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Unraveling complex magnetism in two-dimensional FeS,
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Atomically thin two-dimensional (2D) magnets have given rise to emergent phenomena due to magnetic
exchange and spin-orbit coupling showing great promise for realizing ultrathin device structures. In this paper,
we critically examine the magnetic properties of 2D FeS,, a non van der Waals magnet, which has been recently
claimed to exhibit room-temperature ferromagnetism in the (111) orientation. Our ab initio study based on
collinear density functional theory has revealed the ground state as an antiferromagnetic one with an ordering
temperature of around 100 K along with a signature of spin-phonon coupling, which may trigger a ferromagnetic
coupling via strain. Moreover, our calculations based on spin spirals indicate the possibility of noncollinear
magnetic structures, which is also supported by Monte Carlo simulations based on ab initio magnetic exchange
parameters. This opens up an excellent possibility to manipulate magnetic structures by the application of

directional strain.
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I. INTRODUCTION

Magnetism in two dimensions (2D) has long been at the
heart of numerous theoretical, experimental, and technologi-
cal advances as thi research area has been proven to be a fertile
ground for emergent magnetic phenomena, such as the study
of topology [1-3], multiferroicity [4—7], proximity effects in
heterostructures [8], etc. Theoretically, long-range magnetic
order is prohibited in the 2D isotropic-Heisenberg model at
a finite temperature by the Mermin-Wagner theorem. How-
ever, symmetry breaking, such as the occurrence of magnetic
anisotropy, removes this restriction. The discovery of Crl3, a
2D material that retains ferromagnetic ordering in a mono-
layer [9], has opened a new era of tunable magnetism in the
ultrathin scale. A number of 2D magnets have emerged after
2017, such as CryGe;,Teg [10], FesGeTe, [11], CrX; (X = Cl,
Br) [12,13], MnSe; [14], MPS3 (M = Ni, Mn, Co) [15-17],
CrTe; [18], and Cr,Te; [19]. The weak van der Waals bonding
between layers in bulk 3D magnetic systems offers a unique
advantage to realize 2D or quasi-2D forms of these systems.
However, the challenge is to have a magnetic long-range order
and thermal stability at room temperature and above.

Bulk FeS; is a paramagnetic material with a band gap
around 0.9 eV, which makes it a promising candidate for
applications in the field of photovoltaic and photoelectron
chemical cells [20-22]. FeS, is similar to MnSe, [14], which
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has been demonstrated to have high-temperature ferromag-
netism down to monolayers whereas their bulk counterparts
are low-temperature antiferromagnetic materials. In the past,
the dynamical stability, and electronic and magnetic proper-
ties of 2D FeS, with different surface orientations have been
investigated theoretically [23-27]. Very recently, Anand et al.
have reported the isolation of 2D FeS,, and more importantly,
they found that it is possible to observe long-range ferromag-
netic (FM) order even up to room temperature [28,29]. Their
density functional theory (DFT) simulations show that the
FeS, (111) surface is the one that has the lowest formation
energy and at the same time has a FM configuration as the
ground state. However, the occurrence of room-temperature
ferromagnetism is quite intriguing and calls for a critical anal-
ysis.

In this paper, our aim is to investigate the properties of FeS;
(111) monolayer in detail. First, we found that a structure with
an antiferromagnetic (AFM) configuration is more stable than
the FM structure, the energy difference being quite small and
sensitive to the crystal structure, which indicates that there is
a substantial spin-lattice coupling. Furthermore, we studied
the interatomic magnetic exchange parameters and ordering
temperatures for AFM and FM structural phases. The results
show that the ordering temperatures are 102 and 32 K for
crystal structures with AFM and FM coupling, respectively.
Moreover, spin-spiral calculations utilizing the generalized
Bloch theorem indicate that the magnetic ground state of the
(111) surface is actually noncollinear, which is also consistent
with our results obtained from Monte Carlo simulations where
the canting of magnetic moments deviating from the collinear
magnetic configuration is observed.

II. COMPUTATIONAL METHODS

Our computational approach is based on density func-
tional theory [30] using the plane-wave basis set and projector
augmented-wave (PAW) method [31,32] implemented in the
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Vienna ab initio simulation package (VASP)[33]. The plane-
wave energy cutoff was set to 600 eV. A 11 x 11 x 1 k mesh
was used for integration in the Brillouin zone, and the forces
on atoms were converged to 0.001 eV/A. The optimized
structures were used as input for the full-potential linearized
muffin-tin orbital (FP-LMTO) code RSPT [34] to calculate
the magnetic anisotropy energy (MAE) and interatomic mag-
netic exchange parameters. The calculations of interatomic
exchange parameters were based on magnetic force theorem
(MFT) [35], which maps the magnetic excitations onto the
Heisenberg Hamiltonian,

H=-) Jé-é (1
i#]
where J;; is the interatomic exchange interaction between the
two magnetic moments at sites i and j, and e is the unit vector
along the magnetization direction at site i (or j). The orbitally
resolved interatomic exchange parameter has the following
expression,
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in which G;; is the real-space intersite Green’s function, and
A; is the exchange splitting on site i. Theoretically, it is pos-
sible to obtain an orbitally decomposed exchange parameter
for the system in any basis since both G; ; and A; are orbitally
dependent. However, the above method has not been imple-
mented yet in the code and therefore we can only roughly get
“tre-like” and “e,-like” states by diagonalizing the intersite J;;
matrix. The k mesh in the Brillouin zone was performed using
31 x 31 x 1 points. To describe the exchange-correlation ef-
fects, we used the generalized gradient approximation (GGA)
[36] augmented by the Hubbard-U correction (GGA + Ukg)
[37]. The Coulomb U (U-J) value we used for Fe-d elec-
trons is 2 eV, which has been proven to be a good value
for 2D Fe structures [28,38]. In our simulations, we took Fe
3s3p3d4s and S 3s3p electrons as valence electrons. Finally,
we used the extracted J;; and MAE to calculate the magnetic
ordering temperature by means of classical Monte Carlo (MC)
simulations for the solution of the Heisenberg Hamiltonian,
and also adiabatic magnon spectra as implemented in the
Uppsala atomistic spin dynamics (UPPASD) [39] code. For this
purpose, a 70 x 70 x 1 (19 600 atoms) cell was considered.
The transition state barriers are obtained by using the climbing
image nudged elastic band (cNEB) method [40].

II1. RESULTS

The FeS, (111) surface was considered due to its lowest
formation energy and dynamical stability [27,28]. The crystal
structure belongs to the family of layered transition metal
dichalcogenides, in which two S layers sandwich the Fe layer.
There are six nearest-neighbor Fe atoms around each Fe atom,
forming a hexagonal close-packed structure. Each Fe atom
(nominal charge state as Fe*") with six nearest-neighbor S
atoms form an octahedral structure offering a crystal field
splitting of d states into #,, (three electrons) and e, (one
electron) states. Our accurate calculations of total energies
(confirmed by both plane-wave PAW and FP-LMTO methods)
indicate that the FeS, (111) surface with an AFM config-
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FIG. 1. (a) The top view of (111) surface. Fe and S atoms are
indicated as blue and red balls, respectively. The unit cell is shown in
the dashed line, and Fe-Fe distances are marked with green arrows.
The first Brillioun zone with high symmetry points is shown. Density
of states (DOS) and atom-projected band structure for up-spin and
down-spin electrons of the (b) AFM structure and (c) FM structure
are shown. Total DOS (shaded regions) and partial DOS of Fe (red
curves) and S (blue curves) are shown. In the projected band struc-
tures, the size of the circles is proportional to the weight of the atomic
contribution. The Fermi level is set to 0 eV.

uration has lower energy compared to the FM state, which
is in contrast to some previous studies [27,29]. However,
the energy difference between these two phases is relatively
small (7.2 meV /atom) and is sensitive to the crystal structure.
This result, on the other hand, explains the observation in
the experiment [29] very well. Due to the coexisting FM
and AFM phases, the opening of the M-H hysteresis loop
does not reach saturation under high magnetic fields. The
top views of these two structures are shown in Fig. 1(a).
The FM structure is symmetrical with all the next-nearest-
neighbor Fe-Fe distances being exactly the same, whereas for
the structure with AFM Fe-Fe coupling, asymmetry appears,
and the Fe-Fe distance along the AFM coupling direction is
longer than the direction with FM coupling. This magnetic
coupling-dependent Fe-Fe distance indicates the presence of
spin-lattice coupling. Practically, it means that the magnetic
configuration is tunable by introducing external strain along
a specific direction. It also implies that the ferromagnetism
observed in recent experiments might have been triggered by
strain. However, the observation of room-temperature ferro-
magnetism is still elusive as our calculated Curie temperature
for a symmetric ferromagnetic structure is very low, which
will be discussed later. It should be mentioned that in addition
to the (111) surface, we also studied the (100) and (110)
surfaces. Our results show that when the thickness is small,
the structure with an AFM configuration always shows lower
energy than the FM case. Detailed descriptions and data are
given in the Supplemental Material [41].

The calculated band structures are shown in Figs. 1(b)
and 1(c). The FM structure has a very small band gap
~50meV at the I point between the spin-up valence band
maximum with a dominating S character and spin-down
conduction band minimum with a dominating Fe character.
Moreover, both spin channels have their respective band gaps
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(0.16 and 0.55 eV for the spin-up and spin-down channels).
It is interesting to note that electron (hole) doping will give
rise to predominantly spin-down (spin-up) conduction. The
AFM structure shows a semimetallic behavior with occupied
and unoccupied bands meeting at the I point. It should be
noted that a relatively high DOS at the Fermi level for the
FM structure compared to the vanishing DOS for the AFM
structure reflects the relative stability of the AFM structure.
Our calculated MAEs of these structural phases show that the
easy axis is along the [100] direction for the AFM structure,
and energy differences are around 3.40 meV/Fe compared
to the structure with other magnetization directions ([001],
[010], and [110]). For the FM case, due to higher symmetry,
the easy axes are along the [100] and [010] directions, and the
MAE is 3.27 meV /Fe, which is at the same level as the AFM
case.

Calculated total and orbitally resolved exchange parame-
ters of the AFM structure are shown in Fig. 2(a). Each Fe-Fe
pair has two exchange parameters due to different couplings
along different directions. As seen from Fig. 2(a), the strength
of the couplings decreases quickly as the Fe-Fe distance in-
creases. Only the first three nearest neighbors play an essential
role, and the most significant contribution comes from the
nearest-neighbor couplings. There are six Fe atoms around
each Fe atoms as the first magnetic nearest neighbor; two
of them show FM coupling and the other four show AFM
coupling. The magnitude of the FM coupling is two times
bigger than the AFM one (6.88 and —2.98 meV, respectively).
The physical mechanism is understood from orbitally decom-
posed exchange parameters. As mentioned above, there are
four electrons in the d orbital of each Fe atom, where three of
them are located at the 15, level, and the other one is at the e,
level. Figure 2(b) shows a schematic picture of the different
exchange interactions. Hopping of the form e,-like—t,¢-like
(hereafter we will call them #,, and e, to keep the context
simple) leads to an exchange coupling that is predominantly
FM because of the local Hund’s coupling. On the other hand,
the t4-12, hopping is prohibited for FM alignment (shown in
the blue box), whereas this is allowed for AFM alignment
(shown in the red box). Therefore, t54-15, hybridization leads
to AFM coupling. Another hopping of the form e,z-e, changes
between AFM and FM as the Fe-Fe distance increases, and
by contrast, the strength of this coupling is close to zero and
much smaller than the other two and is therefore negligible.
For example, the nearest-neighbor ferromagnetic exchange
parameter is 6.88 meV, of which eg-1;, and #,,-1,, contribu-
tions are 7.55 and —0.63 meV, respectively. For the AFM
coupling, the contributions come from e,-t5, and fy,-tp, as
1.34 and —3.49meV, respectively. All of these Fe-Fe ex-
change interactions are mediated by the hybridization by the
S-p orbitals. The structure-dependent magnetism originates
from the dominated form in the coupling. For comparison,
we also calculated the exchange parameters and magnetic
ordering temperature for the FM structure. Results are shown
in Fig. S1. Unlike the AFM structure, the total J;;’s of the
FM structure are much smaller due to strong competition be-
tween different coupling forms. For the first nearest-neighbor
coupling, contributions from e,-f>, and ty,-tp, are 3.73 and
—2.68 meV, respectively. As a result, the total exchange pa-
rameter is only 0.36 meV.
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FIG. 2. (a) Calculated total and orbitally resolved exchange pa-
rameters of Fe-Fe atoms as a function of distance. The positive and
negative values indicate ferromagnetic and antiferromagnetic cou-
plings, respectively. The inset shows the normalized specific heat as a
function of temperature, calculated from classical Monte Carlo sim-
ulations. (b) Schematic picture of the orbital-dependent interactions.
(c) Calculated energy barriers from AFM structure to FM structure.
For both crystal structures, results for FM and AFM alignments are
shown along with the average values. (d) Adiabatic magnon spectra
together with magnon DOS for FM (blue) and AFM (red) structures.

In order to estimate the energy involved in the switching
between FM and AFM alignments, we have calculate the
energy barriers [shown in Fig. 2(c)] by the nudged elastic
band method. It is observed that the AFM alignments involve
a much large energy barrier compared to the FM alignment.
The average values of these two alignments are shown to
have a rough estimate, which turns out to be ~200 meV. This
indicates that it is possible to switch from the ground state
AFM to the FM structure by strain, which might have caused
ferromagnetism in the recent experiment.

245410-3



DUO WANG, XIN CHEN, AND BIPLAB SANYAL

PHYSICAL REVIEW B 104, 245410 (2021)

&

E19

o |

c

O 1.8 -
g  [0—® [210] 1

[110]
= 1.7 e [010] -
20 : = 12:)00 - - - N

10000
8000

Q

6000
4000
2000 -
|

051.01.520253.03.5 -
Angle (degree)

Energy (meV)
s 8

o)
S

g-vector

FIG. 3. Calculated magnetic moments (upper panel) and relative
spin-spiral energies (lower panel) as a function of the g vector for the
AFM structure where the energy at ¢ = [0, 0, 0] is set to zero. The
inset in the upper panel shows a crystal structure with spin-spiral
propagation directions [010] (green), [110] (red), and [210] (black),
which correspond to the curves in the upper and lower panel, and the
unit cell is shown by the dashed lines. The inset in the lower panel
shows the histogram of the deviation angles of the magnetic moments
relative to the easy axis, obtained from MCS.

Furthermore, we performed classical Monte Carlo sim-
ulations (MCS) based on the calculated MAE values and
exchange parameters. As shown in the inset in Fig. 2(a), the
magnetic ordering temperature of the AFM structure is 102 K,
whereas for the FM structure it is 32 K, which reflects the
difference in total magnetic exchange parameters between the
two.

Finally, based on the calculated exchange parameters and
MAE, we calculated adiabatic magnon spectra for both AFM
and FM structures as shown in Fig. 2(d). First, there are four
magnon branches for both structures, which are dictated by
the number of Fe atoms in the unit cell. Second, the energy
gaps at the I point are around 13 meV for both AFM and FM
structures due to the similar MAEs. Third, the dispersion rela-
tion around the I" point shows quadratic (linear) dependence
for the FM (AFM) structure. At last, as it is shown in the
magnon DOS, compared to the AFM structure, the magnon
spectrum of the FM structure is more localized.

Based on the generalized Bloch theorem, the spin-spiral
total energies can be calculated using the primitive cell. As
shown in the inset of the upper panel in Fig. 3, three ar-
rows represent propagation directions of the spin-spiral vector
but have been translated into real space. Magnetic moments
and relative energies as a function of the propagation vec-
tor are shown in the upper and lower panels of Fig. 3. The
left and right endpoints represent the FM and AFM states,
respectively. For the spin-spiral propagations along the [010]
and [110] directions, the AFM state has lower energy than

the FM state, which is the same as the result we got from the
collinear spin calculations. Remarkably, the magnetic ground
state along these two directions is not AFM but spin-spiral
states (Q[()]Q] =[0.47, —0.23, 0], qriio) = [0.23, 0.23, 0]). For
another propagation direction ([210], black curve), the ground
state occurs at the right endpoint—the AFM state [gp10] =
(0,0.5,0)].

The results for the FM structure are shown in Fig. S2. One
difference is obvious if we compare it to the AFM structure:
The spin-spiral total energy as a function of g vector in two
directions ([010] blue, and [110] red) is exactly the same due
to the higher crystal symmetry. The distances of all the first
nearest Fe-Fe pairs are identical, so the spin-spiral states in
these two directions are also identical. These results, on the
other hand, demonstrate the strong spin-lattice coupling in
FeS,. The magnetic ground state along these two directions
is FM, which corresponds to our collinear spin calculations.
For the states along another propagation direction ([210]),
the AFM configuration has the lowest energy. The stability
of the noncollinear magnetic arrangement obtained from our
T = 0K DFT calculations is also confirmed by the mag-
netic configurations obtained by Monte Carlo simulations at
T = 0.02K for the FM and AFM structures. The histogram
of the deviation angle of the moments from the easy axis is
shown in the inset in Figs. 3 and S2. It is clearly seen that
the magnetic moments are deviated from the direction of easy
magnetization ([100] direction).

IV. CONCLUSION

In summary, we performed systematic investigations on
the magnetic properties of FeS, (111) monolayer. We found
that the structure with an AFM configuration has lower
energy than the structure with the FM configuration with
the presence of spin-lattice coupling. The recently reported
room-temperature ferromagnetism in experiments may have
occurred due to sufficient strain in the samples. We calculated
the magnetic exchange parameters and critical temperature for
both AFM and FM phases, and due to the different mecha-
nisms of the exchange coupling and the competition between
orbital channels, the magnetic ordering temperatures for these
two phases are 102 and 32 K, respectively. Our calculated
spin-spiral energies using the generalized Bloch theorem and
also supported by the results from Monte Carlo simulations
indicate that the magnetic ground states of the ground state
structural phase are not perfectly collinear. The complex mag-
netism in the FeS, (111) monolayer, tunable by strain, may
open up interesting applications in spin-driven devices.

Note added. Recently, we became aware of an experimental
paper [29] in which the authors revised the results as they
pointed out that they observed a ferromagnetic phase, but it
only appears at low temperature, which is consistent with our
theoretical studies.
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