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Two-dimensional (2D) materials, such as monolayer CrI3, are the focus of much attention due
to their unique properties and potential applications in various technological fields. Despite their
discovery years ago, there remains significant confusion regarding space group assignments, with
disparities reported across well-known 2D material databases and publications. Therefore, accurate
determination of space groups is crucial for understanding the intrinsic properties of these materials
and optimizing their performance. We use first-principles calculations to systematically investigate
the space group of monolayer CrI3 and other 2D materials reported with disparities. From total
energy, geometry optimization, and subsequent lattice dynamics computations, we identify common
sources of confusion and propose a methodology to resolve these ambiguities. Our results highlight
the necessity of integrating computational identifications with symmetry analysis to achieve a correct
space group determination of 2D materials. This approach can be beneficial for, e.g., machine
learning algorithms that rely on accurate determination of crystal symmetry to identify material
properties.

I. INTRODUCTION

The discovery of graphene [1] by A. Geim and K.
Novoselov in 2004 led to a significant interest in the field
of two-dimensional (2D) materials. Graphene’s extraor-
dinary electrical, thermal and mechanical properties [2, 3]
showcased the immense potential of 2D materials in a va-
riety of applications, ranging from electronics to energy
storage. This important discovery triggered a wave of
interest, inspiring the materials research community to
investigate a wide variety of 2D materials with unique
properties and promising technological applications [4, 5].

Despite rapid advancements, one persistent challenge
in this field of 2D materials has been the study of mag-
netism. For a long time, intrinsic magnetism in an atomic
thin layer was elusive [6] until the breakthrough with
monolayer (ML) CrI3 [7], the first 2D material to ex-
hibit stable magnetic ordering. This exceptional mag-
netic property at the atomic scale opened new avenues
for research in spintronics and other advanced applica-
tions. Since the discovery of magnetism in ML CrI3, a
significant amount of research has been dedicated to ex-
ploring its potential applications [8–10] and understand-
ing its underlying mechanisms. However, as we discuss
below, the accurate determination of space groups in 2D
materials, including ML CrI3, remains problematic, with
significant disparities reported in various databases and
scientific publications.

We found that ML CrI3 is documented with conflicting
space groups, P3̄ and P3̄1m, in the Materials Cloud two-
dimensional crystals database (MC2D) [11] and the Com-
putational 2D Materials Database (C2DB) [12], respec-
tively. These well-known databases produce the struc-
tures by cleaving layers from the bulk material structure.

Similarly, diverse reports in the scientific literature

further compound this ambiguity with C2/m [13] and
P3̄1m [14] space groups.

During our early investigation on ML CrI3, we en-
countered similar disparities in the space group assign-
ments of other ML materials [15], including CrGeTe3 [16],
CrSiSe3 [17], CrSiTe3 [18], MnPS3 [19], MnPSe3 [20],
NiPS3 [21, 22], NiPSe3 [23, 24], CrBr3 [25, 26], CrCl3 [27],
CrS2 [28, 29], CrTe2 [30, 31], VS2 [32], VSe2 [33] and
VTe2 [34].

These disparities hinder a thorough understanding of
the structural arrangements of these materials and make
it challenging to integrate them seamlessly into advanced
technologies. Furthermore, the use of high-throughput
computations to identify materials for particular proper-
ties like multiferroicity, altermagnetism, flexoelectricity,
magnetoelectricity, and optical properties etc, [35–43] or
the use of an incorrect space group as input for machine
learning models to predict properties, can result in sig-
nificant errors and unreliable results, making material
research and applications even more challenging.

Given these challenges, the present study aims to ad-
dress the complexities of space-group classifications for
these 2D materials. We provide insights to clarify their
structural symmetries and improve their use in various
technological applications. The article is organized as fol-
lows. Sec. II summarizes the issues with the recognition
of space group of the materials at the level of both the-
ory and experiments. Sec. III details the computational
parameters and techniques used in our study. Sec. IV dis-
cusses the results and precautions that should be taken
when dealing with different types of 2D materials before
concluding in Sec. V.
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II. CHALLENGES

Experimental techniques, such as X-ray diffraction
(XRD) and electron microscopy, often struggle with the
reduced dimensionality and surface effects inherent in
2D materials, leading to ambiguous or conflicting results.
Sample quality, substrate interactions, and measurement
sensitivity can further complicate the interpretation of
diffraction patterns, resulting in varied space group as-
signments [44, 45].

One might expect theoretical tools to be free of such
challenges, but this is not the case. Indeed, theoreti-
cally, first-principles calculations and symmetry analysis
are employed to identify the space group of materials,
but these methods are also subject to limitations.

A first limitation comes from the finite precision of
first-principles calculations. In order to mitigate such fi-
nite precision, the symmetry analysis must incorporate
a tolerance. However, for a given set of atomic positions
(with possible uncertainty), one might get different space
groups for the system by playing with the tolerance for
the symmetry recognition. Ignoring the decimal digits
for the atomic position beyond some predetermined tol-
erance while using the higher value of tolerance for the
symmetry might make the system more symmetric than
it is, hence a higher space group would be assigned to
the system. However, it is well documented that there
are many cases of spontaneous symmetry breaking, so
not all the materials want to be in a higher symmetric
state, and some systems [46] prefer to remain in lower
symmetric state as well. Hence, matching the finite pre-
cision of the first-principle calculation with the tolerance
for symmetry is an important source of potential prob-
lems.

A second caveat comes as a side effect of the users’
desire to spare computing time. Use of symmetries is
a powerful tool to streamline such calculations. Hence,
the symmetries detected from the input file are usually
frozen in, and never questioned again during or after
the first-principles geometry optimization. At least a
local stability analysis should be done, e.g. checking
with a phonon band structure calculation that there is
no spontaneous second-order phase transition. But also,
the symmetry assignment should be re-examined after
first-principles optimization, while this is not the case
in most well-known packages. Thus, in addition to the
aforementioned tolerance issue, the symmetry analysis of
the first-principle geometry refinement result is bypassed,
and lastly, no stability check is carried out.

In order to obtain a sufficiently precise atomic posi-
tion and, hence, accurately establish the space group of
the system, one must reduce the tolerance value over
the forces required for the system relaxation, provided
that the tolerance value for symmetry recognition is suf-
ficiently minimal.

To add more confusion to this challenge, different DFT
codes might use different values for these tolerances to de-
termine the ground state of the materials. Minor varia-

tions in the tolerance for symmetry or the tolerance over
the maximum forces can lead to different space group
identification, as we shall see.
As a final warning, it has been reported before [47]

that the sole determination of the space group for a fixed
geometry by different packages, namely FINDSYM [48],
PLATON [49], Spglib [50, 51] or AFLOW-SYM [47]
might deliver different results, even with human-tuned
tolerances. It is unclear what is the cause of such failures,
and bugs in the implementation cannot be excluded.

III. NUMERICAL METHODOLOGY

The first-principles calculations we present in this
work were performed using the ABINIT [52–54] (ver-
sion 9.11.6.1) software package with norm-conserving
scalar relativistic pseudo potentials [55] from the
PSEUDO-DOJO project [56] (version 0.5) and the GGA-
PBE [57, 58] exchange-correlation functional. Since both
the MC2D and C2DB databases use the GGA-PBE
exchange-correlation functional, it is the most logical
choice for investigating space group assignments from
our first-principles calculations. To ensure consistency
across all calculations, a standardized approach to Bril-
louin zone sampling is adopted for all systems. The con-
verged cut-off planewave kinetic energy energy is 50 Ha
(about 1361 eV). A 8x8x1 electronic wavevector grid for
Brillouin zone sampling is used for the study of all ma-
terials. For the treatment of metals, the C2DB database
uses 0.05 eV smearing. We have tested different smear-
ing for ABINIT, without significant effect on space group
recognition. For the CrS2 results shown later, a smear-
ing of 0.02 Ha (about 0.5eV) was used. The phonons
were computed using Density Functional Perturbation
Theory (DFPT) [59–62] implemented inside ABINIT and
the phonon dispersions are plotted using AbiPy python
scripts.
As mentioned in the previous section, one needs to

define the tolerance for the determination of the space
group and the tolerance for the determination of the opti-
mized geometry. In ABINIT, the tolerance for the deter-
mination of space group and the tolerance for forces are
named tolsym and tolmxf, respectively. ABINIT uses
the default values of 10−5 for tolsym (reduced coordi-
nates for atomic positions, and relative values for lattice
vectors) and 5.10−5 Ha/Bohr (2.57 meV/Å) for tolmxf.
The MC2D database creates the 2D materials by exfo-

liating experimental bulk (3D) materials extracted from
the Inorganic Crystal Structure Database (ICSD) [63],
the Crystallography Open Database (COD) [64] and
the Materials Platform for Data Science (MPDS) [65]
databases. In the same spirit, the C2DB database uses
the ICSD, COD, Open Quantum Materials Database
(OQMD) [66] and Materials Project (MP) databases to
exfoliate 2D materials from its bulk parent structures.
In the MC2D database, the structural relaxation is

done through the Quantum ESPRESSO [67] code with
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MC2D C2DB

Sets Materials
Database

ABINIT
Database

ABINIT

Unrelaxed Relaxed Unrelaxed Relaxed

CrI3 P3̄ P3̄ P3̄1m P3̄1m P3̄1m P3̄1m

CrBr3 P3̄ P3̄ P3̄1m P3̄1m P3̄1m P3̄1m

CrGeTe3 P3̄ P3̄ P3̄1m P3̄1m P1̄ P3̄1m

CrSiSe3 P3̄ P3̄ P3̄1m P3̄1m P3̄1m P3̄1m

set-1 CrSiTe3 P3̄ P3̄ P3̄1m P3̄1m P3̄1m P3̄1m

MnPS3 P1̄ P1̄ P3̄1m P3̄1m P3̄1m P3̄1m

MnPSe3 P3̄ P3̄ P3̄1m P3̄1m P3̄1m P3̄1m

NiPS3 Cm C2/m P3̄1m P3̄1m P3̄1m P3̄1m

NiPSe3 Cm C2/m P3̄1m P3̄1m P3̄1m P3̄1m

set-2 CrCl3 C2 C2/m C2/m P3̄1m P3̄1m P3̄1m

CrS2 P3m1 P3̄m1 P3̄m1
P6̄m2 P6̄m2 P6̄m2

(P3̄m1) (P3̄m1) (P3̄m1)

CrTe2 P3̄m1 P3̄m1 P3̄m1
P6̄m2 P6̄m2 P6̄m2

(P3̄m1) (P3̄m1) (P3̄m1)

set-3 VS2 P3̄m1 P3̄m1 P3̄m1
P6̄m2 P6̄m2 P6̄m2

(P3̄m1) (P3̄m1) (P3̄m1)

VSe2 P3̄m1 P3̄m1 P3̄m1
P6̄m2 P6̄m2 P6̄m2

(P3̄m1) (P3̄m1) (P3̄m1)

VTe2 P3̄m1 P3̄m1 P3̄m1
P6̄m2 P6̄m2 P6̄m2

(P3̄m1) (P3̄m1) (P3̄m1)

TABLE I. For each of the materials, space group obtained when starting either from the MC2D database or from the C2DB
database. The “Database” column indicates the space group mentioned in the database. The “Unrelaxed” and “Relaxed”
columns, respectively, mention the space groups recognized by ABINIT before relaxation (i.e. taking the structure from the
database without modification) and after relaxation with a stringent value of tolmxf, respectively. No stability analysis is
done after relaxation. Three sets of materials emerge, see text. In the set-3, the phases with space groups mentioned between
parentheses were not present in C2DB at the start of our investigation, in 2023.

DFT-PBE van der Waals functionals [68] and pseudopo-
tentials from the Standard solid-state pseudopotentials
(SSSP) library [69]. The C2DB database performs struc-
tural relaxations using the GPAW [70] code, which em-
ploys Projector Augmented Wave (PAW) [71] potentials
and plane wave basis sets. The C2DB calculations also
utilize the PBE exchange-correlation functional for struc-
ture and energetics.

The force tolerance used during the structural relax-
ations of the MC2D database is not explicitly reported in
its publication [11]. However, the Quantum ESPRESSO
code uses a default values of 10−5 for tolerance for sym-
metry and 10−3 Ha/Bohr (51.4 meV/Å) for tolerance
over forces, defining the convergence criterion during
atomic relaxation. The C2DB uses 10−4 for tolerance for
symmetry and 10 meV/Å for tolerance over the forces for
the structural relaxation (the same as ABINIT).

The C2DB database uses a vacuum spacing between

the slabs of 15 Å for isolated 2D units during structural
relaxation, while the MC2D database employs a larger
vacuum spacing of 20 Å. After doing a convergence study
for ML CrI3, we choose a vacuum spacing close to 15 Å for
our studies, which is sufficient for our desired accuracy.

IV. RESULTS AND DISCUSSION

In the process of finding the real ground state space
group of the materials, in 2023, we found that at least fif-
teen materials were reported with different space groups
in different databases. After analyzing the origin of the
disparity, we classified them in three sets as reported in
Tab. I.

The materials in the first set are such that the higher
symmetry space group is the correct one, and this higher
symmetry space group contains all the symmetries of the
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Difference in total energy ∆E (meV/atom)

Initial space group AFM FM Final space group

Unrelaxed Relaxed Unrelaxed Relaxed (both FM & AFM)

C2 [72] 5.587 4.492 0.685 0.008 P3̄1m

C2/m [13] 4.730 4.488 0.193 0.002 P3̄1m

P3̄ [11] 20.865 4.489 18.445 0.003 P3̄1m

P3̄1m [12, 14] 4.758 4.489 0.040 0.000 P3̄1m

TABLE II. Comparison of the energies and space groups of monolayer CrI3 before (‘Unrelaxed’ columns) and after (‘Relaxed’
columns) ABINIT relaxation in both antiferromagnetic (AFM) and ferromagnetic (FM) states, the lowest energy phase being
taken as the zero reference. Structures with energy difference less than 0.01 meV/atom are quite similar and are recognized by
ABINIT to belong to the same space group, with the default ABINIT value of tolsym, 10−5.

lower symmetry space group. For one specific material,
the lower symmetry space group is the correct one, and
the structure with the higher symmetry space group is
not energetically favored. This material, CrCl3, is cat-
egorized in set-2. In the third set, materials with the
same stoichiometry but different bonding topologies (so,
different phases) were present in these two databases in
2023. In the latter case, going from one bonding topol-
ogy to the other requires a distortion that breaks both
space groups. However, during the time of our study,
the C2DB database has been enlarged, and structures
similar to those of the MC2D were added, reducing the
mismatch between the two databases.

FIG. 1. roup-subgroup trees that show the relationship be-
tween different space groups. Arrow head is always pointing
towards the subgroups whereas nock of the arrow is the super-
group. The numbers in the bracket, lying below each space
group show the number of different translational classes of
symmetries in that particular space group.

Note that, in comparing different databases, we filter
only phases that are reported to have the same stoichiom-
etry and the same number of atoms per unit cell.

MC2D database does not test the magnetic ordering
of these reported materials except some materials from
set-3 materials. At variance, the C2DB database tests
the magnetic ordering of most of these materials. For all
materials reported, the first-principles study is restricted
to collinear magnetic ordering.

At the end of this section, we also propose a protocol
to unravel the space group confusion. Additional
information on cell parameters and atomic coordinates
is provided in the supplemental material [73]. These

are used to produce the figures reported in the current
publication.

For the better understanding of the results, the rel-
evant group-subgroup relations are reported in Fig. 1.
The space groups lying in one cascade (i.e P3̄1m - P3̄
- P1̄, P3̄1m - C2/m - C2 and P3̄1m - C2/m - Cm) are
related by small distortion breaking symmetries. P3m1
is the subgroup of both P3̄m1 and P6̄m2 space groups
whereas P3̄m1 and P6̄m2 are not directly related by any
relations.

A. Set-1

After structural relaxation with ABINIT for all the
set-1 materials with the above-mentioned parameter set-
tings, and a stringent value for tolmxf of 10−8 Ha/Bohr
(about 5.10−4meV/Å) along with the default value of
tolsym, the higher symmetric structure i.e P3̄1m is
found, irrespective of the initial structure from MC2D
or C2DB. We describe now the case of ML CrI3 in de-
tail. As mentioned in the introduction, for this material,
additional starting points and space groups exist in the
literature.
In Tab. II, we report the total energies obtained be-

fore and after the structural relaxation of the ML CrI3
performed using the above mentioned parameters and
tolerances for both ferromagnetic and antiferromagnetic
ordering. The structure with C2 and C2/m space group
are generated by cleaving layer from its bulk parent re-
ported in Materials Project [72] database. The other
structure with P3̄ and P3̄1m space group are taken from
the MC2D and C2DB database. All the initial structures
with different space groups relax to the same structure,
recognized to be one of the higher space group symme-
tries i.e. P3̄1m, preferring ferromagnetic ordering. The
energy difference between the final structures is less than
0.01 meV. The absolute total energy per atom of the
reference (lowest energy) structure is E = −869999.88
meV/atom.
In line with the difficulties mentioned earlier, we also
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FIG. 2. Phonon dispersion curves of the ferromagnetic mono-
layer CrI3 in its space group P3̄1m.

computed the phonon band structure of ML CrI3 with
P3̄m1 space group and lowest energy that we obtained
after the structural relaxation, to ensure it is at least a
local stable phase. The phonon band structure is shown
in Fig. 2. No instability is present, confirming that the
structure with P3̄m1 space group is the lowest energy
state for ML CrI3 among all locally distorted structures.

We also tried to understand the wrong assessment of
the space group of ML CrI3 by different sources. In order
to shed light on this problem, we performed such assess-
ment for a range of tolsym values, including extremely
loose ones, and, in the relaxed situation, for a range of
tolmxf values including extremely loose ones. The re-
sults are shown in Fig. 3, that can be seen as a kind of
“phase diagram”. The P3̄1m region in the phase diagram
is present for both MC2D and C2DB initial structures,
but only for a relatively loose value of tolsym in the case
of the MC2D database. This starting point is thus rela-
tively inaccurate. In the case of the ABINIT relaxation,
the P3̄1m region gets more extended when more strin-
gent values of tolmxf (≤ 10−8 Ha/Bohr) are used. At
variance, when tolmxf is loose, the C2 space group is
favored. A very loose value of tolsym can also give the
right P3̄1m space group.

In a small region in this phase diagram, C2/m is
the identified space group. We note that the slope of
tolmxf versus tolsym defining the boundaries of this re-
gion with both the C2 and the P3̄1m regions is approxi-
mately linear. So, for this example, tolmxf, expressed in
Ha/Bohr, must be approximately hundred times smaller
than tolsym (or even lower) to stay in the P3̄1m region.

Using a loose tolsym is of course not a correct strategy,
since it will favor the higher symmetry space group, while
there are cases in which the lower space group is favored,
as will be the case for the materials in the second set.

FIG. 3. Space group “phase diagram” for ferromagnetic
monolayer CrI3. Regions for C2, C2/m, P3̄ and P3̄1m space
groups are presented with green, blue, orange and red colors
respectively. Lower panel: the structure is taken straight from
MC2D and C2DB database, and the space group is shown as
a function of tolmxf. Upper panel: the structure is relaxed
using tolmxf as stopping criterion for ABINIT, and the space
group is recognized using tolsym as tolerance.

B. Set-2

The second set is for materials in which the different
structures are related by group-subgroup relation as in
the case of set-1 materials. However, the lower symme-
try space group structures are energetically favored. ML
CrCl3 belongs to this case.

The space group of ML CrCl3 is reported to be C2
in MC2D database. ABINIT recognizes its space group
to be C2/m with its tolsym default value. However,
this value is similar as the default value of Quantum
ESPRESSO used for MC2D. We assume that the space
group C2 is reported incorrectly or that MC2D is using a
lower value of tolerance for the space group recognition.

Anyhow, after aligning the structures taken from
MC2D and C2DB for comparison, we observed that the
lower symmetry structure, i.e C2/m, is more stable than
the higher symmetry one, unlike for set-1 materials. We
then computed the total energy along a path connecting
the two structures. The result is shown in the energy
landscape in Fig. 4. The total energy of the P3̄1m struc-
ture is not the lowest one. The total energy starting
from the P3̄1m structure is lowered along this path. The
energy minimum is located close to, but not exactly at,
the optimized C2/m structure. This small difference is
a side effect of stopping the relaxation for some finite
value of tolmxf, also at an energy level where eggbox ef-
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fects [74, 75] with the exchange-correlation energy treat-
ment using a grid in real space start to contaminate the
otherwise smooth behavior of the energy as a function of
the atomic coordinates and lattice parameters.

FIG. 4. The total energy of ML CrCl3 (3 atoms/cell) along
a linear path connecting the P3̄1m structure (x=0) to the
lowest energy C2/m structure (x=1) obtained after relaxation
(atomic positions and lattice parameters) with the stringent
value of tolmxf.

This example demonstrates that setting tolsym to a
loose level can fail to determine the correct space group
of the material. In Tab. I, it is shown that for this mate-
rial ABINIT correctly finds the space group starting from
the lower-symmetry structure delivered by the MC2D
database, while it stays in the incorrect high-symmetry
space group when considering the C2DB structure as in-
put.

C. Set-3

When we started this investigation in 2023, most of
the set-3 materials were reported with P3̄m1 and P6̄m2
space groups respectively, in MC2D and C2DB databases
respectively as shown in Tab. I. Only CrS2 was reported
with the P3m1 space group in 3 atom unit cell, from
MC2D. However, since then, C2DB has been enlarged.
It reports now the set-3 materials in different phases,
including some with more number of atoms in the unit
cell than the ones originally listed. We report in Tab. I
only the structures with the same number of atoms in
the unit cell from both databases in order to maintain
comparability.

In reference to the situation presented in 2023, the con-
fusion for these materials arose because the two databases
listed different polymorphs with the same composition
and stoichiometry. These polymorphs have a different
bonding topology, unlike set-1 and set-2 materials. Even
after structural relaxation with stringent tolerance val-
ues, the set-3 materials retain in P3̄m1 (even for CrS2)
and P6̄m2 space group structures taken from MC2D and
C2DB respectively. Going from one polymorph to the
other involves breaking bonds, and there is an energy

barrier along the connecting path.

FIG. 5. Total energy of monolayer CrS2 (3 atoms/cell) along
the path going from the P3̄m1 space group structure (mag-
netic) to the P6̄m2 space group structure (non-magnetic).
The dot close to the top of the vertical dotted line presents
the point of transition from magnetic to non-magnetic order-
ing whereas the dots at both ends of the curve present the
initial and final space groups of the material.

CrS2 is taken as an illustrative example. From our
study, the P3̄m1 space group structure is a ferromag-
netic metal, while the P6̄m2 space group structure, with
a lower energy, is a non-magnetic gapped material. The
C2DB database reports that all the structure of CrS2 are
nonmagnetic while MC2D does not report the magnetic
ordering.
The result of a nudged elastic band (NEB) [76–79]

study is shown in Fig. 5. The space group of the struc-
tures lying on the line connecting the P3̄m1 to P6̄m2
space group structures is Cm. To transform the struc-
ture from P3̄m1 to P6̄m2 space group, not only bonds are
broken but also the magnetic ordering changes. The en-
ergy barrier is about 1 eV above the energy of the P6̄m2
space group structure. The switch from magnetic to non-
magnetic ordering occurs close, but not exactly at, the
maximum of energy (dashed vertical line in Fig. 5).
Although one might be satisfied with such a result,

the determination of the ground state structure might
still be incorrect, if one or the other phase spontaneously
distorts. This is precisely the case of the structure with
P3̄m1 space group. The phonon band structures of both
P3̄m1 and P6̄m2 polymorphs are shown in Fig. 6. For the
P3̄m1 polymorph, the presence of imaginary frequencies
(shown as negative in the vertical axis) is observed in a
large neighborhood around the M (1/2, 0, 0) wavevector.
Thus, this P3̄m1 phase is not even metastable, unlike the
P6̄m2 phase. By freezing a finite collective displacement
with the eigenvector of the unstable phonon mode at M
(1/2, 0, 0) [61, 80–83], so doubling the size of the ini-
tial primitive cell, then relaxing the structure, a lowering
of total energy of 0.37 eV is observed. A stable phase
with P21/m space group is obtained. Like the unstable
P3̄m1 phase, it is also a ferromagnetic metal. In a fi-
nal step, the check of stability of this P21/m structure
is performed, by computing its phonon band structure,
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(a)

(b)

FIG. 6. Monolayer CrS2 phonon band structures for (a) the
P3̄m1 polymorph and (b) the P6̄m2 polymorph, both with 3
atoms per cell. In (a), the imaginary frequencies are shown
as negative.

see Fig. 7. All phonon modes are stable. Hence, we can
conclude that this is the correct locally stable structure
with this bonding topology, unlike the one presented in
the C2DB database.

Similarly, monolayer CrTe2 and VTe2 also exhibit
unstable phonons at finite momentum in the P3̄m1
phase whereas VS2 and VTe2 are stable in both P3̄m1
and P6̄m2 phase. Finally, monolayer CrTe2 shows the
same kind of magnetic and non-magnetic behavior in
different phases as monolayer CrS2.

This unstable P3̄1m structure, and the final stability
of the P21/m establishes that one cannot rely on the
structure of the materials reported in the databases in
case their stability has not been checked with a local sta-
bility analysis thanks to a phonon band structure. Ad-
ditionally, the scenario found in the set-3 materials is a

warning that 2D materials might be present in distinct
polymorphs. The careless joint exploitation of different
databases may provide inconsistent or inaccurate find-
ings. Additionally, the tensorial characteristics [35] of
materials that are sensitive to space groups, such as flexo-
electricity, magnetoelectricity, and altermagnetism could
potentially be predicted wrongly.

FIG. 7. Monolayer CrS2 phonon band structure for the struc-
ture with P21/m space group (6 atoms per cell), around the
high-symmetry points Γ (0,0), Y (0,1/2), B (1/2,0), and A
(1/2,1/2).

As an additional example, in a recent publication [39],
authors are trying to find possible 2D altermagnets on
the basis of their space group symmetry, from the list
of materials reported in C2DB database through high
throughput calculations. However, we found at least
three materials (i.e. RuF4, VF4 and FeBr3) from the
list of seven materials mentioned in the publication, that
are reported with different space groups in both MC2D
and C2DB databases.

D. A protocol to better determine the space group.

Having identified different sources of confusion, one
can wonder whether there is a fool-proof recipe to de-
termine the space group of materials in databases. From
the very start, since one has to play with tolerances, there
might always be exceptions that fall below the tolerance.
Thus, one can never be sure that the determination has
been achieved with absolute certainty. Still, a protocol
to better handle this problem can be proposed, on the
basis of the present study. All the materials presented in
this publication have been studied using this protocol.
First, for each single starting structure, one has to im-

prove the confidence that this is a locally stable struc-
ture, with correctly identified space group for a given,
sufficiently stringent value of tolsym. This is achieved
by:
1.A. A first determination of the space group of the

starting structure.
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1.B. Relaxation of the structure using a value of
tolmxf that is tuned to the value of tolsym. In this
respect, the default value of tolmxf for ABINIT was
found to be too loose, i.e. tolmxf=10−8 Ha/Bohr (about
5.10−4meV/Å) was needed to ensure to reach a numeri-
cally accurate optimized geometry.

1.C. Redetermination of the space group. If the space
group changed, possible further study of the effect of both
tolsym and tolmxf.

1.D. Check that the structure is locally stable, thanks
to a phonon band structure calculation.

1.E. For the structure with any instability, a finite
collective displacement with the eigenvector of the de-
tected unstable phonon is frozen, then the structure is
re-optimized, to obtain the real stable phase of the ma-
terial, following again the previous steps.

Second, if more than one space group stems from such
analysis, one has to suspect that the system has more
than one polymorph, and thus, one should:

2.A. Examine the group-subgroup relationship be-
tween the different optimized structures.

2.B. Study materials with different space groups with
NEB calculations to see the presence of a real energy
barrier or any spontaneous symmetry breaking.

V. CONCLUSION

In this work, we addressed the challenge of determining
the true ground-state space group of monolayer CrI3 and
other 2D materials, which have been inconsistently clas-
sified across various publications and databases. Mono-
layer CrI3 is particularly intriguing, since it has been re-
ported with four different space groups, reflecting a sig-
nificant ambiguity in the literature. To resolve this uncer-
tainty, we propose a protocol that combines density func-
tional theory calculations, symmetry analysis, phonon
band structure calculations and energy minimization, in
order to more reliably determine the real ground state of
such materials, with no absolute certainty, however.

By applying this protocol, we find that the ground-
state space group of ML CrI3 is P3̄1m, providing a defini-
tive resolution to the disparities reported previously. Ex-
tending our analysis to fourteen other 2D materials with

conflicting space group assignments, we classified these
materials into three distinct sets based on their ground-
state symmetry behavior. The first set comprises materi-
als whose ground state corresponds to a higher-symmetry
structure, consistent with most initial reports. The sec-
ond set includes materials where the ground state ex-
hibits a lower-symmetry space group, underscoring the
limitations of relying solely on database-reported struc-
tures. The third set involves materials exhibiting poly-
morphism, with two distinct and energetically stable con-
figurations corresponding to different space groups. This
dual stability highlights an intriguing interplay of en-
ergy minima and suggests potential avenues for explor-
ing functional tunability through external factors such as
strain or temperature.
Moreover, in this third set, we have examined in detail

the case of CrS2, where the P3̄1m polymorph listed in
the MC2D and C2DB is not stable, but spontaneously
distorts to a structure with P21/m space group. We have
checked the stability of the latter thanks to its phonon
band structure.
Our findings not only resolve ambiguities in the re-

ported structures of these materials but also demonstrate
the necessity of systematic protocols for accurate space
group classification. The observed polymorphism and
variations in ground-state symmetry reveal a rich land-
scape of structural possibilities in 2D materials, providing
insights into their underlying physics and potential ap-
plications. This work establishes a robust framework for
addressing similar inconsistencies in other materials and
serves as a benchmark for reliable structural determina-
tion in the rapidly evolving field of 2D materials.
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