fig. 2. Magnetic moments on TM ions in TMHal, monolayers. PBE and
PBE + U results coincide up to 0.01 pp for both TM bromides and iodides.

shows more accurate values of the lengths of metal-ligand bonds
[18,20,39-41] in these compounds.

At PBE level of theory, T configuration of monolayer is energetically
favorable in all cases, in conformity with the fact that bulk materials
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Fig. 4. PBE (left) and PBE + U (right) spin-resolved band structures, TDOS (black lines) and vanadium ion PDOS (red lines) of VBr, (top) and VI, (bottom).

adopt this structure as well. At GGA + U level of theory, the only ex-
ceptions are FeBr, and Fel, with H configuration favorable with a
minor difference of ~0.1 eV per formula unit between H and T con-
figurations. The value of U correction strongly affects the stability of

H structure in FeHal,. A set of additional test calculations was per-
formed to find the U value threshold for the inversion of T/H struc-
ture stability. All U values less than 4.0 eV as well as combinations
with non-zero J value (J = 1.0 eV) result in stable T configuration. The
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same effect was previously shown for some TMDs [3,7]. In order to
prove our choice of U, additional test electronic structure calculations
of FeCl, T monolayer were carried out. This structure was previously
investigated by Torun et al. [42] using GGA-PBE and hybrid HSE06
functionals and found to be half-metallic with spin-down band gap of
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4.4 (PBE) or 6.7 (HSE06) eV. We performed band structure calculation
of FeCl, using GGA-PBE with the effective Hubbard correction of 4 eV
and found the spin-down band gap width (~ 6.3 eV, see below) to be in
a good agreement with HSE06 functional (see Fig. 14S in SI).
Formation energies of favorable monolayer configurations are
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considerably small, confirming van-der-Waals character of bonding
between adjacent layers in the bulk and assuring of the possibility of
monolayers experimental synthesis (Table 2).
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3.2. Electronic and magnetic properties of 2D transition metal dihalides

Since Br™ and I™ anions are known to be weak field ligands, d-
orbitals of TM ions are not expected to split much and so the high-spin
state is likely to occur which means that TMHal, compounds should
possess magnetic moment on the metal ions. In agreement with
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Table 3
Band gaps for energetically favorable TMHal, monolayers. Direct and indirect
gaps are denoted as (d) and (i), respectively.

TMHal, structure Band gap (PBE + U) Band gap (PBE)

VBr, T 3.10 (i) 1.10 (Q)
CrBr, T half-metal half-metal
MnBr, T 3.70 (i) 1.50 (i)
FeBr, T - half-metal
FeBr, H 2.00 (i) -
CoBr, T 2.30 (d) spin-gapless
NiBry T 2.50 (i) 0.70 (i)
VI, T 3.00 (i) 1.00 (i)
Crl, T half-metal half-metal
Mnl, T 2.50 (i) 1.00 (i)
Fel, T - 1.20 ()
Col, T 1.50 (d) metal
Nil, T 1.80 (i) 1.15 (0)
TMBr,

16 r B PBE+U

b - u PBE

1.2 ¢

1 b

0.8

0.6

04

0.2

0

\'% Cr Mn Fe Co Ni

previous theoretical results [13,14], both PBE and PBE + U methods
show large magnetic moments localized on TM ions for all structures
under consideration (see Fig. 2).

Then, electronic structures of TMHal, monolayers were analyzed.
Effective Ueg parameter for Ni ion proposed by Wang et al. [36] is
noticeably larger than for the other TM ions (see Table 1). In order to
check the validity of this value, a series of additional band structure
calculations with different Ueg was performed for Nil, bulk unit cell.
Fig. 3 illustrates the change in electronic structure with the increase of
Uegs.

Ten different values of U were tested, namely, 0.0 (corresponding
to the conventional PBE); 0.4; 1.4; 2.4; 3.4; 4.4; 5.4; 6.4; 7.4 eV. As Uy
increases from 0.0 to 5.4eV, the spin-down conduction band edge
moves up from the Fermi level so Nil, changes its nature from spin-
gapless semiconductor [43,44] to the ordinary spin-polarized semi-
conducting material. Spin-down valence band shifts to higher energies
as well, almost approaching the Fermi level when U = 7.4 eV. Highest
occupied spin-up band lies close to the Fermi level without crossing it,
spin-up band gap doesn't change as U, increases. Spin-down band gap

TMI,
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Fig. 10. Atomic charges of TM ions in TMHal, compounds.
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remains virtually the same (1.80eV) for Uy = 6.4eV and higher.
Hence, keeping in mind the absence of experimental data, U = 6.4 €V
[36] was used for further calculations.

Figs. 4-9 show band structures, total (TDOS) and partial (PDOS)
densities of states for energetically favorable TMHal, configurations. It
can be clearly seen that Hubbard correction influences electronic
properties of structures under investigation drastically.

For both VBr, and VI, U correction enlarges the spin-up band gap
without changing their semiconducting nature (~1eV and ~3eV, re-
spectively) (see Fig. 4). Oppositely, only spin-down channel of chro-
mium dihalides is affected when implementing Hubbard correction.
Both CrBr, and Crl, demonstrate large spin-down band gap along with
half-filled states crossing the Fermi level in spin-up channel revealing
their half-metallic nature (Fig. 5). MnBr, monolayer is more complex in
these terms. Introduction of U parameter not only changes the width
of spin-down gap but also shifts the whole spin-up channel down in
energy by ~3eV (Fig. 6). This doesn't happen for Mnl, which is more
similar to chromium compounds: spin-down band gap becomes larger
while spin-up channel is practically intact.

Introduction of non-zero Uy correction changes the electronic
properties of cobalt dihalides drastically (Fig. 7). At PBE level of theory,
CoBr; has typical spin-gapless band structure with large spin-up band
gap (4.10 eV), and Col, is metallic. Introduction of Hubbard correction
leads to significant shift of both valence and conduction band edges
resulting in semiconducting CoHal, band structures.

At PBE + U level of theory the nickel halide spin-down band gaps
are almost twice larger than the PBE ones while spin-up electronic
subsystems are virtually intact (Fig. 8). Both NiBr, and Nil, are spin-
polarized semiconductors.

Iron dihalides are kind of exception since including of Ueg correc-
tion leads to the inversion of energetically favorable configuration.
While T-configuration (PBE level of theory) demonstrates half-metallic
behavior for both FeBr, and Fel,, the H-configuration monolayers
(PBE + U method) are spin-polarized semiconductors (Fig. 9).

For all semiconducting compounds, except of MnBr,, the top of the
valence band reaches the Fermi level while MnBr, demonstrates con-
duction band touching the Fermi level. This opens a possibility to tune
their properties by inducing point defects or doping and easily obtain
half-metallic materials instead of semiconducting ones.

The values and characters of the TMHal, band gaps are summarized
in Table 3. Most of TM dihalides are indirect gap semiconductors. For
them, introduction of Ugg correction enlarges the band gap without
changing its indirect nature. Oppositely, cobalt halides monolayers
demonstrate direct band gaps at PBE + U level of theory instead of
metallic/spin-gapless band structure obtained by using PBE method.

Atomic charges of transition metal ions in TMHal, 2D monolayers
are presented in Fig. 10. Generally, the TM atomic charges decrease
from V to Ni correlating with the decrease of the ionic size. Chromium
dihalides are the exceptions of this trend which can be attributed to the
high degree of structural deformation in comparison with their bulk
counterparts which have pseudo-hexagonal monoclinic symmetry with
distorted octahedral surrounding of Cr while the optimized 2D struc-
tures have six equidistant halide atoms around each chromium ion,
similarly to the other structures having triangular symmetry of the bulk
counterparts.

TM atomic charges in TMBr, are higher than in TMI,, in agreement
with bromine higher electronegativity. In general, PBE + U shows
higher charges on TM ions, except of Cr. The difference between PBE
and PBE + U results increases from V to Ni and from Br to I. However,
the common trend can be clearly seen confirming the validity of
PBE + U approach.

4. Conclusion

According to the results of PBE calculations, most of TMHal,
monolayers are semiconductors, except of metallic Col,, spin-gapless

Journal of Physics and Chemistry of Solids 134 (2019) 324-332

CoBr, and CrHal, which are half-metals. In general, introduction of
Hubbard correction leads to the increase of the band gap. According to
the results of PBE + U calculations, most of TMHal, monolayers are
spin-polarized semiconductors, though there's an option of altering
their properties to half-metallic. Chromium dihalides monolayers were
found to be intrinsic half-metals. Inclusion of Hubbard U correction
enlarges the band gap, predominantly in one spin channel and may lead
to the completely different electronic properties in comparison with
pristine PBE. This effect is especially noticeable for Co-base compounds.
In some cases, Hubbard correction can even lead to the inversion of
favorable monolayer configuration, as was demonstrated for iron di-
halides. Nevertheless, both methods give the same values of magnetic
moments on metal atoms and the same trends for their partial charge
dependence.
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