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Abstract

The growing interest of modern technologies in oxide materials and the advances
in the fabrication and control of ultra-thin oxide films raise new questions on how
to use cation doping or mixing to engineer the properties of such two dimensional
objects. With a special focus on their intrinsic properties in the absence of interaction
with a substrate, we have modeled a series of free-standing pure M2Os and mixed
MM’O3 compounds (M, M’ = Ti, V, Cr, Fe) in two-dimensional honeycomb structures
within DFT4+U and hybrid approaches. A systematic comparison with their bulk
counterparts enabled the identification and discussion of their properties which are
driven by their low dimensionality and peculiar atomic structure. On the one hand, it
concerns the mixing-induced changes of cation oxidation states, which are controlled
by the structure-dependent characteristics of their band edges. On the other hand,
an overall increase of the energetic tendency for cationic mixing in low dimensions is
highlighted. This comparison shows that low dimensionality enables stabilization of
ternary oxides of compositions and properties with no bulk equivalents, thus of a direct

interest for modern technologies.

1 Introduction

Two-dimensional (2D) materials, such as graphene, silicene, germanene, hexagonal boron
nitride, or transition metal dichalcogenides, have been the subject of intense research during
the last decade. Aside from promising applications, they have revealed several peculiar
physical phenomena resulting from their reduced dimensionality and size, responsible for
novel electronic, optical and transport properties.

In parallel to the studies on these 2D van der Waals materials, much progress has been
also made in the synthesis and characterization of ultra-thin oxide films and in particular
oxide monolayers.! Surprisingly, their structure is in most cases different from what could

be expected from a rigid cut of the bulk lattice. Indeed, monolayers (MLs) of most rock-



salt or wurtzite oxides display a graphitic-like structure with six-membered rings, as shown
for MgO,? Zn0,3* BeO,5 FeO,%" or Co0.%? Other honeycomb-type (HC) structures with
twelve-membered rings have been observed in monolayers of sesquioxides crystallizing in the
corundum structure, such as TiyO3,'%13 and V,05.1*%1® The same is true for the copper ox-
ide CuzOy monolayer synthesized on Au(111).'® Monolayers of TiyO3z, MnyO3, Cos03, and
NiyO3 have also been most recently analyzed theoretically.!”

While perfectly flat when unsupported, the atomic and electronic structures of such oxide
monolayers are additionally modified by the interaction and the electron exchange with
the substrate.!®19 Ag a consequence, the characteristics of supported oxide monolayers
strongly differ from those of their parent materials, either bulk or thick films.!"2024 The

most prominent examples include unusual oxidation states of cations,®?® altered stability

26,27 28,29

and electronic structure of point and line defects such as vacancies, or edges, etc.
The properties of oxide materials may be significantly tuned by doping or alloying, since
combining two cations of different size, electronegativity and reducibility, gives an additional

lever for modifying the oxide structural, electronic, and reactivity characteristics. In partic-

30-32 33-37;

ular, this has been demonstrated both experimentally and theoretically, in strongly
doped bulk corundum oxides and in the FeWO3; HC ML supported on Pt(111).3® In previous
studies, relying on first principles simulations, we have considered a series of mixed transition
metal oxides MM’O3 in bulk corundum-like structures® and M,O3/M’5O3 interfaces?® (M,
M’ = Ti, V, Cr, and Fe). We have highlighted the existence of a mixing-induced change of
cation oxidation states in some of them, and have analyzed its reasons and consequences.
The present work considers the same series of mixed MM’Oj3 oxides but focuses on their
2D analogs which adopt a monolayer HC structure. In order to first rationalize the intrinsic
properties of such 2D oxides, we have restricted the present analysis to unsupported films.
Although not stable with respect to their bulk counterparts, they represent well-defined inter-

mediates between corundum bulks and metal-supported honeycombs (observed experimen-

tally), enabling the identification of intrinsic (dimensionality- and atomic-structure-driven)



features, in the absence of substrate-induced effects. The analysis of metal-supported oxide
honeycombs will be the subject of the forthcoming study. Here we thus consider unsupported
MM’O3 HC monolayers (50% composition) with two alternative cationic arrangements to as-
sess the effect of cationic mixing on structural, electronic, and energetic characteristics. The
computational results enable to establish and discuss the link to the properties of the cor-
responding pure parent M;O3 HC monolayers, and to highlight the differences in cationic
mixing in HC monolayers and bulk corundum materials.

The paper is organized as follows. After a section devoted to the computational method
and set-up (Sec. 2), we present and discuss the properties of pure MyO3 monolayers (Sec.
3). Section 4 reports the results obtained for the mixed oxides, which are then discussed in

Sec. 5, before a conclusion.

2 Computational methods

DFT calculations were performed with the Vienna Ab-initio Simulation Package (VASP), 4142

using the Projector Augmented Wave (PAW) method**4* to represent the electron-core in-
teraction, and a 400 eV energy cutoff in the development of Kohn-Sham orbitals on a plane-
wave basis set. Transition metal (TM) 3p orbitals were systematically considered as semi-core
states. A dispersion-corrected (optB88-vdW 4 17) exchange-correlation functional was em-
ployed within the DFT4U approach proposed by Dudarev.*®*? As in our previous study,?’
we have used U values close to those reported in the literature: 1.0 eV, 1.7 €V, 3.0 ¢V, and
3.0 eV for Ti,03, V503, CryO3, and FeyO3, respectively, which were shown to yield satisfac-
tory bulk electronic structure characteristics including the gap widths. For each cation we
have systematically used the same U values in calculations on both pure M;O3 and mixed
MM’O3 oxide honeycombs. Moreover, we have performed systematic complementary hybrid
(HSE03)°%°! calculations to test the sensitivity of our results to the choice of the exchange

correlation functional (see Supporting Information (SI)). All calculations were spin-polarized



and the relative stability of simple non-magnetic (NM), and alternative parallel (FM) and
anti-parallel (AF) spin orders was systematically tested. Ionic charges were estimated with

52,53

the partition scheme proposed by Bader, and magnetic moments were obtained by inte-

gration of the spin density within the Bader’s volumes. Atomic configurations were plotted
with VESTA.%

We have considered flat unsupported HC monolayers of MyO3 and MM’O3 compositions
(M, M’ = Ti, V, Cr, Fe). As shown in Fig. la-b, these monolayers may be viewed as (fully
relaxed) single MO3sM or MO3M’ tri-layers cut out of the 3D corundum or ilmenite lattices.
Contrary to their distorted octahedral bulk environment, the cations in the HC lattice have
their coordination number reduced to three. In the mixed layers two configurations were
explored (Fig. lc-d), either with cations alternating in all directions (A-HC), or arranged in
rows (R-HC). A (1 x 1) unit cell with two cations in high symmetry positions was used for
pure and mixed A-HC monolayers. The R-HC configurations were represented in a (2 x 1)
unit cell, containing two cations of each type. In this case only the cations of one type were
fixed in high symmetry positions. The remaining cations and all anions were allowed to relax
until forces became smaller than 0.01 eVA~'. The Brillouin zones of the two unit cells were
sampled with I'-centered (8 x 8 x 1) and (4 x 8 x 1) Monkhorst-Pack grids, respectively.

The formation energies of mixed MM’Oj3 oxides (per formula unit) was estimated with

respect to their pure honeycomb M;0O3 and M’503 monolayer parents:

EM2 O3 + EM,QO3
2

Eform

(1)

= Emwo; —

in which Ey, 04, En,0, and Envro, are the total energies of a formula unit of MyO3, M’503

and MM’Oj3 in the honeycomb structure, respectively.
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Figure 1: Atomic structures of (a) bulk corundum-like MM’Oj3 oxide with an ilmenite-type
cationic order; (b) mixed MM O3 monolayer rigidly cut out from the bulk structure; (c¢) mixed
MM’O3 (alternating A-HC configuration) and (d) mixed MM’O3 (row R-HC configuration)
fully relaxed monolayers. In each case, the unit cell is indicated. Cations and oxygen atoms
are represented by big blue (light and dark) and small red balls, respectively.



3 Results on pure M,03 honeycomb monolayers

This section focuses on pure MyO3 HC monolayers (M = Ti, V, Cr, and Fe). We first present
the results on their structural and electronic properties. Then we compare them to those

obtained for their bulk corundum counterparts.

3.1 Structural and electronic properties

Table 1 summarizes the structural, electronic, magnetic, and energetic characteristics ob-
tained for the pure HC oxides under consideration. Their local densities of states (LDOS)
projected on cations and oxygen atoms are displayed in Fig. 2. Corresponding results

obtained with the hybrid approach are given in SI, Tab. S1 and Fig. S1.

Table 1: Calculated characteristics of pure M,03; honeycomb oxides (M = Ti, V,
Cr, Fe): Lattice parameter a (A), cation-oxygen bondlengths dy;_o (A), Bader
charges (e) on cations @), and oxygen atoms (o, gap width G (eV), cation
magnetic moment y), (15), and ground state spin order (MS). FM and AF denote
ferromagnetic and antiferromagnetic orders, respectively. Values in parenthesis
recall the corresponding results for the M;03 bulk corundum oxides.3?

TigOg V203 CI‘QOg F6203
a 6.37 6.24 6.21 6.20
dyr—o 1.84 1.80 1.79 1.79
(2.03,2.09) (1.99, 2.09) (1.99, 2.05) (1.95, 2.13)
Qum 1.74 1.62 1.58 1.63
(1.91) (1.84) (1.76) (1.74)
Qo -1.16 -1.08 -1.06 -1.09
(-1.27) (-1.23) (-1.18) (-1.16)
G 1.2 0.2 1.4 1.4
(0.0) (0.4) (2.8) (1.7)
Y 0.9 2.1 2.9 3.9
(0.0) (1.7) (2.9) (4.0)
MS AF FM AF AF
(NM) (G-AF) (G-AF) (C-AF)

Due to the similarity of their ionic radii (0.67 A, 0.64 A, 0.615 A and 0.645 A% for Ti+,
V3t Cr?t, and Fe?" in its high spin configuration, respectively) the lattice parameters a

and the oxygen-cation first neighbor distances d,;_o are similar in all MoO3 MLs, with only



LDOS (arbitrary units)

Figure 2: Densities of states in pure MyO3 honeycomb monolayers. Black, red and green
curves refer to projections on cation d,2, {d,2_,2, dy,} and {d,., d,.} orbitals, respectively.
The LDOS on oxygen atoms is represented in blue. A broadening of 0.2 eV has been
systematically applied. Vertical dashed lines indicate the position of the Fermi level Fp.



a weak systematic decrease along the series.

As far as the electronic structure is concerned, Fig. 2 shows that Ti;O3 and V,03 are
Mott-Hubbard semi-conductors with purely cationic states at the top of the valence band
(VBM) and at the bottom of the conduction band (CBm). While in Ti5O3 the filled majority
d,2 state is located 1.2 eV below the CBm, the presence of an additional electron in vanadium
shifts the V5,03 Fermi level into a band of a mixed d,., d,. and d,2 character, which drastically
reduces the gap width. In CryO3 and FeyOs the cation states at the VBM are hybridized
with oxygen orbitals, thus conferring a mixed charge-transfer and Mott-Hubbard character
to these two oxide MLs. In CryOj3 the filled d states just below the Fermi level have a d., d,.
(state the closest to Er) and d,» character, hybridized principally with oxygen 2p, orbitals.
Conversely, in Fe,O3 in which the majority d band is completely filled, the VBM has Fe
dyy, dy2_y2 and O 2p character, while Fe d,, and d,. orbitals are mostly located about 1.5
eV below the Fermi level. The band gaps in these two oxides are very similar (~ 1.4 eV).
As shown in the SI (Tab. S1 and Fig. S1), the HSE03 approach yields qualitatively similar
electronic characteristics with nevertheless a larger bond ionicity and much larger gap widths
(nearly twice the DFT+U values). A similar trend is also found for the bulk M5Oj results,
where however the HSE03 gap widths of V503, CryO3, and Fe,O3 (1.8, 4.0 and 3.2 eV,
respectively) are by far too large compared to the corresponding experimental values of 0.0,
3.4, and 2.2 V. Interestingly, in the case of bulk Ti;O3 both DFT+U and HSE03 gaps are
very similar and consistent with the experimental evidence. The much larger HSE03 gap
obtained for the Ti;O3 honeycomb suggests an environment-induced increase of the effective
on-site Coulomb interaction, which could be mimicked by an increase of Up; to about 4 eV.

The cation magnetic moments 1, increase progressively along the series and follow closely
the filling of the 3d band (formally 1, 2, 3, and 5 electrons in the high spin configurations of
Tiy O3, V203, Cry03, and FeyOg, respectively). While in the first three oxides, ), is nearly
equal to the d band filling, in Fe;O3, due to a stronger hybridization between iron and oxygen

orbitals, pps is smaller than 5. In all cases, HSEO3 and DFT+U results differ by less than



0.2 pup only (SI Tab. S1). The preferential magnetic coupling is anti-ferromagnetic except
for VoO3 where FM order is favored. The energy difference between the two spin-polarized
solution is relatively small in Ti,O3 (& 0.05 eV per formula unit) and CryO3 (= 0.15 eV)

but becomes large (= 1 eV) in V503 and Fe,Os.

3.2 Comparison with bulk corundum

Due to the different local environment of ions, MyO3 HC monolayers display several charac-
teristics which distinguish them from their corundum-like bulk analogs.3’

Unsurprisingly, the oxygen-cation bonds in the honeycomb layers are systematically
shorter (= 0.2 A) than in the corresponding bulk crystals, Tab. 1, matching the usual
trend for a contraction of interatomic distances when the atomic coordination decreases.5”

More interestingly, the ionic charges vary only weakly along the HC and bulk series (0.10
e and 0.15 e, respectively), with the HC charges being somewhat smaller than the bulk ones
(by ~ 0.2 e), Tab. 1. This may suggest that the iono-covalent character of bonds is very
similar in all these oxides.

However, such a conclusion does not take into account the increasing number of filled
anti-bonding cation-oxygen states in the series. Indeed, within the bond electron transfer

1,58 in simple charge transfer oxides in which only oxygen-cation bonding states are

mode
filled, the bond covalency is represented by an electron transfer A, which reduces the purely
ionic charge of oxygen (QQo = —2) proportionally to the number Z of its first neighbors:
Qo = —2+ ZA. However, in transition metal oxides, m cation-oxygen antibonding (AB)
states are also filled, inducing an electron back transfer o per bond and per filled AB state:
Qo = —2+Z(A—md). Within this picture, a nearly constant oxygen charge in the transition
metal oxide series of a given structure (Z = 2 in HC and Z = 4 in the bulk) results from a
compensation between increases of both A and m. This shows that the bond covalency A

increases from TisO3 to Fe;O3 in both the bulk corundum and in HC layers, consistent with

the progressive lowering of the transition metal d states along the series.® Within the same
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framework, the systematically smaller Qo in HC layers than in bulk compounds (smaller
Z, same m) leads to the conclusion that bond covalency is larger in the HC. This is to be
linked with the reduced separation between cation and oxygen electronic levels and reduced

cation-oxygen bond length.5”

2D 3D
d. . d _dsuLdzL
dgd, \ Ay dgdy

Figure 3: Schematic crystal field splitting of the d levels in (left) a planar trigonal structure
and (right) an octahedral environment.

Although the Mott-Hubbard and/or charge-transfer character of the oxides is essentially
preserved upon the dimensionality reduction,® there are some significant modifications of
the electronic structure in the direct vicinity of the Fermi level due to the reduced cation
coordination number and the different crystal field splitting of the d orbital manifold. While
in the bulk, the quasi-octahedral environment of the cations splits the d orbitals into e, and
oy multiplets, in the 2D HC geometry the lifting of degeneracy yields three sets involving
{dp2_rp, dyy}, {ds-, dy.} and d,2 orbitals (Fig. 3). The effect is particularly pronounced in
the case of the two Mott-Hubbard insulators (Ti;O3 and V,03) for which the directional
character of the d orbitals drives substantial changes of VBM and CBm positions when
passing from 3D to 2D. The case of Ti;O3 provides a paramount example. In corundum
bulk it displays a small gap (=~ 0.1 eV) due to a down-shift of a bonding Ti-Ti state from
the e, multiplet, induced by the formation of Ti-Ti pairs along the ¢ crystallographic axis.
Conversely, in the HC structure, where such Ti-Ti bonds are absent and the crystal field
splitting is different, the highest occupied orbital displays a quasi-atomic d.2 character and is

separated from the remaining unoccupied d states by as much as 1.2 eV. As a consequence,

while the Ti magnetic moment is quenched in the bulk, it recovers its &= 1 up value, consistent

11



with the presence of a single electron in the majority d,» state. Differences in the electronic
structure are also noticeable in VoOg. In the bulk, its ground state is semi-conducting with a
small (= 0.4 eV) gap, whereas different crystal field splitting and metal-oxygen hybridization

in the HC structure reduce the band gap down to =~ 0.2 eV.

energy (eV)
ro

T,0, V,0, Cr0, FeO,

Figure 4: Relative positions of the valence and conduction band edges of the four oxides
under consideration, as obtained by alignment of their oxygen 1s levels, in the HC (black)
and bulk corundum (red) structures.

Figure 4 summarizes the relative positions of the band edges in the four oxides under
consideration in both the HC MLs and the bulk corundum, after alignment of their oxygen 1s
levels. The position of these latter has been systematically estimated from the electrostatic
potential at the ionic cores, but test calculations performed in selected cases showed a very
good agreement (to within 0.1 eV) with values obtained from a more complete estimation
within the PAW approximation. Unsurprisingly, the band edge positions turn out to be more
sensitive to the cation environment in the Mott-Hubbard oxides (Ti;O3 and V503) than in
Cry03 and Fe;O3. The most pronounced difference concerns TisO3 for which the VBM is
lower (by ~ 1.4 e¢V) in the HC ML than in the bulk. Similarly, the change of the band
edges in V503 is due to the 0.4 eV upward shift of the top of its valence band and to the
gap decrease when moving from the bulk crystal to the HC layer. Conversely, Cro,O3 and
Fe; O3 display similar VBM in the bulk and HC structures but the CroO3 CBm is noticeably
lowered in the honeycomb structure due to a gap reduction. It is worth noticing that, despite
systematically larger band gaps obtained in hybrid calculations, the relative positions of the

band edges in the series of the four considered oxides and the changes between bulk corundum
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and HC structures are very similar within the DFT+U and HSE03 approaches (SI Fig. S2).

In summary, we have shown that the reduction of lattice dimensionality and the resulting
change of the atomic structure have several consequences on the oxide properties. Beyond a
systematic shortening of metal-oxygen bonds accompanied by a decrease of their ionic char-
acter, we find that the electronic structure of Mott-Hubbard semi-conductors is profoundly
modified by the changes of crystal field splitting and orbital hybridization. In the follow-
ing, we will show that these modifications have a non-negligible impact on the electronic

characteristics of the mixed 2D compounds.

4 Results on mixed MM’0O3; honeycomb oxides

This section starts by providing a comprehensive description of the mixed MM’O3 compounds
(M, M’ = Ti, V, Cr, and Fe) in their A-HC structure, which is the most stable for most of
them. Further on, the dissimilarities between the two alternative A-HC and R-HC structures

are highlighted.

4.1 Alternating A-HC structure

Relying on the calculated structural, electronic, magnetic, and energetic characteristics of
the mixed MM’O3 oxides in the A-HC structure, Tab. 2, Figs. 5 and 6 (SI, Tab. S2, Figs. S3
and S4, respectively for the corresponding hybrid results), it appears that the six compounds
may be split into two groups, depending on how much their properties differ from those of
their parent MyO3 and M’,0O3 HC layers. Indeed, while in TiVO3, TiCrO3 and CrFeO3 the
mixing induces minor modifications, TiFeOs, VCrO3 and VFeOj3 display substantial changes
of their properties, which can be assigned to a total or partial change of the cation oxidation
states.

From a structural point of view, mixed oxides experience small elastic distortions with

respect to their parents. Most of their M-O first neighbor distances dj;_o are little mod-
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Table 2: Characteristics of mixed MM’O; honeycomb oxides (M, M’ = Ti, V,
Cr, Fe) in the alternating A-HC structure: lattice parameter a (A), first neigh-
bor distances dy;_o and dy_o (A), Bader charges (¢) on cations Q,;, @, and
oxygen atoms (o, gap widths G (eV), magnetic moments i), ) on cations and
total magnetic moment per formula unit u;; (#p), magnetic structure MS, and
formation energy E/“™ with respect to the pure honeycomb parents (eV per
formula unit). FM and AF denote parallel and anti-parallel spin orders.

TiVO; TiCrOgz TiFeOs VCrOs VFeOs3 CrFeOs

a 6.31 6.27 6.30 6.28 6.24 6.25
dy-o  1.82 1.82 1.77 1.75 1.73 1.78
dy—o 1.82 1.82 1.88 1.88 1.88 1.83
Qn 1.80 1.82 2.09 1.83 1.88 1.71
Qe 1.59 1.57 1.33 1.45 1.35 1.52
Qo -1.13 -1.13 -1.14 -1.09 -1.08 -1.08
G 0.0 0.2 1.2 0.0 1.7 1.2
1Y, 0.8 0.9 0.1 1.5 1.3 2.7
g 2.2 3.2 3.6 3.6 3.6 4.0
Lot 3 4 4 5 5 2
MS FM FM FM FM FM AF
Elorm 0.30 -0.23 -0.70 -0.21 -0.79 -0.21

Conf. Ti3+v3+ Ti3+Cr3+ Ti4+F62+ V(475)+Cr(2+6)+ V4+Fe2+ Cr3+Fe3+

ified (less than 0.02 A). However, in TiFeOs, VCrOs and VFeOs, dy—o (M = Ti, V) are
substantially enhanced and dy;_o (M’ = Fe, Cr) are substantially reduced (=~ 0.07-0.09 A)
with respect to the parent structures. Such changes suggest a mixing-induced increase of
the oxidation state of M and a decrease in M’. Indeed, the ionic radii are known to decrease
in cations of higher oxidation states, as can be expected from the more attractive cationic
charges (rya+ < rpps+ < rype+).”0

The values of the cationic charges Q) and Qs follow a similar pattern. Those in TiFeOs,
VCrO3 and VFeOs display pronounced modifications with respect to the parent oxides, while
in the remaining three compounds changes are much smaller. Although the Bader charges
do not straightforwardly give information on formal charges, the fact that Q@ (M = Ti, V)
systematically increased and @y (M’ = Fe, Cr) systematically decreased (by 0.11-0.34 ¢) is

consistent with the proposed changes of oxidation states. Moreover, also the behavior of the

cation magnetic moments py; and pp; and total magnetic moment py,; strongly supports
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Figure 5: DFT+U densities of states in mixed MM’O3 honeycomb A-HC structure (TiVOs,
TiCrO3 and CrFeOs), projected on M (red) M’ (green), and O atoms (blue). A broadening
of 0.2 eV has been systematically applied. Vertical dashed lines indicate the position of the
Fermi level.
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Figure 6: Same as Figure 5 for TiFeO3, VCrO3 and VFeOs.
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this picture. Ti bears a nearly vanishing magnetic moment in TiFeOs, characteristic of the
loss of its single d electron and leading to a +4 oxidation state. In this compound py is
equal to 4 pp, while it would be equal to 6 up if no change of oxidation state had occurred.
Similarly, in VFeOs, py is smaller by nearly 1 pp than in the VoO3 parent, consistent with
the formal +4 state of vanadium. Again . is equal to 5 pup while it would be equal to 7
1 if no change of oxidation state had occurred. The case of VCrOgy is slightly less clear and
suggests that only a partial redistribution of one electron between the cations takes place.
In this case o = Sup is the same whatever the strength of the electron exchange between
cations. Tab. 2 indicates that parallel spin order is systematically favored, but in CrFeOs.
Finally, the non-negligible changes of (J5; and i, are consistent with the LDOS modifi-
cations. Clearly, the electronic structures in the vicinity of the Fermi level in TiFeO3, VCrOs,
and VFeOs, Fig. 6, differ substantially from those of their parent oxides, Fig. 2, contrary to
the remaining three compounds, Fig. 5, where they are essentially a superposition of those
of their parents. Indeed, the filled majority Ti peak just below Fermi level, characteristic of
the Ti™® oxidation state in TiyOs, is also present in TiVOs and TiCrOs, although partially
intersected by the Fermi level in the former. Conversely, it is shifted above Er and entirely
emptied in TiFeOs. In this latter case, the Fe d,2 orbital, which is located above the Fermi
level in Fe;QOg, is shifted below Er and populated. Analogous considerations also apply to
VFeO;3; in which a vanadium peak located below the Fermi level in the parent V,O3 HC
layer is shifted above Er and depopulated upon mixing with Fe;O3. Due to the localized
character of the d levels close to the Fermi level in these Mott-Hubbard compounds and
the presence of a non-vanishing gap, a correlated shifts of a whole d state across the Fermi
level on dissimilar M and M’ cations may take place leading to an actual oxydo-reduction
process M3t + M3+ —s M4 + M?T (M = Ti, V; M’ = Fe). It is thus legitimate to talk
of a change of the cation oxidation states. At variance, due to the metallic character in the
LDOS of VCrOg, the redistribution of one electron between the two cations is only partial.

We have schematized this configuration in Tab. 2 by V@=9+Cr+9+  We note that the

17



hybrid approach yields fully consistent results (SI, Tab. S2 and Figs. S2 and S3).
Regarding their stability with respect to their HC parents, most mixed HC oxides have
negative formation energies E™ thus showing a relatively clear preference for cationic
mixing. This preference is particularly well pronounced in TiFeOs and VFeO3 where the
mixing is accompanied by a change of the cation oxidation states. Associated to weaker
changes in the electronic structure, the tendency for mixing is weaker in VCrOs. Its E™ is
smaller and similar to those of TiCrO3 and CrFeOs, which show only small mixing-induced
electronic rearrangements. The unique case of a positive formation energy is found in TiVOs.
It tells that TisO3 and V503 have no tendency to form a mixed A-HC structure at OK. These
energetic characteristics are confirmed in HSEO3 calculations. The only discrepancy concerns
VCrOs which, in HSE03, is found to be (weakly) unstable with respect to its HC parents..
To summarize, structural, electronic and magnetic characteristics give a consistent ev-
idence of a total or partial mixing-induced change of cation oxidation states in TiFeOs,
VCrOs, and VFeOgs, while the electronic characteristics of the remaining three compounds
correspond essentially to a superposition of those of their parent oxides. Interestingly, most
2D compounds display non-negligible negative formation energies with respect to their HC
parents (tendency for mixing). This characteristic is not systematically correlated to the
presence or absence of a mixing-induced redox process, although the largest negative forma-

tion energies are found when a full redox process takes place (TiFeO3 and VFeOs).

4.2 Row R-HC structure

As shown in Tab. 3, the characteristics of the mixed MM’O3 oxides in the R-HC structure
differ relatively little from those obtained for the A-HC one, Tab. 2.

This similarity is particularly obvious for the three compounds in which no change of
cation oxidation states takes place (TiVOs, TiCrOgz, and CrFeOj). Indeed, as in the A-HC
structure, both cation charges and magnetic moments in these oxides are nearly equal to

those in their parent HC layers, which is consistent with a preservation of the cation +3
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Table 3: Same as Table 2 for the row R-HC structure. The three spin orders
refer to MM, M’M’ and MM’ couplings, respectively. O and O’ represent oxygen
atoms in between cations of different or same type, respectively.

a 6.31 6.29 6.30 6.29 6.18 6.20
<dpy_o > 1.84 1.83 1.78, 1.75 1.74 1.69, 1.72 1.75
<dpy_o > 1.83 1.85 1.83 1.83 1.77, 1.86 1.81
<dp_o > 1.80 1.81 1.89, 1.91 1.88 1.92, 1.95 1.81
<dpy_o > 1.84, 1.77 1.81 1.80 1.81 1.76, 1.82 1.78
Qum 1.74 1.75 1.82, 1.93 1.70 1.84, 1.71 1.67
Qur 1.67 1.62 1.56, 1.40 1.55 1.29, 1.59 1.56
< Qo > -1.14 -1.12 -1.12 -1.08 -1.07 -1.08
G 0.9 0.3 0.0 0.0 0.7 1.3
Yy 0.9 0.9 0.7, 04 1.9 0.9, 1.9 2.8
L 2.0 3.0 4.0, 3.7 3.3 3.4, 4.0 3.9
Ihtot 1 0 0.2 5 1 0.1
MS FM, FM, AF AF, AF, FM  AF, AF, AF  FM, FM, FM AF, AF, FM AF, AF, AF
Eform 0.07 -0.07 -0.09 -0.06 -0.14 -0.11
Conf Ti3tVv3t Ti**Cr®* Ti T Fe?t V3+Cr3t V3tAtRe? it Cr3tFe3t

Ti(4-0)+ Fe(2+6)+

oxidation state. Moreover, their lattice parameters a and bondlengths dy;_o and dy_o
are systematically close to those in the A-HC structure, despite a dimerization which takes
place in TiVO; along the vanadium rows, with successive dy_o equal to 1.84 and 1.77 A.
Reminiscent of that observed in bulk VO, below the Mott-Hubbard-Peierls transition, such
dimerization is not possible in the high symmetry A-HC structure. Its presence lowers
significantly the formation energy of the R-HC mixed layer with respect to that of A-HC
structure.

At variance with these three compounds, TiFeOsz, VFeO3 and to some extent VCrOs
display stronger modifications of their atomic and electronic structures, which are essentially
in-line with those in the A-HC structure. However, their electronic structure shows several
features which are specific to the lower symmetry of the R-HC arrangement and to the
resulting possibility of a non-equivalence of the two cations of each type. VFeO3 constitutes
a paramount example with charges and especially magnetic moments of the two cations of
the same type which significantly differ from each other. One vanadium cation preserves its
parent-like magnetic moment py; &~ 2 pug, while the other one is visibly reduced (py ~ 1

pp). Similar non-uniform changes also concern the magnetic moments gy of the two Fe
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Figure 7: DFT+U LDOS of VFeO3 in R-HC structure projected on the two inequivalent
V (top) and Fe (bottom) cations. A broadening of 0.2 ¢V has been systematically applied.
Vertical dashed lines indicate the position of the Fermi level.

cations, one of which is parent-like (uy ~ 4 pup) and the other is reduced (ppy =~ 3.4 pup).
Such modifications suggest a coexistence of V cations in both 4+ and 3+ oxidation states
with Fet? and Fe*3 ions. The local density of states, Fig. 7, fully supports this picture. An
unoccupied state localized on one of the two Fe cations is clearly shifted below the Fermi
level leading to a formal Fe?" state, while this is not the case for the other Fe cation which
preserves its FeT configuration. Concomitantly, the single electron (per unit cell) necessary
for this transformation in VFeOjs is provided by only one of the two V ions, as shown in Fig.
7 in the vanadium LDOS.

The two cations of similar types in TiFeOs also bear different charges and magnetic
moments. While one Fe ion is clearly in a 3+ oxidation state (¢ = 4up), with no filled
minority spin state, the LDOS on the second Fe and the two Ti ions are intercepted by the
Fermi level, conferring a metallic character to the compound and making the identification

of oxidation state less straightforward. We have schematized this configuration in Tab. 3 by
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Ti3+(A-0+Fe3+ 240+ In the case of VCrOs, the two V and Cr cations remain equivalent,
their charges and magnetic moments are close to those expected for a 3+ oxidation state of
each cation, but one is likely at the border line of an electron exchange process since the gap
is vanishing.

Finally, the stability of mixed oxides in the R-HC structure, Tab. 3, also follows closely
the trends found for the A-HC case, Tab. 2. However, while formation energies remain
in most cases negative, their absolute values are systematically reduced compared to the
A-HC structure, revealing the lower stability of the R-HC arrangement. This reduction is
particularly striking in the case of TiFeO3; and VFeO3 where it is likely linked to the partial
only redox process, which concerns a single cation of each type. TiVOgs is the only mixed
compound characterized by a positive formation energy. Moreover, at variance with all other
compounds, its R-HC configuration is more stable than the A-HC one. The reduction of
EJo™ with respect to the A-HC structure is in this case due to a dimerization of V-O bonds
enabled by the lower symmetry of the row-wise arrangement. This suggests that a further
symmetry breaking could additionally stabilize the 2D TiVOg3 oxide.

In summary, while we find that the characteristics of mixed oxides in the R-HC structure
are essentially in-line with those obtained for the A-HC arrangement, several non-negligible
differences exist and are principally due to the lower symmetry of the R-HC structure. On
the one hand, the latter makes possible the electron exchange of a single electron per two
cation pairs, resulting in a coexistence of cations of the same type with different oxidation
states (TiFeO3 and VFeOs). The tendency for mixing (negative E"™) is preserved in R-
HC honeycombs, but these structures are systematically less stable than the A-HC ones.
On the other hand, row-wise arrangement enables a structural bond dimerization in TiVOs,
which considerably stabilizes the R-HC structure with respect to the A-HC one. Despite
this stabilizing effect, TiVO3 remains the unique case in which cationic mixing is not favored

(positive Eform).
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5 Discussion

In this last section, we stress the electronic mechanisms which are responsible for the presence
or absence of strong modifications of the electronic structure in the mixed HC compounds,
with a particular focus on the redox process which takes place in some of them. Further on,
we discuss the sensitivity of our results to the choice of the exchange correlation functional.
Finally, by comparing the present results with those of our earlier study on the same series
of oxides in bulk corundum-like structures,® we highlight the different behavior of 2D and

3D mixed compounds and link it to that of the parent oxides.

5.1 Redox processes in mixed MM’0O3; compounds

Our computational results unambiguously show that the characteristics of TiFeOs, VFeOs
and to some extent VCrOsz compounds differ substantially from those of the other mixed
oxides, due to the existence of total or partial changes of the cation oxidation states. In
order to identify the origin of such redox-type processes and to link them to the electronic
characteristics of the parent materials, we have made an analysis of their band alignments.
Taking into account that the oxygen lattice is the same in the two parent oxides M;O3 and
M’503, we have performed an alignment of their oxygen 1s states in the spirit of models
used for semiconductor interfaces.®* %" Once the oxygen 1s levels are aligned, the band-
offsets between the parent oxides are quantified by two parameters A; =E¢pg,,(M’203) -
Even(M203) and Ay =Ecpm(M2Os3) - Evpar(M’503), Fig. 8 (left), related to the difference
in VBM positions Ay gy = Evpy(M203) - Ey gy (M'503) and to the gaps widths G and G’
of the MyO3 and M’;O3 materials (Tab. 4):

Al — —AVBM + G/

AQ = +AVBM + G (2)
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Within this definition, negative values of A; or A, indicate an overlap between the VBM
of one parent oxide and the CBm of the other one, suggesting that redox reactions M3+ +
MBr — M* 4 M™% or M3t 4+ M3t — M?** + M'**, respectively may take place.
Corresponding values of A; and A, deduced from results of hybrid calculation are given in
SI, Tab, S4. Let us note that an analysis of band offsets may also be based on an alignment
of the vacuum levels of the parent materials, Fig. 8 (right). To complement the results, the

corresponding values of A} and A), are given in Tab. 4.

M,0; M’,05

CBm_“_ ..... vacuum

G A,

_ CBm
VBM__¥ 1A,
, CBmee—
A G A
VBEM
l VBM G A,
] _ CBm
VBM__¥ I\, 4
Gl

MO, M0, AD

01 v v VBM

Figure 8: Relative positions of the valence band maximum (VBM) and conduction band
minimum (CBm) of the two parent oxides after alignment of (left) their oxygen 1s levels or
(right) the vacuum level. The meaning of the parameters Ay, Ay, Aypy, Af, AL, AD, G
and G’ (see text) is indicated.

We find that A, values are in all cases positive, Tab. 4, showing that an overlap between
the CBm of M>O3 and the VBM of M’50O3 never takes place. Thus an M’—M electron transfer
is prohibited, which is essentially in agreement with the increase of metal electronegativity
in the series Ti, V, Cr, and Fe. Indeed, no such transfers have been found in the full
calculation on mixed oxides. Conversely, while A; is positive for TisO3-CryO3, TisO3-V5Os3,
and Cry03-Fe,O3 (absence of M— M electron transfer), it becomes negative for VoOg3-FeyOg

and V503-Cry03, thus suggesting a possibility of a significant M—M’ electron exchange

23



Table 4: Values of the parameters A;, Ay, and Aypg); deduced from the band
structures of the parent honeycomb oxides M,0O3; and M’,03, after alignment of
their oxygen 1s levels, Fig. 8(left). G and G’ refer to the gaps of M;0; and
M’,03, respectively. Values of A}, A, and AP refer to the corresponding results
obtained by aligning the vacuum levels, Fig. 8(right). The right part of the table
recalls the corresponding results obtained for bulk corundum oxides, Ref.3°

HC HC bulk
MgOg—M’gOg Al Az AVBM G G’ All AIQ Ad Al AVBM G’
V,05-Fe,O5 | -07 23 21 02 14]-01 29 15|04 1.4 1.7
V,05-CryO3 | -04 20 1.8 02 14[-03 1.9 1.7]13 15 28
Tiy05-FeyO3 | 0.0 27 14 1.2 14|03 25 1.1[-1.1 28 1.7
Tiy05-Cry05 | 0.3 23 1.1 1.2 14|01 27 13|-01 29 28
Tiy05-V,05 | 09 06 -07 1.2 02|06 09 -04[-1.1 15 04
Cry03-FesO3 | 1.1 1.7 03 14 14|16 1.2 02|16 -01 1.7

in these two cases. These predictions clearly match the results of the full calculations on
the corresponding mixed compounds, even-though the case of TisO3-FesO5 in which a redox
process takes place is at the border line, with A; = 0. We note that a similar picture is given
by A’ and A, obtained by aligning the vacuum levels of parent oxides. Most interestingly,
while systematically shifted towards somewhat more positive values, A; and A, obtained
within the hybrid approach in both HC and bulk cases (SI, Table S4) do support the above
analysis. Indeed, all Ay are positive whereas negative or small positive values of A; are
indicative for cases in which the redox reaction takes place. The only clear exception is the
case of HC TiyO3-FeyO3 for which Ay = 1.4 eV is not consistent with a well defined redox
reaction in HC TiFeOg3 predicted by the full hybrid calculation. This exception highlights
the indicative only character of the A; < 0 criterion. Indeed, the band offsets of the two
parent oxides only define the starting configurations for an electron redistribution, while
subsequent substantial changes of level positions may take place in response to the electron
transfers.

The positive values of Ay are to be ascribed to Ay gy being larger than zero for all pairs
of parent materials except TiyO3-V203, Fig. 4. However, in this latter case, the negative

value of Ay gy, is small enough to be compensated by the large gap G of Ti;O3. Negative
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A are driven principally by large positive Ay gy > G'. Cases of positive A; correspond
to smaller values Ay gy and/or larger gaps of the parent M’9O3 material, such that Ay gy
<G

Since the gaps of CroO3 and Fe;O3 are nearly equal, the behavior of A; for the M;Os-
Cry03 and M503-Fe, O3 directly reflects that of Ay gys. At variance, VBM in HC Ti,O3 and
V503 are more than 1 eV higher than those of HC CryO3 or Fe;O3 (Fig. 4, Section 3.2).
This difference is at the origin of the mixing-induced changes of oxidation states between
cations of these two groups. Conversely, since the VBM in Ti,O3 and V,03 are close to
each other and those in CryO3 and Fe;O3 are practically identical, no pronounced electronic
effects occur in TiVO3 or in CrFeOs.

Finally, one can note that, in the cases where no change of oxidation states takes place
(A1 > 0), the band offsets also provide a good estimate of band gaps in the mixed compound.
Indeed, in TiCrO3z and CrFeOs where the Fermi level falls in between states of a different
cationic character, the values of A; (0.3 and 1.1 eV, respectively, Table 4) match very well
the gap widths obtained from the full calculations (0.2 and 1.2 eV, respectively, Table 2).

In summary, we have shown that, in most cases, the principal features of the electronic
structure of mixed honeycomb layers may be inferred from the band offsets between their
parent oxides. In particular, the existence of mixing-induced changes of the cation oxidation
states is to be principally ascribed to significant differences in the positions of the valence
band maximum of the parents. It is higher on a common energy scale in early transition metal
oxides of Mott-Hubbard character (TiO3 and V5,03) than in those involving metals from the
middle of the series (CryO3 and FeyO3) and characterized by mixed Mott-Hubbard/charge

transfer character.

5.2 Sensitivity to the exchange correlation functional

In view of the well-known difficulty in treating the electronic structure of transition metal

oxides, in this section we discuss the sensitivity of our results to the choice of the DFT
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exchange-correlation functional. We first compare the reported DFT+U results with the
data obtained in hybrid calculations (summarized in SI). Further-on we extend the discussion
to the sensitivity of DF'T+U results to the choice of U.

Despite their rather different treatment of exchange and correlation effects, the reported
DFT+U and HSEO3 results give a very consistent description of the electronic structure
and energetics of both the pure and mixed HCs. More specifically, for the pure HC layers
(DFT+U: Tab. 1 and Fig. 2; HSE03: SI Tab.S1 and Fig. S1), despite a slightly stronger
bond ionicity and nearly twice larger gaps in HSEO03, both approaches provide identical
character of the states close to the Fermi level and cation magnetic moments. Moreover,
regarding the band alignments (DFT+U: Tab. 4; HSE03: SI Tab. S4), the signs of A, are
consistently always positive and those of A; are identical in DFT+U and HSE03 to within
0.1 eV. We note however that HSE03 A; tend to be more positive, in particular in the
Tip03-FeyO3 case (A = 1.4 eV and 0.0 eV in HSE03 and DFT+U, respectively). Regarding
the mixed HC layers (DFT+U: Tab. 2, Figs. 5 and 6; SI Tab. S2, Fig. S3 and S4), all
electronic properties, magnetic moments, and formation energies of TiCrOg, TiFeOs, VFeOs,
and CrFeOgs are fully consistent between the two approaches. Small discrepancies concern
TiVO3, for which HSE03 predicts a gap opening (likely due to the large gap in the pure HC
V503 parent) and oxidation states slightly departing from +3, and VCrOg, for which HSE03
formation energy is slightly positive (slightly negative in DFT+U).

While such an excellent agreement between the two sets of results additionally validates
our findings, one has to remember that HSEO3 does not provide a fully definitive answer
to the electronic characteristics of Mott-Hubbard insulators. This is clear when considering
the discrepancy between experimental and HSE03 gaps in bulk MyO3 oxides (1.8, 4.0, and
3.2 eV in V5,03, Cry03, and Fe;O3 respectively, to be compared to experimental values of
0.0, 3.4, and 2.2 eV). Moreover, similarly to the Hubbard U in the DFT4+U approach, the
percentage of Hartree-Fock exchange in HSE03 method remains disputable and may be not

transferable between bulk materials and low dimensional HC monolayers.
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In this context, as to further test the sensitivity of our DF'T+U results to the choice of
the U parameters in the exchange-correlation functional, we have systematically studied the
electronic and energetic characteristics of selected A-HC mixed compounds as a function of
the U values of their cations. As to cover the most qualitatively different situations, we have
chosen TiCrOs and TiFeO3 compounds, Fig. 9, in which an unambiguous assignment of
cation oxidation states was obtained (Ti**Cr®* and Ti*TFe?", respectively) and TiVO3 and
VCrOj3 for which a partial electron transfer between cations takes place (at the border line
in HSEO3 for the former, in both approaches for the latter), Fig. 10. We have monitored
the existence of redox processes in the mixed oxides by the variations of the cation magnetic
moments Ay with respect to the pure parent HC oxides. For each MM’O3 compounds the
evolution of Apps, Apar, and Efy, is plotted as a function of either Uy, or Uy in a large

range of values (1 < U <6 eV).
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Figure 9: Sensitivity of results for TiCrO3 and TiFeO3 honeycombs to U values: changes of
magnetic moments Ay, (solid lines) and Ay, (dashed lines) of cations (top) and formation
energies Efy, (bottom) of the mixed MM’Oj layer with respect to the parent M;Os and
M’503 honeycombs. Black and red lines represent behavior as a function of Uy, and Uy,
respectively.

As shown in Fig. 9, the electronic configuration and energetic stability of TiCrOs and

TiFeOj3 are essentially insensitive to the variations of Ur;, Ug, or Up.. Indeed, in TiCrOg,
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Figure 10: Same as Fig. 9 for TiVO3 and VCrO3 honeycombs.

the cation magnetic moments do not significantly change with Up; in the whole range of
values under consideration. When Upg, is varied, the magnetic moments of both cations
depart slightly from their parent values, but huge Ug, values would be required to reach
well-defined Ti*" and Cr?** oxidation states. Although the formation energy (weakly) varies
with U, TiCrOgs is predicted to be stable with respect to its parents in the whole range of
Ur; and Ug, values. In TiFeOs, the magnetic moments of both Ti and Fe remain nearly
constant in the whole range of Up; and Up, values, at values consistent with Ti*T and Fe?*
oxidation states. While Fy,.,, remains negative when Up,. varies, the structure becomes
unstable with respect to the parents at Ur; ~ 4 eV. Interestingly, a non-redox state with
Etorm > 0 could be obtained in simulations for Up; > 3 eV. It becomes favored over the
redox state for Up; > 5.

For TiVO3 and VCrOg, Fig. 10, a partial electron transfer between cations takes place
and is associated with small gap values. In VCrOjs this intermediate state persists in the
whole range of considered U values, but with a progressive evolution towards a non-redox
state (with Efom > 0) when Uy increases, or towards a redox state (with Efon, < 0)
when Ug, increases. In TiVOj3 a progressive transformation towards a well defined redox

state starts at Uy =~ 2 eV and stabilizes the mixed compound with respect to its parents
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(Eform < 0) for Uy > 4 eV. Only in this case the results are thus particularly sensitive to the
value of Uy and a small increase of Uy brings the DFT+U results very close to the HSE03

predictions.

Gap (eV)

VBM and CBm (eV)

U, (eVv)

Figure 11: Pure parent MyO3 honeycombs: DFT+U values of band gaps (top) and of the
relative position of band edges (bottom) as a function of Uy, (M = Ti, V, Cr, and Fe). Band
structures were aligned by oxygen 1s levels.

A broader view on the sensitivity of redox states to the values of U can be deduced from
the variations of band gaps and band-offsets between the pure parents HCs as a function
of U, Fig. 11. Unsurprisingly, the increase of U systematically shifts the band structures
towards lower energies and simultaneously opens gaps in all oxides but in V,03 HC. As a
consequence, all VBM are strongly pushed downwards when U increases, whereas positions
of CBm vary much more weakly, except for V,03 where VBM and CBm behave similarly.

These results determine the relatively limited number of cases where crossings between
parent VBM and CBm becomes possible. On the one hand, for Uy > 4, the VBM of V5,03
moves below the CBm of CryO3 and of Fe;O3. On the other hand, for small Up; and Up,,
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the VBM of Ti;O3 is to be found below the CMm of FesO3. Despite their approximate
character, these estimations are fairly indicative for the results of the full calculations, where
well defined Ti**Fe?t and V4tFe?" configurations were found in the mixed TiFeOs; and
VFeOj3 layers and an onset on a redox reaction has been identified in VCrOs. Moreover,
according to Fig. 11, the occurrence of other redox reaction in the considered series can be

excluded, regardless the precise U values used in the calculations.

5.3 Comparison with bulk MM’O;

In a previous study we have analyzed the properties of mixed MM’Oj3 oxides (M, M’ = Ti, V,

Cr, and Fe) in bulk corundum-type structure.? In agreement with existing studies, 3?37 w

e
have predicted the existence of mixing-induced redox reactions in bulk TiVO3; and TiFeOj
compounds, resulting in a stabilization of Ti**, V?*, and Fe?t oxidation states, different
from those found in the pure bulk M;O3 oxides. The present results show that, despite the
same stoichiometry, the changes of cation oxidation states do not concern the same mixed
compounds in 2D and 3D. Indeed, redox reactions occur in 3D-TiVO3 but not in its 2D
counterpart, the inverse being true for VFeO3 and to some extent for VCrOgs. This shows
that the cation local environment does considerably impact the electronic characteristics of
mixed compounds.

In order to identify the origin of these differences, let us recall that in both 3D and
2D materials, the changes of cation oxidation states are essentially associated with negative
values of the corresponding A; = —Ay gy + G and are thus likely to take place if Ay gy is
positive and large, Ay gy > G'. A comparison of the band edge positions in the 2D and 3D
parent oxides is given in Fig. 4 and the corresponding values of A; and Ay are summarized
in Tab. 4. Results obtained in hybrid calculations are reported in SI, Fig. S2 and Tab. S4.

While, unsurprisingly, G’ is systematically reduced when moving from 3D to 2D, the
effect is relatively small (0.2-0.3 eV) in all cases but CryO3. As a consequence, the difference

between 3D and 2D in most cases relies on the changes of Ay gys. Indeed, its strong decrease
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between 3D (Aypy > 0) and 2D (Aypy < 0) in TisO3-VoO3 suppresses the redox reaction
in TiVO3 HC, while its increase in V,03-Fe;O3 provokes one in VFeO3 HC. Only for V,03-
Cry0s3, for which 2D and 3D Ay gy are similar, the partial redox reaction in the 2D structure
is induced by a substantially narrower Cr,O3 band gap.

As discussed in Sec. 3, the most pronounced changes of VBM occur in the two Mott-
Hubbard oxides (TisO3 and V503). They are due to the gap modifications induced by a
different crystalline field splitting of the 3d multiplet in 3D and 2D structures. It is thus not
surprising to find that these two oxides are the constituents of the two mixed compounds
(TiVO3 and VFeOs) which show large differences of 3D and 2D characteristics driven by

Ay pp. This picture is consistent with the hybrid results (SI, Fig. S2 and Tab. S4).

Table 5: Formation energies £/ of mixed MM’0O; compounds in their most
stable HC (top) or bulk ilmenite®® (bottom) structures. (eV per formula unit).
Eform in compounds in which a redox reaction takes place are written in bold

type.

VF603 T1F603 TlCI'Og VCI‘Og CI‘F@Og TlVOg
HC -0.79 -0.70 -0.23 -0.21 -0.21 0.07
bulk -0.10  -0.79 0.04 0.00 0.08 -0.35

As far as formation energies are concerned, Tab. 5 shows that, regardless of the compound
dimensionality, the most pronounced tendency for mixing is always associated with the
occurrence of a redox reaction. However, while strongly negative £/°™ in 3D compounds
are uniquely restricted to cases of such a redox reaction, the formation energies of most
mixed 2D compounds are negative, regardless of the presence or absence of changes of cation
oxidation state. This is best illustrated by TiCrOs or CrFeOgs in which, regardless of the
dimensionality, the cations maintain their parent-like oxidation state, but which display
negative £/ and thus a tendency for mixing only in 2D. As a consequence of the enhanced
tendency for mixing, most 2D honeycombs favor the A-HC order with a maximum number

of mixed MM’ cation-cation pairs.
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6 Conclusion

Relying on a DFT+U approach, we have studied structural, electronic, and energetic charac-
teristics of a series of pure MOz and mixed MM’O3 compounds (M, M’ = Ti, V, Cr, and Fe)
in (unsupported) 2D honeycomb structures. We find that the HC monolayers of pure oxides
display the same Mott-Hubbard (TizO3 and V203) or mixed Mott-Hubbard/charge-transfer
(Cry03 and FeyO3) character as their bulk corundum counterparts. However, the electronic
structure of the Mott-Hubbard oxides is soundly modified by changes of the crystal field
splitting and by the more atomic-like character of the out-of plane components of the d
multiplet.

As far as mixed compounds are concerned, we find that, regardless of the precise cationic
order (alternating or row-wise structures), the local structural and electronic characteristics
of TiVO3, TiCrO3 and CrFeOg are very close to those of their parent pure oxide monolayers.
Conversely, the structural, electronic and magnetic characteristics of TiFeOs3, VFeOgs, and
to some extent also VCrOj differ substantially from those of their parents due to a change
of the cation oxidation states. We show that the occurrence of such reduction-oxidation
reactions in these cases is fully consistent with the band offsets between the corresponding
parents. Interestingly, the purely d character of the gap edges in the Mott-Hubbard oxides
makes their electronic structure particularly sensitive to the cation local environment and
thus to the lattice dimensionality, and is responsible for different redox states of the same
mixed compound in the three- and two-dimensional structures.

The formation energies of all mixed HC compounds but TiVOj3 are negative, thus showing
a clear tendency for mixing already at low temperatures. This behavior substantially differs
from that in their 3D counterparts, where mixing is mostly favored in the presence of a redox
reaction only.

Our findings show that low dimensionality enables stabilization of ternary oxides of com-
positions and properties with no bulk equivalents, thus of a direct interest for modern tech-

nologies. Extension of this work to supported HC structures is in progress.
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HC and bulk band edges (Fig. S2)

e mixed MM’O3 oxides in both unsupported A-HC honeycomb and bulk ilmenite struc-
tures: electronic and magnetic properties of A-HC (Tab. S2); comparison between
DFT+U and HSE03 LDOS of A-HC (Figs. S3-S4); electronic and magnetic properties
of bulk ilmenite MM’O3 (Tab. S3)

e band alignment between parent HC and bulk oxides (Tab. S4)
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