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ABSTRACT

Two-dimensional (2D) magnets host a wide range of
exotic magnetic textures, whose low-energy excitations
and finite-temperature properties are typically described
by effective spin models based on Heisenberg-like Hamil-
tonians. A key challenge in this framework is the reliable
determination, from ab initio calculations, of exchange
parameters and their anisotropic components, crucial for
stabilising long-range order. Among the strategies pro-
posed for this task, the energy-mapping method, based
on total-energy calculations within Density Functional
Theory (DFT), is the most widely adopted, but typically
requires laborious, multi-step procedures. To overcome
this limitation, we introduce AMaRaNTA (Automating
Magnetic paRAmeters iN a Tensorial Approach), a com-
putational package that systematically automates the
energy-mapping method, through its “four-state” formu-
lation, to extract exchange and anisotropy parameters
in 2D magnets. In its current implementation, AMa-
RaNTA returns the nearest-neighbour exchange tensor,
complemented by scalar parameters for second- and third-
nearest-neighbour exchange interactions as well as single-
ion anisotropy. Together, these provide a minimal yet
sufficient set of parameters to capture magnetic frustra-
tion and anisotropies, essential for stabilising several ob-
served magnetic states in 2D materials. Applied to a
representative subset of the Materials Cloud 2D Structure
database, AMaRaNTA demonstrates robust and repro-
ducible screening of magnetic interactions, with clear
potential for high-throughput simulations.

INTRODUCTION

Magnetism in layered van der Waals (vdW)-bonded
systems has been known for decades [1, 2]. However,
a renewed surge of interest in these materials emerged
between 2016 and 2018, following the experimental obser-
vation of intrinsic ferromagnetic (FM) order in CrI3 down
to the monolayer limit [3] and in few-layer CrGeTe3 [4],
as well as antiferromagnetic (AFM) order in monolayer
FePS3 [5, 6]. These findings demonstrated that stable
magnetic order can persist in the two-dimensional (2D)
limit. Since then, several other materials have been re-
ported to retain magnetic order upon exfoliation from
their bulk vdW-bonded counterparts, and the library of
2D magnets continues to grow steadily [7–10]. These sys-
tems have already been incorporated into prototype spin-
tronic devices (e.g., [11–13]), with ongoing experimental
efforts aiming at raising magnetic ordering temperatures
[14, 15] and enhancing perpendicular magnetic anisotropy
[16] for improved device performance.

From a theoretical standpoint, the existence of mag-
netism in 2D systems is particularly intriguing. The cel-
ebrated Mermin-Wagner theorem [17] implies that long-
range magnetic order is forbidden in 2D at any finite
temperature, being completely destroyed by thermal spin
fluctuations. However, this result holds strictly for sys-
tems with isotropic, short-range magnetic interactions,
as described by the Heisenberg model. In real materials,
uniaxial magnetic anisotropies may break the continuous
spin-rotational symmetry, opening a gap in the spin-wave
spectrum. This in turn suppresses the destabilising ther-
mal fluctuations, allowing for finite-temperature magnetic
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order [18, 19].
Another reason for the growing interest in 2D mag-

nets lies in their rich variety of magnetic phases, which
extend well beyond conventional ferromagnetism and an-
tiferromagnetism. For example, a recent theoretical work
predicts altermagnetism in RuF4 monolayers and other 2D
compounds [20]. In these centrosymmetric systems, there
is nonetheless an antisymmetric Dzyaloshinskii–Moriya
interaction (DMI) [21, 22], driven by spin–orbit coupling
(SOC), between pairs of atoms that locally break space-
inversion symmetry, inducing spin canting and weak fer-
romagnetism [23]. Meanwhile, in systems where space-
inversion symmetry is broken not only locally but also
globally, the DMI [21, 22] acts as a chiral interaction,
yielding well-defined chiral noncollinear and noncoplanar
spin textures [24–26]. Skyrmions, for instance, have been
predicted in several so-called Janus 2D materials [27–31],
such as MnSeTe and MnSTe [32]. Conversely, in cen-
trosymmetric lattices with geometric frustration — such
as triangular or Kagome lattices — AFM exchange inter-
actions can give rise to highly degenerate ground states
and complex magnetic behaviour, including the emer-
gence of spin-spiral structures [33–36]. Similar frustration
effects may also emerge, even in other lattice geome-
tries, in the presence of competing exchange interactions,
for example between nearest-neighbour and second- or
third-nearest-neighbour spins [37, 38]. Notably, frustrated
centrosymmetric systems can still host skyrmion-like spin
textures even in the absence of DMI [39]. For example, a
spontaneous antibiskyrmion lattice with unique topology,
driven by the anisotropic symmetric exchange interaction,
has been predicted in the semiconducting NiI2 mono-
layer [40]. Interestingly, the onset of helimagnetic phases
can spontaneously break the inversion symmetry of the
underlying crystal lattice, inducing a polar axis and en-
abling ferroelectricity [41, 42], as demonstrated again in
monolayer NiI2 [43, 44].

Given these premises, accurate computational ap-
proaches for predicting the magnetic properties of 2D
materials from first-principles are in high demand. Among
them, Density Functional Theory (DFT) [45] has emerged
as the preferred method, offering a relatively good balance
between accuracy, computational efficiency and ease of
implementation. Furthermore, various techniques and
computational tools have been developed within DFT
to predict magnetic properties, particularly to calculate
exchange parameters and magnetic anisotropies [46–50].
The most established ones include the energy-mapping
method [51], the torque approach, also known as the
Liechtenstein–Katsnelson–Antropov–Gubanov (LKAG)
method [52, 53], based on the magnetic force theorem,
and the spin-spiral method, which relies on the generalised
Bloch theorem [54, 55] — each with its own advantages
and limitations, depending on the specific system and
magnetic phenomena under investigation. When inte-
grated into high-throughput computational frameworks
[56–58], these techniques enable the rapid screening of
candidate materials with targeted magnetic properties,

thereby accelerating materials discovery and providing
valuable guidance and support for experiments.

For example, Torelli et al. [58] studied around 150 2D
compounds, encompassed in the C2DB database [57, 59].
In their work, the DFT total energy differences between
collinear FM and AFM configurations are mapped onto
a spin model that includes nearest-neighbour isotropic
Heisenberg exchange, on-site (single-ion) anisotropy and
an approximate two-ion anisotropy. This study not only
confirmed the magnetic ground states of well-known com-
pounds, but also predicted the properties of several less-
studied materials. Despite these successes, the model
employed in Ref. [58] shows some limitations and is often
insufficient to capture the rich variety of possible 2D mag-
netic phases. Therefore, the same group later extended
their study to an even larger dataset of 192 materials,
whose magnetic texture was assessed exploring the pos-
sibilities for spin-spiral orders [60] using the generalised
Bloch theorem [54, 55]. Nonetheless, the method is lim-
ited to systems that can be well described by a single-q
spiral (with q being the spiral wave-vector) and does not
capture complex multi-q configurations. Furthermore, no
systematic fitting of the microscopic magnetic parameters
was performed therein.

To further extend the systematic application of DFT for
predicting the magnetic properties of 2D materials, a valu-
able approach is represented by the so-called “four-state”
method [61–63]. Within this framework, each magnetic
parameter of a spin model is extracted from DFT total
energies computed for four distinct relative orientations
of the magnetic moments of two selected atoms, while
all other magnetic moments are held fixed. This pro-
vides a direct estimate of the local interactions between
atomic pairs. The method offers a clear advantage over
conventional energy-mapping approaches, which typically
rely on extensive global sampling of numerous magnetic
configurations spanning the entire simulation cell. When
implemented for noncollinear DFT calculations includ-
ing SOC, the four-state method gives access to the fully
tensorial – hence anisotropic – nature of the magnetic
interactions, enabling their mapping onto general spin
models capable of describing complex magnetic states
[28, 29, 40, 61–65]. It also naturally captures local inter-
actions leading to canting effects between spin pairs that
are difficult to predict with global sampling [23]. However,
despite these strengths, applying the four-state method
in high-throughput calculations poses several challenges.
These include the need to automatically select relevant
spin configurations, construct suitable (and potentially
large) supercells to capture long-range interactions, and
perform a substantial amount of DFT calculations, equal
to four times the number of spin model parameters to be
determined [61, 62].

To address these challenges, we introduce AMaRaNTA
(Automating MAgnetic paRAmeters iN a Tensorial Ap-
proach), a computational package designed to stream-
line the four-state approach for automated, scalable cal-
culations. AMaRaNTA is implemented as a workflow
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within AiiDA (Automated Interactive Infrastructure and
Database for Computational Science) [66], a robust plat-
form for managing complex computational workflows with
full data provenance and automation capabilities. The
workflow interfaces with the Vienna Ab-initio Simulation
Package (VASP) [67, 68] (though it can be in principle
adapted to other electronic structure codes) to perform
accurate noncollinear DFT total energy calculations in-
cluding SOC. Designed for user-friendliness, AMaRaNTA
requires only a structure file as input; it then automates
the setup of simulation cells, the submission of calcula-
tions to (and retrieval of results from) high-performance
computing facilities through AiiDA and, ultimately, the
evaluation of the exchange parameters. Specifically, AMa-
RaNTA computes the full exchange tensor for nearest-
neighbour interactions and scalar isotropic exchange pa-
rameters for second- and third-nearest-neighbour ones,
as well as single-ion anisotropy terms. These provide
a minimal starting set to capture magnetic frustration
and anisotropies underpinning the stabilisation of diverse
magnetic states in 2D materials. However, the framework
lends itself to extensions beyond the present implementa-
tion, for instance, to include longer-range interactions –
along with their fully tensorial character – allowing map-
ping onto more complex spin models.

To illustrate its performance, AMaRaNTA is applied
to a compact dataset of about thirty 2D magnetic
compounds from the Materials Cloud 2D Structure
database [56, 69], demonstrating robust and automated
screening of magnetic interactions. We successfully re-
cover the expected magnetic features for a number of
previously characterised 2D magnets. Furthermore, for
previously unreported systems, our calculations predict
AFM isotropic exchange in NiF4Tl2, anisotropic symmet-
ric exchange in MnBi2Te4, and antisymmetric exchange
in VF4 and VAgP2Se6.

RESULTS

Four-state method

The four-state method [61, 62] maps the results of first-
principles total energy calculations (here performed within
DFT) onto a classical, Heisenberg-like model Hamiltonian,
as anticipated in the Introduction. In the following, we
outline the specific formulation and conventions adopted
in AMaRaNTA, along with the relevant definitions.

The AMaRaNTA effective spin Hamiltonian is based
on the bilinear Heisenberg model and is expressed as

H =
∑
i<j

(i,j)∈1NN

Si · J(1)
ij · Sj +

∑
i<j

(i,j)∈2NN

J
(2)
ij Si · Sj

+
∑
i<j

(i,j)∈3NN

J
(3)
ij Si · Sj +

∑
i

AiS
2
iz

(1)

where nNN (with n = 1, 2, 3) denotes the set of nth
nearest-neighbour atomic pairs, and

• J(1)
ij is the full nearest-neighbour second-rank ex-

change tensor. Each of its elements J
(1)
ij,αβ describes

the coupling between the spin component Sα
i of

atom i and the spin component Sβ
j of atom j, where

α, β ∈ {x, y, z}. J(1)
ij is commonly decomposed as

[62]
J(1)

ij = J
(1)
ij I + Kij + Dij (2)

that is, into a Heisenberg isotropic exchange pa-
rameter J

(1)
ij = 1

3 TrJ(1)
ij , a traceless symmetric

matrix Kij = (J(1)
ij + J(1)T

ij )/2 − J
(1)
ij I (giving

rise to anisotropic exchange interactions of the
Kitaev type [70, 71]) and an antisymmetric part
Dij = (J(1)

ij − J(1)T
ij )/2, whose three independent

components form the Dzyaloshinskii–Moriya vector
D [21, 22].
Thus, in our model, the two-ion anisotropy is treated
more rigorously than in previous high-throughput
studies (e.g., [58], where it was included through
a term of the form Hani

ij = λ
∑

ij Sz
i Sz

j in the spin
Hamiltonian).

• J
(2)
ij and J

(3)
ij are the second- and third-nearest-

neighbour scalar exchange parameters, respectively.

• Ai is the single-ion anisotropy (SIA). In general,
the SIA can be represented as a second-rank sym-
metric tensor, analogous to J(1)

ij . However, this
fully tensorial description is often unnecessary for
practical purposes. In many 2D systems, the SIA
can be effectively characterised by the simplified
scalar form adopted here, which captures easy-axis
or easy-plane anisotropy (see also Ref. [61]).

In total, for a chosen atomic site i, the model con-
tains twelve parameters: the nine components of the
nearest-neighbour exchange tensor, the scalar exchange
parameters for the second- and third-nearest-neighbours,
and the SIA.

According to our sign conventions, a negative (posi-
tive) exchange parameter describes FM (AFM) spin align-
ment. Similarly, positive values of the SIA correspond
to easy-plane anisotropy and negative values to easy-axis
anisotropy.
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In this work, we restrict to materials containing a single
magnetic species, where all magnetic atoms are crystal-
lographically equivalent and thus possess the same spin
magnitude S. The DFT calculations underlying the four-
state method employ supercells large enough to both
capture interactions up to the third-nearest-neighbours –
consistently with the spin model – and to suppress spuri-
ous interactions between an atom and its periodic replicas.

To extract the parameters of the spin model Hamilto-
nian, the following different sets of four-state calculations
are performed.

Nearest-neighbour exchange tensor The calculations
for each element J

(1)
ij,αβ of the nearest-neighbour exchange

tensor for a pair of magnetic atoms (i, j) are performed
within the noncollinear DFT framework with SOC in-
cluded. We compute the energies Eij,+α,+β , Eij,+α,−β ,
Eij,−α,+β , and Eij,−α,−β , corresponding to the four config-
urations in which the spins of atom i and j are constrained
along ±α̂ and ±β̂ Cartesian directions, respectively, while
the spins of all other magnetic atoms are fixed orthogonal
to both α and β, forming a reference magnetic background.
The desired parameter is then given by

J
(1)
ij,αβ = Eij,+α,+β − Eij,+α,−β − Eij,−α,+β + Eij,−α,−β

4S2
(3)

where S denotes the spin magnitude.
By computing all nine combinations of α, β ∈ {x, y, z},

the full exchange tensor J(1)
ij can be constructed, requiring

a total of 4 × 9 = 36 calculations. This underscores
the necessity of an automated workflow as provided by
AMaRaNTA.

In the limit of perfectly isolated spin pairs – achieved
using sufficiently large supercells [72] – and assuming that
the Heisenberg Hamiltonian (1) captures the low-energy
physics of the system, the four-state approach ensures that
all extraneous contributions to the Hamiltonian cancel
exactly. This guarantees that the extracted exchange
parameters corresponds solely to the intended spin pair.

Second- and third-nearest-neighbour scalar exchange
parameters The scalar exchange parameters J

(2)
ij and

J
(3)
ij , corresponding to pairs of second- and third-nearest-

neighbour magnetic atoms (i, j), are obtained using
collinear DFT calculations without SOC, where spins
are constrained to align along a fixed quantisation axis
(in our case, the z-axis). Similarly to above, four distinct
spin configurations are considered, in which the spins of
atoms i and j are either parallel (i.e., up) or antiparallel
(i.e., down) to the quantisation axis, and all other spins in
the system are fixed in a collinear reference configuration.
This yields four total energies: Eij,↑↑, Eij,↑↓, Eij,↓↑, and
Eij,↓↓. The scalar exchange parameter is then given by

J
(n=2,3)
ij = Eij,↑↑ − Eij,↑↓ − Eij,↓↑ + Eij,↓↓

4S2 (4)

Single-ion anisotropy The SIA parameter is calculated
using noncollinear DFT with SOC included. We consider
four distinct spin configurations, in which the spin of
atom i is constrained to point along the +x, −x, +z, and
−z directions, while the spins of all other atoms are fixed
along the y-axis. This yields the corresponding energies
Ei,+x, Ei,−x, Ei,+z, and Ei,−z. The anisotropy parameter
is then given by

Ai = Ei,+z − Ei,+x − Ei,−x + Ei,−z

4S2 (5)

In the actual implementation of AMaRaNTA, spin mag-
nitudes S are always normalised to unity. Accordingly,
the reported exchange and anisotropy parameters corre-
spond directly to the algebraic sums of energies defined
in Eqs. (3), (4) and (5), divided by 4.

Implementation

AMaRaNTA is implemented in Python as an AiiDA
workchain [73], specifically employing the AiiDA-VASP
plugin (see https://aiida-vasp.readthedocs.io/en/latest/).
It consists of three main blocks, as illustrated in Fig. 1.

Pair selection, supercell and reciprocal lattice construc-
tion The first block (blue in Fig. 1) handles the iden-
tification of atomic pairs (i, j) and the generation of ap-
propriate supercells, using tools provided by the Atomic
Simulation Environment (ASE) library [74].

Starting from the user-supplied unit cell structure file,
AMaRaNTA identifies three pairs (i, j) of magnetic atoms
corresponding to the nearest, second-nearest, and third-
nearest-neighbour shells. To ensure all neighbours are
accounted for, this step is performed in a 5×5 supercell
(employed at this stage only, then discarded afterwards).
Atom i is chosen once and for all and is thus the same
in the three pairs: by default, it is selected as the first
magnetic atom appearing in the atomic list (though oc-
casionally, during the dataset production phase, it was
chosen as the magnetic atom closest to the centre of
the 5×5 supercell, thus avoiding complications arising
from periodic boundary conditions in the presence of
neighbours close to the supercell edges). The partner
atoms j are chosen as the first three in the atomic list
whose distances from i place them within the nearest,
second-nearest, or third-nearest-neighbour shell – inciden-
tally, this means that the J(1)

ij tensor will refer to one
representative (i, j) pair only; tensors associated with
other, symmetry-related neighbour pairs can be obtained
from one another by applying suitable rotation operations.
Atoms whose distances from i differ by less than 1% are
grouped within the same neighbour shell, thereby avoid-
ing artefacts due to negligible atomic distance differences
in the input structure.
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Appropriate supercells are then constructed to ensure
that each spin pair (i, j) and its periodic replicas are
separated by a distance of at least 10 Å, a value we found
sufficient for the systems studied in this work, that can,
however, be easily increased if necessary. The initial guess
for the supercell size is a 2×2 of the input unit cell. From
this starting point, two nested loops iterate over possible
integer values N and M , treated independently, to find
the smallest N × M supercell that satisfies the distance
criterion.

For a unit cell with lattice parameters a and b,
the k-point mesh for the DFT calculations is defined
as

(
round

( 50
a

)
, round

( 50
b

)
, 1

)
in reciprocal coordinates.

When constructing the supercells, the k-point meshes
are rescaled inversely with respect to the corresponding
supercell lattice vectors, ensuring a consistent sampling
density across different cell sizes.

Spin magnitude evaluation The second block (violet)
performs a single DFT calculation for the unit cell, to
determine the modulus of the magnetic moment S for
the magnetic species. This value is then rounded to the
nearest integer and later used to initialise the magnetic
configurations, according to the four-state prescriptions.

Execution of four-state calculations The third and
main block (red) orchestrates the DFT calculations re-
quired by the four-state method. For each of the twelve pa-
rameters in the spin model Hamiltonian, a child workchain
is launched to perform the four constrained DFT calcu-
lations. The resulting total energies are processed using
Eqs. (3), (4) and (5), yielding the exchange parameters
and the SIA in meV. As anticipated, with spin magnitudes
normalised to unity, the parameters are directly obtained
as one quarter of the energy combinations defined therein.
Finally, information on the converged magnetisation of all
atoms - as obtained in the DFT calculations - is collected,
to enable users to verify that the assigned spin directions
have been respected (AMaRaNTA does not issue auto-
mated alerts if deviations occur). This also allows for an
a posteriori check of the assumption that all magnetic
atoms indeed share the same spin magnitude S.

AMaRaNTA is managed and launched via a separate
script, where users can specify the structure file and a
set of pseudopotentials without modifying the workchain
itself. This represents the only required input; all other
settings are fixed internally to ensure consistency across
the database. However, selected parameters — such as
the 10-Å pair-replica distance or the subset of exchange
parameters to compute — can be modified through doc-
umented and accessible options. This design aims at
ensuring uniformity across the database, while still of-
fering enough flexibility for external users to adapt the
high-throughput calculations to their specific needs.

The final output includes the coordinates of the three
atomic pairs (i, j), the constructed supercells, the calcu-
lated set of spin model Hamiltonian parameters, and the

converged magnetisation data obtained from DFT for all
atoms. Atomic coordinates, in particular, are needed in
that the form of the nearest-neighbour exchange tensor
depends on the relative orientation of the selected pair.
Therefore, providing them allows users to compare ten-
sors obtained from differently oriented pairs via suitable
coordinate transformations. All the above information is
made available both as AiiDA data nodes and as user-
friendly text files, which are also stored within the AiiDA
database. Additionally, much of the content is printed to
the standard output on-the-fly.

Application to a material dataset

To illustrate the potential and performance of AMa-
RaNTA, we apply it to a dataset of 29 2D magnets, ex-
tracted from the Materials Cloud 2D Structure (MC2D)
database [56, 69]. This dataset is limited to insulat-
ing compounds (primarily binary and ternary) with a
calculated band gap larger than 0.1 eV at the Perdew-
Burke-Ernzerhof (PBE) level, as reported in MC2D, and
containing a single magnetic species — specifically, transi-
tion metals ranging from V to Ni — as mentioned above.

The results are analysed in terms of the magnitudes of
the different magnetic parameters introduced in Eq. (1),
highlighting distinct trends across the various compounds
and predicting whether their ground states are more likely
to be collinear or noncollinear, based on the degree of
magnetic frustration. The complete raw data of all calcu-
lations are provided in the Supplementary Material.

The magnitude and sign of the isotropic exchange in-
teractions — reported in Fig. 2 for our dataset up to the
third-nearest-neighbour level — are among the most fun-
damental descriptors of a magnetic material. As discussed
above, the inclusion of these longer-range interactions
marks a major advancement introduced by AMaRaNTA,
distinguishing it from prior approaches.

The materials in our dataset can be broadly categorised
into three distinct subsets, based on the relative magni-
tude of isotropic exchange: (i) those with a dominant
nearest-neighbour interaction, (ii) those in which second-
or third-nearest-neighbour interactions prevail, and (iii)
those where interactions at different distances have com-
parable magnitudes, giving rise to competing effects.

Hereafter, for convenience, we omit the atomic indices
i, j from the exchange parameters, wherever they are
redundant. When comparing to external references, we
adjust the reported exchange parameters when needed,
so that they conform to our model Hamiltonian (1) and
to our S = 1 convention.

Materials with dominant nearest-neighbour interaction
A significant subset of materials in our dataset exhibits
a large isotropic exchange parameter between nearest-
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neighbour atoms and negligible interactions beyond. If
this parameter is negative, such systems are expected to
display a FM ground state, stable against thermal fluc-
tuations in the presence of easy-axis anisotropy. Notable
examples include the well-known compounds CrGeTe3
and CrSiTe3: our calculations reproduce the dominant
negative J (1), consistent with collinear ferromagnetism,
as reported in the literature [4, 72, 75].

The most striking result in our dataset, however, is
for VPS3. We find a positive and exceptionally large
J (1) = 96 meV – roughly 16–17 times larger than both
J (2) and J (3) – pointing to a robust AFM order. Com-
paring to previous theoretical studies, Torelli et al. [58]
reported a J (1) value of 108 meV; Chittari et al. [76] found
J (1) = 94.7 meV, which was 6–8 times larger than J (2)

and J (3); finally, Yang et al. [77] predicted J (1) = 53.5
meV, approximately 50 times larger than the higher-order
terms. Despite some quantitative discrepancies – possibly
due to the different values of the Hubbard U – all the
above predictions qualitatively agree in identifying the
strongly AFM J (1) as the leading magnetic parameter.
This conclusion is further supported by experimental evi-
dence for a Néel-type AFM structure, consistent with the
compound’s honeycomb lattice [78].

NiF4Tl2 is another example of a material with a domi-
nant AFM J (1), for which no prior literature exists. This
lack of data is likely due to thallium’s toxicity, which
limits experimental research.

Finally, our results also predict a leading AFM J (1) in
the two families of dihalides MnX2 and VX2 (X = Cl,
Br, I). However, unlike the previously discussed materi-
als, these compounds crystallise in a structure where the
magnetic ions form a triangular lattice. In such condi-
tions, strong AFM interactions can give rise to geometric
frustration, which may suppress simple collinear ordering
and promote more complex magnetic states instead, as
discussed, for example, in Ref. [79].

Materials with dominant beyond-nearest-neighbour in-
teractions Some materials in our dataset, notably NiPS3
and NiPSe3, are characterised by a very strong and AFM
J (3) of about 30 meV, which dominates over a weak FM
J (1) and a negligible J (2). This interaction pattern, when
combined with the honeycomb lattice formed by the Ni
atoms, leads to AFM spin textures – either Néel or zigzag,
depending on the specific values of the parameters – as
reported in many studies [76, 80–84]. Tables I and II
summarise our results, compared to previous theoretical
predictions and experimental measurements.

Most earlier results qualitatively agree with ours in
identifying J (3) as the dominant magnetic interaction in
these nickel compounds. Several works provide physical
insight into this behaviour [80, 82, 84, 85], suggesting that
J (3) arises from a Ni–X1–X2–Ni superexchange pathway
entirely contained within a single sublattice. In contrast,
the pathway responsible for J (2) involves two chalcogen
atoms belonging to different sublattices, which weakens
its effectiveness. Furthermore, the fact that J (3) is even

larger than J (1) has been explained using a simple model
considering direct exchanges only [85]. Due to the trigonal
crystal field, the Ni d-manifold splits into lower-energy
even orbitals and higher-energy odd orbitals (with respect
to the basal plane). Even orbitals are fully occupied
because Ni2+ corresponds to a d8 configuration: the only
contribution to exchange comes therefore from the odd
orbitals. For these, it has been shown [85] that the third-
nearest-neighbour couplings are indeed larger than the
nearest-neighbour ones.

Interestingly, both NiPS3 and NiPSe3 are also reported
in Ref. [58], where only nearest-neighbour interactions
are considered. That work assigns a large J (1) (around 30
meV) to both compounds. We speculate that this value
may effectively incorporate longer-range contributions,
particularly from J (3). This interpretation is further
supported by results from a later study by the same
group on NiPS3 [86].

Materials with comparable exchange interactions A
considerable fraction of materials in our dataset fea-
tures comparable exchange interactions involving mul-
tiple neighbours. Specifically, we identify 10 materials
for which the ratio J (2)/J (1) is as large as 25%, and 14
for which J (3)/J (1) reaches the same value. Particularly
interesting are those cases where J (3) (or J (2)) and J (1)

have opposite sign, as this is another typical situation
that can give rise to magnetic frustration and noncollinear
ground states. Examples of such behaviour include NiX2
(X = Cl, Br, I), NiPX3 (X = S, Se), MnO2, MnBi2Te4 and
VBr2O. We however emphasise that such constraints on
the ratios are merely necessary conditions for noncollinear
order to emerge: the geometry of the magnetic lattice
plays an equally important role. For instance, VBr2O,
despite meeting the ratio-based criteria, should be ex-
cluded from the list of potentially frustrated systems, as
the pattern given by an AFM J (1), a negligible J (2) and
a FM J (3) on a square lattice actually precludes any kind
of frustration.

Magnetic anisotropy breaks the otherwise rotational
symmetry of the Heisenberg Hamiltonian. It consists
of two contributions: the SIA, denoted as A in Eq. (1),
and the two-ion anisotropic exchange, captured by the
symmetric Kitaev–like matrix K and the antisymmetric
DMI matrix D in Eq. (2). The ultimate preferential spin
direction is decided by the interplay of the two contribu-
tions, which should therefore be treated on equal footing
(see, e.g., Ref. [64] for a practical prescription). Moreover,
two-ion anisotropic exchange can itself be a driving force
behind exotic, noncollinear spin textures [40], along with
the effects of lattice geometry and competing isotropic
exchange interactions discussed above.

The accurate evaluation of anisotropies – in particular,
the two-ion contribution – beyond the approximations
used in previous works constitutes the second crucial
improvement provided by our approach.
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Two-ion anisotropic exchange Fig. 3 presents both
the maximum and the average element of K (in absolute
value) normalised by the isotropic term J (1). As expected,
the strongest anisotropies are found in materials contain-
ing heavy elements such as tellurium and iodine, where
SOC is more pronounced. We identify three materials
where the average Kitaev–like interaction reaches at least
10% of J (1). For two of them, the Kitaev–like magnetism
is already well known in the literature: in CrI3, it en-
hances the easy-axis anisotropy in cooperation with the
SIA [64], whereas in NiI2 its interplay with the strong J (3)

induces the skyrmionic texture predicted in [40]. The re-
maining one, MnBi2Te4, gained a certain attention some
years ago due to its topological properties [87]. The
monolayer ground state is widely reported to be FM with
out-of-plane anisotropy, in agreement with our prediction
[88–90]. In contrast, it is listed in the database of Ref. [58]
as weakly AFM, but switching to a FM state in DFT+U
calculations for a Hubbard interaction U > 2 eV. Notably,
no previous work has investigated the two-ion anisotropic
terms in this system, except for [88]. However, that study
found no significant Kitaev–like contribution, at variance
with our results. A deeper investigation of this material
is therefore warranted in future studies.

Fig. 4 shows both the magnitude D of the Dzyaloshin-
skii–Moriya vector and the angle arctan(D/J (1)), which
governs the degree of noncollinearity between spins. DMI
can arise only when the bond centre lacks inversion sym-
metry, imposing a strong structural constraint. Accord-
ingly, non-vanishing DMI is found in only three materials
throughout our dataset. For CrBrS, a comprehensive
study of the DMI – also extended to beyond nearest-
neighbours – found it to be crucial for the formation of
a topological bimeron texture [91]. On the other hand,
VF4 has recently been highlighted for its altermagnetic
behaviour [20] and VAgP2Se6 was treated in detail in [92]
as a paradigmatic case of a polar 2D magnet. To the
best of our knowledge, though, no DMI analysis has been
reported to date for any of the two.

Single-ion anisotropy Finally, in Fig. 5 we report the
values of the SIA. We identify eight materials exhibiting a
significant such value (A ≳ 0.1 meV). Three of them – NiI2,
CrSiTe3 and CrGeTe3 – show A > 0, pointing to an easy-
plane tendency. The remaining five – NiO8Re2, MnO2,
MnBi2Te4, NiPSe3 and CrI3 – exhibit A < 0, suggesting
an easy-axis tendency instead. All predictions are in
agreement with existing literature [40, 57, 59, 64, 82, 88].

We stress again, however, that the sign of the SIA alone
does not fully determine the overall magnetic anisotropy.
For instance, CrGeTe3 and CrSiTe3, which would be ex-
pected to favour easy-plane configurations based on their
positive A, actually do not, owing to the counteracting
effect of the Kitaev–like term. In CrGeTe3, the single-ion
and Kitaev–like contributions essentially cancel out, re-
sulting in an almost isotropic magnetic ground state. In
CrSiTe3, the Kitaev–like term outweighs the SIA, ulti-
mately producing an easy-axis texture [64].

DISCUSSION

We outlined the features of AMaRaNTA, an open-
source computational workflow designed to automate DFT
calculations of exchange parameters in 2D magnets. The
full nearest-neighbour exchange tensor, scalar exchange
parameters for second- and third-nearest-neighbours, and
the single-ion anisotropy were included in the underlying
spin model, providing a comprehensive and robust de-
scription of the minimal interactions required to stabilise
the complex magnetic states observed in 2D materials.

To validate its functionality, we tested AMaRaNTA on
a compact dataset of 2D magnets, consistently recovering
the expected results for well-known materials, while also
providing the added value of a uniform description across
the dataset – namely, with the same set of parameters.
In selected cases, our calculations even suggested previ-
ously unreported exchange phenomena, demonstrating
the potential of our package for applications in material
discovery.

In this context, AMaRaNTA contributes to the grow-
ing ecosystem of computational tools to automate the
calculation of the magnetic parameters. It complements
other methods based on a similar philosophy, such as
energy-mapping schemes relying on global magnetic con-
figurations, as implemented in the recently released Os-
travaJ [93], as well as in dedicated four-state codes like
sym4state [94] and the corresponding module in the
Property Analysis and Simulation Package for materials
(PASP) [95]. Furthermore, it enables systematic compari-
son with non–four-state approaches, including the LKAG
method implemented in TB2J [48] and in other recent
packages [46, 49].

In this respect, although AMaRaNTA may appear sim-
ilar to the existing four-state implementations, it distin-
guishes itself by being designed expressly for 2D mag-
nets, internally generating all required configurations and
ensuring a dataset-wide, consistent treatment of spin in-
teractions. More importantly, it provides the distinct
advantage of a fully automated, AiiDA-integrated work-
flow, enabling seamless interoperability with other AiiDA-
based materials-informatics infrastructures developed for
the discovery and analysis of 2D materials [56, 69].

Beyond the results presented in this work, AMaRaNTA
can already be employed in its current version for larger-
scale studies, such as investigations of rare-earth–based
compounds [96] or of the effect of strain on exchange inter-
actions, which can be substantial, as shown for NiI2 [97].
In this case, the workflow’s automation infrastructure
enables systematic exploration of the strain parameter
space with minimal manual effort.

In terms of future developments, AMaRaNTA can be
extended in several directions with relatively modest ad-
ditional endeavour. First, from a methodological view-
point, the spin model could be generalised to capture
more complex behaviours. Examples include beyond-
nearest-neighbour anisotropic exchange [98], isotropic
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exchange beyond the third-nearest-neighbour level [99],
biquadratic exchange [100, 101] and refinement of the
single-ion anisotropy by lifting the current assumption
of in-plane isotropy – an improvement particularly rele-
vant for systems with spatially anisotropic lattices. At
the same time, the automatic generation of tensors for
symmetry-equivalent nearest-neighbour pairs could be
achieved via a post-processing routine that applies the rel-
evant symmetry operations, without requiring additional
DFT calculations. The framework could also benefit
from a further expansion, in order to handle symmetry-
inequivalent magnetic sites, which instead requires deter-
mining more than a single set of parameters, but would
significantly broaden the class of materials that can be
addressed. Even more ambitiously, the four-state protocol
underpinning AMaRaNTA could be extended beyond the
evaluation of exchange and anisotropy parameters, for
instance to compute the coupling matrix between spin
and polarisation in the context of spin-induced ferroelec-
tricity, which relies on a similar computational machinery
[102, 103].

Second, from the DFT perspective, AMaRaNTA could
be extended to adopt material-specific, first-principles
values for the Hubbard U parameter [104, 105], which is
kept fixed in the current implementation (as detailed in
the Methods section). Although qualitative trends are
generally robust against moderate variations in U , the
choice of this parameter can affect the results for materi-
als where the computed exchange interactions are small,
as exemplified by MnBi2Te4. In such cases, computing
U from first principles would remove much of the am-
biguity associated with an empirical or arbitrary choice.
Moreover, AMaRaNTA is not intrinsically tied to the
DFT+U framework and could equally be combined with
more advanced exchange–correlation schemes, including
hybrid and self-interaction–corrected functionals, which
are known to impact exchange interactions [106].

Finally, on the software side, two natural extensions
would involve making AMaRaNTA compatible with DFT
codes beyond VASP, provided they support constrained-
magnetisation calculations, and developing a streamlined
interface to Monte Carlo or atomistic spin-dynamics sim-
ulation packages. This would pave the way toward a fully
automated pipeline for the systematic, high-throughput
exploration of complex magnetic phenomena in 2D mate-
rials.

METHODS

DFT computational details

DFT calculations are carried out using VASP [67, 68]
(version 6.4.0). The Local Spin-Density Approximation
(LSDA) is employed for the exchange-correlation func-
tional, which avoids the issue of symmetry breaking

known to occur in noncollinear calculations with the
Generalised Gradient Approximation (GGA) [107]. For
magnetic species, the so-called “_pv”-type pseudopoten-
tials are used, treating semicore p states as valence elec-
trons [108, 109]. Electron correlation is treated at the
LDA+U level, following the Liechtenstein scheme [110],
with U = 2.8 eV and J = 0.8 eV. This set of parameters
was applied uniformly to all magnetic species in the stud-
ied compounds, to ensure consistency across our dataset.
The plane-wave kinetic energy cutoff is set to 1.3 times
the largest ENMAX value among all elements in each
particular system. Total energies are converged to within
10−6 eV. All symmetry operations are explicitly disabled
to ensure that every element of the nearest-neighbour
exchange tensor is computed independently.

Precision of exchange parameters

We estimate the precision of our results to be on the
order of 0.1 meV, even though we report an additional
significant digit. Extensive testing indicates that this
uncertainty is primarily determined by the choice of su-
percell size. Secondary factors, contributing 0.01–0.04
meV, include the energy cutoff, k-point mesh density,
and small deviations arising from unfulfilled symmetry
constraints.

In this analysis, only parameters requiring convergence
are treated as sources of error. Categorical choices, such
as the pseudopotential family or type, are not included, as
they do not affect the internal consistency of the database.
Consequently, users attempting to reproduce our results
with different choices may observe larger deviations. Ad-
ditional discrepancies, estimated at roughly 0.1–0.15 meV,
can also arise from differences in VASP versions or varia-
tions in hardware and high-performance computing envi-
ronments.
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FIG. 1. Scheme of AMaRaNTA. Coloured boxes represent the three main blocks of the workflow, as discussed in the text.
White boxes inside contain the partial output of each block. Thin arrows indicate direct input–output relations, thicker ones
represent the procedural progression between blocks.

FIG. 2. Isotropic exchange parameters J(1), J(2) and J(3) for our dataset. Parameters are shown in decreasing order of |J(1)|.

TABLE I. Exchange parameters for NiPS3 from various studies.
Reference J(1) [meV] J(2) [meV] J(3) [meV]
This work −4.1 1.1 29.5
Chittari et al [76] (DFT) −11.3 −0.1 36.0
Gu et al [80] (DFT) −5.5 −0.4 45.5
Bazazzadeh et al [81] (DFT) −1.0 −0.2 3.9
Autieri et al [85] (DFT) −3.3 −0.2 13.7
Olsen [86] (DFT) −2.6 −0.3 14.0
Basnet et al [82] (DFT) −3.5 −0.3 14.1
Peng et al [83] (DFT) −2.5 / 9.5
Yang et al [84] (DFT) −5.6 0.7 32.0
Lançon et al [111] (exp) −3.8 0.2 13.8
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FIG. 3. Ratio between maximum (respectively, average) element of K and J(1).

FIG. 4. Modulus of the Dzyaloshinskii–Moriya vector D = |D| and arctan(D/J(1)). Parameters are shown for the only three
materials with a non-vanishing antisymmetric exchange.

TABLE II. Exchange parameters for NiPSe3 from various studies.
Reference J(1) [meV] J(2) [meV] J(3) [meV]
This work −3.7 −0.6 32.7
Chittari et al [76] (DFT) −3.1 1.0 18.2
Gu et al [80] (DFT) −9.3 −0.1 43.0
Bazazzadeh et al [81] (DFT) −1.1 −0.1 4.0
Musari et al [112] (DFT) −11.3 −0.3 4.7
Basnet et al [82] (DFT) −4.5 0.1 16.1
Sun et al [113] (DFT) −7.9 2.9 1.5
Peng et al [83] (DFT) −1.3 / 12.8
Yang et al [84] (DFT) −7.6 0.5 40.4
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FIG. 5. SIA parameter A.


