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Abstract: Materials composed of two dimensional layers bonded to one another through weak van
der Waals interactions often exhibit strongly anisotropic behaviors and can be cleaved into very thin
specimens and sometimes into monolayer crystals. Interest in such materials is driven by the study
of low dimensional physics and the design of functional heterostructures. Binary compounds with
the compositions MX; and MX3 where M is a metal cation and X is a halogen anion often form
such structures. Magnetism can be incorporated by choosing a transition metal with a partially filled
d-shell for M, enabling ferroic responses for enhanced functionality. Here a brief overview of binary
transition metal dihalides and trihalides is given, summarizing their crystallographic properties
and long-range-ordered magnetic structures, focusing on those materials with layered crystal
structures and partially filled d-shells required for combining low dimensionality and cleavability
with magnetism.
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1. Introduction

Binary transition metal halides M X, (M = metal cation, X = halogen anion) provide a rich family
of materials in which low dimensional magnetism can be examined, and such studies were carried
out through much of the last century [1]. The dihalides contain triangular nets of transition metal
cations, and geometrical frustration is expected when the magnetic interactions are antiferromagnetic
(AFM) [2—4]. Several of the MX; compounds form helimagnetic structures and display multiferroic
behavior [5-8]. In the trihalides, on the other hand, the transition metal cations form honeycomb nets.
This lattice is not frustrated for simple AFM nearest neighbor interactions, but in the case of RuCl;
more complex magnetic interactions and spin-orbit coupling are expected to result in a spin-liquid
ground state that is currently of much interest [9-13]. For many of the materials considered here,
the in plane interactions are ferromagnetic (FM). Chromium trihalides were identified as some of
the earliest ferromagnetic semiconductors, and CrX; compounds in general have received recent
attention as candidate materials for the study of magnetic monolayers and for use in van der Waals
heterostructures, in which their magnetism can be coupled to electronic and optical materials via
proximity effects [14-21]. Developing cleavable ferroic materials, both magnetic and electric, is key to
expanding the toolbox available for designing and creating custom, functional heterostructures and
devices [22-24]. Although FM and ferroelectric materials play the most clear role in such applications,
the development of spintronics employing antiferromagnetic materials may open the door to a much
larger set of layered transition metal halides [25-27].

It is generally observed that binary halides often form low dimensional crystal structures,
comprising either molecular units, one dimensional chains, or two dimensional layers. This holds true
especially for the chlorides, bromides, and iodides, and can be attributed to the low ionic charge X~
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and relatively large ionic radii (1.8-2.2 A) of these anions. This results in multiple large anions for each
metal cation assuming oxidation states typical for transition metals. Thus the cations are usually found
in six-fold coordination and are well separated into structural units that are joined to one another in
the crystal by van der Waals bonding between halogen anions. Fluoride has a much smaller ionic
radius (1.3 A) and forms three dimensional crystal structures with the divalent and trivalent cations
that are the focus of most of this work. Note that this simple ionic picture is not appropriate when
metal-metal bonding is present, which is often the case in the early, heavy transition metals. Typically
larger anion to cation ratios result in lower dimensional structures, but often polymorphs of different
dimensionality occur for a single composition. For example, TiCl3 forms with 1D chains of face sharing
octahedra or 2D layers of edge sharing octahedra [28,29]. Dihalides (MX5) and trihalides (MX3)
represent the majority of layered binary transition metal halides. There are, however, other examples,
including Nb3Clg [30], in which interesting magnetic behavior has been noted recently [31,32].

Here, a brief review of M X, and M X3 compounds with partially filled d-shells is presented, with
a focus on crystal and magnetic structures. A general overview of the crystallographic properties and
magnetic behavior including static magnetic order in these two families is given. This short survey is
not meant to be exhaustive, but rather to give a general introduction to these materials and a broad
overview of the trends observed in their crystallographic and magnetic properties, with references to
the literature where more detailed discussion can be found.

2. Crystal Structures of Layered, Binary, Transition Metal Halides

2.1. MX, Compounds

Crystal structure information for MX, compounds with partially filled d-shells is collected in
Table 1. Non-magnetic, layered dihalides of Zn, Cd, and Hg, with valence electronic configurations
3410 4410 and 5410, respectively, are also known [33-39], but these are not considered here. It can
be seen that most of the compounds in Table 1 adopt either the trigonal Cdl, structure type or the
rhombohedral CdCl; structure type. These structures are shown in Figure 1. Both contain triangular
nets of cations in edge sharing octahedral coordination forming layers of composition MX, separated
by van der Waals gaps between the X anions. The structures differ in how the layers are stacked.
The Cdl, structure type has AA stacking with one layer per unit cell, and the X anions adopt a
hexagonal close packed arrangement. The CdCl, structure has ABC stacking with three layers per unit
cell, and the X anions adopt a cubic close packed arrangement.

Figure 1 also shows sections of the periodic table highlighting the transition metals for which the
MX; compounds listed in Table 1 form. Note that compounds with stoichiometry M X, are known
for other M, for example Cr, Mo, and Pd, but they form molecular (cluster) compounds or 1D chain
structures. Among the dichlorides, the CdCl; structure is found only for the later transition metals,
and only for Ni in the dibromides and diiodides. However, Schneider et al. have shown that MnBrp
may undergo a crystallographic phase transition from the Cdl, structure type to the CdCl, structure
type at high temperature [40]. Nil, undergoes a crystallographic phase transition at 60 K [41]. It is
monoclinic below this temperature, resulting from a slight distortion (8 = 90.2°) from the C-centered
orthorhombic description of the hexagonal lattice. In addition, diffraction measurements on FeCl,
under pressure have shown a transition from the CdCl, structure to the the Cdl, structure near
0.6 GPa [42,43].

Interatomic distances between M cations within the layers and the spacing of the layers are shown
in Table 1. For the CdCl, and Cdl; structure types the in-plane M — M distance is equal to the length
of the crystallographic a axis (hexagonal settings). The layer spacing, defined as the distance between
the midpoints of neighboring layers measured along the stacking direction, is equal to the length of
the c axis in the Cdl; structure and ¢/3 in the CdCl, structure. Moving across the series from Mn to Ni,
both of these distances generally decrease, while less systematic behavior is seen for TiX; and VXs.
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Table 1. Summary of structural and magnetic data for layered MX, compounds with partially filled d-shells. A * indicates that the compound is known to undergo a
crystallographic phase transition above or below room temperature. “Magnetic order” refers to long range 3D magnetic order, and is given as antiferromagnetic
(AFM), ferromagnetic (FM), or helimagnetic (HM). “Moments in layer” refers to the arrangement of the magnetic moments within a single layer, with || and L
indicating whether the moments are directed parallel to the plane of the layer (in plane) or perpendicular to it (out of plane), respectively. Ordering temperatures (Ty)
and Weiss temperatures (f) are given. References for the magnetic data can be found in the associated text.

in Plane M — M Layer Moments

Compound  Structure Type Reference Distance (A) Spacing (&) Magnetic Order in Layer Tn, (K) 0, (K)
TiCl, CdI, (P3m1) [44] 3.56 5.88 AFM - 85 —702
TiBr, Cdl, (P3m1) [45] 3.63 6.49 - - - -

Til, CdI, (P3m1) [46] 411 6.82 - - - -
VCl, CdI, (P3m1) [47] 3.6 5.83 AFM 120° 36 —565, —437
VBr; CdlI, (P3m1) [46] 3.77 6.18 AFM 120° 30 —335
VI, CdI, (P3m1) [48] 4.06 6.76 AFM - 16.3, 15 —143
MnCl, CdCl, (R3m) [49] 3.71 5.86 AFM or HM stripe or HM 2.0,1.8 -3.3
MnBr, * CdI, (P3m1) [50] 3.89 6.27 AFM stripe || 2.3,2.16 -
Mnl, CdI, (P3m1) [51] 4.16 6.82 HM HM 3.95, 3.8, 3.45 -
FeCl, CdCl, (R3m) [52] 3.6 5.83 AFM FM L 24 9(]),21 (L)
FeBr, CdI, (P3m1) [53] 3.78 6.23 AFM FM L 14 =3.0(]]), 3.5 (L)
Fel, CdlI, (P3m1) [54] 4.03 6.75 AFM stripe L 9 24(|]),21.5 (L)
CoCl, CdCl, (R3m) [55] 3.54 5.81 AFM FM || 25 38
CoBr, CdI, (P3m1) [56] 3.69 6.12 AFM FM || 19 -
Col, CdI, (P3m1) [51] 3.96 6.65 HM HM 11 -
NiCl, CdCl, (R3m) [57] 3.48 5.8 AFM FM || 52 68
NiBr, CdCl, (R3m) [58] 3.7 6.09 AFM, HM EM ||, HM 52,23 -
Nil, * CdCl, (R3m) [59] 39 6.54 HM HM 75 -
ZrClp MoS; (R3m) [60] 3.38 6.45 - - - -
Zrl, MoTe; (P21 /m) [61] 3.18,3.74, 4.65 7.43
Zrl, WTe2 (Pmn2y) [62] 3.19,3.74, 4.65 7.44 - B B B
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The layered phases are restricted to the first row of the transition metals, with the exception of the
4d element Zr. Both ZrCl; and Zrl, are reported, but not the dibromide. The zirconium compounds
are found to have different structures than the layered 34 transition metal dihalides. As shown in
Figure 2, ZrCl, adopts the MoS, structure type [60], which has the same triangular nets of metal
cations and ABC stacking found in CdCl,. However, in ZrCl, the Zr atoms are in trigonal prismatic
coordination rather than octahedral coordination. As a result the Cl anions do not form a cubic close
packed arrangement in ZrCl, but instead an AABBCC stacking sequence. Zrl; is reported to adopt
both the MoTe, and WTe; structure types [61,62]. The closely related structures are shown in Figure 2.
The regular triangular net of M cations found in the compounds described previously is disrupted in
Zrlp, which has zigzag chains of Zr atoms (see M — M in-plane distances in Table 1). This points to the
tendency of heavier (4d and 5d) transition metals to form metal-metal bonds. Indeed, in addition to the
layered MoS; structure described above for ZrCl,, a molecular crystal structure with Zrg clusters is also
known [63]. Further examples of this tendency will be noted later in discussion of M X3 compounds.

Mcl,

MBr,

Zr | Nb | Mo | Tc | Ru | Rh

Hf | Ta| W|Re |Os | I Pt

A

Figure 1. A section of the periodic table showing the transition metals for which layered MX,

compounds listed in Table 1 form. The metals are highlighted with colors that correspond to the
structure types shown on the lower right. A plan view of a single layer common to both the CdI, and
CdCl, structure types is shown on the upper right.
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ZrCly, (MoS,-type) Zrl, (MoTe,-type) Zrl, (WTes-type)

Figure 2. Crystal structures of layered ZrX; compounds. A single Zr coordination polyhedron is
shown for each structure.

2.2. MX3 Compounds

Crystal structure information for layered MXj3; compounds is collected in Table 2.
Only compounds with transition metals containing partially filled d-shells are included, since those
are the materials in which magnetism may be expected. Non-magnetic, layered trihalides of Sc and Y,
with valence electronic configurations 3d9 and 440, respectively, are also known [28,64-68]. Note that
several of these materials also form in 1D chain structures, but those polymorphs are outside of the
scope of the present work. All of the layered compounds have been reported to adopt either the
monoclinic AICl3 structure type or the rhombohedral Bil structure type, and this is indicated for each
element on the periodic table sections shown in Figure 3. In these materials the common structural
motif is a honeycomb net of M cations that are in edge sharing octahedral coordination, as shown in
Figure 3. In the Bilj structure the layer stacking sequence is strictly ABC, and the stacking in AlClj is
approximately ABC. In the former case subsequent layers are shifted along one of the M — M “bonds”
(to the right in the Bilz structure shown in Figure 3), while in the latter case the layers are shifted
perpendicular to this direction (into the page in the AICI3 structure shown in Figure 3).

In the Bilj structure the honeycomb net is regular due to the three-fold symmetry. In the AlCl;
structure the honeycomb net can be distorted, and the y-coordinate of the M site determines the degree
of distortion. This results in two unique in-plane M — M distances (Table 2). In most of the compounds
these two distances are seen to be quite similar, that is the honeycomb nets are nearly undistorted.
The two exceptions are the heavier transition metal compounds MoCl3 and TcCl3, in which the net is
broken into dimers that are separated from one another by a distance about one Angstrom longer than
their intradimer distance. Metal-metal bonding in Ic halides including layered (8) TcCl3 is discussed
in [69].

Three elements, Ti, Fe, and Ru, are reported to form multiple layered crystal structures with
stoichiometry MCl3 (Table 2). This is indicated by the crosshatching on the table in Figure 3. As noted
in Table 2, TiCl; is also reported to form in the trigonal Ti3O structure type. This is similar to the Bils
structure shown in Figure 3, but with an ABB stacking sequence. This same structure type is also
found for one of the FeCls polymorphs, which also forms in a third structure type (trigonal, P3) with
twelve honeycomb layers per unit cell and a c axis length of 70 A.
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Table 2. Summary of structural and magnetic data for layered M X3 compounds with partially filled d-shells. A * indicates that the compound is known to undergo a
crystallographic phase transition above or below room temperature. Multiple reported structure types are listed for some compounds. “Magnetic order” refers to long
range 3D magnetic order, and is given as antiferromagnetic (AFM), ferromagnetic (FM), or helimagnetic (HM). “Moments in layer” refers to the arrangement of the
magnetic moments within a single layer, with || and L indicating whether the moments are directed parallel to the plane of the layer (in plane) or perpendicular to it
(out of plane), respectively, and “canted” indicating a canting away from either of these directions. Ordering temperatures (Ty, Tc) and Weiss temperatures (6) are
given. References for the magnetic data can be found in the associated text.

in Plane M — M Layer Moments

Compound Structure Type Reference Distance (A) Spacing (A) Magnetic Order in Layer Ty or T¢, (K) 0, (K)

TiCl3 * Bil3 (R3) [28] 3.53 5.83

TiCl; * TizO (P31c) [70] 3.55 5.86 - B B B
TiBrs * Bil3 (R3) [71] 3.74 6.21 - - - -
VCl; Bil3 (R3) [28] 3.47 5.78 AFM - ~20 -30
VBr3 Bil3 (R3) [72] 3.7 6.21 - - - -

CrCl3 * AlCl3 (C2/m) [73] 3.44,3.44 5.80 AFM EM || 15.5,16.8 27

CrBr3 * Bil3 (R3) [74] 3.64 6.11 FM FM L 37 47
Crlz * AlCl3 (C2/m) [16] 3.96, 3.97 6.62 M FM L 61 70
FeCls Bil3 (R3) [75] 3.50 5.80

FeCl3 Ti3O (P312) [76] 3.50 5.80 HM HM 9-10 —11.5
FeCls FeCl; (P3) [76] 3.50 5.81

FeBr3 Bil3 (R3) [77] 3.69 6.13 AFM - 15.7 -
MoCl3 AlCl3 (C2/m) [78] 2.76,3.71 5.99 - - - -
TeCl3 AlCl3 (C2/m) [79] 2.86, 3.60 5.86 - - - -

RuCl3 * AlCl3 (C2/m) [80] 3.45,3.45 5.69

RuCls * TizO (P312) [81] 3.45 572 AFM zig-zag canted 7-8,13-14 37 (|[), —150(L)

RuCl; * CrCl3 (P3112) [82] 3.44,3.45 5.73

RhCl3 AlCl3 (C2/m) [83] 3.44,3.43 5.70 - - - -
RhBr3 AlCl3 (C2/m) [84] 3.62,3.62 6.00 - - - -
Rhls AlCl3 (C2/m) [84] 3.91,3.90 6.45 - - - -
IrCl; AlCl3 (C2/m) [85] 3.46, 3.45 5.64 - - - -
IrBr3 AlCl3 (C2/m) [86] 3.67,3.64 6.01 - - - -

Irlz AlCl3 (C2/m) [86] - 6.54 - - - -
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Figure 3. A section of the periodic table showing the transition metals for which layered MX3
compounds listed in Table 2 form. The metals are highlighted with colors that correspond to the
structure types shown on the lower right. Crosshatching indicates multiple structures have been
reported (see Table 2). A plan view of a single layer common to both the Bil; and AICl3 structure types
is shown on the upper right, with coordinate systems corresponding to each structure type.

TiClz undergoes a structural phase transition at low temperature [87]. Troyanov et al.
demonstrated that the distortion upon cooling corresponds to a dimerization similar to that noted
above in MoCl3 and TcCl; [70]. Below 220 K a monoclinic structure was reported. The space group,
C2/m is the same as the AICl3 structure type, but the structure is different, with three layers per unit
cell. The dimerization is not as extreme in TiCl5 as it is in MoCl; and TcCl3. At 160 K the Ti-Ti distances
within the distorted honeycomb net are 3.36 and 3.59 A [70], so the dimerization is not as strong at
this temperature, 60 K below the transition, as it is in MoClz and TcCl; (Table 2) at room temperature.
A structural phase transition is also reported for TiBrs, with a triclinic low temperature structure
(P1) [88], and this same triclinic structure was also later reported for TiCl3 [89].

All three of the layered chromium trihalides are known to undergo temperature induced
crystallographic phase transitions between the AICIl3 and Bilz structure types [16,73]. At high
temperatures all three adopt the AICI3 structure and transition to the Bilz structure upon cooling.
This happens near 240, 420, and 210 K in the chloride, bromide, and iodide, respectively. The phase
transition is first order, displaying thermal hysteresis and a temperature range over which both
phases coexist. Interestingly, it is the lower symmetry monoclinic phase that is preferred at higher
temperatures. The transition must be driven by interlayer interactions, since the layers themselves are
changed little between the two phases. As expected, twinning and stacking faults develops during the
transition upon cooling as the layers rearrange themselves into the Bil3 stacking, which can complicate
interpretation of diffraction data [16].

Multiple structure types have been assigned to the layered form of RuCls, known as a-RuCls.
Early reports assigned the trigonal space group P3;12 [82] (known as the CrClj3 structure type, although
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it has been shown that CrCl3 does not actually adopt it) and the AICI; type [85], and a tendency to
form stacking defects has been noted [86]. The TizO type was also reported [81]. More recently an
X-ray and neutron diffraction study reported the monoclinic AlCl3 structure for small single crystals at
and below room temperature, and a phase transition in large single crystals from a trigonal structure at
room temperature to the monoclinic AICl3 structure type below about 155 K [80]. A recent report finds
high quality crystals undergo a crystallographic phase transition upon cooling from the AlCl3-type at
room temperature to the Bils-type below about 60 K [90], the same transition described above for CrXs.
Note that even in the monoclinic form the honeycomb net of Ru has little or no distortion (Table 2).

Finally, layered IrCl; has the AICl3 structure with a nearly regular honeycomb net (Table 2), but it
is also known to adopt a less stable orthorhombic polymorph (Fddd). The orthorhombic structure
is made up of edge sharing octahedra like the layered structure, but the connectivity extends the
structure in three dimensions [91]. It is interesting to note that the structure of orthorhombic IrCl; is
made up of fragments of honeycomb nets like those found in the layered structures shown in Figure 3.

Clearly there are many variants on the stacking sequence in these layered materials due to the
weak van der Waals interactions between layers that results in small energy differences between
arrangements with different stacking sequences. This is apparent from the crystallographic results
from the Ti, Cr, Fe, and Ru trichlorides discussed above. This has been demonstrated using first
principles calculations for RuCls where multiple structures are found to be very close in energy,
and the ground state can depend on the fine details of spin-orbit coupling and electron correlations [92].
The possibility of mechanically separating these materials into thin specimens or even monolayers
is of great interest from the point of view of low dimensional magnetism and potential applications
and is greatly facilitated by the weakness of the interlayer interactions. The cleavability of several of
these compounds has been studied with first principles calculations, using density functionals that
incorporate the weak interlayer dispersion forces that are missing from many conventional functionals.
For the Ti, V, and Cr trihalides, cleavage energies are reported to be near 0.3 ]/ m?2, which is smaller
than that of graphite [16,17,93]. Stable monolayer crystals of Crl3 have recently been demonstrated
experimentally [21].

3. Magnetic Structures of Layered, Binary, Transition Metal Halides

The magnetic order in layered MX,; and MX3 compounds is described below, and some
description of the high temperature paramagnetic behavior is given as well. Magnetic excitations and
magnetic correlations that develop above the long range ordering temperature are not considered
here. Magnetism in these insulating transition metal halide compounds arises from the angular
momentum associated with partially filled d orbitals. In octahedral coordination, interaction with
the coordinating anions split the five d orbitals into a set of three levels at lower energy, the f5,
levels (dyy, dxz,dyz), and two levels at higher energy, the e, levels (d,. .y d,2). According to Hund’s
rules, the d electrons first fill these states singly with their spins parallel, unless the energy cost of
putting electrons in the higher energy e, states overcomes the cost of doubly occupying a single state.
In addition to their spin, the electrons in these levels also have orbital angular momentum. In ideal
octahedral coordination, the total orbital angular momentum can be shown to be zero for certain
electronic configurations. This arises due to rotational symmetry of the system, and when this occurs
the orbital angular momentum is said to be “quenched”. For octahedral coordination the orbital
angular momentum is quenched when there is exactly one electron in each of the t;; orbitals, and
when there are two electrons in each of the t5, orbitals. Otherwise there is an orbital moment that
must be considered. There is no orbital angular momentum associated with the e, orbitals. Of course,
distortions of the octahedral environments can affect the details of the magnetism that are based on
symmetry and degeneracy of electronic states. Despite the partially filled d-orbitals, the materials
considered here are electrically insulating under ambient conditions. This can be attributed to a
Mott-Hubbard type mechanism by which electron-electron interactions produce a band gap related to
the Coulomb repulsion among the well-localized electrons (see for example [94]).
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Magnetism in a material is often first characterized by measurements of magnetization (M) as
functions of applied magnetic field (H) and temperature (T). Considering magnetic interactions
between localized magnetic moments, the temperature dependence of the magnetic susceptibility
(x = M/H) can often be described by the Curie-Weiss formula, x(T) = C/(T — ). The Curie
constant (C) is a measure of the size of the magnetic moment and is given by C = é\{(—:y% ¢25(S+1),
where N4 is Avogadro’s number, kp is the Boltzmann constant, yp is the Bohr magneton, S is the
total spin, and g = 2.00 is the electron gyromagnetic ratio. The “effective moment” (j.f) is also
often quoted, perr = g1/S(S + 1)pp. In cgs units, pepr = V/8C. Fully ordered magnetic moments are
expected to be equal to ¢S in units of Bohr magnetons. When both orbital and spin moments are
present, the total angular momentum and associated g-factor must be used. The Weiss temperature ()
is a measure of the strength of the magne_t)ic igteractions. Considering magnetic interactions between
nearest neighbors of the form H;; = —]S; - §;, it can be shown that the Weiss temperature depends
on the spin S, the magnetic exchange interaction strength |, and the number of nearest neighbors
z according to 6 = %S(S +1). Positive values of 6 indicate positive values of J, which indicate
ferromagnetic interactions. Negative values of 6 indicate antiferromagnetic interactions. In a simple
mean field model, the Weiss temperature corresponds to the ordering temperature (T¢ n = |0|). Note
that the presence of multiple types of interactions, for example FM intralayer interactions and AFM
interlayer interactions, complicates the interpretation of Weiss temperatures.

In the materials considered here, the in-plane magnetic interactions between transition metal
cations are expected to arise mainly from superexchange through shared coordinating halogen
anions. The sign of the superexchange interaction depends upon many factors, including the orbital
occupations and the M — X — M angle (see, for example, the discussion in [94]). It is often AFM
and strong when the angle is 180°. When this angle is 90°, as it is in the edge sharing octahedral
coordination found in layered MX; and M X3 compounds, superexchange can be either FM or AFM.
There are also direct M — M exchange interactions, which tend to be AFM, but this is expected to be
relatively weak in these materials due to the relatively large M — M distances. The in-plane magnetic
order in most of the compounds described below either is ferromagnetic, contains ferromagnetic stripes,
or has a helimagnetic arrangement. The later two scenarios are expected to arise from competing
magnetic interactions. The exceptions are VX, in which the interactions are predominantly AFM [95],
and perhaps TiCly.

Note that in the figures below showing the magnetic structures of MX; and MX3 compounds,
only the M sublattices are shown. The magnetic moments directions are indicated by red arrows.
In addition, to make the magnetic structures easier to view, different colored balls are used to represent
atoms with moments along different directions, except for in the more complex helimagnetic structures.

3.1. MX, Compounds

3.1.1. TiX; and ZrX;

These compounds have Ti and Zr in the unusual formal oxidation state of 2+. However, as noted
above, metal-metal bonds are present in Zrly, so this simple electron counting is invalid in this case.
Divalent Ti and Zr in TiX; and ZrCl, have electron configurations of 3d> and 4d?, respectively, with an
expected spin of S = 1. There have been very few magnetic studies of these materials, likely due in part
to their instability and reactivity. Magnetic susceptibility measurements on TiCl, down to 80 K have
revealed a cusp near 85 K [96]. The authors suggest that this may indicate antiferromagnetic ordering
at this temperature, although they note that previous measurements showed smoothly increasing
susceptibility upon cooling from 300 to 20 K [97], but this was based on only six temperature points
and significant features could have been overlooked. Magnetic susceptibility versus temperature
curves have somewhat unusual shapes, and effective moments of 1.1 and 2.0 ug per Ti have been
reported [96,97]. A Weiss temperature of —702K was determined by Starr et al. [97], which would
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indicate strong antiferromagnetic interactions. Frustration of these interactions by the triangular Ti
lattice may be responsible for the relatively low ordering temperature of 85K proposed in Ref. [96].

ZrCly is reported to have a reduced magnetic moment at room temperature [96], but no
temperature dependent data were reported. The authors suggest that this may indicate strong
antiferromagnetic interactions between Zr magnetic moments. No magnetic structure determinations
for TiCl, were located in the literature and no magnetic information was found for TiBr; or Til,.

3.1.2. VX,

These materials contain divalent V with an electronic configuration 3%, S = 3/2. An early report
on VCl, found it to be paramagnetic with a large negative Weiss temperature (—565K) indicating
strong antiferromagnetic interactions [97]. Niel et al. later reported Weiss temperatures of —437, —335,
and —143 K for VCl,, VBry, and VI, respectively, with effective moments close to the expected value
of 3.9 up, and explained their behavior in terms of a 2D Heisenberg model [95].

A neutron powder diffraction study showed that all three of the vanadium dihalides order
antiferromagnetically with Néel temperatures of 36.0K for VClp, 29.5K for VBr; and 16.3K for VI, [98].
The strong suppression of these ordering temperatures relative to the Weiss temperatures is a result of
geometrical frustration. Both temperatures trend to lower values as the halogen is changed from Cl
to Br to I. Further neutron scattering experiments revealed that the magnetic order in VCI, develops
in two steps, with phase transition temperatures separated by about 0.1 K, and found the magnetic
structure at low temperature to be a 120° Néel state shown in Figure 4, where each moment in the
triangular lattice is rotated by this angle with respect to its neighbors, with moments in the ac-plane [2].
The ordered moment corresponded to a spin of 1.2. In that study, three types of critical behavior were
observed, corresponding to 2D Heisenberg, 3D Heisenberg, and 3D Ising models. A similar magnetic
structure was found for VBry; with moments of about 83% of the expected value [99]. The magnetic
order in VI, develops in two steps with Ty = 16.3K and Ty, near 15K, but the low temperature
magnetic structure of this compound was not resolved with any certainty [98].

Recently Abdul Wasey et al. proposed VX, materials as promising candidates for extending
2D materials beyond graphene and dichalcogenides [100]. They report results of first principles
calculations of the magnetic order in these systems in both bulk and monolayer forms. In the bulk
crystal the experimental spin structure was reproduced. A similar structure is predicted for the
monolayer, and the authors suggest that magnetic order in the monolayer may occur at much higher
temperature than in the bulk.

VCl, (T < 36 K) VBr, (T < 29.5 K)

Figure 4. The 120° magnetic structure determined for VCl, and VBr,. The image shows a single
triangular net of V atoms lying in the ab plane. Moments on the grey atoms are along the c axis.
Moments on the black and blue atoms lie in the ac plane and are rotated by an angle of +120° from the
c axis.
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3.1.3. MnX,

Divalent Mn has a 3d° electronic configuration, with S = 5/2. Magnetization measurements for
MnCl, indicate weak antiferromagnetic interactions (8 = —3.3 K) and an effective moment of 5.7 yp,
close to the expected value of 5.9 up [97]. Heat capacity measurements indicate magnetic phase
transitions at 1.96 and 1.81 K [101]. The magnetic structures of MnCl, below these two transitions have
not been completely determined. Neutron diffraction from single crystals were analyzed assuming
a collinear structure and complex orderings with stripes of ferromagnetically aligned spins in the
plane were proposed [102]. A more recent investigation of MnClp-graphite intercalation compounds
found that the magnetic order within isolated MnCl, layers could be described by an incommensurate
helimagnetic arrangement, and it was suggested that this may also hold for the magnetic structure of
the bulk crystal [103].

A heat capacity anomaly was reported at 2.16 K in MnBrp, and neutron diffraction showed
that antiferromagnetic order is present below this temperature [50]. The magnetic structure has
ferromagnetic stripes within the layers with antiferromagnetic coupling between neighboring stripes,
as depicted in Figure 5. The moments are along the a axis of the hexagonal cell of the crystal structure.
There is antiferromagnetic order between the layers. Later, an incommensurate magnetic phase was
identified between this phase and the paramagnetic state, persisting up to about 2.3 K [104].

MnBr, (T < 2.2 K)

Figure 5. The lowest temperature, commensurate magnetic structure of MnBr;. The coordinate system
refers to the underlying hexagonal crystal structure. Dark blue is used for Mn atoms with moments
along the hexagonal a direction, and light blue for those with moments along -a.

Mnl, adopts a complicated helical magnetic structure below 3.4K [105]. The moments lie in
the (307) planes, and are ferromagnetically aligned within each of these planes. The variation of
the moment direction upon moving between (307) planes was originally reported to be a rotation
by 27/16 [105]. Further measurements resolved multiple phase transitions as the magnetic order
develops and find the helical ordering to be incommensurate, but with a wave vector close to that
reported in the earlier work [104].

It was recently noted that a ferroelectric polarization develops in the magnetically ordered state
of Mnl, spurring interest in this compound as a multiferroic material [6,7]. Density functional
theory calculations suggest that spin-orbit coupling on the iodine ions is the main source of the
ferroelectric polarization in Mnl, [7], which has been measured to exceed 120 uC/ m? [6]. While
spin-orbit coupling is required to accurately describe the polarization, is was found to have little
influence on the magnetic interactions determined by fitting density functional theory results to a
Heisenberg model [7]. In that study it was found that the observed helimagnetic order arises from
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competing magnetic interactions on the triangular Mn lattice, that electronic correlations, which
weaken AFM superexchange, must be considered to accurately reproduce the experimental magnetic
structures, and that the details of the spiral structure are sensitive to relatively strong interplane
magnetic interactions. The ferroelectric polarization responds to applied magnetic fields in multiferroic
Mnl,. Magnetic fields affect the polarization by modifying the helimagnetic domain structure at low
fields, and by changing the magnetic order at higher fields [6]. Ferroelectric distortions onsetting at
the magnetic ordering temperatures and associated multiferroictiy is a common occurrence in MXjp
compounds that adopt non-collinear magnetic structures (see Coly, NiBry, and Nil, below); however,
the details of the coupling between the spin and electric polarization in these and related triangular
lattice multiferroics is not well understood [8].

3.1.4. FeX,

The divalent iron, 3d°, in these compounds is expected to be in the high spin state with S = 2.
The partially filled f,, levels means that orbital angular momentum is not quenched, and an orbital
moment may be expected, as discussed in [106] and references therein. Significant anisotropy is
observed in the paramagnetic state in all three of the iron dihalides, with a larger effective moment
measured along the ¢ axis [107]. Moments in the magnetically ordered states are also along this
direction. Weiss temperatures determined from measurements with the field in the plane (||) and out
of the plane (L) are 9K (||) and 21 K (L) for FeCl,, —3.0K (||) and 3.5K (L) for FeBry, and 24K (||) and
21.5K (L) for Fel, [107].

Although the crystallographic structures of FeCl, and FeBr; differ (Table 1), they have the same
ordered arrangement of spins at low temperature. This magnetic structure is shown in Figure 6,
and contains ferromagnetic intralayer order and antiferromagnetic stacking. The chloride orders
below 24 K and has an ordered moment of 4.5 i3 [108], and the bromide orders below 14 K and has an
ordered moment of 3.9 up [108,109]. The iodide adopts a different low temperature structure below its
Neéel temperature of 9K, with two-atom-wide ferromagnetic stipes in the plane (ordered moment of
3.7 up) that are aligned antiferromagnetically with neighboring stripes [54]. The moment arrangement
is shifted from layer to layer so that the magnetic unit cell contains four layers. This is similar to the
magnetic structure of MnBr, shown in Figure 5, but the stripes run in different directions in the plane.
There is no apparent correlation between the Weiss temperatures and magnetic ordering temperatures
in the FeX, series. This is likely related to the presence of both FM and AFM interaction in these
materials, which complicates interpretation of the fitted Weiss temperatures.

FeCl, (T <24 K) FeBr, (T < 14 K) , (T<9K)

beb it st 4 ot éﬁ* it a4
b4t ahet ¢t 4 bt i ot 44
bt it it 44 it oyt 4
stabtabtte L pibatt et

Figure 6. The magnetic structures of FeX, with the hexagonal coordinate system of the underlying
crystal lattice shown. All moments are along either the +c or -c direction.
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As noted above, FeCl, undergoes a transition from the CdCl, structure to the Cdl, structure at
a pressure of 0.6 GPa. At higher pressures two additional phase transitions occur, with pronounced
effects on the magnetic behavior. Above 32 GPa the orbital moment is quenched and the magnetic
moments cant away from the ¢ axis. A further increase in pressure results in the collapse of the
magnetization and an insulator-metal transition that is attributed to delocalization of the Fe d
electrons [43,110]. Similar behavior is reported for Fel, [111]. In both materials the Néel temperature
in increased with applied pressure, and reaches room temperature before collapsing into the
non-magnetic state.

In the antiferromagnetic state, magnetic field induced phase transitions, or metamagnetic
transitions, occur in FeCly, FeBr;, and Fel, at applied fields near 11, 29, and 46kOe,
respectively [109,112,113]. This arises from stronger ferromagnetic coupling within the layers compared
to the weak antiferromagnetic coupling between them, and led to much of the early interest in these
materials, as summarized in [114] and references therein. The most complex behavior is seen in
Fel, [113]. From magnetization and heat capacity measurements, Katsumata et al. identified four
different field induced phases, in addition to the antiferromagnetic ground state, and proposed
ferrimagnetic structures for them [106]. In addition, Binek et al. have proposed the emergence
of a Griffith’s phase in FeCl, [115,116], and neutron diffraction has been used to construct the
temperature-field magnetic phase diagram of FeBr; [117].

3.1.5. CoX,

Cobalt dihalides have cobalt in electronic configuration 3d”, which can have a high (S = 3/2) or
low (S = 1/2) spin state. Orbital magnetic moments may be expected in either state. It is apparent
from neutron diffraction results that the high spin state is preferred, at least for CoCl, and CoBry.
The ordered moment on Co in CoCl, which orders below 25K [118], is 3.0 5 [108], and it is 2.8 yp
in CoBr;, [108], which orders at 19K [119]. These are close to the expected value of ¢S for S = 3/2
for high-spin only. However, magnetization measurements on CoCl, [97] indicate an enhanced
effective moment in the paramagnetic state (5.3 up), which suggests an orbital contribution, and a
Weiss temperature of 38 K.

Below their ordering temperatures, both of these compounds adopt the magnetic structure
shown in Figure 7, with ferromagnetic alignment within each layer and antiferromagnetic stacking.
The moments are known to be parallel or antiparallel to the hexagonal [210] direction for CoCl, [108],
as shown in the Figure. The moments in CoBr; are only known to lie within the ab plane [108].

The magnetic behavior in Col, is more complex. Col; is a helimagnet with a spiral spin structure,
and anisotropic magnetic susceptibility in the paramagnetic state arising from spin-orbit coupling [120].
Powder neutron diffraction analysis indicated a cycloidal structure with moments in the plane and
planes stacked antiferromagnetically [41], which is supported by Mossbauer spectroscopy [121].
The corresponding in-plane spin arrangement is shown Figure 7. Mekata et al. used single crystal
neutron diffraction to examine the magnetic order in Col, and found evidence of a more complicated
magnetic structure that requires an additional propagation vector to describe. The same study
identified a first order magnetic phase transition at 9.4 K, just below the magnetic ordering transition at
11.0K, and suggested that these successive transitions may arise due to in-plane magnetic frustration,
but no change in the magnetic structure was observed at 9.4 K [120].

An electric polarization of about 10 uC/m? that varies with applied magnetic field is induced
below the magnetic ordering transition in Col, indicating multiferroic behavior [8] (see Mnl, above,
NiBr,, Nil, below).
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CoCl, (T < 25 K)
CoBr, (T <19K) Col, (T < 11 K)
NiCl, (T <52K
NiBr, (23 K < T < 52 K)
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Figure 7. Magnetic structures of CoXp and NiX, for X =Cl and Br, and Col,. The moments lie in
the plane in each case, and are known to be parallel and antiparallel to the [210] direction in the
commensurate structures of CoCl; and NiXj,. A layer of the commensurate, cycloidal, helimagnetic
structure of Col, reported in [41] is shown. A more complex cycloidal structure has also been
reported [120]. Only a small portion of one layer of the lower temperature (T <23 K) long period
helimagnetic structure of NiBr, is shown. Coordinate systems of the hexagonal crystallographic unit
cells shown for reference.

3.1.6. NiX,

The octahedrally coordinated, divalent nickel in these compounds has a 3d® electronic
configuration, with filled t, and half-filled e orbitals. Magnetic moments are expected to be spin
only, as orbital angular momentum is quenched in this configuration. Magnetization data for NiCl,
indicate an effective moment of 3.3 jip, somewhat larger than the spin only value of 2.8 jip expected
for S = 1, and Weiss temperature of 68 K, suggesting predominantly ferromagnetic interactions [97].
The Néel temperatures of NiCl, and NiBr; are quite similar; upon cooling, both develop long range
antiferromagnetic order below 52K [122,123]. Their fully ordered moments are 2.11 and 2.0 up,
respectively [123,124], as expected for S = 1. The resulting magnetic structure is shown in Figure 7a.
The moments lie within the ab plane and are ferromagnetically aligned within each layer, with
antiferromagnetic stacking. The moment directions were determined from Mossbauer spectroscopy to
be parallel and antiparallel to the [210] direction, as depicted in the figure [125].

While the magnetic structure shown in Figure 7 describes NiCl, at all temperatures below
Tn, NiBr; undergoes a second phase transition, to a more complicated magnetic structure below
23K [123,126,127]. Below this first order transition the magnetic moments adopts an incommensurate
helimagnetic structure with a periodicity that varies with temperature. As described by Adam et al,,
the magnetic moments still lie within the basal plane, but vary in direction at 4.2K by 9.72° from
site to site along both the hexagonal a and b axes [123], as depicted in Figure 7. This results in
a periodicity of about 37 crystallographic unit cells along each in-plane direction. The stacking
remains antiferromagnetic.

Heat capacity data show that Nil, undergoes two phase transitions upon cooling, at 75 and
60K [128]. Helimagnetic order develops at 75K, and the phase transition at 60 K is crystallographic [41].
The helimagnetic structure of Nil, is incommensurate with the nuclear structure and the moments
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rotate in a plane that makes a 55° angle with the c axis, as depicted in [41]. The ordered moment at
4.2 K was determined to be 1.6 5.

Like helimagnetic Mnl, and Col, described above, NiBr, and Nil, also develop a ferroelectric
polarization in their helimagnetic states [5,8]. Polarizations of 20-25uC/m? are observed in the
bromide, and polarizations exceeding 120 pnC/m? are reported for the iodide. As in Mnlp and
Coly, the polarization can be controlled by applied magnetic fields through their influence on the
helimagnetic domain structure [5,8].

3.2. MX3 Compounds

Several of the M X3 compounds listed in Table 2 are not known to form magnetically ordered states.
These include TiX3, MoCls, TeCls, Rh X3, and IrX3. The later two materials have electron configuration
4d®, and are expected to have non-magnetic ground states with all electrons paired. A clue to the
non-magnetic nature of MoCl; [78] is found in the magnetic behavior of TiClz. Although neutron
diffraction shows no magnetic ordering in layered TiCl; at low temperature, magnetic susceptibility
shows a dramatic and sharp decrease near 217 K. This corresponds to the structural distortion noted
above in the discussion of TiClz and described in [70,89]. Ogawa had earlier observed a lattice response
coincident with the magnetic anomaly, and proposed that the formation of covalently bonded Ti-Ti
dimers that pair the d electrons on each Ti as the reason for the collapse of the magnetic moment [87].
Thus the strong dimerization in MoCl3 (Table 2) is expected to be responsible for its non-magnetic
nature. Dimerized TcCl3 is also expected to be non-magnetic [69].

32.1. VX3

Little information about magnetic order in VCl3 or VBr; is available. These compounds are
expected to be magnetic due to their electron configuration 342 (S = 1) and the undistorted honeycomb
net of the Bils structure type reported for these materials (Table 2). Magnetic susceptibility data [97]
for VCl; give an effective moment of 2.85 i, close to the expected value for S = 1 (2.82 ), and
a Weiss temperature of —30K, indicating antiferromagnetic interactions. The maximum displayed
near 20K in the temperature dependence of the susceptibility suggests antiferromagnetic order at
lower temperatures. First principles calculations have been done to examine the electronic and
magnetic properties of monolayers of VCl3 and (hypothetical) VI3 [93,129]. Both are predicted to be
ferromagnetic.

3.2.2. CrXs

In these compounds Cr is expected to be in a 3d°® electronic configuration, and effective moments
determined from high temperature magnetic susceptibility range from 3.7 to 3.9 jup per Cr as expected
for S = 3/2[16,97,130]. Weiss temperatures determined from these measurements are 27, 47, and
70K for CrCl3, CrBrs, and Crl;, respectively, indicating predominantly ferromagnetic interactions.
In fact, among the layered MX,; and MXs materials, the chromium trihalide family contains the
only compounds in which long-range, 3D ferromagnetic ground states are observed. The magnetic
structures are shown in Figure 8. Below 61K for Crl3 and 37K for CrBr3, moments directed out of
the plane order ferromagnetically [16,130-132]. In CrCl; below about 17K, ferromagnetic order is
also observed within the layers, but the layers stack antiferromagnetically [133,134]. Also unlike the
tribromide and triiodide, the moments in CrClj lie within the planes. In this series, the ordering
temperatures scale nicely with the Weiss temperatures. The ordered moments determined by neutron
diffraction and magnetic saturation are all close to 3 up as expected for the 34> electronic configuration
of Cr3+. Reported values are 2.7-3.2 up for CrCl3 [133], 3 up for CrBrs [130], and 3.1 upfor Crl3 [16,132].
Significant magnetic anisotropy is observed in the ferromagnetic state of Crls; the anisotropy field, the
field required to rotate the ordered moments away from the c-axis and into the ab-plane, is found to be
near 30 kOe near 2K [16,132]. Ferromagnetic CrBrs has a significantly lower anisotropy field of about
5kOe [130,131].
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CrBrs (T < 37 K)
CrCls (T < 17 K) Crl3 (T < 61 K)

Figure 8. Magnetic structures of CrX3. The hexagonal coordinate system of the low temperature
rhombohedral structure is shown. The moments in CrCls are drawn along the [110] and [110] directions
here, but are only known to be in the ab plane. Moments are along the c axis in ferromagnetic CrBr3
and Crl;.

With moments in the plane and antiferromagnetic stacking of the layers CrCl; is unique among
the chromium trihalides. It also has weak magnetic anisotropy. A magnetic field of only a few kOe
is sufficient to overcome the antiferromagnetic order and fully polarize the magnetization in any
direction [133,134]. Using the optical technique of Faraday rotation, Kuhlow followed closely the
evolution of the magnetization in CrCl3 with changing temperature and applied magnetic field [134].
It was noted that the magnetic order appears to onset in two stages upon cooling, first developing
ferromagnetic correlations and 16.7 K with long range antiferromagnetic order as shown in Figure 8
below 15.5K.

The ferromagnetism in these CrX3 compounds makes them particulary interesting for
incorporating magnetism into functional van der Waals heterostructures. Several relevant
theoretical studies have been reported that suggest ferromagnetic order may persist into monolayer
specimens [15-18]. Recently ferromagnetic monolayers of Crl3 were demonstrated experimentally [21].
Ferromagnetic Crlz was also recently incorporated into a van der Waals heterostructure in which
an exchange field effect equivalent to a 13 T applied magnetic field was observed in the electronic
properties of monolayer WSe; when the heterostructure was cooled through the Curie temperature of
Crl3 [20]. Although CrCl;3 has an antiferromagnetic structure in the bulk, each layer is ferromagnetically
ordered. If this proves to be independent of sample thickness then ferromagnetic monolayers may
be realized in all three of the chromium trihalides, with a range of magnetic anisotropy that may
allow easy tuning of the magnetization direction in the chloride or more robust moment orientation in
the iodide.
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3.2.3. FeX;

FeClz and FeBr3 have iron in the 34° configuration. There has been considerable study of the
magnetism in the chloride, but very little for the bromide. Early magnetization measurements on
FeCl; found an effective moment of 5.7 s, close to the expected spin-only value of 5.9 15, and a Weiss
temperature of —11.5K, indicating antiferromagnetic interactions [97]. A neutron diffraction study
found a helimagnetic structure for FeClz below about 15K, with an ordered moment on 4.3 15 per iron
at 4.2K [135]. The reduction from the expected value of 5 yp may be due to some disorder still present
at 4.2 K or could arise from a slight distortion from the periodic model used to describe the magnetic
order. Later magnetization measurements place the Néel temperature at 9-10K [136,137].

The magnetic structure of FeCl; is shown in Figure 9. The figure shows one layer of Fe atom:s,
with dashed lines denoting (140) planes. Sites in this layer on a common (140) plane have parallel
moments with their orientation indicated at the left of the Figure. Note that the moments all have the
same magnitude, but their projections on to the plane of the page vary as their orientations rotate about
the [140] direction by 271/15 between neighboring planes [135]. The layers stack antiferromagnetically.
A field induced magnetic phase transition was noted in FeClz by Stampfel et al. and Johnson et al.
with the magnetic structure evolving with field up to about 15kOe and experiencing a spin-flop
near 40 kOe [137,138]. A Mossbauer spectroscopy study of FeBr; found magnetic order below 15.7K,
and the authors proposed the order below this temperature to be antiferromagnetic in analogy with
FeCl3 [139].

FeClz (T < 15 K)
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Figure 9. The helimagnetic structure of FeClz. A portion of one layer of Fe atoms is shown, along with
the hexagonal coordinate system. The dotted lines indicate (140) planes. The moment of the atoms
lying on these planes is indicated by the red arrows at the left of each line. Moments are in the (140)
planes and have components in and out of the page.

3.2.4. RuXs

Recent interest in RuCls began with Plumb et al. identifying it as a spin-orbit assisted Mott
insulator in which a small band gap arises from a combination of spin-orbit interactions and strong
electron-electron correlations [9]. In this compound, Ru has electron configuration 3d°. Considering
spin only gives an option of a high spin configuration (S = 5/2) with all tog and eg levels half filled,
or a lower spin configurations with some levels doubly occupied. In this case the crystal field splitting
is large enough so that all five of the d electrons go into the lower, f5, set leaving only one unpaired
spin (S = 1/2). However, the orbital angular momentum is not quenched and cannot be neglected.
In addition, the spin orbit coupling interaction, which increases in strength as Z* where Z is the atomic
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number of the nucleus, must also be considered for this heavy, 44 transition metal. In RuCl3, spin orbit
coupling, along with significant electron-electron correlations, splits the otherwise degenerate f5, states
into states with effective angular momentum j,rs = 3/2 and jorr = 1/2[10,140]. The jrr = 3/2 states
are lower in energy, and hold four of the five d electrons, leaving one for the higher energy level, and
giving Ru in this compound an angular momentum of j,r; = 1/2. Magnetization measurements in the
paramagnetic state have been reported for both powder and single crystals. Powder measurements
give effective moments of 2.2-2.3 up and Weiss temperatures of 23-40K [13,81,141,142]. Single crystal
measurements show strong paramagnetic anisotropy, and give piors =2.1 g and 6 =37 K with the field
applied in the plane, and p.fr=2.7 up and 6 = —150K with the field applied perpendicular to the
layers [143].

Two magnetic phase transitions have been observed in RuCls, at 14K and 7 K. It is believed that
the difference depends upon the details of the stacking sequence of the RuClj; layers and the density
of stacking faults [13]. Some crystals show only one transition or the other, while others samples
show both. In crystals which undergo no crystallographic phase transition upon cooling (see above)
and remain monoclinic at all temperatures magnetic order occurs below 14K, while crystals that
undergo a structural transition upon cooling show only the 7K transition [13,90]. Pristine crystals that
have shown a phase transition at 7K can be transformed into crystals with only the 14K transition
through mechanical deformation [13,80]. Although all of the details of the magnetic structures of the
two phases are have not been settled, there is consensus that the in-plane magnetic structures are of
the so-called zig-zag type [11-13,80] shown in Figure 10. Determinations of the size of the ordered
moment include <0.4 up [13], <0.45 up [80], >0.64 up [12], and 0.73 up [90]. The moment direction
is reported to lie in the monoclinic ac-plane, with components both in and out of the plane of the
RuClj layers [12,80,90]. The layers stack antiferromagnetically with a different stacking sequence
associated with the different transition temperatures. AB magnetic stacking is seen in crystals with
a 14K transition, ABC stacking is seen in crystals with a 7K transition, and both types of stacking
onsetting at the appropriate temperatures are seen in samples with both transitions [12,13,80].
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Figure 10. The zig-zag in plane magnetic structure of RuCl;. Coordinate systems corresponding to the
underlying monoclinic and hexagonal crystal lattices are shown. The moments lie in the monoclinic ac
plane, but the direction in this plane is not known well.
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With j,rr = 1/2 and strong spin orbit coupling on a honeycomb lattice, RuCl; is identified as
a promising system for studying the Kitaev model [9,10,144]. In this model, anisotropic interactions
result in a type of magnetic frustration. This can give rise to a quantum spin liquid ground state, in
which fluctuations prevent magnetic order even at very low temperature, and in which particulary
exotic magnetic excitations are predicted [13,145,146]. This is, in fact, the motivation for much of the
current interest in RuCls.

4. Summary and Conclusions

The binary transition-metal halides M X, and M X3 reviewed here have simple layered crystal
structures containing triangular and honeycomb transition metal nets, yet they display a wide variety
of interesting crystallographic and magnetic behaviors. Several compounds display polymorphism,
with multiple layered and non-layered structures reported. Temperature and pressure induced
crystallographic phase transitions are observed in some. Dimerization of transition metal cations
results in a quenching of the magnetic moment in materials like TiX3 and MoCl;3. All of the materials
which maintain a local magnetic moment are observed to order magnetically, although the magnetic
order in TiCl, is not definitively confirmed. This compound and the vanadium dihalides clearly show
evidence of geometrical frustration of strong antiferromagnetic interactions on their triangular lattices,
with ordering temperatures an order of magnitude smaller than their Weiss temperatures. Effects of
a different kind of frustration, due to competing anisotropic exchange interactions, is observed in
RuCl3, making it a promising candidate for the realization of a Kitaev spin liquid. It appears that the
in-plane magnetic interactions are at least partly ferromagnetic in most of the other magnetic M X,
and M X3 compounds, and field induced phase transitions that may arise from competing magnetic
interactions and multiple low energy magnetic configurations are observed in several of cases. Several
dihalides adopt helimagnetic structures and develop electric polarization at their magnetic ordering
temperature, providing an interesting class of multiferroic materials. Finally, interest is growing
in producing monolayer magnetic materials from several of these compounds, in particular the
chromium trihalides, which will enable exciting advances in functional van der Waals heterostructures.
Particularly interesting for this application is the wide variety of in-plane magnetic structures that
occur in MX, and MX3 compounds. Although several of these materials have been studied for
many decades, it is likely that layered, binary, transition-metal halides will continue to provide a
fruitful playground for solid state chemists, physicists, and materials scientists seeking to further our
understanding of low dimensional magnetism and to develop new functional materials.
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