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ABSTRACT

We conducted a first-principles study of FeCl,, focusing on the significance of strong electron
correlations using the GGA+4U approximation and van der Waals (vdW) interactions to enhance
its physicochemical properties description. Our results provide an excellent characterization of both
the bulk CdCl,-type structure and the 2D phase 1T crystal structure. We found that both phases
were elastically and dynamically stable, showing good agreement with the experimental data from
IR, Raman, inelastic neutron scattering, and magnetic measurements. The impact of the FeCl,
dimensionality is discussed in detail. Additionally, we investigated the less-explored distorted 1T
phase (1T’), where structural distortions introduce anisotropies that notably affect its properties,
particularly its semiconducting behavior. Moreover, our analysis of the magnon spectrum aligns
with the recently characterized magnetic properties of the FM 1T phase. Simultaneously, magnetic
anisotropy calculations revealed that the 1T’ configuration exhibits greater stability in the presence of

an external magnetic field.

1. Introduction

Recently, interest has increased significantly in the syn-
thesis and theoretical exploration of novel structures with
reduced dimensionality. The remarkable success of isolating
graphene drove this surge, including the characterizations
and different studies performed on graphene [1]. The con-
trolled isolation of graphene has paved the way for synthe-
sizing and characterizing more complex two-dimensional
(2D) materials such as the 2D transition-metal chalcogenides
(TMDs) [2] and TM dihalides (TMDHSs) [3]. These materials
exhibit fascinating physical and chemical properties, offer-
ing the potential for various technological applications. Ex-
amples of such applications include optoelectronic devices,
magnetotransport devices, electrocatalysts, photovoltaic de-
vices, field-effect transistors, and topological insulators [4—
6].

FeCl,, along with other transition TMDHs [7], forms
ferromagnetic (FM) layered structures held together by van
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der Waals interactions [8], see Fig. 1 (a). This makes it
possible to isolate the bulk material into units consisting of
an iron layer sandwiched between two chloride layers, using
techniques similar to those employed by experimentalists for
other comparable materials [9]. After exfoliation, layered
materials’ electronic and magnetic properties can offer new
opportunities for creating heterostructures [3, 10, 11]. Only
recently, it was possible to synthesize nanometer-size thin
FeCl, films on highly oriented pyrolytic graphite (HOPG)
by molecular-beam epitaxy (MBE) [12]. However, MBE
and mechanical exfoliation techniques usually feature small
areas, uncontrollable layer numbers, high costs, and harsh
experimental conditions [13]. On the other hand, Jiang et
al. used chemical vapor deposition (CVD) to grow high-
quality 2D TMDHs flakes (1T-FeCl,, -FeBr,, -VCl,, and -
VBr,) on SiO,/Si. At the same time, monolayers of FeCl,
on graphene/Cu foil were obtained [13]. Besides the syn-
thesis, the study was accompanied by the structural, op-
tic, magnetic, and vibrational characterization of the FeCl,
monolayer, giving new evidence about TMDHs to validate
previous theoretical reports. In this sense, first-principles
calculations have been used to study the 1H, 1T, and 1T’
phases of the 2D FeCl, [14-19]. Since FeCl, exhibits vdW
interactions in the stacking direction [8], it is expected that
there will be a significant similarity in the properties of the
isolated 1T phase and the individual FeCl, layers from the
bulk, see Fig. 1. However, there are significant differences
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Figure 1: Crystalline structure of the (a) antiferromagnetic
(AFM) bulk FeCl, and (b) the FM 2D layered 1T phase. The
1T’ phase is a distorted version of 1T, where the structural
differences between 1T and 1T’ are so small that they cannot
be seen with the naked eye. Small yellow and large brown
spheres represent Cl and Fe, respectively. We used the VESTA
software [24] to build the structures.

between the theoretical results from the 1T phase and those
reported experimentally for the bulk [8, 20-23] and the
monolayer [13].

The purpose of the present research is two-fold: first,
to improve the theoretical description of bulk FeCl, and
second, to determine the physicochemical properties of the
isolated 2D layer system in the 1T and 1T phases: struc-
tural stability, electronic, magnetic, vibrational, elastic, and
mechanical properties by using first-principles calculations.

The paper is structured as follows: In the next section,
we outline the computational procedure employed in this
work. Subsequently, we present the results and discuss the
structural, electronic, vibrational, elastic, mechanical, and
magnetic properties of the bulk and 2D FeCl, in Sections 3.1
and 3.2, respectively. Finally, we summarize and conclude in
Section 4.

2. Computational details

The calculations of the total energy were performed
within the framework of the density functional theory (DFT)
and the projector-augmented wave (PAW) [25, 26] method,
as implemented in the Vienna ab initio simulation package
(VASP) [27-30]. We used a plane-wave energy cutoff of
400 eV. The exchange-correlation energy was described
within the generalized gradient approximation (GGA) in
the Perdew-Burke-Ernzerhof (PBE) formulation [31]. We
considered fourteen valence electrons for Fe (3p° 4s! 4d7)
and seven valence electrons for Cl (3s2 3p°) in the PAW
pseudopotential. The GGA+U approximation has been used
within the Dudarev’s approach (Uy = U - JH) [32] to
account for the strong d-orbital correlation. This method has
been used successfully in studying other AX, compounds
[33-35]. In this work, we have used U = 6 eV and JH = 0.95

eV for Fe atoms (U = 5.05 eV). We chose these values
in order to find an equilibrium between the results obtained
from the electronic structure, the structural parameters, and
the phonons with the experimental values from the literature.
On the other hand, similar values were used with relative
success in the study of other Fe-based compounds [33, 36—
42]. We also considered vdW interactions to account for the
long-range forces in bulk and 2D FeCl, [43-53]. A detailed
evaluation of the structural parameters as a function of the
different vdW methods is discussed in the following section.
Our calculations also include the non-spherical contribu-
tions related to the density gradient in the PAW spheres.

The I'-centered Monkhorst-Pack scheme was employed
for the Brillouin-zone (BZ) integrations [54] with mesh
11x11x1, corresponds to a set of 16 special k-points in the
irreducible BZ for bulk and 2D system. However, we use a
denser mesh for each case of the electronic structure calcula-
tions. The chosen cutoff energy and k-mesh ensure that in the
relaxed equilibrium configuration, the energy is converged to
1x10~7 eV, and the forces are less than one meV/A per atom
in each Cartesian direction. The highly converged results
on forces are required to calculate the dynamical matrix
using the direct force constant approach [55]. This method
allows us to identify the irreducible representation and the
character of the phonon modes at the zone center (I" point).
The elastic tensor is determined by performing six finite
lattice distortions and deriving the elastic constants from
the strain-stress relationship [56], as is discussed in Ref.
[57]. The calculations of the 2D FeCl, were done in a cell
that contains 17 A of vacuum to avoid spurious interaction
between neighboring cells.

The majority of the magnetic property calculations were
carried out using the SIESTA code [58], which employs
a linear combination of atomic orbitals (LCAO) method.
We opted for a different package for these calculations
primarily due to SIESTA’s use of a localized basis set,
which is particularly advantageous when applying a Green’s
function approach to compute magnetic properties. In con-
trast, with VASP, one alternative is constructing a localized
Hamiltonian using Maximally Localized Wannier Functions
(MLWFs). However, this method is highly sensitive to the
chosen energy window, making it challenging for a large
number of calculations. For a more detailed discussion of
this approach and its application in determining the mag-
netic ground state, refer to reference [59]. Additionally, the
magnetic perturbations and the Heisenberg model fitting are
done using the TB2J code [60], which uses a single-particle
Green’s function method. Calculations with SIESTA were
done within the GGA+U approximation with the same U
and J parameters used in the VASP calculations. In addition,
we used the norm-conserving scalar-relativistic pseudopo-
tentials taken from the PSEUDO-DOJO periodic table [61]
with the PBE exchange-correlation functional and a doble-
zeta polarized LCAO basis along with a 400 Ry cutoff
energy. Bulk calculations were done with the vdW density
functional correction given by Klimes-Bowler-Michaelides
[62].
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Table 1

Theoretical results of the ground-state lattice parameters for
the AFM bulk FeCl, using GGA+U and GGA+U plus the vdW
approximations, see the description in the text. We included the
experimental results from Ref. [8] for comparison. Here, a and
¢ are the lattice constants, and V is the equilibrium volume.
The labels are explained in the text.

a (A) c (A) c/a 14 (A3)
GGA+U 3.6023 18.7588 5.2074 210.81
D2 3.5359 17.5847 49731 190.40
D3 3.5769 17.3968 4.8636 192.76
D3’ 3.5460 17.3076 4.8809 188.47
TS 3.5941 17.5610 4.8881 196.53
SCS 3.5667 17.3844 4.8741 191.53
HI 3.5921 18.1214 5.0448 202.50
DF 3.6697 17.8921 4.8756 208.67
DF2 3.5522 17.2739 4.8628 188.77
oPBE 3.6706 17.9145 4.8805 209.03
oB88 3.5725 17.2422 4.8264 190.58
oB86b 3.5449 17.2725 4.8724 187.97
Exp. [8] 3.5980 17.5360 4.8738 196.60

3. Results and Discussion

3.1. Bulk
3.1.1. Crystalline structure

At ambient conditions, FeCl, crystallizes in the CdCl,-
type structure [space group (SG): R3m, No. 166] [8]. In the
primitive rhombohedral cell (Z = 1), Fe atoms occupy the
Wyckoff position (WP) 1a (0, 0, 0), while Cl is in the WP 2¢
(x, x, x) with x = 0.2543+0.0005 [23]. On the other hand, in
the hexagonal setting (Z = 3), Fe atoms are in the WP 3a (0,
0, 0) and CI in the WP 6¢ (0, 0, z) with z close to 0.25, see
Fig. 1 (a). Here, Fe atoms are six coordinated with CI ions
forming almost perfect FeClg octahedra, distorted due to
Jahn-Teller effect [63], sharing edges with other FeClg units,
to form FM layers in the xy plane. The layers in the z axis
are stacked in an ABC sequence with an antiferromagnetic
(AFM) order along this axis. Thus, the whole magnetic
structure requires considering a double hexagonal cell in the
[001] direction to describe the AFM phase correctly [23].

From the theoretical point of view, the standard calcu-
lations with GGA+U, but without vdW interaction, yield
a lattice parameter a = 3.6023 A (hexagonal setting) in
agreement with the experimental value of 3.5980 10%[8].
However, this approximation fails to describe the long-range
bonding in the stacking direction and predicts a value of ¢
= 18.7588 A, which is ~7% larger than the experimental
one [8]. Also, it is essential to mention that calculations with
only GGA approximation, not taking account of the U inter-
action, underestimate the lattice parameter a (3.518 10%) and
overestimate ¢ (19.149 A). Thus, it is crucial to consider an
approximation that can reproduce the experimental results
for the laminar structure and the long-range interactions in
the [001] direction.

In order to use the best option to consider long-range in-
teractions, we performed a systematic minimization energy
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Figure 2: Difference between the experimental and the calcu-
lated values [e (%)] by using GGA+U and GGA+U plus the
vdW approximations; see the description in the text. The four
panels correspond to the difference in the lattice parameters
(a) a (e,), (b) ¢ (e.), (c) the c/a ratio (e,,), and (d) volume
(ey) for the AFM bulk FeCl,. The error is measured against
the experimental values from Ref. [8]; see Table 1. The vertical
blue dashed lines correspond to the results with the slightest
overall difference.

calculations series of bulk FeCl, with GGA+U and most of
the available options from the VASP code. We considered
the D2 method of Grimme [43], zero damping D3 method
of Grimme [44], D3 method with Becke-Jonson damp-
ing (D3’) [64], Tkatchenko-Scheffler method (TS) [45], the
self-consistent screening in TS method (SCS) [65], the TS
method with iterative Hirshfeld partitioning (HI) [46], the
vdW-DF method introduced by Dion (DF) [47], the vdW-
DF2-B86R method (DF2) [53], the optPBE (oPBE), optB88
(0B88), and the optB86b (0B86b) [49, 51, 52]. From this
point on, we omit to mention the GGA+U approximation
for these calculations, and we only use the standard acronym
used in the mentioned vdW approximations. The optimized
volume and lattice parameters for bulk FeCl, and the ex-
perimental data from Ref. [8] are listed in Table 1. As we
can see, there are significant differences among the various
approximations.

To better illustrate the results using different methods
and approximations, we show in Figure 2 the difference
between the calculated values and the experimental results
for lattice parameters (a) a (e,), (b) c¢ (e.), (c) the c/a
ratio (e, /a), and (d) volume (e ). After considering the
four parameters, the best choice is the TS approximation,
followed by D3 and SCS. The error is less than 0.3 % for
lattice parameters and volume for the first one. Thus, we
use the TS approximation in all the calculations. It is worth
mentioning that this approximation was also successful in
studying graphene interacting with a MoS, monolayer [66].
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The Fe—Cl bond length obtained with the TS approxima-
tion in the present study is 2.4919 A, very similar to the
experimental result dp,_c; = 2.488 A [8]. Furthermore,
the FeCl,—FeCl, interlayer distance, 3.0965 10\, also agrees
with the experimental value of 3.088 A [8]. Thus, the TS
approximation reproduces the crystallographic values of the
FeCl, compound in the periodic three-atomic layer and the
long-range interaction along the perpendicular direction.

3.1.2. Electronic structure

Regarding the electronic structure, it was reported in
the literature that a single crystal of FeCl, presents a direct
energy band-gap of 8.48 eV from reflectivity measurements
using synchrotron radiation [67]. We followed the band
structure calculations in the A-I'-M—K-I" path and the elec-
tronic density of states (DOS) with the GGA+U approxima-
tion plus the vdW interaction. The A-I" path indicates the
band dispersion between layers, while the '-M—K-I" path
shows the band dispersion on the xy plane. Figure 3 shows
the band structure and DOS for the FeCl, crystal, where the
zero energy corresponds to the Fermi level. FeCl, presents
an indirect energy band-gap (E,) of 3.62 ¢V from the I'-M to
the M point, which could be larger if hybrid functionals are
used to obtain E, [14]. The valence band maxima (VBM)
is mainly occupied by 3d,> and 3p, states from Fe and Cl,
respectively. At the same time, the conduction band minima
(CBM) s filled with 3d |, and 3d2_ » states. Note that bands
in the A-I" path in the band structure around the Fermi level
are almost flat, i.e., there is no dispersion in the bands along
the z-axis. This indicates a weak interaction between layers,
which is a signature of the 2D nature of this compound.
Thus, the electronic conduction is along the xy plane. The
bands contributing to the electron transport are Fe-e, states
with contributions from p, states and dispersion of ~0.214
eV (measured as the electron bandwidth around the Fermi
energy).

It is important to note that if the magnetic moment is
defined through the polarization of the integrated charge per
spin channel with a Wigner-Seitz radius of 1.164 A, the
predicted magnetic moment value is 3.72 ug, smaller than
the reported experimental value of 4.5+0.7 ug [68]. How-
ever, recently it has been reported that magnetic moment is
composed of spin and orbital contributions, being 3.56 up
from spin and 0.59 up from the orbital along the z axis [17].
Hence, our results are in agreement with previous results
from the spin moment.

3.1.3. Phonon spectra and mechanical stability

We calculated the phonon spectra and the elastic con-
stants in order to determine the dynamical and elastic sta-
bility of bulk FeCl,. According to the group theory, the
FeCl, (SG: R3m) has the following phonon Raman (R) and
infrared (IR) phonon modes at the I' point: I' = 24,,(IR)
+ 2E,(IR) + E,(R) + A4(R). One A, and one E, modes
are acoustic, and the rest are optic. The double degenerated
E, and E, modes correspond to vibrations on the plane,
while the non-degenerated modes A, and A,, are produced

5
\
/
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T
|

2 — spinup
—-—- spin down 1

Energy (eV)

Energy (eV)

Figure 3: (a) Band structure and (b) density of states (DOS)
for the AFM bulk FeCl,. Blue dashed lines at 0 eV correspond
to the Fermi level.

by vibrations of the atoms in the [001] direction, see Fig.
4 (a). As we can see, in the Raman modes, only the Cl
atoms vibrate, whereas in IR modes, both Fe and Cl atoms
in FeClg octahedra do, but in opposite directions. We found
that the values for the E,, E,, A|,, and A,, phonon modes
at the I" point are: 154.1, 196.1, 249.3, and 274.9 cm™ !, in
good agreement with the experimental values: 150, 192, 250,
and 270 cm™! [20], respectively. It is worth mentioning that
calculations without vdW interactions produce an error in
the phonon frequencies of 8.3% compared to experimental
values; this confirms the importance of including an appro-
priate description of the van der Waals interactions in the
model.

The phonon dispersion and phonon density of states
(PDOS) for bulk FeCl, are shown in Figures 4 (b) and
(c), respectively. The phonon spectra include the experi-
mental frequencies at I point reported in Ref. [20], and
the acoustic phonon dispersion branches are those obtained
from inelastic neutron scattering measurements [21]. As we
can see, only branches with positive frequencies are present,
which means the system is dynamically stable. Also, notice
that there is good agreement with the experimental results
[20, 21]. The A-T" path indicates the phonon dispersion
between layers, while the '-M—-K-I" path shows the phonon
dispersion on the xy plane. Due to their weak interaction,
the inter-layer dispersion is smaller than the one on the layer.
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Figure 4: (a) Lattice vibrations producing the Raman and IR
modes, (b) phonon spectra, and (c) phonon density of states
(PDOS) for the AFM bulk FeCl,. Experimental data were taken
from Refs. [20] (squares) and [21] (circles).

According to the A-T" path, the on-plane E, and E,, phonon
modes are almost unaffected by the interplanar interactions,
whereas the opposite occurs for the interlayer A, and A,,
modes. Benedek and Frey [20] did not observe the dispersive
behavior in the A;, and A,, phonon modes in their study
based on the extended-shell method, reported in the early
’80s. According to the phonon DOS, the vibrations come
from both ions in all the frequency ranges, but below (above)
150 cm~!, Fe (Cl) contributes the most due to the mass
difference.

Only a few reports of theoretical and experimental re-
sults regarding elastic stability exist. It is important to note
that those do not include information on all the elastic con-
stants [20, 21, 69]. According to the crystal classification, the
trigonal space group No. 166 belongs to the R, Laue group,
which has only six independent elastic constants: ¢y, ¢33,
C445 €125 €13, and cq4 [70]. The ¢q; and ¢33 (cyy) elastic con-
stants arise from pure compression (shear) strain related to
the longitudinal compression (shear modulus). The ¢, and
cy3 elastic constants are related to the transverse expansion.
In contrast, the ¢, elastic constant mixes compression and
shear strain. Furthermore, the cqq = (1] — ¢1,)/2; thusitis not

Table 2

Upper part. Elastic constants c; (GPa) for the AFM bulk FeCl,.
We include the experimental results from the literature for
comparison. Lower part. Calculated mechanical properties with
the VRH method from the elastic constants: B is the bulk
modulus (GPa), G is the shear modulus (GPa), E is Young's
modulus (GPa), v is Poisson’s ratio, B/G is Pugh's ratio, and
H, is the Vickers hardness (GPa). 1 This work.

€11 €33 Caa 66 €12 €13 ¢y Ref.
71.60 3229 591 2317 2527 1276 1.68 7
61 22 5.0 26 13 6.6 [20]
66.3+3 16.9+1.3 26.9+4 [21]
27.1 178 215 [22]
B G E v B/G H,
28.08 1266 33.02 030 222 224 T

an independent elastic constant. However, cqq 1S sometimes
reported in experimental results. Hence, we include this
elastic constant in our results to compare our data with the
experiments.

As observed from Table 2, our theoretical results are
in fair agreement with the experimental ones. However, we
must note significant differences between the experimental
values from Refs. [21] and [22]. According to Ref. [71],
crystals belonging to the R, Laue group have to meet the fol-
lowing conditions to determine their elastic stability: ¢;; >
lejals caq >0, Cf3 < ex3(eqy + €12)/2, Ci; < cgleqy —
€12)/2 = cy4cq6, and cyy > 0. Our results from Table 2 meet
the established criteria, meaning this structure is elastically
stable.

The elastic response of the FeCl, compound is described
by its mechanical properties. The bulk modulus (B) and
shear modulus (G) can be obtained from the elastic constants
¢;; using the Voight-Reuss-Hill (VRH) average method [72,
73], already implemented in VASPKIT [74]. The Pugh’s
ratio, Young’s modulus (E) and Poisson’s ratio (v) can be
obtained as: B/G, E = 9BG/(3B + G), and v = (3B —
2G)/(6B + 2G), respectively. Otherwise, a modification of
the Chen’s model [75] proposed by Tian et al. has been
used to obtain the Vickers hardness: Hy = 0.92k!137G0-708
(k = G/B)[76]. Table 2 lists the values of B, G, E, v, B/G,
and Hy obtained with the VRH method. As we can see,
FeCl, presents small values for their mechanical properties
due to the crystal exhibiting weak long-range interactions in
the [001] direction. Therefore, a significant anisotropy is to
be expected in the mechanical properties.

To better understand the mechanical properties, the first
row of Fig. 5 shows a 3D representation of B, G, E, and
v, obtained with the ElATools program [77]. The second
and third rows show 2D representations of the mechanical
properties as a function of the ¢ and 6 angles in the xy
and xz planes, respectively. Mechanical properties of FeCl,
are much more isotropic in the xy than in the xz plane.
Also, Fig. 5 shows the clear difference between the average
values from Table 2 and the directional ones observed in
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Figure 5: 3D and 2D representations of the mechanical properties of AFM bulk FeCl,: (a) bulk modulus (B), (b) shear modulus
(G), (c) Young's modulus (E), and (d) Poisson’s ratio (v), as a function of ¢ and 6, in the 3D space (upper figure) and the
projections on the xy (middle figure) and xz (lower figure) planes. The units for B, G, and E are GPa, v is unitless. In (b) and (d),
the transparent outer layer represents the maximum values, and the non-transparent inner layer represents the minimum values.

the 2D and 3D representations. The maximum value of B
(Bpax) 18 142.06 GPa in the xy plane for all ¢, while the
minimum (B,;,) value is 39.08 GPa in the [001] direction,
meaning that the crystal is much less compressible in the
[100] than in the [001] direction. The Gy, is 23.66 GPa in
the [100] direction when the plane (010) plane is sheared.
This is attributed to a rigid layer that cannot be deformed
under shear force. As in the bulk modulus, G;, (5.54 GPa)
occurs in the [001] direction due to the layered nature of
FeCl,. Young’s modulus behaves similarly to B in the xy
plane with E,. = 60.19 GPa, while E_;, = 16.87 GPa very
close to the (110) plane for 6 ~ 45°. In the case of Poisson’s
ratio, v, = 0.67 and v,;, = 0.018 (¢ = 90° and 6 ~ 42°).
These results give the anisotrpies (Ay = X ./ Xmin) of Ap
=3.64, A =4.28, Ap =3.65,and A, =33.5for B, G, E,
and v, respectively. We note that those values are lower than
those observed in other layered materials [78, 79].

On the other hand, the brittle or ductile behavior is a
mechanical property of materials that correlates with their

reversible compressive deformation and fracture ability. Ac-
cording to Pugh’s criterion, a material is classified as brittle
if B/G < 1.75 and ductile if B/G > 1.75. In our case, B/G
=2.21, indicating the ductile nature of bulk FeCl,.

3.2. Layered phases 1T and 1T’
3.2.1. Crystalline structure

According to the recent experimental results [13], FeCl,
can display a 2D hexagonal 1T structure (space group P3ml1,
No. 164, Z = 1), which corresponds to the isolation of the
three Cl-Fe-Cl layers from the bulk FeCl,, see Fig. 1 (b). To
calculate the properties, we separate the three layers from
the bulk structure in a hexagonal cell, with a vacuum space
of 17 A to avoid spurious interactions. In the optimized 1T
FM structure, the lattice parameter is a = 3.59 A, which is
in excellent agreement with the experimental results of the
2D system obtained by CVD (a =3.6 10%) [13] and very close
to the bulk value (a = 3.598 A [8]). This implies that there
is a small reconstruction in the three-monolayer. Previous
theoretical studies on the 1T phase of FeCl, report values
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Figure 6: Band structure and density of states (DOS) for the FM 2D FeCl, in the (a) 1T and (b) 1T" phases.

between 3.41 and 3.50 A [14-16, 19, 80]. Our results show
that the Fe cation is in the WP 15 (0, 0, 1/2) and the CI anion
is in the WP 2d (1/3, 2/3, 0.56978) with the interatomic
distance Fe-Cl d;, = 2.4987 A, very close to the bulk value
of 2.488 A [8].

We used a 2X2 primitive supercell to calculate the 1T
structure in the AFM configuration. Unlike the results re-
ported in the literature [14, 15], we found that the 1T AFM
structure of FeCl, is not stable; the system gets distorted and
adopts a rectangular 2D structure with space group C2/m
(No. 12, Z = 2), similar to the structure recently reported
by Yao er al. [18]. We call this structure 1T°. This structure
with the FM coupling is 3.3 meV lower in energy than the
AFM one and 874 meV/f.u. lower than the hexagonal 1T FM
phase. This phase is characterized by lattice parameters, a =
6.355 A, b=3.584 A with £ =90.071° in a cell that measures
19.34 A in the z direction. The Fe and ClI are in the WPs
2d (0, 1/2, 1/2) and 4i (0.83417, 0, 0.42756), respectively.
In this structure, the FeClg octahedra is distorted, with two
interatomic Fe—Cl distances: the equatorial distance between
Fe and four CI (d, = 2.5063 A), and the apical between Fe
and two Cl (d, = 2.5457 A), which are larger than d;, in
the 1T phase (2.4987 A), see Fig. 1 (b). As discussed in the
next sections, the symmetry breaking and the changes in the
structural parameters drastically affect all the physicochem-
ical properties.

3.2.2. Electronic structure

The electronic structure of 1T FeCl, structure has al-
ready been reported in the literature [7, 14, 15]. The HSE06
hybrid functional produced a half-metallic band structure
with a spin-up energy band gap ranging from 6.4 to 6.7
eV. The same behavior was observed with GGA but with
a smaller energy band gap [14]. In our case, we calculated
the electronic structure along the path used in the bulk layer
(I'-M—-K-T'). Figure 6 (a) shows the band structure and the
DOS. As we can see, the band structure of the 1T phase
shows the characteristics spin down bands around the Fermi
level, mainly occupied by 3d,>_ > and 3d,, electronic states
in the upper band, and 3d,,, and 3d,,, states for the lower
band, similar to previous results [15]. On the other hand, the
VBM and CBM of the spin-up states at I" point are -1.89
and 3.19 eV, respectively, i.e., a spin-up band gap of 5.08
eV, close to the reported values in the literature [7, 14, 15].

The 1T phase electronic structure presents significant
differences from the 1T phase. The band structure and DOS
for the 1T° phase are shown in Fig. 6 (b). Here, there is a
drastic redistribution of the spin-down electronic states. The
bands around the Fermi level from the 1T structure separate
in the 1T". The d,, and d,»_,» states move to energies
below the Fermi level. Whereas the other band, occupied
by dy,, d,, and d,, states, moves up in energy, hybridizing
with a higher energy band occupied with d,> states. Due
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Figure 7: Phonon spectrum and phonon density of states (PDOS) for the FM 2D FeCl, in the (a) 1T and (b) 1T’ phases.

to the spin-down electron redistribution, the Fermi level
now falls at the border of the low energy bands, opening a
gap of approximately 3.0 eV. The half-metallic conductivity
reported for the 1T phase is no longer present.

According to our results, the VBM and CBM for the
spin-up channel are located at I point with a direct I'-I"
energy band gap of 4.79 eV. On the other hand, the VBM
and CBM are at the V-H and Z points, respectively, making
an indirect energy band gap of 3.48 eV for the spin-down
channel. Thus, both energy band gaps are smaller than the
obtained for the 1T phase.

3.2.3. Mechanical stability

As in the bulk case, we calculated the phonon spectrum
and the elastic constants to determine the stability of the
2D FeCl, systems. According to the group theory, FeCl,,
in the 1T structure, has the following phonon frequencies
at the I" point: I' = A, (R) + 24,,(IR) + 2E, + E,. The
acoustic modes are one A,, and one E,; the rest are optic.
We found the following phonon frequencies for the E,,
E,, Alg, and A,, phonon modes: 158.5, 197.7, 232.9, and
290.3 cm™!, respectively. These frequencies are close to the
values obtained in bulk and the experimental ones reported
in the literature [20, 21]. On the other hand, calculations
performed at the GGA level with VASP code [14] found
the phonon frequencies 130, 179, 237, and 279 cm~! for
E,. E,, Aj,, and Ay, modes, which differ from our results
due to their computational considerations. As was expected,
the eigenvectors from Raman and IR modes are the same as
those observed in bulk; see Fig. 4 (a). It is worth mentioning

that Torun et al. [14] reported an erroneous representation of
the eigenvectors for the A,, IR mode. The phonon spectrum
and PDOS corresponding to the 1T structure are shown in
Fig. 7 (a). The phonon spectrum of the monolayer is similar
to the bulk one in the '-M-K-I" path. However, there are
some differences in A,, and A;, modes close to I" point and
in the I'-M direction. This result is related to the absence of
the stacking layers in the z axis.

The 1T’ phase presents the following phonon modes at
the I" point: I'=2A4,,(IR) + 4B,(IR) + 24,(R) + B,(R). The
acoustic modes are two B, and one A,; the rest are optic. Due
to the symmetry breaking, the E, mode characteristic of the
IT phase splits into the A, and B, modes in the 1T phase.
They have the exact nature of E, mode, but the eigenvectors
corresponding to A, and B, modes are in the [100] and
[010] directions. Where the apical distance (d,) is oriented
in the [100] direction, while the equatorial distance (d,) is
on a plane, rotated ~30° with respect to the y axis. Thus,
this difference in the geometry is reflected in the phonon
frequencies in these modes. Similarly, the E, mode splits
into the B, and A, modes, produced by vibrations in the
[100] and [010] directions. The obtained frequencies are
128.5, 145.3, 177.0, 190.6, 226.1, and 283.0 cm™! for the
phonon modes Ag, Bg, B, A, Ag, and B,, respectively.

Figure 7 (b) shows the PDOS and the phonon spectrum
for the 1T" phase. Since the phonon spectrum does not
present any negative branches, the condition for dynamical
stability for the 1T system is observed. We can see signif-
icant similarities between the two phases because the rect-
angular structure is a distortion of the hexagonal one. The
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Table 3

Elastic constants (in N/m) and mechanical properties for
the FM 2D FeCl, and MoS,. We include theoretical and
experimental results from the literature for comparison. “Ref.
[66], Ref. [81]. TThis work.

C1 € €12 Co6 14 Yior Yo Vo Vion
FeCl,
1T 41.37 12.90 14.23 27.13 37.34 0.31

1T' 36.84 40.94 10.10 10.32 24.46 34.35 38.18 0.25 0.27

MoS,
2H 133.07 33.00 50.02 83.2 125.2 0.25
132.3¢ 32.8 495 825 1241 0.25
1230 0.25

reduction of symmetry causes an increase in the dispersion
of the phonon branches, which is reflected in an increasing
noise in the PDOS.

The elastic constants were computed as in the bulk with
the respective considerations for 2D materials [57, 66, 74].
However, since there are no experimental nor theoretical
results to compare, we also calculated the elastic constants
for 2D MoS, to compare with results from the literature
and validate our procedure. The elastic constants for both
phases of 2D FeCl, (1T: ¢;; and cqy, cge= (c17 — €12)/2;
1T’: ¢y, €29, Ce6, and c15) and MoS, (2H: ¢y and ¢y, cg6=
(ci1 — ¢12)/2), are presented in Table 3. As observed, there
is a good agreement between experimental and theoretical
results from the literature for MoS, [66, 81]. In the case of
FeCl,, the values of elastic constants are much smaller than
those obtained for MoS, but are in the order of magnitude of
the reported for germanene [82]. The criteria for determining
the elastic stability of the hexagonal lattice are ¢;; > 0
and c¢;; > |cq5|. In the case of the rectangular lattice, the
conditions are ¢y > 0, cgg > 0, and ¢jjcyp > c122 [83]. Our
results meet the stability criteria. Thus, both structures are
elastically stable.

The mechanical properties of the 2D materials can be
obtained in terms of the elastic constants as follows: the 2D
shear modulus is defined as G = ¢4 and the layer modulus

is calculated with y = (¢q; + ¢55 + 2¢15)/4. The 2D Young’s
moduli (in-plane stiffness) for strains in the Cartesian [10]
and [01] directions are Y[;o; = (c11¢p — c122)/c22, and Y|,
=(ci1cn — c122)/c11. The corresponding 2D Poisson’s ratio
in the [10] and [01] directions are obtained with: Vo) =
12/ ¢, and vig) = ¢1p/cq;. The results are listed in Table 3.
Unlike the 1T and 2H phases, the 1T presents a directional
dependence of the mechanical properties due to its crystal
structure.

In order to observe the anisotropy and the differences in
the mechanical properties between 1T and 1T’ phases, we
have plotted in Fig. 8 the angular dependence of (a) G, (b)
Y, and (c) v by using the E1ATools code [77]. The shape of
G, Y, and v for phase 1T indicates the elastic isotropy, where
the directional values are listed in Table 3. In the case of
phase 1T° G (Grin) = 14.36 (10.32) N/m for ¢ = 44.64
(0)°. The maximum of 2D Young’s modulus is in the [01]
direction, s0 Yy, = ¥{o;) = 38.18 N/m, and Y,;,, = 28.96
N/m for ¢ = 41.76°. The values obtained for v,,,, and v,;,
are 0.41 and 0.25 for ¢p = 46.8 and 0°, respectively. Similar
differences in the mechanical properties between 1T and 1T’
phases were observed in MoS, [84].

3.2.4. Magnetic properties

Effective models are one of the best approaches to ac-
count for magnetic interactions in the many-body prob-
lem. The most common effective model corresponds to
the Heisenberg Hamiltonian defined in its simplest form as
H =-%,.;J;;S; - S; [85], where the sum runs through all
magnetic sites i, j in the system, S; denotes the normalized
spin vector at site i, and J;; represents the exchange coupling
constants between different magnetic sites. The J;; terms
allow for quantitatively predicting the magnetic properties of
amaterial, such as its critical temperature [86], the spin-wave
dynamics [85], or the relationship between its structural and
magnetic degrees of freedom [87].

To obtain the exchange constants J;; from first-principles
calculations, the Heisenberg Hamiltonian is fitted to the total
energy changes of the material due to perturbations of the
magnetic ground state [88]. In figure 9 (a), we show the
exchange constants as a function of the distance between
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Figure 9: Exchange constants for bulk and 2D hexagonal
FeCl. (a) Exchange constants corresponding to all interactions
as functions of the interacting distance. (b) The exchange
constants of the interlayer interactions in bulk FeCl, as a
distance function.

magnetic sites up to an interacting distance of 12 A (the
values for greater distances were found to be negligible as
it is expected for the exchange interaction).

We found that the nearest-neighbor interaction domi-
nates the magnetic properties in all considered cases since
its energy value is considerably more significant than the
rest. Additionally, the values of all the intralayer exchange
constants are positive for all cases, which denotes the in-
plane FM nature of both systems [89]. A difference of less
than 0.3 meV is observed between the in-plane exchange
constants of the bulk and the 2D layer. This slight difference
is also observed when introducing the vdW correction in the
bulk material. We observed tiny differences in the results
of phase 1T and 1T for exchange constants; therefore, we
only discuss the results from the 1T phase here. Later, we
will see the difference between both phases by analyzing the
magnetic anisotropy energy (MAE).

To dig deeper into the effect of the vdW forces on the
magnetic properties of the bulk, we varied the distance
between layers and recalculated the exchange constants. In
Fig. 9 (b), we show the exchange constant of the nearest
neighbor interaction as a function of the spacing between
the Fe atoms belonging to neighbor layers. The exchange
constants corresponding to the interlayer interactions are
primarily negative, which suggests the AFM alignment be-
tween different layers.

Energy (meV)

T
=~

40

OF M K r

Figure 10: Magnon dispersion for bulk and 2D hexagonal FeCl,.
(a) Magnon energies of the FM configuration of bulk FeCl, (b)
Comparison of the magnon dispersion of FeCl ,monolayer and
AFM FeCl, bulk.

The exchange constants can be used to compute the
magnon energies from which we can gain information about
the systems. In this work, we used the Linear Spin-Wave
Theory (LSWT) [90] as the method to compute the magnon
energies. First, we compute the magnon dispersion of the
FM bulk FeCl, and find that it has a global minimum at the
point A = (0.0, 0.0, 0.5), see Fig. 10 (a); this implies that the
magnetic configuration generated by this propagation vector
is more stable. In fact, the generated AFM structure is the
one reported experimentally [91, 92]. Then, we compute the
magnon energies of the monolayer and compare them with
the AFM bulk, see Fig. 10 (b). In both cases, they have a
global minimum at the I" point, which implies the stability
of their magnetic configuration.

To explore the FM nature of our structures in more detail,
we used the exchange constants to obtain temperature-
dependent magnetization. This was done by running Metropo-
lis Monte-Carlo simulations within the Vampire code [93].
We considered interactions up to 12 A and used a 40x40
supercell for the mono-layer. Our main results are con-
tained in Fig. 11. The Curie temperature, T(-, was obtained
by fitting our data to the classical Curie-Bloch equation
M(T) = Mg[1— (T /T¢)*1?, where M is the spontaneous
magnetization. This equation gives us a Curie temperature
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Figure 12: Magnetization of the antiparallel aligned magnetic
species as a function of temperature for the AFM bulk FeCl,.

of 226.3 K for the 2D system (a = 0.98, f = 0.39), which
is close to the value obtained for the 2H phase of FeCl, (T
= 260 K) [94]. Despite the slight differences between the
intra-layer exchange constants of the bulk and 2D materials,
the FM character of the bulk system disappears as soon as
the temperature rises above 0 K.

We also performed Monte-Carlo simulations to obtain
the critical temperature for the case where an AFM con-
figuration is considered for the bulk, as seen in Fig. 12.
In this case, we observe the mean magnetization of the
different magnetic ions that align themselves antiparallel to
each other. The magnetization change at around 11.4 K (a =
2.07, p = 0.32) suggests a phase transition at that point. The
experimental value reported in the literature was 23 K [95].

To complement our study of the magnetic properties,
we have computed the MAE to unveil the magnetic dif-
ferences of the 1T and 1T phases. The study of magnetic
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Figure 13: Contour plots for the angular dependence of
magnetic anisotropy energy for the unit cell made out of two
magnetic atoms for the FM (a) 1T and (b) 1T' structures.
Angles are given in degrees; the energy values are in meV and
shown in the lateral bars.

anisotropy is particularly important since it offers relevant
information for technological applications in currently active
fields such as spintronics and molecular magnetism [96, 97].
The MAE, rising as a result of the crystal field (i.e., spin-
orbit interaction), can be obtained, employing DFT methods,
by computing the energy differences as a function of the
polar (0) and azimuthal (¢) angles, within a fine mesh.
In this work, the reference frame is formed by the axis
perpendicular to the monolayer as the z axis, and the [100]
direction as the x axis, and the related angles are considered
in the ranges 6: [0, z] and ¢: [0, 2x].

Figure 13 shows the angular dependence of MAE for
the (a) 1T and (b) 1T systems. As observed, very different
behaviors are obtained for the two systems. MAE’s ¢ de-
pendence is barely noted in the first case. The gross angular
dependence relies on the polar angle, which exhibits an
uniaxial anisotropy axis perpendicular to the surface. This
uniaxial anisotropy can be well described by Eyx; (0) =
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K, sin’6, with anisotropy constant K; = 0.05 meV/atom.
Thus, the 1T structure exhibits a FM configuration whose
orientation is perpendicular to the surface plane.

On the other hand, the 1T’ structure exhibits a uniaxial
anisotropy as well, with relative minima located at (6, ¢)
= (140°, 0°) and (40°, 180°). For this case, the relative
maxima is located at (50°, 0°) and (130°, 180°). Unlike
the previous case, a magnetization reversal occurs by over-
coming an energy barrier of 0.49 meV/atom, which is an
order of magnitude higher than the symmetric case, instead
of going through the maximum points. Therefore, in this
case, the fundamental magnetic state is a FM configuration
oriented along the easy axis of magnetization given by (6,
@) = (40°, 0°) out of the surface. This anisotropy energy
can be, phenomenologically, written as Ex,(0,¢) = K,
sin?(9 — 140)sin?(¢), with K, = 0.49 meV/atom. Since the
1T system presents a MAE value above the symmetric one,
its magnetic configuration exhibits higher stability under
external magnetic fields.

4. Conclusions

In summary, we have used first-principles calculations
based on GGA+U and an appropriate vdW approximation
to successfully characterize the crystalline structure and the
electronic, mechanical, vibrational, and magnetic properties
of bulk FeCl,. This methodology was also used to compute
the same properties of the 2D 1T and 1T’ systems of FeCl,.
Our results agree with the recent experimental outcomes
reported in the literature for the 1T structure. Furthermore,
we found that the three arrangements are elastic and dynam-
ically stable, where our results are in better agreement with
the experimental values than previous theoretical reports,
which validates our procedure beyond only determining the
structure stability. Furthermore, the magnetic characteriza-
tion reaffirms the FM nature of the 2D 1T structure and
puts in perspective the differences with the 1T” in the MAE
due to the anisotropy given by their structural differences.
In this sense, it is remarkable to mention the electronic dif-
ferences between the 1T (half-metal) and 1T’ (semiconduc-
tor) phases, which could open the door to performing new
studies on this subject. Also, we observed some differences
in the elastic and mechanical properties due to the elastic
anisotropies.

We strongly believe that our procedure could be success-
fully used to study other TMDH such as FeBr,, VCl,, and
VBr,, for which experimental results from bulk and phase
1T are already available.
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