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ABSTRACT: Magnetic materials often exhibit complex energy
landscapes with multiple local minima, each corresponding to a
self-consistent electronic structure solution. Finding the global
minimum is challenging, and heuristic methods are not always
guaranteed to succeed. Here, we apply a recently developed
automated workflow to systematically explore the energy landscape
of 194 magnetic monolayers obtained from the Materials Cloud two-
dimensional structure database and determine their ground-state
magnetic order. Our approach enables effective control and sampling
of orbital occupation matrices, allowing rapid identification of local
minima. We find a diverse set of self-consistent collinear metastable
states, further enriched by Hubbard-corrected energy functionals,
when the U parameters have been computed from first principles
using linear-response theory. We categorize the monolayers by their magnetic ordering and highlight promising candidates. Our
results include 109 ferromagnetic, 83 antiferromagnetic, and 2 altermagnetic monolayers, along with 12 novel ferromagnetic half-
metals with potential for spintronics technologies.
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agnetism in two-dimensional (2D) van der Waals

(vdW) materials has garnered significant attention in
recent years, ~ not only for potential technological
applications but also for the large variety of phenomena that
can be hosted by magnetic 2D materials. Indeed, magnetism in
2D displays very different properties depending on the
interplay between thermal fluctuations, exchange interactions,
and magnetic anisotropy. The thrust to investigate this richness
in experiments has stimulated an intense search for novel
magnetic monolayers displaying specific phenomena, from
Ising anisotropy,'’ to Berezinskii-Kosterlitz-Thouless transi-
tions,'' and heavy-fermion excitations.'”

Although many candidates have been suggested by a long-
term experience with layered magnetic materials, the
continuous demand for novel 2D magnets calls for more
systematic and exhaustive investigations. In this respect,
theoretical approaches, particularly first-principles calculations
based on density functional theory (DFT), provide a robust
and high-throughput approach to predict novel 2D materi-
including magnetic monolayers'>**** and their
properties.z‘s’27

Despite many successes, DFT can sometimes struggle to
accurately predict the magnetic properties of materials, owing
to the localized nature of d- and f-orbitals typically involved in
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magnetism and their tendency to suffer from self-interaction
errors when adopting approximate exchange-correlation func-
tionals. A computationally inexpensive and effective strategy to
overcome these limitations is achieved by complementing
approximate functionals with self-interaction corrections™ in
the so-called Hubbard DFT + U approach.”” ™' The Hubbard
U parameter entering the DFT + U approach can be
considered, somehow unsatisfactory, as a semiempirical
parameter, or can be computed self-consistently, e.g., using
linear-response theory.” In the latter case, the theory preserves
a first-principles character, and efficient implementations using
density-functional perturbation theory (DFPT) are suitable for
high-throughput investigations.”' ~—*’

Another crucial challenge for simulations is the identification
of the ground state magnetic configuration of the system.
Indeed, the magnetic energy landscape is typically complex,
with several local minima associated with different magnetic
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Figure 1. Workflow for identifying the ground state of magnetic monolayers in this work that is done in two main steps. In the first step, 877 easily
80

exfoliable monolayers from MC2D"*"*

are screened. Materials are identified as potentially magnetic if the total energy of the optimized geometry

in the ferromagnetic ordering is smaller than the nonmagnetic state. Then, more magnetic configurations, including antiferromagnetic ordering, are
explored, making sure there are two magnetic atoms in the unit cell to accommodate antiferromagnetic ordering and the geometry is optimized
starting from different starting magnetization (defined by the spin density). 228 magnetic monolayers with up to 12 atoms per unit cell are
identified and go to the next step. The Hubbard U is computed self-consistently in three consecutive steps using linear-response theory within
DFPT. Twenty-four systems that are repeated or failed in the computation of Hubbard parameters are discarded. After that, the geometry and
Hubbard U are fixed, and the energy landscape is explored by constraining the occupation matrix of d or f orbitals and calculating the total energy
of different minima of the energy curvature. The ground state is then the minimum with the lowest energy. Ten systems that are found

nonmagnetic at this step are discarded.

states. The inclusion of Hubbard corrections, needed for a
better description of magnetic systems, typically leads to a
proliferation of local minima, making it even more challengin
to identify the true ground state (global minimum).**~*
Several approaches have been developed to tackle this issue,
ranging from efficiently generating different magnetic config-
urations,”’ to the manipulation of the occupation matrix for d-
or forbitals,"”'™>* to computing spin waves®> and spin
spirals,’® employing cluster multipole theory,”’ genetic
algorithms™® or machine learning methods.”

In this work, we thus explore the magnetic properties of
easily exfoliable 2D materials from the Materials Cloud two-
dimensional structure database (MC2D)"*'*° using our
recently developed approaches to reveal novel magnetic
monolayers. Starting from 3077 easily and potentially
exfoliable monolayers (2004 easily and 1073 potentially
exfoliable) with up to 40 atoms per cell,'>'* 877 systems
with up to 12 atoms per cell are screened with plain DFT using
an AiiDA®"%* workflow (Chronos)."”” Out of these systems,
483 monolayers are found to be nonmagnetic, 166 systems
were discarded because of failures in the optimization, and 228
monolayers showed a magnetic ground state. For these 228
materials, Hubbard corrections are then included for better
accuracy, with the Hubbard parameter computed self-
consistently. To identify the magnetic ground state, we employ
the Robust Occupation Matrix Energy Optimization (Ro-
meoDFT) algorithm®™ based on constraining the atomic
orbital occupation matrices that allows us to systematically
explore the magnetic energy landscape. With this protocol, we
identify 194 magnetic 2D materials for which we accurately
determine the magnetic ground state and investigate electronic
and magnetic properties, including a proxy for the critical
temperature. Notably, we identify 12 half-metals, a class of
materials with spin-dependent conductivity, where electrons in

one spin channel (up or down) are metallic, while those in the
opposite channel are insulating, which is especially promising
for spintronics applications. The remaining 34 systems were
discarded because either they were repeated, found non-
magnetic, consistently failed in the calculation of the Hubbard
parameter, or not enough minima were found using
RomeoDFT (see Supporting Information).

B RESULTS AND DISCUSSIONS

To identify magnetic 2D materials and their magnetic ground
state, we consider monolayers from MC2D,* a portfolio of 2D
materials that can be exfoliated from experimentally known 3D
parent compounds, identified using high-throughput computa-
tional exfoliation.'”'* We start from 877 easily exfoliable 2D
materials with up to 12 atoms per unit cell. As summarized in
Figure 1, the tendency to show magnetism is first tested using
an improved version of the AiiDA®"** workflow, named
Chronos, originally adopted in ref 13 to screen a smaller set of
materials. For each system, the workflow first considers several
ferromagnetic configurations through different starting mag-
netizations on the atoms and computes the optimized
geometry and total energy through collinear DFT calculations
with an ordinary approximate exchange-correlation functional
(PBE) that is based not only on the local electron density but
also on its gradient.”’ If any ferromagnetic state is found to
have a total energy lower than a nonmagnetic reference
calculation, the system is considered potentially magnetic and
additional magnetic configurations are investigated, including
antiferromagnetic states that require up to a 2 X 1 supercell to
accommodate two magnetic atoms with opposite spins (see
Methods section for more details). Although this protocol may
overlook materials where approximate exchangecorrelation
functionals (such as PBE) do not favor a magnetic state, we
expect these cases to be rare. In this way, 228 magnetic
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monolayers are identified with up to 12 atoms in their
primitive cell, together with their potential collinear ground
state. Out of these, 174 are found to be ferromagnetic, and
further broken down into 100 metals and 74 insulators. The
remaining 54 materials show an AFM ground state, with 31
having a finite gap and 23 being metallic.

Although versatile and flexible, the workflow explores
possible magnetic states only through the starting magnet-
ization, that is, through initial conditions on the density of spin
up and spin down states on each atom. A more robust way is to
initialize from the atomic orbital occupation matrices—
particularly d and f orbitals where the magnetization usually
stems from—and explore more possible states. Introducing
atomic orbitals 605.1,(1') labeled by m on the I-th atom, we define

the atomic occupation matrix as np0, = D fuko(Worol@h,)
(@h W), Where f,, are the occupations of Bloch states Iy,

and magnetization is an imbalance between the occupation of
spin-up and down states m' = Y, (nll — nlt ). To explore
more systematically the magnetic energy landscape and obtain
a more reliable identification of the magnetic ground state, it is
important to gain full control over the atomic occupation
matrix (at least for the relevant atomic orbitals on the magnetic
atoms), not just through the spin density."””'~>* We thus
validate the identification of the magnetic ground state by
applying a constraint on the atomic orbital occupations and
then letting the self-consistent procedure find the closest local
minimum in the energy landscape. The overall global
minimum corresponding to the magnetic ground state can
then be found by exhaustively exploring possible atomic
occupations and comparing the energies of the corresponding
self-consistent solutions. To perform this task automatically
and efficiently, we use the RomeoDFT workflow® (see
Methods section for more details). We first consider a
subgroup of magnetic monolayers and find that without
Hubbard corrections in essentially all cases the same ground
state is found either by controlling the starting magnetization
by spin density or the constraints on the full atomic occupation
matrix (see Figure Sl in Supporting Information). When
considering PBE calculations, the search implemented in the
Chronos workflow is thus exhaustive enough to reproduce the
more sophisticated exploration performed by RomeoDFT.
Most of the identified 2D magnetic materials host electrons
in localized d or f orbitals, for which approximate DFT
functionals such as PBE tend to suffer from inaccuracies arising
from self-interaction.”®** The magnetic ground-state predic-
tions might be affected by such errors and need to be validated
against more accurate calculations. As alluded to before, an
approach to mitigate self-interaction problems, known as DFT
+ U, relies on complementing DFT functionals with terms
inspired by the Hubbard model.*”*"**™”" The Hubbard
functionals that have a form as in eq 2 are added to the
DFT energy functional and remove self-interaction errors
when the Hubbard U is calculated from DFPT.’” Unlike
empirical methods that are based on determining the U value
to reproduce experimental results (such as band gap, lattice
constant, etc.), DFPT determines the U self-consistently from
linear response theory and restores the piece-wise linear
behavior of the total energy with respect to the number of
electrons in the Hubbard manifold. This method has proven
effective for systems with localized, partially filled d or f
orbitals, such as transition-metal and rare-earth compounds.
Unfortunately, the inclusion of Hubbard corrections makes the

energy landscape much more complex, with the appearance of
many emergent local minima with similar total energies.*’ To
illustrate this effect, we consider the case of monolayer CoO,
in Figure 2, where each point represents a local minimum in
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Figure 2. Self-consistent states for monolayer CoO, from PBE + U
calculations with different values of U with the star denoting the
ground state identified by the lowest energy. There are six atoms in
the unit cell to accommodate AFM ordering. U, shows the U value
that is calculated by DFPT. At the PBE level (U = 0) and at PBE + U,
the system is ferromagnetic with different values of magnetic
moments. For an intermediate value of U at 4 eV the system exhibits
antiferromagnetism. Therefore, selecting the correct U value is crucial
to find the correct magnetic ordering, and using a method to explore
the energy landscape can help avoid converging to an incorrect state.
At U = 0, the number of states is smaller, which means simpler
methods such as Chronos can still effectively find the ground state
(see Supporting Information for more details on the case with U = 0).

the energy landscape, identified by exploring multiple
occupation matrices. At the PBE level (U = 0), only a limited
set of local minima is found, with an overall ferromagnetic
ground state (indicated by a star). When including Hubbard
corrections, with the Hubbard U calculated self-consistently
from the linear-response method (PBE + U,.), the number of
local minima significantly increases, making the magnetic
energy landscape more complex and the possibility of falling in
a local minimum different from the true ground state higher.
We thus have that, while at the PBE level (U = 0) the number
of states is limited and the identification of the global ground-
state minimum is simpler (explaining the agreement between
Chronos and RomeoDFT at the PBE level—see Figure S1 in
the Supporting Information), an approach based on the
occupation matrix is mandatory when Hubbard corrections are
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Figure 3. Band gap value, density of magnetic moments per atom, and their distribution for the ground state of the magnetic monolayers studied in
this work obtained by exploring their energy landscape with PBE + U calculations. N is the number of magnetic atoms per cell, I is the index of the
magnetic atoms and m' is the magnetization defined from occupation matrix (m' = Y, (! — nlt ), for more details see the Methods section).
Orange and blue show ferromagnetic and antiferromagnetic systems, respectively.

included. In Figure 2 we also show results for an intermediate
case with U = 4 eV, where the proliferation of local minima is
already present, although less dramatic than at U,.
Remarkably, the ground state, labeled by a star in each
panel, is very sensitive to the value of U as the system is
predicted to be ferromagnetic at U = 0, antiferromagnetic at 4
eV, and then ferromagnetic a§ain (but with a different
magnetization) at U, = 8.2 eV.”” Therefore, the choice of U
strongly affects the ground-state properties of the system. To
avoid any empiricism, we compute the Hubbard parameter U
for each material using an efficient formulation of the linear-
response a(?proach32 within density-functional perturbation
theory.”* ™ As expected, our results confirm that the value of
U for a given element can vary depending on its chemical
environment, oxidation state, and local coordination (see
Methods section and Supporting Information for more
details).

Equipped with self-consistent Hubbard corrections, we
navigate the magnetic energy landscape of potentially 2D
magnetic materials identified through the Chronos workflow at
the PBE level, now using PBE + U and a control over the
atomic occupation matrix using RomeoDFT. Out of 228
materials, 34 systems are discarded because either they are
found to be nonmagnetic or there are convergence issues in
the calculation of the Hubbard parameter or self-consistent
calculations, leaving us with 194 magnetic monolayers for
which we characterize their ground state. The results are
summarized in Figure 3, where we report the absolute
magnetization per magnetic atom and the band gap of the
ground state of all systems, together with their distribution.
More details on the specific magnetic configuration, crystal
structure, magnetic energy landscape, and band structure for
each material are provided in the Supporting Information.

We categorize all systems into four groups, depending on
whether they are ferromagnetic or antiferromagnetic, insulators
or metals (we did not find ferrimagnets, and the two
altermagnets are included in the antiferromagnetic group).
Figure 4 shows the number of systems in each group, with the

13531

PBE+U

Figure 4. Breakdown of magnetic monolayers identified by two
approaches: PBE calculations using Chronos workflow on the left and
PBE + U calculations using RomeoDFT workflow on the right (see
Figure 1). Blue indicates ferromagnetic systems, and red represents
antiferromagnetic systems. The inner rings display the number of
materials within each magnetic category. The second rings differ-
entiate between metallic (dashed fill) and semiconducting (solid fill)
systems for each category. The outermost ring on the right diagram
indicates the number of systems that either remained in the same
magnetic category as identified by the Chronos workflow (solid fill)
or shifted categories (dotted fill). Note that the two altermagnets are
considered in the antiferromagnetic category.

left and right charts representing results from PBE (Chronos
workflow) and PBE + U (RomeoDFT workflow) calculations,
respectively. Blue and red colors indicate antiferromagnetic
and ferromagnetic materials. The innermost rings show the
number of systems in each category, while the second rings
count metallic (hatched) or semiconducting (solid) systems.
In the right chart, the outermost ring indicates the number of
systems from the innermost ring that either remained in the
same magnetic category (solid fill) or changed categories
(dotted fill) from the PBE calculations. As expected, the
inclusion of Hubbard corrections leads to an increase in the
number of insulating systems. From Figure 4, we also note that
using the RomeoDFT workflow with PBE + U calculations
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Figure S. Periodic table displaying color intensity to indicate the number of magnetic monolayers in which each atom is magnetic. An atom is
considered magnetic in a system if its magnetic moment exceeds 0.1 y and it either (i) has the highest magnetic moment in the system or (ii)
possesses at least 80% of the maximum magnetic moment in the system. Atoms with a white background are not present in the initial set of 877

systems considered in the Chronos workflow.

significantly expands the number of antiferromagnetic systems
(blue colors): approximately 40% of these materials were
identified as ferromagnetic when using the Chronos workflow
with standard PBE calculations. This change can be attributed
primarily to two factors: first, the limited capability to explore
the energy landscape when using simply a starting magnet-
ization; second, the possible increase in the number of
magnetic states after including Hubbard corrections.

We note in passing that among the AFM identified above,
we find only two altermagnetic monolayers by generalizing the
protocol for 3D systems” to include additional symmetry
constraints in 2D.”%”> These are RuF, and VF,, with the same
structural prototype. Both systems were already predicted to be
2D altermagnets in ref 74; we do not see altermagnetism in
FeBr;, because its crystal structure and symmetry is different
from the one studied in ref 74. More details about how we
identify these systems are given in the Supporting Information.

Due to the scarcity of experimental results for magnetic
monolayers, it is challenging to validate our predictions against
experiments. We thus focus on a few cases reported in the
existing literature. For example, our results agree with the
experimentally observed ferromagnetism in the family of
chromium trihalides (CrX;; X = Cl, Br, I with CrCl; being
2D-XY ferromagnetic)'”'"’® and in CrSBr.”” In the family of
transition-metal phosphorus trisulfides, our results match the
experimentally observed ferromagnetism in CrPS,”® and the
antiferromagnetic ordering in NiPS;, although suppressed by
fluctuations in the monolayer limit.”” For the case of FePS;,
our findings show ferromagnetic ordering, in contrast with the
antiferromagnetic ordering observed in experiments.’ We
attribute this discrepancy to the limited size of the unit cell
considered in this work for FePS;, which is not able to
accommodate the measured zigzag ordering. Indeed, since the
primitive cell already contains two magnetic atoms, no
supercell is considered, and only a Néel AFM ordering is

13532

tested. This limitation, combined with the use of collinear
calculations, could influence the accuracy in predicting other
antiferromagnetic systems and may lead to discrepancies with
other studies,”™*' and we expect it to be at the origin of the
relatively small number of AFM systems with respect to FM.
These results agree with ref 82 where calculations predict
FePS; to favor a ferromagnetic ground state when modeled
using a triangular primitive cell, while NiPS; is found to be
antiferromagnetic. We attribute the different behavior of FePS;
and NiPS; in the primitive cell to the fact that zigzag AFM
order arises from a competition between the first nearest-
neighbor (J;) and third nearest-neighbor (J;) exchange
interactions that have opposite signs, with the former favoring
ferromagnetism and the latter antiferromagnetism. In FePS;, J,
is comparable to J; while in NiPS; J; is much stronger than J,,
although they both give rise to zigzag AFM order when
including the effect of second nearest-neighbor exchange
(J,),**** which is not accessible in our primitive cell
calculations. For CrGeTe;, our calculations predict a
ferromagnetic ground state consistent with the observed
trend in thicker layers®*® and previous DFT calcula-
tions.**”*® We also note that for Ni dihalides (NiX,, X=
Cl, Br, I) we find a ferromagnetic ground state. This is
consistent with the FM character of the first nearest-neighbor
exchange parameter reported in the literature,*” although the
limited size of the supercell adopted does not capture the
frustration arising from the competing interaction with third
nearest-neighbors.*”

Among the possible conclusions that we can draw from the
high-throughput investigation of the magnetic ground-state of
2D materials, we also focus on the nature of magnetic elements
in each structure. Conventional magnetism usually arises from
d or f orbitals, qualifying transition metals and lanthanides as
the dominant contributors to magnetism. Our results largely
confirm such conventional wisdom, as shown in Figure §,
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Figure 6. Effective exchange parameter, ], calculated from eq 1 using the energy difference between the ground state and the closest state with

opposite magnetic configuration (with the condition of ISp| =

ISyrl) obtained by exploring the energy landscape. Blue and orange circles

represent antiferromagnetic and ferromagnetic ground states, respectively. The y-axis range progressively increases across the three subplots.

where we report the number of systems in which a given
element is magnetic. However, Figure 5 also suggests that
certain chalcogen and nonmetal elements (especially oxygen)
also play a role in magnetism in 2D compounds, putting
forward their potential role in unconventional magnetism. For
instance, in GaSe (space group: p3ml) and SiN,F, the
selenium and nitrogen atoms exhibit non-negligible magnetic
moments (0.2 uz and 2 pjp respectively). Interestingly, in the
case of CdOCI, while the d orbitals of Cd are fully occupied
and exhibit negligible magnetic moments, magnetism predom-
inantly arises from the oxygen atoms, which have a magnetic
moment of 0.8 yip.

Exploring the energy landscape gives us access not only to
the ground state of the system but also to the ability to
quantify the energy difference between the ground state and
other metastable magnetic states. This is particularly relevant
when it is possible to identify a metastable state with magnetic
moments on the atoms similar to the ground state but different
magnetic ordering, e.g, a ferromagnetic ground state and a
metastable antiferromagnetic state with comparable absolute
magnetization (or vice versa). The energy difference between
these states can then be translated into an effective exchange
parameter ] of an underlying isotropic Heisenberg model

through:

N~
Il

_N(EFM - EAFM) (1)

where N is the number of magnetic atoms per cell while Epy,
and E,p, are the energies of the ferromagnetic and
antiferromagnetic states, respectively. This effective isotropic

13533

exchange parameter J is related to an effective nearest-neighbor
exchange coupling J through ] = nJ, where n is the number of
nearest neighbors. A large energy difference, |Epy — Egpyl,
corresponds to a large exchange parameter J, stabilizing the
magnetic order and possibly resulting in a higher critical
temperature. It is important to note that the mapping between
first-principles calculations and the Heisenberg model is
meaningful only when the magnetization arises from local
atomic magnetic moments that have the same values (although
different orientations) in the FM and AFM states, i.e., ISgyl = |
Sarml- This condition is typically met in insulators, while in
general it cannot be readily applied to magnetic metals, where
magnetism arises from itinerant electrons. Therefore, we
consider only magnetic insulators to compute Epy, —
and the effective J.

Figure 6 shows |Ep; — Eugyl divided by the number of
magnetic atoms per cell, ie. j, for the insulating magnetic
monolayers for which it was possible to find a metastable
magnetic state with similar atomic magnetic moments but
different ordering. The corresponding numerical values are
provided in Table S1 of the Supporting Information. Systems
are sorted with increasing effective J. The bottom panel
contains systems where exchange interactions are weak,
making it more challenging for the magnetic ordering to
compete with thermal fluctuations. On the contrary, the
systems in the top panel are expected to have higher critical
transition temperatures. The ranking based on the effective ]
seems to reproduce several experimental trends for the
ordering temperature. For instance, it is experimentally
known that CrSBr has a higher critical temperature than the

EAFM
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chromium trihalides,'®”” and within this family the iodine

compound has the largest T, while the chlorine one the
smallest,' 7?9792 jn agreement with the ordering in Figure 6.

To further validate J as a meaningful proxy for T, we select
three systems with the largest J in Figure 6 and compute their
transition temperatures using different approaches. We thus
focus on MoCl;, GdI,, and VPS;, noting that the latter was
already identified as a potentially high-T, magnetic monolayer
based on high-throughput calculations.”> Additionally, we
include Crl; in our analysis, as experimental results are
available for comparison. In addition to the approach based on
eq 1 and relying on the energy difference between FM and
AFM reference states, we also consider the so-called four-state
method,” which calculates the exchange parameter based on
the energy differences between four distinct magnetic
configurations of a pair of neighboring atoms in a supercell
(see Methods section for more details). Remarkably, the four-
state method allows the calculation of specific interatomic
exchange parameters, not just an effective nearest-neighbor J =
J/n as in eq 1, and we consider interactions up to the third
(fourth) nearest neighbors for Crl; and GdI, (VPS; and
MoCl;). The exchange parameters computed within the two
approaches are then denoted J™M™4™ and J¥e jn the
following. From the knowledge of the exchange parameters,
the transition temperature is calculated using either mean-field
(MF) theory or classical Monte Carlo (MC) simulations. In
the latter, we completely neglect relativistic effects. Indeed,
magnetocrystalline anisotropy does not affect significantly the
critical temperature for a finite-size system, and even isotropic
monolayers can sustain magnetic order at finite temperature
when considering realistic sample sizes.””

Critical temperatures computed either using MF or MC,
with exchange parameters estimated from both eq 1 and the
four-state method, are shown in Figure 7 for Crl;, GdI,, VPS;,

e JFM-AFM _ MF -3
800 J45tates - MF
- JFM—AFM - MC
Q 600 - J4states -MC 7
N
— 400 //
200
®Exp.
Crls Gdl, VPS; MoCls

Figure 7. Transition temperature of three magnetic monolayers
(GdL,, VPS;, and MoCl,) with the highest ] in Figure 6 from two
methods: mean-field (MF) and Monte Carlo (MC) calculations. The
exchange parameters used in the calculation of T, are obtained using
two different approaches: 1- exploring the energy landscape and
calculating the energy difference of the FM and AFM states (J~4)

as given in eq 1, and 2- four-states method (Jstates),

and MoCl;. Trends in T, derived from both MC and MF
methods are consistent with Figure 6, with MF calculations
showing higher values, as expected from the well-known
overestimation of T, in mean-field theory.”® We note that, in
general, different methods for computing the exchange
parameters give similar values of T, The only exception is
MoCl;, for which the MC estimates of T, differ significantly

between the two methods, with a notably lower value when the
exchange parameters are calculated using the four-state
method. This discrepancy is attributed to the dimerization of
Mo atoms in MoCls, which distorts the otherwise honeycomb
lattice of Mo atoms. The energy difference between the FM
and AFM is mainly arising from a strong AFM coupling
between dimerized pairs, while dimers are only weakly
coupled. This feature is correctly captured within the four-
state method, while the effective J approach of eq 1 uniformly
distributes the FM-AFM energy difference between the n = 3
closest atoms. This failure also affects all MF estimates in a
similar way. We thus expect that the effective ] reported in
Figure 6 provides a good estimation of the ranking in critical
temperature, provided that exchange interactions are dis-
tributed evenly between similar neighbors.

We also note that the transition temperature of the Crl,
monolayer is higher than the values reported in previous
studies and experiments.'”**”” This discrepancy can be
attributed to differences in geometry, the relatively large U
value for Crl; obtained from linear-response,” and the
influence of broadening effects in Brillouin-zone integrations.
For consistency, we employed the same broadening value as
used in the Chronos workflow (270 meV). Since the exchange
parameter is derived from total energies—which are sensitive to
the choice of broadening—it is likewise influenced by the
selected broadening value.

Among metallic systems, we are particularly interested in
half-metallic ferromagnetic systems that are interesting for
spintronic devices because they can provide fully spin-polarized
currents.”® We thus search for systems where the Fermi energy
crosses the energy bands for one spin channel while the other
spin channel remains gapped.”” Twelve novel half-metals are
identified, whose electronic structure is reported in Figure 8. In
several cases the bandwidth is sufficiently large to expect spin-
polarized transport even in the presence of disorder.
Remarkably, in systems like CuO,, Cr;Og EuOI, EuOBr,,
VO;, VS,0g, YbBr3;, and YbCl; a large gap is present above the
metallic spin channel, which is potentially interesting in view of
possible optoelectronic control of spin currents. In all these
cases a correct description of the magnetic ground state is
crucial to have half-metallic properties. For instance, in the
case of FeAl,S, it is important to have the two iron atoms with
different oxidation states (+1 and +2) and thus different
magnetic moments of 2.2 yp and 3.2 pz. We also stress that, in
general, the half-metallic state can be fragile, esg)ecially if it is
protected by symmetry-induced degeneracies.'” Further tests
to include the effect of spin—orbit coupling or structural
distortions would thus be needed to fully validate predictions,
although the procedure outlined above is already sufficient to
discard speculative half-metals such as iron dihalides FeX,
(with X = Cl, Br, I). These systems have been predicted to be
half-metals,""'%* although experimental evidence'**~"%” sug-
gests that they have a finite gap. We find them to be indeed
insulating, although the mechanism to break the symmetry-
induced degeneracy arises from an incorrect AFM config-
uration, as we do not include relativistic effects or distortions.

B CONCLUSIONS

In conclusion, we investigate the magnetic ground states of
easily exfoliable monolayers from the MC2D database. Starting
from 3077 easily and potentially exfoliable monolayers
identified in refs 13,14., an initial screening is carried out on
877 easily exfoliable systems containing up to 12 atoms per cell
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Figure 8. Electronic bands of half metals identified in this work. The Fermi energy is set at zero. Note that the two rightmost columns have a larger
energy window to be able to show the band gap of the opposite spin channel.

using high-throughput density functional theory with the
conventional PBE exchange-correlation functional. Testing
various magnetic configurations by changing the initial
magnetization, 228 magnetic monolayers are identified as
potentially magnetic systems. Subsequently, Hubbard correc-
tions are introduced for these systems, with the Hubbard
parameter determined self-consistently. The magnetic energy
landscape is then thoroughly explored by applying constraints
to the occupation matrices of the d or f orbitals, enabling the
identification of the global energy minimum. Through this
process, we identify 194 magnetic monolayers, comprising 109
ferromagnetic, 83 antiferromagnetic, and 2 altermagnetic
systems. To estimate critical temperatures and highlight
promising candidates, we employ a proxy based on the energy
difference between ferromagnetic and antiferromagnetic states.
This method is applied to the 137 monolayers that exhibit an
electronic band gap. Among the remaining 57 metallic systems,
we identify 12 novel half-metals with strong potential for
spintronics applications.

B METHODS

In this work, all calculations are collinear and performed using the
QuantuM ESPRESSO (QE) distribution.'®®™"'° Calculations are
performed within the spin-polarized generalized-gradient approxima-
tion (GGA) for exchange-correlation functional using the Perdew—
Burke—Ernzerhof (PBE) prescription. The pseudopotentials are taken
from the standard solid-state pseudopotentials (SSSP Efficiency)

library'''~""* that includes different types of pseudopotentials such as

norm-conserving (NC), ultrasoft (USPP), and projector-augmented-
wave (PAW), together with the recommended wave function and
charge-density kinetic-energy cutoffs, that are determined through
systematic convergence tests."'" We use the most recent versions of
the SSSP library available at the time for our calculations. Specifically,
version 1.1.2 is used for the PBE calculations, and version 1.3.0 is
utilized for the PBE + U calculations. The K-points density of 0.2 A~
and q-points mesh density of 0.4 A™' have been set for single self-
consistent (scf) and density functional perturbation theory (DFPT)
calculations, respectively. In this work, a system (an atom) is magnetic
if the absolute total magnetization per cell (of the atom) is larger than
0.1 pp. We employ the 2D Coulomb-interaction truncation
implemented in QE,"'® which effectively removes spurious electro-
static interactions between spurious periodic replicas in the out-of-
plane direction. This approach requires the vertical cell size to scale
with the geometric thickness of the 2D material and amount to at
least 15 A of vacuum spacing even for one-atom thick layers.

In this work we consider systems from MC2D,"*'*** which is
created from a collection of 3077 exfoliable monolayer that were
identified from prototypes of the Inorganic Crystal Structure Database
(ICSD),""”*** the Crystallography Open Database (COD),"*? and
Materials Platform for Data Science (MPDS)'° databases. We
identify and characterize magnetic monolayers in MC2D in two main
steps, as shown in Figure 1: in the first step (Chronos step), using
PBE calculations, potentially magnetic monolayers are identified, and
in the second step (RomeoDFT step), after including Hubbard
corrections and exploring the energy landscape, the magnetic ground
state of these materials is found. An initial screening was performed
using an automated AiiDA®"*> workflow (Chronos) on 877 easily
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exfoliable materials (i.e,, materials with a binding energy per unit of
area lower or equal to 30 meV/A? when computed with the vdW-
DF2-c09 functional or lower or equal to 35 meV/A? when computed
with the rvwwl0) with up to 12 atoms per unit cell, using PBE
calculations, and 228 magnetic monolayers are identified by the
following procedure: the geometry of the system is optimized in
ferromagnetic and nonmagnetic orderings. If the ferromagnetic
ordering shows lower energy than the nonmagnetic case, the system
is considered to be potentially magnetic, and other antiferromagnetic
orderings (making sure the supercell size is now 2 X 1 to
accommodate two magnetic atoms) and five random configurations
are created. The system is optimized starting from different starting
magnetization defined by spin density (m' = [(p"' (r) — p™ (r))dr
where p describes the density and I is the atom index). As stated
before this simplified approach is effective in capturing the correct
magnetic ground state in the absence of Hubbard correction (see
Supporting Information). However, it is important to note that there
are still local minima within the energy landscape that are accessible
through the manipulations of the orbital occupations.

This can be achieved using RomeoDFT, which corresponds to the
second step of our overall workflow. In this approach, the system is
induced toward a set of target occupation matrices 7’ using Lagrange
multipliers

ol I I ~1
E = Eppr + EU + 2 ﬂml,mz(nml,mz - nml,mz)

I,my,my

with

1 1 Io, I I
By = E Z Z U (5'”1'”2 -n anm(:mz nm(;ml
I omm, (2)

where Ey is the Hubbard corrected energy, A is the Lagrange
multiplier, representing the strength of the energy penalty associated
with a deviation from the target occupation matrices, I is the atomic
site index, m, and m, are the magnetic quantum numbers associated
with a specific angular momentum and U’ is the on-site Hubbard
parameters. nfn"l m, are the generalized atomic occupation matrices

which are computed by projecting the Kohn—Sham (KS) wave
functions y,,(r) on atomic orbitals ¢}, (r) as n, = Y. fues

mym,
Wad®@l,) (@hWas), where f,, are the occupations of KS states.

The general formulation of DFT + U is discussed in refs31,34,36,38.
We note that in this case the magnetization is defined from the
occupation matrix of spin up and down: m! = ¥, (nll — nlt ). After
imposing the constraint for a fixed number of self-consistent cycles,
the constraint is released and the system is allowed to evolve freely to
the closest self-consistent energy minimum. More information about
RomeoDFT is provided in ref 49. This implementation is made in
Quantum ESPRESSO and the process is automatized in Julia and can
be found on GitHub."”' We use RomeoDFT workflow to determine
the ground state at the PBE + U level for 194 magnetic monolayers,
identified by Chronos with a filter of up to 12 atoms per primitive cell.
To keep the computational cost manageable, we explore possible
antiferromagnetic configurations by accommodating for at least two
magnetic ions per simulation cell, which means allowing at most for a
2 X 1 supercell up to 24 atoms. This means some nontrivial AFM
configurations are beyond the present scope. In this procedure, an
initial unconstrained self-consistent calculation is performed to obtain
the reference atomic occupation matrices. Then, 10 random trial
target occupations are generated either with the same number of
electrons or + 1 electrons to account for possible oxidation states.
These trial occupations serve as starting points for new self-consistent
calculations, leading to distinct local minima in the energy landscape.
They can give rise to new unique states or converge to previous states.
The new generation of trial target occupations are the mean value of
the occupation matrices of the previous calculations. The iterative
search continues until the ratio of newly discovered unique states to
total calculated trials falls below a small predefined threshold. Due to
computational limitations, the procedure may also be stopped
manually after several hundred states have been explored. In such

cases, there remains a small uncertainty as to whether the absolute
ground state has been reached. In principle, for each solution with an
atomic magnetic moment m’, a corresponding solution with —m'
should exist. However, it is possible that the process is stopped before
the opposite-spin counterpart is explored. While the exploration of
noncollinear configurations of the density matrix is currently not
accessible within RomeoDFT, identifying prospective noncollinear
magnetic states remains an interesting direction for future research
that lies beyond the scope of the present work.

The required data to reproduce the RomeoDFT results for all the
materials, along with instructions, are given in the Materials Cloud
Archive.'>* For three representative systems, we provided the full set
of self-consistent states identified using RomeDFT.

In order to calculate the U parameter, we use DEPT*** as
implemented in the HP code,>**>*® which is part of QE. The
Hubbard U parameter is computed in three iterative steps. Within
each iteration the U value is updated as the average values of the
initial and calculated values in the previous step (only in the special
case of CoQ,, because the ground state is highly sensitive to the
choice of U, in order to avoid falling into the wrong state we do not
update the U value as the average of the previous step, instead, in each
step we use the same calculated value of the U from the previous
step). Our results show that with this approach, the convergence
threshold of U for 87% of the systems is less than 0.5 eV. If the
convergence of 0.5 eV has not been reached in three steps, we do
another final step. After the calculation of the U, the geometry and the
Hubbard U are fixed, and we explore the energy landscape to find the
global minimum. For the systems with fully occupied d orbitals, we
use a zero value for the U because the effects of the Hubbard
correction at integer occupations are negligible.’> In the entire
process, the geometry is fixed to the ground state as identified by
Chronos prior to optimization to avoid introducing geometric
optimization only on one state. The appropriate approach involves
relaxing the geometry across all states within the energy landscape,
which can be computationally demanding.

To further characterize the magnetic properties of our materials, we
mapped their electronic structure onto a model Heisenberg
Hamiltonian

H= Z ]i;'si'si
i (3)

where J;; corresponds to the magnetic exchange coupling between the
net spins in sites i and j. The magnitude of the spins is included in the
J. The sum runs over every spin such that each coupling is counted
twice, i.e, J; and J; are both included. Our convention is such that a
negative ] indicates a ferromagnetic coupling, and a positive J is
indicative of antiferromagnetic interaction. The exchange parameters
reported here refer to the isotropic Heisenberg model, and the SOC-
induced anisotropic or chiral exchange terms that are responsible for
frustration and topological spin textures are not included in this
study.*” The transition temperature is calculated from mean-field
theory through the formula

i
© 3k (4)

where ky is the Boltzmann constant and ] = 2 Ji» We calculated the
exchange parameters using two approaches. First, we employed the |
Epy — Eapyl method, which maps this total energy difference onto a
nearest-neighbor-only model Hamiltonian and the results are shown
in Figure 6. Here, the exchange coupling J is assumed to be present
AE

N’
where AE is the energy difference between self-consistent
ferromagnetic and antiferromagnetic spin configurations and N the
number of magnetic atoms in the unit cell. To account for interactions
beyond the first nearest neighbors, we employ the four-state method.
In this approach, a large supercell is considered (4 X 4 X 1), and each
Jij exchange interaction is calculated by computing the total energy
when the pair of spins in sites i and j are in four distinct collinear spin

between n equivalent nearest neighbors (J = nJ) and given by J =
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configurations while keeping all other spins ferromagnetically ordered.
The four configurations are up—up, down—up, up—down, and down—
down concerning the quantization axis. The exchange parameter is
then calculated by’

1
= —(E;; + E;| — E, — E
Jy = g En + By — Eyy — Eyy) (s)

The calculated exchange parameters for Crl; are J; = —9.2 meV, ], =
—1.6 meV and J; = —0.6 meV; for GdI, they are ], = —9.6 meV, ], =
—0.2 meV and J; = —0.005 meV; for VPS; they are J; = 37.2 meV, ], =
34.1 meV, J; = 0.5 meV and J, = 0.5 meV; and for MoCl; are J, =
126.7 meV, J, = —4.0 meV, J; = —0.4 meV and J, = 0.1 meV.

Finally, to go beyond the mean-field theory and obtain a more
precise estimate of the paramagnetic critical temperatures, we use the
Monte Carlo Metropolis algorithm as implemented in the Vampire
package'” for a few selected materials. Here, we use periodic
boundaries in 2D, an equilibration time of 5.000 Monte Carlo steps,
and statistical averaging also over 5.000 steps. We use the “curie-
temperature” program varying the temperature from 0 to 500 K with a
step of 10 K. We used a simulation box corresponding a 8 X 8
supercell. The critical temperatures T are then obtained by fitting the
Monte Carlo magnetization curves to the mean-field formula M = M,
(1 = T/Tc)?, where M, and the critical exponent f are also fitting
parameters. To verify that the number of thermalization steps was
sufficient, we performed a convergence test for MoCl; in which the
number of steps was doubled. The resulting transition temperature
changed by only ~1 K, confirming that our chosen thermalization
length is adequate.

It is important to note the approximations involved in our results.
Besides assuming a magnetism driven by localized magnetic moments,
the mapping of the |Epy, — Epy, onto the Heisenberg model
considers only nearest neighbors coupling. This can be regarded as a
mean-field approximation. For instance, in MoCl;, the Mo atoms
transition from a honeycomb lattice, where each site has three
equidistant nearest neighbors, to a triangular lattice of dimers. In this
configuration, the MoMo distance within a dimer is 1.06 A shorter
than the distance between dimers (see Supporting Information).

Anisotropy is also neglected in our calculations, and all calculations
are done within the nonrelativistic limit. While anisotropy could play a
significant role in 2D materials, we note that the role of
magnetocrystalline anisotropy (MAE) has been assessed using
Monte Carlo simulations on a model honeycomb lattice, showing
that moderate MAE values (D/J < 0.1 with D being the anisotropy
strength) alter T, by less than 10%. This is consistent with recent
DFT-based estimates of MAE (afproximately 0.011 meV per atom)
in comparable 2D systems.”*'** Our result aligns with a recent
research that shows that even for isotropic 2D systems in lab setups
short-range interactions can be large enough to stabilize the magnetic
order at a finite temperature due to finite-size effects.”® Therefore,
although anisotropy plays a role in a quantitative estimation of the
critical temperature, its magnitude in the present materials is unlikely
to change the qualitative classification of magnetic ground states.
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