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We study the consequences of the approximately trigonal (D3,) point symmetry of the transition metal (M) site
in two-dimensional van der Waals MX, dihalides and M X trihalides. The trigonal symmetry leads to a 2-2-1
orbital splitting of the transition metal d shell, which is best represented by d orbitals that describe the trigonal
rather than O, symmetry. The ligand-ligand bond length differences (rather than metal-ligand) take the role of
a Jahn-Teller-like mode and in combination with interlayer distances and dimensionality effects tune the crystal
field splittings and bandwidths. These effects, in turn, are amplified by electronic correlation effects—leading to
crystal field splittings of the order of 0.1-1 eV between the singlet and the lowest orbital doublet—as opposed
to the often assumed degenerate 3 #,, states. Our calculations explain why most of the materials in this family
are insulating, and why these considerations have to be taken into account in realistic models of them. Further,
orbital order coupled to various lower symmetry lattice modes may lift the remaining orbital degeneracies, and
we explain how these may support unique electronic states using Zrl, and CuCl, as examples, and offer a brief
overview of possible electronic configurations in this class of materials. By building and analyzing Wannier
models adapted to the appropriate symmetry we examine how the interplay among trigonal symmetry, electronic
correlation effects, and p-d orbital charge transfer leads to insulating, orbitally polarized magnetic and/or orbital-
selective Mott states, and we provide a simple framework and numerical tool for others. Our paper establishes a
rigorous framework to understand, control, and tune the electronic states in low-dimensional correlated halides.
Our analysis shows that trigonal symmetry and its breaking is a key feature of the two-dimensional halides that

needs to be accounted for in search of novel electronic states in materials ranging from Crl; to ¢-RuCls.
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I. INTRODUCTION

Transition metal compounds exhibit electronic properties
of high scientific and technological interest, including ferro-
electricity [1-4], quantum magnetism [5—10], metal-insulator
transitions (MITs) [11-21], and high transition-temperature
superconductivity [22-26]. Transition metal oxides derived
from the AM O3 perovskite structure have been a focus of
particular attention because any 3d or 4d transition metal can
occupy the M site with (typically) partially filled d shells,
while variation of the A site ion can tune the relative va-
lence of the M site ion and the electronic bandwidth. The
perovskite structure is also highly polymorphic. It allows for
many variants of the basic structure that exhibit different crys-
tallographic symmetries, which activate interesting electronic
states, and the pseudocubic structure allows for a wide variety
of superlattices to be built [18,19,27]. Basic to the electronic
physics of perovskites is the cubic (Oy,) point symmetry of the
M site ion and its reduction to tetragonal symmetry by even
parity octahedral distortions.
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Recently, two-dimensional (2D) van der Waals transition
metal MX, dihalides and trihalides MX5; with X a halogen
ligand have become of interest as they exhibit layer-dependent
ferromagnetism as in VI3 [28-33], possible Kitaev spin liquid
behavior in RuCls [34-39], and other magnetic phenomena
[40—42]. Additionally, the crystal and electronic structures are
highly two dimensional, so the materials can be exfoliated,
made in monolayer form, doped by gating and layering with
other compounds, and potentially twisted into Moiré mate-
rials [43]. Similar to the perovskite transition metal oxides,
the M site is sixfold coordinated by ligands and can host
essentially all 3d and 4d transition metals often with partial
d orbital occupancy, which endows them with the aforemen-
tioned physical properties. Dihalide and trihalide compounds
with the same transition metal will exhibit different nominal
valence and octahedral coordination. Table I lists structural
and electronic features of several known 2D halides.

Although the sixfold coordination of the metal cations in
the dihalides and trihalides would suggest octahedral sym-
metry O, analogous to the octahedral coordination in many
perovskite oxides, we argue here that the halides are more ap-
propriately described as trigonally coordinated. A local orbital
basis derived from e, and 1,, representations of the O group
is not the most useful description [44]. As Table I shows,
the metal site symmetry in the bulk halides is either trigonal
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TABLE I. Symmetry, atomic structure, d-electron configuration
for the metal, and magnetic order of experimental transition metal
dihalides and trihalides. AFM, FM, and HM indicate antiferromag-
netic, ferromagnetic, and helimagnetic, respectively. MV indicates
multiple values for the specified lengths. Structural data are from
Ref. [46] and magnetic data are from Ref. [40].

Structure type Cdl, CdcCl, Bils CrCl; AlCl;
X packing hep ccp hcp cep ~ccp
Space group P3m1 R3m R3 P3,12 C2/m
Point group D3d D3d C3,' D3 Cz/,
Compound Fel, Nil, FeCl; CrCl; Crl;
M-d" config. d° d? d’ d? d?
M site sym. D3y Dz, Cs Cs C
Magnetism AFM HM HM AFM M
L, 4.050 3.927 3.380 3.483 MV
L, 4.110 4.580 3.216 3.228 MV
L 3.472 3.229 MV
Compound TiCl, MnCl, VCl; «a-RuCl; «a-RuCls
M-d" config.  d* &’ d? &’ &’
M site sym. D3y D3y Cs (63 G
Magnetism AFM AFM,HM AFM AFM

L, 3.430 3.711 3471 3.44 MV
L, 3.636 3.505 3.366 3.490 MV
Ls 3.366 3.487 MV

(D34, D3, C3;) or a trigonal subgroup (Cy;) or even lower [40]
and, as previously noted for example in MX, compounds
[45], a basis that conforms to the symmetry enables a more
straightforward treatment of the physics.

In this paper, we show that the commonly assumed orbital
basis associated with the Oy, group is not the most appropriate
choice; rather, the most appropriate choice is a trigonal basis
characterized by an upper e, doublet (similar to the common
one associated with cubic symmetry), a lower e, doublet,
and an a;g singlet. The lower three orbitals can be obtained
through a rotation from the Oy, ,, orbitals, and allow us to
have a basis which is simple to interpret: The density matrix
is diagonal, and thus the electronic states have a well-defined
filling, with no off-diagonal occupation terms. Electronic
states then, particularly in the presence of magnetism and
correlations, when a band gap opens, are either occupied or
empty. The crystal field splittings in this basis—by analogy to
the Jahn-Teller ones observed under a tetragonal distortion in
perovskite oxides, for example—are characterized by ligand-
ligand bond length differences (which may, in fact, leave
metal-ligand bond lengths unaffected). The ligand-ligand dis-
tortions, dimensionality reduction (the octahedral network is
two dimensional), and interlayer distances all further tune the
crystal field splitting between the lower three orbital states,
and their relative bandwidths. These effects also tune the
crystal field splitting between the lower three and the upper
two orbitals. The crystal field splitting between the lowest
doublet and the singlet is of the order of 0.1 eV in the absence
of correlations, and is strongly amplified by correlations and
magnetic order to the order of 1 eV, higher than the effect of
other effects in this class of materials—including spin-orbit

coupling. This effect explains why most halides are insulat-
ing, including materials with a d 1 d% d*, or d° electronic
configuration on the transition metal site. We also find that
the band gap can be controlled by the relative lengths of the
ligand-ligand bonds. While the physics is, of course, the same,
regardless of the basis, the Oy, basis does not allow for a simple
understanding of this physics without an in-depth analysis of
the off-diagonal density matrix, which is less intuitive. We
then proceed to show how further orbital and lattice symme-
try reduction can lead to new, pseudo-one-dimensional (1D)
electronic states in this class of materials, and we enumerate
a wide variety of possible electronic states. In order to best
illustrate how one can obtain a Wannier function following
this representation, we also describe a simple procedure, and
provide the associated scripts to perform it in [47].

In addressing these questions, it is often helpful to con-
struct a Wannier basis that includes a representation of the
local transition metal d orbitals, which host the electron
interactions associated with correlated electron phenomena.
However, standard Wannierization procedures for these mate-
rials do not easily produce a basis that transforms properly
under trigonal symmetry operations. We present a proce-
dure for constructing an appropriate symmetry-adapted basis,
which can easily be adapted to other materials. This allows us
to discuss the correlated insulating states that may be obtained
in stoichiometric compounds, as well as new electronic states
that may appear as a result of further symmetry breaking, such
as those present in the semi-1D chains in Zrl,, and certain
polymorphs of RuClj, Crl3, and other halides [40].

Although spin-orbit coupling (SOC) is crucial to key as-
pects of the low energy physics of some of these materials,
we do not include it in our analysis here. The crystal field
splittings we find from the trigonal symmetry breaking are of
the order of 0.1 eV, which is larger even than the characteristic
energy scale of spin-orbit coupling in 4d compounds such as
Ru (where it is of the order of 0.04 eV); these effects are
always key. Our initial focus is to establish a foundation to
understand other relevant degrees of freedom in the halides.
Spin-orbit coupling effects can then be added as needed for
each material. One consequence of SOC is that it often further
reduces the orbital symmetry, as shown in recent work on
MX, compounds [45]. This approach works well in many
transition metal oxides, e.g., Ca,RuQ,4, where the physics
of the metal-insulator transition can be understood without
accounting for SOC; only the detailed low energy magnetic
structure of the compound requires SOC.

II. LOCAL STRUCTURE: ELECTRONIC STATES
AND SYMMETRY CONSIDERATIONS

The basic structural unit of 2D halides is a plane of
transition metal ions, with each transition metal ion coordi-
nated with six halogen ions [Fig. 1(a)]. Unlike in the layered
perovskite-based transition metal compounds, the local axes
of the octahedron surrounding a transition metal ion in a
halide are rotated with respect to the axes that define the two-
dimensional plane. Specifically, choosing coordinates such
that the monolayer plane is perpendicular to [001], the octahe-
dral axes (M-X bond directions) are [=1 = 1 & 1] in the ideal
halides [cf. Figs. 1(b) and 1(c)]. In the ideal monolayer case,
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FIG. 1. (a) Sequential illustration of symmetry breaking as a
result of the layered structure in dihalides and trihalides. Placing an
ideal octahedron within a monolayer will reduce its O, symmetry
to trigonal D3, symmetry, for a dihalide octahedron, and D5 for
a trihalide: In both cases, threefold rotations along the z axis are
preserved, as well as inversion symmetry. Three mirror symmetry
planes are preserved in the dihalides, but not the trihalides, due to
the different octahedral connectivity. Sketch of (b) tetragonal and
(c) trigonal symmetry breaking of an octahedron. Heavy magenta
arrows indicate the vector normal to monolayer planes. Layer struc-
ture of M X ¢ octahedra for (d) M X, dihalides and (e) M X3 trihalides.
Definitions for halide-halide lengths for octahedra in (f) MX, and
(g) MX; halides. The red edges with length L; surround the face
parallel to the monolayer planes; L, are edges that are not parallel to
the material plane and that connect nearest-neighbor M X ¢ octahedra.
L5 edges do not connect octahedra, are not parallel to the plane, and
only appear in M X3 compounds.

the point symmetry of the M ion is then D3, (for dihalides) or
Djs (for trihalides). The symmetry may be further reduced by
spin-orbit coupling, additional relaxations of the atomic po-
sitions, magnetic order, and different stackings of the layered
structures. We discuss some lattice symmetry reductions as
well as magnetic order later.

The key feature of the D3 and D3, symmetry is a threefold
rotation axis, in the ideal case perpendicular to the monolayer
plane of MX¢ octahedra [Figs. 1(d) and 1(e)] and passing
through a triangular X3 face [Figs. 1(f) and 1(g)]. In the full
D5, symmetry found in the dihalides, the M-X bond lengths
remain equal; however, the X-X ligand distances L; (i = 1 —
3) need not be equal. The nonequivalence is accommodated
through changes in the X-M-X intraoctahedral angles. Sim-
ilar effects are known in edge sharing perovskites [48,49].
Because of the planar structure formed by edge connectivity
of the octahedra, the halogen-halogen distances perpendicular
to (001) [denoted L; in Figs. 1(f) and 1(g)] are inequiva-
lent to X-X distances on other triangular faces. This can be
plainly observed in the MX, compounds, where X-X edges
not parallel to the plane connect different octahedra, while
those that are parallel to the plane connect the same octahedra.
This leads to the nonequivalence of the L; and L, X-X edges

[Fig. 1()].

One may parametrize the trigonal distortion away from
perfect octahedral coordination either by the L,/L; ratio or
by the X-M-X bond angles. We find that the L, /L ratio is a
more convenient parametrization in Ds; symmetry, as it plays
an analogous role to the c/a ratio for the tetragonal symmetry
and tunes the splitting between the doublet and singlet. For
the M X3 compounds only half of the X-X edges not parallel
to the plane connect M X ¢ octahedra, leading to a total of three
inequivalent edges, L;, L,, and Ls. Figure 1(d) illustrates that
in both cases there are only two types of inequivalent faces:
Those parallel to the planes of M X, with three L; edges, and
those oblique to the plane with edges L, L,, and L3, leading
to the lower symmetry group Djs.

While the symmetry of an ideal dihalide monolayer is D3,
(or D3 for a trihalide monolayer) different arrangements of
the planes can lead to symmetry reductions to D3 or C3; in the
bulk compounds (see Table I). Both D3;; and D3, and these
subgroups, however, lead to the same trigonal orbital basis for
the transition metal M d orbitals, imposed by the threefold
rotation symmetry axis. Anisotropic semicovalent and van der
Waals interactions or additional electronically driven order-
ings can lead to further symmetry reductions (see Table I). In
such cases the clearest way to understand the resulting orbital
structure is as an additional symmetry reduction beyond trig-
onal, leading to a breaking of the doublet degeneracy.

The trigonal symmetry has implications for the electronic
structure. Under D3; symmetry, the five d orbitals transform
as two doublets (eg and e;’) and a singlet (ag). Under D3
symmetry the same arguments hold and the same resulting
orbitals appear; however, they are more appropriately named
e doublets and an a; singlet. For simplicity, and as the orbitals
are the same and have the same crystal field splitting relation-
ships, we will generally refer to them as e, and aj,. This is
similar to oxides research, where usually the terms e, and 4
are used for orbitals in octahedra-containing compounds even
when the crystal symmetry is lower. The wave functions and
level splittings are not constrained by symmetry and depend
on details of atomic-scale physics. The trigonal structure of
the halides may be viewed as a weak distortion of the Oy
symmetry familiar from cubic perovskites, enabling a simpler
interpretation of the basis functions. Under O;, symmetry, the
atomic d orbitals transform as an e, symmetry doublet (wave
functions conventionally chosen as dy>_g» and dsz2_,2) and aty,
triplet (wave functions conventionally chosen as dsy, dz, dyz)
where X, y, and 7 are the three octahedral axes. Ligand fields
arising from hybridization lead to an energy separation be-
tween the doublet and triplet states of the order of 2 eV. The
further reduction of the symmetry from O, to D3, does not
additionally split the ¢, states, which now form the eg doublet
representation of D3, . It does, however, split the 1, triplet into
an e; doublet and an a, singlet with the ey -a;, level splitting
being typically smaller than the energetic separation to the g
doublet. Then to first order in the trigonal distortion, the basis
functions for the 7 representation are linear combinations of
the familiar cubic-basis e, states while the basis functions for
the e’g’ and ay, states are linear combinations of the familiar f,,
states (Table II) [50]. Lowering the symmetry below trigonal,
in particular by breaking the C; rotational symmetry about the
axis perpendicular to the plane, will lift the degeneracies of the
two e, doublets. Such distortions may occur if the transition
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TABLE II. Relationships among the atomic d orbitals for the
standard cubic (tetragonal) basis with z aligned to the [001] direction
shown in Fig. 1(b) and trigonal basis with z axis aligned to the [111]
direction shown in Fig. 1(c). Note that in the absence of trigonal
symmetry breaking, the aj, and e7 orbitals become degenerate and
combine to transform as the #,, representation.

Cubic basis [001] Trigonal basis [111]

Symmetry Orbitals Symmetry Orbitals

e dyy ag do
ds: er Fdy +
dx; %dxz_yz - %ﬁdxz

e, du_p € ﬁdxz_yz + %dxz
da_p %d,@ - %dyz

metal valence is such that one of the orbital pairs forming
a doublet is partially filled, enabling an electronic symmetry
breaking transition.

III. PHYSICS OF THE TRIGONAL DISTORTION IN TiCl,

We now present density functional theory (DFT) cal-
culations on the representative dihalide TiCl, [51], using
the experimental structure obtained from Inorganic Crystal
Structure Database [46]. TiCl, exhibits a d? electronic con-
figuration and its primitive P3m1 structure contains a single
formula unit. The Ti atoms are aligned along z, making for
the simplest possible stacking. The Ti site symmetry is Ds,.
Details of its crystal structure are presented in Table 1.

(@)

[ J
SATY

We begin by analyzing nonmagnetic DFT calculations us-
ing the Perdew-Burke-Ernzerhof functional, in order to isolate
the effect of the atomic structure on the on-site crystal field
splittings and orbital order before performing further analysis.
We then investigate correlation effects in the DFT+4U approx-
imation. This stepwise approach allows us to disentangle the
effects of the structure from that of d-shell electron-electron
interactions. We select different interlayer distances, X-X
distances, and L,/L; ratios to probe the trigonal symmetry
effects on the orbital structure. We characterize the electronic
structure changes via the on-site energy of the orbitals at
the I" point, and the orbital occupations, as obtained from
the eigenvalues of the density matrix defined from orbital
projectors.

Experimentally, these perturbations to the interlayer dis-
tance may be realized via external pressure, while the L, /L
ratio can be tuned via epitaxial strain. The effects we find
pertain to M X3 compounds as well, as the M X5 structure can
be obtained from the M X, structure by removing 1/3 of the
M atoms and keeping the ligand octahedral structure intact.

A. Level splittings and orbital occupancies

Figure 2 presents a summary of our results. Starting with
the experimental structure, we find that the energy splitting at
I" corresponds to the expected 2-2-1 orbital splitting as shown
by the vertical broken line in Figs. 2(a) and 2(b). Upon visu-
alizing isosurfaces of the wave functions in real space at the
I point (not shown), we find the orbitals represent wave func-
tions of the trigonal basis. These wave functions are similar to
the Wannier functions presented in Fig. 3. The lowest energy
Ti d-derived state at I' is the a;, state. The wave function
exhibits lobes directed through the faces parallel to the plane.
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FIG. 2. Electronic orbital splitting at the nonmagnetic DFT level for TiCl, as a function of (a) Ti-Ti interlayer distance and (b) L, /L ratio,
as quantified by crystal field splitting at the I point and orbital occupancy as obtained from the density matrix of the orbital projections. In (a),
the octahedron is kept perfect (L, = L), with a X-X distance of 3.43 A.1In (b), the interlayer distance is kept fixed to the experimental value,
while L, /L, is varied. The experimental interlayer distance and L, /L, ratio are indicated with broken magenta lines.
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FIG. 3. Projected density of states for the Wannier functions for
TiCl, in the tetragonal basis (left) and trigonal basis (center), and
eigenstates of the density matrix, as obtained by diagonalizing the
density matrix (right). The crystal field splittings shown here are
greatly increased in the presence of correlations and lead to a band
gap opening in the presence of magnetism and correlations.

The next two higher energy states are the e; doublet with
wave-function lobes directed at the faces of the octahedron
transverse to the plane. The highest energy states transform as
the eg doublet in which the orbital lobes are directed along the
octahedral axes, pointing towards the CI anions. This behavior
is expected because they behave equivalently to the e, states of
the cubic basis. The eg -3 splitting of approximately 1.5 eV is
somewhat less than the approximately 2—3-eV splitting typical
in perovskite transition metal oxides, reflecting the larger en-
ergy separation and weaker hybridization of the metal d states
with the halogen ligand p states.

Next, we examine the effects on the electronic structure of
varying the structural parameters (Fig. 2). We begin by fixing
the TiClg octahedrato L; = L, = 3.430 A with all M-X bonds
fixed to 2.425 A and vary the interlayer distance. We find that
the crystal field splitting between the ¢ and the €3 /a;, com-
plex increases with increased 1nterlayer distance as does the
corresponding difference in orbital occupancy [Fig. 2(a)]. The
ey -a1g splitting is less dependent on the interlayer distance.
For interlayer distances greater than or equal to the experi-
mental value measured at ambient pressure, the crystal field
splitting and orbital occupations converge to their asymptotic
isolated layer values.

Next, we keep the interlayer distance fixed to the ambient
pressure equilibrium experimental value of 6.1 A and vary
the L,/L; ratio by displacing the Cl atoms along z. This
changes L, while keeping L; the same. We find that increasing
L, increases the energy difference between the highest two
and lowest three orbital states. In contrast to the effect of
increasing the interlayer distance, changing L,/L; also de-
creases the aj, orbital energy relative to the ¢ energy. The
occupancies change in the corresponding manner. The relative
sizes of the energies and the orbital splittings, however, are
not fixed. Importantly, we find that the critical L, /L, ratio at
which the occupations are equal occurs at a different critical
L, /L, ratio that gives a vanishing energy difference for ey -a;,
orbitals. Both correspond to L,/L; # 0, underlining that the

symmetry of the representation of the Ti d shell is always at
most trigonal, and never cubic.

B. Orbital physics in the trigonal Wannier basis

Key to understanding the physical effects in a correlated
material is an appropriate tight-binding model, which can be
constructed via a Wannierization procedure as implemented
in standard electronic structure codes. A Wannierization is in
effect a choice of a basis that represents band states in a certain
energy range, along with a projection of the density functional
Hamiltonian onto this basis. It is desirable to choose a basis
that is adapted to the physics of the problem at hand, both
because an appropriate choice provides physical insight and
because the form and magnitude of beyond-DFT interactions
depend on the basis chosen.

Standard application of the WANNIER9O0 [52] code to di- and
trihalide compounds tends to lead to the e,-f, basis functions
well adapted to O, symmetry, or other basis functions related
through a linear transformation. To obtain Wannier functions
adapted to the trigonal symmetry in a consistent way, we find
it is best to first use WANNIER90 to obtain a basis, and then
rotate the basis to obtain a diagonal density matrix. Another
option is to diagonalize the Wannier Hamiltonian at the I’
point. A third choice is to diagonalize the on-site term in
the real-space Wannier Hamiltonian. In most of the results
presented here we employ the first basis choice (diagonalizing
density matrix) which provides a more convenient representa-
tion. We note that this basis does not quite diagonalize the
on-site term in the Wannier Hamiltonian, but the resulting
small nonzero matrix elements cause no serious complication.
To obtain real-space isosurfaces, we used the eigenvectors
obtained by diagonalizing the density matrix to build a linear
superposition of the Wannier functions obtained directly from
WANNIER90. We have provided simple MATLAB scripts to do
so in [47].

Figure 3 shows the density of states projected onto dif-
ferent combinations of the Wannier states obtained for TiCl,
in a standard application of WANNIER9O (left panel) and in
the basis that diagonalizes the density matrix (center panel)
after the rotation. The total density of states is the same in
both cases. The e?-derived states, which are derived from the
same functions in both cases, are approximately the same. The
trigonal functions allow us to distinguish the higher-lying a;,
states from the lower-lying e states. Figure 3 also shows the
corresponding isosurfaces of the resulting Wannier functions,
which we obtain through linear mixing.

We now analyze the resulting Hamiltonian Hj (Fig. 4),
where the rows (columns) correspond to the followmg d
orbitals: The first two correspond to eg, the middle one
corresponds to aj,, and the last two correspond to ez . For

= (0, 0,0), we find that the a,, orbital is orthogonal to the
other sets of orbitals in Hy > similar to what is obtained in
the atomic orbital projection matrix. While within the pairs
of degenerate doublets the mixing is practically zero, there
is however mixing between the two pairs. This Hg however
possesses the 2-2-1 pattern of eigenvalues consistent with D3,
symmetry.

As previously mentioned, one can also obtain a basis
with the appropriate symmetry by diagonalizing this on-site
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R, =[1,0,0]

(a)
10.059 0.000 0.000 0.043  -0.081
0.000 10.059  -0.000  -0.081  -0.043
Hy =| o.000 -0.000 8.723  -0.000  -0.000
0.043  -0.081  -0.000 8.644 0.000
-0.081  -0.043  -0.000 0.000 8.644
( 0.004 0.000 0.000  -0.006 0.012
0.000 0.004 0.000 0.012 0.006
H 0.000 0.000 0.026 0.000 0.000
-0.006 0.012 0.000 0.014 -0.000
\ 0.012 0.006 0.000  -0.000 0.014
( -0.066  -0.074  -0.022  -0.030 0.021
-0.074 -0.087 0.019 0.032  -0.001
Hy =| -0.022 0.019 -0.081 -0.241 0.092
x -0.030 0.032  -0.241 -0.196 0.121
(b) 0.021  -0.001 0.092 0.121 0.072

FIG. 4. (a)R connecting transition metals M, for which we show
the hopping matrices of the Hamiltonian below in (b). The diagonal
elements are shown in blue for eg, in green for ay,, and in red for eZ.

Hamiltonian; however, in that case, interorbital hoppings
would lead to nonzero terms in the density matrix. Diagonaliz-
ing the density matrix instead provides a simpler description
of orbitals and their filling without the additional complex-
ity of off-diagonal terms, which becomes particularly useful
in the presence of correlations where the atomic states can
clearly be categorized as filled or empty (Sec. IV A). Second,
the procedure of diagonalizing the density matrix is available
and automatic for the density matrix obtained from the orbital
projectors in most electronic structure codes.

Hopping along z between the Ti atoms R = (0,0, ¢) is
primarily driven by a;¢-a,, hopping, hopping between the two
pairs of doublet states, as well as small but nonzero hopping
between equivalent orbitals as gleaned from H, k. in Fig. 4(b).

Finally, hopping in plane between the atoms R = (a, 0, 0) is
driven by nonzero hoppings between all orbitals, however the
lowest three orbitals in Hy are the largest, as expected from
the spatial orientation of the orbital lobes discussed previ-
ously. We also note that one of the eigenvalues of the hopping
Hamiltonian is close to zero. The zero eigenvalue pertains
to hopping among the highest two energy (e) orbitals. As
a result, there will always be a weakly dispersing flat band
among the higher e, states along high symmetry directions in
the zone.

10.065 ) ) 0 )

0 10.065 ) 0 0

HP = ) 0 724 0 )
R, ) ) ) 8.639 0

0 0 0 0  8.639

10.046 0.052  0.053 -0.148  0.023

o 0.052 8.656  0.022  0.022  0.052
Hevbic — | 9053 0.022 8.691  0.015 -0.104
R, -0.148 0.022 0.015 8.711  0.192
0.023 0.052 -0.104  ©.192 10.029

FIG. 5. Wannier Hamiltonian at R = (0,0,0) either after di-
agonalizing the on-site Hamiltonian or as obtained directly from
WANNIER90 using an e,-t,, model.

For comparison, we also provide the on-site Hamiltonians
in two more bases (Fig. 5). First, we show H”. Here, the on-
site Hamiltonian has the same symmetry as the one obtained
by diagonalizing the density matrix, and the eigenvalues are
similar. Second, we provide the original Hamiltonian, H ¢,
obtained using a standard WANNIER9O procedure and used
as a basis for the aforementioned trigonal procedure, which
approximately exhibits e,-t,, symmetry.

C. Lower structural symmetries

Some of the dihalides and trihalides exhibit symmetries
lower than trigonal. The point group Cyj, a subgroup of the
trigonal point group Ds4, appears in both MX, and MX;
compounds, namely, in Zrl,, as well as in some polymorphs
of RuCl; and Crl;. This symmetry reduction includes a break-
ing of the rotational symmetry, which splits the doublets,
and may lead to minor mixing of the orbital eigenvalues;
generally, subgroups of D3; which do not maintain the three-
fold rotational symmetry lead to a breaking of the doublets’
degeneracy.

0. @
[ ‘9
0.,

N
o’ R

FIG. 6. Single layer lattice structure for materials with point
group symmetry C,;, which breaks the degeneracy of the doublets:
(a) a layer of MX,, with the structure from a layer of bulk Zrl,,
where the black rectangle represents the new unit cell, and (b) a
layer of MX5, with a similar pattern representing bulk layers, for
example, RuCl; and Crl; with the AICI; structure type; all atoms in
the sketch are within one unit cell. Distances between the atoms are
indicated as follows: The red dotted lines are the longest, followed
by purple, blue, then mustard yellow. The distortions characteristic of
Zrl, are much stronger than those of the M X ; materials. The M site
symmetries are Cy;, for panel (a) and C;, for panel (b). No d orbital
degeneracies are enforced by either site symmetry, which leads to
new possible states (e.g., those shown in Fig. 10).
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FIG. 7. DFT band structure and Wannier “fat bands” for a full
p-d model for (left) TiCl, and (right) Nil,, exemplifying materi-
als that are in the Mott-Hubbard (TiCl,) and charge-transfer (Nil,)
regimes. Blue circles correspond to transition metal M d state pro-
jections; red squares correspond to ligand p states.

Figure 6 shows that the single layers of Zrl, and RuCl;
or Crlz no longer have threefold rotational symmetry. The
in-plane lattice parameters defining the formula unit of a di-
or trihalide lattice are no longer equivalent, and are replaced
by perpendicular vectors describing the supercell that accom-
modates for this lower symmetry as described in the caption
for the figure. This breaks the symmetry of the remaining two
orbital doublet pairs. This symmetry reduction is associated
with nonequivalence of both the X-X bonds and the M-X
bonds as indicated in Fig. 6. In Zrl, this is plainly discerned
as the bond distortions are sufficiently strong that the struc-
tures can be understood to form 1D zigzag chains [53]. A
minor mixing between the a;, orbital and the other orbitals
appears as a result of the symmetry lowering, and performing
a Wannierization shows us that this minor mixing breaks its
rotational symmetry.

The Zrl, structure also has additional forms of symme-
try breaking beyond that leading to the Cy, point group; for
example, the two layers that form the minimum structural
unit are not completely equivalent. The octahedral sizes differ
between the layers. The symmetry of Zrl, is even lower in
certain experimentally reported structures with two nonequiv-
alent octahedra forming each layer leading to point group C;,.
Such further symmetry reductions are beyond the scope of this

paper.

IV. ELECTRONIC CORRELATIONS AND LOCAL
STRUCTURE EFFECTS

Many transition metal compounds exhibit correlated insu-
lating states. The correlation physics that produces these states
tends to favor high spin, filled, and empty state configurations;
the exact order is determined by a combination of correlation
effects and electron-lattice coupling. Similar to perovskite ox-
ides, 2D di- and trihalides can be in the Mott-Hubbard or in the
charge-transfer regime of the Zaanen-Sawatzky-Allen (ZSA)
classification [54]. TiCl, is a clear example of a Mott-Hubbard
material as the d and p states are clearly separated by 4 eV
[Fig. 7(a)]. Similar to the transition metal perovskite case,
going right along the periodic table, i.e., towards higher orbital
filling, the p-d splitting decreases. In Fig. 7(b), we find the p-d
splitting is low for the well-known material Nil, [55-57] with

2 TN r—

<
8
&
|
my -1
2 .
r L A r 05 00 05 10 15 20 25
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FIG. 8. Electronic band dispersions and orbital projected density
of states for ferromagnetic, high-spin TiCl, at the DFT+U =2 eV
level: (a) experimental structure and (b) structure with L, extended
to 4.02 A and interlayer distance kept constant. Left: Bands, majority
spin in magenta, minority spin in cyan. Right: Projected density of
states (PDOS), minority spin rescaled by dividing by 5. Increasing
L, /L, closes the gap by reducing the orbital polarization of the lower
three orbitals. (c) Dependence of the electronic band gap in TiCl,
with L, /L, ratio for a fixed interlayer distance.

the p and d bands overlapping in energy, corresponding to this
insulating material being in the charge transfer regime.

A. Example of TiCl,

We performed DFT+U =2 eV calculations on the di-
halide TiCl, in the experimental structure and allowed for
spin symmetry breaking to gain initial insight into the role
of correlations. To simplify the calculation and interpretation
as much as possible, we use a single, three-atom unit cell, in
the ferromagnetic state; other magnetic configurations may
have different resulting states, but the general trends shown
here would be consistent within a particular magnetic state.
The Hubbard on-site Coulomb interaction allows the opening
of a gap in the electronic spectrum (*0.375 eV), creating a
fully orbital and spin polarized state [Fig. 8(a)]. While the
effects of spin-orbit coupling may lower the amplitude of this
band gap, we note that this effect is significant enough that it
cannot be neglected in a realistic model of TiCl,, or the halides
more generally. Taking the TiCl, experimental structure and
allowing for spin symmetry breaking, we find a high spin, or-
bitally ordered state. The minority spin channel is completely
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9.906 0.000 0.000 -0.001 -0.002

) 0.000 9.906 0.000 -0.002 0.001
HY=21 = 0.000 0.000 8.716 0.000 0.000
R, -0.000 -0.002 0.000 6.979 0.000
-0.002 0.001 0.000 0.000 6.979

FIG. 9. On-site R = (0, 0, 0) Hamiltonian for the majority (spin
up) channel for TiCl, for U =2 eV and FM state, obtained from
WANNIERI0 followed by a rotation that diagonalizes the d orbital
density matrix, similar to Fig. 4. Note that the Hamiltonian is nearly
diagonal, and the crystal field splittings are strongly amplified by
correlations.

unoccupied. Electronic correlations and magnetism strongly
enhance the crystal field splittings, as observed in the on-site
Hamiltonian in Fig. 9, where the splitting between the e; and
the ay, orbitals is now comparable to that between the a;, and
the €7 and over 1 eV. Two electrons reside in the majority
spin channel of the two e;’ orbitals, while the eg and aj,
occupations are essentially zero.

Calculations with structures obtained by elongating L,
while keeping L; constant result in a closing of the gap, while
shortening L, further opens the gap, by shifting the relative
energy levels of the lowest three states (Fig. 8). Similar effects
can be obtained by changing the interlayer distance as well.
Importantly, we note that in the presence of electronic corre-
lations the electronic configuration favors the state that leads
to fully occupied and empty states and the opening of a band
gap, and a strong trigonal distortion is needed to counteract
this effect. We note that, in a tetragonal basis, as discussed
before, the lower three f;, states would remain equivalent,
as their lobes would point along equivalent directions, which
would obscure the identity of the active orbitals—the singlet
and doublet—participating in the band gap opening.

The trigonal basis corresponding to a diagonal orbital den-
sity matrix has the advantage of simplifying the physical

description with electronic states that are either filled or empty
and have no off-diagonal terms. It also provides a consistent
way to build a basis as we vary the structural parameters,
which can be numerically difficult to obtain directly from
WANNIER90 without the additional rotation performed here.
We further note that we were not able to obtain a cubic e,-t5,
basis in this case, likely due to the large crystal field splitting
between the ay, state and the lower e states.

B. Survey of broken symmetry phases

By varying the transition metal ion and considering both
dihalides and trihalides, one can obtain all d" configura-
tions ranging from d' (Tilz) to d° (CuCl,, proposed below).
As a result, a range of correlated insulating states can be
produced, as shown in Fig. 10. Some of these states will in-
volve orbital order that breaks the trigonal symmetry, leading
to the appearance of one-dimensional lattice structures—or,
more generally, structures that break the threefold rotational
symmetry.

In the d' configuration the natural Mott insulating state
involves an electron in the a;, orbital. This state preserves
the trigonal symmetry. However, the multiple superexchange
pathways that also involve e; orbitals suggest that unless
L, /L, can be made very small the ground state will be fer-
romagnetic. However, if the L,/L; ratio can be made large
enough, a change in level ordering may occur and it is possible
to have an orbitally ordered Mott insulator with one electron in
the ey orbitals and a corresponding orbital order and trigonal
symmetry breaking lattice distortion.

In the d? case, we may generically expect a high spin
ground state with two electrons in the eg orbitals, as found in
the DFT+U calculations for TiCl,. For a small enough L, /L,
ratio, however, a state with one electron in the a;, orbital and
one in the e; doublet may lift the trigonal symmetry.

e e % |t e | et —¢f
—_— t S L S S S I
b, bttt ot th N
g g
d? d2 ds d4 d4 ds
TiCls VCls, TiCl2 CrCls, Crls;  MnCls MnCls RuCls
1
e ottt — i
t ot er t 1 e ot e ot er ot er
eth o M H th th t
d5 d6 d6 d7 d8 d9
RuCls Felo Fel> Cols Nil2 CuCl2

FIG. 10. Different possible electronic states for d'—d° occupations as discussed in the main text. Configurations that break the doublet
degeneracy would be associated with further lattice distortions, reducing symmetry below trigonal, including structural modes as described in
Fig. 6. States with higher aj,/e; occupation ratios are likely to have a higher L,/L; ligand bond ratio.
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The relatively smaller ligand field splitting in the halides
relative to the octahedral perovskite oxides suggests that the
d*, d°, and d° states will all be high spin. The d* and d° con-
figurations would also exhibit orbitally ordered and trigonally
broken states; d° can also support an insulating diamagnetic
state with the gap opened by the crystal field splitting between
the two higher energy and lower three orbitals.

The d7 state is most likely to be a § = 1/2 state with
the lowest three orbitals fully occupied, and one of the eg
orbitals half filled and spin polarized, likely leading to a
structurally broken state of the form found in the materials
with Cy;, point symmetry. The d® configuration is most likely
to be a § =1 state with each ej orbital half filled and spin
polarized. In some scenarios, it may be orbitally polarized and
nonmagnetic, associated with a symmetry breaking mode in
the lattice, most likely as previously discussed.

Such configurations may be susceptible to MITs, which
we assess using a recently devised machine-learning clas-
sification model [58]—particularly as machine learning is
becoming increasingly important in correlated materials’ un-
derstanding and discovery [59]. We found that the binary
MIT-non MIT classifier tends to predict that most of the 2D
halides are candidate MIT compounds, giving a positive MIT
classification for CrClz, FeCls, IrBr;, MnCl,, RuCls, TiCl,,
VCl3, and Zrl,, and a negative classification for Crls, Fely,
and Nil,. This is likely due to the similarity of this class
of materials to perovskite oxide MIT transition compounds
in the structural features exhibited, such as the average tran-
sition metal-ligand distances which range between 2.4 and
3.01 A, the metal-metal distances of 3.3—4.2 10\, and electronic
descriptors, e.g., estimated unscreened Hubbard U values.
However, due to their intrinsic broken symmetry and reduced
dimensionality, these materials generally will be exclusively
insulating. Additionally, the screened interaction parame-
ters are likely to be higher than in the three-dimensional
(3D) perovskites, due to lower screening in this class of
materials [60]—and van der Waals materials more gener-
ally. Similar to MIT compounds, the 2D halides will tend
to display coupled electronic and lattice transitions at low
temperatures [31].

For the d° and possibly d* configurations, the presence of
one hole in the ¢2 manifold implies a breaking of rotational
symmetry and, likely, a one dimensional electronic structure.
To examine this possibility, we perform the following simula-
tion. We take a single layer of the experimental Zrl, structure
and replace Zr with Cu and I with CI without allowing the
structure to relax. Owing to the strong charge-transfer charac-
ter of the resulting theoretical material, the Cu d manifold is
mostly filled. Nonetheless, after performing the appropriate
rotation of the d-shell basis, we find that the two least-
occupied orbitals are eg -like (Fig. 11). These orbitals display
nonzero orbital polarization with one orbital with d,>_,» char-
acter pointing along Cu-Cl bonds along the 1D chain, and one
orbital of d3,2_,> character pointing towards Cu-Cl bonds that
connect the 1D chains. This type of symmetry breaking can
likely be exploited, provided the appropriate material strains,
to form 1D conducting chains out of a 2D structure. This be-
havior is similar to how the pseudo-2D electronic structure of
cupratelike high-temperature superconductors forms from out
of 3D conducting building blocks. Another orbitally polarized

T X
(0,0,0) (7,0,0)

Y
0.7.0)

FIG. 11. (a) DFT band structure, and fat bands of the top two
Wannier orbitals on the hypothetical CuCl, monolayer discussed in
the main text. (b) Real-space isosurfaces of the highest energy d
orbitals, with occupations 0.912 and 0.93 per spin channel. Due to
the pseudo-1D nature of the symmetry broken lattice structure, there
is relatively little dispersion along the I'-X direction.

state can also be obtained with a different orbital basis for the
d® configuration [61].

V. CONCLUSIONS AND DISCUSSION

We showed that the highest possible metal orbital sym-
metry of 2D dihalides and trihalides comprising edge-shared
MX¢ octahedra is trigonal, and analyzed the interplay of
atomic lattice, orbital physics, and correlation effects. Within
this trigonal basis, we showed that the amplitude of the elec-
tronic orbital splittings can be tuned both by the interlayer
distance as well as through changing the ligand-ligand bond
ratio L, /L, and that the effect of correlations strongly favors
ordered, insulating states, by further enhancing the crystal
field splittings resulting from the trigonal symmetry. We have
shown that this effect is very large, of the order of 0.1-1.0 eV,
and cannot be neglected in any realistic modeling of this class
of materials.

In addition, the orbital occupancies can be sensitively tuned
through changes in these atomic structure features, which can
be achieved experimentally via pressure, via strain, as well
as possibly via optical excitations of the relevant structural
modes to enable control of magnetic configurations and other
electronic ordering, justifying why these materials are most
likely to be insulating. We showed that these materials can be
analyzed from the point of view of the ZSA classification.

We showed how one can build and analyze a Wannier
model corresponding to this reduced symmetry, symmetry
which can lead to novel (correlated) electronic states. Our
paper building these Wannier functions is however general,
and can be applied to other materials with different symme-
tries as well, and we have provided simple scripts to do so.
Our paper serves as a basis to understand correlated phenom-
ena in this class of materials, and their interplay with lattice
symmetry modes, and easily allows for models to disentangle
their roles—similar to recently built models on perovskites
and their Ruddlesden-Popper phases [11,17,62,63]. Our re-
sults may be particularly important in the search for candidate
spin liquids. Spin liquid states are predicted to be found in
the vicinity of a Mott transition and in symmetric highly
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frustrated structures. Our generic finding of strong orbital
ordering and associated trigonal symmetry breaking will
be important in appropriately modeling—and discovering—
potential spin liquids and other novel states.
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