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Several members of the van der Waals (vdW) layered family of transition metal oxydihalides MOX, have
been shown to exhibit lattice distortions, leading to interesting electronic properties such as colossal
magnetoresistance, ferroelectricity and strong second harmonic generation. Two of these structures
have been reported as exfoliated into two-dimensional (2D) materials, out of which one, NbOCl,, has
been shown to have almost layer-independent electronic properties. We here report a computational
study of the MOX, phases within the compositional space M =V, Nb, Ta, Mo, Ru, or Os, and X = Cl, Br,
or |, chosen to cover all experimentally reported three-dimensional (3D) structures within the family. The
thermodynamical stability with respect to competing phases and the dynamical stability are considered,
and the electronic bandstructure and density of states are evaluated for each MOX; structure in both 3D
and 2D form. Trends are identified between structures with the same type of distortions. For MOX, with
M =V, Nb or Ta, a Peierls distortion opens up a wide bandgap at the Fermi level. MoOX; also display a
Peierls distortion, and while the increased valence renders it conductive, the characteristic features of
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the bandstructure are still similar to the semiconducting phases. For M = Ru and Os, which are also
found conducting, the Peierls distortion is not observed, and the bandstructure and DOS are significantly
different from the other considered phases. All 3D phases are shown to be of vdW nature, with very
similar properties between their 3D and 2D versions. Analysis of binding energies as well as delamination
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1 Introduction

A recent study demonstrates extremely strong non-linear opti-
cal response in thin flakes of the van der Waals (vdW) lami-
nated transition metal oxychloride NbOCl,." This allows for
correlated parametric photon pair generation in the material,
which renders it promising as a quantum light source. Further,
it shows second harmonic generation (SHG) that scales quad-
ratically with flake thickness, and a strong exitonic effect
originating from a localized Nb d-electron state at the Fermi
level. The exciton energy in NbOCI, barely changes going from
3D to a single layer of 2D material, indicating weak interlayer
interaction through this lack of layer dependency. The scaling
of the SHG contrasts to, e.g., 2D transition metal dichalcogen-
ide WS,, where the second-harmonic generation is attenuated
with increased number of 2D layers." This can be attributed to
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energies suggest that the investigated 3D phases can all be converted into 2D.

the non-centrosymmetry of 2D NbOCIl, being retained also in
the 3D form, which is not the case for W,S.

NbOCI, was first reported in 1961,> along with the home-
ostructural TaOCl,. These are both members of a larger family
of vdW laminated transition metal oxyhalides, which also
includes the experimentally observed phases NbOBr,,”
NbOL,,*® TaOl,,” VOCl,,5® VOBr,,® MoOCl,,*'°** RuOCl,,*°
and OsOCL,.'° Two of these, NbOCl, and NbOIL,, have been
reported as exfoliated into their single layer 2D form, both
exhibiting large second harmonic generation.™®

Out of this family of phases, it is not only NbOCl, which has
received interest from the research community, but multiple
studies have considered different members of this group of
materials and found a number of interesting properties. Following
a theoretical prediction of possible large ferroelectric ordering in
NbOX,, X = Cl, Br, or I,"*'* switchable ferroelectricity was experi-
mentally verified for NbOL,,'® and the whole set of NbOX, has been
suggested as promising for photocatalytic water splitting.'®
MoOCl, has also received experimental attention, and has been
identified as a metal with colossal magnetoresistance."”

Hypothetical 2D derivatives of members of the MOX,-family
have also been studied computationally. The V-based phases
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VOX, are all predicted to be multiferroics, with both magnetic
and ferroelectric ordering,’®>° while NbOI, is suggested to
exhibit ferroelectrically controlled spin helix formation,>!
which may be important for nano-electronics applications. Also
TaOl, is proposed to be suitable for applications in
valleytronics.”” Other hypothetical compositions which would
belong to the MOX, family have also been studied and found to
exhibit intriguing properties similar to the V- and Nb-based
phases.>* ¢

This family of vdW-bonded oxyhalides is thus an interesting
group of materials, which is why we have chosen to perform a
systematic study of its members. In addition to the 10 experi-
mentally reported 3D phases already listed above, we have also
considered the 8 hypothetical phases TaOBr,, VOI,, and MOX,
with M = Mo, Ru, or Os, and X = Br, or I, to include all elemental
combinations within this compositional space. Since we want
to keep the study relevant for potential experimental realiza-
tion, we only consider phases including transition metal spe-
cies which have been reported experimentally in this family of
phases. The purpose of this study is to assess the possibility for
realization of 2D versions of the MOX,-family members in
addition to NbOCl, and NbOI,,"® and to study trends within
this family of materials. We consider the ground state structure
of each composition and assess the corresponding electronic
properties. We find that all the considered MOX,-structures are
likely to be possible to delaminate. They all show very similar
electronic structure between 3D and 2D forms, and both
semiconducting and conducting behaviours are observed.

2 Results and discussion
2.1 Structure of 3D MOX,

We have identified the lowest energy non-magnetic structure of
the 3D MOX, phase for each of the considered compositions.
The members of the MOX, family are not structurally iso-
morphic but homeomorphic, with four different prototype
structures proposed in experimental studies.'® The basic pro-
totype structure is reminiscent of the so called 2D perovskites,
and is shown in Fig. 1(a). Each layer can be described as
consisting of Cl,0, octahedra encasing the transition metal
cation. Along the a-direction, these octahedra are corner shar-
ing via the O-atoms, while in the b-direction, they are edge
sharing via the X-atoms. Alternatively, the layers can be
described as single-atom transition metal chains connected
into a sheet by oxygen atoms, and decorated with the respective
halogen at the M-M bridge sites. The layers stack by aligning
the halogen and oxygen atoms between adjacent layers. For
different compositions, the structure undergoes different dis-
tortions, and Fig. 1(b) and (c) show the different structures
corresponding to each of these distortions. The fourth proto-
type will be discussed further down.

The symmetry of the structures assumed by each composi-
tion was found to be determined to the transition metal
element. RuOX, and OsOX, prefer the structure shown in
Fig. 1(a) which is of space group Immm (no. 71) and in the
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following referred to as A,;, where the letter refers to the panel
of Fig. 1 in which the prototype structure is displayed, and the
subscript refers the space group number. Table S1 (ESIt)
tabulates energy, lattice parameters and space group of relaxed
structures discussed herein.

For TaOX, and MoOX,, a Peierls distortion along the M-M
chains (the b-direction indicated in Fig. 1(a)-(c)) causes the
M-atoms to form dimers. We refer to this type of distortion as
dimerization in the following. This lowers the symmetry from
space group Immm to C2/m (no. 12), with the corresponding
structure shown in panel (b) of Fig. 1 and referred to as By,.
This dimerization is clearly seen comparing panel (a) and (b) of
Fig. 1, where the two unequal M-M distances are indicated as
L, and L,. The dimerization also causes a distortion of the
X-atoms in the z-direction, resulting in two different M-X
distances, as opposed to in the A;; structure shown in panel
(a). This is indicated by the horizontal dashed lanes in panels
(a)—(c) of Fig. 1.

Dimerization of the M-atoms along the b-direction was also
observed for the remaining structures, i.e. NbOX, and VOX,,
along with an additional pseudo Jahn-Teller (pJT) distortion
along the g-axis. The pJT distortion displaces the M-atom along
the M-O bond direction, inducing a local dipole moment at each
M-O pair which, in turn, leads to ferroelectric properties of these
materials, as previously reported.’>'*'®?” The vertical dashed line
in Fig. 1(c) shows how the M-atom of each octahedra is shifted out
of the plane of X-atoms, resulting in two different M-O distances
denoted /; and /,, as compared to A;; and B;, with undistorted
M-atoms residing in the X-atom plane of each octahedra. This
structure is of space group C2 (no. 5) and referred to as Cs. This
distortion thus breaks the inversion symmetry of the A;; and By,
structures, opening the possibility for second order optical
response in these structures.”® The pJT distortion in NbOIL, is
found to be particularly weak, with a very small difference in the
two distances /; and [, and a non-significant energy difference
between the B, and Cs prototype structures. Nevertheless, we still
consider it to be of Cs structure since it doesn’t relax completely
into By, upon relaxation, and because significant second order
optical effects have been experimentally proven for the material.>®
Table S2 (ESIT) lists the identified structure for each composition
in terms of labels as defined by Fig. 1. The energy differences
between the different prototype structures for each composition
can be found in Table S3 (ESIt), together with an extended
discussion of the structural determination. The phonon disper-
sions for each considered composition in its identified ground
state 3D structure can be found in Fig. S1 of the ESI,f showing
that the identified structures are all dynamically stable.

The lattice parameters found for the non-magnetic lowest
energy structures are shown by circles in Fig. 2, along with
experimental results from previous reports shown by white
diamonds.**?° The lattice vectors refer to the primitive cell of
the B,,/Cs prototypes, which contains 8 atoms and one layer in
the c¢-direction (i.e. not the conventional cells shown in Fig. 1).
The agreement with experiments is excellent, for all but the
VOX,-phases. These phases have been proposed to exhibit
magnetism in previous computational reports.***&13

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Structural schematics of the different structure assumed by the 3D and 2D MOX, compositions. Panel (a) shows the highest symmetry structure
with space group Immm (no. 71), where the left side of the panel shows the structure from the (100) direction, and the right side from the (010) direction.
Panel (b) shows the structure in (a) but with a Peierls distortion of the M-atoms along the b-axis, resulting in a dimerisation of the M-atoms in this
direction and reducing the symmetry to space group C2/m (no. 12). In panel (c) the structure is further distorted along the a-axis, resulting in space group
C2 (no. 5). Panels (d)-(f) shows the corresponding three structures assumed for the 2D derivatives, where the structures in panels (d) and (e),
corresponding to the 3D structure of panels (a), and (b) respectively, both are of space group Pmmm (no. 47), while the structure in panel (f),
corresponding to the 3D structure of panel (c), is of space group Pmm2 (no. 25). In panels (d)-(f), the top and bottom of the left side shows the 2D sheets
from the (100) and (010) directions, respectively, while the right side shows the (001)/top-direction.

When considering magnetic configurations, the VOX, composi-
tions are no longer driven to dimerize, but the M-atoms are
evenly distributed along the b-direction, as in the A,; structure.
The pJT distortions persist, however, so that the symmetry is
reduced from space group Immm to Imm2 (no. 44). Thus the
VOX, phases are ferroelectric with broken inversion symmetry
regardless of the M-M bond Peierls distortion, and the explicit
structure is shown in Fig. S2(a) (ESIT). We refer to this structure
as FE4, in the following, where FE refers to its ferroelectric
nature, and the subscript to the number of the space group it
belongs to. Fig. S2(c) (ESIT) shows the antiferromagnetic (AFM)
configuration previously reported for 2D VOCI, and VOBr,,

This journal is © The Royal Society of Chemistry 2025

which are used in the current work for the 2D units of the 3D
magnetic phases. VOI, has been reported as ferromagnetic (FM)
and we thus also consider FM ordering for this phase. In
agreement with previous work, we identify VOCI, and VOBr, as
AFM and VOI, as FM. The phonon dispersions for the VOX,
magnetic structures are shown in Fig. S3 (ESIt), indicating
dynamical stability.

The lattice parameters corresponding to the magnetic FE
VOX, are displayed by the smaller triangles in Fig. 2. They agree
considerably better with experimental reports for VOCl, and
VOB, (we have not found any experimental lattice parameters
for VOIL,), although the a-parameter, i.e., along the direction of

J. Mater. Chem. C, 2025, 13, 4769-4780 | 4771
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Fig. 2 Lattice parameters found for the respective 3D structure of each MOX, composition. Circles indicate results from non-magnetic structures,
triangles from magnetic structures and white diamonds are data from experimental reports. Lattice vectors are given for the primitive unit cell of the B,/

Cs prototypes.

the M-O bond, still does not agree particularly well. Additionally,
we find the energy between the Cs; and the magnetic FE
structures for VOX, to be within 1.5 meV per atom, which is
an insignificant energy difference in relation to the approxima-
tions employed. Hence, the magnetic FE and non-magnetic Cs
structures are considered as energetically degenerate from the
computations presented here. The calculated energies with
respect to the corresponding non-magnetic dimerized VOX,
phases are found in Table S7 (ESIf). Because the structural
analysis of the VOX, phases is not conclusive in determining
the ground state structure, we chose to include both the mag-
netic and non-magnetic structures in the ensuing discussion.

The preference for dimerization along the M-M bond direc-
tion can be linked to the size of the transition metal element,
where the dimerizing compositions have consistently larger
atomic radii of the transition metal element (M = Nb, Mo, or
Ta), than the non-dimerizing compositions (M = Ru, or Os). The
atomic radius of V is larger than that of Ru and Os, while
smaller than for Nb, Ta and Mo, which may explain why the
dimerized and non-dimerized structures are so similar in
energy for the VOX, phases.

In addition to dynamical stability assessment, the thermo-
dynamical stability of each identified non-magnetic ground
state structure was estimated by comparing the energy of each
phase with respect to the energy of the set of most competing
phases, AH,, as defined in eqn (S1) (ESIT). Given the energetic
degeneracy of the magnetic and non-magnetic VOX, structures,
only the non-magnetic were considered in this analysis. Com-
peting phases were taken from the Materials Project database.®?
All but OsOI, was found to have AH., < 0, indicating thermo-
dynamical stability. The detailed results of these calculations
are shown in Fig. S4 and further discussed in the ESL

4772 | J Mater. Chem. C, 2025,13, 4769-4780

In addition to magnetism, we have also considered the effect
of strong correlation by introducing a Hubbard U parameter,*?
for the set of structures NbOX,, MoOCI, and VOCI,. These were
chosen to cover the range of different halogens, and transition
metal elements from different periodic groups. No significant
change improving the lattice parameters towards experimental
values was observed, while for some structures the lattice
parameters changed considerably for the worse, as can be seen
in Fig. S5 of the ESL{ Given the lack of improved agreement
with experiment from inclusion of strong correlation effects, we
chose to continue the calculations without +U.

The bonding interactions in MOX, phases were analyzed
using the LOBSTER code and IpCOHP (integrated projected
Crystal Orbital Hamilton Population), focusing on interactions
within a 5 A range. As shown in Fig. S8 (ESI{), the strongest
interactions, characterized by the most negative IpCOHP
values, correspond to M-O bonds, followed by M-X bonds,
both with short bond lengths. Distinct trends in bonding were
observed based on structural variations: RuOX, and OsOX,
exhibited symmetric bonding due to their A;; structure, while
TaOX, and MoOX, displayed splitted M-X interactions linked
to Peierls distortion in the By, structure. VOX, and NbOX,
showed distinct interactions due to the distorted C5 structure.

The total interaction strengths for the 3D MOX, phases are
summarized in Fig. S9 (ESIt), showing a near 1:1 ratio of M-O
to M-X contributions. Notably, MOI, consistently exhibited the
highest M-O to M-X ratio, while MOBr, had the lowest.

2.2 Binding energy

It has previously been argued that the pseudo-2D characteris-
tics of 3D NbOCI, is related to extremely weak interlayer
interactions compared to many other 2D materials," with a

This journal is © The Royal Society of Chemistry 2025
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reported binding energy of ~5 meV A™2 Thus, we have
estimated the binding energy E;, as defined by eqn (1) for all
the ground state structures. We have compared these values
with binding energies for MOX, structures as evaluated else-
where, as well as with the well known vdW materials BN, MoS,
and graphite using the random phase approximation (RPA).>*
Ey, is presented for each composition in Fig. 3, where our values
are indicated by colored markers. The exact values and corres-
ponding references of earlier work presented in Fig. 3 can be
found in Table S8 (ESIf). All values indicated in Fig. 3 are
computational estimates of the binding energies, not experi-
mental values. Additionally, we have also considered what we
refer to as the delamination energy, Eq4, defined by eqn (S2) and
shown in Fig. S6 (ESIT). No significant difference between Ej,
and E4 was observed for the MOX, structures.

Within each set of compositions sharing transition metal
(but different halogens), there is a very clear trend of increasing
E;, for increasing halogen size. This trend is slightly stronger for
the Os- and Ru-based compositions, and it is weakest for the
Nb- and Ta-based compositions. There is a larger increase in Ej,
between MOI, and MOBr, than between MOBr, and MOCI,
within all compositions sharing transition metal, proportional
to the total increase within the set. Furthermore, for the
compositions with the early transition metals, i.e. V, Nb, Ta
and Mo, which assumes one of the dimersized B;, or Cs
structures shown in Fig. 1(b) and (c), the binding energy is
clearly lower than for the compositions with the later transition
elements Os or Ru, which assumes the non-dimerized A,
structure in Fig. 1(a). This indicates that the dimerization
contributes to the weak interlayer interaction in NbOCI,, as
proposed in ref. 1. However, VOX, and MoOX, show stronger
binding energies than NbOX, and TaOX, even though the

264 X DF2-C09 vdW-optB86
.+ rwio magnetic .".l.\leCSz
241 Y SCAN+rW10 =--- RPA
=< vdW-optB88 = ----- DF2-C09

Binding energy [meV/A?]

VoI N1 AVefIY Nt NI ok
RS S GG
Fig. 3 Interlayer binding energy E,. Circles represent data from the
present study, with the smaller circles referring to the magnetically
ordered VOX,. Values from previous work evaluated using different
exchange—correlation potentials are indicated, as are reference values of
the well known vdW materials BN, MoS,, and graphite.:>*°~%” Additionally,
the van der Waals MXene structure Nb,CS, which was recently delami-
nated into 2D is also indicated.

This journal is © The Royal Society of Chemistry 2025
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structures of all these compositions dimerize, rendering this
observation at best partially correct.

The binding energy reported here, and also those given by
several previous reports, is in stark contrast with that presented
in ref. 1 of ~5 meV A™2 attained using the Perdew-Burke-
Ernzerhof (PBE) general gradient approximation (GGA) for the
exchange correlation effects.”® PBE does not include vdW effects,
which have been shown to be crucial for estimating binding
energies in vdW materials,”” and values obtained with this
approximation must be considered an underestimate. The range
of estimated values for the binding energies as reported here and
by earlier studies for any single MOX,, structure further shows the
challenge of accurately estimating Ej,. Our estimates for the MOX,
structures display binding energies lower than that of MoS, for
most compositions, and they are over all close to that of graphite.
Importantly, they are below the estimated value for NbOCI,,*®
which has been realized in 2D form by liquid exfoliation.*® Thus,
judging by the estimated binding energies, all MOX, structures
considered here should be possible to realize in 2D form.

2.3 Structure of 2D MOX,

The 2D version of each composition has been constructed by
separation of the individual layers of the 3D structure, followed
by structural relaxation. The schematic 2D structures corres-
ponding to each of the A;;, By, and Cs structures are shown in
Fig. 1(d)-(f), and referred to as D,;, E,; and F,s, respectively.
Detailed information for relaxed non-magnetic 2D structures are
tabulated in Table S4 (ESIt). The 2D structure corresponding
to FE,, is shown in Fig. S2(b) (ESIT) and is referred to as FE,;. All
compositions were found to retain the structure of their 2D units
upon delamination and structural relaxation, as expected given
the vdW nature of these materials and thus weak interlayer
interaction. All 2D structures were dynamically stable, with the
phonon dispersions shown in Fig. S3 and S7 (ESIt).

Just as for the 3D structures, the energy differences between
the magnetic FE,5s and the dimerized F,s structures for VOX,
were insignificant. The F,5 was consistently preferred over the
FE,5 structures for all compositions, by ~2 meV per atom for
VOBr, and ~3.2 and 3.6 meV per atom respectively for VOCI,
and VOI,, which makes dimerization more favorable for the 2D
structures than for the 3D ones. However, a definite conclusion
can still not be drawn, and we continue to consider them as
degenerate.

The attained energy differences are found in Table S7 (ESIT),
along with a more in depth discussion and summary of
earlier work.

The bonding interactions in 2D MOX, phases were analyzed
using the LOBSTER code and IpCOHP (integrated projected
Crystal Orbital Hamilton Population), focusing on interactions
up to a 5 A range. Fig. 510 and S11 (ESIt) show that M-O bonds
are the strongest, with the most negative IpCOHP values and
shortest bond lengths, followed by M-X bonds. Similar trends
in bonding strength and contributions were observed in 3D
MOX, phases.

The total interaction strengths for 2D phases exhibit a near
1:1 ratio of M-O to M-X contributions, consistent with 3D
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results. Structural variations among the phases, such as distor-
tions and symmetry differences, influence the bonding inter-
actions, as seen in both 2D and 3D systems.

2.4 Electronic structure

For all compositions considered, the electronic properties are
very similar between the 3D and 2D phases. We will focus the
main discussion on the 2D structures, with the full set of
electronic structure data to be found in the ESI,{ for both 3D
(Fig. S12 and S15) and 2D (Fig. S13 and S14) structures. We have
chosen to use the same band path for all 3D and 2D structures
respectively, choose as the appropriate band path for the lowest
symmetry represented — ie. Cs for 3D and F,5 for 2D. This
allows for straightforward comparison of the band structures
between the different materials. For the sake of the following
discussion we divide the compositions into three different
groups, group V, VI and VIII, where the roman numeral refers
to the group of the periodic table to which the M-element of
each phase belongs. The compositions in groups V (M =V, Nb,
or Ta) and VI (M = Mo) are those with structures forming
dimers along the M-M bond direction, while those of group
VIII with M = Ru or Os do not dimerize. In addition, we have the
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magnetic FE structures for VOX,, which will be discussed
further down.

Fig. 4(a)-(c) show the bandstructures and DOS for the series
of 2D NbOX, structures, with increasing halogen size going
from left to right. These structures are well established in the
literature (see e.g., ref. 1 and 40-42), with NbOCl, and NbOI,
reported experimentally in exfoliated form."® The NbOX, struc-
tures are all semiconductors. They have an almost flat band just
below the Fermi level and a corresponding sharp peak in the
DOS, which consist primarily of transition metal d-states with
minor contributions from X p-states. This peak has been shown
to originate from the dimerization which leads to highly
localized molecular-like orbitals in the M-M dimers."*® Below
the flat band is another gap in the bandstructure to the rest of
the valence bands. The flat band gets closer to the rest of the
valence bands as the halogen size increases, but the bandgap
remains approximately the same. The dispersion of the flat
band increases as it gets closer to the rest of the valence bands,
and for the largest halogen, X =1, the flat band merges with the
rest of the valence bands.

There is an evident anisotropy in the electronic structures,
which is unsurprising considering the anisotropic nature of the
structure itself; the dispersion is relatively low for all bands in

L G Z R GO 2 2
6 r6
3 21 2 &
> >
g0 0o &
[} [}
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w2 & S b —pw
—4 4 F—4
a) NbOCl, b) NbOBr; c) NbOI,
-6 -6
6 NS N 6
4 1 ré
3 2 L2 3
> >
< T 0o 2
[ [
= b =
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F—4
e) TaOBr,
-6
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‘: : : -4
3 : 2 &
> >
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Fig. 4 Bandstructures and DOS for selected 2D MOX; phases. Panel (a)—(c) shows the series of NbOX; with increasing halogen size going to the left.
Panel (d)—(f) shows the series of TaOX, with increasing halogen size going to the left, which show clear similarities to NbOX5. Panel (g)—-(i) shows how the
bandstructure for the group VI and VIIIl MOCI, phases, showing how the Fermi level shifts as the number of transition metal valence electrons increases
and how the dimerization of the group V and VI structures affects the electronic structure. The grey area in panel (a)—(c) represent the extended band gap

when disregarding the flat band at the Fermi level.
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the G-Z direction, which corresponds to the direction along the
M-M dimers, while it is considerably higher along the other
parts of the Brillouin zone path, which run diagonal or parallel
to the direction along the M-O bonds.

In panel (d)-(f) of Fig. 4, the series of TaOX, structures is
shown. The electronic structure of the TaOX, phases show
striking similarities to the NbOX, counterparts, yet little is
reported on these compared to NbOX,. The sharp DOS peak
is clearly visible for all TaOX,, and can be seen to correspond to
the almost dispersionless flat band just below the Fermi level.
The overall shape of the bandstructures is also very similar
between each set of NbOX,/TaOX, sharing halogen species, and
the trends noted for the NbOX, set of phases applies equally
well to the set of TaOX,.

Fig. 4(g) shows the electronic structure for MoOCl,. This is a
group VI phase, and has thus one more valence electron per
formula unit and two per unit cell than the group V structures,
which leads to an increased Fermi level compared to the group
V phases. However, the electronic structure is still very similar
to the NbOX, and TaOX, phases of panels (a)—(f): the flat band
and corresponding peak can be seen at ~—3 eV, and the
bandgap is still evident, although it is now below the Fermi
level. Compared to the group V chlorides, the bandgap of
MoOCI, is considerably smaller, and the flat band shows a
higher dispersion which indicates a weaker spatial localization
of the localized dimer state than in the group V chlorides. Just
as for the group V structures, the bandstructure of MoOCI,
displays clear anisotropy, with dispersive bands primarily along
the direction corresponding to the M-O bonds. Thus, the
group VI structures can be expected to be primarily conducting
along the direction of the M-O chains. The predicted metalli-
city of the group VI structures is in agreement with experi-
mental reports.'”*°

For the group V and VI phases, the DOS just below the flat
band peak is dominated by X p-states, with contributions from
oxygen which diminishes with increasing halogen size. Transi-
tion metal d-states dominate the DOS above the Fermi level.
The electronic structure data for 2D MoOBr,, MoOI, and non-
magnetic VOX, is shown in Fig. S13 (ESIt). There it can be seen
that also the non-magnetic VOX, display electronic structure
similar to NbOX, and TaOX,.

The bandstructures for the group VIII phases differ signifi-
cantly from those of group V and VI, and the signature flat band
from the localized dimer state is not evident, although several
of the group VIII phases still show a peak in the DOS at around
—2 eV. Fig. 4(h) and (i) show the electronic structures for
RuOCl, and OsOCl, respectively, which show similar character-
istics. The dispersion in the G-Z direction of the Brillouin zone,
i.e. the direction of the M-M bonds, is greater for these phases
than for the group V and VI phases. However, the bandstructure
exhibits a bandgap in this part of the reciprocal space, so that
the structures can be expected to exhibit a highly anisotropic
conduction behaviour, just as for the group VI phases. The DOS
at the Fermi level is dominated by hybridized states between
the transition metal d-electrons and oxygen, further confirming
that the materials are conducting along the M-O bonds. As the
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halogen size increases, the bands get more compressed for the
group VIII phases. However, the bandgap along the G-Z-
direction of the Brillouin zone remains, and the qualitative
features of the group VIII bandstructures are thus well repre-
sented by RuOCl,/OsOCl,. The electronic structure of the
remaining group VIII phases is shown in Fig. S13 (ESIt).

2.4.1 The magnetic VOX, structures. In addition to the
non-magnetic phases, we also calculated the electronic struc-
ture for the magnetically ordered FE,, (3D) and FE,; (2D) VOX,,
displayed in Fig. S14 and S15 of the ESIL{ The prototype
structures FE,, and FE,s; are shown in Fig. S2(a) and (b) in
the ESIL{ Detailed data of magnetic 3D and 2D structures
of VOX, is found in Tables S5 and S6 (ESIt), respectively.
The antiferromagnetic VOCIl, and VOBr,, with the explicit
magnetic configuration shown in Fig. S2(c) (ESIT), were found
to exhibit large bandgaps of 3.2/3.35 and 2.57/3.02 eV for the
3D/2D structures respectively. The localized state within the
bandgap seen for the dimerized structures is not present. The
bandstructures attained here are in disagreement with earlier
reports,'®'® where populated bands of strong 2D character are
present within the bandgap. However, earlier reports have used
a general gradient approximation (GGA) exchange correlation
functional to evaluate the bandstructures, which we identify as
the reason for this discrepancy. This is discussed further in the
ESIt and shown in Fig. S16.

VOI,, which is ferromagnetic, is found to be a half-metal,
with a bandgap of 1.53/1.55 eV for the semiconducting spin
channel in the 3D/2D structures. The bandstructures for the
conducting spin channel shows clear similarities with the
RuOX, and OsOX, structures, which are also conducting and
non-dimerized. The semiconducting spin channel gives a band-
structure that is more similar to the dimerized structures, but
without the localized d-electron states.

2.4.2 Bandgap analysis and band widths. The bandgaps
predicted for the 3D and 2D phases of each composition are
shown in Fig. 5(a), with larger and smaller markers representing
3D and 2D phases, respectively. The M-site element is indicated by
the shape of the marker, while the X-site element is indicated by
color. The V-based phases, for which there is both the non-
magnetic dimerized structures and the magnetic FE,, and FE,s
structures, the former is marked by the downwards pointing
triangles with black outline, while the latter are marked by
upwards pointing triangles and a grey outline. For VOI, there
are two sets of markers corresponding to the FE,, and FE,;
structures, one for each spin channel. The FE,, and FE,; struc-
tures of VOCIl, and VOBr, have AFM ordering, and thus their
bandstructures are the same for both spin channels. Since the
bandstructures of the VOX, FE,, and FE,5 structures are signifi-
cantly different from the non-magnetic counterpart owing to the
lack of dimerization in the magnetic FE,, and FE,5;, we consider
them only partially for the continued discussion on bandgaps
trends for the MOX, phases. We have, however, included also the
bandgaps of the group VI phases, which are below the Fermi level.
The reason for including the group VI phases in this bandgap
analysis is that also these structures display the flat band feature
originating from the dimerization of the M-atoms.
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Fig. 5(a) shows the bandgap for each considered composi-
tion, clearly demonstrating how the bandgap is consistently
slightly larger for the 2D phases than for the 3D counterpart.
Within each set of structures sharing M-site element, the
bandgap decreases with increasing halogen size. However, the
decrease is small for NbOX, and TaOX,, while considerably
larger for MoOX, and VOX,.

Panel (b) instead shows what we choose to refer to as
the extended bandgap, defined as the bandgap found when
disregarding the flat band. This is marked for NbOX, by the grey
area in Fig. 4(a)-(c). The reason for considering the extended
bandgap is this: the DOS peak corresponding to the flat band is
constituted of M-site d-electrons, as does the lowest conduction
bands. Hence, an optical transition from the flat band to the
lowest valence band is forbidden, as noted previously."""?
However, the second highest valence band, i.e., the band directly
below the flat band, primarily comes from X p-states, as can be
seen in the DOS. This is true for all of the dimerized structures
but MoOI, and VOI,, for which the valence band I p-states are
higher in energy than the d-states giving rise to the flat band, as
seen in Fig. S12 and S13 (ESIf). For these structures, the

4776 | J Mater. Chem. C, 2025, 13, 4769-4780

extended bandgap is thus the same as the bandgap. Hence, for
optical transitions the extended bandgap is of more interest than
the bandgap. For instance, the first optical adsorption peak in
NbOX, is considerably higher in energy than the bandgap
value®"® due to the bandgap not corresponding to an optically
allowed transition. Hence, we consider the extended bandgap for
the remainder of this discussion.

In panel (b), we now see an evident linear trend within each
set of structures sharing M-site element, with the extended
bandgap decreasing as the halogen size increases. We also see a
trend within each set of structures sharing the X-site element,
with the extended bandgap increasing with increased transition
metal size. MoOX, do not quite follow this trend, which is
unsurprising since the electronic structure is indeed intrinsi-
cally different for these structures, given that Mo has more
valence electrons than the group V elements, as well as a larger
nuclear charge which reduces the size of its orbitals.

In panel (c) the extended bandgap is plotted against the
length of the dimers, L;, normalized by the covalent radius of
the corresponding element. L; has been proposed to be a
suitable measure for the dimerization,"* which in turn has
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126 We see

been deemed the cause of the opening of a bandgap.
indeed that the extended bandgap is linearly related to the
normalized L,, increasing as the M-atoms get relatively closer to
each other. However, we also see that the trends are restricted
to within each set of structures sharing the M-site element, and
this measure is thus not consistent between M-elements. It is
also possible to group the ferroelectric Cs/F,5 structures, i.e.
NbOX, and non-magnetic VOX,, and the non-ferroelectric B;,/
E,; structures TaOX, and MoOCl,. These two groups can be
approximated to follow two linear parallel trends of increasing
extended bandgap with decreasing normalized L;, indicating
that the pJT distortion of NbOX, and VOX, may also affect the
extended bandgap.

Finally, we consider the width of the flat band as a function
of the extended bandgap, shown in Fig. 5(d). As the extended
bandgap increases, the bandwidth can be seen to decrease as
the localization of the dimer state gets more pronounced.
However, at an extended bandgap of ~2.5 eV, this trend
flattens and the bandwidth remains largely unchanged. For
MoOX, and for most of the MOI, compositions, the 3D struc-
ture has consistently a smaller bandwidth than the 2D, while
for MOCl,, M # Mo the opposite is true, and for MOBr, no
obvious trend is observed.

2.5 Charge transfer

Understanding the charge distribution in 3D and 2D MOX,
phases is crucial for characterizing the electronic properties of
these materials. By examining Mulliken and Lowdin charges,
we gain a deeper insight into the role of electronegativity within
these phases. Fig. S17 (3D MOX,) and S18 (2D MOX,) (ESIf)
reveal a consistent pattern in charge distribution between
metals and X elements. X elements (Cl, Br, I) exhibit more
negative charges, indicating their tendency to gain electrons, or
charge, due to their higher electronegativity.

In contrast, metals show positive Mulliken and Léwdin
charges, reflecting their lower electronegativity compared to X
and O. This makes metals more prone to donating electrons.
The comparison between Mulliken and Léwdin charges further
supports these observations. Mulliken charges generally
show more negative values across all elements, especially
for X elements, suggesting a higher electron density due to
their higher electronegativity. On the other hand, Léwdin
charges, being less localized, present a more balanced distribu-
tion across metals and X elements, indicating a lesser
tendency for electron acceptance by X elements compared to
Mulliken charges.

Overall, the charge distribution observed in Fig. S17 (3D
MOX,) and S18 (2D MOX,) (ESIY) aligns with electronegativity
of corresponding elements. This trend indicates that X ele-
ments, due to their higher electronegativity, are more likely to
accept electrons, resulting in more negative charges. Metals,
with their lower electronegativity, tend to donate electrons, as
reflected in their higher positive charges. This relationship
between charge distribution and electronegativity provides
valuable insights into the electronic structure and behavior of
the compounds studied herein.
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3 Computational methods

All simulations were performed within the framework of den-
sity functional theory (DFT),*>** using the Vienna ab initio
Simulation Package (VASP).*"*® The energy cutoff for the plane
wave basis set was set to 400 eV, and the projected augmented
wave (PAW) approximation was used to account for the core
electrons.*>® The exchange-correlation effects were modelled
using the van der Waals (vdW) density functional developed by
Dion et al.,”* with the optB86b exchange,”®* which has been
shown to give accurate equilibrium geometries for weakly
bound systems.** Collinear magnetism was used considering
FM and AFM spin configurations for the VOX, phases.

The relaxation for the 3D phases was done in two steps.
First, a standard relaxation of both the unit cell size and shape,
and ionic positions was performed, using the built in mini-
mization procedures of VASP. The convergence criteria were
set to 10~ ° eV per atom for the electronic convergence and 5 x
10 eV A™* for the forces between ions in the ionic conver-
gence. This was followed by a second step in which the unit cell
length perpendicular to the 2D sheets was optimized externally
of VASP, using an energy convergence criteria again of 10 ° eV
per atom. For each adjustment of the unit cell the ionic
positions were fully relaxed, using the same criteria as for the
first step of the relaxation. Looking for the ground state
structure for each composition, different prototype structures
were considered. This is explained in more detail in the ESI.{

The 2D structures were also relaxed by optimizing the in-
plane cell vectors externally. Each in-plane lattice vector was
optimized independently, while the angle between them was
kept fixed at 90 degrees. The out-of-plane cell vector was kept
fixed and set to give a vacuum spacing of 25 A. The actual
vacuum spacing then changed during relaxation, but remained
larger than 24 A for all structures. Again, the ionic positions
were relaxed in each step, with the electronic convergence set to
107" eV per atom and forces between atoms were converged to
within 5 x 107 eV A™%. The external optimization was termi-
nated when the energy gradient with respect to the lengths of
the in-plane cell vectors was less than 2.5 x 107° eV A™".

The k-point sampling for all relaxations was I'-centered with a
density equivalent to 21-0.016 A™*. In the case of 2D structures,
the out-of-plane direction was only sampled at a single k-point.

The binding energy E;, evaluated for each of the 3D struc-
tures relative to the constituent 2D layers is defined as

By =B &
where Ejp is the energy of the 3D structure, and Ejj is the
energy of the 2D unit of the 3D structure, i.e. without structural
relaxation of the 2D unit, and A is the surface cleavage area.

The phonon dispersions were evaluated for the lowest
energy structure of each composition, both for the 3D and 2D
structures. For the VOX, structures, both the magnetic and
non-magnetic versions were considered. Phonopy was used to
find the phonon dispersion within the harmonic approxi-
mation from a force constant potential (fcp) constructed using
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hiphive.>**® In doing so, a supercell of 4 x 2 x 2 primitive unit
cells for the 3D structures and 4 x 2 x 1 for the 2D structures
was used to construct five initial supercells, rattled using a
Monte Carlo method. For the antiferromagnetic VOCI, and
VOBr, a2 x 2 x 2 or2 x 2 x 1 supercell was used for the 3D
and 2D structures respectively, since the primitive cell was
already a 2 x 1 x 1 supercell to allow for the correct magnetic
configuration. The forces between atoms in the rattled super-
cells were evaluated using VASP, and used to attain an initial
fcp by fitting to this data with hiphive. The initial fcp will
typically result in phonon dispersions with plenty of negative
(imaginary) frequencies, but can be readily improved by con-
structing additional rattled structures that probes the vibra-
tions corresponding to the supposedly negative (imaginary)
frequencies. We chose to rattle five new structure in each such
step, until the maximum and minimum frequencies of the
phonon dispersion, and the R*value of the fit had converged.
The fitting of the fcp was constructed to obey the Born and
Huang sum rules.”®

The electronic properties were simulated using the hybrid
exchange correlation functional HSE06.°”°® This functional
gives a good balance between computational requirements
and accuracy. It is designed specifically to give accurate band-
gaps, and is thus a popular choice for bandstructure calcula-
tions. For the bandstructure calculations, a k-point sampling of
7 x 3 x 3and 7 x 3 x 1 were used for the 3D structures and the
2D structures of the non-conducting phases, respectively. For
the 2D structures of the conducting phases, a k-point grid of
12 x 6 x 1 was used, since they were found to converge more
slowly with respect to k-point density than the non-conducting
structures. The lower density was used for all 3D structures, due
to the considerably increase in computational costs when
increasing the k-point density. For the antiferromagnetic struc-
tures a k-point grid of 3 x 3 x 3 was used for the 3D structures
and 5 x 5 x 1 for the 2D structures.

The DOS was calculated using the LOBSTER code,** ** with
input prepared using the HSEO6 functional, using k-point
samplings of 7 x 3 x 3 for 3D structures, 13 x 7 x 1 for the
2D non-magnetic/ferromagnetic structures and 7 x 7 x 1 for
the antiferromagnetic structures. The DOS calculations proved
more sensitive with respect to k-point sampling which is why a
denser k-point grid was used. The LOBSTER code was also used
to calculate the integrated projected Crystal Orbital Hamilton
Population (IpCOHP), where the calculated band-structure
energy is reconstructed into orbital interactions up to a dis-
tance of 5 A, along with Mulliken and Loéwdin charges for
individual atoms.>*®*

4 Summary and conclusions

We have studied the set of structures MOX, with M =V, Nb, Ta,
Mo, Ru, or Os, and X = Cl, Br, or I which are homeostructural to
the recently delaminated van der Waals phase NbOCl,. We find
that in NbOX,, TaOX,, and MoOX,, the M-atoms form dimers
along the M-M bond direction. In NbOX, there is an additional
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distortion along the M-O bond direction, rendering them
ferroelectric. For VOX,, we find two energetically degenerate
structures for each composition, one which dimerizes and one
with magnetic order and no dimerization. Both of these struc-
tures also display the distortion along the M-O bond direction
which leads to ferroelectricity. For RuOX, and OsOX, neither of
these distortions occur.

We find that the binding energy of the 3D structure is
similar across all compositions, increases with atomic size of
the X species, and is smaller for the dimerized structures than
for the non-dimerized ones. The binding energies are compar-
able to other van der Waals laminated structures,*®*” indicating
that all 3D structures can be delaminated into 2D.

We have also studied the electronic structure of the con-
sidered MOX, phases, establishing RuOX,, OsOX,, and MoOX,
as conducting. The magnetically ordered VOI, is found to be a
half-metal, which could make it interesting for spintronic
applications, and the remaining structures are semiconduct-
ing. The electronic structure is highly anisotropic for all struc-
tures. The bandgap corresponding to optically allowed
transitions is compared between phases, and found to decrease
with increasing halogen size. As already observed for a number
of structures in this family, the electronic properties remain
largely unchanged upon delamination.

We identify the set of TaOX, structures as similar to the
NbOX, structures which has received considerable attention
lately,”'®*? in that they show nearly identical binding energies
and very similar electronic structure. We thus propose the
TaOX, structures for further studies related to the electronic
structure properties, such as for photocatalytic applications. An
important difference between the NbOX, and TaOX, is that
TaOX, does not break inversion symmetry, rendering it unlikely
that these phases would display second order optical effects.
On the other hand, the VOX, phases lack inversion symmetry
regardless of whether they are indeed found to be magnetic or
not, and thus they can be expected to exhibit second order
optical effects such as SHG, similarly to NbOX,.
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